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in an oil bath at 185-195 °C. Formaldehyde thus generated was
passed into a round-bottomed flask (100 mL) containing ylide
(1.8 g, 5.9 mmol) in dry acetonitrile (30 mL) cooled with ice/salt.
The reaction mixture was allowed to reflux for 72 h. On removal
of triphenylphosphine oxide in the usual manner, as described
in the previous experiment, pyrazole 32e was obtained (0.6 g,
75%). Compound 32e was purified by column chromatography
using silica gel and elution with a mixture of petroleum ether
(85%) and ethyl acetate (15%). TLC, 'H NMR, and GC indicated
the presence of only one pyrazole. Pertinent 'H NMR and 13C
NMR data are listed in Tables VIII and X.
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The mixed pinacol coupling reaction has been carefully analyzed. Although a trend toward statistical distribution
of products can be found, it is observed that true statistical distributions are rarely observed. Ring-size and
alkyl substituent effects are examined. A through-space heteroatom influence on coupling is noted. By use of
(R)-(+)-3-methylcyclohexanone, a very specific effect of coupling conditions on product stereochemistry is observed.

Question of Statistical Distribution in a Mixed
Coupling. There has been a consensus that the mixed
pinacol coupling reaction results in a statistical distribution
of products; however, this has never been subjected to
critical examination. Since products resulting from mixed
couplings might provide useful intermediates for subse-
quent pinacol rearrangements,? we embarked on a careful
analysis of this reaction.

Cycloalkanones have been well-characterized as exhib-
iting differential reactivity of the carbonyl group as a
function of ring size, best demonstrated with the careful
study by Brown® on the borohydride reduction of this
series. The potential for differential formation and/or
reactivity of anion radicals from these cycloalkanones
prompted us to examine this system. Equimolar amounts

(1) Visiting Professor of Chemistry, Montana State University,
1979-1980.

(2) The problems of regio- and stereocontrol of pinacol rearrangements
will be discussed elsewhere.

(3) (a) Brown, H. C.; Ichikawa, K. Tetrahedron 1957, 1, 22. (b) The
reagent has also been used to examine steric effects in the methylcyclo-
hexanones. Rickborn, B.; Wuesthoff, M. T. J. Am. Chem. Soc. 1970, 92,
6894.

of two cyclic ketones in THF were added to the [Mg-
Hg]/TiCl, reduction mixture developed by Corey (eq 1).4

HO OH

@ -O—OO + HO- O
HO20RNO OO 0K

After workup of the reactions, the products were examined
by GLC to determine product ratios; peak areas of the
chromatograms were integrated electronically. Each cou-
pling reaction was independently performed three times.
The raw data from the combined experiments are found
in the Experimental Section.

For ease of evaluation, the results are presented in
graphical format (Figure 1). Examination of the nor-
malized pinacol ratios show that although there is a trend
toward a statistical distribution of products, even with a
liberal 10% error limit arbitrarily placed about the 25%
and 50% statistical region, rarely do the experimental

(4) Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S. J. Org. Chem.
1976, 41, 260.

0022-3263/82/1947-1657$01.25/0 © 1982 American Chemical Society
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Figure 1. Ring size effect in pinacol coupling.

Table I. Self-Coupling of Methylcyclohexanones

% yield
methyleyclo- starting
hexanone diol alkene matl

2-Me 8.6 1.8 88
3-Me 75.8 12.9 11.3
4-Me 64.6 1.7 33.7

results fall within the statistical regions.

The observation that alkene is formed in these reactions,
coupled with McMurry’s conclusions that alkene formation
requires a pinacol precursor,’ justifies a consideration of
total coupling (alkene plus pinacol) for each ring size.
These data are also presented in Figure 1. Inclusion of the
alkene products tends toward making the data appear
more statistical; however, even under these circumstances
deviations are readily apparent.

