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from which the integrated expression
In(1 = F) = —(ka + ka)t

is obtained (F = fraction of reaction). By a nonlinear least-squares treat-
ment, the slope of the linear plot was —2.90 X 1074 s~
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Abstract: The rates of the acid-catalyzed dienol-benzene rearrangement for 4-trichloromethyl-4-methylcyclohexadienol (3)
and 4,4-dimethylcyclohexadienol (4) are reported. While 3 undergoes the dienol-benzene rearrangement in concentrated min-
eral acids, 4 undergoes the same reaction in dilute buffers. Interestingly 4 also undergoes a concomitant allylic rearrangement
not observed for 3. Certain mechanistic conclusions for 3 and 4 are derived and compared. a-D effects are reported for both
3 and 4. Stereochemical assignments for both isomers of 3 and of solvolysis products are made using NMR shift reagents.

For some time now we have been interested in the molecu-
lar details of the dienone-phenol and related rearrange-
ments.3-8 All of the results thus far obtained in our laboratory,
as well as the work of Waring,? provide substantial support for
the mechanism outlined in Scheme I for the dienone-phenol
rearrangement.

In this paper we report results for the dienol-benzene re-
arrangement, a reaction which is formally similar to the di-
enone-phenol rearrangement but which provides several in-
teresting differences. A representative scheme for this reaction
is provided in Scheme II.

A notable difference between this reaction and the di-
enone-phenol rearrangement is the absence of a protonated

0002-7863/78/1500-1205%01.00/0

carbonyl group as an intermediate. This is thought to seriously
affect the kinetic acidity dependence of the dienone-phenol
rearrangement because of strong intermolecular hydrogen
bonding to neighboring water molecules. In the dienol-benzene
rearrangement no such interaction is possible and it is of some
significance to determine the kinetic acidity dependence for
this reaction.

Although 4,4-dimethylcyclohexadienone (1) undergoes the
dienone-phenol rearrangement readily,3- 4-trichloro-
methyl-4-methylcyclohexadienone (2) protonates in acid, but
does not rearrange unless very forcing conditions are used,
where more complex reactions can occur.!9 In contrast, both
of the corresponding dienols 3 and 4 do rearrange in acid,
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though 4 reacts 10® times faster than 3.7 Since there are also
substantial other differences in the behavior of the two com-
pounds, we shall discuss them separately.

Stereochemistry of 4-Trichloromethyl-4-methylcyclohex-
adienols 3a and 3b. Initially, the trichloromethyl dienone 2 was
reduced to the dienol 3 by the Meerwein-Ponndorf-Verley
method, as reported by Plieninger.!! The dienol isolated after
crystallization was a single isomer, mp 127-128 °C, charac-
terized by the methyl peak at § 1.54 in the NMR spectrum. In
order to understand this apparent stereoselective reduction,
a detailed study of the stereochemistry of reduction in this
system was undertaken.

Reduction of the dienone 2 with NaBHj, in ethanol gave 30%
of the above dienol isomer and 70% of the other isomer with
mp 68-69 °C, methyl signal at § 1.50. The two could be sep-
arated by fractional crystallization, although the minor isomer
crystallized preferentially. The minor isomer was assigned as
the E isomer 3a, since the methyl signal was shifted ca. 12%
farther downfield than the Z isomer 3b upon addition of the
shift reagent, Eu(fod)s.!2

Reduction of the dienone with LiAlHy in ether was more
complex and gave ratios of the dienols which varied with re-

Journal of the American Chemical Society [ 100:4 | February 15, 1978

duction time. In addition, two other products formed slowly,
and were identifed as the dichlorodienols 5a and Sb. These were

CHy OH CHy H
K, (K
32 X = CCly 3b X = CCly
53 X = CHCI, 3b X = CHC,

independently synthesized by reduction of 4-dichloromethyl-
4-methycyclohexadienone.!? It was shown that the initial re-
duction of dienone 2 gave the 30:70 ratio of dienols 3a:3b within
10 s. This result is reasonable assuming that initial attack on
the dienone is slightly favored from the least hindered side.
Moreover, we noted that reduction of the Z isomer 3b to Sb was
substantially faster than the corresponding reduction of 3a.

