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Copper(I) salts effectively catalyze the reaction of azide (I) with thiol (II), producing sulfenylamide (ITI),

primary amine (IV), and disulfide (V).

The products depend primarily upon the nature of thiol.

In the cases

of alkanethiol and aralkanethiol, ITI, IV, and V are produced and III is the main product, while, in the case of

aromatic thiol, IV and V are the products.
further reacts with thiol to produce IV and V.

This paper describes a new reaction of azide with
thiol by the aid of a copper compound catalyst. The
exploration of this reaction was suggested by our pre-
vious findings of the specific catalyst activity of copper
compounds for the insertion reactions of isocyanide!
and carbene? into the N-H bond of amine, the O-H
bond of aleohol, and the S-H bond of thiol. Isocyanide
and carbene are characterized by the presence of lone
pair electrons in carbon atom. The decomposition of
azide with the evolution of nitrogen produces an un-
stable species of nitrene which also bears lone pair elec-
trons in nitrogen and may be taken as an analog of
carbene.

The present study has disclosed that copper(I) salts
effectively catalyze the reaction of azide (I) with thiol

(IT1). The products are sulfenylamide (III), primary
amine (IV) and disulfide (V). Mechanistic studies
ke
8a.,
RN; + R’SH —> RNHSR’ + RNH; + R/SSR’ (1)
1 11 11 v A
Ia, R = CH,CO;Bu-t ITa, R’ = -Bu
b, R = CO:Bu-¢ b, R’ = PhCH,
¢, R’ = Ph
I1la, R = CH;CO;Bu-t; R’ = +-Bu IVa, R = CH,CO:Bu-t
b, R = CO:Bu~t; R’ = PhCH, b, R = CO;Bu-~t
¢, R = CO:Bu-t; R’ = t-Bu ,
d, R = CH,CO;Bu-{; R’ = Ph Va, R’ = -Bu
e, R = COBu-; R” = Ph b, R’ = PhCH,
¢ R' = Ph

have revealed that III is first formed which further re-
acts with thiol to produce IVand V. The primary prod-
uet of III may be regarded as being a product of the
insertion of nitrene (RN:) into the S—H bond of thiol.
The results of the present study are interestingly com-
pared with Takebayashi’s study in which the decom-
position of phenyl azide proceeded very rapidly in
benzenethiol to produce aniline and diphenyl disulfide
in high yields.?® A mechanism of radical reaction of an
intermediate nitrene was proposed for the phenyl azide-
benzenethiol reaction. In addition, the thermal and
photolytic decompositions of azide in hydrogen-con-
taining solvents often produce primary amine (IV in
eq 1), for which a radical mechanism of hydrogen ab-
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Mechanistic studies have shown that III is first formed which

straction of nitrene has been assumed.** In the pres-
ent study, the copper-catalyzed reaction of azide with
thiol, however, was suggested to be a nonradical pro-
cess.

Results and Discussion

In the present study, the azide reagents are t-butyl
azidoacetate (Ia) and azidoformate (Ib), and the thiol
reagents are 2-methyl-2-propanethiol (IIa), a-toluene-
thiol (IIb), and benzenethiol (ITe). The reaction in the
presence of cuprous chloride or oxide is illustrated in
Table I. Without copper catalyst, two azides, Ia and
Ib, did not react with ITa even at 80°. They were
recovered unchanged almost quantitatively. In the
presence of copper catalyst, however, the azide-thiol
reactions proceeded smoothly at room temperature.
The products depend primarily upon the nature of
thiol. In the cases of alkanethiol and aralkanethiol,
III, IV and V are produced and III is the main produet.
In the case of aromatie thiol, IV and V are the products.

Tasre I
REeacTION OF AzIDE WiTH THIoL®
R'SH
11 R'SH
RN; —> RNHSR’ —> RNH; + R’SSR/
I I IV v
NiR, R'SH, Catalyst, —Product, Zp—
10 mmol 45~69 mmol 1 mmol III® IV® b

NaCHgCOzBU.—t (IB.)
N:;CH,CO;Bu-¢ (Ia)
NsCO.Bu- (Ib)
N3;CO,Bu-t (Ib)

t-BuSH (IIa) Cu:0O 64 30 31
t-BuSH (IIa) 0 0 0
PhCH,SH (IIb) CuCl 60 30 35
t-BuSH (1Ia) CuCl 77 20 16

N;CO:Bu-t (Ib) t-BuSH (ITa) 0 0 0
N;CH,CO;Bu-t (Ia) PhSH (IIc) Cu0O 0 99 102¢
N;CO:Bu-t (Ib) PhSH (IIc) CuCl 0 99 107c

