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Acylates: Suitable Combination of Acyl Groups and Lewis Acids
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Abstract: Regio- and stereoselective rearrangement reactions of various o,p-epoxy acylates including
acyciic, monocyciic and bicyciic systems occurred under a suiiabie combination of acyi groups (benzoyi,
p-nitrobenzoyl, camphanoyl) and Lewis acids (BF3+Etp0, MABR). © 1999 Elsevier Science Ltd. All rights
reserved.

) (Y T PRS- Py
AlIttvuuLuivn

Although acyl groups are used as very useful protecting groups of alcohol functionalities and are also
known as functional groups which tend to produce neighboring group participation in many types of reactions,
the occurrence of the regio- and stereoselective rearrangement reactions using their electron-withdrawing
nature is rare.! Recently, we found that the Lewis acid treatment of bicyclic cis-0t,B-epoxy acylates (acetate
and benzoate) afforded the spiro compounds by cleavage of the oxirane ring at the B-position of the acyloxy
group due to its inducing effect, followed by successive rearrangement of the carbon skeleton.2 This

rearrangement reaction proved to be useful for the construction of a variety of spirocyclane systems and
quaternary carbon centers on rings and for the syntheses of their optically active forms.3 However, the success

of this reaction was governed by the stereochemistries of the substrates. Namely, the cyclic cis-epoxy acylates
afforded the rearranged products in good yields, whereas the trans-ones having acetyl and benzoyl moieties
gave unsuccessful results because of the neighboring group participation of the acyloxy groups. Suppression of
this neighboring group participation is strongly desirable in order to make this rearrangement reaction
applicable to the trans-ones. We then examined this rearrangement in detail, and communicated the
remarkable effects of acyloxy groups and an exceptionally bulky Lewis acid, methylaluminum bis(4-bromo-
2,6-di-tert-butylphenoxide) (MABR).# Namely, an acyloxy group such as a strong electron- w1thdraw1ng p-

nitrobenzoy! group, a very bulky camphanoy! group and a bulky Lewis acid, MABR, made the rearrangement
appticable not only to cyclic trans-derivatives but also to acyclic ones.d
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During a series of studies, we focused on these remarkabie effects (steric and electrostatic) of acyl
groups and the exceptionally bulky Lewis acid, MABR. We then examined additional acyclic tetrasubstituted
derivatives and monocyclic tetra- and trisubstituted ones in detail, and found that a suitable combination of an
acyl group and Lewis acid makes the rearrangement reaction successful with high yields and with high
selectivities in various systems. We also succeeded in determining the general tendency of the appropriate
combination of acyl groups and Lewis acids in acyclic, monocyclic and bicyclic systems. In this paper, we
describe t
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Resuiis and Discussion

Rearrangement of Acyclic a B-Epoxy Acylates

Tetrasubstituted Systems: We initially examined a Lewis acid using racemic 1 as the substrate in CHCl at
0°C (Table 1). No rearranged product was obtained along with the diol 4 and orthoester § in the cases of
representative Lewis acids such as BF3*Et20, A(OC6F5)3, ¢ TiCl4, SnClg, etc. This is due to the formation

up.” However,

of the dioxycarbenium ion intermediate A by the neighboring group participation of an acyl gro
the use of MABR gave two types of rearranged products 2 formed by the migration of a methyl group and 3
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epoxy benzoate (cis-6a) afforded the diol 9a using BF3*Et20 (entry 1), the use of MABR predonunamiy
afforded the rearranged products (7a and 8a) in good yields. Thus, cis-6a-c afforded 7a-¢, formed by the
migration of a methyl group, predominantly along with minor 8a-c, which was formed by the migration of an
acyloxymethyl group (entries 2-4). trans-6a, b predominantly afforded 8a, b (entries 6 and 7). But, to our
surprise, trans-6c¢ having a camphanoyloxy group predominantly afforded 7¢ (entry 8).



For the rearrangement reactions, the migratory aptitude of aikyl groups having an eiectron-withdrawing
group are generally low.% For that reason, the yield of 8b was lower than 8a in both cases of cis-6a, b and
trans-6a, b (entries 2, 3 and 6,7). It is noteworthy that the migration of the acyloxymethyl group took priority
over the migration of the methyl group using a suitable combination of an acyl group and a Lewis acid in trans-
6a,b (entries 6 and 7). The differences in the selectivity between cis-6 and trans-6, in other words, the ratio of
7 and 8, occurred during the coodination stage of MABR with the epoxide. In the cases of cis-6a-c, the B-side

of the epoxide in Figure 1 (cis) is not crowded compared to the g-side, therefore, MABR coordinates with the
oxirane ring from this side and cleaves the oxirane ring at the B-position of the acyloxy group. The repulsion
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beiween the MABR ligand and the methyl group acceleraies migration of the meihyi group and 7a-c were
predominantly produced.4 On the other hand, in the cases of trans-6a, b there is little difference in the spaces
around the epoxide so that low selectivity appeared (Figure 1, transT-1 and/or transT-2), and in the case of
trans-6¢, MABR coordinates with the oxirane ring from the ot-side because of the bulkiness of the camphanoyl
group so that selectivity was reversed for trans-6a, b (Figure 1, transT-2).

Table 2. Reaction of Tetrasubstituted Acyclic Epoxy Acylates
Acy! Groups of the Products, a: R=Ph; b: R=p-NO,Ph; ¢: COR=(-)-Camphanoy!®

Entry Substrate Lewis Acid Rearranged Product (Yield) Other Products (Yieid)
Q RCOQ i ¢ -CeH i CeH Me\pHc-CH
B LR C - 67111
© -CeHrq M Me RCOO~ Me  RCOO M¢ OH
cis-6 7 8 9
1 a;R=Ph BF3sEt,0 - - 9a (54%)
2 a R=Ph MABRP 7a {58%) 8a (12%) -
a b; R=pNO,Ph 7b (73%) 8b (6%) _
4 ¢; COR=(-)}-camphanoyl 7c (82%) 8¢ (11%) -
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5 a; R=Ph BF3°EL,0 - - 8a (30%)
6 a: R=Ph MABR 7a (10%) 8a (52%) -
7 b; R=p-NO,Ph 7o (23%) 8b (49%) -
8 c; COR=(-}-camphanoyl 7c (74%) Bc (16%) -
But  Bu
8 (-)-Camphanoyl= o) b = —
) Y - :‘lﬁ Mo MABR= ,==</ o o % .
o W R4
T OCOR

Qe @
/ °/ / L\V /an«or/ V]
t\ﬁ\] \q =

cis trans T1 trans T-2

%‘\

s
S

Figure 1



4982 V k/lfn et n! /Tﬂfrnlzﬂ/]rnn 5 1999

Trisubstituted Systems: 5 A characteristic feature of our rearrangement reaction using an eiectron-withdrawing
acyl group is exemplified by the following experiments (Scheme 1).8 Thus, treatment of trisubstituted epoxy
acylates, cis-10a-¢ and trans-10a-c, with MABR afforded 11a-c in good yields, by hydride migration and no
12a-c. These results are in striking contrast with Yamamoto's results,!0 in which the reactions of epoxides, cis-
10d and trans-10d, having an electron-donating silyl ether (TBS: fert-butyldimethylsilyl) with MABR
selectively afforded B-siloxy aldehydes 12d and no 11d. It is noteworthy that a change in the protecting group

of an alcohol can control the mi gratory nature of the substituents
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cis-i0  a (R= PhCO) 70% 0%
b (R= p-NO2PhCO) 83% 0%
¢ (R= (-)-camphanoyl) 91% 0%

d (R= TBS) 0% 98%2
trans-10 .a (R= PhCO) 48% 0%
b (R= p-NO,PhCO) 76% 0%
Scheme 1 ¢ (R= (-)-camphanoyl)  g1o, 0%

d (R=TBS) 0% 99%,3

2 see ref 10
Rearrangement of Cyclic a,B-Epoxy Acylates

Tetrasubstituted 5-Membered Systems: 5 We next examined the application of these rearrangement reactions
to monocyclic systems. We examined the suitable combination of an acyl group and a Lewis acid using
tetrasubstituted 13 (Table 3).8 Although cis-13a-c afforded the rearranged products (14a-c) in good yields
using BF3*Et20 (entries 1-3),3 the reaction did not proceed at all with the use of MABR (entry 4). On the
other hand, trans-13a with a benzoyl group gave a 92% yield of the diols (16a and 16'a) with no rearranged
product because of the neighboring group participation of the benzoyl group (entry 5). However, trans-13c
with a camphanoy! group afforded the rearranged product 15¢ (56%) due to the efficient suppression of the
the rearranged product in combination with the bulky ca upuauc-yl functionality {eu
rationalized as follows. The oxirane ring of the cis-derivatives are very congested so that the bulky Lewis acid,
MABR, could not coordinate with it (entry 4). On the other hand, that of the rrans-ones is not congested
compared to the cis-ones so that bulky MABR could approach the oxirane ring and the rearrangement reaction

proceeded well (entry 7).



