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1. Introduction

Several fields in organic chemistry, such as peptide,
nucleoside, or combinatorial synthesis, require easily acces-
sible amine protecting groups which are stable under a broad
range of reaction conditions and are both easily and
selectively cleavable. Sulfonamides are among the most
stable amine protecting groups under a wide range of
conditions, but they usually require drastic cleavage condi-
tions which are generally not compatible with highly
functionalized, sensitive substrates. In addition to the com-
mon Tosyl group, other sulfonamides have been developed
with the aim of easy deprotection: nosyl, brosyért-
butylsulfonyl (Bus), etc. In the same manner, in 1986
Weinreb developed the 2-(trimethylsilyl)ethanesulfonyl (or
2-(trimethylsilyl)ethylsulfonyl) group, abbreviated as SES.
This sulfonyl protection is removed under mild conditions
using fluoride ions (eq 1). Indeed, attack of the fluoride ions
on the silicon atom leads to/&elimination which releases
the deprotected amine and volatile products: fluorotrimethyl-
silane, ethylene, and sulfur dioxide.

QL —
;
Megsi SN ——

m

F-SiMe; + CH,=CH, + SO, + R'R?NH

The SES protecting group is employed as an alternative
to a tosyl sulfonamide, which is usually troublesome to
deprotect. However, while the SES group was initially used
as a simple protection for amines, over the years several
reagents or reactions have been developed to introduce
directly an amine such as 2-(trimethylsilyl)ethanesulfonamide
into a molecule (Scheme 1).

The first part of this review will thus present the introduc-
tion of the SES protecting group on a molecule bearing a
nitrogen in its structure, whereas the second part details the
various methods to introduce directly the 2-(trimethylsilyl)-
ethanesulfonamide into a substrate. Thereafter, the various
uses of 2-(trimethylsilyl)ethanesulfonamides in synthesis will

* To whom correspondence should be addressed. E-mail: frederic.lamaty@ be described, followed by a short presentation of the SES

univ-montp2.fr.
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protection limitations. To finish, deprotection of the SES
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Scheme 1
Boc Boc SES-CI
SES—NH SES-N
. R’ Mitsunobu
z Mitsunobu z H R20H ’RZ
SES—NH p SES-N, SES-N SES-N,
R'OH R! ) R! Alkylation R'
SES SES deprotection R2X R2
SES—NH SES-N SES-N
R R
O OR4 R1
R'O
SES. EWG
R%0 NH SESNH—, N
OR® SES / HN-SES Rt
) SES—N=S=N—SES reduction aza-Baylis-Hillman
?gulggg:wggn reaction Rl s
/ [4+2] ] o [ j
cycloaddition SES” N
SES-NH, ———— SES-NSO SESN= SES
P t Rl
3+2 N
[3+2] D
nucleophilic substitution SES
SES—-N=IPh H
. R2 _N Nu
SES—N, [sEs-N | : SES” Y
aziridination H R!
/ e
~ R? " - R?
R! nucleophilic substitution H
SES-CI SES—N:( SES” ﬁ)\Nu
=y R!

group will be studied before presenting polymer-supported an excess of SESCI 3 in the presence of triethylamine

SES groups.

2. SES—CI in Synthesis

(eq 2, Table 1). In the case of aromatic or heterocyclic
amines, sodium hydride is instead used as a base.

N

i i SES-Cl + HNR'RZ — 2% SR
2.1. Synthesis of Sulfonyl Chloride DMF or CHyol,  MesSi 22 @
0°C
Scheme 2 3 4
A NaHSO, SO.Na . . ,
Me,SiT X MegSi” >3 The simple and general synthesis BFSES amino
PhCO4t-Bu A, - .
1 MeOH/H,0 2 acid€>2¢should be noted: it starts from the corresponding
70% salt using a temporary trimethylsilane protection on the
carboxylic acid function, followed by reaction with SES
Pl o Megsi” > S0 Cl (Scﬁ/eme 3) g
or SOClIy, solvent free s :
or SO,Cl, PPhy CH,Cl, SES-Cl
3 Scheme 3
60-62% R R
a Reprinted with permission from refs 1, 6, and 7. Copyright 1986, 1992 /l\ SES. /l\
Elsevier and 1998 Organic Syntheses, Inc., respectively. HoN™ "COH 4y myse N™ "CO,H 63%
H
R = Me, OBn CH,Cl, or DMF
[ - . - 2) SES-Cl H
The free-radical addition(Scheme 2) of sodium bisulfite HoN 3, GOH EtN NLCOH 5875%
on the double bond of vinyltrimethylsilarnk catalyzed by (V)n SES ‘ﬁ’n

tert-butyl perbenzoate provided the sulfonate galvhich

n=2,45

is currently commercially available. This compound was
directly transformed into sulfonyl chlorid@ (SES-CI) by Aminoacid Yield (%)
the action of phosphorus pentachloridnionyl chloride® H-Ala-OH 63
or sulfuryl chloride’ SES-CI is a distillable liquid (bp= H-Pro-OH 35
60°C/0.1 mmHg) which can be stored at room temperature. H.B-Ala-OH 56

. . 5-Aminovaleric acid 72
2.2. Protection of Amines inovarenie ack

6-Aminocaproic acid 75

The formation of SU|f0namide4_ is usually Carried_ aReprinted with permission from ref 25. Copyright 1999 Springer-Verlag
out at low temperatures by reaction of the amine with GmbH.
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> Q
: HN
ES. +
SES\NScoum
H

BOPCI, EtgN
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HoN NHBoc . sEscl m
CO:H 0°C then .t @ into a substrate. These synthetic possibilities allow the rapid
Boc-o-Om-OH production of a broad range of structures (Scheme 1). This
SES. NHBoc structural diversity will be illustrated below with an emphasis
H CO,H on various types of reactions.

Under the general conditions of amine protection described 3.1. Conversion of an Alcohol into a
by Weinreb, an alcohol is transformed into its corresponding SES-Protected Amine
sulfonate. This side reaction can be useful to further
transform the alcohol functiéh or prepare aziridiné%
(Scheme 6).

This transformation, described for the first time in 1992
by Hart and co-worker%, is performed by a Mitsunobu
reaction between the alcohol function of the substrate and

i i (T i) the diprotected amine SESHR, where R is a carbamate-
gthgxggzllfgzg%ggog’) gyitgzg’;;ethy Isily) type protecting group (B&&>° or 7*%4) or another SES
protecting group! This second protecting group increases

Over the years, a broad range of reagents and reactionghe acidity of the proton on the sulfonamide, which allows
were developed to directly introduce the SES-protected aminethe Mitsunobu reaction to take place under very mild
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Table 1. Amine Protectior? Scheme 4
Amine eq. of Base Yield (%) Ref. i i
SES-CI : HoN
& M 1 EsN 87 8 H 0 O H
I
J J\/N N NH R
NH, 95 (n = 0) 9,10
BocHN ™"t 2 KOs g5y
H-D-Ser-OBn 1 Et;N 85 1
Ph OH OH NH
CO,Me " I
\Q/\/\/ 15  EoN 84 é‘/ N\/U\N/\H/N\)J\
68 (n = 0) 13
HZN/\QE\H/\@;\NHQ LS BN o Q ?
'ﬂ\' ~ 2 Et;N 97 14 R'=
EtO.C o0 0] 4<O_/_/_<
~/OTI' §4<_/:\_/ § —
HN 125  EtN 60 117 = =
Ramoplanin A1 Ramoplanin A2 Ramoplanin A3
©© 15 EtN 9 1 Ramoplanose
NH R2 =
H rrr:\o ,rr'\o
©/ > 15  NaH 86 ! OH OH
(o} o
7 OH OH
N 1.5 NaH 9g L& H Ho 9o
HO o) HO lo)
OEt HO | HO ] OH
HN 2 OH OH (g
>— I KCO; 39 OH
OEt
H Ramoplanin A1-A3 Ramoplanose
N a1 aReprinted with permission from ref 30. Copyright 2002 American
)IN/> L5 E:N >83 Chemical Society.
I
CHO Scheme 8
(CHy)6CH
@\/\g 25 NaOH 91 2% ) o
N 1\_(
N HN HM
HoN Br wINgO oy HNO
24
NO, NH
NHSES A\ 4 o
aData taken from refs 1,818, and 26-24. \\wkfo o O NH
HN\)J\N
conditions (triphenylphosphine and diethylazodicarboxylate oL ;i H
at room temperature), resulting in a quantitative yield. Y 07 "NH,
NH,

