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Preface

Heterocycles play a central role in organic synthesis. Above all due to the in-
teresting biological activities associated with a large number of these structurally
diverse compounds, many heterocycles have been and will be challenging targets
for total synthesis. Moreover, even if the final goal of a synthesis is not heterocyclic,
at least a central intermediate or a key reagent used along the synthetic sequence
most surely will be. This holds especially true if stereoselectivity is an important
issue, as modern heterocyclic chemistry provides the synthetic organic chemist
with an excellent arsenal of methods and strategies for the stereocontrolled con-
struction and elaboration (including the cleavage) of heterocycles. Recent years
have witnessed exciting new findings in this field, and it is the aim of this two-
volume set on “Stereoselective Heterocyclic Synthesis” within the series Topics in
Current Chemistry to present a selection of these novel developments.

As the guest editors I am very glad that leading researches in this area have con-
tributed highly inspiring accounts with up-to-date coverage to this compilation.
Part I features chapters on “Hetero Diels-Alder Reactions in Orgnic Chemistry”
by L.E Tietze and G. Kettschau describing the state of the art for these useful
[4 + 2] cycloadditions, which yield a wide variety of heterocycles and “Tandem
Processes of Metallo Carbenoids for the Synthesis of Azapolycycles” by A. Padwa
surveying attractive routes to complex ring systems based upon 1,3-dipolar
cycloadditions. Part II comprises chapter on “Using Ring-Opening Reactions of
Oxabicyclic Compounds as a Strategy in Organic Synthesis” by P. Chiu and
M. Lautens focussing on the preparation and the synthetic utility of the versatile
title compounds, “The Nucleophilic Addition/Ring Closure (NARC) Sequence for
the Stereocontrolled Synthesis of Heterocycles” a powerful tactical combination
disccussed by P. Perlmutter,“Chiral Acetylenic Sulfoxides and Related Compounds
in Organic Synthesis” by A WM. Lee and W. H. Chan emphasizing the use of
sulfur-activated acetylenic and vinyl units for the efficient preparation of
heterocycles, and “N-Sulfonyl Imines — Useful Synthons in Stereoselective Organic
Synthesis” by S.M. Weinreb giving a comprehensive review on the chemistry of
these valuable electron-deficient compounds.

I hope that the articles collected in this two-volume set on “Stereoselective
Heterocyclic Synthesis” will not only serve experts in the field but will also
attract the interest of scientists not yet familiar with this fascinating research
topic.

Dresden, March 1997 Peter Metz



Table of Contents

Using Ring-Opening Reactions of Oxabicyclic Compounds
as a Strategy in Organic Synthesis
PChiu, M.Lautens . . . . « v v v v i ittt et e et e e et et e e e o 1

The Nucleophilic Addition/Ring Closure (NARC)
Sequence for the Stereocontrolled Synthesis of Heterocycles
PPerlmutter . . . .. . oo i it it e 87

Chiral Acetylenic Sulfoxides and Related Compounds
in Organic Synthesis
AWM. Lee, WH.Chan . . .. . . .. ittt it 103

N-Sulfonyl Imines ~ Useful Synthons in Stereoselective Organic Synthesis
SMWeinreb . ... ... . e e e 131

Author Index Volumes 151-190 . . . ¢ ¢ v v v o e v o v e v v o v v o nns 185



Table of Contents of Volume 189
Stereoselective Heterocyclic Synthesis |

Volume Editor: P. Metz

Hetero Diels-Alder Reactions in Organic Chemistry
L.F. Tietze, G. Kettschau

Tandem Processes of Metallo Carbenoids
for the Synthesis of Azapolycyles
A.Padwa



Using Ring-Opening Reactions of Oxabicyclic
Compounds as a Strategy in Organic Synthesis

Pauline Chiu' and Mark Lautens?

! Department of Chemistry, University of Hong Kong, Pokfulam Road, Hong Kong
E-mail: pchiu®hkusua.hku.hk

2 Department of Chemistry, University of Toronto, Toronto, Canada M5S 1Al
E-mail: mlautens@alchemy.chem.utoronto.ca

This chapter discusses the various methods for the preparation of oxabicyclic compounds,
with an emphasis on the stereo- and enantioselective synthesis of these substances. Methods
to desymmetrize meso oxabicyclic compounds are also presented. The utility of these sub-
strates for organic synthesis is demonstrated by the many strategies available for ring-opening
the bicyclic compounds to yield cyclic and acyclic structures. Examples demonstrating how
this strategy has been incorporated into the efficient syntheses of many natural products are
presented.
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List of Abbreviations

9-BBN  9-borabicyclononane
BINAP  2,2’-bis(diphenylphosphino)-1,1"-binaphthyl

Bz benzoyl
COD cyclooctadiene
dba dibenzylideneacetone

DDQ dichlorodicyanoquinone
DIBAL-Cl diisobutylaluminum chloride
DIBAL-H diisobutylaluminum hydride
DMAD  dimethylacetylene dicarboxylate
DME dimethoxyethane

dppb 1,4-bis(diphenylphosphino}butane
HMPA  hexamethylphosphoramide
LAH lithium aluminum hydride

LDA lithium diisopropylamide
LHMDS lithium hexamethyldisilazide
LiDBB  lithium di-tert-butylbiphenylide
mCPBA  meta-chloroperoxybenzoic acid
MS molecular sieves

PMB p-methoxybenzyl

PMP p-methoxyphenyl

PPTS pyridinium p-toluenesulfonate
pyr pyridine

Red-Al  sodium bis(2-methoxyethoxy)aluminum hydride
TBDMS  tert-butyldimethylsilyl

Tf trifluoromethylsulfonyl

THP tetrahydropyran

TMP 2,2,6,6-tetramethylpiperidine
TMS trimethylsilyl

Tr trityl

Ts toluenesulfonyl
1

Introduction

The use of rigid polycyclic templates to influence the stereoselectivity of func-
tional group introduction or interconversion, followed by cleavage reactions to
form simpler rings or acyclic chains, has been a common strategy in the syntheses
of many important natural products. The analogous exploitation in the context
of oxabicyclic templates has also increased as the repertoire of reactions for the
synthesis and ring opening of these compounds has grown.

Interest in ring cleaving reactions of oxabicyclic compounds experienced sig-
nificant growth in the late seventies as a consequence of the development of
new methods to assemble oxabicyclo[3.2.1] compounds. Ring opening of
oxabicyclo[2.2.1] substrates also underwent a renaissance in concert with
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1

X, y>1

Fig. 1

improvements in the Diels-Alder reaction of furans. The studies of these systems
have made oxabicyclic substrates attractive starting materials in organic
synthesis. Both monocyclic as well as acyclic compounds have been prepared
using ring opening reactions.

In this review, methods for the construction of oxabicyclic substrates of gene-
ral structure 1, Fig. 1, are described as well as ring opening reactions which are
applicable to the synthesis of natural products.

2
Preparation of Oxabicyclic Substrates

The aim of this section is to give an overview of the general approaches that have
been employed. A comprehensive review of all of the methods used to date for
the synthesis of oxabicyclic compounds is beyond the scope of the review.
Instead, a focus on the preparation of those oxabicyclic systems for which ring
opening reactions have been developed is described. The more recent achieve-
ments in this area will be emphasized.

2.1
Cycloadditions with Furan Derivatives

2.1.1
[4+2] Cycloadditions with Dienophiles

The Diels-Alder reaction, employing furan and substituted furans, has been the
most widely investigated strategy to construct the oxabicyclo[2.2.1]heptene
framework. Furan is not very reactive as a diene due to the loss of aromaticity
which accompanies the cycloaddition. Among the solutions investigated to date
to improve the reaction are catalysis using Lewis acids [1], metal salts and com-
plexes [2], Cu?* [3],silica gel [3], zeolites [4, 5], ultrasound [6], centrifugation [7],
and high-pressure techniques [8]. Owing to the abundance of the instances of
furan [4+2] cycloadditions in the literature, and the reviews that have already
appeared [9, 10], highlights of this reaction in the cases where extensive work
has been published on the subsequent ring opening will be outlined.

Vogel has developed 7-oxanorborn-5-en-2-one 2 and its derivatives as versa-
tile alternative synthons for sugar chirons; hence these substrates have been
coined “naked sugars.” Several reviews summarizing this work have appeared
[11]. The key cycloaddition in the synthesis is a Diels-Alder reaction between
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furan and 1-cyanovinylacetate 3a catalyzed by Znl,, Eq. 1. The initial mixture of
exo and endo cyanohydrins is equilibrated with base, resolved using brucine
and acetylated to provide a 7:93 mixture of exo/endo cycloadducts. Successive
recrystallizations of the initial crop afforded a 14% yield of the endo isomer
(+)-4a of >99% ee [12].

O, OAc |- NaOMe MeOH o)
cat Z"lz 2. brucine OAc
4 7 7 7 )
CN 3. AcCl CN
3a
85% yield (+)-4a 14% vyield
exo:endo= 4:1 endo isomer, >89% ee

Enantiomerically enriched products can also be obtained by employing a
dienophile bearing a chiral controller group [13]. For example, the use of the
camphanate ester derivative (S)-3b (also available in the (R) form) in the cyclo-
addition with furan gave a 29% vyield of diastereomer 4b after purification,
along with other endo and exo isomers, Eq. 2. Saponification afforded the chiral
ketone (+)-2. Reactions of 4b and 2 have been reported to occur with high regio-
and stereocontrol (vide infra).

o] 0 2
( 7 J\ 0.5 eqvt Zni, Lb<CN other 1. KOH, THF bo
n 4d 7 + exo/endo - /
OR* diastereomers 2- CH20, 96% yield
(s)-3b

R*= (1S)-camphanoy! 4b R*= (1R)-camphanoyl (+)-2
29% yield, 98% pure

“Naked sugars of the second generation” 5 have since been developed based
on the cycloaddition between 2,4-dimethylfuran and 3b, Eq. 3 [14]. Because
both enantiomers of the naked sugars are available in large quantities from rela-
tively inexpensive starting materials, they represent an important family of
chiral substrates available to the synthetic chemist.

Koizumi observed a diastereoselective cycloaddition between furan and chi-
ral vinyl sulfoxides 6 [15]. While the analogous p-tolylsuifinyl acrylates were
completely unreactive in this reaction, the 2-pyridyl (Py) substituent signifi-

\<__z /U\ cat Znl, %CN 1. 3N KOH, THF 9 o
n,2d / )
. 2.CHy0, 81%vyield /[
54% yield OR 2 Y /w
(R)-3b 99.5% de
R*=(1R}-camphanoyl
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cantly enhanced the reactivity of the vinyl sulfoxide toward cycloaddition. Sepa-
ration of the diastereomeric sulfoxides was much easier when menthyl (Menth)
acrylates were used. The cycloaddition of chiral sulfinyl menthyl acrylates 6 with
furan proved to be highly diastereoselective, as illustrated in Eq. 4. The cycload-
dition of 6 and the more reactive 3,4-dibenzyloxyfuran occurred at -20°C to
give products with comparable diastereomeric ratios (dr’s) but in higher yield
[16].

CO,Menth 0 o o)
[ o W SoPy
oY / + / CO,Menth
S CO,Menth
4 SOPy

EtLAICH t, 7 days

0 9 i i
5 27% recovered starting materials 44% yield 25% yield
93:7 dr 96:4 dr @

An extremely efficient and high yielding catalytic asymmetric Diels-Alder
reaction of furan was reported by Corey [17]. In the presence of 10 mol% of
oxazaborolidinone 7, Fig. 2, the cycloaddition between furan and 2-bromoacro-
lein proceeded to give the exo oxanorbornene derivative 8 in excellent yield and
92% ee, Eq. 5. Compound 8 can be efficiently converted to oxanorbornenone
(+)-2, which is otherwise obtained by the Vogel methodology.

Fig. 2

10 mol % 7, furan e} o)
/lL CHO Ayo
Br CHO CH,Cl,, -78°C { 5 —_— {
>98% yield, exo/endo=89/1 r
92% ee

A methylsulfido substituent on the furan significantly enhances its reactivity
toward dienophiles. Therefore, cycloadditions of 3-methylthiofuran proceeds
even with monoactivated olefins to give predominantly the endo adducts, Eq. 6
[18]. Moreover, chiral titanium catalysts generated in situ from (i-PrO),TiCl,
and tartrate derivative 9, Fig. 2, induce cycloaddition with 3-acryloyl-1,3-oxazo-
lidin-2-one with good enantioselectivity and in excellent yield, Eq. 7.
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o} o}

o | 1 wt % hydroquinone MeS MeS
) - U 7 -
R Et,0 or neat, 2-3 days R
SMe R

R= COOMe, 74% yield 85 : 15
R= COMe, 89% yield 90 : 10 (6)
R= CHO, 69% yield 62 : 38
R=CN, 78% yield 66 : 34

R 10mol % 9 O

o) o)
o TIClp(0-iPr); MeS MeS
MS 4 A, CON
) PhMe- petrol eth 5
SMe N/> petrot ether
Ju 1010 -5°C, 2.5 h CON
o R= H, 97% yield 87%ee 85 : 15 )
R= COOMe, 99% yield 86%ee 78 - 22

The efficiency of the intramolecular Diels-Alder reactions of furan has
been described in several reviews, including an excellent treatise by Lipshutz.
Steric factors, rather than electronic or solvent effects, appear to have the
greatest influence on the outcome of the cycloaddition [1, 19,20]. Electronically-
disfavored cycloadditions can be brought about by creative functional group
modifications. Thus, an electron-deficient furan, such as one bearing an a-keto
group, can be masked and induced to undergo cycloaddition, as shown in
Eq.8 [21].

TMSO CN Q

o 0
— 7 7
1. BuNEt;'F
© CN " 2. dilute NaOH, 84% yield N ®
. y s Yie!
\ /| oms 7% TMSQ CN ’ &
o) (0]
7] i/
88:12

Metz has developed a highly diastereoselective intramolecular Diels-Alder
reaction of furans with vinyl sulfonates [22]. When hydroxyfuran 10a was
esterified with vinylsulfonic acid chloride, the intermediate sulfonate spontan-
eously underwent cycloaddition to give sultone 11a, Eq. 9. In the same manner,
(-)-11b was obtained from (R)-10b which was derived from L-valine.

Another diastereoselective intramolecular Diels-Alder reaction of furan was
studied by Keay wherein the methyl group in the tether of (-)-12 directed the
facial selectivity of the cycloaddition. Equilibrating conditions using a catalytic
amount of Lewis acid gave the tricyclic enone (-)-13, Eq. 10 [23].
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OH o\\ ’/O O
L\, 2o A I
o) R ©
10a R=Me R ©
(A-10b R= iPr 11a R= Me, 90%
(+)-11b R= iPr, 87%
- o
7 : cat MeAICl, -"‘\ o
+
0 | CHCly, -78°C 5 G‘
12 92% yield B g (10)
(=)-13 89:11
2.1.2

[4+ 3] Cycloadditions with Oxyallyl Cations

The furan nucleus undergoes cycloadditions with oxyallyl cations to produce
compounds with the oxabicyclo[3.2.1]octene skeleton. Various research groups
have found new ways of generating the oxyallyl cation and have also defined the
types of substituted furans which undergo reaction. Reviews on this reaction
have covered the literature up to 1987 [24-26]. The mechanism of the cycload-
dition has been discussed in detail by Hoffmann [26].

A more recent development in the generation of oxyallyl cations from
polybromoketones has been the use of diethylzinc [27]. This procedure is con-
venient and amenable for the large-scale syntheses of oxabicyclic compounds. In
addition, the combination of cerium (III) chloride and tin (II) chloride has been
very effective in inducing the [4+ 3] cycloaddition between furan and 2,4-dibro-
mopentan-3-one [28]. Sonication has also been observed to improve yields in
cycloadditions promoted by zinc-copper couple [29].

The cycloadditions of several unusual oxyallyl cations are briefly outlined in
Table 1. Tricyclic oxa-bridged substrates can be readily assembled from cyclic
oxyallyl cations derived from monohalogenated cyclic ketones 14a and
LiCIO/Et;N (entry 1) [30]. Dihalogenated cyclic ketones 14b can also serve as
cyclic oxyallyl cation precursors when treated with diiron nonacarbonyl [31], or
zinc-copper couple [32]. Cycloadditions of this type have been successful in pro-
ducing oxatricyclic compounds where n = 2,3, 4,5, 9, although some adducts are
mixtures of cis and trans isomers.

Oxvyallyl cations bearing oxygen substituents have been synthesized from 15
and catalytic TMSOT{ (entry 2) [33], from 16 and LiClO/Et;N (entry 3) [34],and
from the reaction of pyruvaldehyde directly with SnCl, (entry 4) [35]. Oxyallyl
cations from 17 undergo cycloaddition with furan to give nitrile-substituted
oxabicyclic compounds (entry 5) [34b].

Conjugated and homoconjugated oxyallyl cations from 18,19a,and 19b have
also been trapped with furan to give cycloadducts (entries 6, 7) [36].
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Table 1. Synthesis of [4+3] Cycloadducts from Complex Oxyallyl Cations

Entry Oxyallyl Cation  Furan Reaction Conditions Oxabicyclic Product Ref
Precursor Derivative (Yield)
0 o (CHy)
1 e Xo A= 14a, Et;N {30-32]
\ /) 3M LiC!O, in ether o
B= 14b, Fe,(CO)g, A
C=14b, Zn-Cu
(CHa)n
14a  X;=H, Xp=Cl
14b  X;= Xp=Br n= 2, A(64%)
n=3, A(81%), B (35%)
n=4, A(11%), B (54%)
n=5, B (37%)
n=9, A(56%), B (52%)
OTMS 0
2 )\rowle R._ O R TMSOT, EtNO,, -78°C “OMe (33)
o -3
OMe RY ="
15 R= R'=H
R= H, R'=Me R=R'=H  (67%)
R= R'= Me R=H, R'=Me (54%)
R=R'=Me (78%)
o}
OMe e i
3 )j\’/ &\ /7 3M LiCIQ, in ether «OMe [34]
16
(44%)
o) ° o]
. )J\H/H <) SNCla, CHoCly, -78°C OH (35]
Y cod
(43%)
Q o 1. Agz0 o [34b]
5 CN 2. Zn-Cu, MeOH CN
‘\ /7 A
Br
17 (75%)
TMSO o} 0
SnCly, CH,Cly, -78°C o~ (36}
8 7 " CHO
6 N\CHO \ /) g
18 (36°/o)
o]
T™SO . R 0 TMSOT!, -50°C or (36]
, /\I)QH W TiCly, 0°C R
19a X=0, R=H
19b X=CH,, R=CO,Et R - OH 12%

R’ = CH(CO,Et), 15%
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{ ) 0
\ / 0 1)
0 CHO _—
Io A, CCly, 63% yield Y o)
20 21 CHO

The endo peroxide 20, a precursor of cyclopropanone 21, yields [4+3] cyclo-
adducts with furan when heated, Eq. 11 [37].

Although furans tethered to a,a’-dibromoketones undergo intramolecular
[4+3] cycloadditions with diiron nonacarbonyl and with lithium perch-
lorate/triethylamine, the modest yields of adducts that were obtained motivated
additional studies {38, 39]. Harmata has extensively examined intramolecular
[4+3] cycloadditions using various oxyallyl cation precursors and also investiga-
ted the mechanism of the reaction [40-43]. Under Lewis acidic conditions, alk-
oxy allylic sulfone 22 generates an allylic cation for cycloaddition, Eq. 12. Under
the same reaction conditions, vinyl thioether 23 was found to generate an alk-
oxyvinyl thionium intermediate that undergoes cycloaddition with the tethered
furan, Eq. 13. Most recently, Harmata has shown that appropriately substituted
allylic alcohols bearing a tethered furan generate vinylthionium ions in the
presence of triflic anhydride which react to give [4+3] cycloadducts [42b].
Harmata also found that the alkoxyallylic sulfoxide 24 undergoes a Pummerer
rearrangement to yield the thionium intermediate, which undergoes an intra-
molecular cycloaddition in high yield, Eq. 14.

OMe
p-TolSO, o
\ TiCla, CHaCly —
"
o 22 -78 °C, 74% yield
N\ /
OMe o
p-TolSOz X SPh 2 SPh
TiCls, CHoCly :
O
o 23 -78 °C, 67% yield
\ /)
OEt
EtO
—SOPh SPh

Tf,0, 2,6-lutidine, CH,Cl, B
24 ) . (14)
fo) -78 °C, 86% yield
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The construction of tetracyclic substrate 25 has been achieved by the intra-
molecular cycloaddition of a furan tethered (n=1) to a cycloalkanone using
conditions related to those developed by Fohlisch, Eq. 15 [42,43]. As the ring size
of the oxyallyl cation increased, products arising from cycloaddition via the less
strained exo transition state predominated. Cycloadducts with n=6, 8 have also
been successfully prepared as a mixture of stereo isomers [43b].

0
o 1. LDA, TiCI ) n
o - (15)
® 2.3M LiCIO,, ether, Et;N .
)n 55%
25

Photogenerated oxyallyl cations undergo intramolecular cycloadditions
when tethered to a furan; an example is illustrated in Eq. 16 [44]. The cyclo-
hexadienone precursors required substituents which provide the right elec-
tronic characteristics for the photoconversion to the oxyallyl zwitterions,
therefore limiting the versatility of this reaction.

o 0
366nm hv i
~ - \\ (16)
PhH, 3h
AcO quantitative \
S o)
\ / AcO

Recently, Lautens, Aspiotis and Colucci extended the [4+3] cycloaddition
methodology to include the diastereoselective intermolecular cycloaddition
between an oxyallyl cation and a chiral furan [45]. The best results were obtai-
ned employing furan 26 bearing a free hydroxyl group in the 2-position, reacting
with excess 1,3-dibromopentanone in the presence of diethyl zinc. Under the
optimized conditions, up to 80% yield of the crystalline oxabicyclo[3.2.1]octene
27 was obtained with a diastereoselectivity of =19:1. The other product was
the minor diastereomer 28,Eq. 17.

A significant observation was the unusual stereochemistry of the methyl
groups at C, and C, in 27 which were pseudoaxial rather than pseudoequatorial.
Instead of the cycloaddition occurring via transition state A (Scheme 1), where

o 1. 2 eqvt Et;Zn, THF, 6 °C

\/ 2, 2,4-dibromo-3-pentanone,
0°Ctort, 70-80% yields
26
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R ﬁ_- ¥ -MLn - [o}
compact mode i R
/ 0—MLn 7

o

P
=5
/

O
[e]
~o

W-configuration

L -MLn
extended mode o,—’ K R T
P

O\ "Ll
+) O H
ll \
MLn transition state B
sickle configuration Scheme 1

the oxyallyl cation assumes the most stable W-configuration and the cycloaddi-
tion is in the compact mode, the predominance of diastereomer 27 is postulated
to occur via transition state B in the extended mode due to simultaneous coordi-
nation of the oxyallyl oxygen and furan side-chain oxygen to zinc. This appears
to be the first example of a [4+3] cycloaddition of furan that has proceeded
predominantly via an extended transition state. Diastereomer 28 probably arose
from the cycloaddition of the less stable sickle-configuration of the oxyallyl
cation or via a stepwise process.

2.1.3
[4+ 3] Cycloadditions with Allylic Cations

In the presence of zinc chloride, [4+ 3] cycloadducts between the allylic cation
formed from 29 and furan are obtained, Eq. 18. However, the major product of
the reaction arises from electrophilic addition to furan [46].

T™MS \
R~z
ZnClz i-Pr,NEt (18)
OTt CH,Cl,, 0°C TMS
29a R=H R= 1:6:3
29b R=Me R= Me 1:2:1

Harmata has reported the formation of intramolecular cycloadducts derived
from trimethylsilylmethyl allylic sulfones 30, Eq. 19 [47]. Optimized reaction
conditions involved the use of trimethylaluminum as the Lewis acid.

Furthermore, 30 also afforded the same cycloadducts under photolytic con-
ditions, Eq. 20. While the reaction is not synthetically useful in its present form,
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SiMe3
p-ToiSO, X H
MezAl, CH,Cly , -78°C to rt
Choy
o 30 71% yield, 1.7:1 epimers
N/
SiMea
-TolS
p-ToISO, AN 254 nm/ vycor tube
2.5 h, MeCN (20)
o 30 35% yield
\_/

it appears to be the first example of the photogeneration of an allylic cation for
[4+3] cycloaddition [48]. The modest yield is probably due to the simultaneous
degradation of the product under photolysis.

2.1.4
[4+4] Cycloadditions with Pyrones

West has recently reported intramolecular [4+4] cycloadditions of furan and
2-pyrone under photolysis in aqueous solution {49]. The exo and endo adducts
are obtained in varying ratios when 31 bearing a variety of substituents is
photolyzed in an aqueous solution of LiCl, Eq. 21.

In substrate 32, modest diastereoselectivity was observed as a result of the
preexisting stereocenter in the tether, Eq. 22.

h\/ i hv
2 A Y e
o o o 4.7M LiClin H,O

31a Z2=0 Z= 0, 66% yield

1.5:1
31b Z=§ 2= S, 61% yield 2.4:1
31c 2= C(CO.Me), Z=C(COzMe);, 49% yield 1.4 21)
0
= hv Oi 0
L o 4 — 7 ' @2
oo o 4.7M LiClin Hy0 P
o}
32 i
37% yield 29% yield

o:p Me 5.2:1 o:ff Me 1.3:1
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2.15
Cyclopropanation/Rearrangement of Furan Derivatives

Rhodium carbenoids react with furan derivatives to generate oxabicyclo[3.2.1]
octadienes through the formation and rearrangement of divinyl cyclopropane
intermediates. Therefore, treatment of 2,5-dimethylfuran with 33 leads to the
endo adduct 34, Eq. 23 [50].

Davies recently reported a highly diastereoselective version of this reaction
by incorporating chiral auxiliaries within the carbenoid precursors [50c]. Thus,
the rhodium-catalyzed reaction of 2-methylfuran with vinyldiazomethane
35 afforded cycloadduct 36 with 94% de, Eq. 24. The products can be obtained
in >99% de after purification by flash chromatography.

CO,Et O, o)
(e} N2 ha(OAC)4 \ N COLEL COzEt
- - sy o
70% yield = K
COoLEt y EtO,C . CO,Et
33
0
o)
3 (o] 3
o R
o o Rh,(00ct), ; °© %
+
W N OTBDMS 69% yield OTBDMS
2 ' 94% de (24)
35 36

Furthermore, an enantioselective cycloaddition was observed when the car-
benoid was formed by the use of a chiral rhodium complex 37 derived from
(S)-N-para (tert-butylbenzene)sulfonylprolinate (TBSP). For example, decom-
position of 38 by 37 in the presence of furan generated 39 with 80% ee, along
with a triene containing side-product in 15-20% yield, Eq. 25. However the ee
dropped significantly when other vinyldiazo compounds were studied under
analogous conditions.

Q.
O _OMe OMe

o] 37 Rhy(S-TBSP),
+
U N 64% yield (25)
2 | 80% ee

38 39
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22
[5+2] Cycloadditions of Pyrylium Betaines

Metastable, aromatic pyrylium species undergo cycloadditions with olefins to
generate [3.2.1] oxabicyclic derivatives. This reaction has been reviewed by
Sammes and by Katritzky [51-52].

Hendrickson pioneered the use of pyranulose acetates with the basic structure
40 as a precursor for oxidopyrylium ion 41, Eq. 26 [53]. Thermolysis of 40 in the
presence of unhindered, electron-deficient olefins and acetylenes led to the for-
mation of oxabicyclo[3.2.1] compounds.

o o]
l WCHO 134°C, CDClg @
+ X ———— - (26)
o 69%
‘ 20+
OAc CHO
40 a1 exo:endo=4:1

Subsequently, Sammes showed that while simple olefins were unreactive,
strained olefins such as norbornadiene, and electron-rich olefins such as vinyl
ethers also undergo cycloaddition with 41 [54]. In the latter case, the endo cyclo-
adduct tends to predominate. Sammes also successfully induced the formation
of 41 from 40 in the presence of catalytic base at ambient temperatures, thus
allowing the cycloaddition to proceed under mild conditions, Eq. 27.

Intramolecular versions of this cycloaddition were observed starting from
2-substituted and 6-substituted oxypyrans 42 and 43, Eqgs. 28, 29 [55-57].

[0}

Om rOEt EtaN, CHyCl, 1t, 56% yield
co (27)
X-"oac :

OEt

40
o]
/ 150°C, MeCN, 65% yield
(o] or
Al f DBN, CH,Cl,, 1t, 65% yield

42
OH
Z F cat AcOH, MeCN o
29
o (o] 150°C, 15h, 52% yield ‘ @9
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Wender extended the studies of the intramolecular cycloaddition by exami-
ning substituted oxidopyrylium intermediates with stereocenters in the tethers
[58a]. Pyran 44 underwent smooth cycloaddition with complete stereoselectivi-
ty to give 45 due to the methyl group at C,, assuming an equatorial position in
the chair-like conformation of the olefinic side-chain, Eq. 30. The stereocenter
at C,, effectively controlled the stereochemistry at Cs, Cq, and Cy. The reaction
proceeded with heating or at room temperature with a catalytic amount of base.

Williams and Lupi independently provided additional examples of intra-
molecular cycloadditions, Egs. 31, 32 [59 - 60].

OAc
o DBU
o CH,Cl,, 1t
™ OTBOMS 909,
OAc
44
MeQ OMe©Q

1. AcCl, pyr, CH,Cl,, 0°C

2. DBU, 86% yieid

)C*@
OH
OH
MeO Z
MeCN, 140 °C, sealed tube
o OAc
MeO 14h
MeO
o =

Garst investigated the intramolecular cyclization of substituted 4-pyrones
derived from kojic acid, such as 46a, with internal olefins (33) [58b]. The
cycloaddition occurs under thermal and, in some cases, acid-catalyzed conditions.
Substrate 46b with a tether bearing a nitrogen also undergoes cycloaddition. In
general, the substrates which undergo cycloaddition have tethers with three or
four atoms and result in fused [5, 7] or [6, 7] ring systems, although product
47 with an intervening 7-membered ring has been obtained with an aromatic
substrate, Eq. 34.

0 OAc
OH 0
| ! 1. PhH reflux
z o z (33)
2. Aco0, pyr
X\/\ X
46a X= C(CO,Me),, Z=H, X= C(CO,Me)p, Z=H, 55%

46b X=MeN, Z=0 X=MeN, Z2=0 70%
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COM
MeO.C CO,Me ChM

HMe
MeSOzH, MeOH O.
reflux, 12 h, 87% yield (34)
OMe
OMe
o]
47

Wender’s work in the intramolecular cycloadditions in the 4-pyrone series
showed that the reaction is promoted by silyl group transfer, presumably via the
complexation of the ketone to the electron-withdrawing silyl group [61]. Thus at
elevated temperatures, substrate 48a (R=TBDMS) underwent cycloaddition
smoothly and stereoselectively while the analogous compound 48b (R=Me) was
inert, Eq. 35. The formation of the oxidopyrylium intermediate can also be pro-
moted by the addition of methyl triflate [62]. Under these conditions, the intra-
molecular cycloaddition proceeded in one pot directly from the hydroxypyrone
49 at ambient temperatures to give 50, Eq. 36.In contrast, only a trace amount of
50 was isolated from the thermolysis of 49.

RO PhMe t-BuMeSi*,

— —_—— o) ——
o} 0 200°C \

— 71% yield

OTBDMS
OR

48a R= TBDMS
48b R=Me

T™P
CHoCly
82% yield

Oxidopyrilium species may also be formed under photolysis conditions as
demonstrated in Eq. 37. A high-energy diradical or a carbonyl ylide 52 produced
upon photolysis of the epoxyketone 51 undergoes internal cycloaddition to give
53 [63].

o] o o]
300nm .
— \ —_— A (37)
0 PhH, pyrex O+ s
53

65%
51 52



18 P. Chiu - M. Lautens

Oxidopyrylium betaines from the 1,6-intramolecular addition of a carbene to
the oxygen of a carbonyl group are presented along with other carbonyl ylides
in the next section.

2.3
Cycloadditions of Cyclic Carbonyl Ylides

A review of the methods for the generation of cyclic carbonyl ylides from intra-
molecular carbene additions has recently appeared [64]. This intermediate was
first exploited as the 4w component for cycloaddition reactions by Ibata [65].
ortho-Disubstituted carboalkoxy aryl diazoketones such as 54 were decomposed
by copper complexes, generating six-membered ring carbonyl ylides. These
transient intermediates underwent subsequent intermolecular cycloadditions
in the presence of ethylenic and acetylenic reagents to give predominantly exo
products containing the oxabicyclo{3.2.1] nucleus, Eq. 38.

MeO
= _\Cone
OQ CO,Me
OMe OMe
COsMe 70%
o cat Cu(acac), X0+ o
+ —_—— —_—
CHN, \ PhH reflux — (38)
MeO,C MeO
(0] O- 5 CO,Me
54
CIE o
0o 4%

Padwa subsequently described some intramolecular versions of this reaction.
A structurally similar aryl ester, 55, a tethered to a terminal olefin was subjected
to rhodium-catalyzed diazo decomposition. Carbonyl ylide formation followed by
intramolecular cycloaddition resulted in tricyclic product 56a, Eq. 39 [66-69].
Cycloaddition also occurred with the amide analogue 55b.

Carbonyl ylide formation in the aliphatic ketoester 57a was complicated due
to competing reaction processes; however, the diketone 57b underwent cyclo-
addition at room temperature to give 58, Eq. 40 [70].

o o]
XX cat Rhy(OAc),
CHN, PhH, rt O“ (39)
o} X
55a X=0O 56a X= O, 87% yield

55b X=NBn 56b X=NBn
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NOZCH o cat Rha(OAC)4, PhH, 1t H, o
) (40)
y 75%

57a X=0 58
57b X= CH2

Another example of an intramolecular cycloaddition was reported by Dau-
ben, in which both isomers 59a and 59b of the substrate underwent tandem car-
bene-cyclization and intramolecular cycloaddition to give pentacyclic adducts
60a and 60b, Eqg. 41. The stereochemistry of the newly constructed bonds was
directed by the distal cyclopropane and was independent of the stereocenters at
C4, Cygor Cysy.

