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A Model Study of Intramolecular Asymmetric Radical Cyclizations of o-Ester
and a-Amide Radicals
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Starting from malonate, a practical route was developed for the synthesis of o-phenylthio acid 3. Sev-
eral chiral compounds including (-)-menthol, (-)-8-phenylmenthol and a camphor based oxazolidinone 8 re-
acted with 3 to give o-phenylthio esters or amide. These sulfides cyclized efficiently when reacted with
tributyltin hydride. Among the chiral auxiliaries used, 8-phenylmenthyl group displayed moderate asym-
metric induction (64% ee for cis-product and 40% ee for trans-product). Based on this results, a transition
state model was proposed to explain the observed stereoselectivity. In this model, due to 7, m-orbital ovetlap
of the phenyl ring and the carbonyl, the si-face of the most stable conformer of the radical was shielded.
This controlled the carbon-carbon bond formation to occur from the re-face.

INTRODUCTION

o-Ester radicals' are useful reactive intormediates in
C-C bond formation for two major reasons. Firstly, the ex-
isting ester functionality can easily undergo further-syn-
thetic transformations. Secondly, the possibility of incorpo-
rating chiral auxiliary at the ester moiety allows the forma-
tion of asyminetric ridicals. The latter feature attracied the
interests of many research groups, including us,” to further
develop asymmetric radical reactions > Similarly, a-amide
radicals share the same characteristics and also received
wide attentions.™*

There are several approaches to generate the a-ester or
o-amide radicals, a popular one being conjugate addition of
radicals to c,B-unsaturated esters® or amides.” Abstraction
of the a-hydrogen atom of esters also provides the corre-
sponding o-radicals.” Metal oxidation of B-keto esters or
amides is an unique way to generate J-keto a-ester or o-am-
ide radicals.’ Another important approach relies on the re-
action of tributyltin hydride with o-halo esters or amides.?

Initially, our goal was to search {or a suitable chiral
auxiliary in order to perform intramolecular asymmetric
radical cyclizations of ¢-ester or a-amide radicals. We de-
cided first to develop a general strategy for the synthesis of
amore stable o-halo ester or amide equivalent for our pur-
pose. Since phenyithio compounds have been used to gen-
erate radicals,” we believed that sulfides 1 and 2 (Scheme I)
would be good substitutes for the a-halo analogs. While
this work was in progress, others also reporied the use of o-
phenylthio esters to prepare o-ester radicals.'™" It was en-
visioned suifides 1 and 2 1o derive from the same acid 3.

This acid can be prepared using the classical malonate
chemistry.
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RESULTS AND DISCUSSION

As shown in Scheme II, 4-pentenyl bromide (5) was
treated with two equivalents of dimethyl sodiomalonate in
methanol to give malonate 6 in 90% yield. Sulfenylation of
6 was accomplished by treating 6 with sodium hydride in
THF followed by the addition of N-(phenylthio)succin-
imide."” Sulfide 4 was obtained in 90% yicld. Hydrolysis
of 4 with potassium hydroxide in aqueous methanol fol-
lowed by acidification afforded the corfcsponding diacid.
This diacid decarboxylated easily at room temperature to af-
ford crude acid 3. Without purification, acid 3 was con-
verted to methyl ester 7a (70%) by reacting with methanol
in the presence of DCC and catalytic amount of 4-DMAP.
Similarly, starting from enantiomerically pure (-)-menthol
and (-)-8-phenylmenthol,"” we were able 1o prepare esters
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7b (85%) and 7¢ (83%). In each case, a mixture of two iso-
mers epimeric at the o-position of ester was obtained. How-
ever, since the phenylthio group would be removed during
cyclization, these epimers were not separated and used as a
mixture.
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We also transformed acid 3 to the cotresponding acid
chioride 9 (eq 1) which was then reacted with the lithium an-
ion of oxazolidinone 8" to afford amide 10 in 61% yield
from 3. Again, two epimers were obtained and used as a
mixture in the next step.
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For the radical cyclization study, we first used methyl
ester 7a as a model for comparison (eq 2). The cyclization
was performed by slow addition (6 h) of a solution of
tributyltin hydride (0.1 M in benzene) and catalytic amount
of AIBN to a solution of 7a (0.1 M) in refluxing benzene. A
mixture of cyclized product 11 and uncyclized product 12
was obtained in 80%. By 'H NMR integration of this mix-
ture, the ratio of 11/12 was determined as 15/1. Ester 11
was a mixture of cis/trans isomers as revealed by two
methyl doublets at & 0.85 (J= 7 Hz) and 1.05 (J/ = 6 Hz).
NOe experiments carried out on this mixture showed that ir-
radiation at & 1.05 resulted in 9% enhancement of a quartet
at 8 2.23 (J = 8 Hz, H(1)). On the contrary, irradiation at §
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0.85 did not give any enhancement of the quartet at & 2.78 (J
= 8 Hz, H(1)). These experiments suggested that the one
with methyl absorption at § 1.05 should have a cis-relation-
ship with H(1) and belonged to the trans-isomer. Integra-
tion of the two methyl signals showed the cis/irans ratio as
1.5/1. Our result was similar to the cyclization of methyl 2-
iodo-6-heptenoate as reported by Curran.! However, we did
not isolate any 6-endo cyclization product.
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yield: 80%