In the case of a chiral alcohol, the Mitsunobu reaction
genera”y occurs with inversion of configuration, as shown aRgprinted_with permission from ref 34. Copyright 2003 American
in the synthesis ofx-aminonitriled® (Scheme 7). Acidic ~ Chemical Society.
hydrolysis deprotects both the Boc and SES groups to yield Selective deprotection of the Boc or Z protecting group
the corresponding amino acids. Retention of the configuration in the presence of the SES protecting group is carried out as
was observed for specific substrée$ as a result of an usual in acidic medium for the Boc group or via palladium

adjacent disubstituted amide participation (eq 5). hydroxide catalyzed hydrogenolysis for the Z group, yielding
a SES amine which can be used further in synthesis (section
AQ AcQ 4). Elimination of the second SES group will be studied in
' SES..-Boc ' the general section devoted to removal of this group (section
N. H N. 6.1).
HO Ar DEAD SES\N Ar .
7 0 PPhg Boc” Y O 3.2. Reactions on
R THE R © 2-(Trimethylsilyl)ethanesulfonylimines
Af-= p-MeOCeHy: 3.2.1. Formation of 2-(Trimethylsilyl)ethanesulfonylimines

R- ="‘&/L Several methods are described to form sulfonylimines (see
OTHP Chemla and co-worketsand references quoted therein).
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Scheme 6 @ BFsE00.16q.  SEONN
ses-NW + J| e
O\/OH SES-CI O\/O‘SES R™"H  PhMe, reflux H™ R
N EtoN N 5 e ©
CH,Cl, SES
R- = Ph-, 4-Cl-CgHy-, 4-Me-CgH, 57-82%
71% (E)-PhCH=CH-, +-Bu-, c-CgH; -, n-Bu-

e (I

acetone !

3.2.1.2. By the SESNSO Intermediate. Sulfinylimines

SES can be produced at room temperature frohsulfinyl-2-
70% (trimethylsilyl)ethanesulfonamide (SE®ISO 7) and aro-
matic or aliphatic aldehydes. Formation of the SB&O
SES-CI \_/'N . >_\ can be carried out by applying the method of Krésze
H,N  OH St’al; SES SES—-NH O-SES SES-NH, 5585 The sulfonamide reacts with thionyl
a6 o7 chloride to form the expected product and releases two
° ° equivalents of HCI (eq 7). The product is used directly after
NaH, THF concentration of the solvent.
a . . . 95% . . TsNCl, (cat.)
Reprinted with permission from refs 35 and 36. Copyright 1997 Elsevier SES-NH, + SOCl, ——— > SES-NSO + 2HCI
and 2005 American Chemical Society. 23eq. rgﬁgfeggh @)
5 7
Scheme 7
SES., .B . -
o oxynitrilase OH N % SES._.Boc Another method, milder but requiring a longer work up
L —on /LCN DEAD By step, involves the use of-(chlorosulfinyl)imidazole, formed
R PPh, R™ "CN from imidazole and thionyl chloride in two steps. Purification

CN is performed at each step by simple precipitation. The process
R- = n-Bu-, i-Bu-, c-CgHy¢- was optimized by the group of Kith for tosylamine and
NH various amines (Scheme 8) and used to form the-S¥S0
1) 6N HCI Y . 62
- Py 7 by Weinreb and co-workef&:
2) propylene oxide R™ "CO,H

EtOH, reflux After formation of SES-NSO 7, the sulfonylimine6 is
87-93% quickly and easily obtaine®;>%6%63 sulfur dioxide being the

ee > 99% only reaction byproduct (eq 8).
a Reprinted with permission from ref 46. Copyright 1997 Georg Thieme
Verlag

o SES.
SES-NsO + J| @ — J 8%
R H R ®
7 6
R- = EtO,C-, Et-, MeO,CCHyCHy-

Some of them were adapted to synthesize SES sulfonyl-
imines.

3.2.1.1. By Direct CondensationThe 2-(trimethylsilyl)-
ethanesulfonylimine6 can be obtained by direct condensa-
tion between an aldehyde and SHSH, 5 in the presence
of a Lewis acid using a DeatStark azeotropic distillation 3.2.1.3. By Sulfinyl Chloride and the Hudson Reaction.
apparatus to trap the released water (eq 6). This method Weinreb and co-worketéalso employed the Hudson reac-
described by Proctor and co-workers for tosylimifesias tion to provide easily available 2-(trimethylsilyl)ethane-
employed by Aggarwét®> and L® to afford aromatic  sulfonylimines. This reaction does not require any use of

2-(trimethylsilyl)ethanesulfonylimines. SES-NH, 5 as precursor but 2-(trimethylsilyl)ethanesulfinyl
Scheme 8
-10°C 9
i W 0 then 10min, r.t. S L
Ny NH — Ny _NH-HCI
N crSal CHoCl, (/N\/) |§\ e
4 eq. 1eq. 1eq. 2 eq.
removed by
precipitation
-10°C
then 10min r.t,| SOCl2 Tea.
0 Ts, S/O_
1" N:
(/\N'S\CI i
N/) o)
2eq. Ts.. SV r.t., 30 min /\
Ts-NH, ——— 0 | NN | w + .
e | ) + e
N
2eq. 2eq. 2eq.
96% removed by

precipitation
a Reprinted with permission from ref 60. Copyright 1985 Elsevier.
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Scheme 9
RSOCI 9 ..
HO. ERO RS(O)O\J’T\ RSO, JNJ\ RSOQTI\
1 2 EtsN 1 2 1 2 1 2
R "R 850 R R R R R'" R
then r.t.

R- = TMS-CHyp-CHy-

Oxime Yield (%) Oxime Yield (%) Oxime Yield (%)

NOH
NOH NOH
U 75 é 74 70
Ph™ "Ph
NOH
NOH O NOH
79 50 61
Ph” ~H EtOJ\/U\

a2 Reprinted with permission from ref 64. Copyright 2001 Georg Thieme Verlag.

Scheme 18

A 'SO,C x
HN R'SO,CI

O,
O ! /N
V R'SO
o NH,4Br or BnNH, \740 2 VO
R- = H-, Bn-
H

1) SES—NSO sgs-N _N
BF4-Et,0 =0 2) NaBHLCN SESTN—=0
0 o
CICH,CH,CI Oi t-amyl alcohol
42°C, 27h 0°C, 1h

80 %
aReprinted with permission from refs 58 and 63. Copyright 1988 and 1990 American Chemical Society.

chloride9, obtained by fragmentation of the sulfoxigges ~ Scheme 12
eq9).
(eq 9) 1) RCHO n-SES
SES-NSO — | |
o CH,Cl, R
- /\/g\/\ SO Clp1.2eq. rt, 1-zh
/Sll Sll\ CHoCl, R- = Et-, i-Pr-
-78°C then r.t.
8 2) R'MgBr HN’SES
o 9 rt., 1h
| '
\Si/\/é‘CI * C\/\Si\/ roR
A [ R'- = Me-, vinyl-
. 65-67 %
. 2 Reprinted with permission from ref 62. Copyright 1990 American
67 % Chemical Society.
Treatment of an oxinfé with the sulfinyl chloride9 This method was not used further; however, it is a possible

affords a sulfinic ester intermediate. This product undergoes, strategy to obtain protected primary amines from the cor-
at room temperature, a homolytic cleavage followed by a responding aldehydes or ketones.

recombination which leads to the expected sulfonylimine

(Scheme 9). The reaction provides 2-(trimethylsilyl)ethane- 3.2.3. Nucleophilic Addition

sulfonylimines of diverse structures in good yields, even with

oximes formed from ketones. The highly electrophilic character of the SES imine allows

good reactivity toward many organometallic compounds. In
. 1990 Weinreb and co-workéfsused this property for the
3.2.2. Reduction first time. The SES imine, formed in situ, reacts with an
Weinreb and co-workers developed in 1988 the reductive excess of Grignard reagent to provide protected primary
sulfonamidatioPf-53 for the synthesis of two antibiotics, amines in moderate yields (Scheme 11).
Actinobolin and Bactobolin. Due to steric hindrance, the  Since the reactivity of this type of electrophile is high,
amine, resulting from the reductive amination of the corre- less reactive organometallics were tested to allow a larger
spondinga-keto lactone, was unable to undergo the expected variety of functionalities and control of the chirality. Tomioka
sulfonylation (Scheme 10). The reductive sulfonamidation and co-worker® added organozincs on several SES imines
directly provides the protected amine as a sulfonamide by in the presence of a catalytic amount of copper(ll) triflate
reducing the nonisolated sulfonylimine formed from the and a chiral amidophosphine to obtain chiral sulfonamides
o-keto lactone and SESNSO 7. in very good yields and enantiomeric excesses (Scheme 12).
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Scheme 12

EtoZn 2 eq.
.SE 2
N SES Cu(OTf)o/R*PPh, 8%
R)l PhMe
0°C, 1-2h

R- = Ph-, p-Cl-CgH,-, 2-furyl-

.SES
HN

R Et

98-99 %
ee =90-93 %
Ph
Ph
R*PPhy =

N
. PPh
t-Bu (0]
aReprinted with permission from ref 67. Copyright 2000 American

Chemical Society.

