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Introduction

Extensive attention has been focused on the attractive inter-
actions between formally closed-shell (such as d10 or s2)
metal centers.[1–17] The term “aurophilicity” has been coined
to describe the gold(i)–gold(i) bonding interaction, which is
theoretically attributed to correlation and relativistic ef-
fects.[2–8] Most structurally characterized short metal–metal

contacts of AgI/CuI complexes are associated with ligand-
bridged,[9] network-restricted,[10] or coulombic effects,[11] and
only a few reliable cases of argentophilicity and cuprophilic-
ity have been reported; in fact, examples for CuI are exceed-
ingly rare.[12–15] Although AgI and CuI afford rich coordina-
tion geometries; most ligand-unsupported examples consist
of linear two-coordinate metal centers.[12–14] Theoretical stud-
ies on dimeric models of linear two-coordinate complexes
indicate that metallophilicity decreases as AuI>AgI>CuI;[16]

however, this area may require further investigation under
different levels of theory and other models (coordination ge-
ometries).[17] For example, it was claimed very recently that
the strengths of metallophilic bonding of the coinage metals
may have to be reversed.[17b] The strength of aurophilicity
(7–11 kcal mol�1), being comparable to that of a typical hy-
drogen bond, can be measured by experiment,[6–8] and is
strong enough to influence the overall supramolecular struc-
ture; on the other hand argentophilicity/cuprophilicity is rel-
atively weak, and is easily confused by other intermolecular
interactions such as hydrogen bonds or p–p interactions.
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Abstract: To verify whether attractive
metallophilic interactions exist in the
dimer-of-dimers [Cu2(ophen)2]2

(Hophen =1H-[1,10]phenanthrolin-2-
one) (1), we designed and synthesized
a series of such [M2L2]2 structures by
varying the d10 metal and/or the ligand
(M= CuI or AgI, L= ophen or obpy;
Hobpy=1H-[2,2’]bipyridinyl-6-one),
and have successfully obtained three
dimers-of-dimers: [Ag2(ophen)2]2·6 H2O
(2), [Cu2(obpy)2]2 (3), and [Ag2(ob-
py)2]2·4.5 H2O·0.5 DMF (4). X-ray anal-
yses of these structures show that inter-
dimer M�M separations in [Ag2-
(ophen)2]2 (3.199 �) are remarkably

shorter than those in [Cu2(ophen)2]2

(3.595 �). Shorter interdimer M�M
separations are found in the structures
of [M2(obpy)2]2 (2.986 and 2.993 � in
[Cu2(obpy)2]2, 3.037 to 3.093 � in
[Ag2(obpy)2]2), in which the p systems
are smaller than in the complexes with
the ophen ligand. Detailed structural
comparison of these dimers-of-dimers
indicates that the interdimer, face-to-

face p–p interactions repulse rather
than support the interdimer metal–
metal attractive interactions. This study
also yields qualitative comparison of
the strengths between argentophilic,
cuprophilic, and face-to-face p–p inter-
actions. DFT calculations on the four
dimers-of-dimers further support the
above deduction. The structure of a
trimer-of-dimers [Ag2(obpy)2]3 (Ag�Ag
3.171 to 3.274 �) is further evidence
that the oligomerization of the [M2L2]
molecules is favored by stronger metal-
lophilic and weaker face-to-face p–p

interactions.
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Aside from the short metal–metal distance, the construction
of d10 metal complexes with ligand-unsupported argentophi-
licity/cuprophilicity to give concrete evidence directly from
crystal structural investigation remains a great challenge.

Our recent studies on the hydrothermal hydroxylation of
2,2’-bipyridine-like ligands have established a convenient
method for the synthesis of 1H-[1,10]phenanthrolin-2-one
(designated as Hophen) from 1,10-phenanthroline (phen), as
well as 1H-[2,2’]bipyridinyl-6-one (Hobpy) from 2,2’-bipyri-
dine (bpy).[18] The two new ligands can easily form dimeric
[M2L2] structures (M= AgI or CuI; L= ophen or obpy) with
AgI or CuI ions.[18b,c] The coordination environment in the
[M2L2] complexes is better described as two T-shaped coor-
dinated metal centers sharing a short intradimer metal–
metal contact to accomplish square-planar coordination
spheres. Such intramolecular metal–metal contacts, compa-
rable to the corresponding metallic atom–atom distances,
observed in the [Ag2(ophen)2]

[16c] and three polymorphs of
[Cu2(ophen)2]

