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Abstract

Transition metal complexes possess unique chemical, photoredox and spec-
troscopical properties that makes them promising candidates as light har-
vesting antennae or photocatalytic centers in many photochemical devices,
such as e.g. Ru(Il) polypyridyl complexes in dye sensitized solar cells. The
knowledge of the photochemical properties of these complexes is therefore of
paramount importance to optimize their performance in these devices. To
this aim, the computation of excited states and photochemical properties
can provide useful hints to guide molecular design strategies. Unfortunately,
the description of electronic excited states is still far from routine, as com-
pared to ground state studies, and even more that of systems containing

metal atoms.

The present work focuses on the computation of the spectroscopic and pho-
tochemical properties of transition metal complexes. First, a benchmark
study on the excited states of a Ru(Il) polypyridyl complex with quantum
chemical and TD-DFT methods is presented. After electronic excitation,
the possibilities that a molecule has for deactivating are plenty and usually
such relaxation processes compete one to each other. The second main part
of this thesis is then devoted to disentangling photophysical and photo-
chemical mechanisms on several Ru(II) polypyridyl and Pt complexes with
the help of quantum chemical calculations. Thereby, some photophysical
properties, such as e.g. radiative decay rates have been computed to ratio-
nalize e.g. the fine-tuning in the emissive properties. Other photochemical
studies dealing with the emissive properties of Ir complexes, which are used
as phosphors in organic light-emitting diodes, are also presented along this
thesis. Finally, in order to get information about quantum yields and life-

times of the excited states, ab-initio excited state reaction dynamical studies



are mandatory. This is still a challenge for transition metal complexes and
in this thesis we have performed model surface-hopping molecular dynam-
ics simulations in a small organic system, i.e. 2H-Azirine, which shows

wavelength dependent C-N and C-C bond photoactivation.
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Preface

Photochemistry (in its global meaning, including photophysics) is the discipline that
studies the interaction of light with matter, either atoms or molecules. From a philo-
sophical view, already in the Bible there are references to this relevant natural phe-
nomenon. Namely, when God states: ”Let there be light” is highlighted the impor-
tance of light and its concomitant interaction with nature. As a matter of the fact,
it is through the photosynthetic processes that takes place in green plants that life on
Earth is maintained. Other beautiful examples in biology are the chemistry of vision,
which is initiated by a photochemical reaction, or phototropism in plants. Photochem-
ical processes are also involved in many environmental events occurring in soil, sea and
atmosphere; like e.g. the striking regulation of ozone levels in the stratosphere through
absorption of ultraviolet (UV) radiation.

Despite its importance, molecular photochemistry is a relatively young field. Start-
ing in the middle of the last century, photochemistry began to be extensively studied,
mainly experimentally, in parallel to the advances achieved in spectroscopic techniques.
In a first stage the major developments were associated to organic photochemistry and
this is reflected in the seminal books that reviewed the progress and challenges of the
excited states and photochemistry of organic compounds in the 70’s.(1, 2) Investigations
of the photophysics and photochemical processes of transition metal (TM) complexes
were by that time more scarce. However, the photosensitivity of metal complexes was
known for a long time, as e.g. the effect of light on AgCl and its applications in pho-
tography, which began to be exploited in the 1830s.(3) Historically, the beautiful colors

that TM complexes exhibit have attracted the interest of the scientific community
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because important information about coordination number and spin configuration as
well as about ionicity/covalency of the ligand-metal bonds can be extracted. Thereby,
the interpretation of the UV-Vis spectra of TM complexes began around the 1950s,
with the development of the ligand field theory(4, 5) and the first attempts to ratio-
nalize the charge-transfer bands.(6, 7) Early stage studies on TM photochemistry by
that time were dealing with ligand photosubstitution reactions and photoredox decom-
positions of simple TM complexes. These photochemical studies have evolved with
the years to solve more complicated issues (such as the determination of quantum
yields and luminescence lifetimes or the study of energy and electron transfer) and
also in more complicated systems (as e.g. bimolecular and supramolecular systems).
The combination of ideas of supramolecular chemistry and photochemistry has lead
in the last decade of the past century to important applications and light-triggered
functionalities. Among them, light-triggered molecular motors(8) and machines,(9, 10)
solar-energy conversion,(11) organic-light emitting diodes (OLEDs) technology(12) and
green synthesis by sunlight(13) are the most challenging ones. TM complexes, due to
their unique ground and excited state properties have become invaluable components
of many of these devices and machines; acting as e.g. light-harvesting antennas or
catalytic centers.

Among the stated above applications, solar-energy conversion is going to be of
vital importance for the coming generations. Light from the sun is the ideal source of
energy. It is, among the clean and renewable energies, the only one which is readily
available.(14) Much effort is therefore dedicated to develop technologies which harness
solar energy efficiently. Still, solar-based technologies can not compete economically
to fossil fuels.(15) Among them, dye-sensitized solar cells(16) (DSSCs) and artificial
photosynthesis(17, 18) have attracted much attention in the last years. Interestingly,
TM compounds are often light-active components in such devices. To get an insight into
the excited states properties and into the photochemical processes after light absorption,
quantum chemical and dynamical studies are a perfect complement to spectroscopic
measurements. They provide hints not only regarding the nature of the excited states
but also on the mechanisms, either of radiative or non-radiative nature, after light
excitation. Such knowledge could be of striking importance to optimize the efficiency

of solar energy conversion.



This thesis is framed in the study of the photophysical and photochemical charac-
teristics of several TM complexes mainly with the help of quantum chemical methods.
Many of the studies have been performed in close cooperation with several experimental
groups that synthesized and characterized spectroscopically some of the compounds:
the group of Prof. Dr. Weigand (IAAC, FSU Jena), Prof. Dr. Schubert (IOMC,
FSU Jena), Prof. Dr. Holder (Bergische Universitaet, Wuppertal) and PD. Dr. Mohr
(Fraunhofer-Institute, Regensburg). Particularly, the following TM complexes have

been studied and are included in this thesis:

i) Ru(II) polypyridyl complexes, as suitable candidates for light-harvesting antennas
in DSSC cells.

ii) Ir(IIl) cyclometalated complexes, prone to act as triplet emitters in OLED de-

vices.

ii) (Bisphosphane)(n?-tolane)Pt® complexes, which undergo photochemically pro-

moted C-C bond activation in a selective manner.

Additionally, the photophysical and photochemical properties of several organic
compounds have been also studied, namely 2H-Azirines and acidochromic azobenzene-
related dyes.

The rest of this thesis is structured in introduction, theoretical methods and sum-
mary of the results. The scientific contributions which resulted from this PhD work
are appended in Chapter 5. Other publications obtained during the course of this work

are also mentioned in Chapter 5.
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Introduction

This introduction is structured in two main parts. In the first one the photophysics
and photochemistry of TM complexes, emphasizing on the photophysical properties
of Ru(II) polypyridyl complexes is discussed. The second section comprises all the
light-triggered applications which are at the core of this thesis, namely artificial pho-

tosynthesis, DSSCs and OLEDs technology as well as green synthesis by sunlight.

2.1 Photophysics and photochemistry of TM complexes

The main five types of electronic transitions, which can be found in coordination chem-

istry are the following:

i) Metal-centered (MC) excitations as e.g. d-d electronic transitions. They are in prin-
ciple strictly not permitted by Laporte rules® in centrosymmetric environments
but partially allowed due to vibronic and spin-orbit couplings and thus, exhibit-
ing generally lower extinction coefficients as compared to charge-transfer (CT)
transitions. These excitations are responsible for instance for the blue color of

Cu(II) water solutions.

ii) ligand-to-metal charge transfer (LMCT) excitations. They involve promotion of
electrons from occupied ligand orbitals to the partially empty d shell of the metal.

They are low-lying states when at least one of the ligands is easy to oxidize and

!The Laporte Rule states that electronic transitions that conserve either symmetry or asymmetry

with respect to an inversion center are forbidden.
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the metal is easy to reduce. Such transitions are responsible for instance for the

intense purple color of the permanganate anion.

iii) metal-to-ligand charge transfer (MLCT) excitations. These transitions involve ex-
citations from metal d-based orbitals to low-lying empty orbitals located on the
ligand, typically of m* character. They are expected at the low-energy regime
when the metal is easy to oxidize and the ligand is easy to reduce, as in Ru(II)

polypyridyl complexes.

iv) intra-ligand (IL) transitions, involving excitation between ligand-based orbitals
which are located on the same ligand. They are usually present in the UV-Vis

spectrum of the ligands without complexation.

v) ligand-to-ligand charge transfer (LLCT) states. These transitions involve orbitals

located in different ligands.

Due to the presence of many kinds of electronic excitations the description of the
UV-Visible spectra of TM complexes is less simple than for organic molecules. The cor-
respondence in going from electronic configurations to states is also more complicated,
especially in highly symmetric complexes (i.e. due to degenerate molecular orbitals)
or in the case of open-shell ground state configurations, which typically render excited
states with certain double or multiple excitation character. In principle, and follow-
ing the selection rules for UV-Vis spectroscopy, transitions between states of different
multiplicity are strictly forbidden. Symmetry selection rules determine the intensities
of the absorption bands. On the other hand, and leaving aside predictive theories such
as ligand field theory, electronic structure calculations of excited states have become
nowadays a very important complement to spectroscopic techniques. State-of-the-art
calculations, being the multiconfigurational methods the best suited to deal with TM
spectroscopy, allow to accurately describe, in terms of energies and intensities, the

UV-Vis absorption bands of these complexes (see Chapter 3 for a detailed discussion).

Until now we have discussed the photophysical, i.e. vertical, processes of TM com-
plexes. On the other hand, the photochemical events are those occurring typically after
light absorption. In Figure 2.1 are represented several plausible photochemical path-

ways. To this aim, some potential energy curves corresponding to several electronic



2.1 Photophysics and photochemistry of TM complexes

Sx
7
T Internal Intersystem Pt
1, relaxation crossing (ISC) .~~~
& O
(T) N ,/l/ <
c A [ A
o N e
.f__U i) \\\ _J;,,'//
€| vertical E 1v) iv)
g excitation 8 | Phosphorescertce << \ Internal
o (hv) = S () conversion
=18
So g1
3 .
i vi) PHOTOPRODUCT
REACTANT
Photophysics & Non-adiabatic photochemistry

Adiabatic photochemistry

Figure 2.1: Main adiabatic and non-adiabatic events in photochemical processes

states (Sp, S1 and T;) have been represented. After Franck-Condon vertical excita-
tion i) to the singlet excited states, nuclear relaxation can lead to several radiative
or non-radiative pathways. Before discussing them, it is useful to distinguish first be-
tween adiabatic and non-adiabatic (or diabatic) photochemical processes, depending
whether these occur on the same potential energy surface (PES) or not. Nowadays
it is well-accepted that both adiabatic and non-adiabatic processes are ubiquitous in
photochemistry. The excited state molecule might relax via vibrational relaxation (me-
diated by solvent deactivation and molecular collisions) to a minimum on the singlet
potential energy surface. From there, emission of a photon could take place ii), that is
fluorescence. It may happen as well that the excited state molecule has enough vibra-
tional energy to reach other regions of the PES. Eventually, in the vicinity of a surface
crossing (non-adiabatic photochemistry), population transfer between two electronic
states can take place wvia coupling of the electron motion to the nuclear and/or spin
motion. Surface crossings are mediated by Conical Intersections (Colns)(19, 20). The
importance of Colns in organic photochemistry as efficient photochemical funnels for
radiationless deactivation mechanisms on a subpicosecond scale and/or in photochem-
ical transformations is nowadays well established.(21)

Surface crossings are classified in intersystem crossings (iii, ISC) or internal con-
version (iv, IC), depending whether they involve states of different multiplicity (e.g.

singlet-triplet crossing) or states of the same multiplicity (e.g. singlet-singlet crossing),
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respectively. For TM atoms the photochemical picture allows for full complexity. The
increased spin-orbit couplings (SOC) due to the metal atoms as compared to main
group chemistry, makes the formally forbidden singlet-triplet transitions substantially
enhanced. The ISC rates krsc can be obtained, in principle, from the Fermi’s Golden

Rule, see equation (2.1)

2 ~
kisc = (T HsolS)Pp(E). (2.1)

where H. so is the spin-orbit coupling operator and p(E) is the density of states in the
final electronic states.(2) For TM complexes, and oppositely to organic chemistry, ISC
processes may occur in an ultrafast manner and very efficiently. Exemplarily, in the well
characterized experimentally [Ru(bpy)s]** (bpy=2,2’-bypyridine) complex, ISC takes
place in less than 100 fs and almost with the unity of quantum yield.(22) Therefore,
triplet excited states have a protagonist role in the photochemistry of TM complexes.
Once the triplet excited states are populated, alternative deactivation pathways are
opened up, as e.g. vibrational relaxation to a minimum on the triplet excited state
surface from where emission of a photon takes place, v) that is phosphorescence. Fi-
nally, to conclude the description of the photochemical reactions described in Fig.2.1,
the radiationless pathways may lead again to the ground state PES, yielding either
a photoproduct vi) or recovering the ground state initial reactant without chemical
transformation. The branching ratio reactant/photoproduct will be determined, among
other effects, by the nature of the Coln (sloped or peaked Coln).(23)

Computational photochemistry exploted ca. 20 years ago with the pioneering work
of Robb and Olivucci.(21) Nowadays, it is well accepted that Colns mediate all type
of chemical events, from e.g. pericyclic photoreactions to ultrafast deactivation in
DNA. In the last 10 years and parallel to the boom of time-resolved femtosecond
spectroscopy,(24) a number of computational strategies are readily available to comple-
ment stationary quantum chemical calculations with time-dependent properties. Dy-
namical calculations allow, in principle, to be quantitative with experimental quantum
yields and with time scales. It is fair noting that these theoretical studies (either of
"static” or ”dynamic” nature) have been mainly focused on organic compounds. Com-
putational studies on the photochemistry of TM complexes(25) are more scarce due

to their intrinsic complexity (see Section 3 for further details). Consequently, many
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challenges in TM spectroscopy and photochemistry are open up from a computational
point of view.

In the following subsection the photophysics and photochemistry of selected Ru(II)
polypyridyl complexes is described, since they are at the core of this thesis. The
photochemical properties of Ir and Pt complexes will be also briefly commented and

compared to the Ru(II) polypyridyl complexes.

2.1.1 Photophysics and photochemistry of selected complexes

Ru(II) polypyridyl complexes have been extensively investigated due to their unique
chemical, redox and photophysical properties.(11, 26, 27) Particularly, Ru(II) polypyridyl
complexes feature chemical stability and ability to undergo redox reactions both in
the ground and the excited states. From a photochemical point of view, they show
very interesting properties to be exploited in light-based functionalities. Therefore,
the number of photophysical studies on Ru(II) polypyridyl complexes has increased
considerably during the last 30 years. Ru(II) polypyridyl complexes absorb consider-
ably in the UV-Vis region and exhibit long-lived and intense luminescence. Among
Ru(II) polypyridyl complexes, the prototype compound [Ru(bpy)s]?*, see Fig 2.2a is
certainly the most studied complex. In an early stage, much effort was put in aspects of
supramolecular photochemistry and static photophysical properties. In the last years
and with the development of femtosecond transient-absorption spectroscopy, important
additional information of the underlying photochemical processes could be extracted.
Thus, it has been shown that upon excitation of the [Ru(bpy)s]>* complex to the first
singlet excited states (absorption maximum around 450 nm) ultrafast ISC occurs in
less than 100 fs in an ”horizontal” manner, leading to the formation of triplet states
with near-unity quantum yield.(22, 28) Therefore, relaxation processes are dominated
by the decay from the triplet excited states rather than by spin-allowed fluorescence or
IC from the excited singlet states. Both low-lying singlet and triplet excited states have
been theoretically assigned using time-dependent density functional theory (TD-DFT),
as singlet and triplet metal-to-ligand charge transfer (!\MLCT and *MLCT, respec-
tively) states.(29) Thus, the ultrafast nature of the ISC processes is not surprising,
since strong spin-orbit couplings are expected for the states with participation of the
metal ion. From 300 fs onwards,(22) the transient-absorption spectrum remains with-

out changes. Hence, the 3MLCT manifold decays to the lowest triplet excited state via
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IC and vibrational relaxation processes. Once the lowest triplet excited state is popu-
lated, eventually phosphorescence can take place (again due to strong SOC), recovering
the ground state reactant without chemical transformation.(11, 30)

The luminescence rates as well as the efficiency of the phosphorescence process
are strongly dependent on the sample conditions (i.e. solvent), room temperature as
well as ligand modification. Currently, one of the major goals on Ru(II) polypyridyl
chemistry is to optimize its photophysical properties profiting at the same time from
desirable architectures to potentially build photochemical devices. In this sense, the
[Ru(bpy)s]?* complex present optimal photophysical properties, with long-lived excited
states at room temperature of ca. 1 us.(26) However, the construction of [Ru(bpy)s]?*-
based polynuclear systems implies some undesirable design drawbacks. Thus, the use
of tris-bidentate architectures induces the creation of diastereoisomers, and further-
more additional substitution of the bpy ligands will lead in principle to facial and
meridional isomers.(31) In such isomer constructions, electron and energy transfer pro-
cesses do not proceed with a well-defined directionality, which is in principle desired
to exercise control over these processes on a nanometer scale. Instead, it has been
seen that complexes based on tridentate ligands, as e.g. 2:2":6’,2”-terpyridine (tpy) are
prone to yield isomer-free linear assemblies for vectorial electron transfer(31, 32, 33)
in multiunit assemblies. Unfortunately, the bis-tridentate [Ru(tpy)s2]?T complex (see
Fig 2.2b) has an excited-state lifetime of only 0.25 ns at room temperature.(33) The
short lifetimes of the excited states of [Ru(tpy)2]>* are usually rationalized in terms of
the thermal population of non-emissive triplet excited states, typically of metal-center
(3MC) character.(34, 35) Thus, in this complex, the modification of the octahedral
environment around the Ru center by the pincer tpy ligand leads to a weak ligand
field which in turn determines the stabilization of the MC states. In Fig 2.2c-d the
schematic representation of the excited state diagrams for the prototype [Ru(bpy)s]?*
and [Ru(tpy)2]*" complexes are represented, respectively. When the SMC states are
highly accessible at room temperature, as in the case of the latter compound (Fig
2.2d), ultrafast radiationless deactivation via the ISC channel to the ground state PES
follows. Indeed, this fast deactivation channel is associated not only to radiationless
deactivation to the ground state but is also related to the opening of other photochem-
ical reactivity channels, as e.g. solvolysis or anation(36) as well as reactivity towards

biomolecules.(37) As it has been recently theoretically elucidated,(35) two major facts
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Figure 2.2: a)[Ru(bpy)s]** complex. b) [Ru(tpy)2]?" complex. c-d) Schematic represen-
tation of the states involved in the main photochemical processes of Ru(bpy)s]** (c) and
[Ru(tpy)2)?T (d) complexes.

determine the fast deactivation channels in these complexes; namely, the presence of
small 3MC-3MLCT energy gaps and the accessibility from the 3MC state to the 'GS
PES. Exemplarily, a minimum energy >MC/!GS ISC point has been located theoret-
ically for the [Ru(bpy)s])?T complex.(38) Such ISC geometrical structures features a
distorted geometry bearing non-bonded nitrogen atoms, which might explain the ob-
served photochemical reactions in these complexes, as e.g. the solvolysis reactions. As
we stated before, in the [Ru(bpy)s]?>T complex the radiative mechanisms (i.e. phos-
phorescence) is preferred to the non-radiative deactivation pathways. Such behavior
can be straightforwardly rationalized in terms of the considerable 3MC-3MLCT energy
gaps (see 2.2c), even though still some temperature-dependent behavior of the lumi-
nescence lifetime has been observed for the [Ru(bpy)s]?* complex. Oppositely, for the
[Ru(tpy)z2]?T complex, such gap is considerably reduced and hence determining the
preference for non-radiative pathways rather than radiative emission processes.

The phosphorescence quantum yield (®,) of Ru(II) polypyridyl complexes is a subtle
balance between the radiative decay (k) and the non-radiative decay(k,,) rates.(2)
Assuming a temperature independent behavior of the k. value, the ®, is defined by

equation (2.2).

Ky

P, = —"r
P kekge

(2.2)

The k?ﬁf value is the observed non-radiative decay rate, which can be expressed as

" — Koy + ke (T), (2.3)

obs

11



2. INTRODUCTION

which is a sum of the k,;,, i.e. the temperature independent non-radiative decay
rate and the temperature dependent rate (k- (7)). This, in turn, can be expressed as

an Arrhenius type equation, as shown in equation (2.4)

kny (T) = Ae 71" (2.4)

where E, stands for the activation barrier for the thermal population of the 3MC
state from the SMLCT state, as discussed before.(39) This expression explains the
temperature dependence of the luminescence lifetimes of complexes with thermally
accessible 3MC states.

In order to achieve longer lifetimes of Ru(II) polypyridyl complexes, several de-
sign strategies have been proposed in the literature, mainly directed towards achieving
increased *MC->MLCT energy gaps. To this aim, the use of i) cyclometalating and
other strong donor ligands, (40, 41, 42), ii) ligands with extended 7 systems(43, 44, 45)
and iii) ligand substitution(33, 46) has been proposed in the literature, with more or
less success. Some of these strategies, namely the use of abnormal carbene ligands,
are contemplated in this thesis. In those cases where the radiationless deactivation
mechanisms involving the *MC state are efficiently suppressed, the k,,(7) component
can be neglected from equation 2.3. In such situations, it has been observed that the
non-radiative decay rates from the SMLCT states to the ground state are determined
by large vibrational overlap between both PES. In a simplified description of the k.,
it usually exhibits an energy gap law like dependence,(47, 48) see equation (2.5)

by o —ePAE (2.5)

where AE stands for the 3MLCT-'GS energy gap, which can be approximated as
the emission energy. In principle, diminished energy gaps (i.e. AE) yield larger non-
radiative decay rates. The [ parameter depends on the structural distortions going
from the 'GS minimum to the emitting SMLCT equilibrium geometry. In a simplified
manner we can also state that the more distortions occur, the bigger the k,r becomes.
It has been seen that such exponential dependence of the k,, with increasing energy-
gaps holds for a series of related Ru(II) and Os(II) polypyridyl complexes, since the

deactivation modes remain common within the series.(49, 50) Such modes have been
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typically assigned with the help of low-temperature experiments,(48, 51, 52, 53) to
medium-frequency ring-stretching vibrations, ranging from 1000cm ™" to 1600cm ™.

The radiative rates k. of Ru(Il) polypyridyl complexes can be derived from a
Strickler-Berg expression(54) via the following equation (2.6):

. 2
kS (T — So) = 17’25 > Kj; ’}(Zio_slr;%‘ - (2.6)

As it can seen in Eq. 2.6, the k. are obtained for each triplet (T,,) participating in
the phosphorescence emission and what is more, there is a rate component for each spin
sublevel (a) of the triplet excited state, T,. All the contributions with the interacting
n singlet states are summed up. X, stands up for the S,,/T,, energy ratio, whilst 7
corresponds to the refractive index of the medium. Finally, the k. depends on the
SOC matrix elements and on the singlet to singlet associated oscillator strengths, f. It
is worth noting that the individual phosphorescence rates for the three possible spin
sublevels can only be experimentally determined in the limit of large fine-structure
splittings and low temperatures. At room temperatures only weighted phosphorescence

rates can be measured, these can be straightforwardly obtained through equation (2.7).

T = ;Zk (2.7)

Summarizing, as it can be deduced from Equation 2.6 three factors influence the
phosphorescence rates: i) the SOC matrix elements, ii) the energy difference between
the manifold of singlet and triplet excited states, and iii) finally the oscillator strengths.

As it will be discussed on the following sections of this introduction, and due to
the potential applications of Ru(II) polypyridyl dyes in light-triggered devices, there
is a strong need of developing complexes that feature long lifetimes of their excited
states. Furthermore, complexes capable of absorbing a larger fraction of the sun light,
i.e achieving near-infrared (NIR) absorption through more intense 'MLCT states are
desired. As we stated above, to achieve longer lifetimes of Ru(II) polypyridyl complexes,
several synthetical strategies have been proposed. We note that the strategies based
on the single optimization of only one of these desired photophysical features might
result in a worst global photochemical behavior for potential applications. Exemplarily,

in those complexes designed to yield NIR absorption (by lowering the energy of the
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Figure 2.3: Main components (light-harvesting antennae and OEC) of PSII, with a closer

zoom into the MnyCa cluster.

'MLCT states) it is usually seen that lower SMLCT states are also obtained, thus
harming the excited state lifetimes due to the energy-gap law dependence.

Pt and Ir complexes, which are also at the core of this thesis, present very similar
photophysical properties as compared to Ru(II) polypyridyl complexes. We just note
here that ISC processes could be even faster, since larger SOC are expected for 5d

transition metal atoms.

2.2 Light-triggered applications involving TM complexes

In the last decades an increasing effort has been put into the development of technologies
which harness solar energy efficiently. This revolution has been stimulated by the urgent
need for substituting the non-renewable sources of energies, i.e. fossil fuels, and by the
human desire to mimic the photosynthetic processes taking place in green plants. Many
functional artificial photosynthetic molecular devices have been proposed, being mainly
inspired in the photosystem II (PSII), see Fig 2.3.

Two main components can be found in PSII, namely the light-harvesting antennae

14
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and the oxygen-evolving complex (OEC). The secondary light-harvesting antennae,
i.e. Chlorophyll A and Beta Carotene chromophores, absorb sunlight and transfer
efficiently energy (via the Forster mechanism) to the primary chromophore, the complex
P680. The excited P680 complex transfers an electron to an acceptor cofactor, namely
the plastoquinone. The electron hole in the reaction center triggers the concomitant
reactions that finally lead to the oxidation of water to Oy in the OEC complex.(55)
Interestingly, the OEC core is composed by a MnyCa cluster.(56) So, it seems that
nature has selected metal atoms as active components in photosynthetic processes.
Metal atoms are present not only in the photocatalytic reaction centers (i.e. the MnyCa
cluster) but also in the light-harvesting antennae (e.g. Chlorophyll chromophores are
constituted by a chlorin ring with a Mg atom at the center of the ring). Therefore, it is
not surprising that TM complexes have had in the last decades a protagonist role in the
main artificial supramolecular strategies to harness solar energy. Another important
lesson to learn from nature is that for the achievement of efficient energy conversion
a very precise organization in the spatial organization of the different components as
well as in energy and time dimensions is needed.

In the following subsections some of these bio-inspired based-technologies are de-
scribed; namely artificial photosynthesis, dye-sensitized solar cells (DSSCs) technology,
OLEDs technology and green synthesis by sunlight.

2.2.1 Artificial photosynthesis

As we stated above, there is an urgent need in the modern society to substitute fossil
fuels. Future fuels must be extracted from abundant, inexpensive raw materials such
as carbon dioxide and water. It is precisely the latter, due to a combination of different
factors, the most promising one. In the water splitting reaction, molecular oxygen and

hydrogen are released, according to Eq. (2.8):

2H50 + 4hv — 2H5 + O9 (28)

Obviously reaction (2.8) does not occur spontaneously upon light excitation. There-
fore, water must be previously sensitized because sunlight does not electronically excite
the water molecule. By mimicking the PSII chemistry, several artificial photosynthetic

systems have been proposed. In the natural systems the complex spatial organization of
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the different components is mainly driven by intricate intermolecular interactions. This
complexity is out of reach for the synthetic chemists and therefore covalent bonding is
employed to connect the different subunits in artificial photosystems.(57) The general

features that such devices must contain are the following:(58)

i) A Light-harvesting antenna complex capable of absorbing sunlight and transfer en-

ergy in an efficient manner.

ii) A reaction center for photoinduced charge-separation. The minimal reaction center

should contain an electron-donor and an electron-acceptor unit.

iii) Catalyst as one-to-multielectron interfaces between the charge-separated state and

the primary substrate.
iv) A membrane to provide physical separation of the products might be also needed.

In Fig 2.4 a plausible artificial photosynthetic system is represented. In such a
device, the primary chromophore P can induce charge-separation donor-acceptor (i.e.
D*-A~) through direct absorption of light or via mediated energy transfer from the
secondary light-harvesting antennae. Directionality towards the primary chromophore
in the energy transfer process is therefore a must to achieve efficiency (organization
in space dimension). In this respect, it is worth mentioning that the solar radiation
spectrum covers from the near-UV region to the near-IR region. Therefore, in order
to absorb a larger fraction of the incident light, the use of different chromophores with
different maximum absorption peaks covering the whole solar radiation spectrum is of
crucial importance. The antennae effect in supramolecular arrays is only suitable if
an organization not only in space but also in time and energy dimensions concur.(58)
Thus, the energy transfer rates should occur fast enough before competing radiative or
non-radiative deactivation takes place (organization in time dimension). Additionally,
the energy of the acceptor excited state has to be lower, or at least equal, to the energy
of the excited state of the donor (organization in energy dimension). Due to a combi-
nation of synthetic and functionalization advantages, dendrimer structures(59) (see Fig
2.5a) are currently the most promising supramolecular strategy for the construction of
artificial antennae.(30, 60) As a consequence, TM complexes-based dendrimers, (30, 61)
phorphyrin-based dendrimers(62, 63) as well as organic-based dendrimers(64, 65) have

been proposed in the literature as light-harvesting antennae in artificial photosystems.
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Figure 2.4: Main components of a tryad-based (D-P-A) artificial photosynthesis device
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Figure 2.5: a) Dendrimer structure. b) Phorphyrin-fullerene dyad (D-A). c¢) Blue dimer
compound. d) One component system.

Regarding the charge-separation center, several architectures have been proposed,
mainly based on dyads (D-A)(66, 67) or tryads (e.g. D-P-A, see in Fig 2.4)(68, 69, 70)
All the proposed architectures rely on the conversion of light energy to redox energy.
Accordingly, and in order to avoid charge recombination processes, the quantum yields
of electron transfer should be high and long-lived lifetimes for these states are desired.
The phorphyrin-fullerene (see Fig 2.5b) moiety is often used as a charge-separation
device since it fulfills both requirements.(70)

In the design of an artificial photosystem device one of the major problems that
one has to face is the design of the catalytic centers. Particularly, the major bottleneck

is the water oxidation catalyst. The water oxidation implies a four-electron process
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whilst the photoinduced charge separation is a one-electron process, and both processes
must be coupled. To this aim, the design of multielectron redox catalysts capable of
releasing electrons in a stepwise manner and oxidizing water in a concerted way is of
vital importance.(71) Again nature astonishes us with the its beautiful know-how, i.e.
the MnyCa cluster, which acts as a ”pool of electrons”. The major advances during
the last years in what multielectron redox catalysts concerns have been associated to
the development of bimolecular approaches, particularly in the use of dinuclear Ru
complexes, (72, 73) like the blue dimer compound(74) (see Fig 2.5¢). Such systems are
capable of oxidizing water to dioxygen, but still the reaction rates are not comparable
to those obtained in the oxygen evolving complex of PSII.

Leaving aside bottom-up approaches in the design of artificial photosystems, cur-
rently there is an increased effort to develop one-component systems,(75, 76, 77) like
the one shown in Fig 2.5d. In such a device the photo-redox reaction center (i.e. a
light-harvesting antenna and the charge-separation reaction center) is directly linked
to the catalytic center through a redox-active bridge. Such intramolecular approaches
have been exploited with an integrated evolving Hs catalytic center, like the dichloro-
Pd moiety shown in Fig 2.5d,(75) and using as primary font of electrons other species
instead of water, as e.g. tryethylamine. Thus, upon light excitation production of Hs

is observed.

2.2.2 DSSCs technology

In 1991 Grétzel and coworkers published a DSSC device(16) based on nanocrystalline
TiOs, that was exhibiting a 7% of sunlight conversion efficiency. Since then, DSSCs have
attracted much attention as they offer the possibility of inexpensive and remarkable
efficiency ratios.(78, 79) Fig 2.6a represents schematically a typical DSSC. The cell is
constituted by transparent conduction oxide electrodes. The photoanode is composed
of TiO9 nanoparticles, which are covered with a thick film that scatter photons back
into the transparent film.(80, 81) The dye is usually covalently linked to the TiOq
nanoparticles via carboxylate moieties. After light excitation of the dye, it rapidly
injects an electron into the semiconductor. The dye will be consequently regenerated
(i.e. reduced) through a redox shuttle, typically the pair I3 /I, which is part of the
electrolyte solution. Asin other conventional batteries, anode and cathode are placed at

different sides of the liquid conductor, namely the electrolyte. In Fig 2.6b is represented
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Figure 2.6: a) Schematic representation of a typical DSSC device. b) Approximate energy
diagram of a conventional DSSC. Processes highlighted. 1) Regeneration of the dye by the

redox shuttle. 2) Electron injection into the semiconductor. 3) Charge collection in the
anode.

an approximate energy diagram of a typical DSSC. The electron movement in a DSSC
is represented with arrows. From an energetic point of view it is crucial that the
HOMO/LUMO dye’s energy levels are aligned with those of the TiO2 conduction band
as well as with respect to the redox shuttle. An energetic alignment, like the one shown
in Fig 2.6b ensures that electron injection and dye regeneration takes place. There are
mainly three processes that compete with the electron transfer processes and thwart
the successful operation of DSSC. First, the excited state dye could undergo internal
deactivation (either of radiative or non-radiative nature) before transferring an electron
to the semiconductor photoanode. Second, the injected electron could recombine with
the oxidized dye before the dye is regenerated by the redox shuttle. Finally, the injected
electron could even be directly intercepted by the redox shuttle.

The improvement of the sunlight conversion efficiencies has been the major bottle-
neck in the development of these devices, reaching current records of ca. 11%(82, 83).

The overall solar conversion efficiency (i.e. 1) is a subtle balance of many variables. It

is usually expressed by equation (2.9)

_ JSCX‘;?CXFF7 (2.9)

where P;,, stands for the total solar incident power. FF (i.e. the fill factor) depends

on the diode quality factor and typical values range between 0.75 and 0.85. There is
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little room for the improvement the latter variable and therefore, the focus for opti-
mizing efficiencies has been mainly put on increasing the other two parameters, the
short-circuit current density (Jgc¢) and the open-circuit photovoltage, Voc.(78) It is
worth noting that DSSC comprises four main components, which are i) the dye, ii) the
redox shuttle, iii) a dark electrode and iv) a semiconductor photoanode. Such compo-
nents have been individually optimized to maximize the efficiency ratio. Unfortunately,
the global device efficiency is hardly improved by single substitution of one of the com-
ponents. It is very likely that in order to make significant improvements, at least two
or three components should be interchanged simultaneously. In the following, we will

briefly discuss several guidelines in order to increase the device efficiencies:

i) Increasing the Jgo value. The most obvious way to increase the Jgo value is to
absorb a greater fraction of the incident sunlight. Ru(II)polypyridil dyes absorb
strongly in the near UV-region and moderately in the visible region. Therefore,
the design of dyes that absorb in the near-IR region is vital since, as we stated
above, the solar radiation spectrum covers from the near-UV region to the near-
IR region. The optical gap of the dye (see 2.6b) should be then reduced, either
by lowering the LUMO energy level (we note that it should be lowered without
harming the electron injection into the conduction band of the photoanode(84))
or by raising the HOMO level. Hence, low-energy "MLCT and >MLCT states are
desired. This strategy might indirectly enhance other non-desired photochemical
events on the dye, since as stated by the energy gap-law(47), non-radiative deac-
tivation pathways are enhanced exponentially with decreased energy gaps of the
responsible excited states. Whether these deactivation pathways compete with
the electron injection still is a question of debate and needs further study, since
different injection dynamic time-scales have been observed in Ru(II)polypyridyl-
based DSSC’s.(84) Another striking point of Ru(II)polypyridyl dyes is that their
absorption bands usually present low extinction coefficients, and therefore hun-
dreds of adsorbed dye monolayers are required to collect all the incident light.
Large semiconductor surfaces areas are consequently employed, fact that could
induce further drawbacks. Indeed, it has been seen that interception rates scale
super-linearly with surface areas whilst absorption scales only linearly.(85) This

fact remarks the benefits that increased absorptivity of the dye could induce in
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the development of future DSSC’s, particularly in the design of photoanodes with
reduced surface areas. In line with this, the search for dyes that address both
spectral coverage and absorptivity issues has lead in the last years to DSSC’s
devices based on organic dyes, like indoline(86) or coumarin(87) dyes. Such
DSSC’s currently compete in terms of efficiency, costs and chemical stability
with Ru(II)polypyridyl-based DSSC’s. The major drawback of the organic dyes,
as compared to the Ru(II) dyes, is the lower lifetimes of their excited states
that might enhance recombination processes, although this fact could not be so

important if ultrafast electron injection dynamics is achieved.

ii) Increasing the Voo value. The V¢ is the difference between the Nernstian poten-
tial of the solution and the semiconductor’s quasi-Fermi level (Ejepm; in 2.6b).
Since there is little room for biasing the semiconductor level, the most straight-
forward way to increase the Voo value is shifting the solution potential to more
positive values (see 2.6b).(88) It is fair to note that an overpotential between the
redox shuttle and the dye is needed for guaranteeing the regeneration of the dye
at an acceptable rate. To this aim, searching for redox couples exhibiting more
positive potentials than the well known I /I pair, while maintaining enough over-
potential with respect to the dye, is crucial. Furthermore, the bad performance
of I3 /Io-based cells sensitized with highly-polarizable organic dyes(89) as com-
pared to conventional Ru(II)polypyridyl dyes and the complicated regeneration
processes of the latter dyes with the I3 /Iy redox pair, and which mechanism is
still uncertain,(90, 91) opens the range of potential substitutes of this redox pair.
Indeed, substituted cobalt polypyridyl complexes(92, 93), copper complexes(94)
as well as pseudohalogen redox couples, like the (SeCN)2/(SeCN)™ pair,(95) have

shown promising efficiencies in different DSSC’s.

Summarizing, the efficiency in DSSC’s is a subtle balance of many variables. The
main components of the cells should be interchanged simultaneously, very often in a try-
and-error manner, to improve efficiencies. Nevertheless it is expected that the records

in efficiency will exceed the 16% in the following years.(78)
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Figure 2.7: a) Schematic representation of an OLED device. 1) Electron-hole recombi-
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nation and concomitant exciton formation. b) Typical homoleptic and heteroleptic Ir(I1T)

complexes used as phosphors in OLED devices.

2.2.3 OLEDs technology

While DSSC use sunlight to produce electricity, there is also an increasing interest from
the scientific community to efficiently produce the reverse process, namely the trans-
formation of electricity into light. As a consequence OLED technology has exploited in
the last years,(96, 97) mainly due to their low energy consumption and high color repro-
duction and fidelity. A simplified representation of a typical monolayer OLED is shown
in Fig 2.7a. It is fair noting that multilayer architectures are usually used in order to
improve injection and transporting properties. A typical device comprises an anode,
several organic layers and a cathode. Such devices can be extremely thin, flat and trans-
parent. They are even capable of being built up on flexible substrates.(96, 98, 99) The
host material of the layers (usually composed by organic polymers) is a semiconductor
where hole and electron transport takes place. Cyclometalated Ir(III) complexes, like
the one shown in Fig 2.7b, are usually employed in OLED technology as dopants of
the host material. When a voltage is applied, holes are injected in the HOMO level
of the material and electrons are transferred into the LUMO level. Both hole and
electrons will be transported to the opposite electrode. Eventually, while being trans-
ported on the host material, interaction between hole and electron may occur, process
which can be followed by their recombination and formation of an exciton.(97, 99, 100)
Deactivation of an exciton leads finally to the emission of a photon, see Fig 2.7a.

As we stated above, Ir(III) complexes are usually used as dopants in such devices
due to their optimal photophysical properties and their versatility to tune the emis-

sion color by varying the attached ligands.(101, 102) Concerning their photophysical
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2.2 Light-triggered applications involving TM complexes

properties, besides their chemical stability, these complexes feature very high quan-
tum yields of phosphorescence, due to enhanced SOCs for the Ir atom, and relatively
short phosphorescence lifetimes. Furthermore, the triplet-triplet annihilation processes

t!1 complexes. Conse-

at higher currents are deactivated, as compared to parent P
quently, high quantum efficiencies can be achieved. In principle an internal efficiency
of 100% can be theoretically achieved when using these phosphors, which in any case
cannot be improved within a fluorophore exciton-based device.(96) Current records of
external efficiency lay nevertheless around 20%,(103, 104) due to the limited charge
transporting capabilities of the host materials. In Fig 2.7b are shown some typical
Ir(III) complexes, used as phosphors in OLED devices. Tris-cyclometalated homo- and
heteroleptic complexes (see e.g. an homoleptic tris-cyclometalated complex in 2.7b)
and neutral bis-cyclometalated derivatives with ancillary ligands such as acetylaceto-
nate (as in the case of the heteroleptic complex shown in 2.7b) are the typical phosphors
in OLED devices.(105, 106, 107) The emission color of these complexes can be varied
from blue to red by adapting the coordinated ligand system (either by substitution of

the cyclometalated as well as the ancillary ligand).(101, 102, 108, 109)

So far, the efficiencies of green triplet emitters are usually better than the ones
for red(110) and blue ones(111) The poor performance of the red emitters can be
straightforwardly understood in terms of the energy-gap law. The design of efficient
blue emitters is even more challenging, since the lowest-lying emitting states usually
lay close in energy to non-emissive states, typically of multiconfigurational character
(see section 2.1.1), which become thermally accessible and harm the phosphorescence
efficiencies. Many effort has been therefore put during the last years on the designing

of efficient blue emitters.(112)

For all the stated reasons, cyclometalated Ir(III) complexes are the most efficient
and versatile class of phosphors in multicolor OLEDs as well as in white OLEDs assem-
blies. Furthermore, they can be employed in biomedical imaging(113) as well as active
components in sensor devices,(114) since it has been seen that the phosphorescence of
these complexes is sensitive towards oxygen (and therefore to barometric pressure) and

temperature.(114, 115, 116)
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2.2.4 Green synthesis by sunlight

As we have seen along this introduction, storage of solar energy is one of the main
challenges in the near future. A rather unexploited way to store sunlight energy, as
compared to the rest of applications, is the photoinduced transformation of new chem-
ical bonds, that is, synthesis by sunlight.(13, 117, 118) Promisingly, photochemical
reactions could be used instead of toxic or expensive chemicals reagents in the pro-
duction of industrially chemicals and/or to overcome activation barriers without an
external source of energy. Furthermore, no residues in the reaction mixture are ob-
tained. For all the stated reasons, synthesis by sunlight is a promising field of green
and eco-sustainable chemistry.(119) The major drawbacks of synthesis promoted by
sunlight are the following: i) the variability of the sunlight flux according to weather
and geographic conditions, ii) the poor absorption of the solar emission by the reagents
(typically organic reagents that mainly absorb on the near UV-region) and finally iii)
the poor versatility of the field to tackle all kind of chemical reactions, and therefore
narrowing its potential applications. This drawback is on the other hand an advan-
tage since photochemistry opens up the possibility of non-available thermal pathways
and/or selective chemical transformations. From a technical point of view, either solar
concentration systems(120) and solar reactor systems without prior concentration have
been studied.(117) Currently, the three most promising group of reactions to be pro-
moted by sunlight are: i) reactions involving Fischer carbene complexes,(121, 122) ii)
chromoarene derivatives(123, 124, 125) as well as ii) reactions involving carbonyl con-
taining compounds (e.g. ketones, cyclohexadienones or quinones).(126, 127, 128, 129)
In many of these examples of reactions promoted by sunlight, high quantum yields
combined with remarkable chemical selectivity have been achieved.

We note that coordination of organic ligands to metal centers (like e.g. in the
chromoarene derivatives) opens up the possibility of matching in a better extent the
solar spectra as compared to the bare organic ligands (via the creation of typically
low-lying CT bands involving the metal center, which are absent in the ligands by
themselves). Furthermore, new photochemical pathways arise upon metal coordination,
which could be interesting to be exploited from a synthetic point of view. Particularly,

one of those potential uses of sunlight in synthetic strategies involving transition metal
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2.2 Light-triggered applications involving TM complexes

atoms is in what C-C bond activation concerns. Since C-C bond activation is in the
context of this thesis, it will be in the following briefly reviewed.

C-C bond cleavage has attracted the interest of the chemists due to its potential
use in organic synthesis, catalysis and pharmaceutical research. Due to its intrinsic
inertness, the activation of C-C bonds is a challenging subject yet far from practical
use. Several strategies have been developed(130, 131, 132, 133, 134, 135) to this aim,
most of them based on the use of transition metal complexes or strained molecules.
From the viewpoint of microscopic reversibility it is quite reasonable to consider that
C-C bond activation by a metal (oxidative reaction, see Figure 2.8a) is the reverse
reaction of C-C bond formation (i.e. reductive elimination). C-C bond activation is
thermodynamically much less favored than C-C bond formation, since two weak metal-
carbon bonds (ca. 20-30 kcal/mol per bond) are formed at the expense of a relatively
stable C-C bond (ca. 90 kcal/mol).(135) Therefore, two main strategies to yield C-C
bond activated products have been proposed, that are either increasing the energy of
the starting materials (by using strained 3- or 4-membered rings)(136, 137, 138, 139) or
lowering the energy of the C-C bond cleaved products, which is very likely the case for
activation with metal atoms.(140, 141, 142) Still, relatively few examples can be found
in the literature for the activation of unstrained C-C bonds.(143, 144, 145) To make
the things more complicated, C-C bond activation usually competes with C-H bond
cleavage, either kinetically(146, 147) or thermodynamically.(140) The use of photons
opens up the possibility for surmounting the high activation barriers of C-C bond
activation reactions, even leading to photoproducts in a selective manner.(145, 148)
On the other hand, photochemical reactions are rather more complicated than thermal
ones. In this sense the forecast of possible photoproducts or reaction mechanisms is not
straightforward. Quantum chemical and molecular dynamics involving excited states
are therefore helpful tools to unravel photochemical reactions which in turn allow for
a better design of the starting photomaterial. Throughout this thesis we have studied

the selective C-C bond activation of several compounds:

i) In collaboration with the experimental group of Prof. Weigand (IAAC, FSU Jena)
we have explored the photochemical pathways in (bisphosphane)(u?-tolane)Pt°
complexes; see 2.8b, who undergo selective C-C bond activation upon sunlight

irradiation.
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Figure 2.8: a) Oxidative reaction and reductive elimination. b) Chemical structure of

(Bisphosphane)(u2tolane)Pt® complexes. ¢) Chemical structure of 2H-Azirines.

ii) Additionally, the wavelength-selective C-C bond activation in a small strained

molecule, i.e. 2H-Azirines (see 2.8c), has been studied.

Summarizing, due to the limitations already highlighted, it is very likely that the
use of sunlight as energy source in the industrial synthesis of chemicals will play only a
limited role in the near future. Nevertheless, the potential finding of new photochemical
pathways that do not occur under thermal conditions in conjunction with the increased

concern for green chemistry will make this field more appealing in the near future.

2.3 Goals of this thesis

This thesis is devoted to the study of the photophysical and photochemical properties
of TM complexes and organic compounds, which are of paramount interest for pho-
tosensitizer application in e.g solar energy applications. The main goals of this thesis

are:

i) Benchmarking the excited states of TM complexes and organic compounds with

quantum chemical and TD-DFT methods.

ii) Disentangling the photochemical deactivation pathways, either of radiative or non-
radiative nature, after light absorption. To this aim, quantum chemical calcula-

tions as well as ab initio excited state molecular dynamics have been performed.

Ru(IT)polypyridyl complexes, Ir(IIT) cyclometalated complexes, (bisphosphane)(u?-
tolane)Pt? complexes as well as 2-hydroxyethylsulfonyl azobenzene (HESAB) dyes and
2H-azirines have been object of study. The results can be found in the fourth chapter.
The third chapter is devoted to the description of the quantum chemical and molecular

dynamics methods employed in this thesis.
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Computational methods for TM

complexes

The study of ground and excited state properties of TM complexes using computational
methods is a challenging topic, being particularly more difficult than for organic and
main group chemistry. In general, the main challenges when computing TM complexes

include the following:

i) The size. Metal complexes are typically large, involving many atoms and electrons,

and therefore are computationally very demanding.

ii) State degeneracies. Degeneracies play an important role in transition metal com-
plexes, and not only between electronically excited state potential energy surfaces
(as e.g. in the case of Colns), but also near-degenerate electronic ground states
are sometimes found, typically in several open-shell situations. Among these sit-
uations we note e.g. the antiferromagnetic interactions in metal clusters or the
problematic with non-innocent ligands, as e.g NO and corrole ligands(149, 150,
151, 152). In these problematic cases, the Hartree Fock (HF) wavefunction will
likely fail to predict the correct ground state, hence making it a bad guess for
other single-reference post-HF correlated methods, such as many-body pertur-
bation (MP) theory or coupled cluster (CC) theory, which would in principle
require high level of excitations with larger basis sets to overcome such errors.

We can state therefore that single-reference methods, i.e. those based on a HF
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3. COMPUTATIONAL METHODS FOR TM COMPLEXES

wavefunction, are often unreliable for transition metal complexes. These situa-
tions make preferable the use of a multiconfiguration wavefunction (see below),
which properly deal with the non-dynamical correlation effects. This fact is a
great shortcoming, since multiconfigurational methods are computationally very

demanding.

iii) Dynamical correlation effects. As in organic and main group chemistry, dynam-
ical correlation is compulsory to achieve a quantitatively comparison with the
experiment. Multiconfigurational methods including dynamical correlation are

therefore desired.

iv) Relativistic effects. A proper relativistic treatment is mandatory in TM complexes.
The most important relativistic effects can be divided mainly into the scalar-
relativistic and SOC effects, which are spin-independent and spin-dependent phe-
nomena, respectively. Obviously, a proper description of relativistic effects would
in principle demand the use of the 4-component Dirac’s theory, which is currently
limited to small molecular systems. Beyond the 4-component Dirac’s theory,
which may be in principle combined with a multiconfigurational wavefunction
but leads to lengthy and complex calculations, it has been seen that quite accu-
rate results can be obtained transforming the 4-component Dirac operator into
a 2-component form. Thus, two of the most used today transformations are the
second order Douglas-Kroll-Hess (DKH) Hamiltonian(153, 154, 155) and the ze-
roth order regular approximation (ZORA)(156) Hamiltonian, which have been
successfully implemented into multiconfigurational methods. Both Hamiltonians
can be divided into a scalar part and a SOC part. The scalar part includes con-
tributions to the one-electron Hamiltonian by introducing the mass-velocity term
which modifies the potential close to the nucleus. Scalar-relativistic effects can
also be included in a non-relativistic treatment via replacing the core electrons
with relativistic effective core potentials (RECPs). For the first row transition
metal compounds (3d) the scalar-relativistic effects dominate, and calculations
can be safely performed by just considering these effects, either in a relativistic or
non-relativistic framework. For heavier atoms, SOC effects are more important.
Furthermore, the calculation of SOCs are indispensable for the interpretation

of many spectroscopic phenomena, such as intersystem crossing rates, g-tensors,
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3.1 Quantum chemistry: some basics

zero-field splitting, etc. Within the DKH and ZORA Hamiltonians, there is a

true two-component term, which mainly accounts for the SOC effects.

Due to all the facts mentioned above, the most appropriate formalism to describe
the ground state and excited state properties of TM complexes seems to be the mul-
ticonfigurational one, when including a proper description of relativistic effects. Con-
troversially, density functional theory (DFT) methods are widely spread for studying
TM complexes, due to its easy handling and computational cheapness. Indeed, DFT
methods succeed in describing ground state properties, specially in those cases where
long-range correlation effects are not mandatory,(157) but special care is needed when
computing the excited states properties with TD-DFT (see section 3.1.2).

To study the ground and excited states properties of TM complexes, in this thesis
wavefunction-based methods as well as density-based methods (i.e. DFT and TD-DFT)
have been extensively used. Among the wavefunction methods, mainly multiconfigura-
tional methods have been employed. The aim of section 3.1 is neither to present the
basics of quantum chemistry nor to provide a descriptive review of the quantum chem-
ical methods. For completeness we refer the reader to cornerstone books on the basis
of quantum chemistry.(158, 159) In Section 3.2 a mixed quantum-classical molecular

dynamics method, namely the trajectory surface hopping method, is briefly introduced.

3.1 Quantum chemistry: some basics

After the Born-Oppenheimer approximation, the electronic time-independent Schrodinger

equation (TISE) is given by

ﬁel ‘\Iﬂel (Ta; RA)> = EZZ(RA) ‘\Iﬂel (Tas RA)> ) (3.1)

where H,; is the electronic Hamiltonian, |W?, (rq; Ra)) stands for the electronic
wavefunction and sél(R A) for the electronic energy of a given i-th electronic state.

Once the stationary electronic Schrodinger equation 3.1 is solved, the sum of the

electronic energy, £',(R4) and the nuclear repulsion, meu (Ra) for a fixed nuclear

configuration R4 yields the potential energy for a i-th given electronic state, see Eq
(3.2).

Veil (RA) = Ei,l(RA) + Vnu,nu (RA) (3.2)

29



3. COMPUTATIONAL METHODS FOR TM COMPLEXES

3.1.1 From Hartree-Fock to multiconfigurational methods

The HF method, while it is remarkably successful in the first-principles determination
of molecular electronic wavefunctions and properties of closed-shell electronic ground
states, has also its limitations. Among these situations where HF clearly fails the
most cumbersome are: i) bond dissociations, ii) multiconfigurational situations, iii)
excited states and iv) degenerate situations, such as Colns. The underlying reason is
the lack of electron correlation effects. On the one hand, the HF approximation relies
on averages: it does not consider the instantaneous coulombic interactions between
electrons, nor does it takes into account the quantum chemical effects on electron
distribution because the effect of the n-1 electron is averaged (i.e. dynamical correlation
effects are missing). On the other hand, in many chemical situations the use of a
single determinant is inadequate because there is a number of near-degenerate electronic
configurations, which are required to describe the chemical process (i.e. non-dynamical
correlation effects are missing). This lack of correlation in the HF method has lead to
the development of post-HF methods, either of variational or perturbational nature,
which aim to recover the lack of electron correlation. Since only multiconfigurational
methods will be used in this thesis, they will be briefly described in the following.
The simplest and most straightforward method to deal with the correlation energy
error is the Configuration Interaction (CI) method. In this method the single determi-
nant HF wavefunction is extended to a wavefunction composed of a linear combination
of many determinants in which the coefficients are variationally optimized. The new
determinants can be created by e.g. promoting an electron from an occupied molecular
orbital (MO) (a) to a virtual MO (p) of a preceding HF calculation, hence leading to
a singly excited determinant denoted as [1/f). Analogously, a double excitation from a
to p and simultaneously from b to ¢, i.e. | P q> generates a doubly excited determi-
nant. Accordingly, triply, quadruply, ..., N-tuply excited determinants can be set up.
Thus, the Full Configuration Interaction (FCI) vector can be extended to all possible

excitations, leading to equation (3.3):

|®rcr) = Cur [Yur) +Zcp Ry + > CP ) + YT CHT Ry + L (3.3)

a<b a<b<c
p<q p<g<r
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3.1 Quantum chemistry: some basics

where |[¢gp) stands for the HF zeroth-order wavefunction and the C’s are the
expansion coefficients. Given a trial function as 3.3 we can find the corresponding
energies by using the linear variational method. If a complete basis set is employed, the
erc corresponds to the exact energy. However, FCI calculations are rarely performed
since it is computationally impossible to handle an infinite basis set of N-electron Slater
determinants. In the practice they are limited to very small molecules in conjunction
with small basis sets.

Thereby, attempts to reduce the number of configuration state functions (CSF’s)!
lead in the past to truncated CI methods. They are based on the intuitive assumptions
that highly n-tuple excitations are very likely not to considerably contribute to the
energies and molecular properties. Among them, the Configuration Interaction Singles
(CIS) and Configuration Interaction Singles and Doubles (CISD) have been extensively
employed. These methods are based on a CI expansion of singly and singly-doubly ex-
cited determinants, respectively. CISD has been a popular approach to the calculation
of correlation energies and one-electron properties, which are certainly good described
at this level of theory. We note that corrections on the correlation energies are mainly
recovered by double excitations (which mix directly with | g ), oppositely to single
excitations, as a consequence of Brillouin’s theorem). However, single excitations are
needed for a proper description of one-electron properties, such as dipole moments.
One of the drawbacks of truncated CI methods is that they are not size consistent.
On the other hand, the multideterminantal description of the Cl-vector enables the
calculation of excited states. Among the CI truncated methods for the calculation of
excited states, CIS has been extensively used. The orthogonalization of the states is
the essence of the CIS technique, that involves diagonalization of the CI matrix formed
from the HF reference and all single excited configurations. The final outcome is a set
of energy eigenvalues associated with eigenvectors in which the coefficients of the singly
excited determinants characterize the electronic states. The CIS results are qualita-
tively useful, with the exception of excited states with multiconfigurational character.
The flaws of CIS technique are on the other hand well recognized,(160) being related

to the lack of most basic correlation effects.

"We note that a CSF is a symmetry-adapted linear combination of Slater determinants, which is

constructed to have the same quantum numbers as the global wavefunction.
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The difficulty to treat excited states lead to the development of multiconfigurational
methods. In the multiconfiguration self-consistent field (MCSCF) method not only
the expansion coefficients but also the MOs coefficients are optimized variationally.
Designing a MCSCF calculation is though a tough work. One different solution is
obtained from each of the possible multiconfigurational wavefunctions, which should
be selected in the way, that first, enables the proper description of the studied process
in all regions of the potential energy hypersurface (PEH) and, second, ensures that a
balanced selection of the reference CIs has been chosen. In this sense the Complete
active space self-consistent field (CASSCF) method,(161, 162) developed by Roos and
coworkers, enables the use the chemical intuition to reduce a priori the number of
CSF’s included in the MCSCF approach. The selection of the active space (i.e active
electrons and orbitals) in a CASSCF calculation is crucial. Indeed, it requires a prior
exploration of the chemistry being examined.

In the CASSCF method the MOs are classified in three categories: inactive, active
and virtual orbitals (see Fig 3.1a). The inactive orbitals are those MO of lowest energy
which are doubly occupied in all the CASSCF configurations. They are also optimized
in the variational process but treated as in the restricted HF function. Virtual MO
orbitals are of very high energy and are unoccupied in all CASSCF configurations
whilst the active orbitals should be those responsible of the description of the chemical
process. Hence, the CASSCF wavefunction is formed by a linear combination of all
possible configurations that can be built by distributing the chosen active electrons
among the selected active orbitals (i.e. a FCI treatment within the active space).
One important issue when computing electronic excited states as higher roots of the
Hamiltonian, is to assure the orthogonality of the wavefunctions. This is particularly
true in the case of close-lying excited states, where contamination between the states
might take place. In CASSCF (or RASSCF, see below) this is achieved by getting
simultaneously several states that belong to the same symmetry into a State-Average
(SA)-CASSCF (or SA-RASSCF) calculation, where a functional of energy is defined
as an average of a certain number of states with an associated weight. As an outcome
of the SA-CASSCF/RASSCF calculation a set of average orbitals and a number of
orthogonal wavefunctions equal to the number of roots used in the average process are

obtained. For all the stated reasons the State-average approach is recommended.
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Figure 3.1: a) CASSCF classification of the MO orbitals. b) RASSCF classification of
the MO orbitals.

One of the major shortcomings of the CASSCF method is that there are techni-
cal limits in the size of the CAS active space (the current limit is ca. 16-14 elec-
trons/orbitals). In this sense, a refinement of the CASSCF method that allows extend-
ing the number of active electrons/orbitals, by restricting the CI excitation level and
without expense of computational cost, is the Restricted active space SCF (RASSCF)
method.(163, 164) The underlying assumption is that highly n-tuple excitations are
very likely not to considerably contribute to recover correlation effects (we recall to
truncated CI methods). Thus, in the RASSCF method the active space is subdivided
into RAS1, RAS2 and RAS3 subspaces, see Fig 3.1b. Whereas RAS2 is equivalent to
the active space in CASSCF, the RAS-CI is built restricting the number of holes in
RAS1 and particles in RAS3, typically to two or three. With the RASSCF method it
is possible to address the excited states of larger systems, such as extended 7 systems
or TM complexes, as seen in section 4.1.1 of this thesis.

The correlation energy added by a CASSCF/RASSCF treatment is mainly of non-
dynamic nature. Sometimes, depending on the system and the electronic state, such
contribution represents an important fraction of the total correlation energy. However,
the description of the correlation effects at the CASSCF/RASSCF levels of theory is
hardly good enough to obtain spectroscopic accuracy since the electronic states are
differently affected to dynamical correlation effects. Thus, the remaining correlation

effects (i.e. dynamical correlation effects) have to be added on top of the multicon-
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figurational or multireference (MR) wavefunction. One of the most elegant ways to
recover such deficiencies is applying a perturbative treatment on a multiconfigura-
tional wavefunction. In the CASPT2 method (165, 166) second order Moller-Plesset

perturbation theory is applied to a reference wavefunction.!

Very recently, an ex-
tension of the CASPT2 method has been developed to include RAS references, that
is the so-called RASPT2 approach.(167) In situations where strong mixing between
the SA-CASSCF/RASSCF states occurs it is recommended to use the multi-state
CASPT2/RASPT2 (MS-CASPT2/RASPT2)(168). An effective Hamiltonian matrix
is constructed where the diagonal elements correspond to the CASPT2 (or RASPT2)
energies and the off-diagonal elements introduce the coupling to second order in the
dynamic correlation energy. Subsequent diagonalization of this Hamiltonian produces
a set of new wavefunctions and energies. Summarizing, the CASPT2//CASSCF (or
RASPT2//RASSCF) approach (either in its single-state or MS fashion) is a powerful

tool in spectroscopy and photophysics, capable of handling all kind of chemical situa-

tions, since it relies on a multiconfigurational wavefunction, in an accurate manner.

3.1.2 Methods based on Density Functional Theory

DFT is based on the Hohenberg and Kohn theorems.(169) The basic idea behind DFT
is that the energy of an electronic system can be written as a functional of the electron
density, p. The variational principle is also verified and allows to determine the true
electronic ground state density which minimizes the energy functional. The second
cornerstone idea in the development of DFT was introduced by Kohn and Sham who
proposed a way to determine the electron density for a set of interacting electrons.(170)
The difficulty within such formulation is that the form of the functional is unknown,
in particular F,. [p], which is the exchange-correlation (xc) part.

Thereby, numerous schemes have been developed to obtain approximate forms for
the functional for the xc energy. From the initial local spin-density approximation
(LSDA) to the generalized-gradient approximation approximation (GGA) or the meta-

generalized gradient approximation (mGGA), many schemes are currently available

!For a exhaustive treatment of many-body perturbation theory we refer the reader to A. Szabo and
N. S. Ostlund, Modern quantum chemistry: introduction to advanced electronic structure, Macmillan,
New York (1982).
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for the construction of hundreds of different xc functionals.! One of the promising
or popular approaches was the development of hybrid functionals. In such schemes,
the xc energy is expressed as a linear combination of a variety of different proposals,
including the HF exchange (exact exchange) with density functional exchange. Among
them, the most widely used hybrid functional is the B3LYP, introduced by Becke,(171)
and it mixes exact HF-exchange part with other DFT exchange-correlation functional
parts arising from the B88,(172) the Lee-Yang-Parr(173) (LYP) and the VWM(174)

functionals, see in equation (3.4) the form of the xc functional for B3LYP.

EB3LYP _ (1 — q,)ELSPA | qoEHF 4 0, EB® 1 (1 — a)EYWN 4 0. EFYP|  (3.4)

where the parameters ag = 0.20, a, = 0.72 and a. = 0.81 are fitting parameters
based on experimental molecular atomisation energies.

Since the computational cost of DFT in its present form is much lower than that
for any other method that describes correlation, it has become widely used among the
computational community. However, DFT shows severe problems and the applicability
of many functionals to various problems is not broad but rather specialized. Among
these problems we remark the self-interaction-error(175, 176) and the lack of adequately
describing long-range correlation effects, e.g London dispersion.(177, 178) Recent at-
tempts to overcome such defficiencies has led to the development of double-hybrid
functionals,(179) which combine DFT semilocal correction with MP2-like second-order
correction, or the DFT-D approach,(180) where an additional empirical correction for
long-range dispersion effects is added.

For further details in DFT theory we refer the reader to cornerstone books.(181,

182, 183)

Methods based on DFT for the calculation of excited states: Among them
we note the A-SCF (184, 185) and time-dependent DFT (TD-DFT) methods.(186) The
A-SCF method consist in performing DFT/UDFT calculations for both ground and

excited states and get the energy difference. Such approach is only possible when the

1We refer the reader to W. Koch and M. C. Holthausen, A Chemist’s guide to Density Functional
Theory, Wiley-VCH, Weinheim (2001)
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electronic states of interest belong to different irreducible representations or have dif-
ferent spin, since otherwise the problem of variational collapse typically prevents an
equivalent SCF description for excited states. A-SCF calculations at the DFT level of
theory provides good estimations of singlet-triplet splittings,(157) and have been used
along this thesis to get e.g. photophysical properties such as emission maxima.

The most popular extension of DFT to the calculation of excited states is the
TD-DFT approach. As other propagator methods it is based on the solution of the
frequency-dependent polarizability equation. Thus, if a molecule is subjected to a linear

electric field E, that is fluctuating such that:

E = rcos (wt), (3.5)

where 1 is the position vector in one dimension, t is time and w is the frequency of
the fluctuation, it can be demonstrated that the frequency-dependent polarizability is

given by equation (3.6):

states U r \I/Z 2
=3 P (36)

where the numerator of each term in the sum corresponds to the transition dipole
moments and the denominator involves the frequency and the energies of ground and
excited states. Using linear response theory it is possible to obtain the poles of the
expression, that is, the values for which the frequency corresponds to the excitation
energies and the denominator goes to zero, whereas the residues provide the numerators,
in this case the one-photon absorption matrix elements. Hence, the procedure avoids
the calculation of the explicit states.

The behavior of TD-DFT relies on the frequently erratic performance of the heavy
parametrized functionals. The procedure can be, however, generally applied to study
simple absorption and emission spectra, provided that an accuracy below 0.5 eV is
not required. Otherwise, the flaws of the method/functionals are well known: 1i)
poor description of CT and Rydberg states,(187, 188) ii) lack of multiconfigurational
character(189) and iii) impossibility to cope with degenerate situations, such as Colns.(190)
Items ii) and iii) are difficult to solve within a TD-DFT framework in its adiabatic ap-
proximation. Concerning item i), the failure of TD-DFT in CT situations is attributed

to to the incorrect long-range behavior of the current xc functionals(191, 192) and
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3.2 Ab-initio excited state molecular dynamics: the trajectory surface
hopping method.

spurious solutions with errors amounting to a few eV might be obtained for some
molecular systems with some functionals. Attempts to improve accuracy on CT and
Rydberg situations while maintaining good quality for the local excitations has led to
the development of range-separated functionals. Thus, short-range exchange is treated
using a local functional whilst long-range exchange is mainly treated using exact ex-
change. These schemes lead for instance to the LC-wPBE(193) and CAM-B3LYP
functionals.(194) The performance of several functionals to treat the excited states of

TM complexes is assessed in section 4.1.1.

3.2 Ab-initio excited state molecular dynamics: the tra-

jectory surface hopping method.

The theoretical treatment of the time-dependent nonadiabatic phenomena for molecular
systems is a great challenge in many levels, from the description of the excited states
to the time propagation of their properties. In principle, a complete description of such
systems would require solving the full time-dependent Schrodinger equation (TDSE)
including both electronic and nuclear degrees of freedom. This is however, unfeasible
for systems of more than three atoms and more than one electronic state. To tackle
this problem, several semiclassical approaches have been developed.

The basic idea behind the mixed quantum-classical molecular dynamics methods
is that the nuclei are treated as classical particles whilst the electrons are treated
quantum mechanically. For details in mixed quantum-classical molecular dynamics
methods we refer the reader to the seminal reviews (195), (196) and (197). In the
trajectory surface hopping method,(198) the adiabatic and non-adiabatic processes are
splitted. Thereby, the adiabatic dynamics of the nuclei is propagated classically (i.e.
following the Newton’s equations of motion) on single Born-Oppenheimer PEH. As
we have seen along this chapter, the excited states problematic require high ab-initio
multiconfigurational methods to build accurate PEH. On the other hand, in order to
take into account non-adiabatic effects, the trajectory can jump from one to another
state. To this aim, the most common algorithm is the fewest-switches method proposed
by Tully.(199) Such algorithm provides a probability of hopping at each time-step along
the trajectory.
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3. COMPUTATIONAL METHODS FOR TM COMPLEXES

The statistical character obtained with wave-packets propagations is recovered in
the trajectory surface hopping method by preparing an ensemble of semiclassical tra-
jectories, characterized by a set of initial conditions. The trajectory surface hop-
ping methodology has been extensively used to simulate e.g. relaxation dynamics via

Coln’s.(196)
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Results

This chapter is organized as follows. Section 4.1 deals with the computation of the
excited states of TM complexes and organic compounds with quantum chemical and
TD-DFT methods. In section 4.1.1 a TD-DFT and RASPT2 benchmark study of
the excited states of a prototypical Ru(II)polypyridyl complex, namely trans(Cl)-
Ru(bpy)Cly(CO)q, is presented. As we stated in the introduction, Ru(II)polypyridyl
complexes are prone to act as light-harvesting antennas in artificial photosynthesis de-
vices and DSSCs. One of our goals is to provide useful hints about how tackle TM
complexes with the powerful RASPT2/RASSCF protocol. Additionally, the perfor-
mance of several TD-DFT flavors is studied. Hence, the second main goal in this
subsection is evaluating which of the current xc functionals in the frame of TD-DFT
methodology is more suited to describe the excited states of Ru(II)polypyridyl com-
plexes. The low-lying excited states responsible of the main UV-Vis experimental
bands of trans(Cl)-Ru(bpy)Cla(CO)s are assigned as "MLCT and 'IL excited states.
As we have discussed along this thesis, the accurate description of CT states, which are
also ubiquitous in organic chemistry, is particularly difficult with TD-DFT methods.
Therefore, in Section 4.1.2, we have investigated the performance of several TD-DFT
flavors for describing the CT excited states of some organic compounds, specifically
in 2-hydroxyethylsulfonyl azobenzene (HESAB) acidochromic dyes. One of the main
efforts in this subsection has been put into unravel the effect of solvation into the pho-
tophysical properties of the dyes. This work has been done in cooperation with the
experimental group of PD. Mohr (Fraunhofer Institute, Regensburg), who synthesized
and recorded the experimental UV-Vis spectra of the dyes.
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In Section 4.2 some selected applications of some Ru(II)polypyridyl complexes are
presented. The first application (subsection 4.2.1) involves the Ru(tpy)(CNC)2" com-
plex, which is a bis-tridentate Ru(II)complex bearing a tpy ligand and a 2,6-bis(1,2,3-
triazolylidene)pyridine moiety, herein denoted as CNC ligand. Such complex, which still
benefits from tpy-related chemistry (we refer the reader to section 2.1.1), exhibits long-
lived excited states and has a potential use as a photosensitizer. In subsection 4.2.2,
the photophysical properties of some tris-bidentate Ru(II)complexes bearing bis(4,4’-
dimethyl-2,2’-bipyridine) and a 2-(1H-1,2,3-triazol-4-yl)pyridine ligand are studied.
Substitution of the 2-(1H-1,2,3-triazol-4-yl)pyridine ligand by an electron-donor or an
electron-withdrawing substituent leads to a fine tuning of the emissive properties of
these complexes. Along this section the photophysics of these complexes is studied
with the help of quantum chemical calculations. Since we are interested in modeling
the underlying mechanisms after light excitation, i.e. photochemical processes, some
qualitative and quantitative analysis of several properties, as e.g radiative rates, are
presented along this section. To this aim, and based in the benchmark studies done
in Section 4.1, TD-DFT and multiconfigurational calculations have been performed.
These contributions have been done in close cooperation with the experimental group
of Prof. Schubert (IOMC, FSU Jena), who synthesized, chemically analyzed and stud-
ied by means of spectro-electrochemical techniques the Ru(II) polypyridyl complexes
herein presented.

