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glycoconjugate carbene ligands: synthesis,
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New neutral carbene complexes of gold(I) [Au(Im-Me)X] (X = Cl, Au1; X = Br, Au2; X = I, Au3) have been

synthesized and fully characterized by different techniques, including NMR and UV-vis absorption spec-

troscopy and single crystal X-ray diffraction. The carbene ligand Im-Me is decorated with a glucoside

fragment via a triazole linker, obtainable through a click chemistry reaction. The compounds retain the

Au–NHC fragment in aqueous solvents, and an equilibrium between the neutral halo- and the cationic

di-carbene form [Au(Im-Me)2]
+ is observed, whose extent follows the trend Au1 < Au2 < Au3.

Cytotoxicity studies on two cancer and two non-tumorigenic cell lines reflect the solution behavior, as a

certain difference among the complexes was disclosed, with the iodo complex Au3 being more active

and selective. The compounds interact with both DNA and protein model systems. The X-ray structure of

the adduct formed upon the reaction of Au1 with bovine pancreatic ribonuclease (RNase A) reveals Au

binding at the side chain of His105 of both protein molecules A and B of the asymmetric unit. The binding

of gold atoms at both the nitrogen atoms of the imidazole ring of His15 and at the N-terminal tail has

been found in the adduct formed with hen egg white lysozyme.

Introduction

Gold(I) N-heterocyclic carbene (NHC) complexes are promising
candidates in the pool of anticancer metallodrugs.1–3 Indeed,
the design of new Au-based complexes requires the presence
of stabilizing ligands, due to the marked oxidizing character of
gold species which can easily undergo reduction to Au(0) in
biological aqueous systems, with consequent deactivation and
uncontrolled damage to biological tissues.4 NHC ligands give
rise to strong carbon-to-metal bonds, resulting in highly
robust complexes in physiological conditions.5–7 Moreover,
pro-carbene scaffolds are easily prepared to allow the explora-
tion of unlimited variations on the theme.8,9

The interest in AuI(I) NHC complexes began in the early
2000s when Berners-Price et al. studied the biological activity
of cationic mono- and di-nuclear Au(I) bis-NHC complexes
aiming to target mitochondria.10–12 They explored a consistent
panel of complexes with different structural motifs and corre-
lated the lipophilicity of the compounds with their anti-mito-
chondrial activity. Moreover, they identified the mitochondrial
enzyme thioredoxin reductase (TrxR) as the potential target for
this class of metallodrugs. TrxR is an enzyme belonging to the
thioredoxin system (Trx), a multi-protein assembly involved in
maintaining the redox balance in the cell, and it plays a key
role in cancer cell growth and proliferation.13 TrxR is a seleno-
protein, containing selenocysteine in the C-terminal domain.14

Such a residue is a highly reactive nucleophilic site, crucial for
the activity of the enzyme and a suitable target for gold-based
drugs.15 Following Berners-Price works, several Au(I) NHC
complexes have been studied,16–31 involving their in-solution
stability, reactivity with model biomolecules, inhibition of
TrxR, and cytotoxic properties.

Structure–activity relationships were studied by the Ott
research group,32–35 who investigated the impact of the other
ligands coordinated to the linear gold–NHC scaffold. TrxR
inhibition was correlated with the bond dissociation energy of
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the ancillary ligand,34 with the chloro complexes ([Au(NHC)
Cl]) showing higher inhibitory activity with respect to the cat-
ionic bis-carbene and phosphine complexes ([Au(NHC)2]

+ and
[Au(NHC)PR3]

+). In their comprehensive studies,33 they also
observed that the most lipophilic agent, i.e. a triphenyl-
phosphine Au–NHC complex, was the most cytotoxic agent
among those investigated, probably due to its more efficient
internalization in cells. Such a complex was found to efficiently
inhibit TrxR and the zinc-finger protein PARP-1. More exten-
sive investigations35 disclosed that the same triphenyl-
phosphine complex causes an alteration in the redox balance
of the cell and affects mitochondria by irreversible inhibition
of their respiratory activity. Finally, signaling associated with
DNA damage was detected.

The interaction between AuNHC complexes and DNA was
intensively studied by Casini et al.36 A cationic caffeine deriva-
tive bis-carbene complex (AuTMX2) was found to selectively
interact with G-quadruplex DNA structures.4,37 Quadruplexes
have a fundamental role in several cellular processes38–40 and
are considered suitable targets for anticancer metallodrugs.41

Further studies42 evidenced the structural parameters that
explain the preferential binding of AuTMX2 with
G-quadruplexes over double helices. The binding mode was
studied43 and the data revealed that the interaction seems to
occur by π–π and weak electrostatic interactions. Recently, pro-
teomic studies disclosed the binding to several proteins in
human ovarian cancer cells (A2780), confirming a variegated
mechanism of action of AuNHC complexes.44

All these data suggest a highly versatile multi-modal
effect of gold NHC complexes for triggering their anticancer
activity.

