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Abstract: Interactions in crystalline tetrachloridoaurates of
acetylcholine and dimethylpropiothetine are characterized by
Au···Cl and Au···O short contacts. The former interactions
assemble the AuCl4

� units into supramolecular anionic poly-
mers, while the latter interactions append the acetylcholine and
propiothetine units to the polymer. The distorted octahedral
geometry of the bonding pattern around the gold center is
rationalized on the basis of the anisotropic distribution of the
electron density, which enables gold to behave as an electro-
phile (p-hole coinage-bond donor). Computational studies
prove that gold atoms in negatively charged species can
function as acceptors of electron density. The attractive nature
of the Au···Cl/O interactions described here complement the
known aurophilic bonds involved in gold-centered interac-
tions.

The anisotropic distribution of electron density at the outer
regions of bonded atoms was first used to rationalize the
noncovalent interactions formed by these atoms in the early
1990s.[1] This approach is now successfully used to explain the
interactions of all groups of p-block elements in the periodic
table[2] and provides valuable contributions to many fields,
including catalysis,[3] drug design,[4] and crystal engineering.[5]

Seven years ago, a possible extension of this mindset to d-
block elements was considered[6] and subsequently confirmed,
first for elements of Group 11,[7] and then for elements of
Groups 10[8] and 12.[9] Various theoretical studies,[10–13] and
a more limited number of experimental findings,[14, 15] have

shown that nanoparticles[16] and halide salts[14] of Cu, Ag, and
Au form attractive interactions with a variety of donors of
electron density by involving the regions with the most
positive electrostatic potential at their outer surface. It has
been proposed that such interactions involving Group 11
elements should be designated as regium bonds[10] or coinage
bonds.[13]

Herein we report experimental and theoretical results
that show that not only gold in neutral species, as mentioned
above, but also gold in negatively charged species can
function as an acceptor of electron density, namely, be
a coinage-bond (CiB) donor. We show that, in the solid
state, AuCl4

� anions act as self-complementary tectons, with
the gold and chlorine atoms functioning as CiB donor and
acceptor sites, respectively. Short[17] Au···Cl contacts involving
Au and Cl atoms of different units drive the formation of
supramolecular anionic polymers, wherein the gold centers
form a second CiB with the sp3-hybridized oxygen atom of
ester residues. Theoretical calculations prove the electrophilic
role of gold as well as the attractive nature of both the Au···Cl
and Au···O interactions. These findings show that CiBs
involving gold(III) centers can be adaptive and robust
enough to drive the formation of attractive anion···anion[18–23]

and anion···neutral nucleophile[24] interactions, which deter-
mine the crystal packing of ionic derivatives.

During our studies assessing the presence of chalcogen
bonds[25] and tetrel bonds[26] in bioactive molecules, we
obtained the single-crystal X-ray structure of the tetrachlor-
idoaurate salts of the methyl ester of (S,S)-dimethyl-b-
propiothetin (1), an osmoregulatory and antioxidant agent
in phytoplankton,[27] and of acetylcholine (2), a ubiquitous
cholinergic neurotransmitter (Figure 1).

In the crystal packing, cationic and anionic units of 1 are
connected through C�H···Cl hydrogen bonds (HBs) and
a fairly linear and charge-assisted S···Cl chalcogen bond[28]

(the C�S···Cl angle is 172.158, the S···Cl separation is
358.8 pm, which corresponds to a normalized contact
(Nc)[29] of 0.99; Figure S3). These interactions decrease the
negative charge on the anion to the point that the gold atoms
of AuCl4

� form two short contacts with two different electron-
rich sites. One site is the chlorine atom of a nearby AuCl4

�

anion, the other is the ester oxygen atom of a propionate unit.
The Au···Cl and Au···O separations are 331.2 and 313.4 pm
(the corresponding Nc values[29] are 0.85 and 0.87, respec-
tively). The AuCl4

� anions adopt the usual square-planar
conformation and the two nucleophiles get close to the gold
center, almost orthogonal to the anion plane. The Cl�Au···Cl
and Cl�Au···O angles span the ranges 80–1008 and 85–958,
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thereby enabling rationalization of the Au···Cl/O interactions
as p–hole[15, 30] CiBs. These CiBs form an infinite supramolec-
ular anionic chain[31–33] bearing cations as appended residues
(Figure 1).

