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1. INTRODUCTION

This article reviews (4+2)- and (2+ 2)-cycloaddition reactions of olefins activated by sulfur atoms
at different oxidation states. The reason for the use of sulfur functionalities lies in the fact that the
reactivity may be modulated towards the specific substrate by changing the oxidation state of the
sulfur atom. For example, while a vinyl sulfide is an electron rich dienophile reacting best with
electron poor dienes (inverse-electron-demand cycloadditions), sulfoxides and sulfones impart
electrophilicity which causes the olefin to react best with standard or electron rich dienes.

If the dienophile is activated by an optically active sulfoxide group, then the cycloaddition may
occur with high diastereoselectivity. The steric and electronic differences of the four substituents at
the sulfur atom (usually oxygen, lone pair electrons, alkyl and aryl groups) and the fact that the
sulfoxide function may be directly bonded to the reactive prochiral site, make this class of chiral
functions very attractive and efficient in asymmetric synthesis.

Furthermore, sulfur functionalities are amenable to a variety of synthetically useful trans-
formations, most of which are mild and highly selective. During the discussion, emphasis will be
given to the synthetic utilization and to the products which were made available through these
reactions.

The present review deals mostly with carbocycles because heterocycles derived from hetero Diels—
Alder reactions activated by sulfur containing dienes or dienophiles have already been reviewed.' It
should also be noted that the effect of a sulfur atom bonded to the dienic counterpart has been
reviewed.? We have not included those reactions in which sulfur substituted unsaturated compounds
have been used as dipolarophiles.® These works and the present one are complementary, and
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6756 O. De LuccHi and L. Pasquato

combined, they provide a comprehensive overview on the effect of sulfur functionalities upon
cycloaddition reactions.

2. VINYL SULFIDES

As already mentioned, vinyl sulfides are electron rich dienophiles and, as such, they react best
with electron poor dienes, i.e. in inverse-electron-demand type processes. As an example, methyl
vinyl sulfide reacts with tetrachlorocyclopentadiene under reasonably mild reaction conditions.*

REGEE— e e A

The reaction of vinyl sulfides toward the masked o-quinone, 1, has been used for the construction
of the substituted denudatine system.’ Once the sulfur functionality has served to activate the
dienophile then it can be removed by Raney nickel in methanol. In this context, vinyl sulfides may
be regarded as reactive equivalents of ethylene, in inverse-electron-demand type cycloadditions.

SEt

%% e e [ |

>85%

While reductive desulfurization leads to saturated hydrocarbons, oxidation of the adduct to the
sulfoxide followed by sulfenic acid elimination afford alkenes so that vinyl sulfides can be regarded
also as acetylene equivalents.® As an example, the reaction with tropone gives the bicyclo-
[3.2.2]nonanone derivative 27 and, with the mentioned reaction sequence, the triene 3 which photo-
chemically can be converted into barbaralone (4).

o
O-f"
. W uo 140-150° sPh 1. mCPBA LI
T 2. Py 100
(2)

70% 30%overall

In a previous report, the same cycloadduct to tropone (2) was manipulated into more complex
structures yielding the bicyclo[5.4.0lundecane ring system which is present in several natural
products.®

The cycloaddition can be conveniently activated by high pressures as exemplified in the highly
diastereoselective reaction of phenyl vinyl sulfide with pyrone sulfoxide which affords an intermediate
for a total synthesis of chorismic acid.’

o]
PhSO
SOPH
O 8Ph
oo . 'r 6.8 kbar — chorlsmic
S0 rt,3d e ecld

8Ph

%
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As a result of the frontier orbital coefficients, vinyl sulfides react poorly with standard dienes.
Nevertheless, a few cases of the direct cycloaddition to cyclopentadiene,'®!' to anthracene,'' and
to the trimethyl substituted cyclopentadiene 5 are reported.'? It is reasonable to assume that other

O (i Q-0

R =Et, Bu, Ph, Tol

SR

- 2 el

less reactive dienes do not react. The reaction conditions which are employed demonstrate the
sluggishness of the reaction. Phenyl vinyl sulfone is reported to react under comparable conditions
(180°C, 16 h) but, on the basis of recent knowledge (see below), such a temperature and time are
probably unnecessary.

A rank of reactivity which compares vinyl sulfides with their oxidized homologues has been
established by the analysis of the product distribution obtained in the addition to isodicyclo-
pentadiene.'® It was demonstrated that, while reactive dienophiles add exclusively to the symmetric
isomer A to afford linear cycloadducts, less reactive dienophiles add to the more reactive isomer B

PhSO, T™S
2\ --SozPh

51%

PhSL sPh
s /S e A5
A
3:05: 058
lE ~ PhSO SOPh
Wsoph +%7

802Ph
CNZCI2, reflux

1%
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leading to angular adducts. As expected, vinyl sulfones are the most reactive, but somewhat unex-
pected is the fact that the introduction of a trimethylsilyl group renders the dienophile rather
unreactive, even less than the sulfide.

Phenyl vinyl sulfide cycloaddition to electron rich substrates is susceptible to catalysis by tri-
arylaminium salts.'* Under comparable conditions, without a catalyst the reaction does not occur.

SPh * -
AraN 8b CI.
+ | CH,CL,, 0,10 min 7 SPh

68% (15: 1)

With other dienes, a competition between the (4+2)- and the (2+ 2)-cycloaddition has been
observed.”® These reactions are radical-cations Diels-Alder cycloadditions which is a class of cyclo-
additions recently receiving a good deal of attention in view of its higher stereoselection and its
synthetic potential.

Cycloaddition to electron rich dienes may also be performed with sulfides substituted with
electron withdrawing groups. For example trifluoromethyl vinyl sulfide and bis(trifluoromethyl-
thio)acetylene have been shown to react with open chain dienes.'®

8CFy I _GFSc==cscr, 8CF,
200" 18n 15h , 10h
SCF

The intramolecular Diels—-Alder cycloaddition of vinyl sulfides has been reported in a few
cases. For example, the triene 6 cyclizes to form two major and two minor diastereoisomers.'’

CO_Me CO_Me
2 2
X
" | mCI,CH,
ROW A . 15h H o
s& ROV 8
98%
(8)

Stereoselection is strongly enhanced in the cation radical intramolecular Diels—Alder reaction. The
cyclization shown gave a single diastereoisomer. '®

PhS

+
A'3N (:Mz(:l2

0% 10 min

7 \

The cycloaddition of phenyl vinyl sulfides is also feasible with heterodienes.' The products
may be functionalized pyrans,'®?® tetrahydroquinolines'' or pyridazines.?! Hetero Diels—Alder
cycloadditions appear to occur in high yield and with good regioselection.' Aminoketenes dithioace-
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dilsopropylethylamine 73%
R sr R sr
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CHPh +jr N
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X=H, Me, CO,H
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COzE( COzEt
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tals react with enones to give d-diketones which undergo Robinson annelation to provide mono-
acetals of cyclohex-2-ene-1,4-diones.?? The reaction of o-quinones with dithiosubstituted olefins

0
R NX2
X=H, R‘: Ph, R2=R3=H 50%
x=Me, R=pZ=p3=H 839
X = Me, R‘=R2=H, R® = Mo 57%

gives benzodioxanes.?’ Both (Z) and (E) isomers can be reacted.

X

x SR x SR
20 C.H,, 80°, 20-40h °
. | 8"l
N °
X 0 or hy 157, 2-3n X o

X = CI, Br
R = Ph, Et, Bz

Photochemical cycloadditions of vinyl sulfides occur readily and in rather good yields with
unsaturated ketones. Indeed these reagents are useful as synthetic alternatives to ethylene in (24 2)-
cycloaddition reactions via reduction of the adduct.?* Although not practically demonstrated, it can

o [¢] [o]
I I/SR hy Raney-NI|
-+ ————— —————
n-hexane SR EtOH
62-64%

R = n~-Bu,Bz, Ph
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be envisaged that the same reaction sequence may be an alternative route to the use of acetylene in
photochemical cycloaddition reactions, via oxidation and elimination of the sulfoxide.

Methyl vinyl sulfides trap excited benzophenone in a stereoselective and regiospecific fashion,
yielding oxetanes.?*

Ph SMe
Ph SMe " Phin 11, ]
D S W
CH —
(]
° R s 5 36-79%

Cyclobutanes via (2+2)-cycloaddition of vinyl sulfides are also formed thermally when a
zwitterionic intermediate is possible. This is the case of the addition to tetracyanoethylene extensively
studied by Huisgen?® and others.?’

Ketenes give with vinyl sulfides functionalized cyclobutanones which can be elaborated into
interesting molecules such as cyclobutenones.?® Dichloroketenes react with a variety of phenyl-

T T
)I\ ”\sm 713.:"2% a:‘,?:“ ) ,,ZE._T.I.M

thioenolethers giving products which were transformed into cyclobutenediones.?® These unsaturated

sSPh  ClI 1 1
8Ph R E " “ CPBA ) °
t.N — mCPB
)I\ * )r ! __3—-. - I
2
N\ R~ \S
[o]] (o]} i \0 \o R \o
SPh
82-63% 87-95% 93-99%

diketones are otherwise difficult to prepare. In a more recent example dichloroketene was added to
a trisubstituted vinyl sulfide®® and the adduct was transformed into a tricyclopentane system.

