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ABSTRACT

The reaction of the antitumor M(I)-bis-N-heterocyclic carbene complexes, M=Cu, Ag, and Au,
with their potential protein binding sites, i.e. cysteine and selenocysteine, was investigated by
means of density functional theory approaches. Capped cysteine and selenocysteine were
employed to better model the corresponding residues environment within peptide structures. By
assuming the neutral or deprotonated form of the side chains of these amino acids and by
considering the possible assistance of an external proton donor such as an adjacent acidic residue
or the acidic component of the surrounding buffer environment, we devised five possible routes
leading to the binding of the investigated M(I)-NHC scaffolds to these protein sites, reflecting their
different location in the protein structure and exposure to the bulk. The targeting of either cysteine
or selenocysteine in their neutral forms is a kinetically unfavored process, expected to be quite
slow if observable at all physiological temperature. On the other hand, the reaction with the
deprotonated forms is much more favored, even though an external proton source is required to
assist the protonation of the leaving carbene. Our calculations also show that all coinage metals
are characterized by a similar reactivity toward the binding of cysteine and selenocysteine sites,
although the Au(I) complex has significantly higher reaction and activation free energies compared

to Cu(I) and Ag(I).



Introduction

The catalytic properties of metal complexes with N-heterocyclic carbene (NHC) ligands are the
main reason behind their ubiquitous use [1, 2]. While NHC ligands are rather unstable in protic
solvent, the coordination via a strong carbon-to-metal ¢ donation of the sp? lone pair induces a
marked stabilization of their metal complexes, even in aqueous solutions [3-5]. On the other hand,
their exceptional flexibility, in terms of their facile decoration with different chemical functions,
is an attractive feature for the development of drugs, by allowing a tight control of their biological
properties and selectivity for specific targets. For this reason, a plethora of platinum, palladium,
ruthenium, rhodium, nickel, iridium, gold, silver, and copper carbenes have been studied [6-13].
Moreover, there is recent evidence that metal NHC complexes can be utilized to design highly
efficient metal-based drugs with potential applications in anticancer and antibacterial therapies [6,
14].

In particular, gold complexes with N-heterocyclic carbene (HNC) ligands are an auspicious class
of anticancer metallodrugs which demonstrate powerful cytotoxic effects in vitro and in vivo [15-
18]. Several mechanisms of action have been proposed for cell apoptosis induced by Au(I): direct
DNA damage, topoisomerase inhibition, or mitochondrial damage including thioredoxin reductase
(TrxR) inhibition [19, 20]. Among them, this latter mechanism seems to play a central role in the
pharmacology of gold complexes as gold displays a high affinity to thiol and selenol groups. TrxR
isoforms are predominantly detected in the cytoplasm and mitochondria, their main role being the
maintenance of the redox balance of the cell by means of participating of an enzymatic cascade
deputed at the reduction of hydrogen peroxide. Furthermore, it was noted that the TrxR systems
are overexpressed in some types of cancer [21, 22]. Additionally, the Au(I) fragments typically

derived from the gold-based complexes were highlighted as potent inhibitors of the closely related



Se-free enzyme glutathione reductase (GR), owing to the high thiol reactivity toward gold, as was
recently shown in the crystal structure of GR inhibited by a gold(I) complex that displays Au(I)
bound to the active site Cys thiols with nearly linear S-Au-S coordination [10, 23, 24]. These NHC
complexes mainly belong to two classes (i) mono-carbene adducts of metals salts that also bind a
labile ligand X, such as in (NHC) MX, usually X = halide, with the X ligand expected to be readily
substituted under physiological conditions and susceptible to substitution by intracellular thiols;
(ii) ionic biscarbene complexes [M(NHC),]"X", which can bind to the thiols or selenols targets
only after carbene dissociation.