In Section 4.3 the focus is put in the emissive properties of Ir(III) complexes. As we
stated in Section 2.2.3, cyclometalated Ir(IIT) complexes exhibit optimal photophysical
properties to be exploited in OLED technology. We have theoretically rationalized the
emissive properties of these complexes with the help of TD-DFT methods, emphasizing
in the versatility of these complexes to tune the emission color by varying the attached
ligands. These studies were done in collaboration with the experimental groups of
Prof. Dr. Holder (Bergische Universitaet, Wuppertal) and Prof. Schubert (IOMC,
FSU Jena).

In Section 4.4 we present the studies concerning the sunlight promoted C-C and
C-Br bond activation taking place in (bisphosphane)(u?tolane)Pt? complexes. Along a
series of complexes, it is experimentally observed a radical tune of the photochemical
reactivity by substituting the tolane ring with different moieties at different positions.

We have examined and elucidated the origin of the different photochemical reactivity
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4.1 Assessing the excited states of TM complexes and organic dyes

(either leading to C-C, C-Br bond activation or absence of photoreactivity) for all the
complexes via an exhaustive analysis of the vertical TD-DFT calculated spectra. Addi-
tionally, it has been observed that the photochemical oxidative reaction is reversible un-
der thermal conditions. Therefore, ground state DFT studies have been also performed
to unravel the mechanism of the thermal reductive elimination reactions. Modeling C-C
bond activation involving 5d transition metal atoms with conventional DFT methods is
a difficult task, due to the lack of dispersion effects in such methodologies. To overcome
such deficiencies, double-hybrid DFT functionals (see Section 3.1.2), which exhibit a
good performance in similar prototype reactions,(200) have been also used. TD-DFT
calculations and mechanistic ground DFT studies provide a global understanding of the
experimental evidences. These studies were done in close cooperation with the group
of Prof. Weigand (IAAC, FSU Jena).

Finally in Section 4.5 we present a quantum chemical study and ab-initio excited
state molecular dynamics of a small organic compound, namely 2H-Azirine. Dynamical
simulations are mandatory to obtain time-resolved information as well as to confirm
the ”static” photochemical pathways obtained with quantum chemical calculations. In
this sense, it has been seen that the minimum energy Coln structure might not be the
key geometry at which non-adiabatic transfer takes place.(201) Thus, crossing points
located higher in energy might be more accessible and then may also be efficient funnels.
It would have been desired to perform this kind of simulations in TM complexes, but
the large active spaces required for these complexes with multiconfigurational methods
make its study with molecular dynamics unaffordable. Therefore, in this thesis we
concentrate exemplarily in 2H-Azirines, which exhibits an interesting photochemistry

to be evaluated with ab-initio excited state molecular dynamics.

4.1 Assessing the excited states of TM complexes and or-

ganic dyes

4.1.1 Benchmarking the excited states of TM complexes with RASPT?2
and TD-DFT methods: the case of a Ru(Il)bypyridyl complex

As we have discussed along this thesis, the proper description of the excited states of
TM complexes is a difficult task since a balanced description of different excitations

is needed. In this subsection a state-of-the-art RASPT2 study on a Ru(II)bypyridyl
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Figure 4.1: Chemical structure of complex 1. Adapted from Escudero et. al. J. Chem.
Theory and Comp., 2011, submitted.

complex, namely the trans(Cl)-Ru(bpy)Cla(CO)2 (complex 1 depicted in Fig. 4.1)
is presented. The performance of TD-DFT methods is also assessed. The inclusion
of solvent and spin-orbit effects is also addressed. These results can be found in full
detail in the appended article Escudero et. al. J. Chem. Theory and Comp., 2011,

submitted. The most important findings are summarized as follows:

i) Evaluating the performance of different range-separated and hybrid func-

tionals including solvent effects.

The description of CT states is one of the major bottlenecks of the TD-DFT
methods. Few examples are found in the literature assessing the performance of
TD-DFT methods on TM-complexes.(202) Here, different flavors of TD-DFT are
evaluated. Specifically, we have employed the following functionals: i) several
hybrid functionals with an increasing amount of exact exchange in the following
order: B3LYP (20% of exact exchange), PBEO (25%) and B3LYP-35 (35%), ii) the
meta-hybrid M06 and M06-2X functionals (with 27% and 54% of exact exchange,
respectively), iii) the pure functional PBE and iv) the long-range corrected CAM-
B3LYP and LC-wPBE functionals.

In Table 4.1 selected TD-DFT electronic excitations of complex 1 (PCM-TD-
DFT! values between brackets) are collected and compared to the experimental
values. These states (i.e. the 3 1A, 4 1By 'MLCT states and the 5 1By 'L
state) are those responsible of the main UV-Vis absorption bands of complex 1.

For benchmarking purposes a ' M C state is also tabulated in Table 4.1. Inclusion

"We note that the polarizable continuum model, i.e. PCM, is employed to simulate solvent effects.
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4.1 Assessing the excited states of TM complexes and organic dyes

Table 4.1: Selected TD-DFT electronic transitions energies in eV compared to
the experimental values. Values in brackets correspond to the PCM-TD-DFT

values.

MO06 CAM-B3LYP PBEO B3LYP PBE Exp

113, AMC) 299 (3.00)  3.39 (3.38)  3.31 (3.34) 3.25 (3.30) 3.09 (3.19) -
314, AMLCT) 248 (3.47)  3.43 (441)  2.60 (3.51) 2.41 (3.42) 1.56 (2.50) 3.52
51By (1IL) 4.29 (4.18)  4.67 (4.53)  4.44 (4.32) 4.29 (4.21) 4.02 (3.94) 3.96
41By (AMLCT) 3.35(4.42) 451 (5.71)  3.49 (4.49) 3.25 (4.36) 2.19 (3.21) 4.13

of solvent effects is mandatory to get spectroscopic accuracy, since e.g. the MLCT
states are blue-shifted by ca. 1 eV as compared to the gas phase values, regardless
of the functional. Therefore, only the PCM-TD-DFT values are discussed herein.
All the functionals perform reasonably well for describing the !MC state (1 'By)
in terms of energies and oscillator strengths but acute problems are found in the
description of the 'M LCT states. As it can be seen in Table 4.1, these states are
only accurately calculated with hybrid functionals with an intermediate amount
of exact exchange, such as B3LYP, PBEO and M06. The errors in the MLCT
states exceed in some cases 1 eV (as in the case of the pure PBE functional)
indicating the importance of choosing a proper functional. The 'IL state is also
better described with PBE, B3LYP, M06 or PBEO, rather than with functionals
containing high percentage of exact exchange or with the range-separated CAM-
B3LYP functional.

Summarizing, a balanced description of all kind of excited states of Ru(II)-
polypyridyl complexes can be best obtained with M06 in first place and B3LYP
or PBEOQ in second place. On the other hand, it is surprising that the CAM-
B3LYP functional, which is a priori designed to deal with CT situations, does
not improve the results. Very likely, the bad performance of CAM-B3LYP for
describing 'MLCT states is due to the short distance between the donor and

acceptor moieties.

ii) Assessing the RASPT2 method: Evaluating the optimal RAS partition.
As stated in section 3.1.1 the recently developed RASPT2/RASSCF method en-
ables the treatment of larger active spaces by restricting the number of highly

n-tuply determinants in the zeroth-order wavefunction. Despite its promising
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computational advantages, the use of this method is far from straightforward and
there is an urgent need to find systematic strategies about how to choose the

proper partition of the active space and the level of excitations.

Table 4.2: Relative CASPT2 and RASPT2(n,l,m;i,j,k) electronic transitions
energies, AE (in eV), of the main electronic excitation of complex 1, at different

levels of theory, compared to the available experimental data

States MS-CASPT2 MS-RASPT2  MS-RASPT2 MS-RASPT2 MS-RASPT2 Exp
(14,13) (16,2,2;8,0,8)  (16,2,2;2,11,3)  (16,2,2;3,9,4)  (22,2,2;6,9,6)
118, (*MC) 3.49 3.36 3.31 3.23 3.55 -
31A; MLCT) 3.35 4.32 3.35 3.92 3.83 3.52
51By (1IL) 4.49 4.83 4.87 4.19 4.30 3.96
41By (MLCT) 4.75 4.57 4.62 3.96 4.61 4.13
Number CSFs 183150 73108 2230837 557036 3890064

In Table 4.2, the main MS-CASPT2 and MS-RASPT2 electronic transitions en-
ergies for the most important states of complex 1 are compiled. As it can be seen
the energy of the strong band experimentally centered at ca. 3.96 eV is overesti-
mated by the MS-CASPT2(14,13) calculations by 0.5 eV. The RAS calculations
aim at improving the accuracy of these results by introducing additional orbitals
more economically. Two main computational strategies are herein considered,
namely a) changing the RAS1/2/3 partition or b) allowing to different level of
excitations within the RAS1/3. In the case of strategy b) slightly improvements

are achieved.! Therefore, only strategy a) is commented on the following.

a.1l) Firstly, a correlation shell of three orbitals was considered. Leaving the
RAS2 empty while allowing to SDTQ excitations within the RAS1/3 subspaces
leads to the MS-RASPT2(16,4,4;8,0,8) calculations.? This cheapest computa-
tional strategy (as reflected by the decreased number of CSFs) unfortunately
does not yield balanced results. It seems therefore that for describing the excited

states of TM-complexes a non-vacant RAS2 subspace is needed.

!See the appended publication for details.
’In the RAS calculations, the RAS(n,1,m;i,j,k) notation is employed, where n is the number of

active electrons, 1 the maximum of holes in the RAS1, m the maximum of electrons in RASS3, and i, j
and k stand for the number of orbitals in RAS1, RAS2 and RAS3, respectively.
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4.1 Assessing the excited states of TM complexes and organic dyes

a.2) Moving three correlation orbitals plus a pair of 7#7* orbitals that was not
participating in the main excited states into the RAS1/3 subspaces and allowing
to SD excitations leads to the MS-RASPT2(16,2,2;2,11,3) calculations. As it
can be seen in Table 4.2, the results are hardly improved despite the expense of
computational cost (e.g. the number of CSFs increases by more than one order
of magnitude in comparison to the MS-CASPT2(14,13) calculations). Therefore,

we turn our attention to redefine the RAS partition.

a.3) An additional pair of 77* orbitals that was neither participating in the main
excited states of complex 1 is moved to the RAS1/3 subspaces. Hence, the RAS2
subspace is composed by the orbitals involved in the main excited states and only
those. By allowing to SD excitations we get the MS-RASPT2(16,2,2;3,9,4) calcu-
lations. As it can be seen in Table 4.2 the number of CSF's is reduced by a factor
of 10 in comparison to the MS-RASPT2(16,2,2;2,11,3) calculations. Very interest-
ingly, we note that the results with the more economic MS-RASPT2(16,2,2;3,9,4)
level of theory are more accurate than all the previous ones. Thus, the errors with
the experimental peaks in the main electronic excited states (i.e. the 5 !By and
the 3 !By states) are considerably reduced, assuming the solvent shifts obtained
at the PCM-TD-DFT level of theory. Unfortunately, the 3 ' A; state (assuming

a solvent blue-shift of ca. 1 eV) is not good described.

a.4) Inclusion of further correlation orbitals leads to the MS-RASPT2(22,2,2;6,9,6)
calculations. The results are hardly improved with respect to the MS-RASPT2(16,2,2;3,9,4)
ones. Thus, we believe that a first correlation shell in combination with SD exci-

tations within the RAS1/RAS3 is sufficient for describing in a balanced way the

excited states of TM-polypyridyl complexes.

In conclusion, it seems particularly difficult to provide hints about how to obtain
an accurate and balance description of all types of excited states of TM complexes
simultaneously in the frame of RASPT2 calculations. The effect of different par-
titions should be then considered when studying other TM-polypyridyl complexes
alike.
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Figure 4.2: Chemical structure of the 2/27-7/7- HESAB dye compounds here inves-
tigated. Adapted from Escudero et. al. J. Chem. Theory and Comp., 2011, 7, 1062.

4.1.2 Computing the excited states of organic compounds with quan-
tum chemical and TD-DFT methods: HESAB dyes as a case
study

As we have seen for complex 1 one of the major shortcomings of TD-DFT comes from
the description of CT states. Indeed, it has been seen that the errors can exceed 5 eV
in some situations.(203) CT events are also ubiquitous in organic dyes. Seminal works
show that the long-range corrected CAM-B3LYP functional and hybrid functionals
with intermediate percentages of exact exchange, such as PBEO (25%), in combination
with solvent effects, are best suited to describe CT states (in terms of intensities and
energies).(204, 205) Conjugated organic dyes are typical cases where CT transitions and
local excitation coexist. On the other hand, their excited states are more simply to treat
than those of TM complexes. Therefore, they are an adequate ”scenario” to further
evaluate the performance of different TD-DFT flavors as well as to assess the effects of
solvation on the electronic excitation energies and their associated intensities. In this
subsection the excited states of several acidochromic azobenzene-related compounds
(see the 2-7 HESAB compounds and its deprotonated counterparts 27-7~, depicted in
Fig 4.2) are studied with TD-DFT and quantum chemical methods. Additionally, the
effect of solvation on both the electronic excitation energies as well as on the geometries
is assessed. These results can be found in the appended article Escudero et al. J. Chem.
Theory and Comp. 2011, 7, 1062. The most important findings are summarized as

follows:

i) Assessing the performance of several functionals on the excited states
of HESAB compounds. In Fig 4.3 the UV-Vis spectra of the pair of bare

complexes 2/2~ with different theoretical approaches are displayed and compared
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Figure 4.3: UV-vis absorption spectra of 2(solid) and 2~ (dashed). a) Experimental spec-
trum normalized to 1 in arbitrary units, b) RI-CC2//RI-BP86, ¢) RI-BP86//RI-BP86, d)
PBE0//PBEO, ) PCM-PBE0//PBE0 and f) PCM-PBE0//PCM-PBE0. The theoretical
spectra are convoluted with a Lorentzian function with a full width at half-maximum of 60
nm: the corresponding transitions are marked with vertical lines. Adapted from Escudero
et. al. J. Chem. Theory and Comp., 2011, 7, 1062.
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Figure 4.4: Experimental (top) and PCM-PBEO//PBEO (bottom) spectra of neutral
(solid) and anionic (dashed) compound. The theoretical spectra are convoluted with a
Lorentzian function with a full width at half-maximum of 60 nm; the transitions are marked
with vertical lines indicating its character. Adapted from Escudero et. al. J. Chem. Theory
and Comp., 2011, 7, 1062.

to the experimental one. The UV-Vis spectrum of 2 is characterized by a weak
nr* state (S;) followed by a strong w7* state (S2), which is the spectroscopic state
(see the experimental spectrum in Fig 4.3a). The most accurate RI-CC2/TZVP
method delivers nm* and w7* states in good agreement with the experimental
peaks. The maximum deviations amount to ca. 0.4 eV and are probably due to
the exclusion of the solvent. At the RI-BP86/TZVP level of theory, the Sy wr*
state of 2 is red-shifted by ca. 0.8 eV with respect to the RI-CC2 value, clearly
illustrating the energetic underestimations of CT states by pure functionals (see
Fig 4.3c). With the hybrid functional PBEO (25% of exact exchange) the errors
with the experiment in the So 77™* states of 2 and 2~ are considerably reduced,

amounting only to ca. 0.15 eV.

ii) Addressing solvent effects on the excited states of HESAB compounds.
In view of the accurate energetic estimations with the PBEO functional the effects
of solvation are evaluated at this level of theory. In Fig 4.3e and Fig 4.3f the TD-

DFT spectra of compounds 2/2~ calculated including solvent effects only in the
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computation of the excitation energies, herein denoted as PCM-PBEO//PBEOQ val-
ues, and both in the energies and geometries, i.e. the PCM-PBE(0//PCM-PBEO
computational approach, respectively are shown. Concerning the excitation ener-
gies, one can clearly see that the errors with respect to the experiment are reduced
when solvent effects are considered, being well below 0.1 eV with both method-
ologies. The description of the intensities deserves additional attention, specially

in the case of the n7*

states. Unexpectedly, the best agreement with the ex-
periment is found with the PCM-PBE(0//PBEQ approach, which yields increased
oscillator strengths for the nm* excitations. Indeed, the weak experimental nm*
band is only reproduced within the latter methodology (see Fig 4.3e). A likely
explanation roots to the geometry of the compounds. When considering bulk sol-
vent effects on the optimization of the geometries, slightly more planar optimized
structures are obtained. This planarization affects strongly the intensities of the
n* states. We believe that the flat nature of the potential energy surface in the
vicinity of the planarization region prevents the molecule from remaining planar
under the experimental conditions. Thereby, the PBE(Q geometries are acciden-
tally more realistic than the PCM-PBEQ geometries. In view of these facts, the
PCM-PBEO0//PBEO protocol was selected to study the spectroscopic properties

of the rest of substituted HESAB compounds.

iii) Analyzing substitution effects on the spectroscopic properties of HESAB
dyes. Having analyzed the basic spectral properties of the neutral and anionic
forms of the reference compounds 2/27, we evaluated how the electronic transi-
tions are modulated by substitution on the phenol moiety. The effect of substi-
tution by electron donor groups (3/3~ and 4/4~ compounds), electron acceptor
groups (5/5~ and 6/6~ compounds), and both electron donor and electron accep-
tor substituents (7/77) have been analyzed, see Fig 4.2. For the sake of simplicity
here we will focus on the methyl substituted 3/3~ pair of compounds and on the
fluorine substituted 5/5~ pair of compounds. For a detailed description of the
rest of compounds we refer the reader to the appended article. In Fig 4.4 the ex-
perimental and PCM-PBE(O//PBEO theoretical spectra of compounds 3/3~ and
5/57 are compared with respect to the bare 2/27 reference compounds. In the

electron-donor substituted compounds (3/37), both the neutral and the anionic
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forms show red-shifted peaks in comparison to the unsubstituted compounds.
An inverse trend is observed in the studied electron-withdrawing derivatives; i.e.
peaks are blue-shifted with respect to the unsubstituted compounds. These trends
are observed both in the theoretical and experimental spectra. We note that the
spectroscopic states responsible of the main UV-Vis bands are of the same nature

* states

as in the bare compounds. The energetic shifts in the spectroscopic 7w
are rationalized theoretically in terms of the stabilization/destabilization of the

orbital levels due to electronic effects upon substitution.

4.2 Selected applications of related Ru(II)polypyridyl com-
plexes: a computational insight into their photophysics

and photochemistry

4.2.1 Ru(CNC)3" complex and its potential use for photosensitizer
applications: a DFT and TD-DFT study of the underlying pho-
tophysical and photochemical processes

The heteroleptic Ru(tpy)(CNC)g+ complex 8 depicted in Fig 4.5a possesses very inter-
esting photophysical properties to be exploited in photosensitizer applications. It has
been synthesized, chemically analyzed and studied by means of spectro-electrochemical
techniques in the group of Prof Schubert (IOMC, FSU Jena). Herein we will focus
on the theoretical analysis. For a detailed description of the experiments we refer the
reader to the joint experimental-computational appended publication Schulze et al.
Chem. Eur. J., 2011, 17, 5494. We note that this scientific contribution was selected
for a back cover.

As we emphasize in Section 2.1.1, the use of Ru(II)polypyridyl complexes based
in the tpy ligand is preferred for photosensitizer applications as compared to the bpy
chemistry.(32, 33) The use of tpy-based Ru(II) complexes implies also some drawbacks,
since these complexes usually yield diminished excited state lifetimes. As stated in
Section 2.1.1 one of the main strategies in order to achieve longer lifetimes of the
excited states of tpy-based Ru(II) complexes is to obtain increased 3MC-3MLCT energy
gaps. To this aim, herein an abnormal/mesoionic carbene pincer ligand, i.e. the CNC

ligand, was used. The mesoionic carbene ligands provide superior o-donating and only
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o-donation (a)  m-back donation (a”)  o-donation (a’)  n-back donation (a”)

Figure 4.5: a) Chemical structure of complex 8. b) Schematic representation of the main
orbital interactions between the mesoionic carbene ligand and the tpy-Ru(II) fragment.
The symmetry of the interacting orbitals is assigned in brackets. Adapted from Schulze et.
al. Chem. Eur. J., 2011, 17, 5494.

moderate m-accepting properties that ideally would lead to strongly destabilized *MC

states and a maintained >MLCT energy. Our theoretical analysis has been focused on:

i) Analyzing the bonding mechanisms of the abnormal carbene to the ruthe-
nium center. To this aim, energy-decomposition analysis (EDA)(206, 207) was
performed. The EDA (BP86-ZORA/TZP) calculation revealed that the inter-
action energy between the carbene and the ruthenium(II)-tpy fragment is -256
kcal mol™!. Former EDA calculations of normal and abnormal imidazolydenes
yield interaction energies of -60 to -70 kcal mol~! for a single ruthenium carbene
bond.(208) Assuming these values for a tridentate system still leaves a signifi-
cant energy difference, meaning that the CNC pincer ligand enables very strong
ruthenium-abnormal carbene bonds. The global interaction energy stems roughly
1:1 from covalent and ionic interactions. Concerning the covalency of the bond,
strong o-donating as well as m-accepting interactions contribute to the global

energy (see Fig 4.5b for the most relevant interactions).

ii) Examination of the UV-Vis absorption spectrum of complex 8. To this
aim, TD-DFT calculations were performed. In Fig 4.6a the calculated PCM-
TD-B3LYP/6-31G* UV-Vis absorption spectrum is represented and compared to
the experimental one. The experimental emission spectrum is also presented in
Fig 4.6a. The calculated UV-Vis absorption spectrum is slightly blue-shifted in

comparison to the measured spectrum, but both are consistent in shape.! The

We recall that a good agreement between the calculated and the measured UV-Vis spectra of
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low-energy band, which peaks experimentally at ca. 463 nm, is due to excitations
of MLCT character involving both the tpy and the CNC ligands. 'IL states are
mainly responsible of the two intense bands peaking at ca. 300 nm (the most

important excitations are highlighted in Fig 4.6a).

iii) Analysis of the photochemical events after excitation of the lowest-
lying excited states. Complex 8 exhibits high quantum yields of emission,
which are comparable to those obtained in the [Ru(bpy)s]?** complex. The room-
temperature emission is characterized by a slow and monoexponential decay, thus
arising from a single phosphorescent triple state. To shed some light into the
emission phenomena we performed further DF'T and TD-DFT calculations. Thus,
the lowest triplet excited state was optimized with unrestricted density functional
theory (UB3LYP/6-31G*). Additionally TD-DFT singlet-triplet excitations were
computed at both the Sy and the T optimized geometries. The analysis of the
spin density at the T geometry clearly reveals that this state is of MLCT charac-
ter and involves the CNC ligand, see Fig 4.6b. In Fig 4.6¢ the energy-level scheme
of the lowest PCM-TD-B3LYP/6-31G* singlet and triplet excited states involved
in the photochemical deactivation processes are depicted. Thereby, the longest-
wavelength 'MLCT absorption involves the tpy ligand, whereas, the SMLCT
emission originates from the carbene ligand after redistribution of electron den-
sity in the course of vibrational relaxation and ISC. Remarkably, due to the strong
o donation, the >MC states are of very high energies, achieving exemplarily 3MC-
3SMLCT energy gaps of 32 kcal mol™! at the T optimized geometry. Accordingly,
the 3MC states are hardly populated thermally and therefore, the radiationless

deactivation is efficiently suppressed in complex 8 (see Fig 4.6¢).

4.2.2 Fine tuning of the excited state lifetimes of Ru(II)polypyridyl

complexes.

As stated in section 2.1.1 when the radiationless deactivation mechanisms involving
the *MC states are suppressed, the non-radiative decay rates from the 3MLCT states

are determined by the energy-gap law dependence (Eq. 2.5). In such situations a

Ru(IT)polypyridyl complexes has been obtained within the B3LYP functional rather than with CAM-
B3LYP.
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Figure 4.6: a) Calculated and measured UV-Vis absorption spectra and measured emis-
sion spectra of complex 8. b) Spin-density plot of the Ty state. ¢) Energy-level scheme
of the lowest excited states of complex 8 at both the Sy and T; optimized geometries.
Adapted from Schulze et. al. Chem. Fur. J., 2011, 17, 5494.

fine tuning of the excited state lifetimes and consequently of the quantum yields of
phosphorescence (i.e. ®,) is feasible, by e.g. ligand modification. This is the case of
the Ru(II) polypyridyl complexes 9 and 10 depicted in Fig 4.7. Substitution of the
phenylacetylene moiety attached to the 2-(1H-1,2,3-triazol-4-yl)pyridine ligand by an
electron-withdrawing (-NOg) or an electron-donor (-OCgHi3) group leads to complex 9
and 10, respectively. Such peripheral modification results in a very different photophys-
ical behavior. Thus, the ®, of complex 9 is ca. 5-fold bigger as compared to the one of
complex 10 in dichloromethane (i.e. CH2Cly) solution. Additionally, it is observed a
solvent dependence on the phosphorescence properties of complexes 9-10, as reflected
by the lower @, values obtained in acetonitrile (CH3CN) solutions for both complexes.
Herein, we will concentrate on the emission properties obtained in CH5Cls solution. In
Table 4.3 the experimental emission data in CHyCly are collected. The complexes 9-10
were synthesized, chemically analyzed and studied by means of spectroelectrochemical
techniques in the group of Prof. Schubert (IOMC, FSU Jena). All these results can
be found in the following publications: Happ et al. J. Org. Chem., 2010, 75, 4025.

Additionally, a publication is currently under preparation. The main findings can be
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Figure 4.7: Chemical structure of complexes 9-10.

summarized as follows:

Table 4.3: Experimental emission data of complexes 9-10 obtained in CH,Cl,

solution

Complex  Aems [CH2Cla, nm(eV)] ®p [CH2Cls]
9 647(1.92) 0.022
10 594 (2.09) 0.005

i) Substitution effects: Tuning the &, values of complexes 9 and 10. As
stated in section 2.1 the @, is a subtle balance of the radiative (k.) and the
non-radiative (k,,) decay rates (see Eq. 2.2). The computation of the k,, is a
challenging objective far from being trivial. On the other hand, the k. can be
easily computed with equations 2.6 and 2.7. Such equations have been success-
fully used to compute the radiative rates of other TM complexes.(209, 210, 211)
The k,, values raise exponentially with decreasing T1-Sgp energy gaps, as deduced
from equation 2.5. If we compare the emission energies (i.e. T1-Sy gaps) of com-
plexes 9 and 10 we can see that lower energy gaps are obtained for complex 9
(see Table 4.3). That results in bigger k,, values for complex 9. If we do not
consider the k. values, then larger ®, values are obtained for complex 10 than
for complex 9. Oppositely, it is observed that ca. 5-fold bigger ®, values are
obtained for complex 9 (see Table 4.3). There must be therefore a compensating
effect on the ®, that explains this behavior. Consequently, the &, were computed.

To this aim, we have propose a mixed TD-DFT/CASSCF theoretical approach to
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compute the phosphorescence rates, i.e. the vertical energies and its associated
oscillator strengths are computed at the PCM-TD-B3LYP/6-31G* level of theory
whilst the SOC matrix elements are evaluated with a SA-CASSCF(8,7)/ANO-S
wavefunction. In Figure 4.8 the Jablonski diagrams of complexes 9 and 10 are
presented. The main PCM-TD-B3LYP /6-31G* singlet-singlet and singlet-triplet
electronic excitations computed at the Sg geometry as well as the involved PCM-
TD-B3LYP/6-31G* triplet excited states at the T geometry are highlighted in
Fig. 4.8. The absolute SOC elements (cm~!) between the manifold of singlet and
triplet excited states are also included. One can see that the biggest SOC ele-
ments are obtained, as expected, for the interaction between 'MLCT and *MLCT
states. In Fig 4.8 is also highlighted the highest k,.(T,, — So) obtained for each
complex. The analysis of all the computed k. values reveals that in the case of
complex 9 the biggest rate corresponds to the k,.(T7 — Sp) value, which amounts
to 5.4 x 107 s~1. In the case of complex 10, the highest rate arises from the k,. (T,
— Sp) value, amounting to 3.0 x 10 s=!. The latter is ca. one order of magni-
tude smaller. The underlying reason of these findings can be easily understood
by looking at Fig. 4.8. In complex 9 more 'MLCT states are excited under the
Aezp as compared to the electron-donor substituted complex 10. Moreover, the
interaction between the 'MLCT and the 3MLCT takes place in a more horizon-
tal manner in complex 9, hence favoring the efficient population of the SMLCT
states. Thus, electron-donor substitution of the 2-(1H-1,2,3-triazol-4-yl)pyridine
ligand leads to a stabilization/destabilization of the m and 7* related orbital and
consequently less IMLCT states are available to be populated. Summarizing, we
have explained the experimental evidence of bigger yields for complex 9 in terms
of the differences in the computed k. values for complexes 9 and 10, that finally

leads to an overall compensation on the ®, values, as we stated above.

ii) Solvent effects on the ®, values. The emissive behavior of complexes 9 and
10 is highly dependent on the solvent. Thus, the solvent not only biases the @,
values but also shifts the emission maxima of both complexes. We have found that
the rationalization of the solvent effects on the ®, values can be mainly derived,

oppositely to substitution effects, from the energy gap-law dependence(Eq. 2.5).
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Figure 4.8: Jablonski diagrams of complex 10 (a) and complex 9 (b). PCM-TD-B3LYP/6-
31G* singlet-singlet and singlet-triplet vertical excitations vertical excitations. The main
absolute SOC values (cm™1) and the main radiative mechanism (k.) are highlighted.
Adapted from Escudero et al. 2011, submitted.

4.3 Cyclometalated Ir(III) complexes: a theoretical in-

sight into their emissive properties

In this section the main focus is put in the interpretation of emission properties and in
the design of efficient blue phosphors. To this aim the cyclometalated Ir(IIT) complexes
11-17 depicted in Fig 4.9 have been studied in close cooperation with the experimental
groups of Prof Schubert (IOMC, FSU Jena) and Prof. Holder (Bergische Universi-
taet, Wuppertal). The results can be found in the appended articles Beyer et al.
Organometallics, 2009, 28, 5478 and Tian et al. EFur. J. Inorg. Chem., 2010, 4875.

To simulate the emission spectra maxima several computational strategies have
been considered, namely A-SCF and TD-DFT approaches. Particularly, the following
strategies have been employed, (see Fig 4.10):

i) TD-DFT singlet-triplet gap calculations performed at the ground state geometry
(So). See item 1 in Fig 4.10.

ii) TD-DFT singlet-triplet gap calculations performed at the lowest triplet excited
state geometry (T7). See item 2 in Fig 4.10.

iii) Computing the AEE, i.e. adiabatic emission energies, values. This is calculated

as the energy difference between the first triplet excited state at its optimized
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Figure 4.9: Chemical structure of the cyclometalated Ir(I1I) complexes 11-17. Adapted
from publications Beyer et al. Organometallics, 2009, 28, 5478 and Tian et al. FEur. J.
Inorg. Chem., 2010, 4875.

geometry and the closed-shell ground state at the same geometry (using UDFT

energies, we recall the reader to section 3.1.2). See item 3 in Fig 4.10.
The main results obtained for these complexes can be summarized as follows:

i) Evaluation of the different TD-DFT and A-SCF approaches to compute
the emission maxima. In Table 4.4 the phosphorescence emission maxima
of complexes 11-13 obtained with different theoretical approaches are tabulated
and compared to the experimental value. Both the TD-DFT singlet-triplet elec-
tronic excitation energies and the A-SCF energies are computed in the presence
of CH5Cly. As it can be seen all the theoretical approaches predict the emissive
state (T1) to be of MLCT character. In the A-SCF procedure (3), the underlying
character of the lowest triplet excited state is assigned through the analysis of
the spin density at the lowest triplet excited state geometry. On the contrary
for the TD-DFT approaches, the character of the lowest triplet excited state is
assigned through the analysis of its main configuration. Interestingly, the PCM-
TD-B3LYP/TZVP values at the Sy geometry show blue-shifted phosphorescence
peaks in comparison to the experiment, in particular for complex 13 where this

blue-shift amounts to ca. 0.6 eV. Blue-shifted peaks are inherent within this
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So

Figure 4.10: Schematic representation of the TD-DFT and A-SCF approaches to repro-

duce the emission spectra maxima.

approach since the relaxation to the lowest triplet excited state is not allowed.
On the contrary, the PCM-TD-B3LYP/TZVP values at the T geometry are in
closer agreement with the experiment, with the maximum deviation amounting
to ca. 0.39 eV (complex 12). Finally, the AEE values match perfectly the phos-
phorescence emission maxima of cyclometalated Ir(I1T) complexes 11-13, yielding
complex 13 the major deviation with the experiment, which only amounts to ca.
0.27 eV. We are confident that the two latter approaches are the best ones to sim-
ulate the phosphorescence spectra. Indeed, similar conclusions can be extracted

through the analysis of complexes 14-17.1

Table 4.4: Lowest singlet-triplet theoretical emission energies by means of TD-
DFT and A-SCF approaches

Exp.

11 [Ir(a)a (bpy)]* 560
12 [Ir(a)2(acac)] 435
13 [Ir(a)2(pic)] ™ 527

ii) How do we achieve efficient blue phosphors? A theoretical insight into
the blue-shifts arising from ligand substitution in complexes 11-13.

The use of the phenyl-1H-[1,2,3]triazole (a) cyclometalating ligand instead of the

AEE /Character
581 / SMLCT
476 / SMLCT
472 / 3SMLCT

'For a detailed analysis of the phosphorescence spectra of these complexes we refer the reader to
the appended publication Tian et al. Fur. J. Inorg. Chem., 2010, 4875.

o8

1. TD-DFT Singlet-Triplets at S,
2. TD-DFT Singlet-Triplets at T

3. A-DFT: AEE

TD-DFT at So
505 / SMLCT
413 / 3MLCT
422 / 3SMLCT

TD-DFT at Ty
648/ SMLCT
504 / SMLCT
500 / SMLCT



4.4 Insights from TD-DFT and DFT calculations into the photochemical
bond-activation on (bisphosphane)(u*tolane)Pt’ complexes

widely used 2-phenylpyridine (ppy) ligand in general cause a spectral blue shift, as
the results for these complexes in comparison to their known 2-phenylpyridinato
analogues reflect. Among the ancillary ligands herein employed, i.e. bipyridine
(bpy), acetylacetonate (acac) and picolinate (pic), the acac ligand in combination
with the (a) cyclometalating ligand results in the most blue-shifted phosphores-
cence peak. As stated in section 2.2.3, one of the major goals in OLED chemistry
is obtaining efficient blue-emitters phosphors. We have rationalized the blue-shifts
along this series of complexes by examining the energies of the LUMOs energies,
since the HOMO levels are mostly maintained. Thus, in the acac complex 12 the

LUMO is of «*

~cac Character and it is destabilized as compared to the analogous

7 orbital of complexes 11 and 13. This effect can be rationalized in terms of

*

the conjugation effect over the ancillary ligand, which is not feasible in the 7.

related orbital. These studies reveal that there is an increasing possibility of
color-tuning through changing the ancillary or cyclometalating ligands. Indeed,
the results for complexes 14-17 (not shown here, see Tian et al. Eur. J. Inorg.

Chem., 2010, 4875) are also illustrative of this fact.

4.4 Insights from TD-DFT and DFT calculations into the
photochemical bond-activation on (bisphosphane)(y*tolane)Pt’

complexes

The studies herein presented were motivated by the experimental findings in the group
of Prof. Weigand (IAAC, FSU Jena) that by irradiating with sunlight the (bisphos-
phane) (p?tolane)Pt? complex 18 depicted in Fig 4.11, a rare example of selective C-C
bond activation in the solid state was observed. In solution, selectivity was lost and
C-Br bond activation products were also observed. Interestingly, C-C bond activation
is not observed when the bromine substituents are not present, see compound 19 in Fig
4.11, neither in solution nor in the solid state. These findings motivated the study of
further (bisphosphane)(u?tolane)Pt? derivatives, bearing different tolane substitution
as well as different bisphosphane ligands (see the complexes depicted in Fig 4.12a-c).
For a detailed description of these studies we refer the reader to the appended publi-

cations: i) Petzold et al. Dalton Trans., 2008, 1979; ii) Escudero et al. Phys. Chem.

99



4. RESULTS

Chem. Phys., 2009, 11, 4593; iii) Weisheit et al. Dalton Trans., 2010, 39, 9493; and
iv) Escudero et al. Dalton Trans., 2010, 39, 9505.

The main findings can be summarized as follows:

i) TD-DFT studies on (bisphosphane)(u’tolane)Pt’ complexes: deciphering
the reasons for C-C and C-Br bond activation. Firstly, we aimed at ra-
tionalizing the astonishingly different photochemical behavior of compounds 18
and 19. TD-BP86/TZVP calculations were performed to simulate their UV-Vis
absorption spectra and to assign the main electronic transitions that promote the
observed rearrangement. As seen in Fig 4.13, whereas in complex 19 the main
electronic transitions correspond to 7Talk7T;he transitions, in complex 18 the most
intense peaks are of dps7);, character.! Through the analysis of these evidences
we put forward the hypothesis that the dp;m;, states were responsible of the
observed photochemical rearrangement in complex 18. Hence, depopulation of
the dp; orbitals and concomitant population of the antibonding 77, leads to a
destabilization of the alkyne group wia additional w-back donation, which weak-
ens the hapto-coordination of the Pt to the tolane group and ultimately promote
the observed C-C bond cleavage product in compound 18. These results were
published in the appended article Petzold et al. Dalton Trans., 2008, 1979. In-
deed, further joint experimental-theoretical studies in complexes 26-33 confirmed
these hypothesis. Hence, the complexes which are prone to undergo C-C bond ac-
tivation processes are those having intense dp;7);, bands. Regarding C-Br bond
activation, both the weakening of the hapto-coordination plus a weakening in
the C-Br bond after light irradiation should take place simultaneously. We have
rationalized the latter process in the bromine substituted compounds by localiz-
ing several intense MLCT and LLCT transitions of d:vLyQU*C—Br and 77,.00_p,
character. These evidences can be found in Escudero et al. Dalton Trans., 2010,

39, 9505.

ii) Steric or electronic? Understanding C-C and C-Br bond activation.

!'Methodologically we found (as we stated in previous sections) that pure functionals (as e.g. BP86)
tend to underestimate the electronic excitation energies of the CT states. As we already discussed in
section 4.1.1, this holds true for true long-range CT situations. In practise, short-range CT states with
overlap of the interacting orbitals are common within these complexes. Therefore, we are still confident
that in this case the description of the CT states is not hampered by the use of pure functionals.
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Figure 4.11: C-C and C-Br bond cleavage pathways taking place in complex 18 via

irradiation with sunlight. Complex 19 does not undergo photochemical bond cleavage.
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Based on the previous findings we aimed at understanding whether the different
photochemical reactivity stems from a pure electronic effect or it is a consequence
of the steric constrains imposed by ligand substitution. The steric effects can be
illustrated as follows. By comparing the X-ray structures of e.g. 18 and 19 one
can clearly seen that ortho(2,2’)-disubstitution in 18 leads to steric hindrance
between both bromine ligands, which ultimately affect the planarity of the tolane
ring and could eventually influence the UV-Vis absorption properties. To this
aim, in a second contribution (see the appended contribution Escudero et al.
Phys. Chem. Chem. Phys., 2009, 11, 4593), we dealt with the study of the
ground and excited state properties of several (dppbe)(u?tolane)Pt® (dppe=1,2-
bis(diphenylphosphino)benzene) complexes, which are shown in Fig 4.12b. Par-
ticularly, we considered complexes 18, 20 and 21 by substituting some position
of the tolane ring with an electron-withdrawing group (EWG), i.e. bromine, in
ortho(2,2’-), meta(3,3’-) and para(4,4’-) positions, respectively. Likewise, an anal-
ogous series of complexes 22, 23 and 24 are obtained with an electron-donor group
(EDG), i.e. hydroxil, in the corresponding positions. Additionally, complex 25
was also studied, which exhibits bromine substitution in both ortho(2,2’-) and

para(4,4’-) positions.

The calculated UV-Vis spectra of complexes 18 and 20-24 are shown in Fig 4.14.
The main electronic excitations in these complexes are of MLCT, LLCT and IL
character. As a general remark one can clearly see that the UV-Vis spectra of
the complexes are more robust with respect to the substitution pattern than to
the electronic nature of the substituent. As seen in Fig 4.14, e.g. the spectra
of the ortho-derivatives resemble more one another in greater extent than within
the electron-donating/withdrawing series. In what the photochemical ”active”
states responsible for the photochemical reactivity is concerned, i.e. the MLCT
transitions of dp;m);. character, several interesting points arise. As we stated
above, such MLCT states are not found (or are mainly dark states) in the un-
substituted compound 19. An exhaustive analysis of these MLCT excitations in
complexes 18 and 20-25 reveals that they are predominant and more intense in
electron-withdrawing substituted compounds, as well as in ortho-derivatives (see
the dp;7;,. excitations in Fig 4.14). Regarding the C-Br bond activation we also

localized intense transitions involving of._p,. orbitals.
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Figure 4.13: a) TD-BP86/TZVP simulated UV /Vis spectra of complexes 18 and 19.

Summarizing, it seems that both the pattern substitution and the electronic na-
ture of the substituent play an important role in determining the presence or
absence of the photochemical active MLCT states of dp;m;, character. Indeed,
additional joint experimental-theoretical studies in complexes 26-31 confirmed
these hypothesis (see appended publication Escudero et al. Dalton Trans., 2010,
39, 9505). In this latter publication, the effect of changing the bisphosphane
ligand was also analyzed (see complexes 32-33 in Fig 4.12¢). Only complex 32,
which bears a similar P-Pt-P bite angle as compared to the 18-26 series, possesses
intense dpym;, excitations and accordingly undergoes photochemical C-C bond

al

activation.

iii) Backwards thermal reductive elimination reactions. To provide insights
into the selectivity of the photochemical and backwards thermal reductive elimi-

nation, i.e. (Pt2 to Pt?), DFT studies on the ground state were performed.

It is observed experimentally that the photochemical C-C bond activation is re-
versible under thermal conditions, even though the forward reaction does not
proceed thermally. Interestingly, the C-Br photochemical bond activation reac-
tion taking place in the bromine substituted compounds 21 and 26 is irreversible
under thermal conditions. To understand these results we performed DFT ground

state calculations which allowed elucidating the mechanism underlying the ther-
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Figure 4.14: TD-DFT UV-Vis spectra of complexes 18, 20-24. The main electronic
transitions are highlighted. Adapted from Escudero et al. Phys. Chem. Chem. Phys.,
2009, 11, 4593.

mal backwards reactions. The C-C bond activated products have been optimized
in the EWG complex 21 and in the EDG complexes 30 and 31. The thermal reduc-
tive elimination dealing with the C-Br bond activation has been studied in com-
plex 21. Gas phase Gibbs free energies (AG) as well as activation barriers (AG7)
of the reactions have been obtained at the B3LYP/6-311G*//RI-BP86/TZVP
and B2GP-PLYP/6-311G*//RI-BP86/TZVP levels of theory.

In Fig 4.15a the energetic profiles of the thermal reductive eliminations for com-
plexes 21, 30 and 31 beginning from the C-C bond activated reactants is shown.
In Fig 4.15b the energetic profile for the thermal reductive elimination beginning
from the C-Br activated complex 21 is depicted. Several stationary points have
been located in the potential energy surfaces of the complexes. The thermal path-
way beginning from the C-C bond activated products is exothermic for all the
herein considered complexes regardless the pattern and electronic nature of the
substituents. B2GP-PLYP activation barriers range from 30 to 35 kcal/mol in
agreement to the experimental activation barriers for C-C bond cleavage reactions
for similar (bisphosphane)(u?tolane)Pt? complexes.(148) The B3LYP activation
barriers are underestimated by ca. 10 kcal/mol, very likely due to the lack of

long-range correlation effects (see section 3.1.2). The thermal pathway beginning
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4.4 Insights from TD-DFT and DFT calculations into the photochemical
bond-activation on (bisphosphane)(u*tolane)Pt’ complexes
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Figure 4.15: a) Energy diagram of the thermal reductive elimination beginning from the
C-C activated products leading to complexes 21 (blue), 30 (red) and 31 (green), calculated
at the B2GP-PLYP/6-311G*//RI-BP86/TZVP level of theory. Relative free Gibbs energies
are given in kcal mol~! with respect to complexes R. b) Energy diagram of the thermal
reductive elimination beginning from the C-Br activated product leading to complex 21
(blue), calculated at the B2GP-PLYP/6-311G*//RI-BP86/TZVP level of theory. Relative
free Gibbs energies are given in kcal mol~! with respect to complexes R1. Main distances
are in angstroms. Adapted from Escudero et al. Dalton Trans., 2010, 39, 9505.

from the C-Br bond activated product of complex 21 is endothermic. Accordingly,
C-Br photoactivation is thermally irreversible. We have localized several inter-
mediates and transition states along the reaction coordinate (see 4.15b), being

the C-Br bond activated product the global minimum.

iv) Summary of the photochemical and thermal reactions on (bisphosphane)
(1*tolane)Pt’ complexes. A summary of the photochemical and thermal re-
action pathways for both the C-C and C-Br bond activation pathways is shown
in Fig 4.16, exemplarily for complex 21. C-X bond cleavage reactions (oxida-
tive reactions) do not proceed thermally due to the associated high activation
barriers. Upon sunlight irradiation, excitation to specific electronic states with
enough energy to overcome these barriers promote C-X bond cleavage reactions.
The backward thermal reaction (reductive elimination reaction) takes place only
in the C-C bond and an exothermic profile is obtained. On the contrary, the
reductive elimination beginning from the C-Br bond activated product does not
proceed thermally since an endothermic profile is obtained. We point here that

the dual thermal/photochemical reactivity of (bisphosphane)(pu?tolane)Pt? com-
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Figure 4.16: Global photochemical and thermal reactivity of complex 21.

plexes is not only interesting from a synthetic point of view but could also be
profited to design molecular machines and sensors, based on the different spectral

changes along these reactions.

4.5 Quantum chemical studies and ab-initio excited state

molecular dynamics in 2H-Azirines.

Aiming at understanding C-C and C-N bond photoactivation in small systems, quantum
chemical calculations and ab initio excited state molecular dynamics simulations have
been performed on 2H-Azirines. Experimentally, it has been observed that selective
C-C or C-N bond cleavage depending on the wavelength and on the substituent takes
place(212) (see Fig 4.17a). For the sake of simplicity, only the bare 2H-azirine (34)
depicted in Fig 4.17b has been studied herein.

The results are currently under preparation for publication. The main findings on

the photochemistry of 2H-Azirines are the following;:

i) The photochemical deactivation pathways in 2H-Azirines investigated
with quantum chemistry. A previous theoretical study(213) on compound
34 assigned the S (n7*) state as responsible of the photochemical pathway lead-
ing C-C bond activation. On the other hand, the C-N bond cleavage product

is obtained after excitation of the intense Sy (7w7*) state. For the latter process
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4.5 Quantum chemical studies and ab-initio excited state molecular
dynamics in 2H-Azirines.
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Figure 4.17: a) General scheme of 2H-azirine photochemistry: C-C and C-N bond cleav-

age. b) Chemical structure of compound 34.

the photodeactivation mechanism was not completely characterized. In order
to locate stationary points (such as e.g. minima or Colns) we have performed
CASSCF(6,5) and MR-SDCI(10,9) calculations, for the S; and Se pathways, re-
spectively. Additionally, Minimum Energy Path (MEP) calculations connecting
the located stationary points and leading to the photoproducts have been per-
formed at the same level of theory. In Fig 4.18a-b the photochemical deactivation
pathways after Franck-Condon excitation of the S; and Sy states are depicted.
The minimum energy Colns structures are also included. Regarding the S path-
way, we can clearly see that the C-C bond is completely activated at the S7/S
Coln (see 4.17a). The nitrile ylide (photoproduct) lies almost isoenergetically to
the reactant. A more complicated photochemical picture is obtained for the Sy
pathway. After excitation of the intense mn* state relaxation on the PEH leads
to a S9/S1 Coln, where the C-N bond is almost broken (see 4.17b). Afterwards,
another S7/Sp Coln is found, which bears an enlarged C-H distance. Hydrogen
migration to the adjacent carbon finally leads to the biradical intermediate, as
demonstrated by the MEP calculation. Thus, the mechanism of the photochemi-
cal C-N bond activation in compound 34 is rather more complicated than a simple
C-N bond cleavage, since it also involves hydrogen migration. This fact may have

stereochemical consequences in the photoproducts of substituted 2H-Azirines.

ii) Confirming the photochemical pathways in 2H-azirines by ab-initio ex-
cited state molecular dynamics simulations. Dynamical simulations are
mandatory to obtain time-resolved information as well as to confirm the ”static”

photochemical pathways obtained with quantum chemical calculations. Addition-
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Figure 4.18: Photochemical pathways beginning from the S; (a) and Sy (b) states.
Relevant Coln geometries are also included. The distances are in angstroms.
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Figure 4.19: C-C bond distance versus time for a sample of trajectories launched from

the S; state. The distances are in angstroms.

ally, provided a big ensemble of trajectories, estimations of quantum yields can
be derived from the simulations. To these aims, ab-initio excited state molecu-
lar dynamics simulations have been performed on compound 34. The potentials
were computed ”on-the-fly” at the same level of theory of the quantum chemical
calculations. Specifically, 100 and 50 trajectories were launched from the (i) S;

and (ii) S2 pathways, respectively.

i) The analysis of the trajectories beginning in S; reveals that the deactivation
to the ground state occurs in an ultrafast manner. Hence, the non-adiabatic
population transfer takes place in around 40 fs, mainly through geometries that

resemble the Coln geometry. In Fig 4.19, the C-C distance (do—_¢) of a sample

68



4.5 Quantum chemical studies and ab-initio excited state molecular
dynamics in 2H-Azirines.
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Figure 4.20: Representative a) and b) trajectories launched from the Ss state leading to
the Sy state.

of trajectories is plotted against time. By the end of the simulations (ca. 180 fs),
two products were obtained: i) a product yielding do—¢ > 2 A (corresponding to
the formation of the photoproduct, i.e nitrile ylide) and structures bearing de—¢
< 2 A (i.e. recovering the 2H-azirine). The ratio photoproduct/reactant is ca.
1:1.

ii) The analysis of the trajectories launched from the Sy is rather more com-
plicated than the one obtained for the S state. A common feature for all the
trajectories is that they first deactivate very rapidly through structures close to
the minimum energy S2/S; Coln. In Fig 4.20a-b two representative trajectories
leading to the biradical are depicted. Trajectory a) leads to the biradical through
C-N bond activation and concomitant migration of hydrogen, in accordance to
the ”static” picture obtained from quantum chemical calculations. Oppositely,
trajectory b) leads also to the biradical but without migration of hydrogen. Pre-
sumably, the region in the surrounds of the S3/S; Coln determines which is the
preferred deactivation pathway, since as it can be seen in Fig 4.20, whilst in tra-
jectory a) the C-N is already activated in the case of trajectory b) this feature

is not observed. The ratio between both pathways is ca. 1:1.
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Abstract. The excited states of the trans(Cl)-Ru(bpy)Cl,(CO), (bpy = bypyridyl) transition metal (TM)
complex are assessed using the newly developed second order perturbation theory restricted active
space (RASPT2/RASSCF) method . The delicate problem of partitioning the RAS subspaces (RAS1,
RAS2 and RAS3) is addressed, being the choice of the RAS2 the bottleneck to obtain a balanced
description of the excited states of different nature when TMs are present. The level of excitations
within the RAS1 and RAS3 subspaces is also examined. Singles and doubles excitations are found to be
enough to recover most of the dynamical correlation, provided an adequate choice of the RAS2 is
selected. The performance of different flavors of time-dependent density functional theory (TD-DFT)
including pure, hybrid, meta-hybrid and range-separated functionals in the presence of solvent effects is
also evaluated. It is found that none of the functionals can optimally describe all the excited states
simultaneously. However, the hybrid M06, B3LYP and PBEO functionals seem to be the best
compromise to obtain a balanced description of the excited states of trans(Cl)-Ru(bpy)Cl,(CO),, when
comparing with the experimental spectrum. The conclusions obtained in this molecule should pave the
road to properly treat excited states of larger Ru-polypyridyl complexes, which are of particular interest

in supramolecular chemistry.

1. Introduction

Ru(IT) polypyridyl complexes and related compounds are promising candidates as light harvesting
antennas in hot research areas, such as artificial photosynthesis,' light driven catalysis (i.e sunlight
driven splitting of water)” or dye sensitised solar cells (DSSCs),” due to a combination of optimal
chemical, electrochemical and photophysical properties. The identification and characterization of the
lowest-lying excited states is therefore a challenging task of paramount importance to guide the design
of molecular functional materials. To get an insight into the photophysical properties of these
complexes the use of accurate ab initio multiconfiguration methods, as for example, the well-
established second order perturbation theory complete active space,’ CASPT2/CASSCEF, protocol, is

2
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highly desirable. Due to the extensive size of such transition metal (TM) complexes and the need of
large active spaces able to handle all the static correlation, such calculations are yet pretty much at the

limit of the current computational resources and not very much extended. Up to our knowledge there are

2+ 5

5

only a few examples of CASPT2/CASSCEF studies on TM-polypyridyl complexes, e.g. on [Fe(bpy)s]
or [Re(bpy)(t-stpy)]".® Despite the considerable effort involved in these studies, they involve reduced
CAS reference wave functions with active spaces that might not be extensive enough to account for all
the desired correlation effects. The restricted active space method (RASSCF)’ and its PT2 extension
(RASPT2)* are very appealing because allow using considerable larger active spaces than the
CASPT2/CASSCEF protocol. However, due to the three different partitions of the active space, a number
of open questions can be raised regarding its systematic use. In particular, it is not straightforward how
the active orbitals in the RAS subspaces should be best distributed or until which level of excitation the
results can be considered converged. Recently, Gagliardi and coworkers have performed an extensive

number of RASPT2/RASSCF calculations mainly in organic dyes,”'”

clearly illustrating that the
selection of the RAS spaces requires careful calibration. In the case of simple oligomeric m-conjugated
systems, the computationally cheapest strategy is leaving the RAS2 empty while allowing for singles,
doubles, triples and quadruple (SDTQ) excitations within the RAS1 and RAS3 subspaces. This simple
recipe allows for an accurate description of ionization potentials and lowest-lying excited states of many
organic systems’ but unfortunately it cannot be extrapolated to more complicated systems, neither of
organic character, like free base porphins,'® nor of inorganic nature, like Cu(I)-a-ketocarboxylate
complexes.11 From this perspective, there is an urge to calibrate the RASSCF approach in T™M

complexes, which otherwise are typically treated by means of density functional theory (DFT) and its

time-dependent version (TD-DFT)."?

The compromise between low computational cost and accuracy obtained with DFT is in general
remarkable and therefore a huge number of TM ground state studies are found in the literature."> The
success of DFT describing ground state properties is however not comparable to the success of TD-DFT

for the study of excited states. TD-DFT is known to have difficulties in describing Rydberg states,
3
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charge-transfer (CT) excitations'* as well as doubly or highly excited-states.'” Attempts to improve the
description of CT and Rydberg excitations, while maintaining good quality for local excitations, has led
to the development of hybrid functionals with intermediate percentage of exact exchange, such as
PBEO,'® and range-separated hybrid functionals, such as LC-oPBE'" or CAM-B3LYP'®, which have
been shown to perform reasonably well describing CT of organic dyes.'”” CT events are common in TM
spectroscopy; however, more challenging is that the calculation of the UV-Vis spectra of complex TM
systems also requires a balanced description of local excitations and d-d transitions. Despite these
difficulties, TD-DFT is indiscriminately employed due to its simplicity and apparent black-box
behavior, in particular for large systems such as Ru(Il) polypyridyl complexes,”® which are otherwise
out of reach from more accurate ab initio methods. Few examples are found in the literature assessing
the performance of TD-DFT on TM-complexes.”' However, up to our knowledge, there is no evaluation
of the performance of DFT functionals to describe the excited states of TM-polypyridyl and related
complexes.

In this contribution we present a RASPT2/RASSCF study of the electronically excited states of
trans(CI)-Ru(bpy)Cly(CO), for which experimental data is available for comparison.”*** This complex
serves as an example of this general class of systems. It displays different types of excited states and
thus represents a challenge for computational chemistry. Different partition schemes of the RAS
subspaces (RAS1, RAS2 and RAS3) as well as the level of excitations in the RAS1 and RAS3
subspaces are evaluated. The conclusions reached with this molecular system will provide hints about
how to study similar TM-compounds, therefore extending the possibilities of RASPT2/RASSCF to
larger TM-polypyridyl complexes. Additionally, and based on the experimental results, the performance
of TD-DFT using different functionals in solution is analyzed. Particularly, the behavior of several
hybrid, meta-hybrid, pure and long-range corrected functionals in describing the different types of
excitations present in TM complexes is examined and discussed. The conclusions should help to make a
adequate choice of the functional when studying very large TM-polypyridyl complexes that cannot be

treated within the RASPT2/RASSCEF protocol.
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2. Computational details
The trans(Cl)-Ru(bpy)Cl2(CO), complex 1 (see Figure 1) was optimized in its electronic ground state
under the C,, symmetry constraint at the B3LYP/6-31G* level of theory. Relativistic effects in the Ru
atom were considered using the ECP-28-mwb pseudopotential.** The complex has been characterized as

a true minimum by calculating the Hessian at the same level of theory.

cl | X
oCs,, | N A
b

oc/| \N
Cl A |
1

Figure 1. Chemical structure of trans(CI)-Ru(bpy)Cly(CO),, complex 1.

Single point CASPT2/CASSCF and RASPT2/RASSCF calculations were performed on the C,,
geometry. These calculations were done with the ANO-rcc-VTZP basis set.” Scalar relativistic effects
were considered using a standard second order Douglas-Kroll-Hess (DKH) Hamiltonian.*® Cholesky
decomposition of the electron repulsion integral matrix’’ was used, then reducing the computational
times and disk storage needs. In the CAS calculations, the traditional notation is used, namely CAS(n,j)
where 7 is the number of electrons included in the active space and j is the number of active orbitals. In
the RAS calculations, the RAS(n,/,m,i,j k) notation is employed, where n is the number of active
electrons, / the maximum of holes in the RAS1, m the maximum of electrons in RAS3, and i, j and & the
number of orbitals in RAS1, RAS2 and RAS3, respectively.

The choice of the active orbitals for the CASSCF/RASSCF calculations is made in terms of the

28,29

standard rules for TM compounds. Important correlation effects due to the covalency of the Ru

metal-ligand bonds via ¢ and © bonding interactions are considered by including some relevant ¢

5
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orbitals involving the Ru atom and also the chlorine atoms (n¢j-a; orbital) or the bpy and the CO ligands
(Sco-bpy Orbitals, in Figure 2). Relevant m bonding interactions are taken into account by including 7t co
orbitals and lone pairs of the chlorines atoms (n¢j-b; orbital). In principle we follow the advice given by
Pierloot™ that all orbitals with an important contribution of d character should be included in the active
space. Since Ru is a 4d atom, the “double-shell” effect is not as indispensable as for 3d atoms; therefore,
this external shell is not considered here for the sake of computational saving. In some sense, these
correlation effects are partially recovered upon inclusion of other orbitals, such as the n'co orbitals,
which possess some contribution of 5d character. The intershell effects, i.e. those due to semi-core
electrons, are very important for the 4d and 5d series and thus they have been inherently considered by
using the ANO-rcc basis set that is optimized to include such correlation effects. Other valence orbitals,
such as the 7o orbitals and some Typy/T bpy Orbital pairs are not included in our calculations since a full
valence electron treatment is out of reach for CASPT2 and even for RASPT2 calculations in the
complex 1. The strategy followed here is to include many of the orbitals that in principle contribute to
static correlation, but to a lesser extent, in the RAS1 and RAS3 subspaces, while, as we will show,
RAS?2 should only include the indispensable orbitals involved in the main excited states (low-lying and
high-lying) of 1; these are the five 4d orbitals and the myy/nt by orbitals. These orbitals are involved in
the main metal-centered (MC), metal-to-ligand charge transfer (MLCT) and intra-ligand (IL) states of 1.
This strategy allows dealing with larger active spaces and consequently bigger TM-complexes than
those feasible with CASSCF. All the relevant orbitals are depicted in Fig. 2.

Specifically, the active spaces for the different calculations were constructed as follows:

i) Small CAS active space. It is composed of the five 4d orbitals of the Ru atom and a balanced set of
four frontier mypy/7 bpy pair of orbitals, see figure 2. This active space is used in the CASSCF(14,13)
calculations.

ii) Inclusion of correlation effects to the small CAS active space. A relevant n¢; orbital with important

o character, involving lone pairs of the chlorine and the Ru center (see n¢j-a; in Fig. 2) as well as two

n"co orbitals (n'co-b; and m'co-ay) are included in the active space through the RAS1 and RAS3
6
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subspaces. Such selection was made in terms of the higher metal d contributions of such orbitals.
Additionally, a pair of nbpy/n*bpy orbitals (namely the nbpy-Zaz/n*bpy-Zaz orbitals, see Fig. 2) is shifted to
the RAS1 and RAS3 subspaces, respectively, because the corresponding occupation numbers were
higher/lower than 1.95/0.05. This active space is used in the RASSCF(16,2,2;2,11,3),
RASSCF(16,3,3;2,11,3) and RASSCF(16,3,4;2,11,3) calculations. For comparison, a calculation where
the RAS2 subspace is empty and all the active orbitals are assigned to the RAS1 and RAS3 subspaces is

also performed, RASSCF(16,4,4;8,0,8). For the same reason as before, an additional pair of nbpy/n*bpy

orbitals (namely the pair nbpy-lbl/n*bpy-laz) was moved into the RAS1/3 subspaces, leading to the
RASSCF(16,2,2;3,9,4) calculation.

iii) Additional correlation effects: Based on the RAS(16,2,2;3,9,4) active space, additional correlation
orbitals were considered. Again, such selection was done paying attention to the metal d contribution of
the included orbitals: in the RAS1 an additional nc orbital (nc-bl) and two Gco-ppy Orbitals (Gco-bpy-ai
and Gco.bpy-b2) were included and the two remaining "o orbitals (n°co-ai and nt°co-ba) were put in the
RAS3 (see Fig. 2). In these calculations the twWo Tyyy/Tt bpy Orbital pairs, Typy-2as/T bpy-2a2  and Tppy-
1b1/% bpy-122, were maintained in the RAS1/3 subspaces because they do not play a role in the low- and
high-lying excited states. This partition leads to a RASSCF(22,2,2;6,9,6) calculation.

The CASSCF/RASSCF calculations presented herein are done as state-average (SA-
CASSCF/RASSCF) with equal weights. The subsequent CASPT2 calculations are reported as single-
state (SS-) and multi-state (MS-CASPT2).*! The RASPT2 results are only reported in the MS fashion.
The number of roots employed in each irreducible representation is specified in the corresponding Table
caption. Oscillator strengths were calculated at both the SA-CASSCF, MS-CASPT2 and MS-RASPT2
levels of theory through the RAS State Interaction method.” The core shell orbitals were kept frozen in
the CASPT2 calculations in order to avoid BSSE errors. In all our CASPT2/RASPT2 calculations an
IPEA shift (default value of 0.25 au) for the zeroth order Hamiltonian was employed.*® Additionally, an
extra level shift™* of 0.3 au was used to prevent weakly coupling intruder states interference, mainly

with the high-lying states. Similar values of ca. 0.25 au have been used elsewhere to compute excited
7
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states of TM complexes.® The spin-orbit (SO) UV-Vis spectra has been also computed with the
CAS(14,13) wavefunction. The SO couplings have been evaluated with the SO-RASSI approach,’

(further details can be found in the Supplementary Material).

i 50

xy'al 4dzz- a;

CAS(14,13)

RAS(16,16) ng-a * oDy 7 co=3;
RAS(ZZ,Z]-) Um—hp\l_al nc|'b1 Gcoqw'bz “‘tolz.i “‘tﬂ'bz

Figure 2. CASSCF and RASSCEF active spaces employed.

The TD-DFT calculations were performed at the C,, geometry with a 6-311G* basis set (ECP-28-
mwb pseudopotential for Ru). The different functionals employed are: i) several hybrid functionals
with an increasing amount of exact exchange in the following order: B3LYP* (20% of exact exchange),
PBE0'® (25%) and B3LYP-35" (35%), ii) the meta-hybrid M06™® and M06-2X>* functionals (with 27%
and 54% of exact exchange, respectively), iii) the pure functional PBE,*” and iv) the long-range

corrected CAM-B3LYP and LC-oPBE functionals. Additionally, TD-DFT calculations were also
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performed in solution using CH3CN as solvent with the polarization continuum model,*’ i.e PCM-TD-
DEFT calculations, with the same basis set.

The ground state optimization and TD-DFT calculations have been performed with the Gaussian09*'
program package whilst CASSCF/CASPT2 and RASSCF/RASPT2 calculations have been performed

with the MOLCAS7.2*? software.

3. Results and discussion

First of all, we report here the experimental values known for the complex 1. Its UV/Vis spectrum
recorded in CH;CN is characterized by a small band peaking at 352 nm or 3.52 eV (3.62 eV in CH,Cl,)
showing an intensity of 1550 M'cm™ and by a higher broader band centered at ca. 300 nm or 4.14 eV,
with a higher relative intensity of 14100 M"'cm™ *** The peaks of this main band with their associated
intensities are the following: 3.96 eV (14100 M'em™), 4.13 eV (11300 M'cm™) and 4.34 (10000 M
'em™) Taking these values as a reference, hereafter we shall discuss the values obtained theoretically

with the methods described above.

3.1. CASPT2/CASSCF calculations. Table 1 shows the CASPT2/CASSCF(14,13) results for the
excited states of complex 1. The CASSCF(14,13) calculations indicate that the low-lying singlet
electronic excitations are mainly weakly absorbing 'MC states of different symmetries, see S;-Ss and Sy
states at the CASSCF level of theory. We note that among them there are states of A, symmetry that,
although strictly forbidden by symmetry, might be populated e.g. in the course of photochemical
deactivation channels. The '"MLCT and 'IL states showing substantial oscillator strengths are the Sg, So,
Sio and S;; states at the CASSCF level of theory. The '"MLCT states consist of transitions from the 4d
orbitals of the Ru atom to the 7"y, orbitals. The 'IL states are transitions within the 7yp,/nt "y orbitals
and thus excitations retaining certain local character. To describe them all simultaneously at the
CASSCEF level of theory we need to compute at least six states of B, symmetry and 3/3/2 states of

A1/Bi/A; symmetry, respectively. The chosen number of states corresponds to the minimum amount of

9
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roots necessary to describe the spectrum below ca 5 eV in a balance manner, taking into account that
some spectroscopic states do not appear as low-energy roots at the CASSCF level of theory and that
some transitions are mixed through several roots (see e.g. Sg and S;; in Table 1). Table 1 also contains
the SS-CASPT2 and MS-CASPT?2 values. Similar energies are obtained with both procedures, being the
roots of the B, irreducible representation the ones most affected by the MS procedure, due to the larger
mixing present at the SA-CASSCEF level of theory. The inclusion of dynamical correlation via CASPT2
leads to a large stabilization of some 'MLCT and 'IL states and thus to state reordering. As a
consequence, the Sy state (31A1) at the CASSCEF level of theory for example becomes the first excited
state with MS-CASPT2 (or SS-CASPT2). On the contrary, dynamical correlation does not severely
affect the relative energies of the "MC states, which remain almost unaffected (e.g. S, and S4) or are
slightly blue/red-shifted (S, and Ss, respectively). Returning our attention to the 3'A; state, this is
predicted at 3.35 eV at CASPT2 level of theory and hence in reasonable agreement with the weak band
peaking experimentally at ca. 3.52 eV. Note that this state is the lowest at CASPT2 level of theory,
while it was the So with CASSCF. This demonstrates the importance of dynamical correlation on the
different type of states, as explained above. For simplicity, and although the order of states is altered in
many cases with the addition of the PT2 correction, in the following discussion we keep the state
numbers as provided by the CASSCF method. In view of the high oscillator strengths obtained with
CASSCF for the Si; (5 'By) and S0 (4 'B,) states, theoretically predicted at 4.49 and 4.75 eV at the MS-
CASPT?2 level of theory, these states can be then considered responsible of the strong band peaking at
3.96 and 4.13-4.34 eV. These states are ca. 0.5 eV blue-shifted with respect to the experiment, but one
should keep in mind that the experimental data are obtained in the presence of solvent, not included in
the present calculations.

Regarding the intensities of the calculated states, as it can be seen in Table 1, all the 'MC states
as well as the Sg ('MLCT) state are almost dark at both the CASSCF and CASPT?2 levels of theory. The
intensities of the bright S;; and S, states are consistent at both the CASSCF and CASPT2 levels of

theory. Accordingly, the oscillator strength of the 'IL (S;;) state is higher than the one of the '"MLCT (4
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'B,) state. This is in agreement with the experimental evidence, since higher intensities are obtained for
the band at 3.96 than for the one peaking at ca. 4.13-4.34 eV.

The previous analysis serves to focus on some relevant states (the 4'B, and 3'A; MLCT states,
the 5'B, IL state_and exemplarily one MC state (1'By)) for which the CASPT2/CASSCF results will be
compared with different TD-DFT and RASPT2/RASSCF protocols in the coming subsections.
However, before proceeding to discuss such calculations, we have considered of interest to analyze the
SO effects on the spectroscopic properties of complex 1. The SO-MS-CASPT2(14,13) values are also
tabulated in Table 1 and illustrate that energetic shifts are present in all the low-lying excited states of
complex 1. The biggest shift is found in the case of the 2 'B, state ('MC state), amounting up to 0.04 eV
as compared to the spin-free MS-CASPT2(14,13) value. The resulting SO-state is mixed with a close-
lying triplet excited state (the spin-free contributions of the resultant SO-state are 72% of 2'B; and 25%
of 2°A,; the lowest lying triplet excited states are summarized in Table S1 of the Supplementary
Information). Such strong mixing is expected in states with participation of the ruthenium center, such
as the '"MC states. The SO shifts obtained here are comparable to those obtained in other TM
complexes, e.g. Os complexes.” In summary, the SO effects modify the spectroscopic properties of
complex 1 but not significantly. SO effects are on the other hand indispensable to the interpretation of
many other photophysical phenomena, such as intersystem crossing (ISC) rates. We note that very
efficient SO couplings (ca 280 cm-1) are found between the 3'A;and T (13A2) states, which lie almost

degenerate in energy favouring the ISC.

