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The study of metal-metal bonding in molecules is at the
crossroads of the development of the interface between
chemical bonding, cooperative reactivity, modeling of the
interactions between organic ligands and metal surfaces
(particularly in the case of 2D metal cores), multicenter
catalysis, and metal-rich nanomaterials.!! It is now well
recognized that small gold particles and surfaces display
unique electronic properties® and catalytic reactivity that
were not anticipated for such a noble metal.”! The develop-
ment of synthetic approaches towards organized, heterome-
tallic 2D structures is particularly attractive because of the
increased challenges compared to homometallic structures
and their possible relevance to modeling of interactions
between substrates and alloy surfaces. The synthesis of the
first heterometallic complexes containing a metal-metal bond
between a Group 11 d' ion M and another transition metal
M’ triggered considerable interest in the synthesis and study
of complexes and clusters with M—M’ bonds.P! In some cases,
there is structural evidence for additional d'*--d'° M—M inter-
or intramolecular interactions, which cannot be considered as
conventional covalent or dative bonds and are of major
current interest from experimental and theoretical points of
view.’! When no ligand is coordinated to the d'’ ions (bare
ions), they can only be involved in metal-metal bonding and
may for example, bridge across one or two metal-metal
bonds, as in triangular or bow-tie clusters, respectively, or cap
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one or two triangular metal faces, serving then as connector
between metal polyhedra to form discrete or oligomeric
species.'*¥ In heterometallic complexes containing a single
d' ion, only intermolecular d'%---d'® interactions are possible,
and it is often difficult to assess their contribution to the
overall structure versus that of packing forces. Thus, we are
interested in studying intramolecular d'%--d" interactions, in
particular of the heterometallic type which are rarer than the
homometallic type.”! We report here a series of heterometal-
lic clusters of general formula [MMoCp(CO),], (Cp=n’-
CsHs; M =Cu,n=3;M = Ag or Au, n =4), the nuclearity and
structure of which critically depend on the nature of the d'°
ions. Experimental and theoretical data suggest that d'%---d"
interactions are responsible for the observed differences.

The reaction of [Cu(NCMe),|PF; with Na-12DME in
THF afforded the yellow cluster [Cus{MoCp(CO);}s] (2;
Figure 1a).® Its metal skeleton contains a Cul; triangle whose
edges are bridged by the metalloligand {MoCp(CO);} and
which is inscribed within an almost equilateral Mo, triangle
(Mo1--Mo2=5.269(1), Mo2-+-Mo3 =5.269(1), Mol--Mo3 =
5.297(1) A for 2-0.5C,H;O). Accordingly, this Cu;Moj raft-
type cluster has a triangular metal core of frequency 2 (v,
triangle, Figure 1b).

The Cu—Mo distances are similar to those found in the
literature for such bonds (median value from CCSD Novem-
ber 2008: 2.705 A, 6=0.11 A for 378 samples). Two other
crystalline modifications of this cluster have been structurally
characterized, with similar bonding parameters (see Support-
ing Information). Although the linear Mo-Cu-Mo arrange-
ments are as expected for a two-coordinate Cu' center, the
relatively short Cu—Cu distances suggest additional bonding.

The reaction of AgBF, with Na-1-:2DME in THF afforded
the yellow cluster [Ag,{MoCp(CO),};] (3; Figure 2a).®! Each
Ag—Ag edge of the distorted silver square is bridged by a
p-{MoCp(CO);} fragment in such a way that the inner Ag,
polygon is inscribed within a distorted Mo, rhombus
(Mo1-+-Mo2 5.638(1), Mol'--Mo2 5.475(1) A), which results
in a distorted v,-square-type structure for the Ag,Mo, metal
core (Figure 2b). The molybdenum atoms are not coplanar
with the inner silver square, since a slight tetrahedral
distortion around the silver centers results in two opposite
Mo atoms being located on the same side of the Ag, mean
plane (Figure 2b).

