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Hydrogen Bonding, π-Stacking, and Aurophilic Interactions
in Two Dicyanoaurate(I)-Based Manganese(II) Complexes
with Auxiliary Bis-Pyridine Ligands
Alessia Giordana,[a] Rosa M. Gomila,[b] Roberto Rabezzana,[a] Enzo Laurenti,[a]

Emanuele Priola,*[a] Bagher Eftekhari-Sis,[c] Ghodrat Mahmoudi,*[c, d] and Antonio Frontera*[b]

The relevance of hydrogen-bonding, π-π stacking and auro-
philic interactions in the solid-state of two new heterobimetallic
(AuI� MnII) complexes is analyzed in this manuscript. They are
discrete complexes of formulae [Mn(bipy)2(H2O){Au(CN)2}][Au-
(CN)2] and [Mn(dmbipy)2{Au(CN)2}] ·H2O, (bipy=2,2’-bipyridine
and dmbipy=5,5’-dimethyl-2,2’-bipyridine), which are based on
dicyanidoaurate(I) groups and 2,2’-bipyridyl-like co-ligands.
They have been synthesized in good yields and X-ray charac-
terized. In both compounds, aurophilic, OH···N hydrogen
bonding and π-π interactions governed the supramolecular
assemblies in the solid state. These contacts with special

emphasis on the aurophilic interactions have been studied
using density functional theory calculations and characterized
using the quantum theory of atoms-in-molecules and the
noncovalent interaction plot. The aurophilic contacts have been
also rationalized from an orbital point of view using the natural
bond orbital methodology, evidencing stabilization energies up
to 5.7 kcal/mol. Moreover, the interaction energies have been
decomposed using the Kitaura-Morokuma energy decomposi-
tion analysis, confirming the importance of electrostatic and
orbital effects.

Introduction

The study and rationalization of supramolecular architectures is
an area of great interest.[1] The inspection of X-ray structures
and their packing usually reveals fascinating assemblies, which
in many cases are inspiration in crystal engineering, to design

solid that could find applications in different fields, as host-
guest chemistry and catalysis. The hydrogen bonding inter-
action is the dominant force in this field,[2] though other forces
like π-stacking[3] and σ-hole interactions[4] are also becoming
prominent players in crystal engineering and supramolecular
chemistry.

Closed-shell intermolecular interactions between gold(I)
ions, namely aurophilic interactions, are also very relevant in
inorganic crystal engineering and they are able to control the
supramolecular dimensionality in inorganic solids.[5] In fact, the
chemistry of Au(I) is replete of systems where Au···Au
interactions have been described and their role in generating
supramolecular assemblies highlighted.[6] It has been also
demonstrated that this type of interaction can be equivalent in
strength to a moderately strong hydrogen bond (~8 kcal/
mol).[6,7] The linear dicyanidoaurate anion [Au(CN)2]

� is an
interesting building block since it presents a dual behaviour.
That is, it can act as a bridging ligand connecting transition
metal atoms[8] for the construction of multidimensional frame-
works and it can be involved in self-association through
aurophilic interactions.[9] Several studies have shown that [Au-
(CN)2]

� and their complexes can aggregate in the solid state
and in solution.[10] Interestingly, it has been demonstrated that
the aggregation of [Au(CN)2]

� anion causes variations in the
luminescence and such phenomenon has been used for
monitoring biological processes.[11] Moreover, the [Au(CN)2]

�

anion combined with other transition metal ions and auxiliary
ligands have been used in inorganic-organic crystal engineer-
ing, constructing new supramolecular assemblies with interest-
ing luminescence properties. The analysis of optical properties
is not the purpose of the present work that is more focused on
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the analysis of the noncovalent interactions, as detailed in the
following sections.[12,13]

