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Ph). Anal. Caled for CoH,,O5S: C, 53.32; H, 5.22; 8, 11.86.
Found: C, 53.38; H, 5.29; S, 11.89.
B-Methyl-v-oxo0-v-phenylbutanoic acid (1b); mp 56-57 °C;
H NMR (250 MHz, CDCl,) 6 1.25 (d, J = 6 Hz, 3 H, 3-CHy), 2.50
(dd, J = 16,4 Hz, 1 H, «-H), 3.0 (dd, J = 16, 9 Hz, «/-H), 3.8-4.0
(m, 1 H, 8-H), 7.48 (t, 2 H, Ph), 7.55 (t, L H, Ph), 7.96 (d, J =
6 Hz, 2 H, Ph). Anal. Caled for C,;H;,0;: C, 68.73; H, 6.30.
Found: C, 68.68; H, 6.36.
B8-Methyl-v-[4-(methylthio)phenyl]-y-oxobutanoic acid
(le): mp 70-72 °C; *H NMR (250 MHz, CDCl,) 6 1.23 (d, J =
6 Hz, 3 H, 3-CHj,), 2.48 (dd, J = 16,4 Hz, 1 H, a-H), 2.52 (s, 3
H, SCH,), 3.0 (dd, J = 16,9 Hz, 1 H, «’-H), 3.78-3.95 (m, 1 H,
B8-H), 7.28 (d, J = 6 Hz, 2 H, Ph), 7.90 (d, J = 6 Hz, 2 H, Ph).
Anal. Caled for C,,H,,04S: C, 60.48; H, 5.92; S, 13.46. Found:
C, 60.62; H, 5.91; S, 13.33.
v-(4-Methoxyphenyl)-8-methyl-y-oxobutanoic acid (1d):
mp 65-67 °C; 'H NMR (250 MHz, CDCl) 6 1.22 (d, J = 6 Hz,
3 H, 8-CH,), 2.48 (dd, J = 16,4 Hz, 1 H, o-H), 2.98 (dd, J = 186,
9 Hz, 1 H, o«’-H), 3.78-3.95 (m, 1 H, 8-H), 3.85 (s, 3 H, OCHj),
6.95 (d, J = 6 Hz, 2 H, Ph), 7.98 (d, J = 6 Hz, 2 H, Ph). Anal.
Calcd for C;;H 404 C, 64.85; H, 6.35. Found: C, 64.93; H, 6.44.
General Preparation of the Lactones 3 and 4. v-Aryl-5-
methyl-y-oxobutanoic acid (1 mmol) and zinc chloride (1 mmol
as 1 M solution in THF) in anhydrous THF (5 mL) was cooled
to -78 °C, and a solution of 1.5 M DIBAL-H in toluene (2.4 equiv)
was added slowly and stirred at —78 °C for 3 h. The reaction was
quenched in 1 N HCI (10 mL), and the reaction products were
worked up by extraction with ethyl acetate (2 X 10 mL), dried
over Na,SO,, and evaporated to give the crude y-hydroxy acid
which was treated as follows, The residue was dissolved in a
solution of 0.2% of TFA in dichloromethane (2 mL) (i.e., 4 uL
of TFA in 2 mL of CH,Cl,) and stirred at room temperature for
2 h. The mixture was evaporated to dryness and purified on
column of flash silica gel (230-400 mesh), eluting with dichloro-
methane to afford the mixture of the desired cis (3) and trans
(4) lactones where the product ratio was determined by *H NMR
(250 MHz).1® Because the mixtures of cis and trans lactones were
not normally separable in pure form by flash chromatography
(except in the case of 3b and 4b), cis lactones 3 were characterized
as a mixture of 3 and 4 in a ratio of 99:1. Also the trans lactones
4 detected by NMR in small amount were identified by their
characteristic peaks.?
(RS,SR)-v-Hydroxy-8-methyl-y-[4-(methylsulfonyl)-
phenyl]butanoic acid lactone (3a): mp 145-146 °C; 'H NMR
(250 MHz, CDCl;) 6 0.70 (d, J = 6 Hz, 3 H, 8-CHj), 2.40 (dd, J
=16, 4 Hz, 1 H, o-H), 2.88-3.05 (m, 2 H, «’-H and 3-H), 3.10 (s,
3 H, SO,CHj,), 5.70 (d, J = 6 Hz, 1 H, ¥-H), 7.50 (d, J = 6 Hz,
2 H, Ph), 8.0 (d, J=6 HZ, 2 H, Ph). Anal. Caled for 012H1404S:
C, 56.67; H, 5.55; S, 12.61. Found: C, 56.54; H, 5.77; S, 12.68.
(RS ,SR)-v-Hydroxy-8-methyl-y-phenylbutanoic acid
lactone (3b):! 'H NMR (250 MHz, CDCly) 6 0.70 (d, J = 6 Hz,
3 H, 38-CH,), 2.35 (dd, J = 16, 4 Hz, 1 H, «-H), 2.78-2.95 (m, 2
H, o’-H and 8-H), 560 (d,J =6 Hz, 1 H, yv-H),7.28 (d, J = 6
Hz, 2 H, Ph), 7.30-7.40 (m, 3 H, Ph). Anal. Caled for C;;H;5,0,:
C, 74.97; H, 6.87. Found: C, 74.96; H, 7.02.
(RS,SR)-v-Hydroxy-S-methyl-y-[4-(methylthio)phenyl]-
butanoic acid lactone (3¢): mp 52-53 °C; 'H NMR (250 MHz,
CDCly) 6 0.70 (d, J = 6 Hz, 3 H, 3-CHj,), 2.32 (dd, J = 16, 4 Hz,
1 H, a-H), 2.48 (s, 3 H, SCHj,) 2.75-2.95 (m, 2 H, o’-H and §-H),
5.55 (d,J = 6 Hz, 1 H, v-H), 7.15 (d, J = 6 Hz, 2 H, Ph), 7.25
(d, J = 6 Hz, 2 H, Ph). Anal. Caled for C;,H,,0,S: C, 64.83;
H, 6.35; S, 14.43. Found: C, 64.65; H, 6.25; S, 14.30.
(RS,SR)-v-Hydroxy-vy-(4-methoxyphenyl)-8-methyl-
butanoic acid lactone (3d): 'H NMR (250 MHz, CDCl;) 6 0.70

