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Cyclopalladated complexes derived from benzylmethyl sulfide, o-iodo sulfides, or methyl-2-biphenyl 
sulfide react with alkynes to give stable organometallic compounds whereby the alkyne has inserted 
in the carbon-palladium bond. Activation of these complexes was effected by treatment with a 
silver salt, and resulting thermolysis led to a selective depalladation process, affording a series of 
both neutral and cationic I€€-2S-benzothiopyran derivatives. With dissymmetric alkynes this 
reaction displayed a high degree of regiocontrol. Under similar conditions, a new entry for the 
synthesis of derivatives of the rare family of dibenzo[bdlthiepins was acheived. 

Introduction 
Despite the plethora of firmly established transition 

metal-mediated syntheses of nitrogen-containing hetero- 
cycles in the literature, which invariably involve the 
selective formation of a C-N bond within the sphere of 
a transition meta1,l it is rather disappointing to note that 
relatively few procedures have been developed for their 
corresponding sulfur counterparts. Many review articles2 
reflect the neglected aspect of this latter area, and a 
recent publication describing the synthesis of thiophenes, 
via a palladium catalyzed C-C bond f ~ r m a t i o n , ~  com- 
mented on the lack of metal-mediated routes to S- 
heterocycles, suggesting that the thiophilicity of many 
transition metals may be a contributing factor to this 
“gap in the literature”. Ironically, we can also note that 
much effort has been invested in the transition metal- 
mediated rupture of C-S bonds in heterocycles, namely 
in the study of the industrially important desulfurization 
process .4 

Fortunately, however, there are some synthetically 
important contributions leading to S-heterocycles involv- 
ing the selective formation of the carbon-heteroatom 
bond. Recent examples include the reactions of organo- 
metallic complexes with sulfur-containing reagents such 
as Sa, CS2, PhNCS, and SClz and subsequent C-S bond 

~ 

@ Abstract published in Advance ACS Abstracts, January 15, 1995. 
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Chem. Int. Ed. Engl. 1988,27, 1113. (bj Vollhardt, K. P. C. Angew. 
Chem. Int. Ed. Engl. 1984,23,539. (c) Trost, B. M. Angew. Chem. Int. 
Ed. Engl. 1989,1173 (d) Knolker, H. J. Synlett 1992,371. (e) BLckvall, 
J. E. Pure Appl. Chem. 1992,64,429. (0 Larock, R. C.; Yum, E. K. J .  
Am. Chem. SOC. 1991,113,6689. (g) Grellier, M.; Pfeffer, M.; van Koten, 
G. Tetrahedron Lett. 1994, 35, 2877. (h) Walsh, P. J . ;  Carney, M. J.; 
Bergman, R. G. J .  Am. Chem. SOC. 1991, 113, 6343. (i) West, F. G.; 
Naidu, B. N. J.  Am. Chem. SOC. 1993,115, 1177. 
(2) (a) Sakamoto, T.; Kondo, Y, Yamanaka, H. Heterocycles 1988, 

27, 2225. (b) Colquhoun, H. M.; Holton, J.; Thompson, D. J.; Twigg, 
M. V. In New Pathways for Organic Synthesis: Practical Applications 
of Transition Metals; Plenum Press, New York & London, 1984, Sec. 
4.4, p 165. (c) Davidson, J. L.; Preston, P. N. Adv. Heterocycl. Chem. 
1982, 30, 319 and references cited therein. 
(3) Amau, N.; Moreno-Mafias, M.; Pleixats, R. Tetrahedron 1993, 

49,11019. 
(4) See for example (a) Krautscheid, H.; Feng, Q.; Rauchfuss, T. B. 

Organometallics 1993, 12, 3273. (b) Chen, J.; Angelici, R. J. Organo- 
metallics 1992, 12, 992 and references cited therein. 
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f ~ r m a t i o n . ~  A Heck type reaction of norbornene with 
arylazoxy aryl sulfones afforded thiophene derivatives.6 
Rhodium-catalyzed intramolecular cyclizations of diazo 
mercaptans enabled the synthesis of many unusual five- 
to  seven-membered rings.’ We can add to these reactions 
novel rearrangements of thioepoxide derivatives which 
led to interesting S-heterocycles.8 

In connection with studies on the application of the 
reactions of cyclometalated nitrogen-containing com- 
plexes with disubstituted alkynes in heteroannulation 
processesg we wished to apply this methodology for the 
formation of S-containing heterocycles. On the outset of 
this study little success had been acheived in this 
direction.1°-12 

Herein we describe the synthesis of a range of I€€-2- 
benzothiopyran and dibenzo[bdlthiepin derivatives start- 

(5) (a) Buchwald, s. L.; Fang, Q. J .  Org. Chem. 1989, 54, 2793. (b). 
Muller, E. Synthesis 1974, 11, 761. (c) Kozikowski, A. P.; Wetter, H. 
F. Synthesis 1976, 586. (d) Meier-Brocks F.; Weiss, E. J. Organomet. 
Chem. 1993,453,33. (d) Fagan, P. J.; Nugent, W. A.; Calabrese, J. C.; 
J .  Am. Chem. SOC. 1994,116,1880. (e) Le Bozec, H. L.; Dixneuf, P. H. 
J. Chem. SOC. Chem. Commun. 1983,1462. (0 Raseta, M. E.; Mishra, 
R. K.; Cawood, S. A.; Welker, M. E.; Rheingold, A. L. Organometallics 
1991, 10, 2936. (g) Yih, K. H.; Lin, Y. C.; Cheng, M. C.; Wang, Y. 
Organometallics 1994,13,1561. (h) Cbmpora, J.; Guttibrrez, E.; Monge, 
A.; Palma, P.; Poveda, M. L.; Ruiz, C.; Carmona, E. organometallics 
1994,13, 1728. 
(6) Kamigata, N.; Satoh, M.; Yoshida, M. J. Organomet. Chem. 1991, 

401, C26. 
(7) (a) Moody, C. J.; Taylor, R. J. Tetrahedron 1990, 46, 6501. (b) 

Davies, H. M. L.; Crisco, L. V. T. Tetrahedron Lett. 1987, 28, 371. 
(8) (a) Choi, N.; Ando, W. Organometallics 1994,13, 741. (b) Choi, 

N.; Kabe, Y.; Ando, W. Tetrahedron Lett. 1991, 32, 4573. 
(9) (a) Pfeffer, M. Pure Appl. Chem. 1992, 64, 335. (b) Ryabov, A. 

D. Synthesis 1986, 233. (c) Pfeffer, M.; Rotteveel, M. A.; Le Borgne, 
G.; Fischer, J .  J.  Org. Chem. 1992,57,2147. (d) Pfeffer, M.; Sutter, J. 
P.; Rotteveel, M. A.; De Cian, A.; Fischer, J. Tetrahedron 1992, 48, 
2427. (e) Beydoun, N.; Pfeffer, M. Synthesis 1990, 729. (0 Pfeffer, M.; 
Sutter, J. P.; De Cian, A.; Fischer, J. Organometallics 1993,12, 1167. 
(g) Maassarani, F.; Pfeffer, M.; Spencer, J.; Wehman, E. J .  Organomet. 
Chem. 1994,466,265. (h) Abbenhuis, H. C. L.; Pfeffer, M.; Sutter, J. 
P.; De Cian, A.; Fischer, J.; Li Ji, H.; Nelson, J .  H. Organometallics 
1993, 12, 4464. (i) Tao, W.; Rheingold, A. L.; Heck, R. F. Organome- 
tallics 1989, 8, 2550. (i) Wu, G.; Rheingold, A. L.; Heck, R. F. 
Organometallics 1987, 6, 2386. 
(10) (a) Pfeffer, M. Recl. Trau. Chim. Pays-Bas 1990, 109, 567. (b) 

Guarnieri, A.; Parkins, A. W. J .  Organomet. Chem. 1989,361,399. 
(11) Dupont, J.; Pfeffer, M. J .  Organomet. Chem. 1987, 321, C13. 
(12) Dupont, J.; Pfeffer, M.; Theurel, L.; Rotteveel, M. A.; De Cian, 

A.; Fischer, J. New J .  Chem. 1991, 15, 551. 
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Scheme 1 

?I - R'SH 9, Pd(dba)z_ ,,2qpd3 
s' 2 
R' 

SR' CI base 

l a :  R'=Me. Ib: R'=Et. 
IC: R1=i-Bu. I d :  R'=Bn. 
le:  R1= allyl. If: R'= p-tolyl. 