¢ Reactions were carried out at room temperature for 4~10 hr
under nitrogen atmosphere. b Product yields are based upon the
amount of azide. ¢The production of diphenyl disulfide over
1009, may be ascribed to the oxidation of thiol by oxygen in the
reaction system,

In the reaction of Ia and IIa, two experimental find-
ings support the mechanism in which I1Iais first formed;
IITa further reacts with the second molecule of IIa
to produce IVa and Va.
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Tasre I1
Reacrion or (-BuSNHCHCO,Bu-t (I11a) writa -BuSH (I1a)

+-BuSNHCH,CO;Bu-t + #-BuSH ——>

IIIa ITa
NH.CH;CO;Bu-t + {-BuSSBu-¢
IVa Va

Catalyst Time, hr IIla, % IVa, % Va, %
No catalyst 22 100 0 0
CuCl (1 mmol) 6 40 60 61.5
CuCl (1 mmol)
»-BQP (4 mol%)} 6 38 62 61

@ Reaction conditions: IIIa (1 mmol) and Ila (4.4 mmol) at
80° under nitrogen atmosphere. ?p-BQ = p-benzoquinone.

Cu* catalyst
NCH:CO,Bu-t + -BuSH ———— -BuSNHCH.CO,Bu-~

Ia a Il
@)

Cu*™ catalyst
1I1a + Ila —————> NH,CH,CO,Bu-~t + t-BuSSBu-{

IVa Va

In the first experiment, II1Ia was subjected to the re-
action with Ila. The IIa-IIIa reaction in the presence
of cuprous chloride proceeded to produce 1Va and Va
(Table 1I). No other product was detected in the reac-
tion mixture. 1t is important to note that the I1a~IIIa
reaction also requires a copper catalyst. Without
catalyst, I11a was recovered quantitatively from the
heat-treated mixture of ITa and ITIa. Furthermore,
the copper-catalyzed reaction of I1Ta with IIa was not
affected by the addition of p-benzoquinone as a radical
seavenger.

In the second series of experiments, the change of the
amounts of three products during the course of reaction
of Ia with excess IIa was examined (Figure 1). The
amount of IIla increased in the first 2 hr, then it re-
mained unchanged in the subsequent 2 hr, and finally
it began to decrease when Ia was consumed. The
productions of IVa and Va continued to increase during
the whole period of reaction. At a reaction time of 4 hr,
Ta was consumed almost completely and the combined
yield of 1IIa and IVa became about 1009 on the basis
of Ja. After 4 hr, the decrease of I1Ia corresponded to
the increase of IVa. These findings support the mech-
anism of consecutive reactions; i.e., IVa and Va are
produced from the primary produet of ITIa. In addi-
tion, the time-conversion curve of the Ia-IIa reaction
with cuprous oxide catalyst was not affected by the
addition of 4 mol 9% of p-benzoquinone.

The copper-catalyzed reaction of azide with aromatic
thiol is also important especially from the mechanistic
point of view. The Ia-IIec and Ib-IIc reactions took
place to produce the corresponding primary amine (IV)
and disulfide (V) (Table I). The corresponding ben-
zenesulfenylamides (III) were not detected in the reac-
tion mixtures. In addition, the reaction of azide with
aromatic thiol occurred without any added catalyst.
In the presence of copper compound, however, the
reaction proceeds at much faster rates. The time-
conversion curves of the Ia~LIc reaction under varying
conditions are shown in Figure 2. The extent of reac-
tion was monitored by the glpe analysis of IVa, ~Heat-
ing of a mixture of Ia and 1lc at 80° under nitrogen
atmosphere without any added catalyst caused the
reaction between the two components to produce IVa
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Figure 1.—Time conversion of the reaction of NsCH,COOBu-~t
(Ia) with -BuSH (IIa) by CuO catalyst at 80°: IIla, {-BuS-
NHCH;CO,Bu-t (®@); IVa, NH,CH,CO,Bu-t (®); Va, -BuSSBu-t
(O).
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Figure 2.—Time conversion of the reactions of t-butyl azido-

acetate (Ia) with benzenethiol (IIc) [reaction conditions:
t-butyl azidoacetate (7 mmol), benzenethiol (39 mmol); at
80° under Ny]: 1, no catalyst; 2, p-benzoquinone (11.8 mol%);
3, Cu:0 (1 mmol); 4, Cu:0 (1 mmol)-p-benzoquinone (20.0
mol %).

and Ve (curve 1). This agrees with a report of
Takebayashi.® Addition of p-benzoquinone suppressed
the reaction (curve 2). As to the inhibition by p-
benzoquinone, the reaction of p-benzoquinone with
thiol is known. Therefore, p-benzoquinone might
have been consumed by the reaction with thiol. In
the experiment of Figure 2, however, the amount of
p-benzoquinone is as high as 11.8 mol 9% of thiol; the
suppression of the reaction may be asecribed to the
scavenging by the remaining p-benzoquinone. Refer-
ence experiments have shown that smaller amounts of
p-benzoquinone, e.g., 5 mol %, do not inhibit the azide-
thiol reaction.

