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1. INTRODUCTION

Carbon-carbon bond formation is one of the most fundamental reactions
in organic chemistry. The development of efficient and selective methods
for the construction of carbon-carbon bonds has been and continues to be

a challenging and exciting endeavour in organic synthesis.

The Baylis-Hillman reaction is an emerging carbon-carbon bond
forming reaction. It involves the coupling of activated alkenes with
carbon electrophiles under the influence of a tertiary amine. It has all
the basic properties that an efficient synthetic method should have i.e.
it is selective (chemo, regio, diastereo and enantio),1 economical in atom
count,2 requires mild conditions and provides synthetically useful multi-
functional molecules. This fascinating reaction was reviewed in 1988 by
Drewes and Roos,3 when the reaction was still in its infancy. Since then
the reaction has been drawing increased attention, as evidenced by the
good number of publications describing various aspects of the reaction
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including its application in the syntheses of several natural products.
In this present endeavour all efforts have been made to be comprehensive
and cover the literature for the period 1988-1994.

1.1, Definition:

The Baylis-Hillman reaction, originating from a German patent,4 may
be broadly defined as "a reaction that results in the formation of a
carbon-carbon bond between the o-position of activated alkenes and carbon
electrophiles containing electron-deficient sp2 carbon atom under the
influence of a suitable catalyst, particularly a tertiary amine, producing

multifunctional molecules” (eqg. 1).

XH

X
/JL\ EWG " . R
amine

X'=o0, NR? EWG = electron withdrawing group

The Baylis-Hillman reaction involves three components an activated
alkene, electrophile and tertiary amine. The research over the last decade
has resulted in considerable expansion of the reaction in terms of all the
three essential components. Though Baylis and Hillman have originally used
DABCO (diazabicyclo[2.2.2]octane) (1) pyrrocoline (2) and quinuclidine (3)
as catalysts, DABCO (1) has become the catalyst of choice. Several activa-

;pr W, ZnﬂD

1 2 3
. 5,6 s 7,8 .
ted alkenes such as acrylic esters, acrylonitrile, vinyl
ketones,a'lo phenyl vinyl sulphone,n’12 phenyl vinylsulphonate,13 vinyl
15,16

phosphonate,14 allenic acid ester, and acrolein17 have been employed

in the Baylis-Hillman reaction (Fig.l1l). A variety of aldehydes such as
aliphatic, aromatic, hetero aromatic, a,B-unsaturated aldehydes, parafor-
maldehyde (or formalin) and functionalized aldehydes have been employed as

18-27 Recently, dialdehy-

29

as electrophiles in the Baylis-Hillman reaction.
des were also employed by the groups of Foucaud28 and Caubere in select-

ive mono- and di- Baylis-Hillman coupling with methyl acrylate.
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OH
COOMe

Ref:15,16

OH

Sosph EWG:SOSPh EWGC _ 1 COOR.
Ref:13 :
DABCO(cat-) Ref:5,6

8

=COR’
Ref: 8-10

EWG

FIGURE 1

The crotonic derivatives (methyl crotonate and crotononitrile) and
vinyl sulfoxides that do not undergo Baylis-Hillman reaction at atmospheric

pressure, were brought into the scope o0of the reaction at elevated

pressures (eq. 2).3'0’31
EWG OH
RCHO + |/ _DABCO _ EWG (2)
, 90r10 K bor R

R 18-20h ,
R

12

EWG = COOMe, CN ; R = R'= Me

EWG = SOPh ; R = Ph, CH, ; R'= H

3
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In addition to aldehydes, «-keto esters,32_34 fluorinated ketones35 and

aldimine derivativosss:“;-38 have been employed as electrophiles in the Bay-
lis-Hillman reaction. Ketones were found to be inert substrates for the
Baylis-Hillman reaction under the usual conditions. However, Hill and

Isaacs have succeeded in bringing the ketones into the scope of the

17,30 1, addition to DABCO

reaction at elevated pressures (Figure 2).
39

several other tertiary amines e.g. 3-hydroxyquinuclidine, triethyl-

amine,17 quinidine,3'40'etc. have been used as catalysts in special cases.
HO R
)Aﬂ/ewc
R=Me, Et
16
o
x| gm
S
O=< ca ’:
22 %
Lo
NHZ NZ 0 HO COOR'
R
136— f:32-34
Ref:36-38 DABCO (Cot-) Ref:32
15 ) R=aryl, alky) 13
4
Te] R'=Me, Et
Z=tosyl, COOMe °=< it
PPh, , SO;Ph x|
R=aryl
HO R
R EWG g & R' = polyfluorinated
groups
14

