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Herein we report the synthesis and X-ray characterization of a
gold(in) complex of 1-hexylcytosine via N(3). The AuClzN complexes
stack on top of each other by reciprocal [Au- - -Cl] regium bonding
interactions. After the first example 35 years ago, this is the second
available structure of a cytosine nucleobase model complexed to
gold(m).

One area of continuous interest is the interaction of nucleobases
with transition metals due to their applications in the design of
nanomaterials, MOFs and pharmacological principles."” In
particular, gold(i) complexes are drawing substantial attention
due to their possible utilization in medicinal chemistry as
antiparasitic, antibacterial, antiviral and antitumor agents.*"
The most representative types of bioactive gold (1) compounds are
dithiocarbamates.” N-heterocycles,"® porphyrinato complexes™*
and dinuclear oxo-complexes."

Pure gold(m)-derivatives are difficult to obtain due to the fact
that Au(m) ion has high reduction potential. Several strategies
have been used in the literature to synthesize physiologically
stable® gold(m) complexes, which are mostly related to the
selection of the appropriate ligand to decrease the strong
propensity of the Au(m) ion to be reduced to Au(1)/Au(0). This
is the reason behind the scarce number of Au(um) nucleobase
complexes available in the literature. As a matter of fact, Lippert
and Freisinger'® have demonstrated the oxidation of guanine
ring when it is bound to Au(m), in line with other studies that
evidenced the degradation of Au(m)-(ethylendiamine)-(guano-
sine 5’-monophosphate) complexes."” Additional problems to
obtain stable gold(m) complexes arise from their sensitivity to
light.'®
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It should be emphasized that only twelve X-ray structures
between purine or pyrimidine(-like) bases and gold(m) have
been described so far (see Fig. S1, ESIT). Among them, the more
relevant are: (i) Au(m)-(1,9-dimethylguanine)'® where gold is
coordinated through N(7); (ii) Au(m) bonded to the C(5) atom of
1,3-dimethyluracilato™® and (iii) Au(m) coordinated to N(3) of a
1-methylcytosine.>® Moreover, a pair of bases linked by gold
(cytidine-Au-guanine) has been also described;>" however the
resolution was too low and, consequently, neither the oxidation
state of gold, nor the coordination points of the metal were
resolved. Curiously, only one cytosine derivative complexed to
gold(u) is known, which was reported 35 years ago by Wong’s
group.”® Thus, we present herein the synthesis and X-ray
characterization of the second structure of gold(m) complexed
to a cytosine nucleobase model (N'-hexylcytosine) (compound 1
see Scheme 1) thus extending the short list of X-ray structurally
characterized examples of gold(m)-cytosine model complexes.
Moreover, we describe and analyse the Au---Cl noncovalent
contacts observed in the solid state of compound 1 that can be
classified as n-hole® regium bonds™ as further discussed below.

Compound 1 was synthesized in 49% yield by mixing an
equimolar amount of Na[AuCl,]-2H,0 (in water) and N'-hexyl-
cytosine (in dioxane) for one day in the absence of light (see
ESIt for details). The X-ray structure of compound 1 along with the
numbering scheme is shown in Fig. 1. The compound crystallizes in
the monoclinic P21/c space group and the AuCl; entity is coordi-
nated to the N(3) nitrogen atom of cytosine ring. The geometry of
the Au(w) ion is essentially square-planar and the coordination
plane forms an angle of 74.35° with the cytosine ring.

In the solid state compound 1 forms 2D layers (see Fig. 2,
top) where molecules self-assemble via N-H---Cl and Au- - -Cl
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Scheme 1 Gold(i) complex 1 with numbering of cytosine ring.
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Fig. 1 Ball & stick representation of the X-ray structure of compound 1
along with the atom numbering scheme of non-hydrogen atoms.

contacts to form dimers that further interact to each other by
hydrophobic C-H- - -H-C interactions (highlighted in light green)
involving the hexyl chains. The hydrogen bonding interactions
can be considered as moderate from a geometric point of view,
as they are characterized by H---Cl distances of 2.661 A and
N-H- - -Cl angles of 153.22° (see Fig. S3 for details, ESIt). More
interesting are the Au---Cl distances of 3.545(3) A and the
accompanying Au-Cl- - -Au angles of 88.17° (see Fig. 2, bottom).
The intermolecular distance is significantly longer than the sum
of Au and CI covalent radii (i.e. 2.38 A) and slightly longer than
the sum of van der Waals radii (3.41 A) if Bondi’s value (1.66 A) is
used for gold.>* However, in 2001 Batsanov>> demonstrated that
this value is underestimated and suggested a better radius of
1.86 A for gold. Earlier investigations proposed even larger values
for gold’s radius (R,aw > 2 A).2° Therefore, if the Batsanov’s value
is used the Au---Cl contact in compound 1 becomes slightly
shorter than 3" R.aw (3.61 A).

