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Abstract: Total syntheses are reported for all four possible stereoisomers of methyl 1,2-diacetoxy-3-methyl-S-oxocyclo-
hexanecarboxylate. The nonidentity of any of these isomers with a keto triester obtained from leucogenenol refutes a structure
proposed in 1971 for this natural product. The syntheses exploit reduction—protodesilylation of a benzylsilane to provide a

key intermediate, 4-methylene-2-methylcyclohexanone.

An acidic substance, named leucogenenol because of its pre-
sumed enolic structure and because it induces an increase in the
white blood cell count (leucocytosis) in rabbits, was first isolated
from the metabolic solution of surface cultures of a mold! and
later from human and bovine liver.2 Our interest was piqued by
claims that leucogenenol stimulates replication and maturation
of leucocytes® and probably other cells* by regulating their
metabolic processes.” Also, leucogenenol is believed to facilitate
antibody production.® Although concentrated mainly in the liver,
leucogenenol is also found in the thyroid, thymus, testes, and
adrenals.? Especially fascinating was the claim that the con-
centration of leucogenenol in human blood is normally 2-4 ug/L
but varies with disease.?? The concentration is increased (45-75
ug/L) in inflammatory diseases such as systemic lupus erythe-
matosis and rheumatoid arthritis, but depressed (0.13-0.36 ug/L)
in the leukemias. All of these interesting results on leucogenenol
were reported by Rice and co-workers at the American University,
Washington, D.C.7

Knowledge of the molecular structure of leucogenenol is im-
portant for a fundamental understanding of its biochemistry.
Extensive studies by Rice led to postulation of structure 1 for
leucogenenol (Scheme I).8° Thus, leucogenenol was characterized
spectroscopically, by preparation of derivatives, by degradation
to simple products, and by synthesis of one of the fragments.
Hydrolysis with boiling water is reported to afford “ammonia and
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aminoacetaldehyde, a monobasic carboxylic acid CgH,,0s, and
a dione CgH,,0,, these products accounting for all the carbon
atoms in the molecule”® A structure 3 (Scheme I) was proposed
for the dione based on spectroscopic and chemical studies and
confirmed by total synthesis.” The structure 2 (Scheme I) sug-
gested for the “monobasic carboxylic acid” was supported by
spectroscopic and extensive degradation studies. These were
claimed to include oxidative degradation to (—=)-methylsuccinic
acid and another sequence leading to 5-methylhexanoic acid.?
Nevertheless, confirmation of the identity of the product derived
from leucogenenol by total synthesis of 2 seemed warranted for
several reasons. Thus, the assignment of relative stereochemistry
to the methyl group at C-3 rested on the observation of a change
in the chemical shift of the methyl protons from 6 1.30 to 6 1.35
upon acetylation of the methyl ester of 2. It was argued that such
a change “indicates a 1,3-diaxial relationship between the C-
methyl and the tertiary hydroxy-group”. However, this requires
a large preference for conformer 4a over 4e. It is not obvious to
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us that such a preference would be obtained. Furthermore, a ¢
1.35 resonance seemed unusually low field for the ring-methyl
group in 4 regardless of conformational preference. It seemed
possible that the “monobasic carboxylic acid” degradation product
from leucogenenol does not correspond to any stereoisomer of 4.
Only preparation of all four possible diastereomers of 4 could
provide conclusive evidence refuting the structure proposed for
leucogenenol.

We now report the synthesis of 4 and its three diastereoisomers.
Our studies show that a downfield change of 0.10-0.14 ppm for
a ring-methyl group upon acetylation of the corresponding diol
is observed in 4 and its stereoisomers regardless of relative ster-
eochemistry at C-1 and C-3. This change can be understood as
the influence of a vicinal hydroxyl or acetoxyl substituent on an
equatorial ring-methyl group, and not as the result of a 1,3-diaxial
interaction. Most importantly, our syntheses do not confirm the
structure 4 suggested for the degradation product and therefore
refute the structure 1 proposed for leucogenenol.

Results and Discussion

The 3-hydroxy ketone array in 2 should be prone to retroaldol
cleavage or dehydration,!® and B-acetoxy ketones such as 4 are
expected to readily eliminate acetic acid. Therefore, our strategy
for the synthesis of 4 and its diastereomers (Scheme II) carried
the C-5 carbonyl group in latent form as a methylene group (i.c.,
5) until the last step of the synthesis. Since methods exist for
stereocontrolled reduction of cyclohexanones to favor production
of either an axial or equatorial hydroxyl, a ketone 6 might serve
as a common intermediate for either C-2 isomeric acetate. Since
the C-5 carbonyl of 4 is only present in latent form in 6, the C-2
carbonyl can be exploited to activate the adjacent methylene in
methyl ketone 7 for regioselective acylation!! and introduction
of oxygen.

The key intermediate 7 was prepared by a new general method
for synthesis of methylenecyclohexanes from benzylsilanes as
outlined in Scheme II1.!2 Chloromethylation of cresyl methyl
ether (8) is known to afford 9.!> Benzylsilane 10 was obtained
from 9 by a Wurtz-type coupling reaction with Me,SiCl.'4
Conversion of 10 to 7 by Birch reduction-hydrolysis-protodesi-
lylation affords the exocyclic olefin regiospecifically. Acylation
of 7 also proceeds regiospecifically as expected!! and affords 12.