Scheme 18
N-SES 1) Cu(MeCN),BF,; 3% Hn-SES
| R*PSMe, 6%
2) Et,Zn 2 eq. Et
ol PhMe, 0°C, 1-2h ol
94 %
ee=80%

OO NHEt
i
OO NHPMe,

aReprinted with permission from ref 68. Copyright 2003 American
Chemical Society.

R*PSMe, =

Scheme 14
1) n-BuLi
Q NMe ) CITi(0i-Pr)s e S,NMG
RaASpy -78°C R~ “Ph |,
Ti(Oi-Pr),
R- = ¢-CgHy1-
w,SES
_SES
EtOZC) HN 9 NMe
CITi(Oi-Pr)3 EtO,C X" Ph
-78°C R
61% dr>98:2

aReprinted with permission from ref 59. Copyright 2002 American
Chemical Society.

The putative mechanism relies on in situ formation of a zinc
cuprate-phosphine complex and coordination of zinc or cop-
per with a sulfonyl oxygen, followed by a 1,4-addition-type

Chemical Reviews, 2006, Vol. 106, No. 6 2255

with a chiral binaphthylthiophosphoramid€u(l) catalyst
by Shi and co-workef8 with similar results (Scheme 13).

A recent example of addition of organometallic reagents
to SES imines was described in 2002 by Gais and co-
workers®® They used a chiral, sulfonimidoyl bis(allyl)-
titanium complex to form ary,d-unsaturated-aminoester
with high regio- and stereoselectivity (Scheme 14). In this
case, the stereogenic center was part of the organometallic
reagent.

However, regarding the synthesis of functionalized and
chiral products, the greatest progress was achieved in 1999
when Lectk& 70 developed the first catalytic and enantio-
selective alkylation oN,O-acetals, protected mainly by the
SES group, leading tg-oxo-a-amino acids (Scheme 15).
This reaction is particularly interesting as a method to obtain
various chirala-aminoesters from only one precursor, the
SES hydroxyglycinelO, which is easier to form and more
stable toward hydrolysis than the corresponding imine. The
imine intermediate is formed in situ through the trans-
silylation of the first equivalent of enol silyl ether on the
N,O-acetal, in the presence of a Lewis acid. Eventually, a
second equivalent of silyl enol ether is necessary to perform
the alkylation of the Cu(l) SES imine complex.

Finally, we can reference the addition of the masked
activated formate ROCH(CMYo a SES imine under high
pressure in the absence of a bageq 10).

N,SES

l CN 10 kbar
+
/©) NC)\OJ\O/\ CH4CN
MeO 1.2 eq.
(10)
_SES

HN

CNOTO\/
CN
MeO

80%

3.2.4. Cycloadditions

This type of reaction leads to heterocyclic compounds. The
first cycloadditio* on a SES imine was described by
Weinreb and co-workers in 198N-sulfonylimine was
trapped by a diene in a [4 2] cycloaddition to lead to the
imino Diels—Alder product (Scheme 16).

Another reaction, developed by Franck and co-workers,
in which the SES imine is part of the heterodiene, also uses
a [4+ 2] cycloaddition (Scheme 17). A SES iminothione is

alkylation. Recently, the same reaction has been performedformed in situ from the corresponding phthalimidothiosulfone

Scheme 15
OTMS
2eq.
o o SES. 4 p o SES\uy o
SES—NH, +
g0 H  CHCl Etozc)\OH L,CuCIO, 5-156% EtOZC)\/U\R
reflux CHuCly, r.1. or reflux
10 R- = Ph-, PhO-
93% 75-78%
. ee = 70-96%
9ot
R o oTMS
Cu =L,Cu R
CL " )
R
L,Cu-._,,-SES
SES. neeT
. NH L,CuCIO, : '\|‘
R'- = p-MeCgH,4- )\ Oﬁ)
EtO,C” “OTMS
OEt

aReprinted with permission from refs 69 and 70. Copyright 1999 Elsevier and 1999 American Chemical Society.
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Scheme 16
1) SES—NSO
BF5-Et,0O N’SES

RCHO — 2 -2—— ||
PhMe/CH,Cl, R

-30°C, 5min
R- = Et-, MeO,CH,CH,-

Q)I ]Q‘

- O°C 3h
56-58%
a Reprinted with permission from ref 61. Copyright 1989 Elsevier.

Scheme 17
O NHSES O NSES
pyridine
MeO CHoCly 1. MeO

SNPhth ' S

BnO BnO
Bnoﬁ BnO o

BnO = BnO

S

N-SES
COzMe)\<

85 %
a Reprinted with permission from refs 7Z4. Copyright 2003 Elsevier
and 1999, 2003 American Chemical Society.

Scheme 18
\|SES
.SES
== rxlj PPh; 0.1 eq. N _Ar
CO,Me r) benzene —
rt. CO,Me
Ar- = Ph-, p-Me-CsH4-, p'Cl'CGH4- 96-97 %
PPhsﬁ k PPh
ISES
_SE "N _Ar
B LN SES
A J
PhsP COZMG Ar COgMe
+PPhj

aReprinted with permission from ref 56. Copyright 1998 American
Chemical Society.

Ribiere et al.

carbons, which can then be used for the synthesis of
glycopeptides.

Lu and co-worker® developed the reaction of 2,3-
butadienoate with SES imines catalyzed by triphenylphos-
phine to provide 2,5-dihydropyrrole-3-carboxylates (Scheme
18) in excellent yields and high regioselectivities. Tri-
phenylphosphine reacts with the allene to form an allyl
carbanion, which is trapped by the SES imine in aH{2]
cycloaddition. Zhu and co-work€efsrecently adapted this
method to the diastereoselective synthesis of 5-alkyl-2-aryl-
2,5-dihydropyrrole-3-carboxylates starting frorsubstituted
allenoates (eq 11).

.SES

AN N PBu3 0.2 eq.
t-Buv- COEt + Ph)l benzene
r.t.
§ES
tBus NP (1)
CO,Et

100 %
cis/trans = 100/0

3.2.5. Electrocyclization Reactions

Recently, Parker and co-workétsleveloped straightfor-
ward access to the synthesis of dihydroquinolines (Scheme
19). The vinyl quinone mono- or di-SES imide, accessible
by oxidation of the corresponding aminophenol or phenylene-
diamine, undergoes a thermak-@lectrocyclization in the
presence of a polar aprotic additive. The vinyl quinone
monoimide substrate can also provide the protected indole
by photochemical cyclization.

3.2.6. Aziridination Reaction

Aziridines are an important class of organic compounds
since they can undergo nucleophilic ring-opening reactions
to provide products with a broad range of functionalities.
Early in 1996 Aggarwal and co-workéf$>778% investigated
the catalytic asymmetric synthesis of aziridines protected by
various groups, in particular the SES group.

