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I. Introduction

Sulfenamides are compounds containing trivalent
nitrogen bonded to divalent sulfur. They are derived
formally from sulfenic acids, RSOH, just as sulfin-
amides are derived from sulfinic acids, RSO,H, and
sulfonamides are derived from sulfonic acids, RSO;H.
They have been of interest to the chemical community
over the years because of their industrial applications,
their utility as synthetic reagents, and their interesting
stereochemical properties.

Sulfenamides and their derivatives exist in a variety
of structures. The nomenclature for these compounds
is not thoroughly systematized. Compounds of type 1-3

R RR/C=N
Ejfs\)l ~gR?

4 5

1 2
RR'NSRY  R(R'SINSR (_\/N—--sn2
1 2 s

are referred to in Chemical Abstracts as sulfenamides.
These compounds have also been termed thio-
hydroxylamines, although this nomenclature is less
common. In sulfenamides of type 1, R and R? can be
H, alkyl, aryl, acyl, or X, where X is a heteroatom, and
R2 can be alkyl, aryl, acyl, or X. Cyclic sulfenamides
3, where nitrogen is part of an aliphatic or aromatic ring,
are also known. Sulfenamides in which R? is a halide
are classified as sulfenyl halides. Sulfenamides of type
1 in which R? is OR or NR,; can be considered as S-
amino derivatives of sulfenate esters and sulfenamides,
respectively. Sulfenamides in which R? is NR,, SNR,,
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or SSNR, have been termed bisamine sulfides, bisamine
disulfides, and bisamine trisulfides, respectively.

Compounds of type 2 are called disulfenamides,
bis(arylsulfen)imides, N,N-disulfenylamines, and oc-
casionally N-(alkyl- or arylthio)sulfenamides. In this
review the term disulfenylamines will be used.

A number of sulfenamides are known as derivatives
of other classes of compounds. In compounds 1, where
R and R! are both acyl as well as 3 where the ring bears
two acyl groups attached to nitrogen, the compounds
are N-(alkylthio)imides or N-(arylthio)imides. Thus the
sulfenamides of phthalimide and succinimide are N-
thiophthalimides and N-thiosuccinimides. Cyclic sul-
fenamides of type 4 are correctly named as benziso-
thiazole derivatives.

Finally, compounds of type 5 are most commonly
referred to as sulfenimines. They can also be considered
N-alkylidenesulfenamides. They have incorrectly been
referred to as thiooximes. A more accurate term for the
known compounds of this type would be thiooxime
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Figure 1. Axial chirality in sulfenamides.

ethers. The parent thiooximes (R? = H) are not very
stable and are seldom isolated. In this review, the term
sulfenylimine will be used.

The literature contains a number of reviews on sul-
fenic acid chemistry, the synthesis and reactions of
sulfenamide derivatives,!™ the stereochemistry,’® and
the industrial applications'®!! of sulfenamides. This
review focuses on the properties, synthesis, and reac-
tions of sulfenamides and sulfenylimines and on their
industrial applications. The literature from 1978
through 1986 is emphasized, although some overlap
with previous reviews is essential for completeness.

I1. Properties of Sulfenamides

A. Stereochemistry of Sulfenamides

Stereochemical interest in sulfenamides arises from
the fact that the S-N bond is a chiral axis (Figure 1).
The work of Raban and co-workers has established that
a significant barrier to torsion around the S-N bond in
sulfenamides can exist.!? Sulfenamides with chiral and
prochiral substituents on nitrogen give rise respectively
to diastereomeric and diastereotopic groups whose
NMR resonances allow the determination of S-N tor-
sional barriers by dynamic NMR techniques. The
highest barriers to date are found for sulfenamides with
the 2,4-dinitrophenyl substituent on sulfur and large
substituents on nitrogen.!>'> Recent comprehensive
reviews of sulfenamide stereochemistry have been
published by Raban®® and Yamamoto.’

Raban and co-workers have recently reported sub-
stantial S-N torsional barriers (18.8-19.6 kcal/mol) in
the 2,4-dinitrobenzenesulfenamides of 2-substituted
benzimidazoles (6).1%'7 These high barriers are attrib-
uted in part to steric hindrance in the transition state
by the peri hydrogen and minimization of steric hin-
drance in the ground state.

R b
Yr
N
|
s
R=H, Cl
R! « E1, CH,Ph, CH,CI,
CH(CH,)Ph
03N NO;

6

Atkinson'® has reported S-N torsional barriers of 14.6
and 16.8 kcal/mol for compounds 7 and 8. However,
in sulfenamide 9, the high torsional barrier (26.1
kcal/mol) is attributed to restricted rotation around the
N-N bond, which is in this case a chiral axis.!®1?

Qo

§ (8]
| R}

N
H;C‘(‘H—(I'H’ \-:;O(‘l
~ CHy
H;C=CH—CH™ "“s-@w‘
L}

CHy :
o
7 R'=NO, RPaR'sH
8 R'=R*=NO, R'aH
The N-Se torsional barriers in selenamides 10 are
found to be 0.4-1.5 kcal/mol lower than the N-S bar-
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riers in identically substituted sulfenamides.?® This
difference is attributed to the longer N—Se bond, which
lessens steric hindrance in the transition state as well
as the overlap of the lone electron pairs on nitrogen and
selenium.
RJ
7/
. N—3Se

R! \‘\
R2 10

B. Mass Spectra of Suifenamides

The mass spectral fragmentation of a number of
sulfenamides has been examined. Field and Heimer
found that the predominant EI fragmentations for
sulfenamides R!S-NR?R? were C—S and N-S cleavage,
with or without hydrogen rearrangement, depending on
the nature of the substituents R!, R? and R%?' Harpp
found that S-N cleavage dominates the fragmentation
in sulfenamides 11.> Raban also found the S-N
cleavage to be dominant in sulfenamides 12-14, with
the formation of stable nitrogen-containing cations
being common.?

/N /\ &\

/
X Nemm § =N X N—S—N
_/ / ’ |
PhCH, CHaPh
11 X=CHy, O 12
R R CHa CHj,
\ / \ /
N—§—S—N N—§—=8§——S—N
/ \ / \
PhCH, CHyPh PhCH; CHaPh

13 14

C. X-ray Crystal Structure

The X-ray crystal structure of sulfenamide 15 reveals
a nearly planar configuration around nitrogen (the sum
of the bond angles at nitrogen is 356.5°), with the C~
S-N plane perpendicular to the plane of the two ni-
trogen substituents.?* The X-ray structure of sulfen-
amide 9, however, indicates a pyramidal sulfenamide
nitrogen.!8

+SOzPh
SN

—N
’ "\ CHCH;
CCly

15

D. Chiroptical Properties

The ORD spectra of N-(arylsulfonyl)-2,4-dinitro-
benzenesulfenamides of optically active primary amines
are found to exhibit a long-wavelength transition near
350 nm. The sign of this Cotton effect dominates the
sign of rotation at the sodium D line.?® Since asym-
metric induction by the chiral amine on the stereolabile
sulfenamide bond produces an excess of one sulfen-
amide diastereomer over the other, the sign of rotation
at the sodium D line is directly related to the absolute
configuration of the chiral amine.?® Other large
short-wavelength transitions are present in the ORD
and CD spectra of these sulfenamides and in sulfen-
amides derived from other sulfenyl chlorides. However,
these transitions involve coupling between the aromatic
and sulfenamide systems. They are affected by sub-
stituent changes at the asymmetric center and are
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therefore not reliable indicators of the configuration at
the sulfenamide chiral axis. The 2,4-dinitrophenyl
chromophore, however, remains relatively unperturbed
electronically by the substituents at the asymmetric
center but does give rise to a long-wavelength transition,
reflecting the effect of asymmetric induction on the
chiral sulfenamide axis.

E. C and "N NMR

Although sulfenamides are well-known, very little
NMR chemical shift data on nuclei other than 'H have
been published. Hakkinen and Ruostesuo report that
the 'N NMR chemical shift of N,N-diethylbenzene-
sulfenamide is ~334.4 ppm in chloroform (with respect
to CH3NO, doped with Cr(acac)s).?” This is upfield of
sulfinamide N (-305.1 ppm neat) and sulfonamide N
(-298.9 ppm in chloroform), corresponding to greater
shielding of the sulfenamide nitrogen. The aromatic
carbon attached to sulfur in the same sulfenamide has
a chemical shift of 141.5 ppm (in chloroform), which is
consistent with the inductive deshielding effect of
sulfur. The other aromatic carbons are close to the
normal values, with C, and C, being shifted slightly
upfield. This is consistent with the electron-donating
capacity of sulfur through the = system.

III. Synthesis of Sulfenamides

A large number of synthetic routes to sulfenamides
have been developed over the years. There are several
good reviews of these synthetic methods prior to
1979.1-4%2 Most of these methods can be categorized
according to the oxidation state of sulfur in the sul-
fur-containing reagent: (1) use of sulfur reagents RSX
(X = Cl, Br, OR, NR,, SO,Ar, SCN); (2) use of di-
sulfides RSSR, in which the oxidation state of sulfur
is lower by one unit; and (3) use of thiols RSH, in which
the oxidation state of sulfur is lower by two units.

A. From RSX
1. Sulfenyl Halides

By far the most common method employed in the
synthesis of sulfenamides is the condensation of amines
with sulfenyl halides.#173%-3 The reaction proceeds via
nucleophilic attack of the amine on the sulfenyl halide
(eq1). The acid formed in the reaction is neutralized

R!R?NH + RSX — R!R?NSR + HX (1)
R!IR?NH + HX — R!R®N*H, + X~ (2

by excess amine or by another acid acceptor, such as
triethylamine, alkali-metal hydroxide, sodium hydride,
and others (eq 2). Yields for the reaction of arene-
sulfenyl halides with aliphatic amines are usually high,
especially with amines of lower basicity and a higher
degree of substitution.?!

The 2-nitro- and 2,4-dinitrobenzenesulfenamides of
6-aminoquinoline N-oxide are formed in 74-79% yield
from the quinoline N-oxide and the appropriate ar-
enesulfenyl chloride (eq 3).%7

H;N ArSHN
CHCI
+ ASSCl —— @
reflux 7
N+ N+

} 1
o %-719% O
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The reaction of nitrobenzenesulfenyl chlorides with
indoles yields only 3-(arylthio)indoles under the usual
reaction conditions.®® In selected cases these can be
thermally rearranged to the sulfenamides in small
yield.®® Somewhat better yields of the sulfenamides are
obtained at low reaction temperatures with the sodium
salt of the indole.*

The reaction of nitrobenzenesulfenyl chlorides with
imidazoles alone or in the presence of 1 equiv of tri-
ethylamine yields exclusively disulfides (eq 4).4* How-
ever, benzimidazoles react in the usual manner with
2,4-dinitrobenzenesulfenyl chloride in the presence of
triethylamine to produce sulfenamides (eq 5).167

R R R R
R! scl "Ny BN R S—s R @
+2 E/Ra

R and/or R' =NO, R%=H, E|, i-Pr, CH,
R?=H, NO,, CH,

R! N ®! R
‘»R +ON SCl —— yR ®
N )
H NO, s
OzNDNO;

The reaction of 2,4-dinitrobenzenesulfenyl chloride
with diarylamines in the absence of base yields several
products, with the product distribution dependent on
the aryl substituents (eq 6). The sulfenamide is the

Ar'APNH + OZNQ- scl benzene A APN—S  no,

NO, reflux (6)
NG,
_O' Al O

N

N )

+ Al \NQ © + H SD

H ON NO;

major product for diphenylamine, but diaryl sulfides
resulting from electrophilic aromatic substitution are
the exclusive products when N-phenyl-a-naphthylamine
is used.*?