Introduction of a benzoyloxy substituent at C-1 by treatment
of the sodium enolate of 12 with benzoyl peroxide!’ produced a
mixture of two isomeric a-benzoyloxy ketones, 13 and 14, which
were separated chromatographically on silica gel. The relative
stereochemistries indicated in 13 and 14 for the lower and higher
melting isomers respectively were inferred from a 1,2-benzoy! shift
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observed upon reduction of 13. Thus, reaction of ketone 13 with
sodium borohydride in methanol followed by thin-layer chroma-
tography on silica gel affords two alcohols in a ratio of 7:3. The
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major alcohol is assigned structure 15 with an equatorial hydroxyl
configuration owing to the large hyperfine coupling of the proton
NMR resonance at § 3.86 which is presumed to indicate an axial
proton « to the hydroxyl substituent at C-2 coupled with an axial
proton « to an equatorial methyl group at C-3. The minor product
is not the epimeric alcohol 16. Rather, a 'H NMR resonance at
6 5.54 indicates a proton « to a benzoyloxy substituent at C-2.
The small hyperfine coupling of this resonance shows that this
proton is equatorial and therefore that the benzoyloxy substituent
is axial as in structure 17. Formation of 17 involves a benzoyl
migration!® from the tertiary hydroxyl at C-1 to the vicinal sec-
ondary hydroxyl at C-2. Since such migrations occur much more
readily from vicinal gauche hydroxyl groups on a six-membered
ring when in the cis rather than the trans relationship,'? the
benzoyloxy and hydroxy! substituents in 16 and 17 are presumed
to be cis. The configuration at C-1 in 13 and 15 is necessarily
the same as in 17.

The relative configuration at C-1 of 14 is epimeric with that
of 13. Sodium borohydride reduction of 14 affords two alcohols
in a ratio of 1:4. As expected no benzoyl migration occurs in
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the reduction products from 14 since the 19 — 22 rearrangement
requires the less favorable!” migration (20 — 21) between gauche

(16) Ness, R. K,; Fletcher, H. G., Jr. J. Am. Chem. Soc. 1956, 78, 4710.
(17) Lemieux, R. U. In “Molecular Rearrangements”, Paul de Mayo, Ed.;
Interscience: New York, 1964; Part II, pp 765-6.
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trans hydroxyl groups. Furthermore, the required conformer 20
is disfavored by steric hinderance between bulky 1,3-diaxial
substituents, The assignment of configuration to the C-2 hydroxyl,
equatorial and axial, to the minor and major products 18 and 19,
respectively, is based on 'H NMR spectral comparisons of the
derived ketodiacetates 25¢ and 25d (vide infra). Benzoyl shift
in 15 or 18 from the tertiary to secondary hydroxyl is not expected
since the equatorial hydroxyl at C-2 is severely crowded by three
vicinal gauche substituents. This congestion is evident from the
refractoriness of 23a and 23c toward acetylation compared with
23b and 23d (see Experimental Section).

Preparation of 4 from 15, which only requires functional group
manipulations and generation of the latent carbony! at C-5, was
achieved as outlined in Scheme IV. Ester exchange and de-
benzoylation was achieved with barium methoxide in methanol.!®
This reagent is especially effective showing little tendency to
generate the carboxylic acid corresponding to 23a since Ba(OH),
is insoluble in methanol. Acetic anhydride in pyridine was in-
effective for acetylation of the resulting diol 23a. However, with
the acylation catalyst 4-(V,N-dimethylamino)pyridine,'? acety-
lation was readily achieved in excellent yield. Generation of the
carbonyl group at C-5 from the methylene group in diacetate 24a
was performed in good yield by ozonolysis and reduction with zinc
in acetic acid. Characteristic resonances in the 'H NMR spectrum
of 4 are compared in Table I with those of the keto triester from
leucogenenol which was assumed to have structure 4. Clearly this
assumption was incorrect. In particular, the unusually low field
6 1.30 resonance for the presumed ring-methyl substituent in the
product from leucogenenol does not coincide with the § 0.98
chemical shift observed for this methyl group in 4. On the other
hand, the § 5.15 resonance in the product from leucogenenol occurs
at higher field than the 6 5.27 resonance observed in 4. Fur-
thermore, this proton is presumably equatorial (J = 4 Hz) in the
product from leucogenenol but axial (J = 8 Hz) in 4. Other ring
proton resonances reported® for the product from leucogenenol
{6 2.10 (H, d, J = 10 Hz), 2.60 (H, m, J = 6 Hz, and H un-
certain), 3.90 (H, d, J = 10 Hz), 4.6 (H, dd, J = 2 and 14 Hz)]
are unambiguously different than those observed for 4 [6 1.9-2.6
(3H,m), 253 (H,d, J =15 Hz), and 3.47 (H, d, J = 15 Hz)].

The three other possible stereoisomers 25b~d of 4 were prepared
similarly from 17-19. 'H NMR spectral comparison of these
stereoisomers with the keto triester from leucogenenol is also
presented in Table I. None of these stereoisomers show a ring-
methyl resonance above 6 1.07 in contrast with the unusually low
field § 1.30 resonance observed for the product from leucogenenol.
The isomers 4 and 25¢ are presumed to have axial C-2 protons
since J = 8 and 10 Hz for the resonances at 5.27 and 5.22,
respectively. The isomers 25b and 25d are presumed to have
equatorial C-2 protons since J = 4 Hz for their § 5.46 and 5.38
resonances, respectively. The discrepencies between the 'H NMR
spectrum of the keto triester from leucogenenol and 4 and its
stereoisomers are readily apparent and are not explicable in terms
of a linear displacement of the spectrum. Direct comparison of
our spectra with the original spectra for the keto triester from
leucogenenol was not possible since these spectra could not be
located. Direct comparison with an authentic sample of the
product from leucogenenol was also foiled since F. A. H. Rice
failed in several attempts over the past 3 years to isolate a sample
of leucogenenol for us from his mold.

