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ABSTRACT: Metallophilic interactions were observed in four pairs
of 12-membered metallamacrocyclic silver and gold complexes of
imidazole-derived N-heterocyclic carbenes (NHCs), [1-(R1)-3-N-
(2,6-di-(R2)-phenylacetamido)-imidazol-2-ylidene]2M2 [R1 = p-
MeC6H4, R2 = Me, M = Ag (1b) and Au (1c); R1 = Me, R2 = i-
Pr, M = Ag (2b) and Au (2c); R1 = Et, R2 = i-Pr, M = Ag (3b) and
Au (3c)], and a 1,2,4-triazole-derived N-heterocyclic carbene
(NHC), [1-(i-Pr)-4-N-(2,6-di-(i-Pr)-phenylacetamido)-1,2,4-tria-
zol-2-ylidene]2M2 [M = Ag (4b) and Au (4c)]. The X-ray
diffraction, photoluminescence, and computational studies indicate
the presence of metallophilic interactions in these complexes, which
are significantly influenced by the sterics and the electronics of the
N-amido substituents of the NHC ligands. The argentophilic
interaction in the silver 1b−4b complexes was stronger than the aurophilic interaction in the gold 1c−4c complexes, with the
metallophilic interaction decreasing in the order 4b > 1b > 1c > 4c > 3b > 3c > 2b > 2c. The 1b−4b complexes were synthesized
from the corresponding amido-functionalized imidazolium chloride 1a−3a and the 1,2,4-triazolium chloride 4a salts upon treatment
with Ag2O. The reaction of 1b−4b complexes with (Me2S)AuCl gave the gold 1c−4c complexes.

■ INTRODUCTION
The closed-shell···closed-shell metallophilic interactions,1,2

commonly seen in coinage metals like Au, Ag, and Cu, are
of interest in recent times mainly for their high-end material
applications,3 in crystal engineering,4 supramolecular chem-
istry,5 etc.6,7 Apart from being the focus of mere intellectual
curiosity, owing to strange aggregations due to bonding
interactions between the coinage metal cations with closed-
shell d10 configurations, these metallophilic interactions also
arise interest for their photoluminescence,8 electrical con-
ductivity,9,10 and other unexpected properties.7 The aurophilic
interaction, being the most common, has been most
extensively studied,11,12 followed by the argentophilic and
cuprophilic interactions.13 These metallophilicities are weak
interactions akin to hydrogen bonding, π−π stacking, ion−ion,
ion−dipole, and dipole−dipole interactions. They can have
similar profound implications in supramolecular and material
applications if exploited judiciously.

The metallophilic interactions, are recognized primarily from
the observed short metal···metal contacts, which can also be an
artifact of ligand and lattice constraints. Hence, an accurate
assessment of the interaction comes from their photo-

luminescence properties, aided by computational insights.
The presence of weak metallophilic interactions is invoked for
a long range of metal···metal separations of up to ca. 4 Å,2,14

particularly due to the lack of clarity on the true values of the
van der Waals radius of the coinage metals like silver and
gold.15 For example, the van der Waals radius of silver varies
from that of the Bondi’s estimate of 1.72 Å16 to that of 2.1 Å
by Batsanov17 or from that of the Bondi’s16 van der Waals
radius of 1.66 Å for gold to that of 2.1 Å by Batsanov.17 The
metallophilic interactions are ubiquitous in silver and gold
complexes containing bridging18 and nonbridging ligands.19,20

Since the appearance of the first systematic investigations of
the Au(I)···Au(I) interactions 4 decades ago,21−23 the concept
of metallophilicity has been the subject of intense discussions
with the understanding of its true nature continuing to
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evolve.2,7,24−27 The crucial involvement of metal···metal
dispersion interactions in rendering stability to these metal-
lophilic aggregates was shown by the breakdown of the
interaction energy, with a minimal influence of the ligands on
the overall interaction profile.28 Magnko calculated the
{(PH3)AuCl}2 dimer’s potential well depth to be −34.82 kJ/
mol at an Au···Au distance of 3.025 Å in line with Pyykkö’s
earlier estimation.29 The orbital pairs belonging to the gold d-
shell were the principal contributors to the correlation energy.
Further, it was demonstrated that, in the case of the Cu(I) and
Ag(I) complexes, the correlation contributions involving the
ligand orbitals solely could play a significantly more prominent
role.30 In this series of the dimeric {(PH3)MCl}2 (M = Cu, Ag,
Au) examples, the strength of the metallophilic interaction was
estimated to increase from Cu (−22.09 kJ/mol) to Ag (−30.70
kJ/mol) and to Au (−34.82 kJ/mol).30 However, using
CCSD(T) calculations, Kaltsoyannis showed that the strength
of the metallophilic interaction maximized at Ag and weakened
further down group 11.31 In this context, our objective was to
shed further light on the observed pattern by adding new
synthesized examples, containing discrete singular metal-
lophilic interactions, to the ongoing discussion about under-
standing the true nature of the d10−d10 interactions.

A primary challenge for studying these interactions arises
from their unrestricted extended aggregated nature, which
seriously restricts designing systems with discrete singular
interactions for a comprehensive study of the metallophilic
interaction.10,22 These interactions are ubiquitous and can be
mainly manipulated with supported and unsupported ligand
systems in designing supramolecular assemblies.6,10,23 How-
ever, the approach to design complexes exhibiting discrete
singular metallophilic interactions remains a formidable task
with fewer examples prevalent in the literature.19,21,32−34

The weak but persistent metallophilic interaction manifests
in aggregated structures extending from complex supra-
molecular assemblies to polynuclear motifs of all varieties.6

Ligands with different steric, electronic, and coordinating
requirements stabilize these interactions in various aggregated
motifs. The intermolecular metallophilic interactions are more
common and observed for many bridging and nonbridging
ligands. The intramolecular version is, however, comparatively
fewer in number and poses a more significant challenge in their
design and synthesis, primarily for reasons of containing the
metallophilic interaction within the molecule and from
preventing it to extend beyond in intermolecular fashion.

With our interest in understanding the metallophilic
interaction, particularly in the ones stabilized over the N-
heterocyclic carbenes, we have reported several examples of the
metallophilicity bearing supported32,33 and unsupported
ligands.19 Here, in this manuscript, we report four pairs of
silver 1b−4b and gold 1c−4c N-heterocyclic carbene
complexes (Figure 1) derived from imidazole and 1,2,4-
triazole rings, bearing discrete singular intramolecular metal-
lophilic interactions. The combined photoluminescence and
computational studies provide valuable insights into the nature
of the metallophilic interactions in these complexes.

■ RESULTS AND DISCUSSION
A class of amido-functionalized imidazole 1a−3a and 1,2,4-
triazole (4a)-based N-heterocyclic carbene ligand precursors
were synthesized from the corresponding 1-R1-imidazole (R1 =
4-MeC6H4, Me, Et) and 1-(i-Pr)-1,2,4-triazole by the direct
alkylation with 2-chloro-N-2,6-(R2)2-phenylacetamide (R2 =

Me, i-Pr) (Scheme 1). The formations of these imidazole-
based 1a−3a and 1,2,4-triazole (4a)-based N-heterocyclic
carbene ligand precursors were evident from the appearance of
the characteristic highly downfield-shifted NCHN resonance at
δ ca. 10.05−10.53 ppm for the imidazole-based 1a−3a ligand
precursors and at 11.26 ppm for the 1,2,4-triazole-based 4a
ligand precursor in the 1H NMR spectra (Figures S1, S24, S49,
and S74). The subsequent reaction of the N-heterocyclic
carbene precursors 1a−4a with Ag2O yielded the correspond-
ing large 12-membered silver 1b−4b metallamacrocycles, the
formation of which was supported by the observation of the
Ag−Ccarbene resonances at δ ca. 177.2−182.3 ppm in the
13C{1H} NMR spectra (Figures S10, S33, S58, and S83).

The molecular structures of the 1b−4b complexes, as
determined using a single-crystal X-ray diffraction technique,
revealed the large 12-membered metallamacrocyclic nature of
these complexes (Figures 2, S14, S37, and S62 and Table S1).
These structures display Ci symmetry. The Ag−Ccarbene bond
lengths of 2.071(2) Å (1b), 2.059(2) Å (2b), 2.0621(17) Å
(3b), and 2.054(8) Å (4b) are comparable to the related
analogues reported in the literature.32,33 Similarly, the Ag−
Namido bond distances were 2.0971(16) Å in 1b, 2.0831(15) Å
in 2b, 2.0911(13) Å in 3b, and 2.124(6) Å in 4b, and a near-
linear bond angle [∠C(1)−Ag(1)−N(3) (°)] was observed at
the metal center [167.90(7) in (1b), 170.01(6) in (2b),
166.36(6) in (3b), and 176.1(3) in (4b)].