3-Benzyl-4-methylcarbostyril (16) reacts with 2,4-
dinitrobenzenesulfenyl chloride and triethylamine to
form the sulfenamide 17 (eq 7). However, under the

R= CHgPh, CH,Cl, CH(CHyPh
R'=H, Ct

CHs

sct CHs
CH,Ph *O:
N No, CH,Ph
—————
E1;N, benzene ul
N [o] N

reflux

same reaction conditions 8-ethyl-4-methylcarbostyril
does not react, and the enamine 18 is formed in small
quantities. Similar results have been noted by Senning
and Traynelis.*3

Parfenov et al. report that equimolar amounts of
2-nitrobenzenesulfenyl chloride and formamide in the
presence of triethylamine produce N-formyl-2-nitro-

Craine and Raban

benzenesulfenamide and formylbis((2-nitrophenyl)-
sulfenyl)amine in roughly equal amounts, but excess
formamide results in production of bis((2-nitro-
phenyl)sulfenyl)amine as the major product (eq 8).*

EtaN/DMFA
——— ArSNHCHO +

(ArS),NCHO + ArSSAr

HaNCHO + Q—SCI — 8

NO2 excess
e
HINCHO ArSNHCHO +
(ArS);NH + ArSSAr

major
Ar = 2-NO2CgH4

The disulfide product is assumed to arise from a redox
reaction. Both the sulfenyl chloride and the sulfeny-
lated derivatives can act as electron acceptors, and the
latter can also act as donor in electron-transfer reac-
tions.

The reaction of methanesulfenyl chloride with amines
in excess produces gem-diamines CHy(NR,),, methyl
disulfide, and methyl trisulfide as well as sulfen-
amides.*® Use of ethanesulfenyl chloride produces
similar results, but no gem-diamine is formed.

Acyl sulfenyl chlorides have also been employed (eq
9). Senning reports that sulfenamide 19 is not stable

o]

0
g -KCl Q
NK* 4+ CHCSCl ——» NSCCH; )
0
0 19
0
0 o 0
1l
©:>Nsss CCH, NS$ CCHs
0
w0 ° 21

0 0
il I\ I/~

CH3C-$,°N 0 CH;C-N, 0
\/ \/

23

and is converted upon standing for 6-8 weeks to tri-
sulfide 20. Sulfenamide 21, in contrast, is stable for
months.# Similar relative stabilities have been reported
for sulfenamides 22 (also synthesized from acyl sulfenyl
chlorides), which decompose with loss of sulfur to give
amide 23.47

Sulfenyl bromides, although less commonly used, can
also be condensed with amines to produce sulfen-
amides.33484% Michalski has reported the synthesis of
organophosphorus sulfenamides via (0,0-dialkylthio-
phosphono)sulfenyl bromides (eq 10).#* An intramo-
lecular cyclization of N-substituted 2-carbamoyl-
benzenesulfenyl bromides to produce the corresponding
2-substituted 1,2-benzisothiazol-3(2H)-ones (eq 11) was
recently reported by Kamigata.*®

RR!'P(S)SBr + R%NH — RR'P(S)SNR?, (10)

¢}
I 0

CNHR
-HBr
——- N—R 1
Q_ . domine @St/ "

Sulfenyl halides react with hydroxyl groups, active
methylene groups, and multiple bonds. Thus sulfen-
amides containing these functionalities cannot be syn-
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thesized by this method unless protecting groups are
employed.

2. Arenesulfenate Esters, Sulfenyl Thiocyanates, and
Thiolsulfonates

Arenesulfenate esters react with amines in the same
manner but more slowly than arenesulfenyl halides (eq
12).% For primary amines, the amine must be present

ArSOR + HNR!, — ArSNR!, + ROH  (12)

in excess to prevent the formation of diaryl sulfen-
amides (ArS),NR. The N-trimethylsilyl derivatives of
secondary amines may be used in place of the amines
with equal success.

Moderate yields of N,N’-dialkylalkanesulfenamides
have been reported from the addition of alkanesulfenyl
thiocyanates to dialkylamines (eq 13).5!

RSSCN + 2R!,NH — RSNR!, + R, NH-HSCN
(13)

Sulfenamides have been prepared from primary and
secondary aliphatic amines and thiolsulfonates (eq 14).52
For aromatic amines, only the 2-nitrophenyl benzene-
thiolsulfonate has been used successfully.

RISSO,Ar + R,NH — RISNR, + ArSO,H-HNR,
(14)

An unusual reaction of a thiolsulfonate with an amine
to form a sulfenamide has been reported in which the
S(II)-C bond is cleaved in preference to the S(IT)-S(VI)
bond (eq 15).5% In this case, the doubly stabilized
carbanion is the better leaving group.

SO2Ph N DMF /N

PhSO,sClH +  EN O ————p PHSOySN o 9

V50,2 —/

+ (PhSO,),CH,
3. Sulfenamides

Some sulfenamides function as sulfenyl-transfer
reagents and can be used to prepare other sulfenamides.
The thiophthalimides are the best known of these
reagents (eq 16).5456

[o] [o]

R' R!
/ /
N—SR + HN\ ~— RS—N 4 NH (16)
R? \RZ
o

R = alkyl, phenyl, benzyl

Recently, Sosnovsky reported the effective use of
3-(alkylthio)-, 3-(arylthio)-, and 3-((trichloromethyl)-
thio)hydantoins as sulfenyl-transfer reagents (eq 17).%!
The transfer reaction appears to be facilitated by a
polar solvent, since yields in chloroform are 55-61%
while yields from benzene are only 34-37%. Also,
N,N’thiobisamines RSR, where R = piperidyl or
morpholinyl, were prepared with N,N’-thiodicapro-
lactam and N,N’-thiobis(5,5-dimethylhydantoin) as
sulfenylating reagents.

[o]
Rl
R? NS + RRNH ——— RPR‘NSR  (17)
HN
[o]
R'=R?=CH; R=C.H;, CCly
R¥=H, (CHy 5, C¢ H; R*=CHCH, -(CHys, H
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B. From RSH

Aromatic thiols and amines react to form sulfen-
amides in the presence of oxidizing reagents (eq 18).

[0}
ArSH + HNR, —> ArSNR, + H,0  (18)

Formation of disulfides is the primary competing re-
action. Hydrogen peroxide, hypochlorites, halogens,
potassium persulfate, and potassium ferrocyanide are
reported to be useful oxidants. Chloramine has been
employed successfully to make sulfenamide derivatives
of mercaptopyridines under conditions where the
products were insoluble in the reaction medium.?’
Sterically hindered 2-benzothiazolesulfenamides 24
have been synthesized from the 2-mercaptobenzo-
thiazole sodium, potassium, or calcium salts and the
corresponding amine with NaOCl as the oxidant.5®

R? N\ NRR!
0

24
R, R! = sec-alkyl, cycloalkyl ~R?=H, Cyg alkyl

Oxygen and a cobalt phthalocyanine catalyst have also
been employed to produce 2-benzothiazolesulfenamides
from the corresponding mercaptans and amines.5®
Oxidation of the mercaptan to the disulfide is believed
to be the first step in this process.®

tert-Butyl azidoacetate and tert-butyl azidoformate
react with tert-butyl and benzyl mercaptans in the
presence of copper(I) to give sulfenamides in moderate
yield (eq 19).%!

Cu(l)
RSH + R!N; —— RSNHR! (19)
C. From Disulfides

Davis and co-workers have developed an effective
one-step synthesis of sulfenamides from disulfides and
amines in the presence of silver or mercuric salts (eq
20).62

RSSR + MX + 2R!,NH —
RSNR!, + RSM + RLNH,X (20)

MX = AgNO;, AgOAc, HgCl,

The mechanism is believed to involve the complexa-
tion of the metal ion with one of the disulfide sulfurs,
followed by nucleophilic attack on the other sulfur by
the amine. The reaction gives the best results with
aromatic disulfides and works well with hindered
amines. Unlike sulfenyl halides, the disulfide reaction
can be used with amines containing hydroxyl groups
and C-C double bonds. The resulting sulfenamides
have a longer shelf life than the same sulfenamides
prepared with sulfenyl chlorides, since the latter cannot
be entirely freed of traces of HCI, to which sulfenamides
are not stable.

A mixture of N,N-dialkylchloramine and the corre-
sponding amine hydrochloride will react with 2-benzo-
thiazolyl disulfides to form the corresponding sulfen-
amides (eq 21).5

N
\>—S§- + HNRIRHCI + CINR'R? —»=
s 2 (21)
X
&—s—mlkz
s
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The stoichiometric reaction of diaryl disulfides with
benzoic acid N-chloramide is reported to yield sulfen-
amides and sulfenyl chlorides as the cleavage products
of the disulfides (eq 22). Excess chloramide produces
BzNH,, ArS*(NHBz),Cl", and/or sulfinamidine ArS-
(NHBz)=NBz.5

Ar,S, + BzNHCI — ArSNHBz + ArSCl (22)

Lithium amides have also been employed successfully
to cleave disulfides and form sulfenamides (eq 23).

RSSR + LiNR!'R? — RSNR!R? (23)
62-96 %

R = Pr, Ph; R! = R? = Et, Pr, i-Pr, i-Bu;
R! = H, R? = Bu
Bis(dialkoxyphosphoryl) disulfides react with primary
and secondary amines to give the corresponding sul-
fenamides (eq 24).% Anilines undergo an analogous
reaction with bis(diisopropxythiophosphoryl) and (di-
phenylthiophosphoryl) disulfides.t’
[(RO),P(0)S], + R'R®NH —
(RO),P(0)SNR!R? + (RO),P(0O)SH-NHR!R? (24)

R = Et, CH(CHjy),

D. Miscellaneous Methods
1. Electrochemical Syntheses

An electrochemical synthesis of sulfenamides 25 and
26 that proceeds cleanly and with high yields (70-98%)
has been reported by Torii and co-workers.®® The
synthesis of 25 involves the electrolytic cross coupling
of 2-mercaptobenzothiazole or bis(2-benzothiazolyl)
disulfide with various aliphatic amines (eq 25). Sul-

N R! Rr! R®
\>._S_N’ SNeC—s—N"
s N2 o lé R¢

25 26

Q-0 -

-2¢ | HNR'R?

7

25

fenamides 26 are produced from direct electrolysis of
CS; in the presence of amines or from electrolysis of the
intermediate disulfides and amines. The reaction is run
in DMF in the presence of tetraethylammonium per-
chlorate with platinum or stainless steel electrodes. The
mechanism is believed to involve nucleophilic attack on
the disulfide by the amine. Evidence that lends support
to this mechanism is the failure of disulfides that do
not possess electron-withdrawing groups (diphenyl di-
sulfide, di-tert-butyl disulfide, dibenzyl disulfide) to
produce sulfenamides when electrolyzed under the same
conditions.

An extension of the electrolytic cross-coupling reac-
tion to phthalimide or succinimide and disulfides to
afford sulfenamides 27 and 28 requires the presence of

o] [o]
@N_SR E‘F_

5 o]

27 28
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a catalytic amount of NaBr in acetonitrile solvent.5?
The mechanism differs from that for the formation of
sulfenamides 25 and 26 in that a key step is the nu-
cleophilic attack of the disulfide on an N-bromo imide
intermediate. Hence, the reaction of the electron-poor
bis(o-nitrophenyl) disulfide with phthalimide produces
only a 3% yield of sulfenimide. The salt apparently
serves as a redox catalyst, Br~ being anodically oxidized
to Br,, which subsequently serves as an oxidant.

2. Thiocarbamyl Sulfenamides from CS,

Another method of preparing thiocarbamyl sulfen-
amides involves the reaction of CS,, an amine, and a
monochloroamine in the presence of base (eq 26).7

Me,NH + Me,NCI + CS, ——2r Me,NC(S)SNMe,
72%
(26)

Polythiocarbamyl sulfenamides have recently been
prepared for use as vulcanization accelerators in the
two-step procedure outlined in eq 27 and 28,” using
iodine as an oxidant. It is believed that polymerization
occurs by a radical mechanism.
H;NCH,(CH,),CH,NH, + CS; ———

Na*SC(S)NH(CH,);NHC(S)S"Na* (27)

H,N(CH,)sNH,
Na*"SC(S)NH(CH,)NHC(8)S"Na* ———

~(NH(CHy)¢NHC(8)S)," (28)
85%

3. Rearrangements

Another reaction that generates sulfenamides is the
allylic sulfilimine rearrangement. Atkinson and co-
workers have synthesized N-(N-heteroaryl)arene-
sulfenamides by the addition of N-aminonitrenes to
substituted allyl aryl sulfides (eq 29).1%72" The nitrene
is generated in situ from the N-amino compound with
lead tetraacetate, and the intermediate sulfilimine un-
dergoes a 2,3-sigmatropic rearrangement to yield the
sulfenamide.

