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Table I. CASSCF Energetics Relative to trans-1,5-Hexadiene at 523
K (keal/mol)

transition state AE AH® ASab AG?
chair 40.7 37.7 -9.0 42.0
boat 47.3 436 -6.2 46.8

See ref 12. ®In cal/(mol-deg).

even that of two allyl radicals by 8.6 kcal/mol. Therefore, passage
of molecules through the C,, biradicaloid geometry does not
contribute to the Cope rearrangement.

The present results indicate that both the chair and boat Cope
rearrangements are not only concerted (proceeding without for-
mation of an intermediate) but also synchronous (with bond
forming and breaking occurring simultaneously in the transition
states of lower energy). Our results contrast with those from a
recent AM1 study,'® which found a biradicaloid transition state
with small R (1.66 A) to be lower in energy than an “aromatic”
transition state with larger R (1.98-1.99 A). Our results also
disagree with the inference, drawn from recent ab initio calcu-
lations,!! that “There is every reason to believe that the biradicaloid
structure is in fact lower in energy” than an aromatic transition
state with a large R.

As shown in Table I, the energy of the chair transition state
is 40.7 kcal/mol, above the CAS-optimized C; geometry for
1,5-hexadiene. After correction for vibrational energy differences,
an enthalpy of activation of 37.7 kcal/mol is obtained,'? which
is in reasonable agreement with the experimental value of 33.5
kcal/mol.'> Although the calculated enthalpy of activation for
the chair Cope is a little too high, the calculated difference of 5.9
kcal/mol between the enthalpies of the two transition states is
nearly 50% too low, compared to the difference of 11.1 kcal/mol
that has been obtained experimentally.!4!5

The value of R (2.316 A) in the boat is 0.23 A longer than that
in the chair, and the pyramidalization angles at C2 and CS are
smaller in the boat. Electron correlation enhances the larger value
of R in the boat, since Hartree—Fock (HF) optimization of the
two transition states gives a diference in R that is only half as
large as that found by CASSCF. AMI calculations give virtually
no difference in R between the two transition states.

A “looser” transition state for the boat Cope rearrangement
implies lower frequency vibrations, which is consistent with the
experimental fact that the entropy of the boat transition state is
considerably larger than that of the chair.!*!> However, the
CASSCEF second derivatives give the vibrational entropy of the
boat at 523 K as only 2.6 eu larger than that of the chair. The
0.2 eu rotational entropy difference brings the total difference in
calculated entropies to 2.8 eu. This is considerably smaller than
the experimental difference of 11 eu between the two transition
states, but the calculated entropy of activation for the chair!? is
in reasonable agreement with the experimental value of —13.8 eu.!?

The differences between both the enthalpies and the entropies
of the two transition states appear to be underestimated by our
CASSCEF calculations. A possible explanation is that the varia-
tional transition state that maximizes the free energy of activation
for the boat Cope rearrangement occurs at a looser geometry,
which has a higher enthalpy and entropy than the saddle point
that we have located on the CASSCF potential energy surface.!6:!?
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based on their AM1 calculations.
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It is well-recognized that hydride reduction (e.g., LiAlIH,) of
acyclic ketones (1) produces the Cram isomer (2) predominantly.!
We report that the reduction via electron-transfer-initiated pro-
cesses gives the anti-Cram isomer (3) preferentially (eq 1). This
surprising finding provides a conceptual advance in the area of
stereocontrol of acyclic systems.? The results are summarized
in Table L.

QH hydrid o
H ydride duction vs
Ph b reduction via 5 @
R reduction electron trans- R
fer process
2 1 3

Cram ssomer ant’ -Cram 1somer

Birch reduction (entries 3, 4, 9, 10, 19), Bouvault-Blanc re-
duction (entries 5, 11, 13, 16, 20), and samarium iodide reduction®
(entries 6, 14, 17) always produced the anti-Cram isomers pre-
dominantly, though the selectivity itself was variable and remained
at a low level. Needless to say, LiAlH, reduction gave the Cram
isomers preferentially (entries 1, 7, 12, 15, 18). L-Selectride
produced the Cram isomers exclusively (entries 2, 8). It was
confirmed that epimerization of the product alcohols did not take
place during Birch conditions and work-up procedures.

