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ABSTRACT: N-Heterocyclic carbene (NHC) gold(I) complexes
offer great prospects in medicinal chemistry as antiproliferative,
anticancer, and antibacterial agents. However, further development
requires a thorough understanding of their reaction behavior in
aqueous media. Herein, we report the conversion of the bromido[3-
ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-5-yl)-1-propylimida-
zol-2-ylidene]gold(I) ((NHC)AuIBr, 1) complex in acetonitrile/water
mixtures to the bis[3-ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-
5-yl)-1-propylimidazol-2-ylidene]gold(I) ([(NHC)2Au

I]+, 7), which is
subsequently oxidized to the dibromidobis[3-ethyl-4-(4-methoxy-
phenyl)-5-(2-methoxypyridin-5-yl)-1-propylimidazol-2-ylidene]gold-
(III) ([(NHC)2Au

IIIBr2]
+, 9). By combining experimental data from

HPLC, NMR, and (LC-)/HR-MS with computational results from
DFT calculations, we outline a detailed ligand scrambling reaction mechanism. The key step is the formation of the stacked
((NHC)AuIBr)2 dimer (2) that rearranges to the T-shaped intermediate Br(NHC)2Au

I−AuIBr (3). The dissociation of Br− from 3
and recombination lead to (NHC)2Au

I−AuIBr2 (5) followed by the separation into [(NHC)2Au
I]+ (7) and [AuIBr2]

− (8).
[AuIBr2]

− is not stable in an aqueous environment and degrades in an internal redox reaction to Au0 and Br2. The latter in turn
oxidizes 7 to the gold(III) species 9. The reported ligand rearrangement of the (NHC)AuIBr complex differs from that found for
related silver(I) analogous. A detailed understanding of this scrambling mechanism is of utmost importance for the interpretation of
their biological activity and will help to further optimize them for biomedical and other applications.

■ INTRODUCTION

Discovering gold(I) and gold(III) complexes as catalysts,1

luminescence agents,2−4 and more recently as anticancer and
antibacterial agents in medicinal chemistry5−9 pushed forward
the research in gold chemistry. For example, complexes bearing
phosphine and/or thiol ligands with the famous representative
auranofin,10,11 cyclometalated gold(III) complexes with C, N
donor ligands, and N-heterocyclic carbene (NHC) gold(I)
complexes arose in the past as auspicious compounds against
abnormal cell growth.7,12−14 In particular, (NHC)AuIX and
related complexes came into the focus of medicinal chemists
and were examined for their suitability as chemotherapeutic
agents.6,9,15−19 The straightforward synthesis of the NHC
ligands, the possibility of fine-tuning the physicochemical
properties, and the reactivity of the resulting (NHC) gold(I)
complexes make the latter to attractive lead structures for the
development of novel metal-based drugs.
NHCs are monodentate and electron-rich, σ-donor ligands,

whereby their electron donor effect is greater than that of
phosphines.20−23 Therefore, they form strong bonds to

metals24 and bind to the metal center in a “push−pull”
mechanism.25,26

Ligand exchange reactions were investigated for various
(NHC)AuIX complexes17,27 indicating a strong trans effect of
the NHC and a preferred exchange of X as leaving group.
In biological systems, the complexes frequently bind to

cysteine (Cys) or selenocysteine (Sec) in the active site of
enzymes, causing their inhibition.28−30 However, the non-
selective coordination to biomolecules can also cause
unpredictable side effects. It is well accepted that the observed
biological response depends on the ligand exchange rate.28−30

Therefore, the suitability of NHCs as leaving groups was
investigated, too. Dos Santos et al., for instance, studied the
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kinetics of the NHC ligand exchange at bis(N,N′-dialkyl-
imidazol-2-ylidene)gold(I) complexes by Cys and demon-
strated that the activation enthalpy of the rate-limiting first
reaction step depends on both steric and electronic features.31

[(NHC)2Au
I]+ complexes can therefore undergo ligand

exchange reactions with strong nucleophiles and exert
cytotoxic effects, e.g., due to intracellular enzyme inhibition.
In this context, the ligand scrambling between two (L)AuIX
complexes giving [(L)2Au

I]+ must be taken into account.
So far, such a reaction was monitored for several gold

complexes containing, phosphine, thiol, selenium, or cyano
ligands.32−36 For instance, Hormann-Arendt et al. observed the
formation of [(L)2Au

I]+ species from (L)AuICN (L = trialkyl-/
triarylphosphine).37 Although NHCs are regarded as stronger
σ-donor ligands than phosphines and are expected to form
stronger bonds to the metal center, ligand scrambling reaction
products have already been observed upon crystallization.38,39

From this finding arose the question whether NHC ligands
can also interchange between two metal complexes in solution.
Indeed, Wang et al. solved the X-ray crystal structure of
[(diethylbenzimidazol-2-ylidene)2Ag

I]+ [AgIBr2]
− (Scheme 1-

I) as product from the reaction of Ag2O with 1,3-diethyl-
benzimidazolium bromide. The argentophilic contacts
amounted to 2.956 Å.40 After dissolution, the [(NHC)2Ag

I]+

[AgIBr2]
− directly interconverted to (NHC)AgIBr as deter-

mined by 13C NMR spectroscopy and led to the proposal of
the mechanism depicted in Scheme 1.40