Rearrangement of 4-Trichloromethyl-4-methylcyclohexa-
dienols 3a and 3b in Aqueous Acid. The trichloromethyldienol
3a (or 3b) rearranges smoothly in aqueous solutions of HCIO4
and H,SO4 to o-toluic acid (A 277 nm) giving excellent first-
order kinetics. It can be independently shown that the inter-
mediate o-methylbenzotrichloride solvolyzes to o-toluic acid
rapidly under the conditions of these kinetic determinations.
Thus the overall scheme may be written in the following
way.

HO H(D) H(D) H(D)
Y fast
—_—— ——
CH, CH,
Chy cel cely COOH

The same product would of course result whether the methyl
or the trichloromethyl group migrates. Methyl migrates in
more complex systems;!4 we have proven conclusively that it
does also in the present system. Thus, the deuterated analogue
of 3 was synthesized by use of LiAlD, and the solvolysis carried
out to o-toluic acid. This compound was over 95% monodeut-
erated as shown by mass spectrometry. The position of the
deuterium was shown to be para to the carboxyl group by
LiAlH,4 reduction to o-methylbenzyl alcohol and NMR
analysis with the shift reagent, Eu(fod);.!2 The signal for the
C-6 proton was shifted free of the other aromatic signals, and
appeared as a clean doublet, J = 9 Hz, thus demonstrating that
a hydrogen was at C-5 and a deuterium at C-4.

Tables I and 11 give the results of our kinetic investigations
in HC104 and H,SO4. The kinetic data for the nucleophilic
acid HCl are given in Table I11. All of these results are shown
graphically in Figure 1.

As can be seen, rates of rearrangement can only be measured
conveniently at moderately high acidities, clearly in the acidity
function range.'’ The response of the rate (kobsa) to changes
in acidity as measured by Ho for both HC1O4 and H,SO4 is
very steep.

HCIO4: log kgpsa = (—1.70 + 0.02) Ho — (7.99 % 0.06) (1)
H,S04: log kopsa = (—1.68 £ 0.01)Ho — (8.17 £0.03) (2)

That the slopes of these plots is substantially greater than unity
suggests a carbonium ion intermediate!3 for this reaction as
well as perhaps the choice of a “carbonium ion” acidity func-
tion such as Hgr. The Hp acidity function is based on the ion-
ization of triarylcarbinols, a process which more clearly re-
sembles the dienol-benzene rearrangement.

Hp acidity function: Ar;COH + H* = Ar;C* + H,0

The Hp acidity function correlates the rate data equally well
but with slopes closer to unity.

HC1O4: log kobsa = (—0.82 £ 0.01)Hgr — (8.48 + 0.05)
H,S04: log kobsa = (—0.79 £ 0.02) Hr — (8.17 £ 0.03)
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Table I. Rates of Rearrangement of 4-Trichloromethyl-4-
methylcyclohexadienol in HCIO, at 25 °Ce

Wt % HCIO, —H 105K obsd
34.17 1.89 1.50
37.93 2.18 4.78
41.54 2.51 20.4
44.70 2.83 91.8
48.13 3.24 323.
52.83 3.92 4480.

a Log kopsa = (=1.70 £ 0.02)Ho — (7.99 % 0.06). Log kopsa =
(—0.82 £ 0.01)Hr — (8.48 % 0.05).

Table I, Rates of Rearrangement of 4-Trichloromethyl-4-
methylcyclohexadienol in H,SOy4 at 25 °C4

Wt % H,SOy4 -H, 105K gpsd
35.45 2.18 1.16
37.98 2.36 2.33
41,90 2.68 7.59
44.94 2.94 20.9
48.04 3.22 75.7
52.17 3.63 329.
54.33 3.86 746.
56.69 4.13 2010.
60.08 4.54 11 000.

a Log kopsa = (—1.68 £ 0.01)Ho — (8.60 £ 0.02). Log kopsa =
(=0.79 £ 0.02)Hg — (8.17 % 0.03).

Table III. Rates of Rearrangement of 4-Trichloromethyl-4-
methylcyclohexadienol in HCl at 25 °C

Wt % HCI M HCI —Hy 103k gbsd
20.78 6.29 2.26 1.13
25.41 7.83 2.80 5.51
28.77 9.04 3.23 10.1
32.60 10.39 3.74 17.5
35.86 11.60 4.25 27.8

It is clear from this analysis that the transition state in the di-
enol-benzene rearrangement has substantial carbonium ion
character.