Many features of the interaction patterns in crystalline 2
are similar to those in crystalline 1. Various C�H···Cl HBs are
also present in 2 and involve hydrogen atoms geminal to the
positive nitrogen atom (Figure S3). Similar to 1, gold atoms
establish a p-hole CiB with the chlorine atom of a nearby
AuCl4

� anion and another p-hole CiB with the ester oxygen
atom of an acetylcholine unit, thereby forming a zig-zag
supramolecular anionic polymer with hanging cationic units
(Figure 1). The Au···Cl and Au···O distances are 343.4 and
344.6 pm, respectively (Nc = 0.88 and 0.95, respectively);
thus, they are somewhat longer than in 1. The angular
geometry of the interactions around the gold center in 2 is
similar to that in 1. Consistent with a possible nucleophilic
role of the oxygen atom, the lone pair of electrons on this
atom are directed towards the metal center (OC�O···Au and
H2C�O···Au angles are 109.068 and 114.778, respectively).

Similar to what is observed even for the hard nitrogen
atom in the NO3

� anion,[34] the C�H···Cl HBs present in
crystals of 1 and 2 might decrease the negative charge of the
anion enough to enable the gold center in AuCl4

� to act as an
electrophile. Moreover, Au is less electronegative than Cl and
it can be expected that Cl�Au bonds in AuCl4

� are polarized
and the net negative charge of the polyatomic anion is
partitioned mostly on the chlorine atoms. The soft character
of gold may favor this partitioning. Calculations were
performed to support these qualitative arguments and

obtain information on Au···Cl/O interactions free from any
possible crystal-packing effects.

We wondered whether the Au···Cl short contacts observed
in 1 and 2 originate from packing effects (pursuing the least
repulsive positioning of atoms) or whether, instead, the
negatively charged AuCl4

� molecular entities can act as p-
holes (that is, can attractively interact with Lewis bases).
Consequently, the theoretical study was initially focused on
analysing the molecular electrostatic potential (MEP) surfa-
ces of the AuCl4

� unit and the entire salts. The MEP results
are summarized in Table 1 and Figure 2, where only the
results for 2 are shown. The MEP surface of 1 is shown in the
Supporting Information (Figure S4).

As expected, the MEP values of the isolated anion are
negative over the entire surface because of its net negative
charge, and the global minimum is found along the bisector of
the Cl-Au-Cl angle. There are two regions where the MEP
values are at a maximum (less negative), which are at the
extensions of the four Au�Cl bonds (s-holes)[30] and above

Figure 1. Structural formulas of the studied compounds and represen-
tation of anionic supramolecular polymers of 1 (top) and 2 (bottom)
containing coinage bonds. CiBs are shown in black dashed lines; Nc
values[29] are given; H atoms and HBs are omitted for the sake of
clarity. Color code: gray, carbon; red, oxygen; light blue, nitrogen;
green, chloride; yellow, gold; ocher, sulfur.[50]

Table 1: MEP values (in kcalmol�1) of the AuCl4
� anion and compounds

1 and 2 at the s-holes of Cl and p-holes of Au atoms using different
isovalues (a.u.) for the electron density.

Cmpd[a] Isovalue (%e in the surface)
0.001 (99.0) 0.002 (98.2) 0.004 (96.7) 0.008 (94.2)

AuCl4
� ; s(Cl) �79.6 �79.6 �77.8 �70.2

AuCl4
� ; p(Au) �78.3 �74.6 �67.8 �54.8

1; s(Cl) �30.5 �29.7 �26.3 �15.7
1; p(Au) �25.1 �20.5 �12.6 + 2.0
2 ; s(Cl) �27.0 �24.8 �19.4 �10.0
2 ; p(Au) �20.1 �14.4 �6.0 + 9.1

[a] p and s stand for p-hole and s-hole, respectively.