Reports on silver carbenes anticancer activity are fewer than on gold-based ones [25-30].
Notwithstanding this scarcity, recently, their antitumor activity was found to be analogous or even
greater than in gold carbenes [30, 31]. Recent studies have shown a strong inhibition of TrxR
activity for Ag(I) NHC complexes, thus suggesting that this could be a viable mechanism of action
also for this class of silver compounds [32-34]. A recent study by some of the authors reported on
the complex  bis(1-(anthracen-9-ylmethyl)-3-ethylimidazol-2-ylidene)  silver  chloride
([Ag(EIA):2]CI) which shows a high anticancer potency in SH-SY5Y neuroblastoma cancer cells
likely relying on the TRxR inhibition. Indeed, ([Ag(EIA)2]Cl was able to bind the C-terminal
dodecapeptide h'TrxR(488-499) reproducing the active site of thioredoxin reductase and inhibiting
the enzymatic activity. Furthermore, anthracene functionalized silver carbenes were found to
inhibit TrxR [35] and their use includes the possibility of imaging upon administration to cells; yet
their DNA binding has only been marginally explored [36]. Moreover, it was noted that silver
compounds are capable to targeting non-genomic targets such as mitochondria and proteins [30,31,

37, 38].



In the last years, copper-based carbene complexes have also attracted growing attention in the
field for their potential application in medicine. Specifically, several Cu-NHC complexes have
been synthesized and tested for application as anticancer, antiparasitic and antimicrobial agents
with some encouraging results [39, 40] The mechanism of activation of Cu(I) NHC complexes is
even less clear, since copper is an essential element in human body involved in many biological
pathways, and several possible mechanisms have been proposed including the interconversion to
Cu(Il) species in oxidation-reduction cycles promoting DNA breaking or generating reactive
oxygen species (ROS) that overwhelm cellular antioxidant defenses to produce oxidative damages
in the cytoplasm, mitochondria, and DNA [41, 42]. However, the analogy with isostructural
silver(I) and gold(I) compounds suggests that TrxR inhibition is also a viable process for copper
NHC complexes as supported by recent studies showing that copper(I) compounds as well as
silver(I), and gold(I) analogs were able to strongly decrease TrxR activity [43].

In the last 20 years, several theoretical studies have elucidated the fundamental reasons behind
the stability of free NHCs and the metal-NHC bond [44-47]. Calculations on the CCSD(T) level
of theory indicated a trend of Au>Cu>Ag for the dissociation energies of coinage metal-NHC
bonds [45]. These metal-NHC bonds are dominantly electrostatic in nature with minor covalent
interactions. The covalent interaction is largely c-bonding [46]. DFT calculations indeed suggest
that NHCs are stronger o-donors and weaker m-acceptors than phosphine ligands [46]. More
recently a few theoretical studies [48-50] investigated the antitumor activity of Au(I) N-
heterocyclic carbene complexes focusing on their binding to cysteine or selenocysteine
nucleophiles to model the GR or TrxR enzyme binding site, and analizing in detail the binding
mechanism and the corresponding energy profiles. In a recent study, we investigated a wide range

of possible pathways for gold bis-N-heterocyclic carbenes binding to cysteine and selenocysteine



residues of proteins surfaces [48]. DFT calculations have shown that in the case of carbene
substitution in the Au(I)-NHC complexes [(Mez2Im),Au]" by cysteine and selenocysteine, a crucial
role is played by the proton transfer from thiol or selenol groups or by an external proton source,
like the acidic component of a phosphate buffer, to the leaving carbene moiety. To our knowledge,
no computational studies on the reactivity of Ag(I)- and Cu(I)-NHC complexes with cysteine and
selenocysteine were performed, despite Ag(I)-NHC recently being confirmed a potential
antitumoral agent [25-30]. Indeed, a deeper insight into the detailed mechanism of action of these
coinage metal complexes would be very important in order to compare their mechanisms of action
in vivo, thus serving for the design of new and more potent coinage metal based anticancer drugs.