Their strategy involves addition of a catalytic amount of
a chiral sulfur ylide to a sulfonylimine. The sulfur ylide is

imine and reacts on the double bond of various glycals with generated by nucleophilic attack of a chiral sulfide on a
a good yield and high regioselectivity. This original synthesis carbenoid formed from a diazo compound and a metal salt
provides carbohydrates functionalized at the C-1 and C-2 (Scheme 20). Use of an electron-withdrawing group on the

Scheme 19
CO,Me CO,Me CO,Me CO,Me
SES\N)\k SES\N |
Pb(OAc PhMe -~
CHCI3 rt.
XH XH
X =N-SES, O 100% X = N-SES : HMPA 5%, r.t. X =N-SES, 60%
X =0 : HMPA 2.5%, reflux dark X =0, 58%
X=0
SES CO,Me
N
PhMe, hv )
HMPA 2.5 %
OH

59 %

aReprinted with permission from ref 76. Copyright 2002 American Chemical Society.
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Scheme 20
SES + =
- R,S—CHR? ML,
j\ll 2 2 N,CHR?2
R! S
R,S = 0.
2 s2l
SES
N N 11
2
g7 e R,S M=CHR? 12
R' R? Sulfide Conditions Yield (%) ee (%) cis/trans Ref.
Ph Ph 11° CHyCly, rt. 47 95 1/3 >
(E)-PhCH=CH Ph 11° CH,Cly, r.t. 62 93 1/5 »
CeH1y Ph 11° CHxCly, rt. 72 89 11 >
Ph CON(Et), THT? THF, 60°C 91 — 12 54
Ph CO,Et THT® THF, 60°C 57 — 3/1 54
Ph TMS (2.5 eq.) — dioxane, 40°C 72 — 96/4 77.80

a1% Rh(OAC)s, 0.2 sulfide, 1.5 equiv of diazo compourtdl% Rh(OAC)s, 1 equiv of sulfide, 1.5 equiv of diazo compouridReprinted with permission
from refs 54, 55, 77, and 80. Copyright 2001 Royal Society of Chemistry and 1996, 2000, 2002 American Chemical Society.

Scheme 21
A~ _CHO H § 1) LIHMDS Li+N_
MegSi HN"Ts  dioxane . MesSi N""SN""Ts T THE MegSi " N Ts
-78°C, 1h
n-SES Pd,(dba)s-CHCly 15%
I oe7 SES PPh; 1.3 eq. SES
2) PTC 10% A CHN, Ph b7eq. N CO 1 atm Phe N. _O
di Measl X o
ioxane + Rhy(OAC)4 1% /Q,/\ ) benzene
40°C, 12h Tl sulfide 12 20% Ph SiMes 50°C, 12h X
82% 52%
cis/trans = 22/78 ee =93%

a Reprinted with permission from ref 79. Copyright 2001 Wiley VCH Verlag.

imine nitrogen, such as the SES group, disables the non-12 for example). This group developed a process using the
stereoselective direct reaction between the metallocarbeneSimmons-Smith carbenoit to generate sulfur ylides under
and the imine but also increases the rate of addition of the neutral conditions, compatible with aliphatic enolizable
sulfur ylide to the imine. The metal salt used is usually imines. Another process was developed using the Bamford
Rhy(OAc)s, but Cu(acag) can also be used with a slight  Stevens reaction to generate the diazo compounds in situ
decrease in both yield and enantiomeric excess. from the corresponding aldehydes, transformed to the cor-
Yields obtained by this method depend on the Substituents,responding tosy|hydrazoné%]’his process can be extended

although the enantiomeric excess is always good. Function-ts glkenyldiazomethanes, leading to the synthesis of un-
alized diazoreagerttsvere tested in the racemic version with  satyrated aziridines which are known to undergo ring

good results; however, diazoacetamide and diazoester requ"%xpansion under a variety of conditions to yied or

higher temperatures to react. Unlike the previous diazo s ctams (Scheme 21). Recently, Aggarwal and co-workers
compounds, diazoester gives predominantlydiseziridine used their asymmetric sulfur ylide-mediated aziridination

as the major product. The same diastereoselectivity is ; : ;
obtained with commercial and stable trimethylsilyl- g:;(cjif as a key step for the synthesis of the side chain of

diazomethané}& which reacts directly without any
need of a catalyst. Moreover, the forme&dsilylaziridine
can be coupled with an electrophile in the presence of a

fluoride source without any cleavage of the SES group  |amaty and co-workers described the use of SESl, 5

3.2.7. Aza—Baylis—Hillman Reaction

(eq 12). in the three-component az8aylis—Hillman reaction to
SES produce various unsaturatgeaminoester§? This reaction,
SES TBAT i which corresponds to coupling of theposition of methyl
N PhCHO 3 eq. N ; : . ; ;
—_— WOH acrylate with an activated imine catalyzed by a tertiary amine
PhASiMe3 THF, 40°C Ph/L\ (12 like DABCO, implies in situ formation of the sulfonylimine
Ph ! : -
. before coupling with methyl acrylate (Scheme 22). A similar
ar e s approach with a soluble polymer-supported sulfonamide,

using SES as a linker, is described in section 7. Recently,
Aggarwal and co-workers were attempting to (i) diversify Shi and co-workers described an asymmetric version of an
the source of carbene in order to find safer reaction aza-Baylis—Hillman reaction on preformed SES imines
conditions, compatible with various substrates and easy scaleusing a chiral tertiary amine derived from-)-quinidine®
up, and (ii) develop chiral sulfides more stable tHdr(like (Scheme 23) or a chiral phosph#fhéScheme 24).
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Scheme 22
CO,Me Ar
SESNH, + ACHO + |r 2¥® __ DABCO SES. | CO,Me Ar- = Ph-, 3,5-diMeO-CgHs-,
PrOH N 4-MeO,C-CgHy-, 3-F-CeHy,
70°C, 6-72h 2-Br-CoHy-, 3-Me-CoHy

60-90% 3,5-diMe-CyHar, 4-Cl-CoHy-,
2.1-CeHy-, 4-OpN-CeHy, 2-furyl-
RaN RaN ™S

N//J + f\orwe SES-\ OMe O >
SES °

+ +
RaN RsN e ne e

aReprinted with permission from ref 82 . Copyright 2004 American Chemical Society.

Scheme 23 Scheme 25
N,SES SES\NH 0 PhI(OAc), 1 eq.
| chiral base 10% SES—NH, M SES—N=IPh
CH5CN/DMF (1/1) 5 oo 13
-30°C, 24h 99%
71%
ee = 80% 3 SES
R + SES—N=IPh Cu(OTf), or CuOTf 10% I{l 5
=X —N= R
Rl R? 13 CH4CN, MS 4A R1A<R2
13eq. r.t., 24h
33-68%
Substrate Catalyst Yield (%)
Cu(OT 58
chiral base PR X CI(JOT?Z 68
a Reprinted with permission from ref 83. Copyright 2005 Wiley VCH
Verlag. PN Cu(OTf), 40
Cu(OTf), 37
/%/COQMS
Scheme 24 Ph CuOTf 39
SES SES
N~ “NH O X CO.Me
| chiral phosphine 10% R N2 Cu(OTf) 49
THE ﬁ/COZMe Cu(OTf), 52
al -30°C, 72h cl CuOTf 60
0 CO,Me
3% /ﬁ/ Cu(OTf), 47

CO,t-Bu
Y Cu(OTf), 48
OH Ph
PPh,
OO O Cu(OTf), 34

chiral phosphine Cu(OTH), 55

CuOTf 67
o Cu(OTH), 33

. . . CuOTf 43
3.3, (N—SES—ImIHO) Pheny“Odlnane or SESN - =IPh a Reprinted with permission from ref 85. Copyright 1999 American

Reagent Chemical Society.

3.3.1. Synthesis of SES Aziridines 13). This method was also used for the aziridination of
In 1999 Dodd and co-workéefsdeveloped a new imino-  steroids, such as 11-pregnene-3,20-dione, to develop the

iodinane reagent for the Evans copper-catalyzed aziridinationsynthesis of aziridinyl or amino steroids. The Dodd group

method (Scheme 25). This firsN{(alkylsulfonyl)-imino]- used this method for the synthesis of Enduracididine, a

phenyliodinanel3 is synthesized from SESNH, 5 and marine amino acid®8°

iodobenzene diacetate in a quantitative yield as a stable solid,

aReprinted with permission from ref 84. Copyright 2005 American
Chemical Society.

although water sensitive, which can be stored under argon SES Nigla%HH40 SES.

at —20 °C. This product is a nitrene precursor which reacts N —— Ph\/k (13)
with olefins in the presence of a copper catalyst to provide P CO,Me MeOH, 0°C COzMe

the corresponding aziridines. The reaction was performed 90%

on various olefins (terminal, electron rich, electron poor, or

cyclic) in moderate yields and in a stereospecific manner Lately, to avoid the difficulty of handling the imino-

since onlytrans-aziridines were isolated frotnans-olefins. iodinanel3, Dodd and co-workef& developed a “one-pot”
The SES aziridines are sufficiently activated to allow ring version of this reaction (Scheme 26). Compout8liwas

opening by nucleophil€%8”such as sodium borohydride (eq formed in situ from the easily accessible iodosylbenzene
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Scheme 26

o e
SES—-NH, + Phl=O SES—N=IPh /N\_R®
R! R2

H3

IPh —
- SES—N=Cu' R' R?
degradation

a Reprinted with permission from ref 90. Copyright 2001 American Chemical Society.

