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Confirmation of a Radical Mechanism in the Alkyne-Linkage
Reduction Reaction of the [(n*-C4;H;)Mo(C,Me,),(NCMe)]*
Cation

Deborah Pufahl and William E. Geiger*

Department of Chemistry, University of Vermont, Burlington Vermont 05401

Neil G. Connelly

School of Chemistry, University of Bristol, Bristol, BS8 1TS Great Britain

Received May 27, 1988

Reduction of the bis(alkyne) complex [CpMo(CyMeo)o(NCMe)]* (1) by electrolysis or by potassium has
been studied in nonaqueous solvents. The results have confirmed that the metallacyclononatetraene complex
2, CpyMoy(u-CeMey), is formed from 1 by one-electron reduction, through a radical mechanism. The reduction
of 1 proceeds by rapid heterogeneous charge transfer from a Pt electrode, followed within a maximum of
50 ms by loss of acetonitrile. The resulting 17-electron radical CpMo{(C,Me,), then couples to give the
metallacyclic complex in about 60% yield. A secondary product, which may be the metal-metal bonded
dimer [CpMo(CyMe,),], (3), has been partly characterized.

Introduction

The metal-initiated oligomerization of alkynes has
produced some remarkable chemical transformations.!
One such example is the linking of two, three, or four
alkyne molecules to form mono- and dimetallacyclic com-
plexes of Mo and Cr.2® This alkyne oligomerization has
in some cases been achieved through redox chemistry. In
reactions 1 and 2, treatment of [(%-C,H,)Mo(n?-

[CPMO(CaMep)a(NCMe)1" + [CpFe(CO),1~ -
1

CsMey)o( NCMe)]* (C,H, = Cp or indenyl) with Na-
[CpFe(CO),] leads to formation of complexes with linkages
of either six carbons (indenyl complex)® or eight carbons
(cyclopentadienyl complex)? in the hydrocarbon chain. In
these reactions the anion CpFe(CO),” was assumed to act
as a one-electron reductant since the dinuclear complex
[CpFe(CO),], was isolated from the reaction mixture.
Other reducing agents such as Mg or Na/Hg also accom-
plished this reaction, maximum isolated yields of the di-
molybdenum complexes being 20-25%.°
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Since mechanistic aspects of this reaction are still under
study,” we thought that it would be useful to investigate
by electrochemical methods the apparent first step in the
reaction, namely, the one-electron reduction of the bis-
(alkyne) complex [CpMo(C,Me,),(NCMe)]* (1). Our re-
sults give support to the hypothesis of Green and co-
workers*® that the alkyne coupling reaction is radical in-
itiated. We find that 1 reduces by a rapid one-electron
transfer at a Pt electrode and that the initially formed
19-electron species CpMo(C,Me,),(NCMe) undergoes rapid
loss of acetonitrile. The resulting 17-electron neutral
radical couples rapidly to give a good yield (ca. 65%) of
the metallacyclononatetraene complex 2 and a smaller
amount of a secondary product. The structure of the
secondary product is not unequivocally established, but
spectroscopic results suggest a simple dimer formed by
metal-metal bonding of the 17-electron radical CpMo-
(CQMeg)z.

Experimental Section

All electrochemical and preparative procedures were conducted
under an atmosphere of dinitrogen using drybox or Schlenk
procedures. Solvents were dried and distilled by conventional
procedures. Electrochemical experiments were conducted as in
previous studies.® The reference electrode was the aqueous
saturated calomel electrode (SCE). The potentials given in this
paper may be converted to the Cp,Fe/Cp,Fe* reference by ad-
dition of minus 0.56 V for THF solutions and minus 0.40 V for
MeCN solutions. In all cases the supporting electrolyte was 0.1
M [BuyN][PFg]. NMR spectra were obtained on a Bruker 250
MHz instrument and calibrated against TMS. Mass spectra were
obtained through electron-impact ionization at 50-70 eV using
a Finnigan MAT 4500 Series system with a direct probe. The
starting materials [CpMo(CO);]; and [CpFe(CO),]), were obtained
from the Strem Chemical Co. Na[CpFe(CO),] was prepared by
the Na/Hg reduction of [CpFe(CQ)y];. The title cation,
[CpMo(C,Mey),(NCMe)]*,? and the dinuclear complex
CpyMo,(u-CsMeg)® were prepared by the literature methods.

