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ABSTRACT: The reactions of the Li+ salt of the title anion with
chlorophosphines PR2Cl (R = Cy, Ph, tBu) led in all cases to
products of formula [Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P″-P2PR2)-

(CO)2], with the PR2 group inserted in one of the Mo−P(basal)
bonds of the anion to give novel tridentate phosphinodiphosphenyl
ligands, as confirmed by the solid-state structure of the PCy2
compound. When R was the bulky tBu group, this product was in
equilibrium with an isomer of formula [Mo2Cp2(μ-PCy2)(μ-
κ2P,P′:κ

2
P,P′-P2P

tBu2)(CO)2], in which the diphosphorus ligand of
the anion binds the PtBu2 group through the lone pair of electrons
at the basal P atom in an “end-on” fashion (computed P−P−PtBu2
= 114.7°); the latter isomer was more stable than the former,
according to the NMR data and density functional theory (DFT) calculations. The title anion reacted with halide complexes of
the type [MXLn] (MLn = FeCp(CO)2, MoCp(CO)3, ZrCpCl, Mn(CO)5, Re(CO)5) to give compounds of formula
[Mo2MCp2(μ-PCy2)(μ-κ

2:κ2:κ1-P2)(CO)2Ln] incorporating the organometallic fragment MLn also in an “end-on” position at the
basal P atom of the anion, as confirmed by the solid-state structure of the Fe compound (P−P = 2.089(2) Å; P−P−Fe =
124.6(1)°). All these complexes, except the Zr compound, underwent a fluxional process in solution involving a swing of the P2
ligand around the Mo−Mo axis with concomitant exchange of the MLn fragment between the P atoms of the diphosphorus
ligand, as revealed by variable-temperature NMR experiments. Thermal decarbonylation of the Mn and Re compounds gave
hexanuclear derivatives of formula [Mo4M2Cp4(μ-PCy2)2(μ4-κ

1:κ2:κ2:κ1-P2)2(CO)12] (M = Mn, Re) as a mixture of two isomers
derived from the different assembly of the asymmetric Mo2P2 subunits, as confirmed through X-ray analyses of both compounds.
Each of the P2 ligands in these two complexes bind two Mo and two M atoms (M = Mn, Re), with the latter defining central
P4M2 six-membered rings with unusual boat conformations.

■ INTRODUCTION

Organometallic compounds with a “M2P2” tetrahedral core,
that is, bearing a diphosphorus ligand symmetrically bridging a
bonded dimetal unit, have been known for some 40 years now.
The first example was described by Marko ́ and co-workers, who
reported the formation of the dicobalt complex [Co2(μ-κ

2:κ2-
P2)(CO)6] from the reaction of the metal carbonylate
Na[Co(CO)4] with PX3 (X = Cl or Br).1 However, the most
common protocol to prepare such species is based on the
symmetrical degradation of the white phosphorus molecule
(P4) mediated by dinuclear organometallic complexes, a
reaction with low selectivity that usually takes place under
harsh thermal or photochemical conditions.2 Some reactivity
studies have been also undertaken for these systems, most of
them involving the addition of simple acceptor molecules, such
as transition-metal moieties, although degradation and bond
cleavage reactions are also known.2 The addition reactions not
leading to bond rupture in the M2P2 unit can be classified

attending to the binding mode of the incoming fragment
(Chart 1): The “end-on” types (I and II in Chart 1) involve the
binding of the incoming metal fragment (M′) to one or both P
atoms through the lone pairs (LP) of the latter;3 the “side-on”
type III involves the binding of the metal fragment at the P−P
edge,4 which is reminiscent of the addition of H+ or Li+ to the
P4 molecule, a reaction computed to occur preferentially at a
P−P edge rather than at a P vertex;5 more recently, complexes
displaying “end-on”/”side-on” combinations (IV and V) have
been also reported, these being prepared through the judicious
choice of the reagents.6

Recently, we reported the symmetrical degradation of the P4
molecule under mild conditions by the unsaturated anionic
complex [Mo2Cp2(μ-PCy2)(μ-CO)2]

− to give quantitatively
the anionic derivative [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-P2)(CO)2]
−
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(1),7 the first example of an anionic diphosphorus complex
with a M2P2 tetrahedral core (Chart 2).8 The reactivity of the

latter anion toward mild electrophiles based on elements of
group 14 was explored in detail, and three different binding
modes of the incoming fragment to the Mo2P2 unit were found,
two of them unprecedented: (a) the already known “end-on”
binding of type I, here involving a LP of the basal P atom (Pbs

in Chart 2);7 (b) a novel mode VI involving electron density
located in a high-energy molecular orbital of 1 and having both
σ(Mo−P) and π(P−P) bonding character, in which the
incoming electrophile binds to the basal P atom in a position
intermediate between those implied by the “end-on” and “side-
on” modes, with P−P−M′ angles close to 90° (exemplified by
the germanium and tin compounds [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-
P2MPh3)(CO)2]),

7b and (c) another novel mode VII, in which
the incoming electrophile binds to a basal Mo−P edge in a
three-center−two-electron interaction, a mode also observed
for the tin compound and computed to be the unique and most
stable structure for the agostic-like diphosphenyl complex
[Mo2Cp2(μ-PCy2)(μ-κ

2:κ1,η2-HP2)(CO)2].
7b

Considering the novel structural features unveiled by the
above reactions, it was of interest to examine the reactions of
the anion 1 with other electrophiles based both on metal and
nonmetal elements, so as to further explore the coordination
ability of the Mo2P2 unit in this anion and to establish more
general structural patterns. In this paper, we give a full account
of the reactions of 1 with chlorophosphines PR2Cl (R = Cy, Ph,
tBu), which mainly lead to the insertion of a PR2

+ fragment in
one of the Mo−P basal edges of 1, to give unprecedented
phosphinodiphosphenyl ligands. This can be considered as a
novel variant of the binding possibilities of the M2P2
tetrahedron when faced with a carbene-like generic electrophile
E+ also bearing an electron pair (VIII in Chart 1). In contrast,

the reactions of 1 with transition-metal halide complexes
[MXLn] containing CO or Cp ligands or both ([ZrCp2Cl2],
[MoICp(CO)3], [FeClCp(CO)2], [MnBr(CO)5], and [ReCl-
(CO)5]) always led to products of type I, which, however,
displayed in most cases the exchange of the MLn fragment
between the P atoms of the diphosphorus ligands, a behavior
thought previously to be exclusively associated with derivatives
of 1 having structures of type VI.7b In addition, the Mn and Re
complexes underwent further decarbonylation easily, then self-
assembling to give derivatives with structures of type II, with
both the apical and basal P atoms of the Mo2P2 tetrahedron
bound to M(CO)4 fragments via their LPs to define unusual
six-membered P4M2 rings.

■ RESULTS AND DISCUSSION
Reactions of the Anion 1 with Chlorophosphines.

Complex 1 reacts rapidly with different chlorophosphines
PR2Cl (R = Cy, Ph, tBu) in tetrahydrofuran at room
temperature. When R = Cy or Ph, these reactions gave
selectively the corresponding phosphinodiphosphenyl com-
plexes [Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P″-P2PR2)(CO)2] (R = Cy

(2a), Ph (2b)). However, the reaction with the bulkier
phosphine PtBu2Cl led to a mixture of the isomers
[Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P″-P2P

tBu2)(CO)2] (2c) and
[Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P′-P2P

tBu2)(CO)2] (3), the latter
having a pendant, noncoordinated PtBu2 group (Chart 3).

These isomers are in equilibrium in solution, with 3 being the
major isomer at room temperature, according to the NMR data
(see below). Moreover, small and variable amounts of the PH2-
bridged complex [Mo2Cp2(μ-PCy2)(μ-PH2)(CO)2] were
obtained in all these reactions.9 The latter was characterized
by comparison of its IR and NMR spectroscopic data with
those of previously reported complexes of the type [Mo2Cp2(μ-
PR2)(μ-PHR′)(CO)2],10 although deliberate procedures to
prepare this side-product selectively (i.e., from the reaction of 1
with acids, water, or air) proved to be inefficient, and no further
attempts to fully characterize this compound were made.
It is interesting to compare the above reactions of the anion 1

with those of white phosphorus with in situ generated PR2
+

cations.11 The latter reactions typically proceed via an
electrophilic stage (electron donation from P4 to the empty
orbital of the cation: P4 → PR2) followed by electronic
rearrangement resulting in the insertion of the PR2 group in a
P−P bond (nucleophilic stage), to give cationic P5 polyhedra.

12

Compound 3 nicely reproduces this first step, now taking place
specifically at the basal P atom, and related species are likely to
be formed in the reactions of 1 with PCy2Cl and PPh2Cl (not
detected), which then rearrange rapidly by specific insertion in
a Mo−P (rather than P−P) bond, to eventually give
compounds 2. We should also note that these reactions
provide the first complexes having phosphinodiphosphenyl

Chart 1

Chart 2

Chart 3
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ligands (P2PR2) that appear to have been described in the
literature.
Solid-State Structure of Compound 2a. The structure of

2a (Figure 1 and Table 1) can be viewed as derived from that

one computed for the anion 1 after insertion of a PCy2
+ unit in

a Mo−Pbs bond. This somehow distorts the Mo2P2 tetrahedral
core, by removing one Mo−P bond (Mo1−P2) and establish-
ing two new bonds, Mo1−P3 and P2−P3, (2.5053(8) and
2.183(1) Å respectively). The added phosphorus atom (P3) is
located in the plane defined by the metal atoms and the μ-PCy2
ligand, while the former “basal” P2 atom is shifted above that
plane. Yet, the overall conformation of the molecule remains
essentially unperturbed, with the Cp and CO ligands keeping a
distorted transoid arrangement comparable to that in the anion
1, with Mo−Mo−C(carbonyl) angles of 75.8(1)° and
116.6(1)°. This distortion minimizes the repulsion with the
apical P atom (P1), which is located in the same plane as the
average one defined by the Mo2(CO)2 unit. This geometrical
feature is characteristic of different complexes of the type
[M2Cp2(μ-PR2)(μ-X)(μ-Y)(CO)2] having three or more atoms
bridging the dimetal unit.7,13 The Mo1−P1 and Mo2−P1
lengths of 2.5036(8) and 2.4570(8) Å, respectively are slightly
shorter than the corresponding lengths measured in the
methyldiphosphenyl complex [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-
P2Me)(CO)2], a related molecule with an intact Mo2P2
tetrahedral core,7 while the Mo2−P2 length of 2.5031(8) Å
is significantly elongated (by ca. 0.1 Å). Perhaps, the most
significant change takes place in the P−P distance within the P2
unit, now closer to a normal single P−P bond (2.185(1) Å vs
2.21 Å measured for the P4 molecule) and significantly longer
(by ca. 0.1 Å) than the one computed for the parent anion 1 or

that measured for the mentioned methyldiphosphenyl complex
(2.085(1) Å). This can be attributed to the almost complete
absence of any residual π(P−P) interaction in that bond of
compound 2a. Actually, the single bond connecting the P2 and
P3 atoms in 2a has an almost identical length of 2.183(1) Å.
Compound 2a appears to be the first complex with a

phosphinodiphosphenyl ligand (P2PR2) to be structurally
characterized. Actually, to the best of our knowledge no
other complex with this sort of ligand seems to have been ever
reported. The μ-κ2P,P′:κ

2
P,P″-coordination mode observed for 2a,

however, can be related to those found for some
phosphinodiphosphene-bridged complexes14 and also to that
in the phosphine−diphosphorus-bridged CoPt complex [CoPt-
(μ-P2PPh2CH2PPh2)2(PPh3)2]BF4.

