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ABSTRACT: The title phosphinidene complex could be sequentially
protonated with HBF4·OEt2 or [H(OEt2)2](BAr′4) to give the
phosphido-bridged derivatives [Mo2Cp(μ-κ

1:κ1,η5-HPC5H4)(η
6-HMes*)-

(CO)2(PMe3)]X and then the hydrides [Mo2Cp(H)(μ-κ1:κ1,η5-
HPC5H4)(η

6-HMes*)(CO)2(PMe3)]X2 (X = BF4, BAr′4; Ar′ = 3,5-
C6H3(CF3)2; Mes* = 2,4,6-C6H2

tBu3). Density functional theory (DFT)
calculations revealed that the most favored site for initial electrophilic
attack is the metallocene Mo atom, but attachment of the electrophile to
the phosphinidene P atom gives more stable products. This was in
agreement with all other reactions investigated, which invariably involved
the attachment of the added electrophile at the P site. Thus, the title
compound reacted with S8 at 223 K to give the thiophosphinidene-
bridged complex [Mo2Cp{μ-κ

1:κ1,η5-P(S)C5H4}(η
6-HMes*)(CO)2(PMe3)], a poorly stable molecule which reacted with MeI at

room temperature to give the corresponding thiolatophosphido derivative, isolated as [Mo2Cp{μ-κ
1:κ1,η5-P(SMe)C5H4}(η

6-
HMes*)(CO)2(PMe3)](BAr′4) (P−S = 2.128(4) Å) after anion exchange with Na(BAr′4). Reaction of the title compound with
MeI proceeded smoothly to give the corresponding methylphosphido derivative, isolated analogously as [Mo2Cp{μ-κ

1:κ1,η5-
P(Me)C5H4}(η

6-HMes*)(CO)2(PMe3)](BAr′4). The related complex [Mo2Cp{μ-κ
1:κ1,η5-P(Me)C5H4}(η

6-HMes*)-
(CO)2(PMe2Ph)](BAr′4) (P−C(Me) = 1.841(5) Å) could be prepared analogously from the neutral precursor [Mo2Cp{μ-
κ1:κ1,η5-PC5H4}(η

6-HMes*)(CO)2(PMe2Ph)]. In contrast, reaction of the title complex with ethylene sulfide involved opening
of the C2S ring and formation of new P−C and Mo−S bonds (1.886(7) and 2.493(2) Å, respectively), with displacement of the
PMe3 ligand, to give the phosphido−thiolato complex [Mo2Cp{μ-κ

2
P,S:κ

1
P,η

5-P(C2H4S)C5H4}(η
6-HMes*)(CO)2]. All these

derivatives of the title complex displayed an unusual trigonal pyramidal-like environment around the bridging P atom, with the
added electrophile placed in the Mo2P plane as a result of the directionality of the relevant frontier orbital of the phosphinidene
complex, according to DFT calculations.

■ INTRODUCTION
The chemistry of transition metal complexes bearing the
multifaceted phosphinidene ligand (PR) continues to be an
active area of research within the inorganic chemistry realm.1

Most of the work in this area, however, has been historically
focused on the reactivity of mononuclear complexes,
particularly those having bent-terminal ligands (B and C in
Chart 1), much stimulated by their analogy with the
corresponding carbene complexes and the possibility of their
use as precursors for novel organophosphorus molecules.2

When bound to two metal centers, the phosphinidene ligand
still retains a considerable chemical potential derived from the
presence of multiple M−P bonding or lone electron pairs in
any of its possible coordination modes (D to F), yet the
chemistry of binuclear, phosphinidene-bridged complexes has
been comparatively far less explored than that of their
mononuclear counterparts.3−6

Among the phosphinidene-bridged complexes, those having
a pyramidal ligand (type F) are expected to display a strongly
nucleophilic behavior located at the P site, although our

extensive work on diiron complexes of type [Fe2Cp2(μ-PR)(μ-
CO)(CO)2] has revealed that the metal fragments might be
also involved in reactions of these complexes with different
electrophiles, thus leading to unexpected outcomes.5 In this
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context, it is surprising that very little is known so far on the
chemistry of group 6 metal complexes of type F. Some time
ago, Cowley et al. reported the formation of the bis-
(phosphinidene) dimolybdenum complex [Mo2Cp2(μ-
PR)2(CO)4] [R = CH(SiMe3)2], a poorly characterized
molecule stabilized by bulky substituents at phosphorus, but
its chemistry was not explored.7 Later on, we found that some
photochemical reactions of the type D phosphinidene complex
[Mo2Cp2(μ-PMes*)(CO)4] [Mes* = 2,4,6-C6H2

tBu3] could be
understood by assuming the participation of a highly reactive
excited state with a geometry of type F able to induce, for
instance, intramolecular cleavage in a methyl C−H bond to
eventually yield the hydride isomer [Mo2Cp2(μ-H){μ-P-
(CH2CMe2)C6H2

tBu2}(CO)4].
8 We also note that Pikies and

co-workers reported the formation of tiny amounts of the
pyramidal phosphinidene ditungsten complex [W2Cp2(μ-
PC5H4)2],

9 but obviously its chemistry could not be explored
either. Recently, while studying reactions of the type E
phosphinidene complex [Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-

HMes*)(CO)2] (1) toward alkynes and olefins in the presence
of CO and CNR ligands (L),4,10 we came to the conclusion that
these reactions actually proceed through undetectable inter-
mediate species of type [Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-

HMes*)(CO)2L] resulting from ligand addition to complex 1
and pyramidalization of the P atom, which then becomes
nucleophilic enough to attack an external alkyne or alkene
molecule. The low stability of such pyramidal intermediates was
independently established by analyzing the reaction of 1 with
CO in the absence of any further reagent, which then leads to a
mixture of the diphosphanediyl complex [Mo2{μ-κ

1,η5:κ1,η5-
(C5H4)PP(C5H4)(η

6-HMes*)2] and [Mo2Cp2(CO)6], these
products following from homolytic P−Mo bond cleavage in the
(undetected) pyramidal intermediate [Mo2Cp(μ-κ

1:κ1,η5-
PC5H4)(η

6-HMes*)(CO)3].
11 We afterward found that the

use of a stronger electron donor such as PMe3 improved the
stability of this sort of pyramidal intermediate. Indeed
compound 1 reacted with PMe3 instantaneously at room
temperature to yield a thermally stable, though quite air-
sensitive, pyramidal derivative [Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-

HMes*)(CO)2(PMe3)] (2a) (Scheme 1). Our preliminary
studies then pointed to a P-based nucleophilic behavior of this
molecule, able to form the expected borane adduct [Mo2Cp{μ-
κ1:κ1,η5-P(BH3)C5H4}(η

6-HMes*)(CO)2(PMe3)] (3), but also
able to induce unexpected rearrangements in the electrophile
being added, as found in its reaction with maleic anhydride.12

We then decided to explore in detail the chemistry of this
pyramidal phosphinidene complex, which is the purpose of the
present research. In this paper we analyze the geometric and
electronic structure of compound 2a and its reactions with
Brönsted acids, chalcogens, and some simple C-based electro-
philes. Compound 2a also is very reactive toward alkynes,
alkenes, and different heterocumulenes, and these results will be
reported separately. As it will be shown below, the P atom of
the phosphinidene complex 2a is not the most nucleophilic site
of the molecule, as it might have been anticipated, yet
electrophile attachment at this site yields the most stable
derivatives. Moreover, the particular electron distribution
around this P atom, here investigated using density functional
theory (DFT) methods, imposes an unusual trigonal pyramidal-
like P environment in all derivatives, with the added
electrophile placed in the Mo2P plane.

■ RESULTS AND DISCUSSION
Synthesis and Spectroscopic Characterization of

Pyramidal Phosphinidene-Bridged Complexes 2. In our
preliminary study we found that compound 1 reacts with PMe3
in toluene to form a green solution shown (by IR and NMR
spectroscopy) to contain almost pure complex 2a.12 Although
this air-sensitive product cannot be properly isolated as a
crystalline solid, the crude product obtained after removal of
volatiles from the above solution can be used in situ to study the
chemical behavior of this pyramidal phosphinidene complex.
For crystallization purposes, it was of interest to have at hand a
related complex bearing a different phosphine ligand. We
accomplished this by reacting compound 1 with dimethylphe-
nylphosphine, which also gives the corresponding pyramidal
phosphinidene derivative [Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-

HMes*)(CO)2(PMe2Ph)] (2b, Chart 2) almost quantitatively.
This air-sensitive product could not be isolated as a crystalline
solid either, but could be used in situ to obtain a number of
derivatives.