We next embarked on a study of the extent to which
steric effects would find expression in deviation from
statistical coupling. In this study the ring size was held
constant while steric congestion about the carbonyl was
altered. The specific series examined included the mixed
coupling of cyclohexanone with 2-, 3-, and 4-methyl-
cyclohexanone, respectively. These experiments, also
performed in triplicate, were carried out and analyzed in
the same manner as the ring-size studies. Again, the raw
data are found in the Experimental Section, and the results
are summarized in Figure 2.

Not unexpected is the observation that 2-methylcyclo-
hexanone experiences a substantial steric effect about the
carbonyl. This is expressed not only in the tendency to
avoid self-coupling but also in a poor disposition toward
participation in mixed coupling. The 3-methyl isomer
behaves as expected. The methyl group is sufficiently
remote from the carbonyl to preclude any steric effect.
However, we were quite surprised at the relative resistance
of 4-methylcyclohexanone to undergo self-coupling.

(5) (a) McMurry, J. E.; Krespski, L. R. J. Org. Chem. 1976, 41, 3926.
(b) McMurry, J. E.; Fleming, M. P.; Kees, K. L.; Krespski, K. R. Ibid.
1978, 43, 3255. (c) Admittedly, McMurry’s evidence is derived from a
study of aromatic ketones, and at this juncture we have no direct evidence
for dianions in our study.
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Figure 2. Competitive coupling of the methylcyclohexanones.

Dreiding models gave no useful hint to explain this ob-
servation.

The trends noted in these experiments can also find
parallel expression in our specific attempts to self-couple
the methylcyclohexanones (Table I). Here again, the
resistance of the 4-methyl isomer to undergo coupling is
quite apparent.

The most impressive case against the assumption of
statistical coupling can be found in the attempt to prepare
3 (eq 2). Since the mixed product was needed for an

o ) H H HO OH HO ON
S G- 00-db-oh
1 2 3 4 5
6 7 8

examination of heteroatom effects on pinacol rearrange-
ment,® we followed the accepted procedure®® of using a
4-fold excess of cyclohexanone to maximize the mixed
coupling. Under these conditions, the statistical distri-
bution [1:8:16 (5 + 8)/(3 + 6)/(4 + 7)] may be expected
because (a) ring-size effects are minimized” and (b) there
are no obvious steric effects. One observes from this re-
action, however, yields as follows: 3, 18.8%; 4, 48.8%; 5,
0%; 6, 2.5%;% 7, 26.6%; 8, 2%;? about 1.5% of an un-
identified material. Quite obviously, the amount of 3 (and
6) formed from this reaction does not come close to that
required if statistically driven.

Temperature Effects on the Coupling Reaction. As
a consequence of one coupling experiment for which the
temperature was not maintained at -10 °C, we undertook
an analysis of temperature effects on the coupling reaction
(Figure 3). From these results one can see a decrease in

(6) Manuscript submitted for publication.

(7) Mundy, B. P,; Srinivasa, R.; Otzenberger, R. D.; DeBernardis, A.
R. Tetrahedron Lett. 1979, 2673.

(8) These minor components are characterized only by relative GLC
retention times and mass spectral molecular weights.
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Figure 3. Temperature effects on the coupling reaction.

pinacol product with increasing temperature; however, at
the same time the corresponding alkene product increases.
This is again supportive of McMurry’s arguments that
pinacols serve as precursors to alkenes. Of greater interest;
however, is the observation that the ring-size distribution
does not appear to be influenced by temperature (C5~C;
products, 20.8 = 3.9%; C;—C; products, 51.5 £ 4.5%; C¢—Cg
products, 27.7 £ 7.6%). This might suggest that the
coupling process is kinetically controlled, and for mixed
coupling reactions the product distributions are deter-
mined by many of the factors which are seen to control
other reactions, including ring strains, steric effects, and
heteroatom participation. McMurry® has previously dem-
onstrated that retro pinacol condensation does not occur
for tertiary pinacols; thus there seems little reason to be
concerned about equilibration taking place.