3.2. TD-DFT calculations. The results obtained with different functionals for the excited states
specified above are collected in Table 2. The values including CH;CN are given in italics. The '"MC
state (1'B; state, following the CASSCF label of Table 1) is predicted within all the employed
functionals in a range of ca. 0.4 eV, being rather immune to solvent effects. It has been previously seen
that TD-DFT can succeed to describe d-d transitions of closed-shell TM carbonyl complexes,* such as

Cr(CO)s.* On the other hand, as pointed by Neese et al., TD-DFT has drawbacks when describing d-d
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transitions in problematic configurations like d’ situations; for example, errors exceeding 0.6 eV were
found in the TD-DFT energies of the [Ni(H,0)s]*" complex (d* configuration) with the B3LYP
functional.'” TD-B3LYP was even not capable to reproduce the correct number of d-d excitations in this
complex because some of them contained substantial double excitation character that TD-DFT cannot
handle within the constraint of the adiabatic approximation. In our closed-shell complex 1, meta-hybrids
(namely the M06 and M06-2X) tend to slightly underestimate the d-d transition energy, especially M06,
which yields the highest deviation (ca. 0.3-0.4 eV) in comparison to the rest of TD-DFT values and the
MS-CASPT2(14,13) results. The range-separated functionals yield the larger values for the 'MC state,
specially the LC-oPBE functional which predicts 3.50 eV in good agreement with the CASPT2 value.
Both hybrid and pure functionals predict the energy of the 1'B state in a small range. We note that the
larger the percentage of exact HF-exchange is contained in the hybrid functionals the higher are the
excitation energies corresponding to the d-d transition; thus, B3LYP-35 (35% of exact exchange),
PBEO (25%) and B3LYP (20%) yield values of 3.34, 3.31 and 3.25 eV, in the gas phase, respectively.
From all these values, we conclude that overall a reasonable description of the 'MC states can be
obtained for complex 1 with TD-DFT, and therefore we expect a similar success for 'MC states in other
related closed-shell Ru(II) polypyridyl complexes.

Regarding the '"MLCT states of complex 1, namely the 3'A; and 4'B; states, one can clearly see at
first sight the failure of some functionals —behaviour which is well known in CT states of organic
dyes.*® These states are specially subject of changing in the presence of a polar solvent. Indeed, both
'MLCT states are blue-shifted by ca. 1 eV as compared to the gas phase values. It is worth noting that
this effect manifests regardless the employed functional. Therefore, only the PCM-TD-DFT data will be
compared with the experiment. The pure PBE functional leads to underestimations exceeding 1 eV for
both 'MLCT states. An adequate description of 'MLCT states relies heavily on the choice of the
functional. Conventional hybrid functionals have a clear tendency to increase the excitation energy of
the '"MLCT states with increasing exact exchange. For instance, we see that the 3 'A| state is predicted

at 3.42, 3.51, and 4.03 eV with B3LYP, PBEO and B3LYP-35, respectively. These excitation energies
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are in good agreement with the experimental evidence, especially the B3LYP and PBEO values. The
best result for the '"MLCT states is obtained with the functional bearing an intermediate amount of
exact exchange, i.e. PBEO, which delivers an deviation from the experiment of only 0.01 eV for 3 'A;
state. The trend of larger errors with increasing amount of exact exchange is also observed in the meta-
hybrid functional M06 and M06-2X. The 3'A; state is best described with the M06 functional (27% of
exact exchange) which delivers a value of 3.47 eV (error 0.05 eV). The recently developed range-
separated functionals employed here perform differently for describing the '"MLCT states of complex 1.
LC-oPBE hugely overestimates the excitation energies of the '"MLCT states (e.g. the 4'B, state is
overestimated by more than 2 eV). Interestingly, we note that CAM-B3LYP performs worse than the
hybrid functionals B3LYP-35, PBEO, B3LYP and MO06. The 3'A; state is theoretically predicted at 4.41
eV and hence the error with respect to the experiment amounts almost to 1 eV. The 4'B; state is also
overerestimated by 1 eV (see Table 3). These evidences are contrary to the good performance of CAM-
B3LYP in the treatment of CT states of organic dyes.*” But indeed, the agreement of CAM-B3LYP to
describe MLCT states of other TM complexes'*** is not better.

The energies of the 'IL state are not as strongly dependent on the functional as the 'MLCT states,
yielding values in the gas phase for the 3'B; state that range from 4.82 eV with the LC-wPBE functional
to 4.02 eV with the pure PBE functional. We note that, oppositely to the "MLCT states, inclusion of
solvent effects leads only to red-shifts of ca. 0.1 eV with (in all the functionals, see Table 2). Among the
hybrid functionals, the excitation energies are lower the smaller the amount of HF exchange, as it
happened with the '"MIC and 'MLCT states. Interestingly, and in concordance with the '"MLCT states,
the agreement with the experiment is obtained with PBE, B3LYP, M06 or PBEO (with errors for all the
functionals well below 0.30 eV), rather than with functionals containing high percentage of exact
exchange (as B3LYP-35 or M06-2X) or the range-separated functional CAM-B3LYP, even though the
errors for the latter functional are in the acceptable range of accuracy of TD-DFT (ca. 0.57 eV). A
similar behavior has been also observed for conjugated organic compounds, where the small maximum
average errors in the description of local 7~ excitations are obtained with the PBEO functional."

13
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Since the PCM-TD-DFT values look trustworthy, as long as a proper functional is chosen, we assign
the UV-Vis spectra of complex 1 in the following way. The weak band peaking at ca. 3.52 eV is due to
the 3'A; "MLCT state. The strong band peaking at 3.96 and 4.13-4.34 ¢V, with absorption intensities of
14100 M'em™ and 11300-10000 M'lcm'l, respectively, can be attributed to the 5 'B, (1IL) and the 4 'B,
(‘"MLCT) states, respectively. Such assignment is done in view of the energetic order the last two states,
which is reproduced with most of the TD-DFT flavours (in the presence of solvent) and the MS-
CASPT2(14,13) calculations. The oscillator strengths of both states are also in accordance to this
assignment. Thus, the 'IL state possesses higher oscillator strength than the '"MLCT state, in accordance
to the experimental absorption intensities.

A comment on the performance of the different TD-DFT flavors to predict oscillator strengths is in
order here. As expected and in agreement with the experiment, the intensity of the 'MC state is very
low, no matter which functional is used or whether solvation is included. Noteworthy, the oscillator
strengths of the '"MLCT states computed in the gas phase are underestimated with all the functionals in
comparison to the PCM-TD-DFT values; very likely, this error is connected to the underestimation of
the excitation energies, among other effects. The least robust excitation is the one corresponding to the
intense 'IL state, whose results are dependent of the functional employed. In gas phase, PBE and
B3LYP predict oscillator strengths thrice smaller than the rest of functionals. The reason behind this
fact might be the mixing of the intense 'IL state with an nn” excitation —as reflected on the wavefunction
coefficients. See for example that the mrt /nmt excitation wavefunction coefficients in the 'IL state with
the B3LYP functional are 0.52/0.46, respectively, whilst with the PBEO functional such values are
0.65/0.20, respectively. A more uniform picture is obtained by comparing the PCM-TD-DFT oscillator
strengths since all the functionals predict similar values for the 'IL state.

In summary it can be seen that the different functionals examined here show a different performance
on the calculations of the low-lying excited states of complex 1. Figure 3 displays the errors in the
energy of the PCM-TD-DFT values of the 'IL and the 'MLCT states, taking as a reference the
experimental values. A direct comparison between the oscillator strengths and the absorption intensities
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is not possible since some of the experimental bands overlap. As discussed before, acute problems are
found in the description of '"MLCT states. These are only accurately calculated by hybrid functionals
with intermediate percentages of exact exchange; the functionals M06, PBEO and B3LYP, in this order,
give the best accuracy when solvent effects are considered. This three functional plus the pure
functional PBE seem to be the only ones which are able to get a reasonable value of the local 'IL
excitation of 1. Based on these results the best balanced description of all kind of excited states of
Ru(IT)-polypyridyl complexes can be best obtained with M06 in first place and B3LYP and PBEO in
second and third places, respectively, even though slight underestimations of the d-d transition are
found for the M06 functionals. The inclusion of solvent effects is mandatory, especially for the 'MLCT
states. Indeed, this combination (an hybrid functional with intermediate amount of exact exchange and
the consideration of solvent effects via the PCM method) has been successfully used in other Ru(Il)
polypyridyl complexes.”*™ In this sense, it is surprising that the CAM-B3LYP functional, designed a
priori to deal with CT states does not improve the conventional hybrid functionals when describing both
the '"MLCT and 'IL states. Very likely, the bad performance of CAM-B3LYP for describing '"MLCT
states is due to the short distance between the donor and acceptor moieties. In contrast to these
conclusions, the pure PBE functional (also in combination with solvent effects) has been found to
outperform the B3LYP functional in the description of the excited states of Fe(phen)y,(CN),.** The
reason behind the good performance of the pure functional PBE in this particular situation is probably
the mixing of the d-based orbitals with the ligand-based orbitals, leading to an overlap of the orbitals
involved in the state and hence to a loose CT character of these states. Whether this situation takes place

in others TM-complexes needs to be evaluated for each particular case.
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Figure 3. a) PCM-TD-DFT errors (¢V) in the electronic excitation energies of complex 1 for different
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types of excited states.

3.3. RASPT2/RASSCEF calculations. The energies and oscillator strengths obtained with the
different RASPT2/RASSCF protocols are compiled in Table 3. The computational strategies that we
will discuss below have been chosen following two intentions. The first is to improve the quality of the
previous CASPT2/CASSCEF using an affordable configuration space. The second is to find general hints
about how to face the treatment of excited states of related TM complexes at the RASPT2/RASSCF
level of theory.

As a first step with respect the CAS(14,13) calculations, we include the n¢j-a; orbital and two
n"co orbitals (n°co-b; and n°co-az) in the active space. The simplest approach is to distribute all the
orbitals within RAS1 and RAS3 subspaces and leave the RAS2 empty while allowing SDTQ excitations
within the RAS1/RAS3 subspaces. This is denoted as RASSCF(16,4,4;8,0,8). As it can be seen in Table
3 the number of CSFs is heavily reduced in comparison to the CASSCF(14,13) calculations —by almost
a factor of 3. Unfortunately, while cheap and easy, this procedure leads to poor results for both the low-
and high-lying excited states. The 3'A; state, calculated at 3.35 eV with CASPT2(14,13), is now
predicted at 4.32 eV with RASPT2(16,4,4;8,0,8), and hence deviating 1 eV from the CASPT2 value.

The RASPT2(16,4,4;8,0,8) relative energies of the high-lying 5'B, and 4'B, bright states are only about
16
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0.3-0.2 eV different from the CASPT2(14,13) values, but with shifts in different directions. An
important difference between both methodologies is that, as a consequence of this reverse shift, the
'MLCT (4'B,) state is below the 'IL state (5'B,) at the RASPT2(16,4,4:8,0,8) level of theory. The latter
result is suspicious in view of the previous CASPT2 and TD-DFT results. In principle, the solvent
effects could reverse the order of the states, since the 'MLCT state is more sensible than the 'IL state to
solvatochromic effects, as reflected with the PCM-TD-DFT calculations. Unfortunately, RASPT2
calculations in the present of solvent effects are computationally too demanding to be investigated, so
that no further conclusions can be reached. We note however that leaving the RAS2 empty has also
given poor results in describing the singlet-triplet splitting of copper complexes.'' Even though this
strategy had resulted useful in describing ionization and low-lying excited states of simple systems,
such as organic m conjugated compounds,’ the results obtained in this work also seem to confirm that in
TM complexes better results are obtained if the RAS2 subspace is not empty.

Therefore, in the following we focus on finding the optimal composition of the RAS2 subspace,
which as we will show, it is indeed the crucial step to obtain a balanced and accurate description of the
relevant excited states of 1. Moving the n¢j-a;, the nbpy-2a2/n*bpy-2az pair and the two ©t"co orbitals to the
RAS1/RAS3 subspaces leads to the RASSCF(16,/,m;2,11,3) calculations, which will allow up to D, T,
or Q excitations, depending on the / and m indexes. As we see in Table 2, the introduction of these
orbitals and therefore further correlation in the zeroth-order wavefunction implies a slightly better
description of some states. Exemplarily, the 3 'A, states goes from 5.61 eV at CASSCF(14,13) to 5.18
eV at RASSCF(16,2,2;2,11,3) level. The perturbative treatment leads to very similar results: the 3'A,
state is predicted at 3.36 eV with RASPT2(16,2,2;2,11,3) level of theory and the 5'B, and 4'B; are now
located at 4.83 and 4.58 eV, respectively. The results are hardly improved with respect to the
CASPT2(14,13) results since the transition responsible for the lowest energy band is located at the same
position and the error with respect to the peaks higher in energy (5'B, and 4'B,) is now ca. 0.9 and 0.4

eV, respectively (obviating solvatochromic effects) at the RASPT2(16,2,2;2,11,3) level of theory. An
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improvement of these results can be attempted following two strategies: either i) increasing the allowed
excitations within the RAS1/3 subspaces or ii) changing the current RAS partition.

First, we shall discuss the former strategy. Allowing up to triple excitations is labeled by
RASSCF(16,3,3;2,11,3), whilst up to triples-quadruples (/=3 and m=4) 1is denoted by
RASSCF(16,3,4;2,11,3). As it can be seen the number of CSFs for such approaches is over 5 and 7
million, respectively —on the limit of computational feasibility. Disappointingly, as it can be seen in
Table 3, the relative energies of all the states show negligible changes regardless the level of excitation,
at both RASSCF and RASPT2 levels of theory. These calculations do highlight that an enormous
number of CSFs does not guarantee the quality of the results. If the orbitals composing RAS2 subpace
are not properly selected and a reasonable reference space is achieved, perturbation theory will not be
able to get accurate results.

Therefore, we turn our attention to redefine the RAS partition. An additional pair of Typy/T bpy
orbitals (nbpy-lbl/n*bpy-laz) with high and low occupation numbers, respectively, is moved from the
RAS2 to the RAS1/3 subspaces. This strategy has the additional advantage that, in principle, it allows to
include additional orbitals in the RAS1/3 subspaces because now the number of CSFs is considerably
reduced. By allowing SD excitations we get RASSCF(16,2,2;3,9,4) calculations. As it can be seen in
Table 2 the number of CSF’s is reduced by a factor of 10 in comparison to the RASSCF(16,2,2;2,11,3)
calculations. Very interestingly, we note that the results obtained with the economic
RASPT2(16,2,2;3,9,4) level of theory seem to be more balanced than the previous ones. The low-lying
3 'A; state is now predicted at 3.92 eV. If we consider the solvatochromic blue shift calculated with the
PCM-TD-DFT model, this state deviates even more from the experiment than the previous RASPT2
schemes. On the other hand side we believe that the 5'B, and 4'B, states, located now at 4.19 and 3.96
eV, are in closer agreement with the experimental evidence. Thus, the 'IL state is only accurately
described within this latter procedure (recall that solvatochromic effects are not so important for this
state, as reflected by the PCM-TD-DFT calculations). Additionally, the 4'B, "MLCT state is also best
predicted at this level of theory, assuming also a solvatochromic blue-shift. The '"MC (1'B) state seems
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to be rather immune to electronic correlation and it is located at 3.23 eV —a very similar value as that
obtained with the other RAS calculations. In view of the satisfactory RASPT2(16,2,2;3,9,4) energies we
report oscillator strengths at this level of theory. The results can be found in parenthesis in Table 1. In
most of the cases, the oscillator strengths are in agreement with the MS-CASPT2(14,13) ones. The main
discrepancy is found in the S;o(4 'B,) state, where RASPT2(16,2,2;3,9,4) predicts more than one order of
magnitude smaller oscillator strength. Since the gas phase TD-DFT results also point to a weak 4 'B,
state we are confident that the RASPT2(16,2,2;3,9,4) oscillator strengths are trustable.

Inclusion of further correlation orbitals leads to the RASPT2/RASSCF(22,2,2;6,9,6) calculations.
With a few millions of CSF’s, these calculations are on the computational limit and would be
prohibitive at the CASPT2/CASSCEF level of theory. They are probably an illustration of the size of
TM-polypyridyl complexes that can be nowadays calculated at the RASPT2/RASSCEF level of theory.
Moreover, and more interestingly, they allow evaluating whether all the correlation orbitals are
necessary to get accurate results for complex 1. As it can be seen in Table 3, the low-lying 3 'A; state is
slightly better described than at the RASPT2(16,2,2;3,9,4) level of theory. The 'IL state is also
accurately predicted at the RASPT2(22,2,2;6,9,6) level of theory and the 'MC (llBl) state seems to be
(again) unaffected by the inclusion of further correlation effects. On the other hand the '"MLCT (4 'B,)
state is blue-shifted as compared to the RASPT2(16,2,2;3,9,4) calculations, exhibiting similar values to
the rest of CASPT2 and RASPT2 values. We note however that at this level of theory the intense 'IL
(5'B,) and the "MLLCT (4 'B,) states are strongly mixed. For example, the wavefunction coefficients of
the 4dyz-a29n*bpy-lb1/rcbpy—lazén* bpy-2b1 excitations are 0.38/0.38, in the case of the latter state. As a
consequence of this (what we consider spurious) mixing, the oscillator strengths computed at the
alternative RASPT2(16,2,2;3,9,4) level of theory can be considered more accurate. Probably, a higher
number of average states is necessary to describe correctly the B, states with this active space, but due
to the expensive cost of these calculations, no further trials have been done. We conclude therefore that
when going from the RASPT2(16,2,2;3,9.,4) to the RASPT2(22,2,2;6,9,6) calculations almost no

improvement in the relative energies is achieved. The more economic RASPT2(16,2,2;3,9,4) partition is
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more valuable here, giving intensities in closer agreement with the experiment and the PCM-TD-DFT
values.
4. Concluding remarks.

TM-complexes are prototypes of systems where transitions of very different character, i.e., IL, MC,
MLCT, LMCT states, can be found. This makes them specially complicated to handle computationally
so that balanced results are obtained for all the excited states simultaneously. As an example of such a
situation, we have calculated the excited states of the frans(Cl)-Ru(bpy)Cl,(CO), complex with
CASPT2/CASSCF and RASPT2/RASSCF protocols, allowing different partitions of the active space
and different excitation levels. As found in the case of some organic systems,'” in order to get accurate
results the inclusion of correlation orbitals in the active space is important, however much more
significant seems to be the choice of the partition of the RAS subspaces, especially the RAS2. From the
results obtained here, we conclude that when treating TM-complexes, the RAS2 subspace should not be
empty but it must contain the orbitals involved in the main electronic excitations to be described and
only those. Other orbitals, relevant, but showing very high and very low occupation numbers should be
better allocated to the RAS1 and RAS3 subspaces, respectively. Once an optimal partition is achieved,
SD excitations within the RAS1/3 subspaces are sufficient to handle the additional dynamical
correlation and thus obtain the right order of the states with accurate energies and intensities. These
hints should be transferable to compute excited states of related TM-complexes, like the [Ru(bpy)3]2+
complex, at RASPT2/RASSCEF level of theory. Nonetheless, in general, it appears particularly difficult
to obtain an accurate and balance description of all types of excited states of TM-polypyridyl complexes
simultaneously and, therefore, the effect of different partitions within the RASPT2/RASSCF method

should be considered.

The performance of several TD-DFT flavors is herein also assessed. Desirable is a general method

which allows describing the different transitions contributing to the UV-Vis spectrum. Solvent effects
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are found to be mandatory to obtain spectroscopic accuracy, especially in the case of MLCT states. We
find that whilst MC transitions are rather robust to any of the functionals tested. MLCT states are only
well described with functionals bearing intermediate amounts of exact exchange, such as M06, PBEO
and B3LYP, in combination with solvent effects. IL states are also best described with these functionals.
In view of these conclusions, here we find that the best compromise to treat all the excited states of
Ru(Il)-polypyridyl complexes in a balanced manner is first then M06 and then the B3LYP and PBEO

functionals.

This study clearly shows that the rationalization of the UV/Vis spectra of TM-complexes exclusively
based on the matching of experimental and theoretical TD-DFT bands might be dangerous without an
initial exploration of the performance of different hybrid or range-separated functionals because some
'MLCT states might be theoretically underestimated (by more than 1 eV in some cases) but match

accidentally a different band of the experimental spectrum.
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Table 1. Relative SA-CASSCF(14,13), SS- and MS-CASPT2(14,13) as well as SO-MS-CASPT2(14,13) electronic transitions energies, AE (in

eV), with oscillator strengths /, and main assignment for complex 1. The square of the configuration interaction coefficient, ¢?, indicates the weight

of a particular transition to the corresponding state.

SA-CASSCF(14,13) SS-CASPT2 MS-CASPT2(14,13)° SO-MS-
(14,13) CASPT2(14,13)°
State Assignment / Weight (c) f AE AE AE f° AE I
(eV) (eV) (eV) /¢ (eV)
Se(1'A) 'GS /0.86 0.0 0.0/0.86 0.0
S (1'A)]  ™C (4d,,-a,>4d-a;) / 0.71 0.000 | 3.15 3.76 3.76/0.72 | 0.000 (0.000) 3.78 [ 0.000
S,(1™B)|  ™C (4d,,-b;>4d,-a;) / 0.79 0.009 | 3.59 3.49 3.49/0.77 | 0.009 (0.007) 352 [ 0.009
S;(2'B))|  ™MC (4dy,-a;>4d0,0-b2) /0.78 | 0.006 | 4.77 4.19 4.19/0.76 | 0.004(0.004) | 4.23 0.003
S:(2'Ay)|  ™C (4d,,-b; D 4d0-by) /075 | 0.000 | 4.82 481 4.82/0.77 | 0.000(0.000) | 4.82 [ 0.000
SsTA)|  ™C (4dy-a,>4d,,-a,) / 0.84 0.007 | 5.13 5.57 5.57/0.85 | 0.006 (0.007) 559 [ 0.006
Ss(1 B2)| 'MLCT (4d,,-a> 'ppe-2b1) / 0.76]  0.000 | 5.19 3.81 3.73/0.74 | 0.000 (0.000) 3.74 | 0.000
S;(2™By)|  ™C (4dy-a,>4dy-b)) /0.82 | 0.001 | 5.32 5.49 5.55/0.62 | 0.070(0.018) 557 | 0.068
Ss(3 By)| IL (mupy-1ay>mpy-1b1) /028 | 0.195 | 5.44 5.40 5.49/0.30 0.049 (-)° 5.51 0.051
'L (meppy- 12,7 1py-2b1) / 0.22
So (3 "A)| 'MLCT (4dy-b;Dm i -2b1) /0.85] 0.045 | 5.61 3.35 335/0.85 | 0.025(0.059) 336 | 0.025
S10(4 'Bo)| 'MLCT (4dy,-a,> ' y-1b1) /0.69] 0.162 | 6.34 474 475/0.60 | 0.199(0.012) | 4.77 | 0.198
S1(5 Ba)|  'IL (mtypy-la; D pp-2b)) /0.52 | 0.405 | 6.64 4.65 4.49/0.40 | 0.306(0.309) 450 | 0306

'SA-(3,3,2,6)-CASSCF(14,13) calculations for A, Bj, A and B, symmetries, respectively. "MS-SO/MS-(3,3,2,6)-CASPT2(14,13) calculations for
Ay, By, A, and B, symmetries, respectively. “In parenthesis, oscillator strengths obtained with MS-RASPT2(16,2,2;3,9,4). 9This state was not
computed at the MS-RASPT2(16,2,2;3,9,4) level of theory.
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Table 2. Selected TD-DFT electronic transitions energies, AE (in eV), with oscillator strengths f'against experimental values. Numbers in italics

are calculated in solution (CH3CN) with the PCM model.

- 1 0, . .
Meta he},)z:rlllgrf;:)c (% HF Range-sepatated func. Hybrid functionals (% HF exchange) Pure func.
M06-2X CAM- B3LYP-35 PBEO B3LYP
9 - PBE Exptl
MO6 (27%) |~ (5404 B3LYP | FC-OPBE | 350 (25%) (20%) Xp
State | AE | f | AE| £ |AE| f | a8 7 |a| £ | A | F | AR | 7 | AE | 7 | AE
1 lBl 299 | 0.001| 3.06 [ 0.003| 3.39| 0.003 350 0.003 | 3.34 | 0.003 3.31 0.002 3.25 0.001 3.09 0.002
(IMC) 3.00 | 0.002| 3.02| 0.003| 3.38| 0.004 346 0.004| 333 | 0.004 3.34 0.004 3.30 0.003 3.19 0.003
3 lAl 248 | 0.011| 3.64 | 0.009| 3.43| 0.014 | 419 | 0.022 | 3.10 | 0.010 2.60 0.010 241 0.009 1.56 0.008 3.52¢
('MLCT) 347 | 0.023| 455 | 0.019| 441| 0.031 | 505 | 0.047 | 4.03 | 0.021 3.51 0.019 342 0.019 2.50 0.016 3.62°
5 le 429 | 0.142| 476 | 0.246| 4.67| 0258 | 4.82 | 0.289 | 4.56 | 0.304 4.44 0.199 4.29 0.064 4.02 0.064 3.96°
('IL) 418 | 0.315| 4.63| 0.358| 4.53| 0386 | 4.64 | 0353 | 442 | 0392 | 432 | 0280 | 421 | 0247 | 394 | 0287 | ~
4 le 335 | 0.002| 4.66 | 0.067| 4.51| 0.016 | 5.65 | 0.014 | 4.08 | 0.001 3.49 0.002 325 0.001 2.19 0.002 4.13-
('MLCT) 442 | 0071 577 | 0.022| 571| 0.034 | 6.68 | 0.139 | 5.01 | 0.029 4.49 0.107 4.36 0.123 3.21 0.002 | 4.34°

“In CH;CN, from Ref. 22. °In CH,Cl,, from Ref. 23.
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Table 3. Relative RASSCF(n,[,m,i,j,k) and RASPT2(n,l,m;ij,k) electronic transitions energies, AE (in eV), of the main electronic excitations of

complex 1, at different levels of theory, compared to the SA-CASSCF, MS-CASPT2 and available experimental data.

SA-RASSCF*® MS-RASPT2°?
SA- MS- SA- MS- 16,Lm; 2,11,3) | (16,Lm; 2,11,3) SA- MS- SA- MS-
CASSCF | CASPT2 | RASSCFE | RASPT2 | im | Lm | (=3, | Lm | Lm | I=3, | RASSCF | RASPT2 | RASSCF | RASPT2 | Exptl
States | (14,13) | (14,13) | (1644; | (1644, | =2 | =3 | m=4 | =2 | =3 | m=4 | (16,2,2; | (162,2; | (22,2,2; | (22,2.2;
8,0.8)° 8,0,8)" 3.9.4)° 3.9.4)° 6,9.6)" 6.9.6)"
1B,
(IMC) 3.59 3.49 4.50 3.36 3.99 | 4.03 4.04 331 | 3.31 331 4.20 323 4.53 3.55 -
3TA, 3.52°
(IMLCT) 5.61 3.35 5.70 4.32 5.18 | 5.22 522 3.36 | 3.35 3.35 5.51 3.92 533 3.83 3620
T
?1115; 6.64 4.49 6.41 4.83 6.08 | 6.07 6.07 4.83 | 4.85 4.87 6.83 4.19 6.62 4.30° 3.96¢
4'B, . o
(IMLCT) 6.34 4.75 6.92 4.57 6.58 | 6.57 6.58 4.58 | 4.61 4.62 6.35 3.96 6.17 4.61 4.13
Number 2230837(,m=2); 5495197 (L, m=3);
of CSF's 183150 73108 7399206 (=3, m=4) 557036 3890064

’SA-(3,3,4)-RASSCF(n,l,m;ij,k) calculations for Aj, B and B, symmetries, respectively. "MS-(3,3,4)-RASPT2(n,.,m;ij,k) calculations for A,,
B, and B, symmetries, respectively. ‘In CH;CN, from Ref. 22. In CH,Cl,, from Ref. 23. “These states are strongly mixed at the MS(4)-
RASPT2(22,2,2;6,9,6) level of theory.
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ABSTRACT: The UV—visible absorption spectra of six new optical sensors based on acidochromic azobenzenes have been
measured and assigned with the help of quantum chemical calculations. The investigated compounds are able to monitor the pH in
the range from pH 3—10. Using the hybrid density functional PBEO and including solvent effects with a polarized continuum model,
the agreement between the experimental and theoretical UV/vis spectra of the dyes in their neutral and anionic forms is very good.
The spectroscopic 7t7T* states, responsible for the optical properties of the sensors, are described within an accuracy of 0.1 eV. Similar
accuracy is demonstrated in the nsr* states. The 7177* states can be assigned as a charge transfer from the aromatic 77 orbital localized
in the azo-phenol moiety to the antibonding 77* of the azo group. Under basic conditions, the spectrum is bathochromically shifted
and more intense than in acid media. Upon substitution in the phenyl moiety, red- or blue-shifts of the UV—visible bands are
observed depending on whether the substituent is electron-donor or -withdrawing, respectively. These effects are stronger at high
pH values and can be rationalized in terms of the stabilization and/or destabilization of the involved frontier orbitals.

1. INTRODUCTION

The development of pH sensors is a continuous challenge in
chemistry." Although the determination of pH with traditional
electrochemical sensors is well-established, optical sensors are a
valuable alternative where glass electrodes are impractical or
impossible to use.” Moreover, optical sensors can be more
versatile than electrodes, as they are easy and inexpensive to
fabricate,> and profit from the current advances of optical
spectroscopy.

Azobenzene and derivatives have attracted a considerable
amount of attention due to their capability to reversibly switch
between the cis and trans conformers using two different
wavelen§ths,4 and therefore their large applicability as molecular
devices.” They are used as light-driven membranes,® as single-
molecule optomechanical machines,” as media storage,8 or to
control peptide folding.” Moreover, because they allow for facile
and multiple functionalizations, a wide range of azobenzene-
based indicator dyes have been synthesized, initially for detecting
alkali, earth alkali, and heavy metal ions,'® but later also for
monitoring electrically neutral and anionic analytes such as
alcohols,"" amines," aldehydes,13 saccharides,"* and bisulfite.'®
Recently, some of us have synthesized new derivatives of
2-hydroxyethylsulfonyl azobenzene (HESAB) indicator dyes
with emphasis on measuring the pH in range between 3 and
10."® These indicators can be covalently linked to polymers
containing hydroxyl functions such as cellulose, polyurethane
hydrogel, and hydroxyalkyl methacrylate. Because one of our
aims is to design indicator dyes, which exhibit strong color
changes in this pH range, the goal of this Article is to present a
comprehensive study of the substitution effects on the spectral
properties of the corresponding protonated and deprotonated
forms of HESAB. In particular, we want to predict whether or not
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the absorbance spectra of the phenolic dyes in going from acid to
base form (ie., protonated to deprotonated form) are well
separated, thus providing indicator materials whose color
changes can be easily distinguished and quantified by optical
sensor modules.

To shed some light into the photophysics of the HESAB
compounds, which can in turn help to predict the potential use of
these dyes as pH indicators, the experimental spectra have been
characterized with the help of quantum chemical calculations.
While recording absorption spectra can be close to routine, the
computation of electronically excited states of large organic dyes
with chemical accuracy (less than 0.1 €V) is still a challenging
problem in modern quantum chemistry. Currently, time-depen-
dent density functional theory (TD-DFT) is the most extended
theoretical tool to compute transition energies and oscillator
strengths in organic and inorganic compounds.'” Although the
performance of different functionals may vary depending on the
treated systems,'® it seems that corrected hybrid functionals are
best suited to describe the excited states of delocalized aromatic
dye systems,'® and this approach is used here.

2. EXPERIMENTAL SECTION

Sample Preparation. The six azobenzene dyes (1—6) with
their deprotonated forms (1~ —6 ) shown in Figure 1 were
investigated. The azo function is in para position to the phenol
hydroxyl group. Substitution effects are studied by substituting H
by two electron donors (CHs;, OCHj3) and/or two electron-
withdrawing (F, Br) substituents on the phenyl moiety.
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Figure 1. Chemical structure of the 2-hydroxyethylsulfonyl azobenzene dyes here investigated.

Table 1. Main Geometrical Parameters of Gas-Phase-Optimized Compounds 1—6and 1 —6

b

—a

compound sy’ ds’ dys’ ds—7 ds—o’ O34 O34 Ti—3-4—6

azobenzene

RI-BPSﬁ/TZVPd 1.267 1.417 1.417 114.8 114.8 180
PBEO/TZVP 1.243 1413 1.413 1.386 1.393 115.1 115.1 180
X—raye 1.247 1.428 1.428 1.384 1.391 114.1 114.1 178.1
1 (PCM-PBE0/TZVP) 1.248 1413 1.399 1.380 1.401 114.7 116.2 170.5
1 (PBEO/TZVP) 1.271 1418 1.408 1.390 1.410 114.2 115.4 167.5
2 1.246 1412 1.402 1.384 1.408 114.5 118.7 163.2
3 1.247 1.410 1.400 1.388 1.404 114.3 115.8 162.3
4 1.244 1.412 1.408 1.377 1.397 114.6 115.2 165.7
S 1.244 1.412 1.408 1.377 1.397 114.6 115.2 165.7
6 1.245 1412 1.403 1.386 1.392 114.4 115.6 166.2
1~ (PCM-PBE0/TZVP) 1.276 1.395 1.361 1.368 1.448 114.0 117.2 178.8
1~ (PBEO/TZVP) 1.288 1.377 1.344 1.359 1.459 113.7 117.4 173.1
2~ (PCM-PBE0/TZVP) 1.282 1.390 1.357 1.369 1.457 114.0 117.2 178.6
27 (PBE0/TZVP) 1.289 1.376 1.344 1.361 1.465 1137 117.5 1729
3 1.295 1.370 1.339 1.361 1.471 113.8 117.1 172.6
4 1.283 1.380 1.347 1.355 1.459 113.8 117.1 171.4
s 1.277 1.386 1.354 1.359 1.466 113.9 117.2 170.9
6 1.289 1.375 1.343 1.363 1.456 1139 117.2 171.8

“ Theoretical and experimental values of trans-azobenzene are given for comparison. The corresponding chemical structures with the atom numbering
can be found in Figure 1. " Distances in angstroms. © Angles in degrees. ¢ Values obtained under C,j, symmetry constraint from ref 29. ° Experimental

values from ref 28.

The synthesis of the 2-hydroxyethylsulfonyl azo dye 1 was
accomplished by diazotation of 2-(4-aminobenzenesulfonyl)-
ethanol to phenol in acetic acid. The product was precipitated
as fine yellow-orange powder. Yield: 28%. Anal. Calcd for
C14H14N,0,S (306.34 g/mol): C; 54.89%; H, 4.61%; N,
9.14%; S, 10.47%. Found: C, 54.89%; H, 4.53%; N, 9.10%; S,
10.72%. '"H NMR (DMSO): ¢ (ppm) 7.85—8.07 (m, 6H,
=CH-), 6.98 (m, 2H, =CH—), 3.74 (t, 2H, —CH,—), 3.51
(t, 2H, —CH,—). Mass spectrometry data (EL): m/e (%), 306
(38). The synthesis of the 2-hydroxyethylsulfonyl azo dyes 2—6
has been described in detail elsewhere."?

Spectroscopic Measurements. The absorbance spectra of
the dissolved dyes 1—6 were recorded on a Lambda 16 UV—vis
spectrometer (Perkin-Elmer) at 20 £ 2 °C. The dyes were
dissolved in methanol and mixed with the aqueous buffered
solutions in a 1:1 ratio because of the low solubility of the dyes in
pure aqueous solution. A wide pH range buffer was used, which
was 0.04 M in sodium acetate, 0.04 M in boric acid, 0.04 M in
sodium dihydrogen phosphate, and 0.1 M in sodium sulfate. The
pH was adjusted in a way that exclusively the neutral or the
anionic form of the dyes was observed.

3. COMPUTATIONAL DETAILS

For the sake of computational ease, the 2-hydroxyethyl
function was replaced by a methyl group in all of the calculations
(see Figure 1). The resulting geometries were optimized in the
trans configuration using the global hybrid functional PBE0*” in
combination with a polarized valence triple- basis set (TZVP)
for all atoms. The nature of the stationary points was confirmed
by calculating the Hessian at the same level of theory. The
calculation of the transition energies and oscillator strengths was
done with the same functional. With 25% of exact Hartree—Fock
exchange, PBEO was chosen because it delivers excitation en-
ergies with mean absolute errors of 0.14 eV for organic dyes."*"
The effect of the methanol environment on the excitations
energies was modeled with the polarized continuum model
(PCM)*! and & = 32.6. For reference, the UV spectrum of the
unsubstituted compounds 1/1" is also calculated using corre-
lated ab initio second-order approximated coupled-cluster
theory®” in the resolution of the identity approximation (RI-
CC2)* and the pure functional BP86>*** also within RI
approximation. The effect of the solvent on the geometries was
also investigated at the PBEO level of theory. RI-BP86 and
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Table 2. UV/Vis Experimental Data of HESAB Compounds 1—6 under Acid and Basic Conditions (pH Is Also Given) Measured

in Buffered Methanol (v/v = 1:1)*

1 Amax 2 Amax 3 Amax 4 Anax S Amax 6 Amax
acid pH =3.52 pH=3.17 pH=4.16 pH =3.19 pH=3.19 pH=23.16
456,361 (2.72, 3.44) 373 sh, 427 (3.32 sh, 2.91) 460 sh, 395 (2.70 sh, 3.14) 355 (3.49) 354 (3.50) 374 (3.32)
basic pH = 11.08 pH=1128 pH =10.83 pH = 11.44 pH = 11.54 pH=11.28
460 (2.70) 499 (2.49) 525 (2.36) 444 (2.79) 460, 292 (2.70, 4.25) 487(2.55)

“ Maximum absorption peaks and most relevant shoulders (sh) in nm and in €V in parentheses.

Table 3. Molar Extinction Coefficients of the Dyes in Pure
Methanol”

& [Lmol ' cm™']

neutral anionic Amax neutral form A, anionic form

form orm [nm] [nm]
1/1° 27300 27700 364 441
2/2" 24190 29240 373 498
3/3° 18 890 36090 396 522
4/4~ 25200 30000 354 440
5/5° 14430 21740 354 452
6/6 19740 30730 375 485

“The neutral form was obtained by addition of 100 uL of 0.1 M
hydrochloric acid, while the anionic form was obtained by addition of
100 #L of triethylamine.

RI-CC2 calculations were performed with the TURBOMOLE.S.10
program package,”® while the rest of calculations were performed
with Gaussian 03.”

4. RESULTS AND DISCUSSION

Structure of Azo-vinyl Sulfonyl Dyes. The most relevant
geometrical parameters of the studied compounds 1—6 and
corresponding anions are collected in Table 1. For the sake of
comparison, azobenzene in the frans-conformation is also in-
cluded. The low-lying excited states of azobenzene (and de-
rivatives) involve the antibonding orbital located in the N=N
bond; therefore, it is important to describe this bond length
properly. Experimentally, the N=N distance of azobenzene is
1247 A”® Hittig et al. showed that triple-{ basis sets are
indispensable for an accurate description of this bond.* It has
been estimated that RI-BP86/TZVP level of theory delivers
bond distances in azobenzene ca. 0.001 A larger than MP2 but
very similar to the crystal structure.”® As we see in Table 1, RI-
BP86/TZVP overestimates the N=N bond (d3_,) by ca. 0.02 A.
Interestingly, the result of the hybrid functional PBEO (1.243 A)
is in much better agreement with the X-ray distance. The
adjacent N—C bonds (d,—3 and d,—s) are underestimated by
both BP86 and PBEO by ca. 0.01 A. Despite being noticeable,
these discrepancies are within the error bar of the experiment.”®

In view of the previous results and because no X-ray structures
are available for HESAB derivatives to compare, we shall consider
0.01 A as the error bar for the geometries of the HESAB
compounds obtained with PBEO/TZVP. The N=N bond in
the unsubstituted HESAB compound 1 is larger than in azoben-
zene and further destabilized upon deprotonation. Interestingly,
when the solvent is included in the optimization (PCM-PBEO
values), the azo bond (d;—,) is compressed in the neutral and
anionic forms, while the bonds nearby (d,_; and d,—s) are
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almost unaffected in the neutral form but stretched by ca. 0.02 A
in the anion.

The changes in the bond angles are negligible in both neutral
and ionic forms (see  values in Table 1). In contrast, the planarity
of these compounds deserves some attention. Despite some
controversy,”® nowadays it seems well-accepted that azobenzene
is planar in the gas phase, as suggested by early X-ray experiments”®
and confirmed by accurate MP2 calculations.””*" Simple substi-
tuted 4,4’ -azobenzene derivatives are also planar at both MP2 and
DEFT levels of theory if the basis set is sufficiently large. On the
contrary, if a smaller basis set, that is, MP2/6-31+G(d) level of
theory is used, significantly twisted geometries, with a dihedral
angle of ca. 20°, are predicted.>® The dyes investigated here are
twisted by ca. 15° (see dihedral 7,344 in Table 1). Because we
employ the flexible TZ basis set, we are confident that the
nonplanarity of HESAB systems in vacuum is physical and due
to the bulky nature of the substituents. We note that the
frequencies corresponding to the out-of-plane motion of the rings
are very small (e.g, 62 and 105 cm™~ ' in compound 1 and of similar
magnitude or even smaller in the other neutral species), increasing
the possibility that nonplanar geometries contribute to the experi-
mental absorption spectrum (see below). Worth mentioning is
that a certain degree of planarity is recovered upon deprotonation
and that the 1/1" and 2™ optimized structures in the presence of
solvent are slightly more planar than in the gas phase (see Table 1).
These effects are especially important to address properly the nsr*
excitations of HESAB compounds, as we shall discuss below.

The rest of the compounds have been optimized only at the
PBEQ/TZVP level of theory. In the neutral HESAB, the calculated
values for N=N and adjacent C—N bonds (now asymmetric), as
well as the angle between them, are very similar to those of
azobenzene (see Table 1). Both the electron donor (2 and 3) and
the electron acceptor (4 and §) substituents have little effect on the
geometry of the neutral (or the anionic) HESAB. However, there are
interesting changes upon deprotonation. In the phenolate form, a
strong resonance effect through the conjugated system can be
observed, which strongly influences the geometry in two ways: On
the one hand, the N=N bond is activated, see that the distance of the
azo moiety is enlarged in comparison to the neutral forms by 0.03—
0.05 A, and, on the other hand, the aromaticity of the ring decreases,
see the different alternate C—C distances of the phenyl group. Also
significant is that the planarity of the HESAB increases in the anionic
forms. For instance, in the neutral form 3 the dihedral angle 7,34
is 17.4°, while in 3™ it decreases to 6.8°.

UV—Visible Absorption Spectroscopy. Experimentally, the
UV/vis spectra of these compounds (with 2-hydroxyethyl moieties,
vide supra) are recorded in methanol/buffer (1:1) of different pH
values. The experimental maximum absorption peaks of compounds
1—6 at specific pH values measured in buffered aqueous methanol
are collected in Table 2, and the molar extinction coefficients in pure
methanol solutions are given in Table 3.
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Before discussing the assignment of the different spectra based
on quantum chemical calculations, it is worth reviewing the
spectrum of azobenzene, which has been the subject of extensive
studies.”” > In the gas phase, the absorption spectrum is
characterized by a weak nst* transition at 2.82 eV (440 nm)
followed by a strong 7r7* state peaking at 4.12 €V (301 nm).*?
CC2 calculations deliver values of 2.84 and 4.04 eV, respectively,
in very good agreement with the experimental values.”” The
employment of TD-DFT in azobenzene and derivatives is,
however, not straightforward. Charge transfer (CT) states are
typically very much underestimated due to the wrong long-range
behav10r of the applied standard exchange-correlation func-
tionals.>* Several strategies have emerged to consider long-range
effects. For instance, range-separated functionals where the total
exchange energy is split into short- and long-range contributions
have been developed; examples of these functionals are LC-
wB97,* LC-wB97XD,*® or CAM-B3LYP.*” Another possibility
is to use hybrid functionals where the exact Hartree—Fock
exchange is modified; an illustration is the PBEO functional,
which contains 25% of exact HF exchange. As expected, pure
functionals deliver rather poor values in azobenzene. RI-BP86/
aug-TZVP predicts the two transitions of azobenzene at 2.19 and
3.35 eV that is, both bands are underestimated by more than 0.5
eV.*” The hybrid functional B3LYP red-shifts experimental
values to a lesser extent, but it still accounts for errors of 0.3—
0.4 eV.*** The systematic study of Jacquemin and co-workers
for solvated azobenzene shows that among a large amount of
GGA, meta-GGA, conventional hybrids, and the recently devel-
oped range-separated hybrid functionals, the PBEO and CAM-
B3LYP functionals give a quantitative agreement on the spectro—
scopic state of some selected substituted azobenzenes.'™ In
combination with solvent via the PCM algorithm, mean absolute
errors of 0.14 eV for CT in organic dyes, mcludlng azobenzene,
have been obtained with the PBEO functional.'”” These results
are even better that the ones obtained with range-separated
hybrids. Recently, Tozer et al. have investigated the relationship
between the excitation energy errors and the spatial overlap
between the orbitals involved in the excitation, concluding that
errors are large when the overlap is low.*® In CT situations where
no overlap between the involved orbitals in the CT state is
observed, they strongly recommend the use of  range- -separated
functionals, like the CAM-B3LYP functional.*® In azobenzene
and the herein studied HESAB dyes, the orbitals involved in the
spectroscopic CT excitation should show a high-overlap due to
conjugation over the rings (see Figure 2). In such cases, hydrid
functionals with augmented amount of exact exchange, like
PBEOQ, can deliver very accurate values because excitations with
local character are also present, in agreement with ref 19b.

In the following, we shall investigate first the unsubstituted
HESAB system using different protocols for reference. Table 4
collects the excitation energies, oscillator strengths, and the
corresponding assignment of the most important peaks of the
absorption spectra of the neutral and ionic HESAB model
compounds (1/17) using RI-CC2, BP86, and PBEO using
different geometries, as specified. Figure 3a shows the experi-
mental spectrum of 1 at pH = 3.52 and at pH = 11.08. At these
pH values, the neutral (1) or the anionic (1) form is expected to
be predominant, respectively, because the pK of 1 in methanol/
buffer is 8.35 (in plain buffer, the pK, is 7.64). Figure 3b—f
displays the spectrum of 1 and 1™ at different levels of theory. In
Figure 2, the corresponding frontier orbitals are displayed. As we
can see, these are very similar for the neutral and ionic forms. The

HOMO-—1 of both anionic and neutral compounds 1/1
corresponds to the ny, the HOMO is a 7 orbital delocalized
mainly in the azo moiety and the phenol moiety, and the LUMO
orbital is the antibonding counterpart.

As in azobenzene, the lowest singlet excitation of 1 corre-
sponds to a weak n7t* state, followed by a strong 777t* state. This is
predicted by all of the computational approaches but the
intensity of the nst* state is underestimated by all theories. In
the following and for the sake of clarity, theoretical predictions
will be denoted by eV, (or nm,) and experimental data by eV,
(nm,).The most accurate RI-CC2/TZVP method (Figure 3b)
obtain excitations at 2.85 eV, (435 nm,) and 3.82 eV, (325 nm,)
for the S; (n7t*) and S, (7t7*) states, respectively. The 7zt state
involves an electronic transition from the HOMO to the LUMO,
that s, a CT from the azo-phenol moiety to the azo function (see
Figure 2). The S, 777* state, measured at ca. 3.4 eV, (360 nm,), is
overestimated with RI-CC2 by 0.4 eV probably due to the
exclusion of the solvent. The use of a pure functional leads to a
similar but opposite error: RI-BP86 predicts the S, 7t7T* state at
3.07 eV,, that is, underestimated by 0.4 eV with respect to the
experiment (Table 4 and Figure 3c). This shift is reversed with
the hybrid functional PBEO (see Figure 3d), hence predicting a
blue-shifted peak with an error of ca. 0.15 eV. The inclusion of
solvent effects, only in the calculation of the excitation energies
(Figure 3e) or both in the geometry and in the energies
(Figure 3f), leads to values around 3.3 eV,. The w7* state is
then only blue-shifted with respect to the experiment by 0.1 eV.
Because the differences in both latter procedures are not
significant, the prescription PCM-PBE0//PBEQ, that is, includ-
ing the solvent only in the calculation of the energies but on
vacuum geometries, seems to be a reasonable one to calculate the
spectra of the substituted compounds.

The spectrum of 1 is characterized by a strong band peaking
at 2.7 eV, (460 nm,). This band corresponds to the 77T state,
and depending on the computational approach, it is preceded,
followed, or embedded into two low-lying very weak ns*
transitions. With RI-CC2, the S; corresponds to the intense
HOMO—LUMO mt* transition, calculated at 2.59 eV,
(479 nm,) and therefore with an error of ca. 0.1 eV. The S,
and S; are excitations from the ng and ny, respectively, to the
LUMO, at 2.85 eV, (435 nm,) and 2.99 eV, (415 nm,). With RI-
BP86, the S; at 2.68 eV, (464 nm,) is responsible for the intense
7trr* band, and the two nst* states are below, clearly under-
estimated with respect to the RI-CC2 values. Even if the RI-BP86
result for the 7tr* peak is in very close agreement with the
experiment, one should keep in mind that solvent effects are not
included, and hence this agreement is fortuitous. The use of the
hybrid PBEO functional intercalates the 7zst* state at 2.91 eV,
(426 nm,) between the nst* states. When taking into account
solvent effects without and with solvent during the optimizations
(Figure 3e,f and Table 4), this transition is red-shifted, appearing
at ca. 2.8 eV, (~440 nm,), in reasonable agreement with the
experimental absorption maximum.

The description of the nzt* states deserves additional atten-
tion. It has been previously observed that typical global hybrids
such as B3LYP or PBEO show mean absolute errors similar to
those of range- -separated functionals, like CAM-B3LYP, in small
organic dyes.** In solvated substituted azobenzenes, it has been
shown that CAM-B3LYP outperforms other functionals, deliver-
ing minimum absolute EITOrS as small as 0.02 eV for excita-
tion energy of the nr* state.>> Acceptable residual discrepancies
(<0.2 eV) are obtained with the global hybrid PBEO in the same
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Figure 2. Kohn—Sham frontier orbitals involved in the main electronic transitions of 1/1 to 6/6 HESAB compounds.

compounds.32 In our HESAB compound 1, the n* state is 1 is masked under the broad and intense 777* band; therefore,
responsible for the less intense band centered at 2.72 eV, we shall limit our discussion to the energies of compound 1. The
(456 nm,); see Table 2. It is likely that the nzt* state in compound best agreement for the ni* state is obtained with the accurate RI-
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Table 4. Low-Lying Theoretical Electronic Transition Energies, AE (in eV and nm), with Oscillator Strengths, f, and Main
Assignment (Configuration Interaction Coefficient) for Compounds 1 and Its Corresponding Anion 1~

1

1

AE
state eV nm f assignment/c
(RI-CC2//RI-BP86)

S 2.85 435 0.017 nn—77* (0.92)
S, 3.82 325 0.999 a—m* (0.94)
(RI-BP86//RI-BP86)

S 2.20 562 0.013 nn—7* (0.94)
S, 3.07 403 0.775 a—m* (0.92)
(PBEO//PBEO)

S 2.62 473 0.012 ny—* (0.80)
S, 3.59 345 0.922 a—m* (0.79)
(PCM-PBEO//PBEO)

Sy 2.62 473 0.032 ny—* (0.62)
S, 3.29 377 1.027 a—m* (0.60)
(PCM-PBE0//PCM-PBEO)

Sy 2.62 473 0.006 ny—7* (0.65)
S, 3.35 370 1.056 a—m* (0.67)

AE
state eV nm f assignment
(RI-CC2//RI-BP86)
S, 2.59 479 1.100 —* (0.94)
S, 2.85 435 0.098 no—* (0.73)
S3 2.99 415 0.059 nn—77* (0.79)
(RI-BP86//RI-BP86)
S, 2.01 618 0.001 no—* (0.95)
S, 2.15 578 0.010 nn—7* (0.94)
S5 2.68 464 1.100 a—m* (0.92)
(PBEO/PBEO)
S, 2.65 468 0.086 nn—a* (0.57)
S, 291 426 1.210 —* (0.51)
S5 3.05 406 0.008 no—* (0.68)
(PCM-PBE0//PBE0)
S, 2.66 465 0.318 ny—7* (0.57)
S, 2.85 435 1.062 —* (0.51)
S3 3.59 345 0.000 no—m* (0.68)
(PCM-PBE0//PCM-PBEO)
S, 2.71 457 0.002 nn—a* (0.66)
S, 2.82 439 1.318 —* (0.51)
S3 3.58 346 0.000 no—a* (0.68)

CC2 method (2.85 eV,) and with the global hybrid PBEO
functional (2.62 eV,). The inclusion of solvent effects on the
calculation of the vertical excitations and on the optimized
geometries has no effect on the energy of the ns* excitation
(see Table 4). This negligible effect is in agreement with the small
shifts that have been observed for other substituted azobenzene
dyes when comparing gas-phase and solvated results.** The
intensities of the n* bands, however, are different depending
on the protocol. The oscillator strengths of the nz* states of
compounds 1 and 1™ are higher with PCM-PBEO//PBEO than
with the PBEO/PBEO model or PCM-PBE0//PCM-PBEO (see
Table 4), and hence PCM-PBE0//PBEO reproduces best the
experimental evidence (see Figure 3e). As a consequence a broader
7tr* band for compound 1™ is observed with the PCM-PBEO//
PBEO protocol than with the other approaches (compare
Figure 3e with d and f). The increase of ns* intensity is due to
electrostatic effects, because, for instance, the mixing of the nsz*
with the 7™ state for compound 1™ is the same with PCM-
PBEO//PBEO and PBE0//PBEO, and thus an increased absorp-
tion due to mixing with the strong 7t7T* excitation can be ruled out
(see wave function coefficients of S; in Table 4). A more likely
explanation roots to the geometry of the compounds. As we
stated above, when considering bulk solvent effects on the
optimization of the geometries, slightly more planar optimized
structures are obtained. This planarization affects strongly the
intensity of the nst* states of 1 and 1~ (compare exemplarily the
S, oscillator strength values of 1" with the PCM-PBE(0//PBEO
and PCM-PBEO//PCM-PBEO theoretical models). For the latter
procedure, a purer nyT* state is obtained, which might contribute
to the enormous decreasing of the intensity. Focusing only on the
intensities of the nst* state, it is surprising that the agreement
with the experiment is better with PCM-PBEO//PBEQ rather
than with the PCM-PBE0//PCM-PBEO model. A plausible
explanation for this fact might be the flat nature of the potential

energy surface in the vicinity of the planarization region, as
suggested by the geometric controversy with the different
theoretical approaches. To address this geometrical effect and
its consequent effects on the intensities of the nm* state,
molecular dynamic simulations evaluating the temperature ef-
fects on the UV/vis electronic spectrum might be appropriate, as
has been done in trans-stilbene.*'

Summarizing, the experimental spectra (Figure 3a) agree
reasonably well with those obtained with PCM-PBEO/PBEO
(Figure 3e). The main band of 1 is theoretically blue-shifted by
ca. 15 nm, and the one of 17 is red-shifted by 25 nm (see
Table 4). Yet, it is fair to mention that the theoretical peaks of 1
and 1" at 377 and 435 nm, agree much better with the peaks
obtained in pure methanol at 364 and 441 nm, (see Table 3).
Therefore, we can infer that the differences between theory and
experiment are mainly due to the fact that while the experimental
data in Table 4 and Figure 3 are obtained in a buffered 1:1 water/
methanol solutions, theory considers only pure methanol as a
solvent.

As a general remark, we can conclude that in both the
experimental and the theoretical spectra, a strong red
(bathochromic) shift can be observed in the band of the anionic
form of the dye with respect to the neutral form. This shift can
be easily rationalized looking at the responsible transitions in
both neutral and anionic forms (cf., Table 4). The involved or-
bitals, the HOMO/LUMO of the neutral and the anion, exhi-
bit a similar conjugated 77 character but a different electronic
redistribution (Figure 2). Thus, the bands in 1 and 1~ have
origin in frontier orbitals of similar character but with different
energies. Because of additional electrostatic repulsion with the
negative charge in 1, all occupied orbitals are shifted to higher
energies, leading to smaller occupied-virtual gaps with respect
to 1, and therefore red-shifted peaks are obtained for the
HOMO—LUMO nt* transitions. This is responsible for the
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Figure 3. UV—vis absorption spectra of 1 (solid) and 1~ (dashed). (a)
Experimental spectrum normalized to 1 in arbitrary units, (b) RI-CC2//
RL-PBS6, (c) RI-BP86//RI-BP86, (d) PBE0//PBEO, (¢) PCM-PBE0//
PBEO, and (f) PCM-PBE0//PCM-PBEQ. The theoretical spectra are
convoluted with a Lorentzian function with a full width at half-maximum
(fwhm) of 60 nm; the corresponding transitions are marked with
vertical lines.

different color of both forms (neutral and anionic) and conse-
quently allows for this compound being used as an indicator (see
Table 2).

To conclude, because the spectroscopic states (7777*), as well as
the nst* states of the pair 1/1° are well described with the PCM-
PBEO/PBEO model, this level of theory will be employed to study
the HESAB compounds 2/2" —6/6 .

Substitution Effects in the UV—Vis Spectra. Having ana-
lyzed the basic spectral properties of the neutral and anionic
forms of the reference compound 1 with respect to the bare
azobenzene, we now proceed to evaluate how the electronic
transitions are modulated by substitution on the phenol moiety.
The corresponding spectra for the HESAB species with electron
donor (2/2” and 3/37), electron acceptor (4/4  and 5/5°),
and both electron-donor and electron-acceptor (6/6) substit-
uents are shown in Figure 4. The main electronic transitions are
collected in Table 5, and selected orbitals are found in Figure 2.

As stated above, the substituents influences not only the pK,
value'® but also the spectral properties, altering the isosbestic
point that appears between both anionic and neutral forms in the
UV—vis spectrum, and in turn determining to which extent these
compounds can be used as indicators. Even if both methyl and
methoxy groups donate charge to the aromatic ring, the spectra
of 2/2” and 3/3" are different (compare Figure 4a and b). The
maximum absorption peaks of 2/2  are separated by 126 nm,,
while this gap is considerably reduced in the pair 3/3 ", showing
partially overlapping bands and an isosbestic point less defined.

The main changes are in the spectra of 2 and 3, while the spectra
of 2° and 3 are only shifted by 26 nm.. In the dimethyl
compound (2), the bright S, state located at 374 nm, corre-
sponds to an HOMO—LUMO 77t* excitation from the azo and
phenol moieties to the 7* orbital, this transition being analogous
to the one found in 1. Additionally, a less intense 7z77* transition
contributes to the tail of the band at higher energies (S; state, see
Table S). In the dimethoxy compound (3), on the other hand, at
least two 7t7T* states (S, and S3) contribute to the broad band
peaking at 460 nm,. Presumably the wide profile of the band is
due to the S; state, which theoretically is determined at 362 nm,.
An additional intense transition corresponding to the Sy con-
tributes to the near-UV spectrum; this is an HOMO—4—LU-
MO excitation from a 77 orbital localized in the phenyl moiety to
7,0 (see Figure 2). Note that in the case of 3 there is a
stabilization of the ny orbital (HOMO—2). This different
behavior obeys the electronic effects: the methoxy group is more
electron-donating than the methyl group and hence destabilizes
to a major extent the localized and delocalized 7 orbitals,
HOMO—1 and HOMO, respectively, of 3. Accordingly, these
orbitals correspond to HOMO —2 and HOMO, in compound 2.
Consequently, the  HOMO—LUMO, n7*,,,, transition at
403 nm, is red-shifted with respect to 2 (compare with 374 nm, in 2).

The agreement between the experimental and theoretical
spectra for the pairs 2/2" and 3/3" is reasonable, with general
blue-shifts from theory to experiment (Figure 4). The spectrum
of 2 is simpler and similar to that of the unsubstituted compound
1. Likewise, the spectra of the anionic compounds (2~ and 37)
resemble the spectra of 1 . They are both characterized by a
strong peak, experimentally located at 499 and 525 nm,, and
theoretically blue-shifted at 456 nm, and 484 nm,, respectively. In
2, both S; and S, states contribute almost equally to the main
band, which then can be assigned as a mixture of the 777%,,, and
ni*,,, electronic excitations (Table 4). On the contrary, in
compound 3 , this peak is due to the S; state, which is a
HOMO—LUMO transition, localized in the 7t7t*,,, orbitals, as
inl .

The n* transitions in 2/2" and 3/3" are very similar to those
encountered in the unsubstituted pair 1/1° and show similar
trends in terms of oscillator strengths (rather small in 2, 3, and
37).Asin the pair 1/1°, the nr* transitions are red-shifted upon
deprotonation. These effects will also appear in the electron-
withdrawing substituted compounds (vide infra). Experimen-
tally, the band of 2 shows a shoulder centered at 427 nm,, which
is most likely due to the nst* transition (466 nm,). The intensity
of this transition is theoretically underestimated. Interestingly, in
2, where the nst* transition is mixed with the 7z7t* transition
(recall S; and S, in Table S), higher oscillator strengths are
obtained due to this mixing. To investigate whether this mixing
changes when solvent effects are included in the optimization,
which redounds in a more planar geometry (vide supra), and
whether energies can be improved, test calculations in 2" have
been performed with the PCM-PBEO//PCM-PBEOQ approach.
The resulting energies and oscillator strengths are also included
in Table S in brackets. As we can see, the mixing between the ns*
and 7z77* transitions is slightly reduced (as we saw in the pair 1/
17), rendering different oscillator strengths: a smaller/larger
value for the S;/S, states, respectively. However, the solvent
effect does not improve substantially the energies, although a
slight shift toward the experimental values is obtained.

The neutral forms 4 and S show a broad band peaking at 355
and 354 nm,, respectively (cf,, Table 2). As in the previous cases,
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Figure 4. Experimental (top) and PCM-PBE0//PBEO (bottom) spectra of neutral (solid) and anionic (dashed) compounds. The theoretical spectra
are convoluted with a Lorentzian function with a full width at half-maximum (fwhm) of 60 nm; the transitions are marked with vertical lines indicating
the corresponding singlet excited state.

Table S. PCM-PBEO//PBEO Calculated Electronic Excited States of Compounds 2—6 and Corresponding Anions”

state AE f assignment state AE f assignment
2 2
S, 266(466) 0029 H-1—L (0.62) nn—* S, 2.66(466) [2.71(457)]"  0.709[0.357] H-1—L (—045) ny—7* H—L (0.45) n—7*
[H-1—L (0.57) ny—a*] [H—L (—0.31) w—a*]
S, 332(374) 0940 H—L (0.61) 7—a* S, 2.78(446) [2.73(454)]"  0.684[0.988] H-1—L (049) ny—x* H—L (0.41) 7—x*
[H-1—L (0.34) ny—7] [H—L (0.52) 7—7*]
S, 386(321) 0063 H2—L(068) 7—a* S,  3.86(321)[3.83(324)]"  0.023[0.025] H-3—L (0.68) m—7* [H-3—L (0.68) m—x*]
3 3
S, 267(464) 0048 H2—L (0.61) ny—7* S,  2.55(486) 1.190 H—L (0.57) 7—r*
S, 3.08(403) 0694 H—L (0.61) 7—7* S, 2.75(451) 0.115 H-1—L (0.65) ny—7*
S, 342(362) 0138 H-I1—L (0.64) m—7* Sy 3.46(359) 0.035 H2—L (0.68) m—7*

Ss  447(278) 0168 H-4—L(0.48) 7—x*

4 4
S, 265(467) 0016 H-1—L (0.63) ny—a* S, 2.68(463) 0.404 H-1—L (0.54) ny—*
S, 3.45(360) 0972 H—L (0.62) m—x* S, 2.82(439) 0.921 H—L (0.49) 71—
Sy 4.03(308) 0052 H-2—L (0.68) 7—x* S, 397(313) 0.024 H-2—L (0.68) 7—x*
5 5
S, 2.64(469) 0016 H-1—L (0.62) ny—a* S, 2.68(463) 0.314 H-1—L (0.57) ny—*
S, 3.44(361) 0909 H—L (0.62) m—x* S, 2.82(440) 0.959 H—L (0.53) 7—x*

Sy 3.83(324) 0072 H-2—L (0.67) 7—x* Ss  4.17(297) 0.027 H—L+1 (0.63) n—x*
Ss  4.57(271) 0198 H-4—L (0.65) 7—x* Ss  4.34(286) 0.075 H—L+2 (0.58) n—x*
6 6

S, 2.67(465) 0022 H-1—L (0.58) ny—a* S, 2.58(480) 0973 H—L (0.55) 7—x*

S, 3.15(393) 0583 H—L(0.63) m—x* S, 2.75(450) 0.232 H-1—L (0.61) ny—7*
Sy 3.73(332) 0418 H-2—L (0.61) 7—x* Sy 3.67(337) 0.154 H-2—L (0.67) m—a*
Sy 4.56(271) 0116 H-4—L (0.47) 71— Ss  3.95(314) 0.028 H—L+1 (0.66) 7—m*

“ The transitions energies, AE, for the most relevant transitions are given in eV (nm) with oscillator strengths, f, and main assignments (configuration
interaction coefficient). ®Values in brackets obtained at the PCM-PBE0//PCM-PBEO level of theory.

the transitions underlying these bands are the HOMO—LUMO band. In both compounds, the S, state is an HOMO—LUMO

transitions of 7tsT* character. In 4, this band is assigned to the transition with 7*,,, character. In §, the S state is an excitation
bright S, state, located at 360 nm,, in excellent agreement with from the HOMO—2, that is, a 7 orbital localized on the phenol
the experiment. In §, not only the S, (361 nm,) but to a minor moiety but not on the azo moiety. As it can be seen, the S,
extent the much weaker S; (324 nm,) state contributes to this transition in the electron-withdrawing compounds is blue-shifted
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Table 6. Experimental and PCM-PBE0O//PBEO Calculated
Ratios between the Heights of the Anion and Neutral Main
Bands of Compounds 1—6 and 1 —6 , as well as the Ratio
between the Calculated Oscillator Strengths f of the Main 7z77*
Transitions Underlying the Main Band of the Spectra

1 /1 2/2 3/3 4/4 S/5 61/6
experimental 1.30 1.68 1.74 1.14 1.30 1.72
theoretical 121 1.36 1.67 1.24 1.26 1.80

f(am*) /() 1.04 1.48° 1.71 0.95 1.06 1.67°

? Obtained considering the sum of the oscillator strengths of S; and S, of
27, because the 77r* and nst* are strongly mixed (see Table S).
” Obtained considering only the oscillator strength of S, of 6.

both theoretically and experimentally in comparison to its
analogous S, in the electron-donating compounds (2, 3) and
the unsubstituted compound 1 (Table S). This blue-shift can be
attributed to the stabilization/destabilization of the HOMOQO/
LUMO pair of orbitals due to electronic effects. Also well
represented is the onset of the second band observed in the
spectrum of § (Figure 4d), which can be assigned to the S; state,
located at 271 nmy, and corresponds to an excitation from a 7T
orbital localized on the phenyl ring (HOMO—4, in Figure 2) to
the ¥, orbital.

As with the electron donor derivatives (2~ and 3 ) and the
bare compound 1™, the HOMO—LUMO transition is respon-
sible for the electronic properties of 4 and § . Small blue-shifts
are observed with respect to 1 . As it was found in the other
HESAB compounds, the red-shifted bands of 4 and 5 are
more intense than the corresponding neutral ones. We note that
the theoretical values are very close to the experimental ones: the
theoretical absorption maxima in 5 are blue-shifted ca. 12 nm,
andin 4~ ca. 1 nm,, with respect to the experiment (cf,, Table 3).
The main band of §”, peaking at 460 nm,, is explained by the S,
and S, states, which correspond to the nm*,,, and a m7*
transition, respectively (see Table S). Additionally, compound
5™ also shows a weaker band at higher energies (292 nm, ), which
is theoretically well described by the S and S 7z7* states (297
and 286 nm,). It is gratifying to see that in most of the cases, the
deviation from the experiment is below 0.1 eV. The maximum
discrepancy between theory and experiment is found in the
description of the main band of 3, with an error accounting to ca.
0.35 eV. These errors are in the upper limit of accuracy that can
be expected for this methodology.

In summary, when comparing the spectroscopic properties of
electron-donor and electron-withdrawing substituted HESABs
with 1/1 , we can state the following: First, there is a significant
red-shift of the main peaks of the anionic forms of the electron-
donor compounds with respect to 1~ (compare 460 nm, in 1~
with 499 and 525 nm_in 2™ and 37, respectively, in Table 2) due
to electronic effects, and although less striking, a small red-shift is
present in the main peak of the acid forms (see 361 nm, in 1
versus 373 and 460 nm, in 2 and 3). In electron-withdrawing
compounds, the trend is inverse; that is, the absorption of the
basic forms is slightly blue-shifted in comparison to 1~ (compare
460 nm, in 1~ with 444 and 460 nm, in 4~ and 5 ). The main
peaks of the acid forms are also slightly blue-shifted (see Table 2).
Despite being small, these differences are recovered by the DFT
calculations.

The spectra of the fluoromethoxy pair 6/6~ (Figure 4e;j)
resemble those of 1/1° due to compensating electronic effects.

The peak of 6 located at 374 nm,, can be assigned to the S, and S;
states, located at 393 and 332 nm,. The S, state corresponds to
the usual HOMO—LUMO transition of 77t*,,, character. The
S; is also a 7toT* transition, but starts from the HOMO—2 orbital,
which is mainly located in the phenol moiety (see Figure 2), as it
has been found in 1, 2, and 4. The spectrum of 6 peaks at
487 nm, and it can be described by the S, (480 nm,), which is the
TT* 0 transition and a non-negligible contribution of the S,
nir*,,, state.

Finally, we have considered it of interest to analyze the effect of
the pH and substitution pattern on the relative transition
intensities. In Table 6, we have calculated the ratio between
the heights of the anion and neutral main bands, using the
experimental and computed PCM-PBEO//PBEO spectra. The
experimental values show that electron-donor species increases
this ratio, while electron-withdrawing groups leave this value
almost unchanged. It is gratifying to see that these trends are also
theoretically reproduced. Additionally, we have calculated the
ratio between the calculated oscillator strengths f of the strong
Jtrr* transitions underlying the peaks of the anion and neutral
spectra. The comparison of these ratios indicates the differences
in intensity with respect to the reference pair 1/1" . As we can
see, the trends for electron-donor (2/2° and 3/37) and
electron-withdrawing (4/4~ and 5/57) substitution are main-
tained. The value obtained for the compounds 6/6 is not really
instructive because the spectrum is broad due to several transi-
tions, but for the sake of uniformity only one transition (S,) has
been taken into account.

