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The synthesis of phosphine acetylide amidinate stabilized
copper(I) and gold(I) heterobimetallic complexes was achieved
by reacting ligand [{Ph2PC�CC(NDipp)2}Li(thf)3] (Dipp=2,6-N,N’-
diisopropylphenyl) with CuCl and Au(tht))Cl, yielding the eight
membered ring [{Ph2PC�CC(NDipp)2}2Cu2] and the twelve
membered ring [{Ph2PC�CC(NDipp)2}2Au2]. {Ph2PC�CC-
(NDipp)2}2Cu2] features a Cu2 unit, which is bridged by two
amidinate ligands, served as a metalloligand to synthesize the
heterobimetallic CuI/AuI complexes [{(AuX)Ph2PC�CC-

(NDipp)2}2Cu2] (X=Cl, C6F5). In these reactions, the central ring
structure is retained. In contrast, when the twelve membered
ring [{Ph2PC�CC(NDipp)2}2Au2] was reacted with CuX (X=Cl, Br,
I and Mes), the reaction led to the rearrangement of the central
ring structure to give [{(AuX)Ph2PC�CC(NDipp)2}2Cu2] (X=Cl, Br,
I and Mes), which feature the same the eight membered Cu2

ring as above. These compounds were also synthesized by a
one-pot reaction. The luminescent heterobimetallic complexes
were further investigated for their photophysical properties.

Introduction

In recent years, there has been a surge of interest in the
synthesis of heterobimetallic complexes owing to their poten-
tial applications in various fields such as catalysis,[1–2]

optoelectronics[3] as well as medical applications.[4–5] These
complexes are unique metal compounds that feature two
different metal atoms bonded within a single molecular
entity.[6–7] Their growing popularity can be attributed to the
combination of distinct properties of the two metal atoms,
including differences in size, valence shell, and hard-soft acid-
base affinities, among others. Cooperativity between the metal
centres in combination with a judicious choice of ligand
framework, often leads to molecular architectures with distinct
properties which cannot be harnessed with their monometallic
counterparts.[8]

Depending on the type of metals used, heterobimetallic
complexes also exhibit photoluminescence (PL) properties.[9–11]

Luminescent heterobimetallic complexes are majorly developed
using coinage metals because of their fully-filled d10 electronic

configuration and the absence of low-lying metal-centred
excited states.[12] CuI and AuI have different affinities towards
soft and hard donor atoms due to “hard and soft acids and
bases” (HSAB) interactions.[13–15] Researchers have exploited this
property and designed several orthogonal ligand scaffolds
which can selectively coordinate to copper(I) and gold(I) metal
centres.[16–23] A combination of amidinate and phosphine func-
tional groups with N� and P� donor groups, is one of the
interesting orthogonal ligand frameworks to access tailored
heterobimetallic complexes.[24–27]

Coinage metal complexes in +1 oxidation state ligated by
amidinate ligands are known to form dimeric complexes of the
form “L2M2” (M=Cu, Ag, Au) and this kind of network is
maintained by attractive metal-to-metal interactions[23,29] These
types of attractive forces typically observed for d10 metals are
termed as metallophilic interactions.[30–39] Metal complexes with
such interactions have rich photophysical properties due to the
alteration of a ligand to metal charge transfer (LMCT) transition
in a mononuclear complex to a ligand to metal� metal charge
transfer (LMMCT) transition in a binuclear complex, resulting in
a smaller HOMO-LUMO gap.[38,40–41]

There are handful examples of CuI amidinates of the type
[(R’NC(R)NR”)Cu]2 (R’ and R’’=n-propyl, isopropyl, n-butyl, i-
butyl, sec-butyl, t-butyl; R=methyl, n-butyl) disclosed by
Gordon et al., where they demonstrated that these compounds
exist in the form of planar dimers, bridged by nearly linear
N� Cu� N bonds and these complexes were used for atomic
layer deposition.[42] Similar dinuclear CuI and AgI amidinate
complexes were synthesized by Walensky et al. in 2014 where
they studied the reactivity of these compounds with CS2 to
form Cu4S8 clusters[43] and later, they synthesized di- and
trinuclear mixed-valent copper complexes by the reduction of
CuI amidinate complex with iodine.[44] There are some examples
of CuI complexes with zwitterionic imidazolium-2-amidinate,
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which is an electroneutral amidinate ligand.[28] In 2018, the
synthesis of dodecacopper(I) extended metal atom chains
supported by hexadentate bis(pyridylamido)amidinate were
reported.[45] Moreover, there have been examples of
phospha� amidinate CuI complexes and clusters[46–49] and there
are multinuclear CuI/AgI complexes in the literature with
coumarin functionalized aminodiphosphine ligand.[50]