[18b] are complicated by the bridging ophen li-
gands, which are not relevant to reliable metallophilicity. On
the other hand, this planar structural model can be extended
to new supramolecular structures held together by weak in-
teractions to the central metals. For example, anhydrous,
highly electroconductive [Ag2(ophen)2] featuring a linear
stacking array results from Ag–p interactions.[18c] These
dimers appear to exclude significantly notable interdimer,
ligand-unsupported metallophilicity, since no close intermo-
lecular metal–metal contact exists in the structures of
[Ag2(ophen)2], and a,b,g-[Cu2(ophen)2]. However, only the
alignments of [Ag2(ophen)2] and a-[Cu2(ophen)2] are rea-
sonable for dipole–dipole interactions, while relatively short
intermolecular Cu···Cu contacts coexisting with face-to-face
p–p overlaps between the aromatic moieties were found in
b-[Cu2(ophen)2] (3.375 �) and g-[Cu2(ophen)2] (3.595 �)

(Figure S1 in the Supporting Information). Since the inter-
molecular p–p overlap in g-[Cu2(ophen)2] is more significant
than that in b-[Cu2(ophen)2], we speculated that the repul-
sion between the large, aromatic ophen ligands prevent
closer intermolecular Cu–Cu contacts. Meanwhile, whether
the interdimer Cu–Cu contacts are supported by metallo-
philic or p–p interactions can hardly be judged by individual
structures. Therefore, we require a comparison of a number
of structural analogues tuning the abilities of metallophilic
and/or p–p interactions. Fortunately, this work has been suc-
cessfully done within a series of dimers-of-dimers, that is,
analogues of g-[Cu2(ophen)2] ([Cu2(ophen)2]2 1), with varia-
tions of d10 metals and/or the aromatic ligands, namely
[Ag2(ophen)2]2·6 H2O (2), [Cu2(obpy)2]2 (3), and [Ag2(ob-
py)2]2·4.5 H2O·0.5 DMF (4). The crystal structures of these
compounds, along with those of the free ligand Hobpy and
an unexpected trimer-of-dimers [Ag2(obpy)2]3·18 H2O (5),
will be presented and discussed in the context of intermolec-
ular metallophilicity.

Results

Synthesis and crystallization strategy : Since attractive argen-
tophilic and cuprophilic interactions are considered to be
very weak, the intermolecular metallophilicity will certainly
not overwhelm the aggregation of [M2L2] molecules. The
competition among metallophilicity and other supramolec-
ular interactions such as p–p, Ag–p, and dipole–dipole inter-
actions would lead to a delicate balance in various possible
metastable aggregate forms such as [Ag2(ophen)2] and poly-
morphs of [Cu2(ophen)2] (Scheme 1). To generate a series of
structurally related analogues featuring a similar motif, we
tried different reaction conditions in the synthesis and crys-
tallization of such [M2L2] compounds. In particular, different
crystallization conditions were applied for the silver(i) com-

Abstract in Chinese:

Scheme 1. Structures of a) Hobpy and Hophen, and b) [M2L2]. c) Possible
stacking modes for [M2L2].
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plexes to avoid the one-dimensional array motif reported
previously.[18c] Fortunately, four oligomers-of-dimers (2–5)
structurally similar to [Cu2(ophen)2]2 were obtained. It
should be noted that only one dimer-of-dimers was isolated
for [Cu2(obpy)2] (i.e. , 3) in different hydrothermal condi-
tions, while [Cu2(ophen)2] is polymorphic.

Crystal structures : The crystal structure of Hobpy·1/6 ben-
zene reveals that, like free Hophen, the free Hobpy ligand
possesses a ketone (C�O 1.247(2) �) rather than an hydrox-
yl form.[18d] The pyridyl moiety of Hobpy rotates 1808 to
form an anti-conformation so as to furnish a dimer through
two N�H···O (N···O 2.853(2) �, N�H···O 167.0o) and two
C�H···O (C···O 3.156(3) �, C�H···O 164.08) hydrogen bonds
(Figure 1). The Hobpy dimers further stack through offset

p–p interactions (face-to-face distance ca. 3.45 �) to form a
honeycomb-like structure, and the highly disordered ben-
zene molecules are located in the channels (Figure S2 in the
Supporting Information).

Crystal structural analyses reveal that complexes 2–5 all
consist of the desired [M2L2] (M =AgI or CuI, L= ophen or
obpy) structural units. The dimeric [M2L2] structures in 2–5
are comparable to those found in the related complexes pre-
viously reported,[18b,c] while the intramolecular M–M separa-
tions in 3 (Cu�Cu 2.5790(5) �) and 5 (Ag�Ag 2.7452(4)–
2.7485(4) �) are shorter than those found in the other com-
plexes. Like 1, the [M2L2] dimers are further dimerized in 2–
4, whereas the [Ag2(obpy)2] molecules are associated into a
trimer in 5. Although the lattice solvent molecules are dif-
ferent in 1–5, the complexes display very similar one- and
two-dimensional packing patterns (Figure S3 in the Support-
ing Information), exhibiting similar intermolecular p–p and
CH···p interactions. Therefore we can derive information for
evaluation of interdimer cuprophilicity and argentophilicity,
as well as p–p interactions by structural comparison of these
complexes.

