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In this study, we report the emissive properties of a heteroleptic cyclometalated Ir(lll) complex, [Ir(bzq)2(PBO)] (bzgH =

benzo[h]quinoline; PBOH = 2-(2-hydroxyphenyl)benzoxazole). The complex, [Ir(CAN)2(N”0)], was synthesised and optically

resolved using a chiral column. Two geometrical isomers, trans-(N,N) and cis-(N,N) isomers, were obtained as the major and

minor products in an enantiopure form, respectively. Their molecular structures were determined using single crystal X-ray

analysis. In the crystalline states, the intermolecular C-H---n interaction between PBO™ and an H atom in bzg™ was the main

factor influencing molecular packing. When the complexes were dissolved in CH:Cl; and excited at 430 nm under N

atmosphere, yellow (Amax = 550 nm) and orange emissions (Amax = 570 nm) were observed for the trans-(N,N) and cis-(N,N)

isomers, respectively, with the quantum yield higher for the former than the latter.

Introduction

Cyclometalated Ir(Ill) complexes are now attracting extensive
attention as emitting elements in photoresponsive devices,
such as sensors, electroluminescent(EL) devices, and
photosensitisers.2 They are highly emissive in the visible
region. In addition to these advantages as light emitters, they
possess interesting structural character, such as mer/fac
(merdional/facial) geometrical isomers together with AA
coordination chirality.>76 If this isomerism is combined with
emissive properties, it may result in a multifunctional device
based on Ir(lll) complexes.'’~2° In case of Ir(ppy)s (ppy = 2-
phenylpyfidyl), for example, the mer and fac isomers exhibit
emission at 512 nm or 510 nm, respectively.® The fac isomer
gives quantum efficiency higher than the mer isomer. As
another example, the photophysical properties of an Ir(lll)
complex containing two carbene-based ligands are reported
to depend remarkably on cis/trans isomerism.® Regarding
chiral properties, we have studied the stereoselective effects
on the emission behaviour of a chiral Ir(lll) complex under
asymmetric environments.?! Chiral photo-sensing was
achieved using thin films based on these complexes.'®
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In this study, we synthesised a heteroleptic complex,
[Ir(bzq)2(PBO)] (bzgH = benzo[h]quinoline; PBOH = 2-(2-
hydroxyphenyl)benzoxazole). Regarding the 2 ligands (C~N),
the molecule is classified as [Ir(CA*N)>(N”O)], with 3 possible
geometric isomers, trans-(N,N), cis-(N,N) and trans-(C,C), as
shown in Chart 1. PBO™ is characterised by its protonation and
emission properties.3® As a previous example, an Ir(lll)
complex containing PBO~, trans-(N,N)-[Ir(ppy).(PBO)] was
synthesised.3! Notably, in the present work, [Ir(bzq)2(PBO)]
was obtained as a mixture of trans-(N,N) and cis-(N,N)
isomers as the major and minor products, respectively. Their
structures were determined using single crystal X-ray
diffraction. The effects of geometrical isomerism on emission
behaviour were observed. To the best of our knowledge, this
was the first report on the effects of geometrical isomerism
on emissive behaviours for the complexes of [Ir(CAN)>(N*O)]
type.

Results and discussion

Synthetic procedure: The synthesis is described in the
experimental session. The product of the reaction between
[Ir(bzqg).Cl], and PBOH was eluted using a flash silica gel
column (Experimental section). Chart 1 shows the molecular
structures of the Ir(lll) complexes used. The fraction
containing the metal complexes was further eluted using an HPLC
(High Performance Liquid Chromatography) silica gel column
to separate the 2 main compounds represented by the peaks
(Figure S1). These compounds were analysed using 'H NMR, 13C
NMR, single crystal X-ray diffraction, mass spectrometry, and
elemental analysis (Figures S2—S5). Hence, the trans-(N,N) and
cis-(N,N) isomers were identified as the major and minor
products, respectively.
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When a racemic mixture of trans-(N,N)- and cis-(N,N)-
[Ir(bzqg)2(PBO)] was eluted using a chiral HPLC column, 2 well-
separated peaks with equal areas were obtained
(Experimental section). A typical chromatogram is shown in
the Figure S6. As shown later by their electronic circular
dichroism (ECD) spectra, these peaks correspond to a pair of
optical antipodes (Figure S7).
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1. Isolation of geometric isomers, trans-(N,N)- and cis-(N,N)-
[Ir(bzq)z(PBO)] Both products are racemic and expressed by one enantiomers.
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in the supporting information (Tables S1-S7 and Figures S10-
14).

