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Palladium-Catalyzed Preparation of Propargylic or Allenylic Sulfides from
Propargyl Halides or Mesylate and Thiols
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In the presence of a catalytic amount of Pd0-dppe complex
[dppe: 1,2-bis(diphenylphosphanyl)ethane], generated in
situ from [Pd2(dba)3·CHCl3] and dppe, propargylic bromide
1a reacted with an equimolar amount of propanethiol at 60
°C in DMF to afford propargylic sulfide 2 in an excellent
yield. The reaction occurs readily when carried out in the
presence of the weak base triethylamine. The choice of both
the phosphane, which is employed as the palladium atom’s
ligand, and the solvent have a remarkable effect on this reac-
tion. We found that the optimum conditions for the reaction
are those using a bidentate phosphane ligand (dppe) in a
polar solvent (DMF). Compound 1a reacted smoothly with
both aromatic (PhSH) and secondary thiols (CySH) in high
yields. The reactions with thiols bearing functional groups

Introduction

Propargylic sulfides, allenylic sulfides, and their oxidation
products, sulfoxides and sulfones, are important reagents
and/or quite useful intermediates in organic synthetic[1] and
biological applications.[2] Propargylic sulfides have been
prepared generally by Williamson-type reactions of propar-
gylic bromides, iodides, or mesylates with thiols in the pres-
ence of inorganic bases.[3a] Varma reported that Ce-ex-
changed zeolite catalyzed the reaction of propargylic bro-
mide with cyclohexanethiol and benzenethiol.[3b] Several
synthetic methods for preparing allenylic sulfides have been
reported, such as the alkylation of simple thioallenes or
thioacetylenes,[4a,4b] the base-catalyzed isomerization of
propargylic sulfides,[4b,4c] the O-sulfenylation of propar-
gylic alcohols and their subsequent 2,3-sigmatropic re-
arrangement, followed by deoxygenation,[4a] the direct ad-
dition of phenylthiocopper trimethylphosphite complex to
propargyl halides,[4d] and the Wittig-type reaction of phe-
nylsulfanyl-acetyl chloride with carboxy phosphorane.[4e]

Because research on these sulfur compounds is widely stud-
ied, highly selective and efficient methods are desired for
preparing propargylic or allenylic sulfides catalyzed by tran-
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(OH or Cl) proceeded selectively in good to moderate yields.
Primary chlorides 1b−e were readily converted into their
corresponding propargylic sulfides 7−10 in high yields. The
Pd0-dppe catalyst was ineffective in the reaction of the brom-
ide 1g bearing a tBu group at the propargylic position, but
the reaction of the corresponding mesylate 1h using the Pd0-
DIOP catalyst [DIOP = O-isopropylidene-2,3-dihydroxy-1,4-
bis(diphenylphosphanyl)butane] at 100 °C afforded the
product 11 in good yield. Allenylic sulfides were obtained
from 1g−i. We suggest that a cationic η3-type complex may
be a more reactive intermediate in this catalytic reaction than
neutral η1- or η3-allenyl/propargylpalladium complexes.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

sition metal complexes. Hidai, Uemura, and Mitsudo re-
ported the ruthenium-catalyzed reaction of propargyl al-
cohols[5a,5b] or carbonates[5c] with thiols to afford propar-
gylic sulfides. Miyaura reported the palladium-catalyzed re-
action of propargylic carbonate with boron-sulfur reagents
to yield allenylic sulfide.[6] In spite of the poisoning effects
that sulfur-containing compounds have on catalysts,[7] there
have been reports on transition metal-catalyzed reactions
involving organosulfur compounds.[8] To the best of our
knowledge, however, no examples of the preparation of pro-
pargylic and allenylic sulfides using palladium catalysts
have been reported, other than those mentioned above, even
though palladium is the most commonly and readily used
transition metal catalyst in organic syntheses[9] and is cap-
able of catalyzing a wide variety of reactions of propargylic
compounds.[10] We have systematically investigated aspects
of the preparation and reactions of some types of palladium
complexes containing allenyl or propargyl ligands.[11] From
these studies, we became interested in extending the pal-
ladium-catalyzed reactions of propargylic compounds to in-
clude thiols by considering the reactivity of the favorable
allenyl/propargyl complexes toward them. Three types of
palladium complexes — neutral η1-allenyl and η1-propar-
gyl,[12a,12b] neutral η3-allenyl/propargyl,[11b] and cationic η3-
allenyl/propargyl[11a,11c,12c] — are the key intermediates in
palladium-catalyzed reactions of propargylic compounds
(Scheme 1).[13] In view of their electronic properties, the cat-
ionic η3-type complexes may show higher reactivities to-
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Scheme 1. Palladium-catalyzed reactions of propargylic com-
pounds