The Ag—Mo distances are similar to the values reported
for such bonds (median value from CCSD November 2008:
2.961 A, 6=0.07 A for 85 samples). The almost linear Mo-
Ag-Mo arrangements are as expected for two-coordinate Ag'
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Figure 1. a) View of the molecular structure of 2 in 2.0.5 C,H;O.
Selected bond lengths [A] and angles [°]: Cu1—Cu2 2.6211(13), Cu2—
Cu3 2.6167(13), Cul—Cu3 2.6594(13), Mo1—Cul 2.6526(10), Mo2—Cul
2.6194(10), Mo2—Cu2 2.6477(11), Mo3—Cu2 2.6215(12), Mo1—Cu3
2.6439(11), Mo3—Cu3 2.6685(11); Cu2-Cul-Cu3 59.41(3), Cul-Cu2-
Cu3 61.03(4), Cul-Cu3-Cu2 59.57(3), Mo1-Cul-Mo2 175.92(5), Mo2-
Cu2-Mo3 177.87(5), Mo1-Cu3-Mo3 171.25(5). b) Views of the metal
core of 2 in 2.0.5 C,H,O.

centers. Like the Cu—Cu distances in 2, the relatively short
Ag—Ag distances suggest additional bonding, consistent with
inward bending of the Mo-Ag-Mo chains, which is more
pronounced at Agl.

The reaction of Na-1-2 DME in toluene with NEt, [ AuBr,]
in acetone at —40°C, in a 1:1 ratio, led to instant formation of
temperature-sensitive red cluster [Auy{MoCp(CO);},] (4;
Figure 3a).! Its Au,Mo, metal core contains a tetragold
square, and each Au—Au edge is bridged by a p-{MoCp(CO);}
fragment. Consequently, the inner Au, square is inscribed
within a distorted Mo, square (Mo-~Mo 5.438(1)-5.535(1) A;
v,-square structure for the Au,Mo, metal core shown in
Figure 3b). The Mo atoms are not coplanar with the gold
square and, like in 3, a slight tetrahedral distortion around the
gold centers means that two opposite molybdenum atoms are
located on the same side of the Au, plane (Figure 3b). The
Au—Mo distances are in agreement with the literature values
reported for such bonds (median value from CCSD Novem-
ber 2008: 2.803 A, 6=0.12 A for 76 samples). The bonding
situation of the CO ligands in clusters 2—4 is discussed in the
Supporting Information.

Whereas the average M—M distances in 2-4 (Cu—Cu
2.632(1), Ag—Ag2.870(1), Au—Au 2.774(1) A) are close to the
respective sums of the metal atomic radii (2.556, 2.890, and
2.884 APy and covalent radii (2.64(4), 2.90(5), and
2.72(6) AP, they are significantly shorter than the sums of
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Figure 2. a) View of the molecular structure of 3. Selected bond
lengths [A] and angles [°]: Ag1—Ag2 2.8408(9), Ag1—Ag2’ 2.8999(9),
Agl--Agl’ 3.5314(11), Ag2--Ag2’ 4.4051(10), Mol1—Ag1 2.8115(9),
Mo2—Ag1 2.8868(9), Mo1'—Ag2 2.8750(10), Mo2—Ag2 2.8216(10);
Ag2-Agl-Ag2' 100.23(3), Agl-Ag2-Agl’ 75.92(3), Mol-Agl-Mo2
147.80(3), Mo1’-Ag2-Mo2 163.56(3). b) Views of the metal core of 3.

the van der Waals radii (2.80, 3.44, 3.32, respectively),” and
the respective experimental values (median values from
CCSD November 2008:2.701 A, 6=0.21 A for 3946 samples;
3.016 A, 0=0.20 A for 3343 samples; and 2918 A, 6 =0.19 A
for 2940 samples). This, together with the average inward
bending of the Mo-M-Mo chains in the v, squares, which is
more pronounced in 4 than in 3, strongly suggests the
existence of attractive d'’-d" interactions.”! The question
arises to what extent the nature of the d' ion and of the
d'"--d" interactions determines the preference for a v,-
triangular (MM'); or a v,-square (MM’), core geometry in
such mixed-metal clusters.