In this study, the reaction of coinage metals bis-NHC complexes with cysteine (Cys) and
selenocysteine (Sec) as models of the GR or TrxR enzyme binding site were investigated by means
of density functional theory approaches. By using the capped version of both Cys and Sec, we
model the corresponding residues environment within the peptide structure and alleviate the
potential artifacts connected to the use of the ionized form of N and C terminals, typical of the free
amino acids. Furthermore, the use of the caps avoids possible problems due to the preference of
these amino acids towards their zwitterionic form. Following the same approach of ref. [48], we
consider five different routes for the exchange of the NHC ligand by either the thiol or selenol side
chain of Cys or Sec, respectively. These five reaction models allow to get an insight on the
influence of the protein environment on the binding of M(I)-NHC scaffolds. The results also
highlight the importance of the ionization state of Cys and Sec side chains and of the chemical
environment assisting the substitution of NHC ligands at coinage metal centers, thus paving the
structural basis to the binding of M-NHC scaffolds to either neutral or deprotonated thiol and

selenol groups.



Computational Details

All calculations were performed with the Gaussian 09 A.02 [51] quantum chemistry package.

Geometrical optimizations were carried out in solution by using B3LYP in combination with the
LANL2DZ basis set for metals [52] and the 6-31+G* basis set for other atoms [53-55]. Solvation
energies were also obtained from the above calculations. Frequency calculations were performed
to verify the correct nature of the stationary points and to estimate zero-point energy (ZPE) and
thermal corrections to thermodynamic properties. Intrinsic reaction coordinate (IRC) calculations
were employed to check the connection of the identified transition state for each considered
reaction step with reactant and product minima.

Single-point electronic energy calculations on the resulting geometries were then performed by
using the range-corrected functional ®B97X with the basis sets LANLOS(f) [52, 56] for the metals
and 6-311++G** basis sets for the other elements [53, 57].

Indeed, DFT gives a good description of geometries and reaction profiles for transition-metal-
containing compounds [57-61] including Au-, Ag- and Cu-based anticancer compounds [48,49,
62-65]. B3LYP is known to yield accurate geometrical structures [49, 67, 68], and ®B97X [69]
has been reported to reach a high accuracy in the calculation of electronic energies [70,71]. The
C-PCM continuum solvent method was used to describe the solvation [72]. It has recently been
shown to give considerably smaller errors than those for other continuum models for aqueous

solvation free energies for neutrals and ions [73].

Results and Discussion



The molecular structure of M(I)-bis-carbene complexes such as [(Me2lm):M]" (M = Au, Ag,
Cu) is characterized by the high stability of the M—C bonds, and by their rotational asset that locates
the N-bound methyl groups in proximity to the metal center. These two structural elements play a
crucial role in the control of the reactivity of the considered metal complexes with their final
endogenous targets. A preliminary investigation on the isolated Au(I)-, Ag(I)-, and Cu(I)-NHC
complexes [(MeIm),M]" (M = Au, Ag, Cu) has shown that at the selected level of theory the
minimized structure matches the crystallographic data for [(Me2Im)M]" accurately with bond
distances within 0.04, 0.04, and 0.05 A for Au, Ag, and Cu, respectively, thus indicating that the
B3LYP functional provides a good description of these molecular structures (see Figure 1 and

Table 1).

Figure 1. Calculated geometrical structure of Au(I)-NHC complex. Distances are in angstroms,

angles in degrees.



Table 1. Comparison of calculated and experimental Metal-Ccarbene(NHC) bonds and minimal

metal “hydrogen (N-methyl) distances in Angstrom.

