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A new protocol for synthesis of 2-heterocylylacetic acid derivatives involving conjugate addition of
allyl mercaptan to an acrylate containing a tethered olefinic site followed by RCM (ring-closing
metathesis) is described. In this series, sulfanyl derivatives were unreactive, while sulfoxide and
sulfone analogues provided the corresponding thiazocines in fair to excellent yields. Use of the
sulfoxide oxidation state as a protecting group for sulfides inert to RCM is demonstrated also.
Thus, oxidation of sulfide 9 [N-allyl-N-[2-(allylthio)-4-(1H-indol-1-yl)-4-oxobutyl]-4-methylbenze-
nesulfonamide] followed by cyclization yielded the corresponding thiazocine sulfoxide 12. Depro-
tection (deoxygenation) of 12 was accomplished using Lawesson’s reagent, producing 1-[[4-[4-
(methylphenyl)sulfonyl]-3,4,5,8-tetrahydro-2H-1,4-thiazocin-2-yl]acetyl]-1H-indole (21) in 67%

unoptimized yield.

Introduction

Heterocylylacetic acid derivatives are a diverse and
important group of compounds. In addition to examples
of NSAIDS (Myalex/fenclozic acid)! (including COX-2
specific inhibitors)?> and nonbenzodiazepine hypnotics
(Ambien/zolpidem),® compounds acting as blood platelet
aggregation inhibitors,* aldose reductase inhibitors,®
antimicrobial agents,® TACE inhibitors,” and medicinal
chelating agents® and many others exhibiting useful
biological activity have been reported. Many synthetic
efforts have concentrated on five-, six-, seven-, and eight-
membered ring examples of B (Y = (CHy),, X = O)
because of their prominence as building blocks for
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Murata, Y. J. Org. Chem. 2003, 68, 4104—4107. (b) Kreft, A. F;
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synthesis of fused polyether marine toxins (e.g., cigua-
toxin)® and other natural products.’® Compounds B (X =
S) have also been prepared, but examples are scarce. Of
the synthetic approaches developed, most target a specific
member and are not general. Common general protocols
(typically applicable only to five-, six-, and seven-
membered ring compounds) involve conjugate addition
to an a,f-unsaturated ester. Specifically, Michael addi-
tion of N-, O-, or S-centered nucleophiles to tethered
acrylates'! (A, eq 1, path a) or Michael addition of a
protected nucleophile to an acrylate (for example, C)
followed by deprotection and cyclization'? (eq 1, path b)®
have been used extensively.

/ CO2R CO2R
XH path a X
) =)
Y Y
A Y=CHy ON,S, B
CH=CH, fused
aromatic ring, etc. T 1)

/ COzR HX COzR
( Br path b Br
J —
Y Y
c D

Here we describe a new protocol for assembling com-
pounds of type B making use of conjugate addition
followed by ring-closing metathesis (RCM) (eq 2). This
approach is illustrated by preparation of 2-thiazocinyl-

(9) Oishi, T.; Nagumo, Y.; Shoji, M.; LeBrazidec, J.-Y.; Uehara, H.;
Hirama, M. Chem. Commun. 1999, 2035—2036.
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acetic acid derivatives and should be readily adaptable
to other analogues as well. The specific target compounds
were chosen because RCM has been shown to be an
excellent methodology for N- and O-containing medium-
sized ring synthesis!* and eight-membered rings are the
smallest simple S- and N,S-cycloalkanes for which con-
ventional synthetic approaches fail.*®

CO,R CO2R
/(x/\/ /L/x

n(H2C) — = n(HQ)

@)
™~ \\YJ

E X =8 (no RCM), F
S0, SO,
Y=N-Ts n=1

Although olefin metathesis has experienced explosive
growth, reports of applications of RCM to sulfur-contain-
ing compounds are comparatively rare. Initial work found
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R. WO Patent 9603429, 1996; Chem. Abstr. 125, 59147. (f) Kuo, S.-C.;
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Asymmetry. 1992, 3, 863—866. (i) Bunce, R. A.; Peeples, C. J.; Jones,
B. J. Org. Chem. 1992, 57, 1727—1733. (j) Tsutomu, T. Aust. J. Chem.
1986, 39, 503—510. For a somewhat related radical-based approach,
see: Navarro-Vazquez, A.; Garcia, A.; Dominguez, D. J. Org. Chem.
2002, 67, 3213—3220.