Results and Discussion

I. Electrochemical Reduction of [CpMo(C,;Me,),-
(NCMe)]* (1). It was reported earlier'® that this complex

(7) Green, M.; Kale, P. A.; Mercer, R. J. J. Chem. Soc., Chem. Com-
mun. 1987, 375.
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(10) See footnotes in ref 4 and 6.
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Figure 1. Cyclic voltammogram of 5 X 10* M 1 in THF/0.1 M
[Bu,N][PF] at a Pt electrode (v = 0.3 V/s; T = 300 K). The scan
was initiated at —1.6 V, negative of the reduction of 1. Shown
are the three waves detected for the reduction products of 1,
namely, waves B and C (arising from 2) and wave A (arising from
the secondary product).

undergoes an irreversible reduction, but only a cursory
investigation was made.!’ The present systematic study
has confirmed that 1 undergoes a one-electron reduction
at ca. -1.40 V in THF and that the process is chemically
irreversible at scan rates up to several volts per second at
253 K, or up to 20 V/s at ambient temperatures. More
will be said later in section IV about the chemical and
electrochemical sources of the irreversibility. This is
meaningful from a mechanistic point of view since we can
tell whether the reaction after electron transfer is first- or
second-order only if the initial heterogeneous electron
transfer is fast. For now, however, we wish to concentrate
on the stoichiometry of the reaction and on the products
formed in the electrochemical reduction.

The reduction of 1 in THF is a diffusion-controlled
one-electron process'? on the time scales of both cyclic
voltammetry and bulk (preparative) coulometry. We
compared the cathodic current function (peak current
divided by square root of CV scan rate) of 1 to that of the
cobaltocenium ion. The Cp,Co*/Cp,yCo couple was used
as an internal one-electron standard because one would
expect that the diffusion coefficient of Cpy,Co* would
closely approximate that of 1. This assumption is based
on the similar size and identical charge of 1 and the
standard. The ratio of the current functions of 1:Cp,Co*
was 0.90 in THF and 1.04 in CH,CN. Since the cobalto-
cenium reduction is firmly established as a one-electron
wave under these conditions,!® we may safely assume that
1 also reduces by one electron.

The products of this one-electron reduction may be
monitored by CV scans in which the initial potential is held
negative of the reduction wave of 1. In this manner,
electroactive reaction products become evident. Such a
scan is shown in Figure 1. The initial potential was ~1.6
V, and only the region of the scan showing electroactive
products is reproduced in the figure. Three major anodic
features are seen. Peak A is due to a secondary species
postulated as the dimer [CpMo(C,;Me,),],. Peaks B and
C fall at the same potentials as the oxidation waves of the
dinuclear complex Cp,Moy(u—CgMeg) (2). Potentials for
the couples 2/2* and 2*/2%*, previously reported for di-
chloromethane solutions,'* were remeasured in THF

(11) Allen, S. R.; Green, M., unpublished work at the University of
Bristol.

(12) Details of the CV and chronoamperometry measurements estab-
lishing the diffusion-controlled nature of the reduction may be found in
the M.S. Thesis of D. P., University of Vermont, 1985.

(13) Geiger, W. E. J. Am. Chem. Soc. 1974, 96, 2632.
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Table I. Electrochemical Potentials (versus SCE) for
Compounds in This Study

compd solv couple potential, V
1 THF 0/1+° -1.40
1 CH,CN 0/14¢ -1.56
2 THF 0/1+0 +0.02
1+ /244 +0.57
2 CH,Cl, 0/1+b¢ -0.11
14 /2+0¢ +0.64

¢ Chemically irreversible, E;, at v = 0.1 V/s given. ®Reversible,
E° given. °Potentials for this couple reported in ref 14 were -0.02
and +0.70 V, with [Bu,N]{BF,] as supporting electrolyte. The
potentials for ref 14 and for the present study are within 30 mV
when referenced to Cp,Fe%*.

(Table I). Experiments of the type shown in the figure
suggest that within about 5-10 s after reduction of 1,
roughly equal amounts of the dinuclear complex 2 and a
second product are formed. A description of our attempts
to identify the latter, which has an E° potential of ~0.34
V, is deferred until section III.

Exhaustive controlled-potential electrolysis of 1 at a Pt
basket electrode in THF converted the cation to 2 as the
dominant product. Electroyses at ambient temperature
gave dark brown solutions and poor conversions to the
dinuclear complex. High coulomb counts (corresponding
to n,,, of 1.8e) were indicative of significant side reactions.
More efficient conversions were obtained at lower tem-
peratures. Electrolysis of a 5 mM solution of 1 at 263 K
in THF consumed 1.1 faraday. The purple-brown solution
displayed only the waves due to dinuclear 2 and that of
the proposed dimer 3. Yields can be calculated for the
electrolysis if it is assumed that the diffusion coefficients
of the reactants and products are similar. By this proce-
dure®s a yield of about 60% was calculated for the elec-
trochemical conversion of 1 to 2.