Scheme 27
R3

R!

+ SES—NH, + PhI=O

R? 1.3 eq. 1.3 eq.
SES
Cu(CH4CN),PF¢ 10% N
CH3CN, MS 3A A
rt., 20h R R
Substrate Yield (%) Substrate Yield (%)
CO,M CO.M
ﬁ/ 2ve 43 N ° 48
P 68 @ 46
pr Xy ~CO:Me 53 @ 63

aReprinted with permission from ref 90. Copyright 2001 American
Chemical Society.

(PhE=0) and SESNH, 5 (Scheme 27). Yields are very
close to those obtained with iminoiodinah® and, despite
the presence of PHO, which is a powerful oxygen donor,
the rate of epoxidation is very low (lower than 10% in the
absence of SESNH,). This method greatly simplifies the
copper-catalyzed aziridination of olefins.

The synthesis of chiral SES aziridines was also performed
by Komatsu and co-worke¥susing a chiral nitridomanga-
nese complex activated by silver salt and SE$3 (Scheme
28). Like for the sulfonyliminoiodinane process, this reaction
proceeds through a nitrogen-atom transfer. Although yields

Scheme 28
chiral complex
SES-Cl 1.2 eq.
R AgCIO,, pyridine 0.5 eq. SES
pyridine N-oxyde 1.2 eq. N ;
— R
2 CH,CI A"‘
P e 0°C, 9-24h P R?
kol
=N_ N=
Mn
at s
N
chiral complex
R! R? Yields (%)  ee (%)

H H 60 40
Me H 70 83
n-Pr H 50 85
i-Pr H 62 90
C-C6H11 H 62 93
H Me 37 24

a2 Reprinted with permission from ref 91. Copyright 2002 American
Chemical Society.

are comparable with those of the preceding process, the
diversity of substrate is lower and the reaction requires an
excess of olefin.

3.3.2. Synthesis of SES Sulfoximines

These are synthesizZ&d®under the conditions described
for the preparation of aziridines from the corresponding
sulfoxides in the presence of SESINPh 13 and a copper
catalyst (eq 14).

SES—N=IPh 1.1 eq.
CuPF¢ 0.05 eq.

CHLCN, 0°C-r.t,

O NSES

N
Ph/S\R
30-68%
R- = Me-, vinyl-, HOCH,CH,-, MeO,GCH,CH,-

1t
s

Ph"TTR (14)

3.4. Sulfonamidoglycosylation

Two reagents derived from SESIH, 5 were used to
introduce a protected nitrogen on a glycal double bond. They
both provide 2e-aminosugars in two steps. Their use
depends on the stereochemistry of the glycal substrate.

3.4.1. SES—NH,/I(sym-coll),CIO,

In 1992 Danishefsky’s method of iodosulfonamidation was
adaptef°>to introduce SESNH, on a glycal (Scheme 29).
The use of Isymcoll),ClO, leads to atrans-diaxial-1,2-
iodosulfonamide. Its rearrangement in the presence of a base
followed by nucleophilic substitution of this product provides
a 2-u-sulfamidyl-2-deoxy derivative with the nucleophile
attached to C-1 on thg-face.

This method was used for the total synthesis of amino-
saccharides such as the sialilewis X antiger?*°® the
selective Chitinase inhibitor Allosamidf§, an antibiotic
analogue of Moenomycine X;*® and a glycopepticé
carrying full H-type 2 human blood group specificity.

Petillo and co-worker&° described the epimerization at
the C-1 position oftrans-1,2-iodosulfonamides, depending
on the protecting groups of the starting glycal and the reaction
and purification conditions. Because the reaction with a
nucleophile proceeds via an aziridine intermediate (Scheme
30), thef-epimer is inert to any coupling conditions.

3.4.2. SES-NBr,

In the case of a glycal with am-face hindered by an ether
function at C-3, the use of SESNBr, 14 allows the
introduction in two steps of the protected amine at the C-2
position on theo-face (Scheme 31). SEMNBr, 14 is
synthesized by bromination of SESIH, 5 with a rather
low yield. Like its iodo analogue, this reagent provides a
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Scheme 29
SES-NH, 1.2 eq. R'O I _ 1
R'0 I(sym-coll) 0, 1.6 eq. R0 -0 Nu RO 0
RZO (o] 2 4 R30 RO
RPON_—= CH;Cl,, MS 4A base R% Nu
0°C, 30min NHSES NHSES
66-83%
2Fx‘o o
R20
Rag%B
+
SES—NH,
R R? R? Yield (%) Nucleophile/Base Conditions Yield (%) Ref.
TBDPS- sugar sugar 82 Bu3;SnOBn AgOTf, THF, -78°C 64 %
Bn- Bn- Bn- 78 azasugar/LTMP  AgOTf, THF, -78°C 49 %
Bn-  sugar Bn- 66 LiOH THF/H,0, 0°C-r.t. 95 o1
Bn-  sugar Bn- 83 EtSH/LiHMDS DMF 85 o8

aReprinted with permission from refs 95, 96, 97, and 98. Copyright 1997 Elsevier, 2001 Wiley VCH Verlag, and 1995, 1996 American Chemical
Society.

Scheme 38

R'O | 282 o] R'0
R?0 -Q base R O;% Nu™ R20 o}
R3O — R°O
Nu

R0
+NH
) NHSES
NHSES SES
. - R? u
epimerization R209@&/ L no coupling
R3O NHSES
R’ S

t-Bu- H Ac-
Ac- sugar  Ac-
Bn- sugar Bn-
a Reprinted with permission from ref 100. Copyright 2001 American Chemical Society.

Scheme 3%
Bry 2 eq.
SES-NH, —————— SES—NBr,
NaOH ag.
14
35%
R'O 1)14 1.1 eq. R'O Br R'O
R20 o} CH,Cl, 0°C R20 -Q Nu~ R20 0
= 2) NHyl 1.4 eq base Nu
R0 EtOH, r.t. R30 NHSES Rio  NHSES
46 % (2 substrates)
R! R? R’ Nucleophile/Base Conditions Yield (%)  Ref.
PhCH Bn-  azasuga/KHMDS  DMEF, -40°C-r.t. 80 %
Bn- Sugar  SEM- glyca/KHMDS DMEF, -40°C-r.t. 63 %

aReprinted with permission from ref 96. Copyright 1996 American Chemical Society.
trans-diaxial 1,2-bromosulfonamide that undergoes re- 3.6. SESN;
arrangement during glycosylation of the nucleophile.
For the first time Reggelin and co-workétsrecently

3.5. Di-SES-Sulfodiimide described the use of SESsNjenerated in situ from SES-CI
Dimerization of SES NSO 7 affords the corresponding 3 and NaN. This reagent acts as a nitrene precursor in Bach’s

sulfodiimide 15. During the total synthesis of Agelastatin imination reaction to provide a SES-protected monosulfox-

by Weinreb and co-worker8119? this reagent undergoes imine (eq 15).

a Sharpless/Kresze ene reaction to afford the allylic amin-

ation product with very good regio- and stereoselectivity

(Scheme 32). Recently, Hale and co-work&&¥4described o o SEsl':ZI(’;|':aN3 Q 9
the enantiospecific synthesis of -Agelastatin A from a pTol S Sy 10 CHiCN, rt. p-Tol“ls\/S‘p-Tol (13)
SES-protected known aziridine via ring-closing metathesis SESN

(RCM). 66%
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Scheme 32 Table 2. Acidity of Several Ammonia Derivative$
SES-NSO ) PYidne(eal) - qpo N-s=N-SES PKa (DMSO)
7 2) evaporation 15 NH; 4.1
PhCQNH; 234
o FsCCONH; 17.2
SESN H O PhSQONH; 16.1
/\ PhMe s‘\ MeSQNH; 17.5
’\ BOC 950,? @/ ‘B a Reprinted with permission from ref 109. Copyright 1988 American
o .
SES” 24 SES Chemical Society.
H 0-°
!, o) i
1% 1) NaBH, H, O~ 4.1. N-Alkylations
= Boc MeOH, 0°C NH . 110 111
_— { H BT e o Except for the synthesis of an)-porphyrine}!®iiinear
S,N‘SES CH,Cl, i H triamines!'? and cyclic triamines using SESNH,,!3 the
\HSES “SES reactions involve primary amines protected by the SES group.
86 % (3 steps) The alkylation is efficient in its intermolecuf&r'346 and
aReprinted with permission from ref 101. Copyright 1999 American Intramolecular versions. The intermolecular alkylation was
Chemical Society. used in the synthesis of natural polyamilggq 17) or in

the synthesis of cyclic amino acids by ring-closing metath-
esis (a similar approach to these cyclic amino acids
anchored on a polymer-supported SES group is described

sulfonamides using thio acid and azide. They adapted th|sm section 7). This reaction has also been used in the s
ynthesis

methoq to SES-Nin order to promote thév- aIkyIaan_ of of pyrrolines starting from unsaturatef-aminoestef®

an amide precursor for the synthesis of Epoxomicin. The (Scheme 34).

