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Self-assembly reactions of the triply-bonded dirhenium com-
plex cis-[Re2Cl2(dppm)2(O2CC5H4N-4)2] with cis-protected
PtII and ZnII precursors have produced heterometallic
squares. Analogous reactions with Ag(O3SCF3), cis-[Re2-
Cl4(O2CCH3)2(H2O)2] and [Rh2(O2CCH3)4] have yielded

Introduction

The assembly of metal-based units into supramolecular
structures may furnish interesting conducting,[1] mag-
netic,[2] optical,[3] or catalytic properties.[4] Among the com-
plexes that have been synthesized in this vein are dimetal
(M2) ‘‘lantern’’ complexes as building blocks for homomet-
allic supramolecular assemblies, efforts that have largely fo-
cused on the use of dicarboxylic acids.[5] In addition, edge-
sharing bi-octahedral dirhenium units can be linked by cy-
anide and thiocyanate to yield mixed metal Re4Pd2, Re2Ag,
Re2W, Re2Pt, and Re2Rh complexes.[6] Recently, we re-
ported a new type of self-assembly reaction that affords
molecules with both M2 and M� units. The isonicotinate
ligand was used as it binds to three metals (Scheme 1).
Specifically, the precursor molecule cis-[Re2Cl2-
(dppm)2(O2CC5H4N-4)2] (1) was synthesized and treated
with cis-[Pt(dbbpy)(Otf)2] (dbbpy � 4,4�-di-tert-butyl-2,2�-
bipyridine; Otf � O3SCF3) to yield a molecular square
composed of alternating dirhenium and platinum corners.[7]

Herein we report further reactions of 1 with various metal
complexes to yield a new heterometallic molecular square
with alternating Re2 and Zn corners and three open-chain
polymers consisting of 1:1 Re2/Ag, Re2/Re2, and Re2/Rh2

units.

Scheme 1
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mixed-metal polymeric structures. These results demonstrate
that the isonicotinate ligand is useful for accessing heterome-
tallic structures involving metal−metal bonded complexes.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Results and Discussion

The molecular structure of complex 1 involves ortho-
gonally disposed isonicotinate groups with two dangling ni-
trogen donors available for further coordination. Reactions
of 1 with cis and trans accessible transition metal precursors
can, in principle, generate various cyclic and open-frame
oligomers as well as polymers (Scheme 2). Self-assembly re-
actions typically yield one major product in a high yield as
dictated by a combination of enthalpic and entropic contri-
butions. Here, various building blocks have been employed
in reactions of 1, including [Pt(dbbpy)(O3SCF3)2], ZnCl2,
Ag(O3SCF3), cis-[Re2Cl4(O2CCH3)2(H2O)2], and [Rh2-
(O2CCH3)4], all of which have at least two positions avail-
able for facile substitution, but differ in the geometry and
disposition of the available metal binding sites. Hybrid
molecular squares [{cis-Re2(O3SCF3)2(dppm)2(O2CC5H4N-
4)2}{Pt(dbbpy)}]2(O3SCF3)4 (2) and [{cis-Re2Cl2(dppm)2-
(O2CC5H4N-4)2}{ZnCl2}]2 (3), composed of alternating
Re2

II,II and MII (M � Pt and Zn) corners, have been iso-
lated from the reactions of 1 with [Pt(dbbpy)(O3SCF3)2][7]

and ZnCl2, respectively. In contrast, the reactions of 1
with Ag(O3SCF3), cis-[Re2Cl4(O2CCH3)2(H2O)2] and
[Rh2(O2CCH3)4] yield open-chain polymeric structures
[{cis-Re2(OReO3)2(dppm)2(O2CC5H4N-4)2}{Ag·ReO4}]�
(4), [{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{cis-Re2Cl4-
(O2CCH3)2}]� (5), and [{cis-Re2Cl2(dppm)2(O2CC5H4N-
4)2}{Rh2(O2CCH3)4}]� (6), respectively. These reactions are
essentially instantaneous as judged by the rapid formation
of insoluble solids. Crystals of complexes 3�6 were ob-
tained by slow diffusion. Regardless of the ratio of complex
1 and the metal precursors, the isolated products are essen-
tially the same. The new compounds 3�6 are insoluble in
common organic solvents, which prevents measurements of
their physical properties in solution.
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Scheme 2

