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Figure 4. The visible spectra of (PhaP);[(FeCly)aMoS4)2~ in the same
concentration (9 X 1074 M) in (A) CH,Cl; and (B) DMF.

ligand than as a terminal bidentate chelate in III or IV is found
in the solution behavior of I.

The visible spectrum of I varies with the polarity of the
solvent, and spectra obtained in DMF [600 nm (sh), 522 (sh),
472 (e 5849), 432 (4070), 314 (12 250)] are different from
those obtained in CH,Cl; [600 nm (¢ 580), 566 (sh), 475
(9892), 398 (4369), 319 (13 870)] (Figure 4). Following the
addition of 1 equiv of MoS42~, the spectrum of I in CH,Cl;
changes and becomes virtually identical with that obtained in
DMF. Alternatively, the visible spectrum of I in DMF and in
the presence of an excess of anhydrous FeCl; is very similar
to that obtained for I alone in CH,Cl,.

These observations suggest that, in polar solvents, I disso-
ciates according to the equilibrium [Cl,FeS;MoS;FeCly]%~
= [Cl;FeS;Mo0S,]%~ + FeCl,. The same behavior is found
with the tungsten analogue (II) for which the spectra are as
follows: in CH,Cls, 502 nm (e 930), 418 (7100), 360 (5400),
294 (14 200); in DMF, 524 nm (e 530), 417 (6300), 373
(7110). The (Ph4P);[Cl,FeS;MS;] complexes (M = Mo,
brown-red crystals; M = W, red orange crystals, V and VI,
respectively) form by the reactions I or Il with equimolar
amounts of (Ph4P)2Mo0S4 or (Ph4P),; WS4 in DMF. They are
isolated in crystalline form, and in excellent yields, upon the
addition of ether to the DMF solutions.!®

In conclusion, the structure of I demonstrates for the first
time the ability of MoS42~ to serve as a doubly bridging li-
gand.!” Clearly, the Mo-S bond lengths in I are shorter than
those reported for the Mo site in nitrogenase which probably
contains Mo in a lower formal oxidation state. In its entirety,
I cannot be considered as a model; however, it contains gross
structural features in common with one of the minimal models
(Figure 1, B) proposed for the Mo site in nitrogenase on the

0002-7863/80/1502-1734501.00/0
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basis of the EXAFS studies. At present we are investigating
the coordination chemistry of the bridging MoS42~ ligand.
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Allylcarbinyl-Cyclopropylcarbinyl Rearrangement!
Sir:

The ring opening of cyclopropylcarbinyl (1) to the 3-butenyl
radical (2) has been extensively investigated in recent years,
as have a number of related reactions.2 This reaction is ex-

I~

1
—
tp—
Ky

1 2

tremely rapid but its rate has, nevertheless, been measured by
kinetic EPR spectroscopy.® The Arrhenius equation for ring
opening was found to be3*

© 1980 American Chemical Society
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Table I. EPR Data and Calculated Rate Constants?
run T.°C [4] x 107 [5] x 107 (k_1/2k5%) X 107 2Kk58 X 1079 b k-1
A =210 4.62 0.51 1.27 2.79 354
B -17.5 3.49¢ 0.48¢ 1.27 2.98 378
B -16.5 3.544 0.484 1.26 3.04 383
A -11.0 3.64 0.76 2.32 3.35 777
A -9.5 4.55¢ 0.93¢ 2.82 3.44 970
B -4.5 3.384 0.764 2.40 3.74 898
B =35 3.43 0.76 2.39 3.81 911
B 0 3.20 0.74 2.37 4.03 955
B 3.5 2.35 0.78 311 4.26 1325

@ Concentrations are in moles/liter, rate constants in mole, liter, second units. & Calculated from data in ref 23b and 23c for a solvent 17%
more viscous than n-octane. ¢ Average of four separate measurements. ¢ Average of three separate measurements. ¢ Average of two separate

measurements.
log (2ky1/s™1) = (12.48 £ 0.85) — (5.94 £ 0.57)/8 (1)

where § = 2.3 RT kcal/mol. At 25 °C this equation gives 2k,
= 1.3 X 108 s~1. Labeling experiments of various kinds have
shown, via the scrambling of the label, that the reverse reaction
can occur.?? However, there has been, to date, no experimental
determination of the rate constant for ring closing, k—;. The
equilibrium constant for this intriguing rearrangement has not
been determined either indirectly (K = k1/k—;) or directly.
It has had to be estimated® from “appropriate” 7 thermo-
chemical quantities. The enthalpy change for this equilibrium
has also been computed by ab initio® and by MINDQ/39:10
methods. We have now measured k_; by two different ex-
perimental techniques at temperatures from —21 to 80 °C. To
the best of our knowledge, the present work represents the first
determination of the equilibrium constant for a radical rear-
rangement which involves a substantial change in structure.

Technique 1. 1-Bromo-1,1-dideuteriobut-3-ene (3) was
reacted in benzene under the usual free-radical conditions!!
with tri-n-butyltin hydride and the yields of the two deuterated
butene products, 6 and 7, were monitored by 2H NMR. The
rate constant for the reaction of a primary alkyl with »-
Bu3SnH has been measured at 25 °C!2 and the Arrhenius
parameters for this reaction have been estimated!3 to be £ =
3.1 kecal/mol, log (A/M~1s~1) = 8.3. Experiments at 40, 60,
and 80 °C, yielded the following values for k_;:16 9.4 X 103,
2.6 X 104 and 6.2 X 10451, respectively.