Gold(I) complexes[51] comprised of alkyne functionalized
amidinate were disclosed by our group previously. Here, the
synthetic potential of alkynyl groups for the formation of
multimetallic structures was investigated.[52] The alkynyl moiety
is of great interest as it is often involved in photophysical
processes of organometallic compounds by the metal to ligand
charge transfer to the π*(C�C) orbitals and radiative relaxation
could also occur after the photoexcitation.[53–54] Later in 2021,
PNNP based ligand N,N’-bis[(2-
diphenylphosphino)phenyl]� formamidinate (dpfam� ) has been
used for the site specific coordination of N and P centres to CuI

and AuI, respectively, and all of them were observed to be
luminescent.[55–57]

Herein, we report a phosphine substituted acetylide
amidinate ligand containing an alkynyl moiety and a phosphine
centre. The efficiency of this ligand for the synthesis of
heterobimetallic complexes of CuI and AuI both in a stepwise
manner and one-pot reaction was investigated. These com-
plexes differ from each other in terms of coordination modes
and coordinating ligand at the AuI centre. Further, the
complexes were studied in terms of their photophysical proper-
ties.

Results and Discussion

Synthesis and Characterization

The phosphine substituted lithium acetylide amidinate (1) was
obtained in a two-step protocol (Scheme 1). The first step
involves the synthesis of diphenylphosphine substituted
acetylene (Ph2PC�CH), which was isolated from the reaction of
chlorodiphenylphosphine (Ph2PCl) with ethynyl magnesium
bromide (HC�CMgBr) in a 1 :1.1 ratio, respectively, in tetrahy-
drofuran (THF) at � 78 °C (Scheme 1).[58] This step is followed by
deprotonation of Ph2PC�CH using n-BuLi (1.1 eq.), and further
reaction was performed with N,N’-2,6-diisopropylphenyl carbo-
diimide (Dipp carbodiimide), which afforded the desired lithium

salt of phosphine substituted acetylide amidinate ligand 1 in a
quantitative yield (Scheme 1).

Compound 1 was characterised by single crystal X-ray
diffraction (SC-XRD) (Figure 1), NMR and IR spectroscopy as well
as elemental analysis. From the molecular structure of 1
obtained by SC-XRD, it was found to be a monomer crystallizing
in the monoclinic space group (P21/n). The Li ion is four-fold
coordinated by one nitrogen atom of the amidinate ligand and
three molecules of THF. This can also be ensured by the
resonances at δ=1.29 and 3.55 ppm in the 1H NMR spectrum of
1. The characteristic resonance for 1 in the 31P{1H} NMR
spectrum was observed at δ= � 33.6 ppm. In addition, C�C
stretching absorption band in the IR spectrum was detected at
2165 cm� 1.

The Li� N1 bond length is found to be 1.989(2) Å, which is in
agreement with previously reported Li� N bond length in
[{Me3SiC�CC(NDipp)2}Li(thf)3] (2.009(6) Å).

[52]

The obtained ligand was further investigated for its
coordination behaviour towards copper(I) and gold(I) precur-
sors. Compound 1 was reacted with CuCl in an equimolar ratio
at room temperature, which afforded the formation of desired
copper amidinate complex [{Ph2PC�CC(NDipp)2}2Cu2] (2) in
almost quantitative yield (Scheme 2). After filtration and drying,
analytically pure compound 2 was obtained as a light-yellow
coloured powder.

