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Luminescent Organogold(III) Complexes with Long-Lived Triplet
Excited States for Light-Induced Oxidative C—H Bond
Functionalization and Hydrogen Production**

Wai-Pong To, Glenna So-Ming Tong, Wei Lu, Chensheng Ma, Jia Liu, Andy Lok-Fung Chow,

and Chi-Ming Che*

Transition-metal complexes with high-energy, long-lived, and
highly emissive triplet excited states have profound applica-
tions in photocatalysis!! and biosensing.”! In this regard,
luminescent gold(IIT) complexes have recently received much
interest as complementary species to their isoelectronic
platinum(IT) congeners.”! Although there have been consid-
erable efforts to develop organogold(Ill) photochemistry
since the 1990s, cyclometalated gold(IIT) complexes that are
highly emissive in fluid solutions are still sparse.>® The high
electrophilicity of gold(IIT) ion renders the unoccupied d o*
(d,2_,2) orbital low-lying and thus the low-energy ligand-to-
metal charge transfer (LMCT) excited state(s) close to the
emissive intraligand excited states, leading to effective
luminescence quenching.®" To increase the luminescence
efficiency of gold(IIT) complexes, strong-field ligands are
desired to push the do* orbital to higher-lying energy. The
incorporation of a strong o-donating auxiliary ligand L, such
as an acetylide or an N-heterocyclic carbene (NHC), to the
bis-cyclometalated [Au™(CAN~C)L]" (HC"N~CH=2,6-
diphenylpyridine) system®! was found to be successful,
resulting in phosphorescence in solutions with emission
quantum yields of up to 1.0% and lifetimes up to 0.6 ps,®>
indicating fast nonradiative decay (k,~10°-10"s™") and
moderate radiative decay (k,~10°~10*s™").

Herein we present the photophysical and photocatalytic
properties of two novel gold(III) complexes bearing an
extended m-conjugated bis-cyclometalated ligand (Figure 1 a).
A m-extention in bis-cyclometalated ligand is anticipated to
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Figure 1. a) Chemical structure of 1 and 2; b) ORTEP of 1 with
ellipsoids set at 50% probability and hydrogen atoms omitted for
clarity; c) Calculated HOMO and LUMO of 1.

enhance radiative decay by increasing the transition dipole
(1) and oscillator strength (f) of the Sy—S, transition whereas
suppressing nonradiative decay by decreasing the structural
excited-state distortion. Indeed, emissive excited states with
lifetimes of 282 and 506 ps in solutions at room temperature
were recorded with these two complexes and, to our best
knowledge, unprecedented for luminescent organogold(I1I)
complexes. We also demonstrated that these long-lived triplet
intraligand excited states can be harnessed to catalyze
oxidative functionalization of secondary and tertiary benzylic
amines and homogeneous hydrogen production from a water/
acetonitrile mixture.

Details for the synthesis and characterization of [Au™(R-
C,,"N~C,,)(NHC)](OTf) (R-HC,,"N*C, ,H = 4-R-2,6-di-
naphthalen-2-yl-pyridine; R = C¢H,-4-OCHj; (1), and R=H
(2); NHC =1,3-dimethylimidazol-2-ylidene) are given in the
Supporting Information. The structure of 1 has been con-
firmed by single-crystal X-ray crystallography.”’ As shown in
Figure 1b, the (C,,"N*C,,) ligand and gold atom are in
a coplanar geometry, revealing the structural rigidity of this
complex. The dihedral angle between the Au(C,,"N"C,,))
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coordination plane and the NHC ligand is about 89°, which is
presumably due to the steric hindrance between the two
methyl groups and the two naphthalenyl hydrogen atoms
close to the gold atom.

Density functional theory (DFT) and time-dependent
DFT (TDDFT) calculations have been performed on both the
prototype complexes [Au™(CANAC)(NHC)]" and [Au™(R-
C,,"N"C,,)(NHC)]" (17) at their respective optimized S,
ground state and T, excited state geometries. The oscillator
strengths (f) of the low-lying singlet excited states from which
the triplet excited state can borrow intensity is larger in 1" and
the change in bond lengths between the singlet ground state
(So) and the first triplet excited state (T)) is smaller for 1* (see
Supporting Information). The singlet-triplet energy gap at
the Franck—Condon state is smaller in 1% (1000-2500 cm ™',
depending on excitation wavelength) than in [Au™(C*N*C)-
(NHO)]* (ca. 3600 cm ™). Accordingly, 1" has a faster inter-
system crossing (ISC) rate and higher triplet quantum yield.
At the Franck—Condon state, there is a minor contribution of
ligand-to-metal charge-transfer (LMCT) character in the low-
lying singlet excited states of [Au™(CA"NAC)(NHC)]" but
none in those of 1*. Thus, it is expected that 1" has a slower
nonradiative decay rate than [Au™(CANAC)(NHC)]™
Indeed, the nonradiatve decay of 1* is more than 300-fold
slower than that of [Au™(CANAC)(NHC)]" (see below).