Figure 2. MEP surfaces of the AuCl4
� unit and 2 using 0.001 a.u. (a

and c) and 0.008 a.u. (b and d) isovalues at the PBE0-D3/def2-TZVP
level of theory. The values are given in kcal mol�1 at some points of the
surface.
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and below the Au atom (p-holes, the terms s/p-hole are used
also for regions with negative potential[20, 23, 30]). The MEP
values are similar at both types of holes (�79.6 and
�78.3 kcalmol�1 for s and p-holes, respectively). The MEP
surface analysis of the salt (2) shows that the value of the
potential at the p-hole of the Au center, while remaining
negative, is reduced to �20.1 kcalmol�1. At this point, it is
interesting to comment on the influence of the isovalue used
to construct the MEP surface on the energy values at the s,p-
holes. Based on Bader�s recommendation,[35] the surface
generated using the 0.001 a.u. isovalue (embraces 99% of the
electron density) is the best estimate of the van der Waals
surface. Examination of the interactions discussed above
reveals that the Au···O/Cl distances are shorter than the sum
of the corresponding van der Waals radii (Nc< 1). Therefore,
to better rationalize the solid-state behavior of these com-
pounds it might be beneficial to investigate the effect of
increased isovalues (i.e. reduce the volume of the surface).
The results are given in Table 1 and Figure 2, and it can be
observed that the MEP values at both the s and p-holes
progressively become more positive as the isovalue increases
(volume decreases). The effect on the p-hole is more
significant than that on the s-hole. Interestingly, for the
0.008 a.u. isovalue, where the size of the surface is reduced by
approximately 5%, the MEP value at the p-hole becomes
positive, whilst that at the s-hole remains negative. Since the
experimental Au···Cl distances in 1 and 2 are up to 15%
shorter than the sum of the van der Waals radii, it is
reasonable to anticipate the electrophilic role of the Au
centers in the Au···Cl contacts observed in the solid state of
both compounds. Further analysis of the importance of
electrostatic effects is given in the Supporting Information
(Section S4.2, Figures S5 and S6), where the results from the
energy decomposition analyses of the anion···anion and
cation···anion dimers are described.

For both complexes, the Au···O/Cl contacts were further
characterized by using the quantum theory of “atoms-in-
molecules” (QTAIM) and the noncovalent interaction index
(NCIplot). Analyses of ternary assemblies retrieved from the
X-ray structures are given in Figure 3, including their
formation energies. The QTAIM analysis confirms the
existence of the Au···O/Cl contacts, each one characterized
by a bond critical point (CP) and a bond path connecting the
Au atom to the Cl or O atom. The analysis also reveals the
existence of several C�H···Cl contacts showing bond CPs and
bond paths connecting the C�H bonds to the Cl atoms (see
Figure 3). The presence of Au···O/Cl and C�H···Cl interac-
tions is also confirmed by the NCIplot analysis, which reveals
the existence of green or bluish isosurfaces (meaning
attractive interactions) located between the interacting
atoms. The electron density values (1) at the bond CPs
(indicated in italics in Figure 3) suggest that the p-hole
interactions are stronger in 1, in line with their shorter
distances (smaller Nc values, Figure 1). In contrast, the
formation energy for the trimeric assembly of 2 (DE2 =

�61.3 kcalmol�1) is larger than that of 1 (DE1 =�50.9 kcal
mol�1), likely due to the contribution of the HBs, which are
more numerous in 2. The interaction energies of the two
dimers that constitute the trimers are also indicated in

Figure 3, and show that the ion-pair interaction is stronger
in 2 (more C�H···Cl contacts), whilst the repulsive anion···an-
ion interactions are very similar (ca. + 47 kcal mol�1). This
positive value is significantly smaller than the electrostatic
repulsion of two point charges of the same sign located at the
center of masses of both molecules (60.0 and 58.6 kcalmol�1

for 1 and 2, respectively).
We have also studied if orbital contributions are impor-

tant in the p-hole Au···O/Cl interactions described above. For
this purpose, a natural bond orbital (NBO) second-order
perturbation analysis has been carried out, since it is
convenient for analysing donor–acceptor interactions.[36]

Remarkably, the calculations reveal significant orbital con-
tributions in both complexes (Figure 3). These contributions
come from electron donations from one lone pair (LP) of
electrons on the chlorine or oxygen atoms to the empty 6pz

atomic orbital of Au. The second-order stabilization energies
E(2) associated with the orbital donor–acceptor interactions
are also indicated in Figure 3. The LP(Cl)!6pz(Au) donation
is stronger than the LP(O)!6pz(Au) donation in both
complexes, consistent with the Nc values of the corresponding

