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ABSTRACT: We report the synthesis and characterization of
12 new dinuclear gold(I) N-heterocyclic carbene (NHC)
complexes and the corresponding imidazolium precursors. The
focus lies in a systematic study of conformational changes and
intra- and intermolecular gold−gold and π−π interactions of
dinuclear gold(I) carbene complexes. Common to all members
of the series of gold macrocycles are NHC ligands on the basis
of imidazole with ethyl side chains and bromide as well as
hexafluorophosphate counterions, respectively. The com-
pounds vary in the length of a flexible alkyl linker between
the NHC units. For the methylene and ethylene bridged
macrocycles, a ring inversion movement can be observed by VT-NMR. In total, 11 molecular structures have been characterized
by X-ray diffraction. Open ring conformations with intermolecular π−π and Au−Au interactions prevail, but a backfolded
conformation with a short intramolecular Au−Au distance has been found for the ethylene-bridged species. The presence of Au−
Au interactions could be proven by quantum chemical calculations.

■ INTRODUCTION

In recent years, there has been an increasing interest in gold
complexes with N-heterocyclic carbene (NHC) ligands1 as a
consequence of their promising applications in fields such as
catalysis,2 nanotechnology,3,4 and medicine.5−7 Given the usual
linear coordination mode of AuI, mononuclear gold(I) NHC
compounds1−6 often possess two different ligands (typically a
neutral carbene and a coordinating anion).1,8−11 The respective
homoleptic derivates bearing two identical NHC ligands usually
are cationic bis(NHC) gold(I) complexes.4,8,9,11−17 The two
NHC ligands can be connected with a long linker.18,19 With
shorter linkers, dinuclear macrocycles are formed which consist
of two gold(I) atoms and two bridging bis(NHC) ligands.19−29

A growing number of such homoleptic dinuclear gold(I)
tetra(NHC) macrocycles have been reported in recent years,
including compounds with very rigid23,29b,d and very
flexible19,22,24,26 linkers connecting the carbene subunits. Even
a direct N−N connection of two NHC moieties is possible and
results in an extremely short gold−gold distance.27 A chiral
example25 as well as neutral macrocycles with anionic
linkers20,28 have been synthesized. Some multinuclear com-
plexes with NHC-ligated AuI atoms are also known.30

A very intriguing feature of gold(I) complexes is the
occurrence of aurophilic interactions often recognized in the
solid state by an intermetallic distance shorter than the sum of
the van der Waals radii (3.5 Å).31 The strength of this unusual
bonding type is comparable to hydrogen bonds (5−10 kcal/
mol).31,32 The phenomenon has been associated with excep-

tional photophysical properties of gold compounds.33,34

Mononuclear gold(I) complexes realize short Au−Au distances
by intermolecular aggregation,31 whereas dinuclear complexes
can also adopt backfolded conformations with intramolecular
Au−Au bonds.1,31

We are fascinated by the subtle interplay of weak interactions
governing the conformation of gold(I) macrocycles. Thus, we
now report the synthesis and characterization of a systematic
series of new dinuclear gold(I) NHC complexes and their
corresponding NHC precursors. The series consists of gold(I)
complexes with N-heterocyclic carbene ligands on the basis of
imidazole with ethyl side chains. The compounds only vary in
the length of the alkyl chain linking two NHC units,
respectively. Flexible alkyl linkers were chosen to systematically
study the influence of the linker length on the conformation of
the gold macrocycles with special respect to the formation of
intramolecular gold−gold bonds. The synthesis and spectro-
scopical characterization of a related series of flexible gold(I)
NHC macrocycles with methyl substituted carbenes has
recently been reported, but only one substance thereof has
been structurally characterized.19,26a This member of the series
bears a propylene linker and shows an exceptionally efficient
luminescence.26a Its structure reveals a backfolded conforma-
tion with short Au−Au distance irrespective of the anion
(triflate19 and hexafluorophosphate26a). Furthermore, two
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publications of the group of Hemmert may be combined to
compare the first three members of a similar series with
hydroxyl-functionalized side chains.24 However, the anions
affiliated with the reported molecular structures are not
identical. This can have a disturbing impact on the observed
conformations. We thus now report the spectroscopic
characteristics and solid state molecular structures of the
complete systematic ethyl series with alkyl linker lengths
ranging from one to six methylene units. Both the counterions
bromide and hexafluorophosphate have been investigated as the
nature of the anion is known to have a severe impact on
photoluminescent Au(I) complexes.35

