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Three new spirobifluorene iridaaromatic compounds bearing electron-withdrawing or electron-donor substituents or

another iridanaphthalene moiety have been synthesized and structurally characterized. Thorough experimental and

theoretical evaluation revealed that these novel systems present a high thermal, air and electrochemical stability as well as

low optical and electronic energy gap values with a significant redshift of the absorption maximum in the UV-Vis spectra and

predicted remarkably higher first hyperpolarizabilities compared to their organic counterparts. Therefore, the combination

of a metallaaromatic system with a spirobifluorene moiety leads to the design and development of new spirobifluorene

derivatives. These new systems have shown interesting optical and electronic properties making them of interest for future

applications in optoelectronics.

Introduction

In the last decade, the chemistry of metallaaromatic
compounds has grown extensively, and new structures are
known, including those in which the substitution of a carbon
atom by a transition metal transforms a non-aromatic organic
compound into an aromatic one.’® The interest in the
metallaaromatic compounds is not only focused on their
aromatic and organometallic reactivity but also on the study of
their optical, electronic and thermal properties with a view to
their application in molecular materials and devices.”3
Besides, organic molecules with a non-centrosymmetric
electronic structure, high thermal and morphological stability
and charge transfer capacity, such as allenes or spirobifluorene
derivatives have taken attention in recent years.!* 1> These
characteristics together with their high polarizability grant them
second-order NLO properties which are of great interest for
applications in  optical and electro-optical devices,
photodynamic therapy or biological imaging.16-2!

In this regards, our group developed the synthesis of the first
spirobifluorene metallaaromatic complex which showed
aromaticity, high thermal stability and UV-Vis absorptivity.??
However, studies on NLO and electrochemical properties were
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not performed. Despite of the potential of organometallic
complexes in this area,?3?® the optical and electrochemical
properties of transition metal metallaaromatic complexes
forming part of the m-skeleton of an organic molecule with a
non-centrosymmetric electronic structure have been barely
studied.

For these reasons, this work focuses on the effect on the
properties of the systems due to the introduction of another
iridaaromatic system or electron donor/acceptor substituents
at spirobifluorene iridaaromatic structures. Consequently, new
spirobifluorene complexes, including the first spirobifluorene
structure containing two iridaaromatic systems, have been
synthesized. Additionally, experimental evaluation of their
thermal stability, optical and electrochemical properties as well
analysis of their aromaticity and
hyperpolarizability has been performed.

as a theoretical

Results and discussion

The synthetic procedure used for the synthesis of the
spirobifluorene iridanaphthalene complex 1 reported in the
literature?? was also used for the compounds under study (Chart
1). Thus, for complex 2 the dipropargylic alcohol Ill, substituted
at two different branches of the spirobifluorene moiety, was
synthesized while for complexes 3 and 4 propargylic alcohols
with a ketone (ll) or a methoxyphenyl group (VI), respectively,
were obtained from their respective ketones (see Sl for further
details). The reactivity of these compounds with one or two
equivalents of [IrCp*CI(NCMe)(PMe3s)]PFg in methanol led to the
corresponding methoxyalkenylcarbene iridium complex which
intramolecular C-H bond activation at the
spirobifluorene moiety to give the iridaaromatic compounds
(Scheme 1 and Sl). The complexes under study are based on a
2,2’-substituted spirobifluorene. Thus, two iridanaphthalene

followed an
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moieties can be part of the n-skeleton of the two orthogonal
fluorene branches (2), or an iridanaphthalene moiety in one of
the branches and a ketone as an acceptor group (3) or
methoxyphenyl as a donor substituent (4) in the other branch
(Chart 1).

Chart 1. Molecular structure of one of the possible stereoisomers of each complex under
study.All the complexes are soluble in organic solvents such as CH,Cl,, THF, MeOH or
CH5CN and stable under air in both solution and solid state for months.