Spectroscopic data for compounds 2a and 2b are similar to
each other (Table 1), thus indicating that they share the same
basic structure. The IR spectrum of these compounds displays
in each case two bands with relative intensity (medium and
strong, in order of decreasing frequency) indicative of a
transoid arrangement of the CO ligands.13 This implies that the
P atoms around the Mo(CO)2 fragment also should be
arranged trans to each other, which is consistent with the low
P−P coupling of ca. 25 Hz between these ligands.14 For
comparison, the mononuclear complex trans-[WCp-
(CO)2(PHMes)(PMe3)] (Mes = 2,4,6-C6H2Me3) displays
similar P−P coupling (39 Hz) and C−O stretches.15 We
note the nuclear shielding of some 400 ppm operated on the
phosphinidene P atom when changing from the trigonal mode
in 1 (δP ca. 510 ppm) to the pyramidal mode in compounds 2
(δP ca. 120 ppm), stronger than anticipated. For instance, the

Scheme 1
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31P chemical shifts of trigonal and pyramidal phosphinidene
ligands in the iron complexes [Fe3Cp3(μ-PMes)(μ-PHMes)(μ-
CO)2(CO)] and [Fe2Cp2(μ-PMes)(μ-CO)(CO)2] differ by
some 250 ppm.16

DFT Calculations of Compound 2a. To gain more insight
into the structure and chemical behavior of the pyramidal
phosphinidene complex 2a we have analyzed its geometric and
electronic structure using DFT methods (see the Experimental
Section and Supporting Information for details). First we note
that, since rotation around the P−Mo bond connecting the
metallocene and Mo(CO)2 fragments might be in principle
feasible, several rotamers of this compound might exist. The
two most stable ones (J and K in Figure 1) differ by only some

7 kJ/mol from each other and roughly correspond to the
conformations found so far in all stable derivatives of 2a to be
discussed later on. Rotamer K displays C5 rings in an almost
eclipsed arrangement, while rotamer J follows from an
anticlockwise 110° rotation around the Mo−P bond in the
former. These rotamers can be more precisely characterized
through the corresponding P−Mo−P−Mo dihedral angles of
ca. 40° (J) and −70° (K), but, apart from this, the

corresponding geometrical parameters are similar to each
other (Table 2). We note that the less stable rotamer K displays
a more elongated (by some 0.05 Å) Mo1−P3 bond, which
suggests that the relative stability of these rotamers is mainly
dictated by the steric repulsion between the metal fragments
being connected by this bond, as expected. Yet the lengths of
ca. 2.7 Å for such a bond in both rotamers of 2a is in any case
significantly shorter than the corresponding length of 2.835 Å
computed for the undetectable tricarbonyl intermediate
[Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-HMes*)(CO)3] mentioned in

the Introduction. Since the latter difference cannot be obviously
a steric effect, we therefore conclude that the presence of a
poorly π acceptor phosphine ligand (compared to CO) trans to
the Mo−P bond connecting the metal fragments in these
molecules increases the strength of that bond to the point of
preventing these molecules from undergoing facile Mo−P
homolytic bond cleavage.
The nucleophilic character of pyramidal phosphinidene

complexes expectedly arises from the presence of a lone
electron pair at the P atom (usually allocated in a MO high in
energy), but the presence of electron-rich metal fragments
might disturb significantly this state of facts. For instance, the
highest-energy MOs in the diphosphanediyl complex [Mo2{μ-
κ1,η5:κ1,η5-(C5H4)PP(C5H4)(η

6-HMes*)2] (a molecule having
the same metallocene fragment as compound 2a) are metal-
centered orbitals, this then leading to a metal-based, rather than
P-based, reactivity.11 The frontier orbitals of both rotamers of
2a are similar to each other (Figure 2 and Supporting
Information), and indeed reveal that P-based electrons do
not contribute significantly to the HOMO of the molecule, but
are particularly prominent at the HOMO−2 orbital, this also
having Mo−P bonding character. The HOMO of the molecule

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

compound ν(CO) δ (μ-P) δ (PR3) JPP

[Mo2Cp(μ-κ
1:κ1,η5-PC5H4)(η

6-HMes*)(CO)2] (1) 1890 (vs), 1815 (s) 509.7
[Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-HMes*)(CO)2(PMe3)] (2a)

c 1910 (m), 1842 (vs)d 122.0 27.3 26e

[Mo2Cp(μ-κ
1:κ1,η5-PC5H4)(η

6-HMes*)(CO)2(PMe2Ph)] (2b) 1917 (m), 1843 (vs)d 124.0 37.1 25d

[Mo2Cp{μ-κ
1:κ1,η5-P(BH3)C5H4}(η

6-HMes*)(CO)2(PMe3)] (3)
c 1940 (m), 1863 (vs)d 52.3 23.7 12e

[Mo2Cp(μ-κ
1:κ1,η5-HPC5H4)(η

6-HMes*)(CO)2(PMe3)](BAr′4) (4) 1967 (m), 1890 (vs) −31.0 18.5 24
[Mo2Cp(μ-κ

1:κ1,η5-HPC5H4)(η
6-HMes*)(CO)2(PMe3)](BF4) (4′) 1966 (m), 1888 (vs) −29.5 18.0 24

[Mo2Cp(H)(μ-κ
1:κ1,η5-HPC5H4)(η

6-HMes*)(CO)2(PMe3)](BAr′4)2 (5) 1982 (m), 1907 (vs) 48.3 14.9 22
[Mo2Cp(H)(μ-κ

1:κ1,η5-HPC5H4)(η
6-HMes*)(CO)2(PMe3)](BF4)2 (5′) 1977 (m), 1900 (vs) 46.5 16.5 21

[Mo2Cp{μ-κ
1:κ1,η5-P(S)C5H4}(η

6-HMes*)(CO)2(PMe3)] (6) 1947 (m), 1865 (vs)d 74.1 22.2 27e

[Mo2Cp{μ-κ
1:κ1,η5-P(SMe)C5H4}(η

6-HMes*)(CO)2(PMe3)](BAr′4) (7) 1965 (m), 1889 (vs) 71.2 19.2 27
[Mo2Cp{μ-κ

1:κ1,η5-P(Me)C5H4}(η
6-HMes*)(CO)2(PMe3)](BAr′4) (8a) 1960 (m), 1882 (vs) 12.6 18.8 27

[Mo2Cp{μ-κ
1:κ1,η5-P(Me)C5H4}(η

6-HMes*)(CO)2(PMe2Ph)](BAr′4) (8b) 1960 (m), 1883 (vs) 13.6 25.4 27
[Mo2Cp{μ-κ

2
P,S:κ

1
P,η

5-P(C2H4S)C5H4}(η
6-HMes*)(CO)2] (9) 1938 (vs), 1858 (s) 88.0e

aRecorded in dichloromethane solution, with C−O stretching bands [ν(CO)] in cm−1. bRecorded in CD2Cl2 solution at 121.50 MHz and 298 K,
with coupling constants (JPP) in Hz. cData taken form ref 12. dIn toluene solution. eIn C6D6 solution.

Figure 1. DFT-optimized structure of the most stable rotamers J (left)
and K (right) of compound 2a, with H atoms omitted for clarity.