CH,=CHCH,CD,Br + n-Bu3Sn- = CH,=CHCH,CD>.
3 4
+ n-Bus;SnBr

CH,=CHCH,CD» & [CH,CHCH,CD,]
% CH2=CHCD2CH2-

CH2=CHCH2CD2- + n-Bu3SnH

4 CH,=CHCH,CD,H + n-Bu:Sn-
6

CH2=CHCD2CH2 + n-Bu3SnH

k
=5 CHy=CHCD,CHj + n-Bu;Sn-
7

Technique 2. 1,1-Dideuterio-3-butenyl (4) was generated
directly in the cavity of a Varian E-104 EPR spectrometer by
photolysis of the corresponding diacyl peroxide!” and by
photolysis of hexamethylditin (10% v/v), di-tert-butyl peroxide
(15% v/v), and 3 (0.1 M), in isooctane.!®:19 At temperatures
below ca. —40 °C only 4 was observed, but at higher temper-
atures 5 was also present.29 The cyclopropylcarbinyl radical
was not observed at any temperature. The overall reaction can
be represented as shown in Scheme . The ring-opening reac-
tion is expected to exhibit a small, normal, secondary deute-
rium isotope effect (i.e., k1°/k,4 > 1.0) and the ring closure

Scheme 1

) T
—
L]
D ki D k. \p

4 2
K
U 4l e——
k"5 Non-radical
4+5 —— products
K55

5+ 5 —————m—_—_—y

an inverse isotope effect of similar magnitude.?? Putting
ki3/ki* = k_1*/k_1® = a, and assuming that the bimolecular
radical-radical reactions are diffusion controlled?? (which
means that 2k44 = k45 = 2k3%), then, under steady-state
conditions and with the partially equilibrated system being
populated via 4, the following equation can be derived:
k-1® _ (1 + a)[S]([4] + [SD 2)
2k53 a?[4] — [5]
Thus, k—1°/2k>3 should be obtainable by measurement of the
absolute concentrations of 4 and 5 (via double integration of
nonoverlapping lines in their spectra) at temperatures below
those where complete equilibration occurs provided that « is
either known or is close to 1.0. This simple idea represents a
new kinetic application of EPR spectroscopy.
Experimentally the bromide/ditin system was found to give
somewhat better spectra than the diacyl peroxide. Absolute
radical concentrations were measured in the former system in
two quite separate experiments (A and B) over a range of
temperatures from 3.5 to —21.0 °C (see Table I). The value
of & is unknown but it is highly unlikely to be greater than 1.2
or 1.3.22 We have therefore calculated k—;°, which is pre-
sumably equal to k_,, on the assumption that & = 1.0. If &
were as large as 1.3 the values of k_1/2k>% and k_; in Table
I would have to be reduced by ~40%. Values of 2k%5 were
calculated from Schuh and Fischer's?3b< extremely accurate
data on the diffusion-controlled bimolecular self-reaction of
tert-butyl?® using a solvent viscosity equal to that measured
for our reaction medium?3 (see Table I). An Arrhenius plot of
the k_; values obtained by both technique 1 and 2 is shown in
Figure 1. It is clear that the two sets of data are in satisfactory
agreement. This gives us renewed confidence in the validity
of both experimental techniques and in the potential usefulness
of eq 2.
The data summarized in Figure 1 can be represented by

log (k—1/s71) = (10.36 £0.5) — (9.00 £ 0.5)/6  (3)
with the estimated error limits taking the uncertain value of
a into account. Combining a statistically corrected eq 1 with
eq 3 yields
log K = log (k1/k-1) = 1.82+3.15/6
e, K=13X10%at25°C (4)
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Table II. Thermochemistry. Comparison of Experiment with
Theory

E_4 log (A-i/s™1) —AH° 4 ASe b ref
9.09 10.36 3.15 8.3 (9.7)¢ this work
5.2 6.6 6
17.3 8.6 8
12.4 11.46 0.25 7.2 9
12.9 0.5 10

2 In kilocalories/mole. ® In calories/mole K. ¢ Statistically cor-
rected. It is not clear whether the other AS°® values have or have not
been corrected.

50
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1000 -l
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Figure 1. Plot of log (k—;/s™!) against 1/ T O, technique 1; O, technique
2.

The relative concentrations of 1 and 2 under equilibrium
conditions must be calculated from the relation

log K’ = log (2ky/k—,) = 2.12 + 3.15/8
K'=26X10°at 25°C (5)

Our present experimental results are compared in Table 11 with
thermochemical quantities that have been previously estimated
or calculated.

Finally, we estimate that line broadening in the EPR spec-
trum of the unlabeled 3-butenyl radical resulting from rapid
exchange of the & and 8 hydrogens should occur at a temper-
ature of ~400 °C. Unfortunately, EPR experiments at such
elevated temperatures, though possible,?¢ are not easy to carry
out.
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Ion Beam Studies of Organometallic Chemistry.
High Energy “Sampling” of Reaction Intermediates
Involved in Carbon-Carbon Bond Cleavage by
Transition Metals

Sir:

Chemical transformation often involves reactive interme-
diates which correspond to local minima on a complex potential
energy surface. Ordinarily, these species are not revealed in
conventional kinetic and mechanistic studies. One approach
to the characterization of such intermediates is to deprive them
of sufficient energy to continue to react by deposition or for-
mation in a low temperature matrix. An alternative method,
described here, relies conversely on providing the intermediate
with substantially more energy than needed for reaction. In

© 1980 American Chemical Society