When sulfide 10 was treated with tributyltin hydride
under similar conditions (eq 3), uncyclized reduction prod-
uct 16 was isolated in 3% yield. 5-Exo cyclization products
13a (20%), 14a (17%), and 14b (12%) were obtained. In
addition, 13b and 6-endo product 15 were isolated (35%}) as
a mixture in a ratio of 1.5/1 (13b/15) as determined by 'H
NMR integrations. In order to determine the absolute struc-
tures of the cyclization products, we treated these com-
pounds with LAH individually to remove the chiral auxil-
iary. Thus, alcohols (-)-17, (+)-18 and (-)-18 were obtained
from 13a, 14a, and 14b, respectively. Since the rotation of
(+)-18 was similar as that reported by Brown et al. ([o)o” =
+54.95+0.01, ¢ = 1, MeOH)," assignments of the absolute
structures of 14a and 14b can be made. At this stage, we did
not know the exact configurations of 13a and 13b (vide in-
Jra). However, pure (-)-17 was obtained from 13a, and the
maximum rotation of 17 was determined.
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Because we could not separate 13b and 15, the mixture
was converted to another mixture of (+)-17 and 19 by the re-
action with LAH. The presence of 19 was confirmed by
comparing with an authentic sample. Although there was
very little chiral-induction for the cyclization, we still ob-
tained useful information about the rotation values of the
enatiomers of 17.

Sulfide 7b also reacted with tributyltin hydride to give

)
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in 94% yield a mixture of 20a, 21a and 22a (eq 4) in a ratio
of 50:42:8, as detcrmined by GC. The mixture was redeced
with LAH to afford a mixture of the corresponding alcohols
(97%) along with 92% of recovered (-)-menthol. Alcohols
17 and 18 were separated by HPLC and the optical rotations
were determined. For the cis product 17, a 16% ee was ob-
tained in favor of (-)-17. For the trans product 18, no énan-
tio-selectivity was observed.
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On another occasion, we treated the cyclization mix-
ture with potassium hydroxide in aqueous methanol, The
hydrolysis required stifring at room temperature for 4 days
and then heating at 60-70 °C for 2 days to complete. The
crude acid was converted to methyl ester 11 by heating for
22 h in methanol in the presence of sulfuric acid. Analysis
of this ester by GC showed that it was a 88:4:8 mixture of
Irans-11, cis-11, and 12, respectively. This experiment indi-
cated that the cis-isomer could be epimerized to the trans-
isomer. However, for the purpose of retaining the stereo-
chemical information of the cyclization, the hydrolysis
process was not a viabie method.
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Similarly, a mixture of esters 20b, 21b and 22b was
obtained in 92% yield from 7c. Judging by 'H NMR inte-
gration, reduction product 22b was present in 5%. Reduc-
tion of the mixture with LAH gave 96% yicld of an alcohol
mixture in which the ratio of 17/18 was 1.5/1 as determined
by HPLC. (-)-8-Phenylmenthol was recovered in 86%
yield. Based on the optical rotations, the cis alcohol exhib-
ited 64% ee in favor of (-)-17. For the frans alcohol, a 40%
ce was observed in favor of (+)-18.