Table 2. Geometrical Parameters for DFT-Computed Moleculesa

ΔGb Mo1−P3 Mo2−P3 Mo1−P4 Mo1−P3−Mo2 P3−Mo1−P4 P4−Mo1−P3−Mo2

2a-J 0 2.697 2.710 2.474 129.6 140.2 39.5
2a-K 6.7 2.745 2.709 2.475 128.5 139.0 −69.4
4-J 3.8 2.597 2.594 2.534 144.2 137.5 41.2
4-K 0 2.584 2.598 2.537 143.2 137.7 −73.9
H-J 47.0 2.602 2.875 2.517 129.8 142.1 48.1
H-K 57.9 2.661 2.845 2.518 128.4 139.8 −80.1

aBond lengths (Å) and angles (deg). bGas-phase Gibbs free energy values in kJ/mol at 298 K, relative to the most stable isomer in each case.
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instead corresponds to a lone electron pair located at the
metallocene Mo atom. Moreover, atomic charges are more
negative at the Mo atoms than at the P atom, which rather
bears a positive charge (Mulliken charges/e: −0.4 (Mo1), −0.1
(Mo2), and +0.3 (P) in both rotamers).
From the above data we conclude that addition of

electrophiles to compound 2a is not particularly favored at
the P site, as it might have been anticipated on the basis of its
structure and preliminary reactivity. Under conditions of orbital
control we would rather expect addition of electrophiles (E) at
the metallocene Mo atom, following from its interaction with
the HOMO of 2a, and under conditions of charge control the
result would likely be the same, after considering the
coordinative saturation of the more negatively charged metal
atom of the dicarbonyl fragment. As it will be shown below,
however, thermodynamics seems to eventually favor the
product involving the electrophile attached at the P atom.
The latter would follow mainly from interaction of the
electrophile with the HOMO−2 of 2a, and we note that the
lobe at P points to a direction essentially contained in the Mo2P
plane. Such directionality can be rationalized in simple terms by
assuming that, in order for the P atom to more effectively bind
the Mo1 and C atoms with a geometrically imposed, very acute
angle Mo−P−C of ca. 60°, we may consider it to use a pure p
orbital to bind the C atom, while three sp2 orbitals would be
used for binding to the Mo atoms and allocation of the lone
electron pair (Figure 3, left). This simple bonding picture
predicts Mo−P−Mo angles of 120°, not far from the computed
figures of ca. 129°. In any case, this orbital directionality implies
that the P environment in the corresponding product should
depart strongly from a tetrahedral arrangement, with the Mo, P,
and E atoms placed in the same plane (Figure 3, right), a
feature already present in the structure of the borane adduct
3,12 which will be repeatedly found in other derivatives of 2a, as
discussed below.

Protonation Reactions of Compound 2a. We have
examined reactions of 2a with two strong acids such as HBF4·
OEt2 and [H(OEt2)2](BAr′4), the latter having a very poorly
coordinating anion [Ar′ = 3,5-C6H3(CF3)2].

17 The products
obtained in both cases are analogous, although there are some
practical differences concerning their stability or possibility of
purification. Protonation with [H(OEt2)2](BAr′4) could be
easily carried out stepwise by using one or two equivalents of
reagent: under stoichiometric conditions, protonation takes
place apparently at the phosphinidene P atom, to give the
phosphido-bridged monopositive cation [Mo2Cp(μ-κ

1:κ1,η5-
HPC5H4)(η

6-HMes*)(CO)2(PMe3)](BAr′4) (4) as the unique
product, which could be isolated in good yield after
chromatographic workup (Scheme 2). Addition of a second

equivalent of acid involved protonation at the metallocene
molybdenum site, to give the dipositive hydride complex
[Mo2Cp(H)(μ-κ1:κ1,η5-HPC5H4)(η

6-HMes*)(CO)2(PMe3)]-
(BAr′4)2 (5), a much more acidic species which is deprotonated
by addition of a weak base such as tetrahydrofuran, to give back
the cationic 4. These cations could be also obtained by using
HBF4·OEt2, although the stability of the corresponding
tetrafluoroborate salts 4′ and 5′ was lower. Direct protonation
of 2a in toluene was difficult to stop at the monocation step,
and rather led to the precipitation of the hydride 5′. This
product was much less stable than the borate salt 5, and was
deprotonated even by the very weakly basic diethyl ether.
Actually, the tetrafluoroborate salt of the monocation 4′ was
conveniently prepared by partial deprotonation of the hydride
5′ with tetrahydrofuran (see the Experimental Section).

Figure 2. Selected molecular orbitals computed for rotamer J of
compound 2a, with their energies (in eV) and main bonding character
indicated below. H atoms have been removed for clarity. Orbitals
computed for rotamer K are similar to the ones shown here (see the
Supporting Information).

Figure 3. Simplified picture of localized orbital interactions involving
the P atom in the phosphinidene-bridged complexes 2 and their
derivatives following from reaction with simple electrophiles E [Mo =
MoCp(CO)2(PR3)].

Scheme 2a

aAnions omitted for clarity; these are BAr′4− (for compounds 4 and 5)
or BF4

− (for compounds 4′ and 5′).
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Spectroscopic data for salts 4 and 4′ (Table 1 and
Experimental Section) are similar to each other, thus indicating
very weak anion−cation interactions for the tetrafluoroborate
salt. The presence of a P−H bond in these cations is readily
apparent in the corresponding 1H and 31P NMR spectra upon
observation of a large P−H coupling of ca. 300 Hz. The
phosphido 31P resonance appears some 150 ppm more shielded
than the phosphinidene resonance of the parent complex 2a, as
expected for a μ-PR2 group in the absence of a metal−metal
bond.18 Finally, the C−O stretching bands display the same
relative intensities of the parent complex 2a, indicative of the
retention of the transoid geometry at the Mo(CO)2 moiety,
while their average frequency is some ca. 50 cm−1 higher, as
expected from the reduced electron density at the metal sites in
the cations. All of this suggests for the cations in 4 and 4′ a
structure very similar to that of the parent compound 2a, in
other words, little disturbed by protonation of the phosphini-
dene P atom.
There are, however, two unexpected features concerning the

nature of compounds 4 and 4′. In the first place, on the basis of
DFT calculations discussed above for the parent 2a, we would
have expected that addition of a proton to this neutral complex
would take place at the metallocene Mo site, instead of
phosphorus. Second, the protonated derivative should be in any
case analogous to the borane adduct 3, but the two-bond P−P
coupling in the cations 4 is 24 Hz, thus doubling the
corresponding figure in compound 3 (12 Hz). To explain
these puzzling questions, we have carried out DFT calculations
on the cations resulting from attachment of a proton at the P
site of rotamers J and K of compound 2a (denoted as 4-J and
4-K), and the hydride isomers resulting from the alternative
attachment of proton at the metallocene Mo site (denoted as
H-J and H-K). The optimized structures are collected in Figure
4, while their relative energy and selected geometrical
parameters are collected in Table 2.

First we note that the corresponding structures are little
distorted with respect to those of the corresponding parent
compounds, irrespective of the site of protonation (P or Mo),
although energies and some bond lengths change significantly.
Second, we note that the hydride isomers are significantly
higher in energy than the phosphido complexes (by some 60
kJ/mol); since the corresponding Mo2−P3 lengths of ca. 2.85
Å are some 0.25 Å longer than the same lengths in the

phosphido cations 4 (ca. 2.60 Å, Table 2), it has to be
concluded that the hydride cations are thermodynamically
disfavored because of the strong weakening induced by the Mo-
bound hydride on the adjacent Mo−P bond. Such a strong
weakening effect is not observed when attaching the proton to
the P atom. Third, we note that the energetic difference
between rotamers remains small, with rotamer K being less
stable for the hydride isomers (as computed for the parent
compound 2a) while the opposite holds for the phosphido-
bridged cations 4. Since the energetic difference between
rotamers 4-J and 4-K is quite small, it is not surprising that
replacing the proton with a different electrophile might invert
the balance between rotamers. Actually, as noted above, the
borane adduct 3 corresponds to a rotamer of type J, while the
phosphido cation 4 is predicted to display a structure of type K.
Fourth, we note that the computed P−P couplings for rotamers
4-J and 4-K are +4 Hz and −10 Hz respectively, with the
difference of 14 Hz accurately reproducing the experimental
difference of 12 Hz observed in the absolute values for this
coupling in compounds 3 (12 Hz) and 4 (24 Hz). This gives
support to the idea that P−P couplings are sensitive enough to
the conformation of these molecules so as to serve as a
diagnostic tool. Indeed, the structures of compounds 7 and 8b
to be discussed later on correspond in both cases to rotamers of
type K, and the corresponding P−P couplings in solution
indeed have high values (27 Hz) comparable to that of
compound 4. Finally, we note that the P−H bond in the
phosphido cations 4 falls in the plane defined by the Mo and P
atoms, as anticipated from the directionality exhibited by the
HOMO−2 orbital of the parent compound 2a, thus defining an
unusual environment around P strongly departing from the
more common tetrahedral environment.
From all the above analysis we then conclude that