R H

N | Pb(OAC), L \J/ ! | o
WS Ar” ar?
.

The allylic sulfilimine rearrangement has recently
been used by Weinreb and co-workers as a significant
step in the stereocontrolled synthesis of unsaturated
vicinal diamines.” The Diels—Alder adducts of sulfur
diimides 29 and diene 30 are the epimeric cyclic sulf-
imides. When organometallic nucleophiles are intro-
duced, these sulfimides form acyclic sulfimides that
undergo rearrangement to the sulfenamides. Alterna-
tively, thermolysis of the sulfimides produces cyclic
bisamine sulfides. Trimethyl phosphite or sodium bo-
rohydride reduction gives exclusively the (E)-threo
vicinal diamine 31 (Scheme I). Use of (E,Z)-hexadiene
in the same sequence yields the (E)-erythro vicinal
diamine 32. Cyclic dienes can also be used in this se-
quence.

Molina reports the synthesis of heteroaryl sulfen-
amides through [3,3]-sigmatropic rearrangement of the
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products of the reaction of 2-phenyl-3-hydroxy-4-thi-
o0x0-3,4-dihydroquinazoline sodium salt with diaryl im-
idoyl chlorides (eq 30).® It is believed that initial S-
alkylation of the sodium salt is followed by S to O
migration to give the intermediate 33, which undergoes
[3,3]-sigmatropic rearrangement to give 34.
NYPh NeOH Y
MeOH NS N

Ny
OH dry DMF (30)
s i, 2-12h S

NYPh Y
N

i ‘f o i

oy t i

69-92% ,l\rz

34 33

4. Ring Expansion

A new route to 2,3-dihydrobenz[d]isothiazoles has
been reported.” Reaction of benzothietes with primary
amines in a ratio of 1:4 affords the ring-expanded
benzisothiazoles (eq 31). A stoichiometry of 1:1 yields
adducts 35 and 36.

R
R —
H H W
NR! _loluene
M + 4 HyNR W s

R H R H

NR! aulooxidation . NHR!
4
s
SH

L .
R =H, CO,CH,
R!=Ph, tolyl, anisyl, benzyl

H
S
R!
s—s s o
35 36

5. Additional Methods

The thermal cycloaddition of thionitroso S-sulfide 37
to cyclic alkenes yields cyclic sulfenamides (1,2,3-di-

31
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thiazolidines, eq 32). Acyclic sulfenamides are formed
by the addition of 37 to enamines (eq 33).”

N,\ s C(CHj3 )3

(CH3 1C Q
(32)
Lb — ﬁ&' CcHa)s
C(CHJ B -5

C(CH:
N ’\s Q (CH3)3
(CH;)gCQCHJ §—S—N, C(CH3Ys (33
+ N — N
GG
C(CHs)3 o o
37

Addition of organometallic reagents to sulfenylimines
is reported to give sulfenamides.* Treatment of bro-
moethyl p-tolyl sulfoxide with piperidine, diethylamine,
or morpholine is reported to give the corresponding
p-toluenesulfenamide in excellent yield.™

S-Alkyl sulfenamides have been prepared via the
selective elimination of the tert-butyl group as iso-
butylene in the thermolysis of S-alkyl-S-tert-butyl
sulfimides (eq 34).7

NaOH Chioroarnine-T N
RX+1-BuSH = RS-tBl e S==NTs
H,O-PTC t-Bu/ (34

l A
RSNHTs
Mechanism

R Ts

N_ 7
S==N ———» RSNHTs +

H
H3C CH;

This reaction, which is analogous to the sulfoxide and
selenoxide eliminations, is known for arenesulfen-
amides, which are side products in a preparative route
to olefins.® The thermolysis reaction is characterized
by mild conditions and excellent yields. In the case
where R = isopropyl, the isopropyl group was elimi-
nated competitively with the tert-butyl group in a ratio
of 17:83. Another recent example of the preparation
of S-alkyl and S-aryl sulfenanilides by thermal elimi-
nation of propene from S-isopropyl sulfimides is given
in eq 35.81 The intermediate sulfimides have been
isolated as picrates. However, the cycloelimination
occurs readily at room temperature when R = C¢H,,.

Ry
RSCH(CH;); + R‘—O-N‘H /s=N-Q—R‘

(CH3 ,CH
l I\
R = CH;, El, n-Pr, Ph

R' = H, CH,, CI, Br, F, CH, CO, CN, CH, OCO, NO,
RSNH R!

Katritzky and co-workers report that aryl 2-(4-
pyridyl)ethyl sulfides (R = p-tolyl, 2-naphthyl) react
with aniline in the presence of tert-butyl hypochlorite
to form sulfenanilides (eq 36).82 The reaction was ex-
pected to proceed through formation of an intermediate
sulfimide, 38, but this intermediate was not detected.

Reductive cleavage of the imidodihydrothiazines 39
with thiophenols 40 yields the corresponding amino-
butenesulfenamides 41 and disulfides 42 in 65-95%

(CHy) , COC1
B
2

€]
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1. (CHy) ; COC!
CH, Cl,, -78°C
O.NHZ —e i - - RSNHPh (36)
CHgCHgSR
R =p-olyl 57%
N R = 2-naphthyl 60%
NPh

CH,CH,— "
| “r
N

38

o 1
Me S¢\R
| | + ArSH ——— + ArSSAr an
N
R Y R!NHCH; CH,SNHR! 42

39
Ar = p-CIC¢ Hy, p-lolyl

yield and quantitative yield, respectively (eq 37).%
1V. Reactlons of Sulfenamides

Many useful and interesting reactions of sulfenamides
are known. Because of the polarization of the S-N
bond, sulfenamides are subject to attack by nucleophiles
at sulfur and electrophiles at nitrogen. They can be
oxidized at sulfur or nitrogen, and they can be reduc-
tively cleaved. Some interesting thermal and photo-
chemical reactions are also known.

A. Reactions with Electrophiles

The reaction of sulfenamides with electrophiles in-
volves the coordination of the electrophile with nitrogen
and subsequent nucleophilic attack on sulfur. An in-
vestigation by Epshtein et al. of the electron-donor
properties of sulfenamides by infrared spectroscopy
indicates clearly that the nitrogen atom is the coordi-
nation center in sulfenamides.?

Cleavage of the S-N bond with HCI to produce a
sulfenyl chloride and an amine is a procedure commonly
used in peptide synthesis for the removal of sulfenyl
protecting groups.®

N-(Alkylthio)piperidines react with p-toluenesulfonyl
chloride in the presence of cyclohexene to give 43 and
44.2' N-(tert-Butylthio)piperidine reacts with carbon
disulfide and phenyl thioisocyanate to give 45 and 46,
respectively.?’ Disulfenylamine 47 reacts with benzoyl
chloride to give sulfenamide 48 and sulfenyl chloride
49 (eq 38).%

SR

HBCOSOZ- @
C ct

=g

(CH, ,c—s_s—l-L Y < ——l—S—S—CwCH

CFJS\ PhCOCL
NH

PhCONHSCF; +  F3CSCl (3g)
CF,S
47 48 49

Acyl isocyanates are also electrophiles for sulfen-
amides (eq 39).8” The resulting sulfenamides 50 are
fungicides.

In sulfenamide 51, the nucleophile is not the sulfen-
amide nitrogen but the pyridine nitrogen, which is in
conjugation with the sulfenamide nitrogen anion formed
under base catalysis. Attack on the internal trichloro-
methyl electrophile leads to cyclization. It is believed

Craine and Raban

o)
\ P OPh

HiCoy _,C—-OPh HiCl P

| + RNHSCFCl, ——» é (39)

C
o “N=c=0 o? \NH-?—III-SCFCIZ

o R
50

to form the intermediate pyrido[2,1-c][1,2,4]thiadiazo-
lylium salt 52, which then condenses with benzoylacetic
acid to form 53, or is hydrolyzed to form 54 (eq 40).%

CH,y
Q/ PhCOCH,CO,H Q/
(o]

NH —N
ClC-57 s
51 40)
\r Q/ Y Q/ 49%
§*—N S—N

Acylatlon of alkene- and arenesulfenamides with
acetic anhydride yields disulfenylamines and acet-
amides (eq 41).3% However, S-(dialkoxyphosphino-
thioyl)sulfenamides 55 react readily with various an-
hydgsi)des 56 to form the N-acylated sulfenamides 57 (eq
42).

(RS),NR! + CH,C(O)NHR! + CH,COOH (41)

R1

(RO)2P—SNHR' + (R?C0)20 — (RORP—SN +
55 56 cort
57

RCOOH (42)

R = alkyl, phenyl, R! = H, Me,

R? = Me, Ph, CH=CHCOOH

Parfenov and Fomin report that the base-catalyzed
exchange reaction of S-arenesulfenamides with S-esters
of thiocarboxylic acids yields amides and disulfides (eq
43).3 The reaction does not proceed in the absence of
a catalytic amount of a trivalent phosphorus compound.
The authors suggest the following mechanism for this
reaction (eq 44):

—cat,

1.2
arsNR'R? + Recosk? RICONR'R? + ArSSR*  (43)
Ar = 2-pitropheny!, pheny!

Mechanism:
R‘SN/+ :Pé = R‘S—N/ - [R‘SPL]+ e
\ F N\ N
P+
/! ~ l RZSC(O)R (44)

N

{ + || /
—/P:+R‘SSR2 - [—;i—snzl + R¥"+  RC—N(

Similar phosphorus(III)-catalyzed reactions of sul-
fenamides with linear anhydrides (eq 45) and carboxylic
acid chlorides (eq 46) yield the indicated amides.*® In
the case of the linear anhydrides, the trivalent phos-
phorus compound functions both as a catalyst in the
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O_ H, PPR/CCly BN OZN_Q_SN=I’I’h3
58
lI’h;I’Clz
_Qs) w o N—QSCI + [PhyP-N-PPh,]" CI’
Ph,P/CCl4

O,N NO,
sks

59

exchange reaction and as a stoichiometric reducing
agent.

9ArSNRIR? + (RCO),0 + PX, —
ArSSAr + O—=PX, + 2R3CONRIR? (45)

PX,
ArSNR!R? + RCOCl — R3CONRIR? + ArS((?lG)
4

Zhmurova and co-workers report an unusual variant
of the Appel reaction of sulfenamides with the binary
system PPh;—CCl,.®! o-Nitrobenzenesulfenamide reacts
in the usual nucleophilic manner with PPhs~CCl, to
produce o-nitro-N-(triphenylphosphoranylidene)-
benzenesulfenamide (eq 47). The reaction of p-nitro-

————
QSNHz PPhy/CCly, EIaN QS N=PPh, @

NO, NO,

benzenesulfenamide with PPh;—CCl,, however, pro-
duces not the expected p-nitro-N-(triphenyl-
phosphoranylidene)benzenesulfenamide, but the me-
thylide 59. It is believed that p-nitro-N-(triphenyl-
phosphoranylidene)benzenesulfenamide is formed ini-
tially but reacts further by cleavage of the S-N bond
by dichlorotriphenylphosphorane and conversion of the
sulfenyl chloride to bis(p-nitrophenyl) disulfide. The
disulfide then reacts with the binary system to form the
methylide (Scheme II). The probability of this route
is supported by the fact that both phosphoranylidene
58 and bis(p-nitrophenyl) disulfide react in the presence
of PPh;—CCl, and Et;N to form 59.

B. Reactions with Nucieophiles

In reactions with nucleophiles, the sulfenamide bond
is usually attacked at the more electropositive sulfur.
Thus N-alkylthiophthalimides react with thiols to form
unsymmetrical disulfides and phthalimide (eq 48).92

[o]

[
@j}dsw + RSH ————m RSSR! + O:((NH “48)
] ]

4’-Nitroarenesulfenanilides are also reported to be
useful intermediates for the synthesis of unsymmetrical
disulfides (eq 49).2 The sulfenamide precursors are

xs BFy-Et,0
ArSNH NO; + RSH ——=—=—p ArSSR + ArSNH NO;
CH,Cl,

Ar = Ph, p-tolyl, p-CIC¢H,
R = Et, -Bu, PhCH,, p-CICgH,, p-NO,CgH,, n-Pr, Ph

49)

stable, crystalline materials. Yields for this acid-cata-
lyzed reaction range from 51% to 99%; lower yields are
obtained for disulfides derived from arenethiols. Higher
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yields for diaryl disulfides were obtained when arene-
thiols with electron-withdrawing substituents were used.

