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1 Introduction

The increasing global energy consumption'' as well as the ecological and ethical consequences
associated with fossil and nuclear fuels constitute an imperative to harness sustainable energy
sources — ideally, the practically inexhaustible solar energy.”” ® Promising approaches are to
develop an artificial photosynthesis’™ "'% as well as efficient photovoltaic devices.!"'™*! The
fundamental requirement to convert solar energy to chemical or electric energy is to achieve a
light-driven charge separation.* ' Ruthenium(Il) complexes of suitable ligands can be
considered as minimalistic entities that allow a charge separation upon the absorption of visible
light """ Successful applications as sensitizers in photo-redox catalysis'” and in dye-
sensitized solar cells (DSSC)!'> ! emphasize their potential to act as “molecular
heterojunction”. In contrast to most, purely organic sensitizers, these metal complexes exhibit a
high (redox)stability.!"* ?!! Notably, the photophysical and electrochemical properties of
ruthenium(Il) complexes can be tailored via ligand modifications. Additionally, to enable the
construction of, e.g., photo-redox active (supramolecular) assemblies,'*> > a facile preparation
of highly functional ligands is desirable. A concept that addresses this demand is “click
chemistry”, which deals with chemical reactions that are, amongst other, wide in scope,
modular, stereospecific, chemoselective, and highly efficient.*® Interestingly, the copper(I)-
catalyzed azide—alkyne cycloaddition, the prime example for the concept of click chemistry,
provides ready access to 1,2,3-triazoles, which are able to serve as pyridine surrogates.'*’ >’
Accordingly, virtually unlimited ligand architectures based on 1,2,3-triazoles are available and
myriads of applications of the triazole’s coordination chemistry have been reported, covering
metal ion sensing, medicinal chemistry, catalysis, magnetic materials, and photovoltaic as well
as electroluminescent devices.”’ ¥ Moreover, 1,2,3-triazoles are highly functional molecules
offering various supramolecular interactions ranging from anion complexation via (charge-
assisted) hydrogen and halogen bonds to metal coordination by anionic, neutral or cationic
nitrogen donors as well as anionic and mesoionic carbon donors (Figure 1.1).#

metal complexation anion complexation
[ | [ |
N / / /
,Ny =~ M ) N=N N=N N=N N-N N=N
N N_ _N N, N /N@N\ /NQ N __ /N® _N__ /N®
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e v e |\|/|”+ M M H H X
[ [ |1 | J
N-coordination C-coordination hydrogen bonding halogen bonding

Figure 1.1. Schematic representation of selected supramolecular interactions of 1,2,3-triazoles and its
derivatives.*”!

The goal of this thesis is to develop bis(tridentate) ruthenium(II) complexes featuring
readily functionalized ligands based on 1,2,3-triazole or 1,2,3-triazole-derived donors for
photosensitizer applications. The bis(tridentate) complex platform was chosen as it precludes
the formation of isomers®' " and provides an increased stability by virtue of the chelate
effect. As bis(tridentate) ruthenium(Il) complexes often suffer from short excited-state
lifetimes,"”> % an important task is to impede their fast deactivation by the help of a judicious
ligand design and, thereby, allow the exploitation of the charge-separated excited-state in terms
of an artificial photosynthesis or photocatalysis. In this regard, the use of strongly c-donating
N-heterocyclic carbenes was proven to be successful.””) On the other hand, for the purpose of
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Introduction

applications in DSSCs, a panchromatic absorption is most important, requiring strongly c- and
n-donating ligands. While the suppression of the radiationless deactivation is less pronounced
in this case, excited-state lifetimes of moderate length are sufficient as the sensitizer is
immobilized on the semiconductor surface and the electron injection into the conduction band
is very fast. Accordingly, ruthenium(Il) complexes relying on anionic chelates, for instance
cyclometalating ligands,”**! were elected as they are known to rival the performance of famous
ruthenium(I) polypyridyl sensitizers featuring monodentate thiocyanato ligands®* ***! in the
DSSC, while offering an enhanced complex stability and the potential to further optimize the
efficiency via functionalization of the anionic chelating ligands."**™*



2 Theoretical Background

Parts of this chapter will be published: A1) B. Schulze, U. S. Schubert, Chem. Soc. Rev. 2014, 43,
2522-2571.

2.1  Ruthenium(II) polypyridyl complexes

Ruthenium(II) polypyridyl complexes[ls_”’ 22l show a great potential for the utilization of solar

energy by means of photo-redox catalysis,!"” artificial photosynthesis,”’ ' and photovoltaic
applications like dye-sensitized solar cells (DSSCs)i*" #*™*- %] a5 they undergo a charge
separation upon visible light absorption.!'™ To exploit the charge-separated excited state, photo
and redox stability as well as long excited-state lifetimes are required. A central dilemma is
that sris(bidentate) ruthenium(Il) complexes (e.g., [Ru(bpy)s:](PFe)2, bpy = 2,2'-bipyridine)
show long excited-state lifetimes at room temperature, while bis(tridentate) ruthenium(II)
complexes (e.g, [Ru(tpy).](PF¢),, tpy = 2,2":6'.2"-terpyridine) enable an isomer-free
functionalization of the complexes (Figure 2.1).121723 3373647 Noreover, bis(tridentate)
ruthenium(II) complexes offer an increased (photo)stability if the population of c-antibonding
orbitals in the excited state is avoided (vide infra).[48_51] To allow the design of bis(tridentate)
ruthenium(Il) complexes with improved photophysical properties, the electronic structure of
the prototypical [Ru(tpy):](PFe) is discussed in the following.

‘ N 2 PFq
N

2
| 2 PFg

N —
‘\ N = | A T ‘
N | N&& _N N__~
N /Ru"\ >Rul/
SERe N
Z /N. Z N

X

e Ul

[Ru(bpy);](PFe)2 [Ru(tpy)2](PFe)2
— isomers formed with functionalized ligands + isomer-free functionalization
+ long excited-state lifetimes (~800 ns) — short excited-state lifetimes (~0.2 ns)

Figure 2.1. Schematic representation of well-known ruthenium(Il) polypyridyl complexes. The excited-
state lifetimes at room temperature are reported in refs. [48, 52—53].

In case of a virtual ruthenium(Il) polypyridyl complex of ideal octahedral symmetry (Op),
the five d orbitals of the ruthenium(Il) center are destabilized due to electrostatic repulsion
mostly with the ¢ lone pairs of the six pyridine rings, resulting in two sets of d orbitals, namely
the e, (d,2, dye-y2) orbitals, which are of 6 symmetry and therefore more destabilized, and the t),
(dxy, dxz, dy,) orbitals, which are less destabilized as they are of m symmetry (Figure 2.2).
Furthermore, the 4d (e;), 5s (aig), and 5p (t1,) orbitals of the ruthenium(II) center can undergo
strong ¢ interactions with ligand group orbitals of appropriate symmetry, leading to the
formation of c-antibonding and o-bonding molecular orbitals (MOs). Due to the energy
difference between the involved ligand and metal orbitals, the destabilized c-antibonding
orbitals are predominantly of metal character, i.e. the energy separation between e, and ty,
orbitals is increased. If this ligand field splitting is sufficiently strong, the six valence electrons
of the ruthenium(II) center will occupy the lower-lying t, orbitals, while the e, orbitals remain
unoccupied resulting in a singlet ground state (‘GS). In addition, ligand © and n* orbitals of
appropriate symmetry can undergo a m donation and m back-donation, respectively, with the t,
orbitals, depending on the orbital overlap and energy of the interacting orbitals. Notably, in
case of ruthenium(Il), the m donation is repulsive and gives rise to a destabilization of the
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occupied metal tp, orbitals, while a stabilization of the latter can occur via m back-donation into
low-lying * orbitals of the ligand.>*>¢

In contrast, in bis(tridenate) ruthenium(Il) complexes like [Ru(tpy).](PFe). the bite angle of
about 158° of the tridentate ligands enforces a z compression/xy elongation of the
octahedron® *"->% resulting in a lowered symmetry (D,q).°”! Consequently, the degeneracy
of the metal-d orbitals (t,, and e,) is reduced as the electrostatic repulsion is enhanced for
orbitals with a z component and lowered for orbitals within the xy plane.™
interaction with dy>-y2 (b1) and the m interactions with the d, orbital of the metal (b,) are
weakened and, as a consequence, the metal dy, orbital represents the highest occupied
molecular orbital (HOMO). On the other hand, in case of [Ru(tpy).](PF¢), the (doubly
degenerate) lowest unoccupied molecular orbital (LUMO) receives a major contribution from a
n* (e) orbital of the tpy and, due to the m back-donation, a minor contribution from a dy, (€) /
dy, (e) orbital of the metal.'® The lowest-energy electronic excitations (b,—e, e—¢) are thus of
MLCT character. At higher excitation energies, additional MLCT transitions as well as ligand-
centered (LC) and metal-centered (MC) transitions can occur; however, after internal
conversion (IC), ultrafast intersystem crossing (ISC), and intramolecular vibrational relaxation
(IVR),["% the excited electron will occupy the tpy-based LUMO and the corresponding
excited state can thus be described as triplet MLCT excited state CMLCT).

] Likewise, the o
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Figure 2.2. Simplified qualitative MO scheme for a virtual, octahedral ruthenium(Il) polypyridyl

complex (left) and [Ru(tpy),](PFs), (right).” ®! The o interactions with 5s and 5p orbitals of the metal
and weakly or non-interacting ligand orbitals are omitted for clarity.

The *MLCT can undergo a direct radiative and radiationless deactivation to the 'GS or a
radiationless deactivation via upper-lying excited states that are thermally accessible at room
temperature, namely a "MLCT with a slightly increased singlet character CMLCT")P"> ¢476¢!
and, more importantly, a triplet MC excited state ("MC). In case of [Ru(tpy),](PFs),, the *MC,
associated with the occupation of a c-antibonding molecular orbital of predominant dy-y2
character (b)), is low in energy due to the unfavorable bite angle (vide supra).?* % ) While for
the vertical excitation at the ground-state nuclear coordinates (Born—Oppenheimer
approximation), a large energy separation between the "MLCT and the *MC can be calculated
(AE ~ 3,000 cm '), the nuclear reorganization upon the *MLCT—’MC transition has to be
considered (Figure 23)P% As a 0*(dx2-y2) orbital is occupied in the ’MC, this state features
significantly elongated Ru—N bonds in the xy plane at its energy minimum.'®*! Accordingly, the
*MLCT and *MC potential energy curves are offset and almost isoenergetic,'®’! resulting in a
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significantly lower barrier for the *MLCT—’MC transition (AE ~ 1,700 cm™).’> %
Importantly, the nuclear coordinates in the vibrational ground state of the *MC coincide to a
large extent with coordinates of the vibrationally excited 'GS, i.e. a large Franck—Condon
overlap is given, which implies a high probability for the *"MC—'GS ISC.™ ®*7*! Furthermore,
as any radiationless transition between electronic states is formally forbidden, the rate of the
radiationless deactivation depends on the availability of “promoting modes”, which enable a
mixing between the initial and the final state.™® '® %71 777 Iy case of an ISC, the radiationless
deactivation additionally depends on the extent of spin—orbit coupling.!'® ®* 77 Ultimately,
the *MC is the main deactivation pathway in case of [Ru(tpy):](PFs)."> ™ and, due to the
weakened coordination, the *MC also gives rise to photodecomposition. **-*"

SMLCT 3MC

'GS

potential energy

metal-ligand distance

Figure 2.3. Potential energy curves of ground and relevant excited states of ruthenium(Il) polypyridyl
complexes (the *MLCT' is omitted for clarity) and illustration of the significant Franck—Condon overlap
between *MC and 'GS vibrational wavefunctions.® 7

Accordingly, a major strategy to obtain bis(tridentate) ruthenium(Il) complexes with long-
excited state lifetimes focusses on the destabilization of the *MC and/or the stabilization of the
*MLCT.® %! The former can be achieved by increasing the ¢ donor strength of the ligands for
instance by the incorporation of N-heterocyclic carbenes, which allows to achieve excited-state
lifetimes in the ps range.””! An alternative strategy is to increase the bite angle of the ligands in
order to achieve a more octahedral coordination environment.*”’ In analogy to
[Ru(bpy)s](PFe)," the LUMO is thus exclusively a ligand 7* orbital and the removal of the
metal contribution to the LUMO is assumed to impede the *MLCT—>MC transition.'®! A
fundamentally different strategy — the bichromophoric approach — relies on the sensitization of
a long-lived triplet excited state (usually a *mr) of an organic chromophore, which is attached
to the ruthenium(Il) complex. If the > is energetically close to the MLCT, both states can
equilibrate and the "MLCT—'GS decay is delayed.”> ! A combination of the latter strategies,
i.e. a bichromophoric system with expanded bite angles, yielded a bis(tridentate) ruthenium(II)
complex with an excited-state lifetime of 42 ps.*”! However, the extrinsic optimization via
additional chromophores restricts the possibility to functionalize the ruthenium(Il) complexes
and hence their versatility. Furthermore, the *nzt is not a charge-separated excited state, which
compromises the most interesting feature of this kind of complexes.

When introducing strong o- and n-donors, e.g. carbanions™ or anionic N-heterocycles,
into bis(tridentate) ruthenium(I) complexes, beside the *MC destabilization, the "MLCT and,
in particular, the 'GS are destabilized, resulting in a moderate *MC—MLCT energy separation
as well as a small °"MLCT—'GS energy gap. The latter increases the probability for a direct
*MLCT—'GS radiationless transition due to a larger corresponding Franck—Condon overlap
integral (energy gap law).[® '8 6570 8781 Aq 3 result, the corresponding ruthenium(II)

[82]
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complexes show a panchromatic absorption, which is crucial for a successful application in
DSSCS, while the excited-state lifetimes are typically within the range of 1 to 100 ns.?>~

2.2 Electronic properties of 1,2,3-triazoles and 1,2,3-triazolylidenes

While the thermal (3+2) [4s+:2s] 1,3-dipolar cycloaddition between an organic azide and an
alkyne, resulting in the formation of functionalized 1,2,3-triazoles, requires elevated
temperatures and shows only a low regioselectivity, Meldal er al.™) and Fokin, Sharpless et
al *% independently reported that both the reactivity and regioselectivity of the reaction can be
dramatically enhanced by the addition of catalytic amounts of copper(I).*” ™ In fact, the
copper(l)-catalyzed azide—alkyne cycloaddition (CuAAC) is one of the most efficient chemical
reactions in organic chemistry and has become the prime example for the concept of click
chemistry.*®!

In order to obtain ruthenium(Il) complexes of readily synthesized and highly
functionalized polypyridyl-analogous ligands, the pyridine rings of the chelating ligands can be
partially or entirely replaced by 1,2,3-triazoles (Figure 2.4).*** To enable the design of
electronically tailored ruthenium(Il) complexes, the electronic consequences of ligand
modifications need to be known. Conversely, ruthenium(Il) complexes are predestinated to
investigate the electronic properties of new ligands."”

Figure 2.4. Schematic representation of ruthenium(Il) polypyridyl complexes and their 1,2,3-triazole-
based counterparts.[®%% %74

As basis for the interpretation of the properties of the resulting complexes, diagnostic
parameters of the 1,2,3-triazole and pyridine ring should be compared first (Figure 2.5). The
proton affinity (PA),”°" which correlates well with the energy of a o lone pair,”* ' is
higher in case of pyridine. Furthermore, the ¢ donor strength of the 3-nitrogen of the 1,2,3-
triazole depends on the electronic nature of the substituents.”” 71! Notably, the 2-nitrogen
of the 1,2,3-triazole is an even weaker ¢ donor and its coordination is usually not observed
unless it is supported by a pendant donor."** %! The increased electron density of the pyridine
nitrogen relative to the 3-nitrogen of the 1,2,3-triazole is also reflected in the calculated natural
bond orbital (NBO) charges of —0.48 and —0.29, respectively.!'” %! Accordingly, the 1,2,3-
triazole is of weaker o-donor strength than pyridine, which is reasonable regarding its high
degree of aza substitution.*®!

Furthermore, although the orbital coefficients will also play a role, the relative = donor and
m acceptor properties of 1,2,3-triazole and pyridine can be estimated by comparing the m and ©*
orbital energies (Figure 2.5).°* 'V Accordingly, pyridine is expected to be both a stronger m
acceptor and m donor than the 1,2,3-triazole. For ligands containing both 1,2,3-triazole and
pyridine, an intermediate  acceptor and w donor strength compared to the ligands consisting of
either 1,2,3-triazoles or pyridines is expected.!'” This depends, however, on the extent of
conjugation within a multidentate ligand. 1,2,3-Triazoles are known to interrupt the =«
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conjugation between the 1,4-substituents,!'” "' which is attributed to the presence of the lone

pair of the 1-nitrogen enforcing a cross-conjugation."> ™7 As a result, the m system of 1,2,3-
triazole-containing multidentate ligands might be less efficiently delocalized giving rise to an

increased m donor strength, while the © acceptor strength is further diminished.****
H
N N N/H | N7 Q,N
= —\
@ Ph/[”\N [',‘N [c\N N. N~y 0.42
N N N N N E/eV 0.14 _--==" LUMO (n*
PA/kJmol'= 987 952 926 887 840
993 _
—---1218  Lomo (n)

Figure 2.5. Comparison of the electronic properties of pyridine and selected 1,2,3-triazoles. Left:
Calculated proton affinity (PA, N-donor atom in boldface).”*” Right: Selected AM1 frontier orbital
energies.” 7]

In practice, when comparing the homoleptic bis(tridenate) ruthenium(Il) complexes of
either tpy or 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine (cf. Figure 2.4), the replacement of
pyridines by triazoles leads to a slight stabilization of the HOMO and a pronounced
destabilization of the LUMO causing (Figure 2.6) an increased energy of the "MLCT in the
triazole complex. Experimentally, this is manifest in the shifts of the corresponding redox
potentials, i.e. a slightly more positive potential for the metal-based oxidation and a more
negative potential for the ligand-based reduction, and in a spectral blue-shift of the MLCT
absorption band.™ " The destabilization of the LUMO can be rationalized by the higher
energy of the n* orbitals of the triazole-based ligand as well as by a diminished © conjugation
within the chelating ligand system (vide supra).*® On the other hand, the lowered energy of
the almost entirely metal-based HOMO can be ascribed to a weaker electrostatic repulsion with
the less electron-rich o lone pair of the 1,2,3-triazoles (vide supra).”*' As a further
consequence of the reduced ¢ donation by the triazole, the c-antibonding orbitals within the
metal complex are energetically lowered associated with a lower energy of the *MC. In view of
the concomitant "MLCT destabilization, the *"MLCT—MC energy separation is expected to be
lowered in the 1,2,3-triazole-containing complex, which is corroborated by the observation of a
more efficient radiationless deactivation.”*! ** Ultimately, if all pyridines are replaced by
triazoles in tris(bidentate) ruthenium(Il) complexes (cf. Figure 2.4), the lowest-energy excited
state is no longer of *MLCT but of *MC character.”*!

/_\= e (TL*) 2
/ |
/ / )
/ ,’I unoccupied
! — ! orbitals y
X

'l /// \‘I
Iy i ——— Y0
Iy _ N
e (de.dly,) mmmmd ] . / \N
b, (dxy) ! \—//.:" Ru
N — N
b, (dyy) m— occupied
. orbitals N
metal complex ligand
(D2g) (D2g) (D2g)

Figure 2.6. Simplified qualitative MO scheme of a bis(tridenate) ruthenium(II) complex of tpy (black)
or 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine (grey) illustrating the differences in © back-donation between
the pyridine- and triazole-based ligands (o interactions omitted for clarity). (Note that the ruthenium(II)
d orbitals are energetically lowered due to a weakened electrostatic repulsion with the triazole ligand.
See text for details.)
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While the use of 1,2,3-triazoles as pyridine surrogates in ruthenium(Il) polypyridyl
complexes can have a detrimental effect on their photophysical properties, 1,2,3-triazoles offer
alternative, more strongly o-donating coordination modes. For instance, N-unsubstituted 1,2,3-
triazoles can be deprotonated to serve as anionic nitrogen donors.'"! Moreover, the
deprotonation of 1,2,3-triazolium salts affords 1,2,3-triazolylidenes, which are abnormal or
mesoionic carbenes (MICs).1** '"*71%l While conventional N-heterocyclic carbenes (NHCs) are
represented best by a neutral structure featuring a divalent carbon formally bearing an electron
sextet with only minor contribution of an ylidic (zwitterionic) structure,! no reasonable
charge-neutral structure can be drawn for MICs (Figure 2.7).1"*] Nonetheless, the zwitterionic
character is diminished via delocalization within the aromatic system and, on account of the
electron-withdrawing ring heteroatoms, significant contribution of a carbene structure can be
expected (Figure 2.7).

N7 2 A AN A AN A N N\

. N N—""~ N—"~ - N—" - N N_\/.'
N5\ 3 — _\ - _\\ + - _\ /NG p— /Q \ /Q' - {
SVN\ - &/N\ K/N\ &N\ 2N\ 4 — N\N -~ N\N - N\N/
; 3 | | "
carbene form carbanion form carbanion form carbene form

Figure 2.7. Schematic representation of an N-Heterocyclic carbene (left) and a mesoionic carbene
(right).

Similar to classical NHCs like imidazol-2-ylidenes, MICs can be considered as
heteroatom-stabilized, nucleophilic singlet carbenes. Indeed, DFT calculations predict a highly
aromatic character and a large singlet—triplet energy gap (230 to 250 kJ mol™") for 1,2,3-
triazolylidenes.!"*” Moreover, in comparison to most common imidazol-2-ylidenes, the o
donor strength of 1,2,3-triazolylidenes is significantly increased, which is rather attributed to
the reduced heteroatom stabilization of the carbene center due to the remote positioning of
nitrogen ring atoms!'**'*) than to the mesoionic character.!"*” According to DFT calculations,
the HOMO of 1,2,3-triazolylidenes (—4.44 to —4.48 eV, depending on the substituent) is
energetically well above the HOMO of imidazol-2-ylidene (=5.00 eV).'"*”! Furthermore,
abnormal/mesoionic carbenes are slightly stronger m donors and slightly weaker =«
acceptors.*! Thus, 1,2,3-triazolylidenes appear to be highly attractive ligands as they offer a
rapid and modular synthesis as well as a superior ¢ donor strength.

2.3  Dye-sensitized solar cells

Photoelectrochemical cells''* employing a wide-bandgap semiconductor that is sensitized with
dye molecules as photoactive electrode are called dye-sensitized solar cells (DSSCs).!'> '*
P25 1 case of DSSCs based on n-type semiconductors, the electronically excited sensitizer
injects an electron into the conduction band of the semiconductor and is regenerated via the
electrolyte.'”) The DSSC relies on kinetic competition between charge-injection and charge-

2,127 while light-
133-134, 139] In

recombination dynamics at the dye—semiconductor interface (vide infra
driven charge separation and subsequent charge transport are spatially separated.!
1991, Gritzel and O’Regan reported a significant improvement in efficiency by using a
mesoporous network of TiO, nanoparticles as semiconducting material, a ruthenium(II)-
containing charge-transfer dye, and a I; /I -based redox electrolyte.!'*”! This seminal report has
motivated extensive research efforts and, currently, record power conversion efficiencies
(PCEs) of up to 13% have been achieved with both inorganic and organic sensitizers, and
Co(III)/Co(II)-based redox electrolytes under optimized conditions.!'** 14! Prospectively,
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PCEs of about 15% appear to be realisticl' '**7'** and strategies have been presented to

further improve the long-term stability of DSSCs.[** ** %] Among the distinct advantages of
DSSCs, compared to conventional silicon-based solar cells, are a better relative performance
under diffuse light conditions, the potential for lower production costs, and the opportunity to
construct flexible and transparent devices.!'”!

A schematic representation of a Gritzel-type DSSC is depicted in Figure 2.8. The
photoactive anode consists of a glass substrate coated with a transparent conducting oxide
(TCO) on which a layer (~ 10 pm thick) of sintered TiO, nanoparticles (~ 20 nm in diameter),
covered with a monolayer of sensitizer molecules, is deposited.!'?! The electrolyte typically
consists of an acetonitrile solution containing the I37/1-based redox mediator as well as further
additives, which determine the energy of the conduction band of the semiconductor (vide
infra).l'**) The counter electrode is a TCO-coated glass slide covered with platinum to catalyze
the triiodide reduction. Upon light-excitation of the dye molecules, an electron is injected into
the TiO;, conduction band, diffuses through the mesoporous TiO, network (porosity of 50 to
60%),!"*! passes an external circuit, and is captured by the triiodide at the cathode. Reduction of
the photo-oxidized dye by iodide closes the circuit.

In order to achieve a sufficiently stable anchoring as well as a good electronic coupling
with the TiO,, the sensitizer is most commonly functionalized with carboxy groups.m:| Upon
anchoring, the proton of a carboxy group is transferred to the TiO, and the resulting
carboxylate coordinates to Ti(IV) in various binding modes (unidentate, chelating, and

s 1 - 147-149
bridging).! ]
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Figure 2.8. Building (left) and working principle (right) of a dye-sensitized solar cell.

In Figure 2.8, the DSSC working principle from an energy perspective is outlined. While a
DSSC based on a TiO, semiconductor and a I3/I" redox mediator typically affords an open-
circuit voltage (V) of about 700 mV, the energy gap of the sensitizer has to be at least 1.5 eV
(vide infra). Beside several energy losses that are required to drive the electron transfer
steps,!*®"") a considerable energy loss is associated with the I3 /I -based electrolyte, as the
photo-oxidized dye is regenerated by the I,' /I redox couple (0.79 V vs. NHE), while, after
disproportionation (2 I’ " = Is + 1), the I3 /I redox couple (0.35 vs. NHE) determines the V.
(Figure 2.8).'* 1** 1% Consequently, a major opportunity to improve the efficiency of DSSCs
is to use alternative redox couples, for instance Co(IIT)/Co(11).1"** 146 51 O the other hand,
under illumination at open-circuit conditions, the voltage is limited by the quasi Fermi level
(Er), which, in turn, depends on the competition between -electron injection and
recombination.!>*""** In this regard, a major challenge is to replace the 15 /I -based electrolyte
since the performance of DSSCs employing Co(III)/Co(II)-based redox shuttles suffers from
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mass transport limitations and enhanced recombination reactions.!'*® °!- 11 A key strategy to
lower the recombination tendency when using the latter electrolytes is to place alkyl chains on
the sensitizer in order to physically protect the TiO, surface from the redox shuttle.!">"
Moreover, the hydrophobic alkyl chains suppress the water-induced dye desorption and thereby
improve the long-term stability of a DSSC.["*"!

In Figure 2.9, the typical electron transfer dynamics in a Gritzel-type DSSC employing a
ruthenium(Il) sensitizer are detailed.!'> ** After electronic excitation of the sensitizer, electron
injection into TiO; can occur either from an initially populated, short-lived Franck—Condon
state of 'MLCT character (S; or higher!"*®)) or, after ultrafast ISC and IVR,*® from the longer-
lived *"MLCT.!"® For model systems, a '"MLCT lifetime of ~ 30 fs has been determined,
resulting from two parallel, almost equally contributing processes, namely electron injection
and 1SC 1136 159-160] However, in contrast to dye-sensitized TiO; films that have been used as
model systems, the injection kinetics in a complete and optimized DSSC are typically
significantly slower (~ 100 ps, vide infra).!'** '®! Importantly, the injection dynamics depend,
amongst others, on the injection driving force resulting from the potential difference between
the excited-state redox potential of the sensitizer and the redox potential of the conduction band
of the semiconductor (about —0.7 V vs. NHE).["* As the conduction band energy can be
lowered and raised with cationic and basic additives, respectively, the injection rate can be
adapted for a given sensitizer.'>>">* 9171 Jdeally, a conduction band energy as high as
possible to sustain efficient electron injection is desirable, as this allows a maximization of the
Voc while maintaining a high Js. In other words, the injection should be just fast enough to
enable a high injection yield, while a faster injection is kinetically redundant and associated
with an unnecessary loss in efficiency.!'®"'®! As the *MLCT lifetime is about five orders of
magnitude longer than the "MLCT lifetime, injection form the *MLCT allows a significantly
lower driving force and, thus, a substantially higher V,..!'"For instance, a *MLCT lifetime of
about 10 ns, which is a typical value for ruthenium(Il) sensitizers, only requires electron
injection within ~ 100 ps in order to achieve an injection yield near unity.*®! Ultimately, an
opportunity to further increase the PCE of a DSSC is to use ruthenium(Il) sensitizers with

significantly longer excited-state lifetimes.!*®!
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Figure 2.9. Electron transfer kinetics (left) and energetics (right) within a typical DSSC.!

Analogously, the efficiency of the dye regeneration depends, amongst others, on the
regeneration driving force. For a I5 /I -based electrolyte, the redox potential of the sensitizer
should be sufficiently more positive than the value of the crucial redox couple, I,” /I (0.79 V
vs. NHE).[**™ 3% While an efficient regeneration of the oxidized dye is required to minimize
electron recapture from the TiO,, a too positive redox potential of the sensitizers would again
lead to a kinetic redundancy. Also the molecular design of the dye influences the extent of
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recombination reactions with the photo-oxidized dye: For instance, an intramolecular hole
transfer away from the TiO, surface lowers the recombination tendency!'®*~'%
of the hole towards the electrolyte, offering an intimate contact between the oxidized dye and
iodide, is known to facilitate the regeneration.!'”'®) On the other hand, the sensitizer should
neither interact with iodine nor allow iodine to reach the TiO, surface, which would provoke
7071531 To improve the shielding of the TiO, surface, the dye can be

I'and an exposure

recombination reactions.
co-sensitized with, e.g, chenodeoxycholic acid (cheno).'”'™!  Furthermore, high
iodide!"’*™"" and moderate lithium concentrations!'’® in the electrolyte are known to
accelerate the regeneration.

Ultimately, for a DSSC based on TiO, and I5 /I as the respective electron and hole
transporting medium, the sensitizer should ideally exhibit an excited-state redox potential more
negative than —0.7 V vs. NHE as well as a ground-state redox potential more positive than 0.8
V vs. NHE (Figure 2.9), corresponding to an energy gap of at least 1.5 eV (vide supra).’” "
Notably, [Ru(Htctpy)(NCS);](NBus)s (N749 or black dye; Htctpy = 2,2":6',2"-terpyridine-4'-
carboxylic acid-4,4"-dicarboxylate),**™*) which is one of the benchmark ruthenium(II)

(143, 189 atches these

sensitizers and achieves PCEs of up to 11.4% in optimized DSSCs,
values very well..'"”! However, while the thiocyanato ligands enable a panchromatic MLCT
absorption and mediate the dye regeneration, they preclude the optimization of the sensitizer
via ligand functionalization, e.g. with additional chromophores and alkyl chains, and limit the
lifetime of DSSCs as they can decoordinate easily.”> ') A promising strategy to further
improve both the PCE and the long-term stability of DSSCs is to replace the thiocyanato
ligands with anionic multidentate ligands'**™*! including anionic phenyl rings,!'**"**! and
anionic N-heterocycles.* ™7 Indeed, judicious molecular engineering afforded
bis(tridentate) ruthenium(II) sensitizers that rival or beat the performance of N749 in the DSSC

and, moreover, enable an improved DSSC long-term stability.[** %!
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3 Bis(tridentate) Ruthenium(IT) Complexes Featuring Mesoionic Carbenes

Parts of this chapter have been or will be published: A2) B. Schulze, C. Friebe, M. D. Hager, W.
Gilinther, U. Kohn, B. O. Jahn, H. Gorls, U. S. Schubert, Org. Lett. 2010, 12, 2710-2713; A3)
B. Schulze, D. Escudero, C. Friebe, R. Siebert, H. Gorls, U. Kohn, E. Altuntas, A.Baumgaertel,
M. D. Hager, A. Winter, B. Dietzek, J. Popp, L. Gonzalez, U. S. Schubert, Chem. Eur. J. 2011, 17,
5494-5498; A4) S. Sinn, B. Schulze, C. Friebe, D. G. Brown, M. Jager, E. Altuntas, J. Kiibel, O.
Guntner, B. Dietzek, C. P. Berlinguette, U. S. Schubert, Inorg. Chem. 2014, 53, 2083—2095.

The quest to suppress the fast radiationless deactivation of the *MLCT of bis(tridentate)
ruthenium(I) polypyridyl complexes via a thermally accessible *MCP* ™ has stimulated
considerable research efforts.”> % *I One of the most promising approaches is to enhance the
*MC destabilization via an increased ¢ donor strength of the ligand, while leaving the "MLCT
nearly unaffected and therefore preserving the energy that is stored in the excited state in order
to drive photochemical reactions."” For instance, the incorporation of imidazol- 2-y11denes
(Figure 3.1), which are strong ¢ donors and moderate © acceptors,*" causes a strong *MC
destabilization, while the *MLCT and 'GS are only marginally affected, resulting in
significantly prolonged excited-state lifetimes (e.g., T = 500 ns to 3 ps).’”) In view of this
strategy, 1,2,3-triazolylidenes are particularly attractive as they are stronger ¢ donors than
imidazol-2-ylidenes and can be modularly synthesized by employing the CuAAC.* 120 122]
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Figure 3.1. Schematic representation of bis(tridentate) ruthenium(Il) complexes featuring NHC (left)
and MIC donors (right)." %!

To allow the ruthenium(II) coordination of a tridentate ligand featuring two 1,2,3-
triazolylidenes donors, a corresponding triazolium salt was prepared first (2, Scheme 3.1).
Accordingly, 1 was methylated using an excess of trimethyloxonium tetrafluoroborate,!'”®
which allowed the selective N3-methylation of the 1,2,3-triazoles without affecting the
[195.197) Because

free 1,2,3-triazolylidenes are known to undergo a 3,5-methyl shift,[m] a stable silver(I)-

pyridine as proven, amongst others, by single crystal X-ray diffraction analysis.

precursor (3) was prepared using silver(I) oxide."*" The successful silver(I) complexation was
confirmed by the absence of the 1,2,3-triazolium protons in the '"H NMR spectrum and the
presence of carbon resonances at around 170 ppm with a characteristic coupling to the """ Ag
(98] in the *C NMR spectrum. On the basis of mass spectrometry (MS) and diffusion-
ordered NMR-spectroscopy (DOSY) experiments, the formation of higher aggregates, most
likely cyclic tetramers, is assumed (cf. Scheme 3.1).!"! For the subsequent transmetalation of
the 1,2,3-triazolylyidene ligand to the ruthenium(Il) center, the viability of common
ruthenium(Il) and ruthenium(IIl) monocomplexes of tpy as precursor was tested, but only
[Ru(tpy)(DMSO)Clg][2007201] proved to be a sufficiently selective and reactive, allowing the
synthesis of 4 under mild reaction conditions and with a reasonable yield. This is rationalized
by the presence of ruthenium(II), the weakly coordinated DMSO, and the chloro ligands, which

nucleus
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provide an additional driving force for the transmetallation as they give rise to the formation of
the silver(I) chloride with the silver(I) carbene complex.

“
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Scheme 3.1. Schematic representation of the synthesis of the bis(tridentate) ruthenium(Il) 1,2,3-
triazolylidene complex 4 (R = mesityl): a) RN;, CuSO,, sodium ascorbate, EtOH/H,0 (3:1 v/v), 60 °C,
36 h, 90%; b) Me;O'BF,, CH,Cl,, rt, 12 h, 90%; c) fresh Ag,O, molecular sieves, MeCN, 80 °C, 12 h,
90%; d) cis-[Ru(tpy)(DMSO)Cl,], CH,Cl,, 70 °C (closed vial), 5 d , 40%.

The identity and purity of 4 were proven by MS and various NMR techniques. The
triazolium protons are absent and characteristic high-field shifts due to the m stacking were
visible in the '"H NMR spectrum. Furthermore, a low-field shift to around 185 ppm can be
observed for the ruthenium(II)-coordinated carbon atoms in the *C NMR spectrum. Single
crystals of 4 suitable for X-ray diffraction were grown by vapor diffusion of diethyl ether into a
methanol solution (Figure 3.2). The desired C*"N*C-coordination as well as an intramolecular
tweezer-like © stacking are confirmed. In comparison to the tpy ligand, the bite angle of the
carbene ligand is more acute and the central Ru—N bond is elongated, which is a consequence
of the short Ru—C bonds rather than of the introduction of 5-membered rings.”” The Ru-C
bond lengths are identical to those reported for an analogous heteroleptic ruthenium(II)
complex featuring imidazol-2-ylidene donors, while the bite angle of the carbene-containing
ligand, /C—Ru—C, is marginally smaller for 4.°°” The averaged bond angle at the carbene
center, ZC—C—N, is 102.2°, which is a typical value for metal-coordinated 1,2,3-
triazolylyidenes and larger than for free 1,2,3-triazolylidenes (99.7°).5* 2> 127 Eor comparison,
the angle for free and ruthenium(Il)-coordinated imidazol-2-ylidenes are on average 101.4° and
103.6°, respectively.!'** 22l Presumably, the o lone pair of the 1,2,3-triazolylidene features a
higher s orbital contribution to allow a better stabilization of the excessive charge.**”

Figure 3.2. Solid-state structure of 4 (ellipsoids at 50% probability level; hydrogen atoms, solvents
molecules, and tetrafluoroborate anions are omitted for clarity). Selected bond lengths (A) and angles
(°): Ru—Cl, 2.058(4); Ru—C2, 2.051(4); Ru—N1, 2.083(4); Ru—N2, 2.068(4); Ru—N3, 1.962(4); Ru—N4,
2.052(4); £C1-Ru—C2, 154.34(17); ZN2—Ru—N4, 158.25(15); £ N1-Ru—N3, 178.48(15).

To better understand the electronic properties of the novel ruthenium(Il) complex, density
functional theory (DFT) and time-dependent DFT (TD-DFT) calculations as well as an energy-
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decomposition analysis (EDA)?** have been performed. The EDA calculation revealed a

substantial binding energy between the carbene-containing ligand and the ruthenium(II)-tpy
fragment (—1,070 kJ mol ') resulting from both strong covalent interactions and electrostatic
attraction. The covalent contribution is mainly due to strong ¢ interactions (Figure 3.3), but
also a m back-donation with the mesoionic carbenes as well as with the central pyridine ring of
the carbene-containing ligand contributes to the attractive interactions (vide infra). Also the
electrostatic interactions mainly depend on the electron density within the ¢ lone pairs, which
penetrate the metal’s valence shell.” For comparison, the overall binding energy for
[Ru(tpy)]*" and [Os(tpy)]*" was calculated to be —1,950 and —2,150 kJ mol ', respectively,
corresponding to —975 and —1,075 kJ mol ', respectively, per metal—tpy interaction.'**”’
Consequently, the binding strength of the tridentate ligand is significantly enhanced by the
1,2,3-triazolylidenes, which is mostly attributed to their strongly -donating character.

Ko 23

Figure 3.3. Main o interactions between the 1,2,3-triazolylidene-containing ligand and the [Ru(tpy)]**

fragment according to EDA (BP86-ZORA/TZP).

The main & interactions are illustrated in a simplified MO scheme depicted in Figure 3.3.
Owing to repulsive interactions with the electron-rich ¢ lone pairs of the carbene ligand, metal
orbitals aligned with the y-axis are more strongly destabilized. Furthermore, due to the partial
anionic character of the mesoionic carbene,!*! the 7 and 7* orbitals of the triazolylidene are
relatively high in energy resulting in both a weak © repulsion and © back-donation with the
metal-dyy (a2) orbital. Accordingly, the HOMO receives a major contribution from the dyy
orbital, but also features a non-negligible contribution from the carbene-containing ligand.
Nonetheless, an energetically low ©* orbital located on the central pyridine ring of the C*"N"C-
ligand can undergo a m back-donation with the metal-dy, (b;) orbital. On the other hand, the tpy
ligand can undergo a m back-donation with the metal-dy, (b,) orbital, which is expected to be
more pronounced, not least because the interacting orbitals are more similar in energy.
Ultimately, the LUMO is mostly represented by n* orbitals of the tpy, while the LUMO+1,
which is only slightly higher in energy, receives a major contribution from a n* orbital
localized on the central pyridine ring of the C*N”C-ligand.
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Figure 3.4. Part of an MO scheme illustrating the main & interactions within 4 (left) and corresponding
Kohn—Sham orbitals (PCM-B3LYP/6-31G* in MeCN, right). Ligand & orbitals with little overlap (cf.
Figure S 1) and ¢ interactions are not shown for clarity. Note that the energies of the complex orbitals
were calculated, while the orbital energies for the metal fragment and the free ligand are estimated.

According to the TD-DFT calculations (Table S 1), the lowest-energy, symmetry-allowed
electronic excitation is the HOMO—LUMO transition, which is clearly of MLCT character and
directed towards the tpy ligand. On the other hand, also the HOMO—LUMO+1 transition is
symmetry-allowed and of MLCT character, but directed towards the C"N"C-ligand. While
both transitions are of low intensity, also the more intense electronic excitations at shorter
wavelengths are of MLCT character and involve the n* system of either the tpy or the C"N"C-
ligand. In the UV region, additional MLCT, LC and ligand-to-ligand charge-transfer (LLCT)
transitions are predicted. The calculated UV-vis spectrum is slightly blue-shifted in
comparison to the experimental spectrum, but both are consistent in band shape (Figure 3.5). In
comparison to [Ru(tpy).](PFe)2 and [Ru(bpy);](PF¢)2, 4 shows an MLCT maximum at a very
similar wavelength, but with a lowered extinction coefficient (Table 3.1). As intended, 4 is
emissive at room temperature (Figure 3.5) with quantum yields comparable to
[Ru(bpy)s](PFs),, albeit at longer wavelengths (Table 3.1). Also, the computed emission
maximum at 652 nm is in good agreement with the experimental value of 643 nm (both in
acetonitrile). The emission showed a monoexponential decay on the ps timescale, thus arising
from a single phosphorescent triplet state (Figure 3.5). In acetonitrile, the excited-state lifetime
of 633 ns measured for 4 approaches the lifetime of [Ru(bpy)s](PFEe): of 860 ns,!**! while both
complexes exhibit a comparable lifetime in dichloromethane (Table 3.1). In comparison to the
excited-state lifetime of [Ru(tpy)2](PFe)> (0.21 ns),”? the value of 4 is about 3,000 times
longer, which is ascribed to the strong destabilization of the MC in the presence of the 1,2,3-
triazolylidenes. This is corroborated by the calculated vertical excitation energies at the
ground-state nuclear coordinates, which reveal a *"MC—MLCT energy difference of 7,900
cm ', while the corresponding value for [Ru(tpy),](PFs), is only 2,900 cm™'.°? Although these
energies are overestimated as nuclear reorganization is not considered (vide supra), they
support the substantial °MC destabilization in 4.
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Figure 3.5. Calculated (PCM-TD-B3LYP/6-31G*) and measured UV—vis absorption as well as
measured emission spectrum (all in MeCN, left). Emission decay curves in MeCN and CH,Cl, (right).

Table 3.1. Photophysical and electrochemical properties of 4 and prototypical ruthenium(Il)
polypyridyl complexes.

Complex [Ru(tpy)s](PFs), [Ru(bpy)s](PFe), 4
Jmax T/ nm (g /10° M em )™ 474 (1.8) 450 (1.4) 463 (1.0)
Jmax ™/ nm® — 597 643
7/ 1ns 0.21(0.25'% 860;'! 680" 633; 615"
D/ Y% - 6.2 4.4M; 5 5050
VAT A % 0.90 0.90 0.60
A -1.64 -1.71 -1.95 (irrev.)
Eoo/eV - 2.13Y 2.09!8
E* %% /vl — -1.20 -1.49

[a] Measured in deaerated MeCN at 298 K, unless stated otherwise. [b] Maximum of the MLCT band. [c]
Measured in butyronitrile at 290 K; taken from ref. [52]. [d] Measured in H,O at 298 K with [Ru(tpy),](C1O4)s;
taken from ref. [53]. [e] Taken from ref. [48]. [f] Measured in deaerated CH,Cl,. [g] Taken from ref. [206]. [h]
Measured against [Ru(bpy);](PF¢), as standard. [i] Measured in MeCN containing 0.1 M NBu4PF4 and using
Fc'/Fc as reference. [j] Taken from ref. [207]. [k] Determined at the intersection of the absorption and emission
with the latter being normalized to the lowest-energy absorption. [1] Calculated using E*, 2% = E1,°%% — Ey_o

Also the electrochemical properties are consistent with the computational results. In
comparison to ruthenium(Il) complexes of charge-neutral polypyridyl ligands like
[Ru(tpy)2](PFs), and [Ru(bpy)s](PFe),, the redox potentials of 4 are cathodically shifted, while
the electrochemical energy gap remains constant (Table 3.1). Furthermore, the oxidation is
reversible, while the reduction process is irreversible. To obtain a more detailed insight into the
oxidation process, UV—vis spectroelectrochemical experiments were executed. Several
isosbestic points suggest the presence of only two species and, thus, a well-defined oxidation
process. The most prominent spectral change is the decrease of the absorption bands at 463,
410, and 352 nm, consistent with a metal-based HOMO (vide supra). Additionally, a weak and
broad band between 600 and 800 nm appears, most likely due to a ligand-to-metal charge
transfer (LMCT), whereas the bands below 330 nm, in the region dominated by LC transitions,
appear essentially unchanged. Remarkably, the reduction of the oxidized species regenerates
the parent complex quantitatively. As the excited-state redox potential of 4 is more negative
than the one of [Ru(bpy);](PFe), (Table 3.1), i.e. 4 is a more effective reducing agent in the
excited state, 4 shows potential for application to act as an efficient electron donor in
photovoltaic devices or in photo-redox catalysis.!'> '~ 2%

In subsequent work, the groups of Schubert and Berlinguette demonstrated that an
additional electronic fine tuning by the attachment of electron-withdrawing or electron-
releasing substituents on the tpy ligand as well as by a modification of the N-substituent of the

1,2,3-triazolylidenes affords even longer excited-state lifetimes of up to 7.9 ps.**!
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In conclusion, a readily synthesized tridentate ligand based upon 1,2,3-triazolylidenes
donors was utilized to destabilize the deactivating MC in the corresponding bis(tridentate)
ruthenium(Il) complex. By virtue of the exceptionally strong ¢ donation from the mesoionic
carbene ligand, the radiationless deactivation of the *MLCT is efficiently suppressed allowing
substantially prolonged excited-state lifetimes relative to the parent [Ru(tpy).](PFe).. The
promising photophysical properties of 4 suggest applications as photosensitizer or as photo-
redox catalyst. As a bis(tridentate), heteroleptic system, 4 represents a valuable building block
for the construction of structurally-defined electron-transfer assemblies.'**” Moreover, 4 emits
red light with a relatively high photoluminescence quantum yield, which is attractive for
applications in light-emitting electrochemical cells’*'*' and sensing.*'*!

As an outlook, besides utilizing 1,2,3-triazolium salts as 1,2,3-triazolylidene precursors,
they can be employed to bind anions via charge-assisted hydrogen bonds.** ** 2!
Exemplarily, it was demonstrated that simple cleft-type receptors featuring one or two 1,2,3-
triazolium units (Figure 3.6) strongly bind the dianion sulfate in acetonitrile (Ky Ky =~ 7-10°
M) or acetonitrile/methanol (4:1 v/v, K, > 2.4-10° M ") solution, respectively. Notably, the
singly charged receptor featuring one 1,2,3-triazolium ring enables the formation of a charge-
neutral 2:1 host—guest complex (K, ~ 1.3:10° M ') beside a 1:1 complex (Ku ~5.4:10°M )
with the dianion. Accordingly to NMR studies, the receptors bind the anion in a tridentate
fashion and, in case of the 2:1 stoichiometry, an “octahedral” bis(tridentate) complex is
formed.

Figure 3.6. Schematic representation of cleft-type, 1,2,3-triazolium-based anion receptors (R = 4-tolyl,
R’ = 4-bromo-2,6-dimethylphenyl), the anion cavity is indicated by a dashed circle.
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Parts of this chapter have been or will be published: A5) B. Schulze, D. Escudero, C. Friebe, R. Siebert,
H. Gorls, S. Sinn, M. Thomas, S. Mai, J. Popp, B. Dietzek, L. Gonzalez, U. S. Schubert, Chem. Eur. J.
2012, 18, 4010—4025; A6) S. Sinn, B. Schulze, C. Friebe, D. G. Brown, M. Jiger, J. Kiibel, B. Dietzek,
C. P. Berlinguette, U. S. Schubert, Inorg. Chem. 2014, 53, 1637—1645.

Cyclometalated ruthenium(II) complexes

A prominent approach to overcome the short excited-state lifetimes of [Ru(tpy).](PFs)2 is the
replacement of a pyridyl ring by a phenyl ring leading to the establishment of a strong,
organometallic Ru—C bond upon chelation-assisted C—H activation.®" 2*72'8] This
cyclometalation®® affords complexes that feature a strongly electron-donating carbanion,
which is supposed to increase the energy separation between the MLCT and the short-lived
SMC B 2P While cyclometalated ruthenium(Il) complexes were reported long agol®': '
21972201 and received considerable attention,'*' their viability for application in DSSCs was
demonstrated only recently by the groups of van Koten,!"**! Griitzel,!'®* #** Berlinguette,!'** '8¢
221 and Ghaddar."® Accordingly, the cyclometalating ligands can mimic the electronic
properties of the monodentate thiocyanato ligands of classical ruthenium(II) sensitizers and
furthermore enable the accurate optimization of the photophysical and electrochemical
properties via the substituents attached to the cyclometalating phenyl ring.***! Moreover, the
anionic chelates provide an enhanced stability!** *'! as well as the potential to further improve
the light harvesting via installation of additional chromophores.!**"**! Recently, spurred by the
efficiency of CuAAC, 1,2,3-triazole-containing ligands have emerged including analogs of
famous polypyridyl ligands.””*"! We were interested in extending this analogy to tridentate
cyclometalating polypyridyl ligands, namely 1,3-di(2-pyridyl)benzene (dpbH), and examine
the viability of the corresponding 1,2,3-triazole-containing ruthenium(Il) complexes (6, Figure
4.1) for applications in DSSCs. To better understand the electronic consequences of the
cyclometalation as well as the replacement of a pyridine by a 1,2,3-triazole ring, a heteroleptic
ruthenium(Il) complex featuring a non-cyclometalating 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine
ligand was also investigated (5, Figure 4.1).°"

2 PFg PFe 2 PFg PFe
N N
Ny RN “N-R B
Ru \R g NZN~—_L NN \ ||/

'T
u Ru
‘\N\ /‘\N\ ‘\N/‘\N\ N\
N N 5z N\ ! Z
‘ P
[Ru(tpy)l[PFel2 [Ru(tpy)(dpb)][PFe] 5

Figure 4.1. Schematic representation of the cyclometalated and non-cyclometalated bis(tridentate)
polypyridyl-type ruthenium(Il) complexes as well as their 1,2,3-triazole-containing analogs (R =
mesityl).

The 1,2,3-triazole-based ligands were obtained from aryl azides and diethynylbenzene
building blocks in good yields using standard CuAAC conditions.™ For the sake of blocking
an alternative, bidentate coordination, which was observed in an initial attempt, methyl groups
were placed at strategic positions (Figure 4.2). For this purpose, o-xylene was chosen as the
central ring®” % as well as mesityl rings as the triazole’s N-substituents. The

diethynylbenzene building blocks were synthesized via a Sonogashira cross-coupling reaction
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using 1,5-dibromo-2,4-dimethylbenzene or, to additionally lower the electron donation from
the carbanion,“gz’ 22711 5-dibromo-2,4-difluorobenzene as starting materials (cf. 7, Figure 4.3).

blocking of alternative
coordination sites
~ =
0 = G
N= N N= N

alternative coordination modes desired coordination mode

Figure 4.2. Schematic illustration of the optimization strategy.

To allow the installation of a thiophene ring on the central phenyl ring via a Suzuki cross-
coupling reaction, a bromo-functionalized ligand was synthesized starting from 1,3,5-
tribromobenzene. Additional methyl groups were omitted in this case to enable an extended
conjugation and, thus, an enhanced molar absorptivity of the corresponding ruthenium(II)
complex (cf- 9, Figure 4.2). Alternatively, 9-(4-azidophenyl)-3,6-di-fert-butyl-9H-carbazole
was used to build up a cyclometalating ligand functionalized with peripheral chromophores (cf.
10, Figure 4.3).%®1 In this case, the chromophores are expected to act as light-harvesting
antennas, as the conjugation is usually interrupted by the 1,2,3-triazole ring.*”! For all other
ligands, the mesityl moiety was kept as a reference.
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Figure 4.3. Schematic representation of the design strategy and overview of the synthesized
ruthenium(Il) complexes.
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In initial cyclometalation attempts, the use of a common [Ru"'(tpy)(acetone)s](BFs)s
precursor, obtained after activation of [Ru"'(tpy)C15]***! with AgBF in acetone and removal of
the resulting AgCl by filtration,'*” " resulted in poor yields due to excessive side reactions,
which was also observed by others in the course of our investigations./**"! Notably, the anionic
ring of cyclometalated ruthenium(IIl) complexes show a significant radical character in the
para position with respect to the Ru—C bond, which gives rise to, for instance, homocoupling
[218. 2327233] When using a ruthenium(III) precursor, the initially formed bis(tridentate)
ruthenium(III) polypyridyl complex is strongly oxidizing and will be reduced by an alcoholic
solvent or a sacrificial amine.*” However, in case of cyclometalating ligands, the initially
formed ruthenium(IIl) complex will be less efficiently reduced and remains prone to side
reactions. This drawback was overcome by employing [Ru"(tpy)(MeCN);](PF), as precursor
(Scheme 4.1),)  which is easily synthesized by refluxing [Ru"(tpy)Cls] in
acetonitrile/ethanol/water in the presence of AgNO3.*! As a further benefit, in contrast to
[Ru(tpy)Cls], the acetonitrile-containing precursor can be purified completely by column
chromatography and crystallization, thus simplifying the subsequent complexation. Ultimately,
the cyclometalation was performed under oxygen-free conditions in a closed vial using an
alcohol as solvent and microwave heating to 160 °C for 30 min. Isolation of the product by a
combination of column chromatography and crystallization afforded the desired complexes, in
most cases as X-ray-quality crystals and in reasonable yields varying from 35 to 68%, with
higher yields in cases where all strategic methyl groups were present. The installation of the
anchoring carboxy groups (cf. 13 and 14, Figure 4.3) for the prospective DSSC application was
achieved by using the corresponding ester-functionalized ruthenium(Il) precursor. While the
subsequent saponification was readily achieved at elevated temperatures in
DMF/triethylamine/water,!'** **” %7 the ester-functionalized complexes (11 and 12, Figure
4.3) were studied in more detail as they provide a higher solubility and are considered as
models for the TiO,-anchored sensitizers.[*!

/

N—Ru'—N—/—— + = = R
/N

NN N=N

reactions.

2 PFg

Scheme 4.1. Schematic representation of the generalized synthesis of the cyclometalated ruthenium(II)
complexes (cf. Figure 4.3, R = mesityl): a) alcohol, microwave irradiation, 30 min., 160 °C, 35 to 68%;
b) Cu(NO3),, Ac,0, 0 °C, 60%.

The cyclometalating phenyl ring of ruthenium(Il) complexes features a high electron
density in the position para to the Ru—C bond (vide infra) and is thus highly reactive against
electrophiles.™ Accordingly, a nitro group could be successfully introduced under Menke
conditions (cf. 8, Figure 4.3 and Scheme 4.1)*** allowing, conversely, the manipulation of the
carbanion donation by the o- and m-accepting nitro group.!?** >

Two selected solid state structures are displayed in Figure 4.4. As intended, the dihedral
angle between the cyclometalated phenyl ring and the thiophene ring of 9 is small (30.7°)
enabling an extended conjugation (vide infra). On the other hand, the nitro group of 8 is
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twisted out of plane by 51.8° (Figure 4.4, right), which is expected to lower the m-accepting
character (vide infra).

Figure 4.4. Solid-state structures of 9 (left) and 8 (right, 50% probability level; counterions, hydrogen
atoms and solvent molecules omitted for clarity). The dihedral angle between the cyclometalating
phenyl ring and the thiophene ring as well as the nitro groups is 30.7° and 51.8°, respectively.

To gain deeper understanding of the photophysical and electrochemical properties of the
presented ruthenium(Il) complexes, DFT calculations have been performed. The differences in
metal—ligand & interactions within 5 and 6 are illustrated in the partial molecular orbital (MO)
scheme depicted in Figure 4.5.1"*" ***! Both heteroleptic, bis(tridentate) complexes belong to
the Cyy point group, thus the ruthenium(Il) dyy, dy,, and dy, orbitals transform as a, by, and by,
respectively. By combining the metal d orbitals with ligand group orbitals of appropriate
symmetry, the by (dy,) and b, (dy,) orbitals of the metal interact with the b; (x and n*) orbitals
of the 1,2,3-triazole-containing ligand and the b, (m and =*) orbitals of the tpy ligand,
respectively, while the metal-a, (dyy) orbital can simultaneously interact with the © systems of
both ligands (a;). In the latter case, however, the interaction involves the outer 1,2,3-triazole
and pyridine rings and is only weak, presumably due to the typically longer Ru—N bond
lengths brought about by structural restrictions imposed by the tridentate chelation.™ "
Furthermore, the strength of the orbital interaction depends on the energy difference and spatial
overlap.

In case of 5, the dy, and d,, orbitals each undergo a m back-donation with the energetically
low ©* orbitals of one of the tridentate ligand leading to a stabilization of both metal d orbitals.
As the * orbitals of the 1,2,3-triazole-containing ligand are higher in energy,”®” ** °* the =
back-donation is more pronounced in case of the tpy and the LUMO is essentially located on
the tpy ligand. As a result of the increasing © back-donation, the weakly interacting d,, orbital
represents the HOMO, while the dy, and dy, orbitals mostly contribute to the HOMO—1 and
HOMO-2, respectively (Figure 4.5, left).
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Figure 4.5. Part of an MO scheme illustrating the main 7© interactions within the bis(tridentate)
ruthenium(Il) complexes (top) and corresponding Kohn—Sham orbitals (PCM-B3LYP/6-31G* in
MeCN, bottom) for 5 (left) and 6 (right). The mesityl moieties, ligand = orbitals with little overlap (cf-
Figure S 2 in case of 6) and o interactions omitted for clarity. Note that the energies of the complex
orbitals were calculated, while the orbital energies for the metal fragment and the free ligand are

estimated.

While the orbital interactions within 6 are in principle the same as discussed above, the &
and ©* orbitals of the anionic ligand are raised in energy leading to a significant interaction
between the occupied metal-dy, (b;) orbital and the = (b;) orbital of the cyclometalating ligand
(Figure 4.5, right). As a result of this repulsive interaction, the HOMO of 6 involves a different
metal d-orbital than in 5 (dy, instead of dyy) and is strongly destabilized. Moreover, the HOMO
of 6 is a m-antibonding orbital located on the metal center and essentially the cyclometalating
phenyl ring. Importantly, the HOMO energy can thus be directly influenced via substituents
attached to the cyclometalating phenyl ring.!** 2** 2% Additionally, the delocalization of the
HOMO onto the ligand is postulated to facilitate the regeneration of the photo-oxidized
sensitizer by the electrolyte in the DSSC.["®* %! Furthermore, the very electron-rich o lone pair
of the carbanion leads to a strong ¢ interaction with, amongst others, the metal-d,. (a;) orbital
and, hence, the corresponding c-antibonding orbital is strongly destabilized. In addition,
stronger electrostatic interactions within 6 raise in particular the energy of the dy, and dy,
orbitals resulting in an enhanced m back-donation between the metal-dy, orbital and the m*
orbitals of the tpy ligand. Consequently, the tpy-based LUMO is more destabilized than for 5.
Furthermore, while the weakly interacting d,, orbital represent the HOMO—1, the d,, orbital is
stabilized through m back-donation and essentially constitutes the HOMO-2.
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The experimental photophysical properties are consistent with the computational results.
The electronic excitations for 5 and 6 obtained via TD-DFT calculations are displayed in
Figure 4.6 together with the measured UV—vis absorption spectra (see Table S 2 for the
electronic excitations of 6). In line with the group-theoretical considerations, the
HOMO—-1—LUMO transition of 5 and the HOMO—LUMO transition of 6 are not allowed as
these transitions (b;—b,) do not feature a transition dipole moment. Accordingly, only a weak
low-energy tailing is observed in the experimental spectrum, in particular for 6. Instead, for 6
and 5, the more intense low-energy electronic excitations involve a charge transfer directed
from the metal-dy, and/or the metal d,, orbital towards the n* system of the tpy ligand and are
thus of MLCT character. In case of 5, an MLCT transition directed towards the n* system of
the 1,2,3-triazole-containing ligand is predicted at about 420 nm, while, for 6, a charge transfer
towards the n* system of the anionic ligand is expected in the UV region. Consequently, the
MLCT transitions at wavelengths relevant to light harvesting applications in a DSSC (> 400
nm) are exclusively directed towards the prospective anchoring ligand in case of 6, which is a
prerequisite for fast electron injection into TiO,. Furthermore, owing to the destabilization of
the metal d-orbitals in the cyclometalated complex (vide supra), the MLCT maxima are
significantly bathochromically shifted relative to those of 5 (Figure 4.6, left). In comparison to
[Ru(tpy)(dpb)]PFe,1*" **! the absorption maxima are slightly hypsochromically shifted and the
extinction coefficients are lowered for 6. The latter is attributed to the shorter conjugation
within the 1,2,3-triazole-containing cyclometalating ligand.”**
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Figure 4.6. Left: Measured UV—vis absorption and emission spectra as well as computed vertical
excitations (PCM-TD-B3LYP/6-31G*) of 5 and 6. Right: Measured UV—vis absorption spectra of
selected cyclometalated ruthenium(Il) complexes (right, all in MeCN).

For 7 and 8, a hypsochromic shift of the MLCT maxima relative to 6 is observed (Figure
4.6, right). According to the DFT calculations, the installation of an electron-withdrawing
fluoro or nitro group on the cyclometalating phenyl ring leads to a HOMO stabilization, since
the electron donation from the carbanion donor is tempered, but also because the aromatic
system, which forms a part of the HOMO itself, is stabilized. In case of 10, additional
transition located on the carbazole fragment enhance the molar absorptivity at lower
wavelengths (Figure 4.6, right), which is expected based on the interruption of the =n-
conjugation by the 1,2,3-triazoles. In contrast, for 9, also the extinction coefficients in the
region of the MLCT transitions are enhanced (Figure 4.6, right). According to the DFT
calculations and X-ray crystallography (Figure 4.4), the dihedral angle between the phenyl and
thienyl ring is 30.2 and 30.7°, respectively, which enables an extended conjugation of the
HOMO and lower occupied molecular orbitals onto the thiophene. Additionally, an increased
polarizability has been proposed for analogous complexes.**” For the ester-functionalized
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complexes, the LUMO level is strongly stabilized owing to the presence of the electron-
withdrawing groups and the HOMO is slightly stabilized because of the increased n acidity of
the tpy ligand, which results in smaller energy gaps than for 6, in particular in case of 12
(Figure 4.6, right). In addition, due to the extension of, e.g., the LUMO onto the conjugated
acceptor, the extinction coefficients are increased.

In contrast to [Ru(tpy).](PFs). and 5, which are practically non-emissive at room
temperature,”> °*! 6 exhibits a weak room-temperature emission in acetonitrile solution at 751
nm (Figure 4.6, left, Table 4.1) similar to [Ru(tpy)(dpb)]PFé‘[(’O] The excited-state lifetime of 6
at room temperature of 4.1 ns is significantly prolonged relative to the 0.2 ns measured for
[Ru(tpy)2](PFe),”> ™" and comparable to the 4.5 ns observed for a derivative of
[Ru(tpy)(dpb)]PFs.*">) Typically, the emission of ruthenium(Il) polypyridyl complexes
originates from a *MLCT, which is populated after light excitation via IC, ISC, and vibrational
relaxation.!"® ® To confirm the MLCT nature of the lowest-energy triplet excited state of 6, the
corresponding spin density distribution has been calculated. According to the unpaired
electrons within the metal-dy, orbital and a ©* orbital of the tpy ligand, this state can be
characterized as a *MLCT.

As the radiationless deactivation of ruthenium(II) polypyridyl complexes usually proceeds
via thermal population of short-lived *MC states,?> %4724l the excited-state lifetimes of the
selected complexes were measured at variable temperatures (160 to 300 K). By the help of an
Arrhenius analysis (equation 1), the sum of temperature-independent rate constants (k; + ko) as
well as pre-exponential factors (4) and activation barriers (AE) of up to two thermally activated
non-radiative deactivation pathways (k, k») were determined (Table 4.1).[5% 78 82 119, 219, 2427248]
Beside the direct, non-activated radiative (k) and radiationless (k) MLCT decay, the
radiationless deactivation of the *MLCT can proceed via the *MC (4,, AE;) or a "MLCT

featuring a slightly increased singlet character CMLCT’, A, AE,) after thermal activation.[> ™

243, 248]

1

1
T) = =
0 k, +ka k., +ky+4 exp(_AEl/kBT)+A2 exp(—AEz/kBT)

)

As the potential energy curves of the *MLCT’ and the "MLCT exhibit almost no horizontal
displacement, the *MLCT—’MLCT"' transition is barrierless and both states are in thermal
equilibrium. Consequently, AE, represents the "MLCT—MLCT' energy difference while the
MLCT'-'GS transition, characterized by A, is the rate-limiting step.[78] In contrast, due to the
significant reorganization associated with the population of the MC (Figure 2.3) and the
strong “MC—'GS coupling, the rate-determining step for the radiationless *MLCT—'GS
transition via the *MC is usually the SMLCT—>MC transition with A and AE) representing the
corresponding pre-exponential factor and activation energy, respectively (Figure 4.7, left).’® 7*
210. 2447296) Nonetheless, the *MC—'GS coupling might be weak, enabling a repopulation of the
SMLCT from the *MC, i.e. "MLCT and *MC are in thermal equilibrium.!?'% 24> 2% I this case,
which is indicated by a relatively small 4; (< 10" s7),P% 4> 24 the *MC—'GS transition
becomes the rate-determining step instead and AE, corresponds to the "MLCT—MC energy
difference (Figure 4.7, middle).1*'% **> 2%} Additionally, also the *MC—'GS transition can be
interpreted as an activated process’® **! so that AE, corresponds to the energy difference
between the "MLCT minimum and the *MC—'GS potential-energy surface crossing (Figure 4.7,
right);°® *" nonetheless, 4, still corresponds to the *MC—'GS transition in this case.
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Figure 4.7. Illustration of the limiting cases of the non-radiative "MLCT deactivation via the *MC
(*MLCT’ omitted for clarity): The *MLCT—’MC transition is the rate-limiting step in case of a strong
*MC-'GS coupling (left), while the *MC—'GS transition is the rate-limiting step in case of a weak
*MC—'GS coupling (middle and right).>% 7 210- 24572471

Despite the reasonably long excited-state lifetimes, the activation barrier for the
MLCT—'GS transition (AE;) of the cyclometalated complexes is, depending on the
substitution pattern, comparable or even smaller than for [Ru(tpy).](PF¢), (Table 4.1). On the
other hand, the pre-exponential factor for the deactivation via the MC (4;) is significantly
smaller than for [Ru(tpy).](PFe)2, which is the origin of the prolonged excited-state lifetimes
observed for the cyclometalated complexes. Furthermore, also the activation barrier for the
*MLCT’ population (AE,) is comparable or lower relative to [Ru(tpy),](PFs)2; however, this
parallel deactivation pathway exhibits a small pre-exponential factor (4,) and does therefore
not determine the excited-state lifetime of the cyclometalated complexes. In some cases, the
corresponding parameters are not even required to reproduce the temperature dependence of
the excited-state lifetimes. Notably, the room-temperature excited-state lifetimes of the studied
ruthenium(II) complexes are not compromised by the different substituents, except for 7, which
exhibits a very small AE; in line with the weakest electron donation from the carbanion within
series (vide infra). For 13 an even smaller AE; was determined,**® but 4, is lowered at the
same time enabling an excited-state lifetime longer than 10 ns, which is promising in view of
the aspired application in DSSCs.!"** Note that no emission was detected for 11, 12, and 14
presumably due to the low sensitivity of the used detector at 4 > 800 nm.

In contrast, the deactivation for [Ru(bpy);](PFs), and ruthenium(Il) complexes featuring
thiocyanato ligands, e.g., the fully deprotonated form of N719, is fundamentally different, as a
high activation barrier for the *MC population (AE; > 4,000 cm ') was reported (Table 4.1).!""’]
While 4, is large in these cases (> 10'*s™"), the high AE| gives rise to a decelerated deactivation
via the MC. Beside the direct decay to the 'GS,™! the *"MLCT lifetime is only limited by the
deactivation via the "MLCT’ in these cases, which explains the longer excited-state lifetimes
than for the cyclometalated complexes.

The reason for the stronger "MC destabilization in complexes like [Ru(bpy)s](PFs), and
N719 is the equal destabilization of both the d,. and the d,>-y2 orbital. In contrast, bis(tridentate)
ruthenium(Il) complexes like [Ru(tpy).](PF¢), exhibit a weakened coordination of the outer
pyridine rings due to the non-ideal bite angle of the tpy ligand (~ 158°).** °") The 6*(dx2—y2)
orbital is thus lowered in energy enabling an efficient deactivation via the corresponding *MC
state.l> °* %1 I line with an increased 0*(dx2-y2) destabilization, an excited-state lifetime of 60
ns was measured for N”N”~C-cyclometalated bis(tridentate) ruthenium(II) complexes.[gl]
However, for the N*C"N-cyclometalated congeners, mainly the 6*(d,2) orbital is destabilized,
while the o*(ds-y2) orbital remains relatively low in energy®” ®! resulting in a small
MLCT—MC energy separation. Despite the small energy barrier for the non-radiative
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*MLCT—'GS transition via the *MC (AE; < 1,830 cm™"), the deactivation of the presented
NAC”N-cyclometalated complexes is decelerated by means of a smaller pre-exponential factor
A1 (10" to 10" s™), which suggests a reduced *MC—'GS coupling (vide supra, cf. Figure 4.7,
right).®*! The latter appears to be a general feature of cyclometalated ruthenium(II)
complexes, as also fris(bidentate) ruthenium(Il) complexes bearing cyclometalating ligands
show very similar deactivation parameters (cf. Table 4.1).1'"!

Table 4.1. Photophysical data of selected ruthenium(II) complexes.

I D / K+ / - - AE,/  AE,/
Complex / mt lo—l}[a] nTS[a] 871[31 A/ s Ay /s Cm—ll[b] Cm—zl[b]
[Ru(tpy),]* — - 0219 65-10°  20-10° 2.1-10" 1,700 720
[Ru(bpy)s]*' 615 620 825  7.810° 4.4-10" — 4,240 -
[Ru(bpy)>(NO,-ppy] 1! 1.2:10°  2.6:10" 956

[Ru(dcbpy),(NCS),]* 1 723 35 27 55-10° 1.7-10"  1.3-10° 4,620 750

6 751 0.6¢ 41  244-10° 1.1-10” 3.11-10° 1,830 350
7 - - 0.5 1.72-10° 9.74-10" - 1,290 -
8 705 1.0 53 1.92:10° 6.63-10" - 1,395 -
9 745 05 4.1™  233-10° 1.89-10" 1.42-10% 1,452 240
10 750 2.5 6 7™ 222-10° 2.04-10" 1.33-10% 1,570 270
13 - — 1230 1.75-10° 2.02-10" - 1,135 -

[a] Measured at 298 K in deacrated MeCN unless stated otherwise. [b] The corresponding measurements were
conducted in deaerated n-butyronitrile unless stated otherwise. [c] Counterion = PFg ; taken from ref. [78]. [d]
Measured at 290 K; taken from ref. [52]. [e] Counterion = PFy or NBu,'; dcbpy = 2,2-bipyridine-4,4’-
dicarboxylate; measured in MeCN; taken from ref. [119]. [f] Counterion = BF, ; NO,-ppy = 4-nitro-2-(pyridin-2-
yl)benzen-1-ide; measured in EtOH/MeOH (4:1 v/v); taken from ref. [219]. [g] Determined using
[Ru(dqp),](PFs), in MeOH/EtOH (1:4 v/v; @y = 2.0%) as a reference.”” [h] Extrapolated from the temperature-
dependent lifetime measurements conducted in #-butyronitrile.

The experimental electrochemical properties of the studied complexes (Figure 4.8, Table
4.2) corroborate the theoretical analysis of their electronic structure (vide supra). As a
consequence of the cyclometalation, the Ru(IIl)/Ru(Il)-based redox potential of 6 is lowered by
900 mV relative to 5. The first reduction process of 6 is cathodically shifted by 260 mV in
comparison to 5, as the more electron-rich metal center allows a stronger m back-donation,
which raises the LUMO energy. Upon the installation of electron-withdrawing fluoro and nitro
groups on the cyclometalating phenyl ring, the Ru(III)/Ru(Il)-based redox potential is
increased by 230 and 180 mV, respectively. In contrast, for a related series of cyclometalated
tris(bidentate) ruthenium(II) complexes bearing the same substitution patterns except for the
methyl groups adjacent to the nitro group, the HOMO stabilization was more pronounced for
the nitro substituent than for the fluoro substituents./***! The different behavior is ascribed to
the dihedral angle between the nitro group and the phenyl ring of about 51.8° (vide supra,
DFT-calculated value: 51.6°) enforced by the methyl groups, which lowers the effective -
accepting character of the nitro group. For the ester-substituted complexes, 11 and 12,
significant anodic shifts of about 190 and 430 mV, respectively, were observed for the
reduction, while the oxidation process is anodically shifted by 80 and 180 mV, respectively.
This is in line with a direct stabilization of the tpy-based LUMO, which, in turn, allows an
indirect HOMO stabilization via an enhanced n back-donation with the tpy (vide supra). For 9
and 10, the redox potentials are nearly unchanged, but the reduction process becomes
irreversible.
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Figure 4.8. Left: Cyclic voltammetry spectra of selected ruthenium(II) complexes (10~ M in MeCN
with 0.1 M Bu4NPFg). Right: Change of the UV—vis absorption spectrum of 6 during the oxidation
(solid lines) and after the re-reduction (dashed line) process (10~ M in MeCN with 0.1 M BusNPFy).

Table 4.2. Electrochemical data of selected ruthenium(Il) complexes.

Complex E %IV (ipalipes AE, I mV) E "V (ino/ipe, AE, / mV)E

5 0.98 (1.1, 74) ~1.72 (0.9, 80)
[Ru(tpy),](PF), ™ 0.89 (64) —1.66 (63)

6 0.08 (1.0, 67) ~1.98 (1.0, 71)
[Ru(tpy)(dpb)]PF4™ 0.12 (62) —1.95 (63)

7 0.31 (1.0, 74) -1.95 (1.0, 79)

8 0.26 (1.0, 76) ~1.82 (1.0, 88)

9 0.07 (1.0, 69) -1.97'

10 0.10 (1.0, 83) -1.97

11 0.16 (1.0, 70) ~1.79 (1.1, 80)

12 0.26 (1.0, 71) -1.56 (1.0, 71)

[a] Measured in MeCN with 0.1 M Buy;NPF; using Fc'/Fc as reference. [b] Taken from ref. [60]. [c] Irreversible
process.

A comparison of 5 and 6 with [Ru(tpy).](PFs). and [Ru(tpy)(dpb)]PF¢, respectively,
reveals the influence of the 1,2,3-triazole. For the non-cyclometalated complexes, the
substitution of a tpy ligand by the 2,6-bis(1,2,3-triazol-4-yl)pyridine leads to a metal-based
HOMO of lower energy and a tpy-based LUMO of higher energy, indicating a weaker -donor
and m-acceptor strength of the triazole-containing ligand that would allow the tpy to
predominate the 7 back-donation.”” When comparing [Ru(tpy)(dpb)]PFs and 6, for the latter
complex the oxidation and reduction potentials are cathodically shifted. Consequently, the
triazole-containing cyclometalating ligand is a stronger effective m donor than its pyridine-
counterpart increasing the energy of the HOMO, based on a metal d-orbitals and & orbitals of
the central phenyl ring, and, through increased m back-donation from the more electron-rich
metal center, the energy of the tpy-based LUMO. The former is most likely caused by a weaker
n back-donation into the peripheral triazole as well as by a weaker stabilization of the
carbanion by the adjacent triazoles due to a less extended conjugation.* !

The oxidation process of 6 was studied in more detail by spectroelectrochemical
experiments (Figure 4.8). The most obvious changes during oxidation are the decrease of the
MLCT bands between 350 and 600 nm corroborating the assumption of a significant metal
contribution to the HOMO. In line with that, additional, broad peaks between 600 and 850 nm
appear upon oxidation, which are tentatively assigned to an LMCT transition. The observation
of several isosbestic points indicates a well-defined conversion from the ruthenium(II) to the
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ruthenium(III) species. Remarkably, the reduction of the oxidized species recreates the original
spectra almost completely, thus approving the oxidation processes to be fully reversible even
under these demanding conditions where the complexes are oxidized for hours. Notably, a C—C
homocoupling of the complexes in their oxidized state!**?! was not observed, which is ascribed
to the placement of the methyl groups on the cyclometalating phenyl ring.

In conclusion, a series of 1,2,3-triazole-containing cyclometalated ruthenium(Il)
complexes is presented. The functionalized, cyclometalating ligands are readily assembled by
means of click chemistry and the corresponding complexes are easily synthesized via an
optimized protocol. Regarding the photophysical and electrochemical properties, the
cyclometalated complexes resemble ruthenium(Il) polypyridyl complexes featuring
thiocyanato ligands, i.e. the carbanionic chelating ligand mimic the electronic function of
multiple monodentate thiocyanates. Accordingly, the new complexes meet several
requirements for an application in DSSCs: 1) The metal-based d-orbital are raised in energy
causing a small energy gap and, therefore, a strongly red-shifted absorption, 2) the HOMO is
extended to the ligand, which is postulated to facilitate the dye regeneration, 3) the MLCT
transitions are directed towards the anchoring tpy ligand enabling electron injection into TiO»,
and 4) the excited-state lifetimes are sufficiently long to allow efficient electron injection.
Moreover, the cyclometalated complexes offer an electrochemical fine-tuning, to ensure
efficient dye regeneration by the electrolyte, and the optimization of the light harvesting
capability via functionalization of the cyclometalating ligand. A further advantage of the
cyclometalated complexes is their increased stability by virtue of the tridentate chelates and the
presence of a strong organometallic bond. Ultimately, these promising electronic properties
and structural benefits strongly suggest their application in DSSCs. Importantly, the
replacement of pyridines by 1,2,3-triazoles does not compromise the photophysical and
electrochemical properties of the cyclometalated ruthenium(Il) complexes, thus allowing a
more flexible and facile functionalization of the sensitizers.

Ruthenium(II) complexes featuring 1,2,3-triazolate donors

Apart from the above discussed cyclometalation, the poor photophysical properties of
[Ru(tpy)2](PFe), can be improved by replacement of the outer pyridine rings of the tpy ligand
by, e.g., carbenes®” > ) or anionic nitrogen donors.®* ¥ The viability of the latter
approach was demonstrated by Vos and co-workes, who employed 1,2,4-triazolate donors to
suppress the radiationless deactivation via the *MC.™ ¥ The use of analogous 1,2,3-
triazolate-based ligands is expected to result in similar electronic properties of the
corresponding ruthenium(Il) complexes (15 and 16, Figure 4.9), while the formation of
coordination isomers is precluded (c¢f. Figure 4.9) and a facile ligand synthesis via an
azide—alkyne cycloaddition is enabled.