The phorbol skeleton to yield 61 was also assembled in one step via rhodium
catalyzed carbenoid formation, Eq. 42 [71].

60a
o o cat Rhy(OAc),,PhMe, 100°C, 1h
(41)
86% yield
60b
2 mol% Rhy(OACc)s, CHoClo, 1t, 55% yield ‘
0 SO
N N2
0
61

In an analogous fashion, five-membered ring carbonyl ylides generated from
diazodiones undergo cycloaddition with a variety of dipolarophiles, resulting in
products containing the [2.2.1] oxabicyclic nucleus. These cycloadditions are gen-
erally highly regioselective and the exo isomer tends to predominate (Scheme 2).
The reaction conditions are sufficiently mild that sensitive groups such as cyclo-
propyl substituents and acetals are tolerated [72-73].

A particularly interesting substrate bearing two diazoketones and two inter-
nal olefins was studied by Bien [40]. The course of the reaction involved the
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0 o}

cat Rhy(OAC), E‘ﬁ
o} e}
74% yield . 4
)%CHNZ o exo:endo=4:1
OMe

cat Rhy(OAc), :(

OMe
OMe ":OMe
82% yield

o}

Scheme 2

generation of a metallocarbene, cyclopropanation with one of the olefins,
followed by carbonyl ylide formation and cycloaddition with the remaining
olefin to yield pentacycle 62, Eq. 43.

Padwa’s experiments showed that five- and six-membered ring carbonyl
ylide formation was facile while that of seven-membered carbonyl ylides
was significantly more difficult, a reflection of the increased entropy of
the system as a result of the lengthening of the chain [73]. Attempts to induce
eight-membered ring carbonyl ylide formation were unsuccessful.

| l cat P O o
Rhy(OAC),
—_— COCHN, T i (43)
N - H
o] O+ b O
62

NHCOC” “COCHN,

24
Fragmentation of Cyclic Oxonium Intermediates

In addition to the formation and reactions of carbonyl ylides discussed in the
previous section, carbenoids also react intramolecularly with ethereal oxygen
atoms to generate oxonium intermediates. When the ether is part of a ring as in
substrates 63 a-b, the intramolecular addition of rhodium carbenoids produces
bicyclic oxonium intermediates, which generated [5.2.1] oxabicycles 64a-b
upon rearrangement by a [2, 3]-sigmatropic pathway, Eq. 44 [74].

R \n)ok [—) 2 mol% Rhy(OACc), \‘..-@.W {
I el I WS )
N o R\"

63a R=H 64a R=H, 81% yield
63b R= COOMe 64b R=CO,Me, 67% yield
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West has studied another system that generated oxonium intermediates
which underwent fragmentation by a similar pathway, Eq. 45 [75].

For substrates lacking olefinic migrating groups, [1, 2]-shifts occur instead to
give oxabicyclic products, Eq. 46.

3mol% Rhy(OAcls |O. . ™ R
CH,Clp, 1t o

R
R=H R=H 65% yield
R= Me R=Me 54% yield
o)
M 3 mor FnyOAG) . - 3
_ +
CH,Cly, 1, 60 % QI) Ph o o 8
il Ph P
15-19:1

25
Annulations of 1,3-Dinucleophiles with Dicarbonyl Compounds

Molander reported formation of [3.2.1] and [3.3.1] oxabicyclic compounds by
applying Trost’s trimethylenemethane dianion chemistry with dicarbonyl sub-
strates, Eq. 47 [76]. The inherent symmetry of the dianion limits this methodo-
logy to those compounds with relatively simple and symmetrical structures.

In 1979, Chan reported the synthesis of oxabicyclo[3.2.1] and [3.3.1] com-
pounds using the bis-silylated enol ethers of ketoesters 65, which cyclized with
dicarbonyl compounds and their tetrahydrofuran or tetrahydropyran deriva-
tives in the presence of titanium tetrachloride, Eq. 48 [77].

Molander showed that for unsymmetrical dicarbonyl substrates the annula-
tion is highly regioselective [76]. Complementary regioisomers of the cycload-
duct can be obtained by variations in the reactivity of the dicarbonyl compound,
Egs. 49, 50.

By switching the Lewis acid to catalytic trimethylsilyl triflate or TrSbClg, the
regioselectivity of the annulation with ketoaldehydes was reversed, showing that

* SnF, ’)H
THF, RT
™S ! ' TMS  8nXs  100% yield, 10:1 diastereomers

OMe

TMSO  OTMS TiCly , -78°C, CHyCla, 79% yield
AN + o) ) (48)
OMe

65 OMe COMe
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o)

TMSO OTMS TiCl, , -78°C. COMe
/ 49
JK/Y CH,Cla, 79% yield - , “9)

o)

TMSO OTMS Ticl, , 78°C, COMe
/ 50
)\/Y CH,Cla, 79% yield )

65 selectively reacted with the ketonic carbonyl group faster than the aldehydic
carbonyl [78]. Even more impressive was the regioselectivity that was observed
in the reaction of 65 with unsymmetrical diketo-substrates, Eq. 51.

A TMSOTf-initiated cyclization of the dicarbonyl substrate was invoked to
explain the reactivity pattern [79]. Selective complexation of the less hindered
carbonyl group activates it toward intramolecular nucleophilic attack by the
more hindered carbonyl which leads to an oxocarbenium species. Subsequent
attack by the enol ether results in addition to the more hindered carbonyl group.
The formation of this cyclic intermediate also explains the high stereochemical
induction by existing asymmetric centers in the substrates, as demonstrated
by Eq. 52, where the stereochemistry at four centers is controlled. A similar
reactivity pattern was observed for the bis-silyl enol ethers of f-diketones.
The method is also efficient for the synthesis of oxabicyclo{3.3.1] substrates via
1.5-dicarbonyl compounds, as shown in Eq. 53. Rapid entry into more complex
polycyclic annulation products is possible starting from cyclic dicarbonyl
electrophiles [80].

TMSO OTMS
o} TMSO, /

CO,Me
t-Bu/U\/\n/ cat TMSOTY "or 65 2
o] -78°C, CH,Cl, 74% yield tBuv
+Bu

28:1 regioselectivity (51 )

TMSO OTMS

0 cat TMSOTf | TMSO.__ + (COMe
H Q (52)
Ph 78°C - T 6T%yied
ete, Ph oy

o) CH5Cly 35:1 regioselectivity :
ﬁ

TMSO OTMS

o} o] cat TrSbClg A
W TV, 53)
H -78°C, CH.Cl, oTr 74% yield COMe
14.8:1 regloselectlvny 2
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Interesting heteroatom-substituted derivatives such as 67 have also been syn-
thesized via the reaction of bis enol ether 66 with thiol-containing dicarbonyl
electrophiles, Eq. 54 [81]. Compound 68 bearing a bridgehead silyl substituent
was produced from the reaction of 65 with a ketoacylsilane [82]. Subsequent
decarboxylation and desilylation of 68 generates 69, Eq. 55. The overall sequence
represents a method to obtain the product of a formal inversion of the usual
reactivity of 65 with ketoaldehydes. Extensive studies failed to reverse the
observed regioselectivity.

o)
o) cat TMSOTY
)j\/\WH ™ED Qs -78°C, CHZC|2 MeOZC:,..
PhSCH + Z
2 i %'/ko""e 69% yield, >80% de o oSPR - (54)
66 o7
/[OJ\/\)?\ PhoMeSi_
. cat TMSOTf %, 1. LiCl, DMSO
PhaMesSi -78°C, CH,Cl, A 91%
* . " (55)
TMSO OTMs o veld.>90%de [ 2.CsEDMSO
N B (£ 3
ZSome 502 69
65 68

2.6
Transannular Addition of Nucleophiles

Transannular additions by nucleophiles tend to occur with the larger carbocy-
cles due to their increased flexibility, or in polycyclic compounds where reactive
centers are forced into close proximity.

The generation of alkoxides in large-ring cycloalkanones results in the
formation of relatively stable bicyclic hemiacetals. Thus, treatment of 70
with sodium borohydride results in the generation of 71a, in equilibrium with
its hydroxyoctanone tautomer, while treatment with phenyllithium gave
the stable hemiacetal 71b (Scheme 3). Similar reactions were observed with
cycloheptane-1,4-dione and cyclooctane-1,5-dione; however, no transannular
hemiacetal formation was observed for hydroxycyclohexanones [83].

Large cyclic hemiacetals are also formed from the intramolecular alkylation
of ketal radicals of lactones, as demonstrated by Eq. 56 [84].

Under Lewis acidic conditions, cyclic acetals such as 72a-b form oxonium
ion intermediates which cyclize via an intramolecular Friedel-Crafts alkylation
onto the tethered arene to form polycyclic benzylic ethers, Eq. 57 [85].

In electrophilic addition reactions, transannular participation by an oxirane
to form an oxonium ion occurs in medium-ring cycloalkenes. Thomas first inve-
stigated this transannular addition in epoxide 73 [86]. Treatment with iodine
gave iodinated bicyclic ethers 74 and 75, Eq. 58.
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NaBH, HO 0 OH
EtCH, rt
PhLi
70 HO Ph
Et,0, -78°C
71% yield

71b
Scheme 3
o}
Smi,, THF, cat. Fe(lil), 76% yield HO,
o 2, , cat. , 76% vyiel
(56)
Br
OMe
0o SnCly, CHoCl,, -78 °C
O -
‘ R R
72a R=H R=H, 67% vield
72b R=Me R= Me, 96% yield
. 1, . Ky
I, MeCN b, g b o
o - - + (58)
75% yield oy
73 74 75
2:1

Subsequently, Martin showed that treatment of epoxyketone 76 with iodine
gave predominantly 77, as well as some 78, Eq. 59 [87a].
Iodination of the 12-membered ring epoxide 79 gave an [8.2.1] oxabicyclic

product, Eq. 60 [87b].

liv., Lol ol
o I3, CHoCly, rt, 12h, 83% yield
+ (59)
[¢] o
77 78

9:1

o
76

1. Iz, Ti(FOPr)s, CHoClp, 1t, 12 h

(80)
“"OAC 2. KoCO3, MeOH, acetone rt, 4h o

66% yield

79
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OH

lp, Ti(i-PrO)4, CH,Cly, 1t, 3h :
o "0 2, TI(FPrO)4, CHoCly OH -
64% yield

OH ¢

80

Lewis acid-induced ring-opening of 80 provided a synthesis of a [4.4.1] oxa-
bicyclic system, Eq. 61 [88]. The product arises via a transannular nucleophilic
opening by an internal epoxide.

2.7
Miscellaneous Reactions

Rigby synthesized a [5.3.1] oxa-bridged nucleus in the context of a perhydro-
azulene synthesis [89]. Upon treatment of 81 with BF3 etherate, a hetero-Diels-
Alder reaction between the aldehyde and the diene occurred to give 82 in good
yield, Eq. 62.

Gebel and Margaretha have reported a photochemical intramolecular {22]
reaction between an olefin and a furanone which resulted in the construction of
a [2.2.1] oxabicyclic nucleus as well as a cyclobutane in 83, Eq. 63 {90].

Vogel has applied the Tiffeneau-Demjanov ring-expansion reaction to
convert oxabicyclo[2.2.1] substrates into oxabicyclo[3.2.1] compounds [91].
The reduction of nitrile 4a generates 84 which, under deamination conditions,
yielded 85, Eq. 64. Because 4a can be obtained in enantiomerically pure
form, this constitutes a enantioselective synthesis for oxabicyclo[3.2.1] sub-
strate 85.

OAc ) OAc

H
BF3-E,0, CH,Cly, 0°C, 86% yield :
H (62)
o} B
A
82

81

o] O come
350 nm hn, PhH, 80% yield o

X

(83)
COMe

0 9 0

OAc LAH OH NaNO, o
4 " 7 by 4 (64)
N Et,0, 75% CHoNH,  0.25M H,SO,, 0°C

4a 84 92% yield 85
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3
Survey of Functionalization Reactions of Oxabicyclic Substrates

3.1
Stereoselectivity of Functionalizations

The inherent facial bias of many oxabicyclic compounds, as well as the stereo-
electronic influences that are exerted on remote groups as a consequence of
being constrained in a rigid bicyclic system, cause many functionalization reac-
tions to occur with predictable and high levels of regioselectivity and stereo-
selectivity. The reactions on oxabicyclo[2.2.1] substrates have been the most
studied, and to a lesser extent the [3.2.1] oxabicyclic ring systems. These results
provide a basis for further investigations of analogous reactions on the less
studied large oxabicyclic ring systems.

3.1
exo/endo Selectivity

Functionalizations of 7-oxabicyclo[2.2.1]heptane systems have been particularly
well-documented. In the absence of substituents which have overwhelming
steric effects, the dominant selectivity is influenced by the oxygen bridge, which
steers the approach of reagents to the exo face of the substrate on the basis of
steric considerations as well as by chelation. This selectivity applies to a wide
variety of reactions on compounds with an olefinic bridge including osmylation
[92, 93], epoxidation [94], aziridination [95], hydrogenation [96], and hydrobo-
ration [97,98]. The [3 +2] cycloaddition with C,N-diphenylnitrone also generates
the exo adduct [99}, as did the Pauson-Khand reaction with acetylene [100].
Addition reactions occur by initial formation of an exo intermediate, followed
by endo attack. Examples include chloroselenation [95c], bromoselenation [101]
and chlorosulfenylation [102]. Bromination follows the same course to give the
trans addition product, although leakage to the cis addition product by sub-
sequent rearrangement has been observed [100, 103, 104].

Reactions of ethylenic bridged oxabicyclic ketones also undergo exo attack by
organolithium reagents [105], Grignard reagents [106], dichloroketene [107]
and hydridic reductions including LiAlH, [108], NaBH, [101, 109a] and alumi-
num isopropoxide [108].

In an analogous fashion, enolates of ethylenic bridged ketones such as 86 are
trapped predominantly from the exo face by methyl iodide, Eq. 65 [95, 109]. In
this case, the methylated ketone was subsequently reduced from the endo face
due to the hindrance of the exo substituent impeding the usual approach syn to
the bridgehead oxygen.

ArS o ArS QO (o]
O {HMDS, Mel o L-Selectride ATS OH
-78C, THF, 80% -78°C, THF, 87% (69)

86 Ar=4-MeCgH,4
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Ager’s studies on substrate 87 showed that electrophilic addition to the ester
enolate occurs preferentially from the exo face, and the selectivity can be further
improved by adjusting the reaction conditions (Scheme 4) [110].

The sole exception of preferential endo attack is seen in the reaction of cup-
rates with oxanorbornenyl ketones [106]. The unusual and unprecedented endo
delivery of the nucleophile is proposed to proceed via a prior complexation of
the bridgehead oxygen with one equivalent of the cuprate on the less hindered
side, followed by addition of another equivalent of cuprate from the more hin-
dered endo face of the carbonyl group. Table 2 shows the reactions of 88 with
various cuprates to give the exo alcohols (entries 1-3). The remote olefin shows
a positive effect in promoting endo nucleophilic attack, as shown by the reac-
tions of 88 and 89 respectively (entry 1 vs. 4).

(e} . ) 0] o}
Lb"COZMe LDA, -78°C, soivent, electrophile Lb(E . Lb(COZMe
CO;Me E
87 solvent electrophile exo: endo yield
THF Mel 21 76%
THF PhSSPh 2:1 65%
Et,O PhSSPh 4:1 65%
hexane PhSSPh 20:1 65%
Scheme 4

Table 2. Reaction of cuprates with oxanorbornyl ketones

Entry Substrate Cuprate Endo attack:  Exo attack
0 TYOH B
88 - OH
6:1
2 88 n-BupCuli >100 : 0
3 88 PhaCuti 6:1
@, e QL G
o 1 OH :
89 OH
2:1

Due to a strong preference for exo attack, indirect methods are required to
install endo substituents. For example, addition reactions which proceed
through bridged cationic intermediates cause other nucleophilic species to add
from the endo face. Hence, endo halide substitution follows bromonium and
selenonium ion formation. A striking example of this phenomenon is the inter-
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nal nucleophilic addition of endo alkoxy groups as shown when the oxabicyclic
acetal is treated with bromine, Eq. 66 {103]. Similarly, displacement of exo
nucleofuges allows nucleophilic substitution from the endo face. This sequence
has been demonstrated in the intramolecular nucleophilic ring opening reac-
tions of exo epoxides and aziridines.

Another indirect route to endo substituents in the cycloadduct commences
with an appropriately substituted furan derivative. After cycloaddition, the ole-
finic bridge is hydrogenated from the less hindered side, forcing the substituents
into the endo position. This strategy was used to mimic a net dihydroxylation
from the more hindered face, Eq. 67 [111].

(o] [e] o

+Br. Br,
ﬁbosn O | \Z‘i?,osn E—— /ZQ (66
78°C, 87% :
OBn \/OBn BnO /o)
CO,Me
o) _ o o)
\ AcG COMe BnO— OAc Hs, Pd, C OAc
8o SBn 57% yield BnO COMe ™ 00% yield i COMe  (67)
CO,Me 498N CO,Me

Reactions on the three-carbon bridge of oxabicyclo[3.2.1] compounds have
been reported but less systematically studied. Because the majority of these
compounds are derived from oxyallyl cation cycloadditions, most experiments
on the three-carbon bridge involve addition to the bicyclic ketone. The parent
oxabicyclo[3.2.1] ketone 90 undergoes reduction with bulky hydride sources
such as L-selectride to generate the endo alcohol, Eq. 68 [112]. Presumably, the
selectivity is due to equatorial attack of the hydride at the ketone of the pyran-
one in a pseudo chair conformation. The exo alcohol is prepared from the endo
alcohol by a Mitsunobu inversion-hydrolysis sequence {113].

Less bulky sources of hydride such as DIBAL-H or NaBH; lead to mixtures of
endo and exo alcohols, Egs. 69, 70 [100].

0 L-Selectride O~ 1. HO,CCgH4NO,, PPhy, DEAD O (
o - OH (68
- 5 THF - L 2. LiOH, Hy0, THF P )

90

D'BAL-H, HF, hexane
Vi 70% yiel
o] y V Ot 7

85:15
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0 NaBH,, EtOH, rt Q 0
OH ,
82% yield * (7o)
Br B © Br Br oH Br Br

1:1

Alpha substituents which provide anchors for the pseudo-chair conformation
increase the tendency for exo approach of reagents, Eqs. 71,72 [114].

Substrates such as 91 which are locked in the pseudo-chair conformation,
undergo exclusive exo addition of reagents, even with relatively small nucleo-
philes such as LiAlH,, Eq. 73 [115].

(\ % DIBAL-H, THF, 0°C, 85% yield (\ 7?’0%
71)
o p o (
0 7 OH

Et

Et Et
0 NaBH,, EtCH C Q
+ OH (72)
/ © / OH 7

85:15
0 o)
7 1. LAH
7
N 2. TBDMSOTt 73)
o) 97% yield TBDMSO

91

Substituents which destabilize the chair conformation give stereoisomeric
products, as demonstrated by the reduction of substrate 92, which in contrast to
the results above, exclusively generates the exo alcohol 93, Eq. 74 [116]. Ketone
92 presumably exists in a boat conformation with pseudo-equatorial methyl
groups rather than in a pseudo-chair conformation which would place the
methyl substituents in pseudo-axial positions. Hydride attacks from the less-
hindered endo face to provide the exo and pseudoaxial alcohol.

For substrates in which the carbonyl group is alpha to the bridgehead carbon
in the three atom bridge, Grignard reagents [61, 117] and sodium borohydride
[91] add syn with respect to the oxygen bridge. A detailed study by Sammes showed
that an exo methyl group in the gamma position hindered the exo addition of
hydride, leading to the production of exo/endo mixtures of alcohols, Eq. 75 [117b].

HO

o]
o] (@] / [o)
~ N L-Selectride ~ 74)
P ~ P THF P

92 a3
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(o] o} o]
R LAH R R
+ (75)
0 HO HO
R=H Yields: 92% 0%
R= Me 40% 30%

Alkylations of the enolate also occurred syn to the oxygen bridge, thus allowing
the sequential functionalization of 94 to be achieved, Eq. 76 [59].

A variety of nucleophiles are added syn to the oxygen bridge in enone 95
including organocuprates and nucleophilic epoxidizing agents (Scheme 5)
[118].

OTHP
MeOOMe O MeOOMeQ = OTHP

‘ o 1. LDA,THFWI 50%

2. LDA,THF, DMPU, Mel,
95%

(76)

94

MeQ OMe O

CHy=CHMgBr, Cul

/
l @ MeQ OMe O

30% H,0,, NaOH, MeOH

95 93% yield ‘ o

Scheme 5

3.1.2
Regioselectivity

Remote substituents have a dramatic effect on the regioselectivity of additions
to oxabicyclo[2.2.1] systems as reported by Vogel. The results have been sum-
marized [11,119].

Ab initio calculations have revealed that the carbonyl group of 2 releases elec-
tron density to the olefin through homoconjugation [11d]. Therefore, of the
various contributors of 96,96b predominates due to electron donation from the
carbonyl group to the cation, which results in regiospecific addition to form 97
(Scheme 6). In contrast, the electron-withdrawing substituent nitrile in 98
makes 99a the most important contributor by a repelling field effect. Regioiso-
meric addition products 100 are formed from 98.
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2

1. NaOMe
2. HCHO

OAc

98 99

0 o Q £ O E 9
E* [+E E X
/ B e — ] i - ——
+
o} o] o 0 X o
96 96a 96b 9

(@] fo) q £ o) (@]
Er hE £t X g
2 CN CcN CN CcN l CN
+
OAc OAc OAc X Ohc

99a

Scheme 6

7

99b

These reactivity patterns have been observed in various electrophilic addi-

tions to oxabicyclo[2.2.1]heptenes (Scheme 7).

Oxabicyclo[3.2.1]octenone 85 initially forms the kinetic regioisomer 101, but
upon prolonged reaction time, the formation of thermodynamically favored

regioisomer 102 is also observed, Eq. 77.

o}

PhSeBr
/7 CH,Cl,, 0°C
o) 100%
o}
PhSCI
/ CN CH,Cl,
OAc
Scheme 7
o]
PhSeBr, t, t* PhSe
z cbely
(o] Br O
85 101

Phse. ©,
Br S
o)
PhS
cN
Ci OAc
o)
+ PhSe an
|
Br o
t'= 0.5h, 13:1 102
t= 4h, 8:1

t*= 8 days, 1:1
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3.2

Enantioselective Desymmetrization Reactions

Asymmetric derivatization of meso oxabicyclic compounds generates enantio-
merically enriched oxabicyclic compounds and provides a source of chiral oxa-

bicyclic starting materials.

Table 3. Products and Methods of Enantioselective Desymmetrization by Esterification

Entry Product Substrate Reaction Yield' ee? Refer-
ence
[0
COzH
cinchonidine, Et,Zn
1 o] THE, MeOH 33% [141b]
CO,Me
O
COH CO,Me .
» PLE?, pH7 86%  75%  [141e]
COMe COMe 0.1M phosphate buffer ~ (61%)  (298%)
[0}
CO,H
TADDOLate 103*
3 o} THE 63% 98% {141g]
CORiPT
(o]
COQH COzMe 3
0.1M phosphate buft
CO,Me COMe phosphate butier
[0}
COzH
TADDOLate 103*
5 o} THE 82%  96% [141g]
CO,iPr
CO,H
5 o n-BuLi, (L)-menthol 26% >08%
THF, 78°C (141
CO,Menth
o]
COzH «COzMe ,
; @ @ PLES, pH7 87%  64% (141a]
"C0Me ."’COEMe 0.1M phosphate buffer (65%)  (87%)
o CO,H o CO.Me .
8 >< >< PLE®, pH8 9% 7% [141a]
o COsMe o COMe 0.1M phosphate butter
CO,H CO.Me s
PLE?, pH8 100%  77% [1413]

:
:

CO,Me CO,Me

0.1M phosphate buffer

! Yields after recrystallization in brackets.
% ee’s after recrystallization in brackets.
3 PLE = pig liver esterase.

4 For structure of TADDOLate 103, see text.
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3.2.1
Desymmetrization of Oxabicyclo[2.2.1] Substrates

Table 3 lists the various methods that have been used to esterify or hydrolyze
meso oxanorbornyl derivatives to provide enantiomerically enriched material.
Very high enantiomeric excesses have been obtained using enzymatic tech-
niques although this approach suffers from a lack of generality (entries 2,4). The
desymmetrization using Seebach’s TADDOLate 103, Fig. 3, appears to be more
tolerant of changes in remote functionality while maintaining high yields and
enantiomeric excesses in the products (entries 3,5).

Table 4 shows reducing and oxidizing systems that have been used for desym-
metrization.

Lautens and Ma made use of Brown’s asymmetric hydroboration reaction to
afford optically enriched alcohol 104 in 83 % ee, Eq. 78 {120, 121].

B-CioHy B-CioH7
0z "0 oirr
>0
o) o OiPr
B-CyoHy B-CroHy7
TADDOLate 103

Fig. 3

Table 4. Products and Methods of Enantioselective Reductive or Oxidative Desymmetrization

Entry Product Substrate Reaction Yield ee Refer-
ence

o
1
° O () BNOL . LAY 72%  83% {141q]
EtOH, THF -78°C
© 0
HLADH?, pH 9
2 0o @Cgﬂ 20% NAD?, FMN* 83%  >98%  [141q]
10-24 days
o}
o

i gy HLADHE pH
3 @--.,,/O ., JOH 20% NAD? FMN* 37%  >98% [141d]

10-24 days
0
(+)-BINOL', LAH
o] %  99%
4 O EIOH, THF -78°C 63% (141c]
o 0

! BINOL=1,1"-bi-2-naphtol.

2 HLADH =horse liver alcohol dehydrogenase.
3 NAD =nicotinamide adenine dinucleotide.

4+ FMN =flavin mononucleotide.
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(o} o

M 1. (—)-Ipc,BH, THF, 0°C
OTIPS HOMOTIPS (78)
7
oTIPS 2. NaOH, Hp0, oTIPS
104

95% vyield

83% ee
3.2.2

Desymmetrization of Oxabicyclo[3.2.1] Substrates

Deprotonation of [3.2.1] oxabicyclic substrates by homochiral base 105 has been
investigated by Simpkins [121]. Initial enantiomeric excesses of about 80% can
be achieved which are improved by successive recrystallizations. Table 5 sum-
marizes these transformations.

Asymmetric hydroboration of substrates 106a and 106b yielded exo alcohols
with high enantioselectivities, Eq. 79 [120].

Table 5. Enantioselective Desymmetrization by Deprotonation with Homochiral Base 105 {121}

Ph/Lr:l/\ Ph
Li

105

Entry Product Substrate Reaction Yield ee!

@] o]

CX e ) Mhe e e
[e] [e]
o WOH o

5 >< o 1-TMSCLTHF, -95°C s0%  85%
XOIEZO O@: 2. PhiO, BF3Et,0 (298%)

! ee after recrystallization in brackets.

Q R 1. (—HIpc,BH, THF, -25°C 0 A
N (79)
7 T oreDMS 2. NaGH, Ho0, HO R OTeDMs

106a R=H R=H 89% yield, 96% ee
106b R=Me R= Me 87% yield, 95% ee
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4
Ring Opening Reactions of Oxabicyclic Substrates

This section describes the most commonly used methods used to cleave one or
more bonds within the oxabicyclic framework. Aspects of this subject have been
surveyed in other reviews describing the synthetic utility of [4+2] and [4+3]
cycloaddition reactions [1, 25, 119, 122, 123]. The retro-Diels-Alder reactions of
oxabicyclo{2.2.1] compounds under thermolytic conditions resulting in the
extrusion of furan, acetylene or other stable species will not be covered, but the
interested reader is directed to a recent review on this topic [122].

4.1
Cleavage of Carbon-Carbon Bonds in the Oxabicyclic Framework

Oxabicyclic substrates have been frequently used as precursors to highly substi-
tuted cyclic ethers, particularly tetrahydrofurans and tetrahydropyrans. This
strategy relies on the selective cleavage of carbon-carbon bonds within the oxa-
bicyclic nucleus.

4.11
Oxidation of the Carbonyl Functionality

Oxabicyclic substrates containing a carbonyl group can be readily cleaved by a
Baeyer-Villiger oxidation-hydrolysis sequence. Vogel has performed an exten-
sive study of the regioselectivity of this reaction in the context of oxabicy-
clo[2.2.1]heptanyl substrates, and has identified several useful trends {124a]. In
the absence of special substituents and overwhelming steric effects, the oxida-
tion product generally arises from migration of the bridgehead carbon. The
enhanced migratory ability of the bridgehead carbon is attributed to the favor-
able through-bond interactions between the bridging oxygen and the carbonyl
group [124b]. This pattern of reactivity permits the regioselective transform-
ation of 107 to 108 which was used in the total synthesis of castanospermine and
its deoxy-derivatives, Eq. 80 [103]. Moreover, when the alpha oxygen is protected
as an ether, the directing effect is greater than that of an ester. Therefore, the
regioselectivity of the Baeyer-Villiger oxidation can be influenced by the type of
protecting groups that are used, as demonstrated in the reaction of 109 in Eq. 81.
Subsequent elaboration of lactone 110 ultimately yielded p-lividosamine, an
aminoglycoside antibiotic [125].

Table 6 shows additional reactivity trends of the Baeyer-Villiger oxidation. It
has been observed that when the alpha substituent is a methoxy or a siloxy

0 S
Br __ mCoPBA How ]
(80)
CHzclz NaHC03 . N

BnO © 96% vield OBn HO"
107 108 (+)-Castanospermine
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o 0 HO
0 mCPBA Mo o
ocoar —————— o} OH (81)
i NaHCO, I OCOAr - OH
cl ci NH,-HCI
109 110

(+)-D-lividosamine

one regioisomer hydrochioride

Table 6. Baeyer-Villiger oxidations of 7-oxabicyclo{2.2.1]heptanone derivatives with alpha
oxygen substituents ?

Entry Substrate Product ratios
0 0 0
i X TN o ’ i~ °®
z z % 2 5
1 X, Y, Z=H >97:3
2 X=08Bz, Y, Z=H 7.8:1
3 X=OMe, Y, Z=H 1:2.8
4 X, Z=H, Y= OMe <3:.97
5 X, Z= H, Y= OTBDMS <3:97
[¢] X= OMe, Y= H, Z= OMe <3:.97
7 X= OBz, Y= H, Z= OBn >95:5

? Reaction conditions: mCPBA in CDCl; with NaHCO,

group, the regioselectivity of the oxidation reverses (entries 3, 5). This selectivi-
ty is more pronounced for substrates where the alpha alkoxy substituent is endo,
(entry 4) and the effect is further reinforced by the presence of an additional
endo ether at the pseudo-para position (entry 6). In fact, the regioselectivity
observed for an alpha ester is also enhanced by the presence of an endo alkoxy
group (entry 7). While the origins of these effects are not well-understood,
these studies provide a basis for predicting and using this reaction to selectively
manipulate [2.2.1] oxabicyclic compounds in synthesis.

The Baeyer-Villiger ring cleavage of both [2.2.1] and [3.2.1] oxabicyclic com-
pounds has been used as a key step in the synthesis of many natural products,
including showdowmycin [126], nonactic acid [127], lilac alcohol {128], the C,,
to C,; subunit of rifamycin [198], and various C-nucleosides [129]. The “naked
sugar” substrates synthesized by Vogel have been used in the synthesis of many
natural and unnatural sugars, as well as their derivatives, including p- and
L-allose, - and L-talose [95a, b], allonojirimycin [130], L-daunosamine [95c],
and various disaccharides [131].

Vogel also used (-)-5, prepared from 2,4-dimethylfuran, to show that a sequence
involving stereoselective functionalization, fragmentation via Baeyer-Villiger oxi-
dation and exhaustive reduction constitutes a quick assembly of optically pure
polypropionate arrays with four contiguous stereocenters, Eq. 82 [14, 132].
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o o 1. NaH, BuNI,
1. {(MeQ)4CH, Montmorilionite BnBr (83%) 0
L 2. BHg-Me,S HO OMe ~2.Nafion NR50, ~ BnC,
O 3. NaBOg-4Hz0 (44%) OMe Ha0 (92%) 5

(—)§
mCPBA XX LHMDS, Mel )\L HO  OBn
NaHCO3 «6‘\ (74%) 0 Tether _ OH
(86%) F 8 I

A variation of this strategy employed the Beckmann rearrangement to insert
nitrogen, eventually leading to a synthesis of a muscarine analogue, Eq. 83 [133].

Ring scission which is complementary to that using the Baeyer-Villiger oxi-
dation-hydrolysis sequence has also been developed. The “naked sugar” deriva-
tive 111 was converted to its silyl enol ether and then ozonolyzed and reduced to
give 112 which was transformed to the C-nucleoside, cordecepin C, Eq. 84
[109a].

Ketone 113 was similarly cleaved via its corresponding silyl enol ether, even-
tually leading to the synthesis of tiazofurin, a potent antiviral and antitumor
agent, Eq. 85 [134].

