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ABSTRACT: Despite the remarkable success of the copper-catalyzed oxidative
coupling reaction, direct cross-coupling of amines and thiols for the synthesis of
N-sulfenylimines has not been previously reported. Using commercially available
copper catalysts (Cul) and oxygen as an environmentally benign oxidant,
synthetically useful N-sulfenylimines were prepared from amines and thiols in

good yields without overoxidation of sulfur atoms.

N-Sulfenylimines are sulfur analogs of oximes possessing a
nitrogen—sulfur bond and are also called thio-oximes and
sulfenimines. Despite the utility of sulfenylimines in the
preparation of N-sulfinylimines, N-sulfonylimines, f-lactams,
vinyl formamides, and H,S-releasing reagents, efficient and
catalytic methods to prepare sulfenylimines have not yet been
actively explored.'™* Based on the pioneering work by Davis,
sulfenylimines were synthesized in a one-step process using
disulfides, aldehydes, ammonia, and silver complexes, although
the use of stoichiometric amounts of silver complexes and
ammonia was required (Scheme 1, eq 1).**** S-Aroylthio-
hydroxylamine (SATHA) was also used to prepare sulfenyli-
mines from aldehydes (Scheme 1, eq 2).%" The synthesis of
SATHA requires the reaction of acyl chloride with H,S
followed by amination using hydroxylamine sulfonic acid. The
combination of trimethylphosphine and N-(phenylthio)-
phthalimide which is synthesized from thiophenol also

Scheme 1. Synthesis of N-Sulfenylimines
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Copper-catalyzed N-sulfenylimine formation
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provided sulfenylimines from oximes (Scheme 1, eq 3).*
Although various reaction conditions for the synthesis of
sulfenylimines have been reported, there is no catalytic method
to synthesize sulfenylimines directly from amines.

Copper-catalyzed aerobic oxidative coupling reactions have
been successful for inducing C—C, C—N, C-P, C—S, N—P, P—
S, and N—S bond formation without prefunctionalization of
reactants.” "’ As substrates in the oxidative coupling reaction,
amines are known to be relatively susceptible under oxidation
conditions (e.g, the oxidation of amines to imines and the
oxidative a-functionalized tertiary amines); however, to the best
of our knowledge, direct oxidative coupling of amines with
thiols to afford N-sulfenylimines (N—S bond formation) has
not yet been reported.*” The reactions of amines and thiols
often provided sulfonamides under oxidation conditions.” ™'
In this study, we present the first copper-catalyzed aerobic
oxidative coupling of amines and thiols to provide various N-
sulfenylimines (Scheme 1, eq 4). Selective oxidation occurred
to form N-sulfenylimines without N-sulfinyl- and N-sulfonyli-
mines.

The optimization results are given in Table 1. Although
disulfides are often used as electrophiles (e.g., sulfenylation of
aromatic compounds), disulfides are formed from thiols under
copper-catalyzed aerobic conditions.'" Therefore, we decided
to use benzenethiol 1b instead of disulfides. For this process, p-
OMe-benzyl amine 1a (2 equiv) and benzenethiol 1b (1 equiv)
were subjected to copper-catalyzed aerobic oxidation con-
ditions. In the presence of Cul (2 mol %), the solution of 1a
and 1b in toluene (0.5 M) was stirred at 100 °C under 1 atm of
oxygen to afford sulfenylimine 1c in 42% yield (entry 1). We
also screened several metal salts; CuBr, CuBr,, FeCl,, and
FeCl; showed inferior catalytic activity compared to Cul
(entries 2—5). Because the yield of the copper-catalyzed
oxidation of amines is affected by ligand additives, we tested
several ligands. The reactions with 2,2,6,6-tetramethyl-
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Table 1. Optimization of the Formation of Sulfenylimine 1c

NH, \N,SPh
+ PhSH
MeO MeO

metal complex

additive

1a B oluens (0.5 M) 1c
100 °C, O, (1 atm)
entry metal complex additive yield
1 Cul (2 mol %) - 42%
2 CuBr (2 mol %) - 9%
3 CuBr, (2 mol %) - 6%
4 FeCl, (2 mol %) - -
S FeCl; (2 mol %) - -
6 Cul (2 mol %) TEMPO (2 mol %) 29%
7 Cul (2 mol %) PPh; (2 mol %) 30%
8 Cul (2 mol %) IMes (2 mol %) 31%
9 Cul (2 mol %) 1,10-phen (2 mol %)  33%
10  Cul (2 mol %) TBD (1 equiv) 33%
11 Cul (2 mol %) TBD (0.1 equiv) 68% (10%," 39%")
12 Cul (2 mol %) DBU (1 equiv) 53%
13 Cul (2 mol %) DBU (0.1 equiv) 58%
14 Cul (2 mol %) KO'Bu (1 equiv)
1S TEMPO (S mol %) TBD (0.1 equiv)

. . b .
“The reaction was run under nitrogen atmosphere. “The reaction was

run in 1 M of toluene.

piperidinyloxy (TEMPO), PPh;, 1,3-bis(2,4,6-trimethyl-
phenyl)imidazol-2-ylidene (IMes), and 1,10-phenanthroline
(1,10-phen) provided lc in lower yields (entries 6—9). To
improve the deprotonation (a-proton) of the amines, a strong
organic base, 1,5,7-triazabicyclo[4.4.0]dec-S-ene (TBD), was
added. By varying the amount of bases, the yield increased to
68% (entries 10 and 11). In the absence of oxygen, lc was
formed in low yield (10%, entry 11). To avoid the large amount
of solvents, the reaction was tested in toluene (1 M) to afford
1c in 39% yield (entry 11). Addition of 1,8-diazabicyclo[5.4.0]-
undec-7-ene (DBU) also improved the yield of 1c to 58%
(entries 12 and 13). Inorganic base KO'Bu did not promote
sulfenylimine formation (entry 14). In the absence of metal
complexes, TEMPO was used as an organocatalyst, but 1c was
not formed (entry 15)."