B j/fj\r )ﬁ/%
N =N N _N N
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PN ONS ‘\N/ N/ \ N\
AN N
\ 15:R = H
7 7 16: R = n-hexyl

Figure 4.9. Schematic representation of ruthenium(Il) complexes featuring 1,2,4-triazolates (left) and
1,2,3-triazolates (right).
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The unsubstituted 2,6-bis(2H-1,2,3-triazol-4-yl)pyridine ligand (cf. 15, Figure 4.9) was
synthesized via a copper(I)-catalyzed cycloaddition between 2,6-diethynylpyridine and in situ
formed azidomethanol followed by a base-induced cleavage of formaldehyde.**”!
Alternatively, an alkyl-functionalized ligand (cf. 16, Figure 4.9) was synthesized via a thermal
azide—alkyne cycloaddition between 2,6-di(oct-1-yn-1-yl)pyridine and azidomethyl pivalate
followed by a base-induced saponification—elemination sequence to cleave off the N-
t.2°% The corresponding charge-neutral metal complexes, 15 and 16, were obtained

substituen
in good yields after conversion of the respective 1,2,3-triazole ligands with
[Ru(tpy)(MeCN)3](PF6)2[251] at elevated temperatures and after treatment of the reaction
mixture with a base.

To better understand the electronic properties of the new complex, DFT and TD-DFT
calculations have been carried out for 16 (note that the hexyl chains have been replaced by
methyl groups for the calculations). The main 7 interactions are illustrated in a simplified MO
scheme depicted in Figure 4.10. Firstly, in comparison to the analogous ruthenium(Il) complex
featuring neutral 1,2,3-triazole donors (5, vide supra), the anionic 1,2,3-triazolates cause a
destabilization of the dy, and, in particular, the dy, and d,, orbitals via electrostatic repulsion.
Secondly, the m system of the 1,2,3-triazolate is raised causing a repulsive © interaction with
the metal-d,y (a») orbital. As a result, the HOMO is located mainly on the metal center and the
1,2,3-triazolates. On account of the increased electron density on the metal center, the d,
(by)—n* (by) back-donation is enhanced, lifting the tpy-based LUMO level. As the energy of
the m* (b;) orbital of the anionic ligand is significantly higher, only a weak stabilization of the
metal-dy, (b;) orbital though m back-donation is expected. Furthermore, the 6*(d,2-y2) orbital is
more destabilized in the triazolate complex due to the increased o donor strength relative to 5.
Ultimately, similar to the cyclometalated ruthenium(II) complexes, the strong anionic donors
result in a HOMO and LUMO destabilization with the former effect being more pronounced,
i.e. the HOMO-LUMO gap is smaller.
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Figure 4.10. Part of an MO scheme illustrating the main 7 interactions within the 1,2,3-triazolate
complex 16 (left) and corresponding Kohn—Sham orbitals (PCM-B3LYP/6-31G* in MeCN, right). The
hexyl chains have been replaced by methyl groups, ligand n orbitals with little overlap (cf- Figure S 3)
and o interactions omitted for clarity. Note that the energies of the complex orbitals were calculated,
while the orbital energies for the metal fragment and the free ligand are estimated.
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Figure 4.11. UV—vis absorption and emission spectrum of the deprotonated and protonated form of 15
as well as the calculated vertical excitations of 16 (PCM-TD-B3LYP/6-31G* in MeCN, left). Emission
spectra at different pH values for 15 (right).

The photophysical and electrochemical properties (Figure 4.11, Table 4.3) support the
computational results: Relative to its 1,2,3-triazole counterpart, a cathodic shift of the redox
potentials as well as a bathochromically shifted absorption is observed for the 1,2,3-triazolate
ruthenium(Il) complex. Furthermore, a weak, plateau-like absorption band extends to very long
wavelengths, which is a typical feature of bis(tridentate) ruthenium(Il) complexes featuring
azolate donors.[®* ¥ 190191 According to the TD-DFT calculations (Table S 3), the longest-
wavelength absorption corresponds to the HOMO—LUMO transition, which is allowed for this
kind of complex (a,—b,), but only of moderate oscillator strength. Due to the participation of
the 1,2,3-triazolates, this transition is of metal—ligand-to-ligand (MLLCT) character. Further
transitions at longer wavelengths are either of weak intensity or symmetry-forbidden, e.g.
HOMO-2(b;)»LUMO(b,), which explains the plateau in the absorption spectrum. More
intense electronic transitions are predicted at 470 and 450 nm and involve a charge transfer
from the dy, and dy, orbitals of the metal towards n* orbitals located on the tpy ligand. An
MLCT transition associated with a charge transfer towards the central pyridine ring of the
anionic ligand is expected to occur in the UV region.

As the 1,2,3-triazolate rings of the ruthenium(Il) complexes feature additional nitrogen
donors, the complexes can be protonated (Figure 4.11). By using UV—vis acid—base titration,
the pK, value of the corresponding ruthenium(II)-coordinated 1,2,3-triazoles was determined to
be about 4.7. As expected, the electronic properties of the fully protonated form bearing two
charge-neutral 1,2,3-triazole donors resemble the ones of 5 (Table 4.3). In contrast, the 1,2,3-
triazolate complex 15 is weakly emissive in solution at room temperature (Figure 4.11), which
is ascribed to a diminished radiationless deactivation of the *MLCT via the *MC in line with
the increased donors strength of the 1,2,3-triazolates.[82’ 188 This is corroborated by the
relatively long excited-state lifetime of 54 ns measured for 16.

Table 4.3. Selected data of the studied ruthenium(Il) complexes.

com leX j*n’laXAbS / nm j«1’1’1axEm T/ E]/zox/ V[b] El/zRed / V[b]
P (¢/10° M ' cm™H™ /nm®™ 0™ (ipalipe, AE, / mV)  (ialipe, AE, / mV)
15 661 (sh, 0.3), 600 (sh, 0.8), 482 (5.2) 705 -4 _d 4
15H" 503 (sh, 1.0), 430 (br, 6.4) - - el el
16 662 (0.7), 608 (0.9), 487 (5.6) 719 54 0.20 (1.1, 74) —2.01 (1.0, 71)
5 500 (1.8), 428 (br, 10.6) - - 0.98 (1.1, 74) ~1.72 (0.9, 80)

[a] Measured in deaerated MeCN unless stated otherwise; br = broad, sh = shoulder. [b] Measured in MeCN with
0.1 M BuyNPF; using Fc'/Fc as reference. [c] 15 in the presence of an excess of HPF,. [d] Not measured due to
low solubility. [e] Not determined.
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In conclusion, the new 1,2,3-triazolate ruthenium(Il) complexes are readily synthesized
and show a broad absorption of visible light resulting in charge-separated excited states with
long lifetimes. Furthermore, in the excited-state, an electron is transferred to the tpy ligand,
while the resulting hole is shared by the metal and the ligand, rendering the new complexes
promising candidates for applications in DSSCs.
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Parts of this chapter have been or will be published: A4) S. Sinn, B. Schulze, C. Friebe, D. G. Brown,
M. Jager, E. Altuntas, J. Kiibel, O. Guntner, B. Dietzek, C. P. Berlinguette, U. S. Schubert, /norg.
Chem. 2014, 53, 2083-2095; A6) B. Schulze, D. G. Brown, K. C. D. Robson, C. Friebe, M. Jéger, E.
Birckner, C. P. Berlinguette, U. S. Schubert, Chem. Eur. J. 2013, 19, 14171-14180; A7) S. Sinn, B.
Schulze, C. Friebe, D. G. Brown, M. Jédger, J. Kiibel, B. Dietzek, C. P. Berlinguette, U. S. Schubert,
Inorg. Chem. 2014, 53, 1637-1645; A9) C. Friebe, B. Schulze, H. Goérls, M. Jager, U. S. Schubert,
Chem. Eur. J. 2014, 20, 2357-2366.

Cyclometalated ruthenium(Il) photosensitizers

Among the most efficient dyes for application in DSSCs are the thiocyanate-containing
ruthenium(Il) complexes [Ru(Hdcbpy)(NCS),]J(NBus), (N719; Hdcbpy = 2,2'-bipyridine-4-
carboxylic acid-4'-carboxylate)** and N749 (Figure 5.1).1*'! Enormous research efforts have
been made in the last years to improve both the PCE as well as the long-term stability of
devices based on these prototypical sensitizers.*"" *****! The most promising approach is the
replacement of the monodentate thiocyanato ligands with anionic aromatic chelates, which
improves the complex stability and allows the installation of additional chromophores in order
to optimize the light harvesting capability.!'®* '8¢ 190 193 2331 1 addition, the electrochemical
properties of the cyclometalated ruthenium(II) complexes can be adjusted by the attachment of
electron-donating or -withdrawing substituents to the anionic phenyl ring.!?** 227 2°1. 234l
Moreover, the sensitizers can be easily equipped with hydrophobic alkyl chains, which are
known to enhance the thermal and long-term stability of a DSSC by preventing water-induced
dye desorption!'* 1°7233723%] an( enable the use of alternative electrolytes,!'** 1** 27 which are
crucial for the further improvement of the efficiency of DSSCs.!"*”! While the vast majority of
DSSC sensitizers has focused on polypyridyl ligands, it has been demonstrated that 1,2,3-
triazoles can serve as pyridine surrogates offering readily functionalized ligands.!** #°'- ¥
Motivated by a high PCE of 8.3% (vs. 9.0% achieved with N719 under identical conditions)
for T4 (Figure 5.1),***! we sought to examine the viability of triazole-based analogues as

useful sensitizer platforms.

TCS NBu,

SCN—Ru"-NCS
\N ‘

COO(NBuy)  (NBu,)OOC

COOH N749 COOH T4 COOH

Figure S5.1. Schematic representation of the benchmark dye N749, of a related cyclometalated
ruthenium(Il) sensitizer, T4, and of a 1,2,3-triazole-analog of the latter. Note that the cyclometalated
complexes are zwitterionic with one carboxylate compensating the positive charge of the ruthenium(II)
complex fragment.

The synthesis of the 1,2,3-triazole-based tridentate ligands (17 and 18, Scheme 5.1) was
readily achieved via CuAAC using functionalized 1,3-diethynylbenzenes as well as n-decyl
azide as building blocks. The n-decyl chain was chosen in view of the successful DSSC
application of ruthenium(Il) sensitizers bearing alkyl chains of similar length.[m’ 136]
Furthermore, a fluoro-substituted ligand was prepared in order to increase the Ru(IIT)/Ru(II)
redox potential of the corresponding ruthenium(Il) complex and thereby ensure efficient
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regeneration of the photo-oxidized sensitizer by the I; /I -based electrolyte.'™ #*"l The
subsequent cyclometalation step was conducted with [Ru(tcmtpy)(MeCN);](PFs),
(tcmtpy = 4,4',4"-tricarboxymethyl-2,2":6",2"-terpyridine) in either methanol or N,N-
dimethylformamide (DMF) at elevated temperatures under microwave irradiation (Scheme 5.1)
to afford the desired cyclometalated product with fair yields after a simple chromatographic
purification. = Notably, = methanol was the solvent of choice to avoid
transesterification/saponification and to promote the cyclometalation;” ***) however, in case of
18 a partial replacement by a methoxy group was observed leading to inseparable mixtures and
DMF was thus used instead. As the anionic aryl ring enables a facile post-complexation

functionalization in the position opposite to the Ru—C bond,***! a nitro group was introduced

using Cu(NOs), in order to attenuate the electron donation from the carbanion.!”"
Furthermore, bromo and iodo substituents were installed at the cyclometalated phenyl ring
using N-bromo- and N-iodosuccinimide, respectively, which enables prospective cross-
coupling reactions,”* ") ¢ g to attach electron donors that allow intramolecular hole
transfer.l!® 166- 184 26273631 ‘phe ganonification of the ester-functionalized ruthenium(II)
complexes was conducted at elevated temperatures in DMF/water/triethylamine (3:1:1
viv) 8 BT After washing with dichloromethane, the cyclometalated sensitizers were
obtained as zwitterionic species (featuring two carboxy groups and one carboxylate) as
confirmed by elemental analyses. The solubility of the complexes was sufficient to prepare a

0.25 mM staining solution in DMF/methanol (4:1 v/v).
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Scheme 5.1. Schematic representation of the syntheses of the ruthenium(Il) sensitizers: a) C;oH, N3,
CuSO4'5H,0, sodium ascorbate, EtOH/H,O (2:1 wv/v), 50 °C, 12 h, 81 to 85%; D)
[Ru(tcmtpy)(MeCN);](PFg),, MeOH or DMF, 150 to 160 °C, 30 to 60 min., 56 to 60%; c) Cu(NO3),,
CH,Cl,/MeOH (2:1 v/v), 40 °C, 18 h, 87%; d) DMF/NEt;/H,0 (3:1:1 v/v), 80 °C, 24 h, 95 to 98%.

To allow a deeper understanding of the photophysical properties of the presented
ruthenium(Il) complexes, DFT and TD-DFT calculations were performed. The calculated
vertical singlet—singlet transitions, exemplarily shown for 20 in Figure 5.2, are in reasonable
agreement with the experimental absorption spectra (vide infra). For 20 and 24, all vertical
singlet transitions in the visible light region are mainly of MLCT character with varying
ligand-to-ligand-charge-transfer (LLCT) contributions (MLLCT), i.e. they essentially involve a
charge transfer from the metal center (and in some cases the cyclometalating ligand) towards
the carboxy-functionalized tpy ligand. Notably, the lowest-energy transition (Sp—S;), which is
an almost pure HOMO—LUMO transition, is symmetry-forbidden and only a weak shoulder is
observed in the experimental spectrum. In case of 22, the LUMO+2 features significant
contribution from the nitro group resulting in an intense MLCT transition at about 470 nm,
directed from the metal center towards both the tpy ligand and the nitro group. However,
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generally all electronic excitations result in the population of the lowest-energy excited state,
which is typically a "MLCT for ruthenium(II) complexes.!"”! For all three complexes studied
herein, a significant portion of spin density is localized on the carboxy-functionalized tpy in the
T, state (Figure 5.2), i.e. the excited electron is transferred to the anchoring ligand awaiting
injection into Ti0,.
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Figure 5.2. Left: Experimental UV—vis absorption spectrum of 20 and N749 adsorbed on TiO, (12 pm
thick, transparent film, active area of 0.88 cm?) and calculated vertical singlet—singlet transitions (PCM-
TD-B3LYP/6-31G* in MeCN) of 20. Right: Selected corresponding electron-density difference maps
(white = depletion, black = accumulation, isovalue 0.004) as well as spin density distribution of the
*MLCT of 20 (bottom right, isovalue 0.004). Note that, for the DFT calculations, the n-decyl chains
have been replaced by methyl groups and that the tpy ligand is functionalized with carboxy groups,
which are known to electronically resemble the Ti(IV)-coordinated carboxylates.!*”!

The experimental UV—vis absorption and emission spectra of the title complexes are
displayed in Figure 5.3 and summarized in Table 5.1. The 20 and 24 complexes show moderate
extinction coefficients in the MLCT region (about 9,000 and 8,000 M™' cm ', respectively),
while the extinction coefficient in the MLCT maximum of 22 (about 12,000 M™' cm ') is
increased by about 30% relative to 20 in line with the DFT-predicted participation of the nitro
group to the HOMO and, in particular, the LUMO+2 (vide supra). Upon functionalization of
the central cyclometalating phenyl ring with electron withdrawing groups, the HOMO
destabilization by the carbanion is reduced resulting in a hypsochromic shift of the MLCT
features corresponding to 0.07 to 0.10 eV.
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Figure 5.3. Left: UV—vis absorption (solid) and emission (dotted) spectra of selected complexes
recorded in DMF/MeOH (4:1 v/v) as well as the AM1.5 solar photon flux (dashed). Right: UV—vis
absorption of the complexes adsorbed on TiO, (12 pum thick, transparent film, active area of 0.88 cm?).

In comparison to N749, the MLCT maximum of 20 has a comparable extinction coefficient
but is hypsochromically shifted from 605 to 552 nm (corresponding to 0.2 eV) in
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DMF/methanol (4:1 v/v). To assess the light-harvesting capabilities of the new dyes relative to
N749, the product of &) (with 4 > 400 nm) and the AMI1.5 solar photon flux was
integrated.*** Ideally, 20 and 22 would allow for 80% of the theoretical current achievable
with N749, while 24 would only allow about 60%. The optical energy gap (Eo-), which is
required to determine the excited-state redox potentials (vide infra), was estimated from the
intersection of the absorption and emission with the latter being normalized to the lowest-
energy absorption shoulder, which presumably corresponds to the HOMO—LUMO transition
(vide supra). The energy gap of 1.58 eV for N749 is the smallest, while for 20, 22, and 24
energy gaps of 1.68, 1.78, and 1.79 eV, respectively, were determined. The absorption profiles
of the complexes anchored to transparent TiO, anodes are also provided in Figure 5.3.
Assuming that the extinction coefficients do not change upon anchoring of the dyes onto TiO,,
the dye uptake of the cyclometalated dyes is comparable to N749, even when 20 is coadsorbed
with chenodeoxycholic acid (cheno).

Table 5.1. Selected data of the studied ruthenium(Il) complexes.

EpX/V E* 0%/ V

Abs Em
complex / fg;“M,l/ . [a] '11;“;1;[3]/ 7/ nst Ez;?b]/ vs. F¢'/Fc vs. Fc¢'/Fc
(¢ cm ) © (vs. NHE)!  (vs. NHE)“!
20 493 (8'92;1;5542 §§'9)’ 610 763 16.1,716.7"7  1.68 0.11(0.80) —1.57 (-0.88)
487 (11.0), 528 (11.9), €] 11 Al B 3
22 591 (sh, 42) 725 1101177 178  0.30(0.99) —1.48 (—0.79)
24 477 (7'62;5232 g'l)’ 80 7a3 4514900 179  0.37(1.06) -—1.42(-0.73)

N749 528 (sh,6.7), 605 (8.7) 820 301 1.58  0.16(0.85) —1.42(-0.73)

[a] Measured in DMF/MeOH (4:1 v/v) unless stated otherwise; sh = shoulder. [b] Determined at the intersection of
the absorption and emission with the latter being normalized to the lowest-energy absorption. [c] Determined by
cyclic voltammetry using NBu,PF, as supporting electrolyte; Fc'/Fc was used as internal standard; conversion to
NHE scale by addition of 0.69 V. [d] Calculated using E*,,°* = E,°* — Eyo.'? [e] Air-equilibrated solution.
[f] Nitrogen-sparged solution. [g] Measured in EtOH, taken from ref. [41].

The new cyclometalated ruthenium(II) complexes show a weak photoluminescence in
DMF/methanol (4:1 v/v) at room temperatures with emission maxima of about 770 nm for 20
and about 725 nm for 24 as well as 22 (Table 5.1). Excited-state lifetimes of 4.9, 11.7, and 16.7
ns were determined for 24, 22, and 20, respectively, which are typical values for
cyclometalated  bis(tridentate) ruthenium(Il) complexes® and are attributed to a
phosphorescence from a *MLCT excited state (vide supra). The observation of the shortest
lifetime for 24 is attributed to a small energy separation between the MLCT state and the
deactivating *MC state.”'! All lifetimes are shorter than for N749 (30 ns), but, except for 24,
sufficiently long to allow almost quantitative electron injection if the injection occurs within
100 ps.!"*%1 Nonetheless, provided that the injection driving force is high, the injection can be
much faster and even with an excited-state lifetime of 1 ns, apparently no injection problems
were encountered in a series of related complexes.*%®!

Cyclic voltammetry (CV) experiments in DMF/methanol (4:1 v/v) revealed a reversible
oxidation at 0.80, 0.99, and 1.06 V vs. NHE for 20, 22, and 24, respectively, (Table 5.1), which
is attributed to a Ru(IIl)/Ru(Il)-based redox process in line with the bleaching of the MLCT
absorption band observed in spectroelectrochemistry experiments upon oxidation." The low
redox potential for the parent complex 20, which is cathodically shifted by 50 mV relative to
the redox potential of N749, is a consequence of the strong electron donation by the carbanion
and might impede efficient regeneration of the photo-oxidized sensitizer by the relevant I," /T -
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redox couple located at 0.79 V vs. NHE (Figure 5.4)."** !l While there are examples of well-
performing dyes with even 50 mV less positive redox potentials than N749,1%"! electron-
withdrawing substituents were installed at the cyclometalated phenyl ring to increase the
Ru(IIT)/Ru(Il) redox potential and thereby ensure a sufficiently high regeneration driving
force 182 224.227]

The excited-state redox potentials were calculated from the Ru(III)/Ru(Il) redox potentials
and the optical energy gap, Eo-o (Table 5.1).'* Accordingly, 20 and 22 show excited-state
redox potentials significantly more negative than the conduction band edge of TiO; located at
about —0.7 V vs. NHE (Figure 5.4),* while a value close to the conduction band edge has
been determined for 24 implying a low driving force for the electron injection. Notably, an
equal excited-state redox potential has been determined for 24 and N749, but the excited-state
lifetime of 24 is significantly shorter, which might compromise the injection efficiency.
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Figure 5.4. Comparison of the excited-state and ground-state redox potentials (values refer to the NHE
scale)®®® with the relevant redox potential of the electrolyte and the conduction band edge of TiO,.

To test the PCE of the presented sensitizers in the DSSC, commercially available test cells
with transparent TiO, anodes (20 nm particles, 12 pm thickness, 0.28 or 0.88 cm” active area)
were used and assembled according to standard literature procedures,”®’ and directly
compared to N749. Notably, although cell types with different areas were used, which leads to
higher fill factors (FF) in case of a smaller areas, the short-circuit photocurrent densities (Js.)
and open-circuit voltages (V) are comparable. An established acetonitrile-based electrolyte
solution was chosen, containing 0.05 M iodine, 0.1 M guanidinium thiocyanate (GuSCN), 0.5
M 4-tert-butylpyridine (TBP), and varying concentrations of 1,3-dimethylimidazolium iodide
(DMII) and lithium or sodium iodide (Table 5.2, Figure 5.2).'*! Initially, a sodium-containing
electrolyte (0.6 M Nal, El 1a) was employed,'®* ™! which allowed a PCE of about 2%
throughout the series. As regeneration problems were suspected for 20, the effective iodide
concentration was increased (1.0 M DMII, El 1b),!** 7% which significantly improved the Ji.
resulting in a PCE of 3.0%. Subsequently, an electrolyte with a high lithium concentration (1.0
M, El 2) was used to facilitate both electron injection[153] and dye regeneration,[”g] which
would provide an estimation of the attainable photocurrents of the new dyes. Additionally, the
high lithium concentration improves the charge-collection efficiency, which has been
confirmed by electrochemical impedance spectroscopy (EIS). For 20, the J, was again
significantly improved relative to the sodium-containing electrolytes (9.2 mA cm ), while for
22 and 24, only a slight improvement in J,; was achieved resulting in much inferior values (6.3
and 5.8 mA cm 2, respectively). The extent of current improvement for the latter complexes is
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in the range observed for benchmark dyes,!"**! which suggests that injection problems are not

the main origin of the inferior performance of 24 and 22. For 24, the low photocurrents are
mainly ascribed to the lower light harvesting ability that was estimated to be only 75% of 20
(vide supra). In contrast, 22 should be a light harvester as good as 20 and the lower
photocurrents as well as the comparatively lower V. values (about 80 mV less than for 20 and
24) are attributed to enhanced recombination reactions (vide infm),m] which was corroborated
by EIS experiments.!>% 2717272

Table 5.2. Selected data of the ruthenium(Il) complexes measured under AM1.5 light conditions.

complex area /cm” ¥ electrolyte[b] cheno Voo IV Ji /MmA cm? FF n/%

0.88 El 1a No 0.62 5.7 0.61 2.2

0.88 El 1b No 0.62 7.4 0.62 3.0

20 0.88 El 2 No 0.57 9.2 0.61 34
0.28 El 3 No 0.66 8.1 0.70 4.0

0.28 El3 Yes 0.65 9.4 0.70 4.5

2 0.88 El 1a No 0.57 5.5 0.56 1.8
0.88 El 2 No 0.49 6.3 0.58 1.9

24 0.88 El la No 0.63 5.4 0.56 2.0
0.28 El 2 No 0.57 5.8 0.70 2.5

N749 0.88 El 3 No 0.69 11.6 0.62 5.1
0.28 El 3 No 0.69 10.7 0.69 5.2

[a] TiO, layer thickness of 12 um (20 nm particles ). [b] Electrolyte abbreviations: El 1a: 0.6 M Nal, 0.6 M DMII,
El 1b: 0.6 M Nal, 1.0 M DMII; El 2: 1.0 M Lil, 0.6 M DMII; El 3: 0.1 M Lil, 0.6 M DMIL.

As internal reference, the performance of N749 was measured using a typical electrolyte
composition containing 0.1 M Lil (El 3, Table 5.2).*”*! The same electrolyte was tested for 20
as this dye clearly shows the best performance within the series. In Figure 5.5, the J—V curves
and the incident photon-to-current efficiency (IPCE) spectra for 20 and N749 measured under
identical conditions are provided. In this direct comparison, two benefits of N749 become
obvious: Firstly, N749 produces a higher current (10.7 vs. 8.1 mA cm %), which is ascribed
mainly to the better red to near-IR response as evident from the IPCE traces (Figure 5.5, right).
Note that the estimated light harvesting ability of 20 amounts to 80% of the one of N749 (vide
supra). Secondly, N749 allows for a higher voltage (0.69 vs. 0.66 V), which is attributed to its
doubly deprotonated form and anionic charge leading to a higher TiO, conduction band.!"*”"'*]
Consequently, N749 achieves a PCE of 5.1%, while 20 affords 4.0% under identical
conditions. Apparently, the PCE for 20 is not limited by an inefficient regeneration under these
conditions. The superior performance achieved with electrolytes containing Li" instead of Na"
(Table 5.2) indicates that the dye regeneration kinetics need to be enhanced by increasing the
near-surface iodide concentration with the help of charge-dense cations.!'”™ However, a 0.1 M
t,*’¥ which still allows reasonably high voltages and

commonly results in the best overall performance as the electron injection is facilitated as
163]

lithium concentration is sufficien

well.!

For 20, using the best electrolyte composition (El 3), the influence of the cheno
coadsorbent was tested (Table 5.2, Figure 5.5) to gain information about the dye’s ability to
protect the TiO, surface from the electrolyte and thereby prevent recombination reactions.!"”"
The Ji. values could be further improved (9.4 vs. 8.1 mA cm ), although the V,. decreased
slightly (0.65 vs. 0.66 V). The observed improvement in the IPCE spectrum (Figure 5.5)
suggests that the charge collection efficiency is enhanced by the help of cheno. Similarly, it
was reported that the PCE achieved with N749 could be increased from 4.3 to 4.7% by
coadsorption with cheno.!'” The effect of the coadsorbent on the performance of 20 was also
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studied by the help of EIS. Accordingly, the conduction band lifting effect of the TBP
additive'™! is attenuated in the presence of cheno. Apart from the slightly lowered Vi, the
electron transport within TiO; is thus improved and recombination reactions of injected
electron with the electrolyte are diminished leading to an increased charge-collection

efﬁciency[m] in line with the higher J. and IPCE values.
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Figure 5.5. Left: J—V curves of 20 without and with cheno coadsorbent as well as of N749 without
cheno under otherwise identical conditions (El 3, active area of 0.28 cm’, cf. Table 5.2). Right:
Corresponding photocurrent action spectra.

In conclusion, the DSSC performance of a series of bis(tridentate) ruthenium(II)
complexes featuring 1,2,3-triazole-containing cyclometalating ligands has been investigated.
The parent dye devoid of electron-withdrawing groups (20) revealed the best results by
achieving a PCE that corresponds to 80% of the value of N749, which correlates well with the
individual light-harvesting capabilities. Despite the low Ru(IlI)/Ru(Il) redox potential of the
parent photosensitizer, its regeneration appeared to be efficient when lithium-containing
electrolytes are used. In contrast, the meta-difluoro substitution pattern, which is commonly
used to lower the HOMO energy of the sensitizer,!'*> **"! showed a detrimental effect on the
light harvesting properties and, thus, resulted in an inferior performance. Alternatively, a nitro
groups was installed at the cyclometalated phenyl ring, but the DSSC performance of the
corresponding sensitizer was only modest due to enhanced recombination reactions.
Ultimately, in view of the performance of 20, a promising thiocyanate-free ruthenium(II)
photosensitizer platform is presented, which shows great potential for further improvement
since the employed cyclometalating ligand is amenable to functionalization, e.g., with
additional chromophores. As demonstrated, hydrophobic alkyl chains can be introduced most
easily, which is expected to improve the long-term stability and allow the use of alternative
electrolytes. Additional chromophores can, in principle, be attached to the cyclometalated
phenyl ring to further optimize the light harvesting in the future.

Ruthenium(II) photosensitizers featuring 1,2,3-triazolate donors

Apart from ruthenium(Il) sensitizers featuring carbanionic donors, Chou and coworkers
presented ruthenium(Il) dyes bearing functionalized dianionic 2,6-bis(5-pyrazolyl)pyridine
ligands (Figure 5.6), which achieved remarkable PCEs of 9.1% (TF-1) and 10.7% (TF-2, vs.
9.2% for N749) in the DSSC.!"”*! Building on these promising results, the viability of 1,2,3-
triazolates as thiocyanate surrogates was examined. Again, this approach benefits from a very
simple ligand synthesis via an azide—alkyne cycloaddition, which also allows the ready
installation of alkyl chains.[!*% 136] Furthermore, in contrast to 1,2,4-triazolates,[82’ 18] the use of
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1,2,3-triazolates circumvents the formation of coordination isomers and, due to the higher
degree of aza substitution when compared with pyrazolates, no electron-withdrawing groups
need to be installed to increase the Ru(Ill)/Ru(ll) redox potential of the corresponding
ruthenium(II) complexes and thereby ensure efficient dye regeneration.!"*!

16: R=H
TF-1:R=H 25: R=COOMe
COOH TF-2: R = 5-n-hexyl-2-thienyl 26: R = COOH

Figure 5.6. Schematic representation of ruthenium(Il) sensitizers featuring azolate donors.

The synthesis of the 2,6-bis(1,2,3-triazole)pyridine ligand was described in the previous
chapter. The metal coordination was achieved utilizing [Ru(tcmtpy)(MeCN);](PFq),'*>! as
precursor and, after the subsequent saponification, the carboxy-functionalized sensitizer 26 was
obtained in good overall yields.

To allow a deeper understanding of the electronic properties of the new ruthenium(II)
sensitizer, DFT and TD-DFT calculations were carried out for 26. Accordingly, the HOMO is
composed of a metal d orbital and = orbitals located on the 1,2,3-triazolate, which is expected
in view of the energetically high 7 system of the anionic ring. The LUMO is mainly composed
of m* orbitals of the carboxy-functionalized tpy ligand. Consequently, the lowest-energy
absorption, which is an almost pure HOMO—LUMO transition, can be assigned as an MLCT
transition with some LLCT character, i.e. an MLLCT transition (So—S;, Figure 5.7). Also the
other relevant computed electronic excitations in the visible light region are mainly of MLCT
character with varying LLCT contributions. As the electron transfer is directed towards the
anchoring ligand in each case, 26 features an excited-state electronic structure suitable for
electron injection into TiO;.
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Figure 5.7. Left: Experimental UV—vis absorption spectrum of 26 and N749 adsorbed on TiO, (12 um
thick, transparent film, active area of 0.88 cm?) and calculated vertical singlet—singlet transitions (PCM-
TD-B3LYP/6-31G* in MeCN) of 26. Right: Selected corresponding electron-density difference maps
of 26 (white = depletion, black = accumulation, isovalue 0.004). Note that, for the DFT calculations, the
n-hexyl chains have been replaced by methyl groups and that the tpy ligand is functionalized with
carboxy groups, which are known to electronically resemble the Ti(IV)-coordinated carboxylates.!'*”)

The fundamental properties of a simple model complex of sensitizer 26 were discussed in
the previous chapter. In view of the pK, values of the corresponding ruthenium(II)-coordinated
1,2,3-triazoles (pK,; and pK,, = 4.7) and the pK, values for the three deprotonation steps of the
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carboxy-functionalized tpy ligand determined for similar ruthenium(Il) complexes (pKa1 = 1.2,
pKw = 3.1, and pK.; = 5.5),"" 11 26 is expected to form a zwitterion in solution (two 1,2,3-
triazole rings, two carboxylates, one carboxy group). Consequently, the photophysical
properties were determined in methanol solution containing 0.5 M NEt; in order to ensure the
complete deprotonation of the 1,2,3-triazolates. Under these conditions, also the three carboxy
groups are deprotonated giving rise to a LUMO destabilization, which is reflected by the
hypsochromically shifted UV—vis absorption and emission maxima relative to the complex
featuring an unsubstituted tpy ligand (2a, Table 5.3). Accordingly, the energy gap of 26 in
solution (1.86 eV, Table 5.3) is overestimated when compared to the energy gap of 26 within a
working DSSC, as the Ti(IV)-coordination of the carboxylates will result in a LUMO
stabilization (vide infra). Furthermore, due to the presence of 0.5 M TBP in the DSSC
electrolyte,!'*®! the two triazolates of 26 are deprotonated under working conditions. This is
corroborated by the measurement of the Ru(III)/Ru(Il) redox potential of 26 by square-wave
voltammetry in acetonitrile containing 0.5 M pyridine with a dye-loaded TiO; anode as the
working electrode. The measured potential of 0.86 V vs. NHE is almost identical to the redox
potential of N749 (0.85 V vs. NHE) and, thus, sufficiently high to ensure efficient regeneration
by the relevant I, /I -redox couple (0.79 V vs. NHE).!">! Furthermore, in comparison to the
redox potential of an analogous complex featuring two neutral 1,2,3-triazole donors (5, 1.61 V
vs. NHE),!**"! the considerable cathodic shift observed for 26 suggests the presence of two
anionic 1,2,3-triazolate donors under the conditions of the measurement.

Table 5.3. Photophysical and electrochemical data of the selected ruthenium(II) complexes.

Ox % Ox
)vmaxAbs / nm lmaXEm (DPL T El/z +/ v E 12 +/ v EO*O
Complex (/10° M 'em ) Jom /%@ /s vs. Fc¢'/Fc vs. F¢'/Fc / eVld
(vs. NHE)™  (vs. NHE)"
16! 662 (a‘gg’ (65068)(0'9)’ 719 035 54 020(0.83) —1.60(-0.97)  1.80
. 742 (2.3), 673 (2.7),
[e] _ [ _ _ 1] _ _
25 507 (8.9), 448 (10.7) 0.46 (1.09)
26 65 {4(7152()1’168)2[&]'1)’ 698 g3lEh 023 0.86)7  -1.63(-1.00) 1.86™
N749  02006:),5856.0),orpm L 308 0160850 —140(-0.71) 158

420(10.5)1

[a] Determined using [Ru(dqp),](PFs), in MeOH/EtOH (1:4 v/v, ®p. = 2.0%) as reference.’” [b] Determined by
cyclic voltammetry experiments using NBu,PF, as supporting electrolyte, unless stated otherwise; Fc'/Fc was
used as internal standard; conversion to NHE scale by addition of 0.63 V™ and 0.69 V***) when the
measurement was done in MeCN and DMF/MeOH (4:1 v/v), respectively. [c] Calculated using E*,,% = E;,% —
Ey o."* [d] Determined at the intersection of the absorption and emission with the latter being normalized to the
lowest-energy absorption. [e] Measured in MeCN containing 0.5 M NEt;. [f] Not observed. [g] Measured in
MeOH containing 0.5 M NEt;. [h] Fully deprotonated species, see text. [i] Determined by square-wave
voltammetry with the complex-anchored TiO, anode as the working electrode immersed in MeCN containing 0.5
M pyridine and 0.1 M NBu,PF; as supporting electrolyte; Fc'/Fc was used as internal standard. [j] Measured in
DMF/MeOH (4:1 v/v). [k] Measured in EtOH, taken from ref. [41].

Despite the aforementioned difficulties to accurately determine the energy gap of 26, a
lower limit of the excited-state redox potential of 26 can be calculated from the ground-state
redox potential and the minimal energy gap taken from the onset in the IPCE spectrum (750
nm or 1.65 eV, vide infra). Accordingly, the excited-state redox potential of the TiO,-
coordinated 26 is at least —0.79 V vs. NHE, which is sufficiently more negative than the
conduction band edge of TiO, (ca. —0.7 V vs. NHE)!"*" and, thus, enables efficient electron
injection into the semiconductor. In comparison, the energy gap and excited-state redox
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potential of N749 are 1.58 eV and —0.73 V vs. NHE, respectively, which implies a larger
driving force for the electron injection but an inferior absorption at longer wavelengths in case
of 26. The light harvesting capability of 26 is further diminished by the relatively low
extinction coefficients of the plateau-like low-energy absorption band (Figure 5.7, Table 5.3),
which is typical for bis(tridentate) ruthenium(Il) complexes featuring azolate donors.[*% '8 19
3] The excited-state lifetimes of 54 and 83 ns determined for 2a and 26, respectively, at room
temperature in acetonitrile solution are slightly longer than for N749"*'! and sufficiently long to
permit a highly efficient electron injection into TiO; given that the electron injection occurs on
the picosecond timescale.!*®!

To evaluate the performance of 26 in the DSSC, commercially available test cells were
assembled according to literature procedures (TiO; layer thickness of 12 um (20 nm particles)
+ 3 um (400 nm particles), active area of 0.28 cm*)** and an electrolyte composition typically
used for N749 was chosen.”””) The obtained parameters are reported in Table 5.4. Under
identical conditions, the PCEs of 26 and N749 are 4.0% and 6.1%, respectively. Compared to
N749, 26 achieves a lower V. (0.61 vs. 0.69 V), which is attributed to its higher degree of
protonation lowering the TiO, conduction band,[147] and a lower Js (8.9 vs. 12.7 mA cm’z),
which reflects, amongst others, the inferior light harvesting capability of 26 associated with the
larger energy gap mentioned above. In line with the latter, the onset in the IPCE spectrum of 26
is significantly hypsochromically shifted (Figure 5.8). Moreover, the maximum in the IPCE
spectrum is lower for 26.

Table 5.4. Selected DSSC data for the ruthenium(Il) complexes measured under AMIL.5 light
conditions.™

Dye Electrolyte[b] cheno Voo V Ji/ mA cm? FF PCE/ %
26 El 1 No 0.61 8.9 0.70 4.0
26 El'l Yes 0.62 11.8 0.63 49
26 El12 No 0.70 6.2 0.58 2.7

N749 El 1 No 0.69 12.7 0.66 6.1

[a] AML.5 light conditions; TiO, layer thickness of 12 pm (20 nm particles ) + 3 um (400 nm particles), active
area of 0.28 cm?; MeCN-based electrolyte containing 0.6 M DMII, 0.06 M I,, 0.1 M Lil, 0.5 M TBP and 0.1 M
GuSCN. [b] El 1: 0.6 M DMII, 0.06 M I,, 0.1 M Lil, 0.5 M TBP and 0.1 M GuSCN; El 2: 021 M
[Co"(bpy)s](PF),, 0.033 M [Co™ (bpy)s](PF)s, 0.1 M LiClO,, 0.5 M TBP.
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Figure 5.8. Left: J—V curves of 26 without and with cheno coadsorbent as well as of N749 without
cheno under otherwise identical conditions (El 1, ¢f. Table 5.4). Right: Corresponding photocurrent
action spectra.

It was reported in the literature that the PCE achieved with N749 increased from 4.3 to

4.7% by co-adsorption with cheno,!'””! presumably because N749 is unable to create a
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complete monolayer when adsorbed onto TiO,"*" thus giving rise to recombination reactions.
Similarly, when 26 is co-adsorbed with cheno, the V. value is slightly increased (0.62 vs. 0.61
V) and the Ji. value is significantly improved (11.8 vs. 8.9 mA c¢m?) in line with much higher
IPCE values resulting in a promising PCE of 4.9%. The significant enhancement of the
photocurrent in the presence of cheno suggests that the relatively low IPCE values observed in
the absence of cheno are not caused by inefficient regeneration or injection but rather by
recombination reactions due to interactions between TiO, and the electrolyte. A more detailed
investigation of the devices by EIS corroborated the assumption of enhanced recombination
reactions in case of 26 in the absence of cheno. Accordingly, the TiO, surface passivation is
improved in the presence of cheno and the charge-collection efficiency is enhanced.
Furthermore, when comparing N749 and 26 without cheno, a slightly higher recombination
tendency in case of 26 suggests a lower TiO, surface coverage and/or unfavorable interactions
between the sensitizer and iodine.!"”*"*! Nonetheless, 26 is not expected to leave larger voids
on the TiO; surface, since, even in the absence of cheno, a PCE of 2.7% was achieved in an
initial attempt employing a [Co™(bpy)s](PFe)s/[Co" (bpy)s](PFs):-containing electrolyte.!'*> 8¢
This result is promising as thiocyanate-based benchmark dyes typically afford significantly
lower PCE values (~ 1%) when using the same Co(IIl)/Co(Il)-based redox shuttle,!>> ']
which is ascribed to the decoration of 26 with hexyl chains allowing a more efficient protection
of the TiO, surface from the bulky redox mediator and, thus, diminished recombination
reactions.!*®!

In conclusion, a heteroleptic bis(tridentate) ruthenium(Il) complex bearing a 1,2,3-
triazolate-containing ligand, which offers a simple and modular synthesis. Owing to the
anionic triazolate donors, the corresponding ruthenium(Il) complex features photophysical and
electrochemical properties suitable for DSSC application. Accordingly, a promising DSSC
performance has been achieved with different types of electrolytes. Prospectively, the
thiocyanate-free, bis(tridenate) sensitizer platform is expected to enable an extended DSSC life
span'* and offers the potential to optimize the light-harvesting capability via attachment of
additional chromophores at the central pyridine ring of the anionic ligand.!'** %!

Design of cyclometalated ruthenium(II) complexes for anodic electropolymerization

As demonstrated above, cyclometalated bis(tridentate) ruthenium(Il) complexes featuring
1,2,3-triazole-containing N"C”N-coordinating are efficient sensitizers for DSSC
applications.'™ By making use of click-chemistry,?* *7 a facile access to highly
functionalized ligand systems is given.'”'! For instance, the sensitizer can be equipped with
hydrophobic alkyl chains, which, amongst others, are known to suppress the water-induced dye
desorption and thereby improve the DSSC long-term stability.">”) An alternative strategy,

(2761 is the formation of an insoluble

which would even allow the use of water as electrolyte,
polymer network on the semiconductor surface via electropolymerization.”’’ "8 While the
cathodic electropolymerization of cyclometalated ruthenium(I) complexes functionalized with
vinyl groups was demonstrated,””? the anodic electropolymerization relying on thiophenes as
a typical electropolymerizable unit was only reported for non-cyclometalated ruthenium(II)
complexes.!*** 2! A distinct advantage of the anodic electropolymerization is that it results in
n-conjugated systems thus allowing, in principle, the formation of photo-redox-active,
conducting metallopolymers.'?’® 227281 However, this method appears to be particularly
challenging for cyclometalated ruthenium(Il) complexes, as the very electron-rich complexes

have to withstand highly positive potentials. Nonetheless, motivated by the high stability of
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complexes like 5§ (vide supra) in the oxidized state as well as by the flexible synthesis and great
potential for photovoltaic applications of this type of complex, we were interested in its
viability for the formation of photo-redox-active films via for anodic electropolymerization.

In order to allow a rapid and modular access to the thiophene-functionalized
cyclometalating ligands, the 2-thienyl moiety was attached to an aryl azide via a Suzuki cross-
coupling reaction first (Scheme 5.2). Interestingly, the Suzuki coupling tolerated the presence
of aryl azides despite their known tendency to form phosphazides and phosphimines with free
or coordinated phosphines of the palladium catalyst.”! Subsequently, the thiophene-
containing 1,3-bis(1,2,3-triazolyl)benzene ligands were readily built up via CuAAC in good
yields. Thereby, two ligands, 27 and 28, were synthesized that differ in the substitution pattern
of the phenyl spacer between the thiophene and the triazole ring (Scheme 5.2), which is
expected to affect the m conjugation. Additionally, as a coplanarization is prevented, an
intermolecular & stacking is precluded as well and the solubility is thus higher for 28. Notably,
an alternative approach via Suzuki coupling between 2-thienylboronic acid and a bromo-
functionalized cyclometalating ligand resulted in low conversions and inseparable reaction
mixtures under various conditions. For both cyclometalating ligands, the corresponding
ruthenium(Il) complexes, 29 and 30, were obtained in fair yields using
[Ru"(tpy)(MeCN)3](PFe) as precursor (Scheme 5.2).

| PFe
R R c)
LS N&;©i(\N Sy — WQ S
N Ny
R R
27:R=H
28: R = Me

20:R=R'=H

R R
a) b) 30: R=Me, R'=H
Br Ng — [ N; d) :R=Me, R'=
S 31:R=H,R' = NO,
R R

32: R=Me, R' = NO,

Scheme 5.2. Schematic representation of the synthesis of the thiophene-containing cyclometalated
ruthenium(Il) complexes: a) 2-Thienylboronic acid, Pd(PPh;),, K,COs;, DMF, 50 °C, 12 h, 40 to 41%;
b) 1,3-diethynyl-4,6-dimethylbenzene, CuSO,, sodium ascorbate, CH,Cl,/EtOH/H,O (1:2:1 v/v/v),
50 °C, 12 h, 70 to 73%; c) [Ru"(tpy)(MeCN);](PFe),, EtOH/toluene (1:1 v/v) or DMF, 140 to 160 °C,
30 to 120 min., 50 to 52%; d) Cu(NO3),, CH,Cl,/MeOH (2:1 to 3:1 v/v), rt, 96 h, 67 to 85%.

In view of the highly positive potentials that are required for the later thiophene oxidation
and since the cyclometalated ruthenium(II) complexes offer a facile post-complexation
functionalization in the para position of the ruthenium(II)-coordinated phenyl ring,'*** nitro-
functionalized derivatives, 31 and 32, were prepared in order to anodically shift the
Ru(IIT)/Ru(Il) redox potential.[zsu Notably, to circumvent a nitration of the thiophene
moieties,”™ the commonly applied Menke conditions (Cu(NO;), and acetic anhydride)'**"
were attenuated. Using Cu(NOs), and a dichloromethane/methanol solvent mixture, solely the
nitration on the cyclometalated phenyl ring is observed, even if a high excess of Cu(NOs3); is
used. The desired complexes were obtained after counterion exchange and crystallization by
vapor diffusion of diethyl ether into a concentrated DMF solution, which was confirmed by
MS and several NMR techniques. Additionally, in case of 32, the nitro-functionalization was
proven by single crystal X-ray diffraction (Figure 5.9). As expected, due to the presence of the
methyl groups, the nitro group and the peripheral phenyl rings are twisted out of plane by 52.1°
and 62.4/71.6°, respectively. On the other hand, a small torsion between the thiophene and the
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peripheral phenyl ring (15.3/25.1°) is observed in the solid state, which may give rise to the
formation of an additional chromophore after the electropolymerization (vide infra).

Figure 5.9. Solid-state structure of 32 (thermal ellipsoids drawn at 50% probability level, solvent
molecules, counterion, hydrogen atoms, and disorder of a thiophene rings omitted for clarity).

The electrochemical properties of the new ruthenium(Il) complexes are in line with the
respective model complexes, 6 and 8 (see the previous chapter),'>'! except for the additional
oxidation process associated with the thiophene ring. The CV spectra of 29 and 30 reveal a
reversible metal-based redox process with a half-wave potential of 0.10 V vs. Fc'/Fc, while the
corresponding Ru(III)/Ru(Il) redox potentials of 31 and 32 are anodically shifted by 200 mV.
In the region around 1.1 to 1.4 V vs. Fc'/Fc, further oxidation processes appear, including the
thienyl radical cation formation, which is crucial for the electropolymerization process.>’” *"®
A closer inspection of the CV spectra at high potentials (> 1 V vs. Fc'/Fc) of 29 and 30 reveals
a second, irreversible oxidation process, which is assigned to the complex fragment as it is also
observed with the model complex 6 (exemplarily shown for 30 in Figure 5.10). This
detrimental oxidation process occurs at slightly lower potentials than the thiophene-based
oxidation process. Importantly, for 8 also the second, irreversible oxidation processes are
anodically shifted. As the nitro-group mainly affects the electronic properties of the complex
fragment, the irreversible oxidation of the complex is shifted beyond the thiophene-based
oxidation in case of 31 and 32 (exemplarily shown for 32 in Figure 5.10), which is expected to
be a prerequisite for the success of the electropolymerization.

The photophysical properties of the thiophene-equipped complexes resemble the ones of
the corresponding model complexes 6 and 8 (see the previous chapter). The introduction of a
nitro group at the anionic phenyl ring causes a hypsochromic shift as well as slightly increased
extinction coefficients for the MLCT bands (vide supra). Likewise, the emission is
hypsochromically shifted due to the reduced destabilization of metal-based orbitals. In the
presence of the thiophene rings, absorption bands associated with LC transitions are
bathochromically shifted and strongly enhanced, which is attributed to an extended conjugation
in the peripheral 2-thienylphenyl moiety. The effect is particularly pronounced for 29 and 31,
which indicates a partially extended m conjugation into the 1,2,3-triazoles in the absence of the
methyl groups on the phenyl spacer. Notably, 1,2,3-triazoles are known to interrupt the
T conjugation between their substituents,” %"} and it is thus expected that the ruthenium(II)
complex is electronically separated from the 2-thienylphenyl moieties.
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Figure 5.10. Left: Comparison of selected CV spectra illustrating the effect of the nitro group on the
second, irreversible oxidation process. Right: UV—vis absorption and emission spectra in CH,Cl,.
Subsequently, electropolymerization experiments with either a glassy carbon disk electrode as
the working electrode were carried out in dichloromethane containing 0.1 M BusNPFs.
Therefore, the potential was cycled between —0.2 and 1.2 V vs. Fc'/Fc with a scan rate of
200 mV s ', which is expected to result in a homocoupling of the thiophene moieties. During
the potentiodynamic cycling, for 29 and 30, the metal-based redox signals first undergo a
cathodic shift and decreases afterwards, indicating side reactions as well as decomposition. In
contrast, for 31 and 32, the peak current of the first oxidation of the complex rises during the
potentiodynamic cycling (exemplarily shown for 31 in Figure 5.11), as expected for a
successful electropolymerization (Scheme 5.3). The obtained polymer films of 31 and 32
deposited on the working electrode were characterized by CV (Figure 5.11): In both cases, a
reversible first, Ru(Ill)/Ru(Il)-based oxidation was observed, which is slightly cathodically
shifted relative to the dissolved monomer complexes. The latter is ascribed to a slightly
increased electron donation from the 1,2,3-triazoles on account of the bithiophene formation.
Furthermore, the peak current grows linearly with increasing scan rate up to 500 mV s,
indicating the formation of conductive films with only weakly diffusion-controlled charge
migration.*™
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Figure 5.11. Left: Development of the CV spectrum during the potentiodynamic cycling of 31 in
CH,Cl, (107 M with 0.1 M BusNPFy); inset: Development of the peak current of the first oxidation
process. Right: CV spectrum of 31 showing the first oxidation process at different scan rates; inset:
Relationship between peak current and applied scan rate. Film on glassy-carbon disk electrode in
CH,Cl, with 0.1 M BuyNPF¢. Note that the additional signals at 0.45 and —0.05 V vs. Fc'/Fc are only
observed during the electropolymerization but not in the CV of the resulting film, thus being tentatively
atssigne([i2 8t6(]) non-reacted radicals; similar effects have also been observed in other electropolymerization
studies.
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Scheme 5.3. Schematic representation of the anodic electropolymerization (R = H or Me).

Accordingly, the experiments support the assumption that the electron density on the metal
center needs to lowered, e.g. by installing an electron-withdrawing group at the
cyclometalating phenyl ring, to allow a successful electropolymerization. It is important to note
that this is not simply due to the concomitant blocking of a reactive position. This claim is
corroborated by two control experiments: Firstly, a bromo-functionalized complex was
synthesized in order to block the reactive position opposite to the Ru—C bond without affecting
the redox potential; however, the same signs of decomposition were observed as with 29 and
30. Secondly, also 31 and 32 undergo side reactions and decomposition when the
electropolymerization is conducted at more positive potentials. While it is reported in the
literature that cyclometalated complexes undergo a C—C homocoupling in their oxidized
state,1**?! this behavior was not observed during the presented studies, which is ascribed to the
placement of the methyl groups on the cyclometalating phenyl ring.

For the determination of the photophysical properties of electropolymerized films of 31
and 32, the electropolymerization was conducted with a glass slide coated with indium tin
oxide (ITO) as the working electrode. In comparison to drop-casted films of the monomer on
an ITO substrate, the MLCT bands of the polymer films are almost unaffected, while an
additional, intense absorption band at about 350 nm emerges, which is assigned to LC
transitions located on the phenyl-substituted 2,2'-bithiophene spacer formed during the
electropolymerization.”®” Although the MLCT absorption is essentially unchanged after the
electropolymerization, in line with the expected electronic decoupling of the complex (vide
supra), both the MLCT and the aforementioned LC transitions are slightly bathochromically
shifted for the polymer derived from 31, suggesting at least a weak m conjugation through the
1,2,3-triazoles!' %! if coplanarization is not prevented by the methyl groups of the spacer.

For the polymer film obtained with 31, UV—vis—NIR spectroelectrochemical studies were
carried out. The first, metal-based oxidation process is accompanied by the typical spectral
changes that have been observed also for the 6 model complex (Figure 4.8), i.e. the MLCT
absorption bleaches, while a broad and weak LMCT band between 700 and 900 nm arises
(Figure 5.12). Repeated switching between the initial and the oxidized state turned out to be
reversible for at least the 30 cycles that were run, proving the redox stability of the prepared
polymer film. Furthermore, a switching time, which is defined by the time that is necessary to
undergo 95% of the full transmission change,”® of 1.8 s was determined.

Subsequent work focused on copolymers containing the nitro-functionalized,
cyclometalated ruthenium(II) complexes, 31 and 32, and 3,4-ethylenedioxythiophene (EDOT)
in varying ratios. The obtained co-polymer films exhibit a UV—vis absorption that is expanded
to the NIR region, which is attributed to the incorporated ol/igo-/poly-EDOT chains, as well as
a reversible electrochemical behavior, reflecting the mixed characteristics of the ruthenium(II)
and the EDOT moieties.
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Figure 5.12. Change of the UV—vis—NIR absorption spectrum of an electropolymerized film of 31
during the oxidation (solid lines) and after the re-reduction (dashed line) process (film on ITO-coated
glass in CH,ClI, with 0.1 M BuyNPF). Note that the underlying absorbance between 800 and 1,100 nm
(*) is attributed to the ITO substrate. Inset: Change of transmission at 510 nm over 30 cycles of
switching between initial and oxidized state.

In conclusion, while the anodic electropolymerization of electron-rich, cyclometalated
ruthenium(Il) complexes prove to be challenging, a slight lowering of the electronic donation
from the cyclometalating ligands was sufficient to allow a successful electropolymerization.
Exemplarily, a bis(tridentate) ruthenium(Il) complexes featuring a readily synthesized,
triazole-containing cyclometalating ligand was used, but this strategy is believed to be more
general. Alternatively, the ruthenium(II) complexes might be equipped with more electron-rich
oxidatively polymerizable units (e.g. EDOT), which would allow the use of milder potentials
in the electropolymerization. Accordingly, very recently, the anodic electropolymerization of
cyclometalated ruthenium(Il) complexes equipped triarylamines as eletropolymerizable units
was reported. ™ Ultimately, thin films of conductive photo-redox-active and -stable
metallopolymers featuring a low energy gap were obtained, which show potential for
applications in electrochromic and photovoltaic devices. In case of the latter, the insoluble
polymer would allow the use of aqueous electrolytes.”’® Moreover, depending on the used
(277 the extended m system that emerges during the oxidative
(%] and/or enable an intramolecular

electropolymerizable units,
electropolymerization might act as light harvesting antenna
hole transfer after photo-oxidation of the complex.!'®!
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6 Summary

Ruthenium(Il) polypyridyl complexes are well-suited building blocks for the construction of
photo-redox active (supramolecular) assemblies” *****) and “molecular photovoltaics”,*”
namely dye-sensitized solar cells,!'?! as they undergo a light-driven charge separation upon
visible-light absorption!'® and exhibit a high redox stability. While bis(tridentate)
ruthenium(Il) complexes are robust complex platforms and excellent building blocks for the
construction of electron-transfer assemblies,'”> >} their typically short-lived charge-separated
excited states represent a major drawback in further exploiting these coordination compounds
in solar energy conversion.?> %]

This thesis aimed on the design of tridentate ligands based on 1,2,3-triazoles, which are
readily prepared and functionalized by making use of azide—alkyne cycloaddition reactions and
afford ruthenium(Il) complexes with optimized photophysical properties. In order to extend the
excited-state lifetimes of bis(tridentate) ruthenium(II) complexes, a tridentate ligand featuring
1,2,3-triazolylidene donors was synthesized via further transformations of the 1,2,3-triazoles.
The corresponding heteroleptic, bis(tridentate) ruthenium(Il) complex (Figure 6.1) showed a
substantially prolonged excited-state lifetime (up to 633 ns) as well as much higher
photoluminescence quantum yields (up to 11.4%)12°! than the parent [Ru(tpy).](PFs); complex,
which exhibits an excited-state lifetime of about 0.2 nsP*™! and is practically non-
luminescent. This difference is attributed to the enhanced c-donor strength of the mesoionic
carbenes, which leads to a suppression of the radiationless deactivation within the
corresponding ruthenium(Il) complex. Despite the strong electron donation from the 1,2,3-
triazolylidenes, the energy, which is stored in the excited-state of the complex and which
represents the driving force for subsequent chemical reactions, is relatively high, suggesting
prospective applications of the new complex in -electron-transfer assemblies or as
photocatalyst. Furthermore, materials featuring an intense emission of red light are attractive

for applications in light-emitting electrochemical cells!*'* ' and sensing.!*'!

Figure 6.1. Schematic representation of a prototypical bis(tridentate) ruthenium(Il) complexes (left)
and a 1,2,3-triazolylidene-containing analogue (right).

While ruthenium(I) complexes bearing functionalized polypyridyl ligands as well as
thiocyanato ligands (e.g. N749, Figure 6.2) represent prime examples for the efficient
sensitization of a semiconductor in terms of a DSSC,"*™*" 2% the monodentate NCS~ ligands
compromise the complex stability!*! and preclude further optimization of the sensitizers via
ligand functionalization. It has been demonstrated during the last years that the replacement of
the thioyanato ligands of ruthenium(Il) sensitizers by anionic chelating ligands allows
comparable or even improved power conversion efficiencies in the DSSC,"*™*! while the long-
term stability is improved.**!

Aiming at application in the DSSC, different types of bis(tridentate) ruthenium(II)
complexes featuring anionic 1,2,3-triazole-derived ligands were readily prepared (Figure 6.2).
The metal is either coordinated by an N*C*N-cyclometalating ligand, i.e. by an anionic phenyl
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ring equipped with peripheral 1,2,3-triazole donors, or by a tridentate ligand consisting of two
anionic 1,2,3-triazolates and a central pyridine ring (cf. Figure 6.2). In both cases, the
ruthenium(Il) complexes exhibit narrow energy gaps allowing light absorption throughout the
visible region. Upon light absorption, a charge transfer directed towards the anchoring ligand is
induced with the lifetimes of the charge-separated excited state being sufficiently long to
enable efficient electron injection into TiO,. Accordingly, the new sensitizers achieved PCEs in
the DSSC approaching the values obtained with the thiocyanate-containing benchmark dye
N749 under identical conditions. Moreover, the presented thiocyanate-free, bis(tridentate)
ruthenium(Il) complex platform is expected to provide an enhanced long-term stability of the
corresponding DSSCs!** as the tridentate chelates increase the complex stability and since the
dyes are decorated with hydrophobic alkyl chains, which is known to impede a water-induced
dye desorption.'*> "1 Additionally, the alkyl chains are expected to better isolate the TiO,
surface from the electrolyte thereby enabling the use of alternative, for instance Co(IIl)/Co(II)-
based redox shuttles.'"** '°% Prospectively, the power conversion efficiencies can be further
optimized via attachment of additional chromophores at the tridentate anionic ligands of the
presented sensitizers.[** ™+

“"CS NBu, R-N “N-R

=N _N=\
SCN—Ru'-NCS —> N Spyg” N

COOH COOH COOH

Figure 6.2. Schematic representation of a prototypical ruthenium(Il)-based, thiocyanate-containing
sensitizer (N749, left) and related thiocyanate-free ruthenium(Il) complexes featuring anionic tridentate
ligands (right).

Moreover, conducting, photo-redox active metallopolymer films were successfully
prepared via anodic electropolymerization of ruthenium(Il) complexes featuring a 1,2,3-
triazole-containing N*C"N-cyclometalating ligand equipped with thiophene moieties. For this
purpose, the electron donation from the carbanion had to be attenuated by installing suitable
substituents at the cyclometalating phenyl ring. Prospectively, the electropolymerization may
be applied to TiO;-anchored cyclometalated dyes in order to form an insoluble sensitizer
network. The latter is expected to prevent water-induced dye desorption, which limits amongst
others the long-term and thermal stability of a DSSC,!"** *" and even allow the use of benign,
aqueous electrolytes.*’®

Ultimately, by employing 1,2,3-triazoles, 1,2,3-triazolates, and 1,2,3-triazolylidenes as
alternative donors in bis(tridentate) ruthenium(Il) polypyridyl complexes, rapid access to
highly functionalized complexes, which are suitable for applications in, e.g., photovoltaic
devices, is provided.
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7 Zusammenfassung

Ruthenium(II)-Polypyridylkomplexe sind prédestinierte Bausteine fiir den Aufbau photo-
redoxaktiver (supramolekularer) Strukturen” ***! und ,molekularer Photovoltaik*,*” d.h.
farbstoffsensibilisierte Solarzellen,'? da sie unter Absorption von sichtbarem Licht eine
Ladungsseparation vollfiihren und zudem elektrochemisch reversibel schaltbar sind.!'®
Wihrend Ruthenium(I)-Komplexe mit zwei dreizdhnigen Liganden, sogenannte bis(tridentate)
Komplexe, eine hohe Stabilitdt aufweisen und die Konstruktion von strukturell definierten
Elektrontransferaggregaten erlauben,*> > ist der ladungsgetrennte angeregte Zustand dieser
Komplexe typischerweise duBlerst kurzlebig, was einen entscheidenden Nachteil in der
Nutzbarmachung von Sonnenenergie darstellt.!*>=% 47!

Ziel dieser Arbeit war es, dreizdhnige Liganden basierend auf 1,2,3-Triazolen zu
entwickeln, die zum einen mittels Cycloadditionsreaktionen zwischen organischen Aziden und
Alkinen sehr leicht zugédnglich und funktionalisierbar sind und zum anderen eine Verbesserung
der photophysikalischen Eigenschaften entsprechendener Ruthenium(Il)-Komplexe erreichen.
Um die Lebenszeiten der elektronisch angeregten Zustdnde von bis(tridentaten) Ruthenium(II)-
Komplexen zu verldngern, wurde mittels Funktionalisierung der 1,2,3-Triazolringe ein
dreizdhniges Ligandsystem mit 1,2,3-Triazolylidendonoren aufgebaut. Der entsprechenden
heteroleptische Ruthenium(Il)-Komplex (Abbildung 7.1) zeigte eine wesentlich lidngere
Lebenszeit des angeregten Zustands (bis zu 633 ns) sowie eine deutlich hohere
Photolumineszenzquantenausbeute (bis zu 11.4%)2°") als der zugrundeliegende homoleptische
Bis(2,2":6',2"-Terpyridin)-Ruthenium(Il)-Komplex, [Ru(tpy).](PF¢)2, welcher eine Lebenszeit
von etwa 0.2 ns aufweist>>*! und praktisch nicht photolumineszent ist. Dieser Unterschied ist
auf die hohe o-Donorstirke der mesoionischen Carbene zuriickzufithren, welche zu einer
Unterdriickung der strahlungslosen Deaktivierung innerhalb des entsprechenden
Ruthenium(II)-Komplexes fiihrt. Trotz der hohen Donorstirke der 1,2,3-Triazolylidene ist die
Energie, die im angeregten Zustand im Komplex gespeichert ist und die Triebkraft fiir
anschlieende chemische Reaktionen darstellt, relativ hoch, was eine Anwendung des neuen
Komplexes in Elektrontransferaggregaten oder als Photokatalysator nahelegt. Aufgrund der
relativ intensiven Emission von rotem Licht sind diese Komplexe zudem interessant fiir die
Anwendung in lichtemittierenden Dioden''°*'1 und Sensoren.*'!

j 2 PF, o ;| 28F
A
) T NOT N O
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‘ N AN R \N/‘ \N N R
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Abbildung 7.1. Schematische Darstellung eines prototypischen bis(tridentaten) Ruthenium(II)-
Komplexes (links) und eines 1,2,3-Triazolyliden-basierten Analogons (rechts).

Obwohl Ruthenium(Il)-Komplexe mit funktionalisierten Polypyridylliganden und
Thiocyanato-Liganden (z.B. N749, Abbildung 7.2) Paradebeispiele fiir die effiziente
Sensibilisierung eines Halbleiters in farbstoffsensibilisierten Solarzellen darstellen,* ™! 27
beeintrichtigen die einzdhnigen NCS -Liganden zugleich die Komplexstabilitit™*! und
verhindern eine weitere Verbesserung der Farbstoffe durch Ligandfunktionalisierungen.
Wihrend der letzten Jahre wurde gezeigt, dass die Ersetzung der Thiocyanato-Liganden der
Ruthenium(II)-Farbstoffe durch anionische Chelatliganden zu dhnlichen oder sogar hoheren
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Zusammenfassung

(427431 der entsprechenden Solarzellen bei gleichzeitig verbesserter Langzeitstabilitit

Effizienzen
fiihrt.!*"

Fir die Anwendung in Farbstoffsolarzellen wurden zwei verschiedene Typen von
Ruthenium(II)-Komplexen basierend auf anionischen, dreizdhnigen Chelatliganden mit 1,2,3-
Triazoldonoren entwickelt (Abbildung 7.2). Dabei erfolgt die Metallkoordination entweder
durch einen N"C”N-cyclometallierenden Liganden, d.h. durch einen anionischer Phenylring
und zwei periphere 1,2,3-Triazolringe, oder durch einen dreizdhnigen Liganden bestehend aus
zwei anionische 1,2,3-Triazolatringen und einem zentralen Pyridinring (vgl. Abbildung 7.2).

In beiden Féllen weisen die entsprechenden Ruthenium(Il)-Komplexe eine enge
Energieliicke auf, welche die Absorption von Licht im gesamten sichtbaren Spektrum erlaubt.
Die Lichtabsorption wird von einem Ladungstransfer vom Metall zum Ankerliganden begleitet
und die Ladungsrekombination ist langsam genug, um eine effiziente Ubertragung von
Elektronen in das Leitungsband des TiO,-Halbleiters zu erlauben. Dementsprechend
ermoglichen diese Farbstoffe Energieumwandlungseffizienzen, die vergleichbar mit denen des
Thiocyanat-basierten Referenzfarbstoffes N749 unter identischen Bedingungen sind. Dariiber
hinaus wird erwartet, dass Solarzellen basierend auf den neuen Komplexen eine erhohte
Langzeitstabilitit erreichen, da die dreizéhnigen Liganden zu einer erhdhten Komplexstabilitit
fiihren.!*" Zustzlich wurden die Farbstoffe mit hydrophoben Alkylketten funktionalisiert, was
die Wahrscheinlichkeit einer Ablosung vom Halbleiter durch Wasser verringert.!'* 17
Aufgrund der besseren Isolierung des Halbleiters vom Elektrolyten durch die Alkylketten
besteht zudem die Moglichkeit, alternative Elektrolytsysteme, z.B. basierend auf dem
Co(IIT)/Co(II)-Redoxpaar, zu nutzen.!'*> °® Weiterhin kann die Energieumwandlungseffizienz
durch Funktionalisierung der anionischen Chelatliganden der untersuchten Farbstoffe mit
zusitzlichen Chromophoren noch gesteigert werden.!*>™*!

I\‘ICS NBu,

SCN—Ru'-NCS

(NBu,)OOC

COOH COOH COOH

Abbildung 7.2. Schematische Darstellung eines prototypischen Ruthenium(II)-basierten Sensibilisators
mit Thiocyanato-Liganden (N749, links) und verwandte, thiocyanatfreie Ruthenium(Il)-Komplexe mit
anionischen, dreizdhnigen Liganden (rechts).

Dariiber hinaus konnten erfolgreich leitfahige, photo-redoxaktive Metallopolymere durch
anodische Elektropolymerisation von cyclometallierten Ruthenium(Il)-Komplexen mit
Thiophen-funktionalisierten, 1,2,3-Triazol-basierten Liganden hergestellt werden. Um dies zu
erreichen, war es notig, die Donorstirke des Carbanions durch die Anbringung geeigneter
Substituenten am cyclometallierenden Phenylring zu verringern. Perspektivisch kann die
Elektropolymerisation angewandt werden, um an TiO, gebundene cyclometallierte Farbstoffe
zu verbinden und somit ein unldsliches Netzwerk aus Sensibilisatoren zu bilden. Dies wiirde
eine Farbstoffdesorption durch Wasser unterbinden, welche unter anderem die Lebensdauer
und thermische Stabilitdt von Farbstoffsolarzellen limitiert,[ms’ 157
umweltfreundlichen Elektrolyten basierend auf Wasser ermdglichen.!

Letztlich konnte gezeigt werden, dass die Verwendung von 1,2,3-Triazolen, 1,2,3-
Triazolaten und 1,2,3-Triazolylidenen als alternative Donoren in bis(tridentaten)
Ruthenium(Il)-Polypyridylkomplexen  einen  schnellen  synthetischen = Zugang zu

J'und sogar die Nutzung von
276]
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Zusammenfassung

hochfunktionalisierten Komplexen ermdoglicht, welche sich fiir Anwendungen beispielsweise in
Farbstoffsolarzellen eignen.
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Supplementary Information

Table S 1. Selected theoretical electronic singlet—singlet transitions for 4.

tran- AE/ f participating MOs assignment

sition nm (contribution)

So—S; 507 0.007  HOMO(a,)—LUMO(b>) (0.69) dyy = 7*py (MLCT)

So—S, 485 0.011  HOMO(ap)—LUMO+I1(b;) (0.68) dyy —7*ene (MLCT)

So—Ss 473 0.000  HOMO-1(by)—LUMO+1(b,) (0.61) dy, »m*cne (MLCT)

So—Ss 466 0.052  HOMO-1(b2)—LUMO(b») (-0.46) dy, —»n*py (MLCT)
HOMO(a;)— LUMO+2(a,) (0.50) dyxy —7*py (MLCT)

So—Ss 460 0.000  HOMO-2(b;)—LUMO(b,) (0.62) dy, =>7*py (MLCT)

So—Se 451 0.044  HOMO-1(by)~»LUMO+2(ay) (0.67) dy,—1*py (MLCT)

So—S; 430 0.001  HOMO-1(by)—LUMO+3(ay) (0.69) dy,—n*cne (MLCT)

So—Ss 429 0.031  HOMO-2(b;)—LUMO+1(b,) (0.39) dx,—1*cene (MLCT)
HOMO(a;)»LUMO+3(a;) (0.48) dyy—m*ene (MLCT)

So—Se 427 0.110  HOMO-1(by)—LUMO(b,) (0.34) dy, —»7n*py (MLCT)
HOMO(a)—=LUMO+2(ay) (0.45) dyxy— ¥y (MLCT)
HOMO(a;)—LUMO+3(a,) (-0.36) dyy—7*ene (MLCT)

So—Sii 400  0.051  HOMO-2(b))=LUMO+3(a2) (0.68)  dy,—m*cne (MLCT)

(FOI’ So_’sloif: 00001)

Figure S 1. Relevant Kohn—Sham orbitals (PCM-B3LYP/6-31G*) of 4.

HOMO-1 (b,) -6.16 eV

HOMO-8 (a,) -7.63 eV

HOMO-2 (b,) -6.43 eV
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Table S 2. Selected theoretical electronic singlet—singlet transitions for 6.

tran- AE/ f participating MOs assignment
sition nm (contribution)
So—Si1 639  0.0000  HOMO(b;)—LUMO(b,) (0.69) dyAnen— ¥ py (MLLCT)

Se—S; 571 0.0001 HOMO(b;)~LUMO+1(ay) (0.70)  dy,—m*yy (MLCT)
Se—Ss 557 0.0124 HOMO-1(a)~LUMO(b,) (0.67)  dyy—m*ypy (MLCT)
So—Ss 515 0.0038 HOMO-2(b)»LUMO(by) (0.46)  dy,—m*yy, (MLCT)
HOMO-1(a2)~LUMO+1(ay) (0.52)  dyy—m*py (MLCT)
Se—Ss 499  0.0479 HOMO-2(by)— LUMO+1(ay) (0.68) dy,~m*yy, (MLCT)
So—Ss 454 0.1048 HOMO-2(by)»LUMO(ay) (0.45)  dy,~m*y, (MLCT)
HOMO~1(a;)»LUMO+1(ay) (-0.45)  dyy—m*py (MLCT)
So—Si0 369 0.0021 HOMO-3(a)~LUMO+1(a;) (0.69)  mnen —m*py (LLCT)
Se—Si1 364 0.0000 HOMO-1(as)~LUMO+14(a;) (0.51) dyy—dyoy2 (MC)
Se=Siz 360 0.0073 HOMO-2(by)=LUMO-+2(by) (0.68)  dy,~m*y, (MLCT)
Se—Sis 358 0.0654 HOMO(b)»LUMO+4(az) (0.63)  dyFmnen—m*ncn (MLLCT)
So—Sis 358  0.0620 HOMO-1(az)— LUMO+2(by) (0.60) dy,—m*py (MLCT)

(For So—S7, So—Ss, So— Sy, and So_'slzlff 0.0008)

i
b

LUMO+14 (a,) 0.10 eV
LUMO+2 (b,) -1.17 eV LUMO+4 (a,) -0.89 eV

b
i

LUMO (b,) -2.19 eV LUMO+1 (a,) -2.11 eV

}
?
»

HOMO-2 (b,) -5.42 eV HOMO-1 (ay) -5.37 eV HOMO (b,) -5.06 eV
HOMO-3 (a,) -6.05 eV HOMO-4 (b,) -6.53 eV

Figure S 2. Relevant Kohn—Sham orbitals (B3LYP/6-31G*) of 6.



Supplementary Information

Table S 3. Selected theoretical electronic singlet—singlet transitions for 16.

tran- AE/ f participating MOs assignment

sition nm (contribution)

So—S; 593 0.0162 HOMO(az)—LUMO(b,) (0.70) Ay FINNN T Ty

(MLLCT)

So—S, 539 0.0000  HOMO—2(b;)—LUMO(b,) (0.69) dy,— ¥y (MLCT)
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So—Se 453 0.1315 HOMO—-1(by)=LUMO(b,) (0.59) dy,—m*y,y (MLCT)
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(For transitions Sp—S7, So—Sg, and Sp—S;¢: /< 0.0002)

LUMO+3 (b,) -1.16 eV

\
C
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LUMO+4 (a,)-1.08 6V  LUMO45 (a,) -0.98 ¢V  LUMO+2 (b,)-1.35 eV

HOMO (a,) -5.12eV  HOMO-3 (a,) -5.82 eV  HOMO-2 (b,) -5.49 eV

HOMO-9 (a,) -7.37 eV

Figure S 3. Relevant Kohn—Sham orbitals (B3LYP/6-31G*) of 16.
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List of Abbreviations

A pre-exponential factor

Abs absorption

a.u. arbitrary units

bpy 2,2'-bipyridine

cheno chenodeoxycholic acid

CuAAC copper(I)-catalyzed azide-alkyne cycloaddition
Cv cyclic voltammetry

dcbpy 2,2'-bipyridine-4,4’-dicarboxylate
DOSY diffusion-ordered NMR spectroscopy
DFT density functional theory

DMF N,N-dimethyl formamide

DMII 1,3-dimethylimidazolium iodide

DMSO dimethyl sulfoxide

dpbH/dpb 1,3-di(2-pyridyl)benzene/1,3-di(2-pyridyl)benzen-2-ide
dgp 2,6-di(quinoline-8-yl)pyridine

DSSC dye-sensitized solar cell

E energy

Eoo optical energy gap

Ep half-wave redox potential

E*1p excited-state half-wave redox potential
Eu conduction band energy

EDA energy-decomposition analysis

EDOT 3,4-ethylenedioxythiophene

Er quasi Fermi level

EIS electrochemical impedance spectroscopy
El electrolyte

Ems emission

E, peak potential

EtOH ethanol

€ extinction coefficient

Fc'/Fc ferrocenium/ferrocene

FF fill factor

'GS singlet electronic ground state

GuSCN guanidinium thiocyanate

HOMO highest occupied molecular orbital
Htctpy 2,2":6',2"-terpyridine-4'-carboxylic acid-4,4"-dicarboxylate

Hdcbpy 2,2'-bipyridine-4-carboxylic acid-4'-carboxylate



List of Abbreviations

IC internal conversion

IpalIpc ratio of anodic and cathodic peak current
IPCE incident photon-to-current efficiency
IR infra-red

ISC intersystem crossing

ITO indium-doped tin oxide

IVR intramolecular vibrational relaxation
s short-circuit photocurrent density

k rate constant

K, association constant

LC ligand-centered

LLCT ligand-to-ligand charge transfer
LMCT ligand-to-metal charge transfer
LUMO lowest unoccupied molecular orbital
Amax wavelength of the maximum

MeCN acetonitrile

MeOH methanol

MIC mesoionic carbene

MC metal-centered

MC triplet metal-centered excited state
MLCT metal-to-ligand charge transfer
MLCT triplet metal-to-ligand charge-transfer excited state
MLLCT metal—ligand-to-ligand charge transfer
MO molecular orbital

MS mass spectrometry

N719 [Ru(Hdcbpy)>(NCS),](NBus)2

N749 [Ru(Htctpy)(NCS)3](NBuy);

NBO natural bond orbital

NEt; triethylamine

NIR near infra-red

NHC N-heterocyclic carbene

NHE normal hydrogen electrode

NMR nuclear magnetic resonance
NO»-ppy 4-nitro-2-(pyridin-2-yl)benzen-1-ide
Ox oxidation

Dpy. photoluminescence quantum yield
PA proton affinity

PCE power conversion efficiency
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List of Abbreviations

PCM polarizable continuum model

pKa negative decadic logarithm of the acid dissociation constant
Red reduction

sh shoulder

NBu," tetra-n-butylammonium cation

TBP 4-tert-butylpyridine

temtpy 4,4' 4"-tricarboxymethyl-2,2":6',2"-terpyridine
TCO transparent conducting oxide

TD-DFT time-dependent density functional theory

tpy 2,2".6',2"-terpyridine

T excited-state lifetime

UV-vis ultra-violet and visible

v volume

Voe open-circuit voltage

ZORA zero-order regular approximation
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Beyond click chemistry — supramolecular
interactions of 1,2,3-triazoles
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43, 2522 Benjamin Schulze®® and Ulrich S. Schubert*2°

The research on 1,2,3-triazoles has been lively and ever-growing since its stimulation by the advent of
click chemistry. The attractiveness of 1H-1,2,3-triazoles and their derivatives originates from their unique
combination of facile accessibility via click chemistry and truly diverse supramolecular interactions,
which enabled myriads of applications in supramolecular and coordination chemistry. The nitrogen-rich
triazole features a highly polarized carbon atom allowing the complexation of anions by hydrogen and
halogen bonding or, in the case of the triazolium salts, via charge-assisted hydrogen and halogen bonds.
On the other hand, the triazole offers several N-coordination modes including coordination via anionic
and cationic nitrogen donors of triazolate and triazolium ions, respectively. After CH-deprotonation of
the triazole and the triazolium, powerful carbanionic and mesoionic carbene donors, respectively, are
available. The latter coordination mode even features non-innocent ligand behavior. Moreover, these
supramolecular interactions can be combined, e.g., in ion-pair recognition, preorganization by
intramolecular hydrogen bond donation and acceptance, and in bimetallic complexes. Ultimately, by
clicking two building blocks into place, the triazole emerges as a most versatile functional unit allowing
very successful applications, e.g., in anion recognition, catalysis, and photochemistry, thus going far
beyond the original purpose of click chemistry. It is the intention of this review to provide a detailed
analysis of the various supramolecular interactions of triazoles in comparison to established functional

Received 28th October 2013

DOI: 10.1039/c3cs60386e

www.rsc.org/csr units, which may serve as guidelines for further applications.

