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ligands and strong aurophilic interactions

Csaba Jobbagy,” Péter Baranyai,” Pal Szabd,” Tamas Holczbauer,® Barbara Récz,” Liang Li,” Panée

The first homoleptic trinuclear arylgold(l) complex, [Aus(L’),](NOs) (3), based on ortho-phenyl metallated aryl-diphosphine

ligand (L' =

0-CeH4PPh(C1sH100)PPhy), has been obtained through a new thermolytic reaction of the corresponding

diauracycle, [Auy(L)2](NOs), (L = xantphos). The formation of 3 involves the activation of the ortho-phenyl C-H bond of the

xantphos ligands. The presence of the Au-C bonds in this new gold-diphosphine cluster is not its only remarkable feature,

since it also displays two 12-membered rings fused together and a linear {Aus} chain with aurophilic interactions. Complex

3 exhibits strong sky-blue luminescence that can be assigned to triplet metal-metal (SMM) transition partially mixed with

ligand-to-metal-metal charge transfer (LMMCT) transition related to the aurophilic bonding. This [Aus(L’),]" triauracycle

also shows AIEE-activity, and is a selective luminescent chemosensor for metal ions.

Introduction

In general, synthetic chemists aim to create new materials

through chemical transformations where chemical bonds
being made or broken. Some of the as-obtained new
compounds often have unusual structures and intriguing

properties. Among metal-based compounds, gold(l) derivatives
with polyphosphine ligands containing gold-phosphorous
bonds are endowed with unconventional structural features
-5 Gold(l) derivatives are also
attracting interest as functional new materials due to their
exciting potential applications in mechano- and chemosensors,
data recording, nanochemistry and catalysis.1 Yet, the main
inspiration to study these structures comes from their superb
emission properties related to aurophilic interactions.® One of
the strategies to elicit luminescence by Au---Au contacts relies
upon the use of polyphosphines as connecting units to
generate homoleptic |'ings.2’3 This approach affords homoleptic
di-, tri- and tetranuclear gold(l) complexes containing only
bridging polyphosphine ligands and short Au---Au contacts.>?
The possibility of external control of the Iluminescent
properties of some of these structures by multiple external

and chemical functionalities.
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stimuli,3 adds a new and important direction to this research.
Recently, we reported that 16-membered diauracycles based
on diphosphine (diphos) ligands, [Au,(diphos),](X),, can alter
their luminescence in response to physical and chemical
stimuli.? Combining diphosphines with other bridging ligands
such as diacetylides or diisocyanides results in a great diversity
of larger heteroleptic dialkynylgold(l) rings featuring
gold—-carbon bonds.* The presence of alkynylgold(l) units
enhances the photoluminescent properties of these
heteroleptic gold(l) macro::ycles.4 Although examples of
homoleptic and heteroleptic rings containing gold(l) centers
are known, preparation of cyclic aryl- or alkylgold(l) complexes
based exclusively on bridging polyphosphine ligands remains a
challenge. The only known example, a pentanuclear gold
cluster that contains a methylene monoaurated diphosphine
Iigand,5 was prepared by gold evaporation.7 Along this line of
pursuit, herein we present the first homoleptic trinuclear
arylgold(l) complex that features two ortho-phenyl metallated
diphosphine ligand and shows striking emission properties
both in solution and in solid state. Although some large 16-
and 21-membered macrocycles containing three gold(l)
centres and only diphosphine ligands have been reported,8 this
triauracycle complements these examples with a metallacycle
that consists of two 12-membered rings fused together having
a linear {Aus} chain with short Au--Au contacts and Au-C
bonds. In this communication, we also report the thermally-
induced mechanical effect of crystals of the precursor
diphosphine-based diauracycle that lead to the discovery of
this arylcyclometallated gold(l) complex. This is the first report
on aggregation-induced enhancement emission and metal ion
chemosensing luminescent properties from a diphosphine-
based arylgold(l) system.
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Results and discussion