Here, we report the synthesis, spectroscopic and X-ray
characterization of two new heterobimetalic (AuI� MnII) com-
plexes using 2,2’-bipyridine (bipy) and 5,5’-dimethyl-2,2’-bipyr-
idine (dmbipy) as auxiliary co-ligands, namely, [Mn(bipy)2(H2O)-
{Au(CN)2}][Au(CN)2] (1) and [Mn(dmbipy)2{Au(CN)2}] ·H2O (2). The
assemblies, constructed by cooperative hydrogen bonding, π-π
stacking and aurophilic interactions, have been described and
studied using DFT calculations, molecular electrostatic potential
(MEP) surface analysis and two methods based on the topology
of the electron density, QTAIM[14] and NCIplot.[15] Moreover, the
donor-acceptor orbitals involved in the aurophilic interaction
are analyzed using the natural bond orbital (NBO)
methodology[16] and the Kitaura-Morokuma[17] energy decom-
position analysis. These methods have been used (and
criticized) before to analyse aurophilic interactions.[5–8,18]

Results and Discussion

As shown in Scheme 1, compounds 1 and 2 are discrete
heterometallic complexes. As commented above, the [Au(CN)2]

�

anion usually acts as bridging ligand where both ends of the
linear anion are coordinated to metal centers promoting in
many cases the generation of coordination polymers instead of
discrete complexes. We have initially searched the CSD and
found only 18 structures in the data base including MnII� AuI

heterometalic complexes involving the [Au(CN)2]
� anion. Agree-

ably, 12 out of 18 are polymeric and the monomeric unit
propagates due to the bidentate nature of the dicyanoaurate.
Only 6 structures are discrete complexes like those reported
herein, thus emphasizing the lack of the type of complexes
reported in this manuscript.

Description of the structures

The X-ray diffraction study of complex 1 shows that the
compound crystallizes in monoclinic space group P21/c. Figure 1
depicts the asymmetric unit consisting of a [Mn(bipy)2(H2O){Au-
(CN)2}] complex cation and a cyanoaurate species that guaran-
tees the electroneutrality of the compound. A selection of bond
lengths and angles is reported in Table 1. The manganese(II)
atom exhibits a distorted octahedral coordination sphere built
by the chelating bipy ligands, a cyano group from a
cyanoaurate anion, and an aquo ligand. The Mn� N(bipy) bond
lengths vary from 2.237(4) to 2.287(4)Å, while the

Mn� N4(cyano) bond is slightly shorter (2.199(5)Å), and the
Mn� OH2 is even shorter, of 2.140(3) Å. The bipy mean planes
form a dihedral angle of 81.9°. The Au� C bond lengths are
similar, comparable within their estimated standard deviations.

The crystal packing analysis evidenced the formation of zig-
zag polymeric chains realized by unsupported aurophilic
Au1···Au2 interactions (with alternating distances of 3.2603(3)
and 3.7009(3)Å, Figure 2). Moreover, the coordinated water
molecules expand the dimensionality to a layered 2D network
by means of H-bonds with the cyano nitrogen atoms N2 and
N4 of symmetry related complexes, with O···N distance of 2.76Å.
All H-bond parameters are reported in Table S1. Moreover, π···π
interactions are present among the py rings of nearby cation
complexes forming self-assembled dimeric structure (Table S2).

Complex 2 crystallizes in monoclinic space group I2/a and
the asymmetric unit comprises a discrete [Mn(dmbipy)2{Au-
(CN)2}2] complex and a water molecule located on a center of
symmetry. An Ortep drawing of the crystallographic asymmetric
unit is reported in Figure 3, and a selection of bond lengths and
angles are collected in Table 1. Here both cyanoaurate anions
are coordinated to the manganese atom, while the waterScheme 1. Compounds 1 (left) and 2 (right) synthesized in this work.

Figure 1. ORTEP drawing (ellipsoids at 40% probability) of the asymmetric
unit of complex 1.

Table 1. Selected coordination bond lengths (Å) and angles (°) for
compounds 1 and 2.

Labels 1 2

Au1� C1 1.970(6) 1.93(2)
Au1� C2 1.970(6) 1.97(3)
Au2� C3 1.985(6) 1.93(2)
Au2� C4 1.970(7) 1.98(2)
Mn� O1 2.142(3) –
Mn� N3 – 2.208(15)
Mn� N1 2.198(5) 2.196(19)
Mn� N5 2.237(4) 2.239(13)
Mn� N6 2.247(3) 2.201(14)
Mn� N7 2.272(4) 2.245(14)
Mn� N8 2.287(4) 2.276(15)
N5� Mn� N6 72.61(13) 73.4(5)
N7� Mn� N8 72.20(14) 71.5(6)
N5� Mn� O1 163.54(13) –
N5� Mn� N3 – 166.8(5)
N6� Mn� N7 161.44(15) 166.8(5)
N1� Mn� N8 164.03(14) 161.3(6)
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molecule is present as a lattice species. Replacement of the
bipy ligand with the correspondent dimethyl derivative leads to
a complex isomeric to 1. The coordination bond lengths and
angles, although at lower accuracy, agree with those found in
complex 1.