Transfer of the arylsulfenyl group was considered as
one mechanistic possibility in the equilibration of
isomeric N-(arylsulfenyl)benzimidazoles (60a = 60b).!"

Ct N O;N. NO,
T )¢
: S.
302 a N
O: e
N
b

S
T,
60a
Three mechanistic possibilities were considered: (a)
homolysis of the S—-N bond and radical recombination,
(b) 1,3-sigmatropic rearrangement, and (c) nucleophilic
attack by imidazole nitrogen on the sulfenyl sulfur atom
of another sulfenamide molecule. The observation of
kinetics that were second order in sulfenamide and
catalysis by added benzimidazoles provided evidence
that the exchange took place by the third mechanistic
route, namely, nucleophilic attack at sulfenyl sulfur.
In a similar manner, phenyl sulfenamides 61a are
attacked at sulfur by dialkyl and trialkyl phosphites to
form phosphorothiolates 62 (eq 50). However, (2-
benzothiazolyl) sulfenamides 61b appear to be attacked
at nitrogen, and phosphoramidates 63 are produced in
excellent yield.%

D ———
-—

R=Ph o R!
———— I _or?
PhsPL” +  HN
NOR? R?
R! OR? 62
RSN/ + :I"-OR3
- OH®Y (50)

612,61b

N
R= O:‘)— R! 3
2 \ OR &)—sﬂ

R2/ \ORJ

Sulfenamides react with active methylene compounds
such as malononitrile, acetylacetone, ethyl acetoacetate,
enamines, and ketones to give sulfides.?® Asymmetric
sulfenylation of 4-alkylcyclohexanones with chiral
sulfenamides has been reported.®® Thus (S)-(-)-N-
(phenylthio)-a-naphthylethylamine (64) reacted with
4-tert-butylcyclohexanone in the presence of a catalytic
amount of triethylamine hydrochloride to produce a
62% yield of a diastereomeric mixture of 65. Reduction
of the ketone with NaBH, followed by mesylation and
elimination gave the alkene 66, in which the S absolute
configuration was dominant. The optical yield was 64%
(eq 51).

o]
-+

= Et NH* CI” (cat.
PhSNHumEH 3 (eat
CH, (51)
1. NaBH,
2. MsCl
3. t-BuO" K*, DMSO

SPh
66

N,N-Diethylbenzenesulfenamide reacts with sulfo-
nium salt 67 to give ketone 68 (eq 52).9

Transamination of sulfenamides by alkyl- and aryl-
amines occurs.® A recent example is Miller’s use of a
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E(\ C(Owr
INSPh 4 MeS'—CHC(OIPh ——» CH2_< 52)

e CH3
67 68

variety of S-substituted thiophthalimides to sulfenylate
2-azetidinones (eq 53).%8 (A low N-S torsional barrier
was observed by NMR for sulfenamide 69.)

o]

N§ CO,CH H CH

H CH GC T M 3

CBNH \;_‘/
j/:-r benzene, .75 hr, EtsN(cal.), 1.1 s” ™ co,cH,

In the transamination reactions of 2-benzothiazole-
sulfenamide, Ignatov et al. have found that the reaction
time is increased with increasing basicity of the amine
70 (eq 54).% The presence of water and other basic

N N
@E)-SNHZ + HNR, ——> @[‘}_SNRZ + NH; (54
s s

70

additives also increases the reaction time. Reaction
rates of N-alkyl-2-benzothiazolesulfenamides with nu-
cleophiles were increased by acids in the order aromatic
thiol < HOAc < HC], indicating that protonation of the
amide nitrogen increases the electrophilicity of the ex-
ocyclic sulfur atom.1

It is known that disulfenylamines and disulfides are
formed from the reaction of monosulfenamides with
carboxylic acids, acid chlorides, and anhydrides. For
example, 2-benzothiazolesulfenamide 71 reacts with
itself in the presence of acetyl chloride (1 equiv) to yield
disulfenylamine 72 and disulfide 73 (eq 55).1°! The

(II}-SNHz CHgcoal @[)—s N_s_{ IO

60%

‘}—s s—<’
+  CHyCONH,
35

(55)

95%

%
\ +
S—N'HZ-CCHJ cr
$
74

mechanism involves the formation of the (arylthio)am-
monium compound 74, which either can be directly
attacked by the free sulfenamide or can dissociate to
the sulfenyl chloride and amide. The sulfenyl chloride
reacts with free sulfenamide to form the disulfenyl-
amine or can be reduced to disulfide via a radical
mechanism.

Alkyl esters 75 of 4,6-diaminopyridine-2-thiosulfonic
acid have been synthesized in 38.5-56.4% yield by
treatment of the sulfinic acid with RSNEt, (R = Me,
Et, n-Pr, n-Bu).192

NH

2
HN \N)\SozSR

2
75

Sulfenamides will add to alkenes with acid catalysis.
Brownbridge reports that while sulfenamides 76 add to
cyclohexene in chloroform to give the expected 77, the
same reaction run in the presence of a nitrile gives am-
idines 78 (eq 56) via a Ritter-type mechanism.!%® The

Craine and Raban

SCHEME II1

NHSCgH X
a

\ CeHsN=NC¢H;
NH
b NH, 2

CeH;NH® 4 XCgHS»  ——> (XCgH,S),

SCeH,X
+
SCH,X

regiochemistry of the addition in unsymmetric alkenes
is exclusively Markovnikov.

I’hSN/ + @ - Oy Ph  + HNR'R?
/ YHZCIZ
SP 2 SPh
1,
”'N 1, N*Z=CR NR‘RZ

NR‘R2

(56)

78

R=Me i-Pr,Ph  R'=H R?x=tBu; R'R? = (CHy),, (CHZ)ZO(CHZ )

Gilchrist and co-workers have reported the reaction
of N-arylbenzamidines with N-chlorosuccinimide and
4,4’-thiobis(morpholine) to give after basic workup the
1A%,2,4-benzothiadiazine ylides 79 (eq 57).1% Ylides 79
have been converted, presumably by cycloelimination,
to the 2H-1,2,4-benzothiadiazines 80. The mechanism
for formation of the ylide has not been clearly estab-
lished. It is probable that N-chlorosuccinimide chlo-
rinates either the amidine or the sulfenamide and that
azasulfonium salts 81 are formed, which may then cy-
clize, but the role of these salts is not certain.

1
R o
NYPh O  N—=$=N o
+ 1 o=
NH, NeL ANy \_/

RZ

81

C. Thermai and Photochemical Reactions

The thermal reactions of arenesulfenanilides have
been extensively examined by Davis and co-work-
ers.105107 They have concluded that two types of re-
actions are characteristic of these compounds: (a) ho-
molytic cleavage of the S—N bond to give amino and
sulfenyl radicals and the products thereof and (b) re-
arrangement to produce o- and p-aminodiphenyl sul-
fides (Scheme III). Solvents, substituents, and the
method of preparation of the sulfenamides all affect the
ratio of products. The rearrangement of sulfides is acid
catalyzed,!951% and the high ortho/para ratio of prod-
ucts suggests an intramolecular mechanism. A » com-
plex and a caged radical (ArS-NH,Ar’) have been sug-

gested as possible intermediates.!%’
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SO,H
OH EIOH
G @ -0
}\lj* N=N*HPh
\O- @ "
\ S/O)

an ) NHPh )
N*
—
CO»
S
NH, o

O—SOZNHP}\

84

The thermal reactions of 2-nitrobenzenesulfenanilides
are also well-known. These reactions are characterized
by the transfer of oxygens from the nitro group to the
adjacent sulfur in an internal oxidation-reduction re-
action. When sulfenanilide 82 was heated with sodium
hydroxide in ethanol, the product was 2-azobenzene-
sulfinic acid (83) (Scheme IV).!1®® When 82 was heated
in aniline at 95 °C for 15 h, the o- and p-aminodiphenyl
sulfides and phenothiazine (from a Smiles rearrange-
ment of the o-aminodiphenyl sulfide) were minor
products, and the major product was 2-aminobenzene-
sulfonanilide 84.1%° Davis and Johnston proposed a
radical mechanism involving homolytic cleavage of the
sulfenamide bond.1%

Photolysis of 2-nitrobenzenesulfenanilides yields the
same types of products generated by thermolysis. Thus
sulfenamides 85!1% and 82!!! yield 86 and 87, respec-

tively.
NO, NH,
,CHy ,CHy
O,N S_N‘Ph O,N SOZ-N\I’h
85 86

$SO,H

QNzNONHPh

87

Although the nitrogen-to-nitrogen rearrangement of
the arylsulfenyl group in N-(arylsulfenyl)benzimidazoles
(60a = 60b) discussed above was shown to take place
via a nucleophilic displacement mechanism, the similar
rearrangements of arylsulfenyl moieties in a series of
acyclic N-arenesulfenamidines (88a = 88b) that were

PAR—RAR

X'=X?= 0-Me, p-Me, 0-OMe, p-OMe

R‘ H, Ph, p-CgH,OMe, p-CgH,Cl, p-CgH,Br, p-CsH{NO,

R? = 24-C4H;(NO,),, 2-CeHNO,, CCly
studied by variable-temperature NMR spectroscopy
were assigned mechanisms involving unimolecular ni-
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SCHEME V
XCeHa s
XC6H4N S — |<\ | —> XCGH,N=NCH, + $
/ N—s5 %
XCeH{”
(XC6H4NH)ZS

C6H4X
i mCI’BA

{ N—S—NHCHX ———— (XCgHNH),S +  XCgHyN=NCgH,
93 A 89 94

OO+ OO

trogen-to-nitrogen rearrangement via acyclic struc-
ture 112113

The thermal decomposition of N,N’-thiodiamines 89
(synthesized from piperidine-1-sulfenyl chloride and 2
equiv of aryl amine) yields azobenzenes 90, aryl amines,
and sulfur (eq 58).!'* The proposed mechanism in-

N/C6H4X H
1 S——
S§O base ITI

CeHyX

benzene

—
50 °C,72 h

XCGH4N=NCGH4 + XCGH4NH2 (58)

(XCeH,NH),S

X = 4-OMe, H, 4-Br, 4-C], 3-NO,

volves initial formation of thionitrosobenzene (Scheme
V). The existence of thionitrosobenzene 91 was dem-
onstrated by trapping the product of thermal decom-
position of 89 with 2,3-dimethyl-1,3-butadiene to give
1,2-thiazine 92. Thermal decomposition of N-((aryl-
amino)thio)piperidines 93, believed to be an interme-
diate in the formation of N,N’-thiodiamines 89, yielded,
in addition to 90, the N,N’thiodiamines 89, N,N*
piperidinyl disulfide, and N,N”-piperidinyl sulfide.
These products were attributed to the recombination
of radical intermediates formed from homolytic cleavage
of the S-N bond.

N-Acyl-N-(arylthio)aminyls have been generated by
thermolysis and by photolysis.?2 These captodative
radicals are relatively stable and insensitive to oxygen.
ESR spectra of 94 generated by these procedures in-
dicate that these radicals exist in a =-electronic ground
state and that the unpaired electron is located pre-
dominantly on the nitrogen atom and the arylthio
group.