reaction proceeds via a thiatriazoline intermediate formed
by a [2+ 3] cycloaddition or a stepwise diazo transfer-like B B
mechanism. This intermediate then decomposes stepwise or BocHN/\/\/N ses T OO

The Williams°® group described the synthesis facyl

by a retro-[2+ 3] reaction to yield the amide (Scheme 33). K,COs 3 eq. SES (17)
Recently, Chang and co-workétsdescribed a copper- T oHON 8 HN,\/\/KJ\/\/Br
catalyzed multicomponent reaction in which sulfonyl azides reflux, 24h o

react with a wide range of alkynes and water to give amides. 80%

SES-N reacts efficiently with phenylacetylene in this process

to give the desired amide in an excellent yield (eq 16). The intramolecular reaction was used in the total synthe-

sis of the pentacyclic structure of Manzamine®’A15116
aziridines!'” (Scheme 35) and analogues of biological

Cul 0.1 eq. . . X .
— . sEsn ho EtN 1.2 e%, moleculesi? During the synthesis of the marine alkaloid
Ph—= = s * 2 CHCls Manzamine At>1%a 15-membered macrocycle was formed
rt., 12h in a good yield using the usual alkylation conditions (eq 18).

1.2eq. 2.5eq. (16)

H
Ph/\n/ N-ses
0

97%

Cs,CO3 2 eq.
DMF, 50°C

\’NSE OMe

4. SES as an Activating Group (18)

The acidity of the sulfonamide proton (Table 2) allows
one to carry out alkylation reactions under mild conditions
or Mitsunobu reaction®:1%®While the acidity has not been
measured with SESNH,, it can be considered to be similar
to the acidity of MeSGNH,.1%°

Scheme 38

0 o
A
. SESN ,
BocHN "f‘\SH 3 BocHN “ﬁLNHSES + Ny + S
w0 NG)

Bn Bn

|

o) S __sN
BocHN, _ BocHN, _ BockN, O N
A - Ao "N
w0Bn " 0Bn OBnS ES

a Reprinted with permission from ref 106. Copyright 2004 American Chemical Society.
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Scheme 34
Ar
Ar Ar
B SES COMe  Grubbs Il 5 mol%
SES\N COzMe ————————— SES- CO,Me
KoCO3 CH,Cl, N
H /
rt., 14h | rt., 12h
90-98%
quant.
Ar- = Ph-, 3,5-diMeO-CgHg-,
4-MeO,C-CgHy-, 3-F-CgHy-, O
2-Br-CgHg-, 3-Me-CgHy-, 0
3,5-diMe-CgHg-, 4-Cl-CgHy-, >
2--CgHy- o
a Reprinted with permission from ref 82. Copyright 2004 American Chemical Society.
Scheme 35
chiral complex 2 mol%
o H,0 0.55 eq OH Boc
Cl
NN H CI\/\/N “SES
N 0.3eq 8
SES” 'Boc N N—
Co_
t-Bu o'| o t-Bu
1) TFA, CH,Cl, OMs |, NaH SES OAc
B < —_— N
2) Ms;0, pyridine C|\/\/N\SES THF CI\/<| t-B.U t-Bu
DMAP, CH.Cl, chiral complex
91%, ee = 99.2%
aReprinted with permission from ref 117. Copyright 2004 Wiley VCH Verlag.
Scheme 36 Scheme 3%
MOMO. MOMO. COut-Bu CO.t-Bu
PCC
MOMO __AcONa ~ mMOMO Mol 1.1
T ChCL HN.__N e t-1ea H,N+\ N
1h, rt. \ﬂ/ MeOH _ Y
SES\NH SES\NH S 70°C, 1h r_s
MOMO NHSES NHSES
CSA MOMO™ " CO,t-Bu
CHCly
50°C, 3h o, SES DIEA 10 eq. H\
a i i issi i CH,Cl, N
Reprinted with permission from refs 43 and 45. Copyright 1998 ofius: 29h Y
Elsevier. o SES

81% (2 steps)

ili it a Reprinted with permission from refs 40 and 41. Copyright 1994 The
4.2. NUC|eOph|“C Additions Japan Institute of Heterocyclic Chemistry and 1995 Elsevier.

During the synthesis of Manzamine A, Yamamura and cO- gcheme 38
workerg?45>used a dehydration in acidic medium to form a oTs SePh

cyclic ene-sulfonamide (Scheme 36). (Ehga)g
In the synthesis of Manzamine & during Boc deprotec- 5\/\/ =
HN

T . : EtOH
tion in the presence of a Lewis acid, a spontaneous H\ rt., 2h HN
cyclization occurred due to the attack of the sulfonamide on ~ SES SES
the epoxide of the sulfonamide (eq 19). — CO,Bn SePh
NMM
H
o S
MgCl, SES
AcO ° CH4CN S on (19 86% (2 steps)
\ reflu)?, 20h AcO \’N_\ aReprinted with permission from ref 50. Copyright 2000 American
ses N Boc SES Chemical Society.
During the synthesis of an analogue of Ptilomycalin A, 4.3. Mitsunobu Reactions
Hart and co-workef84! prepared a bicyclic guanidine by In the case of SES-protected primary amines, few ex-
formation of a thioimidate which was then attacked by the 4y pjes of the Mitsunobu reaction have been described. An
SES sulfonamide in basic medium (Scheme 37). intramolecular reaction was described to provide a perhydro-

Lee and co-workeP8 carried out a Michael addition of a  1,4-diazepin-2-or#&2%(eq 20) which is a putative mimic of
SES-protected primary amine on benzyl propiolate to form a peptidey-turn with an ethylene link.
a fg-aminoacrylate that was used for the synthesis-of ( A similar cyclization has been performed in the presence
Indolizidin 223AB (Scheme 38). of palladium and titanium catalyséyeq 21).
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—~  PPhz2eq. Scheme 46
BOCHN/\o{Hj’\L DEAD 2 e, BOCHN/\N{\N_ Y
o) - ES. SES,
HN—, THF SES ?/Qo (20) #\g NH Q <

;o N
2 ° 1. 2 H
SES 0°C then r.t J it o Me0,CCI d U 5
50% E \~—Cl
—Cl Et;N -
Pd(OAc), 0.1 eq 4-pyrrolidinopyridine

M PPh; 0.4 eq. \(j 1 o OCO,Me

OH HN. Ti(OiPr), 0.25 eq. N 91%
SES PhMe, MS 4A SES
110°C, 24h 62% (Cl5C0O).CO (o}
o LOH EtaN L >=O
i i ; CH,Cl, Bno,c”~ N
An intermolecular Mitsunobu reaction was used by Ohno BnO,C™ "NHSES 14h.0°C SES
and co-workerd8in the synthesis of 1,4-oxazepine (Scheme 05%
39)' a Reprinted with permission from refs 120 and 121. Copyright 1994
Elsevier and 1998 American Chemical Society.
Scheme 39
1) Ly ~_-OTBS Bno A used for the synthesis of thert-butyl-[2-(trimethylsilyl)-
B"Y\ B *;Shs DEAD, THF Y\‘ﬁ.\sr ethanesulfonyljcarbamate ir(Boc)—SES sulfonamid® (eq
- Br s ’ N
3 o SES” H 23).
ses-NH Y 2) 1% HCI/EtOH \L
OH O o, 1VLDAZ2eq.
% ] THF, -78°C
papeny T reeoy
3/4 Bn 0 2
NaOMe B OMe
MeOH SEsfm\ Q\'/o
rt.2h — 0.0 ~s; S.\-Boc (23)
78% \Si/\/S‘N’Boc + A H
aReprinted with permission from ref 118. Copyright 2004 American 71 H ~Si—
Chemical Society. \
64% 12%
4.4. Acylation Reactions Limits of the SES protection arose during the reaction

between phenyl(propynyl)iodonium triflate and the anion

. _ . .
Weinreb and co-worket¥' described the acylation of a 1\ b ddition ofi-butyllithium on sulfonamide (eq

SES-protected amine during the total synthesis of Agelastatin

(eq 22) 24) providing dihydropyrrolé??
o Ry P Ph
H O DMAP 0.1 eq. H n-BuLi 1 eq. _
O:ff + TMsﬂ\(o EtsN 5eqe-q * THF A= (24)
"’H Boc H o THfh —  IPhOTI -78°C then r.t.
< r.t., — 0,
HN-sEs 2.5 eq. RIsEs 0%
o)
H, O\( (2 To circumvent this problem, a tosyl protection can be used
“NBoe and then replaced by the SES gr&§j§Scheme 41) provided
. H that its deprotection is compatible with the existing functional
IH”‘SES groups.
™MSTENT However, at low temperature, LDA can be used to form,
100% for example, the enolate d-SES-Ala—OBn'?* (Scheme
° 42).