Although single crystals for compound 2 could not be
obtained, the molecular ion peak at m/z=1268.5018 in the ESI-
MS spectrum in addition to other standard characterization,
confirms the successful synthesis. In the 1H NMR spectrum, the
methine protons of the Dipp moiety displayed an upfield shift
from δ=3.78 ppm (1) to δ=3.47 ppm (2). The resonances of
the i-Pr methyl protons appear as two doublets at δ=1.14 and
1.06 ppm rather than a single resonance at δ=1.40 ppm, which
was observed for 1. Additionally, in the 31P{1H} NMR spectrum,

Scheme 1. Synthesis of lithium salt of phosphine substituted lithium
acetylide amidinate (1).

Figure 1. Molecular structure of 1 in the solid state. Hydrogen atoms are
omitted for clarity. Structural parameters are given in the ESI (Figure S43).

Scheme 2. Synthesis of copper(I) amidinate complex 2.
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the resonance is downfield shifted to δ=19.9 ppm when
compared to the precursor ligand 1 (δ= � 33.6 ppm). Upon
excitation with UV light, compound 2 exhibits a vibrant
greenish-yellow luminescence.

Two different attempts to synthesize the Au analogue of
compound 2 resulted in an unprecedented twelve membered
ring structure 3 (Scheme 3). In the first approach (Route A,
Scheme 3) the lithium salt 1 was reacted with Au(tht)Cl (tht=

tetrahydrothiophene) in THF at room temperature to give
complex 3 in 74% yield (Scheme 3). In the second approach
(Route B, Scheme 3), complex 3 can also be synthesized by
starting from the previously reported AuI acetylene complex
(4).[54] Using 2.1 eq. of n-BuLi in THF for the deprotonation.
Followed by subsequent reaction with PPh2Cl gave a rearrange-
ment reaction complex 3 as the final product in 67% yield. This
method provided an unexpected but alternative route for the
synthesis of complex 3, offering flexibility in the preparation of
this compound.

The molecular structure of 3 in the solid state was
elucidated using SC-XRD analysis and it features a 12-
membered ring with P� Au� N bonding. The affinity of AuI

towards soft donor atoms led to the rearrangement and
formation of the 12-membered ring, wherein each AuI atom is
coordinated to one phosphine and one nitrogen atom from
two different amidinate moieties in a linear geometry with a
P� Au� N1 angle of 177.8(10)°. The Au� N and Au� P bond
distances are 2.027(3) Å and 2.215(10) Å, respectively. These
bond distances are in good agreement with the ones reported
for [{(PPh3)AuC�CC(NDipp)2}2Au2], i. e. 2.020(6) Å and 2.272(2) Å
for Au� N and Au� P bonds, respectively.[54] Additionally, the
non-equivalency of the two C� N bonds was confirmed by their
respective bond lengths. The C1� N1 bond length of 1.337(5) Å
indicates a single bond character, while C1� N2 bond length
was found to be 1.289(5) Å, confirming its nature as a double
bond.

Analysis of the 1H NMR spectrum revealed two distinct sets
of signals for the two non-equivalent Dipp moieties present in
the molecule. Specifically, a septet at δ=3.21 ppm was
observed for the proton of the Dipp groups attached to N1
(Figure 2), while another septet at δ=3.71 ppm corresponded
to the Dipp groups attached to the carbon doubly bonded to
N2.

In the 31P{1H} NMR spectrum, a significant shift was
observed, transitioning from δ= � 33.6 ppm (1) in the starting
material to δ=2.1 ppm (3). The rearrangement of the AuI atoms
from complex 4 to complex 3 led to the loss of aurophilic

interactions which might be attributed to the non-emissive
nature of complex 3.

In the next step, we were interested in using compound 2
as a metalloligand, which can potentially coordinate to other
metals via the phosphine groups. Thus, complex 2 was
subjected to reactivity tests with [Au(tht)Cl] and [Au(tht)C6F5] at
room temperature in THF, which resulted in the formation of
complexes [{Au(X)Ph2PC�CC(NDipp)2}2Cu2] (X=Cl (5), C6F5 (6))
as the heterobimetallic complexes with CuI and AuI centres
(Scheme 4).

During the reaction, noticeable changes in the colour were
observed, transitioning from bright yellow to dark yellow, and
the luminescent properties resembled those of the starting
material.