CI CI
Ci, _ o o
/= =0 WSMe wSMe
cl ——
" " —_— W
0 _Et
CO,Et CO,Et co,

Methyl(phenylthio)ketene is a reactive and versatile reagent which affords functionalized cyclo-
butanones with a variety of substrates, including olefins, dienes, and imines.?' A few examples are
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X

, o
0 -houno R g 4 R J

R 12h 1. ox
z) )|\ Z6-82% r2 == SPh 2.4 R2 TN

Tl

'I' o N N °
N, Il CgHy.":t-. 4h N . "I l

I )L 42-89% H Me  HL 8Ph
R = Et, t-Bu, Ph

illustrated. Thiosubstituted cyclobutanes can be prepared by the reaction of alkenyl sulfides with
a,f-unsaturated ketones in the presence of aluminum trichloride. Oxidation and base treatment
afford cyclobutenyl ketones in good yields.*?

o o
o PhS 1
1 1 r3 1. ox. R 3
Ph8 R 3 AICI R~ "l 2.LDA or —= R
+ = 2 2
o2 W cHCl, R KH, THF  R°—;
H H
0-78%

R‘, Rz, R3=H or alkyl
A vinyl sulfide which is geminally substituted with an electron withdrawing group is more reactive
towards electron rich dienes. The reactivity is enhanced not only with respect to the vinyl thioether
but also with respect to the electron deficient olefin. In other words a thioether does not diminish
the reactivity of a standard electron poor olefin but, in contrast with what one might think, it
enhances it synergetically. This type of dienophile has been defined as capto-dative because the two

groups have opposite polarity.
One of the first reported examples is shown below. It allowed the improvement of the yields of
the cycloaddition of cyclic ketones with open chain dienes and contributed to the synthetic versatility
of the adducts.*? The reaction is further accelerated by Lewis acids (for example AICl;). Under such

o
wgz
1
o R
8Ph R
110 180°
o gt
~Z 18- 24h
r! 2: 82% &O/
1 2

R1 H 81%
Me B1%

o
!!
0 X T
N

conditions the cycloaddition of 2-phenylthio-2-pentenone with isoprene occurs even at 18°C in
dichloromethane giving the (44 2) adduct in 93% yield after 15 h. Furthermore the regioselectivity
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Table 1. Reaction conditions and yields in the cycloaddition of sulfur containing capto-dative dienophiles R,R,C—=CH,

Yields (%)

Diene R, R, Solvent Catalyst Temp. (°C)/time (h) (ratio)* Ref.
Isoprene SMe CN Neat — 140/4 62(96:4) 35
Isoprene SMe CN Neat — 60/24 64(64:36) 36
Isoprene SMe CN Toluene — 120/4 79(66: 34) 36
Isoprene SMe CN Benzene AlCl, 20/6 81(97:3) 35
Isoprene SMe E Benzene AlCl, 20/4 84(97:3) 35
Cyclopentadiene SMe CN Neat — 140/6 57(50: 50) 35
Cyclopentadiene SMe CN Neat — 20/12 85(5:95) 36
Cyclopentadiene SMe CN Neat — 20/12 85(5:95) 37
Cyclopentadiene SMe CN Toluene — 140/4 53(34:66) 36
Cyclopentadiene SMe CN Benzene AlCl, 20/0.25 60(0: 100) 35
Cyclopentadiene SMe CN Benzene CuBF, 20/6 88(0:100) 35
Cyclopentadiene SMe E Benzene AICI; 20/4 77(0:100) 35
Cyclopentadiene SMe E Ether — rt/14d-3w 35—45° 38
Cyclopentadiene SiPr CN ¢ — 100/ 100(23:77) 39
Cyclopentadiene SiPr CN Neat — 20/12 85(25:75) 36
Cyclopentadiene SBu CN Neat — 20/12 95(40: 60) 36
Cyclopentadiene SPh CN Neat — 20/12 93(23:77) 36
Cyclopentadiene SBz CN Neat — 20/12 96(22:78) 36
Cyclohexadiene SMe CN Neat — 160/4 50(23:77) 35
Cyclohexadiene SMe CN Neat — 80/10 53(34.66) 36
Cyclohexadiene SMe CN Benzene AlCl, 20/6 72(17:83) 35
Cyclohexadiene SMe E Benzene AlCl,; 20/4 81(0:100) 35
Cyclohexadiene SMe E Phenylthiazine — reflux/30 10 38

E = CO,Et. .
R 1 2
Q2 E R E R
\Q\R' : or g2 R'
R2
®Ratio not reported.
¢Not reported.

is improved. The cycloaddition of 2-cyclopentenone required longer reaction time (48 h) and
occurred in lower yield (21%).

Many other examples of the cycloaddition of sulfur containing capto-dative dienophiles have
been reported. Most of them are collected in Table 1. It is worth mentioning that capto-dative sulfur-
containing dienophiles are readily accessible by a variety of methods.*®*! Among the trans-
formations to which the products can be subjected is included a mild and simple conversion to
ketones, thus including capto-dative olefins among the ketene equivalents in (4+ 2)-cycloaddition
reactions (see below).3%3¢

Cyclic thioenolethers undergo (3 + 2)-cycloaddition to electron poor dienophiles to form unstable
five-membered cyclic sulfonium ylids.*? In the case of ¢-butylsubstituted thioethers, the ylid loses
isobutene and gives stable products.*?

Neo 8
ﬁl/ + || x -E:.T. NC X
o +~ o

X= O, N-Ph

Analogous reactivity has been experienced in the cycloaddition to methylenecyclopropanes.*

™
+ Dl=q Theat 3+ » 8

CN
34% 24%
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When the thio-substituent and an extra electron withdrawing group are in vicinal positions, then
the dienophile is no more capto-dative. The reported examples can be attributed to activation by the
electron withdrawing group with no appreciable synergetic effect of the sulfur There have been
reported cycloadditions to cyclopentadiene of vinyl sulfides activated by carboxy** or nitro groups. ¢
In the case shown below, the regioselectivity is dictated by the carbonyl function.*’

OMe o 0
Tolnonc - MCON
nﬂn
™S8O

TMSO
Y= 8Ph or B{O}Ph

A large variety of cycloadducts (and synthetic transformations therefrom) has been accomplished
with thiosubstituted maleic anhydrides.*® The sequence shown may allow the mimicry of the

RS 0°, 45h SR NCS SR
+ l [o] e /2 o ———— 72
o 89%  ‘co_Me
o 0

2

! |HgCl2
S ——
93% co,Me o co,Me
l oaaco

L& °
52% sow L

(o]

reactivity of a carbene in a (4 + 2)-cycloaddition meanwhile carbenes themselves give cyclobutanones
in a (24 2)-type process.*® Cycloaddition of alkylthiopropiolates®®*2 has been proposed as a more
direct alternative.*?

A
@ + PhSCZ=CCOMe ——= COMe ____ . bo
2 CH
L 8Ph

Thiosubstituted maleic anhydrides may be considered as equivalents of the acetylene anhydride
7'54

il o

)

Quinone derivatives with a phenylthio substituent are reactive dienophiles: they have been
used in a formal total synthesis of aklavinone.’® This strategy allows the synthesis of blocked
anthraquinone tautomers.

2 sph
QX
P 2 Jones’ ox.
X

oTMS Me o
X = H, CN T0%
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3. VINYL SULFOXIDES

3.1. Racemic vinyl sulfoxides

The most important feature of vinyl sulfoxides is that they can be prepared in optically active
form. However, there are cases in which the sulfoxide function has been used only as an activating
functionality.

Phenyl vinyl sulfoxides can effectively function as acetylene equivalents in Diels—Alder reactions >
as the primary cycloadducts may spontaneously extrude sulfenic acid. The reaction is possible
because the sulfenic acid eliminates better from the saturated adduct than from the olefinic reagent.
The following equations show a few examples. Similarly isobenzofuran affords 1,4-diphenyl-

8O0Ph

@OO g TC:E‘?C:;T' 7 ‘/Q (Ref. 56)

83%

Toluono 150-170°
Ar, .onlod tube (Ref. 57)
éd

naphthalene (93%), 3,6-diphenylitetrazine yields 1,4-diphenylpyridazine (97%), and tetracyclone
gives 1,2,3 4-tetraphenylbenzene (91%) after extrusion of oxygen, nitrogen and carbon monoxide

respectively.®®
In a few cases the cycloadduct could be isolated and characterized. %% %% The reactivity of olefins

sopn
Tol A -Pngon t@ (Ref. 56)
; : -c

Ph Ph
Ph
|/SOPh
I . 7 (Ref. 58)
50', Toluene
SOPh
10%

substituted only with a sulfinyl group is poor. It is often necessary to have an extra electron
withdrawing group present. Danishefsky and his coworkers have prepared several olefins containing
the phenylsulfinyl group and the carbomethoxy group and utilized them for the synthesis of several
natural products.
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OMe

A R
7l \‘ — R prepenste
~ + - * pretyrosins
™SO0 SOPh °
<
OMe +ﬁ( ﬁ ——e G riSGO fulvin
TMSO S0P

AcO. HO R
~ *j L-D
~ —— -POopa
TMSB0 80PN

When the extra electron withdrawing group is at the same carbon bearing the sulfoxide, the
reactivity is higher and is similar to that observed for the capto-dative vinyl sulfides. In the sulfoxide
field no specific studies have been reported, but the capto-dative effect can be identified by the fact
that only 1,1-substituted dienophiles reacted with the diene 8.°' 2-Sulfinyl substituted acrylates were
unreactive.