(10) Characteristic signals for cis y-lactones (RS,SR isomers) 3 and
trans vy-lactones (RS,SS isomers) 4 were determined by simple nuclear
Overhauser effect (NOE) studies on both pure lactones isolated, after
careful silica gel chromatography of reduction products obtained from
treatment of methyl vy-[4-[(N,N-dimethylcarbamyl)thio]phenyl]-8-
methyl-y-oxobutanoate with NaBH,.! Cis lactone (3; X = SCON(CH,),)
(mp 116-117 °C): 'H NMR (400 MHz, acetone-dg) 5 0.78 (d, J = 6 Hz,
3 H, 8-CH,), 5.85 (d, J = 6 Hz, 1 H, y-H). Trans lactone (4; X =
SCON(CH,),) (mp 75-77 °C): 'H NMR (400 MHz, acetone-dg) 5 1.30 (d,
J =6 Hz, 3 H, 8-CH,), 5.18 (d, J = 8 Hz, 1 H, y-H).

(11) Nakamura, E.; Oshino, H.; Kuwajima, I. J. Am. Chem. Soc. 1986,
108, 3745.
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(d, J = 6 Hz, 3 H, 8-CHjy), 2.35 (dd, J = 16, 4 Hz, 1 H, o-H),
2.75-2.95 (m, 2 H, «’-H and 8-H), 3.87 (s, 3 H, OCHjy), 5.58 (d,
J=6Hz 1H,~-H),692(d,J=6Hz 2H,Ph),7.18(d,J =6
Hz, 2 H, Ph). Anal. Calcd for C;oH,,04: C, 69.88; H, 6.84. Found:
C, 69.89; H, 7.12.

4a, 4b,!! 4c, 4d: 'H NMR (250 MHz, CDCl,) characteristic
peaks 6 1.18 (d, J = 6 Hz, 3 H, 3-CH;), 4.95 (d,J =6 Hz, 1 H,
v-H).
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We? and others® have recently begun to develop the
intramolecular [2 + 2] cycloaddition of ketenes to alkenes
into a general synthetic method. Although many isolated
examples are known,* the development of this reaction has
been hindered by the limited reactivity of simple alkyl-
ketenes. For instance, the ketene prepared by treatment
of acid chloride 1 with triethylamine has been reported to
provide only a 3% yield of the cycloadduct 2.22 The ketene
derived from 3 does not give any cycloadduct.22 We chose
to examine the intramolecular {2 + 2] cycloadditions of
chloroketenes with alkenes,’ since methylchloroketene is
much more reactive in intermolecular [2 + 2] cyclo-
additions than methylketene.?
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The preparation of unsaturated chloroketenes required
a facile method for the preparation of unsaturated o-chloro
acids from the readily available unsaturated acids. This
posed two problems. First, the ester enolate or acid di-

(1) Dreyfus Teacher-Scholar, 1982-1987.