Metal M-C distance M H minimal distance
calc exp Calc exp
Au 2.06 2.05 [35] 2.86 3.12 [35]
2.02 [74] 2.95 [74]
Ag 2.13 2.09, 2.10 [28] 2.88 3.07 [28]
2.09 [35] 3.15 [35]
2.10,2.12 [75] 3.06 [75]
2.08,2.16 [76] 2.92,3.04 [76]
Cu 1.94 1.89 [77] 2.78 3.07 [77]

Calculated and experimental data show the same trend of M—C distances, i.e. Cu < Au < Ag,
which is consistent to the valence shell radius of each M(I) center. As expected, a similar trend
was detected in the M'~H minimal distances, although both calculated and experimental values, in
the 2.75-2.90 and 2.90-3.15 A ranges, respectively, rule out any possibility for the formation of
agostic interactions between the metal center and the hydrogens of N-methyl groups. Thus, the
capability of the M(I)-NHC complexes to react in ligand exchange reactions is expected to be
mainly affected by the strength of the M—C bond, while the steric influence of the N-methyl groups
is marginal.

DFT calculations were carried out on the thermodynamics of the exchange of one carbene ligand
by an incoming capped cysteine or selenocysteine molecule or by their corresponding anion. Five

different possible reaction paths were taken into account: (1) the cysteine thiol or selenocysteine



selenol group replaces the NHC ligand keeping its proton, (2) the thiol or selenol proton is

transferred to the leaving carbene ligand in the course of the substitution reaction, (3) a proton

from the acidic component of a phosphate buffer is transferred to the leaving carbene ligand in the

course of the substitution reaction, (4) the anionic thiolate or selenolate group replaces the NHC

ligand, and (5) the deprotonated thiolate or selenolate nucleophile replaces the NHC ligand, which

is stabilized by a proton transfer from the acidic component of the phosphate buffer while

detaching from the metal center (Table 2).

Table 2. Gibbs free energies for reactions (1)-(5). Reported values are in kcal/mol.

Reactants Products Cys Sec
M-bis-NHC nucleophile bound M-NHC leaving carbene Au Ag Cu Au Ag Cu
X B @ Me
xf\h \n\ —| \H.\Ic _‘ \
(1) [ > " <j ek E> X ¢ j 349 244 256 332 239 218
s S W | N
\\1; Mr‘f \‘\[u Me
®
= Me
M ve, —| N Me, T
- \ .'\ H = M—X—R \J
(2) {> " <\j R | N>— ) I,_< j 61 -106 -104 -107 -149  -13.0
N N \ N
\\1 .\E;—‘( Me Mc/
Me Me
N N @
i . & Me,
E >7\'1"< j Me —| \x —I
3 NN N { =< j 260 156 191 242 151 152
(3) Me o Mpl X—R [> M R o i : : : : : :
0=l|’—0': 5\ 1' U=|:’—U----.\I1».-
(I) Me r{')
H
H
f\lu \h:\ _| ) N/N‘ic N‘[c\V
N N 2
(4) [ - j xr [”>—M—-X—R 4 j 96 51 54 119 77 96
—~ N N
\\1\‘ va/ Me .V[c/
/.\Ac \Ac\ _‘i"
N N Me Me,
Ot J
N 3 N N H {
(5) e ol CHEN [_,}—M—X—R o {\] 06  -37 12 2.9 1.1 3.0
0=1|>—o" N\MC EJ=}|’—[J----J1-.-