Table 3. Reaction of Tetrasubstituted 5-Membered Epoxy Acylates
Acyl Groups of the Products, a: R=Ph; b: R=p-NO,Ph; ¢: COR=(-)-Camphanoyl

Rearranged Product Other Products

Entry Substrate Lewis Acid PPN Viakd)
’ (Yieid) (Yieid)
CSHH pCOR CSH‘H Q\ NCcoR
o ad
Mo~ PAS
. a
cis-132 14
1 a; R= Ph BF*Et,0 14a (61%)
2 b; R= p-NO,Ph 14b (73%)
3 ¢; COR= (-)-camphanoyl 14c (63%)
4 a; R= Ph MABR no reaction
COR H cor RCOQ oH
CsHyy 9 CsHyy Q pcorcy? P CsHyl_<

Qa/\ . /\l- CORCst “j/\
Me>\/ Me/\_"' Me/i\/‘!5 Mm‘s

® v
trans-13 19 OH OH
5 a; R= Ph BF3EL,0 - 16a (42%) 16'a (50%)
6 ¢; COR= (-)-camphanoyl 15¢ (56%) 16¢ (trace) -

7 ¢; COR= (-)-camphanoyl MABR 15¢c (83%) - -

a Sbedmscopic data of cis-13a,b and 14a,b are listed in ref 3.

Trisubstituted 5-Membered Systems: The trisubstituted S-membered substrates were next examined (Table 4). 8

In these cases, a similar tendency was observed. The cis-derivative
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Table 4. Reaction of Trisubstituted 5-Membered Epoxy Acylates
Acyl Groups of the Products, a: R=Ph; b: R=p-NO,Ph; ¢: COR=(-)-Camphanoy!
Enins Quhetrato | owic Arid oaarranaond Prodirt {Viald)
Entry Substrat Lewis Acid Rearranged Product (Yield)
QOCOR Q
M N
Me = 7
cis-172 182
1 a; R=Ph BF3°Et,0 18a (81%)
2 b; R= p-NOs;Ph 18b (79%)
OCOR
o % LOCOR
g > we— )
Me}‘\/
trans-17 19
3 b; R= p-NG,Ph BF3=Et,0 156 (22%)
4 MABR complex mixture
5 ¢; COR= (-)-camphanoyl BFz*Et,0 19¢ (47%)
6 MABR 19¢ (8%)

2 Spectroscopic data of cis-17a,b and 18a,b are listed in ref 3.



Tetrasubstituied 6-Membered Sysiems: We next examined the tetrasubstituted 6-membered o, -epoxy acyiates
(cis- and trans-20).8 In the cases of the 5-membered systems, contraction of the ring did not occur. This might
be due to the unfavorable formation of the 4-membered ring. On the other hand, in the 6-membered system, it
was thought that ring contraction competed with migration of the alkyl chain (route a or route b in Scheme 2).
If we could control the reaction paths by the choice of acyl groups and Lewis acids, it would be an interesting
result in the rearrangement reaction. The results are shown in Scheme 2. Although cis-20 gave poor results,3
trans-20 showed fruitful results. The use of BF3*Et20 afforded 23 in high selectivity via route a and the use of
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MABR - 80 %

Trisubstituted 6-Membered Systems: The trisubstituted ones are shown in Scheme 3.8 In these systems, the
same tendency as the tetrasubstituted 6-membered system was observed in both cis- and trans-25. The use of
two types of Lewis acids (BF3*Et20 and MABR) can control reaction paths a and b. The use of BF3+Et20
afforded 26 and 28, formed by the migration of a hydride (route a), with no 27 and 29, formed by the ring

contraction (route b). On the other hand, the of MABR afforded 27 and 29 with no 26 and 28. With regard
tny the acvyl oronme t camnhanavl aroun ogave the hect recnlte
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Bicyclic Systems:2.3.5 The trans-30 was examined as the substrate (Table 5).8 We already found and reported
that the treatment of the cis-derivatives with BF3+Et2O gave the rearranged products in good yields. However,

treatment of rrans-30a gave a small amount of rearranged product 31a along with the diols 32a and the enone

ahin s o d wnon dinat faabiy;
LI ICdalialgiU prouduct (cnu

L
- 8D
>

desired product in good yield (entry 3) because of the same reason as the monocyciic systems.
examined the bulky Lewis acid, MABR. The p-nitrobenzoate derivative, trans-30b, afforded the rearranged
product 31b in 24 % yield (entry 4), and the camphanoate one, trans-30c afforded the diol 32¢ with no 31c
(entry 5). The differences in the reactivity should depend on the size of the Lewis acid; bulky MABR could not
sufficiently coordinate with epoxide, which is located on the crowded position. These results also imply the

importance of the suitable combination of acyl groups and Lewis acids.

Table 5. Reaction of Bicyclic Epoxy Acylates
Acy! Groups of the Products, a: R=Ph; b: R=p-NO2Ph; ¢: COR=(-)-Camphanoyl
Rearranged Product Other Products
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1 & R=Ph BF4EL,C 31a (18%) 32a(65%) (trace)

2 b; R=p-NO,Ph 31b (63%) 32b (trace) (20%)

3 ¢; CORs={-)-camphanoy! 31c {65%;) 32¢ {trace} {6%)

4 b; R=p-NO,Ph MABR 31b (24%) - (67%)

5 ¢; COR=(-}-camphanoyl| - 32c (60) -




Consideration for the Suitable Combination of Acyi Groups and Lewis Acids

As already mentioned, we have now found that the suitable combination of acyl groups and Lewis acids
is important in the rearrangement reactions. The summary is showed in Table 6. Conceming the Lewis acids,
the confomation becomes more rigid from the acyclic substrate to monocyclic and bicyclic ones, and the size of
the preferable Lewis acid becomes smaller from MABR to BF3°Et20. Especially, the effect of MABR is
remarkable in the acychc systems. The bulkiness of MABR is thought to efficiently suppress the neighboring
Mon systems are located in the middle. Both MABR and
sysicims. \,Um.cuung the acyl groups, an apparent tendency was observed.
(benzoyl, p-nitrobenzoyl, camphanoyl) are equally effective in acyclic systems and cis-cyclic systems
{monocyclic and bicyclic ones). The benzoyl group is not useful at all in the frans-ones so that a strong
electron-withdrawing p-nitrobenzoyl, and a very bulky camphanoyl group allow the successful rearrangement

reaction even from the trans-ones.

Table 6. Suitable Combination of Acyl Groups and Lewis Acids

Preferable Preferable
Substrate type Lewis acid Acyl Group
. Almost all roups
Acyclic Systems MABR e nunac:fﬂtgn\
\DZ, FiND, UMIT |
cis BF3-Et20 Almost all acyl groups
5-Membered
Systems
frans 1BF3Et,0 = MABR | CMP > PNB > Bz
Systems cis /i Almost all acyl groups
6-Membered
Systems
trans 1/ CMP, PNB
cis BF3-Et,0 Almost all acyl groups
Bicyclic Systems
trans BF3-Eto0 CMP = PNB >» Bz

PNB= p-NO2PhCO, CMP= (-)-camphanoyl
Conclusion

We have examined our rearrangement reaction of various o,p-epoxy acylates [acyclic, monocyclic (5-
membered, 6-membered) and bicyclic ones] in detail, and the successful rearrangement was achieved by
controlling the electron-withdrawing nature of the acyl groups by a suitable combination of acyl groups and

is article are easily protected or deprotected.!! The corresponding
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chiral spirocyclane systems!2-15 and chiral quaternary carbon centers!® which are found in many biologically

k

active natural products. The work here would provide a useful method for their construction.