ward nucleophiles than the neutral types. It is reasonable,
therefore, to consider that the cationic complexes may play
an important role in the nucleophilic substitution reactions
of propargylic compounds.

We report here that palladium catalysts accelerate the nu-
cleophilic substitution reactions of propargylic halides or
mesylates with various thiols in the presence of the weak
base, triethylamine. This reaction affords a facile and selec-
tive procedure for the preparation of various propargylic or
allenylic sulfides under mild conditions. We also discuss the
scope and limitations of this reaction, and mechanistic as-
pects that account for the effects of the reaction variables,
particularly the necessity for a dppe or DIOP, on the C�S
bond formation reaction via the cationic η3-allenyl/propar-
gylpalladium intermediate. This mechanistic study and
some other aspects of this reaction have been presented in
an earlier report.[14]

Results and Discussion

Influence of the Phosphane Ligands and Solvents

Cationic η3-type complexes can be generated in solution
through the spontaneous dissociation of the halide ion from
neutral η1-type complexes, in which both η1- and η3-types
of complexes may coexist in an equilibrium state. In fact,
we have observed such equilibrium directly and have found
that, by using a bidentate ligand (dppe � PPh3) in a more-
polar solvent (DMF � chloroform � benzene), the equilib-
rium lies in favor of the cationic species.[11c] Based on the
above results, we initiated our investigations on the pal-
ladium-catalyzed thiolation using propargylic bromide 1a
and nPrSH in the presence of the weak organic base, tri-
ethylamine (Table 1). Complex formation of triethylamine
and thiols might activate the nucleophilicity of the thiols
and prevent poisoning of the catalyst. At first, the reaction
was carried out in the presence of [Pd2(dba)3·CHCl3]
(dba � 1,5-diphenyl-1,4-pentadiene-3-one) and dppe in
[D7]DMF at 60 °C to afford the corresponding propargylic
sulfide 2 in 99% yield (Table 1, entry 1). In the absence of
the palladium catalyst, the reaction resulted in a low yield
after a longer reaction time (Table 1, entry 2), which indi-
cates that the catalyst does promote C�S bond formation.
The propargylic structure of 2 was assigned unambiguously
from the 13C NMR spectrum, which exhibits two signals of
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sp-hybridized carbon atoms (δ � 91.9 and 79.1 ppm). When
using a monodentate phosphane (PPh3) instead of a biden-
tate phosphane (dppe), the reaction time was prolonged
and the yield decreased (Table 1, entry 3). Bulky and elec-
tron-rich monophosphanes, P(tBu)3 and P(biphenyl)(tBu)2,
were inferior to dppe (Table 1, entries 4 and 5). In some
cases, Migita�Stille coupling of propargylic halides pro-
ceeds more rapidly and cleanly when using a catalyst having
a PPh3/Pd ratio of 1:1 rather than 4:1.[15] In that coupling
reaction, the neutral η3-allenyl/propargylpalladium mono-
phosphane complex, rather than the η1-allenyl or η1-pro-
pargylpalladium[bis(phosphane)] complex, was proposed as
a new effective intermediate. The present reaction, however,
was less sensitive to the PPh3/Pd ratio (Table 1, entry 6).
Moreover, the reaction proceeded in moderate yield when
using the tridentate phosphane, bis(2-diphenylphosphino-
ethyl)phenylphosphane (Table 1, entry 7). Other bidentate
phosphanes having larger bite angles — dppp [dppp � 1,3-
bis(diphenylphosphanyl)propane], dppb [dppb � 1,3-bis(di-
phenylphosphanyl)butane], and dppf [dppf � 1,1�-bis(di-
phenylphosphanyl)ferrocene] — were less effective than
dppe (Table 1, entries 8, 9, and 10). In less-polar solvents
(CDCl3 and [D6]benzene), the reaction resulted in good
yields, but longer reaction times were required (Table 1, en-
tries 11 and 12). These results suggest the intervention of a
polar species, such as a cationic η3-allenyl/propargylpal-
ladium complex, at the rate-determining step.