Q
1. NH,OH-HC!, 80% yield MeO,C N*Meql"
\u.._ © ,..n/ (83)
2. P,05-MeSO3H, 60% yield o ¢ )
N

o} H _
muscarine analogue
N//_N
0, TBDMSO NH;
TBDMSNMeCOCFa COZH HO N\ NH
T EN,OMF 2. NaBH, (84)
BnO 93% 80%
111
cordycepm C
O, OTBDMS
\ TBDMSNMeCOCF; @
EtaN, DMF
90%
TBDMSO  QOTBDMS TBDMSO OTBDMS
113 (85)
CONH,
HO. /=<
1.0, o COo,Me HO S_ N
2. NaBH, —_— (o}
3. CHN>
TBDMSO OTBDMS
HO OH

tiazofurin
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Oxabicyclic ketones have also been further derivatized to the alpha-oxidation
products which are in turn cleaved, offering still another option for carbon-car-
bon bond scission. For example, hydroxyketone 114, available in >98% ee from
the parent ketone, was cleaved by lead tetraacetate to afford an excellent yield of
the hydroxyester 115, a key intermediate in Noyori’s synthesis of showdomycin,
Eq. 86 [121, 129]. In this case, the ozonolysis of the silyl enol ether of the parent
ketone led to complex mixtures, demonstrating the complementarity of these
approaches.

o)
/‘O 1. PB(OAC)s, MeOH /40 OB‘\/OH
0
OH 2. NaCNBH, O\zL/COZMe (86)

93% yield

4.1.2
Oxidative Cleavage of Vicinal Diols in the Carbon Framework

Periodate promoted cleavage of vicinal diols has also been used to prepare
monocyclic products. Oxabicyclo[4.2.1]nonadiene 116 derived from diiodoke-
tone 77 was subjected to sodium periodate and sodium borohydride reduction
to generate 117, Eq. 87. Subsequent elaborations resulted in the stereocontrolled
synthesis of oxepine 118,a subunit designed for the assembly of polyether toxins
such as ciguatoxin [135].

HO OH TBDMSO OTBDMS

\
@ . ! NalO O \ o /
_ 87)
e O = 0L,
8% yield HO™ \—/ "OH
nuz 118

Periodate cleavage of dihydroxy oxabicyclic substrate 119 generated an
unsymmetrical subunit useful for polyether assembly, Eq. 88 [88].

Periodate cleavage of an oxabicyclic diol was also a key step in the synthesis
of citreoviral from the Diels-Alder adduct of 2,4-dimethylfuran and vinylene
carbonate [136].

AcQ:..
1. NalO4, MeOH, H,0, 1, 4h HOu..

oM 2. ethylene glycol, PhH, CSA, 12h A [o] 0o ) o]
- "R
OH 93% yield {,O o

119
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4.1.3
Oxidative Cleavage of the Carbon Framework

Carbon-carbon double bonds in oxabicyclic systems are cleaved by ozonolysis.
Moreover, tri-substituted olefins generate cyclic ethers bearing side chains with
differentiated ends upon ozonolytic cleavage, thus allowing subsequent selective
elaboration of each appendage. Naked sugars were used extensively by Vogel as
furanosides and C-nucleoside derivatives [11a].

In addition to the studies in the [2.2.1] oxabicyclic series, Vogel also subjected
the [3.2.1] oxabicyclic vinyl chloride 120 to ozonolysis to produce a dialkylated
tetrahydropyran 121 with differentially oxidized substituents at C, and Cg,
Eq. 89 [91]. This sequence of reactions was utilized in the synthesis of §-C-hexo-
pyranosides such as 122.

Bicyclic ether 124, obtained from the intramolecular cycloaddition of 123,
was subjected to ozonolysis with a reductive work-up, Eq. 90. Silyl protection
gave alcohol 125 and reduction transformed the thioether linkage into the vici-
nal cis dimethyl groups found in (+)-nemorensic acid [137].

COZME COzMe
o oH 1. O3 HO | o CH(OMe), AcO | _ 4 CH(OMe),
F/Br 2. Me,S . (89)
3. HC(OMe);

¢ Br AcO OAc
120 121 122
‘0
OBn IS
OBng 1. O3, OTBOMS /OTBDMS
\ AN A EtOH Hw -on Ra-Nij H™’ "
‘ 0 —w
o PhMe 2. NaBH, . 0 8% . - :
66% 3. TBDMSC!, B from B 3
s v OH OH /
s\ Py (M 17 HO,C
123 124 OBn OBn (£)-nemorensic acid
125 126

Previous synthetic studies that have employed ozonolysis as a means for
cleaving oxabicyclic substrates include Meinwald’s studies toward pederin [138],
Just’s synthesis of showdowmycin [139], Masamune’s synthesis of avenaciolide
[140], and Ohno’s asymmetric syntheses of (+)-showdowmycin, (~)-cordycepin
C, and (-)-6-azapseudouridine {141a].

A key step in the recent synthesis of (+)-lauthisan by Cha was the ozonolytic
cleavage of the olefinic bond of the tricyclic substrate 127 to afford the cyclic
ether 128, Eq. 91 [115]. A series of transformations including an enzymatic
desymmetrization completed the total synthesis.

Unsaturated oxabicyclic substrates can also be cleaved through their vicinal
diol derivatives, as exemplified by the reaction of substrate 129, Eq. 92 [87].
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(o]
1. Ogz; NaBH, AcO
7
2. Ac0, pyr ©n
90% yield O
TBDMSO TBDMSO —
127 128 (+)-lauthisan
[e] OMs
1. NMO, OsQ,, acetone, H,0 [)\/: O o
2. NalO,, acétone, H;O 0 (92)
OMs 3 athylene glycol, CSA, PhH, A o\>
AcO OAc
AcO OAc 96% yield
129
414

Retro-Dieckmann/Retro-Aldol Reactions

Oxabicyclic substrates containing a 1,3-dicarbonyl functionality have been ring-
opened via a retro-Dieckmann reaction, whereas compounds bearing a S-
hydroxycarbonyl motif undergo a retro-aldol ring cleavage. The driving force
for these reactions to occur in oxabicyclic systems is the relief of ring strain pre-
sent in the bicyclic framework.

In Kozikowski’s synthesis of showdomycin, treatment of the oxabicyclic 130
with bicarbonate induced a retro-Dieckmann reaction to reveal the highly sub-
stituted tetrahydrofuran intermediate 131, Eq. 93 [142].

Similarly, treatment of substrate 132 with sodium methoxide led to a retro-
Dieckmann reaction to yield the interesting bicyclic ether 133 as a single isomer,
Eq. 94 [90].

A 2-siloxyfuran bearing a chiral auxiliary underwent a facially selective [4 +2]
cycloaddition to give 134. Desilylation using fluoride gave furanone 135 via a retro-
aldol reaction (Scheme 8). It is interesting to note that treatment of the same sub-
strate with PPTS led to oxygen bridge cleavage to give hydroxycyclohexenone 136
[143].

o —CN CN
ZaCOsMe CO.Me
2 4 NaHCOs, THF, H,0  HO2C o 2
93
2. Hel (93)
0__0
S HO OH
130 131 dl-Showdomycin
O coMe O come

e} NaOMe, MeOH \
MeOZC,'I_ " / (94)
-78°C, 55% yield H

132
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o)
Br
| o
N™
oTIPS TBAF/ ., - CHCH,COMe
Br Bryipso $02Me THF, 90% /’VOMe

—
<2 P coMe 135

N N~ ;'
(iPrO),TiCI _ 5
o e — 9,
PPTS/ Br OzMe

134 PhH, 80%
N X
I, Lo
/VOME

Scheme 8 136

Katagiri’s group has developed a reductive retro-aldol reaction to cleave
[2.2.1] oxabicyclic substrates bearing gem-diesters {111, 144]. The acetate 137
underwent a retro-aldol reaction to afford a quantitative yield of a C-nucleoside
precursor 138, Eq. 95.

CO,Me
4"0 A come KoCO3, NaBH,, MeOH HO‘WCOZ"“
Obcone quantitative yield . "”IH (95)
OAc O\><'O
137 138

4.1.5
Photochemically-Induced Cleavage

Photolysis of the hypoiodite of hemiacetal 139 results in carbon-carbon bond
cleavage to produce an iodolactone 140, Eq. 96 {83]. The iodoalkyl side chain was
subsequently homologated to afford the sex pheromone of the rove beetle.
Padwa has introduced a rearrangement of oxabicyclic substrates that effi-
ciently assembles oxa-polyquinane derivatives [145]. Oxabicyclo[3.2.1]alkenes
141 bearing a carbonyl group alpha to the bridgehead position can undergo a
facile photoinduced 1,3-sigmatropic rearrangement. Thus the photolysis of 141
affords the linear oxatriquinane 142, Eq. 97, while 143 generates the angular oxa-
triquinane 144 , Eq. 98. Both substrates 141 and 143 were obtained via the
rhodium-catalyzed tandem-cyclization cycloaddition developed by Padwa.

Bu2CuCNL12
(96)
HgO PhH THF -78°C
PhH 71% yield

rove beetle sex pheromone
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o]
CHN,  Rh2(OAc) .
Ph DMAD 67)
o
o
CHN,  Rha(OAC) o
§ / o DMAD

4.1.6
Electrochemical Cleavage

Akiyama’s group developed an anodic oxidative decarboxylation of oxabi-
cyclo[2.2.1] substrates that subsequently undergo skeletal rearrangement
to yield 1,2,3-trisubstituted cyclopentanols [146, 147]. An example of this
reaction which generates the carbocyclic framework of hydrindanes is shown
in Eq. 99.

o o MeO_ O
electrolysis -2e- [m 76% yield
PR S + —_— (99)
(I':O Me NaOMe, MeOH (':O
% 2Me COMe

4.1.7
Acid-Induced Skeletal Rearrangements

The oxygen bridge in oxabicyclic compounds is an electron pair donor that can
stabilize a-carbocations. This characteristic renders oxabicyclic substrates more
susceptible to carbocationic skeletal rearrangements resulting in the cleavage of
the carbon framework. One such reaction was exploited by Sammes for the syn-
thesis of (x)-cryptofauronol, in which treatment of 145 with Lewis acid induces
rearrangement to a decalin ring system, Eq. 100 [57].

TiCla, CHoCly,
—

100
0 °C, 83% yield (100)

(1)-cryptofauronol
145
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A similar rearrangement to a [4.4.0] carbocyclic skeleton was observed
by Harmata upon treatment of 146 with bromine. The proposed mechanism
involves formation of a bromonium ion which rearranges and loses a proton
to form an enol ether, which reacts with a second mole of bromine to give,
after hydrolysis, an excellent yield of the rearranged product (Scheme 9)
[148).

The epoxidized oxanorbornane derivatives 147 and 148 also rearranged
under acidic conditions [94]. Remote substituents direct the cleavage of the car-
bon-carbon bonds (Scheme 10).

~ ©
H Bry, CHLCl,
(Lod™ —paowr ™
83% yield
146

OH Br
r h
0OA
Q Ho 3 ) OAc
O\Zb(OAc _MSOF. A0 Z// WOAC AcO /
° — “CONHAc
Ly CH20|2,_20 C N
45% yield L p AcO
4
147 OAc
o +0 OAc
o \ﬂb’o HSO4F, Ac,O Ho {E) .0 o H
CH,Cly, -51 °C o
51% yield ] OAc
148
Scheme 10
4.1.8

Miscellaneous Cleavage Reactions

Sodium naphthalide induced fragmentation and ring opening in oxatricyclic
substrate 149, Eq. 101. The allylic sulfate formed underwent elimination to pro-
duce an oxabicyclo[6.2.1] system containing a trans olefin. Simple reduction and
elimination of sulfate led to the minor product [149].
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9 lo) o}
0*550 Na Naphthalide (0.1M) oTBs 7
+ (101)
Br THF, -78° C -
TBSO TBSO
60% 38%
149
4.2

Cleavage of Carbon-Oxygen Bonds in the Oxabicyclic Framework

The cleavage of the ether bonds in the oxabicyclic framework has been develop-
ed into a useful strategy to generate highly-substituted cyclohexyl derivatives
from oxabicyclo [2.2.1] systems. This is an attractive approach because the facial
bias inherent to the oxabicyclic substrate can be exploited to control the stereo-
chemistry before ring opening is induced.

Functionalized medium-sized carbocyclic rings (especially seven- and eight-
membered rings) can be accessed by this route through the use of the appro-
priate [3.2.1], {3.3.1], or [4.2.1] oxabicyclic substrates. This approach avoids
otherwise entropically disfavored cyclization approaches to these rings, and
therefore has proven particularly valuable for the syntheses of certain families
of natural products.

In addition, further cleavage of the monocyclic products resulting from
bicyclic ring cleavage affords efficient routes to polysubstituted acyclic chains,
which are otherwise obtained from sequential coupling of smaller building
blocks. In view of the synthetic potential underlying the selective cleavage of the
carbon-oxygen bonds in the oxabicyclic framework, the development of this
methodology is an attractive approach. Mounting interest in the utility of this
strategy has been evident in the increasing number of recent publications.

4.2.1
Oxygen Bridge Activation by an Electron-Donating Group at the Bridgehead Carbon

The cleavage of the ether bond in an oxabicyclic compound bearing an oxygen
substituent at the bridgehead (i.e. a bicyclic ketal or hemiketal) can be readily
accomplished by solvolysis under acidic or basic conditions.

The oxabicyclic compounds required for this sequence can be assembled
using 2-oxygenated furans. Gravel and Brisse synthesized the oxabicyclic sub-
strate 150 by the Diels-Alder reaction between 2-acetoxyfuran and chloromethyl
maleic anhydride [150]. Ring-opening was induced by treatment with metha-
nolic hydrogen chloride to give hydroxycyclohexanone 151, Eq. 102.

o} o) Q 7
OAc OAc P
o Ha10%Pd/C, EtOAC o  HCU/MeOH COMe
, kit 102
87% 71% ™~C0O.Me ( )
cHyel© CHeCl OH ORed

150 151
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Chiral cycloadduct 134 assembled from a tethered 2-siloxyfuran was treated
with PPTS to reveal the hydroxycyclohexenone 136 (Scheme 8) [143]. Other
natural products that have been synthesized employing this strategy include
triptonide and triptolide [151].

Recently, the first total synthesis of taxodone was accomplished via this
strategy [152]. Cycloadduct 153, readily available from the Diels-Alder reaction
of siloxyfuran 152 and methyl acrylate, was treated with acid to induce ring
opening and dehydration to afford phenol 154, Eq. 103.

COzMe CO-M
2vie o]
TBDMSO TBDOMSO
Yy AN cone HCl, MeOH
MeNO, Iz (103)
152 OH
(t)-taxodone

Alternatively, a bicyclic hemiketal can be unmasked just prior to hydrolysis.
This strategy was cleverly applied by White to his synthesis of the Prelog-
Djerassi lactone [114]. Instead of carrying a potentially labile acetylated
hemiketal, White began the synthesis using 2-acetylfuran, from which oxa-
bicyclic substrate 155 was obtained. The hemiketal functionality was created by
a Baeyer-Villiger oxidation-basic hydrolysis sequence which resulted in ring
opening to give the hydroxyheptanone 156, Eq. 104.

OCOM
o foMe  mceea ® KoCO3
% CH,Cl, 1t MeOH, H,0

60% yield

Ho,C  :

156 (+)-Prelog-Djerassi
Lactone

155

4.2.2
Generation of a Carbanion « to the Carbon-Oxygen Bond

Several strategies for ring opening are based on the elimination of alkoxide by
the generation of a carbanion alpha to the bridgehead position.

This carbanion can be readily generated in an oxabicyclic compound 157
bearing an electron-withdrawing group on the carbon alpha to the bridgehead,
Fig. 4. Alternatively, an electron-withdrawing functional group built into the
oxabicyclic structure as in 158 would also facilitate the formation of the requir-
ed carbanion. Treatment with base results in ring opening via an elimination.

Base-induced ring openings of this kind have been used extensively for the
preparation of many natural products. Several of the syntheses of shikimic acid
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)
In @X " X= electron-withdrawing groups

n20

Fig. 4

derivatives have utilized this approach {17b,153~158], as did the earlier work on
11-ketotestosterone [152], and gibberellic acid [159]. For example, the enantio-
merically pure oxabicyclo[2.2.1] substrate 159 was treated with LHMDS to give
the ring opened cyclohexenol 160, which yields (+)-5-epi-methyl shikimate 161
upon deprotection, Eq. 105 [96]. Subsequent reactions have transformed 161
into several optically active pseudo-sugars [160].

CO,Me COM
A,o 0 LHMDS, THF ><° AcOH, H,0 HO 2Me
105
O\Zb\ -78°C, 0.5h, 58% o 55°C, 3h HO (105)
CO,Me OH
159 160

96% OH

161
(+)-5-epi-methyl shikimate

The less-hindered acidic proton in 162 was deprotonated selectively to afford
tertiary alcohol 163, Eq. 106 [72].

The base-induced ring opening of 164 gave 165 which was used in an efficient,
six-step synthesis of illudin M, Eq. 107 [161].

CO;Me
MEOZC .
LDA, -78°C, 78% yield
(108)
o}
162 163
o] HO
KOH, MeOH
]
. 42% yield .~ (107
HO' : HO
Br HO
164 165 illudin M

The extremely labile bacterial oxidation product of phthalic acid, 4,5-cis-
dihydrodiol 167 was synthesized via the base-induced ring opening of oxa-
bicyclo[2.2.1] substrate 166. Selective deprotonation of the less-hindered exo
proton was possible, Eq. 108 [162].

The differentially protected dialdehyde 168 also underwent efficient ring
opening under basic conditions, Eq. 109.
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\\—o o CO,SEM HO.G
CO,SEM HO CO,SEM 2
o g LHMDS, THF 2 CO,H
H 54% yield o — t108)
CO,SEM 20% recovered 166 HO
o)
166 %’ OH
167
0 CHO
t-BUOK, TMEDA, -55°C-1t
_ (109)
CHO 80-90% yield “CH(OEW),
CH(OEt), OH
168

The analogous ring opening of the sulfonylated derivatives of [2.2.1] oxa-
bicyclic compounds also proceeded to give cyclohexenyl sulfones as products
[163]. Arjona exploited this reaction in the synthesis of pseudosugars [164].
When oxabicyclic sulfone 169 was treated with n-Buli, selective ring opening of
the bridging C-O bond to give 170 was observed rather than elimination of the
B-benzyloxide, Eq. 110. After directing the ring opening, the sulfone was con-
veniently removed and 170 was dihydroxylated to give carba-a-pr-gluco-
pyranose.

OH
PhSO, -BuLi PhSO, o
. - (110)
BnO™ PhMe, TMEDA Bro™ .

l -78°C, 80% |
169 OBn ' OH OBn HO g

!
170 OH OH

The stereocenters set in the Diels-Alder sultone cycloadduct 171 were un-
raveled by base-induced ring opening to afford hydroxysultone 172 in excellent
yield, Eq. 111 [165]. Subsequent manipulations led to a synthesis of ivangulin.

o o MeO,C
LDA, THF, TMEDA 32 OH z °
o -
> D o™ O (11
.8: -78°C,85% yield -
%o
171 172 ivangutin

Deprotonation of an allylic proton in both isomers of bicyclic ether 173a and
173b using Schlosser’s base led to dienol 174, Eq. 112 [166].

t-BuOK, n-BuLi
o OH (119

THF, -78°C, 95%

Iy

174
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The allylic proton of the exo methylene derivative 175 was abstracted when
treated with an organolithium reagent and subsequent elimination afforded
dienediol 176, Eq. 113. The analogous ring opening reaction occurred for exo
methylene [2.2.1] oxabicyclic substrates as well [120a].

10 eqvis n-BuLi, THF, -61°C, 1 h
. (113)
OH 84% yield OH

175 176

Weak bases can also induce ring opening with the aid of an oxaphilic reagent.
Thus, the oxygen bridge in oxabicyclo[2.2.1]heptanone 177 was cleaved in
the presence of triethylamine and TMSOTS to generate enone 178, which was
an intermediate in the first total synthesis of (-)-conduritol C, Eq. 114 [93].
TBDMSOTf{/triethylamine is also an effective combination for this transforma-
tion and has been used in the synthesis of myo-inositol derivatives, as well as
(-)-conduritol B from 179, Eq. 115 [167, 168]. (+)-Conduritol F has also been
prepared by this route which served to confirm its structure and demonstrate it
was identical to natural (+)-leucanthemitol [168], Fig. 5.

OH OH
TBDMSO &, o _TMSOTH, EtgN TBDMSOIjO Ho]i; JOH
Taomso\zly - ‘ (114)
TBDMSO T o
178

177 (—)-conduritol C
o OH TBDMSO
TBDMSO ﬂbﬁo TBOMSOTY, EtN B1Os ° BnO,,, A\«OAc
| PhH, 1t . (115)
8n0O ' TBDMSO TBOMSO” " O
179 OH

protected myo-inositol

OH OH
HO:@_\\OH HO:©,OH
HO HO

(-)-conduritol B (+)-conduritol F

Fig. 5

4.23
Generation of a Carbanion vy to the Carbon-Oxygen Bond

The generation of a carbanion gamma to the oxygen bridgehead could also lead
to elimination and ring opening. Arjona and co-workers explored this strategy
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in the cycloadducts of 2,4-dimethylfuran, the “naked sugars of the second gene-
ration” [169]. Treatment of 180 with LDA generated cyclohexadienol 181 in good
yield, Eq. 116.

OH

@ LDA, 0°C
(118)

“OTIPS THF toluene, hexane “'oTIPS

180 181

4.24
Heterolytic Cleavage Induced By Acids

Treatment of oxabicyclic compounds with strong acids can lead to the hetero-
lytic cleavage of the ether bridge. The carbocationic intermediate can sub-
sequently lose a proton to form an olefin, or react with a nucleophile. Since the
reaction conditions are typically rather harsh, problems of chemoselectivity in
the presence of sensitive functional groups as well as regioselectivity of the
cleavage step are important issues. Rearrangement of the carbocationic inter-
mediates can also potentially pose problems. Reagents which are useful for the
cleavage of “typical” ethers have been used for the ring opening of oxabicyclic
compounds [170] but the specific structure of the substrate frequently deter-
mines the outcome of the reaction, and not all reagents can be uniformly applied
to all substrates [171].

It is particularly difficult to carry out a ring opening in compounds contain-
ing the oxabicyclo{2.2.1] nucleus without concomitant aromatization, because
the strong acidic conditions can also lead to dehydration. On the other hand,
inducing aromatization under controlled conditions permits the synthesis of
highly-substituted aryl compounds as an alternative synthetic strategy to
“traditional electrophilic aromatic substitution”. The methods to aromatize
oxabicyclo{2.2.1] heptanyl derivatives by the use of acids and low valent metals
have been reviewed [172].

For the heterolytic cleavage of the bridging ether in oxabicyclo[3.2.1] sub-
strates, it is essential to find reaction conditions to induce a regioselective
opening, as well as complementary conditions selective for troponization, in
light of the biological activity of many troponoids.

4.2.4.1
Protic Acids

A recent series of detailed mechanistic studies on the acid-catalyzed hydrolysis
of 7-oxabicyclo[2.2.1]heptane derivatives 182, 183 and 184 have confirmed that
the reaction is initiated by protonation of the oxygen bridge, followed by a rate-
limiting carbon-oxygen bond rupture to give a carbocationic intermediate.
There are varying degrees of solvent assistance in the rate limiting step depend-
ing on the substrate [173], Fig. 6.
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(o] (o]
182 183 184
Fig. 6

Yates observed an intramolecular ring opening of 185 when it was subjected
to treatment with formic acid, Eq. 117 [174].

OH
O pPh e}
H 90% HCO,H, n, 86% yield Phy
kCOMe (117)
Ph | “CH(OMe), y
185 Ph OH O

Ogawa reported that although the acetolysis of 186 resulted in a mixture of
pentaacetates from non-selective bridge opening, ring cleavage using hydro-
bromic acid generated a single dibromide 187, which is the product of substitu-
tion at the less hindered bridgehead carbon by bromide, Eq. 118 [175].
The dibromide was eventually converted to the penta-N,O-acetyl derivative of
(+)-validamine. Similarly, acidic treatment of 188 resulted in the exclusive
formation of 189. Dibromide 189 was also an intermediate in the syntheses of
analogs of valienamine, Eq. 119 [176].

@]
AcO 20% HBr CH,Br CH,O0Ac
80°C, 20 h ARG B — A0 (118)
53% yield A
AcO - OAc yiel OAc Ac HAc
187 (+)-validamine
penta-N,O-acetate
T o CH,OH
sHN 18% HBr, HOAc CH,Br
80°C, 20 h A%m,ar - . Hﬂ@ (119)
o 73% yield NHAc HaNG
188 189

valienamine analog

The precursor of the hexasubstituted benzene in jatropholone A and B was
a Diels-Alder adduct formed when furan 190 and enone 191 were reacted
under high pressure. Subsequent aromatization was initiated by treatment with
dilute hydrochloric acid, Eq. 120 [177]. This strategy was also used to install the
aromatic ring in the syntheses of mansonone E [178].

Methoxy-substituted dihydronapthalene oxides undergo regiospecific oxy-
gen bridge cleavage under acidic conditions, the selectivity of which is directed
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OMe
05
(o}
190 5 kbar
pressure
80%
o) 8
H jatropholone A, B-Me
191 jatropholone B, a-Me

by the formation of the carbocation that is stabilized by the methoxy group.
Therefore, treatment of 192 under acidic conditions generated naphthol 193 in
high yield, Eq. 121 {179].

. oH OH
MeO HC!, MeOH, 90% yieid | Me© MeQ
_— (121)
192 193

When naphthalene oxides of general structure 194 are subjected to acid-
induced ring opening, the generation of 2-substituted naphthols 196 were
overwhelmingly favored over the 3-substituted naphthols (Scheme 11) [180].
The explanation put forward was that allylic cation 195 was significantly more
stable than 197.

OH OH
| — Y
195 196

conc HCI, MeOH
196a:198a 98:2

196b:198b >99:1
196¢:198¢c >99:1

] — oy

OH OH
197 198

Cy”

194a R=Bn Yields: 100%
194b R=Me 85%
194c R=Br 75%

Scheme 11

Noyori has transformed 8-oxabicyclooctanones into various naturally-occur-
ring troponoids by acid-induced cleavage of the oxygen bridge, followed by
dehydration and oxidation [181]. Equation 122 shows the synthesis of nezukone
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by this methodology. Although ether cleavage could be induced by boron tri-
fluoride, fluorosulfuric acid was found to be the reagent of choice. Other
troponoids such as hinokitiol and a-thujaplicin were synthesized by a similar
strategy.

FSOsH DoQ
59% yield 54% yield (122)

~

nezukone

4.2.4.2
Boron-Based Lewis Acids

Lewis acids based on boron are effective reagents for the cleavage of “simple”
ethers and have also been used to induce ring opening in many oxabicyclic sub-
strates.

Kato treated 199 with boron trifluoride and acetic anhydride to achieve ring
opening, Eq. 123. Furthermore, treatment of 200 with acetic toluene-p-sulfonic
anhydride resulted in a regiospecific elimination to give 201 in quantitative
yield, Eq. 124. Compound 201 was used as a precursor for ring A in synthetic
studies toward fujenoic acid [182].

s AcO,
@\ BF4-Et,0, Ac,0
Y "COxH 70% y 23
COzH 7
199
@. acetic toluene-p-sulfonic anhydride /@/
"y oy 124
Y CO;Me MeCN, rt AcO T COyMe (124
002Me C OzMe
200 201

Whalley found that treatment of 202 with BCl, led to O-demethylation as
well as regioselective heterolytic opening of the oxabicyclic nucleus [183]. The
carbocation that is generated is trapped either by chloride to give 203 or by
intramolecular cyclization by the phenol oxygen to give xanthone 204, Eq. 125.

HO O CO.Me

BCl, H
+ B WOH (125)

o

xI

202 203 204
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Recently, Koreeda observed a highly regioselective ring opening in con-
nection with the synthesis of 205, the carcinogenic anti-diol epoxide of
benzo[a]pyrene [184]. The synthesis of the original oxabicyclic substrate was
based on the [4+2] cycloaddition of the requisite aryne with 3,4-dibenzyloxy-
furan. Following a series of high-yielding manipulations to obtain the cyclic
carbonate 206, treatment with BBr3 gave 207a, Eq. 126. The regioselectivity
observed agreed with theoretical calculations which indicate the stability of the
bay region benzylic carbocation is higher than its non-bay region counterpart.
However, the subsequent rapid epimerization at the brominated carbon of 207a
could not be prevented. In contrast, treatment with BC; led to the analogous
chloride 207 b which was sufficiently stable that it could be treated with aqueous
base to complete the synthesis of the target. This methodology was also used in
the synthesis of the anti-diol epoxides of 7,12-dimethylbenz[a]anthracene.

O BBrg or BCly 4N NaOH
_—

_ QQ CH,Clp, -20°C HE
o

)\o\" o

206 207a X=Br
207b X=Cl!

o]

Nicholas found that treatment of 208 with Me,BBr results in elimination and
ring opening to give a 9:1 mixture of dienes 209 and 210, Eq. 127 [186].

Me,BBr

CH,Clp, EtsN
0°C, 76%

209

Moreover, thioketalization in the presence of BF; etherate induced 211 to
undergo addition-ring opening to afford olefin 212 regioselectively and in high
yield, Eq. 128. This product was subsequently converted into damsin [186].

®

HSCH,CH,SH

BF3-Et,0

92% K/
SH
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Rigby also observed ring opening under similar conditions with [5.3.1] oxa-
bicyclic substrate 82 [89]. However, the thiol nucleophile underwent both Sy2
and Sy2’ addition to give a 2:1 mixture of 213 and 214, Eq. 129.

OAc OAc

: PhSH, BF5-Et,0
62% yield

82

I

(129)

4.2.4.3
Silyl Lewis Acids

Mann observed a regioselective ring opening of oxabicyclic substrate 215 using
TMSI in his studies directed toward the synthesis of pseudoguaianolides [187a].
The regioselectivity was explained by a directed activation involving simul-
taneous complexation of the ester and bridging oxygen by the TMS cation.
Treatment of 216 with DBU resulted in elimination to give 217 in an overall yield
of 65%, Eq. 130. The same transformation could be achieved using BF,- Et,0 and
KI or Nal [187D].

OgMe

™SI Me33| 0 DBU =: c
MeCN rt 65% yield o

217 (130)

Vogel observed deketalization, regioselective ring opening and aromatization
in one step in the reaction of 218 with TMSOTT, Eq. 131 [188]. This step was part
of a sequence for the asymmetric synthesis of anthracyclinones from fused
polycyclic substrates containing the [2.2.1] oxabicyclic nucleus.

1.TMSOTY, CH,Cl,, 0°C .
’/OR‘

(131)
2. Ac0, pyr, 63% yield

CH(OMe), R*= RADO(EY) chiral auxiliary CHO
218

Fohlisch found that treatment of 8-oxabicyclo[3.2.1]oct-6-en-3-ones with
TMSOTf and triethylamine generates tropones in one step [33b]. Thus, oxa-
bicyclic alkene 219 was converted in one step to 2-methoxytropone 220, which is



Using Ring-Opening Reactions of Oxabicyclic Compounds as a Strategy in Organic Synthesis 55

a key intermediate in several syntheses, Eq. 132 [33]. For the fully saturated
derivatives 221, the same reaction conditions produce cycloheptadienes, Eq. 133.
Mann has also reported tropone formation by treatment with TMSOTS in the
absence of base [189].

o) o)
“OMe OMe
TMSOTH, Et3N, CCl, rt
(132)
219 220
o) OTMS
TMSOTH, EtzN, CClg, rt
(133)
T™MSO
221
4.2.4.4

Other Lewis Acids

Hoffmann found that 2,2-dialkylated 8-oxabicyclo[3.2.1]oct-6-en-3-ones such
as 222 efficiently open in the presence of Lewis acid and an amine base, Eq. 134
{190]. The mechanism is apparently an enolization of the ketone followed by
opening of the ether bridge. The reagent combination that was most success-
ful was a 1:1 complex of ZrCl, and piperidine. Substrates which are not 2,2-di-
substituted give tropones.

o o}

KOS 3 equiv ZrCly, 3 equiv piperidine
K (134)
CH,Cly, -30°C, 1.5 h 79% yield OH

222 223

It follows that the corresponding enol ethers can be ring-opened by treatment
with Lewis acid {190]. Simpkins subjected the enantiomerically enriched silyl
enol ether 224 (obtained by deprotonation using a homochiral lithium amide)
to titanium tetrachloride [121]. Alkene 224 was obtained in 88% ee at -95°C,
and the ring opened product is expected to be of comparable enantiomeric
purity, Eq. 135.

o]

o}
TiClg, CHCly, -78°C
N\ (135)
OTMS 76% yield OH

224
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The acid catalyzed ring opening of 1,4-dimethyl-2,3-dicarbomethoxy-7-oxa-
bicyclo[2.2.1]hepta-2,5-diene yielded the aromatized product, Eq. 136. How-
ever, in the presence of [Rh(CO),Cl],, methanol acts as a nucleophile and gives
the cyclohexadienol. The reaction was shown to be both regio and stereoselec-
tive, Eq. 137 [191].

o HO »
CO,Me  MeCH MeO >\ _ COMe  MeO COMe
7/ I y + (136)
*catalyst, conditi
CO,Me yst, conditions COMe CO,Me
*catalyst, conditions = H,SQ,, 24h, 50°C 0% 100% i
[Rh(CO)Cllz, 6 min, t g9 vield o Conversion
o HO
CO,Me cat. [Rh(CO),Cll,, MeOH MeC COzMe
71 (137)
uantitative conversion
COMe d ' COMe
4.2.5

Grob Fragmentation

In Grieco’s synthesis of compactin, the required stereochemical information
in the A ring was embedded in the oxabicyclic subunit of compound 225 [192].
Ring opening was induced by base promoted Grob fragmentation which gene-
rated formaldehyde and decalin 226, Eq. 138.

MeO, OMe

@—OMe
o)

d KH, PhMe, refiux
HO 40% yield

MeO,

225 226 (+)-compactin

4.2.6
Overall Addition of Hydride

4.2.6.1
Hydrogen Addition

In the special case of the oxabicyclic compounds with bridgehead carbons
bearing aryl substituents, hydrogenolysis results in the cleavage of the bridging



Using Ring-Opening Reactions of Oxabicyclic Compounds as a Strategy in Organic Synthesis 57

carbon-oxygen bonds. In Rodrigo’s synthesis of the lignans of Podophyllum, all
eight diastereomers could be obtained from the common intermediate 227
[193]. In the synthesis of isopicropodophyllin, the highly-substituted cyclo-
hexane ring in 228 was revealed by the hydrogenolysis of the oxabicyclo[2.2.1]
nucleus of 227, Eq. 139. Pelter’s synthesis of (-)-isopodophyllotoxin utilized a
similar hydrogenolysis strategy with an asymmetric Diels-Alder oxabicyclic
adduct derived from menthol (Menth) as substrate, Eq. 140 [194].