Very similar to the [Cu2(ophen)2]2 dimer in 1 (Figure 2),
each pair of [Ag2(ophen)2] molecules in 2 are related by an
inversion center, featuring a slipped face-to-face alignment
(type I, Figure 3). The change from CuI to AgI decreases the

two shorter interdimer M–M distances from 3.595 to
3.199 �. This structural observation demonstrates clearly
that argentophilicity is stronger than cuprophilicity. The at-
tractive nature of interdimer Ag–Ag interactions can also be
judged by the fact that the edges of the ligands are bent out-
ward, with the pairs of metal atoms facing toward each
other. In fact, the mean deviation of all non-hydrogen atoms
from a least-squares plane fit to one [Ag2(ophen)2] unit in 2
is 0.094 � and the displacements of the metal atoms from
this plane are 0.228 (Ag1) and 0.238 � (Ag2), whereas these
values in 1 are only 0.056 ([Cu2(ophen)2]), 0.069 (Cu1), and
0.133 � (Cu2), respectively.

In 3, centrosymmetric [Cu2(obpy)2]2 possesses a new slip-
ped face-to-face conformation (type II, Figure 4), which is

Figure 1. Perspective view of a hydrogen-bonded Hobpy dimer.

Figure 2. Top (top) and side (bottom) views of [Cu2(ophen)2]2 in 1.

Figure 3. Top (top) and side (bottom) views of [Ag2(ophen)2]2 in 2.
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different to the type I arrangement in the direction of slip-
page. In this dimer-of-dimers, two [Cu2(obpy)2] molecules
couple by means of three close Cu–Cu contacts (Cu1�
Cu2A, Cu2�Cu1A 2.9862(7); Cu1�Cu1A 2.9934(5) �). The
distortions of the originally planar dimeric molecules (devia-
tions: [Cu2(obpy)2] 0.096, Cu1 0.459, Cu2 0.307 �) are more
significant than those in 1, thus providing more remarkable
evidence of occurrence of intermolecular cuprophilic inter-
actions. There are only a few ligand-unsupported cuprophilic
interactions reported to date; these are usually constructed
by linear two-coordinate CuI centers, such as [Cu(NH3)Cl]
(2.979(1) �), [Cu(NH3)2]Br (2.931(1) �),[14a] ([CuCl2]

�)2

(2.922(2) �),[14b] and [tBuCu(CN)Li·(OEt2)2]8

(2.713(1) �).[14c] To our knowledge, only one example featur-
ing T-shaped coordinated CuI centers has been reported in
[Cu3{2-[3(5)-pz]py}3]2 (2.905(3) �), which has a different mo-
lecular topology to 3.[14d]

The dimer-of-dimers conformation of 4 is different to that
found in types I and II. The two [Ag2(obpy)2] molecules are
oriented almost perpendicular to each other in parallel
planes (dihedral angle 2.48, angle between two Ag�Ag vec-
tors 79.18 ; type III, Figure 5). There are three close intermo-
lecular Ag�Ag contacts (Ag1�Ag3 3.0228(5), Ag1�Ag4
3.0809(5), Ag2�Ag3 3.0921(5) �) shorter than the sum of
van der Waals radii, which indicate stronger intermolecular
argentophilicity than the ophen analogue in 2 (three shorter
versus two longer by more than 0.2 �). The slightly longer
interdimer M�M contacts relative to those of the CuI ana-
logue 3 do not conflict with the idea that argentophilicity is
stronger than cuprophilicity, since CuI is much smaller than
AgI (sum of the van der Waals radii for Cu 2.80 �, Ag
3.44 �).[19] The [Ag2(obpy)2] molecules in 4 are more bent
than the [Ag2(ophen)2] molecules in 2 (deviations:
[Ag2(obpy)2] 0.139 and 0.144, Ag1 0.459, Ag2 0.307, Ag3
0.360, Ag4 0.329 �).

In 5, two [Ag2(obpy)2] molecules, which are almost paral-
lel to each other (dihedral angle 0.68, angle between the
Ag�Ag vectors: 2.88), join another [Ag2(obpy)2] molecule
from opposite directions with type III alignment (dihedral
angle: 0.6 and 1.08, angles between the Ag�Ag vectors: 72.4
and 72.68) similar to that in 4, to accomplish an unexpected
trimer-of-dimers [Ag2(obpy)2]3. The middle [Ag2(obpy)2]
molecule remains basically planar (deviations: [Ag2(obpy)2]
0.028, Ag3 0.022, Ag4 �0.024 �), while the two outer mole-
cules are bent with the edges of obpy distorted outward
(Figure 6). Detailed geometric inspection shows that the two
outer molecules are rather unsymmetrical and nonplanar, as
evident by the intermolecular Ag�Ag separations (Ag2�
Ag4 3.1725(4), Ag3�Ag5 3.1713(4), Ag4�Ag5 3.2739(4) �),
as well as their distortions (deviations for the Ag1�Ag2
molecule: [Ag2(obpy)2] 0.090, Ag1 0.244, Ag2 0.286 �; for
the Ag5�Ag6 molecule: [Ag2(obpy)2] 0.132, Ag5 0.433, Ag6
0.229 �).