The results of the cyclizations are summarized in Ta-
ble 1. In all cases, cyclizations were quite efficient and 5-
exo-cyclizations wese prefesred with mild cis-selectivity.
The regioselectivity and stereoselectivity followed the gen-
eral guidelines of radical cyclizations.™'® When (-)-8-
phenylmenthy] group was used as chiral auxiliary (entry 4),
appreciable asymmetric inductions were observed for 20b
and 21b.*" In the case of 21b, the (15,25)-isomer was pre-
dominant. This stereoselectivity can be explained by adopt-
ing the mode! proposed for intramolecular Diels-Alder reac-
tions of 8-phenylmenthyl acrylates.'® There are two most
likely conformations 23 and 24 of the 8-phenylmenthyl es-
ter derived radical. In 23 and 24, s-cis conformation is
adopted around the C-O single bond."” The phenyl ring is
parallel to the carbonyl-x system to maintain an effective
w,m-orbital overlap. For 24, the R group is anti-periplanar to
the carbonyl and exhibits unfavorable steric interaction with
the phenyl ring. However, in 23, the R group is sya-peripla-
nar {0 the carbonyl and the steric interaction with the phenyl
ring is minimal. Therefore, conformer 23 is preferred. In
23, the si-face of the radical is shielded by the ring. Thus,
the olefin will come in from the re-face as in 25 or 26, lead-
ing to the formation of (15,25)-21b. Similar control should
operate as in 27 or 28, and this would lead to the formation
of {15,2R)-20b. Based on this analysis, we assigned the
levorotatory isomer of 17 the configuration (15,2R).
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Table 1. Summary of Radical Cyclizations of 7 and 10

5-exo-cyclizations

entry sulfide 6-endo uncyclized products cis isomer  frans isomer
cyclization  product (% yields; 1R25N1852R  15,25/1R2R
(% yleld) (% yield)* cis/trans)
1 Ta - 12 (5) 11 - -
(75: 1.51)
2° 10 15 (14) 16(3) 13+14 50/50 52/49
(70; 1.4/1)
3 7h - 22a (8)° 20a+21a 42/58° 50/50°
(86; 1.2/1°
4 7e - 22b (5) 20b+21b 18/82° 70730°

(87 1.511%

* Calculated from ratio obtained by "H NMR integration. ® Based on isolation yields.
* Determined by GC. ® Based on the results of LAH reduction of the cyclization products.

In conclusion, a very practical synthesis of 2-
phenylthio-6-heptenoic acid (3) was developed. Esters and
amide derived from 3 underwent radical cyclizations effec-
tively. Among the chiral auxiliaries we used, 8-phenylmen-
thyl group expressed appreciable amount of chiral induc-
tion. A model was suggested to explain the observed selec-
tivity.

EXPERIMENTAL SECTION

'H and "*C NMR spectra were recorded on Varian EM-
390 (operating at 90 MHz) or Bruker AC-200 (operating at
200 and 50 MHz) spectrometers with tetramethysilane
(TMS) or CHC}; as internal standards and CDCl as the sol-
vent. Infrared spectra were taken on a Perkin-Elmer 938G
instrument. Mass spectra were recorded on a Finigan TSQ-
46C spectrometer. Exact masses were recorded on JEOL
JMS-HX 110 or SX-102A spectrometers. Combustion
analyses done on a Perkin-Elmer 240C instrument. High-
pressure liquid chromatography (HPLC) was carried out on
a Hitachi L-6200 chromatograph equipped with a refractive
index detector. The samples were analyzed and/or separated
on a Hibar Lichrosarb Si 60 (7 pm) column (25 cm x 1 cm)
with the indicated eluent with a 5 mL/min flow rate. Gas
chromatography was performed on a Shimadzu GC-8A
chromatograph with a flow rate of 27 ml./min. The samples
werc analyzed on a 3 M x 3.3 mm column packed with 10%
SE-30 on Chromosorb W (80-100 mesh). Optical rotation
was recorded on a Jasco DIP-360 spectrometer. Melting
points were measured with a Mel-Temp apparatus and are
uncorrected. Benzene and THF were distilled from sodium

bezophenone ketyl under N,. All reactions were performed
under a blanket of N, or Ar.

Dimethyl 2-(4-pentenyl)propanedioate (6)

