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lished that pure 3 is transformed into 4 under these reaction
conditions.*

Red, crystalline 3 exhibited two doublets in the *'P{H} NMR
spectrum (CDCl,) at § 212 and 79 (J = 43 Hz) and a metal
hydride absorption in the 'H NMR spectrum (CDCl,) at & ~12.45
(dd, J = 45.0, 12.8 Hz). Its structure was established by X-ray
crystallography and is shown as an ORTEP plot in Figure 1.4 The
Mo-Mo distance of 3.282 (1) A is in the range expected for a
single bond® and corresponds closely to that in (u-PMe,)(u-
H)(n°-Cp),(CO),Mo,, 3.26 A5 The data were of sufficient
quality’ that the bridging hydrogen atom position was located and
refined, but its unsymmetrical binding must be viewed with
caution.?

Deep-green 4 featured a single absorption in the carbonyl
stretching region (1710 ecm™, CH,Cl, solution) and a sharp singlet
at § 185 in the *'P{H} NMR spectrum. The results of an X-ray
structure determination on 4 are shown in an ORTEP plot (Figure
2).* The Mo~Mo bond length of 2.532 (1) A may be somewhat
longer than expected for a o?n* triple bond formulation,’ but since
this is the first example of such a bond which contains u-phosphido
groups, there are no good models with which to compare this
complex. A recently described phosphido-bridged Mo, quadruple
bond was also found to be longer than usually observed.’® An
alternative Mo(IT)-Mo(II) single bond formulation would be
expected to have a bond length in excess of 3.0 A.?

Consonant with the metal-metal unsaturation, we find that 4
is reactive toward both nucleophiles and electrophiles. Reaction
of 4 with 1 equiv of diphenylphosphine gave an air-sensitive
complex formulated as § based on its spectroscopic data: *'P{H}
NMR (CDClL) 6 134 (t, J = 6 Hz),, 117 (dd, J = 12, 6 Hz), and
57 (dd, J = 12, 5 Hz, 'H-coupled, 'Jpy = 358 Hz).* Reaction
with carbon monoxide (1 atm, C¢Hg solution, 16 h) produced a
new species formulated as 6. The spectroscopic data indicated
identical environments for the phosphorus atoms but different ones
for the Cp protons as shown in 6: *'P{H} NMR (CH,Cl,) § 102
(s); "H NMR (C¢Dq) 8 5.40 (s, Cp), 4.50 (s, Cp).* Reaction of
4 with excess trifluoroacetic acid gave quantitatively a complex
that we formulate as 7, which featured *P{H} NMR (CDCl,)
absorptions at § 155 (d) and 134 (d, J = 43 Hz).* We are in the
process of confirming this structure by X-ray crystallography.!!
Finally, reaction of 4 with Fe,(CO), in THF at 25 °C for 2 h
followed by heating at reflux for 2 h gave a high yield of a green
crystalline material 8,, which analyzed for {4 + Fe(CO),]: *P{H}
NMR (CH,Cl,, 35 °C) é 138 (br s); (CH,Cl,, —80 °C) § 194
(br s), 85 (br s).* We are currently investigating the structure
of this fluxional complex, as well as other aspects of the chemistry
of 4 and its congeners.
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Recently, in studying! the reduction of zert-butyl bromide at
mercury in dimethylformamide containing tetramethylammonium
perchlorate, we became interested in assessing the roles of the
solvent, the supporting-electrolyte cation, and water (typically
present as an impurity at concentrations ranging from approxi-
mately 10 to 50 mM, depending on the procedures used to dry
and handle the solvent) as proton donors for the electrolytically
generated tert-butyl carbanion. From electrolyses involving
deuterated reagents, we conclude that the solvent (dimethyl-
formamide) is a poor source of protons for tert-butyl carbanions,
that water is the dominant proton donor, that the tetramethyl-
ammonium cation is the second most important source, and that
only a small percentage of the carbanions is protonated by the
starting material under the conditions of our experiments.

