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Allylic sulfides add to alkynes in the presence of nickel complexes efficiently to afford thio-1,4-dienes regio- and stereoselectively. Functional

groups such as alkoxy, siloxy, hydroxy, carboalkoxy, chloro, and cyano groups are tolerated. A mechanism that involves a
sr-allyl complexes and distribution of products in the reactions of

intermediate is proposed on the basis of isolation of
sulfide.

mr-allyl nickel
o- or y-methylated allyl

The addition reactions of carbetheteroatom bonds to

selective additions of allylic sulfides to terminal and internal

unsaturated linkages are emerging as an important class oflkynes, which furnish thio-1,4-dienes in high yields (Scheme

synthetic reaction¥0f particular synthetic importance in the
category are addition reactions of-8 bonds. Although a

1).

number of papers have reported metal-catalyzed decarbo_

nylative addition reactions of thio esteérstraightforward
addition of S-C bonds has not been documentd&ecause

alkenyl sulfides are valuable and versatile intermediates in
organic synthesis, we have focused our interest on an

exploration of the addition of SC bonds to alkyne$.In

this paper, we report Ni(0)-catalyzed regio- and stereo-
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Although palladium complexes catalyze addition reactions
of O-methylS-phenyl thiocarbonate to alkynes efficierftly,
attempted reactions of 1-octynka) with allyl phenyl sulfide
(2a) using palladium complexes such as Pd@RRdMe-
(dppb), and Pd(PG}, did not proceed, anglawas recovered
guantitatively. Other metal complexes such as Pt{RPh
RuH,(CO)(PPh);, and RhCI(CO) (PP, were not active
either.

Continued exploration for capable catalysts has uncovered
that nickel complexes can catalyze the reaction smoothly.
Screening of catalysts was carried out using a 3:1 ratio of
la and2a becausela tends to oligomerize in the presence



of nickel complexes. Plain Ni(cogand Ni(cod) + ligand
systems, where the ligand is dppb, (4S)-(—)-2-(2'-diphen-
ylphosphinophenyl)-4-isopropyloxazoline, 1,2-bi§j)4-iso-
propyl-2-oxazolin-2-yllethane, 2,2-bisfgtphenyloxazolin-
2-yllpropane, or bis[(8)-phenyloxazolin-2-yllmethane, have
proven to be the best nickel catalysts (4 mol %), which afford
5-phenylthioundeca-1,4)-diene Bag) in a yield higher than
90% afte 8 h at 60 €T in toluene. Ni(PP$)4, Ni(CO)}(PPh)s—n
(n =1 or 2), Ni[P(OPhy]4, and the species generated by
mixing of Ni(cody and a ligand such as dppf, 2,3-di-
(phenylimino)butane, (S)-(+)-2,2'-isopropylidenebis(4-tert-
butyl-2-oxazoline), or 2,2methylenebis[(R 59-4,5-diphenyl-
2-oxazoline] are less active (yields ranging from 90 to 17%
under the same conditions), and Ni(B)Eis totally inactive.
Ni(cod),, one of the most active catalysts, promotes the
reaction even at room temperature (67% yield after 5 days).
On the other hand, a Ni(cogdgatalyzed reaction run at 110
°C promotes oligomerization of 1-octyne more extensively,
although it affords3aain a high yield. Use of coordinative

solvents such as THF and 1,4-dioxane has proven to suppress

the oligomerization of 1-octyne.

Applicability of the new addition reaction to various
alkynes is summarized in Table 1. Most of the reactions were
carried out in THF using either plain Ni(cadcatalystA)
or Ni(cody—dppb (1:1 molar ratio; catalyf).