5. CONCLUSIONS

In the present Article, the absorption spectra of substituted
2-hydroxyethylsulfonyl azobenzene (HESAB) pH indicator dyes
are reported and theoretically assigned with the help of quantum
chemical calculations. HESAB indicator dyes can be used for
optically monitoring pH in the range from 3 to 10 and can be
covalently linked to sensor layers exhibiting high chemical
stability, as we have recently reported.'® HESAB chemistry is
not just limited to absorbance spectroscopy but could also be
used to develop emission dyes. The absorbance spectra of all the
neutral and anionic counterparts are well separated; accordingly,
the color changes of HESAB dyes in going from acid to base form
(i.e protonated to deprotonated form) are from yellow to orange
or red, hence making feasible its use as pH indicator dyes.
Substitution of HESAB complexes by electron-donor and elec-
tron-withdrawing moieties biases not only the pK, values but also
the spectroscopic properties of HESAB complexes. The differ-
ences of the spectroscopic features upon substitution as well as
between the anionic and neutral forms (measured under different
pH conditions) have been theoretically elucidated. The good
agreement between theory and experiment has been achieved
using the density functional protocol PCM-PBEO/PBEO, which
includes the solvent effect in the energies with a continuum
model but geometries optimized in gas phase. With this theore-
tical model, deviation from the experiment in the description of
the n7t* and 7r7T™ states is below 0.1 eV. Inclusion of additional
solvent effects in the optimization of the geometries leads to
minor improvements on the transition energies. However,
because the geometries optimized in the presence of solvent
are more planar than those in gas phase, the intensities of the nst*
transitions decrease substantially in comparison to that obtained
in gas phase. In the species studied here, this effect leads to a
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worse agreement with the weak experimental nst* bands, very
likely because temperature effects prevent the molecule from
remaining planar, as indicated by the low frequency modes
corresponding to the out-of-plane motion of the rings. Whether
inclusion of solvent effects in the geometries is necessary in other
cases needs to be cautiously evaluated for each particular case.

In general, from this study, the following conclusions are
extracted for the HESAB dyes:

(i) The spectroscopic state of all of the neutral and anionic
HESAB dyes here investigated is the 7t77* transition. This
is then the state that determines the functionality of these
complexes as pH indicators, while the nsz* transitions are
much weaker or even dark.

(i) In all of the HESAB dyes, a red-shift is observed upon
deprotonation. This effect can be trivially explained in
terms of the additional electrostatic repulsion between the
negative charge and the occupied orbitals, which are then
shifted to higher energies, thus leading to smaller occu-
pied-virtual gaps.

(iii) In the electron-donor compounds, both the neutral and
the anionic forms show peaks red-shifted with respect to
the unsubstituted compound. An inverse trend is ob-
served in the studied electron-withdrawing derivatives;
peaks are blue-shifted with respect to the unsubstituted

compound. These effects have been rationalized theore-
tically in terms of the stabilization/destabilization of the
orbital levels due to electronic effects upon substitution.
The consequences of substitution on the optical proper-
ties of the pH indicators are translated in a change of the
color pattern between the pair of complexes, for instance,
going from pale yellow to orange in 1/1° and from
yellow/orange to red in 3/3".

(iv) In the compound where both electron-donor and -with-
drawing substituents are present, the spectrum resembles
very much that of the unsubstituted HESAB, due to
compensating electronic effects.

When planning the synthesis of new indicator dyes, one
important issue is the possible prediction of their future optical
properties. This is important when sensor dyes have to be made
spectrally compatible with cheap light sources (e.g, light emit-
ting diodes or laser diodes). Furthermore, well-separated absor-
bance spectra between acid and base form simplify the setup of
the optical sensor device and enhance the signal-to-noise ratio. In
the present work, a good correlation between calculated and
experimental absorbance spectra has been achieved, thus paving
the way for the dedicated design of new sensor dyes and sensor
devices.
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Ruthenium(II) 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(II) 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 & 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); Cl1-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
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i) CH,Cly,
5 d, reflux
ii) NH4BF 4
4BFy ——— 2 BF,
40%
3
[Ru(tpy)(CNC)](BF4), RuCNC

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),](PFy), (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)s](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),](PF),  [Ru(bpy);](PF;), RuCNC
A8 [nm]te! 474 450 463
e[10*Mtem 1@ 1.8 1.4 1.0
AE™ [nm)] - 597 643 (634)!
T [ns] 0.211 860;14 680141 633; 615!¢!
Dy, [%] _ 6.2 4.4;Igl 5.5leel
EDs [VIM 0.90 0.90 0.60
ER“' [v]i —1.64 —-1.71 -1.95
ELUMO [eV]® -3.20 —3.28 —2.70
Eyomo [eV]1 -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);](PF¢), as standard. [h] Measured in
CH,CN containing 0.1 M NBu,PF, and with Fc/Fc™ as a reference. [i] Cal-
culated by using E-UMOHOMO _[_ (ERed/()x EFc/Fc+) 48] eV.
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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(II)/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(Il)-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 LUMOs 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)gs. ALS ALT,
geometry  geometry
MC mMcC
'MLCTy,
‘MLCTLNL
25|
IMLCT,, HOMO-2 d,,) HOMO-1 (dl,) HOMO (d,,)
I(‘TM
’MLCI(“_
15|
LUMO (") LUM0+|(1:H,) LUMO+11 (d,2)
[ 05 -
e
¢ IGs LUMO+14 (dy3,2)

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 3¢). 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(II) 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(IT) 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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New 2-(1H-[1,2,3]triazol-4-yl)pyridine bidentate ligands were synthesized as bipyridine analogs,
whereas different phenylacetylene moieties of donor and acceptor nature were attached at the
S5-position of the pyridine unit. The latter moieties featured a crucial influence on the electronic
properties of those ligands. The N-heterocyclic ligands were coordinated to ruthenium(IT) metal ions by
using a bis(4,4'-dimethyl-2,2'-bipyridine)ruthenium(II) precursor. The donor or acceptor capability of
the 2-(1 H-[1,2,3]triazol-4-yl)pyridine ligands determined the quantum yield of the resulting ruthenium(II)
complexes remarkably. Separately, 2-([1,2,3]triazol-4-yl)pyridine ligands are known to be potential
quenchers, but using these new ligand systems led to room temperature emission of the corresponding
ruthenium(IT) complexes. The compounds have been fully characterized by elemental analysis, high-
resolution ESI mass spectrometry, 'H and '*C NMR spectroscopy, and X-ray crystallography. Theo-
retical calculations for two ruthenium(II) complexes bearing a donor and acceptor unit, respectively,
were performed to gain a deeper understanding of the photophysical behavior.

Introduction

The well-known N-heterocycles 2,2'-bipyridine (bpy) and
2,2":6',2"-terpyridine (tpy) have been widely studied owing to
their predictable coordination behavior and the interesting

DOI: 10.1021/jo100286r Published on Web 05/24/2010
© 2010 American Chemical Society

photophysical and electrochemical properties that can result
from their corresponding metal complexes. Such distinctiveness
can be utilized for supramolecular self-assembly, molecular
electronics, and catalysis applications.! Because functionalization

J. Org. Chem. 2010, 75, 4025-4038 4025
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FIGURE 1. Schematic representation of 1 H-[1,2,3]triazole-containing
ligand architectures.

of polypyridine-based chelators can be synthetically trouble-
some,” it remains important to search for new approaches in
the preparation of analogous bidentate chelating ligands
that also possess well-defined coordination properties and
can be prepared and modified with high effectiveness. In this
respect the Cu'-catalyzed 1,3-cycloaddition of organic azides
with terminal alkynes (the CuAAC reaction) has a great
potential due to its mild reaction conditions and wide range
of usable substrates.” The latter features have directed its
application in the synthesis of functional molecules for
biological and material sciences.* Furthermore, the develop-
ment of the CuAAC reaction resulted in an increased interest
toward the coordination chemistry of 1,4-functionalized
1 H-[1,2,3]triazoles due to their potential as N-donor ligands.
A variety of new bi->® tri-,” and polydentate® 1H-[1,2,3]-
triazole-containing ligands have been synthesized and their
coordination properties were investigated (Figure 1).
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Our interest was to tune in particular the electronic
properties of the bidentate 2-(1 H-[1,2,3]triazol-4-yl)pyridine
ligands. This was accomplished by introducing electron-
donating and electron-withdrawing units on the 5-position
of the pyridine ring with a 2-(1 H-[1,2,3]triazol-4-yl)pyridine
system (trzpy) as central structural motive (Scheme 1). In the
present study the synthesis and the characterization of new
2-(1H-[1,2,3]triazol-4-yl)pyridine ligand systems with donor
and acceptor nature are described by using the efficient
Sonogashira coupling and the versatile copper(I)-catalyzed
azide—alkyne 1,3-cycloaddition intended for the ligand
synthesis as well as the subsequent coordination onto a bis-
(4,4'-dimethyl-2,2’-bipyridine)ruthenium(II) precursor com-
plex. The photophysical properties were studied by UV-vis
and emission spectroscopy, cyclic voltammetry and analyzed
in detail by theoretical calculations.

The coordination to the ruthenium(II) metal ion by using
bis(4,4’-dimethyl-2,2'-bipyridine) as ancillary ligand reve-
aled two interesting features. First, 2-(1H-[1,2,3]triazol-4-yl)-
pyridine systems are known to be potential luminescence
quenchers at room temperature as soon as they are attached
to a ruthenium(IT) metal ion® and, unexpectedly, the here-
in described heteroleptic ruthenium(Il) complexes bearing a
2-(1H-[1,2,3]triazol-4-yl)pyridine ligand furnished with an
acceptor unit overcame this luminescence quenching and
yielded in room temperature emission. Second, by replacing
the latter acceptor system with a donor structure the lumine-
scence at room temperature decreased considerably. There-
fore, time-dependent density functional theory calculations
(TD-DFT) were done to gain a deeper insight into the
photophysical processes.

Results and Discussion

Synthesis. The general procedure for the synthesis of donor-
type 2-(1 H-[1,2,3]triazol-4-yl)pyridine 5 is outlined in Scheme 2.
The Sonogashira cross-coupling” and the CuAAC?"€ reaction
were the key reaction types for the construction of the targeted
ligand. Consecutive Sonogashira reactions with 2 mol % of Pd"
catalyst were carried out to synthesize intermediate 3. Subse-
quently, deprotection of the trimethylsilyl group (TMS) utilizing
fluoride ions afforded 4 in good yield (75%). The subsequent
CuAAC reaction provided the final product 5 (67% yield) by
using 5 mol % CuSOy4 and 25 mol % sodium ascorbate as the
catalytic system. The purity of 5 was proven by NMR spectro-
scopy, mass spectrometry, and elemental analysis.

The synthesis of the acceptor systems 10a—d also involved the
Sonogashira cross-coupling and the CuUAAC reaction as syn-
thetic tools; however, a different synthetic approach had to be
used. The synthesis of a precursor compound similar to 3 with
electron-withdrawing substituents could not be performed. As a
result, two alternative routes were applied to synthesize pre-
cursor compound 9 (Scheme 3). Though the first route consisted
of one step less, both routes gave comparable overall yields
(route 1: 61%; route 2: 51%). The reason for this observation
might be the efficient cleavage of the TMS group'? affording 6

(8) Happ, B.; Friebe, C.; Winter, A.; Hager, M. D.; Hoogenboom, R.;
Schubert, U. S. Chem.— Asian J. 2009, 4, 154-163.

(9) Analogue procedure: Bianchini, C.; Giambastiani, G.; Rios, I. G.;
Meli, A.; Oberhauser, W.; Sorace, L.; Toti, A. Organometallics 2007, 26,
5066-5078.

(10) Nakano, Y .; Ishizuka, K.; Muraoka, K.; Ohtani, H.; Takayama, Y .;
Sato, F. Org. Lett. 2004, 6, 2373-2376.
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in quantitative yield. Subsequently, the ligands 10a—d were
obtained in good to high yields (70—93%) utilizing the straight-
forward Sonogashira cross-coupling with 2—4 mol % of the
palladium(0) catalyst. All final products were purified by col-
umn chromatography on silica and the purity was confirmed by
elemental analysis, high-resolution mass spectrometry (HR-
ESI-MS), as well as 'H and '*C NMR spectroscopy.

The second route turned out to be also a versatile way to
introduce an aromatic substituent in the N'-position of the
triazole as an alternative to the decyl-moiety in 10 (Scheme 4).
Substitution of the flexible alkyl-chain by a more rigid phenyl
ring should enhance the growth of single crystals, in particular of
the targeted heteroleptic Ru" complexes. For this purpose, 6 was
allowed to react with phenylazide® using the CuAAC reaction

yielding compound 11 (45%) after cleavage of the isopropanol
protection group (Scheme 4). Finally, the N'-phenyl-substituted
compound 12 was obtained by Sonogashira cross-coupling
reaction in good yield (77%).

Besides the systems featuring donor or acceptor units att-
ached to the pyridine ring (5, 10, and 12), also derivatives with
similar substituents in the N’-position of the 1H-[1,2,3]tri-
azole subunit were in the focus (Scheme 5). For this purpose,
(1-azidophenyl)boronic acid® and 2-ethynylpyridine were con-
jugated by using the CuAAC reaction yielding 13. The purifica-
tion steps, i.e. simple filtration and recrystallization from
ethanol, fully met the criteria of a “click reaction” as defi-
ned by Sharpless et al.** Following two times the standard
protocol for the Sonogashira cross-coupling reaction, the final

J. Org. Chem. Vol. 75, No. 12, 2010 4027
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SCHEME 2. Schematic Representation of the Synthesis of the Donor-Type Ligand 5
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SCHEME 4. Schematic Representation of the Synthesis of the Acceptor-Type Ligand 12 Bearing an Aromatic Moiety
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SCHEME 5. Schematic Representation of the Synthesis of a 2-(1H-[1,2,3]Triazol-4-yl)pyridyl Ligand with an Acceptor-Unit Attached
on the Triazole Ring
Br
1) 1.5 eq. NaN3 10 mol% CuSO, /©/
HO, C 24h, 25 °C, dry MeOH JN N
B Br l
% o _ N:N
HO 2) 1.1 eq. 2-ethynylpyridine,
50 mol% NaAscorbate, 72 h, 50 °C 13
1) Pd(PPhg),, Cul {cat.)
L NEty/THF (3:1)
——?I— 2) 1 eq. NaOH, THF/MeOH (1:2)
Y 4
Pd(PPhs),, Cul (cat.) /©/
N= NEt;/CH,Cl, (3:1 N
ox O =l T gy
= N — N=N
/
15 N — |—©—N02 14

acceptor-functionalized compound 15 was synthesized in mode-
rate yield (50%). However, the implementation of the O-alkyl
donor system in analogy to 5 was not yet successful.

The heteroleptic ruthenium(II) complexes 16 to 18 of the
general structure [(dmbpy)>,RuL](PFg), (dmbpy =4,4'-di-
methyl-2,2’-bipyridine) were synthesized by heating Ru-
(dmbpy),CL*!! and the appropriate ligands (L = 5, 10,
12, 15) under microwave irradiation (Table 1). After 2 h the
reactions were completed and a 10-fold excess of NH4PF¢
was added to precipitate the products. In most cases, pre-
cipitation occurred after 15 min and the pure complex was
isolated after washing with ethanol and diethyl ether in
moderate to very good yields (Table 1). Only 16¢ and 17
had to be recrystallized from ethanol/water. The latter fact
may explain the moderate yields obtained for these com-
plexes. The verification of the structures of 16—18 was
carried out by 'H and '*C NMR spectroscopy as well as
HR-ESI mass spectrometry.

(11) Rau, S.; Ruben, M.; Biittner, T.; Temme, C.; Dautz, S.; Gorls, H.;
Rudolph, M.; Walther, D.; Vos, J. G. J. Chem. Soc., Dalton Trans. 2000,
3649-3657.

Crystallographic Analysis. For the heteroleptic Ru'! com-
plex 17 single crystals suitable for X-ray crystallographic
analysis were obtained by slow diethyl ether diffusion reveal-
ing the coordination of the two 4,4-dimethyl-2,2’-bipyridine
and the 2-(1H-[1,2,3]triazol-4-yl)pyridine ligand 12 to the
Ru'! core. The molecule crystallizes in a triclinic system with
P1 symmetry (for ORTEP see the Supporting Information).
The structural parameters observed from 17 were compared
to the corresponding structurally related homoleptic com-
plex [Ru(bpy)s](PF),'* (Figure 2).

It is noteworthy that the interligand angle of the nitrogen
atoms in the square plane were similar for both complexes
(17: 170.40° and 174.40°; [Ru(bpy)s](PFs)>: 172.3°% see
Figure 2) resulting in a comparable distortion of the ideal
octahedral geometry. The bond length from ruthenium
to the coordinating nitrogen atom of the triazole ring
(N’: 2.028(2), Figure 2) was shortened significantly compared

(12) Biner, M.; Buergi, H. B.; Ludi, A.; Roehr, C. J. Am. Chem. Soc.1992,
114, 5197-5203.

(13) Egbe, D. A. M.; Bader, C.; Nowotny, J.; Giinther, W.; Klemm, E.
Macromolecules 2003, 36, 5459-5469.
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TABLE 1. Synthesis of the Heteroleptic Ruthenium(II) Complexes

Happ et al.

1) EtOH, microwave irradiation, R!
2h,125°C
2) NH4PFg

16a-e, 17,18

ﬁ N /\ "
2.102(1)

N, 174.4°

2.058(1) //,,,%7
170.4°/R \
2.052(1) N N' N N
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78.9° N : N

Entry Compound Product Yield (%)
R'=0CH 3
1 16a R’=H 81
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R'=NO,
2 16b R’=H 88
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3 16¢ R’=H 48
R3 =n-CioHz;
R'=H
4 16d R?=NO, 90
R® = n-CyoHy
5 16e 75
6 17 63
7 18 77

FIGURE 2. A comparison of bond angles and bond lengths derived
from the crystallographic analysis. Left: Ru'' complex 17. Right:
RU(bPY)s(PF())z-lz

1TA]

E vs. Fc/Fc' [V]

to that of the adjacent coordinating nitrogen atom of the
bipyridine ring (N: 2.052(1), Figure 2). In contrast, the bond
length of the opposed coordinating nitrogen to the triazole
nitrogen was not reduced but comparable to that of bipyridine.
This observation could be rationalized by the expected higher
mr-acceptor strength of the triazole ring and, consequently, the
increased sr-back-bonding resulting in a reduced bond length.
Additionally, the distance between the ruthenium center and
the nitrogen atom of the pyridine moiety of 12 was elongated
considerably (N: 2.102(1), Figure 2). This fact derives from a
reduction of electron density of this bond in concert with an
increased sr-back-bonding toward the triazole ring.
Electrochemical Properties. The complexes 16a—e were
subsequently characterized by cyclic voltammetry (CV). The

TABLE 2.  Electrochemical Data of Selected Ru'"" Complexes

FIGURE 3. Cyclic voltammograms of ruthenium(Il) complexes
16a to 16e (10~* M, CH;CN containing 0.1 M TBAPFg).

electrochemical properties are presented in Table 2 and
Figure 3.

In all cases a first reversible oxidation wave occurred at
around 0.85 V (vs F¢/Fc™) that can be assigned to a Ru''/Ru'"
oxidation process. Furthermore, compound 16a showed a
second oxidation process at 1.28 V, probably originating from
an oxidation process of the triazole ligand. Due to the absence
of electron-donating substituents at the triazole ligand, the
respective ligand-centered s-orbitals are more stabilized for
complexes 16b—e and, therefore, no such oxidation processes
were visible in the CV spectrum.

In contrast to the other systems, the nitro-containing
complexes 16b and 16d featured a single reversible reduction
wave at around —1.35 V vs Fc/Fc™ that could be assigned to
a triazole ligand-based reduction process. Both complexes
provided a strongly electron-withdrawing substituent caus-
ing a stabilization of the triazole-ligand-located antibonding

complex Eipox [V] Eiprea [VI ES V] EHOMO v EXOMO [ev)©
16a 0.82, 1.28 —1.85, —2.06, —2.23 2.48 —5.62 —3.18
16b 0.88 —1.34, —1.97, —2.18 243 —5.67 —3.70
16¢ 0.84 —1.89, —2.13 2.44 —5.69 —3.21
16d 0.88 —1.36, —1.98, —2.11 243 —5.64 —-3.62
16e 0.84 —1.85, —2.03, —2.18 2.49 —5.64 —=3.17

“Measurements were performed in CH;CN containing 0.1 M TBAPF. The potentials are given vs ferrocene/ferricinium (Fc/Fc') couple. “Estimated
from the UV—vis spectra at 10% of the maximum of the longest-wavelength absorption band on the low-energy side. “Determined using EHOMO =
_[(Eonset.ox - Eonset.Fc/Fc*) - 48]6\/ and ELUMO = _[(Eonsel,red - Eonset,Fc,/Fc+) - 4.8]6\/, respectively.l3
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TABLE 3.  Photophysical Data of the Donor- and Acceptor-Type
Ligands

compound Jabs [nm] (€ [10° L-mol~"+cm™']) Aem [NM]”
5 250 (2), 323 (32), 338 (30) 378
10a 273 (26), 343 (47) -t
10b 271 (30), 315 (33), 338 (21) b
10c¢ 297 (24), 315 (32), 329 (26) 363
10d 297 (24), 315 (29), 329 (25) 358
12 270 (18), 342 (25) -t

“For all measurements: 10°® M solution (CH,Cl,). For emission
measurements: excitation at longest absorption wavelength. *No emis-
sion detectable at room temperature.

mr*-orbitals (g.v. results of the DFT calculations). Starting at
—1.8 V all five complexes showed additional reduction waves
deriving from ligand-based (dmbpy and triazole ligand)
mr*-orbitals.

Photophysical Properties. The UV—vis absorption and
emission data of the donor- and acceptor-type systems are
depicted in Table 3. As expected, ligand 10a (nitro-moiety in
the para-position) revealed the largest bathochromic shift in
the absorption spectrum, but did not show fluorescence at
room temperature. In contrast to 10a, the donor-system 5 as
well as the acceptor ligands without nitro groups (10c¢/d)
revealed room temperature emission. Compound 5 showed
the largest Stokes shift of 3130 cm™ ! whereas 10c and 10d
featured remarkably small Stokes shifts (10c: 1220 cm™';
10d: 1240 cm™"). The reason for the large Stokes shift of 5
was probably caused by the charge transfer nature of the
electronic transition.

The optical properties of the heteroleptic ruthenium(II)
complexes are summarized in Table 4. A common feature of
all complexes was a broad absorption band at around 400 to
500 nm, which could be assigned mainly to various metal-to-
ligand charge-transfer (MLCT) transitions between the ruthe-
nium metal center and either the 4,4’-dimethyl-2,2'-bipyridine
or the triazole ligand (see DFT calculations). All complexes
possessed extinction coefficients of about 20000 M~ '-cm ™!,
whereas the alkoxy and the unsubstituted systems showed
slightly higher values (24000 and 21000 M '-cm™!) than
their trifluoromethyl (18000 M~ '-cm ™) or even nitro coun-
terparts (12000 and 13000 M~ '-cm™"). Between 300 and
400 nm, the complexes investigated herein exhibited different
absorption behavior concerning their wavelength maxima and
band shape. Therefore, this region seemed to be dominated by
intraligand (IL) transitions, namely located at the triazole ligand.
A comparison with the respective absorption spectra of triazole
ligands (Table 3) supported this assumption. At 286 nm a strong
absorption (65000 to 135000 M~'-cm ") could be observed for
all complexes, most likely originating from a dmbpy-located IL

TABLE 4.  Photophysical Data Recorded for the Ru"" Complexes
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transition. More bands were present below 280 nm that arose
from further MLCT, ligand-to-ligand charge transfer (LLCT)
and metal-centered (MC) d—d transitions, respectively.

The observed emission energies (Table 4) showed a clear
dependency on the used substituent. Starting at 602 nm in the
case of the alkoxy-containing system, the emission was
strongly red-shifted to 621 nm for the unsubstituted triazole
ligand and to 640 and even 674 nm in the case of the com-
plexes possessing an o- and p-nitrophenyl moiety, respec-
tively. This trend was most likely caused by the stabilization
of the sr*-orbitals located at the triazole ligand via introduc-
tion of electron-withdrawing groups. These orbitals are, at
least in case of electron-acceptor substituents, supposed to be
involved in the emissive *MLCT state, so that a lower energy
level led to decreased emission energy.

Also depicted in Table 4 are the photoluminescence quan-
tum yields (®py) of the ruthenium(II) systems. At least in
aerated acetonitrile, the ®@p; values were rather low (around
0.1% for 16a—e, nearly no emission in the case of phenyl-
substituted 17 and about 0.3% for the “inverse” system 18).
When changing to dichloromethane as solvent, the emission
efficiencies rose and a significant difference between the
donor- (16a) and the acceptor-substituted complex (16b)
became obvious (0.5% and 2.2%, respectively).

DFT Calculations. To gain a more detailed insight into the
photophysical properties of the acceptor- and donor-based
complexes, density functional theory (DFT) and time-depended
(TD) DFT (B3LYP/6-31G*) calculations were performed.
DFT/TD-DFT studies on Ru(Il) polypyridyl complexes have
been successfully used to understand and rationalize the experi-
mental photophysical features of these complexes.'® Figure 4
shows the obtained Kohn—Sham frontier orbitals and energy
level schemes of the ground state optimized geometries of
complexes 16a and 16b. In complex 16b the highest occupied
molecular orbitals (HOMOs) were the set t,, of the central Ru'
atom. A m-orbital localized in the 2-(1H-[1,2,3]triazol-4-yl)-
pyridine ligand (771) was lower in energy corresponding to
the HOMO-3. These orbitals were in different order in the
complex 16a: The 7 corresponded to the HOMO orbital and
the set t,, of orbitals was found lower in energy. Both com-
plexes 16a and 16b also differed in the order of the lowest
unoccupied molecular orbitals (LUMO). In the case of the
acceptor-type compound the LUMO orbital corresponded to a
m-antibonding orbital located in the 2-(1H-[1,2,3]triazol-4-yl)-
pyridine ligand (7*.), while this orbital was shifted to the
LUMO+2 in complex 16a. In 16a the LUMO possessed
m-antibonding character and was located on the dmbpy ligand
(77* dmbpy)- Substitution of the 2-(1H-[1,2,3]triazol-4-yl)pyridine
ligand with an electron-donating or -withdrawing group,

Aaps [nm] (£ [10° L-mol ™ -cm™')**

complex Aem [nm]? Dpp ¢

16a 206 (145.6), 286 (133.1), 333 (59.8), 435 (23.6) 602 0.001 [0.00S‘j]
16b 209 (58.4), 286 (63.4), 328 (38.6), 441 (11.6) 674 0.001 [0.0229]
16¢ 209 (88.1), 286 (103.9), 312s (51.6), 440 (18.3) 620 0.002

16d 208 (66.6), 286 (74.7), 341s (22.6), 442 (12.4) 640 0.001

16e 205 (131.1), 286 (125.6), 3155 (60.9), 438 (20.6) 621 0.001

17 206 (83.7), 286 (76.9), 326 (52.5), 440 (12.8) 642 <0.001

18 195 (102.9), 286 (83.1), 316s (40.5), 4425 (12.5) 610 0.003

“For all measurements: 10® M solution in aerated CH3;CN at room temperature. For emission measurements: excitation at longest absorption
wavelength. ”s” signifies absorption shoulder. “Photoluminescence quantum yields determined with [Ru(bpy)s](PFs)> (®pr = 0.062) as standard.'

“Measured in aerated CH,Cl, solution at room temperature (10 M).
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FIGURE 4. Energy level scheme for the Kohn—Sham orbitals of complexes 16a and 16b, including the most relevant Kohn—Sham orbitals

and the HOMO—LUMO gaps calculated with B3LYP/6-31G*.

respectively, had therefore an important influence on the
energy level and ordering of the molecular orbitals.

The set e, of Ru'! orbitals was, as shown in Figure 4,
strongly destabilized. Thus, the d.. and d._ » orbitals corre-
sponded to LUMO+10 and LUMO+11 in complex 16a,
respectively, while in complex 16b they related to the orbitals
LUMO+12and LUMO+14. The energetic gaps between the
HOMO and LUMO levels are also shown in Figure 4. We
obtained theoretical HOMO—LUMO gaps of 3.10 and 3.22
eV for 16a and 16b, respectively.

Figure 5 shows the theoretical UV —vis spectra of com-
plexes 16a and 16b vs the experimental ones. Table 5 collects
the main TD-DFT electronic excitations recorded in the
presence of solvent (i.e., CH,Cl,). A fairly good agreement
between experiment and theory was observed, notwithstand-
ing that TD-DFT generally tends to underestimate the
energy of the charge-transfer states,'® even if it is well-
established that hybrid functionals, such as B3LYP, are less
affected by this problem.'” However, the combination of a

(14) (a) Demas, J. N.; Crosby, G. A. J. Phys. Chem. 1971, 75, 991-1024.
(b) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, B.; von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85-277.

(15) (a) Vleek, A., Jr.; Zalis, S. Coord. Chem. Rev. 2007, 251, 258-287.
(b) Charlot, M.-F.; Aukauloo, A. J. Phys. Chem. A 2007, 111,11661-11672.
(c) Abbotto, A.; Barolo, C.; Bellotto, L.; De Angelis, F.; Gritzel, M.;
Manfredi, N.; Marinzi, C.; Fantacci, S.; Yum, J.-H.; Nazeeruddin, M. K.
Chem. Commun. 2008, 5318-5320.

(16) Dreuw, A.; Head-Gordon, M. Chem. Rev. 2005, 105, 4009-4037.

(17) Dreuw, A.; Weisman, J. L.; Head-Gordon, M. J. Chem. Phys. 2003,
119, 2943-2946.
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hybrid functional and the consideration of solvent effects on
the electronic excitations seemed to be a reasonable app-
roach to reproduce the photophysical properties of the
ruthenium(II) complexes (with errors amounting to approxi-
mately 0.3 eV). The main features of the experimental spectra
were reproduced. Three main bands were obtained for both
complexes 16a and 16b. As seen in Figure 5, no absorption
for both compounds was theoretically predicted beyond
470 nm. Experimentally, absorption was recorded up to
500 nm. The tail between 470 and 520 nm, where singlet—
singlet excitations are dark or do not exist, should then be
attributed to singlet—triplet excitations (due to non-negligi-
ble spin—orbit coupling for the ruthenium atom).

The effect of substitution with an acceptor or a donor unit
attached in the 5-position of the pyridine ring had a signi-
ficant influence on the nature as well as on the position of the
UV—vis bands. Thus, in the case of 16a, the low-energy
broad band centered around 440 nm could be assigned to
different singlet—singlet electronic excitations of MLCT
character (see Sy, Sg, and Sy in Table 5) as well as LLCT
character (see S; and S; in Table 5). Although a very similar
broad band was obtained in the case of compound 16b, the
character of the underlying transitions was different. In
complex 16b this band was mainly composed of MLCT
states (see Sy, Ss, Sg, and Sg in Table 5).

The explanation of the different character of the low-
energy bands of 16a and 16b could be found by analyzing
the orbitals involved in these transitions. For instance, the
LLCT states (S; and S;) of compound 16b, which involved



Happ et al.

JOC Article

TABLES. Main Theoretical Electronic Transition Energies (A E) with Corresponding Oscillator Strengths (f) and Assignment for Complexes 16a and 16b

16a 16b
state AE (nm) f assignment state AE (nm) f assignment

N 477 0.003 dyy = T*dmbpy (0.53) MLCT N 479 0.010 dy, — 7% (0.66) MLCT

S, 462 0.003 dyy = T*dmbpy (0.59) MLCT S, 466 0.011 dyy, = T*4mbpy (0.65) MLCT

S; 453 0.056 7L~ T gmppy (0.53) LLCT Sy 448 0.023 d,. — 7% (0.66) MLCT

Sy 441 0.162 d,, = a*_ (0.51) MLCT Ss 439 0.065 d,. — a* (0.54) MLCT

S; 430 0.180 L = T gmopy (0.54) LLCT Se 433 0.030 dy. = 7* gmbpy (0.49) MLCT

S 425 0.191 dyy = T*dmbpy (—0.35) MLCT Ss 414 0.136 dy.. = 7* gmppy (0.40) MLCT

m, — ¥ (0.35) IL dy- = * gmbpy (0.43) MLCT

Sy 420 0.313 dy. = ¥ gmppy (0.44) MLCT So 395 0.124 dy. = 7* gmbpy (0.54) MLCT

Sio 407 0.104 d..— 7* (0.63) MLCT Si 371 1.262 mp — ¥ (0.63) IL

Si 401 0.243 dy. = T* gmppy (0.45) MLCT Si3 348 0.039 d,. —a*  (0.54) MLCT

Si3 360 0.192 o, — ¥ (0.61) IL S»7 312 0.071 dy. = 7 gmppy (—0.29) MLCT
dy- = * gmbpy (0.30) MLCT
dy: -t dmbpy (032) MLCT

S30 307 0.094 dy. = * gmbpy (0.51) MLCT S32 305 0.116 dy. = 7* gmppy (0.44) MLCT
dyy = * gmbpy (—0.38) MLCT

S 306 0.034 dyy, = T*4gmbpy (0.37) MLCT Si 294 0.066 d,. —a* (0.47) MLCT

S47 282 0.234 m, — ¥ (0.52) IL S49 276 0.284 Tambpy — 7T dmbpy (0.41) IL

Ss» 276 0.177 Tambpy — ¥ (0.54) LLCT Sso 274 0.419 Tambpy — 7T dmbpy (0.33) IL

S54 273 0.286 Tldmbpy ﬂ*dmbpy (025) LLCT SS] 273 0.286 Tldmbpy ~ ¥ dmbpy (023) 1L

dy. —de—)? (0.24) MC Tambpy — T dmbpy (—0.22) IL
Sss 273 0.509 Tambpy — * L (0.27) LLCT Ss4 265 0.146 m, — ¥ (0.54) IL

ﬂdl‘nbpy —* dmbpy (_023) IL
Tdmbpy 7T dmbpy (0-23) IL
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FIGURE 5. Experimental spectra of complexes 16a (top) and 16b
(bottom) in solid lines superimposed to the TD-DFT (B3LYP/
6-31G* in CH,Cl,) vertical excitations. The main electronic states
are highlighted (see Table 5 for assignments).

electronic transitions from the same s-orbital localized in
the 2-(1H-[1,2,3]triazol-4-yl)pyridine ligand (s ) to different
m-antibonding orbitals located on the dmbpy ligands
(7T*4mbpy), appeared lower in energy in 16a. This fact was
due to the destabilization of the 7z orbital in the donor-based
compound as compared to the same orbital in the acceptor-
based compound (recall that the ;. orbital is the HOMO in
compound 16a but the HOMO-3 in 16b, see Figure 4). The

second band, located experimentally around 360 and 340 nm
in complexes 16a and 16b, respectively, was characterized by
the same electronic excitations (S;3 and S;; for compounds
16a and 16b, respectively). These corresponded to intra-
ligand (IL) states, which involved local 7r;, — 7% electronic
excitations within the 2-(1H-[1,2,3]triazol-4-yl)pyridine liga-
nd. Finally, the most intense peak centered at 286 nm in both
complexes was mainly due to IL states in 16b and states of IL
and LLCT character in the case of 16a (see Table 5). In the
case of 16a, one of these states (Ss4) was mixed with a MC
transition, involving an electronic excitation from the d..
orbital to the unoccupied d. > orbital.

Concerning the emission behavior, the trzpy-type ligand
systems are known to be potential luminescence quenchers and
the ruthenium(II) complexes reported previously did not show
any luminescence at room temperature.”*® Also the complexes
presented in this contribution showed only very weak emission
intensities (see Table 4). For excited Ru" polypyridyl complexes
it is well-known that the triplet excited states are populated
rapidly via efficient intersystem crossings (ISC) from the singlet
photoexcited states'® (due to the strong spin—orbit coupling of
the ruthenium center). Afterward, relaxation to the lowest triplet
excited state (T;) follows. Obviously, the nature of the low-lying
singlets and triplets excited states should determine the effective-
ness of the ISC. As revealed, different singlet excited states were
obtained for complexes 16a and 16b and, consequently, a
different emission behavior was expected. We are currently
developing a methodology to estimate the phosphorescence rates
and the quantum yields, based on accurate estimation of the
spin—orbit couplings between the singlet and triplet manifolds
which, in turn, determine the ISC rates.

Conclusions

New 2-(1H-[1,2,3]triazol-4-yl)pyridine bidentate ligands
were synthesized as bipyridine analogs, whereas different

(18) Bhasikuttan, A. C.; Suzuki, M.; Nakashima, S.; Okada, T. J. Am.
Chem. Soc. 2002, 124, 8398-8345.
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phenylacetylene moieties of donor and acceptor nature,
respectively, were attached at the 5-position of the pyridine
unit. The moieties featured a crucial influence on the
electronic properties of these ligands. In addition, the N-
heterocyclic ligands were coordinated to the ruthenium(II)
metal ion by using the bis(4,4’-dimethyl-2,2-bipyridine-
yruthenium(IT) precursor. The Ru'' complex with elec-
tron-donor nature revealed considerable weaker lumin-
escence intensity at room temperature in contrast to the
one with acceptor capability revealing remarkable lumines-
cence at room temperature in CH,Cl,. Furthermore,
2-(1H-[1,2,3]triazol-4-yl)pyridine systems are known to be
potential luminescence quenchers at room temperature as
soon as they are attached to a ruthenium(II) metal ion. All
herein described heteroleptic ruthenium(II) complexes over-
came this luminescence quenching and led to room tempera-
ture emission in acetonitrile. The highest quantum yield
could be found for the Ru" complex 16b (® = 0.02) bearing
a nitro group in the para-position of the phenylacetylene
subunit.

Experimental Section

Materials and Instrumentation. Unless noted otherwise, all
reagents were acquired from commercial sources and used
without further purification. Solvents were dried and distilled
according to standard procedures and stored under argon. If not
specified otherwise solvents were degassed by bubbling with
argon 1 h before use. All reactions were performed in air-dried
flasks under an argon atmosphere unless stated otherwise.
Purification of reaction products was carried out by column
chromatography with 40—63 um silica gel. Analytical thin layer
chromatography (TLC) was performed on silica sheets pre-
coated with silica gel 60 F254 and visualization was accom-
plished with UV light (254 nm). The heteroleptic ruthenium(II)
complexes were synthesized by microwave-assisted reactions,
using a Biotage Initiator ExpEU (maximum power: 400 W;
working frequency: 2450 MHz) with closed reaction vials.
During the experiments the tem&)erature and the pressure pro-
files were detected. 1D-("H and '°C) and 2D-("H—'H gCOSY)
nuclear magnetic resonance spectra were recorded at 298 K.
Chemical shifts are reported in parts per million (ppm, 0 scale)
relative to the signal of the applied solvent. Coupling constants
are given in hertz. Data are reported as follows: multiplicity
(ap = apparent, br = broad, s = singlet,d = doublet, t = triplet,
q = quartet, m = multiplet).

Computational Details. The geometries of 16a and 16b were
optimized in the electronic singlet ground state using density
functional theory (DFT) with the hybrid functional B3LYP'*-*°
and the 6-31G* basis set for all atoms. Relativistic effects were
included in the Ru atom, using the ECP-28-mwb Stuttgart/
Dresden pseudopotential.>! For computational ease the struc-
tures were reduced by substitution of the decyl chain attached to
the triazole ring by a methyl group and in the case of compound
16b, additionally the hexyloxy group of 16a was replaced by a
methoxy group. The lowest-lying 55 vertical singlet electronic
excitation energies were obtained by using TD-DFT at the S,
optimized geometries. This calculation was performed in solu-
tion with CH,Cl, as solvent with the polarization continuum

(19) Becke, A. D. J. Chem. Phys. 1993, 98, 5648-5652.

(20) Lee, C. T.; Yang, W. T.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.

(21) Andrae, D.; Hausermann, U.; Dolg, M.; Stoll, H.; Preuss, H. Theor.
Chim. Acta 1990, 77, 123-141.

(22) Cossi, M.; Barone, V.; Menucci, B.; Tomasi, J. Chem. Phys. Lett.
1998, 286, 253-260.

(23) Menucci, B.; Tomasi, J. J. Chem. Phys. 1997, 106, 5151-5158.
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model,*>* (¢ = 8.93). All the calculations were performed with

the Gaussian03 program package.”*

1-Ethynyl-4-(hexyloxy)benzene (1).*> 1-Todo-4-(hexyloxy)-
benzene (1.5 g, 4.93 mmol), tetrakis(triphenylphosphine)-
palladium(0) (114 mg, 0.1 mmol), and Cul (20 mg, 0.1 mmol)
were dissolved in a degassed NEt;/THF mixture (3:7 ratio, 35 mL)
at room temperature. After trimethylsilylacetylene (0.7 mL, 4.93
mmol) was added quickly through a syringe, the solution was
stirred for 24 h at room temperature. The salts formed were
filtered off, and the solution was evaporated under reduced
pressure. The yellow oil was purified by a chromatographic fil-
tration over a silica gel pad (toluene as eluent) yielding pure
1-(trimethylsilyl)ethynyl-4-(hexyloxy)benzene. Subsequently, the
silylated compound was dissolved in a mixture of THF and
methanol and aq NaOH (5 M, 1 mL) was added. The reaction
mixture was stirred overnight at room temperature and then
extracted with dichloromethane after adding brine (50 mL). The
organic extract was dried over anhydrous MgSO, and subsequent
gel filtration (silica, toluene) afforded the pure, colorless product
(0.91 g, 91%).

5-Bromo-2-((trimethylsilyl)ethynyl)pyridine (2).>° 2,5-Dibro-
mopyridine (3.5 g, 14.8 mmol), tetrakis(triphenylphosphine)-
palladium(0) (347 mg, 0.3 mmol), and Cul (57 mg, 0.3 mmol)
were dissolved in a degassed NEt;/THF mixture (3:7 ratio,
50 mL) at 0 °C. After trimethylsilylacetylene (2.09 mL,
14.8 mmol) was added quickly through a syringe, the solution
was stirred for 2 h at 0 °C and was then allowed to stir at room
temperature overnight. The salts formed were filtered off, and
the solution was evaporated under reduced pressure. The dark
orange oil was purified by a chromatographic filtration over a
silica gel pad (toluene as eluent) providing the product as yellow
oil, which solidifies upon standing at room temperature after
one week. Finally, purification by gentle sublimation (3.3 x 102
mbar, 60 °C) afforded the pure product as a white powder (3.25
g, 86%).

2-Ethynyl-5-((4-(hexyloxy)phenyl)ethynyl)pyridine (4). 5-Bromo-
2-((trimethylsilyl)ethynyl)pyridine (2, 1.0 g, 4 mmol), 1-ethynyl-
4-(hexyloxy)benzene (1, 0.8 g, 4 mmol), tetrakis(triphenyl-
phosphine)palladium(0) (90 mg, 0.08 mmol), and Cul (16 mg,
0.08 mmol) were dissolved in a degassed NEt;/THF mixture
(3:7 ratio, 35 mL) at room temperature and the solution
was stirred for 48 h at room temperature. The salts formed
were filtered off, and the solution was evaporated under redu-
ced pressure. The dark red oil was purified by a gel filtration
over silica (toluene as eluent). The obtained 2-(trimethylsilyl)-
ethynyl-5-((4-(hexyloxy)phenyl)ethynyl)pyridine was desilylated
by dissolving in THF/MeOH (1:2 ratio, 30 mL) and treating
with an equimolar amount of potassium fluoride. The red solu-
tion was stirred overnight under an argon atmosphere. After
that the reaction mixture was concentrated under vacuum and

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci,
B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada,
M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
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purified by means of gel filtration on silica gel yielding the
desired product as a slight yellow powder (1.06 g, 87%). 'H
NMR (CDCl;, 300 MHz) 6 8.62 (d, J = 1.3 Hz, 1H), 7.73 (dd,
J =8.1Hz,J = 2.1 Hz, 1H), 7.49—7.42 (m, 3H), 6.91—6.85 (m,
2H), 3.97 (t, 3J = 6.6 Hz, 2H), 3.25 (s, 1H), 1.79—1.74 (m, 2H),
1.49—1.30 (m, 6H), 0.91 (t, J = 6.8 Hz, 3H). >*C NMR (CDCl;,
75MHz) 6 159.8,152.2,140.3,138.1, 133.2,126.71, 120.7, 114.7,
114.0, 94.9, 84.5, 82.6, 78.6, 68.1, 31.5, 29.1, 25.7, 22.6, 14.0.
Anal. Calcd for C,H,NO: C 83.13, H 6.98, N 4.62. Found: C
82.78, H 7.08, N 4.92.

2-(1-Decyl-1H-[1,2,3]triazol-4-yl)-5-((4-(hexyloxy)phenyl)-
ethynyl)pyridine (5). A sealed microwave vial with 1-bromode-
cane (91 mg, 0.41 mmol) and 1.5 equiv of sodium azide (40 mg)
in DMSO (5§ mL) was heated under microwave irradiation for
1 hat 100 °C. Water was then added to quench the reaction and
the product was extracted into diethyl ether, washed with brine,
and dried over Na,SO,. The solution was subsequently reduced
in vacuo to yield 1-azidodecane (95%). The organic azide,
2-ethynyl-5-((4-(hexyloxy)phenyl)ethynyl)pyridine (4, 127 mg,
0.42 mmol), CuSO4 (7 mg, 0.042 mmol, dissolved in 0.5 mL
water), and sodium ascorbate (42 mg, 0.21 mmol, dissolved in
1 mL water) were dissolved in THF (15 mL) and the reaction
mixture was stirred for 24 h at room temperature. Subsequently,
ethylenediaminetetraacetic acid-containing water (60 mL) was
added to the reaction mixture and the product was extracted
with CH,Cl,. Gel filtration on silica (CHCI3/EtOAc 1:1 ratio)
and subsequent column chromatography (silica, CHCIl;/EtOAc
20:1 ratio) provided the pure product as white powder (134 mg,
67%). '"H NMR (CDCls, 300 MHz) 6 8.68 (s, 1H), 8.13—8.11
(m, 2H), 7.86 (dd, J = 8.2 Hz, J = 2.1 Hz, |H), 7.46—7.42 (m,
2H), 6.86—6.82 (m, 2H), 4.4 (t,J = 7.2 Hz,2H), 3.97 (t,J = 6.5
Hz, 2H), 1.94—1.88 (m, 2H), 1.79—1.76 (m, 2H), 1.48—1.22 (m,
20H), 0.87—0.81 (m, 6H). '*C NMR (CDCls, 75 MHz) 6 159.5,
151.6, 148.7, 147.8, 139.0, 133.0, 122.0, 119.6, 119.3, 114.5,
114.3, 93.1, 84.8, 68.0, 50.4, 31.7, 31.5, 30.1, 29.3, 29.2, 29.1,
29.0, 28.9, 26.3, 25.6, 22.5, 22.5, 14.0, 13.9. Anal. Calcd for
C31H4oN,O: C 76.50, H 8.70, N 11.51. Found: C 76.52, H 8.79,
N I1.71.

4-(6-Ethynylpyridin-3-yl)-2-methylbut-3-yn-2-ol (6).>’ To a
degassed solution of 5-bromo-2-[(trimethylsilyl)ethynyl]pyridine
(2, 1.5 g, 5.9 mmol), Cul (23 mg, 0.12 mmol), and Pd(PPhs), (140
mg, 0.12 mmol) in triethylamine (50 mL) was added 2-methyl-3-
butyn-2-ol (0.58 mL, 5.9 mmol) and the reaction mixture was
stirred for 24 h at 55 °C. The mixture was diluted with diethyl
ether, washed once with brine, and dried over MgSO,. Concen-
tration in vacuo yielded the crude product, which was purified
by chromatography on silica gel (chloroform/ethyl acetate 4:1)
to afford 5-(3-hydroxy-3-methyl-1-butynyl)-2-[(triisopropylsilyl)-
ethynyl]pyridine. To a stirred solution of the latter product in
methanol (50 mL) was added solid potassium fluoride (1.5 equiv),
and the mixture was stirred at room temperature overnight under
an argon atmosphere. Subsequently, the reaction mixture was
filtered by means of gel filtration on silica gel (chloroform/ethyl
acetate 4:1) and concentrated in vacuo yielding the desired
product as an orange powder (670 mg, 61%).

5-Bromo-2-ethynylpyridine (7).%® To a solution of 2,5-dibromo-
pyridine (7 g, 30 mmol), Cul (70 mg, 0.37 mmol), and Pd-
(PPh3)4 (260 mg, 0.37 mmol) in degassed NEt;/THF (1:1 ratio,
100 mL) was added trimethylsilylacetylene (4.2 mL, 30 mmol).
The mixture was stirred at room temperature overnight under
argon atmosphere. After removal of the solvent under reduced
pressure, the residue was purified by gel filtration (CHCl;) to yield
2-(trimethylsilyl)ethynyl-5-bromopyridine as off-white powder
(6.95 g, 92%). Subsequently, the compound was dissolved in

(27) Nakano, Y.; Ishizuka, K.; Muraoka, K.; Ohtani, H.; Takayama, Y .;
Sato, F. Org. Lett. 2004, 6, 2373-2376.
(28) Tilley, J. W.; Zawoiski, S. J. Org. Chem. 1988, 53, 386-390.
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methanol (80 mL) and treated with aq NaOH (5 M, 12 mL).
The yellow solution was stirred overnight, whereupon the solution
turned black. Subsequent gel filtration on silica (CHCl;) yielded
the product as white powder (3.79 g, 69%).

5-Bromo-2-(1-decyl-1H-1,2,3]triazol-4-yl)pyridine (8). 5-Bromo-
2-ethynylpyridine (7, 1.04 g, 5.45 mmol) and 1-azidodecane
(see synthesis of 5, 1.0 g, 5.45 mmol) were dissolved in an
ethanol/water mixture (7:1 ratio, 70 mL), using a round-
bottomed flask (100 mL). Then copper(II) sulfate (80 mg, 0.5 mmol,
dissolved in 3 mL of water) and sodium ascorbate (490 mg,
2.5 mmol, dissolved in 4 mL of water) were added. The reaction
mixture turned yellow after a while and was stirred for 72 h at
25 °C. The yellow precipitate was filtered and washed with
ethanol. After recrystallization from ethanol the pure product
was obtained as colorless crystals (1.35 g, 67%). '"H NMR
(CDCl;, 300 MHz) 6 8.61 (s, 1H), 8.09—8.07 (m, 2H),
7.89—7.86 (m, 1H), 4.40 (t, / = 7.2 Hz, 2H), 1.94—1.89 (m,
2H), 1.34—1.24 (m, 14H), 0.87—0.81 (m, 3H). '*C NMR
(CDCl;, 75 MHz) 6 150.3, 148.9, 147.4, 139.4, 121.9, 121.3,
119.3, 50.5, 31.8, 30.2, 29.4, 29.3, 29.2, 28.9, 26.4, 22.6, 14.0.
Anal. Caled for C7H,5BrNy: C 55.89, H 6.90, N 15.34. Found:
C 56.22, H 7.23, N 14.98.

2-(1-Decyl-1H1,2,3]triazol-4-yl)-5-ethynylpyridine (9, Route 1).
4-(6-Ethynylpyridin-3-yl)-2-methylbut-3-yn-2-ol (6, 300 mg, 1.58
mmol) and 1-azidodecane (see synthesis of 5, 275 mg, 1.5 mmol)
were dissolved in an ethanol/water mixture (7:3 ratio, 30 mL), using
a round-bottomed flask (100 mL). Then copper(Il) sulfate (24 mg,
0.15 mmol, dissolved in 1 mL of water) and sodium ascorbate
(150 mg, 0.75 mmol, dissolved in 1 mL of water) were added. The
reaction mixture turned green after a while and was stirred for 72 h
at 50 °C. Subsequently, an excess of water was poured into the
reaction mixture (100 mL) and the crude product precipitated and
was filtered off. Gel filtration on silica (CHCI3/EtOAc 1:1) provided
4-(6-(1-decyl-1H-[1,2,3]triazole-4-yl)pyridin-3-yl)-2-methylbut-
3-yn-2-ol as white powder (490 mg, 85%). This intermediate was
dissolved in dry toluene (30 mL). After adding ground NaOH
(200 mg, 5 mmol) and KOH (150 mg, 2.6 mmol) the reaction
mixture was refluxed for 5 h. Subsequent column chromatography
on silica (CHCI;/EtOAc 2:1 ratio) yielded 2-(1-decyl-1H-[1,2,3]-
triazole-4-yl)-5-ethynylpyridine as transparent crystals (303 mg,
74%). "H NMR (CDCls, 300 MHz) 6 8.67 (d, J = 1.6 Hz, 1H),
8.20—8.14 (m, 2H), 7.89—7.83 (m, 1H), 4.41 (t, / = 7.2 Hz, 2H),
3.25(s, 1H), 1.95—1.89 (m, 2H), 1.34—1.25 (m, 14H), 0.87 (t, J =
6.5 Hz, 3H). >*C NMR (CDCls, 75 MHz) 6 152.4, 149.7, 147.7,
139.9, 122.2, 119.3, 118.0, 80.8, 80.5, 50.5, 31.8, 30.2, 29.4, 29.3,
29.2,28.9, 26.4, 22.6, 14.0. Anal. Calcd for C19HpN4: C 73.51, H
8.44, N 18.05. Found: C 73.50, H 8.24, N 18.38.

2-(1-Decyl-1H-[1,2,3]triazol-4-yl)-5-ethynylpyridine (9, Route
2). To a solution of 5-bromo-2-(1-decyl-1H-[1,2,3]triazol-4-yl)-
pyridine (8, 1.0 g, 2.74 mmol), Cul (13 mg, 0.07 mmol), and
Pd(PPhs)4 (80 mg, 0.07 mmol) in degassed NEt;/CH,Cl, (3:1
ratio, 500 mL) was added trimethylsilylacetylene (280 mg, 2.8
mmol). The mixture was stirred 48 h at room temperature under
argon atmosphere. After removal of the solvent under reduced
pressure, the residue was purified by gel filtration on silica
(chloroform). Afterward, the trimethylsilyl-protected product
was dissolved in methanol (40 mL) and treated with aq NaOH
(5 M, 1 mL). After 5 h the solvent was removed and the crude
product was finally purified by gradient column chromatogra-
phy on silica (CHCl;, CHCI3/EtOAc 3:1 ratio) yielding the
product as white powder (470 mg, 55%).

General Procedure of the Sonogashira Reaction. 2-(1-Decyl-
1H-[1,2,3]triazol-4-yl)-5-ethynylpyridine (0.32 mmol), nitro-
substituted 1-iodobenzene (0.32 mmol), tetrakis(triphenylphos-
phine)palladium(0) (16 mg, 0.012 mmol), and Cul (8 mg, 0.012
mmol) were dissolved in a degassed NEt;/THF mixture (1:1,
10 mL). The solution was stirred for 48 h at 40 °C under argon
atmosphere. The salts formed were filtered off, and the solution
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was evaporated under reduced pressure. The pure product was
isolated by column chromatography over silica.
2-(1-Decyl-1H-[1,2,3]triazol-4-yl)-5-((4-nitrophenyl)ethynyl)-
pyridine (10a). According to the general procedure the product
was synthesized and purified by column chromatography over
silica (CHCl3, R, 0.6) yielding 10a as a slight yellow powder (128
mg, 93%). '"H NMR (CDCls, 300 MHz) 6 8.76 (s, 1H), 8.26—8.16
(m, 4H), 7.94—7.90 (m, 1H), 7.71—7.68 (m, 2H), 4.4 (t,J = 7.2 Hz,
2H), 1.99—1.91 (m, 2H), 1.35—1.25 (m, 14H), 0.87—0.81 (m, 3H).
13C NMR (CDCls, 75 MHz) 6 152.1, 150.0, 147.6, 147.3, 139.5,
132.4,129.5,123.7,122.4,119.6, 118.1, 91.3,90.9, 50.6, 31.8, 30.2,
29.4,29.3,29.2, 29.0, 26.5, 22.6, 14.1. ESI-TOF MS: m/z 432.24
(IM + H]"). Anal. Calcd for C,5sHoNsO5: C 69.58, H 6.77, N
16.23. Found: C 69.21, H 6.72, N 16.58.
2-(1-Decyl-1H-[1,2,3]triazol-4-yl)-5-((2-nitrophenyl)ethynyl)-
pyridine (10b). According to the general procedure the product
was synthesized and purified by column chromatography over
silica (CHCl3/EtOAc, 5:1 ratio) yielding 10b as off-white powder
(63 mg, 69%). '"H NMR (CDCls, 300 MHz) 6 8.76 (s, 1H),
8.21-8.10 (m, 3H), 7.97-7.91 (m, 1H), 7.73—7.69 (m, 1H),
7.63—7.60 (m, 1H), 7.53—7.49 (m, 1H), 442 (t, J = 7.2 Hz,
2H), 1.99—1.91 (m, 2H), 1.34—1.24 (m, 14H), 0.88 (t, / = 6.7 Hz,
3H). '3C NMR (CDCls, 75 MHz) 6 152.2, 150.0, 149.5, 147.7,
139.7, 134.6, 132.9, 129.0, 124.8, 122.4, 119.5, 118.1, 93.8, 88.2,
50.6,31.8,30.2,29.4,29.3,29.2,29.0,26.4,22.6, 14.1. ESI-HRMS
caled for C>sH3oNsO, (IM + HJ') 432.2394, found 432.2390.
2-(1-Decyl-1H-[1,2,3]triazol-4-yl)-5-((4-(trifluoromethyl)phe-
nyl)ethynyl)pyridine (10c). According to the general procedure,
the product was synthesized and purified by column chromato-
graphy over silica (CHCI3, R,0.5) yielding 10d as white powder
(81 mg, 94%). '"H NMR (CDCls, 300 MHz) 6 8.72 (s, 1H),
8.21—8.17 (m, 2H), 7.92—7.88 (m, 1H), 7.68—7.61 (m, 4H), 4.42
(t, J = 7.2 Hz, 2H), 1.96—1.90 (m, 2H), 1.34—1.24 (m, 14H),
0.88 (t, / = 6.7 Hz, 3H). '*C NMR (CDCl;, 75 MHz) 6 152.0,
139.5, 131.9, 126.4, 125.6, 125.5, 125.4, 125.4, 125.3, 1224,
119.5, 118.5, 91.4, 88.5, 50.6, 31.8, 30.2, 29.5, 29.4, 29.2, 29.0,
26.5,22.7, 14.1. ESI-HRMS caled for CogH30F3Ny (IM + H]Y)
455.2417, found 455.2408.
5-((4-Phenyl)ethynyl)-2-(1-phenyl-1H-[1,2,3]triazol-4-yl)pyr-
idine (10d). According to the general procedure the product was
synthesized and purified by column chromatography over silica
(CHCI5/EtOAc, 5:1 ratio) yielding 10d as off-white powder
(44 mg, 61%). "HNMR (CDCls, 300 MHz) 6 8.74 (s, 1H), 8.16—
8.11 (m, 2H), 7.90—7.84 (m, 1H), 7.58—7.54 (m, 2H), 7.39—7.35
(m,3H),4.42(t,J = 7.2 Hz,2H), 1.96—1.89 (m, 2H), 1.34—1.24
(m, 14H), 0.88 (t, / = 6.7 Hz, 3H). '*C NMR (CDCls, 75 MHz)
0 151.8, 139.3, 131.7, 128.8, 128.4, 122.6, 122.2, 119.5, 119.4,
93.1,86.1, 50.6, 31.8, 30.2,29.4,29.3,29.2, 29.0, 26.4, 22.6, 14.1.
ESI-HRMS caled for CysH3gNyNa (M + Na]") 409.2363,
found 409.2334.
5-Ethynyl-2-(1-phenyl-1H1,2,3]triazol-4-yl)pyridine (11). Sodium
azide (330 mg, 5.1 mmol) and anhydrous CuSO; (54 mg,
0.34 mmol) were dissolved in abs methanol (30 mL). Phenylboronic
acid (414 mg, 3.4 mmol) was added to the brown solution and the
reaction mixture was stirred for 48 h at room temperature. The
conversion was controlled by TLC on silica (CHCl;). The slightly
green solution was concentrated to 10 mL in vacuum and, subse-
quently, THF (20 mL), sodium ascorbate (336 mg, 1.7 mmol, in
1 mL of water), 4-(6-ethynylpyridin-3-yl)-2-methylbut-3-yn-2-ol
(600 mg, 3.24 mmol), and water (4 mL) were added. The reaction
was stirred for 72 h at 50 °C. After that, an excess of water was added
to the reaction mixture and the precipitate was filtered off. The
filtrate was cautiously extracted with CHCl; and the organic extract
was combined with the precipitate. The CHCl; solution was dried
over NaSO, and filtered. Column chromatography on silica
(CHCI5/EtOAc, 2:1 ratio) provided the (2-methylbut-3-yn-2-ol)-
protected product as a white powder. The deprotection was accom-
plished by refluxing overnight in toluene with ground NaOH
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(1.5 equiv). The toluene solution was washed with water and
subsequent gel filtration on silica provided the pure desired product
(360 mg, 45%). "H NMR (CDCls, 300 MHz) 6 8.71 (s, 1H), 8.61 (s,
1H),8.23(d,J = 8.2Hz, 1H),7.90(dd,J = 8.2Hz,J = 2.0 Hz, |H),
7.83—7.80 (m, 2H), 7.59—7.44 (m, 3H), 3.28 (s, 1H, CH). *C NMR
(CDCls, 75 MHz) 6 152.5, 149.2, 148.3, 140.0, 136.8, 129.9, 128.9,
120.4,119.6, 118.3, 81.0, 80.5. Anal. Caled for C;sHoN,: C 73.16, H
4.09, N 22.75. Found: C 73.49, H 3.78, N 22.50.
5-((4-Nitrophenyl)ethynyl)-2-(1-phenyl-1H-[1,2,3]triazol-4-yl)-
pyridine (12). 5-Ethynyl-2-(1-phenyl-1H-[1,2,3]triazol-4-yl)pyr-
idine (11, 75 mg, 0.3 mmol), 1-iodo-4-nitrobenzene (76 mg, 0.3
mmol), tetrakis(triphenylphosphine)palladium(0) (8 mg, 0.006
mmol), and Cul (2 mg, 0.006 mmol) were dissolved in a degassed
NEt;/THF mixture (3:1 ratio, 10 mL) and the solution was
stirred for 48 h at 40 °C under argon atmosphere. The solvent
was evaporated under reduced pressure. The pure product was
isolated by column chromatography over silica (CHCl3) as
slightly yellow powder (85 mg, 77%). 'H NMR (CDCl;, 300
MHz) 6 8.80 (s, IH), 8.65 (s, 1H), 8.32—8.25 (m, 3H), 7.98—7.96.
(m, 1H), 7.85—7.82 (m, 2H), 7.74—7.71 (m, 2H), 7.61—7.47 (m,
3H). '3C NMR (CDCls, 75 MHz) 6 147.3, 143.3, 139.6, 136.9,
132.4,129.9,129.1, 123.7, 120.5,91.2, 91.1 (some carbon signals
are missing due to the low solubility of the compound). ESI-
HRMS caled for C,;H;5N50,Na ([M + Na]") 390.0961, found
390.0940.
2-(1-(4-Bromophenyl)-1H-[1,2,3]triazol-4-yl)pyridine (13). Sodi-
um azide (480 mg, 7.5 mmol) and anhydrous CuSO, (80 mg,
0.5 mmol) were dissolved in abs methanol (40 mL). (4-Bromo-
phenyl)boronic acid (1 g, 5 mmol) was added to the brown
solution and the reaction mixture was stirred for 48 h at room
temperature. The conversion was controlled by TLC on silica
(ethyl acetate). Sodium ascorbate (400 mg, 2 mmol, in 1 mL of
water), 2-ethynylpyridine (515 mg, 5 mmol), and water (5 mL)
were added. The reaction was stirred for 5 days at 40 °C. After that,
an excess of water was added to the reaction mixture and the
precipitate was filtered off. The filtrate was cautiously extracted
with CHCl; and the organic extract was combined with the
precipitate. The CHCl; solution was dried over NaSO, and filtered
and the solvent was evaporated. Subsequent recrystallization from
ethanol provided the pure product as colorless crystalls (905 mg,
61%). '"H NMR (CDCls, 300 MHz) 6 8.62—8.60 (m, 1H), 8.59 (s,
1H), 8.24—8.21 (m, 1H), 7.83—7.80 (m, 1H), 7.75—7.67 (m, 4H),
7.29—7.26 (m, 1H). '>*C NMR (CDCls, 75 MHz) 6 149.5, 137.0,
133.0, 123.2, 121.8, 120.5, 119.8. Anal. Calcd for C;3HoBrNy: C
51.85, H 3.01, N 18.60. Found: C 51.76, H 3.09, N 18.69.
2-(1-(4-Ethynylphenyl)-1H-[1,2,3]triazol-4-yl)pyridine (14).
2-(1-(4-Bromophenyl)-1H-[1,2,3]triazol-4-yl)pyridine (13, 600 mg,
2 mmol), trimethylsilylacetylene (0.3 mL, 2.05 mmol), tetrakis-
(triphenylphosphine)palladium(0) (95 mg, 0.08 mmol) and Cul
(18 mg, 0.08 mmol) were dissolved in a degassed NEt;/THF
mixture (2:1 ratio, 10 mL) and the reaction mixture was stirred
for 24 h at 40 °C under argon atmosphere. The solution was
evaporated under reduced pressure. The trimethylsilyl-protected
product was isolated by column chromatography over silica
(CHCl). The product was dissolved in a MeOH/THF solvent
mixture (2:1 ratio, 30 mL) and treated with aqg NaOH (200 mg of
NaOH in 3 mL of water). After stirring overnight under an argon
atmosphere the final product was purified by column chromato-
graphy over silica (CHCl;) and obtained as white powder (340 mg,
69%). '"H NMR (CDCl;, 300 MHz) 6 8.63—8.60 (m, 2H),
8.23—8.20 (m, 1H), 7.84—7.78 (m, 3H), 7.67—7.63 (m, 2H),
7.26—7.21 (m, 1H), 3.19 (s, 1H). *C NMR (CDCl;, 75 MHz) ¢
149.7, 149.5, 136.9, 133.5, 123.1, 122.8, 120.4, 120.0, 119.6, 82.2,
79.0. Anal. Caled for C;sHoN4: C 73.16, H 4.09, N 22.75. Found:
C 73.34,H 4.12, N 23.04.
2-(1-(4-((4-Nitrophenyl)ethynyl)phenyl)-1H-[1,2,3]triazol-4-
yl)pyridine (15). 2-(1-(4-Ethynylphenyl)-1H-[1,2,3]triazol-4-yl)-
pyridine (14, 65 mg, 0.26 mmol), 1-iodo-4-nitrobenzene (68 mg,
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0.27 mmol), tetrakis(triphenylphosphine)palladium(0) (16 mg,
0.006 mmol), and Cul (3 mg, 0.006 mmol) were dissolved in a
degassed NEt;/THF mixture (10:1 ratio, 25 mL) and the solu-
tion was stirred for 24 h at 50 °C under argon atmosphere. The
solvents were evaporated under reduced pressure and the pure
product was obtained by crystallization from chloroform at 5 °C
(48 mg, 50%). '"H NMR (CDCl;, 300 MHz) 6 8.66—8.62 (m,
2H), 8.25—8.22 (m, 3H), 7.88—7.70 (m, 7H), 7.30—7.26 (m, 1H).
"*C NMR (CDCls, 75 MHz) 6 147.3, 133.4, 132.4, 129.6, 123.7,
122.8,120.2,119.6, 93.1 (some carbon signals are missing due to
the low solubility of the compound). ESI-TOF MS: m/z 368.12
(IM + HJ"). Anal. Caled for C5;H 3N50,: C 68.66, H 3.57, N
19.06. Found: C 68.32, H 3.74, N 19.31.

General Procedure for Complexing the (1H-1,2,3-Triazole)-
pyridine Ligand to Ru(dmbpy),Cl,. cis-Dichlorobis(4,4’-dimethyl-
2,2-bipyridine)ruthenium(I)'' (43 mg, 0.08 mmol) and the
respective 1H-[1,2,3]triazole ligand (0.08 mmol) were suspended
in degassed ethanol (8 mL). After heating under microwave
irradiation at 125 °C for 2 h, the red solution was treated with a
10-fold excess of NH4PF4 and subsequently stirred until pre-
cipitation occurred (10 min to 2 h). The colored precipitate was
filtered off and purified by washing twice with ethanol and
diethyl ether providing the pure product. In the cases where the
"H NMR spectrum indicated any impurities, the compound was
further purified by recrystallization from ethanol.

Bis(4,4'-dimethyl-2,2'-bipyridine)-{2-(1-decyl-1 H-[1,2,3]tri-
azol-4-yl)-5-((4(hexyloxy)phenyl)ethynyl)pyridine } ruthenium(II)
Hexafluorophosphate (16a). According to the above standing
general procedure cis-dichlorobis(4,4’-dimethyl-2,2'-bipyridine)-
ruthenium(Il) (30 mg, 0.056 mmol) and 2-(1-decyl-1H-[1,2,3]-
triazol-4-yl)-5-((4-(hexyloxy)phenyl)ethynyl)pyridine (5, 27 mg,
0.056 mmol) were reacted to yield the complex as an orange
powder after washing twice with ethanol and diethyl ether
(55 mg, 81%). '"H NMR (CDsCN, 300 MHz) 6 8.68 (s, 1H),
8.38 (s, 2H), 8.31 (s, 1H), 8.28 (s, 1H), 8.10—8.0 (m, 2H),
7.73=7.61 (m, 4H), 7.50 (d, J = 5.8 Hz, 1H), 7.43—7.38 (m,
2H), 7.28—7.22 (m, 3H), 7.17—7.14 (m, 1H), 6.94—6.87 (m, 2H),
4.34(t,J = 7.0Hz, 2H), 4.0 (t, J = 6.5 Hz, 2H), 2.56—2.52 (m,
12H), 1.95—-1.92 (m, 4H), 1.83—1.69 (m, 4H), 1.47—1.08 (m,
20H), 0.93—0.86 (m, 6H). '>*C NMR (CD+CN, 75 MHz) § 161.3,
158.1, 157.8, 157.7, 157.5, 153.8, 152.2, 152.1, 152.0, 151.9,
151.21, 151.2, 151.1, 150.9, 150.6, 148.1, 140.5, 134.2, 129.2,
129.0, 128.4, 126.6, 125.9, 125.8, 125.4, 125.0, 123.3, 122.9,
115.8, 113.9, 96.6, 83.8, 69.1, 53.0, 32.6, 32.2, 30.1, 30.0, 29.9,
29.7,29.3,26.6,26.3,23.3,23.2,21.22,21.2,21.1, 14.3, 14.2. ESI-
TOF MS m/z 1101.40 (M — PF4]"), 478.22 (IM — 2PF¢*").
ESI-HRMS caled for CssHesNgORu [M — 2PF]** 478.2203,
found 478.2199.