In a paper by de la Torre and Sease,? who summarize earlier
work dealing with the elucidation of the roles of proton donors
in organic electrochemistry, the reduction of iodobenzene at a
mercury cathode in dimethylformamide containing tetraethyl-
ammonium bromide and various concentrations of H,O and D,0O
was scrutinized to ascertain the source of protons for electro-
generated phenyl carbanions; these authors found that water is
the best proton donor, that the tetraethylammonium cation is a
significant source of protons, and that dimethylformamide can
serve as a proton donor only if both water and the tetraethyl-
ammonium ion are either absent or present at low concentrations.
To the best of our knowledge, there have been no previous elec-
trochemical investigations of the role as a proton donor of the
tetramethylammonium cation—which, instead of undergoing a
Hofmann elimination after deprotonation, would be converted to
a nitrogen ylide (trimethylammonium methylide)—nor have there
been any reported efforts with deuterated solvent to determine
whether dimethylformamide functions as a source of protons for
electrogenerated alkyl carbanions.

A normal dc polarogram for tert-butyl bromide in dimethyl-
formamide containing 0.1 M tetramethylammonium perchlorate
exhibits two waves of nearly identical height with half-wave po-
tentials of —1.23 and —1.46 V;? the first wave signals the formation
of the tert-butyl radical and the second wave is attributable to
production of the zerz-butyl carbanion. Earlier polarographic
studies by Fry and Krieger* have indicated that terz-butyl bromide
can undergo stepwise reduction in dimethyl sulfoxide containing
various tetraalkylammonium salts. Our electrolysis of terz-butyl

(1) Vieira, K. L. Ph.D. Thesis, Indiana University, Bloomington, 1984.

(2) de la Torre, R. A.; Sease, J. W. J. Am. Chem. Soc. 1979, 101,
1687-1690.

(3) All potentials are quoted with respect to a reference electrode consisting
of a saturated cadmium amalgam in contact with dimethylformamide satu-
rated with both cadmium chloride and sodium chloride; this electrode has a
potential of —=0.75 V vs. the aqueous saturated calomel electrode.

(4) Fry, A. J,; Krieger, R. L. J. Org. Chem. 1976, 41, 54-57.
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bromide at a mercury pool cathode, under the same conditions
as those used to record polarograms, yield isobutane (43%), iso-
butylene (44%), and 2,2,3,3-tetramethylbutane (9%) as major
products at a potential (—1.40 V) corresponding to the first po-
larographic wave, whereas isobutane (50%) and isobutylene (47%)
are the predominant species obtained from electrolyses at a po-
tential (~1.70 V) on the plateau of the second polarographic wave.
Product distributions at each potential do not vary for concen-
trations of water between 5 and 50 mM. In addition, the apparent
coulometric # value is essentially unity regardless of potential,
although evidence to be published elsewhere! demonstrates that
the tert-butyl carbanion is indeed the intermediate produced at
a potential (—1.70 V) corresponding to the second polarographic
wave; the apparent n value of 1 at the more negative potential
is due to the fact that approximately one-half of the alkyl bromide
undergoes a non-electron-consuming, base-promoted dehydro-
halogenation.

When an electrolysis of 2.5 mM tert-butyl bromide was per-
formed at —1.70 V in unlabeled solvent-supporting electrolyte
containing 5 mM H,0 and 50 mM D,0O, 42% of the isobutane
was determined (by means of mass spectrometry) to be mono-
deuterated. If we assume a kinetic isotope ratio (ky/kp) of 1.25,
a figure based on the work of de la Torre and Sease,” we estimate
that approximately 47% of the tert-butyl carbanions generated
by electrolysis of the starting material at —1.70 V are protonated
by water (at a concentration of 55 mM in the solvent-supporting
electrolyte). We know from previous investigations that higher
concentrations of water (present as D,O) protonate even larger
percentages of electrogenerated alkyl carbanions; in dimethyl-
formamide containing 0.1 M tetramethylammonium perchlorate
and 1 M D,0, 82% of the decane derived from 1-iododecane’ and
66% of the octane obtained from 2-iodooctane® are deuterated.
Our results with tert-butyl bromide show clearly that electro-
generated tert-butyl carbanions must be protonated by species
in the system other than water.

