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Summary: The tungsten complex W(CO)s[PPhy(CS;-
C3H3)] (2) undergoes dimerization, giving Wo(CO) 1o/ Ps-
Phy(CsHgS4)] (3). Protonation of 2 produces the in-
tramolecularcyclization product W(CO)s{PPho(CSeCsH,)] -
BF4(4), and protonation of W(CO)s[PPhy(CS;CH;C=N)]
(7) also gives W(CO)s[PPhy(CS;CoNH3)]BF4 (8), which
is converted back to 7 by BuLi. The structures of 3 and
8 are determined by X-ray diffraction. Deuterium
labeling studies along with the solvent effect clearly
indicate that the dimerization involves an unprecedented
S-assisted intermolecular cycloaddition of the propargyl
and thiocarbonyl groups of 2, forming a heterocyclic five-
membered thiolene ring.

Cycloadditions which carry the ability to simultaneously
form and break several bonds with a variety of atomic
substitution patterns are among the most important
processes in organic chemistry.l The cyclization of metal-
propargyl complexes? and the use of the thiocarbonyl group
in such reactions® have been previously reported. How-
ever, most of the syntheses of S-heterocycles using
transition-metal species have resulted from the reaction
of metallocyclopentadiene with either sulfur or carbon
disulfide.* We previously reported the synthesis of a
tungsten complex containing a new P-coordinated PPh,-
CS:R ligand,5 which differs from the well-studied S-
coordinated zwitterionic PR3*CS;-ligand.® In extending
our explorations to the propargyl analogue, we find that
anovel cyclization reaction occurs involving the propargyl
and the thiocarbonyl groups. Herein we report an
unprecedented sulfur-assisted cycloaddition and proton-
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induced cyclization of this W complex. A deuterium
labeling study leads to the elucidation of the mechanism
of the cycloaddition.

Treatment of the (sulfidothiocarbonyl)diphenylphos-
phine complex Et,NW(CO)5(PPhyCS;) (1)® with BrCH,.C=
CH in CHzClg affords W(CO)s(PthCSzC:;Hs) (2) The
31Pp NMR spectrum of 2 in CDCl; exhibits a resonance at
8 59.0 with a tungsten satellite (lJp_w = 240.3 Hz),
indicating phosphorus coordination of the ligand. This
phosphorus coordination differs from the bidentate S,S-
coordination of a (sulfidothiocarbonyl)phosphine ligand
in a previously reported Zr complex.” Atroomtemperature
complex 2 is unstable and undergoes an intermolecular
cycloaddition of the propargyl and thiocarbonyl groups
(see Scheme 1) to form the red crystalline complex
W(CO)10[P2Phy(CsHgS4)1 (3) in 71 % isolated yield within
30 min. In the 'H NMR spectrum of 3,% two sets of
resonances, each with an ABX pattern, are observed: one
maintains the propargylic character (i.e. terminal proton
at & 2.16), and the other shows an allylic pattern (olefinic
proton at ¢ 6.40). The methylene protons of the allylic
group show additional P-H coupling with a significant
Jp-u value, indicating the proximity of this CH; group
and one of the P atoms. This implies that the transfor-
mation of 2 to 3 should involve a cycloaddition reaction
resulting in C-C bond formation between the propargyl
and thiocarbonyl groups (see Scheme 1). To confirm the
mode of cyclization, complex 3 was characterized by an
X-ray diffraction analysis.? The ORTEP drawing of 8 is
shown in Figure 1. It is clear that the two tungsten metal
centers arebridged by a diphosphorus ligand containing
a thiolene ring and the double bond of the thiclene ring
is between C, and Cg, i.e. 1.32(2) A for the C(4)-C(5) bond.
The three significantly shorter S-C(sp?) bond distances,
compared to the three S-C(sp® bond distances, result
from the well-known dm~p~= interaction.!® The analogous
complex W(CO)s[PPhy(CS;CH,C=N)] (7) has been pre-
pared in high yield from the reaction of 1 with ICH,C=N.
Unlike 2, complex 7 is stable at room temperature.

(7) Hey, E.; Lappert, M. F.; Atwood, J. L.; Bott, S. G. J. Chem. Soc.,
Chem. Commun. 1987, 421.