R
R  PASO R R R
A + wr s PHSOW o
R 0" 0 R! o)
(8)
R = H, Me 85-90%
R'z H, OTHP

2-
R°=CO,Me, COMs, COC,H,,

Because of inconvenience in their preparation and their instability, nitroacetylenes are rarely
used as dienophiles in Diels-Alder reactions.®? However, an alternative is based on the use of
phenylsulfinylnitro olefins.*® The substituted analogues can be prepared in four steps from
acylimidazoles.®?

R

R =Me, Ph
@ SOPh quant.
/ "01
OPh
?/" W 8 GKC
R N
1( NO

“ ‘ K) R R=Me, T3%

' R=gt, 52%
noa

A series of anthraquinone derivatives has been obtained directly by the Diels—-Alder cycloaddition
of quinone sulfoxides with dienes. The quinone sulfoxide represents a synthetic equivalent of
naphthynoquinone®* because the adducts eliminate sulfenic acid under the reaction conditions.**
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0
o A7
A OC0 S o

(] a5 %

Alternatively the related naphthoquinone 9 can be used in the same fashion. At variance with the
precedent cases the primary adduct does lose a phenylthiosulfinate molecule.®® Finally reagent 10

[+
D so® o
+ —retie + i
(Zol‘l° Ph8SPHh
o o

(8) s0%

has been reported as a sluggish dienophile, but it is sufficiently reactive to add to cyclopentadiene.*¢
The adducts are of synthetic interest.

j i Y o
a2 a0 — O — oy

(10)

SOPh

\I

SPh

=0

3.2. Stereochemistry of addition

Although the first reports on cycloaddition reactions with chiral vinyl sulfoxides appeared only
a few years ago, stereochemical studies on the steric course of the reaction of racemic vinyl sulfoxides
have been reported by Montanari ez al. since the late fifties.* They termed the adducts to cyclopentadiene
syn or anti depending if the S=O bond was below or outside the norbornenyl skeleton when the
S—R bond is positioned parallel to the bridgehead proton.* With few exceptions, the preferred way
of addition of sulfinyl olefins to cyclopentadiene was shown to be endo-syn as in the case of (Z)-1-
phenylsulfonyl-2-phenylsulfinylethylene.®” The following stereochemistry could be demonstrated

D o] +
v 8% -
80,Ph 80,Ph 80,Ph
sms8xz0 A : ys%
P Ph P
61:38

* The stereochemistry of the sulfoxides has been drawn in the same way throughout the text. Namely with the C=C—SR
atoms in one plane, with the lone pair on the left and the oxygen on the right side. The adducts have been drawn after
consideration of the direction of attack of the diene on the dienophile.

e

: ““"‘5\
R

anti syn

Q
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for the bis(phenylsulfinyl)ethylene adducts to cyclopentadiene.*® An exception to the syn rule was

Ph O = . Ph O
5 A :
4 +
85-95%
:}8§ -,.}3;::0 :|||.8~\..,.°
Ph Ph Ph
{E)-racemic 52.3% 28.5%

observed with the (E)-meso isomer. A more complex set of products is produced by the addition

.
.

.»

il

Ph\s¢0 Ph\:s¢o
/ C_H_, 24h /
66
Shin. San e
X NS
Ph ° e O
{E]-meso 80%

of 3-sulfinylprop-2-enoic acids and their methyl esters to cyclopentadiene. Tables 2 and 3 collect the
results obtained for the (Z)- and (£)-isomers under different conditions and in the presence of
Lewis acids. As can be observed, the Lewis acid does not usually promote a synergetic action. On
the contrary, in some cases it reverses the ratio in favour of the minor stereoadduct.®® In the case
in which the sulfinyl group adds in an exo fashion, predominance of the syn stereoadduct is again
usually observed.

Table 2. Reaction conditions and product distribution in the addition of (Z)-3-sulfinylprop-2-enoic acids

ﬂ o _..\__.... :"Z A y * + tor!
*unS 2 g cozR S coﬂa OZR‘ oa

LN BneN e 2N 10

f ° of O n/s ° :'78§o R

R
A B c D
X R R’ Solvent Temp. (°C)/time Catal. A B C D Ref.

1 CH, Ph H  Benzene 80/40 min — 80° 20* S S 68
2 CH, Ph H  Benzene 80/40 min — 92be g - 69
3 CH, Ph Me Benzene 80/overnight — 97° 3 — — 69
4 CH, Ph Me CH)Cl, r/28h AICt, 79 2 —  — 69
5 CH, Ph Me Benzene rt/3h Sio, 59¢ 41 — — 69
6 CH, Ph Me CH)CL rt/28h SaCl, 21¢ 79° — — 69
7 CH, Ph H H,0 rt/0.5h — 58¢ 4 —_— — 70
8 (8] 2-Py Et Neat 50/64d — 27 228 12¢ ¢ 70
9 0 Ar Et Neat 50/6d — 554 — 160 — 70
10 (0] Ar’ Et Neat rt/7h — 58¢ 5¢ I 1¢ 70

* Ratio determined after iodolactonization.
* Ratio determined after methylation with diazomethane.
°Ratio determined by HPLC.

4 Ratio determined after chemical transformation to 2-carbethoxy-7-oxabicyclo[2.2.1jheptane.

Ar = 3-NO,-2-Py, Ar’ = 3-CF,-2-Py.
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Table 3. Reaction conditions and product distribution in the addition of (E)-3-sulfinylprop-2-cnoic acids

to cyclopentadiene
1
@ G
+
'""3\ '“"8 'una
R p \ 3":.8§° :,...3§°
[ ] R
A B C D

R R’ Solvent Temp. (°C)/time Catal. A B C D Ref.

1 Ph H Benzene 80/2h — 39 13 29 19 68*
2 Ph H Benzene 80/50 min —— 37 15 36 12 69"
3 Ph H H,0 20/0.5h - 33 20 38 9 69°
4 Ph Me  Benzene 80/overnight - 35 14 39 12 69°
5 Ph Me CH,ClL, 20/60h SnCl, 19 19 48 14 69"
6 Ph Me CH,Cl, 20/4h AICL, 35 39 18 8 69°
7 Ph Me  Benzene 20/4-5h Si0, 37 20 33 10 69°

* Ratio determined by iodolactonization.
® Ratio determined after methylation with diazomethane by HPLC.

The stereochemistry at sulfur has been determined in a variety of ways including iodo-
lactonization or iodohydrin formation.”! These reactions may prove to be useful in the separation
of diastereoisomers derived from optically active sulfinyl dienophiles (see next paragraph). In other

b ey

P:':h;s§o "'"- L m..
n |
Ro,C % {% i ; {% 9
Olu. om..s P;"; N
o

i=Zn-Py  lix),-NaHCO i Ac,0-Py

3
cases, the stereochemistry has been correlated by (i) the reduction by boranes of the sulfoxides to
sulfides, (ii) stereochemistry and kinetics of oxidation of sulfoxides to sulfones, (iii) acidities and (iv)
infrared and proton magnetic resonance.

It is worth noting that the reaction of sulfinylpropenoic acids is not confined to cyclopentadiene.
Recent results have shown that 3-(2-pyridylsulfinyl) acrylates add in high yields to the rather
unreactive furan. In the same paper, the enhancement of reactivity and diastereoselectivity with the
introduction of electron withdrawing substituents on the pyridyl ring is shown.’® The results obtained
in this study have been expanded to the optically active molecules by the same authors (see next
Section).

The stereochemistry of addition of sulfinyl dienophiles has recently been examined from a
computational point of view by Hehre and Kahn,”? but the matter is still controversial.”
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3.3. Chiral vinyl sulfoxides

In recent years examples have been reported on Diels—Alder reactions of optically active sulfinyl
dienophiles. The first report is by Maignan and Raphael®® who utilized (+)-(R)-p-tolyl vinyl
sulfoxide. The stereochemistry of the carbon skeleton was assigned by transformation to

9_ b ‘# F XK

. S
HID - 1 'Il' 3\ HIT 8\ o
Tol 'I’ol ol Tol
42w 22% 28% 8%

dehydronorcamphor. The stereochemistry at the sulfur atom was not reported but can be suggested
to be as shown by analogy to other works and from the fact that the configuration of the carbon
skeleton corresponds to the syn usual way of addition. Although this was the first asymmetric Diels—
Alder addition to be reported with an optically active chiral sulfoxide, other types of asymmetric
cycloadditions have been studied. For example, Koizumi showed that the dipolar cycloaddition to
nitrones occurs with high asymmetric induction.”

o
o§-* RO\, —= NMe, OH
)k + K — m..)Q — "'7‘\)
Ph H el 2 Ph
'/ \ To

R = Ph, Me R=Mes 36:4

Marino studied the reaction of vinyl sulfoxides with ketenes and reported complete asymmetric
induction for such a process.”® The Diels—Alder reaction of chiral sulfoximines is a process strongly

Qs
rRr ¥ R Rgtol
S g
.\Tol 1 Zn
+ RcclLCcOoCI —_—
2 Et,0
R-R=H,=0, -0-—~°~ 25-70%

related to the one with vinyl sulfoxides.”® It should be noted that the stereochemistry of the adduct
to cyclopentadiene still favours the endo-syn isomer. The reaction has been reported with other

N i G &

Tleln-s§ TN - 8\ TINII "8a T.Nnus\
Tol o Tol
Tol 'I'ol

5 : 4 : 1 : 1

cyclic and acyclic dienes and with different chiral sulfoximines. These reagents are much more
reactive than the sulfoxides and competition experiments have shown them to be even more reactive
than vinyl sulfones in Diels—Alder reactions. The products are amenable to a variety of trans-
formations, including reduction to alkanes, elimination to alkenes, or oxidation to ketones.