An examination of the data in both Table III and Figure |
reveals that the acidity dependence for this reaction is quite
different in HCI solutions. The much shallower acidity de-
pendence at high HCI concentrations suggests a change in
mechanism. That this is the case is shown by the following
argument. A 95% yield of 4-trichloromethyl-4-methylcyclo-
hexadienyl chloride, as a mixture of the E and Z isomers 6a
and 6b, was isolated from a solution containing 10 mL of
35.86% HCl and 5 mL of dioxane after 3 min, during which
time less than 5% conversion to o-toluic acid would have oc-
curred. In addition, a sample of the authentic chloride mixture
prepared as described below produces o-toluic acid with a
first-order rate constant of 1.5 X 10™* s~! in 32.60% HCI
whereas the rate constant for 3 in this solution is 1.8 X 10—
s~

Thus it would appear that in concentrated HCl solutions 3+
is rapidly captured by Cl~ and then undergoes solvolysis ulti-
mately to o-toluic acid (Scheme I1I).

The Nature of the Rate-Determining Step for 3. It is clear
from Scheme II that the step leading to 3* (k) or its rear-
rangement (k,) would have transition states with substantial
carbonium ion character. Therefore, generation of 3* in a
nucleophilic solvent under nonequilibrating conditions and
determination of the amount of rearrangement product gives
a direct measure of k_,/k, (see Scheme II) and thus the
rate-limiting step may be deduced. Toward this end we studied
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Figure 1. Plots of log k gusa V5. —Ho for the rearrangement of 3a in HCIO,,
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the solvolysis of a mixture of isomers of 6 in methanol buffered
with triethylamine. It has been shown that methanol is only
two to three times more nucleophilic than water toward co-
valent!”-1% and carbonium ion!9 substrates.

The mixture of allylic chlorides 6a and 6b was best prepared
by the reaction of the alcohols 3a or 3b with SOCl,. However,
the two alcohol isomers behaved differently toward this re-
agent. The Z isomer 3b in CCl, gave a 48:52 ratio of the Z to
E chlorides 6b:6a, characterized by NMR methyl signals at
6 1.49 and 1.56, respectively. However, the E isomer 3a gave
mainly the £ isomer 6a (81% in CHCI; and greater than 98%
in CCly). These differences presumably reflect conformational
differences in the alcohols 3a and 3b.!6

H  OH HooCl H  OCH
A\ N N,/ 3
() e () e
—_——
e FLN .
R R R R A
o~ S L
a R-= CCI.),, R' = CH3
b R~ CH-),, R'= CC|3

Upon storage, one or both of these chlorides is converted
slowly to o-methylbenzotrichloride. Solvolysis of a freshly
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Table IV. a-Deuterium Isotope Effects in the Acid-Catalyzed
Rearrangement of 3a
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Table VI. Rates of Isomerization of 4,4-Dimethylcyclohexa-2,5-
dienol in Phosphate Buffers at 26 °C (u = 0.32, NaCl)4

% HC104 —Hy kH/kDa
34,17 1.89 1.122 £ 0.003
37.93 2.18 1.110 £ 0.006
41.68 2.51 1.110 £ 0.007
44,82 2.84 1.123 £ 0.008
4 Average ky/kp = 1.118 £ 0.009.

prepared sample of 6 in methanol with or without triethylamine
buffer afforded solely a mixture of the methyl ethers 7a or 7b,
characterized by NMR peaks at § 1.53 and 1.47, respectively.
The stereochemistry was determined by use of Eu(fod); and
by converting the Z isomer of the alcohol (§ 1.50) into the Z
ether (6 1.47) by methylation with dimethyl sulfate and
base.

Importantly, in the solvolysis, there was no detectable
amount by GLC (1% could easily have been detected) of the
rearrangement product, methyl o-toluate. Using pure 6a, the
reaction was found to proceed with 60% inversion. This is not
a surprising result for a stabilized secondary system.! Sol-
volysis of the chlorides in aqueous acetone gave the alcohols
3a and 3b with similar stereochemistry. Thus, 3* is preferen-
tially captured by the solvent rather than undergoing rear-
rangement. Extrapolating these results to water, this obser-
vation demands that k_,/k, (Scheme II) is greater than 100.
This, of course, means that k3 in the acid-catalyzed dienol-
benzene rearrangement of 3 is rate determining. An analogous
rate-determining methyl migration has also been postulated
for the dienone-phenol rearrangement.