The following reaction (entry 1) exemplifies the procedure.
A mixture of 1a (1.5 mmol),2a (0.5 mmol), and Ni(cod)

(4 mol %) in toluene (0.5 mL) was heated at 8D for 8 h.
Analysis of the resulting mixture by GC revealed tBaga
and 2-hexyl-1-phenylthiopentaZ)(4-diene 4aa) were formed

in 98% total yield with 89% selectivity foBaa. Removal of
volatiles, silica gel column chromatography (hexane), and
preparative TLC (silica gel, hexane/diethyl ether10:1)
gave an analytically pure produétd NMR, 3C NMR, and
mass spectroscopies agreed with the structure. An NOE
experiment suggested A{configuration (cis addition of PhS
and allyl moieties), which was unequivocally confirmed by
X-ray diffraction in the case of produ8ga, formed in the
reaction of diphenylacetylene (1q) (vide infra).

As Table 1 shows, various alkynes undergo the addition
reaction in the presence of catalydt or B. Although
exceptions are found, cataly® works better for most

(4) Review on the synthesis and synthetic application of alkenyl
sulfides: (a) Kondo, T.; Mitsudo, T.-&hem. Re»2000, 100, 3205. (b)
Luh, T.-Y.; Ni, Z.-J.Synthesi499Q 89. Selected examples of the synthetic
application of alkenyl sulfides: (c) Itami, K.; Higashi, S.; Mineno, M;

Table 1. Ni-Catalyzed Addition of Allyl Phenyl Sulfide to
Alkyneg

1

R/SPh
=

4xa

Ni catalyst
THF,60°C,8h

1
R Y\/\ +
SPh
3xa

x=k: R'=CgHsCH,
x=1: R'=CgHsg

x=m: R" = p-FCgH,
x=n: R'=p-CH3CgH,
x=0: R' = p-CH;0CgH,

R! + phg N

2a

1x

x=f R'=TBDMSO(CH,),
x = g: R! = (HO)(CH3),C

x = h: R" = CH30CH,

x =i R!=C,H500C(CH,),
x =} R'=CH,=C(CHs)

X X X xX X

conversion

alkyne (%) yield selectivity

entry catalyst’? 1x 1Ix 2a (%)? (%)e
1r A la 88 100 98 (3aa 87) 89
of B la 72 100 91 88
3 B 1b nd® 27 27(8bal7) 90
4 B 1c nd® 68 62 (3cab58) 100
5 A 1d 80 100 99 (3da 87) 92
6 A le 44 40 33 94
7 B le 93 94 92 (3ea 77) 93
8 A 1fi 81 63 65 94
9 B 1fi 87 99 95 (3fa 72) 89
10 A 1g 86 37 24 99
11 B g 99 86 81(3ga74) 99
12 A 1h 100 69 68 (3ha 58) 80
13 B 1h 100 37 28 80
14 A 1i 99 99 99 (3ia 89) 90
15 B 1i 90 98 97 89
16 A 1j 100 27 14 94
17 B 1j 100 24 18 (3ja 10) 94
18 A 1k 92 97 95 (3ka 90) 89
19 B 1k 96 81 68 88
20 A 11 88 91 87(3la78) 99
21 B 11 99 46 8 nd
22 A 1m 94 84 84 (3ma 76) 99
23 B 1m 99 38 21 99
24 A 1n 76 43 40 (3na 35) 99
25 B 1n 93 40 37 99
26 A 1o 93 57 55 (30a 42) 99
27 B 1o 99 39 31 99

a2 Unless otherwise noted, the reactions were carried out using 4.0 mmol
of 1x, 2.0 mmol of2a, 0.08 mmol of catalyst, and THF (2.0 mL) at 8D
for 8 h.PCatalystA = Ni(cod). CatalystB = Ni(cod), + 1dppb.
¢ Conversion oflx, based orilx used (4 mmol), and conversion @f,
based or2a used (2 mmol), were determined by GCTotal yield of 3xa
and4xa determined by GC. The figures in parentheses are isolated yields
of 3xa. © 100 [3xa]/([3xa]+ [4xa]) determined by GCf The reaction was
run in toluene (0.5 mL) usinga (1.5 mmol),2a (0.5 mmol), and catalyst
A or B (0.02 mmol).9 Run under an atmospheric pressure of propyméot
determined! Reaction time= 24 h.