(8) Selected spectral and analytical data for 8, 4, and 7-9 are as follows.
3: 3P NMR (CDCls, 246 K) § 42.6 (1Jw_p = 258.2 Hz), 46.6 (1Jw.p = 247.8
Hz) (two isomers), 57.9 (1Jw.p = 247.0 Hz); tH NMR (CDCly) § 2.16 (t,
1H,=CH, ¢Jy_y = 2.57 Hz), 3.36, 3.62 (ABX, 1H, S-CH,, 4Jy_u = 2.6 Hz,
4Jp_u = 16.4 Hz), 3.47, 3.90 (ABX, 1H, C-CH,C, 4Juu = 1.7Hz, 2Junu =
18.2 Hz), 6.40 (t, 1H, SC=CHS, 4Jy_ = 1.7 Hz), 7.48, 7.69 (m, 30H, Ph);
mp 160 °Cdec. Anal, Caled: G,40.40;H,2.10. Found: C, 40.51; H, 2.27.
4: 'H NMR 6 2.85 (d, 3H, CHj, *Jy.g = 1.0 Hz), 7.50 (m, 6H, Ph), 7.66
(m, 4H, Ph), 8.98 (m, 1H, =CH); %1P NMR ¢ 30.36 (1Jw.p = 261.8 Hz);
mp 114°Cdec. Anal. Caled: C, 35.42; H, 1.99. Found: C, 35.59; H, 2.12.
7: 3tP NMR (CDCly) 6 61.46 (1Jw.p = 251.9 Hz); tH NMR (CDCly) é 3.99
(s, 2H, SCH,CN), 7.48 (m, 6H, Ph), 7.69 (m, 4H, Ph). 8: 3'P NMR 6 21.86
(lJw_p = 259.61 Hz); tH NMR § 7.50 (m, 6H, Ph), 7.66 (m, 4H, Ph), 8,12
(b, 2H, NH,), 8.20 (d, 1H, CH); mp 195 °C. Anal. Caled: C, 33.69; H,
1.84; N, 1.96. Found: C, 33.31; H, 1.97; N, 1.85. 9: 31P NMR 4 21.50
(Jw.p = 259.0 Hz); 'H NMR & 8.51 (d, 1H, HC==C, 4Jy.xg = 2.0 Hz),
7.60~7.10 (m, 25H, Ph).
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Figure 1. X-ray crystal structure with atom-numbering
scheme for the complex Wo(CO)0[P:Phy(CsHgS4)] (3). Se-
lected bond distances (A) and angles (deg) are as follows:
WPy, 2.526(3); Wo-Py, 2.560(3); C1—S;,1.611(1); C1-8,, 1.753-
(10); So—Cy, 1.743(11); C5~Cy, 1.487(15); C—Cs, 1.323(16); P1—
C,, 1.843(10); P,-C,, 1.916(10); Co—Cs, 1.538(15); Co-S,,
1.853(11); Co-S3, 1.817(10); S3—Ce, 1.815(12); Cs—C7, 1.453-
(21); C7—Cs, 1.155(22); Sz—Cl"Sl, 124.6(6); Cz"C3—C4, 108.0-
(8); Cs‘C4‘C5, 115.4(10); C4—C5—S4, 116.1(8); C5—S4—Cz, 909(5),
C3—Cs-8,, 107.1(7); C2—S5—Cs, 102.5(5); Ce—C7—Cs, 179.7(17).

Interestingly, the free phosphines PPho(CS,CH3) and
PPhy(CSyCsHj) are readily prepared by the alkylation of
PPhyCSy- and are less stable than the corresponding
coordinated phosphines. However, our attempts to pre-
pare PPhy(CS,C3H3) were unsuccessful.

Three possible pathways for the transformation of 2 to
3 are depicted in Scheme 1. The cyclization may proceed
via an intermolecular anionotropic rearrangement (path-

(9) Crystal data for 3: CyoH0,9PsS,Ws, space group P1, a = 10.054-
9) A, b =14.960(6) A, c = 16.444(7) A, o = 112.45(3)°, 8 = 101.40(5)°,
v=9141(5)°, V=2227(2) A%, Z = 2,D, = 1.862 gem3, u = 55767 em-!,
4199 observed reflections, 20y, = 45°, R = 0.035, Ry, = 0.028; T = 298
K. Crystal data for 8: CyH,;3BF,NOsPS,W, space group P2/¢c, a =
16.1947(20) A, b = 8.0236(20) A, ¢ = 19.580(4) 1{’ B8 =90.550(12)°, V =
2544.1(9) A3, Z = 4, D, = 1.862 g cm=3, u = 49.153 em-!, 3331 observed
reflections, 26m., = 456°, R = 0.037, Ry = 0.030.

(10) Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 4th
ed.; Wiley: New York, 1980; p 209.
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way a) of the S-propargyl group to the allenic isomer,
followed by electrophile-initiated addition to allene. The
alternative pathway b involves an intramolecular!! rear-
rangement of the S-propargyl group to the allenic isomer
followed by a formal 8 + 2 cycloaddition,'?i.e. addition of
the allylic type anion to the C=S8 bond followed by
cyclization. It seems likely that, in both cases, the
(diphenylphosphine)tungsten group plays a key role in
stabilizing the cationic center generated in the first step.
The new stepwise process depicted in pathway c is yet
another possible alternative. Todistinguish between these
mechanisms, the following reactions have been carried
out. Pathwaya produces 1, whichis knowntoreactrapidly
with Mel to form W(CO)5{PPhy(CS,CH3)] (6), and the
dimerization of 2 is a relatively slower process than the
alkylation reaction of 1. We thus carried out the dimer-
ization in the presence of a 100-fold excess of Mel. The
expected product 6 is not observed. Consistent with this
observation, the presence of 1 in excess did not retard the
dimerization reaction. These results eliminate the exist-
ence of 1 during the reaction. Furthermore, at room
temperature, the reaction occurs only in hexane or ether;
in a polar solvent such as CH3;CN or THF, no reaction is
observed. It is therefore less likely that the dimerization
proceeds via pathway a. Deuterium labeling at the
terminal alkyne of 2 gives the dimerization product with
deuterium being found at the olefinic site of the five-
membered ring and at the terminus of the unchanged
propargyl group. The protonation reactions described
below provide evidence against pathway b.

