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ABSTRACT

Catalytic cross-metathesis of commercial divinyl sulfone allowed direct access to novel ( E)-alkenylvinyl sulfones and ( E,E)-dialkenyl sulfones
with excellent stereoselectivity. These compounds are useful building blocks, e.g., in the synthesis of substituted thiomorpholine 1,1-dioxide
derivatives.

Functionalized olefins are important building blocks for includea,S-unsaturated carbonyl-containing olefirfsacrylo-

organic synthesis. Catalytic olefin cross-metathesis (CM) is nitrile,> vinylphosphonate$yinyl phosphine oxides? func-

a convenient route to functionalized olefins from simple tionalized styrene& vinylazulenes, and perfluorinated

alkene precursors. alkane-containing olefin¥. Therefore, CM complements
One of the most appealing facets of this transformation is other C—C coupling methods, such as Wittig, Horner—

that a carbon—carbon double bond of one of the cross- Wadsworth—Emmons, or Heck reactidlis.

metathesis partners can be substituted by a heteroatom- Recently, we have found that phenyl vinyl sulfone gave

containing or electron-withdrawing group Z (Schemé4). good yields of cross-metathesis products with a variety of

With the advent of highly active catalysts-42#the range

of electron-deficient olefins that participate in CM now _

Scheme 1. Catalytic Cross-Metathesis of Functionalized
T Polish Academy of Sciences. Olefingt
*Warsaw University of Technology (Politechnika).
(1) For reviews on catalytic cross-metathesis, see: (a) Blechert, S.;
Connon, S. JAngew. Chem., Int. ER003,42, 1900—1923. (b) Vernall,
A. J.; Abell, A. D. Aldrichim. Acta2003,36, 93-105. (c) Blackwell, H.
E.; O’Leary, D. J.; Chatterjee, A. K.; Washenfelder, R. A.; Bussmann, D.
A.; Grubbs, R. HJ. Am. Chem. SoQ000,122, 58-71. (d) For a short
review on applications to commercial products, see: Pederson, R. L;
Fellows, I. M.; Ung, T. A.; Ishihara, H.; Hajela, S. Rdv. Synth. Catal.
2002,344, 728—735.
(2) For a general model for selectivity in olefin CM, see: Chatterjee, A.
K.; Choi, T.-L.; Sanders, D. P.; Grubbs, R. B.. Am. Chem. SoQ003,
125, 11360—11370.
(3) () Trnka, T. M.; Grubbs, R. HAcc. Chem. Re001,34, 18-29.
(b) Hoveyda, A. H.; Gillingham, D. G.; Van, Veldhuizen, J. J.; Kataoka,
O.; Garber, S. B.; Kingsbury, J. S.; Harrity, J. P.@tg. Biomol. Chem.
2004,2, 8-23. (c) Furstner, AAngew. Chemlnt. Ed. 2000,39, 3012—
3043. (d) Dragutan, V.; Dragutan, |.; Balaban, A.Platinum Metals Rew.
2001,45, 155—-163. .
(4) Catalysts1—3 are commercially available from Aldrich Chemical aCy = cyclohexyl; Mes= 2,4,6-trimethylphenyl.
Co. and Strem Chemicals.
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terminal olefins in the presence df and 41112 This

transformation was later successfully applied in stereoselec- gcheme 3. Optimization of CM Reaction of Divinyl Sulfon&

tive syntheses of natural produéts.
The commercially available divinyl sulfon& and its

mono- and disubstituted derivatives are useful starting
materials in the preparation of thiomorpholine 1,1-dioxides

and other synthetically important macro- and heterocyles.

For example, introduction of a substituted thiomorpholine
1,1-dioxide fragment to the side chain of a pharmaceuticaly

important compound is known to modify its physicochemical

parameters affecting drug absorption, such as solubility or

partition coefficient® Two examples of thiomorpholine 1,1-

dioxide-containing compounds of pharmaceutical interest are

shown in Scheme &,

Scheme 2. Selected Examples of Biologically Active
Thiomorpholine 1,1-Dioxide-Containing Compounds
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On the basis of the results of our previous investi-
gation! we presumed that divinyl sulfone can be used
as a substrate for a catalytic CM, producing hitherto
unavailable unsymmetrically substituted produc

with Alkene 6a
/\R R R R
N N
1 (5 mol%) | J - |

CH,Cly, reflux
1

t J
S
0,
5 6h 7a

R = (CHp}gCH; R
N
entry ratioS:6a ratio7a:8a:9a“ J/

1 1:1 74:20: 6
2 1:3 41:22:37
3 3:1 82: 7:11

aGC ratio.

