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ABSTRACT

This study employed semiempirical GFN-xTB and density functional theory (DFT) calculations
to investigate ligand exchange reactions of linear complexes [M(NHC)CI] (M = Au(I) or Cu(l),
NHC = N-heterocyclic carbenes) relevant to medicinal chemistry. Despite their potent in vitro
antitumor, antibacterial, and antiparasitic activities, speciation limits their application. The
research explored three biologically relevant reactions. Firstly, chloride substitution with
dimethylsulfoxide (DMSO), the solvent used to prepare stock solutions before in vitro studies.
Secondly, ligand scrambling involves the rearrangement of ligands in solution forming
[M(NHC),][MCL,]. Lastly, chloride substitution with cysteine, a biologically relevant ionic amino
acid. Thermodynamically and kinetically, chloride replacement by DMSO is less favorable than
ligand scrambling, particularly for Cu(I) complexes, suggesting [M(NHC)Cl] is the most abundant
species present followed by [M(NHC),][MCL,], the last mainly in Cu(I) complexes. Cysteine
substitution proves to be the most thermodynamically and kinetically favorable, potentially
impacting the biological mechanism of action. The study also compares reaction mechanisms
between Au(I) and Cu(I) complexes by analyzing transition state geometries. This research
enhances understanding of ligand exchange reactions in linear complexes, shedding light on
thermodynamic and kinetic preferences and biological mechanisms. The insights from the current
work aid the interpretation of in vitro and in vivo data, unlocking the potential of these complexes

for medicinal applications.
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INTRODUCTION

Group 11 coinage metals, copper, silver, and gold, contribute to the pool of elements in the
design of metal-based drugs. Although they belong to the same family, their chemistry is diverse,
resulting in several biological outcomes.

Gold(I) compounds have been employed in medicine since ancient times, primarily for treating
tuberculosis!. Then, gold thiolates, including aurothiomalate, aurothioglucose, and auranofin, are
FDA-approved drugs for treating rheumatoid arthritis and other autoimmune conditions?. The
potent anti-inflammatory response of Au(I) compounds stimulated their investigation for various
disease treatments, such as cancer?, bacterial*, parasitic’, and viral infections®’.

On the other hand, copper complexes have shown potential as drugs for several diseases, but
mostly the research is limited to academia®. The growing interest in copper-based drugs is driven
by the fact that copper is an essential element for humans, and cells have the machinery to regulate
its absorption and excretion, thereby improving pharmacodynamics®!!.

Gold(I) and Cu(I) compounds typically have a coordination number of two and a linear
geometry; therefore, higher coordination numbers and different geometries, such as trigonal and
tetrahedral, have been reported!2. These compounds can also form polymers, as in aurothioglucose,
aurothiomalate, Cu(I)-thiobenzamide, and Cu(I)-piperazine!*-**. Additionally, both Au(I) and Cu(I)
can establish M-M interactions, which occur in a range of Au(I) and Cu(I)-containing molecules,
from di- to supramolecular structures!s-16.

Various ligands, including phosphines, organometallic carbenes, and alkynyl, can stabilize Au(I)

or Cu(l) molecules, preventing polymerization, reduction, and slowing ligand substitution
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reactions'’. Among these, N-heterocyclic carbenes (NHCs) are particularly notable due to their
strong o-donation and m-reception ability, and the facility to tune their electronic and steric
properties, allowing for metal complexes design with specific characteristics. Cationic
[M(NHC),]* and neutral [M(NHC)CI] complexes have been explored as drug chemotypes for
anticancer, antibacterial, antiparasitic, and antiviral agents®®!#-20, These soft Pearson’s acids bind
to cysteine or selenocysteine through a ligand exchange reaction with essential enzymes, such as
thioredoxin?!, trypanothione??, glutathione reductases?, cysteine protease®, and Cys-rich proteins
such as zinc-fingers. However, their unselective binding to biomolecules limits their application
in vivo, despite their excellent results in vitro*.