15

Solution Structure of Compounds 2a−c and 3. The IR
spectra of compounds 2a and 2b in the C−O stretching region
display two bands around 1850 cm−1 (Table 2) with relative
intensities (medium and strong, in order of decreasing
frequencies) characteristic of complexes having transoid
M2(CO)2 oscillators defining an obtuse angle between both
CO ligands (ca. 140° for 2a in the crystal).16 As expected on
electronic grounds, the bands of the PPh2 derivative (2b) are
shifted to frequencies higher than the corresponding ones in
the PCy2 compound (2a). On the other hand, the IR spectrum
of the mixture of isomers 2c and 3 also displays two bands,
obviously corresponding to the major isomer 3, which are less
energetic than those of the above complexes, as anticipated
from the stronger donor properties of the PtBu2 group.
The 31P{1H} NMR spectra of compounds 2a−c in CD2Cl2

solution at room temperature exhibit in each case a singlet at ca.
150 ppm attributed to the bridging PCy2 ligand, as well as three
resonances corresponding to the phosphinodiphosphenyl
ligand. The resonance for the Pbs atom is easily identified as
the only one exhibiting two large one-bond P−P couplings
around 250 Hz (δ ca. +20 to −20 ppm), while the one arising
from the added PR2 group is identified as the only one being
modified upon 1H coupling, it appearing within the same range
of shifts. The third resonance therefore is assigned to the apical
Pap atom and appears as the most deshielded one in all cases (δ
ca. +50 to +75 ppm). We note that the absolute one-bond P−P
couplings measured for 2a−c fall in the range of values found
for diphosphines of formula RR′P−PR″2 (R, R′, R″ = Me, Et,
iPr, Ph, or tBu).17 Moreover, the DFT-computed figures for
compound 2c (−361 and −344 Hz for Pap−Pbs and Pbs−PtBu2,
respectively, Table 3) reproduce the relative magnitude of the
experimental figures (286 and 256 Hz, respectively), while the
negative sign of these one-bond couplings can be attributed to
the presence of lone pairs at both the Pap and Pbs atoms.18

Other spectroscopic data of compounds 2 (1H, 13C NMR, see
the Experimental Section) are in agreement with their
asymmetric structures and deserve no particular comments.
The 31P{1H} NMR spectrum of 3 at room temperature

displays resonances quite different from those of its isomer 2c,
consistent with a structure of type I (Chart 1) similar to that of
the methyldiphosphenyl complex [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-
P2Me)(CO)2].

7 The Pap and Pbs atoms now appear much more
shielded (at ca. −180 ppm) and strongly coupled to each other
(446 Hz); for comparison, the corresponding resonances in the
above methyldiphosphenyl complex appear at −293 and −84
ppm (JPP = 503 Hz). Unexpectedly, the chemical shift of the
pendant PtBu2 group of 3 is comparable to that in its isomer 2c,
despite the dramatic difference in the corresponding P
environments. Moreover, its coupling to the basal P atom

Figure 1. ORTEP diagram (30% probability) of compound 2a with H
atoms and Cy groups (except the C1 atoms) omitted for clarity.

Table 1. Selected Bond Lengths (Å) and Angles (deg) for
Compound 2a

Mo1−Mo2 3.0959(3) Mo2−P1−Mo1 77.23(2)
P1−P2 2.185(1) P1−P2−P3 83.01(4)
P2−P3 2.183(1) P4−Mo1−P1 74.55(3)
Mo1−P1 2.5036(8) P4−Mo1−P3 126.70(3)
Mo2−P1 2.4570(8) C1−Mo1−Mo2 75.8(1)
Mo1−P4 2.4481(8) C2−Mo2−Mo1 116.6(1)
Mo2−P4 2.4351(8) C1−Mo1−P1 124.5(1)
Mo1−P3 2.5053(8) C1−Mo1−P3 84.8(1)
Mo2−P2 2.5031(8) C1−Mo1−P4 83.1(1)
Mo1−C1 1.957(3) C2−Mo2−P1 70.3(1)
Mo2−C2 1.940(3) C2−Mo2−P2 88.5(1)

C2−Mo2−P4 95.0(1)

Inorganic Chemistry Article
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(446 Hz) is unusually large for a single-bond P−P coupling, an
effect that we can attribute to the negative contribution
provided now by the lone pair at this pendant PtBu2 group.

18

Indeed, the DFT-computed NMR parameters for a type I
structure for compound 3 reproduced well these experimental
spectroscopic properties (Table 3), that is, a chemical shift for
the PtBu2 group comparable to that in 2c but with a largely
increased P−P coupling (−582 vs −344 Hz), the latter in turn
having a value comparable to the Pap−Pbs coupling (−519 Hz),
while the Pap and Pbs atoms become strongly but similarly
shielded (ca. −150 ppm).

As noted above, the phosphinodiphosphenyl isomers 2c and
3 are in equilibrium, with the latter being dominant at room
temperature. The 3/2c ratio was ca. 7 both in CD2Cl2 and
toluene-d8 solutions, as determined from the corresponding 1H
NMR spectra, but the relative amount of 2c increased at lower
temperatures to reach ratios of ca. 8:5 at 253 K and ca. 4:5 at
213 K (toluene-d8 solutions). From these data, it can be
concluded that the energy of both isomers is similar, despite
their significant structural differences, a conclusion supported
by the calculations discussed below.

DFT-Optimized Structures of Isomers 2c and 3. As
noted above, the proposed structure of type I for the isomer 3
reproduces the structure of the intermediate species following
from the electrophilic stage that initiates the activation of the P4
molecule by different main-group based electrophiles.11 It was
therefore of interest confirming that the geometry of this
molecule indeed falls into this structural category, rather than
other alternatives (e.g., structures of type VI). To accomplish
this, we carried out Density Functional theory (DFT)
calculations on both isomers 2c and 3 (see the Experimental
Section and Supporting Information for details).19

The optimized geometry of 2c (Figure 2 and Table 4) is in
general very similar to the one experimentally determined for
the P2PCy2 complex 2a, although the computed values for
distances involving the metal atoms are a bit longer than the
experimental figures, which is a common trend observed with
the functionals currently used in the DFT computations of
transition metal compounds.19a,20 However, the computed
Mo−PtBu2 length of 2.664 Å is significantly longer than the
corresponding Mo−PCy2 length of 2.5031(8) Å in 2a, which
we interpret as a clear reflection of the great steric pressure
induced by the bulky PtBu2 group over this structure. The latter
should have a destabilizing effect on the complex, thus

Table 2. Selected IRa and 31P{1H} NMR Datab for New Compounds

compound ν(CO) δ(μ-P) δ(Pap) δ(Pbs) δ(PR2) J(PapPbs) J(PbsPR2)

[Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P″-

P2PCy2)(CO)2] (2a)
1859 (m, sh), 1836 (vs) 154.5 74.8 −6.3 −19.6 277 229

[Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P″-

P2PPh2)(CO)2] (2b)
1873 (s, sh), 1856 (vs) 149.8 71.9 18.8 −25.0 270 252

[Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P″-

P2P
tBu2)(CO)2] (2c)

1866 (s), 1825 (vs)c 144.6d 50.2 −23.6 18.2 286 256

[Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P′-

P2P
tBu2)(CO)2] (3)

149.2d −184.1 −168.4 47.9 446 446

[Mo2FeCp3(μ-PCy2)(μ3-κ
2:κ2:κ1-

P2)(CO)4] (4)
2025 (vs), 1982 (s), 1854 (m), 1803 (m) 162.3d,e −228.9 −53.5 491

[Mo3Cp3(μ-PCy2)(μ3-κ
2:κ2:κ1-P2)

(CO)5] (5)
2019 (vs), 1956 (s, sh), 1942 (s), 1857 (m), 1812
(m)

158.3d,f −191.8 −134.8 480

[Mo2ZrClCp4(μ-PCy2)(μ3-κ
2:κ2:κ1-

P2)(CO)2] (6)
1892 (m), 1852 (vs) 143.2d −320.3 −129.7 460

[Mo2MnCp2(μ-PCy2)(μ3-κ
2:κ2:κ1-

P2)(CO)7] (7)
2108 (w), 2023 (m), 1895 (m), 1862 (vs)g 155.6 −168.4 (br)

[Mo2ReCp2(μ-PCy2)(μ3-κ
2:κ2:κ1-

P2)(CO)7] (8)
2130 (m), 2030 (vs), 1997 (m), 1863 (w), 1809 (w) 154.8d,h −200.8 −256.6(br) 460

[Mo4Mn2Cp4(μ-PCy2)2(μ4-
κ1:κ2:κ2:κ1-P2)2(CO)12] (9R)

2062 (s), 2001 (sh)i 165.2 −184.0 (br)

[Mo4Mn2Cp4(μ-PCy2)2(μ4-
κ1:κ2:κ2:κ1-P2)2(CO)12] (9M)

2075 (w), 2067 (vs), 2011 (s), 1989 (vs), 1974 (sh),
1961 (sh), 1888 (w), 1827 (w)

164.3 −184.5 (br)

[Mo4Re2Cp4(μ-PCy2)2(μ4-
κ1:κ2:κ2:κ1-P2)2(CO)12] (10R)

2097 (w), 2085 (m), 2012 (vs), 1988 (s), 1858 (s),
1888 (w), 1822 (w)j

161.7 −276.0 (br)

[Mo4Re2Cp4(μ-PCy2)2(μ4-
κ1:κ2:κ2:κ1-P2)2(CO)12] (10M)

160.9 −276.0 (br)

aRecorded in dichloromethane solution with C−O stretching bands [ν(CO)] in cm−1. bRecorded in CD2Cl2 at 121.50 MHz and 298 K, with
coupling constants (JPP) in Hz; Pap and Pbs refer to the “apical” and “basal” P atoms of the Mo2P2 tetrahedron (see Chart 2). cIR spectrum for the
equilibrium mixture of isomers (3/2c ca. 7). dAt 161.98 MHz. eAt 238 K. fAt 240 K. gIn tetrahydrofuran. hAt 198 K. iThe rest of the bands could not
be unambiguously assigned due to overlapping with those of the isomer 9M. jIR spectrum of a ca. 1:1 mixture of isomers 10R and 10M.