2a': R'=Me. 2b: R'=Et. 
2c: R1=t-Bu. 2d: R'=Bn. 

ing from cyclopalladated thioether complexes. The key 
feature of these reactions is the need to synthesize 
organometallic products resulting from the insertion of 
the alkyne in the Pd-C bond of the cyclopalladated 
complexes 2 and 3 (see Chart I), prior to  inducing the 
depalladation process. The resulting easy to handle air 
stable complexes, once suitably activated, can be selec- 
tively demetalated and, hence, afford the corresponding 
six- or seven-membered heterocycles by a cyclization 
process involving a novel intramolecular addition of a 
thioether group onto a palladated vinyl unit. 

Results 

2a and 3 were made by known C-H activation 
routes.13 For reasons that  will be discussed later, we 
required derivatives of 2 containing different substituents 
on the thioether group. The oxidative addition of aryl 
halides on palladium(0) compounds is another conceiv- 
able route to such complexes14 and with this is mind we 
synthesized the o-iodo thioethers la-f by employing a 
nucleophilic substitution of o-iodobenzyl chloride by a 
thiol under strongly basic conditions (Scheme 1).l6J6 
Compounds 1 were obtained mainly as oils and used 
without further purification for the ensuing reactions. 

Oxidative addition of these iodo thioethers on Pd(dba1, 
(dba = dibenzylidene acetone) enabled the ready access 
to the cyclopalladated compounds 2a'-2d. These air 
stable solids were obtained in ca. 40-70% yields after 
Soxhlet extraction (to remove the dba liberated during 
the reaction) and gave correct elemental analyses. Dur- 
ing these reactions a significant amount of metallic 
palladium was formed. The high yield of 2c (68%) 
compared with its chloro-bridged analogue, formed by a 
C-H activation in ca. 30% yield, is worthy of note.17 2a' 
gave an  identical 'H NMR spectrum to its chloro deriva- 
tive 2a. 2b displayed the expected triplet €or the methyl 
group, AB spin systems for the diastereotopic ethyl and 
benzyl CH2 protons (albeit poorly resolved), due to 
coordination of the sulfur atom to palladium, and the 

(13) Dupont, J.; Beydoun, N.; F'feffer, M. J. Chem. SOC. Dalton Trans. 
1989, 1715. 
(14) (a) Clark, P. W.; Dyke, S. F. J. J. Organomet. Chem. 1983,259, 

C17. (b) Pfeffer, M.; Sutter-Beydoun, N.; De Cian, A.; Fischer, J. J. 
Organomet. Chem. 1993,453, 139. 

(15) Ono, N.; Miyake, H.; Saito, T.; Kaji, A. Synthesis 1980, 952. 
(16) Herriot, A. W.; Picker, D. Synthesis 1975, 447. 
(17) Fuchita, Y.; Hiraki, K.; Yamaguchi, T.; Man ta ,  T. J. Chem. 

SOC. Dalton Trans. 1981, 2405. 

x 
4a, R'=Me, R3= Ph, X=CI. 
4b, R'=Me, R3= COzEt, X=cI. 

4 4  R'=Me, R3= SOnptol, X=CI. 4h, R'=Me, R3= SOnPtol, 

49, R'=Me, R3= CHOY 
4c, R'=Me, R3= CHO, X=CI. 

4e, R'=t-Bu, R3= Ph, X=l. 

X=CI. 

X=CI. 

4f, R'=t-Bu, R3= COZEt, X=l. 

aromatic region was extremely well resolved. In the 'H 
NMR spectrum of 2c a singlet for the tert-butyl group 
and an  AB system for the benzylic methylene protons 
were observed. Similarly, for 2d two AB systems were 
observed for the four benzylic CH protons. Therefore, 
although dimeric species, 2 gave relatively simple lH 
NMR spectra, which were indicative of the presence of a 
single trans isomer in solution for each of 2a'-2d. 

The attempted oxidative addition of other substrates 
(R' = H, allyl, p-tolyl) did not give satisfactory results. 
Moreover, the 'H NMR spectra of the crude reaction 
mixtures prior to Soxhlet extraction were impossible to  
interpret due to the dba liberated during the reaction. 
The incompatibility of thiols and S-allyl thioethers with 
palladium complexes has already been encountered 
elsewhere for Pd*I c~mplexes.~ For example, benzenethiol 
was shown to react with PdC12(MeCN)2 to give a poly- 
meric species of the type [PdCl(SPh)l,. 

2a and 2c reacted with disubstituted alkynes to afford 
the air stable sulfur chelated enlarged metallacyclic 
complexes 4 (Scheme 21, which in many instances were 
isolated and characterized by combustion analysis and 
by IH NMR spectroscopy. 

Two general reaction conditions1'J2 were employed 
depending on the type of alkyne and cyclopalladated 
complex used. When the former contained strong electron- 
withdrawing groups the reaction often proceeded at rt; 
4c could be obtained by reacting phenylpropargyl alde- 
hyde and 2a in CH2Cl2 over a 2 h period a t  rt. The 'H 
NMR spectrum of 4c was simplified by the bridge- 
cleaving addition of pyridine, which afforded the cor- 
responding monomeric pyridine complex 4g. The iodo- 
bridged complex 4e was formed in 81% yield as an  orange 
solid by the reaction of 2c with diphenylacetylene in 
refluxing 1,2 dichloroethane over a 1.5 h period. The lH 
NMR spectrum of 4e or 4f in CDCl3 was rather compli- 
cated. For 4e five singlets were observed for the t-Bu 
group, and the methylene protons were more complicated 
than a simple AB system. This complexity can be 
explained by the presence of several isomers of 4e in 
solution. For example, the two thioether groups of the 
dimeric 4e can be in a mutual tram and cis arrangement, 
and the two t-Bu groups can exist in both syn and anti 
positions" with respect to one another. 

Reactions involving 4-phenyl-3-butyn-2-one as alkyne, 
or 2b, for example, as starting material presumably led 
to complexes of the type 4, although due to either their 
difficult characterization or for yield optimization pur- 
poses, these products were used for in situ demetalation 
reactions described below. Unfortunately, preliminary 
attempts a t  reacting 2d with alkynes met with little 
success. 