OH
\COM
’co Me E‘OH “COMe \( (139)
; MeO/Q\OMe MeO/Q\OMe
OMe

OMe

(+)-isopicropodophyliin

OMenth OH OMentn oH

< H2 Raney Ni O‘
EtOAC
82%
MeO OMe MeO OMe

In addition to the examples shown above, Whalley reported one case of a
hydrogenation reaction that resulted in the Sy2” opening of an oxabicyclo[2.2.1]
heptene [183].In the presence of acid, substrate 229 was reductively ring opened
to give 230 in quantitative yield, Eq. 141.

OMe
(-)-isopodophyllotoxin

OMe O OMe O
Hy/Pd/C, Me,CO, HCIO,
CL I — e
OMe quantitative
MeO,C
229 230
4.2.6.2

Single Electron Transfer Reductions

Substrates whose bridging oxygen atoms are in allylic or benzylic positions can be
ring opened under dissolving metal conditions. The ring opening of oxabicyclic
[4.2.1] ether 231 illustrates this reaction [43]. Treatment with lithium metal gave
deprotected diol 232 as one isomer containing a tetrasubstituted olefin, Eq. 142.
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oTBS Li, EtNH, cH
c ‘ (142)
“OH

231 232

The optimized reaction conditions for the reductive ring opening of olefinic
bicyclic ether 233 a were lithium in ethylenediamine and DME [166]. A modest
yield of the ring opened product 234a was obtained due to competing simple
reduction of the olefin Eq. 143. This side reaction was even more problematic
for the bicyclic ether 233b, in which the desired reductive ring opening gave
(+)-dactylol 234b in lower yield than the side-product, 235b.

Li, HaNCH,CH,NH,, DME

R R
233a R=H 234a 45%  235a 27%
233b R=Me 234b (+)-dactyiol 25%  235b 35%

In addition to ring opening, the reaction of sodium with the oxabicyclic sub-
strate 236 resulted in elimination of methoxymethoxide and reduction of the
diene [118]. Only one olefinic product 237 was isolated, Eq. 144.

‘ OMOM
6 Na, NH,, THF, -78°C

74%

(144)

‘OMOM HG  OMOM
236 237

The reductive ring opening can also be induced by single electron donor
reagents. In De Clercq’s formal total synthesis of periplanone B, oxabicyclic
intermediate 238 was reductively ring opened by treatment with lithium di-tert-
butylbiphenyl radical anion, Eq. 145 [195]. Subsequent Grob fragmentation
leading to scission of the ring junction bond generated the decadienone 239
which has been transformed into periplanone B.

o o
LiDBB 1. n-Buli %
SOB OO0 meOEAC S
; THF, -50°C i‘ ;sz y -
|:| B Of i CL=
oH 68% yield
238 239

(+)-periplanone B
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William’s synthesis of a model compound of the dolastanes employed sodium
naphthalide to induce the ring opening of the allylic ether, Eq. 146 [59]. Protona-
tion at the y carbon gave the conjugated enone.

OTBDMS 1) OTBDMS

1. 0.5 M Na Naphthalide, THF

(148)
2. BzCl, DMAP, Et3N, CH,Cl

77% yield

Carbonyl groups alpha to the bridging oxygen undergo reduction in the
presence of samarium iodide, resulting in ketyl radical anion formation and
fragmentation of the carbon-oxygen bond. This reductive ring opening was
used by Padwa in synthetic studies toward ptaquilosin [72}. Treatment of 240
with Sml, generated 241 which contains the basic skeleton of the target mole-
cule. It is noteworthy that the cyclopropyl substituent remained intact under the
reaction conditions, Eq. 147.

HQ, _;‘ H O HQ, = H O
0.1M Sml, : G
--------- - L (147
THF, 50°C, 62% vield o o A
H OH
240 241 Ptaquilosin

The samarium iodide promoted reduction of substrate 242 also led to ring
opening to yield hydroxycyclohexenone 243 in De Clercq’s synthesis of a pre-
cursor to the A-ring of 1 a-hydroxyvitamin Ds, Eq. 148 [196].

Smi,, THF
—

-78°C, 56%
HO

OTBOMS

OH

10, 25-(OH), Vitamin Dy

In Vogel’s studies, the {2.2.1] oxabicyclic substrate 244 was found to undergo
reductive ring opening as well as thermodynamic protonation to furnish a
cyclohexanol, Eq. 149 [197].
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0 o Smip, THF, 1t On g0
P4 > (149)
o 35% yield e

OH

Enantiomerically enriched substrate 245 was found to undergo reductive
ring-opening in the presence of Sml,; however, much more efficient opening
was observed using lithium in ammonia, Eq. 150 [120].

o HO
excess Li, NH3 (I}, -78°C, 1 h
OTIPS — oTIPS (150)
o OTIPS 72% yield o OTIPS
245
4.2.6.3

Reductive Elimination

Halides and sulfones positioned at the carbon alpha to the bridging ether bond
can be induced to undergo reductive elimination leading to ring opening. Jung’s
model studies toward the synthesis of ivermectin utilized this strategy [198].
The key substrate 246 was assembled by intramolecular Diels-Alder reaction of
an N-furfuryl-B-chloroacrylamide followed by dihydroxylation. Treatment with
sodium resulted in ring opening to afford the bicyclic trihydroxy amide 247
found in the “southern hemisphere” of ivermectin, Eq. 151.

0" ~NBn
HO 0 Na, THF, rt
HO 78% yield

246

(151)

Sammes synthesized B-bulnesene by employing a sodium reduction of
chloroether 248 to effect the ring opening of the bridging C-O bond in a [3.2.1]
oxabicyclic system, Eq. 152 [56].

Na, Efzo

———

152
76% yield (152)

248
B-buinesene
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Wender incorporated this strategy into the synthetic plan for the first total
synthesis of phorbol, whereby intermediate 249 was subjected to lithium-iodine
exchange to yield alkenol 250, Eq. 153 [199].

t-Buli

250 phorbol

A recent example of a ring opening based on the same principle is found in a
series of synthetic studies toward taxol, in which model compound 251 has an
oxabicyclo[2.2.1]heptane moiety derived from furfuryl alcohol as the precursor
for ring-C of the target [200]. The hydroxymethyl group in 251 was converted to
the iodide, and treatment with freshly activated zinc resulted in ring opening to
the tricyclic system 252, Eq. 154.

1. TsCl, EtaN Zn dust, MeCN
————

reflux

(154)
2. Nal, MeCN

Samarium iodide has been used to reduce sulfonylated oxabicyclic substrates
leading to the elimination of the 8 oxygen moiety. Molander used this strategy
for the synthesis of substituted cycloheptenes and cyclooctenes, Eq. 155 [81].

5.5 equiv Smis, HMPA, THF, rt

, (155)
SO,Ph 84% yield

4.2.6.4
Metal Hydride Reductions

4264.1
B-Hydridic Organometallic Reagents

Grignard reagents react sluggishly with oxabicyclic compounds in the absence
of a transition metal catalyst. In the presence of excess MgBr,, the products of
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reductive ring opening predominate [201]. Therefore in the presence of n-butyl-
lithium and excess MgBr, (which forms n-butylmagnesium bromide), oxa-
bicyclic substrate 253 a gives cyclohexenol 255, Eq. 156.

Br

I
(o] excess 9, OTBDMSOTB DMS
MOTBDMS n-BuliyMgBr, Mg 56
OTBDOMS ether ;&orews .
76% E’7<—H_. OTBDMS \ OH
253a
255

The reductive ring opening could be explained by a mechanism with a transi-
tion state resembling 254, in which the f-hydrogens of the Grignard reagent
reduce the double bond. The mechanism accounts for the requirement of addi-
tional MgBr,, and also suggests that the structure and the number of B-hydro-
gens of the Grignard reagent should have an effect on the reductive ring
opening. Indeed, variations in regioselectivity were observed when different
Grignard reagents were used in reductive ring openings of unsymmetrical sub-
strate 256a, Eq. 157. However, the low yields and selectivities make this reaction
of mechanistic interest rather than of practical value.

OTBDMS OTBDMS
O HO,
y oTBDMs _8*cess RLiMgBr OTBDMS + | | OTBOMS
OTBDMS ether
OH (157)
256
R= t-Bu Yields:50% 12 : 1
R=n-Bu 37% 1 : 2.4
R=i-Bu 44% 1 45

The product from reductive ring opening was isolated along with the product
from the nucleophilic addition in the reaction of t-Bu,CuCNLi, with oxabicyclic
substrate 253b, Eq. 158, vide infra [202]. Reduction by of one of the -hydrogens
of the tert-butyl group of the cuprate must be responsible for this product.

0o ] OH OBn OH OBn
t-Bu,CuCNLip B
7 oBn - 4 rbu (158)
OB ether
" 48% yield OBn OBn
253b 1:3
42642

Boranes and Borohydrides

Brown reported that the reagent used for the reductive cleavage of cyclic ethers,
a lithium triethylborohydride-aluminum tert-butoxide complex (from lithium
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tri(tert-butoxy)aluminum hydride and triethylborane), when applied to 7-oxa-
bicyclo[2.2.1]heptane, gave cyclohexanol, Eq. 159 [203].

OH

LiAI(Ot-Bu)sH / Et3B, THP, 1, 3h
- (159)
97% yield

In the context of dihydronaphthalene oxides, Rickborn showed that a
related complex induced ring-opening of 257 with Sy2 delivery of hydride,
Eq. 160 [204].

OH

LIAI{Ot-Bu)3H / B(OEY)4, THP
CO

257

This result is in contrast to the reaction of 257 with less sterically demanding
hydroborating reagents such as borane and 9-BBN, which delivers the hydride in
an Sy2’ fashion to yvield a homoallylic alcohol, Eq. 161 [97]. The mechanism
was proposed to be addition of borane followed by a syn-elimination aided by
chelation to the bridging oxygen. This proposal accounts for the observation
that bulky boranes, such as Sia,BH, led only to simple hydroboration products
without inducing ring cleavage, since the alkylborane was too hindered to co-
ordinate to the bridging ether.

OH
Ow 1. BH3-Me,S \THF, A or 9-BBN , THF, rt
161
2. NaOH, H202 O‘ ( )
257 quantitative yieid
42643

Aluminum Hydrides

Various aluminum hydrides have been found to induce the reductive ring open-
ing of [2.2.1] and [3.2.1] oxabicyclic compounds. Metz found that the treatment
of sultone 258 with Red-Al resulted in the overall net $y2’ addition of hydride
and ring opening [165]. When 260 was found to also give 261 under the same
reaction conditions, the mechanism postulated to account for this transforma-
tion was an initial deprotonation of the sultone 258 by Red-Al and ring opening,
followed by the 1,6-delivery of hydride via aluminate 259, and stereoselective
protonation, Eq. 162,
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OMEM
o o MEMO-p-0 (MEMO),AIC, HC,
u Red-Al H o 0s H* QO
7 /s*‘o N\ s\z s, — s, (162)
o PhH, 1t o) o} o}
55% yield / / /
258 259 = E 261 >
HO
0, Red-Al, PhH, rt
S
\

260

Another example of reductive ring opening of oxabicyclic substrates was pro-
vided by Arjona and co-workers [117a]. LAH induced the ring opening of
sulfonylated oxabicyclic compounds, and the regioselectivity of the addition
was dictated by the position of the vinyl sulfone moiety, Eq. 163.

PhSO, OBn LAH. 0 °C
65% yield
LAH, 0 °C
[e]
PhSO, z \) 62% yield

PhSO, OBn

OH
OH (183}

o)
PhSO, o\)

Vogel also reported reductive ring opening in substrates containing the vinyl
sulfone functionality in syntheses of acyclic subunits containing four contiguous
stereocenters, Eq. 164 [109b].

PhSO, OBn | aAH PhSO;,
@ -78°C, THF

86%

Lautens and Chiu showed DIBAL-H was a useful reagent for the efficient
reductive ring opening of a wide range of oxabicyclo[2.2.1] and [3.2.1] substrates
[205]. The efficiency of DIBAL-H in ring opening reactions is attributed to its
solubility, reducing ability and Lewis acidity, which enable it to coordinate to the
ether bridge and facilitate the cleavage step. Sy2° delivery of hydride generates
homoallylic alcohols such as 263 from 262, Eq. 165. Subsequent manipulations of
263 including ring cleavage by ozonolysis afforded the terminally differentiated
array 265, which is the C,; to C,; subunit of ionomycin, Eq. 166, Fig. 7.
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OBn OBn
(o} DIBAL-H, hexanes reflux AL L AL
) O © O ™
v
0Bn OH OH
262a
263 264
Yields: 25% recovered 262a 65% 0%
0% recovered 262a 50% 27%
OBn OBn 1. 03, MeOH
AL 1. Swern oxidation %, = & '_%QC ! . Bn(:) o} o]
' —_— : . (166)
Q 2. DIBAL-H, -78°C O 2. NaBH, HO/YY\)ZS
OH 3. NaH, PMBBr “OPMB 3.D0Q, 0°C
263 72% 67% 265

lonomycin

Fig.7

In the case of [3.2.1] oxabicyclic substrates unsymmetrically substituted at
the bridgehead position, an interesting regioselectivity was noted, Eq. 167. With
266a protected as a tert-butyldimethylsilyl ether, hydride delivery proximal to
the hindered bridgehead was favored. No selectivity was observed in the reduc-
tive ring opening of the free alcohol 266b. However, treatment with MeLi then
DIBAL-H (i.e. 266¢) results in a dramatic reversal of regioselectivity compared
to the protected ether 266a.

OR OR
Q DIBAL-H, hexane w Ao “ A8
y flux, 6-24h i : aen
OR renux, o6- OH HO o
266a R= TBDMS Yields: 72% 1 : 6.4
266b R=H 75% 1 : 1.3
266c R= Li 85% 95 : 1

Keay also reported an example of a DIBAL-H promoted reductive ring
opening. While several similar substrates were not reactive with DIBAL-H, the
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cycloadduct 267 underwent reductive ring opening along with carbocyclic ring
cleavage, Eq. 168 [206].

@‘ DIBAL-H

— + (168)
CH,Cly, 1t Ho :

vl H

OH OH OH
267 28% 13%

One problem associated with the use of DIBAL-H under such vigorous con-
ditions (i.e. refluxing hexanes) is the appearance of an over-reduced side pro-
duct, 264, which was difficult to separate from the desired cycloheptenol 263,
Eq. 165. The presence of this product indicates a lack of chemoselectivity asso-
ciated with DIBAL-H for some types of cyclic alkenes versus an olefin in an
oxabicyclic system.

A milder and more selective reductive ring opening was achieved in a nickel-
catalyzed hydroalumination [207]. The initial addition of DIBAL-H to the oxa-
bicyclic alkene under Ni’-catalysis occurs at temperatures as low as -78°C, and
is complete in minutes at room temperature. Oxabicyclo[2.2.1] substrates such
as 253¢ spontaneously undergo ring opening under the reaction conditions,
Eq. 169. The less strained [3.2.1] oxabicyclic compounds require heating of the
organoalane in the presence of DIBAL-CI to induce ring opening. The two-step,
one pot sequence led to substantially improved yields of the desired ring opened
product, accompanied by less than 5% over-reduction. A particularly dramatic
example of the efficiency of the nickel-catalyzed reduction is illustrated in
Eq. 170. Treatment of 268 with DIBAL-H in the absence of a catalyst givesa 1:1
ratio of 269 and cis 1,3-cycloheptanediol. Using nickel catalysis followed by a
Lewis acid, a 95:5 ratio favoring 269 was obtained. meso Diol 269 has been
used as a precursor in a concise and enantioselective synthesis of the mevinic
acid lactone, the portion of mevinolin to which its biological activity largely
resides [113].

OMe
0
3-10 mol Ni(COD),
; OMe OMe (169)
OMe DIBAL-H, THF or toluene
253¢ >90% OH
AcO (0]
HO, OH
Q 1. cat Ni(COD)y, DIBAL-H . \Cf
%’OH 2. DIBAL-CI, A - (170)
85% yield ~
268 Y 269 COzH

mevinic acid lactone

Transition metal-catalyzed reductive opening also allowed the use of coordi-
nating ligands to tune the reactivity of the reagent. Two significant findings have
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resulted from these studies. The addition of 1,4-bis(diphenylphosphino)butane
(dppb) dramatically enhanced the regioselectivity of the reductive ring opening
of substrates unsymmetrically substituted at the bridgehead position [207,208].
For example, the nickel-catalyzed reductive ring opening of 266a generated 270
and 271in a 2.1:1 ratio, Eq. 171. Addition of dppb increased the regioselectivity
of hydride delivery distal to the bridgehead methyl group more than twenty-fold
(98:2).

0 : HO
% 1. 10 moi% Ni(COD),, DIBAL-H, * ~OTBDMS 3 OTBDMS
7 2. DIBAL-Cl, A * o 17Y)

OTBDMS
266a 270 CH 271
* 0 mol% dppb 21 ¢ 1
* 20 mol% dppb 50 : 1

Another important development has been the use of chiral phosphines as
ligands to induce an enantioselective reductive ring-opening of meso oxabicyclic
compounds. BINAP, available in both (R)- and (S)-forms, gives the highest
enantioselectivities of the ligands examined to date with values of 97 % ee for the
[2.2.1] oxabicyclic substrate 253 c under the optimized conditions, Eq. 172 [207].

OMe
0 14 mol% Ni(COD),, 21 mol% (R)-BINAP
OMe 172
mMe syringe pump addition of DIBAL-H, PhMe | OMe (172)
97% yield, 97% ee
253c OH
4.2.6.44

Tin Hydrides

Lautens and Klute reported a regioselective palladium-catalyzed hydrostanny-
lation of oxabicyclic substrates bearing substituents at the bridgehead position
[209a]. A variety of oxabicyclo[2.2.1] compounds such as 256b undergo regio-
selective addition of tin hydride such that the bulky trialkyltin resides at the
less hindered position, Eq. 173. The regioselectivity is generally at least 97:3.

0 (o]
CH,OMe cat Pdy(dba)s H Z‘ﬁ/CHZOMe
/ CHOMe BusSnH, PPhy BusSn CH,OMe
95%
256b 272

(173)
OH

; o!
MeLi H CH,OMe CH,OMe
85% M CH,OMe

A CH,OMe

M = Lior RySn” 273
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The stannylated product 272 can be induced to undergo ring-opening by treat-
ment with MeLi, either via a transmetallation or the ate complex. This overall
sequence provides the reductive ring opened product 273 with complementary
regioselectivity to that obtained through nickel and phosphine-catalyzed hydro-
alumination.

Oxabicyclic compounds in the {3.2.1] series also undergo highly regio-
selective hydrostannation and MeLi induced ring opening under these condi-
tions. However, more hindered alkenes are efficiently hydrostannated using a
heterogeneous palladium catalyst [209b]. In this manner, cycloheptenetriol 275
was produced from 274, the product of the diastereoselective [4+3] cycloaddi-
tion (Scheme 12) [45]. The chiral side chain was cleaved by periodate oxidation.
Reduction afforded diol 276, an intermediate which has been used previously for
a synthesis of the C;; to Cy; subunit of ionomycin (see Eq. 166). This route
constitutes an enantioselective synthesis of this stereochemical array.

BusSn

OH Bu,SnH, cat. Pd(OH), n-BuLli
THF, 1t THF, t, 70%
274
Hsl0g, THF, H,O DI -
5106 5 OH BAL-H OH
0% THF, -78°C, 91%
o HO
Scheme 12 276
4.2.6.5

Photochemical Reductions

Cossy has shown that strained cyclopropanes and cyclobutanes situated alpha to
a carbonyl group open via the ketyl radical anions formed during photolyses in
the presence of amines [197, 210]. Moreover, strained ethers such as oxygen
bridged bicyclic compounds have also been observed to undergo opening under
these conditions, as shown by Eq. 174.

o
Ou. 0 hv, Et;N, MeCN, 1t, 1 h O
- (174)
- 68% yield /

OH
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4.2.7
Overall Addition of Alkyl/Aryl Groups

4.2.7.1
Silyl Enol Ether and a Lewis Acid

Narasaka found that optically enriched oxabicyclic substrate 277 bearing a vinyl
sulfide moiety reacts with a silyl enol ether or ketene silyl acetal in the presence
of a Lewis acid to afford the protected cyclohexenols 278a and 278b, Eq. 175
[18]. The reaction was proposed to occur via a ring-opening and alkylation
sequence which is equivalent to overall nucleophilic substitution with retention
of configuration. Presumably, the nucleophile attacked the carbocationic inter-
mediate from the exo face, because the methylene-OTIPS substituent was
blocking the endo side.

o OTBDMS
MeS OTBDMS TBDMSOTY, MS 4A MeS (
7 175)
+ )\R CHClp, 0°C, 1 h
|
”rr oTIPS A= Ph o) OTIPS
R= OFt
R
278a R=Ph, 89% yield
278b R= OEt, 91% yield
4.2.7.2

Organolithium Reagents

The earliest reports of the addition of organolithium reagents to oxabicyclic
compounds were in the context of dihydronaphthalene oxide 257. Caple and
Berchtold found that the additions occur in an Sy2’ fashion, leading to alcohols
279a-c, Eq. 176 [211,212].

OH
RLi, ether R
(1786)
257 279a R= n-Bu, 85% yield

279b R= t-Bu, 100% vyield
279c¢ R= Me, 61% yield

The groups of Arjona and Lautens independently investigated the addition of
organolithium reagents to oxabicyclic substrates. Arjona discovered that treat-
ment of oxabicyclo[2.2.1]heptenol 2804, readily prepared using Vogel’s naked
sugar chemistry, with an excess of an organolithium reagent, resulted in ring
opening [105]. The reaction was completely regioselective and stereoselective;
for example cyclohexenediol 281a was isolated in good yield, Eq. 177. Because
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R R2
(o} ] ) S
R n-Buli, Et,0
A
2
R oH

280a R'= Me, R2= OH Bu

280b R'= OH, R2= Me 281a 78% yieid
’ 281b 75% yield

280a is available in enantiomerically pure form, the ring opened product is a
single enantiomer. The exo alcohol 280b also underwent regioselective
nucleophilic ring opening, although more vigorous reaction conditions were
required. The reason for the directing effect of the lithio alkoxide has not been
elucidated.

However, when the hydroxyl group was protected as a benzyl ether, the regio-
selectivity decreased dramatically, Eq. 178 [105], as it did for the homologous
alcohol, Eq. 179.

0OBn OBn
Lob( 3 equiv. n-Buli S HO:©
+
7] " (178)
OBn Et,0, 0°C OH Bu
Bu
2 :

_OH _oH
le\\ rBuLi | HOL~
oH Et,0, 0°C on (179)
80% Bu Bu

35 : 1
The directing effect of a hydroxyl group alpha to the bridgehead carbon was

also observed with an oxabicyclo[3.2.1] substrate, although only ¢-Buli is suffi-
ciently reactive to induce ring opening, Eq. 180 [213].

0 excess t-Bull, Et,0,0°Cto rt “OH
OH 84% yield +Bu (180)
r

HO

Sulfonylated derivatives 282 and 283 were designed to show how an electron-
withdrawing group could direct the regioselectivity of the addition of the
organolithium reagent [117, 213, 214]. Because both regioisomers could be
synthesized, this aim was realized as shown by Egs. 181, 182. Methyllithium-
induced opening of a related substrate, 284, was used in a synthesis of the amino-
cyclitol portion of pancratistatin, Eq. 183 [215].
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fo) OH
MeLi
J N\ 08n THF o:c 08n (8n
83% yield PhSO,
PhSO; oy
282
o}
MeLi-BF;
OBn PhSO, [+ OBn (182)
7 PhMe, -78°C
SO,Ph 80% yield
283 Ho
BnO OBn BnO OBn
0
OBn MelLi —_—
PhSO, _— - OH HO e «uNH
Zb{mn THF, -78°C - 2 (183)
85% PhSO, MeQ
284

aminacyclitol of pancratistatin

Concurrent with Arjona’s work were studies by Lautens and co-workers on
the organolithium induced ring opening of oxabicyclo[3.2.1]octenes 262b~c
[112]. All organolithium reagents that successfully induce ring opening give
products which can be rationalized by an Sy2” reaction with retention of stereo-
chemistry. Cycloheptenyl homoallylic alcohols 285a-b are readily available,
Eq. 184. The reactivity of the nucleophiles correlates with the basicity (and/or
electron transfer ability) of the organolithium reagents.

0 n-BuLi, E0, -78°C HO A _.OR
\ (184)
Y Bu

OR
262bR=H 285a 92% yield
262c R= TBOMS 285b 79% yield

The ring opening of oxabicyclo[3.2.1]octenol 262b was more facile than its
protected counterpart 262 ¢ [116]. This enhancement of reactivity by the remote
endo-alkoxide was most dramatically displayed in the nucleophilic ring opening
by MelLi, Eq. 185. Under the typical reaction conditions, 262b resisted ring
opening, due to the low nucleophilicity of MeLi in this reaction. Addition of
TMEDA was necessary to bring about opening, affording a 72% yield of 286a.
However, 262 ¢ was totally inert even when heated in TMEDA. The two hydroxyl
groups of 286a were sequentially protected to give 286b and the cleavage of the
olefin eventually led to the synthesis of the C,; - C,; subunit of rifamycin, Eq. 185.

The regiochemistry of the reaction was examined in the context of unsym-
metrical oxabicyclic substrates bearing a substituent at the bridgehead position
[216]. An ethyl group, which is not very sterically demanding, induced highly
regioselective ring-opening reactions in which the nucleophile was delivered to
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o MeLi RO25 .23 .OR Og; NaBH,
_ceaPs
P TMEDA, Et,0 75%

OR 72% 21
262b R=H o 286a R,R=H
262c R= TBDMS 286b R= PMB,
R'= TBDMS
(185)
TBOMSO, - ‘~_OH TBDMSO,_ _~ A 21
1.00Q 27]/\(\
u, OoPMB 2. Swern oxidation OHC”™ OYO
OH PMP

the position distal to the bridgehead substituent, Eq. 186. The cycloheptenol 287
thus obtained from 266 b was subjected to ozonolysis to furnish an acyclic chain
bearing 5 contiguous stereocenters with differentiated termini. The high regio-
selectivity may indicate that complexation of lithium to the bridging oxygen
weakens the C-O bond to generate the more stable cation. Delivery of the
nucleophile then occurs remote to the bridgehead substituent.

OH
Q et : TBDMSCI ™ 110378C o oR OR ©
. : (186)
P Et,0 oH 2. Me,S < H
OH 599/° 700/0 :\
266b 287 R= TBOMS

The increased strain in oxabicyclo[2.2.1]heptenes such as 256b makes them
more reactive toward organolithium reagents. The ring opening reactions
occurred at lower temperatures and with higher regioselectivities, Eq. 187.

o) OH
7 OTIPS EtLi, Et,0, 0°C oTIPS
QTIPS 97% (187)
256b
OTIPS

Keay and Harmata obtained additional information on these trends in poly-
cyclic oxygen bridged compounds. Thus treatment of 288 with MeLi led to ring
opening with the addition of the nucleophile distal to the bridgehead to give 289,
Eq. 188 [206]. Subsequent manipulations of 289 led to a synthesis of the C;5-Cy3
segment of the venturicidins, Fig. 8. Reaction of cycloadduct 290 with iso-
propyllithium revealed a slight preference for the position near the methyl-sub-
stituted bridgehead over the ring junction, Eq. 189. Regioselective ring opening
also occurred for the reaction of polycyclic substrate 291 with n-butyllithium,
Eq. 190 [42].
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— 23 (188)

OH TBDPSO
288 289

FPrii
(189)
& ether,-78°C-rt
95%
290
n-Buli, 0°C
. {190)
79% yield
291

venturicidin X

Fig. 8

Dioxacyclic compounds have also been shown by Lautens and Fillion to
undergo regio-, stereoselective and sequential ring opening, Scheme 13 [216].
Whereas reaction of the dioxacyclic compound at 0°C led to incorporation of

. ) %% .
n-Bulli, Et,O

l

/ —_— -
+ - L -78°C, 4 h
_ OopP 90%
HO,C—==—CO,H oP
n-Buli, Et,0
0°C,7h
90%

n-Bu

P = TBDMS

PO~ Scheme 13
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two n-butyl groups, reaction at —78 °C was very selective and could be stopped
after only one oxabicyclic moiety underwent opening. Addition of a second, dif-
ferent nucleophile could then be readily achieved providing a route to highly
functionalized decalins.

Metz showed that unsymmetrical sultones undergo regio- and stereoselective
alkylative ring opening via elimination/1,6-addition when treated with organo-
lithium reagents [217a]. The stabilized carbanion from attack of the nucleophile
syn to the intermediate alkoxide can be trapped by acid or Mel, Eq. 191. Desul-
furization led to functionalized cyclohexenols with stereochemical control on
the ring as well as the side chain. Such a ring opening has been used in a short
synthesis of methyl nonactate [217 b].

0.
1. MeLi, THF, -78° NG :
1R Tooo T o oH
N 2. Mel, 43% yield . 95% yield : (191
° %

Lautens explored the behavior of silyllithium reagents with [2.2.1] oxa-
bicyclic substrates, typified by 253a, and 256b [218]. Cyclohexadienes 292 and
293 respectively were isolated as the only products in good yields, Eq. 192. The
reaction was proposed to occur via a nucleophilic ring-opening by silyllithium,
which generated an intermediate with the alkoxide and silyl substituent in a syn
relationship. A Peterson elimination occurred spontaneously under the basic
reaction conditions and gave rise to the conjugated dienes. Therefore, the silyl-
lithium reagent provides a one-step synthesis of cyclohexadienes from oxa-
bicyclic precursors. The intermediate hydroxysilane was isolated in one case
providing further support for this mechanistic proposal.

OR' OR'
O R
) PhMe,SiLi R . R
1 OR OR | __ OR' (192)

OR' THF, 0°C Y
73-87% (0]

253a R=H, R'=TBDMS SiMe,Ph 292 R=H, R=TBDMS

256b R= Me, R'=TIPS 293 R=Me, R'=TIPS

Although the organolithium-induced ring opening of [2.2.1] oxabicyclic sub-
strates has been reported to occur in DME, a dramatic effect was observed in
the corresponding reaction of oxabicyclo[3.2.1]octenes. Cycloheptadienes such
as 294, the product of addition-ring opening and dehydration of 262b, were
obtained under the otherwise typical nucleophilic ring opening conditions,
Eq. 193 [219]. This reaction pathway was not observed when the hydroxyl group
was protected, once again pointing to an usual endo-alkoxide effect.

An intramolecular nucleophilic addition to construct fused bicyclic systems
was recently developed by Lautens and Kumanovic {220]. The iodopropyl-sub-
stituted oxabicyclic substrate 295a underwent transmetallation with z-BuLi
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OH
o ”"-v N .‘\\
MeLi, DME
(193)
2 0°C, 4 h, 85%
OH
262b 294

at -78°C, and upon warming to room temperature, intramolecular addition
and ring opening occurred to give 296a in high yield, Eq. 194. It is particularly
significant that this reaction generated a trans junction in the perhydroazulene
skeleton, which is the stereochemistry found in natural products such as
phorbol, daphnane and grayanotoxin. Heteroatoms in the tether were also
tolerated, the precursors in these cases being stannylated oxabicyclo{3.2.1] com-
pounds 295b-d. A four-atom tethered substrate failed to undergo intramole-
cular opening,.

XA\R £BuLi or MeLi, -78°C
7
k -78°Cto 0°C or nt

2z OR

(194)

295a R= Me, X= CHy, Z=1
295b R= Me, X=Q, Z= SnBuj
295¢ R=Me, X=S, Z= SnBuj
295d R=H, X= NMe, Z= SnBuy

Asymmetric induction in the organolithium ring opening of meso oxabicyclic
compounds was achieved by incorporating a catalytic amount of sparteine as an
additive, Eq. 195 [221]. Sparteine increased the reactivity of the organolithium
reagent toward ring opening as well as induced modest enantioselectivity
(=52% ee) in the reaction.

° OTBDMS
15 mol% sparteine, n-Buli A
(195)
y pentane, -40°C
OTBDMS 52% ee, 60% yield OH
Bu
4.2.7.3

Organocuprate Reagents

Lautens examined the reaction of cuprates with {3.2.1] oxabicyclic substrate 297
and found that the major reaction pathway is an Sy2’ addition-ring opening,
but contrary to the usual syn opening, an anti addition of the nucleophile was
observed. Minor products due to anti-Sy2 addition to the olefin and addition to
the carbonyl group were also obtained, Eq. 196 [222].
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o] o}
2 R,CUCNLiy Q
+ + (196)
7 THF, 0°C to rt OH g OH ﬂﬂ
° i OH
297 R
R=Me Yields: 66% 15 : <1 : 1
R= n-Bu 59% 15 : <1 : 1
R= s-Bu 85% 8 : 1 : <1
R= +-Bu 92% 3 : 1 : <1

With oxabicyclo[2.2.1]heptenes, Sy2’ addition syn to the oxygen bridge
occurred exclusively to give good yields of the homoallylic cyclohexenol, Eq. 197
[202).

o TBDOMSO OTBDMS
RyCUCNLI
MOTBDMS 2Lz OH (197)
OTBOMS
R
R= tBu Yields: 78%
R=s-Bu 85%

Higher order cuprates also ring opened unsymmetrical oxabicyclo[2.2.1]
heptene 298 with good regioselectivity, Eq. 198; however, no selectivity was
observed in the reaction with unsymmetrical substrates such as 299, Eq. 199
[202].