Bis(4,4' -dimethyl-2,2'-bipyridine)-{2-(1-decyl-1H-[1,2,3]triazol-
4-yl)-5-((4-nitrophenyl)ethynyl)pyridine }ruthenium(II) Hexa-
fluorophosphate (16b). According to the above standing general
procedure cis-dichlorobis(4,4'-dimethyl-2,2-bipyridine)ruthe-
nium(II) (35 mg, 0.065 mmol) and 2-(1-decyl-1H-[1,2,3]triazol-
4-yl)-5-((4-nitrophenyl)ethynyl)pyridine (10a, 28 mg, 0.065 mmol)
were reacted to yield the pure complex as an orange powder
after washing twice with ethanol and diethyl ether (68 mg,
88%). "H NMR ((CD3),CO, 300 MHz) 6 9.23 (s, 1H), 8.67—
8.60 (m, 4H), 8.42—8.39 (m, 1H), 8.30—8.25 (m, 3H), 8.12—
8.08 (m, 2H), 7.96 (d, 1H), 7.87 (d, 1H), 7.78—7.70 (m, 3H),
7.44—7.32 (m, 4H), 4.52 (t, J = 7.1 Hz, 2H), 2.58—2.52 (m,
12H), 2.05—2.01 (m, 2H), 1.89—1.79 (m, 2H), 1.25—1.07 (m,
12H), 0.87—0.81 (m, 3H). *C NMR ((CD;),CO, 75 MHz) 6
158.1, 158.0, 157.8, 154.5, 152.4, 152.21, 152.2, 151.2, 151.1,
148.9, 148.2, 141.4, 133.6, 129.4, 129.0, 128.7, 126.0, 125.5,
125.2, 124.7, 123.1, 121.9, 95.6, 89.3, 52.1, 32.6, 26.7, 23.3,
21.2, 14.3. ESI-TOF MS m/z 1046.3 (IM — PF4]"), 450.67
([M - 2PF6]2+). ESI-HRMS calcd for C49H53N902RU ([M -
2PF¢*1): 450.6684, found 450.6685.
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Bis(4,4'-dimethyl-2,2'-bipyridine)-{2-(1-decyl-1H-[1,2,3]tri-
azol-4-yl)-5-((4~(trifluoromethyl)phenyl)ethynyl) pyridine } ruthenium-
(II) Hexafluorophosphate (16¢). According to the above standing
general procedure cis-dichlorobis(4,4'-dimethyl-2,2’-bipyridine)-
ruthenium(IT) (30 mg, 0.056 mmol) and 2-(1-decyl-1H-[1,2,3]tri-
azol-4-yl)-5-((4-(trifluoromethyl)phenyl)ethynyl)pyridine (10¢, 25
mg, 0.056 mmol) were reacted to yield the pure complex as red
powder after recrystallization from ethanol (32 mg, 48%). '"H NMR
(CD;CN, 300 MHz) 6 8.71 (s, 1H), 8.38 (s, 2H), 8.31—8.27 (m, 2H),
8.11-8.08 (m, 2H), 7.79—7.60 (m, 8H), 7.49—7.46 (m, 1H),
7.28—17.23 (m, 3H), 7.18—7.16 (m, 1H), 4.35 (t, J = 7.0 Hz, 2H),
2.56—2.51 (m, 12H), 1.80—1.72 (m, 2H), 1.37—1.07 (m, 14H), 0.89
(t,J = 6.7 Hz, 3H). *C NMR (CD;CN, 75 MHz) 6 157.2, 156.9,
156.7, 156.6, 153.4, 151.3, 151.2, 151.1, 151.0, 150.7, 150.3, 150.3,
150.2, 150.0, 147.1, 140.1, 132.2, 128.2, 128.0, 127.5, 126.0, 125.7,
125.6, 125.0, 124.9, 124.5, 124.1, 122.1, 121.3,93.2, 86.1, 52.1, 31.6,
29.2,29.2, 29.1, 29.0, 28.4, 25.6, 22.4, 20.4, 20.3, 20.2, 13.4. ESI-
TOF MS m/z 1069.30 (M — PF¢]"), 462.17 (M — 2PF¢]*"). ESI-
HRMS calcd for C50H53F9N8PRU ([M - PF6]+) 10693025, found
1069.2993.

Bis(4,4'-dimethyl-2,2'-bipyridine)-{2-(1-decyl-1 H-[1,2,3]tri-
azol-4-yl)-5-((2-nitrophenyl)ethynyl)pyridine } ruthenium(II) Hexa-
fluorophosphate (16d). According to the above standing general
procedure cis-dichlorobis(4,4’-dimethyl-2,2'-bipyridine)ruthenium-
(II) (30 mg, 0.056 mmol) and 2-(1-decyl-1H-[1,2,3]triazol-4-yl)-
5-((2-nitrophenyl)ethynyl)pyridine (10b, 24 mg, 0.056 mmol) were
reacted to yield the pure complex as red powder after washing twice
with ethanol and diethyl ether (59 mg, 90%). "H NMR (CD;CN,
300 MHz) ¢ 8.71 (s, 1H), 8.38—8.29 (m, 4H), 8.13—8.09 (m, 3H),
7.74—7.53 (m, 8H), 7.27—7.23 (m, 3H), 7.17—7.15 (m, 1H), 4.35
(t, J = 7.0 Hz, 2H), 2.58—2.52 (m, 12H), 1.80—1.72 (m, 2H),
1.37—1.07 (m, 14H), 0.89 (t, J = 6.7 Hz, 3H). '3*C NMR (CDs-
CN,75MHz) 6 158.1,157.8,157.7,157.5, 154.5,152.2, 152.2, 152.0,
151.8, 151.6, 151.3, 151.2, 150.9, 147.9, 140.5, 135.5, 134.6, 131.5,
129.2, 129.0, 128.4, 127.0, 126.0, 125.9, 125.8, 125.4, 125.1, 123.0,
122.1,91.4,91.2, 53.1, 32.6, 30.1, 30.1, 30.0, 29.9, 29.3, 26.6, 23.3,
21.3, 21.2, 21.1, 14.3. ESI-TOF MS m/z 1046.30 (M — PF¢]™),
450.67 ([M - 2PF6]2+). ESI-HRMS calcd for C49H53F6N902PR11
(IM — PF¢]") 1046.3002, found 1046.2997.

Bis(4,4'-dimethyl-2,2'-bipyridine)- {5-((4-phenyl)ethynyl)-2-(1-
phenyl-1H-[1,2,3]triazol-4-yl)pyridine} ruthenium(II) Hexafluoro-
phosphate (16e). According to the above-mentioned general pro-
cedure cis-dichlorobis(4,4'-dimethyl-2,2’-bipyridine)ruthenium(II)
(30 mg, 0.056 mmol) and 5-((4-phenyl)ethynyl)-2-(1-phenyl-
1H-[1,2,3]triazol-4-yl)pyridine (10d, 23 mg, 0.056 mmol) were
reacted to yield the pure complex as red powder after washing
twice with ethanol and diethyl ether (48 mg, 75%). '"H NMR
(CDsCN, 300 MHz) 6 8.69 (s, 1H), 8.37—8.27 (m, 4H), 8.11—8.05
(m, 2H), 7.75—7.72 (m, 2H), 7.66—7.62 (m, 2H), 7.50—7.39 (m,
6H), 7.27—7.24 (m, 3H), 7.18—7.16 (m, 1H), 4.34 (t, J = 7.0 Hz,
2H),2.56—2.51 (m, 12H), 1.79—1.71 (m, 2H), 1.37—1.06 (m, 14H),
0.89 (t, J = 6.7 Hz, 3H). >*C NMR (CD;CN, 75 MHz) 6 157.2,
156.9, 156.7, 156.6, 153.2, 151.3, 151.2, 151.1, 151.0, 150.3, 150.3,
150.2, 150.2, 150.0, 147.1, 139.9, 131.6, 129.7, 128.8, 128.2, 128.0,
127.5, 125.8, 125.0, 124.9, 124.5, 124.1, 122.0, 121.9, 121.4, 95.0,
83.9, 52.1, 31.6, 29.2, 29.1, 29.0, 28 .4, 25.6, 22.4, 20.3, 20.2, 13.4.
ESI-TOF MS m/z 1001.32 (IM — PE¢] ™), 428.18 (IM — 2PF4*").
ESI-HRMS caled for CyoHsyFsNgPRu [M — PF¢]* 1001.3151,
found 1001.3168.

Bis(4,4'-dimethyl-2,2’-bipyridine)-{5-((4-nitrophenyl)ethynyl)-
2-(1-phenyl-1H-[1,2,3]triazol-4-yl)pyridine } ruthenium(II) Hexa-
fluorophosphate (17). According to the above standing general
procedure Ru(dmbpy),Cl, (35 mg, 0.065 mmol) and 5-((4-
nitrophenyl)ethynyl)-2-(1-phenyl-1H-[1,2,3]triazol-4-yl)pyridine
(12,24 mg, 0.065 mmol) were reacted to yield the pure complex as
red powder after washing twice with ethanol and diethyl ether
(45 mg, 63%). "H NMR (CD;CN, 300 MHz) 4 9.24 (s, 1H), 8.39
(s, 2H), 8.33—8.18 (m, 6H), 7.86 (s, 1H), 7.79—7.76 (m, 2H),
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7.71—=7.53 (m, 9H), 7.29—7.25 (m, 3H), 7.17 (m, 1H), 2.56—2.53
(m, 12H). 3C NMR (CDsCN, 75 MHz) ¢ 157.1, 156.8, 156.7,
156.5,153.7, 151.5, 151.4, 151.0, 150.9, 150.5, 150.5, 150.4, 150.4,
150.2, 148.0, 140.4, 136.1, 132.7, 130.3, 130.1, 128.3, 128.2, 128.0,
127.5, 125.0, 124.9, 124.6, 124.2, 123.9, 122.2, 121.4, 120.7,
92.9, 88.2, 20.3, 20.3, 20.2. ESI-TOF MS m/z 982.17 (M —
PF6]+). ESI-HRMS calcd for C45H37F6N902PRU ([M - PF6]+)
982.1750, found 982.1776.
Bis(4,4'-dimethyl-2,2'-bipyridine)-{2-(1-(4-((4-nitrophenyl)-
ethynyl)phenyl)-1H-(1,2,3]triazol-4-yl)pyridine } ruthenium(II) Hexa-
fluorophosphate (18). According to the above standing general
procedure Ru(dmbpy)>Cl, (25 mg, 0.046 mmol) and 2-(1-(4-((4-
nitrophenyl)ethynyl)phenyl)-1H-[1,2,3]triazol-4-yl)pyridine (15, 17
mg, 0.046 mmol) were reacted 2.5 h to yield the pure complex as red
powder after washing twice with ethanol and diethyl ether (40 mg,
77%). '"H NMR (CDsCN, 300 MHz) 6 9.25 (s, 1H), 8.38—8.32 (m,
4H), 8.25—8.21 (m, 2H), 8.17—8.15 (m, 1H), 8.03—8.0 (m, 1H),
7.83=7.73 (m, 7H), 7.71-7.58 (m, 4H), 7.36—7.19 (m, SH),
2.55-2.51 (m, 12H). *C NMR (CD4CN, 75 MHz) ¢ 157.2,
156.8, 156.8, 156.5, 151.7, 151.3, 151.1, 151.1, 150.8, 150.6, 150.4,
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150.3, 150.1, 148.7, 147.6, 138.1, 136.1, 133.4, 132.5, 129.0, 128.3,
128.2, 127.5, 1262, 124.9, 124.8, 124.6, 124.2, 123.9, 123.8, 123.4,
122.7, 120.8, 92.1, 89.4, 20.3, 20.3. ESI-TOF MS /= 982.17 (M —
PF]"). ESI-HRMS caled for CusHz;FgNgOsPRu ([M — PF4J™)
982.1750, found 982.1759.
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right 2009 American Chemical Society.

138



Downloaded by FRIEDRICH SCHILLER UNIV JENA on November 3, 2009 | http://pubs.acs.org

Publication Date (Web): August 25, 2009 | doi: 10.1021/0m9003785

5478  Organometallics 2009, 28, 5478-5488
DOI: 10.1021/om9003785

ORGANOMETALLICS

Article
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We report on the synthesis and characterization of bis-cyclometalated iridium(I11) complexes with
4-phenyl-1H-[1,2,3]triazole, synthesized via a “click”-chemistry approach, as a new type of cyclo-
metalating ligand. The photophysical and electrochemical properties of these complexes are
investigated experimentally as well as theoretically by using density functional theory. The properties
of these new complexes are compared to their known 2-phenylpyridinato analogues. The emission of
the herein described complexes is clearly influenced by the applied ancillary ligand and can be
adjusted over a broad range of frequencies. The results indicate that the phenyl-1H-[1,2,3]triazole

ligands in general cause a spectral blue shift.

Introduction

Organic light-emitting diodes (OLEDs) have received con-
siderable attention during recent years in the acade-
mic world and in industry for display and lighting applica-
tions.' " For the fabrication of high-efficiency OLEDs, the
development of high-performance materials plays an impor-
tant role. Iridium(III) complexes show, in contrast to com-
plexes based on other heavy-metal atoms (e.g., Ru'l, Rh!,
Os™), an intense phosphorescence at room temperature.’ This
emission originates from a triplet metal-to-ligand charge
transfer (MLCT) or in some cases from a triplet ligand-
centered (LC) state. Due to the strong spin—orbit coupling,
the phosphorescent lifetimes are in the microsecond regime.
Besides the advantage of obtaining an internal quantum
efficiency of theoretically up to 100% in electroluminescent
devices,® the emission color of iridium(III) complexes can
easily be varied from blue to red by adapting the coordinated
ligand system. Several strategies have been reported in order
to tune the photophysical properties of these complexes and to
achieve blue emission, e.g., employing electron-withdrawing
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substituents in the cyclometalating ligand® and using cat-
ionic'® as well as anionic Ir'"' complexes.!! In recent years
many different ligand systems were investigated in order to
obtain phosphors with high quantum yields and color purity.
In particular bis- and tris-cyclometalated iridium(III) com-
plexes exhibit a high potential for applications in OLEDs. To
form bis-cyclometalated species chloro-bridged dimeric
iridium(III) precursors can be reacted with a broad variety
of coordination motifs, e.g. bipyridine, picolinate, acetylace-
tonate, and their derivatives.'? 7 Besides the straightforward
synthesis, the utilization of ancillary ligands provides further
options to introduce functionalities and to tune the optical
and electrical properties. For the understanding of the photo-
physical behavior of such Ir''! complexes, theoretical investi-

gations have proven to be very useful.!’*!
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In the past decade, the synthesis of 1H-[1,2,3]triazoles
experienced a great revival in the form of the copper(I)-
catalyzed Huisgen cycloaddition. This procedure was intro-
duced independently by the groups of K. B. Sharpless and M.
Meldal.'” 2! The addition of a Cu' catalyst leads to the
exclusive formation of the 1,4-regioisomer, increases the
reaction rate by a factor of 107, and enables the performance
of the reaction under mild conditions.?* With this so-called
“click” reaction it is possible to introduce different functionali-
ties via the acetylene and the organic azide. Weck and co-
workers used the efficient cycloaddition reaction to attach
alkyne-functionalized tris-cyclometalated iridium(III) com-
plexes to azide-bearing polymeric backbones, yielding phos-
phorescent polymers.>® Performing the “click” reaction with
alkyne-functionalized terpyridine moieties at an azide-ter-
minated monolayer Haensch et al. anchored coordination
sites to a surface. After the reaction with a dimeric precursor
surface-tethered bis-cyclometalated iridium(I1T) complexes
were obtained.?* Besides the utilization of the “click” reac-
tion as a linking tool [1,2,3]triazoles can be applied as
coordination motifs. “Clicked” terpyridine®>*® and bipyri-
dine*” analogues were recently introduced and applied in the
formation of the respective ruthenium(II) complexes. While
1,2,4-triazoles are established moieties in ancillary ligands
applied to synthesize neutral iridium(II) complexes® ™33
and even appear in bpy analogues®* and cyclometalating™
systems, the potential of [1,2,3]triazoles as coordination site
for iridium(IIT) species is investigated only marginally. In an
early work by Nonoyama et al. 2-aryl-4,5-dimethyl-[1,2,3]-
triazoles were used as cyclometalating ligands in the forma-
tion of dimeric iridium(III) precursor complexes.*® A similar
dimer with 2-phenyl-2H-[1,2,3]triazolo[4,5-f]quinoline as
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(31) Liang, B.; Wang, L.; Xu, Y.; Shi, H.; Cao, Y. Adv. Funct. Mater.
2007, 17, 3580-3589.

(32) Chang, C.-F.; Cheng, Y.-M.; Chi, Y.; Chiu, Y.-C.; Lin, C.-C.;
Lee, G.-H.; Chou, P.-T.; Chen, C.-C.; Chang, C.-H.; Wu, C.-C. Angew.
Chem., Int. Ed. 2008, 47, 45424545,

(33) Song, Y.-H.; Chiu, Y.-C.; Chi, Y.; Cheng, Y.-M.; Lai, C.-H.;
Chou, P.-T.; Wong, K.-T.; Tsai, M.-H.; Wu, C.-C. Chem.—Eur. J. 2008,
14, 5423-5434.

(34) van Diemen, J. H.; Haasnoot, J. G.; Hage, R.; Miiller, E.;
Reedijk, J. Inorg. Chim. Acta 1991, 181, 245-251.

(35) Lo, S.-C.; Shipley, C. P.; Bera, R. N.; Harding, R. E.; Cowley,
A.R.;Burn, P. L.; Samuel, I. D. W. Chem. Mater. 2006, 18, 5119-5129.

(36) Nonoyama, M.; Hayata, C. Transition Met. Chem. 1978, 3, 366—
369.
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cyclometalating ligands was synthesized by Tomkuté-
Luksiené et al. and was further reacted with acetoacetone
to yield the respective bis-cyclometalated iridium(III) com-
plex.*” Orselli et al. applied 2-(1 H-[1,2,3]triazol-5-yl)pyridine
and 2-[4-(aryl)-1H-[1,2,3]triazol-5-yl]pyridines as ancillary
ligands in the formation of neutral bis-cyclometalated
iridium(I1) complexes.®® Phenyl-1H-[1,2,3]triazoles with
variable substituents in 1- and 4-position, easily accessible
by “clicking” the respective azides and acetylenes moieties,
have not been investigated regarding potential applications
as cyclometalating ligands in the coordination of iridium(IIT)
species, so far.

Here, we report on the synthesis and characterization of
new heteroleptic iridium(IIT) complexes using phenyl-
1H-[1,2,3]triazoles as cyclometalating ligands. “Click”
chemistry was used for the straightforward synthesis of
two different types of potential ligand systems. The proper-
ties of the new phosphors were analyzed and compared to
classical complexes based on 2-phenylpyridine (Hppy). In
addition, a DFT and time-dependent DFT (TD-DFT) study
of the ground and excited states of selected Ir'" complexes
has been performed in order to interpret the experimental
photophysical data. This study provides valuable informa-
tion regarding the excited states involved in the absorption
and emission processes.

Results and Discussion

Synthesis and Characterization. The synthesis of the new
cyclometalating ligands was carried out in a highly efficient
one-pot consecutive procedure. Following literature descrip-
tions, the respective acetylene derivative was reacted with the
organic azide, formed in situ from the corresponding bromo
compound.®** Tt is noteworthy that no further copper(I)
catalyst had to be added after the formation of the arylazide
in order to perform the “click” reaction. The so-called
“click” rules, as specified by Sharpless,”® were completely
fulfilled. After reacting the organic azides and acetylene
compounds in an environmentally friendly solvent mixture
(i.e., ethanol/water, 7:3 ratio) at room temperature, the
potential ligands 1-decyl-4-phenyl-1H-[1,2,3]triazole (H-a)
and 4-decyl-1-phenyl-1H-[1,2,3]triazole (H-b) could be ob-
tained in high yields by simple purification procedures
(Scheme 1). The formation of only one triazole regioisomer
was verified by '"H NMR spectroscopy. The signal originat-
ing from the ortho-protons of the phenyl ring (asterisk in
Figure 1) is significantly high-field shifted for H-a (7.84 ppm)
and H-b (7.75 ppm) in comparison to 2-phenylpyridine
(Hppy, 8.04 ppm). This can be explained by the higher
electron density in the phenyl ring due to mesomerism of
the lone electron pairs of the triazole nitrogen atoms to the
attached phenyl ring. Furthermore, the ligands were charac-
terized by '*C NMR and UV—vis absorption spectroscopy
as well as MALDI-TOF mass spectrometry and elemental
analysis.

(37) Tomkuté-Luksiené, D.; Malinauskas, T.; StaniSauskaité, A.;
Getautis, V.; Kazlauskas, K.; Vitta, P.; Zukauskas, A.; Jur$énas, S. J.
Photochem. Photobiol. A: Chem. 2008, 198, 106-110.

(38) Orselli, E.; Albuquerque, R. Q.; Fransen, P. M.; Frohlich, R.;
Janssen, H. M.; De Cola, L. J. Mater. Chem. 2008, 18, 4579-4590.

(39) Ju, Y.; Kumar, D.; Varma, R. S. J. Org. Chem. 2006, 71, 6697—
6700.

(40) Anderson, J.; Madsen, U.; Bjorkling, F.; Liang, X. Synlett 2005,
2209-2213.



Downloaded by FRIEDRICH SCHILLER UNIV JENA on November 3, 2009 | http://pubs.acs.org
Publication Date (Web): August 25, 2009 | doi: 10.1021/0m9003785

5480  Organometallics, Vol. 28, No. 18, 2009

Beyer et al.

Scheme 1. Schematic Representation of the Synthesis of the Potential Ligands H-a and H-b

1.5 eq. NaN3
125°C, 1 h, MW

Br—CoH T ——
2 EOHIHL0 (7:3)

H
15 mol% /N\/\N/

©/Bf 10 mol% Cul H ©/Na
5 mol% Na ascorbate

2.0 eq. NaNg, reflux, 3 h
EtOH/H,0 (7:3)

875 850 825 800 775 750 7.5
3 (ppm)

Figure 1. '"H NMR spectra (aromatic region) of Hppy (top),
H-a (middle), and H-b (bottom). For all spectra: 400 MHz,
room temperature, CD,Cl,.

Although the “click” reaction offers many advantages to
easily engineer heterocycles, it has one inherent drawback.
The handling of organic azides is connected with certain
safety considerations.*! Therefore, it was not advisible to
synthesize 4-phenyl-[1,2,3]triazoles with short alkyl chains.
For comparison, the same alkyl chain length was used for
ligands H-a and H-b. However, the presence of the required
alkyl chains dramatically reduced the probability of obtain-
ing single crystals suitable for X-ray analysis.

The synthesized phenyl-triazole derivatives H-a and H-b
as well as the commercially available 2-phenylpyridine were
reacted with IrCl; x 3H,O to form the respective dimeric
chloro-bridged iridium(III) precursor complexes following
literature procedures (Scheme 2).** The isolated yields of the
new dimeric precursors A and B were good (76% and 53%,
respectively), but lower than that of [(Ir(ppy),-u-Cl),] (C,
90% yield). This might be attributed to the circumstance that
column chromatography was necessary as an additional
purification step (A, B vs C) and the slightly lower ability
of the phenyl-1H-[1,2,3]trizoles to form stable carbanions for
the cyclometalation due to the increased electron density in
the Czl-position, as already observed by "H NMR spectro-
scopy. Despite thorough purification, the NMR spectra
recorded from precursors A and B appeared rather unde-
fined. However, elemental analyses showed good composi-
tional consistency with the expected molecular formula of a
dimeric precursor complex. Since the desired bis-cyclometa-
lated Ir'™ complexes could be synthesized in the follow-
ing with precursor A, it is assumed that not only dimeric

(41) Brise, S.; Gil, C.; Knepper, K.; Zimmermann, V. Angew. Chem.,
Int. Ed. 2005, 44, 5188-5240.

(42) Winter, A.; Ulbricht, C.; Holder, E.; Risch, N.; Schubert, U. S.
Aust. J. Chem. 2006, 59, 773-782.

N3—C1gHaz1
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N
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o e NN
rt,14h ©/ N
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complexes with D,-symmetry, as predicted for the ppy-based
precursor,43 were formed. In a precursor with C,,-symmetry
the coordinating nitrogen atoms would still be in trans-
position to each other, and thus, the ligands in the resulting
heteroleptic complexes would have the same configuration
as originating from a D,-precursor.

The general synthetic routes toward different types of bis-
cyclometalated complexes are summarized in Scheme 3.
Heteroleptic complexes deriving from precursor A could be
isolated in similar or even higher yields compared to the
analogous ppy-based complexes. The charged iridium(III)
complexes were synthesized applying an excess (5 to 9 equiv)
of the respective bidentate ligand, i.e., 2,2’-bipyridine (bpy)
or 2-(1-decyl-1H-[1,2,3]triazol-4-yl)pyridine (trpy). After
14 h refluxing in a solvent mixture of CH,Cl,/CH;OH
(4:5), an anion exchange with NH4PF4 was performed. The
neutral complexes were obtained from the reaction with
either acetylacetone (Hacac, 10 equiv) or picolinic acid
(Hpic, 5 equiv) in the presence of equimolar amounts of
Na,COj; by refluxing for 14 h in C;HsOH and CH,Cl,,
respectively.

Starting from precursor B, the expected heteroleptic com-
plexes could not be isolated, with exception of complex
[Ir(b),(acac)]. Due to the poor yield of approximately 5% a
full characterization of this complex could not be carried out.
In all other cases, either many byproducts were formed, in
particular for the charged systems (i.e., bpy and trpy) or the
attempts to cleave the chloro bridge to form neutral com-
plexes failed. The instability of the crude products on the
column material prevented any purification by column
chromatography. In addition, the release of the cyclometa-
lating ligand (i.e., H-b) during the synthetic attempts with
precursor B could be observed as well. It is supposed that the
thermodynamic stability of complexes originating from H-b
is remarkably lower than for complexes synthesized from
H-a. Thus, the position of the cyclometalating phenyl ring
seems to be important for the o-donor and m-acceptor
strength of the new ligands. As already concluded from the
"H NMR spectra of these two types of ligands, H-b features a
higher electron density than H-a in the phenyl ring. Appar-
ently, the z-back-donation from the Ir'" center to the ligand
b is also less pronounced.

FElectro-optical Properties. The experimental UV —vis ab-
sorption spectra of both 2-phenylpyridine- (Ir(ppy)zLAX)
ar}d phenyl-1H-[1,2,3]triazole-containing complexes (Ir(a),-
LX), are depicted in Figure 2. The corresponding photo-
luminescence (PL) spectra are shown in Figure 3. The

(43) Sprouse, S.; King, K. A.; Spellane, P. J.; Watts, R. J. J. Am.
Chem. Soc. 1984, 106, 6647-6653.
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Scheme 2. Schematic Representation of the Synthesis of the Dimeric Iridium(III) Precursor Complexes [Ir(CAN)z-,u-Cl]z
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Scheme 3. Schematic Representation of the Synthesis of Heteroleptic Iridium(IIT) Complexes”
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Figure 2. Experimental UV —vis absorption spectra of the Ir'"!

For all spectra: 107° M in CH,Cl,, room temperature.

photophysical and electrochemical characteristics of the
complexes are summarized in Tables 1 and 2.

It is noteworthy that in the case of the complexes based on
2-phenylpyridine (i.e., [Ir(ppy)(acac)], [Ir(ppy)2(bpy)I(PFs),
and [Ir(ppy)a(pic)]) the observed data (Table 1) are in
accordance with the values reported in the literature.'>#+4¢
Furthermore the experimental spectra reveal the expected
absorption blue-shifts for the [1,2,3]triazole-derived com-
plexes in comparison to their 2-phenylpyridine counterparts,
while the shape of the absorption bands exhibits a high
resemblance.

In order to gain a more detailed insight into the photo-
physical properties of the (phenyl-1H-[1,2,3]triazole)-based
Ir'" complexes, theoretical A-DFT and TD-DFT (B3LYP/
TZVP) calculations have been performed for [Ir(a),(bpy)]™,
[Ir(a)>(acac)], and [Ir(a),(pic)]. Figure 4 shows the obtained

(44) Lo, K. K.-W.; Chan, J. S.-W.; Lui, L.-H.; Chung, C.-K. Orga-
nometallics 2004, 23, 3108-3116.

(45) Nastasi, F.; Puntoriero, F.; Campagna, S.; Schergna, S.;
Maggini, M.; Cardinali, F.; Delavaux-Nicot, B.; Nierengarten, J.-F.
Chem. Commun. 2007, 3556-3558.

(46) Gupta, D.; Katiyar, M.; Deepak; Hazra, T.; Verma, A.;
Manoharan, S. S.; Biswas, A. Opt. Mater. 2006, 28, 1355-1361.

[Ir(b)(acac)]: 5%

[Ir(ppy)2(bpy)I(PFe): 60%
[Ir(ppy)2(trpy)I(PFe): 90%
[Ir(ppy)2(acac)]: 89%
[Ir(ppy)a(pic)]: 92%

6x10"
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complexes containing ppy (left) and a (right) as cyclometalating ligand.

Kohn—Sham frontier orbitals and the energy level schemes
of the three complexes.

In the neutral complexes the highest occupied molecular
orbitals (HOMOs) are the ty,-orbital set of the central It
ion. In the case of [Ir(a),(bpy)]", however, a sr-orbital of the
cyclometalating ligand is intercalated within the occupied
Sd-orbitals. For all complexes the HOMO corresponds to
the 5d, -orbital, while the LUMO is a z*-orbital. Interest-
ingly, this antibonding orbital is located on the ancillary
ligand in the case of [Ir(a)»(bpy)] " and [Ir(a),(pic)] but on the
cyclometalating ligand in the case of [Ir(a),(acac)]. The
following unoccupied orbitals are mostly of z7*-antibonding
character (not specified in Figure 4). The e,-orbitals of I
are, as seen in Figure 4, strongly destabilized in these com-
plexes. This is a common feature for cyclometalated Ir'"!
complexes, since the strong ligand field effect of the phenyl
anion ligand increases the gap between the t, ,- and e,-
orbitals. Thus, 5d.. and 5d,.—y? correspond to LUMO+11
and LUMO+13 in [Ir(a),(bpy)]*, respectively, while in
[Ir(a),(pic)] and [Ir(a),(acac)] they relate to LUMO+10
and LUMO+12. The energetic gaps between the HOMO
and LUMO levels are also noted in Figure 4. As stated in
the introduction, a blue-shifted emission in Ir' systems can
be achieved by properly choosing the substituents on the
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Figure 3. Photoluminescence spectra of the Ir'™™"
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Table 1. Selected Photophysical Properties of the Investigated Ir Complexes
complex Zans [nm] (log &)* Ap [nm]® Eo—o [nm]* Dp !
[Ir(a)»(bpy)](PFs) 240 (4.79), 299 (4.32), 330 (3.93), 441 (2.88), 470 (2.74) 560 474 0.45
[Ir(a)x(trpy))(PFs) 240 (4.74), 329 (3.87), 378 (2.92) 495 415 0.29
[Ir(a)>(acac)] 241 (4.62), 276 (4.23), 318 (3.95) 435 400 0.02
[Ir(a)x(pic)] 243 (4.63), 303 (3.95), 347 (3.68), 399 (2.82) 527 440 0.11
[Ir(ppy)2(bpy)](PFy) 257 (4.68), 269 (4.67), 381 (3.85), 466 (2.94), 492 (2.74) 580 498 0.29
[Ir(ppy)a(trpy)I(PFg) 256 (4.68), 266 (4.65), 382 (3.74), 408 (3.63) 477,507 451 0.21
[Ir(ppy)a(acac)] 260 (4.52), 337 (3.88), 405 (3.49), 456 (3.32), 489 (2.94) 517 481 0.53
[Ir(ppy)a(pic)] 264 (4.60), 398 (3.64), 429 (3.53), 477 (2.83) 505 467 0.29

“Measured in CH,Cl,, 10~° M, room temperature. * Measured in degassed CH>Cl,, 1077 M, room temperature.  The 0—0 vibration gap is estimated
by the intersection of absorption and emission spectra. ¢ Absolute quantum yields.

cyclometalating ligands as well as on the ancillary ligand,
which stabilizes the HOMO and/or destabilizes the LUMO
and, thus, increases the HOMO—LUMO energy gap.'>*’
For the complexes studied herein we have obtained decreas-
ing theoretical energy gaps of 4.31, 3.68, and 3.21 eV for
[Ir(a)»(acac)], [Ir(a)s(pic)], and [Ir(a),(bpy)]", respectively.
This trend has been confirmed by electrochemical data
derived from cyclic voltammetry investigations (Table 2).
There, the HOMO energy levels, which were calculated from
the oxidation potentials (assigned to a reversible Ir'/Ir'Y
oxidation), show good agreement with the calculated values.
Since, except for the case of the bpy systems, the reduction
potentials appear out of the accessible range of the cyclic
voltammetry measurements, the LUMO energies were de-
termined by using the optical band gaps estimated from the
absorption spectra. In comparison to the experimentally
derived data, values obtained by the theoretical calculations
show particularly an overestimation regarding the LUMO
levels and, therefore, also for the theoretical band gaps E,.
However the relative change within the complex series is
consistent for both the LUMO energies and the HOMO—
LUMO energy gaps (E3*° > ER'® > EDPY), see Table 2.
Previous theoretical studies have dealt with the well-
known [Ir(ppy)z(LAX)]-type derivatives.***° For instance,
for [Ir(ppy).(acac)] an energetic gap of 3.46 eV was obtained
also using the B3LYP functional. On the basis of these data

(47) Sajoto, T.; Djurovich, P. I.; Tamayo, A.; Yousufuddin, M.; Bau,
R.; Thompson, M. E.; Holmes, R. J.; Forrest, S. R. Inorg. Chem. 2005,
44,7992-8003.

(48) Egbe, D. A. M.; Bader, C.; Nowotny, J.; Glinther, W.; Klemm,
E. Macromolecules 2003, 36, 5459-5469.

(49) Hay, P.J. J. Phys. Chem. A. 2002, 106, 1634-1641.

(50) Liu, T.; Xia, B.-H.; Zhou, X.; Zheng, Q.-C.; Pan, Q.-J.; Zhang,
H.-X. Theor. Chem. Acc. 2008, 121, 155-164.

we can evaluate the influence of the cyclometalating ligand
(i.e., a vs ppy) on the HOMO—LUMO gap. Apparently,
ligand a increases the energy gap (4.31 eV) as compared to
the ppy ligand-based complex (3.46 ¢V).>* This difference
stems from both the stabilization of the HOMO and the
destabilization of the LUMO, which can both be caused by
the increased mw-acceptor ability of the [1,2,3]triazole moiety.
The enhanced possibility to receive electron density in the
sw*-orbitals of the ligand-centered s-system via back-bond-
ing stabilizes the occupied t,,-orbitals of the iridium. On the
other hand it also destabilizes the unoccupied w*-orbitals of
the ligands including the LUMO level.

By analyzing the effect of the ancillary ligand (i.e., bpy, acac,
pic) on the energetic ordering of the frontier orbitals, several
points arise. First, a larger band gap is observed for the neutral
compounds in comparison to the cationic [Ir(a),(bpy)]™ com-
plex. It has been reported previously that by using cationic Ir™
complexes the HOMO energies are stabilized, and, thus, larger
energy gaps can be achieved.!""*° Indeed, the HOMO orbital is
stabilized in the cationic compound studied here, namely,
[Ir(a)>(bpy)]", in comparison to the neutral complexes. How-
ever, the LUMO is more stabilized to a major extent than the
HOMO, and as a consequence, the HOMO—LUMO energy
gap is reduced. Second, a comparison between the neutral
compounds (i.e., [Ir(a),(acac)] and [Ir(a),(pic)]) shows that the
major differences between them originate from the LUMO
energies rather than the HOMO energies. As stated above, both
LUMGOs show sr*-character, but are located on the cyclome-
talating and on the ancillary ligand, respectively. In [Ir(a),(pic)]
the LUMO located on the ancillary ligand (;7*,,,¢) is stabilized
with respect to the *,,.-orbital in [Ir(a),(acac)], which lies
higher in energy than the s*-orbital of the cyclometalating
ligands. This fact can be attributed to the higher conjugation of
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Figure 4. (Top) Schematic representation of the heteroleptic bis
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-cyclometalated Ir' complexes investigated theoretically herein (R =

CH3, the atom labeling denotes the main geometrical parameters of the gas phase optimized complexes as summarized in Table 5).

(Bottom) Energy level schemes for the Kohn—Sham orbitals of
and the HOMO—-LUMO gaps calculated with BALYP/TZVP.

Table 2. Electrochemical Data of the Synthesized Ir'™ Complexes
El " Eopl Ethco EHOMO ELUMO
/2,0x Lg g
complex VI* [eV] [eV] [eV] [eV]?
[Ir(a)s(bpy)|(PFs) 123 249 321 —5.63(—6.22)°=3.14 (—3.01)°
[Ir(a)s(trpy)](PFs) 1.20 2.88 —5.59 -2.71
[Ir(a)>(acac)] 0.71 3.15 431 —5.11(—5.25°—1.96(—0.94)
[Ir(a)>(pic)] 0.90 2.82 3.68 —5.29(—5.54)°—2.47 (—1.86)
[Ir(ppy)2(bpy)I(PFe) 1.27  2.37 —5.68 —-3.31
[Ir(ppy)a(trpy)](PFe)1.23  2.76 —5.66 —2.90
[Ir(ppy)s(acac)]  0.76 2.41 —5.18 -2.77
[Ir(ppy)a(pic)] 094 2.46 —5.32 —2.86

“Measurements were performed in CH,Cl, containing 0.1 M
TBAPF,. The potentials are given vs standard hydrogen electrode
(SHE). ”Estimated from the UV—vis spectra at 10% absorption on
the longer wavelength side. ¢ ENOMO calculated from E\f2.0x- “Deter-
mined from E5P' and E"OMO * ¢ Values obtained at the BSLYP/TZVP
level of theory in parentheses.

the sr*-orbital in case of the aromatic picolinate ligand. As a
consequence, a smaller band gap is obtained for [Ir(a),(pic)].
A comparison of the calculated and experimental absorp-
tion spectra for the complexes [Ir(a)»(bpy)]", [Ir(a),(acac)],
and [Ir(a),(pic)] is presented in Figure 5. In Table 3 the
main electronic singlet—singlet vertical excitations, their
oscillator strengths, and their corresponding assignments
are summarized. The agreement between the calculated
and experimental values is good, notwithstanding that TD-
DFT tends to overestimate the charge-transfer (CT) states.>!

(51) Dreuw, A.; Head-Gordon, M. Chem. Rev. 2005, 105,4009-4037.

the Ir'™" complexes, including the most relevant Kohn—Sham orbitals

On the other hand it is well established that hybrid func-
tionals, such as B3LYP, are less affected by this problem.*
The experimental spectra show weak absorption bands
from 350 to 425 nm (up to 500 nm for the charged bpy
complex) with extinction coefficients (¢) in the range 1000 to
5000 L-mol~'-cm ™. These bands can be assigned to singlet
metal-to-ligand charge-transfer (MLCT) transitions from
metal-centered d-orbitals to sr*-orbitals localized on either
the ancillary or the cyclometalating ligand. The presence of
ligand-centered (LC) transitions leads to strong absorption
transitions (10000 to 60000 L-mol~'-cm™") in the short-
wavelength region below 300 nm. The involved molecular
orbitals of these transitions are localized either on one ligand
(ancillary or cyclometalating) or between different ones.

As shown in Figure 2, no absorption is found above
500 nm. The long tail between 360 and 500 nm, in particular
for [Ir(a),(pic)], where singlet—singlet excitations are dark or
do not exist, should be then attributed to singlet—triplet
excitations (see Table 4). Note that within the computational
approach used herein, singlet—triplet excitation energies
have no intensity because spin—orbit coupling is neglected
in the TD-DFT calculations.

From Table 3 we can conclude that all compounds show
common features in their UV—vis absorption spectra. The
low-energy range up to 4.50 eV (273 nm) is characterized by
MLCT transitions between an orbital of the t,,-set and a 7*-
antibonding orbital of either the cyclometalating or ancillary

(52) Dreuw, A.; Weisman, J. L.; Head-Gordon, M. J. Chem. Phys.
2003, 119, 2943-2946.
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Figure 5. Experimental spectra of Ir""" complexes with a as cyclometalating ligand (solid line) and TD-DFT (B3LYP/TZVP in CH,Cl,)
vertical excitations. The oscillator strengths of the vertical excitations have been scaled to the experimental spectra.

ligand. Only for [Ir(a)(bpy)]" is a LC transition, namely, a
transition from a m-orbital localized on the cyclometalating
ligand (77y) to a w*-orbital localized on the ancillary ligand
(* anc), found at low energies (see S, in Table 3). In parti-
cular, for this compound a shoulder of the peak that domi-
nates the UV—vis spectrum can be observed around 300 nm;
this peak can be attributed presumably to S;; and S;7, but
is underestimated in terms of oscillator strength. Beyond
4.50 eV, the shape of the spectra of [Ir(a),(bpy)]* is domi-
nated by both LC and MLCT transitions, but mainly by LC
transitions in the case of [Ir(a)(acac)] and [Ir(a),(pic)].
Additionally, for [Ir(a),(pic)] a metal-centered (MC) transi-
tion that corresponds to Ssg is found.

In the following we turn our attention to the nature of the
excited states involved in the emission process, for which
both theoretical calculations and experimental photolumi-
nescence measurements were carried out. The PL spectra of
all discussed complexes have been depicted in Figure 3. One
can clearly see the change of character of the lowest excited
state from a °LC dominated one in the case of
[Ir(ppy)2(trpy)](PFg¢)—identifiable through a blue-shifted,
narrow, and structured band—to a more "MLCT dominated
state for the 2,2'-bipyridine-substituted complex (i.e., red-
shifted, broad, and unstructured band). In contrast, the
[Ir(a)z(LAX)](PFﬁ)n-type complexes (Figure 3, right) feature
only emission bands without any structuring, suggesting a
SMLCT character of the emission transitions. This assump-
tion is supported by the obtained calculation results collec-
ted in Table 4. It might be caused by the higher HOMO—
LUMO energy gaps that are present in the 4-phenyl-
1 H-[1,2,3]triazole moiety compared to the 2-phenylpyridine
unit, which lead to a decreased possibility of interaction
between the LC transitions and the lower energy MLCT
states. Consequently this fact would cause a decreased con-
tribution of LC states to the photoluminescence process in
the case of the [1,2,3]triazole-type complexes. The related
photoluminescence quantum yields differ significantly
(Table 1). They range from nearly no emission in the case
of [Ir(a),(acac)] (Ppr. =0.02) to notable values, as for its bpy-
match [Ir(a),(bpy)](PF)s (®Ppr. =0.45). Further investigations
of the photoluminescence properties, such as PL lifetime
measurements, are currently ongoing. In addition, the in-
corporation of the new bis-cyclometalated Ir'™ complexes
into OLED devices in order to gain more insight into
the electro-optical behavior of the emitters and to study the
derived device characteristics represents future targets.

For excited Ir'"" complexes it is well known that the triplet
excited states are populated rapidly via efficient intersystem

crossing (ISC) between the singlet and triplet photoexcited
states (due to the strong spin—orbit coupling induced by the
Ir'""" center). Afterward, internal conversion (IC) and vibra-
tional relaxation (i.e., solvent deactivation) to the lowest triplet
excited state (T;) follow. The theoretical emission energies
cannot be directly derived from the calculation of the singlet—
triplet excitation transitions. For a given couple of electronic
states, the emission intensities are determined by the vibra-
tional wave function overlaps (the Franck—Condon factors)
between the lowest vibrational level of the excited state and
various vibrational levels of the electronic ground state. Re-
cently, simulations of emission spectra have been achieved for
large organic molecules™ and organometallic complexes.™
Here, we restrict ourselves to calculate the emission spec-
tral maxima for [Ir(a)(bpy)]", [Ir(a)-(acac)], and [Ir(a),(pic)];
see Table 4. A two-step approach is followed. As a first
step, the five lowest lying singlet—triplet excitations were
obtained at the TD-B3LYP/TZVP level of theory in the
presence of solvent (CH,Cl,). Interestingly, in all cases the
emissive state (T;) is of MLCT character. The following triplet
excited states are also mainly of SMLCT character, with
the exception of Ts in [Ir(a)»(bpy)]™, for which a ’LC state
is found. The comparison of the so-obtained excita-
tion energies for Ty in [Ir(a),(bpy)]™ (505 nm), [Ir(a),(acac)]
(413 nm), and [Ir(a)x(pic)] (422 nm) with the experimental
photoluminescence maxima (560, 435, and 527 nm, respec-
tively, from Table 1) shows a hypsochromic shift for the
theoretical values, in particular for the picolinate derivative.
Since these complexes possess excited state lifetimes in the
microsecond regime, allowing for relaxation to the lowest
triplet excited state, and these TD-DFT excitations are
vertical transitions from the electronic ground state S,
blue-shifted peaks are inherent. Therefore, as a second step,
triplet state optimizations have been carried out to yield
adiabatic emission energies. The T; minima of the three
compounds are *MLCT states, with one electron of the
HOMO (5d,,) promoted to a s*-orbital. As stated in the
computational details, the main geometrical differences
with respect to Sy refer to the shortening of some of the
Ir—C N bond distances in the T; minima, which has been
already discussed for related iridium(III) complexes.” As

(53) Santoro, F.; Improta, R.; Lami, A.; Bloino, J.; Barone, V. J.
Chem. Phys. 2007, 126, 084509/1-084509/13.

(54) De Angelis, F.; Santoro, F.; Nazeeruddin, M. K.; Barone, V. J.
Phys. Chem. B 2008, 112,13181-13183.

(55) De Angelis, F.; Fantacci, S.; Evans, N.; Klein, C.; Zakeeruddin,
S. M.; Moser, J-.E.; Kalyanasundaram, K.; Bolink, H. J.; Gritzel, M.;
Nazeeruddin, M. K. Inorg. Chem. 2007, 46, 5989-6001.
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Table 3. Main Theoretical Electronic Transitions Energies (AE), with Correspondlng Oscillator Strengths (f) and Assignment for
Cyclometalated Complexes [Ir(a)z(L X)]

state AE [eV (nm)] f assignment state AE [eV (nm)] f assignment
[Ir(@)2(bpy)]
N 2.48(500) 0.000 dyy =% ane (70%) MLCT So3 4.51(275) 0.042 Ty eyel (39%) LC
S, 3.16(393) 0.017 Teye =T ane (70%) LC Sos 4.57(271) 0.262 d..—*,0c (49%) MLCT
Tane T *anc (33%) LC
Ss 3.42(362) 0.066 d. =¥ ane (64%) MLCT S3 4.69(264) 0.036 dy—a*yer (53%) MLCT
So 3.77(329) 0.027 dyy =¥yl (68%) MLCT S 4.71(263) 0.034 Ty cye (53%) LC
Siy 3.98(312) 0.057 dyy =¥ ye1(68 %) MLCT Sis 4.78(259) 0.068 dy—* eyer (40%) MLCT
dyy =¥ eye (32%) MLCT
Si7 4.32(287) 0.077 dy = ane (43%) MLCT Sa1 4.96(250) 0.146 dy, =¥ ye (40%) MLCT
Tane T anc (37%) LC dy—m*eyer (39%) MLCT
S 4.42(281) 0.083 dyy =% ane (41%) MLCT
d..— ¥ 4ne (34%) MLCT
[Ir(a),(acac)]
Sy 3.47(358) 0.011 dy, n*CyC] (66%) MLCT So4 4.68(265) 0.108 Tane T eyt (62%) LC
S; 3.56(348) 0.058 d —* Jevel (67%) MLCT Sos 4.74(261) 0.034 Tane ¥ anc (59%) LC
Se 3.87(320) 0.040 d ¥ cyer (61%) MLCT S»; 4.80(258) 0.032 Olr—C/o M cyel (49%) LC
Si 4.31(288) 0.066 dy =% cyer (65%) MLCT S34 4.95(250) 0.041 Olr—cjo — T ane 37%) LC
O1r—C/o A'n*cycl (33%) LC
Si6 4.50(275) 0.057 dy—a*ya (47%) MLCT S39 5.04(246) 0.135 Ty cyel (38%) LC
Nno—*cya (30%) LC
Sig 4.53(274) 0.061 dyy =¥y (59%) MLCT S43 5.13(242) 0.037 No—*cye (36%) LC
no—*cye (37%) LC
[Ir(a)x(pic)]
N 2.97(417) 0.001 dyy =% 4ne(70%) MLCT S30 4.73(262) 0.029 Ty  ane (48%) LC
S; 3.57(347) 0.027 dyy =¥yl (77%) MLCT NEY) 4.76(261) 0.047 dy—*eyer (32%) MLCT
ﬂcyc]"n*anc (30%) LC
Sg 3.86(322) 0.063 d., —m*,,(44%) MLCT Sis 4.92(252) 0.088 Ty eyl (53%) LC
d.—* 40 (39%) MLCT
Sia 4.27(290) 0.028 d,.—a* Tevel (38%) MLCT S37 4.97(250) 0.038 Ty cyel (42%) LC
d —* cycl (30 /o) MLCT
ncyc]_.ﬂ*cycl (36‘%)) LC
Sis 4.30(288) 0.029 dyy —=*4ne (44%) MLCT Sas 4.97(249) 0.031 dyy—d, (26%) MC
ﬂcycl_’ﬂ*cycl (24%)) LC
Sh dasas) oos 4w Gemier T T (R EC
27 . . Xy T eyl 0

Table 4. Lowest Singlet—Triplet Theoretical Emission Energies
by Means of TD-DFT and A-DFT Approaches”

[Ir(a)2(bpy)] [Ir(a)>(acac)] (Ir(a)x(pic)]

TD-DFT Vertical Singlet—Triplet Excitations; AE [eV (nm)] and
Assignment

T, 2.46(505) *MLCT 3.00 (413) MLCT  2.94 (422) MLCT
T, 2.96(419)MLCTALC  3.11 (399) *MLCT  3.15 (394) MLCT
T 3.09 (401) °LC 3.15(394) MLCT  3.21 (386) MLCT
T, 3.22(384) MLCT 3.30 (376) *MLCT  3.34 (371) MLCT
Ts 3.27(379) *MLCTALC  3.36 (369) "MLCT  3.36 (369) MLCT

Theoretical E...; AE [eV (nm)]

436 421 417
Theoretical AEE; AE [eV (nm)]

581 476 472

“The values are obtained in the presence of solvent.

shown in Table 4, the theoretical values of the adiabatic
electronic emission (AEE; 581, 476, and 472 nm) obtained as
the energy difference between T; and Sy at the optimized T,
geometry correlate much better to the experimental spectral
PL maxima (560, 435, and 527 nm). Additional information is
obtained through the E,_. energies (i.c., the energy differences
between T and Sy minima on each potential energy surface),
which can be approximated to the Ey_o experimental values,

which can be estimated experimentally as the intersection point
between the emission and absorption spectra. The theoretical
values of 436, 421, and 417 nm, obtained for [Ir(a)>(bpy)]™,
[Ir(a),(acac)], and [Ir(a),(pic)], respectively, agree well with the
experimental ones (474, 400, and 440 nm, compare Table 1).

Conclusion

A series of heteroleptic iridium(IIT) complexes coordina-
ting new cyclometalating ligands, prepared via “click” chemistry
approaches, were synthesized and characterized. The elec-
tro-optical properties were discussed in comparison to their
corresponding literature-known 2-phenylpyridine-based coun-
terparts. The experimental data were supported by extensive
DFT calculations. The spectroscopic results as well as the
theoretical studies reveal an increased possibility of color-tuning
through changing the ancillary ligand for the new cyclometalated
systems associated with the expected blue-shift of the spectral
characteristics. Cyclic voltammetry investigations supported
by theoretical calculations indicated the destabilization of the
LUMOs to be the main reason for this hypsochromicity.

Experimental Section

Materials and General Experimental Details. The solvents
were purchased from Biosolve. All chemicals were of reagent
grade, obtained from commercial suppliers, and used as received
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unless specified otherwise. The ancillary ligand 2-(1-decyl-
1H-[1,2,3]-triazol-4- ;/l)pyrldme (trpy) was synthesized accord-
ing to the literature.”” Modified literature procedures were used
for the synthe51s of the heteroleptic comglexes [Ir(ppy)a(acac)],'
[Ir(ppy)a(pic)],'¢ and [Ir(ppy)a(bpy)]. Column chromato-
graphy was carried out on standardized aluminum oxide 90
(0.063—0.200 mm) or silica gel 60 (0.040—0.063 mm) purchased
from Merck. Column chromatographic separations were moni-
tored using Merck 60 F254 precoated silica gel and aluminum
oxide sheets and visualized under UV light at A.,. = 254 and
365 nm, respectively.

Instrumentation. For the microwave experiments a single
mode Initiator § microwave from Biotage was used. The elec-
tromagnetic field had a frequency of 2.45 GHz. For all experi-
ments a fixed temperature was applied, the prestirring time
constltuted 10 s, and the stlrrer rate was set to 600 rpm. 1D
('"H and C) and 2D ('"H-'H gCOSY) nuclear magne-
tic resonance spectra were recorded on a Varian Mercury
400 MHz instrument at 298 K in deuterated solvents. Chemical
shifts are reported in parts per million (0 in ppm) referenced to
TMS; coupling constants are given in hertz (Hz). UV—vis
absorption s 6pectra were recorded at sample concentrations of
107> to 107® mol-L ™! on a Perkin-Elmer Lambda 45 UV/vis
spectrometer (1 cm cuvettes). Emission spectra and absolute
quantum yields were measured on a Perkin-Elmer LS50B
luminescence spectrometer and a module system of the C9920
series from Hamamatsu Photonics, respectively. Samples with a
concentration of about 10~%to 10~" mol-L ™! were investigated.
The absorption maxima at the longest wavelengths were chosen
for excitation. Cyclic voltammetry (CV) measurements were
conducted with an Autolab PGSTAT30 model potentiostat
with a standard three-electrode configuration, using a
platinum-disk working electrode, a platinum-rod auxiliary elec-
trode, and a Ag/AgCl reference electrode. The experiments were
carried out in CH,Cl, containing tetrdbutylammonlum hexa-
fluorophosphate salt (0.1 mol-L™") using a scan rate of
100 mV:s™ . Ferrocene was used as internal standard for the
determination of the potentials vs SHE and the corresponding
HOMO/(LUMO) levels. Matrix-assisted laser desorption-ioni-
zation time-of-flight (MALDI-TOF) mass spectrometry was
performed on a Voyager-DE PRO Biospectrometry Worksta-
tion (Applied Biosystems) time-of-flight mass spectrometer,
using dithranol as matrix. Electrospray ionization (ESI) mass
spectrometry was conducted on a Finnigan MAT 95XL. Ele-
mental analyses were carried out on a EuroVector EuroEA3000
elemental analyzer for CHNS-O.

Safety Comment. Sodium azide is a very toxic salt, personal
protection precautions had to be taken. As, in particular, low-
molar-mass organic azides are potentially explosive, attention
had to be taken during their handling. Generally, when the total
number of carbon (N¢) plus oxygen (No) atoms is less than the
total numbers of nitrogen atoms (Nyn) by a ratio of 3, the
compound is considered to be an explosive hazard. Therefore,
the compounds were directly prepared prior to use if possible.

1-Decyl-4-phenyl-1H-[1,2,3]triazole (H-a). 1-Bromodecane
(662 mg, 2.99 mmol) and sodium azide (295 mg, 4.54 mmol,
1.5 equiv) were reacted in ethanol/water (7:3 ratio, 15 mL) at
125 °C under microwave irradiation for 1 h. Afterward, Cul
(56.6 mg, 10 mol%) and sodium L-ascorbate (30.4 mg, 5 mol%)
as catalyst system as well as phenylacetylene (496 mg,
4.50 mmol, 1.5 equiv) were added, and the reaction mixture
was stirred at room temperature for 18 h. The mixture was
poured into water (200 mL), and the precipitate was filtered off.
The precipitate was dissolved in CH,Cl, (150 mL) and filtered.
After washing with water (3 x 80 mL) and drying over MgSOy,,

(56) Neve, F.; Crispini, A.; Campagna, S.; Serroni, S. Inorg. Chem.
1999, 38, 2250-2258.

(57) Marin, V.; Holder, E.; Schubert, U. S. J. Polym. Sci., Part A:
Polym. Chem. 2004, 42, 374-385.
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the solution was concentrated under reduced pressure and
dropped into n-pentane. H-a was isolated as colorless needles
after storing the solution for 3 daysin the freezer (652 mg, 76 A])
"HNMR (CD,Cl,, 400 MHz): 6 7.84 (d,J; ,=17. 2Hz 2H, H?),
7.80 (s, 1H, triazole-H), 7.44 (m, 2H, H*), 7.34 (t, °Jpy y=1.4
Hz, 1H, H4) 439 (t,%J; ;=7.2 Hz, 2H, N-CH,), 1.95 (mu 2H,
N-CH,-CH>), 1.37—-1.29 (m, 14H, (CH>);), 0.89 (t, *Jy 1 =
7.0 Hz, 3H, CH;) ppm. *C NMR (CD,Cl,, 100 MHz): ¢
147.3, 131.0, 128.8, 127.9, 125.5, 119.6, 50.4, 31.9, 30.3, 29.5,
29.4, 29.3, 29.0, 26.5, 22.7, 13.9 ppm. MALDI-TOF MS
(dithranol): m/z = 286.22 (M + H]"). Anal. Calcd (%) for
CsH,>7N3(285.43): C, 75.74; H,9.83; N, 14.54. Found: C, 75.69;
H, 9.83; N, 14.54. UV/vis (CH5Cl,): Aaps (¢/L-mol '-cm™') =
252 (20100) nm.

4-Decyl-1-phenyl-1H-[1,2,3]triazole (H-b). Bromobenzene
(631 mg, 4.02 mmol), N,N'-dimethylethylenediamine (51.7 mg,
15 mol%), Cul (76.3 mg, 10 mol%), and sodium r-ascorbate
(41.4 mg, 5 mol%) were suspended in an ethanol/water mixture
(20 mL, 7:3 ratio). The flask was flushed with argon, and NaNj
(521 mg, 8.01 mmol, 2.0 equiv) was added, a color change to blue
could be observed. The reaction mixture was heated to reflux for
3 h. After cooling to room temperature, 1-dodecyne (781 mg,
4.70 mmol, 1.17 equiv) was dropped into the now slightly yellow
mixture. The reaction mixture was stirred for 14 h, and the solid
was subsequently filtered off, washed with water (3 x 100 mL),
and dried. The crude product was dissolved in dichloromethane
(200 mL), and the solution was filtered. The organic solution
was washed with water (3 x 80 mL) and dried over MgSOy,.
After gel filtration (silica, CH,Cl, as eluent), the concentrated
CH,Cl, phase was dropped into n-pentane to precipitate H-b
as white solid (769 mg, 67%). 'H NMR (CD,Cl,, 400 MHz):
0 7.81 (s, 1H, triazole-H), 7.75 (d, >Jy 1, = 7.6 Hz, 2H, H?),
7.54 (mg, 2H, H3) 7.44 (me, 1H, HY, 2.78 (t,° Ty y=1. 8 Hz, 2H.
N-CH,), 1.74 (m., 2H, N-CH,-CH,), 1.46—1.23 (m, 14H,
(CH>)7), 0.90 (t, °Jy; 1y = 7.2 Hz, 3H, CH3) ppm. °C NMR
(CDyCl,, 100 MHz): 6 149.1, 137.4, 129.6, 128.2, 120.2, 118.8,
31.9, 29.6, 29.4, 29.3, 25.6, 22.7, 13.9 ppm. MALDI-TOF MS
(dithranol): m/z = 286.23 (M + H]"). Anal. Calcd (%) for
CgH,7N;(285.43): C,75.74; H, 9.83; N, 14.54. Found: C, 75.89;
H, 9.64; N, 14.71. UV /vis (CH>CL,): Aups (¢/L-mol '-cm™") =
252 (9300) nm.

Tetrakis(1-decyl-4-phenyl-1H-[1,2,3]triazolato-C?,N°)-
(u-dichloro)diiridium(III) (A). 1-Decyl-4-phenyl-1H-[1,2,3]tria-
zole (H-a, 158 mg, 0.56 mmol, 2.0 equiv) and IrCl; x 3H,O
(98 mg, 0.28 mmol) were reacted for 14 h in degassed
2-ethoxyethanol/water (12 mL, 3:1 ratio) under reflux excluding
light. After cooling to room temperature, water was added and
the yellow suspension was extracted with CH,Cl, (150 mL). The
organic phase was washed with water (3 x 50 mL) and dried over
MgSO,. The concentrated CH,Cl, phase was dropped into
n-pentane. This procedure was repeated twice to remove un-
reacted ligand. After gel filtration (Al,03, CH;CN — CH3;CN/
H,O (8:2 ratio) saturated with KNO3) the precursor complex A
was obtained as a bright yellow powder (169 mg, 76%). ESI-MS
(CH,Cl,/CH30H): m/z=1557.5 (M — CI]"). Anal. Calcd (%)
for C7,H;04CLIr Ny, (1593.02): C, 54.29; H, 6.58; N, 10.55.
Found: C, 54.27; H, 6.65; N, 10.78.

Tetrakis(4-decyl-1-phenyl-1H-[1,2,3]-triazolato-C'%,N?)(u-di-
chloro)diiridium(III) (B). IrCl; x 3H,0 (314 mg, 0.89 mmol) and
4-decyl-1-phenyl-1H-[1,2,3]triazole (H-b, 515 mg, 1.81 mmol,
2.0 equiv) were reacted in 52 mL of solvent as described
above. After purification, B was obtained as a slightly orange
powder (375.5 mg, 53%). MALDI-TOF MS (dithranol): m/z =
1557.7 ([M - C1]+) Anal. Calcd (OA)) for C72H104C121r2N12
(1593.02): C, 54.29; H, 6.58; N, 10.55. Found: C, 54.18; H,
6.91; N, 10.50.

General Procedure for the Synthesis of Charged Ir'" Com-
plexes. A mixture of dichloromethane and methanol (9 mL per
0.05 mmol of precursor, 4:5 ratio) was refluxed for 1 h under
argon atmosphere. The precursor complex (1.0 equiv) and
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2,2'-bipyridine (bpy, 6.0 equiv) or 2-(1-decyl-1H-[1,2,3]-triazol-
4-ylpyridine (trpy, 6.0 equiv), respectively, were added. The
reaction mixture was stirred for 14 h under reflux excluding
light. After cooling to room temperature NH4PF (5—9 equiv)
was added, and the mixture was stirred for 1 h. The solvents were
removed under reduced pressure, and the residue was dissolved
in CH,Cl, (15 mL). The solution was washed with water (3 x
8 mL) and dried over MgSO,. The concentrated CH,Cl, solu-
tion was added dropwise to diethyl ether, and the precipitating
solid was filtered off using a glass filter frit and washed with
diethyl ether. This precipitation Procedure was repeated two
times to obtain the charged Ir'' complex. When required,
further purification was achieved by column chromatography
(A1203, CH2C12 - CH2C12/CH3OH (955 ratio)).

Bis(1-decyl-4-phenyl-1H-[1,2,3]-triazolato-N°,C'%)(2,2 -bipyri-
dine)iridium(III) hexafluorophosphate, ([Ir(a),(bpy)|(PFs). Pre-
cursor complex A (29 mg, 0.02 mmol) and 2,2’-bipyridine
(18.0 mg, 0.12 mmol, 6.0 equiv) were reacted according to the
general protocol to yield [Ir(a),(bpy)](PFg) as a yellow powder
(37 mg, 90%). "H NMR (CDCl,, 400 MHz): ¢ 8.36 (d, JH u=
7.6 Hz, 2H, bpy-H°®), 8.20 (d, °J; ;= 5.2 Hz, 2H, bpyH) 8.06
(m,, 2H, bpy-HS) 7.81 (s, 2H, triazole-H), 7.49 (d, *Jy ;=
7.6 Hz, 2H, H° (a)), 7.40 (m,, 2H, bpy-H*), 7.03 (m,, 2H, H° (a)),
689(mh,2H H4(d)) 6.26 (d, °Jy; 1, ="1.6 Hz, 2H, H> (a)), 4.26
(m., 4H, N—CH,), 1.85 (m,, 4H, N-CH,-CH,), 1.52—1.18 (m,
28H, (CH>)7), 0.89 (t, °Jyy = 6.2 Hz, 6H, CH;) ppm. °C NMR
(CD,Cl,, 100 MHz): 6 157.1, 156.6, 151.6, 145.9, 138.5, 135.5,
1324, 128.5, 127.0, 123.2, 122.7, 122.3, 118.3, 52.1, 31.8, 29.7,
29.4, 29.2, 28.8, 26.2, 22.6, 13.8 ppm. MALDI-TOF MS
(dithranol): m/z = 917.46 (M — PF¢]"). Anal. Calcd (%) for
Cy6HgoFsIrNgP (1062.2): C, 52.01; H, 5.69; N, 10.55. Found: C,
52.25; H, 5.65; N, 10.62. UV/vis (CH,Cl): Aqps (¢/L-mol™!
em™ ') = 441 (760), 330 (8600), 299 (21000), 240 (61 200) nm.
Emission (CH,Cly, Aex. =470 nm): A, = 550 nm. Quantum yield
(CHzclz, /’{exc =470 nm) (DPL =0.45.

Bis(1-decyl-4-phenyl-1H-[1,2 3]mazolato-N’ C%) (2-(1-decyl-
1H-[1,2,3]triazol-4-yl)pyridine-N°, N)iridium(III) Hexafluoropho-
sphate, [Ir(a),(trpy)](PFs). Precursor complex A (20 mg,
0.01 mmol) and 2-(1-decyl-1H-[1,2,3]triazol-4-yl)pyridine (trpy,
20 mg, 0.07 mmol, 7.0 equiv) were reacted according to the
general protocol to yield [Ir(a),(trpy)](PF¢) as a slightly yellow
Powder after precipitation into n-pentane (17 mg, 50%).
H NMR (CD,Cl,, 400 MHz): 6 8.60 (s, 1H, triazole-H
(trpy)), 8.10 (m., 1H, H® (trpy)), 8.02—8.00 (m, 1H, H>,
(trpy)), 7.96 (m, 1H, H° (trpy)), 7.78 (2 x s, 2H, triazole-H
(a)), 7.45 (m., 2H, H® (a)), 7.23 (m., 1H, H*, (trpy)), 7.04—6.95
(m, 2H, I (a)), 6.85 (m., 2H, H* (a)), 6.27—6.22 (m, 2H, H° (a)),
4.51 (m, 2H, N-CH, (trpy)), 4.36—4.23 (m, 4H, N-CH, (a)),
1.99—1.87 (m, 6H, N-CH,-CH,), 1.48—1.23 (m, 42H, (CH>)),
0.90 (m., 9H, CH;) ppm. MALDI-TOF MS (dithranol): m/z =
1047.89 (IM — PF¢]"). Anal. Calcd (%) for Cs3HgFgIrNoP
(1192.43): C, 53.38; H, 6.59; N, 11.75. Found: C, 53.54; H, 6.88;
N, 11.90. UV/vis (CH,Cl): Aaps (¢/L-mol™'-cm ™) =378 (830),
329 (7400), 240 (55 300) nm. Emission (CH,Cl,, Aoy =378 nm):
Amax = 495 nm. Quantum yield (CH,Cly, Aexe = 378 nm):
Dpp =0.29.