Complex 3·10(C2H4Cl2)·11(CH3OH)·(H2O) is a molecu-
lar square consisting of alternating (dppm)2Re2

II and
ZnIICl2 units at the vertices and isonicotinate ligands along
the edges (Figure 1). Selected bond lengths and angles are
provided in Table 1. The square is considerably distorted,
as evidenced by the Zn···Zn diagonal distance of 11.881(5)
Å whereas the diagonal defined by the midpoints of the
two Re2 units is 13.608(3) Å. These distances are strikingly
similar to the corresponding values in complex 2 (11.971(3)
and 13.263(3) Å], the structure of which is identical to com-
plex 3 except that the ZnCl2 corners are replaced by
Pt(dbbpy) units (Figure 2). The Re�Re [2.318(1) Å] and the
Re�P [2.387(4)�2.412(3) Å], Re�O [2.133(8)�2.160(9) Å],
and Re�Cl distances [2.513(3) and 2.523(3) Å] are similar
to the corresponding distances in the precursor complex 1.
The vertex angle subtended by the Re2 units is less than the
ideal 90° [O1�Re2�O3 80.6(3)° and O2�Re1�O4
80.0(3)°]. The coordination environment around Zn is best
described as distorted tetrahedral. The N1�Zn1�N2 ver-
tex angle is 101.0(5)° while Cl3�Zn1�Cl4 is significantly
larger [122.8(2)°], presumably due to non-bonded repul-
sions between the adjacent chlorine atoms.

Figure 1. ORTEP representation of the neutral molecular square
[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{ZnCl2}]2 in 3·10(C2H4Cl2)·
11(CH3OH)·(H2O) with important atoms labeled. Thermal ellip-
soids are at the 50% probability level; hydrogen atoms have been
omitted for clarity
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Table 1. Selected bond lengths [Å] and angles [deg] for 3

Bond lengths

Re1�Re2 2.3175(10) Re2�O1 2.133(8)
Re1�P2 2.402(3) Re2�P1 2.394(4)
Re1�P4 2.387(4) Re2�P3 2.412(3)
Re1�O2 2.160(9) Zn1�N1 2.041(12)
Re1�O4 2.149(9) Zn1�N2 2.052(13)
Re1�Cl2 2.513(3) Zn1�Cl3 2.232(5)
Re2�Cl1 2.523(3) Zn1�Cl4 2.202(5)

Bond angles

O4�Re1�O2 80.0(3) N1�Zn1�N2 101.0(5)
O4�Re1�P4 95.3(3) N1�Zn1�Cl4 107.8(4)
Re2�Re1�P4 98.71(8) N2�Zn1�Cl4 110.2(4)
O2�Re1�P2 89.8(3) N1�Zn1�Cl3 106.1(4)
Re2�Re1�P2 96.06(8) N2�Zn1�Cl3 106.8(4)
P4�Re1�P2 94.12(12) Cl4�Zn1�Cl3 122.8(2)

Figure 2. ORTEP representation of the molecular square [cis-
Re2(dppm)2(O2CC5H4N-4)2Pt(dbbpy)]2 with important atoms lab-
eled. Thermal ellipsoids are at the 50% level except for the carbon
and oxygen atoms which are represented as circles of arbitrary ra-
dius. Note that the C, O, F, and S atoms of the triflate anions are
axially coordinated, and the hydrogen atoms are removed for clar-
ity

A cyclic voltammetric study of 2 in a 0.1  nBu4NPF6/
CH2Cl2 solution reveals weak electronic coupling between
the dirhenium units through the Pt centers (∆E1/2 � 130
mV; Kc � 158). The extent of coupling is similar to that
estimated for complexes in which dirhenium units are con-
nected by terephthalate ligands.[5]

In complex 4, the structure of which has been confirmed
by X-ray diffraction, the axial chloride ligands have, sur-
prisingly, been replaced by [ReO4]� ions. Moreover, it does
not contain an outer-sphere triflate anion, rather a second
[ReO4]� unit is located in the interstices. The [ReO4]� anion
is a result of oxidative decomposition of 1, which also ex-
plains the relatively low yield of complex 4. The intense IR
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resonances seen between 890 and 950 cm�1 indicate
ν(Re�O) stretches.