In an effort to gain supporting information concerning the
mechanism of the acid-catalyzed rearrangement of 3 we have
determined the a-deuterium isotope effect for this reaction.
These results are reported in Table IV. As expected for a car-
bonium ion process?! the a-D effect is substantially greater
than unity although less than the maximum value of 1.22
suggested by Shiner for oxygen leaving groups?? provided that
there is no covalent attachment of the leaving group to the
potential carbonium ion center. This should be the case for the
acid-catalyzed rearrangement of 3 (vide supra) even though
the a-D effect is approximately one-half this maximum value.
It has been suggested?? that even limiting a-D effects may
depend on the detailed structure of the carbonium ions involved
and since this bis-allylic cation (3%) is quite different in
structure from Shiner’s systems this apparent discrepancy may
be explained using Schleyer’s interpretation. Regardless of the
detailed interpretation of the magnitude of the a-D effect
observed for the rearrangement of 3 this a-D effect is clearly
consistent with the formation of a carbonium ion intermedi-
ate.

Rearrangement of 4,4-Dimethylcyclohexadienol (4) in
Aqueous Acid. In contrast to the high acidities required for the
rearrangement of 3, 4 rearranges at convenient rates in acetate
buffers! Moreover, when 4 is dissolved in dilute acid there is

10°k;,  ki/[H*],
[NaH,PO,] [Na;HPO,] pH s~1 M-1ls-l
0.010 0.0020 5.990 3.01 29.5
0.025 0.0050 6.002 2.90 29.2
0.050 0.0100 6.017 2.93 30.5
0.080 0.0320 6.031 2.93 31.5
0.100 0.0200 6.041 2.62 28.9
k=300 1.1.

Table VII. Rates of Rearrangement of 4,4-Dimethylcyclohexa-
2,5-dienol in Aqueous Buffers at 25 °C (u = 0.1, NaCl)4

10%k,, kr, M™!

HX [HX] [NaX] pH s~/ s!
HOAc 0.025 0.025 4.602 3.56 142
HOAc 0.050 0.050 4.590 3.48 1.35
HOAc 0.096 0.020 3.855 18.7 1.35
HOAc 0.480 0.100 3.898 16.4 1.30
HCOOH 0.020 0.020 3.583 38.5 1.19
HCOOH 0.100 0.100 3.603 39.8 1.21
HCl 3.490 43.7 1.35
DCl 3.483 152 4.63

9k, =1.314+0.08M-'s"!. kp,o/ku0 = 3.4.

observed the formation of a new species (Amax 259 nm, € 1600).
This intermediate forms o-xylene 20 times slower than it is
formed. Monitoring this reaction by NMR spectroscopy in
80% CD3;COCD; and 20% DO containing 0.01 M DCl indi-
cates that this new species is very similar to 4. For example, the
slightly broadened singlet for the vinyl hydrogens in 4 at 6 5.63
is replaced by a complex multiplet centered at 6 5.96. The
methyl resonances are significantly broadened and shifted
upfield slightly: 6 1.08 and 1.02 to 6 0.99 and 0.94, respectively.
Eventually the spectrum decays to that of o-xylene: 6 7.03 (4
H) and 2.17 (CHj3, 6 H). These results indicate that in acid
solution 4 undergoes isomerization to 6,6-dimethylcyclo-
hexa-2,4-dienol (8) in an equilibrium reaction followed by a
slower reaction leading to o-xylene. From the spectral pa-
rameters published?? for 5,5-dimethyl-1,3-cyclohexadiene
(Amax 257 nm, €max 4300) we estimate the equilibrium constant
(8/4) to be 0.6 independent of pH.

The kinetic data obtained for the isomerization reaction are
recorded in Tables V and VI. This reaction is clearly catalyzed
only by H* in acetate, formate, and phosphate buffers. In di-
lute solutions of HCl/DClI the reaction shows an inverse solvent
deuterium isotope, kp,o0/ku,0 = 2.8. Thus, the reaction in-
volves initial preequilibrium protonation of oxygen.