The complexes under study were characterised by NMR
spectroscopy and high-resolution mass spectrometry and X-ray
diffraction analysis for 2 and 3 where adequate monocrystals
were obtained (see supporting information). The aromaticity of
the complexes 2-4 is supported by the downfield shift of the Hg
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between 6.50-6.70 ppm, in the range of the aromatic protons
of the mesityl groups of all the complexes (6.60-6.80 ppm) and
the protons in ortho to the methoxy substituent in the
methoxyphenyl ring of complex 3 (6.61-6.67 ppm) In addition,
all the NMR data is in accordance to previously studied
metallaaromatic complexes.?? 2°32 The chiral nature of the
iridium centre and the 2,2’-disubstituted SBF moiety, provides
different diastereoisomers for complexes 2-4. On the one hand,
compound 2 can present three pairs of enantiomers
(R,P,R)/(S,M,S)-2, (S,P,S)/(R,M,R)-2 and (R,P,S)/(S,M,R)-2, due to
the presence of two chiral iridium atoms (R,S centres) and the
chiral axis of the spirobifluorene ligand (M,P isomers). The 'H
and 3C{!H} NMR spectra confirm the mixture of
diastereoisomers in a 2:1:1 ratio, where (R,M,S)/(S,P,R)-2
diastereoisomer is present in the largest amount. The NMR data
shows up to four signals for most of the resonances in complex
2, including the most characteristic such as two protons of the
iridanaphthalene unit, the methoxy group or Cq, Cg and C, (see
a selection in Figure 1).

The four sets of signals stem from the three different
diastereoisomers and the fact that the (R,M,S)/(S,P,R)-2 do not
present any symmetry element and therefore the two
orthogonal i1 systems may present different signals in NMR.
However, the resonances of the Cp* ligand or the Hg do not
distinguish among the two spirobifluorene branches and a
unique resonance is observed for the isomer (R,M,S)/(S,P,R)-2.
In addition, the 3'P{*H} NMR spectrum only displays two signals
as the phosphine ligands are less affected by the
stereochemistry of the system and the 3'P{*H} NMR spectrum is
less sensitive than the *H NMR spectrum.
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Scheme 1. Synthesis of complex 2 (top) and complexes 1, 3 and 4 (bottom). For clarity, only one possible stereoisomer of each complex has been depicted. Mes = mesityl = 2,4,6-

trifmethylbenzene
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Interestingly, at 300 MHz, hindered rotation about the biaryl
bond between the iridanaphthalene moiety and the mesityl
substituent, is observed through the 'H NMR non-equivalent
ortho-methyl groups for only one isomer. However, when
measuring at 500 MHz, all the diastereoisomers display such
diastereotopic character as it was detected for compound 1.%?

ARTICLE

Ir-C=CH
OCH;
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8.30 Ppm 4.30 4.25 Ppm
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Figure 1. 'H NMR (300 MHz) and 13C JMOD (500 MHz, J-modulated spic echo) spectra of
the diastereoisomers mixture of complex 2 in CD,Cl, showing four singlets for all the
resonances except the C, which displays four doublets (2Jcp = 10.9 Hz).

However, compounds 3 and 4, which also present the chiral
axis, only bear one iridium atom in the molecule and therefore,
only two pairs of enantiomers (R,P)/(S,M) and (R,M)/(S,P) are
expected and observed by *H and *3C{*H} NMR analysis. In both
cases, the presence of both diastereoisomers was equally
observed with a =1:1 ratio. Contrary to complex 2, the hindered
rotation about the C,-mesityl biaryl bond is already visible at
300 MHz for both diastereoisomers.