To verify the molecular structure, SC-XRD analysis was
conducted (Figure 3), revealing an Au� P bond length of 2.23(2)
Å and 2.274(9) Å in 5 and 6, respectively. The Cu� N distances
are almost similar in both the complexes (5: 1.887(5) Å and
1.889(5) Å; 6: 1.876(3) Å and 1.880(3) Å). Additionally,
cuprophilic interactions were observed in both complexes with
Cu� Cu separation of 2.552(13) Å (5) and 2.537(8) Å (6).[35] The
AuI ion is linearly coordinated by the phosphine moiety with
bond angles of P� Au� Cl: 175.9(7)° (5) and P� Au� C: 176.5(10)°
(6). Furthermore, CuI is also bonded almost linearly to the N
atoms of the amidinate ligands with N� Cu� N bond angles of
173.7(2)° (5) and 174.0(12)° (6). In the mass spectrum, molecular

Scheme 3. Synthesis of gold(I) amidinate complex 3 via two different synthetic routes

Figure 2. Molecular structure of 3 in the solid state. Hydrogen atoms and
non-coordinating solvents are omitted for clarity. Structural parameters are
given in the ESI (Figure S44).
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ion peaks at m/z=1732.3630 (5) and 1996.4052 (6) were
observed for both compounds.

The additional confirmation of the product‘s identity was
achieved through NMR analysis. Notably, a signal at δ=

2.1 ppm was observed in the 31P{1H} NMR spectrum for 5 and at
δ=15.1 ppm for 6, in contrast to the reactant‘s signal at δ=

19.9 ppm. These results collectively confirm the successful
formation of heterobimetallic CuI� AuI complexes 5 and 6.

Next, the order of the reaction was reversed wherein, the
cyclic gold complex 3 was treated with various CuI salts.
Overnight reactions of complex 3 with CuX (X=Cl, Br, I and
mesityl) in THF at room temperature resulted in a significant
rearrangement. As a result, complexes [{Au(X)Ph2PC�CC-
(NDipp)2}2Cu2] (X=Cl (5), Br (7), I (8), Mes (9)) were obtained
(Scheme 5), in which the same (amidinate)2Cu2 core structure as
in 2 with the AuI ions attached to P atoms are formed. In fact,
compound 5 was obtained in both ways, using either 2 or 3 as

precursor. Compounds 5 and 7–9 were obtained in a good
yield, ranging from 57–67% starting from the gold precursor 3.
During the reactions, a consistent colour change from bright to
dark yellow was observed for each product. Furthermore, when
subjected to UV light, all of these products exhibited bright
emission.

Compounds 7–9 were thoroughly characterized using
standard analytical techniques (Figure 4). The molecular struc-
tures of these compounds were further elucidated through SC-
XRD analysis. The analysis revealed an eight-membered ring at
the centre of the molecule, containing two amidinate units and
two copper atoms, which was also found in 2, 5 and 6.
Additionally, the Cu� Cu distances were determined to be
2.569(14) Å, 2.526(9) Å, and 2.511(8) Å for compounds 7–9,
respectively. These distances are consistent with the presence
of cuprophilic interactions.[36]

In the 1H NMR spectra, slight differences were observed
among the compounds. Notably, compound 9 displayed two
expected additional sets of signals for the o- and p-methyl
groups at δ=2.42 and 2.24 ppm, respectively, as well as a
distinct signal for the aromatic protons of the mesityl group. In
contrast, significant differences were evident in the 31P{1H} NMR
spectra. The chemical shifts observed for compounds 7–9 in the
31P{1H} NMR spectrum were δ=4.3, 8.5, and 18.8 ppm, respec-
tively. Additionally, the molecular ion peaks at m/z=1820.2576,
1916.2322 and 1900.6025 confirm the formation of complexes
7–9, respectively.

From the insights gained from previous reactions, where we
observed the tendency of CuI to bond with N atoms of the
amidinate ligand and AuI to preferentially coordinate the
phosphine group in accordance with Pearson’s HSAB principle,
we decided to attempt a one-pot reaction using all the basic
constituents of compounds 5–9. In a one-pot reaction, we
reacted the lithium salt 1 with Au(tht)Cl, {Au(tht)C6F5 for
complex 6}, and a CuX precursor (where X=Cl (5), Br (7), I (8),
mesityl (9)) at room temperature in THF (Scheme 6). Surpris-
ingly, this one-pot approach led to a significant enhancement

Scheme 4. Reactivity of complex 2 with Au(tht)Cl and Au(tht)C6F5.