The conjugation of metal complexes to bio-derived frag-
ments is a widely explored strategy to improve the pharmaco-
logical properties of the resulting metallodrugs.45,46 Sugar con-
taining complexes have enhanced the biocompatibility, water
solubility and selectivity due to the increased uptake of nutri-
ents in cancer cells with respect to non-cancer ones (Warburg
effect).47 Such a strategy has been successfully applied to
several metal scaffolds for anticancer therapy and diagnos-
tics.48 Our research group successfully applied glycoconjuga-
tion to organometallic platinum complexes with NHC49–51 and
N-heterocyclic ligands.52–55 The concept was also extended to
gold(I) NHC complexes. In 2017, D’Amora et al. described the
synthesis, characterization and anticancer activity of a series of
neutral and cationic Au(I) complexes with a glycoconjugate
NHC ligand derived from methylimidazole.56 A cationic phos-
phine derivative displayed anticancer activity comparable to
cisplatin while neutral chloro species were inactive. Recently, a
series of analogous di-nuclear Au(I) carbene complexes were
designed and studied for their anticancer properties.57

To further investigate the properties of glycoconjugate anti-
cancer Au(I) NHC complexes, new neutral halo complexes have
been synthesized and fully characterized (Au1–Au3 in
Scheme 1). The carbene ligand Im-Me is decorated with a glu-
coside fragment via a triazole linker, easily obtainable through
a click chemistry reaction. The in-solution behaviour, the reac-

tivity with model biomolecules and the biological activity of
the new complexes have been studied and discussed.

Results and discussion
Synthesis and characterization

The pro-carbene ligand Im-Me was obtained by reacting the
glycoconjugate imidazole Im, reported in previous works,52,55

with an excess of iodomethane in chloroform for 24 h. The
alkylated product was isolated by removing the volatiles under
vacuum (Scheme 2).

The 1H NMR spectra (Fig. S1†) and elemental analysis con-
firmed the positive outcome of the reaction. The formation of
the cationic quaternary nitrogen atom resulted in a general
downfield shift of the NMR proton signals with respect to the
parent Im. The NCHN atom shifted from 7.51 ppm in Im to
9.91 ppm in Im-Me, while the singlet of the triazole and the
doublet of the backbone imidazole protons shifted from 7.91
to 8.88 ppm and from 7.30 to 7.95 ppm, respectively. The two
non-equivalent methyl groups were found at 4.10 and
4.15 ppm.

The gold complexes Au1–Au3 were synthesized according to
Scheme 1. The chloro-derivative Au1 was prepared by treating
the precursor [Au(tht)Cl] (tht = tetrahydrothiophene) with the
silver carbene intermediate, formed in situ upon the reaction
between Im-Me and Ag2O in dichloromethane. The trans-meta-
lation occurred with selective precipitation of AgI, which
avoided the formation of mixed chloro/iodo species. The other

Scheme 1 Synthesis of the gold(I) NHC complexes Au1–Au3.

Scheme 2 Synthesis of the pro-carbene ligand Im-Me.
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halo-complexes were obtained through a halide exchange reac-
tion in acetone, given the major affinity of gold(I) for the softer
halides.

All the compounds were characterized by 1H and 13C NMR
spectroscopy, as well as by elemental analysis. The formation
of the carbene complexes was evident upon comparing their
spectra with that of the pro-carbene Im-Me (Fig. S2†). One evi-
dence was the disappearance of the singlet at 9.87 ppm
belonging to the NCHN proton. Moreover, the coordination to
the metal center resulted in a low-frequency shift of the imid-
azole proton. The signals of the sugar protons were found at
the expected values of chemical shifts, with the coupling pat-
terns for glucose in β-configuration.

The proton spectra of the three complexes were perfectly
overlapping, as the halide did not affect the signals of the
carbene moiety. Conversely, the effect of the X ligand was
observable in the 13C NMR spectra, as shown in Fig. 1. The
Ccarbene nucleus resonates progressively at higher frequencies
from the chloro- to the iodo-derivative.58 This trend reflects the
progressive increase of the halide donor strength along the
sequence I > Br > Cl and has been explained considering the
intrinsic electronic structure of NHC ligands that acquire
increasing ‘free NHC ligand’ character as the trans-influence of
the halide increases.59

Single crystals suitable for XRD were obtained by slow evap-
oration of a toluene/acetonitrile solution at room temperature.
The X-ray diffraction analysis confirmed the identity of Au1 as
a neutral mononuclear Au(I)–NHC complex (Fig. 2). The
complex crystallizes in the orthorhombic P212121 space group
with one molecule and one disordered solvate toluene in the
independent unit. The crystal data and structure details are
reported in the ESI (Tables S1–S4 and Fig. S3–S5†).

The Au–Cl and Au–C bond distances are comparable to
those of analogous complexes.56,60 A linear environment of the
two-coordinated Au atom is observed (C1–Au1–Cl1 = 179.6
(3)°). In the complex, the imidazole and the triazole rings are
significantly tilted to each other (angle of 32.5(5)° between the
mean planes), at variance with similar compounds where a
coplanarity of the two rings is observed.60,61 Such deviations
from coplanarity may be related to the crystal packing weak
interactions and indicate a quite great extent of conformation-

al flexibility in the ligand. In the molecule, the encumbered
pendant pyranose ring adopts the usual chair conformation
and disposes almost perpendicular to the imidazole ring plane
to favour van der Waals interactions in the crystal packing. The
presence of the lattice solvent prevents the possibility of inter-
molecular C–H⋯Au contacts or aurophilic Au⋯Au interactions
in the crystal and the crystal packing is stabilized by weak C–
H⋯N and C–H⋯O interactions.