0
#

10



As expected, pathway (1), whereby the reaction of [(Me2Im)>M]* with the neutral amino acid
occurs without proton transfer, is thermodynamically highly unfavorable with values of 33.2, 23.9,
and 21.8 kcal/mol for selenocysteine, and even higher for cysteine, for Au, Ag, and Cu,
respectively. On the other hand, pathway (2), including the proton transfer (PT) from the incoming
neutral amino acid to the leaving carbene, greatly stabilizes the latter and the reaction free energies
drop down to -6.1, -10.6, -10.4 kcal/mol for Au, Ag, and Cu, respectively, in case of reaction with
cysteine, whereas the corresponding values for the reactions with selenocysteine are, in the same
order, -10.7, -14.9, and -13.0 kcal/mol. These results indicate the crucial role played by the
protonation of the leaving carbene to make its substitution thermodynamically feasible for all
considered metals. In principle, protons could be delivered by an external source, such as a water
molecule, an acidic group of an adjacent residue or the acidic component of the surrounding buffer
environment. Among them, we explored the last possibility, considering the ubiquitous presence
of phosphate buffer in the cytosol of all cells, with the dihydrogen phosphate anion H,PO4™ as
acidic component. This is also one of the most common buffers in the in vitro reactions between
gold complexes and enzymes, peptides or simple amino acids. As expected, the buffer assistance
(reaction (3)) promoting the PT from the phosphate to the leaving carbene lowers the reaction
energy by ~10 kcal/mol with respect to the corresponding values from reaction (1), yielding 24.2,
15.1, and 15.2 kcal/mol for the reaction of Sec with Au, Ag, and Cu, respectively. Such decrease
however is not enough to produce a significant thermodynamic enhancement of the reaction
between M(I)-NHC complexes and either Cys or Sec side chains, suggesting that deprotonation of
the target S—H or Se—H groups, known to strongly increase their nucleophilicity, is also required.
Moreover, at pH 7.4 — typical in physiological conditions — the fraction of deprotonated Cys and

Sec equals 5% and 98%, respectively (calculated by the pKa values of 8.3 for Cys and 5.2 for Sec)
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so that we also consider pathways (4) and (5) with deprotonated amino acids. Despite the expected
enhanced nucleophilicity of deprotonated amino acids, the free energies for pathway (4) without
any proton transfer to the leaving carbene remain positive for all the studied complexes: 9.6, 5.1,
5.4 kcal/mol for the reaction with cysteine of Au, Ag, and Cu metal complexes, respectively, and,
in the same order, 11.9, 7.7, 9.6 kcal/mol for the reaction with selenocysteine. If the attack by the
deprotonated Cys™ and Sec™ species is instead assisted by PT from the phosphate buffer to the
leaving carbene, as in pathway (5), the reaction free energies are further decreased becoming
exergonic in most cases: 0.6, -3.7, -1.2 kcal/mol for the reaction of Au, Ag, and Cu complexes,
respectively, with cysteine; and 2.9, -3.1, 3.0 kcal/mol for the corresponding reaction with
selenocysteine.

These results indicate that only pathways (2) and (5) are thermodynamically allowed,
highlighting the importance of the concomitant proton transfer to the leaving carbene and Cys/Sec
deprotonation. We thus focused on the kinetics of pathways (2) and (5) alone, that were
investigated through supermolecular models by considering that both reagents and products can
form non-covalent adducts prior — reactant adduct (RA) — and after — product adduct (PA) — the
ligand substitution takes place. Although the hypothesized formation of RA and PA intermediates
between the metal complexes and the Cys or Sec models could be considered as merely artifacts
of the adopted supermolecular model, when the real protein targets are considered, these metal
complexes might non-covalently interact with the protein environment while approaching their
binding sites. As remarked in Ref. [78], the free energy for the formation of the RA adduct from
R represents an estimate of the energy cost required to approach the metal center in proximity with
the final covalent binding site of the model capped amino acids; such energy cost may be

compensated by the non-covalent interactions of the metal complex with the real protein
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environment. We thus take into account two reference states for the calculation of the activation
free energy: on one hand, the free energy for the RA->TS step estimates the barrier for the metal-
protein binding by assuming the metal scaffold already in proximity of its final binding sites, i.e.
Cys or Sec residues, on the other hand, the free energy for the R>TS step estimates the overall
barrier for the formation of the metal-protein adduct and includes the energy cost for moving the
metal complex from the bulk to the protein site, the latter value might be overestimated by the use
of model amino acids and of a supermolecular approach. In this way RA->TS can be considered
as a lower and R->TS as an upper limit to the activation energy for carbene substitution.
Analogously, the PA->P step can be assumed to model the detachment of the released NHC from
the metal-binding site of the protein to the bulk. It must be remarked that the reported R>RA or
PA->P free energy values are thus only upper estimates of the free energy costs/gains involved in

the M(I)-NHC approach to protein/free carbene release, respectively.