Later, Su et al. confirmed this reaction mechanism by
variable temperature NMR measurements and DFT studies of
(NHC)AgIX (X = Cl, Br, I).41 In addition, they reported the
X-ray crystal structure of the chlorido and bromido complexes,
which proved the existence of (NHC)AgIX dimers in the solid
state as schematically shown in Scheme 1-II. For example,
bromido[N-mesityl-N′-methylimidazol-2-ylidene]silver(I)
crystallized from an acetonitrile (ACN)/ether solution in
dimeric units of the ((NHC)AgIBr)2 type with strong
intermolecular Ag···Br interactions at a distance of 2.928 Å
and a disordered NHC−AgI−Br arrangement with an angle of
158° and bridging Br ligands.41

In various crystal structures, the existence of (NHC)AuIX (X
= Cl, Br, I) dimers and [(NHC)2Au

I]+ [AuIX2]
− adducts was

confirmed. Guo et al. determined the formation of
[(NHC)2Au

I]+ [AuII2]
− upon crystallization of iodido[4-

benzyl-1-methyl-1,2,4-triazolin-5-ylidene]gold(I) with a short
AuI−AuI distance of 3.116 Å.39 This distance is shorter than
twice the van der Waals radius of gold and suggests strong
interactions arising from d10−d10 attractions between two
gold(I) centers, which are denoted as aurophilic interactions.
Indicative of these interactions are AuI−AuI distances between

2.750 and 3.250 Å,42 which can be considered as exceptionally
strong noncovalent bonds due to the relativistic effects of
gold(I). Redissolving the crystalline [(NHC)2Au

I]+[AuI2]
−

sample led exclusively to the identification of the (NHC)AuI

complex.39 The authors postulated a reversible interchange and
a shift of the equilibrium to the mono-NHC species due to loss
of AuI−AuI contacts in solution upon elongation of the
distance between the metals.
Such ligand scrambling reactions, especially in the presence

of water, are of high relevance in medicinal chemistry for the
interpretation of biological effects.37,43,44 Ott et al. investigated
the chlorido[(4-(4-fluorophenyl)-1,3-diethylimidazol-2-
ylidene)]gold(I) complex in 1% DMF/water and 1%
DMSO/water mixtures and identified by electrospray ioniza-
tion (ESI)-MS spectroscopy ligand exchange reactions to
NHC−AuI−OH and NHC−AuI−DMF/DMSO species as
well as rearrangements reaction to the respective bis(NHC)
gold(I) complex.17 However, the formation of these species
under MS conditions (gas phase) cannot be excluded.
The same is true for chlorido[methyl-1-(2-hydroxy-2-

methylpropyl)imidazol-2-ylidene]gold(I), which rearranged in
aqueous solution to its bis(NHC) gold(I) analogue. In
aqueous buffered solutions (20 mM NH4CO3, pH 7.4),
however, mainly the [(NHC)AuI−NH3]

+ species is built.45

This study was done by TOF-MS analysis.
The conversion of (NHC)AuIX complexes to the corre-

sponding bis(NHC) species, [(NHC)2Au
I]+, under physio-

logical conditions has considerable influence on the biological
activity. It was already confirmed that [(NHC)2Au

I]+

complexes show significantly improved inhibition of cancer
cell proliferation compared to the respective (NHC)AuIX
complexes.7,9,12,17,46−49

In light of these preliminary findings, we used bromido[3-
ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-5-yl)-1-pro-
pylimidazol-2-ylidene]gold(I) (1), of which the synthesis is
described in ref 50, as a model for a detailed investigation of
ligand scrambling reactions. In the context of its development
as antitumor agent, the HPLC analysis documented impurities
of the [(NHC)2Au

I]+ complex 7 in an amount of 2−3%.50
Furthermore, high-resolution mass spectrometry (HR-MS)
identified further species that are possibly involved in
scrambling reactions. Therefore, we combined experimental
(HPLC, NMR, (LC-)/HR-MS) and computational inves-
tigations with density functional theory (DFT) calculation to
get a closer insight into the reaction mechanism. Moreover, in
previously performed anticancer investigations, complex 1 was
identified as a highly active agent against cisplatin-resistant
A2780cis cells.50 Therefore, it is of interest to know how 7 is
built, for example, under storage conditions (e.g., in stock
solutions) or in aqueous media.

■ RESULTS AND DISCUSSION
Stability Studies. In a first experiment, the stability of 1 in

pure ACN (1 mM) at RT was studied by HPLC at 0, 24, 48,
and 72 h (for conditions see the Experimental Section). The
chromatograms indicate the expected impurity of 7 (2%, t = 0
h, Figure 1A), which remained constant during the incubation
time of 72 h.
Increasing amounts of water (0 to 50%) led to an extensive

degradation as visible from Figure 1B.
The ACN/water = 50/50 mixture was additionally

investigated in a time dependent manner (analyzed at 0 h
and after 24, 48, and 72 h; Figure 1C). After dissolution (0 h),

Scheme 1. Intermediates and Transition State of the
Rearrangement Reaction of (NHC)AgIX (X = Cl, Br, I)
Complexes Adapted from Wang et al.40 and Su et al.41
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the chromatogram documents 1 as main peak (tret = 6.02 min)
with a small amount of 7 (tret = 7.35 min). During the
following 72 h, 1 partially degraded to 7 and additionally to 9
(tret = 7.23 min). The latter was assigned to the dibromido-
bis[3-ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-5-yl)-1-
p r o p y l i m i d a z o l - 2 - y l i d e n e ] g o l d ( I I I ) c om p l e x
([(NHC)2Au