As expected, compounds 4 were very stable complexes 
and attempted depalladation reactions by employing 
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Table 1. Synthesis of lH-2-Benzothiopyrans from 2 
and Alkynes F7<> 1) R2 = R t  e3 + 6 R 3  

S 2) AgBF4 4 R2 S R2 
R' 3) PhCl, -Pd 
2 6 7 

" BF4' 

conventional techniques such as prolonged heating in 
refluxing chlorobenzene left the unchanged starting 
material. Another known method for the activation of 
these complexes is the formation of a cationic speciesl8 
which often readily undergoes a depalladation reaction. 
Treatment of 4all with AgBF4 in ether led to the 
immediate precipitation of silver choride and an  orange 
solution. The latter was presumably the corresponding 
ether-bound cationic palladium complex, which for yield 
optimization purposes, was not isolated. Subsequent 
thermolysis in chlorobenzene led to the formation of 
metallic palladium and to a compound which could be 
precipitated from CHzC12/ether, identified as being the 
already known 6a." We were unable to identify the ether 
soluble filtrate due to its difficult purification. We were 
successful in applying this procedure to other derivatives. 
2 a  reacted with 4-phenyl-3-butyn-2-one followed by the 
usual demetalation procedure to give the ether insoluble 
6c in 48% yield, the filtrate once again being diffkult to 
purify and characterize. With 4b, under similar condi- 
tions, metallic palladium was formed along with a 
mixture of two distinct organic products in very similar 
yields which were separated either by precipitation or 
by column chromatography. The ether soluble oil 7b 
gave relatively simple IH and 13C NMR spectra. Apart 
from the characteristic ester and aromatic signals, a 
singlet at 6 = 3.97 ppm, superimposed on the quartet of 
the methylene protons of the ester, was attributed to the 
C-1 methylene protons, the corresponding carbon being 
found a t  6 = 32.7 ppm in the 13C spectrum. The ether 
insoluble heterocycle 6b was shown to be cationic by IR 
(v BF4- a t  1080 cm-l) and its relatively complex lH NMR 
spectrum was also most informative. A singlet a t  6 = 
2.80 ppm (SMe), an  AB& pattern for the diastereotopic 
methylene protons of the ethoxy group a t  6 = 4.15 ppm, 
and the AB spin system (CHz) centered around 5 ppm (6 
= 37.9 ppm for the corresponding carbon in the 13C 
spectrum) all pointed to a heterocyclic system containing 
a trisubstituted sulfur as stereogenic center. Support for 
this formulation was provided by the fact that  methyla- 
tion of 7b (MeI, AgBF4, CHzCldMeCN, rt, 0.5 h)19 
afforded 6b in near quantitative yield. Other results are 
presented in Table 1 and pertinent analytical data can 
be found in the Experimental Section. 

In many cases compounds 6 were rather unstable, 
hygroscopic compounds which could, however, be kept 
almost indefinitely a t  -20 "C. Attempted depalladation 
reactions involving 2a  with dimethyl acetylenedicarboxy- 
late or p4tolylsulfonyl)ethyne as alkyne were fruitless. 

We were interested in studying the possible effect of 
changing the nature of the metalated thioether group 
(SR') in 2 on the selectivity in its reaction toward alkynes. 
Changing a methyl for an  ethyl group had little effect, 
and hence 2b  afforded upon reaction with ethyl 3-phe- 
nylpropynoate a mixture of 6e and 7b. The 'H NMR 
spectrum of 6e was very similar to that of its methylated 
homologue 6b although in this case an  extra complexity 
arises in the fact that  the diastereotopic methylene 
protons of the SEt group now appear as an AB& pattern. 

Using 2c as starting material (entries 8-10, Table 1) 
led to much more selective reactions and compounds 7 

(18) (a) Maassarani, F.; Pfeffer, M. J. Chem. SOC. Chem. Commun. 
1987, 565. (b) Wu, G.; Geib, S. J.; Rheingold, A. L.; Heck, R. F. J. Org. 
Chem. 1988,53, 3238. 

