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The Behavior of Cp*MoBr/Br, Redox Systems:
The Unusual Structure of
[(Cp3Mo,Br,),(Cp*MoBr,);], a Compound
Containing Mo"', Mo'Y, and MoY**

By Jahanvi U. Desai, John C. Gordon,
Heinz-Bernhard Kraatz, Beth E. Owens-Waltermire,
Rinaldo Poli,* and Arnold L. Rheingold

There is considerable interest in the use of cyclopentadi-
enyl transition metal complexes having one or more halo
ligands as convenient starting materials for the synthesis of
a large variety of organometallic compounds.’*! Although
complexes of the group 6 metals molybdenum and tungsten
are well known for the 11 and v oxidation state, Mo'" and
W!V complexes have received little attention. Only recently,
we were able to obtain [CpMoCl,] (Cp = 5°-C4Hy), an insol-
uble powder and presumably an oligomer!?) In order to
obtain complexes that lend themselves to structural charac-
terization, we have moved to the more soluble Cp* complex-
es (Cp* = n*-C,Mes). We report here on the synthesis and
highly unusual crystal structure of 1.

[{[Cp*Mo(u-Br),MoCp*]* [Cp*MoBr,] " },]{Cp*MoBr,] 1

This compound is novel in that it is 1) the first known
tetrabromo-bridged d?-d® dimer, 2) the first d* [Cp*MX,]~
complex to be structurally characterized, and 3) the first neu-
tral MoV tetrabromide to be structurally characterized. In
addition, moiybdenum is found in three different oxidation
states in the same crystal. This is possible because of the
particular redox properties of the Cp*MoBr/Br, system
which we will describe here. Complex 2 has been prepared
from 31 and sodium amalgam in toluene as a diamagnetic

[Cp*Mo(u-Br);MoCp*] 2 [Cp*MoBr,] 3
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crystalline complex, which is isostructural to the neutral
(d3-d*) complex [Cp'Mo(u-Br);MoCp] (Cp’ = n°-1-(2,5-
dimethoxyphenyl)-2,3,4,5-tetraphenylcyclopentadieny! ) 4!
and to [(iPr)CpMo(u-Cl),MoCp(iPr)].!*) The unit cell of 2[¢!
contains two independent molecules, one located at an inver-
sion center and the second one in a general position. The two
crystallographically independent molecules are chemically
equivalent and can be described as two four-legged piano
stool structures sharing a common square face defined by the
four bridging bromo ligands (Fig. 1). Complex 2 undergoes
two reversible one-electron oxidations at £ = — 0.30 V and
+0.73 V (vs. ferrocene).

Fig. 1. Crystal structure of 2 (ORTEP plot shows the molecule in a general
position). The geometry is identical to that of the molecule located at an inver-
sion center in 2 and also to that in cation 2*. Selected bond lengths [A] and
angles [ ] (averaged over all chemically equivalent groups of atoms): 2: Mo-Mo
2.643(2). Mo-Br 2.613(9); Mo-Br-Mo 60.8(3). 2*: Mo-Mo 2.643(5) Mo-Br
2.64(3); Mo-Br-Mo 60.0(8).

In an attempt to prepare 4 by bromination of 2 with Br,
(mol ratio 1:1) in benzene, we obtained a brick-red precipi-
tate (5), which analyzes as Cp*MoBr, , and shows a single
[{Cp*MoBr,},) 4 [{Cp3Mo,Br,}}*[Br, Bry]~ 5
broad resonance at § = 4.3 in its 'H NMR spectrum in CD-
Cl;. This resonance is identical to that of the product ob-
tained upon treatment of 2 with one equivalent of AgBF,.
Thus 5§ is interpreted as being a salt of [Cp*Mo(u-
Br),MoCp*]* (2%), and its anion is presumably a 1:4 mix-
ture of Br™ and Br; . According to our electrochemical in-
vestigations and the literature,!”! Br, does not have sufficient
oxidizing power to produce the dication 2" (see Fig. 2).
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Fig. 2. Electrochemical behavior of the [Cp3Mo,Br,]"*, [Cp*MoBr,}" ", and
Br,/Br; /Br~ systems.