■ RESULTS AND DISCUSSION

Synthesis. The ethyl imidazolium bromide salts 1−636,37
(Scheme 1) were obtained by conversion of N-ethylimidazole
with the corresponding alkyldibromide in toluene.36 The
corresponding NHC gold(I) bromide complexes 7−12 were
synthesized by direct metalation of the respective imidazolium
salt in the presence of sodium acetate in DMF according to a
well-established procedure.21,24,26 The complexes were purified

by crystallization (slow diffusion of diethyl ether into a
methanol solution). Subsequent anion exchange with KPF6 in
a methanol/water mixture gave the complexes 13−18 in
excellent yields. The compounds 7−18 are readily characterized
by electrospray (ESI) mass spectra showing intense signals for
the intact dicationic macrocycle [M]2+. We have not found
indications for the presence of mononuclear complexes with a
chelating bis-NHC-ligand known for longer linkers.18,19

NMR Spectroscopy. The room temperature 1H and 13C
NMR spectra for the complexes 7−18 confirm the expected
highly symmetrical structures. The formation of gold(I)-
carbene complexes is accompanied by the disappearance of
the acidic imidazolium proton signal at δ ≈ 9.50 ppm in the 1H
NMR spectrum and a typical shift of the Ccarbene signal from
<140 ppm in the NHC precursor to >180 ppm in the gold(I)
complex in the 13C NMR spectrum.1 In accordance to
previously reported similar findings,19,21a,24,26a neither the
exocyclic NHC side chain nor the counteranion induces
significant changes in the macrocycle resonances at room
temperature, whereas changing the solvent to acetonitrile
induces a more pronounced upfield signal shift.

Scheme 1. Syntheses of the NHC Precursors 1−6 and the Dimeric Gold(I) Macrocycles 7−18

Scheme 2. Ring Inversion of Compounds 7/13.
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The protons of the methylene linkers in compounds 7 and
13 are not equivalent and appear as two separated doublets at
room temperature.21a,24,26a They reversibly disappear/coalesce
upon heating to 100−105 °C (Figure S1, Supporting
Information) from which the free activation enthalpy at 298
K of ΔG298

‡ = 74 ± 11 kJ/mol is extracted from an Eyring plot
of exchange rates (Figure S2 and Table S1) obtained by line
shape analysis using the program gNMR.38 A similar behavior
has been reported for the methyl-substituted congener and has
been attributed to an interconversion of exo and endo
hydrogens by a kind of ring inversion (Scheme 2).21a

The process is also visible for the methylene protons of the
ethyl side groups which are diastereotopic and appear as two
multiplets when measured with 500 MHz at room temperature

in DMSO-d6 (Figure S1). Heating the sample (enabling ring
inversion) leads to coalescence into the expected quartet signal
for equivalent methylene protons. The obtained free activation
enthalpy of ΔG298

‡ = 69 ± 4 kJ/mol (Figure S2 and Table S1)
indeed lies in the error margin of the value obtained using the
signal for the bridging methylene groups. An effect of a
potentially coordinating anion can be ruled out as similar
activation parameters are obtained for the bromide (7) and
hexafluorophosphate (13) salt. Some additional very slight
spectral changes reversibly occur upon heating: The signal for
the pending methyl protons appears as a triplet which shifts
very slightly downfield by 0.05 ppm at higher temperatures. A
parallel dynamic behavior is observable for the signal for the
imidazolium proton next to the ethyl side chain. It broadens

Figure 1. Low-temperature 1H NMR spectra (500.13 MHz, CD3OD) of 8. *Partially deuterated and undeuterated methanol and water, respectively.
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and resharpens again, similar to the findings reported for the
methyl derivative.21a

The room temperature 1H NMR spectra for the ethylene-
connected macrocycles 8 and 14 show a singlet for eight
equivalent linker hydrogens and a well-defined quartet for the
side chain methylene groups. Thus, chain elongation expectedly
enhances the flexibility of the macrocycles. Lowering the
temperature reveals a partial freezing of the conformational
flexibility: In the 1H NMR spectra of 8, a broadening and finally
splitting of the linker CH2 signal into two broad singlets at −80
°C is visible with a coalescence around −60 °C (Figure 1). Line
shape analysis (Figure S2 and Table S1) yields ΔG298

‡ = 47 ± 4
kJ/mol for the frozen process. It could be interpreted as an
inversion of the ethylene-bridged macrocycle equilibrating exo

and endo protons in analogy to the behavior of 7 and 13
described above. The smaller ΔH and much lower ΔS value are
fully consistent with the enhanced flexibility of the elongated
linker. In addition, signal broadening during cooling the sample
is visible for the H5 imidazol proton, and, similar to the findings
for the smaller macrocycle 7/13, for the CH2 groups in the
ethyl side chains.
The 1H spectra of the macrocycles with C3, C4, and C5

linkers (9, 10, 11) show broadening of the methylene signals at
lower temperatures, but coalescence could not be reached in
the temperature range down to −80 °C (Figures S2−S4). The
changes in the spectra for 10 are rather subtle, whereas
broadening of the H8 signal is clearly visible for compound 9.
For compound 11, the imidazol protons broaden and shift