(12) (a) O'Brien, P.; Porter, D. W.; Smith, N. M. Synlett 2000, 1336—
1338. (b) Enders, D.; Wiedemann, J. Liebigs Ann./Recueil 1997, 699—
706.
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for “"CH,COOH": (a) Takeuchi, Y.; Azuma, K.; Oshige, M.; Abe, H.;
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1646. (b) OkKitsu, O.; Suzuki, R.; Kobayashi, S. J. Org. Chem. 2001,
66, 809—823 and references therein. (c) Dixon, D. J.; Ley, S. V.; Tate,
E. W. J. Chem. Soc., Perkin Trans. 1 2000, 1829—1836. (d) Hayashi,
M.; Sugiyama, M.; Toba, T.; Oguni, N. Chem. Commun. 1990, 767—
768. (e) Homma, K.; Takenoshita, H.; Mukaiyama, T. Bull. Chem. Soc.
Jpn. 1990, 63, 1898—1915. (f) Nagasaka, T.; Koseki, Y.; Hayashi, H.;
Yasuda, Y.; Hamaguchi, F. Yakugaku Zasshi 1989, 109, 823—826;
Chem. Abstr. 112, 216668.

(14) For a review, see: Maier, M. E. Angew. Chem., Int. Ed. 2000,
39, 2073—2077. See also (a) Papaioannou, N.; Blank, J. T.; Miller, S.
J. J. Org. Chem. 2003, 68, 2728—2734. (b) Hoffmann, T.; Waibel, R.;
Gmeiner, P. J. Org. Chem. 2003, 68, 62—69. (c) Clark, J. S.; Middleton,
M. D. Org. Lett. 2002, 4, 765—768. (d) Boyer, F.-D.; Hanna, I.; Nolan,
S. P. J. Org. Chem. 2001, 66, 4094—4096. (e) Creighton, C. J.; Reitz,
A. B. Org. Lett. 2001, 3, 893—895.

(15) For a review of the difficulties of medium size ring synthesis
via standard cyclization methodologies, see: Illuminati, G. Acc. Chem.
Res. 1981, 14, 95. Following the general trend for cyclane formation
(Eliel, E. L.; Wilen, S. H.; Mander, L. N. Stereochemistry of Organic
Compounds; Wiley-Interscience: New York, NY, 1994; pp 678—684)
cyclic thialkanes and thiazalkanes (MaGee, D. 1.; Beck, E. J. J. Org.
Chem. 2000, 65, 8367—8371) containing eight- or nine-membered rings
form in very low yield by treatment of the corresponding alkyl
dibromides with sodium sulfide nonahydrate. Some simple cyclic 1,4-
thiazepines are available from tetrahydrothiopyran-4-one (Beckmann
rearrangement of the derived oxime followed by amide reduction) (Doi,
J. T.; Musker, W. K.,; deLeeuw, D. L.; Hirschon, A. S. J. Org. Chem.
1981, 46, 1239—1243), and eight-, nine-, and ten-ring atom oxathia-
cycloalkenes are available by ring expansion of halo-O,S-acetals
(Coster, M. J.; DeVoss, J. J. Org. Lett. 2002, 4, 3047—3050.).
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SCHEME 12
3
CO,Me COMe ¢
a = b V_ S,
B CO2Me —> —_—
KN KN k\
\ \
1 Ts 2 Ts 4
S,O co,Me S,O CO,Me
~/ .
=_ 5% |
3 N N Mes—N_ _N—Mes
Ts 5 Ts Gen2= al Ph
,
cirRu=’
CO,Me COo,Me PCy;
§/—302 e S0,
_—
100% ||
KN
4 s 6 Ts

a2 Reagents: (a) N-tosylallylamine, NaOH, TBAH, DCM, rt,
100%; (b) allyl mercaptan, NaOMe, MeOH, reflux, 68%; (c) NalQOg,
acetone/water, 22 h, rt, 35%; (d) Oxone (3 equiv), MeOH/water, 3
d, rt, 58%; (e) 5 mol % Gen 2, DCM, reflux (6 h for 5, 8 h for 6).

the Grubbs first generation catalyst inferior to Mo- and
W-based catalysts with respect to sulfur(ll) tolerance.67
Although Mo-based catalysts are quite tolerant of sulfur-
(I1) sites in the substrate, the highly active N-heterocyclic
carbene catalysts such as Grubbs’ second generation
catalyst (Gen 2; see Scheme 1) are more widely used as
a result of their improved tolerance for sulfur(ll) and
their air and moisture stability. Numerous examples of
additional successful RCM reactions of sulfides, disul-
fides, and dithioacetals using Ru/carbene complexes have
been reported.’® The literature suggests the sulfonyl
oxidation state (sulfones,!® sulfonamides,? etc.?!) is better
tolerated in RCM substrates than lower oxidation states
of sulfur. Deactivation via Ru-sulfonyl oxygen coordina-
tion does not occur (even though Ru-sulfonyl ligation to
assist ring closure has been suggested).?? In contrast to
the body of work available for sulfides and sulfones,

(16) For examples of RCM failures with Grubbs’ Gen 1 catalyst on
sulfur-containing compounds, see: (a) Fuerstner, A.; Seidel, G.; Kin-
dler, N. Tetrahedron 1999, 55, 8215—8230. (b) Armstrong, S. K. J.
Chem. Soc., Perkin Trans. 1 1998, 371-388. (c) Bujard, M,;
Gouverneur, V.; Mioskowski, C. J. Org. Chem. 1999, 64, 2119—-2123.
(d) Mascarenas, J. L.; Rumbo, A.; Castedo, L. J. Org. Chem. 1997, 62,
8620—8621.