(18) Isbell, H. S. Natl. Bur. Stand. (U.S.) 1930, 5, 1179.
(19) Steglich, W.; Hofle, G. Angew. Chem., Int. Ed. Engl. 1969, 8, 981,
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Table I. 'H NMR Spectral Comparison of 4 and Its Isomers with

the Keto Triester from Leucogenenol®

CCH3 OAc OCHj3 a to OAe
0.98 1.96 3.68 5.27
Ac Ac d,J=THz 2.03 d,J=8Hz
00Me
4
Ac
0.90 1.96 3.68 5,46
Ac d,Jm6tz 2.12 whhedHz
QOMe
25b
1.07 2.11 3.70 5.22
Ac 00Me d,J=7Hz 2.12 d,J=10Hz
Ac
25¢
Ac
5 1.03 2,05 3.68 5.38
- T 4~COO0Me d,J=6Hz 2.13 whh=dHz
Ac
25d
Ketotriester 1.30 2.08 3.75 5.15
from Leucegenenol d,J=6Hz 2.18 d,J=4Hz

4@ All spectra are of solutions in CDCl,. b Data from ref 8,

We prefer not to speculate on possible alternative structures
which might accommodate the data reported for the keto triester
of the “monobasic acid” hydrolysis product from leucogeneno}.?
Certainly the low field position of the presumed ring-methyl
substituent must be considered. This resonance occurs at § 1.35
in the methyl ester of the “monobasic acid” and at § 1.30 for the
corresponding diacetate.! Similar chemical shift changes are
indeed found for axial methyl groups on a cyclohexyl ring bearing
an axial hydroxyl in a 1,3 relationship as in 26 and 27.2! However,

Hgj H
H,C & - OOH H.C tr, - OOH
H3 Hy ¢

5124 5118
26 27

our present studies provide evidence against the view that the
observation of such a change in chemical shift “indicates a 1,3-
diaxial relationship between the C-methyl and the tertiary hy-
droxy-group”.® Thus, all four diastereomers of 23 were prepared
from 15-19 and acetylated to afford the corresponding diacetates
24. Acetylation of every diastereomer of 23 was accompanied
by an 0.10-0.14 ppm upfield shift of the ring-methyl 'H NMR
resonance. Since this chemical shift change occurs with isomers
of 23 in which the C-1 hydroxyl and C-3 methyl are trans as well
as cis, this change cannot be taken as proof for “a 1,3-diaxial
relationship between the C-methyl and the tertiary hydroxyl”. We
believe that the observed change results from interactions of the
C-3 methyl with a vicinal hydroxyl in 23 or acetoxyl in 24. If
the methyl is equatorial in all four diasteriomers of 23 and 24,
then the C-2 hydroxyl or acetoxyl and C-3 methyl will be gauche
whether the vicinal substituent is cis or trans. In other words,

(20) In our opinion, this compound and its degradation products must be
prepared again and NMR spectral data should be obtained on modern in-
struments with high dispersion and sensitivity before further synthetic studies
are undertaken. Comparison of the putative degradation products (-)-
methylsuccinic acid and 5-methylhexanoic acid with authentic samples is
mandatory.

(21) Harnden, M. R. J. Chem. Soc. C 1969, 960.
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the observation of such a chemical shift change upon acetylation
may indicate a gauche relationship between a ring-methyl and
a vicinal hydroxyl group.

Experimental Section

General. Proton magnetic resonance spectra were recorded at 60 MHz
with a Varian A60A spectrometer unless 100-MHz spectra, recorded
with a Varian HA-100 spectrometer, are indicated. Mass spectra were
recorded with a DuPont Model 21-094 GC-MS instrument with an
interfaced computer. High-resolution mass spectra were obtained with
an AEI/Kratos MS-30 double focusing mass spectrometer with an
AEI/Kratos DS-50 data system. Microanalyses were preformed by
Chemalytics Inc., Tempe, AZ and Spang Microanalytical Laboratories,
Eagle Harbor, MI.

Materials. Tetrahydrofuran (THF) used for all Grignard reactions
and Birch reduction was freshly distilled from potassium benzophenone
ketyl. Diethyl ether used in the Birch reductions was freshly distilled
from lithium aluminum hydride.

[(4-Methoxy-3-methylphenyl) methyl]trimethylsilane (10). A flame-
dired 2-L three-necked round-bottomed flask, equipped with a mechan-
ical stirrer, reflux condenser, N, inlet, and |-L addition funnel, was
charged with dry magnesium turnings (24 g, | mol), dry tetrahydrofuran
(100 mL), and chlorotrimethylsilane (127 mL, 108.7 g, 1.0 mol). A
solution of 4-methoxy-3-methylbenzyl chloride!! (0.9 mol) in dry THF
(900 mL) was added slowly, at a rate to maintain gentle reflux. After
addition was complete, the mixture was heated under reflux 2 h, cooled,
and poured into | L of cold water. Pentane (700 mL) was added and
the pentane layer washed with cold water (3 X 600 mL) and saturated
NacCl solution (500 mL), dried (MgSOy), and then concentrated by
rotary evaporation of solvents. Distillation under reduced pressure gave
10: bp 73-78 °C (12 mm) (91%); 'H NMR (CCl,) § 0.00 (s, 9 H), 1.94
(s, 2 H), 21.9 (s, 3 H), 3.82 (s, 3 H), 6.68-6.87 (m, 3 H).

Anal. Caled for C3H,00S8i: C, 69.17; H, 9.67. Found: C, 68.92;
H, 9.42.

[(4-Methoxy-5-methyl-1,4-cyclohexadien-1-yl) methyl]trimethylsilane
(11). [(4-Methoxy-3-methylphenyl)methyl]trimethylsilane (10) (18.2
g, 0.087 mol) was reduced with lithium (7.5 g, 1.07 mol) wire in liquid
ammonia (600 mL), dry diethyl ether (100 mL}), and absolute ethanol
(71 g, 90 mL, 1.54 mol). Ammonium chloride (65 g, 1.2 mol) was added
in small portions, care being taken to avoid foaming of the liquid NHj.
The dry ice condenser was removed, and the liquid NHj; allowed to
evaporate from the flask. Ether (500 mL) was added to the flask, fol-
lowed by water (1 L). The layers were separated and the ether layer
washed with water (2 X 500 mL) and with saturated sodium chloride
solution (500 mL), dried (MgSO,), and freed of solvents by rotary
evaporation. Distillation under reduced pressure afforded 11 [bp
120-125 °C (12 mm) (6.1 g, 88%)] which by 'H NMR appeared to be
a mixture of [(4-methoxy-5-methyl-1,4-cyclohexadien-1-yl)methyl]tri-
methylsilane (11) (~70%) and dihydrobenzene isomers (~30%). 1H
NMR (CDCl;) 6 0.00 (s, 9 H), 1.42 (s, 2 H), 1.58 (s, 3 H), 2.48-2.85
(m, 4 H), 3.46 (s, 3 H), 5.16 (m, 1 H).