The cationic [{cis-Re2(OReO3)2(dppm)2(O2CC5H4N-
4)2}{Ag}]� repeat unit in the crystal structure of
4·1.5(C2H4Cl2)·2(CH3OH) (Figure 3) and selected distances
and angles (Table 2) are given here. Each of the
{Re2(OReO3)2(dppm)2(O2CC5H4N-4)2} units is connected
by AgI ions.[8] The anti orientation of one set of the isonico-
tinate ligands in adjacent dirhenium units results in a zig-
zag pattern for the polymeric structure (see Figure 4, a).
The axial positions of the Re2 unit in complex 4 are occu-
pied by the [ReO4]� anion (instead of the original Cl� ion
in 1) which leads to a slightly shorter Re�Re distance
[2.2850(13) Å] as compared to 1 [2.3271(4) Å]. All metrical
parameters involving the dirhenium units are typical of
other dirhenium�diphosphane complexes.[9] The two-coor-
dinate AgI ion is in a nearly linear geometry
(N6�Ag1�N18 172.3(8)°] with Ag1�N6 and Ag1�N18
distances of 2.130(18) and 2.128(18) Å, respectively.

Figure 3. ORTEP representation of the repetitive cationic frag-
ment [{cis-Re2(OReO3)2(dppm)2(O2CC5H4N-4)2}{Ag}]� in
4·1.5(C2H4Cl2)·2(CH3OH) with important atoms labeled. Thermal
ellipsoids are at the 40% level except for the carbon and oxygen
atoms which are represented as circles of arbitrary radius. Hydro-
gen atoms have been omitted for clarity

As the complexes cis-[Re2Cl4(O2CCH3)2(H2O)2][10] and
[Rh2(O2CCH3)4][11] engage in axial interactions, they were
used here as linkers for complex 1. Although structurally
similar, the difference in the lengths of the quadruple bond
in the dirhenium complex [2.224(5) Å] and the single bond
in the dirhodium compound [2.403(2) Å] allowed us to vary
the linker length. The axial water ligands in cis-[Re2-
Cl4(O2CCH3)2(H2O)2] are readily replaced by the nitrogen
atoms of the isonicotinate ligands in complex 1. Each of
the {cis-Re2Cl2(dppm)2(O2CC5H4N-4)2} moieties is coordi-
nated to two different {cis-Re2Cl4(O2CCH3)2} units. The
isonicotinate ligands of neighboring {cis-Re2Cl2-
(dppm)2(O2CC5H4N-4)2} units are anti, leading to a zig-zag
chain structure with alternating triply bonded Re2

II,II and
quadruply bonded Re2

III,III units (Figure 4, b). A portion of
the polymer, namely the [{cis-Re2Cl2(dppm)2(O2CC5H4N-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2004, 368�375370

Table 2. Selected bond lengths [Å] and angles [deg] for 4

Bond lengths

Re2�Re1 2.2850(13) Re1�O3 2.133(14)
Ag1�N6 2.13(2) Re1�O5 2.22(2)
Ag1�N18 2.128(18) Re2�P1 2.401(5)
Re2�O2 2.120(13) Re2�P3 2.419(5)
Re2�O4 2.147(13) Re1�P2 2.405(6)
Re2�O9 2.230(14) Re1�P4 2.408(6)
Re1�O1 2.133(13)

Bond angles

N6�Ag1�N18 172.3(8) O1�Re1�O3 79.4(5)
O2�Re2�O4 79.4(5) O1�Re1�O5 78.4(6)
O2�Re2�O9 80.9(5) O3�Re1�O5 77.9(6)
O4�Re2�O9 80.2(5) O1�Re1�P2 168.9(4)
O2�Re2�P1 169.5(4) O3�Re1�P2 90.1(4)
O4�Re2�P1 94.1(4) O5�Re1�P2 96.0(5)
O9�Re2�P1 90.0(4) O1�Re1�P4 95.6(4)
O2�Re2�P3 89.9(4) O3�Re1�P4 171.2(4)
O4�Re2�P3 168.7(4) O5�Re1�P4 94.0(5)
O9�Re2�P3 94.4(4) P2�Re1�P4 94.4(2)
P1�Re2�P3 95.83(18)

4)2}{cis-Re2Cl4(O2CCH3)2}] unit, is depicted in Figure 5.
Selected bond lengths and angles are provided in Table 3.
The Re�Re of 2.3143(9) Å, Re�P [2.371(4)�2.410(4) Å],
Re�Cl [2.530(4), and 2.538(4) Å] are all typical of triply
bonded dirhenium complexes with similar ligands.