In fact, the 1,2,3-triazole is an intriguing heterocycle offering
various supramolecular interactions® ranging from anion
complexation via (charge-assisted) hydrogen and halogen

1. Introduction

1.1. Motivation

Published on 03 February 2014. Downloaded by Thueringer Universitats Landesbibliothek Jena on 24/03/2014 15:25:18.

“... the totality is not, as it were, a mere heap, but the whole is
something besides the parts...” (Aristotle, Metaphysics)

The concept of click chemistry was established by Sharpless
et al. and deals with reaction types that are wide in scope and
modular, stereospecific, chemoselective and highly efficient,
that offer simple purification methods and benign reaction
conditions, and which are therefore particularly suited to link
building blocks as the name suggests." While this concept is
certainly of general interest to a chemist, one can easily notice
that the Cu(i)-catalyzed azide-alkyne cycloaddition (CuAAC)*?
has become the prime example of click reactions, being even
used synonymously with click chemistry," and that, more
importantly, many applications thereof not only aimed to link
two units together but also to synthesize the triazole moiety.
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University Jena, HumboldtstrafSe 10, 07743 Jena, Germany.
E-mail: ulrich.schubert@uni-jena.de; Fax: +49(0) 3641 9482 02;
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b Jena Center for Soft Matter (JCSM), Friedrich Schiller University Jena,
Philosophenweg 7, 07743 Jena, Germany
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bonds to metal coordination by anionic, neutral, or cationic
nitrogen donors as well as carbanionic and mesoionic carbene
donors (Fig. 1). Importantly, these diverse functions are all
provided by a single heterocyclic scaffold and some of them can
even be employed simultaneously resulting in virtually unlimited

anion complexation

N N/ /

oy N=N N—N N=N
/ / / A

/N%D)\ /N%g /NQK N {g
H H X X
A A A A

hydrogen bonding halogen bonding

metal complexation

\ /

N ) — o) /N(—)N N=N

N N. N NN _N _N__
N ’\“— N -
M M M M M

N-coordination C-coordination

Fig. 1 Selected supramolecular interactions of 1,2,3-triazoles and their
derivatives.
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applications in supramolecular and coordination chemistry. Thus,
while it is acknowledged that the popularity of 1,2,3-triazoles is
largely driven by their facile and modular synthesis via click
chemistry, the expanding use of CuAAC in turn is stimulated by
the rich potential of the 1,2,3-triazole, which is more than just the
sum of its parts, the azide and alkyne.

1.2. Scope

This review is dedicated to the unique variety of supramolecular
interactions offered by 1,2,3-triazoles. Our intention is to provide a
differentiated analysis of these interactions serving as guidelines
for their applications in the complexation of anions and metal
cations. We therefore focused on fundamental aspects and
general trends. On account of the mutual dependence of the
different types of interactions and the potential to employ them
simultaneously, we sought to discuss them in context rather
than providing a complete literature collection on a particular
aspect. Owing to this premise, only selected references were used
to compose this review and the reader is referred to individual
reviews when particular applications are of interest.*” Further-
more, references that solely use the triazole as a linker (in the
original spirit of click chemistry") are generally beyond the scope
of this review except for literature specifically reporting the
synthesis of triazoles, which is also outlined in this review.

2. Synthesis of 1,2,3-triazoles

In the following chapter, the different synthesis routes towards
1,2,3-triazoles are discussed to allow a full exploitation of the
potential of this heterocycle in practice.
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2.1. 1,3-Dipolar cycloaddition

Already in 1893, Michael discovered a synthesis of 1,2,3-triazoles
(also 1-triazole for vicinal)®*™® by reacting phenyl azide with
dimethyl acetylenedicarboxylate.'* This type of reaction was later
classified by Huisgen as (3+2) 1,3-dipolar cycloaddition, i.e. the
concerted addition of a 1,3-dipole to a multiple bond.***° The
1,3-dipole is characterized by the presence of an electrophilic
atom, having an electron sextet and a formal positive charge, as
well as a nucleophilic atom, having an electron octet and a
formal negative charge, with one in the 1-position and the other
one in the 3-position (1c, Fig. 2)."* The azide belongs to the
propargyl-allenyl type of 1,3-dipoles and is thus almost linear."’

Later, Woodward and Hoffmann in turn classified the 1,3-dipolar
cycloaddition as an example of pericyclic reactions, which is
thermally allowed due to symmetrically and geometrically
favorable [45 + 2] interactions.”® Nonetheless, reaction rates
and regioselectivity remained unexplained until Sustmann
et al*' and Houk et al.®>*?® applied a frontier molecular
orbital (FMO) model to the reaction.>”*® This model is based
on the perturbation theory**? and is widely used in textbooks
but uses many simplifications.?® Briefly, it implies that
the reaction between the 1,3-dipole and the 1,3-dipolarophile
proceeds essentially via interaction of the highest occupied

+ = - o+ — +
_N=N=N *’R/N—NEN: g NNEN = NS
1a 1b 1c 1d
1,3-dipole diradical

Fig. 2 Selected contributing structures of an organic azide.
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Fig. 3 FMO interactions between azide and alkyne (R = Ph).2>%°

molecular orbital (HOMO) of one reactant and the lowest
unoccupied molecular orbital (LUMO) of the other reactant
with the reaction rate depending on the corresponding energy
gap. Therefore, a HOMO-raising electron-donating group (EDG)
as well as a LUMO-lowering electron-withdrawing group (EWG)
will increase the reaction rate.>*>* Additionally, EDGs and
EWGs will polarize particularly the n system, which influences
the regioselectivity because the interaction occurs in such a way
that the orbitals with larger orbital coefficients overlap (Fig. 3).
Accordingly, the cycloaddition of phenyl azide and phenyl-
acetylene yields the 1,4- and 1,5-substituted 1,2,3-triazoles in
roughly a 1:1 ratio,® while electron-deficient and electron-
excessive alkynes favor the formation of the 1,4-regioisomer
(dipole-HOMO control, A) and the 1,5-regioisomer (dipole-LUMO
control, B), respectively.®'%3>738

Remarkably, cycloaddition reactions between aryl azides
and a-keto phosphorous ylides as alkyne equivalents followed
by elimination of phosphine oxide afford 1,5-disubstituted
1,2,3-triazoles exclusively (Scheme 1).*° In line with a concerted
cycloaddition, the reaction rate hardly depends on the solvent,
and, as the reaction is apparently dipole-LUMO controlled,
electron-poor azides give shorter reaction times. Importantly,
this reaction allows a reasonably free choice of substituents at
the 1,2,3-triazole as they do not control the regioselectivity.

Furthermore, ynamines (NR,-C = CR) were reported to allow
the exclusive formation of 1,5-disubstituted 1,2,3-triazoles.’ It
should be noted that the resulting 1,2,3-triazole, in particular if
an EWG is positioned at C5,*" undergoes reversible ring opening
at the N1-N2 bond (vide infra, Scheme 7).*> In the case of
(primary) amines as C5-substituents, this ring-chain equilibrium
allows 1,2,3-triazole interconversion with the exocyclic and cyclic
nitrogen changing place (Dimroth rearrangement).®434

In general, only a few substituents at the azide and alkyne
allow the exclusive formation of one 1,2,3-triazole regioisomer® and,
moreover, the observed regioselectivity is frequently in opposition to
expectations based on the FMO model, in particular for varying
azide substituents.>” Obviously, 1,3-dipolar cycloaddition reactions

N
o) PPhy
— -+
i y o 'PPhs g "
T A 1
¢ + N—N=N —> R "'H'"H — H
_ 2 — OPPh

o ‘pehy | R re-N N 3 Re-Ny N
R! H

Scheme 1 1,3-Dipolar cycloaddition with a-keto phosphorous ylides.*©
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cannot be described adequately when being reduced to frontier-
orbital interactions only.** With the development of more
sophisticated computational methods, a series of alternative
approaches has been proposed and the debate is ongoing.**> For
example, application of Pearson’s concept of hard and soft
acids and bases (HSAB)*® on the basis of density functional theory
(DFT), ie. conceptual DFT,""*® leads to the Fukui function as a
reactivity descriptor.*>*° This model is related to the FMO model,
but not restricted to frontier orbitals, as local softness within a
molecule is identified and the regioselectivity is determined by
softness matching between reactants.”” Although the predicted
regioselectivities were in better accord with experimental
data,*”**°° it remained unexplained why the activation barriers
for the cycloaddition of alkynes and alkenes with azides are very
similar although the reaction exothermicities and FMO energy
gaps are very different. While the former models first consider the
isolated reactants in the ground state and subsequently include
mutual perturbation, i.e. only little perturbation can be covered,
Houk et al. recently proposed a distortion/interaction model
based on high-accuracy quantum chemical methods (Fig. 4).>'
Accordingly, the activation energy (AE®) is largely determined
by the energy that is required to transform the reactants into
their transition-state geometries; in other words, the reactivity is
controlled by the stability of the dipolarophile and, in particular,
of the 1,3-dipole. The distortion, in turn, alters the electronic
properties, e.g. the HOMO-LUMO gap of the 1,3-dipole is
significantly narrowed, which greatly enhances charge-transfer
interactions in comparison to the ground state. At the transition
state, the destabilizing distortion (AE]) is compensated by the
stabilizing orbital interactions (AE{) enabling the formation of
the cycloadduct upon further movement along the reaction
coordinate.”® If the distortion energy is comparable for the
formation of both regioisomers, orbital interactions might
control the regioselectivity.””> An alternative interpretation
has been reported by Braida, Hiberty et al: upon distortion,
the singlet diradical character of the azide (1d, Fig. 2) is
increased to a critical level, which is still far from a pure diradical,
giving rise to a nearly barrierless concerted cycloaddition.”® Again, in
the case of comparable distortion energies, maximized orbital
interactions may account for any regiopreference.

¥

LUMO = SN
HOMO 4=~

reaction coordinate

Fig. 4 The distortion/interaction model.>*
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In view of Houk’s distortion/interaction model, it is plausible
that the introduction of strain to the alkyne ground state (e.g:
cyclooctyne, benzyne) causes a rate enhancement in 1,3-dipolar
cycloadditions (strain-promoted azide-alkyne cycloaddition,
SPAAC).***> However, while these alkyne building blocks are
spring-loaded, thus allowing a facile linking in the original sense
of click chemistry, they induce only low regioselectivities, their
synthesis is rather demanding, and their substitution pattern
is fixed.

In marked contrast to terminal alkynes, the cycloaddition of
organic azides with trimethylsilyl-substituted alkynes shows generally
a very high selectivity for the 4-silylated 1,5-regioisomer.’>®>¢%
Fortunately, the trimethylsilyl group is a common protecting group
for the introduction of alkynes via Sonogashira cross coupling and it
can be cleaved off after the triazole synthesis. Like other thermal
cycloadditions, the reaction requires elevated temperatures (85 to
110 °C) and prolonged reaction times but affords high yields and is
ideally conducted in water™ (Scheme 2).*° Importantly, the very high
regioselectivity is only marginally affected when azide and alkyne are
substituted with sterically demanding or electron-withdrawing/
donating groups with the lowest 1,5-regioselectivity being about
90% when strong EWGs are present.® In addition, the trimethylsilyl
group is considered to have a rather little electronic influence, which
suggests that the high regiopreference does not primarily originate
from electronic effects. Indeed, according to DFT calculations, the
trimethylsilyl-group causes a total destabilization of the transition
state for the 1,4-attack by about 15 to 25 kJ mol *, while the
transition state for the 1,5-attack is similar in energy to the one of
the cycloaddition with the corresponding terminal alkyne. In line
with the distortion/interaction model, this is mainly due to an
increased distortion energy of the alkyne for the 1,4-attack and
electronic effects of the substituents are of minor influence.*®
Consequently, the trimethylsilyl-directed azide-alkyne cycloaddition
(SIAAC) represents an elegant method to selectively synthesize
1,5-disubstituted triazoles by making use of the distortion energy
and thereby screening out electronic influences, which offers
variable substitution patterns.

Alternatively, in the course of the development of powerful
organocatalytic methods®' it became possible to make use of
electronic influences of substituents that are only intermediately
present, i.e. they do not limit the substrate variability. The use of
ketones as alkyne surrogates (considering ketones as hydrates of
alkynes) allows the regioselective 1,2,3-triazole formation with
aryl azides via intermediate enamine formation (Scheme 3).%%7®
The enamine-type activation (HOMO raising) and polarization
(increased B-nucleophilicity) significantly increases both the
reaction rate and the regioselectivity of the cycloaddition. As
the reaction is dipole-LUMO-controlled (vide supra) in this case,

\ /

/ : : .
R! si— R Si~ KF,cat. TBAF, R H
.\ HOA — MeOH, A =
—_— —_—
R RZ—N\ ~N Rz—N\N//N
N—NZ=N N
R? 90 - 99%

Scheme 2 Trimethylsilyl-directed azide—alkyne cycloaddition (SIAAC).*®

This journal is © The Royal Society of Chemistry 2014

View Article Online

Chem Soc Rev

LR N’Ar D J\
v
L D

N

N
; N
\
e
R2%: 4 ArN3

N .’
conditions:
A) 20 mol-% L-proline, 2 eq. ketone, CH,Cl5, 80 °C, 1 h, microwave
B) 20 mol-% pyrrolidine, 2 eq. ketone, DMSO, 80 °C, 12-24 h, oilbath

Scheme 3 Organocatalytic azide—alkyne cycloaddition.5%%°

the amine substituent is exclusively incorporated in the 5-position
of the intermediately formed 1,2,3-triazoline (Scheme 3).>* Spon-
taneous aromatization via elimination of the amine base affords
the corresponding 1,5-disubstituted 1,2,3-triazole.®> Notably, the
use of a tertiary amine base does not significantly accelerate
the reaction suggesting only a minor contribution of an alter-
native enolate cycloaddition pathway.®®> Regarding the substrate
scope, aromatic azides are required, but the presence of
EDGs and EWGs is tolerated in most cases.’>*>%®® Further-
more, the ketone is ideally alkyl-substituted (including cyclo-
alkanones), while the conversion of phenones requires an EWG
on the a-carbon of the ketone (Scheme 3, R?).%*%*® Of course,
the more stable enamine will form preferentially, which implies
an additional regioselectivity.”> For the organocatalyst-solvent
system, two general procedures (Scheme 3) have been presented,
both providing moderate to good yields.®*®>

Apart from the thermally induced, concerted 1,3-dipolar
cycloaddition, a stepwise, base-promoted version has been
developed.®®”® Originally, this method uses halomagnesium
acetylides, which are sufficiently nucleophilic to attack the
electrophilic terminal nitrogen of an organic azide (Scheme 4).
After subsequent spontaneous cyclization by nucleophilic attack
of the internal azide nitrogen on the remote alkyne carbon, the
corresponding triazolide is formed, which can be hydrolyzed,
trapped by appropriate (non-oxidizing) electrophiles, or trans-
metalated to other metal centers for further use (vide infra).*’
Besides this versatility, the required stoichiometric amounts of
Grignard reagents might be a drawback in terms of functional
group tolerance. Alternatively, a catalytic version has been pre-
sented’® that relies on the increased acidity of aryl acetylenes in
dimethyl sulfoxide (DMSO).”* This allows the use of catalytic

/*NNN ‘
R1:LT>R17
R\/
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Scheme 4 Base-catalyzed azide—alkyne cycloaddition.®®7°
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amounts of hydroxide bases (e.g. aqueous tetramethylammonium
hydroxide) or, if a base-labile group is present, of less nucleophilic
potassium tert-butoxide under anhydrous conditions. However, in
contrast to the original protocol, the catalytic version requires
aromatic substituents on both azide and alkyne. In either case,
the reaction affords solely the 1,5-disubstituted triazole in high
yields at room temperature, as long as the nucleophilicity of the
alkyne is not lowered too strongly by electron acceptors.”® Notably,
the DMSO participates in the protonation of the triazolide, which
was proven by the formation of 4-deutero-1,2,3-triazole when
conducting the reaction in deuterated DMSO.”*”> Furthermore,
an excess of azide might provoke the formation of 4-triazenyl-1,2,3-
triazole via nucleophilic attack of a triazolide at an azide.®®”® In
conclusion, if strong bases can be tolerated, the base-catalyzed,
stepwise azide-alkyne cycloaddition is an efficient synthesis of
1,5-disubstituted triazoles and offers functionalization in the
4-position via the intermediate triazolide.

2.2. Copper-catalyzed azide-alkyne cycloaddition

The prominent Cu(i)-catalyzed azide-alkyne cycloaddition
(CuAAC), discovered independently by Meldal et al.? and Fokin,
Sharpless et al.,? yields 1,2,3-triazoles most efficiently and with a
very high regioselectivity for the 1,4-regioisomer.”>”® A collection
of mechanistic key aspects based on computational”””® and
experimental studies®*®* is collected in Scheme 5. Firstly, a
Cu(1) species undergoes 7 coordination of an alkyne (A), which
greatly increases the CH-acidity of the terminal alkyne (pK, drops
from ~25 to ~15) and allows the subsequent formation of a
o-coordinated Cu(1) acetylide with the activated alkyne (B) in
aqueous media even without an additional amine base.”® DFT
calculations suggest that a second Cu(i) remains n-coordinated
at the a-carbon of the o-bound acetylide resembling the known

View Article Online
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p-coordination mode of Cu(i) acetylides.”””®* In the next step,
coordination of an azide at the m-coordinated Cu(i) center
occurs (C). This is corroborated by the absence of the subsequent
cycloaddition when using a preformed c-bound Cu(i) acetylide
without additional Cu(1).** In principle, coordination of the
organic azide can occur via both the substituted or the terminal
nitrogen, but, in contrast to the n-accepting, terminal nitrogen,
the m-donating, substituted nitrogen is expected to increase the
electron density on the metal center,** which would facilitate the
subsequent oxidative coupling (D). The observed selectivity for
the 1,4-regioisomer may be explained by the preference for
Cu() & coordination at the a-carbon of the acetylide,”””** which
directs a nucleophilic attack of the B-carbon at the terminal,
electrophilic nitrogen'® of the coordinated azide upon oxidative
coupling.®® As a result of the latter, rate-limiting step,>”*77~7°
a sixmembered metalacycle is formed including a p-alkenylidene.”
According to computational methods, this intermediate is
stabilized by a geminal bimetallic coordination,””””**%” while
a potential monometallic cupra-cycle, which was postulated earlier,
would represent an unfavorably strained structure possessing exces-
sive electron density.”® Recently, the transient formation of the
bimetallic cupra-cycle was corroborated by a Cu®?/Cu® crossover
experiment, which implies that the six-membered ring can
isomerize.*” It should be noted that the formal oxidation states
of the two Cu centers are not given as it remains unclear whether
Cu(m)*® is intermediately formed or if both metal centers coop-
erate in the oxidation step. Furthermore, improved activity has
been observed when using a bimetallic, mixed-valent Cu(u)/Cu(x)
catalytic system.®’® Ultimately, ring contraction and Cu(i)
extrusion via reductive elimination (E) affords the Cu(1)-bound
triazolide in a highly exothermic process.””®! In aqueous media,
the Cu(i) triazolide then readily undergoes protonolysis (F)
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liberating the free triazole and allowing the Cu(i) to re-enter the
catalytic cycle.

In line with the aforementioned involvement of a second
Cu(1) center, a second-order rate dependence on the Cuf()
concentration has been observed under catalytic conditions.®*
By the use of bridging ligands, e.g., tris((1-benzyl-1H-1,2,3-
triazol-4-yl)methyl)Jamine (TBTA),”® the formation of hemilabile,
bimetallic Cu(1) complexes®" enables cooperativity between the
Cu(1) centers resulting in rate acceleration with a first-order (but
also more complex) dependence on the concentration of the
bimetallic complex.”*”*?* Nonetheless, also monometallic Cu(i)
complexes with high catalytic activity have been reported”’**
and already in the absence of a Cu(i)-stabilizing ligand, for
instance when using CuSO,/sodium ascorbate as a Cu(1) source
in aqueous media, the CuAAC is highly efficient in most
cases.>”>”> 1t should be noted, however, that Cu(1) acetylides
tend to aggregate, which not only provides a resting state for the
catalyst but can also stall the catalytic cycle.”>°® Thus, the Cul(i)
acetylides should be prepared in the presence of the organic
azide and the addition of catalytic amounts of a polydentate,
hemilabile ligand may be advisable.”>?%°* The latter also helps
to avoid the formation of an inactive Cu(r) complex, if the desired
product is a strongly binding ligand.”® Furthermore, if Cu(n) is
generated via oxidation or disproportionation of Cu(i), for
instance bis(triazoles) can be formed (Scheme 5), which is
promoted by carbonates as well as hydroxides”®®” and prevented
by addition of a sacrificial reducing agent (sodium ascorbate),>”*
Cu(1)-stabilizing ligands®® (including amine bases”°°), and the
exclusion of oxygen.

The formation of a Cu(1) triazolide (E, Scheme 5) in the
course of the CuAAC gives rise to valuable modifications of the
catalytic cycle: in aprotic media, the triazolide protonolysis
might become rate-limiting”® allowing subsequent cross-coupling
reactions,”®*® while, in the absence of protons and when using
stoichiometric amounts of Cu(i), the Cu(i) triazolide is obtained
as product®® allowing the subsequent transmetalation of the
triazolide to other metal centers (vide infra).'°° Furthermore, the
Cu(y) triazolide may be trapped with electrophiles, which can be
added directly (e.g. N-chlorosuccinimide'®") or generated in situ
via oxidation of a halide (e.g. by using NaI-Cu(ClO,),,*** Cul-
N-bromosuccinimide,'® CuBr-N-chlorosuccinimide'®) to yield
5-halogenated triazoles.”*"*

Alternatively, metallo- and haloalkynes can be converted
directly with organic azides via Cu(i)-catalyzed cycloaddition
to afford the corresponding 1,4-disubstituted 5-metallo- or
5-halo-1,2,3-triazoles, thus being named CuAXAC here, with
X = AlL,,'%® AuL,'971%8 BiL,, 10° Br, 110 192102110112 1 faot if 5
Cu(1)-supporting ligand such as TBTA is present, iodoalkynes
react even faster than terminal alkynes.”” The conversion of
bromoalkynes is achieved at elevated temperatures using
20 mol% of CuBr/Cu(OAc), (1:1) in tetrahydrofuran (THF).'*°
For the latter, as reported for the original CuAAC, cooperativity
between Cu(1) and Cu(u) within an acetate-bridged, bimetallic
complex is most likely responsible for the enhanced catalytic
performance.5”****'* The tentative CuAXAC mechanism
(Scheme 5, bottom) is closely related to the CuAAC mechanism,

This journal is © The Royal Society of Chemistry 2014
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i.e. stable, o-bound metal acetylides as well as haloalkynes can
undergo an analogous stepwise cycloaddition if the alkyne is
reasonably electron-rich and sterically open to allow 7 coordination
of a Cu(i) center.®” Similarly, it has been reported that certain Cu(i)
complexes enable the CUAAC with a symmetrical internal alkyne
[3-hexyne).115'116

2.3. Ruthenium-catalyzed azide-alkyne cycloaddition

Building on the known ability of the [Ru(Cp)Cl] (Cp = cyclo-
pentadienyl) fragment to catalyze alkyne cyclotrimerization,""’
its catalytic activity in the azide-alkyne cycloaddition was
anticipated by Jia, Fokin et al."*® The strongly electron donating,
anionic Cp ligand is required to facilitate the intermediate
ruthenium oxidation.”"® Although [Ru(Cp)CI] only showed
modest reactivity and regioselectivity, the use of the penta-
methylcyclopentadienyl (Cp*) derivative greatly improved both
the activity and, remarkably, the selectivity for the formation of
1,5-disubstituted 1,2,3-triazoles.*®*"*° Interestingly, while only
a few examples for the conversion of internal alkynes have been
reported for the CuAAC,"'>''® both terminal and internal
alkynes are in principle equally suited substrates for the
RUAAC.''91217124 Bagsed on DFT calculations, a potential RUAAC
mechanism was formulated by Lin, Jia, Fokin et al'*® and
further detailed by Nolan et al.'* (Scheme 6, exemplarily shown
for a terminal alkyne). Initially, a coordinatively unsaturated
16-electron species can be used directly or has to be generated
by ligand dissociation. Subsequently, ligand substitution via an
addition-elimination sequence (G, H) provides the catalytically active
species featuring a n-coordinated alkyne.">® Then, coordination
of the azide via the substituted nitrogen (I) is energetically
favored in this case'®® and the resulting n donation may facilitate
the subsequent oxidative coupling (J). Accordingly, nucleophilic
attack of the alkyne at the terminal nitrogen of the azide proceeds
with a small activation barrier and affords a six-membered ruthena-
cycle.® Based on the computations,'**** this species involves a
metala-cyclopropene,'®® which is in equilibrium with a vinyl
complex. The latter is slightly more stable due to reduced strain
but not prone to reductive elimination (K) and, therefore, represents
a resting state.'" In the subsequent, rate-limiting step (K),"'*">" the
six-membered ruthenacycle contracts upon reductive elimination
with the extruded Ru(n) remaining m-coordinated to the triazole.
After isomerization to the N-bound complex (L), the triazole is
liberated by substitution with an alkyne (M, N) and the catalytic
cycle can start anew.'*

The regioselectivity of the reaction is determined in the C-N
bond-forming step (J) by the spatial and electronic structure of
the alkyne (Scheme 6, in the box). In line with the much
improved regioselectivity when using Cp* instead of Cp as an
auxiliary ligand, the more bulky group (or the substituent of a
terminal alkyne) preferentially points away from the Cp* plane,
thus being incorporated in the 5-position. While complete
1,5-regioselectivity was observed for terminal alkynes, for internal
alkynes only a moderate regioselectivity was achieved based on
differences in bulkiness of the substituents.’**'?*'> In contrast,
the electronic structure of the alkyne has a more pronounced
effect on the regioselectivity in that the more nucleophilic carbon
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Scheme 6 Proposed mechanism of the RUAAC and explanation of the observed 1,5-regioselectivity. (Note that the ruthenium oxidation states in
the mesomeric forms of m-coordinated ligands are based on a neutral and not on an ionic formalism to avoid additional changes in the formal

oxidation state.)!t12°

of the alkyne attacks the electrophilic terminal nitrogen of the
azide."”""** Accordingly, a m-electron-donating group (n-EDG)
generally increases the reactivity and will direct a B-attack to
give the final product with the donor in the 5-position.***'*** In
contrast, a m-electron-withdrawing group (n-EWG) reduces the
B-nucleophilicity and, thus, the nucleophilic attack will occur
via the o-carbon to leave the acceptor in the 4-position.'??
However, it should be noted that the polarization of the =
system of the alkyne also directly influences the n bonding with
the Ru(u) fragment giving rise to an additional orientational
preference."®” Furthermore, for certain (terminal and internal)
propargylic alcohols a very high reactivity and selectivity was
observed, which was attributed to intramolecular hydrogen
bonding with the chloro-ligand resulting in 5-positioning of
the hydrogen-bond donor (¢f Scheme 6).'*%2124125

It is important to note that the RUAAC depends on a subtle
interplay of competing steps and that the suitable conditions are
narrower than for the CUAAC, which is almost “unstoppable”.”
Already the order of educt addition is crucial for the success of
the RUAAC. When [RuCp*(PR;)Cl] is subjected solely to azides, a
Ru(u) phosphazide complex can form either with the free or the
coordinated phosphine (Fig. 5).">> While this labile complex was
proven to be still catalytically active, it eventually affords a stable
and catalytically inactive Ru(iv) tetrazenide or Ru(u) tetraazadiene
complex (Fig. 5) via an intermediately formed Ru(wv) imido
complex."'®'*® The latter is formed by phosphazide cleavage
and can also form directly by nitrogen loss from an azide ligand,
in particular at elevated temperatures and when using aromatic
azides, which are prone to nitrogen loss. On the other hand,
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if solely the alkyne is present, coordination of two alkynes and
subsequent oxidative coupling results in the formation of a
ruthenacyclopentatriene (Fig. 5),''” which was proven to be
catalytically inactive in terms of RuAAC."'®"> Importantly,
both deactivation processes are suppressed if alkyne and azide
are present as both substrates show a synergistic effect: initial
phosphine replacement by an alkyne favors subsequent azide
coordination thus allowing the RUAAC to proceed.'** Consequently,
it is recommended to add a mixture of azide and alkyne to the
catalyst solution and to avoid a high excess of either azide or
alkyne."*

Furthermore, also the selection of the precatalyst significantly
influences the success of the RUAAC. While various alkynes are
efficiently converted with alkyl azides in the presence of 1 to
2 mol% [Ru(Cp*)(PPh;),Cl] in aprotic solvents at elevated
temperatures (80 °C), aryl azides are hardly tolerated.'®
The latter may be attributed to a higher propensity of aryl
azides for phosphazide cleavage (vide supra). Alternatively, aryl
azides are converted at elevated temperatures (90 to 110 °C)
when using phosphine-free [RuCp*Cl], as a precatalyst and
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N,N-dimethylformamide (DMF) as solvent."*° Under these
conditions, an increased catalyst loading (10 mol%) is required,
presumably due to catalyst poisoning caused by incipient azide
decomposition (vide supra). As another alternative, [RuCp*-
(coDp)cI]*™ (COD = 1,5-cyclooctadiene), which features a readily
displaced ligand, and coordinatively unsaturated [RuCp*(P'Pr5)CI]***
show a significantly higher reactivity. Consequently, even aryl azides
are efficiently converted at ambient temperature with low catalyst
loadings in toluene'*® or dichloromethane.’* Still, the RUAAC’s
azide scope is limited to azides devoid of high steric demand
(such as tertiary alkyl azides and ortho-substituted aryl azides)
and strongly m-accepting substituents."'>'*° Similarly, highly
sterically demanding and electron-deficient alkynes are less
reactive in RUAAC (vide supra)."*"'**

3. Fundamental properties of
1,2,3-triazoles

This paragraph is dedicated to fundamental properties of
1,2,3-triazoles, in particular in comparison to other aromatics
such as benzene, pyridine, and other azoles, to allow a deeper
understanding of the various supramolecular interactions
offered by 1,2,3-triazoles.

3.1. Building principles

When comparing benzene and pyridine, the isoelectronic
replacement of a methine group by nitrogen (aza substitution)
results in a deficit of n electrons due to the higher electronegativity
of a ring atom that donates a single 7 electron. This pyridine-type
nitrogen (-N=), featuring an additional ¢ lone pair, is weakly
o-donating and strongly n-accepting with respect to the other ring
atoms."”®**° Notably, protonation of the o lone pair does not
compromise the aromatic character. In contrast, the five-
membered pyrrole (-CH=—CH- replaced by -NH-) offers an
amine-like nitrogen whose lone pair is part of the aromatic ©
sextet. This pyrrole-type nitrogen is c-accepting and n-donating,
causing an aromatic system of m-electron excess."””*'** Further-
more, pyrrole does not behave like an amine base but is NH-acidic
instead. 1,2,3-Triazoles (Fig. 6) feature both pyridine- and pyrrole-
type nitrogen atoms and are, thus, acidic and basic. With respect
to the carbon atoms, the 1H-1,2,3-triazole is weakly m-excessive
(note that the 2H-1,2,3-triazole is n-deficient)."* These features will
be discussed in more detail in the following paragraphs.

3.2. Aromaticity

To assess the aromatic character of 1,2,3-triazoles, it has to be
noted first that two orthogonal types of aromaticity and their
corresponding indices are distinguished, namely classical (energetic

pyrrole-like 0 00 pyridine-like
a0V
acidic H—N\QQN@ basic
c-accepting 0 8 0 (c-donating)
n-donating m-accepting

Fig. 6 Features of the electronic structure of 1H-1,2,3-triazole 1*
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and structural) and magnetic aromaticity."*>*** Classically, aroma-
ticity refers to bond-length equalization and is described either by
the aromatic stabilization energy (ASE) or by the harmonic oscillator
model of aromaticity (HOMA). Accordingly, the energy difference
between delocalized and isolated bonds (ASE) or the deviation of
actual bond lengths from ideal values for full delocalization (HOMA,
the optimal value is 1) is used as a measure of aromaticity.
Alternatively, the delocalization of © electrons is assessed by calcula-
tion of the nucleus-independent chemical shift (NICS) at the center
of a ring (NICS(0)) or, to exclude  effects, 1 A above the center
(NICS(1))."**"*# Referring to the experimental nuclear magnetic
resonance, the NICS is given in ppm and negative values indicate
magnetic shielding by an aromatic ring current, ie. magnetic
aromaticity.

In comparison to selected aromatics (Table 1), all three indices
display a high degree of aromaticity for the 1,2,3-triazole. Notably,
the ASE corresponds to a few percent of the molecule’s energy
only and heavily depends on the used computational method thus
being hardly comparable for different series."*>'** HOMA and
NICS represent more robust indices and display a different trend
when comparing the five- and six-membered ring aromatics.
According to the HOMA values, benzene features ideal structural
aromaticity and the slightly lower value of pyridine is still higher
than the ones of the azoles. In contrast, the azole’s NICS(1) values
are higher than for benzene and pyridine. On the other hand,
HOMA and NICS(1) (and essentially the ASE) agree in the
consequences of successive aza substitution: while pyridine has
a marginally lower aromaticity than benzene, the aromatic
character generally increases for the azoles though with a pro-
nounced dependency on the positioning of the heteroatoms."*?

To understand the highly aromatic nature of 1,2,3-triazole, it
is helpful to consider the contributing structures of pyrrole
(Fig. 7). Due to the n excess of pyrrole, a more negative NICS
than for benzene is reasonable, while the predominance of a
neutral contributing structure (2a), causing more localized
bonds and thus a lowered HOMA value, is plausible in view
of the electronegativity of the ring atoms. Introduction of a
heteroatom in the o-position increases the relevance of structures
2b/2¢, which feature a complementary bond order, and, thereby,

Table 1 Selected properties of different aromatics

HOMO“ LUMO“ NICS(1) ASE®

Compound [eV] [eV] [ppm] [k mol™'] HOMA u[D]
Benzene —9.65” 0.56°  —10.21¢ / 1° 0
Pyridine —9.93% 014  —10.127 S 0.998° 2.22°
Pyrrole —8.66° 1.38°  —10.60° 86.1 0.876° 1.94"
Pyrazole —9.71° 0.96°  —11.93°  99.2 0.926° 2.33"
Imidazole ~ —9.16° 0.98°  —10.83° 78.6 0.908°  3.84"
1H1,2,3-  —10.18° 0.42°  —13.51° 102.0 0.931°  4.55"
Triazole

2H1,2,3-  —10.33° 0.55°  —13.61° 111.6 0.960°  0.12"
Triazole

131,140 b

“ Energies obtained by semi-empirical AM1 calculations. From
ref. 140. © From ref. 131. ¢ From ref. 141. ° From ref. 132./ The ASE
strongly degends on the computational level and calculation
method™*'*? and, hence, values other than from the same series were
omitted. ¢ From ref. 134. " Calculated values from ref. 143.
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Fig. 7 Contributing structures of pyrrole and the corresponding bond-
length equalization.**®

enhances delocalization (¢f HOMA and NICS of pyrazole and
2H-1,2,3-triazole)."** In contrast, aza substitution in the B-position
supports 2e/2f, which only partially enhances delocalization.
Additionally, aromaticity increases with decreasing electro-
negativity difference between adjacent atoms."*? Thus, a cumulative
(pyrazole, 1,2,3-triazole) instead of an alternating (imidazole)
arrangement of heteroatoms is beneficial. Furthermore, the aroma-
ticity is essentially preserved upon protonation at pyridine-type- and
deprotonation at pyrrole-type nitrogen atoms.**

3.3. Electronic structure

The three nitrogen atoms of the 1H-1,2,3-triazole cause a strong
polarization of the aromatic n system and the ¢ framework.'>>"3°
When considering the relevant contributing structures (Fig. 8) as
well as inductive effects, the carbon atoms and the nitrogen atom
in the 1-position are expected to be positively charged, while the
2- and 3-nitrogen atoms should show negative partial charges.
This is corroborated by computational data,'® which, in turn,
are consistent with experimental results (e.g. "H and "*C NMR
shifts).'?>131:14% Accordingly, a very large dipole moment was
measured (4.38 D) and calculated (4.55 D,'*’ Fig. 8 and
Table 1). Furthermore, two forms of annular tautomerism are
observed: firstly, a degenerate tautomerism, with both tautomers
formally being 1H-1,2,3-triazoles, and, secondly, interconversion
to the 2H-1,2,3-triazole (Fig. 8). According to computational
results, all three tautomers, the 1H-, 2H-, and 3H-form, readily
equilibrate with low activation energies via an intermolecular
double proton transfer,""” while an intramolecular proton shift
is unlikely."*®*° In line with a higher calculated stability of the
2H-1,2,3-triazole,"**"*""> which can be rationalized by the
alternating order of pyridine- and pyrrole-type nitrogen atoms
(¢f Fig. 8) and the absence of electrostatic repulsion between

N —N —N N~ S+ —N §-
/W \ \ /A —
N N7 NT N = o+ N &-
N N N N N
H H H* H* H O
1H-1,2,3-triazole #=455D
Hwe
+ — O+ —— 0+
i\ _ /A _ N —
N, N| == "N_ N == ~N_ N= &NINs
\N/ \N/ N N 6+
H H H*
2H-1,2,3-triazole ©=012D

Fig. 8 Selected contributing structures, tautomerism, partial charges, and
dipole moments of the 1H and 2H 1,2,3-triazole.**®
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adjacent o lone pairs, a large excess of this tautomer is
observed in the gas phase."*®'*»** Due to the more balanced
charge distribution, the dipole moment of the 2H-1,2,3-triazole
is strongly reduced (0.12 D)."*? In solution, the 1H-form is
stabilized by dipole interactions and, thus, both tautomers are
observed in varying ratios depending on the concentration,
solvent polarity, and temperature.*'** When the triazole is
Ni1-substituted, conversion to the N2-substituted triazole is
blocked, except for hemiaminales, which are in equilibrium
with the corresponding aldehyde and free triazole.'>®

Considering the frontier molecular orbitals (Table 1),
which are m and n* orbitals in this case,’** the m deficient
pyridine features an energetically lower m system, while the «
excess of pyrrole causes a destabilized n system relative to
benzene. For the azole series, with increasing number of
nitrogen atoms, both HOMO and LUMO are gradually stabilized.
Furthermore, in comparison to imidazole, the contiguous nitrogen
atoms of pyrazole cause a strong HOMO stabilization. When
comparing the 1H- and 2H-tautomer of triazole, the alternation
of m-accepting, pyridine-type and n-donating, pyrrole-type nitrogen
atoms causes a HOMO stabilization as well as a LUMO destabiliza-
tion (Table 1).

131,140

3.4. © Conjugation

In general, m conjugation through 1H-1,2,3-triazoles is not
observed.’*®*™*® This can be rationalized by the presence of a
p lone pair (pyrrole-type nitrogen in the 1-position, Fig. 6) within the
conjugation pathway'”*™"®* causing a formal cross conjugation
between the triazole’s substituents.'®® The lone pair cannot mediate
n-electron delocalization leading to consecutive “single bonds” at
the substituted nitrogen atom.'*®! Similarly, the nitrogen lone
pair in polyanilines acts as an insulator in the electronic ground
state. This effect may be visualized using potential contributing
structures (Fig. 9). In view of the experimental bond lengths within
the 1H-1,2,3-triazole ring, the neutral representation 3a should
predominate, but significant contributions from structures 3¢ and
3d are expected in line with the large dipole moment of the
molecule (vide supra). Accordingly, all bond lengths within the
triazole ring are significantly shorter than C-C, C-N, or N-N single
bonds,'® and m bond orders between 0.5 and 0.7 have been
calculated with the N2-N3 and the C4-C5 bond showing the highest
values."**

Upon quarternization, protonation or metal coordination at
N3, the polarization in terms of structure 3d should be
enhanced.”® Accordingly, partial bond-length equalization
between the three nitrogen atoms by virtue of an aza-allylic
resonance (3a and 3d) is observed for the triazolium cation
(Fig. 9). Likewise, partial bond-length equalization is observed
upon metal coordination via N3, which may additionally be
attributed to back-donation into triazole m* orbitals (vide
infra)."®>'%%1%% On the other hand, the electronic properties
of the triazole’s nitrogen atoms in 2- and 3-positions can be
manipulated by (de)stabilization of structures 3b to 3e via
suitable substituents (see the following chapters)."” In the
case of the N-substituent, m acceptors are expected to have a
stronger influence on the electronic structure of the triazole

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Selected bond lengths (in A) of 1H-1,2,3-triazole,**® 1,2,3-triazolium,*®
and 4H-1,2,4-triazole’®® (Art = 2-pyridyl, Ar® = substituted phenyl rings, Ar® =

3-pyridyl) including structural features'®>®” (top) and selected contributing
structures (bottom).

than m donors as the nitrogen p lone pair cannot be delocalized
away from N1.'°°

Importantly, the structures 3a-3e do not show a delocalization
between the 1,4-substituents, but each substituent is at least in
partial conjugation with the triazole (3b and 3e). Provided that
the triazole is reasonably coplanar with its substituents, it can
contribute to one or both frontier orbitals."”* By tendency, for
1,4-diaryl-1,2,3-triazoles, the HOMO is expected to reside on the
former alkyne part, while the LUMO is predicted to be located on
the former azide part,"**'”"'7® in other words, extended
n-electron delocalization beyond the 1-position of the triazole may
be enabled in the excited state.”*”® However, this situation may be
reversed by electron-donating and -withdrawing substituents.'®*"””
Moreover, charge-transfer chromophores with low energy gaps can
be obtained when applying a push-pull substitution pattern to
the triazole'®>'7*'77'7% or, alternatively, by metal coordination or
protonation.

Conversely, when considering the 1,2,3-triazole as a substituent,
it acts as a donor if it is attached via C4,"%'5'82 while connection
via N1 reveals an (inductive) electron-accepting character (relative to
the organic azide precursor, which is already an acceptor'®'%3),'8*

Despite the formal cross-conjugation, a weak electronic
communication through 1,4-disubstituted 1,2,3-triazoles is
apparently operative.'®® Notably, the electronic structure of
1,2,3-triazoles may not be adequately described by classical
valence bond structures using localized two-center, two-electron
bonds."®*'®” Tentatively, this may be rationalized with the help of
dipolarfylidic contributing structures 3f and 3g (Fig. 9), which would
enable a chinoid conjugation pathway. Given the charges and the
electronegativities of the corresponding atoms, this structure should
be of minor relevance but may become more important if supported
by appropriate substituents at the triazole.'®> Accordingly, the

158,179
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Scheme 7 Valence tautomerism of 1H-1,2,3-triazoles.**!

4H-1,2,4-triazole enables m conjugation, although delocalization
is still limited most likely due to the electronegative nitrogen atoms,
which cause a predominance of structure 3f in line with the
observed alternating bond lengths (Fig. 9)."*® Similar considerations
may be applied to 1,5-disubstituted 1,2,3-triazoles; however, these
sterically crowded systems often lack coplanarity.'®>

Notably, while the 1H-1,2,3-triazole ring can be considered as
highly stable,'®*'% strongly electron-withdrawing N-substituents
(nitro, cyano, sulfonyl) provoke a scission of the N1-N2 bond
giving rise to the establishment of a ring-chain equilibrium, in
particular if an electron-donating group is installed at C5 or if
the triazole is metalated in the 5-position (Scheme 7).*%*>13!
Thereby, C5-metalated N-sulfonyl-1,2,3-triazoles tend to undergo
nitrogen loss."®*™%! Even without strongly electron-withdrawing
N-substituents, Dimroth rearrangement may be observed in the
case of 5-amino-substituted 1,2,3-triazoles.”**

3.5. Acid-base behavior

Acid and base strength are directly correlated with the electronic
structure. Firstly, due to the strong polarization within the
1H-1,2,3-triazole, each position is either acidic or basic to an
extent that is practically relevant. Again, comparison with
benzene, pyridine, and other azoles (Table 2) is of interest for
later discussions as both acidity and basicity allow a first
assessment of the potential of triazoles to undergo hydrogen
bonding and metal coordination, respectively.

For a series of selected azoles (Table 2), successive aza
substitution causes increasing polarization of C-H and N-H
bonds, i.e. the CH- and NH-acidity increases. The CH-acidity is
the highest in the position adjacent to the c-accepting, pyrrole-type
nitrogen. Accordingly, the pK, values for CH-deprotonation of
1-methyl-1H-1,2,3-triazole are 35.0 for C4 and 27.8 for C5, which
are significantly lower than the pK, of 44.7 of benzene.'**'%*
Consequently, 1-phenyl-1H-1,2,3-triazole is readily deprotonated
in the 5-position by, e.g., n-butyl lithium** and able to undergo
direct cross coupling by C-H activation.’®® Furthermore, the
NH-acidity in solution (pK,) mainly depends on the total number
of nitrogen ring atoms.** Note that the NH-acidity in the gas
phase is unexpectedly low for the pyrazole anion (¢f the high
proton affinity, PA, of the corresponding azolate, Table 2), which
can be explained by enhanced intramolecular electron repulsion
between adjacent nitrogen lone pairs of the anionic form, which is
reduced in solution due to stabilizing solvent interactions.****

On the other hand, for the azole series, the base strength
(Table 2, ¢f: the pK, of the corresponding azolium) of a pyridine-
type nitrogen depends on the proximity, number, and type of
additional nitrogen ring atoms and is particularly low if a
pyrrole-type nitrogen is placed in an adjacent position (cf.
pyrazole vs. imidazole). The increasing stabilization of the
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Table 2 Acid—base properties of selected aromatics
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pK, (azole, CH) pK, (azole, NH)

PA (azolate) pK, (azolium)

Compound in DMSO in water [k] mol™"] in water PA (azole) [K] mol ']

Benzene 44.7¢ — — — —

Pyridine 40.3 (C4)," 43.6 (C2)" — — 5.2¢ 924, 9871

Pyrrole 38.8 (C2)° 16.5¢ 15017 — —

Pyrazole 33.8 (C5)™° 14.2¢ 14817 2.5% 891," 950"

Imidazole 34.1 (C2)*° 14.47 14687 7.0¢ 936," 1005™

1H-1,2,3-Trz. 35.0 (C4),>¢ 27.8 (C5)P° (9.3)%¢ (1439)¢ 1.3%4 915 (N3),/ 887 (N3), 839 (N2)™
2H-1,2,3-Trz. — (9.3)%¢ 14527 <14 823"

“ Calculated value, taken from ref. 193. ? Calculated value, taken from ref. 192. ¢ Value for the N-methyl derivative. 4 Taken from ref. 44. ¢ Mixture
of tautomers most likely with a predominance of the 1H-form.'”"'**/Taken from ref. 195.¢ Not observable as the 2H-1,2,3-triazole
is predominantly formed in the gas phase, but the 1H-1,2,3-triazole was calculated to be 62 k] mol ' more stable than pyrrole, see ref. 151.

" Taken from ref. 151.  Calculated value.” Taken from ref. 152.

o lone pair upon progressive aza substitution is reflected by an
increasing o ionization potential and, thus, a decreasing proton
affinity of the azole (Table 2).'3"144133:196-198 Accordingly, the base
strength is the highest for imidazole, modest for pyrazole and
lowest for 1,2,3-triazole, while the electron-deficient pyridine lies
in between pyrazole and imidazole (Table 2). Notably, the 1,2,3-
triazole offers two basic pyridine-type nitrogen atoms, either in
the 2,3-position for the 1H-tautomer or in the 1,3-position for the
2H-tautomer (Fig. 8). For the 1H-1,2,3-triazole, the base strength of
N2 and N3 is increased by virtue of the n-donating, pyrrole-type
nitrogen in the 1-position (cf. Fig. 8). Furthermore, N2 features two
adjacent nitrogen atoms thus showing a lower base strength,
which is also reflected by the natural population analysis (NBO)
charges of —0.08 for N2 and —0.28 for N3."*” Regarding the 1,3H-
triazolium resulting from N3-protonation, a beneficial alternating
arrangement of pyrrole-type and pyridine-type nitrogen atoms
(¢f the 2H-1,2,3-triazole, vide supra) is established and potential
electrostatic repulsion between adjacent protons (‘“electrostatic
proximity”'*) is avoided (Fig. 10), which is in contrast to
N2-protonation. Additionally, N3-protonation allows an
enhanced ion-dipole interaction (cf. Fig. 8)."*° Consequently,
while for 1,2,3-triazoles, a higher stability was calculated for the
2H-tautomer (AG = 18 kJ mol ™", vide supra),"*®'*>1°1:1%2 for the
corresponding triazolium, the 1,3H-tautomer is much more
stable than the 1,2H-tautomer (AG = 51 kJ mol ')."*>"? The
more stable 1,3H-1,2,3-triazolium can, however, be formed only
via formation of the less stable 1H-1,2,3-triazole or 1,2H-1,2,3-
triazolium salt, which precludes the experimental determina-
tion of the N3 base strength of 1H-1,2,3-triazole (Scheme 5, left,

and Table 2).***'*153 Interestingly, as a result of the interplay
of the tautomers of triazole and triazolium, a proton conduc-
tivity superior than that of the imidazole-imidazolium pair is
observed.”***°" By using 1-methyl-1H-1,2,3-triazole, tautomeriza-
tion is prevented allowing the direct formation of the most stable
N3-protonated triazolium cation. The gas-phase basicity (corres-
ponding to AG) of 882 k] mol " determined by mass spectrometry
is in good agreement with the DFT-calculated value of 901 k] mol "
(Fig. 10, right).">* Furthermore, the calculated gas-phase basicities
given in Fig. 10 demonstrate the much weaker base strength of N2
of the 1H-1,2,3-triazole as well as of the degenerated nitrogen
donors of the 2H-1,2,3-triazole. The corresponding proton affinities
(corresponding to AH) are given in Table 2."> It should be
noted that N-methylation slightly increases the base strength
(¢f Table 2).***?°* Consequently, in line with the pK, values for
proton loss of azolium ions, the following order of increasing
proton affinity results: 2H-1,2,3-triazole < 1H-1,2,3-triazole
(N3) < pyrazole < pyridine < imidazole.

4. 1,2,3-Triazoles and 1,2,3-triazolium
salts in hydrogen and halogen bonding

Relatively weak yet directional supramolecular interactions like
the hydrogen bond (and, more recently, the halogen bond) have
attracted significant interest as they enable dynamic processes
at ambient temperature, thus being suitable for applications in
molecular machines,?%*2%* 205,206 and anion
receptors/sensors.>?”?

organocatalysis,
The latter applications are motivated

O L@
G [kJ mol] /\—/ N H e N// \\N : 0 1H-1Me
N — ' N —
’Il/ @ \ 2_H o \w/ D) E N/
H H : |
H 875| 824 806 : 901 850
j N E N/H &
\ — ! N
(N/NQ SN N | [\\h:@ — </ Nz
| — /1’2H \N/ H E N/ — ‘/12H-1Me N~ ~H
H 51 ) l 50 ' l
1,3H H 1,3H-1Me

Fig. 10 Calculated gas-phase basicities of the tautomers of the 1,2,3-triazole and the 1,2,3-triazolium cation as well as of their N-methyl

derivatives 1°+152
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by the biological relevance of anions but also by the structure
that anions can have (e.g. linear, trigonal planar, tetrahedral,
octahedral), which suggests their use as templating
207,209,210 Not least in view of the efficient synthesis by
CuAAC, triazole and triazolium are valuable building blocks for
these applications. In the following, we want to focus on the
potential of triazoles and triazolium salts as C-H hydrogen
bond donors for the design of anion receptors and provide a
comparison to established hydrogen-bonding units such as
pyrroles, amides, and imidazolium salts. Due to their pivotal
role in anion receptor design, preorganization effects will
be briefly discussed as well. At the end, also the potential of
halo-triazoles and halo-triazolium salts to bind anions via
(charge-assisted) halogen bonds is demonstrated.

ions.

4.1. Hydrogen bonds

According to a recently released IUPAC definition, a hydrogen
bond is an attractive interaction between a hydrogen atom that
is positively polarized by a more electronegative element or
group R, and an atom, ion or molecule Y with electron-rich
regions (e.g. lone pairs) resulting in a three-center, four-electron
system, R-H- - -Y.*'"*'> Importantly, the hydrogen bond is not a
unique interaction but the sum of different interactions in varying
contributions, namely electrostatic forces between di- and multi-
poles, London dispersion forces, and charge-transfer interactions
(covalency).”*"***21® The hydrogen bond energy typically ranges
from below 20 to 25 kJ mol ' and depends also on the bond
angle (L RHY), which is ideally 180° and preferentially above
110°.>'"?'>?7 Furthermore, cooperativity between several hydrogen
bond donors and/or acceptors (bi- and oligofurcated hydrogen
bonds)*?”*'® as well as additional ionic interactions (charge-
assisted hydrogen bonds)*'*?'® might reinforce the binding.

In practice, host-guest interactions in solution based on
hydrogen bonding are usually analyzed by titration experiments
(*H NMR, UV-vis, or isothermal titration calorimetry, ITC). To
allow a reliable determination of the binding constants by
fitting of the titration isotherms, the analytical method has to
be chosen according to the binding strength.*****" Strong
binding requires UV-vis titrations (K, = 10° to 10’ M ', ¢ =
10~ to 10~° M) and moderate to weak binding is examined by
"H NMR titrations (K, =1 to 10>’ M~ ', ¢ =10"" to 10> M), while
ITC has a wider operational range (K, = 10 to 10° M ") and
additionally allows to distinguish between enthalpic and entropic
contributions.?**?*>2* 1 addition, as binding in solution
implies preferential binding over the solvent background,**
the hydrogen bond strength strongly depends on the donor
and acceptor characteristics of the solvent (Gutmann acceptor
and donor number, AN and DN, respectively)**® as well as on the
solvent polarity.

4.2. 1,2,3-Triazoles

It has been shown that extrinsic polarization of a carbon atom
affords hydrogen bonds involving C-H groups that are as
strong as for classical, intrinsically polarized hydrogen bond
donors (N-H and O-H).”*”7>*° This is plausible in view of
the widely tunable CH-acidity and the correlation between

This journal is © The Royal Society of Chemistry 2014
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hydrogen-bond-donor strength and the pK,, value (vide infra).>********
In combination with the large dipole moment, which is almost
aligned with the C-H bond, the relatively high CH-acidity in the
5-position (Table 3) qualifies the 1,2,3-triazole as a potent
hydrogen bond donor. The computed gas-phase binding energy
for a triazole-chloride hydrogen bond ranges from —64 kJ mol *
for 1,4-dimethyl-1H-1,2,3-triazole®*> to —79 kJ mol ' for
1H-1,2,3-triazole,>®*® while about —89 kJ mol **** and
—94 kJ mol '***%* have been calculated for the chloride
complexes with N-methylacetamide and pyrrole, respectively
(Table 3). Accordingly, depending on the substitution pattern,
the triazole approaches the hydrogen-bond-donor strength of
the prototypical amide.

Importantly, the hydrogen bonds established with the above
donors are composed differently with respect to covalent and
electrostatic contributions (Table 3 and Fig. 11). On the one
hand, the electrostatic interactions depend on the magnitude
and alignment of the dipole moment (E ~ ucos0) and there-
fore descend in the order triazole > amide > pyrrole. On the
other hand, the covalent contribution to a hydrogen bond
correlates with the acidity of the hydrogen bond donor since
polarization of the R-H bond is required for both hydrogen
bond donation (R°"~H’") as well as heterolytic bond dissocia-
tion (R"H"). As a result of a strong R-H bond polarization, the
o*(R-H) orbital becomes available for a hyperconjugative
n(Y) - o*([R-H) charge-transfer interaction (vide infra),>*
a three-center, four-electron system (R-H---Y). Accordingly,
the covalent character of a hydrogen bond increases upon
equalization between the acidity of the hydrogen bond donor
and the basicity of the hydrogen bond acceptor.>"***>*3° For a
negative-charge-assisted hydrogen bond (-CAHB) between a

Le.

Table 3 Selected hydrogen-bonding parameters

pK, r(H---ClI")/ AE(H:--Cl")f
(DMSO) [A] [kJ mol™]
2.24£2.33" 798 —64"

2.10 (2.14) -89 (—88)’
2.02 (2.05)) —94 (97)

Compound u [D]

1H-1,2,3-Triazole ~ 4.38 (4.55)° 27.8°
N-Methylacetamide 3.9° 25.9¢
Pyrrole 1.74 (1.9)* 23.0°

“ Calculated value in brackets, taken from ref. 143. © Taken from ref. 236.
¢ Calculated value for 1-methyl-1H-1,2,3-triazole, taken from ref. 192.
4 Taken from ref. 237. ¢ Taken from ref. 238./ Calculated hydrogen bond
distance in the gas phase. £ MP2/aug-cc-pVDZ, taken from ref. 233. " For
1,4-dimethyl-1H-1,2,3-triazole, B3LYP/6-31++G(3df,2p), taken from
ref. 232.° MP2/6-31+G(d,p) (B3LYP/6-31+G(d,p)), taken from ref. 234.
J MP2/aug-cc-pvDZ (B3LYP/DZVP2), taken from ref. 235.* Calculated
binding energy in the gas phase.

N=N
H A 4

increasing hydrogen-bond-donor strength
(decreasing dipole moment but increasing acidity)

Fig. 11 Comparison of the hydrogen-bond-donor strength of 1,2,3-
triazole, N-methylacetamide, and pyrrole (the dipole moments are indi-
cated as grey arrows, cf. Table 3).
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neutral hydrogen bond donor and, e.g, chloride, the hydrogen
bond is considered as proton-sharing equilibrium ([R:--H---Y]")
and the pK, values for the proton loss (¢f. Table 3 and pK, (HCI) =
1.8 in DMSO)**® have to be compared.”** With a decreasing pK,
difference, the covalent character of the hydrogen bond increases
in the order 1-methyl-1,2,3-triazole < N-methylacetamide <
pyrrole. Consequently, triazoles are expected to show hydrogen
bonds that are mostly electrostatic in origin (dipole-ion interaction),
while the stronger hydrogen bond donation from pyrrole is ascribed
to a significant covalent contribution, which overcompensates the
energy loss caused by the lower dipole moment. Amides are within
an intermediate range and N-methylacetamide is rather similar to
the 1H-1,2,3-triazole; however, the acidity of amides strongly
depends on their substituents, in particular at the nitrogen atom
(e.g pK. = 21.5 in DMSO for N-phenylacetamide**”).

In practice, due to counterion and solvent competition, a
single hydrogen bond will hardly allow a significant anion
binding and, thus, several hydrogen bond donors are commonly
arranged within a chelating system allowing a cooperatively
strengthened binding.”'® For this purpose, the receptor design
is crucially important (vide infra).”**>*>**'>** For isophthalamide
4 (Scheme 8), a simple representative of the widely used family
of cleft-form receptors, a significantly larger chloride affinity was
found (AG = —26.8 kJ mol ")*** in comparison to 1,3-bis(1,2,3-
triazol-4-yl)benzene 5 (AG = —17.1 k] mol ').>*® Notably, both
'H NMR titrations were performed with dichloromethane as
solvent but with different chloride salts (tetraphenylphosphonium
chloride, TPhPCI, vs. tetra-n-butylammonium chloride, TBACI),
which show differences in ion pairing;*** however, a high degree
of dissociation is expected for TPhPCI and the strong ion pairing
known for TBACI (in dichloromethane) can be included in the
analysis of the titration data.>*® On the other hand, Beer et al
observed a more balanced binding strength in the formation of
chloride-templated pseudorotaxanes between an isophthalamide
macrocycle (Scheme 8) and either a bis(amide)-pyridinium thread
6 (Kops = 420 M, AG = —14.7 k] mol™ ') or a triazole-analog
thread 7 (Kobs = 800 M™', AG = —16.3 k] mol™ ") under otherwise
identical conditions (in chloroform/acetone 1:1).>*” The more
similar behavior in this example may, in part, be explained by the
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N-alkyl substituent of the amide, which renders its NH-acidity
more comparable to the CH-acidity of the triazole (vide supra).
Alkene-functionalized derivatives of the amide- and triazole-based
pseudorotaxane templates were then ring-closed to yield the
corresponding [2]catenanes with strongly increased (as a result
of the interlocked structure) but also equalized chloride affinity
for amide and triazole-containing catenanes (K, ~ 700 M ',
AG ~ —16 k] mol " in chloroform/methanol 1:1). In accord with
the larger chloride affinity of the pseudorotaxane precursor, the
yield of [2]catenane was higher in the case of the triazole-containing

system.>*”

4.3. Cooperativity and preorganization

To create a significant affinity for a certain binding partner in
competition with the solvent, multiple hydrogen bond interactions
are commonly combined within a receptor, which, in turn, requires
a careful consideration of enthalpic and entropic effects.”****> A
flexible structure may allow an adaptive binding and, if flexibility is
preserved in the resulting complex, the binding is associated with a
low entropic penalty; however, this usually implies a low selectivity.
Alternatively, the entropic penalty can be lowered by introducing
structural restrictions to the receptor via preorganization, which
may additionally lead to a strained receptor resulting in an
enthalpic relief upon binding. In this case, selectivity is achieved
by means of complementarity between the rigid host and the guest.
Furthermore, a sophisticated receptor design enables positive
cooperativity between the employed binding sites, i.e. the binding
is stronger than the sum of the individual interactions (synergy).
The triazole offers various binding sites that give rise to coopera-
tivity and preorganization. Additionally, the CuAAC is particularly
suited to synthesize triazole-containing oligomers and macro-
cycles. These features are discussed in the following paragraph.
For a more detailed description of the fundamental importance
of entropic effects, the reader is referred to the reviews by
Schmidtchen.?**?*°

The triazole’s ambivalent character allows simultaneous
metal coordination and hydrogen bond donation (Fig. 12),
e.g. in ion-pair recognition. Thereby, a synergistic increase of
both CH-acidity and N-donor strength is expected. Beer et al.

_N_ N
R4 \N’/

Scheme 8 Tridentate triazole- and amide-based hydrogen bond donors (Rt = 4-(n-butylphenyl; R? = 4-tert-butylphenyl; R®* = R* = n-hexyl) and

pseudorotaxane formation.2457247
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recently demonstrated the viability of this effect for a triazole-
containing heteroditopic calix[4]diquinone isophthalamide
macrocycle and found cooperativity factors of up to 11 in the
case of the NaCl ion pair, i.e. titration of a solution (acetonitrile/
water 98:2) of the host and NaPFs with TBACI resulted in
eleven times stronger binding than for the control experiment
without additional NaPF,.?*® Likewise, the triazole can function
simultaneously as a hydrogen bond acceptor and donor with
both interactions mutually strengthening each other,**® which
has also been observed for amides (Fig. 12).>*° The latter
feature allows a further enhancement of the binding by pre-
organization via intramolecular hydrogen bonding, which is
discussed in the following.

The groups of Flood and Hecht independently demonstrated
that 2,6-bis(1H-1,2,3-triazol-4-yl)pyridines can serve as analogs
to well-known 2,2":6',2"-terpyridine (terpy or tpy) ligands.>**>
Meanwhile, 2,6-bis(1H-1,2,3-triazol-1-yl)pyridines, which feature a
reversed connectivity, have been presented, although the synthesis
of the required 2,6-diazidopyridine represents a hurdle.>** As for
terpy, the free bis(triazolyl)pyridine triad adopts a planar anti-anti
conformation with respect to the nitrogen lone pairs to avoid
repulsive interactions and allow intramolecular hydrogen bonds,
while a syn-syn conformation is enforced upon protonation or
metal coordination (see, e.g., Section 5.1.2).°"*%* Given the
modular and facile synthesis of triazoles, Hecht et al. synthesized
bis(triazolyl)pyridine oligomers as well as polymers and explored
their potential as responsive helical foldamers.>**?>> Similarly,
Jiang et al. observed helical folding in oligo(aryl-triazole)s.>>*
Furthermore, Hecht et al**” as well as Zhao, Li et al>*%2%!
systematically investigated the preorganization via intra-
molecular hydrogen bonds in 1,4-diaryl-1,2,3-triazole model
systems. For a 1,4-bis(2-pyridyl)-1,2,3-triazole triad (8, Fig. 13),
intramolecular five-membered-ring hydrogen bonds are estab-
lished between the triazole and both pyridines with both hetero-
cycles serving as a hydrogen bond donor and acceptor, which
results in a coplanar structure that shows a stabilization by
about 25 to 28 k] mol ! relative to alternative conformations for
each side.””” A similar relative stabilization (20 to 31 kJ mol ) was
calculated for 9 (X = F or OMe), albeit with a deviation from
coplanarity in the case of the C-N bond ( = 34° for X = F, yy = 42°
for X = OMe), while the C-bound phenyl ring was found to be
coplanar with the triazole (¢ = 0-3°).2°”**%2 Triads built with two
adjacent phenol rings (10) have been synthesized although the
preorganization thereof has not been discussed.*®* In principle,

Y T
/
M H H
/N:NJ /N:N" o
—N w)\ N w/\ )J\ N s
|
H H H
A A He

Fig. 12 Cooperativity by hydrogen bonding with the 5-proton and metal
coordination/hydrogen bonding with the 3-nitrogen of the 1,4-disubstituted
triazole as well as analogy with amides.
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8 9 X=F, OMe

10

Fig. 13 Preorganization via intramolecular hydrogen bonds in 1,4-diaryl-
1,2,3-triazoles 257258260262

twofold hydrogen bond acceptance by the triazole with dihedral
angles close to planarity is expected (vide infra).”*®

Apart from the design of responsive macromolecules with
defined secondary structures, intramolecular hydrogen bonding
with the triazole can be used to preorganize anion receptors
(Fig. 14). Flood et al. employed auxiliary phenolic®*® (and amide-
based*?) hydrogen bond donors to preorganize three hydrogen
bond donors of a bis(triazolyl)benzene cleft receptor (11).*®
"H NMR titration experiments with TBACI in dichloromethane
at 298 K revealed a much higher chloride affinity for 11 (K, =
46800 M ', AG = —26.6 k] mol™ ') when compared with the
flexible analog 5 (K, = 1000 M~ *, AG = —17.1 k] mol *).>**?¢3 The
preorganization fulfills two functions: firstly, the rotational free-
dom of the free receptor is restricted reducing its conformational
entropy.”® Secondly, the receptor is prevented from adopting a
relaxed syn-anti conformation®”® in the uncomplexed state.
Consequently, entropic and enthalpic penalties that occur upon
binding are neutralized resulting in a larger binding Gibbs
energy (AG, Fig. 14). In addition, the auxiliary hydrogen bonds
may cooperatively enhance the triazole’s hydrogen-bond-donor
strength by further polarization of the triazole (an increased
dipole moment of 6 D has been calculated).**®

In parallel, the groups of Flood and Craig reported on shape-
persistent [3,]-triazolophanes®*®?%*?”® and reconfigurizable
oligo(aryl-triazole)s,>***’* respectively, as anion receptors
(Fig. 14). Detailed analysis of the 'H NMR titration of the
triazolophane (13) with TBACI in dichloromethane revealed
an impressive binding constant of K, = 5 x 10° M, corres-
ponding to AG = —38 kJ mol™*, for the formation of a 1:1
complex with chloride.?*® Notably, four equilibria were considered
including ion paring and formation of a 2:1 complex and the
results were confirmed by UV-vis titration. Moreover, chloride and
bromide were bound much stronger than fluoride and iodide due
to the complementary size of the former anions and the cavity of
the receptor.>”® In contrast, a much lower chloride affinity of K, =
80 M, corresponding to AG = —11 k] mol ™, was obtained for the
triazole foldamer (12) under the same conditions considering three
equilibria (the formation of a 2:1 complex was not observed in the
case of 12).>%” This striking difference is a consequence of the high
degree of preorganization or shape-persistence of the rigid macro-
cycle (¢f the above-mentioned cleft receptors 5 and 11): while a
similar sum of hydrogen bond energies was calculated for both,

Chem. Soc. Rev., 2014, 43, 2522-2571 | 2535



Published on 03 February 2014. Downloaded by Thueringer Universitats Landesbibliothek Jena on 24/03/2014 15:25:18.

Chem Soc Rev

N\ ’ \ /N Y
N - N
R! 5 i R
5
R? R?
/N N\ N N
2 \) 7 s
N\N ’ H \ N/N N\ { H \ /N
H H . N T
H H H H
/N H \ ,N H N\
N, | | N N, | [N
N N
R? R2
12 13
G T X free host
free host AG
AG
complex complex

sum of hydrogen bond energies
— preparation energy penalty
= observed binding (AG)
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butyl, note that the receptors are drawn as if complexed).246:257

12 and 13, the flexible triazole-foldamer 12 has to pay a large
enthalpic and entropic penalty upon chloride binding - a penalty
that the rigid triazolophane 13 has already paid during its synthesis.
This intrinsic penalty of 13 stems from repulsive dipole contacts and
an entropically unfavorable conformational restriction providing
an electropositive cavity that is almost ideally aligned for the
binding of an incoming chloride anion (¢f the entatic state
model*”®).>’® In contrast, the uncomplexed and flexible 12 adopts
an open zigzag structure, enabling the partial compensation of the
triazole’s dipole moments and the rotation around the eight single
bonds connecting the aromatic rings, which strongly stabilizes the
free 12 resulting in a much lower anion affinity.>****”?”* Ultimately,
the shape-persistent triazolophane allows a much stronger binding
permitting application as ionophores,>”” while the triazole oligomers
represent molecular switches showing anion-induced folding®* or
helicity inversion.>**

Very recently, Leigh et al presented an acid-base-switchable
hydrogen bond donor based on a 1,2,3-triazole-functionalized gua-
nidine (14, Scheme 9).>”® Upon protonation, the degree of preorga-
nization and polarization within the quadruple hydrogen bond
donor is enhanced and the hydrogen bonding with a complemen-
tary, charge-neutral hydrogen bond acceptor is strengthened.

For more information on the applications of triazoles in
hydrogen bonding, the reader is referred to the reviews by
Flood et al.**%?6%2%%272 and Haridas et al.>”’

4.4. 1,2,3-Triazolium salts

1,2,3-Triazolium salts**°

ponding 1,2,3-triazoles by alkylation using alky halides,

can be readily obtained from the corres-
166,281-285
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tosylates or triflates,”**%® or trimethyloxonium tetrafluoroborate

(Meerwein’s reagent).'**?%°%* Notably, milder alkylation conditions
(methyl iodide in dichloromethane) require elevated temperatures
and prolonged reaction times, which allows a single alkylation of
bis(triazole)benzene (5, Fig. 14), while Meerwein’s reagent readily
achieves the twofold methylation at room temperature.'®® Further-
more, even arylation by nucleophilic aromatic substitution with
electron-deficient aryl halides can be achieved under forcing condi-
tions.”® Alternatively, 1,2,3-triazolium salts can be obtained directly
by (3+2) cycloaddition between alkynes and 1,3-diaza-2-azoniaallene
salts, which allows the synthesis of 1,3-diaryl-1,2,3-triazolium salts
(see Section 5.4.2).>%

On account of the introduction of an electron-withdrawing
iminium-type nitrogen, the CH-acidity of the triazolium ring
is increased relative to the parent triazole. The pK, value of
N3-alkylated 1,2,3-triazolium salts is about 24>°” and even lower
for 1,3-diaryl-substituted triazolium salts as the latter can be
deprotonated using KO'Bu (pK, = 22).>°>*°” In comparison, the
imidazolium ring is more acidic (pK, ~ 20 to 23)***7% since
two strongly electron-withdrawing nitrogen atoms are placed
adjacent to the 2-carbon. For the same reason and because of
the additional ring nitrogen, the 1,2,4-triazolium is even more
acidic (pK, ~ 17-19).>°" In a first approximation, a comple-
mentary trend to the corresponding carbene donor strength is
thus established (Fig. 15, see Section 5.4.1), which is governed
by the number of iminium-type nitrogen atoms and their
proximity to the CH-group.

The higher CH-acidity of the 1,2,3-triazolium salt relative to
the parent triazole increases the covalent contribution of the
hydrogen bond in line with the above mentioned pK, equaliza-
tion principle.*'**'® As the C-H bond polarization is enhanced,
the o*(R-H) orbital is lowered in energy and more localized at
the acidic hydrogen atom (Fig. 16) thus enabling a stronger
hyperconjugative interaction, n(Y) — o*(R-H).****% Depending
on the base strength of the anion, the increased electron-
accepting/proton-donating character of the 1,2,3-triazolium
eventually allows a proton transfer. Accordingly, a doubly
charge-assisted hydrogen bond (+CAHB) is considered as
proton-transfer equilibrium ([R™-H---Y~] — [R- - -H-Y]).>"* When
comparing the pK, values of the triazolium and, e.g., fluoride
(pK. (HF) ~ 15 in DMSO™®), the low pK, difference (~9)
indicates a significant covalent character of the hydrogen bond

This journal is © The Royal Society of Chemistry 2014
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between triazolium and fluoride, and even deprotonation of
1,2,3-triazolium salts by fluoride was observed, most likely
additionally driven by the formation of [F- - -H- - -F]~.**>*** Similarly,
for 1,2,3-triazolium salts and even for 1,2,3-triazoles, a H/D-exchange
has been observed in the presence of sulfate’®® and fluoride,**®
respectively.

Furthermore, Begtrup investigated the effect of the substituents
of 1,2,3-triazolium salts on the base-catalyzed H/D-exchange
kinetics (Fig. 17) and observed a mostly inductive influence.>*
Taking the C-unsubstituted 1,3-dimethyl-1,2,3-triazolium as a
reference, replacement of the 4-proton by a methyl group retards
the exchange rate to a tenth due to the inductive electron donating
effect. Conversely, the rate is enhanced by a factor of 2 and 450
when introducing o-electron withdrawing methoxy and bromo
substituents, respectively. Apparently, the effect of the methoxy
group is partially compensated by m-electron donation, which
lowers the electron deficit of the cationic ring. Furthermore,
replacement of a methyl N-substituent by a c-electron with-
drawing phenyl ring increases the acidity, in particular for the
adjacent carbon atom. As mentioned above, the acidity can be
further increased if both nitrogen atoms are substituted with
an aryl ring.>°

Concerning the dipole interactions of the triazolium cation,
it first has to be noted that, in contrast to neutral molecules, the
dipole moment of a monopole depends on its positioning,
which is usually either the center of mass or the geometrical
center.’*®*%” The latter is certainly more useful when designing
anion receptors from individual building blocks and artifacts
can be produced by the former approach in larger molecules.
Given the polarization within the 1,2,3-triazolium, even though
ill-defined, one can still expect an equivalent to an electric
dipole moment. The calculated dipole moment shows a less
beneficial alignment for the desired hydrogen bonding with the
5-proton and it amounts to 1.2 D only (Fig. 18),>°* which is very

/ / H
NN NFN
|| H — I(+ H
N\/g_ /N\/g_ c
(o

Fig. 16 Simplified molecular orbital scheme qualitatively demonstrating the
electronic differences between 1,2,3-triazole (grey) and 1,2,3-triazolium (black).
The o*(C—-H) orbital is able to establish a hyperconjugative three-center, four-
electron bond with an electron donor, C-H---Y. Additionally, the hydrogen
bond can be accompanied by in-plane = interactions directly between C(n*)
and Y(n) (not shown).>%?
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CH-acidity determined by H/D-exchange kinetics.>%°

similar to the value reported for imidazolium cations (1.1 D)*°®
and plausible in view of the introduction of a carbocation in the
region of the negative pole of the triazole’s dipole. Nonetheless,
this result has to be taken with caution since unusually
high fluctuations of the electrostatic interactions by mutual
polarization between anion and imidazolium cations have been
reported.>*”*'" Although studied in the context of ionic liquids
and still under debate, this behavior was suggested to result
from = interactions and hydrogen bonding rather than being a
bulk effect. Ultimately, the dipole interactions with an anion
offered by the 1,2,3-triazolium are certainly lower in comparison
to triazoles, while, on the other hand, ion-ion interactions are
enabled, which is discussed in the following.

4.5. Coulomb interactions vs. hydrogen bonding

A question that immediately arises for the cationic hydrogen
bond donors concerns the role of the ionic interactions. It is of
importance to consider the characteristics of the main stabilizing
interactions of hydrogen bonds first: (i) electrostatic interactions,
which are directed and of long range (dipole-dipole, E ~ 72,
dipole-ion, E ~ r~?), (ii) dispersion (London) forces, which are
isotropic and of shorter range (E ~ ), and (iii) covalent (charge-
transfer) interactions, which are directed and of very short range.*"”
In contrast, ion-ion (Coulomb) interactions are exceedingly strong,
isotropic, and of very long range (E ~ 7 '). In the following,
fundamental differences in binding of anions by 1,2,3-triazoles
and 1,2,3-triazolium cations are discussed as they have important
implications for the design of anion receptors.

Recently, the groups of Sessler and Hay evaluated the binding
of chloride by simple triazole and triazolium models. According
to their calculations, the triazolium chloride complex is much

N N/
, S
N e /NW)\
H H

u=43D u=12D

Fig. 18 Calculated (B3LYP/6-31G(d)) dipole moments for 1,2,3-triazole
and the corresponding 1,2,3-triazolium salt.*®
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more stable (AG = —373.5 k] mol ') than the corresponding
triazole chloride complex (AG = —51.9 k] mol~ ", Fig. 19) in
vacuum.*'? Importantly, based on Coulomb’s law, one can
assess that both interactions with chloride are strongly dominated
by electrostatic attraction (ion-ion and dipole-ion interactions in
the case of the triazolium and the triazole, respectively).t In
practice, however, the weakening of the electric field by alignment
of solvent dipoles has to be considered, which strongly reduces
the electrostatic interaction (E ~ & = with & being the relative
dielectric constant of the solvent).*"® In addition, competitive
hydrogen bonding of the solvent molecules with the hydrogen
bond donor and/or the anion further reduces the effective binding
energy. In other words, the binding modes offered by a receptor are
available for the solvent, too. As a result, the AG values for the
formation of the triazolium chloride and triazole chloride complex
are strongly reduced already in moderately competitive and less
polar solvents like chloroform, but, according to computations,
still the triazolium complex is more favorable than the triazole
counterpart (Fig. 19)."> Eventually, in highly polar media like
acetonitrile, the complex formation with chloride suffers from
extensive solvation, in particular in the case of the triazolium,
which offers isotropic and long-range interactions with its
monopol.*** On the other hand, the solvent interaction may give
rise to entropically driven complexation (vide infra).