To investigate the substrate scope of the reaction, diverse
thiols and amines were subjected to aerobic oxidation
conditions using Cul (2 mol %) and TBD (0.1 equiv) (Figure
1). First, benzyl amine derivatives were exposed to the
optimized reaction conditions. As shown in Figure 1, benzyl
amine was transformed to 2c with a 74% yield. Then, F- and
Cl-substituted benzyl amines were converted to the corre-
sponding sulfenyl imines 3c in 79% yield and 4c¢ in 75% yield.
Electron-rich OMe- and Me-substituted benzyl amines
participated in the reaction to afford the desired products Sc
and 6¢ in good yields. Piperonyl amine was also incorporated in
the sulfenylimine 7c¢ in 62% yield. Next, we carried out the
reactions of thiophenol derivatives with benzyl amine. Fluoro-
substituted thiophenol reacted with benzyl amine to give 8c in
73% vyield. Electron-rich thiophenols participated in the
reaction to afford the corresponding sulfenylimines 9¢ and
10c in 76% and 75% yield, respectively. Next, amines forming
thio-ketoximes were subjected to the reaction conditions. Thio-
ketoximes possessing phenyl-ethyl 1lc, phenyl-methyl 12,
diphenyl 13c, and OMe-substituted phenyl-methyl group 14c
were synthesized in modest to good yields. As an aliphatic
amine, octyl amine was subjected to the reaction conditions,
but either desired sulfenylimines or octyl aldehydes formed
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Figure 1. Examples of sulfenylimines.

from the oxidation of octyl amine followed by hydrolysis were
not observed. The reactions of aliphatic thiol, octyl thiol with
benzyl amine provided trace amounts of N-sulfenyl imines.
To investigate the reaction mechanism, the following
experiments were carried out. As mentioned earlier, disulfide
may be the key intermediate. With diphenyldisulfide 1b’,
sulfenylimine 1c was obtained in 66% yield, a result comparable
to that of the reaction of thiophenol 1b. Next, the role of
copper catalysts was examined. Copper catalysts oxidize thiols
to disulfides, and amines to imines under oxidation conditions.
In addition, copper catalysts might promote nitrogen—sulfur
bond formation in la and 1b’. As shown in the second and
third reactions of Scheme 2, in the absence of copper catalysts,

Scheme 2. Reactions of la with Disulfide 1b’

Cul (2 mol %) - SPh
+ Ph8SPh ———
TBD (0.1 equiv)  pMeO
toluene (0.5 M) 1c
100 °C, Oy (1 atm) yield = 66%
\N/SPh
/@A + PhSSPh /@A
TBD (0.1 equiv) MeO
1b’ toluene (0.5 M) 1c
100 °C, O, {1 atm) not formed
N/SF'h
/@/\ + PhSSPh /@/\H
toluene (0.5 M)  pmeO
100 °C 1c’
not formed

N—S bond formation did not occur, implying that N—S bonds
were not formed via the simple nucleophilic addition of amines
to disulfides. In other words, the copper catalyst is a
prerequisite for N—S bond formation.

To identify the catalytically active species, CuSPh was
subjected to the optlmlzed conditions as both the catalyst and
substrate (Scheme 3). 4 As a catalyst, CuSPh was less efficient
than Cul. The CuSPh-catalyzed reaction afforded 2c in 14%
yield. When CuSPh was used as a reactant in the absence of
Cul, 2c was obtained in only 29% yield. On the other hand,
with 2 mol % of Cul, the reaction of benzyl amine and CuSPh
afforded 2c¢ in 67% yield. These results indicate that CuSPh is
not an active catalyst. Prior to the reaction of copper catalysts
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Scheme 3. Reactions Using CuSPh as a Catalyst and a

Substrate
NH, CuSPh (2 mol %) - SPh
+  PhSH
TBD (0.1 equiv)
1b toluene (0.5 M) 2c
100 °C, O, (1 atm) yield = 14%
NH, Sy -SPh
* CuSPh
TBD (0.1 eq)
toluene (0.5 M) 2c
100 °C, O, (1 atm) yield = 29%
NH, Cul (2 mol %) - SPh
+ CuSPh
TBD (0.1 equiv)
toluene (0.5 M) 2¢
100 °C, O (1 atm) yield = 67%

with phenylthioloates, the copper-catalyzed oxidation of amines
to imines should occur. In the context of amine oxidation, Cul
appears to be more reactive in forming 2c. The observation that
sulfenamides were not formed during the experiments also
supports this hypothesis.

Based on the results of the control experiment, we propose a
possible reaction mechanism (Scheme 4). Benzyl amine

Scheme 4. Proposed Reaction Mechanism
Culn

Ph O NH,
NS
b SPh 0,
+
PhsH “
Ph/\N/CuLn
Phs-SPh I

underwent aerobic oxidation by the Cu catalyst to form
imine—Cu complex L Intermediate I reacted with diphenyldi-
sulfide formed from thiophenol to afford the desired
sulfenylimines.*"””

In conclusion, we have reported an efficient copper-catalyzed
aerobic coupling of amines and thiols to afford N-
sulfenylimines in good yields. Under aerobic oxidation
conditions, no overoxidation to form sulfinylimines or
sulfonylimines was observed. This direct synthesis of N-
sulfenylimines from amines and thiols would expand the utility
of sulfenylimines in the synthesis of a range of sulfur-containing
organic compounds. Based on control experiments, the reaction
mechanism was proposed to involve selective amine oxidation,
followed by N—S bond formation.
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