(19) (a) Hori, M.; Kataoka, T.; Shimizu, H.; Ohno, S.  J. O g .  Chem. 
1980,45, 2468. (b) Acheson, R. M.; Dillinger, H. J. J. Chem. SOC. (C) 
1970, 1765. 

~~~ 

PhCl reflux 
entry R1 R2 R3 time, h products (yieldp 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Me 
Me 
Me 
Me 
Et 
Et 
Et 
t-Bu 
t-Bu 
t-Bu 

Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 

Ph 
COzEt 
COMe 
CHO 
Ph 
COzEt 
COMe 
Ph 
COzEt 
CHO 

1 
1 
0.5 
1 
1 
1 
0.5 
0.5 
1 
1 

6a (53) 
6b (29); 7b (31)" 
6c (48)" 
7c (57)" 
6d (90) 
6e (50)b,c 7b (48) 
6f (69)" 
7a (80%) 
7b (91)" 
7c (78) 

a Isolated yield; product gave satisfactory lH and 13C spectra. 
Product of limited purity. Regiochemistry by lH NMR and by 

comparison with 7c. 

Scheme 3 

t-Bu I - HBF4 
THF 

\S%l 
m 

+A 4P BF4' 

were obtained exclusively after alkyne insertioddepal- 
ladation. During the formation of 7b we were able to 
detect isobutene by gas-phase chromatography (Scheme 
3). 

One major asset of these reactions is the high degree 
of regioselectivity associated with the formation of 6 and 
7 starting from dissymmetric alkynes (Table 1, entries 
2-4,6, 7, 9, lo), and in line with many previous results 
the phenyl group ends up in the 3-position of the final 
heterocycle. This was evident from the 'H NMR spec- 
trum of 7b; the aromatic proton observed as a doublet 
a t  6 = 7.95 ppm is obviously the H5 proton due to the 
deshielding effect of the adjacent ester group. In 7c a 
doublet can similarly be found a t  6 = 8.26 ppm and, 
hence, the regioselectivity was assigned such that  the 
carbonyl group was in the 4-position. Conversely, in 7a 
where a phenyl group flanks the Hg proton, the latter is 
shielded and can be found as a doublet a t  6 = 6.5 ppm. 

A n  X-ray crystal structure of 7c, of crystals formed 
from a CHzClz/acetonitrile solution, was undertaken and 
showed that  a new C-S bond has been formed between 
the previously palladated carbon (C5 in ORTEP plot, see 
Figure 1) and the palladium-bound sulfur atom. 7c 
adopts a half-boat conformation in the solid state, and 
bond lengths and angles are similar to those of reported 
thiopyrans.20 The methylene protons of 7c appeared as 
a singlet in the lH NMR spectrum at rt and even at -90 
"C (in CDZClz), suggesting that  there is a low energy 
barrier to ring inversion. The phenyl group, as predicted 
by lH NMR, is in the 3-position of the heterocycle. 

(20) (a) Johansen, 0. H.; Otterson, T.; Undheim, K. Acta Chem. 
Scand. 1979, B33, 669. (b) Boelema, E.; Visser, G. J.; Vos, A. Red. 
Trav. Chim. Pays-Bas 1967,86, 1275. 
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c7 

C8 

Figure 1. ORTEP plot of 7c using the adopted numbering 
scheme. 

Scheme 4 

5 8,35 % 9,2290 

1 PhCI,A, 17h 1 
92% 

We were interested in exploiting the above alkyne 
insertioddemetalation procedure for the synthesis of 
thiepin derivatives. 3 was an  ideal starting point for 
these reactions and was readily obtained by the C-H 
activation of the corresponding thioether derivative using 
Pd(0Ac)z in acetic acid followed by chromatographic 
purification.13 When we treated 5 (synthesized from 3 
and diphenylacetylene in refluxing PhCl for 0.5 h, fol- 
lowed by solvent evaporation and crystallization from 
CHZCl$ hexane9  with AgBF4, followed by thermolysis 
in PhC1, a palladium mirror was deposited and a mixture 
of compounds was obtained from which 8 could be 
precipitated by ether addition (Scheme 4). 

The ether soluble fraction of the above reaction con- 
sisted of seemingly two distinct products which we were 
unable to separate although the absence of a BF4- 
showed that these were unlikely to be cationic. One of 
the products was identified as 9 which was prepared 
separately by the demethylation of 8 in refluxing PhCl 
overnight. 

The lH NMR spectrum of 8 displayed a singlet a t  6 = 
2.96 ppm and a shielded aromatic doublet a t  6 = 6.15 
ppm (in 9 a similar doublet can be found a t  6 = 8.82 
ppm), along with other aromatic signals. Attempts in 
forming other derivatives of 8 or 9 with the other alkynes 
employed above gave unsatisfactory results. 

The structure of 8 was unequivocally established by a 
single crystal X-ray diffraction study of crystals obtained 
from CHzClz/hexane.38 The ORTEP plot of the cationic 
part of one enantiomer of 8 is shown in Figure 2. I t  is 
once again apparent that  a new C-S bond has been 
formed between S1 and C1 in the boat shaped seven- 
membered ring. To the best of our knowledge this is the 
first X-ray determination of a derivative of the dibenzo- 
[bdlthiepin family.21 Bond alternation in 8 is apparent 
and, hence, there is minimal congugation in the thiepin 
ring in accord with calculationszz and crystal structure 
determinations of similar thiepin  system^.^^,^^ 

(21) Nakasuji, K.; Kawamura, K.; Ishihara, T.; Murata, I. Angew. 
Chem. Znt. Ed. Engl. 1976, 15, 611. 

(22) Dewar, M. J .  S.; Trinajstic, N. J.  Am. Chem. SOC. 1970,92,1453. 
(23) (a) Yasuoka, N.; Kai, Y.; Kasai, N. Acta Cryst. 1975, B31,2729. 

(b) Hofmann, H.; Bohme, R.; Wilhelm, E. Chem. Ber. 1978,111, 309. 
(24)(a) Yasuoka, N.; Yasushi, K.; Nobutami, K; Tatsuoka, T.; 

Murata, I. Angew. Chem. Znt. Ed. Engl. 1976, 15, 297. 

C5 

Figure 2. ORTEP plot of the cationic part of one of the 
enantiomers of 8 using the adopted numbering scheme. 

Discussion 

We have shown that it is possible to form S-heterocy- 
cles by the formal intramolecular addition of a thioether 
onto a vinyl The formation of 6-9 adds to the 
relatively small number of intramolecular C -S bond- 
forming syntheses of six- and seven-membered rings. 
Similar derivatives to 6 have been formed mainly by the 
intermolecular formation of a C-S bond,z6 including a 
most remarkable, albeit limited to one alkyne, reaction 
which yielded a lH-2-benzothiopyran in high yield and 
in the absence of palladium.z6a 

The syntheses of seven-membered derivatives via a 
C-S bond formation have been mainly applied to satu- 
rated thiepane  derivative^.^' The synthetic scope of our 
reactions for the thiepin derivatives 8 and 9 was unfor- 
tunately much more limited than that for 6 or 7. At this 
point we can, however, seek consolation in the fact that  
a relatively limited number of synthetic approaches to 
these 8n systems exist due to their instability and facile 
sulfur extrusion.28 Sophisticated methods have been 
employed for the synthesis of the particularly unstable 

(25) For similar intramolecular additions of a thioether groups to 
olefins in a few novel thiophene syntheses: (a)Lloyd Fletcher, T.; Pan, 