To address this issue, ligand substitution reactions for linear M(I) complexes with several ligands
have been studied experimentally and theoretically®$2>2¢. In general, complexes [M(I)LX], where
L can be a phosphine or carbene, X any halide, and M a group 11 element, can be attacked by
nucleophiles (:B), including solvent molecules, exchanging the halide, resulting in [MLB]™.
However, [MLX] complexes can also undergo ligand scrambling when two molecules interact,
generating [ML,]* [MX,] in solution?’. In the case of Au(I)-NHC, mechanistic studies are focused
on ligand replacement reactions between cationic [M(NHC),]* and cysteine or selenocysteine?®-.
For neutral [M(NHC)X], studies are focused on the ligand scrambling mechanism?!. Our research
group has studied the leishmanicidal and antiviral activity of several Au(I) and Cu(I)-NHC
complexes, with promising results®®. Among the compounds, [Au(I)(IMes)Cl] and
[Cu(I)(IMes)Cl], where IMes is [1,3-bis(2,4,6-trimethylphenyl)-2H-imidazol-2-ylidene], were the
most promising. 'H NMR and ESI-MS studies in dimethyl sulfoxide (DMSO), DMSO/H,0, and
acetonitrile (CH;CN) showed that solvent substitution and ligand scrambling reactions were

significant for [Cu(I)(IMes)Cl], while for [Au(I)(IMes)Cl], these reactions were less prominent®$.
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According to our studies, the ligand scrambling depends on the steric hindrance of R groups in
NHC and solvent permittivity®. The in vitro investigation of these compounds in cell culture is
usually performed in DMSO/aqueous medium. Thus, this study considers the solvent replacement
of chlorides as one of the possible reactions of these compounds in DMSO solution, in addition to
the ligand scrambling (Scheme 1).

Moreover, we investigated their replacement with cysteine in the thiolate form (Cys-) to explain
the reaction observed experimentally in our previous studies, including the inhibition of cysteine
protease®. The results provide a deeper insight into the active species present in the in vitro testing,

allowing a better understanding of biological outcomes and structure-activity relationships.

Scheme 1. Representation of the reaction routes studied. (I) Reaction with DMSO, (II) Reaction

with Cys, (III) ligand scrambling reaction.
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COMPUTATIONAL DETAILS

Initially, the structures of the reactants, DMSO, Cys (the L ligands), [Au(IMes)Cl],
[Cu(IMes)Cl], and the products of these reactions, [Au(IMes)L], [Cu(IMes)L], [Au(IMes),]*,
[Cu(IMes),]*, [AuCl,], [CuCL,] and Cl- were optimized by DFT, using ORCA package version
5.0.1%%3, The functional PBEO*, def2-TZVP/B]J basis functions*, RIJCOSX approximation?, and
CPCM for implicit DMSO solvation were applied for all molecules®’. ZORA relativistic correction
was used for Au(I)-based compounds?®®. Frequency calculations were performed at the same level
of theory to verify the minimum structures. From the optimized geometries, the Fukui functions

f* and f- for the complexes [Au(IMes)Cl], [Cu(IMes)Cl], and ligands L were also calculated,
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defining the initial reaction coordinates**“°. In addition to the structures of separate reagents and
products, optimization calculations of the reagents adducts (RA) and product adducts (PA) of the
studied reactions were carried out using the same level of theory. The relaxed surface scanning
method was used to search for candidate transition state (TS) structures. From the optimized TS
geometries, scans were performed for each reaction coordinate defined by Fukui function surfaces,
seeking to bring the most nucleophilic atoms of L closer to the most electrophilic center of the
complex. The scans for the DMSO and ligand scrambling reactions were performed using the third
level of the semi-empirical quantum mechanical method GFN-xTB, with an accuracy of 0.0001
hartree (Eh) in 120 steps*'. In the case of Cys™ reactions, scans were carried out in 15 steps using
DFT, employing the PBEO functional, def2-TZVP/BJ basis functions, RIJCOSX approximation,
ZORA relativistic correction, and CPCM for implicit DMSO solvation, that is, the same level of
theory previously used in the optimization of reagents and products structures.