0

P

T
S

Ar

94, R = aryl, tert-butyl

Polysubstituted N-aryl-N-(arylthio)aminyls 95 have
been generated by photolysis (di-tert-butyl peroxide in
benzene) and by oxidation (PbO,, K,CO;).1"* These
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R! R} R? R!
R? R3
;—( \ .
R! N—$ R R N
‘s R4
R! R? R3 R!
95 R R
95a
C(CHy),
R2 R} R!
y H.C Cl
(CHy),C N . H
A R* R! Ny
cH
C(CHy)y . s 3
R2 R3 R
HyC Cl
95b 98¢

radicals are persistent compared to other aminyl rad-
icals. The sterically protected aminyl 95, in which R!
= tert-butyl and R* = NO,, has been isolated as pure
crystals and is a stable solid in the presence of oxygen.!!¢
From ESR spectral data it appears that the confor-
mations of these radicals are affected by the nature of
the ortho substituents on the N-aryl and S-aryl rmgs
Thus 95a (Rl H CH3, OCH3, 1- C3H7, RZ2=R3=
R* = H, Cl], NO,) has the geometry shown, whereas in
95b (R1 = tert-butyl; R? = R® = H; R* = NO,, Cl) the
plane of the N-aryl ring is twisted out of conjugation,
with the nitrogen p orbital containing the unpalred
electron for steric reasons. In 95¢ (R! = OCHj, H; R?
= R* = CHg; R3 = Cl), the plane of the S-aryl ring is
perpendicular to the plane of the N-aryl ring, also for
steric reasons.
N-((4-Chlorophenyl)thio)-3,5-di-tert-butylphenyl-
aminyl radicals, which are in stable equilibrium with
their hydrazine dimers at room temperature in benz-
ene,!'” decompose over time to form the sulfenamide
96, 1,3,5,7-tetra-tert-butylphenazine (97), N,N-bis((4-

(CH313C,

C(CH; )3
N C(CH;
(CH3K»C (CH3)3C N
C(CHs3)3
96 97
(CH3)C (CH3)C C(CHs);

5

(CH3nC (CH3»C C(CH3 )

98 99
(CH,C

NH—SQ—CI
CI—Q—S—S a
€ s
100 (CH;);CQ C‘CI

101 C(CH,)y

chlorophenyl)thio)-3,5-di-tert-butylaniline (98), and
3,3',5,5'-tetra-tert-butylazobenzene (99) as major prod-
ucts. Minor amounts of 100 and 101 were also found.
From the stoichiometry of the products, it is deduced
that the azobenzene is the product of the dimer,
whereas the other major products come from hydrogen
extraction and radical coupling via the monomer.!®
The same aminyl radicals react with phenols to give as
major products p-benzoquinone 3,5-di-tert-butyl-
phenylimines (eq 59)!!® via the phenoxide radical.
Atkinson and Malpass report that (arylsulfenyl)-
nitrenes are efficiently generated thermally from sul-
fenamides 102 and trapped by alkenes to give the cor-
responding aziridines 103 in quantitative yield (eq
60).120 Nitrenes can also be generated by oxidation of
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C(CHs)s

_rlz-—< é
C(CH3)s (59)

OH N

R R
+

RZ“ H X
e e — N X
80-120° Rl R3
102 PhCl, | hr 27L\"
R
XY = H, NO, Y 103"
NO.
S—NH, N 2
S—N:
NO, NO s
Pb(OAC), 2 1 1)
- N  NO,
RL R3
NO,
NO, R? H

arylsulfenamides with lead tetraacetate (eq 61),'?! but
they are not as efficiently trapped by alkenes as are the
nitrenes generated under the milder conditions of
cheleotropic extrusion. Only the ((2,4-dinitrophenyl)-
sulfenyl)nitrene can be trapped.

When ((2,4-dinitrophenyl)sulfenyl)nitrene is gener-
ated by lead tetraacetate oxidation in the presence of
2,3,4,5-tetraphenylpyrrole, 2,4,5,6-tetraphenyl-
pyrimidine (104) and 2-(((2,4-dinitrophenyl)thio)-
amino)-2,3,4,5-tetraphenyl-2H-pyrrole (105) are isolated
as the major products (eq 62).122 Both products are

S—NH,

Ph I’h
NO, P
ooAC),
,’k S=N HN
NO (62)
104 105
48% 18%
NO,

believed to arise from an aziridine intermediate, 106.
Disrotatory ring opening accompanied by loss of the
sulfide anion yields the pyrimidine, while competing
acid-catalyzed (by acetic acid) ring opening of the
aziridine produces the sulfenamide.

Kemmitt et al. report that ((2,4-dinitrophenyl)-
sulfenyl)nitrene, generated thermally from sulfenamide
102, reacts with trans-[IrC1(CO)(PPh;),] in refluxing
toluene to produce (((2,4-dinitrophenyl)sulfenyl)imi-
no)triphenylphosphorane (107).12 The structure of 107
was confirmed by X-ray diffraction, which indicated the
presence of an S-N single bond and a P==N double
bond.

NO,

\N=PPh3

107
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other products se— R-—Q——N—SM

-H
+H*
R—O——Nﬂ—sm —_— R—O—N’H-sm—

N R i
-2e
-«— R N*H + Ar§' —= ArSSAr
-4H*
R N

Less is known about the thermal reactions of alkyl-
sulfenamides, but there is general agreement that al-
kylsulfenamides show less thermal stability than aryl-
sulfenamides.®

SCHEME VI

D. Oxidation and Reduction Reactions

Oxidation of sulfenamides can occur at nitrogen or
at sulfur. 4- or 2-hydroxy sulfenanilides are oxidized
to sulfenylquinone imines with sodium dichromate (eq
63).!

NO,
NaZCr207
Cl S—NH—OOH AcOH =©=o (63)

Haake and co-workers report that N,N-dialkyl-
sulfenamides 108 are readily oxidized to sulfinamides
110 via their succinimidosulfonium salts 109 (eq 64).12

RZ
2

R R N,
Rlsn’  NCS/CHLCL TS$TUNR 4,0/KHCO, PR
N —_—— N —-—Lnl_s_N (64)

3
R Oxjo g3
108 110

109
4
. OR R
Y R TE vl =
18 + R'OH THCL/tC,H,0C1 R‘—S*-—N\ BF, (65)
AgBF,/t-C,HyOH R3

111

The same authors report that the derivatives 111 of
sulfinamides 108 are obtained when sulfenamides are
oxidized with tert-butyl hypochlorite in the presence
of alcohols and silver tetrafluoroborate (eq 65).12% Salts
111 are fairly stable at room tempertaure for primary
and secondary alcohols, and this route to their prepa-
ration is more general than direct alkylation of sulfin-
amides with Meerwein type reagents.

The efficient synthesis of 6-ethoxy-2-benzothiazole-
sulfonamide by oxidation of the corresponding sulfen-
amide with m-CPBA or peracetic acid has been re-
ported (eq 66).1% No competing oxidation of the het-
erocyclic ring was observed. Hydrogen peroxide and
tert-butyl hydroperoxide did not oxidize the sulfen-
amide.

N
O,O:yw NaOCl O,@[)'s”ﬂz
EtO” ™ s NHj (aq) Et

mCPBA or CH;CO;H
K,CO,, EtOH/H,0 (66)

N
OJ::E Y-sonm,
Et S
90%

Optically active sulfinamides have been synthesized
by the oxidation of sulfenamides with N-chlorobenzo-
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triazole in the presence of I-menthol or D-tartrate (eq
67).127

[o]
l-menthol or D-tartrate !
CHJO_ e —-—-—Cl_> CHJO_ T
1

N oplically active
R=Me, Ei iPr N
/o) N

(67)

The sulfenamide sulfur has also been oxidized by
arylsulfonylimination (eq 68).126°131 The ease of imi-

NO,
NO, ON

OZNO— SNHSOzPh  ——— pR?CeHySOpNmmS 68)
NHSO;Ph

+ PR3CyH, SO, NNaCl

nation depends on the nucleophilicity of the sulfen-
amide sulfur and therefore on the acidity characteristics
of the sulfenamides.!®? Sulfenamides with pK, > 11,
in which the S-aryl substituent is electron donating, are
readily iminated by sodiochloramides of sulfonic acids
in acetone. Sulfenamides with pK,’s of 8-11 are imi-
nated in strongly basic solvents with high dielectric
constants or as the sodium salts in acetone. More acidic
sulfenamides are iminated in acetone by the sodio-
chloramides of sulfonic acids. Two equivalents of so-
dioamide is required in this case, since 1 equiv is con-
sumed in initial formation of the sodiosulfenamide.
Trichloromethanesulfonamides 113 have been pre-
pared from trichloromethanesulfenamides 112 by oxi-
dation with m-chloroperoxybenzoic acid.® N-Alkyl-
N-(phenylsulfonyl)benzenesulfonamides 115 have been
prepared in the same manner from N-alkyl(phenyl-
sulfenyl)benzenesulfonamides 114.%

! o R!
/ [T
ClyC=5—N{ ClyC-S—N
R2 \Rz
112 13
R! 1
/ T
Ph‘s_N\so - Ph=$—N
2 & Ns0,rh

114 118

4’-Substituted benzenesulfenanilides and 4’-substi-
tuted 2-nitrobenzenesulfenanilides have been oxidized
by lead dioxide (eq 69) or by controlled-potential
electrolysis (eq 70) to produce phenazines as major
products.!3313% Sayo et al. initially proposed a mech-

—O—NHSPh Q D/+ PhSSPh (69)
NO;
N. X
X_Q_NH-S Teaw C
e, 4 H (70)
CH,CN X N’

0.IM NaClO,

+ ArSSAr + ArSO;H
X =0Me, Me, Cl

anism involving the formation of benzenesulfenanilidyl
radicals in protic equilibrium with radical cations.
Homolytic cleavage of the radical cations (Scheme VI)
is presumed to produce arylthio radicals, which couple
to form the disulfide, and arylamino cations (nitrenium
ions), from which the phenazines are believed to form
by dimerization of intermediate nitrenes, resulting from
the cations by proton loss. In the case of anodic oxi-
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dation with NaClO, as the supporting electrolyte, im-
mediate two-electron oxidation of the sulfenanilide to
the dication and subsequent homolytic cleavage are
proposed to explain the products formed.

Spagnolo et al. carried out further work on the oxi-
dation of substituted sulfenanilides by lead dioxide and
by tert-butoxide radical. On the basis of their results
they were able to conclude that Sayo’s proposed
mechanism is incorrect and have proposed an alterna-
tive mechanism for the lead dioxide oxidation of 4’-
methoxy- and 4’-methoxy-2-nitrobenzenesulfenanilides
in benzene.!4*14! When the reaction was run at 10 °C,
the product distribution was as shown in eq 71. At 30

PO, ,5Th
M NHSPh 116 + M N
benzene \SI’h
10° C., 2 days 14% 299
116 117 '

N OMe
MeO N OMe
& + pPhssph M N
NSPh

3% 13%
118 54% 119 120

(71)

°C, 117 and 118 disappeared over time with a corre-
sponding augmentation in 119 and 120. It is suggested
that the initial arylaminyl radicals undergo C,.,,—N
coupling (a well-known reaction for these radicals) and
that the subsequent product 118 is the intermediate to
the phenazine. The fact that Sayo and co-workers used
an acid wash to isolate the phenazines from the reaction
mixture explains why they did not observe intermedi-
ates 117 and 118. These intermediates are destroyed
by HCIl, as was demonstrated in a control experiment
by Spagnolo and co-workers. The observation of 118
rules out the intermediacy of nitrenium ions in the
formation of phenazines under these conditions.
Anodic oxidation of the 2-nitrobenzenesulfenamide
of morpholine yields diaryl disulfide 122 in acetonitrile
with 0.1 M NaClO, (eq 72). The major products in

NGO,
Q—' = ‘
$S—N Qe ArS—N+ Q ———epr ArS + +N (o)
n_/ n_/ n_/

ATS (72)
121

ArSSAr

12
methanol are methyl 2-nitrobenzenesulfenate (124) and
2,4-bis((o-nitrophenyl)thio)-5,6-dihydro-2H-1,4-oxazi-
nium perchlorate (126). The oxazinium perchlorate
reacts with triethylamine in acetonitrile to give 2,4-
bis((o-nitrophenyl)thio)-5,6-dihydro-1,4-oxazine (127)
(eq 73).142 Sayo has proposed that in acetonitrile,
one-electron oxidation of the sulfenamide produces
radical cation 121. The S-N bond of the cation cleaves
homolytically to give the arylthio radicals, which couple
to form the disulfide. In methanol, the initially formed
radical cation is further oxidized to iminium ion 123
(Scheme VII). This ion can cleave heterolytically (or
undergo nucleophilic attack at sulfur by methanol) to
yield the sulfenate ester, or it can form enamine 125
through proton loss. Attack by the enamine on 123
would produce oxazinium perchlorate 126. The step-
wise oxidations in Scheme VII are supported experi-
mentally by coulometric n values. Data from cyclic
voltammetric and ESR studies support the formation
of radical cation 121 as the first step in anodic oxidation
of the sulfenamide.!43
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SCHEME VII
Nyt N\ /N
ArS—N+ [o} :I ArS—N! 0 ——» ArS" 4 N o}

121 123 MeOH
CH;08Ar
124
.