Effect of Reaction Conditions on the Coupling Re-
action. The reductive coupling of carbonyl compounds
to form pinacols can be carried out by using a variety of
reductive conditions;* however, two procedures are most
often used: the classical [Al-Hg] method'® and the more
recent [Mg-Hg]/TiCl, method. The latter has been
suggested as the method of choice for routine coupling, a
consequence of the ease of reaction and the relatively good
yields. Both Corey* and McMurry® have agreed that a
reduced state of titanium is intimately involved in the
coupling reaction; however, there is some question as to
the exact oxidation state. There seems to be a tacit as-
sumption that the titanium intermediates (of undefined
nature) enhance the degree of coupling without affecting
product composition. We now present evidence to une-
quivocally demonstrate that the pinacol product is not the
same from the titanium-mediated reactions as from the
[Al-Hg] reaction.

Our specific attention focused on 10, the reported!!
pinacol derived from (R)-(+)-3-methylcyclohexanone (9).12

(9) McMurry, J. E.; Choy, W. J. Org. Chem. 1978, 43, 1800.

(10) A rapid survey of organic chemistry teaching manuals shows this
to be the method of choice for carrying out the experiment at the un-
dergraduate level.

(11) Munoz-Madrid, F.; Pasqual, J. An. Ouim., 1978, 74, 1270.
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Figure 4. Titanium-mediated coupling of 3-methylcyclohexanone.

Because the reported preparation, using [Al-Hg], gave only
a low yield of product, we undertook the reaction using
the Corey procedure (eq 3, method A). A crude product

o FHs
HO OoH HO OH /
1"
CH, 9 / 10 II
CH, CH; ¢k,
method:

A: Mg-Hg,TiCl,, -10°C
B: Al-Hg , reflux C4H,

(78% ) containing pinacol and alkene in the ration of 67:33,
respectively, was readily purified by column chromatog-
raphy (silica gel, ether—petroleum ether). The crystalline
pinacol (mp 78.5-79 °C; m/e 226; [a]p —4.3°) was homo-
geneous by GLC.

The optical rotation came as a surprise since the re-
ported product derived from the [Al-Hg] reductive cou-
pling (eq 3, method B)! had [a]p +4.85°. In order to
ensure that no unexpected epimerization of 1 had occurred,
although admittedly a remote possibility, we cleaved the
pinacol by the Malprade reaction.!®> The 3-methylcyclo-
hexanone recovered, in quantitative yield, was shown by
GLC and optical rotation to be identical with the starting
reagent. This degradative procedure also assured us that
we had, indeed, formed a pinacol from 9, an observation
further buttressed by mass spectrometry.!* High-resolu-
tion proton NMR spectroscopy (2560 MHz), combined with
the requirement for optical activity, unambiguously fixed
the structure of the pinacol. Only one methyl doublet (J
= 6.1 Hz) at 0.88 ppm was observed, consistent with an
equatorial methyl group. The only asymmetric pinacol
which can be formulated to fit these data requires structure
11.

At this juncture we were forced to repeat the [Al-Hg]
reductive coupling of 9. This was carried out according
to the literature procedure,!! giving a crude mixture (62%)
of alkene and pinacol. Purification by the same procedures
resulted in a homogeneous crystalline pinacol: mp 60-62
°C; [a]p —4.4°.1! The proton NMR spectrum of this pi-
nacol gave two cleanly resolved methyl doublets (J = 6 Hz)
centered at 0.85 and 1.10 ppm, consistent with an equa-
torial and axial orientation, respectively. These data are
identical with those reported, supporting the assigned
structure 10.

Additional support for the structure assignment was
obtained from the sulfite esters.!® The diols (10 and 11)
were individually mixed with thionyl chloride. From 10

(12) Obtained from Aldrich Chemical Co. and used as obtained; [«])*
+13.5°.

(13) Fieser, L; Fieser, M. “Reagents for Organic Synthesis”; Wiley:
New York, 1967; Vol. 1, p 815.