In-solution stability of the complexes

The in-solution stability of complexes Au1–Au3 was first evalu-
ated by 1H NMR spectroscopy in acetone-d6 and DMSO-d6. In
both solvents, the complexes gave rise to spectral profiles that
did not change over 24 h (Fig. S6† shows the spectra in DMSO-
d6).

Besides the signals attributable to the NHC/halo complexes,
another minor species was clearly detectable for Au2 and Au3.
These less abundant species have been hypothesized as the
bis-carbene complexes [Au(Im-Me)2]

+[AuX2]
− (Au2′–Au3′)

formed in solution through ligand scrambling, as previously
described for [Au(NHC)X] complexes.5–7,62

The 13C NMR spectrum of complex Au3 in DMSO-d6 (Fig. 3)
confirms this hypothesis by disclosing the presence of two
Ccarbene signals at 185 ppm (less intense) and 181 ppm.

Fig. 1 Portion of the 13C NMR spectra of Au1 (trace 1), Au2 (trace 2),
and Au3 (trace 3) in CDCl3 at 400 MHz.

Fig. 2 ORTEP view of the Au1 molecular structure with thermal ellip-
soids drawn at the 30% probability level. The solvent toluene molecule is
not drawn for clarity. Selected bond lengths and angles: Au1–C1 = 1.970
(8), Au1–Cl1 = 2.296(2), C1–N1 = 1.360(10), C1–N2 = 1.347(10), C2–C3
= 1.338(11), C3–C6 = 1.456(11), N3–N4 = 1.304(9), N4–N5 = 1.340(8) Å;
N1–C1–N2 = 105.2(7), C1–Au1–Cl1 = 179.6(3)°.

Fig. 3 Portion of the 13C NMR spectrum of complex Au3 in DMSO-d6.
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According to previously reported data,63 the former one can be
attributed to the di-carbene species Au3′ that is expected to
resonate at higher frequencies than the iodo-derivative Au3.
The relative abundances of the second species were quantified
at ∼3% and ∼12% for Au2 and Au3, respectively.

The stability of the three gold complexes in pure DMSO has
been also evaluated by UV-vis absorption spectroscopy. The
UV-vis spectra of Au1, Au2 and Au3 were recorded for 3 h and
then after 24 h at room temperature. The superimposition of
the spectra reveals that the three compounds are stable over
24 h, showing a single peak in the region between 260–265 nm
(Fig. 4). These results are consistent with NMR data, confirm-
ing that the gold complexes retain their structure in pure
DMSO.

Mixed D2O–acetone-d6 and D2O–DMSO-d6 mixtures were
then used to investigate the stability in aqueous systems. The
maximum percentage of D2O used was 50%, due to precipi-
tation of the compounds in the presence of higher amounts of
water. The spectral profiles resembled those observed in pure
organic solvents, although the equilibrium between the mono-
and di-carbene species reached more slowly.

Fig. S7† shows the spectra of the bromo-derivative Au2
recorded in 50%–50% D2O–DMSO-d6 over time. After 24 h the
abundance of Au2′ was almost 10% of the starting complex
with respect to 3% recorded in pure DMSO-d6.

Similar trends were observed for Au1 (5% of Au1′ after 24 h)
and for Au3 (almost 25% of Au3′ after 24 h). Such behaviour
reflected the polarity of the solvent mixture, which increased
in the presence of water.64 The reactivity observed in aqueous
solvent mixtures was perfectly in line with the results reported
for gold(I) complexes.5–7,65

In summary, compounds Au1–Au3 are stable in aqueous
solvent mixtures with the retention of the NHC fragment. The
equilibrium between the neutral halo- and the cationic di-
carbene forms is dependent on the halide and the presence of
water. This observation may play a role in the biological
activity of the compounds because cationic bis-carbene species
are usually more active than their neutral counterparts,66,67

and therefore, the speciation of complexes Au1–Au3 in biologi-
cal environments could govern the cytotoxic effect as well as
the propensity to react with biomolecules. These consider-
ations encouraged the testing of the biological activity of the
compounds on a cell-based model.

Evaluation of the biological activity of Au1–Au3 complexes

The biological activity of the NHC gold(I) complexes Au1–Au3
was assessed on two cancer cell lines, human epidermoid car-
cinoma cells (A431) and murine fibroblast BALB/c-3T3 trans-
formed with SV40 virus (SVT2) and, on two non-cancer cell
lines, immortalized human keratinocytes (HaCaT) and immor-
talized murine fibroblasts (BALB/c-3T3). Cells were incubated
with increasing concentrations of Au1–Au3. After 48 h incu-
bation, the cytotoxicity was evaluated by MTT assay and cell
survival was expressed as the percentage of viable cells in the
presence of Au complexes compared with that of untreated
cells (Fig. S8†). The IC50 values (the concentration of the
complex able to reduce to 50% of the cell viability) and the
selectivity index (SI) of the compounds (the ratio between the
IC50 values of the non-cancer cell line and its cancer counter-
part) are reported in Table 1.