/ N\ oyt / N ArS / \
ArS—N O ——» ArS—N O ——» ArS—N' O cloy

SAr
123 125 126

N . E
ArS. [o] ClOg 3

\ / —L ArS—N

SAr
126 127 SAr

O + EuNH'CIOS (5

Radical cations generated from sulfenamides and
diamino sulfides have been obtained by one-electron
oxidation (eq 74 and 75).!% The resulting radicals are

AIC]; or TiCl,
MeSNR, ————— [MeSNR,]"* (74)
0, 128a

MeN
R = Me, Et
AlCl,
R2NSNR2 m‘—’ [RzNSNRz]-+ (75)
¥NO» 128b

R = Me, Et

not influenced by oxygen and are stable for 20 h at room
temperature. Nonequivalence of R! and R?in 128a is
attributed to restricted rotation around the S-N bond,
and conformation 129 is proposed to account for the
nonequivalence. This geometry is also supported by
ESR data for radical cations electrochemically gener-
ated from N-((o-nitrophenyl)thio) alicyclic amines.!4®

Ky IN+_I_.S
e Ny,

129

Cyclic N-acylated sulfenamides are reductively
cleaved by lithium aluminum hydride (eq 76).14¢

o]

\/—“< . (76)
_ LA, HSCH,CH,CHNH-n-CgH,

N

7/ \nC4H9

S

V. Properties of Sulfenylimines

In comparison to the sulfenamides, much less is
known about the properties of sulfenylimines. How-
ever, there have been several studies of the barriers to
stereomutation in sulfenylimines, which are low com-
pared to the inversion barriers in imines, which do not
have strong conjugating substituents at nitrogen or at
the iminyl carbon.

Davis and co-workers found that the barriers to
stereomutation in sulfenylimines 130 are all between
20 and 20.6 kcal/mol.'¥" The barriers were found to

XCeHyS, Me Me
N=.
Me XCgHy-S(0)y
X = H, 4-Cl, 4-Br, 3-NO,, 4-NO, =
130
RZS\ R!
— 131
N—( 1 3 Me
R n=0,1,2
132 X =H, 4NO,

be relatively insensitive to changes in the S-aryl sub-
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stituent. The UV spectra of these compounds suggested
that there is delocalization of the nitrogen lone pair into
the aromatic = system. A planar nitrogen inversion
mechanism for stereomutation, in which donation of
electrons from nitrogen to sulfur stabilizes both the
ground state and the transition state, was considered
to be consistent with these data.

An NMR study of barriers to planar inversion in
N-(4,4’-dimethylbenzophenylidene)arenesulfenamides
131 and their sulfinyl and sulfonyl analogues revealed
a decrease in the barrier (18 to 13 kcal/mol) as the
oxidation state of sulfur increased.!*® This trend was
attributed to (p—d) = conjugation between nitrogen and
sulfur for sulfur in the higher oxidation states, resulting
in greater stabilization of the planar transition state.
Steric factors and electronegativity of sulfur were found
to be unimportant in determining the barriers in these
compounds.

An NMR study of symmetrical N-sulfenylimines 132
corroborated the finding that substitution on an S-aryl
group has little effect on the free energy barrier to
stereomutation.!*® However, it was found that substi-
tution at the iminyl carbon and at sulfur did affect the
barriers, which are significantly lower when R! = CF,
(15.7 kcal/mol) or R? = CCl; (14.8 kcal/mol) than when
R! or R? = CH; or XC¢H, (18-20 kcal/mol). These
results were interpreted within the framework of a
planar nitrogen inversion mechanism, using an ex-
tended-Hiickel perturbational approach. According to
this model, changes in the free energy of isomerization
are produced mainly by overlap of the nitrogen lone
pair with filled orbitals in the ¢ framework of the sub-
stituents on the iminyl carbon and on the sulfur in a
linear transition state (four-electron interactions).
These repulsive interactions are stronger for alkyl
substituents.

An NMR and UV study of the transmission of elec-
tronic effects through the S—N bond in N-alkylidene-
arenesulfenamides has been reported.!® Hammett p
values for the chemical shifts of OH, N=CH, and NH
protons were used as the measure of transmission of
substituent electronic effects through the S—-N bond in
compounds 133-135. The UV spectra of these com-

H
N R%S R!
4 \
XCgH,4=5(0), N=<
H R!

134
133 n=0,1,2
XCgHy-S=NHPh
X = 4-N(Me),, 4-OMe, 4-CH,, H,
4-Cl, 3-NO,, 4-NO,, 2-NO, 135

pounds were measured in nonpolar solvents (cyclo-
hexane, acetonitrile, ethanol). Effects of substituents
X on the 'H NMR chemical shifts of the imidyl and
hydroxyl protons in 133 pointed to conjugation of the
two aryl groups resulting from transmission of electronic
effects through the S-N bond. The mechanism has
been rationalized in terms of p—=, d-7 bonding in-
volving both the sulfur p and d orbitals. Although
conjugation is destroyed upon oxidation of sulfur, UV
bathochromic shifts in ethanol for sulfinylimines and
sulfonylimines 133 (n = 1 and 2) have been attributed
to a shift in the tautomeric equilibrium toward the
quinone amine form. The lack of such a shift in 133
(n = 0) was attributed to stabilization of the phenol-
imine form by conjugation of the two aryl groups.
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VI. Synthesis of Sulfenylimines

Sulfenylimines can be formed from sulfenamides,
disulfides, sulfenyl halides, and sulfenamide enolate
equivalents.*

A. From Suifenamides

The arenesulfenamides of ammonia condense with
ketones and aldehydes to form the corresponding sul-
fenylimines (eq 77). This reaction can be acid or base

ArSNH, + R, C=0 ——— RzC_—--N\SAr 77

SCPhy
PPTS N7

Phy CSNH, + R'R¥C=0 ———— | (78)
MgSO, ,CH, Cly

R! R?

catalyzed but does not work with diaryl ketones.!
Branchaud!®! reports that triphenylmethanesulfen-
amide also undergoes condensation with ketones and
aldehydes to form sulfenylimines when pyridinium
p-toluenesulfonate (PPTS) is used as a catalyst (eq 78).
Again, aromatic and «,8-unsaturated ketones do not
react efficiently with this sulfenamide. Thus aceto-
phenone and 3-methyl-2-cyclohexenone gave 59% and
44% yields, respectively, of sulfenylimine when CaH,
was used as a catalyst and a Soxhlet extractor or
Dean—Stark trap was employed.!%?

Morimoto reports a convenient general synthesis of
sulfenylimines by the reaction of aldehydes and ketones
with N,N-bis(trimethylsilyl) sulfenamides in the pres-
ence of tetrabutylammonium fluoride catalyst (eq 79).1%

Ph n'Blufn]:% LLN
H>|=o + (Mey i) NSR —TF» . ,C=N\SR+ (Mey 50, 0
- 79)
R=Ph 96%
R=CH;, 92%

The bis(trimethylsilyl) sulfenamides are stable N-un-
substituted sulfenamide synthons, providing easy access
to S-alkyl sulfenylimines as well as S-aryl sulfenyl-
imines. Diaryl ketones also react under these conditions
to give sulfenylimines in good yield.

Quinone sulfenylimines have been prepared by oxi-
dation of the corresponding sulfenamides with sodium
dichromate in acetic acid.! Cephalosporin sulfenamides
136 have been prepared by oxidation of the corre-
sponding sulfenamides with manganese dioxide, tert-
butyl hypochlorite/triethylamine, N-chlorosuccinimide,
and other reagents, manganese dioxide being the most
effective. 154

RSN s
O;:N\;c;{g
CO,CH;y

136

B. From Disuifides

Davis and co-workers have developed a one-step
synthesis of sulfenylimines from disulfides, metal salts,
ammonia, and aldehydes or ketones (eq 80). The

1. NH,
RSSR + MX —————— RSM + R‘R2C=N\ (80)
2. R'R¥C=0 SR
mechanism is thought to involve the formation of an
intermediate sulfenamide, which then condenses with
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SCHEME VIII
R

'»
\N/‘)S—?*—R
u AgNO,
Ar” N Ar

iy N/

the aldehyde or ketone. An interesting intramolecular
application of this method is the formation of the 1,2-
benzisothiazole 138 from bis(2-acyl-4-methylphenyl)
disulfide (137).1%% This method was employed by
Fronza et al. to produce intermediate 139 (eq 81) in the
synthesis of the N-benzoyl derivatives of L-arabino-,
L-xylo-, and L-lyx0-2,3,6-trideoxy-3-C-methyl-3-amino-
hexose.!%

CHj; CH,
o
N
’
CH, s—, CHs s
137 138

% o % o
o H NH,. PhSSPh S)/H @
e e
H_l/k ( AgNO,, MeOH Hmmert I"'.(
N.
sp

o b

139

One limitation of this method is its failure to work
with diaryl ketones. In a modification of this method
developed by Shepard and co-workers,'%” the ketimines
of diaryl ketones react with disulfides in the presence
of silver nitrate and 1 equiv of triethylamine to form
sulfenylimines in good yield (eq 82). It is believed that

TICl, 15 e
B ——
NHy

o] toluene NG
25°C PhSSPh
AgNO,
Ei3 N, teq

inethanol, 25°C ~ (82)

oS

N,

N SPh

88%

triethylamine acts as a proton acceptor, in lieu of a
second molecule of the ketimine (Scheme VIII). The
ketimines are produced under mild conditions from the
ketones by addition of ammonia in the presence of ti-
tanium tetrachloride.

Torii and co-workers report that sulfenylimines can
be synthesized in high yields from the electrolysis of
a-amino alkanoates and diaryl or dialkyl disulfides in
the presence of MgBr, (eq 83).1% Both Mg?* and Br~
are necessary components of the two-phase electrolysis
system. It is believed that bromine generated at the
anode oxidizes the amine, which then reacts with the
disulfide to form a sulfenamide. The sulfenyl bromide
thus produced also reacts with the initial amine to form
the sulfenamide. The sulfenamide is further oxidized
by bromine and dehydrobrominated by Mg(OH),,
formed at the cathode. This base is also responsible for
the other proton abstractions in the proposed mecha-
nism (eq 84-88). Separate experiments, in which the
proposed sulfenamide intermediates are converted to
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sulfenylimines under the electrolysis conditions used
for coupling of the amines and disulfides, support the
proposed mechanism. The S-phenyl sulfenylimines of
penicillin (72%) and cephalosporin (60% ) have been
successfully synthesized by this method.