Table 1. Ligand and solvent effects in C�S bond formation
between 1a and nPrSH

[a] Reactions were carried out under a nitrogen atmosphere. [b]

Value in parenthesis is the reaction time of a 1-m scale reaction.
[c] Determined by 1H NMR spectroscopy. Isolated yield is shown
in parenthesis. [d] In the absence of [Pd2(dba)3·CHCl3] and ligand.
[e] At 93% conversion. [f] [Pd2(dba)3·CHCl3] (2.5 mol %) and ligand
(10 mol %) were used.
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Table 2. C�S bond formation of 1a�i with thiols

Entry[a] Substrate Temp. Time[b] Product
[R1, R2, R3, X] R4SH Ligand [°C] [h] Yield [%][c]

1a [tBu, Me, H, Br] PhSH dppe 60 1 (6) 3 99 (77)
2 1a [tBu, Me, H, Br] CySH dppe 60 3 (6) 4 96 (91)
3 1a [tBu, Me, H, Br] HO(CH2)3SH dppe 60 1 (6) 5 95 (87)
4 1a [tBu, Me, H, Br] Cl(CH2)3SH dppe 60 (6) 6 (64)
5 1b [tBu, H, H, Cl] nPrSH dppe 60 2 (6) 7 90 (74)
6 1c [Ph, H, H, Cl] nPrSH dppe 60 (3) 8 (87)
7 1d [TMS, H, H, Cl] nPrSH dppe 60 3 (6) 9 97 (87)
8 1e [H, H, H, Cl] nPrSH dppe 60 2 (6) 10 97 (59)
9 1f [[tBu, H, Me, Cl] nPrSH dppe 60 19 2 10
10 1g [tBu, tBu, H, Br] nPrSH dppe 60 24 11 7
11 1h [tBu, tBu, H, OMs] nPrSH DIOP 100 1 (6) 11 80 (88)
12 1i [H, Me, Me, Cl] nPrSH DIOP 60 1 (1) 12 81 (78)

[a] Reactions were carried out under a nitrogen atmosphere. [b] Values in parentheses are reaction times of 1-m scale reactions. [c] Determ-
ined by 1H NMR spectroscopy. Isolated yields are shown in parentheses.

Scope and Limitations

Next, we extended our studies on the scope of these pal-
ladium-catalyzed nucleophilic substitution reactions
(Table 2). Our experiments showed that reactions between
1a and an aromatic thiol (PhSH) or a secondary thiol
(CySH) [Cy � cyclohexyl] were complete within 1�3 h to
afford sulfides 3 and 4 in excellent yields, respectively
(Table 2, entries 1 and 2). In the reaction with
HO(CH2)3SH, the SH group reacted selectivity to give the
OH-containing sulfide 5 in good yield (Table 2, entry 3).
The Pd-catalyzed reaction with Cl(CH2)3SH gave the Cl-
substituted sulfide 6 in moderate yield (Table 2, entry 4).
Primary chlorides 1b�e were readily converted into the cor-
responding propargylic sulfides 7�10 in higher yields than
the secondary chloride 1f (Table 2, entries 5�9). Although
the addition of thiols to terminal alkynes in the presence of
palladium catalysts is well known,[16] vinyl sulfides were not
produced in this case (Table 2, entry 8). The Pd-dppe cata-
lyst may be more efficient for the reaction of chlorides rela-
tive to the Williamson-type reaction of bromides or iod-
ides.[3] When a bulky substituent (tBu group) was present
at the propargylic position of 1g, however, a low yield of
the coupling product 11 was obtained (Table 2, entry 10).
By using the mesylate 1h instead of bromide 1g, however,
and conducting the reaction in the presence of Pd-DIOP at
100 °C, the sulfide 11 was obtained in 80% isolated yield
(Table 2, entry 11). The difference in reactivities might be
explained by the following factors: 1) the oxidative addition
to Pd-DIOP proceeds more smoothly[17] and 2) the mesylate
anion leaves from the metal center to generate the cationic
η3-allenyl/propargylpalladium complex as a reactive inter-
mediate more readily than does the bromide ion. Structural
analysis of product 11 was conducted using its 13C NMR
spectrum, which exhibits a signal for an allenylic sp-hy-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 504�510506