Figure 3. Molecular structures of 5 (top) and 6 (bottom) in the solid state.
Hydrogen atoms and non-coordinating solvents are omitted for clarity.
Structural parameters are given in the ESI (Figure S45 and S46).

Scheme 5. Reactivity of complex 3 with different Cu(I) salts.
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of the yields of the target products, which were now found to
be around 60–85%, noticeably higher when compared to the
yields obtained in the step-wise procedure. The success of this
one-pot reaction strategy not only streamlined the synthesis
process but also improved the overall yields of the desired
compounds 5–9. This efficient approach provided a valuable

method for obtaining these heterobimetallic complexes in
higher yields and has opened up new possibilities for further
exploring the reactivity of such compounds.

Photophysical Properties

The lithium salt 1 and the gold(I) complex 3 do not exhibit any
significant luminescence in the solid state as well as in solution.
The blue shift of the absorption onset of complex 3 (Figure S50)
and its non-luminescence behaviour can be attributed to the
absence of excited states resulting from metallophilic
interactions.[59–60] The luminescent metalloligand 2 and the
bimetallic complexes 5–9 were investigated for their photo-
physical properties both in solution and in the solid state, and
their PL data are tabulated in Table 1.

The PL emission and excitation (PLE) spectra of the metallo-
ligand 2 are displayed in Figure 5. The emission profile of 2
exhibits a vibronic structure at 77 K both in solution and in the
solid state with emission maxima at 490 nm. The decrease in PL
intensity of the compound with increasing temperature is
relatively higher in solution when compared to the solid state.
This could be a consequence of enhanced thermally activated
non-radiative processes in solution, resulting in a lower
emission intensity at room temperature. The excited states of
the metalloligand 2 decay with 71 μs and 47 μs at room
temperature in solution and solid state, respectively, indicating
phosphorescence behaviour.

The bimetallic complexes 5, 7 and 8, which differ in terms of
anionic halogen ligand (Cl, Br and I), show a rather similar
excitation and emission spectra in the PL spectroscopy (Fig-
ure 6). The complexes exhibit excitation maxima at ~450 nm in
DCM solutions. Additionally, the shape of the excitation spectra
is dependent on the emission wavelengths. The emission
profiles of these complexes feature vibronic structure at 77 K
and are broad at room temperature. The emission maximum of
these compounds is red-shifted when compared to the metallo-
ligand 2.

The PL intensity of these complexes strongly decrease with
increasing temperature. A clear trend for the changes in
emission intensity can be observed among these complexes,
wherein the emission intensity decreases on moving from
complex 5 with chlorine group to bromine (7) and iodine (8)
analogues (Figure 6a). This decrease in PL intensity on moving
down the halogen group is mainly a consequence of the heavy
atom effect.[61] The solid state measurements of the complexes
were carried out for the polycrystalline samples (Figure 6b). The

Figure 4. Molecular structures of 7, 8 and 9 in the solid state. Hydrogen
atoms and non-coordinating solvents are omitted for clarity. Structural
parameters are given in the ESI (Figure S47, S48 and S49).

Scheme 6. One pot synthesis of compounds 5–9.
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emission maxima of these compounds in solid state are slightly
red-shifted at 77 K with respect to the solutions. The emission
profiles are similar to that of the solution. However, the PL
intensity of the complexes follows an opposite trend with
respect to the solutions, i. e., 8>7>5 (Figure 6b). The gold(I)
iodo complex 8 retains PL intensity comparable to 77 K,
whereas its chloro and bromo analogues exhibit a decrease in
emission intensity at room temperature. The opposite trend
might be due to predominant role of molecular packing effects
in the solid state in comparison to the heavy atom effect.