SR?
NH; RISSR? N
2 .
)\ electrolysis /L
R! COOR? ¢ "MgBr, R! COOR? ®3)
CH, Cly, (P1) 55-93%
NH, NHBr (84)
+ Br, + OH' —» + Br + H,0
R! COOR? R! COOR?
NHBr NHSR?
/k + R¥SSR? — /k + R3SBr 85)
R! COOR? R! COOR?
NH, NHSR®
/k +R3SBr  — /k + Br + H,0 (86)
R! COOR? R! COOR?
NHSR? NBrSR®
R! COOR?  + Bry + O — R! COOR? + Br + H0 (87)
SR?
NBrsSR? N~
R! COOR?  + OHF — R‘)l\cooRZ +Br + HO0 (88

Diphenyl or dimethyl disulfide will react at room
temperature with N-chloroformimidoyl chloride 140 to
form sulfenylimines 141 in good yield (eq 89). The same
disulfides also react with nitriles in the presence of
sulfuryl chloride and a catalytic amount of chloride ion
to form the sulfenylimines.!%

R R
\ R'ssR! 50,Clp
=N — e Yo N I RoN 4 RIsR' 69)
cl a N sr!
. 1y, CN
140 141 Rl Cl, C
R!=Ph, CHy

C. From Sulfenyl Halldes

Sulfenyl halides condense with imines (R,C=NH) in
the presence of base to form sulfenylimines (eq 90).
This method makes available the sulfenylimines of
diaryl ketones. Selenimine 142 has also been prepared
in this manner.16

R R
>===?~'H + RSCl ——= ,N=< (90)
Ar

Ar R'S

142
CH,

Gordon and co-workers!6! have reported the synthesis
of cephalosporin sulfenylimines 144 in high yield from
the reaction of cephalosporins 143 with 3 equiv of p-
toluenesulfenyl chloride in the presence of acid sca-
vengers (propylene oxide, molecular sieves, or sodium
bicarbonate) (eq 91). The authors propose a mechanism
involving addition of 2 equiv of sulfenyl chloride to the
initially formed sulfenamide, followed by 3 elimination
to form the sulfenylimine and an equimolar amount of
disulfide (eq 92). An alternative mechanism could in-
volve addition of 1 equivalent of ArSCl to the sulfen-
amide nitrogen followed by elimination of ArSH. The
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ASN_. 2 s CHyCeHsal AN _E.8
N ANX 0° C, CH,Cl, N X on
CO,CHPh, N CO,CHPh,
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NN
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CH,
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i s
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s 2 ArSCl Arg— A’ l‘{
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CO,CHPhy CO,CHPh,
CHCH,
N(CH3), N N(CH,),
SBr s’
N=N BN N=N ©93)
CH,Cl,
+ H,CCHNH,
145
COOH
ISAr
HyC i N\
> J K)S+Ar - CO, H
ém —— >=N\ 4 ArSSAr (94)
o o HyC SAr

thiol could then react with the second equivalent of
sulfenyl chloride to form the disulfide. Battacharjee
and Dasguptal®? propose the same mechanism as Gor-
don et al. for the formation of sulfenylimine 145 from
the reaction of alanine and 4-(dimethylamino)azo-
benzene-2’-sulfenyl bromide in the presence of a cata-
lytic amount of triethylamine (eq 93). In one proposed
mechanism, decarboxylation is the key step in forma-
tion of the sulfenylimine (eq 94).

Sulfenyl halides also react with N-cyano amines to
form sulfenylimines (eq 95).163

NO, NO, \
scl + N=C-—NO _cHlly S—N-C: 85
A cl
89%

D. Additionai Methods

Oae and others have obtained sulfenylimines from the
condensation of alkyl thionitrates and p-hydroxy-
anilines in the presence of copper(II) in acetonitrile
solvent (eq 96).18416 QOxidation of the initially formed
sulfenamide by nitrous acid formed in the reaction
yields the p-benzoquinone imine.

CH;, CH,
(CHy) ; CSNO, + HO—O—N‘HZ —_—— (CH3>3cs_N=Qo
1. CuCly, (96)

CH, CN 5%
2. 20°C
3. HCI
Davis and co-workers have synthesized a-substituted
sulfenylimines from sulfenylimines through the inter-
mediacy of sulfenamide enolate equivalents (SEE) (eq
97).1%%2  The use of sulfenylating reagents as electro-

CHy  1pa 2 E CHRE
ArSN=< . - ArSN=<R — ArSN=< 97
PhS-NH SPh HaN SPh

R SPh R SPh

146 147

philes produces a-(arylthio) sulfenylimines.!®® q,q-
Bis(arylthio) and «,a,a-tris(arylthio) sulfenylimines are
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also produced in good yield with the proper choice of
reaction conditions. When phenyl disulfide is used, the
enamino sulfide 147 is also produced via isomerization
of the initially formed sulfenylimine to N-arylthio en-
amine 146. This product can be avoided by using more
reactive sulfenylating reagents.

Lithium thiooximates have been generated from the
cleavage of bisamine disulfides by n-butyllithium, or by
lithium in the presence of triethylamine, and alkylat-
ed 167168 Pike and Walton report a more direct ap-
proach to the production of thiooximate ions that avoids
the byproducts of disulfide cleavage.'®® Thus benzo-
phenone imine was deprotonated with butyllithium and
treated with sulfur to obtain the thiooximate anion (eq
98). The anion was quenched with trimethylsilyl
chloride, producing the S-(trimethylsilyl)benzophenone
thiooxime, stable at —25 °C. This sulfenylimine proved
a useful precursor for other sulfenylimines, including
the unstable free benzophenone thiooxime.

I BuLi
PhyC=NH ———""" g~ Ph, CaNSLi I o bn, CaNSSiMe,

2,
Sx PhCOCl L MeOH ©98)

Ph,C=NC(O)Ph +  Ph,C=NSC(O)Ph PhyC=NSH

In his synthesis of cephamycins, Kobayashi has re-
ported an unusual Pummerer-type rearrangement of a
sulfinamide to a sulfenylimine (eq 99).170

9
N H H
O S=NH.2 &S
jj’ _soc, j:.r 99)
N,
o Hy qumollne

COO;Bu COOtBu

The thermal decomposition of alkylideneamino sul-
fonium salts is reported to yield thiooxime S-ethers (eq

100).1!  The salts are obtained from a-halogen iso-
Rl\ R? R!
C=N—s"~R? —>» C=N—s—R' +RX
-~ A, (100

R'=Ph, Me,C R?=Me, Et, (CHy),Cl, Ph X =Cl, Br

R ; (o)
\
ce=N KN c=nN R =Ph, t-Bu
/ \ acetone /
Ph c 2°C Ph SCN

148 149

cyanates by reaction with sulfoxides, from the reaction
of N-chloro imines with sulfides, or by alkylation of
sulfenylimines with trimethyloxonium hexachloro-
antimonate. Reck and Jochims also report that treat-
ment of N-chloro imines 148 with potassium thio-
cyane}gcle yields the alkylideneamino thiocyanates 149 (eq
101).

Andreae and Schmitz have reported the preparation
of sulfenylimine 150 by reaction of 1-oxa-2-azaspiro-
[2.5]octane with the appropriate thiol (eq 102).172

o NoNH  PhMe
NH + HS—( —_—
N Ph 300K
U hr

Stansfield and co-workers have reported that triazines
151 extrude nitrogen to form N-sulfenamidines 152.173
The reaction is catalyzed by CuCN or copper powder
and is thought by the authors to involve the coupling
of an amidine radical with a copper-stabilized S-alkyl
radical (eq 103).17* It could also be explained by an
oxidative addition-reductive elimination sequence.

N‘N‘H
N—s (102)
—L,

150
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RN

2
N /S—R’ CucN RN,
Rl/ \N_\I Camm N
- e Ng__g2 (103)
' R! S§—R’

A ) 152 /

\ ’

A I

RIN R3

N . . Cu/s

C=N + N; 4+ S_pij--+ \

/ CN

ni

VII. Reactions of Sulfenylimines

Sulfenylimines are useful intermediates on the route
to other products. They undergo reduction at the imine
bond and oxidation at sulfur. They undergo nucleo-
philic addition at the iminyl carbon, electrophilic ad-
dition at nitrogen, and alkylation at sulfur. Either the
C==N or the N-S bond can be cleaved by hydrolysis.
They can also function as sulfenamide enolate equiva-
lents.

A. Reactions of N-Sulfenylimines with
Nucieophiles

N-Sulfenylimines can serve as intermediates in the
synthesis of sulfenamides. The latter may be obtained
by reduction of the imines (eq 104)'® or addition of
various nucleophiles to the imine carbon, such as alk-
oxides (eq 105)'7° and Grignard reagents (eq 106).15

STr NHST!
N '

)l\ NaBH,CN
R! CHR?R?

CF,COOH (104)
133

1 2R3
THE, pH 36 X CHRR
S5—N .
NFcrpe _LIOMe LlO‘vIe

COR?

s-NH

Ojr?/ (105)
CH,R?

COR?

H
MgBr
e "= NHCcopn  (106)

N 8"C THF
SPR 2 10% HCVEIOH-H,0

3. PRCOCI, K503
'c\q4 acelone

Nucleophilic attack at the iminyl carbon by ester
enolates leads to the formation of 8-lactams (eq 107).!7
Attack of the ester anion on sulfur is a competing re-
action, which can be eliminated by the use of sterically
hindered triphenylmethyl sulfenylimines. Enolizable
trityl sulfenylimines can also be employed.

H

Qg

Ph

|. LDA, THF sp
+
2. PhCH=NSPh NH
3. HCI, H,0 o COzE1
40% 0%
€O (1073
H
I. LDA, THF H

2. PhCH=NSCPh,
3. HCL, H,0

H
,&ﬁ)h
N\
o SCPh1

5%

Secondary and tertiary carbinamines are formed by
the nucleophilic addition of alkyl- or aryllithium rea-
gents to N-alkylidenearenesulfenamides followed by
hydrolysis (eq 108).1® Reported yields range from 43%
to 87%. Thus the sulfenylimine serves as a masked
imine derivative of ammonia. It is more resistant to
hydrolysis than imines derived from ammonia and
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SCHEME IX

CH, ArSCl
N—< + PhCOCt —» Arsl\=< CH,
PhCO PhCON H—(

CHy

CHSAr f“’
Phcom{—( PhCONH-C—CH,S$Ar
CH, |

Cl
provides, therefore, an excellent starting material for
this one-step synthesis of primary amines.
General Case:
,r\'=,==(R2
ArS . R? R
R’ = alkyl, aryl (108}

\ Lt R . R!
RRiy ol HO !
== Ar SN—(II—R — HZN—(II—RZ

Specific Example:

CH,
————
1. PhLi (2 eq)
CH
3 2 H0

P
HyN—C~—CHj

/
Pns CH,  (61%)

B. Reactions of N-Suifenylimines with
Eiectrophiies

N-Sulfenylimines react with electrophiles at sulfur,
resulting in substitution (eq 109)!7° or addition, de-
pending on the nature of the substituent at sulfur.
Alkylation on sulfur converts sulfenylimines to alkyli-
deneamino sulfonium salts (eq 110).17

Ph Ph Ph
hCOCL
N LS:—L—» N N.——{— (109
o / + ’

Me,SiS Ph PhC(O)S Ph  PhCO 'h

2 2 3

R R \ R
C=N—SR? + MeO*SbCly~ ——— C=N—S{ SbClg ™ (110)

R! R! CH,

The nitrogen, as well, in sulfenylimines can act as a
nucleophile. In an attempted Fischer-indole type syn-
thesis of benzo[b]thiophenes, Davis and Skibo have
reported that S-aryl sulfenylimines that are treated with
benzoyl chloride in the presence of DBN rearrange to
form enamides 153a, which are readily hydrolyzed to
B-keto sulfides 153b (eq 111).177

CH,3
N _rhcoct | Phs, - NHCOPh HO o cpcp,
—< g —_ | am
H CH, PhS
153 a 153b

It is believed that a sulfenyl halide is the intermediate
in the rearrangement of sulfenylimines to enamides
(Scheme IX). The sulfenyl halide results from cleavage
of the S—N bond following the electrophilic addition of
the benzoyl group to nitrogen.

C. N-Sulfenylimines as Suifenamide Enolate
Equivaients

The generation of enolate equivalents by treatment
of N-sulfenylimines with LDA and their subsequent
reaction with electrophiles has been re 6ported by Davis
and co-workers (eq 58; vide supra).!®® Sulfenamide
enolate equivalents were found to be more reactive than
carbonyl enolates but less reactive than enolates derived
from N,N-dimethylhydrazones.

Recently, Branchaud!®'%2 has developed S-trityl
sulfenylimines into very versatile intermediates. Either
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end of the imine bond can be alkylated under appro-
priate conditions (eq 112). The sulfenylimine is also
a masked ketone and provides an alternative route to
“directed” aldol products (eq 113).