Interestingly, all of the 12-membered metallamacrocyclic
silver 1b−4b complexes indicated the existence of argento-
philic interaction in these complexes as observed from the
short Ag···Ag distances of 3.1061(3) Å in (1b), 3.6495(4) Å in
(2b), 3.3810(4) Å in (3b), and 2.9974(8) Å in (4b). These
Ag···Ag distances are within the range obtained by twice the
van der Waals radius of Ag that varied from the estimate of
1.72 Å by Bondi16 to that of 2.1 Å by Batsanov.17

The large 12-membered gold macrometallacyclic analogues
1c−4c were conveniently obtained from the silver 1b−4b
complexes by the treatment with (SMe2)AuCl (Scheme 1). In
13C{1H} NMR, the Au−Ccarbene resonances of 1c−4c,
appeared at δ ca. 168.9−172.1 ppm, upfield-shifted from the
Ag−Ccarbene resonances of δ ca. 177.2−182.3 ppm observed in
case of 1b−4b (Figures S10, S17, S33, S40, S58, S65, S83, and
S89). Quite significantly, unlike the silver 1b−4b complexes,
all of the gold 1c−4c complexes were characterized by the
high-resolution mass spectroscopy (HRMS) measurements in
which the molecular ion (M+) peak appeared at m/z
1031.2615 for 1c (calculated m/z 1031.2617), m/z
1013.3067 for 2c (calculated m/z 1013.3062), m/z

Figure 1. Twelve-membered metallamacrocyclic silver 1b−4b and
gold 1c−4c complexes exhibiting discrete metallophilic interactions.
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1019.3553 for 3c (calculated m/z 1019.3556), and m/z
1049.3770 for 4c (calculated m/z 1049.3774) (Figures S20,
S43, S68, and S92).

The gold 1c−4c complexes were isostructural with their
silver analogues 1b−4b (Figures 3, S22, S45, and S70 and
Table S1) as observed from the single-crystal X-ray diffraction
studies. The gold structures display Ci symmetry. The Au−
Ccarbene bond lengths of 1.993(2) Å (1c), 1.996(3) Å (2c),

Scheme 1. Synthetic Route to Amido-Functionalized Ag−NHC 1b−4b and Au−NHC 1c−4c Complexes

Figure 2. ORTEP of 4b with thermal ellipsoids shown at the 50%
probability level. Hydrogen atoms and cocrystallized CH3CN
molecules are omitted for clarity. Selected bond lengths (Å) and
angles (°): Ag(1)···Ag(2) 2.9974(8), Ag(1)−C(1) 2.054(8), Ag(1)−
N(8) 2.125(6), C(1)−N(1) 1.382(10), C(1)−N(3) 1.361(10),
C(1)−Ag(1)−N(8) 176.1(3), C(1)−Ag(1)−Ag(2) 100.7(2),
N(1)−C(1)−N(3) 100.7(7), N(3)−C(1)−Ag(1) 132.3(6), and
N(1)−C(1)−Ag(1) 127.0(6). Figure 3. ORTEP of 4c with thermal ellipsoids shown at the 50%

probability level. Hydrogen atoms and cocrystallized H2O molecule
were omitted for clarity. Selected bond lengths (Å) and angles (°):
Au(1)···Au(2) 3.5640(5), Au(1)−C(1) 1.975(4), Au(1)−N(8)
2.031(3), C(1)−N(1) 1.330(5), C(1)−N(2) 1.361(5), C(1)−
Au(1)−N(8) 172.00(14), N(1)−C(1)−N(2) 103.4(3), N(2)−
C(1)−Au(1) 130.5(3), and N(1)−C(1)−Au(1) 126.1(3).
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1.985(4) Å (3c), and 1.975(4) Å (4c) are shorter than their
silver analogues [2.071(2) Å (1b), 2.059(2) Å (2b),
2.0621(17) Å (3b), and 2.054(8) Å (4b)] due to smaller
covalent radii of Au (1.37 Å)35 compared to Ag (1.46 Å).35

Quite interestingly, except for the 2c complex, in which a
longer Au···Au contact of 4.2597(8) Å was observed, the
remaining gold complexes displayed a much shorter metal···
metal contact of 3.3462(2) Å (1c), 3.6358(5) Å (3c), and
3.5640(5) Å (4c).

The photoluminescence studies indicated that both of the
silver 1b−4b and the gold 1c−4c complexes exhibited
metallophilic interactions in solution and in the solid state at
room temperature. For the silver 1b−4b complexes, the
excitation at 242 nm (λ) gave the Ag···Ag emission band at ca.
533−534 nm in CHCl3 solution and at ca. 549−559 in the
solid state at room temperature (Table 1 and Figures 4, 5, S23,

S46−S48, S71−S73, and S94−S96). The other high-energy
band at ca. 430 nm for 1b (Figure 4), 433 nm for 2b (Figure
S46), 446 nm for 3b (Figure S71), and 431 nm for 4b (Figure

S94) in CHCl3 solution has been assigned to the ligand-based
transitions, while in the solid state, the same emission was
observed at ca. 389−390 nm for 1b−4b (Figures 5, S23, S47,
S48, S72, S73, S95, and S96). Similarly, the presence of
aurophilic interactions in 1c−4c was evident from the
photoluminescence experiments, which too displayed a low-
energy emission band at ca.530−533 nm in CHCl3 (Table 1
and Figures 4, S46, S71, and S94) and at ca. 548−559 nm in
the solid state at room temperature (Figures 5, S23, S47, S48,
S72, S73, S95, and S96). Like the silver 1b−4b complexes, the
ligand-based high-energy band appeared at ca. 433 nm for 1c,
427 nm for 2c, 431 nm for 3c, and 430 nm for 4c in CHCl3
and at ca. 389−390 nm for 1c−4c in the solid state.

The metal···metal distances in the silver 1b−4b and the gold
1c−4c complexes and their emission bands compared well
with other related structurally characterized large 12-
membered metallamacrocycles known in the literature (Tables
2 and 3).32,33 It is worth mentioning that all of the structurally
characterized examples of such large 12-membered silver and
gold metallamacrocycles of amido-functionalized imidazole
and 1,2,4-triazole-derived N-heterocyclic carbenes have been
reported from our group32,33 with four complexes of the each
metals being part of the current study (Tables 2 and 3).

The density functional theory (DFT) studies were under-
taken to understand the electronic structures of the silver 1b−
4b and the gold 1c−4c complexes. The metallophilic
interactions were looked at by performing topological analysis,
and the noncovalent interaction calculations were done for the
visualization of the interactions between the silver and the gold
atoms. The electron localization functions were estimated to
understand electron localization between two metal atoms. In
this regard, it is worth mentioning that, as the secondary
interactions like hydrogen bonding, π−π stacking, and the
crystal packing effects are more dominant over a weaker
cuprophilic interactions13 than the relatively stronger argento-
philic and aurophilic interactions,10,11,27 these secondary
interactions are considered to have no significant influence in
the metallophilic interactions in the silver 1b−4b and the gold
1c−4c complexes for the computational study.

Table 1. Absorption and Emission Data for NHC Ligand
Precursors 1a−4a, the Silver 1b−4b, and the Gold 1c−4c
Complexes

room temperature

compounds
λabs, nm

(εmax, L3 mol−1 cm−1)
λem, nm in
CHCl3

λem, nm in solid
state

1a 242 (28 504) 375 389
1b 239 (34 429) 430, 534 389, 549
1c 238 (62 451) 433, 532 390, 548
2a 240 (2645) 425 390
2b 240 (5683) 433, 534 389, 553
2c 250 (92 708) 427, 533 389, 552
3a 240 (3676) 426 389
3b 240 (7765) 446, 533 390, 559
3c 254 (54 145) 431, 532 389, 559
4a 240 (3008) 421 390
4b 239 (5868) 431, 534 389, 552
4c 238 (10 093) 430, 530 389, 552

Figure 4. Comparison of the emission spectra of the ligand (1a), the Ag−NHC complex (1b), and the Au−NHC complex (1c) in CHCl3 at room
temperature (excitation at 242 nm), in which the peak representing the M···M interaction is designated by an asterisk (*) in the plot. (#Overtone of
excitation at 242 nm).
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The absorption spectra of silver 1b−4b and gold 1c−4c
complexes in CHCl3 have been computed using the TD-DFT
method to comprehend the electronic transition. The
experimental and computed findings of λabs

max of different
complexes using various functionals with various basis sets are
given in Table S2. The B3LYP functional at LANL2DZ/6-
31G(d) overestimates vertical excitation energies around 40
nm, while at the def2tzvp level about only 30 nm. The
nonempirical PBE0 functional frequently used in benchmarks
offers excellent results when compared to other density
functionals, at least for the electronic vertical transitions.36