After the exploration of a variety of reaction conditions
to optimize the metathesis of sulfoewith 1-deceneba,
we found that the best “monosubstituted” product selectivity
was obtained using 1 equiv of the olefinic partéarand 3
equiv of the diené in DCM (0.02 M) under reflux in the
presence of 5 mol % of catalys{Scheme 3, entry 3). Under
these conditions, the formation of undesired disubstituted
product8a and the “homodimer9awas minimized. In line
with the previous results with phenyl vinyl sulfoiethe
CM of divinyl sulfone was highly stereoselective leading to
(E)-7a,b as sole stereoisomers. The homo CM of divinyl
sulfone5 was not observed under these conditions, and this
compound should therefore be classified as a pure type Il
substrate?

In order to prove the general applicability of this reaction,
we decided to extend this investigation to a more diverse
set of olefinic partner®. All reactions were carried out in
DCM under reflux in the presence of 5 mol % bf Under

(Scheme 3). Herein we present a detailed report on thisthese conditions, most of the olefins afforded the expected

transformation.

monosubstituted divinyl sulfonesE)-7 in good isolated

(5) (@) Crowe, W. E.; Goldberg, D. R. Am. Chem. S0d 995,117,
5162-5163. (b) Randl, S.; Gessler, S.; Wakamatsu, H.; BlecheBySBlett
2001, 430—432. (c) Love, J. A.; Morgan, J. P.; Trnka, T. M.; Grubbs, R.
H. Angew. Chemint. Ed.2002,41, 4035—4037. (d) Rivard, M.; Blechert,
S. Eur. J. Org. Chem2003, 2225—-2228. (e) Bai, C.-X.; Zhang, W.-Z,;
He, R.; Lua, X.-B.; Zhang, Z.-Qletrahedron Lett2005,46, 7225—7228.
(f) Bai, C.-X. Lu, X.-B.; He, R.; Zhang, W.-Z.; Feng, X.-Qrg. Biomol.
Chem.2005,3, 4139—4142.

(6) (a) Chatterjee, A. K.; Choi, T.-L.; Grubbs, R. Bynlet2001, 1034~
1037. (b) Lera, M.; Hayes, C. Drg. Lett. 2001, 3, 2765—2768. (c)
Stoianova, D. S.; Hanson, P. Rrg. Lett.2000,2, 1769—1772.

(7) (@) Demchuk, O. M.; Pietrusiewicz, K. M.; Michrowska, A.; Grela,
K. Org. Lett.2003,5, 3217—3220. (b) Vinokurov, N.; Michrowska, A.;
Szmigielska, A.; Drzazga, Z.; Wojciuk, G.; Demchuk, O. M.; Grela, K;
Pietrusiewicz, K. M.; Butensc¢im H. Adv. Synth. Catal2006,348, 931—
938.

(8) (a) Bisaro, F.; Gouverneur, VTetrahedron Lett.2003 44,
7133—7135. (b) Bisaro, F.; Gouverneur, Vetrahedrorn2005,61, 2395—
2400.

(9) Mikus, A.; Sashuk, V.; Kéziorek, M.; Samojtowicz, C.; Ostrowski,
S.; Grela, K.Synlett2005, 1142—1146.

(10) Imhof, S.; Randl, S.; Blechert, &hem. Commur2001, 1692—
1693.

(11) (a) Grela, K.; Bieniek, MTetrahedron Lett2001, 42, 6425- 6428.

(b) Grela, K.; Michrowska, A.; Bieniek, M.; Kim, M.; Klajn, Rletrahedron
2003,59, 4525—4531.
(12) Previously, a failure in the CM reaction of vinyl sulfones was

reported; see: (a) Chatterjee, A. K.; Morgan, J. P.; Scholl, M.; Grubbs, R.

H. J. Am. Chem. So2000,122, 3783—3784. (b) Randl, S.; Blechert, S.
Unpublished results; see ref 46 in ref 1a.
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(13) (a) Evans, P.; Leffray, MTetrahedron2003,59, 7973—7981. (b)
Au, C. W. G.; Pyne, S. GJ. Org. Chem2006,71, 7097—7099.

(14) Teyssot, M.-L.; Fayolle, M.; Philouze, C.; Dupuy, Eur. J. Org.
Chem.2003, 54-62 and references cited therein.

(15) (a) Fishman, A. G.; Mallams, A. K.; Puar, M. S.; Rossman, R. R.;
Stephens, R. LJ. Chem. Soc., Perkin Trans. 1987, 1189—-1210. (b)
Fishman, A. G.; Mallams, A. K.; Rossman, R. R.Chem. Soc., Perkin
Trans. 11989, 787—798.