The low-energy absorption bands of 1 and 2 in dichloro-
methane with A, at 403 nm and 402 nm (g, ~1.7-2.6 x
10* dm*mol 'cm™!) are assigned to intra-ligand transitions
localized at the (R-C,,"N~C,) ligand. Dual emission bands
with A,,,, at 420 and 520+ 1 nm are found in the emission
spectra of both 1 and 2 in degassed dichloromethane at
a complex concentration of 1.0x 107> moldm™ at 298 K
(Figure 2a). The vibronically structured low-energy emission
band reveals a spacing of about 1400 cm™! corresponding to
stretching frequencies of the dinaphthalen-2-yl-pyridine
moiety. The quantum yields of the lower-energy emission
are 11.4 % and 5.5 % for 1 and 2, respectively; the lifetimes of
the lower-energy (519-521 nm) emission bands are 506 ps for
1 and 282 ps for 2. Both the excitation spectra monitored at
Aem =420 nm and 519-521 nm show well-resolved vibronic
structures with A,,,,, at 402-403 nm, which is identical to that of
the absorption spectrum (Figure 2a). There is negligible
solvent effect on the emission spectra of 1 and 2. Upon
excitation at 380 nm, femtosecond time-resolved emission
measurements with dichloromethane solutions of 1 and 2
established that the lifetime of the higher-energy emission
(420 nm) is in the picosecond region (3.3 ps for 1 and 3.7 ps
for 2; see Supporting Information) and the excited states of
which rapidly decay by intersystem crossing with a rate
constant estimated to be about 3x10's™' to the triplet
emissive excited state having the emission A,, at about
520 nm. We thus assign the high- and low-energy emission
bands to the respective prompt fluorescence and phosphor-
escence from metal-perturbed intraligand excited state.

There is a more than 100-fold decrease in emission
intensity at 519-521 nm upon exposure of solutions of 1 and 2
to air. The 420 nm emission band is not changed during the O,
diffusion process (Figure 2b). Given the long emission life-
times of 506 and 282 ps, it is not surprising to find the
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Figure 2. a) Electronic absorption, emission, and excitation spectra of
1 (concentration ca. 1.0x107° moldm™) in degassed CH,Cl, at room
temperature. The asterisk indicates a second-order transmission of the
380 nm excitation. b) Emission traces showing the decrease of emis-
sion intensity upon slow diffusion of air into a thoroughly degassed
dichloromethane solution of 1. Only 1% of the emission intensity at
519 nm was retained after exposure to air. Excitation wavelength:

380 nm; asterisk indicates an instrumental artifact. Inset: the air
diffusion process under a 365 nm lamp.

significant O, quenching effect on the emission intensity at
519-521 nm. The sensitivity of the emission of 2 towards
oxygen can be harnessed to visualize the living cells (see video
in Supporting Information). When nitrogen was blown over
the living cells incubated with 2 in buffer solution, these cells
became yellowish green upon illumination under a fluorescent
microscope. This reveals that 2 can be taken into the living
cells and serves as an O, sensor inside.

The high emission quantum yields and long-lived triplet
excited states render 1 and 2 good candidates for photo-
chemical reactions. By employing the electrochemical data
plus the spectroscopic measurements, we estimated the
excited-state potential of 1 by using the following equation:
E(1™) = E(1"®) + E,(1"). The cyclic voltammogram of
1 reveals the first quasi-reversible one-electron reduction
wave [E(1'/1°), (iy/iy,) ~ 1] at =1.73 V vs. Cp,Fe™ (-1.04 V
vs. NHE). The 0-0 transition energy of 1, E, (1), can be
estimated from the onset of the triplet emission band, which
occurs at about 500 nm (2.48 eV). Thus E(*1™) is estimated
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to be about 0.75 V vs. Cp,Fe™ (1.43 V vs. NHE), signifying
that 1 is a powerful photooxidant. Complex 1 was chosen in
the present study to test for its photocatalytic activities.
Oxidation of secondary amines to imines and a-substitu-
tion of tertiary amines have important applications in organic
synthesis.*l In the presence of oxygen, 1 was found to catalyze
oxidation of secondary amines under light irradiation at room
temperature. As summarized in Table 1, secondary benzyl

Table 1: Conversion and yield of oxidation of secondary amines to imines
by complex 1.

2
Ny’ 1015 mol%), light AN
10 —_— 1=
R Q/\H MeCN, O, 25h . R

3a-h 4a-h
Entry  Substrate R’ R? Product  Conversion,
yield [%)]
1 3a H tBu 4a 100, 98
2 3b Me-4 tBu 4b 100, 98
3 3c OMe-4 tBu 4c 100, 97
4 3d (OMe),-3,4 tBu 4d 100, 94
5 3e F-4 tBu 4e 100, 96
6 3f Cl-4 tBu 4f 100, 97
7 3g H Bn 4g 100, 98
8 3h H iPr 4h 100, 89

[a] The substrate (0.107 mmol) and catalyst 1 were dissolved in 1.6 mL
CH;CN. Solvent-saturated O, was bubbled into the solution and light
(A >385 nm) was focused in front of the quartz cell. After 2.5 h, the
solvent was evaporated and the residue was subjected to '"H NMR
analysis. Conversions and yields were calculated on the basis of the
consumption of the substrates.

amines with a variety of functional groups (R' and R?) can be
converted to imines efficiently in the presence of 1; light
irradiation and oxygen were used together as the oxidant.
Notably, all entries reached 100 % conversion with excellent
product yields (89-98 %), but only 0.15 mol % of 1 as catalyst
and a short irradiation time of 2.5 h were required. Singlet
oxygen sensitized from the triplet state of 1 is suggested to be
an active oxidant in this reaction.