(14) Major cleavage of this pinacol gave m/e 113, consistent with the
clea\:iage shown below. We see this in all of the pinacols we have pre-
pared.

p . ‘0-H
4 Ny /" H N
,c—c/—-> Lo . ——=c=0" + .c—oH
4 \ + /) \ 7. 4
0 |70
.'4 H

(15) This method has been used to establish stereochemistry of pina-
cols: Reeve, W.; Davidsen, S. K. J. Org. Chem. 1979, 44, 3430.
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Figure 5. Nonradical coupling of 3-methylcyclohexanone.

was obtained a 1:1 mixture of two sulfite esters, expected
from the requirement of both methyl groups being syn to
the sulfinyl oxygen in one isomer and anti in the other
isomer. For 11, only one isomer is possible. The proton
NMR spectra for the sulfites were not appreciably different
from the diols, suggesting that the sulfinyl oxygen is suf-
ficiently far from the protons not to cause a substantial
influence.

Making use of the sensitive mechanistic probe afforded
by the optically active ketone, we have unequivocally
demonstrated that the two pinacol coupling procedures
give different products from the same reactants, and this
for the first time provides for a suggestion that the
mechanistic interpretations may be significantly different.
If we use Dreiding models and assume the traditional
anion-radical intermediate,'® the formation of 11 is readily
apparent and readily allows for a Ti(IV) coordination of
the two oxygen atoms, a possibility suggested by Corey
(Figure 4).*

The formation of 10 is considerably more difficult to
rationalize. There is a paucity of literature precedence for
product composition depending upon reaction conditions;
however, Ourisson!” has demonstrated that different ratios
of meso and d! products can be found under different
reaction conditions, assuming the ketyl intermediate.
Corey* has also presented evidence for cis- and trans-pi-
nacols during intramolecular coupling reactions; however,
these are also apparently consistent with an intermediate
anion radical.

At this juncture we must make a few comments about
the mechanistic interpretation of our observations. All the
titanium-mediated reactions are readily rationalized by
metal-bound ketyls. Even on the assumption that the role
of metal in binding ketyls will change with each metal, the
formation of 10 in the [Al-Hg] reaction is difficult to
reconcile. Perhaps another explanation is required.

If we cannot account for 10 by an anion radical, what
alternative is available? McMurry® has provided evidence
for an intermediate dianion in reactions of aromatic ke-
tones using the reduced titanium. Although we have no
such ketone, reactions with aluminum are well-known to
be two-electron-transfer reactions. Thus, a working hy-
pothesis may include attack of a dianion from 9 on another
molecule of 9. The resulting intermediate would undergo
immediate conformational reorganization to relieve a large
1,3-axial interaction. The resulting product would be 10
(Figure 5).

This mechanism seems more reasonable than the only
alternative involving other anion radicals, which requires
a specific conformational change of only one of the two
reacting partners. We view this as highly improbably from
three points of view: (1) if this were a facile intercon-
version, it should be seen in the titanium-mediated reac-
tion; (2) there is no evidence that the conversion to the
axial methyl should be an important contributor; (3) all
evidence to date, including our study on mixed pinacol

(16) Most discussions on the mechanism of the pinacol coupling re-
action give as the reference: House, H. O. “Modern Synthetic Reactions”,
2nd ed.; W. A. Benjamin: New York, 1972; pp 167-169. There seems to
be a paucity of studies directed toward testing this.

(17) Majerus, G.; Yax, E.; Ourisson, G. Bull. Soc. Chim. Fr. 1967, 4143,
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coupling, demonstrates that product mixtures always re-
sult from a mixed coupling reaction. We find only a single
product.

At this juncture we conclude that the titanium-mediated
products are rationalized by an anion-radical mechanism
and that the classical methods may, in fact, involve dif-
ferent chemistry. We are now in the process of trying to
more clearly identify the mechanism(s) of the many
“classical” procedures and are also examining the olefin-
forming reactions. Additional comments are pertinent.
The different reaction products are most likely not a result
of thermodynamic control for 11 and kinetic control for
10 since the experimental conditions (heat and long re-
action periods) favoring a thermodynamic product are used
for 10. Additionally, we have subjected 11 to the method
A conditions, at room temperature for 48 h, with very little
conversion to alkene and no isomerization to 10. Under
conditions of Ti° (TiCl; and K)?3, 9 is converted totally to
alkene in 2 h at room temperature. These observations
may suggest unique chemistries of Ti® and Til, and further
research is in progress. To speak further against the
question of thermodynamic isomerization, McMurry® has
demonstrated that for teriary pinacols no retro-pinacol
condensations are observed.