Yoshida, J.-iOrg. Lett.2005 7, 1219. (d) Itami, K.; Mineno, M.; Muraoka,
N.; Yoshida, J.-i.J. Am. Chem. SoQ004,126, 11778. (e) Mizuno, H.;
Domon, K.; Masuya, K.; Tanino, K.; Kuwajima, 0. Org. Chem1999,
64, 2648. (f) Kinoshita, Y.; Kitahara, Tretrahedron Lett1997,38, 4993.
(9) Morris, T. H.; Smith, E. H.; Walsh, Rl. Chem. Soc., Chem. Commun.
1987, 964. (h) Mori, K.; Mori, HTetrahedronl987,43, 4097. (i) Takeda,
T.; Fuijii, T.; Morita, K.; Fujiwara, T.Chem. Lett1986 15, 1311. (j) Miller,
R. D.; Hassig, R.Tetrahedron Lett.1985, 26, 2395. (k) Magnus, P.;
Quagliato, D.J. Org. Chem1985,50, 1621. (I) Sugimura, H.; Takei, H.
Chem. Lett1984, 1505. (m) Trost, B. M.; Lavoie, A. @. Am. Chem. Soc.
1983,105, 5075. (n) Okamura, H.; Miura, M.; Takei, Retrahedron Lett.
1979, 43. (0) Wenkert, E.; Ferreira, T.; Michelotti, E. I. Chem. Soc.,
Chem. Commurl979, 637. (p) Oshima, K.; Shimoji, K.; Takahashi, H.;
Yamamoto, H. Nozaki, HJ. Am. Chem. S0&973,952694. (q) Kobayashi,
S.; Takei, H.; Mukaiyama, TChem. Lett1973, 1097.

(5) Hua, R.; Takeda, H.; Onozawa, S.-y.; Abe, Y.; Tanaka JMAm.
Chem. Soc2001,123, 2899.
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aliphatic alkynes. For instance, an attempted reaction of
propyne (1b, balloon) using catalyatdid not work at all;
introduction of propyne to the reaction system at room
temperature resulted in very rapid catalyst decomposition,
as visualized by immediate black precipitate formation.
CatalystB, on the other hand, did form the desired product
3bain 27% yield with 90% regioselectivity (entry 3). The
addition reaction of sterically congested 3,3-dimethylbutyne
1c did not proceed with catalysk; both 1c and 2a were
recovered unchanged. However, catalgspromoted the
reaction to give3cain 62% yield as the sole product after

Org. Lett, Vol. 9, No. 2, 2007



24 h (entry 4). Although the present reaction tolerates various ||| | | GG
functional groups in alkynes, the activity of catalystsaind Table 2. Ni-Catalyzed Addition Reaction d?ato Internal
B is significantly affected by functional groups bound even pjkynes 1y

at a remote location. Thus, when catalystwas used, SPh SPh
5-chloro-1-pentyne (1d) formed addudtia near quantita-  rRz—=—r? + _~~_-SPh % sz +R3)\/\/
tively with 92% selectivity (entry 5), whereas alkynes 1y 2a ’ R® R2
substituted by cyano (le), siloxy (1f), and hydroxig) ¥ = piR? = 1-Caly, R = n-Coy Sya dya
groups displayed rather low reactivity (entries 6, 8, and 10). ~ YZH% ZCele 7 = cells
For the latter cases, cataly\Btworked well to give satisfac- ¥y =s: R2 = (CH3),CH(CHy);, R® = H,C=C(CHy)
tory yields (entries 7, 9, and 11). In sharp contrast, catalyst Y=t R =CeHs R®=CH,0H
A showed higher catalytic activity for methyl propargyl ether conversion
(1h) than catalysB (entries 12 and 13). On the other hand, " () eld loctivi