The complexes displayed IC50 values in the high micromo-
lar range, lower than those obtained for the related glycoconju-
gated dinuclear Au(I) complexes, thus demonstrating an
increased cytotoxicity.57 Some distinctions by changing the
halide ligand could be observed. The chloro derivative Au1
exerted a cytotoxic effect on A431 cells, whereas no IC50 value

Fig. 4 UV-vis spectra of Au1 (top), Au2 (middle), and Au3 (bottom) in
100% DMSO as a function of time. Compound concentration: 100 μM.

Table 1 IC50 values (μM) obtained for Au1–Au3 after 48 h of incu-
bation. Selectivity index (SI), indicated by the ratio between the IC50

values of immortalized cells and cancer cells

IC50 (µM)

HaCaT A431 SI BALB/c-3T3 SVT2 SI

Au1 >150 91 ± 2 N.D. 76 ± 1 84 ± 6 0.90
Au2 >100 >100 N.D. 82 ± 4 92 ± 4 0.87
Au3 92 ± 0.1 83 ± 5 1.1 83 ± 8 35 ± 6 2.4
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was reached on HaCaT cells, stating some selectivity of this
complex towards cancer cells. Similarly, the iodide complex
Au3 was almost 2-times more toxic on SVT2 when compared to
BALB/c-3T3. A comparison of the IC50 values obtained with
CDDP for the HaCaT and A431 cell lines showed that CDDP
was more toxic than the newly synthesized agents but the SI
(0.17) indicated the complete absence of selectivity in the case
of CDDP.50 On the other hand, the IC50 values obtained for the
BALB/c-3T3 and SVT2 cells were much lower in the case of Au
complexes with respect to CDDP, with Au3 having the highest
SI (1.23 for CDDP and 2.4 for Au3). Generally speaking, some
carbene-containing platinum complexes analyzed in previous
studies revealed a higher toxicity but the total absence of
selectivity for the analyzed cell lines.50

Binding to DNA

Prompted by the results of the biological experiments, we
studied whether the investigated gold(I) complexes might
interact with DNA, which is commonly believed to represent
the major target of anticancer metallodrugs.68 The DNA
binding properties of complexes Au1–Au3 were tested in vitro
by circular dichroism (CD) and fluorescence spectroscopy. In
particular, the conformational changes of calf thymus DNA (ct-
DNA) induced by the three gold complexes were examined by
CD: the far UV-CD spectra of ct-DNA were recorded in the
absence and in the presence of increasing amounts of Au1–
Au3 after 24 h incubation. The CD spectrum of Au-free ct-DNA
contains a positive band at 278 nm due to base-stacking and a
negative band at 245 nm due to the right-handed helicity
(Fig. 5). Both bands are quite sensitive to the interaction with
small molecules.69

Intercalation into the DNA double helix typically leads to an
increase in the elliptical signal associated with helicity
(245 nm) and base pair stacking interactions (278 nm). In con-
trast, minor groove binding agents typically cause a decrease
in the elliptical signal associated with hydrogen bonding inter-
actions.68 The superposition of the CD spectra of ct-DNA with
those of the double helix in the presence of the gold com-
pounds shows that the presence of Au(NHC) complexes
induces a variation in the DNA conformation. The intensity of
the CD signal increases for the positive band and decreases for
the negative band when the concentration of gold complexes
increases. These data suggest that the gold(I) complexes may
influence both the base-stacking and the helicity of DNA by
intercalation. Moreover, a red shift of the negative band
occurs, from 245 to 248 nm, in the presence of all the com-
plexes. This shift can be ascribed to a change in the DNA con-
formation.70 The induced variations are more pronounced in
the presence of Au3, suggesting a stronger interaction of this
complex with the double helix. It could be speculated that this
stronger interaction might be the reason for the higher biologi-
cal activity of Au3 when compared to the other two complexes.

These findings are further supported by the results of the
ethidium bromide (EtBr) displacement assay. In this experi-
ment, the DNA intercalation ability of the studied gold(I) com-
plexes was evaluated following the variation in the fluo-

rescence emission of EtBr upon excitation at 540 nm as a func-
tion of Au concentration. Data, reported in Fig. 6, show that
the fluorescence intensity of EtBr in complex with DNA
decreases when the concentration of gold complexes increases,
suggesting that metal compounds can bind ct-DNA by repla-
cing EtBr.