OTBDMS
0 OTBDMS
t-Bu,CuCNLI
ﬁ& OTBOMS 2 2 TBOMSO OTBDMS (198)
OTBDMS THF, OH
298 55% yield tBu
_OTBDMS
OH
o] t+-BuyCuCNLi, tBu ANOTBOMS
+
Ab\\ THF, 0°C, 88% (199)
OTBDMS OH
299 tBu
1 : 1

The reactivity of silylcuprates with oxabicyclic compounds was also exa-
mined [218, 223]. With oxabicyclo[2.2.1] compounds, addition and Peterson
elimination to produce cyclohexadienes occurred as with silyllithium reagents,
Eq. 200.

quwever, with oxabicyclo[3.2.1] compounds, the product from addition to
the olefin and trapping by the ketone were detected rather than the typical ring
opening reaction, Eq. 201.
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oRr®
O R? 2
3 PhMe,SiCu-LICN 3 R 3
M o oo o — O (eo0)
o OR THF, 0°C to v .
253a R!, R2=H, R°%=TBDMS SiMe,Ph 29273%
256a R, R*=Me, R°=TBDMS 293b 83%
253b Ri=H, R?=Me, R*=TIPS 293a78%
256¢ R'=H, R?=Me, R*=Bn 293¢ 81%
5 1. (PhMe,Si)2CuCNLip, 0°C, THF Q o
# 2. H,0, 95% yield PhMe,Si PhMe,Si
o] OH (o]
297
22 : 1
4.2.7.4

Transition Metal-Catalyzed Alkylative Ring-Opening

Cheng recently reported the palladium-catalyzed addition of iodoarenes and
alkenes to 7-oxabenzonorbornadiene derivatives which resulted in overall alkyla-
tion and ring opening, affording products 300a-d, Eq. 202 [224]. This method-
ology complements the existing organolithium induced ring openings because
the corresponding lithioarenes and alkenes are typically poor nucleophiles for
this process.

OH
@ RI, Pd(PPhg),Cl, R
2Zn, ZnCly, ELN, THF, A (202)
w7 300a R=Ph, 86% yield

300b R=Bn, 99% yield
300c R= 2-thiophene, 71% yield
300d R=

, 83% yield
o}

Asymmetric induction by the use of chiral phosphines was explored in the
palladium-catalyzed phenylation of 257 [225]. The yields and enantioselectivi-
ties of the ring opened products are highly variable. For example, 300a was
obtained in 96% ee with (R)-BINAP as ligand but the yield was very poor,
Eq. 203. The addition of ZnCl, increased the yield of the ring opened product to

Ow Ph(OTf), Pd, (R)-BINAP O‘ R
NaOOCH, DMF (203)

257 300a R=Ph, 13% yield, 96% ee
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41% but the enantioselectivity was significantly diminished (54% ee). Using Phl
instead of the triflate gave a racemic product.

Another potentially useful ring opening reaction which complements the exi-
sting methodology was realized in the nickel-catalyzed addition of Grignard
reagents to oxabicyclic substrates {226]. Ring opening by a methyl or phenyl
nucleophile was achieved, which were unreactive in the absence of catalyst as
were the analogous organolithium reagents. Substrates such as 256 ¢ bearing a
bridgehead substituent, Eq. 204, or 262d in which the endo hydroxyl group was
protected, gave the previously unavailable products, Eq. 205. Interestingly, the
use of Ni(dppp)Cl, as catalyst with HMPA as co-solvent led to products in which
the nucleophile added trans with respect to the oxygen bridge (Scheme 14).
Formation of an alkyl-r-allyl nickel complex, and reductive elimination may be
responsible for the stereochemical outcome of the reaction.

oM
o OMe ©
cat Ni(COD),, MeMgBr, Et,0 refiux OH
OMe ™
256¢ 74% yield
o] _OM
cat Ni(COD),, MeMgBr, Et,O reflux ~IMe
_ (205)
7 56% yield
OMe
OH
262d
OMe OMe OMe
OMe OMe+ e, OMe
Me._ } (o} ~"OH
4 ; OH
o cat Ni(dppp)Cla Ni :
MeMgBr
OMe
M - . o 14110 1:
OMe Et,0, HMPA, to1:2.4
253¢ 95% yield OMe
OMe
Me < (o))
~Ni
Scheme 14
5

Conclusions and New Frontiers

New stereoselective chemical reactions and new strategies for the synthesis of
stereochemically complex bioactive compounds remains a focus of intense
activity in organic chemistry. In this review, we have shown that oxabicyclic
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compounds have become valuable intermediates which can address these needs
because of the high stereocontrol observed in many of the reactions of these
rigid molecules. However, improved methods of synthesis of symmetrical and
unsymmetrical compounds are required as are a wider range of enantioselective
transformations. Reliable methods for the synthesis of larger bicyclic ethers are
needed so that cyclooctanyl and larger rings can be prepared.

The enantioselective opening of meso compounds is a highly efficient entry
to optically active cyclic and acyclic compounds and is an area awaiting further
breakthroughs. Transition-metal catalyzed processes may lead to milder and
more selective reactions on increasingly complex substrates.

The full impact and applicability of the ring opening strategy will not be fully
delineated for some time.
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The Nucleophilic Addition/Ring Closure (NARC)
Sequence for the Stereocontrolled Synthesis
of Heterocycles

Patrick Perlmutter

Department of Chemistry, Monash University, Melbourne, Victoria, 3168 Australia

This review brings together examples from the recent literature which demonstrate the poten-
tial of nucleophilic addition/ring closure (NARC) sequences for the synthesis of heterocyclic
compounds. A heavy emphasis is placed on the stereoselectivity associated with such synthe-
ses. After an introductory section the material is organised into a series of sections based on
different classes of nucleophiles. The first (and major) section deals with nucleophilic additi-
ons to aldehydes, ketones and aldimines. High levels of stereocontrol in both the nucleophilic
addition step (especially where the nucleophile is a chiral enoclate) and the ring closure step
(which often involves electrophilic activation) are often obtained. Examples are given in the
areas of naturally-occurring tetrahydrofurans and tetrahydropyrans. In the final section
examples of NARC sequences involving lactones are given.
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Introduction

This review brings together examples from the recent literature which demon-
strate the potential of nucleophilic addition/ring closure (NARC) sequences for
the stereocontrolled synthesis of heterocyclic compounds [1]. This Chapter will
largely restrict itself to ring closures onto alkenes. This allows, for the most part,
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the direct introduction of a second (and, sometimes, a third) new stereo-
genic centre. (Conceptually, there is no reason why similar processes in-
volving alkynes cannot be developed as the resulting products can be
converted into new stereocentres in subsequent reactions, e.g. diastereo-
selective reduction). The potential in this approach lies mainly in the combi-
nation of any one of a large variety of stereoselective nucleophilic addition
processes with one of an increasingly large number of methods of ring
closure. To date only a very small number of these combinations has been
reported.

The NARC process is represented, schematically, in Fig. 1. Two basic appro-
aches may be taken. In the first, the nucleophile is added to a carbonyl or carbonyl

R X R M R’
1 4
R
R /
\ By
3
RR‘,, X R
2
X = O, NR?
R' =H, R, OR*
RR1* X% R
5

Fig. 1. General scheme showing the two main approaches used in the
nucleophilic addition/ring closure (NARC) process

derivative which is attached to a remote double bond (e.g. 1 - 2).In the second,
the nucleophile which contains a remote double bond (e.g. 4) is added to a car-
bonyl or carbonyl derivative (e.g. 3 — 2). The product is, in principle, the same
(i.e.2) and can then be closed using a variety of methods. The stereoselectivity
of each of these processes may be controlled by chiral non-racemic auxiliaries,
chiral non-racemic catalysts or chiral non-racemic substrates. Some examples of
these are given in the following sections.
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2
Additions to Aldehydes, Ketones and Aldimines

2.1
Amide Enolates

The development of the asymmetric aldol reaction {2] has been dominated by
the stereo-controlled addition of chiral, amide-derived enolates to, mainly, alde-
hydes. This constitutes an excellent method for the first step of many NARC pro-
cesses. The pamamycins [3] and the nactins [4] are two groups of naturally-
occurring ionophores. They contain tetrahydrofuran sub-units which have
proved to be suitable targets for the application of the NARC process.

The pamamycins are macrodiolides possessing three cis-fused 2,5-disubsti-
tuted tetrahydrofurans, two of which form part of a sixteen-membered
macrocycle. Our efforts so far have focused on the C1’~-C11” sub-unit of
paramycin 607. In this analysis the nucleophilic addition process is an aldol
reaction [5] and the ring closure obviously requires alkene activation by an elec-
trophile of some kind. Based on our studies of simpler systems [6] it is now re-
cognised that, in order to introduce the correct stereochemistry at C6" of 10
(pamamycin numbering), the stereochemistry at C8" of 6 needed to be (R).
Although the stereochemistry of the natural product is (S) at C8’ this was not
seen as a problem as (i) the C8'-epimer may serve as the synthetic interme-
diate for coupling to the other sub-unit (C1-C18) of pamamycin 607 and (ii) if
required, inversion of the stereochemistry at C 8 is straightforward. The synthe-
sis of 10 is shown in Fig. 2.

oTBDPS 0 QTBDF’S

OBEY,

M) Y X7 @), CHCy, -78C, 54%; (ii) (a) Hg(OAc),, CH,CN, 1t (b) Ag. NaCl, 85%;

(iii) AIBN, BusSnH, toluene, 93%; {iv) {a) LiOH, H,O, (b) CHaN, 46%; (v) TBAF, THF, 56%

Fig. 2. The synthesis of a C1’-C11’ synthon of pamamycin 607
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As the reasons for the diastereoselectivity of syn-selective aldol reactions are
well established we will focus on the selectivity of the ring closure. We have
carried out studies on intramolecular oxymercurations of a series of simple
alkenols related to 8 and have found that they consistently close to give predo-
minantly syn and not anti products (Fig. 3).

This selectivity was accounted for by assuming that the predominant reactive
conformation is A where the allylic hydrogen of the stereocentre is eclipsing (or
close to eclipsing) the alkene (Fig. 4). Complexation by the incoming mercur-
onium is then hindered by the allylic alkyl group and so complexation occurs
from the opposite face (D). Subsequent ring closure of D then gives the prefer-
red syn-diastereomer. A similar mechanism is presumably operating in the ring
closure of 8.

Walkup’s group has published a series of papers describing the synthesis of
pamamycin and nactin sub-units [7]. A key reaction in their NARC sequence
involves a stereoselective ring closure onto an allene. As is apparent from Fig. 5
this approach constructs the ring from the opposite end to that shown in Fig. 2.
The high cis-selectivity in the ring closure is apparently controlled by the silyl
ether moiety. An example of their chemistry is outlined in Fig. 5.

R R' OR'
OR'

R ; R"
HO . H :
R Q HgCI HgCI

Alkenol ant:

Fig. 3. Diastereoselective intramolecular oxymercurations of alkenols bearing
a remote allylic ether

Fig. 4. Likely reactive conformations of alkenols bearing a remote allylic ether
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0
%’) o’ X"
o =
11 1 13

X'y = O N

PR l (i)

O OH o
)]\/O\/‘\/\ (IV)'(IX)
MeO o7 I

o

X
T

OBBu,

() X X (12), CH,Cl,, -78°C, 75%; (i) TMSCI, EtaN, 92%: (i) (@) Hg(OCOCF ),

CH,Cl,, 25°C (b) CO, MeCH, PdCl,, CuCl,, CH;C(OE),, propylene oxide, 85%; (iv) LiOH,
H,0,, 90%; (v) BH;THF, 80%,; (vi) Mg, MeOH, 58%; (vii) PCC, Ch,Cl,, 90%; (viii) allyltrimethylsilane
TiCly, CH,Cl,, 84%; (ix) Hp, Pd-C, E + OH, 71%

Fig. 5. The synthesis of the C1’-C11’ synthon of pamamycins 635 and 649B

In principle, our approach to the synthesis of pamamycin sub-units should
also work well for the preparation of sub-units of nonactin [8]. However, their
synthesis requires an anti-aldol for the nucleophilic addition step. Until very
recently this proved impossible to achieve as aldehyde 16 decomposed in the
presence of the strong Lewis acids normally required for this process [9]. We
have now established that both the syn and the anti-aldol products may be obtai-
ned with 16 simply by controlling the amount of diethylboron triflate present in
the reaction. Thus, addition of boron enolate 17 to 16 gives the expected syn-
aldol product 18 (Fig. 6) which can then be processed through to diastereomers
of nonactate {10]. However addition of an excess of diethylboron triflate, the
Lewis acid used in the preparation of the enolate, leads to a new, tandem in-situ
NARC process producing 19 in good yield and good diastereoselectivity [11].
This process is all the more remarkable in that the first step is a completely anti-
selective aldol reaction. The mechanism of this reaction is currently under in-
vestigation.

Evans’ group has reported the total synthesis of X-206 [12]. A critical aspect
of their synthesis was construction of the 2,3,6-trisubstituted tetrahydropyran
ring (ring A) using the sequence of (i) aldol followed by (ii) intramolecular
oxymercuration. The aldol reaction in this case has a potential added compli-
cation to those described for pamamycin above in that the aldehyde has a
stereocentre at C2 (see 20 in Fig. 7). This could lead to “substrate” rather
than “reagent” control. However the auxiliary completely dominated the
stereoselectivity yielding a single diastereomer in almost quantitative yield
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QTBDPS
O
(il/ 16
o OTBDPS

XN OH

18

Et,BO

i) X" X7 (17), CH,Cl,, 78°C .
(i) As for (i) but with excess Et,BOTY added N

Fig. 6. Synthesis of nonactate precursors using either syn- or anti-selective aldol reactions

(Fig. 7). The ring closure also proved to be remarkably stereoselective. Thus
intramolecular oxymercuration, followed by reductive demercuration, provided
the tetrahydropyran (22, ring A of X-206) with the desired 2,6-cis-relative
stereochemistry in excellent overall yield as a single diastereomer.

The authors suggest that the very high diastereoselection in this ring clo-
sure is due to a combination of conformational effects. In essence, a transition
state (23) which involves a chair-like conformation and has the hydrogen
attached to the remote allylic centre “eclipsing” the double bond, should be
the most favourable for ring closure (Fig. 8). This certainly accounts for
the diastereoselectivity observed and is supported by a series of model studies

[13].

20 R = BOM 21

o) X'N)\/ (12), CH,Cly

-78 to 0°C, 2h
97%
(i) Hg(OAC)p, CHoCla, 25°C
(iii) BusSnH, AIBN, toluene
25 - 55 °C, 94% 2

Fig. 7. Evans’ synthesis of ring A of X-206



The Nucleophilic Addition/Ring Closure (NARC) Sequence for the Stereocontrolled 93

COR
21

ROC Me HgOAc

24 23

Fig. 8. Evans’ mechanism for the diastereoselection observed in the ring closure of 21

2.2
Ester Enolates

Galatsis’ group [14] reported a study on an NARC sequence involving (i) aldol
reactions of enolates derived from the kinetic deprotonation of unsaturated
esters, such as 25 and 28, to ketones (Fig. 9) and aldehydes (Fig. 10) followed by
(ii) endo-cyclisation via intramolecular iodoetherification. As the enolates used
in the study were racemic and the aldol reactions stereorandom, it would be
interesting to repeat this work using a chiral auxiliary (e.g. a chiral amide). This
should ensure high levels of enantio- and diastereo-selectivity.

The authors found that the endo-cyclisations were mostly highly diastereo-
selective which is consistent with previous reports using other hydroxyalkenes.

COMe | COxMe

@, (i) \ (iii)
2 CO,Me - e
Ty M V2 H’*(_;;>‘:' 76% o
FI<I 10: 1—j

25 26 27

COMe | :_COZMe
4 O 94% "y O
}I-i 16:1‘)

28 29 30
Fig. 9. NARC sequences initiated by aldol additions of ester enolates to acetone
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CO,Me | LCOzMe

s COMe (i ' 33
\/\/ 2 ———— +
co
25 ] Me | ‘,C O,Me
J (i)
H o 68% o’
- J
H 12:1
32 34
LOMe 1 COMe
f (i) \
H O 70% " o
o a5 H a7
. COMe (i), (ii) +
LOMe | COMe
28 /(/j (i) 2 >
HO 57% 00
H
36 38

(i) LDA, HMPA,; (ii) MeCHQ; (iii} |, NaHCO3, MeCN, 11, 24h

Fig. 10. NARC sequences initiated by aldol additions of ester enolates to acetaldehyde

They rationalise the 3,4-trans-selectivity in all cases by assuming that transiti-
on structures 39 and 41 are lower in energy than 40 and 42 respectively
(Fig. 11).

23
Ketone Enolates

The antibiotic calcimycin (or A23187) is a widely used probe for calcium ion
transport in biological systems. A synthesis of the core of this antibiotic has been
developed [15]. Although little stereoselectivity is associated with this method it
is rather remarkable in that two ring closures are involved, the first involving
hemi-acetal formation and the second an electrophilic closure (Fig. 12).

24
Organozinc Reagents

Knochel has developed an effective [3 +2] cycloaddition strategy which involves
a nucleophilic addition of a tert-butylsulfonyl-containing allylzinc reagent with
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a1

Fig. 11. Galatsis’ transition state analysis of endo cyclisations

\
O goc
ooH+ N 0
|y
43 a4

46
Calcimycin

(i) (a) LDA, Et,0 (b) ZnCly; (i) AcNHBr, TosOH, 4% ag. acetone

Fig. 12. Model calcimycin synthesis

aldehydes or imines (Fig. 13) [16]. The procedure requires the process to be car-
ried out in a stepwise manner as the intermediate zinc alkoxide is apparently not
nucleophilic enough to add to the alkene. However, the ring closure is catalysed
by potassium hydride in good yield.

The ring closure (54 — 56), which is formally a disfavoured 5-endo-trig
[17],1s all the more remarkable as it can successfully compete against another
very fast process, namely an anionic oxy-Cope rearrangement (i.e. 54 — 55,
Fig. 14).
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SO,t-Bu SO,t-Bu
Ez>= (i) (i)
O —_— B
Et £t
OH o]
Bt Et £t
47 49 50
SO #-Bu
. Br
(i) (4 8), Zn, THF
(ii) KH (cat.), THF, 25 °C, 10 min
88%
SO #-Bu SO,t-Bu
H>= (i) (i)
NPR — —_—
H Ph
NHPh N
Ph h Ph
51 52 53

SO,1-Bu

0] B4 8), Zn, THF, 65%
(i) KH (cat.), THF,25 °C,10 min, 65%

Fig. 13. Knochel’s [2+ 3] cycloaddition process

0 SO,t-Bu SO,t-Bu
X (i)
OH 0

SO,t-Bu
55 54 56

(i) KH (1 equiv.), THF, 25 °C, 81%

Fig. 14. Ring closure of the oxy-anion derived from 54

2.5
Organosilanes and Stannane Reagents

Trost’s group has developed an annulation reagent (a trimethylenemethane syn-
thon) which achieves a nucleophilic addition to an aldehyde followed by a ring
closure onto a m-allyl palladium complex in the one pot (Fig. 15) [18].

Under the first set of conditions developed for these reactions the reported
diastereoselectivity in additions to chiral aldehydes was only modest (Fig. 16)
[18].

However a subsequent study by the same group revealed that, by employing
the trialkylstannane equivalent (66) to the reagent initially described and
employing a strong Lewis acid at low temperatures instead of a palladium cata-
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Y I

58
(i) PdL,; (i) R'CHO l

(ii)

R R

)/:éo ro—

rls I S

60 *PdL,

59

Fig. 15. Trost’s design for the annulation of aldehydes with the
trimethylenemethane reagent 57

63

64

(i) PA{OAc), (5 mol%), BusSnOAc (20 mol%), PPhy (25 mol%), 5 7 THF, reflux

Fig. 16. Trost’s one-pot annulations of aldehydes using trimethylenemethane reagent 57

lyst, good to excellent levels of diastereoselectivity could be achieved in a discrete,
nucleophilic addition step (Fig. 17) [19]. Ring closure of the adducts was then
completed using palladium catalysis in the presence of a base. The base was neces-
sary as the alcohols were not sufficiently nucleophilic to achieve ring closure.

In the same paper, the authors demonstrated another advantage of this step-
wise approach. The initial adduct can be transformed into either diastereomer
simply by inverting the reactivity of the two alcohols (Fig. 18).

This process was also applied to the annulation of a series of imines (Fig.
19) [19].
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\ o
wQ (i), (i)
go’ O 50%
65 67
60%
68

68

(i) (a) AcO\/U\/SnBu_; (6 6), CH,Cl,, BF,.0Et, (3 equiv.}, -78°C. 45 min (b) Aq. NH CI

(ii) (a) Pd(OAc), (0.05 equiv.), PPhj (0.25 equiv.}), BuLi 0.1 equiv.), dioxane (b) DBU,
reflux

Fig. 17. Diastereoselective annulations using trimethylenemethane reagent 66

BnO ke \
70 epi-67

(i) MsCl, Et3N, CH,Cl,, -5°C; (i) KOH, H,O/MeOH (5:1), reflux

Fig. 18. Preparation of epi-67

Ph,
),N (). Gi D:
Ph 73% PH
72
Pro
N
74
Me_
=
~
N
76

N (i), (ii)

X 58%
L |
N

-
[¢,]

(i) See Fig. 17 (i) Pd(OAc}), (0.05 equiv.), PPhy, THF, n-Buli{0.1 equiv.)
EtsN (1.5 equiv.) reflux

Fig. 19. Trost’s pyrrolidine synthesis
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3
Additions to Lactones

3.1
Organomagnesium Reagents

Tachibana’s group has reported its attempts to apply the NARC sequence to the
preparation of the spiro-acetal moiety of the ciguatoxins (rings L/M) [20].
This approach relies on the nucleophilic addition to C1 occurring from the
B-face (i.e. the face opposite to the C2 methyl group) and a diastereoselective
oxidative ring closure. They showed that the nucleophilic addition of allyl-
magnesium bromide is completely stereoselective. However ring closure
using an osmium(VIII) catalysed dihydroxylation gave a mixture of all four
possible diastereomers. Apparently, under the reaction conditions, the hemi-
acetal (78) equilibrated with the ring open form prior to dihydroxylation
(Fig. 20).

H o H _OH
oo 0 o) J
X s
77 78

(i) CH =CHCH ;MgBr, THF, -78°C

100% H o
(i) OsO,, CH4CN, H 0, 1t O™
(i) Na ,SOq, 91% | L oH
(O
79

Fig. 20. Tachibana’s model synthesis of the KLM portion of the ciguatoxins

Shortly after this Tachibana’s group published an improved procedure which
employs Corey’s asymmetric dihydroxylation protocol {21] to install the correct
stereochemistry in ring M. Under these conditions there is apparently no hemi-
acetal ring opening and the intermediate triol closes virtually quantitatively to
the spiroacetal. The successful execution of this ring synthesis is given in Fig. 21
[22].

In preliminary studies we have found that this is also a powerful approach to
the preparation of enantiomerically pure complex spiroacetals (Fig. 22 [23,24]).
Intramolecular oxymercuration of 84 proceeds efficiently, although without any
stereoselectivity.
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80 81
{ui) - (i}
(i) CH ,=CHCH MgBr, THF, -78°C
79%
(iy OsO 4 TMBHN NHTMB
n® e
(iii) CSA, 97%

TMB = 2,4,6 - trimethylbenzyi

Fig. 21, Tachibana’s total synthesis of the KLM portion of the ciguatoxins

BnO BnO

gn0O™

(i) CH=CHCH ,CH,MgBr (6 equiv.),
(i) (a)zr:lg(OAc)i, CcH,Cl,
(b) Aq. NaC

BnO o)

8r0™"

OBn

85

Fig. 22. Stereoselective synthesis of spiroacetals

4
The Future

Clearly the NARC sequence is a very powerful one for the preparation of
heterocycles. Although the technology is still in its infancy some significant
applications to the enantioselective synthesis of important target molecules
have already appeared. It seems very likely that many new examples of this
method will appear over the next few years.
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Chiral Acetylenic Sulfoxides and Related Compounds
in Organic Synthesis

Albert W.M. Lee and W.H. Chan
Department of Chemistry, Hong Kong Baptist University, Kowloon Tong, Hong Kong

Sulfoxide, sulfinate and sulfonate are used as activators of acetylenic or vinyl units. Several
o, B unsaturated synthons, namely acetylenic sulfoxide (1), vinyl sulfoxide (2), acetylenic
sulfinate (3), acetylenic sulfonate (4), and 1-propene-1,3-sultone (5) are developed. Their
applications in Diels- Alder reactions, heterocycle and alkaloid syntheses are also investigated.
For the chiral acetylenic sulfoxide, the sulfoxide moiety not only enables chemical activation
of the acetylene unit, it can also induce stereochemical control at the adjacent carbon centers
to achieve enantioselective synthesis.
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List of Abbreviations

Ar aryl
MCPBA  m-chloroperoxybenzoic acid
TFA trifluoroacetic acid

TFAA trifluoracetic anhydride

TMSOT{ trimethylsilyl trifluoromethanesulfonate
p-Tol p-methylphenyl

Ts tosyl, p-toluenesulfonyl

TsOH p-toluenesulfonic acid

1
Introduction

Sulfoxide, sulfinate and sulfonate are electron-withdrawing groups [1]. They are
all capable of stabilizing their corresponding adjacent carbanionic centers. For
example, sulfoxide-stabilized a-carbanions have been extensively used for C~C
bond formation including asymmetric synthesis [2]. Over the last few years, our
research group has been exploring the uses of these sulfur-containing functio-
nal groups as activators of acetylenic or vinylic units. Several a, -unsaturated
synthons, namely acetylenic sulfoxide 1, vinyl sulfoxide 2, acetylenic sulfinate 3,
acetylenic sulfonate 4, and propene sultone 5 have been developed and their
applications in organic synthesis investigated.

0 o) 0 O, .0
Il g =_g_OR =——ISI—OR S\O
=—S-Ar ‘( ~Ar - 0 <__/\
1 2 3 4 5

For the acetylenic sulfoxide, because of its configurationally stable pyramidal
stereogenic sulfur atom (a lone electron pair, an oxygen and two different carb-
on substituents), it can exist in chiral forms. Therefore, in chiral acetylenic sul-
foxide, the sulfoxide moiety not only serves as a chemical activator of the acety-
lene unit, it can also induce stereochemical control at the adjacent carbon cen-
ters to achieve enantioselective synthesis. In this article, we shall discuss the pre-
paration of these a, B-unsaturated synthons and their applications in Diels-
Alder reactions, heterocycle and alkaloid syntheses.
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2
Chiral Acetylenic Sulfoxide

2.1
Synthesis of Homochiral Acetylenic Sulfoxides

There are several efficient methods available for the synthesis of homochiral sul-
foxides [3], such as asymmetric oxidation, optical resolution (chemical or bio-
catalytic) and nucleophilic substitution on chiral sulfinates (the Andersen syn-
thesis). The asymmetric oxidation process, in particular, has received much
attention recently. The first practical example of asymmetric oxidation based on
a modified Sharpless epoxidation reagent was first reported by Kagan [4] and
Modena [5] independently. With further improvement on the oxidant and the
chiral ligand, chiral sulfoxides of >95% ee can be routinely prepared by these
asymmetric oxidation methods. Nonetheless, of these methods, the Andersen
synthesis [6] is still one of the most widely used and reliable synthetic route to
homochiral sulfoxides. Clean inversion takes place at the stereogenic sulfur cen-
ter of the sulfinate in the Andersen synthesis. Therefore, the key advantage of the
Andersen approach is that the absolute configuration of the resulting sulfoxide
is well defined provided the absolute stereochemistry of the sulfinate is known.

Our synthesis of homochiral acetylenic sulfoxides is outlined in Scheme 1.
The Grignard reagent of trimethylsilyl acetylene was reacted with sulfinates
6a-cin toluene. After potassium fluoride desilylation, optically pure acetylenic
sulfoxides (R)-(+)-1 were obtained in good yield (Scheme 1) [7, 8].

i (CHa)3Si—=—MgBr TMS—=—8 .} KF i

:"";S\ o + 3/3 - gBr —— — \ : ———— ;—_—-S;u:
Ar &) Ar Ar
(R)-(+)-1a

6 OCH,3

a-c
Ar: a= CH, . b= . c=
O,

Scheme 1

Since we wanted to prepare a series of chiral acetylenic sulfoxides with diffe-
rent substituents on the aryl moiety, we needed access to the corresponding
chiral sulfinates. Optically pure (-)-menthyl-p-toluenesulfinate (6a) is commer-
cially available but the other sulfinates (6b and 6c) are not. They were prepared
according to an efficient procedure developed by Sharpless [9] from substituted
benzenesulfonyl chlorides which are commercially available (Scheme 2). The
sulfinates were formed as a mixture of diastereomers by in situ reduction of the
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ﬁ P(OMe)s, Et;N Q Q
.- Ar—S—Cl eSO ArS
o T s o
ocH, 6 bc

Scheme 2

sulfonyl chlorides with trimethylphosphite in the presence of triethyl amine and
menthol. The diastereomeric sulfinates could be easily separated into optically
pure forms by column chromatography or recrystallization from acetone
(Scheme 2).

2.2
Enantioselective Alkaloid Synthesis

The application of chiral sulfoxides to the asymmetric synthesis of biologically
active compounds has recently been reviewed [3]. Conjugate addition to chiral
vinyl sulfoxides has been used by several research groups to achieve the enan-
tioselective synthesis of natural products. For example, intramolecular asym-
metric conjugate addition of a nitrogen nucleophile to a chiral vinyl sulfoxide
(Scheme 3) was studied by Pyne and applied to the enantioselective synthesis of
(R)-carnegine and other alkaloid systems (Scheme 3) [10].

CH30 CH,;0
(PhCHNEL)OH" j@i/\
~CH H
N 3 _400 CH3O NC 3 + 3 NCH3

“COCF;
/ﬁ SOp—TOl SOp-Tol
84 : 16

CHO _NCH;

CHs
12 (R)~(+)-camegine

Scheme 3
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We view acetylenic sulfoxide 1 as a two-carbon synthon in alkaloid synthesis.
Our general approach, as depicted in Scheme 4, called for a Michael addition of
Nu! to the terminal acetylenic position followed by a cyclization by Nu? (an
intramolecular second Michael addition). This Michael addition cyclization
step will build up the basic skeleton of the alkaloid system and at the same time
control the absolute stereochemistry of the newly created chiral center through
asymmetric induction of the chiral sulfoxide moiety. Finally, the sulfoxide can be
transformed to another functional group (X) or used to promote the formation
of another bond with Nu?via trapping of the sulfenium ion intermediate under
Pummerer rearrangement conditions (Scheme 4).

1
Nu' 0o Nu
=—5..: — s7.: -
Nu?

Ar Nu? \Ar1

Nu'
<Nu1 . / <Nu2: \X
Nu? ‘s././o.
\Ar‘ \ Nu’ Nu' Nu?
< >—\\ Nu® C
Nu? S N2 > <

SAr

Scheme 4

2.2.1
Tetrahydroisoquinoline Alkaloids

Our first attempt was an enantioselective synthesis of (R)-(+)-carnegine (7, 8].
Michael addition of 2-(3,4-dimethoxyphenyl)ethylamine (7) to (R)-(+)-1 took
place readily at room temperature in chloroform (Scheme 5). Without isolation
of any intermediate, the reaction mixture was treated with excess trifluoroacetic
acid to effect the cyclization. Depending on the reaction conditions and the aryl
substituent of the chiral sulfoxide, different levels of diastereoselectivity were
observed. The results are summarized in Table 1. Under proper conditions (TFA,
0°C, 4h), 10b could be obtained in 65% vyield as the only isolated product
(Scheme 5) (Table 1).

Under the influence of excess TFA, we believed that the Michael addition pro-
duct 8 should be transformed to the protonated imine form 9 in which hydrogen
bonding may exist between the ammonium hydrogen and the sulfoxide oxygen
forming a six-membered ring intermediate. We speculate that this intramolecu-
lar hydrogen bonding, which locked the conformation of the system, may be res-
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CH3OU\‘ 4 \Ar 3 @/\} " CH3Om
NH ®
— NE
CHa0 NHz CH:0 | 6 CH;0 E/ H
4 H
s §20
7 Ar 4 A VAR
Ar: a =p-Tol d
b = 0-NOLCgHs 8 9
TFA
CH30
NCHy ~——m N
CH30 : 2) Raney nickel CH;0 H Ho+ CH30 NR
CH; ‘\st S,/o
Ar/ K a
(R)-(+)camegine Ar
12 10 11
Scheme 5
Table 1. Michael addition-cyclization of 7 with chiral acetylenic sulfoxides
Acetylenic Sulfoxide Acid T (°C) Isolated Products Isolated Yield
(%)
1a (Ar=p-Tol) TFA 0 10a +11a 45
2:1)

1b (Ar=0-NO,CiH,) TFA r.t. 10b only 35
1b TFA 0 10b only 65
1b BF, - Et,0 0 10b only 20

ponsible for the diastereoselectivity of the cyclization. This speculation was fur-
ther supported by the fact that acetylenic sulfoxide 1b afforded a better diaste-
reoselectivity than la, possibly because the electron-withdrawing ortho nitro
group in the aryl moiety further stabilized the proposed hydrogen bonding.
Boron trifluoride etherate also induced cyclization but the reaction yield was
much lower. With reference to our general approach (Scheme 4), the primary
amine 7 is Nu! for the first Michael addition, and the electron-rich dimethoxyl
aryl ring is Nu? for the Friedel-Crafts-type cyclization.

We also observed that the reaction time played a crucial part in this reaction
sequence. We have evidence that any 11b formed was actually decomposed in
the reaction mixture or during silica gel column chromatography purification.
If we ran the reaction with TFA at 0°C for 4h, 10b was isolated as the only pro-
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duct in 65% yield. However, if we quenched the reaction mixture with TsCl be-
fore it ran to completion at about 2h, some tosylated product of 11 (R = Ts)
could be identified.

Reductive amination followed by Raney Nickel desulfurization of 10b af-
forded (R)-(+)-carnegine (12) in good yield.