The poor reactivity toward dienes of simple chiral vinyl sulfoxides has led to the development
of other dienophiles in which an additional electron withdrawing group is present. Tables 4 and 5
collect the reported examples for (Z)- and (£)-sulfinylpropenoic esters. Comparison with the
results obtained with racemic substrates (Tables 2 and 3) shows that there are obviously no major
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Table 4. Reaction conditions, yields and stereoisomeric distribution in the addition of chiral (Z)-sulfinylpropenoic esters

2
R
X RZ n
7 \ @( + 1
\ —
| CO® . leog , CopR
HIDY §° RI?S\ .Iu.O\ o8 C\Ogﬂ ‘w-'§°
R a n / R
A B Cc D
Solvent Yield

R R’ R” X (Catal.) Temp. (°C)/time (h) A B C D (%) Ref.
1 Tol Et Me CH, Neat 90/5 63 2 35 — 91® 77
2 Tol Me H CH, Toluene 4/60 93 — 7 — 100 78
3 Tol n-Bu H CH, Benzene Reflux/2 7 3 11t — 91 9
4 4 Me H CH, CDCl, 5/24 98 — — — 98 80
5 d Me H CH, McOH 5/24 98 — — — 98 80
6 ¢ Me H CH, Me,CO 5/24 98 — — — 98 80
7 ¢ Me H CH, CDCl, 5/24 95 - — — 95 80
8 ¢ Me H CH, MeOH 5/24 98 — — - 98 80
9 ! Me H CH, CH,Cl1 —78/100 98 — — — 98 81

10 2-Py  Ment H 0 Neat rt/7d 93 7 9% 4 69 82
(EtAICl)
11 2-Py  Ment H CH, Neat - 78/3 % — — — 96 83
(EtAIClL)

* Ratio determined by HPLC.
®Isolated yields.

°Ratio determined by NMR.
4Isoborneol.

¢ Borneol.
2-Phenyl-2-hydroxyethyl.

differences. Small variations are probably due to different methods of products analysis. In the (Z)
series it is worth noting the effect of the methyl group (entry 1) which decreases the diasteromeric
ratio. Product C has been utilized in the synthesis of (+ )-epi-B-santalene. ®*

Recent interest has been devoted to the reaction with furan because the derived cycloadducts
can be transformed into optically active natural products. With this objective standard chiral sulfinyl

Table 5. Reaction conditions, yields and stereoisomeric distribution in the addition of chiral (E)-sulfenylpropenoic esters
to cyclopentadiene

1 1
Rog co, Oy o,c cozn
+
/\az 2 r? |
:|l1-8§° 'l"/'8§° :"8§o ||-8 ° ?s§°
R R R l R
A B Cc D
Yield
R R’ R" Solv. Temp. (°C)/time (h) Catalyst A B C D (%) Ref.
1 Tol Et Me Neat 90/5 — 63 15 22 — 91 77
2 Tol n-Bu H CH, Reflux/2 — 37 6 42 15 92 79
3 Tol n-Bu H  Toluene 0/3.5 BF, 56 22 19 3 98 79
4 Tol n-Bu H Neat 0/3.5 S$nCl, 23 3 55 19 82 79
5 Tol n-Bu H Neat 0/3.5 TiCl, 25 21 29 25 63 79
6 : Me H CHCl, S/24 — mixture >90 80

* Isoborneol or borneol.
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dienophiles are not sufficiently reactive so a more reactive one had to be developed by Koizumi.??
In such a dienophile the ester residue is a menthyl group that allowed the resolution of the sulfoxides
by fractional crystallization. The Diels—Alder reaction gives, with high diastereoselectivity, the syn
adduct, as deduced by the configuration of the resulting carbon skeleton. The diastereoselectivity can
also be improved by catalysis with diethylaluminium chloride. Notable examples of the application of
these reagents are the highly enantioselective total synthesis of glyoxalase I inhibitor,®® D-
showdomycin, p-2,5-anhydro-allose derivatives,® (—)-aristeromycin and (— )-neplanocin A.** The
first of these examples is illustrated below.

Oy -OMe
/l o e YV /u\/\
b4 n...s\\o Toluens, 0', 8d 00 Me

— 3 / N :

(s}

-

The most detrimental aspect of the utilization of chiral sulfoxides in asymmetric synthesis is the
difficulty and the poor yields in their preparation. The preparation of optically active sulfinyl
dienophiles usnally makes use of routes which start from menthyl sulfinate (that is the Andersen
method).®® With the intention of providing more direct and stereospecific routes, the synthesis of
chiral sulfoxides by self-induced diastereoselective oxidation has been proposed.®® The strategy
allows the stereoselective synthesis of optically active sulfinyl dienophiles in two steps (Michael
addition and oxidation) from cheap and readily available starting materials. The presence of a chiral
hydroxy group drives the oxidation of the sulfide predominantly to one epimeric sulfoxide. Once
the sulfoxide is formed this helps to give conformational rigidity to the molecule by hydrogen
bonding with the sulfoxide oxygen. Indeed such a designed dienophile shows high asymmetric
induction both in the oxidation and especially, in the Diels—-Alder reaction,?®

mCPBA pBU Moozczb
————:
((‘:0 Ms

CO Me CH Cl .0 CDC!

118 - 2 s < C°2M.
. ~ M §O §‘o_“/“ (D)
[+]
>90%

Cycloaddition of the two epimeric sulfoxides occurs diastereoselectively and depends upon the
configuration of the sulfur atom. The diastereoselection is primarily due to the sulfoxide and not to
the chiral auxiliary (as independently shown in other cases).®? Cycloadditions of the corresponding
sulfones show little or no diastereoselection.

The adducts can be subjected to base induced elimination to form optically active carbomethoxy-
norbornadienes, but the chiral auxiliary is recoverable with difficulty. To solve this drawback, the
analogous sulfoxide derived from optically active styrene oxide was developed.®'

o o O
ﬂ%“‘ mcpBA_ GO Me Co,Me

—r—
:Il" e llua\ 'IlnS\ ———(1!) +

3 9 n,[ oH
; H
Ph OH Phir 0/‘4 Ph A

o
H H H

i HCZECCO,Me ]

SH
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Table 6. Reaction conditions, yields and stereoisomeric distribution in the addition of chiral (E)-sulfinylpropenoic esters to

cyclopentadiene
'\( Q - Cb zf? R, ; 7. ; Za
sheSa Hing .
~ \ H LT 8\ Pt T "
Tol / o » ' -~ o . i
° Tal vof 0 raf /
Tol
A B C b
Yield
R Solvent Temp. (°C)/time (b) Catalyst A B C D (%) Ref.
1 COMe CH, t/6 —_ 23 2 o4 11 100 89
2 CO,Me CH.Cl, 0/3 ZnCl, 2 19 2 77 100 89
3 COMe CH,Cl, 20/12 — <5 <5 38 56 >94 78

Chiral 2-substituted sulfinylpropenoic esters are reported to be more reactive than the 3-sub-
stituted isomers;®® indeed they added to several dienes and with anthracene afforded a single
diastereoadduct. The reaction with cyclopentadiene (Table 6) exhibited peculiar differences in
diastereoselection in the presence of Lewis acids. Such differences have been rationalized on the

EtO o

OEt °<. 2%
o=é CH (I:;c ) /7:'
A # 5_/,:(
I S -7 Ct

.,,,.s% . / XNg-”

To: / o Tol

basis of complex formation shown.?’ These results seem to be discordant with the stereochemistry
of cycloaddition of the isomeric 3-substituted sulfinylpropenoic esters just described.