EWG = COOR, CN, CHO, COCH,
FIGURE 2

1.2, Activated alkenes - Michael-type self-dimerization:

In the absence of an added electrophile, the activated alkenes such
as vinyl ketones, acrylonitrile, acrylic esters etc. themselves act as
electrophiles in these Baylis-Hillman processes. It was in fact observed
in our laboratory that vinyl ketones and acrylonitrile undergo Michael
type dimerization under the catalytic influence of DABCO to provide

corresponding dimers 17 and 18 (egs. 3 & 4)‘.1la’b
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o] Y 0] 0
R/”\/ DABCO (3)
+ l R
17

R = aryl, alkyl

CN 5
N F + ﬂ/ e NC\\/A\W/CN (4)

18

Subsequently, Drewes et a1.4? have reported the dimerization of a
variety of functionalized alkyl acrylates and aryl acrylates under the
influence of DABCO to obtain homo-esters of a-methyleneglutaric acid (19)
(eq. 5). Methyl acrylate failed to dimerize under these conditions. The
dimerization of ethyl and tert-butyl acrylates was also achieved under the
influence of tris(dimethylamino)phosphine (TDAP) by Amri et al.43

COOR
ROOC  ~ + ﬂ// DABCO ROOC

0

19
R = phenyl, 4-tolyl, 4-nitrophenyl, CHMeCOOEt, CHPhCOOMe,

Recently Hwu et al.44 reported a closely related process to the above
Michael-type reaction i.e. the introduction of a substituent at the a-
position of «,B-unsaturated ketones using Michael acceptors such as ethyl
acrylate, acrylonitrile and phenyl vinyl sulphone, under the catalytic
influence of tertiary amine 1,8-diazabicyclo(5.4.0jundec-7-ene (DBU) using
1,3-dimethyl-2-imidazolidinone (DMI) as solvent at 185°C (egs. 6 & 7).

0 0
EWG EWG
N W/ L (6)
185°C

0 0
WG WG
+ — (7)
185°C

EWG=COOEt, CN, SOZPh
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2, INTRAMOLECULAR BAYLIS~-HILLMAN REACTION

In cases where both electrophile and activated alkene moieties are
present in the same molecule and are oriented suitably, a possibility for
an intramolecular Baylis-Hillman reaction arises. Recently, Drewes et
al.45
benzaldehyde in presence of DABCO in dichloromethane and obtained
3-hydroymethylcoumarin in only 10% yield (eq. 8). But the major product
in this reaction was a quaternary ammonium salt 20.

"2 oasco OH
S (8)
0

carried out intramolecular Baylis-Hillman reaction of 2-acrylyloxy-

Previously Roth et al.46 reported that an intramolecular process in

the cases of both (2E)-6-oxohept-2-encate and (2E)-7-oxooct-2-enoate is
catalyzed more efficiently by phosphines rather than tertiary amines. In
the case of 6-oxoheptenocate (eq. 9), DABCO and quinidine were found to be

ineffective. Lithium quinidinate catalyzes the intramolecular reaction in

Me

OH
%COOE'{ Phosphine f .COOEt (9)

Phosphine = PBu3, PPhMeZ, P (i-Bu)MePh, (-)-Camp

the case of 7-oxooctenoate to produce the cyclic molecule (eq. 10). Al-
though some of the catalysts employed are optically active no appreciable
asymmetric induction was observed.

o Me OH
/coost Li-Quinidinate COOE

23% yield

(10)
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3. MECHANISTIC ASPECTS

Efforts have been expended to deduce the actual path of the reaction.