We further explored the steric effect of this Michael addition-cyclization
reaction sequence. A series of secondary amines 13a-f were prepared and sub-
jected to the Michael addition and acid-induced cyclization (Scheme 6) [12].
The results are summarized in Table 2. In general, we found that the secondary
amines were less reactive in this Michael addition-cyclization reaction sequen-
ce. The p-toluene acetylenic sulfoxide 1a was not reactive enough and only the
stronger electron-withdrawing o-nitrophenyl acetylenic sulfoxide 1b achieved
the transformation. In contrast to the primary amine approach, the secondary
amine approach resulted in a reversed diastereoselectivity bias with compounds
14 as the major isolated products (except 13¢). In general, a lower reaction tem-
perature and increase in the steric hindrance of the secondary amine improved
the diastereoselectivity. Exceptionally good diastereoselectivity was observed
for the cyclization of 13f (Scheme 6) (Table 2)

Since reversed diastereoselectivity resulted, starting from the secondary
amine 13a, a convergent synthesis of (5)-(-)-carnegine (ent-12) was achieved
by desulfurization of 14a.

CH30 CH30
CH30 NHR 2) TEA/ICH,Cl, CH30 NR

CH30 H
=\ Pie]
/
13a-f Ar= 0-NOCgH,
14 15
aR = CH, d R ﬂ\ _ Raney
CHy— ~o” TCH, nickel R=CH,
bR =
<;[ocm3 e R= Iy
OCHy N7 “CHy— CH;0.
CHy—
c R= 1 R=  EMGHCH, CH30 NCH3
CH30 CO4Et "
OCH,3 3
ent-12

(S)-(-) camegine

Scheme 6
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Table 2. Secondary amine cyclization

Amine T (°C) Diastereoselectivity Yield (%)
14:15

13a 0 1.8:1 88

13b 25 27:1 85

13b -15 6:1 64

13¢ 0 47:1 82

13d 0 54:1 72

13e 0 1:43 87

13f 40 14f only 68

222

B-Carboline and Yohimbine Alkaloids

Using tryptamine as the nucleophile, the Michael addition-cyclization strategy
was extended to the enantioselective synthesis of the f-carboline alkaloid
system. Michael addition of tryptamine to the chiral acetylenic sulfoxides took
place smoothly at room temperature. Either trifluoroacetic acid or p-toluene-
sulfonic acid was effective as a catalyst for the cyclization step (Scheme 7). The
results of the Michael addition-cyclization reaction sequence are summarized in
Table 3. In general, we found that the indole moiety is more reactive than the
dimethoxyaryl ring used in the tetrahydroisoquinoline synthesis. Therefore, the
cyclization step could take place at a temperature as low as —60°C. Also, p-tolu-
enesulfonic acid resulted in a better diastereoselectivity. However, the diastereo-
selectivity of the system is much less sensitive to the aryl substituents of the
acetylenic sulfoxides compared to that of the tetrahydroisoquinoline system.
Also, to our surprise, the steric factor on the chiral acetylenic sulfoxide has little
effect on the diastereoselectivity. Even with the bulky 2-methoxy-naphthyl
acetylenic sulfoxide 1c [11], the diastereoselectivity still remained roughly the
same as for 1a and 1b (Scheme 7) (Table 3).

Diastereomers 17 and 18 could be readily separated by silica gel column chro-
matography. Raney nickel desulfurization of 17b completed an enantioselective
synthesis of (R)-(+)-tetrahydroharman (Scheme 7) [8].

Yohimbine alkaloids possess a characteristic pentacyclic indole skeleton.
Representative members of the family include the rauwolfia (reserpine and
deserpidine) and the yohimbines. A wide range of medicinal properties has been
associated with these compounds and extensive studies have been carried out
on the synthesis of the yohimbine alkaloids, including enantioselective synthe-
ses [13, 14]. In our approach, we view the acetylenic sulfoxide as a two-carbon
synthon for the C3-C14 segment of the pentacyclic system (see 27). The chirali-
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-
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(R)-(+)-tetrahydroharman
Scheme 7
Table 3. Michael addition cyclization of tryptamine with chiral acetylenic sulfoxides
Sulfoxide Solvent Acid T (°C) Diastereo- Yield
meric ratio (%)
17:18
la CHCl,4 TFA -60 3:2 85
A =CH3_©_ CH,0H TsOH -30 7:3 91
1b CHCl, TFA -60 7:3 60
CH,;CN TFA -40 7:3 60
Ar =
CH,;0H TsOH -30 4:1 93
1c CH,CH TsOH 0 2:1 85
OCH, CH,0H TsOH -30 3:1 90
Ar =
' % CH,OH  TsOH 45 4:1 91
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ty of the sulfoxide controls the absolute stereochemistry of the crucial C3 chiral
center (Scheme 8).

Compound 20 could be prepared by reductive amination of 18a with
p-methoxybenzaldehyde. Alternatively, a secondary amine cyclization approach
between 21 and chiral acetylenic sulfoxide 1a could be used. Again, reversed dia-
stereoselectivity (7:3, 83% yield) in favor of 20, compared to the primary
amine cyclization, was observed. Using the sulfoxide in compound 20 as a han-
dle to effectthe formation of a C 14- C15 bond under Pummerer rearrangement
conditions proved not to be as straightforward as first anticipated. Upon treat-
ment of compound 20 with typical Pummerer rearrangement reagents, such as
trifluoroacetic anhydride or trimethylsilyl triflate [15], only the deoxygenated
(22) or the elimination (23) product could be isolated. Finally, we found that pro-
tection of the indole nitrogen is crucial to this transformation. The N-tosylated
compound 24 underwent Pummerer cyclization in 75% yield with trifluoroace-
tic anhydride in the presence of tin tetrachloride at 0 °C. This completed the ring
D construction (25). A new chiral center was also created at C14. Although we
have no information about the absolute configuration at C14, only one dia-
stereomer resulted in this cyclization step. Raney nickel desulfurization followed
by alkaline detosylation afforded pentacyclic intermediate 26 [16]. Compound
26 was converted to either (-)-yohimbone (27) or (-)-alloyohimbone (28)
through Birch reduction followed by different hydrogenation conditions [17,
18]. Yohimbone was used as a precursor of naturally occurring yohimbol (29)
and corynantheine (30) {17], while rauwolscine (31) was synthesized from 28
[18].

Chiral acetylenic sulfoxide 1a was used as a two-carbon synthon for C3-C14
in building up the pentacyclic alkaloid ring system. Referring back to our gene-
ral strategy as outlined in Scheme 4, the p-methoxy aryl ring served as the third
nucleophile (Nu?) in trapping the presumed sulfenium ion intermediate of the
Pummerer rearrangement to complete ring D construction. The absolute confi-
guration at C3, which subsequently influenced the stereochemistry of C15 and
C16, was controlled by asymmetric induction of the sulfoxide chirality.

2.3
Diels-Alder Reactions

The Diels-Alder reaction is one of the most useful and versatile reactions in
organic synthesis. In a single transformation, two new carbon-carbon bonds
and a six-membered cyclic ring system are formed. Numerous efforts have been
devoted to the design of new and efficient dienophiles for the Diels-Alder pro-
cess. Our first demonstration that acetylenic sulfoxides could be used as dieno-
philes in the Diels-Alder reaction was on the achiral forms [19]. The results are
summarized in Table 4. In general, the terminal acetylenic sulfoxide 32a is more
reactive than the methyl substituted acetylenic sulfoxide 32b.

Later, we embarked on a more systematic study of the Diels-Alder reactions
of chiral acetylenic sulfoxides 1a, 1b and 1c¢ (Scheme 9) [20]. The Diels-Alder
reactions of the three acetylenic sulfoxides with cyclopentadiene were carried
out in appropriate solvents at different temperatures with or without Lewis acid.
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Table 4. Diels-Alder reactions of acetylenic sulfoxides

Diene Acetylenic Sulfoxide Conditions Adduct Yield (%)

p-NO,-C¢H,SOC=CR

322 R=H r.t./6h/CgHs 4 97*
7 R
32b R =CH; 80°C/6h/CeHs 822

SOAr

32a 80°C/2h /C,H, l& 76°

SOAr

32a 140°C%/Th /C4H, IIR 82
32b SOAr

~ O O

140°C®/20h /CsHs 73
/( 32a 140°C®/8h/CsHe R 74¢
€1
¥
32b 140°C°/20h /C¢Hs SOAr 64°
SOAr
OOO 32a 145°C/25h/Xylene I 53

U
)
?
[}:
o}

32a 140°C/1h/Xylene pn R 97
32b 135°C%/12h/CgHs Pt SOAr 57

P

0 Ph
32a 145°C/2h/Xylene %R 80°

Ph SOAr

3
>

Ph
h

3
[e]

a mixture of diastereomers, P sealed tube, ©1:1 mixture of regioisomers.

Two effects of the Lewis acids were investigated, the reaction rate and the dia-
stereoselectivity. As shown in Table 5, all Lewis acids used enhanced the dien-
ophilicity of the chiral acetylenic sulfoxide and accelerated the reaction. With
mild Lewis acids, e.g. ZnCl,, ZnBr, and MgBr,, the reaction time could be redu-
ced by 60-95%. With stronger Lewis acids, e.g. BF; - Et,0 and TiCl,, the effect on
the reaction rate was even more obvious, even in catalytic amounts.

In contrast, the effect of Lewis acids on the diastereoselectivity was disap-
pointing. With all the Lewis acids used, diastereoselectivities were not improved
compared to the control experiment. The presence of the electron-withdrawing
(1b) or electron-donating group (1c) on the aromatic ring may have pro-
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Table 5. Diels-Alder reactions of chiral acetylenic sulfoxides with cyclopentadiene, Lewis acids
effects

Sulfoxide  Solvent Lewis Acid Tempe- Time Diastereo- Total
rature selectivity Yield
(%)
la CH)Cl; or THF - rt 32h 66:34 82
1a CH;Cly or THF  ZnCl, rt 7h 63:37 30
1a CH,Cl, or THF  ZaBr, re, 1h 55:45 78
la CH)Cl; or THF  ZnBry -25°C 85h 57:43 71
1a CHyCl, or THF  LiClO4(s) I 9.5n 6436 78
1b THF - r.t 20h 50:50 85
1b THF ZnCl, rt 85h 50:50 81
ib CHyCl LiClO4(s) It 8.5h 5050 84
1c CHyCl; or THF - rt 60 h 43 :57 81
lc CH,Cl ZnBr; rt. 2.5h 40 : 60 88
lec CH,Cl, ZnBry (0.15 equiv.) r.t. 26h 40: 60 84
Ie CHyCly MgBr; rt. 6h 4654 81
lc CH,Cl LiClO4(s) rt. 19h 40:60 80
1le CH,Cly BF3Et;0 (0.3 equiv.) r.t. 20 min 46 : 54 81
1e CH;Cl, BFyEt0 (0.3 equiv.) 0°C 4h 42:58 75
Ic CHyCl BF3Et,0 (0.3 equiv.) -559C 75h 40 : 60 78
lc CH,;Cl, TiCly (0.3 equiv.) rt 10 min 40: 60 85
1c CH)Cly TiCly (0.3 equiv.) -3°C 3h 33:67 81

vided a second possible coordination site for the Lewis acids, in addition to the
sulfoxide oxygen, but this did not improve the results either. A sterically hinde-
red a-methoxy-naphthyl group on the sulfoxide (1c¢), which in other situations
greatly improves the diastereoselectivity [11], also did not show any significant
effect. The diastereoselectivities were estimated from the well-resolved 270
MHz 'H NMR signals of the cycloadducts. In the case of 1a, the two diastereo-
meric cycloadducts could be separated by column chromatography (Scheme 9).
The major diastereoisomer 33 {[a]p?' =+203.4 (c=2.36, CHCL;); lit. [ a],>° = +208;
mp 70-71°C} had been previously transformed by Maignan et al. to optically
active (1R, 4R)-bicyclo[2.2.1]hept-5-en-2-one (34) [21]. Thus, the absolute con-
figuration of the adducts resulting from 1a could be established from their opti-
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Scheme 9

cal rotation. However, for 1b and 1c¢, an inseparable mixture of diastereoisome-
ric cycloadducts resulted. Therefore, their absolute stereochemistry could not
be easily established. Nonetheless, when the diastereomeric cycloadducts from
1c were oxidized with MCPBA, the chirality at the sulfur atom was destroyed
to yield a single racemic sulfone (+35c¢) with well defined 'H- and PC-NMR
spectra.

3
Vinyl Sulfoxide

Paquette first demonstrated the reactivity of phenyl vinyl sulfoxide (36) in Diels-
Alder reactions [22, 23]. We used the vinyl sulfoxide as a two-carbon synthon in
the syntheses of alkaloids and heterocycles.

31
Alkaloid Synthesis

3.1.1
Hydrohydrastinine

A simple and straightforward application was outlined in the synthesis of
hydrohydrastinine as depicted in Scheme 10. Michael addition of 3,4-methyle-
nedioxyphenylmethyl amine to vinyl sulfoxide 36 took place smoothly in
refluxing methanol. Pummerer rearrangement in acetic anhydride afforded
acetoxysulfide 37 in 90% yield and this was then cyclized to 38 with BF, etherate
in 93% yield. Sulfide 38, which was rather unstable, was desulfurized with Raney
nickel in 80 % yield. Hydrolysis of the acetyl group followed by reductive methy-
lation afforded hydrohydrastinine (39) in good yield [24].
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hydrohydrastinine
Scheme 10

3.1.2
Isoquinolone Alkaloids

Isoquinolone alkaloids are a group of naturally occurring alkaloids mainly isolated
from Hernandiaceae and Ranunculaceae. They can be subdivided into two catego-
ries: those with a totally aromatic nucleus, such as 6,7-dimethoxy-2-methylisocar-
bostyril (43a) [25] and doryanine (43b) [26], and those with a C3-C4 single bond,
including N-methylcorydaldine (45a) and oxyhydrastinine (45b) (Scheme 11) [27].

1
o} o RO COH
1 CH;NH, 9 R%o
i PSS~ NoH, T
3 Dce
36 40
o)
R'O rR'O i 1 i
Ac,0 R'O
NCH3 C2 NCH;  cl,CcCOH NCH;
R’ H R?0 /% R20
SOPh
AcO  SPh Spn
# 42 a4
TsOH Raney
nickel
r'o 1 7
1
2 .ot 2 _
RO b: R, R* =_CH,— R%0 s

43a 6,7-dimethoxy-2-methyiisocarbostyril ‘

45a N-methylcorydaldine

43b  doryanine -
45b oxyhydrastinine

Scheme 11
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Michael addition of methyl amine to phenyl vinyl sulfoxide (36) afforded
amine 40 [28]. DCC coupling with a substituted benzoic acid gave 41 in good
yield. Pummerer rearrangement of 41 in refluxing acetic anhydride yielded ace-
toxy sulfide 42 in almost quantitative yield. Treatment of 42 with p-toluenesul-
fonic acid in refluxing toluene not only effected the cyclization but also the eli-
mination to yield the completed aromatic series 43a and 43b of the isoquino-
lone alkaloids. This represented a facile convergent route for the total synthesis
of 6,7-dimethoxy-2-methylisocarbostyril (43a) and doryanine (43b) in a three-
step reaction sequence starting from 40. The overall isolated yields were 70 and
47 %, respectively. With a weaker acid, lower reaction temperature and trichloro-
acetic acid in refluxing benzene, the cyclization product 44 could be isolated.
Desulfurization with Raney nickel completed the syntheses of the C3-C4 satu-
rated series N-methylcorydaldine (45a) and oxyhydrastinine (45b).

3.2
Heterocycle Synthesis

3.2.1
Furans and Pyrroles

Efficient syntheses of substituted furans and pyrroles continue to be of inte-
rest in view of the widespread occurrence of these systems in nature. Michael
addition of B-ketoester 47 to vinyl sulfoxides 36 and 46 proceeded smoothly in
the presence of sodium alkoxide (Scheme 12) [29]. It was anticipated that

i o
" O e ]\HC’L
+
2

COR
CO,R?

36 R=H 46 R=CHj 47 Ac0 43
Cl;CCOH

CO,R?
/ 49
R3
|
N__gr! 1) HgCly, CHaCN / H,0 Phs._O__R! O _R!
2 2 NHQOAc or RNH, 2 MCPBA 2
CO,R R COzR R CO,R

Scheme 12
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Pummerer rearrangement of the Michael adducts would produce reactive sul-
fenium ion intermediates 49 susceptible to a second nucleophile attack; intra-
molecular trapping by the enol oxygen would then give the cyclized products
(50). This two-step transformation was achieved directly in good yield by
treatment of 48 with trichloroacetic acid and acetic anhydride in refluxing
toluene. MCPBA oxidation of sulfide 50 followed by spontaneous elimination
afforded furan 51 in good overall yield (Table 6).

Dihydrofuran 50 can be viewed as a latent form of 1,4-dicarbonyl com-
pounds. Replacement of the heterocyclic oxygen atom with an amine nitro-
gen may provide a synthesis of substituted pyrroles. Several conditions
were tried; eventually, it was found that mercury (II) chloride could assist
the transformation smoothly. Compound 50 was first refluxed with 2 equiv. of
HgCl, in acetonitrile-water (3:1) for one hour followed by stirring overnight
with excess ammonium acetate or primary amines at room temperature. Fair
to good yields of the pyrroles were obtained (Table 6) [30].

Table 6. Furan and pyrrole synthesis

R! R? R Yield
Furan (51)* R® Pyrrole (52)b

CH, C,H, H 46% H 72%
PhCH, 60%
CH, 60%
Pr 62%

Ph C,H; H 50% H 73%
CH, 63%
PhCH, 40%
Pr 52%

PhCH, C,H, H 48%

C.H; CH, H 46%

CH, C,H, CH, 33%

2 from 48, ® from 50
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3.2.2
1,3-Dithiole-2-one

1,3-Dithiole-2-one (60), which can be readily transformed into its thio- or seleno-
carbonyl derivatives, is a key intermediate for the synthesis of tetrathiafulvalene
(Scheme 13)[31]. We first anticipated that compound 57, a Michael addition
product of xanthate 54 to vinyl sulfoxide, might be an ideal intermediate for the
synthesis of 60 via cyclization under Pummerer rearrangement conditions.
However, although Michael addition of dithiocarbamate 53 to vinyl sulfoxide
proceeded smoothly to yield compound 55, the addition reaction with xanthate
54 failed. We then turned to the alkylation approach. Xanthate 54 was alkylated
smoothly with 56, which served as the synthetic equivalent of the vinyl sulf-
oxide, in ethanol under sonication in 90% yield [32]. Cyclization of 57 under
Pummerer rearrangement conditions in the presence of trifluoroacetic acid
afforded 58 in 79% yield. Sodium metaperiodate oxidation gave the unstable
sulfoxide 59 which underwent thermal elimination to yield 60 in refluxing
benzene in moderate yield.

In summary, vinyl sulfoxide (or its equivalent 56) was adopted as a two-carb-
on synthon for the syntheses of alkaloids (39,43 ab, 45ab), furans (51), pyrroles
(52),and 1,3-dithiole-2-one (60). Our overall strategy is summarized in Scheme
14. Michael addition of Nu! to the vinyl sulfoxide followed by intramolecular
trapping of the presumed sulfenium ion Pummerer rearrangement intermedia-

S
1l
(CoHs)N—C—§ > S0P

x--sk * Z sopn
36
55
53 X = N(CZHS)Z
54 X = OCsz
54 g SOPh
Br
\/\SOPh C2H50/ \S/\/
56 57
53 | Ac,O/TFA
reflux
o] 0 o]
s/u\ CgHg SJ\ NalO, )J\
S -— S — S” s
\=/ reflux \—< [
SOPh SPh
60 59 58

Scheme 13
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te 61 by Nu? resulted in the cyclic product 62. In the alkaloid synthesis, the ami-
ne nitrogen is Nu' and the electron-rich aromatic moiety serves as Nu? In the
case of furan synthesis, the activated methylene carbon is Nu! while Nu? is the
enol oxygen. Two possible routes to further transform 62 to the final targets were
explored. Direct desulfurization gave 63 (i.e. 39 and 45ab) and oxidation follo-
wed by sulfoxide elimination afforded 64 (i.e. 43ab, 51 and 60). In this regard,
the vinyl sulfoxide 36 can be viewed as an alkyl or alkenyl 1,2-dielectrophilic
two-carbon synthon for structures 65 and 66, respectively.

o]
. 1
NCH .
(0] 3 R20 -

39 it
R!' = R? = CH « carbons derived from the
45a 3 vinyl sulfoxide
45b  R' R? =—CHy
O
rR'o RS
NCH, 0L _R' . N__R! .S
o . W W, L=
* R CO,R? CO,4R?
43 R' = R? = CH
@ 51 52 60
43b R' = R® =—CH,~
o Nu? 9
g + g Nu?
SUN . —_—
Ph j Ph”
. Nu'
Nu'
36
Nu?
8'CH,
5 desulfurization e
CH 2
2 Nu! \ PhS Nu ph-Sa” Nu?
65 63 \]\ )
1
Nu Nu'

2 oxidation
GﬁHz E Nu Anaﬁon 62 61
8'cH, Nt

66 64
Scheme 14
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4
Acetylenic Sulfinate and Sulfonate

Sulfinate and sulfonate are important functional groups in organic synthesis
[1b]. For example, sulfinates are key starting materials for sulfoxide syntheses
and sulfonates have been extensively used as leaving groups via the cleavage of
the C-O bond. However, their ability, as electron-withdrawing groups, to acti-
vate an unsaturated carbon unit have not yet been fully explored, with the ex-
ception of vinylic sulfonates which have been successfully used as dienophiles
in both intermolecular [33] and intramolecular [34] Diels-Alder reactions. To
follow our studies on acetylenic sulfoxides, we prepared the previously un-
known acetylenic sulfinate and sulfonate and explored their reactivity as dien-
ophiles in Diels-Alder reactions.

4.1
Preparation

The preparation of acetylenic sulfinates 68a-c was accomplished in a two-step
one-pot reaction sequence (Scheme 15). At -20°C, in the presence of a large
excess of thionyl chloride, cyclohexanol was converted into cyclohexyl chloro-
sulfinate (67) [35]. After removal of the excess thionyl chloride at 0°C in vacuo,
the labile chlorosulfinate was treated with the corresponding lithium acetylide
to afford high yields of 68a-c. Desilylation of 68a or 68b to the parent acetyle-
nic sulfinate 68d [36] was achieved by treatment with potassium fluoride in ace-
tonitrile.

CeHyoH ~ _xcessSOCh I R-C=ZCLi
Et,0, -20°C CgH11,0—S—ClI
67
[l MCPBA I
CgH11O—S—=—R —_—_— CGH”O—ﬁ—E—R
68
7. R = (CH3)3SI
a: R =(CH3)3Si
b: R = (iPr)3Si 722 R =H
c. R = nBu
d R =H
Hoof T
: ZL S, S~
Ph g \C’ %;rlo/ \C °
N S
H CH H CH
69 70

Scheme 15
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The first synthesis of acetylenic sulfonate 72 was achieved by MCPBA
oxidation of sulfinate 68a to 71, followed by potassium fluoride desilylation,
in 90% overall yield. However, to our surprise, the triisopropylsilyl-protected
acetylenic sulfinate 68b resisted oxidation with the oxidants we tried,
including MCPBA, oxone, H,0,/8¢0,, and RuO, generated from RuCl,/NalO,
[37].

4.2
Diels-Alder Reactions

The results of the Diels-Alder reactions of acetylenic sulfinates 68a, 68c and
68d with a series of dienes are summarized in Table 7. For a reactive diene,
such as cyclopentadiene, the cycloaddition took place readily at room tempe-
rature to afford excellent yields of adducts for all three sulfinates. Apparently,
the steric hindrance at the terminal acetylenic position hardly hindered the
reaction in contrast to the reaction with acetylenic sulfoxides. By virtue of the
asymmetric center at the sulfinate group and the dissymmetry element present
in the substituted [2.2.1} bicyclic ring system, the Diels-Alder adducts were
formed as mixtures of diastereoisomers which were inseparable. Mild oxidati-
on of the adduct by MCPBA, thus eliminating the chirality at the sulfur group,
afforded the corresponding sulfonates as single diastereomers. For less reac-
tive dienes, the Diels-Alder reaction was carried out at elevated temperature.
With an unsymmetrical diene, such as isoprene, a 3:2 ratio of regioisomers
was obtained. In the case of the reaction between 68d and 1-trimethylsiloxy-
butadiene, loss of the trimethylsiloxy group with concomitant aromatization
was observed.

In order to obtain an insight into the diastereoselectivity in the Diels-Alder
reaction of acetylenic sulfinates, chiral (+)-trans-2-phenylcyclohexanol [35]
was used in place of cyclohexanol in the synthesis of the dienophile. A 1:1 dia-
stereoisomeric mixture of acetylenic sulfinates 69 and 70 was obtained. After
separation, each diasterecisomer was subjected to a Diels-Alder reaction with
cyclopentadiene. Although the reaction once again occurred readily at room
temperature, to our disappointment an inseparable mixture of diastereomeric
adducts (3:2 by NMR) was obtained for each sulfinate. Apparently, a more spa-
tially demanding chiral auxiliary needs to be incorporated into the dienophi-
le in order to generate chiral sulfinates which cycloadd with prominent dia-
stereoselectivity.

Acetylenic sulfonate 72 is relatively less stable and has to be stored at 0°C to
avoid decomposition. The results of the Diels-Alder reaction of 72 are sum-
marized in Table 8 [38]. For a reactive diene, such as cyclopentadiene, the
cycloaddition took place readily at 0°C. For less reactive dienes, the reactions
were carried out at elevated temperature. Mixtures of regioisomers resulted
when unsymmetrical dienes were used. Sulfonate is a powerful electron-with-
drawing group. Among the three acetylenic dienophiles (sulfoxide 1, sulfinate
68d and sulfonate 72) we studied, the acetylenic sulfonate is the most reactive
one.



124

A.W.M. Lee - W.H. Chan

Table 7. Diels-Alder reactions of acetylenic sulfinates

Diene Dienophile Conditions Adduct Yield (%)
T (°C) t(h)
i a
@ 68a 25/CH,Cl, 10 CeHy0-8 [ 90
(CHg)aSi
S
68d 25/CH,Cl, 5 CeH110—5 95%
H
[¢]
68c 25/CH,Cl, 8 CeH110-5 i 90°
Bu
i .
© 68d 60/CsHg 8 CeHr10-4 86
/
H
~ < ICI) b
. 68a 50 /CsHs 24 CSH“O_S:(}' 76
CH3
(CH3)3Si
i b
68d 50°/CgHg 12 CeH110- 81
H
z 2
;(\ 68d 60/CeHg 12 CanO—&:@( 84
H
7 i
~ 68d 130%CgHg 6 CsH110-$\© 95
O-Si(CHy)s

% as a mixture of diastereomers, ® 3:2 mixture of regicisomers, ©sealed tube.
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Table 8. Diels-Alder reactions of acetylenic sulfonate 72

Diene Conditions Adduct Yield (%)
T (°C) t(h)
0/CH,Cl, 8 SO3R
O 2 A 2
R = CeH1y
SOsR
© 80/CsHs 30 ﬁ@/ : 94
=z SOsR
= =
H
= l )
< SO*/CeHs 37 o SOaR s
/l 50%/CH,ClI 60
Q e | Lso,r 64°

% sealed tube, ® mixture of regioisomers.

(%, ]

a, f-Unsaturated Propane Sultone (1-Propene-1,3-Sultone)

Although the chemistry of the saturated propane sultone was investigated in
some detail [39], there were only limited reports on the preparation and reaction
of the corresponding «, f-unsaturated propane sultone.

5.1
Preparation

Our approach to the synthesis of the unsaturated y-sultone 5 is depicted in
Scheme 16. Sodium 2-propenesulfonate (73) was prepared from allyl bromide
and sodium sulfite. Bromination of 73 in water resulted in dibromide 74. Distil-
lative cyclization of the dibromide under acidic conditions afforded B-bromo-
sultone 75 which could be eliminated to 5 upon treatment with triethylamine.
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Scheme 16

5.2
Diels-Alder Reactions

Vinyl sulfonates were found to be reactive dienophiles in both intermolecular
and intramolecular Diels-Alder reactions [33, 34]. The results of the Diels-
Alder reaction of 5 with various dienes are summarized in Table 9. The reaction
yields are high and the endo/exo selectivities for cyclic dienes are reasonably
good [40].

5.3
Ring Opening of Cycloadducts and Synthesis of Chiral Sultams

The sultone cycloadducts could be further manipulated by ring-opening
with various nucleophiles, such as alcohols and amines, at the y-position
(41]. When optically active (S)-(-)-a-methylbenzylamine reacted with the
racemic sultone cycloadduct 76 in ethanol at room temperature, one of the
diastereomeric ammonium sulfonates precipitated from the reaction mixture
(Scheme 17). Although the absolute stereochemistry of 77 had not been deter-
mined, cyclization of optically pure 77 with phosphorus oxychloride gave an
optically pure sultam 78. Formic acid debenzylation followed by base hydro-
lysis of the N-formyl group afforded the optically pure sultam 80 in good
yield [40].

Optically pure sultams have been used by Oppolzer as chiral auxiliaries in
various asymmetric transformations, including Diels-Alder reaction, aldoliza-
tion, conjugate addition, bis-hydroxylation, and catalytic hydrogenation [42,43].
In the literature, the most commonly used chiral sultam is derived from cam-
phor (Oppolzer’s sultam). The ready access to 80 and other chiral sultams from
the Diels-Alder cycloadducts could further expand the scope of their use as
chiral auxiliaries in asymmetric synthesis.
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Table 9. Diels-Alder reactions of a, B unsaturated propane sultone 75
Diene Conditions Adduct Yield (%)
T (°C) t (h)
[e]
SO,
O
20/CH,CI, 7d 84 16 98
120°Toluene 4 73 27 96
© 150*/Toluene 18 ﬂ%soz endo only 96
o}
=~ _OCH, CHa0_ OCH;
s 140 /Xylene 20 72
cn OCHj, Cly S0, endo only
o]
a - S
~ 150°/Toluene 18 j@f\/\o 96
:
z H Oz
~ 140*Toluene 20 @S 84°
H3C—— o}
A
H Oz

z 140 7Xylene 20 < S\O 75°

o :

A

2 gealed tube, b mixture of regioisomers.
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ROH or RNH,
SO3H or S05
OR NH,R
CH
o ro
SO ~
crystallization e (s or %SZ G
NH2- G SO; Ph
Ph
77

(optically pure)

POCI,
802 o
NR NR

5
0,
FHa
R=—CH 78
Ph HCO,H
= CHO 79
h w )

Scheme 17
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Until recently, N-sulfonyl imines had found only limited and sporadic use in organic synthes-
is. During the past decade, however, it has become increasingly clear that these species are
valuable synthons and are capable of undergoing many unique transformations. A com-
prehensive review of the chemistry of these compounds is presented here with particular
empbhasis on their applications in stereoselective processes. Methods for preparing N-suifonyl
imines are outlined, along with a survey of their uses in a wide range of addition, pericyclic
and cycloaddition reactions.
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1

Introduction

Electron-deficient imines and iminium complexes are now generally accepted
as valuable intermediates in the construction of a variety of nitrogen-contai-
ning molecules. In particular, N-acyl imines have become widely recognized as
versatile synthons [1]. These species undergo a diverse array of synthetically
useful reactions including various types of cycloaddition, nucteophilic addi-
tion and amidoalkylation. Interestingly, the analogous electron-deficient N-
sulfonyl imines have received far less attention, and only during the past few
years has the real potential of this functionality begun to emerge. One of the
major reasons why N-sulfonyl imines have not been very widely utilized to
date may have been a lack of reliable and general methods for generating the-
se compounds. However, as is described below there has been significant
remediation of this problem in recent years. It might be noted that N-sulfonyl
imines appear to have the high reactivity characteristic of N-acyl imines.
However, N-sulfonyl imines can often be isolated, and are reasonably stable
compounds, whereas N-acyl imines usually undergo rapid oligomeriza-
tion and are rarely observed [1]. In addition, N-sulfonyl imines often undergo
reactions which do not occur with more common N-alkyl and N-aryl imines.

This article outlines the methodology currently available for producing
N-sulfonyl imines. In addition, a survey of the applications of this functionality
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in organic chemistry is presented, with particular emphasis on applications to
stereoselective synthesis.

2
Preparation of N-Sulfonyl Imines

The methods used for generating N-sulfonyl imines were very slow to develop
prior to the burst of interest in this area during the past ten years. N-Sulfonyl
imines can often be produced in situ from more stable precursors such as a-alk-
oxy- or a-hydroxy sulfonamides. However, a number of good procedures now
exist for direct synthesis of N-sulfonyl imines, particularly those derived from
non-enolizable aldehydes. It might be noted that there is still a lack of good pro-
cedures for synthesizing N-sulfonyl imines from enolizable aldehydes and ke-
tones. The section below outlines the primary methods known for generating
N-sulfonyl imines, although some additional scattered experimental variations
of these methods do exist.

2.1
Direct Formation from Primary Sulfonamides and Aldehydes/Ketones/Acetals

The earliest procedure described for synthesis and isolation of N-sulfonyl
imines of aryl aldehydes utilized ZnCl, as a catalyst [Eq. (1)] [2]. Yields general-
ly ranged from ~20-70% of crystalline products. A related procedure published
shortly thereafter by a Russian group using AlCl; seems to produce somewhat
higher isolated yields of the aryl N-sulfonyl aldimines [3]. More recently, an
improved and milder variation of this type of condensation was described by
Jennings and Lovely [4]. Thus, aromatic aldehydes could be combined with pri-
mary sulfonamides using titanjum tetrachloride/triethyl amine at 0°C. Isolated
yields of imine here generally ranged from 50-70% [Eq. (2)]. Although the pro-
cedure is not useful for preparing N-sulfonyl imines from enolizable aldehydes
and ketones (presumably due to competing aldol reactions), the N-tosyl imine of

ZnCl,
or
AICI, SO,Ar
ArSQO,NH, + ArCHO ———— /:N’ )
Ar'
Ar=Ph, pCIPh  Ar'=Ph, mNO,Ph,
PMe,NPh, 2-furyl
TICl/CH,Cl,
NEt/0 °C SO0:R
RSO,NH,  + APCHO ——» = @
50-70% Ar

R=pMePh, Me Ar=Ph, mNO,Ph,
pPMeQOPh, 2-naphthyl
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(+)-camphor could be synthesized in moderate yield [Eq. (3)]. Davis and co-
workers have independently used a similar methodology to prepare closely
related camphor sulfonamides [5a], but in better yields [Eq. (4)]. Interestingly,
these camphor-derived imines are apparently chromatographically stable,
although those produced from aldehydes are not [4].