Experimentai Section
All meiting points are uncorrected. NMR spectra were measured using 270 MHz, 300 MHz and 500
MHz spectrometers with CDCI3 as the solvent and SiMe4 as the internal standard. Infrared (IR) absorption

spectra were recorded as KBr pellets. All solvents were distilled and dried according to standard procedures.

Preparation of Epoxy Acylates

Acyclic tetrasubstituted epoxy acy , Cis-6a-c, frans-6a-c and monocyclic cis-epoxy acylates cis-
o Yk e _IE v svsmarmamad Fenn o Ao Al e o L A Locece o oo S TR i N TR S R,
13 5 feparea 1rom ine cori bpuuum o,p-unsaturated ketones, synthesized by literature

o .

procedures,!” in a three-step sequence; i) formation of ailylic aicohol by reduction of the enone with DIBAH in
CH2ClI7 at 0°C, ii) epoxidation of the allylic alcohol with m-CPBA in CH2Cl7, or with -BuOOH and
VO(acac)? in C6H6,“As and iii) acylation of epoxy alcohol with acid chloride (or acid anhydride) in pyridine.
Acyclic trisubstituted epoxy acylates cis-10a-c¢ and frans-10a-c were prepared by epoxidation of commercially
obtained nerol and geraniol followed by acylation. Monocyclic trans-epoxy acylates trans-13a,c, trans-17b,c,
trans-20, trans-25 and bicyclic trans-epoxy acylates trans-30b,c were prepared by epimerization of the cis-

epoxy alcohol by the Mitsunobu reaction using benzoic acid, p-nitrobenzoic acid and (-)-camphanic acid.!?
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{2-Methyi-1-oxaspiro{2.5joci-2-yl)methyl Benzoate (1): colorless oil; IR (KBr) 2932, 2859, 1725, i451,
1314, 1275 em !; 1H-NMR (CDCI3) & 1.47 (s, 3H), | 54-1 79 (m, 10H), 4.35 (d, 1H, J= 11.5 Hz), 4.47 (d, 1H,
J=11.5 Hz), 7.41-7.57 (m, 3H), 8.05-8.11 (m, 2H); 13C-NMR (CDCl3) 8 16.0, 25.0, 25.1, 25.6, 30.7, 31.2,

62.6, 66.7, 67.3, 128.4, 129.6, 129.8, 133.1, 166.2. MS (EI) m/z (rel intensity) 260 (M+, 0.02), 217 (0.1), 203
(0.2), 163 (0.1), 162 (0.7), 161 (0.3), 155 (0.1), 139 (0.2), 137 (0.2), 120 (2), 106 (10), 105 (100), 104 (15), 92
(2), 91 (2), 84 (2), 81 (6), 77 (14); HRMS (EI) Calcd for C16H2003 (MT): 260.1412. Found: 260.1439.

127s cm'l IH-NMR (CDCl13)

1 F—- 11 S LI\ A &N (A
183, J= 11.J 114}, ¥.J0U N2

Ci18H2403: C, 74.97; H, 8.39.

N=l
T
c
=
-
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B
N3
[
T
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cis-(3-Cyclohexyl-2,3-dimethyl-2-oxiranyl)methyl p-Nitrobenzoate (cis-6b): pale yellow oil; IR (KBr)
1728, 1609, 1530, 1451, 1348, 1277 cm1; TH-NMR (CDCI3) & 1.17-1.84 (m, 11H), 1.29 (s, 3H), 1.49 (s, 3H),
4.46 (ABq, 1H, J= 11.9 Hz), 4.57 (ABq, 1H, J=11.9 Hz), 8.23-8.35 (m, 4H); Anal. Calcd for C1gH23NOs: C,
64.85; H, 6.95; N, 4.20. Found: C, 64.69; H, 6.95; N, 4.09.

oil; IR (KBr) 1794, 1755, 1736, 1451, 1271 cm-1; 1H-NMR (CDC!3) ) each s, total 3H), 1.05, 1.06

(each s, total ""), i ‘G( s, 3H), 1.21 (s, 3H), 1.37 (s, 3H), 1.00-1.36 (m, 7TH), 1.43-1.58 (m, iH), 1.60-2.10 (m,
~ . P .\ 2 mo 2 oA~ ATTY TTILR Aoy sEmwn a3 o — vy —~ PR S RO R R

6H), 2.35-2.49 (m ), 4.25-4.35 (m, 2H); HRMS (EI) Caicd for C21H3205 (M¥): 364.2250. Found

364.2251.
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irans-(S-Cyc'iohexyi 2,3-dimethyi-2-oxiranyl)methyl Benzoate (frans-6a): colorless oil; IR (KBr) 1725,
1451, 1275 cm-}; 1H-NMR (CDCi3) & 1.27 (s, 3H), 1.47 (s, 3H), 1.10-1.90 (m, 11H), 4.40 (ABq, i1H, J=11.5
Hz), 4.51 (ABq, 1H, J= 11.5 Hz), 7.40-7.60 (m, 3H), 8.05-8.10 (m, 2IH); Anal. Calcd for C18H2403: C, 74.97,

H, 8.39. Found: C, 74.72; H, 8.41.

trans-(3-Cyclohexyl-2,3-dimethyl-2-oxiranyl)methyl p-Nitrobenzoate (trans-6b): pale yellow crystals; mp

85-87 °C (n-hexane-ethyl acetate); IR (KBr) 2932, 2855, 1728, 1530, 1348, 1279, 1101 cm-!; IH-NMR
(CDC13) & 1.19-1.48 (m, 6H), 1.28 (s, 3H), 1.49 (s, 3H), 1.58 (m, 1H), 1.72-1.81 (m, 4H), 4.40 (ABgq, 1H, J=
11.9 Hz), 4.48 (ABq, 1H, J= 11.9 Hz), 8.22 (d, 2H, J= 8.5 Hz), 8.31 (d, 2H, J= 8.5 Hz); Anal. Calcd for
C18H23NOs5: C, 64.85; H, 6.95; N, 4.20. Found: C, 64.81; H, 6.83; N, 4.20

trans-(3-Cyclohexyl-2,3-dimethyl-2-oxiranyl)methyl Camphanoate (trans-6¢): (1:1 diastereomixture)
colorless oil; IR (KBr) 2932, 1792, 1755, 1750, 1740, 1451 cm~L; IH-NMR (CDC13) § 0.96, 0.97 (each s, total
3H), 1.06 (s, 3H), 1.11 (s, 3H), 1.22, 1.23 (each s, total 3H), 1.00-1.39 (m, 7H), 1.40 (s, 3H), 1.41-1.60 (m, 1H),
1.62-2.10 (m, 6H), 2.34-2.50 (m, 1H), 4.19-4.35 (m, 2H); HRMS (EI) Calcd for C21H3205 (M1): 364.2250.
Found: 364.2247.

afo 2 AMaslhel 2 /A4 cncthed B mnntaonney]) P avlonc el lacadhe Daovircndn Made 1o anlaclacs AL TD 7D 17729
CO=-|I-VACHI Y " -~ Y I~ 0~ RCIYL~L~UAMT QLY JHIEICULY 1T DUIIZDALC (G20 ). COTVLIOOY UL, IR WD) 1104,
12790 126N 1777 ~-1. iy aanan /o VS 120 r. QLT 1 9N /n T T s 72" iy

LOOWU, 100U, 14771 CIN *, "H=-INIVIIN (L JO 1.00 (N D s A

(dt, 2H, J=7.0, 7.0 Hz), 3.14 (dd, 1H, J/=4.0, 7.0 Hz), 4.27 (dd, 1H, J=7.0
Hz), 5.05-5.20 (m, 1H), 7.39-7.62 (m, 3H), 8.04-8.13 (m 2H); Anal. Cdl(.d for C17H2203 C, 74.42; H, 8.08.
Found: C, 74.52; H, 8.14.