Bis(2- phenyl})yridinato-N ) (2-(1- decyl-1H-[1,2,3]-triazole-
4-yl)pyridine-N°,N) iridium(III) hexafluorophosphate, [Ir(ppy):-
(trpy)](PFg). Precursor complex C (56 mg, 0.05 mmol) and trpy
(30 mg, 0.105 mmol, 2.1 equiv) were reacted according to the
general protocol to yield [Ir(ppy).(trpy)|(PF¢) as a yellow pow-
der after additional washing with n-pentane (85 mg, 90%).
'H NMR (CD,Cl,, 400 MHz): 6 8.76 (s, 1 H, triazole-H),
8.23 (d, *Jy =79 Hz, 1H, trpyH) 8.04 (m, trpyH4) 7.96
(d, ?Jy = 8.2 Hz, 2H, py-H°), 7.85 (m,, 1H, trpy-H®), 7.77—
7.83 (m, 2H, py-H4) 7.74 (m,, 1H, ph- H3) 7.70 (my, 2H, py-H®.
ph-F%), 7.52 (d,°Jp; ;= 5.1 Hz, 1H, py-H®), 7.31 (m., 1H, trpy-
H°),7.00—7.10 (m, 4H, 2 x py-H> and ph-H*), 6.94 (m,., 1 H, ph-
H°), 6.88 (m,, | H, ph- HS) 6.32 (m,, 2H, ph-H°), 4.46 (t,7J 1 ;1=
6.8 Hz, 2H, N—CH,), 1.93 (m, 2H, N-CHZ-CHQ), 1.16—1.37
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(m, 14H, (CH,)7), 0.89 (t, °J;; ;= 6.8 Hz, 3H, CH3). *C NMR
(CD,Cl,, 100 MHz): 6 168.0, 167.4, 150.3, 149.5, 149.3, 148.5,
148.5, 144.0, 139.6, 138.1, 138.0, 131.9, 131.6, 130.5, 129.8,
126.4, 125.7, 124.8, 124.3, 123.3, 123.0, 122.7, 122.2, 119.6,
119.5, 52.5, 31.8, 29.8, 29.4, 29.4, 29.2, 28.8, 26.2, 22.6,
13.9 ppm. Anal. Caled (%) for C3;oHyoFgIrNgP (931.97): C,
50.26; H, 4.54; N, 9.02. Found: C, 50.26; H, 4.48; N, 8.88. UV/
vis (CH,CL): Aaps (¢/L-mol™'-cm™") = 412 (4400), 384 (5850),
254 (50 500). Emission (CH,Cly, dexe =408 nm): Apax =477 nm.
Quantum yield (CH,Cly, Adexe =408 nm): ®pp =0.21.
Bis(1-decyl-4-phenyl-1H-[1,2 ,3]triazolato-N°,C?)acetylaceto-
natoiridium(III), [Ir(a),(acac)]. The precursor complex A (60 mg,
0.04 mmol) was dissolved in degassed ethanol (10 mL), and
acetylacetone (Hacac, 40 mg, 0.4 mmol, 10.0 equiv) and sodium
carbonate (42.4 mg, 0.4 mmol, 10.0 equiv) were added. The
reaction mixture was stirred for 14 h under reflux and exclusion
of light. The crude product was purified by column chromato-
graphy (Al,Os3, CHzClz) to yield [Ir(a),(acac)] as slightly yellow
powder (61 mg, 88%). '"H NMR (CD-Cl,, 400 MHz): 6 7.76
(s, 2H, triazole-H), 7.33 (d, °J;; ;= 7.4 Hz, 2H, H*), 6.81 (m,,
2H, H“) 6.65 (m, 2H, H°), 6.17(d, *J;; ;=7.6 Hz, 2H, H°), 5.21
(s, 1H, acac-CH), 4.56—4.44 (m, 4H, N-CH,), 2.06—2.00
(m, 4H, N-CH,-CH,), 1.78 (s, 6H, acac—CH3), 1.41—1.32 (m,
28H, (CH>),), 0.91 (t,%J;; ;;=6.8 Hz, 6H, CH;) ppm. °C NMR
(CDyCl,, 100 MHz): 6 184.8, 157.3, 142.1, 137.0, 134.0, 126.7,
121.1, 120.9, 117.4, 99.8, 52.1, 31.9, 30.1, 29.5, 29.5, 29.3, 29.0,
27.8, 26.3, 22.7, 13.9 ppm. Anal. Calcd (%) for C4;HsoFg-
IrN4O,P (860.16): C, 57.25; H, 6.91; N, 9.77. Found: C, 57.60;
H, 7.12; N, 9.38. MALDI-TOF MS (dithranol): m/z = 860.65
([M P 761 62 (IM — acac]").UV/vis (CH,Cly): Aups (g/L-
mol "-cm™!) = 312 (9000), 276 (17000), 241 (41900) nm.
Emission (CH,Cl,, Aeye = 318 nm): A = 435 nm. Quantum
yield (CH,Cl,, Aexe = 318 nm): @pp =0.02.
Bis(4-decyl-1-phenyl-1H-[1,2,3]triazolato-N?,C?)acetylaceto-
natoiridium(III), [Ir(b),(acac)]. The precursor complex B
(59 mg, 0.04 mmol) was dissolved in ethanol (12 mL) and
degassed for 1 h under argon. Afterwards, Hacac (100 mg,
1.0 mmol, 25 equiv) and Na,COj3 (42 mg, 0.4 mmol, 10 equiv)
were added. The reaction mixture was refluxed for 2 days. After
cooling to room temperature the solvent was evaporated. The
solid was dissolved in CH,Cl, (40 mL), washed with water (3 X
20 mL), and dried over MgSQO,. The concentrated solution
was dropped into n-pentane for precipitation. The crude
product was purified further via column chromatography
(Al,Os5, CHzClz) to yield [Ir(b),(acac)] as a light yellow powder
(3 mg, 5%). 'H NMR (CD,Cl,, 400 MHz): 6 8.03 (s, 2H,
triazole-H), 7.28 (d, *Jy; ;= 8.0 Hz, 2H, H®), 6.96 (m,, 2H,
H®), 6.76 (m., 2H, H*), 6.74 (d, >}, y=7.4 Hz, 2H, H*), 5.31 (s,
1H, acac-CH), 2.91 (t, °J;; ;= 7.4 Hz, 4H, N—CH,), 1.99 (m,,
4H, N-CH,- CHZ) 1.83 (s, 6H, acac-CH3), 1.32—1.28 (m, 28H,
(CH7)7) 0.90 (t, *J; 7 = 7.0 Hz, 6H, CH3) ppm. MALDI-
TOF MS (dithranol): m/z = 861.69 ([M + HJ]"), 761.63 (M —
acac] ™).
Bis(1-decyl-4-phenyl-1H-[1,2,3]triazolato- N> ,C?)(picolinato-
N,O)iridium(III), [Ir(a),(pic)]. A solution of precursor complex
A (24 mg, 0.015 mmol) in CH,Cl, (10 mL) was degassed for 1 h.
Afterwards, picolinic acid (Hpic, 10 mg, 0.08 mmol, 5.3 equiv)
and sodium carbonate (8§ mg, 0.08 mmol, 5.3 equiv) were added,
and the mixture was refluxed for 14 h. After cooling to room
temperature, the organic phase was washed with water (3 X
5 mL) and dried over MgSO,. After column chromatography
(A1,03, CH,Cl,/CH;OH (98:2 ratio) as eluent), [Ir(a),(pic)] was
yielded as a yellow powder (13 mg, 47%). '"H NMR (CD,Cl,,
400 MHz): 6 8.17 (d, °J;; ;;=7.6 Hz, 1H, pic-H), 7.88—7.82 (m,
2H, pic-H), 7.78,7.77 (2 x s, 2H, triazole-H), 7.40 (m., 2H, H°),
7.26 (m,, 1H, pic-H), 6.88 (m, 2H, H°), 6.74 (m,, 2H, H*), 6.28,
6.20 (2 x d,*Jy ;=88 Hz, °Jy; ;=92 Hz, 2H, H°), 4.45, 4.26
(2 x m, 4H, N-CH,), 1.98, 1.89 (2 x m,, 4H, N-CH,-CH,),
1.33—1.28 (m, 28H, (CH>)-), 0.90 (t, °J; ;= 6.8 Hz, 6H, CHS)
ppm. *C NMR (CD,Cl, 100 MHz): 6 172.8, 157.6, 156.8,
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153.1, 149.0, 145.1, 142.6, 137.0, 136.4, 136.1, 133.4, 133.1,
127.6, 127.3, 126.9, 126.6, 121.7, 121.5, 121.1, 117.7, 117.5,
52.3, 51.8, 31.8, 30.0, 29.9, 29.4, 29.2, 29.2, 29.0, 28.9, 26.3,
22.7,13.8 ppm. MALDI-TOF MS (dithranol): m/z=2844.25 (M
+H]"), 761.40 (IM — pic] ). Anal. Calcd (%) for C4>HsgIrN,05
(883.41): C, 57.12; H, 6.39; N, 11.10. Found: C, 56.90; H, 6.56;
N, 10.80. UV/vis (CH>Cl,): Aups (¢/L-mol ™ '-ecm™ 1) =399 (660),
347 (4800), 303 (8900), 243 (43000) nm. Emission (CH,Cl,,
Aexe = 399 nm): Aax = 527 nm. Quantum yield (CH,Cly, Aeyxe =
399 nm): dpy =0.11.

Computational Details. The geometries of [Ir(a)»(bpy)]",
[Ir(a),(acac)], and [Ir(a),(pic)] (see Figure 4 for schematic re-
presentations) in the electronic singlet ground state and in the
lowest triplet excited state were optimized using density func-
tional theory (DFT), as implemented in Gaussian03.%® The C-
alkyl chain of the 4-phenyl-1H-[1,2,3]triazole cyclometalating
ligand was replaced by a methyl group for computational ease.
The geometries were fully optimized without any symmetry
constraints. The hybrid functional B3LYP>**° has been com-
bined with a polarized valence triple-¢ basis set (TZVP) for all
atoms. Relativistic effects for the iridium atom have been
considered using the ECP-60-mwb Stuttgart/Dresden pseudo-
potential '

Table 5. Main Geometrical Parameters of the Gas Phase Opti-
mized Complexes [Ir(a),(bpy)] ', [Ir(a),(acac)], and [Ir(a),(pic)] in
the Ground (Sy) and Lowest Triplet State (T)"

[Ir(a)x(bpy)]" [Ir(a)x(acac)] [Tr(a)(pic)]
Sy T, So T, So T,

di[A] 2056 2059 2050  2.060  2.047  2.047
di—s[A] 2057 2059 2050 2042 2051 2056
di—4[A] 2057 2034 2038 2038 2045 2043
di—s[A] 2058 2034 2038 1995 2051 2001
dig[A] 2197 2175 2186 2194 2196 2228
di_,[A] 2198 2175 2.8  2.193  2.178  2.175
o[l 1716 1753 1747 1754 1739 1749

“The corresponding chemical structures with the atom labeling can
be found in Figure 4.

The most relevant calculated geometrical parameters for the
complexes [Ir(a),(bpy)] ", [Ir(a)>(acac)], and [Ir(a)>(pic)] in the
electronic singlet ground state (Sy) and in the lowest triplet
excited state (T;) are summarized in Table 5. In general, the
bond lengths and angles fit well with those reported experimen-
tally and theoretically for other related heteroleptic Ir'™ com-
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789.
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plexes.®*%* No significant differences have been found among
the three ComplexesA, in which the Ir—C" N bond distances (2.04
t02.06 A)and Ir—L X bond distances (around 2.18—2.19 A) are
concerned. A slight variation is found in the different angles
between the coordinated nitrogen atoms of the cyclometalating
ligand and the Ir'"" center (03— _»), which is close to 175° in the
case of [Ir(a),(acac)] in comparison to 174° for Ir(a),(pic)]
and 172° for [Ir(a)>(bpy)]", respectively. Regarding the triplet
optimized geometries, a shortening of some of the Ir—C"Nbond
distances with respect to the ground state is found, in particular
in the d;_s distance. The angle az_;_, is larger in all the
triplet optimized geometries in comparison to that of the S,
geometries.

The vertical transition energies have been obtained using TD-
DFT® at the Sy optimized geometries. In order to reproduce the
measured absorption UV—vis spectra, the first 45 singlet ex-
citations were calculated, with the same functional and basis set
as in the optimizations. Since the experimental UV —vis spectra
were recorded in solution using CH,Cl, as solvent, the polariza-
tion continuum model (PCM; CH,Cl,: ¢ =8.93) was used. For
simulating the phosphorescence emission spectra two types of
calculation were performed: (i) TD-DFT singlet—triplet calcu-
lations, performed at the ground-state geometry, which provide
the vertical absorption energies. Here, the first five vertical low-
lying triplet states were obtained, also in the presence of CH,Cl,.
(ii) A-DFT calculations yielding the energy difference between
the first triplet excited state at its optimized geometry and the
closed-shell ground state at the same geometry in the gas phase,
i.e., the adiabatic electronic emission (AEE). This is a simple and
reliable way to determine emission energies. Additionally, the
theoretical E._., which is the energy difference between T and Sy
minima on their corresponding potential energy surface, has
been calculated. It is expected that E... energies are close to the
Ey_q values, i.e., the energy difference between the ground vibra-
tional state of Sy and T}, assuming that the zero-point energy of
both states does not greatly differ. More accurate energetic values
of AEE and E._. were obtained through single-point calculations
in the presence of solvent (CH,Cl,, ¢ = 8.93) using the PCM

algorithm®> % as implemented in Gaussian-03 software.
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We report on the structural design and characterization of a
series of neutral heteroleptic iridium(IIl) complexes equipped
with 2-phenylpyridine, 2-(naphthalen-1-yl)pyridine, and 1-
phenylisoquinoline as cyclometalating ligands. To gradually
increase the unsymmetrical architecture of the heteroleptic
iridium(Il) complexes, they have been furnished with
2,2,6,6-tetramethylheptane-3,5-dione, 1-(9H-carbazol-9-yl)-
5,5-dimethylhexane-2,4-dione, and 1-[3,6-bis(4-hexylphen-
yl)-9H-carbazol-9-yl]-5,5-dimethylhexane-2,4-dione as an-
cillary ligands. The photophysical and electrochemical prop-
erties of these asymmetric Ir' complexes have been investi-

gated experimentally as well as theoretically by using den-
sity functional theory (DFT) calculations. The properties of
these new neutral heteroleptic iridium(IIl) complexes have
been experimentally compared to homoleptic Ir'! complex
structures that reveal symmetrical architectures due to three
similar cyclometalating ligands. The emission intensity of the
herein described two classes of Ir' complexes is clearly influ-
enced by applying changes to temperature and air pressure.
The emphasis is on general design rules for oxygen-sensitive
Ir'" emitters due to the correlation of the structure-dependent
oxygen sensitivity to their phosphorescence lifetimes.

Introduction

Neutral iridium(III) complexes received much attention
due to their outstanding optical properties,['~% which make
them highly valuable in light-emitting diodes!” or sensor
systems!® as well as in biomedical imaging.””) On account
of the extraordinary possibility to intermix excited states,
they usually reveal intensive and, due to spin—orbit cou-
pling, spin-allowed phosphorescence in both solution and
bulk.['* The intermixed states, namely, singlet and triplet
metal-to-ligand charge-transfer (MLCT) states as well as
singlet and triplet ligand-centered (LC) states!'% allow the
variation of the phosphorescence emission!!!"!?l from
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bluet'3) to near-infrared'¥ by the structural design of Ir'!!

complexes. Besides the color variation on demand, neutral
cyclometalated Ir'™ complexes are furnished with high pho-
tostability and quantum yields!** as well as lifetimes of
usually several microseconds.'® The lowest triplet MLCT
states!*! have to be controlled to tailor the phosphorescence
of iridium(IIl) complexes.'!:!21 All phosphorescent light
emission occurs from these states. A series of design rules
have to be obeyed to obtain Ir'™ complexes that can be
easily pumped and show efficient emission, microsecond
lifetimes, high complex stability, and sensitivity to their en-
vironment:!'':1?1 (1) The lowest excited state must be of
charge-transfer (CT) or of intraligand (IL) m—n* character
to prevent photochemical instability. (2) Metal-centered
(MC) d—d excited states must be above the emitting level;
this helps to prevent thermal excitation that leads to ef-
ficient excited state decay and thus to photochemical insta-
bility. (3) Spin—orbit coupling should be high to enhance
radiative decay (S, and T,,), thereby competing with radia-
tionless decay (T, and Sy). (4) Pure n—n* phosphorescence
has a tendency to be long-lived, hence preventing efficient
emission; thus, either spin—orbit coupling or mixing with
CT states is required to effectively increase m—n* phospho-
rescence. (5) The emitting state should not be too low in
energy, because low-lying emitting states enhance radiation-
less processes.

In addition to the above-mentioned precious optical
properties and general design rules,''-!?! the phosphores-
cence of different neutral Ir™ complexes is sensitive

View this journal online at
wileyonlinelibrary.com
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towards oxygen (and therefore to barometric pressure) and
temperature.®1%171 Luminescent oxygen- and temperature-
sensitive probes have found numerous applications in op-
tical sensors, biomedical imaging, and pressure- or tempera-
ture-sensitive paints for fluid mechanics. Neutral iridi-
um(IIT) complexes can be commonly divided into structures
of homoleptic and heteroleptic architecture.l”-'?l Generally,
unsymmetrical structures (in the case of Ir'!! emitters, heter-
oleptic architectures) induce high environmental sensitivity.

Temperature sensitivity can be achieved by having two
states of different nature within an energy gap of k7 of each
other. Applying temperature will then change the popula-
tion of the quasidegenerate states and thus influence the
decay rates, emission intensities, and lifetimes. One option
is the thermal activation of an MC state; conversely, care
must be taken to not induce permanent decomposition.!'!]

To achieve oxygen sensitivity based on phosphorescence
quenching, one has to focus on structures with high quan-
tum yields and long lifetimes.['®!81 However, within a given
class of complexes the bimolecular rate constants are insen-
sitive to the specific structure.l''l This rule also applies to
pressure sensitivity, as shown in the present investigation.

In this study, we report on the synthesis and characteri-
zation of a series of heteroleptic green, orange-red, and red
Ir"" complexes that were carefully designed by applying the
above-mentioned rules. DFT and time-dependent DFT
(TD-DFT) studies of the ground and excited states of se-
lected Ir™ complexes have been performed to help interpret
the experimental photophysical data. Moreover, the charac-
teristics of these novel heteroleptic complexes have been
compared to a selection of already known homoleptic Ir™!
complexes based on cyclometalating C N-type ligands of
blue, green, and red emission color. It was attempted to
reveal a general synthetic design concept to obtain iridi-
um(IIT) complexes with a pronounced sensitivity to oxygen
(and likewise air pressure) or temperature.

Results and Discussion

Synthesis and Characterization

To study the oxygen (in terms of barometric pressure)
and temperature sensitivity of a selection of blue-, green-,
and red-emitting homoleptic and heteroleptic iridium(III)
complexes, a series of unsymmetrical heteroleptic phospho-
rescent green, orange-red, and red iridium(III) complexes
were synthesized and characterized. For this purpose, a set
of C"N and ancillary ligands were prepared.l”! 1-Phenyliso-
quinoline (1)) (see Supporting Information) was obtained
by an optimized and simplified Suzuki protocol!®! in 92%
yield by using tetrakis(triphenylphosphane)palladium(0) as
cross-coupling catalyst.

The same (but intensively optimized) reaction pathway
was used to couple (4-hexylphenyl)boronic acid (2) (see Fig-
ure S1) with 3,6-diiodo-9H-carbazolel??!1 to yield novel
3,6-bis(4-hexylphenyl)-9 H-carbazole (3) (see Figure S1) in
4876

Www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

58% vyield. Tetrakis(triphenylphosphane)palladium(0) was
yet again utilized as cross-coupling catalyst (Figure S1 in
the Supporting Information). Several attempts of using
modified Suzuki C-C coupling protocols were carried out
to obtain compound 3. However, reactions performed by
using other cross-coupling functionalities like bromo func-
tions, that were combined with a series of boronic acid es-
ters, ended only in no or low conversion with unsatisfactory
yields of 3. This finding goes hand-in-hand with rarely de-
scribed reactions of the same type in the literature.??! Only
a few examples can be found of coupling bare phenyl sub-
stituents onto carbazoles in their 3,6-position.?>23! Ethyl 2-
[3,6-bis(4-hexylphenyl)-9 H-carbazol-9-yl]acetate (4) (see
Figure S1) was obtained in a yield of 62% by treating 3
with ethyl 2-bromoacetate under K,CO; basic condi-
tions.®-241 Subsequently, 1-[3,6-bis(4-hexylphenyl)-9 H-car-
bazol-9-yl]-5,5-dimethylhexane-2,4-dione  (5) (see Fig-
ure S1) was obtained in a yield of 80% by treating 4 with
3,3-dimethyl-2-oxobutan-1-ide, which was obtained by
using potassium hexamethyldisilazane (KHMDS), in a
Claisen-type reaction.[®?*! The p-chlorido-bridged dimers
6a—c (see Supporting Information) were synthesized in
yields of 70-78% according to the well-known Nonoyama
method,?*! but treating IrCl3-nH,O with 1 (1-phenylisoquin-
oline, piq), 2-(naphthalen-1-yl)pyridine (npy), and 2-phen-
ylpyridine (ppy), respectively. Heteroleptic iridium(III)
complexes 7a—c were prepared in yields of 66-71% by com-
bining 6a—¢ with commercially available 2,2,6,6-tetrameth-
ylheptane-3,5-dione (denoted as acac) according to a
bridge-splitting method using K,CO; as base (Figure 1).
Iridium(IIT) complexes 8a—c (Figure 1) were obtained in
yields of 61-67% according to the same reaction conditions
but by treating 6a—c with 1-(9H-carbazol-9-yl)-5,5-dimeth-
ylhexane-2,4-dione (denoted as carbazole—acac).l® Finally,
the iridium(IIT) complexes 9a—c¢ (yield: 65-72%) were ob-
tained by adding 1-[3,6-bis(4-hexylphenyl)-9 H-carbazol-9-
yl]-5,5-dimethylhexane-2,4-dione (denoted as phenyl-carb-
azole—acac) to 6a—c (Figure 1). The complexes in the series
7a—c to 9a—c were easily soluble in solvents of medium po-
larity.

'H NMR spectra were obtained from solutions of the
compounds in deuterated chloroform. The structures of 7a—
¢ to 9a—c were confirmed by applying 2D 'H-'H COSY
NMR spectroscopic experiments. Atmospheric-pressure la-
ser-ionization mass-spectrometry (APLI-MS) techniques
were additionally utilized to identify the molecular weight
and the purity of the heteroleptic Ir'' complexes 7a—¢ to
9a—c. For all heteroleptic complexes 7a—c to 9a—c the molec-
ular peak could be detected according to the calculated val-
ues and, moreover, the molecular-peak pattern could be ex-
actly simulated. In addition, correct elemental analyses
proved the purity of compounds 7a—c to 9a—c, correspond-
ingly. All of the heteroleptic Ir'!! complexes 7a—¢ to 9a—¢
were subjected to thermal gravimetric analysis (TGA) to
verify that their thermal stability was higher than 280 °C at
5% weight loss, thus qualifying the novel compounds 7a—
¢ to 9a—c as probes with excellent temperature stabilities
(Table 1).
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Figure 1. Schematic representation of the structures of the analyzed heteroleptic complexes 7a—c to 9a—¢ and homoleptic Ir

10-12.
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Table 1. Data of absorption, emission, quantum yields, and decomposition temperature (7y4) for iridium(II1I) complexes.

Material Absorbance [nm] (loge [Lmol 'em™']) Maximum emission [nm)] Quantum yield™ [%)] T4 [°C)
Ta 293 (4.98), 344 (3.73) 419 (3.28), 484 (3.20) 630 35 284.3
b 240 (4.03), 300 (4.04) 458 (3.11), 497 (3.14) 600 37 2812
Te 260 (5.29), 341 (3.62) 412 (3.25), 468 (3.14) 522 43 302.3
8a 247 (5.33), 291 (5.20) 341 (3.93), 478 (3.29) 624 31 356.0
8h 242 (3.99), 296 (3.87) 346 (3.54), 490 (2.83) 597 34 336.0
8¢ 240 (4.02), 262 (3.99) 345 (3.37), 462 (2.70) 521 37 337.3
9a 264 (3.97), 299 (3.98) 359 (3.40), 481 (2.79) 625 30 340.0
9b 262 (5.06), 296 (5.02) 356 (3.66), 490 (3.18) 595 32 315.6
9% 235 (3.86), 262 (5.08) 291 (3.98), 466 (2.49) 522 44 324.6

[a] Determined according to the method of Demas and Crosby.?! [b] At 5% weight loss.

Optical Properties

The experimental UV/Vis absorption and emission spec-
tra of complexes 7a—¢ to 9a—c recorded in CHCI; are de-
picted in Figure 2. Table 1 collects their photophysical char-
acteristics. To gain insight into the excited states that are
responsible for the photophysical properties of these Ir'!f
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Figure 2. Absorption and emission properties of the iridium(III)
complex series 7a—¢ to 9a—c (10> M in CHCly).
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complexes, theoretical A-DFT and TD-DFT (B3LYP/6-
31G*) calculations have been performed, by way of exam-
ple, for complexes 7a,c and 8a,c (see Figure 1). Figures 3
and 4 show their corresponding Kohn—Sham orbitals and
the energy-level schemes. In all the complexes the HOMO
orbital is the 5d,, orbital of the Ir'" center. The rest of the
orbitals of the set t, (5d,. and 5d,. orbitals) are found to
occupy lower-lying energy levels. In the case of complexes
7a (Figure 3) and 8c (Figure 4), some 7 orbitals localized in
the ancillary ligand (m,,) are intercalated within the set t,,
of orbitals. Interestingly, for all the complexes the LUMO
orbital is a m-antibonding orbital localized on the cyclomet-
alating ligand (n*.y).

Figure 3. Energy-level scheme of complexes 7a,c, including the
most relevant Kohn—Sham orbitals and the HOMO-LUMO gaps
calculated with B3LYP/6-31G*.

In the cyclometalating pig-based complexes 7a and 8a,
the LUMO orbital is stabilized relative to the LUMO or-
bital of the ppy-based complexes 7c¢ and 8c. This stabiliza-
tion is due to the delocalization of this orbital in the piq
cyclometalating ligand relative to the ppy ligand. Since the
HOMO energies are very close within the piq/ppy series,
larger HOMO-LUMO gaps are obtained for the ppy series
(compare 3.58-3.61 ¢V to 3.11-3.09 eV, in Figures 3 and 4).
The e, orbitals of the Ir'™" center are, as seen in Figures 3
and 4, strongly destabilized for all the complexes. This is a
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Figure 4. Energy-level scheme of complexes 8a,c, including the
most relevant Kohn-Sham orbitals and the HOMO-LUMO gaps
calculated with B3LYP/6-31G*.

common feature for cyclometalated It complexes, since

the strong ligand-field effect of the phenyl anion (C"N)
ligand increases the gap between the sets of t,, and e, orbit-
als.

In the following, we turn our attention to the interpret-
ation of the UV/Vis data. The UV/Vis spectra of complexes
7a—c to 9a—c show some general features. The photophysical
properties are more robust within the same cyclometalating
ligand series rather than with the same ancillary ligand
(compare the UV/Vis spectra of complexes with the same
ancillary ligand, e.g., 7a vs. 7¢ with respect to complexes
with the same cyclometalating ligand, e.g., 7¢ vs. 8c¢). In the
complexes that bear the piq and npy cyclometalating li-
gands, more common features are obtained than with the
ppy cyclometalating ligands. The UV/Vis spectra of all the
complexes are dominated by some intense absorption bands
located in the far-UV region (below 300 nm). In the piq-
and npy-based complexes, these bands are split into two
main peaks at 300 and 250 nm. In the ppy-based com-
pounds, a single band peaks at about 260 nm. Some shoul-
ders of the aforementioned intense bands higher in energy
(around 350 nm) can be seen in all complexes. Between 450
and 550 nm, low-lying weak absorption bands follow.

A comparison of the calculated and experimental ab-
sorption spectra for complexes 7a,c and 8a,c is presented in
Figure 5. The associated most relevant electronic singlet—
singlet vertical excitations, their oscillator strengths, and
their correspondent assignments are summarized in Table 2.
Among them, we find '"MLCT states, IL excitations as well
as ligand-to-ligand CT excitations ('LLCT). The simulated
convoluted UV/Vis spectra are shown in Figure 5 with
dashed lines. As can be seen, the agreement between the
calculated and experimental spectra is very good, notwith-
standing that TD-DFT tends to underestimate CT states.*!
The weak experimental absorption bands located between
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450 and 550 nm are theoretically assigned as spin-allowed
'MLCT transitions (see, for example, S;, S,, S;, and S¢ in
complex 7a in Table 2). These electronic excitations are red-
shifted for the pig-based complexes, as stated both theore-
tically and experimentally (see Figure 5). This fact can be
explained through the above-mentioned stabilization of the
cyclometalating-based antibonding orbitals of the pig-re-
lated compounds. As shown in Figure 5, no absorption is
predicted beyond 550 nm in complexes 7a,c and beyond
480 nm for complexes 8a,c. The long tails of, for instance,
8a up to 600 nm, at which point singlet-singlet excitations
are dark or do not exist, should then be attributed to
SMLCT excited states.['%?%27] The very intense bands that
peak in the region of 300 nm for complexes 7a and 8a and
approximately 260 nm for complexes 7¢ and 8c are of very
different character. They correspond to high-energy
IMLCT transitions in case of 7a,c (see S,s and S;s for com-
plexes 7a and 8a in Table 2), whereas in 7¢ and 8¢ they are
due to mainly IL n—n* transitions within the cyclometalat-
ing ligands (see Sz and S5, for complexes 7¢ and 8¢, respec-
tively). These ligand-based bands are also present but
slightly blueshifted in the npy and piq series (peaking at
around 250 nm; see Figure 2). As expected, these bands are
also present in the UV/Vis spectra of the isolated cyclo-
metalating ligands 2-phenylpyridine, 1, and 2-(naphthalen-
1-yl)pyridine, respectively.'%?*1 The B-diketonato-based
transitions also contribute to these bands at about 270 nm
(see S46 and Sy, for complexes 8a and 8¢, respectively, in
Table 2), which is analogous to the absorptions of the free
B-diketone. The shoulders of the intense band located in the
visible region at around 300-350 nm in complexes 7¢ and
8c and at approximately 350-400 nm in complexes 7a and
8a are due to electronic transitions of a very diverse nature.
Among them, 'IL as well as '"MLCT transitions dominate
this region.

Next, we shall discuss the nature of the excited states
involved in the emission process. The experimental phos-
phorescence spectra can also be found in Figure 2. Com-
plexes 7a—9a present maximum emission wavelengths (A,,ax)
that are higher than 624 nm as intense red light with quan-
tum yields of more than 30%. The complexes 7b-9b show
orange-red phosphorescence (Amax = 595-600 nm) with
quantum yields higher than 32%. Typically, the series of
green-emitting (Apax = 521-522 nm) complexes 7¢-9c reveal
the uppermost quantum yield of 44% (see Table 1). Since
the lowest triplet excited states involve a ©* orbital located
on the cyclometaling ligand (vide infra), this ligand should
play the most important role in the emission spectra, as
experimentally confirmed within the series 7a-9a, 7b-9b
and 7¢-9c.

For It complexes it is well known that the lowest triplet
excited state (T;) is populated rapidly through an efficient
intersystem crossing between the manifolds of singlets and
triplets (due to strong spin—orbit coupling for the Ir'
atom). To reproduce the emission-spectral maxima of 7a,c
and 8a,c theoretically, a two-step approach has been consid-
ered. First, the five lowest-lying triplet excitations at the
Franck—Condon geometry have been obtained at the TD-
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Figure 5. Experimental UV/Vis spectra (solid lines) of complexes 7a,c and 8a,c with TD-DFT (B3LYP/6-31G*) vertical excitations. The
simulated UV/Vis spectra with a Lorentzian broadening of 25 nm of band width on half-height are presented with dashed lines.

Table 2. Main theoretical electronic-transition energies (AE), with corresponding oscillator strengths (f) and assignments of complexes

7a,c and 8a,c.

State  AFE [nm] f Assignment State  AE [nm] f Assignment
Ta Te
S 525 0.001  5d,,—>m*.yq (0.68) MLCT N 448 0.032 5d,,—m*cye (0.68) MLCT
S, 515 0.059  5d,,—m*.yq (0.68) MLCT S5 386 0.025 5d,.—n*yq (0.68) MLCT
S3 455 0.063  5d,.—m*.yq (0.69) MLCT Sg 341 0.056 5d,.—n*eyq (0.66) MLCT
Se 384 0.049  5d,.—n*. (0.61) MLCT Si4 316 0.047 Ty eyl (0.48) IL
S, 372 0.066 Teye—=T* eyar (0.63) IL Sio 291 0.048 Ty =T eyer (0.51) TL
Si> 352 0.060 Ty —=T*eyer (0.68) TL S»; 276 0.045 Tanc—=>T eyl (0.47) LLCT
Sis 326 0.105 d ¥y (0.53) MLCT Sog 274 0.130 Tanc—=>T eyl (0.48) LLCT
Sio 320 0.068  4d,.—m*. (0.53) MLCT S3 268 0.076 Tane—>T eyl (0.38) LLCT
Sos 293 0.344  5d,.—m*. (0.61) MLCT Sa4 264 0.044 Teyer—=>T¥eyer (0.52) IL
Sag 287 0.070 Ty cyar (0.54) IL S36 260 0.275 Ty eyer (0.39) IL
8a 8c

Si 521 0.001  5d,,—m*.q (0.68) MLCT N 444 0.030 5d,,—m* ey (0.68) MLCT
S, 509 0.056  5d,,—>m*.yq (0.68) MLCT S; 380 0.022 5d,.—m*yq (0.57) MLCT
S3 445 0.062  5d,.—m*.q (0.62) MLCT Sio 338 0.055 5d,.—m* .y (0.58) MLCT
Sg 381 0.053  4d,.—m*.yq (0.59) MLCT Ss» 308 0.035 Tane—>T* ane (0.60) IL
So 372 0.062 Ty =T eyer (0.57) IL Sog 291 0.037 Teyer=>T ey (0.43) IL
S17 342 0.043  4dy,—n*.q (0.60) MLCT S40 274 0.042 Tane—=>T eyl (0.37) LLCT
Sio 334 0.077 Ty —= T eyer (0.57) IL Sar 273 0.082  mape—=T*ane (0.37) IL; Meyer—=m*cyer (<0.38) IL
So4 319 0.105 Ty —= T eyar (0.42) TL N 272 0.090 Ty —=T*eyer (0.31) TL
Sss 291 0.315  4d,.—n*.q (0.59) MLCT Sus 267 0.065 5d,.—n* ¢y (0.32) MLCT
Su6 274 0.075 Tanc—>T*anc (0.54) IL Sso 260 0.227 Teyer—=>T¥eyer (0.31) IL

B3LYP/6-31G* level of theory (see Table 3). All of them are
of SMLCT character. The so-obtained S,-T; gaps are
clearly blueshifted with respect to the experimental emis-
sion maxima. This is expected since the triplet states have
not been allowed to relax. Therefore, as a second step, trip-
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let-state optimizations were carried out to yield adiabatic
emission energies (AEE; see Table 3). We note that relax-
ation along the triplet potential-energy surfaces leads to the
same triplet excited state regardless of substitution of the
ancillary or cyclometalating ligands. Thus, the T; minima
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Table 3. Lowest singlet—triplet theoretical emission energies by means of TD-DFT and A-DFT approaches.

7a Tc 8a 8c
TD-DFT vertical singlet-triplet excitations; AE [nm] and resulting *MLCT assignment
T, 592 490 592 486
T, 585 478 581 480
Ts 512 427 504 430
Ty 506 416 501 414
Ts 452 413 445 412
Theoretical E, .; AE [nm] (experimental E, ( [nm])
615 (545) 500 (489) 610 (572) 499 (479)
Theoretical AEE; AE [nm] (experimental emission maxima [nm])
701 (630) 550 (522) 698 (624) 548 (521)

of all the complexes are of SMLCT character, as reflected
through the analysis of spin densities and in accordance to
the TD-DFT data. They are all transitions going from a d
orbital of the Ir'' atom to a ¥, orbital. As it can be seen
in Table 3, the AEE values (obtained as the energy differ-
ence between T, and S, at the optimized T, geometry) are
then in more reasonable agreement with the experimental
emission maxima (errors amount to 0.2 eV, which is the ac-
cepted error inherent to the functional). The theoretical val-
ues of 701, 550, 698, and 548 nm, obtained for 7a, 7c, 8a,
and 8c, respectively, correlate well with the experimental
ones of 630, 522, 624, and 521 nm (Table 3). The electronic
ZPE E,_ . energies (i.e., the energy difference between T,
and S, minima on each potential-energy surface) also show
a fair agreement with the E, , experimental values (esti-
mated experimentally as the intersection point between the
emission and absorption spectra).

Pressure and Temperature Sensitivity

The pressure (pO,) and temperature dependency of the
phosphorescence lifetimes of compounds 7a—c, 8b—c, 9b-c,
and of three commercially available homoleptic iridium(I1T)
complexes {tris[2-(benzo[b]thiophen-2-yl)pyridinato-C3,N]-
iridium(I11), [Ir(btpy)s] (10); tris[2-(4,6-difluorophenyl)-
pyridinato-C?, Niridium(II), [Ir(Fppy)s;] (11); and tris(2-
phenylpyridinato-C?, N)iridium(I1I), [Ir(ppy)s] (12)} repre-
senting red-, blue-, and green-emitting reference com-
pounds, were characterized. The dyes were incorporated
into standardized polystyrene films of 6 um thickness.
These were fabricated with a knife-coating device on a solid
poly(ethylene terephthalate) (PET) support. The backside
of the PET foil was coated with a highly reflective silicone/
TiO, screen layer. The luminescence lifetimes were obtained
according to the rapid lifetime determination (RLD)
method.?>3% This ratiometric method provides intrinsic
referenced signals and can be used to calculate the average
luminescence lifetimes. For this purpose, the sensor films
were photoexcited by means of a pulsed 405 nm LED with
an internal frequency of 125 kHz and 5 us pulse lengths.
The luminescence intensity was integrated by a triggered
CCD camera within two precisely timed gates (A4; and 4,)
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of 1.4 us with delay times of 0 ps (¢;) and 0.7 us (¢,) after
the LED pulse, respectively. This was followed by the acqui-
sition of the corresponding dark images for background
subtraction. The whole imaging process has been described
in previous work.!

The luminescence lifetimes (7) can be calculated accord-
ing to Equation (1),3% when one assumes a monoexponen-
tial decay of luminescence emission, and with the two gates
t, and 7, being of the same width.

tz 7t1
y
In %2 )

The intrinsic referencing reduces the signal noise. It pro-
vides a highly reproducible signal, which is unsusceptible to
the common interferences in luminescence measurements.
It has to be emphasized that luminescence decays of metal—
ligand complexes are not monoexponential, and the life-
times determined by this simple ratiometric method do not
represent exact values as obtained with single-photon
counting measurements. However, the values acquired at
identical experimental settings reflect changes of Iumines-
cence lifetimes within a series of measurements. For com-
parison, Baranoff et al. reported a lifetime 7, of the triplet
emission of [Ir(btpy)s;] at 596 nm of 4.0 us in toluene at
298 K331 (see Table 4). Furthermore, the oxidation potential
of the complexes was measured by means of cyclic voltam-
metry against ferrocene (Fc¢/Fc*) in dried tetrahydrofuran.
All determined parameters are summarized in Tables 4 and
S.

=

Table 4. Reversible oxidation potentials, phosphorescence emission
maxima, and lifetimes of cyclometalated iridium(III) complexes
and their pressure and temperature sensitivities.

8b 8c 10 11 12

E, vs. Fc/Fc* [V] 0.27 0.28 0.25 0.64 0.31
Emission max. [nm] 590 521 596, (645) 470 512
7 [us]@ 34 1.3 6.6 1.0 1.2

T coeft. [%(2)/°C] 043 048 0.35 0.31 0.19
K, [10* mbar]i® 1.49  0.65 2.17 0.40 047

[a] At 50 mbar air pressure and 30 °C. [b] Stern—Volmer constant
in 6 um polystyrene (PS) film.
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Table 5. Characterization of heteroleptic (phenylpyridine)-, (naph-
thylpyridine)-, and (phenylisoquinoline)iridium complexes with dif-
ferent ancillary ligands.

Ta T Tc 8 8 % 9¢

E,y vs. Fc/Fc* [V] 0.26 027 025 027 028 027 0.27
Emission max. [nm] 625 600 526 590 521 595 522

7 [us] 1.1 36 12 34 13 33 Ll
Tcoeff. [/(H°C] 021 040 037 043 048 040 043
K, [104mbar'[®) 0.6 133 0732 149 0.65 126  0.63

[a] At 50 mbar air pressure and 30 °C. [b] In 6 pm PS film.

In this study, the pressure and temperature calibration
of the iridium(III) phosphors was performed with square
samples of 3 X3 cm size of the dyed PS films. These were
placed in a calibration chamber, in which the air pressure
can be adjusted from 50 to 2000 mbar and the temperature
from 1 to 60 °C. The assembly of the calibration chamber
and of the imaging set up has been outlined in a recent
publication.®] The results of the temperature calibrations
are shown in Figure 6. The resulting lifetimes were normal-
ized to the first value (1 °C at 1000 mbar) of the series of
measurements to display the graphs in one plot. The results
of the pressure calibrations are shown in Figure 7 in the
form of Stern—Volmer plots. From the obtained data the
Stern—Volmer (Kgy) constants and the temperature coeffi-
cients were calculated according to linear fits. The fits are
very consistent in case of pressure dependency with corre-
lation coefficients R? larger than 0.99. Although the tem-
perature plots are apparently not linear, the calculated lin-
ear temperature coefficients are a suitable quantity for the
temperature sensitivity.

1,0 o; . = 7a
- ML N
E b0 T
S 0,9 LI — " 8b
£ s = * 8c
P M
_g M : v 9c
° 0,8 g T
5 % e 11

.12

0,7 T T T .

0 20 40 60

Temperature (°C)

Figure 6. Temperature dependence of the normalized luminescence
lifetimes of cyclometalated iridium(IIT) complexes 7-12 in 6 pm PS
films at 1000 mbar.

Generally, in the cases of metal-ligand complexes, the
emission maximum is determined by the energy gap be-
tween the excited triplet state and the ground state, which
can be correlated with the energy difference of the frontier
molecular orbitals (HOMO-LUMO gap). It is clear that
increased HOMO-LUMO gaps result in emission maxima
of higher energy. The oxidation potential, which depends
on the energy level of the HOMO, decreases with lower
energy gaps (see Table 4). Unfortunately, reduction poten-
tials could not be measured with our setup. They occur at
potentials lower than —2.0 V.[32
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Figure 7. Air-pressure dependence of the luminescence lifetimes of
cyclometalated iridium(III) complexes in 6 pm PS films at 7" =
30 °C. All plots are referenced to the according lifetime values at
50 mbar air pressure and 1 °C.

The influence of the ancillary ligand on the temperature
and oxygen sensitivity is very small. Within a series of com-
plexes that bear the same cyclometalating ligand (7b-9b or
7c-9c, respectively) Kgy and temperature coefficients show
only negligible deviations. In contrast, the cyclometalating
ligands have a high impact on the sensing properties, as
expected from their very different photophysical properties.

Calibration of Pressure Sensitivity

The series of homoleptic and heteroleptic Ir™ complexes

that emit from blue to red also showed an increase in oxy-
gen (and pressure) sensitivity with increasing lifetimes of
the excited triplet state. This can be expected as a conse-
quence of the Stern—Volmer equation [Equation (2)], which
describes the dependency of the luminescence lifetime from
partial oxygen pressure:

I
7= 0= 14 Ko @)

T

in which 7, is the luminescence intensity and 7, the lifetime
in absence of quencher (oxygen) under standard conditions.
I and 7 are intensity and lifetime in the presence of oxygen
with concentration [Q]. The presence of oxygen quenches
the luminescence lifetime and intensity likewise.

Kgy is the Stern—Volmer constant defined in Equa-
tion (3), with K, being the bimolecular dynamic quenching
constant.

Kgy = 19°Ky (3)

The red-emitting series with the npy ligand (7b-9b)
shows much higher oxygen sensitivity relative to the green-
emitting series with the ppy cyclometalating ligand (7¢-9c).
With respect to Equation (3), this is due to the longer life-
times of the complexes with the npy ligand. The highest
oxygen-quenching efficiency is observed for [Ir(btpy)s] (10)
with a Kgy of 2.17 [10* mbar '] relative to air pressure.
Stern—Volmer constants of several cyclometalated iridi-
um(IIT) complexes have been reported, but they can be
hardly compared, because they have been determined under
different experimental conditions and with various polymer
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matrices.'®343% Generally, with the exception of 10 and
the npy complexes, the iridium(I1I) complexes are not very
efficiently quenched by oxygen.

A general influence of the emission wavelength on the
sensitivity to oxygen cannot be deduced as the deep red-
emitting complex 7a shows only slight oxygen sensitivity. It
is apparent that the luminescence quenching by oxygen is a
bimolecular process and is affected by many factors.

Another very important aspect that determines the re-
sponse is the oxygen permeability of the matrix polymer. In
this study, all complexes were calibrated in PS, which pos-
sesses an oxygen permeability P of 1.9 X 1013 cm? (STP)
cm (cm?sPa) ! {the permeability coefficient P is defined by:
P = [(quantity of oxygen)X(film thickness)]/[(area)X(time)-
X(pressure drop across film)]} (STP = standard tempera-
ture and pressure).*%l Because of this moderate permeabil-
ity, PS is an appropriate polymer binder to compare the
luminescence responses to temperature and oxygen of a
series of dyes under standard conditions. If polymers with
higher oxygen permeabilities are applied, the oxygen sensi-
tivity and Kgy values increase, and also the differences be-
tween the single complexes are more pronounced. Figure 8
compares the response to oxygen of complex 10 in PS
and ethyl cellulose (EC). The latter provides a very high
oxygen permeability with P = 11X 103 cm?® (STP) cm
(cm?sPa) 1.9 This results in an increased Kgy of 40
[10* mbar™!], which is a very high sensitivity compared to
other luminescent probes used in optical oxygen sensors. A
comparison of the performance of [Ir(btpy);] as indicator
for oxygen (or barometric pressure) with established oxy-
gen-sensitive probes can be found in previous work.[°]

9
64
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o
e
34
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0 T T T
0 1000 2000

p (air) (mbar)

Figure 8. Stern—Volmer plots for 10 in PS (@) and EC 49 (™) (EC
with 49% ethoxy grade) at 30 °C.

Calibration of Temperature Sensitivity

Nearly all luminescent dyes display a strong sensitivity
towards temperature. The Boltzmann distribution is one
factor for this phenomenon, because it governs the popula-
tions of the different vibrational levels of the electronic
states involved. The matrix polymer also influences the tem-
perature dependency of the luminescence intensity. Gen-
erally, thermal quenching can be observed. This implies
decreasing photoluminescence intensities and lifetimes with
increasing temperature. Besides the factors discussed above,
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nonradiative relaxation mechanisms become dominant at
higher temperatures, because deactivating states are ther-
mally activated. For example, the decreasing energy differ-
ence between the electronic states can be converted more
easily to vibrational energy in the complex ligand or in the
polymer matrix. Furthermore, the energy of the excited
electronic state can be transferred to appropriate electronic
states of the environment. Finally, the oxygen permeability
of the matrix polymer increases with temperature. This re-
sults in a higher concentration of quenching oxygen mole-
cules in the polymer binder at increased temperatures.
Among the studied iridium(III) complexes, the green-emit-
ting series that bears ppy ligands (7¢-9¢) show the highest
temperature sensitivity. The calibration plots for the tem-
perature response are nonlinear and can be fitted by an
Arrhenius-type equation [Equation (4)]:['!]

l=k + kyex (—E 4)
z 0 1°CXp RT)

in which 7 is the lifetime, ko the temperature-independent
decay rate for the deactivation of the excited state, k; the
pre-exponential factor, AE the energy gap between the emit-
ting level and an upper deactivating excited state, R the gas
constant, and 7 the temperature in Kelvin. Figure 9 shows
exemplary the Arrhenius fit of the thermal quenching of 8¢
in PS at 1000 mbar air pressure with the fitting parameters:
ko=0.76 us!, k; = 19.5X 10* us !, and AE = 36.5 kImol ..
The correlation coefficient R? for the fit is 0.994.

1,34 u

-
N
L

Lifetime (us)

-
o
L

260 280 300 320 340
Temperature (K)

Figure 9. Temperature dependence of the luminescence lifetime of
8c in PS at 1000 mbar and Arrhenius fit according to Equation (4)
(straight line).

Generally, the temperature sensitivity of cyclometalated
iridium(I1T) complexes is very low relative to other lumines-
cent metal-ligand complexes. Hence, the temperature coefti-
cients of typical luminescent indicators for 7" such as ruthe-
nium and europium complexesl?>#142l are up to two times
higher than those of the green-emitting iridium(III) com-
plexes described here. The exceptional property of the green
emitters, particularly of 8c, is their shortwave-emission
wavelengths, which make them easy to combine with the
numerously available red-emitting oxygen indicators for
dual sensors. The high reproducibility and the very low
standard deviations of the calibration plots and the broad
dynamic range of the response are also advantageous.
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Conclusion

The design of a full series of neutral heteroleptic iridi-
um(IIl) complexes equipped with 2-phenylpyridine, 2-
(naphthalen-1-yl)pyridine, and 1-phenylisoquinoline as cy-
clometalating ligands was presented. To obtain unsymmet-
rical iridium(IIT) complexes, 2,2,6,6-tetramethylheptane-
3,5-dione, 1-(9H-carbazol-9-yl)-5,5-dimethylhexane-2,4-di-
one, and 1-[3,6-bis(4-hexylphenyl)-9 H-carbazol-9-yl]-5,5-di-
methylhexane-2,4-dione were utilized as ancillary ligands.
These serve to gradually increase the unsymmetrical archi-
tecture of the Ir' complexes. The photophysical and elec-
trochemical properties of the Ir™ complexes were investi-
gated experimentally as well as theoretically by extensive A-
DFT and TD-DFT calculations on a selected set of Ir'!
structures. Moreover, the properties of the carefully de-
signed heteroleptic iridium(IIT) complexes were compared
to homoleptic Ir'" complex structures that reveal symmetri-
cal architectures. These consist of three equal cyclometalat-
ing ligands. The emission intensities of the two classes of
heteroleptic Ir'"" complexes respond to changes of partial
oxygen pressure and, to a lesser extent, to temperature
changes. Notably, oxygen-sensitive Ir'! emitters can be tar-
geted due to the clear correlation of superior oxygen sensi-
tivities with enhanced phosphorescence lifetimes.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental section of materials, instrumentation, cali-
bration of pressure and temperature sensitivity, computational de-
tails, synthetic procedures, scheme for the synthesis of 2-5 (Fig-
ure S1), APLI-MS spectra, and references.
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By irradiating crystals of a (diphosphine)Pt’ complex contain-
ing 2,2'-dibromotolane as ligand with sunlight, a rare example
of selective carbon—carbon bond cleavage in the solid state
could be observed.

In several homogeneous catalytic processes,! binding of a C,C
bond (C,C = alkenes as well as alkynes) and oxidative addition
of a substrate to a (diphosphine)M’ (M = Ni, Pd, Pt) complex
fragment are competitive key steps. In most instances oxidative
addition of a low valent metal complex fragment into an aryl-
halide bond is energetically favoured, but whether binding to a
C,C bond or oxidative addition is kinetically favoured depends
on the substrate and the complex fragment used. Whereas in
the case of M = Pt the complex fragment binds strongly to
C,C bonds,? similar palladium complexes are less stable. If olefin
and aryl-halide functions are connected by a n-system, oxidative
addition of the aryl-halide bond can follow binding of the
complex fragment to the olefin, and “walking” along the -system.
Intermediates of these reactions have been isolated.® The reactivity
of those complex fragments can be tuned by fixing the P-Pt—
P angle. Whereas the linear complexes [Pt’(PR;),] with bulky
phosphine ligands have been isolated,* complex fragments with
bidentate phosphino ligands are highly reactive and cannot be
isolated.®* However, their corresponding C,C adducts are very
stable. Interestingly, theoretical investigations revealed that the
strength of the metal-C,C bond itself is only slightly influenced
by the P-Pt-P angle.® In contrast to the olefin complexes, in the
corresponding alkyne complexes the (diphosphine)Pt” complex
fragment can undergo insertion reactions into the aryl-alkynyl
carbon-carbon bond caused by irradiation with UV-light, as re-
ported for (diphosphine)(1?-tolane)Pt’ complexes.” Very recently,
this type of reaction has been used to investigate aryl-alkynyl
bond formation and bond cleavage in tolane derivatives having
fluoro and methyl substituted aryl groups bonded to the (dtbpe)Pt”
complex fragment (dtbpe = bis(di-zert-butylphosphino)ethane).’
So far, all these reactions have been carried out in solution.

To the best of our knowledge, here we report on the first example
of a light induced highly selective insertion of a (diphosphine)Pt’

“Institut fiir Anorganische und Analytische Chemie, Friedrich-Schiller-
Universitdt, 07743, Jena, Germany. E-mail: c8wewo@uni-jena.de; Fax: +49-
3641-948102; Tel: +49-3641-948160

*Institut fiir Physikalische Chemie, Friedrich-Schiller-Universitdt, 07743,
Jena, Germany

T CCDC reference numbers 6660013, 660014 and 662326. For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b801230;
Electronic supplementary information (ESI) available: Complete experi-
mental procedures, spectroscopic and crystallographic data, and compu-
tational details. See DOI: 10.1039/b801230j

complex fragment into a carbon—carbon bond of a coordinated
bromo substituted substrate in the solid state. In an extension of
our recently published improved syntheses of Pt” complexes,'® we
have synthesized the complex [(dppbe)(1?-2,2'-dibromotolane)Pt’]
(3) (dppbe = 1,2-bis(diphenylphosphino)benzene) in high yield
by reaction of 2,2'-dibromotolane (1) with in situ generated Pt"

hydrido species (Scheme 1).
AN i) N Br
Pat _ /Pt—| | N
p~ Cl P
Ph, Ph,
: s O

Scheme 1 Synthesis of complex 3; (i) NaBH, in CH,CL,~EtOH; (ii) 1.

The *'P{'"H} NMR spectrum of 3 shows a singlet at 6 = 51.3
with ”*Pt-satellites ('J(P,Pt) = 3184 Hz). In the appropriate Pt
NMR spectrum a typical triplet at 6 = —4747 appears ('J(Pt,P) =
3175 Hz). Solid state P NMR-MAS spectra reveal that the Pl
and P2 atoms are chemically and magnetically non-equivalent in
the solid state. The spectra show two signals at d 47.8 and 38.2 with
15pt-satellites ('J(P,Pt) = 3173(30) Hz). The IR absorption at v =
1780 cm™' underlines the n*-coordination of the tolane ligand to
the platinum centre.!

The surprisingly stable complex 3 was crystallized from boiling
toluene without any decomposition yielding yellow crystals suit-
able for X-ray analysis.f Interestingly, 3 proved to be remarkably
stable under prolonged heating (200 h, 105 °C). The expected
oxidative addition of one of the two carbon-bromine bonds was
not observed. The X-ray structure of complex 3 is presented
in Fig. 1. The bond lengths and angles accord with reported
structures of similar tolane complexes.” " The angle P1-Pt-P2
(84.90(7)°) is predetermined by the rigid bridged diphosphine
ligand. Due to the n-back donation (dp, — 7*,y,.) the bond C1—
C2 is typically significantly longer (1.303(10) A) than those in free
tolane derivatives.? Bending of angles C1-C2-C3 and C2-C1-C9
about 35° aligns with the more alkene character of the C1-C2
bond. Repulsion of the two bromine atoms of the coordinated
tolane ligand forces both phenyl groups to twist by approximately
70°.

By chance, we observed 25% conversion of 3 to a new complex
(4) in the *P{'H} NMR spectrum of crystals of 3, stored for
several days in a Schlenk flask. The coupling constants of the
new complex 4 (AB-spin system with J(P,P) = 5.5 Hz and

This journal is © The Royal Society of Chemistry 2008
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Fig. 1 Structures of complexes 3, 4 and 6 with thermal ellipsoids at 50% probability level. Hydrogen atoms have been omitted for clarity.

'J(P,Pt) = 2473 Hz and 1767 Hz, respectively) were in good agree-
ment with those reported for alkynyl phenyl complexes synthesized
by irradiating solutions of similar complexes containing the non-
substituted tolane ligand with UV-light.”®

Prolonged irradiation of compound 3 with sunlight afforded full
conversion to complex 4. It turned out that the exclusive reaction
of 3 to 4 is only observed by irradiation of 3 in the solid state.
In sunlight complex 3 is quantitatively converted to complex 4
obtained as a pale yellow powder within a few hours (Scheme 2).

Ph, O Ph,

/
P\ Br hwv P\ /Br Br
S| L P
P/ Br  solid state /

P
Ph, Phy
3 4

Scheme 2 Selective formation of 4 via irradiation of crystals of 3 with
sunlight.

The solution state Pt NMR spectrum shows a doublet of
doubletsatd —4703 ('J(Pt,P) = 2454 Hz and 1778 Hz, respectively)
according to an AB-spin system. In the IR spectrum of complex 4
an absorptionat v=2115cm™"is observed assigned to the presence
of an end-on coordinated alkyne ligand. X-Ray single crystal
analysis unambiguously confirmed the structure of 4 (Fig. 1).
The arrangement of the ligands around the platinum centre is
distorted square planar. The angle C1-Pt—C9 of 89.7(3)° is almost
equal to the theoretical value of 90°, whereas the angle P1-Pt-P2
of 86.41(7)° is predetermined by the dppbe ligand. The length of
the bond C1-C2 (1.203(10) A) is in the typical range of a carbon—
carbon triple bond.

Attempts to react the known complex [(dppbe)(1P-tolane)Pt’]
(5)! under similar conditions revealed no reaction. No signals
assignable to the insertion product were found in the NMR
spectra.

A closer look at the molecular structures of 3 (Fig. 1) and 5
in the solid state reveals that the spatial orientation of the phenyl
rings of the tolane ligands is the most obvious difference. The
dihedral angles C1-C2-C3-C8 and C2-C1-C9-C14 are 47.4(8)°
and 111.4(8)° respectively in complex 3 compared to 9.6(3)° and
30.4(3)°in 5.1

The different photochemistry of complexes 3 and 5 can be
rationalized in terms of the surprisingly very different UV/Vis
absorption spectra. Time-dependent density functional theory
(TD-DFT) simulated absorption spectra (computational details
in ESIT) show a very different distribution of the main peaks as
well as different electronic transitions (Fig. 2). Whereas in complex
5 the main electronic transitions correspond to Tuuyne —> T pneny
transitions, in complex 3 the peaks are of dp, — 7%, Character.
Depopulation of the dp, orbitals and concomitant population of
the antibonding n*,,,. leads to a destabilization of the alkyne
group via T-back donation, which promotes carbon—carbon bond
cleavage and the consequential further rearrangement of 3 into 4.
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Fig. 2 TD-DFT theoretical absorption spectra of complexes 3 and 5
simulated with a Lorentzian band shape with a width at half height of
8 nm. Only the most intense transitions are assigned.

We also investigated whether this reaction is reversible under
thermal conditions. As previously reported similar reactions are

1980 | Dalton Trans., 2008, 1979-1981
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uphill reactions,™ hence they are reversible by prolonged heating
of 4. The activation energy is typically high in Pt" complexes, so
that after 40 h heating at 105 °C only 30% of 4 has reverted to 3.
However, after 8 d 60% of 4 has reverted to 3 (Scheme 3). In order
to prove if 3 and 4 are in thermal equilibrium a sample of 3 was
heated under similar conditions, though no signals assignable to
4 have been observed in the *'P{"H} NMR spectrum.

Ph, O
P S P
AN 7 & BT AT AN Br
Pt Pt ‘
/ toluene / Br
P P
Ph, Phy O
4 3

Scheme 3 Thermal induced back reaction of complex 4 yielding 3.

The high selectivity of the carbon—carbon bond cleavage is lost
during irradiation in solution (Scheme 4). If 3 was dissolved in
CH,Cl, and irradiated with sunlight for about 5 h the *'P{'H}
NMR spectrum of the crude product exhibited full conversion of
complex 3, however only a 1 : 1 mixture of 4 and a new complex
(6) (AB-spin system with >J(P,P) = 4.7 Hz and ' J(Pt,P) = 4064 Hz
and 1749 Hz, respectively) was yielded.

. //Br Br _Br //
——  (dppbe)Pt +  (dppbe)Pt
toluene

4 6

Scheme 4 Photolysis of 3 in solution leads to a | : 1 mixture of 4 and 6.

Adjacent to the signal of 4, a second signal (0 = —4703
('J(Pt,P) = 3961 Hz and 1703 Hz, respectively) assigned to 6
was found in the Pt NMR spectrum of this sample. Complex 6
was isolated by column chromatography and fully characterized.
X-Ray single crystal analysis confirms the proposed structure of
6 (Fig. 1). The arrangement of the ligands around the platinum
centre is distorted square planar. Due to the strong trans-influence
of the phenyl ligand the Pt-P1 bond is significantly longer than
Pt-P2.

Reduced time of irradiation of 3 in solution led to an incomplete
conversion but still the described 1 : 1 mixture of 4 and 6 was
yielded. Also the irradiation at lower temperatures (—78 °C) for
about 3 h led to an incomplete conversion of 3 and the *P{'H}
NMR spectrum did not reveal a preference for one of the products.
Additionally, the thermal induced back reaction after irradiation
of complex 3 in solution was investigated. In the *'P{'H} NMR
spectrum of this sample the signals of 4 disappeared and the singlet
of 3 was observed again, whereas the signals of 6 still remained
unchanged. This underlines the irreversible formation of 6 via
photolysis of 3 in solution.

In conclusion, carbon—carbon bond cleavage in complex 3
occurs astonishingly fast and is highly selective during irradiation
with sunlight in the solid state. Our current investigations show
that these reactions are not restricted to bromine substituted
substrates and the application of the dppbe ligand. The increased
selectivity of this reaction in the solid state together with the
improved and versatile synthesis may open many opportunities
to investigate carbon—carbon bond cleavage, carbon—carbon bond
formation on (diphosphine)Pt’ complex fragments as well as the
influence of different substitution patterns on activation energies
and entropies.
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A theoretical study of the steric and electronic effects of different substituents on the electronic ground
and excited states of (bisphosphine)(n’tolane)Pt® complexes is presented. A natural-bond-order

(NBO) analysis has been performed to describe the bonding nature of the “hapto-like”
coordination of the Pt atom to the alkyne bond of the tolane group. The results show an
important contribution of the n-back donation in all complexes, amounting to half of the energy
associated to the o-bonding interaction. A TD-DFT study of the absorption spectra helps
rationalizing the photochemistry of the complexes. Metal-ligand charge transfer (MLCT)
transitions from the Pt atom to the alkyne are assigned as the photochemical “active” states
responsible for C—C bond cleavage. Electronic excitations to the o* orbital of the C—Br bond are
involved in C—Br bond activation. It is shown that both steric and electronic effects play an
important role in determining the presence of these electronic excitations.

1. Introduction

Recently, we reported a rare example of selective carbon—
carbon bond cleavage in the solid state induced by light.!
A highly selective insertion of a (bisphosphine)Pt’ complex
fragment in a C—C bond of a coordinated bromo-substituted
substrate was observed for the first time in the solid state
under sunlight irradiation. In solution, C-Br and C-C
insertion products were observed (see Scheme 1).!

Other similar photochemical reactions, like the insertion of
the (bisphosphine)Pt’ complex fragment into the aryl-ethinyl
carbon—carbon bond with UV-light have only been observed
in solution.”* While in the case of Pt compounds the
fragments bind strongly to C,C bonds,” similar palladium
complexes are less stable. It has been stated that the reactivity
of the Pt complexes can be tuned by fixing the P-Pt-P angle.
However, previous theoretical studies of the equilibrium
ground state geometries revealed that the strength of the
metal-C,C bond is only slightly influenced by this P-Pt-P
angle.’ Interestingly, not all (bisphosphine)Pt’ complexes
show the same photochemistry. For instance, the
unsubstituted  (bisphosphine)(n>tolane)Pt® complex 1
undergoes no photoreaction, either in solution or in the solid
state, as compared with 2 (see Fig. 1). In our recent report' we
ascribed the different photochemistry of complexes 1 and 2 to
their very different UV-Vis absorption spectra: whilst in
complex 1 the main electronic transitions correspond to
excitations from the alkyne (alk) to the phenyl (ph) group
(Tak — m*pn) in complex 2 the bright states present metal-to-
ligand charge transfer (MLCT) character from the 5d orbitals

“ Institut fiir Physikalische Chemie, Friedrich-Schiller-Universitdt,
07743 Jena, Germany. E-mail: leticia.gonzalez@uni-jena.de;
Fax: +49-3641-948302; Tel: +49-3641-948300

b Institut fiir Anorganische und Analytische Chemie,
Friedrich-Schiller-Universitdt, 07743 Jena, Germany

of the Pt to the alkyne group (dp, — m*,1). Depopulation of
the dp, orbitals and concomitant population of the anti-
bonding m*,; orbital leads to destabilization of the alkyne
group, which by enhancing the n-back donation promotes the
carbon—carbon bond cleavage and consequently the further
rearrangement shown in Scheme 1. Whether this is only an
electronic effect or a consequence of the steric constrains
imposed by the substituent, is not clear. Thus, in this
paper, we deal with the influence of substituting the tolane
moiety with several ligands of different electronic nature
(electron-donor/withdrawing) in several positions (ortho/
meta/para). The different substituents serve to discern
electronic from steric effects between the phenyl rings of
the tolane moiety which can influence the photophysical
properties of (bisphosphine)Pt’ complexes and their photo-
chemical reactivity.

Taking complex 1 [(dppbe)Pt(n*tolane)] (dppbe = 1,2-
bis(diphenylphosphino)benzene) as a reference, we consider
complexes 2, 3 and 4 by substituting some positions of the
tolane group with an electron-withdrawing group (bromine),
in ortho (2,2'-), meta (3,3’-) and para (4,4'-), see Scheme 2.
Likewise, an analogous series of complexes 6, 7 and 8 is
obtained with an electron-donor group (hydroxyl) in the
corresponding positions. In addition, the complex 5, with Br
in both ortho- and para-positions, [(dppbe)(>-2,2' 4,4 -tetra-
bromotolane)Pt® is also under study.

The rest of the paper is organized as follows. Section 2 gives
details on the employed methods. Density functional theory
(DFT) and its time-dependent version (TD-DFT) calculations
provide helpful information on the structure and excited states
involved in the UV-Vis absorption spectrum of the chosen
complexes, respectively. Furthermore, natural-bond-order
(NBO) analyses are performed to characterize the bonding
nature of the complexes in the ground state geometries.
Results and discussion are presented in section 3.
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Scheme 2 Systems studied in this work.

2. Theoretical methods

All the complexes have been optimized in the electronic
ground state using DFT in its resolution of the identity (RI)
version, i.e. RI-DFT.” The Becke exchange® and Perdew
functional® have been combined with a polarized triple
zeta basis set (TZVP) for all atoms. Relativistic effects have
been considered for the Pt atom using the ECP-60-mwb
Stuttgart/Dresden pseudopotential.'® The UV-Vis absorption
spectrum is calculated using TD-DFT!! spanned over 85 states
with the same functional and basis sets as mentioned
above. These calculations were performed with the
TURBOMOLE(V.5.10)!? program package.

~
Meta-compounds

v
Para-compounds

(Bisphosphine)(n*tolane)Pt® complexes 1-8 defined in Scheme 2.

In order to estimate the energetic stabilization associated
with the back-bonding interaction present in the complexes in
the electronic ground state a second-order perturbative NBO'?
analysis has been carried out. The NBO analysis is based
on a method which optimally expresses a given wavefunction
into a localized one. The density matrix is first used to define
a minimum basis of atomic orbitals in which the natural
atomic orbitals (or NAOs) are expanded. These serve to
expand natural hybrid orbitals (NHOs) which finally compose
the orthonormal set of natural bond orbitals. The resulting
orbitals are centered on one atom (“core” or “lone pair”
orbitals), two atoms (“bond” orbitals), or three atoms
(“delocalized bond over three centers” or “3C-bond”
orbitals). The NBO orbitals are chosen such that the
occupancy is maximized giving the most accurate possible
Lewis-like picture, in which all orbitals have occupancies of
exactly 2, 1, or 0. Deviations from the idealized localized Lewis
structures indicate delocalization effects and back-bonding
interactions. Such interactions can be measured with the
stabilization energy E(2) computed by means of second-order
perturbation theory,

EQ) = g, 00 (1)

1
&=
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where ¢; is the occupancy of the donor orbital, ¢; ¢; are the
energies of the donor and acceptor orbitals and F(i,j) is the
off-diagonal NBO Fock matrix element that measures how
much energy is gained by sharing electrons between orbitals
i and j. The NBO calculations were performed with the
Gaussian03'*  program package using the B3LYP!>!®
functional and the same basis set as in the optimizations.

3. Results and discussion
3.1 Equilibrium ground state properties

Fig. 1 shows the (bisphosphine)(n>-tolane)Pt® complexes
included in this study and Table 1 summarizes their more
characteristic geometrical parameters. In general, the bond
lengths and angles fit well with those of other tolane
derivatives.*!” In the two compounds (1 and 2) for which
experimental X-ray structures are available,' we observe good
agreement with the predicted theoretical values. The employed
functional overestimates in a small extent the bond distances
related to the Pt coordination in comparison with the X-ray
data. The largest deviations between theory and experiment
are observed for the Pt;—P, and Pt;—P; bond distances, which
are theoretically overestimated ca. 0.07-0.08 A. The hapto-
coordination of Pt to the alkyne takes place with bond
distances around 2.05 A. The dy 7 bond lengths of all the
complexes, ranging from 1.303 to 1.314 A (see Table 1), are
longer than the typical alkyne bond distances. Such distances
are yet longer than those found in free tolane derivatives. This
effect can be explained via m-back donation from the dp, to
¥, orbital upon coordinating to the Pt atom. As a con-
sequence, the angles og 7 4 and oy 4 5 deviate from the ideal
angle of 180°, being constrained to values ranging from 140 to
153°, and thus tending to typical values for double bonds. The
bending angle o,_;_3 is predicted in all complexes, both
experimentally and theoretically, close to the ideal angle of
90° that corresponds to a square planar coordination of the Pt

Table 1

atom. The deviation from 90° is due to the intrinsic rigidity of
the bridged biphosphine ligand, which is supposed to be
responsible for the reactivity of this fragment in the electronic
ground state (vide supra).®

The substituent effects of the electron-donor or electron-
withdrawing groups are reflected in an elongation of the
corresponding alkyne bond distances, regardless of the
electronic nature of the substituent. As expected, however,
the effects of substitution in different position (ortho-, meta-
and para-), strongly affect the spatial orientation of the phenyl
rings of the tolane ligand. For ortho-derivatives larger dihedral
angles are obtained (t4_7_3 9/7745.¢) due to steric hindrance
between both ortho substituents (compare structures 2, 5,
and 6 with the rest of the compounds). Another steric
consequence is that the two angles defining the n-coordination
of the Pt to the tolane ligand (g 74/274_5) are distinct
in the ortho-derivatives but similar in the meta- and para-
complexes. Consequently, the latter complexes and the
unsubstituted (1) one are more symmetric than the ortho-
derivatives (2 and 6).

The m-back donation interactions from the dp; to ©*,;, and
the o-bonding interactions in the electronic ground state can
be quantified in terms of a NBO second-order perturbative
energy analysis. Table 2 collects the stabilization energies E(2)
for the main o-bonding and m-back bonding interactions, as
well as the occupancies of the n-orbitals involved in the alkyne
triple bond. These values demonstrate the importance of these
interactions in rationalizing the nature of the bonding in these
complexes.

Due to the presence of occupied 5d orbitals with appro-
priate symmetry, a m-back donation from the dy,_,» to the
*,1k(3) orbital is possible (see NBO orbitals in Fig. 2). Such
interactions have been also found for similar Pt complexes,
both experimentally and theoretically.'® As seen in Table 2,
the corresponding NBO interaction energies range from 260 to
290 kJ/mol, indicating that this m-back donation is very
effective in all studied complexes. For reference, these values

Main geometrical parameters of complexes 1-8. Distances in angstroms and angles in degrees. See atom numbering in Scheme 2

Compound dio/dy 3 diq/di 4 dy10/d3-11 dy 7 %2-1-3 o8 7-4/07-4-5 0l10-2-1/%11-3-1 T4-7-8-9/17-4-5-6
1 (X-ray”) 2.260 2.038 1.827 1.300 86.6 146.4 109.1 30.5
2.266 2.041 1.832 145.4 108.7 9.4
1 (DFT) 2.332 2.096 1.870 1.303 85.5 150.7 108.1 29.4
2.325 2.090 1.869 147.4 108.3 7.2
2 (X-ray“) 2.247 2.034 1.839 1.303 84.9 146.3 108.5 47.2
2.269 2.067 1.841 147.0 107.4 111.4
2 (DFT) 2.323 2.075 1.861 1.314 84.9 151.2 110.1 57.2
2.322 2.079 1.862 148.8 110.0 16.0
3 (DFT) 2.335 2.083 1.869 1.311 84.9 147.5 108.4 33.2
2.333 2.083 1.868 146.2 108.4 11.7
4 (DFT) 2.333 2.082 1.869 1.312 85.0 147.5 108.5 29.6
2.335 2.084 1.869 146.7 108.3 12.3
5 (DFT) 2.333 2.096 1.871 1.304 85.5 150.4 108.1 83.6
2.324 2.088 1.867 147.1 108.4 26.9
6 (DFT) 2.327 2.095 1.873 1.303 85.7 149.1 108.3 75.3
2.324 2.085 1.871 145.6 108.3 14.2
7 (DFT) 2.334 2.082 1.869 1.310 84.6 147.5 108.3 25.9
2.335 2.084 1.870 146.6 108.2 4.1
8 (DFT) 2.333 2.083 1.869 1.311 84.6 147.7 108.4 25.2
2.334 2.086 1.870 146.6 108.2 4.6
“ Ref. 1.
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Table 2 NBO Analysis: total second-order perturbative interaction between the metal and alkyne/biphosphine ligands (E(2)) in kJ mol~". Bond
order occupancies of the m and n* bonds of the alkyne moiety are also presented. The corresponding orbitals are shown in Fig. 2

EQ2) E(2) EQ2) EQ2) Occup. Occup. Occup. Occup.
Compound dx2—y2 - n*ulk(?’) 7tulk(?’) - d/pPT Pp2 — d/pPT Pp3 — d/pPT nulk(z) 7tulk(?’) 7tulk*(z) 7tulk*(3)
1 264 567 868 882 1.841 1.744 0.146 0.617
2 290 624 822 823 1.859 1.737 0.109 0.638
3 283 561 862 865 1.836 1.737 0.146 0.648
4 274 589 897 889 1.840 1.737 0.153 0.641
5 261 621 943 936 1.891 1.733 0.096 0.657
6 280 596 882 857 1.874 1.728 0.102 0.650
7 283 579 868 866 1.834 1.742 0.146 0.644
8 273 607 881 882 1.845 1.739 0.161 0.629

o—bonding interactions

n—back donation interaction

Fig. 2 NBO orbitals of complex 1 involved in the main c-bonding
and m-back bonding interactions.

can be compared to the value of ca. 400 kJ/mol obtained in
ferrocene complexes for a similar m-back interaction.'
The strength of this interaction is also reflected in the
high occupancy of the m*,,(3) orbital. In contrast, the
perpendicular antibonding m orbital, ¥, (2), is barely
occupied since it is much less involved in m-back bonding
donation. As can be seen in Table 2, electron-donor or
electron-withdrawing groups and its substitution pattern have
little influence on this interaction.