IIIBr2]
+) by comparison with a synthesized

reference substance (see Synthesis and Characterization
section, Supporting Information). Additionally, two further
peaks are present in the HPLC chromatogram at tret = 7.68
min (4) and 7.89 min (3), which slightly increased during the
incubation time.
The UV−vis spectra taken from the HPLC runs indicate two

maxima at 234 and 257 nm for complex 1 (Figure S3,
Supporting Information). The maximum at 234 nm is caused
by the ligand and that at 256 nm by the characteristic metal-to-
ligand charge-transfer transition (MLCT).51 For 7, the MLCT
maximum is located at 276 nm. In contrast, 9 as a gold(III)
complex induces a strong absorption at 228 nm and a weak
band at about 330 nm. Comparable absorption maxima were
registered for other [(NHC)2Au

IIIX2]
+ (X = Cl, Br, I)

complexes.52,53

To get further information about the present species, a
freshly prepared ACN/water = 50/50 solution was analyzed by
HR-MS (Figure 2) and LC-MS (Figures S13−S15).

The HR-MS spectrum (Figure 2A) confirms the presence of
species with m/z = 352, 589, 628, 899, 1175 (sometimes also
labeled as 1177 due to the isotopic distribution of bromine),
and 1257. Complexes 1 and 7 are identified at m/z = 628 and
899, respectively, together with [(NHC)AuIACN]+ at m/z =
589 (labeled as NHC−Au−ACN) and free NHC ligand at m/z
= 352 (labeled as NHC). The signals at m/z = 1175 and 1257
show the typical isotopic pattern of bound bromide (Figures
S6 and S7) and correspond to the sum formula
[(NHC)2Au

I
2Br]

+ (4) and (NHC)2Au
I
2Br2 (2/3).

To get more insight into the structure of the molecules
present in solution, we performed higher energy collisional
dissociation (HCD). Compound 4 with m/z = 1175 lost an
AuIBr fragment resulting in 7 (m/z = 899, Figure 2B),
indicating an [(NHC)2Au

I−AuIBr]+ arrangement. Addition-
ally, a low abundant signal with m/z = 576 appeared, caused by
the addition of a collision gas molecule N2 to the [(NHC)-
AuI]+ fragment in the gas phase to form the N2-bound species,
labeled as NHC−Au−N2 (Figure 2B).
m/z = 1257 corresponds to the sum formula

(NHC)2Au
I
2Br2, labeled as 2/3 in Figure 2C. The

fragmentation to m/z = 628, consistent with the sum formula
of (NHC)AuIBr (1), points to a simple dimeric adduct
((NHC)AuIBr)2 (2) and documents the existence of strong

Figure 1. Stability of 1 at RT in (A) pure ACN, (B) various ACN/
water mixtures after incubation for 72 h, and (C) ACN/water = 50/
50 solution, analyzed by HPLC. The numbering of compounds
follows their occurrence in the reaction mechanism (vide infra).

Figure 2. Full HR-MS spectrum of a freshly prepared solution of 1 in
ACN/water = 50/50 (A). HCD fragmentation spectra of
intermediates with m/z = 1175/1177 (B) and 1257 (C).
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AuI−AuI bonds in solution and under MS conditions (gas
phase).
Nevertheless, release of Br− from m/z = 1257 and the

detection of m/z = 1175 (4) during HCD fragmentation
indicate the presence of an (NHC)2Au

I
2Br2 species (3),

however, in very small amounts because of the low intensity.
The proportion of 3 in solution increased during the time of

storage as detected by HPLC analysis (tret = 7.89 min, Figure
1). Its UV−vis spectrum (Figure S3) displays a maximum at
235 nm and a low transition at 338 nm very similar to that of
tetragonal substituted gold(III) complexes (see e.g. UV−vis
spectrum of 9 in Figure S3), indicating a [Br(NHC)2Au

I−
AuIBr] arrangement.
Interestingly, besides 3 additionally 4 (tret = 7.68 min) can

be identified in the chromatograms during the time of
incubation.
The UV−vis spectrum of 4 contains a strong absorption

maximum at 234 nm and an MLCT at 277 nm, comparable to
that of the [(NHC)2Au

I]+ complex 7 (Figure S3). These data
support the assumption of [(NHC)2Au

I−AuIBr]+ as the
structure of 4. A possible stabilization by water arises from
the theoretical investigations (see below and the Supporting
Information). It is worth mentioning that H2O adducts are
observed for 1 and 7 as low abundant signals at m/z = 645 and
m/z = 917.
Theoretical Investigation of the Ligand Scrambling

Reaction. HPLC and HR-MS investigations documented
strong aurophilic interactions between gold(I) complexes, but
it is very difficult to verify their structures in solution.
Therefore, we performed DFT calculations with water as
implicit solvent and predict a detailed mechanism of the ligand
scrambling from 1 → 7 + 8 in aqueous solution. [AuIBr2]

− (8)
as cleavage product of 1 → 7 was confirmed by HR-MS in the
negative mode (Figure S8).
The theoretical considerations started from the available

crystal structure of 1, which confirms a linear arrangement of
the (NHC)AuIBr molecules and a stacked dimer formation
(2), as visible from the ORTEP plot depicted in Figure 3.50