H. L.; Cole, C. A.; Namkung, M. J. J.  Heterocycl. Chem. 1974,815. (b) 
Winterfelt, E.; Dillinger, H. J. Chem. Ber. 1966, 1558. 

(26) (a) Gotthardt, H.; Nierberl, S. Liebigs Ann. Chem. 1980,6,867. 
(b) Crenshaw, R. R.; Jeffries, A. T.; Luke, G. M.; Cheney, L. C.; Bialy, 
G. J. Med. Chem. 1971,14, 1185. (c) Sato, K.; Inoue, S.; Kondo, K.; J. 
Org. Chem. 1971, 36, 2077. (d) Price, C. C.; Follweiler, D. H. J.  Org. 
Chem. 1969, 34, 3202. (e) Maryanoff, B. E.; Stackhouse, J.; Senkler 
G. H., Jr., Mislow, K. J.  Am. Chem. SOC. 1975,97,2718. (f) Ishino, Y.; 
Nakamura, M.; Nishiguchi, I.; Hirashima, T. Synlett 1991, 633. 

(27) (a) Truce, W. E.; Lotspeich, F. J. J. Am. Chem. SOC. 1966, 78, 
848. (b) Mock, W. L. J. Am. Chem. SOC. 1967, 89, 1281. (c) Singh, A.; 
Mehrota, A.; Regen, S. L. Synth. Commun. 1981,11,409. (d) Surzur, 
J. M.; Crozet, M. P.; Dupuy, C. Tetrahedron Lett. 1971, 22, 2025. (e) 
Lumma, W. C.; Dutra, G. A.; Vocker, C. A. J.  Org. Chem. 1970, 35, 
3442. (0 Star& I. G.; Stary, I.; Tichy, M.; Zavada, J.; Fiedler, P. J. 
Org. Chem. 1994,59, 1326. 

(28) (a) Grigg, R.; Hayes, R.; Jackson, J. L. J. Chem. SOC. Chem. 
Commun. 1969, 1167. (b) Barton, T. J.; Martz, M. D.; Zika, R. G. J. 
Org. Chem. 1972,37, 552. (c) Reinhoudt, D. N.; Kouwenhoven, C. G. 
J.  Chem. Soc. Chem. Commun. 1972,1233. (d) Traynelis, V. J.; Schield, 
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3379. (e) for a general review: Boyd, R. D. In Comprehensiue 
Heterocyclic Chemistry; Lwowski, W., Ed.; Pergamon: Oxford, 1984; 
Vol. 7, Part 5, p 547. 
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monocyclic thiepins and both steric s t ab i l i~a t ion~~  as well 
as metal c o m p l e ~ a t i o n ~ ~  have been used to permit their 
isolation. Other stable systems are known in which the 
sulfur atom is alkylated31 and oxidized 23 and where the 
thiepin ring is part of a fused system.32 The stability of 
8 may very well reside in two of the above criteria: the 
sulfur is alkylated and the thiepin system is part of a 
fused aromatic system. 

The heterocyclization reactions of 5 and 4 are very 
similar. The cationic and neutral heterocycles 8 and 9 
are formed in similar amounts from 5 (see Scheme 4). 
2a affords a ca. 1:l mixture of 6b and 7b after reaction 
with ethyl 3-phenylpropynoate (see Table 1). Both reac- 
tions require 1 h thermolysis of the palladium-containing 
precursors. The neutral heterocycle 7c is the sole product 
of the depalladation of 4c under similar conditions. 

In order to explain the formation of the neutral 
heterocycles, using 2a or 3 as starting materials, one 
might be tempted to invoke the initial formation of a 
cationic heterocycle which, during the reflux period, is 
demethylated in This is quite unlikely; the cat- 
ionic derivatives 6a, 6b, and 8 were all stable to PhCl 
reflux over a 1 h period. 8 required overnight reflux 
before furnishing 9 (see Scheme 4). 6a afforded 7a, and 
6b gave 7b, both after over 30 h reflux in PhC1. 

Participation of the Pd(0) liberated during the reaction, 
that  might catalyze or induce demethylation of the 
cationic heterocycle, is also unlikely. When we treated 
8 with 1 equiv of Pd(dba)2 (PhC1 reflux, 1 h) no significant 
demethylation was obvious from the lH NMR spectrum 
of the product mixture, although this result is not totally 
conclusive in so far as the Pd(0) liberated from the 
demetalation of 5 ought to be significantly different to 
Pd(dba)z. 

A remaining possibility for these reactions is participa- 
tion of the palladium in the demethylation process prior 
to the formation of the heterocyclic products. Our reaction 
is in some respects reminiscent of a nucleophilic type 
attack on an  activated metal bound t h i ~ e t h e r ~ ~  although 
this suggestion remains very speculative as we have 
insufficient evidence to establish whether this type of 
process is responsible for our demethylation reactions. 
Water present in the reaction from the solvent or AgBF4 
may be the nucleophile that  provokes the partial or total 
demethylation of the thioether group, as in the formation 
of 7c (Scheme 5). 

We have already shown that the heterocyclization 
reactions involving 2c and alkynes are particularly 
selective affording neutral heterocyclic products 7 and 
exclusively isobutene, with no other gaseous product 
being detected in the gas phase. Therefore, it is quite 
reasonable to rule out a radical mechanism for the 
formation of 7 from 2c. A cationic pathway would be 
much more likely but whether this process involves the 
dealkylation of an  unstable tert-butylated thiopyrilium 
salt (i.e. 6 with R1= t-Bu) or loss of the t-Bu group by 

(29) Nishino, K.; Yano, S.; Kohashi, Y.; Yamamoto, K.; Murata, I. 

(30) Nishino, K.; Takagi, M.; Kawata, T.; Murata, I.; Inanaga, J.; 

(31) Hofmann, H.; Molnar, A. Tetrahedron Lett. 1977,23, 1985. 
(32) Neale, A. J.; Rawlings, T. J.; McCall, E. B. Tetrahedron 1965, 

(33) Young, T. E.; Lazarus, R. A. J.  Org. Chem. 1968,33, 3770. 
(34) (a) Benefiel, A,; Roundhill, D. M.; Fultz, W. C.; Rheingold, A. 

L. Inorg. Chem. 1984, 23, 3316. (b) Yamamoto, J. H.; Yap, G. P. A,; 
Jensen, C. M. J .  Am. Chem. SOC. 1991, 113, 5060. (c) Adams, R. D.; 
Belinski, J. A.; Pompeo, M. P. Organometallics 1992, 11, 3129. 

J .  Am. Chem. SOC. 1979, 79, 5059. 

Nakasuji, K. J .  Am. Chem. SOC. 1991,113, 5059. 

21, 1299. 
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Figure 3. ORTEP plot of 5‘ using the adopted numbering 
scheme. 

Scheme 5 

compare with: 

A 
2 

r M i  

2 PhCHZNHZ 

activation of the thioether group by the metal prior to 
the heterocycle formation, as in Scheme 5, has not been 
clarified at present. 

The mechanism of the formation of the C-S bond 
during these demetalation reactions can be attributed to 
a reductive elimination type process in line with what 
we have proposed for the related C-N bond-forming 
reactions. A crystal structure determination of a deriva- 
tive of 5, 5’, sheds some light upon this cyclization 
process. Crystals of 5‘ were formed from a CH2Cld 
pyridine solution (ca. 2 mL:O.l mL) into which hexane 
was diffused slowly at rt. The thioether (Sl) and vinyl 
groups (C6 according to the adopted numbering scheme) 
in a mutual cis position in the square planar complex 
with a C6 to S1 distance of 3.073 A (see Figure 3). The 
structures of similar alkyne-incorporated palladium com- 
plexes have been determined by X-ray methods.35 

(35) Spencer, J.; Pfeffer, M.; Kyritsakas, N.; Fischer, J. Accepted 
for publication in Organometallics. 