Binding to proteins

With the aim to obtain further information on the possible
ability of the synthesized Au(NHC) compounds to recognize
biological macromolecules, the interaction with proteins, that
are often considered the biological targets of Au compounds,
has been evaluated.71 Thus, the X-ray structures of the poten-
tial adducts of Au1 and Au2 with bovine pancreatic ribonu-

Fig. 5 CD spectra of ct-DNA recorded after 24 h of incubation with
Au1 (top), Au2 (middle), and Au3 (bottom) in the molar ratios of DNA : Au
1 : 0.5 (pink line) and 1 : 1 (blue line). The spectrum of native DNA is also
reported as the control (black line).
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clease (RNase A) and hen egg white lysozyme (lysozyme),
respectively, have been solved (Fig. 7–9). Both these proteins
have been frequently used as model systems for metalation

studies,72,73 including structural studies on the interaction
with metal(NHC) compounds74,75

To verify whether the crystallization conditions affect the
stability of Au1 and Au2, the UV-vis spectra of Au1 in 22%
PEG4K and 10 mM sodium citrate buffer at pH 5.1 and of Au2
in 2.0 M sodium formate and 0.1 M HEPES buffer at pH
7.5 have been recorded as a function of time (Fig. S9†). Au1
appears to be stable over time under the analyzed experi-
mental conditions. In fact, no change in the spectral profile
can be detected in 24 h. On the other hand, the spectrum of
Au2 shows a profile that changes with time. The spectrum of
the compound presents a peak at 260 nm and a shoulder
around 300 nm that remains stable for 3 h. After 24 h, a
decrease in the intensity is observed, which could be attribu-
ted to the precipitation of the compound.

The structure of the Au/lysozyme adduct obtained upon the
reaction of the protein crystals with Au2 has been solved at
1.1 Å resolution. Upon refinement, the structure of the Au/lyso-
zyme adduct converges to Rfactor/Rfree values of 0.132/0.170. A
comparison of this structure to the metal-free protein (PDB
CODE 193L)76 showed no major structural variations. This is
supported by the root-mean-square deviations between CA
atoms (RMSD) that are as low as 0.25 Å. In the structure, clear

Fig. 6 Fluorescence emission spectra of the EtBr/DNA complex upon
titration with a solution of 30 mM of Au1 (top), Au2 (middle), and Au3
(bottom).

Fig. 7 Overall structures of the adducts of Au with (A) lysozyme (violet) and (B) RNase A (molecules A and B of the asymmetric unit are reported in
light green and grey, respectively) obtained upon treating protein crystals with Au2 and Au1, respectively. Au binding sites are highlighted.

Fig. 8 Details of the Au binding sites in the structure of the Au/RNase A
adduct formed upon the treatment of monoclinic protein crystals with
2 molecules in the asymmetric unit with Au1. The 2Fo − Fc electron
density maps are contoured at 1σ (blue) while the anomalous difference
maps are contoured at 3σ (magenta). A second peak in the anomalous
difference electron density map is found close to Au bound to His105 of
molecule A, suggesting a possible alternative position of the Au center
at this site.
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binding of gold atoms at both the ND1 and NE2 atoms of
His15 is observed (Fig. 9A).

A third Au-binding site is found close to the N-terminal tail
(Fig. 9B). Notably, in all the gold binding sites, the metal has
low occupancy (0.20) and the gold ligands cannot be identified
in the electron density maps. In the structure, the average Au–
N distance is 2.15 Å. His15 has been identified as the Au
binding site in previous studies: for example, in the structures
of the adduct formed upon the reaction of lysozyme with
Auoxo3.77,78 The N-terminal tail has been previously found as
the Pt binding site in the adduct of lysozyme with the plati-
num(II)–terpyridine complex79 and of thaumatin with
cisplatin.80

The structure of the Au/RNase A adduct formed upon treat-
ment of protein crystals with Au1 has been solved at 1.42 Å
resolution and refined to Rfactor/Rfree values of 0.189–0.219.

Au binding to RNase A is observed at the His105 residue of
both protein molecules A and B found in the asymmetric unit
of the monoclinic protein crystal form (Fig. 8A and B). Also,
for this structure the Au occupancy is low (0.30) and Au
ligands have not been observed in the electron density maps.

Au metalation of RNase A has been already studied in pre-
vious works81 and His105 has been already identified as a gold
binding site.82

Moreover, in the structure of the Au adduct with RNase A,
the binding of the metal to the protein does not significantly
alter the overall structure of the protein (RMSD = 0.29/0.51 Å).

Conclusions

This study exploited the wide versatility of the imidazole
scaffold to prepare the new glycoconjugated carbene ligand
Im-Me. This fragment was used to decorate three gold(I) com-
plexes [Au(Im-Me)X] containing Cl−, Br− and I− as the anionic
ligand X−, respectively. This offered the opportunity to disclose
the effect of the halide on stability and activity. The carbene
complexes were found to be stable in an aqueous environment,
and this condition encouraged the study of cytotoxicity. Two
data have emerged: the first is that the compounds demon-

strate activity that grows along the series Cl− < Br− < I−, accord-
ing to their tendency to form cationic dicarbene species of
type [Au(Im-Me)2]

+, that are acknowledged as valuable agents.
Second, the more active complex [Au(Im-Me)I] was also some-
what selective, with a selectivity index of up to 2.4 in the case
of the couple BALB/c-3T3/SVT2. CD and fluorescence spec-
troscopy indicated that Au(NHC) complexes can interact with
DNA double helices by intercalation. Furthermore, the crystal-
lographic data demonstrated the ability of the complexes to
interact with proteins. Thus, the ability of these complexes to
bind different biological targets, both proteins and DNA,
makes them promising candidates as potential anticancer
drugs.