Our previous studies have shown that the dinuclear gold(l)
complex of the ligand xantphos (L = 9,9-dimethyl-4,5-
bis(diphenylphosphino)-xanthene, Ph,P(C;5H,00)PPh,),
[Au,(L),](NO3),:2.64 CH,Cl, (1) changes its blue emission into
orange-red in response to mechanical stimuli.*® When heated
from room temperature to 220 °C, crystals of 1 exhibit a
visually impressive mechanical effect—they hop off the stage
(Movie S1), in a manner that resembles the thermosalient
effect.’ Intrigued by this observation, we investigated the
products of the thermal decomposition of the crystals of 1. As
shown in Figure 1, bubbles evolve from a crystal which has
been immersed in silicone oil and heated up to 250 °C as a
result of the gas that emanates from the crystal (Movie S2).
Pyrolysis gas chromatography—mass spectrometry (Py GC—MS)
showed release of the solvent (CH,Cl,) and NO (Figure S4).
Thus, unlike the thermosalient effect which is due to a phase
transition, the mechanical effect of the crystals of 1 is due to
release of gas, similar to what has been observed with crystals
of nitronyl nitroxide metal complexes.9b

Figure 1. Optical microscopy image of crystal 1 in 250 °C silicone oil.

The brownish thermolysate of 1 was dissolved in CH,Cl, and
analysed by electrospray mass spectrometry (ESI-MS). Normal
MS and tandem (MS/MS) spectra (Figures S6-S14) were
recorded in order to identify the structures of species formed.
A representative ESI-MS spectrum (Figure S6) shows the
dissociation of dinuclear [AuZ(L)Z]2+ cations into mononuclear
[Au(L)]" species (m/z 775). Oxidation products such as
xantphos dioxide [LO, + 1H]" (m/z 611), as well as gold(l)
xantphos oxide (LO) species, [Au(LO)]® (m/z 791) and
[Au(LO),]" (m/z 1385), were also observed. The other
characteristic peaks at m/z 1007, 1565 and 1745 belong to
gold(l) xantphos species (see the discussion below).

It appears that the thermolysis of 1 proceeds through a redox
reaction that results in nitrate reduction to NO, oxidation of
the xantphos and formation of complex mixture of products
including several gold(l) species of xantphos and xantphos
oxide. Some more insight into the process of thermolysis was
obtained during the attempts to recrystallize the brownish
thermolysate of 1. Efforts to obtain single crystals were only
successful when the thermolysate of 1 was washed with
toluene, and the remaining brownish solid was dissolved in a
mixture of dichloromethane and toluene. Slow evaporation of
this mixture at 50 °C produced colourless crystals of 2 and
yellow crystals of 3 (Figure S1). The thermolysis of 1 followed
by washing with toluene and recrystallization from
dichloromethane—toluene mixture has been summarized in
Scheme 1.
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Scheme 1. Thermolysis of 1 followed by recrystallization based on the structure of the
products. Conditions: (i) heating at 180 °C, (ii) washing with toluene and (iii)
recrystallization from dichloromethane-toluene mixture.

Single crystal X-ray diffraction analysis of the colourless
crystals of 2 showed that these are either the dichloromethane
or the toluene solvates of the dinuclear complex Au,(L)Cl, (2).
The structure of the dichloromethane solvate was previously
reported.Ga In the toluene:dichloromethane (0.8:0.2) solvate 2,
the phosphorous atoms of the xantphos ligand bridge the
gold(l) centres, and the distance between them is 2.968(1) A
(Figure 2). This intramolecular aurophilic interaction, as well as
the bond distances Au—P [2.235(2) A] and Au-Cl [2.313(2) and
2.295(2) A] are similar to those found in the dichloromethane
solvate. The gold centres approach a linear P-Au—Cl geometry,
and the corresponding bond angles are 169.9(1) and 173.7(1)°,
respectively. The torsion angles P-Au—Au—P and Cl-Au—Au—Cl
[80.6(1)° and 82.2(1)°] are smaller than those found in
dichloromethane solvate [87.1(1)° and 90.7(1)°]. The dinuclear
molecules of 2 form C—H---Cl bonded dimers in the crystal of

the toluene solvate.
j:
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Figure 2. Molecular structure of 2. Colour scheme: gold, yellow; phosphorous, orange;

carbon, grey; oxygen, red; chlorine, purple; hydrogen, dark brown. The phenyl groups
are shown as a wireframe model. The solvate molecules are omitted for clarity.