Table 3. Activation free energies for reactions (2) and (5). All values are in kcal/mol.
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Reaction M AA R->TS RA->TS
Au 40.9 32.6
Ag CysH 29.3 20.3
Cu 31.7 24.9

(2)
Au 37.6 30.3
Ag SecH 28.4 20.3
Cu 31.3 24.0
Au 18.0 134
Ag Cys- 6.8 3.3
Cu 7.8 3.8

(5)
Au 19.8 12.7
Ag Sec- 12.7 5.1
Cu 13.6 5.6

14
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For pathway (2) we calculated upper limits to the activation free energy of NHC substitution
(R>TS) in the range 31-41 kcal/mol for Au and Cu, and 28-29 kcal/mol for Ag (Table 3, Figure
2) suggesting that these reactions are kinetically unfeasible (Au, Cu) or unlikely (Ag) at room or
physiological temperature. On the other hand, the calculated lower limits to activation free energy
(RA->TS) are in the range 20-25 kcal/mol for Ag and Cu complexes but 30-33 kcal/mol for Au(I),
thus indicating that the binding to neutral thiol or selenol groups is kinetically feasible for Ag(I)
and Cu(I) but not for Au(I) complexes. Pathway (5), on the other hand, yields low R=>TS
activation free energy upper limits for the reactions of Au, Ag, and Cu complexes with
deprotonated Cys, 18.0, 6.9 and 7.8 kcal/mol respectively, and with deprotonated Sec, 19.8, 12.7
and 13.6 kcal/mol, and even lower RA->TS estimates (Table 3, Figure 3). Therefore, all coinage
metal complexes disclose a high reactivity for thiolate and selenolate groups with buffer assisted
proton transfer through pathway (5). The low activation free energies calculated for pathway (5)
indicate that the binding of [(Me2Im)>M]" metal complexes to deprotonated amino acids is under
thermodynamic control, whereas the metal binding at the corresponding neutral aminoacids

(reaction (2)) is under kinetic control (Table 3).

The calculated transition state structures for pathway (2) are reported in Figure 4. Typically, the
entering neutral nucleophile approaches the metal center, whereas the NHC group moves further;
an approximatively planar trigonal geometry is observed, with an acute leaving ligand—metal—
entering ligand angle of 70-80°. Moreover, the relatively short M-S/Se and long M-C bond lengths
indicate rather late transition states, consistently with the T-shape distorted trigonal geometry.
Such a transition state structure is consistent with the data in literature, indicating that gold(I) linear
complexes undergo ligand substitution reactions via an associative interchange mechanism,

passing through a tricoordinate transition state [47, 48]. As already detected in the optimized
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structure of these M(I)-NHC complexes, the presence of various metals in these transition states
reflects their different valence shell radius. Hence, shorter M—C and M—S/Se bonds are formed by
Au(I) and Cu(I) metal centers. On the other hand, the metal effect on the lateness of these structures
is displayed by the lengths of the incoming M — C and C — H bonds that indicate an

Au(D)>Ag(I)>Cu(]) trend (Figure 4).

Figure 4. Transition state structures for pathway (2) with neutral Cys (a) and neutral Sec (b). The
distances are highlighted with different colors for different metals: gold (yellow), silver (gray),

copper (green). Distances are in angstroms.
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Figure 5. Transition state structures for the buffer-assisted pathway (5) with deprotonated Cys (a)
and deprotonated Sec (b). The distances are highlighted with different colors for different metals:

gold (yellow), silver (gray), copper (green). Distances are in angstroms.