The kinetic data obtained for the isomerization reaction are
recorded in Table VII. Once again, this reaction appears to be
clearly only hydrogen ion catalyzed in acetate and formate
buffers. Again the solvent deuterium isotope effect is inverse

Table V. Rates of Isomerization of 4,4-Dimethylcyclohexa-2,4-dienol in Aqueous Buffers at 25 °C (4 = 0.1, NaCl)

HX [HX] [NaX] 10%k;, s~! ki/[H*], M~15-1
HOAc 0.025 0.025 4.602 6.86 27.4
HOAc 0.050 0.050 4.590 6.72 26.1
HOAc 0.096 0.020 3.855 36.3 26.1
HOAc 0.480 0.100 3.898 337 26.7
HOAc 1.00 1.004 4.650 5.63 25.2
HCOOH 0.020 0.020 3.583 71.9 27.5
HCOOH 0.100 0.100 3.603 68.6 27.6
HCI 3.490 86.9 26.9
DCl 3.483 247] 75.3

ay =100 k=267 %08M"1s1 kp,o/ku,o = 2.8.
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and of approximately the same magnitude as that observed in
the isomerization reaction, kp,o/kH,0 = 3.4.

The data for both reactions are incorporated in Scheme
1v.

Scheme IV
(D IH OH {DIH {DIH
+ —N — +
H + — a — 3H + H
CH3 CH3 CH3 CH3 CH3 CH
4 | g
AN

(DIH

+ H+
CH3
CH3

a-Deuterium isotope effects were determined for both the
isomerization and rearrangement reactions of 4. Although
clouded somewhat by the complexity of Scheme IV (e.g.,
kisomerization = kforward + kreverse)s certain apprOXimate con-
clusions can be reached. Since the conversion 4 — 8 involves
the hybridization change sp3 — sp? at the position of isotopic
substitution, a normal a-D effect is expected. Indeed, ky/kp
= 1.10 £ 0.01 for the isomerization reaction, very close to the
observed isotope effect for the dienol-benzene rearrangement
of 3. On the other hand, if the rearrangement of 8 to product
represents the principal pathway for krearrangement, then a2 much
reduced a-D effect might be expected since the hybridization
change observed in this conversion is sp? — sp?. The observed
a-D effect for the rearrangement reaction is 1.00 £ 0.03,
providing some evidence in support of this assumption.

A Comparison of 3 and 4. Either isomer of 3 undergoes the
acid-catalyzed dienol-benzene rearrangement in concentrated
mineral acids and from the evidence cited above appears to
involve rate-determining methyl migration (see Scheme II).
We could see no evidence for an isomerization analogous to
that found for 4 in which substantial amounts of the conjugated
isomer are formed. Moreover, 4 undergoes both the isomer-
ization and rearrangement reactions in dilute buffer solutions.
No evidence supporting general acid catalysis was found in
dilute formate, acetate, or phosphate buffers. Ritchie has
shown?4 that certain resonance-stabilized carbonium ions react
with water in a general-base-catalyzed reaction. This is clearly
not the case for 4% (cf. Scheme IV). Fife2® has shown that such
general catalysis is to be expected only for highly resonance-
stabilized carbonium ions.

Finally, 4 and/or 8 undergo the isomerization reaction some
108 times as fast as 3. No doubt, this is at least in part due to
the relative stability of the rearranged carbonium ions, 3% and
4%, respectively.

Experimental Section

Synthesis of Dienols 3a and 3b. A. NaBHy, To a solution of 1.00 g
of dienone 2 in 25 mL of ethanol at 0 °C the product was recovered
by acidification, removal of the ethanol, and ether extraction. The
resulting oil showed NMR peaks at 1.54 and 1.50 ppm in a 30:70 ratio.
Crystallization from petroleum ether gave in the first crop 150 mg of
pure 3a: mp 127-128 °C; NMR (CDCl3) 6 1.54 (3 H, s, Me), 1.7 (1
H, OH), 4.52 (1 H, br, CHOH), 6.17 (4 H, br s, vinyl). Either isomer,
upon oxidation with Jones reagent, gave only the dienone 2.

B. Al(OPr-i)3. The procedure of Plieninger!! gave a mixture of 3a
and 3b. The melting point reported (141-142 °C) could not be dup-
licated, but some fractions of mixtures had melting points which were
sharp and above that of either pure compound.