There has been a controversy on the mechanism of metal-am-
monia reductions of cyclic aliphatic ketones:* Barton’s dianion
mechanism,’ House’s mechanism,® Rautenstrauch’s mechanism?
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Table I. Diastereodivergent Reduction of Ketones
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reducing Cram:anti- total isolated

entry  ketone agents Cram® yield, %
1 4 LiAlH, 74:26 97
2 4 L-Selectride >99:<1 80
3 q Li-NH, 24:76 94
4 4  Li-NH,-NH,* 28:72 94
5 4 Na-EtOH 42:58 99

6 4  Sml 38:62 41 27)¢
7 5 LiAlH, 77:23 74
8 5 L-Selectride >99:<1 80
9 5 Li-NH, 31:69 69
10 5 Li-NH,-NH,* 16:84 70
11 5 Na-EtOH 43:57 98
12 6 LiAlH, 58:42 92
13 6 Na-EtOH 48:52 99

14 6 SmlI, 36:64 28 (53)¢
5 7 LiAlH, 68:32 99
16 7 Na-EtOH 48:52 92

17 7 Sml, 42:58 88 (50)°
18 8 LiAlH, 81:19 99
19 8 Li-NH,; 45:55 99
20 8 Na-EtOH 43:57 99

9Reduction with LiAlH, was conducted in ether at 0 °C. Birch re-
duction was carried out in liquid NH; at ~78 °C, The aromatic ring
was reduced to the cyclohexadiene ring (entries 3 and 4). When it was
partially reduced (entries 9 and 10, cyclohexadiene + aromatic deriv-
atives), the mixture was completely reduced to cyclohexane ring with
H,/Rh-C and compared with the products derived from 7. Bouvault-
Blanc reduction was conducted in EtOH under reflux. Samarium
iodide reduction was carried out in THF-H,O according to Kagan’s
procedure®. ?The ratio was determined by a capillary GLC (PEG, 25
m) or by 270-MHz 'H NMR. The structures were determined un-
ambiguously by comparison with authentic samples, prepared by the
literature procedure.® 4] (27); the ketone was recovered in 73% yield
and the alcohol was obtained in (27 X 0.41) % yield. The reason for
low material balance is not clear, but other products such as pinacol,
hydrocarbon, and iodide were not detected.

(hydrogen-transfer mechanism), and Huffman’s mechanism.?
However, the stereochemical outcome of reduction is normally
determined by the protonation step of the intermediate carbanion
(9),568 except the hydrogen-transfer mechanism’ in which it is
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P
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(8) Huffman, J. W. Acc. Chem. Res. 1983, 16, 199,
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determined by the hydrogen abstraction within the ketyl dimer
(10).” The latter process is favorable in the absence of an added

+

M.
<0 T0—¢" —— .C—0 + enolate + 2M'
X=0 0-C :

M+ H

10

proton donor and may be accompanied by dimerization. For-
mation of pinacol derivatives was not observed. The stereose-
lectivity of the reduction with Na—EtOH exhibited essentially the
same tendency as that of the reduction via Li-NH;. Further, the
reduction via Li-NH;-NH,CI" gave similar anti-Cram selectivity
as the reduction with Li-NH;. Therefore, the anti-Cram selec-
tivity is presumably a reflection of the protonation to 9. This is
further confirmed by the SmI, reduction, in which the protonation
to 9 is a stereodetermining step.’®

Preference of the anti-Cram selectivity is accounted for by the
relative stability of the conformation of carbanion intermediates
(A, B, .).* Ttis easily understood that A is more stable than B
for steric reason; it is reasonable to assume that the protonation

Me OHOM) Me, OH
2 H
@EX3)-H —> H >cH —> 3
Ph R Ph R
A
(MO)HO__ Ph . HO.  Ph
,\< H l
H T D — H — 2
>4 CJ\
R Me R Me
B

takes place with retention of configuration. Consequently, for-
mation of 3 is preferred to that of 2. Variation of the anti-Cram
selectivity among the three reducing methods may reflect the
extent of pyramidalization of the intermediate carbanion.*

If the bulkiness is in the order of OH(OM) > R > the minus
charge, proton attacks from the left side of A. When the angle
8 becomes 180°, in other words when the geometry becomes very
close to that of the parent ketone, a hydride in the case of ketone
or a proton in the case of a carbanion comes from the right side.
Therefore, a dichotomy that hydride reduction and electron
transfer induced reduction have the opposite stereochemistry is
often but not always observed. The present findings usher in a
new phase in the area of acyclic stereoselection.” The extent of
preference of anti-Cram isomer can be used to prove whether the
reduction proceeds through electron-transfer-initiated process or
through hydride attack.

(9) For the acyclic stereoselection via an electron-transfer process in the
reaction of organometallic compounds (C-M) with electrophiles, see: (a)
Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1988, 107, 6411. (b)
Yamamoto, Y.; Nishii, S.; Ibuka, T. Ibid. 1988, 110, 617. (c) Electrochemical
reductions were carried out with 4, but the ratio of 2:3 was 1:1.