Slow evaporation in air of compounds 2 and 3 in a
CH,Cly/hexane mixture gave rise to single crystals of
(R,M,S)/(S,P,R)-2 and (R,P)/(S,M)-3, both suitable for solid state
study by X-ray diffraction analysis which confirms the proposed
formulation and solution characterization (Figure 2). The
structural data of the complexes are like other iridanaphthalene
compounds.?% 303233 Thys, the metallacycle presents an almost
planar structure with a deviation of the iridium atom of less
than 0.5A. In addition, the bond lengths of Ir-C bonds are
between 1.964 and 2.047A, comparable to other
iridanaphthalene compounds.?? 30 32 33 Finally, the aromaticity
of both complexes is supported by the C—C bond lengths of the
iridium aromatic ring with values between 1.354 and 1.461A
similar to those of the other benzene moieties at the
complexes.

This journal is © The Royal Society of Chemistry 20xx

Figure 2. ORTEP representation of cation complexes (R,M,S)/(S,P,R)-2 (top) and
(R,P)/(S,M)-3 (bottom) with thermal ellipsoids drawn at 50% probability level. All
hydrogen atoms have been omitted for clarity. Selected bonds (A) and angles (°) for
complex 2: Ir(1)-P(1) 2.282(2), Ir(2)-P(2) 2.280(2), Ir(1)-C(11) 1.984(7), C(13)-C(11)
1.448(11), C(13)-C(14) 1.366(11), C(14)-C(15) 1.461(12), C(15)-C(27) 1.416(11), Ir(1)-
C(27) 2.047(6), C(48)-Ir(2) 1.952(9), C(48)-C(49) 1.354(17), C(49)-C(50) 1.366(13), C(50)-
C(51) 1.438(12), C(47)-C(51) 1.443(11), C(47)-Ir(2) 2.056(6), C(11)-Ir(1)-C(27) 88.7(3),
C(48)-Ir(2)-C(47) 91.5(3). Selected bonds (A) and angles (°) for complex 3: Ir(1)-P(1)
2.183(6), Ir(1)-C(11) 1.964(3), C(12)-C(11) 1.425(6), C(12)-C(13) 1.365(6), C(13)-C(14)
1.452(5), C(14)-C(15) 1.431(5), Ir(1)-C(15) 2.050(3), C(11)-Ir(1)-C(15) 89.71(14), C(11)-
Ir(1)-P(1) 86.38(10).

The aromaticity of all diastereoisomers of 2, 3 and 4 have been
confirmed by the NMR data, the X-ray diffraction structures of
two of them as experimental methodologies (see above).! Also,
the anisotropy of the current-induced density (ACID)
calculations, one of the most widely used theoretical method
for aromaticity,3* was performed. The ACID isosurface for the
different isomers of 2, 3 and 4 show a clear aromatic character
with CIV values (critical isosurface values)3® for the cycle with
the iridium atom (Figure 3, Table 1) similar to the previously
published spirobifluorene iridaaromatic complex 1 with a value
of 0.060.22 If the iridium atom is exchange by a CH unit, the CIV
values increase as the aromaticity of iridium systems is slightly
lower. In addition, nucleus-independent chemical shift (NICS)
calculations were also performed on (5,M,S)-2 and the
corresponding organic derivative with negative values that
indicate aromaticity and confirm the results obtained by ACID
(see supporting information).
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Figure 3. ACID plots of an isomer of complexes 2, 3 and 4.
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(e=19416 Mcm™). It has been shown that the introduction of
an iridanaphthalene in one of the SBF branches provokes a red-
shift of the maximum wavelength with respect to its organic
analogue.?? However, a second iridium atom, meaning an
iridanaphthalene in each fluorene branch, as shown in complex
2, has no clear effect with respect to complex 1. Although
compounds 3 and 4 whose second fluorene branch is
substituted with a ketone or a methoxyphenyl group have
similar wavelengths to the other iridaaromatic systems, they
clearly show a large effect on absorptivity.

Table 1: CIV values, first static hyperpolarizability values and theoretical electronic gap
values for the isomers of compounds 2, 3, 4 and the corresponding organic analogue
where the [IrCp*(PMe)s]* fragment is replaced by a CH unit.