C. LiAlH4 Reduction of the dienone 2 with excess LiAlH4 in
slightly wet ether was monitored by removing aliquots by syringe,
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acidifying and extracting with ether, and analyzing by NMR spec-
troscopy. Within 10s, the dienols 3a and 3b were formed as the only
products, in a 30:70 ratio. Within | min, the § 1.50 peak of 3b was
being replaced by one at 4 1.28. Within 1 h, most of 3b was gone and
a detectable amount of the § 1.54 peak of 3a was converted into one
at 6 1.35. After 2 days at room temperature none of 3a was detectable
and the only products were the dichlorodienols, 5b and Sa. Compound
Sb had NMR (CDCl3) 6 1.28 (3 H, s, Me), 4.4 (1 H, br, CHOH), 5.53
(1 H, s, CHCly), 5.95 (4 H, br, vinyl), and 5a, 6 1.28 (3 H, s, Me), 4.4
(1 H, s, CHOH), 5.53 (1 H, s, CHCl,), 5.95 (4 H, br, vinyl). The
mixture was not separated, but was identical by NMR, IR, and mass
spectrum with a mixture prepared by reduction of 4-dichloro-
methyl-4-methylcyclohexadienone.

Reduction of 2 with excess LiAlH,4 in very dry THF (from Na-K)
gave complete reduction to the dichlormethyl dienols 6a and 6b within
10 min. Indry ether (LiA1H,) the reaction required ca. 4 h for com-
pletion.

Proof of Methyl Migration in Dienols 3a and 3b. A sample of deu-
terated dienols (200 mg, 30:70 ratio of 3a:3b), prepared by LiAID,
reduction of 2, was treated with 1 mL of concentrated H,SO4at 0 °C
for 25 min. Addition of ice gave o-toluic acid, mp 96-100 °C, m/e
137, which was reduced directly with excess LiAlHy4 in ether. The
resulting o-methylbenzyl alcohol-d was analyzed using Eu(fod); in
CDCl3. At one concentration, the spectrum (100 MHz) showed the
following changes: Me, 6 2.37 t0 5.73; CH,0H,4.72t0 15.45; H3,7.3
mto8.92s;Hs,7.3m1t08.85,d,/ =9 Hz; He, 7.3 mto 13.28,d,J =
9 Hz. The Hg signal in the undeuterated compound appeared as a
doublet of doublets in the shifted spectrum, J = 9 and 2 Hz.

Synthesis of Chlorides 6a and 6b. To a suspension of 50 mg of the
Z dienol 3bin CClyin an NMR tube was added 3 drops of SOCl,. The
reaction was complete within 15 s to give a 52:48 ratio of the chlorides
6a and 6b. Compound 6a had NMR spectrum 4 1.56 (3 H, s, Me), 5.04
(1 H, brs, CHCI), 6.24 (4 H, s, vinyl). Compound 6b had 4 1.49 (Me),
other peaks same as 6a. On a larger scale, the mixture was isolated
as a wide-melting white solid, which could be sublimed at 50 °C at
0.01 mm, but which slowly decomposed on storage.

Treatment of the £ dienol 3a with SOCI; in CDCl; gave 6a and 6b
in an 87:13 ratio. When the reaction was carried out on a suspension
of dienol 3a in CCly, only 6a was detectable by NMR.

Solvolysis of Chlorides 6a and 6b to Methyl Ether 7a and 7b. A so-
lution of the E chloride 6a was allowed to stand in anhydrous methanol
for 2 h at room temperature. Removal of the solvent gave a 40:60 ratio
of the E to Z methyl ethers 7a and 7b. Compound 7a had NMR §
(CCly) 1.54 (3 H, s, Me), 3.36 (3 H, s, OMe), 4.45 (1 H, br,
CHOMe), 6.15 (4 H, br s, vinyl); and 7b had NMR & 1.47 (3 H, s,
Me), 3.33 (3 H, 5, OMe), 4.45 (1 H, br, CHOMe), 6.15 (4 H, br s,
vinyl). Addition of a quantity of Eu(fod); in CDCl; shifted the methyl
peaks for 7a as follows: Me, 1.47 to 2.02 and OMe, 3.33 to 8.06.

To a solution of NaOMe, prepared by dissolving 60 mg of Na in
5 mL of absolute MeOH, was added 42 mg of the E chloride 6a. After
2 h, NMR analysis showed an 82:18 ratio of 7a to 7b.