The efforts of the groups of Drewes,3 39,45 Isaacs,1 + 47 Kaye48 and

Caubere49 are noteworthy. Invariably, all the studies conclude that the
Baylis-Hillman reaction is the outcome of an addition-elimination sequence
involving tertiary amine, activated alkene and electrophile. 1In the light
of the experimental observations and -proposals, a plausible mechanism of
Baylis-Hillman coupling of methyl acrylate with benzaldehyde under the
influence of DABCO, as a model case, may be written as shown in the Scheme
1. The reaction is initiated by the Michael type nucleophilic addition of
tertiary amine (e.g. DABCO) to the activated alkene (methyl acrylate)
resulting in a transient zwitter ionic enolate "A", which subsequently
makes a nucleophilic attack on the electrophile (e.g. aldehyde) to produce
the zwitter ionic adduct "B". The dipolar adduct B gives the final product
after proton migration followed by the elimination of the tertiary amine.
The retrogradation studies of Fort et a1.%? point out that the overall
reaction is equilibrated(!).31a’46 Hoffmann and Rabe have even proposed
two zwitter ionic conformations "B)& B for the adduct "B" before the
elimination of DABCO6 (Figure 3).

o b)x “gg;

SCHEME 1
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“o H
ﬂl “SCHPh "
INT o o N P
@ H = <~ CH/
H COOMe MeOOC Ph
S &
o &
B B1 82
FIGURE 3

Although no intermediate has so for been isolated, probability for
the intermediacy of the species ‘A’ and ‘B’ is very high. 1In fact this
consideration is consistent with the results of kinetic studies of Bode

48 Furthermore their kinetic studies show that the formation of

and Kaye.
adduct "B" is the rate-determining step and the reaction follows third-
order kinetics overall (eq. 11) or pseudo second-order if the concen-
tration of tertiary amine is considered constant (eqg. 12). Recent studies
of Drewes et al.45 also support the formation of adduct "B". The above
mechanism should be considered speculative until more evidence is accumu-

lated in support of it.
Rate = Kobs[alkene][electrophile][amine] (11)

Rate = K_ [alkene]{electrophile] (12)
_ o __.
where Ka = Kobs[3 amine]
3.1. Rate enhancement:

Generally, the Baylis-Hillman coupling of activated alkenes with
electrophiles catalyzed by DABCO [a-hydroxyalkylation of acrylate esters
can take several weeks to evolve fullyl is a very slow process when
carried out at room temperature and atmospheric pressure under neat

conditions.3

As it is desirable for any synthetic process, from both a
practical and economic point of view, to be accomplished rapidly and with
high yields, efforts have been made to circumvent this undesirable nature
of the Baylis-Hillman reaction. The first and obvious option of using
higher proportions of catalyst has been tried on many an occasion. In
addition, the effect of factors such as hydrogen bonding, substrate
structure, pressure, temperature, ultrasound and microwave irradiation on

the rate of the reaction were studied.

3.1.1. Hydrogen bonding:

3,39,50

Drewes et al. reported that the rate of DABCO catalyzed

a-hydroxyalkylation of methyl acrylate is enhanced by the use of methanol
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as solvent or using 3-hydroxyquinuclidine as a catalyst and attributed
this enhancement to the involvement of hydrogen bonding. Similar rate
enhancement was also observed by Bailey et al.’! in case of «a-hydroxy-
alkylation of methyl vinyl ketone using 3-hydroxyquinuclidine. Recently
Bode and Kaye have established the involvement of hydrogen bonding in
rate acceleration affected by 3-hydroxyquinuclidine via a small deuterium
effect 48

On the otherhand, the introduction of a hydroxyl group at the terminal
position of alkyl acrylates on the rate of a-hydroxyalkylation catalyzed
by DABCO was studied in our laboratory.52 It was shown that the terminal
hydroxyalkyl acrylates react faster than the corresponding alkyl acrylates
for example, the DABCO-catalyzed reaction of 10-hydroxydecyl acrylate with
benzaldehyde is complete in 6 days (78% yield) (eq. 13), whereas the
reaction of decyl acrylate with same aldehyde under identical conditions
remained incomplete even after 12 days (eqg. 14).

0] OH O
CH,0OH DABCO CH,0H
PhCHD + (l‘\o/\% 2 Ph/knjj\o/\% 2 (13)
l 6 days
0 OH O

CH; DABCO CH,
o s R

70% conversion

It is clear from these results and those of Drewes et al.39 that hyd-

rogen bonding does play some role in the rate-enhancement of the Baylis-
Hillman reaction. Since nucleophilic attack of the dipolar enolate on the

aldehyde is presumably the rate determining step, the hydrogen bonding can

in two ways be responsible for the rate-enhancement: (i) by stabilizing
the tertiary amine acrylate adduct (which would increase the adduct’s
concentration), (ii) and or by activating the aldehyde (Figure 4).

Qg™ ,,Glﬂ:\v/l~o
A L{j ).