Table 3. Selected DFT-Computed 31P NMR Parameters for
Compounds 2c, 3, and 4Aa

2c 3 4A

δ(μ-P) 149.1 149.3 161.9
δ(Pap) 154.7 −166.6 −187.0
δ(Pbs) 8.8 −153.2 −55.6
δ(PtBu2) 9.4 16.8
J(Pap−Pbs) −361 −519 −548
J(Pbs−PtBu2) −344 −582

aValues in ppm for the DFT-optimized structures, with the labeling
scheme shown in the structures. Chemical shifts (δ) are given so as to
fit the computed value of δ(μ-PCy2) of compound 4A to the
experimental figure of 161.9 ppm, and coupling constants (J) are given
in hertz.
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explaining the lower stability of 2c over its isomer 3, where the
bulky PtBu2 group points away from the rest of the molecule.
Indeed, the Gibbs free energy computed for 2c at 295 K in
toluene solution is some 25 kJ/mol above that of 3, with this
difference being reduced by some 5 kJ/mol at 183 K, in
qualitative agreement with the experimental data discussed
above.
The optimized geometry of 3 (Figure 2 and Table 4) belongs

to the structural type I and displays metric parameters
comparable to those computed and measured for the
methyldiphosphenyl complex [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-
P2Me)(CO)2]:

7 a quite short Pap−Pbs length (2.120 Å), a
Pap−Pbs−electrophile angle close to 120° (114.7°) and
relatively short Mo−Pbs lengths (ca. 2.50 Å). This is
accompanied by the retention of large Pap−Pbs couplings
(computed value −519 Hz), as noted above.
Reactivity of the Anion 1 with Transition-Metal Halide

Complexes. The addition of different transition-metal halide
complexes [MXLn] to tetrahydrofuran solutions of the Li+ salt
of the anion 1 leads to the facile incorporation of organo-
metallic fragments MLn to the Pbs atom of the P2 ligand in an
“end-on” position, to give μ3-P2 heterometallic derivatives with
structures of type I rather than VI (Chart 1). Thus the
reactions with [FeClCp(CO)2], [MoCpI(CO)3], [ZrCl2Cp2],
[MnBr(CO)5], and [ReCl(CO)5] gave the corresponding
derivatives [Mo2MCp2(μ-PCy2)(μ-κ

2:κ2:κ1-P2)(CO)2Ln] (MLn
= FeCp(CO)2 (4), MoCp(CO)3 (5), ZrCp2Cl (6), Mn(CO)5
(7), Re(CO)5 (8), respectively, see Chart 4). These reactions
could be carried out conveniently at room temperature in short
times (ca. 15 min), except for compounds 5 and 7, which were
better prepared at temperatures below 273 K to avoid
undesired side reactions (5) or further decarbonylation (7,
see below). Once more, all these reactions also yielded small

amounts of the PH2-bridged byproduct [Mo2Cp2(μ-PCy2)(μ-
PH2)(CO)2], which could be easily separated from the main
product through column chromatography except for compound
6, itself unstable in alumina, which was instead purified through
selective extraction with petroleum ether.

Solid-State Structure of Compound 4. The molecule of
4 in the crystal (Figure 3 and Table 5) is built from two

MoCp(CO) fragments in a transoid arrangement and bridged
symmetrically by PCy2 and diphosphorus (P2) ligands. The
resulting Mo2P2 core displays a tetrahedral geometry as in the
parent anion,7 and it is bound to a FeCp(CO)2 moiety through
a single bond via the basal P atom, as denoted by the Fe1−P2
length of 2.262(2) Å. In essence, the structure of 4 is closely
reminiscent of the type I structure displayed by the
methyldiphosphenyl complex mentioned above,7a implying
that the Fe atom is roughly located on the average plane
defined by the Mo, P2, and P3 atoms. As a result, the Fe1−P2−
P1 angle (124.6(1)°) must be close to the figure of 120°, (cf.
122.8(1)° for the P2C angle in the methyldiphosphenyl
complex). The Cp and CO ligands bound to each Mo atom
exhibit a distorted transoid arrangement analogous to that in
2a, with one carbonyl leaning toward the intermetallic bond
(M−M−C = 78.1(2)°) and the other one pointing away from

Figure 2. DFT-optimized structure of isomers 2c (left) and 3 (right),
with H atoms omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (deg)
Computed for Isomers 2c and 3a

param 2c 3

Mo−Mo 3.148 3.058
Mo1−Pap 2.566 2.575
Mo2−Pap 2.480 2.522
Mo1−Pbs 2.497
Mo2−Pbs 2.575 2.508
Mo1−PtBu2 2.664
Pap−Pbs 2.208 2.120
Pbs−PtBu2 2.239 2.243
Pap−Pbs−PtBu2 84.7 114.7

aLabeling according to the figures in Table 3

Chart 4

Figure 3. ORTEP diagram (30% probability) of compound 4 with H
atoms and Cy groups (except the C1 atoms) omitted for clarity.

Table 5. Selected Bond Lengths (Å) and Angles (deg) for
Compound 4

Mo1−Mo2 3.0077(6) C1−Mo1−Mo2 114.6(2)
P1−P2 2.089(2) C2−Mo2−Mo1 78.1(2)
Fe1−P2 2.262(2) P1−P2−Fe1 124.6(1)
Mo1−P1 2.506(2) Mo2−P1−Mo1 73.3(1)
Mo2−P1 2.534(2) Mo1−P2−Mo2 76.1(1)
Mo1−P2 2.434(2) C1−Mo1−P1 66.2(2)
Mo2−P2 2.445(2) C1−Mo1−P2 104.5(2)
Mo1−P3 2.454(2) C1−Mo1−P3 97.7(2)
Mo2−P3 2.433(2) C2−Mo2−P1 127.9(2)
Mo1−C1 1.936(6) C2−Mo2−P2 86.4(2)
Mo2−C2 1.949(6) C2−Mo2−P3 87.0(2)
Fe1−C3 1.775(7) C3−Fe1−P2 86.9(2)
Fe1−C4 1.778(7) C4−Fe1−P2 87.3(2)
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it (M−M−C = 114.6(2)°), to avoid the close apical P atom of
the diphosphorus ligand. Finally, the P−P distance in the latter
ligand (2.089(2) Å) remains quite short, definitely shorter than
expected for a single bond (ca. 2.18 Å in compound 2a) and
comparable again with that in the methyldiphosphenyl complex
(2.095(1) Å), an experimental figure that we have interpreted
as indicative of the retention of some π(P−P) contribution to
this bond.7

Solution Structure of Compounds 4 and 5. The IR
spectrum of 4 in dichloromethane solution displays four bands
in the C−O stretching region, which can be viewed as arising
from independent Fe(CO)2 and Mo2(CO)2 oscillators: the two
low-frequency bands (1854 and 1803 cm−1) compare well with
those of the mentioned μ-P2Me complex, and can therefore be
assigned to the latter oscillator, whereas the bands of similar
relative intensity at 2025 and 1981 cm−1 can be safely assigned
to the Fe(CO)2 moiety.16 Analogously, the corresponding
bands in the IR spectrum of compound 5 can also be viewed as
arising from two independent oscillators, now Mo(CO)3 and
Mo2(CO)2 ones. As expected, the former gives rise to three
intense bands around 2000 cm−1, and the latter generates two
bands at lower frequencies, with pattern and frequencies similar
to those of the Mo2(CO)2 oscillator in the iron complex 4.
Although the structure of compounds 4 and 5 can be related

to that of the mentioned μ-P2Me complex, a fundamental
difference is found in their dynamic behavior. Thus, whereas
the latter complex and its P2CH2Ph analogue were found to be
rigid on the NMR time scale,7 compounds 4 and 5 (and also 7
and 8, see below) exhibit a dynamic behavior previously
observed only for type VI derivatives of the anion 1 such as the
compounds [Mo2Cp2(μ-κ

2:κ2-P2MPh3)(μ-PCy2)(CO)2] (M =
Ge, Sn, Pb).7b Thus, the 31P{1H} NMR spectrum of 4 at room
temperature displays a triplet at 161.9 ppm (JPP = 12 Hz)
corresponding to the bridging PCy2 ligand, and two broad
resonances at ca. −50 and ca. −220 ppm corresponding to the
P2 unit, which can be assigned to the basal and apical P atoms,
respectively, on the basis of our DFT calculations (computed
values −55.6 and −187.0 ppm, Table 3) and their distinct
behavior at lower temperatures. Upon cooling of the solution
these two signals sharpen, and at 238 K, they appear as strongly
coupled doublets (JPP = 491 Hz; computed value −548 Hz) at
−53.2 and −228.8 ppm, which seems to be a spectroscopic
feature characteristic of type I derivatives of the anion 1.7b The
fluxional process responsible for this broadening must be
essentially identical to that observed and computed for the
mentioned type VI complexes [Mo2Cp2(μ-κ

2:κ2-P2MPh3)(μ-
PCy2)(CO)2]

7b and would involve the swing of the P2 unit
around the Mo−Mo axis with concomitant exchange of the
metallic fragment between the P atoms (Scheme 1). In fact, this
sort of dynamic process would be also operative for compounds
5, 7, and 8, as discussed later on. We also note that the
proposed dynamic process is comparable to the “pendulum
motion” of the Ru fragment recently reported for several P4-
bridged RuPt complexes.21 Upon further cooling to 178 K, a
splitting of the basal P resonance of 4 was observed, which we
attribute to the presence in solution of a minor rotamer having

a different orientation of the FeCp(CO)2 fragment with respect
to the Mo2P2 tetrahedron. Indeed we have found that, in
addition to the conformation found in the solid state (4A), a
second structure 4B, obtained by rotating the FeCp(CO)2
fragment by ca. 120° around the Fe−P axis, is a true minimum
in the potential energy surface of the compound, and is placed
only ca. 3 kJ/mol above the major isomer 4A in the gas phase
(see the Supporting Information). From these calculations, we
can safely conclude that, despite its dynamic behavior,
compound 4 retains in solution a structure of type I under
all circumstances. Apparently, any structure of type VI is
strongly disfavored here (as it is the case of compounds 5−8)
surely on steric reasons, in line with our previous conclusions
on the relative stability of these two types of structures in the
group 14 derivatives of the anion 1.7b

The 1H and 13C{1H} NMR spectra of 4 are also consistent
with the proposed dynamic process in solution, as the room
temperature spectra display averaged resonances for the pairs of
Cy and Mo-bound Cp and CO groups. On cooling of the
solutions to 198 K, all these resonances split in agreement with
the static structure of the complex. Thus, the Mo-bound Cp
ligands give rise to separate 1H and 13C NMR resonances, and
the CO ligands give rise to four independent resonances at
241.3 (d, JCP = 35, MoCO), 238.4 (br, MoCO), 213.9 (d, JCP =
16, FeCO), and 213.1 ppm (d, JCP = 20, FeCO). From the
coalescence temperature of 208 K for the proton Cp
resonances, we can estimate a Gibbs free energy of ca. 47 ±
1 kJ/mol for the corresponding activation barrier,22 which is
somewhat higher than the values of ca. 35−40 kJ/mol
measured for the type VI compounds [Mo2Cp2(μ-κ