The dinuclear complex 2 was isolated from the electro-
lysis solution to confirm its identity. Lowering the solution
temperature to 248 K precipitated most of the [Bu,N]-
[PF,] electrolyte. After filtration the volume of the solu-
tion was reduced by about one-half, cooled to 273 K, and
treated with a 1:1 hexane/ether mixture until the re-
mainder of the supporting electrolyte precipitated. Fil-
tration followed by evaporation of the remaining solvent
gave 60 mg of a brown solid (56% yield) identified as
reasonably pure 2 by comparison of its NMR spectrum and
electrochemical properties with those of an authentic
sample. Minor amounts of the secondary product were in
evidence in the NMR spectra (vide infra).

These results demonstrate that the dinuclear complex
2 is produced in reasonably high yield from the one-elec-
tron electrochemical reduction of [CpMo(C;Mey)s-
(NCMe)]*.

II. Metal Reduction of [CpMo(C;Me,),(NCMe)]*.
The reduction of 1 by potassium was briefly investigated
in order to see if chemical and electrochemical reductions
gave similar results. A solution of 200 mg of 1 in 100 mL

(14) Bott, S. G.; Connelly, N. G.; Green, M.; Norman, N. C.; Orpen,
A. G.; Paxton, J. F.; Schaverien, C. J. J. Chem. Soc., Chem. Commun.
1983, 378.

(15) At a scan rate of 500 mV/S, the original cathodic peak height of
1 was 40.5 uA. The anodic peak height observed for the first oxidation
of the dinuclear product 2 after electrolysis was 12.7 uA. Taking into
account the stoichiometry of the reaction, we calculate % yield =
[100%][12.7 X 2/40.5] = 63%. The same procedure applied to the wave
with E° = -0.34 V gives a 37% yield for the secondary product. This
calculation assumes that the secondary product is a dinuclear complex,
requiring 2 mol of 1 for each mole of product. The apparent complete
mass balance should be viewed as fortuitous, since this calculation should
not be expected to have great precision. However, it is apparent that the
two complexes together account for virtually all the electrode products.
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of THF was brought into contact with an equimolar
amount of potassium in the form of a freshly distilled
mirror. In one experiment, aliquots of the reaction mixture
were periodically monitored by cyclic voltammetry. The
two major products were those identified above, namely,
the dinuclear complex 2 and the proposed dimer 3. The
reaction was allowed to proceed to completion at 303 K.
After removal of the solvent, the solid was dissolved in 1:1
hexane/ether, filtered, and evaporated. The residue was
analyzed by thin-layer chromatography on silica gel (1:1
hexane/ether) and shown to contain 2 as the major prod-
uct. This was confirmed by NMR spectroscopy in ace-
tone-dg. The 'H NMR spectrum also confirmed the loss
of CH,CN and the presence of peaks apparently arising
from the proposed dimer (vide infra). All indications are
that the reduction of 1 proceeds by a similar route when
initiated either electrochemically or by alkali metal.

III. Spectroscopic Properties of the Secondary
Product. The secondary product formed in both the
electrochemical and alkali-metal reductions of 1, having

= -0.34 V, was not isolated. However, it was investi-
gated in the residues remaining after evaporation of the
crude reaction mixtures of reduced 1. The major compo-
nent of these mixtures was always the dinuclear complex
2.

The 'H NMR spectrum of the powder from either the
potassium or the coulometric reduction, in acetone-dg, gave
only two peaks that could not be assigned either to 2,
solvent, or CH;CN.'® These peaks were singiets at § =
5.33 and 2.52 ppm. If the former is assigned to a Cp
resonance, the peaks have relative intensities of 5:12. The
electron-impact mass spectrum of this mixture was also
investigated. A solids probe at ambient temperatures was
used, and the spectrum of pure 2 was ratioed and sub-
tracted from that of the mixture.’®* The major feature of
the difference spectrum was an intense cluster of peaks
centered at approximately m/e 214. This is consistent with
the presence in the fragment of a single Mo, which has
seven naturally occurring isotopes with abundances be-
tween 9% and 24%. The largest peak, m/e 214, is con-
sistent with the molecular composition (for ®Mo) of
[CpMO(CQMeZ)]+.

The mass spectral data suggest that the minor product
has at least one unlinked alkyne group. The NMR data
show that there is only one type of CH; group in the
product. Thus it is likely that the product contains two
equivalent dimethylalkynes per cyclopentadienyl unit
(NMR intensity ratio of 12:5). Since the species CpMo-
(CyMey), is a 17-electron radical, it is likely that the minor
product is a simple dimer of this unit, most likely bonded
through the metals, as in the structure below.