To 45 mL of anhydrous methanol cooled at 0 °C was
carefully added 1.84 g (80 mmol) of sodivm. When the so-
dium disappeared, dimethyl malonate (9.15 mL, 80 mmol)
was added in one portion at room temperature. Bromide 5
{4.76 ml., 40 mmol) was then added in one portion and the
resulting solution was stirred under reflox for 3.5 h. The re-
action mixture was partitioned between 150 mL of water
and 200 mL of ether. The organic layer was washed with
brine (100 mL), dried (MgS0O,) and concentrated in vacuo.
The residual oil was chromatographed over silica gel (eluted
with hexane/ethyl acetate, 92/8) to give 7.2 g (90%) of 6 as
a light yellow liquid: IR (neat) 3077, 2951, 1737, 1639,
1431, 1312, 1219, 1156, 1058, 1003, 915, 856 cm'; 'H
NMR (CCL, 90 MHz) & 1.15-2.27 (m, 6 H), 3.22 (t, /= §
Hz, 1 H, H(2)), 4.67-5.00 (m, 2 H, =CH,), 5.73 (ddt, J = 17,
16, 6 Hz, 1 H, -CH=); MS m/z (rel intensity) 201 (M*+1, 7),
145 (41), 136 (55), 132 (100), 108 (57), 100 (44), 81 (45),
67 (41), 59 (36), 54 (43); HRMS calcd for CioH,704 m/z
201.1127, found 201.1127.

Dimethyl 2-(4-pentenyl)-2-phenylthiopropanedioate (4)
To 216 mg (5.42 mmol) of sodium hydride (60% dis-
persion in mineral oil) was added a solution of 0.900 g (4.50
mmol) of 6 in 7 mL of THF. The resulting mixture was
stirted until the sodium hydride all disappeared and then
cooled in an ice-water bath. A solution of N-phenylthiosuc-
cinimide (1.12 g, 5.41 mmol) in 7 mL of THF was added
dropwise and the resulting mixture was stirted at 0 °C for
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another 1 h. The reaction mixture was partitioned between
60 mL of water and 60 mL of cther. The organic layer was
washed with brine (30 mL), dried (MgSQ,) and concen-
trated in vacuo. The residual oil was chromatographed over
slica gel (cluted with hexane/ethyl acetate, 92/8) to give
1.25 g (90%) of 4 as an yellow liquid: IR (neat) 3163, 3073,
2952, 2943, 1732, 1639, 1470, 1438, 1248, 1131, 916, 751,
691 cm*; "HNMR (CDCls, 200 MHz) § 1.45-1.70 (m, 2 H),
1.86-2.16 (m, 4 H), 3.73 (s, 6 H, Me), 4.90-5.12 (m, 2 H,
=CHy), 5.79 (ddt, J= 17, 10, 6 Hz, 1 H, -CH=), 7.24-7.55
(m, 5 H, ArH); "C NMR (CDCls, 50 MHz) §23.4, 33.1,
33.3,529,65.3, 115.1, 128 8, 1294, 129.9, 136.9, 137.8,
168.9; MS m/z (rel intensity) 308 (M*, 22), 240 (80), 208
(100), 189 (29), 167 (35), 135 (76), 109 (54), 79 (56);
HRMS calcd for CisH20048 m/z 308.1082, found 308.1091.

2-Phenylthio-6-hetenoic acid (3)

To a solution of 1.80 g (5.84 mmol) of 4 in 5 mL of
methanol/water (5/1) was added 1.08 g (19.2 mmol) of po-
tassivm hydroxide and the resulting mixture was heated un-
der reflux for 16 h. The resulting mixture was concentrated
in vacuo to remove methanol. The residual aqueous solu-
tion was washed with hexanc (15 mL x 3) and then diluted
with 3 mL of THF/water (1/1) followed by the addition of 6
mL of a 3 N sulfuric acid aqueous solution. The resulting
mixture was stirred at room temperature for 20 min and then
cxttaci;:d with dichloromethane (30 mL x 2). The organic
layer was dried (MgSO,) and concentrated in vacuo to give
1.39 g (100%) of crude 3 as an yellow oil: IR (neat) 2925
(br), 1708, 1480, 1438, 1413, 1283, 1189, 993, 748, 691
cm; "HNMR (CDCls, 200 MHz) & 1.42-2.18 (m, 6 H), 3.63
(t,J=8Hz, 1 H, H(1)),4.91-5.12 (m, 2 H, =CHy), 5.78 (dd,
J=18, 10,6 Hz, 1 H, -CH=), 7.23-7.40 (m, 3 H, ArH), 7.40-
7.57 (m, 2 H, ArH),9.92 (br s, 1 H, OH); *C NMR (CDCl,,
50 MHz) § 26.3, 30.8, 33.1, 50.6, 115.2, 128.1, 129.0,
132.8, 137.8, 178.3. This material was used directly in the
next step without further purification.