2:κ2-
P2MPh3)(μ-PCy2)(CO)2] (M = Ge, Sn Pb),7b but lower than
the values of 55−61 kJ/mol determined for the mentioned P4-
bridged RuPt complexes.21 The difference with compounds of
type VI is not unexpected, since type VI derivatives of 1 are
along the rearrangement coordinate of fluxional structures of
type I but not vice versa. We finally note that the different P−C
couplings observed for the CO ligands of 4 can be easily
explained by recalling the progressive reduction in the absolute
2JCP values usually observed in this sort of molecules upon
increasing the C−M−P angles.18,23 Thus, the downfield
resonance with the largest coupling is assigned to the CO
ligand cis to the axial P atom (C1−Mo1−P1 = 66°) while the
other Mo-bound carbonyl displays larger angles and hence
small couplings. In contrast, the Fe-bound carbonyls display P−
C couplings to the Pbs atom similar to each other (16 and 20
Hz), in agreement with their similar C−Fe−P angles (ca. 87°).
Interestingly, although the dynamic process does not average
the chemical shifts of the Fe-bound carbonyls, it does average
their coupling to the diphosphorus atoms, since at room
temperature these carbonyls appear as triplets with halved
couplings (8 and 10 Hz). This can be explained by considering
the expected negligible value of the tree-bond C−Pap coupling,
and in any case, it proves that the undergoing dynamic process
is intramolecular.
The 31P{1H} NMR spectrum of 5 at room temperature

displays a triplet resonance at 157.9 ppm (JPP = 13 Hz)

Scheme 1. Fluxional Process Proposed for Compounds 4, 5, 7, and 8 in Solution
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corresponding to a PCy2 group equally coupled to both atoms
of the diphosphorus ligand. The resonances of the latter,
however, were not observed, suggesting that at room
temperature we are close to the coalescence temperature for
a dynamic process that averages the Pbs and Pap environments,
as proposed for 4. Indeed, after cooling to 270 K, two broad
resonances are observed at −134.8 and −188.2 ppm, which at
240 K already appear as strongly coupled doublets (480 Hz), as
expected for a type I derivative of the anion 1. The 1H NMR
spectra of 5 are also consistent with this process, as the singlet
(δ 5.20 ppm) observed at room temperature for both Mo-
bound Cp groups splits into well separate resonances at 208 K
(δ 5.28 and 5.17 ppm). From the corresponding coalescence
temperature of 245 K, we can estimate a value of 50 ± 1 kJ/mol
for the Gibbs free energy of the corresponding activation
barrier,22 which is somewhat higher than that for 4, in
agreement with the mass differences of the migrating metal
fragments involved.
Solution Structure of Compound 6. The IR spectrum of

6 displays two C−O stretches at 1892 (m) and 1852 (vs) cm−1

denoting a distorted transoid arrangement of the CO ligands of
the molecule, as found in all derivatives of 1 described so far.
We note, however, that these bands are some 40 cm−1 more
energetic than those of compounds 4 or 5, which is a reflection
of the higher electron-withdrawing character of the Zr(IV)
center compared with the Mo(II) or Fe(II) centers attached to
the Mo2P2 tetrahedron in the above compounds. Another
difference with respect to these species lies in the fact that 6
behaves as a rigid molecule on the NMR time scale at room
temperature. Thus its 31P{1H} NMR spectrum at room
temperature displays two well-resolved doublets at −129.7
and −320.3 ppm, attributed to the basal (P−Zr) and apical P
atoms, respectively, with the large one-bond P−P coupling
(463 Hz) characteristic of all type I derivatives of the anion 1.
At the same time, its 1H NMR spectrum displays separate
resonances for the Cp ligands attached to Zr (δH 6.49 and 6.30
ppm), and for those attached to Mo atoms (δH 5.17 and 5.02
ppm), this being also consistent with the static structure of the
molecule.
Solution Structure of Compounds 7 and 8. The

spectroscopic data in solution for compounds 7 and 8 are
similar to each other, indicating that they share the same
structural features, in turn comparable to those of compounds
4−6 discussed above. Data for compound 7, however, could
only be obtained from impure samples of this complex, which
we could not further purify, and were thus incomplete.
The IR spectrum of the rhenium complex 8 displays five

bands within the C−O stretching region; the three bands at
high frequencies (2131 (w), 2031 (vs) and 1997 (m) cm−1)
have the pattern characteristic of pentacarbonyl complexes of
the type XM(CO)5,

16 and therefore are assigned to the active
C−O stretching modes arising from the Re(CO)5 oscillator of
the molecule. The two bands at lower frequency are
comparable to those observed for compounds 4−6, and are
then assigned to the C−O stretches of the transoid Mo2(CO)2
oscillator. We can take the average frequency of the latter two
bands as an indicator of the electron-density withdrawal from
the Mo2 center of 1 by the added MLn

+ fragment, this rendering
the sequence 6 (1872 cm−1) > 8 (1836 cm−1) ≥ 5 (1835 cm−1)
> 4 (1829 cm−1), which reveals the expected trends, that is, a
stronger withdrawal power of the fragments having higher
oxidation states (Zr(IV)) and a larger number of CO ligands

(Re > Mo > Fe, despite the oxidation states Mo(II) = Fe(II) >
Re(I)).
The 31P{1H} NMR spectra of compounds 7 and 8 at room

temperature in CD2Cl2 solution reveal the operation of
dynamic processes reminiscent of those proposed for
compounds 4 and 5 (Scheme 1) but even faster ones: in
both cases the P2 ligand gives rise at room temperature to a
single and broad upfield resonance, at −168.4 (7) and −220.7
ppm (8). This fluxional process was analyzed in more detail for
the more stable Re complex: upon cooling the solution, the
diphosphorus resonance eventually split to yield two broad
lines at −203.4 and −255.3 ppm at 238 K, which further
sharpened at 198 K, then appearing as strongly coupled
doublets (δ −200.8 and −256.6 ppm, JPP = 460 Hz), as
expected for a type I derivative of the anion 1. The most
shielded resonance was significantly broader, perhaps denoting
slow rotation of the Re(CO)5 fragment around the Re−Pbs
bond as found for 4, and therefore was assigned to the Pbs atom
of the diphosphorus ligand. Indeed, further broadening was
observed on cooling at 173 K, although no additional splitting
of this resonance occurred yet at this point.
The 1H NMR spectra of compounds 7 and 8 at room

temperature also are indicative of fluxional behavior, since both
complexes display just a single and broad resonance at ca. 5.20
ppm for the Cp ligands. Upon cooling, the resonance of the Re
complex further broadened and eventually split to give at 173 K
well-separated resonances at 5.22 and 5.20 ppm. From the
corresponding coalescence temperature (Tc = 182 K), we can
estimate a value of 39 ± 1 kJ/mol for the pertinent activation
barrier,22 a figure somewhat lower than those measured for the
Fe and Mo compounds discussed above. Analogous mod-
ifications were observed in the 13C{1H} NMR spectra of 8: at
room temperature, averaged resonances for the Cp and CO
ligands were observed, while at 183 K separate resonances were
observed for all these ligands, as expected for a complex with no
symmetry elements. For instance, the Mo-bound CO ligands
now gave rise to a strongly coupled doublet at 240.7 ppm (JCP
= 34 Hz), similar to that found for the Fe complex 4 and
analogously assigned to the carbonyl positioned cis to the Pap

atom, and a singlet at 237.5 ppm. At that temperature, the Re-
bound carbonyls gave rise to two signals, a broad and intense
one at 182.3 ppm corresponding to the four equatorial ligands
and a doublet at 177.1 ppm (JCP = 31 Hz), which can be safely
assigned to the axial carbonyl.

31P NMR Trends in μ-P2 Complexes. In our previous
study on the group 14 derivatives of the anion 1, we found that
variations in the chemical shifts of the diphosphorus resonances
were largely dominated by the paramagnetic contribution to the
shielding of the P nuclei and were also critically dependent on
the structure of the molecule (type I vs type VI structures), so
that type I structures were characterized by strongly shielded
Pap resonances and relatively deshielded Pbs resonances,
whereas the reverse applied for structures of type VI.7b Now
the data on compounds 4−8 and the computed NMR
parameters for 4 (Table 3 and Supporting Information)
indicate that these trends also hold for transition-metal
derivatives of the anion 1 with structures of type I. In fact,
the resonances for Pap in compounds 4−8 are found at ca.
−200 ppm except for the Zr compound 6, significantly more
shielded (δ −320.3 ppm) without obvious reason. As expected,
the resonance for the basal P atom displays a marked influence
of the metal bound to it, with the heavier atoms yielding the
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less deshielded resonances (δ in the order Re < Mo ≤ Zr < Fe),
as usually observed for metal-bound P atoms of any type.
Decarbonylation of Compounds 7 and 8. As noted

above, decarbonylation of the Mn derivative 7 takes place
during attempted chromatographic purification of the crude
reaction mixtures on alumina columns, thus hindering its
isolation as a pure species, and also takes place when
tetrahydrofuran solutions of the complex are stirred at room
temperature. The process involves the release of a molecule of
CO from the Mn(CO)5 fragment of the complex and the self-
assembly of two resulting units via the nucleophilic attack by
the LP of the Pap atom in one molecule to the unsaturated
Mn(CO)4 fragment of another one and vice versa, thus yielding
the hexanuclear complex [Mo4Mn2Cp4(μ-PCy2)2(μ4-
κ1:κ2:κ2:κ1-P2)2(CO)12] (9) having a central Mn2P4 ring. The
above dimerization can lead to two possible isomers, depending
whether the involved subunits are the same or different optical
isomer. In the first case, a symmetrical (C2) isomer results (9R
in Chart 5), whereas a fully asymmetrical isomer is formed in
the second instance (9M). We found no evidence of
interconversion between these isomers, which were obtained
usually in a 9R/9M ratio of ca. 3/2 under the above
experimental conditions and could not be separated chromato-
graphically. The isomer 9M, however, could be obtained upon
crystallization from these mixtures (see below).
In the case of the rhenium compound 8, decarbonylation

does not take place spontaneously at room temperature, but it
can be easily induced by heating toluene solutions of the
complex at 343 K for ca. 2.5 h to give an analogous complex
[Mo4Re2Cp4(μ-PCy2)2(μ4-κ

1:κ2:κ2:κ1-P2)2(CO)12] (10), also
obtained as a mixture of isomers R and M in similar amounts.
The symmetrical isomer 10R, however, was more air-sensitive
than 10M, leading to mixtures with higher proportions of the
isomer 10M after manipulation, which allowed the identi-
fication of most resonances of these isomers.
Solid-State Structure of Compounds 9 and 10. The

structure of the isomer 9M was determined through an X-ray
diffraction analysis. Although the quality of the data was rather
poor, it allowed us to determine the connectivity of the atoms
and the relative disposition of the different groups (Figure 4
and Table 6). The molecule of 9M is built from two similar
substructures having a pseudotetrahedral Mo2P2 core bound to
two Mn(CO)4 fragments, defining a Mn2P4 six-membered ring
in an unusual “boat” conformation. We note that related
compounds with hexagonal M2P4 cores (M = Ag,4b Cu,4b Re,24

Mo25) have been already described in the literature, but the
conformation of these rings typically are either planar or “chair-
like”. The geometry around the Mn atoms is almost perfectly
octahedral and deserves no comments. As for the Mo2P2
subunits, each of them has the same transoid geometry found

in the iron compound 4 but corresponds to a different optical
isomer, so although the different ligands are pairwise related,
they are not strictly equivalent. This applies, for instance, to the
PCy2 ligands (P3 and P6), carbonyls bent over the
corresponding Mo−Mo bonds (C2 and C4, C−Mo−Mo ca.
80°), or carbonyls pointing away from it (C1 and C3, C−Mo−
Mo ca. 120°). The most significant difference with the structure
of 4 of course is the coordination of both P atoms of each
diphosphorus ligand to Mn atoms (type II structure), with
similar Mn−P lengths of ca. 2.39 Å. As a result, the Pbs−Mo
and Pap−Mo bonds become of comparable length (ca. 2.47 Å).
Notably, the P−P length seems to be unaffected by the
coordination of the μ-P2 ligand to an additional metal atom and
remains quite short (ca. 2.07 Å), as found in the type I
derivatives of the anion 1 (cf. 2.089(2) Å in 4).
Crystals of the rhenium compound 10 turned out to have

both isomers 10M and 10R disordered in the unit cell with
similar occupancy, and we could not obtain a fully anisotropic

Chart 5

Figure 4. ORTEP diagrams (30% probability) of compound 9 (isomer
M) with H atoms, Cy groups (except the C1 atoms), Cp, and Mn-
bound CO ligands omitted for clarity.