Then, all structures were manually screened to choose 5 to 10 candidates TS, for the DMSO and
ligand scrambling scans, and 3 for the Cys  scans, which were subjected to a subsequent
optimization step by DFT following the lowest energy eigenvalues respective to the reaction
coordinates of interest. T'S optimization employed the same level of theory previously used in the
reagents and product optimization. The parameters of the manual screening were chosen based on
what is known about the transition state theory, i.e., their energies should comprise a maximum in
the reaction coordinate presenting only one negative vibrational normal mode that relates to the
reaction coordinate of the studied process.

Once the TS optimizations were completed, the corrected energies of all reaction participants
were calculated to obtain graphs of levels of variation in free energy, including the calculated

energies of reactant adducts (RA) and products adducts (PA). These illustrate the variation of
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Gibbs free energy (AG), by the energy difference between products and reagents and activation

energy (Ea), by the difference between the energies of reagents and the optimized TS.

RESULTS

The optimized R, P, RA, and PA geometries from the six studied reactions were confirmed to
be at a local minimum by frequency calculations. Structural parameters, such as bond length and
angles, of the optimized [Au(IMes)Cl] and [Cu(IMes)Cl] structures (Figures 1 and SI,
respectively) are in agreement with those of experimental crystal structures of the molecules (Table

S 1)42,43 .

2.30

> 178.7

1.98

Figure 1. Optimized structures of [Au(IMes)CI]. The main distances (A) and angles (degrees) are
indicated. Black, grey, blue, yellow, and green spheres depict carbon, hydrogen, nitrogen, gold,

and chlorine atoms.

Although the amino acid cysteine has a thiol group with pKa 8.3, in most of the active sites of

drug targets such as glutathione reductase, trypanothione reductase, and cysteine protease, Cys
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neighbors a His that activates Cys by deprotonation of the thiol group*; therefore, in this work,
Cys, in thiolate form, was considered in the reactions.

The calculated Fukui f* surfaces for the DMSO and Cys  molecules (Figure S2) qualitatively
indicate that sulfur is the most nucleophilic atom in both molecules. Moreover, the f- Fukui surface
of the [Au(IMes)CI] and [Cu(IMes)CI] complexes (Figure S3) showed a region of maximum
around the Au(l) and Cu(I) cations, respectively, indicating the most electrophilic center of the
molecule. These results were then used to define the reaction coordinates for the substitution
reactions. The f*surfaces of [Au(IMes)Cl] and [Cu(IMes)Cl] exhibited maximum values around
the nitrogen and carbon atoms in the IMes ligand. Therefore, the coordinate for the ligand
scrambling reaction was defined as the proximity of the carbon atom in one of the [M(IMes)Cl]

molecules to the M(I) center of the other molecule.
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Figure 2. Structures of transition states for the reaction of [Au(IMes)Cl] and [Cu(IMes)CI] with

(a) and (d) DMSO, (b) and (e) Cys™ and (c) and (f) scrambling, respectively.

Regarding the TS optimization, at least one converged structure was obtained for all reactions,
which presents the formation of a metal and L bond and a subsequent leaving of the Cl- halide,
evidence of coherent transition states (Figure 3). However, the optimization of TS candidates
obtained for the Cys- reactions, for both [Au(IMes)CI] and [Cu(IMes)Cl], using GFN-xTB yielded
TS structures that did not exhibit any negative vibrational modes associated with the reaction
coordinate of interest. As such, a more refined approach involving a higher level of theory was

employed for the Cys- reaction as an alternative, ultimately producing coherent TS structures.
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The Gibbs free energy and enthalpy variations for the reaction steps are reported in Table 1.
Figures 3a-c illustrate the energy variation as a function of the coordinate for each reaction.