General procedure for the preparation of ester of acid
3

To a solution of 0.90 mmol of alcohol, 0.90 mmol of
DCC and catalytic amount of 4-DMAP in 1 mL of dichlo-
romethane was added 0.70 mmol of the crude acid 3in 1 mL
of dichloromethane. The resulting mixture was stirred at
room (emperature for 30-45 min, diluted with 10 mL of
ether, filtered, and the filtrate was concentrated in vacuo.
The resulting residual material was chromatographed over
silca gel with suitable hexane/ethyl acetate mixture as eluent
to afford the desired ester.
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Methyl 2-phenyithio-6-heptenoate (7a)

Compound 7a was prepared according to the general
procedure in 70% yield as a colorless liquid: IR (neat) 2946,
2856, 1733, 1479, 1436, 1260, 1214, 1190, 1155, 1025, 914,
748, 691 cm™’; 'H NMR (CDCls, 200 MHz) 6 1.39-2.00 (m,
4 H), 2.07 (q, J = 8 Hz, 2 H), 3.65 (t, /= 9 Hz, 1 H, SCH),
3.66 (s, 3 H, OMe), 4.91-5.06 (m, 2 H, =CHy), 5.77 (dd, J =
18, 10, 6 Hz, 1 H, -CH=), 7.26-7.36 (m, 3 H, ArH), 7.37-
7.49 (m, 2 H, ArH); C NMR (CDCk, 50 MHz) § 26.4,
31.1,33.1,50.7,52.1, 115.0, 127.9, 128.9, 132.8, 133 .4,
137.8, 172.7, MS m/z (rel intensity) 250 (M”, 14), 182 (9),
123 (39), 110 (48), 81 (100), 55 (29); HRMS calcd for
CuHmOzS m/fz 250. 1028, found 250.1022,

(1R,25,5R)-Menthyl 2R)- and (25)-2-phenylthio-6-hep-
tenoate (7h)

Compound 7b was prepared according to the general
procedure in 85% yield as a colorless liquid: IR (neat) 2957,
2929, 2870, 1719, 1454, 1438, 1259, 1167, 1149, 917, 697
cm’; '"H NMR (CDCls, 200 MHz) § 0.62-0.70 (two over-
lapped d, J = 6 Hz, at 0.65 and 0.68, 3 H, C(5)-Me of men-
thyl}, 0.73-2.00 (m, 19 H), 2.08 (g, J = 7 Hz, 2 H, allylic-
CH,), 3.63-3.75 (two overlapped ¢, J = 6 Hz, at 3.68 and
3.69, 1 H, SCH}, 4.65 (¢d, J= 11, 4 Hz, 1 H, OCH), 4.91-
5.10 (m, 2 H, =CH,), 5.77 {ddt, J = 17, 10,7 Hz, 1 H, -CH=),
7.21-7.37 (m, 3 H, ArH), 7.37-7.55 (m, 2 H, ArH). Anal,
Caled for C2aH340.8: C, 73.70; H, 9.15. Found: C, 73.22; H,
8.87.

(1R,2S,5R)-8-Phenylmenthyl (2R)- and (25)-2-
phenylthio-6-heptenoate (7<)

Compound 7¢ was prepared according to the generai
procedure in 83% yield as a colorless liquid: IR (neat) 3057,
2023, 2118, 1721, 1438, 1248, 1158, 911, 765, 747,
701 cm™; "H NMR (CDCls, 200 MHz) & 0.49-2.18 (m over-
lapped with d, J = 6 Hz, at 0.84, and two s at 1.18 and 1.24,
23 H),3.26 (t, J=7 Hz, L H, SCH), 478 (td, J= 11,4 Hz, |
H, OCH), 4.89-5.10 (m, 2 H, =CH,), 5.73 (ddt, J= 17, 10, 7
Hz, 1 H, -CH=), 7.04-7.56 (m, 10 H, ArH}. Anal. Calcd for
CxH%0,S: C, 77.29; H, 8.50. Found: C, 76.89; H, 9.05.

N-[(ZR)- and (25)-2-Phenylthio-6-heptenoyl]-(15,5R,7R)-
10,10-dimethyl-3-0x0-2-aza-4-oxatricyclo[5.2,1.0'" |de-
cane (10)

To a solution of 664 mg (2.86 mmol) of crude acid 3in
4 ml, of dichloromethane was added 0.5 mL (5.73 mmol) of
oxalyl chloride. The reaction mixture was stirred at room
temperature for 18 h and then concentrated in vacuo. The
residual dark orange liquid was dissolved in 5 mL of THF
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and used in the following step.