Discussion

Although the short intradimer metal–metal contacts in these
oligomers-of-dimers are complicated by ligand bridging ef-
fects, the interdimer geometries for the dimers-of-dimers
gradually change from 1–4 (molecular distortions increase
and intermolecular metal–metal distances decrease), indicat-
ing more and more significant interdimer metal–metal con-
tacts (Table 1). Crystal packing effects may lead to the con-

Figure 4. Top (top) and side (bottom) views of [Cu2(obpy)2]2 in 3.

Figure 5. Top (top) and side (bottom) views of [Ag2(obpy)2]2 in 4.
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clusion of ligand-unsupported metallophilicity found in indi-
vidual crystal structures. However, the structural change
trends can hardly be rationalized by such weak forces, since
the packing patterns for 1–5 are rather similar.

The shortest interdimer metal–ligand separations are
Cu2···O2A 3.228, Ag1···O1A 2.910, Cu2···N4A 3.210 �
(longer than the Cu�Cu 2.986–2.993 �), Ag4···O2 2.717,
Ag6···O3 3.025 � for 1–5, respectively, comparable or longer
than the nonbonding distances between corresponding
atoms. Most of these contacts are not consistent with dis-
placements of the metal centers (except 1 and 2), while the
shortest metal–metal contacts are (most displaced metals:
Cu2, Ag1, Cu1, Ag1, Ag5 for 1–5, respectively). Assignment
of the decreasing trend for the short interdimer metal–metal
contacts to intermolecular metal–ligand attractive interac-
tions is thus unlikely. The electrostatic attraction should not
predominate such a structural change trend either, since the
charge distributions of these [M2L2] molecules should be
rather similar (electronegativity for copper and silver 1.90
and 1.93, respectively).[20] Actually, the rich (slipped or ro-
tated) conformations of the dimers-of-dimers rather than

ideally eclipsed ones should be
assigned to the geometric re-
quirement of face-to-face p–p

interaction.
Are these metal–metal con-

tacts supported by face-to-face
p–p interactions? Intermolecu-
lar aurophilic and hydrogen-
bonding interactions in the
same supramolecular motif can
be cooperative[7] or competi-
tive.[8] Such examples of coex-
isting intermolecular aurophilic-
ity and hydrogen bonding are
consistent with their compara-
ble stabilization energy. The
face-to-face p–p interaction is
another important noncovalent
intermolecular force in supra-
molecular chemistry.[21–23] How-
ever, coexisting intermolecular
metallophilic and face-to-face
p–p interactions between d10

complexes are rare, which may
be denoted as “p–p-stacking
supported metallophilic interac-
tions”.[4,5,13] Although a precise
understanding of the origins
and strength of p–p interactions
is not yet available, a simple
charge distribution model is
widely accepted to qualitatively
explain their stabilization
energy.[21] Both experimental
and theoretical studies reveal
that two arene moieties would

adopt a parallel offset conformation with an interplanar dis-
tance about 3.4–3.6 � (longer than commonly accepted
close metallophilicity) to reach the energy minimum (2–
3 kcal mol�1 for a benzene dimer).[21,22] The energy curve can
remain negative upon slight deviation from the most stable
conformation (energy minimum or equilibrium distance).
However, the system should have a trend to reach the most
stable conformation without other interference. We call the
system “repulsive” when the distance is shorter than the
equilibrium one, and vice versa. In other words, individual
fragments can simultaneously contribute energy to stabilize
the system and behave as repulsive. Generally, aromatic li-
gands are polarized by heteroatoms and/or metal coordina-
tion, thus the parallel offset conformation can be further
divided into two types, that is, head-to-tail and head-to-head
alignments. The head-to-tail alignment is more energetically
favorable than the head-to-head one; this preference can
easily be explained by charge distribution theory and dem-
onstrated by a large number of examples. The equilibrium
distance for a head-to-head alignment should be significant-
ly lengthened, with respect to a head-to-tail one. Few face-

Figure 6. Top (top) and side (bottom) views of [Ag2(obpy)2]3 in 5.
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to-face p–p interactions featuring head-to-head alignments
are found when the aromatic fragments are supported by
other interactions such as covalent bonds, coordination
bonds, or metal–metal interactions.[13,21b]