This formation of 2 must involve C—Cl bond activation of CH,Cl,
molecules. Dinuclear [Auy(L)(CI)]" species derived upon C—Cl
bond cleavage of dichloromethane were observed in the ESI
MS spectrum at m/z 1007 (Figure S6). While a variety of
dinuclear gold(ll) and mononuclear gold(lll) compounds were
prepared by gold(l)-mediated oxidative addition of
dichloromethane,w'11 this is a rare observation of formation of
a gold(l) halide complex by activation of the C—Cl bond in
CH,Cl,. Schmidbaur and Fackler studied extensively the
oxidative addition of dihalomethanes CH,X,, halogens X, (X =
Cl, Br and 1) and alkyl halides to eight-membered dinuclear
gold(l) ylide complexes, [Auz(CHZPRZCHZ)]z.11 These reactions
occur with one-electron oxidation at each gold centre and
shortening of the Au(ll)---Au(ll) distance.™ However, it was also
shown that the [Auz(diphos)z]2+ complexes can not oxidatively
add small molecules or easily oxidize.!*®** Thus, no oxidative

addition of halogens occurred for eight-membered

This journal is © The Royal Society of Chemistry 20xx
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[Auz(dppm)z]2+ (dppm = Ph,PCH,PPh,) t:omplex.12 In the
resulting products, such as [Au,(dppm),(Br),], the bromide ions
are coordinated to gold centres, whereas in [Au,(dppm),(p-
1)](1), one iodide bridges the gold centres and the other one is
non-coordinated.'? Moreover, it was also reported that the
eight-membered dinuclear [Auz(dcpm)z]2+ complex based on
bis(dicyclohexylphosphine)methane (dcpm) is an effective
photocatalyst for UV-induced C—Cl bond cleavage of CH,Cl,.
The photolysis (irradiation with A > 260 nm) results in
formation of Au,(dcpm)(Cl), however the mechanism of
photoconversion is complex and requires further studies.*?® In
our case, as suggested by the Py GC—-MS and ESI-MS data, the
nitrate reduction to NO is accompanied by the oxidation of
xantphos (L) to xantphos dioxide (LO,). The formation of LO,
must lead to Au-P bond cleavage and ring opening of 1, which
would leave the Au(l) centres coordinatively unsaturated. We
propose that the as-formed [AuZL]2+ cationic intermediate
abstracts CI” anion from CH,Cl, to form neutral Au,(L)Cl, (2).
However, the mechanism regarding the activation of C—Cl
bond and formation of 2 is far from understood and further
studies are needed.

Figure 3. Molecular structure of [Aus(L’),]" cation in 3. Colour scheme: gold, yellow;
phosphorous, orange; carbon, grey; oxygen, red; hydrogen, dark brown. The phenyl
groups are shown as a wireframe model. Only the major disorder component is shown.

As shown in Figure S2, the yellow crystals of 3 show intense
bright blue emission when irradiated at 365 nm with UV lamp.
Despite weak X-ray scattering due to a combination of weak
crystallinity, solvation and disorder (see details in Sl), the
crystal structure of the yellow crystal of 3 revealed that it
consists of cycloaurated [Aus(L’),]* and [Au,(L’)(LO)]" cations (L’
= 0-C¢H4PPh(Cy5H100O)PPh,), in an approximate 60:40 ratio,
NO; anions and toluene solvent molecules. It should be noted
that the ESI-MS spectrum of brownish termolysate of 1 (Figure
S6) showed a peak at m/z 1565 and 1745, characteristic to
monovalent [Au,(L’)(LO)]" and [Aus(L’),]" cation. The trinuclear
cycloaurated [Aus(L’),]" cation depicted in Figure 3, with the
disorder omitted for clarity. This [Aus(L’),]" cation features two
ortho-phenyl aurated xantphos (L’) ligands, each of which is
P,P,C-coordinated to three gold(l) atoms. This cation displays
an unprecedented coordination mode of the xantphos ligand,
and the ortho-phenyl auration of a diphosphine ligand has
never been observed before. There are two different gold(l)
centres in this biaryl gold(l) cation: Au(1) and Au(3) are bonded
to the phosphorous and carbon atoms, whereas Au(2) is