3.1.2. Substrate structure:

A close look at the mechanism makes it clear that the groups attached
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to the chromophore of the activated vinylic system are bound to exert some
effect (acceleration/retardation) on the rate of the reaction depending on
their electron withdrawing or donating nature and steric features. Recent-
ly Fort et a1.4? studied the electronic effect on the rate of the reaction
of acrylate esters. It is clear from their studies that functionalized
alkyl acrylates react faster than simple alkyl acrylates and aryl acryl-
ates react more readily than alkyl acrylates (Scheme 2). Bode and Kaye4

reported that methyl acrylate reacts fagter than ethyl or isopropyl
acrylate and attributed this fact to electron-releasing inductive effect.
In our laboratory a similar observation was made in the case of a-hydroxy-

alkylation of alkyl vinyl ketones.g'10

X
Q
r/u\o/\\//x
2-3days | ||

X=F, CI, Br
OH PhCHO OH
/™ coonr /™ cookt OOkt
COOAr + -
Ph 5h -3days DABCO 7 doys  Ph
Ar = aryl
SCHEME 2

The degree of electrophilicity of the electrophilic component is
important. As one would expect, aldehydes undergo the Baylis-Hillman
reaction more readily than aldimines, Kketones or keto esters. During our
search for fast reacting substrates for the Baylis-Hillman reaction we
found that diethyl ketomalonate reacts much faster with activated
alkenes.33 Thus it couples with alkyl acrylates, acrylonitrile and methyl
vinyl ketone under the influence of DABCO to provide the corresponding
adducts in a few hours (0.5 h to 36 h) even when the reaction is performed
in THF (eq 15).

0
EWG EtOOC COOEt
/U\ ”/ DABCO WG (15)
Et00C cooet * HO

THF

EWG = COOMe, COOEt, COOBu®, CN, COMe
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3.1.3, Pressure, temperature, ultrasound and microwave irradiation:

A significant advancement in rate-enhancement of the Baylis-Hillman
reaction was achieved by Hill and Isaacs,17'30’53 who studied the effect
of pressure on this reaction and showed that the Baylis-Hillman coupling
processes are highly sensitive to pressure and pressures upto 2-5 K bar
are highly effective. Thus, the DABCO-catalyzed a-hydroxyethylation of
acrylonitrile, which takes 4-5 days at atmospheric pressure to provide the
desired product in good yield, goes to completion in 5 minutes when the
reactants are kept at 2-5 K bar pressure (Scheme 3). A more important
outcome of these studies is that ketones and crotonic derivatives were
brought into the scope of the reaction at 10 k bar pressure.30 In some
cases they found that these pressure accelerated processes were better
controlled by the less reactive triethylamine rather than DABCO.17

OH OH

! otm 2-5 K b
CN — oar CN
45 doys MeCHO + DABCO + /\CN e )\H/

SCHEME 3

Recently, Roos and Rampersadh54 have studied the effect of tempera-
ture and ultrasound on the rate of DABCO-catalyzed o-hydroxyalkylation of
methyl acrylate. They have claimed that although the rate-acceleration
due to sonication 1is not all that remarkable it is helpful where solid
reagents are involved. They also claim that it is possible to achieve rate
increase by gentle warming (43 OC) of the reaction wmixture rather than
refluxing, which may result in the formation of side products and/or
polymeric materials.

Auge et al. reported that Baylis-Hillman coupling reaction of acrylo-
nitrile with benzaldehyde catalyzed by DABCO was greatly accelerated with
water as a solvent. They also noticed that addition of LiI/Nal further
enhanced the rate in aqueous media (eq. 16)55.

CHO OH

CN
@ . ( DABCO oN (16)
| n, 7-8h "

H,0
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Bhat and coworkers56 described that microwave irradiation provides
considerable rate enhancement in the Baylis-Hillman reaction between alde-
hydes and activated olefins (eq. 17). Under normal circumstances acryl-
amides are inert substrates for the Baylis-Hillman reaction.40'57 It is
worth mentioning here that acrylamide reacts with 3,4,5-trimethoxybenzalde-
hyde to provide the corresponding adduct in 40% yield under microwave ir-
radiation (eq. 18). Hill and Isaacs described the reaction of acrylamide
with acetone at elevated pressure to give the required adduct in only 5%
yield.17 i

