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Hydrothiolation of alkynes proceeds with diphenyl disulfide and tripropylamine. Amine-mediated single electron transfer to diphenyl disulfide
can be proposed for the reaction mechanism. Applications of the method to radical cyclizations of eneyne compounds are also presented.

A radical reaction is an efficient tool in synthetic organic
chemistry.! BusSnH has frequently been used for a
hydrogen donor in the presence of aradical initiator such
as AIBN (2,2’-azobisisobutyronitrile). There are, however,
some disadvantages in using BusSnH, due to its toxicity
and difficulty in removing tin residue. Therefore, several
substitutes for BusSnH have been studied in recent
years.?® We have recently reported the synthesis of y-lac-
tams by a cyclization of trichloroacetamides in heated 1,4-
dimethylpiperazine used as a solvent.* We considered that
this reaction was atin-free radical cyclization that proceeded
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by a single electron transfer (SET) reaction®® of amine to
trichloroacetamides.

In 1964, Wang reported that the sulfur—sulfur bond in
diphenyl disulfide (1) was cleaved by an amine such as N,N-
dimethylaniline to give solidified materias (polymers) by
reaction with acrylonitrile.” The author proposed that this
reaction proceeded by a single electron transfer mechanism.
However, unfortunately, no synthetic usefulness of this
reaction has so far been demonstrated.

Herein, we report an efficient synthesis of vinyl sulfides
3 by treatment of a mixture of diphenyl disulfide (1) and
alkynes 2 with tripropylamine (Scheme 1, eg 1). Applications
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Scheme 1. Thiol-Mediated Radical Hydrothiolation of Alkynes
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of the method to radical cyclizations of eneyne compounds
12 are aso presented.®

It iswell-known that the benzenethiy! radical formed from
thiophenol in the presence of AIBN undergoes an addition
reaction with alkynes to give vinyl sulfides (Scheme 1, eq
2).° In this reaction, the use of ill-smelling thiophenol and a
hazardous radical initiator such as AIBN was required.

Although many reactions of alkynes with disulfides have
developed, disulfidation products are generally obtained.™®
To the best of our knowledge, reductive radical reaction of
alkynes with disulfide to give 1-alkenyl sulfides has not been
explored.*

We initiated our investigation by examining the reaction
of diphenyl disulfide (1) with phenylacetylene (2a) with 40
equiv of boiling 1,4-dimethylpiperazine to give vinyl sulfide
3ain 63% yield as a 4:1 mixture of E- and Z-isomers along
with a small amount (7% yield) of disulfidated compound
4a (Table 1, entry 1). A similar reaction using triethylamine
was found to improve the yield of desired compound 3a in
a short reaction time (Table 1, entry 3). Pyridine, however,
gave no compounds 3a and 4a (Table 1, entry 7). Of the
several amines examined, tripropylamine gave the best
results, affording 3a in 83% yield (E:Z = 85:15) together
with 4a (4%) (Table 1, entry 4).*2

Reactions of a mixture of 1 and 2a with tripropylamine
were examined in more detail. The use of areduced amount
of tripropylamine gave products in lower yield.*®> When the
reactions were carried out in atemperature range of 80—140
°C, no dramatic change in the yield of 3a was observed.™®
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Table 1. Screening of Amines

Amine
(40 equiv) Ph Ph
PhSSPh + Ph—=——3> D=u__ * )=
(11 equiv) H SPh  PhS SPh
1 2a 3a 4a
. __vield(%)*
0
entry amine t (h) temp (°C) 38 (EZ) 42
1 MeN, NMe  20.5 130 63 (80:20) 7
2 MeN 0 24 110 43 (70:30 15
e ( )
3 EtN 8 90 74(5842) 11
4 PraN 3 140 83 (85:15) 4
5 /PrNE 45 125 69 (80:20) 5
PO
6 MeN NMe, 24 80 18 (50:50) 13
\ .
7 | P 24 115 no reaction
N

2Yield of isolated products. ® Ratio of E:Z determined by 'H NMR
analysis.