Strong o-bonding interactions up to ca. 620 kJ mol~" have
been found from the m,;(3) bond to the 6s orbital of the Pt
atom. This strong interaction is also reflected in the depopula-
tion of the 7, (3) orbital as compared with that of m,;(2), see
Table 2 and Fig. 2. As can be seen, this interaction in the
ortho- and para-derivatives is similar and stronger than in
the unsubstituted and meta-compounds. Other important
o-bonding interactions contributing to the overall stabiliza-
tion of these complexes have been found between the
phosphorus and Pt atoms (pp — 6sp;). They amount up to
940 kJ mol™!, in the case of 5, and ca. 60-120 kJ mol ™" less for
the other compounds (see Fig. 2 and Table 2). In view of the
calculated m- and o-interaction energies, it can be stated that
in the hapto-like coordination of the Pt atom with the triple
bond, globally, the latter acts as a two electron donor, but with
an important contribution of the =m-back bonding. Both
o-bonding and m-back donation interactions have an overall
effect of weakening the triple bond, as reflected by the m,y
bond occupancies (see Table 2).

3.2 Excited state properties

The UV-Vis spectra of complexes 1 to 8 predicted with
TD-DFT are shown in Fig. 3. In a previous study' we have
reported a good correlation between the experimental and
theoretical spectra of complexes 1 and 2; therefore, we expect
the same degree of accuracy in the rest of the studied
compounds (3-8), for which no experimental data is available.
Table 3 collects the most important electronic transitions
contributing to the absorption spectra, selected according to
their oscillator strength. The transitions are classified as
MLCT, ligand-ligand charge transfer (LLCT), and intra-
ligand (IL), which are the transitions dominating the
spectra of all considered compounds. The orbitals involved
in the Franck—Condon transitions—exemplarily for
compound 1—are shown in Fig. 4.

Analyzing the Kohn—Sham orbitals one can see that the
HOMO is in all cases of 7 character and is mainly localized in
the alkyne moiety (see exemplarily m,; of complex 1 in Fig. 4).
The 5d occupied orbitals of the Pt atom are deeper in energy,
being the e, set of orbitals located in the HOMO — 1 and
HOMO - 2.

Also common to all complexes is that the LUMO is a ©*
orbital localized in the dppbe ligand (see Fig. 4). The m*,
orbital, which is important for understanding the photo-
chemistry of these compounds, is energetically shifted upon
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Fig. 3 TD-DFT UV-Vis spectra of complexes 1-8. The main electronic transitions are highlighted.

substituent effects. In the case of compound 1 it corresponds
to the LUMO + 2, for it is somewhat stabilized due to
conjugation through the phenyl rings of the tolane moiety
(see Fig. 4). The same conjugation effect applies for the meta-
and para-derivatives. In contrast, in the ortho-derivatives less
conjugation is observed through the tolane moiety due to the
twisting of the phenyl rings. Such effects shall influence the
energy and oscillator strength of the MLCT d — w*,
transitions of the different compounds. Indeed, the UV-Vis
spectra of the compounds are more robust with respect to the
substitution pattern than to the electronic nature of the
substituent. As seen in Fig. 3, the spectra of the ortho-related
compounds 2 and 6, the meta-related compounds 3 and 7
and the para-related compounds 4 and 8 globally resemble
one another in greater extent than within the electron-
donating/withdrawing series (compare also 2, 3, 4, and
6, 7, 8, respectively).

Analyzing Table 3, it can be observed that the lowest-lying
bright state is in all cases of LLCT character, corresponding to
a transition from the alkyne moeity (m,y) to the dppbe ligand
(m*gppbe)- Compared to the unsubstituted compound 1, where
this transition appears at 501 nm, this state is blue-shifted in
the electron-withdrawing series 2-5, predicted at 452, 478, and
492, and 444 nm, respectively. If we just focus on the
substitution pattern, this transition appears in increasing
energetic order for ortho > meta > para, both in the electron-
withdrawing and electron-donating series.

In what the photochemical ‘“‘active” states responsible
for the photochemical reactivity are concerned, i.e. the MLCT
transitions of d — =¥, character, several interesting
points arise. Such MLCT transitions are not found in the
unsubstituted compound 1 (or are mainly dark states)! but
they are in complex 2, and also in the other derivatives.
In particular, the d,,_,» — =%, excitation, responsible
for efficient m-back donation (see section 3.1), is present
in all complexes. For complex 1, it is predicted at 404 nm
with a very small oscillator strength. For the electron-donating
series this transition appears blue-shifted at 374, 396 and
374 nm, in complexes 6, 7, and 8, respectively (see Table 3).
Modest oscillator strengths are observed in all complexes,

except in the ortho derivative (6), where the wavefunction
is mixed.

For the electron-withdrawing series a red-shift of this peak
is observed in 3 and 4 with excitations at 417 and 423 nm,
while in complexes 2 and 5 the excitations are slightly
blue-shifted or unaffected, respectively. It should be noted
that this transition is also mixed in the para-compound
(see S; and Syy).

Other strong MLCT transitions of d — ©*,;, character are
found in the electron-withdrawing series which are absent in
the electron-donor and the unsubstituted compounds. Thus,
for complexes 2 and 5 there are at least another two very
intense d — m*,y excitations (S,4 and Sys for complex 2 and
S43 and Sez for complex 5, see Table 3). Interestingly, it
seems that intense d — =¥, transitions (as in 2 and 5)
are a consequence of both—steric hindrance between the
phenyl rings due to ortho-substitution and electron-
withdrawing groups. Therefore, we predict these two com-
plexes should be most efficient in showing C—C activation.
In complexes 3 and 4 there are another one (S3g) and two
(S36 and Ss4) d — 7*, transitions, respectively. In contrast, in
the electron-rich compounds there are only few additional
d — 7m*, transitions (see Ss¢ in 7 and Ss; in 8). This indicates
that complexes 6-8 should also be subject to C—C activation,
albeit be less efficient than their electron-withdrawing
counterparts. We note that MLCT transitions from the Pt to
the bis-phosphine are very weak and thus they are not listed in
Table 3.

In summary, both the pattern substitution and the
electronic nature of the substituent play an important role in
determining the presence or absence of the photochemical
active MLCT states of d — w*,; character. Obviously, upon
sunlight irradiation depopulation of the dp; orbitals and
concomitant population of the n*, are the more efficient
the more and brighter states are available. Such states promote
an additional m-back bonding, hence weakening the hapto-
coordination of the metal to the tolane group and then
favoring the C-C insertion rearrangement products.
Therefore, the electron-acceptor derivatives and the ortho-
derivative 6, due to the major number of d — m*,), excitations

This journal is © the Owner Societies 2009
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Table 3 Main singlet excitations contributing to the absorption spectra of compounds 1-8 with excitation energies (AE) in nm and oscillator

strengths f°
State AE/nm f Assignment State AE/nm f Assignment
1
S, 501 0.039 Taik = T*appbe (98%) LLCT Sis 390 0.060 dyooyo = 7* (95%) MLCT
Si 411 0.082 Tax — Tk (34%) IL Sa3 364 0.043 dyooyo = m* (92%) MLCT
Tax — 7F (18%) LLCT
dioy2 > Tk (18%) MLCT
Siz 404 0.009 dyooyo = ¥k (63%) MLCT Sus 317 0.116 Tax — T (58%) LLCT
Sia 395 0.088 Tk — T (65%) LLCT
2
S; 452 0.034 Taik = T*gppbe (86%) LLCT S4s 330 0.069 d,. = m¥x (69%) MLCT
S]] 392 0.023 dx2—y2 - Tt*ulk. (650/0) MLCT S51 318 0.063 dx_- — ¥ (34%) MLCT
dyoyo = ¥ (29%) MLCT
Sis 376 0.040 dyo_y2 = m* (88%) MLCT Se1 305 0.013 Tk = O*cpr (43%) LLCT
So4 357 0.124 dyooyo = m* (35%) MLCT
d., » ¥ (26%) MLCT
3
S, 478 0.041 Taik = Tgppbe (81%) LLCT S37 336 0.053 dyoyo = m* (43%) MLCT
Ss 430 0.107 Tax — Tk (50%) IL Ssg 335 0.025 d,. = m*x (33%) MLCT
S; 417 0.010 dyooyo = ¥k (74%) MLCT Sug 322 0.051 d,. —» m* (22%) LLCT
Talk — ¥ (17%) MLCT
Siz 404 0.044 Tax — 7 (73%) LLCT Se1 291 0.035 d,. - w* (32%) MLCT
dx2—y2 - G*C Br (300/0) MLCT
4
S, 492 0.041 Taik = T*gppbe (81%) LLCT S36 337 0.015 d,. = m* (84%) MLCT
S4 439 0.152 Tk — Tk (50%) IL S4n 327 0.088 Tax — T (38%) LLCT
d,. —» ©* (22%) MLCT
S; 423 0.028 Tax — 7% (53%) LLCT Ssq 310 0.065 d,. - m*.x (47%) MLCT
di-y2 = T*ak (41%) MLCT
Si 412 0.093 Tak — 7* (40%) LLCT Se1 305 0.082 dyo_y2 = ©* (54%) MLCT
dyoyo = ¥ (16%) MLCT dy o — o*c g (19%) MLCT
Sie 383 0.043 dyo_y2 = m* (98%) MLCT
5
S; 444 0.041 Tk = T*gppbe (86%) LLCT Sa6 355 0.013 Tak — O*c pr (49%) LLCT
S; 404 0.031 dya—yo = mHak (63%) MLCT Sa1 339 0.022 d,. = m* (63%) MLCT
Sis 378 0.066 dyyr = m* (44%) MLCT Sz 336 0.069 d,. - m* (50%) MLCT
d,. = ¥ (17%) MLCT
Si6 377 0.038 Tax — 7% (47%) LLCT Ss9 314 0.017 d,. - m* . (60%) MLCT
Sy 370 0.038 Tk — 7 (45%) LLCT Se3 311 0.039 d,. - n* (36%) MLCT
d,. = T (22%) MLCT
Soa 360 0.083 Tax — 7% (32%) LLCT
dyo_y2 = m* (26%) MLCT
6
S; 491 0.036 Taik = Tdppbe (87%) LLCT Sas 348 0.045 Tax — 7% (53%) LLCT
Sas 374 0.089 dyo—y2 = ¥ (43%) MLCT
dy o = T (38%) MLCT
7
S, 505 0.038 Tk = T*gppbe (99%) LLCT Sa1 340 0.041 dyo—yo = m* (80%) MLCT
Si 415 0.107 Tax — Tk (45%) IL Sse 321 0.039 d,. - m*.u (41%) MLCT
Sia 396 0.034 dyoyo = 7k (46%) MLCT Seo 315 0.040 T = T gpppe (76%) LLCT
Tax — 7 (38%) LLCT
Sis 388 0.045 dyoyo = 7* (93%) MLCT Sea 314 0.067 T = T*gppbe (96%) LLCT
8
S, 562 0.038 Taik = Tgppbe (99%) LLCT So4 367 0.045 dyoyo = m* (56%) MLCT
Sis 399 0.122 Tk — Tk (26%) IL Ss6 310 0.057 n — ¥ (69%) LLCT
dyoyr = m* (25%) MLCT
Tax — 7* (18%) LLCT
Sie 394 0.170 dyooyo = m* (72%) MLCT Ss7 310 0.038 d,. - ¥ (77%) MLCT
Soi 374 0.021 dyoyo = ¥k (92%) MLCT

and the very strong d,,_,» — m*, transition, respectively,
should yield more efficiently C—C rearrangement products
than complexes 1, 7 and 8, which might not react or present
less C—C bond cleavage.

Besides C—C bond activation, C—Br bond cleavage has
been observed experimentally in solution in compound 2
while in the solid state only the C—C insertion product was
achieved (recall Scheme 1).! A plausible reason why

C-Br activation does not occur in the solid state can be
derived by analyzing the crystal structure' of complex 2. In
view of the large distances found in the crystal between
the Br and the Pt atoms it is highly unlikely that the
products resulting from C-Br insertion are achieved either
via unimolecular or bimolecular processes. In solution,
however, mobility allows for a bimolecular approach.
From the electronic point of view, this activation requires
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HOMO-2 (d,,)

LUMO (°, ) LUMO+2 (n,,)

Fig. 4 Selected Kohn—Sham orbitals of complex 1.

C—C activation, plus a weakening of the C—Br bond after light
irradiation, and this can be rationalized looking for excitations
to the o*c_p, orbital. As can be seen in Table 3, LLCT and
MLCT transitions with ny — 6*c gy and dyo_yo = G*c g,
character are present in complexes 2 and 5 and 3 and 4,
respectively. Especially, in complex 4, this transition is rather
strong. Therefore, we predict that this complex is prone to
efficient C—Br activation.

3. Conclusions

In this paper, the influence of electron-donor and electron-
withdrawing substituents as well as the ortho, meta, and
para-substitution pattern have been analysed on the
electronic ground and excited states of (bisphosphine)Pt’
complexes. The nature of the bonding interactions in
the different derivatives has been described with the help of
the NBO method. Based on the second-order perturbative
stabilization energies, it can be concluded that the m-back
bonding interactions are very important for describing
the hapto-like coordination of the Pt atom to the alkyne,
amounting to half of the energy associated with the
o-bonding interactions. No remarkable substitution
effects have been found in the bonding of the herein studied
complexes.

The UV/Vis absorption spectra predicted with TD-DFT are
mainly characterized by MLCT, LLCT and IL transitions.
The d —» wn*, and d/m, — o*c_p, transitions have been
assigned to be responsible for C—-C and C-Br activation,
respectively. Our study shows that for the chosen complexes,
both the electronic nature of the substituent as well as the
steric effects between the phenyl rings of the tolane moiety
contribute to the appearance of the d — m*,; bands, and the
consequent tuning of the photochemical reactivity. Since the
d - w*, bands are predominant and stronger in complexes
with electron-withdrawing substituents at ortho-positions, it is
expected that such complexes should undergo a C—C bond
cleavage to a major extent.
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A series of various (diphosphine)(m?*-tolane)Pt’ complexes exhibiting manifold substitution pattern of
the tolane ligand (5a—g) and different rigid diphosphines defining various bite angles at the Pt center
(9a-b) have been synthesized. All compounds were isolated and characterized by means of
spectroscopic methods and additionally by X-ray structure determination (Sa—e, 9a—b). In view of
potential C,,,;—C.u,ny bond activation, we investigated their photochemical behavior in the solid state as
well as in solution by irradiating with sunlight. The reactivity towards C,,;—Cepymy bond activation in
the crystalline state and in solution is discussed in relation to substituents attached to the tolane ligand
and on the extent of the torsion of its phenyl rings. Complexes 5a—c and 9a either bearing electron
withdrawing bromides or possessing a large dihedral angle of the phenyl rings, showed selective
oxidative addition of the C,,;—Cyy bond to the Pt center in the solid state, yielding complexes 6a—c
and 10a, respectively. In contrast, 5d—f and 9b proved to be unreactive under similar conditions because
of their electron donating methoxy groups as well as the reduced twisting of their phenyl or pyridyl
moieties of the tolane ligands. Irradiation of complexes 5a and 5b with sunlight in solution revealed the
formation of the appropriate C—Br activated compounds 7a and 7b along with 6a and 6bina 1:1
mixture. The observed photochemical C,,;—Cepyny bond activation is reversible under thermal
conditions, regaining the appropriate Pt’ complexes by reductive elimination.

Introduction

The activation of carbon—carbon bonds by using metal complexes
in a homogeneous medium has attracted much interest particular
in view of applications in petroleum chemistry."* During the last
decades some examples for C—C bond activation by means of
oxidative addition on a metal complex have been reported. Most
of them are driven by relief of ring strain** in the corresponding
insertion products or the fact that the C—C bond is forced to react
with the metal center by proximity.>>* On the other hand, only
a few examples for the activation of unstrained C-C bonds are
known so far.®” The principal reasons for this scarcity of examples
might be the more favorable C—H bond activation due to the higher
activation barrier of C-C bonds® and the considerably increased
stability of the resulting metal-hydrogen bond in comparison
with the corresponding metal-carbon bond.” However, C—C bond
cleavage also depends on the nature of the respective C—-C bond.
Although C,,,—C,,, or C,,;—C,y, bonds are generally stronger than
Ciyi—Clay bonds their activation by rhodium or iridium complexes

“Institut fiir Anorganische und Analytische Chemie, Friedrich-Schiller-
Universitdit Jena, August-Bebel-Str. 2, 07743, Jena, Germany. E-mail:
wolfgang. weigand@uni-jena.de; Fax: +49-3641-948102; Tel: +49-3641-
948160
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T CCDC reference numbers 743160 (for 5a), 743161 (for 5b), 743162 (for
5c), 743163 (for 5d), 743164 (for Se), 743165 (for 6b), 743166 (for 7b),
743167 (for 9a) and 743269 (for 9b). For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b925562a

has been reported.”"® The determined metal-C,,,, bond strength
of the resulting product, which is significantly higher than that of
a metal-C,,,, bond, was supposed to be the driving force of these
reactions.

However, beside the thermal activation of inactivated C—
C bonds, Jones et al. reported on the oxidative addition of
Pt” complex fragments to the C,,—Cpmy bond of coordinated
diphenylacetylene derivatives (tolanes) via irradiating solutions
of these complexes with UV light."* Interestingly, C—C bond
cleavage in this system is only observed under photochemical
conditions and not via thermal treatment of the Pt® complexes.

Therefore, the framework of a tolane ligand coordinated to a
(diphosphine)Pt’ complex fragment is estimated to be a efficient
system for studying the driving force of this type of photochemical
C-C bond activation. In this context, Jones et al. investigated the
influence of the substitution pattern of the tolane ligand on the
photochemical reactivity of its appropriate platinum complex.' Tt
was shown that stabilization of the addition products is achieved
when electron withdrawing groups were introduced and therefore,
the activation energy of the bond cleavage can be tuned by the
choice of the acetylenic ligand.

Recently we could show that the aforementioned C-C bond
activation is not restricted to the solution state. By irradiating
crystals of (dppbe)(n?*-2,2’-dibromotolane)Pt’ (1) with sunlight a
highly selective insertion of the (dppbe)Pt moiety into the C,.,—
Cenyny bond was observed (Scheme 1)."* The different photochem-
istry of this complex compared to that of (dppbe)(m?>-tolane)Pt’
was explained by remarkable differences in their calculated
UV/Vis spectra and electronic transitions included therein.® A
conspicuous feature of 1 in the solid state is the twisting of

This journal is © The Royal Society of Chemistry 2010
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Scheme 1 Selective C-C bond cleavage in the solid state via irradiation
of crystals of (dppbe)(1?-2,2’-dibromotolane)Pt’ with sunlight.

either phenyl groups of the tolane ligand against each other. Their
spatial orientation is caused by the repulsion of both ortho-bonded
bromine atoms."® Additionally, the reported solid-state reaction of
1 might be explained by the electron-withdrawing nature of the
bromine atoms as well.

In order to study the effect of the spatial orientation of the
phenyl groups as well as the influence of attached electron donating
groups (EDGs) and electron withdrawing groups (EWGs), we
synthesized a series of novel (diphosphine)Pt’ complexes with
different tolane ligands. Hence, their photochemical behavior in
the solid state as well as in solution was paid main attention
to. A detailed discussion supported by density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)
methods of the different reactivity will be given in part B.{

Results and discussion

According to our previously reported synthesis of
(diphosphine)(nbe)Pt” [nbe = norbornene] complexes,'* the
required (dppbe)Pt(m*-tolane) complexes Sa—g were prepared
by reaction of (dppbe)PtCl, (3) with sodium borohydride in
dichloromethane-ethanol and subsequent treatment with the
appropriate tolane derivative 4a—g (Scheme 2). Complexes Sa—g
were obtained analytically pure as yellow to orange solids via
crystallization by diffusion of pentane into concentrated toluene
or benzene solutions of the appropriate crude products. The
'P{'"H} NMR spectra of Sa—c and Se-g revealed a singlet along
with the appropriate Pt satellites, pointing to their symmetrical
conformation. In contrast, the unsymmetrical complex 5d shows
an AB spin-system pattern in the *P{'"H} NMR spectrum,
consisting of two coinciding doublets together with Pt satellites.

i D. Escudero, T. Weisheit, W. Weigand and L. Gonzalez, Photochemical
behavior of (diphosphine)(m’-tolane)Pt’ complexes in solution and in
the solid state; Part B: Theoretical part, Dalton Trans., 2010, 39, DOI:
10.1039/B925928G.
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The chemical shifts (51.3-52.6 ppm) as well as the ' Jp, coupling
constants (3063-3143 Hz) of 5a—g are in a narrow range, suggest-
ing only minor influence of the acetylene ligand on the electronic
nature of the Pt complex fragment. The purity and constitution
of Sa—g were confirmed by satisfying elemental analysis as well as
mass spectrometry. Additionally, the results of the X-ray structure
determination of 5a—e (Fig. 1) prove the proposed structures of
these complexes. Selected bond lengths and angles are summarized
in Table 1 and are comparable with those reported for related Pt°-
tolane complexes.''™ The experimentally measured values are in
good agreement with the theoretically calculated ones (Table 1).
Noteworthy differences are only observed for torsion angles C(8)—
C(3)-C(9)-C(14), which are more sensitive to packing effects. The
arrangement of the ligands around the platinum center is distorted
square-planar for each complex. Due to the © back donation (dp,
— T ) the bond lengths C(1)-C(2) are significantly longer
than those reported for uncoordinated alkynes.’® Furthermore,
the decline of the angles C(1)-C(2)-C(3) and C(2)-C(1)-C(9),
compared to uncoordinated tolanes (180°), is in good accordance
with the increased alkene character of the formerly alkynes. The
importance of the m back donation in these complexes was also
verified by means of natural-bond-order (NBO) calculations."”

As a consequence of the m back donation, the wave numbers
of the V(C=C) are perspicuously shifted to smaller values for
coordinated alkynes.'®

In continuation of the results achieved with 1, we first focused
on the photoreactions of 5a in the solid state and in solution.
This complex shows a torsion angle C(8)-C(3)-C(9)-C(14) (see
Table 1) of 30.7°, which is remarkably smaller than that of 1,
promising decreased steric influence compared to 1. Nevertheless,
both bromine atoms in para-position should provide a comparable
electronic contribution to the reactivity as observed for 1. Indeed,
the irradiation of crystalline 5a with sunlight for 12 days resulted
in the selective conversion into a new unsymmetrical complex
in 90% yield based on the *'P{'H} NMR data. Its "P{'"H} NMR
spectrum shows two doublets at 50.6 and 49.2 ppm along with '**Pt
satellites. The observed 'Jpp, coupling constants (2467/1575 Hz)
agree with the formation of the corresponding C-C activated
counterpart 6a (Scheme 3). Complex 6a was isolated by column
chromatography and obtained as pale yellow powder. Strong
absorption at v=2112 cm™ in the IR spectrum verifies the end-on
coordination of the alkyne ligand. The constitution and purity of
6a was unambiguously confirmed by mass spectrometry as well as
elemental analysis.

As expected, this selectivity vanishes when 5a is irradiated in
toluene solution. The *'P{'"H} NMR spectrum of the reaction
mixture shows two AB spin systems with corresponding Pt

Scheme 2 Synthesis of (dppbe)(n>-tolane)Pt” complexes 5a—g.
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Table 1 Selected bond lengths [/i] and angles [°] of complexes 5a—e and 9a-b. The corresponding calculated values are given in italics*
5a Sb Sc 5d Se 9a 9b
P(1)-Pt 2.2569(14) 2.2499(11) 2.2498(14) 2.2650(13) 2.2508(14) 2.2541(14) 2.2658(14)
2.333 2.333 2.324 2.335 2.333 2.319 2.344
P(2)-Pt 2.2583(14) 2.2463(11) 2.2686(13) 2.2566(13) 2.2453(14) 2.2507(14) 2.2707(16)
2.335 2.325 2.331 2.333 2.328 2.315 2.348
C(1)-Pt 2.027(6) 2.049(4) 2.064(6) 2.030(5) 2.041(5) 2.047(6) 2.045(6)
2.082 2.101 2.101 2.077 2.064 2.099 2.101
C(2)-Pt 2.039(6) 2.040(4) 2.042(5) 2.041(5) 2.027(6) 2.052(6) 2.059(6)
2.084 2.089 2.090 2.081 2.079 2.102 2.103
C(1)-C(2) 1.295(8) 1.302(6) 1.300(7) 1.293(8) 1.299(9) 1.288(8) 1.295(8)
1.312 1.305 1.304 1.312 1.314 1.305 1.306
P(1)-Pt-P(2) 85.00(5) 86.47(4) 86.25(5) 86.63(5) 87.28(5) 88.10(5) 102.79(5)
85.0 85.7 85.7 84.8 85.3 91.8 102.1
C(1)-Pt-C(2) 37.1(2) 37.13(18) 36.9(2) 37.0(2) 37.3(2) 36.6(2) 36.8(2)
36.7 36.3 36.3 36.8 37.0 36.2 36.2
C(1)-C(2)-C(3) 144.4(6) 153.2(4) 146.9(6) 144.3(5) 144.0(6) 149.1(6) 145.5(6)
146.7 149.8 150.1 145.1 144.4 145.5 145.9
C(2)-C(1)-C(9) 145.9(6) 149.0(4) 141.2(5) 143.4(5) 144.6(6) 149.2(6) 146.8(6)
147.5 146.6 146.9 144.7 144.9 148.4 146.0
C(8)-C(3)-C(9)-C(14)® 30.7(6) 63.4(4) 71.0(6) 6.4(7) 26.9(6) 121.9(6) 75.6(6)
18.9 92.2 91.9 3.6 7.3 96.5 72.5

“ Theoretical values were calculated using the BP86/TZVP(ecp-mwb-60 for Pt) level. ® Torsion angle between both phenyl groups of the appropriate
tolane ligand; for 5d this angle is defined as N(1)-C(3)-C(9)-C(10) and for 5e C(4)-C(3)-C(9)-N(2), respectively.

c(10)
N(1)

5d

Fig. 1

N(2)

Molecular structures of complexes 5a—e with thermal ellipsoids at 50% probability level. Hydrogen atoms and solvent molecules have been

omitted for clarity. The phenyl groups of the dppbe ligand are represented by their ipso-carbon atoms. Selected bond lengths and angles are summarized

in Table 1.

satellites, indicating the presence of two unsymmetrical complexes
in a 1:1 ratio, whereas one of them was identified as 6a and
the second complex showed resonances at 49.3 and 43.2 ppm
with appropriate 'Jpp, coupling constants of 1658 and 3988 Hz,
respectively. The value of almost 4000 Hz points to the presence of
a bromine ligand trans to a phosphorous atom, as observed for the
C-Br activated counterpart of 1,"* hence the formation of complex
7a is likely (Scheme 4), but nevertheless attempts to isolate 7a by
column chromatography failed.

These results show that the presence of the bromine moieties
at the coordinated tolane ligand mainly increases the reactivity
towards C—C bond activation. Indeed, the *'P{"H} NMR spectra

of irradiated samples of 5b and Sc revealed the conversion of
the starting materials to the appropriate C—C activated Pt" coun-
terparts 6b and 6c¢ (Scheme 3), indicated by two doublets along
with Pt satellites, respectively (for 6b: 50.1/48.9 ppm, 'Jpp =
2474/1639 Hz and for 6¢: 50.5/48.6 ppm, 'Jpp, = 2469/1561 Hz).
Interestingly, after similar reaction periods 45% of Sb are converted
to 6b, but only 25% of 5c¢ have been reacted to 6¢. The torsion
angles of 5b and Sc¢ have approximately the same value due to the
ortho-bonded methyl groups, which should provide a comparable
sterical contribution to the reactivity. However, methyl groups also
possess a marginal electron donating character, countervailing the
electron withdrawing properties of the bromine substituents in
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Scheme 3 Selective formation of the C-C activated compounds 6a—c
by irradiation of the appropriate (dppbe)(n?-tolane)Pt’ complexes with
sunlight.

Ph,
P~ Br
Pt
P/
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Scheme 4 Irradiation of the bromo-substituted complexes in solution
results in the formation of the C-C activated compounds 6 and the C-Br
activated ones 7 in a 1 : 1 ratio.

5b, which might explain the reduced conversion of 5b and Sc in
comparison to 5a.

The reaction of 5b in toluene solution resulted in the formation
of two complexes in a 1 : 1 ratio, which were found to be the C-C
activated product 6b and the C-Br activated compound 7b, with
respect to the *'P{"H} NMR data of the crude product (Scheme 4).
Column chromatography of the product mixture yielded both
complexes in analytical purity, which was verified by spectroscopic
methods and elemental analysis. The *P{'"H} NMR spectra of
6b and 7b revealed two doublets as well as the corresponding
1Pt satellites due to their unsymmetrical conformation (for 7b:
49.6/43.0 ppm, 'Jpp = 1684/4090 Hz). The 'Jpp, values of 7b are
comparable to that of 7a, verifying the insertion of the (dppbe)Pt°
complex fragment into one of the C-Br bonds. The proposed
molecular structures of 6b and 7b are unambiguously confirmed
by the results of the X-ray structure determination (Fig. 2 and 3).

The arrangement of the ligands around the metal center is
slightly distorted from square planarity. The remarkably enlarged
bond length Pt-P(1) in comparison to Pt-P(2) in complex 7b can
be plausibly explained by the greater extent of the frans-influence
of the sp* hybridized carbon atom. In contrast to the appropriate
(dppbe)(m?*-tolane)Pt’ complex, the bond lengths C(1)-C(2) and
C(8)-C(9) in compounds 6b and 7b, respectively, are in the typical
range of carbon-carbon triple bonds. Furthermore, the end-
on coordination of the alkyne to the platinum atom in 6b is
underlined by the detected strong absorption at v = 2110 cm™
in the corresponding IR spectrum.

Irradiation of a toluene solution of S¢ with sunlight for
approximately 10 days, results in the selective formation of 6¢. No
evidence for activation of the carbon-methyl bond was detected in
the 'H and the *' P{'H} NMR spectra. The yield, calculated on the
basis of the *P{'"H} NMR spectrum, increases to approximately

Fig.2 Molecular structure of 6b with thermal ellipsoids at 50% probabil-
ity level. Hydrogen atoms have been omitted for clarity. The phenyl groups
of the dppbe ligand are represented by their ipso-carbon atoms. Selected
bond lengths [A] and angles [°]: P(1)-Pt 2.2761(14), P(2)-Pt 2.2709(14),
C(1)-Pt 2.022(6), C(10)-Pt 2.093(5), C(1)-C(2) 1.193(8), P(1)-Pt-P(2)
86.64(5), P(1)-Pt—C(1) 90.63(15), P(2)-Pt-C(10) 94.23(15), C(1)-Pt-C(10)
88.6(2), Pt—C(1)-C(2) 173.5(5).

Fig. 3 Molecular structure of 7b with thermal ellipsoids at 50%
probability level. Hydrogen atoms and solvent molecules have been
omitted for clarity. The phenyl groups of the dppbe ligand are
represented by their ipso-carbon atoms. Selected bond lengths [A]
and angles [°]: P(1)-Pt 2.2806(19), P(2)-Pt 2.2082(17), C(1)-Pt
2.099(8), Pt-Br(1) 2.4679(8), C(8)-C(9) 1.176(10), P(1)-Pt-P(2) 87.62(6),
P(1)-Pt—Br(1) 90.35(5), P(2)-Pt—C(1) 93.02(19), C(1)-Pt—Br(1) 89.01(18),
C(4)-C(8)-C(9) 175.9(8).

75% compared with 25% in the respective experiment in the solid
state.

Considering these previous observations, the question arises
whether the insertion of the Pt° complex fragment into the
Ciryi—Cenyny bond occurs intramolecular or intermolecular in the
crystalline state. Taking a closer look to the arrangement of
the (diphosphine)(n?-tolane)Pt” complexes in the crystal ought
to be a simplified estimation concerning this problem. Fig. 4
exemplarily shows the alignment of 5a in the solid state. The
shortest distance between two platinum atoms of neighbouring
molecules of 5a (labeled as A and B) was determined to be
7.45 A. The tolane moiety of B, highlighted as purple triangle,
is evidently not directed to the Pt center of A, suggesting that
their distance is not significantly shorter than 7.45 A. Indeed,
approximated distances, calculated between the Pt atom of A and
one of the C,y,,, atoms of B, were found to be 7.07 A and 7.84 A°,
respectively. Regarding that typically observed distances among
reactive centers in the course of photochemical reactions in the
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Fig. 4 Section of the crystal-state arrangement of Sa. Platinum atoms
are depicted as green colored spheres. Intermolecular Pt--- Pt distances
are represented by dashed lines, whereas red lines exhibit a length of
approximately 10-13 A and the shortest contact (7.45 Ac) is emphasized by
a blue colored dashed line.

solid state are generally in the range of 4 A,"‘ a bimolecular
reaction mechanism can be excluded. However, an intramolecular
attack of the (diphosphine)Pt moiety on the C,,;—Cymy bond after
a photo-excitation of 5a (see Part Bf) seems to be more plausible
due to the close proximity of the Pt atom to the regarded bond.
This might result in a reduced activation barrier for C-C bond
activation and explains the high selectivity in the solid state. The
determined intermolecular Pt - - - Pt distances of complexes 5b—5g
and 9a-b are comparable to those of 5a. Therefore, an expansion of
the postulated mechanism of the solid state C—C bond activation
to these complexes ought to be justified.

On the contrary, the formation of the C—Br activated compound
7a via irradiating Sa in solution can be reasonably explained by a
“ring-walking” mechanism of the (diphosphine)Pt moiety along
the m-system of the tolane ligand as similarly described for bromo
substituted stilbene and azostilbene derivatives coordinated to a
(PEt;),Ni" as well as (PEt;),Pt complex fragment.?

The photochemical conversions of 5a—c to their C-C activated
counterparts suggest that the reactivity towards C—C bond cleav-
age in the solid state obviously depends on the electronic nature
of the used tolane ligand as well as on the spatial orientation
of its phenyl groups (for a detailed explanation see Part Bf). In
view of a minimization of potential steric influences, complexes
5d and 5e have been synthesized. The decreased steric bulkiness
of the pyridyl groups allows an almost coplanar arrangement in
the corresponding complexes, as reflected by the torsion angles
of 6.4° and 26.9° found for complexes 5d and Se, respectively
(Table 1). Therefore, crystalline samples of 5d and Se were
placed in the sunlight for approximately two weeks. After this
period, no obvious alterations of these samples were observed.
Their *'P{'"H} NMR spectra revealed the signals of the starting
material unchanged, indicating that no photoreaction occurred
(Scheme 95).

The photolysis of 5d and 5e in solution resulted in the formation
of some unidentified side products. No signals assignable to the
corresponding C—C activated products have been detected in the
appropriate *'P{"H} NMR spectra.

Rs X| Y| R | R
z d| N |[CH| H | H
‘ thx \ e| N N H H
sunlight p\ e f| CH| CH|OMel H
5d-g +~ Pt L glCH|CH| H OMe
solid state ghz \\ Ri
B
6d-g Y/
—_—

Rz

Scheme 5 Complexes 5d—g are non-reactive towards sunlight in the solid
state.

In order to study the influence of EDGs attached to the
tolane ligand, complexes 5f and 5g were placed in the sunlight
for photoreactions. However, neither 5f nor 5g showed any
rearrangement towards C—C or C—O bond activation with respect
to the *'P{"H} NMR spectroscopic data (Scheme 5). These results
suggest an inhibition of C-C bond cleavage in the solid state
by the presence of EDGs on the tolane moiety. Furthermore, in
the case of 5f, this inhibition-effect seems to be stronger than a
potential C—C bond activation arising from the spatial orientation
of the phenyl rings, because its dihedral angle ought to be in the
same range as observed for the other complexes bearing ortho-
substituted tolanes. Single crystals of 5f and 5g were of poor
quality and not suitable for X-ray structure determination. Hence,
no information of the alignment of the phenyl groups in the solid
state is available. However, some information can be extracted
from the theoretical optimized geometries of 5f and 5g, which
predict C(8)-C(3)-C(9)-C(14) torsion angles of 72.2° and 20.1°,
respectively. Due to its greater torsion angle, in comparison with
5g, we expect complex 5f to be prone in view of C-C bond
activation. Accordingly, the photolysis of 5f in toluene solution
resulted in the predominant formation of 6f, which was verified
by the presence of an AB spin system pattern accompanied
with Pt satellites (49.5/47.6 ppm, 'Jpp, = 2473/1687 Hz) in
the *P{'"H} NMR spectrum. The reaction of 5g under similar
conditions revealed almost no conversion into the corresponding
insertion product 6g, based on the *'P{'H} NMR spectroscopic
data. However, attempts to isolate compounds 6f and 6g by means
of column chromatography failed.

In order to investigate the influence of the bridging diphosphine
ligand on the reactivity, we focused on one tolane ligand (4¢) and
synthesized two additional Pt” complexes (9a—b) with diphosphine
ligands promising different bite angles P-Pt-P. Compounds 9a
and 9b were prepared by reduction of the appropriate Pt" metal
precursor (8a—b) with sodium borohydride in dichloromethane—
ethanol solution and subsequent treatment with 4¢ (Scheme 6).
Diffusion of pentane into saturated benzene solutions of the crude
products afforded orange (9a) and pale yellow (9b) crystals in
analytical purity. The *P{'"H} NMR spectra of 9a and 9b show
a singlet with Pt satellites at 17.4 and 13.6 ppm, respectively.
Interestingly, the 'Jpp, values increase with the corresponding bite
angles of the diphosphines. A similar correlation between these
values was already observed in related systems.'*2"2

The molecular arrangements of 9a and 9b were unambiguously
confirmed by the results of the X-ray structure determination
(Fig. 5 and 6). Both complexes exhibit a distorted square-planar
coordination geometry. Selected bond lengths and angles are
summarized in Table 1 and comparable with those determined
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Scheme 6 Synthesis of (diphosphine)(n?-2,2’-dimethyltolane)Pt’ com-
plexes 9a-b, bearing diphosphines with different bite angles.

Fig. 5 Molecular structure of 9a with thermal ellipsoids at 50% proba-
bility level. Hydrogen atoms and solvent molecules have been omitted for
clarity. The phenyl groups of the 1,8-bis(diphenylphosphanyl)naphthalene
ligand (dppn) are represented by their ipso-carbon atoms. Selected bond
lengths and angles are summarized in Table 1.

Fig. 6 Molecular structure of 9b with thermal ellipsoids at 50% proba-
bility level. Hydrogen atoms and solvent molecules have been omitted for
clarity. The phenyl groups of the o0/ -bis(diphenylphosphanyl)-o-xylene
[dpp(o-xyl)] ligand are represented by their ipso-carbon atoms. Selected
bond lengths and angles are summarized in Table 1.

for Sa—e, except the angles P(1)-Pt-P(2) which are predetermined
by the particular diphosphine. The torsion angle of the phenyl
rings of the tolane ligand in 9b was experimentally determined
to be 75.6°, which is in good agreement with the theoretically
calculated value of 72.5° (Table 1) and thus, is comparable to that
in Sc. In contrast, the appropriate angle in 9a was found to be
significantly enlarged to 121.9°.

If crystals of 9a are irradiated with sunlight for two weeks,
smooth fading of the orange color was observed pointing to

a photochemical induced reaction. Indeed, the *P{'"H} NMR
spectrum of this sample displayed full conversion of 9a to an
unsymmetrical complex characterized by two doublets at 11.9 and
9.0 ppm. The 'Jpp, values (2427/1499 Hz) are comparable to those
determined for 6a—c, pointing to the formation of 10a (Scheme 7).
The IR spectrum of 10a shows strong absorption at v=2112 cm™,
typical for an end-on coordinated alkyne ligand. In contrast, a
crystalline sample of 9b, which was placed in sunlight for a similar
period, did not show any visible alterations as confirmed by the
unchanged *'P{'"H} NMR spectrum.

Ph,
(R

P

P
W AN

10a

sunlight

9a .
solid state /
toluene

Scheme 7 The dppn complex 9a shows light induced selective C-C bond
cleavage in the crystalline state as well as in solution.

The exposure of a toluene solution of 9a to the sunlight resulted
in the exclusive formation of 10a, as can be followed by *'P{'H}
NMR spectroscopy. On the contrary, the *'P{'"H} NMR spectrum
of a solution of 9b, irradiated with sunlight for several days,
indicates almost no conversion of 9b except for a small amount
of the dioxidized phosphine ligand (33.0 ppm). On the one hand,
the differences in the reactivity of 9a/9b in solid state and solution
might be explained by the remarkably different torsion angles
of the phenyl rings of the coordinated 4¢. On the other hand, a
clear trend in the relation between the phosphine chelate ring size
(and hence the bite angle P-Pt-P) and the reactivity is evident.
Whereas 5¢ and 9a, realizing 5- and 6-membered chelate rings,
respectively, and exhibiting relatively small P-Pt-P angles (86—
88°), are reactive towards sunlight in the solid state and in solution,
9b proved to be unreactive under similar conditions, as mentioned
above. This complex exhibits a 7-membered chelate ring with an
appropriate P-Pt-P angle of almost 103°. These miscellaneous
diphosphines are known to influence the electronic nature of
the appropriate Pt” fragment,” what might explain the different
reactivity of complexes Sc, 9a and 9b in the solid state and in
solution, respectively. A detailed discussion concerning the factors
influencing the reactivity is given in Part B.

Generally, the described photochemically induced C-C bond
activation is thermodynamically uphill, hence the reactivity is
reversible under thermal conditions. In order to prove this
assumption for the specified complexes Sa—c, 5f and 9a, which
show C-C bond activation, their thermal induced back reactions
were investigated (for mechanistic DFT studies see Part Bi).
Therefore, toluene-dy solutions of Sa—c¢, 5f and 9a where placed in
NMR tubes and exposed to sunlight. After 10 days the formation
of the corresponding Pt" counterparts was confirmed by *'P{'H}
NMR spectroscopy and thereupon the NMR tubes were sealed
and placed in an oil bath at 100 °C. After 6 days a *'P{'H}
NMR spectrum of each sample was recorded. The *'P{'"H} NMR
spectroscopic data of the experiments on 5S¢, 5f and 9a revealed
the quantitative re-conversion of the photochemically generated
Pt" complexes 6¢, 6f and 10a into the appropriate Pt° complexes
(Scheme 8).
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Scheme 8 Photochemical C-C bond cleavage in (diphosphine)(n?-
tolane)Pt’ complexes is reversible under thermal conditions.

If 1:1 mixtures of 6a and 7a as well as 6b and 7b, obtained
by irradiating solutions of 5a and 5b with sunlight, respectively,
are treated in a similar manner, the *P{'"H} NMR spectra only
revealed the re-conversion of 6a and 6b into 5a and 5b (Scheme 8),
whereas the signals of 7a and 7b remained unchanged. This
underlines the irreversible light induced oxidative addition of
the C-Br bond to the (diphosphine)Pt” moiety in 5a and 5b,
respectively (Scheme 9). The irreversibility of the C-Br bond
activation reaction is addressed in Part B,} where mechanistic
DFT studies show that the appropriate backwards thermal
reductive elimination is thermodynamically uphill.

Br

toluene O
100°C L. R,

Pt

4 1

5a-b O
Br

L = 1/2 dppbe R4 =H, Me

Scheme 9 Complexes 7a and 7b are stable towards higher temperatures
and show no rearrangement to 5a and 5b, respectively.

Conclusions

In summary, we were able to extend our previously reported
simple and straightforward synthesis of (diphosphine)(tolane)Pt’
complexes to a new series of complexes (Sa—g and 9a-b), bearing
tolane ligands with manifold substituent patterns. Comparison
of their reactivity towards C—C bond activation showed that on
the one hand the spatial orientation of the phenyl rings of the
tolane ligand and on the other hand the electronic properties
of substituents attached to the tolane moiety influence the light
induced intramolecular oxidative addition of the C,;—C,yn, bond
to the Pt’ moiety in the crystalline state as well as in solution.
While compounds 5d-g, exhibiting either a relatively small twisting
of the phenyl or pyridyl rings of the tolane ligand or strong
EDGs, are unreactive towards sunlight, complexes 5a—¢ and 9a
could be selectively converted to the appropriate C-C activated
counterparts. Additionally, solution state photolysis of 5a and 5b,
bearing bromo substituted tolane ligands, leads to 1 : 1 mixtures of

the C-C activated as well as the C—Br activated complexes 7a and
7b. The formation of 7a and 7b can be reasonably explained by a
“ring walking” mechanism of the Pt° complex fragment on the nt-
system of the ligand resulting in C-Br bond activation. However,
the highly selective formation of the C-C activated complexes in
the crystalline state might be caused by the close proximity of both
reactive sites of the appropriate complex. The observed C-C bond
cleavage proved to be reversible under thermal conditions, whereas
the insertion of the Pt° complex fragment in the C-Br bonds turned
out to beirreversible, pointing to the thermal stability of complexes
7a and 7b, respectively.

In order to render the mechanism of this bond cleavage
in the crystalline state precisely, more information about the
excited states in the course of the reactions are indispensable.
Therefore, results of theoretical calculations on the UV-spectra of
the (diphosphine)(n?-tolane)Pt” complexes are presented in Part
B of this work,  which should substantiate the factors influencing
the different reactivity towards C—C bond cleavage.

Experimental section
General considerations

Unless otherwise stated, all reactions were carried out under an
atmosphere of argon by using standard Schlenk techniques. All
chemicals were purchased from commercial suppliers and used
without further purification. The starting materials (dppbe)PtCl,
(3),* (dppn)PtCl, (8a),” (dpp(o-xyl))PtCl, (8b)** as well as the
tolane derivatives 4d* and 4e” were prepared according to
literature procedures. Compounds 4a,® 4¢,” 4f*° and 4g* are
known from literature and were synthesized in a similar manner as
the synthesis of 4b described below. The determined spectroscopic
data are in good agreement with the reported ones. The NMR
spectra were recorded either with BRUKER AVANCE 400 or
BRUKER AVANCE 200 spectrometers at 27 °C. "H NMR spectra
were calibrated using the signal of the residual non-deuterated
solvent, while "C{'"H} NMR spectra were measured using the
signal of the solvent as internal standard. *'P{"H} NMR spectra
were determined using 85% H;PO, as external standard. The
assignment of the signals in the '"H and "C{'H} NMR spectra
of compounds 5a-g and 9a-b was performed by means of two-
dimensional NMR methods (‘H,'H-COSY, 'H,*C-HSQC and
'H,"C-HMBC). The protons as well as carbon atoms of the
appropriate tolane ligand are labeled according to Scheme 2,
whereas the signals of the ethynyl carbon atoms could not be
detected due to their low intensity. The complexity of the 'H
and "C{'H} NMR spectra of compounds 6a, 7a, 7b and 10a
disabled an exact assignment for most of the signals, even by
applying two-dimensional NMR methods. Mass spectra were
taken with a FINNIGAN MAT SSQ 710 mass spectrometer. IR
spectra were recorded with a PERKIN ELMER system 2000
FT-IR spectrometer. Elemental analyses were performed with
a Vario EL III CHNS (Elementaranalysen GmbH Hanau) as
single determinations. Melting points were determined using an
AXIOLAB microscope with a THMS 600 heating plate and are
uncorrected.

2,2’-dimethyl-4,4’-dibromotolane (4b). To a solution of 2-iodo-
S5-bromotoluene (4.43 g, 14.9 mmol) in Et;N (40 mL) trimethylsi-
lylacetylene (1.48 g, 15.1 mmol), copper(i)iodide (117 mg,
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0.61 mmol) and (PPh;),PdCl, (126 mg, 0.18 mmol) were added,
whereupon the color of the solution turned to black and triethy-
lammoniumiodide began to precipitate. After stirring for 5 days
the solid was filtered through Celite® and the residue was rinsed
with diethyl ether. The combined solvents were removed under
reduced pressure to give a dark oil which was distilled in vacuo
to give 2-trimethylsilylethynyl-5-bromotoluene® as colorless oil.
(3.42 g, 88%); 6,(200 MHz, CDCl;) 7.35-7.18 (m, 3 H), 2.37 (s,
3 H), 0.23 (s, 9 H); 6.(50 MHz, CDCl;) 142.6 (s), 133.3 (s), 132.3
(s), 128.6 (s), 122.5 (s), 122.0 (s), 102.9 (s), 99.6 (s), 20.4 (s), 0.0 (s).

A solution of 2-trimethylsilylethynyl-5-bromotoluene (2.50 g,
9.34 mmol) in thf (30 mL) was cooled to =78 °C and tetra-n-
butylammoniumfluoride, dissolved in thf (20 mL), was added drop
wise. After warming to room temperature the yellow solution was
stirred over night. Then the solution was washed three times with
water, the phases were separated and the organic layer was dried
over Na,SO,. The solvent was removed under reduced pressure to
yield 2-ethynyl-5-bromotoluene as pale yellow oil. (1.70 g, 93%);
61(200 MHz, CDCl;) 7.34-7.21 (m, 3 H), 3.28 (s, 1 H), 2.37 (s, 3
H); 6c(50 MHz, CDCl;) 142.8 (s), 133.7 (s), 132.4 (s), 128.8 (s),
122.8 (s), 120.9 (s), 82.0 (s), 81.5 (s), 20.4 (s).

To a solution of 2-ethynyl-5-bromotoluene (1.70 g, 8.72 mmol)
in Et;N (40 mL) 2-iodo-5-bromotoluene (2.61 g, 8.80 mmol),
copper(niodide (113 mg, 0.59 mmol) and (PPh;),PdCl, (104 mg,
0.15 mmol) were added, whereas the color of the solution turned
black and triethylammoniumiodide began to precipitate. After
stirring for 5 days the solvent was removed in vacuo. The residue
was dissolved in CH,Cl, and washed with water, saturated NH,Cl
solution and again water and dried over Na,SO,. After removing
the solvent the crude product was recrystallized from ethanol
to yield 4b as white solid (2.06 g, 65%). Mp: 119-120 °C;
6u(200 MHz, CDCl;) 7.41 (m, 2 H), 7.33-7.28 (m, 4 H), 2.48
(s, 6 H); 0¢(50 MHz, CDCl;) 141.9 (s), 133.1 (s), 132.5 (s), 128.9
(s), 122.4(s), 122.0 (s), 92.3 (s), 20.7 (s); Anal. calcd. for C,;H,,Br;:
C 52.78, H 3.32, Br 43.89; Found: C 53.14, H 3.30, Br 43.72.

General procedure for the syntheses of the (diphosphine)
(n*-tolane)Pt’ complexes

The appropriate (diphosphine)PtCl, was suspended in CH,Cl,
(12 mL) and ethanol (3 mL) in a Schlenk flask. To this suspension
NaBH, (50 mg, 1.06 mmol) was added and stirred for 6 h at rt.
During this period the mixture became yellow to orange in color
and the (diphosphine)PtCl, dissolved. Water (5 mL) was added to
the mixture and after diminishing of the hydrogen evolvement the
phases were separated using a pipette and the appropriate tolane
ligand was added to the organic layer in equimolar ratio. This
solution was stirred over night. After removing the solvent under
reduced pressure, the residue was dissolved in a small amount of thf
and this solution was filtered through a silica gel charged pipette.
The solvent was evaporated and the yellow to orange colored
crude product was dissolved in toluene or benzene (3 mL). Pure
complexes were obtained by slow diffusion of pentane into these
solutions.

[(dppbe)(n>-4,4’-dibromotolane)Pt’]  (5a). Compound 3
(142 mg, 0.20 mmol) was reacted with 4a (66 mg, 0.20 mmol) to
yield 5a (83 mg, 40%) as orange crystals.

Mp: 127 °C (dec.); 6,4(400 MHz; CD,Cl,) 7.77 (m, 2 H, 0-C,H,
of dppbe), 7.59 (m, 8 H, 0-C¢Hs of dppbe), 7.48 (m, 2 H, m-

CsH, of dppbe), 7.35 (m, 16 H, m-C,H;s and p-CsHs of dppbe
and H-2/H-2" and H-6/H-6"), 7.26 (m, 4 H, H-3/H-3" and H-
5/H-5); 6c(100 MHz, CD,Cl,) 146.4 (m, ipso-CH, of dppbe),
135.5 (m, ipso-C¢H; of dppbe), 134.4 (m, C-1/C-1"), 134.0 (m,
0-C¢H, of dppbe), 133.3 (m, o-C¢Hs of dppbe), 132.3 (m, C-
2/C-2" and C-6/C-6"), 131.5 (s, C-3/C-3" and C-5/C-5'), 131.2
(s, m-C4H, of dppbe), 130.3 (s, p-C4H; of dppbe), 128.8 (m, m-
CH; of dppbe), 120.1 (s, C-4/C-4); 6:(81 MHz, CD,Cl,) 51.17
(s with Pt satellites, 'Jpp, = 3087 Hz); v(KBr)/cm™ 3052 (s),
1736 (s, v(C=C)), 1629 (s), 1482 (vs), 1434 (vs), 1389 (m), 1097
(vs) 1067 (s), 1008 (s), 826 (s), 745 (s), 694 (vs), 669 (s), 548
(vs), 527 (s); m/z (DEI) 976 (2%, [M]*), 896 (2, [M — Br]*), 721
(30, [(dppbe)PtBr]*), 641 (10, [(dppbe)Pt]*), 336 (23, [4a]"); Anal.
caled. for C,Hy,Br,P,Pt: C 54.06, H 3.30, Br 16.35; Found C
54.30, H 3.51, Br 16.01.

[(dppbe)(n?-2,2’-dimethyl-4,4’-dibromotolane)Pt’] (5b). Com-
pound 3 (175 mg, 0.25 mmol) was reacted with 4b (89 mg,
0.24 mmol) to yield Sb (111 mg, 45%) as yellow crystals.

Mp: >230 °C; 6,(400 MHz, CD,Cl,) 7.81 (m, 2 H, o-C¢H,
of dppbe), 7.50 (m, 10 H, m-C¢H, and o-C,H; of dppbe), 7.36
(m, 4 H, p-C¢Hs of dppbe), 7.29 (m, 8 H, m-C,H;s of dppbe),
7.22(s,2 H, H-3/H-3),7.00 (m, 4 H, H-5/H-5" and H-6/ H-6"),
1.96 (s, 6 H, CH;); 6-(100 MHz, CD,Cl,) 146.4 (m, ipso-C,H,
of dppbe), 138.7 (m, C-2/C-2’), 137.0 (m, C-1/C-1"), 135.8 (m,
ipso-C¢Hs of dppbe), 134.1 (m, o-C¢H, of dppbe), 133.1 (m, o-
CH; of dppbe), 132.6 (s, C-6/C-6"), 132.1 (s, C-3/C-3), 131.2 (s,
m-C¢H, of dppbe), 130.1 (s, p-CsHs of dppbe), 128.7 (m, m-C¢H;
of dppbe), 128.2 (s, C-5/C-5), 119.3 (s, C-4/C-4"), 21.0 (s, CH;);
6»(81 MHz, CD,Cl,) 51.59 (s with Pt satellites, ' Jpp, = 3143 Hz);
V(KBr)/cm™ 3052 (m), 2930 (w), 1763 (m, v(C=C)), 1625 (m),
1475 (s), 1434 (s), 1188 (m), 1097 (s), 891 (m), 745 (m), 694 (vs), 549
(vs), 527 (vs), 507 (s); m/z(DEI) 1006 (2%, [M]*), 923 (2, [M — Br]*),
721 (6, [(dppbe)PtBr]*), 641 (2, [(dppbe)Pt]*), 485 (1, [(dppbe)Pt —
2xPh]*), 364 (3, [4b]*); Anal. caled. for C,sH;Br,P,Pt: C 54.94, H
3.61, Br 15.89; Found C 55.16, H 3.69, Br 16.01.

[(dppbe)(?-2,2'-dimethyltolane)Pt"]  (5¢). Compound 3
(129 mg, 0.18 mmol) was reacted with 4¢ (37 mg, 0.18 mmol) to
yield 5S¢ (113 mg, 74%) as orange crystals.

Mp: 132 °C (dec.); 6,;(400 MHz, CD,Cl,) 7.81 (m, 2 H, 0-C¢H,
of dppbe), 7.52 (m, 8 H, 0-C¢H; of dppbe), 7.45 (m, 2 H, m-C,H,
of dppbe), 7.34 (m, 4 H, p-C¢H; of dppbe), 7.28 (m, 8 H, m-C¢Hs
of dppbe), 7.15 (d, *Jyn=7.6 Hz, 2 H, H-6/H-6"),7.07 (d,*Jy1u =
7.2Hz,2H, H-3/H-3"),698 (t,*Jyy=72Hz, 2 H, H-4/H-4 or
H-5/H-5"), 6091 (t,*Jyy =72 Hz, 2 H, H-4/H-4" or H-5/H-5),
2.01 (s, 6 H, CH;); 6.(100 MHz, CD,Cl,) 146.7 (m, ipso-C,H, of
dppbe), 137.8 (m, C-2/C-2’), 136.6 (m, C-1/C-1"), 136.2 (m, ipso-
C4H; of dppbe), 134.1 (m, o-C,H, of dppbe), 133.2 (m, 0-C,H;
of dppbe), 131.3 (s, C-6/C-6"), 131.0 (s, m-C,H, of dppbe), 129.9
(s, p-C¢Hs of dppbe), 129.4 (s, C-3/C-3"), 128.6 (m, m-C,H; of
dppbe), 125.9 (s, C-4/C-4" or C-5/C-5"), 125.2 (s, C-4/C-4" or
C-5/C-5),21.2 (s, CH;); 6p(81 MHz, CD,Cl,) 52.05 (s with Pt
satellites, 'Jpp = 3138 Hz); v(KBr)/cm™ 3052 (s), 2922 (m), 1778
(m, v(C=CQ)), 1753 (m), 1625 (s), 1481 (s), 1434 (vs), 1096 (s), 759
(s) 694 (vs), 547 (vs), 527 (vs); m/z(DEI) 847 (100%, [M]*), 641
(60, [(dppbe)Pt]*), 486 (10, [(dppbe)Pt — 2xPh]*), 205 (20, [4c]*);
Anal. calced. for C,sHyP,Pt: C 65.17, H 4.52; Found C 64.88, H
4.46.
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[(dppbe)(n?-1-phenyl-2-(2-pyridyl)acetylene)Pt’]  (5d). Com-
pound 3 (112 mg, 0.16 mmol) was reacted with 4d (29 mg,
0.16 mmol) to yield 5d (54 mg, 49%) as yellow crystals.

Mp: 138 °C (dec.); 64(400 MHz, CD,Cl,) 8.61 (d,*J, y =4.2 Hz,
1H, H-5),7.99 (d,*Juuy=7.0Hz,2 H, H-2’/H-6), 7.79 (m, 2 H,
0-C¢H, of dppbe), 7.67 (m, 8 H, 0-C¢H; of dppbe), 7.48 (m, 2 H,
m-C¢H, of dppbe), 7.33 (m, 13 H, m-C¢Hs and p-CH; of dppbe
and H-3), 7.25(d, *Juuy =7.7Hz, 1 H, H-2), 7.16 (m, 3 H, H-3,
H-4 and H-5), 6.97 (m, 1 H, H-4); 6.(100 MHz, CD,Cl,) 154.6
(m, C-1), 149.8 (s, C-5), 146.4 (m, ipso-CsH, of dppbe), 136.2 (s,
C-3), 135.5 (m, ipso-C4H; of dppbe), 134.0 (m, 0-CH, of dppbe
and C-17), 133.4 (m, 0-C4H; of dppbe), 132.7 (m, C-2" and C-6"),
131.1 (s, m-C4¢H, of dppbe), 130.2 (s, p-C¢Hs of dppbe), 128.7 (m,
m-C4H; of dppbe), 128.3 (s, C-3" and C-5"), 127.4 (s, C-2), 127.2
(s, C-4"), 120.4 (s, C-4); 6,(81 MHz, CD,Cl,) 51.28 (d with Pt
satellites, 'Jpp, = 3063 Hz, 2Jpp = 55.1 Hz), 51.25 (d with Pt
satellites, ' Jpp = 3079 Hz, 2Jpp = 55.1 Hz); v(KBr)/cm™ 3051 (s),
1736 (s, v(C=CQ)), 1629 (s), 1579 (vs), 1555 (m), 1482 (s), 1435 (vs),
1424 (vs), 1097 (vs), 759 (s), 694 (vs), 669 (s), 548 (vs), 527 (vs);
m/z(FAB in nba) 821 (80%, [M]"), 641 (65, [(dppbe)Pt]*), 561 (55,
[(dppbe)Pt — Ph]*), 485 (75, [(dppbe)Pt — 2xPh]*; Anal. calcd. for
C,;Hy; NP, Pt - C,HO: C 63.22, H4.63, N 1.57; Found C 63.26, H
4.67, N 1.56.

[(dppbe)(n?-1,2-bis(2-pyridyl)acetylene)Pt’] (5¢). Compound 3
(133 mg, 0.19 mmol) was reacted with 4e (34 mg, 0.19 mmol) to
yield Se (75 mg, 49%) as yellow crystals.

Mp: 165 °C (dec.); 64(400 MHz, CD,Cl,) 8.53 (m, 2 H, H-
5/H-5"), 796 (d,Jyy =78 Hz, 2 H, H-2/H-2'), 7.84 (m, 2 H,
0-C¢H, of dppbe), 7.74 (m, 8 H, 0-C¢H;s of dppbe), 7.49 (m, 4 H,
m-C¢H, of dppbe and H-3/H-3"), 7.33 (m, 12 H, m-C4H; and p-
C¢H; of dppbe), 7.01 (m, 2 H, H-4/ H-4"); 6-(100 MHz, CD,Cl,)
153.5 (m, C-1/C-1"), 149.7 (s, C-5/C-5"), 146.5 (m, ipso-C,H, of
dppbe), 136.1 (s, C-3/C-3’), 135.9 (m, ipso-C¢H;s of dppbe), 134.2
(m, 0-C4H, of dppbe), 133.5 (m, 0-C4H; of dppbe), 131.1 (s, m-
CsH, of dppbe), 130.1 (s, p-C,H; of dppbe), 128.6 (m, m-C,H;
of dppbe), 127.4 (m, C-2/C-2’), 121.0 (s, C-4/C-4); 6,(81 MHz,
CD,Cl,) 52.60 (s with Pt satellites, ' Jpp, = 3108 Hz); v(KBr)/cm™!
3049 (s), 1736 (s, vV(C=C)), 1628 (m), 1579 (vs), 1556 (s), 1481
(s), 1461 (vs), 1434 (vs), 1425 (vs), 1272 (m), 1097 (s), 781 (s),
744 (s), 694 (vs), 549 (vs), 527 (vs); m/z(FAB in nba) 822 (25%,
[M]%), 641 (15, [(dppbe)Pt]*), 561 (15, [(dppbe)Pt — Ph]*), 485 (40,
[(dppbe)Pt — 2xPh]*), 408 (40, [(dppbe)Pt — 3xPh]*); Anal. calcd.
for C;,H,N,P,Pt: C61.39, H3.93, N 3.41; Found C 61.54, H 3.81,
N 3.35.

[(dppbe)(n?-2,2’-dimethoxytolane)Pt’]  (5f). Compound 3
(129 mg, 0.18 mmol) was reacted with 4f (43 mg, 0.18 mmol) to
yield 5f (54 mg, 34%) as yellow crystals.

Mp: 183 °C (dec.); 6,(400 MHz, CD,Cl,) 7.79 (m, 2 H, 0-C,H,
of dppbe), 7.60 (m, 8 H, o-C¢H;s of dppbe), 7.45 (m, 2 H, m-C,H,
of dppbe), 7.29 (m, 12 H, m-C,H;s and p-C4H; of dppbe), 7.11
(m, 2 H, H-6/H-6"), 7.07 (t, *Juu = 7.2 Hz, 2 H, H-4/H-4), 6.77
(d,*Jyn =84 Hz 2 H, H-3/H-3"), 6.67 (t,*Jyuy = 7.2 Hz, 2 H,
H-5/H-5"),3.43 (s, 6 H, OCH;); 6-(100 MHz, CD,Cl,) 157.6 (s,
C-2/C-2"),146.9 (m, ipso-C,H, of dppbe), 136.3 (m, ipso-C¢H; of
dppbe), 134.0 (m, 0-C,H, of dppbe), 133.3 (m, 0-C¢H; of dppbe),
133.1 (s, C-6/C-6"), 130.9 (s, m-C¢H, of dppbe), 129.9 (s, p-C,H;
of dppbe), 128.6 (m, m-C¢H; of dppbe), 127.1 (s, C-4/C-4"), 126.6
(m, C-1/C-1"), 119.8 (s, C-5/C-5"), 110.0 (s, C-3/C-3’), 55.0 (s,

OCH,); 6,(81 MHz, CD,Cl,) 51.68 (s with Pt satellites, 'Jpp =
3107 Hz); v(KBr)/cm™ 3052 (s), 2935 (m), 2830 (m), 1785 (m,
V(C=C)), 1625 (s), 1587 (s), 1571 (s), 1481 (vs), 1433 (vs), 1241
(vs), 1181 (s), 1096 (vs), 1027 (s), 747 (vs), 695 (vs), 548 (vs), 526
(vs), 507 (vs); m/z(DEI) 879 (1%, [M]*), 641 (3, [(dppbe)Pt]"),
485 (2, [(dppbe)Pt — 2xPh]*), 238 (100, [4f]"); Anal. calcd. for
C4Hss0,P,Pt - 0.5 C;Hy: C 64.21, H 4.57; Found C 63.98, H 4.81.

[(dppbe)(n*-4,4’-dimethoxytolane)Pt’] (5g). Compound 3
(140 mg, 0.20 mmol) was reacted with 4g (46 mg, 0.20 mmol) to
yield 5g (68 mg, 39%) as orange crystals.

Mp: >230 °C; 64(400 MHz, CD,Cl,) 7.79 (m, 2 H, 0-C¢H, of
dppbe), 7.65 (m, 8 H, 0-C,H; of dppbe), 7.48 (m, 6 H, m-C,H, of
dppbe and H-2/H-2" and H-6/H-6), 7.34 (m, 12 H, m-C,H; and
p-C¢H; of dppbe), 6.68 (m, 4 H, H-3/H-3" and H-5/H-5"), 3.76
(s, 6 H, OCH,); 6.(100 MHz, CD,Cl,) 158.5 (s, C-4/C-4"), 146.9
(m, ipso-CsH, of dppbe), 136.0 (m, ipso-C,H; of dppbe), 134.0 (m,
0-C4H, of dppbe), 133.4 (m, 0-C,H; of dppbe), 132.4 (s, C-2/C-2’
and C-6/C-6"), 131.0 (s, m-C¢H, of dppbe), 130.1 (s, p-CsH; of
dppbe), 128.7 (m, m-C,H; of dppbe), 128.0 (m, C-1/C-1"), 113.8
(s, C-3/C-3"and C-5/C-5’), 55.6 (s, OCHs;); 65(81 MHz, CD,Cl,)
51.63 (s with *Pt satellites, ' Jpp, = 3065 Hz); v(KBr)/cm™ 3052 (s),
2954 (m), 2834 (m), 1743 (m, v(C=C)), 1601 (s), 1506 (vs), 1481
(s), 1435 (vs), 1285 (s), 1242 (vs), 1180 (s), 1097 (s), 1028 (s), 831
(s), 747 (s), 694 (vs), 669 (s), 546 (vs), 526 (vs), 506 (s); m/z(DEI)
879 (1%, [M]"), 641 (3, [(dppbe)Pt]*), 486 (1, [(dppbe)Pt — 2xPh]*),
238 (100, [4g]*); Anal. calcd. for C,sH3O,P,Pt: C 62.80, H 4.35;
Found C 62.46, H 4.36.

[(dppn)(m?*-2,2’-dimethyltolane)Pt’]  (9a). Compound 8a
(235 mg, 0.31 mmol) was reacted with 4¢ (64 mg, 0.31 mmol) to
yield 9a (175 mg, 63%) as orange crystals.

Mp: 106 °C (dec.); 6,4(400 MHz, CD,Cl,) 8.02 (dd, *Jyu =
8.0 Hz, “Juy = 1.2 Hz, 2 H, H-4 and H-5 of dppn), 7.46 (m, 2 H,
H-2 and H-7 of dppn), 7.39 (t, *Juu = 7.5 Hz, 2 H, H-3 and H-6
of dppn), 7.14 (m, 12 H, 0-C¢H; and p-C¢H; of dppn), 7.02 (m, 8
H, m-C¢H; of dppn), 6.94 (m, 2 H, H-6/H-6'), 6.88 (dt, *Jyyu =
7.4Hz, *Jyy=15Hz, 2 H, H-5/H-5"), 6.73 (m, 2 H, H-3/H-3"),
6.70 (m,2 H, H-4/H-4"), 1.98 (s, 6 H, CH); 6.(50 MHz, CD,Cl,)
139.1 (m, C-8a of dppn), 136.9 (m, C-2 and C-7 of dppn and
C-2/C-2"), 136.2 (m, ipso-C¢H; of dppn), 135.9 (m, C-1 and C-8
of dppn and C-1/C-1"), 133.6 (m, 0o-C,H; of dppn), 132.8 (s, C-4
and C-5 of dppn), 130.0 (s, C-3/C-3’), 129.3 (s, p-C¢H; of dppn),
128.2 (m, m-C¢H;s of dppn), 127.8 (m, C-4a of dppn), 125.2 (m,
C-3 and C-6 of dppn and C-4/C-4" and C-5/C-5"),21.2 (s, CH;);
6p(81 MHz, CD,Cl,) 17.43 (s with Pt satellites, ' Jpp, = 3049 Hz);
v(KBr)/cm™ 3053 (s), 2952 (m), 2919 (m), 1775 (s, v(C=QC)),
1751 (s, v(C=CQ)), 1595 (s), 1479 (vs), 1455 (s), 1434 (vs), 1313
(m), 1182 (m), 1093 (vs), 875 (m), 824 (m), 772 (vs), 744 (vs), 693
(vs), 587 (vs), 519 (vs), 495 (vs); m/z(FAB in nba) 898 (2%, [M]*),
691 (6, [(dppn)Pt]*), 535 (4, [(dppn)Pt — 2xPh]*"); Anal. calcd. for
CsHyP,Pt - CsHy,: C 68.10, H 5.40; Found C 67.91, H 5.25.