Experimental
General

Reagents and solvents were purchased from Sigma-Aldrich and
were used without further purification. Human A431 epider-
moid carcinoma, murine BALB/c-3T3 and SVT2 fibroblasts
were from ATCC. Human HaCaT keratinocyte cells were from
Innoprot. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, St Louis, MO, USA), sup-
plemented with 10% foetal bovine serum (HyClone), 2 mM
L-glutamine and antibiotics, all from Sigma-Aldrich, under a
5% CO2 humidified atmosphere at 37 °C. Au(tht)Cl was pre-
pared according to the literature starting from H[AuCl4]. NMR
spectra were acquired on a 400 Bruker Avance UltrashieldTM
400 and a 500 Varian Inova, located at the Dipartimento di
Scienze Chimiche, Università di Napoli Federico II, Napoli
(Italy). The solvents used were CDCl3 (CHCl3, δ 7.26, and
13CDCl3, δ 77.0, as the internal standards), acetone-d6
((CD2H)2CO, δ 2.09, as the internal standard), D2O (HDO, δ
4.80 as the internal standard), and DMSO-d6 ((CD2H)2SO, δ

2.49, as the internal standard). The following abbreviations
were used for describing NMR multiplicities: s, singlet; d,
doublet; dd, double doublet; triplet; ddd, doublet of doublet
of doublets; m, multiplet. NMR spectra are reported in
Fig. S10–S15.†

Synthesis of the pro-carbene Im-Me

The imidazole precursor Im (0.60 g, 1.2 mmol) was dissolved
in 10 mL of chloroform and iodomethane (2 mL, 35 mmol)
was added. The solution was stirred at RT for 24 h and then
the solvent was removed under vacuum. The product was iso-
lated as a brown oil which was treated with diethyl ether result-
ing in a white powder. Yield: 97% (0.73 g). 1H NMR (400 MHz,
CDCl3) δ 9.91 (br, 1H, H2-Im), 8.88 (s, 1H, H-triazole), 7.95 (d,
J = 1.6 Hz, 1H, H4-Im), 6.09 (d, JH1–H2 = 9.3 Hz, 1H, H1-glu),
5.62 (t, JH2–H3 = 9.4 Hz, 1H, H2-glu), 5.42 (t, JH3–H4 = 9.5 Hz,
1H, H3-glu), 5.29 (t, 1H, JH4–H5 = 9.6 Hz, H4-glu), 4.28 (dd, J =
13.0, 5.3 Hz, 1H, H6-glu), 4.21–4.02 (m, 2H, H5-glu and H6-
glu), 4.15 (s, 3H, Me-Im), 4.10 (s, 3H, Me-Im), 2.03 (s, 3H,
OAc), 2.02 (s, 3H, OAc), 1.98 (s, 3H, OAc), 1.84 (s, 3H, OAc).

Fig. 9 Details of the Au binding sites in the structure of the Au/lyso-
zyme adduct formed upon the treatment of lysozyme crystals with Au2.
The 2Fo − Fc electron density maps are contoured at 1σ (blue) while the
anomalous difference maps are contoured at 3σ (magenta).
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Anal. calcd (found) for C21H28IN5CO9: C, 40.59 (40.12), H, 4.54
(4.71), N, 11.27 (11.54).

Synthesis of complex Au1

The pro-carbene Im-Me (0.30 g, 0.49 mmol) was dissolved in
5 mL of acetone and Ag2O (0.062 g, 0.26 mmol) was added.
The mixture was stirred at RT for 3 h and then [Au(tht)Cl]
(0.33 g, 0.45 mmol) was added. After stirring for 1.5 h the
mixture was filtered through Celite and the solvent was
removed. The crude material was dissolved in DCM and crys-
tallized by adding diethyl ether. Yield: 78% (0.26 g). 1H NMR
(400 MHz, CDCl3) δ 7.92 (s, 1H, H-triazole), 7.17 (s, 1H, H-Im),
5.86 (d, JH1–H2 = 9.0 Hz, 1H, H1-glu), 5.40 (t, JH2–H3 = JH3–H4 =
9.4 Hz, 1H, H3-glu), 5.33 (t, 1H, H2-glu), 5.20 (t, JH4–H5 = 9.6
Hz, 1H, H4-glu), 4.28 (dd, JH6–H6′ = 12.7, JH6–H5 = 5.0 Hz, 1H,
H6-glu), 4.11 (d, JH6′–H5 = 1.4 Hz, 1H, H6′-glu), 3.99 (ddd, 1H,
H5-glu), 3.92 (s, 1H, Me-Im), 3.81 (s, 3H, Me-Im), 2.02 (s, 3H,
OAc), 2.02 (s, 3H, OAc), 1.98 (s, 3H, OAc), 1.84 (s, 3H, OAc). 13C
NMR (101 MHz, CDCl3) δ 173.44, 170.42, 169.79, 169.37,
169.08, 136.46, 124.85, 120.81, 120.77, 86.06, 75.46, 72.20,
70.52, 67.62, 61.47, 38.52, 37.48, 20.72, 20.54, 20.51, 20.16.
Anal. calcd (found) for C21H27AuIN5CO9: C, 34.75 (34.39), H,
3.75 (3.82), N, 9.65 (9.47).