Notably, the above calculations®'> should serve only to
demonstrate the difference in solvent dependency between
triazolium and triazole. However, this does not imply that
chloride binding by a triazolium cation will not occur in
acetonitrile solution, which is deduced from the reasonably
strong binding that was found experimentally for the triazolium
congener 1,3-dimethylimidazolium.’*® This difference may be
rationalized by the use of a minimalistic triazolium model
equipped with hydrogen atoms only. The resulting triazolium
cation thus features alternative, even more acidic hydrogen-
bonding sites, which required a restriction of the C-H---Cl™
angle to 180° in the energy optimization®'* and leads to an
overestimation of the solvation enthalpy of the molecule. In
practice, the facile functionalizability of the 1,2,3-triazolium
will be exploited and the most acidic protons at the nitrogen
atoms will be replaced by substituents. Still, by tendency, the
solvophilic behavior or “stickiness”>** remains as also aliphatic
substituents at the iminium nitrogen atoms are polarized®** and
thus prone to participation in bifurcated hydrogen bonding
(Fig. 20).>'® Additionally, the anion can be bound by direct
charge-transfer interaction with the electron-deficient © system
of the triazolium cation (n — n*).>*>?%3'> These alternative
binding modes are well-known for the imidazolium
cation®°22%9¥177319 and cause a relatively low orientational pre-
ference, while a moderate to strong overall hydrogen-bonding
capability is given. In theory, the larger variety of potential

+ Using the Coulomb equation, stabilization energies (ignoring entropic con-
tributions) were estimated to be about —330 kJ mol ™" for the ion-ion interaction
and about —70 kJ mol ™" for the ion-dipole interaction in vacuum (a distance of
4.25 A between the center of the heterocycle and chloride, corresponding to a
H---Cl™ distance of 2.25 A,>** and an ideally aligned (0 = 180°) dipole moment of
4.5 D in the case of the triazole was assumed).
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interactions gives rise to a low orientational preference, but, at
the same time, a favorable contribution to the binding by an
increase in configurational entropy.>*®

Ultimately, even in highly competitive solvents, charged
receptors are not per se counterproductive; in fact, charge
assistance is required in most cases to enable anion binding
in aqueous solutions.>'**** As for hydrogen bonding, multiple
interactions can cooperatively strengthen the binding.*'®
Accordingly, the use of multiply charged receptors based on,
for instance, imidazolium cations has become a successful
strategy to achieve strong anion binding.**° Thereby, the local
charge density is increased, while the cavity of the receptor will
only provide a limited volume, which leads to a preference for
the anions over solvent molecules, in particular in the case
of multiply charged anions (E ~ ¢cation Ganion), i order to
maximize the Coulomb interactions.**' Furthermore, charged
receptors necessarily carry an original counteranion, which is
usually of low charge density, e.g. BF,” or PFs , and preferential
binding thus results from the closer contact (E ~ ') enabled by a
more charge-dense anion, which will allow a stronger hydrogen
bonding as well. Besides, structural restrictions within interlocked
structures”*®*'° or cleft and macrocyclic receptors may induce
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selectivity by means of complementarity with the anion’s size and
structure. In this regard, the preparation of macrocycles via the
highly efficient CuAAC is particularly attractive as the cyclization
usually requires pseudo-high-dilution conditions.””"*%*
Accordingly, Beer et al. reported a tight binding of halides
and, in particular, of sulfate by a flexible macrocyclic tetrakis-
(triazolium) host (16) in highly competitive solvents (Fig. 21).29
A preference for larger halides was observed, which was attributed to
a better matching with the size of the cavity. Detailed investigations
by molecular dynamics (MD) and quantum mechanics/molecular
mechanics (QM/MM) simulations including an appropriate
modeling of the solvent interactions have been performed and
nicely revealed how the solvent and receptor compete in the
complexation of, e.g., sulfate within a dynamic ensemble.>** This
scenario reflects how the interaction with the solvent and the
flexibility of the receptor in conjunction with the various binding
sites provided by the polyatomic sulfate lead to a spreading of
energy over a larger number of microstates, i.e. a lowering of
structural definition associated with a gain in entropy.?**?**
Additionally, in polar/protic solvents the binding partners are
highly solvated, in particular sulfate,>***>* and the liberation of a
large number of solvent molecules upon binding of a single
anion by the receptor is usually driven entropically, enabling the
binding even if it is an endothermic process.**>*** still, this
requires significant binding enthalpies to at least partially
compensate the enthalpic loss required for the desolvation
and, thus, to render the binding event an exergonic process.
Accordingly, a much stronger binding of chloride by the
tetrakis(triazolium) macrocycle 16 relative to the parent
tetrakis(triazole) macrocycle 15 is observed in dg-DMSO
(Fig. 21). While the binding strength for the triazolium host is
of course strongly enhanced by ion-ion interactions, electro-
static and dispersion interactions alone are not sufficient to
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Fig. 21 Triazole- and triazolium-based cleft and macrocyclic anion receptors
and association constants with selected anions (R' = 2,6-dimethyl-4-
bromophenyl, R? = 4-tolyl) 166246.293
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reproduce the experimental binding behavior, as, for instance,
sulfate was found to irreversibly leave the receptor 16 in the case
of classical MD simulations.>®® In contrast, when using QM/MM
simulations, which include charge-transfer interactions, the
anion is kept within or at least above the cavity by virtue of
charge-assisted hydrogen bonds with all four triazolium protons
facing towards the anion.?** Nonetheless, the charge assistance
is an important feature leading to a high preference for the
dianion sulfate over several monoanions (e.g. K, > 10* M~" for
16-S0,> vs. K, = 230 M " for 16-Cl7) in the highly competitive
aqueous medium (dg-DMSO/D,0 1:1).>%

Similarly, the binding stoichiometry can be controlled by the
number of cationic charges of a cleft receptor, allowing
the formation of a 2:1 complex with sulfate in the case of the
mono(triazolium) receptor 17, while a 1: 1 complex was observed
with the analogous bis(triazolium) receptor 18 (Fig. 21).'%°

The directionality of the hydrogen bonding with the triazolium
may be optimized by placing EWGs at the triazolium ring in order
to enhance charge-transfer and dipole-ion interactions, which
are anisotropic and decline faster with increasing distance.*'*
Alternatively, Ooi et al. demonstrated that a chiral triazolium-
based catalyst (19) featuring an additional amide is capable of
inducing high enantioselectivities in the asymmetric alkylation of
oxindoles (Scheme 10).®* Notably, dual hydrogen bonding via
triazolium and amide was essential as the enantioselectivity
dropped significantly if one of the hydrogen bond donors was
blocked by substitution with a methyl group. Importantly, the
strict enantiofacial discrimination, which is essential to achieve a
high enantiomeric excess (ee), requires a permanent and intimate
association of the prochiral oxindole enolate anion and the chiral
counterion. This can be achieved under phase-transfer-catalysis
conditions, ie. the chiral triazolium cation is the only available
countercation for the enolate, which reinforces the contact ion pair
in the moderately polar solvent. Furthermore, an elaborated
substitution pattern (in particular for the aryl substituents Ar'
and Ar?, ¢f. Scheme 10) was required to establish an anion binding
site of pronounced asymmetry. Recently, the scope of reactions
catalyzed by this type of amide-containing triazolium salt was
extended to asymmetric Mannich reactions as well as asymmetric
ring opening reactions of aziridines.****** For this purpose, the
stereoselectivity was improved by increasing the CH-acidity of the
triazolium by the help of EWGs.

4.6. Halogen bonds

A supramolecular interaction analogous to the hydrogen bond
(R-H---Y) is the interaction of an electron-deficient region of a
halogen atom with a Lewis base, which is called the halogen
bond (R-X:--Y). Although rewarded with the Nobel Prize (Odd
Hassel, 1969°%*) and well-known in crystal engineering thanks to the
contributions by Metrangolo and Resnati et al.,****® the relevance
of halogen bonding in solution and its potential for, e.g., anion
recognition and catalysis was only recently recognized.*****
In analogy to hydrogen bonds, a halogen atom is donated by the
so-called halogen bond donor (R-X), while it is accepted by the
so-called halogen bond acceptor (E) - a nomenclature that is
the reverse of the concomitant electron density acceptance by
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Scheme 10 Organocatalytic alkylation of N-Boc-protected oxindoles
using a chiral triazolium-based phase-transfer catalyst.28*

R-X and donation by E.**' Indeed, the electronegative halogen
atom can feature an electropositive region, the so-called “c
hole”, located at the opposite side of the R-X bond if R shows
a sufficiently strong electron withdrawal. In line with an NBO
population analysis, the halogen atoms (except F) show only
minimal sp hybridization and the R-X bond involves essentially
a single occupied p orbital of the halogen atom (Fig. 22).>*"?3
If the effective electronegativity of R approaches the one of X,
p-electron density is displaced significantly towards R and the
halogen will contribute considerably to the o*(R-X) orbital.
Thus, p-electron depletion occurs at X opposed to the R-X bond,
which is not compensated by the unshared s orbital as it is
isotropically distributed, leading to a region of positive electro-
static potential allowing a charge-transfer interaction, n(Y) —
o*(R-X), with the donor (Y). The unshared p orbitals
are orthogonal to the R-X bond and constitute an electron-rich
belt with negative electrostatic potential. This model is able
to explain the strict preference of the halogen bond angle,
[ (R-X---Y), to be very close to 180°, which was found crystallo-
graphically,®®® and the observed trend that the strength of the
halogen bond, R-X: - Y, increases in the order Cl < Br < I for
the halogen-bond-donating atom X.

Similar to the hydrogen bond, the halogen bond is a
combination of various interactions including polarization
and dispersion interactions, with a dominant electrostatic
interaction as well as a significant charge-transfer character
(covalency).’*>***73% For analogous systems, halogen bonds
are usually stronger than hydrogen bonds;***
that protic solvents are detrimental for halogen bonds.
Furthermore, the relative contributions of the attractive interac-
tions depend on the actual halogen bond system resulting in a
variable preference, e.g., for either halides or oxyanions,*3**38-34¢
The significance of interactions that are not of electrostatic
origin may be emphasized by the observation of unexpectedly
strong halogen bonds in polar solvents like acetonitrile®*®33734°
as well as a high affinity for soft anions,***>*° which is in
marked contrast to hydrogen bonds. In analogy to the hydrogen
bond, the halogen bond may be considered as a prereactive
complex, eventually leading to a symmetrical halogen bond
(¢f 1,7)**° or even to a chemical reaction (¢f N-halosuccin-
imides).>'>**” Ultimately, halogen bonds may be employed in
cooperation with hydrogen bonds to control, e.g., the selectivity

note, however,
336,337
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Fig. 22 Simplified molecular orbital scheme of an R-X bond to visualize
the o hole (unshared orbitals are omitted). The o*(R—X) orbital is able to
establish a hyperconjugative three-center, four-electron bond with an
electron donor, R=X---Y.

of anion receptors, although it should be noted that both
interactions preferentially bind an anion in an orthogonal
arrangement®*’*** and that the binding strength decreases
much more sharply with a deviation from linearity for the
halogen bond than for the hydrogen bond.?'%343%4

4.7. Halo-1,2,3-triazoles

5-Halo-1,2,3-triazoles can be obtained by direct cycloaddition
between organic azides and halo-alkynes or by trapping a Cu()
triazolide with the corresponding electrophile (see Section 2.2).
In analogy to the C-H bond polarization within 1,2,3-triazoles,
a significant C-X bond polarization can be expected for 5-halo-
1,2,3-triazoles owing to the presence of three nitrogen ring
atoms, at least for X = I.

Very recently, Beer et al. reported picket-fence Zn(u) porphyr-
ins featuring pendant 1,2,3-triazoles or 5-iodo-1,2,3-triazoles
(Fig. 23) and systematically studied their anion binding.**°
While the hydrogen-bond- and the halogen-bond-based receptors
showed essentially the same binding trends with halides, which
might be dictated by auxiliary interactions with, e.g., the Lewis-acidic
Zn(u) center, the binding strength was significantly enhanced in the
case of the halogen bond donor 20I. Furthermore, it was demon-
strated that the anion affinity in particular of the halogen-bond-
based receptor increases in the solvent order chloroform <
acetonitrile < acetone, i.e. with a decrease in the hydrogen-bond-
donor strength of the solvent in line with a decreasing AN.>?%%%

4.8. Halo-1,2,3-triazolium salts

5-Halo-1,2,3-triazolium salts can be synthesized by methyla-
tion of the corresponding 5-halo-1,2,3-triazole using, e.g,

E=1: 20l

X"=CF:  Ky=3592 (31) M~
X" =Br:  Ky= 1132 (11) M
X"=I"  Ky=305(23) M

E=H: 20H

X-=CI~  K,=2587 (128) M~
X"=Br: K,=685(16) M
X" =1 Ky=150 (5) M~

Fig. 23 1,2,3-Triazole- and 5-iodo-1,2,3-triazole-containing anion receptors
based on a picket-fence Zn(i) porphyrin (R = 4-tert-butylphenyl, association

constants in CHClg).>#°
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trimethyloxonium tetrafluoroborate or methy! triflate as alkylating
reagents (vide supra).>*®**” Alternatively, iodo-1,2,3-triazolium
salts can be obtained by treating Ag(i)-1,2,3-triazolylidenes
(see Section 5.4.2) with iodine.>*® Relative to the corresponding
5-halo-1,2,3-triazoles, the C-X bond polarization is expected to
be enhanced for the halo-1,2,3-triazolium salts enabling strong
halogen bonds accompanied by Coulomb interactions with
anions.

Soon after the recent advent of halogen bonding in host-guest
chemistry, Beer et al. demonstrated the potential of iodo-1,2,3-
triazolium rings for anion recognition based on charge-assisted
halogen bonds.>*® Using a template based on a combination of
halogen and hydrogen bonds, a [2]rotaxane could be synthe-
sized that showed strong halide binding in a highly competitive
solvent mixture (CDCl3/CD3;0OD/D,0 45:45:10) with a remark-
able halide preference following the order CI” < Br~ < I". For
pseudorotaxane models with iodo-triazolium and triazolium
threads (Scheme 11), a larger apparent association constant
(Kapp) for the simultaneous macrocycle threading and anion
binding was found for the halogen bond system (21I) when
compared to its hydrogen-bond-based analog (21H, both in
chloroform). In both cases, a preference for bromide was given,
although this was much more pronounced for the halogen
bond. Notably, the anion preference within these restricted
architectures is controlled by size complementarity between the
host and guest as well as different levels of cooperativity. The
latter are cooperations, firstly, between the hydrogen and
halogen bonding®** and, secondly, between the direct anion
binding and the concomitant auxiliary interactions, like w
interactions as well as hydrogen bonds between the remote
methyl group of the azolium ring and the polyether backbone
(¢f. Scheme 11).**® Nonetheless, the achieved nontrivial pre-
ference for soft anions is obviously promoted by the halogen
bond, which emphasizes its potential for anion recognition.

RN OOO o
Bu } M Q E— 2 >Nn—
2 o
NH O o o0 N=N
7 N — 7
© CgHi7
I 21
Snt No— om0 o
v @
S
o e ~—
E=1211 E=H:21H
X"=CI: Kgpp=538 (17) M~ X"=CI Kgpp =490 (38) M~
X"=Br:  Kgp=1188 (93) M X" =Br:  Kgp=610 (31) M
X" =17 Kapp=392 (24) M X"=1" Kgpp=232(8) M

Scheme 11 Halogen vs. hydrogen bonds in the formation of a pseudorotaxane
(apparent association constants in CDCls).>*
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X~ = CI": d(I--CI") = 2.950(6) A, £(C-I--CI") = 176.9(5) °
\hllt\ N x X =Br:d(-Br)=309724) A, £(C---Br) = 177.74(9) °
N>y X"=17 d(-17) = 3.2833(8) A, (C-l--I) = 179.2(2) °

\
CeHyy 211

Fig. 24 Halogen-bond parameters in the solid state for iodo-triazolium
halide complexes.>*?

For further information on anion templation and anion sen-
sing using restricted architectures, the reader is referred to
recent reviews by Beer et al.>°%>'°

Further evidence for the ability of the iodo-triazolium to form
strong charge-assisted halogen bonds is given by a crystallo-
graphic report by Beer et al**> The solid-state structures of a
series of halide complexes with a iodo-triazolium (211I) revealed
halogen bonds whose length corresponds to 80% of the sum of
the van der Waals radii and which show almost linearity (Fig. 24).
Interestingly, the observed halogen bonds are among the shortest
in comparison to other iodine-halide halogen bonds, C-1---X7,
and resemble the ones reported for an iodo-imidazolium chloride
complex (d(I- --CI7) = 2.9482(12) A, / (C-T---CI7) = 177.65(13)°) and
iodide (d(I---17) = 3.28829(5) A, /(C-I--17) = 177.56(8) °).*"
Additionally, if under-stoichiometric amounts of halides are pre-
sent, coordination of a single halide by two iodo-triazolium halogen
bond donors, C-I- - -X - - -I-C, was observed for X = ClI” and I".**
The angle of the bifurcated halogen bond, / (I---X" - - -I), was about
145° for CI” and about 80° for I . This is in line with other
crystallographic reports where / (I---X---I) was frequently close
to 180° for ClI™ and Br™, while for I" the bond angle varies within
the range of 80 to 180° with a slight preference for an orthogonal
binding.*** The larger angles observed for the complexes of smaller
halides are explained by the shorter bond lengths resulting in more
pronounced steric and electronic repulsion between the bulky
halogen-bond-donating iodine atoms and the two cationic donors,
respectively, at more acute angles. Accordingly, computations
predict that ~ (I---X - --I) with neutral halogen bond donors is
preferentially about 100° for the larger halides®*® and about 110° for
the complexation of chloride, but a flat potential energy well for a
widening of the bond angle is given.**®

The complexation of halides by bi- and tridentate iodo-1,2,3-
triazolium as well as by bidentate halo-imidazolium anion
receptors was reported recently by Huber et al. (Scheme 12).%373%
Xray diffraction at single crystals of a complex between the
bis(iodo-imidazolium) receptor 221 and bromide revealed a bifur-
cated halogen bond with a bond angle / (I - -Br™- - -I) of about 74°
as well as a dihedral angle between the central phenyl ring and the
imidazolium rings of about 60°.**” A detailed calorimetric binding
study revealed the formation of strong 1:1 complexes between 221
and halides in acetonitrile (Table 4), while no complexation was
observed by ITC with the analogous protic receptor 22H. Although
the association constant remained within the same order of
magnitude for the different halides, a slight increase in the order
I" < Br < Cl" was observed. The binding enthalpy showed an
inverse trend and successively decreased from iodide to chloride
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Scheme 12 Selected multidentate halogen and hydrogen bond donors

(top) and halide-abstraction benchmark reaction (bottom) 337347348

(AH = —16.8 kJ mol " for 221" vs. AH = —13.5 k] mol " for 22I
CI7), but this is overcompensated by an increasing entropic con-
tribution (TAS = 14.6 k] mol ™" for 22I-1" vs. TAS = 19.7 k] mol ™ for
22I-Cl"). Apparently, the higher solvation enthalpy for the more
charge-dense chloride lowers the effective binding enthalpy, while
the liberation of solvent molecules upon binding promotes the
anion complexation entropically. Notably, the anion affinity of the
analogous bis(bromo-imidazolium) receptor was significantly
reduced (e.g. K, = 1.3 x 10> M~ for CI7) in line with a reduced
polarization of the C-Br bond. Furthermore, a para-substituted
bis(iodo-imidazolium) reference system showed a predominant
monodentate binding of two halides with a significantly lower
association constant (e.g. K, = 3.3 x 10* M for C17).**’

An analogous ITC binding study for the bis(iodo-1,2,3-
triazolium) receptor 24'I (Table 4) revealed very similar binding
strengths and trends, although a slightly weaker binding
was observed throughout the series.>*® Consequently, halide
polarization by a triazolium ring is weaker than the polarization
by an imidazolium ring, which is expected based on the posi-
tioning of two electron-withdrawing nitrogen atoms adjacent to
the C—X bond in the latter. As revealed by NMR binding studies
in DMSO, the chloride affinity of the bis(iodo-1,2,3-triazolium)
receptor 24'1 is significantly enhanced in comparison to the one
of the charge-neutral bis(iodo-1,2,3-triazole) reference 23I and
the protic bis(1,2,3-triazolium) reference 24'H (Table 4)*®

Table 4 Selected association constants®*”-348
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which, again, emphasizes the great potential of charge-assisted
halogen bonding for anion recognition.

The above-mentioned binding trends are in line with the
results of a Ritter-type benchmark reaction when using the
anion receptors as activating reagents (Scheme 12).*>*” In this
case, hydrogen or halogen bond formation facilitates the
heterolytic C-Br bond cleavage resulting in the formation of a
carbenium ion. According to the observed reactivities with the
different activators, 24H, 25H <« 221, 241 « 25, the halogen
bond donors perform superior to the halogen bond donors,
while 25I resulted in the highest reactivity, suggesting the
formation of a trifurcated halogen bond. When using a less
reactive test substrate ((1-bromoethyl)benzene), differences in
reactivity were observed between activators 22I and 241 with the
bis(iodo-imidazolium) receptor showing a slightly higher
reactivity.**”

In the end, triazolium-based halogen bond donors show
great potential for application in anion recognition and
beyond. In view of their synthetic flexibility, manipulation of
the anion affinity via substituents at the triazolium ring and by
construction of multidentate receptors is readily available.
However, structural restrictions imposed by the bulkiness of
the halogen-bond-donating atoms as well as by the strict
linearity of the halogen bond have to be considered carefully.

5. 1,2,3-Triazoles in metal
complexation

Virtually unlimited ligand architectures based on triazoles are
available and myriads of applications of the triazole’s coordination
chemistry have been reported, covering metal ion sensing,**3>>
medicinal chemistry,' catalysis,*** % magnetic materials,"”%*%*3
and photovoltaic'”***37° as well as electroluminescent
devices.>”"*”? In the following paragraphs, the focus will be
on CuAAC-derived, 1,4-disubstituted 1H-1,2,3-triazoles and
derivatives thereof, as these are certainly the most relevant
target structures in view of their facile and modular synthesis
allowing ready steric and electronic fine-tuning. Additionally,
we will concentrate on the more established N3-coordination
of the 1,2,3-triazole, but a comparison to the alternative
N2-coordination is also provided. Later, the coordination
behavior of the triazolate anion is briefly presented, followed
by a more detailed discussion of the coordination via carbanionic,
mesoionic carbene, and nitrenium donors of triazole-derivatives
(Fig. 25). As we intended to impart general insights and trends,
which may serve as a guideline for further applications,
only selected references are discussed. Alternatively, an extensive
overview of triazole ligands has been provided recently by

Host 231 24'H 24'1 221

Guest Cl™ Ccl™ Cl™ Br- I cl™ Br- I

Ka1 [M~'] by NMR (in dg-DMSO) 20 100 440 — — — — -

K,1/10° [M~'] by ITC (in CH;CN) — — 3.9 2.1 1.0 5.2 4.5 2.5
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Fig. 25 Coordination modes of 1,2,3-triazoles and derivatives thereof.

Crowley et al.,>”® while Schibli et al. reviewed this topic with an
emphasis on medicinal chemistry.>”*

5.1. Triazoles as neutral nitrogen donors

5.1.1. The electronic nature of triazole ligands. The analysis
of the contributions to a coordinative bond is not trivial and it
has to be cautioned that a relative classification of ¢ and ©
effects based on experimental data can be misleading as in most
cases only the net result of electrostatic and donor-acceptor
interactions is observed. While, in principle, bond dissociation
energies and individual binding contributions can be calculated
by means of an energy decomposition analysis (EDA),*”> in our
case only limited data is currently available."®’

To assess the triazole’s ability to interact with metal centers via
o donation and electrostatic interactions, the above-mentioned
order of decreasing proton affinity (¢f Table 2), which correlates
with a lowering of the o lone pair energy, is recalled: imidazole >
pyridine > 1H-1,2,3-triazole. This trend is also consistent with a
decreasing NBO partial charge of the corresponding nitrogen
donor (Fig. 26),"°%'°**"® although it has to be cautioned that
the partial charge is the net charge of the atom not accounting for
anisotropic electron distribution,*”” while the electrostatic inter-
actions with the metal are mainly due to an interaction with the
ligand’s o lone pair.*’”> Moving down the first group in the
periodic table, the calculated relative alkali-metal-ion affinities
in the gas phase for imidazole and triazole successively change in
favor of the triazole."*® While Li" is still significantly more strongly
bound by the imidazole, the K' affinity is higher in the case of
triazole."***°* The energy-optimized structures for the N3-bound
Li" complex of triazole show a displacement of the Li" towards N2
to allow a better alignment with the dipole moment (¢f Fig. 26),
which is not observed for the Li" imidazole complex."*® For the
larger K', this even allows additional stabilization by partial
coordination to N2 (bridging) resulting in a cooperatively strength-
ened binding. However, this binding mode is unavailable in most
chelating systems due to structural restraints, as concluded from
the vast majority of crystallographic reports (vide infra), and does
not reflect the intrinsic donor strength of N3. In addition,
the calculated values cannot be confirmed experimentally

4 N/
Q3 ~a
N N N7—=N
NBO charge: -0.48 -0.50 -0.27 -0.07
ul[Dl= 222 3.84 4.55

Fig. 26 Nitrogen NBO charges for selected donor atoms (bold)169:199:376

as well as electric dipole moments (grey arrows) 44140378
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for the unsubstituted triazole due to its tautomerism (see
Section 3.5)."*%'5! On this basis, the triazole is concluded to
be a weaker o donor than pyridine and imidazole, which is
reasonable regarding its high degree of aza substitution.'®®

Apart from metal ions with a closed d-shell, e.g. alkali
metals, Ag(1), and Zn(u), for which the metal-ligand interac-
tions are predominantly electrostatic in nature,'®%37938°
transition-metal ions with partially filled d orbitals allow strong &
and = interactions®®" leading to a significant covalent contribution
to the coordinative bond.**>*** Although the orbital coefficients
will also play a role, the relative n-donor and m-acceptor properties
of the triazole can be estimated by comparing the n and * orbital
energies with those of common donors such as pyridine and
imidazole (Fig. 27 and Table 1)."*"'***%" Accordingly, pyridine
is expected to be the stronger m acceptor than triazole, while
imidazole is expected to be the strongest © donor.

A common yet ambiguous experimental technique to estimate
the effective electron donation of a ligand, L, relies on the diagnostic
stretching frequencies of carbonyl ligands bound to the metal
complex fragment of interest, L-M-C=O0 (¢f Tolman’s electronic
parameter, TEP).***?% Stronger ¢ donation from L strengthens the
n back-donation from M into the ©*CO) orbital, which weakens,
in turn, the C=0 bond (L-M—C—0). On the other hand,
competitive m back-donation to L lowers the n back-donation to
the CO ligand. Elliot et al. observed a marginally lower CO stretching
frequency with Re(r) triazole complexes in comparison to their
pyridine-analogs suggesting a slightly higher effective donor
strength in the case of the triazole.®®” It has to be cautioned,
however, that the apparently stronger donation is consistent with
a weaker o-donor strength combined with a weaker m-acceptor
strength of the triazole, in other words, ¢ and w effects cannot be
differentiated.>®®

In analogy to Lever’s electrochemical parameter,*®®
the relative oc-donor and m-acceptor strength of triazole and
pyridine may alternatively be inferred from the response of the
frontier orbital energies of Ru(u) polypyridyl complexes to the
gradual replacement of the pyridines with triazoles.'¢%2°%-389-392
In this kind of Ru(u1) complexes, the highest occupied molecular
orbitals are essentially metal d orbitals, while the lowest unoc-
cupied molecular orbitals are mainly ligand m* orbitals in
character, and metal d orbitals undergo m back-donation
with low-lying n* ligand orbitals of appropriate symmetry. The
lowest-energy electronic transitions are of almost pure metal-to-
ligand charge-transfer (MLCT) character. Note that, for Ru(u)
complexes, the initially formed singlet excited state immediately

undergoes intersystem crossing and vibrational relaxation®®
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Fig. 28 Examples of bidentate and tridentate polypyridy!l ligands and their
cyclometalating counterparts as well as their triazole-analogs (note that
the ligands are drawn as if coordinated).

resulting in the population of the lowest-energy triplet excited
state, which is typically a triplet MLCT (*MLCT) excited state.**

When comparing the homoleptic bis(tridenate) or
tris(bidentate) Ru(u) complexes of either 2,2'-bipyridine (bpy) or
2,2:6' 2"-terpyridine (tpy), i.e. [Ru(bpy)s]*" or [Ru(tpy),]**, with their
triazole-containing counterparts, ie. [Ru(26/27);F"**°?” or
[Ru(29),]*"**° (Fig. 28), the replacement of pyridines by triazoles
leads to a slight stabilization of the metal-based d orbitals and a
pronounced destabilization of the ligand-based n* orbitals (Fig. 29)
corresponding to an energetically raised *MLCT state. Experi-
mentally, this is manifest in the shifts of the redox potentials, ie.
a slightly more positive potential for the metal-based oxidation and
a more negative potential for the ligand-based reduction, and in a

e (1)
aq (d)/ by (d)
e (dm)
ay (d)/ by (d)
e (dm)
Ru(ll) ligands

tris(bidentate) complex: [ bis(tridentate) complex:
D3 symmetry Dog symmetry

Fig. 29 Simplified MO scheme of [Ru(bpy)s]°* or [Ru(tpy),]?* (black) and
[RU(26/27)5]°" or [Ru(29),]°" (grey) illustrating the differences in © back-
donation between the pyridine- and triazole-based ligands (o interactions
omitted for clarity; note that, in Dz-symmetric tris(bidentate) Ru(i) com-
plexes, the LUMO is a non-interacting n*(a,) ligand orbital (not shown),
while in Dygq-symmetric bis(tridentate) Ru(i) complexes, the degenerate
n*(e) ligand orbitals mostly represent the LUMQ) 392395-397
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spectral blue shift of the MLCT absorption band,'¢82°0389:390,392
This can be rationalized by the higher energy of the n* orbitals of
the triazole-based ligand 27 (¢f Fig. 27)***> and, for ligands
composed of both pyridine and triazole, 26 and 29, additionally
by the diminished © conjugation within the chelating ligand system
(see Section 3.4).>° On the other hand, the lowered energy of the
occupied metal d orbitals can be ascribed to a weaker electrostatic
repulsion between the metal electrons and electrons of the triazole
ligands (¢f Fig. 26), in particular the o lone pair directed towards
the metal center. In line with that, DFT calculations indicate that
the o lone pairs of ligand 27 are significantly more stabilized than
the ones of bpy.**>

As further consequence of the weaker ¢ donation by the
triazole, the do* orbitals in the resulting complex are expected to be
energetically lowered associated with a triplet metal-centered (*MC)
excited state of lower energy. For Ru(u) complexes, the latter is prone
to radiationless deactivation, causing, if thermally accessible from
the ®*MLCT, a shortening of the excited-state lifetime and a lowering
of the luminescence quantum yield.*** Exactly this scenario is
observed for homoleptic Ru(i) complexes upon replacement
of bpy and tpy by 26 and 29, respectively.>*****3*°° Eventually,
if all pyridines are replaced by triazoles, i.e. in the case of
[Ru(27);]7%,>°"*%® the lowest-energy excited state is no longer
the *MLCT but the *MC instead.***

Furthermore, in the case of the heteroleptic Ru(u) complexes,
[Ru(bpy),(26/27)* 39929 and [Ru(bpy)(26/27),]* 3% as
well as [Ru(tpy)(29)]*,"°®**° the LUMO is located on the bpy or
tpy ligand but it is destabilized relative to [Ru(bpy)s;]** or
[Ru(tpy),]*", respectively. This can be rationalized by an
enhanced m back-donation to bpy or tpy in the heteroleptic
complexes, ie. the pyridine-based ligands are of greater n-acceptor
strength than their triazole-analogs.*®®*°* The high energy of the
triazole’s m* orbitals is also reflected by the photophysical
behavior of Re(i) complexes featuring triazole-containing
ligands.167’176’387’398'400’401

In the case of cyclometalated Ir(m) and Ru(u) complexes, as a
result of a repulsive interaction between an occupied metal d
orbital and an energetically high = orbital of the anionic ligand
(t donation), the HOMO is located on the metal and the
cyclometalating ligand, while the LUMO is located on the
charge-neutral polypyridyl ligand. After replacement of 2-phenyl-
pyridine (Hppy) and 1,3-dipyridylbenzene (Hdpb) in [Ir(ppy).(bpy)]”
and [Ru(dpb)(tpy)]" by 28"°>*°* and 30,"°%27195497 regpectively, the
n system of the cyclometalating phenyl ring is less stabilized by
the adjacent triazoles (vide supra), i.e. the triazole-containing cyclo-
metalating ligand is a stronger m donor. At the same time, the
n back-bonding with the peripheral triazoles is less efficient.
Consequently, the HOMO of the metal complex is higher in energy
and the © back-donation into the polypyridyl ligand is reinforced,
which leads to an energetically higher LUMO. As the LUMO
destabilization is more pronounced than the HOMO destabiliza-
tion, the energy gap is increased.'***>%% On the other hand, when
replacing bpy with 26 in [Ir(ppy).(bpy)]’,'**™*"" the energy gap
is increased mainly due to a direct LUMO destabilization in
line with the energetically higher n* orbitals of the triazole
ligand. Ultimately, when combining 1,2,3-triazole-containing
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cyclometalating and ancillary ligands, Ir(m)-based blue triplet
emitters are obtained.*'>*"?

In contrast to Ru(u) complexes, the energetical separation
between e, (do*) and t,, (dm) orbitals (if O symmetry is
assumed for simplicity) is small in Fe(ir) complexes.**® Accordingly,
a transition from low spin (t3,) to high spin (t;,e3) was reported for
bis(tridentate) Fe(ir) complexes of triazole-containing ligands.'”**%*
Among the most prominent Fe(u) complexes showing a spin-
transition behavior are complexes of 2,6-bis(1H-pyrazol-1-yl)-
pyridine ligands, which exhibit a spin crossover below room
temperature.*'* Replacement of one*** or both (29)'7° pyrazoles
of the tridentate ligand framework by triazoles shifts the spin
transition above room temperature, which is consistent with an
increased ligand-field strength of the triazole-containing
ligands causing a larger energy splitting between low-spin
and high-spin states.*'®> Based on the lower n* orbital energy
of the triazole in comparison to pyrazole (Table 1), this can be
attributed to a higher n-acceptor strength of the former, which
allows a better stabilization of the t,, (dm) orbitals. Accordingly,
an even higher spin-transition temperature has been observed
for Fe(u) complexes of 29, when the m-acceptor character of
the ligand was increased by placing electron-withdrawing sub-
stituents at the triazoles."””® In contrast, [Fe(tpy),]”* hardly
undergoes spin transition, which can be ascribed to a larger
e, (do*) destabilization and t,, (dn) stabilization due to a
higher o-donor and m-acceptor strength, respectively. Apart
from electronic consequences when replacing pyridines with
triazoles to give [Fe(29),]*", a reduced steric demand and,
hence, an increased flexibility results (see Section 5.1.4). As
for Fe(n) complexes of 2,6-bis(1H-pyrazol-1-yl)pyridines,****'
the triazole-containing analogs can undergo a stabilizing
angular Jahn-Teller distortion in the high-spin state,*®* which
is preserved in the solid state upon cooling, i.e. the high-
spin configuration is trapped.'”® In the case of [Fe(tpy),]*", a
lowering of the spin-transition temperature via a distortion of
the complex requires external forces*'” or bulky substituents.*'®
Consequently, the triazole-containing complexes structurally
resemble the pyrazole-based Fe(n) complexes, while they impose
a stronger ligand field, thus being electronically more related to
[Fe(tpy),]">"

Noteworthy, for Ni(i) complexes of bidentate ligands featuring
triazole and pyridine donors (26), several computed bond indices
indicate a stronger bond between the triazole and the metal.**
Similarly, for a tris(bidentate) Ni(i) complex of 26, a slightly higher
o-donor strength has been deduced for triazole on the basis of a
theoretical ligand field analysis.*** However, these results are in
contradiction with the experimental findings mentioned above
and below.

In order to investigate the potential to influence the electronic
properties of 1,2,3-triazole complexes by varying their N-substituent,
Crowley et al. studied a series of Re(1) complexes bearing
functionalized 1,2,3-triazole-containing ligands (cf. 26).'”°
However, the photophysical and electrochemical properties of
the complexes remained surprisingly constant despite the
presence of either m-electron-withdrawing (4-nitrophenyl) or
n-electron-donating (4-methoxyphenyl) substituents. Likewise,
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the variation of the C-substituent within a series of Re()
complexes featuring inverted pyridyl-1,2,3-triazole connectivity
(see Section 5.1.5) only had a modest effect on the photophysical
and electrochemical properties of the complexes.**" This behavior
is surprising, since, for uncomplexed 1,2,3-triazoles, extended
conjugation of the HOMO and the LUMO onto the C- and the
N-substituent, respectively, is expected (see Section 3.4).°% Addition-
ally, other examples have been reported where the variation of the
substituents of the 1,2,3-triazole had a noticeable influence on the
electronic properties of the metal complex,”***** although the effect
is less pronounced than for pyridine."”® Ultimately, the effect of
varying substituents of 1,2,3-triazole ligands on the photophysical
and electrochemical properties of the corresponding metal com-
plexes can hardly be generalized as it depends, amongst others, on
the localization of the frontier orbitals in the complex'’® and, thus,
on the type of the ligand as well as on the metal center.

In conclusion, the analysis of the photophysical and electro-
chemical response in particular of Ru(u) polypyridyl complexes
to the introduction of triazole-analogs as ligands reveals a
weaker c-donor and m-acceptor strength of the triazole relative
to pyridine. Ultimately, the difference in electronic nature
between triazole and pyridine ligands has important implications
for the photophysical properties, e.g., of the corresponding Ru(i)
or Ir(m) complexes, which is relevant for applications in photo-
voltaic'®®'7**%” and electroluminescent devices®”'37%204209:412:424 g
well as photoredox catalysis.*>> Furthermore, on account of the
higher m-acceptor strength relative to pyrazole, triazoles can serve as
valuable ligands in the design of magnetic materials.'”**¢*3¢

5.1.2. Stability of triazole-based coordination compounds.
A particular problem arising for binding studies that compare
ligands composed of different donor types is the potential
interference from effects other than the intrinsic coordinative
bond strength, e.g. differences in structural parameters, steric
demands, and solvation enthalpy and entropy. Some of these
points are addressed in the following, but in most cases
“stronger binding” denotes ‘‘thermodynamically preferred”.
We thus selected examples that either show a high compar-
ability due to their experimental design or that demonstrate the
practical outcome when introducing triazoles into relevant
chelating ligands. The latter is important since the triazole is
particularly suited to construct various multidentate ligand
systems in view of the high synthetic flexibility brought by click
chemistry.

A direct demonstration of the relative bond strength of
pyridine and triazole is provided by Benny et al. who used a
tripodal ligand that features three different donor arms including a
pyridine and a triazole donor (Scheme 13, top).**® The ligand binds
Re(r) or *™Tc(i) in a tridentate, facial coordination mode involving
two arms only giving rise to intramolecular ligand competition.
At high pH values, the triazole is replaced by a carboxylate
(31b), while, at lower pH values, the carboxylate is cleaved and
the dangling triazole arm can re-coordinate again (31a).
This interconversion is reversible and can be monitored by
"H NMR spectroscopy; however, no sign of pyridine decoordi-
nation was observed, which suggests a significantly more
stable coordination in the case of the pyridine. Importantly, the
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Scheme 13 Intramolecular ligand competition demonstrating the stronger

coordination of pyridine over triazole (M = Re() and %*™Tc(), Ar = p-anisyl).>4#42¢

intramolecular ligand exchange of either a pyridine or a triazole by
the carboxylate minimizes interference from steric differences
between pyridine and triazole (vide infra).

Similarly, Rebilly, Banse et al. reported an Fe(u) complex of a
podand ligand building on an ethylenediamine fragment with
three pyridines and one triazole as additional donors (32b,
Scheme 13, bottom).>>* As inferred from UV-vis absorption and
cyclic voltammetry experiments in acetonitrile, in the presence
of one equivalent of chloride the triazole arm is mostly replaced
by a chloro ligand (32a), which identifies the Fe(u)-triazole
bond as weaker than the analogous Fe(u)-pyridine bond.

Reinaud et al. reported another test system consisting of a
calix[6]arene decorated with either three triazoles, imidazoles,
or pyridines (33, 34, 35, Fig. 30)."*” A varying coordination
behavior depending on the nature of the metal was observed:
for electron rich, soft metals, Cu(i) in this case, only a weak
binding was found for the imidazole (34) and triazole ligand
(33) in acetonitrile with the metal dynamically coordinating
only two of three donors at once (“dancing”), suggesting that
the coordination is not stabilized by strong n back-donation. If a
strongly m-accepting carbonyl ligand is simultaneously coordinated
to the Cu(i), the metal center is less electron-rich and the ¢ donation
by imidazole or triazole becomes more important resulting in the
coordination of all three N-donors, i.e. a cooperatively strengthened
coordination is given. In contrast, coordination of three pyridines
and neither “dancing” nor CO coordination was found for the Cu(r)
complex of 35, demonstrating the stronger n-accepting character of
pyridine, which stabilizes the Cu(i) complex.**”**® In comparison,

33 R

! N=N’
N N N \\ Z 1
— — / N N .4 N N N
o7
N

Fig. 30 Pyridine-, imidazole-, and triazole-functionalized calix[6]arenes.*?”
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when using an electron-poor and hard metal center like Zn(u), the
imidazole complex is more stable than the pyridine complex as the
stabilization mainly results from ¢ donation and electrostatic inter-
actions (chloroform was used as solvent in this case). Apparently, the
triazole complex is of intermediate stability as long as no electron-
withdrawing substituents are attached to the triazole.*”” Since
triazole is expected to be a less strong o donor than pyridine, the
increased stability of the Zn(u) triazole complex may originate from
its larger dipole moment"*® (Fig. 26 and Table 1) or a partial bridging
with N2'® (vide supra) in this case. Noteworthy, in other Zn(n)
complexes of podand ligands featuring pyridine and triazole donors,
a weaker Zn(u)-triazole bond has been inferred.*>***°

Besides the above mentioned flexible ligands, polydentate
ligands that are composed of contiguous aromatic N-heterocycles
represent another important ligand class including polypyridines
(¢f Fig. 28). Hecht, Limberg et al investigated the coordination
behavior of a series of tpy-analogous 2,6-bis(1H-1,2,3-triazol-4-
yl)pyridines (29) with Fe(n) using ITC (Table 5 and Scheme 14)."”°
For 4-tolyl-N-substituted triazoles, depending on whether the
substituent on the central pyridine ring is either electron-
donating (R' = OTg with Tg = triethylene glycole) or electron-
withdrawing (R' = COOTg), binding enthalpies of —64 and
—62 kJ mol ™, respectively, and cumulative association con-
stants () of 1.4 x 10% and 6.1 x 10" M2, respectively, were
determined for the formation of [Fe(29),](OTf), in acetonitrile
by successive addition of an Fe(u) triflate solution to the ligand
solution. Furthermore, the possibility of controlling the binding
enthalpy by variation of the triazole substituents was investigated
using strongly electron-releasing and electron-withdrawing sub-
stituents like 4-(N,N-dimethylamino)phenyl and 4-nitrophenyl,
respectively (Scheme 14 and Table 5). Accordingly, the binding
enthalpies correlate linearly with Hammett's 6,4, values'® and
are weakened if the triazoles are functionalized with EWGs
suggesting that the binding strength predominantly results from
o donation with only little compensation by a simultaneously
increased m back-donation. Furthermore, larger influences of the
triazole substituents were observed in the case of an electron-rich
central pyridine ring (R' = OTg) instead of an electron-poor
pyridine (R' = COOTg) as binding enthalpies ranging from
—55 to —76 k] mol~* and from —58 to —64 k] mol ", respectively,
were obtained."”®

It is interesting to compare these thermodynamic parameters
with the data for the Fe(n) complexation with tpy. By addition of
an acetonitrile solution of Fe(u) perchlorate hexahydrate to the
tpy ligand dissolved in the same solvent, the immediate for-
mation of [Fe(tpy),](ClO,), is observed and a binding enthalpy of
—160.7 kJ mol " was determined corresponding to a 8 of at least
10'® M 2.431%32 Notably, a different Fe(u) source was used in this
case, although the effect of the weakly coordinating counterions
(perchlorate vs. triflate) should be negligible in a strongly
coordinating solvent like acetonitrile.*** Furthermore, when dissol-
ving a 1:2 mixture of [Fe(29),]*" and free 29 in acetonitrile, a single
set of broad signals was observed in the "H NMR spectrum due to a
ligand exchange faster than the NMR timescale (note that [Fe(29),]*
is a low-spin complex at ambient temperature). In contrast, fora 1:2
mixture of [Fe(tpy),]*" and free tpy, two distinct sets of tpy signals for
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Table 5 Thermodynamic parameters for the Fe(i) complexation with 2,6-bis(1H-1,2,3-triazol-4-yl)pyridine ligands (at 298 K, cf. Scheme 14)
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R' = OTg R' = COOTg

B AG AH TAS B AG AH TAS
R’= M 2] [kJ mol ] [k] mol ] [kJ mol ] M 2] [kJ mol ] [k] mol ] [kJ mol ]
4-(N,N-Dimethylamino)phenyl 1.1 x 10° —45.8 —75.9 —30.1 6.2 x 107  —44.6 —64.1 —19.5
4-Tolyl 1.4 x 10® —46.5 —64.2 —17.7 6.1 x 10’ —44.5 —61.7 —17.2
4-Nitrophenyl 3.0 x 107 —42.7 —54.8 —12.1 3.0 x 10°  —37.0 —57.9 —20.9

R ] o

[Fe'{OTF),(CH3CN),]

Scheme 14 Formation of bis(tridentate) Fe(i) complexes of 2,6-bis(1,2,3-
triazol-4-yl)pyridine ligands (cf. Table 5).17°

the bis(tridentate) complex and the free tpy ligand were observed
with the expected 1:1 ratio (note that K, > K; for [Fe(tpy).]"" ***),
which is in line with a slow ligand exchange.**” In dichloromethane,
however, two signal sets were observed also for the triazole-
system. Furthermore, addition of two equivalents of tpy to
[Fe(29),]*" in acetonitrile leads to the complete interconversion
to [Fe(tpy),]”" and uncomplexed 29."”° Moreover, for the for-
mation of [Fe(29),](OTf), in acetonitrile at 298 K, the entropic
term (TAS) is in the range of about —12 to —30 kJ mol *,'"°
while it falls between —40 and —70 kJ mol " for the formation
of [Fe(tpy),](ClOy),, if we assume f = 10" M~> as the higher***
and f=10"° M2 as the lower limit and AH = —160.7 k] mol~*.**
Accordingly, the complexation is entropically less disfavored in
the case of the triazole-containing ligand. It is tempting to
speculate whether extensive interactions via hydrogen bonding
and dipole-dipole interactions between the triazoles and the
polar solvent (as discussed in the context of anion binding by
triazoles, vide supra) may lower the complexation enthalpy,"** while,
on the other hand, the liberation of solvent molecules upon
complex formation may support the complexation entropically.**®
Additionally, the more open coordination sphere due to the reduced
steric demand of the triazole (see Section 5.1.4) may lead to a more
severe solvent competition, Ze. a lower complex stability by pertur-
bation of the coordination and an increased lability by allowing a
more associative ligand exchange character (note that, however,
Fe(n) usually shows a dissociative interchange mechanism).**’
Furthermore, structural constraints upon replacement of pyridines
by triazoles, i.e. a more acute bite angle due to the replacement of
six-membered by five-membered rings,>** may further enhance the
lability (“kinetic chelate strain effect”)."*” Ultimately, other effects
than the coordinative bond strength provided by the triazole may
play an important role in the complexation thermodynamics
and kinetics; however, without further experimental insights this
remains speculative.

This journal is © The Royal Society of Chemistry 2014

Similar to the bis(tridentate) Fe(u) complexes, Petitjean et al.
observed much lower binding constants for the formation of
bis(bidentate) Cu(i) complexes with 2-(1H-1-benzyl-1,2,3-triazol-
4-yl)pyridine (26, cf. Fig. 28) in comparison with bpy.*** UV-vis
titration in acetonitrile/chloroform (1: 1) of bpy and its triazole-
analog with [Cu(CH;CN),]BF, revealed a f8 of about 10" M >
and 10° M2, respectively (corresponding to a AG of about
—57 kJ mol™" and —29 kJ mol ', respectively).**®

Nonetheless, in the case of multidentate ligands and metal
centers that typically afford stable and inert complexes, e.g.
Ru(n) and Ir(m),**® the triazole can be conveniently used in
place of other donors without overly compromising the
complex stability. Accordingly, heteroleptic complexes of, e.g.,
Ru(u)*#?*%° can be synthesized (vide supra), which requires slow
ligand exchange kinetics. Furthermore, stable and inert high-
molar-mass Ru(u) coordination polymers can be formed with
ditopic tridentate ligands based on 29.%*

Although the above studies on multidentate ligands are of high
practical relevance, an unstrained, monodentate coordination is
more suitable to judge the individual coordination strength of the
triazole. Van Koten, Klein Gebbink et al. elegantly used a cyclo-
metalated Pt(n) N*C*N-pincer complex as probe,*** which offers a
single vacant coordination site where a ligand can coordinate in a
labile fashion due to the trans effect imposed by the strong
carbanionic donor.*** Thus, by using equal amounts of a tetra-
coordinate Pt(un) complex featuring a triazole-based reference
ligand (36a) and a competitive ligand, the established equilibrium
is a direct measure for the relative binding strength of both
ligands (Scheme 15). Assuming that steric effects are negligible
in this case, the binding strength of triazoles noticeably depends
on the C- and N-substituents and increases in the order phenyl <
H < benzyl < alkyl (¢f 36a-36d). In the case of 36d, the triazole
approaches the binding strength provided by pyridine, while
imidazole allows a superior binding over triazole and pyridine,
i.e. the complete replacement of the triazole reference ligand by
imidazole. The crystal structures of the Pt(u) complexes with
triazoles 36a and 36c¢ reveal a linear coordination via N3 with
the triazole ring being twisted out of the plane of the N*"C"N
pincer ligand, which is expected to enable a rather weak n back-
donation.**® Assuming an out-of-plane arrangement also for the
other aromatic ligands, the above ranking appears to be dictated
by the o-donor strength,*** which is corroborated by the stronger
binding of imidazole in comparison to pyridine (vide supra).
Furthermore, the observed bond lengths between triazole and
Pt(u) apparently correlate with the observed binding strengths, i.e.
the Pt-N3(36a) bond is significantly longer than the Pt-N3(36c)
bond (2.149(2) and 2.139(2) A, respectively).*** A similar trend has

Chem. Soc. Rev., 2014, 43, 2522-2571 | 2547



Published on 03 February 2014. Downloaded by Thueringer Universitats Landesbibliothek Jena on 24/03/2014 15:25:18.

Chem Soc Rev

View Article Online

Review Article

PINCN = L= L2= P
Ph Ph CgH
NMe; "] BF, N NH, N N N 61113 N N N
. T I Tx K[ T O L
pil— ! N N N N N = N
[ S H \ \
' ) ) ) CeHiz
NMe, PH PH Ph
36a 36b 36c 36d
Ka
PINCN-L1 +12 === PINCN-L2 +L1 K,= 002 03 1 4.2 6.5 18.5 19.5 >>20

Scheme 15 Competitive binding strength of selected ligands (donor atoms in boldface, determined in dg-acetone).

also been observed for Pd(n) complexes.**> The influence of the

substituents is also reflected by the variation of the NBO charge
of N3, which was calculated to be, e.g., —0.28 and —0.22 in the
case of a methyl and carboxy substituent, respectively, in the
4-position.>”®

5.1.3. Bond lengths. It is of importance to note that the
bond strength-bond length correlation only holds for identical
types of donors. Since various contributions act together in a
(coordinative) bond, e.g., o- and m-orbital interactions as well as
electrostatic interactions, the bond strength cannot be correlated
with the bond length for different types of donors.>83446:447

When comparing analogous pyridine and triazole complexes,
shorter bond lengths have been reported in the case of the
triazole for a variety of ligand architectures and metal centers,
e.g. monodentate complexes of Pt(i),**"**® bidentate complexes
of Ru(m)** and Ir(m),>”>**° and tridentate Ru(u)'®*'7°**° com-
plexes. The former suggests that this is not just due to structural
restraints within a chelating ligand. Also if pyridine and triazole
donors are combined within the same ligand, the same trend is
observed for various transition metal complexes, e.g. of Ni(1r),"*°
Ru(n),** Pd(u),"* Re(1),"*”*7***" Ir(mr),"*® and Pt(u),"*> and even if
the triazole is coordinated via N2,**"*** which is a very weak
donor (see Section 5.1.5). Occasionally, comparable metal-N
bond lengths with pyridine and triazole have been reported for
Cu(1),**® Ni(),*” and Re(1)*®” complexes. By trend, however, the
triazole affords shorter coordinative bond lengths than pyridine,
but, with respect to the above binding studies, the shorter bond
lengths do not imply a stronger coordination in this case.

Besides different steric demands®® (see Section 5.1.4) and
differences in electrostatic contributions (larger dipole moment
but lower partial charge at the nitrogen donor for triazole), a
potential explanation may be the difference in p character of
the o lone pair when comparing five- and six-membered-ring
heterocycles. The more acute bond angle at the nitrogen donor
in the five-membered ring (triazole = 108.9° vs. pyridine =
117.3°)*** is expected to increase the s character of the in-
plane o lone pair,"*>*' which would reduce its size (orbital
coefficient) and lower its energy.**®**>*3* A parallel trend is
found for N-heterocyclic carbenes.*** In addition, in the case of
triazole, both N3 and N2 feature adjacent electron-withdrawing
nitrogen atoms which may increase the p character of the ring
N-N bonds while increasing the s character of the ¢ lone pair
(¢f Bent's rule).*”> On the other hand, a larger p orbital
contribution to the o lone pair is anticipated for pyridine,
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which would result in a more efficient charge transfer even at
longer distances as well as an increased energy of the ¢ lone
pair.*$!

5.1.4. Steric effects of triazole-based ligands. An exclusive
feature of the 1,2,3-triazole in comparison to pyridine or
imidazole is the presence of a nitrogen atom adjacent to the
nitrogen donor reducing the steric demand of the ligand, which
has important implications for the flexibility and the lability of
the corresponding transition-metal complexes. In the following,
we focus on the triazole’s N3-donor noting that an analogous
effect can be expected for coordination via N2, too.

Petitjean et al. investigated the redox behavior of Cu(r) complexes
of the bpy-analog 2-(1H-1,2,3-triazol-4-yl)pyridine (26, Scheme 16).***
In a weakly electron-donating/non-coordinating solvent like
dichloromethane, the oxidation of [Cu'(26),]" requires a more
positive potential than for [Cu'(bpy),]’, which is expected on
account of the weaker ¢ donation from the triazole (vide supra).
Interestingly, in a strongly electron-donating/coordinating
solvent like THF,**® the redox potential of [Cu'(26),]" is signifi-
cantly lowered (by almost 0.4 V) and even slightly below the
potential of [Cu'(bpy),]". This can be attributed to the reduced
steric demand of the triazole facilitating a structural transition
from a tetrahedral to a square-planar coordination for
[Cu"(26),]*", which is stabilized by coordination of solvent
molecules in axial positions. In the resulting distorted

+ R n+
N 7 N_ N B
// \ / <
=N e, =N 1N
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Scheme 16 Reduced steric demand of triazole-containing chelates in
comparison to polypyridines. 259438
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octahedral coordination, the bidentate ligands occupy the
equatorial positions in a mutual head-to-tail (i.e. antiparallel)
arrangement>®®****7 in order to avoid repulsion between the
pyridines and, according to DFT calculations,*" enable hydrogen
bonding between the 6-proton of the pyridine and the 2-nitrogen
of the triazole (¢f Scheme 16). The same antiparallel, planar
arrangement of 26 was confirmed by single-crystal X-ray diffraction
for Pd(u),** Ni(n),> and Zn(u)*'® complexes. In the case of
[Cu"(bpy),]*", in an energetically favorable in-plane coordination
of two bpy ligands the 6,6"-protons of the different ligands would
encounter, which is avoided by alternative octahedral or distorted
trigonal-bipyramidal coordination.””®*>* In contrast, the Cu(i)
complexes featuring triazole-based ligands allow a defined,
redox-mediated switching from an orthogonal wrapping of both
ligands around the metal center to an extended linear arrange-
ment with respect to the triazole substituents, which makes
them attractive for application in molecular machines.**®

Also for bis(tridentate) Fe(ir) complexes of 2,6-bis(1H-1,2,3-
triazol-4-yl)pyridine ligands (29, Scheme 16), a different redox
behavior than for the analogous tpy complex has been noted by
Flood et al.”*® With an increasing amount of water in the
electrolyte, the current of the reduction peak of the electro-
chemically generated [Fe™(29),]*" is successively decreased, while a
second reduction wave at much lower potentials is simultaneously
built up. Thus, the formation of a seven-coordinate, aquated
complex, [Fe™(29),H,OJ*", has been proposed, which may addition-
ally undergo a subsequent displacement of one of the triazole-arms;
however, this process is fully reversible upon regeneration of the
Fe(u) center. Notably, such redox behavior is not observed for
[Fe"(tpy),J**, which is apparently less susceptible to stabilization by
an additional ligand in its oxidized Fe(m) state. This difference can be
rationalized by the reduced steric demand of the triazole-ligand 29
causing a more exposed metal center as well as a shallower
calculated potential-energy well for the angular distortion of a ligand
plane (¢, ¢f Scheme 16).>*°

For the above-mentioned Zn(u) complexes featuring
calix[6]arene-based ligands studied by Reinaud et al. (Fig. 30),
in the case of triazole arms (33), a more rapid exchange of guest
ligands (G) bound within the cavity was observed than with
imidazole arms (34, Fig. 31).**” Again, the higher lability of the
triazole-based system may be attributed to the triazole’s
reduced steric demand allowing the transient formation of a
five-coordinate complex by remote coordination of, e.g, a

via: S N —l 2+_

lability: 33 > 34 guest-ligand exchange

Fig. 31 Faster guest-ligand exchange on the triazole-based Zn() cavitands
due to more open sterics facilitating an associative mechanism (S = residual
H,O in CHCls, cf. Fig. 30).4%’
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solvent molecule, thereby enabling a rapid guest-ligand exchange.
This is corroborated by the observation that the guest ligand G is
more weakly bound to Zn(u) in the case of the triazole system when
compared to its imidazole counterpart, in other words, the remote
coordination lowers the Lewis acidity of the Zn(u) center. In contrast,
the imidazole features an o-CH-group preventing competitive
remote coordination and associative ligand exchange.””” Conse-
quently, the more open coordination sphere brought about by the
triazoles has important implications for both thermodynamics and
kinetics of the corresponding coordination compounds.

5.1.5. Regular vs. inverse coordination. 1,4-Disubstituted
1H-1,2,3-triazoles offer two different nitrogen donors, which
can coordinate individually or simultaneously in a bridging
fashion.”169:366:460461 A nrime example for the latter is the
dimeric Cu(r) complex of TBTA (Fig. 32), which is one of the
most efficient CuAAC catalysts (see Section 2.2).°*°' However,
to understand the properties of both nitrogen donors, only
individual coordination is considered in this paragraph.

In comparison to the “regular” coordination via the 3-nitrogen
of the triazole, exploitation of the 2-nitrogen for metal coordina-
tion implies permutation of azide and alkyne building blocks and
can thus be regarded as “inverse” connectivity (Fig. 33). Schibli
et al. first directly compared the coordination via N3 (37a) and N2
(37b) using otherwise identical chelators in the formation of
Re() and radiolabeled **™Tc(i) complexes.'”® The determined
9MTclabelling capacities were much higher in the case of
coordination via N3, which, in turn, was a littler lower than for the
analogous N-methyl imidazole-based ligand, ie. N-methyl histidine.
The increased complex stability was attributed to the higher electron
density at N3 (vide infra)."*® Consistently, for a Zn(n) triazole complex,
DFT calculations indicate a stability that is 20% higher for the
N3-coordination than for the N2-coordination.*®

Fig. 32 Solid-state structure of a Cu(l) TBTA complex (thermal ellipsoids
drawn at 50% probability level, solvent molecules, counterions, and
hydrogen atoms omitted for clarity).>*
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CcO CO
37a 37b
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Fig. 33 “Regular” vs. “inverse” coordination (M = Re(), °°™Tc(), R =
various biomolecules).**°
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Scheme 17 Competitive binding study to demonstrate the stronger
donation from the 3-nitrogen (the available binding sites of 38 are denoted
with dashed circles, metal precursor = [Pd(CH3CN)4]1(BF4), or Cu(ClOy),-
6H,0, M = Pd?* or Cu(ClO,),). 36044

The stronger binding by N3 was demonstrated directly in a
competitive binding study with Pd(u) by Crowley et al. and with
Cu(u) by Dalal, Shatruk, Zhu et al. (Scheme 17).>°***> When
employing a ligand that offers two binding sites involving
either the N2 or N3 of the triazole along with a pyridine donor
(38), solely an N3-bound, square-planar bis(bidentate) Pd(i)
complex, [Pd(38a),]*", or a distorted octahedral Cu(i) complex
with 38 occupying the equatorial positions, [Cu(38a),(ClO,),], is
obtained (Scheme 17, left). Formation of the N2-bound analogs
is enabled if bidentate coordination via N3 is unavailable (40),
and the complexes [Pd(40),]*" and [Cu(40),(ClO,),] can be
isolated (Scheme 17, right). When compared by means of
DFT calculations, [Pd(38a),]*" is more stable in vacuum than
the hypothetical [Pd(38b),]>" by about 80 k] mol *.*** In the
case of the Cu(u) complexes, ITC experiments were conducted in
acetonitrile at 298 K and the estimated cumulative association
constant (f) for the formation of a 2:1 complex between
Cu(ClO,), and 39 or 40 was about 100 times higher for
[Cu(39),(ClO,4),] than for [Cu(40),(ClO,),]. Interestingly, the
entropic term (TAS) of about —50 kJ mol " and —40 kJ mol *,
respectively, represents a relatively high penalty, in particular for
the formation of [Cu(39),(ClO,),]. As a consequence, the binding
Gibbs energies (AG) of about —40 k] mol " and —30 kJ mol " for
the Cu(u) complexation with 39 and 40, respectively, are more
similar than the binding enthalpies (AH) of about —90 kJ mol *
and —70 kJ mol ', respectively. Importantly, the differences
cannot be correlated solely with the involved donors N3 and
N2 as the complexes differ in the size of the chelating ring.
While in all cases the bidentate ligands adopt an antiparallel
arrangement (vide supra), in the complexes of 40, the methylene
bridge of the six-membered-ring chelator enforces a twisted
square-planar coordination®®®**>*®* that potentially diminishes
n interactions. Moreover, the methylene bridge can adopt a
syn- or an anti-arrangement with both being in a dynamic
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equilibrium as inferred from variable-temperature NMR experi-
ments in the case of [Pd(40),]*".*** The greater flexibility may
also explain the smaller entropic penalty for the formation of
[Cu(40),(ClO,),]. Furthermore, in line with the above-mentioned
influence of the triazole’s substituents on the binding strength
(¢f Scheme 15), for the N3- and N2-coordinated Pd(u) complexes
a significantly shorter Pd-N(triazole) bond was observed when
the respective N1- and C4-substituents were benzyl instead of
phenyl.**®

As for the latter examples, coordination via the triazole’s N2
along with a pyridine donor often involves a six-membered-
ring chelator featuring a methylene bridge between the two
aromatic donors (¢f Scheme 17),'09*21422445:465 hecayge it is
synthetically more difficult to install the azide function at a
pyridine ring, in particular multiple azides.>****” Nonetheless,
a 2-(1H-1,2,3-triazol-1-yl)pyridine ligand featuring C-N connec-
tivity has been presented as well,"””* which allows a better
comparison to its counterpart with C-C connectivity (26).
According to DFT calculations, the direct C-N connectivity
allows an extension of the n* orbitals over both triazole and
pyridine (see Section 3.4)."”* Thus, a higher n-acceptor strength
of the bidentate ligand coordinating via N2 is expected due to
the energetically lowered n* orbitals.

To gain deeper insights into the two N-coordination modes
of the triazole, De Proft, Kosmrlj et al. studied a series of
transition-metal complexes of regular and inverse bidentate
ligands (Fig. 34) both experimentally and theoretically.'®®
Notably, the investigated ligands already represent a minimal
ligand system, which cannot be further simplified since an auxiliary
donor has to enforce the evidently weaker N2-coordination.**!
Experimentally, stable inverse complexes of Cu(u), Ag(y), Pd(u),
Pt(u), and Ru(u) were obtained only with ligand 40, but not with
41a. For the regular ligand 41b, at least the formation of a stable
Pt(n) complex was observed.'®*’® While the partial charge (Fig. 34)
only reflects the net charge of the atom,””” still the interaction with
the o lone pair is expected to increase in the order N2 < N3 <
pyridine < amine parallel to the increasing base strength (see
Section 3.5).”*® Accordingly, the complex stability in this series is
not governed by the c-donor strength alone and the necessity of a
pendant pyridine group (40) to achieve stable complexes can be
ascribed to the m back-donation with the pyridine, which provides a
stronger binding itself, but also makes the metal center more
electrophilic and, hence, cooperatively strengthens the triazole’s o
donation."****

Furthermore, model complexes of the above-mentioned
metal centers featuring the bidentate ligand 40 or 41a/b as well
as additional ammine ligands (NH;) were investigated theoretically.

N ~
Ph*(/\ Oy Ph*(/\ R Ph—N\/\K\I
n=N N~ N=N NH, N=N NH,
40

41a 41b
(-0.07)  (-0.48) (-0.08)  (~0.92) (-027)  (-0.92)

Fig. 34 Regular and inverse bidentate chelators examined in the com-
plexation of Cul(i), Ag(), Pd(i), Pt(i), and Ru(i) including the NBO charges of
the different nitrogen donors (bold).**°
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By the help of an EDA,*”® the contributions from orbital and
electrostatic interactions to the attractive interactions were analyzed.
However, as mentioned above, the very different o-donor strengths
of the involved donors are apparently levelled out and the n back-
donation is determining for this series. In comparison to the
uncoordinated triazole, the calculated NICS values (see Section 3.2)
increase upon metal complexation, in particular for N3-coordination,
which can be attributed to a delocalization of metal d electrons into
n* orbitals of the ligand. Accordingly, coordination of the triazole via
N3 allows a stronger © back-donation than for N2-coordination. This
is in line with the experimental observation that 41b affords a stable
Pt(n) complex, while 41a does not.'®

5.2. 1,2,3-Triazolates as anionic nitrogen donors

If 1,2,3-triazoles are N-unsubstituted, they can serve as triazolato
ligands after deprotonation. The resulting triazolate anion features
three nitrogen donors, which allows various coordination modes
including the formation of bi- and trimetallic complexes (Fig. 35).
Here, we denote the huge variety of metal-ligand interactions
offered by triazolate ligands, but a more detailed discussion would
go beyond the scope of this review. Furthermore, the extensive
metal-ligand interactions offered by the triazolate often lead to the
formation of insoluble polymeric coordination compounds thus
being rather a subject of crystal engineering. Accordingly, triazolato
ligands can be exploited in the design of metal-organic frameworks
(MOFs) and the reader is referred to a recent review by Gamez et al.
of this particular field.**®

If 1,2,3-triazolates are integrated in chelating ligands, a defined
coordination viaz N1 to a single metal center is enabled.**”** For
instance, bpy- and tpy-analog 1,2,3-triazolate-based ligands (43 and
44, Fig. 36) have been employed to obtain Ir(m) and Ru(u) complexes,
respectively, that are suitable for applications in light-emitting
diodes and dye-sensitized solar cells, respectively.****”° Depending
on whether an internal or terminal alkyne is utilized, the ligands can
be synthesized via thermal 1,3-dipolar cycloaddition or via CuAAC,
respectively,*®® when using, e.g., azidomethyl pivalate, which allows
the cleavage of the N-substituent after the 1,2,3-triazole synthesis.*”*
The 1,2,3-triazolate ligand can be reversibly converted into
the corresponding 1H-1,2,3-triazole ligand by protonation.
According to the response of the photophysical properties of
the Ru(u) complex of 44 to protonation, i.e. 1H-1,2,3-triazole

R o M o M o

Ne N2 N_ N —NUOINC NN NONC

N M SN M N M ’T‘ M M 'T‘ M
b M M

42a 42b 42c 42d 42e

Fig. 35 Selected interaction modes of a (symmetrical) 1,2,3-triazolate
anion.

R | ~ R
/N "ﬂ S NN
=N -N-N N\\ _ _ //N
N—N N—p
43 44

Fig. 36 1,2,3-Triazolate-based chelates (note that the ligands are drawn
as if coordinated).*68470
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formation (c¢f. 29), the 1,2,3-triazolate offers a significantly higher
o-donor and n-donor strength than the 1H-1,2,3-triazole.*®®
Importantly, the 1,2,3-triazolate-based chelating ligands do
not afford coordination isomers, which is in contrast to their
1,2,4-triazolate-analogs.*”>

Apart from the above examples, when coordinated to a
single metal center as a monodentate ligand, the triazolate
coordinates preferentially via N2 (42b), which is due to steric
and electronic reasons (cf. the higher stability of the 2H-1,2,3-
triazole discussed above). Alternatively, the triazolate can be
directly formed with an azido ligand at the metal center with the
N1-coordinated triazolate complex (42a) being the kinetic product
and the N2-coordinated complex being thermodynamically more
Stable.473_478

In the case of bimetallic complexes, simultaneous coordination
via N1 and N3 (distal, 42c) is preferred over the coordination via N1/
N3 and N2 (proximal, 42d),””***® which is in analogy to the higher
stability of 1,3H-1,2,3-triazolium salts and the preference for N3-
coordination in the case of N1-substituted triazoles (vide supra). Still,
formation of 42d can be promoted by the formation of dimers**®*5!
or if the two metal centers are held in proximity by an auxiliary
bridging ligand.*”**%> Accordingly, for the latter, a transition from
42d to 42c is observed if the bridging coordination is broken by an
additional ligand."”® Interestingly, for a dinuclear Ru(1) complex of a
4,5-di(2-pyridyl)-1,2,3-triazolate ligand, which clearly adopts coordi-
nation mode 42c¢, a strong electronic communication between the
two metal centers was observed.*®

Homo- and heterotrinuclear coordination compounds of type
42e as well as clusters, coordination polymers, and metal-
organic frameworks (MOFs) thereof assemble with various metal
centers and the obtained materials can feature, for instance,
interesting magnetic properties and high porosities.***°

5.3. 1,2,3-Triazolides as carbanionic donors

A valuable, alternative coordination mode of 1,2,3-triazoles is
the coordination via a carbanion in the 5-position. In order to
differentiate, we want to use the term “triazolide’”8%'°° for the
carbanion in contrast to “triazolate” for the anionic nitrogen
donors. As for other carbanionic donors,**® a powerful ¢ and =
donation can be expected, which is though tamed by the
stabilizing nitrogen ring atoms as indicated by the higher
CH-acidity of the 1,2,3-triazole relative to benzene (cf.
Table 2). In contrast to the coordination via the triazole’s
nitrogen donors, the formation of triazolide complexes requires
more challenging synthesis strategies, which are described in
more detail in the following paragraph.

Notably, Cu(1) triazolides are intermediates in the catalytic
cycle of the CUAAC (see Section 2.2).8":%% They are labile and
readily cleaved in protic media, which is essential for the
CuAAC to proceed. Alternatively, the triazolide can be transme-
talated from Cu(1) to transition metals that form more stable
and inert complexes. As the probably most general approach, a
two-step, one-pot procedure presented by Swager et al. can be
applied (Scheme 18, top).'® When using stoichiometric
amounts of [Cu(CH;CN),]PFs, triethylamine as base, NaH as a
proton scavenger, and THF as solvent, the CuAAC afforded the
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Scheme 18 Ir(i) triazolide synthesis via transmetalation from a Cu()
triazolides and conversion to the corresponding triazole complex as the
thermodynamic product (top).*°° Direct cyclometalation using a chelating
ligand bearing a 1,5-disubstituted 1,2,3-triazole and post-complexation
functionalization (L = CHsCN, R? = Me or H, bottom).*°

Cu(1)-coordinated triazolide 45 in high yields at ambient
temperature. Subsequent addition of a suitable precursor, e.g.
[Ir(2-phenylpyridine),(p-Cl)], allowed the convenient prepara-
tion of the Ir(m) triazolide complex 46 by transmetalation."*
Notably, the direct conversion of the free 2-(1H-1,2,3-triazol-4-
yDpyridine (26) only afforded the Ir(ui) triazole complex 47 and
no C-H activation was observed although this is common
for Ir(m). Likewise, the triazolide Ir(m) complex 46 could be
thermally or photochemically converted to the corresponding
triazole complex 47 in the presence of a proton source
(Scheme 18, top), presumably as the repulsive interaction
between trans-aligned carbanions is avoided in the cationic N-
bound complex.**

Alternatively, a chelating ligand featuring a 1,5-disubstituted
triazole (48) can be used to circumvent the N-coordination of
the 1,2,3-triazole®*® and, thereby, enable a direct cyclometalation by
C-H activation at the triazole (Scheme 18, bottom).>*® Subsequently,
the 1,2,3-triazolide complex (49) can be alkylated or reversibly
protonated to obtain the corresponding 1,2,3-triazolylidene complex
(50, vide infra).>*

As mentioned above, transmetalation from Cu(i) triazolides
usually requires aprotic conditions; however, this depends on
the rate of the transmetalation step. Accordingly, the formation
of a Re(1) triazolide by intramolecular transmetalation from the
corresponding Cu(i) complex 51 in aqueous media (THF/water

4:1) was reported by Miguel et al. (Scheme 19)."°> When using
Rel
N [Re|=
c [ ]k S
N3 B‘r /[ ‘e] N Ph K‘[Rell ==
[cul N B . NHs N / \ Y
oo ,“\/\/gf[Cu'] @ N, 7ON
=—Ph N N N Ph Re!
Ph—¢ N N </oc”>3__‘co
Ph N i
Rel__/ cuBry
51 52 53

Scheme 19 Formation of a Re() triazolide complex by intramolecular
transmetalation.*®?
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catalytic amounts of Cu(i) for the CuAAC, a Re(1) complex with a
pendant, hydrolyzed triazole was obtained, while stoichiometric
amounts allowed transmetalation of the triazolide to Re(x). Although
an intramolecular transmetalation should be concentration-
independent, a second metal center may assist the transmetalation
by remote coordination to the triazolide and/or by halide abstraction
from the Re(). Under these conditions, the Re(1) triazolide is
obtained as dimeric, Cu(r)-bridged, heterotrinuclear complex 52.
Subsequently, the free Re(1) triazolide complex 53 can be obtained
by Cu(1) abstraction with ammonia and, again, the corresponding
Re(i) triazolylidene complexes can be obtained by alkylation or by
protonation. In comparison to the Re(i) triazolide complex, the
Re(1)-C bond is slightly shorter in the Re() triazolylidene complex.***
Notably, at elevated temperatures and when using an excess of acid,
the Re(1)-C bond is cleaved (vide infia).

Depending on the ligand architecture, also 1,4-disubstituted
triazoles may undergo a direct C-H activation. Gandelman et al.
demonstrated that a thermodynamically favored pincer-type
triazolide Pd(u) or Pt(u) complex (56) can be formed at elevated
temperatures and in the presence of a proton scavenger via
“rollover” cyclometalation®®® of a bidentate triazole complex
(55), which initially forms as a kinetic product (Scheme 20).*%**"
Subsequently, the Pd(u) or Pt(n) triazolide complexes (56) can be
converted into the corresponding triazolylidene complexes via
alkylation (57).**” Notably, when using pendant phosphine donors,
the nucleophilic phosphorous(m) needs to be protected either as
phosphine oxide or as borane adduct to prevent a Staudinger
reaction with the azide."***®"*° Subsequent deprotection is
achieved by reduction with trichlorosilane or addition of a sacrifi-
cial amine, respectively. Besides the direct C-H activation, the
triazole can be deprotonated using n-butyl lithium followed by
transmetalation to, e.g., Pd(u).*>> Interestingly, the PAC~P-pincer
ligand based on the five-member triazole ring (54) can apparently
accommodate the Pt(u) center with less strain than the phenyl-
based counterpart as indicated by the shorter Pt(u)-C bond lengths
and smaller torsion of the donor arms in the complex of the
former.*>> Moreover, in contrast to classical functionalization of a
central ligand backbone to build up a pincer system, the implicit
formation of the backbone upon ‘“clicking” of different azide
and alkyne building blocks greatly facilitates the synthesis of

N=N
A
N N\\ E'=P(R"); E2=P(R"), SPh
E1 EZ
H
54
2 2
E R?
) "rollover" N:N\ N_N\ o

2
cyclometalation N R°X O N
ao— 7

—_—

M) /N
s L )

rt ET:: N NEt;, 70 °C E1~-.‘_M,,<_—E2 Ele B2
M I i
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demonstrated for: demonstrated for:
M=Pd'; E' = E2= P(R"), M= Pd'; E' = E2 = P(R"),
M=Pd", E' = P(R"); E2=SPh M=Pt"; E'=E2=P(R"),
M=Ptl; E'=E2=P(R"),
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Scheme 20 Synthesis of triazolide pincer complexes and post-complexation
functionalization.*>=4%”
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Scheme 21 Direct formation of Au()) triazolides from the corresponding
azide and alkyne precursor complexes (in the case of 58, the 1H-form is
inferred from the solid state structure, but rapid tautomerization may
occur in solution),107:108.500

unsymmetrically substituted pincer ligands (54) with tailored steric
demand and electronic properties.***

Apart from prior triazole formation and subsequent complex
formation, cycloadditions involving metal azides and/or metal
acetylides provide a direct access to 1,2,3-triazolide complexes.*””
As reported by Gray et al., Au(r) acetylides can efficiently undergo
(3+2) cycloaddition at ambient temperatures in toluene with in situ
generated hydrazoic acid to form Au(i) complexes of 4-substituted
1H-1,2,3-triazolides (58, Scheme 21, top).’® Notably, these Au(i)
triazolide complexes are stable towards hydrolysis as they are
formed in the presence of protic solvents and are protic species
themselves. Mechanistically, the formation of a Au(i) azido complex
is believed to be essential since it can be used directly as a reagent
(Scheme 21, top) and is observed when Au(1) acetylides are
combined with hydrazoic acid equivalents (trimethylsilyl azide in
methanol), while non-hydrolyzable organic azides are not con-
verted.'””** However, the carbophilic and n-acidic Au(i) is likely
involved in the activation of the acetylide,” which would explain
the formation of (C-coordinated) triazolide complexes (58) instead
of (N-coordinated) triazolate complexes (42a/b, vide supra). Alter-
natively, organic azides can be reacted with Au(i) acetylides (59,
Scheme 21, bottom) in the presence of catalytic amounts of Cul(r)
even in aqueous media.'”'® In analogy to the CuAAC (cf
Scheme 5),%*> the Cu(1) most likely m-coordinates at the Auf(i)
acetylide and subsequently mediates the cycloaddition with the
organic azide, which allows the preservation of the Au(1)-C bond. It
should be noted that Pt(u)-coordinated acetylides were not affected
under CuAAC conditions."®°

Furthermore, Veige et al. reported a clean cycloaddition
between Au(r) azido and acetylide complexes at room tempera-
ture resulting in the corresponding C,N-coordinated bimetallic
complex (Scheme 22, top), thus being termed inorganic click
reaction (“iClick”)."”*> With respect to the isolobal relationship
between a proton and Au(i), a 4-substituted 1H-1,2,3-triazole
(60a), ie. the “1,4-regioisomer”, was obtained as the major
product, as observed for the cycloaddition involving only a
single Au(i)-coordinated reaction partner (¢ff Scheme 21, top). This
is in line with the regioselectivity of the CuAAC;”®> however, the
mechanism of the Au(i}-promoted cycloaddition is not understood
yet. Besides, traces of another product were observed, being
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Scheme 22 Cycloaddition between metal-coordinated alkynes and
azides as inorganic click reaction (“iClick”, R = aryl, L = phosphine).}”%°%2

potentially the “1,5-regioisomer”” (60b) or the 2H-1,2,3-triazole-
analog (60c). While the partial formation of the latter (potentially
being the thermodynamic product) would be plausible in view
of the greater stability of the 2H-1,2,3-triazole (see Section 3.3) and
N2-coordinated triazolates (¢f Fig. 35, 42b), the concomitant
C-coordination may cause a different coordination preference
(¢f Scheme 21, 58).°” According to DFT calculations, the major
product 60a is more stable than the hypothetically formed 60b,
not least due to the more efficient HOMO delocalization onto the
C-phenyl ring in the case of 60a.