At room temperature, however, a long reaction time was
required, and the yield of 3a also decreased (Scheme 2, eq

Scheme 2. Amine-Mediated Radical Hydrothiolation of
Phenylacetylene under Various Reaction Conditions
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1). We soon found that the addition of water at room
temperature improved theyield of 3a (Scheme 2, eq 1). This
was presumed to be because water accelerated the hydrogen
atom donation to the vinyl radical intermediate 10 (vide infra)
to give 3a.'* On the other hands, no reaction occurred with
the addition of a substoichiometric amount of TEMPO
(2,2,6,6-tetramethyl-1-piperidinyl 1-oxyl) as aradical scav-

(14) It was reported that the rate of radical trapping by thiol was
increased in the presence of water. See: Tranche, C.; Martinez, F. N.; Horner,
J. H.; Newcomb, M. Tetrahedron Lett. 1996, 37, 5845.
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enger, suggesting that this reaction proceeds by a radical
mechanism (Scheme 2, eq 1). The use of 0.6 equiv of 1 at
140 °C did not result in a significant decrease in yield of 3a
(Scheme 2, eq 2), suggesting that two sulfur atoms of
disulfide might be incorporated into phenylacetylene (2a).
Interestingly, the use of dimethyl disulfide in place of
diphenyl disulfide gave no product (Scheme 2, eq 3).

A plausible mechanism for the reaction is shown in
Scheme 3. The reaction may be initiated by single electron

Scheme 3. Plausible Mechanism
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transfer (SET) reaction of tripropylamine to disulfide 1 to
generate an anion radical 5 and a cation radical 6. The S—S
bond fission of anion radical 5 generates benzenethiyl radical
(7) and thiolate anion 8. An attack of thiyl radical 7 on the
alkyne 2a gives the vinyl radical 10, which then abstracts a
hydrogen atom from benzenethiol (9) to give vinyl sulfide
3a together with the benezenthiyl radical (7). It should be
noted that the formation of benzenethiol (9) might be aresult
of theremoval of a proton of cation radical 6 (proton removal
of 6 gives radical 11). Therefore, a single electron transfer
reaction between tripropylamine and diphenyl disulfide (3)
to form cation radical 6 is important to give vinyl sulfides
3a. Partial formation of compound 4a might be a result of
an attack of vinyl radical 10 on diphenyl disulfide (1).

The results of the reactions of 1 with other alkynes 2 (1.0
equiv) with tripropylamine are summarized in Table 2.
Arylacetylenes 2b and 2¢ bearing a halogen and an electron-
donating group on the aromatic ring provided the corre-
sponding vinyl sulfides 3b and 3c in good yields (Table 2,
entries 1 and 2), whereas p-nitrophenylacetylene (2d) gave
only atrace amount of the desired product 3d (Table 2, entry
3). Several diphatic alkynes 2e—g gave the corresponding
vinyl sulfides 3e—g in good yields (Table 2, entries 4—6).
Furthermore, the internal alkynes 2h,i underwent the desired
reaction to give the corresponding vinyl sulfides 3h,i in good
yields (Table 2, entries 7 and 8).%°

The advantages of the present reaction are as follows: (1)
all reagents employed herein are inexpensive and have low
toxicity, and the reaction does not require the use of ill-

(15) For examples of addition of thiyl radical to internal alkynes, see:
(a) Ichinose, Y.; Wakamatsu, K.; Nozaki, K.; Birbaum, J.-L.; Oshima, K.;
Utimoto, K. Chem. Lett. 1987, 16, 1647. (b) Montevecchi, P. C.; Navacchia,
M. L.; Spagnolo, P. Eur. J. Org. Chem. 1998, 1219. (c) Montevecchi, P. C,;
Navacchia, M. L.; Spagnolo, P. Tetrahedron 1998, 54, 8207. (d) Fernandez-
Gonzélez, M.; Alonso, R. J. Org. Chem. 2006, 71, 6767.
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Table 2. Amine-Mediated Addition of Benzenethiyl Radica to
Various Alkynes

PhSSPh (1.1 equiv)

Pr3N (40 equiv R' R2 R? R?
RI—= Rr? 3N (40 equiv) P . St

140 °C H SPh PhS SPh
2 3 4
yield (%)*
entry 2 R! R? t(h) 3 (E:Z)Y® 4

1 b 4-CIC¢H, H 3 64 (71:29) 2

2 ¢ 4-MeOCgHy H 2 79 (71:29) trace

3 d 4-NO,;CgH4 H 24 trace trace

4 e CgHys H 2.5 74 (50:50) trace
5 f TBDPSOCH, H 18.5 63 (67:33) 5
6 g TsNHCH, H 6 68 (63:37) -
7 h Ph Me 2 66 (57:43) -
2 88 (57:43)° -
8 i Ph Ph 10 52 (n.d.) -

10 60 (n.d.)’ -

2Yield of isolated products. ® Ratio of E:Z determined by 'H NMR
analysis. © 2 equiv of water was added.

smelling thiophenol, and (2) products can be obtained after
simple removal of tripropylamine by a conventional evapora-
tor followed by usual chromatography.