(2) (a) Snider, B. B,; Hui, R. A. H. F,; Kulkarni, Y. 8. J. Am. Chem.
Soc. 1985, 107, 2194. (b) Kulkarni, Y. S.; Snider, B. B. J. Org. Chem.
1985, 50, 2809. (c) Snider, B. B.; Kulkarni, Y. S. Tetrahedron Lett. 1985,
26, 5675. (d) Kulkarni, Y, S.; Burbaum, B. W.; Snider, B. B. Tetrahedron
Lett. 1985, 26, 5619. (e) Snider, B. B.; Hui, R. A. H. F. J. Org. Chem.
1985, 50, 5167.

(3) (a) Marko, I.; Ronsmans, B.; Hesbain-Frisque, A.-M.; Dumas, S.;
Ghosez, L.; Ernst, B.; Greuter, H. J. Am. Chem. Soc. 1985, 107, 2192. (b)
Corey, E. J.; Desai, M. C.; Engler, T. A, J. Am. Chem. Soc. 1985, 107,
4339. (c) Corey, E. J.; Degai, M. C. Tetrahedron Lett. 1985, 26, 3535. (d)
Brady, W. T.; Giang, Y. F. J. Org. Chem. 1985, 50, 5177. (e) Wulff, W.
D.; Kaesler, R. W. Organometallics 1985, 4, 1461,

(4) For references to earlier work, see ref 3 in 2e above.

(5) A portion of this work has been published in preliminary form.2

(6) Brady, W. T.; Roe, R., Jr. J. Am. Chem. Soc. 1970, 92, 4618. Jaz,
d.; Denis, E. Bull. Soc. Chim. Belg. 1966, 75, 845.
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anion’ had to be chlorinated with a reagent that would not
chlorinate the double bond.? Second, an a-chloro ester
could not be hydrolyzed to an a-chloro acid under basic
conditions, since concomitant Sy2 displacement of the
chloride would occur. van der Wolf and Pabon reported
a multistep, low yield route to unsaturated a-bromo acids
via the bromination of unsaturated tert-butyl ester eno-
lates with diethyl dibromomalonate and hydrolysis of the
tert-butyl ester with toluenesulfonic acid in toluene at
reflux.’ However, the stability of reactive double bonds
under these conditions is problematic. Rathke and Lindert
reported the preparation of a-bromo and a-iodo esters
from treatment of the ester enolate with the corresponding
halogen.!® Arnold and Kulenovic reported the halogen-
ation of saturated and unsaturated ester enolates with CCl,
and CBr,.!!

We have found that the preparation of unsaturated
a-chloro acids can easily be accomplished in a single step
by chlorination of the acid dianion with carbon tetra-
chloride. The acid was added to 2 equiv of lithium di-
isopropylamide in 9:1 THF-HMPA at ~20 °C, stirred for
2 h, cooled to =78 °C and treated with excess CCl,. The
solution was stirred for 2 h at -78 °C and 1 h at 0 °C and
worked up to give the desired a-chloro acid. 2-Chloro-
3,7-dimethyl-6-octenoic acid (4) (78%), 2-chloro-6-hep-
tenoic acid (5) (96%), (Z)-2-chloro-6-nonenoic acid (6)
(79%), (Z)-2-chloro-7-decenoic acid (7) (75%), (2)-2-
chloro-8-undecenoic acid (8) (74%), 2-chlorooleic acid (9)
(97%), and 1-chlorocyclohexanecarboxylic acid (10) (84%)
were prepared in the indicated yields. As indicated by
Arnold and Kulenovic,!! the trichloromethyl anion does
not decompose appreciably to dichlorocarbene during the
reaction, since no dichlorocyclopropanes could be detected.

With unsaturated a-chloro acids now readily available,
we turned our attention to the preparation of chloroketenes
and examination of their intramolecular [2 + 2] cyclo-
addition reactions. Treatment of 4 with oxalyl chloride
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in benzene at reflux gave a quantitative yield of crude acid
chloride 11 which was added to excess triethylamine in
benzene at reflux. The mixture was heated at reflux for
3 h and worked up to give a 55% yield of the cycloadduct
12 and a 19% yield of the ene adduct 13 as a mixture of
diastereomers. In a similar fashion, 5 was converted to acid
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(7) For a review, see: Petragnani, N.; Yonashiro, M. Synthesis 1982,
521,

(8) For effective procedures for preparation of a-chloro acids which
are not applicable to unsaturated a-chloro acids, see: (a) Crawford, R.
d. J. Org. Chem. 1983, 48, 1364. (b) Ogata, Y.; Ha.rada,T Matsuyama,
K.; Ikejira, T. J. Org. Chem 1975, 40, 2960.