As mentioned above, various metal azides undergo cycloaddition
with alkynes (see Section 5.2). Accordingly, the azide scope of the
“iClick” reaction is not limited to Au(y) azido complexes. Recently,
Veige et al. demonstrated that Pt(n) complexes bearing two azido
ligands undergo cycloaddition with Au(i) acetylides, resulting in the
formation of heterotrinuclear 1,2,3-triazolide complexes (61,
Scheme 22, bottom).>**> Nonetheless, the reaction may suffer from
azide-acetylide scrambling, with Pt(u) acetylides refusing to undergo
cycloaddition. In any case, the formed 1,2,3-triazolides feature a
Au(1)-C bond, suggesting the crucial role of Au(1) in the activation of
the alkyne.>”!

To conclude, 1,2,3-triazolides are intriguing donors as their
electronic properties can be strongly manipulated via protona-
tion, alkylation, and metal coordination at the remote nitrogen.
In the latter case, the 1,2,3-triazolides serve as bridging ligands,
which can also result directly from a cycloaddition between
individual azido and acetylide metal complexes.

5.4. 1,2,3-Triazolylidenes as mesoionic carbene ligands

N-heterocyclic carbenes (NHCs), i.e. heteroatom-stabilized,
nucleophilic singlet carbenes, have found myriads of applica-
tions in coordination chemistry and (organo)catalysis.>*%>9373%8
The prototypical imidazol-2-ylidene, which could be isolated in
its free from by Arduengo et al.,”****® was shown to be an
excellent ligand allowing strong o donation and moderate ©
back-donation and, thus, very stable metal-carbon bonds.
Successively, the stabilizing effects within the parent
imidazol-2-ylidene could be reduced to achieve even stronger
electron donors than the classical NHCs.”'>>'" Unexpectedly,
Crabtree et al. discovered a C4-coordinated imidazolylidene,
which was therefore called abnormal carbene.”'*" Regarding
the 1,2,3-triazole framework, although the nucleophilic character
of deprotonated triazolium cations was discovered earlier by
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Fig. 37 Resonance hybrids and contributing structures of imidazol-2-
ylidene (top) and 1,2,3-triazolylidene (bottom).

Begtrup,’*® their great potential as strongly c-donating ligands

was recognized much later by Albrecht et al®®® In contrast to
imidazolylidenes, solely the abnormal coordination mode is
available for 1,2,3-triazolylidenes. The question arises, how the
abnormal coordination mode impacts the electronic structure
and if the term carbene is still justified. While normal NHCs are
represented best by a neutral structure featuring a divalent
carbon formally bearing an electron sextet, which is stabilized
by virtue of ylidic (zwitterionic) contributing structures,”"” no
reasonable charge-neutral structure can be drawn for abnormal
carbenes (Fig. 37) suggesting the name mesoionic carbenes
(MICs).>'®>'° Despite the formal zwitterionic character of the
latter,>***! the charge separation is diminished via delocaliza-
tion within the aromatic system and, on account of the electron-
withdrawing ring heteroatoms, significant contribution of a
carbene structure can be expected (Fig. 37). A reinforced anionic
character of MICs is expected nonetheless and the carbene
character may be lowered, but the term carbene is still justified,
not least because MICs essentially behave like NHC ligands, ie.
they are exceptionally strong ¢ donors and moderate © acceptors,
which is in contrast to strongly o- and m-donating carbanions
including 1,2,3-triazolides (vide supra).*®

The above points are discussed in more detail in the following
chapter. In order to complete our survey on the triazole’s manifold
supramolecular interactions, we provide an overview of mesoionic
carbenes derived from 1H-1,2,3-triazoles, namely 1,3-substituted
1,2,3-triazolylidenes. For further information including application
in catalysis, the reader is referred to an early review by Crowley
et al®® and a recent review by Albrecht et al>*” Furthermore,
reviews on abnormal carbenes have been presented by Albrecht
et al.***'>%23 and Crabtree.”"* According to the above explanations
and in line with other authors, we omit the zwitterionic charges
when drawing metal complexes of triazolylidenes and use both
terms abnormal NHC and MIC.>** Furthermore, it should be
noted that referring to the carbene center as 4- or 5-position can
be ambiguous and will thus be avoided if possible.”**

5.4.1. Electronic properties of 1,2,3-triazolylidenes. The
free 1,2,3-triazolylidene was unambiguously identified by
single-crystal X-ray diffraction (Fig. 38). In comparison to the
corresponding triazolium salt, the N1-C5-C4 bond angle is
more acute (106° vs. 100°) and the N1-C5 and C4-C5 bonds are
elongated in line with an increased s orbital contribution to the
carbene lone pair, which is indicative of a singlet carbene and
allows a better stabilization.>?®3°%%°%1% For triazolylidene
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Fig. 38 Solid-state structure (thermal ellipsoids drawn at 50% probability
level, counterion and protons, except for C5, omitted for clarity) of
1,3,4-tris(2,6-diisopropylphenyl)-1,2,3-triazolium (top left, N1-N2: 1.3201(16),
N2-N3: 1.3278(16), N3—-C4: 1.3819(16), C4-C5: 1.3713(19), C5-N1: 1.3523(17),
£ N1-C5-C4: 106.36(12)) and 4-tert-butyl-1,3-bis(2,6-diisopropylphenyl)-
1,2,3-triazol-5-ylidene (top right, N1-N2: 1.3420(7), N2-N3: 1.3302(7), N3—
C4: 1.3763(8), C4-C5: 1.4041(8), C5-NL1: 1.3655(8), . N1-C5-C4: 100.21(5))
and frontier orbitals (BP86/def2-SVP) of the latter (bottom). Reprinted with
permission from ref. 296. Copyright 2011 American Chemical Society.

metal complexes, the bond lengths and angles are in between
those of triazolium and free triazolylidene (102°).>°” Further-
more, planarity and bond lengths between the values of single
and double bonds suggest aromaticity.>*>*°

Consistently, DFT calculations predict a highly aromatic character
and a large singlet-triplet energy gap (230 to 250 k] mol ™~ *).>°*°** The
frontier molecular orbitals of 1,2,3-triazolylidenes (Fig. 38)**° are
strikingly similar to those of, e.g., imidazol-4-ylidenes and imidazol-2-
ylidene.*®* Accordingly, the HOMO essentially represents the
carbene’s o lone pair, while the HOMO—1 is part of the aromatic
n system and receives significant contribution from the carbenic
carbon atom. On the other hand, the LUMO is a n* orbital with a
small orbital coefficient at the carbene center (note that the main
m-accepting orbital may be a higher unoccupied orbital®**).”¢
Depending on the substitution pattern of the 1,2,3-triazolylidene,
the partial charge of the carbenic carbon atom is in the range of
—0.16 to —0.12, while the corresponding charges for imidazol-4-
ylidene and imidazol-2-ylidene fall between —0.19 to —0.16 and
—0.01 to 0.08, respectively.>® These differences are more
related to differences in polarization of the o framework, as
the carbene’s p(n) population is very similar for, e.g., 1,2,3-
triazolylidenes and imidazoly-2-ylidenes (about 0.71 and 0.66
electrons, respectively).”>* While, by trend, mesoionic carbenes
show a higher p(n) population, the similarity between both
values demonstrates that normal and mesoionic carbenes are
not fundamentally different.>**

In line with that, energy partitioning by EDA for the corres-
ponding metal complexes indicates only marginal differences
in the nature of the bonding.*$**%3** In general, the electro-
static interactions account for 50 to 70% of the total binding
energy and are mainly ascribed to the strong interaction with the
directed o lone pair.*®****%?*%7 The covalent interactions in
turn are dominated by a strong ¢ donation, but © interactions

This journal is © The Royal Society of Chemistry 2014
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are in the range of 10 to 20% of the total orbital interaction
energy and thus not negligible.*>*>2%326:528:529 Gongequently, the
most important difference between the carbenes discussed
herein is a variation in the c-donor strength. As, for different
NHCs and MICs, the first proton affinity correlates well with the
energy of the HOMO, which, in turn, corresponds to the energy
of the o lone pair, the calculated HOMO energies can be used as
a descriptor for the 6-donor strength.”** Additionally, the HOMO
energy correlates well with the total interaction energy with
different metal centers, again confirming the pivotal role of
the o lone pair for the bonding.*® As depicted in Fig. 39, the
o-donor strength depends mostly on the number of heteroatoms
adjacent to the carbene, while a secondary effect is exerted by the
number of nitrogen atoms in the ring. Accordingly, relative to 62
and 63, whose carbene is stabilized by two neighboring (t-donating/
c-accepting) pyrrole-type nitrogen atoms, the shift of one (64-66)
or both (68) adjacent nitrogen atoms to a remote position shows
the most pronounced effect on the carbene’s c-donor strength.
Additionally, on account of the higher nitrogen content,
1,2,4-triazolylidene 62 and 1,2,3-triazolylidene 65 are weaker
donors than imidazol-2-ylidene 63 and imidazol-4-ylidenes 66,
respectively. The hypothetical 1,2,3-triazolylidene 67 is expected to
have an even higher HOMO energy than the imidazole-4-ylidene 66,
which can be explained by the presence of a pyridyl-type nitrogen
atom in the o position, giving rise to electronic repulsion between
two adjacent o lone pairs.>**

The predicted increase of the o-donor strength in the order
63 < 65 < 66 is in line with the trend obtained with an
experimental '>C NMR parameter suggested by Huynh
et al.*****° Consistently, for complexes of derivatives of 63
and 66, an increased metal d-electron energy has been deter-
mined for the latter by X-ray photoelectron spectroscopy
(XPS).>23 Furthermore, if available, also experimentally*®” and
computationally®** determined TEP values are consistent with the
above trend, except for 64 and 65. In this case, the experimental
TEP values suggest a slightly higher donor strength for a derivative
of the normal 1,2,3-triazolylidene 64.>°”>**> However, it has to be
cautioned that the TEP also depends on 7 interactions as well as
on the steric demand of the used carbene ligand.

The successive increase in c-donor strength upon gradual
reduction of the heteroatom stabilization (Fig. 39) is roughly
paralleled by a slight increase of the © donation and decrease of
the t back-donation.”** However, the trend is less clear than for the
o-donor strength and, additionally, only a minor contribution from
© interactions to the total interaction energy is expected (vide supra).
Ultimately, when comparing the ubiquitous imidazol-2-ylidene
with the mesoionic 1,2,3-triazolylidenes, besides the significantly

This journal is © The Royal Society of Chemistry 2014

higher o-donor strength of the latter, an almost identical ability to
undergo n donation and 7 back-donation is predicted by EDA,***
which, again, emphasizes that the electronic properties of NHCs
and MICs are not fundamentally different.

The very electron-rich ¢ lone pair of the 1,2,3-triazolylidene
has a strong impact on the electrochemical and photophysical
properties of Ru(u) complexes (vide supra). Consistent with the
above conclusions, the Ru(m)/Ru(u) redox potentials are lower
than for analogous imidazol-2-ylidene-based complexes.>**
Moreover, it has been demonstrated that 1,2,3-triazolylidenes
are highly efficient in suppressing the radiationless deactiva-
tion in bis(tridentate) Ru(u) complexes by strongly destabilizing
*MC excited states (see Section 5.1.1),%69370:527,535

In order to fully exploit the potential of mesoionic 1,2,3-
triazolylidenes as powerful donors and readily functionalized
ligand platforms, the ability to control the donor properties via
the C- and N-substituents is of interest. On the basis of a "*C
NMR parameter,*** a significant increase of the donor strength
upon variation of the N-substituent next to the carbene in the
order aryl < benzyl < alkyl has been reported.’*® In addition,
also variation of the para substituent of phenyl rings attached
to the 1,2,3-triazolylidene via the carbon atom results in a
significant modulation of the electronic properties of the adjacent
carbene center.>”® According to TEP, the N- and C-substituents
have only a moderate influence on the donor strength of
1,2,3-triazolylidenes;*>*®**”>3” however, the response of the
donor properties to variation of the substituents is comparable
to the one of imidazol-2-ylidenes.”®”**® still, this demonstrates the
potential to fine-tune the ligand properties of triazolylidenes. For
example, a significant improvement in catalytic activity upon repla-
cement of an aryl ring with an alkyl chain as the C-substituent has
been reported.**

Additionally, steric effects can influence the electronic character-
istics of the carbene and the complex stability.>**>17°26540 gor
instance, bulky substituents can cause a distortion of the carbonyl
ligands®*® and enforce a torsion of the carbene ligand relative to the
complex fragment, thus lowering the n interactions, which can
lead to inconsistencies in the TEP (vide supra).>*® In this regard,
it is important to note that, in contrast to imidazol-2-ylidenes,
1,2,3-triazolylidenes only require a single substituent adjacent
to the carbene center.”*®>"® Remarkably, the abnormal carbenes
apparently do not undergo dimerization, most likely due
to electrostatic repulsion resulting from the anionic character
of the carbenic centers.”*®*'**'® Thus, sterically relaxed
C-unsubstituted carbenes can be employed, which might be
beneficial for catalytic applications as m interactions are rein-
forced and the metal-carbon bond is more accessible.”**'*>'
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Scheme 23 Synthesis routes towards transition-metal 1,2,3-triazolylidene
complexes.

Furthermore, an additional metal coordination is enabled (see
Section 5.4.4).

5.4.2. Synthesis of 1,2,3-triazolylidene metal complexes. In
contrast to the formation of N-bound triazole metal complexes, the
metal coordination of 1,2,3-triazolylidenes is less trivial and thus
outlined in the following. Several synthesis routes are available
(Scheme 23) starting in most cases from 1,2,3-triazolium salts (vide
supra). A potential drawback may be the alkylation of nucleophiles
other than the triazole in the synthesis of the triazolium salts, which
can be circumvented by the use of protecting groups.*”**' For
instance, pyridines may be protected as N-oxide, as 1,2,3-triazoles are
generally not selectively alkylated in the presence of the former.”®”
Nonetheless, in the case of 1-(2-pyridyl)-1,2,3-triazoles and
2,6-bis(1,2,3-triazol-4-yl)pyridine (29), selective 1,2,3-triazole
alkylation using methyl triflate®* and trimethyloxonium tetra-
fluoroborate,>”” respectively, was demonstrated.

A well-established and general method to achieve triazolylidene
coordination is the metalation (O) with Ag,O followed by
transmetalation (P) of the triazolylidene to the desired transition
metal (Scheme 23).2%3297°435%  Triazolylidene complexes of
Cu(1),545’546 Rh(l),283 Rh(lll),543 Ru(u),283,287,527,534,543,547—550
Pd(II),531’536’537’541’551_553 Pt(II),543 Ir(I),283,286 Ir(m)’zse,sso,sm and
Au(1)>*¢°%>%36 are available via this method. The Ag(i) triazolylidene
formation may be promoted by addition of KBr.”>”**® Alternatively,
transmetalation from Cu(r) complexes is possible.”>®

In some cases, direct metalation (O’) was achieved with metal
precursors featuring basic anions, such as Pd(OAc),, at elevated
temperatures, which allowed C-H activation via simultaneous
deprotonation and metal coordination (Scheme 23).%%*%%7
Alternatively, alcoholate adducts were used in the case of Rh(i)
or Ir(1).>**%* Furthermore, PdCl, and triazolium salts afforded
the corresponding triazolylidene complexes at elevated tempera-
tures in the presence of K,CO; and pyridine as solvent.’®® In this
case, C-H activation at elevated temperatures and subsequent
proton capture may be operative. For Cu(i), triazolylidene coor-
dination was achieved with the triazolium salt in the presence of
KO'Bu at low temperatures.”® In this case, metal coordination of
the base and subsequent metathesis®® is likely as KO'Bu is
supposed to not allow deprotonation of the used 1,3-dialkyl-
1,2,3-triazolium salts (vide infra);>*®*” however, formation of
free triazolylidene in lower concentrations and its capture by the
metal precursor cannot be excluded.?**>%°

A completely different route proceeds via the transition-
metal triazolide complex (vide supra) and the corresponding
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Scheme 24 Decomposition of free 1,2,3-triazolylidenes.?951°

triazolylidene complex is generated by alkylation or protonation
(Q, Scheme 23).>%%*9%%7 The synthesis via oxidative addition of
halo-triazolium salts has not been explored so far.>'

In particular cases, the free triazolylidene (vide infra) could
be generated in a prior step and, subsequently, coordination (R)
to Ir(1) and Ru(u) was achieved.>***'® Notably, the metalation-
transmetalation sequence (O, P) circumvents the free triazoly-
lidene, which, if N-alkylated, tends to undergo an alkyl shift to
form the C-alkylated 1,2,3-triazole (Scheme 24).>°° Still, Bertrand
et al. were able to isolate a moderately stable N-alkylated
1,2,3-triazolylidene after deprotonation with KN(SiMe;),.>"’
Alternatively, 1,3-diarylated 1,2,3-triazolium salts do not suffer
from stability issues and are accessible directly via (3+2)
cycloaddition between 1,3-diaza-2-azoniaallene salts and
alkynes in moderate to good yields as reported by Jochims et al
(Scheme 25).>°*°” Pprior to the alkyne addition, the 1,3-diaza-2-
azoniaallene salt is generated in situ at low temperatures
via chlorination and subsequent chloride abstraction. Following
this synthesis route, Grubbs, Bertrand et al could isolate free
1,3-diarylated 1,2,3-triazolylidenes after deprotonation of the corre-
sponding 1,2,3-triazolium salts with, e.g;, KO'Bu in THF.>*® In
contrast, for 1,3-dialkylated triazolium salts, only N-dealkylation
was observed with KOBu. By using trimethylsilylacetylene or
vinylbromide as an alkyne equivalent for the cycloaddition, even
free C4-unsubstituted triazolylidenes were available after sub-
sequent protodesilylation or dehydrohalogenation, respectively
(vide supra).

In marked contrast to the relatively weak coordinative bond
strength enabled by the triazole’s nitrogen donors, the strong
coordination of the triazolylidene renders already monodentate
complexes stable and practically useful,>8%29¢:239:343:547 Nope-
theless, chelating ligands offer more robust as well as highly
defined complexes and click chemistry is particularly suited to
modularly combine various donors in multidentate ligand
architectures (Fig. 40). For instance, asymmetrically substituted
pincer-type ligands featuring a central triazolylidene donor (69)
are readily obtained.’®**®” Furthermore, 1,2,3-triazolylidene-
containing alternatives to polypyridyl-type ligands like the

H 1 Al o=y~ Ar
. ’N\N//N\A . — & BuOCI, KPFg N®N
r r CH,Cly, —78 °C to rt \—<
PFg R
via: + KPFg, — = It
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Ar” N7 Ar A SAr Ar/N NN
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Scheme 25 Direct synthesis of 1,3-diaryl-1,2,3-triazolylidenes.?%®
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Fig. 40 Selected multidentate ligand architectures using the triazolylidene
as a pyridine surrogate (note that the ligands are drawn as if coordinated).

287,534 296,550

bpy-analog ligands 70 and 71 as well as the tpy-
analog ligand 73%°%%7%°27%3% have been presented. In the case
of 70, additional N-alkylation and deprotonation of the pyridine
affords a bidentate ligand featuring two different abnormal
carbenes, namely pyridin-3-ylidene and 1,2,3-triazolylidene.>**>*%>%
Additionally, an analog of ligand 70 featuring the pyridine as
N-substituent of the 1,2,3-triazolylidene was reported.>*>*>
Moreover, also ppy-analog, cyclometalating ligands (72) have
been reported (vide infra).”*”>****® On the other hand, cyclo-
metalation of 74 involving the central carbanionic donor as
known for the imidazol-2-ylidene-analog®® has not been
reported yet to the best of our knowledge. Alternatively, the
bis(triazolylidene) ligands can serve as bridging ligands and
homobimetallic complexes of 71 (resulting in axial chirality)®”*
as well as of 74°°>°%7°! and even heterobimetallic complexes
of 74°°* have been reported. Furthermore, heterobimetallic
complexes of dicarbenes composed of imidazol-2-ylidene and
triazolylidene were reported,>** and unsymmetrically substituted
bis(triazolylidene) ligands 71 are available.””* "

5.4.3. Reactivity of 1,2,3-triazolylidenes. Triazolylidene
complexes with high-valent, electrophilic metal centers tend
to undergo spontaneous cyclometalation involving aryl wingtip
groups of the triazolylidene ligand (Scheme 26), which has
important implications for the synthesis of triazolylidene metal
complexes and the design of corresponding catalysts,?7,>37:313:348:351
Accordingly, upon triazolylidene transmetalation from a Ag(i) pre-
cursor, spontaneous cyclometalation was observed in the case of
Ru(u), Rh(m), and Ir(m) (77), while only monocoordination of the

This journal is © The Royal Society of Chemistry 2014
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Scheme 26 Synthesis of selected triazolylidene transition-metal com-
plexes including direct or successive cyclometalation (cym = cymene).

carbene ligand was achieved with Rh(i) and Pt(u) (76). Furthermore,
oxidation of the Rh(i) complex induces cyclometalation.’*’
Apparently, Pd(u) represents a borderline case as the isolated
monocoordinated carbene complex 78 could be readily con-
verted to the cyclometalated complex 79 when using NaOAc to
assist the cyclometalation.”*”*”* Formation of the metalacycle
was found to be reversible and 78 was restored in the presence
of HI or HCI, which further emphasizes the high stability of the
triazolylidene-metal bond. In contrast, 76 did not undergo
cyclometalation even under forcing conditions, while 77 with-
stood protonation. Importantly, the electrophilic C-H activa-
tion is chemoselective and exclusively affords cyclometalation
at the N-linked phenyl rings.’****®* Nonetheless, if this
cyclometalation mode is unavailable, cyclometalation at the
C-bound phenyl ring is achieved. However, C-H activation is
less facile in this case, i.e. the monodentate carbene complexes
of Ru(u) (80) and Ir(m) (82) could be isolated and cyclometala-
tion required the presence of a base and elevated tempera-
tures.>****%3%* 1 jkewise, cyclometalation could be reversed for
the Ir(m) complex 83 with HCl. The observed chemoselectivity
may be explained by a combination of electronic and steric
factors: presumably, the weaker m conjugation of the triazoly-
lidene m system with the N-substituent (see Section 3.4) causes
the N-linked phenyl ring to be more electron-rich and, thus,
more reactive in the electrophilic C-H activation, while repul-
sion between the C-linked phenyl ring and the N-methyl group
hinders coplanarization and, thereby, the cyclometalation (note
that the torsion of the C- and N-linked phenyl rings of 76 is
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drawn according to its solid state structure).’****® Notably,
although strongly depending on the metal center and not
unknown for imidazol-2-ylidene complexes,””® C-H activation
is apparently facilitated in abnormal carbene complexes.>”®
The stability of triazolylidene metal complexes can hardly be
generalized. On the one hand, a very strong complexation has
been calculated for a Ru(u) complex featuring a chelating
triazolylidene ligand (73),°>” the above-mentioned reactivity
demonstrates an intriguing stability of the metal-triazolylidene
bond in Ru(), Rh(m), and Ir(m) complexes (77) against acids,”**
and Ru(n) and Ir(m) triazolylidene complexes even serve as
efficient water-oxidation catalysts.?*>*®” On the other hand, in
certain cases, the displacement of monodentate triazolylidene
ligands, induced either thermally or by acids or bases, is
more easily achieved than for analogous imidazol-2-ylidene
complexes. For instance, in the course of Suzuki and Heck
cross-coupling reactions, the formation of Pd(0) nanoparticles
from Pd(u) triazolylidene complexes was observed already at
moderate temperatures.**”*>»>%3 Furthermore, for a Ru(u) ben-
zylidene complex bearing both 1,2,3-triazolylidene and
imidazol-2-ylidene, no catalytic activity in olefin metathesis
was observed, but acid-induced triazolylidene cleavage generated
a catalytic species with superior activity (Scheme 27, top).>”” In
contrast, the analogous complex with two imidazol-2-ylidene
ligands only showed a very slow conversion under identical
conditions. The acid lability may be explained by protonation
at N2 (note that a substantial second proton affinity for the N2-
protonation has been predicted for 1,2,3-triazolylidenes),>*®
which would strongly affect the triazolylidene donor strength
(¢f Fig. 38).>°>°7 The apparent contradiction with the afore-
mentioned stability against acids may be attributed to the use of
a C-unsubstituted triazolylidene in the latter case, which can be
replaced more easily.””” Note that a protonation of the carbon
adjacent to the carbene is possible, but would not explain the
pronounced labilization of the ligand (vide infra). For rather
labile and less stable Cu(i) triazolylidene complexes, in the
presence of CsOH, the formation of mesoionic oxides was
observed (Scheme 27, bottom).>*> Alternatively, the mesoionic
oxide can be obtained directly from the triazolium salt using
CsOH, while degradation of the Cu(1) triazolylidene complex in
the presence of water gave the free triazolium salt. Although
the mechanism of this formal oxidation is unclear, oxygen is
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Scheme 27 Base- and acid-induced triazolylidene—metal bond cleavage
as well as direct formation of mesoionic 1,2,3-triazolium-5-olate from
1,2,3-triazolium salts.>*>>”
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apparently not involved and hydroxide bases are required.
Notably, base-induced N-dealkylation was observed as side
reaction.>?*>*

Although the abnormal character is not the primary reason
for the high donor strength of 1,2,3-triazolylidenes, it can
become a striking feature in catalysis where it potentially allows
the ligand to participate in substrate activation.*%7°>%:376:>78 gor
the metal complex, a “metala-allyl” fragment is established, i.e.
electronic flexibility is given as the triazolylidene can offer more
anionic (84a) or carbenic character (84b) depending on the
metal center and its oxidation state (Fig. 41 and c¢f. Fig. 37).>**
Thus, in Rh(m) complexes of the related abnormal imidazol-4-
ylidene, a selective deuteration at the 5-position has been
observed upon treatment with D;P0,4.>’® Notably, deuteration
was also observed after addition of DSiEt;, which can be
explained either by oxidative addition at the metal center and
a subsequent 1,3-shift of the deuterium or, alternatively, by
direct 1,3-addition of the Si-D ¢ bond across the “metala-allyl”
fragrnent.523’576’578

The basic site of the ligand may furthermore allow reactions
under base-free conditions.>*®>*” A striking example is the
performance of a Ru(Il)-triazolylidene-based water-oxidation
catalyst (Scheme 28).>” In comparison to its imidazol-2-
ylidene counterpart, the triazolylidene complex shows a super-
ior stability and activity, thereby being among the most active
ruthenium-based water-oxidation catalysts. This may be
explained by the cooperativity and superior electron donation
provided by the mesoionic carbene ligand: the triazolylidene
may assist in the deprotonation of an aquo ligand to form a
hydroxo ligand (85a to 85b), which would facilitate the subse-
quent oxidation by a sacrificial oxidant (e.g. a Ce(wv) complex),
and, additionally, the generated Ru(iv) oxo complex (86) would
be better stabilized.”””

Consequently, the non-innocence of the abnormal carbene, ie.
its ability to efficiently shift electron density and protons to the
adjacent carbon atom, emphasizes its potential for applications

related to proton-coupled electron transfer (PCET).>%7>>3°7°
o
_ ”IV
_oH* \N Ru\l
N/

85a 85b 86

Scheme 28 Proposed initial step for the Ru(i)—triazolylidene-catalyzed
water oxidation (the coordination sphere of the ruthenium center is
completed with acetonitrile ligands).?®”
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Scheme 29 Formation of bimetallic complexes of anionic 1,2,3-triazol-
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In general, the flexible synthesis, the electronic flexibility
provided by the availability of carbanionic and carbenoid
contributors, and the exceptionally high 6-donor strength open
interesting perspectives for the application of triazolylidenes in
catalysis. However, the above selection is only intended to
provide an idea about the reactivity of triazolylidene complexes
including their limitations and potential; applications in catalysis
go beyond the scope of this review, but an overview thereof is
provided elsewhere, 7522323

5.4.4. 1,2,3-Triazol-4,5-diylidenes. Recently, Bertrand et al.
demonstrated that, for example, Cu(i) (87a) and Pd(u) 1,2,3-
triazolylidenes (87b) can undergo a second deprotonation using
KN(SiMe3;), to give oligomeric (88) or dimeric (91) complexes,
respectively, with anionic 1,2,3-triazol-4,5-diylidenes as brid-
ging ligands (Scheme 29).>°° The Cu(i) complex (88) can be
further used as a transmetalating agent to obtain a greater
variety of metal complexes (89-91).

In view of the single negative charge, the donor properties of
the 1,2,3-triazol-4,5-diylidene dicarbene should fall in between
the ones of the mesoionic 1,2,3-triazolylidene and the anionic
1,2,3-triazolide. Accordingly, while the Rh(1)-C bond lengths for
the bimetallic Rh(1) complex 90a and a monometallic Rh(1)
complex bearing the bis(1,2,3-triazolylidene) 71 as well as
additional carbonyl ligands are comparable, the CO stretching
frequencies are lower for the bimetallic complex and more
similar to the ones observed in a Rh(i) complex featuring an
aromatic carbanionic donor.>**°°%*% Ultimately, the bridging
dicarbene is an attractive ligand showing great potential to
enable strong electronic communication and cooperativity
between two metal centers, which suggests, amongst others,
its application in bimetallic catalysis.>*®

5.5. 1,2,3-Triazolium ligands

Besides the formation of mesoionic 1,2,3-triazolylidenes by
deprotonation of a 1,2,3-triazolium precursor, the 1,2,3-triazolium
ion itself may serve as a carbene-analog ligand.**"*** When con-
sidering the isoelectronic relationship between Arduengo-type
imidazol-2-ylidenes and the 1,2,3-triazolium as well as the contribut-
ing structures of the latter (92a-92¢, Fig. 42), the carbenoid character
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Fig. 42 The 1,2,3-triazolium ion as an isoelectronic analog of the imidazol-
2-ylidene 58t

becomes obvious. Furthermore, as for the carbene center of the
imidazol-2-ylidene, the nitrenium center features a singlet ground
state, Ze. an unshared o lone pair (note that a significant proton
affinity was calculated for N2°°°) as well as a vacant p orbital, which
is stabilized by the aromatic © system.>®®

Indeed, Gandelman et al. demonstrated that 1,2,3-triazolium
ions supported by auxiliary phosphine donors within a PAN"P-
pincer ligand are able to form stable Rh(i) (93a and 93b, Fig. 43)
and Ru(m) complexes.”®" The metal-nitrenium coordination was
proven by single-crystal X-ray diffraction and, after **N-labeling
in the 2-position, by the characteristic coupling with '®*Rh in the
N NMR spectrum. The high N-'“Rh coupling constant
further indicates a high s character of the nitrenium c lone pair
as observed for NHCs.>* Upon metal coordination, N-N bond
elongation is observed, which is consistent with an increased
contribution of the carbenoid structure (92a). In accord with DFT
calculations, this can be ascribed to © back-donation from metal
d orbitals into the nitrenium’s vacant p orbital (Fig. 43) reducing
the need for stabilization by the adjacent nitrogen atoms (92b
and 92c). For the square-planar Rh(i) complex featuring a
carbonyl ligand trans to the nitrenium (93a, Fig. 43), a much
higher carbonyl stretching frequency was observed than for
analogous complexes with imidazol-2-ylidene- or pyridine-
based pincer ligands, suggesting a weaker effective electron
donation most likely due to a weak ¢ donation along with significant
n back-donation. According to energy partitioning by a charge
decomposition analysis, n back-donation (61 k] mol ") affords a
slightly higher contribution than the c donation (58 k] mol %) to the
total interaction energy (196 kJ mol ') between an unsubstituted
triazolium ring and a trans{Rh'(PH;),Cl] fragment. The analogous
interaction with imidazol-2-ylidene or pyridine is dominated by o
donation, in particular in the case of pyridine. Interestingly, the
overall interaction energy with Rh(i) is higher in the case of the
carbene (about 317 kJ mol %), while it is comparable for the
nitrenium (196 kJ mol ) and the pyridine (191 kJ mol *). However,
in contrast to pyridine, complexation of a nitrenium ligand in
practice requires assistance by pendant donors (¢f 93) presumably
to overcome unfavorable complexation kinetics.*®" Nonetheless, the
electrophilic nature of the nitrenium, ie. its weak o-donor and

Ph

O p—Ph /
T N i N G- Q)

i [ N'-Rh-L L=CO: 93a E ;N@—.@MD

o~y L=cCr: 93b NO— ©
\\/P\\Ph

Ph

nPFg~

Fig. 43 Rh() 1,2,3-triazolium complex and illustration of the most rele-
vant orbital interactions.>8%°82
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relatively high m-acceptor strength, which is complementary to the
nucleophilic nature of NHC ligands, may be beneficial in stabilizing
electron-rich metal centers or generating electrophilic metal centers
in the course of a catalytic cycle.”®

6. Conclusion

As nitrogen-rich heterocycles, the 1,2,3-triazole and the related
1,2,3-triazolium feature highly polarized carbon atoms allowing
the complexation of anions by (charge-assisted) hydrogen bonds,
with hydrogen-bond-donor strengths approaching those of
amides and imidazolium rings, respectively. Alternatively, the
positively polarized carbon can, in turn, polarize a covalently
attached halogen atom, thus enabling strong (charge-assisted)
halogen bonds. The triazole polarization can be further enhanced
by simultaneous metal coordination at the nitrogen atoms giving
rise to cooperatively strengthened hydrogen bond donation.
Furthermore, intramolecular hydrogen bond donation and/or
acceptance can be exploited to design well-defined structures that
show enhanced anion recognition or stimuli-responsiveness.
Additionally, the preparation via click chemistry renders the
triazole ring particularly suited for the construction of restricted
architectures like macrocyclic anion receptors.

On the other hand, triazoles and triazolium salts provide
access to carbanionic and mesoionic carbene donors, respec-
tively, for the complexation of transition metals. The former
1,2,3-triazolide shows a strong electron donation though less
strong than a phenyl anion due to heteroatom stabilization,
which additionally allows switching of the donor characteristics
by simultaneous protonation or metal coordination at the nitrogen
ring atoms. The 1,2,3-triazolylidene shows superior ¢ donation to
classical N-heterocyclic carbenes like imidazol-2-ylidene due to
the remote positioning of stabilizing heteroatoms. As mesoionic
carbene, the 1,2,3-triazolylidene offers a carbenoid character
with variable carbanion contribution, which enables ligand
cooperativity by virtue of a metala-allylic resonance. Accordingly,
the 1,2,3-triazolylidene shows great potential for applications in
transition-metal catalysis.

Apart from C-coordination, the triazole offers various
N-coordination modes including anionic nitrogen donors,
which allows the construction of multimetallic assemblies
including metal-organic frameworks. The most commonly
involved neutral N3-donor serves as a weaker ¢ donor than
pyridine and imidazole and features intermediate m-acceptor
strength between the weakly n-acidic imidazole and the more
n-acidic pyridine. The actual coordination behavior depends,
however, on the metal center and the substituents of the
triazole. In addition, the triazole’s reduced steric demand causes
a more flexible coordination than pyridine. In combination with
the facile ligand modification, this allows the design of dynamic
coordination compounds, for instance transition-metal complexes
featuring hemilabile ligands suitable for applications in catalysis.
Provided that transition metals that afford stable and inert com-
plexes are coordinated, triazole-containing ligands can be used as
surrogates of polypyridyl ligands allowing rapid installation of

2560 | Chem. Soc. Rev., 2014, 43, 2522-2571
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functional groups. Despite the potential to strongly influence the
coordination strength, certain properties of the corresponding
metal complex can be manipulated only to a very limited extent,
as the triazole causes an interruption of the m conjugation.
Furthermore, even the triazolium cation can coordinate to
transition-metal centers, with the nitrenium donor serving as a
weaker ¢ donor and a stronger m acceptor when compared to
pyridine.

Ultimately, the ease of obtaining highly functionalized triazoles
as well as the triazole’s high degree of immanent functionality
results in an enormous potential of this heterocycle, which has
been demonstrated by successful applications, e.g., in anion trans-
port, sensing of anions and metal ions, molecular machines and
switches, organocatalysis and transition-metal catalysis, or energy-
conversion and magnetic materials.
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ABSTRACT

By utilizing click chemistry and methylation, the triazolium motif was employed to design tridentate “ligands” that bind by electron acception
instead of electron donation. As electronically inverted ligands they are able to complex sulfate ions by hydrogen bonding and electrostatic
interactions. The formation of mono- or bis-tridentate complexes could be achieved by controlling the degree of methylation with the appropriate
reagents and was proven by NMR spectroscopy and computational methods.

In supramolecular chemistry, pincer-type ligands have at-
tracted particular interest as exemplarily shown by terpyri-
dine. Consequently, the copper(I)-catalyzed azide alkyne 1,3-
dipolar cycloaddition (CuAAC)—one of the prime examples
of the concept of highly efficient and modular reactions
named click chemistry'—has been applied in the synthesis
of analogous tridentate ligands, the so-called tripy,® coordi-
nating metal ions via triazoles. Recently, click chemistry was
successfully applied in anion coordination, and the triazole

" Laboratory of Organic and Macromolecular Chemistry, Friedrich-
Schiller-University Jena.

* Laboratory of Inorganic and Analytic Chemistry, Friedrich-Schiller-
University Jena.

% Eindhoven University of Technology.
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2952.
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and triazolium moieties have been shown to act as efficient
C—H hydrogen bond donors as well.” We intended to expand
the scope of tridentate “clicked” ligands in terms of anion
complexation by hydrogen bonding and electrostatic interac-
tions. Since anions can be structured, biorelevant, and
nucleophilic, the respective ligands might have potential for
template-directed assembling, sensing and recognition of
anions, and organocatalysis.* Furthermore, they show a
dynamic coordination behavior that allows fast switching
processes and stimuli responses, respectively.

So far, triazoles have been employed in anion recognition

(2) (a) Li, Y.; Huffman, J. C.; Flood, A. H. Chem. Commun. 2007, 2692.
(b) Meudtner, R. M.; Ostermeier, M.; Goddard, R.; Limberg, C.; Hecht, S.
Chem.—Eur. J. 2007, 13, 9834. (c) Schulze, B.; Friebe, C.; Hager, M. D.;
Winter, A.; Hoogenboom, R.; Gorls, H.; Schubert, U. S. Dalton Trans. 2009,
787.
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in terms of triazolophanes®* ¢ and triazole foldamers®!~
where a lot of weak C—H--+X interactions were ac-
cumulated. Very recently, the anion binding capacity was
enhanced by preorganization to form a neutral tridentate
hydrogen bond donor.” Alternatively, triazolium salts with
strongly increased CH-acidity have been used as anion
receptors® and within the template synthesis of a [2]rotaxane.’
Furthermore, a [2]catenane has been synthesized by using
pyridinium nicotinamide as hydrogen bond donor and sulfate
as the templating anion.® Both templates were primarily
based on hydrogen bonds as well as electrostatic interactions,
but required elegantly designed second sphere interactions
such as additional hydrogen bonds and 7z-stacking.” There
are further interesting examples of 2:1 sulfate complexes,
but the ligand syntheses lack facility.'®

Our approach is to use strong hydrogen bonding as well
as electrostatic interactions offered by the triazolium moieties.
A direct motivation was to make use of the functional groups
that are readily installed within the ligand synthesis by
CuAAC, but that point in opposite directions in a metal
complex (Scheme 1). Essentially, coordination via the

Scheme 1. Classical and Electronically Inverted Ligands
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triazole or triazolium protons would lead to functional groups
pointing in the same direction and the choice of a tetrahedral
anion might allow the formation of an octahedral bis-
tridentate complex that can be considered as a directed
template. Thereby, a singly charged ligand should support
the formation of a charge neutral bis-complex with a doubly
charged anion.

The synthesis of the building blocks 1 and 2 could be
achieved most easily under click conditions (Scheme 2).1a

(3) (a) Li, Y.; Flood, A. H. Angew. Chem., Int. Ed. 2008, 47, 2649. (b)
Li, Y.; Flood, A. H. J. Am. Chem. Soc. 2008, 130, 12111. (¢) Li, Y.; Pink,
M.; Karty, J. A.; Flood, A. H. J. Am. Chem. Soc. 2008, 130, 17293. (d)
Juwarker, H.; Lenhardt, J. M.; Pham, D. M.; Craig, S. L. Angew. Chem.,
Int. Ed. 2008, 47, 3740. (e) Juwarker, H.; Lenhardt, J. M.; Castillo, J. C.;
Zhao, E.; Krishnamurthy, S.; Jamiolkowski, R. M.; Kim, K.-H.; Craig, S. L.
J. Org. Chem. 2009, 74, 8924. (f) Meudtner, R. M.; Hecht, S. Angew. Chem.,
Int. Ed. 2008, 47, 4926.
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2008, 4610.
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(10) (a) Chmielewski, M. J.; Zhao, L.; Brown, A.; Curiel, D.; Sambrook,
M. R.; Thompson, A. L.; Santos, S. M.; Felix, V.; Davis, J. J.; Beer, P. D.
Chem. Commun. 2008, 3154. (b) Kobiro, K.; Inoue, Y. J. Am. Chem. Soc.
2003, 125, 421.

Org. Lett,, Vol. 12, No. 12, 2010

Scheme 2. Synthesis of the Anion Coordinating Ligands
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The “activation” for the sulfate complexation could be
performed selectively by choosing the appropriate reagents.
Methyl iodide just leads to single methylation, while Meer-
wein’s salt easily affords double methylation.

The degree of methylation of 3 and 4 was proven
unambiguously by single crystal X-ray diffraction (Figure
1). In the solid state, no tridentate interactions could be found

A,
SRPSaSaRS
P (- \
< S 4&
g \
Figure 1. Solid-state structures of 3 (left) and 4 (right) (ellipsoids

at 50% propability level; hydrogen atoms, solvents molecules, and
tetrafluoroborate anion omitted for clarity).

with the given counterions tetrafluoroborate and iodide,
respectively. While ligand 4 features already a syn-syn
conformation with respect to the potential hydrogen-bonding
protons, ligand 3 shows an anti-syn conformation but can
easily flip in solution since 3 shows at least C,-symmetry in
'H NMR experiments. However, due to the steric demand
in particular of the methyl groups, the triazolium rings are
twisted out of plane by 33° for 3 and 38° for 4 in the free
ligand, respectively.

The anion coordination behavior of 3 and 4 could be
determined qualitatively and quantitatively. A continuous
variation plot (Job plot) of 3 and tetrabutylammonium sulfate
(TBA,SOy,) obtained from '"H NMR spectroscopy revealed
the formation of a 1:1 complex.'? For solubility reasons,
acetonitrile-ds/methanol 4:1 was used as solvent mixture with
nondeuterated methanol, since the triazolium protons rapidly
undergo deuterium exchange as they are strongly CH-acidic.
The association constant of the 1:1 complex could be
obtained by 'H NMR titration of 3 with TBA,SO, (Figure
2) and by analyzing the relatively large triazolium proton
downfield shift with the WinEQNMR?2 software'' and was

(11) Hynes, M. J. J. Chem. Soc., Dalton Trans. 1993, 311.
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Figure 2. '"H NMR spectra of 3 upon titration with tetrabutyl-
ammonium sulfate (TBA,SO,) in acetonitrile-ds/methanol 4:1 at
298 K.
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Figure 4. '"H NMR spectra of 4 upon titration with tetrabutyl-
ammonium sulfate (TBA,SO,) in acetonitrile-d; at 298 K.

determined to be log K = 4.39 4 0.28 or K ~ 24,000 M,
respectively.'?

The concentration-weighted shift of a single signal for the
free ligand and the complex results from an exchange faster
than the NMR time scale. The large binding constant and
the fact that the maximum shift, i.e., the full complexation,
is nearly reached after the addition of 1 equiv of TBA,SO,
demonstrate a relatively strong sulfate binding even in the
presence of methanol. The symmetry within the spectrum
and the protons that are involved in the hydrogen bonding
indicate a tridentate complexation as depicted in Figure 2.

The Job plot of 4 with sulfate (Figure 3) in acetonitrile-ds
reveals the formation of a 2:1 complex beside a 1:1 complex.

0,0035
0,0030 4

0,0025 4

e »°
g 8
g 3

A8 x [guest]

0,00104

0,0005 +

0,0000

— T\
00 o1 02 03 04 05 06 07 08 05 10
mole fraction guest

Figure 3. Continuous variation plot (Job plot) of 4 and TBA,SO,
obtained from 'H NMR spectroscopy (aromatic 4-bromo-2,6-
dimethylphenyl protons).

The '"H NMR titration experiment (Figure 4) supports these
findings: the aromatic protons of the quasi-mesityl substit-

(12) See Supporting Information.
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uents are shifted to higher field with a maximum shift at 0.5
equiv of TBA,SO, and recover in the course of the titration,
whereas the triazole, phenyl, and triazolium signals are
downfield-shifted only. Obviously, the protons of the outer
phenyl rings selectively respond to the complexation in a
bis-tridentate fashion and remain nearly unchanged in the
free ligand and in the 1:1 complex. The signals involved in
the hydrogen bonding respond similarly on both coordination
modes, but with a less pronounced downfield shift for the
2:1 complex since the two ligands compete in binding to
the same anion. By titration of TBA,SO,4 with 4, the order
of the formed complexes is changed, and thus also the shifts
of protons participating in hydogen bonds show a charac-
teristic migration resulting from an initial 1:1 complexation
and the successive formation of a 2:1 complex.'? Again, the
set of protons that contribute to the hydrogen bonding can
only be explained by a tridentate coordination in each case.

The association constants could be calculated by fitting the
titration curve of the aromatic 4-bromo-2,6-dimethylphenyl
protons with the WinEQNMR2 software'' and were determined
to be log K; = 3.73 + 0.07 (K; ~ 5400 M), log K, = 3.1
0.2 (K, = 1,300 M), and log KK, = 6.84 & 0.15 (K|K, ~
7,000,000 M~2).'? Again, the overall sulfate binding is relatively
strong, and the difference of K; and K, reflects qualitatively
the same coordination behavior as in terpyridine complexes of
zinc(Il), i.e., a 2:1 stoichiometry of host to guest yields a 2:1:1
ratio of 2:1 complex to 1:1 complex to free ligand. With respect
to the ligand, the ratio is 4:1:1, and a maximum yield of 70%
can be expected from a template synthesis in acetonitrile at a
concentration of 1073 M if dynamic effects are negligible as
found in the report of Beer and co-workers.® This might be
improved by removing the iodide with silver sulfate and by
using a less polar solvent such as dichloromethane to provoke
the formation of the uncharged bis-complex.

Org. Lett,, Vol. 12, No. 12, 2010
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Figure 5. Selective NOESY spectra for [4-SO4]TBA (top, aceto-
nitrile-d3) and [4,°SO,] (bottom, dichloromethane-d,) (sulfate omit-
ted; the excited protons are marked with a hollow arrow, and strong
and medium NOESY contacts are indicated with solid and dashed
arrows, respectively).

To prove a bis-tridentate coordination suitable for tem-
plation in solution, selective NOESY experiments were
conducted (Figure 5). Therefore, [4*SO4] was prepared using
41 and Ag,SO,, whereas [4*SO4]TBA was obtained from a
1:10 mixture of 4 and TBA,SO,. The methyl groups of the
quasi-mesityl substituents, which are not equivalent because
of the single site methylation, were excited, and the NOE
contacts were recorded.

For the 1:1 complex, only a strong contact to the adjacent
aromatic proton and medium contacts to the aromatic and aliphatic
triazolium protons on the same side of the molecule were visible.
In contrast, the 2:1 complex showed contacts to the central phenyl
ring and the other end of the molecule, which is only possible if
two ligands arrange in the desired orthogonal fashion. In addition,
the phase is inverted due to a doubled molar mass.

Org. Lett,, Vol. 12, No. 12, 2010

To consolidate the indirect image of the bis-tridentate
complex obtained by NMR investigations, although crystal-
lization attempts failed, and to exclude packing effects, we
conducted DFT calculations (B3LYP/SVP).!? The results are
depicted in Figure 6 and are consistent with the experimental

Figure 6. Calculated most stable structure for [4,°SO,]. Left:
arrangement of the ligands. Right: hydrogen bonds, substituents
omitted for clarity.

findings of a 2:1 complex. As one could expect from the
distortion in the crystal structures of the ligands due to the
triazolium methyl groups, the sulfate is complexed less
ideally but still in the desired way to serve as template.

In conclusion, we applied the facile “click” synthesis with
the structural benefits of the triazole and triazolium moieties,
respectively, to design tridentate ligands that allow the
formation of relatively stable complexes with sulfate ions.
The formation of mono- and bis-complexes could be
controlled by the number of triazolium moieties within the
tridentate ligand. In particular, the formation of a bis-
tridentate complex of sulfate could be proven that meets the
demands for a [2]catenane template.
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A Heteroleptic Bis(tridentate) Ruthenium(II) Complex of a Click-Derived
Abnormal Carbene Pincer Ligand with Potential for Photosensitzer
Application

Benjamin Schulze,” Daniel Escudero,” Christian Friebe,” Ronald Siebert,'*!
Helmar Gorls,'"! Uwe Kohn," Esra Altuntas,” Anja Baumgaertel,' Martin D. Hager,"”!
Andreas Winter,”! Benjamin Dietzek,' Jiirgen Popp,'! Leticia Gonzalez,*" and
Ulrich S. Schubert*®

Ruthenium(IT) polypyridyl complexes have received par-
ticular interest with respect to photosensitizer applications,
because they are stable and inert complexes that show a de-
fined metal-to-ligand charge transfer (MLCT).! A central
dilemma is that trisbidentate complexes (e.g., of 2,2"-bipyri-
dine, bpy) show long excited-state lifetimes, whereas bis(tri-
dentate) complexes (e.g., of 2,2":6',2"-terpyridine, tpy) allow
the isomer-free construction of linear assemblies for vectori-
al electron-transfer processes.”) The quest of diminishing the
fast radiationless deactivation of the *MLCT state through
the triplet metal-centered state (®MC) of bis(tridentate)
ruthenium(IT) polypyridyl complexes® has motivated nu-
merous approaches**! that aim at *MLCT lowering or *MC
raising or both. Ideally, electronic manipulations are realized
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by direct incorporation of stronger donors, that is, by cyclo-
metalation!”! or coordination through anionic N-heterocy-
cles® and N-heterocyclic carbenes (NHCs).”! Thereby,
strong ¢ and m donation by coordination through anionic
carbon or nitrogen donors lead to a destabilized ground
state and, thus, a lowered *MLCT, resulting in a radiation-
less deactivation governed by the energy-gap law!"”! and a
low driving force for the potential electron-transfer process-
es. In contrast, classical NHC ligands are strong, charge-neu-
tral ¢ donors and 7 acceptors, thus causing a favorable *MC
destabilization, but also undesirably blue-shifted MLCT
transitions. Alternatively, the expansion to six-membered
ring chelators®® leads to excellent excited-state lifetimes by
a more favorable bite angle, but can also cause the forma-
tion of isomers (fac, mer) that show very different properties
and that are hard to separate.

In this regard, abnormal or mesoionic carbene ligands!"
provide superior o-donating and only moderate m-accepting
properties that ideally would lead to strongly destabilized
*MC states and a maintained *MLCT energy. 1,2,3-Triazolyli-
denes match these demands and are readily accessible by
modular click chemistry. Herein we present a heteroleptic
bis(tridentate) ruthenium(II) complex (RuCNC) of the new
2',6'-bis(1-mesityl-3-methyl-1,2,3-triazol-4-yl-5-idene)pyri-
dine (CNC) ligand and the parent tpy. A heteroleptic com-
plex with tpy is particularly interesting, because it preserves
the elaborated terpyridine chemistry, including a variety of
ruthenium precursors, allows for asymmetric functionaliza-
tion, and includes a reference ligand. The electronic and op-
tical properties of RuCNC were investigated by experimen-
tal and theoretical studies.

The synthesis of RuCNC was achieved under mild reac-
tion conditions with a high selectivity and reasonable yield
(Scheme 1). For the preparation of 2',6'-bis(1-mesityl-3-
methyl-1,2,3-triazolium-4-yl)pyridine tetrafluoroborate
(H,CNC), the parent click-derived 2',6'-bis(1-mesityl-1,2,3-
triazol-4-yl)pyridine (tripy)!"? could be methylated selective-
ly with Meerwein’s salt!'® as evidenced by single-crystal X-
ray diffraction (Figure 1), spectroscopic, and spectrometric
methods. Because free 1,2,3-triazolylidenes undergo a 5-3-
methyl shift,""! a stable silver(I)-precursor (AgCNC) was

Chem. Eur. J. 2011, 17, 5494 - 5498
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Scheme 1. Schematic representation of the synthesis RuCNC.

Figure 1. Solid-state structures of H,CNC (top) and RuCNC (bottom, el-
lipsoids at 50 % probability level; hydrogen atoms, solvents molecules,
and tetrafluoroborate anions are omitted for clarity). Selected bond
lengths (A) and angles (°) of RuCNC: Ru—Cl, 2.058(4); Ru—C2,
2.051(4); Ru—N1, 2.083(4); Ru—N2, 2.068(4); Ru—N3, 1.962(4); Ru—N4,
2.052(4); Cl-Ru-C2, 154.34(17); N2-Ru-N4, 15825(15); NI1-Ru-N3,
178.48(15).

prepared by utilizing silver(I) oxide. ESI-ToF MS, MALDI-
ToF MS, and MS/MS measurements revealed isotopically re-
solved peaks of up to tetrameric cycles (see Figure S36 in
the Supporting Information for an optimized structure of
the tetrameric complex).™ In the milder ESI MS, mainly
the 4:4 complex, beside 3:3 and 1:1 fragments, were ob-
served. Diffusion-ordered NMR-spectroscopy (DOSY)
measurements proved the uniformity of the proton signals
and the formation of a higher aggregate. In the “C NMR
spectra, the abnormal carbene signals appeared with a typi-
cal """ Ag coupling at around 170 ppm that was shifted to
higher field by 10 ppm compared with a silver complex of a
normal imidazolylidene carbene with a carbon sextet.' For

Chem. Eur. J. 2011, 17, 5494 —-5498
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the subsequent transmetalation, common ruthenium(II) and
ruthenium(IIT) monocomplexes of tpy were tested, but only
cis-[Ru(tpy)(DMSO)CL]™ proved to be a sufficiently selec-
tive and reactive precursor. Single crystals of RuCNC suita-
ble for X-ray diffraction were grown by vapor diffusion of
diethyl ether into a methanolic solution (Figure 1). The
C,N,C-pincer coordination as well as an intramolecular
tweezer-like m stacking was clearly confirmed. The rutheni-
um-—carbon bond lengths are identical to those reported for
a related heteroleptic ruthenium(II) complex of the classical
2',6'-bis(3-methylimidazol-1-yl-2-idene)pyridine and terpyri-
dine, other bond lengths are comparable and the bite angles
are slightly larger.”’’ The identity and purity of the complex
were proven by MS and various NMR techniques. The tri-
azolium protons vanished and characteristic high-field shifts
due to the m stacking were visible in the '"H NMR spectrum.
Furthermore, a strong low-field shift to around 185 ppm can
be observed for the coordinating carbons in the “C NMR
spectrum, but again less pronounced than for classical NHC
ligands."”!

The UV/Vis absorption spectrum of RuCNC shows a typi-
cal MLCT transition, but, due to the reduced symmetry of
the heteroleptic complex, it exhibits a comparatively low ex-
tinction coefficient and a band splitting. The absorption pro-
file is similar to the related heteroleptic complex with
N,N,N-bound tripy.'”! Noteworthy, the MLCT absorption is
only marginally blue-shifted in comparison to the parent
[Ru(tpy),](PFs), (see above and Table 1). The room-temper-
ature emission measurement revealed an intense red and
unstructured emission with quantum yields close to the [Ru-
(bpy);](PF;), reference value (Table 1). Furthermore, the
emission showed a slow and monoexponential decay, thus
arising from a single phosphorescent triplet state (Figure 2).
The excited-state lifetime of 633 ns can almost compete with
[Ru(bpy);](PF¢), and is 2500 times longer than for [Ru-
(tpy)o](PF),.

In comparison to ruthenium(II) complexes of charge-neu-
tral polypyridyl ligands, the redox potentials show a cathodic
shift, most likely due to the anionic carbon of the mesoionic
carbene, but a similar energy gap. The HOMO and LUMO
energies calculated from the cyclovoltammetry results
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Table 1. Selected photophysical and electrochemical data.

[Ru(tpy),](PFj), [Ru(bpy);](PF), RuCNC

A8 [nm]™ 474 450 463

£ [10* M Tem '] 1.8 1.4 1.0
/lf;: [nm] - 597 643 (634)!
7 [ns] 0.21 860;4 680! 633; 615!
Dy, [%] - 6.211 4.4:11 5 5c8l
EDy [VIM 0.90 0.90 0.60
ERed [V]® —1.64 —1.71 —1.95
ELUM(, [eV]H —3.20 —3.28 —2.70
Epnomo [eV]! -5.71 —5.70 —5.38

Measured in deaerated acetonitrile at 298 K, unless stated otherwise.
[a] Maximum of the MLCT band. [b] Theoretical predicted AEE value
(PCM-B3LYP/6-31G*). [c] Measured in butyronitrile at 290 K; from
ref. [3a]. [d] From ref. [16]. [e] Measured in deaerated CH,CL,. [f] From
ref. [17a]. [g] Against [Ru(bpy);](PFs), as standard. [h] Measured in
CH;CN containing 0.1 NBu,PF, and with Fc/Fc* as a reference. [i] Cal-
culated by using E-UMOMHOMO _[_(pRed/Ox_pgFe/Fery 4 g] ey,
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—— calculated absorption ;%
—— measured absorption | }
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Figure 2. Calculated and measured UV/Vis absorption and measured
emission spectra (top). Emission decay (bottom).

(Table 1) are raised in energy and, additionally, the oxida-
tion appears to be reversible. To obtain a more detailed in-
sight into the oxidation process, UV/Vis spectroelectrochem-
ical experiments were executed (see Figure S31 in the Sup-
porting Information). Several isosbestic points suggest the
presence of only two species and, thus, a well-defined oxida-
tion process. The most obvious spectral change is the strong
decrease of the MLCT bands at 463, 410, and 352 nm, con-
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sistent with the assignment of the oxidation process as a
ruthenium(IT)/ruthenium(III) transition. Additionally, a
weak and broad band at around 600 to 800 nm appears,
most likely due to ligand-to-metal charge transfer (LMCT,
n—d) transitions, whereas the bands below 330 nm, in the
region dominated by ligand-centered (LC) transitions,
appear essentially unchanged. Remarkably, the reduction of
the oxidized species regenerates the parent complex quanti-
tatively. This highlights the potential of RuCNC to act as an
electron donor.

To understand the electronic properties and the bonding
of the abnormal carbene ligand to the ruthenium center,
energy-decomposition analysis (EDA)!' was performed
(see computational details in the Supporting Information).
The EDA (BP86-ZORA/TZP) calculation revealed that the
interaction energy between the carbene and the rutheni-
um(I1)-tpy fragment is —256 kcalmol™'. Former EDA calcu-
lations on ruthenium complexes of normal (C2-bound) and
abnormal (C4-bound) imidazolylidenes revealed interaction
energies of —60 to —70 kcalmol™' for a single ruthenium-
carbene bond." Assuming these values for a tridentate
system still leaves a significant energy difference, this means
that CNC enables very strong ruthenium—abnormal carbene
bonds. The global interaction energy stems roughly 1:1 from
covalent and ionic interactions due to the mesoionic charac-
ter of the carbene donor ligand. Concerning the covalency
of the bond, strong o-donating as well as m-accepting inter-
actions contribute to the global energy (see Figure S37 and
Table S3 in the Supporting Information). Furthermore, time-
dependent DFT (TD-DFT) calculations in the presence of
acetonitrile (PCM-TD-B3LYP/6-31G*) were performed to
rationalize the absorption and emission spectra. The geome-
try-optimization calculations show that the HOMOs are
centered on the ruthenium, whereas the LUMOSs are local-
ized on both ligands (Figure 3b). Thus, several transitions,
mainly of MLCT character and directed towards both li-
gands, are observable in the visible region of the absorption
spectrum (see Figure 3a and Table S4 in the Supporting In-

a) a5 AlS ALT,
geometry

5 b)
geomerry
MC
[TMLCT,,,
"MLCTene
25 J'

MLCT,, HOMO-2 d,,) HOMO-1 (d;) HOMO (d,,)

MLCT,W
MLCTexe
15} /

LUMO (x'y,)  LUMO+I (t'cne) LUMO+1I (d,)
[ 05| )

v 0"

< 1Gs LUMO+14 (d,2,2)

Figure 3. a) Energy-level scheme of the lowest excited states of RuCNC
at both the Sy- and T;-optimized geometries (GS =ground state). b) Most
relevant Kohn-Sham orbitals computed at the PCM-B3LYP/6-31G* level
of theory. ¢) Spin-density plot of the T, state.
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formation). The calculated UV/Vis spectrum is slightly blue-
shifted in comparison with the measured spectrum, but both
are consistent in shape (see Figure 2). Also, the computed
emission maximum is in good agreement with the experi-
ment (see the value of the theoretical predicted adiabatic
electronic emission, AEE, in Table 1). Thereby, the longest-
wavelength '"MLCT absorption involves the tpy ligand,
whereas, the *MLCT emission originates from the carbene
ligand after redistribution of electron density in the course
of vibrational relaxation and intersystem crossing. The
MLCT nature of the T, state was confirmed by spin-density
analysis (see Figure 3c¢). Remarkably, due to the strong o
donation, the *MC states are of very high energies,
32 kcalmol ™! above the *MLCT, thus hardly populated ther-
mally and therefore, the radiationless deactivation is sup-
pressed efficiently (see Figure 3a and Table S5). Oppositely,
for the parent compound [Ru(tpy),]**, it was found, with
the help of ADFT calculations, that the *MC state is even
4 kcalmol ™' lower in energy than the *MLCT.

In conclusion, click chemistry and subsequent methylation
was employed to introduce tridentate 2',6"-bis(1,2,3-triazoly-
lidene)pyridine ligands with mesoionic carbene donors.
Ruthenium(IT) complexation was achieved by transmetala-
tion from a tetrameric silver(I) cycle. Due to the superior o
donation of the mesoionic carbene, the heteroleptic ruthe-
nium(II) complex of the new ligand and the parent terpyri-
dine possesses promising photophysical and electrochemical
properties with respect to photosensitizer applications. As a
bis(tridentate), heteroleptic system, the complex allows for
the construction of isomer-free, linear, and asymmetric sub-
stituted assemblies.

Experimental Section

Experimental and computational details are provided in the Supporting
Information. CCDC-787332 (H,CNC) and -787333 (RuCNC) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT: A series of heteroleptic bis(tridentate) ruthenium(II) complexes bearing ligands featuring 1,2,3-triazolide and
1,2,3-triazolylidene units are presented. The synthesis of the CANAN-coordinated ruthenium(II) triazolide complex is achieved
by direct C—H activation, which is enabled by the use of a 1,5-disubstituted triazole. By postcomplexation alkylation, the
ruthenium(II) 1,2,3-triazolide complex can be converted to the corresponding 1,2,3-triazolylidene complex. Additionally, a
ruthenium(II) complex featuring a CANAC-coordinating bis(1,2,3-triazolylidene)pyridine ligand is prepared via transmetalation
from a silver(I) triazolylidene precursor. The electronic consequences of the carbanion and mesoionic carbene donors are studied
both experimentally and computationally. The presented complexes exhibit a broad absorption in the visible region as well as
long lifetimes of the charge-separated excited state suggesting their application in photoredox catalysis and photovoltaics. Testing
of the dyes in a conventional dye-sensitized solar cell (DSSC) generates, however, only modest power conversion efficiencies
(PCEs).

Bl INTRODUCTION sufficiently long excited-state lifetimes are required. Bis-
(tridentate) ruthenium(II) complexes, e.g, [Ru(tpy),]** (tpy
= 2,2":6',2"-terpyridine), offer a high stability and allow for
isomer-free functionalization, but usually suffer from short-lived
excited states owing to a rapid deactivation via an energetically

Ruthenium(II) polypyridyl complexes are promising candidates
for the utlhzatlon of solar energy by means of photoredox
catalysis," > artificial photosynthesis,® and photovoltalc appli-
cations like dye-sensitized solar cells (DSSCs),” ™ as they allow
for a light-driven charge separation by a metal-to-ligand charge
transfer (MLCT).'® To exploit the charge-separated triplet Received: October 27, 2013
excited state (*MLCT), photo- and redox-stability as well as Published: January 28, 2014
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low lying triplet metal-centered excited state (*MC). The latter
is caused by the nonideal bite angle of the tpy ligand, which
weakens the ¢ donation from the outer pyridine rings and,
therefore, lowers the energy of the corresponding o-
antibonding orbitals, which are mainly of d2_ character.' "'
Different strategies have been developed during the past
decades to overcome the poor photophysical properties that are
typical for [Ru(tpy),]*" including structural’® and elec-
tronic'*"® manipulations. The latter usually involve an increase
of the o-donor strength by introducing, for instance,
carbanionic or carbene donors in the peripheral positions of
the tridentate ligand, which help to destabilize the SMC.
Additionally, a decelerated radiationless deactivation of the
SMLCT via the *MC in organometallic ruthenium(II)
complexes may be caused not only by a higher energy barrier,
but also by a lower pre-exponential factor.'*"”

When comparing the electronic effects of carbanion and
carbene donors, the repulsive d(z)—p(7) interaction between
the metal center and the carbanion raises the energy of the
SMLCT and, to a greater extent, that of the ground state (GS)
resulting in a small *MLCT—MC energy gap. The latter
enables efficient light harvesting in the DSSC,”"® but shortens
the excited-state lifetimes by virtue of the energy-gap
law.! V19723 Additionally, as the *MLCT is destabilized, the
SMLCT—>MC energy separation is lowered, which facilitates
the nonradiative deactivation via the *MC. In contrast, charge-
neutral N-heterocyclic carbenes (NHCs) like imidazol-2-
ylidenes and mesoionic carbenes (MICs) such as 1,2,3-
triazolylidenes allow for significant SMC destabilization, while
the GS and *MLCT energies are less affected, which results in
significantly prolonged excited-state lifetimes.>* Recently, we
could demonstrate that the exploitation of the superior o
donation provided by 1,2,3-triazolylidenes allows for the design
of bis(tridentate) ruthenium(II) complexes with excited-state
lifetimes of up to several microseconds.”> >’

In this work, we present the photophysical and electro-
chemical properties of a series of heteroleptic bis(tridentate)
ruthenium(II) complexes of 1,2,3-triazole-derived ligands that
involve either anionic 1,2,3-triazolide or mesoionic 1,2,3-
triazolylidene donors (Figure 1).”® Relative to the N-
coordination of the triazole via its 3-nitrogen, the C-
coordination of the triazolide or triazolylidene enables
significantly stronger ¢ donation.”**° Thereby, the anionic
triazolide additionally acts as a 7 donor, owing to the high
energy of the 77 system. In contrast, the 7 and 7* orbitals of the
mesoionic 1,2,3-triazolylidene are lower in energy resulting in a
weakened 7 donation and strengthened 7 back-donation
(Figure 2).>° Beside the fundamental properties, we were
interested in the viability of these dyes for application in the
DSSC, as the long excited-state lifetimes of the mesoionic
carbene complexes (2¢, 3c) might enable high electron
injection efficiencies with a low injection driving force, i.e.,
with a low energy loss.>"** Furthermore, electron donation
from phenyl anions within cyclometalated ruthenium(II)
complexes can afford Ru(1II)/Ru(1l) redox potentials that are
too low to allow for efficient dye regeneration. In these cases,
the installation of electron-withdrawing groups may be
necessary in order to increase the redox potential.>*** In this
regard, we were interested in whether the intrinsically stabilized
carbanion of the anionic 1,2,3-triazolide donor (1c) can serve as
a valuable alternative.

1b: R=COOMe
1c: R=COOH

4 3b: R=COOMe
R 3c: R=COOH

Figure 1. Ruthenium(II) complexes studied in this work. Numbering
schemes for the complexes and the corresponding ligands.

R 1,2,3-triazole:
-
/O\@ ({h modest G donation
ReNSZN BD=ORY!  x donati
N 0 ‘ b weak 7 donation
B

weak 1t back-donation

R R
\N_\@ -— @ 1,2,3-triazolide:
N'.?ZC ApORU! strong & donation
. - ‘ strong m donation
R\N_\@R - qh 1,2,3-triazolylidene:
N;?,C DR strong & dona?ion
e — @ weak 7 donation
R weak 7 back-donation

Figure 2. Illustration of the electronic differences between 1,2,3-
triazolide and 1,2,3-triazolylidene donors. Note that the 7 donation is
repulsive (cf. 1,2,3-triazolide).

1,2,3-Triazole-derived ligands can be readily synthesized and
functionalized via catalyzed azide—alkyne cycloaddition reac-
tions.>**>*® We chose the ruthenium-catalyzed version to
selectively obtain the 1,5-disubstituted triazole.*” In contrast to
the 1,4-disubstituted triazole, the 1,5-regioisomer exclusively
affords the cyclometalated complex, because the alternative
tridentate coordination via the 3-nitrogen of the triazole is
blocked (Figure 3).3 Additionally, as the corresponding

] ,R:u”” . \,IJRU”"N

1,4-disubstituted 1,2,3-triazoles:
coordination via C5 or N3

Rl
1,5-disubstituted 1,2,3-triazoles:
exclusive coordination via C4

Figure 3. Implications of the ligand design for the ruthenium(II)
coordination.
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Scheme 1. Synthesis Routes Towards the Ruthenium(II) Complexes la—1c, 2a—2c, and 3a—3c”
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?(a) Trimethylsilylacetylene, Pd(PPh,),, Cul, THF, diisopropylamine, rt, 3 d; (b) KF, THF/MeOH, rt, 24 h; (c) n-octyl azide, RuCp*(PPh,),Cl,
1,4-dioxane, 60 °C, microwave, 3 h; (d) [Ru'(tpy)(MeCN),](PF), or [Ru'(tcmtpy)(MeCN);](PFy),, MeOH (+ 2,6-lutidine) or DMF, 160 °C,
microwave, 30 min; (e) DMF/NEt;/H,0, reflux, 48 h; (f) Mel, CHCl;, 70 °C, 48 h; (g) n-octyl azide, RuCp*(PPh;),Cl, 1,4-dioxane, 60 °C,
microwave, 3 h; (h) Me;O'BE,”, CH,Cl,, rt, 48 h; (i) Ag,0, KBr, MeCN, rt, 96 h; (j) Ru(temtpy)(DMSO)CL,, CH,CL, 70 °C, 24 h.

triazolide and triazolylidene complexes are supposed to be NOESY measurements were performed (see the SI), revealing
anchored to TiO, via the tpy ligand, substituents on the triazole a correlation between the a-CH, protons of the alkyl chain and
ring will point away from the semiconductor surface in case of the central pyridine ring, while no correlation was found for the
the 1,5-regioisomer offering the installation of hydrophobic methyl groups in line with the anticipated substitution pattern.
alkyl chains to increase the solubility of the dyes, suppress In contrast to the aforementioned 1,2,3-triazolylidene
water-induced dye-desorption, and potentially reduce recombi- formation at the complex, the bis(triazolylidene) complex 3b
nation reactions in the DSSC.*** was synthesized via preparation of a silver(I) 1,2,3-triazolyli-
dene complex and subsequent transmetalation using cis-
B RESULTS AND DISCUSSION Ru(temtpy) (DMSO)CL,, as reported for the synthesis of 3a
Synthesis. The alkyne building block 6-ethynyl-2,2'- and derivatives thereof.*>*® For the formation of the silver(I)
bipyridine and 2,6-diethynylpyridine41 were obtaind via a precursor by reacting the triazolium salt 7 with Ag,O, KBr had
Sonogashira cross-coupling reaction. To ensure the selective to be added to increase the reactivity of Ag20,46 as the acidity
formation of 1,5-disubstituted triazoles, RuCp*(PPh;),Cl (Cp* of the alkyl-substituted triazolium salt is lower than that of
= pentamethylcyclopentadienyl) was chosen as catalyst for the previously used aryl—substituted analogues.30’47 The saponiﬁca—
subsequent azide—alkyne cycloaddition42_44 with n-octyl azide, tion of the esters 1b—3b was achieved in good yields by heating
which afforded the 1,2,3-triazole frameworks S and 6 in good the corresponding complexes in DMF/NEt;/H,0 (3:1:1 v/v/
yields (Scheme 1). Methylation of 6 was accomplished using v) according to literature protocols.>**¥*
Meerwein’s reagent as reported previously.”® In view of the Computational Methods. In order to gain a deeper
wide scope of available azides and the potential to use insight into the photophysical and electrochemical properties of
substituted alkynyl-pyridine building blocks, modularly func- the complexes, density functional theory (DFT) and time-
tionalized ligands are thus available. dependent (TD) DFT calculations have been carried out for
The cyclometalated complexes 1la and 1b were obtained in the methyl-ester-substituted complexes. Octyl chains have been
good yields by converting ligand 5 with [Ru"(tpy)(MeCN);]- replaced by methyl groups (1b’—3b’) to shorten the
(PFg), and [Ru"(temtpy)(MeCN);](PF), (temtpy = trimeth- computation time.
yl-2,2':6",2"-terpyridine-4,4',4"-tricarboxylate), respectively, The relevant molecular orbitals, depicted in Table S1, reflect
under microwave irraditation in ethanol or DMFE.'*'® As a the electronic effects of the employed ligands. Due to the
partial alkylation of the triazolide was already encountered strong o- and z-donating character of the anionic ligand of 1b’,
under the acidic reaction conditions when alcohols were used the HOMO is constituted of ruthenium d orbitals and triazolide
as solvents, either 2,6-lutidine was added or DMF was used 7 orbitals, while the LUMO is predominantly composed of tpy
instead of the alcohol. Formation of 2a and 2b was achieved 7* orbitals. As a result of the electronic repulsion between the 7
conveniently by alkylation of the respective 1,2,3-triazolide orbitals of the triazolide and occupied metal d orbitals (z
complexes 1a and 1b using methyl iodide.*> The changes in the donation), the HOMO is strongly destabilized, which, in turn,
BC NMR spectral shifts of the ruthenium(II)-coordinated leads to an increased 7 back-donation toward the tpy and,
carbon atom upon alkylation were only marginal; however, the hence, the LUMO is destabilized as well, although to a lesser
formation of the anticipated product was proven by 2D NMR extent. Consequently, 1b’ features a relatively narrow HOMO—

techniques as well as mass spectrometry. Additionally, selective LUMO gap. In contrast, the HOMO of 2b’ is 0.6 eV lower in
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Figure 4. Calculated electronic singlet—singlet transitions and experimental UV—vis absorption spectra for the ester-substituted complexes (left,
from top to bottom: 1b'—3b’) and corresponding EDDM plots (right, blue = depletion of electron density, yellow = accumulation of electron
density, isovalue = 0.001). Molecular orbitals involved in the transition are depicted in Table S1.

energy due to the moderate m-accepting character of the
mesoionic carbene.”® On account of the less electron-rich metal
center, the destabilization of the tpy-based LUMO is also less
pronounced resulting in a HOMO—LUMO gap of 2b’ that is,
all in all, 0.3 eV larger than for 1b’. Introduction of a second
1,2,3-triazolylidene donor (3b’) further increases the o
donation and, thus, the HOMO and LUMO destabilization,
although the energy gap remains constant.

Electron-density difference maps (EDDMs), which display
the depletion and accumulation of electron density during an

2086

electronic transition, have been calculated for the relevant
transitions in the visible-light region (Figure 4, Tables $2—4).
Importantly, the calculated transitions are in good correlation
with the experimental UV—vis spectra (vide infra). For 1b’, the
longest-wavelength transition involves a charge transfer from
the HOMO, located on the ruthenium(II) center and the
cyclometalating ligand, more precisely the triazolide ring, to the
LUMO, which spreads over the tpy ligand. The corresponding
transition is thus best described as a mixed metal-to-ligand
charge transfer (MLCT) and ligand-to-ligand charge transfer

dx.doi.org/10.1021/ic402702z | Inorg. Chem. 2014, 53, 2083—-2095
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P

Figure S. Spin-density plots (isovalue = 0.004) of the lowest-energy triplet excited state (top) and the singly oxidized GS (bottom) of the ester-
substituted complexes (from left to right: 1b’—3b’). Color code: Carbon, gray; hydrogen, white; nitrogen, blue; oxygen, red; ruthenium, cyan.

(LLCT), i.., a metal-ligand-to-ligand charge-transfer
(MLLCT) transition; however, the term MLCT is kept in
the following (Figure 4, population of $,).%° The transitions at
shorter wavelengths (between 350 and 600 nm) exhibit MLCT
character with varying LLCT contributions (e.g., population of
Ss, Se So)- Certain transitions at ~400 nm likewise show mixed
MLCT and intraligand charge-transfer (ILCT) character
involving the cyclometalating ligand, while absorption bands
below 350 nm can be assigned to ligand-centered (LC) and
metal-centered (MC) transitions. However, after internal
conversion (IC), ultrafast intersystem crossing (ISC), and
vibrational relaxation, the lowest-energy triplet excited-state is
populated, which is expected to be a MLCT featuring singly
occupied molecular orbitals (SOMOs) located on the metal
center/the anionic triazolide ring and the tpy ligand (vide
infra). For the mesoionic carbene complexes 2b" and 3b’, the
EDDM plots reveal a similar behavior as for 1b’. The lowest-
energy transitions involve a charge transfer from the HOMO,
which is located on the carbene ligand and the metal, to the
LUMO, located on the tpy ligand. Other transitions with high
oscillator strengths in the visible region are of MLCT character
involving lower occupied orbitals as well as higher unoccupied
orbitals and are mostly directed toward the tpy ligand (Figure
4). Again, some MLCT transitions at shorter wavelengths are
directed toward the carbene ligand and LC as well as MC
transitions occur in the UV region.

Since we had previously encountered that the ISC is
accompanied by a charge transfer from the tpy ligand to the
carbene ligand in case of 3a,> we also included a calculation of
the spin-density distribution in the MLCT for 1b'—3b’
(Figure 5). Owing to the stabilization of the z* orbitals of the
tpy ligand by the carboxymethyl groups, the initial electron
transfer to the tpy is preserved in the lowest-energy *MLCT.
With respect to application in DSSCs, the anchoring groups are
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therefore properly placed to allow for electron injection into
TiO, (vide infra).

Furthermore, we calculated the spin-density distribution of
the oxidized complexes (1b’*—3b’*, Figure S), as this allows for
an assessment of the localization of the electron hole remaining
after the injection of an excited electron into the TiO,. Similar
to the HOMO distribution of 1b’ (Table S1), the cyclo-
metalated ruthenium(III) complex 1b"* shows significant spin
density on the anionic triazolide ring, in contrast to the
mesoionic carbene complexes. This finding is discussed below.

Photophysical Properties. The UV—vis absorption and
emission spectra of the new complexes are depicted in Figures
S§12—S19, complemented with data for complex 3a,%° and the
data is summarized in Table 1. In comparison to the parent
homoleptic complex of tpy, [Ru(tpy),](PFs), the mesoionic
carbene complexes 2a and 3a show MLCT maxima and
absorption onsets at similar wavelengths but with lower
extinction coeflicients. Analogous behavior was reported
recently for a tris(bidentate) ruthenium(II) complex featuring
a 1,2,3-triazolylidene when compared to its polypyridyl
counterpart [Ru(bpy);](PFs), (bpy = 2,2'-bipyridine).>!

In contrast, the anionic triazolide of complex la induces a
bathochromic shift, in line with the DFT calculations (vide
supra). In comparison to the analogous CANAN-cyclometalated
complex that features a phenyl anion as donor,>**° the
bathochromic shift is less pronounced, which is expected
based on the intrinsic lowering of the triazolide’s electron
donation by the ring nitrogen atoms.