4. VINYL SULFONES

4.1. Monosubstituted vinyl sulfones

Vinyl sulfones are known to be good dienophiles. Early reports by Alder, dated 1938, describe
the addition of vinyl tolyl sulfone and of dehydrothiophene 1,1-dioxide.'® Several examples have
been published later in view of the utility of the adducts. Most of the more common dienes have
been collected in Table 7, while a few more complex ones are given below. Phenyl vinyl sulfone may

S0, Ph
80,Pn 2
' AN ( Toiuene N,coaex
P e~
+ reflux H (Ref., 97)
N R
R
COzE(
R+ H, Me Et, Pr, I-Pr
OH OH
SO Ph
- n/ 2 8O_Ph
R s
™ + 2 (Ref. 98)
CO_Me CcO0,_,Me
2 2 80%
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Table 7. Dienes, reaction conditions and yields in the Diels-Alder cycloaddition of vinyl sulfones RSO,CH=—CH,

Yields
Diene R Solvent Temp. (°C)/time (%) Ref.
1,3-Butadiene Me Benzene 50/11d * 91
1,3-Butadiene Cl Neat rt/2d+50/20 h 93 91
Isoprene Me Benzene Reflux/10d 80.5 91
Isoprene Ph Benzene 120/28 h 93 92
Isoprene Cl Neat rt/24h 95 91
2,3-Dimethylbutadiene Me Benzene rt/12h+ 100/4d 81 91
2,3-Dimethylbutadiene C/F, : rt/48h 100 93
2,3-Dimethylbutadiene Ph * 135/32h 94 92
2,3-Dimethylbutadiene Tol Benzene 150/105h . 10
2,3-Dimethylbutadiene Cl Neat rt/overnight 82 91
Myrcene Ph Benzene 155/22h 98 92
1-Methoxy-3-trimethylsilyloxy-1,3-butadiene Ph Benzene Reflux/28 h 85 94
Cyclopentadiene Me Neat rt/4d 83 91
Cyclopentadiene Me Cql, rt/4d 92.4 95
Cyclopentadiene C./F, : rt/a 100 93
Cyclopentadiene Ph Benzene 25/110h 100 92
Cyclopentadiene Cl Neat rt/overnight 57 91
1,5,5,-Trimethylcyclopentadiene Ph Neat 180/16h 25 12
1,3-Cyclohexadiene Ph Benzene 125/17h 89 92
1-Methoxy-1,3-cyclohexadiene Ph Benzene 135/18h 68 92
Anthracene Ph Benzene 155/100 h 96 92
Anthracene Ph C,HCl 130/120h 83 56
Nopadiene Ph Benzene 150/28 h 98 92
Thebaine Me Toluene 110/40h 46 96
Thebaine C.H, Toluene 110/46h 59 96
" Not reported.
Me SO_Ph M
— + I 2 " Toluene m.
X Ref .
reflux, 8d 302Ph ( 99)
Me Me
97%
SO_Ph

+

ed
81%

0,
S zPh

80, Ph
Nl
802Ph on \SO!Ph
+ |f hC + .
refiux

18h

3% 19%
m-aoz
+ +
SOzPh
P'ISO!
20% 24% ”

%

2 101
————o zene SozPh +
reflux, (Ref. 100, 101)
[] : 4

(Ref. 102)
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OAc
C]“Q ‘rsozph e g%ne (Ref. 103)

MeO 140", 90 h 80,Ph
92%
SO,Ph Totluene
R ~ 2 R (Ref. 104)
/\g + l( 1o’ /\Q\
80,Ph
OMe OMe
R = g-CSH“ endosexo 38 : 62 53%
R = SPh v 4 231 M 99%
R = OH v on 3r: 63 85%
SO,Ph
S ol s [ 5
2@
=== + ,,, o Seprens =7 + Q‘rﬁ‘b
{sesied tube)
se% 80,Ph (Ref. 105)
SO_Ph
z
% + []/ "i"f: 80,Ph 80,Ph (Ref. 106)
2 weeks
e8%
8 H 2

be used as a trapping agent for 1,3-diyls generated by nitrogen extrusion from azoalkanes'®’ as
shown by Little.'%®

so Ph 4
SO_Ph 0
f —— 2 —r—
MOCN A

Phenyl vinyl sulfone reacts with 1-(dialkylamino)-isobenzofuran, generated in situ from metal
catalysed decomposition of o-(diazomethyl)benzamide. This gave a product derived from a
rearrangement of the primary cycloadduct.'®®

CONIPr, NiPY, NIPr,
3° ”" so Ph 80,Ph
e, O‘
——-—-
CeHg .2

39%

Cycloaddition of phenyl vinyl sulfone to the Danishefsky diene, followed by direct ketalization
provides a sulfonyl functionalized adduct in high yield. This has been developed as a 4(2-cyclo-
hexenyl)anion synthon.®* Although not a proper Diels-Alder cycloaddition the reaction of phenyl
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G =0

88%

vinyl sulfone with lithiated isophorone gives, in a single step, the tricyclic ketone shown.''® Unsatu-

n,so Ph o
Thmea 8%

rated sulfonates are also reactive dienophiles.''! The parent vinyl phenylsulfonic ester adds to
several substituted furans.''? Trifluoromethanesulfonyl groups impart, as expected, greater acti-

o2
RO\ &> S0 Ph .
3 rt, 70
\ / + L - 80,Ph
1 4-20d R
R 48-90%
®
n,a" RZ = H, Mo,

R-R = -(cuz)i-

vation. Diels—Alder reactions involving vinyl fluoroalkylsulfones have been reported.!'*!'% Acti-
vation is sufficient to promote cycloaddition also of alkyl substituted olefins, a process which is
usually difficult to accomplish with other suifones (vide infra). The vinylnonafluorobutylsulfone is
probably the most reactive vinyl sulfone as it reacts with 2,3-dimethylbutadiene even at room
temperature®’ (cf. Table 7).

The reaction of aryl vinyl sulfones is of particular interest because the adducts may be trans-
formed either into the alkane''® or into the ketone.!%®!!'” Thus these reagents may serve as reactive
equivalents of ethylene and ketenes. Among the several cases in which a vinyl sulfone has been
utilized as an ethylene equivalent the first, and up to date the only, preparation of syn-
sesquinorbornene''® and sesquinorbornadiene''® is of particular importance. The utilization can be

,802?’\
o, Na/NHg
SO,Ph  —rmum
Cﬂthz,nﬂux 2

16h
1% as%

80,Ph
% =/ m—sozn — m

7%

expanded to the equivalency of terminal olefins, since the adducts can be transformed into the
corresponding anion which can be alkylated.”? However, it is not possible to utilize aryl vinyl
sulfones as equivalents of acetylene in cycloaddition reactions, because the base-induced elimination
of sulfinic acid to the corresponding olefin occurs with difficulty.'*®
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An attractive dienophile is divinylsulfone. This cheap, commercially available reagent can add
two moles of diene. Very few cases of cycloaddition have been reported and most of them describe
only the 1:1 adduct.’?! The remaining double bond has been reacted with several reagents, but not
with other dienes. We thought to utilize divinylsulfone as a conjunctive reagent and then transform
the adducts into olefins by a Ramberg-Bicklund rearrangement.'?? The reaction with cyclo-

@ @/ 2 \\\‘

pentadiene afforded a mixture of three isomers which were separated, but that could not yet be
transformed into the triene shown. On controlling reagents ratio and conditions, the reaction can
be stopped at the 1: 1 adduct, allowing the possibility of adding different dienes. In order to obtain
the desired olefin, another route based on 2,3-bis(phenylsulfony!)-1,3-butadiene was examined. This
reagent which can be readily obtained from cheap starting materials'?? reacts with cyclopentadiene
to afford the 1:1 or the 2: 1 cycloadduct depending on the reaction conditions and the adducts can
be desulfonylated to the triene.'?¢

Substituted vinyl sulfones are only moderately reactive as dienophiles'®'25!2¢ but they enter
readily into 1,3-dipolar cycloadditions.'2"'2® The reactivity is probably a function of the ring strain
or of the electronic situation imposed by the geometry of the system. No cycloaddition reactions
seem to have been reported for the six-membered sulphone. Many other examples of Diels-Alder

o ¢ O

(Ref. 125,126, 129) (Ref. 10)

PhSO

reactions with olefins activated by phenylsulfonyl group have been reported. A few representative
cases are shown below. As can be deduced by the examples shown, the cycloaddition occurs readily

oM
5 uo ah x®
— itamin B
( i:r M P vitemin BS  (Rer.130)
74%
Jﬁ 80,Ph o
:j/ xvlont m (
——— Ref,131)
TMSO A, 28h Me'
so Ph

X=0, Cﬂz 83%
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OMe 0/_\)

80,Ph

2l 2 1. xylens, reflux, 55h
= + 2 ON oIBA (Ref.131)
TMS80 . Mo/\/ . P
™S ™S SO,Ph
88%
o]
OTMS
o + = Toluene o, OTMS (Ret . 132)
e el .
= 80°, 25h
OMe
80,Ph
2P e so M
quant,

with somewhat activated dienes or with sulfones activated by fluoroalkyls.®® In the latter case (E)-
B-styrylnonaflon only reacted with 2,3-dimethylbutadiene after one week at 100°C in n-nonane,
whilst cyclopentadiene needed a few days at room temperature. Rare are the examples in which
dialkyl substituted unsaturated aryl sulfones have been shown to react with standard dienes. In the
example shown below the reaction likely occurs because of the electronic and the geometrical
contribution of the benzvalene moiety. '3

opn e M
—_— N
tiq. Nﬂa

SozPh

60 % 20%

The cycloaddition of thiirene-1,1-dioxide with the nitrogen activated diene evidently occurs
because of its strained nature.'** A result which demonstrates the limits of reactivity of substituted

- —

®

N

() ®
Ph Ph Ph @ Ph
Ph reflux Ph pn EtOH Ph
5h
81%

100 %

sulfones has recently been reported. Cyclopentadiene reacts with the unactivated part of the diene. '’
~ SO,Ph
PhSO @ Toluene, 110° M\
-+ e e /
7
55%
55:43 axosendo ratio