Complex CIV value® Brorx10 7 AEw- (eV)
(esu)®

1 1 0.060° 43.0 2.57
Org 0.070¢ 3.4 4.08

2 (R,M,R) 0.050 35.9 2.95
(R,M,S) 0.050/0.058 415 2.94

(S,M,S) 0.054 46.9 2.93

Org 0.063 2.0 4.02

3 (RM) 0.050 40.8 2.72
(R.P) 0.054 39.2 2.68

Org 0.060 12.5 3.66

4 (R,M) 0.054 42.8 2.02
(R,P) 0.049 45.0 2.00

Org 0.066 10.2 4.04

aValues for the cycle of the iridium atom or the replacement CH unit. "CAM-B3LYP
level of theory. “See ref 22.
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Figure 4. UV-Vis spectra of complexes 1-4 in CH,Cl, (6-:105 M).

Thermogravimetric analysis (TGA) of the stereoisomeric
mixtures of iridaaromatic complexes 2, 3 and 4 show high
thermal stability as the initial decomposition temperature
measured at the 5% mass loss point are 533 K, 583 K and 523 K
respectively. These stabilities are considerably higher than that
of complex 1, 473 K.22 Particularly, the increase in thermal
stability of 60 K for complex 2 compared to 1 may be attributed
to the larger aromatic system present in 2.

The UV-vis absorption spectra (Figure 4), in dichloromethane
with a concentration of 6:10°> M, of the stereoisomeric mixtures
of 2, 3 and 4 show two bands where the maximum wavelength
for the first band is 271 nm (£€=19000 M*cm™), 300 nm
(e=33333 M'lcm™) and 299 nm (€=35069 M-lcm™?) respectively,
while in the second band the maximum wavelength is 424 nm
(e=17500 Mlcm™), 426 nm (£=21667 Mlcm™?) and 423 nm

4| J. Name., 2012, 00, 1-3

To better understand the experimental UV-Vis spectra, time-
dependent density functional theory (TD-DFT) calculations were
performed for 1, and for each of the diastereocisomers of 2, 3
and 4 at the CAM-B3LYP level. The theoretical UV-vis spectra
show no differences between the respective diastereoisomer
for each of the compounds. Thus, the bands at 424 nm of
complex 2 is assigned to the electronic transitions
HOMO->LUMO while in compound 3 band at 300 is assigned to
the transition HOMO->LUMO+1 and the band at 426 nm to
HOMO—->LUMO and HOMO-3->LUMO. Finally, for complex 4
assignments are to HOMO->LUMO+3 and HOMO-1->LUMO for
bands at 299 and 423 nm respectively. Notably, the theoretical
spectra show a redshift of 143 nm for complex 2, 120 nm for 3
and 146 nm for 4 with respect to their organic analogues where
the iridium fragment is replaced by a CH unit.

The experimental UV-Vis absorption measurements allowed to
determine the optical bandgaps through Tauc’s plot from the
lowest electronic absorption. Thus, the direct band gap for
complex 1 and the mixtures of diastereoisomers of 2, 3, and 4
are 2.37, 2.51, 2.39 and 2.30 eV, respectively. These optical
band gaps value allow to determine that the complexes 1-4 are
transparent in a 1.8-2.4 eV range of the UV-Vis approximately.
Theoretical studies can be used to predict the NLO behaviour on
molecular systems. Different studies indicate that the first
hyperpolarizability values calculated by the DFT CAM-B3LYP
functional are more accurate than those obtained by B3LYP
functional.'® 36 Thus, the first hyperpolarizability (B:,:x1073° esu)
of compounds 1, 2, 3 and 4 was determined using CAM-B3LYP
functional (See table 1). The data obtained revealed that the
introduction of the iridium fragment in comparison with the