cis-[3-Methyl-3-(4-methyl-3-pentenyl)-2-oxiranyllmethyl p-Nitrobenzoate (cis-10b): pale yellow oil; IR
(KBr) 2966, 2990, 1728, 1530, 1348, 1273 cm™!; IH-NMR (CDCI3) 8 1.39 (s, 3H), 1.54-1.59 (m, 1H), 1.62 (s,
3H), 1.65-1.79 (m, IH), 1.70 (s, 3H), 2.13-2.20 (m, 2H), 3.14 (dd, 1H, J= 3.5, 7.5 Hz), 4.28 (dd, IH, J= 7.5,

~2275

12.0 Hz), 4.66 (dd, 1H, J= 3.5, 12.0 Hz), 5.05-5.20 (m, 1H), 8.23 (d, 2H, /= 9.0 Hz
)

120 (CTYW IV R 174 21 Q 241 298 & 11D ANA ANO A4 7 1970 191§ 1A 128N 18N A
C-INIVER \LaAmA 1y O 170, L1.7, £9%.1, £J.9, JJ.4, OU.G, JU.7, UF.7, 1LL.7, 14&T.3, s 132U, 13J.V, 1JU.O,

VLA, A ) £V 1 L A T AN £ LA DANY L LAANT AN D d, 0 £F 0L U0 £ AN T A £0Q

104.0] AndlL. LaICQ IO U /N7 JINUSI L, 03,74 11, 0.03; IN, 4.03Y. round. L, 03.09, 11, 0.44, IN, 4.0

cis-[3-Methyl-3-(4-methyl-3-pentenyl)-2-oxiranylJmethyl Camphanoate (cis-10c): (1:1 diastereomixture)
colorless oil; IR (KBr) 1798, 1790, 1755, 1738, 1456, 1269 cm-1; IH-NMR (CDCI3) 8 0.98, 0.99 (each s, total
3H), 1.08 (s, 3H), 1.13 (s, 3H), 1.35 (s, 3H), 1.45-1.73 (m, 3H), 1.62 (s, 3H), 1.70 (s, 3H), 1.90-1.98 (m, 1H),
2.01-2.15 (m, 3H), 2.42-2.50 (m, 1H), 3.03 (dd, 1H, J=4.0, 7.0 Hz), 4.20, 4.22 (each dd, total 1H, J=7.0, 12.0

Hz), 4.46 (dt, 1H, J=12.0, 4.0 Hz), 5.09 (m, 1H); Anal. Calcd for C2qH3005: C, 68.55; H, 8.63. Found: C,
68.76: H. 8.58.

UG, I, 1X,

I‘l’“

trans-{3-Meihyi-3-(4-methyl-3- pemenyl )-2-oxiranyijmethyl Benzoate (frans-10a): colorless oil; IR

Kbr)
2969, 2859, 1725, 1453, 1273 cm™ I, IH-NMR (CDCi3) 6 1.38 (s, 3H), 1.47-1.60 (m, iH), 1.61 (s, 3H), 1.67 (s,
3H), 1.69-1.80 (m, 1H), 2.13 (dt, 2H, J=7.5, 7.5 Hz), 3.14 (dd, 1H, J= 4.5, 7.0 Hz), 4.28 (dd, 1H, J= 7.0, 12.0
Hz), 4.58 (dd, 1H, J= 4.5, 12.0 Hz), 5.06-5.13 (m, 1H), 7.40-7.62 (m, 3H), 8.06-8.11 (m, 2H); Anal. Calcd for
C17H2203: C, 74.42; H, 8.08. Found: C, 74.37; H, 8.18.
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i nS-{3-xviEihjy‘i-3—(4-_"ihyi-3-penteny|) -2-oxiranyljmet yip-?'iiﬁ"}bé oaie {irans-1Ub): paie yeliow oil
L 2 s VA TE » DAY -~ -~ - -y “ 1' TS rFakaWall -~ ~T "l I ""l'\ L 8 &% -~
IR (KBr) 1730, 1529, 1273 cm™!; 'H-NMR (CDCI3) 6 1.39 (s, 3H), 1.47-1.79 (m, 2H), 1.62 (s, 3H), 1.67 (s,

3H), 2.12 (dt, 2H, J= 7.5, 7.5 Hz), 3.13 (dd, 1H, J=4.0, 7.0 Hz), 4.32 (dd, 1H, J= 7.0, 12.0 Hz), 4.65 (dd, 1H,
J= 4.0, 12.0 Hz), 5.06-5.13 (m, 1H), 8.25 (d, 2H, J= 8.5 Hz), 8.31 (d, 2H, J= 8.5 Hz); I3C-NMR (CDCl3) &
16.9, 17.7, 23.6, 25.7, 38.2, 59.5, 60.7, 64.9, 123.0, 123.6, 130.9, 132.4, 135.1, 150.7, 164.5; Anal. Calcd for
C17H21NOs: C, 63.94; H, 6.63; N, 4.39. Found: C, 63.80; H, 6.66; N, 4.46.

tranc-13.Methvl.3.{(d.methvl.3.nentenvll.2.oxiranvlilmethvl Camnhanoate (frans-10c): (1:1
...... [3-Metnhyl-3-(2a-methyi-3-pentenylj-s-oxiranyijmethyl Camphaneoate (frams-1v0c): ( 1
diastereomixture) colorless oil; IR (KBr) 2969, 1792, 1755, 1738, 1269 cm™1; 1H-NMR (cung) 30.98,0.99

(s, 3H), 1.13 (s, 3H), 1.17-1.76 (m, 3H), 1.33, 1.34 (each s, total 3H), 1.58, 1.59 (each s,

(each s, total 3H), 1.08

total 3H), 1.69, 1.70 (each s, total 3H), 1.88-2.12 (m, 4H), 2.40-2.50 (m, 1H), 3.03 (dd, 1H, J= 4.0, 7.0 Hz),
424 (dd, 1H, J= 7.0, 12.0 Hz), 4.44 (dt, IH, J= 12.0, 4.0 Hz), 5.00-5.14 (m, 1H); Anal. Calcd for C20H300s5:
C, 68.55; H, 8.63. Found: C, 68.26; H, 8. 41.

cis-5-Methyl-1-pentyl-6-oxabicyclo[3.1.0]hex-2-yl Camphanoate (cis-13c): (1:1 diastereomixture) colorless
oil; IR (KBr) 2957, 1794, 1752, 1381, 1171 cm~1; 1H-NMR (CDCI3) 8 0.89 (t, 3H, J= 7.0 Hz), 0.97, 0.99
(each s, total 3H), 1.08, 1.09 (each s, total 3H), 1.12 (s, 3H), 1.37 (s, 3H), 1.20-2.20 (m, 15H), 2.40-2.50 (m,
1H), 5.25-5.40 (m, 1H); Anal. Calcd for C21H3205: C, 69.20; H, 8.85. Found: C, 68.92; H, 8.79.

trans-5-Methyl-1-pentyl-6-oxabicyclo[3.1.0]hex-2-yl Benzoate (frans-13a): colorless oil; IR (KBr) 2955,
2928, 2861, 1721, 1451, 1273, 1175 cm~1; 1H-NMR (CDCI3) § 0.85 (1, 3H, J= 7.0 Hz), 1.28-1.61 (m, 8H)

] ] 3 =3 == S i === s
1.47 (s, 3H), 1.86-1.98 (m, 4H), 5.54 (d, 1H, J= 5.0 Hz), 7.43-7.59 (m, 3H), 8.00-8.04 (m, 2H); I3C-NMR
(CDCI3) § 14.0, 15.5, 22.5, 25.0, 25.9, 27.5, 31.0, 32.2, 68.6, 70.0, 76.2, 128.3, 129.5, 1302, 132.9, 165.5
HRMS (FAB) Calcd for C1gH2503 (M++H): 289.1803. Found: 289.1803

trans-5-Methyl-1-pentyl-6-axabicyclo[3.1.0]hex-2-yl p-Nitrobenzoate (trans-13b): pale yellow crystals; mp
57-58 °C (n-hexane-ethyl acetate); IR (KBr) 2957, 2930, 1728, 1530, 1348, 1275 cm™1; IH-NMR (CDCl3) &
0.86 (t, 3H, J= 7.0 Hz), 1.26-1.50 (m, 7H), 1.49 (s, 3H), 1.60-1.76 (m, 1H), 1.80-2.05 (m, 4H), 5.58 (d, 1H, J=
5.0 Hz), 8.18 (d, 2H, J= 8.5 Hz), 8.31 (d, 2H, J= 8.5 Hz); I13C-NMR (CDCl3) 8 14.0, 15.4, 22.5, 24.9, 25.8,
27.5,30.8, 32.1, 68.6, 69.6, 77.4, 123.5, 130.5, 135.4, 150.5, 163.6; Anal. Calcd for C1gH23NOs: C, 64.85; H,
6.95; N, 4.20. Found: C, 64.79; H, 6.92; N, 4.20.