Synthesis of complexes Au2 and Au3

Complex Au1 (0.13 g, 0.17 mmol) was dissolved in acetone
(4 mL) and the appropriate salt (LiBr or NaI, 2.0 mmol) was
added. The mixture was stirred at RT for 12 h and then the
solvent was removed. The crude was dissolved in dichloro-
methane (2 mL) and filtered through a pad of silica. The
solvent was reduced in volume and the addition of diethyl
ether resulted in the crystallization of the product. Yield:
80–85%. Au2: 1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H, H-Im),
7.24 (s, 1H, H-triazole), 5.93 (d, JH1–H2 = 8.9 Hz, 1H), 5.43 (m,
2H, H2-glu and H3-glu), 5.27 (t, JH3–H4 = JH4–H5 = 9.3, 1H, H4-
glu), 4.34 (dd, JH6–H6′ = 12.7, JH6–H5 = 5.0 Hz, 1H, H6-glu), 4.17
(dd, JH6′–H5 = 2.0 Hz, 1H, H6′-glu), 4.06 (ddd, 1H, H5-glu), 3.98
(s, 3H, Me-Im), 3.87 (s, 3H, Me-Im), 2.16 (s, 3H, OAc), 2.08 (s,
3H, OAc), 2.07 (s, 3H, OAc), 2.03 (s, 3H, OAc). 13C NMR
(101 MHz, CDCl3) δ 176.94, 170.41, 169.78, 169.36, 169.08,
136.47, 124.79, 120.76, 120.73, 86.07, 75.47, 72.20, 70.51,
67.61, 61.47, 38.41, 37.37, 20.72, 20.54, 20.51, 20.17. Anal.
calcd (found) for C21H27AuBrN5CO9: C, 32.74 (31.63), H, 3.53
(3.67), N, 9.09 (8.59). Au3: 1H NMR (400 MHz, CDCl3) δ 7.99 (s,
1H, H-Im), 7.23 (s, 1H, H-triazole), 5.92 (d, J = 9.0 Hz, 1H, H1-
glu), 5.43 (m, 2H, H2-glu and H3-glu), 5.26 (t, JH4–H3 = 9.6 Hz,
1H, H4-glu), 4.34 (dd, JH6–H6′ = 12.6, JH6–H5 = 5.0 Hz, 1H, H6-
glu), 4.16 (dd, JH6′–H5 = 1.6 Hz, 1H, H6′-glu), 4.06 (ddd, 1H, H5-
glu), 4.00 (s, 3H, Me-Im), 3.87 (s, 3H, Me-Im), 2.09 (s, 3H,
OAc), 2.08 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.90 (s, 3H, OAc). 13C
NMR (101 MHz, CDCl3) δ 183.89, 170.40, 169.78, 169.37,
169.11, 136.52, 124.66, 120.65, 120.59, 86.09, 75.50, 72.19,
70.50, 67.61, 61.46, 38.12, 37.10, 20.72, 20.54, 20.51, 20.17.
Anal. calcd (found) for C21H27AuIN5CO9: C, 30.86 (29.94), H,
3.35 (3.67), N, 8.15 (8.59).

In-solution experiments

Stock solutions of each complex were prepared for each set of
experiments. The appropriate complex (10 mM) was dissolved
in 0.5 mL of DMSO-d6 or acetone-d6. The calculated volumes
of the solution were diluted to 600 µL with the appropriate
volumes of D2O or DMSO-d6/acetone-d6 to provide a final con-
centration of 3 mM of the gold complex with the appropriate
v/v ratio of solvents.

The UV–vis spectra were recorded using a Jasco V-750 UV-
vis spectrophotometer and the following parameters: wave-
length range 240–700 nm, data pitch 1 nm, scanning speed
400 nm min−1, a quartz cuvette with 1 cm path length, and
compound concentration 100 μM. The spectra were collected
over time at room temperature under the following experi-
mental conditions: 100% DMSO, 2.0 M sodium formate and
10 mM Hepes buffer pH 7.5 (Au2), 22% PEG4 K and 10 mM
sodium citrate buffer pH 5.1 (Au1).

Far UV-CD spectra were recorded on a Jasco J-715 spectro-
polarimeter equipped with a Peltier thermostatic cell holder
(Model PTC-348WI) in the range of 220–320 nm, using a ct-
DNA concentration of 300 μM in 10 mM ammonium acetate
buffer pH 7.5 and a 0.1 cm path length quartz cell. ct-DNA was
incubated with an increasing amount of each gold(I) complex
(molar ratios = 1 : 0.5, 1 : 1). The spectra were collected after
24 h incubation and compared with the spectrum of the native
DNA. Other experimental parameters were 1.0 nm data pitch,
2.0 nm bandwidth, 50 nm min−1 scanning speed, 2.0 s
response time, and 25 °C. Each spectrum was obtained by aver-
aging three scans.