The ophen ligand should adopt more significant p–p inter-
actions than obpy due to their difference in conjugation size
and rigidity,[22] similar to phen versus bpy.[23] On the other
hand, both the ophen and obpy ligands are less favorable to-
wards p–p interactions than phen and bpy, respectively,
since the anions are more electron rich (Figure S4 in the
Supporting Information).[21b] However, as observed in the
four [M2L2] dimers in 1–4, intermolecular M�M separations
decrease as the ligand changes from ophen to obpy when
keeping the metal ions unchanged (3.595 to 2.986 � for
[Cu2L2], 3.199 to 3.037 � for [Ag2L2]). Therefore the short
intermolecular M�M separations observed in 2–5 cannot be
supported by attractive p–p interactions. The two dominant
intermolecular interactions in these very closely packed
oligomers-of-dimers are actually competitive: attractive
metallophilicity and repulsive p–p interactions. It is worth
noting that the number of overlapped six-membered aro-
matic rings are about six in 1 and 2, four in 3, and three in
4, and such numbers follow the same trend as interdimer
M�M distances (average interdimer M�M distances: 4.036,
3.722, 3.424 and 3.283 for 1–4, respectively) in the corre-
sponding complexes. All ophen and obpy fragments possess
head-to-head alignments in 1–5, whereas head-to-tail ones
were found in the free ligands and other metal complexes
reported by us previously.[18c] This observation indicates that
the more significant interdimer p–p interactions disfavor
stronger interdimer metallophilic interactions, and that

these oligomers-of-dimers are equilibrium structures upon
competition of the interdimer metallophilic and p–p interac-
tions. Therefore, similar to the competitive phenomena
found to exist between aurophilic and hydrogen-bonding in-
teractions in the same motifs,[8] it may be concluded that the
strengths of metallophilic and p–p interactions in these
structures are also comparable. Based on our observation,
the argentophilicity can also be qualitatively estimated to be
stronger than the cuprophilicity. Although this idea has al-
ready been predicted by theoretical calculations,[16] it has
not yet been verified by experiment and is under ques-
tion.[17b] In complex 5, the coexistence of a highly planar
[Ag2(obpy)2] molecule (middle) and two distorted ones
(outer) with their AgI atoms displaced toward the middle
molecule further indicates the distortion of the outer
[Ag2(obpy)2] molecule to be attributed to the intermolecular
argentophilicity, and therefore supports our suggestion that
the aggregation of the dimeric [M2L2] molecules favored by
of relatively stronger metallophilic and weaker p–p interac-
tions.

It is easy to understand that face-to-face p–p interactions
would usually hinder instead of support a close metallophilic
interaction (typically less than 3.2 �) to aromatic-containing
planar molecules for several reasons. As shown in Figure 7,
a decrease of the plane-to-plane distance from the equilibri-
um distance for the face-to-face p–p interactions (3.4–3.6 �)
is unfavorable in energy.[21] The conformation needed for a
close metal–metal contact also disfavors attractive p–p inter-
actions, since the head-to-head alignment of the polar aro-
matic moieties induces repulsive p–p interactions.[21a,b] These
two kinds of distinct supramolecular interactions would be

Table 1. Selected geometric parameters [�] for oligomers-of-dimers in 1–5.

1 2 3 4 5

intramolecular
M�M distances

2.674(2) Cu1�Cu2 2.7903(4) Ag1�Ag2 2.5790(4) Cu1�Cu2 2.7886(5) Ag1�Ag2
2.7963(5) Ag3�Ag4

2.7450(4) Ag1�Ag2
2.7459(4) Ag3�Ag4
2.7487(4) Ag5�Ag6

intermolecular
M�M distances

3.595(3) Cu1�Cu2A
3.595(3) Cu2�Cu1A
4.310(3) Cu1�Cu1A
4.645(4) Cu2�Cu2A

3.1994(5) Ag1�Ag2A
3.1994(5) Ag2�Ag1A
4.2015(6) Ag2�Ag2A
4.2884(7) Ag1�Ag1A

2.9862(5) Cu1�Cu1A
2.9934(4) Cu1�Cu2A
2.9934(4) Cu2�Cu1A
4.7230(5) Cu2�Cu2A

3.0228(5) Ag1�Ag3
3.0809(5) Ag1�Ag4
3.0921(5) Ag2�Ag3
3.9355(5) Ag2�Ag4

3.1727(4) Ag2�Ag4
3.5538(4) Ag1�Ag3
3.5549(4) Ag1�Ag4
3.8233(4) Ag2�Ag3
3.1713(4) Ag3�Ag5
3.2739(4) Ag4�Ag5
3.5347(4) Ag4�Ag6
4.0441(5) Ag3�Ag6

average 4.036 3.722 3.424 3.283 3.526, 3.501

deviation ([M2L2]) 0.056 0.094 0.096 0.139, 0.144 0.090, 0.028, 0.132
deviation (metal) 0.069 Cu1