trans-5-Methyi-1-pentyl-6-oxabicycio[3.1.0]hex-2-yI Camphanoate (frans-13¢): (1:1 diastereomixture)
colorless oil; IR (KBr) 2957, 1794, 1754, 1732, 1312, 1266, 1169, 1103, 1063 cm-!; 1H-NMR (CDClI3) &
0.86-0.91 (m, 3H), 0.96 (s, 3H), 1.06 (s, 3H), 1.26 (s, 3H), 1.26-2.05 (m, 15H), 1.42 (s, 3H), 2.35-2.50 (m, 1H),
5.41 (m, 1H); Anal. Caled for C21H3205: C, 69.20; H, 8.85. Found: C, 68.91; H, 8.73.

trans-5-Methyl-6-oxabicyclo[3.1.0]hex-2-yl p-Nitrobenzoate (trans-17b): pale yellow powder; mp 61-62 °C
(n-hexane-ethyl acetate); IR (KBr) 1728, 1530, 1348, 1273 cm-1; IH-NMR (CDCI3) & 1.49 (s, 3H), 1.74-1.95
4H) 1H, J= 3.5 Hz), 8.12 (ABq, 2H, J= 9.0 Hz), 8.20 (ABq, 2H, J= 9.0 Hz); 13¢c.

ix y Ry v L NSRRI, [+ PPN
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trans-5-Methyl-6-oxabicyclo[3.1.0]hex-2-yl Camphaneoate (trans-17c¢): (1:1 diastereomixture) colorless oil;
IR (KBr) 2967, 1790, 1755, 1750, 1732, 1451, 1399 cm-}; IH-NMR (CDCl3) 8 0.92 (s, 3H), 1.02 (s, 3H), 1.09
(s, 3H), 1.47, 1.49 (each s, total 3H), 1.58-2.05 (m, 7H), 2.32-2.45 (m, 1H), 3.27, 3.30 (each s, total 1H), 5.30
(d, 1H, J= 3.5 Hz); Anal. Calcd for CjgH2205: C, 65.29; H, 7. 53. Found: C, 65.06; H, 7.44.

ans-1-Butvl-6-methyl-7-oxabicyclo[4.1.01hept-2-vl p-Nitrobenzoate (frans-28): pale vellow powder: mp
o u"a’l'"ul:l""llw‘ll: ™7 -Ulu”.‘vy LIV} 4. l..U]llt:pl.'A-“yl P INILIEUUTCIILUAQLE (BT UTD A ). pdlc YCIIUW WWUCI E lllp
71-72 °C (CH2Cl2-n-hexane); IR (KBr) 2872, 1728, 1609, 1539, 1410 cm-1; IH-NMR (CDCI3) 8 0.76 (t, 3H,

=7.0 Hz), 1.36 (s, 3H), 1.16-1.55 (m, 8H), 1.70-2.00 (m, 4H), 5.46 (1, 1H, J= 4.5 Hz), 8.20 (ABq, 2H, J= 8.5
1z), 8.28 (ABq, 2H, J= 8.5 Hz); 13C.NMR (CDCI3) § 13.7, 15.6, 21.0, 22.9, 25.8, 26.4, 28.9, 29.9, 63.4, 64.1,
71.9, 123.5, 130.6, 135.5, 150.5, 163.7; Anal. Calcd for C1gH23NOs5: C, 64.85; H, 6.95; N, 4.20. Found: C,
64.82; H, 6.94; N, 4.10.

cis-6-Methyl-7-oxabicyclo[4.1.0]hept-2-yl Camphaneoate (cis-25): (1:1 di astereomlxturc) colorless crystals;
mp 58-59 °C (CH2Clp-diethyl ether); IR (KBr) 2942, 1790, 1755, 1750, 1732, 1321 cm-1; 1H-NMR (CDCl3) &

i \ILDL) £ d&5 2 s

N K7 NRA (aach ¢ tntal THY NAA N OA (aach ¢ tatal 2HY 1 0Q 1 0M) faarh ¢ tatal IHY 1 92 1 24 {aarh ¢ tafal
V.07, VU7 (WaBVEE Oy BLARAL TR J, UVLP77, U.7U (VAL ll Oy LUWAL J3R ), V.77, 1.UU (LA 3, (WARAGL J11 ], 1.44, 1.7 LLAOCIE O, WAL
2 1 AN YN fevv QLIN DY DIE VY A& f2n 1IN 2 1IN _ 2 18 fen TLIY ENE & 1Q fon TEIN. Al Malad e N imlia M.
JiL), 1L.WUCL. VUL I, TIY), L.60768.5% 0 \ALL, 1R1), D.1VU-D. 10 \Uil, 1)1}, J.VU-J.10 (111, 111}, Ak Al 10U O l ,1144U3~

trans-6-Methyl-7-oxabicyclo{4.1.0]hept-2-yl Camphanoate (frans-25): (1:1 diastereomixture) colorless oil;
IR (KBr) 3567, 1798, 1790, 1732, 1456, 1397 cm‘l; IH-NMR (CDCI3) 6 0.95, 0.97 (each s, total 3H), 1.05,

1.06 (each s, total 3H), 1.11 (s, 3H), 1.34 (s, 3H), 1.20-1.55 (m, 3H), 1.60-1.79 (m, 2H), 1.85-2.10 (m, 4H),
2.35-2.52 (m, 1H), 2.90 (d, 1H, J= 12.5 Hz), 5.09-5.18 (m, 1H); Anal. Calcd for C{7H240s5: C, 66.21; H, 7.84.
Found: C, 65,91; H, 7.65.

tramne 10 _ Nivateisvsinld 2 1 N1.61Ad0,_ 7 vl n_Nitrahansnata (franc_2Wh): ~nlarlace orvctaler mn 178 1726 O (2.
drurTivUvTU AGL l‘:‘,.u["om’.lc“ TTMCT .ll ANIMIUUTCHMALUGLU T WIISTJIULI Js LUIUEIL DD LI YOLALD, lllp L 200 bl WL § AR

havana _athgl acataeal. TD (DL 2QAQ 1717 1ANQ 182N 117Q7 (\nz.-1~ lu_\tl,{D ATV Ay R 174D 10 fen 191

llCAaﬂC‘Culyl CCLAT |, 1IN \WD ) £7790, 1717, 1UUZ, 100V, 1,07 1l 5 T17JWIVIIN \VEALIY )V .20 L.17 U, 1.211),
£ oAz 4 r 2 nrr Q $£ /3 AYT T ONLI.N QAD 71 ALY Y antris, 13~ waaan ;i s €S Aan A An o

240 (4, 1N, Jy=02UnNZ), 8.10(4, 41, J =Y.0UNZ),5.45 (4, 21, J =Y.0 0OZ)] *“CU-NMK (LULAI3) 0 LU.L, LU0,
224,264, 28.2, 29.9, 65.8, 67.4, 78.1, 123.5, 130.6, 135.5, 150.5, 163.8; Anal. Calcd for C1gH|7NO5: C,
63.36; H, 5.65; N, 4.62. Found: C, 63.22; H, 5.59; N, 4.66.

trans-10-Oxatricyclo[4.3.1.016]dec-7-yl Camphanoate (trans-30c): (1:1 diastereomixture) colorless crystals;
mp 91-92 °C {n-hexane-ethyl acetate); IR (KBr) 2934, 1790, 1737, 1315, 1173 cml; TH-NMR (CDC13) 6 0.97
(s, 3H), 1.07 (s, 3H), 1.13 (s, 3H), 1.40-2.60 (m, 16H), 5.26 (dd, 1H, J = 6.5, 9.0 Hz); Anal, Caled for

1Sy, JE27, SER7, =y J3R7, FARSLY, L ¥ S aictd

C19H2605: C, 68.24; H, 7.84. Found: C, 68.14; H, 7.70.
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Lewis Acid Treatment of &, B-Epoxy Acylates : General Procedure

Reaction with BF 3*Et20. To a soiution of epoxy acyiate (0.1 mmoi) in CH2Ci2 (2.8 mi) was added BF3*Ei20
(0.1 mmol) at 0°C under N2, and the reaction mixture was stirred at 0°C for 10-30 min (TLC check). After
having been diluted with CH2Cl2, saturated aqueous NaHCO3 was added to the mixture. The organic layer
was separated and the aqueous layer was extracted with CH2Cl2. The combined organic layer was washed
with brine, dried, and concentrated. The crude product was purified by column chromatography on silica gel

(n-hexane-ethyl acetate) to give the pure rearrangement product.