Figure 2. Low-temperature 1H NMR spectra (500.13 MHz, CD3OD) of 12. *Partially deuterated and undeuterated methanol and water,
respectively.
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downfield by 0.1 ppm, and the CH2 and CH3 signals of the
ethyl groups broaden and shift upfield by 0.3 and 0.15 ppm,
respectively.
For substance 12 with six methylene units in the linker,

sample cooling has a different effect on the 1H NMR spectra
(Figure 2). At 193 K, additional broad signals are clearly visible,
which we interpret as signs of a starting aggregation inspired by

the solid state packing with dominant π−π interactions
arranging the cations in long chains (vide infra).

X-ray Crystal Structures. Single crystals suitable for X-ray
diffraction could be obtained by slow diffusion of diethyl ether
in a methanol solution (7−10, 12) or an acetonitrile solution
(13−18). Thus, 11 out of 12 new complexes were structurally
characterized. Selected structural data are summarized in Table

Table 1. Selected Structural Data for Complexes 7−18

n
crystal

symmetry Au−C/ Å C−Au−C/° N−C−C−N/°a
dihedral angle of
NHC planes/°b,c

conformation
next to NHC

Au·Au/Å
intramoleculard

Au·Au/Å
intermoleculard

π·π/Å
intermoleculard

7 1 P21/n 2.015(12) 170.0 −4.6 0.8 3.6633(1) 3.57866(16) 3.48279(16)
2.018(13) 174.5 −1.4 28.1
2.026(12) 109.0
2.031(12) 107.9

8 2 P21/n 2.018(5) 173.8 −42.8 43.3 gauche 3.3988(1) 7.2397(3) 3.91031(16)
2.021(5) 177.4 −56.9 55.8
2.023(5) 51.9
2.025(5) 38.8

9 3 Pmmn 2.012(5) 178.6 0.0 6.0 trans 6.7918(3) 7.1092(4) 3.6215(3)
126.3

10 4 P1̅ 2.01734(14) 175.7 3.5 3.2 gauche 6.7729(4) 3.69214(15) 3.59182(14)
2.01675(13)

12 6 P1̅ 1.99590(16) 178.8 2.2 6.0 gauche 8.7084(7) 3.8164(3) 3.6865(3)
2.02309(16)

13 1 C2/m 2.017(5) 172.6 0.0 11.4 3.6475(5) 5.2346(8) 3.6386(5)
2.022(5) 174.3 14.5

106.2
14 2 P21/c 2.025(3) 175.3 −49.4 47.0 gauche 3.2328(2) 6.2975(2) 3.49732(15)

2.027(3) 176.2 −55.5 49.7
2.032(3) 39.1
2.032(3) 41.9

15 3 P1̅ 2.0069(3) 175.6 1.5 1.6 11.4 trans 6.4190(9) 3.2916(4) 3.5878(4)
2.0151(3) 176.6 7.9
2.0261(3) 103.4
2.0333(3) 104.8

16 4 P1̅ 2.057(2) 176.5 2.4 3.3 gauche 6.972(6) 3.5818(25) 3.607(3)
2.061(2)

17 5 C2/c 2.01847(6) 176.7 2.5 3.7 gauche 4.9425(2) 3.5478(1) 3.74249(12)
2.02094(6)

18 6 P1̅ 2.036(15) 177.3 −7.3 4.4 gauche 8.8268(7) 3.3582(2) 3.5897(2)
2.046(14)

aTorsion angle between the two NHC rings (EtN−Ccarbene−Ccarbene−NEt) coordinating an Au atom. bDihedral angle of the two NHC planes
coordinating an Au atom. cItalic: Dihedral angle of the two NHC planes in the linker. dThe shortest value (NHC plane center to center) is given.