Because of the more favourable entropy, intramolecular processes give better results.!3¢ The

o
) (« 1)
[ ozl )
MeO 195°, sn MeO 780, Tol
ToiS0, * 80,70

81.6%
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elimination of the sulfone function with the formation of a double bond is a very inefficient process
unless a relatively acidic proton is present in the vicinal position. In order to obtain a double bond
and utilize a sulfone as an acetylene equivalent (E)-1-phenylsulfonyl-2-trimethylsilyl ethylene has
been synthesized and reacted with several dienes. The elimination to the alkene is smoothly
accomplished by fluoride ion.'*” The utility of this dienophile and its dideuterioderivative is

™S @ Ph
/'r T™S IBF ™S 99
PhSO, 50,Ph A

zo 3 5d 80,Ph
88% >85% 91-100%

demonstrated by the synthesis of several deuterium-substituted dibenzobarrelenes. In a different

DH.___,TMS o HO
PhSO e H{D) { »{

{DIH s
Toluene [:9

PhSO

88%

(DIH
phsoz\?:'

approach, the adducts were alkylated and transformed into the corresponding olefin. This simulates
the addition of terminal acetylenes.'*®

The (2+ 2)-cycloaddition of unsaturated sulfones to afford cyclobutanes can be achieved both
photochemically and thermally. A few examples of photcchemical processes are shown.!?* 4! Of

84%

J §F Me 2 Me
OCH SO .\\MQ "y MeCN % N o
+
2s5° . QOmln 3 —»,,o o
o H H % H 4 f=
Mse ’\ Me +
74% 20%
o
Ph
80,
2 pp
Ph R
R=H, 20%
PhC=—CR Rs Me, 28%
\ / RS Ph, 60%
Ph 80,
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particular interest is the photoaddition of thiochromone 1,1-dioxide with benzene and related
aromatic compounds.'*? The reactions of vinyl sulfones with enamines and ynamines afford cyclo-

32%
butanes'?*!143144 and cyclobutenes. '**
\lC — soz‘rol —
NMOZ Coﬂrnﬂux,zo h o N
1%
Me—CZ=C—NEt, [:_(\ L8 2‘"@ \ﬁ
R=H  45%
R=Me 42.5%
Me
L] é\\N
Ar, 9eh
so so2 80z
100 % 8%

The addition of (E)- and (Z)-phenyl styryl sulfones to enamines derived from cyclohexanone is
not regiospecific. This shows that with these substrates, both steric and electrostatic interactions are

()

80 Ph

80 Ph
4+ PhCH ""CHSOzPh ——

operative.'*® With (£)-cyanovinyl phenyl sulfone, the cycloaddition occurs as shown. !4’

O O
< > 802Ph

CN

pnsoz
1t 8%
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4.2. Disubstituted vinyl sulfones

The introduction of a second electron withdrawing group enhances the reactivity and the
cycloaddition to dienes unreactive with monosubstituted dienophiles, becomes possible. The extra
function can be a ketone'*®'#® as in the following example,!*° or a carboxy, ester or nitro group
(Table 8) or another sulfonyl group (Tables 9 and 10).

OMe

OMe [o]
Ar Br Ar
= l sealed tube Br
N + C.H., 70° 3h
TMSO 80,Ph (3 T o

The reaction of diarylsulfonylethylenes is of synthetic utility because the two sulfonyl groups
can be reductively removed with sodium amalgam'’’ or magnesium in methanol'®? under very mild
reaction conditions to the corresponding olefin. The products correspond to the Diels-Alder adducts
of acetylene. A few olefins which have been prepared are shown. A valuable example is the

G B By Ao b e

(Ref. 163) (Ref. 164)

preparation of 7-oxabicyclo[2.2.1]hept-2-ene and of the corresponding diene'®! which are otherwise

difficult to prepare. Recently the synthesis of the first known member of the 1,7cyclo-

o] [o]
\ / + )r ——en ——
Phsoz
SOzPh 80,Ph
[o]

Ay A

Table 8. Reaction conditions and yields in the Diels-Alder cycloaddition of most common dienes with sulfonyl ethylenes of

the type PhSO,CH—CHX
Yields

Diene X EZ Solvent Temp.(°C)/time (%) Ratio*  Ref.
Butadiene CF, E b 180/72h 94 100:0 151
Perylene NO, E Toluene 100/4h 95 50:50 37,152
1-TMSO-butadiene NO, E Toluene 110/1.5h 76 50:50 152
2,3-Dimethylbutadiene NO, E Toluene 110/1.5h 97 50:50 152
1,3-Pentadiene NO, E Toluene 100/4h 95 50:50 152
Cyclopentadiene NO, E CH.Cl, 20/30 min 82 75:25 37
Cyclopentadiene NO, E CH.CI, 20/30 min 82 50:50 152
Cyclopentadiene CO,H V4 Benzene 80/30 min 97.6 91:9 153
Cyclopentadiene CO,H E Benzene 80/2h 96.4 100:0 153
Cyclopentadiene CF, E b 0/1h 80 20:80 151
Dehydroisodicyclopentadiene CO,Me z Neat 55-60/12h 100 0:100 154
Furane NO, E CH,Cl, 20/7h 89 50:50 152
Cyclohexadiene NO, E Toluene 110/6h 94 50:50 152
Cyclohexadiene CO,H V4 Benzene 150/2h 58 100:0 153
Cyclohexadiene CO;H E Benzene 150/2h 100 100:0 153
o-Quinodimethane CF, E ° 70/0.5h 86 100:0 151
Cycloheptatriene NO, E Toluene 110/12h 93 50:50 152
Anthracene NO, E Toluene 110/3h 9% 50:50 152

* endo : exo ratio respect to the SO,Ph group.
®Not reported.
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Table 9. Dienes, reaction conditions and yields in the Diels—Alder cycloaddition of (Z) and cyclic bis(sulfonyl)ethylenes

RSO,CH=CHSO;R
Yields

Diene R Solvent Temp. (°C)/time (%) Ref.
1,3-Butadiene Tol Benzene 100/24h 95 149
Piperylene —CH— CH,Cl, 50/10h 96 155
Piperylene Tol Benzene reflux/2d 96 149
Piperylene —C¢H — CH,Cl, 50/10h 98 155
2,3-Dimethylbutadiene Ph Benzene reflux/20h 60 156
2,3-Dimethylbutadiene Tol Benzene reflux/2d 96 149
2,3-Dimethylbutadiene —CH— CH,Cl, rt/25h 99 155
Cyclopentadiene Ph Benzene rt/40h 98 156
Cyclopentadiene Ph CH,Cl, 25/3h 98 157
Cyclopentadiene Tol Benzene rt/5 min 93 156
Cyclopentadiene —C¢H,— CH,Cl, rt/lh 95 155
Cyclopentadiene —CH.— CH;NO, 80/2h 74 66
Cyclohexadiene Ph Dioxane 150/5h 48 153
Cyclohexadiene Ph Toluene [11/14h 91 157
Cyclohexadiene —CH,— CH,Cl, 50/10h 96 155
Cycloheptatriene Ph Toluene [11/14h 92 157
Norbornadiene Ph Toluene [11/24h 92 157
Quadricyclane Ph CH,(Cl, 25/120h 93 157
2,5-Dimethyifuran —CH(— CH,Cl, rt/20h 98 155
Diphenylfulvene —C¢H,— CH,Cl, rt/20h 99 155
(E)-1,2-Dichlorobenzocyclobutene —C¢H,— 0-CH . Cl, reflux/6.5h 83 155
Anthracene Ph Neat 160/18 h 46 157
Anthracene Tol Neat 155-160/20h 24+28 149
Anthracene —C¢H,(— Toluene reflux/4 h 83 155
Anthracene —C¢H,— CH,NO, reflux/6 h 94 66

165

alkenonorbornadiene class of molecules has also been reported.'®> More recently the parent deriva-

‘\\ |\\\M.
CH Cl 80 Ph
80 Ph—-
20 4lh

PhsO 80, Ph
80 Ph 2

TN% 73%

Table 10. Dienes, reaction conditions and yields in the Diels—Alder cycloaddition of (E)-bis(sulfonyl)ethylenes

RSO,CH=—CHSO,R
Yields

Diene R Solvent Temp. (°C)/time (%) Ref.
1,3-Butadiene Ph Butylether 122/13h 93 158
1,3-Butadiene Tol Butylether 115/23h 90.4 158
Isoprene Tol Benzene reflux/48 h 77 158
Isoprene Ph Neat 25/4d 91 159
2,3-Dimethylbutadiene Ph Benzene reflux/20 h 69 156
Cyclopentadiene Ph Benzene reftux/17h 93 158
Cyclopentadiene Ph Benzene rt/40h 374 156
Cyclopentadiene Ph CH,Cl, 25/1h 98 157
Cyclopentadiene Tol CH,(Cl, reflux/1.5h 89.2 149
2-Acetoxycyclopentadiene Ph * reflux/2h 76 144
2-Trimethylsilyloxycyclopentadiene Ph . 40/12h 90 144
Cyclohexadiene Ph Dioxane 150/6h 97 153
Cyclohexadiene Ph Toluene 111/1th 97 157
2-Acetoxycyclohexadiene Ph . reflux/1.5h 19 160
2-Trimethylsilyloxycyclohexadiene Ph Toluene 120/1.5h 67 160
Cycloheptadiene Ph Toluene 111/48h 77 157
Cycloheptatriene Ph Toluene 111/15h 92 157
Cyclooctatetraene Ph o-Cl,C.H 160/12h 84 157
Furan Ph CH.Cl, 25/48h 94 157,161
Anthracene Tol Neat fusion 82 158
Anthracene Ph Neat 170/24h 89 157