To 511 mg (2.82 mmol) of 8 in 6 mL of THF was added
dropwise 2.1 mL (3.26 mmol) of s-butyllithivm (1.55 M in
hexane). The resulting solution was stirred at room tem-
perature for 10 min followed by slow addition of the acid
chloride solution prepared above. After another 30 min, the
reaction mixture was poured into a mixture of 10 mL of 0.3
N sulfuric acid and 30 mL of dichloromethane. The aque-
ous phase was extracted with dichloromethane (30 mL x 2).
The combined organic layers were dried (MgS(Q,) and con-
centrated in vacuo. The residual orange oil was chroma-
tographed over silica gel (eluted with hexane/ethyl acetate,
96/4) to give 683 mg (61%) of 10 as a pale yellow oil: IR
{neat) 3072, 2958, 1776, 1701, 1481, 1451, 1436, 1356,
1302, 1273, 1250, 1228, 1199, 1186, 1175, 1078, 1024, 764,
748,692 cm™; 'H NMR (CDCls, 200 MHz) § 0.94-1.17 (two
overlapped s of equal intensity at 0.97 and 1.00, 3 H, Me),
1.10 (s, 3 H, Me), 1.17-2.34 (m, 12 H), 2.80 (td, J= 12, 5 Hz,
0.5 H, bridgehead-CH), 2.90 (xd, J= 12, 5 Hz, 0.5 H, bridge-
bead-CH), 3.96 (dd, J= 8,4 Hz, 0.5 H, OCH), 4.24 (dd, J =
8,4 Hz, 0.5 H, OCH), 4.87-5.25 (m overlapped with two t, J
=6 Hz, at 5.11 and 5.20, 3 H, =CH; and SCH), 5.75 (ddt, J
=17, 11,7 Hz, 1 H, -CH=), 7.22-7.57 (m, 5 H, ArH). Anal.
Calcd for Cy3Hy0s8N: C, 69.13; H, 7.32; N, 3.50. Found:
C,68.78; H, 741; N, 3.32,

Radical cyclization of ester 7a

To a soluticn of 191 mg (0.76 mmol) of 7a in 7.7 mL
of benzene under reflux was added over 6 h a solution of
tributyltin hydride (0.27 mL, 1.0 mmol) and AIBN (7.2 mg,
0.044 mmol) in 7.7 mL of benzene. The resulting solution
was concentrated in vacuo to give a colorless liquid. To the
liquid was added a few drops of triethylamine' and the re-
sulting mixture was chromatographed over silica gel to give
86.7 mg (80%) of a mixture of 11 and 12.' The ratio of
11/12 was 15/1 as determined by 'H NMR integration.
Characteristic 'H NMR (CDCls, 200 MHz) of 11: § 0.85 (d,
J=7Hz, 1.8 H, cis-Me}, 1.05 (d, J= 6 Hz, 1.2 H, trans-Me),
1.10-2.37 (m, 7 H, with a q, J = 8 Hz, revealed when irradi-
ating at & 1.05 during a nOe experiment), 2.78 (q, /=8 Hz,
0.6 H, cis-C(=0)CH), 3.63 (s, 1.8 H, cis-OMe), 3.65 (s, 1.2
H, trans-OMe).

Radical cyclization of ester 10

Sulfide 10 (663 mg, 1.66 mmol) was cyclized under
the same condition for the cyclization of 7a except that the
addition of the tin hydride solution was completed over 8.6
h. The crude product was purified over silica gel and then
by HPLC (eluted with hexane/ethyl acetate, 97/3) o give 97

Yehetal.

mg (20%) of 13a (R, = 16.3 min), 82 mg (17%) of 14a (R, =
18.2 min), 60 mg {12%) of 14b (R = 21.5 min), 168 mg
(35%) of a mixture of 15 (R,=23.9 min) and 13b (R, =25.0
min), and 13 mg (3%) of 16 (R, = 48.8 min). The ratio of
15/13b was 4/6 as determined by 'H NMR integration.