(17) For successful application of Mo-based catalysts to sulfur(ll)
compounds, see: (a) Armstrong, S. K.; Christie, B. A. Tetrahedron Lett.
1996, 37, 9373—9376. (b) Barrett, A. G. M.; Baugh, S. P. D.; Gibson,
V. C,; Giles, M. R.; Marshall, E. L.; Procopiou, P. A. Chem. Commun.
1997, 155—156. (c) Shon, Y.-S.; Lee, T. R. Tetrahedron Lett. 1997, 38,
1283—1286. For examples of sulfur(ll)-tolerant W-based catalysts, see:
Couturier, J. L.; Tanaka, K.; Leconte, M.; Basset, J. M.; Ollivier, J.
Phosphorus, Sulfur Silicon Relat. Elem. 1993, 74, 383—384.

(18) (a) Spagnol, G.; Heck, M.-P.; Nolan, S. P.; Mioskowski, C. Org.
Lett. 2002, 4, 1767—1770. (b) Smulik, J. A.; Giessert, A. J.; Diver, S.
T. Tetrahedron Lett. 2002, 43, 209—211. (c) Moore, J. D.; Sprott, K.
T.; Hanson, P. R. Synlett 2001, 605—608. (d) Garbaccio, R. M.;
Danishefsky, S. J. Org. Lett. 2000, 2, 3127—3129.

(19) (a) Michrowska, A.; Bieniek, M.; Kim, M.; Klajn, R.; Grela, K.
Tetrahedron 2003, 59, 4525—4531. (b) Yao, Q. Org. Lett. 2002, 4, 427—
430. (c) Basu, K.; Cabral, J. A.; Paquette, L. A. Tetrahedron Lett. 2002,
43, 5453—5456. (d) Grela, K.; Bieniek, M. Tetrahedron Lett. 2001, 42,
6425—6428. (e) Randl, S.; Connon, S. J.; Blechert, S. Chem. Commun.
2001, 1796—1797. (f) Blackwell, H. E.; O'Leary, D. J.; Chatterjee, A.
K.; Wasenfelder, R. A.; Busmann, D. A.; Grubbs, R. H. 3. Am. Chem.
Soc. 2000, 122, 58—71. (g) Paquette, L. A.; Fabris, F.; Tae, J.; Gallucci,
J. C.; Hofferberth, J. E. 3. Am. Chem. Soc. 2000, 122, 3391—-3398. (h)
Fuerstner, A.; Ackermann, L. Chem. Commun. 1999, 95-96. (i)
Chatterjee, A. K.; Grubbs, R. H. Org. Lett. 1999, 1, 1751-1753. (j)
Fuerstner, A.; Gastner, T.; Weintritt, H. J. Org. Chem. 1999, 64, 2361—
2366. (k) Miller, J. F.; Termin, A.; Koch, K.; Piscopio, A. D. J. Org.
Chem. 1998, 63, 3158—3159.
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sulfoxides have been studied very little. DMSO treatment
has been proposed?® as a means of removing Ru-contain-
ing contaminants from RCM reaction mixtures, presum-
ably due to coordination Ru. Only two reports of RCM
chemistry applied to sulfoxides have been reported. One
was successful?* and the other was not.»°@ Therefore,
sulfur-containing substrates for this study were prepared
not only in the sulfanyl and sulfonyl oxidation states but
also in the sulfinyl state as well.

Results and Discussion

Reaction of methyl 4-bromocrotonate with N-tosyl-
allylamine?® under phase transfer conditions followed by
conjugate addition of allyl mercaptan provided the key
intermediate 2 in 68% overall yield (Scheme 1). Oxidation
of 2 to sulfoxide 3 (obtained as a 1:1 mixture of diaster-
eomers) and sulfone 4 was readily accomplished by
conventional means. Although 2 failed to undergo RCM?6
(Gen 2 catalyst),?” both sulfone 4 and sulfoxide 3 cyclized
[to thiazocines 6 and 5 (obtained as a 2:3 mixture of
diastereomers), respectively] in excellent yield.

(20) (a) Wanner, J.; Harned, A. M.; Probst, D. A.; Poon, K. W. C.;
Klein, T. A.; Snelgrove, K. A.; Hanson, P. R. Tetrahedron Lett. 2002,
43,917-921. (b) Yao, Q. Angew. Chem., Int. Ed. 2000, 39, 3896—3898.
(c) Long, D. D.; Termin, A. P. Tetrahedron Lett. 2000, 41, 6743—6747.
(d) Lane, C.; Snieckus, V. Synlett 2000, 1294—1296. (e) Hanson, P. R.;
Probst, D. A.; Robinson, R. E.; Yau, M. Tetrahedron Lett. 1999, 40,
4761—-4764. (f) Paquette, L. A.; Leit, S. M. 3. Am. Chem. Soc. 1999,
121, 8126—8927. (g) Fuerstner, A. Chem. Commun. 1998, 1315—-1316.
(h) Cerezo, S.; Cortes, J.; Moreno-Manus, M.; Pleixats, R.; Roglans, A.
Tetrahedron 1998, 54, 14869—14884. (i) Visser, M. S.; Heron, N. M.;
Didiuk, M. T.; Sagal, J. F.; Hoveyda, A. H. 3. Am. Chem. Soc. 1996,
118, 4291—-4298.