protonation of compound 2a likely takes place first at the
metallocene Mo site, this being followed by a fast shift of the
added proton to the P site, to give the more stable phosphido-
bridged derivative 4. This is obviously facilitated by the close
proximity of the hydride atom to the region occupied by the
lone electron pair of the P atom (H···P ca. 2.80 Å). Indeed, a
gas phase DFT calculation on the H-J to 4-K isomerization
indicates that this H-shift should take place easily in an
intramolecular way (see the Supporting Information), via
intermediates placed only some 20 kJ/mol above H-J and
displaying agostic-like tricentric Mo−H−P interactions.19 The
computed overall kinetic barrier is 37 kJ/mol, a very low value
pointing to a very fast rearrangement in solution even at low
temperature.
In any case, the above H-shift liberates the Mo-based

electron pair at the metallocene fragment, thus enabling further
protonation at this site. Indeed, analysis of the frontier orbitals
of the phosphido-bridged cation in complex 4 reveals that,
irrespective of the actual rotamer being considered (J or K), the
HOMO of the cation is essentially localized at the metallocene
Mo atom (see the Supporting Information). Thus, it is not
surprising that protonation of this cation takes place again at
the metallocene site, but now to give a stable hydride derivative,
once the P site is already blocked. Indeed the 1H NMR spectra
of compounds 5 and 5′ display in each case a characteristically
shielded hydride resonance at ca. −7 ppm coupled to
phosphorus (JPH = 27 Hz). For comparison, the structurally
characterized dihydride dicationic complex [Mo2{μ-κ

1,η5:κ1,η5-
(C5H4)PP(C5H4)}(H)2(η

6-HMes*)2](BF4)2 gives rise to a
singlet hydride resonance at −7.10 ppm,11 with the differences

Figure 4. DFT-optimized structure of rotamers J (left) and K (right)
of the cation in compound 4, with the corresponding hydride isomers
H-J and H-K shown below. Most H atoms have been omitted for
clarity, and labeling is shown only for rotamer 4-J.
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in the respective P−H couplings being likely due to the
presence of lone electron pairs at the P atoms in the latter
complex.14a In addition, we note that the C−O stretches of the
cations in 5 and 5′ indicate retention of the transoid dicarbonyl
structure of the parent compounds, and are only some 15 cm−1

more energetic than those of 4, which is consistent with a
protonation taking place at a site remote from the Mo(CO)2
fragment. Finally, we note that these stretches for the
tetrafluoroborate salt 5′ are some 6 cm−1 lower than those of
5, which points to the presence of a moderate cation/anion
pairing in solution for the former salt. The fact that one-bond
P−H couplings in compounds 5 and 5′ differ significantly from
each other (325 vs 334 Hz, respectively) suggests that ion
pairing for these dipositive cations might be materialized in the
shape of a P−H···F−BF3 hydrogen bond like interaction.
Reactions of 2a with Sulfur and Oxygen Sources.

Complexes of type F having pyramidal phosphinidene ligands
usually react with chalcogens (E) to give the corresponding
chalcogenophosphinidene-bridged (μ-P(E)R) derivatives.5b,20

Indeed compound 2a is quite air-sensitive, but we could not
properly isolate or characterize any of the oxo derivatives
formed after on purpose exposure to air. Attempts to obtain
such derivatives using milder oxygen sources such as alkene
oxides failed due to lack of reaction with these reagents.
Compound 2a also reacts readily with elemental sulfur (S8), but
reaction only takes place selectively when using excess reagent
and low temperatures (223 K). Under these conditions, the
corresponding thiophosphinidene-bridged derivative [Mo2Cp-
{μ-κ1:κ1,η5-P(S)C5H4}(η

6-HMes*)(CO)2(PMe3)] (6) is
formed selectively (Scheme 3). The use of stoichiometric

amounts of reagent or room temperature led to mixtures of 6
and up to three other compounds which could not be isolated
or characterized. In addition, the use of a potentially softer
source of sulfur such as ethylene sulfide led to a completely
different product, to be discussed below.
Compound 6 was not very stable itself, and decomposed

progressively upon attempted purification or crystallization.
Fortunately, it could be indirectly stabilized via methylation, a
process taking place readily upon reaction with MeI at room
temperature to give the corresponding thiolatophosphido
derivative, which could be conveniently isolated in good yield
as the corresponding tetraarylborate salt [Mo2Cp{μ-κ

1:κ1,η5-
P(SMe)C5H4}(η

6-HMes*)(CO)2(PMe3)](BAr′4) (7) after
anion exchange with Na(BAr′4).
The C−O stretches of the carbonyl ligands in compounds 6

and 7 have a pattern indicative of retention of the transoid

geometry of the parent compound 2a at the dicarbonyl
fragment, and their frequencies increase expectedly in the order
2a < 6 < 7 thus reflecting the progressive decrease of electron
density at the metal centers derived from the changes operated
at the bridging phosphorus ligands (μ-PR → μ-P(S)R → μ-
P(SMe)R+). In contrast, the 31P NMR resonances of 6 and 7
appear at a very similar chemical shift of ca. 70 ppm, only
moderately more shielded than the resonance of the parent
compound 2a. Moreover, this chemical shift is close to the
values of ca. 100 ppm measured in the P,S:P-bridged
thiophosphinidene complexes syn- and anti-[Mo2Cp(μ-
κ2P,S:κ

1
P,η

5-SPC5H4)(η
6-HMes*)(CO)2].

21 All of this indicates
that the 31P chemical shift is a poorly sensitive structural
parameter for this sort of thiophosphinidene complex. On the
other hand, we note that both 6 and 7 display a relatively high
P−P coupling of 27 Hz, suggestive of the prevalence in solution
of a rotamer of type K, as confirmed through an X-ray study of
compound 7 (Figure 5 and Table 3).

The structure of the cation in 7 actually is comparable to the
one computed for rotamer K of the phosphido-bridged cation
4, if we just replace the H atom with the SMe group (P−Mo−
P−Mo = −79.5° in 7). Analogously, the transoid Mo(CO)2 and
the metallocene fragments are bound to the thiolatophosphido
ligand so as to define a rare distorted trigonal pyramidal
environment around the P1 atom, with the Mo and S atoms
defining a plane that contains that P atom (∑(X−P−Y) =
359.9°), while the C atom of the cyclopentadienylidene ring
occupies the vertex of that very distorted trigonal pyramid
(Mo2−P1−C9 = 58.0(2)o rather than 90°). This P environ-
ment has been found previously in different heterometallic
derivatives of compound 1 and tentatively related there to steric
effects of the bulky aryl ring (HMes*) present in these
molecules.22 In the case of compounds 4 and 7, however, this

Scheme 3
Figure 5. ORTEP diagram (30% probability) of the cation in
compound 7, with H atoms and tBu groups (except their C1 atoms)
omitted for clarity.