Figure 3. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 7 (50% probability level for the thermal ellipsoids).
Intermolecular π−π interactions are indicated by dotted lines. Br− anions, hydrogen atoms, and cocrystallized methanol molecules have been omitted
for clarity.
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1. All compounds consist of dicationic dinuclear complexes
Au2L2

2+ with bridging dicarbene ligands L. The basic structural
parameters fit the expectations: The gold atoms are two-
coordinated with C−Au−C angles close to linearity and mean
C−Au bond lengths of 2.02 Å typical for gold(I) NHC
compounds.1 Owing to the almost linear C−Au−C axis, the
torsion angles can be measured between N−C−C−N of the
two ligands coordinating a gold atom to describe the position
of these ligands. For all cations studied here except for the ones
with ethylene linkers 8 and 14, the torsion angle is close to
zero, and the NHC planes on opposite sides of the gold are
coplanar. Each cation is accompanied by two bromide or
hexafluorophosphate anions, respectively. In all cases, the
complexes are arranged in layers consisting of organic ligands
on the one hand and gold atoms with anions on the other.
NHC ligands of neighbored complexes are interconnected by
π−π interactions. Further, all solid state structures except for 9
reveal a relatively short Au−Au distance, either intra- or
intermolecularly; in one case (7) even both is realized. The
space groups and crystal packing of the two complexes with the
same cation typically differ due to the significant difference in
size of the two anion types. However, the influence of the
counterion on the conformation of the cation is unexpectedly
small (Figures 3−10 and S7−S18, Table 1) compared to
examples in the literature.19,26

One of the more obvious conformational differences is
observed for the smallest cation bearing only methylene linkers.
Here, all ethyl side chains point inward for the bromide salt 7
(Figure 3), but show an in/out conformation for 13 with PF6

−

(Figure 4). In both cases, the ethyl side groups of the two NHC
rings coordinating an Au atom come rather close (Figure S6).
The angles of the NHC substituents at the methylene group are
identical (111.8° and 111.1°, respectively), and the intra-
molecular Au−Au distance (3.663 Å vs 3.648 Å) is only 0.016 Å
shorter for 13. The crystal structure of both 7 and 13 consists
of pairs of macrocycles with parallel arrangement of a whole
NHC-Au-NHC unit. The dimers of macrocycles are further
connected by head-to-tail π−π interactions with neighboring
NHC units (Figures S7 and S8). The intermolecular distance
between the gold atoms of a dimer of macrocycles is much
shorter in 7 (3.579 Å) than in 13 (5.235 Å) due to the different
orientation of the ethyl side chains.
A similar complex published by Barnard et al. has a methyl

side group and I− as counterion.21a The shape of the cation is
comparable to 7 and 13, but the intramolecular Au−Au
distance is shorter (3.5425(6) Å). Further, Hemmert and co-
workers structurally characterized two methylene-bridged gold-
NHC complexes with alcohol- or carboxylate-functionalized
side chains (Au−Au 3.514 and 3.589 Å, respectively).24 An
even shorter distance (3.3610(7) Å) could be realized by
Fran̈kel et al.20a in a neutral complex containing a BH2-unit
instead of a methylene linker and by the group of Hahn via
incorporation into a large macrocycle (3.0737(3) Å).29c

C2-linked complexes 8 and 14 both crystallize in monoclinic
space groups as well (8: P21/n, 14: P21/c). The overall
conformation of the dicationic macrocycle is unusual, but rather
similar for both anion types (Figure 5) apart from the relative
position of the ethyl side groups. A backfolded twisted

Figure 4. ORTEP drawing (left) and crystal packing (view along b axis, right) of complex 13 (50% probability level for the thermal ellipsoids).
Intermolecular π−π interactions are indicated by dotted lines. PF6

− anions and hydrogen atoms have been omitted for clarity.

Figure 5. ORTEP drawing of complex 8 (left) and 14 (right) (50% probability level for the thermal ellipsoids). Anions (Br− and PF6
−, respectively),

hydrogen atoms and cocrystallized water and methanol (for 8) have been omitted for clarity.
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geometry with gauche conformation in the ethylene linkers
realizes a short intramolecular Au−Au distance (8: 3.3988(1)
Å, 14: 3.2328(2) Å). The Au−Au bond is significantly (Δd =
0.167 Å) shorter for the bigger hexafluorophosphate. This
cation is the only one of the whole series for which the two
NHC planes bound to a gold atom are not coplanar, but
twisted by approximately 50°probably to avoid steric
repulsion of the ethylene linkers while retaining the short
Au−Au distance. The conformational folding of the dication in
8 is so compact and twisted that a close arrangement with
neighboring macrocycles is restricted to a single π−π
interaction per molecule (Figure S9).
The only published ethylene-linked NHC-Au complex

structurally characterized by X-ray bears a bulky alcohol-

functionalized side group and PF6
− anions.24b Its conformation

is backfolded with 50° twisted NHC planes and an intra-
molecular Au−Au bond in the range of 3.3 Å. It strongly
resembles the conformations of the ethyl derivates described
here. The fact that all side chains point to the same side of the
molecule thus is not (only) due to hydrogen bonds between
OH groups because a similar conformation is retained with
simple ethyl groups as well. Considering the absence of strong
intra- or intermolecular π−π interactions, the observed
backfolded conformation should have an attractive aurophilic
origin even though the two gold atoms are cationic.
Both dications 9 and 15 with C3-linked NHC ligands show

an open, W-like conformation with an all-trans propylene linker
(Figures 6 and 7). The intramolecular Au−Au distance is very