(9) van der Wolf, L.; Pabon, H. J dJ. Recl J. R. Neth. Chem. Soc. 1977,
96, 72.

(10) Rathke, M. W.; Lindert, A. Tetrahedron Lett. 1971, 3995.

(11) Arnold, R. T.; Kulenovie, S. T. J. Org. Chem. 1978, 43, 3687.

Notes

chloride 14 which gave the cycloadduct 15 in 68% yield
on treatment with triethylamine and 6 was converted to
acid chloride 16 which gave cycloadducts 17 and 18 in 14%
and 26% yield, respectively.
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The intramolecular cycloadditions of unsaturated chlo-
roketenes are, as hoped, much more facile than those of
the analogous deschloroketenes. The ketene derived from
14 gives a 68% yield of 15, while the ketene derived from
1 gives only a 3% yield of 2.3 The ketene derived from
11 gives a 55% yield of 12, while the ketene derived from
3 does not give any cyclobutanone.??

Treatment of the acid chlorides prepared from 7 and 8
with triethylamine did not give any cyclobutanone con-
taining products as determined by analysis of the NMR
and IR spectra. This result suggests that the intramo-
lecular [2 + 2] cycloaddition of unsaturated chloroketenes
is restricted to the formation of bicycloheptanones, a result
previously observed with other classes of ketenes.®®
However, 1,2-disubstituted alkenes are the least reactive
class of alkenes. This reaction may well be suitable for the
formation of bicyclooctanones from reactive alkenes.

The structures of 12, 15, 17, and 18 were assigned based
on analysis of their IR and NMR spectra. The cyclo-
butanone carbonyl appears at a characteristic frequency
of 17801790 cm™'. The 'H NMR spectrum of 15 shows
the characteristic absorptions for H;, H;, and Hys of a
bicyclo[3.2.0]Jheptan-6-one.l? The 'H and *C NMR
spectra of 18 are quite similar to those of 15 except that
the carbon spectrum shows the expected shielding for an
endo-ethyl group and the absorption of Hy is shifted to
higher field in the 'H NMR spectrum due to conforma-
tional changes induced by steric crowding. The coupling
constant of 7 Hz between H, and H; requires that the two
hydrogens be cis,!? indicating that the cycloadditon is
stereospecific.

The bicyclo[8.1.1]heptan-6-one skeleton of 12 and 17 was
established by the observation that the endo proton on C;
of these systems is in the shielding cone of the carbonyl
group and is shifted upfield to 6 1.3 and 1.05, respectively.
No upfield protons are observed in the NMR spectra of
the bicyclo[3.2.0]heptan-6-ones 15 and 18. The stereo-
chemistry of the methyl group in 12 can be established on
the basis of the coupling constants of 6.9 and 8.0 Hz be-
tween H, and the hydrogens on C;, which indicates that
H, is pseudoaxial and that the methyl group is in the less
hindered endo position. The stereochemistry of 17 was
established by the coupling constant of 3.4 Hz between H;
and H;. The coupling constant would be 0 Hz in the other
diastereomer, in which the dihedral angle between H; and
H; is 90°.

The regiochemistry of these cycloadditions is controlled
by electronic effects, as we have observed previously in the
intramolecular cycloadditions of vinylketenes and alk-
oxyketenes.? The least substituted, most nucleophilic
carbon of the double bond adds to the carbonyl group of

(12) Rey, M.,; Roberts, S. M.; Dreiding, A. S.; Roussel, A.; Vanlierde,
H.; Toppet, S.; Ghosez, L. Helv. Chim. Acta 1982, 65, 703.
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the ketene, giving rise to bicyclo[3.2.0)heptan-6-ones from
terminal alkenes such as 14 and bicyclo[3.1.1]heptan-6-
ones from alkenes such as 11 in which the terminal carbon
is more highly substituted. 1,2-Disubstituted alkenes such
as 16 give rise to mixtures of regioisomers.