Reaction with MABR. To a solution of MABR# (0.2 mmol) in CH2ClI2 (2.2 ml) was added an epoxy acylate
IN 1 memal) in OHACIA (D D ma) at D aindoar Ar Tha miviners wace ctirrad at (0 far 1020 man (T1 C chacl)
(V.1 HNOE) 0 CiiZha/ (&0 g at v o aliUlh AL 0l IMiAwuge was sunica ar v o T 1U=50 MmN (1 a0 GIRCK)

After having been diluted with CH2Cl2 IN HCI was added to the mixture. The same procedure as stated
above gave the pure rearrangement product.

Reaction for Table 1

1 (45 mg, 0.173 mmol) and MABR (0.346 mmol) in dry CH2Cl2 (4 ml) gave 2 (2 mg, 4 %) and 3 (18 mg, 40
%).
2-(1-Methylkcyc

hexyl)-2-oxoethyl Benzoate (2): colorless oil; IR (KBr) 1732, 1721, 1277 cm’1 IH-NMR

i

(CDC13) § 1.23 (s -1.60 (m, 8H), 1.99-2.05 (m, 2H), 5.12 (s, 2H), 7.41-7.58 (m, 3H), 8.08-8.13 (m,
2H) ; 13C-NMR (CDC13) 5 22.7, 25.6, 30.9, 34.4, 47.1 (quaternary carbon), 65.2, 128.4, 129.5, 129.8, 133.2,
1£46 1 ANVT A LIDAMMC /EIY nlad foc e LI A~ A (AAFY. VEN 1A1D Eanind 240 1420
100.1, LU /.4, ITINIVIOD \I}l) dllu 11Ul L]onzuu.s vl " j. 2UV. 191 4. T'UOULIU,. ZUV. 159407,

(1-Acetylcyclohexyl)methyl Benzoate (3): colorless oil; IR (KBr) 1721, 1710, 1271 cm-l; TH-NMR (CDCI3)
§ 1.42-1.62 (m, 8H), 2.04-2.05 (m, 2H), 2.23 (s, 3H), 4.39 (s, 2H), 7.39-7.56 (m, 3H), 7.94-7.99 (m, 2H) ; 13C-
NMR (CDCl3) & 22.1, 25.5, 25.6, 30.1, 51.6, 68.9 (quaternary carbon), 128.3, 129.4, 129.5, 133.0, 165.9,
211.0.; HRMS (FAB) Calcd for C16H2103 (M++H): 261.1491. Found: 261.1494,

Reactions for Table 2

entry substrate MABR CHxCl, product  vyield (%)
2 cis-6a 53.7mg 0.373 mmol 4.5 ml Za 5§ (§1 .0 mg)
- {0.186 mmol) 8a 12(6.5mg)
4 | Cis6b  58.2mg 0.350 mmol 4.0 mi 7b 73 (42.7 mg)
= {0.175 mmol) 8b 6(3.5mg)
“ cis-6¢ 27.9mg 0.153 mmol 1.8 ml 7c B2 (23.0 mg)
v (0.077 mmol) 8c 11 (3.1 mg)
o trans-6a 33.2 mg 0.230 mmol 26mi 7a 10(3.2mg)
e (0.115 mmol) 8a 52(17.3mg)
, | trans6b 32.0mg 0.192 mmol | 3.0mi 7 23(7.2mg)
! (0.096 mmol) 8b 49(15.8 mg)
a trans-6¢c 156 mg 0.855 mmol 9.4 ml 7c 74 (115.8 mg)
(0.428 mmol) 8c 16 (24.4myg)
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(m 6HY § 10(c 2HY 742760 (m 3HY 202.2 11 (m 2HY 130 NMBR (CDCIY 8200 26 5 162 27 & 45 1
(L, UEL), J. IV D, L11), T4 7.UU 1L, J11), O.UO-0. 11 \ilL, £11), LINIVARN \VLLACL 3 U LVULT, LU, LU0, £7.0, %1,
Ar\"! - aE I B 4 1tAN 1tANnN N tA "N 177 3 ANO N, A ] Fa b 1 r FalPIrS ¢ PPy o PNy o B IV B o N
ay./ quatemary carbon}, 65 14Y.0, 1£49.Y, 133.2, 100.1, 2Us.U; Anpal CA IOr UI8N24U3 L, /a.Y/;

H, 8.39. Found: C, 74.60; H, 8.

3-Cyclohexyl-3-methyl-2-oxobutyl p-Nitrobenzoate (7b): pale yellow crystals; mp 99-100 °C (n-hexane-
ethyl acetate); IR (KBr) 2932, 2857, 1736, 1721, 1530, 1418, 1348, 1279 cm"!; IH-NMR (CDCl3) & 1.00-1.80
(m, 11H), 1.16 (s, 6H), 5.15 (s, 2H), 8.20-8.30 (m, 4H); |3C-NMR (CDCI3) § 20.9, 26.4, 26.8, 27.5, 45.1, 49.7
(quaternary carbon), 66.5, 123.5, 131.0, 135.0, 150.7, 164.2, 207.5; Anal. Calcd for CjgH23NOs5: C, 64.85; H,

§08- N A2 Found-C 4 80-H 600-N 4
U.7J, iV, F.4U. luuuu \_r,\J".JJ,ll,UIU JO Pl 9 1
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3-Cyciohexyi-3-methyi-2-oxebutyl Camphanoate (7¢): pale yellow crystals; mp 114-115 °C (n-hexane-ethyl
acetate); IR (KBr) 2855, 1763, 1748, 1721, 1449, 1264 cm-1; 1H-NMR (CDCI3) & 1.06, 1.07, 1.09 (each s,
total 15H), 0.82-2.10 (m, 14H), 2.39-2.52 (m, 1H), 4.89 (ABq, 1H, J= 16.5 Hz), 4.99 (ABq, IH, J= 16.5 Hz);
HRMS (FAB) Calcd for C21H3305 (M*+H): 365.2328. Found: 365.2314.

2-Cyclohexyl-2-methyl-3-oxobutyl Benzoate (8a): colorless crytals; mp 63.5-64.5 °C (n-hexane-ethyl
acetate); IR (KBr) 2930, 2855, 1723, 1451, 1269 cm™!; 1H-NMR (CDCI3) § 1.06-1.85 (m, 11H), 1.20 (s, 3H),

710 (¢ Y 42R(d ITH I=Q0OH 448¢4d 1 =00 HzY 740750 (m IHY 7Q4.7 Q7 {rx 2HN©- 13 Nnnmp
hemo B S \O’ 7R ll, T \u, ALRy 7 T lll‘,, T.TTOU \\J, LAdky oS P llbl, F B A\ V Y SRS OV g \lll, Jll’, T T .1 \lll, ‘-ll, N TINIVERN
(CTWMIAY KR 1688 D247 DAQ D7D 7717 221 721 AT D &5 1 (Aniatarnamy ~asl ey A0Q 1700 12NN 12N 72
\\,U\,IJ} U 1.0, LY. T, LU0, L1.4, LT,y LO. 1, LO.J, F¥I. 4L, JJT. 1 \L‘uﬂlbllldl) CAaiinni), Ur.7, 1£0.7, 1JUV.YV, 1IV.J0,
133.6, 166.8, 211.7; Anal. Calcd for C1gH2403: C, 74.97; H, 8.39. Found: C, 75.06; H, 8.45.