(21) Sulfonates: Karsch, S.; Schwab, P.; Metz, P. Synlett 2002,
2019—2022.

(22) Paquette, L. A.; Fabris, F.; Tae, J.; Gallucci, J. C.; Hofferberth,
J. E. J. Am. Chem. Soc. 2000, 122, 3391—3398. Also see: Marco-
Contelles, J.; de Opazo, E. J. Org. Chem. 2000, 65, 5416—5419 and
references therein.

(23) Ahn, Y. M.; Yang, K.; Georg, G. I. Org. Lett. 2001, 3, 1411—
1413.

(24) Cachoux, F.; Ibrahim-Ouali, M.; Santelli, M. Synlett 2002,
1987—1990.

(25) N-Tosyl compounds appear to be superior to alkyl-, benzoyl-,
or ethoxycarbonyl-protected amines in RCM processes: (a) Kinderman,
S. S.; van Maarseveen, J. H. Schoemaker, H. E.; Hiemstra, H.; Rutjes,
F. P. J. T. Org. Lett. 2001, 3, 2045—2048. (b) van Otterlo, W. A. L.;
Pathak, R.; de Konig, C. B. Synlett 2003, 1859—1861.

(26) Starting material (2) was recovered unchanged quantitatively.
The lack of reactivity is probably not due to Ru coordination with the
ester [no reaction was observed when Ti(OiPr), was added to the RCM
reaction according to Fuerstner’s protocol (Fuerstner, A.; Langemann,
K. J. Am. Chem. Soc. 1997, 119, 9130—9136) and both S-oxidized
counterparts to the sulfide (3 and 4) readily undergo RCM]. The
problem is more likely due to inactivation of the catalyst by coordina-
tion of the Ru to S(I1). Coordination/inactivation could occur inter-
molecularly prior to interaction of the Ru with the olefinic sites or
intramolecularly, perhaps as shown in structure i.

(\

™
<\Ru"s
—N’\>/\c02Me
i

The latter process (involving coordination of ruthenium to hydroxyl
oxygen via a six-membered ring rather than the eight-membered ring
as in i) has been suggested previously (for example, Washburn, D. G;
Heidebrecht, R. W.; Martin, S. F. Org. Lett. 2003, 5, 3523—3525) to
explain Grubbs’ catalyst inactivation. This process seems less likely
in the present context because of the size of the ring involved and the
necessity to invoke selective reaction of the N-allylic olefinic site, even
though the S-allylic olefinic site is sterically and electronically similar.

(27) (a) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R. H.
J. Am. Chem. Soc. 2000, 122, 3783—3784. (b) Scholl, M.; Ding, S.; Lee,
C. W.; Grubbs, R. H. Org. Lett. 1999, 1, 953—956.
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SCHEME 2. Alternative Pathways to Thiazocine
12
/
s Qj D v
N path 2 \ f }\A
— ——
HooC < OMN d N\Ts
7 8 s 9 X=5
10 X = SO
path b ” 11 X=S80,

O,
SR
M
N
Ts © Ts
13 12

With this success in hand we applied the methodology
to preparation of acyl indole 12 (Scheme 2), a system
useful for SES/ring opening studies.?® Preparation of this
target demonstrates some of the potential obstacles in
syntheses of RCM substrates of the type shown in eq 2.
Thus, sulfide 9 was prepared in three steps from 1 in
19% overall yield, realizing path a in Scheme 2. The low
yield is due to poor conversion of the acid chloride of 7 to
the acylindole. The problem stems from the lability of
the initially formed acylindole to nucleophilic attack; no
acylation procedure attempted involving a strong nucleo-
phile (OH™) or nucleophilic solvent (H,O) gave satisfac-
tory yields of 8. Alternative acylation conditions were not
thoroughly explored because an alternative process form-
ing the labile acylindole later in the sequence was
developed. Reversing the order of the reactions leading
to 9 (forward synthesis version of path b, Scheme 2) did
not improve overall yield because ester hydrolysis of 2
to 13 proceeded in poor yield as a result of unavoidable
(in our hands) retro-Michael addition of allyl mercaptan.