The AuI−AuI distance amounts to 3.626 Å, somewhat higher
than those found for other NHC−AuI complexes.36,39,54 These
values are similar to the one obtained from DFT calculations
with PBE0/def2-TZVP/BJ, where a distance of 3.716 Å was
calculated (Table S3).
The formation of the stacked dimer 2 is energetically favored

compared to the monomer 1 by a gain in free energy of

ΔG298.15K = −22.6 kJ mol−1 (shown in blue, Figure 4) and an
(electronic) energy gain of ΔE = −58.7 kJ mol−1 (shown in
red, Figure 4). ΔG298.15K is somewhat higher because of the
loss of entropy.
The AuI−AuI distance in the intermediate 3 is reduced to

2.581 Å (dimer 2: Au−Au distance = 3.716 Å) upon
rearrangement via the transition state TS(2−3). As illustrated
in Figure 5, TS(2−3) possesses a triangular shape constituted
by the two AuI centers and one NHC ligand. The length of the
AuI−AuI bond amounts to 2.664 Å. This close contact distorts
the linear arrangement of the NHC−AuI−Br to angulated
units of 61.7° resembling that of (NHC)AgIBr, found in the
solid state.40,41

Formation of the transition state TS(2−3) is accompanied
by an energy barrier of ΔG‡

298.15K = 105.6 kJ mol−1 (ΔE‡ =
83.0 kJ mol−1). The following NHC shift results in the
Br(NHC)2Au

I−AuIBr arrangement (3) with ΔG298.15K = 27.7
kJ mol−1 (ΔE = −7.5 kJ mol−1). Several configurations of 3
were tested; however, all of them resulted upon optimization
either in regeneration of 1 or 2 or in the proposed structure of
complex 3.
In the next step, Br− dissociates from 3, from either the

terminal AuI−AuIBr moiety or from the quaternary AuI. DFT
calculations indicate for the former one a barrier of ΔG‡

298.15K
= 125.3 kJ mol−1 and ΔE‡ = 122.5 kJ mol−1 (denoted as
TS(3−4′), Figure S19), while for the latter TS(3−4) the
barrier is only ΔG‡

298.15K = 67.3 kJ mol−1 and ΔE‡ = 70.5 kJ
mol−1 (see Figure S18 and also the Quantum Chemical
Methodology section). Hence, dissociation from the quarter-
nary AuI is more likely. Upon Br− dissociation, species 4 is
formed, which features a trigonal structure (similar to TS(2−
3)) with a relative free energy of ΔG298.15K = 48.1 kJ mol−1

(ΔE = 30.2 kJ mol−1) and an AuI−AuI distance of 2.716 Å.
The dissociated free Br− attacks the Br−AuI center to form

the transition state TS(4−5) with a barrier height of ΔG‡
298.15K

= 37.2 kJ mol−1 (ΔE‡ = 58.8 kJ mol−1), resulting in an angular
Br−AuI−Br moiety. Subsequently, intermediate 5 is formed
(ΔG298.15K = −3.0 kJ mol−1; ΔE = −39.6 kJ mol−1), where the
two fragments, [(NHC)2Au

I]+ and [AuIBr2]
−, are still

connected through the Au centers as evident from the AuI−
AuI distance of 3.146 Å.
We also tested the possibility of a concerted rearrangement

from 2 to 5. However, all attempts failed to localize transition
state TS(2−5) for this rearrangement. Investigations on the
reaction path always resulted in intermediates that converted in
each case to the T-shaped species 3.
A direct transformation of 3 to 5 via an intramolecular

transfer of Br− was also computationally examined. On the
basis of a calculated transition state energy of ΔE = 93.1 kJ
mol−1 and free energy of ΔG298.15K = 152.7 kJ mol−1 as well as
a reaction barrier of ΔG‡

298.15K = 159.5 kJ mol−1, however, it
seems unlikely (compare Table S2 and Figure S23). Because
the experimental data confirmed the formation of 4 under
aqueous conditions, a reaction via TS(3−5) could probably be
a secondary, but not the main, pathway in solution.
Conversion of 5 to 6 takes place via a low-lying transition

state TS(5−6) with ΔG‡
298.15K = 13.8 kJ mol−1 (ΔE‡ = 14.6 kJ

mol−1). For 6 a relative free energy of ΔG298.15K = 4.6 kJ mol−1

(ΔE = −31.6 kJ mol−1) and an AuI−AuI distance of 3.452 Å
were calculated. The elongation of the AuI−AuI distance points
to the formation of the two charged fragments, [(NHC)2Au

I]+

and [AuIBr2]
−, that now form an (electrostatic) encounter

complex.