We also turned our attention to the oxidative cyanation of
tertiary amines, such as N-aryltetrahydroisoquinoline
(Table 2). When N-phenyl-1,2,3 4-tetrahydroisoquinoline is
used, the a-C—H bond reacts with singlet oxygen to give
iminium ions as the intermediate. The iminium ion is unstable
and rapidly reacts with nucleophiles to give the corresponding
o-substituted products. In this work, all of the N-aryl
tetrahydroisoquinoline substrates reacted with sodium cya-
nide in the presence of acetic acid to give the products in 82—
92% vyields after 1.5h of irradiation (4>385nm). This
reaction is tolerable to a variety of substituents R on the N-
aryl group. The addition of acetic acid is crucial, as the
product yield obtained without acetic acid is significantly
lower. Murahashi and co-workers have recently reported that
the oxidative cyanation of tertiary amines does not proceed in
the absence of acetic acid (we noted that their reactions are
not photocatalyzed).®™ The possible role of acetic acid in our
case is to provide H" so that CN~ could be more soluble in the
solvent, which facilitates nucleophilic attack of CN~ on
iminium ion.
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Table 2: Conversion and yield of oxidative cyanation of tertiary amines by
complex 1.

@Q\‘ 1 (0.15 mol%), NaCN, HOAc ©:(\N
\©\ MeCN/MeOH, Oy, light, 1.5 h @\
R CN R

5a—e 6a—e
Entry Substrate R Product Conversion,
yield [%]
1 5a H 6a 100, 89!
2 5a H 6a 100, 508!
3 5a H 6a 100, 871
4 5a H 6a 6, n.d.
5 5a H 6a 2, nd.®
6 5b Me 6b 100, 86
7 5b Me 6b 100, 508!
8 5c OMe 6c 100, 84
9 5¢c OMe 6c 100, 430!
10 5d Cl 6d 99, 928
1 5d cl 6d 100, 27%
12 5e Br 6e 100, 82
13 Se Br 6e 100, 330!

[a] The substrate (0.107 mmol), NaCN (0.214 mmol), HOAc

(0.161 mmol), and catalyst 1 were dissolved in 1.6 mL CH;CN/CH;OH
(1:1, v/v). Solvent-saturated O, was bubbled into the solution and light
(A >385 nm) was focused in front of the quartz cell. After 1.5 h, the
solvent was evaporated and the residue was subjected to "H NMR
analysis. [b] The same reaction conditions as described in [a] except that
no acetic acid was added and irradiation time was 3 h. [c] Same reaction
conditions as that in [a] except that gaseous HCN was used instead of
NaCN/acetic acid. [d] Similar conditions with that in [a] but in the
absence of 1. [e] Similar conditions as in [a] except that the solution was
kept in darkness for 24 h. n.d.=not determined.

Complex 1 can also catalyze light-induced generation of
hydrogen upon irradiation of a three-component system in
a degassed acetonitrile/water mixture comprising 1, trietha-
nolamine, and [Co(dmgH),(py)Cl].”! Upon irradiation,
a bright yellow color, which signified the reduction of Co™
to Co", developed within 30s. Quenching experiments
revealed that oxidative quenching of 1 by [Co(dmgH),(py)Cl]
has a close to diffusion-controlled rate constant of 4.9 x
10°m~'s™!. However, reductive quenching with TEOA has
not been observed, implying that TEOA acted as a sacrificial
donor to reduce the 17 generated by oxidative quenching of
1 with [Co(dmgH),(py)Cl]. As depicted in Figure 3, the
maximum turnover of hydrogen production was more than
350 after 4h of irradiation. We also allowed the three-
component system in an acetonitrile/water mixture to be
irradiated by sunlight. After 4 h, 250 turnovers of hydrogen
were obtained. For the photolysis using xenon lamp, we used
a glass filter to block the high-energy irradiation (4 < 385 nm
from the xenon lamp), but no such protection was adopted in
the experiment when sunlight was used. Light photons with
wavelengths ranging from 315 to 385nm (UV-A) from
sunlight are high in energy facilitating the photo-decompo-
sition of 1. This may account for the reduced amount of
hydrogen production. Another well-known method to gen-
erate hydrogen from water by light irradiation is to use an
electron relay and a hydrogen-generating catalyst.® Such
system involves electron transfer from the photosensitizer to
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