The Re(1)�Re(2) [2.244(1) Å] in the {Re2Cl4(O2CCH3)2}
unit is characteristic of a Re�Re quadruple bond, and is
slightly longer than the Re�Re bond [2.224(5) Å] in cis-
[Re2(O2CCH3)2Cl4(H2O)2]. The Re�O and Re�Cl dis-
tances are typical of values reported for similar com-
plexes,[12] and the Re�Re�O angles [89.3(3)�90.3(3)°] are
close to 90°. The corresponding angles involving the equa-
torial Cl� ligands [103.6(1)�104.4(1)°] are much wider.
This ‘‘bending back’’ of the chloride ligands away from the
Re�Re bond and towards the axial sites leads to a marked
non-linearity of the Re�Re�N (axial) units as evidenced
by the Re4�Re3�N2 and Re3�Re4�N1 angles of 163.2(3)
and 163.6(4)°, respectively.

Reaction of [Rh2(O2CCH3)4] with 1 also produced
crystals of a zig-zag polymeric chain compound with
alternating triply bonded Re2

III,III and singly bonded
Rh2

II,II units (Figure 4, c). A diagram of the unit
[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{Rh2(O2CCH3)4}] is
shown in Figure 6. Selected bond lengths and angles are
provided in Table 4. The metrical parameters involving the
triply bonded dirhenium units are similar to those observed
in analogous complexes. The two sets of Rh�Rh distances
[2.417(6) and 2.392(5) Å] observed in the crystal structure
are both typical of singly bonded Rh2

4� units with axial
nitrogen donor ligands.[11] The axial Rh�N distances are
2.27(4) and 2.22(2) Å. The Rh1�Rh1��N1 and
Rh2�Rh2��N2 angles are much closer to linearity at
177.6(7) and 176.3(7)° in complex 6 while the correspond-
ing angles in complex 5 are significantly smaller.
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Figure 4. Graphical representation of the zig-zag patterns of the polymeric structures of complexes 4 (a), 5 (b), and 6 (c)

The crystal packing of compounds 2�6 share a common
interesting feature, namely the phenyl groups of the dppm
ligands from the neighboring molecules are engaged in close
phenyl�phenyl contacts.[13] A representative example of the
packing of Re2/Zn squares in complex 3 is shown in Fig-
ure 7. Such arrangements create a cavity in the crystal lat-
tice in which several solvent molecules are trapped during
crystallization.

As documented here, self-assembly the reactions of 1
with cis and trans disposed linkers can yield discrete cyclic
structures or polymers. The rationale for the formation of
low-nuclearity species is based solely on the entropy factor.
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There is also a slight favorable enthalpic contribution for
the stabilization of the cyclic structures versus the open-
frame oligomers, as the former involves more metal�ligand
interactions. Finally, the formation of the heterometallic
squares 2 and 3 as the major products, rather than smaller
or larger sized rings, is presumably a consequence of the
ring-strain of the metallacyclophane. Having stated these
points, why do the reactions of Ag(O3SCF3), cis-[Re2-
Cl4(O2CCH3)2(H2O)2], and [Rh2(O2CCH3)4] react with 1 to
yield polymers instead of squares of larger dimensions? A
common explanation is the role of concentration in the self-
assembly reactions. Dilute solutions typically lead to cyclic
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Figure 5. ORTEP representation of the repetitive neutral fragment
[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{cis-Re2Cl4(O2CCH3)2}] in
5·3(C3H6O)·2(CH2Cl2) with important atoms labeled. Thermal el-
lipsoids are at the 40% level except for the carbon and oxygen
atoms which are represented as circles of arbitrary radius. Hydro-
gen atoms have been omitted for clarity