Table 6. Selected Bond Lengths (Å) and Angles (deg) for
Isomer 9M

Mo1−Mo2 2.978(1) Mo2−Mo1−C1 118.4(5)
Mo3−Mo4 3.002(1) Mo1−Mo2−C2 78.5(4)
P1−P2 2.076(4) Mo4−Mo3−C3 115.5(5)
P4−P5 2.074(4) Mo3−Mo4−C4 82.0(5)
Mo1−P1 2.513(2) P1−P2−Mn2 131.6(1)
Mo1−P2 2.481(3) P2−P1−Mn1 131.0(1)
Mo1−P3 2.430(3) P4−P5−Mn2 130.2(1)
Mo2−P1 2.476(2) P5−P4−Mn1 132.4(1)
Mo2−P2 2.474(3) P1−Mn1−P4 89.9(1)
Mo2−P3 2.432(2) P2−Mn2−P5 90.5(1)
Mo1−C1 1.90(1)
Mo2−C2 1.98(2)
Mn1−P1 2.389(3)
Mn2−P2 2.392(3)
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model of the atomic positions, although the general geometrical
features of the molecules were again well-defined. The structure
of the isomer 10M is analogous to that of 9M and will not be
discussed. The structure of the isomer R (Figure 5 and Table 7)

is built from identical Mo2P2 subunits connected to two
Re(CO)4 moieties and defining a six-membered Re2P4 ring also
with a “boat” conformation. As a result, there is a C2 symmetry
axis relating both Mo2P2 subunits and the Re fragments. Apart
from this, we note that the interatomic distances and angles
within each Mo2P2 subunit are comparable to those in 9M,
while the P−Re lengths are comparable to each other (ca. 2.51
Å), and the P−P length in the diphosphorus ligand remains
quite short (2.072(3) Å).
Solution Structure of Compounds 9 and 10. The IR

spectrum of the isomer 9M in dichloromethane solution
exhibits six bands in the range 2100−1950 cm−1, the expected
region for C−O stretches from Mn(CO)4 fragments,16 possibly
indicating some vibrational coupling between the Mn(CO)4
fragments of the molecule, which in any case are strictly
inequivalent. In addition, the spectrum displays two additional
and broader bands at 1888 and 1827 cm−1, originated from the
Mo2(CO)2 oscillators of the molecule. By comparing this
spectrum with that of a mixture of isomers M and R, we could
identify two bands of the isomer 9R at 2061 (m) and 2001 (s)
cm−1, while the rest overlap with those of 9M. As for the
rhenium compound 10, no individual assignment of the C−O
stretches was possible because we could not separate both
isomers. In any case, the observed bands were comparable to
those of its manganese counterpart (Table 2).
The 31P{1H} NMR spectra of isomers 9M and 9R in CD2Cl2

solution at room temperature exhibit in each case a triplet (JPP
ca. 19 Hz) for the PCy2 groups, while the P2 ligands give rise to
just one broad resonance at ca. −185 ppm, thus revealing a

dynamic behavior comparable to those discussed for com-
pounds 4−8. In line with this, the 1H NMR spectra at room
temperature exhibit just one resonance for the four Cp ligands
in each case. According to the solid-state structure of these
isomers, six 31P and four Cp resonances should be expected for
the asymmetric isomer 9M, these being reduced to three 31P
and two Cp resonances for the more symmetrical isomer 9R.
Unfortunately, no splitting was observed in the corresponding
PCy2 or

1H NMR resonances of these isomers down to 190 K.
As for the broad P2 resonances, they further broadened upon
cooling, and at ca. 218 K, they disappeared into the baseline of
the spectrum but did not reappear still at 190 K. Thus, although
the rate of exchange process involving the inequivalent P atoms
of the diphosphorus ligands obviously had been reduced at low
temperature, no useful information could be obtained from
these data.
The rhenium compound 10 displayed a dynamic behavior

comparable to that of 9, although a bit slower, this in turn
enabling us to identify in solution the inseparable isomers M
and R (see the Experimental Section). At room temperature,
the 31P{1H} NMR spectrum of each isomer displayed a triplet
PCy2 resonance at ca. 161 ppm (JPP = 22 Hz), while the P2
ligands gave rise to just a broad resonance at ca. −276.0 ppm.
At the same time, the 1H NMR spectrum displayed a single Cp
resonance in each case. On lowering the temperature, a
broadening in some of the resonances was observed and some
splitting eventually occurred. At 178 K, the 31P resonances of
the major isomer had split into six broad signals, two PCy2
resonances at 153.8 and 145.5 ppm and two sets of upfield
broad doublets corresponding to two inequivalent P2 units,
with large one-bond couplings (δ−230.8 and −335.5 ppm, JPP
> 370 Hz, and δ −254.8 and −320.5 ppm, JPP > 450 Hz) in
agreement with the short P−P lengths of ca. 2.07 Å measured
in the crystal. We can therefore assign all these resonances to
the asymmetric isomer 10M. Unfortunately, the resonances for
the minor isomer could not be identified clearly in the low-
temperature spectra, either because of their superimposition
with those of the major isomer (PCy2) or disappearance into
the baseline of the spectrum (P2), as observed for the
manganese compound 9.
To explain the above observations we must assume that for

both compounds, the isomers M and R undergo a local
exchange between the Pap and Pbs positions within each Mo2P2
subunit not very different from that proposed for the trinuclear
compounds 4−8 (Scheme 2). We note that in the case of the
asymmetric isomers M, the above process also implies the
effective equivalence between both Mo2P2 subunits, in
agreement with the averaged spectrum observed at room
temperature. From the coalescence temperatures of the PCy2
(ca. 198 K) and Cp (ca. 183 K) resonances in the isomer 10M,
we can estimate an activation energy of 36 ± 1 kJ/mol for this

Figure 5. ORTEP diagrams (30% probability) of compound 10
(isomer R, 50% in the crystal), with H atoms, Cy groups (except the
C1 atoms), Cp, and Re-bound CO ligands omitted for clarity.

Table 7. Selected Bond Lengths (Å) and Angles (deg) for
Isomer 10R

Mo1−Mo2 2.984(1) Mo2−Mo1−C1 78.3(5)
P1−P2 2.072(3) Mo1−Mo2−C2 115.2(5)
Mo1−P1 2.471(2) P1−Re1−P2′ 89.8(1)
Mo1−P2 2.478(3) P2−P1−Re1 130.1(1)
Mo1−P3 2.430(3) P1−P2−Re1′ 132.3(1)
Mo2−P1 2.484(2) C1−Mo1−P1 127.2(5)
Mo2−P2 2.490(3) C1−Mo1−P2 86.9(5)
Mo2−P3 2.428(3) C1−Mo1−P3 84.2(5)
Mo1−C1 2.03(2) C2−Mo2−P1 71.1(5)
Mo2−C2 1.93(2) C2−Mo2−P2 111.9(6)
Re1−P1 2.511(2) C2−Mo2−P3 93.8(6)
Re1′−P2 2.512(2)

Scheme 2. Local Exchange Process Proposed for
Compounds 9 and 10 in Solution
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process, which is somewhat lower than the barrier measured for
the trinuclear rhenium compound 8 (39 kJ/mol), likely because
now all P atoms remain bound to the same metal fragments
along the process.

■ CONCLUSION
The anionic diphosphorus complex 1 reacts with chlorophos-
phines to give unprecedented phosphinodiphosphenyl (P2PR2)
complexes resulting from the insertion of the carbene-like PR2

+

cations in one of the Mo−Pbs bonds of the anion. When R is
the bulky tBu group, this structure is slightly disfavored with
respect to a type I structure (Chart 1) where the PtBu2 group is
bound “end-on” to the basal P atom (computed P−P−PtBu2
angle 114.7°), thus avoiding unfavorable repulsions with the
rest of the molecule. Presumably, structures analogous to the
latter one are generated initially in the reactions with the less
bulky chlorophosphines, which then rearrange rapidly via
insertion in the basal Mo−P bond of the Mo2P2 tetrahedron.
The reactions of the anion 1 with different transition-metal
halide complexes [MXLn] (with L being a Cp or CO ligand)
lead in all cases to the “end-on” binding of the organometallic
fragment MLn to the basal P atom of the anion to give type I
structures displaying P−P−M angles around 120°. Most of
these complexes undergo a fluxional process involving the
swing of the P2 ligand around the Mo−Mo axis accompanied
by the intramolecular exchange of the MLn fragment between
the P atoms of the diphosphorus ligand. This process is similar
to the one previously observed for group 14 derivatives of 1
having structures of type VI, but slower, with Gibbs free
energies of activation energy above ca. 40 kJ/mol, which is a
sensible finding since structures of type VI might be found
along the fluxional coordinate of the structures of type I, but
not vice versa. Coordination of the apical P atom in these
heterometallic derivatives could be forced through decarbon-
ylation of the complexes having M(CO)5 fragments (M = Mn,
Re), this leading to dimeric structures having six-membered
P4M2 rings in a “boat” conformation, with two M(CO)4
fragments bridging two Mo2P2 tetrahedral units, which then
display a local structure of type II. This brings about little
structural changes within each Mo2P2 subunit, which still
displays quite short P−P lengths of ca. 2.07 A, but facilitates the
exchange between the inequivalent P sites of the diphosphorus
ligand. All these heterometallic derivatives of 1 incorporate
organometallic fragments having an odd number of electrons.
However, from the reactions of 1 with chlorophosphines, it
might be foreseen that carbene-like (i.e., 16-electron) organo-
metallic fragments might react analogously with 1 to give
related molecules displaying a novel coordination mode of the
diphosphorus ligand (type VIII in Chart 1) and further work in
that direction is being carried out currently in our laboratory.