This journal is © The Royal Society of Chemistry 20xx
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organic analogue effectively improves the first
hyperpolarizability, its values being much higher, probably due
to the modification on the electronic distribution. Thus, the Biot
values of complex 2 diastereoisomers are 35.9, 41.5 and 46.9
while the exchange of the iridium atom by a CH unit drastically
reduces the first hyperpolarizability to 2. Although theoretical
studies suggest that the introduction of iridium may effectively
improve the second-order NLO responses, it should also be
noted that the introduction of two iridium fragments versus the
introduction of one iridium fragment does not show a marked
difference in the NLO response, as the exchange of only one of
the iridium atoms by a CH unit led to a Bt of 41. In addition to
introducing an iridium fragment to boost the first order
hyperpolarizability, and therefore, the NLO properties, another
strategy would be the incorporation of donor or acceptor
groups to increase the electron-donor or acceptor ability of the
system.® 3738 Thys, complex 3 and 4 allowed to study the effect
of acceptor or donor groups, respectively, in the second
fluorene branch. However, the introduction of these groups
practically does not affect the Biw: predicted values, which
seems to be in accordance with the lack of spiroconjugation in
these complexes. Even so, it can be said that the complexes
studied here have good second-order NLO responses.

Other electronic properties as low HOMO-LUMO energy gaps
and intramolecular charge transfer (ICT) have been directly
related to NLO properties. In order to study the molecular
electronic mobility, the frontier molecular orbitals (FMOs)
analysis has been shown as an important tool.'® Thus, for
complex 3, the HOMO is localized on the ketone substituent on
the SBF branch while the LUMO is extended over the SBF branch
with the iridium atom. Similarly, the MOs of complex 4 show the
HOMO at the fluorene branch with the methoxyphenyl
substituent and the LUMO at the iridaaromatic branch. In
contrast, in complex 2 the FMOs distribution is in the two
orthogonal pi systems. Additionally, while HOMO presents
homogeneous distribution over the whole mnt-systems, LUMO is
more concentrated on the aromatic ring containing the iridium
metal atom, this can be considered as intramolecular charge
transfer (Figure 5 and SlI).

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. HOMO and LUMO representation of some diastereoisomers of complexes 2, 3
and 4. Isovalue 0.02.

The HOMO-LUMO energy gaps obtained for compounds 1, 2, 3
and 4 are lower than their organic analogues which shows a
clear influence of the iridium fragment (Table 1). While for
complex 2 and 3 the gap difference respect to their organic
analogueis around 1-1.1 eV, for complex 1 it increases to 1.5 eV
and for complex 4 there is a gap difference of 2 eV. This shows
that the introduction of an iridium fragment in one fluorene
branch and a donor group in the other fluorene branch has a
greater influence on the HOMO-LUMO energy gap values. In
addition, the low value display by complex 3 suggests a clear
semiconductor behaviour.

Finally, the electrochemical properties of compounds 1-4 were
studied by cyclic voltammetry (CV) in dichloromethane (see SI
for full details). The features of voltammograms for these
compounds are similar, exhibiting two electrochemical events.
On the cathodic side, one reversible reduction is observed for
complexes 1, 3 and 4. In contrast, complex 2 exhibits two
separate, but very close, reversible reduction waves which
could be assigned to the two iridium atoms (Figure 6). This
electrochemical process was attributed to the Ir(ll1)/1r(l1)
reduction as previously observed for other Ir(lll) complexes.3% 40
This assignment is supported by DFT calculations since the
LUMO of complexes 3 and 4 is localized over the SBF branch
with the iridium atom (see above). On the anodic side, one
quasi-reversible oxidation is observed for all complexes (Figure
6) probably related to the organic fragment since the
propargylic alcohols used for the synthesis of complexes 1-4
undergo an oxidation in the anodic potential range. This fact is
also suggested by DFT calculations since the HOMO, from which

J. Name., 2013, 00, 1-3 | 5



the electron is lost, is located at the fluorene branch with
ketone (3) or methoxyphenyl group (4).