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4Jm = 0.9), 3.75 (s, 2H), 5.17 (m, 2H), 5.80 (lH, m), 6.93, 7.30 
(2m, 3H), 7.84 (d, 3 J ~  = 7.7); 13C 6 34.7, 40.4, 101.1, 117.7, 
128.3, 128.8, 130.1, 134.3, 139.9, 140.8; mlz 290 (M+, 40%), 

g-Tolyl 2-Iodobenzyl Sulfide (10. This orange oil was 
made by the above method from IBnCl(2.58 g, 10.23 mmol) 
and p-toluenethiol (1.27 g, 10.23 mmol): yield 2.30 g (66%): 
lH NMR 6 2.31 (s, 3H), 4.15 (s, 2H), 6.90-7.25 (m, 7H), 7.83 

129.9, 130.1, 130.3, 131.7, 132.2, 137.0, 139.8, 140.4. 
2-Iodobenzenethiol (lg). This oil was made from I-BnC1 

(2.52 g, 10 mmol) and thiourea (0.76 g, 10 mmol), followed by 
NaOH hydrolysis using the procedure described for ben- 
~enethiol:~' yield 2.42 g (74%): 'H NMR 6 1.99 (t, lH, 3 J ~  = 
8.1), 3.80 (d, 2H), 6.91 (dt, lH, 3 J m  = 7.2, 4Jm = 1.51, 7.24- 
7.36 (m, 2H), 7.82 (d); I3C 6 34.8, 99.8, 129.0, 129.0, 129.4, 
139.9, 143.8; m l z  250 (M+), 217 (loo%, M+ - SH). 

[C&CHp2-SMePdI]z (2a'). This was obtained as an 
orange solid yield 0.420 g (56%) according to the method for 
2c, using la (0.597 g, 2.26 mmol) and Pd(dba)z (1.17 g, 2.04 
mmol). Its 1H NMR spectra is identical to that of its chloro 
ana10gue.l~ 

[C&CHz-2-SEtPdIIa (2b). This was obtained as an or- 
ange solid: yield 0.505 g (67%), from lb (0.615 g, 2.21 mmol) 
and Pd(dba)z (1.13 g, 1.97 mmol) by the same method given 
for 2c: 'H NMR 6 1.48 (t, 3H, 3Jm = 6.0), 3.02 (m, 2H), 3.92, 
4.35 (2d (AB), 2H), 6.84 (t, lH, 3 J ~  = 7.61, 6.95 (d, 3 J ~  = 
7.2), 7.08 (d), 7.90 (d). Anal. Calcd for CgHlIIPdS: C, 28.11; 
H, 2.88. Found: C, 28.01; H, 2.48. 

[C&CHz-2-StBuPdIl2 (2c). IC (1.29 g, 4.2 mmol) and Pd- 
(dba)z (2.03 g, 3.5 mmol) were stirred overnight in toluene (50 
mL) at rt. After filtration over Celite, to remove traces of 
metallic palladium formed, CHzClz (100 mL) was added to  
wash the product through, and the combined filtrates were 
evaporated. The resulting yellow solid was placed in a Soxhlet 
apparatus and the excess dba removed by overnight extraction 
with hexane. The extracts were discarded and aRer drying 
and washing with ether (ca. 40 mL), a yellow solid was 
obtained: yield 0.990 g (68%); lH NMR 6 1.42 (s, 9H), 3.86, 
4.41 (2bs, 2H), 6.80 (t, 1H, 3 J ~ ~  = 6.01, 6.91 (t, 1H), 7.03 (d, 
3Jm = 8.0), 7.87 (m). Anal. Calcd for C11HdPdS: C, 32.02; 
H, 3.66. Found C, 32.38; H, 3.67. 

[C&CHZ-~-SCH~C&P~I]~ (2d). This was obtained as 
a green solid: yield 0.340 g (44%) from Id (0.670 g, 1.97 mmol) 
and Pd(dba)z (1.0 g, 1.74 mmol) by the above method 'H NMR 
6 3.77, 4.36 (2m (AB), 2H), 4.09 (m (AB), 2H), 6.85-7.40 (m, 
8H), 7.93 (d, 3Jm = 7.7). Anal. Calcd for C14H13IPdS: C, 
37.65; H, 2.93. Found: C, 37.73; H, 2.95. 
[P~{C(P~)=(CHO)C&-~-SM~}(U-C~)IZ (412). 2a (0.170 g, 

0.61 mmol) and phenylpropargyl aldehyde (PPA) (0.080 g, 0.61 
mmol), in CHzClz (20 mL), were stirred for 2 h at rt. After 
solvent concentration to ca. 2 mL and hexane addition (20 mL), 
a yellow solid was collected by filtration and dried: yield 0.180 
g (73%). A small sample was transformed into its pyridine 
monomer 4g in order to simplify its NMR spectruml1J2 and 
for analytical purposes: 'H NMR 6 2.71 (s, 3H), 3.37,3.97 (2d, 
2H, zJm = 13.0), 6.82 (d, lH, 3Jm = 4.8), 7.15-7.57 (m, 10H); 
7.72 (dt, lH, 3Jm = 7.7), 8.26 (d, 2H, 3 J ~  = 4.6),9.34 (s, 1H). 
Anal. Calcd for C22H20C1NOPdS: C, 54.10; H, 4.13. Found: 
C, 53.73; H, 3.84. 
[Pd{C(Ph)=C(SOz-p-tol)C&-2-SMe} (p-Cl)l~ (4d). This 

yellow solid was formed in 90% yield from 2a and (p- 
tolylsulfony1)ethyne with overnight stirring using the method 
used for 4c: lH NMR 6 (CDC13 and pyridine-ds): 2.31 (s, 3H), 
2.52 (9, 3H), 2.93, 3.27 (AB, 2H, 3 J ~ ~  = 13.31, 6.54 (m, 1H), 
6.98-7.26 (m, 10H); 7.41 (t, lH, 3Jm = 7.31, 7.58 (t, lH), 8.02 
(d, lH, 3 5 H H  = 7.4). Anal. Calcd (for 4h) C2zHzoClNOPdS: c ,  
51.60; H, 3.96. Found: C, 52.07; H, 3.96. 

217 (loo%, M+- S-allyl). 

(d, lH, 3 J ~  = 7.1); 13C 6 21.5,45.5, 101.1, 128.4, 128.8,129.0, 

Conclusion 

We have shown that otherwise stable organometallic 
complexes resulting from the selective insertion of di- 
substituted alkynes in the Pd-C bond of cyclopalladated 
thioether complexes can be selectively depalladated to 
yield cationic and neutral S-heterocycles. These reactions 
represent a new addition to the existing dearth of 
examples involving the intramolecular formation of a 
C-S bond mediated by a transition metal and demon- 
strate that the thiophilicity of these metals should not 
be an obstacle in these processes. It is hoped that  these 
results might stimulate interest amongst synthetic chem- 
ists toward developing new transition metal mediated 
routes to S-heterocycles. 

Experimental Section 
General Comments. Experimental procedures are as 

reported el~ewhere.~g Most reactions were performed in air 
using distilled (CHzClZ over P205, THF, n-hexane, and n- 
pentane over sodium) or commercial grade solvents (chlo- 
robenzene, 1,2-dichloroethane). Silver halide abstractions, 
using AgBF4, were performed under Nz using conventional 
Schlenk techniques. NMR spectra were recorded in CDC13. J 
values are given in hertz. Alkynes, thiols, and other starting 
materials were used as obtained from commercial sources. 
2a,13 3,13 and (p-tolylsulfonyl)ethyne36 were made using the 
given procedures. 

Methyl 2-Iodobenzyl Sulfide (la). This orange oil (60%) 
was made by a slight adaptation of a general procedure:13 'H 
NMR 6 2.05 (s, 3H), 3.78 (8,2H), 6.93 (dt, lH, 3 J ~  = 6.6, 4Jm 
= 1.2), 7.30 (m, 2H), 7.83 (d); 13C 6 15.6, 43.6, 101.4, 128.4, 
128.9, 130.2, 139.9, 140.7. 

Ethyl 2-Iodobenzyl Sulfide (lb). 2-Iodobenzyl chloride 
(IBnCl) (2.5 g, 10 mmol) and ethanethiol (0.60 g, 10 mmol) 
were stirred at rt in toluene (30 mL), in the presence of 1,8- 
diazabicyclo[5.4.0]undec-7-ene (DBU) (1.5 g, 10 mmol). After 
overnight stirring, the DBUCl precipitate was removed by 
filtration, and the organic filtrate was separated, washed with 
water (5 mL), and then dried over MgS04. After removal of 
the latter by filtration, the filtrate was evaporated to afford a 
yellow liquid (2.6 g, 93%) which was slightly contaminated 
with IBnCl: 'H NMR 6 1.26 (t, 3H, 3Jm = 7.41, 2.51 (9, 2H), 
3.82 (s, 2H), 6.92 (dt, 1H, 3 J ~  = 5.8, 4 J ~ ~  = 1.91, 7.24-7.36 
(m, 2H), 7.82 (d); 13C 6 14.8, 25.9, 41.3, 100.9, 128.4, 128.7, 
130.0, 139.8, 141.2. 

tert-Butyl 2-Iodobenzyl Sulfide (IC). IBnCl (2.5 g, 10 
mmol) and 2-methyl-2-propanethiol (0.900 g, 10 mmol) were 
stirred at rt in a mixture of toluene and water (10 mu10 mL), 
in the presence of NaOH (0.900 g, 22.5 mmol) and Adogen 