(16) (a) Cinque, G. M.; Szajnman, S. H.; Zhong, L.; Docampo, R.;
Schvartzapel, A. JJ. Med. Chem1998,41, 1540—1554. (b) Zani, C. L.;
Chiari, E.; Krettli, A. U.; Murta, S. M. F.; Cunningham, M. IBioorg.
Med. Chem1997,12, 2185—-2192. (c) Verge, J. P.; Roffey, P.Med.
Chem. 1975 18, 794-797. (d) Quattara, L.; Debaert, M.; Cavier, R.
Farmaco, Ed. Scil987 42, 383-396. (e) Quattara, L.; Debaert, M.; Cavier,
R. Farmaco, Ed. Sci1987,42, 449—456.

(17) (a) Grela, K.; Harutyunyan, S.; Michrowska, Angew. Chem., Int.
Ed. 2002,41, 4038—4040. (b) Michrowska, A.; Bujok, R.; Harutyunyan,
S.; Sashuk, V.; Dolgonos, G.; Grela, K.Am. Chem. So2004 126 9318~
9325. (¢) Grela, K. U.S. Patent 6,867,303 (Boehringer Ingelheim Interna-
tional, 2005). For applications df in target-oriented synthesis, see: (d)
Honda, T.; Namiki, H.; Kaneda, K.; Mizutani, HDrg. Lett.2004,6, 87—
89. (e) Ostrowski, S.; Mikus, AVlol. Divers.2003 6, 315-321. (f) Honda,
T.; Namiki, H.; Watanabe, M.; Mizutani, Hletrahedron Lett2004,45,
5211-5213. (g) Stellfeld, T.; Bhatt, U.; Kalesse, ®@rg. Lett. 2004, 6,
3889—3892. (h) Albert, B. J.; Sivaramakrishnan, A.; Naka, T.; Koide, K.
J. Am. Chem. SoQ006, 128, 2792—2793. (i) Nicola, T.; Brenner, M;
Donsbach, K.; Kreye, POrg. Process Res. De2005,9, 513—515. (j)
Goldup, S. M.; Pilkington, C. J.; White, A. J. P.; Burton, A.; Barrett, A. G.
M. J. Org. Chem2006,71, 6185—6191.

(18) For the definition of olefins types-lIV, see ref 2.
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yields (51-84%; Table 1, entries 1,38, and 10)-° In some The crude mixture of the reaction betwedrand 4 equiv
cases, we also observed the formation of smaller amountsof 6g revealed the formation of two products identified as
of the undesired disubstituted produd$9—31%). In the compoundslOfg and 8g in addition to homodimeBg and
case of8b,e—g and 8i we were able to isolate and fully  small amounts of unreactdity and 7f (Scheme 4). Interest-
characterize them.
-

. - Scheme 4. Scrambling during the CM Reaction of Divinyl
Table 1. Cross-Metathesis between Divinyl SulfoBg3 Sulfone7f with Olefin 6¢?
equiv) and Alkene$b—i (1 equiv)

Br
o~ _B(3equiv) OH i OH B
7 TR > R L BN R 69 (4 equiv) '
Cat.1or4 $TN 4 S = N~ o A)
(g moﬁ’/i) Bs Dy g(L)\/\S/\ 1@ mol%) <L)\/\S/\/J 8
6 CHoCly, reflux 7 8 Oz CHCly, reflux 02
time 7f (1 equiv) 16 h
10tg (74%)
entry 6b—i, R cat. time(h) 7*(%) 8%(%)
OH OH Br Br
1 6b, —CH,Ph 1 24 84 9
2 B¢, —(CHy)CHj 1 20 42 + Q(b\/\s/\/d)g + e(b\/\s/\/d)s
3 6¢c 4 20 51 O Oz
4 6d,—(CHpCH; 1 21 59 8 (0%) 89 (4%)
5 6d 4 17 70
6  6e, —(CH24,OTBS 1 16 69 13 a|solated yields. “Homometathesis” produig not shown.
7 6f, —(CH2)sOH 1 24 71 12
8 6g, —(CHy)sBr 4 22 72 19
9 6h, —(CHg)4Br 4 20 36 . . . .
10 6i, —CH,Si(CHy)s 1 94 66 31 ingly, 8f was not detected in the reaction mixture. All of

these side products were separated from the desired desym-
a|solated yields of analytically pure products. Reaction conditions: ; i ;
catalystl, 4 (5 mol %), dichloromethane, reflux. metrized10fg by silica gel chromatqgrgphy. The formation
of compoundg suggests that substitution one of the double
. _ bond with an alkyl chain was not sufficient to prevent its
It is well-established that HoveyedGrubbs catalysB participation in CM. The presence of minor quantities of the

displays in some cases higher reactivity toward electron- scrambled product demonstrates that alkene group exchange
deficient substrate’s:**Therefore, we decided to include the  is possible under these conditions, althought in a very limited

highly active carbend, recently introduced by our grodp, extent.

in this investigation. Catalyst proved to be slightly more As can be seen from the results compiled in Table 2,
active in this transformation; however, the increase of activity various unsymmetrically disubstitut& divinyl sulfones
overlwas not as visible as in the case of methacrylonifile (E,E)-10 can be obtained in good yield and excellent

or vinyl phosphine oxide& For example, the application  stereoselectivity (entries 1—4) under these conditions.