We also tried this exchange−correlation functional, and
expectedly, PBE0 results agreed with experimental excitation
energies. Table S3 lists the predicted maximum absorption
energies (wavelengths) along with their oscillator strengths,
primary contributions from different electronic transitions,
excited states, and assignments in addition to the available
experimental findings. The frontier orbitals involved in these
transitions for different complexes are given in Figure S97.
Based on our TD-DFT frontier orbitals analysis, all of the
complexes’ bands may be described as an admixture of MLCT,
LMCT, and ILCT states. We conducted the natural transition
orbital (NTO) analysis based on the computed transition
density matrices to examine the nature of absorption. Natural
transition orbitals offer a more intuitive representation of the
orbitals when excited states of molecules with highly
delocalized chromophores or many chromophoric sites are
involved. In terms of an expansion into single-particle
transitions, this technique provides the most condensed
depiction of the transition density between the ground and
excited states. The terms “particle” and “hole” transition
orbitals are used here to designate the vacant and occupied
NTOs, respectively. The NTOs for all complexes are given in
Figure S98. Based on our TD-DFT NTO analysis, all of the
complexes’ bands may be described as an admixture of MLCT,
LMCT, and ILCT states. Optically excited transition orbitals
move from occupied (hole) to unoccupied (electron)
transition orbitals. Hole NTOs are delocalized on N−Ag−
Ag−N (N−Au−Au−N), while particle NTOs are mainly
delocalized on C−Ag−Ag−C (C−Au−Au−C). By frontier

orbitals and NTO, we may conclude that the main contributor
for the transition arises from dx2−y2 − dx2−y2 (Ag/Au) − dσ to π*
orbitals of the aromatic ring.

The semiempirical, Hartree−Fock, correlated methods like
MP2 calculations suggest that the dispersion interaction is the
dominant attractive component of metallophilic interactions
and becomes more favorable when descending in group 11.24

On the other hand, dispersion-corrected DFT calculations
have suggested that dispersion contributions are substantially
less important than MP2 computations and that they are also
relatively independent of the metal.24 Similarly, QCSID and
CCSDT methods also contradict MP2 methods and support
stronger argentophilic interactions compared to aurophilic
interactions.24 Recent energy decomposition analysis suggests
a combination of electrostatic interactions and weakly covalent
M···M orbital interactions, both of which are counterbalanced
by Pauli repulsion, which dictate the strength of metallophilic
interactions.37 Based on this, we performed the atoms in
molecules (AIM) analysis and constructed the topological
diagrams for the silver 1b−4b and the gold 1c−4c complexes
(Table 4 and Figure 6). The AIM analysis indicated the
presence of a bond critical point (BCP) between two metal
ions in all of the cases barring 2c, suggesting favorable
metallophilic interactions. The electron density ρ(r), which
measures the strength of this interaction, is found to be 0.019
au (1b), 0.0076 au (2b), 0.011 au (3b), 0.023 au (4b), 0.017
au (1c), 0.010 (3c) au, and 0.012 au (4c) (Table 4). The
interaction energy,38 Eint = V/2, at the M···M bond critical
point is found to be −18.6 (1b), −4.5 (2b), −8.7 (3b), −25.7
(4b), −14.7 (1c), −7.5 (3c), and −8.8 (4c) (Table 4). The
electron density ρ(r) and interaction energy Eint values of 1b−
4b complexes are higher than those of 1c−4c, which indicates
that the argentophilic interactions in the silver 1b−4b
complexes are stronger. These values are smaller than the
strong metallophilic interactions reported, like 0.042 au in a
silver (N,N′-Di-i-propylacetamidinate) complex,39 and suggest
that the strength of interactions decreases in the following
order: 4b > 1b > 1c > 4c > 3b > 3c > 2b. A small value of the
electron density, positive Laplacian value, and negative values
of the total electronic energy density H(r) at the BCP generally

Figure 5. Comparison of the emission spectra (expanded) of the ligand (1a), the Ag−NHC complex (1b), and the Au−NHC complex (1c) in the
solid state at room temperature (excitation at 242 nm), in which the peak representing the M···M interaction is designated by an asterisk (*) in the
plot.
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suggest closed-shell electrostatic interactions.40 Further, the |
V(r)|/G(r) ratio for complexes, except for 4b, is close to unity,
suggesting closed-shell interactions.40 The order of this ratio is
found to be 1b > 1c > 3b > 4c > 3c > 2b > 4b, and the
covalency contribution decreases in the same order.

Apart from AIM, we have also performed NCI analysis that
is widely used to understand the nature of noncovalent
interactions.41,42 The divergence from a uniform electron
distribution is explained by the dimensionless function known
as the reduced density gradient (RDG). In regions far from the
molecule where the density quickly decays to zero, the RDG
will have very large positive values, and in regions with
covalent bonds and noncovalent interactions, it will have very
low values that are essentially negligible. RDG is a function of
electron density and its gradient and is given by eq 1.41

= | |
s( )

2 3 2 4
(1)

Although low gradient density regions enable the identi-
fication of weak interactions in a molecular system, it is unable
to differentiate various contributions to the noncovalent
interactions, such as attractive and repulsive interactions. For
this purpose, the sign of (λ2)ρ (λ2 is the largest eigen value of
the Hessian matrix, λ2 < 0 and λ2 > 0 for bonding and
nonbonding interactions, respectively) from noncovalent
interaction (NCI) analysis can be utilized.41 The noncovalent
interaction (NCI) and reduced density gradient (RDG) scatter
plots42 for the silver 1b−4b and the gold 1c−4c complexes are
shown in Figure 7. In the plots, the blue colored spikes in the
negative region of the scatter plot correspond to the hydrogen
bonds, the red colored spikes represent the strong repulsive
interactions, and the green region indicates the van der Waals
interaction. The metallophilic interaction region is circled in
the NCI plot, and if we carefully analyze this region across the
plot, the following points emerge: (i) for the 1b, 1c, and 4b
complexes, this region is dominated by blue color, which
suggests a dominant attractive interaction in these complexes

Table 2. Comparison of the Crystallographic and Photoluminescence Data of the Large 12-Membered Metallamacrocyclic
Ag−NHC Complexes 1b−4b with Those Known in the Literature
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and (ii) for the remaining 2b, 3b, 2c, 3c, and 4c complexes, the
green color is dominant, and this suggests that the interaction
has a dominant van der Waals contribution. Complementary to
the NCI plot regions, we can see the corresponding spikes in
the scatter plots in the negative region for 1b, 1c, and 4b,
which are blue in color, whereas for the 2b, 3b, 2c, 3c, and 4c
complexes, the spikes are dominantly green reaffirming our
point.

The NBO analysis performed yields natural population
analysis (NPA) on different atoms that offers further insights
into metal−metal interactions (Table S4). The charges on
silver atoms are more compared to that of gold atoms in all
complexes. The charges on pairs of atoms (Ag1, Ag1i) or (Au1,

Au1i), (N3, N3i), and (C1, C1i) are almost similar except in
the case of 4b and 4c. A significant positive charge on Ag1 or
Au1 and a concomitant negative charge on the N3 atom in 2b
or 2c leads to a larger Ag···Ag or Au···Au distance. In 4b and
4c, on the other hand, a significant less negative charge on N1
and a no charge on C attached to N1 are found, and this is
found to strengthen the Ag···Ag or Au···Au interaction. In the
2b, 3b, and 4b complexes, the groups attached to N1/N1i are
methyl, ethyl, and i-propyl, respectively; however, the groups
attached to N3/N3i are constant. The steric hindrance capacity
normally increases from methyl to i-propyl groups. The
negative charge on the carbon atom is found to increase
from i-propyl to methyl groups. The charges on N1 and N1i

Table 3. Comparison of the Crystallographic and Photoluminescence Data of the Large 12-Membered Metallamacrocyclic
Au−NHC Complexes 1c−4c with Those Known in the Literature

Table 4. Topological Parameters of Different Complexes at the M···M Bond Critical Point

parameter 1b 2b 3b 4b 1c 3c 4c

ρ(r) (au) 0.0192 0.0076 0.0118 0.0234 0.0172 0.0104 0.0119
G(r) (au) 0.0129 0.0037 0.0067 0.0172 0.0106 0.0059 0.0069
K(r) (au) 0.0012 −0.0003 −0.0001 0.0023 0.0005 −0.0002 −0.0001
V(r) (au) −0.0142 −0.0034 −0.0066 −0.0196 −0.0112 −0.0057 −0.0067
H(r) (au) −0.0012 0.0003 0.0001 −0.0023 −0.0005 0.0002 0.0001
∇2ρ(r) (au) 0.0467 0.01621 0.0275 0.0596 0.0407 0.0250 0.0283
H/ρ −0.0653 0.0417 0.0082 −0.010 −0.0297 0.0255 0.0124
|V|/G 1.100 0.9155 0.986 0.137 1.05 0.955 0.979
Eint = V/2 (kJ/mol) −18.6 −4.5 −8.7 −25.7 −14.7 −7.5 −8.8
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Figure 6. AIM computed topological diagrams for different complexes (a) 1b, (b) 2b, (c) 3b, (d) 4b, (e) 1c, (f) 2c, (g) 3c, and (h) 4c. (Color
code: yellow, ring critical point and green, cage critical point).