Table 3. Selected bond lengths [Å] and angles [deg] for 5

Bond lengths

Re1�Re2 2.3143(9) Re2�P2 2.371(4)
Re4�Re3 2.2440(10) Re2�P4 2.397(4)
Re3�N2 2.439(14) Re2�Cl2 2.538(4)
Re4�N1 2.434(13) Re3�O7 2.016(12)
Re1�O3 2.150(10) Re3�O5 2.033(11)
Re1�O1 2.155(9) Re3�Cl4 2.292(4)
Re1�P3 2.377(4) Re3�Cl3 2.297(4)
Re1�P1 2.410(4) Re4�O6 2.045(10)
Re1�Cl1 2.530(4) Re4�O8 2.068(11)
Re2�O4 2.122(9) Re4�Cl6 2.288(5)
Re2�O2 2.130(10) Re4�Cl5 2.323(4)

Bond angles

O3�Re1�O1 80.8(4) Re4�Re3�Cl3 104.36(12)
O3�Re1�Re2 88.0(3) Cl6�Re4�Cl5 93.42(17)
O3�Re1�Cl1 83.4(3) O6�Re4�N1 78.0(5)
O1�Re1�Cl1 81.7(3) O8�Re4�N1 78.6(5)
Re2�Re1�Cl1 167.90(10) Cl6�Re4�N1 87.0(4)
O4�Re2�O2 79.8(4) Cl5�Re4�N1 87.8(3)
O4�Re2�Cl2 83.4(3) O7�Re3�O5 89.1(5)
O2�Re2�Cl2 80.8(3) O7�Re3�Re4 89.3(3)
Re1�Re2�Cl2 167.01(10) O5�Re3�Re4 89.9(3)
O6�Re4�O8 87.1(5) O7�Re3�Cl4 166.7(3)
O6�Re4�Re3 89.6(3) O5�Re3�Cl4 88.3(4)
O8�Re4�Re3 90.3(3) O7�Re3�Cl3 86.8(4)
O6�Re4�Cl6 90.0(3) O8�Re4�Cl5 86.0(3)
Cl4�Re3�Cl3 92.44(17) O7�Re3�N2 78.7(5)
Re3�Re4�Cl6 103.81(12) O5�Re3�N2 78.4(5)
Re3�Re4�Cl5 103.64(11) Re3�Re4�N1 163.6(4)
Re4�Re3�Cl4 103.73(12) Re4�Re3�N2 163.2(3)

products whereas concentrated solutions produce polymers.
However, we found no evidence of lower nuclearity prod-
ucts, regardless of the concentrations of the precursors.
Polymer formation may occur because squares of larger di-
mensions would require many solvent molecules to crys-
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Figure 6. ORTEP representation of the repetitive neutral frag-
ment [{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{Rh2(O2CCH3)4}] in
6·1.5(C3H6O)·2(CH2Cl2)·H2O with important atoms labeled. Ther-
mal ellipsoids are at the 40% level except for the carbon and oxygen
atoms which are represented as circles of arbitrary radius. Hydro-
gen atoms have been omitted for clarity

Table 4. Selected bond lengths [Å] and angles [deg] for 6

Bond lengths

Re1�Re2 2.3425(15) Re2�P2 2.438(6)
Rh1�Rh1 2.417(6) Rh1�O2 2.02(3)
Rh2�Rh2 2.392(5) Rh1�O4 2.02(3)
Re1�P1 2.408(7) Rh1�O1 2.09(3)
Re1�P3 2.434(7) Rh1�O3 2.10(3)
Re1�O12 2.165(18) Rh1�N1 2.27(4)
Re1�O9 2.193(15) Rh2�N2 2.22(2)
Re1�Cl2 2.529(6) Rh2�O5 2.02(4)
Cl1�Re2 2.551(6) Rh2�O7 2.04(3)
Re2�O10 2.179(17) Rh2�O8 2.08(2)
Re2�O11 2.211(17) Rh2�O6 2.09(3)
Re2�P4 2.407(7)

Bond angles

O12�Re1�O9 79.6(7) P1�Re1�P3 95.7(2)
O12�Re1�Re2 88.2(5) Re2�Re1�Cl2 166.81(19)
O9�Re1�Re2 86.1(4) O2�Rh1�O1 88.0(12)
O12�Re1�P1 93.3(5) O4�Rh1�O1 90.3(12)
O9�Re1�P1 169.6(5) O2�Rh1�O3 87.7(16)
Re2�Re1�P1 101.48(15) O4�Rh1�O3 93.9(17)
O12�Re1�P3 169.8(5) N1�Rh1�Rh1 176.3(7)
O9�Re1�P3 90.8(5) N2�Rh2�Rh2 177.6(7)

tallize in the void space. Close-packed polymers also con-
tain solvent molecules, but the packing of larger squares is
expected to be much less efficient.