Figure 3. ORTEP plot of 1 as previously published in ref 50. A
stacked dimer formationcorresponding to 2is observed with a
distance between the two gold(I) centers of 3.626 Å, which is also
likely be formed in solution.
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Complete dissociation of the two fragments 7 and 8
proceeds through transition state TS(6−7) with a barrier of
ΔG‡

298.15K = 46.4 kJ mol−1 (ΔE‡ = 68.6 kJ mol−1). Remarkably,
as the [AuIBr2]

− fragment lost its interaction with
[(NHC)2Au

I]+, a rotation of the NHCs was observed. In the
final structure 7, the two NHC ligands are no longer collinear
but adapt a dihedral angle of 111.5°, whereas in 8 the
[AuIBr2]

− exists in a linear arrangement.
The free energy of 7 + 8 amounts to ΔG298.15K = 25.0 kJ

mol−1, while the relative electronic energy is ΔE = 3.6 kJ
mol−1. These energy levels show that the driving force for the
ligand scrambling is the formation of intermediates 5 and 6.
Comparison of their energies with that of 7 + 8 allows an
estimation of the energy for the interaction between the
[(NHC)2Au

I]+and [AuIBr2]
− (ΔE = 43.2 kJ mol−1 (5) and

35.2 kJ mol−1 (6)). These stabilizing effects are predominantly
aurophilic interactions.
Strikingly, analysis of the ACN/water mixtures by HPLC

and HR-MS clearly indicates the existence of 3, 4, and 7 in
solution. Intermediates 5 and 6 could not be detected by
HPLC. This finding forces the question about the influence of
water molecules on the stability of compounds 4−7.
Hence, we investigated the impact of water coordination on

the structures and the energy (4WATER to 7WATER, Figure S17;
see the Quantum Chemical Methodology section for further
details).
In a first step, water was placed at the position of the

dissociated Br− ligand in 4, since this intermediate not only is
of theoretical nature but also was detected in solution by
HPLC analysis. Geometry optimization not only yields the
stable complex 4WATER (Figure S17 and Table S4), but also
conserves the T-shaped arrangement that is found in 3. This
arrangement is even maintained in the case of the presence of a
point charge. The distance between the water’s oxygen atom
OWATER and AuI is 2.707 Å, pointing to attractive interactions.
The energy ΔE = 38.0 kJ mol−1 is very similar to that of 4 (ΔE
= 30.2 kJ mol−1), while ΔG298.15K = 57.8 kJ mol−1 is 8−10 kJ
mol−1 higher than that of 4.
The linear alignment of the NHC−AuI−NHC unit in

4WATER is also consistent with the UV−vis spectra obtained
from HPLC (Figure S3). Thus, we hypothesize that
surrounding water plays a role in the stabilization of the
structure. Not only for 4 but also for 5 and 6 an explicitly
coordinated water molecule was converged (Figure S17 and
Table S4). While the electronic energies ΔE = −51.8 kJ mol−1

Figure 4. Detailed proposed reaction mechanism for the ligand scrambling reaction of 1 to 7 + 8 via several intermediates and transition states.
Gibbs free energies are listed in blue, whereas relative electronic energies are presented in red. All structures were fully optimized with PBE0/def2-
TZVP/BJ, where water was modeled as an implicit solvent. For further details, see the Quantum Chemical Methodology section.

Figure 5. Structure of TS(2−3), optimized with PBE0/def2-TZVP/
BJ and implicit solvent. The dotted lines represent the bonds created
and broken during the reaction to form 3.
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(5WATER) and ΔE = −40.8 kJ mol−1 (6WATER) are comparable
to those of 5 and 6, the free energy ΔG298.15K increases to 8.5
kJ mol−1 (5WATER) and 27.1 kJ mol−1 (6WATER). The AuI−
OWATER distances amount to 3.399 and 3.465 Å, respectively,
indicating that the oxygen is no longer directly coordinated to
Au. Therefore, it can be concluded that explicit water
coordination is probably less important in 5WATER and in
6WATER.
The calculated free energies for 5WATER and 6WATER should

not be overinterpreted, because they correspond to the change
in free energy relative to 1 and an infinitely separated water
molecule in an implicit solvent. Hence, the bulk free energy of
solvation of a water molecule is not correctly accounted for.
Structure optimization of 7WATER with one explicitly

coordinated water molecule showed that the interaction with
the Au center is no longer favored as the water molecule moves
toward one NHC ligand during optimization (Figure S17).
Moreover, because 7 is mainly found in the presence of

increasing amounts of water, it is very likely that further explicit
solvation stabilizes the ions [(NHC)2Au

I]+ (7) and [AuIBr2]
−

(8) in aqueous medium and drives the reaction. Such effects
are difficult to model and are only approximately accounted for
in our calculations.
Considering the entire mechanism as depicted in Figure 4,

the total energy barrier to overcome, that is, the difference
between the lowest lying intermediate, here 2, and the highest
transition state, here TS(3−4), is 117.6 kJ mol−1, which is
quite high given that the reaction is readily observed at RT.
However, explicit interaction with a water molecule not only
may stabilize 4 but may also lower the reaction barrier
(formally, this corresponds to replacement of Br− by water).
Similar arguments may hold for the reaction barrier TS(4−5),
which may also be lowered by explicit water attachment.
Taking these additional interactions into account, our data
suggest that the ligand redistribution transition state TS(2−3)
is the rate-determining one.
In summary, the experimental and computational data

strongly suggest the mechanism for the ligand scrambling
reaction of (NHC)AuIBr complexes as illustrated in Figure 4.
Aurophilic interactions facilitate the migration of the NHC
ligands of the stacked dimer 2, forming 3. According to DFT
calculations, the AuI−AuI binding can distinctly be strength-
ened upon formation of a T-shaped arrangement of the ligands
around the AuI−AuI axis. Release of Br− results in a trigonal
structure of the AuI centers and the ligands. Subsequently, the
attack of the Br− at the AuIBr moiety and linearization of the
[(NHC)2Au