Table 3. Selected Bond Lengths (Å) and Angles (deg) for
Compound 7

Mo1−P1 2.520(2) Mo1−P1−Mo2 136.49(7)
Mo1−P2 2.488(3) Mo1−P1−S1 98.2(1)
Mo1−C1 1.984(7) Mo2−P1−S1 125.2(2)
Mo1−C2 1.976(8) Mo2−P1−C9 58.0(2)
Mo2−P1 2.532(2) P1−Mo1−P2 135.5(1)
Mo2−C9 2.193(6) C1−Mo1−C2 106.5(3)
P1−S1 2.128(4) C1−Mo1−P1 77.8(3)
P1−C9 1.783(8) C1−Mo1−P2 75.2(3)
S1−C3 1.86(2) C2−Mo1−P1 79.3(3)

C2−Mo1−P2 75.4(2)
P1−S1−C3 103.8(7)
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unusual geometry follows from the directionality imposed by
the HOMO−2 orbital of the parent compound 2a, as noted
above. Apart from this, we note that the phosphido ligand
bridges symmetrically the Mo atoms (Mo−P ca. 2.53 Å)
whereas the terminal PMe3 ligand expectedly displays a
somewhat shorter length of ca. 2.49 Å. These values compare
well with the figures of 2.59 and 2.54 Å computed respectively
for 4-K, if we allow for a ca. 0.05 Å overestimation of distances
involving metal atoms typically obtained in common DFT
calculations.23 We finally note that only a few other complexes
containing thiolatophosphido bridging ligands (μ-P(SR)R′)
appear to have been crystallographically characterized pre-
viously,24 these showing P−S lengths around ca. 2.12 Å, as
found in 7 (2.128(4) Å). Other geometrical parameters of 7 are
as expected and deserve no further comments.
Alkylated Derivatives of Compounds 2. Compound 2a

is easily alkylated at the P site. This can be accomplished upon
reaction with a mild reagent as MeI at room temperature, a
selective process allowing the isolation in good yield, after
anion exchange, of the corresponding methylphosphido-
bridged derivative [Mo2Cp{μ-κ

1:κ1,η5-P(Me)C5H4}(η
6-

HMes*)(CO)2(PMe3)](BAr′4) (8a) (Chart 3). A related

dimethylphenylphosphine complex 8b could be analogously
obtained from the corresponding neutral complex 2b, and
proved to yield X-ray quality crystals more easily. As noted
above, we also examined the reaction of 2a with ethylene
sulfide as a possible route to the thiophosphinidene complex 6.
This reaction takes place slowly at room temperature and
requires the use of excess reagent; however, it yields no
significant amounts of 6, but leads instead to the phosphido−
thiolato derivative [Mo2Cp{μ-κ

2
P,S:κ

1
P,η

5-P(C2H4S)C5H4}(η
6-

HMes*)(CO)2] (9) as major product, which can be isolated in
ca. 55% yield.
The formation of 9 is likely preceded by attachment of the

phosphinidene P atom at the carbon atom of the added sulfide,
with opening of the C2S ring to yield a zwitterionic
intermediate M having increased negative charge at the S
atom (Scheme 4). The latter would afterward displace the
PMe3 ligand to yield the final cyclic product, this being surely
much facilitated by the presence of excess reagent reacting with
the displaced phosphine ligand. In any case, it is worth stressing
here the singular behavior of the pyramidal phosphinidene
complex 2a in this reaction. Although we are not aware of
previous reports on reactions of phosphinidene complexes with
alkene sulfides, it is interesting noting that reactions of the
nucleophilic phosphinidene complex [ZrCp2(PMes*)(PMe3)]
with different epoxides to yield the corresponding phosphiranes
and [ZrCp2O] proceed through intermediates having PC2OZr
rings akin to the PC2SMo ring present in 9, with the former
spontaneously evolving through cleavage of the C−O bond to
yield the final products.25

Spectroscopic data for the methylphosphido complexes 8a,b
are very similar to each other and comparable to those of the
thiolatophosphido complex 7 discussed above, with the
differences expected after replacement of a SMe group with
the less electron-withdrawing Me substituent (lowering of C−
O stretches and 31P chemical shifts), thus indicating a close
structural relationship. The P−P coupling in these compounds
(27 Hz) is identical to that measured for 7, and therefore
suggestive of the prevalence of conformations of type K in
solution. Indeed, an X-ray study of complex 8b (Figure 6 and

Table 4) confirmed this arrangement in the crystal (P−Mo−
P−Mo = −74.1°). Apart from the replacements Me/SMe at the
P site and PMe3/PMe2Ph at the molybdenum dicarbonyl
fragment, the geometrical parameters in 8b are very similar to
those measured in 7 and therefore deserve no detailed
comments. We just stress once more the unusual environment

Chart 3

Scheme 4

Figure 6. ORTEP diagram (30% probability) of the cation in
compound 8b, with H atoms and Ph and tBu groups (except their C1

atoms) omitted for clarity.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for
Compound 8b

Mo1−P1 2.532(1) Mo1−P1−Mo2 136.86(4)
Mo1−P2 2.479(1) Mo1−P1−C3 112.1(2)
Mo1−C1 1.986(5) Mo2−P1−C3 111.0(2)
Mo1−C2 1.975(5) Mo2−P1−C9 57.0(1)
Mo2−P1 2.554(1) P1−Mo1−P2 137.94(4)
Mo2−C9 2.177(4) C1−Mo1−C2 109.3(2)
P1−C3 1.841(5) P1−Mo1−C1 78.4(1)
P1−C9 1.786(4) P2−Mo1−C1 77.6(1)
P2−C33 1.831(6) P1−Mo1−C2 78.3(1)
P2−C34 1.826(4) P2−Mo1−C2 77.8 (1)
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around phosphorus, with the Mo and C3 atoms in the same
plane as P1 (∑(X−P−Y) = 360°) while the cyclopentadieny-
lidene C9 atom occupies the apical position of a distorted
trigonal pyramid.
The molecule of compound 9 in the crystal (Figure 7 and

Table 5) is built from the usual metallocene fragment now

attached to a cisoid Mo(CO)2Cp fragment via the P atom of
the former phosphinidene ligand, now further bound to the
carbon atom of a ring-opened ethylene sulfide molecule, with
the sulfur atom of the latter in turn bound to the Mo(CO)2
fragment thus configuring a puckered PC2SMo ring and
completing a four-legged piano stool environment around the
Mo1 atom. Once again, the orientation of the newly formed
P1−C4 bond configures the unusual P environment found in
complexes 7 and 8b, with the Mo, P1, and C4 atoms in the
same plane (∑(X−P−Y) = 359.4°). The interatomic distances
in 9 (when comparable) are not very different from the
corresponding values in the mentioned complexes and deserve
no particular comments. As for the parameters involving the
PC2SMo ring, we have found just one other structurally
characterized complex having a phosphido−thiolato ligand
forming a comparable PC2SM ring, the cluster [Ru4(μ-
PhPCH2CH2S)2(CO)10] in which, however, the bridging ligand
adopts a P,S:P,S bridging mode, then defining a bicyclic
PC2SRu2 framework.26

Spectroscopic data in solution for 9 are consistent with the
structure found in the crystal. In particular, the cisoid geometry
of the Mo(CO)2 fragment, with a C−Mo−C angle below 90°
(75.2(2)o in the crystal), is denoted by the relative intensities of
the C−O stretching bands (very strong and strong, in order of
decreasing frequencies),13 and by the quite different P−C
couplings of the corresponding 13C NMR resonances (29 and 0

Hz).14 The 1H spectrum expectedly indicates the inequivalence
of all H atoms in the PC2SMo ring of the molecule, with one of
the atoms adjacent to sulfur displaying an unusually large three-
bond P−H coupling of 47 Hz. Other spectroscopic features of
this compound are as expected and deserve no additional
comments.

■ CONCLUSIONS
The title complex is stabilized by the presence of the PMe3
ligand trans to the Mo−P bond of the bridging phosphinidene
ligand, and it displays two nucleophilic sites, located
respectively at the Mo atom of the metallocene fragment and
the P atom of the pyramidal phosphinidene ligand. The former
is the more favored site for attachment of simple electrophiles
(E) under conditions of either orbital control or charge control,
but attachment at the P atom involves fewer distortions on
other bonds within the parent substrate and is then
thermodynamically favored. It is thus concluded that reactions
with electrophiles with little steric demands likely are initiated
at the Mo site, then followed by a fast shift to the P site to yield
the phosphido-bridged derivative eventually isolated in all
reactions investigated. When E is a proton, this shift is
computed to occur with a low kinetic barrier via intermediates
displaying agostic-like tricentric Mo−H−P interactions. Perma-
nent attachment of an electrophile at the metallocene Mo site is
possible once the P site is blocked, as observed in the
protonation reactions of the title compounds. The new P−E
bond being formed in all the above reactions follows from
interaction of the HOMO−2 orbital of the parent phosphini-
dene complex, and the directionality of the latter orbital drives
the acceptor atom of the electrophile to the Mo2P plane, thus
configuring an unusual, trigonal pyramidal-like environment
around the P atom, with the cyclopentadienylidene C atom of
the former phosphinidene ligand (PC5H4) occupying the vertex
of the pyramid. The significant steric demands of the metal
fragments in these molecules pose severe restrictions on the
number of conformations derived from rotation around the
Mo−P bond connecting these fragments, with the most
commonly favored conformation being the one involving an
almost eclipsed arrangement of the C5 rings of the molecule.