Applications of this method to radical cyclization of
eneyne derivatives 12 were examined next. When the
cyclization precursor 12a was treated with 1.1 equiv of
pheny! disulfide in 40 equiv of tripropylamine at 140 °C, a
mixture of 5-exo products 13a and 14a and 6-endo products
15a was obtained in 76% total yield (Table 3, entry 1).

Table 3. Amine-Mediated Radical Cyclization of Eneyne 14a

I~ phsspha) Phs X " Phe

Pr3N (40 equiv)
MeO,C~ ~CcO,Me 140°C MeO,C” “COMe  MeO,C”_“COzMe
12a
e l
PhS™ X PhS PhS™ ™
MeQ,C~ "COMe MeO,.C~ “CO,Me Me0,C~ ~CO,Me
13a (77:23) 14a 15a (62:38)
entry 1 (equiv) ¢ (h) yield (%)* ratio® (13a:14a:15a)
1 1.1 8 76 46:11:43
2¢ 1.1 10 84 28:4:68
34 1.1 8 79 50:11:39
44 2.0 7 79 56:17:27

aVYield of isolated products. ® Ratio determined by 'H NMR analysis.
€400 equiv of PrsN was employed. 2 equiv of water was added.

Formation of 15a can be explained by a rearrangement of
intermediate A via a ring expansion process of the cyclo-
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Table 4. Amine-Mediated Radical Cyclization of Various
Eneynes

PhSSPh (2.0 equiv)
PraN (40 equiv)

H,0 (2.0 equiv)
Eneyne (12) Products (13-15)
140 °C
entry alkyne t (h) products®?
PhS™ PhS
N MeO,C~ “CO.Me MeO,C~ “CO,Me

13b: 65% (77:23) 14b: 12%

1

MeO,C~ ~“CO,Me PhS™ ™

12b
Me0,C~ “CO Me

15b: trace
I Z Phg™ ™
2 8
MeO,C° CO,Me MeO,C~ "CO,Me
12¢ 13¢:81% (81:19)
’ ’ PhS” X PhS™ X
3 10 +
MeO,C~ CO,Me MeO.C CO,Me  MeO,C CO,Me
12d 13d (not determined) 15d (55:45)
13d+15d: 80%
(13d:15d = 5:95)

13e: 45% ( smgle isomer)

13f:57% (70: 30)

4 M %\ 7
O
12e
e
5
o]
12f
6 W\ f\ 2.5
N
Ts Ts
129 139-61%(84-16)
BVelawel T—Q
12h

Phs™

TsH

13h: (79:21
3h: (79: )13h+14h 61%

(13h:14h = 89:11)

aYield of isolated products. ® Ratios determined by 'H NMR analysis.
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propane intermediate B.'® This assumption is supported by
the fact that a similar reaction in 400 equiv of tripropylamine
gave predominantly 6-endo product 15a (Table 3, entry 2).
It is well-known that the yield of the rearrangement product
increases when the concentration of the substrate is low.*’
Addition of 2.0 equiv of water caused an increase in the
ratio of 5-exo products 13a and 14a (Table 3, entries 3 and
4).

Table 4 shows the results of radical cyclization of several
eneyne compounds 12 by heating with 2.0 equiv of phenyl
disulfide (1) and 40 equiv of tripropylamine at 140 °C in
the presence of 2.0 equiv of water. The radica precursors
12b and 12¢ bearing mono- or dimethylated alkene provided
cyclization products 13b and 13c in good yields (Table 4,
entries 1 and 2). Compound 12d underwent radical cycliza-
tion in a 6-endo-trig manner to give cyclohexane derivative
15d along with a small amount of 5-exo products 13d (Table
4, entry 3). The radical precursors 12e, 12f, and 12g gave
the corresponding heterocyclic five-membered products 13e,
13f, and 139, respectively, in good yields (Table 4, entries
4—6). Compound 12h gave a mixture of 13h and 14h in
61% yield (Table 4, entry 7).

In conclusion, we have developed a method for the
formation of benzenethiyl radical 7 from diphenyl disulfide
(1) with tripropylamine via a single electron transfer (SET)
reaction. Inexpensive and environmentally friendly reagents
were employed, and the experimental procedure is very
simple and safe. Further studies directed toward the elucida-
tion of the reaction mechanism and the application of amine-
mediated radical formation to the various disulfides, het-
eroatoms, and radical precursors are currently underway in
our laboratory.
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