It is worth noting the peculiar packing: complexes inter-
digitate in pair referred by a 2-fold crystal axis (as displayed in

Figure 4). This adduct is held together by unsupported
aurophilic interactions, with comparable Au1···Au1’ and Au1
···Au2’ distances of 3.3709(17) and 3.3988(10)Å respectively, and
the four [Au(CN)2]

� anions exhibit a staggered arrangement (see
Scheme 2) with angles at Au1 of 123.75(3)°. The crystal packing
evidences the formation of polymeric chains (Figure 5) develop-
ing along axis a where the dimeric adducts are connected by
the lattice water molecules through H-bonds with cyano N2 of
symmetry related complexes (O1···N2 of 2.88(3)Å). A 2D
polymeric structure is constructed by π···π interactions between
py rings, as shown in Figure 5.

Spectroscopic characterization

The vibrational features of compounds 1 and 2 have been
investigated by IR spectroscopy and relative spectra are
depicted in Figure S1. Spectra present signals related to
aromatic ligand modes in the fingerprint range (1650–
700 cm� 1), to cyanide modes around 2100 cm� 1 and to OH
stretching in spectral range 3600–3200 cm� 1. The formation of
the complexes can be confirmed by comparison of spectrum of
ligands with the spectra of the complexes. Generally, it can be
observed a shift at higher wavenumbers in the fingerprint
range, and in particular the shift of the breathing modes of
pyridine rings[19] is due to the major rigidity induced by metal
coordination.[20] At high wavenumbers it is present for both
complexes a broad band attributable to water molecule
interacting through H bonding. It can be observed a more

Figure 2. Top: polymeric structure of complex 1 built by aurophilic
interactions (dotted orange lines) and H-bonds (blue dotted lines). Distances
in Å. Bottom: the 2D polymeric structure of complex 1 built by the lattice
water molecules through OH···N hydrogen bonds (blue dotted lines) and
Au···Au interactions (orange dotted lines). The bipy ligands not shown for
sake of clarity.

Figure 3. ORTEP drawing (ellipsoids at 30% probability) of the asymmetric
unit of complex 2.

Figure 4. Molecular structure of the dimeric [Mn(dmbipy)2{Au(CN)2}2]2 adduct
of complex 2. Primed atoms at � x+1/2, y, � z+1. Lattice water molecule
and H atoms not shown for clarity.

Scheme 2. Possible geometrical arrangement of aurophilic interactions in
Au(CN)2

� anion dimers.
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structured band for complex 1, probably related to coordination
of water to Mn(II) atom. Cyanide groups originate intense and
well-defined signals. For complex 1 the strong peak at
2141 cm� 1 is attributable to the non-coordinated Au(CN) units,
while the signal of bridging cyanide shift at higher wavenumber
(2160 cm� 1) due to coordination.[21] Bridging cyanide groups are
very sensible to the environments and it has been reported a
correlation between the number of ν(CN) bands and the
number of inequivalent cyanide groups in the structure.[22] In
fact in complex 2 two signals are present and attributable to
linear and bend bridging cyanide groups (at 2174 and
2168 cm� 1).

The intense signals of cyanide modes are recognizable in
ATR spectra of very concentrated methanolic solution of
complexes. It is possible to observe a sligh shift and broadening
of signals for complexes 1 and 2 (in Figure S2), suggesting that
the structural unit observed in the solid state, is present also in
solution. EPR data indicate that in ethanolic solution Mn(II)
atom has an octahedral coordination sphere. (in Figure S3)
These experimental results suggest that non-covalent interac-
tions observed in the solid state, especially aurophilic inter-
actions, are present also in solution, as supported by a previous
study on Zn� Au nucleation units.[23] To confirm this hypothesis,
ethanolic solutions of both complexes were investigated by
electrospray ionization mass spectrometry (ESI-MS). Full scan
spectra are reported for complexes 1 and 2 in Figure S4 and S5,
respectively.