Recrystallization of 5 from CH,Cl,/n-heptane yielded the
title compound 1 as a dark red, crystalline material, which is
paramagnetic and displays two broad peaks at é = 4.2 and
—19.5 in its 'HNMR spectrum. The resonance at
0 = —19.5 is assigned to the anion [Cp*MoBr,]~ (37) (vide
infra). The cyclic voltammogram of 1 shows, in addition to
the two reversible one-electron oxidations characteristic of 2,
a reversible wave at £ = — 0.14 V (vs. ferrocene), which is
due to the [Cp*MoBr,]°/[Cp*MoBr,]~ couple as shown by
an independent study of 3 (Fig. 2). A comparison of the
oxidation potentials in Figure 2 indicates that I consists of
the mixed-valence cation [Cp*Mo(u-Br),MoCp*]* and a
2:1 mixture of the anion [Cp*MoBr,]™ and the correspond-
ing Mo" neutral analogue. This rules out the alternative
formulation of 1 as a 1:1 mixture of monocation and dicat-
ion for the dinuclear complex accompanied by three nega-
tively charged mononuclear complexes.

Compound 1 crystallizes in the monoclinic space group
P2,/m with two formula units per unit cell.'® The dinuclear
monocation 2% is located in a general position, and its struc-
ture is practically identical to that of the neutral precursor 2
(Fig. 1). According to theoretical considerations,”®! the HO-
MO of 2 should be nonbonding. This explains the little
change in the Mo—-Mo separation upon oxidation (d(Mo—
Mo): 2 = 2.645(2) A; 2* = 2.691(4) A). This is the first di-
rect comparison of metal-metal distances in a pair of
[{CpMX,},]"" complexes and experimentally confirms the
theoretical predictions by Green et al.'”) The two Mo'" an-
ions 3~ and the neutral Mo¥ complex 3 are located on mir-
ror planes. These all have the familiar four-legged piano
stool structure (Fig. 3). The bond angles are not significantly

Fig. 3. Crystal structure of 3 (ORTEP). The two crystallographically indepen-
dent anions 3~ have identical structural parameters. Selected bond lengths [A]
and angles [°] (averaged over all chemically equivalent groups of atoms): 37 :
Mo-Br 2.62(4), Br-Mo-Br (cis) 81.8(4), Br-Mo-Br (trans), 136(3). 3: Mo-Br
2.48(3), Br-Mo-Br (cis) 82.8(4), Br-Mo-Br (trans) 138(2).

different in the three mononuclear complexes; however, the
Mo - Br distances at atom Mol are significantly shorter
(average 2.48(4) A) than those at atoms Mo4 and MoS
(Mo4: range 2.595(6)-2.616(9) A; MoS: range 2.591(6)-
2.721(8) A). This reflects the stronger r acidity of the neutral
d! complex [Cp*MoBr,] and allows us to identify Mo1 as the
central atom in as 3. An ORTEP representation of the unit



Fig. 4. Untt cell of I (ORTEP).

cell of 1 giving the relative orientations of all three con-
stituents to each other is shown in Figure 4.

The formation of 1 from 2 and Br, can be understood in
terms of their redox behaviors (see Fig. 2). Initially, Br, ox-
ides 2 to give the benzene-insoluble salt 5, which contains the
cation 2" and a mixture of Br~ and Br; as discussed above.
During the crystallization from CH,Cl,, Br~ can add to 2*
to give the neutral adduct 2-Br. Oxidation with Bry and
subsequent reaction with Br~ via the possible intermediate
[Cp*MoBr,], will give the paramagnetic anion 3~ (Scheme 1).

—> [Cp3Mo,Br,] 2

r Br,

[{Cp3Mo,Br,}]" [Br, Br,]~ §
Na/Hg Br~ i[ox]

[Cp*MoBr,]” 3~

llox}

~—— [Cp*MoBr,] 3

Scheme 1. [ox] = oxidation.