(a) (b) (c)

Figure 1 Racemic cis-(N,N)-[Ir(bzq),(PBO)] viewed along the (a) a-, (b) b-, and (c)
c-axis, respectively. Solvent mo 2Iecu les are omitted for clarlty bqu =
enzo[h]qumolme PBOH = 2-(2-hydroxyphenyl)benzoxazole.

Crystal structures of cis-(N,N) and trans-(N,N) isomers of
[Ir(bzq)(PBO)]: For the «cis-(N,N)- and trans-(N,N)-
[Ir(bzg)2(PBO)] isomers, orange and yellow crystals,
respectively, were obtained after slow evaporation of a
CHyCly:hexane (1:3 v/v) solution. Single crystal X-ray
structural analyses were performed on both the racemic and
enantiomeric single crystals. The absolute configuration was
determined for all investigated enantiomers.

The packing diagrams of racemic cis-(N,N)-[Ir(bzq).(PBO)],
viewed along the a-, b-, and c-axes, are shown in Figures 1(a),
1(b), and 1(c), respectively. The space group is P-1. The
molecular structure corresponds to the cis-(N,N) isomer
(Chart 1). The molecules pack mainly through intermolecular
m---7 interactions. A pair of AA isomers form a loose
association, with an Ir-Ir interatomic distance of 0.89 nm.
Figure 2 shows the crystal structure of racemic trans-(N,N)-
[Ir(bzqg)2(PBO)]. The space group is P-1 (details are available in
the ESIT). Intermolecular C—H-- 1t interactions play a main role
in the molecular packing. Therefore, a racemic pair forms a
tight association, with an Ir-Ir interatomic distance of
0.68 nm, which is much smaller than the corresponding
distance for a racemic pair of cis-(N,N) isomers (0.89 nm). The
crystal structures of A-cis-(N,N)-[Ir(bzqg).(PBO)] and A-trans-
(N,N)-[Ir(bzq),(PBO)] are shown in Figures S8 and S9. The first
and second peaks in the chromatogram were assigned to the
A- and A-enantiomers, respectively. Interestingly, the
enantiomers of the cis-(N,N) and trans-(N,N) isomers eluted
in the opposite order using this chiral column. Table 1
compares the molecular and crystal structures of the cis-(N,N)
and trans-(N,N) isomers. The detail crystallographic data
including the selected bond distances and angles are shown

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

(a) (b) (c)

Figure 2 Racemic trans-(N,N)-[Ir(bzq),(PBO)] viewed alon§ the (a? a-, (b) b-, and
L c-axis, respectively. Solvent molecules are omitted for carlty bqu =
enzo[h]quinoline; PBOH = 2-(2-hydroxyphenyl)benzoxazole.

Table 1. Summary of molecular interactions obtained using single crystal X-ray
diffraction

bzg-bzq bzg-PBO PBO-PBO dirar /nm
Racemic T C-H-m T 0.89
cis-(N,N)
Chiral C-H-mt T T T 0.89
cis-(N,N)
Racemic C-H-m C-H-m T 0.68
trans-(N,N)
Chiral T C-H-m C-H-m 0.92
trans-(N,N)

Explanation for cis-(N,N)-[Ir(bzq),(PBO)] production: In this
study, both ©c¢is-(N,N) and trans-(N,N) isomers of
[Ir(bzg)2(PBO)] were produced as the minor and major
products, respectively. This was unexpected due to the
common view that the reaction of [Ir(C~N),Cl],, with trans-
(N,N) stereochemistry, with a bidentate ligand (L), yields
trans-(N,N)-[Ir(C~AN),L] exclusively.3? To clarify at which step
the configurational change took place, i.e., before or after
cyclometalation, the dimer and trans-(N,N) were separately
heated under conditions similar to the synthesis of
[Ir(bzqg)2(PBO)]. The experiment using the dimer 1 gave 45%
of dimeric mixtures, which included largely the starting
stereoisomer 1 along with two minor isomers (Figure S15).