In Figure S4, the most abundant peaks are assigned to
interactions of the free bipy ligand with cations typically
present in the ESI environment, namely: [bipy+H]+ (m/z=157),
[bipy+Na]+ (m/z=179), ans [bipy+K]+ (m/z=195). The molec-
ular ion of complex 1 is absent; however, a peak at m/z=479 is
clearly detectable, and is assigned to the [Mn(H2O)(bipy)(Au-
(CN)2)H]+ ion. This ion is likely yielded by loss of a single bipy
molecule from the molecular ion and shows that water is
indeed directly coordinated to the Mn metal center.

The full scan spectrum of complex 2 indicates that the
molecular ion loses a dicyanoaurate ligand to form the
[Mn(dmbipy)2(Au(CN)2)]

+ ion (m/z=672). Consecutive losses of
both dmbipy ligands give rise to the [Mn(dmbipy)(Au(CN)2)]

+

ion (m/z=488) and to [Mn(Au(CN)2)]
+ (m/z=304). The peak at

m/z=488 is barely detectable in the full scan spectrum, but
MS/MS experiments (not reported) performed on the [Mn-
(dmbipy)2(Au(CN)2)]

+ ion display an abundant peak at m/z=

488, which confirms this ligand loss. Also for complex 2, the
most abundant peaks are attributable to interactions of the free
ligand with H+ ([dmbipy+H]+, m/z=185), Na+ ([dmbipy+

Na]+, m/z=207; [(dmbipy)2Na]+, m/z=391), and K+ ([dmbipy+

K]+, m/z=223). However, the other signals highlighted for both
full scan mass spectra clearly indicate that both complexes are
stable in solution phase.

Theoretical analysis

First, we have computed the MEP surfaces of both compounds
to investigate the most electron rich and electron poor parts of
the molecules. In case of compound 1, we have used the ion-
pair where the dicyanidoaurate anion is H-bonded to the Mn(II)-
coordinated water molecule in order to use a neutral system.
The MEP surfaces are represented in Figure 6, disclosing that
the MEP minimum in 1 is located at the N-atom of the H-
bonded dicyanidoaurate anion (� 71 kcal/mol) followed by the
N-atom of the coordinated one (� 62 kcal/mol). In compound 2,
the minima are located at the N-atoms of the coordinated
dicyanoaurate anions (� 70 kcal/mol). In 1, the MEP maximum is
located at the H-atom of the coordinated water molecule (+

Figure 5. Top: Supramolecular polymeric structure of complex 2 built by a
lattice water molecule (big red sphere) connecting the dimeric [Mn-
(dmbipy)2{Au(CN)2)2}]2 adduct through OH···N hydrogen bonds. Bottom: 2D
polymeric structure of complex 2 constructed by π···π interactions.

Figure 6. MEP surfaces (isovalue 0.001 a.u.) of compounds 1 (a) and 2 (b).
Values at selected points are indicated in kcal/mol.
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62 kcal/mol) and in 2 at the aromatic H-atoms of the dmbpy
ligand (+49 kcal/mol). The MEP values are also positive over
the centers of the aromatic rings ranging from +13 to
+31 kcal/mol (respectively in 2 and 1). The MEP also reveals the
nucleophilic nature of the Au(I) atoms with MEP values ranging
from � 13 to � 31 kcal/mol.

The selection of the fragments used in the DFT study is
based on the assemblies described in Figures 1, 2, 4 and 5, that
are crucial governing the crystal packing and solid state
architecture of compounds 1 and 2.