The attachment of electron-withdrawing ester groups on the
tpy (1b—3b) causes a bathochromic shift of the MLCT bands
and absorption onsets due to the stabilization of tpy-based 7*
orbitals. Furthermore, the ester groups increase the extinction
coefficients (Table 1). However, the bathochromic shifts are
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Table 1. Photophysical Data of the Complexes

Aem /DM (A&E TJ
complex A /nm (£/10° M~' em™)*~¢  /nm); ®p /%77 nsP©
[Ru(tpy),] 520 (4.7),475 (14.7), 308 (63.4), — 0.21°
)2 274 (37.3)
la 619s (2.7), SOS (12.1), 386 (9.5), 730 (500); 0.2 35
316 (35.9)
1aH 5425 (2.1), 476 (10.7), 400s 648 (470); 1.8 47
(3:2), 310 (44.6)
2a 5455 (2.7), 480 (10.4), 400 (4.5), 650 (478); 0.82 45
310 (40.4)
3 539 (3.0), 463 (10.5), 405 (5), 643 (463); 44 633
353 (9), 311 (28)
1b 672 (3.0), 556s (8.9), 512 (10.9), ~ 800 (670); 50
414 (16.8), 329 (33.5) <1072
1bH 593 (2.8), 507 (10.8), 472 (10.2), 706 (510); 22 71
388 (13.9), 339 (26.4)
2b 593 (3.0), 503 (11.3), 471 (10.8), 703 (590); 3.0 133
391 (14.6), 339 (29.0)
3b 603 (3.0), 516s (9.7), 478 (12.3), 716 (600); 9.0 297
395 (17.3), 337 (23.3)
1c 626 (2.2),530s (8.4), 499 (10.6), 736 (500)¢ 548
400 (10.1), 323 (29.4)%
2¢ 566 (2.9), 493 (11.7), 460s 671 (490)% 1178
(10.5), 399 (6.2), 321 (35.1)%
3c 571 (2.6), 495 (10.5), 467 (11.6), 674 (500)% 410,
376 (8.7), 328 (26.4)% 306%

s = shoulder. ®Measured in MeCN unless stated otherwise. “Air-
equilibrated solution. “Determined using [Ru(dqp),](PF), in
MeOH/EtOH 1:4 (®PL = 2.0%)°* as reference; solutions were
purged with N,. “Taken from ref 53; measured in deaerated
butyronitrile. Taken from ref 25; measured in deaerated MeCN.
$Measured in MeOH.

less pronounced for the complexes featuring free carboxylic
acids (1c—3c) or TiO,-anchored carboxylates (vide infra).

The E,_, values follow the above-mentioned trends and are
similar for the triazolylidene complexes, while they are
significantly smaller for the 1,2,3-triazolide complexes (Table
2). Implications for the design of DSSCs thereof will be
discussed later.

The cyclometalated ruthenium(II) complex la is weakly
emissive at room temperature in acetonitrile solution with
slightly higher quantum yields (®p, = 0.2%) than for
ruthenium(II) complexes featuring cyclometalating phenyl
rings.16’54'55 The emission maximum at 723 nm is hypso-
chromically shifted relative to the emission maximum at about
800 nm observed for analogous ruthenium(II) complexes
bearin% a CANAN-cyclometalating 6-phenyl-2,2’-bipyridine
ligand,”*** which is again ascribed to the high degree of aza
substitution within the 1,2,3-triazole ring lowering the GS
destabilization. The excited-state lifetime was measured to be
35 ns, which is slightly shorter than for analogous ruthenium-
(II) complexes featuring a cyclometalating phenyl ring instead
of the triazolide.’® For 1b and Ic, prolonged excited-state
lifetimes of 50 and 54 ns, respectively, were measured, which is
attributed to a stabilization of the 3MLCT and, thus, an
increased energy separation between the *MLCT and the *MC.
As reported earlier,” " the introduction of 1,2,3-triazolyli-
denes as powerful ¢ donors enables a strong destabilization of
the *MC relative to the MLCT and, thus, the suppression of
the radiationless deactivation via the MC. In contrast to the
cyclometalated complexes la and 1b, the GS and SMLCT
destabilization is expected to be less pronounced due to the
weaker 77 donation from the 1,2,3-triazolylidene. Consequently,
the *MLCT—>MC separation as well as the GS—MLCT gap is
increased giving rise to longer-lived excited states and higher
emission quantum yields. Indeed, 2a and 2b show excited-state
lifetimes of 45 and 133 ns as well as phosphorescence quantum
yields of 0.8% and 3.0%, respectively. Again, the electron-
withdrawing ester groups further diminish the radiationless
deactivation as they increase the *MLCT—>MC energy
separation by lowering the *MLCT energy. Even longer
excited-state lifetimes (297 ns) and remarkably high phosphor-
escence quantum yields (9.0%) were measured for 3b
sug§estin potential application in electroluminescence devi-
ces. 7 In comparison to the previously reported complex
3a,”® a shorter excited-state lifetime has been measured for 3b,
which is attributed to the use of air-equilibrated solvents for the

Table 2. Electrochemical Data of the Complexes

complex Ey o /V*C
[Ru(tpy),](PFs), 0.90%
la 0.25
1aH 0.67
2a 0.70
3a 0.60
1b 0.47
1bH 0.86
2b 0.87
3b 0.73
1c 0.40 (1.03)¢
2¢ 0.84 (1.47)¢
3c 0.66 (1.29)%
N749 0.16 (0.85)"

Eiprea/ VEE Ege /V4 Eyo /eVP©
—-1.64%° - -
-1.93 1.88
_f —1.44 2.11
—1.75 —1.40 2.10
-1.95 149 2.09
~1.51 1.67
=y —1.02 1.88
-1.35 -1.00 1.87
—147 112 1.85
- —1.43 (—0.80) 1.83"
- —1.13 (-0.50) 1.97"
- —1.31 (—0.68) 197"
- —1.42 (=0.73) 1.58°

“Referenced vs. Fc*/Fc (vs. NHE). “Measured in MeCN solution unless stated otherwise. “Determined by cyclic voltammetry experiments using
Bu,NPF; as supporting electrolyte, unless stated otherwise; conversion to NHE scale by addition of 0.63 V' and 0.69 V*> when the measurement
was done in MeCN and DMF/MeOH (4:1 v/v), respectively. 9Calculated using Eg« = Ej)p o — E0_0.63 “Determined at the intersection of the
absorption and emission spectra with the latter being normalized with respect to the lowest-energy absorption. 7Could not be measured due to
proton reduction with the added acid. *Determined by square-wave voltammetry with the complex-anchored TiO, anode as the working electrode
immersed in MeCN containing Bu,NPF as supporting electrolyte; OMFc*/OMFc was used as internal standard; conversion to Fc*/Fc-scale by
subtraction of 0.4 V and to NHE scale by addition of 0.23 V, i.e, E vs. Fc*/Fc + 0.63 = E vs. NHE.®"%%¢* "Measured in MeOH solution. ‘Measured

in DMF/MeOH (4:1 v/v) solution.
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lifetime measurements. Also for the designated photosensitizers
featuring free carboxylic acids, 2¢ and 3¢, long excited-state
lifetimes of 117 and 306 ns, respectively, have been measured in
methanol solution despite the presence of oxygen in the
solvent. Accordingly, oxygen exclusion is not required during
the DSSC fabrication.

An interesting feature of the complexes la—lc is the
reversible switchability of the ligand’s donor properties between
the anionic triazolide and an N- 0protonated triazolide ring, i.e., a
mesoionic 1,2,3-triazolylidene,”’ as exemplarily shown for 1a in
Figure 6. The optical properties of the protonated forms, 1aH
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Figure 6. UV—vis spectral changes upon protonation and deproto-
nation of 1a and 1aH, respectively.

and 1bH, resemble those of 2a and 2b, respectively (Table 1).
In the case of 2b, however, the lifetimes are still significantly
longer than for the corresponding complex 1bH.

Electrochemical Properties. The redox behavior of the
presented ruthenium(II) complexes (Table 2) follows the
electronic and structural trends as discussed for the computa-
tional results and the photophysical properties. Accordingly, the
Ru(III)/Ru(1l) redox potentials are the lowest for the
complexes la—1c (0.25, 0.47, and 0.40 V vs. Fc'/Fc,
respectively), intermediate for 3a—3c (0.60, 0.73, and 0.66 V
vs. Fc*/Fc, respectively), and highest for 2a—2c (0.70, 0.87, and
0.84 V vs. Fc'/Fc, respectively), reflecting the electron
donation by the anionic triazolide and the mesoionic
triazolylidene donors. Importantly, the ruthenium-based redox
process is fully reversible (Figure S20—S22). The tpy-based
reduction follows the same trend: the more electron-rich the
metal center, the more negative the redox potentials. This is
attributed to a progressive destabilization of the tpy-based
LUMO through 7 back-donation. In case of 3a, however, the
redox potential is even more negative than for 1a, which might
be rationalized by the close proximity between the mesityl
moieties and the tpy plane giving rise to enhanced electronic
repulsion upon tpy-based reduction. Similarly to the reduction
process, the excited-state redox potentials (Eg«) show a
successive cathodic shift as the effective donor strength of the
ligands increases (Table 2). Furthermore, the direct LUMO
and indirect HOMO stabilization is stronger for the ester-
functionalized complexes than for the complexes featuring
carboxylic acid groups. Again, the electronic properties of the
protonated cyclometalated complexes 1aH and 1bH resemble
those of the carbene analogs 2a and 2b.

As a consequence of the strong ¢ donation from the 1,2,3-
triazolylidenes and the strong ¢ and 7 donation from the 1,2,3-
triazolide, the Ru(III)/Ru(Il)-based redox process of la—3a
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occurs at redox potentials that are significantly cathodically
shifted relative to the parent [Ru(tpy),]** (0.90 V vs. Fc*/
Fc).25 Even for 2b, featuring only a single 1,2,3-triazolylidene
donor but three strongly electron-withdrawing —COOMe
groups on the tpy ligand, the redox potential for the first
oxidation is still slightly lower than for [Ru(tpy),]*. Also, for
bis(tridentate) ruthenium(II) complexes featuring imidazol-2-
ylidene-based ligands, the oxidation is facilitated relative to the
tpy-analogous complexes.”**¥°® On the other hand, a
ruthenium(II) complex featuring a 2,6-bis(imidazol-2-ylidene)-
pyridine and a 2,2":6',2"'-terpyridine-4'-carboxylic acid ligand
was reported to exhibit a metal-based redox process at 1.15 V
vs. Ec*/ Fc,67 which is remarkably dissimilar to the data
measured for 3¢ (0.66 V vs. Fc*/Fc). Nonetheless, the higher
donor strength of the 1,2,3-triazolylidene relative to imidazol-2-
ylidene,*”*® caused by the remote positioning of ring nitrogen
atoms,”%*7% is expected to result in cathodically shifted
ground- and excited-state redox potentials for the correspond-
ing ruthenium(II) complexes. Accordingly, for a series of
tris(bidentate) ruthenium(II) complexes containing either an
imidazol-2-ylidene or a 1,2,3-triazolylidene, the latter showed a
140 mV less positive redox potential for the ruthenium-based
oxidation process.”’ In comparison to la, the CANAN-
coordinated ruthenium(II) complex featuring a cyclometalating
phenyl ring shows a 100 mV lower Ru(III)/Ru(II)-based redox
potential,** which reflects the weaker electron donation by the
1,2,3-triazolide.

Dye-Sensitized Solar Cells. In order to evaluate the
performance of the presented triazolide and triazolylidene
ruthenium(II) complexes in the DSSC, commercially available
test cells with transparent TiO, anodes (12-um-thick layer of
20 nm TiO, particles, 0.88 cm?” active area) were used and
assembled according to standard literature procedures.”® A cell
containing N749 ([Ru(Htctpy)(NCS);](NBu,); with Htctpy =
2,2":6/,2"-terpyridine-4'-carboxylic acid-4,4"-dicarboxylate)’" as
sensitizer and a I;”/I7-based electrolyte with a typical lithium
iodide concentration of 0.1 M was included as internal
standard.”*> In view of the less negative excited-state redox
potentials of some of the new ruthenium(II) sensitizers (Figure
7) and in order to get an idea about their ability to achieve high
incident photon-to-current efficiencies (IPCEs), an increased
lithium iodide concentration of 1 M was used to lower the TiO,
conduction band and, thereby, facilitate the electron injection

Y
EIV O
vs. NHE
— 1.0
07 0738 ——
05y =
e 158
05
085 gy LR
- 1.0
L 15 —_

Figure 7. Comparison of the excited-state and ground-state redox
potentials (values refer to the NHE scale, cf. Table 2) with the relevant
redox potential of the electrolyte and the conduction band edge (solid
line) as well as the appropriate position of the Fermi level (dashed
line) of TiO,.

dx.doi.org/10.1021/ic402702z | Inorg. Chem. 2014, 53, 2083—-2095



Inorganic Chemistry

into TiO, (vide infra).>"”*”* However, the performance in the
DSSC of 1c—3c is clearly inferior to N749 (Table 3).

Table 3. Selected DSSC Data for the Ru(II) Complexes
Measured under AM1.5 Light Conditions

dye «(Li) /M Voc /V Jsc /mAcm™> FF PCE/%
1c 1 0.44 5.0 0.61 1.4
2 1 0.38 19 0.61 0.5
3c 0.42 3.7 0.61 1.0
N749 0.1 0.69 11.6 0.62 5.1

Notably, the energy gaps of the presented sensitizers, which
are larger than that of N749 (Figure 7), cannot explain the
significantly lower photocurrents on their own, as the
integrated products of the absorbance of the dye-loaded TiO,
films (see Figure $27) and the AML.S solar photon flux (with 4
> 400 nm)'®”® reveal overall light-harvesting capabilities
relative to N749 of 65%, 85%, and 77% for 1c, 2c, and 3c,
respectively.

In the case of 2c, the excited-state redox potential (vide
supra) lies considerably below the potential of the TiO,
conduction band (Figure 7), which suppresses electron
injection, in line with the low J,. and IPCE values (Figures
$28 and $29). In contrast, for 1c and 3c, injection problems
should not be encountered due to the similar excited-state
redox potentials of 1c, 3c, and N749 (Figure 7), the prolonged
lifetimes, particularly of 3¢ (306 ns in methanol vs. 30 ns for
N749 in ethanol), and the high lithium concentration (1 M).
Noteworthy, for osmium(II) sensitizers that feature a
significantly lower excited-state redox potential than N749,
high injection efficiencies had been achieved with a moderately
increased lithium iodide concentration (0.6 M).”® Inefficient
dye regeneration might be another potential explanation. While
it has been inferred that an electron hole on the dye that is
exposed toward the electrolyte facilitates the dye regeneration
by enabling an intimate contact with iodide,*****° for 2b’ and
3b’ (Figure S, bottom), only marginal spin density is located on
the ligand in the oxidized ground state according to the DFT
calculations. Thus, although the positively shifted Ru(III)/
Ru(II) redox potential provides a large regeneration driving
force, the regeneration kinetics might be slow allowing for
competitive backward electron transfer.”””®

Since not only the J. but also the V. values are quite low,
even for the 1 M Lil additive, we suspect that an enhanced
recombination of electrons in the TiO, conduction band with
the oxidized dye is the main origin of the low PCE and IPCE
values. Additionally, unfavorable interactions between the
sensitizer and iodine could provoke recombination reactions
with the electrolyte.”””®' Furthermore, the long alkyl chains
could also, in principle, slow down the regeneration kinetics;
however, even lower PCEs have been observed with other
ruthenium(II) carbene complexes devoid of alkyl chains,>”%
while high PCEs have been achieved with sensitizers bearing
even longer alkyl chains.*>%

In contrast to the carbene complexes, for the cyclometalated
complex 1¢, a significant portion of the electron hole is located
on the cyclometalating ligand (Figure S). In line with the above
mentioned argument, this is expected to facilitate dye
regeneration. Indeed, 1lc shows the highest photocurrents
despite its lower light-harvesting capabilities (vide supra). Still,
the PCE and IPCE values of the cyclometalated complex 1c are
inferior to other photosensitizers featuring a carbanionic phenyl
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ring,"**¥*%485 yhich may be attributed partly to a diminished

electron injection on account of the less negative excited-state
redox potential86 and/or recombination reactions due to dye-
iodine interaction.”” ™! Additionally, a partial lithium or proton
coordination at the 3-nitrogen of the triazolide ring would
render the electronic properties of lc similar to 2c (vide
supra).** While a protonation is unlikely due to the presence of
0.5 M 4-tert-butylpyridine in the electrolyte, and although UV—
vis absorption and CV measurements with lc in acetonitrile
solution containing either 1 M LiClO, or 1 M Bu,NCIO, did
not indicate any interaction between lc and Li, it cannot be
ruled out that the triazolide is affected in the working device.
Ultimately, as the sensitizers 1c and 3¢ do not show obvious
molecular design drawbacks, we tentatively ascribe the
comparably low PCE and IPCE values to unfavorable
interactions between the sensitizer and the electrolyte and
inefficient regeneration, respectively. Prospectively, 3¢ might
allow significantly improved IPCEs using electrolytes based on
cobalt(11I)/cobalt(II) polypyridyl complexes or ferrocenium/
ferrocene, which would additionally allow the exploitation of
the high Ru(Ill)/Ru(II) redox potential of the mesoionic
carbene complex potentially leading to high V, values.*’*’

B CONCLUSION

A series of new bis(tridentate) ruthenium(II) complexes
featuring ligands with anionic triazolide and mesoionic
triazolylidene donors is presented. The ¢ and 7 donation
from the triazolide carbanion is lowered in comparison to a
phenyl anion due to the stabilization by three ring nitrogen
atoms. The mesoionic carbenes are very strong ¢ donors but
weak 7 donors resulting in a larger energy gap, more positive
redox potentials, and a negligible ligand contribution to the
HOMO in comparison to the triazolide complex. The 1,2,3-
triazolide complexes can be reversibly switched to the
corresponding 1,2,3-triazolylidene complexes by protonation.
The emission of red light with relatively high photo-
luminescence quantum yields of the triazolylidene complexes
suggests a potential application in electroluminescence devices.
The presented ruthenium(II) complexes can be readily
functionalized and show a broad absorption of visible light
resulting in the formation of charge-separated excited states
that feature relatively long lifetimes, in particular, in the case of
the 1,2,3-triazolylidene complexes. These attractive photo-
physical properties suggest the application as photoredox
catalysts or as photosensitizers for DSSC applications. The
potential for the latter was investigated, but the achieved J . and
V,. values were relatively low, which is tentatively attributed to
less efficient electron injection and/or dye regeneration.

B EXPERIMENTAL SECTION

[Ru"(tpy)(MeCN);](PF¢),, [Ru"(temtpy)(MeCN);](PFq),, 2,6-di-
ethynylpyridine, and n-octyl azide were synthesized according to
literature procedures.'®*"*%”! Methanol was dried by distillation over
magnesium and kept under nitrogen using standard Schlenk
techniques. Anhydrous (99.8%) N,N-dimethylformamide (DMF)
and RuCp*(PPh;),Cl were purchased from Sigma-Aldrich. 4,4',4"-
Tricarboxymethyl-2,2":6',2"-terpyridine (tcmtpy) was purchased from
hetcat. [Ru(Htctpy)(NCS);](NBuy,); (N749 or black dye; Htctpy =
2,2":6',2"-terpyridine-4'-carboxylic acid-4,4”-dicarboxylate) was pur-
chased from Solaronix. All other chemicals were purchased from
commercial suppliers and used as received. All reactions were
performed in oven-dried flasks and were monitored by thin-layer
chromatography (TLC) (silica gel on aluminum sheets with
fluorescent dye F254, Merck KGaA). Microwave reactions were
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carried out using a Biotage Initiator Microwave synthesizer. NMR
spectra have been recorded on a Bruker AVANCE 250 MHz,
AVANCE 300 MHz, or AVANCE 400 MHz instrument in deuterated
solvents (euriso-top) at 25 °C. 'H and *C resonances were assigned
using appropriate 2D correlation spectra. Chemical shifts are reported
in ppm using the solvent as internal standard. Matrix-assisted laser
desorption-ionization time-of-flight (MALDI-TOF) mass spectra were
obtained using an Ultraflex III TOF/TOF mass spectrometer with
dithranol as matrix in reflector mode. High resolution electrospray
ionization quadrupole time-of-flight mass spectrometry (ESI-Q-TOF
MS) was performed on an ESI-Q-TOF-MS microTOF QII (Bruker
Daltonics) mass spectrometer. UV/vis absorption spectra were
recorded on a Perkin-Elmer Lambda 750 UV/vis spectrophotometer,
emission spectra on a Jasco FP6500. Measurements were carried out
using 107° M solutions of respective solvents (spectroscopy grade) in
1 cm quartz cuvettes or on dye-loaded, transparent TiO, anodes (12
um  thick, 0.88 cm?® active area, see Cell Fabrication) at room
temperature. Lifetime measurements were mostly obtained by time-
correlated single-photon counting utliziling a Titan:Sapphire laser
(Tsunami, Newport Spectra-Physics GmbH) as light source.” The
repetition rate was set to 400 kHz (pulse generator, Model 3980) and
the 500 nm pump beam created by a second harmonic generator from
Newport Spectra-Physics GmbH. The emission is detected by a
Becker & Hickel PMC-100-4 photon-counting module. Samples are
prepared to yield an optical density of 0.1 at the excitation wavelength.
Cyclic voltammetry measurements were performed on a Metrohm
Autolab PGSTAT30 potentiostat with a standard three-electrode
configuration using a graphite-disk working electrode, a platinum-rod
auxiliary electrode, and a Ag/AgCl reference electrode; scan rates from
50 to 500 mV-s™" were applied. The experiments were carried out in
degassed solvents (spectroscopy grade) containing 0.1 M Bu,NPF,
salt (dried previously by heating at 110 °C and storing under vacuum).
At the end of each measurement, ferrocene was added as an internal
standard. All calculations are based on density functional theory
(DFT). The geometries of the singlet ground state, the singly oxidized
ground state, and the lowest triplet excited state have been optimized
for all the ruthenium(II) complexes, presented herein. The hybrid
functional B3LYP**** has been selected in combination with the 6-
31G* basis set for all atoms. To reproduce the measured absorption
UV—vis spectrum, the lowest-lying 75 vertical singlet electronic
excitation energies were calculated using time-dependent DFT (TD-
DFT) at the S, optimized geometry. The TD-DFT calculations were
performed in solution using acetonitrile as solvent with the
polarization continuum model and with the same functional and
basis set as in the optimizations.”*®® All these calculations were
performed with the Gaussian09 program package.”” The analysis of the
EDDM calculations were performed by GaussSum2.2.°® Electron
density difference maps (density isovalue = 0.001), Kohn—Sham
orbitals (MO isovalue = 0.04), and spin-density calculations (density
isovalue = 0.004) were visualized by GaussView5.0.8.””

Synthesis of Ru(tcmtpy)(DMSO)Cl,. Ru(DMSO),Cl, (1.2 g, 2.6
mmol), temtpy (391 mg, 0.96 mmol), and LiCI”® (190 mg, 4.49
mmol) were suspended in 80 mL deaerated EtOH and the mixture
was refluxed under a nitrogen atmosphere. After S h, the full
conversion of tcmtpy was confirmed by TLC and the reaction mixture
was allowed to cool to room temperature. The solvent was evaporated
in vacuo and the remaining solid was suspended in H,O, filtered, and
washed with H,0 (3 X 3 mL), EtOH (2 X 3 mL), and Et,0 (3 X 3
mL) to yield 406 mg (0.62 mmol, 64%) of a purple solid. The product
was stored under a nitrogen atmosphere in the fridge. 'H NMR (300
MHz, DMSO-dg) 6 = 9.24 (d, J = 5.6 Hz, 2H, H*®"), 920 (s, 2H,
H*"),9.17 (s, 2H, H**'), 829 (d, J = 4.5 Hz, 2H, H>®"), 4.06 (s,
3H,CY-COOCH,), 4.02 (s, 6H,C**"—COOCH,), 2.62—2.53 (m,
6H, DMSO-dg) ppm; *C NMR (63 MHz, DMSO-d¢) 6 = 164.5
(CY—COOMe), 1642 (C**"—COOCH,), 160.1 (C**"), 159.4
(C¥%7), 153.8 (C%"), 137.6 (C**"), 133.7 (CY), 127.1 (C>"), 122.7
(€3, 1223 (C>"), 532 (C***"—COOCH;), 41.6 ppm.

Synthesis of 6-(Trimethylsilyl ethynyl)-2,2’-bipyridine. Under
a nitrogen atmosphere, 6-bromo-2,2"-bipyridine (2 g, 8.51 mmol),
Pd(PPh;), (479 mg, 0.41 mmol, S mol %), Cul (180 mg, 0.95 mmol,

2091

11 mol %) were suspended in a mixture of dry and nitrogen-purged
THF (35 mL) and diisopropylamine (4 mL). While stirring,
trimethylsilylacetylene (2.5 mL, 17.87 mmol, 2 equiv) was added
dropwise at room temperature. After stirring for 24 h at room
temperature, additional trimethylsilylacetylene (1 mL) was added.
After additional 96 h, the full conversion was confirmed by GC-MS
and TLC. After addition of ag. EDTA (1 mL, 35%) and H,O, the
crude product was extracted with CH,Cl, and subjected to column
chromatography (silica, CH,Cl,/MeOH, 99:1 or alumina, CH,CL,) to
obtain 1.01 g (4.01 mmol, 47%) of a colorless solid. '"H NMR (400
MHz, CD,Cl,) & = 8.65 (dd, 3] = 3.9, ¥ = 0.8 Hz, 1H, H*), 8.47—8.35
(m, 2H, H**"), 7.90~7.74 (m, 2H, H**"), 7.48 (d, 3] = 7.7 Hz, 1H,
HY), 7.39-7.28 (m, 1H, H*), 0.33 (s, 9H) ppm; *C NMR (100
MHz, CD,CL) § = 156.8 (C*'), 155.7 (C*), 149.5 (C*), 142.7
(C%), 137.4 (C*'), 137.3 (C*), 127.8 (C™), 124.4 (C*), 121.4 (C*),
120.8 (C*'), 104.4 (C*"), 94.5 (Si—C"™™), —0.2 ppm (Si—CH,); MS
(HR ESI-Q-TOF): caled. for C;sH¢N,SiNa ([M + Na]*): m/z =
275.0975; found: m/z = 275.1023.

Synthesis of 4. 6-(Trimethylsilyl ethynyl)-2,2’-bipyridine (1 g
3.96 mmol) was dissolved in THF/MeOH (1:1, 100 mL) and the
resulting solution was purged with nitrogen. The solution was stirred
at room temperature under a nitrogen atmosphere and KF (460 mg,
7.92 mmol, 2 equiv) was added portionwise. The reaction mixture was
stirred under light exclusion at room temperature. After 24 h, the full
conversion was confirmed by TLC (alumina, n-hexane/CH,Cl,, 2:1)
and all volatiles were evaporated in vacuo. After purification by column
chromatography (silica, CH,Cl,/MeOH, 99:1), 600 mg (3.33 mmol,
849%) of a colorless solid were obtained. "H NMR (400 MHz, CD,Cl,)
8 =8.66 (d, °] = 4.1 Hz, 1H, H®), 843 (dd, °] = 8.0, ¥ = 2.1 Hz, 2H,
H*%),7.88—7.77 (m, 2H, H**"), 7.51 (dd, °] = 7.6, * = 0.8 Hz, 1H,
H*'), 7.38=7.29 (m, 1H, H*), 3.23 (s, 1H, C*"CH) ppm; *C NMR
(100 MHz, CD,CL,) & = 156.9 (C*), 155.6 (C*), 149.5 (C%), 141.9
(C%),137.5 (C*), 137.3 (C%), 127.9 (C*), 124.5 (C*), 121.4 (C*),
121.2 (C*), 83.3 (C"*™), 76.8 ppm (C*"CH); MS (HR ESI-Q-TOF):
caled. for C,HgN,Na ([M + Na]*): m/z = 203.058; found: m/z =
203.0618.

Synthesis of 5. 4 (79 mg, 0.44 mmol), n-octyl azide (150 mg, 0.97
mmol, 2.2 equiv), and RuCp*(PPh;),Cl (7.3 mg, 0.009 mmol, 2 mol
%) were suspended in dry and nitrogen-purged 1,4-dioxane (3.4 mL).
Subsequently, the reaction mixture was heated to 60 °C for 3 h in the
microwave reactor and the full conversion was confirmed by TLC
(alumina, n-hexane/CH,Cl,, 1:1). The crude product mixture was
subjected to column chromatography (silica, CHCl;). After evapo-
ration of the solvent, the remaining solid was suspended in hot n-
hexane and filtered. The filtrate was concentrated and, after additional
purification by column chromatography (alumina, n-hexane/CH,CL,,
1:1) and removal of the solvent, 96.2 mg (0.29 mmol, 65%) of a
yellow solid were obtained. "H NMR (250 MHz, CD,CL,) § = 8.70 (d,
3] = 4.7 Hz, 1H, H*), 8.48 (d, ¥ = 8.0 Hz, 1H, H**'), 8.37 (d, ] = 8.0
Hz, 1H, H*®), 8.01 (s, 1H, H*"), 7.95 (t, ] = 7.9 Hz, 1H, H*"), 7.86
(t, %] = 7.7 Hz, 1H, H®), 7.66 (d, ’] = 7.8 Hz, 1H, H*), 7.37 (t, ¥] =
6.17 Hz, 1H, H%), 4.96 (t, 3] = 7.6 Hz, 2H, N—CH,—), 2.05—1.85 (m,
2H, N—CH,—CH,—), 1.20 (s, 10H, —~CH,—), 0.83 (t, ¥J = 6.6 Hz, 3H,
—CH,) ppm; C NMR (63 MHz, CD,Cl,) 6 = 156.2 (C*'), 155.4
(C*), 149.3 (C*), 146.7 (C*), 138.1 (C*'), 136.8 (C*), 135.5
(C%), 133.5 (C*"), 124.1 (C*), 122.8 (C™), 120.7 (C*), 1204
(€*), 501 (N-CH,—), 31.7 (—=CH,—), 304 (—CH,—), 29.1
(=CH,-), 29.1 (~=CH,-), 26.5 (—CH,—), 22.5 (—CH,—), 13.8
(—CHj;) ppm; MS (HR ESI-Q-TOF): calcd. for C,,H3,N,0,SNa ([M
+ Nal*): m/z = 336.2183; found: m/z = 336.2165.

Synthesis of 6. n-Octyl azide (1.28 g, 8.24 mmol, 4.4 equiv), 2,6-
diethynylpyridine (240 mg, 1.89 mmol), and RuCp*(PPh;),Cl (30
mg, 0.04 mmol, 2 mol %) were dissolved in dry and nitrogen-purged
1,4-dioxane (9 mL). Subsequently, the reaction mixture was heated to
60 °C for 3 h in the microwave reactor and the full conversion of the
alkyne was confirmed by TLC (alumina, CH,Cl,). The solvent was
evaporated in vacuo and the crude product mixture was subjected to
column chromatography (alumina, CH,Cl,/n-hexane, 3:1) to yield
665 mg (1.52 mmol, 81%) of a colorless solid. 'H NMR (250 MHz,
CD,Cl,) 6 = 7.97 (s, 2H, H**"), 7.96 (t, 1H, %] = 7.9 Hz, H*'), 7.62
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(d, 3] = 7.9 Hz, 2H, H*"*), 4.75 (t, 3] = 7.3 Hz, 4H, N—-CH,—),
1.94—-1.67 (m, 4H, N—CH,—CH,—-), 122 (d, ¥ = 233 Hz, 20H,
—CH,-), 0.84 (t,’] = 6.7 Hz, 6H, —CH,) ppm; *C NMR (63 MHz,
CD,ClL) & = 148.1 (C*%), 138.9 (C*'), 1358 (C*%"), 1344
(C™%7), 1233 (C*5), 49.9 (N—CH,—), 32.0 (—CH,-), 30.6
(=CH,=), 294 (=CH,-), 29.3 (~CH,—), 268 (—CH,—), 22.9
(—=CH,-), 142 (—CH;) ppm; MS (HR ESI-Q-TOF): calcd. for
CysH3oN;Na ([M + Na]*): m/z = 460.3159; found: m/z = 460.3157;
Elem. anal. caled. for C,;Hy N, (437.62): C, 68.61%; H, 8.98%; N,
22.40%, found: C, 68.25%; H, 9.74%, N, 22.61%.

Synthesis of 7. In accordance with the literature,”® 6 (319 mg,
0.73 mmol) was reacted with trimethyloxonium tetrafluoroborate (580
mg, 3.92 mmol, 5 equiv) in dry CH,Cl, (6.8 mL) at room temperature
for 48 h. The full conversion was confirmed by TLC (alumina,
CH,Cl,) and MeOH (3 mL) was added dropwise to the reaction
mixture. Subsequently, all volatiles were evaporated in vacuo and the
resulting liquid was purified by column chromatography (alumina,
MeCN/CH,Cl, 3:1) to yield 423 mg (0.66 mmol, 90%) of a yellow
oil. 'H NMR (400 MHz, CD,Cl,) 6 = 9.03 (s, 2H, H**"), 8.18 (d, J
=89 Hz, 1H, H*'), 8.13—8.07 (m, 2H, H*"*"), 4.86 (t, °] = 7.3 Hz,
4H, N—CH,—), 443 (s, 6H, N—CHj), 2.08—1.86 (m, 4H, N—CH,—
CH,—-), 1.53—1.00 (m, 20H, —CH,—), 0.86 (t, ] = 6.9 Hz, 6H, —CH,)
ppm; *C NMR (101 MHz, CD,Cl,) § = 143.9 (C*"%), 141.2 (C*),
140.3 (C*%), 132.0 (C**), 127.7 (C*5), 54.4 (N—CH,—), 54.2
(=CH,=), 541 (=CH,=), 53.8 (=CH,=), 53.5 (=CH,~), 53.3
(-CH,—), 409 (—CH,—), 32.0 (-CH,—), 29.3 (—CH,—), 29.3
(=CH,—), 292 (=CH,-), 26.5 (~CH,—), 229 (—CH,—), 142
(—CH,;) ppm; MS (HR ESI-Q-TOF): calcd. for C,,H,sN,BF, ([M —
BE,]"): m/z = 554.3765; found: m/z = 554.3755.

Synthesis of 8. 7 (234 mg, 0.37 mmol), KBr* (640 mg, 5.38
mmol, 15 equiv), and freshly prepared Ag,0 (700 mg, 3 mmol, 8
equiv) were suspended in dry and nitrogen-purged MeCN (15 mL).
After stirring for 6 d under light exclusion at room temperature, the
crude reaction mixture was diluted with dry CH,Cl, and filtered over a
Celite plug. Subsequently, all volatiles were evaporated in vacuo and
the remaining solid was dissolved in CH,Cl, and precipitated into n-
hexane. The formed precipitate was filtered, washed with n-hexane,
and rinsed with CH,Cl,. After evaporation of the solvent in vacuo,
264.4 mg (0.2 mmol, 55%) of a gold-brown solid were obtained. 'H
NMR (250 MHz, CD,Cl,) § = 8.19—8.04 (m, 3H, H>*"*"%), 4.66 (t,
%] = 7.3 Hz, 4H, N—CH,—), 4.30 (s, 6H, N—CHj), 1.81 (s, 4H, N—
CH,—CH,—), 1.21 (d, ] = 24.0 Hz, 20H, —CH,—), 0.85 (t, ] = 6.8 Hz,
6H, —CH,) ppm; *C NMR (100 MHz, CD,Cl,) § = 1732, 172.2,
168.3, 148.2, 146.5, 143.6, 139.7, 125.8, 51.8, 43.6, 32.0, 29.9, 29.3,
29.1, 27.7, 26.56, 22.9, 142, ppm; MS (HR ESI-Q-TOF): calcd. for
CsHgoAg,Ny, ([dimer — 2AgBr,]**): m/z = §73.2704; found: m/z =
573.2685; MS (ESI-TOF, negative mode): calcd. for AgBr, (counter-
ion): m/z = 266.7397; found: m/z = 266.7403.

Synthesis of 1a. [Ru(tpy)(MeCN);] (PF4), (20 mg, 0.03 mmol),
5 (9 mg, 0.03 mmol), and 2,6-lutidine (15 yL, 0.129 mmol, 5 equiv)
were dissolved in dry and nitrogen-purged MeOH (1 mL).
Subsequently, the reaction mixture was heated to 130 °C for 30 min
in the microwave reactor. After the full conversion of [Ru(tpy)-
(MeCN),](PFg), was confirmed by TLC (silica, MeCN/H,0/aq
KNO;, 40:4:1), the crude product mixture was dropped into ag.
NH,PF,. The formed precipitate was filtered, washed with H,O, and
rinsed with MeCN. After purification by column chromatography
(alumina, CH,Cl,/MeCN, 4:1), 10 mg (0.01 mmol, 64%) of a violet
solid were obtained. 'H NMR (600 MHz, CD;CN) 6 = 8.55 (d, *] =
8.1 Hz, 2H, H**), 8.41 (d, %] = 8.2 Hz, 1H, H*), 8.36 (d, 3] = 8.1 Hz,
2H, H*>"), 829 (d, ¥] = 7.9 Hz, 1H, H*'), 8.08 (t, ] = 8.0 Hz, 1H,
H*'), 8.04 (t, °] = 8.1 Hz, 1H, H"), 8.01 (d, ’] = 8.0 Hz, 1H, H*),
7.83 (t, ] = 7.8 Hz, 1H, H®), 7.75 (t, *] = 7.9 Hz, 2H, H**"), 7.37 (4,
3] = 5.3 Hz, 1H, H®), 7.35 (d, ] = 5.4 Hz, 2H, H*®"), 7.10~7.03 (m,
3H, H>"*), 4,65 (t, 3] = 7.1 Hz, 2H, N—CH,—), 1.92—1.85 (m, 2H,
N—CH,—CH,—), 1.42—1.13 (m, 10H, —CH,—), 0.84 (t, ] = 7.2 Hz,
3H, —CH,) ppm; '*C NMR (150 MHz, CD,CN) & = 177.8 (Ru—C),
158.3 (C**"), 156.9 (C*), 156.8 (C¥), 155.3 (C¥*"), 153.82 (C*'),
1522 (C%"), 151.4 (C*), 140.8 (C*"), 138.3 (C*), 136.4 (C*'),
1362 (C**), 131.1 (C¥), 127.3 (C>"), 1272 (C%®), 124.4 (C*),
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1239 (C*"), 1229 (C*%), 119.1 (C*), 118.8 (C®), 50.1 (N—
CH,-), 324 (-CH,-), 30.7 (—CH,—), 29.9 (—CH,-), 29.7
(=CH,-), 27.1 (—CH,-), 23.3 (—CH,—), 144 (—CH,) ppm; MS
(HR ESI-Q-TOF): caled. for C;sHyNgRu ([M — PF]*): m/z
669.2031; found: m/z = 669.2016.

Synthesis of 2a. A microwave vial was charged with 1a (6.3 mg,
0.01 mmol), Mel (1.5 uL, 0.024 mmol, 3 equiv), and dry CHCI; (0.6
mL). The vial was capped and heated to 70 °C for 24 h while stirring
using an oil bath. The full conversion was confirmed by TLC (silica,
MeCN/H,0/aq.KNO;, 40:4:1). All volatiles were evaporated in vacuo
and the remaining solid was dissolved in MeCN, and dropped into aq.
NH,PF,. The formed precipitate was filtered, washed with H,O, and
dried to yield 5.0 mg (0.005 mmol, 66%) of a red solid. 'H NMR (600
MHz, CD;CN) 6 = 8.63 (d, ¥ = 8.1 Hz, 2H, H**'), 8.50 (d, ’] = 7.4
Hz, 1H, H*), 8.47 (d, ’] = 8.1 Hz, 1H, H*), 8.41 (d, ] = 8.1 Hz, 2H,
H3>3"), 829821 (m, 3H, H"*"*") 7.92 (t, 3] = 7.8 Hz, 1H, H®),
7.87 (t, 3] = 7.2 Hz, 2H, H**"), 7.40 (4, 3] = 5.3 Hz, 1H, H*), 7.29 (4,
3] = 5.3 Hz, 2H, H%*"), 7.18 (4, 3] = 6.5 Hz, 1H, H*), 7.12 (, )] = 6.6
Hz, 2H, H>"), 4.76 (t, 3] = 7.2 Hz, 2H, N—CH,—), 3.06 (s, 3H, N—
CH,), 2.03—1.97 (m, 2H, N—CH,—CH,—),1.39—1.32 (m, 2H, N—
CH,—CH,—CH,), 1.32—1.16 (m, 8H, —CH,—), 0.85 (t, >] = 7.1 Hz,
3H, —CH,) ppm; *C NMR (75 MHz, CD;CN) § = 176.6 (Ru—C),
1582 (C**"), 157.7 (C*), 156.7 (C*), 155.73 (C*"*"), 153.2 (C**"),
151.3 (C%), 151.0 (C*), 146.7 (C%"), 139.2 (C*), 137.9 (C**),
137.1 (C*'), 134.8 (C*), 128.1 (C*), 128.0 (C>*"), 125.1 (C*), 124.8
(C¥7), 124.1 (C**'), 122.0 (C™), 1219 (C*), 529 (N—CH,-),
39.6 (=CH,—), 32.3 (—CH,-), 29.7 (—CH,-), 29.5 (—CH,—), 29.4
(=CH,-), 26.7 (—=CH,-), 232 (—CH,-), 143 (—CH,) ppm; MS
(HR ESI-Q-TOF): calcd. for Cy3sH3;gNgRu ([M — 2PF¢]*): m/z =
342.1122; found: m/z = 342.1131.

Synthesis of 1b. [Ru(tcmtpy)(MeCN);](PF;), (62.5 mg, 0.07
mmol) and § (21.5 mg, 0.06) were dissolved in dry and nitrogen-
purged DMF (2 mL). The reaction mixture was heated to 160 °C for
30 min in the microwave reactor. The full conversion of S was
confirmed by TLC (alumina, CH,Cl,). The crude reaction mixture
was precipitated in aq. NH,PF, washed with H,O, rinsed with MeCN
and, subsequently, purified by column chromatography (silica,
MeCN/H,0/aq. KNO;, 100:4:1). After anion exchange to PF,,
21.3 mg (0.02 mmol, 34%) of a brown solid were obtained. '"H NMR
(400 MHz, CD,Cl,) & = 9.12 (s, 2H, H**"), 8.90 (d, * = 1.1 Hz, 2H,
H*"), 8.47 (d, °] = 8.0 Hz, 1H, H*), 8.43 (d, 3] = 8.2 Hz, 1H, H*),
8.35 (t, %] = 8.1 Hz, 1H, H*'), 8.17 (d, ’] = 8.0 Hz, 1H, H*), 7.91 (dt,
% = 8.0, Y] = 1.5 Hz, 1H, H®), 7.66 (dd, 3] = 5.8, ¥ = 1.7 Hz, 2H,
H>"),7.50 (d, ] = 5.8 Hz, 2H, H*®"), 7.21 (d, 3] = 4.6 Hz, 1H, H*),
7.15 (t, ’] = 6.5 Hz, 1H, H*), 4.79 (t, ¥] = 7.4 Hz, 2H, N—CH,-),
4.17 (s, 3H, C¥—COOCH;), 3.96 (s, 6H, C**"—COOCHj,), 2.11—
1.99 (m, 2H, N—CH,—CH,—), 1.58—1.09 (m, 10H, —CH,—), 0.86 (t,
3] = 6.9 Hz, 3H, —CH;) ppm; *C NMR (100 MHz, CD,CL,) & =
173.2 (Ru—C), 164.7 (C*—COOMe), 164.0 (C**"—COOMe), 158.2
(C¥*), 156.3 (C*), 155.8 (C*), 155.1 (C**), 152.5 (C%%"), 150.5
(C%%), 143.4 (C"), 139.0 (C*), 1382 (C*'), 138.0 (C**), 134.5
("), 127.8 (C®), 126.8 (C>*"), 124.8 (C*), 123.0 (C*"), 122.8
(C¥#1), 1209 (C*'), 120.7 (C*), 53.7 (N—CH,—), 53.5 (—CH,-),
522 (—-CH,—), 32.0 (—CH,-), 29.5 (—CH,—), 29.4 (—CH,—), 29.3
(=CH,-), 26.7 (=CH,~), 22.9 (—CH,~), 142 (—CH,) ppm; MS
(HR ESI-Q-TOEF): calcd. for C,;H,NgOsRu ([M — PFg]*): m/z =
843.2198; found: m/z = 843.2204.

Synthesis of 2b. Following the same procedure as described for
2a, 1b (7.8 mg, 0.01 mmol) and Mel (1.5 yL, 0.02 mmol, 3 equiv)
were reacted in dry CHCl; (0.6 mL) at 70 °C for 48 h. After anion
exchange to PF~, 6.5 mg (0.01 mmol, 71%) of a brown solid were
obtained. 'H NMR (400 MHz, CD,Cl,) & = 9.22 (s, 2H, H*"*'), 8.96
(d, ¥ = 1.2 Hz, 2H, H*>*"), 8.51 (d, ’] = 8.1 Hz, 1H, H*'), 8.47-8.36
(m, 2H, H*®*"), 827 (d, 3] = 8.0 Hz, 1H, H*), 8.06—7.86 (m, 1H,
H*), 7.76 (dd, 3] = 5.8, ¥] = 1.6 Hz, 2H, H>*"), 7.61 (d, 3] = 5.8 Hz,
2H, H%"), 7.27 (d, 3] = 4.7 Hz, 1H, H®), 7.23—7.13 (m, 1H, H*),
4.82 (t, %] = 7.5 Hz, 2H, N—CH,—), 4.20 (s, 3H, C*—COOCHj,), 3.97
(s, 6H, C**"—COOCH,), 3.08 (s, 3H), 2.17—2.02 (m, 2H, N—CH,—
CH,—), 1.50—1.18 (m, 10H, —CH,—), 0.86 (t, ] = 6.9 Hz, 3H,
—CH,) ppm; *C NMR (100 MHz, CD,CL,) § = 173.6 (Ru—C), 164.4
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(C*—COOMe), 163.9 (C*"—COOMe), 157.4 (C**"), 156.3 (C*),
155.6 (C*), 1554 (C**), 153.5 (C**"), 150.8 (C*), 149.7 (C*'),
146.1 (C*"), 139.3 (C*), 138.7 (C***"), 135.4 (C"), 128.3 (C*®),
127.8 (C%7), 124.9 (C*), 123.4 (C**"), 1232 (C**'), 122.2 (C*),
1219 (C*), 540 (N—CH,-), 53.8 (—=CH,—), 53.0 (—CH,—), 39.4
(-CH,-), 365 (—=CH,—), 32.0 (—CH,-), 29.3 (—CH,—), 29.2
(—CH,-), 288 (—CH,-), 26.1 (—CH,—), 229 (—CH,—), 14.2
(—CH,;) ppm; MS (HR ESI-Q-TOF): calcd. for C,H,uNgORu ([M
— 2PF(]*): m/z = 429.1214; found: m/z = 429.1203.

Synthesis of 3b. Under a nitrogen atmosphere, a microwave vial
was charged with 8 (52 mg, 0.06 mmol), Ru(tcmtpy) (DMSO)Cl, (41
mg, 0.06 mmol), and dry and nitrogen-purged CH,Cl, (9 mL). The
vial was capped and heated to 70 °C for 24 h while stirring using an oil
bath. The reaction mixture was allowed to cool to room temperature
and the solvent was evaporated. The remaining solid was dissolved in
MeCN, followed by the precipitation in aq. NH,PF, filtration,
washing with H,O, and rinsing with MeCN. The crude product was
subjected to column chromatography (silica, MeCN/H,0/aq. KNO;,
100:2:1) and the anion was exchanged to PF,~ again. After
precipitation into diethyl ether from a concentrated MeCN solution,
filtration, washing with diethyl ether, rinsing with MeCN, and
evaporation of all volatiles in vacuo, 13 mg (0.01 mmol, 21%) of a
brown solid were obtained. "H NMR (400 MHz, CD,Cl,) & = 9.16 (s,
2H, H**), 8.96 (d, ] = 1.1 Hz, 2H, H>*"), 8.32 (t, ¥] = 8.2 Hz, 1H,
H*'), 8.01 (d, ’] = 8.2 Hz, 2H, H*%), 7.79 (dd, ¥] = 5.8, ] = 1.7 Hz,
2H, H>"), 7.75 (4, °] = 5.8 Hz, 2H, H%"), 477 (t, 3] = 7.5 Hz, 4H,
N-CH,-), 419 (s, 3H, C*—COOCH,), 3.99 (s, 6H, C*"—
COOCH;), 3.00 (s, 6H, N—CH,), 2.12=2.01 (m, 4H, N—CH,—
CH,—), 148—1.19 (m, 20H, —CH,—), 0.86 (t, 3 = 6.9 Hz, 6H,
—CH,) ppm; *C NMR (100 MHz, CD,CL,) § = 179.7 (Ru—C), 164.7
(C*—COOMe), 164.2 (C**"—COOMe), 156.4 (C>*"), 154.3 (C*""),
154.0 (C>"), 151.1 (C*"%), 145.8 (C*'), 139.3 (C*%"), 137.6
(C**), 132.8 (C*), 127.3 (C%"), 122.9 (C>"), 1222 (C*"¥), 119.8
(C¥®%), 542 (N—CH,—), 53.7 (=CH,—), 52.8 (—CH,—), 39.4
(—CH,-), 32.0 (—CH,—), 294 (—CH,—), 29.2 (—CH,—), 289
(=CH,-), 26.7 (—CH,-), 22.9 (—CH,-), 142 (—CH,) ppm; MS
(HR ESI-Q-TOF): calcd. for C,gHgoN;oOgRu ([M — 2PF¢]*): m/z =
487.1871; found: m/z = 487.1848.

General Procedure for the Saponification of the Complexes
1-3b. According to the literature,* the ester-substituted complex was
suspended in a DMF/NEt;/H,0 (3:1:1, v/v/v, 2 mL) and heated to
reflux for 24 to 48 h under a nitrogen atmosphere. After the full
conversion was confirmed by MALDI-TOF MS, the solvents were
evaporated in vacuo and the remaining solid was suspended in
CH,Cl,. After collection of the solid using a centrifuge, the solvent was
decanted and the remaining solvent was dried in vacuo.

Synthesis of 1c. 1b (21.3 mg, 0.022 mmol) was reacted for 48 h to
yield 16.1 mg (0.017 mmol, 79%) of a black solid. "H NMR (400
MHz, CD,CN) § = 921 (s, 2H), 9.01 (s, 2H), 8.75—8.61 (m, 2H),
8.48—8.33 (m, 2H), 7.99 (t, ’] = 8.9 Hz, 1H), 7.60 (d, ’] = 5.6 Hz,
2H), 7.55 (d, ’] = 4.1 Hz, 1H), 7.48 (d, 3] = 5.6 Hz, 2H), 7.26 (t, *] =
5.7 Hz, 1H), 2.16—2.04 (m, 2H), 1.32 (s, 10H), 0.97—0.82 (m, 3H);
MS (MALDI-TOF): caled. for C3sH;NgORu (M — PF¢]*): m/z =
801.174; found: m/z = 801.252.

Synthesis of 2c. 2b (16 mg, 0.014 mmol) was reacted for 24 h to
yield 11.4 mg (0.012 mmol, 85%) of a black solid. "H NMR (400
MHz, MeOD) & = 9.33 (s, 2H), 9.08 (s, 2H), 8.77 (d, ¥ = 8.1 Hz,
1H), 8.70 (d, 3] = 8.0 Hz, 1H), 8.53—8.39 (m, 2H), 8.02 (t, ] = 7.2
Hz, 1H), 7.68 (d, ] = 4.2 Hz, 2H), 7.59—7.51 (m, 3H), 7.28 (t, ’] =
6.6 Hz, 1H), 3.20 (s, 3H), 2.19—-2.02 (m, 2H), 1.52—1.18 (m, 10H),
0.88 (t, 3] = 7.1 Hz, 3H). MS (MALDI-TOF): calcd. for
Ci3oH3gNgORu ([M — 2PF(]*): m/z = 816.196; found: m/z
816.354.

Synthesis of 3c. 3b (20.6 mg, 0.016 mmol) was reacted for 48 h to
yield 15.3 mg (0.014 mmol, 87%) of a deep brown solid. 'H NMR
(400 MHz, CD;CN) 6 = 9.25 (s, 2H), 9.05 (s, 2H), 8.32 (t, ¥] = 8.1
Hz, 1H), 8.23 (d, ] = 8.2 Hz, 2H), 7.66 (d, ] = 4.3 Hz, 2H), 7.60 (d,
37 = 5.8 Hz, 2H), 3.15 (s, 6H), 2.15-2.03 (m, 4H), 1.51-1.17 (m,
20H), 0.88 (t, ] = 6.9 Hz, 6H); MS (MALDI-TOF): calcd. for
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932.327; found: m/z

C4;sHg N jORu ([M — 2PF(]"): m/z
932.463.

Cell Fabrication. Photoanodes were prefabricated by Dyesol, Inc.
(Australia) with a screenprintable TiO, paste (18-NRT, Dyesol). The
active area of the TiO, electrode is 0.88 cm” with a thickness of 12 ym
(18-NRT) on fluorine-doped tin-oxide (FTO; TECLS (15 Q cm™2)).
TiO, substrates were treated with TiCl,(aq) (0.05 M) at 70 °C for 30
min and subsequently rinsed with H,O and EtOH and dried prior to
heating. The electrodes were heated to 450 °C for 20 min under
ambient atmosphere and allowed to cool to 80 °C before dipping into
the dye solution. The anode was soaked overnight for 16 h in
anhydrous methanol and ethanol containing ~0.25 mM 1lc—3c¢ and
N749, respectively. The stained films were rinsed copiously with the
solvent they were dipped in and subsequently dried. The cells were
fabricated using a Pt-coated counter-electrode (FTO TEC-15 (15 Q
em™2)) and sandwiched with a 30 ym Surlyn (Dupont) gasket by
resistive heating. The acetonitrile-based electrolytes contained 0.1 M
guanidinium thiocyanate (GuSCN), 0.5 M 4-tert-butylpyridine (TBP),
0.06 M iodine, 0.6 M 1,3-dimethylimidazolium iodide (DMII), and
either 1 M (1c—3c) or 0.1 M (N749) Lil. The electrolyte was
introduced to the void via vacuum backfilling through a hole in the
counter electrode. The hole was sealed with an aluminum-backed
Bynegofoil (Dyesol). After sealing, silver bus bars were added to all
cells.
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A photosensitizer exhibition...

... of ruthenium(II) complexes fea-
turing click-derived tridentate
cyclometalating ligands is reported.
Systematic structural manipula-
tions and detailed electrochemical,
photophysical, and computational
investigations have been per-
formed, allowing a deeper under-
standing and revealing great poten-
tial for application in dye-sensi-
tized solar cells. For more details,
see the Full Paper by U. S. Schu-
bert, B. Dietzek, L. Gonzalez et al.
on page 4010 ff.

Directed Metalation

The synthetic utility of directed remote aromatic metala-
tions (DreM) is an outcome of good reaction yields and
unique reactivity that can be complementarity to Friedel-
Crafts transformations. Mechanisms, driving forces, and

the Review on page 3804 ff. by D. Tilly, J. Magolan, and
J. Mortier.

parameters influencing remote metalations are discussed in
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Polyoxometalates
Nay(NH,)s[{(B-a-PW,05;,)Co;(OH)(H,0),(O;PC(O)-
(C3HgNH;)PO3)},Co]-35H,0 represents a rare example of a
3D polyanionic SMM (single-molecule magnet), but overall
is also the first hybrid SMM POM characterized to date.
Importantly, its stability in aqueous solution has been dem-
onstrated by using electronic absorption spectroscopy, elec-
trochemical measurements, and multinuclear NMR experi-
ments. For more details, see the Communication by P. Mia-
lane, B. Keita et al. on page 3845 ff.
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Molecular Dynamics
ution. A ®N-tagged nitro group and the adjacent aromatic
proton were detected by using HSQC NMR spectroscopy

detection of four out of five nitrated residues and further,
determined the configuration of each nitrotyrosine residue

Full Paper by Diaz-Moreno et al. on page 3872 ff.
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optimized for *J(N—H) couplings. This method enabled the

in the modified proteins and their different dynamic behav-
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Ruthenium(II) Photosensitizers of Tridentate Click-Derived Cyclometalating
Ligands: A Joint Experimental and Computational Study

Benjamin Schulze,™"! Daniel Escudero,”™ ! Christian Friebe,™ " Ronald Siebert,™ !

Helmar Gorls,'* Stephan Sinn,™" Martin Thomas,™ ! Sebastian Mai,™ ¢! Jiirgen Popp,

[b,d]

Benjamin Dietzek,*™ Y Leticia Gonzalez,*'™ ©' and Ulrich S. Schubert+*"!

Abstract: A systematic series of het-
eroleptic  bis(tridentate)ruthenium(II)
complexes of  click-derived  1,3-
bis(1,2,3-triazol-4-yl)benzene N”C”N-
coordinating ligands was synthesized,
analyzed by single crystal X-ray diffrac-
tion, investigated photophysically and
electrochemically, and studied by com-
putational methods. The presented
comprehensive characterization allows

radiationless deactivation mechanisms.
Furthermore, we provide a fully opti-
mized synthesis and systematic varia-
tions towards redox-matched, broadly
and intensely absorbing, cyclometalat-
ed ruthenium(II) complexes. Most of

Keywords: click chemistry - compu-
tational methods - cyclometalation -

them show a weak room-temperature
emission and a prolonged excited-state
lifetime. They display a broad absorp-
tion up to 700 nm and high molar ex-
tinction coefficients up to
20000m 'cm™ of the metal-to-ligand
charge transfer bands, resulting in
a black color. Thus, the complexes
reveal great potential for dye-sensitized
solar-cell applications.

. . photosensitizers - ruthenium
a more detailed understanding of the
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Ruthenium(IT) polypyridyl complexes are highly prominent
in photochemistry, since they allow for a light-driven charge
separation in which the ligand becomes photoreduced while
the metal is photooxidized and both can undergo subse-
quent redox reactions in terms of artificial photosynthesis.
This metal-to-ligand charge transfer (MLCT) can be fine-
tuned by the ligand properties to optimize the photophysical
and electrochemical properties. To allow homogeneous, dif-
fusion-controlled photocatalysis, a long excited-state lifetime
is most important. A central dilemma is that, in contrast to
tris(bidentate) ruthenium(II) complexes, bis(tridentate) ones
are more stable and allow an isomer-free functionalization,
but typically show only short excited-state lifetimes.!"! Vari-
ous optimization strategies to prolong the excited-state life-
time have been developed.” The use of very strong, anionic
donors causes slightly prolonged lifetimes, and moreover, in-
teresting properties such as a broadened and red-shifted ab-
sorption of visible light and a directed MLCT transition.

An application for which these features become most im-
portant and the lifetimes are not that crucial, due to immo-
bilization of the complexes and fast electron injection into
the semiconductor, is the dye-sensitized solar cell (DSSC),
developed by O’Regan and Griitzel in 1991.F) The DSSC ap-
plies the principles of natural photosynthesis, namely the
spatial separation of the basic functions that are light-driven
charge separation and charge transport, and, therefore,
allows for modular manipulations of the light-harvesting
dyes. Here, the almost pure, and thus predictable and tun-
able MLCT and reversible redox behavior made Ru" poly-
pyridyl complexes the most attractive candidates. In particu-
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lar, Ru" complexes featuring thiocyanate ligands like the
red (N3, N719) and black dyes (N749) still display the
benchmark with about 11% solar-cell efficiency.”! Their
anionic, strong o- and nt-donating thiocyanate ligand enables
panchromatic absorption and efficient electron injection
into the semiconductor. However, at the same time the
main drawback of the classical Ru" dyes is the monodentate
thiocyanate ligand limiting their stability and prohibiting
further functionalization that could improve the light har-
vesting. Consequently, Ru" complexes possessing aromatic
carbanion donors that essentially adopt the function of the
thiocyanate have been employed in DSSCs with great suc-
cess.”). When embedded within a multidentate ligand, this
cyclometalation® allows for higher stability and ligand func-
tionalization to optimize the photophysical and electrochem-
ical properties.

Recently, click-derived”! ligands have been successfully
used as analogues of polypyridyl ligands, in particular of
2,2:6' 2"-terpyridine (tpy).’! We were interested in extend-
ing this analogy to tridentate cyclometalating polypyridyl
ligands, namely 1,3-dipyridylbenzene (dpbH).”! In this con-
text, we present a new and systematic series of click-derived,
tridentate, cyclometalated Ru" complexes!"”! that was stud-
ied in detail by experimental and computational methods to
elucidate the potential for dye-sensitized solar-cell applica-
tion.!! Thereby, the combination of theoretical investiga-
tions and photophysical as well as electrochemical studies
enables a consistent and emergent explanatory picture of
the new dyes.

Results and Discussion

Syntheses: A fully optimized synthetic procedure is present-
ed for the new cyclometalated complexes as well as for
a non-cyclometalated model complex.®™ The optimization,
the design strategy and an exemplary synthetic procedure
are explained in the following. For synthetic details, the
reader is referred to the Supporting Information.

The ligands were obtained from aryl azides and diethynyl-
benzene building blocks in good yields using standard click
conditions. For the sake of blocking alternative, bidentate
coordinations that were observed in initial attempts, methyl
groups were placed at strategic positions when possible and
reasonable.'”l Therefore, o-xylene was chosen as the central
ring as well as mesityl moieties for the clicked-on functional-
ities (Scheme 1).

Jﬁx

alternative coordination modes

blocking of alternative
coordination sites

JI@

desired coordination mode

Scheme 1. Schematic illustration of the optimization strategy.
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Furthermore, mesityl was chosen as substituent for further
reasons: 1) it enables both good solubility and good crystal-
lization behavior, 2) it is electronically decoupled due to its
orthogonality and therefore a reasonable electronic refer-
ence, 3) it allows for eased NMR interpretations, and 4) it is
readily available from mesityl amine through diazotization/
azidation and can be considered as a safe azide. The diethy-
nylbenzene building blocks were synthesized under standard
Sonogashira conditions with additional LiCI" starting from
functionalized dibromobenzenes (Scheme 2).

D\/ A ) &I:g/\
b)
Br Br H/L/\O/\\\ : :’

HNCN

Scheme 2. Exemplary synthesis of the cyclometalating ligands: a) [Pd-
(PPh;),], LiCl, Cul, TMS-CCH, NEt;, PhMe, 50°C, 72 h; b) KF, THF/
MeOH (1:1); 50% over 2 steps; c¢) CuSO,5H,0, NaAsc., MesN;,
CH,CL/EtOH/H,0 (1:2:1), 60°C, 12 h, 90 %.

In one case, o-accepting fluoro substituents replace the
methyl groups in the position meta to the carbanion to allow
blocking as well as electronic fine-tuning.”**'?! In the case
of 1,3,5-tribromobenzene, 2-methylbut-3-yn-2-ol was chosen
as protected alkyne to ease the chromatographic separa-
tion." After deprotection and cycloaddition, the according
5-bromo-1,3-bis(triazolyl)benzene allows further ligand-
functionalizations by cross-coupling methods in an impor-
tant position. The subsequent installation of a chromophore
at the para position of the cyclometalating ring, for example,
thiophene, would extend the conjugated system and increase
the light absorptivity. Similarly, the mesityl azide reference
was changed once to 9-(4-azidophenyl)-3,6-di-tert-butyl-9H-
carbazole to install an organic chromophore at the complex
periphery as light-harvesting antenna.’® In this case, the
conjugation through the triazole ring is not expected'® and
the increase of light harvesting would be additive only.
However, although click chemistry provides facile function-
alization within the ligand formation, leading to modular
and higher functionalized complexes, we kept the mesityl
moiety as reference in all other cases to discuss the more
pronounced influences of substituents directly attached to
the cyclometalating phenyl ring or the opposed ligand
(Scheme 3). In addition, it is questionable if the overall
device efficiency profits from the increased absorptivity due
to the carbazoles or if it drops due to lowered dye coverage
on the semiconductor surface.

To facilitate the coordination and cyclometalation, the
common [Ru™(tpy)Cl;] precursor can be activated in situ by
halide abstraction with a silver(I) salt in a weakly coordinat-
ing solvent. However, it is known that silver(I) can oxidize
the product yielding a homocoupled dimer® and therefore
needs to be filtered off after the activation step. Still, appli-
cation of a Ru™ precursor includes a reduction step towards
Ru" after coordination that is normally achieved by alcohols
or amines. Since the cyclometalated complexes are oxidized

www.chemeurj.org — 4011
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Scheme 3. Design strategy and overview of the synthesized ruthenium(II) complexes.

easily, the product is achieved either as Ru™ complex or it

already underwent side reactions in the position para to the
cyclometalation that has significant radical character within
the Ru™ complex. This drawback can be overcome by the
use of [Ru'(tpy)(CH,CN);][PF,], as precursor (see
Scheme 4 for a representative example).'”! In fact, it is

COOMe
RUNCN-(COOMe)3

Scheme 4. Exemplary synthesis of the cyclometalated ruthenium(II) com-
plexes: a) HNCN, methanol, microwave, 30 min., 160°C, 50 %.

easily synthesized from [Ru"(tpy)Cl;] in acetonitrile/etha-
nol/water using AgNOj; and, in contrast to [Ru™(tpy)Cl,], it
can be purified completely, thus simplifying the subsequent
complexation. In more detail, after removal of the AgCl by
filtration over celite, the product can be isolated either by
column chromatography or directly by vapor diffusion of di-
ethyl ether into a concentrated acetonitrile solution yielding
large, even X-ray-quality crystals (see the Supporting Infor-
mation). The subsequent cyclometalation was performed

4012 —— www.chemeurj.org
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under oxygen-free conditions in a closed vial using an alco-
hol as solvent and microwave heating to 160°C for 30 min.
Isolation of the product by a combination of column chro-
matography and crystallization afforded the desired com-
plexes, in most cases as X-ray-quality crystals (Figure 1 and
the Supporting Information) and in reasonable yields vary-
ing from 40 to 70% (Scheme 4 and the Supporting Informa-
tion), depending, amongst others, on whether all strategic
methyl groups were present.

Since cyclometalated complexes are very electron-rich in
the position para to the carbanion, they enable targeted ho-
mocoupling and post-complexation functionalizations in the
presence of oxidants, electrophiles, or both.'"¥ This allowed
the introduction of a nitro group under Menke conditions
and, thereby, the respective manipulation of the carbanion
donation by a o- and m-accepting group in turn.¥

The installation of the anchoring carboxylic acid functions
for the DSSC was achieved simply by using ester functional-
ized ligands and saponification™ subsequent to the com-
plexation. Thus, the intermediate, highly soluble, ester-func-
tionalized complexes could be purified and studied, since
they are seen as models for the final complexes adsorbed to
TiO,.P4

Crystal structures: Single crystals of the ligands HNCN and
HNCN-F as well as of the three Ru" precursors and of
RuNNN, RuNCN, RuNCN-NO,, RuNCN-F and RuNCN-
Tph could be grown and characterized successfully by X-ray
diffraction (Figure 1 and the Supporting Information). The
systematic variation allows for comparison although only

Chem. Eur. J. 2012, 18, 4010-4025
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Figure 1. Solid-state structures of RuNCN (top left), RuNCN-NO, (top right), RuNCN-F (bottom left) and RuNCN-Tph (bottom right) (50 % probabili-
ty level; counterions, hydrogen atoms and solvent molecules omitted for clarity).

the most pronounced changes are discussed to beware of
packing effects (note the strong distortion within RuNCN-
F).

The mesityl-triazole torsion angle of the complex series
varies between 60° and 90°. The thiophene—phenyl torsion
angle in RuNCN-Tph was determined to be 30.7°, thus
being in good agreement with the calculated value of 30.2°
(see Scheme S9 in the Supporting Information) and allowing
for partial extension of the conjugation into the thiophene
ring.

The replacement of a dative Ru—N bond of the poly-
pyridyl-type complex RuNNN by a covalent, organometallic
Ru—C bond within the cyclometalated RuNCN complex
leads to a bond shortening from 2.02 to 1.98 A, caused by
the very good o donation and additional & donation as well
as by electrostatic interactions with the anionic, aromatic
carbon donor. Furthermore, the adjacent triazole N—Ru
bonds are slightly elongated, most likely due to a declined
o orbital overlap by the smaller bite angle. As a consequence
of the good electron donation ability of the carbanion, the
opposed Ru—N bond becomes elongated from 1.97 to
2.01 A which is well-known as trans influence. Furthermore,
the outer pyridine N—Ru bonds are shortened as result of
increased m back donation from the more electron-rich Ru™
metal center in the cyclometalated complex (Figure2 and

Chem. Eur. J. 2012, 18, 4010-4025
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Figure 2. Selected bond lengths (A) and angles (°) of RuNNN, RuNCN,
RuNCN-NO, and RuNCN-F.

Scheme 5). Also within the triazole ring, the N>-N* double
bond is elongated as a consequence of the increased m back
donation into st* orbitals.

For RuNCN-NO,, upon installing an electron-withdrawing
group, namely a nitro group that is capable of withdrawal
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Scheme 5. Schematic representation of the electronic consequences of
the cyclometalation and an electron-withdrawing group.

through the o and & system, most of the consequences of
the cyclometalation are less pronounced than for RuNCN.
Even though the m-accepting capability might be reduced
due to the dihedral angle of 51.8° (51.6° calculated, see
Scheme S9 in the Supporting Information) with the central
phenyl ring due to repulsion with the ortho-methyl groups,
there is a distinct influence on the 7 system that strongly re-
duces the m-donation ability of the cyclometalating carban-
ion in the para position. Consequently, the Ru—C bond is
elongated to 2.00 A (Figure 2 and Scheme 5). In particular
in comparison to RuNCN-F, the fluoro substituents that are
strongly o-accepting, but whose moderate m-donation ability
does not affect the carbanion because they are in meta posi-
tions, still allow a very short Ru—C bond of 1.98 A. Also the
changes in bond lengths within the central phenyl ring are
consistent with a participation of a chinoid resonance struc-
ture in RuNCN-NO,. The successive reduction of the elec-
tron donation of the carbanion by the fluoro and nitro sub-
stituents is demonstrated by the shortening of the triazole
N’=N? double bond due to decreased & back donation. Also
the Ru—N bond trans to the carbanion is further elongated
for the same reason.

Apparently, the fluoro substituent mostly influences the
o donation and might lower the energy of the m system indi-
rectly (inductive effect), while the nitro group causes an ad-
ditional polarization of the m system that strongly weakens
the t donation (mesomeric effect) but to a less extent the
o donation. This is consistent with the electrochemical data:
for RuNCN-F only the HOMO is stabilized, located on the
Ru" metal center and the fluoro-substituted cyclometalating
phenyl ring as well, while RuNCN-NO, shows an additional
LUMO stabilization that is mediated through the aromatic
nt system/Ru" d orbitals, since the LUMO is located on the
opposed tpy ligand.

Interestingly, within all investigated solid-state structures
of triazole-containing ruthenium(II) complexes (see Fig-
ure S143 in the Supporting Information), short-contact inter-
actions of the triazole with either the counterions or the sol-
vent are present. Triazoles and triazolium salts are known to
allow hydrogen bonding as well as electrostatic interac-
tions.'! Similar to triazolium salts, a ruthenium-coordinated
triazole is expected to be more polarized than a free tri-
azole. Preliminary results indicate an interaction of the ruth-
enium(II)-coordinated triazole with iodide (see Figure S144
in the Supporting Information). The question, if hydrogen
bonds/electrostatic interactions might allow the preorganiza-
tion of the redox mediator in a position favorable for
ruthenium(III) reduction, will be targeted in the future.
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DFT calculations: As a basis for a deeper understanding of
the photophysical and electrochemical properties of the pre-
sented Ru" complexes, namely to gain insight into detailed
structure—property relations, density functional theory
(DFT) calculations, and time-dependent (TD) DFT calcula-
tions have been performed.

Whilst the description of the UV/Vis characteristics of
these complexes is nowadays close to routine, the descrip-
tion of non-adiabatic events occurring after light excitation
is more troublesome. Their description would in principle
require the use of multiconfigurational methods in combina-
tion with a proper description of spin-orbit coupling (SOC)
effects. Unfortunately, these methods are practically unaf-
fordable for Ru"-polypyridyl dyes.” Therefore, A-SCF-
DFT (SCF=self-consistent field) and TDDFT methods
remain as valuable alternatives to obtain qualitative and
even quantitative information about Ru" complexes and
many examples are found in the literature.”! DFT calcula-
tions provide the geometries and energies of the ground and
lowest excited states of each symmetry and spin, whilst in-
formation on the higher excited states (i.e., energies, oscilla-
tor strengths and associated character of the excitations) can
be obtained with the help of TDDFT calculations.

In order to understand the deactivation mechanisms after
light excitation for RuUNNN and RuNCN, their most rele-
vant structures involved, namely the singlet ground state
(Sy) as well as the most stable *MLCT and triplet metal-cen-
tered (*MC) excited state, were optimized. As known for
Ru"-polypyridyl complexes, after excitation of the 'MLCT
manifold, ultrafast inter-system crossing (ISC) occurs within
less than 100 fs, leading to the formation of the *MLCT
states with near-unity quantum yield. Among the subsequent
radiative and non-radiative processes, radiationless deactiva-
tion through thermal population of *MC states is supposed
to determine the *MLCT lifetime."? Thus, in addition to
the location of the *MLCT and *MC states, crossing points
between the S, and the *MC potential energy surface deter-
mine the non-adiabatic population transfer, as has been re-
cently stated by Boggio-Pasqua et al. for similar Ru"-poly-
pyridyl complexes.*”)

The electronic nature of the lowest-energy triplet excited
states of RuNCN has been confirmed by analysis of the spin
density distributions (Figure 3). The most stable *MLCT
state indeed displays unpaired electrons within a Ru 4d,, or-
bital and a st* orbital of the tpy ligand, while only Ru-based
4d orbitals are involved in the *MC state. The main geomet-
rical features of both the optimized *MLCT and *MC struc-
tures for RUNNN and RuNCN are given in Scheme S9 and
S10 in the Supporting Information. In comparison to the S
geometry, the *MLCT and also the *MC geometries of each
complex show a weakening of the coordination, attributed
to the population of antibonding orbitals, either m* or “e,*”,
as well as to the weakened &t back bonding with the formally
oxidized Ru “t,,” orbitals. In the *MC structures the tpy co-
ordination is even distorted (see exemplarily the *MC struc-
ture of RuUNCN in Figure 3) due to the weakening, not only
of the m back donation but also of the o donation by the
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Figure 3. Spin density distribution of the energy optimized *MLCT (top)
and *MC (bottom) geometries of RUNCN.

population of the “e,*” levels. Thus, repulsive interactions
are avoided by ligand distortion, hence lowering the energy
of the *MC state. This is important, since in the "MLCT ge-
ometry, due to the strong effective o donation, the unoccu-
pied, antibonding metal d orbitals are located at high ener-

FULL PAPER

gies (see below and Figure 4), while in the *MC geometry, in
which these orbitals are occupied, the destabilizing effects
are less pronounced (see the photophysical model section
below). Furthermore, while the tridentate ligand is only dis-
torted, a monodentate ligand, such as thiocyanate, can be
cleaved off. For all other compounds, only the S, and the
lowest *"MLCT states were optimized and the main geomet-
rical features are given in the Supporting Information.

To understand the substituent effects on the photophysical
properties, the relevant frontier Kohn-Sham orbitals are
plotted in Figure 4. For RuNCN, &t donation destabilizes the
HOMO that is composed of Ru d,, and NCN m orbitals. In
contrast, for RuUNNN the HOMO is less destabilized and
almost of pure Ru d,, character; only a weak m donation
contributes to the HOMO-1, which is therefore lower in
energy. In both complexes, the LUMO is formed by the
same m* orbital of the tpy ligand; however, the strongly de-
stabilized HOMO of RuNCN causes an additional indirect
LUMO destabilization through the s back donation. Be-
cause the LUMO destabilization is less pronounced than for
the HOMO, the resulting energy gap is much smaller for
RuNCN. A further effect of the strong electron donation
within RuNCN is the strongly destabilized “e,*” orbitals in
terms of a strong ligand field. Thus, the d_. orbital is the
LUMO+8 in RuNNN, being 1.9 eV higher in energy than
the LUMO, while in RuNCN it is the LUMO +14 with an
energy difference of 2.3 eV. This demonstrates that cyclome-
talation indeed enables destabilization of orbitals that are
populated in *MC states and that are relevant for the radia-
tionless deactivation. However, the actual electronic situa-
tion at the *MC geometry might be different as mentioned
above. Therefore, although the *MC stabilization might be

RuNNN RuNCN RuNCN-F RUNCN-NO, RuNCN-Tph RUuNCN-COOEt RuNCN-(COOMe);
E/eV {?’
LUMO+14 (d2) | yMo+13 () LUMO+14 (d,2) LUMO+13 (d;2) LUMO+12(d2) | ymo+12 (dy2)
o 4 -
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Figure 4. Selected PCM-B3LYP/6-31G* Kohn-Sham orbitals and energy level scheme for the Kohn—-Sham orbitals of the Ru" complexes.
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helpful, it does not necessarily cause a suppression of the
thermal population of the *MC from the *MLCT states (this
issue will be discussed in more detail in the photophysical
model section below).

Figure 4 also shows the HOMO orbitals of RuNCN-F,
RuNCN-NO, and RuNCN-Tph. The introduction of an elec-
tron-withdrawing fluoro or nitro group directly attached to
the HOMO site leads to HOMO stabilization, since the
electronic repulsion and electron donation of the carbanion
donor is tempered, but also because the aromatic system,
which forms a part of the HOMO itself, is stabilized. In case
of RuUNCN-Tph, the HOMO and LUMO are slightly desta-
bilized due to electron donation from the thiophene moiety,
while the energy gap remains constant. Importantly, the con-
jugation of the HOMO is extended onto the thiophene ring,
which should give rise to an increased light absorptivity (see
the photophysical properties). Apparently, stabilization due
to extension of the conjugation is overcompensated by elec-
tron donation of the thiophene. For complexes of ester-func-
tionalized tpy ligands, the HOMO is slightly stabilized be-
cause of the increased m acidity of the ligand. Since they are
directly attached to the LUMO site, the LUMO level is
strongly stabilized by their electron withdrawal, resulting in
smaller energy gaps, in particular for RuUNCN-(COOMe);.
Furthermore, the LUMO, which is not shown for these com-
plexes, is the same orbital throughout the whole series and
differs only in energy. As an exception, in RuNCN-
(COOMe); the LUMO is a different orbital that is however
located on the tpy ligand.

Photophysical properties: A key feature of designated
photo-redoxactive Ru" complexes, in particular when
aiming at a potential application in dye-sensitized solar cells,
is their photophysical behavior. Thus, UV/Vis absorption
and emission spectrum measurements as well as photolumi-
nescence quantum yield (®p;) and lifetime determinations
were executed. Additionally, PCM-TD-B3LYP (PCM =po-
larizable continuum model) vertical excitations were com-
puted for all the complexes except for RUNCN-Cbz (see the
Supporting Information for computational details).

First of all, the free cyclometalating ligands were charac-
terized. Their UV/Vis spectra show a strong absorption
peak at around 240 nm with extinction coefficients of
36000-140000M 'cm™'. Additional bands are located at
about 295nm with weak intensities of 1100 and
4600M *cm ! for HNCN and HNCN-F, respectively. In con-
trast, HNCN-Cbz and HNCN-Tph, possessing additional
chromophores, exhibit strong absorption peaks beyond
290 nm, with & values of 58000 and 46300M'cm™' for
HNCN-Cbz and 15400M 'cm ™' for HNCN-Tph. All ligands
are fluorescent, showing emission bands at 325 (HNCN,
HNCN-F), 367 (HNCN-Tph), and 404 nm (HNCN-Cbz)
(see the Supporting Information).