Figure 6. Crystal packing of complex 9 (view along b (left) and c (right) axes, 50% probability level for the thermal ellipsoids). The macrocycles
form double-layers connected by intermolecular π−π interactions indicated by dotted lines. Hydrogen atoms have been omitted for clarity.

Figure 7. Two views of the crystal packing of complex 15 (50% probability level for the thermal ellipsoids). Au−Au bonded dimers of macrocycles
are connected by intermolecular π−π interactions indicated by dotted lines. Hydrogen atoms and in the right view also PF6

− anions and
cocrystallized Et2O and have been omitted for clarity.
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long for both structures, but in the Br− case even 0.373 Å
longer than with PF6

−. This is the result of a flattened
conformation as the dihedral angle of 103−105° between the
two NHC planes of a ligand in the PF6

− structure 15 is widened
to 126° when crystallized as the bromide salt 9 (Figure S10).
The reason probably is a packing effect: The crystal packing of
15 closely resembles the one of methylene-linked 7. Dimers of
macrocycles are formed by a short intermolecular Au−Au
distance of 3.292 Å, and these dimers are connected by π−π
interactions (Figure S11). In contrast, the bromide derivative 9
appears in extended π−π bound double-layers (Figure 6, left),
which should be easier to form with flattened macrocycles. It is
the only structure of our series that does not show any kind of
intra- or intermolecular Au−Au interaction.
Baron et al. reported the crystal structure of a related

propylene bridged Au(I) NHC complex with methyl side
chains and PF6

− as counterion in 2012.26a Unlike the situation
shown here, the alkyl chains fold in two gauche conformations
resulting in a U-shaped macrocycle with parallel NHC-Au-
NHC subunits and a short intramolecular gold(I)−gold(I)
distance of 3.272 Å. Gil-Rubio et al. crystallized the same cation
with triflate anions in 2013.19 This time a helical conformation
with orthogonal NHC-Au-NHC bonds and a very small Au−
Au-distance of 3.032 Å is realized. In both structures, the
backfolded macrocycles form C3- and C2-symmetric columnar
aggregates, respectively, with intermolecular Au−Au and π−π
interactions of about d = 3.7 Å. In contrast, the third literature-
known structurally characterized propylene-bridged complex of
this type crystallizes in an open conformation and a double-
layer packing without Au−Au interactions,24a which strongly
resembles the findings reported above for the ethyl derivative 6.
It stems from the Hemmert group and possesses PF6

− anions
and bulky side groups with hydroxyl functions. Thus,
counterion and the type of side group have an extreme effect
on the molecular conformation of propylene-linked dinuclear
NHC complexes of gold(I). In particular, the steric increase
from methyl to ethyl is sufficient to open the conformation and
suppress the formation of an intramolecular Au−Au bond.

Complexes 10 and 16 with the C4-linker crystallize in the
triclinic space group P1 ̅. Both the cation conformations and
crystal packing are rather similar (Figures 8, S12−S14). The
cations show an open S-arrangement with a very long
intramolecular Au−Au distance and gauche conformations in
the linker enabling coplanarity for all NHC rings. Intermo-
lecular π−π and Au−Au interactions connect the molecules
into chains. It is very plausible that these packing effects are the
dominating cause for the observed conformation.
Although purification by crystallization was successful for the

bromide salt 11, the resulting crystals were not suitable for X-
ray diffraction measurements. Yet, the PF6

− version 17 gave
good crystals in the monoclinic space group C2/c. The
conformation of the cation is rather unusual compared to the
other complexes of this series (Figure 9), but it bears some
resemblance to the C3-triflate structure reported by Gil-Rubio
et al. briefly mentioned above.19 The two C−Au−C axes are
not parallel, but twisted by approximately 60° resulting in a
compact helical cation with a relatively long intramolecular

Figure 8. ORTEP drawing and crystal packing of complex 10 (50% probability level for the thermal ellipsoids). Hydrogen atoms have been omitted
for clarity.