Figure 7a shows the combined QTAIM/NCIplot analysis of
the H-bonded assembly of compound 1. Both methods
combined are useful to reveal interactions in real space and to
know their attractive or repulsive nature. The colour used in
these representations for the reduced density gradient (RDG)
isosurfaces depends on the sign of the middle eigenvalue of ρ
(λ2) and the magnitude of ρ. In the NCIPlot representations
shown in this manuscript we have used blue for strong and
attractive interactions and green for weak and attractive
interactions. As shown above in Figure 2 (bottom), the Mn(II)-
coordinated water molecule establishes two H-bonds (HBs), one
with the counterion and another one with the coordinated
dicyanidoaurate ligand, thus generating the 2D polymeric
structure in cooperation with the aurophilic Au(I)···Au(I) inter-
actions. Both contacts are revealed by the QTAIM/NCIplot
analysis, showing a bond critical point (CP, represented as a

small red sphere) and bond path (represented as orange line)
connecting one N-atom of the dicyanidoaurate anion to the H-
atom of water (in Figure 7). Each HB is further characterized by
a dark blue RDG isosurface, that coincides to the location of the
bond CP, thus revealing the strong nature of these H-bonding
interactions. The QTAIM/NCIplot analysis also discloses the
existence of an anion-π interaction between the noncoordi-
nated dicyanidoaurate anion and the π-system of the bipy
ligand, in line with the MEP analysis that showed large and
positive MEP values over the aromatic rings. The anion-π
interaction is characterized by a bond CP and a bond path
connecting the N-atom to one C-atom of the ring, and by a
more extended green isosurface that embraces most of the π-
cloud of one pyridine ring, as typical in π-interactions.

The strength of each HB has been estimated using the value
of the potential energy density at the bond CPs and the formula
proposed by Espinosa et al.[24] This is very convenient method
to estimate the strength of the HBs free from the strong
electrostatic effects due to the ion-pair nature of the interaction.
The energies of the HBs, indicated in red in Figure 7a, are large
and very similar (� 7.3 kcal/mol for the noncoordinated dicyani-
doaurate anion and � 7.6 kcal/mol for the coordinated one)
demonstrating the importance of these contacts in the solid
state organization of compound 1. Figure 7b shows the QTAIM/
NCIplot analysis of the π-stacked self-assembled dimer ex-
tracted from the X-ray packing. The π···π interaction is
characterized by five bond CPs and bond paths interconnecting
the bipy ligands. Moreover, the interaction is further charac-
terized by an extended RDG green isosurface that embraces the
whole ligand, disclosing a strong complementarity. The QTAIM/
NCIplot analysis also reveals the existence of additional CH···CN
contacts between the aromatic H-atoms and the coordinated
dicyanidoaurate ligands. The observation of such contacts
agrees with the MEP surface analysis, since the MEP values at
the aromatic H-atoms are large and positive (51 kcal/mol), as
observed for donor site involved in HBs. As a consequence of
such combination of interactions, the dimerization energy is
very large (ΔE1 = � 16.4 kcal/mol).

The aurophilic interactions observed in compound 1 were
also analyzed using the QTAIM and NCIplot tools and also from
an orbital point of view. In particular, the NBO analysis was
used since it is convenient to analyze orbital donor-acceptor
interactions and to disclose their stabilization energies from the
second order perturbation analysis. We performed the com-
bined QTAIM/NCIPlot analysis of a molecular fragment con-
stituted by the cationic complex [Mn(bipy)2(H2O){Au(CN)2}]

+

interacting with two dicyanoaurate counterions, as shown in
Figure 8a.

The aurophilic interactions are characterized by a bond CP
and bond path interconnecting the Au atoms, thus confirming
the existence of the Au(I)···Au(I) interactions. Moreover, disk-
shaped green-bluish RDG isosurfaces are also located between
the Au-atoms, also supporting the existence and attractive
nature of the aurophilic interactions. One of the cyanoaurate
units is further connected to the cationic part via CH···N, CH···Au
and N···π contacts as disclosed by the distribution of bond CPs
and bond paths. The binding energy of the cation complex

Figure 7. QTAIM/NCIplot analysis of the H-bonded assembly (a) and centro-
symmetric π-stacked dimer (b) of 1. Only intermolecular interactions are
represented. See theoretical methods for the NCIPlot settings. The energies
of the H-bonds (HBs) are indicated in red, close to the bond CPs.
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interacting with two [Au(CN)2]
� is very large (ΔE2 = � 44.5 kcal/

mol) due to the ion-pair nature of the assembly.
The NBO calculation indicate two types of orbital donor-

acceptor interactions. On one hand, the NBO analysis revealed
an electron donation from a lone pair (LP) orbital of Au1
(belonging to the coordinated dicyanidoaurate ligand, located
at the dz