■ EXPERIMENTAL SECTION
General Procedures and Starting Materials. All manipulations

and reactions were carried out under a nitrogen (99.995%)
atmosphere using standard Schlenk techniques. Solvents were purified
according to literature procedures and distilled prior to use.26

Compounds [MnBr(CO)5],
27 [ReCl(CO)5],

28 and [FeClCp-
(CO)2],

29 as well as tetrahydrofuran solutions of Li[Mo2Cp2(μ-
PCy2)(μ-κ

2:κ2-P2)(CO)2] (1),
7 were prepared as described previously,

and all other reagents were obtained from the usual commercial
suppliers and used as received, unless otherwise stated. Petroleum
ether refers to that fraction distilling in the range 338−343 K.
Chromatographic separations were carried out using jacketed columns
refrigerated by tap water (ca. 288 K) or by a closed 2-propanol circuit

kept at the desired temperature with a cryostat. Commercial aluminum
oxide (activity I, 150 mesh) was degassed under vacuum prior to use.
The latter was mixed afterward under nitrogen with the appropriate
amount of water to reach the activity desired. IR stretching frequencies
of CO ligands were measured in solution (using CaF2 windows) and
are referred to as ν(CO). Nuclear magnetic resonance (NMR) spectra
were routinely recorded at 400.13 (1H), 161.98 (31P{1H}), or 100.61
MHz (13C{1H}) at 295 K in CD2Cl2 solution unless otherwise stated.
Chemical shifts (δ) are given in ppm, relative to internal
tetramethylsilane (1H, 13C) or external 85% aqueous H3PO4 (31P).
Coupling constants (J) and line widths at half intensity of broad peaks
(Δν1/2) are given in hertz. Pap and Pbs refer to the “apical” and “basal”
P atoms of the Mo2P2 tetrahedron (see Chart 2).

Preparation of [Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P″-P2PCy2)(CO)2] (2a).

Neat PCy2Cl (16 μL, 0.072 mmol) was added to a tetrahydrofuran
solution (8 mL) containing ca. 0.050 mmol of 1, and the mixture was
stirred at room temperature for 15 min to give an orange-brownish
solution. After removal of the solvent under vacuum, the residue was
extracted with dichloromethane/petroleum ether (1:6), and the
extracts were chromatographed through alumina. A yellow fraction
was first eluted with the same solvent mixture, containing small
amounts of [Mo2Cp2(μ-PCy2)(μ-PH2)(CO)2], this being followed by
an orange fraction which gave, after removal of solvents, compound 2a
as a yellow solid (0.028 g, 65%). The crystals used in the X-ray study
were grown by the slow diffusion of a diethyl ether layer into a
dichloromethane solution of the complex at 253 K. Anal. Calcd for
C36H54Mo2O2P4: C, 51.81; H, 6.52. Found: C, 51.66; H, 6.61.

1H
NMR (300.13 MHz): δ 5.28, 5.15 (2s, 2 × 5H, Cp), 2.60−1.20 (m,
44H, Cy). 31P{1H} NMR (121.50 MHz): δ 154.5 (s, μ-PCy2), 74.8 (d,
JPP = 277, Pap), −6.3 (dd, JPP = 229, 277, Pbs), −19.6 (d, JPP = 229,
PCy2).

Preparation of [Mo2Cp2(μ-PCy2)(μ-κ
2
P,P′:κ

2
P,P″-P2PPh2)(CO)2] (2b).

Neat PPh2Cl (12 μL, 0.067 mmol) was added to a tetrahydrofuran
solution (10 mL) containing ca. 0.060 mmol of 1, and the mixture was
stirred at room temperature for 15 min to give a yellow solution.
Workup as described for 2a (elution with dichloromethane/petroleum
ether (1:8)) gave a yellow fraction containing small amounts of
[Mo2Cp2(μ-PCy2)(μ-PH2)(CO)2] and then an orange fraction
yielding compound 2b as a light orange solid (0.033 g, 67%). Anal.
Calcd for C36H42Mo2O2P4: C, 52.57; H, 5.15. Found: C, 52.66; H,
5.06. 1H NMR (300.13 MHz): δ 7.78 (m, 2H, Ph), 7.50−7.40 (m, 5H,
Ph), 7.35 (m, 2H, Ph), 7.27 (m, 1H, Ph), 4.99 (t, JHP = 0.9, 5H, Cp),
4.90 (s, 5H, Cp), 2.3−1.1 (m, 22H, Cy). 31P{1H} NMR (121.50
MHz): δ 149.8 (s, μ-PCy2), 71.9 (d, JPP = 270, Pap), 18.8 (dd, JPP =
270, 252, Pbs), −25.0 (d, JPP = 252, PPh2).

13C{1H} NMR (C6D6): δ
245.6 (td, JCP = 14, 3, MoCO), 244.2 (td, JCP = 10, 2, MoCO), 146.0
(t, JCP = 5, C1−Ph), 136.2 (d, JCP = 19, C1−Ph), 132.6 (dd, JCP = 10, 3,
C2−Ph), 131.0 (d, JCP = 8, C2−Ph), 129.6, 128.5 (2d, JCP = 2, C4−Ph),
128.4 (d, JCP = 10, C3−Ph), 128.3 (d, JCP = 3, C3−Ph), 90.1, 87.9 (2s,
Cp), 50.8 (dd, JCP = 6, 3, C1−Cy), 46.5 (t, JCP = 8, C1−Cy), 37.2 (t,
JCP = 4, C2−Cy), 35.6 (d, JCP = 5, C2−Cy), 35.5, 35.3 (2d, JCP = 4,
C2−Cy), 29.1 (d, JCP = 10, C3−Cy), 29.1 (d, JCP = 11, C3−Cy), 28.7,
28.6 (2d, JCP = 10, C3−Cy), 26.9, 26.7 (2s, C4−Cy).

Reaction of 1 with ClPtBu2. Neat P
tBu2Cl (15 μL, 0.079 mmol) was

added to a tetrahydrofuran solution (8 mL) containing ca. 0.050 mmol
of 1, and the mixture was then stirred at room temperature for 15 min
to yield an orange-red solution. Workup as described for 2a gave a
yellow fraction containing small amounts of [Mo2Cp2(μ-PCy2)(μ-
PH2)(CO)2] and then a reddish fraction yielding a mixture of the
isomers [Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P″-P2P

tBu2)(CO2)] (2c) and
[Mo2Cp2(μ-PCy2)(μ-κ

2
P,P′:κ

2
P,P′-P2P

tBu2)(CO2)] (3) as a dark orange
solid (0.025 g, 63%). In solution, these isomers are in equilibrium, with
the ratio 3/2c being ca. 7 at 295 K and 4:5 at 213 K, both in toluene-d8
solution. Spectroscopic data for 2c. 1H NMR: δ 5.22, 5.17 (2s, 2 × 5H,
Cp), 1.22 (d, JHP = 11, 9H, tBu). 1H NMR (toluene-d8, 295 K): δ 5.22,
4.97 (2s, 2 × 5H, Cp), 1.24 (s, 9H, tBu); the resonance of the other
tBu group was masked by those of the major isomer 3. 1H NMR
(toluene-d8, 253 K, 2c/3 = 5:8): δ 5.19, 4.92 (2s, 2 × 5H, Cp), 2.1−
1.0 (m, 22H, Cy), 1.09 (d, JHP = 12, 9H, tBu). 1H NMR (toluene-d8,
213 K, 2c/3 = 5:4): δ 5.17, 4.87 (2s, 2 × 5H, Cp), 2.1−1.0 (m, 22H,
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Cy), 1.25 (d, JHP = 10, 9H, tBu), 1.06 (d, JHP = 12, 9H, tBu). 31P{1H}
NMR: δ 144.6 (s, μ-PCy2), 50.2 (d, JPP = 286, Pap), 18.2 (d, JPP = 256,
PtBu2), −23.6 (dd, JPP = 286, 256, Pbs). 31P{1H} NMR (toluene-d8,
295 K): δ 142.4 (s, μ-PCy2), 52.4 (d, JPP = 289, Pap), 16.6 (d, JPP =
258, PtBu2), −18.4 (dd, JPP = 289, 259, Pbs). 31P{1H} NMR (toluene-
d8, 253 K): δ 142.1 (s, μ-PCy2), 50.0 (d, JPP = 293, Pap), 18.6 (d, JPP =
263, PtBu2), −21.5 (dd, JPP = 293, 263, Pbs). Spectroscopic data for 3.
1H NMR: δ 5.21, 5.19 (2s, 2 × 5H, Cp), 2.2−1.1 (m, 22H, Cy), 1.35,
1.26 (2d, JHP = 11, 2 × 9H, tBu). 1H NMR (toluene-d8, 295 K): δ 5.14,
5.01 (2s, 2 × 5H, Cp), 1.9−1.0 (m, 22H, Cy), 1.30, 1.26 (2d, JHP = 12,
2 × 9H, tBu). 1H NMR (toluene-d8, 253 K): δ 5.14, 4.96 (2s, 2 × 5H,
Cp), 2.20−1.40 (m, 22H, Cy), 1.28, 1.25 (2d, JHP = 12, 2 × 9H, tBu).
1H NMR (toluene-d8, 213 K): δ 5.14, 4.89 (2s, 2 × 5H, Cp), 2.04−
1.40 (m, 22H, Cy), 1.28, 1.25 (2d, JHP = 12, 2 × 9H, tBu). 31P{1H}
NMR: δ 149.2 (t, JPP ca. 11, μ-PCy2), 47.9 (d, JPP = 446, PtBu2),
−168.4 (td, JPP = 446, 8, Pbs), −184.1 (dd, JPP = 446, 14, Pap). 31P{1H}
NMR (toluene-d8, 295 K): δ 147.8 (t, JPP = 10, μ-PCy2), 48.2 (d, JPP =
450, PtBu2), −165.3 (td, JPP = 450, 7, Pbs), −184.1 (dd, JPP = 450, 11,
Pap). 31P{1H} NMR (toluene-d8, 253 K): δ 147.8 (t, JPP = 11, μ-PCy2),
45.6 (d, JPP = 450, PtBu2), −166.6 (td, JPP = 450, 11, Pbs), −189.8 (d,
JPP = 450, Pap).
Preparation of [Mo2FeCp3(μ-PCy2)(μ3-κ