of 4 instead ofl in CM of 5 with 1-heptenesc allowed us The presence of two double bonds in the prodGts,
to increase the yield from 42 to 51% and, for CM &, and 10 can be used for further functionalizatighin this
from 59 to 70% (Table 1, entries 2—5). paper, we present some representative results on the bis-

The CM of olefins6a—i and divinyl sulfone was in all

cases fully stereoselective in favor of the (E)-isomer. _

Dimerization product®a—i of the terminal olefin6 were ) ) o
also observed in minute amounts. These undesired byprod-Table 2. Cross-Metathesis between Monosubstituted Divinyl
Sulfones? (1 equiv) and Olefin$ (4 equiv)

ucts can be easily separated by column chromatography,

while the excess db can be conveniently removed in vacuo P

and recycled, rendering this method useful from a practical 6 (4 cquiv

point of view. R\y\g/\ %’ RN AR
Next, we focused on the possibility of preparing the 72 CHoCly, reflux G2

“unsymmetrically disubstituted” sulfone) by means of time 10

CM. Since the metathesis reaction is in general reversible, cat.

we considered that scrambling (the undesired rearrangement (mol %), 10

of substituents around the—~C double bonds of divinyl ;. 7R 6, R time (h)  (yield)®

sulfone) can be a serious problem in this case.

1 7f, —(CH)yOH 6g, —(CHy)sBr 1(8),44 10fg (74)
(19) Representative Procedure for CM between Divinyl Sulfone 5 2 7d, ~(CHp)eCHs  6b, —CH,Ph 1(20),24 10db (54)
and Alkene 6.To a mixture of alkene (2.0 mmol) and divinyl sulfone (6.0 3  7e, —(CHp),OTBS 6c, —(CHy)4,CH;  1(10),23 10ec (85)
mmol) in CHCI, (dry and distilled under Ar) (100 mlg = 0.02 M) was 4  7b, —CH,Ph 6j, —CHCsHsBr-p 1(8),44 10bj (74)
added Ru catalyst or 4 as a solid (5 mol %). The resulting mixture was
stirred at reflux for 16-24 h under Ar. The solvent was removed under 2|solated yields of analytically pure products. “Homodimerization”

reduced pressure. The crude product was purified by flash chromatographyproducts9 not shown.
usingc-hexane/ethyl acetate as eluent (Merck silica gel 60,280 mesh).
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heteronucleophilic Michael addition under the previously [l

optimized conditiond? leading to new thiomorpholine 1,1-
dioxide derivativesll (Table 3).

Table 3. Preparation of Substituted Thiomorpholine
1,1-Dioxide Derivativesl1

This study revealed that CM technology gives easy access

to synthetically useful desymmetrized mono- or disubstituted
divinyl sulfones with excellentH)-selectivity under mild
conditions. Given the synthetic potential of sulfones as both

Michael acceptors and cycloaddition reaction substrates, these
findings are of some value and interest in organic synthesis.

The commercially available ruthenium compléy énd the
nitro-Hoveyda catalyst (4) can be used in this transforma-

(20) This reaction can be also used as an indirect method for the
preparation ofsymmetricallydisubstituted sulfones, for exampld, E)-
8b:

ey
6b (4 equiv = NN
Ph/\/\s/\ (4 equiv) S T e
O, 4 (10 mol%) 0,
CHxCly, reflux
7 16 h, 68% 8b

(21) Treatment o8b with strong bases leads to complete isomerization
of C—C double bounds with formation of diallylic produ8b’. See the
Supporting Information for more details.

BugN*OH ~
Ph/\/\s/\/\Ph _BuN OR
Op 55%
8b

Ph/\/\%/\/\}:h
2
8b'

(22) Electron-withdrawing group activated Hoveyda-type catalysts are
now available commercially from Strem Chemicals, Inc., and from Zannan
Pharma.
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R . __R'NH,
NN “PrOH, H:0 /E j\
0- ey 2
reflux, 1-24 h
7.80r10 11
11
entry substrate R R’ R" (yield, %)*
1 7c —(CH2)16CH; -—-H —CHyPh 11a(80)
2 Te —(CH2),OTBS -H —CHyPh 11b (83)
3 10ec —(CHy)4OTBS —(CHy),CH3; —CHyPh 11c¢c(71)
4 Tc —(CH2)150H3 -H —NHz 11d (66)
5 8b —CHyPh —CHyPh —NH, 11le (48)
6 10fg —(CHg)yOH —(CHg)sBr —NH, 11£(17)

a|solated yields of analytically pure products.

tion. In some cases, the latter complex revealed slightly better
results with this class of compounds.
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