bridized carbon atom at δ � 192.3 ppm, suggesting that
the well-known propargylic-to-allenylic rearrangement took
place in this reaction. The tertiary chloride bearing a ter-
minal acetylene 1i reacted smoothly to afford the allenylic
sulfide 12 in good yield.

Mechanistic Aspects

As shown in Scheme 1, some allenyl/propargylpalladium
complexes are considered to be key intermediates in cata-
lytic reactions. These complexes can be generated selec-
tively, however, by adjusting the reaction conditions: the
neutral η1-type complexes are obtained by the reaction of
propargyl halides with Pd0 and two or more equiv. of mon-
ophosphane ligands;[11b,12a,12b] the neutral η3-type com-
plexes are prepared in this case by using one equiv. of
PPh3.[11b] In the presented reactions, the fact that the pres-
ence of a monophosphane decreased the reaction rate and
yield suggests that the neutral η1- and η3-type complexes
are lowly reactive intermediates in this catalytic reaction
(Table 1, entries 3�6). The best result was obtained when
dppe was used in the polar solvent, DMF, under conditions
in which cationic η3-type complexes are generated favorab-
ly.[11c] By considering the relationship between the catalytic
reactivity and the stability of the cationic η3-allenyl/propar-
gyl species, we propose an alternative catalytic cycle that
involves cation-type complexes (Scheme 2). The oxidative
addition of propargylic compound 1 using Pd(dppe), or
Pd(dba)(dppe) generated in situ from a mixture of
Pd2(dba)3 and dppe,[17] can afford an equilibrium mixture
of neutral η1-type complexes 13 and 13� and cationic η3-
type complex 14. The subsequent exchange of the anion
(X�) with the thiolate anion (�SR4) can yield the thiolate
complex 14-SR4, where the exchange may be more feasible
for 14 than for 13 because the X� ligand has already been
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Scheme 2. Suggested catalytic cycle