I]+ [AuIBr2]
− fragments increase the AuI−AuI

distance, yielding the two charged species 7 and 8. Solvation
is likely to play a role in the mechanism as evident from the
stabilization of T-shaped intermediate 4 and aids the formation
of the degradation products 7 and 8. This mechanism is
distinctly different from the one proposed by Su et al. (I),41

where the rearrangement of the ligands is achieved by a
simultaneous migration of NHC and Br−, which corresponds
to a hypothetical transition state TS(2−5), which despite all
efforts has not been found in this study. Our data, however,
clearly indicate the formation of 3 followed by Br− dissociation
(4) and recombination (5), in a stepwise process.
Formation of the [(NHC)2Au

IIIBr2]
+ Complex (9). HPLC

analysis of 1 in an ACN/water = 50/50 mixture (Figure 1B)
indicated the formation of 9, which corresponds to an
[(NHC)2Au

IIIBr2]
+ species. To the best of our knowledge,

such a reaction in situ during the degradation of (NHC)AuIBr

complexes in aqueous solution has not yet been reported.
Formally, 9 yields from the oxidation of [(NHC)2Au

I]+ (7) by
Br2a reaction already described in the literature.12,55−58

In the same straightforward oxidation we transformed 7 to
the reference compound 9 and confirmed the structure by X-
ray diffraction analysis (Figure 6). The retention time in HPLC
of the synthesized [(NHC)2Au

IIIBr2]
+ complex (tret = 7.35

min, Figure S2) matched that detected during stability studies
(Figure 1B).

To identify the main degradation products of 1 after an
incubation time of 72 h in an ACN/water = 50/50 mixture, the
solvent was evaporated, and the resulting precipitate was

dissolved in CDCl3 and evaluated by 1H NMR (Figure 7) and
13C NMR (Figures S10 and S11) spectroscopy. The use of
data from the reference compounds 1, 7, and 9 (see Synthesis
and Characterization,e Supporting Information) allowed an
unequivocal assignment of the signals in Figure 7.
The positive charge of 7 and 9 led to a deshielding and a

downfield shift of the signals (Figure 7: 7, yellow framed, and
9, blue framed) compared to 1 (Figure 7: 1, green framed).
Characteristic for the coordination of NHC to gold is the
resonance of the metal-bound C, located at 182 ppm (7) and
150 ppm (9) in the 13C NMR spectra (Figure S11).

Figure 6. ORTEP plot of the gold(III) complex [(NHC)2Au
IIIBr2]

+

(9) with PF6
− as counterion.

Figure 7. Aromatic region of the 1H NMR spectrum obtained from a
lyophilized solution (ACN/water = 50/50, incubation time 72 h) of
1. Signals corresponding to 1, 7, and 9 are framed in green, yellow,
and blue, respectively.
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The oxidation of 7 to 9 was more closely analyzed.
Incubation of complex 1 was repeated under an inert
atmosphere in a degassed ACN/water = 50/50 mixture to
exclude reaction with oxygen. As depicted in Figure 8, the

HPLC chromatogram of this solution (line A) shows the same
products as that incubated in air for 72 h (Figure 1). Also, the
saturation with oxygen did not change the degradation profile
(line B).
To confirm that indeed Br2 is the oxidizing agent converting

7 to 9, a quenching experiment was performed. Therefore, 1
equiv of cyclopentene was added to a freshly prepared solution
of 1 to react with in situ formed bromine. The solution was
incubated for 72 h and analyzed by HPLC. The chromatogram
did not contain the gold(III) species 9 at tret = 7.23 min
(Figure 8, line C), but only 7 with tret = 7.35 min. Hence, it can

be concluded that any produced bromine is added to the
double bond of the cyclopentene and is not available to oxidize
7 to 9.
This finding is confirmed by 1H NMR spectroscopy. The

solution of 1 in ACN/water = 50/50 mixture was incubated for
72 h, lyophilized, and dissolved for NMR measurement in
CD3CN. Figure 9 depicts the 1H NMR spectra zoomed into
the region of aromatic and methoxy signals. The formed 1,2-
dibromocyclopentane caused a characteristic resonance at δ =
3.79 ppm (−CH−Br) as depicted in Figure S12.
As visible from Figure 9A (green line), only 1 was present in

the mixture at the beginning (t = 0 h). After 72 h, the expected
signals of the complexes 7 and 9 appeared (Figure 9B, red
line). Incubation with 1 equiv of cyclopentene led exclusively
to the formation of 7 (Figure 9C, blue line) and underlines the
assumption that bromine is formed in the aqueous solution,
which in turn oxidizes complex 7 to the corresponding
complex 9.
The (formal) ligand scrambling reaction is sketched in

Scheme 2: Complex 1 decomposes in aqueous solution to 7

and 8 (I), followed by oxidation of 7 to the [(NHC)2Au
IIIBr2]

+

species 9 by Br2 (IV). The latter oxidation step is well-known
in the literature to synthesize AuIII complexes.12,55−58

Figure 8. HPLC traces of 1 mM solutions of complex 1 after 72 h of
incubation: (A) under an inert atmosphere, (B) reference reaction
under an oxygen atmosphere, and (C) with addition of 1 equiv of
cyclopentene.