0.133 Cu2
0.238 Ag1
0.228 Ag2

0.326 Cu1
0.261 Cu2

0.459 Ag1
0.307 Ag2
0.360 Ag3
0.329 Ag4

0.244 Ag1
0.286 Ag2
0.022 Ag3
�0.024 Ag4
0.433 Ag5
0.229 Ag6

average 0.101 0.233 0.293 0.364 0.199

shortest intermolecular
M�L distances

3.228 Cu2···O2A
3.253 Cu1···N3A

2.910 Ag1···O1A
3.048 Ag2···N1A

3.210 Cu2···N2
3.546 Cu1···O1

2.717 Ag4···O2
2.799 Ag2···O4

3.064 Ag3···O6
3.071 Ag2···O3
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combined in the same motif if the attractive metallophilic
interaction is strong enough to compete against the repul-
sive interaction arising from the face-to-face p–p stacking,
as exemplified in the extended structures of triangle-like
planar trinuclear d10 metal complexes bridged by p-contain-
ing ligands. These triangles are usually associated through
only two of the three metal centers, adopting staggered con-
formations to avoid significant p–p overlap.[4] In addition to
the usual metal–metal interaction types of the triangles, a
short Au�Au interaction (3.146(3) �) accompanied with
some extent of p–p overlaps extend [Au3(NC5H4)3] mole-
cules into a chain.[4e] When the conjugation size of the bridg-
ing ligands decreases, that is, six- to five-membered rings,
the expected eclipsed conformations of these triangles has
appeared in the literature. However, the shortest intermo-
lecular Au�Au separation in these conformations is
3.318 �.[4c] Shorter intermolecular Au�Au separations were
found in almost eclipsed structures of [Au3(MeN=COEt)3]
(3.220 to 3.233 �), in which the p system of the bridging
ligand has only a single C=N double bond.[4d] In the infinite
stacking structure of [Au3(MeN=COMe)3], intermolecular
Au�Au contacts are identical (3.346 �) and longer than
those of the dimers.[4f] It is evident that the trend implied by
the aggregation of these gold(i) triangles and [M2L2] mole-
cules in this work is in good agreement. Other d10 metal
complexes featuring both ligand-unsupported metallophilic
and p–p interactions in which the metal–metal separations
are relatively long are rare.[13] Instead, linear two-coordinate
mononuclear complexes tend to aggregate perpendicularly
to each other in order to reduce repulsion between the li-
gands.

It has been noted that not only the ligands, but also the
molecular topologies affect the capability of metallophilic
interactions.[16,17] Three- or four-coordinate d10 metal com-
plexes rarely feature ligand-unsupported metallophilic inter-
actions; this fact may be ascribed partly to their stereorepul-
sions compared with the two-coordinate complexes. The mo-

lecular topology of [M2L2] complexes is entirely different to
other molecular building blocks featuring ligand-unsupport-
ed metal–metal interactions, such as the well-known linear
two-coordinate mononuclear and triangle-like trinuclear
ones. The metal centers in [Ag3{2-[3(5)-pz]py}3]2 and [Cu3{2-
[3(5)-pz]py}3]2 have T-shaped coordination environments,
but their trinuclear configurations are different to that of
[M2L2].

Theoretical studies : To further verify our arguments, geome-
try optimizations and binding-energy calculations for the
four dimers-of-dimers were performed at the Perdew–
Burke–Ernzerhof (PBE) density functional theory[24] level
by use of the double-z Salter-type (STO) basis set plus po-
larization functions (DZP), which has been proved success-
ful in studying weak interactions.[25,26] The calculation of the
binding energies for benzene, naphthalene dimers, and a
naphthalene–anthracene complex were further tested at the
PBE/DZP level of theory. The binding energies obtained
from the PBE/DZP level without correction for basis set su-
perposition error (BSSE) agreed with those reported in the
literature.[25] These results suggest that traditional BSSE cor-
rections with the counterpoise method may not be applica-
ble when using the PBE functional.

The calculated M�M distances and molecular geometries
(see Supporting Information) are in accord with our X-ray
experimental values (calculated intermolecular M�M distan-
ces, d, and binding energies, DE, for the four dimers-of-
dimers are shown in Table 2). Although the optimized inter-

dimer Cu�Cu distances (3.321 �) for [Cu2(ophen)2]2 are sig-
nificantly shorter than the observed ones (3.595 �), the
numbers are still the longest in the four optimized struc-
tures. The lengthened intermolecular Cu�Cu separations in
the crystal structure may indicate that other intermolecular
interactions or crystal packing effects play a more important
role in 1, which is in accord with our deductions.