The calculated transition state geometries for pathway (5) are reported in Figure 5. These
structures are consistent with earlier transition states compared to reaction (2), as reflected by the
significantly shorter M—C distances, by almost 1 A. The approximatively planar trigonal
geometries, with an acute leaving ligand—metal—entering ligand angle of 70-80°, C-M—C angles
larger than 90°, indicate an earlier character of these TS structures. The assistance of the phosphate
buffer is realized by the interaction of the hydrogen atom of a hydroxyl group of the phosphate
anion with the carbon of the leaving carbene, and by the interaction of the same hydrogen with the
metal center. The oxygen of phosphate also forms weak interactions with the hydrogen atoms of

the methyl groups on both carbenes (Figure 5).
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Conclusions and further remarks

We have performed a detailed theoretical study on the mechanism of carbene ligand substitution
by capped cysteine and selenocysteine molecules, as models of the corresponding protein side
chains, in Au(I), Ag(I), and Cu(I) bis-N-heterocyclic carbene complexes. Computational studies
indeed offer a valuable tool to predict, support and validate the experimental results. Moreover,
the selenocysteine of thioredoxin reductases (TrxR) is the preferential binding site of many
antitumor metallodrugs and has recently been shown to be targeted by Au(I)-, Ag(I)- and possibly
Cu(I)-NHCs.

Accordingly, we have studied several possible pathways allowing for the protonation of the
leaving carbene moiety by the neutral thiol/selenol group or by an acidic buffer component from
the surrounding environment, to model the different chemical backgrounds where these ligand
exchange processes may occur. Indeed, the protonation of the leaving carbene is a thermodynamic
caveat which has to be ensured by either the protein or the bulk. The analysis of reaction free
energies indicates that neutral Cys and Sec, although less reactive in comparison with their
deprotonated forms, can be targeted by the considered biscarbene complexes but only for Ag(I)
and, to a lesser extent, for Cu(I). The reaction with deprotonated Cys or Sec is kinetically favored
but requires the assistance of an external proton source such as a buffer to accomplish the proton
transfer to the leaving carbene.

The present results indicate that the buffer assisted reaction of the [(Me2Im),M]" metal
complexes with the deprotonated Cys and Sec is fast and under thermodynamic control, whereas
their reaction with neutral Cys and Sec, viable only for Ag(I) and Cu(I), is relatively slow and
under kinetic control, and more affected by the interaction of the metal scaffold with the protein

environment. In both cases, the analyzed coinage metal complexes disclose both kinetic and
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thermodynamic preference in the order Ag(I) > Cu(I) > Au() clearly indicating that binding to the
thiol or selenol targets of Ag(I) complexes are both kinetically and thermodynamically favored.
This result agrees with experimental evidence showing that, among the NHC complexes of group
11 metals, silver NHC complexes are known for their lability and indeed have been used as NHC
transfer reagents for the synthesis of NHC complexes of other metals [79]. As a result, (NHC)Ag
compounds may lose their structural integrity under physiological conditions precluding
quantitative structure—activity relationships.

Indeed, notwithstanding the higher in vitro inhibition of TrxR by Ag(I) than Au(I) NHC
complexes, the antitumor activity does not always follow the same trend [80], probably because
of the higher lability of Ag(I) complexes hindering them to reach their targets in vivo. Therefore,
the relative cytotoxicity of Ag(I) and Au(I) NHC complexes is determined by a trade-off between
the higher reactivity of silver compounds towards the selenol targets and the higher ability of gold
complexes to reach them. The reactivity of copper compounds is in between, thus supporting TrxR
inhibition as a viable mechanism of action also for the lightest coinage metal complexes.

Work is in progress to further rationalize the behavior of the different coinage metal complexes

according to the different chemically meaningful contributions to the bond energy [81,82].
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Reactions of antitumor M(I)-bis-N-heterocyclic carbene complexes, M=Cu, Ag, and Au, with their
potential protein binding sites, cysteine and selenocysteine, were computationally investigated
considering several pathways to account for environmental influence through the ionization state
of the aminoacidic side chains and the possible assistance of proton transfer to the leaving carbene
moiety. Environment is shown to play a crucial role in the feasibility of the reaction and the

complexes exhibit thermodynamic and kinetic preference in the order Ag(I)>Cu(1)>Au(l).
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