2-Cyclohexyl-2-methyl-3-oxebutyl p-Nitrobenzoate (8b): pale yellow crystals; mp 109-110 °C (n-hexane-
ethyl acetate); IR (KBr) 2930, 2857, 1728, 1709 cm~1; 1H-NMR (CDCI3) & 1.10-1.79 (m, 11H), 1.23 (s, 3H),
2.20 (s, 3H), 4.40 (d, 1H, J= 11.0 Hz), 4.56 (d, 1H, J=11.0 Hz), 8.11 (d, 2H, /= 9.0 Hz), 8.27 (d, 2H, J= 9.0
Hz); 13C-NMR (CgDg) & 15.2, 25.6, 26.5, 26.9, 27.0, 27.7, 27.9, 42.7, 54.5 (quaternary carbon), 70.0, 123.6,
1304, 134.9, 150.7, 164.3, 208.8; Anal. Calcd for C)gH23NO5: C, 64.85; H, 6.95; N, 4.20. Found: C, 64.96;
H, 6.85; N, 4.18.

C (n-hexane-ethyl
C -HCAalic-Culyl

0, a3 VLY

2-Cyciohexyi-2-m
£ 35 SCNnnan n 1\1
IK ouyU, UYL (Cd(_ﬂ S, total ,)Ilj

acetate); , .
0.98, 0.99 (each s, total 3H), 1.07 (s, 3H), 1.14, 1.16 (each s, total 3H), 0.90-1.25 (m, 6H), 1.38-2.05 (m, 8H),
2.12, 2.13 (each s, total 3H), 2.25-2.40 (m, 1H), 4.15 (dd, 1H, J=11.0, 14.0 Hz), 4.41 (dd, 1H, J=6.5, 11.0 Hz),
HRMS (FAB) Calcd for C21H3305 (M*+H): 365.2328. Found: 365.2343.
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Reactions for Scheme 1
OSUHCEIIRT 1
entry substrate MABR CH,Cl, product  yield (%)
1 cis-ida 37.3mg 0.272 mmoi 3.1 mi iia 70 {26.1 mg)
(0.136 mmol)
2 cis-idb 446 mg 0.280 mmoi 3.2mi iib 83 (36.8 mg)
(0.140 mmol)
3 cis-i0c 100 mg 0.568 mmoi 6.3 mi iic 91 (91.3mg)
{0.285 mmol)
5 trans-10a 34.0 mg 0.248 mmol 2.8 mi 11a 48(16.4 mg)
(0.124 mmol)
g | trans-10b 73.4 mg 0.460 mmol 4.9ml 11b 76 (55.5 mg)
{0.230 mmol)
7 trans-10c 96.0 mg 0.549 mmol 6.0 ml 11c 81 (78.1 mg)
(0.274 mmol)

3,7-Dimethyl-2-ox0-6-octenyl Benzoate (11a): pale yellow oil; IR (KBr) 2969, 1725, 1453, 1277 cm™; 1H-
NMR (CDCl3) § 1.17 (d, 3H, J= 7.0 Hz), 1.37-1.58 (m, 1H), 1.60 (s, 3H), 1.67 (s, 3H), 1.75-1.86 (m, 1H), 2.01

(m. 2H). 2.68 (ta_ 1 I=70 70H7zY. 492 (ARa. IH J=170Hz). 496 (ARa. | = 170H2). S03-5.10(m
UL, 202), £.038 3, 243, J Vv, /.80 117, L AH0G, 1ITL UE 1V L), 9.0 KB, i1, v 2487 3345, 2UO0010 i,
THY T41.7AND (fm THY QI11I.R 17 (m 727H)- nal Claled foar O 1—7HAANA- ( T4 AD QNR Frnnd: ( TA AS- H
iiij, 1517700 0, Saay, G100 4 (0D, 2453, sdldr. LaillG I00 L /v 3 L, T84 0, 656, rOUlGL L, 75855, 1,

3,7-Dimethyl-2-0x0-6-octenyl p-Nitrobenzoate (11b): colorless crystals; mp 65-66 °C (n-hexane-ethyl
acetate); IR (KBr) 2969, 2930, 1736, 1723, 1530, 1414, 1352, 1273 cm-1; IH-NMR (CDCI3) § 1.18 (d, 3H, J=
7.0 Hz), 1.40-1.59 (m, 1H), 1.62 (s, 3H), 1.69 (s, 3H), 1.75-1.86 (m, 1H), 2.10 (dt, 2H, J=1.5, 7.5 Hz), 2.67 (1q,
IH, J=17.0, 7.0 Hz), 4.98 (ABq, IH, J= 16.5 Hz), 5.03 (ABq, |H, J= 16.5 Hz), 5.04-5.11 (m, 1H), 8.25 (d, 2H,
J=9.0 Hz), 8.32 (d, 2H, J= 9.0 Hz); 13C-NMR (CDCI13) § 16.2, 17.7, 25.5, 25.7, 32.7, 42.2, 68.0, 123.3, 123.6,
131.0, 132.7, 134.7, 150.7, 164.0, 206.2; Anal. Calcd for C}7H2 NOs5: C, 63.94; H, 6.63; N, 4.39. Found: C,
63.90; H, 6.52; N, 4.38.

Uy nd, U

3,7-Dimethyi-2-oxo-6-octenyi Camphanoate (1ic): coloriess oil; IR (KBr) 2671, 1796, 1790, 1761, 1732,
1377, 1312 cm~1; IH-NMR (CDCI3) 8 1.11 (d, 3H, J= 7.0 Hz), 1.13, 1.15 (each s, total 9H), 1.30-1.50 (m, 1H),
1.59 (s, 3H), 1.68 (s, 3H), 1.65-2.15 (m, 6H), 2.49 (ddd, 1H, J= 4.0, 11.0, 13.5 Hz). 2.59 (tq, I1H, J= 7.0, 7.0
Hz), 4.75-4.96 (m, 2H), 5.00-5.10 (m, 1H); Anal. Calcd for C2qgH3005: C, 68.55; H, 8.63. Found: C, 68.48; H,

8.38.
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Danntinmoe Fnre Tahla 2
N CUIVIED IV Z &I J
entry substrate Lewis acid CHyCly | product yield
3 Cis-13¢ 20.1 mg BF4-EioO 0.006 mi 1.0mi i4c i2.6 mg (63 %)
{0.053 mmol) (0.053 mmol)
g |frans-i3c i9.2mg BF3-Et,0 0.006 mi 1.0mi | i8¢ 10.7 mg (56 %)
(0.050 mmol) (0.050 mmol)
7 | trans-13c 20.0 mg MABR  (0.105 mmoi)] 2.0mi | 15¢ 16.5mg (83 %)
{0.055 mmol)

(IRS, 3RS)-3-Methyl-2-0x0-3-pentylcyclopentyl Camphanoate (14¢): colorless oil; IR (KBr) 1794, 1755,
1752, 1264 cm-!; 1H-NMR (CDCI3) 8 0.87 (t, 3H, J= 7.0 Hz), 1.05 (s, 3H), 1.08 (s, 3H), 1.09 (s, 3H), 1.12 (s,

3H), 1.15-1.50 (m, 8H), 1.60-1.78 (m, {H), 1.80-2.18 (m, 5H), 2.30-2.59 (m, 2H), 5.28-5.33 (m, 1H); Anal
Calced for C21H3205: C, 69.20; H, 8.85. Found: C, 69.06; H, 8.77

(IRS, 3SR)-3-Methyl-2-oxo-3-pentylcyclopentyl Camphanoate (15¢): colorless oil; IR (KBr) 1796, 1757
1750, 1738 cm‘i; 1H-NMR (CDCI3) & 0.86-0.89 (m, 3H), 1.03-1.13 (m, 12H), 1.10-2.10 (m, 14H), 2.20-2.50
(m, 2H), 5.28-5.37 (m, 1H); Anal. Calcd for C21H3205: C, 69.20; H, 8.85. Found: C, 68.80; H, 8.55.