Other examples of acylations are related to carbamate
formation such asl-(Boc)—SES sulfonamidé!® which was
formed under mild conditions (Be®, DMAP, EgN). : . "
Surprisingly, theN-(Z)-SES sulfonamid® is obtained under 6.1. Fluoride Source/Deprotection Conditions
more drastic conditions (benzyl chloroformate in the presence Various conditions have been developed to deprotect the
of MeLi followed by NaH). Cyclic carbamates were also SES group. Nevertheless, two sources of fluoride are mainly
synthesized frorfi-aminohydroxides under roughly the same used: cesium fluoride (CsF) in DMF and tetrabutylammo-
conditions as those fa¥-(Boc)—SES sulfonamide (Scheme nium fluoride (TBAF) in THF.

6. Deprotection of the SES Group

40) and used in the total syntheses of Bactob#éfifie->%and Other reagents are hydrofluoric acid, used during the final

Luzopepting'?! deprotection of depsipeptides by the group of Bag&r!2>127
and tris(dimethylamino)sulfonium difluorotrimethylsilicate

5. Limitations of SES Protection ((MezN)3STMesSiF,~, TASF), used during the deprotection

of aziridines?>9* TBAT (n-BusN*tPhSiF, "), less hygroscopic
Whereas the tosylamide group (Ts) is inert against strong than TASF, did not allow deprotection of the SES grGup
bases, the-protons of 2-(trimethylsilyl)ethanesulfonamide (eq 12). Depending on the reagent and the reaction temper-
are sufficiently acidic to be abstracted butyllithium or ature, deprotection of the SES group can take from 15 min
LDA. This feature, problematic in some reactions, can be at room temperatufé to 3 days at 90°C.%" Finally, the
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Scheme 41
n-BulLi 2 eq. (o]
Ho/\rCOZMe CgH{7Mgl 4 eq. HO/\HJ\ CH l>/n'CgH19
NHTs THF/EL,0 et TsN
NHTs
SES-CI
S n-CgHyg  Na/naphtalene |>/n-CQH19 DMAP, EtsN |>/f7‘CgH19
TsN THF,-78°C  HN CH,Cl,, 0°C  SESN

56% (2 steps)
a Reprinted with permission from ref 123. Copyright 2001 Georg Thieme Verlag.

Scheme 42 6.4. Problems Occurring during the Deprotection
e L ibrzseq ses\N/g/OB" 6.4.1. Dehydrodesulfination/Aromatization

N° COBn 1HF, 78°C Lo Some SES-protected amines, having a SES-amino acid
Sn#* included in a cyclic structure, undergo a secondary reaction
@ during the deprotection step (Scheme 44). In 1996 Bartlett

PHCHO 126 OH and co-workers reported the first imine resulting from a

_oieeq 02BN deprotonation by fluoride ion followed by elimination of the
THF, -78°C mHSES SES group. In this case, Bartlett and co-workers were able

to recycle this side product by sodium borohydride reduction
to regenerate the chiral center with the same stereochemistry.
In the three other cases of this type of side reaction the
cycle was already unsaturated and the reaction was followed
by an aromatization step. In the first examfflaromatization
is directly obtained by elimination of the SES group, which
can be performed with a weak base as well (eq 25). In the
second cas#®;2aromatization involves isomerization of the
. imine intermediate into a pyrrole (Scheme 45). Better yields
6.2. Orthogonality were obtained using a base. The reaction was also carried
out on the same substrate with a Ts protecting group to
generate the same product, but in this case the use of NaOMe
did not allow elimination of the protecting group. Finally,
. S . . didehydro derivatives of the pipecolic acid supported on a
pentamine having five different protecting groups (Boc, allyl, 5oy e polymer using a SES linker provided the correspond-

TcBoc, azide, SES) is selectively deprotected (TFA, jhg nyridines after the dehydrodesulfination/aromatization
PA(PPB)/NDBMA, Zna/ACOH, PPR/H;0, CSF/DMF,  sequence (Scheme 46},

respectively) (Scheme 43). The SES protecting group is also

(+)-anti
88% ds=99%

a Reprinted with permission from ref 124. Copyright 1998 Wiley VCH
Verlag.

Decicco group describes the concomitant cleavage of a Boc
and a SES group on the same amine in reflg»érN HCI 46

The orthogonality of the SES protecting group has been
illustrated for the synthesis of Homocaldopentamine and
Thermopentamine by Hesse and co-worké&t&?8when a

orthogonal to the Z group. CO,Me CO,Me
SES. 2
N N
Scheme 48 I TBAF or K,CO4 I
| DMF, r.t. (25)
ISES TcBoc
N N~ N ~_Ns NHSES NHSES
BOCHNWm \M:\/ quantitative
m =1, n=1:Homocaldopentamine
m =0, n =2 : Thermopentamine

It is worth noting that this reaction can also be applied

a Reprinted with permission from ref 128. Copyright 1998 Wiley VCH  tg tosyl derivatives. The resulting byproduct from
Verlag. this dehydrodesulfination reaction is the-toluene-

sulfinic acid, the structure of which was confirmed by

6.3. Nonorthogonality its conversion into the corresponding benzylic sulféne

] N . (Scheme 47).
The SES deprotection conditions also cleave silyl ethers

such as a TBDPS-protected alcohol in the total synthesis of 6.4.2. Primary Amine

an oligosaccharide by Danishefsky and co-workerBhis Several publications report on differences of reactivity
protecting group is also eliminated in the presence of fluoride during the deprotection step between a SES-protected
ions without cleaving the SES grod!*>The Fmoc group  primary amine and the same acylated molecule. Ward and
must be classified among the SES nonorthogonal protectingco-workeras? synthesized a SESaminoketone which was
groups: Ueki and co-workef®13°showed that the Fmoc  ysed as a model compound in the total synthesis of
group can be cleaved by TBAF under mild conditions. Boger Actinobolin (Scheme 48). Deprotection of tNeacyl deriva-

and co-worker®~33 adapted this method to remove the Fmoc tive is quickly performed under very mild conditions,
group in the synthesis of Ramoplanin (TBAF 8 eqii?rOH whereas the monoprotected compound needs harsher condi-
10 equiv, DMF, room temperature, 1 h, sonication), which tions to remove the SES group. The same difference in the
leaves no doubt about the Fmoc instability under the more deprotection occurred during the synthesis of Agelastatin
drastic conditions used for the SES group. A0t
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Scheme 44
("
R
°H R,
iy
Ri~
N*Jco,Me 1 N/)\COEMe
SES

SES NOx Ox
N TBAF /L\ /L\
o
. N ) 4+ Cl.

© CeH4OBN CGH4OBn CGH4OBn
Ph Ph 80% (2 steps)
NOx- = }i/'\??
o ‘ 2) NaBH,
MeOH

a Reprinted with permission from ref 12. Copyright 1996 American Chemical Society.