The protonation of 2 affords the red crystalline complex
W(CO)s[PPhy(CS3C3H)1BF, (4) in 87% isolated yield.
The mass spectrum of 4 suggests that this product is a
monomer. In the 'H NMR spectrum,8 the vinylic proton
and methyl protons are observed at & 8.98 and 2.85,

(11) Boivin, J.; Tailhan, C.; Zard, S. Z. J. Am. Chem. Soc. 1991, 113,
5874,

(12) (a) Yamago, S.; Nakamura, E. J. Am. Chem. Soc. 1989, 111, 7285.
(b) Boger, D. L.; Brotherton, C. E. J. Am. Chem. Soc. 1984, 106, 805; 1986,
108,6695. (c) Danheiser, R. L.; Carini, D. J.; Basak, A.J. Am. Chem. Soc.
1981, 113, 1604.
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Figure 2. X-ray crystal structure with atom-numbering
scheme for the complex W(CO);[PPho(CS;CoNH3)1BF, (8).
Selected bond distances (&) and angles (deg) are as follows:
W-P, 2.498(2); P-Cg, 1.820(9); C¢-S;, 1.685(8); Cr—Sy4, 1.713-
(10); Cs—Sz, 1.648(9); SZ—CB, 1.670(10); C7—Cg, 1.371(13); C7—
N, 1351(12), Sz"‘Cs—Sl, 1142(5), Cz—Ca—C4, 108.0(8), C3—'C4‘
C5, 115.4(10); C4—C5—S4, 116.1(8); 05—84—02, 909(5), Ca’Cz"
Sy, 107.1(7); Co-83-Ce, 102.5(5); Ce—C1—Cs, 179.7(17).

respectively, with coupling constants 4Jy_y of 1.0 Hz. The
downfield shift of the vinylic proton indicates the presence
of a cationic five-membered ring. Protonation of 7 also
givesthe cyclization product W(CO)s[PPhy(CS;Co:HNH3)]-
BF, (8).8 The vinylic and amine protons in the !H NMR
spectrum of 8 are observed at 6 8.20 and 8.12, respectively.
As shown in Scheme 2, the reaction of 7 with PhsCBF,
gives the similar cyclization product W(CO)5[PPhy(CS2Co-
HNHCPh3)1BF, (9).82 Protonation of 2 to 4 is not
reversible, but deprotonation of 8 by n-Bul.i produces 7
quantitatively. The ORTEP drawing of 8 is shown in
Figure 2. Localization of the cationic charge at the five-
membered ring is indicated by the ring bond lengths. All
four C—S bonds are about equal length (1.65(1)-1.71(1) &)
with the C(7)-C(8) distance of 1.37(1) A lying in the range
of atypical aromatic C-C separation. Protonation of 2-d;,
i.e. 98 % deuterium labeling at the terminal alkyne, resulted
in product with 87% D labeling at the methyl group.
Protonation using CF;COOD results in the formation of
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a CHD; unit in 4. Protonation of Et;NCS,CH,C=CD
gives the cyclization product Et;NCS;CH,C=CHD*?, in
which D is also incorporated at the olefinic side chain (see
Scheme 3). Ifthe product formed via pathway b, D labeling
would appear at the allylic methylene. Thus, these
deuterium labeling studies exclude b as the viable pathway.
To probe whether the reaction proceeds via a radical
mechanism,!? it was conducted in the presence of AIBN
under photolytic conditions. The rate of the reaction and
the yield of the product did not change. The observed
solvent effect along with the results described above
indicate that ¢ in Scheme 1 is most likely the pathway for
the dimerization of 2. The C=S group assists in the
formation of the intermolecular C—S bond, producing
the dimeric zwitterionic intermediate. This is followed
by ring closure to give the product.

Alkynes with electron-withdrawing substituents are
known to react with 72-CS; or n2.-SCNR metal complexes
to give 1,3-dithiol-2-ylidene!4 or 1,3-thiazol-2-ylidene!®
derivatives. Syntheses of five-membered-ring thiosulfi-
nate esters from metal 2-alkynyl complexes have been
reported by Welker and co-workers.®6 The [2 + 2]
condensation of an alkyne with #2-CS; has also been
reported.l” The cyclization of the propargyl and thio-
carbonyl groups promoted by the S atom discussed above
is, to our knowledge, the first example of a sulfur-assisted
cyclization reaction. Reactivities of the metal ((propar-
gylthio)thiocarbonyl)phosphine complex and its utility in
synthetic chemistry are currently under investigation.
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