We have theoretically analysed the Au- - -Cl interaction in 1.
In this context, a recent investigation®” introduced the concept
“regium bond” to describe the noncovalent interaction between
a noble metal acting as a Lewis acid and any electron rich
moiety, which was contextualized as example of c-hole bonding.
In analogy to o-hole (a region of electropositive potential located
on the extension of a 6-bond), a n-hole is defined as a region of
electropositive potential located in the direction perpendicular
to a o-framework of the molecular entity. To verify the existence
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Fig. 2 Partial view of the crystal packing of compound 1 with indication of
the regium bonds. Distance in A.
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Fig. 3 MEP surfaces (0.001 a.u.) of complex 1 at the PBEO-D3/def2-TZVP
level of theory, using two different “on-top” orientations (a and b). The
energies at selected points are given in kcal mol™.

kcal/mol

of a m-hole in a gold(ur) AuC;N fragment, we have computed the
molecular electrostatic potential (MEP) surface, which is shown
in Fig. 3. The MEP surface clearly evidences the existence
of a region of positive potential above and below the Au atom
(+11 kecal mol ™). The maximum MEP value is located on the
NH, H-atoms (+25 kcal mol™'). The most negative MEP is
located at the AuCL;N plane between two chlorido ligands
(—41 keal mol ™). It is interesting to note that the MEP value
at the belts of the Cl atoms are negative thus suitable to
participate in regium bonding interaction as m-hole acceptors
(Lewis base).

We have examined and characterized the self-assembled
dimer retrieved from the solid state of 1 (see Fig. 2, bottom)
by using DFT (PBE0-D3/def2-TZVP) calculations (see ESIt for
details). Fig. 4 shows that in addition to the formation of the
regium bonds, two symmetrically equivalent H-bonds are also
established between the exocyclic amino group and the chlorido
ligand (red dashed lines, H-bond distance 2.66 A). The dimerization
energy is large and negative (AE; = —21.6 kcal mol ') due to the
formation of two H-bonds and two regium bonding interactions
simultaneously. In an effort to roughly estimate the contribution of
the regium bonds, we have used a theoretical model where the
amino groups have been replaced by H-atoms (see small red arrows
in Fig. 4b). Consequently, the H-bonds cannot be formed and the
interaction energy is reduced to AE, = —15.9 kcal mol " (around
—8 keal mol ™! each regium bond). Therefore, the contribution
of the regium bonds is more important than that of H-bonds,
thus emphasizing the importance of the Au. - -Cl contacts in the
dimerization process. Interestingly, a dimer where the one
regium bond is ‘broken’ by forcing one Au-Cl- - -Au angle near
180° was computed to give —6.2 kcal mol ™" stabilization energy
(see Fig. S2, ESIt). This is less than half of AE,, which can be
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Fig. 4 Energetic features at the PBEO-D3/def2-TZVP level of theory of
the self-assembled dimer of 1 (a) and a theoretical dimer where the
exocyclic amino groups have been replaced by H-atoms (b).
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understood by the lower electron density at the extension of an
Au-Cl vector (see also Fig. 3) and/or by a synergy of the
reciprocal interactions as both monomers act simultaneously
as electron donor (Cl) and acceptor (Au).

To further evidence the existence of the regium bonds, we
have used two additional computational tools. Bader’s quantum
theory of “atoms in molecules” (QTAIM)*® and the noncovalent
interaction plot (NCIPlot) index.>® The existence of a bond
critical point (CP) and a bond path connecting to atoms derived
from the QTAIM theory is an unambiguous evidence of an
interaction.?® The NCIPLOT is a computational index that is
convenient for the easy visualization and identification of NCIs.
The noncovalent contacts are identified with the peaks that
emerge in the reduced density gradient (RDG) at low densities.*
These are plotted by mapping an isosurface of s (s = |Vp|/p*?)
for a low value of RDG. When a supramolecular dimer is
formed, the RDG changes at the CPs in between the monomers
due to the annihilation of the density gradient at these CPs.
Therefore, this index visualizes the extent to which NCIs stabilize a
supramolecular assembly qualitatively and reveals which molecular
regions interact. The color code is red-yellow-green-blue where the
red and yellow colors are used for strong and weak repulsive (0 ),
respectively and the blue and green colors for strong and weak
attractive (pey ) forces, respectively. The distribution of bond CPs
and bond paths is given in Fig. 5a.