This journal is © The Royal Society of Chemistry 20xx
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The residual products were too complex to isolate and
identify. Although structural elucidation of the dimeric
mixture was restricted due to the complex spectrum of the
mixture, the high-resolution ESI (Electrospray lonization)
mass spectrum indicated a mixture of isomers with the same
molecular formula and mass numbers due only to [M-CI]*
(Figure S16). In contrast, the trans-(N,N) isomer was intact
without isomerisation. Therefore, cis-(N,N)-[Ir(bzq),(PBO)]
may have been formed by PBOH ligation to an isomerisation
product of the dimer [Ir(bzq),Cll, with the trans-(N,N)
configuration.

UV-vis and ECD spectra of the cis-(N,N) and trans-(N,N) isomers
of [Ir(bzq),(PBO)]: Figure 3 shows the UV-vis (ultra violet-
visible) spectra of the cis-(N,N) and trans-(N,N) isomers of
[Ir(bzqg)2(PBO)] in CH.Cly. For both isomers, the low-energy
absorption band extending from 340 nm to the visible region
is assighed to the 3MLCT and 3LLCT bands, while the dominant
absorption band in the UV region, between 200 and 350 nm,
is assigned to the m—=t* transition within the ligands. The ECD
spectra of the resolved enantiomers in CH,Cl, are shown in
Figure S7. The mirror-image relationship is maintained
between the antipodal pairs. The 3MLCT and 3LLCT bands
show little ECD activity, whereas the n—n* transition yields
large ECD absorption peaks.

8x10' — ———

7x10°
6x10*
5x10°
4x10*
3x10°
2x10*

1x10*

. . . L ) .
250 300 350 400 450 500 550 600
Wavelength /nm

Figure 3. UV-vis spectra of (black) cis-(N,N)- and (red) trans -(N,N)-
Lbzq)z(PBO)] in CH,Cl,. bzqH = benzo[h]quinoline; PBOH = 2-(2-
ydroxyphenyl)benzoxazole.
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(Q.Y.) of the emissions are summarised in Table 2. The value
of Amax is 570 (orange) and 550 nm (yellow) at room
temperature (20 °C) for the cis-(N,N) and trans-(N,N) isomers,
respectively. Thus, the geometrical isomerism causes a
difference of ca. 20 nm in the peak emission wavelength. The
emissions under air and N, at room temperature are shown
in Figure S17.

Emission decay was measured at room temperature by
excitation with a light pulse at 355 nm. Examples of the
obtained signals are shown in Figure 5. Decay curves were
analysed using the following equation:

y = Fy + Fy exp (—t/7), (1)

where y is intensity count, 1 is the relaxation time, t is time,
F1 is the emission amplitude, and Fp is the emission
background. The Q.Y. value was obtained independently,
using [Ru(bpy)s]?* as a reference. According to the literature,
its Q.Y. is 0.028.33 Using the observed values for t and Q.Y.
(denoted by ¢), the non-radiative rate constant (k,) and
radiative rate constant (k;) were calculated using the
following equations:34-3¢

__ kr
¢ = Ky+kny (2)
1
T= kr+_knr (3)

(@

Relative intensity / a. u,
Relative intensity / a. u,

L .
450 500 550 00 650 450 500 550 600 650
Wavelength / nm Wavelength / nm

Figure 4. Emission spectra of (a) A-cis-(N,N)- and gb) A-trans-(N,N)-
[Ir(bzq),(PBO)]. The complexes were dissolved at 5.4 x 10> M in CH,Cl,. The
excitation wavelength is 430 nm. The bold black, broken black, dotted black,
red bold and broken red lines correspond to 293, 283, 273, 263, and 253 K,
respectively. bzqH =

zq benzo[h]quinoline; PBOH = 2-(2-
hydroxyphenyl)benzoxazole.

The absolute configurations of these enantiomers were
determined by single crystal X-ray analyses of the resolved
species, as stated above.

Emission properties of the [Ir(bzq),(PBO)] isomers: The
emission spectra of the A-cis-(N,N) and A-trans-(N,N) isomers
of [Ir(bzq),(PBO)] were measured in CH,Cl, under N;
atmosphere. Figure 4 shows the spectra in the temperature
range 253—-293 K when the solutions were excited at 430 nm.
The emission intensity increases with decreasing
temperature. The peak wavelength (Amax) and quantum yield

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Decay curves of (a) A-cis-(N, N) and (b) A trans-(N,N)-[Ir(bzq),(PBO)].
The complexes were dissolved at 5.5 x 10° in CH,Cl,. The excitation
wavelength was 355 nm. The grey, black, and red curves were recorded at 293,

J. Name., 2013, 00, 1-3 | 3
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273, and 253 K, respectively. bzqH = benzo[h]quinoline; PBOH = 2-(2-
hydroxyphenyl)benzoxazole.