Figure 3. QTAIM distribution of the critical points of the intermolecu-
lar bond and ring (red and yellow spheres, respectively) and bond
paths for the trimeric assemblies of compounds 1 (a) and 2 (b). The
density at the bond CPs that characterize the CiBs are given in italics
(a.u.) The superimposed NCIplot isosurface (RDG isovalue= 0.4 a.u.)
is shown. The cut-off 1 = 0.04 a.u. has been used. Color range:
�0.02 a.u.� (signl2)1�0.02. Level of theory: PBE0-D3/def2-TZVP.
The second-order perturbation energies E(2) along with the donor and
acceptor orbitals obtained from the NBO analysis are indicated.
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interactions in the crystals (the plots of the donor–acceptor
NBOs are given in Figure S7). Moreover, the NBO analysis
confirms that both CiBs are stronger in 1 than in 2, in
agreement with the QTAIM results and geometric features of
the interactions. Finally, the NBO analysis confirms the p-
hole nature of the interaction, where the Au atom acts as an
acceptor and the Cl/O atoms act as donors of electron density.

A similar analysis was then performed for the ChB
observed in crystalline propiothetin derivative 1 (Figure S8).
The NBO analysis confirms a minor LP(Cl)!s*(S-C) orbital
contribution, representative of a weak ChB. The second-order
stabilization energies E(2) associated with this interaction are
0.7 kcalmol�1, in line with the long distance between the two
atoms.

The Au···nucleophile contacts observed in 1 and 2 are the
shortest in the reported crystals. In 1, the second shortest
interaction is a C�H···O HB having an Nc of 0.88 (the mean
Nc of all HBs is 0.93). A similar situation is shown in 2 (the Nc
of the shortest HB is 0.92, whereas the mean Nc of all HBs is
0.95). Clearly, the CiBs formed by AuCl4

� anions are
structural determinants of the crystal packing of 1 and 2,
and the Cambridge Structural Database (CSD) suggests that
this behavior may be quite general in crystals. A CSD analysis
reveals that short and orthogonal Au···nucleophile contacts
are present in nearly one third of the structures containing the
AuCl4

� anion (Tables S13 and S14). In most cases, the
nucleophile is a chlorine atom of an adjacent AuCl4

�

unit,[31–33] but it can also be a Cl� anion[37] or a neutral atom
that possesses a lone pair of electrons (e.g. the oxygen atom of
an S-oxide,[38] N-oxide,[39] nitro,[40] or ether[41] group). Similar
short and orthogonal Au···nucleophile contacts are formed in
the solid state by anions of other AuIII salts, for example,
AuBr4

�[42] and Au(CN)4
�[43] (Tables S15 and S16).

In conclusion, experimental evidence is given that the
gold atom of AuCl4

� anions form short contacts with both
neutral and anionic nucleophiles in the solid state. Compu-
tations show that these interactions are attractive, and their
orthogonal directionality is consistent with p-hole CiBs.[15]

Anion···anion interactions enabled by hydrogen bonds,[44]

halogen bonds,[45] or involving perhalometallate anions of
Groups 2,[46] 3,[24] and 12[20,23] elements have been rationalized
by anisotropic distribution of the electron density in the
anions. Interestingly, the same theoretical approach was used
to analyze the effects overcoming anion–anion Coulomb
repulsions and allowing the formation of stable adducts
PnCl4

�···CN� (Pn = P, As, Sb), wherein the PnCl4
� anion

adopts a square-planar geometry similar to that of AuCl4
� .[47]

The experimental and theoretical results reported here prove
that anion···anion interactions involving AuCl4

� are reliable
and robust supramolecular synthons that consistently control
the interactions in crystalline structures. The use of these
interactions in the design and control of structural features of
materials may allow a fine-tuning of their functional proper-
ties, for example, in perovskites for solar cells[42] or ambient
pressure superconductors[39] that contain AuCl4

� anions.
Analogous interactions occurring in solution may account
for the Lewis acid catalytic activity of the tetrachloroaurate
anion.[48] The p-hole CiBs reported here (involving gold(III)
derivatives) are a valuable extension of the applicative

potential of gold interactions, which are currently dominated
by aurophilic bonds (involving gold(I) derivatives).[49]
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[20] R. Wysokiński, W. Zierkiewicz, M. Michalczyk, S. Scheiner,

ChemPhysChem 2021, 22, 818 – 821.
[21] T. Maxson, A. S. Jalilov, M. Zeller, S. V. Rosokha, Angew. Chem.

Int. Ed. 2020, 59, 17197 – 17201; Angew. Chem. 2020, 132, 17350 –
17354.

[22] D. A. Cullen, M. G. Gardiner, N. G. White, Chem. Commun.
2019, 55, 12020 – 12023.
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