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Homo- and heterometallic species that have metallophilic
interactions between closed-electron-shell atoms and ions (d10

or s2 systems) have attracted considerable interest owing to
their unique chemical bonding, structure, reactivity, and
luminescence properties.[1] In particular, the bonding and
structural aspects of these complexes have been focus of
several recent studies. Two or more closed-shell cations are
expected to repel each other. However, recent theoretical and
experimental studies provide evidence for attractive inter-
actions arising from dispersive forces augmented by relativ-
istic effects for heavy elements.[2] Mercury(II)[3] and gold(I)[4]

ions have been recognized as “inter- and intramolecular
glue”. Metallophilic interactions are known to operate among
closed-shell Group 11 metal ions, such as gold(I), silver(I),
and copper(I).[5] The Group 12 complex, trimeric perfluoro-o-
phenylenemercury (1), has been widely investigated by
Gabba� and co-workers for its Lewis acidic properties and
metallophilic interactions.[1b, 6] Although there are numerous
reports on metallophilic interactions in homo- and hetero-
bimetallic systems with d10 configurations,[3b] there are very
few reports on analogous trimetallic species. The work of
Catalano et al. is a notable exception, in which the metal-
locryptand approach was used to assemble a series of
trimetallic systems (2).[7]

We envisaged that use of a metallamacrocyclic ligands 3
incorporating both basic, nitrogen centers and Lewis acidic
mercury as ligand to coordinate d10 metal ions may lead to a
metallophilic interaction with HgII···M···HgII (M = Cu, Ag,
Hg, etc). The reaction of copper(I) led to isolation of species 4
with a HgII···CuI···HgII···HgII···CuI···HgII unit having six d10

ions in a chain,[8] the reaction with silver(I) led to isolation
of a HgII···AgI···HgII trimetallic species, and the reaction with
mercury(II) led to cleavage of the macrocycle.[9]

Heavier d8 transition-metal ions with large crystal field
splitting are also considered as having a closed shell, and are
expected to be involved in similar metallophilic interactions.
Bennett and co-workers worked on the synthesis of trimetallic
systems containing mercury(II) and palladium(0)/platinu-
m(II) by reacting bis((o-diphenylphosphino)phenylmercury
(5) with [Pd(dba)2] (dba = dibenzylideneacetone) in a 2:1
ratio, affording [Pd((o-Ph2PC6H4)2Hg)2], which contains pal-
ladium(0). The complex has not been structurally character-
ized, and it deposits metallic palladium and mercury in
refluxing toluene.[10] Very recently, Gabba� and co-workers
have reported the presence of an intermolecular unsupported
metallophilic interaction of the type PdII···HgII···PdII (complex
6) using (C6F5)2Hg, which acts as acceptor to two palladium
donors.[11] We wondered if 7 could be used to isolate
trimetallic species that contain an interaction of the type
HgII···PdII···HgII, where the palladium(II) donor interacts with
two mercury(II) Lewis acid acceptors, which would be a
reversal of the system reported by Gabba� et al.[11] Herein, we
present, to our knowledge, the first structurally characterized
example of a metallophilic HgII···PdII···HgII interaction.
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Metallamacrocycle ligand 7 was obtained in good yield by
[2+2] condensation of bis(o-formylphenyl)mercury (8) with
o-phenylenediamine (Scheme 1) without resorting to high-

dilution or metal-template techniques (see Supporting Infor-
mation for characterization data and structure). Intramolec-
ular Hg···N interactions play a crucial role in the high-yield
synthesis of the macrocycle, which adopts an hour-glass/
figure-of-eight conformation. The transannular Hg···Hg dis-
tance is 3.654 �. Treatment of macrocycle 7 with an equi-
molar amount of [PdCl2(PhCN)2] in dichloromethane
afforded a orange-colored complex, which was characterized
as the product 9[12] instead of the expected complex 10. Facile
transmetalation of the aryl group from mercury to palladium
has taken precedence over coordination by nitrogen/mercury,
and results in formation of cyclometalated palladium with cis-
disposition of the aryl groups (see below). It should be noted
that attempts to trap lead(II) by the metallocryptand
containing cationic gold(I) by Catalano et al. were unsuc-
cessful.[13] During crystallization, complex 9 was isolated as a
solvate with dichloromethane (Figure 1) and with acetone
(see the Supporting Information), which are pseudopoly-
morphs. A single-crystal X-ray diffraction study[14] of the
dichloromethane solvate of 9 reveals several interesting
features. Most notably, the trimetallic complex has a
HgII···PdII···HgII (d10···d8···d10) metallophilic interaction. The
Hg···Pd distances are 3.1020(3) � (Hg1···Pd) and 3.2337(3) �
(Hg2···Pd), which are significantly less than the sum of the van
der Waals radii (3.4–3.7 �).[11,15] These distances are close to
those observed by Gabba� et al.[11] in the PdII···HgII···PdII