Any residual Brj, according to the electrochemical study
(Fig. 2), would be capable of oxidizing 3~ to give neutral 3.
Thus, considering the composition of compound 5, a mix-
ture of 2, 37 and 3 in a mol ratio of 1:1:2.1 should be
produced in solution. But a mixture of the three components
in a mol ratio of 2:2:1 is found in the crystal, presumably
because a compound with this particular combination is the
least soluble material in the solvent combination used for
crystallization. Treatment of compound 5 with excess Br~
eventually leads to a product with a single broad '"H NMR
resonance at = —19.5, which is attributed to 3™ in agree-
ment with the reactions depicted in Scheme 1. Figure 2 indi-
cates that the two neutral complexes 3 and 2 are not stable
with respect to electron transfer. In fact, mixing a stoichio-
metric amount of 3 and 2 produces a solution that exhibits
the "H NMR resonances of the cation 2* and the Mo'" an-
ion37.

Currently, efforts are under way to isolate [{Cp*MoBr,},]
(4), which requires reaction conditions under which free bro-
mide ion cannot exist.

Experimental Procedure

3: [Cp*MoBr,] was prepared by a procedure similar to that described for
(Cp"MoBr,| [3): [{Cp*Mo(CO),},] (1.03 g, 1.62 mmol) was dissolved in CH,Cl,
(20 mL). and the red-orange solution was transferred by cannula to a slurry of
yellow PBrg (2.80 g, 6.52 mmol) in CH,Cl, (20 mL). Vigorous gas evolution
indicated an immediate reaction. The reaction mixture was then refluxed ap-
proximatly 12 h. The solution was reduced in volume to approximately 30 mL.
The almost black precipitate was collected by filtration, washed with cold
CH,Cl; (3 x 5 mL) and dried under vaccum to yield 1.56 g (87%) of 3. Correct
elemental analysis (C, H. Br).

2: Compound 3 (3.427 g. 6.22 mmol) was placed in a Schlenk tube containing
freshly prepared sodium amalgam (311 mg of Na, 13.5mmol in 31 g Hg).
Toluene (40 mL) was added. and the dark suspension was allowed to stir at
room temperature (21 °C) for about 12 h, during which the solution developed
a tan brown color. The reaction mixture was filtered and the precipitate washed
with toluene until the washings were colorless (4 x 20 mL). The combined fil-
trates were reduced in volume and cooled to —20°C to yield 2.18 g (90%) of
2. 'HNMR (200 MHz, CDCl,, 25°C): & =1.93(s). Cyclic voltammogram
(CH,C1,/0.1 M nBu,NPF,, E[V] vs. Cp,Fe/Cp,Fe*): —0.30 ([{Cp*MoBr,},)/
{Cp*MoBr,j.]"). +0.73 ([{Cp*MoBr,};]* [{Cp*MoBr,},]**). Correct ele-
mental analysis (C, H).

1: Compound 2 (538 mg, 0.69 mmol) was dissolved in benzene (10 mL). A
solution of Br, (35 uL, 0.69 mmol) in benzene (5 mL) was added. causing the
immediate formation of a red precipitate. The product was collected by filtra-
tion. washed with n-heptane. and dried under vacuum (381 mg). 'H NMR
(200 MHz, CDCl,,25°C): & = 4.3(br, w,,, = 120 Hz). Recrystallization of this
product from CH,Cl,/n-heptane yielded 1 as dark red plates. 'HNMR
(200 MHz. CDCl,. 25 'C): 6 = 4.2 (w,,, =120 Hz), —19.5 (w,, =137 Hz).
One of these crystals was used in the crystallographic investigation.

Reaction between 3 and 2: To a solid mixture of 2 (17 mg; 0.022 mmol) and 3
(23 mg: 0.042 mmol) in a Schlenk tube, was added CDCl, (1 mL). The resulting
orange-brown solution was transferred to an NMR tube (S mm 0.d.). '"H NMR
(200 MHz, CDCl,, 25°C): 6 = 4.13 (w,., = 85 Hz). —19.53 (w,,, =137 Hz).
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