These difficulties were overcome using the well-
known?® stability of indoline amides relative to their
indole amide counterpart and the ease of conversion of
the former to the latter.%° Execution of this strategy led
to 9 in 44% yield (from 1, path a in Scheme 3). Reversing
the sequence of Michael addition and indoline oxidation
(path b, Scheme 3) was not effective. Although Michael
addition of allyl mercaptan to 14 proceeded very cleanly,
subsequent reaction of 15 with DDQ gave not only
oxidation of the indoline but also retro-Michael addition
providing mainly compound 8.

Oxidation®! of indole 9 with 1 or 2 equiv of m-CPBA
gave the corresponding sulfoxide (10, 72%, 2:3 insepa-
rable mixture of diastereomers) or sulfone (11, 99%).
Treatment of these compounds with Gen 2 (10 mol % for
the sulfoxide and 5 mol % for the sulfone) produced the
corresponding thiazocinyl acetamide derivatives 12 and
16 in 48% and 89%, respectively (Scheme 4). Compound
12 was isolated as a 2:3 mixture of diastereomers.

(28) Bates, D. K.; Xia, M. J. Org. Chem. 1998, 63, 9190—9196.

(29) de Oliveira Baptista, M. J. V.; Barrett, A. G. M.; Barton, D. H.
R.; Girijavallabhan, M.; Jennings, R. C.; Kelly, J.; Papadimitriou, V.
J.; Usher, N. A. J. Chem. Soc., Perkin Trans. 1 1977, 1477—1500.

(30) (a) Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; Fong, K. C.; He,
Y.; Yoon, W. H.; Choi, H.-S. Angew. Chem., Int. Ed. 1999, 38, 1676—
1678. (b) Bergman, J.; Carlsson, R.; Misztal, S. Acta Chem. Scand. B
1976, 30, 853—862.

(31) (a) Portoghese, P. S.; Telang, V. G. Tetrahedron 1971, 27, 1823—
1829. (b) Johnson, C. R.; Diefenbach, H.; Keiser, J. E.; Sharp, J. C.
Tetrahedron 1969, 25, 5649—5653.
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SCHEME 3. Acylindole 9 via Oxidation of
Indoline Amide 82

1 2 7 =25 @ )/ —£. 9

a Reagents: (a) LiOH, THF/H0, 0 °C, 95%; (b) oxalyl chloride,
THF, 24 h, 0 °C; (c) indoline, pyridine, DMAP, 64%; (d) DDQ,
dioxane, 70 °C, 3 d, 89%; (e) allyl mercaptan, EtsN, CH,Cl,, 80%;
(f) allyl mercaptan, NaOMe, MeOH/THF, 15 min, 0 °C, 95%.

SCHEME 4. RCM of Acylindoles 10 and 11

o Y
10 mol % N
Gen 2 )/\AN
CH,Cl, o \Ts
reflux, 2.5 h 12

48 %

"— A\
5 mol % ©\/'\> 0,8 N
Gen 2 M
CH,Cl, N

o Ts

reflux

89 % 16

RCM of Indoline Amides 17 and 19

17 ©f> S
10 mol % Gen 2
CH2C|2

N
reflux, 21 h Ts
40 % 18

19—

5 mol % Gen 2 @:}Cbs A

)
reflux

91 %

SCHEME 5.

This pattern of reactivity was duplicated in the corre-
sponding indoline analogues. Thus, treatment of 15 with
either 1 or 2 equiv of m-CPBA gave the corresponding
sulfoxide 17 (as an inseparable 2:3 ratio of diastereomers)
or sulfone (19). Treatment of these compounds with Gen
2 (10 mol % for the sulfoxide and 5 mol % for the sulfone)
produced the corresponding thiazocines 18 and 20 in 40%
and 91%, respectively (Scheme 5). Compound 18 was
isolated as a 3:4 mixture of diastereomers.

In view of the mixed history of success with S(II)
substrates in RCM processes, our current results on
successful RCM on sulfoxides where the corresponding
sulfides fail, the abundance of simple oxidation proce-
dures for the sulfide to sulfoxide transformation,3? and
the ease of the reverse deoxygenation process® suggest
sulfoxides may be useful protecting groups for thioethers
undergoing RCM.33 As a demonstration of the concept,
the most labile sulfoxide in the series (compound 12) was

(32) For leading references see Jog, P. V.; Brown, R. E.; Bates, D.
K. J. Org. Chem. 2003, 68, 8240—8243.
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treated with Lawesson's reagent®* to produce sulfide 21
in 67% yield.

In conclusion, sulfone and sulfoxide derivatives of
compound E (Y = N-Ts, eq 2) undergo RCM in good to
excellent yield with Grubbs second generation catalyst,
providing a new route to (1,4-thiazocinyl)-2-acetic acid
derivatives. Sulfide derivatives in the series do not
undergo RCM with Grubbs’ second generation catalyst,
but such compounds are available through a protection/
deprotection sequence involving the corresponding sul-
foxide. Application of the methodology to other 2-hetero-
cyclyl acetic acid derivatives is underway.