4-Methylene-2-methylcyclohexanone (7) was prepared by hydrolysis
of [(4-methoxy-5-methyl-1,4-cyclohexadien- 1-ylymethyl]trimethylsilane
(11, 18 g), in THF (400 mL), concentrated HCI (36 mL), and H,O (18
mL) at room temperature for 30 h. Workup with water, extraction into
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ether, and careful distillation through a glass helices packed column gave
the ketone 7 (60%): bp 67-68 °C (12 mm); 'H NMR (CDCl;) 6 1.06
(3H,d,J =6 Hz, CH;), 2.08-2.8 (7 H), 4.88 (2 H, s, olefinic CH,).

Anal. Caled for CgH;,0: C, 77.38; H, 9.74. Found: C, 77.42; H,
9.73.

2-Carboethoxy-4-methylene-6-methylcyclohexanone (12).12 A solution
of NaOEt in ethanol (45 mL) was prepared from sodium (2.7 g, 118
mmol) in a 100-mL three-necked flask fitted with a mechanical stirrer,
inlet for dry nitrogen, and a rubber septum. The ketone 7 (15 g, 120
mmol) dissolved in diethyl oxalate (19.2 mL) was added dropwise at —10
°C. The resulting mixture was stirred at 0 °C (2 h) and at 25 °C (15
h), and then poured into an ice cold solution of concentrated HCI (30
mL}) in water (200 mL). The mixture was extracted with ether (3 X 60
mL). The combined extracts were dried (Na,SO,). Solvents were re-
moved by rotary evaporation and the crude oily product was distilled
under reduced pressure to remove volatile impurities (up to 100 °C (15
mm)). The residual oil was heated to 180 °C under a blanket of nitrogen
until evolution of gas ceased. After cooling, the product was distilled
under reduced pressure to afford 12: bp 155-165 °C (15 mm) (17 g,
72%). The 'H NMR spectrum of this product corresponds to a 3:7
mixture of enol and ketone tautomers of 12: NMR (CCL,) § 1.0-1.6 (6
H), 1.7-3.4 (6.7 H), 4.0~4.5 (2 H, m, OCH3,), 4.77 (0.6 H, olefinic CH,
of enol tautomer), 4.9 (1.4 H, olefinic CH; of keto tautomer}), 12.25 (0.3
H, s, OH).

Anal. Caled for C, H40;: C, 67.32; H, 8.22. Found: C, 67.42; H,
8.26.

Ethyl 1-Benzoyloxy-5-methylene-3-methyl-2-oxocyclohexane-
carboxylates 13 and 14.* In a 100-mL three-necked flask fitted with a
mechanical stirrer, inlet for dry nitrogen, and rubber septum a 57%
dispersion of sodium hydride in mineral oil (0.72 g, 17 mmol) was washed
with dry pentane (2 X 5 mL}) and then suspended in benzene (15 mL)
freshly distilled from sodium benzophenone ketyl. The keto ester 12
(2.94 g, 15 mmol) was added dropwise over 10 min with a syringe. The
resulting mixture was stirred for 30 min at 25 °C and then cooled to 0
°C. A solution of benzoyl peroxide (3.66 g, 15 mmol) in benzene (30
mL) was added over | h. The resulting mixture was stirred at 25 °C for
an additional hour, and then poured into water (75 mL). The phases
were separated and the aqueous phase was extracted with ether (2 X 75
mL). The combined organic extracts were washed with water (3 X 50
mL) until neutral and dried (Na,SO,). Rotary evaporation of solvents
gave a crude oily product which was purified by chromatography on silica
gel (700 g, Baker 60-200 mesh) with chloroform as eluting solvent.
Fractions affording pure 13 (0.63 g), pure 14 (1.13 g), and a mixture of
these isomers (2,33 g) were obtained. The overall yield of 14 + 15 was
87%. The chromatography was monitored by TLC [0.25 mm silica gel,
chloroform, R, (14) 0.39, R, (13) 0.49, R, (starting material) 12 0.59].
13 can be separated from starting material via preparative TLC [0.50
mm silica gel, 1:4 ethyl acetate/isooctane, R, (13) 0.37, R, (starting
material) 12 0.52]. The relative amounts of 13 and 14 can be easily
determined by NMR in benzene-d.® The rationale for assigning a
trans-3-methyl stereochemistry to the less polar ketone 13 and a ¢is-3-
methyl stereochemistry to the more polar ketone 14 is discussed in the
results section.

Ethyl 1-Benzoyloxy-trans-3-methyl-5-methylene-2-oxocyclohexane-
carboxylate (13). The less polar ketone (R,0.49) showed mp 60-62 °C:
'H NMR (benzene-d,° 100 MHz) 4 0.98 (3 H, t, J = 7 Hz, ester CH,),
1.03 (3H,d,J =6 Hz, CHCH,), 1.92 (1 H, brd, J = 14 Hz, eq H-3),
240 (1 H,ddd, J = 3,6, 13 Hz,ax H-5),2.72 (1 H, br d, / = 13 Hz,
eq H-5), 3.26 (1 H, dd, J = 13, 3 Hz, ax H-3), 3.57 (1 H, quintet, J =
6 Hz, ax H-6), 4.10 (2 H, q, J = 7 Hz, ester CH,), 487 (2 H, m,
olefinic), 7.0~7.4 (3 H, m, aromatic), 8.1-8.4 (2 H, m, aromatic); mass
spectrum (70 eV) m/e (relative intensity) 316 (M, 0.6), 194 (5), 106 (6),
105 (100}, 77 (16); high-resolution mass spectrum (M), calcd for Cg-
H;005 316.1311, found 316.1279.