Figure 7. NCI plots of complexes (a) 1b, (b) 2b, (c) 3b, (d) 4b, (e) 1c, (f) 2c, (g) 3c, and (h) 4c and RDG scatter plots of complexes (a′) 1b,
(b′) 2b, (c′) 3b, (d′) 4b, (e′) 1c, (f′) 2c, (g′) 3c, and (h′) 4c.

Table 5. Wiberg Bond Indices of Selected Bonds for Silver 1b−4b and Gold 1c−4c Complexes

bonds 1b 2b 3b 4b 1c 2c 3c 4c

Ag1−Ag1i (Au1−Au1i) 0.16 0.09 0.13 0.17 0.17 0.04 0.12 0.13
Ag1−N3 (Au1−N3) 0.28 0.29 0.27 0.26 0.38 0.39 0.38 0.39
Ag1−C1 (Au1−C1) 0.47 0.50 0.49 0.45 0.65 0.67 0.67 0.66
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are almost similar. The Wiberg bond index (WBI) (Table 5) is
consistent with the metal···metal distance observed in the X-
ray structure, with the shortest distance geometry (4b) yielding
the largest WBI of 0.17. The WBI is found to be 0.16 (1b),
0.09 (2b), 0.13 (3b), 0.17 (4b), 0.17 (1c), 0.04 (2c), 0.12
(3c), and 0.13 (4c) (Table 5). This again indicates that
argentophilic interactions in 2b−4b is stronger than aurophilic
interactions in 2c−4c, with 1b and 1c being nearly equal.
Further, we observe that the Ag1−N3 and the Ag1−C1 bond’s
WBI values are inversely proportional to the Ag···Ag
interaction, and the same trend is observed for the WBI
values for Au1−N3 and the Au1−C1 bonds in the case of the
Au···Au interaction. The stronger argentophilic interactions
compared to aurophilic interactions may be attributed to
stronger Pauli repulsion between Au···Au centers.25,43 In short,
the electronic and the steric factors of the group attached to
N1 significanlty influences the M···M interactions.

Further electron localization function (ELF) analyses were
performed to probe the localization of electron density
corresponding to the M···M interactions (Figure 8). The
electron localization function (ELF) is a simple measure of
electron localization in an atomic and molecular system. The
ELF is defined by eq 244
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D(r) is defined as the difference between the kinetic energy
density and the bosonic kinetic energy density, D0(r) is taken
as a reference (uniform electron gas), and ρ is the electron
charge density.

The ELF is a relative measurement of the electron
localization, and therefore, the ELF values are expected to be
in the range of 0 to 1. In general, in the bonding regions, the
ELF(r) is expected to reach unity,45 and when ELF(r) is
greater than 0.7, electrons are characterized as localized (core
or bonding regions or lone pairs). On the other hand, when
the value of ELF is less than 0.7, the electron localization is
similar to that of an electron−gas, which is typical of metallic
bonds.46

Similar to ELF, Schmider and Becke defined another
function for finding high localization zones called the localized
orbital locator (LOL). The LOL is given by eq 5.47
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D0(r) is defined similar to ELF. Generally speaking, LOL and
ELF are qualitatively comparable, but LOL communicates a
more distinct and decisive picture than ELF.48

The ELF values computed at the M···M bond critical point
were found to be 0.085 (1b), 0.047 (2b), 0.063 (3b), 0.091
(4b), 0.088 (1c), 0.055 (3c), and 0.062 (4c) (the ELF value
for 2c is negligible). Further, the LOL values computed at the
M···M bond critical point were found to be 0.234 (1b), 0.183
(2b), 0.206 (3b), 0.241 (4b), 0.236 (1c), 0.194 (3c), and
0.204 (4c). The difference between ELF and LOL values is in
the range of 0.12−0.15. The ELF and LOL values are small,
indicating only weak metallophilic interactions, and this ELF
and LOL order also supports the strengths of the M···M
interaction. The ELF and LOL values at the M···M bond
critical point of 2b−4b complexes are higher than those of 2c−
4c (1b and 1c nearly the same), which indicates that at least
the argentophilic interactions in the silver 2b−4b complexes

Figure 8. Electron localization function (ELF) color-filled maps of complexes (a) 1b, (b) 2b, (c) 3b, (d) 4b, (e) 1c, (f) 2c, (g) 3c, and (h) 4c.
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are stronger, which again suggests that the argentophilic
interactions in the silver 2b−4b complexes are stronger. In
conclusion, ELF and LOL values, WBI indices, electron density
(ρ(r)), interaction energy (Eint), crystallographic study, and
photoluminescence spectra studies suggest that argentophilic
interactions are most likely stronger than the aurophilic
interactions in these complexes.

■ CONCLUSIONS
In summary, a series of four pairs of new large 12-membered
silver 1b−4b and gold 1c−4c metallamacrocycles of amido-
functionalized imidazole and 1,2,4-triazole-derived N-hetero-
cyclic carbenes, displaying discrete singular metallophilic
interactions, as corroborated by the single-crystal X-ray
diffraction and the photoluminescence studies, have been
synthesized. Furthermore, the computational studies indicate
that the N-heterocyclic carbene-based ligand architecture led
to strong metallophilic interactions in these complexes. The
strength of the M···M interactions, as determined from the
electron density at the bond critical point (BCP) from
topological analysis and the Wiberg bond index (WBI) from
the natural bond orbital (NBO) analysis, suggested that the
metallophilic interaction decreased in the order 4b > 1b > 1c >
4c > 3b > 3c > 2b > 2c. The metallophilic interactions were
visualized using scatter plots and NCI plots and were
quantified using ELF functions. The steric factors at the N1-
position and the charge of carbon attached to the N1-position
influences the metallophilic interactions. In conclusion, both
steric effects and the electronic effects of the N-heterocyclic
carbene control the metallophilic interactions. ELF and LOL
values, WBI indices, electron density (ρ(r)), interaction energy
(Eint), crystallographic study, and photoluminescence spectra
studies suggest that argentophilic interactions in 1b−4b
complexes are stronger than the aurophilic interactions in
the 1c−4c complexes.

■ EXPERIMENTAL SECTION
All manipulations were carried out using a combination of a
glovebox and standard Schlenk techniques. Solvents were
purified and degassed by standard procedures. 1-(4-
Methylphenyl)imidazole,49 1-ethylimidazole,50 1-i-propyltria-
zole,51 2-chloro-N-(2,6-di-methylphenyl)acetamide,52 2-
chloro-N-(2,6-di-i-propylphenyl)acetamide,52 and (SMe2)-
AuCl53 were synthesized by the modified literature procedures.
1H and 13C{1H} NMR spectra were recorded on Varian and
Bruker 400 MHz and Bruker 500 MHz NMR spectrometers.
1H NMR peaks are labeled as singlet (s), doublet (d), triplet
(t), doublet of doublets (dd), multiplet (m), and septet (sept).
Infrared spectra were recorded on a PerkinElmer Spectrum
One FT-IR spectrometer. Mass spectrometry measurements
were done on a Micromass Q-Tof and Bruker Maxis Impact
spectrometer. Elemental analysis was carried out on a Thermo
Quest FLASH 1112 SERIES (CHNS) elemental analyzer. The
crystals for the compound 1b−4b and 1c−4c were grown in
CH3CN by a slow evaporation technique. Single-crystal X-ray
diffraction studies were performed on a Rigaku Hg724+
diffractometer for compounds 1b−4b and on Bruker D8 Quest
diffractometer for compounds 1c−4c, and crystal data
collection and refinement parameters are summarized in
Table S1. The structures were solved using SHELXT and
refined via the full matrix least-squares method with SHELXL-
2018/3, refining on F2.54 The CCDC − 1876407 (for 1b),