Figure 9. ORTEP drawing of complex 17 (50% probability level for
the thermal ellipsoids). PF6

− anions and hydrogen atoms have been
omitted for clarity.
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Au−Au distance of 4.9425(2) Å. All NHC planes are coplanar
with the ethyl side chains facing inside (Figure S15). Thus,
columnar chains are formed by π−π stacking and shorter
intermolecular gold−gold distances of 3.548 Å. Even though
the molecular conformation is rather different from those
observed for the C4 of C6 derivates, the similarities in the
NHC-dominated packing motifs are obvious (Figures S12 and
S15).
There is only one report of dimeric gold-NHC complexes

with a linker of similar length in the literature so far.22 A species
with an oxygen atom in the central position of the linker,
naphthalene side groups, and PF6

− anions has been structurally
characterized. The conformation of this dication resembles the
one of 17 in that it is helically twisted with a torsion angle of
68°. The intramolecular Au−Au distance (3.506 Å) is much
shorter, whereas there are no intermolecular Au−Au
interactions because the large aromatic side groups are turned
outward and dominate the packing.
Similar to the findings for the C4-analogues 10 and 16, the

cations in the C6-linked complexes 12 and 18 retain an open S-
shaped conformation (Figures 10 and S16−S18) that allows

coplanarity for all NHC rings (Figures 10 and S18). The
cations again are connected into chains by intermolecular Au−
Au distances of 3.8164 Å (12) and 3.3582 Å (18). The longer
distance in the bromide complex is due to a larger shift in the
π−π stacking; the intermolecular distance between the NHC
planes is rather similar for both compounds. This is another
indication for the dominance of π−π interactions in the crystal
packing. The alkyl linkers adopt two gauche conformations next
to the NHC rings necessary to enable π-stacking. In addition,
the typical all-trans parallel alignment expected for alkyl chain
crystals is observed for the inner methylene groups.
Optical Spectroscopy. UV/vis absorption spectra of the

complexes 7 − 12 in solution or solid state show absortion
maxima around 260 nm (Figure S19) tentatively assigned to
intraligand transitions.34b Excitation in that band leads to
emission spectra that strongly vary depending on the linker
chain length (Figure 11). A priori, one might expect decreasing
fluorescence with increasing chain length due to an enhanced
flexibility and thus vibrational relaxation of the excited state.
This is indeed the case for the moderate emission of the
imidazolium ligand precursors which is most intense for the
smallest, methylene-linked species. Fluorescence in the

corresponding complexes 7 and 13 however is quenched,
which could be the result of a metal-mediated deactivation
process. In contrast, the complexes with linker length n = 2 and
n = 3 show a completely different behavior, i.e., a strong
luminescence at 365 and 372 nm, respectively, which
significantly weakens for longer linkers. This nicely correlates
with the observation of conformations with short intra-
molecular Au−Au distances only for linker chain lengths of n
= 2 and n = 3.

Theory. After observing experimentally how the delicate
balance of interactions within these gold complexes influences
the intramolecular conformation and intermolecular packing
structure, we decided to use quantum chemical calculations to
study the presence of the aurophilic interplay, which is perhaps
the most characteristic structural factor of the hereby
investigated complexes. Theory has been shown to be a fruitful
tool in describing and understanding gold complexes in general
and gold−gold interactions in particular.31,39 In this respect, the
several successful applications of DFT for such problems31b or
even to gold clusters may be mentioned.40

The unit cells of 7, 8, and 13 were optimized by various
methods in the gas phase, and the Au−Au distances were
inspected together with the electronic structure in terms of
shared electron numbers (SEN). The results are shown in
Table 2. The Au−Au distances in the optimized structures vary
greatly depending on the theoretical method applied (up to
even 0.3 Å), which is in agreement with the expected high
flexibility of these molecules. Generally, the optimization with
the larger basis set (def2-TZVPP) resulted in smaller gold−
gold distances. The shortest distances were obtained if the
TPSS meta-GGA functional was applied, while the PBE
functional gave only slightly longer ones. The structures with
the BP86 and B97-D functionals showed significantly longer
gold−gold distances, and the longest were in all cases those
yielded by BLYP.
Apparently, in the case of 7 and 13 the calculations indicate

shorter, while in case of 8 longer Au−Au distances than those
obtained from the X-ray measurements. The presence of some
discrepancy is in fact not surprising, since the crystal packing
effects are not included in the present gas phase calculations.
The intermolecular interactions are obviously strongly
influencing the experimental solid state structures; for example,
comparing the intra- and intermolecular gold−gold distances
for 7, it is apparent that the intermolecular aurophilic
interaction might be even stronger than the intramolecular
one, similarly to structures 10, 12, 15−18 (Table 1). In
addition, the conformation of the ring due to the intermolecular
π−π interactions can alter the orientation of the gold atoms
with respect to each other. The intermolecular effects will be
explored in a follow-up study, where the competitive or
cooperative nature of these interactions will be explored in
more detail. Despite the expected discrepancies between the
gas phase calculations and the solid state experimental
structures, it is very useful to inspect the present results for
the gas phase systems, since the interactions that govern the
structure in the gas phase are expectedly also present in the
crystal.
The Au−Au distances are similar in 7 and 13, andexcept

for the data obtained by PBEtend to be shorter for 7 as in
the experimental data. In the case of 8 the calculated distance is
significantly larger than for the other two species, while the
experimental value is shorter (Table 1). These peculiar results,
on one hand, clearly show that the length of the linking side