The emission lifetime was in the sub-microsecond range,
implying that the emission was phosphorescence. Comparing the
kinetic results between the isomers, the trans-(N,N) isomer
exhibited a higher Q.Y. despite its shorter lifetime. When the
temperature was lowered, k, remained almost constant,
whereas k,- decreased with decreasing temperature. Using
the following equation,

knr(T) = ka e AE/RT (4)

the activation energy (AE) for the rate constant of the non-
radiative decay was 10.5 and 12.5 kJ mol? for the cis-(N,N)
and trans-(N,N) isomers, respectively. Ka denotes the rate
constant of decay at infinite temperature. The obtained
dynamic emission parameters are listed in Table 2.

Table 2. Dynamic emission parameters at 293 K, including quantum yield (¢), lifetime
(1), radiative rate constant (k,), non-radiative rate constant (k,,), and activation energy
(AE).

o | t/us | ko /st Knr /st AE
/kJ molt
cis-(N,N) 0.22 | 0.47 4.63 x 1.64 x 10.5
10° 108
trans- 0.41 | 0.34 1.19 x 1.71x 12.5
(N,N) 106 106

Theoretical estimation on stability of geometrical isomers:
The ground and excited states of [Ir(bzq),(PBO)] isomers were
calculated using the Gaussian 16 program.?’” Upon
comparison of the results of the theoretical calculations with
the experimental observations, the following were noted.
First, the total electronic energy of the ground state for the
trans-(N,N) isomer is 16.9 kJ mol! lower than that of the cis-
(N,N) isomer, corresponding well to the higher amount of
trans-(N,N) isomer obtained than cis-(N,N) isomer. Second,
based on the ground state calculation, the energy gap
between HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) (denoted by
AEnomo/Lumo) is 3.67 (338 nm) and 3.73 eV (332 nm) for the
cis-(N,N) and trans-(N,N) isomers, respectively (Figure S18).
From the molecular orbital shapes of HOMO-1, HOMO,
LUMO, LUMO+1, and LUMO+2, as shown in Figure S18, it was
concluded that the main contributions to HOMO and LUMO
came from the orbitals localized in PBO- and bzg- ligands,
respectively. Based on the optimised triplet state geometries
at the ground state, the phosphorescent emissive
wavelengths are estimated from the transition energy
(denoted by ASCF) between the ground singlet state (S,) and
the lowest triplet state (T1). ASCF was calculated to be 2.38
eV (521 nm) and 2.42 eV (512 nm) for the cis-(N,N) and trans-
(N,N) isomers, respectively. Experimentally, the peak
positions of the main emission band were observed at 2.17
eV (570 nm) and 2.25 eV (550 nm) for the cis-(N,N) and trans-

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

(N,N) isomers, respectively. Thus the theory predicted
correctly the energy difference between these geometrical
isomers.

Experimental

Synthesis of [Ir(bzq)(PBO)]: A mixture of [Ir(bzq),Cl], 13132
(76.6 mg, 0.066 mmol), Na,COs3 (49.0 mg, 0.46 mmol) and
PBOH 2 (36.5 mg, 0.17 mmol) in 2-ethoxyethanol:water (1:1,
12 mL) was stirred at 110 °C for 12 h under N,. The reaction
mixture was subjected to a flash silica gel column
chromatography (eluent: CH,Cl, containing 0.01 % CH3OH)
followed by purification by means of a silica gel column (GL
Sciences, Japan) HPLC [eluent: CH)Cl, (containing 0.01 %
CH3O0H):hexane (10:1)] to give cis-(N,N) (19%) and trans-(N,N)
(56%) (see ESIT).

Enantiomeric separation: The racemic Ir(lll) complex was
optically resolved using a chiral column (CHIRALPAK IC, Daicel
Corp., Japan) with CH,Cl, as the eluent at a flow rate of
0.5 mL min, with the elution monitored at 350 nm. The HPLC
results for the cis-(N,N) and trans-(N,N) isomers are shown in
the ESIT.