Concluding Remarks

The results of this study demonstrate the feasibility of
preparing both discrete cyclic products and open-chain
polymers based on the self-assembly of triply-bonded dirhe-
nium units with various inorganic precursors. Dirhodium
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Figure 7. Packing diagram of the Re2/Zn molecular squares in the
crystal structure of complex 3

complexes with isonicotinate ligands as well as 4-cyanoben-
zoate groups have been prepared recently and it appears
that this will be a generally useful method for preparing
mixed-metal clusters.[14] The title compound 1 provides ac-
cess to different types of heterometallic structures, and its
reactions illustrate the usefulness of such molecules for in-
corporating electron-rich metal�metal bonded complexes
into cyclic and acyclic architectures that contain a second
type of metal site.[15]

Experimental Section

Solvents were dried by conventional methods, distilled from over
nitrogen and deoxygenated prior to use. The starting materials
cis-[Re2Cl2(dppm)2(O2CC5H4N-4)2],[7] cis-[Re2Cl4(O2CCH3)2-
(H2O)2],[16] [Rh2(O2CCH3)4][17] were synthesized by literature meth-
ods. Silver triflate and zinc chloride were purchased from Aldrich
and used without further purification. Infrared spectra were re-
corded in the range 400�4000 cm�1 using a Nicolet 470 FT-IR
spectrometer as Nujol mull samples suspended between KBr plates.
Elemental microanalyses were performed by Dr. H. D. Lee of the
Purdue University Microanalytical Laboratory.

Synthesis of [{cis-Re2(O3SCF3)2(dppm)2(O2CC5H4N-4)2}{Pt-
(dbbpy)}]2(O3SCF3)4 (2): A mixture of cis-
[Re2Cl2(dppm)2(O2CC5H4N-4)2] (0.095 g, 0.07 mmol) and 0.052 g
(0.07 mmol) of [Pt(dbbpy)(O3SCF3)2] was stirred in CH2Cl2 for
8�10 h. The resultant red solution was then concentrated and
treated with diethyl ether to yield a solid that was collected by
filtration, washed with fresh diethyl ether (3 � 5 mL) and dried in
vacuo. Single crystals were grown by slow diffusion of Et2O into a
solution of 2 in CH2Cl2. Yield: 34 mg (42%). 1H NMR (δ in
CDCl3): 5.05 and 6.50 (m, 4 H, -CH2- of dppm); 6.8�7.2, 7.42,
7.60 (m, 40 H, Ph of dppm); 8.01 and 8.80 (m, 8 H, isonicotinate),
8.19, 8.28, 9.42 (m, 6 H, aromatic, dbbpy), 1.45 (m, 18 H, CH3 of
dbbpy) ppm. 31P{1H} NMR (δ in CDCl3): �9.88 ppm.
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Synthesis of [{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{ZnCl2}]2 (3): A
CH3OH solution (10 mL) of ZnCl2 (5 mg, 0.04 mmol) was carefully
layered over a solution of 1,2-dichloroethane (10 mL) that con-
tained cis-Re2Cl2(dppm)2(O2CC5H4N-4)2 (50 mg, 0.03 mmol).
After 7 days, a crop of bright-red crystals was collected by fil-
tration, washed with methanol (3 � 5 mL) followed by dichloro-
methane (3 � 5 mL) and dried in vacuo. Yield: 48 mg (87%).
C67H64Cl8N2O5P4Re2Zn (i.e. 2·2C2H4Cl2·CH3OH): calcd. (%) C
44.15, N 1.54, H 3.54, Cl 15.56; found C 44.01; N 1.52, H 3.51,
15.07.

Synthesis of [{cis-Re2(OReO3)2(dppm)2(O2CC5H4N-4)2}{Ag·ReO4}]
(4): A CH3OH solution of AgO3SCF3 (10 mg, 0.04 mmol) was lay-
ered over a solution of cis-[Re2Cl2(dppm)2(O2CC5H4N-4)2] (50 mg,
0.03 mmol) in 1,2-dichloroethane (10 mL). The Schlenk-tube was
then wrapped with foil to avoid light and stored in a refrigerator.
After 7 days, a small quantity of block-shaped crystals of 2 had
formed along with a gray precipitate. The crystals were separated
from the solid, washed with methanol (3 � 5 mL) followed by di-
chloromethane (3 � 5 mL) and dried in vacuo. Yield: 16 mg (21%).
C62H52AgN2O16P4Re5: calcd. C 33.19, N 1.25, H 2.34; found C
32.92; N 1.28, H 2.32.