intermolecular system. However, the Hg1-Pd-Hg2 angle of

162.898(7)8 deviates from linearity, as observed in the
intermolecular system. In the crystal, the molecules are
linked by hydrogen bonding to dichloromethane, resulting in
chain formation along the b axis. Interestingly, the Hg1-Pd-
Hg2 angle is 165.01(4)8 in the acetone solvate of 9. Molecules
of 9 are linked by an intermolecular Hg···C=C p interaction
(3.768 �). Another interesting feature of the complex is the
formation of a metallohelicate structure (Figure 2) along the
HgII···PdII···HgII axis.[16] Metal-containing helical species are
the focus of attention because of their similarity with
bioinorganic systems and their application in asymmetric
catalysis. The groove around mercury is significantly deviated
from linearity owing to strong interactions with nitrogen and
palladium. The C1A-Hg1-Cl1 and C1B-Hg2-Cl2 bond angles
(165.58(7)8 and 169.14(7)8) deviate significantly from line-
arity, indicating a strong Hg�N intramolecular interaction.[6]

Scheme 1. Synthetic route to the macrocycle 7 and palladium complex
9. 1) o-Phenylenediamine, ethanol, reflux; 2) [PdCl2(C6H5CN)2], CH2Cl2,
RT.

Figure 2. Simplified ORTEP (ellipsoids set at 50 % probability) and space-
filling model of the complex 9. Part of the phenyl rings and hydrogen atoms
are omitted for clarity.

Figure 1. Molecular structure of compound 9 (ellipsoids set at 50 %
probability, hydrogen atoms are omitted for clarity). Selected bond
lengths [�] and angles [8]: Hg1–Pd 3.1020(3), Hg2–Pd 3.2337(3), Hg1–
N1A 2.6662(19), Hg2–N1B 2.647(2), Pd–N2A 2.1611(18), Pd–N2B
2.1602(19); Hg1-Pd-Hg2 162.898(7), C1A-Hg-Cl1 165.58(7), C1B-Hg-
Cl2 169.14(7).
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AIM analysis[17, 18] of 9, performed with AIM2000[19] on the
crystal geometry, confirms the presence of bond critical points
between palladium and mercury atoms. The values of electron
density (1) at bond critical points for the Hg1···Pd and
Pd···Hg2 interactions are obtained as 0.017 a.u. and 0.013 a.u.,
respectively. These values suggest weak metal–metal inter-
actions. To gain an idea about the strength of metallophilic
interaction, Wiberg indices at the B3LYP/SDD, 6-31G(d)
level of theory were computed. The bond order for Hg1···Pd
was found to be 0.12 and 0.09 for the Hg2···Pd interaction.
The bond order, along with the electron density at the bond
critical point of the Hg�Pd bond, is suggestive of a stronger
Hg1···Pd interaction compared to Hg2···Pd interaction. To get
an idea about the nature of orbitals involved the in Hg···Pd
interaction, natural bond orbital (NBO) analyses[20] were
carried out using B3LYP and SV-LDF methods.

The SV-LDF method has been recently used by Schwarz
and Wang to study aurophilic interactions and is found to be
acceptable for qualitative investigations.[21] NBO analysis
identifies the origin of the Hg···Pd···Hg interaction to be
1) donation of electron density from the palladium 4d orbital
to the antibonding s* orbital of the Hg�C bond (Figure 3),

and 2) donation from the s orbital of the Pd�C bond to the
antibonding s* orbital of the Hg�C bond (Supporting Infor-
mation, Figure S21). The sum of deletion energy of the major
orbital interaction for Hg1···Pd and Hg2···Pd was found to be
12.52 and 9.12 kcalmol�1, respectively (B3LYP), whereas a
value of 15.16 and 10.75 kcal mol�1 was obtained by the SV-
LDF method. (Supporting Information, Table S3).

The electronic absorption spectrum of 7 has a strong
absorption at 418 nm in the solid state, whereas complex 9 has
a broad absorption in the range of 460–480 nm in the solid
state. Although macrocycle 7 is luminescent at room temper-
ature in the solid state and has strong emissions at 484 and
529 nm (lex = 418 nm), complex 9 is weakly luminescent in

solid state, with a macrocycle-7-based emission band at
530 nm (lex = 477 nm).

In conclusion, we have isolated a trimetallic complex with
a HgII···PdII···HgII metallophilic interaction in which cyclo-
metalated palladium(II) acts as a donor. We are extending
this approach for the isolation of other helical trimetallic
systems with dipositive d8 and d10 metal ions.
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