This journal is © The Royal Society of Chemistry 20xx

bonded to phosphorous atoms of the L’ ligands. The Au-P
bond lengths are comparable to those found in gold(l)
complexes with xantphos.3 The Au—C o-bond lengths [2.18(1)
and 2.21(2) A] are similar to those reported in arylgold(l)
t:omplexes.13 The P—Au—-C angles are 164.0(5) and 174.7(3)°,
whereas the P—Au—P angle is 161.2(2)°. The P-Au—Au—P
torsion angles, which are 67.2(2) and 71.0(2)° respectively,
suggest that the ortho-phenyl aurated xantphos ligands of 3
are more folded than the xantphos ligand in 2. To our
knowledge, 3 represents the first structurally characterized
arylcyclometallated gold(l) complex with bridging anionic
diphosphine ligand. Based on structure of 3, it is also worth
mentioning that only a few instances of gold(l)-mediated C—H
activation of arenes has been reported yet.14 Direct C-H
auration with Au(l) compounds specific for electron-poor
arenes is believed to proceed via concerted metalation-
deprotonation or deprotonation-metalation mechanisms.™
Larossa reported that the strong m-coordination ability of
'BusPAUCI to arenes lead to direct C-H activation via c-bond
metathesis and HCl elimination."* In our case, it should be
expected that an interconversion between Au,(L)(Cl), and
[Au(L)]" species, both present in the thermolysate, could lead
to the formation of a trinuclear [Aus(L),(Cl),]” intermediate, as
observed in the ESI-MS/MS spectrum (Figure S14). While
detailed mechanistic data are thus far not at hand, we
hypothesize that concerted intramolecular ortho-metalation of
the pendant aryl ring of L of the [Aus(L),(Cl),]" cation followed
by HCI elimination leading to Au-C bond formation could be a
viable route to the formation of cyclic [Aus(L’),]" cation. It is
not yet clear how [Aus(L’),]" was formed, since the mixture
was not protected from light a radical mechanism cannot be
ruled out. Moreover, it cannot be ruled out the presence of
catalytic amounts of Au(lll) species formed upon oxidative
addition of CH,Cl, which would also facilitate the C-H bond
activation of pendant aryl ring of the L ligand.

Figure 4. Two 12-membered Au,P3Cs0O; rings fused together, having a {Aus} chain in 3.
Colour scheme: gold, yellow; phosphorous, orange; carbon, grey; oxygen, red.

As shown in Figure 4, the [Aus(L’),]" cation consists of two 12-
membered Au,P;C¢0; rings fused together (Figure 4). These
topologically interesting 12-membered rings assume a twisted
conformation, whereas the gold atoms form an almost linear
{Aus} chain  (Au--Au--Au angle is 166.9(1)°), with
intramolecular Au--Au contacts of 2.783(2) and 2.850(1) A,
respectively. Linear {Aus} chains have been found in 12-
membered  trigold(l) complexes of bridging triphosphine
Iigands.Zb Previously, a 16-membered macrocycle containing a
{Aus} triangle has been prepared by employing pyridyl-2,6-
diphenylz_ and bridging diphosphine Iigand.15 Laguna reported
some polynuclear gold complexes with linear {Au,} chains (n =

J. Name., 2013, 00, 1-3 | 3
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3, 5 and 6), wherein the gold atoms are in different oxidation
states.’® For example, the backbone of the tetranuclear
[Aus(C6Fs),{(Ph,P),CH},(PhsP),] complex is a linear {Aus} chain
of four-coordinated gold atoms, which feature either
Au"--Au'--Au" or Au'---Au"---Au' oxidation states.’®® Within this
linear {Auz} chain the intramolecular Au-:--Au contacts are
2.731(2) and 2.909(2) A, respectively. Among large
macrocycles containing three gold(l) centres and only
diphosphine Iigands,8 our macrocycle represents the first
trigold(l) macrocycle that features a linear {Aus} chain with
short Au--Au contacts. Further examination of the crystal
structure of 3 revealed that there are C—H---O interactions
between the [Aus(L’),]" cations and NO;™ anions.