* Diene generated in situ.
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tive and its quadricyclane valence tautomer have been obtained utilizing the (Z) isomer. ' Similarly
the homochiral pinene-fused norbornadiene have been prepared.'®’

( 45 24h 802Ph

80 Ph
60%

Finally syn and anti sesquinorbornadiene and the sesquinorbornatrienes have been prepared via
this route.'®® As shown in the following equations, while the addition of the Z isomer gives the syn
adduct as expected on the basis of precedent, the stereochemistry of addition of the E isomer is
opposite. This discovery has allowed the preparation of both syn- and anti-sesquinorbornadienes
and trienes. Furthermore, on heating the reagents in toluene the rearranged adduct 12 could be
obtained from which the angular triene was synthesized. The stable derivatives shown below,

ST o — B
IEsozph 80 Ph
5 SO,Ph Pho,s
/“/ 2 —~80,Ph
Phsoz
——
Toluene

/

(12)
PhSO \IL 80,Ph
SO,Ph 7, so Ph
S0,Ph

PD\SO2

|

Ao

experienced a photoinitiated quadricyclane—quadricyclane rearrangement.'** The same rearrange-
ment does not occur in the parent polycycle as was shown by the related experiment with the
deuteriosubstituted analogue, obtained by cycloaddition of (E)-PhSO,CD=CHSO,Ph.

P, — e PR

X = 80,Ph,CO,Me

Beside the formation of the carbon—carbon double bond, the bis-sulfone adducts are amenable

to the direct production of the carbon—carbon single bond. This possibility may be useful when
single isomeric alkenes are desired as in the following example.!°

sozPh

80 Ph 80 Ph

umna Nlng

L Ay
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Table 11. Dienes, reaction conditions and yields in the Diels-Alder cycloaddition of 1,1-bis(sulfonyl)ethylenes

(RSO,),C=CH,
Yields

Diene R Solvent Temp. (°C)/time (h) (%) Ref.
1,3-Butadiene Ph Benzene 100-110/3.5 75 172
1-Acetoxy-1,3-butadiene Ph Benzene 100-110/3.5 57 172
2-Trimethylsyliloxy-1,3-butadiene Ph CH,Cl, rt/24 79 172
Cyclopentadiene Ph CH.Cl, t/24 80 172
Cyclopentadiene Ph CH,(Cl, rt/24 90 173
2-Acetoxycyclopentadiene Ph Isopropenyl acetate 96/8 80 173
1,3-Cyclohexadiene Ph Benzene 100-110/3.5 42 172
1,3-Cyclohexadiene Ph Neat 110/2 90 173
Cycloheptatriene Ph Neat 110/5 30 173
Norbornadiene Ph Neat 110/5 50 173
Quadricyclane Ph CH,Cl, 20/24 90 173

On these lines, two research groups have recently reported on the higher reactivity of benzo-1,4-
dithiadiene disulfone (see Table 9).%%!>* The utility of this dienophile is somewhat reduced by the
more elaborate preparation.

The isomeric 1,1-bis(benzenesulfonyl)ethylene'”! is also a good dienophile (Table 11) but it can
react also with strained n bonds to give the products derived by an intermediate dipole.'’* For
example, the set of adducts shown has been observed in the reaction with benzonorbornadiene. The
adduct 13 is formed by a rearrangement of benzonorbornadiene into benzocycloheptatriene under

80 Ph

SO Ph
PhS 80 Ph

ozwrso Ph 80 Ph

g 80 Ph

(13)

the reaction conditions. The dipolar reactivity may be explained with the strong polarization of the
dienophile and the propensity of the bis-sulfonyl substituted carbon atom to host a negative charge.
Since the resulting geminal disulfone can be reduced to alkanes, 1,1-bis(phenylisulfonyl) ethylene
can be regarded as a synthon of the ethylene 1,2-dipole. Furthermore, because the reduction can be
stopped at the monosulfone stage, it is possible to transform the adducts into ketones or alkylate
the anion to a variety of homologues. !’

The relative reactivity of the three bis-phenylsulfonyl substituted isomers toward cyclopentadiene
appears to be E > Z > 1,1-bis(phenylsulfonyl)ethylene. A reason may be found in the tilting of the
7 orbitals caused by steric interaction between the sulfonyl groups in the Z and 1,1-isomers.'%¢ In
these dienophiles, the resistance to free rotation of the suifonyl groups might lead to incorrect orbital
alignment and diminished activation.

Alky! and aryl substituted vinyl bis-sulfones show a dramatic drop in reactivity. Even the
introduction of a single methyl group is sufficient to suppress the reactivity with, for example,
cyclopentadiene. A correlation might be found in the half-wave potentials which show marked
differences, but steric factors play a major role. In the example shown below, such low reactivity
precluded a reiterative sequence for the synthesis of polycyclic hydrocarbons.'??

80,Ph
/l 80,Ph
PhS PhS 80,Ph
I)so PhO,S ""s:O/“!"‘ 1. 0x 2
2 oo >~
Toluene, reflux vy, ",
Ph8 overnight PhS 780,Ph 2, 14 Prs Lo /80,Ph
(1a) 96% %

Steric perturbation between the sulfonyl groups may be minimized in compounds containing
small rings. For example, in contrast with larger rings, the cyclobutene derivative was found to react
with cyclopentadiene and furan.'?®
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SOZPh
CH,CI,
s O oo z@g’ @’ o
S0,Ph vt Ph
3

1 aT%

The limitation mentioned seems not to be present in f-nitro sulfones. These reagents react
smoothly with most dienes, and even alkyl substituted derivatives add with ease.*®!*? The scope of

OoN
ji +2 ﬁ(\/\/‘rotnem \o/v Bu,BnH U\/\/
X 80,Ph 1o’ 240 "/so Ph
8%

the reaction has not yet been established. Denitrodesulfonylation has been accomplished with tin
hydride.

The reactivity of bis(benzenesulfonyl)ethylenes containing halogen atoms is of interest when
further elaboration of the adducts is required. The reaction of a bromoderivative has been utilized
for the synthesis of the bis(benzenesulfonyl)substituted norbornadiene. This product underwent a
further reaction with another molecule of cyclopentadiene to give the adduct shown. A related
norbornadiene has recently been shown to posses similar reactivity.'’® More recent investigations

PhSO, 8 8
2\—\!(’ r 0 Ph &_30 Ph &sto Ph
80 Ph

80,Ph 80 Ph 80 Ph

in our laboratories have shown that only the adducts of the (Z) isomer of the chloro analogs allow
base induced elimination. Unfortunately the (E) isomer is more reactive.'”” Similar reactivity
has been demonstrated with the dichloro diarylsulfonyl ethylenes; only the E form reacted with
cyclopentadiene or butadiene.!”®

It has been shown that the cycloaddition of the sulfone 15 with anthracene proceeds with
hydrochloric acid elimination.!”*

80 Ph

m\sc*,jk Anthracens = 7 ‘

cl ct 8
(15)

The reaction of 1-bromo 1-methylsulfonylethylene with cyclopentadiene, followed by the
Ramberg-Bicklund rearrangement affords methylenenorbornadiene in high yield.'*°

o kel Mso — Zﬁf

DMSO

4.3, Allenic sulfones

Though allenic sulfones are moderately reactive in cycloaddition reactions, they give function-
alized products of good synthetic potentiality. The parent allene (PhSO,CH=—=C=CH,) is isomeric
with the corresponding acetylene (PhSO,C==CMe) with which it interconverts under proper reaction
conditions. The first report of the cycloaddition of the parent phenylsulfonyl allene with cyclo-
pentadiene'®’ has recently been revisited. The scope and utility of the reaction have been
determined.'®? Depending on the substrate the reaction may be highly stereo- and regio-selective.
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X
Ph80203= C=CM2
+ GO!PII

8SO,Ph

»x

@

X = CH, 58% 2 ANw
X=n 50% 20%
X=0 58% 3%
M
x= = * 50% 37%
=
o
x= = 80% 3%
Nen <

The reactivity with furan is remarkable'®* because this diene is usually poorly reactive in Diels—
Alder cycloadditions. The products may well be useful for the synthesis of natural products.

Desulfonylation and/or alkylation followed by desulfonylation provides a convenient entry into
exocyclic trienes. '32

ra Toluene R
X 160° .
; “80,Ph

R RH
R=H R‘: OTMS 72 %
Rz OTMS R1= H 79 %

Ph Ph Ph Ph Ph Ph
5% Na/Hg Me

NlePO /MeOH

80 Ph
5%

+
E on N\
SO,Ph 80,Ph ' \

ca. 2:1 endo:exo

The stereochemistry of alkylation is independent of the stereochemistry of the starting suifone
since either the pure exo or pure endo isomer gives the same product distribution.'®* Unexpectedly,
the saturated system gives predominantly the product derived by an endo attack of the alkylating

agent.