2 orbital) to “lone vacancy” (LV) type orbitals of Au2
(belonging to the non-coordinated dicyanidoaurate anions), as
represented in Figure 8b [LP(Au1)!LV(Au2)]. This empty va-
lence nonbonding orbital (LV) has 20% of s-character and 80%
of d-character. On the other hand, there is also an electron
donation from the LP orbitals of Au2 atoms (located at the dz

2

orbitals) to the antibonding σ*(Au1� C) orbital, as represented in
Figure 8c [LP(Au2)!σ*(Au1� C)]. The concomitant stabilization
energy due to these orbital donor-acceptor interactions is
5.2 kcal/mol, supporting the importance of aurophilic interac-
tions in the solid state of compound 1.

For compound 2, we have also examined the aurophilic
interactions using the combined QTAIM/NCIplot methods and
the NBO analysis. Figure 9a shows the distribution of CPs and
bond paths corresponding to the Au···Au interactions in the
self-assembled dimer described in the previous section (see
Figure 4). The presence of bond CPs, bond paths and green
isosurfaces interconnecting the Au atoms confirm the existence
and attractive nature of the Au(I)···Au(I) contacts. The NBO
analysis evidences two types of dominant donor-acceptor
interactions. That is, an LP orbital belonging to the Au1 atom

donates charge to the σ*(Au1� C) orbital of the other monomer,
and vice versa (see Figure 9b and c). The same type of donor-
acceptor interaction [LP(Au)!σ*(Au� C)] is also observed for the
two Au1···Au2 pairs, as represented in Figure 9b and c. The total
stabilization energy due to aurophilic interactions is 5.7 kcal/
mol, slightly greater than that of compound 1.

The QTAIM parameters measured at the bond CPs that
characterize the Au···Au interactions in compounds 1 and 2 are
gathered in Table 2. The values are typical of weak noncovalent
interactions with ρ <0.02 a.u. and Gr�� Vr. In case of
compound 2, the QTAIM parameters are similar for both
contacts, indicating similar strength. In contrast, the QTAIM
parameters in compound 1 for the Au1···Au2 and A1···Au2’

Figure 8. (a) QTAIM/NCIplot analysis of the aurophilic assembly of 1. Only
intermolecular interactions are represented. See theoretical methods for the
NCIPlot settings. (b,c) Plots of the NBOs involved in the electron charge
transfer and the associated stabilization energy. In the NBO terminology, LV
orbital is an “unfilled valence” orbital located in an atom.

Figure 9. (a) QTAIM/NCIplot analysis of the aurophilic self-assembled dimer
of 2. Only aurophilic interactions are represented. See theoretical methods
for the NCIPlot settings. (b,c) Plots of the NBOs involved in the electron
charge transfer and the concomitant stabilization energy.
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interactions are quite different, in line with the colours of the
NCIplot isosurfaces shown in Figure 8a and confirming that the
Au1···Au2 is stronger. The Laplacian values are positive in all
cases, as common in closed shell interactions.[14]

Finally, to complement the NBO and QTAIM analyses, an
energy decomposition analysis (EDA) study was performed for
the π-stacking (Figure 7b) and aurophilic assemblies (Figure 8a
and 9a) described above. The results are summarized in Table 3,
showing that for the π-stacking the dominant contribution is
the dispersion (Edisp = � 14.5 kcal/mol) followed by the correla-
tion (Ecorr = � 7.3 kcal/mol), as expected in interactions where
aromatic rings are involved. Both the orbital (Eorb) and electro-
static (Eele) terms have similar values ( � 5.4 and � 5.3 kcal/mol,
respectively)

In contrast the aurophilic assemblies present much higher
electrostatic terms (see Table 3) due to the ion-pair nature of
these assemblies. Moreover, the orbital and dispersion contribu-
tions are similar in the aurophilic assemblies, though in the
assembly of compound 2 the values are considerable larger but
compensated by a much larger exchange-repulsion term (Eexch-

rep).