Table 1. Enthalpies and Gibbs free energy for the steps of the reactions (kJ/mol).

Reaction R—P R—TS R — RA RA — PA

[Au(Mes)CI]  AH AG AH AG AH AG AH AG

DMSO 5024 7759 4707 10142 -199 5595 4123  41.83
Cys -67.20  -32.67 6.71 69.70 -1.51 5580 -67.08 -69.77

Scrambling 2259 5870 12455 196.15  -2.18 58.07 1930 31.29

[Cu(Mes)Cl]  AH AG AH AG AH AG AH AG

DMSO 5734 8455 3516 10383 -6.99 5334 5423  46.68
Cys -3843  -13.62 -314.68 55.89 -1.72 5258 -4587 -37.26

Scrambling 7.16 4980 4734 12809 -2.80 60.28 1.60 16.93
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Figure 3. Reaction profiles of the three ligand replacement of [Au(IMes)Cl] and [Cu(IMes)CI]

with the following reagents a) DMSO b) Cys- and c) ligand scrambling

DISCUSSION

The energies (Figure 3a) show reactions with DMSO are highly endergonic, with similar
reaction profiles for [Au(IMes)Cl] and [Cu(IMes)CI], which might be due to charge separation
after the reaction. The charge separation is evidenced by the variation in the Mulliken atomic
charges of the relevant partially charged atoms during the reaction, with a greater variation

observed for the metal atom in the DMSO substitution compared to the Cys- reaction (Table S2).

12

https://doi.org/10.26434/chemrxiv-2023-ss58c ORCID: https://orcid.org/0000-0002-8410-2252 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-ss58c
https://orcid.org/0000-0002-8410-2252
https://creativecommons.org/licenses/by-nc-nd/4.0/

Also, the barrier is considerably high (R->TS), around 100 kJ/mol (23.88 kcal/mol), suggesting
the reaction is unfavorable for both complexes. In contrast, the reaction with Cys- is exergonic for
Au(I) and Cu(I) complexes, (RA->PA) -69.77 (-16.66 kcal/mol) and -37.26 kJ/mol (-8.89
kcal/mol).

Although the Au(l) and Cu(l) metal centers of the complexes are isoelectronic, the studied
reactions of [Au(IMes)Cl] and [Cu(IMes)CI] seem to occur via different mechanisms, as observed
by the structural differences in the obtained TS.

A trigonal geometry is observed for the [Au(IMes)Cl] and DMSO TS, with Au-S and Au-Cl
distances of 2.53 A and 2.55 A, respectively. The DMSO molecule approaches the Au(I) center at
an angle of 83.5°. Similarly, the reaction with Cys- also occurs via a trigonal TS, with Au-S and
Au-Cl bonds of 2.73 and 2.42 A, forming a 94.0° angle. These results suggest an associative
mechanism consistent with previous studies that showed that Au(I) tends to react through trigonal
transition states in substitution reactions?.

In contrast, any of the [Cu(IMes)CI] substitution TS structures exhibit both L and CI- coordinated
at the Cu(I) center simultaneously. The DMSO TS has the DMSO molecule coordinated with a
Cu-S bond of 2.22 A and a dissociated CI- with a Cu-Cl distance of 3.80 A, forming an S-Cu-Cl
angle of 77.6°. Another difference to the [Au(IMes)CI] DMSO TS is that the C-Cu-S angle is
considerably broader than the C-Au-S, indicating that the [Cu(IMes)Cl] DMSO reaction occurs
via a TS where the DMSO approximation to the Cu(l) center leads to the Cl- dissociation, while,
in the [Au(IMes)Cl] counterpart this does not necessarily occur since Au(l) has a larger ionic radius
than Cu(I) and can accommodate simultaneous coordination easier.