S0_Ph
2 Me 80,Ph
1 23% 77 %
L& _— so,pn  + Me
80,Ph
Me 80,Ph

81% 19%
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Direct cycloaddition of 3-(tolylsulfonyl)buta-1,2-diene gives the endo and exo adductsina 1:4
ratio and in 32% yield.!®?

R
@ H 7—-—'
SOz‘l'ol
QO O .
‘ + -+ +
[+] e .
CqHg. rotiux Me 80,101 H 80, Yol
CHS80,_Tol 80 _Tol
2 14% sozrm 2
[ 1] : 28 : [ H 1

The cycloaddition of the chiral allenic sulfone with cyclopentadiene gives, as main products, the
diastereoisomers derived by attack of the diene upon the less hindered face of the dienophile.'®?

Peculiar types of cycloadditions have been observed in the Lewis acid catalysed addition to
alkenes.'®® An example is the following in which a (2+2) and a rearranged product have been
observed. Generally the (2+ 2)-cycloadduct predominates. This appears to be one of the very few
cycloadditions in which a vinyl sulfone has been efficiently activated by a Lewis acid. The reaction

b Phso CH=C=CH
Et AlCl

with tropone and derivatives is also of interest as it affords compounds of the (8 + 2)-cycloaddition

182
type.
PhSOch=C_CN
o]
neat or c H 100
H soton oozn
3%

SO Ph 80 Ph

4.4. Acetylenic sulfones

Acetylenic sulfones are good dienophiles and have synthetic utility comparable with the
bis(phenylsulfonyl)ethylenes already discussed. Phenylsulfonyl acetylene adducts can also be pre-
pared from the adducts of bis(sulfonyl)ethylenes by treatment with base'®® or from the adducts of
1-phenylsulfonyl 2-trimethylsilylacetylene by reaction with fluoride ions.!’® The synthetic utility of

Vi 80,Ph
8|M.3
80,Ph
@ ﬁb/sozph Base Vi 2
Ph8O,CIECH -PhgoP
80,Ph
Na/Hg

b
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the unsaturated adducts is high because they may be transformed into several other functional
groups. '’ Indeed the very first utilization of a sulfur-containing dienophile as a synthetic equivalent
of acetylene in cycloaddition reactions made use of tolylsulfonyl acetylene.'® Subsequently the
method could prove its potentiality in the synthesis of new molecules. An example is the first
preparation of an azanorbornadiene. '®® Another utilization is the synthesis of 4-peristylane a bowl-

; n® -
() romocmen_ l&,sorol__. A /15

80-.5 24h

E '—'COzM. 60 % 429 T1%

shaped hydrocarbon.'®® Lewis acids, such as EtAICl, catalyse the reaction with a number of

ﬂ% Tol8O,C=CH _mcPBA _
CeHg.
0 Tol

80 Tol

& = b — @7

80 Tol

substrates. The products from alkenes containing allylic hydrogens are 1,4-dienes which are formed
from an ene-type reaction.!®! The high regioselectivity of addition suggests a dipolar intermediate.

M 80,Tol
CH I(|:so Tol E(Alcl
Me + I
MQ/S/ co"o' 0-2
R
R=H, Me

80,Tol 80,Tol
€S0, To! S 2 2°
+ |l I +
CH

Me
Me H SN 80,Tol

C80,Tol
.2
1]

CH

——

+

While the parent tolylsulfonylacetylene reacts with ynamines giving 2-amino-5-sulfinylfurans, '°2 the
phenyl and methyl substituted analogues give the (2+ 2)-cycloadducts.'** The products arise from
the cyclization of a common dipolar intermediate. Alkyl- and aryl-substituted arylsulfonylacetylenes
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N Rt
0
R‘Rzﬂl/_o—\ﬁsl'ﬁ
r 3 4 1 /s pl=ma R2=Pr R=Ph
3 4 2 ' r'=me R°zPn RPz=Pn
? ? R 3 / R'=n  R3=Pn, ToI
c c > <
i+ i—| o/ Ne
I | RR'N 8O,R
NR'RZ sozns \
&3 R
5
R'RN 0,R

R‘: R2= Et R3= Me

R'=phMe R =Ph
are moderately reactive towards dienes.'>!*4 With the methyl substituted acetylene and the isomeric

allene the product derived from the cycloaddition to the acetylenic form is found in the reaction of
the allene. Other acetylenes with different sulfonyl groups have been reacted with cyclopentadiene.

1
@ Rsoz—csc—n‘ Z&“ R=R'=Ph Zb/"‘
SO,R 92%

Na/Hg

Ph R‘ = Me

Ph or Tol R = Ph

CF ! = pn
3 1
n-CFy R = Ph

® VDD
nwun

The reductive desulfonylation of the phenyl substituted adduct gives the corresponding phenyl
substituted norbornadiene.'* In our experience this route provides the best synthesis of this inter-
esting diene. Possibly it can be used for the preparation of other differently substituted nor-
bornadienes which may find application in solar energy storage. The scope of such methods is under
investigation in our laboratories.

The fluoroalkanesulfonyl derivatives exhibit, as expected, a greater reactivity. Good yields of
adducts have been reported with somewhat sluggish dienes.'**'®” Phenylarylsulfonyl acetylenes

o Ph
Ph Ph Ph S0,Re
80,—-C=C~-"Ph
0
Totuens, 110
Ph Ph Ph Ph
Ph
18B%
R$= —(:F3 or n-c‘F’

© CF,80,~C = C—Ph SOCFy

Ph
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react with higher homologues of cyclopentadiene but in lower yields. Together with the expected
adducts, products of a different nature are also formed. For example, while cyclopentadiene affords,
as already mentioned, the standard Diels-Alder cycloadduct, cyclohexadiene and cycloheptadiene
give mixtures of the (44 2)- and (24 2)-cycloadducts plus products of addition of the two fragments
derived from C—S bond cleavage. The latter type of product is the only one observed in the reaction
with cyclooctadiene. > A reasonable rationale of this unexpected behavior may be found by analogy

"
(CH ) Arlzln CHln g0, (CHgln =C™*
Ar80,~C =C-ph Ph SO.A Ar80,
\ )/ A/ + 2N 4 —_

{
55-95%
80,Ar
% Ph

of other reactions of arylsulfonyl acetylenes, where the occurrence of radical processes has been
evidentiated. '%® This type of reaction is not limited to dienes, but it can be extended to some reactive
olefins.'®® The reaction usually exhibits a high degree of regio- and stereo-selection.

L by el o
| | l |

Tol80, c=cPh
80,To! 80,%ol 2
(=7 .@ 80, Tol
c

If another functional group is present in the acetylene, then the reaction may gain in synthetic
potentiality. Examples are the cycloadditions of silicon'¢™?%® and tin substituted sulfonyl-
acetylenes.?®! The following route has served as a way of introducing a tributyltin residue on a six-
membered ring.*°' If the substituent is another electron withdrawing group, for example carbethoxy,

n? ‘ } 2 @
SnBu,-n
r3 ; R 302131 R HISnBu,-n}
Z R 10180,C = C8nBuy-n :@( Na/Hg
—————
A r* 8nBu,-n R 8nBug-n(H)
(SozToll
50-60%
R'=rZ=r%=r=H
R‘=R2=R4 =H R3=M.
R'=r¥=r' 21 rR¥P=wme
R’:Rano R3=R‘ =H
R'=r®=n R¥=R*=Me
R‘=R3=R‘ =H Rz = 0OMe

the reactivity is very high. For example, the synthesis of the aromatic functionalized molecule
shown has been accomplished in high yield and with complete regioselection.?°2 More recently the
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R R
CO,Et
| ® CO,Et /
/ c 2
S Y "cl ' R
80,Ph
| co,Eet
sozPh 2

802Ph

COzﬁ t

R=H, Me

diethylphosphonate substituted acetylenic sulfide, sulfoxide and sulfone have been prepared and
shown to be reactive with dienes and dipoles. The reactivity of the sulfone is such to promote cyclo-
addition to 9-methylanthracene at room temperature and to afford the single cycloadduct shown,2%?

PO(OE()

cua
Pnsoz CH
Eth'r 3
Phsoac =R CPO(OEL) -+
2 40!\

The corresponding sulfoxide and sulfide required more vigorous conditions. The latter exhibited
opposite regiochemistry.

In the context of acetylenes substituted with two electron withdrawing groups it is worth
mentioning that the bis(arylsulfonyljactivated acetylenes (ArSO,C==CSO,Ar) are still unknown,
although surrogates are now available.!”” The only acetylene of this type to have been synthesized
is the di-#-butyl one (+-BuSO,C==CSO,¢-Bu)?’* but its reactivity towards dienes appears not to have
been studied. Efforts to prepare the bistriflyl derivative (CF;S0Q,C=CS0Q,CF,) failed and attempts
to capture it in situ with cyclopentadiene led mostly to polymeric materials in addition to the Diels—

Alder adducts shown.'®®
80,CF,
@ 80,CF,
N

T ———————
(CFSO)OE!O

or N Cc
3 22 CF3802
CF3802
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