Instrumentation: NMR spectra were obtained using an AVIII
500 spectrometer (Bruker, Billerica, MA, USA) and JNM-
AL400 (JEOL Ltd., Tokyo, Japan). UV-vis spectra were recorded
using a V-730 UV-vis spectrophotometer (JASCO Co., Japan).
Circular dichroism spectra were measured using a J-720
spectropolarimeter (JASCO Co., Japan). Emission spectra
were recorded using an FP-6500 spectrofluorometer (JASCO
Co., Japan) equipped with a cryostat (Unispeks, UNISOKU Co.,
Ltd., Osaka, Japan).

The emission lifetime was measured using a TSP-1000M-PL-
ES (UNISOKU Co., Ltd., Osaka, Japan) equipped with a cryostat
(Unispeks, UNISOKU Co., Ltd., Osaka, Japan). The instrument
was also equipped with a pulsed YAG (Yttrium Aluminum
Garnet) laser at 355 nm. The emission decay curve was
obtained by averaging 130 pulsed signals. The curves were
analysed under the assumption of single-exponential decay.
X-ray crystallography: X-ray diffraction was performed using
a VariMax (Rigaku, Tokyo, Japan) with a Saturn diffractometer
using multilayer mirror monochromated Mo Ka
(A =0.71075 A) radiation at 100 # 1 K. Crystals were mounted
on cryoloops. Collection of the reflection intensities and
determination of the cell parameters were performed using
CrystalClear 1.4.0 (Rigaku, Tokyo, Japan)*® and CrysAlisPro
1.171.39.46 (Rigaku Oxford Diffraction).*’ The data were
corrected for Lorentz polarisation and absorption effects. The
structures were solved using SHELXT-2018/2%? and expanded
using the Fourier technique. All calculations were performed
using the Olex2 1.2.%3 crystallographic software package, and
SHELXL-2018/3%° was used for structure refinement. The data
were validated using PLATON.**

Single crystals of racemic cis-(N,N)- and trans-(N,N)-
[Ir(bzq).(PBO)] were prepared by slow evaporation of a
CH,Cly:hexane (1:3 v/v) solution. Crystallographic data:

This journal is © The Royal Society of Chemistry 20xx
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Racemic cis-(N,N)-[Ir(bzq)2(PBO)]; C3gH24IrN3O, and CHCl,,
FW 843.74, triclinic, P-1, a = 10.4642(3) A, b = 10.5088(2) A,
c=15.5137(4)A, a = 85.981(2)°, B8 = 76.654(2)°,
y=72.389(2)°, V= 1582.12(7) A3, Z = 2, u = 4.432 mm™.
R1=0.0315 (/ > 25(/)), wR> = 0.0752 (all data), GOF = 1.051
(I>20(1) (CCDC  2063612). Racemic  trans-(N,N)-
[Ir(bzqg)2(PBO)]; C39H24IrN3O;, and CH,Cl,, FW 843.74, triclinic,
P-1, a = 12.2740(2) A, b=16.9938(3) A, ¢ = 18.1515(5) A,
o =106.596(2)°, 6=109.535(2)°, y = 103.187(2)",
V=3192.42(13) A3, Z = 4, u=4.392 mm?l R; = 0.0426
(I>20(l)), wR, = 0.0912 (all data), GOF = 1.022 (I > 2o(/))
(CCDC 2063615).

Computational details: Geometry optimization was
performed at the DFT (density functional
theory) level using the PBEO functional. The basis set for Ir(lll)
was the (8s7p6d2f1g)/[6s5p3d2f1g] basis set combined with
the Stuttgart quasi-relativistic ECP(effective core potential)
3738 and the  basis sets for the other atoms
were the 6-31G(d,p) basis sets. All the calculations was
performed using Gaussian 16 (C.01).3°
The solvent (CH,Cl;) was used in the polarisable continuum
model approximation. The singlet and triplet ground states
were optimised to calculate the ASCF. The optimized
structures were confirmed to satisfy convergence conditions.
At the optimized structures, all vibration had a positive sign
and no negative frequency appeared.

Conclusion

The trans-(N,N) and cis-(N,N) isomers of a heteroleptic
cyclometalated Ir(lll) complex, [Ir(bzq),(PBO)], were obtained
as the major and minor products, respectively. The
production of the cis-(N,N) isomer is rare among similar
synthetic approaches commencing from a corresponding
dimeric species. Their molecular structures were determined
using single crystal X-ray diffraction, and their emission
properties in CH,Cl, were investigated by altering the
excitation wavelength and temperature. To the best of our
knowledge, this is the first report on the influence of cis-trans
isomerism on their emission behaviour of [Ir(CAN),(N*O)]-
type Ir(lll) complexes.
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