Figure 10. Two views of the crystal packing of complex 12 (50%
probability level for the thermal ellipsoids). Hydrogen atoms have
been omitted for clarity.
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chain is clearly of great importance, while on the other hand
they show that intermolecular effects play a really dominating
role. Considering the trends mentioned above, one might
speculate that in the case of 7 and 13 the intermolecular effects
decrease, while in the case of 8 they increase the aurophilic
interplay.
The shared electron number data show that there is a notable

interaction between the orbitals of the two gold atoms for all
structures and by all methods, although its strength varies
largely by the system and the applied method. In the case of 7
and 13, the smallest basis set (def2-SV(P)) gave erroneously
high shared electron numbers despite the significantly larger

distances, compared to the two larger basis sets. The increase
from triple-ζ to quadruple-ζ basis set in the electronic structure
method, however, results in a much smaller change. In
accordance with the calculated distances, 8 showed the weakest
orbital−orbital interactions among the three species. Interest-
ingly, however, despite the slightly longer Au−Au distances, the
SEN tends to be somewhat higher for 13 than for 7 according
to the data obtained with the largest basis set. Consideration of
only the distances thus is not a sufficient criterion for describing
the extent of aurophilicity. This is especially the case if we
compare the SEN data to that obtained for a water dimer
(Table 2), which indicates that the binding aurophilic

Figure 11. Fluorescence spectra measured in acetonitrile at room temperature after excitation at 265 nm: (a) hexafluorophosphate complexes 13−
18, (b−d) comparison of imidazolium ligand precursor, bromide and hexafluorophosphate complex for linker lengths n = 1−3.

Table 2. Gold−Gold Distances in the Optimized Structures of 7, 8, and 13, Together with the Corresponding Shared Electron
Number (SEN) Dataa

7 8 13 water dimer

dAu−Au/Å SEN/a.u. dAu−Au/Å SEN/a.u. dAu−Au/Å SEN/a.u. SEN/a.u.

RI-BP-D3/def2-SV(P) 3.384 0.153 3.569 0.010 3.472 0.158
RI-BP-D3/def2-TZVPP 3.302 0.028 3.582 0.009 3.356 0.017 0.040
RI-BP-D3/def2-QZVPP// RI-BP-D3/def2-TZVPP 3.302 0.020 3.582 0.015 3.356 0.025 0.038
RI-B97-D3/def2-SV(P) 3.429 0.132 3.577 0.010 3.480 0.012
RI-B97-D3/def2-TZVPP 3.406 0.021 3.569 0.010 3.466 0.014 0.031
RI-B97-D3/def2-QZVPP// RI-B97-D3/def2-TZVPP 3.406 0.015 3.569 0.013 3.466 0.020 0.029
RI-BLYP-D3/def2-SV(P) 3.499 0.127 3.655 0.008 3.552 0.113
RI-BLYP-D3/def2-TZVPP 3.477 0.019 3.681 0.008 3.533 0.014 0.036
RI-BLYP-D3/def2-QZVPP// RI-BLYP-D3/def2-TZVPP 3.477 0.016 3.681 0.013 3.533 0.020 0.033
RI-PBE-D3/def2-SV(P) 3.389 0.148 3.549 0.011 3.334 0.533
RI-PBE-D3/def2-TZVPP 3.296 0.031 3.550 0.010 3.324 0.019 0.043
RI-PBE-D3/def2-QZVPP// RI-PBE-D3/def2-TZVPP 3.296 0.022 3.550 0.013 3.324 0.025 0.037
RI-TPSS-D3/def2-SV(P) 3.256 0.179 3.465 0.014 3.320 0.291
RI-TPSS-D3/def2-TZVPP 3.191 0.039 3.416 0.016 3.265 0.023 0.041
RI-TPSS-D3/def2-QZVPP// RI-TPSS-D3/def2-TZVPP 3.191 0.028 3.416 0.015 3.265 0.028 0.038

aFor comparison, data for the population analyses of the hydrogen bond in a water dimer are also presented.
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interactions in the present complexes are 50−95% of the
binding hydrogen bond between two water molecules,
depending on the complex and on the method as well.
Although our present gas phase data already show the

presence of intramolecular aurophilic interactions, we are
planning to continue with a systematic joint experimental−
theoretical study to explore the interactions within these
complexes in a detailed quantitative fashion.