Synthesis of [{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{cis-Re2Cl4-
(O2CCH3)2}] (5): An acetone solution (10 mL) of cis-[Re2-

Cl4(O2CCH3)2(H2O)2] (25 mg, 0.04 mmol) was carefully layered
over a dichloromethane solution of cis-[Re2Cl2-
(dppm)2(O2CC5H4N-4)2] (50 mg, 0.03 mmol). After 2 days, the
dark blue crystals that had formed were collected by filtration,
washed with acetone (3 � 5 mL) followed by dichloromethane (3
� 5 mL) and dried in vacuo. Yield: 66 mg (92%). C66H58Cl6N2O8-

P4Re4: calcd. (%) C 37.95, N 1.34, H 2.80; Cl 10.18; found C 37.65;
N 1.31, H 2.73, Cl 10.03.

Synthesis of [{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{Rh2(O2CCH3)4}]
(6): An acetone solution (10 mL) of [Rh2(O2CCH3)4] (17 mg,
0.04 mmol) was carefully layered over a dichloromethane solution
of cis-[Re2Cl2(dppm)2(O2CC5H4N-4)2] (50 mg, 0.03 mmol). After 7
days, the resultant red crystals were collected by filtration, washed
with acetone (3 � 5 mL) and dichloromethane (3 � 5 mL), and
dried in vacuo. Yield: 56 mg (86%). C70H64Cl2N2O12P4Re2Rh2:
calcd. (%) C 44.29, N 1.48, H 3.40; found C 44.11; N 1.56, H 3.27.

X-ray Crystallography: Crystals of 3�6 were harvested directly
from the slow diffusion reactions as described in the synthesis sec-
tion. Single-crystal X-ray intensities were collected at 110(2) K on
a Bruker SMART CCD based X-ray diffractometer with 1.5 kW
graphite monochromated Mo-Kα radiation (λ � 0.71073 Å). Data
reduction, cell-refinement, and corrections for Lorentz and polariz-
ation effects were carried out with the program SAINT.[18] Semi-
empirical absorption corrections were carried out with the program
SADABS.[19] The structures were solved and refined using X-
SEED,[20] a graphical interface to SHELX.[21] Additional crystallo-
graphic calculations were performed by the programs PLATON[22]

and PARST.[23] The hydrogen atoms were refined in a riding mode
with values of Ueq that were 1.2 times the Ueq for the heavy atoms
to which they are bonded. Experimental details and pertinent crys-
tallographic data for complexes 3�6 are summarized in Table 5.

[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{ZnCl2}]2·10(C2H4Cl2)·11-
(CH3OH)·(H2O) [3·10(C2H4Cl2)·11(CH3OH)·(H2O)]: The data
were collected using ω-scans in the range 1.67 � θ � 27.82°. The
detector to crystal distance was set at 60 mm. Exposure times of
20 s per frame and scan widths of 0.3° were used throughout the
data collection. The fact that the beta angle is close to 90° com-
bined with the large R-merge value indicated possible pseudo-
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Table 5. Crystallographic data for complexes 3�6

3·10C2H4Cl2·11CH3OH·H2O 4·1.5(C2H4Cl2)·2(CH3OH) 5·3(C3H6O) ·2(CH2Cl2) 6·1.5(C3H6O)·2(CH2Cl2)·H2O

Formula C155H190Cl28N4O20P8Re4Zn2 C67H66AgCl3N2O18P4Re5 C77H80Cl10N2O11P4Re4 C76.50H79Cl6N2O14.5P4Re2Rh2