The presence of two symmetrically equivalent bond CPs and
bond paths inter-connecting the Cl and Au atoms can clearly be
observed, thus confirming the existence of the interaction.
Moreover, the distribution also reveals the existence of the
two symmetrically equivalent H-bonds that are characterized
by a bond CP and bond path connecting the H-atom to the
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Fig. 5 (a) AIM distribution of bond and ring CPS (red and yellow spheres) and
bond paths of the dimer of compound 1. The values of charge density (p),
potential energy density (V) and Lagrangian kinetic energy density (G) are
given in a.u. (b) NCIPlot of the dimer of compound 1. The parameters
used to build the surface are: gradient cut-off = 0.35 a.u. and color scale
—-0.04 < p < 0.04 a.u.

3526 | Chem. Commun., 2020, 56, 3524-3527

View Article Online

Communication

chlorido ligand. The values of density, potential energy density
and Lagrangian kinetic energy density [p(r), V(r) and K(r) in a.u.,
respectively] at the CPs are also indicated in Fig. 5a, which are
comparable for both interactions and they are in the typical
range of noncovalent forces.”® The V(r) is greater in absolute
value for the regium bond than the H-bond, which agrees with
the fact that the regium bond is stronger than the H-bond. The
NCIPlot is represented in Fig. 5b and provides a further
evidence of the attractive nature of the Au---Cl regium bond.
The isosurfaces that characterize the regium bonds are bigger
and also embraces the Au-Cl covalent bonds, resembling anti-
parallel CO---CO dipole- - -dipole interactions. The additional
complementarity between the Au-Cl bonds may explain the
stronger nature of the regium bonds compared to H-bonds.

We have also studied if orbital contributions are important
in the n-hole regium bonding interactions described above. For
this purpose, we have carried out natural bond orbital (NBO)
calculations focusing on the second order perturbation analysis
that is adequate to analyse donor-acceptor interactions.*?
Remarkably this analysis reveals a significant orbital contribution
that comes from an electron donation (LP — p) from the one
lone pair (LP) at the chlorine atom to an empty LP orbital of Au
(basically constituted by the 6p, atomic orbital), with a con-
comitant stabilization energy of 10.1 kcal mol . This result
confirms the n-hole nature of the interaction.

Finally, we have analysed the Cambridge Structure Database
to investigate if these type of regium bonds in tetra coordinated
gold complexes are common and potentially important in
crystal engineering (see ESIt for details). Shown in the left-
hand side of Fig. 6 is the heat plot of d’ versus o for a query
where Y is an electron rich atom (EIR) and the (intermolecular)
cut-off distance d is the sum of the Bondi van der Waals radii**
of Au and EIR + 2 A.

Most of these data are above the Bondi and Batsanov van der
Waals benchmark, although a small grouping of data is notice-
able around @’ =0 A and « = 80°. This feature is more pronounced
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Fig. 6 Heat plots of van der Waals corrected intermolecular Au---Y
distances (d’, derived from d and the Bondi van der Waals radii of Au and
Y)?* versus angle « or f§ (the shortest was used). Left: Y = any electron rich
atom (N, P, As, O, S, Se, Te, F, Cl, Br, I, At) within 2.781 CIFs. Right: Y = any
halogen (‘Hlg’; F, Cl, Br, I, At) within 523 CIFs. X = any atom and both
queries (illustrated in the inset figures) involved data with Au- - -Y distances
d’ < 2 A Color scales increase from blue to red and are up to 2.5% (left) or
3.5% (right). The red line indicates van der Waals overlap using Batsanov's
van der Waals radius for Au (1.86 A)°
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for data involving [AuX,] - -Hlg (Fig. S1, Hlg = any halogen atom,
ESIt¥) and most pronounced in data with [AuHIg;N] - -EIR
(Fig. S2, where Hlg = Cl in 93% of cases, ESIT). The heat plot of
a search involving X;Au-Hlg dimers is shown in the right-hand
side of Fig. 6. About 31% of these data is grouped around 5 = 90°
with @’ < 0.5 A. Interestingly, nearly all of these data display van
der Waals overlap using Batsanov’s van der Waals radius for Au
(1.86 A). Moreover, the grouping at f# = 90° corresponds well with
the observed Au-Cl- - -Au angles of 88.17° in the crystal structure
of 1. Both plots in Fig. 6 thus reveal the geometric preference
that shorter intermolecular Au- - -Y distances (d’) correlate with
X-Au- - Y angles nearer 90°.

In conclusion, herein we have reported the synthesis and
X-ray characterization of the second known cytosine-derived
gold(ur) complex (1). Structure 1 exhibits previously overlooked
Au- - -Cl regium bonding interactions, as verified by various DFT
calculations. The LP — p nature of the interaction confirms
that it can be classified as a m-hole regium bond. To our
knowledge this is the first report on regium bonding involving
gold(m). Finally, the results from the CSD search confirm that
this type of bonds are common in X-ray structures and have
remained basically unnoticed likely due to the underestimated
van der Waals radius value that is tabulated for gold.
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