2170371 (for 1c), 1876404 (for 2b), 2173119 (for 2c),
1882493 (for 3b), 2160247 (for 3c), 1887221 (for 4b), and
2177632 (for 4c) contain supplementary crystallographic data
for this paper. These data can be obtained from the Cambridge
Crystallographic Data Centre via www.ccdc.com.ac.uk/
datarequest/cif.
Synthesis of 1-(4-Me-Phenyl)-3-N-(2,6-Me2-phenyla-

cetamido)-imidazolium Chloride (1a). 1-(4-Me-Phenyl)-
imidazole (2.00 g, 12.7 mmol) and 2-chloro-N-(2,6-Me2-
phenyl)acetamide (2.76 g, 14.0 mmol) were refluxed in
toluene (ca. 25 mL) for 12 h, after which the reaction mixture
was cooled to 30 °C. The formed solid was filtered off and
washed repeatedly with diethyl ether to give the crude product,
which was purified by column chromatography on neutral
silica using CHCl3/CH3OH (9.5:0.5 v/v) mixed medium to
give the product (1a) as a light brown solid (1.86 g, 41%). 1H
NMR (CDCl3, 500 MHz, 25 °C): δ, 10.48 (s, 1H, NCHN),
10.1 (s, 1H, NH), 7.81 (s, 1H, NCHCHN), 7.42 (s, 1H,
NCHCHN), 7.35 (d, 2H, 3JHH = 8 Hz, 4-(CH3)C6H4), 7.18
(d, 2H, 3JHH = 8 Hz, 4-(CH3)C6H4), 6.9 (t, 1H, 3JHH = 6 Hz,
2,6-(CH3)2C6H3), 6.84 (d, 2H, 3JHH = 7 Hz, 2,6-(CH3)2C6H3),
5.71 (s, 2H, CH2), 2.29 (s, 3H, 4-(CH3)C6H4), 2.10 (s, 6H,
2,6-(CH3)2C6H3). 13C{1H} NMR (CDCl3, 125 MHz, 25 °C):
δ ppm, 163.6 (CO), 140.7 (4-(CH3)C6H4), 135.9 (NCHN),
135.3 (2,6-(CH3)2C6H3), 133.6 (4-(CH3)C6H4), 132 (2,6-
(CH3)2C6H3), 130.9 (4-(CH3)C6H4), 127.9 (2,6-
(CH3)2C6H3), 127.1 (2,6-(CH3)2C6H3), 124.6 (NCHCHN),
121.6 (4-(CH3)C6H4), 120.2 (NCHCHN), 51.9 (CH2), 21.1
(4-(CH3)C6H4), 18.7 (2,6-(CH3)2C6H3). IR data (cm−1) KBr
pellet: 3406 (m), 3253 (m), 3049 (m), 1671 (s), 1547 (s),
1471 (m), 1441 (w), 1267 (w), 1239 (m), 1073 (w), 819 (w),
763 (w), 514 (w). HRMS (ESI): Calcd. for [M − Cl]+,
[C20H22N3O]+ m/z 320.1757; found m/z 320.1755. Anal.
Calcd. for C20H22N3OCl: C, 67.50; H, 6.23; N, 11.81; Found:
C, 67.20; H, 6.413; N, 11.57%.
Synthesis of [1-(4-Me-Phenyl)-3-N-(2,6-Me2-phenyl-

acetamido)-imidazol-2-ylidene]2Ag2 (1b). A solution of
1-(4-Me-phenyl)-3-(2,6-Me2-phenyl)acetamido-imidazolium
chloride (1a) (0.905 g, 2.54 mmol) in CH2Cl2 (ca. 50 mL) was
stirred with Ag2O (0.592 g, 2.55 mmol) in the dark at room
temperature overnight. The reaction mixture was filtered over a
pad of celite, and the solvent was evaporated. The residue was
purified by column chromatography on neutral Al2O3 using the
CHCl3/CH3OH (9.5:0.5) system to give the desired product
(1b) as a grayish-white solid (0.551 g, 51%). 1H NMR
(CDCl3, 500 MHz, 25 °C): δ ppm, 7.62 (s, 1H, NCHCHN),
7.16 (s, 1H, NCHCHN), 7.07 (d, 2H, 3JHH = 8 Hz, 4-
(CH3)C6H4), 6.99 (d, 2H, 3JHH = 8 Hz, 4-(CH3)C6H4), 6.94
(d, 2H, 3JHH = 7 Hz, 2,6-(CH3)2C6H3), 6.90 (t, 1H, 3JHH = 7
Hz, 2,6-(CH3)2C6H3), 5.01 (s, 2H, CH2), 2.37 (s, 3H, 4-
(CH3)C6H4), 1.90 (s, 6H, 2,6-(CH3)2C6H3). 13C{1H} NMR
(CDCl3, 125 MHz, 25 °C): δ ppm 176.9 (d, 1J 109Ag−13Ccarbene
= 251 Hz, 1J 107Ag−13Ccarbene = 216 Hz, Ag−NCN), 168.1
(CO), 146.2 (2,6-(CH3)2C6H3), 138.8 (4-(CH3)C6H4), 137.3
(4-(CH3)C6H4), 132.1 (2,6-(CH3)2C6H3), 130.3 (4-(CH3)
C6H4), 127.8 (2,6-(CH3)2C6H3), 123.6 (2,6-(CH3)2C6H3),
123.5, (4-(CH3)C6H4), 123.2 (NCHCHN), 121.5
(NCHCHN), 61.8 (CH2), 21.0 (4-(CH3)C6H4), 18.5 (2,6-
(CH3)2C6H3). IR data (cm−1) KBr pellet: 3452 (m), 3165
(m), 2938 (m), 1686 (m), 1601 (s), 1579 (s), 1515 (s), 1467
(m), 1438 (m), 1271 (m), 1238 (m), 1093 (w), 818 (m), 767
(m), 541 (w). Anal. Calcd. for C40H40N6O2Ag2: C, 56.35; H,
4.73; N, 9.86; Found: C, 56.19; H, 4.797; N, 9.83%.
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Synthesis of [1-(4-Me-Phenyl)-3-N-(2,6-Me2-phenyl-
acetamido)-imidazol-2-ylidene]2Au2 (1c). [1-(4-Me-Phe-
nyl)-3-N-(2,6-Me2-phenylacetamido)-imidazol-2-ylidene]2Ag2
(1b) (0.107 g, 0.127 mmol) and (SMe2)AuCl (0.076 g, 0.260
mmol) were mixed in CH2Cl2 and stirred for 6 h at room
temperature. An off-white AgCl solid precipitated out during
the course of reaction, after which it was filtered. The filtrate
was dried under vacuum to give the crude product, which was
purified by column chromatography on neutral Al2O3 using a
mixed medium of CH2Cl2/CH3OH (9.5:0.5, v/v) to give the
product as a white-colored solid (1c) (0.042 g, 32%). 1H NMR
(CDCl3, 400 MHz, 25 °C): δ ppm, 7.58 (d, 1H, 3JHH = 2 Hz,
NCHCHN), 7.22 (d, 2H, 3JHH = 8 Hz, 4-(CH3)C6H4), 7.11
(d, 1H, 3JHH = 2 Hz, NCHCHN), 7.10−7.08 (m, 1H, 2,6-
(CH3)2C6H3), 6.99 (d, 2H, 3JHH = 8 Hz, 4-(CH3)C6H4),
6.96−6.95 (m, 2H, 2,6-(CH3)2C6H3), 5.34 (s, 2H, CH2), 2.37
(s, 3H, 4-(CH3)C6H4), 2.00 (s, 6H, 2,6-(CH3)2C6H3).
13C{1H} NMR (CDCl3, 125 MHz, 25 °C): δ ppm 169.2
(NCN), 168.9 (CO), 144.7 (2,6-(CH3)2C6H3), 138.7 (4-
(CH3)C6H4), 136.6 (4-(CH3)C6H4), 133.1 (2,6-(CH3)2C6H3),
129.8 (4-(CH3)C6H4), 127.6 (2,6-(CH3)2C6H3), 124.4 (2,6-
(CH3)2C6H3), 124.3, (4-(CH3)C6H4), 122.9 (NCHCHN),
121.0 (NCHCHN), 58.8 (CH2), 21.0 (4-(CH3)C6H4), 18.2
(2,6-(CH3)2C6H3). IR data (cm−1) KBr pellet: 3417 (br),
3117 (w), 2919 (m), 2356 (m), 1615 (s), 1516 (s), 1418 (w),
1099 (m), 765 (w). 679 (w). HRMS (ESI): Calcd. for [M +
H]+, [C40H41N6O2Au2]+ m/z 1031.2617; found m/z
1031.2615. Anal. Calcd. for C40H40N6O2Au2: C, 46.61; H,
3.91; N, 8.15; Found: C, 46.43; H, 4.076; N, 8.18%.
Synthesis of 1-(Methyl)-3-N-(2,6-di-i-propylphenyla-