2:κ2:κ1-P2)(CO)4] (4). Solid
[FeClCp(CO)2] (0.017 g, 0.079 mmol) was added to a tetrahydrofur-
an solution (14 mL) containing ca. 0.075 mmol of 1, and the mixture
was stirred at room temperature for 15 min to give a red solution.
Workup as described for 2a gave a yellow fraction containing small
amounts of [Mo2Cp2(μ-PCy2)(μ-PH2)(CO)2]. Then a dark pink
fraction was eluted with dichloromethane/petroleum ether (1:2),
which yielded, after removal of solvents, compound 4 as a dark pink
solid (0.041 g, 67%). The crystals used in the X-ray study were grown
by slow diffusion of a petroleum ether layer into a toluene solution of
the complex at 278 K. Anal. Calcd for C31H37FeMo2O4P3: C, 45.73; H,
4.58. Found: C, 45.60; H, 4.65. 1H NMR: δ 5.18 (s, 10H, CpMo), 5.01
(s, 5H, CpFe), 2.0−1.1 (m, 22H, Cy). 1H NMR (208 K): δ 5.20 (s, br,
10H, CpMo), 5.08 (s, 5H, CpFe), 2.0−1.1 (m, 22H, Cy). 1H NMR
(198 K): δ 5.20, 5.19 (2s, 2 × 5H, CpMo), 5.09 (s, 5H, CpFe), 2.0−
1.1 (m, 22H, Cy). 31P{1H} NMR: δ 161.9 (t, JPP = 13, PCy2), −50
(vbr, PFe), −220 (vbr, Pap). 31P{1H} NMR (278 K): δ 162.0 (t, JPP =
13, PCy2), −52.6 (br, PFe), −224.7 (br, Pap). 31P{1H} NMR (238 K):
δ 162.3 (t, JPP = 13, PCy2), −53.5 (d, JPP = 491, PFe), −228.9 (d, JPP =
491, Pap). 31P{1H} NMR (178 K): δ 163 (br, PCy2, isomers 4A and
4B), −46.5 (s, br, PFe, isomer 4B), −58.6 (d, br, JPP > 440, PFe,
isomer 4A), −234.7 (d, JPP = 494, Pap, isomers 4A and 4B). 13C{1H}
NMR (75.47 MHz): δ 238.4 (dd, JCP = 25, 8, MoCO), 212.5 (t, JCP =
8, FeCO), 211.9 (t, JCP = 10, FeCO), 86.8 (s, CpFe), 85.5 (s, CpMo),
46.7 (br, C1−Cy), 34.2 (s, br, C2−Cy), 34.0 (d, JCP = 3, C2−Cy), 27.8
(d, JCP = 11, C3−Cy), 27.3 (d, JCP = 9, C3−Cy), 25.7 (s, C4−Cy).
13C{1H} NMR (198 K): δ 241.3 (d, JCP = 35, MoCO), 238.4 (br,
MoCO), 213.9 (d, JCP = 16, FeCO), 213.1 (d, JCP = 20, FeCO), 89.9
(s, CpMo), 86.8 (s, CpFe), 85.8 (s, CpMo), 51.2 (br, C1−Cy), 51.1
(br, C1−Cy), 35.9, 35.5, 34.2, 33.3 (4s, C2−Cy), 28.8, 28.5 (2d, JCP =
11, C3−Cy), 28.2 (d, JCP = 7, C3−Cy), 28.0 (d, JCP = 10, C3−Cy),
26.7, 26.6 (2s, C4−Cy).
Preparation of [Mo3Cp3(μ-PCy2)(μ3-κ

2:κ2:κ1-P2)(CO)5] (5). Solid
[MoCpI(CO)3] (0.016 g, 0.055 mmol) was added to a tetrahydrofur-
an solution (8 mL) containing ca. 0.050 mmol of 1 at 223 K, and the
mixture was stirred while it was allowed to reach room temperature
progressively for 1 h to give a brown solution. After removal of the
solvent under vacuum, the residue was extracted with dichloro-
methane/petroleum ether (1:5), and the extracts were chromato-
graphed through alumina at 253 K. A yellow fraction containing small
amounts of [Mo2Cp2(μ-PCy2)(μ-PH2)(CO)2] was first eluted using
this solvent mixture. Elution with dichloromethane/petroleum ether
(1:2) gave a maroon fraction yielding compound 5 as a maroon solid
(0.030 g, 67%). Anal. Calcd for C32H37Mo3O5P3: C, 43.56; H, 4.23.
Found: C, 43.27; H, 4.40. 1H NMR: δ 5.54 (s, 5H, Cp), 5.20 (s, 10H,
Cp), 1.95−1.10 (m, 22H, Cy). 1H NMR (245 K): δ 5.59 (s, 5H, Cp),
5.22 (s, br, 10H, Cp), 1.90−1.10 (m, 22H, Cy). 1H NMR (208 K): δ
5.63 (s, 5H, Cp), 5.28, 5.17 (2s, 2 × 5H, Cp), 1.90−1.10 (m, 22H,
Cy). 31P{1H} NMR: δ 157.9 (t, JPP = 13, PCy2).

31P{1H} NMR (270

K): δ 158.1 (t, JPP = 13, PCy2), −134.8 (br, PMo), −188.2 (br, Pap).
31P{1H} NMR (258 K): δ 158.2 (t, JPP = 13, PCy2), −134.1 (d, br, JPP
= 480, PMo), −190.3 (d, br, JPP = 480, Pap). 31P{1H} NMR (240 K): δ
158.3 (t, JPP = 13, PCy2), −134.8 (d, JPP = 480, PMo), −191.8 (d, JPP =
480, Pap).

Preparation of [Mo2ZrClCp4(μ-PCy2)(μ3-κ
2:κ2:κ1-P2)(CO)2] (6).

Solid [ZrCl2Cp2] (0.016 g, 0.055 mmol) was added to a
tetrahydrofuran solution (8 mL) containing ca. 0.050 mmol of 1,
and the mixture was then stirred at room temperature for 15 min to
give a brown-yellowish solution. After removal of the solvent under
vacuum, the remaining residue was extracted with petroleum ether (4
× 2.5 mL), and the extracts were filtered. Removal of the solvent from
the yellow filtrate gave compound 6 as a yellow, quite air-sensitive
solid (0.025 g, 55%). Thus, satisfactory elemental analysis of this
product could not be obtained. 1H NMR: δ 6.49, 6.30 (2s, 2 × 5H,
ZrCp), 5.17, 5.02 (2s, 2 × 5H, MoCp), 2.45−1.10 (m, 22H, Cy).
31P{1H} NMR: δ 143.2 (s, μ-PCy2), −129.7 (d, JPP = 460, PZr),
−320.3 (d, JPP = 460, Pap).

Reaction of 1 with [MnBr(CO)5]. Solid [MnBr(CO)5] (0.019 g,
0.069 mmol) was added to a tetrahydrofuran solution (11 mL)
containing ca. 0.070 mmol of 1 at 248 K, and the mixture was stirred at
that temperature for 30 min to give a brown-yellowish solution, which
was filtered. Removal of the solvent from the filtrate gave a brown
solid containing [Mo2MnCp2(μ-PCy2)(μ3-κ

2:κ2:κ1-P2)(CO)7] (7) as
the major species. Attempts to further purify this solid resulted in its
progressive transformation into a mixture of isomers of compound 9
(see below). Spectroscopic data for 7: 1H NMR (300.13 MHz): δ 5.22
(s, JPH = 1, 10H, Cp), 2.0−1.10 (m, 22H, Cy). 31P{1H} NMR (121.50
MHz): δ 155.6 (t, JPP = 12, PCy2), −168.4 (s, br, P2).

Preparation of [Mo2ReCp2(μ-PCy2)(μ3-κ
2:κ2:κ1-P2)(CO)7] (8). Solid

[ReCl(CO)5] (0.028 g, 0.077 mmol) was added to a tetrahydrofuran
solution (11 mL) containing ca. 0.070 mmol of 1, and the mixture was
stirred for 15 min to give a green-brownish solution. Workup as
described for 2a (elution with dichloromethane/petroleum ether
(1:5)) gave a yellow fraction containing small amounts of [Mo2Cp2(μ-
PCy2)(μ-PH2)(CO)2] and then a brown fraction yielding compound 8
as a green-brownish solid (0.039 g, 59%). Anal. Calcd for
C29H32Mo2O7P3Re: C, 36.15; H, 3.35. Found: C, 35.90; H, 3.30.

1H
NMR: δ 5.17 (s, 10H, Cp), 2.0−1.1 (m, 22H, Cy). 1H NMR (198 K):
δ 5.20 (s, br, 10H, Cp), 2.0−1.1 (m, 22H, Cy). 1H NMR (182 K): δ
5.21 (s, br, Δν1/2 ≈ 12, 10H, Cp), 2.0−1.1 (m, 22H, Cy). 1H NMR
(178 K): δ 5.22 (s, br, Δν1/2 ≈ 8, 5H, Cp), 5.20 (s, br, Δν1/2 ≈ 7, 5H,
Cp), 2.0−1.1 (m, 22H, Cy). 1H NMR (173 K): δ 5.22, 5.20 (2s, 2 ×
5H, Cp), 2.0−1.1 (m, 22H, Cy). 31P{1H} NMR: δ 154.4 (t, JPP = 10,
PCy2), −220.7 (br, Δν1/2 ≈ 340, P2).

31P{1H} NMR (238 K): δ 154.4
(t, JPP = 9, PCy2), −203.4 (br, PRe), −255.3 (br, Pap). 31P{1H} NMR
(198 K): δ 154.8 (br, PCy2), −200.8 (d, JPP = 460, Pap), −256.6 (d, br,
JPP > 440, PRe). 31P{1H} NMR (178 K): δ 155.0 (br, PCy2), −203.4
(d, br JPP > 440, Pap), −256.6 (d, vbr, JPP > 430 PRe). 13C{1H} NMR
(75.46 MHz): δ 238.6 (td, JCP = 12, 9, MoCO), 182.2 (br, ReCO),
87.5 (s, Cp), 47.6 (d, JCP = 11, C1−Cy), 35.3 (d, JCP = 2, C2−Cy), 35.3
(d, JCP = 4, C2−Cy), 28.9 (d, JCP = 11, C3−Cy), 28.5 (d, JCP = 9, C3−
Cy), 26.9 (d, JCP = 1, C4−Cy). 13C{1H} NMR (183 K): δ 240.8 (d, br,
JCP = 34, MoCO), 237.8 (br, MoCO), 182.3 (s, br, ReCO), 177.1 (d,
br, JCP = 31, ReCO), 89.5, 85.3 (2s, Cp), 50.6 (d, JCP = 10, C1−Cy),
36.3, 35.1 (2s, br, C2−Cy), 34.0 (s, br, 2C2−Cy), 28.6 (br, 2C3−Cy),
28.1 (br, 2C3−Cy), 26.6 (s, 2C4−Cy).

Preparation of [Mo4Mn2Cp4(μ-PCy2)2(μ4-κ
1:κ2:κ2:κ1-P2)2(CO)12] (9).