Ethyl 1-Benzoyloxy-cis-3-methyl-5-methylene-2-oxocyclohexane-
carboxylate (14). The more polar ketone (R, 0.39) showed mp 85-86
°C: 'H NMR, (benzene-d,® 100 MHz) 4 0.94 (3 H, d, J = 6 Hz,
CHCH,), 0.96 (3 H, t, J = 7 Hz, ester CH;), 1.83 (1 H, brd, J =13
Hz, eq H-5), 2.22 (1 H, ddd, J = 3, 6, 13 Hz, ax 5-H), 2.94 (I H,
quintet, J = 6 Hz, ax H-6), 3.05 (1 H, br d, J = 14 Hz, eq H-3), 3.70
(1 H,dd, J =3, 14 Hz, ax H-3),4.13 (2 H, q, J = 7, ester CH,), 4.66
(2 H, m, olefinic), 6.95-7.35 (3 H, m, aromatic), 7.95-8.2 (2 H, m,
aromatic); mass spectrum m/e (rel intensity) 316 (M, 0.3), 106 (6.4),
105 (100), 77 (17); high-resolution mass spectrum (M), calcd for Cyg-
H,,0; 316.1311, found 316.1266.

Borohydride Reduction of a-Benzyloxy-8-keto Esters 13 and 14,
Ketone 14 (80 mg) was dissolved in methanol (3 mL) under nitrogen and
was cooled to 0 °C. Sodium borohydride (30 mg) was added and the
reaction was stirred at 0 °C for 0.5 h. Aqueous HCI (10%, | mL) was
added dropwise (foaming!) followed by water (20 mL). The solution was
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saturated with sodium chloride and extracted with ether (3 X 30 mL),
dried (MgSO,), and concentrated. The crude product was placed on two
silica gel thin-layer plates (0.5 mm) and developed four times with 4:1
isooctane:ethyl acetate. Product 18 (10.7 mg, 13%) had an Ry of
0.21-0.28, while product 19 (39 mg, 49%) had an R,of 0.28-0.42. The
configurations at C-2 of the alcohols were assigned on the basis of the
NMR spectra of the corresponding diacetates (see below).

Ethyl 1-Benzoyloxy-cis-2-hydroxy-trans-3-methyl-5-methylenecyclo-
hexanecarboxylate (18). The minor isomer was the more polar alcohol
which shows: 'H NMR (CDCl;, 100 MHz) 6 1.17 (3 H,d, J = 6 Hz,
CHCH3), 1.30 (3 H, t, J = 7 Hz, ester CH;), 1.4-2.8 (§H), 3.47 (1 H,
d,J =13 Hz),3.74 (1 H, brs), 4.31 (2 H, q, J = 7 Hz, ester CH;), 4.70
(1 H, narrow m, olefinic), 4.78 (1 H, narrow m, olefinic), 7.45-7.83 (3
H, m, aromatic), 7.95-8.29 (2 H, aromatic).

Ethyl 1-Benzoyloxy-trans-2-hydroxy-trans-3-methyl-5-methylene-
cyclohexanecarboxylate (19). The major isomer was the less polar al-
cohol, mp 78-79 °C, which shows: 'H NMR (CDCl;, 100 mHz) 6 1.06
(3H,d,J =6 Hz, CHCHj;), 1.25 (3 H, t, J = 7 Hz, ester CHj,), 1.6-2.4
(3 H, m), 2.53 (1 H, sharpd, J = 15 Hz), 3.02 (1 H, slightly brd, J =
15 Hz), 3.07-3.35 (1 H, brs), 4.26 (2 H, q, J = 7 Hz, ester CH,), 4.28
(1 H, partly buried), 4.78 (1 H, narrow m, olefinic), 4.82 (1 H, narrow
m, olefinic), 7.25-7.66 (3 H, m, aromatic), 7.84-8.13 (2 H, m, aromatic).

Anal. Caled for C;3H,,05: C, 67.91; H, 6.97. Found: C, 67.86; H,
7.02.

The less polar ketone 13 (R,0.49) (46 mg) was reduced with sodium
borohydride by a procedure analogous with that used for reducing the
more polar ketone 14 (R,0.39). The crude product was placed on a silica
gel thin layer chromatography plate (0.25 mm) and developed two times
with 4:1 isooctane:ethyl acetate. The major product 15 (21 mg, 46%)
has an R, of 0.22-0.35 and the minor product 17 (10 mg, 22%) has an
R;of 0.35-0.43. The configuration at C-2 of the products was deduced
on the basis of 'H NMR spectra of the derived diacetates (see below).
The major product is not the expected alcohol 16. Instead, a benzoyloxy
group at C-2 is indicated by the chemical shift of the C-2 proton at 4 5.54
in 17.

Ethyl 1-Benzoyloxy-cis-2-hydroxy- frans -3-methyl-5-methylenecyclo-
hexanecarboxylate (15). The major isomer shows: 'H NMR (CDCl,)
61.10(3H,d, J =6 Hz, CHCH;), 1.24 (3 H, t,J = 7 Hz, ester CH3),
1.7-2.6 (4 H, m), 3.22-3.46 (2 H, m), 3.86 (1 H, brd, J = 8 Hz), 4.24
(2 H, q, J =7 Hz, ester CH,), 4.86 (2 H, br s, olefinic), 7.30-7.67 (3
H, m, aromatic), 8.02 (2 H, dd, J = 2, 8 Hz, aromatic).

Ethyl trans-2-Benzoyloxy-1-hydroxy-¢rans-3-methyl-5-methylene-
cyclohexanecarboxylate (17). The minor isomer has mp 65-66 °C and
shows: '"H NMR (CDCl;) 6 1.08 (3 H, d, J = 6 Hz, CHCH;), 1.24 (3
H, t, J = 7 Hz, ester CH3;), 3.35 (1 H, s, OH), 2.1-3.2 (5§ H), 4.22 (2
H, q, J = 7 Hz, ester CH,), 4.86 (2 H, olefin), 5.54 (H, d, J = 3 Hz,
C-2), 7.34-7.70 (3 H, m, aromatic, 7.98-8.16 (2 H, m, aromatic).