Perdeuterated tetramethylammonium perchlorate ((CD;)4N-
ClO,) was prepared from (CD;)4NCI by metathesis with silver
perchlorate. An electrolysis of 2.5 mM terz-butyl bromide at —1.70
V in dimethylformamide containing 0.1 M (CD;),NCIO, and
approximately 15 mM H,O gave the expected yield of isobutane,
34% of which was found to be monodeuterated. One can question
whether deuterons from (CD,),N* enter the H,O pool via a
sequence of protonation—deprotonation (scrambling) reactions,
thereby becoming available as HDO or D,0 to form mono-
deuterated isobutane from electrogenerated tert-butyl carbanions.
We have tested this possibility in a separate chemical experiment
with a solution initially containing 30 mM (CD,),NCIO,, 15 mM
OH- in the form of (CH;),NOH:5H;0, and 15 mM H,0 in
dimethylformamide. @ By the time (CH,);NOH-5H,0
dissolved—approximately 60 min (comparable to the duration of
an exhaustive electrolysis of terz-butyl bromide)—NMR spectra
recorded with the aid of a Nicolet NT-360 instrument revealed
that the extent of deuterium scrambling was only 24% of the
theoretical maximum. When all the preceding results are con-
sidered together, we conclude that the transfer of protons (deu-
terons) from tetramethylammonium cations to tert-butyl car-
banions takes place directly

(CH;);C™ + (CD;3),N* — (CH,);CD + (CD5);N*CD,"
as well as indirectly via proton (deuteron) scrambling:
(CH,);C" + H,0 — (CH,);CH + OH-

OH- + (CD,),N* = HDO + (CD;);N*CD,” =
OD" + (CD;);N*CD,H

OD~ + H,0 = HDO + OH~
(CH;);C~ + HDO — (CH;);CD + OH"

(5) La Perriere, D. M.; Carroll, W. F., Jr.; Willett, B. C.; Torp, E. C,;
Peters, D. G. J. Am. Chem. Soc. 1979, 101, 7561-7568.
(6) Mbarak, M. S.; Peters, D. G. J. Org. Chem. 1982, 47, 3397-3403.
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As a consequence of proton (deuteron) scrambling, the experi-
mentally measured yields of monodeuterated isobutane formed
in the presence of various sources of deuterons do not indicate
the relative rates of direct proton (deuteron) donation to the
tert-butyl carbanion by these species.

Another electrolysis was done at —1.70 V with a 2.5 mM so-
lution of (CD;);CBr in unlabeled dimethylformamide containing
0.1 M (CH,),NCIO, and 8 mM H,0; 5% of the resulting iso-
butane’ was found to be (CD;);CD, which could originate via
attack of (CD;);C on unreduced (CD;);CBr. Perdeuterated
dimethylformamide (DCON(CD;),) was used as solvent for the
electralysis of 2.5 mM tert-butyl bromide at —=1.70 V in the
presence of 0.1 M (CH,),NClO, and 14 mM H,0; no more than
1% of the resulting isobutane was monodeuterated.

We are intrigued by the likelihood that an ylide (trimethyl-
ammonium methylide) is formed by deprotonation of the sup-
porting-electrolyte cation and by the prospect that electrolyses
of alkyl halides (at potentials corresponding to the production of
carbanion intermediates) in dimethylformamide containing tet-
ramethylammonium perchlorate could afford a way to generate
the ylide for other chemical purposes.

(7) It is also possible that a small quantity of (CD;);CD originates from
disproportionation of (CD;);C. radicals, which are generated because of im-
perfect control of the electrolysis potential at =1.70 V.
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Interactions between paramagnetic centers connected by a
continuous bonding framework provide models for thermal and
photochemical processes! and probes into the transition metal to
ligand orbital interface.? The magnitude of such a magnetic
exchange interaction, gauged by the exchange parameter J,
contains sensitive information about the electronic structure of
the atomic or molecular bridging moiety connecting the two
paramagnets. The effectiveness of an extended bridging group
to propagate an exchange interaction offers insight into possible
pathways of electron transfer in solution redox reactions (whether
of the inner- or outer-sphere type),? in biological electron-transport
chains,* and in mixed-valence compounds.® The existence of a

(1) Goldberg, A. H.; Dougherty, D. A. J. Am. Chem. Soc. 1983, 105,
284-290 and references therein.

(2) For recent reviews, see: (a) Hendrickson, D. N. In “Magneto-Struc-
tural Correlations in Exchanged Coupled Systems”; Willett, R. D.; Gatteschi,
D., Kahn, O., Eds.; Reidel: Boston, 1984, (b) Milaeva, E. R.; Rubezhov, A.
Z.; Prokof’ev, A. I.; Okhlobystin, O. Yu. Usp. Khim. 1982, 51, 1638-1673;
Russ. Chem. Rev. (Engl. Transl.) 1982, 51, 942-960. (c) Larionov, S. V. Zh.
Strukt. Khim. 1982, 23, 125-147; J. Struct. Chem. 1982, 23, 594-617. (d)
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