Experimental Section

Methyl (2E)-4-[Allyl[(4-methylphenyl)sulfonyl]lamino]-
but-2-enoate (1). To a well-stirred mixture of N-allyl-4-
methylbenzensulfonamide (0.42 g, 2 mmol), powdered NaOH
(2.0 equiv, 0.16 g, 4 mmol), and tetrabutylammonium hydrogen
sulfate (0.06 equiv, 0.04 g) in CH.CIl, (15 mL) was added
dropwise a solution of methyl y-bromocrotonate (1.5 eq, 0.537
g, 3 mmol) in CH.CI, (5 mL) in an ice—water bath. The
resulting mixture was stirred at 0 °C for 5 min and at room
temperature for 2 h. After filtering, the filtrate was washed
with distilled water, dried over anhydrous Na,SO,, and
concentrated in vacuo. Column chromatography on silica gel
(EtOAc/hexane, 1:4) gave 0.62 g (100%) of 1 as a white solid:
mp 58—60 °C; IR 1724 cm™%; 'H NMR ¢ 7.65 (d, 2H, J = 8.0
Hz), 7.27 (d, 2H, J = 8.0 Hz), 6.68 (dt, 1H, J = 15.6, 6.0 Hz),
5.87 (d, 1H, J = 15.6 Hz), 5.55 (m, 1H), 5.13—-5.07 (m, 2H),
3.87 (d, 2H, 3 = 6.0 Hz), 3.75 (d, 2H, J = 6.4 Hz), 3.68 (s, 3H),
2.38 (s, 3H); °C NMR 6 166.0, 143.6, 142.6, 136.7, 132.1, 129.8,
127.1, 123.4, 119.7, 51.6, 50.4, 47.2, 21.4; MS [m/z] 278 (M*).
Anal. Calcd for CisH1s04NS: C, 58.23; H, 6.19; N, 4.53.
Found: C, 58.36; H, 6.32; N, 4.53.

Methyl 4-[Allyl[(4-methylphenyl)sulfonyl]lamino]-3-
(allylthio)butanoate (2). To a well-stirred solution of allyl
mercaptan (5.0 equiv, 0.20 mL, 2.5 mmol) and MeONa (1.1
equiv, 0.03 g, 0.6 mmol) in methanol (7 mL) was added a
solution of 1 (0.16 g, 0.5 mmol) in MeOH (4 mL) at room
temperature. The resulting mixture was refluxed for 3 h,
cooled, poured into ice water, and extracted with EtOAc. The
combined organic layers were washed with distilled water,
dried over anhydrous Na,SO,, and concentrated in vacuo.
Column chromatography on silica gel (EtOAc/hexane, 1:4) gave
0.13 g (68%) of 2 as an oily liquid: IR 1739 cm™%; *H NMR 6
7.65 (d, 2H, J = 8.0 Hz), 7.27 (d, 2H, J = 8.0 Hz), 5.74 (m,
1H), 5.48 (m, 1H), 5.16—5.03 (m, 4H), 3.80—3.76 (m, 2H), 3.67
(s, 3H), 3.37 (dd, 1H, J = 14.0, 10.0 Hz), 3.22 (m, 1H), 3.14 (d,
2H, J = 6.8 Hz), 3.09 (dd, 1H, J = 14.0, 4.8 Hz), 2.87 (dd, 1H,
J=16.4, 4.8 Hz), 2.49 (dd, 1H, J = 16.4, 8.4 Hz), 2.39 (s, 3H);
BBC NMR ¢ 171.9, 143.5, 136.4, 134.4, 132.4, 129.7, 127.2,
119.7, 117.4, 51.7, 51.6, 51.5, 39.1, 37.4, 34.8, 21.4; MS [m/z
(rel intensity)] 228 (78), 224 (79), 155 (100).

Methyl 4-[Allyl[(4-methylphenyl)sulfonyl]lamino]-3-
(allylsulfinyl)butanoate (3). To an ice-cooled solution of 2

(33) Gladysz and co-workers have reported use of a cationic rhenium
compound that serves both as a protecting group for S(11) and RCM
catalyst for thioethers: Martin-Alvarez, J. M.; Hampel, F.; Arif, A. M;
Gladysz, J. A. Organometallics 1999, 18, 955—957.