Anal. Calcd for C;3H2,0s: C, 67.91; H, 6.97. Found: C, 68.04; H,
6.97.

Methy! 1,2-Dihydroxy-3-methyl-5-methylenecyclohexanecarboxylates
(23). Methanolysis and transesterification of hydroxy benzoates 15 and
17-19 afford the corresponding diols 23. In a representative procedure
the benzoate (18 mg) was placed in a flame-dried round-bottomed flask
(10 mL) with magnetic stirrer under nitrogen. The flask was stoppered
with a septum cap and anhydrous methanol (I mL) was added followed
by methanolic Ba(OMe),!® (14 uL of a 1.4 M solution). [The methoxide
was prepared by stirring chunk BaO with anhydrous methanol for 3 days.
The methoxide goes into solution, the hydroxide is insoluble.] The re-
action was stored at 8 °C and monitored periodically by silica gel TLC
[ethyl acetate, starting materials R, 0.72, products R, around 0.55].
After TLC indicated that the reaction was complete, the reaction was
stirred with Amberlyst 15 (H* cation exchange resin for nonaqueous
solvents, Rohm and Haas, approximately 100~150 mg) until the pH was
neutral (5 min). The solution was filtered, the amberlyst washed well
with metahnol, and the combined metanolic solutions concentrated. The
resulting diol methyl esters were separated from traces of methyl ben-
zoate or starting benzoate by preparative thin-layer chromatography prior
to acetylation.

Methyl 1,cis-2-Dihydroxy-trans-3-methyl-5-methylenecyclohexane-
carboxylate (23a). The reaction was worked up after 7 days. NMR
indicated some extra benzoate present (besides methyl benzoate) so crude
product was purified by preparative TLC [1 development 2:1 ethyl ace-
tate:isooctane, R, 0.35, eluting the product with ethyl acetate]. Diol 23a
was obtained in 79% yield from benzoate 15. 'H NMR (CDCl,) 5 1.07
(3H,d,J =6 Hz, CHCH;), 1.7-2.5 (4 H), 2.67 (1 H, br d, J = 14 Hz),
3.1-3.7 (3 H, m), 3.75 (3 H, s, OMe), 4.68 (1 H, br s, olefinic), 4.75 (1
H, dr s, olefinic).

Salomon et al.

Methyl 1,trans-2-Dihydroxy-trans-3-methyl-5-methylenecyclo-
hexanecarboxylate (23b). The reaction was complte in 3 days to afford
pure diol 23b in 100% yield from benzoate 17. 'H NMR (CDCl;) 6 1.05
(3H,d,J =6 Hz, CHCHj,), 2.18 (3 H, brs), 2.50 (2 H, br s), 3.13 (2
H, brs), 3.80 (3 H, s, OMe), 3.97 (1 H, d, J = 3 Hz, CHOH), 4.80 (2
H, br s, olefinic).

Methyl 1,trans-2-Dihydroxy-cis-3-methyl-5-methylenecyclohexane-
carboxylate (23¢c). The reaction was worked up after 3 days. The NMR
indicates that the reaction was 70% complete. The crude product was
purified by preparative TLC [0.25 mm plate, | development 1:]1 hex-
ane:ethyl acetate, R, 0.3]. Diol 23¢ was obtained in 68% yield from
benzoate 18. 'H NMR (CDCl;) 6 1.07 (3 H, d, J = 6 Hz, CHCH}),
1.6-2.9 (6 H), 3.5-3.8 (2 H, m), 3.83 (3 H, 5, OMe), 4.72-4.92 (2 H,
m, olefinic).

Methyl 1,cis -2-Dihydroxy-cis -3-methyl-5-methylenecyclohexane-
carboxylate (23d). The reaction was worked up after 7 days. There was
still some benzoate present (besides methyl benzoate). The curde product
was purified by preparative TLC [1 development 1:1 ethyl acetate:hex-
ane, R,0.3]. Diol 23d was obtained in 42% yield from benzoate 19. 'H
NMR (CDCly) 6 1.03 (3 H, d, J/ = 6 Hz, CHCH3), 2.0-2.4 (4 H),
2.6-3.1 (3 H),3.72 (1 H, brs), 3.83 (3 H, s, OMe), 4.7-49 (2 H, m,
olefinic).

Methyl 1,2-Diacetoxy-3-methyl-5-methylenecyclohexanecarboxylates
(24). Acetylation of the diols with acetic anhydride in pyridine succeeded
with compounds 23b and 23d. More powerful conditions, acetic anhy-
dride and 4-(N,N-dimethylamino)pyridine,!* were necessary to achieve
complete acetylation of the more hindered diols 23a and 23¢ which have
three adjacent equatorial substituents. Compounds 24a, 24b, and 24d
can be separated by analytical VPC on a 10% FFAP column (5 ft X 1/,
in., 130 °C). The relative retention times 24d:24a:24b are 0.80:0.92:1.00.
However, the products obtained after removal of the ether solvent (see
below) were quite pure, and were used directly for preparation of the
corresponding ketones 25.

Methyl 1,trans-2-Diacetoxy-cis-3-methyl-5-methylenecyclohexane-
carboxylate (24c). Diol 23¢ (5 mg, 0.025 mmol) and 4-(NV,N-di-
methylamino)pyridine (6 mg, 0.05 mmol) were mixed in anhydrous
methylene chloride (1 mL) under nitrogen. Acetic anhydride (distilled
0.075 mmol, 7 uL) was added in one portion and the mixture allowed to
stand at room temperature. The reaction, monitored by TLC (1:1 ethyl
acetate:hexane), proceeded very slowly. First the monoacetate formed
(R, 0.5, | day) and then the diacetate formed (R, 0.62, 4 days). The
reaction was diluted with ether (10 mL), washed with dilute aqueous HCI
(5%, S mL) and saturated sodium bicarbonate (5 mL), dried (MgSO,)},
and concentrated to give the diacetate 24c (90%). 'H NMR (CDCl;,
100 MHz) § 0.93 (3 H,d, J = 6 Hz, CHCH,;), 1.5-3.2 (5 H), 2.06 (3
H, s, OAc), 2.07 (3 H, s, OAc), 3.68 (3 H, s, OMe), 4.6-5.0 (3 H).