We have briefly explored procedures for the dechlori-
nation of 12. Not surprisingly, zinc and acetic acid failed
to reduce this chloroketone. Reduction with (Bu);SnH in
benzene also failed to reduce 12. Fortunately, reaction of
12 with (Bu);SnH and AIBN in THF at reflux gave an
84% yield of 19.13

In conclusion, we have shown that a-chloro acids can be
prepared in high yield in a single step by treatment of an
acid dianion with CCl,. The intramolecular [2 + 2] cy-
cloadditions of the unsaturated chloroketenes prepared
from these a-chloro acids provide a versatile route to bi-
cyclo[3.2.0]heptan-6-ones and bicyclo[3.1.1]heptan-6-ones
in cases where the cycloaddition of the corresponding
deschloroketenes fails.

Experimental Section

Materials and Methods. All reactions were carried out in
flame-dried glassware under nitrogen. NMR spectra were recorded
on a Varian XL-300 in CDCl,; chemical shifts are reported in 8.
Unsaturated acids were either commercially available or were
prepared from the commerecially available aldehydes by oxidation
with silver oxide.

2-Chloro-3,7-dimethyl-6-octenoic Acid (4). Butyllithium (4.8
mL of 2.3 M solution in hexane, 11 mmol) was added to a solution
of diisopropylamine (1.31 g, 13 mmol) in 10 mL of dry THF at
0 °C. The solution was stirred at 0 °C for 40 min and cooled to
—20 °C. A solution of citronellic acid (0.85 g, 5§ mmol) in 10 mL
of THF and 2.5 mL of HMPA was added dropwise. The solution
was stirred for 2 h at -20 °C and cooled to ~78 °C. Carbon
tetrachloride (2.41 mL, 25 mmol) in 5 mL of dry THF was added
rapidly. The solution was stirred for 2 h at =78 °C and 1 h at
0 °C and quenched with 1 N hydrochloric acid. The aqueous layer
was saturated with NaCl and extracted with ether (4 X 50 mL).
The combined ether layers were dried and evaporated to give
crude 4. Purification by flash chromatography on silica gel
(85:15:0.2 hexane-EtOAc-HOAc) gave 0.8 g (78%) of pure 4 as
a 1:1 mixture of stereoisomers: bp 85-90 °C (0.6 torr); 'H NMR
1.02 (d, 0.5 X 3, J = 7.0), 1.08 (d, 0.5 X 3, J = 7.0), 1.2-1.7 (m,
2), 1.62 (br s, 3), 1.68 (br s, 3), 1.85-2.4 (m, 3), 4.25 (d, 0.5 X 1,
J=86.5),4.39(d,05x1,J=45),51 (brt,1,J =6), 9.5 (brs,
1, OH); IR (neat) 1725 cm!; UV (95% EtOH) Ay, 221.5 nm (e
212) (shoulder). Anal. Caled for C;oH;,Cl0,: C, 58.67; H, 8.32.
Found: C, 58.26; H, 8.47.

2-Chloro-6-heptenoic acid (5) (0.78 g) was prepared from
6-heptenoic acid (0.64 g, 5 mmol) as described above for the
preparation of 4 in 96% yield: 'H NMR 1.40-1.75 (m, 2), 1.85-2.25
(m, 4),4.30 (t,1,J =17.0),4.98 (d, 1,J = 11.0), 500 (d, 1, J =
17.0), 5.55~-5.95 (m, 1); IR (neat) 1723 ecm™. Anal. Caled for
C;H,,Cl0y: C, 51.70; H, 6.82. Found: C, 51.62; H, 7.03.

(Z)-2-Chloro-6-nonenoic acid (6) (3.00 g) was prepared from
(Z)-6-nonenoic acid (3.12 g, 20 mmol) as described above for the
preparation of 4 in 79% yield: 'H NMR 0.95 (t, 3, J = 7.5),
1.35-1.85 (m, 2), 1.88-2.30 (m, 6), 4.32 (dd, 1, J = 8.5, 6.5),
5.15-5.60 (m, 2); IR (neat) 1725 cm™; UV (95% EtOH) A, 214
nm (e 185) (shoulder).

(Z)-2-Chloro-7-decenoic acid (7) (1.16 g) was prepared from
(Z)-7-decenoic acid (1.36 g, 8 mmol) as described above for the
preparation of 4 in 75% yield: H NMR 0.93 (t, 8, J = 7.0},
1.25-1.75 (m, 4), 1.90-2.30 (m, 6), 4.31 (t, 1, J = 7.0), 5.16-5.60
(m, 2), 10.1 (s, 1); IR (neat) 1725 cm™. Anal. Caled for C,oH;,C10:
C, 58.68; H, 8.37. Found: C, 58.10; H, 8.46.