liberated from the metal. We noticed that [η1-
(PhC�CCH2)Pt(PPh3)2Cl], which hardly isomerizes to the
cationic η3-allenyl/propargyl complex,[11a][11c] did not react
with nPrSH and NEt3 in [D7]DMF at 60 °C for 1 h. Similar
anion exchange processes have been reported for the pal-
ladium-catalyzed reactions of allyl compounds with nucleo-
philes.[18] There are two pathways available from the com-
plex 14-SR4. One is the direct attack of the thiolate anion
at the terminal carbon atom of the η3-allenyl/propargyl li-
gand, which leads to the coupling products 2�12. The
other is the addition of the thiolate anion to the palladium
atom to form the η1-allenyl- and η1-propargylpalladium
thiolate complexes 13-SR4 and 13�-SR4, from which re-
ductive eliminations proceed to give 2�12. Although cat-
ionic η3-allenyl/propargyl transition metal complexes tend
to undergo regioselective additions of soft nucleophiles at
the central carbon atom,[12c,19] we did not observe the corre-
sponding adduct in our reactions. Using 1H NMR spec-
troscopy, we monitored the stoichiometric reaction of the
equilibrium mixture of 13, 13�, and 14, which was generated
by the reaction of 1a and Pd(dppe) in [D7]DMF, with
nPrSH at room temperature. No intermediates, however,
such as 13-SR4, 13�-SR4, and 14-SR4, were observed in this
reaction. The precise mechanism for the nucleophilic attack
of the �SR4 anion is not clear, but the latter pathway might
be more reasonable considering the regioselectivity of the
C�S bond formation. When the R2 and R3 groups are rela-
tively small, propargylic products arise from 13�-SR4 by
avoiding steric hindrance. In contrast, in the case when 13�-
SR4 contains a bulky substituent, such as tBu, or is disub-
stituted at the propargylic position, reductive elimination
may occur after the conversion of propargylic 13�-SR4 to
allenylic 13-SR4. Such isomerization between η1-allenyl and
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η1-propargyl transition metal complexes has been investi-
gated in detail.[20] Reductive elimination is generally acceler-
ated when using a bidentate phosphane having the larger
bite angle (dppf, dppb, dppp),[21] but these ligands de-
creased the rate of the C�S coupling reactions (Table 1,
entries 8�10). These results suggest that reductive elimin-
ation is not the rate-determining step. The generation of
cation-type complexes 14 may, therefore, be the important
step in the two reaction pathways: the direct attack of the
thiolate anion on the propargyl ligand of intermediate 14
or the addition of the thiolate anion to the palladium atom
to form 13-SR4 and 13�-SR4. To the best of our knowledge,
however, very few catalytic reactions actually proceed with
η3-allenyl/propargylpalladium complexes as key intermedi-
ates,[11c,15,22] relative to those featuring neutral η1-allenyl
and η1-propargylpalladium complexes.[9,10]

Conclusion

Propargylic and allenylic sulfides were prepared readily in
high yields through palladium-catalyzed reactions between
propargylic compounds and thiols. The yields of the coup-
ling products are dependent on the nature of both the phos-
phorus ligand (bidentate � monodentate) and the solvent
([D7]DMF � CDCl3 � [D6]benzene), which, thus, indicates
that the cationic η3-propargyl/allenylpalladium complex
may be an important intermediate in this reaction. This re-
action offers an excellent method for not only C�S bond
formation of propargylic substrates, but also for other nu-
cleophilic substitution reactions of various compounds.
Further investigations, including asymmetric reactions and
other carbon�heteroatom bond formations, are currently
in progress.
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Experimental Section

NMR spectra were recorded on a JNM-ECP-500 spectrometer (1H
at 500 MHz, 13C at 126 MHz). 1H NMR spectra are reported as
chemical shifts in parts-per-million (ppm) relative to the SiMe4 sig-
nal (δ � 0.00 ppm). The following abbreviations are used to de-
scribe spin multiplicities: s � singlet; d � doublet; t � triplet; q �

quadruplet; m � multiplet; and b � broad. Coupling constants (J)
are reported in Hertz (Hz). 13C NMR spectra are reported as
chemical shifts in ppm based on the middle peak of [D]chloroform
(77.0 ppm). High-resolution mass spectra (HRMS) were obtained
on a JEOL JMS-700 mass spectrometer. Analytical GLC was car-
ried out on a Hitachi G-3500 gas chromatograph with a TC-1 capil-
lary column (0.25 mm � 10 m) using helium as the carrier gas.
Flash column chromatography was performed using Merck silica
gel 60N. Oxygen- and moisture-sensitive reactions were conduced
using glassware that had been dried under nitrogen. Commercially
available reagents were used without further purification. All anhy-
drous solvents were purified by standard procedures.
RC�CCH(R�)OH (R � tBu, R� � Me; R � tBu, R� � H;
R � TMS, R� � H; R � tBu, R� � tBu),[23] [Pd2(dba)3·CHCl3]
(dba � 1,5-diphenyl-1,4-pentadiene-3-one),[24] and trans-[η1-
(PhC�CCH2)Pt(PPh3)2Cl][20b] were prepared according to pub-
lished methods. Bromination,[25] chlorination,[26] and mesylation[27]

of RC�CCH(R�)OH (R � tBu, R� � Me; R � tBu, R� � H; R �

Ph, R� � H; R � TMS, R� � H; R � tBu, R� � tBu) were conduc-
ted according to literature procedures.