Conclusions

Two new Mn(II)-Au(I) discrete heterometalic complexes based
on linear dicyanidoaurate anion [Au(CN)2]

� ligands/counterions
and 2,2’-bipyridyl like heterocycles (bipy, dmbipy) were synthe-
sized and structurally characterized. Due to the ionic nature of
the structures, the Coulombic attraction is the predominant
driving force of the formed X-ray structures, though the final

assemblies are influenced by other more directional forces, as
shown in this work. The supramolecular assemblies have been
analyzed focusing on the interesting combination of non-
covalent interactions such as hydrogen bonding, π-π, and
Au···Au interactions, since they play a fundamental role
governing the final crystal packing. Both the H-bonds and π-
stacking interactions are energetically relevant in compound 1.
Moreover, the aurophilic interactions have been analyzed in
detail, disclosing their attractive nature by using the NCIplot
method. The NBO analysis discloses relevant donor-acceptor
interactions, where the dominant one is an electron donation
from a LP located at a d-orbital of Au(I) of one dicyanidoaurate
to the empty σ*(Au� C) antibonding orbital of the adjacent
dicyanidoaurate anion and vice versa. The total stabilization
energy is similar in both complexes. It is expected that the
results reported herein will be of interest for the inorganic
crystal engineering and supramolecular chemistry communities
as well as to advance in the understanding of the aurophilic
interactions.

Experimental Section

Synthesis of Complexes 1and 2

[Mn(bipy)2(H2O){Au(CN)2}][Au(CN)2] (1): A mixture of 25.5 mg
(0.104mmol) of manganese(II) acetate tetrahydrate, 17.0 mg
(0.108mmol) of bipy and 30.0 mg (0.104 mmol) of potassium
dicyanoaurate have been added to 10 mL of boiling ethanol, and
the obtained solution left under stirring for 10 min. Large trans-
parent crystals were obtained from slow evaporation after 2 weeks,
and washed with cold water. Yield: 9.3%. Elemental analysis (in %):
calcd. for 1: 32.63 C, 2.05 H, 12.63 N, 1.82 O. Exp: 32.51 C, 2.12 H,
12.72 N, 1.91 O. ATR-FTIR (cm� 1): 2160 m (νCN), 2141 s (νCN),
1595 m, 1575 m, 1563 m, 1475 w, 1440 m, 1410 m, 1245 w, 1155 w,
1014 w, 762 m, 735 w.

[Mn(dmbipy)2{Au(CN)2}2] ·H2O (2): A mixture of 25.5 mg (0.104mmol)
of manganese(II) acetate tetrahydrate, 19.0 mg of dmbipy
(0.103 mmol) and 30.0 mg (0.104 mmol) of potassium dicyanoau-
rate have been added to 10 mL of boiling ethanol, and the
obtained solution left under stirring for 10 min. Large transparent
crystals were obtained from slow evaporation after 2 weeks and
washed with cold water. Yield: 9.71%. Elemental analysis (in %):
calcd. for 2: 36.14 C, 2.71 H, 12.04 N, 0.86 O. Exp: 36.33 C, 2.67 H,
11.15 N, 1.6O. ATR-FTIR (cm� 1): 12174 m (νCN), 2168 m (νCN), 2141
vs (νCN), 1650 vw (br), 1600 w, 1573 m, 1480 m, 1385 m, 1246 w,
1233 w, 1161 w, 1043 m, 835 w, 732 w.

Single-crystal X-ray diffraction. Diffraction data of compounds 1
and 2 were collected at room temperature using an Xcalibur, Ruby,
Gemini ultra-diffractometer with Mo� Kα radiation (λ=0.71073 Å).
Cell refinement, indexing, and scaling of the data sets were
performed using the CrysAlisPro package of programs.[25] An
empirical absorption correction was applied to the data sets.[25] The
structures were solved by direct methods with SHELXS.[26] Non-
hydrogen atoms were refined by full-matrix least-squares on F2 with
anisotropic displacement parameters using the SHELXL 2018/3.[26]

Data of compound 2 were treated with Squeeze[27] to take into
account the void of 1255.2 Å3, 18.1% of the unit cell volume, likely
filled by disordered solvent molecules. The contribution of H-atoms
at calculated positions was included in the final cycles of refine-

Table 2. Values of the charge density (ρ), the Lagrangian kinetic energy
(Gr), the potential energy density (Vr), the total energy density (Hr) and the
Laplacian of the electron density (r2ρ) measured at the bond CPs that
characterize the Au(I)···Au(I) contacts in compounds 1 and 2. All values in
a.u. See Figures 2 and 4 for atom labels.