(Z)-2-Chloro-8-undecenoic acid (8) (1.295 g) was prepared
from (Z)-8-undecenoic acid (1.47 g, 8 mmol) as described above
for the preparation of 4 in 74% yield: 'H NMR 0.95 (t, 3, J =

(13) Catalan, C. A. N.; Merep, D. J.; Retamar, J. A. Riv. Ital. Essenze,
Profumi, Piante, Off. Aromi. Saponi. Cosmet. Aerosol 1977, 59, 480;
Chem. Abstr. 1978, 89, 6419c¢.
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7.0), 1.20-1.80 (m, 6), 1.80-2.20 (m, 4), 4.30 (t, 1, J = 7.0), 5.16-5.55
(m, 2); IR (neat) 2700-3400, 1725 ecm™.. Anal. Caled for
C1H,ClOy: C, 60.41; H, 8.76. Found: C, 60.02; H, 8.74.

2-Chlorooleic acid (9) (1.54 g) was prepared from oleic acid
(1.41 g, 5 mmol) as described above for the preparation of 4 in
97% yield: 'H NMR 0.88 (br t, 3, J = 6.5), 1.20-1.60 (m, 20),
1.90-2.20 (m, 4), 4.31 (t, 1, J = 7.0), 5.15-5.55 (m, 2); IR (neat)
2700-3400, 1725 cm™.,

1-Chlorocyclohexanecarboxylic acid (10)% (0.34 g) was
prepared from cyclohexanecarboxylic acid (0.32 g, 2.5 mmol) as
described above for the preparation of 4 in 84% yield: 'H NMR
0.75-2.20 (m, 10); IR (neat) 2700-3400, 1715 cm™,

endo-1-Chloro-2,2,7-trimethylbicyclo[3.1.1]heptan-6-one
(12). Ozxalyl chloride (7.62 g, 60 mmol, 10 equiv) was added
dropwise to a cooled solution of acid 4 (1.23 g, 6 mmol) in 12 mL
of dry benzene. The solution was heated at reflux for 1 h and
cooled to 25 °C. The solvent and excess oxalyl chloride were
removed in vacuo to provide the acid chloride 11 in quantitative
yield as a 1:1 mixture of stereoisomers: *H NMR 1.00 (d, 0.5 X
3,J=17),112(d,0.56 X 3,J =7), 1.25-1.75 (m, 2), 1.62 (br s, 3),
1.70 (br s, 3), 1.90-2.25 (m, 3), 4.47 (d, 0.5 X 1, J = 5.0), 4.64 (d,
0.5 X 1, J = 4.5), 4.95-5.25 (m, 1); IR (neat) 1785 cm™.

Use of 3-5 equiv of oxalyl chloride instead of 10 equiv gave
comparable results,

Crude 11 (1.33 g, 6 mmol) dissolved in 60 mL of dry benzene
was added dropwise with stirring to a solution of triethylamine
(1.2 g, 12 mmol) in 120 mL of benzene at reflux. The solution
was heated at reflux for 3 h and cooled to 25 °C and quenched
by the addition of ice water. The organic layer was separated,
dried, and evaporated in vacuo to give a red oil. Flash chroma-
tography on silia gel (95:5 hexane-EtOAc) gave 0.61 g (55%) of
pure 12 followed by 0.21 g (19%) of 13 as a mixture of diaste-
reomers.

The spectral data for 12 follow: bp 50-55 °C (0.07 torr); 'H
NMR 1.07 (d, 3, J = 6.0), 1.16 (s, 3), 1.20 (s, 3), 1.24-1.35 (m, 1),
1.92-2.16 (m, 3), 2.67 (dd, 1, J = 3.0, 8.0, H;), 2.68 (qdd, 1, J =
6.9, 6.9, 8.0, H,); 13C NMR 14.2, 20.3, 25.8, 26.2, 28.3, 36.9, 40.6,
61.4, 83.9, 205.0; IR (neat) 1792 cm™; UV (95% EtOH) Ay, 263
nm (e 400). Anal. Caled for C,gH;;ClO: C, 64.34; H, 8.10. Found:
C, 64.36; H, 8.09.

The spectral data for the major diastereomer of 13 follow: 'H
NMR 1.05 (d, 3, J = 7), 1.2-2.2 (m, 5), 1.78 (s, 3), 2.7 (m, 1), 3.1
(m, 1), 474 (d, 1, J = 6), 4.78 (s, 1), 4.97 (s, 1); IR (neat) 3080,
1730, 1650, 900 cm™.