Reactions for Table 4

entry substrate Lewis acid CHyClp | product yield
3 |trans-17b 100 mg BF4-Et,O 0.047 ml 3.8ml | 19b 21.6 mg (22 %)
{0.38 mmol) {0.38 mmoi)
5 |trans-17¢ 101 mg BF3-Et,0 0.042 ml 3.4ml | 19¢ 47.9 mg (47 %)
(0.343 mmol) (0.343 mmol)
6 trans-17¢ 101 mg MABR (0.686 mmol)} 3.4mi | 19¢ B3 mg (B %)
(0.343 mmot)

t
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w
IN
b—‘
o
T
2
N
et
I*
w
o

Found: 263.0817.

(IRS, 3RS)-3-Methyl-2-oxocyclopentyl Camphanoate (19¢): colorless oil; IR (KBr) 2878, 1790, 1771, 1748,
1732, 1456, 1264 cm~!; LH-NMR (CDCI3) 8 0.98, 0.99 (each s, total 3H), 1.03 (s, 3H), 1.07 (s, 3H), 1.11, 1.13
(each s, total 3H), 1.15-2.52 (m, 9H), 5.10-5.36 (m, 1H); HRMS (EI) Calcd for C16H2205 (M¥+): 294.1467.
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Reactions for Scheme 2
entrvl amount of ns-20 | ewis acid CHACl, nroduct viel
...... amount of trans-20 Lewis acid CH.Cl oduct vield
3 206.6 mg BF3.Et,0 0.077 ml 6.2 mi 23 159mg (77 %)
(0.62 mmol) {0.62 mmol) 24 165mg (8 %)
4 100 MABR  (0.60mmoi) | 3.0mi | 24 80.0mg (80 %)
(0.30 mmol)

(IRS, 3SR)-3-Butyl-3-methyl-2-oxocyclohexyl p-Nitrobenzoate (23): colorless oil; IR (KBr) 2872, 1738,
1717, 1350 cm~1; IH-NMR (CDCI3) 8 0.90 (t, 3H, J= 7.0 Hz), 1.30 (s, 3H), 1.15-1.40 (m, 4H), 1.45-2.10 (m,
7H), 2.35-2.47 (m, 1H), 5.70 (dd, 1H, J= 6.0, 12.5 Hz), 8.24 (ABq, 2H, J= 9.0 Hz), 8.28 (ABq, 2H, J= 9.0 Hz);
13C-NMR (CDCI3) § 14.1, 19.6, 22.4, 23.5, 25.9, 33.1, 37.7, 38.0, 48.7, 75.4, 123.4, 130.8, 135.2, 150.4,
163.7, 207.4; HRMS (FAB) Calcd for C1gH24NOs5 (Mt+H): 334.1655. Found: 334.1649.

(IRS, 2RS)-2-Methyl-2-pentanoylcyclopentyl p-Nitrobenzoate (24) pale yellow crystals; mp 108-109 °C
(CH2Cl2-n-hexane); IR (KBr) 2961, 1725, 1713, 1532, 1348 cm‘l H-NMR (CDCl3) 6 0.88 (t, 3H, J= 7.0

Uy NQ2 1 0224 1TEHIV 1991 Q1 (v O D7 NQ (¢ 2N DMWY D AS (v DHY R 27 /4 1T J_ SN2 QNS /ARA
llL}, V.00 1.VJ \lll., lll}, 1. 441,71 \lll, 711}, £LJO D, .Jl.l}, A AT LT DML, LIL)y DT \U, Ik, J— J. U k1LY, O. VD \nlJ\.l,
AT T_ QNI QAAAD. ALY 10NN 13/ NMD /T -y S 120 911 927 A6 4 771 7€ 72 11 £ 142
<, J= U I1L), 0.44 {AD{, e, J= .U NZ), C-INIVER (W3 O 13.Y, 2141, £3.4, £U.0, £1/.1, £0.3, J1.0, 54.0,
64.1, 84.1, 123.5, 130.5, 135.2, 150.5, 163.6, 208.3; Anal. Calcd for C{gH23NO5: C, 64.85; H, 6.95; N, 4.20.
Found: C, 64.76; H, 6.94; N, 4.12.
Reactions for Scheme 3
entry subsiraie Lewis acid CHyCls product yield
1 cis25 1315mg BF3-Et,0 0.053 ml 43ml | 26 63.9mg (49 %)
{0.426 mmol) (0.426 mmol)
2 cis-25 122.0 mg MABR (0.791 mmol){ 8.7 ml 27 81.9mg (67 %)
{0.398 mmgh)
3 trans-25 184.0 mg BF3-Et,0 0.074 mi 6.0 mi 28 114.4 mg (62 %)
{0.597 mmol} (0.597 mmol)
4 trans-25 124.7 mg MABR (0.809 mmol)] 89ml | 29 424mg (34 %)
{0.404 mmol)

(IRS, 3SR)-3-Methyl-2-oxocyclohexyl Camphanoate (26): colorless needles; mp 115-116 °C (n-hexane-
CH2Cl7); IR (KBr) 2973, 1784, 1750, 1730, 1719, 1399 cm-1; 1H-NMR (CDCl3) § 1.04 (d, 3H, J= 6.5 Hz),

1.05 (s, 3HY 1.10 (s, 3H), 1.11 1.13 (each s, total 3H) 1.20-2.60( 11H), 5.19, 5.24 (each dd, total IH, J=
. S, JXRJy, 1.3V Sy 3514, 2.22, 2.22 (0ali} 5, UGl 20%), 1.4072.00 4L, 2338, J.2 7, J.e® R G, hdal

A8 11 8 HaY Anal Caled far C17HA 40 C A6 D1 784 Found-C 66 11-H 7488

U.Jdy 11,0 LR34 ), MHGL AV TUL S | JRE 487 5. Uy UULL Ly LEy 1.0 L UULIUL, Ny VUL 2y 33y 7070,

(IRS, 2SR)-2-Formyl-2-methylcyclopentyl Camphanoate (27): colorless crystals; mp 64-66 °C (n-hexane-
ethyl acetate); IR (KBr) 2973, 1790, 1754, 1748, 1732, 1727, 1105 cm™ 1. 1H-NMR (CDCl3) § 0.93, 0.94 (each
s, total 3H), 1.02 (s, 3H), 1.11 (s, 3H), 1.19 (s, 3H), 1.40-2.45 (m, 10H), 5.17 (m, 1H), 9.67, 9.69 (each s, total
1H); HRMS (FAB) Calcd for C}7H2505 (M*+H): 309.1702. Found: 309.1679.
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{IRS, 3RS }-3-Methyl-2-oxocyclohexyl Camphanoate (28): colorless crystals; mp 110-112 °C (n-hexane-ethyl
acetate); IR (KBr) 1790, 1759, 1727, 1266 cm~!; IH-NMR (CDCl3) § 1.01 (s, 3H), 1.04 (s, 3H), 1.09, 1.10
(each s, total 3H), 1.17 (d, 3H, J= 7.0 Hz), 1.60-2.19 (m, 9H), 2.36-2.50 (m, 1H), 2.70-2.81 (m, 1H), 5.32 (m,

1H); Anal. Calcd for C17H2405: C, 66.21; H, 7.84. Found: C, 66.09; H, 7.79.

(1RS, 2RS)-2-Formyl-2-methylcyclopentyl Camphaneate (29): colorless oil; IR (KBr) 2973, 1790, 1755,
1748, 1738, 1732, 1397, 1314, 1271 cm~1; IH-NMR (CDCI3) § 0.96 (s, 3H), 1.05, 1.06 (each s, total 3H), 1.12

, 1.50-2.50 (m, 10H), 5.41 (m, 1H), 9.50, 9.51 (each s, total 1H); HRMS
.1624. Found: 308.1631.

entry substrate Lewis acid CH)Clo | product yield

2 trans-30b 100 mg BF3-Et,O 0.041 mi 3.3ml | 31b 63.0mg (63 %)
(0.33 mmol) (0.33 mmol)

5 |trans-30c 95.4mg BF4Et,0 0.035ml 29ml | 31c 62.0mg (65 %)
(0.285 mmol) (0.285 mmol)

4 |trans-30b 50.0 mg MABR (0.33mmol) | 4.0ml | 31b 12.0 mg (24 %)
(0.165 mmol)
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