8 <ds
W/El\@

A structure of this type has been postulated by Brammer
et al.® as an intermediate in the reduction of 1 to 2. In spite
of our detecting a species with spectral properties con-
sistent with this metal-metal bonded dimer, we have seen
no evidence that, once formed, it reacts further to give
complex 2.

IV. Formation and Fate of the 19-Electron Radical
CpMo(C,Me,),(NCMe). Describing the reduction of 1
as an irreversible one-electron process gives only crude

(16) Pufahl, D. M.S. Thesis, University of Vermont, pp 47-53.

Pufahl et al.

information about the electrodic reduction of the cation.
Details about the rate-determining step in the electron-
transfer reaction can often be obtained from studies of
wave shapes and positions as a function of CV scan rates
and/or concentration variations. Our experiments enable
us to write eq 3-5 as describing the events occurring early
in the cathodic reduction of 1.

[CpMo(CyMe)o(NCMe) ]t + & =
CpMo(C,Me,)5(NCMe) (very rapid) (3)

CpMo(C,Me,),(NCMe) —
CpMo(C;Me,); + NCMe(rapid)

2CpMo(CysMeyg)y —~ 2 0r 3

The first reaction involves the heterogeneous electron
transfer from the electrode to the 18-electron cation 1 in
solution. Although CV scans show that the reduction is
chemically irreversible, the shape of the cathodic wave
firmly establishes that the initial charge transfer is fast
{Nernstian). The appropriate diagnostic parameter is
derived from the width of the wave. For a Nernstian
system, the difference between the potentials at the
cathodic peak (E;) and half-peak (E, ;) currents is 57 mV
for a one- ~electron process.!” On the other hand, a slow
one-electron charge transfer (an electrochemlcally irre-
versible system) has E, g = 48/a mV. a is the
charge-transfer coefflclent and/ often has a value close to
0.5, so that E, - E,; values of about 96 mV are common
for slow one- -electron transfers.® For the reduction of 1
in acetonitrile, a value of 58 mV (£2 mV RSD) was ob-
served over the CV scan range of v = 0.01 to 0.50 V/s,
clearly consistent with a rapid heterogeneous electron
transfer to 1. The result in THF was similar. In this
solvent, broadening of the peak was observed at higher
scan rates (e.g., E, - E;;» = 70 mV at v = 0.5 V/s).
However, the broadenmg was shown to be due to uncom-
pensated resistance effects, since an identical concentration
of the reversible standard Cp,Co* gave the same result.

A further diagnostic concerning the electrochemical
versus chemical irreversibility of the reduction concerns
the way in which the cathodic peak potential, E, varies
with scan rate. If the reduction of 1 is irreversible because
the charge-transfer step (eq 3) is very slow, then E, is
predicted to shift negative by 60 mV (assuming a = 0.5)
for each tenfold increase in CV scan rate. If, however, the
irreversibility arises from fast decomposition of the 19-
electron radical (eq 4), then E, shifts by only -30 mV per
decade increase in v.1* The latter behavior, diagnostic of
an E,,,Ci., mechanism, was found for the reduction of 1.
In order to minimize errors due to resistive loss, E, for 1
was measured by using Cp,Co* as an internal standard,
and differences between the potentials of 1 and those of
the standard were plotted as a function of log scan rate
over the range 0.01-1.0 V/s. Slopes of -31.7 and -31.9 mV
were found for THF and CH,CN solutions, respectively.
These data confirm that the NCMe ligand is lost very
rapidly from the 19-electron radical, even in acetonitrile,
which might have been expected to suppress the loss of
that ligand.

Finally, the cathodic wave for 1 has a potential which
is independent of the concentration of 1. This was shown
to be true for THF solutions of 1 ranging in concentration
from 1.2 X 10™* to 9.1 X 107 M, when measured versus an
internal standard of the same current height. This dem-

(17) Bard, A. J.; Faulkner, L. R. Electrochemical Methods; Wiley; New
York, 1980; p 219.

(18) Reference 17, p 223.

(19) Nicholson, R. 8.; Shain, L. Anal. Chem. 1964, 36, 706.
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onstrates that the chemical reaction following the initial
electron transfer (C in the EC mechanism) is first order
in the reactant 1. It is a further confirmation that di-
merization or another coupling reaction (eq 5) follows the
rapid loss of NCMe (eq 4).

Conclusions

1. Detailed voltammetry studies have demonstrated that
the title compound undergoes a one-electron reduction,
irreversible up to scan rates of 20 V/s at ca. —1.4 V versus
SCE.