The absorption spectrum of 3 in CH,Cl, shows two intense
bands in the UV region (Figure 5a). On the basis of DFT
calculations (see details in SlI) on the optimized singlet ground
state structure of [Aus(L’),]” cation and TDDFT analysis, the
lowest energy absorption band (A = 356 nm) is assigned to the
transition between the highest occupied molecular orbital and
the lowest unoccupied molecular orbital (HOMO -> LUMO, A,
=326 nm, f (oscillator strength) = 0.193; Figure S24, Table S4).
The HOMO is predominantly metal sdo* character and LUMO
has its major contribution coming from the gold po orbitals
and phosphine ligands. Therefore the HOMO - LUMO
transition tentatively attributed to the metal-metal-to-ligand-
charge-transfer (MMLCT) transition (Table S5). The absorption
band at 292 nm is assigned to the HOMO — 2 - LUMO + 2
transition (Agc = 272 nm, f = 0.154; Figure S24, Table S4),
which can be described as m -> m* transition within the
xanthphos ligand (Table S5).
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Figure 5. a) UV/VIS absorption spectra of 3 in CH,Cl, (10 uM) and b) its emission spectra
in CH,Cl; solution (solid blue line) and in solid state at room temperature (solid red line)
and at 77 K (dashed red line) upon excitation with 365 nm.

Complex 1 is not luminescent in solution due to the
conformational flexibility of the [AuZ(L)Z]2+ cation that opens
nonradiative deexcitation channels.? To attain luminescence in
solution it is necessary to avoid these pathways by sterically
hindering the conformational changes. The linear Au; chain of
aurophilic interactions and the tridentate p-bridging of the
xantphos ligands confer enhanced structural rigidity to
cycloaurated  [Aus(L’),]" to  the
conformationally flexible dinuclear species [Auz(L)2]2+. The
HRMS-ESI spectrum (Figure S3) shows a prominent cluster
peak at m/z 1745 and confirm the existence of trinuclear
[Aus(L’),]* cations in dichloromethane solution. 3 becomes
weakly emissive at room temperature in deoxygenated CH,Cl,
or MeOH solution with a maximum emission at 480 nm (Figure

cations relative
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5b) which exhibits single-exponentional behaviour with a
lifetime of 180 ns. The emission intensifies when water, an
anti-solvent of 3, is added (Figure 6a). The emission of 3 in
methanol is strongly enhanced between 60 and 80 vol% water
(Figure 6b) and in a methanol-water mixture with 80% of
water the luminescence intensity is 20 times that in pure
methanol (Figure 6c). Moreover, we observed that the
emission intensity in a methanol-water mixture with 99%
water is lower than that with 90% water. These results indicate
that the intramolecular dynamics of the molecules is restricted
and the emission of 3 is enhanced by formation of aggregates.
Thus, 3 shows aggregation-induced emission enhancement
(AIEE) activity.17

Water fraction (vol. %)

0 10

b) — 0% ©)
50%
60%
70%
80%
90%
99%

Intensity
Intensity

1 T T
700 0 20 40 60 80 100

Water fraction (vol %)

400 500 600
Wavelength (nm)

Figure 6. a) Photographs of 3 in methanol-water mixtures (0-99 vol. %) with different
water fractions taken under 365 nm illumination; b) Emission spectra of 3 in methanol-
water mixtures with different water fractions and c) Luminescence intensity of 3 at 480
nm versus the composition methanol-water mixtures (0-99 vol. %).

3 is strongly emissive and emits light with bright blue colour in
the solid state at room temperature with maximum at 480 nm,
which is red shifted by 4 nm at 77 K. The very small difference
between the emission maxima measured in different phases
and the small temperature effect might reflect the structural
rigidity of [Aus(L’),]" cations. The decay of luminescence in the
solid state can be described with a monoexponentional
function with lifetimes of 0.9 and 1.8 us at 298 and 77 K,
respectively. The large Stokes shift and the microsecond
lifetimes indicate that the emission originates from a triplet
state.®

HOMO

LUMO

Figure 7. Contour plots of the HOMO and LUMO superimposed on the excited triplet
(T4) state geometry of [Aus(L’),]".