■ EXPERIMENTAL SECTION
General Procedures and Starting Materials. All manipulations

and reactions were carried out under an argon (99.995%) atmosphere
using standard Schlenk techniques. Solvents were purified according to
literature procedures, and distilled prior to use.27 All reagents were
generally obtained from the usual commercial suppliers and used as
received, unless otherwise stated. Complex 2a was prepared in situ
from compound 1 as described in our preliminary work,12 and
complex [Mo2Cp2(μ-κ

1:κ1,η6-PMes*)(CO)2],
8b Na(BAr′4),28 and

[H(OEt2)2]BAr′429 were prepared by literature procedures [Mes* =
2,4,6-C6H2

tBu3; Ar′ = 3,5-C6H3(CF3)2]. An improved preparation for
the parent compound 18b is given below. 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,
70−290 mesh) was degassed under vacuum prior to use. The latter
was mixed under nitrogen with the appropriate amount of water to
reach activity IV. IR stretching frequencies of CO ligands were
measured in solution (using CaF2 windows), or in Nujol mulls, are
referred to as ν(CO), and are given in wavenumbers (cm−1). Nuclear
magnetic resonance (NMR) spectra were routinely recorded at 300.13
(1H), 121.50 (31P{1H}), or 75.47 MHz (13C{1H}) at 298 K in CD2Cl2
solution unless otherwise stated. Chemical shifts (δ) are given in ppm,

Figure 7. ORTEP diagram (30% probability) of compound 9, with H
atoms and tBu groups (except their C1 atoms) omitted for clarity.

Table 5. Selected Bond Lengths (Å) and Angles (deg) for
Compound 9

Mo1−P1 2.495(2) Mo1−P1−Mo2 137.5(1)
Mo2−P1 2.549(1) Mo1−P1−C4 110.6(2)
Mo1−S1 2.493(2) Mo2−P1−C4 111.3(2)
Mo1−C1 1.972(7) Mo2−P1−C10 57.5(2)
Mo1−C2 1.954(6) P1−Mo1−S1 74.51(5)
Mo2−C10 2.190(5) C1−Mo1−C2 75.2(2)
P1−C4 1.886(7) C1−Mo1−P1 79.4(2)
P1−C10 1.794(6) C2−Mo1−P1 136.7(2)
S1−C3 1.833(7) C1−Mo1−S1 127.6(2)
C3−C4 1.524(9) C2−Mo1−S1 77.0(2)
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relative to internal tetramethylsilane (1H, 13C) or external 85%
aqueous H3PO4 solutions (

31P). Coupling constants (J) are given in
hertz.
Improved Preparation of [Mo2Cp(μ-κ

1:κ1,η5-PC5H4)(η
6-

HMes*)(CO)2] (1). Compound 1 was originally prepared through a
water-catalyzed isomerization of its arylphosphinidene isomer
[Mo2Cp2(μ-κ

1:κ1,η6-PMes*)(CO)2], a process involving a deprotona-
tion/protonation mechanism.8b The preparation of 1 can be scaled up
by using a full deprotonation/protonation sequence as follows: A
solution of HPF6 (46 μL of a 60% solution in water, 0.312 mmol) was
added to a dichloromethane solution (5 mL) of [Mo2Cp2(μ-κ

1:κ1,η6-
PMes*)(CO)2] (0.200 g, 0.306 mmol), and the mixture was stirred at
room temperature for 20 min. The solvent was then removed under
vacuum, and the residue was dissolved in tetrahydrofuran (10 mL) and
transferred using a cannula into a Schlenk tube containing solid KH
(0.062 g, 1.530 mmol). This mixture was then stirred at room
temperature for 40 min to give a blood-red solution. After removal of
solvent, the residue was extracted with petroleum ether (3 × 10 mL)
and the extracts were filtered using a cannula. Removal of solvent from
the filtrate gave compound 1 as a red microcrystalline solid (0.190 g,
95%). Spectroscopic data for this product (Table 1) were identical to
those previously reported by us for compound 1.8b

Preparation of [Mo2Cp(μ-κ
1:κ1,η5-PC5H4)(η

6-HMes*)-
(CO)2(PMe2Ph)] (2b). Neat PMe2Ph (5 μL, 0.035 mmol) was
added at room temperature to a red solution of complex 1 (0.020 g,
0.031 mmol) in toluene (2 mL), contained in a Schlenk tube equipped
with a Young’s valve, whereupon the solution turned green
immediately. Removal of volatiles under vacuum gave a solid residue
shown (by IR and NMR) to contain almost pure phosphinidene
complex 2b. This material, however, was quite air-sensitive, and could
not be isolated as a crystalline solid. IR and 31P{1H} NMR data for this
complex (Table 1) were analogous to those of the PMe3 complex 2a
previously reported by us.12

Preparation of [Mo2Cp(μ-κ
1:κ1,η5-HPC5H4)(η

6-HMes*)-
(CO)2(PMe3)](BAr′4) (4). Solid [H(OEt2)2]BAr′4 (0.031g, 0.031
mmol) was added to a toluene solution (2 mL) of compound 2a,
prepared in situ from compound 1 (0.020 g, 0.031 mmol), whereupon
a green precipitate was formed. After removal of solvent under
vacuum, the residue was dissolved in a minimum dichloromethane and
chromatographed on alumina at 288 K. Elution with the same solvent
gave a green fraction yielding, after removal of solvent, compound 4 as
a green microcrystalline solid (0.031 g, 63%). Anal. Calcd for
C65H61BF24Mo2O2P2: C, 48.95; H, 3.86. Found: C, 48.58; H, 3.74.

1H
NMR (300.13 MHz, CD2Cl2): δ 7.73 (s, br, 8H, Ar′), 7.56 (s, 4H,
Ar′), 5.29 (s, 5H, Cp), 5.25, 5.18 (2m, 2 × 1H, C5H4), 4.99 (d,

3JPH =
4, 3H, C6H3), 4.67, 4.54 (2m, 2 × 1H, C5H4), 3.82 [d,

1JPH = 301, 1H,
PH], 1.65 (d, 2JPH = 10, 9H, PMe3), 1.19 (s, 27H, tBu).
Preparation of [Mo2Cp(μ-κ

1:κ1,η5-HPC5H4)(η
6-HMes*)-

(CO)2(PMe3)](BF4) (4′). Tetrahydrofuran (0.5 mL) was added to a
dichloromethane solution (2 mL) of compound 5′, prepared in situ
from compound 1 (0.020 g, 0.031 mmol) as described below, and the
mixture was stirred for 1 min to give a greenish solution. After removal
of solvents, the residue was dissolved in dichloromethane and the
solution was filtered through diatomaceous earth. Removal of solvent
from the filtrate gave essentially pure compound 4′ as a green
microcrystalline powder (0.024 g, 95%). This product was quite air
sensitive, and no microanalytical data were thus obtained. 31P NMR
(121.56 MHz, CD2Cl2): δ 18.0 (m, PMe3), −29.5 (dd, 1JPH = 296, 2JPP
= 24, μ-PH). 1H NMR (300.13 MHz, CD2Cl2): δ 5.34 (d, 3JPH = 1,
5H, Cp), 5.25, 5.17 (2m, 2 × 1H, C5H4), 4.99 (d,

3JPH = 4, 3H, C6H3),
4.67, 4.56 (2m, 2 × 1H, C5H4), 3.82 [d, 1JPH = 300, 1H, μ-PH], 1.70
(d, 2JPH = 9, 9H, PMe3), 1.20 (s, 27H, tBu).
Preparation of [Mo2Cp(H)(μ-κ

1:κ1,η5-HPC5H4)(η
6-HMes*)-

(CO)2(PMe3)](BAr′4)2 (5). Solid [H(OEt2)2]BAr′4 (0.062 g, 0.062
mmol) was added to a toluene solution (2 mL) of compound 2a,
prepared in situ from compound 1 (0.020 g, 0.031 mmol), whereupon
an orange precipitate was formed. After the solution was discarded, the
precipitate was washed with toluene (1 × 2 mL) and petroleum ether
(2 × 2 mL) and dried under vacuum to give an orange solid containing
essentially pure compound 5 (0.065 g, 85%). This product could not

be further purified since it was easily deprotonated (to give compound
4) by weak bases such as tetrahydrofuran. 31P NMR (121.56 MHz,
CD2Cl2): δ 48.3 [ddd,

1JPH = 325, 2JPH = 27, 2JPP = 22, μ-PH], 14.9 (m,
br, PMe3).