As a final test of this high selectivity observed for the
two different reaction conditions, we tried to separate an
artificial mixture of 10 and 11. Under all GLC chroma-
tographic methods used in these studies, 10 and 11 were
not separable. Thus, if there were a reaction mixture, both
products would have been collected together in the chro-
matographic separations. Since the NMR spectra do not
show the presence of mixtures, we must conclude that the
products from the two reactions are homogeneous.

One other observation can be made at this juncture. As
a consequence of our finding that stereochemical features
of products may vary with the method of accomplishing
the pinacol (Mg-Hg/TiCl, vs. Al-Hg), we wanted to ex-
amine whether distribution trends might also be effected.
We have repeated the pinacol coupling reaction of equi-
molar amounts of cyclohexanone and cyclopentanone using
Al-Hg. In this method, deoxygenation to form alkenes is
not observed, although some uncharacterized byproducts
are found. However, from three independent examinations
the pinacol distributions are as follows: C;—C;, 24.8 +
2-6%; C5“CG, 475 0.3%; CG_CG’ 27.6 + 2.8%. These data
are within the range found for the titanium-mediated re-
action.

In conclusion, we suggest that the long-held notion of
a required statistical distribution does not hold up to ex-
perimental testing and that synthetic use of this process
should not be based on these expectations. Additionally,
it is evident that the method of coupling can dramatically
influence the product composition. Much remains to be
done.

Experimental Section

The coupling reactions were carried out in an identical manner,
and a typical procedure is presented.

Dry THF (20 mL), distilled from LiAlH, prior to use, was added
to 2.2 g of HgCl, and 5.9 g of Mg turnings. The mixture was stirred
under N, for about 20 min, after which time most of the THF
was withdrawn by syringe through a serum cap. The amalgam
was washed three times with 20-mL portions of dry THF,
maintaining the mixture under N,. To the amalgam was added
150 mL of dry THF, and the reaction mixture was externally
cooled to —10 °C. Titanium tetrachloride (13 mL) was added by
syringe to the cooled solution, turning it yellow-green. The ketone
(or 1:1 ketone mixture) totaling 80 mmol in 10 mL of solution
added dropwise to the reaction mixture via syringe. The reaction
was allowed to stir for 2 h, during which time it became dark
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Table II. Product Distribution (Percent) in the Ring Size Studies

alkenes pinacols
cyclo-
expt alkanones C,-C, C,-C, C,-C, C,-C; C,-C Cs~-Cq
1 C, +C, 10.2: 0.4 14.1+1.6 4.1 0.6 114z 0.3 420+ 2.4 18.2+ 3.8
alkenes pinacols
cyclo-
expt alkanones C,-C; C,-C, C,-C, C,-C; C,-C, C,-C,
2 C, +C, 8.0 3.7 4.2+ 29 16.7 £ 4.7 27.8+ 4.3 33.9:1.6 10.8 + 3.7
alkenes pinacols
cyclo-
expt alkanones C.-C, C.,-C, C,-C, C,-C, C.,-C, C,-C,
3 C, +C, 1.8:1.0 7.2+ 5.5 4.8+ 5.9 28.7+ 6.5 48.8+ 3.6 8.7+ 6.4
Table III. Product Distribution in the Methylcyclohexanone Studies
olefin® pinacol?
expt?b¢ A-A A-B A-A A-B B-B
(1) 2-MeB + A 8.82+ 0.16 0.83: 0.16 11.82 + 0.29 59.13 + 4.36 20.39 =+ 1.27 8.01 = 2.15
(2) 3-Me-B + A 2.05 = 0.90 4,74+ 1.18 1.75+ 0.76 26.21 + 2.33 49.61 2.12 15.62+ 5,54
(3)4-Me-B + A 39.10+ 7.51 51,97+ 1.88 8.93 + 5.85