To a solution of 50 mg of alcohol 3a in 2 mL of anhydrous DMF
was added ca. 20 mg of NaH and 100 mg of Me,SOq. After 12 h at
room temperature the reaction mixture was poured into H,Q, acidi-
fied, and extracted with ether. The product was only the E ether 7a
by NMR.

Synthesis of 4, Reduction of 4,4-dimethylcyclohexadienone,
available from a previous study,* afforded 4 in high yield: NMR
analysis & 5.63 (4 H, vinyl), 4.32 (1 H, CHOH), 2.63 (1 H, OH), 1.08
(3 H, CH3), 1.02 (3 H, CH3). Reduction with LiAlDy4 produced the
same spectrum except that the § 4.32 signal was absent, indicating
greater than 98% deuteration. Attempted purification of 3b or its
deuterated analogue resulted in extensive decomposition to o-xylene.
For this reason this material was used immediately after its prepa-
ration.

Kinetics, The rearrangement of 3a was determined by monitoring
the increase in UV absorption at A 277 nm due to the formation of
o-toluic acid. A small volume (5-20 uL) of a stock solution of 3a in
dioxane was rapidly added to a previously temperature-equilibrated
cuvette. The absorbance-time data obtained from these tracings were
fitted to a nonlinear least-squares regression analysis from which the
first-order rate constant was extracted. Monitoring 4 at A 259 nm
shows evidence of a biphasic reaction, i.e., the absorbance increases
(due to the formation of the conjugated isomer) followed by a decrease
in OD due to the formation of 0-xylene. Since the isomerization re-
action was some 20 times as fast as the rearrangement these data were
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treated as separable consecutive first-order reactions and treated as
above for the simpler case. Because of the fact that krearrangement =
150 kisomerization Very little error will be introduced by treating the data
in this fashion.
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Abstract: Ab initio molecular orbital calculations indicate that a number of strained olefins prefer nonplanar structures. These
include bicyclobutene-A'3, bicyclopentene-Al4, and bicyclohexene-AlS, In addition, bicyclohexene-A!#4, although planar,
is indicated to have a very weak out-of-plane bending force constant. Model calculations from ethylenes distorted to represent
these olefins demonstrate the generality of this behavior and provide a theoretical explanation.

Unless dictated by geometrical constraints (e.g., )22 or
by the lack of the appropriate symmetry, olefins are planar
entities. Remarkably, Hehre and Pople’s ab initio calculations
on bicyclobutene-Al:3 (11)3 indicated preference for a non-
planar structure even though nothing would seem to preclude

Table I. Relative Energies of Distorted Ethylene Models? for 11
and 1V (RHF/STO-3G), kcal/mol

(HCC, Planar (VI1A) Nonplanar
deg Dy (VIIB)¢ Cypp
120 0.0 (—77.071 21)* 11.1
110 0.0 (—77.034 59) 7.3
100 0.0 (—76.944 19) 2.1
90 0.0 (—76.786 88) =35.5
80 0.0 (—76.518 85) -17.3
70 0.0 (=75.981 37) =379

@ Assumed geometrical parameters: r(C=H) = 1.34, r(C-H) =
1.08 A. ® Total energy (au) of planar form in parentheses. ¢ ¢-
(HaCCH,) = ¢(H,CCHy) = 0°, ¢(H,CCHg) = 150°.

0002-7863/78/1500-1210$01.00/0

planarity. As possible reasons for this behavior were not ana-
lyzed,? a more extensive molecular orbital investigation of 11
and other olefins (IlI, 1V, V, and V1 (R = H)) which might
also be nonplanar has now been undertaken. 1V4and V1 (R =
CH3)5 are known, but no experimental structural studies have
been reported. Very recently, a tricyclic derivative of 11 has
been implicated as a reaction intermediate.® A platinum

Table II. Relative Energies of Distorted Ethylene Models for 111,
V, and VI (RHF/STO-3G), kcal/mol

Planar (X1A) Nonplanar

6, deg Cap (X1B)< Cs
150 0.0 (—76.608 67)® 2.5
120 0.0(—76.59017) =11
100 0.0 (—=76.501 03) -6.5

@ Assumed geometrical parameters: #(C=C) = 1.34, r(C-H) =
1.08 A. ® Total energy (au) of planar form in parentheses. ¢ zH,CC
= /H.LCC = 70°, ¢(H,CCHy) = 0°, /H,CC = /H4CC = 8,
¢(H,CCHy) = 150°.
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