Pd(dppe)-Catalyzed Reaction of 1a with nPrSH: [Pd2(dba)3·CHCl3]
(2.6 mg, 0.0025 mmol) and dppe (2.0 mg, 0.0050 mmol) were added
under a nitrogen atmosphere to a [D7]DMF solution (0.5 mL) of
1a (18.9 mg, 0.10 mmol) and 1,3,5-trioxane (4.5 mg, 0.050 mmol;
internal standard) in an NMR tube. After 5 min, nPrSH (9.1 mg,
0.12 mmol) and NEt3 (12.1 mg, 0.12 mmol) were added to the
NMR tube and the mixture was heated to 60 °C. The reaction was
monitored by 1H NMR spectroscopy. Other NMR experiments
were carried out in a similar manner.

Isolation of tBuC�CCH(Me)SPr (2): [Pd2(dba)3·CHCl3] (25.9 mg,
0.025 mmol) and dppe (19.9 mg, 0.050 mmol) were added to a solu-
tion of 1a (189.1 mg, 1.00 mmol) in dry DMF (5.0 mL) under a
nitrogen atmosphere. After 5 min, nPrSH (91.4 mg, 1.20 mmol) and
NEt3 (121.4 mg, 1.20 mmol) were added and the mixture was
heated to 60 °C. After 3 h, the reaction mixture was purified by
column chromatography (pentane), and the eluent was concen-
trated carefully in vacuo to provide 2 (174.7 mg, 0.948 mmol). 1H
NMR (500 MHz, CDCl3): δ � 1.00 (t, 3JH,H � 7.5 Hz, 3 H, Pr),
1.21 (s, 9 H, tBu), 1.44 (d, 3JH,H � 7.0 Hz, 3 H, Me), 1.65 (m, 2
H, Pr), 2.59 (m, 1 H, Pr), 2.72 (m, 1 H, Pr), 3.63 (q, 3JH,H � 7.0 Hz,
1 H, CH) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ � 13.63,
22.27, 22.96, 27.42, 29.27, 31.21, 33.32, 79.08, 91.85 ppm. HRMS
calcd for C11H20S: 184.1286, found 184.1282.

tBuC�CCH(Me)SPh (3): The reaction of 1a (189.1 mg,
1.00 mmol) with PhSH (132.2 mg, 1.20 mmol) was carried out as
described above to give 3 (168.8 mg, 0.77 mmol). 1H NMR
(500 MHz, CDCl3): δ � 1.14 (s, 9 H, tBu), 1.48 (d, 3JH,H � 7.3 Hz,
3 H, Me), 3.91 (q, 3JH,H � 7.3 Hz, 1 H, CH), 7.27�7.30 (m, 3 H,
Ph), 7.52 (d, 3JH,H � 6.7 Hz, 2 H, Ph) ppm. 13C{1H} NMR
(126 MHz, CDCl3): δ � 14.14, 22.31, 31.07, 33.82, 79.18, 92.66,
127.63, 128.65, 133.42, 134.32 ppm. HRMS calcd for C14H18S:
218.1129, found 218.1132.

tBuC�CCH(Me)SCy (4): The reaction of 1a (189.1 mg,
1.00 mmol) with CySH (139.5 mg, 1.20 mmol) was carried out as
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described above to give 4 (204.4 mg, 0.910 mmol). 1H NMR
(500 MHz, CDCl3): δ � 1.20 (s, 9 H, tBu), 1.22�1.39 (m, 5 H,
Cy), 1.41 (d, 3JH,H � 7.0 Hz, 3 H, Me), 1.57�1.64 (b, 1 H, Cy),
1.72�1.81 (b, 2 H, Cy), 1.94�2.06 (b, 2 H, Cy), 2.87�2.96 (b, 1
H, Cy), 3.70 (q, 3JH,H � 7.0 Hz, 1 H, CH) ppm. 13C{1H} NMR
(126 MHz, CDCl3): δ � 22.20, 25.84, 27.40, 28.06, 31.17, 33.49,
33.96, 43.59, 79.35, 91.62 ppm. HRMS calcd for C14H24S:
224.1599, found 224.1597.