Scheme 45 Scheme 47
MeO,C MeO,C MeO,C
e e S Meozcb ) ) —)-
— L + SO,H
ANy l\_) Ar » Ph™ N THF, r.t. Ph™N 2
) Ar N N | )
P H Ts H
71% KoCOyq
TBAF,THF  P-=SES- or Ts- 49-71% BnCl
rt,24-3h  Ar- = Ph-, 4-Me-CgHy-, 4-Cl-CgHs- o DMF
NaOMe P-=Ts- Ar-=Ph- no reaction
+BuOK, DMF  P- = SES- . —@SO Bn
rt, 2h Ar- = Ph-, 3-Me-CgHy-, 3,5-diMe-CgHg-,  0-88% z
3,5-diMeO-CeHg-, 4-MeO,C-CeHy-, aReprinted with permission from ref 56. Copyright 1998 American
3-F-CgHy-, 2-Br-CgHg- 4-Cl-CgHy-, Chemical Society
2--CgH,- :
O Scheme 48
0 S.\-CO:Me - CO2Me
> TBAF
o —— ~ Ph
o s THF
r.t., 15min

2 Reprinted with permission from refs 56 and 82. Copyright 1998 and

2004 American Chemical Society. 90%

Scheme 46 SES<\H . NH,
Ph
R CsF PhVKf( %’ \)Y
\(1 or TBAF R\(j\ o b o
N~ “CO,Me or TASF Z o,
PEG—SES 2 DMF or THF N "COMe 80%
R- = H-, -CO,Me CsF r
R~ DMF, 95°C
Q a2 Reprinted with permission from ref 132. Copyright 1996 American
COMe Chemical Society.
a Reprinted with permission from ref 131. Copyright 2002 Wiley VCH
Verlag. Scheme 49
SES R
. . . . “NH CsF “NH
Acylation of the SES-amine can even take place in situ Pho_~ o Ph\/?\
during the deprotection step as described by Boger and co- COMe COzMe
workers?! (Scheme 49). Instead of trapping the deprotected Bog,0 T (O () R Yield (%)
amine, BogO first acylates the SESamine and activates — %5 12 T 20
its deprotection. 10 eq 50 6 Boc 96
“ " . . a2 Reprinted with permission from ref 11. Copyright 1996 American
6.5. “One-Pot” Deprotection and Electrophile Chemical Society. g
Addition

preparation of a Manzamine A model and intermediate

During the SES deprotection the formed amide can attack compounds. In this synthesis the amide generated from
an electrophile in solution, leading to the corresponding the SES deprotection attacks the cyclohexadienone to
substituted product. This strategy was developed by Hart andproduce the corresponding perhydroindole with a dia-
co-workerg>116 through an intramolecular process for the stereoselectivity depending on the size of the cycle containing
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Scheme 58

CsF HN’SES

CH4CN 1 2

65°C R™ R

SES.-SES 62-91%
Npe
R R CsF 3 3
R3X FLN,SES CsF R\NH
-_—

CH4CN N DMF ai g2
65°C 95°C

65-95%

Bis-SES-protected ~ Monodeprotection Monodeprotection/N-alkylation Deprotection

amine Yield (%) R3X Yield (%)  Yield (%)
ph~ -~ NSES; 73 BnBr 95 —
Ph” NSES, 71 — — —
NSES,
83 — — —
|
N-"NSES,
64 BnBr 75 75
|
NSES,
91 — — —
Ph
p-MeO-CgH” NSES, — Allyl bromide 93 —
aReprinted with permission from ref 51. Copyright 2003 American Chemical Society.
Scheme 51
1) t-BuLi, Et,0 |
HOOBr 2)Cl HOOSH_\\
AT 75% 0% peso &
’ THF T\
MsClI, NOcts
PEGOH ——— > PEGOMs 93%
CHCl» o
98%
N32803
NehS%s Go—( >—s| Pels PEGO—( >—s|
PE i i
H;0, air [~ sONa  CH,Cl, [~ so.l
90% PEG—SES-CI

99%
PEGOH = HO-(CH,CH,0),-H with an average MW = 3400

a Reprinted with permission from ref 131. Copyright 2002 Wiley VCH Verlag.

the initially protected amine (eq 26).

monodeprotectioM-alkylation can directly provide the
mono-SES secondary amine derivative (Scheme 50).

o
AcQO
CsF 3eq. i i
sEs SDMFeq 7. SES Protection on Polymeric Support
N 75°C, 20h SES protecting groups supported on a soluble poly-

77% not observed

(ethylene glycol) polymer have been develop&d33Syn-
thesis of the PEG-supported SES group has been approached
on the basis of the solution chemistry developed by Weinreb.
Two types of SES linkers were developed.

In the first one, a phenyl ring was selected to connect the
oxygen of the polymer to the silicon atéfh(Scheme 51).
This supported PEGSES linker was used in the synthesis
of several cyclic amino acids by ring-closing metathesis

An intermolecular version was described by Weinreb and (RCM) of various supporteN-alkylated allylglycines (Scheme
co-worker8! with a bis-SES-protected amine. The one-pot 52). The synthesis started by anchoring thallylglycine
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PEG—SES-CI + 5\

Scheme 52

Chemical Reviews, 2006, Vol. 106, No. 6 2267

THF, r.t. 5\
PEG—SES.

H,N” >CcOo,Me N COMe
90%
Rf I
{ Br Rf f Grubbs | or Il 10 mol% R\(j\
KoCO3, DMF { N”CO,Me CH,Cl, { N coMe
rt. 12h PEG—SES rt, 16h PEG—SES
88-94% 83-96%
n=1,20r3
R- = H-, H,C=CH,-, Me-, -CO,Me
a Reprinted with permission from ref 131. Copyright 2002 Wiley VCH Verlag.
Scheme 53 Deprotection of the PEGSES was first performed on a
CsF 10 eq. supported pyrroline, and the resulting cleaved product gave
PEG_SES_NQ Boc,0 30 eq. BOC_N@ a good yield under the trgditional deproteption cor]dition_s
DMF (Scheme 53). When the didehydro derivatives of pipecolic
110°C, 12h S0 acid were submitted to the same cleavage conditions, only a
° small quantity of the expected products was obtained. Only
R~ - R~ the corresponding pyridines were obtained despite the use
\(\/L\H By — | of fluoride (CsF, TBAF, TASF). This phenomenon is related
N™ "COMe N™ "COMe to the mechanism of dehydrodesulfination/aromatization
PEG-SES described in section 6.4. Even the deprotection of seven- and
R R eight-membered cyclic aminoesters, yet not susceptible to
\(\/L‘H HCI 6N \(\/L aromatization, provided only complicated mixtures from
N~ CO,Me 12h, reflux N~ COH which no major compounds could be isolated. The supported
PEG-SES H Hor aminoesters were thus cleaved by hydrolysis in refluxing 6

56-64%
a Reprinted with permission from ref 131. Copyright 2002 Wiley VCH
Verlag.

methyl ester to PEGSES-CI to provide the corresponding

N HCI to yield the corresponding fully deprotected amino
acids.

However, the main drawback of this supported SES
protection is its sensitivity to acidic medium. Indeed, some
phenyt-silicon-type linker&+13have already been described

supported sulfonamide. This compound was then substitutedfor the supported synthesis of arylic compounds, and the

with various alkylating agents and subjected to RCM to
obtain substituted cyclic amino acids of various ring sizes.

Scheme 534
HoV\/;Si/\ MsClI, EtaN MSO\/\/\/Si/\
| CH.Cl,
95%
'Irs
PEG/NH
N82303
NaHSO; Ts ©
N ) Na
H,0, air PEG \/\/\/Sl/\/ ’

95%

aryl—silicon bond is cleaved in acidic medium at the end of
the synthesis.

Cs,CO4 ES
CHACN PEG” \/\/\/sll/\
92%
1) PCl5 CH,Cl, Ts
2) NHyg, CH,Cly PEG’N\/\/\/rTi/\/SOZ"‘H2
PEG—SES—NH,

88%

a Reprinted with permission from ref 133. Copyright 2004 American Chemical Society.

Scheme 55
R
CO,Me
PEG-SES—NH, + RCHO + [ 2 DABCO PEG-SES. A _COMe R-=Ph-, 4MeO,C-Cety-,
solvent free H 3,5-diMeO-CgH3-, 2-furyl-,
70°C, 3-12h 4-0,N-CgHy-, 4-Me-CgH,-,

R
M pEG-sEs. COMe CsF
Rh(PPh3)CI N Ac,0

86-92%

77-96%

R
Ac\N)\(COQMe
H

25-34%

2-AllO-CgHy-, 3-pyridyl-,
4-C|-C6H4-, 3-Me'CGH4-,
3-HO-CgHg-, 2-thienyl-,
2-1-CgHy-, i-Bu-

a Reprinted with permission from ref 133. Copyright 2004 American Chemical Society.
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Another PEG-supported SES-type linker has been syn- 10, References
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