cetamido)-imidazolium Chloride (2a). 1-Methyl imidazole
(0.510 g, 6.21 mmol) and 2-chloro-N-(2,6-di-i-propylphenyl)-
acetamide (1.58 g, 7.02 mmol) were refluxed overnight in
toluene (ca. 50 mL), after which the reaction mixture was
cooled to room temperature. The solvent was evaporated, and
the remaining solid was washed repeatedly with diethyl ether
to give the white solid, which was purified by column
chromatography on neutral silica using the CHCl3/CH3OH
(9.5:0.5) system to give the desired product (2a) as a white
solid (1.04 g, 50%). 1H NMR (DMSO-d6, 400 MHz, 25 °C): δ
ppm, 10.48 (s, 1H, NCHN), 9.24 (s, 1H, NH), 7.70 (s, 1H,
NCHCHN), 7.67 (s, 1H, NCHCHN), 7.14 (t, 1H, 3JHH = 8
Hz, 2,6-(CH(CH3)2)2-C6H3), 7.03 (d, 2H, 3JHH = 8 Hz, 2,6-
(CH(CH3)2)2-C6H3), 5.32 (s, 2H, CH2), 3.79 (s, 3H, NCH3),
2.98 (sept, 2H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3), 1.02
(br, 6H, 2,6-(CH(CH3)2)2-C6H3), 0.96 (br, 6H, 2,6-(CH-
(CH3)2)2-C6H3). 13C{1H} NMR (DMSO-d6, 100 MHz, 25
°C): δ ppm, 165.3 (CO), 146.4 (2,6-(CH(CH3)2)2-C6H3),
138.2 (NCHN), 132.1 (2,6-(CH(CH3)2)2-C6H3), 128.2 (2,6-
(CH(CH3)2) 2 -C 6H3) , 123 .9 (NCHCHN), 123 .7
(NCHCHN), 123.4 (2,6-(CH(CH3)2)2-C6H3), 51.1 (CH2),
36.3 (NCH3), 28.4 (2,6-(CH(CH3)2)2-C6H3), 24.4 (2,6-
(CH(CH3)2)2-C6H3), 23.7 (2,6-(CH(CH3)2)2-C6H3). IR data
(cm−1) KBr pellet: 3445 (m), 3145 (m), 3051 (m), 2964 (s),
2861 (m), 1696 (s), 1540 (m), 1461 (w), 1266 (w), 1176 (m),
954 (w), 800 (w), 628 (w). HRMS (ESI): Calcd. for [M −
Cl]+, [C18H26N3O]+ m/z 300.2070; found m/z 300.2076.
Anal. Calcd. for C18H26N3OCl: C, 64.37; H, 7.80; N, 12.51;
Found: C, 64.05; H, 7.634; N, 12.39%.
Synthesis of [1-(Methyl)-3-N-(2,6-di-i-propylphenyla-

cetamido)-imidazol-2-ylidene]2Ag2 (2b). A solution of 1-
(methyl)-3-N-(2,6-di-i-propylphenyl)acetamido-imidazolium
chloride (2a) (0.504g, 1.50 mmol) in CH2Cl2 (ca. 50 mL) was

stirred with Ag2O (0.358 g, 1.54 mmol) in the dark at room
temperature overnight. The solvent was evaporated, and the
residue was purified by column chromatography on neutral
Al2O3 using the CHCl3/CH3OH (9.5:0.5) system to give the
desired product (2b) as a grayish-white solid (0.152 g, 25%).
1H NMR (CDCl3, 500 MHz, 25 °C): δ ppm, 7.31 (s, 1H,
NCHCHN), 7.18 (t, 1H, 3JHH = 9 Hz, 2,6-(CH(CH3)2)2-
C6H3), 7.05 (d, 2H, 3JHH = 9 Hz, 2,6-(CH(CH3)2)2-C6H3),
6.92 (s, 1H, NCHCHN), 5.31 (s, 2H, CH2), 3.79 (s, 3H,
NCH3), 3.03 (sept, 2H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2-C6H3),
1.02 (d, 12H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2-C6H3). 13C{1H}
NMR (CDCl3, 125 MHz, 25 °C): δ ppm, 182.3 (Ag−NCN),
166.8 (CO), 146.1 (2,6-(CH(CH3)2)2-C6H3), 131.2 (2,6-
(CH(CH3)2)2-C6H3), 128.0 (2,6-(CH(CH3)2)2-C6H3), 123.2
(NCHCHN), 123.1 (2,6-(CH(CH3)2)2-C6H3), 121.7
(NCHCHN), 53.9 (CH2), 38.7 (NCH3), 28.6 (2,6-(CH-
(CH3)2)2-C6H3), 23.7 (2,6-(CH(CH3)2)2-C6H3). IR data
(cm−1) KBr pellet: 3442 (w), 3163 (w), 2957 (s), 2866
(m), 1694 (m), 1529 (s), 1460 (m), 1266 (w), 798 (w), 743
(m). Anal. Calcd. for C36H48N6O2Ag2: C, 53.21; H, 5.95; N,
10.34; Found: C, 53.40; H, 6.373; N, 10.34%.
Synthesis of [1-(Methyl)-3-N-(2,6-di-i-propylphenyla-

cetamido)-imidazol-2-ylidene]2Au2 (2c). [1-(Methyl)-3-
N-(2,6-di-i-propylphenylacetamido)-imidazol-2-ylidene]2Ag2
(2b) (0.124 g, 0.153 mmol) and (SMe2)AuCl (0.090 g, 0.307
mmol) were mixed in CH2Cl2 and stirred for 6 h at room
temperature. An off-white AgCl solid precipitated out during
the course of reaction, after which it was filtered. The filtrate
was dried under vacuum to give the crude product, which was
purified by column chromatography on neutral Al2O3 using a
mixed medium of CH2Cl2/CH3OH (9.5:0.5, v/v) to give the
product as a white-colored solid (2c) (0.041 g, 27%). 1H NMR
(CDCl3, 400 MHz, 25 °C): δ ppm, 7.30 (t, 1H, 3JHH = 8 Hz,
2,6-(CH(CH3)2)2-C6H3), 7.25 (d, 1H, 3JHH = 2 Hz,
NCHCHN), 7.16 (d, 2H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2-
C6H3), 7.00 (d, 1H, 3JHH = 2 Hz, NCHCHN), 5.07 (s, 2H,
CH2), 3.87 (s, 3H, NCH3), 3.03 (sept, 2H, 3JHH = 7 Hz, 2,6-
(CH(CH3)2)2-C6H3), 1.16 (d, 12H, 3JHH = 7 Hz, 2,6-
(CH(CH3)2)2-C6H3). 13C{1H} NMR (CDCl3, 100 MHz, 25
°C): δ ppm, 172.1 (NCN), 165.3 (CO), 146.2 (2,6-
(CH(CH3)2)2-C6H3), 129.8 (2,6-(CH(CH3)2)2-C6H3), 128.8
(2,6-(CH(CH3)2)2-C6H3), 123.5 (2,6-(CH(CH3)2)2-C6H3),
122.2 (NCHCHN), 122.1 (NCHCHN), 54.0 (CH2), 38.4
(NCH3), 28.9 (2,6-(CH(CH3)2)2-C6H3), 23.7 (2,6-(CH-
(CH3)2)2-C6H3). IR data (cm−1) KBr pellet: 3454 (s), 2964
(s), 2866 (m), 1666 (s), 1530 (m), 1467 (m), 1237 (w), 791
(w), 739 (m). HRMS (ESI): Calcd. for [M + Na]+,
[C36H48N6O2Au2Na]+ m/z 1013.3062; found m/z
1013.3067. Anal. Calcd. for C36H48N6O2Au2: C, 43.64; H,
4.88; N, 8.48; Found: C, 43.30; H, 4.768; N, 8.55%.
Synthesis of 1-(Ethyl)-3-N-(2,6-di-i-propylphenylace-