N . .. . ime yie selectivity
ethyl 4-pentynoate (1i) displayed high reactivity with both entry 1y  (h) ﬁ (%) (%)
catalystsA and B (entries 14 and 15). The reaction of - " ” - P ~
2-methyl-1-buten-3-yne (1j), a conjugated enyne, also dis- 1p 48 70 68 68 _

played high reactivity with both catalysts (entries 16 and 17). 5 1q 96 57 59 54 (41) _
However, as the large gap between conversion8acdind 4 1r 48 85 9  76(67) 78
1j suggests, extensive oligomerizationlgpttook place, and 5 1s 48 51 60 48 69
the yield of3ja was less than 20%. Benzylic and aromatic 6 1t 48 85 90 83 (79) 92
alkyn.es a!so Conform to the.addltlon reaction, with Cate}lySt a8 Reaction conditions1y (2.0 mmol),2a (2.0 mmol), 1,4-dioxane (2.0
A being higher yielding (entries 387). Note that aromatic me). Ni(cod), I+ 2d|gpbf (catalyséC; Ni,d 4.0 mol O/&),bIOO’C. b Eetfermined

; 0 ; i . by GC.¢Total yield of 3ya and 4ya determined by GC. The figures in
falkynes displayed nea_r 100 _/0 regioselectivity. The electronic parentheses are isolated yield4.00 [3ya]/([3ya]+ [4ya]) determined by
influence of the-substituent is clearly seen; phenylacetylene Gc.fcCatalystB (Ni(cod), + 1dppb) was used.
and p-fluorophenylacetylene gave very high yields of the

adducts when catalyst was used, and the use of catalBst

resulted in very low yields (entries 2@3). Forp-methyl- The reactivity of other allylic sulfides is highly dependent
and p-methoxyphenylacetylenes, both catalysts showed on the substituent (Scheme 2). Thus, allyl methyl sulfii (
moderate catalytic activity. is much less reactive thata, indicative of the necessity of

Finally, ethyl propiolate, ethyl 3-butynoate, and ethynyl an aromatic group bound to sulfgr for' the .reaction to
p-tolyl sulfone gave only traces of the desired adducts SMoothly proceeds-Methylated allylic sulfide2cis some-

(<5%), due to extensive oligomerization of these alkynes. What less reactive thala. The reaction o2d that has a
. . methyl at theo-position proceeds smoothly to give products
Internal alkynes are much less reactive than terminal ones

! . : '5—7. The structure and distribution 6f7 are diagnostic
but heating at 100C using dioxane as solvent for longer : . . 4
. . . . of a mechanism that involves-allylnickel species as
periods affords the desired products in acceptable yields. : S o ,
(Table 2), as exemplified by the reaction of 4-octyae:( intermediates (vide infra). The reactivity @' that has a
v 1 B Np d y ithin 5 -y p(’j methyl group at the/-position, on the other hand, is much
tehn ry ).t' ecausde_t_ |(coN}iecom|3r]oseshW| I!n (rjnln utn €' Jower than that oRd, but the same producks-7 are formed
_(tahreac I'O,:.] ccl)nlnons, '(i.?ﬁ_)?tﬁsﬁ). medlgaT t.SySteTI.S with nearly the same distribution, which suggests the
Wi da re abl;/ey arge qluan(ljyzo € |kgan (re_a |vef I(') I)d involvement of the samg-allylnickel intermediate as that
?re heswa € (entfqesh and 2). Qu(;c hscrsfanlnd? Cé |g:t;)an Sgenera’ted fron2d.” Cinnamyl phenyl sulfide 2e), more
or the reac_tlon_ OlLp has _suggeste _t at Ni(cee2dpp congested at the-position, did not react at all.
(catalystC) is higher yielding than Ni(cod}-4PPh (48 h,

0 h h. 389 ioh The addition reaction is envisioned to proceed via the
65%),—-4P(OPh) (24 h, 38%), and-(45)-(~)-2-(2-diphen- seguence of events shown in Scheme 3, which accommodates

ylphosphinophenyl)-4-isopropyloxazoline (48 h, 55%). Diphen- following experimental results.
ylacetylene (1q) displayed a very low reactivity compared

with 4-octyne even in the presence of catalgst the
corresponding addu@&qga was obtained in 54% yield after
96 h (entry 3). The structure 8gawas confirmed by X-ray
crystallography (Figure HUnsymmetrical internal alkynes
such as 1-phenyl-1-propyngrf, 2,7-dimethyl-1-octen-3-yne
(19), and 1-phenyl-1-propyn-3-olf) reacted witi?ato give
two regioisomers in moderate to good yields (entrie$}
Only 1t displayed a high regioselectivity.