Methyl 1,cis-2-Diacetoxy-cis -3-methyl-5-methylenecyclohexane-
carboxylate (24d). Diol 23d (21 mg) was allowed to stand 3 days with
acetic anhydride (1 mL) and pyridine (1 mL). The long reaction time
was necessary to effect complete acetylation. The excess reagents were
removed in vacuo and the residue taken up in ether (10 mL), washed with
saturated NaHCO, (5 mL) and saturated cupric sulfate (5 mL), dried
(MgS0,), and concentrated to obtain diacetate 24d (37 mg, 95%). 'H
NMR (CDCl3) 6 093 (3 H,d,J = 6 Hz, CHCH,), 1.8-2.2 (3 H, m),
2.02 (3 H, s, OAc), 2.05 (3 H, s, OAc), 2.92 (2 H, brs), 3.65(3 H, s,
OMe), 4.70 (1 H, br s, olefinic), 4.77 (1 H, br s, olefinic), 5.20 (1 H,
narrow m, whh = 3 Hz, CHOAc). The axial-equatorial configuration
of the secondary acetate and adjacent methyl groups is indicated by the
narrowness of the peak corresponding to CHOAc (equatorial-axial
coupling).

Methyl 1,cis-2-Diacetoxy-¢rans-3-methyl-5-methylenecyclohexane-
carboxylate (24a). Diol 23a (22 mg) was acetylated with acetic anhy-
dride and 4-(NV,N-dimethylamino)pyridine in the same manner used in
the preparation of compound 24c¢ above. Analysis by TLC after 3 h (1:1
ethyl acetate:hexane) indicates one single product and no more starting
material. Diacetate 24a (95%) exhibits '"H NMR (CDCl;) 6 0.96 (3 H,
d, J = Hz, CHCH,), 1.5-2.6 (3 H, m), 1.96 (3 H, 5, OAc), 2.00 (3 H,
s, OAc), 2.53 (1 H,d,J =15 Hz), 3.17 (L H,d, J = |5 Hz), 3.63 (3
H, s, OMe), 4.77 (2 H, brs, olefinic), 4.98 (1 H, d, J = 6 Hz, CHOACc).
The equatorial-equatorial relationship of the secondary acetate group and
the adjacent methyl group is indicated by the large coupling (6 Hz)
between CHOAc and CHMe (axial-axial coupling).

Methy! 1,¢rans-2-Diacetoxy-frans-3-methyl-5-methylenecyclohexane-
carboxylate (24b). The acetic anhydride/pyridine procedure used in
preparation of compound 24d above was followed starting with diol 23b
except that only an 18 h reaction time was required. Diacetate 24b (83%)
exhibits 'TH NMR (CDCl;) 6§ 0.93 (3 H, d, J = 6 Hz, CHCH}3), 1.96 (3
H,s, OAc), 2.12 (3 H, s, OAc), 2.0-2.6 (3 H, m), 2.70 (2 H, brs), 3.68
(3 H, s, OMe), 4.78 (2 H, br s, olefinic), 5.55 (1 H, d, J = 2 Hz,
CHOACc). The axial-equatorial relationship between the secondary
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acetate and adjacent methyl groups is indicated by the small (2 Hz)
coupling between the H geminal to the acetate and the H geminal to the
methyl group (equatorial-axial coupling). Mass spectrum (70 eV) m/e
(realtive intensity) 284 (M, 3), 224 (M - HOALc, 2), 181 (47), 164 (62),
150 (22), 149 (66), 123 (45), 105 (100), 95 (37), 59 (20), 55 (25);
high-resolution mass spectrum (M) caled for C,;H,,0, 284.1260, found
284.1238.

Methyl 1,2-Diacetoxy-3-methyl-5-oxocyclohexanecarboxylates (25).
Ozonolysis of methylene triesters 24 afforded keto triesters 25.

General Procedure. Methylene cyclohexane derivative 24d (10 mg,
0.35 mmol) was dissolved in dry methylene chloride (5 mL) and cooled
to =78 °C. Ozone was bubbled into the solution until the blue color of
excess ozone persisted in the solution. The ozone stream was removed
and a stream of nitrogen was bubbled through the solution at =78 °C
until the solution became colorless. After the solution turned colorless,
the nitrogen stream was continued for 5 min. Acetic acid (0.25 mL, 4
mmol) was added to the flask followed by zinc dust (13 mg, 0.2 mmol).
The solution was allowed to warm to room temperature and stirred for
1 h. The solution was filtered and extracted with ether (3 X 10 mL) and
the combined extracts were washed with water (2 X 10 mL), saturated
aqueous sodium bicarbonate (2 X 10 mL), water (10 mL}), and saturated
sodium chloride (2 X 10 mL), dried (MgSO,) and rotary evaporated to
afford 25d (9.7 mg, 97%). The keto diacetates 4 and 25b-d were fully
characterized by 'H NMR and high-resolution mass spectra as described
below.