The absorption and emission features as well as the com-
puted transitions of the studied Ru" complexes are shown in
Figure 5 and Table 1. For the assignment of the PCM-TD-
B3LYP excitations, see Tables S4-S10 in the Supporting In-
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formation. Firstly, the comparison of the parent cyclometa-
lated complex RuNCN with its non-cyclometalated counter-
part RuNNN reveals the strong influence of the carbanion
donor on the UV/Vis absorption properties. A significant
bathochromic shift of the MLCT maxima from 428 to
532 nm, corresponding to 4500 cm ™, is observed upon cyclo-
metalation and well reproduced by the performed calcula-
tions. Additionally, an extension of the absorption from 550
to 650 nm is observed that can be explained by destabiliza-
tion of the Ru-4d orbitals in the RuNCN complex. Indeed,
the electronic excitations responsible for these bands involve
mainly these orbitals (Table S4 in the Supporting Informa-
tion). Furthermore, since RUNCN possesses an organome-
tallic, covalent bond, the HOMO is composed of Ru-d orbi-
tals as well as ; orbitals of the cyclometalating ligand, while
the LUMO (and higher unoccupied molecular orbitals) is
m*-tpy-based. Thus, if the anchoring groups are installed at
the tpy acceptor ligand, the transition dipole moment is di-
rected towards the semiconductor surface by the distinct
push—pull effect.’” Since these transitions exhibit partial
ligand-to-ligand charge-transfer (LLCT) character, they can
be described as metal/ligand-to-ligand charge-transfer
(MLLCT) excitations. This underlines the feasibility of di-
rectly influencing the HOMO by manipulation of the cyclo-
metalating ligand, although usually the MLCT declaration is
kept in literature.’™! Furthermore, the MLCT bands are
broadened and even split because of the electronic asymme-
try that breaks the orbital degeneracy. Thus, the shorter
wavelength transitions around 400nm exhibit MLCT,
MLLCT, and admixed MC character (see S,, S;; and Sy; in
Table S4 in the Supporting Information). In the UV region,
the high-energy transitions are mainly of m—m* character
(see Si4 and S;). However, after thermal relaxation in terms
of Kasha’s rule, the transferred charge will reside on the ac-
ceptor ligand. As a further result of the strong anionic
carbon donor, a weak room-temperature emission at 751 nm
(@p: 0.006%) was observed for RUNCN (see the photo-
physical model below).[*"

To understand the influence of the triazole moiety, a com-
parison referring to the corresponding Ru" complexes of
pyridine analogues, namely 2,2:6',2"-terpyridine and 1,3-di-
pyridylbenzene, is helpful. When compared to [Ru(tpy),]-
[PF],, the analogous but heteroleptic RuNNN shows
a broadened and blue-shifted absorption. Also the emission
at 77 K, which is similar in shape for both, is blue-shifted
from 603 to 574 nm. According to the calculations, the emit-
ting state is of MLCT character and tpy-based (see the
DFT calculation above). Additionally, the computed emis-
sion maxima (adiabatic emission energies obtained with A-
SCF approach, see the Supporting Information for details),
are given in Table 1 and correlate well with the experimen-
tal data. The absorption spectra of [Ru(tpy)(dpb)]PF, and
RuNCN are similar,’! except for a slight hypsochromic shift
that is observed in the absorption and emission spectra of
RuNCN. Interestingly, although still weak, the emission is
slightly increased for RuNCN, most likely because of the
higher emission energy in accordance with the energy-gap

Chem. Eur. J. 2012, 18, 4010-4025
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Figure 5. UV/Vis absorption and emission spectra of the investigated ruthenium(II) complexes (10™°m in CH;CN). For RuNCN and RuNNN, the PCM-
TD-DFT/6-31G* computed vertical excitations are superimposed. Solid lines represent the measured curve and symbols are only used for assignment.

law. Furthermore, the extinction coefficients are lowered for
RuNCN, attributed to the shorter conjugation that is only
partially extended into the triazole.’*

To allow for HOMO fine-tuning (see the electrochemical
properties below), electron-withdrawing groups, namely
nitro and fluoro substituents, were installed at the central
phenyl ring. Consequently, a slight hypsochromic shift
(700 cm™") of the MLCT features in the UV/Vis absorption
spectrum was observed due to HOMO stabilization. Ac-
cordingly, a room-temperature emission can be observed for
RuNCN-NO, that is blue-shifted by 870cm™! (@p:
0.010%). In contrast, RUNCN-F features no measurable
photoluminescence (see the temperature-dependent lifetime
measurements below). Besides, the m-accepting nitro group,
para to the Ru—C bond, leads to a decrease of the extinction
coefficient by a third compared to the parent RuNCN com-
plex, attributed to interference with the push—pull polariza-
tion.

To increase the extinction coefficients, additional chromo-
phores were attached®*#!'>3! either directly to the central
phenyl ring or as clicked-on antennas. The thiophene moiety
that was installed para to the Ru—C bond increases the ex-
tinction coefficients over the whole UV/Vis absorption spec-
trum, including the highest wavelength absorption that
grows from 7300M ‘cm™' for RuNCN to 16500M ‘cm™.

Chem. Eur. J. 2012, 18, 4010-4025
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Evidently, this is due to extension of the HOMO and, thus,
expansion of the optical cross section (see DFT calculations
and Figure 4).5°% In contrast, the attachment of the carbazole
moiety provides an additional but separated chromophore
that is not in conjugation with the cyclometalated phenyl
ring.'! Thereby, the extinction coefficients below 450 nm
double with respect to RuUNCN, because the carbazole par-
ticipates in LC transitions, while the absorption bands
beyond 450 nm, in analogy to RuNCN assigned mainly to
dRr/Tonen — 7%,y transitions, remain unchanged in shape and
intensity. Furthermore, the room-temperature emission of
RuNCN was preserved, thus no additional quenching path-
ways are introduced; instead, the emission intensity was
even slightly increased (Table 1).

For the immobilization on the semiconductor surface in
DSSCs, carboxylic groups on the acceptor ligand are neces-
sary. Beside their function as anchoring groups, they also
strongly influence the photophysical properties as additional
electron-withdrawing groups. Here, the ester-functionalized
complexes were seen as models for the TiO,-bound dyes.¥!
The introduction of a single carboxylic ester at the 4’-posi-
tion of the terpyridine causes a stabilization of the ¥, -
based LUMO (Figure 4) and an enhanced transition dipole
moment, thus leading to a slight bathochromic shift by
about 500 cm™! as well as a tripled extinction coefficient in
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Table 1. Photophysical data of the complexes.

Complex 298 K 77K k.+k, k, ks AE, AE;
i max Py, T A T [s71]" [s7'] [s7'] [em™]  [em™]
[nm] (e [10° M~“cm™']*®  [am]*<d 1070l [ns]  [am]Y  [us]

RuNNN 325 (sh), 428 (10.6), — (545) - - 574 14 - - - - -
500 (1.8)

Ru(tpy),][PFL,5* 308 (63.4), 475 (14.7) - - 025 603 - 65x10*  2.0x10"%  21x107 1700 720

py

RuNCN 371 (14.5), 488 (7.3), 751 (827) 6.1 41 719 41  244x10° 11x10%  311x10° 1830 350
532 (6.3)

Ru(tpy)(dpb)]PE 424 (9.6), 499 (14.4), 781 0.9 - - - - - - - -

py)(dp

~540 (~10)

[Ru(ttpy)(dpb)]PF4¢ 504 (10.8), 550 (8.3) 784 4.5 4.5 752 048 - - - - -

RuNCN-F 363 (14.3), 473 (7.2), - - 0.5 661 58  1.72x10° 9.74x10" - 1290 -
507 (6.5)

RuNCN-NO, 365 (9.0), 483 (7.4), 705 (759)  10.0 53 667 52 1.92x10° 6.63x10" - 1395 -
511 (6.8)

RuNCN-Cbz 384 (26.2), 485 (7.3), 750 25.0 6.7M 712 45  222x10° 2.04x10"  1.33x10° 1570 270
523 (6.3)

RuNCN-Tph 350 (36.4), 482 (16.5), 745 (802) 5.3 4.1 722 43 233x10° 1.89x10" 1.42x10° 1452 240
518 (13.8)

RuNCN-COOEt 372 (36.8), 495 (19.9), — (94l o - - - - -
546 (18.2)

RuNCN-COOH 373 (22.0), 491 (10.5), - - 123 745 57 1.75x10°  2.02x10"° - 1135 -
532 (10.5)

RuNCN-(COOMe); 413 (17.9), 500 (9.4), —(1032)1 —dl —dl e - - - -

574 (9.8), 641 (5.3)
398 (8.7), 497 (5.0),
572 (5.3), 641 (3.2)

_ld] _ld]

RuNCN-(COOH),

_ld]

_ld] _ldl

[a] Measured 10 °M in deaerated CH;CN. [b] sh=shoulder. [c] In brackets: Adiabatic emission energy values (ASCF-PCM-DFT/6-31G*). [d] The detec-
tor limit is at 800 nm. [¢] Determined using [Ru(dqp),][PF], in MeOH/EtOH (1:4; ®p =2.0% )" as a reference. [f] The sum of k, and k; is the recipro-
cal of the 77 K lifetime. [g] ttpy =4-tolyl-tpy, from reference [32], note that the 4'-tolyl substituent stabilizes the *MLCT and thereby prolongs the excited
state lifetime.” [h] Extrapolated from the temperature-dependent phosphorescence lifetime measurements.

the visible region. When carboxylic ester groups are at-
tached to the para positions of all three pyridine moieties of
the terpyridine ligand, namely for RuNCN-(COOMe);, the
absorption is again significantly red-shifted (by 3000 cm™)
and additionally broadened, hence covering almost the
whole visible spectrum and causing a black color of the
complex. The main visible absorption features are slightly
more intense and separated, but they reflect the same transi-
tions as in RuNCN, which becomes evident in comparison
to a 77 K excitation spectrum of RuNCN (see Figure S118
in the Supporting Information). A photoluminescence of the
complexes bearing carboxylic ester groups was not observed,
most likely due to the low energy gap according to the
energy-gap law (see below) or the reduced spectrometer
sensitivity at low emission energies.*! The drop in extinction
and the slight blue shift of the saponified complexes,
RuNCN-COOH and RuNCN-(COOH);, are attributed to
the lowered electron acception that causes a decreasing po-
larization and LUMO stabilization.

77 K emission spectroscopy: As all presented coordination
compounds show either no or only a weak emission at room
temperature, owing to the presence of several non-radiative
deactivation pathways that will be discussed in detail later,
the exact energy of the lowest-lying excited state is challeng-
ing to determine. Emission spectroscopy at low tempera-
tures can enable the determination of these energies if the
dominant non-radiative channels are thermally activated.

www.chemeurj.org
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All the investigated complexes, except RuNCN-COOE:t,
RuNCN-(COOH); and RuNCN-(COOMe);, are emissive at
77 K and show bandshapes typical for ruthenium coordina-
tion compounds, namely an intense 0-0 transition that is ac-
companied by a weaker vibronic satellite (Figure 6, see Fig-

Normalized emission intensity

T
700

T T
550 600 650

A/ nm

Figure 6. Emission spectra of the complexes: RuNNN (), [Ru'(tpy),]
(¢), RuNCN-F (<), RuNCN-NO, (), RuNCN-Cbz (o), RuNCN (o),
RuNCN-Tph (2) and RuNCN-COOH () in n-butyronitrile glass at
77 K. The spectral resolution decreases at higher wavelengths due to a de-
creasing spectrometer sensitivity (spectrometer response is given as
a dashed line). Solid lines represent the measured curve and symbols are
only used for assignment, a color figure is given in the Supporting Infor-
mation (Figure S119).
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ure S118 in the Supporting Information for excitation spec-
tra). The emission maxima are summarized in Table 1. We
note that the emission at 77 K is blue-shifted compared to
the respective room-temperature emission, because the rigid
solvent matrix at low temperatures prevents solvent reor-
ganization and thus avoids the stabilization of the more
polar charge-separated excited state (rigidochromic
effect).™ Still, the comparison of the emission spectra at
77 K reveals a strong bathochromic shift of 3520 cm™* rela-
tive to the non-cyclometalated RuNNN caused by the
strong HOMO destabilization in RuNCN. The functionaliza-
tion of the NCN ligand with the slightly electron-donating
thiophene causes no further HOMO destabilization, which
might be attributed to the dihedral angle of around 30°
which diminishes the conjugation.”! In contrast, the func-
tionalization of the NCN ligand with electron-withdrawing
groups results in a HOMO stabilization, and thus a blue
shift of the emission maximum of about 1130 cm™! with re-
spect to RuNCN.

Functionalization of the tpy ligand with carboxylic acid
esters or free carboxylic acids causes a LUMO stabilization
and, as a consequence, a red-shifted absorption and emis-
sion. However, it was only possible to measure the emission
spectra at 77 K for RuUNCN-COOH, which is red-shifted by
490 cm ™! relative to RUNCN. We note that the detector is
less sensitive in the near-infrared region as demonstrated by
the response function in Figure 6. A theoretically predicted
emission of RuUNCN-(COOMe); above 1000 nm (Table 1)
would thus not be detectable with our measurement setup.

Another important excited-state parameter is its lifetime,
which, in contrast to the emission quantum yield, truly re-
flects the stability of the excited state. Therefore, emission
lifetimes were determined at both room temperature and
77 K (Table 1). As a main result, the emission lifetime de-
creases with decreasing emission energy. Assuming that
thermally activated radiationless deactivation pathways are
frozen at 77 K, this can be explained by the energy-gap
law.”! Usually, it can be observed only within a series of
very similar complexes or in different solvents,™ since other
effects, such as delocalization and rigidity, may interfere so
that long excited-state lifetimes and small energy gaps do
not exclude each other.”! Accordingly, RUNCN-COOH has
a longer lifetime than RuNCN (Table 1), which is attributed
to the modification of the acceptor ligand.

Temperature-dependent lifetime measurements: To gain de-
tailed insight into the deactivation dynamics of the lowest-
lying excited state and the stabilizing/destabilizing effects of
different substitution patterns, temperature-dependent life-
time measurements were carried out between 300 and
160 K.B¥ The results of these experiments are depicted in
Figure 7.

In general, the investigated cyclometalated complexes
reveal a steady rise of the emission lifetime with decreasing
temperature. However, depending on the specific substitu-
tion pattern, the slope of the lifetime increase varies. Similar
to the emission spectra at 77K, the complexes RuNCN-F
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Figure 7. Temperature-dependent emission lifetimes for the complexes:
RuNCN-F (<), RuNCN-NO, (>), RuNCN-Cbz (0), RuNCN (o),
RuNCN-Tph (2) and RuNCN-COOH () in n-butyronitrile. Symbols
correspond to measured lifetimes and solid lines represent a non-linear
fit according to equation 1 (RuNCN-COOH, RuNCN-F and RuNCN-
NO,) or equation 2 (RuNCN, RuNCN-Cbz and RuNCN-Tph). A color
figure is given in the Supporting Information (Figure S120).

and RuNCN-NO, show a different behavior compared to
RuNCN, RuNCN-Cbz, and RuNCN-Tph. In detail, for the
last three complexes the lifetime starts to increase at higher
temperatures and shows a reduced slope than for RuNCN-F
and RuNCN-NO,, thus being shorter-lived at 77 K. In ac-
cordance with the literature, the excited-state lifetime at
higher temperatures is determined by thermal deactivation
via MC states.'? Evidently, the electron-withdrawing
groups reduce the donor strength of the carbanion and
therefore lower the *MC states. Consequently, thermal deac-
tivation is facilitated, which can be quantified by fitting an
Arrhenius expression to the experimental data [Egs. (1) or
(2)]. Thus, fundamental information about thermally activat-
ed, non-radiative deactivation channels can be obtained, for
example, their rate constants and activation energies.

1 1

o(T) = K +5 Ky K+ K+ Ky oxp(—AE kg T) (1)
1
(T)=——=—=
k,+> k, 1 (2)

k, + ki + kyexp(—AE, kg T) + ks exp(—AE; kg T)

For RuNCN, RuNCN-Cbz, and RuNCN-Tph, two ther-
mally activated (k,, AE, and k;, AE;) and one non-activated
decay channel (k;),* in addition to the radiative one (k,),
are necessary to fit the equation to the data [Eq. (2)]. In
contrast, for RuUNCN-F and RuNCN-NO, a model of three
channels (a radiative, a non-activated, and a thermally acti-
vated non-radiative one) is sufficient to reproduce the data
[Eq. (1)]. In principle, there should be a third dark channel
for the last two complexes, but due to its low activation
energy it is not visible in the experimental temperature
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range between 300 and 160 K. The results obtained by ana-
lyzing the temperature-dependent lifetime data are summar-
ized in Table 1.

The first activated decay channel (k,, AE,) is assigned to
the transition from the emitting *MLCT to the S, via the
SMC excited state.’®! Compared to [Ru(tpy),]** and other
complexes of functionalized terpyridines, this activation
energy is remarkably low (see the discussion of the *MC ge-
ometry in the DFT section).’* We postulate that the
room-temperature emission and prolonged excited-state life-
times, which were observed despite similar or lower activa-
tion energies for the "MLCT-*MC internal conversion than
in [Ru(tpy),]**, are caused by a weaker coupling of the ‘MC
and the ground state.’ This is substantiated by small k,
rate constants (10"-10" vs. 1.7x10%s™! in case of [Ru-
(tpy),]**). To the best of our knowledge, such a tempera-
ture-dependent excited-state lifetime measurement has been
performed the first time for cyclometalated ruthenium(II)
complexes. In principle, we would expect a similar behavior
for [Ru(tpy)(dpb)]™ or analogous complexes.

Furthermore, for RUNCN-F and RuNCN-NO, lower AE,
values were obtained, supporting the assumption of a de-
creased *MC destabilization, but k, is again small and even
smaller for RUNCN-NO,. When comparing RuNCN-F and
RuNCN-NO,, the fluoro substituent mainly lowers the *MC
energy, which is therefore closer to the *MLCT state. In con-
trast, the m-accepting nitro group para to the carbanion also
affects the *MLCT energy (see the LUMO energy in
Table 2) resulting in a larger observed *MLCT—MC barrier
that allows for room-temperature emission. This is also re-
flected by the displacement of the RuNCN-F curve to lower
temperatures (Figure 7).

Despite this good correlation between structure and excit-
ed-state dynamics, the temperature-dependent emission
properties of RuNCN-COOH need to be discussed sepa-
rately. Within the whole series, its activation energy for the
SMLCT-MC internal conversion is the least. Nevertheless,
a room-temperature lifetime of 12.3 ns could be measured,
which is remarkably high in comparison with the other com-
plexes discussed herein. This can only be explained by the
relatively low transition rate for this process, which is one
order of magnitude smaller than in the other complexes.
Apparently, here the absence of a detectable room-tempera-

Table 2. Electrochemical data of the complexes.

ture emission might be due to experimental limitations and
does not necessarily mean short excited-state lifetimes.

The second activated decay channel (k;, AE;) can be at-
tributed to internal conversion (IC) to an energetically
slightly higher-lying MLCT state of increased singlet charac-
ter (MLCT’), which is also a common feature for ruthenium
polypyridyl dyes.?*")

Electrochemistry: Crucial for the potentially photo-redoxac-
tive Ru" complexes, in particular with respect to photovolta-
ic applications, are their electrochemical properties. Thus,
the reversibility of the redox processes and the location of
the oxidation and reduction potentials in comparison to the
I,;7/T" couple and the TiO, conduction band, respectively,
are highly important. Consequently, cyclic voltammetry
(CV) measurements were carried out and related results are
presented in Figures 8 and 9, Table 2, and the Supporting In-
formation.

Analyzing the influence of cyclometalation by comparing
RuNCN to RuNNN shows a strong cathodic shift of the oxi-
dation potential of 900 mV due to the strong o and wt dona-
tion as well as electronic repulsion caused by the carban-
ion.'” Based on the calculations (see above), the first oxida-
tion of RuNCN is not only metal-, but also ligand-based,
and corresponds to a transition from dpy/mixen” to dgy/
finen” T transition. Also the first reduction process, located
on the terpyridine ligand, is shifted towards lower potentials
by 260 mV, owing to increased m back donation from the
more electron-rich Ru" center.’! Both oxidation and reduc-
tion process of the RuNCN complex are fully reversible
under cyclic voltammetric conditions. Nevertheless, reversi-
bility was investigated in a more detailed fashion by UV/Vis
spectroelectrochemical means (see below).

Again, a comparison of the triazole-containing complexes
with their pyridine counterparts allows for a relative classifi-
cation of electronic properties of the ligands. In comparison
to the RuNNN-analogous [Ru(tpy),][PF¢],, the substitution
of a terpyridine ligand by the click-derived 2,6-bis(1,2,3-tri-
azol-4-yl)pyridine leads to a metal-based HOMO of lower
energy and tpy-based LUMO of higher energy, indicating
a weaker o-donor and m-acceptor strength of the triazole-
containing ligand that would allow the tpy to predominate
the m back donation.*d In contrast, when comparing

Complex E [V] Gplie, AE, [MV)® B35 [V] (iafipe, AE, [mVD¥ Egi(0x) [VI) Eyowo [eVIY Erpwo [eV]Y Egp [6V] Egipop [€V]
RuNNN 0.98 (1.1, 74) —1.72 (0.9, 80) 122 ~578 322 2.56 2.20
[Ru(tpy),][PFL,  0.89 (64) —1.66 (63) - - - - -
RuNCN 0.08 (1.0, 67) ~1.98 (1.0, 71) ~1.83 —4.88 —2.91 1.97 1.91
[Ru(tpy)(dpb)|PF51  0.12 (62) —1.95 (63) - - - - -
RuNCN-F 031 (1.0, 74) —1.95 (1.0, 79) ~1.67 -5.12 —2.97 2.15 1.98
RuNCN-NO, 0.26 (1.0, 76) —1.82 (1.0, 88) ~1.77 —5.07 -3.11 1.96 2.03
RuNCN-Cbz 0.10 (1.0, 83) —1.97 (irrev.)"! —1.84 —4.89 ~3.00 1.89 1.94
RuNCN-Tph 0.07 (1.0, 69) ~1.97 (irrev.)! ~1.93 —4.87 —2.93 1.94 2.00
RuNCN-COOEt 0.16 (1.0, 70) —1.79 (1.1, 80) —1.74 —4.96 ~3.14 1.82 1.90
RuNCN-(COOMe); 0.26 (1.0, 71) —1.56 (1.0, 71) ~1.51 ~5.06 -337 1.69 1.77

[a] Measured in CH,CN with 0.1M Bu,NPF; with respect to Fc/Fc* as a reference. [b] Irreversible process; E,, received from DPP. [c] Calculated by
using Epumoromo = [— (B —Eneles )—4.8] eV. [d] Calculated using Es=ES,—E, (30]

onset
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Figure 8. Cyclovoltammetric spectra of the cyclometalated ruthenium(II)
complexes and RuNNN as a reference (10°M in CH;CN with 0.1m
Bu,NPFy). Solid lines represent the measured curve and symbols are only
used for assignment.

E vs. Fc/Fc* )3
2SS\
&N o Qﬁ’? G\\\_\\\Om 0\*\’0000\4‘\00 P
<02 3\9‘% it T ol oY \\»
-2.0 —
-1.83
ey AIT T4
15 — ECiR
’ -1.3
-1.1
-1.0 4
-0.5 —
-0.25
0.0 — ﬂ 0.16
05 4

Figure 9. Comparison of the excited-state and ground-state oxidation po-
tentials with the TiO, conducting band and the I1/I;~ redox couple, re-
spectively. The grey line indicates a potential that ensures enough driving
force for the dye regeneration.’™*! The actual TiO, conducting band
edge depends on the electrolyte composition and is therefore drawn dif-
fusely.!
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RuNCN with the analogous [Ru(tpy)(dpb)]PF,, for the
click-derived complex the oxidation and reduction potentials
are cathodically shifted. Evidently, the triazole-containing
cyclometalating ligand is a stronger m donor increasing the
electron density on the Ru"/NCN-based HOMO and,
through increased m back donation from the more electron-
rich Ru" to the tpy ligand, the energy of the tpy-based
LUMO. This is most likely due to weaker stabilization of
the carbanion by the triazole in terms of its electron excess
and shorter conjugation length.® Additionally, for the same
reason as for RuNNN, the lower m acceptor strength of the
triazole-containing cyclometalating ligand, when compared
to its pyridine analogue, might cause the HOMO and tpy-
based LUMO of higher energy. Consequently, the more neg-
ative excited-state oxidation potential (Figure 9, Table 2)
should increase the driving force for the electron injection
into the TiO, conducting band or would allow for a higher
TiO, conducting band, which can be achieved by a different
electrolyte composition,* and therefore higher cell voltag-
es. At the same time, the lower oxidation potential would
lower the driving force for the regeneration of the photooxi-
dized dye (Figure 9). In consistence with the blue shift of ab-
sorption and emission, which correspond to the optical gap,
the electrochemical HOMO-LUMO gap of RuNCN is in-
creased in comparison with [Ru(tpy)(dpb)]PF.

To still allow efficient dye regeneration, a fine-tuning of
the oxidation potential was achieved by installing electron-
withdrawing fluoro and nitro groups on the cyclometalated
phenyl ring.**! Thus, the HOMO is stabilized and the oxi-
dation shows an anodic shift by 230 and 180 mV, respective-
ly, to be about 0.5V more positive than the I7/I;~ redox
couple and, thereby, ensure enough driving force for the dye
reduction.P*>*¢3! In the case of RuNCN-F, the reduction
potential remains nearly unchanged, while for RuNCN-NO,
a distinct anodic shift from —1.98 to —1.82 V is observed.
Most likely, the strong m-accepting nitro group weakens the
7t donation of the para-carbanion and, thereby, the m back
donation to the terpyridine. A more detailed discussion of
the electronic effects of nitro and fluoro substituents on a cy-
clometalated phenyl ring depending on their positions can
be taken from the literature.>*"

Introduction of the carbazole and thiophene moieties af-
fects the oxidation and reduction potentials only marginally,
but leads to irreversibility of the reduction process under
CV conditions in both cases. However, only the dye oxida-
tion and subsequent reduction is the operative process in
DSSCs and this process still is reversible. We note that a stra-
tegic methyl group was placed in the 5-position of the thio-
phene to avoid any following reactions, such as radical dime-
rizations.*!!

Electrochemical investigations on the ester-substituted
complexes RuNCN-COOEt and RuNCN-(COOMe),
showed significant anodic shifts of the reduction potentials
about 190 and 430 mV, respectively, due to stabilization of
the LUMO, which is tpy-based. Still, enough driving force
for a fast electron injection would be given. Furthermore,
since the m-accepting esters are in para position, they in-
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crease the overall m-acceptor strength of the polypyridyl
ligand, causing a small anodic shift of the oxidation of 80
and 180 mV, respectively. Thus, the oxidation potential of
RuNCN-(COOMe); would enable efficient regeneration.
However, the strongly electron-withdrawing carboxylic ester
can only be seen as approximation of TiO,-adsorbed carbox-
ylic acids®™! and the actual electronic situation depends on
the protonation state of the adsorbed complex (see pK, de-
terminations in the Supporting Information).*” Therefore,
although electron-withdrawing, the anchoring carboxylic
acids most likely will have to be combined with above-men-
tioned strategies to lower the oxidation potential direct-
ly.Pe¢d Consequently, the RuNCN complexes are basically
applicable in established DSSCs.

UV/Vis spectroelectrochemical analysis: To obtain a more
detailed insight into the electrochemistry of the presented
cyclometalated Ru" systems, mainly with regard to reversi-
bility and redox stability, UV/Vis spectroelectrochemical ex-
periments were performed (see Figure 10 for RuNCN and
Figures S122-S128 in the Supporting Information for the re-
maining complexes).

re-reduction at 0 mV

Absorbance

0.0

T T T T T -
300 400 500 600 700 800
Alnm
Figure 10. UV/Vis spectroelectrochemical investigation on the oxidation

process of RuNCN (voltage varied between 400 and 1000 mV vs. Ag/
AgCl; 10°m in CH,CN with 0.1m Bu,NPFy).

In general, the oxidation processes show several isosbestic
points, indicating the temporary presence of only two spe-
cies to ultimately form the singly oxidized complex in
a well-defined reaction. The most evident changes during
oxidation are the decrease of MLCT and MLLCT bands be-
tween 350 and 600 nm, caused by depopulation of the dg,/
nixen’ HOMO, and the appearance of additional, broad
peaks between 600 and 850 nm (up to 1000 nm in case of
RuNCN-(COOMe);), most likely attributed to emerging
LMCT (mtxyen—dgry) of LMLCT (styen —dro/Tinen’)  transi-
tions. Here, the fluoro-substituted RuNCN-F represents an
exception that shows no changes beyond 600 nm (Fig-
ure S123 in the Supporting Information), probably because
of a very low transition dipole moment. Accordingly, for

4022

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

RuNCN-NO, the arising transition is very weak. In contrast,
the thiophene-containing complex RuNCN-Tph exhibits the
appearance of two intense absorption peaks around 450 and
900 nm (Figure S126 in the Supporting Information), which
can be likely assigned to a mixed MC/MLCT (MMLCT,
dry—dr/Ttnen), MLCT (dg,—mt¥yen), or LMLCT transitions
that would possess large orbital contributions of the thio-
phene. Remarkably, the reductions of all oxidized species
recreate the original spectra almost completely, thus con-
firming that the oxidation processes are fully reversible even
under these demanding conditions under which the com-
plexes are oxidized for a long time.

The first reductions (studied only for the complexes show-
ing reversible reduction under CV conditions, see the Sup-
porting Information), being located on the terpyridine
ligand (tpy —tpy™), reveal a less-defined spectral change in
spectroelectrochemical measurements. Again, an absorbance
decrease in the MLCT/MLLCT region can be observed,
caused by the population of a 7*, orbital that acts as the
acceptor within the longest-wavelength transition processes.
Additionally, the absorbance also increases at around
450 nm and several changes occur in the UV region of the
spectrum, both originating from appearing, disappearing, or
shifted LC and LLCT transitions. In contrast to the oxida-
tion described above, recreation of the initial complex is not
successful in most cases, which is likely due to following re-
actions. As an exception, RuNCN-(COOMe);, which pos-
sesses three electron-withdrawing ester groups at the terpyr-
idine ligand that enable an enhanced stabilization of the
electron-rich tpy™ moiety, allows the nearly full regenera-
tion by re-oxidation.

Photophysical model: Cyclometalated polypyridyl Ru" com-
plexes have been known for some time,'*! but it was only
quite recently that they have been applied to the field of
dye-sensitized solar cells.’! Although there has been elabo-
rated research on photoactive electron-transfer assemblies,
such as homo- and heteronuclear dyads, for the prototypical
bis(tridentate), heteroleptic Ru" complex of terpyridine and
its cyclometalated analogue 1,3-dipyridylbenzene, a detailed
investigation on the excited-state processes is missing up to
date.’>*) Only a simplified, qualitative explanation of its
photophysical properties by relative energies of the S,, the
lowest *MLCT state and the *MC state has been report-
ed.®*¥ According to that, the lifetime of the charge-sepa-
rated excited-state is determined by the *MLCT-MC
energy difference, since the metal-centered excited state
shows a strong coupling to the ground state and therefore
causes a rapid relaxation once the *MC state is populated.
This is plausible because antibonding orbitals are occupied
in the *MC state, which shows a displacement that typically
matches the ground-state geometry at high-energy vibra-
tions; in other words, the transition is highly probable be-
cause of a large Franck—Condon factor (strong coupling case
of displaced oscillators).!! Alternatively, the fast decay to
the ground state can be explained in a classical picture as-
suming the surfaces show a nearly barrierless crossing.*’!

Chem. Eur. J. 2012, 18, 4010-4025
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However, we emphasize that the MC-S, intersystem cross-
ing not only depends on the *MC, but also on the S, poten-
tial energy surface, which itself is strongly influenced by the
electronic nature of the ligand. Thus, several Ru" complexes
have been reported, for example, Ru(bpy),(CN),, that show
a weaker MC-S, coupling.’ Despite these studies, the pro-
longed excited-state lifetime of the cyclometalated [Ru(tpy)-
(dpb)]* in comparison to [Ru(tpy),]*" has only been attrib-
uted to the *MC destabilization by the carbanion so far.

Nonetheless, temperature-dependent emission lifetime
measurements reveal a similar and even lowered activation
barrier for the population of the *MC state within the
RuNCN series compared to [Ru(tpy),]**. At the same time,
the non-radiative deactivation rate constant of RuNCN is
orders of magnitude smaller than for [Ru(tpy),]*.”" We
expect a similar behaviour for the analogous [Ru(tpy)-
(dpb)]* complex.

Consequently, A-SCF calculations were performed to gain
a deeper understanding of the photophysics. In Figure 11
the schematic potential energy surfaces for the complexes
RuNCN and RuNNN are depicted. The diabatic energies
(DE) are obtained as the energetic differences between the
energy minima of the optimized geometries, while the adia-
batic energies (AE) are obtained as the actual energy differ-
ences at the *MLCT and the *MC optimized geometries. As
shown in Figure 11, the *MLCT and *MC minima are almost

SMLCT 3MC

>
o
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=
ko
[e]
o
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)
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5 @ AE =0.94 eV
5
o
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RuNNN

Figure 11. Proposed potential energy surfaces (the MLCT’ is omitted for
clarity) including adiabatic (AE) and diabatic energies (DE) at the
ASCF-PCM-DFT/6-31G* level of theory for the complexes RuNCN
(top) and RuNNN (bottom).
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isoenergetic for RUNCN, while for RuNNN the *MC mini-
mum is lower in energy than the *MLCT one. This is in
agreement with a destabilized *MC state for RuNCN as
a result of the cyclometalation. As an additional conse-
quence, the S, is destabilized as well and both *MLCT and
*MC states appear at lower energies relative to the S,. How-
ever, for the thermal MLCT-"MC internal conversion, the
energy barrier and the respective "MLCT-MC conversion
rate (see AE, and k, in the temperature-dependent lifetime
measurements) are determining. Usually, the subsequent
SMC-S, intersystem crossing rate is the limiting rate. Thus,
referring to the experimental *MLCT—MC energy barrier,
which is lower for RuNCN than for [Ru(tpy),]**, and the
nonetheless prolonged excited-state lifetimes, we postulate
a weaker *MC-S, coupling. In agreement with previous re-
ports,*! we conclude that the MC-S, intersystem crossing
occurs at high energies on the potential energy surfaces for
RuNCN, while for RuNNN and [Ru(tpy),]** this *MC-S, in-
tersystem crossing point is at low energies and thus readily
accessible. This is plausible, since the covalent binding of
the cyclometalating ligand has a significant influence on
both electronic structure and geometry already of the S, af-
fecting also the *MC-S, coupling.

Still, the lifetime of cyclometalated complexes is relatively
short and the quantum yield is low in comparison to [Ru-
(bpy);]**, for example, because of the S, destabilization.
The resulting small S—MLCT energy gap leads to a more
probable thermally non-activated, radiationless deactivation
due to an increased Franck—Condon overlap of the S, and
*MLCT vibrational wave functions. The observed decrease
of the excited-state lifetime with decreasing emission energy
is in accordance with the already mentioned energy-gap
law."

Conclusion

A systematically modified series of new ruthenium(II) com-
plexes of click-derived tridentate cyclometalating ligands
aimed towards the application in dye-sensitized solar cells
was investigated. An optimized synthetic route was estab-
lished. The presented cyclometalated ruthenium(II) poly-
pyridyl complexes feature all benefits of established Ru" thi-
ocyanate dyes:

1) The HOMO is raised in energy causing a small energy
gap and, therefore, a strongly red-shifted absorption.

2) The strong electron donation destabilizes *MC states and
thus offers prolonged excited-state lifetimes.

3) The HOMO is extended to the cyclometalating ligand
that facilitates the dye regeneration.

4) The LUMO is located on the opposite, anchoring ligand.
Consequently, the charge transfer is directed towards the
semiconductor surface.

5) At the same time, the anchoring groups, namely the car-
boxylic acid functions, strongly lower the LUMO energy,
resulting in a panchromatic shift and intense absorption

4023

www.chemeurj.org



CHEMISTRY

U. S. Schubert, B. Dietzek, L. Gonzilez et al.

A EUROPEAN JOURNAL

due to the pronounced push-pull effect that heightens
the oscillator strengths and the extinction coefficients.

Additionally, the cyclometalated complexes offer further
advantages that are essentially absent in thiocyanate com-
plexes:

6) The electronic functions of the monodentate thiocyanate
ligands are adopted by a multidentate ligand thus pre-
venting photochemical ligand loss and offering higher
long-term stability.

7) Since the HOMO is extended to the cyclometalating
ligand, the optoelectronic properties can be optimized by
ligand functionalization. Thus, redox-matching with the
electrolyte and improvement of the light harvesting are
enabled.

Moreover, the complexes of triazole-containing tridentate
cyclometalating ligands offer potential advantages over their
pyridyl analogues:

8) The stronger effective electron donation allows for
longer excited-state lifetimes.

9) Their ligands can be readily and modularly functional-
ized.

A potential drawback might be the lower extinction coef-
ficients, although strategies to increase them have been
demonstrated. Still, the determined optoelectronic proper-
ties strongly encourage us to test the presented type of com-
plex in a dye-sensitized solar cell. Also, a potential iodide—
triazole interaction shall be investigated in the future.

As a result of the combined efforts of experimental and
computational methods, a detailed understanding of the
photophysical properties is provided, in particular of the
crucial radiationless deactivation process of cyclometalated
ruthenium(II) complexes.

Experimental Section

Extensive experimental details are given in the Supporting Information.
These include synthetic procedures, UV/Vis absorption and emission,
CV, NMR and ESI-Tof MS spectra, further solid-state structures and
a more detailed discussion thereof, as well as computational details.
CCDC-848606 (HNCN), CCDC-848607 (HNCN-F), CCDC-848608 ([Ru-
(tpy)(CH;CN);][PFg],), CCDC-848609  ([Ru(tpy-COOEL)(CH;CN);]-
[PF¢],), CCDC-848610 ([Ru(tpy-(COOMe);)(CH;CN);][PF¢],), CCDC-
848611 (RuNNN), CCDC-848612 (RuNCN), CCDC-848613 (RuNCN-
NO,), CCDC-848614 (RuNCN-F), and CCDC-848615 (RuNCN-Tph)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT: A series of bis(tridentate) ruthenium(II) com-
plexes featuring new anionic 1,2,3-triazolate-based tridentate
ligands and 2,2':6",2"'-terpyridine is presented. For a complex

equipped with carboxy anchoring groups, the performance in a '\?@@ QBR 1
dye-sensitized solar cell is evaluated. The title complexes are SN” 6 <) 5’ ub

readily synthesized and can be decorated with alkyl chains y
utilizing azide—alkyne cycloaddition methods, in order to TiO,
improve the device stability and allow the use of alternative
electrolytes. On account of the strong electron donation from the
1,2,3-triazolates, the complexes exhibit a broad metal-to-ligand charge-transfer absorption (up to 700 nm), leading to an electron
transfer toward the anchoring ligand. The lifetimes of the charge-separated excited states are in the range of 50 to 80 ns. In
addition, the ground- and excited-state redox potentials are appropriate for the application in dye-sensitized solar cells, as
demonstrated by power conversion efficiencies of up to 4.9% (vs 6.1% for N749).

Bl INTRODUCTION long-term stability and similar or higher PCEs compared to
- L hiocyanate-based benchmark dyes.** Moreover, these chelatin

Dye- lar cells (D ly on th f thiocy 4 4 &

ye-sensitized solar cells (DSSCs) rely on the sensitization of a ligands enable the introduction of hydrophobic alkyl chains and

wide-band-gap semiconductor such as TiO, with dye o ) )
molecules. The sensitizer needs to be photo- and redox-stable, addltllso’;lsa_l;hromophores to further improve the DSSC life

absorb as much light as possible, and feature excited- and span and the light-harvesting capability, fespectively.“
ground-state redox potentials that allow for efficient electron Chfm and .co-vYorker§ Pre§ented 'ruthenlum(II) 'd).res
injection into the conduction band of the semiconductor and f.eaturmg ﬁlnctlonallzeq d1an1c?n1c 2,6-bis(S-pyrazolyl)pyridine
subsequent regeneration by the electrolyte, respectively. ligands (Figure 1), which achieved remarkable PCEs of 9.1;/5
(V) 0, 1

Meanwhile, power conversion efficiencies (PCEs) of up to (TF '1) and 10.7% (TF '2’ vs 9.2% for N749) in the: DSSC"

12.3% have been achieved with molecular dyes® and Building on these promising results, we present herein a series
ruthenium(II) polypyridyl complexes featuring thiocyanato of heteroleptic bis(tridentate) ruthenium(II) complexes con-
ligands, such as (NBu4)3[Ru(Htctpy)(NCS)3] (N749 or taining anionic 1,2,3-triazolates as thiocyanate surrogates
black dye; Htctpy = 2,2':6',2"-terpyridine-4'-carboxylic acid- (Figure. 1).‘ Thi's approach beneﬁtsbf'rom a very simple ligand
4,4 dicarboxylate) (Figure 1), are among the most efficient synthesis via azide—alkyne cycloaddition, which also allows the
sensitizers, with PCEs up to 11.4%.*7 However, the ready installation of alkyl chains. In comparison to the parent,

. 28-30 )
monodentate thiocyanato ligands preclude further optimization charge-neutr.al ?’2’3‘.{“3‘2"1‘35’ ) the' o lone pair agd the T
via ligand functionalization and limit the lifetime of DSSCs, as system of anionic triazolates are raised in energy, resulting in an
they can decoordinate easily.s’9 Consequently, the thiocyanate enhanced o- and 7-donor strength. Furthermore, the use of

ligands have been replaced by anionic multidentate ligands
including anionic phenyl rirlgs,m_16 tetrazolates,’” 1,2,4- Received: October 27, 2013
triazolates,'®™*° and pyrazolates,”*>® enabling an improved Published: January 21, 2014
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r‘qcs —| NBu,

SCN—Ru'—NCS
N7 NS

(NBu,)OOC

1. R=R'=H

2a: R=n-CgHs3 R'=H

2b: R =n-CgHy3 R'= COOMe
2c: R=n-CgHy3 R'= COOH

COOH
TF1:R=H
TF-2: R = 5-n-hexyl-2-thienyl

Figure 1. Schematic representation of the ruthenium(II) complexes 1
and 2a—2c and related literature examples.**

1,2,3-triazolates circumvents the formation of coordination
isomers, which plague analogous 1,2,4-triazolate-based
ruthenium(I) complexes (Figure 2),*' and, in contrast to
related pyrazolate complexes,” no electron-withdrawing groups
need to be installed to raise the Ru(III)/Ru(1I) redox potential,
due to the higher degree of aza substitution of the 1,2,3-
triazolate.

N, | N
NrN\R: |I/N\N

i =

1,2,3-triazolate:
no coordination isomers

1,2,4-triazolate:
three coordination isomers

Figure 2. Schematic illustration of the formation of isomeric
ruthenium(II) complexes with tridentate ligands based on 12,4
triazolates.

B RESULTS AND DISCUSSION

Synthesis. The 2,6-bis(1,2,3-triazol-4-yl)pyridine ligands
were synthesized either via Cu(I)-catalyzed azide—alkyne
cycloaddition, using in situ generated hydroxymethyl azide,>
followed by a base-induced cleavage of formaldehyde, or, in the
case of the internal alkyne (see Scheme 1 and the Supporting
Information (SI)), via a thermal azide—alkyne cycloaddition
with azidomethyl pivalate.*® For the latter, the cycloadduct is
obtained as a statistically distributed mixture; however, after
cleavage in basic media and subsequent reprotonation, the free
NH-triazole is obtained, which undergoes rapid tautomeriza-
tion.*® The corresponding ruthenium(II) complexes were
obtained in good yields utilizing [Ru"(tpy)(MeCN),](PF),
(tpy 2,2/:6',2"-terpyridine) or [Ru"(tcmtpy)(MeCN),]-
(PFg), (temtpy = 4,4',4"-tricarboxymethyl-2,2":6',2"-terpyri-
dine; see Scheme 1 and the SI) as precursor.>* The subsequent
saponification of 2b was achieved as described previously.">

1638

Scheme 1. Schematic Representation of the Synthesis of
Complexes 1 and 2a—2c, and the Numbering Scheme of the
Studied Complexes®

R R=nCgHps

o) | (90%)

(not isolated) PL2: R = n-CgH43
3 isomers (~1:2:1)

b) | (75%)

Bu

b) l (57% over two steps)

R | A R d)
4 N/ N\
N™ \ N (56-77%)
HN-N N-NH
L1:R=H
L2: R = n-CgHq3
1
2a:
2b:

e

(quant.)

: R=n-CgHys R'= COOH

“Conditions: (a) HCHO,,, AcOH, NaNj, CuSO,, sodium ascorbate,
dioxane, rt, 24 h. (b) NaOH, MeOH/H,0, rt, 24 h. (c) Azidomethyl
pivalate, 100 °C, 72 h. (d) [Ru'(tpy)(MeCN),](PFy), or
[Ru"(tcmtpy) (MeCN),](PFy),, alcohol, or triethylene glycol dimethyl
ether, 150 °C, 30 min, microwave irradiation. (e) DMF/NEt;/H,0
(3:1:1 v/v/v).

The solubilities of the charge-neutral complexes are expectedly
low; however, the introduction of the alkyl chains (2a—2c)
improves the solubility, allowing the investigation of the
photophysical and electrochemical properties (vide infra).
Computational Methods. To enable a deeper under-
standing of the electronic properties of the new ruthenium(II)
complexes, density functional theory (DFT) calculations have
been performed for 2a—2c (note that the hexyl chains have
been replaced by methyl groups to shorten the computing
time). Additionally, the electronic properties of the fully
deprotonated form of 2c (2c’) were calculated, while the
electronic excitations for 2¢c were computed with the help of
time-dependent (TD) DFT.*® The calculations revealed that
the highest occupied molecular orbital (HOMO) of the
complexes is composed of a metal d orbital and 7z orbitals
located on the triazolate rings, which is expected in view of the
electron-rich 7 system of the anionic ring.'®**** As a result of
the electron repulsion between the anionic ligand and the metal
center, the HOMO is strongly destabilized in comparison to
polypyridyl complexes such as [Ru(tpy),](PFs),. For 2a—2c,
the lowest unoccupied molecular orbital (LUMO) is mainly
composed of 7* orbitals of the terpyridine ligand (Table S2).
Relative to 2a, the HOMO and, in particular, the LUMO of 2b
are stabilized due to the electron-withdrawing —COOMe
groups, resulting in a significantly smaller HOMO—LUMO gap.
The —COOH anchoring groups of 2¢ have a similar effect on
the frontier orbitals energies. In contrast, when compared to 2a,
the HOMO and LUMO of the fully deprotonated complex 2¢’
are destabilized and the HOMO—LUMO gap is slightly larger

dx.doi.org/10.1021/ic402701v | Inorg. Chem. 2014, 53, 1637—1645
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(Figure S11), which is attributed to the electron-donating effect
of the —COO™ groups. The most relevant electronic transitions
of 2¢ are displayed in Figure 3 along with the corresponding

1.2 0.25
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Figure 3. Top: Experimental UV—vis absorption spectrum of 2c
adsorbed on TiO, (12 um thick, transparent film, active area of 0.88
cm?) and calculated vertical singlet—singlet transitions of 2c. Bottom:
Corresponding EDDM plots (blue and yellow represent depletion and
accumulation, respectively, of electron density upon electronic
excitation, isovalue = 0.001) and spin-density plot of the oxidized
ground state (bottom right, isovalue = 0.004) of 2c. Color code:
carbon, gray; hydrogen, white; oxygen, red; nitrogen, blue; ruthenium,
cyan. Note that the tpy ligand is functionalized with carboxy groups,
which are known to electronically resemble Ti(IV)-coordinated
carboxylates.>

electron-density difference maps (EDDM). The computed
electronic excitations are in good agreement with the
experimental UV—vis absorption spectrum (vide infra). The
lowest-energy absorption (population of S;) is a pure HOMO—
LUMO transition, which can thus be assigned to a metal-to-
ligand charge transfer (MLCT) with some ligand-to-ligand
charge-transfer (LLCT) character. Also the other electronic
transitions in the visible-light region are of MLCT character
with varying LLCT contribution (Figure 3, population of S, S,
S, and Sg). As the electron transfer is directed toward the
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anchoring tctpy ligand in each case, 2¢ features an excited-state
electronic structure suitable for electron injection into TiO,.>
To allow the estimation of the “hole distribution” resulting after
photo-oxidation, the spin-density distribution was calculated for
the oxidized complex. As a result, the hole is shared by the
metal and the anionic ligand, which is believed to facilitate the
sensitizer regeneration.3 38

Photophysics and Electrochemistry. The photophysical
and electrochemical properties of the complexes are in line with
the computational results. The increased o- and z-donor
strength of the anionic 1,2,3-triazolates relative to the neutral
1,2,3-triazoles>***° causes a destabilization of the metal d
orbitals, resulting in a cathodically shifted Ru(III)/Ru(II) redox
couple as well as bathochromically shifted MLCT transitions
(Table 1). Consequently, a weak, plateau-like absorption band
that extends to very long wavelengths is observed (Figures 4
and S), which is typical for bis(tridentate) ruthenium(II)
complexes featuring azolate donors.”"*>>"*

As the 1,2,3-triazolate rings of the ruthenium(II) complexes
feature additional nitrogen donors, the complexes can be
protonated (Figure 4) with the properties of the resulting
complexes reflecting those of analogous 1,2,3-triazole
ruthenium (11) complexes.‘“’39 The protonation was inves-
tigated in more detail by UV—vis acid—base titration of 1
(Figures S1—S3). Within the studied pH range from 0 to 12,
only one spectral change around pH 4 to S5 occurs; no
isosbestic points are present, which indicates that there are
more than two species involved. The first and second
protonation of the triazolate ligand of 1 occur most likely
both within the narrow pH window of 4 to S, and thus, only a
single pK, value of about 4.7 could be determined (Figures S1
and S2). Furthermore, a weak emission appears upon
increasing the pH value, which can be attributed to an
increased destabilization of the deactivating triplet metal-
centered (MC) excited states relative to the MLCT
state.>"***! Accordingly, the excited-state lifetimes of 2a (54
ns, Table 1) and 2c (83 ns) are significantly prolonged relative
to those of the related [Ru(tpy),](PFy), complex (0.21 ns)*
and sufficiently long (>10 ns) to enable efficient electron
injection into TiO, ‘given that injection occurs on the
picosecond time scale.” Comparison with analogous hetero-
leptic bis(tridentate) ruthenium(II) complexes featuring 1,2,4-
triazolates or tetrazolates shows that 1 is less basic than the
1,2/4-triazolate complex but more basic than the tetrazolate
counterpart.31 Apparently, the cumulative arrangement of the
nitrogen atoms within the 1,2,3-triazolate lowers the base
strength relative to the 1,2,4-triazolate.** The corresponding
excited-state lifetimes are slightly prolonged with increasing
azolate donor strength.‘?’l Furthermore, in view of the similar
excited-state lifetimes that are observed with related tris-
(bidentate) ruthenium(II) complexes featuring imidazolates,*
the excited-state decay of the deprotonated complexes appears
to be governed by the energy-gap law.*

As mentioned above, the —COOMe groups cause a LUMO
stabilization and, by increasing the 7 acidity of the tpy ligand,
also a minor stabilization of the HOMO of 2b. In the case of
2¢, the tctpy ligand (tctpy = 2,2':6',2"-terpyridine-4,4',4"'-
tricarboxylic acid) features three successive deprotonation steps
with corresponding pK, values of approximately 1.2, 3.1, and
5.5.%%* In view of the above-mentioned pK, values for the first
and second protonation steps of the triazolate ligand of 1
(about 4.7), complex 2c is expected to form a zwitterion in
solution with two protons of the three carboxylic acid groups
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Table 1. Photophysical and Electrochemical Data of Selected Ruthenium(II) Complexes

E, )30,/ V vs Ec'/Fc Eg/V vs Fc*/Fc

complex Apps/nm (€ /10° M~! em™) Agm (Ag)/nm @y /%% 7/ns” (vs NHE)® (vs NHE)* Ey_o/eV®

v 661s (0.3), 600s (0.8), 482 (5.2), 370 (5.2), 705 (490) 0355 g g g 1.85
316 (29.9)

2a 662 (0.7), 608 (0.9), 487 (5.6), 389 (4.4), 319 (30.5) 719 (490) 035 54 0.20 (0.83) —1.60 (—0.97) 1.80

) 742 (2.3), 673 (2.7), 507 (8.9), 448 (10.7), h h h 0.46 (1.09)
397 (13.7), 323 (28.7)

2¢ 651(1.2), 602(2.1), 479(11.0), 388 (10.9), 698 (480)" 83" 0.23 (0.86)F —1.63 (—1.00) 1.86¢
320 (40.9)"

N749  620(6.5), 585(6.0), 420(10.5), 329(18.5)" 820’ 30™ 0.16 (0.85)" —1.40 (-0.71) 1.58

“Determined using [Ru(dqp),](PFg), (in MeOH/EtOH 1:4, @y, = 2.0%)*® as reference; solutions were purged with N,. ?Air-equilibrated solution.
“Unless stated otherwise, redox half-wave potentials were determined by cyclic voltammetry using Bu,NPFj as the supporting electrolyte and Fc*/Fc
as the internal standard; conversmn to NHE scale by addition of 0. 63 V* and 0.69 V°° when the measurement was done in MeCN and DMF/
* “Determined at the intersection of the absorption and emission spectra with
the latter bemg normalized with respect to the lowest-energy absorption. /Measured in MeCN containing 0.5 M NEt;. *Not measured due to low
solublhty "Not observed with the used instrumental setup. ‘Measured in MeOH containing 0.5 M NEt;. Fully deprotonated species, see text.
Determined by square-wave voltammetry with the complex-anchored TiO, anode as the working electrode immersed in MeCN containing 0.5 M
pyridine and 0.1 M Bu,NPF; as the supporting electrolyte. 'Measured in DMF/MeOH (4:1 v/v). ""Measured in EtOH, taken from ref 4.

MeOH (4:1 v/v), respectively. “Calculated using Eg: = Ejyox — Eoo
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Figure 4. UV—vis absorption (solid) and room-temperature emission
(dashed) spectra of 1 in the presence of NEt; and HPF4 in MeCN.
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Figure 5. UV—vis absorption spectra of 1, 2a, 2b (in MeCN + 0.5 M
NEt,), and 2¢ (in MeOH + 0.5 M NEt;).

being transferred to the triazolate rings. Thus, to provide a
defined protonation state, the photophysical properties were
determined in MeOH solution containing 0.5 M NEt; in order
to ensure the complete deprotonation of the 1,2,3-triazolates.
The UV-—vis absorption and emission maxima are slightly
hypsochromically shifted relative to 2a, which is attributed to
the LUMO destabilization by the three carboxylates. Notably,
the E,_, value determined for 2c in solution (1.86 ¢V, Table 1)
is therefore overestimated, which becomes obvious in view of
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the onset of the incident photon-to-current efficiency (IPCE)
spectrum (vide infra), which occurs at 700 nm; that is, the Ey_,
value for 2c¢ featuring TiO,-coordinated carboxylates is at least
1.77 eV.

Importantly, due to the presence of 0.5 M 4-tert-
butylpyridine (tBP) in the DSSC electrolyte (vide infra), the
two triazolates of 2c are deprotonated under working
conditions. This assessment is corroborated by the measure-
ment of the Ru(III)/Ru(Il) redox potential of 2¢c by square-
wave voltammetry in acetonitrile containing 0.5 M pyridine
with a 2c-anchored TiO, anode as the working electrode. The
measured value of 0.86 V vs NHE is between the redox
potentials of 2a and 2b and considerably less positive than that
for the analogous complex featuring charge-neutral 1,2,3-
triazoles (1.61 V vs NHE),>****which supports the presence
of two anionic triazolates. Notably, the redox potential of 2c is
suﬂiaently high to ensure efficient regeneration by the relevant

*~/T" redox couple (0.79 V vs NHE).*’ Despite the above-
mentloned difficulties to accurately determine the E,_ value, a
lower limit of the excited-state redox potential of 2¢ can be
determined from the ground-state redox potential and the
minimum E;_, value, which corresponds to the onset in the
IPCE spectrum (750 nm or 1.65 V). On this basis, the excited-
state redox potential is at least —0.79 V vs NHE, which is
sufficiently more negative than the conduction band edge of
TiO, (ca. —0.7 V vs NHE)* and should enable efficient
electron injection into the semiconductor.

Dye-Sensitized Solar Cells. To investigate the perform-
ance of 2¢ in the DSSC, commercially available test cells were
assembled according to literature procedures (vide infm)51 and
an electrolyte composition typically used for N749 was
chosen.’ The obtained parameters are reported in Table 2.
Under identical conditions, the PCEs of 2c and N749 are 4.0%
and 6.1%, respectively. The lower V¢ and Jsc achieved with 2¢
(Figure 6) were expected in view of the higher degree of
protonation, which lowers the TiO, conduction-band energy,*
and the lower light-harvesting capability. However, the IPCE
spectrum not only reflects the inferior light harvesting at longer
wavelengths but also reveals a lower IPCE maximum (Figure
7). When coadsorbed with chenodeoxycholic acid (cheno), 2c
allows a slightly higher V¢ and a significantly improved Jy¢, in
line with much higher IPCE values, resulting in a promising
PCE of 4.9%. The significant enhancement of the photocurrent
in the presence of cheno suggests that the relatively low IPCE
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Table 2. Selected DSSC Data for the Ruthenium(II)
Complexes Measured under AM1.5 Light Conditions®

dye cheno Vo)V J./ mA cm™* FF PCE/%
2¢c no 0.61 8.9 0.70 4.0
2c yes 0.62 118 0.63 49
N749 no 0.69 127 0.66 6.1

“Conditions: TiO, layer thickness of 12 um (20 nm particles) + 3 ym
(400 nm particles), active area of 0.28 cm? acetonitrile-based
electrolyte containing 0.6 M 1,3-dimethylimidazolium iodide, 0.06 M
L, 0.1 M LiI, 0.5 M tBP, and 0.1 M guanidinium thiocyanate.

N749

2c + cheno

2c

O T T T T T T T
0.1 02 03 04 05 06 07

VIV

Figure 6. Selected J—V curves of 2c and N749 (see Table 2 for
conditions).
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Figure 7. Photocurrent action spectra of 2c and N749.

values observed in the absence of cheno are not caused by
inefficient regeneration or injection but rather by more
pronounced recombination reactions (vide infra). Similarly, it
was reported that the PCE achieved with N749 could be
increased from 4.3 to 4.7% by coadsorption with cheno,
although the higher PCE is mostly a result of an increased
voltage.>>

To better understand the effect of cheno, electrochemical
impedance spectroscopy was performed (Figure $8).'¢%/337%6
A secondary effect is the lowering of the transport resistance
(R,), which is usually caused by a lowered TiO, conduction-
band energy.>® This effect may be ascribed to a reduced
acces31b111ty of the TiO, surface for the tBP electrolyte
additive,'® which is known to raise the conduction band.®’
The expected concomitant lowering of the recombination or
charge-transfer resistance (R) is apparently overcompensated
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by the lowered recombination tendency (cf. Table 2) as the
TiO, surface passivation is improved by cheno. Accordingly,
the V. is slightly enhanced by cheno. As a further result of the
lowered R, and the increased R, the injected electrons can be
collected much more efficiently, which is reflected by a
normalized diffusion length well above 1°® if 2c is coadsorbed
with cheno (Figure S8), which is in line with a higher J.
Without cheno, N749 allows a higher R, than 2¢, which leads
to an intermediate normalized diffusion length when compared
to 2c with and without cheno (Figure S8). The slightly higher
recombination tendency for the sensitizer 2c suggests a less
effective surface coverage than for N749 and/or interactions
between iodine and 2c. Nonetheless, 2¢ is not expected to leave
larger voids on the TiO, surface, since, even in the absence of
cheno, a promising performance (J,. = 6.2 mA cm™2, V.. = 0.70
V, FF = 0.58, PCE = 2.7%) was achieved in an initial attempt
using a [Com(bpy) 1(PF4);/[Co"(bpy);](PF),-containing
electrolyte 1438 (see SI). This is attributed to the decoration
of 2¢ with hexyl chains allowing a more effective protection of
the TiO, surface from the bulky redox mediator and, thus, a
diminution of recombination reactions, which are typically
observed when using thiocyanate-based benchmark dyes and
the same Co(III)/Co(II)-based redox shuttle.'*®

B CONCLUSION

The new heteroleptic bis(tridentate) ruthenium(II) complex
featuring 1,2,3-triazolates was accessed by a facile and modular
synthesis and possesses photophysical and electrochemical
properties suitable for DSSC application. In comparison to
ruthenium(II) polypyridyl complexes ([Ru(tpy),](PF¢),), the
presented compounds exhibit prolonged excited-state lifetimes
and room-temperature emission. A promising DSSC perform-
ance was achieved with different types of electrolytes.
Prospectively, the thiocyanate-free, bis(tridenate) sensitizer
platform should enable an extended DSSC life span'® and
offers the potential to optimize the light-harvesting capability
via attachment of additional chromophores at the central

pyridine ring of the anionic 1igand.12’23

B EXPERIMENTAL SECTION

[Ru(tpy) (MeCN),](PFy),,™ [Ru"(temtpy) (MeCN);](PEq),, ™ 2,6-
dlethynylpyrldme, and azidomethyl pivalate®™ were synthesized
according to literature procedures. Dry toluene was obtained from a
Pure Solv MD-4-EN solvent purification system (Innovative
Technologies Inc.). Triethylamine was dried over KOH. Methanol
was dried by distillation over magnesium and kept under nitrogen
using standard Schlenk techniques. Tcmtpy was purchased from
hetcat. [Ru(Htctpy)(NCS),;](NBu,); was purchased from Solaronix.
All other chemicals were purchased from commercial suppliers and
used as received. All reactions were performed in oven-dried flasks and
were monitored by thin-layer chromatography (TLC) (silica gel on
aluminum sheets with fluorescent dye F254, Merck KGaA). Micro-
wave reactions were carried out using a Biotage Initiator Microwave
synthesizer. NMR spectra have been recorded on a Bruker AVANCE
250 MHz, AVANCE 300 MHz or AVANCE 400 MHz instrument in
deuterated solvents (euriso-top) at 25 °C. 'H and "*C resonances were
assigned using appropriate 2D correlation spectra. Chemical shifts are
reported in ppm using the solvent as internal standard. Matrix-assisted
laser desorption-ionization time-of-flight (MALDI-TOF) mass spectra
were obtained using an Ultraflex III TOF/TOF mass spectrometer
with dithranol as matrix in reflector mode. High-resolution electro-
spray-ionization time-of-flight mass spectrometry (ESI-Q-TOF MS)
was performed on an ESI-(Q)-TOF-MS microTOF II (Bruker
Daltonics) mass spectrometer. UV—vis absorption spectra were
recorded on a Perkin-Elmer Lambda 750 UV/vis spectrophotometer,
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and emission spectra on a Jasco FP6500. Measurements were carried
out using 10 M solutions of respective solvents (spectroscopy grade)
in 1 cm quartz cuvettes or on dye-loaded, transparent TiO, anodes (12
um thick, 0.88 cm?® active area, see the Cell Fabrication) at room
temperature. Acid—base titration was carried out in aqueous solution
containing Britton—Robinson buffer (0.04 M phosphoric acid, 0.04 M
acetic acid, 0.04 M boronic acid).®’ The pH value was adjusted using 2
M aqueous solutions of hydrochloric acid and sodium hydroxide. The
resulting spectral behavior was monitored recording UV-—vis
absorption and emission spectra at distinct pH values. The variation
of absorbance and emission intensity was analyzed for selected
wavelengths by fitting a sigmoidal Boltzmann function to the
experimental data; the obtained turning points represent the pK,
values. Emission lifetimes are mostly obtained by time-correlated
single-photon counting. Here, a Titan:Sapphire laser (Tsunami,
Newport Spectra-Physics GmbH) is used as the light source. The
repetition rate is reduced to 400 kHz by a pulse selector (model 3980,
Newport Spectra-Physics GmbH). Afterwards, the fundamental beam
of the Ti-Sapphire oscillator is frequency doubled in a second
harmonic generator (Newport Spectra-Physics GmbH) to create the
500-nm pump beam. The emission is detected by a Becker & Hickel
PMC-100-4 photon-counting module. For these measurements the
instrumental response function was on the order of several
nanoseconds due to filter fluorescence. Thus, for lifetime determi-
nation the first 10—15 ns after excitation were consequently ignored.
In most cases a monoexponential fitting was carried out with the rest
of the data points. However, both models yield the same numerical
data for the respective longer lifetime being the subject of the
discussion. Since the lifetimes reported are significantly longer than the
instrumental response, we claim our results with a typical uncertainty
of 10%. For some measurements, excitation was carried out at 390 nm
and emission was detected by a Hamamatsu HPDTA streak camera via
a suitable spectrograph. Here, the decay curves were obtained as the
spectral integral, as no spectral relaxation was observed. Samples are
prepared to yield an optical density of 0.1 at the excitation wavelength.
Cyclic voltammetry measurements were performed on a Metrohm
Autolab PGSTAT30 potentiostat with a standard three-electrode
configuration using a graphite-disk working electrode, a platinum-rod
auxiliary electrode, and a Ag/AgCl reference electrode; scan rates from
50 to 500 mV-s~! were applied. The experiments were carried out in
degassed solvents (spectroscopy grade) containing 0.1 M Bu,NPF,
salt (dried previously by heating at 110 °C and storing under vacuum).
At the end of each measurement, ferrocene was added as an internal
standard. All calculations are based on density functional theory
(DFT). The geometries of the singlet ground state and the singly
oxidized ground state have been optimized for all the ruthenium(II)
complexes, presented herein. The hybrid functional B3LYP*>®* has
been selected in combination with the 6-31G* basis set for all atoms.
To reproduce the measured absorption UV—vis spectrum, the lowest-
lying 75 vertical singlet electronic excitation energies were calculated
using time-dependent DFT (TD-DFT) at the S, optimized geometry.
The TD-DFT calculations were performed in solution using
acetonitrile as solvent with the polarization continuum model and
with the same functional and basis set as in the optimizations.**** All
these calculations were performed with the Gaussian09 program
package.®® The analysis of the EDDM calculations were performed by
GaussSum2.2.”” Electron-density difference maps (density isovalue =
0.001), Kohn—Sham orbitals (MO isovalue = 0.04), and spin-density
calculations (density isovalue = 0.004) were visualized by Gauss-
View$.0.8.%

Cell Fabrication. Photoanodes were prefabricated by Dyesol, Inc.
(Australia) with a screen-printable TiO, paste (18-NRT, Dyesol). The
active area of the TiO, electrode is 0.28 cm?* with a thickness of 12 yum
(18-NRT) and 3 ym (WER4-O) on fluorine-doped tin-oxide (FTO;
TEC1S (15 Q ecm™)). TiO, substrates were treated with TiCl,(aq)
(0.05 M) at 70 °C for 30 min and subsequently rinsed with H,O and
EtOH and dried prior to heating. The electrodes were heated to 450
°C for 20 min under ambient atmosphere and allowed to cool to 80
°C before dipping into the dye solution. The anode was soaked
overnight for 16 h in a methanol and ethanol solution (~0.25 mM)
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containing the dyes 2c and N749, respectively. The stained films were
rinsed copiously with the solvent they were dipped in and
subsequently dried. The cells were fabricated using a Pt-coated
counter electrode (FTO TEC-15 (15 Q cm™)) that was heated to 450
°C for 15 min under ambient atmosphere and allowed to cool to room
temperature prior to the assembling. Both electrodes were sandwiched
with a 30 ym Surlyn (Dupont) gasket by resistive heating. An
acetonitrile electrolyte solution, El 1 (0.6 M 1,3-dimethylimidazolium
iodide (DMII), 0.06 M L,, 0.1 M Lil, 0.5 M 4-tert-butylpyridine (tBP),
and 0.1 M guanidinium thiocyanate (GuSCN)), El 2 (021 M
[Co(bpy);](PFy),, 0.033 M [Co(bpy);](PFs);, 0.1 M LiClO,, 0.5 M
tBP), was introduced to the void via vacuum backfilling through a hole
in the counter electrode. The hole was sealed with an aluminum-
backed Bynel foil (Dyesol). After sealing, silver bus bars were added to
all cells.>'*

Cell Characterization. Photovoltaic measurements were recorded
with a Newport Oriel solar simulator (model 9225A1) equipped with a
class A 150 W xenon light source powered by a Newport power supply
(model 69907). The light output (area = S cm X S cm) was calibrated
to AM 1.5 using a Newport Oriel correction filter to reduce the
spectral mismatch in the region of 350—700 nm to less than 1.5%. The
power output of the lamp was measured to 1 Sun (100 mW cm™2)
using a certified Si reference cell. The current—voltage (I-V)
characteristic of each cell was obtained by applying an external
potential bias to the cell and measuring the generated photocurrent
with a Keithley digital source meter (model 2400). All cells were
measured without a mask. IPCE measurements were performed on a
QEX7 Solar Cell Spectral Response Measurement System from PV
Instruments, Inc. The system was calibrated with a photodiode that
was calibrated against NIST standard 1755 with transfer uncertainty
less than 0.5% between 400 and 1,000 nm and less than 1% at all other
wavelengths. All measurements were carried out in AC mode at 4 Hz
chopping frequency under a bias light between 0.01 and 0.1 sun. The
system was calibrated and operated in Beam Power mode. Electro-
chemical impedance spectroscopy (EIS) was performed on a Gamry
EIS300 potentiostat. All EIS experiments were performed in the dark
and scanned the frequency range from 100 kHz to 0.5 Hz with a 10
mV voltage modulation applied to the bias."

Synthesis of L1. According to the literature, a mixture of
aqueous HCHO (37%, 1.2 mL, 13.6 mmol), concentrated AcOH
(96%, 0.14 mL, 2.1 mmol), and 1,4-dioxane (1.2 mL) was stirred at
room temperature for 15 min. After the addition of sodium azide
(153.3 mg, 2.36 mmol) and 2,6-diethynylpyridine (100 mg, 0.79
mmol), the mixture was stirred at room temperature for additional 10
min. Subsequently, concentrated aqueous solutions, first of sodium
ascorbate (63 mg, 0.32 mmol) and then of CuSO, (13 mg, 0.08
mmol), were added and the resulting mixture was stirred at room
temperature for 24 h. After the complete conversion of the alkyne was
confirmed by TLC, EDTA was added (30 mg, 0.1 mmol), and stirring
was maintained for 2h. After addition of an excess of water, the
resulting suspension was filtered and washed with a minimal amount
of water, and the obtained solid was kept. Additionally, the filtrate was
extracted 3 times with ethyl acetate, and the organic solvent was
removed in vacuo. The obtained solids were combined, MeOH/H,O
(1:1, 6 mL), solid NaOH (140 mg, 3.5 mmol) was added, and the
mixture was stirred at room temperature for 24 h. After neutralization
with 1 M HCI (3.5 mL) and addition of H,O (30 mL), the formed
precipitate was filtered, washed with water, and dried in vacuo to yield
128 mg (0.6 mmol, 76%) of a white solid. '"H NMR (400 MHz,
DMSO-dg, ppm) & = 15.37 (s, 2H, NH), 8.53 (s, 2H, N™—H), 8.29—
7.67 (m, 3H, H**5) 13C NMR (100 MHz, DMSO-d,, ppm) & =
149.37, 145.43, 138.27, 128.43, 118.98 MS (MALDL-TOF, dithranol):
caled for CpHyN (M + HIY): m/z = 214.0834; found: m/z =
214.0640.

Synthesis of 2,6-Di(oct-1-yn-1-yl)pyridine. Under a nitrogen
atmosphere, 2,6-dibromopyridine (2.34 g, 9.87 mmol), Pd(PPh,),
(583 mg, 0.51 mmol, S mol-%), and Cul (101.2 mg, 0.53 mmol, S
mol-%) were suspended in deaerated toluene/triethylamine (4:1, v/v
53 mL). The resulting suspension was additionally purged with
nitrogen. Subsequently, 1-octyne (4.15 mL, 27.87 mmol, 2.8 equiv)

32,33

dx.doi.org/10.1021/ic402701v | Inorg. Chem. 2014, 53, 1637—1645



Inorganic Chemistry

was added dropwise at room temperature to the stirred suspension.
The reaction mixture was heated to 55 °C with an oil bath, and the
reaction was monitored by GC-MS. After 72 h, the reaction mixture
was allowed to cool to room temperature and filtered, and the
remaining solid was washed with toluene. The filtrate was evaporated
in vacuo, and the obtained solid was dissolved in CH,Cl, and extracted
with aqueous NH,Cl to remove Cu(I). The organic phase was dried
over Na,SO,, concentrated in vacuo, and purified by column
chromatography (silica, CH,Cl,/n-hexane 1:1; R; = 0.4). The solvents
were evaporated in vacuo to yield 2.07 g (7.00 mmol, 71%) of a yellow
oil. 'H NMR (250 MHz, CD,Cl,, ppm) & = 7.53 (t, ¥] = 7.8 Hz, 1H,
H""), 723 (d, ’] = 7.8 Hz, 2H, H**""), 2.42 (t, °] = 7.0 Hz, 4H, CC—
CH,—CH,—-), 1.71-1.53 (m, 4H, CC—CH,—CH,—), 1.53—1.19 (m,
12H, —CH,—), 0.90 (t, ’] = 6.6 Hz, 6H, CH;); *C NMR (63 MHz,
CD,Cl,, ppm) 6 = 144.3, 136.5, 125.7, 91.3, 80.5, 31.8, 29.1, 28.8, 22.9,
19.6, 142 ppm; MS (HR ESI-Q-TOF): caled for Cp,H,N ([M +
H]"): m/z = 296.2371; found: m/z = 296.2460.

Synthesis of PL2. A 20 mL microwave vial was charged with 2,6-
di(oct-1-yn-1-yl)pyridine (1.27 g 429 mmol) and azidomethyl
pivalate (1.67 g, 10.65 mmol, 2.5 equiv). The vial was capped and
heated to 100 °C in an oil bath for 72 h. The completion of the
reaction was confirmed by TLC (alumina, CH,Cl,) and GC-MS. All
volatiles were removed in vacuo, and the remaining solid was subjected
to column chromatography (alumina, CH,Cl/n-hexane, 3:1). All
product fractions (irrespective of the regioisomer) were combined to
yield 1.99 g (3.27 mmol, 76%) of a brown oil. For the NMR analysis,
the asymmetric product (see Scheme 1) was used exemplarily. 'H
NMR (250 MHz, CD,Cl,, ppm) & = 8.28 (d, ’] = 8.0 Hz, 1H, H*),
7.94 (t,°] = 7.9 Hz, 1H, H*'), 7.38 (d, *] = 7.6 Hz, 1H, H), 6.44 (s,
2H, N—CH,—0), 627 (s, 2H, N"'~CH,—0), 3.33-2.99 (m, 2H,
C*-CH,—CH,), 2.88-2.67 (m, 2H, C*'—CH,—CH,), 1.79—1.45
(m, 4H, C**"—CH,—CH,), 1.35—1.07 (m, 21H, CH,, H*"***"), 0.96
(s, 9H, —CHj3), 0.92—0.59 (m, 6H, H**™1); 13C NMR (63 MHz,
CD,Cl, ppm) & = 177.1, 176.7, 152.9, 147.2, 147.1, 143.0, 1384,
138.0, 133.5, 123.4, 121.5, 70.3, 69.1, 39.1, 38.9, 31.8, 31.7, 29.6, 29.4,
292,292, 27.0,26.8, 25.5, 23.5, 22.9, 22.8, 14.2, 14.1; MS (HR ESI-Q-
TOF): calced for C33Hy,N,0, ([M + H]"): m/z = 610.4081; found: m/
z = 610.4084.

Synthesis of L2. According to the literature,>® PL2 (1.4 g, 2.29
mmol) and NaOH (210 mg, $.25 mmol, 4.4 equiv) were dissolved in
MeOH/H,0O (1:1, v/v 30 mL) and the mixture was stirred at room
temperature. The full conversion of the educt was determined by TLC
(alumina, CH,CL,). After 24 h, the reaction mixture was dropped into
HCl,, (0.175 M) and, subsequently, neutralized with NaHCO;. The
precipitated product was filtered, washed with water, and dried in
vacuo to yield 650 mg (1.71 mmol, 74%) of a colorless solid. "H NMR
(250 MHz, DMSO-d, ppm) & = 1520 (s, 1H, N—H), 14.80 (s, 1H,
N—H), 7.93 (m, 3H, H**'%) 326-2.88 (m, 4H, C**'—CH,—),
1.80—1.43 (m, 4H, C*%"—CH,—CH,-), 1.38—1.04 (m, 12H,
—CH,—), 0.85—0.63 (m, 6H, —CH;). *C NMR (63 MHz, DMSO-
dg ppm) & = 151.6, 151.1, 1452, 142.7, 141.1, 137.6, 135.9, 120.4,
112.0, 119.7, 119.3, 31.0, 30.9, 282, 25.2, 22.8, 21.9, 13.8; MS (HR
ESI-Q-TOF): calcd for C,;H;N,Na ([M + Na]*): m/z = 404.2538;
found: m/z = 404.2513. Elem. anal. caled for C,;Hy N, (381.52): C,
66.11%; H, 8.19%; N, 25.70%; found: C, 64.93%; H, 8.78%, N,
25.82%.

Synthesis of 1. A 10 mL microwave vial was charged with L1 (50
mg, 0.23 mmol), [Ru(tpy)(MeCN),](PF4), (175 mg, 0.23 mmol),
and EtOH (8 mL). The vial was capped and the suspension was
purged with nitrogen for 10 min. Subsequently, the mixture was
heated to 150 °C for 30 min in the microwave reactor. NEt; (1 mL)
was added to the reaction mixture to complete the precipitation. The
dark precipitate was filtered and washed thoroughly with MeOH/NEt;
(9:1, v/v) and, subsequently, with CH,Cl,. The obtained solid was
allowed to dry upon standing, yielding 99 mg (0.18 mmol, 77%) of a
dark brown solid. Due to the low solubility of the charge-neutral
complex, some drops of trifluoroacetic acid (TFA) were added for the
NMR analysis. A *C NMR spectrum could not be recorded, owing to
the low solubility. '"H NMR (400 MHz, CD,Cl, + CF;COOH, ppm) §
=8.68 (s, 2H, H™%"), 8.48 (d, 3] = 8.1, 2H, H>"*'), 8.40—8.21 (m, 6H,
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H3Aansan 41,337y 17 91 (td, 3] = 7.9 Hz, 4 = 1.5 Hz, 2H, H**"), 7.29
(d, °] = 4.9 Hz, 2H, H*®"), 7.18 (ddd, 3] = 7.5, 5.5 Hz, ¥ = 1.2 Hz, 2H,
H>"); MS (MALDI-TOF, dithranol): calcd for C;sH, N ,Ru ([M +
H]"): m/z = 547.0691; found: m/z = 547.0840.

Note: Under the reaction conditions, a partial triazole N-
alkylation,®® presumably due to the formation of a carbenium ion
from the alcohol solvent under the acidic reaction conditions was
observed; however, the minor side product was easily removed by
trituration of the reaction mixture with MeOH/NEt; (9:1, v/v).
Nonetheless, TEGDME was chosen as solvent in case of 2b (vide
infra) in order to circumvent this side reaction.

Synthesis of 2a. A 20 mL microwave vial was charged with L2
(160 mg, 0.419 mmol), [Ru(tpy)(MeCN);](PF,), (313 mg, 0.419
mmol), and EtOH (17 mL). The vial was capped and the suspension
purged with nitrogen for 10 min. Subsequently, the mixture was
heated to 160 °C for 30 min in the microwave reactor. The full
conversion of the precursor was proven by TLC (silica, MeCN/H,0/
aq KNO; 40:4:1). NEt; was added to the crude product mixture to
ensure complete deprotonation. Afterwards, the black solid was filtered
and thoroughly washed with EtOH/NEt; (9:1, v/v). The solid was
dried and suspended in MeOH/NEt; (9:1, v/v), filtered, washed again
with MeOH/NEt; (9:1, v/v), and dried to yield 215 mg (0.301 mmol,
72%) of a black solid. Due to the low solubility of the charge-neutral
complex, TFA was added for NMR analysis. "H NMR (400 MHz,
CD,Cl, + CF;COOH, ppm) & = 845 (d, ’] = 8.1 Hz, 2H, H*"¥),
8.32—8.19 (m, 4H, H>*"**%") 8,04 (d, ] = 8.1 Hz, 2H, H**"), 7.87
(t, 3] = 7.8 Hz, 2H, H**"), 7.26 (d, *] = 5.1 Hz, 2H, H* "), 7.15 (d, %]
= 6.4 Hz, 2H, H>*"), 3.23—3.04 (m, 4H, C***"—CH,—), 1.86—1.64
(m, 4H, C>**"—CH,—CH,—), 1.48—1.17 (m, 12H, —CH,—), 1.04—
0.77 (m, 6H, —CH,); *C NMR (100 MHz, CD,Cl, + CF;COOH,
ppm) & = 159.0, 156.7, 152.0, 151.2, 144.1, 141.1, 138.1, 137.1, 135.8,
127.6, 124.1, 122.7, 118.6, 31.5, 29.1, 28.6, 24.0, 22.8, 14.0; MS (HR
ESI-Q-TOF): calcd for C3H,NjpRu ([M + H]*): m/z = 715.2550;
found: m/z = 715.2328.