tamido)-imidazolium Chloride (3a). 1-Ethylimidazole
(1.00 g, 10.49 mmol) and 2-chloro-N-(2,6-di-i-propylphenyl)-
acetamide (2.66 g, 10.49 mmol) were refluxed overnight in
toluene (ca. 25 mL), after which the reaction mixture was
cooled to 30 °C. The formed solid was filtered off and washed
repeatedly with Et2O to give the crude product, which was
purified by column chromatography on neutral alumina using
CHCl3/CH3OH (9.5:0.5 v/v) mixed medium to give the
product (3a) as a white solid (1.28 g, 35%). 1H NMR (CDCl3,
500 MHz, 25 °C): δ ppm, 10.53 (s, 1H, NCHN), 9.84 (s, 1H,
NH), 7.69 (s, 1H, NCHCHN), 7.29 (s, 1H, NCHCHN), 7.25
(t, 1H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2-C6H3), 7.11 (d, 2H,
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3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3), 5.57 (s, 2H, CH2), 4.16
(q, 2H, 3JHH = 7 Hz, CH2CH3), 3.03 (sept, 2H, 3JHH = 7 Hz,
2,6-(CH(CH3)2)2-C6H3), 1.43 (t, 3H, 3JHH = 7 Hz, CH2CH3),
1.08 (br, 12H, 2,6-(CH(CH3)2)2-C6H3). 13C{1H} NMR
(CDCl3, 125 MHz, 25 °C): δ ppm, 164.7 (CO), 146.1 (2,6-
(CH(CH3)2)2-C6H3), 136.7 (NCHN), 131.0 (2,6-(CH-
(CH3)2)2-C6H3), 128.3 (2,6-(CH(CH3)2)2-C6H3), 123.7
(NCHCHN), 123.2 (2,6-(CH(CH3)2)2-C6H3), 121.2
(NCHCHN), 51.6 (CH2), 45.1 (CH2CH3), 28.6 (2,6-(CH-
(CH3)2)2-C6H3), 24.0 (2,6-(CH(CH3)2)2-C6H3), 23.2 (2,6-
(CH(CH3)2)2-C6H3), 15.3 (CH2CH3). HRMS (ESI): Calcd.
for [M − Cl]+, [C19H28N3O]+ m/z 314.2227; found m/z
314.2229. Anal. Calcd. for C19H28N3OCl: C, 65.22; H, 8.07;
N, 12.01; Found: C, 64.85; H, 7.979; N, 11.40%.
Synthesis of [1-(Ethyl)-3-N-(2,6-di-i-propylphenylace-

tamido)-imidazol-2-ylidene]2Ag2 (3b). A solution of 1-
(ethyl)-3-N-(2,6-di-i-propylphenyl)acetamido-imidazolium
chloride (3a) (0.714 g, 2.04 mmol) in CH2Cl2 (ca. 40 mL) was
stirred with Ag2O (0.482 g, 2.07 mmol) in the dark at room
temperature overnight. The solvent was evaporated, and the
residue was purified by column chromatography on neutral
Al2O3 using CHCl3/CH3OH (9.5:0.5 v/v) system to give the
desired product (3b) as a white solid (0.324 g, 38%). 1H NMR
(CDCl3, 500 MHz, 25 °C): δ ppm, 7.53 (s, 1H, NCHCHN),
7.06 (br s, 3H, 2,6-(CH(CH3)2)2-C6H3), 6.93 (s, 1H,
NCHCHN), 4.96 (s, 2H, CH2), 3.88 (quat, 2H, 3JHH = 7
Hz, CH2CH3), 3.16 (sept, 2H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-
C6H3), 1.26 (t, 3H, 3JHH = 7 Hz, CH2CH3), 1.15 (d, 6H, 3JHH
= 7 Hz, 2,6-(CH(CH3)2)2-C6H3), 1.06 (d, 6H, 3JHH = 7 Hz,
2,6-(CH(CH3)2)2-C6H3). 13C{1H} NMR (CDCl3, 125 MHz,
25 °C): δ ppm, 176.2 (d, 1J 109Ag−13Ccarbene = 249 Hz, 1J
107Ag−13Ccarbene = 219 Hz, Ag−NCN), 169.1 (CO), 143.6
(2,6-(CH(CH3)2)2-C6H3), 142.5 (2,6-(CH(CH3)2)2-C6H3),
124.6 (2,6-(CH(CH3)2)2-C6H3), 123.1 (2,6-(CH(CH3)2)2-
C6H3), 122.9 (NCHCHN), 120.1 (NCHCHN), 61.8 (CH2),
46.8 (CH2CH3), 28.1 (2,6-(CH(CH3)2)2-C6H3), 23.9 (2,6-
(CH(CH3)2)2-C6H3), 23.8 (2,6-(CH(CH3)2)2-C6H3), 16.9
(CH2CH3). IR data (cm−1) KBr pellet: 3411 (w), 3124 (w),
2962 (m), 2867 (m), 1596 (s), 1574 (s), 1463 (w), 1438 (m),
1411 (m), 1225 (w), 752 (w). Anal. Calcd. for
C38H52N6O2Ag2: C, 54.30; H, 6.24; N, 10.00; Found: C,
54.80; H, 6.349; N, 9.96%.
Synthesis of [1-(Ethyl)-3-N-(2,6-di-i-propylphenylace-

tamido)-imidazol-2-ylidene]2Au2 (3c). [1-(Ethyl)-3-N-
(2,6-di-i-propylphenylacetamido)-imidazol-2-ylidene]2Ag2
(3b) (0.151 g, 0.180 mmol) and (SMe2)AuCl (0.107 g, 0.363
mmol) were mixed in CH2Cl2 and stirred for 6 h at room
temperature. An off-white AgCl solid precipitated out during
the course of reaction, after which it was filtered. The filtrate
was dried under vacuum to give the crude product, which was
purified by column chromatography on neutral Al2O3 using a
mixed medium of CH2Cl2/CH3OH (9.5:0.5, v/v) to give the
product as a white-colored solid (3c) (0.076 g, 41%). 1H NMR
(CDCl3, 400 MHz, 25 °C): δ ppm, 7.51 (d, 1H, 3JHH = 2 Hz,
NCHCHN), 7.1 (s, 3H, 2,6-(CH(CH3)2)2-C6H3), 6.84 (d,
1H, 3JHH = 2 Hz, NCHCHN), 5.29 (s, 2H, CH2), 3.99 (q, 2H,
3JHH = 7 Hz, CH2CH3), 3.26 (sept, 2H, 3JHH = 7 Hz, 2,6-
(CH(CH3)2)2-C6H3), 1.32 (t, 3H, 3JHH = 7 Hz, CH2CH3),
1.21 (d, 6H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3), 1.02 (d,
6H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3). 13C{1H} NMR
(CDCl3, 100 MHz, 25 °C): δ ppm, 169.9 (NCN), 168.4 (CO),
143.4 (2,6-(CH(CH3)2)2-C6H3), 141.9 (2,6-(CH(CH3)2)2-

C6H3), 125.5 (2,6-(CH(CH3)2)2-C6H3), 122.9 (2,6-(CH-
(CH3)2)2-C6H3), 122.4 (NCHCHN), 119.5 (NCHCHN),
58.8 (CH2), 46.3 (CH2CH3), 27.7 (2,6-(CH(CH3)2)2-C6H3),
24.1 (2,6-(CH(CH3)2)2-C6H3), 23.8 (2,6-(CH(CH3)2)2-
C6H3), 16.5 (CH2CH3). IR data (cm−1) KBr pellet: 3433
(br), 3127 (w), 2961 (m), 2866 (m), 1698 (s), 1598 (s), 1578
(s), 1465 (w), 1441 (m), 1416 (m), 1229 (w), 760 (w).
HRMS (ESI): Calcd. for [M + H]+, [C38H53N6O2Au2]+ m/z
1019.3556; found m/z 1019.3553. Anal. Calcd. for
C38H52N6O2Au2: C, 44.80; H, 5.14; N, 8.25; Found: C,
44.79; H, 5.143; N, 8.56%.
Synthesis of 1-(i-Propyl)-4-N-(2,6-di-i-propylphenyla-

cetamido)-1,2,4-triazolium Chloride (4a). 1-i-Propyl 1,2,4-
triazole (1.00 g, 9.04 mmol) and 2-chloro-N-(2,6-di-i-
propylphenyl)acetamide (2.53 g, 9.97 mmol) were refluxed
overnight in toluene (ca. 25 mL), after which the reaction
mixture was cooled to room temperature. The solvent was
evaporated, and the remaining solid was washed repeatedly
with Et2O to give a solid, which was purified by column
chromatography on neutral silica using the CHCl3/CH3OH
(9.5:0.5 v/v) system to give the product (4a) as a white solid
(1.67 g, 51%). 1H NMR (CDCl3, 500 MHz, 25 °C): δ, 11.26
(s, 1H, NCHN), 10.63 (s, 1H, NH), 8.89 (s, 1H, NCHCHN),
7.26 (t, 1H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2C6H3), 7.13 (d, 2H,
3JHH = 8 Hz, 2,6-(CH(CH3)2)2C6H3), 5.88 (s, 2H, CH2), 4.85
(sept, 1H, 3JHH = 7 Hz, NCH(CH3)2), 3.08 (sept, 2H, 3JHH = 7
Hz, 2,6-(CH(CH3)2)2C6H3), 1.58 (d, 6H, 3JHH = 6 Hz,
NCH(CH3)2), 1.13 (d, 12H, 3JHH = 6 Hz, 2,6-(CH-
(CH3)2)2C6H3). 13C{1H} NMR (CDCl3, 125 MHz, 25 °C):
δ ppm, 164.1 (CO), 145.9 (2,6-(CH(CH3)2)2-C6H3), 144.5
(NC(5)HN), 141.9 (NC(3)HN), 130.9 (2,6-(CH(CH3)2)2-
C6H3), 128.3 (2,6-(CH(CH3)2)2-C6H3), 123.3 (2,6-(CH-
(CH3)2)2-C6H3), 56.2 (NCH(CH3)2), 50.1 (CH2), 28.6 (2,6-
(CH(CH3)2)2-C6H3), 24.1 (2,6-(CH(CH3)2)2-C6H3), 23.2
(2,6-(CH(CH3)2)2-C6H3), 21.7 (NCH(CH3)2). IR data
(cm−1) KBr pellet: 3441 (w), 3195 (m), 2964 (s), 2931
(m), 1697 (s), 1530 (m), 1468 (m), 1360 (w), 1238 (m),
1057 (w), 984 (m), 715 (w). HRMS (ESI): Calcd. for [M −
Cl]+, [C19H29N4O]+ m/z 329.2336; found m/z 329.2334.
Anal. Calcd. for C19H29N4OCl: C, 62.54; H, 8.01; N, 15.35;
Found: C, 62.65; H, 7.905; N, 15.44%.
Synthesis of [1-(i-Propyl)-4-N-(2,6-di-i-propylpheny-