tBuC�CCH(Me)S(CH2)3OH (5): The reaction of 1a (189.1 mg,
1.00 mmol) with HS(CH2)3OH (110.6 mg, 1.20 mmol) was carried
out as described above to give 5 (173.8 mg, 0.868 mmol). 1H NMR
(500 MHz, CDCl3): δ � 1.21 (s, 9 H, tBu), 1.44 (d, 3JH,H � 7.0 Hz,
3 H, Me), 1.88 (m, 2 H, CH2), 2.43 (b, 1 H, OH), 2.79 (m, 2 H,
CH2), 3.64 (q, 3JH,H � 7.0 Hz, 1 H, CH), 3.75 (t, 3JH,H � 6.5 Hz,
2 H, CH2) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ � 22.17,
27.41, 27.88, 29.40, 31.18, 31.95, 61.61, 78.88, 92.08 ppm. HRMS
calcd for C11H20OS: 200.1235, found 200.1235.

tBuC�CCH(Me)S(CH2)3Cl (6): The reaction of 1a (189.1 mg,
1.00 mmol) with HS(CH2)3Cl (132.7 mg, 1.20 mmol) was carried
out as described above to give 6 (140.4 mg, 0.642 mmol). 1H NMR
(500 MHz, CDCl3): δ � 1.21 (s, 9 H, tBu), 1.44 (d, 3JH,H � 7.0 Hz,
3 H, Me), 2.10 (m, 2 H, CH2), 2.84 (m, 2 H, CH2), 3.63 (q, 3JH,H �

7.0 Hz, 1 H, CH), 3.66 (t, 3JH,H � 6.5 Hz, 2 H, CH2) ppm. 13C{1H}
NMR (126 MHz, CDCl3): δ � 22.25, 27.48, 28.39, 29.49, 31.21,
32.27, 43.69, 78.81, 92.25 ppm. HRMS calcd for C11H19ClS:
218.0896, found 218.0896.

tBuC�CCH2SPr (7): The reaction of 1b (130.1 mg, 1.00 mmol)
was carried out as described above to give 7 (126.4 mg,
0.742 mmol). 1H NMR (500 MHz, CDCl3): δ � 1.00 (t, 3JH,H �

7.5 Hz, 3 H, Pr), 1.22 (s, 9 H, tBu), 1.65 (tq, 3JH,H � 7.5, 7.5 Hz,
2 H, Pr), 2.63 (t, 3JH,H � 7.5 Hz, 2 H, Pr), 3.24 (s, 2 H, CH2) ppm.
13C{1H} NMR (126 MHz, CDCl3): δ � 13.46, 19.65, 22.48, 27.49,
31.10, 33.44, 74.15, 91.90 ppm. HRMS calcd for C10H18S:
170.1129, found 170.1127.

PhC�CCH2SPr (8): The reaction of 1c (150.6 mg, 1.00 mmol) was
carried out as described above to give 8 (165.8 mg, 0.871 mmol).
1H NMR (500 MHz, CDCl3): δ � 1.03 (t, 3JH,H � 7.5 Hz, 3 H,
Pr), 1.70 (tq, 3JH,H � 7.5, 7.5 Hz, 2 H, Pr), 2.73 (t, 3JH,H � 7.5 Hz,
2 H, Pr), 3.49 (s, 2 H, CH2), 7.29�7.31 (m, 3 H, Ph), 7.41�7.44
(m, 2 H, Ph) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ � 13.46,
20.16, 22.46, 33.80, 82.85, 85.58, 123.18, 128.07, 128.23,
131.70 ppm. HRMS calcd for C12H14S: 190.0816, found 190.0813.