Similarly, the TS of the [Cu(IMes)Cl] Cys- reaction has a Cu-S distance of 3.27 A before formal

bond formation while preserving the Cu-Cl bond with 2.18 A and CI-Cu-S angle of 95.9°,
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indicating the mechanism has a dissociative component. Even at a Cu-Cys distance of 3.27 A, the
weakening of the Cu-Cl bond can be seen by the increase in length.

The differences in the TS structures can explain the higher activation energy (AG (R->TS) =
13.69 kJ/mol) of [Au(IMes)Cl] than the [Cu(IMes)Cl]. The Au(I) compound assumes a trigonal
TS suggesting an associative mechanism, which implies an increased stereo-electronic strain
compared to the [Cu(IMes)Cl]. While the impact of this strain is lower for the DMSO reaction
(both reactions have close activation energy), even if the TS structures suggest different
mechanisms. The [Cu(IMes)C1] Cys substitution has lower activation energy, whereas the reaction
with [Au(IMes)Cl] is thermodynamically more favorable. While the AG (R->PA) of the former is
15.32 kJ/mol, for [Au(IMes)Cl] is -13.97 kJ/mol. At the production formation step, the AG (R->P)
for [Au(IMes)CI] is -19.06 kJ/mol more negative than for [Cu(IMes)Cl]. This illustrates the
affinity of Au(I) centers for soft thiolate groups, as the Cys-, and the relative stability of the formed
product, [Au(IMes)Cys].

There are also some notable dissimilarities in the ligand scrambling TS structures. In the case of
[Cu(IMes)Cl], one of the IMes molecules binds to two Cu(I) centers, which effectively brings the
metals closer together to form a metal-metal bond with 2.43 A. The Cu-C bonds from the same
IMes molecule are unequally lengthened, a shorter one with 2.00 A, and a longer one with 2.31 A,
forming a trigonal structure with one of its angles, C-Cu-Cu, of 62.1°. Another IMes molecule is
coordinated with the other Cu(I) center forming a 1.98 A bond, which is close to the other 2.00 A
Cu-C bond in this TS. Besides that, in this TS, both Cl- appear coordinated to one of the Cu(I)
centers, which resembles the [CuCl,]" molecule formed at the end of the reaction. This TS
suggested a concerted associative mechanism as previously reported for Ag(I)NHC scrambling

reactions?’. In contrast, the [Au(IMes)Cl] ligand scrambling TS depicts a molecule of
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[Au(IMes)Cl] being attacked by a second one. The first molecule has its Au(I) center presenting a
trigonal geometry and Au-Cl, Au-C bonds at values 2.28 A, 1.97 A, respectively, and C-Au-Cl
angle at 173.7° which are close to the ones of isolated [Au(IMes)Cl], 2.30 A, 1.98 A and 178.7°.
The second molecule has its Cl- dissociated, forming an aurophilic interaction with the other Au(I),
with 2.77 A.

Goetzfried et al. proposed a mechanism for the ligand scrambling reaction of a [Au(NHC)Br]
complex, using 3-ethyl-4-(4-methoxyphenyl)-5-(2-methoxypyridin-5-yl)-1-propylimida-zol-2-
ylidene) as the NHC ligand®. Several transition states and intermediate structures were identified,
mostly exhibiting aurophilic interactions. The TS structures revealed that the highest energy barrier
observed was 85.3 kJ/mol (20 .4 kcal/mol), significantly lower than that of [Au(IMes)CI] at 196.15
kJ/mol (46.84 kcal/mol). The ligand studied by Goetzfried et al. featured smaller substituents at
the nitrogen position of the NHC than IMes. Consequently, considering the influence of the halide
anion on the TS structures is limited, this energy difference indicates that [Au(IMes)Cl] is more

inert than [Au(NHC)Br], supporting the hypothesis that steric hindrance imposed by the NHC

ligand reduces ligand scrambling reactions®.