The large binding energies (�24.35 to �26.72 kcal mol�1)
for the four dimers-of-dimers indicate that the oligomeriza-
tions of these [M2L2] molecules in such conformations are
inherently energy favorable. Therefore, crystal packing ef-
fects are only partly responsible for our observations. The
binding energies for [M2(ophen)2]2 are also less than
[M2(obpy)2]2, which is consistent with the fact that the short

Figure 7. Schematic diagram of the energy versus distance for face-to-
face p–p interaction (inset: two possible orientations for face-to-face p–p

interactions of polarized aromatics).

Table 2. Optimized intermolecular M�M distances [d, �] and calculated
binding energies [DE, kcal mol�1] for four dimers-of-dimers in 1–4 at the
density functional theory PBE/DZP and MP2/DZVP levels.

[Ag2(obpy)2]2 [Ag2(ophen)2]2 [Cu2(obpy)2]2 [Cu2(ophen)2]2

d DE d DE d DE d DE
PBE/
DZP

3.078 �25.73 3.276 �24.62 2.870
3.019

�26.72 3.321 �24.35

MP2/
DZVP

�25.88[a]

exptl
values

3.023 3.199 2.986
2.994

3.595

[a] The geometry of [Ag2(obpy)2]2 is from PBE/DZP optimization.
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intermolecular metal–metal contacts are not supported by
face-to-face p–p interactions.

Our benchmark calculations for the binding energy of
[Ag2(obpy)2]2 also suggest that the PBE/DZP level without
the BSSE correction gives results comparable with the MP2
BSSE correlation calculations; the value found at the PBE/
DZP (without BSSE correction) is �25.73 kcal mol�1, very
close to the MP2 with DZVP basis set[27] value (BSSE cor-
rection) of �25.88 kcal mol�1.

Conclusion

There are several important structural features found in
complexes 1–5 : 1) similar [M2L2] structures and extended
packing patterns, 2) relatively short interdimer metal–metal
separations, 3) distorted [M2L2] molecules and head-to-head
alignments of the aromatic ligands, and 4) shorter intermo-
lecular M�M separations and more distortions when M
changes from Cu to Ag and/or L changes from ophen to
obpy.

Although crystal packing effects, metal–ligand, metal–
metal, and ligand–ligand interactions may have effects in
the formation of the above unusual features, the common
crystal packing effects have been initially ruled out as domi-
nant forces for our structural comparison strategy. Metal–
ligand interactions may be comparatively important in some
of these structures. However, such metal–ligand interaction
can hardly account for the structural change from 1 to 2, as
well as the difference between 3 and the others. Hence the
remaining metal–metal and p–p interactions should be re-
sponsible for the aggregation of these [M2L2] molecules,
since all of the above features can be rationalized by the
competition between the metallophilic and p–p interactions.

Our structural investigation demonstrates that argento-
philic and cuprophilic attractive interactions do play an es-
sential role in the formation of [M2L2] oligomers, as evident
by the fact that both the short interdimer M�M distances,
and the bent distortion of the originally planar dimers can
be tuned by the variation of the ligand structures and/or
metal ions. Such observations suggest a competition be-
tween the metallophilic and the p–p interactions, which is
further supported by our DFT calculations. The strengths of
intermolecular argentophilic/cuprophilic interactions pre-
sented in these [M2L2]n oligomers should be comparable to
that of face-to-face p–p interaction.

Experimental Section

Materials and physical measurements : Commercially available reagents
are used as received without further purification. Hophen was prepared
by our previously reported method.[18d] Infrared spectra were obtained
from KBr pellets on a Bruker EQUINOX 55 Fourier transform infrared
spectrometer in the 400–4000 cm�1 region. Elemental analyses (C, H, N)
were performed on a Perkin–Elmer 240 elemental analyzer. ESI-MS
spectra were performed on a Thermo Finigan LCQ DECA XP ion-trap
mass spectrometer.

[Ag2(ophen)2]2·6H2O (2): A solution of Ag2O (0.116 g, 0.5 mmol) in
aqueous ammonia (25 %, 5 mL) or a solution of AgNO3 (0.170 g,
1.0 mmol) in MeCN (5 mL) was added to a solution of Hophen (0.197 g,
1.0 mmol) in MeCN (5 mL). The resulting clear solution was left in the
dark for several days to give pale-yellow needles (yield ca. 40–70 %).
Elemental analysis calcd (%) for C48H40Ag4N8O10: C 43.66, H 3.05,
N 8.49; found: C 43.72, H 2.98, N 8.53; IR (KBr): ñ= 3355 (m), 3031 (m),
1616 (s), 1588 (s), 1513 (s), 1480 (s), 1455 (s), 1420 (s), 1383 (s), 1300 (m),
1138 (m), 935 (m), 838 (s), 728 (s), 703 (m), 661 (m), 638 (m), 480 cm�1

(m).