34%

TsNH,
TICly/NEt,
0 PhMe/a

RCH,SO,NH,
—
TiCly/NEt,
CzHyClya NSO,CH,R
R=Me (70%)

R=Ph (64%)

Another method which has been utilized for condensing benzaldehyde and
p-toluenesulfonamide involves azeotropic distillation of water in the presence of
an acid ion exchange resin and 4A molecular sieves [5b]. The crystalline N-sul-
fonyl aldimine could be isolated in 87 % yield on a 200g scale.

Kresze and coworkers have reported that simply heating a neat mixture of an
aryl sulfonamide and an ethyl or methyl acetal from an aromatic aldehyde
affords the N-sulfonyl imine in good yields [6] [Eq. (5)]. However, with the
diethyl acetal of ethyl glyoxylate, only the bis-sulfonamido acetal was produced.
No indication was given if this procedure was attempted with acetals of
aliphatic aldehydes.

neat
150 °C SO,Ar
— 4
ArSO;NH, + Ar'CH(OEY), “seoon ~N (5)

Ar'
Ar=pMePh, Ph  Ar'=Ph, mNO,Ph,
PNO,Ph, pCIPRh  pMeOPh, pNO,Ph

2.2
Use of “Activated” Sulfonamides

Kresze pioneered the use of N-sulfinyl sulfonamides in the generation of N-sul-
fonyl imines [6-8]. The N-sulfinyl sulfonamides 1 are generally readily produ-
ced from the parent sulfonamide and thionyl chloride [8, 9] and can be isolated,
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but are often used as formed in situ (Scheme 1). It was found that a variety of
non-enolizable aldehydes are converted to the N-sulfonyl imines by heating in
benzene with the N-sulfinyl sulfonamides 1 in the presence of a catalytic amo-
unt of aluminum chloride.

soCl,
ArSO,NH,; —~————=  ArSO,N=5=0 + RCHO

1 Ar=Ph, pC!Ph  R=Ph, pNO,Ph,
pMePh CCla, 2-furyt,
2-pyridyl, CO,Bu

AlCl5
PZH O—(SI) ﬁ ._N/SozAr
67-90% )_N\SOZAr RF
2
Scheme 1

The reaction probably involves an initial [2 +2]-cycloaddition of the aldehy-
de and the N-sulfinyl compound to produce an adduct 2 [10] which loses sulfur
dioxide to yield the N-sulfonyl imine. Isolated yields of the sulfony! imines
shown in Scheme 1 were generally quite good. In the case of the enolizable al-
dehyde dichloroacetaldehyde, only a low yield of N-sulfonyl imine was pro-
duced. An attempt was also made using these same reaction conditions to con-
vert butyraldehyde to the corresponding N-tosyl imine [6]. However, all that
could be isolated here was the bis-sulfonamido acetal.

More recently, in a series of papers Weinreb and coworkers have found that N-
sulfonyl aldimines can in fact be rapidly produced in situ from aliphatic aldehy-
des using N-sulfinyl sulfonamides and boron trifluoride etherate as catalyst at
low temperature [11-15] [Eq. (6)]. Similarly, aliphatic aldehydes can be conver-
ted to the N-sulfonyl imines in the absence of a Lewis acid at room temperature
or above, but more slowly. The former procedure also works well for aromatic
aldehydes, whereas the reaction is too slow to be useful if a Lewis acid is not
used. The N-sulfonyl imines generated in this manner can be utilized in a num-
ber of transformations (vide infra). However, except in rare cases [16], N-sul-
fonyl ketimines cannot be formed by this methodology.

BFy-E1,0
CH,Cl,
30°C _SOzR

=S + RCH ————— —
RSO,N=8=0 CHO - /=N (6)

R=pMePh, n, 1-2h
Me,SICH,CH,
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In a related method, Trost and Marrs found that the bis-imido tellurium
reagent 3, generated in situ from tellurium metal and chloramine T, reacts with
a wide variety of aromatic conjugated and aliphatic aldehydes in refluxing
toluene to afford the corresponding N-tosyl imines in excellent yields
(Scheme 2) [17]. The transformation is thought to occur via tellurocycle 4,
which collapses to the imine and intermediate 5. From the stoichiometry of the
reaction it appears 5 is capable of converting an aldehyde to the N-sulfonyl
aldimine as effectively as bis-imide 3. The final inorganic product of the reac-
tion is TeO,.

PhMe
A RCHO
Te + 2TsNCINa ———> | TsN=Te=NTs| ——
3
,NTs
o-1¢ /S0zTs

r:l I /-'=-‘N + O=Te=NTs]
H ~SO,Ar R

4 5

Scheme 2

2.3
From Oximes

Studies by Hudson and coworkers have demonstrated that both N-sulfonyl al-
dimines and ketimines can be prepared from the corresponding aldoxime or
ketoxime [18]. Thus, treatment of the oxime with a sulfinyl chloride initially
affords the O-sulfinylated oxime 6 (Scheme 3).If 6 is warmed, it rearranges via a
free radical process into an N-sulfonyl imine. This transformation appears to
provide one of the best and most general routes to N-sulfonyl imines and has
been extensively exploited recently by Boger and coworkers [19] in hetero
Diels-Alder reactions (see Section 5.2).

- OH R*'SOCI R -5 or neat
_N » —N H ——
? ELONEl, K © A
A
-10°C
6
R, R'=Ph, Me, pMePh  R"=Me, pMePh

Ph,

SOR"

RO . Oms A=
T

Scheme 3
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Boger and Corbett have also recently described a convenient modification of
the original Hudson methodology [20]. Their procedure is based upon the known
[21] propensity of methanesulfonyl- and toluenesulfonyl cyanide to rearrange to
the corresponding sulfinyl cyanate (cf. 8, Scheme 4). Thus, treatment of an
oxime with commercially available tosyl cyanide (7) generates 8 in situ, which
leads to the O-sulfinylated oxime 9 and then to the N-tosyl imine. This metho-
dology avoids the use of reactive, often unstable sulfinyl chlorides.

CCl4 or , OH
CH,Cl, R>=N/
O NEt,/0 °C
Ar—ﬁ-—CN e Ar—ﬁ—OCN EE——
o o]
7 8
q O§S,pMePh R /Ts
=N 'c'> - —N
R R

Scheme 4

24
Sulfonylation of Imines and N-Silyl Imines

The direct N-sulfonylation of simple NH imines has not been studied to any sig-
nificant degree despite the availability [22] of these precursors. In a rare use of
this approach, Hudson and coworkers [18] have reported two examples of N-sul-
fonylation of ditolyl imine (10) to afford the N-sulfonyl imines [Eq. (7)] in rea-
sonable yields.

RSO,CUNE,
Ar phi/arzh. A _ SOR
>=NH e >—N @
Ar ~50% Ar

10 Ar=pMePh
R=Me, Ph

More recently, Georg et al. [23] have found that N-trimethylsilyl imines 11 of
aromatic non-enolizable aldehydes and ketones, prepared by the methodology
of Hart [24], can be converted to the corresponding N-sulfonyl imines using aryl
or alkyl sulfonyl chlorides (Scheme 5). Unfortunately, the procedure is not appli-
cable to forming N-sulfonyl imines from enolizable aldehydes and ketones.
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R LIHMDS R SiMe; g,z R__ SOR
>= ——— —N ———— N
Ar hexane  Ar PhMe, CHCl; A
or neat
1 A
Ar=Ph, CH=CHPh "
R=H, Ph R'=Me, pMePh
Scheme 5

2.5
Oxidation of Sulfonamides

Shono and coworkers have examined the electrochemical oxidation of sulfon-
amides [25], presumably with the intent of generating a-alkoxy sulfonamides.
However, anodic oxidation of short chain acyclic sulfonamides, like 12, in the
presence of halide ion surprisingly afforded the a-sulfonamido acetals 13
(Scheme 6) [25a]. It is believed that oxidation of 12 occurs to initially produce
a-methoxy sulfonamide 14. Under the reaction conditions, however, 14 elimin-
ates methanol to produce N-sulfonyl aldimine 15, which can tautomerize to ene
sulfonamide 16. Reaction of 16 with a positive halogen species, generated elec-
trochemically, probably leads to 17, which can rearrange via an intermediate
aziridine to the observed acetal product 13.

anodic NHTs
NHTs oxidation oM
————e e e 13
RN KBr/it R
12 R=H, Me, Et NaOMe/MeOH OMe
l[O] T
— Br -
NHTs NHTs
OMe OMe
Tl MeOH T *Brt
s = f N\ NHTS
T 16 -
Scheme 6

When longer chain sulfonamides, such as 18, were employed in the oxidation,
a mixture of a-sulfonamido acetal 19 and pyrrolidine 20 was produced [Eq. (8)]. It
was postulated that 20 is formed via a free radical process of the Hofmann-Loffler
type, involving a 1,5-hydrogen atom transfer. It might be noted that a-methoxy sul-
fonamide 14 (R =Et) could in fact be observed spectroscopically at low temperature.
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This electrochemical methodology has also been applied to oxidation of N-tosyl
azetidines [25b]. Thus, anodic oxidation of sulfonamide 21 in acetic acid yielded
a-acetoxy sulfonamide 22 [Eq. (9)]. Such compounds are useful precursors of N-sul-
fonyl iminium ions (vide infra). No indication was given, however, as to whether
this procedure can be extended to other ring systems.

Han and Weinreb [26] have attempted to develop a non-electrochemical
approach towards a-oxidation of sulfonamides based upon the earlier work
of Pines et al. [27]. The strategy here was to expose an o-diazo arylsulfon-

a'nod'ic NHTs
o~~~ NHTs oxidation \/\/]\(OMe + O\/ (8
e
18 NaOMe/MeOH 19 s 20
anodic OAc
D oxidation ©)
———
N
N‘Ts HOAc "Ts
NaOAc
21 70% 22

amide 23 to a catalytic amount of cuprous ion to produce aryl radical 24,
which would undergo 1,5-hydrogen atom transfer [28] to yield a new radical
25 (Scheme 7). Cu**-promoted oxidation of 25 would then afford the N-sul-
fonyl iminium species 26, which should add solvent to yield a-alkoxy sul-
fonamide 27.

In a test of this approach, the readily available o-nitro sulfonamide 28 derived
from pyrrolidine was reduced to amine 29 [Eq. (10)]. Exposure of this compound

R -
HHZC\ /CHZR N, H’)\ /CHZR RHC\ /CHzR
+ N, f;] —_— f;l —_—— N
S0, Cu' (cat) SOz 1,5-H atom S0,
’ R'OH transfer
23 24 25
cu?®
i CH,R i
A O R'OH  CHR
R'O N N
[} o + 1
27 26

Scheme 7
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to the conditions shown led to the desired a-methoxy sulfonamide 30 in good
yield. Unfortunately, the extension of this procedure to other ring systems
has, to date, been disappointing. Amino sulfonamide 31 produced a mixture
of a-methoxy sulfonamide 32 and the reduced product 33 resulting from
hydrogen atom abstraction, perhaps from solvent, by the aryl radical formed
initially [Eq. (11)] (cf 24). Similarly, the seven-membered ring system 34
yielded a mixture of the three products shown in Eq. (12).

oo oy e O,
SO, ——— s0, ——————»
MeCH, rt 83%

19h
28 29 10
O NaNO,
NHp "N HCl a1
S0, Cucl (5%) (5%) so
MeOH, t  pp~~ 2 Ph”
20h
31 32 (48%) 33 (20%)
O NaNO,
NH N L M 5
e
SO, CuCl 5%) . (12)
MeOH 44 Soz
28n  Ph7 Ph”
34 19% 20% 14%,

2.6
From Reduction of N-Suifonyl Lactams

A convenient approach to a-hydroxy sulfonamides involves hydride reduction
of N-sulfonyl lactams. For example, Ahman and Somfai [29] have described
DIBALH reduction of simple 5- and 6-membered N-tosyl lactams to the corre-
sponding a-hydroxy sulfonamides (Scheme 8). It was possible to convert these

DIBALH

PPTS
CH,Clp CH(OMe),
-78°C MeOH )
n( ) e n( n( N OM
N0 (94%) n=1 (93%) ) ©
Ts n=2 (87%) Ts n=2 (98%) Ts

Scheme 8
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compounds to the a-methoxy sulfonamides via the N-sulfonyl iminium species.
Both hydroxy compounds and methyl ethers of this type are effective N-sulfonyl
iminium ion precursors (see Section 4). Interestingly, the corresponding
7-membered N-tosyl lactam afforded a complex mixture of products upon
similar reduction.

3
Structural Considerations

Relatively little information on the structure of N-sulfonyl imines is currently
available. Two groups have studied the E/Z-isomerization of N-sulfonyl imines
by NMR methods [30, 31]. The barriers to E/Z interconversion of these imines
is quite low relative to the related oximes. This phenomenon has been ascribed
to a nitrogen inversion mechanism involving (p-d) m conjugation between sul-
fur and nitrogen which stabilizes the transition state for stereomutation [32,
33]. On the NMR time scale at room temperature one cannot detect geometri-
cal isomers of unsymmetrical N-sulfonyl imines [18].

N-Sulfonyl imines derived from enolizable aldehydes and ketones are, in
principle, capable of tautomerization to the corresponding ene sulfonamides.
There has been no systematic study of this process, probably due in large part
to the fact that only relatively few sulfonyl imines of this type have to date
been prepared and characterized. Trost and Marrs [17], however, have found
that aldehyde 35 on conversion to imine 36 using tellurium reagent 3 led to
enamide 37 upon workup (Scheme 9). Similarly, aldehyde 38 was converted to
imine 39 which tautomerized to 40 upon isolation.

oL o .

O, o— TsN 00— o O

\ O 3 \ w0 |_T75% _ w0
TsHN

o__0O 0_0 o0__0

35 36 37
3
—_— NTs| —> X NHTs
N oo ¥ i
BOC BOC BOC
38 39 40

Scheme 9
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4
Nucleophilic Additions

4.1
Hetero Nucleophiles

Not surprisingly, N-sulfonyl imines, which are highly electrophilic species, are
quite prone to hydrolysis. Thus, addition of water to imine 41 initially produces
a “methylo]” derivative 42 which in certain cases can be reasonably stable
(R=CCl;, CO,R) [2, 6]. However, this type of intermediate usually dissociates to
an aldehyde and a primary sulfonamide (Scheme 10).

H. SOR HoO HO_ SOF

Y= . >_” ——» RCHO + R'SO,NH,
R R
41 42
Scheme 10

Scattered examples exist of additions of other hetero nucleophiles to N-sul-
fonyl imines. For example, Kresze and coworkers found that thiols add to imine
43 to afford adducts 44 in good yields [Eq. (13)] [6, 34]. Similarly, aniline adds to
chloral-derived N-sulfonyl imine 46 to afford 45,and ethanol adds to produce 47
(Scheme 11) [6].

RSH FI‘
H /18 neat s

Ts
>—N/ (13)
H

=
PH R=Ph (86%)  py

R=CH,CO,Et
43 (82%) 44

PhHN_ TS PhNH, H_ /" Eod @0 Ts

N P — ~—N B N
c,e H A ClsC a c,e M
45 a6 47

Scheme 11

In a unique example of the application of a phosphorous nucleophile, Shono
and coworkers [25b] described addition of trimethyl phosphite to a-acetoxy
sulfonamide 22 in the presence of a Lewis acid [Eq. (14)]. The product 49 is
presumably formed via nucleophilic phosphite addition to an intermediate
N-sulfonyl iminium ion 48 in an Arbuzov-like reaction.
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4.2
Cyanide

Condensation of an alkyl or aryl sulfonamide, formaldehyde or acetaldehyde
and potassium cyanide to produce adducts 50 was described a number of years
ago in a patent [Eq. (15)] [35]. It is possible that this transformation occurs by
addition of cyanide to an intermediate N-sulfonyl imine.

Ahman and Somfai [Eq. (16)] have utilized the a-hydroxy and a-methoxy
sulfonamides 51 (cf Scheme 8) in reactions with trimethylsilyl cyanide and
Lewis acids [29]. It was found that stannic chloride was more effective than

KCN NHSO,R
RSO,NH, + RCHO —————— (15)
R’ CN
R=alkyl, aryl R'=H, Me
50

TMSCN

SnCly

CH,Cl,

n( ) —_—_o_'_» n( )/ — g ) 16
N7 ToR -78°C N7 N7oN (16)
Ts 87-92% Ts Ts

51 R=H, Me n=1,2 52 53

titanium tetrachloride and boron trifluoride etherate in promoting conversion
of compounds 51 to nitriles 53, presumably via N-sulfonyl iminium species 52.
This methodology was also applied to an enantioselective synthesis of the C,-
symmetric amine 57 (Scheme 12). N-Tosyl lactam 54 was prepared from L-pyro-
glutamic acid and was reduced to a 3:1 mixture of a-hydroxy sulfonamides 55.
Exposure of 55 to TMSCN and stannic chloride gave a high yield of a single
nitrile 56 with the trans configuration. This compound could then be converted
into amine 57 in four steps.

Two additional examples of additions of cyanide to an in situ generated N-
sulfonyl iminium ion are shown in Egs. (17) and (18). Thus, treatment of azeti-
dine derivative 22 with TMSCN and titanium tetrachloride led to nitrile 58
[25b]. Similarly, the various a-oxygenated sulfonamides in Eq. (18) were con-
verted to the nitrile [34]. In general, the acetate and methyl ether gave the best
yields of nitrile using TiCl, and SnCl,. Lower yields of nitrile were obtained
using the a-hydroxy sulfonamide and with BF; etherate and ZnI, as the Lewis
acids.
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4.3
Stabilized Carbanions and Enol Derivatives

Few examples of additions of stabilized carbanions to N-sulfonyl imines cur-
rently exist. Kresze et al. [6] have added sodio diethyl malonate to the benzalde-
hyde/p-toluenesulfonamide N-sulfonyl imine to produce adduct 59 {Eq. (19)].

CO,Et
Na CO,Et
H TS CO,Et  Et0,C Ts (g
>=N —_— - N/ (19)
PH 72% pl H
59

More recently, Yamamoto and coworkers [36] have developed a new acyl
anion equivalent based upon the ethoxyethyl-protected a-hydroxymalonodini-
trile derivative shown in Scheme 13 and have applied it in the area of N-sulfonyl
imine chemistry. Thus, the carbanion derived from the dinitrile was added to
imine 60 to afford adduct 61 which was rather unstable. However, N-alkylation
of 61 with chloromethyl methyl ether yielded the stable product 62. Removal of
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the ethoxyethyl protecting group of 62 led to the unstable dicyano alcohol 63,
which on treatment with glycine methyl ester afforded amide 64, probably via an
intermediate acyl cyanide.

Saigo and coworkers have recently investigated the stereochemistry of the
addition of silyl ketene acetals to N-sulfonyl imines [37].In preliminary studies,
the addition of E/Z mixtures of ketene silyl acetal 66 to an N-sulfonyl imine was
investigated (Scheme 14). From these results, it appears that the major product
of the reaction is always the anti isomer 67, and that the products 67 and 68 are
both derived from the E isomer of 66 (ie, the Z isomer is totally unreactive). Sin-
ce the ketene acetal 66 configuration was critical to the condensation reaction,
the bis-silyl compounds 70 were investigated as an alternative (Scheme 15). It
was found that this type of ketene acetal reacts stereoselectively with N-sulfonyl
imines 69 using TiBr, as catalyst. As can be seen from the data in Scheme 15, the
anti products 71 predominated over the syn 72 in all cases.

These authors have rationalized the stereochemical results by assuming that
Lewis acid coordination of the N-sulfonyl imine 69 occurs at the sulfonyl oxy-
gen, thereby producing eight-membered ring transition states for the condensa-
tion (Fig. 1). It appears that transition state 74, leading to the syn products 72, is
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Fig. 1

destabilized relative to 73, which leads to anti compounds 71, due to a bad steric
interaction between a bromine ligand on titanium and the ketene acetal substi-
tuent R’. The alternative transition states 75 are both less stable than 73 for simi-
lar steric reasons.

This supposition raises an interesting point with regard to the site of Lewis acid
complexation of N-sulfonyl imines. Weinreb and Sisko [38] have observed that 'H
and ®C NMR spectra of alkyl N-tosyl imines in the presence and absence of a Lewis
acid are virtually identical. It would be anticipated that if Lewis acid complexation
in fact occurred at nitrogen, one should observe a significant downfield shift [39] of
the imino proton or carbon. Therefore, it may be that in general Lewis acids prefer
to coordinate at the sulfonyl group of this type of imine, although additional work
is necessary to verify the exact position of Lewis acid complexation.

A few additional scattered examples have been reported of additions of enol
derivatives to N-sulfonyl imines and iminium ions. For instance, Kobayashi et al.
[40] have found that the condensation shown in Eq. (20) is catalyzed effectively
by a lanthanide triflate in excellent yield.
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The a-methoxy sulfonamides 76 [Eq. (21)] react with the silyl ketene acetal 77
using trimethylsilyl triflate as catalyst to afford adducts 78 in good yields [29].
TiCl, and SnCl, were found to be ineffective catalysts in this transformation.
With the a-hydroxy sulfonamide corresponding to 76, only complex mixtures
were obtained. Similarly, the a-methoxy sulfonamide 79 condensed with the
silylenol ether of acetophenone to give 80 [34] {Eq. (22)]. The best catalysts for
this reaction were SnCl,, TiCl, and FeCl;. Znl, and BF; etherate gave lower yields
of ketone 80. The acetate 79 was also useful in this reaction when SnCl, was used.

Lewis acid
OR  CH,Cl, Ph
--60°C
MeO N Ts  Ph MeO N TsO 22)
OCH,Ph OCH,Ph
OSiMe;
79 R=Me, Ac 30

An interesting and highly stereoselective reaction of dimethoxy cyclopro-
pane derivative 81 with some aromatic N-tosyl imines was recently described
by Saigo and coworkers [41] (Scheme 16). In the presence of TiCl,, compound
81 condenses with N-sulfonyl imines to stereoselectively produce lactams 84
and 85, with the cis isomer being the predominant product. It is likely that the
dimethoxy cyclopropane initially opens to zwitterionic ester enolate 82, which
adds to the imine to yield intermediate 83. The rationale presented for the ste-
reoselectivity in condensation of enolate 82 with the imines is similar to that
described for the reactions in Schemes 14 and 15, cf. Fig. (1).

One additional example of a reaction of an enol-type derivative with
an in situ-produced N-sulfonyl iminium species involves the TiCl,-pro-
moted reaction of 22 with acetoxy furan 86 to yield butenolide 87 [25b] [Eq.
(23)].
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4.4
Alkenes

Although there is extensive literature on reactions of N-acyl imines with simple
olefins [1b, c], surprisingly little related chemistry of N-sulfonyl imines is avail-
able. In some studies of intramolecular cyclizations of N-sulfonyl imines with
alkenes, Weinreb and coworkers [11] first demonstrated the feasibility of such a
process. In these studies, the Kresze strategy was utilized for generation of the
requisite N-sulfonyl imines [6, 7] [cf Eq. (6)]. Therefore, aldehyde olefin 88 was
treated with N-sulfinyl-p-toluenesulfonamide in the presence of a Lewis acid
(Scheme 17), presumably first forming an imine complex 89. Subsequent cy-
clization of 89 would then afford cation 90. In the presence of an equivalent of
BF, etherate, fluoride is transferred to afford the halogenated product 91 as a
single stereoisomer. When less Lewis acid was used, a mixture of fluoride 91 and
olefin 92 was formed. If ferric chloride was used as catalyst, chloro sulfonamide
93 was produced as a single stereoisomer.

Cyclization of aldehyde olefin 94 was also investigated, and was found to lead
to a 1:1 mixture of bridged products 99 and 100 (Scheme 18). This transforma-
tion probably occurs through sulfonyl imine Lewis acid complexes cyclizing via
conformations 95 and 96 to carbonium ions 98 and 97, respectively. Proton
elimination from these intermediates would afford the observed epimeric sul-
fonamide alkenes.

The aldehyde alkene substrate 101 [Eq. (24)] was found to cyclize to an epi-
meric mixture of cis-decalin derivatives 102 and 103. Similarly, acyclic substrate
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104 [Eq. (25)] produced a mixture of trans and cis products 105 and 106.
It appears that halogenated products are formed in olefin cyclizations only in
those systems where proton elimination from the intermediate carbonium
ion is relatively slow.

An unsuccessful attempt was made to apply this methodology to a total syn-
thesis of the Ergot alkaloid lysergic acid (Scheme 19) [42]. Therefore, aldehyde
olefin 107 was prepared and was exposed to the Kresze conditions with the
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intent of generating the required tricyclic sulfonamide 109 via carbonium ion 108.
However, it appears that 108 is prone to rearrangement to the carbonium ion 110,
since the undesired ring expanded system 111 is the actual product isolated from
the cyclization. The structure of 111 was confirmed by X-ray crystallography.

Recently Ahman and Somfai [43] have used an N-sulfonyl iminium ion-alkene
cyclization as a key step in an enantioselective total synthesis of the alkaloid
anatoxin A (Scheme 20). a-Hydroxy sulfonamide 55 was prepared from L-pyro-
glutamic acid (cf Scheme 12) and was transformed in 6 steps into enone 112.
Exposure of 112 to acid led to a mixture of bridged enone 114 and S-chloro
ketone 113, The latter compound could be converted into the desired enone with
DBU. Detosylation of 114 provided the natural product (+)-anatoxin A.

4.5
Allyl Silanes

A number of examples of inter- and intramolecular additions of allyl silanes to
N-sulfonyl imines have been reported. Weinreb and coworkers have combined
the Kresze methodology for forming N-sulfonyl imines and subsequent additi-
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ons of allyl silanes [15] into a “one pot” procedure. In preliminary studies, it was
found that propionaldehyde can be converted to the N-tosyl imine using N-sul-
finyl-p-toluene sulfonamide and a Lewis acid, followed by addition of allyl tri-
methylsilane to afford the allyl sulfonamide (Scheme 21). For this particular
reaction, SnCl, proved to be the best Lewis acid. Additional examples of this
transformation are given in Table 1.In general, SnCl, and FeCl, hexahydrate pro-
ved to be the best catalysts. Other Lewis acids, such as AlCl;, TiCl, and ZnCl,,
gave poor yields of allylation products.

TsNSO 0-S0 .50, LA | ==~-SMes  NuTs
EtCHO — +f:lTS —_— __-lilT [ ——
Lewis acid | Et ) IS s Et ==

Lewis Acid Solvent Temperature Isolated Yield (%)

BF3-Et,0 PhH 0°Ctort 60

BF4-Et,O CH,Cl, -30°C 25

BF,-Et,0 PhMe/CH,Cl, -30°C 42

SnCl, PhH 0°Ctont g5

FeCly-6H,0 PhMe 0°%Ctort 61
Scheme 21

A few other studies of allylations of N-sulfonyl imines by allylic silanes have
been published. Shono et al. found that azetidine derivative 22 can be converted
to allyl compound 115 [25b] [Eq. (26)]. The functionalized sulfonamides 116
[Eq. (27)] have all been alkylated with allyl trimethylsilane and Lewis acids [34].
In general, the best yields of 117 were obtained with SnCl,, BF; etherate, Znl,
and FeCl; as catalysts. Lower yields were obtained with TiCl, and Et,AICL. Simi-
larly, the a-hydroxy and a-methoxy sulfonamides 51 could be alkylated to give
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Table 1 Reactions of in situ Generated N-Tosyl Imines with Allyl Silanes
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119 in high yields using TiCl,(OiPr),, SnCl,, TiCl,, FeCl;, BF; etherate and
CF;CO;H as catalysts [29] (Scheme 22). Ti(OiPr), was not a strong enough acid
to promote the reaction and PPTS led only to enamides 118.

Lu and Zhou [44] have utilized a reaction between an N-sulfonyl iminium ion
and allyl trimethylsilane in enantioselective total syntheses of two piperidine
alkaloids (Scheme 23). The initial step in this approach involved a modified
Sharpless kinetic resolution of furfuryl sulfonamide 120,1leading to R-amide 121
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and S-oxidation product 122 [45]. The piperidone derivative 122 could be con-
verted in high yield to the N-sulfonyl iminium precursor 123. Allylation of 123
showed reasonable cis-stereoselectivity giving a 16:84 mixture of 124:125. It
was then possible to convert the major isomer 125 into (28, 6R)-dihydropinidi-
ne and also into (+)-azimic acid.

Somfai and Ahman have applied an intramolecular allyl silane addition to an
N-sulfonyl iminium ion as a key step in an alternative synthesis of (+)-anatoxin
A [43]. Thus, L-pyroglutamic acid-derived compound 55 was homologated to
aldehyde 126 and then to allyl silane 127 (Scheme 24). Using titanium tetrachlo-
ride, 127 could be cyclized in good yield to bicyclic olefin 128, which was con-
verted to the alkaloid.
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An intramolecular allyl silane/N-sulfonyl iminium ion cyclization has also
been used as a pivotal step in an approach to the tricyclic core of the unique
marine alkaloid sarain A [46]. The starting material was aziridine ester 129
(Scheme 25) which was elaborated to amide 130. An important step in the syn-
thetic strategy was thermolysis of 130 to an azomethine ylide, which underwent
stereospecific intramolecular 1,3-dipolar cycloaddition with the Z-alkene to
produce bicyclic lactam 131 [47]. This compound was then elaborated into allyl
silane 132.1t was then possible to replace the lactam N-benzyl functionality with
a tosyl moiety, leading to 133, and subsequent reduction of the carbonyl group
afforded the desired cyclization precursor a-hydroxy sulfonamide 134. Expo-
sure of 134 to ferric chloride promoted cyclization to a single stereoisomeric
tricyclic amino alkene 136 having the requisite sarain A nucleus. It is believ-
ed that the intermediate N-sulfonyl iminium ion cyclizes via the conformation
shown in 135.

4.6
Vinyl Silanes

Despite a considerable amount of recent work on reactions of vinyl silanes with
various kinds of imines [48,49], scant attention has been paid to N-sulfonyl imi-
nes in this area. A single study of a vinyl silane/N-sulfonyl imine reaction has
been published by McIntosh and Weinreb in the context of an approach to the
total synthesis of [1, 3]-dioxolophenanthrene structural types of Amaryllida-
ceae alkaloids such as narciclasine (137), lycoricidine (138) and pancratistatin
(139) [50]. The substrate used in this approach was vinyl silane aldehyde 140,
prepared enantiomerically pure in a straightforward manner from L-arabinose
(Scheme 26). The N-tosyl imine derived from this aldehyde could be generated
in two different ways. The first involved combination of 140 with N-sulfinyl-p-
toluenesulfonamide at 80°C, followed by exposure of the imine to BF; etherate at
0°C, leading to a single cyclization product 142 in 36 % yield. The second proce-
dure was to simply react aldehyde 140 with p-toluenesulfonamide and BF; ethe-
rate (-78°C -rt) to afford a 9.5:1 mixture of 142:144 in ~80% yield. It was pro-
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posed that these cyclizations occur via a Lewis acid-complexed N-tosyl aldi-
mine, and that conformation 141, leading to 142, is favored over the conform-
ation 143, which affords product 144, in order to minimize developing gauche

interactions.

A variation of this cyclization as shown in Eq. (28) was also effected. Treat-
ment of aldehyde 140 with N-methyl-p-toluenesulfonamide and BF; etherate led
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to 146 as a single stereoisomer in good yield, probably via the N-sulfonyl imin-
ium ion 145.

The cyclization product 142 has the desired absolute configuration for the
alkaloids 137-139 and was transformed as described in Scheme 27. Thus,
condensation of 142 with acid chloride 147 gave N-tosyl amide 148. This com-
pound underwent intramolecular Heck cyclization to yield tetracycle 149 which
is a derivative of (+)-lycoricidine (138).

4.7
Hydrides

Some limited work has been reported by the Weinreb group on hydride reduc-
tions of N-sulfonyl imines. The ketone group of bridged lactone 150, which was
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a key intermediate in total syntheses of the antitumor antibiotics actinobolin
and bactobolin [51,52], was sufficiently reactive that it could be converted to the
SES and PMS sulfonyl imines 151 using the Kresze methodology (Scheme 28).
Sodium cyanoborohydride reduction of these imines was stereoselective and
provided sulfonamide lactones 152.

R-NSO
————
BF;-Et,0

150 151 152

R=PMS=pMeOPhCH,SO,-
R=SES=Me;SiCH,CH,SO,-

Scheme 28

Weinreb and coworkers have also developed a simple “one-pot” procedure for
reductive sulfonamidation of both aromatic and aliphatic aldehydes {14]. Again
using the Kresze methodology an aldehyde could be converted to a Lewis acid-
complexed N-tosyl imine which in the presence of triethylsilane was reduced to
a sulfonamide in good yields [Eq. (29)].