There are reports in the literature of aurophilic interactions in TS of Au(I)-NHC ligand
scrambling reactions. Even though metallophilic interactions are much more common for heavy
metals, such as Au and Hg; there are also reports on cuprophilic interactions, like those observed
in the TS depicted in Figure 2f'3.

Figure 3c shows that the ligand scrambling reaction is more favorable kinetically and
thermodynamically for [Cu(IMes)Cl] than for [Au(IMes)Cl]. There is a significant difference in
the activation barrier of the two reactions, with the [Cu(IMes)Cl] being 68.06 kJ/mol lower than

the Au(I) counterpart. An explanation for such a difference lies in the relative stability of the TS
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structures of each reaction. The Cu(I) seems to be more stable due to the binding of the two Cu(I)
centers supported by one of the IMes molecules. Furthermore, these data support experimental
observations obtained by NMR, in which the speciation ratio (i.e., the formation of the
[Cu(IMes),]* and [Au(IMes),]* species) occurs to a greater extent and faster for the Cu(I) complex

than for the Au(I) complex.

CONCLUSIONS

In this study, we investigated the reactions of [Au(IMes)CI] and [Cu(IMes)Cl] organometallic
complexes, focusing on their interactions with solvents and amino acids, such as dimethylsulfoxide
(DMSO) and cysteine, and in the ligand scrambling reaction. The obtained results provide valuable
insights into the mechanisms and energetics of these reactions, shedding light on the potential
parallel reactions these drug-candidate compounds may undergo during in vitro tests.

In DMSO solutions, the three ligand exchange reactions compete. Notably, the exchange with
cysteine displayed lower energy barriers and was thermodynamically favorable for both
complexes, while the substitution by DMSO and ligand scrambling reactions were energetically
unfavorable. Although the reaction with DMSO exhibited faster kinetics, the formation of the
homoleptic [M(IMes),]* species was more predominant than the formation of [M(IMes)(DMSO)]*
at equilibrium. Consequently, when evaluating the activity of [M(IMes)Cl] in in vitro tests, the
speciation product, consisting of [M(IMes),]* molecules, becomes more relevant than
[M(IMes)DMSO]*.

However, both substitutions were less energetically favorable compared to the reaction with Cys,

indicating the complexes' affinity for cysteine residues, confirming the potential targeting of
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activated Cys residues in the active sites of enzymes such as thioredoxin, trypanothione, and
glutathione reductases and cysteine proteases.

Previous studies mainly focused on the ligand scrambling reaction of [Au(NHC)X] complexes.
This work explores and discusses ligand substitution reactions with biologically relevant
nucleophiles, and our findings underscore the significance of incorporating simple ligand
substitution reactions into these investigations. Notably, the exchange with Cys- demonstrates both
faster kinetics and greater thermodynamic favorability compared to the speciation into
[M(IMes),]*, emphasizing the importance of not disregarding simple ligand substitution in this line
of inquiry.

By studying Au(I) and Cu(I) complexes, inertness and stability comparison was possible. Since
the ligand scrambling reaction is more favorable for [Cu(IMes)Cl] than [Au(IMes)Cl], the
formation of [M(IMes),]* for the Cu(I) complex becomes more relevant than for the Au(l)
complex, making it a point of interest.

Additionally, it is important to acknowledge that the computational conditions employed may
not fully capture the complex interactions and influences present in biological environments, such
as energetic coupling with other steps, which could lead to overall reactions with different energy
variations and the presence of solvent molecules, which could interact differently with the
structures and alter their energies. Furthermore, a single molecule model representing the
interaction with cysteine residues may deviate from experimental results, as these residues are
typically part of larger macromolecules with additional components that can influence the
outcomes.

More specific methods can address these considerations in future studies. However, despite the

limitations of our current approach, the results obtained agree with experimental observations.
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These findings can serve as a framework for interpreting in vitro experiments of the investigated

drug candidates and guide the research and design of drug candidates.
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