Figure 9. 1H NMR spectra of 1 after incubation in an ACN/water = 50/50 mixture under various conditions. (A) Spectrum of 1 in the absence of
cyclopentene taken at t = 0 h. (B) Spectrum of 1 in the absence of cyclopentene taken at t = 72 h. (C) Spectrum of 1 obtained after incubation in
the presence of 1 equiv of cyclopentene for 72 h. For NMR spectroscopy the solvent was removed, and the samples were redissolved in CD3CN.

Scheme 2. Overview of the Ligand Scrambling Reaction,
Determined for 1
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To realize this reaction sequence, Br2 has to be formed in
the reaction mixture. [AuIBr2]

−, which was confirmed as a
degradation product, has to decompose to AuIBr and Br− in
aqueous solution (II). Br− remains as a counterion for either
[(NHC)2Au

I]+ (7) or [(NHC)2Au
IIIBr2]

+ (9). AuIBr can
undergo an internal redox reaction to form Au0 and Br2 (III).
The detection of elemental gold during the time of incubation
corroborated this reaction further. Disproportionation of
[AuIBr2]

− can be excluded, because during (LC-)/HR-MS
analyses no further AuxBry species, e.g., [AuIIIBr4]

−, was
detected.
Up to now, the above-mentioned internal redox reaction

(Scheme 2, (III)) has been reported only for high temper-
atures.59 However, the results of this study point to a water-
assisted conversion at lower temperatures.

■ CONCLUSION
Here we report the ligand scrambling reaction between two
bromido[3-ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-
5-yl)-1-propylimidazol-2-ylidene]gold(I) complexes (1) in
aqueous solutions, yielding [(NHC)2Au

I]+ (7) and [AuIBr2]
−

(8). A detailed reaction mechanism was proposed on the basis
of data from HPLC, (LC-)/HR-MS, and NMR experiments in
combination with DFT calculations.
The stacked arrangement of the monomeric units 1 in 2

facilitates the migration of an NHC ligand to form
intermediates with extraordinary strong aurophilic interactions
that allowed the separation of stable intermediates 3 and 4 by
HPLC and the determination of their constitution by HR-MS
and HCD fragmentation.
DFT calculations provided a detailed structural and

energetic picture of the ligand scrambling reaction mechanism.
The reaction does not follow that of (NHC)AgIX complexes,
where the rearrangement takes place in a concerted associative
pathway.40 Our experimental and theoretical data prove for
related gold(I) complexes ((NHC)AuIX) the formation of
stable (T-shaped) intermediates, followed by Br− dissociation
and recombination in a stepwise process forming 7 and 8.
As a surprising side reaction [AuIBr2]

− (8) oxidized the
initial decomposition product 7 to [(NHC)2Au

IIIBr2]
+ (9).

Thereto, 8 decomposed to Au0 and Br2. The presence of
bromine was confirmed by scavenging with cyclopentene and
formation of 1,2-dibromopentane as evident from NMR data.
Our findings not only provide a detailed picture of the

mechanism of ligand rearrangement reactions of (NHC)AuIBr
complexes, but they are also of high relevance for the
interpretation of biological results. Scrambling reactions have
to be taken into account when preparing aqueous stock
solutions for in vitro and in vivo testing. As it is well-known that
[(NHC)2Au

I]+ complexes are much more active, their
formation under physiological conditions could produce false
positive results for (NHC)AuIX complexes. In this context, it is
of interest to know how the ligand X determines the reaction.
A detailed understanding of these processes is a prerequisite

for the successful development of novel biologically active
compounds of this class, and stability studies should be
conducted with great care.

■ EXPERIMENTAL SECTION
Chemical reagents and solvents were purchased from commercial
suppliers (Sigma-Aldrich, Fluka, Alfa Aesar, and Acros) and used
without further purification. Column chromatography was performed
by using silica gel 60 (0.040−0.063 mm). NMR spectra were recorded

on a Bruker Avance 4 Neo, operating at 400 MHz (1H NMR) and
100 MHz (13C NMR) (2 channels, rt BBFO probe) with sample
charger and Bruker Avance II+ (3 channels, liquid N2 cooled TCI
Prodigy probe) operating at 600 MHz. Deuterated solvents were
purchased from Eurisotop. Chemical shifts are given in ppm, and
coupling constants (J) are reported in Hz. The center of the solvent
signal and the TMS signal served as internal standard.

HPLC Methods. A solution of complex 1 in the appropriate
mixture of ACN and water (1 mM in 1.50 mL) was studied over a
period of 72 h by HPLC analysis. First, the powdered complexes were
dissolved in ACN before water was added. Sample solutions were
passed through a 0.20 μm membrane filter and analyzed with a
Shimadzu prominence HPLC system with autosampler SIL 20A HT,
column oven CT = −10AS VP, degasser DGU-20A, detector SPD-
M20A, pump LC 20AD, and a KNAUER 250 × 4 nm2 Eurospher
100-5 C18 column. The mobile phase consists of ACN and water
with 0.1% TFA. To achieve a separation of the compounds, the
gradient elution from 90 to 70% ACN/water was used with a flow rate
of 1 mL/min at an oven temperature of 35 °C. All solvents have been
degassed before use. The injection volume was 20 μL, and the
detection wavelength was set at 254 nm. Each measurement was
performed in triplicates and displayed in 3D graphics by Origin Pro
2016 (Origin LabCorporation, Northampton, MA).