N-{(15,2R)-2-methylcyclopentylcarbonyl)-(15,5R,7R)-
10,1 (l-dimethyl—3-ox0-2-aza-4-oxatricyclo[s.z.l.0l 3 |de-
cane (13a)}

White solid, mp 118-119 °C; [o]o” +54.08 (¢ = L.5,
CHCL); IR (CHCIs) 2959, 1779, 1691, 1377, 1319, 1293,
1276, 1249, 1233, 1200, 1177, 1157, 1071, 1052, 1035, 762
cm™; '"H NMR (CDCl,, 200 MHz) 8 0.83 (d, J = 8 Hz, 3 H,
Me on cyclopentane), 1.04 (s, 3 H, Me), 1.16 (s, 3 H, Me),
1.19-2.17 (m, 11 H), 2.27 (dq, = 14,4 Hz, 1 H, bridgehead-
CH), 2.43 (septet, J = 9 Hz, 1 H, Me-CH-), 2.92 (1d, /= 12,
5 Hz, | H),4.12 (q, /= § Hz, 1 H, C(=0)CH), 4.22 (dd, /=
8, 4 Hz, 1 H, OCH); “C NMR (CDCl;, 50 MHz) 8 16.4,
19.2, 21.7, 23.5, 25.6, 26.0, 26.6, 34.2, 34.7, 36.3, 42.5,
47.8, 48.1, 72.6, 84.5, 176.0, 209.5. Anal. Calcd for
CxH2s0sN: C, 70.07; H, 8.65; N, 4.81. Found: C, 70.01; H,
8.90; N, 4.79.

N-{(15,25)-2-methylcyclopentylcarbonyl}-(15,5R,7R)-
10,10-dimethyl-3-oxo-2-aza-4-oxatricyclo[5.2.1.0"|de-
cane (14a)

White solid, mp 66.0-66.5 *C; [ap” +145.63 (c= 1.8,
CHCL); IR (CHCls) 2959, 2931, 1775, 1696, 1393, 1316,
1303, 1292, 1275, 1251, 1079 cm™’; 'H NMR (CDCls, 200
MHz) § 0.99 (d, /=7 Hz, 3 H, Me on cyclopentanc), 1.02 (s,
3 H, Me), 1.13 (s, 3 H, Me), 1.18-1.40 (m, 3 H), 1.65-2.14
(m, 7 H), 2.14-2.44 (m, 3 H), 2.89-3.07 (m, 1 H), 3.43 (q,J
= 8 Hz, 1 H, C(=0)CH), 4.24 (dd, J = 8, 4 Hz, 1 H, OCH);
“C NMR (CDCls, 50 MHz) & 19.1, 19.2, 21.7, 24.3, 26.0,
30.9, 34.5, 34.7, 38.9, 42.5, 48.2, 51.8, 72.4, 84.5, 177.9,
209.5. Anal. Calcd for Cz:ersOsNC C, 7007, H, 8.65; N,
4.81. Found: C, 70.19; H, 8.77; N, 4.71.

N-[(1R,2R)-2-methylcyclopentylcarbonyl]-(1S,5R,7R)-
10,lO-dimethyl-3-oxo-2-aza-4-oxatricyclo[5.2.1.01'5 |de-
cane (14b)

White solid, mp 78-79 °C; [eo” +4.58 (c = 1.3,
CHCl); IR (CHCls) 2959, 1773, 1697, 1491, 1452, 1372,
1316, 1291, 1275, 1251, 1232, 1175, 1159, 1079, 1013, 997
cm’'; '"H NMR (CDCl, 200 MHz) & 0.80-1.50 (m over-
lapped with d, J=7 Hz, at 1.06, and two s at 1.05 and 1.14,
13 H), 1.55-2.48 (m, 9 H), 2.89-3.09 (m, 1 H), 3.60 (q, /=7
Hz, 1 H, C(=0)CH), 4.22 (dd, J = 8, 4 Hz, 1 H, OCH); °C
NMR (CDCls, 50 MHz) 8 19.1, 19.3, 21.7, 24.2, 26.0, 30.6,
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34.1,34.7,384,42.4,48.2,51.3, 72.5, 84.2,98.0, 177.8,
209 5. Anal. Calcd for CHasO:sN: C, 70.07; H, 3.65; N,
4.81. Found: C, 69.89; H, 8.83; N, 4.70.

N-[(1R,25)-2-methylcyclopentylcarbonyl}-(1S,5R,7R)-
10,10-dimethyl-3-oxo-2-aza-d-oxatricyclo]5.2.1.0"° 1de-
cane {13b) and N-cyclohexylcarbony)-(1S,5R,7R)-10,10-
dimethyl-3-ox¢-2-aza-4-oxatricyclo{5.2.1 .ﬂl's}decane (15)

Characteristic 'H NMR (CDCls, 200 MHz) signals of
13b: 5 2.64 (septet, J = 8 Tz, | H, Me-CH-), 3.82{q, J=8
Hz, 1 H, C(=0)CH). Characteristic 'H NMR (CDCls, 200
MHz) signats of 18: 83,49 (1, J= 11,3 Hz, 1 H, C(=0)CH)}.
Anal. Caicd for CxHasOsN: C, 70.07; H, 8.65; N, 4.81.
Found: C, 70.13; H, 8.95; N, 4.61.