To elucidate the luminescence properties of 3, we performed
quantum chemical calculations on the lowest excited triplet
state (T,) of [Aus(L’),]" cation by DFT and TD DFT methods (see
S| for details). The structure for the lowest excited triplet state

This journal is © The Royal Society of Chemistry 20xx
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(T,) was optimized with the hybrid UPBEO™® functional using
the LANL2DZ effective core potential for the Au centres and
the standard 6-31G* basis set for the remaining atoms. In the
optimized geometry of T, excited state the Au---Au distances
are reduced by more than 0.3 A with increase of the
Au---Au--Au angle to 177.7°, showing a light induced
contraction and linearization of the {Aus} chain (Table S3).
According to TD DFT calculation the phosphorescence from T,
state could be described almost exclusively (orbital
contribution: 98%, Table S4) as transition between LUMO and
HOMO (Figure 7). The calculated T; - Sy emission wavelength
(583 nm) for [Aus(L’),]" cation predicted by TD DFT method
was greatly overestimated, however the energy difference
between the highest singly occupied molecular orbital (H-
SOMO) and lowest singly occupied molecular orbital (L-SOMO)
at the optimized T, geometry provides an emission maximum
at 459 nm,*¢
experimental value measured for blue luminescence of 3. The
TD DFT and molecular orbital analysis show that the HOMO
and LUMO concentrate mainly on gold atoms and the

which is in good agreement with the

contribution of phosphine ligands to the electron density is
smaller in case of HOMO (Figure 7, Table S5). Thus, according
to theoretical calculations the emission can be assigned as
arising from triplet metal centred (3MM) transition mixed with
ligand-to-metal-metal charge transfer (3LMMCT) transition
related to the presence of aurophilic bonding.

We tested the luminescence response of 3 to metal ions, such
as Cu®*, Ag’, Hg”*, Co™, Ni** and zn**. Air-dried filter paper
strips impregnated with a solution of 3 in dichloromethane
were treated with few drops of solutions of metal ions. As
shown in Figure 8a, the emission was almost unaffected by
Ni** and Zn**. On the other hand, metal ions such as Co®" and
cu® significantly quenched the emission, and with Hg2+ the
luminescence was completely quenched. The colour change in
presence of Ag’ ions is particularly striking—upon addition of
metal ions the sky-blue luminescence changes into strong
greenish-yellow (Figure 8a). This visually
distinguishable luminescent behaviour of 3 in the presence of

emission

Ag" ions favours this compound as a sensitive and selective
luminescence sensor for Ag” ions.

HHE

2+

Intensity
Intensity

/ > =
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 8. a) Photographs taken under 365 nm UV illumination showing the effect of
different metal ions on the luminescence of 3; b) Emission spectra of 3 in methanol (10
uM) with different metal cations at concentration of 10~ M and c) Emission spectra of
3 in the presence of increasing concentration of Ag’.

This journal is © The Royal Society of Chemistry 20xx
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A methanol solution of 3 (1 x 107 M) is weakly emissive in the
absence of metal ions. The luminescence spectrum of 3 in the
presence of different metal cations, including Cu2+, Ag’, Hg2+,
C02+, Ni** and zn®" at a concentration of 10~ M, is shown in
Figure 8b. Ni**, zn**

emission intensity (Figure 8b) contrarily Cu®" cation showed
strong quenching effect. In case of Hg2+ cation the quenching
of the blue luminescence was delayed, namely the emission
completely disappeared after 15 minutes. The addition of Ag”
to 3 in methanol caused the appearance of a new emission
band at 577 nm in parallel with an intensity decreasing at 480
nm, whereas at higher concentration of metal ion both
emission bands were gradually quenched (Figure 8c).

and Co® had little influence on the

Conclusions

In summary, a homoleptic trinuclear arylgold(l) complex (3)
featuring two ortho-phenyl aurated diphosphine ligands is
reported here that was obtained through a new thermolytic
reaction of a diphosphine-based diauracycle (1), followed by
recrystallization. The as-obtained triauracycle features two 12-
membered rings fused together, which contains a linear {Aus}
chain that shows strong room-temperature luminescence. To
our knowledge, arylcyclometallated Au(l) complexes with
bridging anionic diphosphine ligands have not been reported
yet. The formation of 2 and 3 involves activation of the C—Cl
bond of dichloromethane and activation of the aryl C—H bond
of the diphosphine ligands. These C-H and C-Cl bond
activations could be applicable to other relevant gold(l)-
catalyzed chemical processes. Thorough studies on the
mechanism and the exact role of Au(l) in these
transformations are now underway in our laboratory.
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