TMSC�CCH2SPr (9): The reaction of 1d (146.7 mg, 1.00 mmol)
was carried out as described above to give 9 (162.0 mg,
0.869 mmol). 1H NMR (500 MHz, CDCl3): δ � 0.16 (s, 9 H,
TMS), 1.00 (t, 3JH,H � 7.3 Hz, 3 H, Pr), 1.64 (tq, 3JH,H � 7.3,
7.3 Hz, 2 H, Pr), 2.65 (t, 3JH,H � 7.3 Hz, 2 H, Pr), 3.27 (s, 2 H,
CH2) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ � 0.03, 13.49,
20.27, 22.47, 33.68, 87.70, 101.93 ppm. HRMS calcd for C9H18SSi:
186.0898, found 186.0899.

HC�CCH2SPr (10): The reaction of 1e (74.5 mg, 1.00 mmol) was
carried out as described above to give 10 (67.8 mg, 0.594 mmol).
1H NMR (500 MHz, CDCl3): δ � 0.98 (t, 3JH,H � 7.3 Hz, 3 H,
Pr), 1.62 (tq, 3JH,H � 7.3, 7.3 Hz, 2 H, Pr), 2.21 (t, 3JH,H � 2.4 Hz,
1 H, CH), 2.63 (t, 3JH,H � 7.3 Hz, 2 H, Pr), 3.21 (d, 3JH,H � 2.4 Hz,
2 H, CH2) ppm. 13C{1H} NMR (126 MHz, CDCl3): δ � 13.46,
19.10, 22.33, 33.65, 70.79, 80.22 ppm. HRMS calcd for C6H10S:
114.0503, found 114.0504.

(tBu)HC�C�C(tBu)SPr (11): [Pd2(dba)3·CHCl3] (25.9 mg,
0.025 mmol) and DIOP (24.9 mg, 0.050 mmol) were added to a
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solution of 1h (246.4 mg, 1.00 mmol) in dry DMF (5.0 mL) under
a nitrogen atmosphere. After 5 min, nPrSH (91.4 mg, 1.20 mmol)
and NEt3 (121.4 mg, 1.20 mmol) were added and the mixture was
heated to 100 °C. After 6 h, the reaction mixture was purified by
column chromatography (pentane). The eluent was concentrated
carefully in vacuo to provide 11 (199.4 mg, 0.880 mmol). 1H NMR
(500 MHz, CDCl3): δ � 0.97 (t, 3JH,H � 7.3 Hz, 3 H, Pr), 1.04 (s,
9 H, tBu), 1.14 (s, 9 H, tBu), 1.63 (tq, 3JH,H � 7.3, 7.3 Hz, 2 H,
Pr), 2.51 (t, 3JH,H � 7.3 Hz, 2 H, Pr), 5.37 (s, 1 H, CH) ppm.
13C{1H} NMR (126 MHz, CDCl3): δ � 13.65, 22.59, 29.88, 30.14,
32.74, 34.86, 35.35, 109.40, 115.49, 192.31 ppm. HRMS calcd for
C14H26S: 226.1755, found 226.1753.

Me2C�C�CHSPr (12): The reaction of 1i (102.6 mg, 1.00 mmol)
was carried out as described above to give 12 (110.6 mg,
0.777 mmol). 1H NMR (500 MHz, CDCl3): δ � 0.98 (t, 3JH,H �

7.0 Hz, 3 H, Pr), 1.64 (tq, 3JH,H � 7.0, 7.0 Hz, 2 H, Pr), 1.75 (d,
3JH,H � 3.0 Hz, 6 H, Me), 2.54 (t, 3JH,H � 7.0 Hz, 2 H, Pr), 5.60
(qq, 3JH,H � 3.0, 3.0 Hz, 1 H, CH) ppm. 13C{1H} NMR (126 MHz,
CDCl3): δ � 13.62, 20.90, 22.83, 34.20, 85.60, 102.07, 198.86 ppm.
HRMS calcd for C8H14S: 142.0816, found 142.0815.
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