]’ZOpA

Complex 1

Complex 2
Complex 3

Complex 4

-25 -2.0 -15 -1.0 -05 0 05 1.0 15
E(V)

Figure 6. Cyclic voltammograms of 1mM solutions of complexes 1-4 in CH,Cl,, with 0.1 M
tetrabutylammoniumhexafluorophosphate (TBAPFs) as supporting electrolyte. Scan
rate: 0.2 V/s

On the cathodic scan, a reversible reduction with Ei/; around
-1.45 V vs. Fc/Fc* was observed for all the complexes, and a
second one with Eyi/; around -1.59 V vs. Fc/Fc* (Table 2). In
addition, on the anodic scan, an oxidation with E;/; around 1 V
vs. Fc/Fc* was also observed for all the complexes. Therefore,
the similar redox behavior in compounds 1, 3 and 4 indicates
that the substituents on the second fluorene unit do not exert
a significant effect on the electronic states. Likewise, although
the introduction of the second iridium fragment leads to the
appearance of a second nearly overlapped reduction wave, it
does not modify any other characteristics.

Table 2. Optical gaps and relevant electrochemical data.

Complex | Ey2(V) | AE (V)* | Ecveap (€V)° | Eopticalgap (€V)
-1.45 0.10 2.34 2.37
1 1.02 0.15
-1.46 0.11 2.33 2.51
2 -1.59 0.05
1.01 0.20
-1.45 0.11 2.36 2.39
3 -1.74 0.09
1.00 0.15
-1.45 0.12 2.29 2.30
4 -1.74 0.10
1.00 0.25

3AEp = Epa-Epc,; PEcv gap = Enomo-ELumo: ELumo (eV) = = (Eonset, red + 5.1); EHomo (eV)
= — (Eonset, oxid + 5.1). Both are determined vs. Erci/rc?t™3

The effect of the scan rate on the electrochemical response was
investigated between 0.1 and 1 V/s. For all complexes first
reduction processes, the peak-to-peak separation (AEp) values
was about 110 mV at 0.2 V/s (Table 2), and AE, values from 0.09
to 170 mV were observed in relation to changes in the scan rate.
Furthermore, the ratio of cathodic to anodic peak currents
(ipc/ipa) remained close to unit. These parameters are in
accordance to the Fc/Fc* redox couple under the same
experimental conditions which suggests a reversible charge

6 | J. Name., 2012, 00, 1-3

transfer process.*! In addition, for all redox processes a linear
dependence of peak current on the square root of the scan rate
was observed, which is indicative of the diffusion-controlled
nature of the processes (see Sl). Altogether, the iridium reduced
state of complexes 1-4 is stable on the timescale of
electrochemical experiments.

Finally, the HOMO-LUMO gaps were obtained from the CV
experiments with values around 2.3 eV for all the compounds.
These values are nearly identical to the optical band gaps (Table
2) and similar to the theoretical values (Table 1). Thus, the
complexes 1-4 can classify among the semiconductors for
applications in photovoltaics and optoelectronics.

Conclusions

In conclusion, the synthesis and characterization of three new
spirobifluorene iridanaphthalene complexes, including the first
complex with two iridaaromatic systems into the m skeleton of
a SBF moiety has been achieved. In addition, their electronic
and optical properties have been studied through both
experimental and theoretical approaches demonstrating a
great influence of the systems by introducing an iridium atom
in the aromatic moiety. They have shown that complexes 1-4
present not only transparency in the 1.8-2.4 eV UV-Vis range,
but also a semiconductor behaviour. Additionally, non-linear
optical properties are predicted with first hyperpolarizability
values considerably higher than the organic analogues. Notably,
these complexes show high stability under air, at high
temperatures and in electrochemical conditions. This work
demonstrates that metallaaromatic complexes within the m
skeleton of a spirobifluorene are suitable building blocks for
new organometallic structures where electrical and optical
properties can be modulated for semiconductors, optical or
electrooptical devices.
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