Mass Spectrometry. Mass spectra were recorded on an Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific, Waltham, MA)
using direct infusion and heated electrospray ionization. HCD
fragmentations were performed on isolated ions (isolation width
typically 5 Da) with stepwise increase of energy to obtain optimum
results.

For LC-MS measurement, an Agilent 1100 series LC coupled to an
Orbitrap Elite mass spectrometer was used. Separation was achieved
on a Zorbax Eclipse Plus C18 column (2.1 × 150 mm2, 3.5 μm) by
using a eluation gradient from 90 to 70% ACN/water (0.1% formic
acid) at a flow rate of 0.1 mL/min over 25 min. Mass spectra were
recorded with a resolution of 240000.

Crystallography. A Bruker D8 Quest Kappa diffractometer
equipped with a Photon 100 detector was used to collect the
single-crystal intensity data. Monochromatized Mo Kα radiation was
generated by an Incoatec microfocus X-ray tube (50 kV/1 mA power
settings) in combination with a multilayer optic. The supplementary
crystallographic data were deposited as CCDC 1923122 (9). The
crystal structure of 1 (illustrated as dimer 2) has previously been
published and has the number CCDC 1923124.50 Copies of the data
can be obtained, free of charge, at the Cambridge Crystallographic
Data Centre.

Quantum Chemical Methodology. The initial geometry was
taken from the provided X-ray crystal structure of 1. Subsequently,
structures were modified according to the mass information obtained
from the LC-MS experiments. As no structural information except the
mass of intermediate 3 was known, several configurations were tested
and subjected to density functional theory (DFT) structure
optimizations. Based on the obtained structural information, the
intermediate structures 3−7 were set up and optimized.

Structure optimizations were performed with Turbomole 7.2.1,60

using the PBE0 functional,61 which is known to provide good results
when investigating transition metals such as gold.62−64 The def2-
SV(P)65 basis set was utilized for preoptimization, while the def2-
TZVP65 basis sets employing Becke−Johnson dispersion correc-
tions66 (BJ) were used to refine the structures. Relativistic effects of
gold were taken into account by effective core potentials (ECPs).67

Frequency calculations were performed on the optimized structures to
verify that they are indeed energy minima or first-order saddle points.
Implicit solvent corrections were accounted for by using the
Conductor-Like Screening Model (COSMO)68,69 as implemented
in Turbomole, where a dielectric constant of ε = 80 was used to
model the aqueous environment. The GoodVibes tool70 was utilized
to obtain the zero-point energy and thermal corrections for the
selected structures by calculating an approximate partition function
using the harmonic oscillator model. The frequency cutoff was set to
50 cm−1, and the chosen scaling factor was 0.9944.71 The entropic
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contributions of frequencies below the cutoff value was calculated by a
free rotator model,72 whereas those above the cutoff were treated with
the standard rigid-rotator quasi-harmonic oscillator approximation. As
it is known that the entropy is significantly quenched in solution73

compared to the gas phase (where it is calculated), values for the
entropy were scaled by 0.5.74 Reported energies are either relative
electronic energies ΔE (PBE0/def2-TZVP/BJ in implicit solvent) or
relative free energies ΔG at 298.15 K, denoted as ΔG298.15K.
The transition states (TS) were obtained by using the eigenvector

following method implemented in Turbomole. A successful transition
state was confirmed by the presence of exactly one imaginary
frequency matching the reaction coordinate.
Transition states for dissociation reactions could not be localized

using reaction path optimization methods, such as the nudged elastic
band, as implemented in ORCA,75,76 or eigenvector following
methods, because dissociations were found to be energetically uphill
in the electronic energy. However, as the reactants separate, they
gradually gain rotational and translational entropy until they can freely
rotate and translate when infinitely separated. This gain in entropy is
not accounted for in the standard approach, where upon dissociation
the two fragments were still considered as one supermolecule. In this
supermolecule, the two fragments cannot move individually, which is
of course a poor description of reality. To take this gradual increase in
rotational and translational entropy upon dissociation into account
and to localize an approximate transition state, a method put forward
by Baik77 was applied. Here, the optimized supermolecule was
modified by gradually separating it into the two components and
optimizing each structure along this pathway, while restraining the
reaction coordinate. In addition, the two infinitely separated
fragments were optimized, too. The free energy was computed for
every structure along this path as well as for the two infinitely
separated fragments. A sigmoid function was fitted along the −TΔS
term. The two fragments were considered separated and only
noncovalently bound, when the natural bond orbital partial charges
did no longer change upon further separation. This point was taken as
the last of the supermolecule. The sigmodal fit allows for an
estimation of the onset of rotational and translational entropy upon
dissociation and allows for an approximate determination of the
reaction free energy barrier.
Investigating the discrepancies between experiment and theory

further, we evaluated the explicit interaction of water molecules with
the gold(I) complexes. While the inclusion of explicit solvent
molecules may improve the model, it imposes several additional
challenges: the number, position(s), and orientation(s) of the water
molecules need to be carefully evaluated. Potential interactions of one
or several water molecules with the solute (the gold(I) complex) need
to be sampled to find the energetically most favorable position.
However, assuming at most one coordinated water molecule, which
we assign to the gold(I) complexes 4−7 based on chemical intuition,
we obtained the stable water coordinated structures 4WATER−7WATER
(Figure S16 and Table S4).
Structural parameter measurements and visualizations were done

with PyMol.78
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