Addition of a small amount of cuprous oxide caused
the Ia-Ilc reaction at a much higher rate (curve 3).
Here, it is important that the time-conversion curve of
the copper-catalyzed reaction is not affected even by
20 mol % of p-benzoquinone. These findings may be
taken to suggest a nonradical mechanism of the copper-
catalyzed reaction.

For the Ia-lIc reaction, a mechanism involving the
sulfenylamide as an intermediate product (1IId) is also
suggested. Unlike the reaction with aliphatic thiol,
the sulfenylamide (IIId) was not detected in the reac-
tion mixtures both in noncatalyzed and copper-

(5) M. Schubert, J. Amer. Chem. Soc., 69, 712 (1947),
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Cut catalyst Ilc
N;CH:CO.Bu-t + PhSH ——> [t-BuQ;C-CH;NHPh] —>

Ia IIe I1Id

NH,CH:CO:Bu-t + PhSSPh (3)
IVa Ve

catalyzed reactions. A reference experiment, however,
showed that the reaction of N,N-diethylbenzenesul-
fenylamide with benzenethiol proceeded quickly even
at 0° to afford diethylamine and diphenyl disulfide (eq
4). This reaction did not require any added catalyst.

Et;N-SPh + PhSH —> Et,NH + PhSSPh 4)

The reaction of sulfenylamide and thiol has been re-
ported also by Mukaiyama, et al.®

As the real species of catalyst, cuprous mercaptide
may be postulated, because the reaction mixtures with
cuprous oxide and with cuprous chloride as the catalyst
always contained the corresponding cuprous mercap-
tide. The insertion of nitrene to the copper(I)-sulfur
bond constitutes an essential step for the formation of
the sulfenylamide intermediate. A tentative mecha-
nistic scheme is given as follows (Scheme I). Nitrene
from azide is coordinated with cuprous mercaptide, and
the insertion probably takes place in the ligand sphere
of a mixed ligand complex (VI). After the insertion,
the hydrogen transfer from thiol to euprous sulfenyl-
amide in VII produces III and cuprous mercaptide.

Scueme I

Cuz20 or CuCl
—> CulSR’

leR
=N
R’SH

[RN :»OuII—SR’:I
HgR'

Vi

)

o]

VII

R'SH

RNHSR’ + Cu'SR
111

lR’SH

RNH; 4+ R’SSR’/
v v

Experimental Section

Reaction of 2-Methyl-2-propanethiol (Ila) with {-Butyl Azido-
acetate (Ia).—To a stirred mixture of I1a (44 mmol) and cuprous
oxide (1 mmol), Ia (10 mmol) was added dropwise during 30 min
at room temperature under nitrogen atmosphere. Stirring was
then continued for additional 10 hr at 80°. After the insoluble
part was removed by filtration, the filtrate was distilled ¢n vacuo
to give a distillate (1.9 g) boiling at 90~94° (5 mm). The dis-
tillate was then analyzed by glpe. The products were N-t-
butoxycarbonylmethyl-2-methyl-2-propanesulfenylamide  (IIIa;

(8) T. Mukaiyama and K, Takahashi, Tetrahedron Lett., 5907 (1968).
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649,), t-butyl ester of glycine (IVa; 30%), and di-t-butyl disulfide
(Va; 81%). Illa was identified by ir and nmr spectra and ele-
mental analysis: ir of I1Ia (neat) 3360 (s), 1740 (vs) and 1250~
1100 em~! (vs); nmr (CDCL) 5 6.38 (2 H, 5, -CH,-), 8.51 (9 H,
8, ~OCHy-t), 8.79 (9 H, 5, -8-C,Hst).

Anal. Caled for CioHaNO.S: C, 54.76; H, 9.65; N, 6.38.
Found: C, 54.26; H, 9.93; N, 6.10.

IVa was identified by ir and nmr spectra: ir of IVa (neat)
(3360 (), 1730 (vs), 1370 (s), 1240 (s) and 1150 em™ (8); nmr
(CDClL;) » 6.70 2 H, s, ~-CH;p~), 7.98 (2 H, broad, -NH,), and
8.55 (9 H, S, *OCAHg—t).