(18,58)-5-Chlorobicyclo[3.2.0]heptan-6-one (15). Reaction
of acid 5 (0.406 g, 2.5 mmol) as described above for the preparation
of 11 gave the acid chloride 14 (0.440 g, 96%): 'H NMR 1.45-1.80
(m, 2), 1.90-2.35 (m, 4), 4.56 (dd, 1, J = 5.0, 7.5), 5.03 (d, 1, J =
12.0), 5.05 (d, 1, J = 17.5), 5.55-6.05 (m, 1); IR (neat) 1790 cm™.
Reaction of 14 (0.440 g, 2.4 mmol) with triethylamine as described
above for 11 followed by flash chromatography (95:5 hexane—
EtOAc) gave 0.233 g (68%) of pure 15: 'H NMR 1.70-2.18 (m,
5),2.39(dd, 1, J 6.4, 12.5, Cyy), 2.60 (dd, 1, J = 5.3, 18.5, Hy,),
2.93 (ddd, 1, J = 5.3, 10.0, 11.0, H,), 8.39 (dd, 1, J = 10.0, 18.5,
Hog); 13C NMR 24.6, 31.9, 38.6, 41.0 (CH), 48.3, 82.2, 204.8; IR
(neat) 1780 cm™.,

syn-1-Chloro-7-ethylbicyclo[3.1.1Jheptan-6-one (17) and
(18,58,7)-5-Chloro-7T-ethylbicyclo[3.2.0]heptan-6-one (18).
Reaction of acid 6 (1.14 g, 6 mmol) as described above for the
preparation of 11 gave the acid chloride 16 (1.22 g, 96%): 'H NMR
0.94 (t, 8, J = 7.0), 1.45-1.82 (m, 2), 1.88-2.30 (m, 6), 4.53 (dd,
1,J = 10.0, 6.0), 5.10-5.55 (m, 2); IR (neat) 1790 cm™. Reaction
of 16 (1.22 g, 5.74 mmol) with triethylamine as described above
for 11 followed by flash chromatography (95:5 hexane-EtOAc)
gave 0.126 g (14%) of 17 followed by 0.234 g (26%) of 18.

The spectral data for 17 follow: 'H NMR 0.98 (t, 3, J = 7.2),
0.96-1.16 (m, 1, Hg,), 1.65-1.84 (m, 2), 1.85-1.94 (m, 1), 2.08 (br
dd, 1, J = 10.5, 4.5), 2.16-2.24 (m, 1), 2.25-2.31 (m, 1), 2.53 (ddd,
1,J =13.0, 8.0, 4.5, Hy,), 2.65 (ddd, 1, J =13.0, 8.0, 8.0, Hy), 2.92
(dd, 1, J = 3.4, 3.4, H;); 3C NMR 11.6 (CH,), 19.4, 22.8, 31.8, 43.2,
46.1 (CH), 57.9(CH), 77.6, 204.5; IR (neat) 1792 cm™; UV (95%
EtOH) M\, 288 nm (e 200).

The spectral data for 18 follow: 'H NMR 1.06 (t, 3, J = 7.0),
1.63-1.85 (m, 4), 2.00-2.14 (m, 2), 2.24 (ddd, 1, J = 7.0, 7.0, 7.0,
Cy), 2.27-2.35 (m, 1), 2.61 (ddd, 1, J = 13.0, 11.0, 8.0, Cyy), 3.11
(ddd, 1, J = 7.0, 4.5, 2.0, Cy); °C NMR 12.0 (CH,), 15.8, 19.2, 24.0,
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35.4, 43.4 (CH), 54.8 (CH), 75.4, 204.0; IR (neat) 1789 cm™; UV
(95% EtOH) Apa, 297 nm (e 37). Anal. Caled for CoH,5Cl10: C,
62.61; H, 7.59. Found: C, 62.45; H, 7.79.