CH3\N/ STr / STr
1. s-| BuLl/ THE,
)\ o )\ — ¢ > ) (12
A g, 2 Mel W°C ey B Mel TEC
/STr 1. 5-Bulf or STt
N wamE7EC | I
l ——’4 5 AgNO,,
.RRC=O0, A
R! CHR2R32 THE, 78°C. R cri? PO R! CRIR? (113)
R4 oW R4.!‘
R OH R OH

D. Oxidation of N-Suifenylimines

Oxidation of N-sulfenylimines affords N-sulfinyl-
imines (eq 114).17%1" N.Sulfinylimines derived from

CH, mCPBA, l eq. CH,

N=( NaHCO,-H,0 (114)

Ph$ CH, cCly I’hS\(
Ph ) )
N { Me;SiCl/ (Me,Si); lOl
0-N02C6H4{ H 0-NO,C¢H~S5-SiMe; (115)
1%4a © o 154b
NO, 1 "

s\
—=(
O/H/ CoMe

155

aldehydes (i.e., RS(O)N=CHAr) upon heating are im-
portant mild sources of sulfenic acids (RSOH). Thus
when N-sulfinylimine 154a was heated in the presence
of trimethylsilyl chloride /hexamethyldisilazane (2:1),
compound 154b was obtained (eq 115).!% Treatment
of 154b with 4 equiv of ethanol in the presence of
methyl propynoate yielded compound 155, confirming
the generation of the arenesulfenic acid. Sulfenic acids
have been proposed as key intermediates in a number
of important biological transformations of organosulfur
compounds.

The oxidation of N-sulfenylimines to N-sulfonyl-
imines has also been reported (eq 116).!8 A two-phase
system was found to be a necessary condition for ob-
taining high yields and clean products. N-Sulfenyl-
imines have been further oxidized to form 2-(aryl-
sulfonyl)-3-aryloxaziridines having the E configuration
(eq 117).182

Ar mCPBA, 2 eq.

e ——e
/N———'< NaHCO,-H,0 N—( 16)
RS H CCly R302 ¢
0
mCPBA
N—( —_— / w AT
NaHCO;-H,0 /N [y
RSOz ccl, %30, H

R = p-tolyl, CH;, PhCH,

ViII. Applications of Suifenamides

A number of practical applications for sulfenamides
have been developed over the years. For many years,
sulfenamides have been used as additives in the rubber
industry. They have been used in the agrochemical
industry as insecticides, fungicides, and ovicides and
have been used in materials protection. They have
recently been found potentially useful as growth regu-
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lators in plants, and some have potential medicinal
value. Sulfenamides have also been used as protective
groups in peptide and alkaloid synthesis.!

A. Suifenamides in the Rubber Industry

Sulfenamides as a source of sulfur are found to be
superior to elemental sulfur as cross-linking agents in
the vulcanization of natural and synthetic rubber.182-1%
Their use provides greater operational safety and higher
cross-linkage yields. In addition, vulcanizates using
these sulfur sources display improved heat resistance
and less tendency toward revulcanization. N,N’-Di-
thiobis(morpholine) (156) and 2-morpholinodithio-
benzo-1,3-thiazole (157) are typical of these vulcanizing
agents.

OC/N—S—S N ©:\>—s—s—

156

Benzo-1,3-thiazole-2-sulfenamides are commonly used
as vulcanization accelerators.1#11:200-285 Thege accel-
erators display a strongly retarded onset of vulcaniza-
tion, which increases the safety of the operation. They
also promote rapid vulcanization and result in products
with strong resistance to aging and good elasticity and
tensile strength. Typical accelerators are 158, 159,
160,293 and 161.2'% More recently, thiocarbamyl sul-
fenamides such as 162 used in conjunction with ben-
zothiazole sulfenamides are reported to be more effi-
cient accelerators than benzothiazole sulfenamides used
alone. 286,287

N N —
N S—NHO Oi\ S—N o]
O:s>_ s>— s/
158 159
N p QN\ o
Co-4 Co-
160

H,C
s
/2Nl I\

X Ne—=C=5—N O
\_/ \_/
162

Sulfenamides are also used as vulcanization retard-

ers,28291 j ¢ compounds that prolong the prevulcani-

zation period in rubber mixtures, thus conferring op-

erational safety and allowing adequate flow time for the

filling of molds. N-Acylated sulfenamides such as

N-(cyclohexylthio)phthalimide (163) are commonly

used as vulcanization retarders.! N-Sulfenyl sulfon-

amides such as 164%2 are also effective vulcanization
retarders.

161

X=0,CH,

[o]

,CHs
N—S5 H;C—Q—SOZ-N\
SCH,CH(CI)CH,

o]
163 164

These sulfenamide reagents are often used in varied
combinations to meet the requirements of particular
vulcanization systems.

B. Sulfenamides in Agriculture

The first two sulfenamide fungicides developed were
the trichloromethanesulfenamide of phthalimide (165)
and tetrahydrophthalimide (166). The first is used as
a downy-mildew agent in grapes and hop-growing and
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as an anti-scab agent in fruit orchards. The second is
a foliar fungicide widely used in fruit orchards and as
a soil treatment agent.

o] [o]

@N—S—CCI; mN—S—CClg

o] o]
165 166

Folpel (Phaltan R} Captan (Orthocld R)

The trichloromethanesulfenamides of alkanesulfon-
anilides (e.g., 167) are also effective foliar fungicides.
The most effective fungicide of the same type is the
N-cyclohexyl sulfonamide 169.22 Other recently de-

sccly SCFCly

CICH,SO;N"" (CHy NSO, N~

167
Chlorosulfan R chhloﬂuanld

502CH3 Q
O/ ~sccl,F Q o, FCIZCSN)k
's,ccl3
Ci
169 170 171
veloped fungicides are the sulfenamides of substituted
diphenylamines (170),3%232% gylfenamides derived from
substituted ureas (171, 172),%%52% and phosphorus-
containing sulfenamides (173-175).2"2%® Many of these
sulfenamides also display miticidal (acaricidal), ovicidal,
and pesticidal activity. The benzoylphenylurea deriv-
ative 176 has insecticidal activity against mosquitos.3®
Finally, sulfenamides such as 177 are plant growth
regulators.®®! This sulfenamide selectively inhibits
lettuce growth without affecting oats. Other variants
inhibit stem growth or stimulate root growth in various

plants.
0
)I\ Jo\ ﬁ /SCCIZF
ClsSN N s CICHFO—P—N
)\ ) <

CcH
C3Hy OCHy =3

172 173

NO; NO,

ON O,
Jol} a
CF3 CF3
N N CH(CHy )
\ s \ s / 3
CF -
3

\P¢°
B0~ =g B1077\
OBl

NO,
F 0 bt Q
O AeOe
]:[ Ph NH
F

176 177

o}
Cl\/@c}?3

C. Maedicinai Applications of Sulfenamides

Within the past few years, several sulfenamides have
been developed that have potential medicinal applica-
tions. The pyrimidinamine sulfenamides 178 (R = Ph,
i-Pr) are inhibitors of platelet lipoxygenase and of leu-
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@Noz
N/ SNH,

180

SCH(CH3 )2

Ckm E>=o

kocyte migration.?’omo3 Oxazolidinone sulfenamide 179
displays the same activity as 178 and is an antiasth-
matic agent.’* The pyridyl sulfenamide 180 and other
analogues exhibit antitumor activity against Ehrlich
tumor cells in ICR female mice.3®® The drug omeprazole
(182), used to treat gastric ulcers, owes its biological
activity to the inhibition of the gastric (H*/K*)-ATPase
present in the acidic compartments of the parietal
cells.?06-308 Tt is accepted that omeprazole and a num-

R! N P
Y5 N ,
N R
¢ LQ_
R} R

181 R!'=RZ=R®=H (Timoprazole)
182 R1=R2= OCH3 R3 CH3(Omeprazole)

\©j s S Ne
< P
SR
R? R?
184
1 RJ
R N RY N ‘ ,
Jos ST oS o
H s R
186

185

ber of related compounds are not active enzyme in-
hibitors but are transformed in acidic media into the
active form. There has been considerable debate con-
cerning the chemical structure of the active form.
Several mechanisms have been advanced to account for
the inhibition. In part the evidence adduced for these
various mechanistic possibilities has derived from re-
actions of omeprazole and analogues such as timopra-
zole (181) carried out under acidic conditions and/or
in the presence of thiols. Small differences in conditions
have led to different products isolated by the three
groups.

Two of the groups have isolated sulfoxides that they
suggest are intermediates (or analogues of intermedi-
ates) in the biological reactions of these compounds.
The American®® and German®” groups have postulated
that initial reaction of omeprazole with acid leads to a
sulfenium ion 183 via a Pummerer-like reaction. This
sulfenium ion was thought to suffer attack by a sulf-
hydryl group in the enzyme (or from an added mer-
captan) either at one of the imidazole nitrogen atoms
to form a sulfenamide®® 184 or at C-2 of the imidazole
ring to form a thioketal that could lose either of the two
mercapto groups to form a sulfide®” 185. Alternatively,
the German group postulated that in the absence of
added nucleophile the sulfonium salt could be attacked
by the pyridine nitrogen to form a spirocyclic inter-
mediate that led to a purple solid whose structure was
suggested to be a tetracyclic aromatic mercaptyl radical.
The Swedish group®®® also postulated a spirocyclic in-
termediate, but one derived by attack by the pyridine
nitrogen on C-2 of the sulfoxide itself rather than an
intermediate sulfonium ion. The spirocyclic sulfoxide
was thought to open to a sulfenic acid that could re-
cyclize to form a cyclic sulfenamide 186. This cyclic
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sulfenamide, which could be isolated, was postulated
to act as sulfenylating group that would react with a
sulfhydryl group in the enzyme to form a disulfide.
Thus the three groups have postulated enzymatic
deactivation by conversion of an enzymic sulfhydryl
group to a sulfide, a sulfenamide, or a disulfide.
Although further investigations will be required be-
fore the mode of action of these interesting compounds
is definitively established, it is worth noting that much
of the chemistry reported or postulated in these papers
has relatively little precedent. For example, the viny-
logous Pummerer reaction to form sulfenium ion 183,
while reasonable, has not previously been observed.
Similarly, the formation of sulfenamides by reaction of
sulfenic acids with amines has not previously been de-
scribed, although the formation of an S-N bond by
reaction of a postulated sulfenic acid form of the en-
zyme glyceraldehyde-3-phosphate dehydrogenase with
phenylhydrazine had been suggested.3®®

D. Miscellaneous Applications

Sulfenamides are also used as load-capacity improvers
in lubricants (187),31%%11 a3 wood preservatives
(188),312313 g5 fungicides in paints,’4 as antimicrobial
finishes for textiles,?® and as an additive to a wood-free
thermal recording material (189).%16

L~
CO-C

187

RINX);——NR

O

R!;CS—N N—CF,
\

/
N CFy R'4CS
‘>—S—NH
s 188

189

E. Sulfenamides as Protecting Groups In
Synthesis

For over 20 years, the (2-nitrophenyl)sulfenyl group
has been used as a protecting group in peptide syn-
thesis. The amino acid sulfenamides of 2-nitro-
benzenesulfenyl chloride are generally crystalline com-
pounds and are readily cleaved by anhydrous HCI (eq
118).317 More recently, this protective group has been
used by Gordon et al. in the synthesis of monocyclic
B-lactam antibiotics from L-threonine (eq 119).%!8

NO, NO,

-HCl (118)
SCl + H,NCH,COOH = $ — NHCH,COOH
+HCI
NO, NO,
@ o1 @ oH
S—NH W CHs

S—NH ve CHy
H H,NOCH,Ph H
OH _0 Ph
o RN T N
I. MesCV pyr. (119)
2. K,CO,
acelone
H CH; H CHy
TSAH; Ny 3 = JH p-thiocresol ArSNHy = = H
et
-TSA
N p N
o ~o" > ph o ~0" > ph

Sulfenylimines have been used as intermediates in the
synthesis of cephalosporins,'®! cephamycins,'®* and
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carbohydrate derivatives.!® These intermediates have
permitted stereoselective nucleophilic additions to the
imine carbon.

Finally, the (triphenylmethyl)sulfenyl group, while
not as useful in peptide synthesis as the (o-nitro-
phenyl)sulfenyl group, has proved to be an excellent
protecting group in the synthesis of other organic com-
pounds such as the alkaloid 3-coniceine.!52
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