The ethidium bromide (EtBr) displacement assay has been
used to evaluate the DNA intercalation ability of the studied
gold(I) complexes using the procedure already described in
previous works.52,53 Briefly, the variation in the fluorescence
emission of EtBr upon excitation at 540 nm was followed as a
function of Au concentration. EtBr is a double helix intercala-
tor that emits when it interacts with DNA. When it is displaced
from the double helix and is free in solution, its emission is
quenched. The fluorescence spectra were recorded using a
Horiba Scientific Fluoromax-4 spectrofluorometer equipped
with a thermostat bath, using quartz cuvettes with 1.0 cm path
length. ct-DNA (2.0 μM in 0.050 M ammonium acetate buffer
at pH 7.5) was incubated with EtBr in a molar ratio of 1 : 5 (ct-
DNA : EtBr) for 30 minutes at room temperature in the dark.
Then, fluorescence quenching was evaluated by adding to it
increasing amounts of gold compounds (30 mM) dissolved in
pure DMSO. Samples were equilibrated for 5 min before col-
lecting each spectrum. Other experimental settings: 1.0 cm
quartz cell, excitation/emission slit 5.0 nm, 560–750 nm range,
50 nm min−1 scanning speed. The data were obtained as the
average of three independent measurements.

MTT assay

To test the cytotoxicity of Au1–Au3, cells were seeded at a
density of 2.5 × 103 cells per well in 96-well plates. After 24 h,
increasing concentrations of each compound, dissolved in
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DMSO, were added to the cells (0.1–150 µM). After 48 h incu-
bation, cell viability was assessed by the MTT assay (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as pre-
viously described.83 Cell survival was expressed as the percen-
tage of viable cells in the presence of Au1–Au3 compared to
the controls, represented by untreated cells and cells sup-
plemented with identical volumes of DMSO. Each sample was
tested in three independent analyses, each carried out in
triplicate.

Crystallization and X-ray diffraction data collection

The crystallization of both lysozyme and RNase A was under-
taken at 295 K by the hanging drop vapor diffusion method.
To obtain crystals of the Au/lysozyme adduct, crystals of lyso-
zyme were grown using 2.0 M sodium formate and 0.10 M
Hepes pH 7.5 and then soaked in a saturated solution of Au2
dissolved in DMSO. Crystals of RNase A were obtained using
the procedure reported.84 Briefly, crystals were grown in 22%
PEG4K and 0.010 M sodium citrate at pH 5.1. These crystals
were then soaked in a solution of saturated Au1. For both
protein crystals, a solution of the reservoir with 30% glycerol
was used as the cryoprotectant. X-ray diffraction data from lyso-
zyme and RNase A crystals treated with Au2 and Au1, respect-
ively, were recorded at 100 K using the XRD2 beamline of
Elettra synchrotron in Trieste using an X-ray wavelength of
1.0 Å. Data collection statistics are reported in Table S5.†

Structure resolution and refinement

The crystal structures were solved by molecular replacement
using Phaser85 and the structures from the PDB code 193L76

and 1JVT (chain A)86 for lysozyme and RNase A, respectively, as
starting models. Then rigid body and restrained refinements
were carried out using REFMAC587 in CCP4i. Model building
and map visualization were carried out using WinCoot.88

Refinement statistics are reported in Table S1.† Assignment of
gold atoms to residual peaks in the electron density maps has
been verified by analyzing anomalous difference electron
density maps. Metal occupancy has been evaluated by mini-
mizing the peaks in correspondence to the gold centre in the
residual Fo − Fc electron density maps. The structures have
been deposited in the Protein Data Bank under the accession
codes 7R1P (Au/RNase A) and 7R1Q (Au/lysozyme).

X-ray crystallography of Au1

Single crystals of Au1 were obtained under slow evaporation of
a toluene/acetonitrile solution at room temperature. Data were
measured in flowing N2 at 173 K using a Bruker-Nonius Kappa
CCD four-circle diffractometer equipped with Oxford
Cryostream apparatus (graphite monochromated Mo Kα radi-
ation, λ = 0.71073 Å, CCD rotation images, thick slices, φ and
ω scans to fill asymmetric unit). The structure was solved by
direct methods (SIR97 program89) and refined by the full-
matrix least-squares method on F2 using the SHELXL-2018/3
program90 with the aid of the program WinGX.91 Anisotropic
parameters were used for non-H atoms. All the H atoms were
generated stereochemically and refined accordingly to the

riding model with C–H distances in the range of 0.95–1.00 Å
and Uiso(H) equal to 1.2Ueq of the carrier atom (1.5Ueq for
Cmettyl).

In the crystal toluene lattice solvent was found to be dis-
ordered at two positions (refined occupancy factors 0.55(2)
and 0.45(2)), and some constraints were introduced in the last
stage of refinement to regularize the geometry and the displa-
cement parameters using DFIX and the ISOR commands of
the SHELXL program. Details on the crystal data and refine-
ment parameters are reported in Table S1 of the ESI.† The
figures were generated using the ORTEP-391 and Mercury CSD
4.292 programs.
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