endo-2,7,7-Trimethylbicyclo[3.1.1]heptan-6-one (19).1°3 A
solution of chloro ketone 12 (37 mg, 0.6 mmol), tri-n-butyltin
hydride (175 mg, 0.6 mmol), and AIBN (5 mg, 0.03 mmol) in 5
mL of dry THF was heated at reflux for 48 h. The solvent was
removed in vacuo and the residue was purified by flash chro-
matography on silica gel (95:5 hexane-EtOAc) to give 25 mg (84%)
of pure 19: 'H NMR 0.92 (d, 3, J = 7.0), 1.15 (s, 3), 1.18 (s, 3),
1.10-1.35 (m, 1), 1.53-1.63 (m, 1), 1.72 (ddd, 1, J = 7.0, 7.0, 14.0),
1.96-2.20 (m, 1), 2.25 (d, 1, J = 6.7, H,), 2.44 (br dd, 1, J = 6.7,
6.7, Hg); IR (neat) 1770 cm™,
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Note Added in Proof: Recent results suggest that the
minor cycloadduct obtained from 16 may be the diaste-
reomer of 18 with a -ethyl group, which could result from
epimerization after cyclization, rather than 17.
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Since the discovery of optically pure monoisopino-
campheylborane (IpcBH,),? various trans-di- and -trisub-
stituted olefins of varying structural and steric require-
ments have been hydroborated to establish the degree of
asymmetric induction achievable.? The possibility of
transferring optically active groups from boron to many
other moieties with complete retention of optical activity
has led to increased interest in the preparation of borane
intermediates of very high enantiomeric purity.*® This
study deals with a reexamination of the hydroboration of
1-phenylcyclopentene and 1-phenylcyclohexene and with
the preparation of the corresponding boronates of high
enantiomeric purity.

Previously we reported that 1-phenylcyclopentene, upon
hydroboration with IpcBH, (derived from (+)-a-pinene)
at -25 °C, followed by oxidation, yields (15,2R)-trans-2-
phenylcyclopentanol.? The optical purity of the alcohol,
determined by using NMR with chiral shift reagent, was
found to be 100%. Recently, a similar experiment gave
alcohol of the same rotation. However, capillary GC
analysis of the corresponding Mosher (MTPA) ester’
showed the material to be of only 85% ee (eq 1).
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1 2 (85% ee)

1-Phenylcyclopentene, upon hydroboration with IpcBH,
at -35 °C, followed by treatment with CH;CHO and al-
kaline hydrogen peroxide, gave (1S,2R)-trans-2-phenyl-
cyclopentanol in 86% ee. The dialkylborane,? isopino-
campheyl((1S,25)-trans-2-phenylcyclopentyl)borane, is a
solid and in part crystallizes from the reaction mixture.
The crystalline dialkylborane, upon oxidation, yielded
(18,2R)-trans-2-phenylcyclopentanol in 91% ee. The
crystalline dialkylborane was dissolved in fresh ethyl ether
and the dialkylborane was crystallized at —35 °C. Oxida-
tion of the recrystallized product gave the alcohol in only
95% ee. However, the dialkylborane (91% ee) could be
crystallized at 0 °C in ethy! ether to obtain a white crys-
talline solid, which, upon oxidation, gave (15,2R)-trans-
2-phenylcyclopentanol in >99% ee.

This crystalline dialkylborane (>99% ee), upon treat-
ment with acetaldehyde,® yielded the corresponding bor-
onate in >99% ee (eq 2), which could be purified by dis-
tillation without loss of activity.

l]’h Ph OEt
| H ' |
od B
CHaCHO
B - P e
i >99% ee
>99% ee

1-Phenylcyclohexene had also been hydroborated?® with
IpcBH, [derived from (+)-a-pinene] at 0 °C and the re-
sulting dialkylborane, upon oxidation, yielded (1S,2R)-
trans-2-phenylcyclohexanol. The optical purity of the
alcohol had been reported to be 88% ee, based on maxi-
mum rotation reported earlier.’® Recently repetition of
the experiment gave (1S,2R)-trans-2-phenylcyclohexanol
of the same rotation. However, capillary GC analysis of
the corresponding Mosher ester showed the material to be
297% ee (eq 3). trans-2-Phenylcyclohexanol has been
shown to be a powerful chiral auxiliary.!!

CeHs CgHs
|

1. IpeBHy, 0°C I LOH

2. CHaCHO
3. NaOH/H0;

It is evident that capillary GC analysis of the Mosher
esters (or other diastereomeric derivatives) provides a far
more reliable method for establishing the optical purities
than the procedures utilized in the past.

Conclusion
The literature reported values of ¢trans-2-phenylcyclo-
pentanol and trans-2-phenylcyclohexanol have been cor-
rected. This study makes it possible to obtain ¢rans-2-
phenyleyclopentyl and trans-2-phenylcyclohexylboronates,
versatile synthetic intermediates of high optical purities.

Experimental Section
The reaction flagks and other glass equipment were stored in
an oven at 150 °C overnight and assembled in a stream of dry
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