N-6-heptenoyl-(1S,5R,7R)-10,10-dimethyl-3-0x0-2-aza-4-
oxa’tricyclo[S.Z.l.01’5]decane (16)

IR (neat) 2927, 1780, 1702, 1637, 1370, 1303, 1274,
1251, 1228, 1200, 1175, 1078 cm™; 'H NMR (CDCls, 200
MHz) & 0,72-2.28 (m overlapped with two s at 0.95 and
1.06, and dq, J = 14, 4 Hz, at 2.18, 18 H), 2.66-3.05 (m, 3 H),
4.16 (dd, J = 8,4 Hz, L H, OCH), 4.82-5.02 (m, 2 H, =CHy),
5.74 (ddt, J = 17, 10, 7 Hz, 1 H, -CH=); °C NMR (CDCl,
50 MHz) § 19.2, 21,6, 23 8, 25.8, 26.0, 28.3, 33.5, 34.7,
36.3, 42.4, 48.2, 72.2, 84.6, 114.6, 138.5, 174.5, 209.5; MS
m/z (rel intensity) 292 (25), 291 (M, 4), 181 (300), 122 9),
111 (31), 55 (53); HRMS calcd for C,7H2s05 m/z 291.1836,
found 291.1830.

General procedure for the LAY reduction of cyclized
_amides or esters
To a solution of the ester or amide (0.214 mmol) in
ether (0.05 M) was added 1LAH {0.685 mmol) at 0 °C. The
“resulting mixture was stirred at the same temperature for 10
min and then warmed up to room temperature by itself. To
the reaction mixture was added in sequence 8 mL of ether,
0.026. mL of water, 0.026 mL of 15% NaOH solution, and
some MgSQs, The mixture was then filtered and the filtrate
was concentrated in vacuo. The residual liquid was chroma-
tographed over silica gel to separate the chiral auxiliary and
the alcohol.

(15,25)-(+)-trans-(2-Methylcyclopenty)methanol {(+)-18)

This material was obtained from 14a via LAH reduc-
tion and was identical to that reported by Brown;"* folp”
+55.78 (¢ = 0.76, MeOH).

(LR,2R)-(-)-trans-(2-MethylcyclopentyDmethanol ((-)-18)
This material was obtained from 14b via LAH reduc-
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tion and was identical to (+)-18 except for the optical rota-
tion: [o]p” -54.18 (c = 0.80, MeOH).

(18,2R)-(-)-cis-(2-Methyleyclopenty)methanol ()-1D%

This material was obtained from 13a via LAH reduc-
tion: [ado™ -6.01 (c = 0.84, MeOH); IR (neat) 3679, 3617,
2057, 1630, 1012 cm™; "H NMR (CDCls, 200 MHz) & 0.85
(d, J = 6.5 Hz, 3 H, Me), 1.12-1.85 (m, 7 H), 1.90-2.25 (m, 2
H), 3.50(dd, J = 11, 7 Hz, 1 H, OCH), 3.67 (dd, J= 11,7 Hz,
1 B, OCH); C NMR (CDC);, 50 MHz} & 14.9, 22.8, 27.3,
33.9,34.9,454, 64.1.

Radical cyclization of ester 7c

Sulfide 7¢ (275 mg, 0.611 mmol) was cyclized under
the same condition for the cyclization of 7a. The crude
product was purified over silica gel to give 192 mg (92%) of
amixture of 20b, 21b, and 22b as a light yellow oil. The ra-
tio of (20b + 21b)/22b was 19/1 as determined by 'H NMR
integration. The mixture was directly subjected to LAH re-
duction according to the general procedure to give 62 mg
(96%) of a mixiure of 17, 18 and 6-heptenol, in addition to
112 mg (86%) of recovered (-)-8-phenylmenthol. Alcohols
17 and 18 (17/18 = 1.5/1) were separated by HPLC {eluted
with hexane/ethyl acetate, 8/2) to give 18 (40% ee): R, =
10.0 min; [a]p> +21.91 (¢ = 1.4, MeOH), and 17 (63% ce):
R, = 10,8 min; {o)p” -3.83 (¢ =2.7, MeOH).
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