[Cu2(obpy)2]2 (3): Reaction of a mixture of Cu(OAc)2·H2O (0.200 g,
1.0 mmol), bpy (0.156 g, 1 mmol), NaOH (0.040 g, 1 mmol) and H2O
(10 mL) in a 23 mL Teflon-lined bomb at 160 8C for 80 h afforded black
platelike crystals (yield ca. 30 %).[18a,b] Elemental analysis calcd (%) for
C40H28Cu4N8O4: C 51.17, H 3.01, N 11.93; found: C 51.14, H 3.05, N
11.89; IR (KBr): ñ =3056 (m), 3015 (m), 1608 (s), 1539 (s), 1486 (s), 1458
(s), 1376 (s), 1284 (m), 1151 (m), 998 (m), 775 (s), 741 (m), 652 (m),
576 cm�1 (m).

Hobpy·1/6 benzene : Pale-yellow powder Hobpy was prepared similarly to
Hophen by demetallation of 3 according to reported procedures[18d]

(yield >95%); M.p. 115–116 8C, ESI-MS: m/z : 173 [M+H]+ ; crystals of
Hobpy·1/6 benzene suitable for X-ray analysis were grown from a hot so-
lution of Hobpy in benzene. Elemental analysis calcd (%) for C11H9N2O:
C 71.34, H 4.90, N 15.13; found: C 71.30, H 4.94, N 15.19; IR (KBr): ñ=

3060 (m), 2950 (m), 2799 (w), 1651 (vs), 1607 (s), 1576 (s), 1484 (s), 1435
(m), 1303 (w), 1250 (w), 1149 (w), 1092 (w), 989 (m), 885 (m), 781 (s),
560 cm�1 (m).

[Ag2(obpy)2]2·4.5 H2O·0.5 DMF (4): A solution of Ag2O (0.116 g,
0.5 mmol) in aqueous ammonia (25 %, 5 mL) or a solution of AgNO3

(0.170 g, 1.0 mmol) in MeCN (5 mL) was added to a solution of Hobpy
(0.177 g, 1.0 mmol) in DMF (5 mL). Diffusion of diethyl ether into the
resulting clear solution gave colorless crystals (yield ca. 10–20 %). Ele-
mental analysis calcd (%) for C41.5H40.5Ag4N8.5O9: C 40.40, H 3.31, N
9.65; found: C 40.28, H 3.40, N 9.54; IR (KBr): ñ=3387 (m), 3056 (m),
3017 (m), 1656 (w), 1591 (s), 1481 (m), 1447 (s), 1367 (s), 1271 (m), 1156
(m), 991 (m), 771 (s), 738 (m), 651 (w), 593 cm�1 (w).

[Ag2(obpy)2]3·18H2O (5): A solution of Ag2O (0.116 g, 0.5 mmol) in
aqueous ammonia (25 %, 5 mL) or a solution of AgNO3 (0.170 g,
1.0 mmol) in MeCN (5 mL) was added to a solution of Hobpy (0.177 g,
1.0 mmol) in DMF (5 mL). The resulting clear solution was left standing
in the dark for several days to give colorless platelike crystals (yield ca.
20–30 %). Elemental analysis calcd (%) for C60H78Ag6N12O24: C 36.06, H
3.93, N 8.41; found: C 36.15, H 3.82, N 8.50; IR (KBr): ñ =3294 (m),
3061 (m), 3017 (m), 1591 (vs), 1540 (m), 1482 (vs), 1457 (vs), 1367 (s),
1273 (m), 1156 (m), 992 (m), 919 (w), 772 (s), 738 (m), 652 (m), 593 cm�1

(m).

X-ray crystallography : Diffraction intensities were collected at 123 K on
a Bruker Smart APEX CCD area-detector diffractometer (MoKa, l

0.71073 �). Absorption corrections were applied by using the multiscan
program SADABS.[28] The structures were solved with direct methods
and refined with a full-matrix least-squares technique with the
SHELXTL program package.[29] Anisotropic thermal parameters were
applied to all non-hydrogen atoms. The organic hydrogen atoms were
generated geometrically (CH 0.96 �); the aqua hydrogen atoms were lo-
cated from difference maps and refined with isotropic temperature fac-
tors. Crystal data as well as details of data collection and refinements for
the complexes are summarized in Table 3. The drawings were produced
with SHELXTL.

CCDC 245547 to CCDC 245551 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Computational details : The geometry optimizations and binding energy
calculations were performed at the Perdew–Burke–Ernzerhof (PBE)
density functional theory[24] level by use of the double-z Salter-type
(STO) basis set plus polarization functions (DZP).
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The DFT calculations were performed with the PVM-parallelism ADF
2002.2 software package[30a] and the MP2 binding energy benchmark cal-
culations with the Linda-parallelism Gaussian 98 program[30b] on a 16-
nodes Beowulf Linux cluster computer system.
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