(6) Crystals for X-ray diffraction analysis were obtained by recrystalli-
zation from hexane at OC. Crystal data forﬁt;i colorless nee'gles,
orthorhombic, space group2:2:2;, a = 16.382(2) Ab = 17.248(2) Ac . . .
=6.272(3) AV = 1772.2(8) B, Z = 4, D, = 1.231 g/crA, fw = 328.47, Figure 1. ORTEP drawings of (a3qa (left) and (b) Nifz-C3Hs)-
u(Mo Ka) = 1.82 cntl, R1 = 0.041, wR2= 0.103, GOF= 1.08. See (SPh)(PMeg) 8a (right).

Supporting Information for details.
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Scheme 2
nCe¢Hiz——=— 1a nC<H nCeH1a
. CatalystB 6 13Y\/\ \J/\sMe
THF
Mes™ S 2b  ghec ©3ab 4ab
50h total yield = 44 (28%), 3ab/4ab = 80/20

NCeHiz—= 1a nCeHiz
6 13+ Catalyst B nCeHBM SPh
THF
PhS/Y 2 g0°C 3ac
32h

total yield = 75 (68%), 3ac/4ac 84/16

o J\/ Catalyst A
n — + _— -
6 ‘31a Phs” ™  THF,60°C,8h

2d

nCeHmY\r\ . nC<;H13\%\/\,$N . njby\sph
SPh SP'& A

7
5
total yield = 87%, 5/6/7 = 8/67/25

NCeHiz—= + PhSM CatalostA 5+6+7
1a 24" THF, 80 °C, 32 h

total yield = 56%, 5/6/7 = 9/69/22

Oxidative addition of allyl sulfides with Pd, Rh, and Ru
has been document@d.o substantiate the oxidative addition

with Ni(0), we treated a THF solution of Ni(cogvith 2a
(1 equiv) in the presence of PME equiv) at—60 °C ~

room temperature overnight. Routine workup and recrystal-

lization from octane affordedrtallyl)Ni(SPh)(PMe) (8a,

46%), the structure of which was verified by X-ray diffrac-

tion analysis (Figure 13.A similar reaction using PRHin
place of PMe also afforded the corresponding-allyl
complex @b, 61%), which appeared less stable ti8zi°
Upon treatment of comple®a or 8b with 1a (5 equiv) in
THF at 60°C for 1 h, a mixture oBaaand4aawas obtained
in 26 or 28% yield, respectively3éa selectivity = 83%,

irrespective of the starting complex). In addition to these

Scheme 3

PhS /N[ /N‘_>>
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observations, the structure and essentially the same distribu-
tion of the product$—7 formed in the reactions ¢fd and

2d' strongly support that these two reactions proceed through
the samer-allylnickel intermediate. The formation éfand

7 in preference t®b is envisaged to have come from the
C—C reductive elimination that took place at the sterically
less congested allylic carbon. It is well-established that
oxidative addition of an alkyl halide proceeds via ai2S
type mechanisri In the present reaction, we envision that
the oxidative addition of allylic sulfides proceeds through
precoordination of the olefinic linkage to the transition
metall®'? and/or {2'-type mechanisiif, either of which
agrees with the low reactivity dtd' as compared with that

of 2d (and also2c).

In summary, nickel-catalyzed addition of allylic sulfides
to alkynes proceeds to furnish alkenes having organothio and
allylic moieties, which can be elaborated in many ways. Thus
the products will find useful synthetic applications.
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