Molecular mass 4545.01 2456.32 2432.61 2173.22
Crystal system monoclinic monoclinic orthorhombic monoclinic
Space group P21/n (No. 14) P21/c (No. 14) Pbcn (No. 60) P21/n (No. 14)
a [Å] 16.289(3) 19.504(4) 23.150(5) 16.209(3)
b [Å] 35.117(7) 16.407(3) 24.220(5) 38.889(8)
c [Å] 17.001(3) 24.360(5) 33.300(7) 17.363(4)
β [deg] 90.08(3) 92.68(3) 90.42(3)
V [Å3] 9725(3) 7787(3) 18671(6) 10945(4)
Z 2 4 8 4
ρcalcd. [g/cm3] 1.552 2.095 1.731 1.319
µ (Mo-Kα) [mm�1] 3.229 8.238 5.577 2.753
F(000) 4528 4636 9392 4280
Reflections collected 56099 51822 81011 74227
Independent 21289 14162 13495 13984
Observed [I � 2σ(I)] 12028 7692 8618 6996
No. of variables 952 508 868 585
R1

[a] 0.092 0.093 0.092 0.127
wR2

[b] 0.211 0.247 0.189 0.331
Goodness-of-fit 1.017 1.025 1.144 1.020

[a] R1 �Σ||Fo| � |Fc||/ΣFo with Fo
2 � 2σ(Fo

2). [b] wR2 � [Σw(|Fo
2| � |Fc

2|)2/Σ|Fo
2|2]1/2.

merohedral twinning of the crystal. A search for possible twin laws
was carried out, but none of them reduced the R-factor appreciably.
As the final discrepancy indices of both R1 and Rint were small for
a potentially twinned data set, we surmised that the major contri-
bution to the integrated data was from one component of the twin
and therefore a twin correction would not improve the model sig-
nificantly. Disordered solvent molecules with fractional site occu-
pancies were modeled with restraints. All non-hydrogen atoms ex-
cept the carbon and oxygen atoms of the methanol and water mol-
ecules were refined anisotropically.

[{cis-Re2(OReO3)2(dppm)2(O2CC5H4N-4)2}{Ag·ReO4}]·1.5
(C2H4Cl2)·2-(CH3OH) [4·1.5(C2H4Cl2)·2(CH3OH)]: Exposure
times of 25 s per frame and scan widths of 0.3° were used through-
out the data collection. The data were collected using ω-scans in
the θ range 1.53 to 25.35°. The numerous heavy metal atoms re-
sulted in the crystal exhibiting a large absorption coefficient. Un-
fortunately, the weak nature of the diffraction prevented the use of
very small crystal that would minimize the effects of absorption.
The isolated [ReO4]� ions are disordered over two positions and
were modeled using two components with restraints on the Re�O
and O···O distances and site occupancies. All the non-hydrogen
atoms except the carbon and oxygen atoms were refined aniso-
tropically.

[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{cis-Re2Cl4(O2CCH3)2}]·3-
(C3H6O)·2(CH2Cl2) [5·3(C3H6O)·2(CH2Cl2)]: The data were col-
lected using ω-scans in the range 1.22 � θ � 23.34°. The diffraction
patterns were indexed using a primitive orthorhombic cell, and the
structure was solved and refined in the space group Pbcn. A dis-
ordered dichloromethane solvent molecule was modeled using two
components with restraints on the C�Cl and Cl···Cl distances and
site occupancies for the two fragments set to 0.5 each. In the final
cycles of refinement, all non-hydrogen atoms, except those belong-
ing to solvent molecules, were refined anisotropically.

[{cis-Re2Cl2(dppm)2(O2CC5H4N-4)2}{Rh2(O2CCH3)4}]·1.5-
(C3H6O)·2(CH2Cl2)·H2O [6·1.5(C3H6O)·2(CH2Cl2)·H2O]: The
crystal selected for data collection was removed from the solvent
and quickly placed in a cold-stream to prevent decay. The detector-
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to-crystal distance was set at 60 mm. Exposure times of 40 s per
frame and scan widths of 0.3° were used throughout the data col-
lection. The data were collected using ω-scans in the θ range 1.57
to 23.14°. The diffraction patterns were indexed using a primitive
monoclinic cell. The space group P21/n was chosen on the basis of
the systematic absences in the diffraction pattern. In the final cycles
of refinement the Re, Cl, P, and O atoms belonging to the coordi-
nation polymer were refined anisotropically. Anisotropic refine-
ment of carbon atoms and the atoms belonging to guest molecules
resulted in these atoms having non-positive definite displacement
parameters.
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