■ CONCLUSION
We present a systematic series of new dinuclear Au(I)
complexes with N-heterocyclic carbene ligands designed as an
experimental basis for a deeper understanding of the subtle
interplay of weak noncovalent interactions and their effect on
molecular conformation and aggregation. In particular, the role
of aurophilicity vs π-stacking is addressed, as well as the role of
alkyl chain length.
In the smallest case with only a methylene group connecting

the NHC ligands, the system is so stiff that a change in ring
conformation can be observed by NMR in solution. In contrast,
the longer chain lengths from C4 onward are flexible enough to
allow coplanarity for all NHC planes. Thus, π−π stacking rather
than aurophilicity seems to dominate their conformations
observed in the crystalline state. Additional alkyl chain
aggregation is visible for the C4-linker and much more clearly
for the C6 case. Even−odd alternation is manifested by the
similarity of the C4 and C6 variants, whereas the C5
conformation resembles one conformation observed for a C3
derivate.
The intermediate cases with ethylene and propylene bridges

are most interesting. We find backfolded conformations with an
intramolecular aurophilic bond for both ethylene-bridged
complexes; π−π interactions do not seem to play a major
role there. For related propylene-bridged macrocycles,
extremely high fluorescence quantum yields have been reported
and correlated with intramolecular Au−Au interactions.26a A
variety of conformations have been observed depending on
counterion and peripheral N-substituent:19,24a,26a Two different
backfolded examples with methyl side groups oppose a
hydroxyl-substituted version with an open outstretched ring.
Our ethyl results now show that hydrogen bonds are not
necessary for the conformational change. Already the small
steric increase of elongating the peripheral methyl into ethyl
groups is sufficient to destabilize the backfolding and invoke a
preference for an open conformation that maximizes inter-
rather than intramolecular attractions.
We plan to study the UV/vis and fluorescence spectroscopy

of the presented complexes and their dependence on the actual
conformation in more detail. We further work on a extended
quantum-chemical study targeting the interplay of π−π and
aurophilic interactions.

■ EXPERIMENTAL SECTION
General Synthesis of NHC Precursors 1−6. The corresponding

alkyldibromide (5 mmol) and N-ethylimidazole (1 mL, 10.4 mmol)
were dissolved in dry toluene (15 mL) and stirred for 1−3 days at 110
°C. After cooling to room temperature the white precipitate was
filtered, washed with dry toluene/diethyl ether, and dried in vacuo.
Synthesis of (NHC)Au(I)-bromide Complexes 7−12. The

corresponding NHC precursor (0.3 mmol) and Au(SMe2)Cl (88.37
mg, 0.3 mmol) were dissolved in dry DMF (7 mL). To maintain a
clear solution, the mixture was heated to 100 °C if applicable. NaOAc
(62.27 mg, 0.75 mmol) was added and the solution was stirred for 2−3
h. After cooling to room temperature, diethyl ether (15 mL) was

added to precipitate the corresponding complex. The white powder
was filtered, washed with diethyl ether, and dried in vacuo. The
complexes were purified by crystallization (slow diffusion of diethyl
ether into a solution in methanol).

Synthesis of (NHC)Au(I) Hexafluorophosphate Complexes
13−18. The corresponding bromide complex was dissolved in
methanol. A solution of KPF6 in water was added to precipitate the
corresponding complex. The white powder was filtered, washed with
water and methanol, and dried in vacuo. The complexes were purified
by crystallization (slow diffusion of diethyl ether into a solution in
acetonitrile).

Theory. For the quantum chemical calculations, the Turbomole 6.4
program package was used.41 For the optimization of the structures,
the BP86,42 B97-D,43 BLYP,42a,b,44 PBE,42a,b,45 and TPSS42a,b,46

functionals were applied together with the D3 dispersion correction,47

and the def2-SV(P),48 and def2-TZVPP48 basis sets. On the gold
atoms, def2-ecp pseudopotentials49 were applied, containing a scalar
correction to relativistic effects. During the geometry optimizations the
SCF convergence was set to 10−8 a.u., while the maximum gradient
was converged below 10−4 a.u. To check if the shared electron
numbers are reasonable in the case of the def2-TZVPP basis sets, these
calculations on the def2-TZVPP structures have been performed with
the def2-QZVPP basis set48 as well.
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