% In percent. ? A = cyclohexanone. ¢ B = methylcyclohexanone.

purple in color. The temperature was allowed to rise to 0 °C
during this period. The reaction mixture was quenched with 20
mL of saturated K,CO,, followed by 50 mL of ether. The reaction
was filtered, and the filtrate was twice extracted with 50-mL
portions of ether. The combined extracts were washed with
saturated NaCl, dried over MgSO,, and evaporated. Column
chromatography was used to purify the products. We found that
a silica gel column and combinations of petroleum ether—diethyl
ether were suitable for isolating the products. Some mixtures
required an alumina column. GLC analyses utilized either SE-30
or Carbowazx as the liquid phase in the columns,

All of the pinacol products are readily characterized by a
well-defined mass spectral fragmentation.'* Details of these
fragmentations will be presented elsewhere. Additionally, new
compounds are characterized by the following physical and
combustion data.

1-(1-Hydroxy-2-methylcyclohexyl)-2-methylcyclohexan-1-ol, mp
91.5 °C. Anal. Calcd for C,,H,,0,: C, 74.28; H, 11.58. Found:
C, 74.56; H, 11.29.

1-(1-Hydroxy-3-methylcyclohexyl)-3-methylcyclohexan-1-0l, mp
83.5-84.5 °C. Found: C, 74.49; H, 11.65.

1-(1-Hydroxy-4-methylcyclohexyl)-4-methylcyclohexan-1-o0l, mp
117.5-118.5 °C. Found: C, 74.39; H, 11.55.

4-(Tetrahydropyranyl)cyclohexane-1,1-diol, mp 148-148.5 °C.
Anal. Caled for C;HpyO4: C, 65.97; H, 10.07. Found: C, 65.70;
H, 9.84.

Pinacols from the ring-size studies have been previously dis-
cussed.”

Pinacol Coupling of (R)-(+)-3-Methylcyclohexane. (a)
[Al-Hg] Procedure To Prepare 10.!! (R)-(+)-3-Methylcyclo-
hexanone (5.0 g, 45 mmol) was added to a refluxing mixture
containing Al (1.12 g, 47 mmol) and HgCl, (0.54 g, 2 mmol) in
10 mL of benzene. The mixture was refluxed for 1.5 h, at which
time 10 mL of H,O was added. After being stirred for a short
while, the reaction mixture was filtered, and the filtrate was
extracted with ether. The extracts were dried (MgSO,), filtered,
and evaporated to give a crude reaction product. Column chro-
matography gave the solid diol: mp 6062 °C; [a] +4.40°; mass
spectrum, m/e 226 (M*); physical and spectral characteristics
matched those reported.!! Anal. Caled for C; Hyy05: C, 74.28;
H, 11.58. Found: C, 74.10; H, 11.58.

(b) [Mg-Hg]/TiCl, Procedure To Prepare 11. Magnesium
(5.9 g, 243 mmol) and HgCl, (1.74 g, 6.4 mmol) were added to a

flask containing dry THF and the contents then placed under
a N, atmosphere. After cooling with a dry ice/isopropyl alcohol
bath, TiCl, (13 mL, 22.4 g, 118 mmol) was slowly added via syringe
to the stirred heterogeneous mixture. After the addition had been
completed and the reaction subsided, the (R)-(+)-3-methyl-
cyclohexanone (8.96 g, 80 mmol) in 10 mL of THF was added.
The reaction mixture was allowed to stir for 2 h while slowly
coming to room temperature. The reaction was quenched with
5 mL of saturated K,COy and filtered, and the filtrate was ex-
tracted with ether. The extracts were dried (MgSO,), filtered,
and evaporated to yield 7.0 g of crude product. Column chro-
matography (silica gel), eluting first with petroleum ether to
remove alkene products and then with ether-petroleum ether,
gave 2.1 g of pure diol: mp 78.5-79 °C; [a] —4.3°; mass spectrum,
m/e 226 (M*). Anal. Caled for C,Hy0,: C, 74.28; H, 11.58.
Found: C, 74.10; H, 11.58.
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