Methyl 1,cis-2-Diacetoxy-trans -3-methyl-5-oxocyclohexane-
carboxylate (4). The keto diacetate 4 (89% from 24a) obtained after
removal of solvents was quite pure according to 'H NMR analysis. 'H
NMR (CDCl;) § 0.98 (3 H,d,J = 7 Hz, CHCH,), 1.96 (3 H, s, OAc),
2.03 (3 H,s, OAc), 1.9-2.6 (3 H, m), 2.53 (1 H, d, J = 15 Hz), 3.47
(1 H, d partly buried, J = 15 Hz), 3.68 (3 H, 5, OMe), 5.27 (1 H, br
d, J = 8 Hz, CHOACc); mass spectrum (70 eV) m/e (relative intensity)
no parent peak, 226 (M — HOAc, 5.5), 185 (37), 184 (75), 167 (53), 166
(67), 144 (39), 146 (36), 142 (27), 126 (15) 125 (100), 103 (21}, 99 (30},
82 (22), 79 (16), 69 (48), 60 (25), 59 (29), 58 (16), 57 (53), 55 (47);
high-resolution mass spectrum (M - HOACc), caled for C;;H; 404
226.0841, found 226.0830.

Further purification of 4 was attempted with preparative TLC (0.25
mm, 1:] ethyl acetate:hexane). No 4 was recovered from the plate. Only
the acetic acid elimination product, methyl trans-6-acetoxy-5-methyl-3-
oxo- I-cyclohexenecarboxylate (R, 0.53-0.67), was obtained. NMR
(CDCL) 6 1.07 3H,d,J =7 Hz, CHCH;), 2.10 (3 H, 5, OAc), 2.3-2.8
(3H,m), 3.85 (3H, s, OMe), 5.76 (1 H, br d, J = 4 Hz, CHOACc), 6.80
(1 H, s, olefinic).

Methyl 1,trans-2-Diacetoxy-trans-3-methyl-5-oxocyclohexane-
carboxylate (25b). The keto diacetate 25b (82% from 24b) obtained after

removal of solvents was quite pure according to 'H NMR analysis. 'H
NMR (CDCl,) 60.90 (3 H,d, J = 6 Hz, CHCH,), 1.8-2.2 (3 H, m),
1.96 (3 H, s, OAc), 2.12 (3 H, s, OAc), 2.48 (1 H,d, J = 15 Hz), 3.28
(1 H,d,J=15Hz), 3.68 (3 H, s, OMe), 5.46 (1 H, narrow m, whh =
4 Hz, CHOAC); mass spectrum (70 eV) m/e (relative intensity) 226 (M
- HOAC, 12), 185 (41), 184 (91), 167 (45), 166 (61), 144 (42), 143 (32),
142 (29), 126 (18), 125 (100), 103 (25), 99 (28), 82 (25), 79 (20), 69
(40), 55 (39); high-resolution mass spectrum (M - HOAc), calcd for
C;1H,405 226.0841, found 226.0853.

Methyl 1,¢rans-2-Diacetoxy-cis-3-methyl-5-oxocyclohexane-
carboxylate (25¢). The keto diacetate 25¢ (95% from 24c) obtained after
removal of solvents was quite pure according to 'H NMR analysis. 'H
NMR (CDCl;, 100 MHz) 6 1.07 (3 H, d, J = 7 Hz, CHCHj3), 2.0-2.8
(4 H), 2.11 (3 H, s, OAc), 2.12 (3 H, 5, OAc), 3.27 (1 H,d, J = 13 Hz),
3.70 (3 H, OMe), 5.22 (1 H, d, J = 10 Hz, CHOAC); mass spectrum
(70 eV) m/e (relative intensity) no parent peak, 226 (M - HOAc, 11),
202 (23), 185 (84), 184 (100), 167 (61), 166 (62), 146 (33), 145 (21),
144 (49), 143 (53), 142 (40), 126 (22), 125 (83), 103 (40), 99 (36), 85
(33), 83 (23), 82 (30), 79 (26), 71 (22), 69 (80), 60 (20), 59 (25), 56
(43), 55 (56); high-resolution mass spectrum (M - HOAc), calcd for
C1H,404 226.0841, found 226.0825.

Methy! 1,cis-2-Diacetoxy-cis-3-methyl-5-oxocyclohexanecarboxylate
(25d). The keto diacetate 25d (97% from 24d) obtained after removal
of solvents was quite pure according to 'H NMR analysis. 'H NMR
(CDCl;) 6 1.03 (3 H,d, J = 6 Hz, CHCH,), 2.05 (3 H, 5, OAc), 2.13
(3 H, s, OAc), 1.9-2.6 (3 H, m), 2.97 (1 H, slightly brd, J = 15 Hz),
3.25(1 H,d, J = 15 Hz), 3.68 (s, OMe), 5.38 (1 H, narrow m, whh =
4 Hz, CHOAC); mass spectrum (70 eV) m/e (relative intensity) 286 (M,
0.5), 226 (M - HOAc 24) 185 (36) 184 (100), 167 (15), 166 (19), 144
(29), 143 (29), 142 (47), 125 (31), 110 (16), 103 (16), 99 (24), 83 (15),
82 (26), 77 (17), 69 (19), 55 (17); high-resolution mass spectrum (M),
caled for Cy3H; 30, 286.1052, found 286.1034.
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Abstract: The atoms of a series of metals were codeposited with CH;Br under matrix isolation conditions (argon diluent at
12 K and pure CH;Br at 77 K). Oxidative addition of CH;Br to Fe, Co, Ni, and Pd did not occur upon simple codeposition
or upon matrix photolysis, which is rationalized by the formation of a favored CH;Br-M complex. Cu, Ag, and Au behaved
similarly. Main-group metals Mg, Al, Ga, and In did react to form CH;MBr whereas Zn, T, Ge, Sn, and Pb did not. For
the group 1B-4B (Cu, Zn, B, C) families the most important reactivity parameter is a low ionization potential. However,
a high heat of vaporization of the element also has a positive effect on reactivity. In the case of Mg, clusters may be necessary

for high reactivity.

Introduction

Ault! has recently provided convincing evidence that Mg atoms
react in a low-temperature argon matrix at 15 K with methyl
halides to yield CH;MgX species. This finding seemed remarkable

to us in light of the extremely low temperature employed and the
report of Skell and Girard? suggesting that Mg atoms deposited
with pure alky! halides at 77 K did not yield oxidative addition
products (nonsolvated Grignard reagents) until the matrix was
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