TsNSO BFs s
BF5-E,O +Si
RCHO p—niﬂé%c? QA | —— TS (29)
55-85%

R=alkyl, aryt
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4.8
Organometallics

Additions of basic organometallic reagents, such as Grignards and organo lithi-
ums, to imines is often troublesome due to competing deprotonation and elec-
tron transfer processes [53]. However, due to their high electrophilicity, N-sul-
fonyl imines have proven to be excellent partners in organometallic additions.
Sisko and Weinreb [13] have developed a “one-pot” procedure for this transfor-
mation, starting from aryl and aliphatic aldehydes, using Kresze methodology.
With aliphatic aldehydes it is possible to generate an N-sulfonyl imine in situ
using an N-sulfinyl sulfonamide at room temperature with no added catalyst.
Addition of a wide variety of Grignards and lithium reagents to these imines
gives good yields of adducts [Eq. (30)]. With aromatic aldehydes, the reaction
with sulfinyl sulfonamides is too slow to be useful unless a Lewis acid is used,
and therefore a modified procedure is necessary [Eq. (31)].

TsNSO RMgX
CH,Cl, NT or N
- S Li
alkyl—cHo ~ 2MM [a,kyl__// —  alkyl—< (30)
R
RMgX
TsNSO BF, O,g
BF3-Et,0 . AL NHTs
Ar—CHO —— NTs Ar—< (31)
CHCly | po—? R
5-6 h/0 °C

Reetz and coworkers have used this methodology in a stereoselective synthe-
sis of vicinal diamines [Eq. (32)] [54]. Enantiomerically pure a-amino aldehydes
153, which are available from a-amino acids, can be converted into N-tosyl imi-
nes 154 using the N-sulfinyl sulfonamide procedure [13]. Addition of a wide ran-
ge of Grignard reagents to imines 154 gave >90:10 mixtures of adducts 155:156
in very good yields. One rationale for formation of erythro isomers 155 as the
major products would be to invoke a Felkin-Anh model for the addition. A com-
plimentary process which was also described involved addition of organolithi-
um reagents in the presence of a lanthanide salt to the N-benzyl imines from
aldehydes 153, which afforded mainly the threo stereoisomers 156 as the pri-
mary products.

TsNSO
Bn,N CH,CI
2 \ o] 2_32’1/’% anNe NTs R'MgX Bn,N NHTs +Bn2N NHTs
R H R H 7095% R R T R
153 R=Me, Bn, 154 R'=alkyl, aryl, 155 (>90:<10) 156

Pr, Bu allyl, viny! (32)
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4.9
Reaction with B-Hydroxy Aldehydes

N-Sulfonyl imines undergo an interesting and unprecedented reaction with
various B-hydroxy aldehydes [55]. Thus, treatment of an N-sulfonyl imine 158,
produced by the sulfinyl sulfonamide method with a B-hydroxy aldehyde 157 in
the presence of BF; etherate, afforded trans-2,6-disubstituted 3,6-dihydro-
2H-1,3-oxazines 160 (Scheme 29). It is believed that the reaction of 157 with
imine 158 initially affords an adduct 159, which subsequently undergoes cyclo-
dehydration to the observed products. Although one would expect that inter-
mediate 159 is a complex mixture of stereoisomers, the fact that only the trans
2,6-disubstituted heterocycle is isolated may indicate that some type of acid-
promoted amido acetal equilibration may be taking place to produce the
thermodynamically most stable product. 'H NMR NOE studies and X-ray
crystallography indicate that these dihydrooxazines have the conformation
shown. Interestingly, the aryl group of the sulfonamide is in a quasi axial
position and blocks one face of the molecule, directing the stereochemistry
of some of the reactions of this system.

R BF, Ar
o on Iy 158

] i
s H 0,5 o
H/U\H\R. l?, O\ko ——— TSN/Z\O - 2 \N___’. § R"
BF4-Et,0 = H .
B X a . R
-20°C H A" i R H
R

CH,Cl, R 160

157 159 R=nPr, R'=Et, R"=nPr 83%
R=Et, R'=Et, R"=nPr 75%

R=Me, R'=Et, R"=nPr 73%

R=nPr, R'=Me, R"=Et 87%

R=Me, R'=Me, R"=Et 1%

=nPr, R'=H, R"=Me 40%

R=Et, R'=H, R"=Me 51%

R=nPr, R'=H, R"=Pr 47%

R=nPr, R'=H, R"=nCy H,y 42%

R=Et, R'=Me, R"=Me 82%

Scheme 29

Dihydrooxazines of this type were essentially unknown previously, and
studies were therefore undertaken to explore their potential as synthons in the
stereoselective synthesis of 1,3-amino alcohols. For example, oxidations of the
ring double bond were investigated. Thus, hydroxylation of 161 with osmium
tetraoxide was stereoselective, affording diol 162 (Scheme 30) resulting from
attack on the face of the double bound anti to the aryl sulfonyl group (cf. 160).
This diol could be converted to an epimeric mixture of hydroxy nitriles 163
and 164 via an N-sulfonyl iminium intermediate.
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On the other hand, oxidation of 161 with dimethyl dioxirane gave a 1:9 mix-
ture of diols 165 and 166 (Scheme 31). Surprisingly and inexplicably the major
product 166 results from attack on the double bond face syn to the arylsulfonyl
moiety. Diol 166 could be converted to monoacetate 167 which underwent ste-
reoselective alkylation with allyl trimethylsilane to yield 168. Similarly, acetate
167 could be converted to a single nitrile 169. Both of these transformations
involve axial attack anti to the arylsulfonyl group on an intermediate N-sulfon-
ium iminium ion.

Ar
-/Me _/Me i
W Ao N
0-0 TsN + TsN N\\f -0
161 —— ™ B Me
74% HO‘\ kMe
HO H
HO Me Me HO Me Me Me
165  (1:9) 166
o/ | AC,0/CH,Cl,
86 A’l DMAP/NE!,
_/Me /Me /Me
. ELAICN H
A~ ~-SiMes /\ X
TNTo ZT 7% 1o
AN TES o % NC™ s
o %
HO' Me Me HO' Me Me HO™ Me Me

168 167 169
Scheme 31
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4.10
Aromatic and Heteroaromatic Amidoalkylations

Although the literature abounds with examples of aromatic amidoalkylations
with N-acyl imines [1la, 56], virtually nothing has been done in this area
with N-sulfonyl imines. An amidoalkylation of this type involves reaction of
a-methoxy sulfonamide 170 with anisole to afford alkylation products 171 and
172 [Eq. (33)] [25¢].In a heteroaromatic version of this process, thiophene was

conc
Me eSO,
*CH,OMe
LSOM
- SOaMe 2Me

170 171 (21%) 172 (11%)

found to react thermally with imine 173 to afford adduct 174 [Eq. (34)] [57].
The tosyl imine from methyl glyoxylate reacts readily with furans to give
amidoalkylation products [Eq. (35)] [58]. Many years ago [59] it was reported
that a-picoline reacts with sulfanilamide and paraformaldehyde to produce
adduct 175 [Eq. (36)]. It is possible that an N-sulfonyl imine is an inter-
mediate here.

EC neat
3 80 °C
B NSOMe —o—w N NH
) S0,Me
s >= ¢ 57% s 2 (34)
Fi¢” CFy
173 174
oo Iy M M)
N . T COMe  (39)
Ts” o o
NHTs

X SONHz  (1icHO). N
| + — (36)
2
N7 “Me H,N A N NHSO,Ar

175
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5
[4+2]-Cycloadditions

51
Heterodienophiles

5.1.1
N-Sulfonyl Imines of Chloral and Fluoral

The earliest reports of imines acting as dienophiles in Diels-Alder reactions
involved N-sulfonyl imines prepared from chloral and fluoral using the orginal
Kresze [6] sulfinyl sulfonamide procedure. Thus, the N-tosyl imine 176 from
chloral reacts under mild conditions with a variety of 1,3-dienes to give cyclo-
adducts [60~-62]. These reactions have been found to show excellent regioselec-
tivity. For example, combination of 176 with E-piperylene gives only adduct 177,
whereas 2-methoxybutadiene leads exclusively to 178 (Scheme 32) [61, 62]. This
selectivity has been rationalized [1d, 62, 64] by assuming that these dienophiles
are highly polarized, and that this polarization is reflected in the transition

state for cycloaddition.
//—\\—Me I CCly
PhH/AT72% NTs 177

(CClg Me
I —_—
NTs
OMe
176 M MeQO CCly
—_— | 178
NTs
Scheme 32

The stereoselectivity in the cycloadditions of imines 176 and 179 is only
modest, and is probably controlled more by steric than by electronic effects
(63 b,65]. Examples of the kinetic stereochemical outcome of cycloaddition with
chloral- and fluoral-derived N-sulfonyl imines and cyclic dienes are shown in
Eq. (37)-(39) [65].

co,

f 7] NTs 4+ /4 NTs

NT T H ccly, (37
E 30°C

176 (43:57)
CFs @ r
d — AN s LG @
NTs AWPhH 2
CFs H

179 (78:22)
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7 @
| ~ . NTs + NTs
7 4 (39)
NT PhH H CF,
CF, H
(

s
AZh
179
57.43)

5.1.2
N-Sulfonyl Imines of Glyoxylates

The vast majority of examples of hetero Diels-Alder reactions of N-sulfonyl imi-
nes involve glyoxylate-derived compounds. In general, these glyoxylate N-sul-
fonyl imines have been made using the Kresze protocol {6, 7], although recently
Holmes and coworkers have found that commercially available tosyl isocyanate
can be used in reaction with methyl glyoxylate in place of the N-sulfinyl sulfon-
amide [58]. As with the chloral derivatives, N-sulfonyl glyoxylates show excellent
regioselectivity in Diels- Alder reactions with unsymmetrical dienes. Two exam-
ples of this selectivity are shown in Eq. (40) [7] and (41) [58, 66], and can once
again be conveniently rationalized by assuming the cycloadditions proceed via
polarized transition states [1d].

PhMe

rCOZMe Me 70°c Me CO,Me

| + _— | (40)

NTs > 7% NTs

: PhMe
Me,Sio

CcO,Me rt O CO,Me
(R x 60% @
NTs ° X NTs

OMe

Although the Diels-Alder reactions of glyoxylate N-sulfonyl imines often
show high stereoselectivity, the results are inconsistent and difficult to ration-
alize at this point.In the case of cyclopentadiene {Eq. (42)] [58,68] and 1,3-cyclo-
hexadiene [Eq. (43)] [68] the kinetic products of cycloaddition are the carboxy-
late exo isomers. With the acyclic diene 1,3-dimethylbutadiene, a mixture of exo
and endo products is observed with exo predominating [Eq. (44)] [58].

In contrast to the above results, the acyclic dienes in Egs. (45) [69] and (46)
[70] afford only the products of endo carboxylate addition. It is difficult to
develop a coherent model to explain these diverse stereochemical results. In
addition, it should be noted that rapid geometrical inversion of the N-sulfonyl
imines makes the reacting configuration of these species an unknown which
complicates analysis {30, 31].

Hamada and coworkers [70] have examined the facial selectivity of glyoxylate
N-sulfonyl imine cycloadditions with acyclic dienes bearing a stereogenic cen-
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ter at an allylic position [Eq. (46)]. Thus, cyclization with diene 180 afforded a
single product 182 in good yield. These results suggest that the reaction pro-
ceeds via the diene rotamer as shown in 181 [71]. Interestingly, the selectivity in
this type of imino Diels-Alder reaction is much higher than with various all car-
bon and azo dienophiles [71].

The same group has applied this imino Diels-Alder reaction in an enantiosel-
ective total synthesis of the alkaloid (-)-cannabisativine (Scheme 33) {70b]. An
initial Sharpless epoxidation of allylic alcohol 183 provided enantiomerically
pure compound 184, which could be converted in four steps to alcohol 185. This
compound could then be relayed into the requisite diene 186. Imino Diels-Alder
reaction of 186 led to a single cycloadduct 188, presumably via a transition
state like 187. It was then possible to homologate the ester functionality of 188
via the corresponding aldehyde to acetal 189. This intermediate could be con-
verted in several steps into 190. Another key step in the strategy was epimeriza-
tion via a retro Michael reaction leading to aldehyde 191, which could be trans-
formed in five steps into (-)-cannabisativine.
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Another nice application of this glyoxylate N-sulfonyl imine type of Diels-
Alder methodology in the realm of alkaloid total synthesis has been described
by Holmes and coworkers [72]. An approach to the piperidine alkaloid (+)-iso-
prosopinine B is outlined in Scheme 34. It was found that cycloaddition of the
glyoxylate imine with siloxy diene 192, followed by acidic hydrolysis, produced
a mixture of endo adduct 193 and the exo product 194 with the latter predomi-
nating. The major exo product 194 underwent regioselective Baeyer-Villiger
oxidation to afford lactone 195 along with a trace of the regioisomeric compo-
und. Hydride reduction of the lactone and ester groups of 195 led to triol 196,
which, by a series of transformations, led to (+)-isoprosopinine B.

Two groups have investigated N-sulfonyl imines of glyoxylate esters, derived
from scalemic alcohols, in Diels-Alder reactions [67b, 73]. Prato and coworkers
reported that glyoxylate N-sulfonyl imines bearing (-)-menthyl, (-)-bornyl and
(-)-8-phenylmethyl auxiliaries reacted with cyclopentadiene either thermally or
using Lewis acids to give only very modest diastereomeric product ratios (56:44,
53:47, 60:40, respectively) [67b].
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A more successful approach to diastereofacial selectivity in this type of cyclo-
addition was described by Holmes, et al. [73]. It was discovered that both the
(S)-lactate-derived imine 197 and the (R)-pantothenate 198 showed useful levels
of diastereoselectivity in cycloadditions with cyclopentadiene (Scheme 35). Al-
though thermal reactions of imines 197 and 198 with cyclopentadiene showed
relatively low facial diastereoselectivity, Lewis acid catalysis improved the selec-
tivity significantly. Diethylaluminium chloride proved to be the best catalyst,
providing the product ratios shown in Scheme 35. Other Lewis acids, such as
TiCl,, SnCl, and BF; etherate, caused decomposition, whereas AI(OEt);, MgBr,,
ZnCl,, Me,AlCl and iBu,AlC] gave lower selectivities. The model used to ratio-
nalize these results is shown for the (S)-lactate case in Fig. 2. The Lewis acid-
complexed ester is believed to exist in the s-trans conformation, and attack of
the diene occurs from the less hindered si face [74].

(o] 01e
EtO,C_ H q
2N /Ll\1 Et,AICI
I ]
N

Ts
197 @ - Lb(coza
 ———— 7 S + /4
PhMe COR N

H

0.3 eq -78°C H Ts
ELAICI | 50-60%
199 200
R=(S)-lactate 12:88

R=(R)-pantothenate 85:15
Scheme 35
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Whiting and coworkers have taken a somewhat different approach to effec-
ting diastereoselective glyoxylate N-sulfonyl imine Diels-Alder reactions [75].
This group has incorporated a chiral auxiliary into the sulfonyl moiety
using camphor sulfonic acid as starting material. The requisite imine 203 was
prepared from sulfonamide 201 via bromination to 202 and HBr elimination
(Scheme 36). Diels-Alder cycloadditions were conducted using Danishefsky
diene 204 leading to enones 205a and 205b after acidic workup (Eq. 47).
Modest diastereoselectivity was achieved in the absence of a Lewis acid cata-
lyst, with the best result being a 2.04:13 ratio of diastereomers 205a:205b in
CCl, at -15°C. With catalytic amounts of various Lewis acids at -75°C in
toluene, ratios of diastereomers 205a:205b ranged from 2.30:1 with titanium
tetraisopropoxide to a reversed ratio of 1:1.44 with diethylaluminium chloride.
No mechanistic model was offered to rationalize these results.

o £ 5 o P p
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5.1.3
Other N-Sulfonyl Imines

Two examples of [4+2]-cycloadditions of cyclic N-sulfonyl imines have been
described [76]. It was found that imine 206 reacts with Danishefsky diene 204 to
produce cycloadduct 207 [Eq. (48)]. Similarly, chloro-substituted imine 208 was
reported to add to diene 204 leading ultimately to dienone 209 [Eq. (49)].
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Weinreb and Sisko have reported the first examples of Diels-Alder reactions
of N-tosyl imines derived from enolizable aldehydes [12]. The imines were gen-
erated in situ from the aldehyde, N-sulfinyl-p-toluenesulfonamide and boron
trifluoride etherate. Two examples of these cycloadditions are shown in Egs. (50)
and (51). It was also possible to effect the cycloaddition intramolecularly [Eq.
(52)].In a recent report [77], Furukawa et al. found a novel method for gener-
ation of N-tosyl imines which have been trapped as [4+2]-cycloadducts. 1,8-
Naphthalene dithiol can be converted in two steps into sulfilimines 210 [Eq.
(53)]. This heterocycle rearranges in the presence of BF; etherate into 211,
which then leads to N-tosyl imine 212. This species can subsequently be used in
Diels-Alder reactions to produce cycloadducts in moderate yields.

EtCHO/TSNSO
= BF;-E;0/MgS0, | NTs
—_—
PhMe/CH,Cl, (50)
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-30°C
63%
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© Me(CHy)sCHO .
—_— NTs
PhMe/CHCl, [l e LA 61
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5.2
Heterodienes

In a recent study, Boger and coworkers have thoroughly probed cycloadditions
of N-sulfonyl a, B-unsaturated imines with electron-rich olefins [78]. The N-sul-
fonyl imines were prepared in most cases from the aldoximes or ketoximes by
the Hudson methodology [18]. Alternatively, some imines could be synthesized
directly from «, B-unsaturated aldehydes and the sulfonamide using a Lewis
acid catalyst. It was found that cycloadditions with these N-sulfonyl hetero-
dienes could generally be effected at room temperature or below at high
pressure or could be effected thermally. For example, azadiene 214 reacts with
ethyl vinyl ether to give adduct 213 (Scheme 37). This reaction, as all others in
this series, was found to be totally regioselective and >95% endo selective.
Similarly, diene 214 reacts with methoxy allene to give endo adduct 215. It was
also found that aldimines react faster than ketimines in these cycloadditions
[Egs. (54) and (55)].
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Interestingly, it was shown that substitution of the 1-azadiene at the 2, 3 or
4 positions by an electron-withdrawing group led to an acceleration of the rate
of cycloaddition. The 3-substituted diene 216 reacted very rapidly with
1,1-dimethoxyethylene to afford adduct 217 [Eq. (56)]. Similarly, 2-substituted
diene 219 undergoes highly endo-selective cycloadditions. Thus, reaction of
219 with ethyl vinyl ether gave 220, whereas with E-1-ethoxy propene adduct
218 was formed (Scheme 38). Reactions of 4-substituted-1-azadienes also
proved to be rapid and endo-selective. For example, reaction of diene 223
with ethyl vinyl ether led to endo cycloadduct 224 (Scheme 39). The cycload-
dition of 223 with styrene was less stereoselective giving mixtures of endo
product 221 and exo adduct 222 in varying ratios depending upon condi-
tions.

These results, including the fact that the cycloaddition rates are independent
of solvent polarity, are consistent with a concerted LUMO-diene controlled pro-
cess. This assumption is also supported by calculations [79]. Interestingly, the
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high endo-alkoxy selectivity can be ascribed to an anomeric-like effect in the
transition state.

This methodology has been elegantly utilized as a key step in a total synthesis
of the antitumor antibiotic fredericamycin (Scheme 40) [80]. Thus, 1-azadiene
225 was found to react with olefin 226 to yield adduct 227 as a 1:1 mixture of
stereoisomers. This compound could then be aromatized to pyridine 228.In an
interesting transformation, 4-methylpyridine 228 reacts with cyclopentenone
via an initial Michael addition, followed by a Claisen condensation, to afford
tricycle 229. This compound could be aromatized and O-benzylated to produce
ketone 230, which was homologated to nitrile ester 231. The ester functionality
of 231 could be transformed to E,E-diene 232. It was then possible to utilize this
DEF fragment in a sequence leading to fredericamycin.

CH,Cl, EtO,C
RS EtO,C /95% 2 l DBU EtO,C
. i — Et0 , =~ ]
= N CO,Et >
N CO,Et ) 2 £t N

Et0” “OEt EtO 81-81%
) co
SO,Me SO Me =
225 226 227 228
o]
g © yooa  ©
2) PhCH,Br TosMIC
LDA " 80" 7Y
o N >
65-85% Et0” "N TCO,Et Et0” N7 CO,Et
229 230

several
steps
———ei

Scheme 40
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6
[2 +2]-Cycloadditions

A Russian group has described two types of [2+2]-cycloadditions of N-sulfonyl
imines. It was found that both ketene and trimethylsilyl ketene react with
chloral-derived N-sulfonyl imine 233 to afford -lactams 234 in excellent yields
(81] [Eq. (57)]. Although the compound produced from trimethylsilyl ketene
appears to be a single isomer, the stereochemistry was not elucidated.

It was also reported that various alkoxy acetylenes undergo [2 +2]-cycloaddi-
tions with chloral-derived N-sulfonyl imines to yield adducts 235 [82] [Eq. (58)].
Yields were claimed to be uniformly high.
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7
Ene Reactions

In the first published example of an N-sulfonyl imino ene reaction, Achmatowicz
and Pietraszkiewicz treated a variety of alkenes 236 with the N-tosyl imine deri-
ved from n-butyl glyoxylate (Scheme 41){83, 84]. The products formed from
these thermally promoted or ferric chloride-catalyzed transformations were
y,6-unsaturated-a-amino acid derivatives 237. However, no information was
provided in the initial communications regarding the diastereoselectivity, if any,
of this methodology. Weinreb and coworkers subsequently reinvestigated porti-
ons of the original work in order to elucidate the salient stereochemical features
of these imino ene reactions and found that these transformations do in general
show a high degree of stereospecificity [85].

When the N-tosyl imine prepared from ethyl glyoxylate was treated with
E-2-butene at 150°C, a 9:1 mixture of adducts 239 and 241 was produced
(Scheme 42). It was rationalized that the reaction in fact proceeds via a concer-
ted pericyclic mechanism [86] and formation of the major isomer 239 involves
an endo ene transition state 238, while the minor product 241 is formed from the
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exo transition state 240. An attempt to apply this ene methodology to Z-2-butene
under the same reaction conditions resulted in an 1:1 mixture of 239 and 241. 1t
was suggested that the loss of olefin stereochemical integrity here may result
from thermal Z to E olefin isomerization during the reaction.

The ene reaction of cyclohexene was also investigated and it was found that
using the ethyl glyoxylate-derived N-tosyl imine at 170°C led solely to sulfon-
amide ester stereoisomer 243 in good yield (Scheme 43). This result was ratio-
nalized by invoking a pericyclic imino ene transition state 242 in which the ester
moiety prefers an endo orientation with respect to the alkene. Isomeric sulfon-
amide 245, which would be derived from exo transition state 244, was not pro-
duced in this reaction. The stereospecificity associated with the thermal reac-
tion is again consistent with a concerted pericyclic ene process. Interestingly,
when the reaction was run as originally described by Achmatowicz and
Pietraszkiewicz [84] at 0°C using the Lewis acid catalyst FeCl;, a mixture of
stereoisomers 243 and 245 was obtained along with chlorinated products (cf.
Scheme 17).It was suggested that the presence of the Lewis acid appears to chan-
ge the reaction mechanism from a pericyclic one to an ionic stepwise Mannich-
type process involving the olefin as outlined in Sect. 4.4.

It was also discovered that these reactions can be conducted intramolecular-
ly and that they remain stereospecific. For example, imino ene reaction of the N-
sulfonyl imine derived from 246 produced two cis é-lactones 248 and 250 as a
9:1 mixture (Scheme 44). The formation of the major (E)-product 248 can be
rationalized by invoking the more favorable pericyclic endo ene transition state
247. The minor (Z)-product 250 would arise from endo ene transition state 249,
which suffers from A% strain between the allylic methyl substituent and the cis
vinyl hydrogen. Rather surprisingly, the Z -olefin isomer corresponding to 246
gave the same 9:1 mixture as did the E isomer. Based on the related loss of
stereoselectivity with Z-2-butene (vide supra) it was again postulated that the

0O

OH
oJk/—NHTs 0-DCB, A <
W +H0
Me 37% —
—H
246 0 HZ 1o

Scheme 44
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Z-alkene may be isomerizing to the E isomer prior to the imino ene cyclization.
It was also reported that a y-lactone can be prepared stereospecifically by the
imino ene procedure. Thus, thermolysis of 251 gave exclusively the cis product
253, presumably via N-tosyl aldimine 252 [Eq. (59)].

Kresze and coworkers have found about a three order of magnitude rate
increase in imino ene reactions when an N-tosyl group is replaced with an N-
perfluoroalkanesulfonyl moiety [87]. Thus, with the glyoxylate ester-derived
imine and the one from chloral 255 as the enophiles, reactions with acyclic ole-
fins are very rapid and occur at room temperature [Eq. (60)]. In these ene reac-
tions one stereocisomeric homoallylic amine 256 was typically generated, alt-
hough the stereochemistry was not elucidated. However, in one reported case a
1:1 mixture of diastereomers was obtained. Mechanistic studies based upon
kinetic isotope effects seem to indicate that this reaction may in fact be a two-
step process rather than a concerted one [87b].

(o] o
OH o-DCB
NHT: —NTs
5 LY A }j\/

o) (59)
oy Me ‘;02/«; Ny Me
-2
251 252 253
Rs R R
2
CHCI
Rz b \]l r 3 R1 Rg
+ N, —_— (60)
R H SO,C4Fq  49-90% NHSO,C,F,
254 255 R=CO,Bu, CCly 256

Mikami et al. recently reported that N-sulfonyl imine 257, derived from
(-)-8-phenylmenthol glyoxylate, exhibited high diastereofacial selectivity
in the imino ene reaction with methylenecyclohexane to afford homochiral
a-amino ester derivatives 259 and 260 (96% de) in 60% vyield [88] (Scheme
45). Presumably the diastereoselectivity is a consequence of a syn-chelated
iminium complex 258 undergoing ene reaction with the olefin from the least
sterically congested si-face. It might be noted that the imino ene reaction
with isobutene and related chiral glyoxylate N-benzyl imine derivatives also
gave similar diastereoselectivities, while reactions with imines derived from
(R)- or (S)-phenylethylamine and (S)- a-amino esters were significantly less
selective.

During a recent approach to the synthesis of the antibiotic polyoxins, methyl
allene was treated with the N-sulfonyl imine from ethyl glyoxylate at 130°C [89]
[Eq. (61)]. However, the desired [2+2]-cycloadducts 262264 were obtained in
only very small amounts, while imino ene product 261 was the major product,
formed in 33 % yield.
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The only example of an N-sulfonyl ketimine participating in an ene reaction
involves the tosyl imine of trifluoroacetone 266 [90] [Eq.(62)]. When heated with
a terminal olefin such as allyl benzene (265) in refluxing xylene, imine 266 leads
to ene product 267 in moderate yields. However, internal alkenes gave signifi-
cantly lower yields of ene products. The inefficiency of the ene process with
more highly substituted olefins was ascribed to unfavorable steric effects due to
the bulky trifluoromethyl groups. Interestingly, with f-methyl styrene and allyl
thiophenyl ether, [2+2]-cycloadducts were detected rather than ene products.

P FiC_ CF, xylzne CF3
/( N r . Y CFs gy
Ph H ‘T 57% P HTs

265 266 267
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8
Miscellaneous Reactions

8.1
Metallations

Davis’s group has looked at the metallation reactions of several types of N-sul-
fonyl imines in order to produce new oxaziridine reagents (vide infra). For
example, cyclic sulfonyl imine 268 could be converted to a mono anion using
LDA, but this species could not be successfully alkylated [91] [Eq. (63)]. How-
ever, a dianion 269 formed from 268 did C-alkylate with benzyl bromide and
ethylene oxide, and gave endo/exo mixtures of products 270 and 271.

2 LDA 90-95%
—— N ] +
\ o°c Y N = LT pheH,ee
Y LN o
3, 3, o
268 269

R=CH,Ph 1:1
R=CH,CH,OH  7:3

Davis et al. have extended this type of bis-metallation chemistry to a new
method for synthesizing a-functionalized primary sulfonamides [5a]. N-Sulfonyl
imines, such as 272, are readily prepared from camphor and the corresponding
sulfonamide using TiCl, as catalyst. These imines can be converted to the dianions
273 and monoalkylated to afford products 274 (Scheme 46). Hydrolysis of the
alkylated imine affords a primary sulfonamide 275 in good overall yields. Unfor-

LDA or
Buli/THF E
— ——
T 70-94%
NSO,CH,R NSO,CHR
272 R=Me, Ph 273 E=RI, PhCHO, Et,CO
ethylene oxide
PhCH,Br
Ha0" E
E ——
;j\ }\ >30% R SO;NH,
S$” 'R
O,
274 275 (ee < 35%)

Scheme 46
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tunately, the diastereoselectivity observed in conversion of dianion 273 to pro-
ducts 274 was low, leading to low ees in the final products 275.

1t has also been demonstrated that it is possible to metalate camphor-derived
N-tosyl imine 276 and to dichlorinate it to produce 277 [92] [Eq. (64)].

3eq
NaHMDS Cl
R
NCS . (&4)
NTs  80% NTs
276 277

8.2
Oxidation

One can oxidize N-sulfonyl imines to the corresponding oxaziridines using
oxidants such as a peracid or oxone [5b, 93, 94]. Thus, Davis and coworkers have
developed a biphasic procedure for converting imine 278 to trans-oxaziridine 279,
in high yield [5b] [Eq. (65)]. Similarly, camphor-derived N-sulfonyl imines 277
and 268 can be oxidized to the endo oxaziridines 280 and 281, respectively {92, 93]
[Eq. (66), (67)]. Davis and others have now demonstrated the exceptional utility of
oxaziridines as oxidants in organic synthesis and, in particular, the value of
camphor-derived reagents, such as 280 and 281, in asymmetric synthesis [94, 95].

Ts  McPBA Ph..
) 2, A

S~ (65)
PH NaHCOyH,0 H M
BnNEt,CI/CHCl,
278 88% 279
cl AcOOH Ci (66)
———
\ Ci Ki?osfsgazglz Cl
iqua
NTs 90-95% o NTs
277 280
oxone
SN KiCOyH,0 N: (67)
s 84% <
0O, 0,0

268 281
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8.3
Eliminations

Glass and Hoy have reported that treating an N-tosyl imine derived from an aro-
matic aldehyde with cyanide in HMPT leads to aryl nitriles in generally good
yields [96]. It was proposed that this transformation might involve intermedia-
tes shown in Eq. (68). Alternatively, a dianion corresponding to the mono anions
shown could be involved here.

H /Ts NaCN NG /Ts NC ST Ts
>=NT —— ) . A — N ——> ACN (88
Ar HMPT A’y = T Ar>'_H -CN (68)
9
Perspectives

It seems clear from the chemistry outlined in this review that N-sulfonyl imines
have significant future potential as synthons in organic synthesis. The recently
improved access to this class of compounds has been the primary contributor to
their increased use compared with one or two decades ago. However, improve-
ments in old methods and discovery of new ones are still required for genera-
tion of N-sulfonyl aldimines and, in particular, N-sulfonyl ketimines. It would
also be useful to have more structural information on these species, including
data on geometrical isomerization. Since many N-sulfonyl imines are quite
stable, NMR and X-ray studies would seem to be quite feasible. Finally, inventive
organic chemists should consider using these synthons when investigating any
type of chemistry involving electron-deficient imines.

10
Addendum

Stabilized Carbanions and Enol Derivatives A recent report has described the
erythro-selective aldol reaction of N-tosyl aldimines from aromatic and con-
jugated aldehydes with methyl isocyanoacetate catalyzed by a gold complex [97].
For example, condensation of the N-tosyl imine of benzaldehyde with methyl
isocyanoacetate in the presence of an Au (I) catalyst gave a very high yield of the
imidazolines 282 and 283 in an 11:89 ratio (Scheme 47). The major cis product
could be hydrolyzed to afford the erythro vicinal damine 284. Other metal cata-
lysts such as CuCl, AgOTf, PdCl,(MeCN),, and [RhCI(COD)], gave lower cis
selectivities in the initial step. In addition, N-phenyl, N-p-carbomethoxyphenyl
and N-diphenylphosphinyl imines were not reactive in this process. Inter-
estingly, the corresponding reactions with aldehydes have previously been
reported by this group to yield primarily the trans disubstituted oxazolines,
although no rationale for the difference in selectivity between sulfonyl imines
and aldehydes was provided.
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Dai and coworkers have investigated the addition of ylides derived from
allylic sulfonium salts to N-sulfonyl imines derived from aromatic aldehydes to
produce 2-vinyl aziridines [98]. The general reaction studied is shown in
Eq. (69), where a sulfonium salt 285 can be converted to its ylide in situ under
either phase transfer conditions, or by use of a strong amides base, and then
combined with an N-sulfonyl imine to provide a 2-vinyl aziridine 286. In gene-
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ral, stereoselectivity was not high and mixtures of cis and trans aziridines were
formed in all cases. Slight variations in the ratio of isomers occurred depending
upon the substitution on the imine and ylid components. Other types of N-sub-
stituted imines did not afford any aziridines.

An enantioselective route to a-amino acid derivatives has been developed
which utilizes addition of a scalemic vinyllithium species to an N-sulfonyl
imine [99]. Metallation of dibromide 287, derived from enantiomerically pure
lactic acid, is regioselective and affords lithiated species 288 which adds to
a variety of N-mesitylsulfonyl imines to give adducts 289 in diastereomeric
excesses above 90% (Scheme 48). Ozonolysis of the olefinic moity of purified
adducts 289 then afforded enantiomerically pure a-amino acid derivatives 290.

[2+2]-Cycloadditions. It was found recently that N-tosyl imines of a variety of
aldehydes react with alkynyl sulfides in the presence of a Lewis acid catalyst to
afford a, B- unsaturated thioimidates [100]. Thus alkynyl sulfide 291 combines
with an N-sulfonyl imine in the presence of a catalyst such as BF; etherate,
Yb(OTf);, Sc(OTf); or Ln{OTf); to give an imidate 293 [Eq. (70)]. It is believed
that this transformation occurs through an initial {2 +2]-cycloaddition of the
reactants to form an azetine 292. Other types of N-substituted imines were
found to react with alkynyl sulfides under these conditions to provide different
sorts of products and not «, f-unsaturated imidates like 293.
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