We carried out DFI/B3LYP calculations"” with the
Gaussian 03 software suite!'!! to inquire into the preference
of Cu' to form triangular clusters whereas the heavier
homologues give rise to square-like clusters. Both types of
clusters were therefore modeled with Cu, Ag, and Au cores.
The geometry observed for 2 was modeled by a trimer with
C;, symmetry, reduced to C, in the calculations. For the
tetramer, the structure with lowest energy was obtained,
whatever the metal, for a geometry displaying S, molecular
symmetry and strongly reminiscent of the structures observed
for 3 and 4, although the out-of-plane deformation of the
metal framework could not be reproduced by geometry
optimization. For both the triangular and square complexes,
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Figure 3. a) View of the molecular structure of 4 in 4-C;H,. Selected
bond lengths [A] and angles [°]: Aul—Au2 2.7417(8), Au2—Au3
2.8030(9), Au3—Au4 2.7512(8), Au4—Aul 2.7995(9), Aul--Au3

3.9391(11), Au2--Au4 3.9041(10), Mo1—AuT 2.8527(12), Mo4—Aul

2.8243(12), Mo1—Au2 2.8054(12), Mo2—Au2 2.8114(11), Mo2—Au3
2.7975(11), Mo3—Au3 2.8259(12), Mo3—Au4 2.8244(12), Mo4—Au4
2.8077(11); Au2-Aul-Au4 89.58(2), Aul-Au2-Au3 90.53(2), Au2-Au3-

Au4 89.32(2), Au3-Aud-Aul 90.41(2), Mol-Aul-Mo4 154.29(3),
Mo1-Au2-Mo2 150.99(3), Mo2-Au3-Mo3 153.87(3), Mo3-Au4-Mo4
152.18(3). b) Views of the metal core of 4 in 4-C;H,.

distinct starting geometries, differing in the relative orienta-
tions of the {MoCp(CO);} fragments and in the molecular
symmetry (Figure 4), yielded separate local minima, although
higher in energy. To compare the relative stabilities of the
trimers with those of the tetramers, the total energy E
optimized for a given cluster was reduced to the averaged
energy of a hypothetical M[MoCp(CO);] monomer as E/n
(n=3 or 4). Values of E/n obtained for all five considered
cluster forms of Cu, Ag and Au, together with the corre-
sponding Cartesian coordinates are displayed in the Support-
ing Information. Figure 4 shows the relative averaged ener-
gies AE/n obtained for the three coinage metals with respect
to the geometry optimized starting from the structure of the
tetramer with S, symmetry, which was the most stable
whatever the metal.

All values of AE/n are small, that is, less than 7, 12, and
18 kJmol™! for Cu, Ag, and Au, respectively. The square-like
structure with C, symmetry, for instance, had AE/n=
+4 kIJmol™!, whatever the metal. It is therefore not ruled
out that clusters closely related to 3 and 4 could exist with
slightly different geometries of the {MoCp(CO);} moieties,
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Figure 4. Representation of the relative energies computed for various
possible structures of [M{MoCp(CO);}], (M =Cu, Ag, Au; n=3, 4) and
reduced to a single hypothetical monomer (n=1). For each metal M,
the zero-energy level of the monomer corresponds to the square
structure of S, symmetry.

depending on intra- or intermolecular interactions. Similarly,
the configuration of the Cu trimer with C, symmetry is
separated from the triangular form of lowest energy by no
more than 1.4 kImol™' (Figure 4).

The most important trend, however, concerns the values
of AE/n separating the trimers from the tetramers. Even
though the lowest energy tetramer is always calculated to be
more stable than the lowest trimer, the gap is particularly
small for Cu (1.9 kJmol™), and remains compatible with
stabilization of the smallest cluster, given the possible
influence of entropy factors. Then, the AE/n gap increases
to 8.7 kJmol ™! for silver and culminates at 13.5 kJmol ™ for
Au, in agreement with the observed preference of these two
metals for square-like clusters.

The origin of these differences could be sought in steric
repulsion between the {MoCp(CO);} moieties. To check this
hypothesis, single-point calculations were carried out on the
15 clusters of Figure 4 after removing the coinage-metal core.
To avoid electrostatic bias, an Mo' oxidation state was
assumed in each fragment. Figure 5 displays the values of
AE/n=E/n—E,,, where E/n represents the energy of the
{MoCp(CO),} fragment averaged from the computed energy
of a [MoCp(CO);], cluster, and E,,, is the reference energy of
an optimized {Mo'Cp(CO);} fragment. It shows that the
average destabilization of the {MoCp(CO);} moieties is
almost independent of the coinage-metal core for the
square forms, which are expected to be more sensitive to
ligand crowding. The {MoCp(CO);} moiety extracted from
copper triangle 2 with C; symmetry displays surprising
destabilization (Figure 5). A closer analysis shows that the
latter is not due to interfragment repulsion, but to deforma-
tion of the {Mo(CO),} tripods induced by semibridging
coordination of the carbonyl ligands. Among the 15 inves-
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Figure 5. Averaged relative energies of {MoCp(CO),} fragments
obtained from single-point calculations on the various structures of
[{Mo'Cp(CO);}], (n=3, 4) extracted from [M{MoCp(CO);}], (M =Cu,
Ag, Au; Figure 4) and compared with an isolated {Mo'Cp(CO);}
fragment with optimized geometry.