2. 1 accepts an electron rapidly from a Pt electrode (eq
3) and then undergoes loss of NCMe (eq 4) in less than
50 ms at ambient temperatures, producing a 17-electron
radical.

3. The radical produced in eq 4 couples rapidily to give
in excess of 60% of the metallacyclononatetraene complex

2, in which linking of the four alkynes has occurred.

4. The 17-electron radical also forms a secondary
product which may be the metal-metal bonded dimer
[CpMo(CoMey)s]s (3).
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The paramagnetic benzyne complexes Re(n2-2-MeCyH;) (2-MeCH,):(PMesR), (R = Me, 2a; R = Ph,
2b) are formed at low temperature via ligand-induced ortho-hydrogen abstraction on addition of phosphine
to the homoleptic aryl Re(2-MeCgH,), (1). Complexes 2 are oxidized under mild conditions to the benzyne
cations [2][X] (X = PF¢", BPh,, OTf, Co(CO),, Is") with E;,, = —0.90 V (relative to CpyFe at 0.00 V).
The cations are reduced by strong nucleophiles, e.g., LIBEt;H, Me;SiCH,MgCl, in THF, back to the neutral
species. NMR data for [2][X] are in agreement with the solid-state structure, determined for [2a][I;] by
X-ray crystallography. Crystals are orthorhombic, space group Pna2,, with a = 18.735 (2), b = 13.954 (5),
c=14.193 (2) A, Z = 4, D .4 = 2.23 g cm™. The geometry of the cation can be described as distorted
trigonal bipyramidal with the benzyne symmetrically n*bound at an equatorial site (Re~C(benzyne) =
2.02 (2) A) and with axial phosphines (Re-P = 2.421 (5) and 2.435 (5) A); the equatorial Re-C(2-MeCgH,)
distances are 2.09 (1) A.

Interest in the chemistry of transition-metal-benzyne
derivatives has increased since the first example of such
a compound was structurally characterized in 1979.!
Stable mononuclear benzyne derivatives are now known
for Zr,2 Nb,'® Ta,!? and Ni;* in addition, the intermediacy

(1) {a) McLain, S. J.; Schrock, R. R.; Sharp, P. R; Churchill, M. R.;
Youngs, W. J. J. Am. Chem. Soc. 1979, 101, 263. (b) Churchill, M. R.;
Youngs, W. J. Inorg. Chem. 1979, 18, 1697.

(2) (a) Buchwald, S. L.; Watson, B. T.; Huffman, J. C. J. Am. Chem.
Soc. 1986, 108, 7411. (b) Buchwald, S. L.; Lucas, E. A.; Dewan, J. C. Ibid.
1987, 109, 4396. (c) Buchwald, S. L.; Watson, B. T.; Lum, R. T\; Nugent,
W. A. Ibid. 1987, 109, 7137.

(3) Bartlett, R. A.; Power, P. P.; Shoner, S. C. J. Am. Chem. Soc. 1988,
110, 1966.

(4) Bennett, M. A.; Hambley, T. W.; Roberts, N. K.; Robertson, G. B.
Organometallics 1985, 4, 1992,
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of such species has been postulated in a number of in-
stances.® In all cases except Ni, benzyne formation evi-
dently proceeds via ortho-hydrogen abstraction from a
high-valent, electrophillic, d® metal complex, often re-
quiring prolonged thermolysis at high temperature. The
reactivity of metal-benzyne bonds has been investigated
in a few cases.l'?* Insertion of alkenes, alkynes, and nitriles,

(5) (a) Chamberlain, L. R.; Kerschner, J. L.; Rothwell, A. P.; Rothwell,
L. P.; Huffman, J. C. J. Am. Chem. Soc. 1987, 109, 6471. (b) Schock, L.
E.; Brock, C. P.; Marks, T. J. Organometallics 1987, 6, 232. (c) Bockel,
C. P.; Teuben, J. H.; de Liefde Meijer, H. J. J. Organomet. Chem. 1974,
81, 371. (d) Berkovich, E. G.; Shur, V. G.; Vol'pin, M. E.; Lorenz, B. E.;
Rummel, S.; Wahren, M. Chem. Ber. 1980, 113, 70. (e) Erker, G.; Kropp,
K. J. J. Am. Chem. Soc. 1979, 101, 3659. (f) Erker, G.; Kropp, K. J.
Organometallics 1982, 1, 1246. (g) Erker, G. J. Organomet. Chem. 1977,
134, 189. (h) Miller, F. D.; Sanner, R. D. Organometallics 1988, 7, 818.
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