(0.050 g). After 1 h stirring, the organic phase was separated, 
washed with water (5 mL) and then dried over MgS04. After 
removal of the latter by filtration, the yellow filtrate was 
evaporated to afford a yellow liquid (2.98 g) which upon slow 
evaporation yielded a yellow waxy solid: yield 2.62 g (88%): 
'H NMR 6 1.39 (8, 9H), 3.86 (8, 2H), 6.90 (dt, 1H, 3 J ~ ~  = 6, 

NMR631.1,38.8,43.2, 100.7,128.5,128.7, 130.4,139.7,141.1. 
Anal. C-alcd for CIIH1SIS: C, 43.15; H, 4.94. Found: C, 43.66; 
H, 5.06. 

Benzyl 2-Iodobenzyl Sulfide (Id). This orange liquid 
was made as for IC from IBnCl (1.248 g, 4.96 mmol) and 
benzenethiol (0.617 g, 4.96 mmol): yield 1.548 g (92%): 'H 
NMR 6 3.71, 3.73 (2s, 4H), 6.92-7.35 (m, 8H), 7.86 (d, lH, 
~ J H H  = 7.9); 13C 6 36.4, 41.2, 101.1, 127.2, 128.4, 128.7, 128.8, 
129.2, 130.1, 138.0, 139.9, 140.7; m l z  340 (M+), 249 (69%, M+ 
- benzyl), 212 (loo%, M+ - HI). 

Allyl 2-Iodobenzyl Sulfide (le). This yellow oil was made 
by the same route as IC starting from IBnCl (1.25 g, 4.96 
mmol) and 2-propene-1-thiol (0.515 g, 80% commercial 
grade): yield 1.3 g (90%); IH NMR 6 3.10 (dd, 2H, 3 J ~ ~  = 7.0, 

4Jm = 1,6), 7.28 (dt, lH), 7.43 (dd,3Jm = 7.61, 7.80 (dd); I3C 

(36) Truce, W. E.; Wolf, G. C. J. Org. Chem. 1971, 36, 1727. 

(37) Vogel's Textbook of Practical Chemistry, 4th ed.; Longman, New 
York, 1984, p 583, Ch. 111. 

(38) The authors have deposited experimental details concerning 
the crystal structure determination of compounds 5 ,7c ,  and 8, atomic 
coordinates, thermal parameters, lists of bond distances and angles 
at the Cambridge Crystallographic Data Centre. These data can be 
obtained, on request, from the Director, Cambridge Crystallographic 
Data Centre, 12 Union Road, Cambridge, CB2 lEZ, UK. 
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tated by pentane addition (20 mL), collected by filtration, and 
dried: yield 0.185 g (90%); 'H NMR 6 1.42 (t, 3H 3 J ~ ~  = 7.4, 
3.45 (dq (AB&), 2H, ' JHH = 14.2), 5.12 (bs (AB), 2H), 7.01- 
7.64 (m, 14H); l3C NMR 6 (poor solubility) 9.8,35.1,36.7,128.7, 
129.1, 129.7, 130.1, 130.4, 131.9, 132.8, 133.4; IR (cm-l) 1060 
(BF4-); mlz  (FAB) 329.1 (M+). Anal. Calcd for C Z ~ H Z ~ B F ~ S  
($0.25 HzO): C, 64.95; H, 5.21. Found: C, 65.33; H, 5.20. 
1H-2-S-Ethyl-3-phenyl-4-carbethoxybenzothiopyril- 

ium Tetrafluoroborate (6e). 2b (0.205 g, 0.53 mmol) and 
EPP (0.105 g, 0.6 mmol) were stirred in dichloromethane (20 
mL) for 2 h at rt. An orange oil was obtained after solvent 
evaporation. Stirring with AgBF4 (0.120 g, 0.62 mmol) in THF 
(30 mL) for 1 h at rt, subsequent filtration over Celite, and 
solvent evaporation afforded an orange oil/solid. Reflux in 
PhCl(40 mL) for 1 h gave a black suspension, and this was 
followed by cooling. Celite filtration and solvent evaporation 
afforded an oil. A rather unstable, difficult to  purify, brown 
solid 6e was precipitated from CHzCldpentane (2 mL : 25 
mL): yield 0.112 g (50%) and an orange filtrate 7b was 
obtained from the evaporated filtrate: yield 0.075 g (48%); lH 
NMR 6 0.96 (t, 3H, 3 J ~ ~  = 7.11, 1.25 (t, 3H, 3 c 7 ~  = 7.11, 3.25, 
3.37 (dq (AB&), 2H, ' J m  = 13.2), 4.13 (dq (ABS)), 4.95, 5.23 
(2d (AB), 2H, z J ~  = 16.9), 6.8-7.75 (m, 9H); 13C NMR 6 9.5, 
13.4(2 CH3), 35.0,36.8,63.0,121.6, 121.8, 126.5, 127.0,127.8, 
128.4, 129.5, 129.8, 130.5, 131.0, 131.4, 132.4, 132.8, 140.8, 
164.3; IR (cm-l) 1080 (BF4-), 1720 (CO); mlz  (FAB) 325.1 (M+). 
lH-2-S-Ethyl-3-phenyl-4-acetylbenzothiopyrilium Tet- 

rafluoroborate (60. A CHzClz solution (20 mL) of 2b (0.350 
g, 0.91 mmol) and 4-phenyl-3-butyn-2-one (0.145 g, 1 mmol) 
was stirred at rt for 2.5 h. After solvent evaporation, an orange 
solid was obtained. To the latter, in THF (20 mL), was added 
AgBF4 (0.210 g, 1.08 mmol). After 1 h stirring and removal 
of the AgI precipitate by filtration over Celite (the latter was 
washed with a further 20 mL CHZClz), an orange filtrate was 
obtained which was evaporated to dryness. The resulting 
orange solid was placed in PhCl(40 mL) and heated at reflux 
temperature for 0.5 h. After the usual workup, a brown solid 
was obtained from CHzCldpentane, collected by filtration, and 
dried yield 0.240 g (69%); IH NMR 6 1.21 (t, 3H, 3 J ~ ~  = 7.5), 
2.10 (s,3H), 3.45 (2dq (ABS), 2H), 5.12,5.32 (AB, 2H, ' J m  = 
16.5), 7.30-7.69 (m, 9H); 13C NMR 6 9.4,30.7,34.4,36.6,119.2, 
122.0, 125.9, 126.0, 127.3, 129.6, 130.3, 131.0, 131.5, 132.1, 
132.5, 139.5, 147.8, 201.4; IR (cm-') 1080 (BF4-1, 1706 (CO); 
mlz  (FAB) 295.1 (M+). Anal. Calcd for C19H19BF40S: C, 
59.70; H, 5.01. Found: C, 60.27; H, 5.06. 
lH-2-S-3,4-Diphenylbenzothiopyran (7a). To 4e (0.169 

g, 0.285 mmol) in a mixture of CHzCldether (10 mL: 10 mL) 
was added AgBF4 (0.080 g, 0.41 mmol). After 0.5 h stirring at 
rt, filtration over Celite to remove the AgI precipitate, and 
evaporation of the red filtrate, an orange solid was obtained. 
The latter was heated for 0.5 h in refluxing PhCl(40 mL). After 
cooling, the dark solution was filtered over Celite to remove 
the metallic palladium formed and the filtrate was evaporated 
in vacuo. A yellow oil was obtained using the workup for 7c: 
yield 0.070 g (80%); lH NMR 6 4.02 (s, 2H), 6.85 (d, lH, 3Jm 
= 7.41, 7.05-7.70 (m, 13H); 13C NMR 6 32.5, 126.4, 126.8, 
127.1, 127.3, 127.9, 128.7, 128.9, 129.1, 131.4, 131.4, 135.2, 
136.5, 139.0, 139.8; mlz 300 (M+). 
~-2-S-3-Phenyl-4-carbethoxybenzothiopyran (7b). 4f 

(0.245 g, 0.42 mmol) was treated with AgBF4 (0.110 g, 0.57 
mmol) in THF (20 mL), followed by PhCl reflux using the same 
conditions as for the formation of 6b. An orange oil was 
obtained: yield 0.113 g (91%); 'H NMR 6 0.86 (t, 3H,3Jm = 
7.11, 3.94 (4, 2H), 3.97 (s, 2H), 7.18-7.57 (m, 8H), 7.93 (dd, 
lH, 3Jm = 5.1, 4Jm = 2.9); 13C NMR 6 13.6,32.7,61.0, 125.2, 
126.7, 127.8, 128.2, 128.4, 129.6 132.1, 138.4, 145.1, 168.0; IR 
(cm-l) 1195 (CO), 1716 ((20); mlz 296 (M+). 
lH-2-S-3-Phenyl-4-formylbenzothiopyran (7c). 2c (0.210 

g, 0.51 mmol) and PPA (0.080 g, 0.61 mmol) were refluxed in 
1,2-dichloroethane (20 mL) for 1 h. An orange solid was 
obtained after solvent concentration, hexane addition (30 mL), 
and evaporation of the combined solvents. Stirring a THF 
solution (40 mL) of this solid with AgBF4 (0.120 g, 0.6 mmol) 
for 0.75 h was followed by AgI filtration and filtrate evapora- 
tion. Following 1 h PhCl reflux (40 mL) and CHzClz (60 mL) 
extraction, Celite filtration afforded a dark solution. Concen- 

[Pd{C(Ph)=C(Ph)C~-2-St-Bu}(u-1)12 (4e). This was 
obtained as an orange solid: yield 0.196 g (81%) by heating 
2c (0.170 g, 0.41 mmol) and diphenylacetylene (DPA) (0.085 