Reaction of «-Toluenethiol (IIb) with ¢-Butyl Azidoformate
(Ib).—The reaction was carried out by a similar procedure.
The products were N-t-butoxycarbonyl-a-toluenesulfenylamide
(ITIb; 60%), t-butyl urethan (IVb; 309), and dibenzyl disul-
fide (Vb; 359%). IIIb was identified by ir and nmr spectra and
elemental analysis: ir of IIIb (Nujol) 3440 (w), 1720 (vs), 1360
(vs), 760 (vs), and 690 cm™ (s8); nmr (CDCl;) = 2.72 (5 H, s,
—CeHs), 6.40 (2 H, s, ~CH,-) and 8.55 (9 H, s, -OC,Hs-t).

Anal. Caled for CHi:2NO.S: C, 60.22; H, 7.16; N, 5.85.
Found: C, 60.56; H, 6.94; N, 5.67.

IVb and Vb were identified by comparison of ir and nmr
spectra with those of the corresponding authentic samples.

Reaction of 2-Methyl-2-propanethiol (IIa) with {-Butyl Azid~
formate (Ib).—To a stirred mixture of IIa (55 mmol) and cu--
prous chloride (1 mmol), Ib (10 mmol) was added dropwise during
30 min at room temperature under nitrogen atmosphere. Stir-
ring was then continued for additional 10 hr at room temperature.
Then the insoluble part was removed from the reaction mixture
by filtration and the filtrate was concentrated and analyzed by
glpe. The products were N-i-butoxycarbonyl-2-methyl-2-pro-
panesulfenylamide (IIIc; 779%), t-butylurethan (IVb; 209%),
and di-t-butyl disulfide (Va; 16%). IVb and Va were identified
by comparison of the glpc retention times and ir spectra with
those of the corresponding authentic samples. IIlc was iso-
lated by preparative glpe, white crystalline, mp 95-96°, whose
structure was determined by ir and nmr spectra and elemental
analysis: ir of IIIc (KBr, tablet) 3320 (s), 1715 (vs), 1450 (s),
1360 (s), 1245 (s), 940 (vw) and 840 cm™ (8); nmr (CDCI)
r 4.5 (1 H, broad, -NH~-), 8.50 (9 H, s, -OC,Hst), 8.75 (9 H, s,
-8-CH,-t). ‘

Anal. Caled for CoH NO,S: C, 52.65; H, 9.33; N, 6.82,
Found: C,52.38; H,9.62; N, 6.74.

Reaction of 2-Methyl-2-propanethiol (Ila) with {-Butyl Azido-
acetate (Ia) (Figure 1).—A mixture of Ila (44 mmol), Ia (8
mmol), and cuprous oxide (I mmol) was heated at 80° under
nitrogen atmosphere. The amounts of IITa, IVa and Va at
several times of reaction were determined by glpe.

Reaction of Benzenethiol (IIc) with {-Butyl Azidoacetate (Ia)
(Figure 2).—Curve 1 reaction: a mixture of Ilc (39 mmol) and Ia
(7 mmol) was heated at 80° under nitrogen atmosphere without
any added catalyst. Curve 2 reaction: p-benzoquinone (11.8
mol %) was added at the beginning of curve 1 reaction. Curve 3
reaction: a mixture of IIc (39 mmol), Ia (7 mmol), and cuprous
oxide (1 mmol) was heated at 80°. Curve 4 reaction: p-benzo-
quinone (20.0 mol %) was added at the beginning of curve 3
reaction.

Reaction of N,N-Diethylbenzenesulfenylamide’ with Benzene-
thiol.—N,N-Diethylbenzenesulfenylamide (4.9 mmol) was added
dropwise to benzenethiol (40 mmol) cooled with ice bath under
nitrogen atmosphere without any added catalyst. The reaction
immediately occurred, and ceased in 5 min. Then the insoluble
part was separated from the reaction mixture by filtration.
Diphenyl disulfide (94%,) was obtained from the insoluble part.
The filtrate was analyzed by glpe. The product was diethyl-
amine (85%). Any other product was not detected from the
reaction mixture. Diethylamine was identified by comparison
of the glpe retention time and ir spectra with those of the authen-
tic sample.

Registry No.—Ia, 6367-36-8; Ib, 1070-19-5; IIa,
75-66-1; IIb, 100-53-8; IIec, 108-98-5; IIIa, 25297-00-
1; IIIb, 25297-01-2; IIlec, 25297-02-3; 1Va, 6456-74-2;
Va, 110-06-5.
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