(34) (a) Bartsch, H.; Erker, T. Tetrahedron Lett. 1992, 33, 199—200.
(b) Tewari, N.; Kumar, Y.; Thaper, R. K.; Khanna, J. M. Synth.
Commun. 1996, 26, 1169—1173.
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(0.81 g, 2.12 mmol) in acetone (12 mL) was added a solution
of sodium periodate (1.05 equiv, 0.48 g, 2.23 mmol) in H,O (6
mL) at 0 °C. The resulting mixture was stirred at room
temperature for 22 h and concentrated in vacuo. The residue
was diluted with H,O (40 mL) and extracted with CHCI3. The
combined organic layers were washed with distilled water,
dried over anhydrous Na,SO, and concentrated in vacuo.
Column chromatography on silica gel (EtOAc) gave 0.30 g
(35%) of 3 as a colorless sticky liquid (mixture of two diaster-
eomers in a 1:1 ratio): IR 1725 cm™*; 'H NMR 6 7.66 (d, 2H,
J=7.6Hz),7.29(d, 2H,J = 7.6 Hz), 5.85 (m, 1H), 5.55—-5.39
(m, 3H), 5.19—5.11 (m, 2H), 3.82—3.75 (m, 2H), 3.70 (s, 3H),
3.69 (s, 3H), 3.60 (dd, 1H, J = 12.0, 6.8 Hz), 3.51 (m, 1H), 3.41
(dd, 2H, J = 13.6, 7.6 Hz), 3.27 (dd, 1H, J = 14.8, 7.6 Hz),
2.96 (dd, 1H, J = 18.0, 5.2 Hz), 2.89 (dd, 1H, J = 18.0, 5.6
Hz), 2.79 (dd, 1H, J = 18.0, 8.0 Hz), 2.52 (dd, 1H, J = 18.0,
6.4 Hz), 2.40 (s, 3H); 13C NMR ¢ 171.9, 171.4, 143.9, 135.6,
135.5, 132.1, 132.0, 129.9, 129.8, 127.4, 127.3, 125.9, 125.8,
123.9,123.8,120.5, 120.4, 54.6, 53.9, 53.4,52.4, 52.3, 52.2,52.1,
52.0, 47.4, 44.6, 32.0, 28.3, 21.5; MS [m/z (rel intensity)] 224
(47), 155 (66).

Methyl 4-[Allyl[(4-methylphenyl)sulfonyl]lamino]-3-
(allylsulfonyl)butanoate (4). To an ice-cooled solution of 2
(0.73 g, 1.91 mmol) in MeOH (15 mL) was added a solution of
Oxone (3.0 equiv, 3.52 g, 5.73 mmol) in H,O (15 mL) at 0 °C.
The resulting cloudy slurry was stirred at room temperature
for 3 d. After filtering, the filtrate was extracted with EtOAc.
The combined organic layers were dried over anhydrous Nas-
SO, and concentrated in vacuo. Column chromatography on
silica gel (EtOAc/hexane, 2:3) gave 0.46 g (58%) of 4 as a
colorless sticky liquid: IR 1739 cm™; *H NMR 6 7.67 (d, 2H,
J=28.0Hz), 7.31 (d, 2H, J = 8.0 Hz), 5.89 (m, 1H), 5.54—5.40
(m, 3H), 5.19—5.12 (m, 2H), 4.07 (m, 1H), 3.85—3.76 (M, 4H),
3.73 (s, 3H), 3.45—3.42 (m, 2H), 2.99 (dd, 1H, J = 18.0, 6.4
Hz), 2.84 (dd, 1H, J = 18.0, 5.6 Hz), 2.42 (s, 3H); 1*C NMR 0
171.0, 144.2, 135.3, 131.7, 131.0, 127.5, 125.5, 123.9, 120.8,
58.3, 56.1, 52.5, 52.4, 46.1, 30.9, 21.5; MS [m/z (rel intensity)]
260 (5), 224 (1), 155 (8).

Methyl [4-(4-Methylphenylsulfonyl]-1-oxido-3,4,5,8-tet-
rahydro-2H-1,4-thiazocin-2-yl]acetate (5). To a solution of
3(0.26 g, 0.65 mmol) in CH,CI, (10 mL) was added a solution
of commercial Gen 2 catalyst (5% mol, 0.028 g) in CH.Cl, (4
mL) under a nitrogen atmosphere. The resulting mixture was
refluxed for 6 h. The mixture was cooled to room temperature
and concentrated in vacuo. Column chromatography of the
residue on silica gel (EtOAc) gave 0.23 g (95%) of 5 separable
mixture of two diastereomers in a 2:3 ratio both of which were
viscous, tacky semiliquids. Minor diastereomer (higher Ry): IR
1733 cm™; *H NMR ¢ 7.65 (d, 2H, J = 8.0 Hz), 7.31 (d, 2H, J
= 8.0 Hz), 5.84 (dd, 1H, J = 11.2, 4.0 Hz), 5.57 (m, 1H), 4.14
(d, 2H, J = 8.8 Hz), 4.00—3.76 (m, 3H), 3.70 (s, 3H), 3.48 (m,
1H), 3.04 (d, 1H, J = 14.8 Hz), 2.83 (dd, 1H, J = 16.4, 6.4 Hz),
2.44 (dd, 1H, J = 16.4, 8.0 Hz), 2.40 (s, 3H); 1*C NMR ¢ 170.6,
144.2,133.5, 133.1, 130.0, 127.4, 119.0, 53.1, 52.2, 49.2, 45.5,
44.2, 33.3, 21.5; MS [m/z (rel intensity)] 371 (M*, 9), 216 (8),
155 (68). Major diastereomer (lower Ry): IR 1736 cm™t; 'H NMR
0759 (d, 2H, J = 8.4 Hz), 7.30 (d, 2H, J = 7.6 Hz), 5.87—5.74
(m, 2H), 4.30 (dd, 1H, J = 14.0, 8.0 Hz), 4.21 (d, 1H, J = 18.0
Hz), 3.92 (dd, 1H, J = 14.0, 8.0 Hz), 3.65 (s, 3H), 3.60—3.50
(m, 3H), 3.14-3.07 (m, 2H), 2.60 (dd, 1H, J = 17.2, 9.2 Hz),
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2.40 (s, 3H); ®°C NMR 6 171.0, 144.2,134.1, 132.2,130.0, 127.1,
118.8, 55.6, 52.2, 49.7 48.6, 47.9, 31.8, 21.5; MS [m/z (rel
intensity)] 371 (M*, 15), 216 (11), 155 (56).