lacetamido)-1,2,4-triazol-2-ylidene]2Ag2 (4b). A solution
of 1-(i-propyl)-4-N-(2,6-di-i-propylphenyl)acetamido-1,2,4-tri-
azolium chloride (4a) (0.502 g, 1.37 mmol) in CH2Cl2 (ca. 40
mL) was stirred with Ag2O (0.329 g, 1.42 mmol) in the dark at
room temperature overnight. The solvent was evaporated, and
the residue was purified by column chromatography on neutral
Al2O3 using the CHCl3:CH3OH (9.5:0.5) system to give the
product (4b) as a gray solid (0.207 g, 34%). 1H NMR (CDCl3,
500 MHz, 25 °C): δ ppm, 8.46 (s, 1H, NCHN), 7.24 (t, 1H,
3JHH = 8 Hz, 2,6-(CH(CH3)2)2-C6H3), 7.10 (d, 2H, 3JHH = 7
Hz, 2,6-(CH(CH3)2)2-C6H3), 5.52 (s, 2H, CH2), 4.97 (sept,
1H, 3JHH = 7 Hz, NCH(CH3)2), 3.00 (sept, 2H, 3JHH = 7 Hz,
2,6-(CH(CH3)2)2-C6H3), 1.58 (d, 6H, 3JHH = 7 Hz, NCH-
(CH3)2), 1.06 (d, 12H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3).
13C{1H} NMR (CDCl3, 125 MHz, 25 °C): δ ppm, 180.9 (s,
Ag−NCN), 166.0 (CO), 145.8 (2,6-(CH(CH3)2)2-C6H3),
143.3 (NCHN), 130.8 (2,6-(CH(CH3)2)2-C6H3), 128.3 (2,6-
(CH(CH3)2)2-C6H3), 123.3 (2,6-(CH(CH3)2)2-C6H3), 56.3
(NCH(CH3)2), 51.3 (CH2), 28.6 (2,6-(CH(CH3)2)2-C6H3),
23.6 (2,6-(CH(CH3)2)2-C6H3), 22.8 (NCH(CH3)2). IR data
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(cm−1) KBr pellet: 3512 (m), 3190 (m), 2964 (s), 2869 (m),
1677 (m), 1590 (s), 1531 (s), 1444 (m), 1383 (m), 976 (w),
797 (w), 722 (w). Anal. Calcd. for C38H54N8O2Ag2: C, 52.42;
H, 6.25; N, 12.87; Found: C, 52.37; H, 6.366; N, 12.57%.
Synthesis of [1-(i-Propyl)-4-N-(2,6-di-i-propylpheny-

lacetamido)-1,2,4-triazol-2-ylidene]2Au2 (4c). [1-(i-Prop-
yl)-4-N-(2,6-di-i-propylphenylacetamido)-1,2,4-triazol-2-ylide-
ne]2Ag2 (4b) (0.120 g, 0.138 mmol) and (SMe2)AuCl (0.082
g, 0.280 mmol) were mixed in CH2Cl2 and stirred for 6 h at
room temperature. An off-white AgCl solid precipitated out
during the course of reaction, after which it was filtered. The
filtrate was dried under vacuum to give the crude product,
which was purified by column chromatography on neutral
Al2O3 using a mixed medium of CH2Cl2/CH3OH (9.5:0.5, v/
v) to give the product as a white-colored solid (4c) (0.038 g,
26%). 1H NMR (CDCl3, 500 MHz, 25 °C): δ ppm, 8.33 (s,
1H, NCHN), 7.30 (t, 1H, 3JHH = 8 Hz, 2,6-(CH(CH3)2)2-
C6H3), 7.15 (d, 2H, 3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3),
5.12−5.06 (m, 3H, CH2 and NCH(CH3)2), 3.07 (sept, 2H,
3JHH = 7 Hz, 2,6-(CH(CH3)2)2-C6H3), 1.49 (d, 6H, 3JHH = 7
Hz, NCH(CH3)2), 1.16 (d, 12H, 3JHH = 7 Hz, 2,6-
(CH(CH3)2)2-C6H3). 13C{1H} NMR (CDCl3, 125 MHz, 25
°C): δ ppm, 171.8 (NCN), 164.7 (CO), 146.2 (2,6-
(CH(CH3)2)2-C6H3), 143.3 (NCHN), 129.8 (2,6-(CH-
(CH3)2)2-C6H3), 128.8 (2,6-(CH(CH3)2)2-C6H3), 123.5
(2,6-(CH(CH3)2)2-C6H3), 55.9 (NCH(CH3)2), 51.0 (CH2),
28.8 (2,6-(CH(CH3)2)2-C6H3), 23.7 (2,6-(CH(CH3)2)2-
C6H3), 22.2 (NCH(CH3)2). IR data (cm−1) KBr pellet:
3482 (br), 3122 (w), 2965 (m), 1672 (s), 1521 (s), 1451 (m),
796 (m), 718 (w). HRMS (ESI): Calcd. for [M + H]+,
[C38H55N8O2Au2]+ m/z 1049.3774; found m/z 1049.3770.
Anal. Calcd. for C38H54N8O2Au2: C, 43.52; H, 5.19; N, 10.68;
Found: C, 42.95; H, 5.457; N, 10.03%.
General Procedure for Photophysical Study. Using a

Shimadzu UV−NIR instrument, absorption spectra of
compounds 1(a−c), 2(a−c), 3(a−c), and 4(a−c) were
recorded in CHCl3 solution (1 × 10−3 M) at 25 °C. Using a
Varian Eclipse spectrophotometer, emission spectra of
compounds 1(a−c), 2(a−c), 3(a−c), and 4(a−c) were
recorded in CHCl3 solution (1 × 10−3 M) at 25 °C upon
excitation at 242 nm in quartz cuvettes. Solid-state emission
was recorded on a Horiba Fluoromax + (RM 360) instrument
at 25 °C upon excitation at 242 nm in quartz glass slab for the
compounds 1(a−c), 2(a−c), 3(a−c), and 4(a−c) by mixing
with NaCl in the ratio of 1:100 and grinding the mixture to a
powder form.
Computational Methods. DFT calculations were done

using the Gaussian 09 suite of the programs.55 All calculations
were performed using the UB3LYP-D256 functional in
conjunction with an all-electron def2-TZVP57 basis set for all
atoms. To take into consideration the relativistic effects,
Douglas−Kroll−Hess (DKH) Hamiltonian58 has been em-
ployed. To avoid the lattice effects on the geometry, X-ray
structures were utilized as such. And single-point calculations,
including relativistic effects, were performed, and the generated
wavefunction was further used for the natural bond orbital
(NBO).59 However, we assumed that intermolecular inter-
actions present in the crystal have no significant impact on the
metallophilic interactions. To comprehend the metallophilic
interactions, the atoms in molecules (AIM) analysis,60 electron
localization function (ELF),44 and noncovalent interaction
(NCI)41 analyses were carried out on all complexes using
Multiwfn software.61 Isosurfaces of the reduced density

gradient (RDG)42 were rendered by the VMD 1.9.1 program62

using the output files of Multiwfn.61

Using the polarized continuum model and TD-DFT at the
PBE1PBE63 hybrid functional level, which includes 25%
exchange and 75% correlation in chloroform (CHCl3) media,
the absorption properties were estimated. It has been
demonstrated that this level of the theoretical approach is
trustworthy for 5d transition-metal complex systems.64 Finally,
a natural transition orbital (NTO) analysis was carried out to
better understand the nature of excited states involved in
absorption processes.65
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