Synthesis of 2b. A 10 mL microwave vial was loaded with
[Ru(temtpy)(MeCN);](PFy), (80 mg, 0.086 mmol), L2 (33 mg,
0.086 mmol), and TEGDME (4.8 mL) The vial was capped, and the
solution was purged with nitrogen for 10 min. Subsequently, the
reaction mixture was heated to 150 °C for 30 min in the microwave
reactor. After the full conversion of [Ru(tcmtpy)(MeCN),](PF), was
confirmed by TLC (silica, MeCN/H,0/aq KNO; 40:4:1), the
reaction mixture was dropped into H,O and the precipitate was
filtered, washed with H,O, rinsed with MeCN, and subjected to
column chromatography (silica, MeCN/MeOH 9:1). Subsequently,
the product was precipitated in H,O from a concentrated MeCN
solution, additionally washed with H,O, and rinsed with MeCN. After
evaporation of the solvent in vacuo, 44 mg (0.049 mmol, 58%) of a red
solid were obtained. "H NMR (400 MHz, CD,Cl,, ppm) & = 9.08 (s,
2H, H*"'), 8.85 (s, 2H, H*>*"), 8.04 (t, ] = 7.9 Hz, 1H, H*"), 7.71 (d, J
= 8.0 Hz, 2H, H*"), 7.62 (d, ] = 4.3 Hz, 2H, H**"), 7.58 (d, ] = 5.8
Hz, 2H, H*"), 4.16 (s, 3H, —COOCHjS’), 3.95 (s, 6H, —COOCHj),
2.94 (t, 4H, C*%*"—CH,~), 1.75—1.62 (m, 4H, C>***"—CH,~CH,—),
1.34 (m, 12H, —CH,—), 0.87 (d, ] = 6.5 Hz, 6H, —CH,); *C NMR
(100 MHz, CD,Cl,, ppm) & = 165.1, 164.2, 159.6, 157.3, 152.4, 152.0,
146.8, 141.0, 137.2, 136.8, 132.4, 126.3, 122.2, 121.5, 114.7, 53.5, 53.4,
32.0, 29.8, 29.6, 269, 23.0, 142; MS (HR ESI-Q-TOF): calcd for
CpHNORu ([M + H]Y): m/z = 889.2730; found: m/z
889.2861.

Synthesis of 2c. According to the literature,">® 2b (30 mg, 0.03
mmol) was suspended in DMF/NEt;/H,0 (3:1:1, v/v 3 mL) and
heated to reflux under a nitrogen atmosphere. After 36 h, the full
conversion was confirmed with MS (MALDI ToF) and the solvents
were evaporated in vacuo. The resultant solid was suspended in
CH,Cl, and collected by centrifugation. The solvent was decanted,
and this procedure was repeated twice with CH,Cl, and once with
MeOH. The remaining solid was dried in vacuo to obtain 16 mg (0.02
mmol, 56%) of a brown solid. "H NMR (400 MHz, MeOD, ppm) & =
9.23 (s, 2H, H>%), 9.02 (s, 2H, H**"), 8.36 (t, ] = 7.9 Hz, 1H, H*),
822 (d, J = 8.1 Hz, 2H, H**), 770 (d, ] = 5.7 Hz, 2H, H**"), 7.58
(d, J = 5.5 Hz, 2H, H%%"), 3.19-3.10 (m, 4H, C***"—CH,-), 1.84—
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1.72 (m, 4H, C**'—CH,~CH,—), 1.48—1.25 (m, 12H, —CH,—),
0.88 (t, ] = 7.0 Hz, 6H, —CH;); MS (MALDI-TOF, dithranol): calcd
for C3H,N1qO¢Ru ([M + H]*): m/z = 847.2780; found: m/z =
847.2221.
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... A series of 1,2,3-triazole-containing cyclometalated ruthenium(ll) sensitizers is presented. The click-de-
rived complexes are readily functionalized with alkyl chains and enable promising power conversion effi-
ciencies in the dye-sensitized solar cell approaching the values achieved with a thiocyanate-containing
benchmark sensitizer. For more details, see the Full Paper by C. P. Berlinguette, U.S. Schubert, et al. on
page 14171 ff.
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Cyclometalated Ruthenium(II) Complexes Featuring Tridentate
Click-Derived Ligands for Dye-Sensitized Solar Cell Applications

Benjamin Schulze ™" Dou?

b

Michael Jiiger,'™

Abstract: A series of heteroleptic bis-
(tridentate) Ru" complexes featuring
N~ACAN-cyclometalating ligands is pre-
sented. The 1,2,3-triazole-containing
tridentate ligands are readily function-
alized with hydrophobic side chains by
means of click chemistry and the corre-
sponding cyclometalated Ru" com-
plexes are easily synthesized. The per-
formance of these thiocyanate-free
complexes in a dye-sensitized solar cell
was tested and a power conversion effi-
ciency (PCE) of up to 4.0% (J.=
81mAcm™?, V,=066V, FF=0.70)

las G. Brown,'! Ki

Ulrich S. Schubert ' "!

((NBuy);[Ru(Htetpy)(NCS);]; Htctpy =
2,2":6' 2"-terpyridine-4'-carboxylic acid-
4,4"-dicarboxylate) showed 52% (J.=
10.7mAcm™2, V,.=0.69V, FF=0.69)
under comparable conditions. When
co-adsorbed with chenodeoxycholic
acid, the PCE of the best cyclometalat-
ed dye could be improved to 4.5%
(Je=94mAcm™> V,.=065V, FF=
0.70). The PCEs correlate well with the

Keywords: click chemistry - cyclo-
metalation dye-sensitized solar
cell - ruthenium - thiocyanate-free

¥0shi C. D. Robson,'*! Christian Friebe,®"!
Eckhard Birckner,'! Curtis P. Berlinguette,*'! and

light-harvesting capabilities of the dyes,
while a comparable incident photon-to-
current efficiency was achieved with
the cyclometalated dye and the black
dye. Regeneration appeared to be effi-
cient in the parent dye, despite the
high energy of the highest occupied
molecular orbital. The device perform-
ance was investigated in more detail by
electrochemical impedance spectrosco-
py. Ultimately, a promising Ru" sensi-
tizer platform is presented that features
a highly functionalizable “click”-de-
rived cyclometalating ligand.

was achieved, while the black dye

Introduction

The photoactive material within a conventional dye-sensi-
tized solar cell (DSSC) is a sensitizer adsorbed onto a nano-
crystalline, semiconducting TiO, surface.l'! Upon light exci-
tation, the sensitizer injects an electron into the conduction
band of the semiconductor and is regenerated by a redox
mediator. Consequently, the light-driven charge separation
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and subsequent charge transport are separated, which iso-
lates the optimization of light harvesting to a molecular
design level. Molecular engineering enables the systematic
fine-tuning of the photophysical properties, but at the same
time requires a highly photo/redox-stable dye. Furthermore,
the efficiency of electron injection and subsequent dye re-
generation relies on kinetic competition between charge
separation and recombination, which, amongst others, relies
on the appropriate positioning of the involved energy
levels.”

Polypyridyl Ru" complexes are well-suited for application
in DSSCs because of their redox stability and tunable metal-
to-ligand charge-transfer (MLCT) absorption band.’! By the
use of strong o- and m-donating ligands (e.g., thiocyanate),
this MLCT band can be extended to the near-infrared
region to better overlap with the solar spectrum.[*! Careful
design of the complexes can enforce an MLCT transition
that involves the transfer of an electron from the metal to
the anchoring ligand, which is critical for sensitizing TiO,. In
view of this overarching principle, the vast majority of Ru"
sensitizers in the literature is based on (NBu,),[Ru-
(Hdcbpy),(NCS),] (N719; Hdcbpy=22'-bipyridine-4-car-
boxylic acid-4-carboxylate)® or (NBu,);[Ru(Htctpy)-
(NCS);] (N749 or black dye; Htctpy=2,2":6",2"-terpyridine-
4'-carboxylic acid-4,4"-dicarboxylate)”! (Figure 1); both
dyes still serve as important benchmarks with reported
power conversion efficiencies (PCEs) of up to 11.1 % under
optimized conditions.”! The thiocyanato ligand, however,

@WILEY g

ONLINE LIBRARY

— 14171



CHEMISTRY

’
‘
*

A EUROPEAN JOURNAL

rrcs NBu,

SCN—Ru!—NCS

COO”

RuNCN: R = m-dimethyl
RuNCN-F: R = m-difluoro
RUuNCN-NO,: R = m-dimethyl-p-nitro

COOH

T4

Figure 1. Schematic representation of the benchmark dye N749, of a re-
lated cyclometalated analogue T4, and of the target structures of this
work.

cannot be chemically modified and can be displaced in a
working solar cell, thus compromising the lifetime of the
device." Consequently, the NCS™ groups were replaced by
an anionic chelating ligand to improve the stability of the
complex by virtue of the chelate effect. Moreover, these ar-
omatic donor ligands enable the accurate optimization of
the photophysical and electrochemical properties by attach-
ment of additional chromophores and electron-donating or
-withdrawing substituents.®! Despite prototypical cyclometa-
lated Ru" complexes being documented long ago,” it was
only recently that such complexes were shown to produce
PCEs in DSSC applications that are comparable to N719
and N749.1)

There are particular advantages to developing bis(triden-
tate) Ru" complexes (e.g., a higher stability than their tris-
(bidentate) counterparts).'!!’ While the vast majority of
DSSC sensitizers contain polypyridyl ligands, it has been
demonstrated that 1,2,3-triazoles can serve as useful ana-
logues of these systems.'? Motivated by a high PCE of
83% for (NBuy)[Ru(Htctpy)(dpb)] (T4; Hdpb=1,3-di(2-
pyridyl)benzene) (vs. 9.0% achieved with N719 under iden-

1 1

R R
H,,C —N/ﬁﬁ(\N—c H -
21410 Ny 10721+ MeOOC \

S
\N;N

R"=CHz: HNCN
R'=F: HNCN-F

E

Z

R'=CHzorF

Scheme 1. Schematic representation of the synthesis of the Ru' sensitizers:

@X ChemPubSoc
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*

tical conditions),!'”®! we sought to examine the viability of
triazole-based analogues as useful sensitizer platforms. One
of the distinct advantages of 1,3-bis(1,2,3-triazol-4-yl)ben-
zene (cf. Figure 1) is that it is amenable to functionalization
by means of its synthesis based on the facile copper(I)-cata-
lyzed azide-alkyne 1,3-dipolar cycloaddition (CuAAC),[
which is the prime example of the concept of click reac-
tions." The ligand can be easily equipped with hydrophobic
alkyl chains, which are known to improve the thermal and
long-term stability of a DSSC by preventing water-induced
dye desorption,') while also enabling the use of alternative
electrolytes.'® Furthermore, the electronic properties of
Ru" complexes can be acutely affected through the judicious
attachment of substituents to the triazoles!'">! and, moreover,
we demonstrated recently that analogous Ru" complexes
with clicked-on thiophene moieties can successfully undergo
anodic electropolymerization to enable the deposition of
photoredoxactive films.!""!

This study continues our recent physicochemical analysis
of a series of related Ru" complexes featuring the 1,3-
bis(1,2,3-triazol-4-yl)benzene cyclometalating ligand!>! by
demonstrating their performance in the DSSC. This study
also includes a series of sensitizers bearing aptly positioned
electron-withdrawing groups (EWGs) in view of the need to
maintain a highest occupied molecular orbital (HOMO) of
sufficiently low energy to accommodate regeneration of the
photo-oxidized sensitizer by the electrolyte.*!

Results and Discussion

Synthesis: Aligned with our previous reports,'>* the syn-
thesis of the alkyl-functionalized tridentate ligands was read-
ily achieved by CuAAC. In a simple two-step one-pot proce-
dure, the n-decyl azide is generated first and subsequently
reacted with an alkyne building block under typical CuAAC
conditions to afford the tridentate ligands with good yields.
The cyclometalation step was conducted in either methanol
or N,N-dimethylformamide (DMF) at elevated tempera-
tures, while exposed to microwave irradiation (Scheme 1).
The use of [Ru"(tcmtpy)(MeCN),](PFy), (tcmtpy=4,4',4"-

COOMe COOH
R'=CH3, R®=H:  RuNCN-Me :, ) R'=CHs, R®=H:  RuNCN
R'=CHg, R?=NO,: RuNCN-NO,-Me R'=CHa, R2=NO,: RuNCN-NO,
R'=F,R?=H: RuNCN-F-Me R'=F,R?=H: RuNCN-F

a) C,yH, N3, CuSO,-5H,0, sodium ascorbate, EtOH/H,O (2:1, v/v), 50°C,

2 h, 81 to 85%; b) methanol or DMF, 150 to 160°C, 30 to 60 min, 56 to 60 %; c) Cu(NO;),, CH,Cl,/methanol (2:1, v/v), 40°C, 18 h, 87 %; d) DMF/NEt,/

H,O (3:1:1, v/v), 80°C, 24 h, 95 to 98 %.
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tricarboxymethyl-2,2":6",2"-terpyridine) afforded the desired
cyclometalated product with fair yields after a simple chro-
matographic purification. The high reactivity and selectivity
are attributed to weakly coordinated solvent ligands and the
circumvention of a Ru'"! intermediate, respectively.'?) Addi-
tionally, the methyl and fluoro groups on the central phenyl
ring prevent competitive bidentate cyclometalation and,
thus, simplify the purification of the desired product. The
ester derivatives of the Ru" complexes were isolated, be-
cause they provide higher solubility and thermal stability
than their acid analogues, which facilitates separation and
characterization of the compounds. Methanol was the sol-
vent of choice to avoid transesterification/saponification and
to promote the cyclometalation process.®*'?*'8] A partial re-
placement by a methoxy group was, however, observed in
cases in which fluoro-substituted ligands were used, leading
to inseparable mixtures. In this case, DMF was found to be
a valuable alternative, because it precludes saponification as
well as undesirable reactions involving the replacement of a
fluoro substituent, and the high polarity of the solvent as-
sists the cyclometalation step.® The solubility of the ligand
is also enhanced in DMF, which is particularly useful for the
complexes bearing hydrophobic ligands.!!

The anionic aryl ring enables facile post-complexation
functionalization of the formed Ru" complexes para to the
Ru—C bond.” In order to attenuate electron donation from
the carbanion, a nitro group could be installed using Cu-
(NOs),, while bromo substituents could be introduced using
N-bromosuccinimide (NBS, see the Supporting Information)
enabling subsequent cross-coupling reactions.®!]

The free carboxylic acids of the cyclometalated complexes
were obtained by saponifying the corresponding esters at
elevated temperatures in DMF/water/triethylamine (3:1:1, v/
v/v).Be10 After washing with dichloromethane, the cyclome-
talated sensitizers were obtained as zwitterionic species, as
confirmed by elemental analyses. The solubility of the com-
plexes was sufficient to prepare a 0.25 mM staining solution
in DMF/methanol (4:1, v/v). The synthetic procedures and
analytical data are given in the Supporting Information.

Photophysical properties: The absorption behavior of a
parent series of heteroleptic Ru" complexes featuring cyclo-
metalating 1,3-bis(1,2,3-triazol-4-yl)benzene ligands was pre-
viously described in detail."™™! To allow a deeper under-
standing of photophysical properties of the Ru" complexes
presented herein, density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were performed
(see the Supporting Information). The calculated vertical
singlet transitions are in reasonable agreement with the ex-
perimental absorption spectra. For RuNCN (Figure 2 and
Figure S38 in the Supporting Information) and RuNCN-F
(Figure S39 in the Supporting Information), all vertical sin-
glet transitions in the visible-light region are mainly of
MLCT character with varying ligand-to-ligand charge-trans-
fer (LLCT) contributions (MLLCT), that is, they essentially
involve a charge transfer from the metal center (and in
some cases the cyclometalating ligand) to the anchoring

Chem. Eur. J. 2013, 19, 14171 -14180
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Figure 2. Experimental UV/Vis absorption (in DMF/methanol, 4:1 v/v)
and calculated vertical singlet transitions (top), selected electron-density
difference maps (bottom, white =depletion, black =accumulation, isoval-
ue 0.004), and spin-density distribution of the *MLCT state (bottom
right, isovalue 0.004) of RuNCN (the decyl chains have been replaced by
a methyl group and the tpy ligand features three carboxylic acid func-
tions).

tctpy ligand. Thereby, the lowest energy transition (S;),
which is an almost pure HOMO-LUMO transition, is not
allowed and only a weak shoulder is observed in the experi-
mental spectrum. In the case of RUNCN-NO,, the LUMO +
2 features significant contribution from the nitro group re-
sulting in an intense MLCT transition at about 470 nm, di-
rected from the metal center towards both the tctpy ligand
and the nitro group (Figure S40 in the Supporting Informa-
tion, Sq). In addition, a charge-transfer transition from the
metal center mainly to the nitro group is predicted at about
430 nm (Figure S40 in the Supporting Information, Sy).
However, after internal conversion (IC), ultrafast intersys-
tem crossing (ISC), and vibrational relaxation, the lowest-
energy "MLCT excited state will be populated® and the lo-
calization of the transferred charge on the anchoring tctpy
ligand in the *MLCT state was confirmed for all three com-
plexes by calculation of the spin-density distribution
(Figure 2 and Figure S37 in the Supporting Information).
Consequently, the anchoring carboxylic acids are adequately
installed on the tpy ligand to enable electron injection into
TiO,.
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The experimental UV/Vis absorption and emission spec- acids (more precisely, two carboxylic acids and one carboxy-
tra of the ruthenium complexes under consideration are dis- late) show a hypsochromic shift in the electronic absorption
played in Figure 3 and summarized in Table 1. In compari- and emission spectra, which is more pronounced in DMF/
son to the ester-functionalized precursors, the complexes methanol (4:1, v/v) than in methanol (see Figure S28 in the
that feature more weakly electron-withdrawing carboxylic Supporting Information). The differences between the sol-

vent systems may be attributed to stronger hydrogen-bond
interactions with the carboxylates/carboxylic acids in pure

o0 I I I I;-’" " methanol. Upon functionalization of the central cyclometa-
3.0x10" —— RuNCN lating phenyl ring with electron-withdrawing groups, the
ny — 7 RuUNCN-NO, o8 Z  HOMO destabilization by the carbanion is reduced, result-
25x101 _0_5‘7‘2‘: N-F : g ing in a further hypsochromic shift of the MLCT features
< 20x10° 4] ; r06 §  corresponding to 0.07 to 0.10 V. The nitro group causes a
§ ‘ i o  slightly smaller hypsochromic shift than the fluoro substitu-
s 15x10° 4 2 ents, which contrasts a related series of tris(bidentate) Ru"
= al ) complexes bearing the same substitution patterns.*! This

1.0x10" > . . . . . .
difference is ascribed to steric repulsion between the adja-
5.0x10° 4 cent methyl groups, which induces a dihedral angle between
the nitro group and the phenyl ring of about 50° diminishing
o.o300 — e oo 2 c(')njugation [?;ld, hence, the m-accepting character of the
2/ 0m nitro group. The RuNCN and RuNCN-F complexes
show moderate extinction coefficients in the MLCT region
(about 9000 and 8000M~'cm™', respectively, see Table 1),
10l — - RuNCN while for RuNCN-NOQO,, the extinction coefficient in the
' —— RuNCN + cheno MLCT maximum is increased by about 30% relative to
—— RuNCN-NO, RuNCN (about 12000m 'cm™) in line with the DFT-calcu-
081 RuNCN-F lated participation of the nitro group in the HOMO and, in
] —o—N749 particular, the LUMO+2 (vide supra, Tables S1 and S4 in

E 0.6+ the Supporting Information).

S In comparison to N749, the MLCT maximum of RuNCN
2 044 has a comparable extinction coefficient, but is hypsochromi-
cally shifted from 605 to 552 nm (corresponding to 0.2 eV)
0.2 in DMF/methanol (4:1, v/v). To assess the light-harvesting
- capabilities of the cyclometalated dyes relative to N749, the
0.0 . ; . ? product of &(1) (with 1>400nm) and the AM1.5 solar
400 500 600 700 800 photon flux was integrated.™ Ideally, RuNCN would allow
Alnm for 80% of the theoretical current achievable with N749,
Figure 3. Top: UV/Vis absorption (solid) and emission (dashed, uncor- while RuNCN-F would only allow about 60 % of N749 and
rected for detector response) spectra of selected complexes recorded in 75% of RuNCN due to its blue-shifted absorption. For

DMF/methanol (4:1 v/v). Bottom: UV/Vis absorption of the complexes PP
adsorbed on TiO, (12 um thick transparent TiO, with an active area of RuNCN-NO,, the spectral blue shift is compensated by the

0.88 cm?). The lines represent the measured curve and symbols are used increased molar absorptivity yielding an overall light-har-
for assignment only. vesting capability equal to the one of RuNCN. Prospectively,

the molar extinction coefficients could be improved by in-

Table 1. Selected data of the Ru'" complexes.

22 [nm) A T Ey, E,; [V] vs. Fct/Fe E* [V] vs. Fc*/Fc

(e [x10°M'em ™)) [nm] [ns] [eV]® (vs. NHE)™ (vs. NHE)!!
RuNCN-Me 419 (15.3), 507 (8.2), 581 (7.8), 660 (4.2)14 el Ll .l 0.24 (0.87)14 A
RuNCN-NO,-Me 407 (16.6), 497 (10.2), 560 (8.9), 638 (sh, 4.4)1! 81514 i 1.614 0.41 (1.04)1 —1.20 (=0.57)
RuNCN-F-Me 401 (17.0), 492 (9.4), 554 (9.2), 635 (4.8)14l 800 y 1.6214 0.46 (1.09)1 —1.16 (—0.53)
RuNCN 386 (16.8), 493 (8.9), 552 (8.9), 610 (sh, 4.5)!¢! 768 16101670 168 0.11 (0.80)'¢! —1.57 (—0.88)
RuNCN-NO, 380 (13.5), 487 (11.0), 528 (11.9), 591 (sh, 4.2)lel 725l 11.0,0 11,71 1.78!! 0.30 (0.99)! —1.48 (—0.79)
RuNCN-F 373 (15.3), 477 (7.6), 522 (8.1), 580 (sh, 3.8)'¢! 7231¢] 4.5, 4,9l 1.79t! 0.37 (1.06)'¢ —1.42 (=0.73)
N749 403 (12.3), 528 (sh, 6.7), 605 (8.7)!! 820¢! 3000 1.58l 0.16 (0.85)! —1.42 (-0.73)

[a] Determined at the intersection of the absorption and emission with the latter being normalized to the lowest-energy absorption. [b] Determined by
cyclic voltammetry using NBu,PF; as supporting electrolyte, conversion to NHE scale by addition of 0.63 V! and 0.69 V! when the measurement was
done in MeCN and DMF/methanol (4:1 v/v), respectively. Notably, the latter value accounts for pure DMF and thus only allows an approximate conver-
sion to the NHE scale. [c] Calculated using E*=E,,—E, " [d] Measured in MeCN. [e] Not detectable. [f] Not determined. [g] Measured in DMF/
methanol (4:1 v/v). [h] Measured in aerated DMF/methanol (4:1 v/v). [i] Measured in nitrogen-sparged DMF/methanol (4:1 v/v). [j| Measured in EtOH,
taken from ref. [4b].
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stallation of additional chromophores at the cyclometalating
phenyl ring.F>12d]

The absorption profiles of the complexes anchored to
transparent TiO, anodes are also provided in Figure 3. As-
suming that the extinction coefficients do not change upon
anchoring of the dyes onto TiO,, the dye uptake of the cy-
clometalated sensitizers is comparable to N749. Also, when
RuNCN was co-adsorbed with chenodeoxycholic acid
(cheno), the absorbance was maintained at the same level.

The optical energy gap, E,, which is required to deter-
mine the excited-state redox potential (vide infra), was esti-
mated from the intersection of the absorption and emission
with the latter being normalized to the lowest-energy ab-
sorption corresponding to the HOMO-LUMO transition
(vide supra). The energy gap of 1.58 eV for N749 was deter-
mined to be the smallest of the dyes studied, as those of
RuNCN, RuNCN-NO,, and RuNCN-F were 1.68, 1.78, and
1.79 eV, respectively. Furthermore, when comparing the ab-
sorption profiles in DMF/methanol (4:1, v/v) solution with
the ones of dye-loaded transparent TiO, films (see Fig-
ure S28 in the Supporting Information), the energy gap for
the cyclometalated dyes remained static, while a slight bath-
ochromic shift is observed for N749 upon anchoring.”!

The cyclometalated complexes were found to be very
weak emitters with emission maxima between 720 and
770 nm. As the lifetime of the charge-separated excited
state is crucial due to kinetic competition between electron
injection and decay to the ground state,* excited-state life-
times were determined by using time-correlated single-
photon counting (TCSPC, see Figure S29 in the Supporting
Information). By applying a monoexponential fit, lifetimes
of 49, 11.7, and 16.7 ns were obtained for RuNCN-F,
RuNCN-NO,, and RuNCN, respectively, in nitrogen-sparged
DMF/methanol (4:1 v/v), which are typical values for cyclo-
metalated bis(tridentate) Ru" complexes.""! In air-equili-
brated DMF/methanol (4:1 v/v) solution, the excited-state
lifetimes of the cyclometalated sensitizers are only marginal-
ly shorter (see Table 1). The observation of the shortest life-
time for RuUNCN-F is in line with our previous study and is
attributed to a small energy separation between the emitting
SMLCT state and the deactivating *MC state.'>! All life-
times are shorter than for N749 (30 ns), but, except for
RulNCN-F, sufficiently long to allow for almost quantitative
electron injection if the injection occurs within 100 ps.*
Nonetheless, the injection can be much faster and even with
an excited-state lifetime of 1ns, apparently no injection

problems were encountered in a series of related complex-
[1o1]
es.

Electrochemical behavior: The cyclic voltammetry of related
complexes was reported in a previous study. These ex-
periments, as well as spectroelectrochemistry experiments in
which the complexes were oxidized for hours, showed that
the metal-based redox process was fully reversible for this
kind of Ru" complex.

The destabilization of the HOMO in cyclometalated Ru"
complexes causes a negative shift for the Ru™/Ru" redox

Chem. Eur. J. 2013, 19, 14171 -14180
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process, which may compromise the dye regeneration if an
iodide-based electrolyte is used.®*!®1 Consequently, a redox
potential of about 0.9 V versus NHE has been suggested as
a guideline to guarantee efficient regeneration,!%mn]
which accounts for the relevant I, /I redox couple of a I;7/
I"-based electrolyte located at 0.79V versus NHE
(Figure 4).””" Nonetheless, dyes with redox potentials less

E/V Oz X
) N WP e ¢
vs.Fc'fFc 4 vs.NHE <02 W W e o v
L -0.88
15 — 10 -0.79
07 0.73 0.73
L .05 -—-
10 _| r
L 00 158 |1.68 178 [1.79
05 ] ’
L 05
00 — 0.80 0.79
0.85
o 0.99 1.06
05 _|

Figure 4. Comparison of the excited-state and ground-state redox poten-
tials (values refer to the NHE scale) with the relevant redox potential of
the electrolyte and the conduction band edge (solid line) as well as the
approximate position of the TiO, quasi Fermi level (dashed line).

positive than 0.85 V versus NHE can function properly in a
DSSC.”* For RuNCN, a Ru"/Ru" redox potential of 0.11 V
versus Fc*/Fc (0.80 V vs. NHE) was measured, while for
RuNCN-F and RuNCN-NO,, E;, values of 0.30 V versus
Fc*/Fc (0.99 V vs. NHE) and 0.37 V versus Fc*/Fc (1.06 V
vs. NHE), respectively, were measured in DMF/methanol
(4:1 v/v).”) The positively shifted potentials for the latter
are a consequence of the electron-withdrawing substituents,
while for the parent RuNCN complex, the Ru"™/Ru"-based
redox process occurs at a critically low potential. Addition-
ally, square-wave voltammetry experiments in acetonitrile
with the complex-anchored TiO, anode as the working elec-
trode were undertaken as these conditions are closest to
later working conditions;"" however, the measured redox
potentials (see the Supporting Information) are comparable
to the cyclic voltammetry results. As an internal reference,
the redox potential of N749 was measured in DMF/metha-
nol (4:1 v/v) to give a value of 0.16 V versus Fc*/Fc (0.85V
vs. NHE), which is 50 mV more positive than for RuNCN.")
For comparison, while regeneration problems for a dye
having a redox potential 40 mV lower than N749 have been
reported,®! there are examples of well-functioning dyes
with even 50 to 60 mV less positive redox potentials relative
to N749.%32 Ultimately, even if the redox potential is accu-
rately determined, the regeneration efficiency may depend
on the individual molecular structure and some dye-electro-
lyte interactions have been proposed.!'®%) At this point, it
remains unclear whether RuNCN will allow efficient regen-
eration by the I,7/I"-based electrolyte.*"!
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The excited-state redox potentials were calculated from
the Ru"/Ru" redox potentials and the optical energy gap
E, o (Table 1)."") The complexes show excited-state redox
potentials between —1.42V versus Fct/Fc (=0.73V vs.
NHE) and —1.57 V versus Fc*/Fc (—0.88 V vs. NHE) and
are therefore more negative than the conduction band edge
of TiO, located at —1.3 V versus Fc*/Fc (—0.7 V vs. NHE)
allowing, in principle, for efficient electron injection
(Figure 4).

Photovoltaic performance: To test the PCE of the presented
cyclometalated dyes in DSSCs, commercially available test
cells with transparent TiO, anodes (20 nm particles, 12 um
thickness, 0.28 or 0.88 cm? active area) were used and assem-
bled according to standard literature procedures (see the
Supporting Information), and directly compared to N749.
Notably, since the square-cell type (0.88 cm?®) was used up
during the experiments, the measurements were continued
with spot cells of identical transparent TiO,, but with a
smaller area (0.28 cm?). However, only small differences in
current or voltage between the used square and spot cells
were noted, except for the fill factor (FF), which is generally
higher for the smaller cells.

An established acetonitrile-based electrolyte solution was
chosen, containing 0.05M iodine, guanidinium thiocyanate
(0.1m), 4-tert-butylpyridine (TBP; 0.5M), and varying con-
centrations of dimethylimidazolium iodide (DMII) and lithi-
um or sodium iodide (Table 2, Figure 5).%*¥ Starting with a
sodium-containing electrolyte!'** (0.6m Nal, El 1a), a PCE
of about 2% was obtained throughout the series. As regen-
eration problems were suspected for RuNCN, the effective
iodide concentration was increased®” (1.0m DMII, El 1b),
which significantly improved the J, resulting in a PCE of
3.0%. Subsequently, an electrolyte with a high lithium con-
centration (1.0m, E12) was used to facilitate both electron
injection®® and dye regeneration,®” which provided an esti-
mation of the photocurrents attainable with the cyclometa-
lated dyes. For RuNCN, again the J, was significantly im-

Table 2. Selected data of the Ru" complexes measured under AM 1.5
light conditions.

Area Electrolyte® V.. J, FF g
[em’]® [Vl [mAcm™] [%]
RuNCN 0.88 El 1a 0.62 5.7 0.61 22
0.88 El 1b 0.62 7.4 0.62 3.0
0.88 El2 0.57 9.2 0.61 34
0.28 El3 0.66 8.1 0.70 4.0
0.28 El 31 0.65 9.4 0.70 4.5
RuNCN-NO, 0.88 El 1a 0.57 5.5 0.56 1.8
0.88 El12 0.49 6.3 0.58 1.9
RuNCN-F 0.88 El 1a 0.63 54 0.56 2.0
0.28 El2 0.57 5.8 0.70 2.5
N749 0.88 El3 0.69 11.6 0.62 5.1
0.28 El3 0.69 10.7 0.69 52

[a] 0.88 cm? refers to the square cell type, 0.28 cm? refers to the spot cell
type, 12 um active, transparent TiO, for both. [b] Electrolyte abbrevia-
tions: El 1a: 0.6m Nal, 0.6m DMII; El 1b: 0.6m Nal, 1.0m DMII; El 2:
1.0m Lil, 0.6M DMII; El 3: 0.1m Lil, 0.6 DMII. [c] Co-adsorbed with
cheno.
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Figure 5. Selected J-V curves for two different electrolytes (El 1a,
dashed, and El2, solid) using the square cell (0.88 cm?) except for the
combination RuNCN-F and El 2, for which the spot cell (0.28 cm?) was
used. The lines represent the measured curve and symbols are used for
assignment only.

proved relative to the sodium-containing -electrolytes
(9.2 mAcm2), while for RUNCN-NO, and RuNCN-F, only
a slight improvement in J,, was achieved resulting in much
inferior values (6.3 and 5.8 mAcm 2 respectively). The
extent of current improvement for these last complexes is in
the range observed for benchmark dyes.*® This behavior
suggests that the excited-state redox potential is sufficiently
high, which is consistent with the above-mentioned estima-
tions (Figure 4). For RuNCN-F, the low photocurrents are
thus mainly ascribed to the lower light-harvesting ability,
which was estimated to be only 75% of RuNCN (vide
supra). In contrast, RuNCN-NO, should be a light harvester
as good as RuNCN and the lower photocurrents as well as
the comparatively lower V., values (about 80 mV less than
for RuNCN and RuNCN-F) are attributed to enhanced re-
combinations (vide infra).l*!

As an internal reference, the performance of N749 was
measured using a typical electrolyte composition containing
0.1m LiI (El 3, Table 2).°! The same electrolyte was tested
for RuUNCN as this dye clearly shows the best performance
within the series. In Figure 6, the J-V curves and the inci-
dent photon-to-current efficiency (IPCE) spectra for
RuNCN and N749 measured under identical conditions are
provided. In this direct comparison, two benefits of N749
become clear. Firstly, N749 produces a higher current (10.7
vs. 8.1 mA cm ), which is ascribed mainly to the better red-
to near IR-response as evident from the IPCE traces
(Figure 6, right). Note that the estimated light-harvesting
ability of RuNCN amounts to 80 % of the one of N749 (vide
supra). Secondly, N749 allows for a higher voltage (0.69 vs.
0.66 V), which is attributed to its doubly deprotonated form
and anionic charge leading to a higher TiO, conduction
band.*!! Consequently, N749 achieves a PCE of 5.1 %, while
RuNCN affords 4.0% under identical conditions. It should
be noted that under these conditions, the PCE for RuNCN
is apparently not limited by inefficient regeneration. The su-
perior performance achieved with electrolytes containing
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Figure 6. Top: RuNCN with and without cheno co-adsorbent versus N749
without cheno under otherwise identical conditions (El3, 0.28 cm?).
Bottom: Photocurrent action spectra. Note that symbols represent data-
points in the photocurrent action spectra, while they are used for assign-
ment only in the J-V curves.

Lit instead of Na* (Figure 5) indicates that the dye regener-
ation kinetics need to be enhanced by increasing the near-
surface iodide concentration with the help of charge-dense
cations.”” However, a 0.1M lithium concentration is suffi-
cient,*” which still allows reasonably high voltages and com-
monly results in the best overall performance as the electron
injection is facilitated as well.[*

For RuNCN, using the best electrolyte composition (El 3),
the influence of the cheno co-adsorbent was tested (Table 2,
Figure 6) to gain information about the dye’s ability to pro-
tect the TiO, surface from the electrolyte and, thereby, pre-
vent recombinations.**! The J,, values could be further im-
proved (9.4 vs. 8.1 mAcm™), although the V,. decreased
slightly (0.65 vs. 0.66 V). The observed improvement in the
IPCE spectrum (Figure 6) suggests that the charge collection
efficiency is enhanced by the help of cheno and RuNCN
achieves a plateau value as high as for N749. Notably, it was
reported that the PCE achieved with N749 could be in-
creased from 4.3 to 4.7% by co-adsorption with cheno,™!
presumably because N749 is unable to create a complete
monolayer™ and, thus, it inadequately shields the TiO, sur-
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face from the electrolyte. The effect of cheno will be dis-
cussed in more detail below.

Electrochemical impedance spectroscopy: In order to better
understand the origins of the differences between the ach-
ieved device performances, electrochemical impedance spec-
troscopy (EIS)!*4! was performed for selected cells. A for-
ward bias was therefore applied in the dark causing electron
injection into TiO,, electron interception by iodine or triio-
dide at the TiO,/electrolyte interface and electron abstrac-
tion from iodide at the counter electrode.> To distinguish
between the individual processes, the impedance data were
modeled with an appropriate transmission line (Figure S33
in the Supporting Information) to obtain three key parame-
ters: the transport resistance within TiO, (R,), the recombi-
nation or charge-transfer resistance (R.,) at the TiO,/electro-
lyte interface and the recombination or charge-transfer ca-
pacitance (C,) at the TiO,/electrolyte interface. Since the
density of available states increases exponentially as the
Fermi level (which depends on the applied potential) ap-
proaches the conduction band, R, and R, decrease, while Cy,
increases at higher applied voltages (see the Supporting In-
formation)."**?l The measurements were thus conducted at
different potentials and the parameters were plotted against
the applied potentials to visualize the differences independ-
ently of the V,, values of the different devices.'"***"l To
achieve a good device performance, R, should be low, while
R, and C, should be high. Thereby, a higher conduction
band energy results in a lower electron population of the
conduction band (Boltzman statistics) and, hence, lower re-
combination and transport rates corresponding to higher R,
and R, values. On the other hand, R, and C,, are lowered
with increasing conduction band energy as the recombina-
tion driving force increases.”®** Furthermore, R, and C,
are increased if the TiO, surface is protected against the
electrolyte by the adsorbed dye (TBP) and cheno, while
they are lowered in case of interactions between the sensi-
tizer and iodine. The conduction band energy can be in-
creased by TBP and lowered by cationic additives. Ultimate-
ly, if R,<R,, then the normalized diffusion length (L/L) is
greater than 1, which means that the electron lifetime is
longer than the electron transit time within TiO, and the
charges can thus be efficiently collected at the anode result-
ing in higher J, values under illumination.** In case of illu-
mination under open-circuit conditions, the photocurrent
generation is fully compensated by recombination reac-
tions,** in other words, a higher R, is a prerequisite to
achieve higher V,, values.

Firstly, two different electrolytes containing either sodium
(EL 1a) or lithium salts (El2) were compared for RuNCN
(Figure S34 in the Supporting Information). Using identical
cell types, electrolyte El 1a (0.6Mm Nal) leads to a higher R,
and lower C, than El2 (1.0M Lil), which is in line with a
higher conduction band energy and, hence, a lower electron
population of the conduction band.[** For the same reason,
R, is increased although this benefit is partially offset by an
increased recombination driving force.®®*%! Still, the higher
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R, leads to diminished recombination reactions and, thus,
enables a higher V. in case of El la. As a further result, for
El2, R, is smaller than R, throughout the measured poten-
tial range, which allows a more efficient charge collection
and higher J values under illumination than for El 1a.

The comparison between the devices based on RuNCN-
NO, and RuNCN-F under identical conditions (El 1la,
square cell) reveals a lower R, and C, for RuNCN-NO,,
while R, is comparable for both dyes (Figure S35 in the Sup-
porting Information). Accordingly, the higher V.. and J
values achieved with RuNCN-F can be ascribed to less pro-
nounced recombination reactions. In view of the essentially
identical molecular structures and anchoring modes of both
dyes, this is attributed to enhanced recombination reactions
due to interactions between the nitro group and iodine.[*"!

The effect of the cheno co-adsorbent on devices based on
RulNCN and El3 is demonstrated in Figure S36 in the Sup-
porting Information. In the absence of cheno, R, and R, in-
crease, although to a lesser extent in case of R, while C, is
lowered. This scenario qualitatively reflects the trends as ob-
served with RuNCN for the different electrolytes (vide
supra) and is ascribed to a higher conduction band energy
when cheno is absent. Presumably, TBP is more hindered in
reaching the TiO, surface in the presence of the cheno co-
adsorbent, resulting in a lowered conduction-band-lifting
effect of the TBP additive. Additionally, a better TiO, sur-
face passivation in the presence of cheno might cause a rela-
tive enhancement of R, and C.. However, this effect ap-
pears to have a minor contribution as R is still lower than
for RuNCN without cheno. Ultimately, while the R, values
for RuNCN with and without cheno are almost equal, the
lower R, in the presence of the co-adsorbent enables a more
efficient charge collection in line with higher J, values. On
the other hand, the slightly lower V. observed for RuNCN
with cheno is related to a slightly lower R,.

When comparing the devices constructed with N749 and
with RuNCN (both without cheno, Figure S36 in the Sup-
porting Information), the R, and C, values are equal, while
R, is higher in case of N749. While a higher conduction
band energy and, therefore, a higher R, is expected for N749
in view of its lower charge and lower degree of protonation,
it has to be noted that the dependency of R, solely on the
conduction band energy is only valid for very similar sensi-
tizers, that is, the electron diffusion, which follows an elec-
tron-hopping mechanism by means of trapping and detrap-
ping,*’) might depend also on the sensitizer. Still, a higher
conduction band might be reflected by the higher R, for
N749; however, the dissimilarities between RuNCN and
N749 preclude an unambiguous interpretation of the impe-
dance data. Ultimately, in view of the equal R, values ob-
tained with N749 and RuNCN, the lower recombination ten-
dency in case of N749 enables both a higher V_ as well as a
higher J in line with a longer normalized diffusion length.
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Conclusion

The performance of a series of click-derived bis(tridentate)
cyclometalated Ru" complexes in the DSSC has been inves-
tigated. The parent RuNCN dye devoid of electron-with-
drawing groups revealed the best results: The IPCE values
are comparable to N749 and the achieved PCE corresponds
to 80 % of the value of N749, which correlates well with the
individual light-harvesting capabilities. Despite the high
HOMO energy of the parent photosensitizer, its regenera-
tion appeared to be efficient when lithium-containing elec-
trolytes are used. In contrast, the meta-difluoro substitution
pattern, which is often used to lower the HOMO energy,
showed a detrimental effect on the light-harvesting proper-
ties and resulted in an inferior performance. Consequently,
a promising thiocyanate-free Ru" photosensitizer platform
is presented, which shows great potential for further im-
provement in view of its rapidly synthesized and highly
functionalizable cyclometalating ligand. As demonstrated,
hydrophobic alkyl chains can most easily be introduced and
are expected to be beneficial for the long-term stability and
allow for alternative electrolytes. Additional chromophores
can, in principle, be installed on the cyclometalated phenyl
ring to further optimize the light harvesting in the future.

Experimental Section

Experimental and computational details are given in the Supporting In-
formation. These include synthetic procedures, further computational,
photophysical and electrochemical data, NMR and MS spectra as well as
EIS data.
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Abstract: The anodic electropolymerization of thiophene-
functionalized cyclometalated ruthenium(ll) complexes is
shown for the first time. Oxidative decomposition reactions
can be overcome by modification of the involved redox po-
tentials through the introduction of electron-withdrawing
substituents, namely nitro groups, at the cyclometalating

phenyl ring. The generated functionalized ruthenium(ll)
complexes allow the electrochemical preparation of thin
polymer films, which show a broad UV/Vis absorption as
well as reversible redox switchability. The presented com-
plexes are promising candidates for future photovoltaic ap-
plications based on photo-redox-active films.

Introduction

The ruthenium(ll)-polypyridyl motif represents a highly favora-
ble building block with regard to applications as photosensitiz-
er units (e.g., in solar cells, light-driven catalysis, and water
splitting).l"’ In particular, the incorporation of strong electron-
donating ligands enables the formation of ruthenium(ll) com-
plexes providing long excited-state lifetimes and broad absorp-
tion features, both of which are crucial for an efficient photo-
sensitizer dye.” Thereby, ruthenium(ll) complexes that contain
thiocyanate ligands have been applied very successfully.”
However, the monodentate thiocyanates cause a lowered com-
plex stability and impede further functionalization with regard
to dye optimization. Hence, alternative polydentate ligands
that feature strong electron donors, namely anionic carbon'
and nitrogen®™ atoms as well as classical® and mesoionic”’ N-
heterocyclic carbenes, were designed for sensitizer applica-
tions. In this context, we recently presented a series of com-
plexes based on a cyclometalating, tridentate ligand possess-
ing 1,2,3-triazole moieties, which were introduced through
copper(l)-catalyzed azide-alkyne 1,3-dipolar cycloaddition
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(CUAAC),® allowing the facile assembly of functionalized li-
gands. The complexes showed prolonged excited-state life-
times, redox stability, and suitability for application in dye-sen-
sitized solar cells."*!

Most photosensitizer applications require the processing of
the dye in thin films to allow light absorption as well as effi-
cient charge transfer to the affiliated reaction site. Thereby, an
instrumentally simple technique for the formation of defined
layers is electropolymerization, i.e., the formation of insoluble
polymers through the coupling of electrochemically generated
monomer radicals on an electrode surface."” In this way, differ-
ent ruthenium(ll) complexes of polypyridyl-type ligands have
already been used successfully to form polymeric coatings.""
Recently, cyclometalated systems were also polymerized
through electrochemical reduction," and, very recently,
through an anodic approach.™ However, successful oxidative
electropolymerization of cyclometalated ruthenium(ll) com-
plexes was reported only rarely in the literature, although the
anodic polymerization allows the usage of aromatic electropo-
lymerizable units such as thiophene, 3,4-ethylenedioxythio-
phene (EDOT), and pyrrole. These enable the assembly of met-
allopolymers™™ that feature m-conjugated spacer units, provid-
ing additional chromophores and potentially enabling an intra-
molecular electron transfer after photo-oxidation of the com-
plex.™ This, in turn, leads to more efficient UV/Vis absorption
and extended charge separation, respectively. A potential chal-
lenge is the high reactivity of the electron-rich central phenyl
ring of the cyclometalating ligand, which possesses a high spin
density, possibly leading to electrochemical coupling."® Never-
theless, redox stability could be shown in UV/Vis/NIR spectroe-
lectrochemical experiments, at least for the first oxidized
state." Still, the electron-rich aromatic moiety may give rise to
side reactions or decomposition under the highly positive po-
tentials required for the electropolymerization.

In this work, we present the preparation and electrochemical
polymerization of ruthenium(ll) complexes based on 1,2,3-tria-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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zole-containing cyclometalating ligands. Two structural motifs
are introduced, varying in the presence and absence of methyl
groups at the linking phenyl rings, which prevent and allow,
respectively, a coplanarization of the phenylthienyl and the
central, metal-coordinating triazole moieties, and thus, may
affect the extent of 7t conjugation between thiophene and tria-
zole. However, electronic coupling through the triazole is not
expected.'” The synthesized monomer complexes were fully
characterized, with the prepared polymer films studied
through cyclic voltammetry, UV/Vis absorption spectroscopy,
and UV/Vis/NIR spectroelectrochemistry. Furthermore, support-
ing computational calculations based on density functional
theory (DFT) were performed to gain further insight into the
electrochemical behavior.

Results and Discussion

Synthesis and electrochemical behavior of thiophene-
equipped complexes

As a first survey of the ability of the cyclometalated rutheni-
um(ll) complexes to undergo anodic electropolymerization,
two complexes possessing 4-(2-thienyl)phenyl moieties at the
triazole rings were synthesized (Scheme 1) and studied
through electrochemical means.

To allow a rapid and modular access to the thiophene-func-
tionalized 1,3-bis(1,2,3-triazol-4-yl)benzene (NACHAN) ligands,
we rely on a click-derived triazole-based framework. It has
been demonstrated that the involved triazole units can be
used as analogues for pyridine donors."™® Initial attempts to
couple 2-thienylboronic acid directly to the corresponding
bromo-functionalized NACHAN ligand framework through
Suzuki cross-coupling were not successful (sluggish reaction,
intractable reaction mixtures). Likewise, attempted cyclometa-
lation using a bromo-functionalized NACHAN ligand to install
the thiophene after complexation was precluded by partial de-
bromination resulting in an inseparable mixture of com-
plexes."” The alternative approach, that is, installing the thio-
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phene on an azide-functionalized bromobenzene first, afforded
the desired 2-(4-azidophenyl)thiophene building blocks in rea-
sonable yields. Notably, the Suzuki cross-coupling tolerated the
presence of aryl azides despite their known tendency to form
phosphazides and phosphimines with free or coordinated
phosphines of the palladium catalyst.”® The subsequent
CuAAC afforded the thiophene-containing NACHAN ligands in
good yields. In contrast to the initially attempted cross-cou-
pling method, the CuAAC greatly simplifies the purification be-
cause the educt and byproducts are removed readily, which is
particularly important in the case of low product solubility, for
example, for HTph (Scheme 1). For HTphMe, the solubility is
much higher owing to the steric interactions between the tria-
zoles and the ortho methyl groups of the outer phenyl rings,
which enforce a twisting out of plane and thereby preclude
stacking. As a result, single crystals suitable for X-ray diffraction
could be grown through vapor diffusion of diethyl ether into
a concentrated dichloromethane solution (see Figure S42, Sup-
porting Information). The cyclometalation was achieved in fair
yields by using [Ru"(tpy)(CH;CN);I[PF(], (tpy=2,2":6',2"-terpyri-
dine) as the precursor.*

Subsequently, the monomer complexes were characterized
electrochemically; the obtained cyclic voltammograms (CVs)
and differential pulse voltammograms (DPVs) are depicted in
the Supporting Information (Figures S45 and S46), and the first
redox potential values are given in Table 1. The CVs of RuTph
and RuTphMe reveal a reversible first oxidation process with
a half-wave potential of 0.10V, which is assigned to the de-
population of a mixed ruthenium- and cyclometalating-ligand-
based orbital on the basis of previous computational investiga-
tions on related systems.”? In the region around 1.1 to 1.4V,
further oxidation processes appear, including thienyl radical
cation formation, which is crucial for the electropolymerization.
Thereby, the thienyl-based signals possess a significantly larger
peak current than the first redox processes. This is attributed
to a lack of electronic coupling, because the 1,2,3-triazole is
known to interrupt & conjugation,”” leading to simultaneous
oxidation of both thiophene moieties at the same redox po-

R=H: HTph
R = Me: HTphMe

" |PFs

R' R? = Me: Ru
S
| —@—W R! =@ RZ=H: RuTph
s

R'= @ R2=Me: RuTphMe

Scheme 1. Synthesis of the thiophene-containing cyclometalated ruthenium(ll) complexes: a) Pd(PPh;),, K,CO;, DMF, 50°C, 12 h, 40 %; b) CuSO,:5H,0, NaAsc.,
CH,CI,/EtOH/H,0 (1:2:1), 50°C, 12 h, 70%; c) EtOH/toluene (1:1) or DMF, 140 to 160°C, 30 to 120 min, 50%. Ru was prepared previously in an analogous syn-

thesis. !
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Table 1. Electrochemical characteristics of the monomer complexes
(107*m in CH,Cl, with 0.1 m Bu,;NPF).

Complex Evj V] (ipa/ives AE, [MV])®

+1—+2 +1—-0
RuTph 0.10 (1.05, 65) —2.12 (irrev.)®
RuTphMe 0.10 (1.0, 74) —2.17 (irrev.)®
RuTphNO, 0.29 (1.0, 67) —1.87 (1.0, 75)
RuTphMeNO, 0.31 (1.0, 72) —1.88 (1.05, 78)

[a] Potentials vs. Fc*/Fc. [b] Peak potential of the cathodic wave.

tential. The first, ligand-based reduction appears at —2.04 V for
RuTph and —2.06 V for RuTphMe, and is irreversible in both
cases.

The electropolymerization experiments were performed po-
tentiodynamically in different solvents using 0.1 M Bu,NPF as
the electrolyte. The first studies were executed in acetonitrile.
With the inclusion of the higher oxidation processes at 1.2 to
1.4V in the potential cycling, both RuTph and RuTphMe show
a rapid decrease in all redox signals, indicating decomposition
of the complexes (see Figure S47, Supporting Information). Be-
cause changing the potential range or scan rate did not lead
to successful polymerization, the solvent was changed to di-
chloromethane, which has a lower nucleophilicity than acetoni-
trile, possibly leading to a diminished rate of side reactions"”
(see Figure S48 and Figure 1 as an example for RuTphMe). For
RuTph, the cyclovoltammetric development is divided into
two phases: During the first eleven cycles, an increase in the
original Ru"/Ru"-based redox signal occurs, indicating the for-
mation of the desired polymer, which is, however, accompa-
nied by additional signals arising at around —0.1 and 0.9V,
suggesting the formation of byproducts. After the eleventh
cycle, the redox signals in the region between —0.4 and 0.4V
start to decrease, which is probably because of the electro-
chemical decomposition of the formed compounds. For
RuTphMe, likewise, additional redox processes appear at
around —0.2'V, but already during the third cycle, the signal
decrease begins. In addition, further studies involving the use

6x10° 4 — 1% cycle
- —— 2" cycle
5x10° 4 ——3"cycle
1 ——4"cycle /
4x10° ——6"cycle
g 8" cycle
3x10° | 10" cycle \
< N
= 2x10°-
1x10° -
04
-1x10° \\
-2x10° T T T

— T T T T T T T T T T T T T T T T d
04 -02 00 02 04 06 08 10 12 14
Evs. Fc'/IFc/V

Figure 1. CV development during electropolymerization attempt for
RuTphMe in CH,Cl, (107*m with 0.1 M Bu,NPF).
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of Lewis acids (e.g., BF;-OFt,, borate esters)®” or weak bases
(e.g., water, 2,6-di-tert-butylpyridine),"” did not result in suc-
cessful electropolymerization. BF;-OEt, in acetonitrile even
caused the displacement of the cyclometalating ligand, leading
to the undesired recovery of the [Ru'(tpy)(CH;CN);]** precursor
species (see Figures S43 and S49, Supporting Information).

We assumed that the decomposition is caused by an inher-
ent electrochemical process of the complexes. This assumption
is supported by comparison of the cyclic voltammograms of
the thienyl-equipped system with those of its parent complex
devoid of thiophene units (Ru, Figure 2). The latter system re-
veals an additional, irreversible redox process, which is in the
same potential range as the oxidation of the thienyl moeities.
Thus, oxidation of the thienyl units would not be possible
without inducing an irreversible oxidation reaction of the cen-
tral complex moiety.

Synthesis and electrochemical behavior of redox-modified
nitro-complexes

To overcome the problem of electrochemical decomposition,
we attempted to shift the respective redox potential beyond
the thiophene-related one. Therefore, a nitro group was intro-
duced at the 4-position of the central phenyl ring of the cyclo-
metalating ligand to increase the redox potentials as observa-
ble for the respective thiophene-free parent complex (RUNO,,
Figure 2).

—o— RuTphMe
—+#—Ru : J
—o—RuNO,
RuTphMeNO,
. . T . T T T T T
-0.5 0.0 0.5 1.0 1.5

Evs. Fc'lFc/V

Figure 2. Cyclic voltammograms depicting the oxidation processes of
RuTphMe and RuTphMeNO, in comparison with the parent Ru and RuNO,
(107*Mm in CH,CN with 0.1 M Bu,NPFy).

The nitro group was attached directly on the cyclometalat-
ing phenyl ring using Cu(NO;s), (Scheme 2). Here, the common
Menke conditions™*?? had to be attenuated to prevent the ni-
tration of the thiophene moiety.” In fact, even if a high
excess of Cu(NO,), is used in dichloromethane/methanol as
a solvent mixture, only the nitration on the cyclometalating
phenyl ring is observed, which underlines the high reactivity in
the position para to the carbanion and, conversely, the ease of
manipulating the carbanion donation in cyclometalated com-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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R' R?=Me, R®=NO,: RuNO,
R' = 2-thienyl, R?, R® = H: RuTph

2) R'=2-thienyl, R> =Me, R®=H:  RuTphMe
R = 2-thienyl, R?, R® = NO,: RuTphNO,

R' = 2-thienyl, R? = Me, R® = NO,: RuTphMeNO,

Scheme 2. Synthesis of the nitro-functionalized thiophene-containing cyclo-
metalated ruthenium(ll) complexes: a) Cu(NO,),, CH,Cl,/MeOH (2:1 to 3:1),
RT, 96 h, 67 to 85%. RuNO, was prepared previously in an analogous synthe-
sis.

plexes. The pure complexes were obtained after counterion ex-
change to hexafluorophosphate and crystallization through
vapor diffusion of diethyl ether into a concentrated DMF solu-
tion. The desired nitro-functionalization was proven unambigu-
ously by single-crystal X-ray diffraction in case of RuTphMeNO,
(Figure 3).2Y The bond lengths and bite angles as well as the
dihedral angles of the nitro group relative to the central

Figure 3. ORTEP plot®¥ of RuTphMeNO,: thermal ellipsoids drawn at 50%
probability level; solvent molecules, counterion, and hydrogen atoms omit-
ted for clarity. Disorder of a thiophene omitted for clarity. Selected bond
lengths (A) and angles (°): Ru—C1, 1.981(4); Ru—N1, 2.085(4); Ru—N2,
2.032(3); Ru—N3, 2.075(4); Ru—N4, 2.082(3); Ru—N5, 2.052(3); N4-Ru-N5,

155.56(13); N1-Ru-N3, 155.89(14).

phenyl ring (52°) and of the mesityl ring relative to the triazole
(62-72°) are comparable to the previously reported crystallo-
graphic data.*? Accordingly, the electron-withdrawing charac-
ter of the nitro group is attenuated, and the mt conjugation be-
tween the complex and the N-substituents of the triazole is
broken. Note also that the m conjugation into the triazoles for
RuTph is only weak as indicated by DFT calculations (vide in-
fra), which is in line with the literature reports."”” On the other
hand, the small torsion between thiophene and mesityl allows
extended conjugation, which may give rise to an additional
chromophore after the electropolymerization (vide infra). In ad-
dition, a bromo function was introduced to the central phenyl
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ring of RuTph by using CuBr, in dichloromethane/methanol,’*”

with the aim of blocking the reactive para position of the cen-
tral phenyl ring, but maintaining the oxidation potential at
a reasonably constant value. However, as for the nonbrominat-
ed species, the electropolymerization control experiments re-
sulted in nondefined electrochemical processes (see Fig-
ure S50, Supporting Information), thus ruling out potential side
reactions that are related to the reactive position para to the
carbanion.

Electrochemical characterization of RuTphMeNO, and
RuTphNO, showed that both the first oxidation and first re-
duction potentials are shifted anodically by about 200 mV (see
Table 1) because of the electron-withdrawing influence of the
nitro group. As for their nitro-free counterparts, the first, rever-
sible anodic signal is assigned to oxidation of the rutheniu-
m(ll)/cyclometalating-ligand moiety.* Importantly, as intend-
ed, the second oxidation is achieved more easily than the irre-
versible oxidation of the parent RuNO, complex (see Figure 2).
Hence, this redox process is assigned to the thienyl-based oxi-
dation, which should, in turn, enable electrochemical polymeri-
zation without decomposition. In contrast to the preceding
complexes, the first reduction is reversible, and a further pro-
cess occurs at —2.10 V.

In addition, DFT calculations were executed to examine the
energies and spin-density distributions of the singly and
doubly oxidized states of the four complexes (see Figure 4 and
Figures S68 to S77 in the Supporting Information). First, the as-
signment of the first oxidation to a metal- and cyclometalat-
ing-ligand-based process is confirmed for all the complexes.
The second oxidation process may formally lead to a singlet or
triplet state, depending on whether the removed electron has

Figure 4. Spin density of singly oxidized (top) and doubly oxidized triplet
(bottom) states of RuTphNO, (dark and light regions indicate excess of
alpha and beta spin, respectively; iso value 0.002).
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alpha or beta spin, respectively. The singlet (closed shell) con-
figuration affords a metal-cyclometalating-ligand-based oxida-
tion, which requires a potential that is shifted anodically by
1.33 to 1.55V in comparison with the first oxidation process.
Whereas the triplet configuration of the parent complexes Ru
and RuNO, displays a small stabilization relative to the singlet
configuration, the thiophene-containing complexes reveal the
localization of the second spin on one phenylthienyl unit, caus-
ing a potential difference of only 0.80 to 1.15 V compared with
the first oxidation. Notably, the computed second oxidation
should be regarded as an upper limit, considering the artificial
stabilization of extended m-systems,?® the effect of the sur-
rounding charges,”” and the challenges involved in treating
spin-spin interactions accurately,”® which become particularly
important in strongly coupled open-shell systems.” The intro-
duction of the nitro substituent leads to an anodic shift of the
calculated metal-cyclometalating-ligand-based redox poten-
tials by approximately 0.25 V, whereas the thiophene-based ox-
idation remains almost unchanged. Hence, the calculations
support the observed electrochemical behavior of the systems
upon nitration, but cannot definitely support the electrochemi-
cal decomposition of the thiophene-equipped complexes
through an irreversible oxidation of the central complex frag-
ment. However, the observed deviations between experimental
data and calculations for the model complex Ru, namely the
difference for the second oxidation, must also be taken into
account for the thiophene-functionalized complexes.

The electropolymerization of RuTphMeNO, in dichlorome-
thane was studied, and the respective cyclic voltammograms
are shown in Figure 5. The peak current of the first oxidation
of the complex increases during the first five to ten cycles, as
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Figure 5. CV and peak-current development during the electropolymeriza-
tion of RuTphMeNO, in CH,Cl, (10~*m with 0.1 M Bu,NPF).

expected for a successful electropolymerization. However, the
slope is comparatively low, indicating a low polymerization
rate, and decreases afterwards, reaching a plateau at the twen-
tieth cycle.”® Hence, the obtained films are very thin (the ap-
parent surface coverage was determined to be only I'=1x
107° molcm™). Nevertheless, their characterization by cyclic
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Figure 6. CVs of RuTphMeNO, films showing the first oxidation process at
different scan rates. Inset: Relationship between peak currents and applied
scan rate. (Film on glassy-carbon disk electrode in CH,Cl, with 0.1 m
Bu,NPF,)

voltammetry (depicted in Figure 6) and UV/Vis spectroscopy
(vide infra) was possible. The CV shows a reversible first oxida-
tion with a half-wave potential of 0.28 V, which is slightly shift-
ed cathodically compared with the dissolved monomer com-
plex. Furthermore, the peak current grows linearly with in-
creasing scan rate up to 500 mVs™', indicating the formation
of conductive films with only weakly diffusion-controlled
charge migration.l'%3"

In a similar manner, anodic polymerization was also attempt-
ed for the nonmethylated congener RuTphNO,. Notably, only
relatively low concentrations (around 50 pgmL™" or 5x107°m)
could be applied because of the poor solubility of the com-
plex. However, in contrast to its methylated counterpart,
a linear increase with a steady slope of the monitored peak
current was observed within the 30 cycles conducted
(Figure 7),° and a surface coverage of I'=2x10"° molcm 2
was obtained. Additional signals appeared at 0.45 and —0.05V,
which are tentatively assigned to radicals that were not incor-
porated into the polymer. Comparable features had already
been observed in former electropolymerization studies."” The
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0.0

<

-5.0x10°

-1.0x10°

1.5x10° ' 0 10 20 30
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Figure 7. CV and peak-current development during the electropolymeriza-
tion of RuTphNO, in CH,Cl, (107> m with 0.1 M Bu,NPF).
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CVs of the obtained thin polymer films displayed a reversible
redox signal at 0.25V, which is slightly shifted cathodically
with respect to both its corresponding monomer and the
RuTphMeNO, polymer film. As for the latter, the peak-current/
scan-rate relationship shows linear behavior up to 500 mVs™
(Figure 8). Notably, the accompanying signals at 0.45 and
—0.05 V are not present in the film CVs, supporting their as-
signment to species that were not incorporated.

—A—5mVs’!
6.0x10° 1 20mv's’
—O—-50mVs’
s | —<t200mvs’
4.0x10 ~-500mv's”

s —/—2,000mV's”
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< 0.0
-2.0x10° 4
-4.0x10° 4
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-8.0x10° vimVs'
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02 0.0 0.2 0.4 0.6 0.8
Evs. Fc'IFc/V

Figure 8. CVs of RuTphNO, films showing the first oxidation process at dif-
ferent scan rates. Inset: Relationship between peak currents and applied
scan rate. (Film on glassy-carbon disk electrode in CH,Cl, with 0.1 m
Bu,NPF.)

In addition, electropolymerization studies on the nitro-func-
tionalized complexes using higher vertex potentials were per-
formed, which resulted in a nondefined reaction process, as al-
ready observed for the non-nitro species (Figures S52 and S53,
Supporting Information). Thus, the enhanced electropolymeri-
zation ability upon nitro-functionalization can indeed be attrib-
uted to shifted redox potentials, but not to a blocking of reac-
tive sites.

Copolymerization experiments

For further enhancement of the electropolymerization perfor-
mance of the RuTphMeNO, complex, copolymerization with
3,4-ethylenedioxythiophene (EDOT) as a co-monomer was at-
tempted. The ruthenium(ll) complexes are diluted within the
resulting copolymers, thus undesirable side reactions between
the metal complexes are expected to be diminished. Hence,
different complex/EDOT ratios were used to identify the EDOT
content that leads to improved electropolymerization. The re-
sulting CVs during the potentiodynamic anodic polymerization
experiments are shown for a molar ratio of 1:1 in Figure 9 (see
Figure S54 for ratios of 5:1, 2:1, and 1:5). With a 5:1 ratio, no
improvement in the polymerization process is noticeable at all.
As for the pure complex, the peak-current development shows
an interruption around the fifteenth cycle. However, an addi-
tional plateau arises between —0.2 and 0.6 V, which is assigned
to the formation of poly(3,4-ethylenedioxythiophene) (PEDOT)
chains (see Figure S58 for comparison). For a molar ratio of
2:1, enhanced PEDOT generation is observable, but the slope
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Figure 9. CV and peak-current development during the co-electropolymeri-
zation of RuTphMeNO, with EDOT in CH,Cl, (10~*m with 0.1 m Bu,NPF)
using a molar ratio of 1:1.

of the Ru"/Ru'-based peak-current increase is still reduced
after 15 cycles, and the further current development parallels
the pure PEDOT-based one. This indicates that only PEDOT is
formed from that cycle on, and that the ruthenium(ll) complex
is no longer included. Eventually, an increase in the EDOT
molar ratio to 1:1 leads to significantly improved polymeri-
zation. The Ru"/Ru'-related current increases linearly at least
up to the fortieth cycle with a larger slope than the PEDOT-re-
lated current, indicating that the ruthenium(ll) moiety is still in-
corporated into the generated copolymer. A similar behavior
was observed for an excess of EDOT, namely for a rutheniu-
m(ll)-complex/EDOT ratio of 1:5, with a higher current for the
PEDOT-related background, as expected. In this way, copoly-
mer films containing the cyclometalated ruthenium(ll) complex
were prepared and characterized. Cyclic voltammetry revealed
a reversible oxidation process for both the 1:1 and 1:5 copoly-
mers at around 0.27 V accompanied by a broad, undefined
redox current assigned to the electrochemical doping of
PEDOT chains. In both cases, the peak-current/scan-rate rela-
tionship is linear up to 500 mVs™' (Figures 10 and S56), and
apparent surface coverages of 5x10™° and 8x107° molcm™
(with respect to the complex moieties) were determined for
the 1:1 and 1:5 ratios, respectively.

As for its methylated analogue, copolymers of RuTphNO,
and EDOT were prepared electrochemically with molar ratios
of 1:1 and 1:5 (see Figure S55, Supporting Information). For the
equimolar ratio, only marginal differences, namely a small cur-
rent plateau between —0.2 and 0.5V, occur in comparison
with the homopolymerization. This behavior can probably be
attributed to the very low concentration (below 107*m) of
EDOT, which is required because of the low complex solubility.
In contrast, a fivefold EDOT excess leads to the distinct forma-
tion of PEDOT moieties, as indicated by the development of
a broad current plateau. As for RuTphMeNO,, the peak current
corresponding to the Ru"/Ru" redox couple increases faster
than the subjacent PEDOT-related current, showing that both
the ruthenium(ll) complex and EDOT are copolymerized. Subse-
quent electrochemical characterization confirmed these find-
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Figure 10. CVs of electropolymerized copolymer films from RuTphMeNO,
and EDOT showing the first oxidation process at different scan rates and re-
lationship between peak currents and applied scan rate (films on glassy-
carbon disk electrode in CH,Cl, with 0.1 m Bu,NPF,) for a molar ratio of 1:1.

ings. The cyclic voltammogram of the 1:1 polymer (Figure S57,
Supporting Information) resembles in principle the homopoly-
mer with only small deviations, whereas the films from the
higher EDOT ratio show significant PEDOT influence, that is,
a broad, underlying current plateau. Analysis of the Ru"/Ru'-re-
lated current revealed an apparent surface coverage of approx-
imately 2x107° molcm™2 in both cases.

UV/Vis spectroscopy and UV/Vis/NIR spectroelectrochemis-
try
The UV/Vis absorption and emission features of the monomer

complexes are depicted in Table 2 and the Supporting Informa-
tion (Figure S59). The absorption spectra exhibit a set of bands

Table 2. UV/Vis spectroscopic characteristics of the monomer complexes
(107%™ in CH,Cl,).

Complex Aaps [NM] (¢ [10° M~ cm ™')™ Agm [NM]
RuTph 685s (0.7), 586s (5.0), 533 (9.5), 491 (11.0), 733
388 (43.8)
RuTphMe 689s (0.8), 590s (5.5), 536 (10.5), 491 (12.8), 743
372 (32.1)
RuTphNO, 645s (0.7), 570s (4.0), 507 (11.8), 479 (13.7), 689
389 (36.3)
RuTphMeNO, 642s (0.7), 560s (5.6), 515 (14.3), 482 (16.5), 690
361 (26.1)

[a] s: shoulder.

between 450 and 700 nm, which are assigned to metal-to-
ligand and metal/ligand-to-ligand charge-transfer (MLCT and
MLLCT, respectively) transitions.”” The introduction of nitro
groups causes a blueshift of these bands owing to the elec-
tron-withdrawing nature of the nitro group, which gives rise to
a stabilization of the HOMOs, located on the cyclometalating
ligand and the metal” An additional band can be found at
around 400 nm. Here, the introduction of methyl groups at the
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phenyl spacer moieties causes a hypsochromic shift as well as
a decreasing extinction coefficient. This is probably because of
diminished mt conjugation within the triazole-phenyl fragment
owing to steric hindrance by the methyl groups, precluding
coplanarization. Emission measurements revealed room-tem-
perature photoluminescence at around 740 nm for the nitro-
free RuTph and RuTphMe, whereas the emission maxima for
the nitro-substituted species are, as expected, blueshifted by
about 900 to 1000 cm™".

Comparison of the UV/Vis absorption spectrum of the
RuTphMeNO, polymer film with that of the monomer complex
shows only a negligible redshift of the MLCT maximum of
110 cm™' from 520 nm for the dropcasted monomer film to
523 nm for the polymer, accompanied by a broadening and
a loss of structural features for the MLCT band (Figure 11, top).
Additionally, an intense peak arises at 341 nm, which is as-
signed to mm* transitions that are located on the bis(phenylth-
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Figure 11. UV/Vis absorption spectra of electropolymerized films ([J) from
RuTphMeNO, (top) and RuTphNO, (bottom) in comparison with the drop-
casted monomer (A) (films on ITO-coated glass) and the dissolved mono-
mer (O) (107°m in CH,Cl,).

ienyl) moiety,®® which is present in the polymer but not in the
monomer, and thus confirms the coupling of the monomer
complexes. Unfortunately, spectroelectrochemical investiga-
tions could not be executed because the obtained films were
too thin to give an observable absorption signal within the
used setup.

For the polymer film from RuTphNO,, the UV/Vis absorption
results exhibit a prominent, MLCT-based band at 531 nm,
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slightly redshifted by 220 cm™" with respect to the monomer
film (525 nm) (Figure 11, bottom) and by 290 cm™' compared
with the methylated analogue, suggesting a higher degree of
conjugation in the nonmethylated polymer. Likewise, the addi-
tional band that is present in the UV region, assigned to bi-
s(phenylthienyl) units®® formed through the polymerization, is
redshifted by 590 cm™ to 348 nm. Furthermore, UV/Vis/NIR
spectroelectrochemical studies on the polymer film were per-
formed and an example is shown in Figure 12. The spectral
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Figure 12. Change in the UV/Vis absorption spectrum of an electropolymer-
ized film of RuTphNO, during the oxidation and re-reduction (@) process.
(Note that the underlying absorbance between 800 an 1100 nm (¥) is attrib-
uted to the ITO substrate.) Inset: Change of transmission at 510 nm over 30
cycles of switching between initial and oxidized state. (Film on ITO-coated
glass in CH,Cl, with 0.1m Bu,NPF.)

changes during the oxidation process with a half-wave poten-
tial of 0.25V resemble in principle the characteristic features
observed for the present cyclometalated ruthenium(ll) complex
moiety, namely a bleaching of the MLCT absorption and the
rise of a broad and weak band between 700 and 900 nm,
which is assigned to ligand-to-metal charge-transfer (LMCT)
transitions.*?! Repeated switching between the initial and oxi-
dized state turned out to be reversible for at least the 30
cycles that were run, proving the redox stability of the pre-
pared polymer film, and revealed switching times (defined as
the time necessary to undergo 95% of the full transmission
change®¥) of 1.8 s.

The UV/Vis absorption spectra of the 1:1 and 1:5 copolymer
films of RuTphMeNO, show absorption maxima at 523 nm and
341 nm, accompanied by a broad band in the NIR region (see
Figure S60, Supporting Information). With increasing EDOT
ratio, the relative intensity of the latter rises; this is attributed
to the growing content of PEDOT moieties, which exhibit
a strong NIR absorption (see Figure S62 for comparison). Si-
multaneously, the band at 341 nm, which is related to the bi-
s(phenylthienyl) moieties, decreases with respect to the MLCT
absorption because the bis(thienyl) bridges are replaced by
oligo-EDOT blocks for the copolymers. UV/Vis/NIR spectroelec-
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trochemical studies of the copolymer films showed a combina-
tion of Ru and PEDOT characteristics (see Figures S63 to S66,
Supporting Information): The disappearance of the MLCT band
between 400 and 600 nm, and the rise of a broad, intense
band in the NIR region, respectively. In the long-wavelength
visible-light region, the behavior of the metal complex, that is,
the formation of a new LMCT absorption band, is dominant.
Notably, for the 1:1 copolymer, the PEDOT-based NIR absorp-
tion is blueshifted with respect to the 1:5 copolymer, indicat-
ing the presence of shorter oligo-EDOT chains, which possess
a smaller conjugated m system, whereas the 1:5 system exhib-
its an NIR absorption maximum similar to the pure PEDOT ref-
erence, indicating that the maximum conjugation length is al-
ready achieved. The application of a re-reducing potential led
to the recovery of the initial spectrum in both cases, and simi-
larly, monitoring of the UV/Vis transmission while repeatedly
changing between the oxidizing and re-reducing potentials
showed a reversible redox switchability for at least 30 cycles.

The UV/Vis absorption spectrum of the RuTphNO, 1:1 copo-
lymer (see Figure S61, Supporting Information) is basically the
same as that of the homopolymer. In contrast, the film of the
1:5 copolymer shows an enhanced absorption in the NIR
region, characteristic of PEDOT. Remarkably, in contrast to its
methylated counterpart, a notable redshift of 1300 cm™' be-
tween the homopolymer and the 1:5 copolymer appears for
the absorption band around 520 nm, due to an overlap with
the PEDOT-based absorption (see Figure S67, Supporting Infor-
mation). UV/Vis/NIR spectroelectrochemical studies on the co-
polymer films revealed the typical spectral changes during oxi-
dation. For the 1:1 copolymer, as soon as the oxidation of the
metal center begins, the MLCT absorption band at around
500 nm vanishes, whereas a very broad, weak absorption
arises beyond 600 nm. In contrast to the homopolymer (vide
supra), the latter spans the region up to 1600 nm, and is attrib-
uted to the incorporated oligo-EDOT chains. However, their in-
fluence is significantly smaller than for the 1:1 copolymer of
the methylated analog. An isosbestic point at 590 nm, which is
not present for the other copolymer studies, supports the
presence of only one electro-optically determinant species,
namely the ruthenium(ll) complex, whereas the other copoly-
mers show significant features of both metal complex and
PEDOQT. In the case of the 1:5 copolymer, both the metal com-
plex moiety and PEDOT chains determine the spectra; a de-
crease in the complex MLCT absorption between 400 and
600 nm is accompanied by the emergence of a strong NIR ab-
sorption peaking at 1350 nm. Re-reduction of the 1:1 and 1:5
copolymer films recovered the initial UV/Vis/NIR absorption
spectra, demonstrating the redox stability of the systems. How-
ever, for the 1:5 copolymer, repetitive switching of the redox
state over 30 cycles showed a diminishing of the maximum ab-
sorption change to 95% of the initial value, which could not
be observed for the other systems.

Conclusion

Oxidative electrochemical polymerization can be applied suc-
cessfully to incorporate electron-rich ruthenium(ll) complexes
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of cyclometalating, 1,2,3-triazole-based polypyridyl-type li-
gands equipped with electropolymerizable thiophene moieties
into polymeric thin-film coatings. The use of nonfunctionalized
thiophene-containing complexes leads to decomposition reac-
tions during the electropolymerization process, which are at-
tributed to an irreversible second oxidation of the electron-rich
central complex fragment. The subsequent selective introduc-
tion of a nitro group at the phenyl ring causes an anodic shift
of the decomposition-related redox potential, but not of the
thiophene-assigned one. Hence, the maximum potential
during the potentiodynamic polymerization can be chosen
such that the generation of thienyl radicals, which are crucial
for the formation of the polymer chains, is possible, without
degradation of the complex fragment. The problem of unde-
sired side reactions is expected to be a general issue for the
oxidative electropolymerization of cyclometalated complexes,
so this approach is believed to be a generally applicable strat-
egy for the processing of cyclometalated ruthenium(ll)-poly-
pyridyl systems. Alternatively, the incorporation of 3,4-ethyle-
nedioxythiophene (EDOT) moieties instead of the thiophene
groups into the ruthenium(ll) complex represents a possible
future approach for an improved electropolymerization, be-
cause the oxidation potential required for radical formation
would be lowered. Besides modifications of the metal com-
plexes themselves, an additional comonomer can be used to
enhance the polymerization performance further. Consequent-
ly, EDOT was utilized to form copolymers with different mono-
mer ratios.

The obtained homopolymer films show UV/Vis absorption
up to 700 nm as well as stable redox switchability associated
with electrochromicity. The copolymers exhibit UV/Vis absorp-
tion that is expanded to the NIR region, which is attributed to
the incorporated oligo-/poly-EDOT chains, as well as reversible
electrochemical and spectroelectrochemical behavior, reflect-
ing the mixed characteristics of the ruthenium(ll) and EDOT
moieties.

In summary, a method has been presented for the genera-
tion of conductive photo-redox-active and -stable films featur-
ing a low energy gap, which are believed to have great poten-
tial for applications in photovoltaic and electrochromic devi-
ces.

Experimental Section

General methods, detailed synthetic procedures, and further elec-
trochemical and photophysical data can be found in the Support-
ing Information. CCDC-929252 (HTphMe), 929253 ([Ru'(tpy)-
(CH5CN);1[BF,],), and 929254 (RuTphMeNO,) contain the supple-
mentary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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