Methyl [4-(4-Methylphenylsulfonyl]-1,1-dioxido-3,4,5,8-
tetrahydro-2H-1,4-thiazocin-2-yl]acetate (6). To a solution
of 4 (0.40 g, 0.96 mmol) in CH,CI; (10 mL) was added a solution
of commercial Gen 2 catalyst (5% mol, 0.041 g) in CH.ClI; (5
mL) under a nitrogen atmosphere. The resulting mixture was
refluxed for 8 h. The mixture was cooled to room temperature
and concentrated in vacuo. Column chromatography of the
residue on silica gel (EtOAc/hexane, 2:3) gave 0.38 g (100%)
of 6 as a white solid: mp 155—7 °C; IR 1740 cm™%; IH NMR 6
7.63 (d, 2H, J = 8.0 Hz), 7.29 (d, 2H, J = 8.0 Hz), 5.77—5.66
(m, 2H), 4.39 (m, 1H), 4.12—3.94 (m, 3H), 3.77—3.69 (m, 2H),
3.66 (s, 3H), 3.22 (dd, 1H, J = 14.4, 2.8 Hz), 3.03 (dd, 1H, J =
16.8, 3.6 Hz), 2.41—2.35 (m, 4H); 3C NMR ¢ 170.2, 144.3,
134.4, 132.7, 130.0, 127.3, 118.7, 55.6, 52.8, 52.1, 49.4, 49.0,
29.0, 21.3; MS [m/z (rel intensity)] 232 (14), 155 (32). Anal.
Calcd for C16H2:06NS,: C, 49.60; H, 5.46; N, 3.62. Found: C,
49.54; H, 5.56; N, 3.64.

1-[[4-[4-(Methylphenyl)sulfonyl]-3,4,5,8-tetrahydro-2H-
1,4-thiazocin-2-yl]acetyl]-1H-indole (21). To a solution of
12 (see Supporting Information for preparation; 30.8 mg,
0.0675 mmol) in CH.Cl, (5 mL) was added portionwise a
freshly solution of Lawesson’s reagent [2,4-bis(4-methoxyphe-
nyl)-1,3,2,4-dithiadiphosphetane-2,4-disulfide, 27.3 mg, 0.0654
mmol] in CH.CI; (3 mL). The mixture was stirred at room
temperature until TLC indicated the reaction was complete
(15 min), at which time solvent was evaporated in vacuo. One
milliliter of methanol was added, and the mixture was stirred
(1 min) during which time the product was obtained as a white
solid (20.0 mg, 67%): mp 177—178.5 °C; *H NMR ¢ 8.39 (d,
1H,J=7.9Hz),7.61(d,2H,J=82Hz),755(d,1H,J=7.3
Hz), 7.40 (d, 1H, J = 3.6 Hz), 7.34—7.26 (m, 4H), 6.65 (d, 1H,
J = 3.6 Hz), 5.79 (ddd, 1H, J = 11.3, 7.6, 2.7 Hz), 5.66 (ddd,
11.3, 4.0, 3.7 Hz), 4.37 (dd, 1H, J = 13.1, 8.6 Hz), 4.25 (dd,
1H, J = 17.7, 3.7 Hz), 3.99—-3.94 (m, 1H), 3.77 (dd, 1H, J =
13.1, 9.2 Hz), 3.55 (dd, 1H, J = 17.7, 4.0 Hz), 3.36 (dd, 1H, J
=13.1, 2.7 Hz), 3.23—3.17 (m, 2H), 3.04 (dd, 1H, J = 16.4, 8.2
Hz), 2.38 (s, 3H); **C NMR ¢ 168.3, 143.9, 135.8, 135.0, 130.6,
130.1, 128.1, 127.3, 125.6, 125.5, 124.5, 124.2, 121.2, 116.7,
110.1, 58.1, 49.4, 38.3, 37.0, 27.2, 21.7; MS [m/z, rel int)]: 440
(6), 117 (100).
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