Labels ρ Gr Vr Hr r2ρ
Compound 1

Au1� Au2 0.0190 0.0125 � 0.0130 � 0.0005 0.0478
Au1� Au2’ 0.0086 0.0051 � 0.0046 0.0006 0.0227

Compound 2

Au1···Au1 0.0154 0.0101 � 0.0100 0.0001 0.0406
Au1···Au2 0.0146 0.0094 � 0.0093 0.0001 0.0381

Table 3. Values of the electrostatic (Eele), exchange repulsion(Eex-rep), orbital
(Eorb), correlation (Ecorr) and dispersion (Edisp) components to the binding
energies of the π-π and aurophilic assemblies of compounds 1 and 2. All
values in kcal/mol.

Labels Eele Eex-rep Eorb Ecorr Edisp

Compound 1

π-π � 5.4 14.2 � 5.3 � 7.3 � 14.5
Au···Au � 23.2 7.7 � 9.2 � 3.2 � 10.0

Compound 2

Au···Au � 33.9 49.3 � 25.3 � 15.3 � 25.4
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ments. Crystal data and details of refinements are reported in
Table S3.

Deposition Numbers 2237545 (1) and 2237546 (2) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Characterizations. Correspondence between the bulk and SC-XRD
structures as well as sample purity were checked by comparison of
experimental and calculated powder XRD (PXRD) pattern (see
Figure S). Powder diffraction data have been collected using
Xcalibur, Ruby, Gemini ultra-diffractometer with Cu� Kα radiation
(λ=1.54184 Å). The elemental analyses (C, H, N and S) were carried
out using a Thermo FlashEA 1112 CHNS-O analyzer. ATR spectra
were obtained with a Bruker Vertex 70 spectrometer, equipped
with the Harrick MVP2 ATR cell. ESI-MS measurements were
performed employing an AB Sciex 3200 Q trap mass spectrometer
in positive mode in the mass range 50–1000 Da. EPR spectra were
recorded with a X-band Bruker-EMX spectrometer equipped with a
cylindrical cavity operating at 100 kHz field modulation (frequency
9.86 GHz; power 10 mW; modulation amplitude 4 Gauss). The ESI-
MS conditions were as follows: ion spray voltage 3500 V; curtain
gas pressure 20 psi; temperature 200 °C; nebulizer gas pressure
20 psi; auxiliary gas pressure 10 psi; declustering potential 20 V;
entrance potential 10 V. Ethanolic solutions of complexes 1 and 2
were prepared at concentrations of 1.0×10� 5 M, and were directly
injected in the ESI ion source at 3.000 μL/min flow. Data analysis
was performed by Analyst software (AB Sciex).

DFT calculations: The energy and EDA calculations were carried out
using the Turbomole 7.7 program[28] and the PBE0[29]-D3[30]/def2-
TZVP[31] level of theory. For gold, the def2-TZVP basis set used in
this work includes effective core potentials (ECP),[32] and relativistic
effects are used for the inner electrons.[31] For Mn(II) high spin
configuration has been used (5 unpaired electrons for each Mn).
The crystallographic coordinates have been used to evaluate the
interactions in the solid state of compounds 1 and 2, since we are
interested to study the interactions as they stand in the solid state.
The dimers and trimers extracted from the solid-state structures
were selected to study the aurophilic interactions. The interaction
energies were computed by subtracting the sum of the energies of
the monomers to that of the assembly. The Bader’s “Atoms in
molecules” theory (QTAIM)[14] and noncovalent interaction plot
(NCIPlot)[15] were used to study the interactions discussed herein
using the Multiwfn program[33] and represented using the VMD
visualization software.[34] The molecular electrostatic potential (MEP)
surfaces were computed using the 0.001 a.u. isosurface as best
estimation of the van der Waals surface at the same level of theory
and represented using the GaussView program.[35] For the NCIplot
representations, the following settings were used: RDG isosurface=

0.5, density cut-off=0.04 a. u., color scale � 0.035� (signλ2)ρ�
0.035 a.u. Natural bond orbital (NBO)[16] calculations were per-
formed using the NBO7.0 program.[36]
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