g, 0.48 mmol) according to the method given for 4f. lH NMR 
6 1.16,1.20,1.21,1.25,1.29, (m, 9H), 3.71,4.19(2m, 2H), 6.83- 
7.82 (m, 14H). Anal. Calcd for C25H25IPdS: C, 49.55; H, 4.20. 
Found: C, 49.79; H, 4.18. 

[Pd{C(Ph)-(CO~t)C~-2-St-Bu}(u-I)12 (40. A solution 
of 2c (0.216 g, 0.52 mmol) and ethyl 3-phenylpropynoate (EPP) 
(0.100 g, 0.57 mmol) in 1,2-dichloroethane (20 mL) was heated 
under reflux for 1.5 h. After solvent evaporation, washing with 
hexane (20 mL), and drying in vacuo, an orange solid was 
obtained: yield 0.245 g (80%); lH NMR 6 0.82 (m, 3H), 1.30 
(m, 9H), 3.57, 4.02 (m, 2H), 3.87 (m, 2H), 7.2-7.69 (m, 9H). 
Anal. Calcd for CzzH25IOzPdS: C, 45.03; H, 4.29. Found: C, 
45.05; H, 4.39. 
lH-2-S-Methyl-3,4-diphenylbenzothiopyrilium Tet- 

rafluoroborate (ea). To 4al1 (0.525 g, 1.14 mmol) in a 
mixture of CHzCldether (60 mu10 mL) was added AgBF4 (0.30 
g, 1.5 mmol). After 0.5 h stirring at rt, the AgCl filtrate was 
removed by filtration over Celite. The resulting red filtrate 
was evaporated to afford a brown solid. The latter was heated 
for 1 h in refluxing chlorobenzene (PhC1) (40 mL) during which 
metallic palladium was formed. After cooling and Celite 
filtration, the filtrate was evaporated in vacuo yielding an 
orange oil. The latter was dissolved in CHzClz (ca. 5 mL) and 
a beige solid 6a was precipitated by pentane addition (ca. 40 
mL), collected by filtration, and dried: yield 0.245 g (53%); 
'H NMR 6 2.99 (s, 3H), 5.03,5.15 (AB, 2H, ' J m  = 16.0), 7.05- 
7.67 (m, 14H); 13C NMR 6 21.9,38.6,119.5,122.1,128.5,128.9, 
129.1, 129.8, 130.1, 130.3, 130.7, 131.7, 132.1, 132.9, 135.3, 
148.6; IR (cm-l) 1080 (BF4-). Anal. Calcd for CzzH1gBF4S 

lH-2-S-Methyl-3-phenyl-4-carbethoxybenzothiopyril- 
ium Tetrafluoroborate (6b). To 4b l1 (0.580 g, 1.28 mmol) 
in THF (20 mL) was added AgBF4 (0.290 g, 1.5 mmol). After 
1 h stirring at rt, filtration over Celite to remove the AgCl 
precipitate, and evaporation of the filtrate, a yellow solid was 
obtained. The latter was heated for 1 h in refluxing PhCl(40 
mL). After cooling and solvent evaporation, the black residue 
was extracted with CHzClz (ca. 50 mL) and filtered over a silica 
column. The first yellow band, 7b, was obtained as an oil: 
yield 0.116 g (31%) after solvent evaporation. Elution with 
CHzCldacetone (30 mu70 mL) afforded an oil 6b which 
partially crystallised upon slow evaporation of the solvent in 
vacuo: yield 0.148 g (29%): (6b) NMR 6 0.97 (t, 3H, 3 J ~ ~  
= 7.11, 2.80 (s, 3H), 4.15 (dq, (AB&), 2H, ' JHH = 14.21, 4.92, 
5.23 (2d, 2H, 2Jm = 16.6),7.55-7.71 (m, 9H); 13C NMRG 13.6, 
20.7, 37.9, 63.0, 120.9, 123.5, 126.6,128.2, 128.0,129.6,129.8, 
130.7, 131.2, 131.6, 132.9, 140.2, 144.5, 164.4; IR (cm-'1 1063 
(BF4-), 1717 (CO); mlz 311 (M+), 295 (lo%, M+ - CH3). 
lH-2-S-Methyl-3-phenyl-4-acetylbenzothiopyrilium Tet- 

rafluoroborate (6c). 2a (0.215 g, 0.85 mmol) and 4-phenyl- 
3-butyn-2-one (0.113 g, 0.8 mmol) were stirred at rt for 1 h in 
CHzClz (20 mL). After solvent evaporation, the residue was 
stirred in THF (20 mL) with AgBF4 (0.160 g, 0.8 mmol) for 1 
h. After removal of the AgCl over Celite and evaporation of 
the filtrate, the resulting yellow solid was heated for 0.5 h in 
refluxing PhCl(40 mL). The resulting black suspension was 
filtered over Celite, and after solvent evaporation, a brown 
solid could be obtained by precipitation from CHzCldpentane 
and drying in vacuo: yield 0.140 g (48%); lH NMR 6 2.12 (s, 
3H), 2.67 (3H, s), 5.06, 5.32 (AB, 2H, ' J m  = 15.01, 7.25-7.65 
(m, 9H); 13C NMR 6 20.2,30.9,37.6, 120.7, 121.2,123.6, 125.9, 
127.4, 129.7, 130.5, 131.1, 131.7, 132.6, 134.6, 147.1; 201.3; 
IR (cm-') 1080 (BFd-), 1700 (CO); m l z  (EI): 266 (M+ - Me). 
Anal. Calcd for C18H17BF40S: C, 58.72; H, 4.65. Found: C, 
58.98; H, 4.74. 
lH-2-S-Ethyl-3,4-diphenylbenzothiopyrilium Tetraflu- 

oroborate (6d). 2b (0.190 g, 0.49 mmol) and DPA (0.105 g, 
0.59 mmol) were heated in refluxing 1,2-dichloroethane (30 
mL) for 1 h. After solvent evaporation, AgBF4 (0.120 g, 0.61 
mmol) was added in THF (30 mL). Removal of the AgI 
precipitate over Celite, solvent evaporation, and PhCl reflux 
following the procedure for 6a afforded a red oil. The latter 
was dissolved in CHzClz (5 mL) and a pink solid was precipi- 

($0.25 CHZClz): C, 63.10; H, 4.61. Fond:  C, 62.99; H, 4.64. 
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tration of this solution, followed by hexane addition, and 
filtration to remove impurities gave 7c as an orange oil: yield 
0.095 g (78%) after solvent evaporation. Crystals suitable for 
X-ray diffraction could be obtained from slow evaporation of a 
CHC13/acetonitrile solution: 'H NMR 6 3.94 (s,2H), 7.20-7.62 
(m, 8H), 8.26 (d, lH, 3Jm = 6.0), 9.97 (s, 1H); 13C NMR 6 33.4, 
119.8, 121.7, 123.7, 124.6, 125.2, 126.2, 127.2, 127.4, 127.5, 
128.4, 128.7, 128.8, 130.0, 131.2, 131.4, 131.5, 131.9, 133.2, 
134.9, 165.8, 187.6; IR (cm-l) 1669 (CO); mlz  252 (M+). Anal. 
Calcd for C16H120S ($0.5 HzO): C, 73.53; H, 5.01. Found: C, 
74.02; H, 4.56. 

6,7-DiphenylSmethyldibenzo[W thiepinium Tetraflu- 
oroborate (8). 5 (0.190 g, 0.37 mmol) and AgBF4 (0.090 mg, 
0.46 mmol) were stirred in CHZClnHF (20 m u 5  mL) for 1 h 
at rt. After the usual AgCl filtration and evaporation of the 
filtrate, the resulting orange solid was heated in refluxing PhCl 
(30 mL) for 1.25 h. After cooling, Celite filtration, and solvent 
evaporation according to  the above procedures, a crude beige 
solid was obtained from CHzClz/hexane (2 mL: 20 mL), 
collected by filtration, and dried. The filtrate was evaporated 
to afford an orange solid (0.060 g). The beige solid was filtered 
over silica (acetone eluant) to yield an oil 8: yield 0.060 g 
(35%). X-ray quality crystals were obtained by slow diffusion 
of hexane into a CHzClz solution of 8: lH NMR 6 2.96 (s,3H), 
6.15 (d, lH, 3 J ~  = 7.4), 6.83-7.97 (m, 17H); IR 1080 
(BF4-);(cm-l); mlz  376 (M+, 9%), 362 (M+ - CH3,100%). Anal. 

Spencer et al. 

Calcd for C ~ ~ H ~ O B F ~ S :  C, 69.84; H, 4.56. Found: C, 69.86; H, 
4.77. 
6,7-Diphenyldibenzo[bd]thiepin (9). 8 (0.098 g, 0.21 

mmol) was heated in PhCl (20 mL) for 17 h. After solvent 
evaporation in uacuo and filtration of the residue over alumina 
(CHZC12 eluant), a yellow paste was obtained, after solvent 
evaporation, which was reextracted with hexane. Evaporation 
of the latter extracts yielded a pale yellow paste: yield 0.070 
g (92%); lH NMR 6 7.09-7.67 (m, 17H), 8.82 (d, lH, 3 J m  = 
8.6); mlz  362 (M+ + H , 32%), 330 (M+ + H - S, 100%). 
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