The gold(I) complex 9 with mesityl ancillary ligand features
a broad emission spectrum both in solution and in the solid
state (Figure 7). The PL intensity of the compound declines with
increase in temperature. In contrast, complex 6 in the solid
state retains its emission efficiency comparable to 77 K. The
presence of fluorine groups in complex 6 led to a blue-shift in
the emission spectra when compared to the other bimetallic

complexes, which is in line with previously reported
observations.[62]

It is also noteworthy that for complex 6 and 9, the emission
profile is independent of the excitation wavelengths (Figure 7).
The PL of complexes 6 and 9 is also phosphorescence as
indicated by microsecond-long emission decays of the excited
states. Quantum yields of the complexes were determined to
be less than 10% at room temperature. The bimetallic
complexes exhibit comparatively lower quantum efficiency and
the photoactive excited states decay rapidly when compared to
the metalloligand 2 (Table 1). This enhanced non-radiative
quenching of luminescence for the heterobimetallic complexes
5–9 is likely to arise from additional rotational degrees of
freedom introduced by a second metal.[63] These heterobimetal-
lic complexes with absorption in the visible region and low-
energy emission can be potential candidates for photocatalytic
applications.

Conclusions

The syntheses of phosphine acetylide amidinate stabilized
copper(I) and gold(I) heterobimetallic complexes were success-
fully established. Starting with the synthesis of the lithium
amidinate [{Ph2PC�CC(NDipp)2}Li(thf)3] (1), the copper and gold
complexes [{Ph2PC�CC(NDipp)2}2Cu2] (2) and [{Ph2PC�CC-
(NDipp)2}2Au2] (3) were obtained, which exhibit significantly
different molecular structures due to varying coordination
modes. However, further reaction of the copper complex 2 with
AuI compounds or vice versa reaction of the gold complex 2
with CuI compounds resulted in the same structural motif
[{(AuX)Ph2PC�CC(NDipp)2}2Cu2] (X=Cl, C6F5, Br, I, Mes). Further-
more, complexes 5–9 can also be obtained by one-pot reaction
of 1, Au(tht)Cl/Au(tht)C6F5 and CuX in an equimolar ratio.
Complex 2 and the bimetallic complexes 5–9 emit yellow
phosphorescence due to the presence of cuprophilic interac-
tions and were investigated for their photophysical properties
both in solution and in the solid state. For all these luminescent
complexes, the emission maximum lies in the range of 490–
580 nm.

Table 1. Photophysical data of the metalloligand 2 and the bimetallic complexes 5–9 in solution and in the solid state.

Compound Solution Solid

Lifetimes of the excited state λmax (nm) Lifetimes of the excited state λmax(nm) QY (%)

rt
(μs)

77 K
(μs)

rt 77 K rt
(μs)

77 K
(μs)

rt 77 K

2 71 153 490 490 47 144 490 490 9.3

5 –* 28 540 575 12 17 535 580 3.0

6 9 51 560 545 26 36 530, 565 530, 560 6.5

7 –* 20 570(br) 575 14 19 570 580 5.9

8 8 39 570(br) 575 15 25 570 580 6.4

9 –* 33 550 535 21 24 535 560 7.7

*– The measured values are below the detection limit of our detector.

Figure 5. Normalized photoluminescence excitation (PLE) and emission (PL)
spectra of the metalloligand 2 at room temperature and 77 K a) in benzene,
b) in the solid state. PLE and PL spectra were recorded at the depicted
wavelengths (λem and λex).
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Experimental Section
The syntheses and characterization of all compounds, NMR, HRESI-
MS, IR, absorption spectra and PL spectra as well as X-ray
crystallography details are given in the Supporting Information.

Deposition Numbers 2349634 (for 1), 2349635 (for 3), 2349636 (for
5), 2349637 (for 6), 2349638 (for 7), 2349639 (for 8) and 2349640
(for 9) contain the supplementary crystallographic data for this
paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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Figure 6. Normalized photoluminescence excitation (PLE) and emission (PL) spectra of bimetallic complexes 5, 7, and 8 in a) DCM solutions and b) solid state
at room temperature and 77 K. PLE and PL spectra were recorded at the depicted wavelengths (λem and λex).

Figure 7. Normalized photoluminescence excitation (PLE) and emission (PL) spectra of bimetallic complexes 6 and 9 in a) DCM solutions and b) solid state at
room temperature and 77 K. PLE and PL spectra were recorded at the depicted wavelengths (λem and λex).
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