1H NMR (300.13 MHz, CD2Cl2): δ 7.73 (s, br, 16H, Ar′),
7.57 (s, 8H, Ar′), 6.05 (s, 3H, C6H3), 6.00, 5.66, 5.63 (3m, 3 × 1H,
C5H4), 5.37 (s, 5H, Cp), 5.02 (m, 1H, C5H4), 4.86 [d, br, 1JPH = 325,
1H, μ-PH], 1.69 (d, 2JPH = 10, 9H, PMe3), 1.25 (s, 27H, tBu), −7.79
(d, 2JPH = 27, 1H, MoH). 1H{31P} NMR (300.13 MHz, CD2Cl2): δ
7.73 (s, 16H, Ar′), 7.57 (s, 8H, Ar′), 6.05 (s, 3H, C6H3), 6.00, 5.66,
5.63 (3m, 3 × 1H, C5H4), 5.37 (s, 5H, Cp), 5.02 (m, 1H, C5H4), 4.86
[s, 1H, μ-PH], 1.69 (s, 9H, PMe3), 1.25 (s, 27H, tBu), −7.79 (s, 1H,
MoH).

Preparation of [Mo2Cp(H)(μ-κ
1:κ1,η5-HPC5H4)(η

6-HMes*)-
(CO)2(PMe3)](BF4)2 (5′). Neat HBF4·OEt2 (10 μL, 0.073 mmol)
was added to a toluene solution (2 mL) of compound 2a, prepared in
situ from compound 1 (0.020 g, 0.031 mmol), whereupon an orange
precipitate was formed. After the solution was discarded, the
precipitate was washed with toluene (2 × 2 mL) and dried under
vacuum to give an orange solid containing essentially pure compound
5′ (0.025 g, 90%). This product, however, could not be further purified
since it was easily deprotonated (to give compound 4′) by even very
weak bases such as diethyl ether. 31P NMR (121.56 MHz, CD2Cl2): δ
46.5 [ddd, 1JPH = 344, 2JPH = 27, 2JPP = 21, μ-PH], 16.5 (m, br, PMe3).
1H NMR (300.13 MHz, CD2Cl2): δ 6.22 (m, 1H, C5H4), 6.10 (s, 3H,
C6H3), 5.92, 5.77 (2m, 2 × 1H, C5H4), 5.54 (s, 5H, Cp), 5.42 (m, 1H,
C5H4), 5.19 [d, 1JPH = 344, 3JPH = 2 Hz, 1H, μ-PH], 1.74 (d, 2JPH = 9,
9H, PMe3), 1.31 (s, 27H, tBu), −7.67 (d, 2JPH = 27, 1H, MoH).
1H{31P} NMR (300.13 MHz, CD2Cl2): δ 6.22 (m, 1H, C5H4), 6.10 (s,
3H, C6H3), 5.92, 5.77 (2m, 2 × 1H, C5H4), 5.54 (s, 5H, Cp), 5.42 (m,
1H, C5H4), 5.19 [s, 1H, μ-PH], 1.74 (s, 9H, PMe3), 1.31 (s, 27H,

tBu),
−7.67 (s, 1H, MoH).

Preparation of [Mo2Cp{μ-κ
1:κ1,η5-P(S)C5H4}(η

6-HMes*)-
(CO)2(PMe3)] (6). A solution of S8 in toluene (1.5 mL of a 0.0078
M solution, 0.012 mmol) was added to a toluene solution (2 mL) of
compound 2a, prepared in situ from compound 1 (0.020 g, 0.031
mmol) and previously cooled at 223 K, and the mixture was stirred for
5 min to give a dark green solution, then allowed to reach room
temperature and filtered using a cannula. After removal of solvent from
the filtrate, the residue was washed with petroleum ether (2 × 5 mL)
and dried under vacuum to give essentially pure compound 6 as a
yellow-brown microcrystalline solid (0.020 g, 85%). This product was
quite air sensitive and could not be further purified; therefore no
microanalytical data were obtained for this material. 1H NMR (300.13
MHz, C6D6): δ 6.93, 5.52, 5.11 (3m, 3 × 1H, C5H4), 4.92 (s, 5H, Cp),
4.84 (s, 3H, C6H3), 4.33 (m, 1H, C5H4), 1.31 (s, 27H, tBu), 0.81 (d,
2JPH = 9, 9H, PMe3).

Preparation of [Mo2Cp{μ-κ
1:κ1,η5-P(SMe)C5H4}(η

6-HMes*)-
(CO)2(PMe3)](BAr′4) (7). Neat MeI (10 mL, 0.160 mmol) was
added to a crude toluene solution of compound 6, prepared as
described above (ca. 0.031 mmol), and the mixture was stirred at room
temperature for 5 min. After removal of volatiles, the residue was
dissolved in dichloromethane (5 mL), solid Na(BAr′4) (0.027 g, 0.031
mmol) was added, and the mixture was stirred for 10 min. After
removal of solvent under vacuum, the residue was extracted with
dichloromethane/petroleum ether (1/1) and the extracts were
chromatographed on alumina at 258 K. Elution with the same solvent
mixture gave a green fraction yielding, after removal of solvents,
compound 7 as a green microcrystalline solid (0.038 g, 75%). The
crystals used in the X-ray study were grown by the slow diffusion of
layers of diethyl ether and petroleum ether into a concentrated
dichloromethane solution of the complex at 253 K. Anal. Calcd for
C66H63BF24Mo2O2P2S: C, 48.31; H, 3.87; S, 1.95. Found: C, 48.04; H,
3.65; S, 1.70. 1H NMR (400.13 MHz, CD2Cl2): δ 7.72 (s, br, 8H, Ar′),
7.56 (s, 4H, Ar′), 5.35 (d, 3JHP = 2, 5H, Cp), 5.22, 5.18, 4.98 (3m, 3 ×
1H, C5H4), 4.94 (d,

3JHP = 4, 3H, C6H3), 4.16 (m, 1H, C5H4), 2.31 (d,
3JHP = 9, 3H, Me), 1.66 (d, 2JHP = 10, 9H, PMe3), 1.21 (s, 27H, tBu).
13C{1H} NMR (100.63 MHz, CD2Cl2): δ 235.3, 231.5 (2m, MoCO),
162.2 [q, 1JCB = 50, C1(Ar′)], 135.2 [s, C2(Ar′)], 129.3 [q, 2JCF = 32,
C3(Ar′)], 125.1 [q, 1JCF = 272, CF3], 117.9 [s, C4(Ar′)], 114.5 [s,
C(C6H3)], 95.0 [s, br, C(C5H4)], 93.4 (s, Cp), 90.5 [s, br,
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CH(C5H4)], 88.5, 86.9 [2s, CH(C5H4)], 81.7 [s, br, CH(C5H4)], 73.3
[s, CH(C6H3)], 35.6 [s, C

1(tBu)], 31.3 [s, C2(tBu)], 24.4 (s, br, SMe),
20.1 [d, 1JCP = 34, PMe3].
Preparation of [Mo2Cp{μ-κ

1:κ1,η5-P(Me)C5H4}(η
6-HMes*)-

(CO)2(PMe3)](BAr′4) (8a). Neat MeI (10 mL, 0.160 mmol) was
added to a toluene solution (2 mL) of compound 2a, prepared in situ
from compound 1 (0.020 g, 0.031 mmol), and the mixture was stirred
for 2 min, whereupon a green precipitate was formed. After removal of
volatiles, the residue was dissolved in dichloromethane (5 mL), solid
Na(BAr′4) (0.027 g, 0.031 mmol) was added, and the mixture was
stirred for 10 min. The solvent was then removed, the residue was
extracted with dichloromethane/petroleum ether (1/2), and the
extracts were chromatographed on alumina at 258 K. Elution with the
same solvent mixture gave a green fraction yielding, after removal of
solvents, compound 8a as a green microcrystalline solid (0.045 g,
90%). Anal. Calcd for C66H63BF24Mo2O2P2: C, 49.27; H, 3.95. Found:
C, 48.94; H, 3.65. 1H NMR (400.13 MHz, CD2Cl2): δ 7.74 (s, br, 8H,
Ar′), 7.57 (s, 4H, Ar′), 5.26 (s, 5H, Cp), 5.22, 5.13, 4.92 (3m, 3 × 1H,
C5H4), 4.82 (d,