tigated clusters, the model of 2 is the only one in which all
carbonyl ligands are involved in strong semi-bridging contacts
with the copper core.

In the three square clusters of S, symmetry, as in the Au
and Ag triangles with C, symmetry, only two carbonyl ligands
out of three are engaged in semibridging interactions, which
gives the {Mo(CO),} tripod sufficient flexibility.'! The results
summarized in Figures 4 and 5 suggest better capability of Cu'
to retrodonate electrons toward the CO m* orbitals and
rationalize the coordination modes observed for 2, 3, and 4
(Figure 1a-3a).™ However, this coordination mode affects
each of the {MoCp(CO);} fragments individually in their
interaction with the two closest coinage-metal atoms. Clearly,
the difference in the metal affinities toward CO st* MOs, and
in a more general way the results displayed in Figure 5, do not
provide indications why Cu should prefer the triangle and Ag
and Au, the square.

Nevertheless, the sequence of relative stabilities displayed
in Figure 4 is reminiscent of metallophilic trends, and it is
therefore tempting to correlate the increase of the M;/M, gap
while descending the Periodic Table with the strengthening of
d!--d" interactions specific to tetramers, that is, those
connecting the coinage metals along the diagonals of the M,
squares. Even though these diagonal distances approach 4 A
in Au cluster 4, the aurophilic interaction has been shown to
slowly decrease with increasing Au--Au separation and still
provide an appreciable stabilizing contribution in this range
of distances.***l Since the DFT/B3LYP approach is known to
underestimate these interactions, the results of Figure 4 were
refined with single-point MP2 calculations, which are
expected to provide a more reliable account of the dispersion
part of the metallophilic interactions.*'¥) The MP2 results
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Figure 6. Averaged relative energies of M[MoCp(CO);] monomers
obtained from single-point MP2 calculations carried out on the
clusters displayed in Figure 4 and using the DFT-optimized structures
(solid lines). The DFT results are indicated by dotted lines. The origin
of the energy scale is the same as in Figure 4.

(Figure 6) indeed find the triangles to be significantly
destabilized with respect to all square structures, whatever
the metal.

Moreover, the destabilization obtained with MP2 for the
triangular forms of the Ag and Au complexes is clearly
increased with respect to the DFT results. These results
strongly substantiate the hypothesis of diagonal and/or multi-
center metallophilic interactions stabilizing the square-like
clusters of Ag and Au. However, the present MP2 results fail
to account for the observed triangular form of Cu complex 2.

The only v,-triangular clusters comparable to 2 have
Fe,Cu,™ and Os,Cu;"® cores, and only four v,-square M,M’,
clusters have M—M distances in the central group 11 M,
square or rhombus shorter than 3.4 A. Two of them feature
Cu' or Ag' squares with edge-bridging p-{Co(CO),} metal-
loligands,' and the other two contain Ag' or Au' squares with
edge-bridging p-{Fe(CO),} metalloligands.'® However, their
mean Ag—Ag (3.021""" and 3.149 Al"*) and Au—Au distan-
ces (2.902 A)"* are longer than in 3 and 4, respectively.

Complexes 2-4 form a unique series of oligomeric clusters
of type {M[m]}, (M =Cu, Ag, and Au) containing the same
bridging metalloligand [m], and thus provide comparative
structural data relevant to a better evaluation of the
contribution of d'*-d" interactions in structural chemistry.
Theoretical calculations suggest that formation of squares
instead of triangles in the case of Au and Ag could be favored
by diagonal Au--Au and Ag--Ag interactions, respectively.
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