[(dpp(o-xyl))(n>-2,2’-dimethyltolane)Pt"] (9b). Compound 8b
(140 mg, 0.19 mmol) was reacted with 4¢ (40 mg, 0.19 mmol)
to yield 9b (63 mg, 38%) as pale yellow crystals.

Mp: 203 °C (dec.); 4(400 MHz, CD,Cl,) 7.60 (m, 8 H, 0-C4H;
of dpp(o-xyl)), 7.36 (m, 4 H, p-C¢H; of dpp(o-xyl)), 7.29 (m, 8 H,
m-C¢H; of dpp(o-xyl)), 6.93 (d, *Jyn = 7.5 Hz, 2 H, H-6/ H-6'),
6.81 (dt, *Jyn = 7.3 Hz, *Jyu = 1.7 Hz, 2 H, H-5/H-5"), 6.74
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(m, 2 H, m-C,H, of dpp(o-xyl)), 6.63 (m, 2 H, H-4/H-4"), 6.60
(m, 2 H, H-3/H-3"), 6.25 (m, 2 H, 0-C¢H, of dpp(o-xyl)), 4.13
(m, 4 H, PCH,), 1.82 (s, 6 H, CH;); 6-(100 MHz, CD,Cl,) 137.4
(m, C-2/C-2"), 136.8 (m, ipso-C.H; of dpp(o-xyl)), 135.9 (m, C-
1/C-1"), 134.8 (s, ipso-C¢H, of dpp(o-xyl)), 133.7 (m, 0-C¢H; of
dpp(o-xyl)), 131.2 (s, 0-C¢H, of dpp(o-xyl)), 129.9 (s, p-CsHs of
dpp(o-xyl)), 129.6 (s, C-3/C-3"), 129.1 (s, C-6/C-6), 128.2 (m,
m-C¢Hs of dpp(o-xyl)), 126.1 (s, m-CsH, of dpp(o-xyl)), 125.3 (s,
C-5/C-5), 124.8 (s, C-4/C-4), 38.9 (m, PCH,), 21.0 (s, CH;);
65(81 MHz, CD,Cl,) 13.58 (s with Pt satellites, ' Jpp, = 3449 Hz);
v(KBr)/cm™ 3053 (s), 2943 (m), 2916 (m), 1779 (s, v(C=C)), 1754
(m, V(C=C)), 1595 (s), 1480 (vs), 1455 (s), 1435 (vs), 1183 (m),
1096 (vs), 1027 (m), 863 (s), 837 (s), 763 (vs), 742 (vs), 695 (vs), 503
(vs); m/z(FAB in nba) 876 (1%, [M]"), 669 (4, [(dpp(o-xyl))Pt]*);
Anal. caled. for C,H,P,Pt - CiHg: C 67.99, H 5.07; Found C
67.52, H 5.38.

Irradiation experiments in the solid state

In a sample vial the appropriate (diphosphine)(m?*-tolane)Pt’
complex was placed in the sunlight for the stated periods. From
time to time the vial was turned to ensure constant irradiation
conditions. A portion of each sample was dissolved in benzene-d
and a *'P{'H} NMR spectrum was recorded to survey the result
of the experiment.

5a. Complex 5a (11 mg, 0.011 mmol) was irradiated with
sunlight for approximately 12 days. Integration of the signals in
the corresponding *'P{"H} NMR spectrum revealed nearly 90%
conversion of 5a to 6a.

6p(81 MHz, C,Dy) 51.17 (s with **Pt satellites, 'Jpp, = 3102 Hz,
residual 5a), 50.59 (d with Pt satellites, 'Jpp, = 2467 Hz, 2Jpp =
3.2 Hz, 6a), 49.23 (d with "°Pt satellites, 'Jpp, = 1575 Hz, *Jpp =
3.2 Hz, 6a).

5b. Complex 5b (16 mg, 0.016 mmol) was irradiated with
sunlight for approximately 10 days. Integration of the signals in the
corresponding *'P{'H} NMR spectrum revealed 45% conversion
of 5b to 6b.

6p(81 MHz, C,Dy) 51.77 (s with '*Pt satellites, ' Jpp, = 3132 Hz,
residual 5b), 50.22 (d with Pt satellites, 'Jpp, = 2454 Hz, *Jpp =
3.0 Hz, 6b), 48.89 (d with Pt satellites, 'Jpp = 1615 Hz, 2Jpp =
3.0 Hz, 6b).

5¢. Complex 5¢ (13 mg, 0.015 mmol) was irradiated with
sunlight for approximately 11 days. Integration of the signals in the
corresponding *'P{'H} NMR spectrum revealed 25% conversion
of 5¢ to 6c.

6p(81 MHz, C,D,) 52.38 (s with Pt satellites, 'Jpp, = 3149 Hz,
residual 5¢), 50.50 (d with Pt satellites, 'Jpp, = 2469 Hz, 2Jpp =
2.8 Hz, 6¢), 48.57 (d with Pt satellites, 'Jpp, = 1561 Hz, 2Jpp =
2.8 Hz, 6c¢).

5d-g and 9b. The appropriate (diphosphine)(n?*-tolane)Pt’
complex (12 mg, 0.012-0.015 mmol) was irradiated with sunlight
for approximately 14 days. The corresponding *'P{'H} NMR
spectrum showed only the resonances of the starting material.
No evidence for C-C bond activation was observed in any case.

9a. Orange crystals of 9a (98 mg, 0.110 mmol) were placed
in a sample vial and irradiated as described above for 50 days to
ensure full conversion into 10a. The reaction progress was checked

by *'P{'"H} NMR spectroscopy. After completion of the reaction
10a was obtained as yellow powder (88 mg, 90%).

Mp: 175 °C (dec.); (400 MHz, CD,Cl,) 8.08 (d, *Jyn =8.0 Hz,
2 H, H-4 and H-5 of dppn), 7.62-7.41 (m, 8 H, H-2, H-3, H-6
and H-7 of dppn), 7.37-7.16 (m, 10 H), 7.06 (m, 2 H), 7.01-6.79
(m, 6 H), 6.73 (m, 3 H), 6.60 (m, 2 H), 6.42 (m, 1 H), 2.40 (s, 3
H, CH;), 1.88 (s, 3 H, CH;); 6-(100 MHz, CD,Cl,) 159.7 (m),
143.1 (m), 138.9 (s), 138.5 (s), 136.4 (m including 2 different C-
atoms), 135.1 (s), 134.7 (m including 2 different C-atoms), 134.2 (m
including 2 different C-atoms), 133.7 (m including 2 different C-
atoms), 131.5(s), 130.7 (s), 130.2 (s), 128.9 (m), 128.5 (m including
3 different C-atoms), 127.8 (m), 125.7 (m), 124.9 (m including 2
different C-atoms), 123.8 (m), 121.3 (s), 26.9 (s, CH;), 20.1 (s,
CH;); 6,(81 MHz, CD,Cl,) 11.92 (d with Pt satellites, 'Jpp, =
2427 Hz, *Jpp = 34 Hz), 8.98 (d with 1Pt satellites, 'Jpp, = 1499 Hz,
2Jpp =34 Hz); v(KBr)/cm™ 3052 (s), 2982 (m), 2916 (m), 2112 (s,
V(C=CQ)), 1595 (s), 1573 (m), 1480 (vs), 1435 (vs), 1329 (s), 1314
(s), 1185 (s), 1158 (s), 1096 (vs), 878 (m), 824 (s), 771 (vs), 743 (vs),
693 (vs), 585 (vs), 524 (vs), 499 (vs); m/z(DEI) 897 (10%, [M]*),
691 (20, [(dppn)Pt]*), 206 (100, [4c]*); Anal. caled. for CsoH,o P, Pt
-0.25 CH,Cl,: C 65.67, H 4.44; Found C 65.90, H 4.57.

Irradiation experiments in solution

The appropriate (diphosphine)(n?-tolane)Pt” complex was dis-
solved in toluene and put in a round bottom flask. These solutions
were irradiated with sunlight for the stated periods and the
reaction progress was checked by TLC. After completion of the
reactions the solvent was removed under reduced pressure and the
residue was worked up by column chromatography to isolate the
corresponding products. In the case of 5¢, 5g, 5f and 9a, this work
up procedure failed.

5a. A solution of 5a (120 mg, 0.123 mmol) in toluene (60 mL)
was irradiated with sunlight for approximately 30 days. After
removing the solvent the residue was chromatographed on silica
gel using dichloromethane-hexane (2/1) — dichloromethane as
eluent to yield 6a (45 mg, 37%) as pale yellow powder.

Mp: 158 °C (dec.); 64(400 MHz, CD,Cl,) 7.75 (m, 5 H), 7.67
(m, 1 H), 7.54-7.42 (m, 11 H), 7.34 (m, 8 H), 7.20 (m, 2 H), 7.05
(m, 1 H), 6.97 (m, 2 H), 6.81 (m, 2 H); 6.(100 MHz, CD,Cl,)
155.2 (m), 139.8 (m), 134.4 (m), 134.1 (m, including 3 different C-
atoms), 132.8 (s), 132.5 (m, including 2 different C-atoms), 131.9
(s), 131.2 (m, including 2 different C-atoms), 130.0 (m), 129.6
(s), 129.0 (m, including 2 different C-atoms), 119.0 (s), 116.8 (s);
6»(81 MHz, CD,Cl,) 50.33 (d with '**Pt satellites, 'Jpp = 2493 Hz,
2Jpp =4.0 Hz), 49.01 (d with Pt satellites, ' Jpp = 1603 Hz, *Jpp =
4.0 Hz); v(KBr)/cm™ 3054 (m), 2112 (s, v(C=C)), 1620 (w), 1581
(w), 1481 (vs), 1468 (s), 1435 (vs), 1210 (m), 1185 (m), 1114 (s),
1100 (vs), 1069 (s), 1003 (vs), 824 (s), 799 (s), 745 (s), 693 (vs),
670 (s), 551 (vs), 532 (vs), 506 (s); m/z(DEI) 977 (0.1%, [M]*),
897 (0.05, [M — Br]*), 721 (1, [(dppbe)PtBr]*); Anal. calcd. for
C,H3,Br,P,Pt: C 54.06, H 3.30, Br 16.35; Found C 54.27, H 3.38,
Br 16.76.

5b. A solution of 5b (237 mg, 0.236 mmol) in toluene (60 mL)
was irradiated with sunlight for approximately 21 days. After
removing the solvent the residue was chromatographed on silica
gel using dichloromethane-hexane (2/1) — dichloromethane as
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Table 2 Crystal data and refinement details for the X-ray structure determinations

Compound 5a 5b Sc 5d Se 6b 7b 9a 9b

Formula Cy4Hy,Br,P,Pt CyyHyBr,P,Pt C,sHyP,Pt  C,;HyNP,Pt C,,Hy,N,P,Pt C,sHy(Br,P,Pt C,sHyBr,P,Pt, Cs)H, P,Pt, C,xH,,P,Pt,
C,H;0 C¢H, C¢Hg

Fw/g mol™ 977.55 1005.60 847.79 820.73 821.73 1005.60 1077.70 975.96 953.95

T/°C -90(2) -90(2) -90(2) -90(2) —90(2) —90(2) -90(2) —90(2) -90(2)

Crystal system  Triclinic Orthorhombic Triclinic Triclinic Triclinic Triclinic Monoclinic Triclinic Triclinic

Space group P1 Phca P1 P1 P1 Pl P2,/n Pl Pl

alA 10.7128(4) 20.5293(3) 11.1682(5)  11.3596(4)  8.9010(4) 8.9257(2) 15.3444(5) 11.8366(5)  11.6006(5)

b/A 11.4086(4) 16.4027(2) 12.2745(5)  11.5124(3)  11.0800(6) 11.2405(4) 15.6009(3) 12.6126(5)  12.9579(5)

c/A 16.6238(6) 23.2611(3) 15.0911(7)  14.0287(5)  19.0760(7)  20.9629(8) 21.3260(6) 15.7836(9)  15.4685(5)

a(®) 100.791(2) 90 79.550(2) 71.401(2) 103.772(3) 78.7990(10) 90 102.484(2)  91.791(2)

B(©) 96.609(2) 90 69.759(2) 83.585(2) 96.509(2) 83.363(2) 111.085(2) 107.407(3)  107.389(2)

v (°) 107.566(2) 90 69.043(2) 88.476(2) 107.308(2) 69.013(2) 90 95.895(3) 103.098(2)

V/A? 1870.52(12)  7832.85(18)  1808.67(14) 1727.8(1) 1709.75(14)  1923.84(11)  4763.4(2) 2159.55(18) 2148.93(14)

4 2 8 2 2 2 2 4 2 2

p/gem’ 1.736 1.705 1.557 1.578 1.596 1.736 1.503 1.501 1.474

u/cm™ 60.03 57.37 40 41.85 423 58.4 47.24 33.61 33.76

Measured data 11771 48171 12759 12393 12065 13479 31984 15004 15688

Data with

1>20(I) 6807 6750 6772 6421 6139 6971 7025 7358 7398

Unique data/R;, 7820/0.0485 8934/0.0822 8218/0.0447 7859/0.0494 7769/0.0502 8752/0.0332 10847/0.0669 9765/0.0365 9765/0.0470

WR, (all data, on 0.1268 0.0775 0.0902 0.0912 0.0996 0.0962 0.1483 0.1090 0.1226

Fy

R, (I >20(1))" 0.0482 0.0349 0.0451 0.0420 0.0470 0.0426 0.0534 0.0469 0.0526

s . Lo48 1.036 1.020 1.018 1.060 1.008 1.004 1.023 1.011

Res. dens./e A= 1.396/-1.646 1.298/-1.458 1.471/-1.288 1.078/-1.469 1.094/-1.133 1.318/-1.457 1.476/-1.506 1.530/-1.432 1.657/-1.741

Absorpt. method NONE NONE NONE NONE NONE NONE NONE NONE NONE

CCDC No. 743160 743161 743162 743163 743164 743165 743166 743167 743269

“ Definition of the Rindices: R, =(Z | | Fo | = | F.|)/Z | Fo|; WRy ={Z[W(F,2 = F2))/Z[wW(F,2)*1}'? withw™! = 6*(F,?) + (aP)*+bP; P=[2F . + Max(F,*]/3;

bs= {Z[W(Foz - Fcz)z]/(No - NP)}I/Z'

eluent to yield 6b (60 mg, 25%) as white powder and 7b (57 mg,
24%) as yellow crystals.

6b. Mp: >230 °C; 6,4(400 MHz, CD,Cl,) 7.84 (m, 2 H), 7.77
(m, 1 H), 7.66 (m, 5 H), 7.56-7.38 (m, 12 H), 7.24 (m, 2 H), 7.12
(s, 1 H), 7.02 (dd, *Jyn = 8.2 Hz, *Jyu = 1.9 Hz, 1 H), 6.92 (m,
4 H), 6.83 (m, 1 H), 6.73 (m, 1 H), 1.94 (s, 3 H, CH;), 1.93 (s,
3 H, CH;); 6.(100 MHz, CD,Cl,) 147.3 (m), 141.8 (m), 138.3
(m), 134.4 (m, including 3 different C-atoms), 133.8 (m), 132.7
(m, including 3 different C-atoms), 131.8 (m, including 2 different
C-atoms), 131.1 (m), 129.1 (m, including 2 different C-atoms),
128.7 (m), 128.2 (s), 126.5 (m), 118.4 (s), 116.9 (s), 25.9 (s, CH;),
20.6 (s, CH;); 6,(81 MHz, CD,Cl,) 50.08 (d with ""Pt satellites,
"Jpp =2474 Hz, > Jpp = 4.0 Hz), 48.86 (d with '°Pt satellites, 'Jpp =
1639 Hz, *Jpp = 4.0 Hz); v(KBr)/cm™ 3053 (s), 2950 (w), 2110 (s,
V(C=CQ)), 1619 (m), 1472 (vs), 1435 (vs), 1187 (s), 1100 (vs), 1028
(s), 865 (m), 839 (m), 815 (m), 745 (s), 693 (vs), 670 (s), 552 (vs),
532 (vs), 506 (vs); m/z(DEI) 1006 (2%, [M]*), 924 (4, [M — Br]*),
721 (35, [(dppbe)PtBr]*), 641 (12, [(dppbe)Pt]*), 487 (4, [(dppbe)Pt
— 2xPh]*), 364 (4, [4b]*); Anal. calcd. for C,,H;,Br,P,Pt: C 54.94,
H 3.61, Br 15.89; Found C 55.28, H 3.59, Br 15.31.

7b. Mp: 151 °C (dec.); 64(400 MHz, CD,Cl,) 7.76 (m, 4 H),
7.63 (m, 1 H),7.51 (m, 11 H), 7.38 (m, 10 H), 7.29 (m, 2 H), 6.98 (m,
2H),6.80(d,*Jyn=7.0Hz 1 H),2.45(s,3H, CH;),2.13 (s, 3 H,
CH); 6.(100 MHz, CD,Cl,) 136.5 (m), 142.2 (m), 139.0 (m), 138.1
(m), 135.4 (m), 134.0 (m, including 5 different C-atoms), 133.1 (s),
132.6 (m), 131.6 (m), 131.3 (s), 130.1 (m), 128.9 (m, including 3
different C-atoms), 123.6 (s), 121.5 (s), 117.0 (m), 95.6 (s, C=C),
89.5 (s, C=C), 21.0 (s, CH;), 20.7 (s, CH;); 6,(81 MHz, CD,Cl,)
49.64 (d with Pt satellites, ' Jpp = 1684 Hz, 2Jpp, = 3.5 Hz), 43.01

(d with " Pt satellites, ' Jpp =4090 Hz, >/ = 3.5 Hz); v(KBr)/cm™
3053 (m), 2973 (m), 2868 (m), 2205 (m, v(C=C)), 1631 (m), 1573
(s), 1484 (vs), 1435 (vs), 1190 (s), 1100 (vs), 881 (s), 816 (s), 746
(s), 693 (vs), 671 (s), 560 (vs), 533 (vs), 505 (vs); m/z(DEI) 1006
(2%, [M]%), 924 (3, [M -Br]*), 721 (40, [(dppbe)PtBr]*), 641 (10,
[(dppbe)Pt]*), 283 (80, [4b — Br]*); Anal. calcd for C,Hs,Br,P,Pt
-2 C,H;0: C 56.41, H 4.56, Br 13.90; Found C 56.84, H 4.49, Br
14.03.

Crystal structure determinations

The intensity data for the compounds were collected on a Nonius
KappaCCD diffractometer using graphite-monochromated Mo-
Ko radiation. Data were corrected for Lorentz and polarization
effects but not for absorption effects.*>*® The structures were
solved by direct methods (SHELXS)* and refined by full-matrix
least squares techniques against F,> (SHELXL-97) (Table 2).%
All hydrogen atoms were included at calculated positions with
fixed thermal parameters. All non-disordered non-hydrogen atoms
were refined anisotropically.’> Diamond 3.0b as well as POV-
Ray 3.6.1c were used for structure representations. CCDC-
743160 (for 5a), -743161 (for 5b), -743162 (for 5¢), -743163
(for 5d), -743164 (for Se), -743165 (for 6b), -743166 (for 7b), -
743167 (for 9a) and -743269 (for 9b) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational details

See part B.}
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A series of various (bisphosphane)(n’-tolane)Pt’ complexes, exhibiting a manifold of substitution
patterns of the tolane ligand (5a—g) and different rigid bisphosphanes defining various P-Pt-P bite
angles at the Pt center (9a-b) have been theoretically investigated using time-dependent density
functional theory (TD-DFT). UV/Vis absorption spectra have been calculated in order to rationalize
the photochemistry of the complexes. Metal-ligand charge transfer (MLCT) transitions from the Pt
atom to the alkyne are assigned as the photochemical “active” states responsible for promoting the
Caryi—Cenyny bond activation. The steric, the electronic effects, as well as the P-Pt—P bite angle play an
important role in determining the presence/absence of photochemical “active” states of d—m*
character. Thus, electron-withdrawing substituted series and ortho-substituted complexes are best
candidates to achieve C,,;—Cpymy bond activation. C-Br bond cleavage is also theoretically rationalized.
The observed photochemical C,,;—C.uyny bond cleavage is, oppositely to C-Br bond activation,
reversible under thermal conditions regaining the appropriate Pt’ complexes by reductive elimination
(see T. Weisheit, D. Escudero, H. Petzold, H. Gorls, L. Gonzalez and W. Weigand, Photochemical
behavior of (bisphosphane)(n?-tolane)Pt” complexes in solution and in the solid state. Part A:
Experimental considerations, Dalton Trans., 2010, 39, DOI: 10.1039/B925562a). In this part, we
rationalize and clarify the thermal reductive elimination reactions via mechanistic DFT studies on the

ground state.

1. Introduction

Recently, we reported on a rare example of selective carbon—
carbon bond cleavage in the solid state induced by light.!
A highly selective insertion of a (bisphosphane)Pt’ complex
fragment in a C-C bond of a coordinated bromo substituted
substrate was observed for the first time in the solid state under
sunlight irradiation. In solution, both C-Br and C-C insertion
products were observed.! In a previous theoretical report®> we
dealt with the influence of substituting the tolane moiety for the
dppbe(Pt) series (dppbe = 1,2-bis(diphenylphosphanyl) benzene),
with several ligands of different electronic nature (electron-
donor/-withdrawing groups (EDG/EWG) in ortho/meta/para
positions). TD-DFT absorption spectra helped us to rationalize
the different photochemistry of the complexes. In Ref. 1 a
hypothesis was put forward: the MLCT states from the Pt atom to
the alkyne (d—m*,,) are the photochemical “active” states since
they are present and with high oscillator strength only in those
complexes undergoing photochemical bond activation. Moreover,
an analysis of the photochemical “active” MLCT states from the
Pt atom to the alkyne (d—m*,;) revealed that both the electronic
nature of the substituents as well as the steric effects between the
phenyl rings of the tolane moiety contribute to the appearance of
bright d—mr*,, states. Specifically, these states were predominant

“Institut fiir Physikalische Chemie, Friedrich-Schiller-Universitdt, 07743,
Jena, Germany. E-mail: leticia.gonzalez@uni-jena.de; Fax: +49-3641-
948302; Tel: +49-3641-948360

*Institut fiir Anorganische und Analytische Chemie, Friedrich-Schiller-
Universitdt Jena, 07743, Jena, Germany

and more intense in complexes with EWGs and ortho-position
substituted compounds.?

In this paper we extend our study by analyzing all the complexes
which have been synthesized and characterized by means of
spectroscopic methods in Part A.+ Thus, complexes of the dpbbe
series (5a—5g) bearing different ligands in ortho- (5b, Sc and 5f) and
para- positions (5a, Sb and 5g) as well as pyridine and bis-pyridine
derivatives (5d and Se, respectively) are studied (see Scheme 1).

Additionally, the effect of EDGs (5¢, 5f and 5g) as well as
EWG (5a) on the photochemical properties is analyzed. 4 priori,
complex 5b is prone to achieve C,,—Ceunyny bond-cleavage since
exhibits steric hindrance between the phenyl groups of the tolane
moiety and substitution by a strong electron-withdrawing group,
namely bromine.

The effect of different bisphosphane ligands, which ex-
hibit also different P-Pt-P bite angles, is also under
consideration through complexes 9a and 9b, which bear
1,8-bis(diphenylphosphanyl)naphthalene (i.e. dppn) and o,o/'-
bis(diphenylphosphanyl)-o-xylene (i.e. dpp(o-xyl)) ligands. Both
complexes are ortho-methyl substituted compounds, and therefore
they also exhibit steric hindrance between the phenyl groups of the
tolane moiety.

T T. Weisheit, D. Escudero, H. Petzold, H. Gorls, L. Gonzalez and
W. Weigand, Photochemical behavior of (bisphosphane)(n?’-tolane)Pt’
complexes in solution and in the solid state. Part A: Experimental
considerations, Dalton Trans., 2010, 39, DOI: 10.1039/B925562a.
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Scheme 1 Complexes studied herein.

2. Theoretical methods

All the complexes, transition states and intermediates have been
optimized in the electronic ground state using DFT in its
Resolution of the Identity (RI) version, i.e. RI-DFT® and the
BP86 protocol. The Becke exchange* and Perdew functional® have
been combined with a polarized triple zeta basis set (TZVP) for
all atoms. Relativistic effects have been considered for the Pt atom
using the ECP-60-mwb Stuttgart/Dresden pseudopotential.® A
vibrational analysis on all the stationary points has been done to
confirm the character of the geometries, i.e. minima or transition
states. The UV-Vis absorption spectrum is calculated using TD-
DFT’ spanned over 85 states at the same level of theory as
the optimizations, i.e., RI-BP86/TZVP. This protocol is used
since it has already proven to give good agreement between
theoretical and experimental results for (n?-tolane)Pt’ derivatives.?
The optimizations and TD-DFT calculations were performed with
the TURBOMOLE(V.5.10)® program package.

For the mechanistic studies, the relative stabilities are calculated
as gas phase Gibbs free energies at 298 K. To this aim, single
point energy calculations have been carried out with the popular
hybrid B3LYP®*! and the double hybrid B2GP-PLYP" functional
using a basis set of polarized triplet zeta quality, namely 6-311G*.
The B2GP-PLYP functional is known to describe very accurately
thermochemical data of late transition metal reactions." These
single point energies have been carried out with the Gaussian 03
program package."

3. Experimental methods

The experimental UV-Vis spectra were taken on a Specord S600
(Analytik Jena) device by measuring methylenechloride solutions
of the appropriate complexes.

4. Results and discussion
4.1. Excited state properties

The UV-Vis spectra of complexes Sa—c, Sd—e, 5f—g and 9a-b are
depicted in Fig. 1, Fig. 2, Fig. 3 and Fig. 4, respectively. The
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Fig. 1 Experimental UV-Vis absorption spectra and TD-DFT vertical
excitations (as sticks) of complexes 5a—5c. The main electronic excitations
are labeled.

Abs (a.u)

Mg >

2> 'y
0.05 J
o Ll ..l!-Jl.-ll.[L L
300 350 400 450

Wavelenght (nm)

Fig. 2 Experimental UV-Vis absorption spectra and TD-DFT vertical
excitations (as sticks) of complexes 5d—5e. The main electronic excitations
are labeled.

experimental UV-Vis spectra are superimposed to the predicted
vertical TD-DFT (RI-BP86/TZVP) electronic excitations. The
data for Sb are taken from Ref. 2. As in Ref. 2, here we find
that RI-BP86/TZVP performs reasonably well, with errors within
the experimental accuracy. The maximum errors, amounting to
ca. 0.7 eV, are found for some low-lying charge-transfer (CT)
states; see e.g., S, in the complex 5a. This is not surprising, since
it is well-known that pure CT states are particularly difficult to
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Fig. 3 Experimental UV-Vis absorption spectra and TD-DFT vertical
excitations (as sticks) of complexes 5f—5g. The main electronic excitations
are labeled.
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Fig. 4 Experimental UV-Vis absorption spectra and TD-DFT vertical
excitations (as sticks) of complexes 9a-9b. The main electronic excitations
are labeled.

be described with TD-DFT, resulting strongly underestimated.'®
Hybrid functionals, like PBEO, seem to be less affected by
this problem." Nevertheless, the MLCT states, which are the
photochemical “active” states in our system, exhibit similar errors
when using pure or hybrid functional.® Since the pure CT have no
role in the photochemical C—C and C-Br bond activation of these
complexes, the errors delivered by the TD-DFT calculations do not
affect the conclusions reached in this paper. Table 1 collects the
main electronic excitations contributing to the absorption spectra
of complexes 5a-g and 9a-b. The most important electronic
excitations for these complexes are intra-ligand (IL), MLCT,
and ligand-ligand charge transfer (LLCT). In general, the low-
lying energy absorption region is dominated by LLCT excitations
of m— ¥4, character, while the high-lying absorption region
is characterized by MLCT and LLCT excitations, which are
responsible for the experimental broad band peaking extending

from 310 nm to 340 nm in all the complexes. The small peaks at
310 nm superimposed to this broad band are an artifact of the
instrument generating data at the short wavelength.

For illustration, the relevant Kohn—Sham orbitals contributing
to the main vertical electronic excitations of compound Se are
depicted in Fig. 5. In all the complexes the HOMO orbital is
located in the alkyne moiety (m,,). In all the cases it is mixed
with the unoccupied d,, orbital of the Pt center. According to
the d® coordination for the Pt’ center, four valence 5d orbitals
are occupied (d,y», d,5, dy, and d,, in decreasing energetic order).
In complex Se these orbitals correspond to HOMO-1, HOMO-2,
HOMO-4 and HOMO-5, respectively (see Fig. 5). In complex Se
the orbital HOMO-3 corresponds to a lone pair of the nitrogen
atom of the pyridine moiety (ny, not shown in Fig. 5). Depending
on the substitution pattern of the tolane derivative (complexes 5a—
g) as well as on the nature of the bisphosphane ligand (complexes
9a-b) the order of the highest occupied molecular orbitals changes,
observing the following general trends: a) intercalation of ny
orbitals within the 5d orbitals of the Pt center for the pyridine
derivatives (5d—e), b) intercalation of a m orbital of the tolane
ligand within the 5d orbitals of the Pt center for the methoxy-
derivatives (5f-g), and c) a change in the order of the 5d orbitals
for complex 9b. In this latter complex the P-Pt-P bite angle
is increased and consequently the d,, , orbital is stabilized,
transforming into the HOMO-2.

LMo ()

/" HOMO-1 (d,, ) /" HOMO (z)

Fig. 5 Selected Kohn—Sham orbitals of complex Se.

The photochemical active m*,, orbital corresponds to the
LUMO orbital in the case of complex 5e (see Fig. 5), while it
is destabilized in the remaining complexes. Thus, in the dppbe
series (complexes Sa—g) the LUMO is an antibonding 1 orbital
localized in the dppbe ligand (*,,,.). In general, the n*,, orbital
is more destabilized in the case of the ortho-derivatives than in the
remaining complexes (being LUMO+7, LUMO+8 and LUMO+7
for 5b, Sc and 5f, respectively). In the ortho-substituted complexes
conjugation through the tolane moiety is not possible due to the
twisting of the phenyl rings. As we have previously seen® such
effects influence the energy and oscillator strength of the MLCT
d—n*,, transitions. Indeed, the UV-Vis spectra are more robust
with respect to the ortho/para substitution pattern than to the
electronic nature of the substituent. Analyzing Table 1, it can be
observed that the lowest-lying bright state for the dppbe series
(apart from complex Se) is of LLCT character, corresponding
to a transition from the alkyne moiety (m,;) to the dppbe ligand
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Table 1 Main singlet excitations contributing to the absorption spectra of compounds 5a-g and 9a-b. Excitation energies in nm and oscillator

strengths f°

5a

State AE/nm f Assignment State AE/nm f Assignment

S, 492 0.041 T —> T gppve (81%0) LLCT S 337 0.015 d,,—7*, (84%) MLCT

S, 439 0.152 T —> T i (50%) IL S 327 0.088 T —> ¥ (38%) LLCT

S, 423 0.028 T —>T* (53%) LLCT S 310 0.065 d,,—7* (22%) MLCT
doyp—> 7ty (41%) MLCT dy— 1y (47%) MLCT

Su 412 0.093 Ta—T* (40%) LLCT Se 305 0.082 do p—1* (54%) MLCT
dy =1, (16%) MLCT d 6% 5, (19%) MLCT

Sb

S, 459 0.024 T —> T gopve (78%0) LLCT Sx 335 0.056 d,,—7* (46%) MLCT

S 399 0.033 dop—7* (71%) MLCT Sw 331 0.039 d,,—m* (63%) MLCT

Sio 376 0.037 do =¥ (71%) MLCT Ssi 316 0.022 d,,—>m* . (47%) MLCT

Sas 358 0.058 d,,—7* (58%) MLCT Ss 312 0.001 dyyy—> 0% 5 (64%) MLCT

Ss, 344 0.047 T —>1* (51%) LLCT Se6 304 0.041 d,,—m* (48%) MLCT

5c¢

Ss 468 0.024 T —> T gppve (83%) LLCT Sw 331 0.085 d,,—m* (44%) MLCT

Sia 396 0.033 dypp—7* (56%) MLCT Si 329 0.021 d,—m* . (76%) MLCT

Sx 371 0.031 dy =7t (74%) MLCT Su 319 0.058 dy,—7* (45%) MCCT

Sos 363 0.063 doyp—> ¥y (74%) MLCT S 314 0.033 dyyp—7* (39%) MLCT

Tu—T* (29%) LLCT

5d

S, 500 0.043 Tae—> T gppve (71%) LLCT S 378 0.035 T — ¥ (86%) LLCT

Se 434 0.036 T —> 7 (34%) IL S 369 0.036 d,,—m* (96%) MLCT
doyy =¥ e (31%) MLCT

S; 427 0.056 Ta—>T* (45%) IL Sy 336 0.021 dy,—7*, (61%) MLCT

S, 410 0.059 dyp—> 7ty (74%) MLCT Ss 318 0.066 T— T gppve (43%) LLCT

Ta—T* (32%) LLCT

Sy, 386 0.032 dyp—7* (97%) MLCT Ss) 317 0.050 T—> T gopbe (55%) LLCT

Se

S, 470 0.026 dyo =¥ (63%) MLCT S 360 0.038 do p—1* (88%) MLCT

S, 463 0.045 T —> T gppbe (92%) LLCT Sy 352 0.027 d,»,—7* (62%) MLCT

S, 443 0.111 T —> T i (54%) IL Sis 331 0.061 ny— 1%, (65%) LLCT

Ss 440 0.036 T —7* (87%) LLCT Ss, 320 0.070 T —1* (60%) LLCT

Sis 387 0.031 dyp—7* (93%) MLCT

5f

S, 506 0.037 T —> T gppve (97%) LLCT Sy 349 0.035 d,,—7* (52%) MLCT

Sy 387 0.036 T —>T* (53%) LLCT Sis 340 0.090 d,,—m* (57%) MLCT

Sos 377 0.068 dyp—> ¥y (65%) MLCT Sse 321 0.040 d,,—m* (58%) MLCT

Sx 367 0.034 do =¥ e (28%) MLCT Se> 313 0.042 n—1* (45%) LLCT

Sg

S, 560 0.042 T —> T gpppe (98%0) LLCT Sy 363 0.040 d,, =¥ gpee (56%) MLCT

S 404 0.034 dy— T gppbe (84%) MLCT Sai 334 0.036 T —>T* (41%) LLCT

Sis 402 0.195 Tac—> T (30%) IL Ss4 315 0.057 d,,—>7n* (45%) MLCT
T —1* (17%) LLCT d,,—m*, (38%) MLCT

S 379 0.033 dyop—7* (86%) MLCT Ss6 312 0.083 n—n* (23%) LLCT

9a

Sos 375 0.031 dyp—7* (60%) MLCT S5 329 0.035 d,,—n* (56%) MLCT

S 364 0.030 dyo =7 (20%) MLCT Sss 323 0.069 do p—1* (49%) LLCT
d,—7* (20%) MLCT

Sy 346 0.061 Togppn—> T gppn (60%) TL Su 307 0.044 >0 oo (38%) LLCT

Sy 333 0.081 d,,—mn* (37%) MLCT

9b

Su 387 0.055 Tac—> T i (60%) IL S 320 0.031 o2 T ooy (80%0)MLCT

Sy 358 0.033 d,,—7* (74%) MLCT Sse 304 0.039 d,,—7* (84%) MLCT

Sy 329 0.072 d,—n* (24%) MLCT S 291 0.056 do-p—>7* (44%) MLCT

T —7* (20%) LLCT

(70* 4ppe)- For complex Se it corresponds to a d,, ,,—7*,, transition
of MLCT character. This transition is red-shifted comparing to the
rest of compounds due to the stabilization of the *,, orbital, as
stated above. For complexes 9a and 9b the first lowest-lying bright
excitation correspond to a d,, ,,—n* and a m,,— ¥, transitions,
respectively.

MLCT transitions from the Pt atom to the alkyne are assigned
as the photochemical “active” states responsible for the activation
of C,y—Ceuyny bonds. The influence of substituting the tolane

moiety in the dppbe series with several ligands of different elec-
tronic nature (electron-donor/withdrawing) in several positions
(ortho/meta/para) has been stated in Ref. 2. Thus, an analysis
of the photochemical “active” MLCT states revealed that both
the electronic nature of the substituents as well as the steric effects
between the phenyl rings of the tolane moiety contribute to the ap-
pearance of bright d—n*,;, bands. These bands were predominant
and stronger in complexes with electron-withdrawing substituents
or in compounds bearing ortho-substituted tolane ligands. The
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dy-,—7*,, transition of MLCT character is present and bright
in most of the compounds (excluding 5g and 9b, where it is a dark
state). For complexes Sa, Sb and Sc this transitions appears at 423,
376 and 363 nm, respectively (see Table 1). As it can be observed
for the ortho-substituted compounds (5b—c) this transition is blue-
shifted due to the destabilization of the *, in the ortho-series (vide
supra). For the pyridine series (5d—e) this state appears at 410 and
470 nm, being red-shifted due to the stabilization of the *,,, orbital
(especially for Se). Interestingly, the behavior for the electron-
donor species (5c, Sf and 5g) depends more on the steric influences
rather than on its electronic nature. Thus, for the ortho-substituted
compounds (5c¢ and 5f), a very bright d,, ,,—m*,, transition is
found, peaking at 377 nm for complex 5f (see Table 1). Oppositely,
for the para-methoxy substituted compound (5g) this transition is
a dark state. Noteworthy, a change in the bisphosphane ligand,
which in turn affects the P-Pt-P bite angle, also influences the
presence/absence of d,, ,,—m*,, transitions. Complex 9a, which
shows a similar P-Pt-P bite angle compared to the dppbe series,
also presents an intense d,, ,,— ¥, transition, peaking at 364 nm.
This fact is in concordance with its dihedral angle (122°), similar
to the remaining ortho-substituted complexes (5b, 5S¢ and 5f).
Oppositely, in complex 9b, also exhibiting a similar dihedral angle
(73°) but showing a dramatic change on the P-Pt-P angle, no
bright d,, ,,—m*,, excitation is found.

Similar trends for other strong photochemical “active” states of
d—m*,, character are observed. They are predominant in most of
the ortho-substituted series (Sb—c) as well as in EWG complexes
(5a-b). Hence, for complex 5a two additional strong d—m*,,
excitations (see S;, and Ss, in Table 1) are found. For complexes 5b
and Sc there is at least an additional strong d—n*,, excitation (Ss,
for 5b and S,, for Sc, see Table 1). Unexpectedly, there is another
strong “active” state for complex 5d (S;;), which is in disagreement
to the experimentally non-observed photochemical desired C—
C bond cleavage products. As stated in Part A,T complexes 5d
and 5e do react in solution upon sunlight irradiation, but the
concomitant photoproducts could not be identified. Therefore, we
ascribe this alternative photochemical reactivity to the presence of
photochemical “active” states of d—m*,, character.

In summary, both the substitution pattern and the electronic
nature of the substituents play an important role in determining
the presence or absence of the photochemical active MLCT
states of d—m*,, character. Obviously, upon sunlight irradiation
depopulation of the dp, orbitals and concomitant population of
the *,, is more efficient the more and brighter states are available.
Such states promote additional n-back bonding, hence weakening
the n-coordination of the tolane to the Pt atom and then favoring
the C-C activated products.? Therefore, the electron-withdrawing
derivatives (complexes 5a and 5b) as well as the ortho-derivatives
(5¢ and 5f), should yield more efficiently C-C rearrangement
products, due to the large number of d—m*,, excitations and
the very strong d,, ,,—7*,, transition, respectively. These results
are in good agreement with the experimental facts (see Part At).
Interestingly, no photochemical product is observed in complex 5f
in the solid state, although it reacts in solution —according to the
theoretical predictions.

Besides C—-C bond activation, C-Br bond cleavage products have
been obtained in solution after irradiation with sunlight on the
bromine substituted complexes Sa—bina 1: 1 ratio. Conspicuously,
in the solid state only the C—C activation product was achieved

(see Part Af). A plausible explanation of why C-Br activation
does not occur in the solid state can be obtained by analyzing
the crystal structure of complexes Sa—b (see exemplarily Fig. 4 in
Part At). The large distances found in the crystal between the
Br and the Pt atoms make it highly unlikely that the products
resulting from C—Br insertion are achieved either via unimolecular
or bimolecular processes. In solution, however, mobility allows for
a bimolecular or unimolecular approach. Van der Boom et al. have
experimentally observed thermal aryl-halide bond activation in
similar Pt° azobenzene derivatives in solution and justified it with
a unimolecular approach.'® Based on mechanistic DFT studies,
they have proposed a plausible “ring-walking” mechanism of the
Pt along the phenyl ring after rupture of the n?-coordination to the
azo moiety. Since here no activation products are observed under
thermal conditions, we attribute C—Br activation in solution to
be promoted photochemically, at least in the first stages of the
reaction. Hence, from the electronic point of view, this activation
requires an initial rupture of the n?-coordination of the Pt to the
alkyne, plus a weakening of the C—Br bond after light irradiation.
This fact can be rationalized by excitations to the 6*¢ g, orbital,
in addition to the d—m*,, excitations. As it can be seen in
Table 1, MLCT transitions of d,, ,,—0* 5, character are present
in complexes Sa and Sb.

4.2. Mechanistic studies of the thermal reactions

The calculation of the mechanism of the C-C oxidative addition
reaction (Pt"—Pt") from the “photochemical active” d—m*,,
excited states is a challenging task due to the size of these
complexes. Therefore, in this study we shall concentrate on the
mechanistic study of the backwards thermal reaction which can
be easily done using DFT ground state calculations. The insights
obtained from the thermal reductive elimination will give hints
to understand the photochemical reactions. The thermal reaction
mechanisms beginning from the C,,—Ceyny as well as from the
C,y—Br activated products are studied in this section.

4.2.1. Mechanistic study of the thermal reductive elimination
beginning from the C,,—C.u,., activated products. As stated in
Part A, the observed photochemical C,;—Cyny bond activation
is reversible under thermal conditions, even though the forward
reaction does not proceed thermally. This behavior has been also
observed by Jones et al. in similar Pt° complexes.'” They studied the
influence of substituting the tolane ligand with EDGs/EWGs on
the thermal reaction. It was shown that the energetic profile can be
tuned by changing the electronic nature of the substituents of the
tolane ring. As it can be seen in Scheme 2, lower activation barriers
were obtained for the EDG-substituted compounds. Moreover, a
further stabilization of the photolysis products was achieved by
EWG-substituted complexes.

The aim of this subsection is to characterize the mechanism
of the thermal reductive elimination (Pt"—Pt°) by means of
ground state DFT calculations, analyzing the effects of substi-
tution (EDGs/EWGs) on the energetic profile of the reaction.
In this mechanistic study we have selected complexes 5a (para-
bromine substituted, an EWG compound) and 5g (para-methoxy
substituted, an EDG compound). Additionally, the energetic
profile of 5f has been also studied in order to analyze the effect of
the substitution pattern on the thermal reaction.
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Oxidative
addition

Scheme 2  Energetic profile of the photochemical oxidative addition lead-
ing to C,ry—~Ceyny bond activation and its thermal reductive elimination.
Dashed line for EDG substituted compounds and solid line for EWG
substituted compounds.

Gas phase Gibbs free energies of the reaction (AG°) as
well as activation barriers (AG*) at the B3LYP/6-311G*//RI-
BP86/TZVP and B2GP-PLYP/6-311G*//RI-BP86/TZVP levels
of theory can be found in Table 2. As it can be seen, AG° and AG*
values differ depending on the applied functional. The obtained
AG° values range from —10 to —16 kcal mol™, depending on the
functional and the particular complex. The activation barriers AG*
are predicted at ca. 25 kcal mol™ with the B3LYP functional and at
ca. 36 kcal mol™ with B2GP-PLYP. We note that the substituent
effect trends are conserved regardless of the applied functional.
Since very accurate values were achieved with the double-hybrid
functional B2GP-PLYP for activation barriers of prototype C-C
bond activation reactions in Pd complexes,'" here we also expect
the results obtained with the B2GP-PLYP functional to be more
accurate. Accordingly, the B3LYP AG® values are overestimated
by ca. 4 kcal mol™ and the barrier heights are underestimated
by ca. 10 kcal mol™. Experimental activation barriers for C-C
bond cleavage reactions in similar (bisphosphane)(n?-tolane)Pt
complexes'” range between 31-33.5 kcal mol™ (measured at ca.
350 K), and consequently also in accordance to the B2GP-PLYP
computed activation barriers.

In Fig. 6 we show the energetic profile, which is analogous
in all the complexes. Between the reactant R (recall that this is
the photochemical product) and P, which is the complex after
reductive elimination, there is one transition state (TS). In Table 3
are collected the main geometrical parameters of the stationary
points (R, TS and P) which change along the reaction coordinate
of complexes Sa, 5f and 5g. As experimentally observed (see Part
AT) exothermic profiles are obtained for the thermal reductive
elimination. Therefore, the Pt” products are more stable for all the

Table 2 Gas phase Gibbs free energies and activation barriers for the
thermal reductive elimination reaction beginning from the C,;~Ceuyny ac-
tivated products at the B3LYP/6-311G*//RI-BP86/TZVP and the B2GP-
PLYP/6-311G*//RI-BP86/TZVP levels of theory. Values presented in
kcal mol™

Table 3 Main geometrical parameters of the stationary points (R, TS and
P) along the reaction coordinate of complexes 5a, 5f and 5g. Optimized
geometries at the RI-BP86/TZVP level of theory. Distances are in A.
Experimental distances for which its X-ray structure is available are
included between brackets

AG°/kcal mol™! 5a 5f 5g
B3LYP/6-311G* —-13.64 —-12.96 -16.27
B2GP-PLYP/6-311G* -10.28 -9.38 -12.79
AG” (kcal mol™) 5a 5f 5g
B3LYP/6-311G* 25.03 24.69 24.52
B2GP-PLYP/6-311G* 36.20 35.83 35.52

5a
Carylfcemynyl Cethynyl *Cenhynyl Ptfcenhynyl ( 1 ) Ptfcezhynyl (2)
R 2.82 1.23 2.00 3.24
TS 1.78 1.25 2.01 3.22
P 1.44 (1.45) 1.31 (1.30) 2.08 (2.03) 2.08 (2.04)
5f
R 2.82 1.23 2.00 3.24
TS 1.78 1.25 2.02 3.22
P 1.45 1.30 2.09 2.08
Sg
R 2.82 1.23 2.00 3.24
TS 1.80 1.25 2.01 3.21
P 1.44 1.31 2.08 2.09
40 -
35 -,
30 -
25 /:,‘
= o i
€20 R(5a) 2+ r
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=
515
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{10
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0
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Fig. 6 Energy diagram of the thermal reductive elimination be-
ginning from the C,,—C.u. activated products leading to com-
plexes 5a (blue), 5f (red) and 5g (green), calculated at the
B2GP-PLYP/6-311G*//RI-BP86/TZVP level of theory. Relative free
energy Gibbs are given in kcal mol™ with respect to complexes R.
Molecular structures are depicted exemplarily for complex Sa (distances
are in A). Bromine atoms are in red, carbon atoms in grey, hydrogen atoms
in white and phosphorus atoms in pink.

complexes, regardless of the electronic nature of the substituents.
One first important conclusion that can be extracted from the
thermochemical data of the para-substituted compounds (5a and
5g) is that EDGs stabilize in a major extent the Pt’ elimination
products in comparison to the studied EWG-substituted complex
(see values of AG° in Table 2). Controversially, it has been
stated that the Pt-C,,, bond'® is more stabilized with EWG, but
these ligands might also be expected to stabilize the Pt’-(alkyne)
complex, as it has been observed previously.'? Thus, it seems that
a further stabilization of the Pt’-(alkyne) complex is achieved for
the EWG complex (5a). As expected, the substitution pattern also
plays an important role in determining the relative stabilities of
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the complexes. As it can be seen in Table 2, the ortho-substituted
compound (5f) exhibits the lowest AG® value. This fact can be
attributed to the steric hindrance of the phenyl rings of the product
complex P, which is not present in the structure of the reactant R.

The TS determines the activation barrier of the reaction. In
the TS structures, the distance between C,, and C.., atoms
is considerably reduced compared to the initial structures R
(compare e.g. 2.82 A in R with 1.78 A in TS for complex 5a, see
Table 3). Additionally, an enlargement of the alkyne bond distance
of 0.02 A is observed in the structures of TS for all the complexes.
Another important change when going from R to TS is observed
in the twisting of the phenyl ring with respect to the quasi-square
planar coordination plane. One phenyl ring is almost coplanar in
R, whilst both phenyl rings are twisted ca. 90° in the structure
of TS. A relaxation along the reaction coordinate leads to the
final products (P). The weakening of the Pt-C,,,, bond allows
the tolane moiety moving towards reaching the n?-coordination
of the alkyne to the Pt center. In addition to the movement of the
tolane ring this reorganization implies a) an enlargement of the
alkyne bond distance (due to the efficient m-back donation in the
n?-coordination, as reported recently?), b) a further strengthening
of the C,—Cepyuy bond and c) a change of the twisting of the
phenyl ring with respect to the quasi-square planar coordination
plane, which returns to be almost coplanar in the case of P of
5a and 5g, as well as in their respective initial reactants R. In the
case of P of 5f this twisting angle is important due to the steric
hindrance (see part A).

Concerning the effect of EWGs and EDGs on the modification
of the activation barrier several interesting points arise. As has
been experimentally observed,'”” EDGs on the tolane rings reduce
the activation barrier of the thermal reductive elimination (see
values of AG” in Table 2). Therefore, the Pt"-aryl products with
EDGs are kinetically more labile than the ones substituted with
EWGs. When comparing the substitution pattern in the EDG
series (complexes 5f and 5g) it can be seen that, unlike the AG®
values, AG” barriers are very similar regardless of the substitution
pattern (see Table 2).

Analyzing the overall thermal reaction can help understanding
better the mechanism of the photochemical reaction. As it can be
seen from Fig. 6, the oxidative addition reaction (going from P to
R) does neither proceed thermally nor under thermodynamical or
kinetically controlled conditions. An endothermic reaction profile
with large activation barriers of ca. 45 to 49 kcal mol™' is obtained,
preventing the thermal oxidative additive reaction. However, this
reaction takes place photochemically after populating the “active
states” of d—mn*,, character. After irradiation, enough energy
is available to overcome such barriers and allow the reaction to
relax on the excited state potential to achieve the C,,—C,yny bond
activated products.

4.2.2. Mechanistic study of the thermal reductive elimination
beginning from the C,,—Br activated products. As stated in
Part A,f the observed photochemical promoted C,,~Br bond
activation in solution, taking place in the same proportion as the
C,ryi—Cenyny bond activation in complexes Sa and Sb is, oppositely to
Cryi—Cenyny bond activation, irreversible under thermal conditions.
Exemplarily, DFT ground state calculations have been performed
in complex Sa to rationalize these facts. Table 4 summarizes gas
phase Gibbs free energies of the reaction (AG®) as well as activation

Table 4 Gas phase Gibbs free energies and activation barriers for the
thermal reductive elimination reaction beginning from the C,,—Br; acti-
vated product at the B3LYP/6-311G*//RI-BP86/TZVP and the B2GP-
PLYP/6-311G*//RI-BP86/TZVP levels of theory. Values presented in
kcal mol™

5a AG®°/kcal mol™ AG” /kcal mol™
B3LYP/6-311G* 16.51 53.64
B2GP-PLYP/6-311G* 21.74 69.44

barriers (AG*) at the B3LYP/6-311G*//RI-BP86/TZVP and
B2GP-PLYP/6-311G*//RI-BP86/TZVP levels of theory.

As in Section 4.2.1., both functionals predict similar Gibbs free
energies but show disparities in the activation barriers, which are
underestimated by ca. 15 kcal mol™ with the B3LYP functional.
As stated above, the B2GP-PLYP values are more reliable for bond
activation reactions with transition metal atoms. In Fig. 7 we show
the energetic profile of the thermal reductive elimination beginning
from the C,,,,—Br activated product for the complex 5a.

The AG® values clearly indicate that the reaction profile is
endothermic, amounting to ca. 22 kcal mol™ with the double hy-
brid functional. Since the thermal backward reductive elimination
reaction leading to the initial products (P) is thermodynamically
not favored, the experimentally observed photochemical C-Br
bond activation reaction for complexes Sa and 5b is irreversible
upon sunlight. We note that the C,,,—Br bond activated product
R1 is the global minimum of all the complexes presented in Section
4.2.

As it can be seen in Fig. 7, between the reactant R1 (the
C,.—Br bond activated photochemical product) and the reductive
elimination product P there are three intermediates (I1, 12 and
I3) as well as four transition states (TS1, TS2, TS3 and TS4).
We propose a “ring-walking” mechanism of the (bisphosphane)Pt
along the tolane moiety. In TS1 the Pt-Br bond is already broken
(goes from 2.53 A in Rl to 3.62 A in TS1) whilst the C-Br is
being formed (see 3.23 A in R1 and 2.01 A in TS1). In TS1 the
Pt atom coordinates to one of the carbons of the phenyl group
(2.12 A). Relaxation on the potential energy surface leads to the
intermediate I1, where the Pt atom coordinates in a 1)*>-fashion to
two carbons of the phenyl moiety (with bonding distances 2.14
and 2.21 A). Furthermore a twisting of the (bisphosphane)Pt unit
is produced to decrease steric hindrance with the tolane moiety.
The “ring-walking” mechanism leads to the second transition
state (TS2), where the bond with the first carbon atom is already
broken. Moreover, in TS2 the Pt atom interacts mainly with the
second carbon atom of the phenyl ring (bearing a Pt—C distance
of 2.27 A) and it approaches the third carbon atom of the phenyl
ring (2.56 A). In the intermediate 12, the Pt n?-coordinates to the
second and third carbons of the phenyl ring (Pt-C bond distances
of 2.18 and 2.19 A, respectively); also it can be seen that the
twisting of the (bisphosphane)Pt to the tolane moiety turns to
be similar to the one achieved for R1 and TS1. From here on,
the (bisphosphane)Pt unit moves along the tolane moiety and
again n*-coordinates to the tolane moiety but in TS3 and I3 at
the third and fourth carbon atoms of the phenyl ring. The main
difference between this two stationary points is the twisting of
the (bisphosphane)Pt unit with respect to the tolane moiety. The
fourth transition state (TS4) is the rate limiting step of the reaction.
With an activation barrier (AG*) of ca. 70 kcal mol™” makes
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Fig.7 Energy diagram of the thermal reductive elimination beginning from the C,.,—Br activate product leading to complex 5a (blue), calculated at the
B2GP-PLYP/6-311G*//RI-BP86/TZVP level of theory. Relative free energy Gibbs are given in kcal mol™ with respect to complex R1. Main distances
(in A) along the reaction coordinate are indicated. Bromine atoms are in red, carbon atoms in grey, hydrogen atoms in white, and phosphorus atoms in

pink.

this reaction not only thermodynamically but also kinetically
unfeasible. In TS4 the Pt atom coordinates in an ipso fashion to the
alkyne (2.12 A) and the phenyl (2.36 A) moieties. Finally, the same
product P as in the mechanism of C,,;—C, .y reductive elimination
(see section 4.2.1) is achieved. The product P is characterized by
a n?-coordination of the Pt to the alkyne moiety (vide supra),
thus enlarging the alkyne bond distance due to efficient m-back
donation.

In Scheme 3 the energetic profile of the photochemical C,,—
Br bond activation and its thermal reductive elimination is
summarized. As in the case of the C,,;—C.uyny bond activation,
through the analysis of the backwards thermal reaction important
facts of the photochemical mechanism can be deduced. As we
stated above, in contrast to the C,,—C.uyny bond activation, the
C,y—Br backwards thermal reductive elimination reaction does
not take place due to the endothermic energetic profile with huge
activation barriers of ca. 70 kcal mol™. Furthermore, Fig. 7 helps

Oxidative
addition

Br

A
P2 Reductive

elimination

Scheme 3 Energetic profile of the photochemical oxidative addition
leading to C,,,,—Br bond activation and its thermal reductive elimination.

to understand why the oxidative addition reaction (going from
P to R1) does not proceed thermally either. This is due to the
big activation barrier (ca. 49 kcal mol™) although the energetic
profile is exothermic. As in the C,,—Cepy bond activation, a
photochemical pre-activation of complexes P is required. After
irradiation, the “active states” of d—mn*,, character are populated
and the energy excess allows the barrier of ca. 49 kcal mol™ to
be overcome. Relaxation on the excited potential energy surfaces
leads to the C,,,—Br bond activated products.

Conclusions

In summary, we have studied the first stages of the photochemical
oxidative addition reaction (Pt"—P") using TD-DFT. Addition-
ally, the backwards thermal reductive elimination reaction - i.e.
(Pt"—Pt°) - in (bisphosphane)(m?*-tolane)Pt’ complexes from the
C,—Br as well as from the C,,;;—C.yyny bond activated products -
have been studied with ground state DFT calculations.

The photochemical C,;—Cuyny bond activation is promoted via
population of the “active” photochemical states, which are MLCT
states of d—m*,, character. An exhaustive analysis of the different
(bisphosphane)(n?-tolane)Pt’ complexes studied experimentally
(see Part At) and theoretically confirms that for the chosen
complexes, both the electronic nature of the substituent as well
as the steric effects between the phenyl rings of the tolane moiety
contribute to the appearance of the d—n*,, bands, and therefore
responsible for tuning the photochemical reactivity. Since the
d—r*,, bands are predominant and stronger in complexes
with electron-withdrawing substituents and in ortho-substituted
compounds, it is expected that such complexes are prone to C-C
bond activation; indeed, this has been seen experimentally (see Part
AT). By changing the bisphosphane ligand, which in turns changes
concomitantly the P-Pt-P bite angle, the photochemical reactivity
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can also be tuned. Hence, a modification of the P-Pt-P bite angle
determines the presence/absence of “active” photochemical states
of d—m*,, character. Furthermore, C-Br activation has been also
theoretically rationalized as the debilitation of the n?-coordination
of the Pt center to the alkyne due to d—m*,, excitations plus
a weakening of the C-Br bond due to MLCT transitions of
d— 0% p, character.

The mechanisms of the reversible thermal reductive elimination
reaction (Pt"—Pt°) from the C,y—Cepymy as well as from the C,.,—
Br bond activated products have been elucidated, and several
stationary points have been located on the potential energy
surfaces of the complexes. Concerning the thermal reductive
elimination beginning from the C,,—Cun, activated products,
the exothermic energetic profile of the reaction is analogous
for all the complexes herein studied. This fact is in accordance
to the experimental results (see part At). Both the electronic
nature of the substituents as well as its substitution pattern biases
the AG® values. The activation barriers are determined by the
structure of the transition state, which is affected by the electronic
nature of the substituent. Accordingly, the bromine substituted
compound (EWG) has the highest activation barriers, while the
EDG compounds show lower activation barriers.

Regarding the thermal reductive elimination reaction beginning
from the C,,-Br activated product, we find an endothermic
energetic profile, in accordance to the experimental evidence that
in complexes Sa and 5b thermal reductive elimination reaction is
not observed. The C,,—Br bond activated product is the global
minimum of all the complexes presented herein.
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Conclusions and Outlook

This thesis deals with the computation of photophysical and photochemical properties
of transition metal complexes and organic compounds. Quantum chemical calcula-
tions for excited states are helpful tools to rationalize the processes occurring after
light excitation. Indeed, they are sometimes indispensable to interpret the results of
an enormous variety of experiments. Accordingly, there is a big demand to calibrate
the theoretical methods available for the computation of the excited states. Whilst
multiconfigurational strategies, such as the CASPT2/CASSCF method in its current
version, can provide good accuracy (0.1 eV), there is an urgent need to go beyond the
size that this method allows in order to treat larger molecules or systems which require
larger active spaces. In this sense, the RASPT2/RASSCF procedure appears as a pow-
erful alternative. In this thesis we have tested the viability of the RASPT2/RASSCF
method to compute the excited states of Ru(II)polypyridyl complexes. Large systems
are nowadays treated with TD-DFT, whose accuracy extremely depends on the cho-
sen functional. Promising functionals have been developed in the last years to treat
Rydberg and charge-transfer states, such as the long-range corrected CAM-B3LYP
functional. Despite its success for describing long-range charge-transfer states of or-
ganic complexes, in this thesis we demonstrate that CAM-B3LYP fails to describe the
metal-to-ligand charge-transfer states of Ru(II)polypyridyl complexes. Instead, metal-
to-ligand charge-transfer states are found to be accurately predicted only with func-
tionals possessing intermediate amounts of exact exchange, such as B3LYP. Indeed, as
it has been illustrated throughout this thesis, a reasonable interpretation of photophys-

ical and photochemical properties of transition metal complexes can be obtained from
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6. CONCLUSIONS AND OUTLOOK

the TD-DFT calculations, when i) the solvent is included in the calculations and ii) a
proper choice of the functional is done.

Solar energy conversion is going to be of vital importance in the near future. As we
stated in the introduction, much effort has been then dedicated to develop technologies
which harness solar energy in an efficient manner. In this sense, there is still some
place left to increase these efficiencies via molecular design and concomitant tune of
the photophysical properties of the dyes. This is very often done in a trial-and-error
manner. Instead, predictive tools would be highly desirable. To this aim, the com-
putation of excited states and photochemical properties can provide useful hints to
guide molecular design strategies. Transition metal complexes are very often used as
photoactive compounds in sunlight-based technologies. This is the case of the Ru(II)
polypyridyl complexes 8, 9 and 10 studied in this thesis. We have rationalized with the
help of TD-DFT and quantum chemical calculations the underlying reasons of their
observed long-lived excited states. Such knowledge can be profited in the design of new
ruthenium complexes with optimal photophysical properties.

Due to the striking competition of radiative and non-radiative deactivation processes
in many of these transition metal complexes, it is clear that the near future should be
devoted to perform reaction dynamics calculations in order to get information about
excited state lifetimes and estimations of quantum yields. This is still a challenge for
transition metal complexes, due to prohibitive size of the systems and the need of an
accurate description of the excited states with multiconfigurational methods. Another
challenge is the consideration of all type of coupling effects during the reaction dynamic
simulations, since as we have seen along this thesis, spin-orbit effects and non-adiabatic
coupling terms are indispensable for the correct interpretation of many spectroscopic

phenomena.
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Zusamenfassung

Quantenchemische Rechnungen und molekulardynamische Simulationen sind wertvolle
Werkzeuge, um die photophysikalischen und photochemischen Eigenschaften moleku-
larer Systeme zu charakterisieren. Wahrend die Beschreibung der Eigenschaften des
elektronischen Grundzustandes inzwischen fast schon Routine ist, bleibt die Charakter-
isierung angeregter Zustédnde noch immer eine Herausforderung. Auch das Verstdndnis
der Reaktivitdt im Grundzustand ist herausfordernd und in mancher Hinsicht kom-
pliziert. Berechnungen angeregter Zusténde sind jedoch fast immer deutlich kom-
plizierter und zeitaufwandiger. Trotz aller damit eventuell verbundenen Riickschlége
und Frustrationen gibt es ein wachsendes Interesse an der Berechnung angeregter
Zustande und dem Aufdecken der Mechanismen photochemischer Reaktionen. In den
letzten Jahrzehnten wurden die wesentlichen Entwicklungen im Bereich der theoretis-
chen Spektroskopie und Photochemie bei organischen Verbindungen erzielt. Es gibt
daneben jedoch auch einen wachsenden Fortschritt bei der Berechnung angeregter
Zustiande von Ubergangsmetallkomplexen, ungeachtet aller dabei auftretenden Schwierigkeiten.
Das 21. Jahrhundert schickt sich an, das Jahrhundert des Lichts zu werden. Verstiand-
nis und Kontrolle photochemischer Reaktionen werden fiir viele Bereiche der Optik
und Photonik von entscheidender Bedeutung werden. In diesem Sinne kénnte Son-
nenlicht der Treibstoff der Zukunft werden. Die Entwicklung von Technologien, die
Sonnenenergie effizient nutzen, wurde und wird mit groem Aufwand vorangetrieben.
Héufig werden in derartigen Systemen Ubergangsmetallkomplexe als Lichtsammelein-
heiten eingesetzt. So werden z.B. haufig Solarzellen mit Ru(II)polypyridil-Komplexen

sensibilisiert. In dieser Arbeit wurden die Spektroskopie und die Photochemie aus-
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gewahlter ﬂbergangsmetallkomplexe und organischer Verbindungen untersucht. Teile
der Arbeit fanden in enger Kooperation mit experimentell arbeitenden Gruppen statt,
die einige der Verbindungen synthetisierten und spektroskopisch charakterisierten. Die

Ergebnisse der Arbeit kénnen wie folgt zusammengefasst werden:

i) Einschitzung der Eignung der zeitabhingigen Dichtefunktionaltheorie (TD-DFT)
und anderer quantenchemischer Methoden fiir angeregte Zusténde von Ubergangsmet-
allkomplexen und organischen Farbstoffen. Eine ausgewogene Beschreibung an-
geregter Zusténde von Ubergangsmetallkomplexen oder organischen Farbstof-
fen zu erhalten erweist sich als ausgesprochen schwierig. Auf der einen Seite
leiden die 6konomischen TD-DFT-Methoden an ihrem sprunghaften Verhalten,
abhingig vom verwendeten Funktional. Dies ist insbesondere kritisch in der
Beschreibung von Ladungstransferzustéanden. In dieser Arbeit wurde gezeigt,
dass Hybridfunktionale mit einem mittleren Anteil an exaktem Austausch den
anderen Funktionalen iiberlegen ist. Dies gilt sowohl bei der Behandlung der
Ubergangsmetallkomplexe (Ru(II)polypyridil-Komplexe) als auch fiir die organ-
ischen Farbstoffe (so die Azobenzen-dhnlichen Verbindungen). Andererseits gibt
es die auf der Storungstheorie 2. Ordnung und restricted active space basieren-
den Methode (RASPT2), die in der Lage ist sehr groe active spaces zu be-
handeln. In der vorliegenden Arbeit wurden hiermit angeregte Zusténde von
Ru(IT)polypyridil-Komplexen untersucht. Als hauptséchlicher Flaschenhals in
der genauen Beschreibung der Spektroskopie dieser Komplexe erweist sich die
optimale Aufteilung der Teilrdiume (RAS). Schlielich haben wir gefunden, dass
der Einfluss von Losungsmitteleffekten von ausschlaggebender Bedeutung fiir
die spektroskopische Genauigkeit ist. Dies bezieht sich nicht nur auf die exak-
ten elektronischen Energien (einige Metall-Ligand-Ladungstransferzusténde sind
gegeniiber der Gasphase um 1 eV verschoben), sondern auch auf die korrekte
Beschreibung der Oszillatorstérken (wie es fir die n*-Zustédnde der Azobenzen-

dhnlichen organischen Farbstoffe bestétigt werden konnte).

ii) Anwendung auf Ru(II)polypyridil-Komplexe: Einblicke in deren Photochemie. Basierend
auf den unter i) erhaltenen Vergleichswerten wurden die photophysikalischen
Eigenschaften einiger Ru(II)polypyridin-Komplexe untersucht. Der Fokus lag

dabei auf der Aufklirung der photochemischen Prozesse nach der Absorption
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von Licht. Die Lebensdauer der angeregten Zustande sowie die Abklingraten der
strahlenden und strahlungslosen Uberginge diesere Komplexe lassen sich z.B.
durch Modifikation der Liganden verdndern. Im Rahmen dieser Arbeit wurde
die Veranderungen der Strahlungseigenschaften verschiedener Komplexe mittels
TD-DFT- und CASSCF (complete active space self consistent field)-Rechnungen
untersucht. So wurde z.B. nachgewiesen, dass die radikale Verdnderung der pho-
tophysikalischen Eigenschaften der Komplexe 9 und 10 auf den deutlich unter-

schiedlichen berechneten Abklingraten basiert.

iii) Anwendung auf Ir(III)-cyclometallierte Komplexe: Einblicke in deren Strahlung-
seigenschaften. In dieser Arbeit wurden verschiedene TD-DFT- und A-SCF-
Ansétze zur Berechnung des Strahlungsmaximums untersucht. Die Werte der
adiabatischen Strahlungsenergie (A-SCF) und die Singulett-Triplett-Anregungen
(TD-DFT) der T;-Geometrie sind die besten Ansétze, um das Strahlungsmax-
imum der Ir(III)-cyclometallierten Komplexe zu erhalten. Zusétzlich wurde die
Blauverschiebung fiir eine Serie von Verbindungen in Termen der Orbitalenergie

ausgedriickt.

iv) Die photochemische Aktivierung der C-C-Bindung und deren thermische Umkehrung
bei (Bisphosphan)(u? — Tolan)Pt%-Komplexen. Mittels DFT- und TD-DFT-
Rechnungen konnte der Mechanismus der photochemischen C-C und C-Br Bindungs-
bruchreaktion, die bei diesen Komplexen nach der Bestrahlung mit Sonnenlicht
auftritt, erklart werden. Die C-C und/oder C-Br Bindungsaktivierung wird durch
Anregung bestimmter Zustande mit dp;7,, Charakter, beférdert. Bei der Anal-
yse eiern Reihe von Verbindungen konnte gezeigt werden, dass sowohl elektronis-
che als auch sterische Effekte das Vorhandensein dieser photochemisch ”aktiven”
Zustinde bestimmen. DFT-Studien zeigen, in Ubereinstimmung mit den exper-
imentellen Befunden, einen exothermen Verlauf fiir die thermische Umkehrreak-
tion, beginnend beim C-C-bindungsaktivierten Produkt und einen endothermen
Verlauf fiir den C-Br-Pfad.

v) Quantenchemische Studien und ab-initio Molekiildynamik in 2H-Azirin. Diese Ar-
beit zielte auch darauf ab, die selektive C-C oder C-N Bindungsaktivierung in
Abhéngigkeit von der Anregungswellenlinge zu verstehen. Es wurden quan-

tenchemische Rechnungen durchgefiihrt, um die Deaktivierungskanéle fiir beide
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7. ZUSAMENFASSUNG

Reaktionspfade zu finden. Die zudem durchgefithrten Molekiildynamiksimulatio-
nen haben das durch quantenchemische Rechnungen erhaltene ”statische” Bild
bestatigt. Zusétzlich wurden zeitaufgeloste Informationen (unter Beachtung der
ultraschnellen Natur dieser Reaktionen) und erwartete Quantenausbeuten aus

ab-initio-Molekiildynamikstudien erhalten.
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