3JHP = 5, 3H, C6H3), 4.26 (m, 1H, C5H4), 1.82 (d,
2JHP

= 8, 3H, PMe), 1.62 (d, 2JHP = 9, 9H, PMe3), 1.18 (s, 27H, tBu).
13C{1H} NMR (100.63 MHz, CD2Cl2): δ 234.5 (m, 2 MoCO), 162.2
[q, 1JCB = 50, C1(Ar′)], 135.3 [s, C2(Ar′)], 129.3 [q, 2JCF = 32,
C3(Ar′)], 125.1 [q, 1JCF = 272, CF3], 117.9 [s, C4(Ar′)], 113.7 [s,
C(C6H3)], 95.9 [d, 1JCP = 16, C(C5H4)], 92.9 (s, Cp), 90.8 [d, 2JCP =
9, CH(C5H4)], 88.1 [d, 2JCP = 4, CH(C5H4)], 83.9 [s, CH(C5H4)],
83.6 [d, 2JCP = 14, CH(C5H4)], 72.3 [s, CH(C6H3)], 35.2 [s, C

1(tBu)],
31.2 [s, C2(tBu)], 22.8 (s, br, PMe), 20.3 [d, 1JCP = 34, PMe3].
Preparation of [Mo2Cp{μ-κ

1:κ1,η5-P(Me)C5H4}(η
6-HMes*)-

(CO)2(PMe2Ph)](BAr′4) (8b). The procedure is identical to that
described above for 8a, but starting with complex 2b (ca. 0.031
mmol). After similar workup, compound 8b was isolated as a green
microcrystalline solid (0.039 g, 75%). The crystals used in the X-ray
study were grown by the slow diffusion of layers of diethyl ether and
petroleum ether into a concentrated dichloromethane solution of the
complex at 253 K. Anal. Calcd for C71H65BF24Mo2O2P2: C, 51.04; H,
3.92. Found: C, 50.75; H, 3.73. 1H NMR (400.13 MHz, CD2Cl2): δ
7.73 (s, br, 8H, Ar′), 7.56 (s, 4H, Ar′), 7.65−7.50 (m, 5H, Ph), 5.23,
5.14 (2m, 2 × 1H, C5H4), 5.08 (s, 5H, Cp), 4.92 (m, 1H, C5H4), 4.83
(d, 3JHP = 5, 3H, C6H3), 4.27 (m, 1H, C5H4), 1.97, 1.95 (2d, 2JHP = 9,
2 × 3H, PPhMe2), 1.84 (d, 2JHP = 8, 3H, PMe), 1.19 (s, 27H, tBu).
Preparation of [Mo2Cp{μ-κ

2
P,S:κ

1
P,η

5-P(C2H4S)C5H4}(η
6-

HMes*)(CO)2] (9). Ethylene sulfide (12 μL, 0.186 mmol) was
added to a toluene solution (2 mL) of compound 2a, prepared in situ
from compound 1 (0.040 g, 0.062 mmol), and the mixture was stirred
for 60 min to give a rose solution. After removal of volatiles under
vacuum, the residue was extracted with dichloromethane/petroleum
ether (1/3) and the extracts were chromatographed on alumina at 288
K. Elution with the same solvent mixture gave a rose fraction yielding,
after removal of solvents, compound 9 as a rose microcrystalline solid
(0.025 g, 56%). The crystals used in the X-ray study were grown by
the slow diffusion of layers of diethyl ether and petroleum ether into a
concentrated toluene solution of the complex at 253 K. Anal. Calcd for
C32H43Mo2O2PS: C, 53.78; H, 6.07; S, 4.49. Found: C, 53.34; H, 5.85;
S, 4.26. 1H NMR (300.09 MHz, C6D6): δ 5.09 (s, 5H, Cp), 4.88, 4.74
(2m, 2 × 1H, C5H4), 4.66 (d,

3JPH = 3, 3H, C6H3), 4.59, 4.30 (2m, 2 ×
1H, C5H4), 3.09 [dddd, 3JPH = 47, 2JHH = 12, 6, 2, 1H, SCH2], 2.01,
1.80 [2m, 2 × 1H, PCH2], 1.54 [m, 1H, SCH2], 1.12 (s, 27H, tBu).
13C{1H} NMR (100.63 MHz, C6D6): δ 254.5 (d, 2JCP = 29, MoCO),
241.3 (s, MoCO), 111.3 [s, br, C(C6H3)], 97.6 [d, 1JCP = 26,
C(C5H4)], 93.6 (s, Cp), 90.7, 85.9, 84.8, 84.7 [4s, CH(C5H4)], 70.5 [s,
CH(C6H3)], 37.4 [d, 1JCP = 13, PCH2], 35.1 [d, 2JCP = 10, SCH2],
35.0 [s, C1(tBu)], 31.4 [s, C2(tBu)].
X-ray Structure Determination of Compounds 7, 8b, and 9.

Data collection for these compounds was performed at low
temperature on an Oxford Diffraction Xcalibur Nova single crystal
diffractometer, using Cu Kα radiation. Images were collected at a 62
mm (63 mm for 9) fixed crystal−detector distance, using the
oscillation method, with 1° oscillation and variable exposure time per
image. Data collection strategy was calculated with the program
CrysAlis Pro CCD,30 and data reduction and cell refinement was

performed with the program CrysAlis Pro RED.30 An empirical
absorption correction was applied using the SCALE3 ABSPACK
algorithm as implemented in the latter program. Using the program
suite WINGX,31 the structures were solved by Patterson interpretation
and phase expansion (7 and 8b), or by direct methods (9), and were
refined with full-matrix least-squares on F2 using SHELXL97 or
SHELXL2014.32 In general, all positional parameters and temperature
factors for non-H atoms were refined anisotropically except for atoms
involved in disorder, which had to be refined isotropically to prevent
their temperature factors from becoming non-positive definite, and all
hydrogen atoms were geometrically placed and refined using a riding
model. For compound 7, the SMe group and the cyclopentadienyl
ligand in the cation, as well as one CF3 group of the anion, were found
to be disordered over two sites, satisfactorily modeled with 0.5
occupancies; less pronounced disorders were also present for the tBu
groups in the cation and other CF3 groups in the anion, but these were
not modeled. Compound 8b was found to crystallize with half a
molecule of diethyl ether; in addition, three CF3 groups and the
cyclopentadienyl ligand were found to be disordered over two
positions and satisfactorily modeled with 0.5 occupancies. Crystallo-
graphic data and structure refinement details for all these compounds
are collected in Table S1.

Computational Details. All DFT calculations were carried out
using the GAUSSIAN03 package,33 in which the hybrid method
B3LYP was used with the Becke three-parameter exchange func-
tional,34 and the Lee−Yang−Parr correlation functional.35 Effective
core potentials and their associated double-ζ LANL2DZ basis set were
used for the Mo atoms.36 The light elements (P, O, C, and H) were
described with the 6-31G* basis.37 Geometry optimizations were
performed under no symmetry restrictions, using initial coordinates
derived from the X-ray data of compounds 3 and 7. Frequency
analyses were performed for all the stationary points to ensure that a
minimum structure with no imaginary frequencies was achieved.
Molecular orbitals and vibrational modes were visualized using the
MOLEKEL program.38 NMR shielding contributions and coupling
constants were calculated using the gauge-including atomic orbitals
(GIAO) method,39 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.40 Transition states were optimized using the
synchronous transit-guided quasi-Newton (STQN) method as
implemented in Gaussian and were identified by the presence of
one imaginary frequency. Their connectivity was corroborated either
by visual inspection of the corresponding vibration or by IRC
calculations.
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