The solvent was removed under vacuum from a crude tetrahydrofuran
solution of 7 prepared from compound 1 (ca. 0.120 mmol) as
described previously. The remaining residue was dissolved in
dichloromethane/petroleum ether (1:5) and chromatographed
through a short alumina column. Elution with the same mixture
gave first a yellow fraction containing a small amount of [Mo2Cp2(μ-
PCy2)(μ-PH2)(CO2)] and then a brown fraction containing a mixture
of compounds 7 and 9. The solvents were then removed from this
fraction, and the residue was dissolved in THF (5 mL) and stirred for
18 h at room temperature to give a mixture of isomers 9R and 9M in a
3:2 ratio. After removal of the solvent, this mixture was dissolved in
dichloromethane/petroleum ether (1:6) and chromatographed
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through alumina. Elution with the same solvent mixture gave a brown
fraction yielding a mixture of the above isomers as a brown solid
(0.098 g, 51% overall yield from 1). The crystals of 9M used in the X-
ray study were grown by slow diffusion of a layer of petroleum ether
into a dichloromethane solution of the mixture of isomers at 253 K.
Anal. Calcd for C56H64Mn2Mo4O12P6 (9M): C, 41.81; H, 4.01. Found:
C, 41.93; H, 3.73. Spectroscopic data for 9R: 1H NMR (300.13 MHz):
δ 5.37 (s, 10H, Cp), 2.0−1.1 (m, 22H, Cy). 31P{1H} NMR (121.50
MHz): δ 165.2 (t, JPP = 19, PCy2), −184.0 (s, br, P2). Spectroscopic
data for 9M: 1H NMR (300.13 MHz): δ 5.39 (s, 10H, Cp), 2.0−1.10
(m, 22H, Cy). 31P{1H} NMR (121.50 MHz): δ 164.3 (t, JPP = 21,
PCy2), −184.5 (s, br, P2).
Preparation of [Mo4Re2Cp4(μ-PCy2)2(μ4-κ

1:κ2:κ2:κ1-P2)2(CO)12]
(10). A solution of 8 (0.039 g, 0.040 mmol) in toluene (6 mL) was
heated at 343 K for 1.5 h to give a brown solution containing a mixture
of isomers 10R and 10M in similar amounts. After removal of the
solvent, the residue was dissolved in dichloromethane/petroleum ether
(1:5) and chromatographed through alumina. Elution with the same
solvent mixture gave a brown fraction yielding a mixture of isomers
10R and 10M as a dark green solid (0.067 g, 89%). Crystals of 10
suitable for an X-ray analysis were grown by slow diffusion of a
petroleum ether layer into a concentrated toluene solution of the
mixture of isomers at 253 K. Both isomers were found to be present in
the crystal lattice (see below). Anal. Calcd for C56H64Mo4O12P6Re2: C,
35.95; H, 3.45. Found: C, 35.67; H, 3.22. Spectroscopic data for 10R:
1H NMR: δ 5.33 (s, 20H, Cp), 2.0−1.1 (m, 44H, Cy). 1H NMR
(toluene-d8): δ 5.235 (s, 20H, Cp), 2.0−1.2 (m, 44H, Cy); the
resonances of 10R in the 1H NMR spectra were partly masked by
those of the isomer 10M. 31P{1H} NMR (121.50 MHz): δ 161.7 (t, JPP
= 23, PCy2), −276.0 (s, br, P2). 31P{1H} NMR (121.50 MHz, toluene-
d8): δ 160.9 (t, JPP = 23, PCy2), −276.7 (s, br, P2). Spectroscopic data

for 10M: 1H NMR: δ 5.31 (s, 20H, Cp), 2.0−1.1 (m, 44H, Cy). 1H
NMR (toluene-d8, 295 K): δ 5.23 (s, 20H, Cp), 2.0−1.2 (m, 44H, Cy).
1H NMR (toluene-d8, 198 K): δ 5.16 (s, 20H, Cp), 2.0−1.1 (m, 44H,
Cy). 1H NMR (toluene-d8, 178 K): δ 5.21, 5.11 (2s, br, 2 × 10H, Cp),
2.0−1.1 (m, 44H, Cy). 31P{1H} NMR (121.50 MHz): δ 160.9 (t, JPP =
22, PCy2), −276.0 (s, br, P2).

31P{1H} NMR (toluene-d8): δ 159.6 (t,
JPP = 23, PCy2), −276.7 (s, br, P2). 31P{1H} NMR (toluene-d8, 198 K):
δ 152.0 (br, JPP = 23, PCy2).

31P{1H} NMR (toluene-d8, 178 K): δ
153.8 (s, br, PCy2), 145.5 (s, br, PCy2), −230.8 (d, br, JPP > 370, P2),
−254.8 (d, br, JPP > 450, P2), −320.8 (d, br, JPP > 450, P2), −335.5 (d,
br, JPP > 370, P2).

X-ray Structure Determination for Compounds 2a, 4, 9, and
10. Data collection for these compounds was performed on an Oxford
Diffraction Xcalibur Nova single crystal diffractometer, using Cu Kα
radiation (λ = 1.5418 Å) at 100 K (2a and 4·C7H8) or 150 K (9 and
10). Images were collected at a 100 mm (2a) or 63 mm fixed crystal-
detector distance, using the oscillation method with 1° oscillation and
variable exposure time per image (1.5−8 s for 2a, 20−100 s for 4, 10−
20 s for 9, and 9−30 s for 10). Data collection strategy was calculated
with the program CrysAlis Pro CCD (Oxford Diffraction Ltd.,
2006).29 Data reduction and cell refinement was performed with the
program CrysAlis Pro RED (Oxford Diffraction Ltd., 2006).30 An
empirical absorption correction was applied using the SCALE3
ABSPACK algorithm as implemented in the program CrysAlis Pro
RED (Oxford Diffraction Ltd., 2006).30 Using the program suite
WinGX,31 the structures were solved by Patterson interpretation and
phase expansion using SHELXL9732 or SIR2 (9)33 and refined with
full-matrix least-squares on F2 using SHELXL97. For all compounds,
all non-hydrogen atoms were refined anisotropically, except those
involved in disorder, and all hydrogen atoms were geometrically placed
and refined using a riding model. Compound 4 crystallized with a

Table 8. Crystal Data for New Compounds

2a 4·C7H8 9 10

mol formula C36H54Mo2O2P4 C38H45FeMo2O4P3 C56H64Mn2Mo4O12P6 C56H64Mo4O12P6Re2
mol wt 834.55 906.38 1608.53 1871.07
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/c P21/c C2/c
radiation (λ, Å) 1.54184 1.54184 1.54184 1.54184
a, Å 11.4768(2) 21.6108(3) 19.110(5) 22.0385(12)
b, Å 19.5895(3) 13.2744(2) 18.373(5) 18.5783(7)
c, Å 16.1293(2) 12.9822(2) 21.129(5) 19.1055(10)
α, deg 90 90 90 90
β, deg 98.1040(10) 98.3700(10) 114.284(5) 117.887(7)
γ, deg 90 90 90 90
V, Å3 3590.05(9) 3684.54(9) 6762(3) 6914.1(6)
Z 4 4 4 4
calcd density, g cm−3 1.544 1.634 1.58 1.794
absorp coeff, mm−1 7.643 10.151 10.624 14.162
temp, K 100(2) 100(2) 150(2) 150(2)
θ range (deg) 3.57 to 68.55 3.92 to 74.56 3.32 to 75.05 3.29 to 74.43
index ranges (h, k, l) −10, 13; −16, 23; −26, 24; −16, 11; −16, 23; −21, 22; −26, 27; −23, 21;

−18, 19 −15, 14 −26, 21 −23, 16
reflns collected 16405 13402 25671 13405
indep reflns (Rint) 6488 (0.0321) 7546 (0.0365) 13265(0.0589) 6820 (0.0610)
reflns with I > 2σ(I) 5486 6083 8083 5223
R indexes [data with I > 2σ(I)]a R1 = 0.0279 R1 = 0.0488 R1 = 0.0941 R1 = 0.0585

wR2 = 0.0653b wR2 = 0.1180c wR2 = 0.2679d wR2 = 0.1501e

R indexes (all data)a R1 = 0.0380 R1 = 0.0582 R1 = 0.1274 R1 = 0.0748
wR2 = 0.0702b wR2 = 0.1221c wR2 = 0.3096d wR2 = 0.162e

GOF 1.051 1.107 1.09 1.055
no. of restraints/params 0/397 0/434 130/631 10/333
Δρ (max., min.), e Å−3 0.811, −0.500 1.285, −1.635 3.656, −1.592 1.917, −2.161

aR = ∑||Fo| − |Fc||/∑|Fo|. wR = [∑w(|Fo|
2 − |Fc|

2)2 /∑w|Fo|
2]1/2. w = 1/[σ2(Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3. ba = 0.0334, b = 1.2558.
ca = 0.0339, b = 17.6219. da = 0.1795, b = 0.0000. ea = 0.0799, b = 4.3189.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic401204j | Inorg. Chem. 2013, 52, 9005−90189016



molecule of toluene. Compound 10 was found to be placed on a
symmetry element (operation x, y, 1/2 − z), and carbonyl, Cp, and Cy
groups were found to be disordered over two positions, corresponding
to different isomers of the compound (10R and 10M, see text). The
best solution for the CO and Cp groups was obtained with occupancy
factors of 0.55/0.45. The disorder in one of the cyclohexyl groups was
satisfactorily modeled with occupancy factors of 0.6/0.40 on four of its
carbon atoms. The other ring was modeled on five methylene carbon
atoms with the above occupancy factors. Still, restraints in the C−C
distances of one Cp ring had to be used to obtain a satisfactory model.
During the refinement, a molecule of a nonidentified solvent was
found to be present in the asymmetric unit; therefore, the SQUEEZE
procedure,34 as implemented in PLATON,35 was used. Upon squeeze
application and convergence, the strongest residual peak (1.92 eÅ−3)
was placed by the Mo(1) atom. For compound 9, the Cp and Cy rings
were somewhat disordered, but these could not be conveniently
modeled due to poor quality of the diffraction data. Moreover not all
the positional parameters and anisotropic temperature factors of non-
H atoms could be refined anisotropically, and even some atoms had to
be refined in combination with the instructions DELU and SIMU to
achieve an anisotropic description. Thus an important number of
atoms had to be refined isotropically to prevent their temperature
factors from becoming nonpositive definite. Finally, some residual
electron density corresponding to two molecules of nonidentified
solvents were found to be present in the asymmetric unit; upon
squeeze application and convergence, the strongest residual peak (2.15
e Å−3) was placed close to a Cp ring. Crystallographic data and
structure refinement details are collected in the Table 8.
Computational Details. All the DFT calculations were carried out

using the GAUSSIAN03 package,36 in which the hybrid method
B3LYP was used with the Becke three-parameter exchange func-
tional37 and the Lee−Yang−Parr correlation functional.38 An accurate
numerical integration grid (99 590) was used for all the calculations via
the keyword Int=Ultrafine. Effective core potentials and their
associated double-ζ LANL2DZ basis set were used for the metal
atoms.39 The light elements (P, O, C, and H) were described with the
6-31G* basis.40 Geometry optimizations were performed under no
symmetry restrictions, using initial coordinates derived from the X-ray
data of compounds 2a, [Mo2Cp2(μ-PCy2)(μ-κ

2:κ2-P2Me)(CO)2], and
4. Frequency analyses were performed for all the stationary points to
ensure that a minimum structure with no imaginary frequencies was
achieved. Solvent effects (CH2Cl2) were modeled using the polarized-
continuum-model of Tomasi and co-workers (PCM),41 by using the
gas-phase optimized structures. NMR shielding contributions and
coupling constants were calculated using the gauge-including atomic
orbitals (GIAO) method,42 in combination with the LANL2DZ basis
set for the Mo atoms and the IGLO-III basis set of Kutzelnigg and co-
workers for the remaining atoms.43
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