( 6 pasco o
Al
EWG
RCHO + | microwave R//J\\“// (17)
10-40 min

R = aryl, alkyl ; EWG = COOMe, CN

0

OH o
MeO CHO MeO
A
N NH, _DABCO NH, (18)
MeO 25 min MeO
OMe

OMe
40%

4. ASYMMETRIC BAYLIS-HILLMAN REACTION

The Baylis-Hillman «-hydroxyalkylation or a«-aminoalkylation of acti-
vated alkenes under the influence of tertiary amines using electrophiles
such as aldehydes, prochiral ketones, a-keto esters or aldimines results
in the creation of a new chiral center and there exists a possibility for
asymmetric induction. Consequently, efforts have been expended to develop
an asymmetric version of the Baylis-Hillman reaction. As in the case of
any reaction that affords chiral products, the chiral information for an
"asymmetric Baylis-Hillman reaction" can 1lie with any one of the four
components essential for the reaction. This had provided new avenues for
research and already efforts have been made to study the levels of asym-
metric induction by employing any one of the four components, i.e.
activated alkene, electrophile, tertiary amine or solvent (or additive),
in optically active form.

4.1. Chiral activated alkenes:
So far only chiral acrylates have been employed as chiral activated
alkenes. Probably, the easy accessibility of chiral acrylates and the
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easy removal of the chiral auxiliary from the products made this approach
attractive. The use of other activated alkenes i.e. vinyl ketones,
sulphones and phosphonates in optically active form has been hampered by
their inaccessibility. Quite a good number of chiral acrylates were
prepared and were employed to good effect in asymmetric Baylis-Hillman
reactions, mainly «-hydroxyalkylation with aldehydes. The first such

attempt was made by Brown et 51.58

when they have carried out the reaction
between (1)-menthyl acrylate (2la) and acetaldehyde wusing DABCO as

catalyst. The diastereomeric excess was only 16% (eq. 19).

0 0 OH
DABCO ) (19)
‘ + MeCHO e
(5 mol%)
21a 16% de

Subsequently, in our laboratory, assymmetric induction in the Baylis-
Hillman reaction of a variety of chiral acrylates 21la-21h [including
(1) -menthyl acrylate (2la)] with aldehydes was studied (eq. 20).40'59-61
This resulted in considerable success and a better understanding of the
stereo and electronic factors involved in the reaction. The maximum
diastereomeric excess, 70%, achieved in these studies was in the case of
the reaction of acrylate 21h, derived from Oppolzer’s chiral auxiliary,

with propionaldehyde.62

Other chiral acrylates 2la-21g afforded the chiral
Baylis-Hillman adducts with diastereomeric excess ranging between 7-42%.
However, it was possible in many cases to obtain the major stereomer in
diastereomerically pure form via preferential crystallization. The chiral
acrylates 21h and 21i were employed in the diastereoselective Baylis-
Hillman reaction with various aldehydes under the influence of DABCO by

Jensen and Roos.63

COOR* OH

DABCO
RCHO + ﬂ/ :LL1T/C00R* (20)
R

2la-i

a b c d
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SOzNPr SOzN(cyCSH,1) SOzNBn

e f g h i

Later, Gilbert et a1. %% obtained similar results in the reaction of
(1) -menthyl acrylate with a variety of aldehydes at atmospheric pressure.
A remarkable improvement in the levels of asymmetric induction was achie-
ved by these workers by performing the reactions at elevated pressures.
Thus (1) -menthyl acrylate at 7.5 K bar pressure reacts with benzaldehyde
under the influence of DABCO to afford the corresponding Baylis-Hillman

adduct as a single diastereomer (100% de), whereas the same reaction at
atmospheric pressure provides the adduct with only 22% diastereomeric
excess (Scheme 4). At elevated pressures (8.5 K bar), p-tolualdehyde and

p-ethylbenzaldehyde react with (1)-menthyl acrylate (21a) to provide the
the corresponding Baylis-Hillman adducts with 87% and 94% diastereomeric
excess respectively. (-)-Bornyl, (-)-nopyl and 8-phenylmenthyl acrylates
were also employed by these workers with reasonable success.

0 OH 0 OH
. DABCO DABCO .
PhCHO + 210 ————m
Ph 1 atm 7.5 K bar Ph
22% de 100% de
SCHEME 4
The acrylate 21j,65_67 derived from (R)- (+)-pantolactone, was treated

with a variety of aldehydes under the influence of DABCO to study the dia-
stereoselectivity in the reaction. Except for benzaldehyde and chloral,
which gave conventional adducts (22) with 2 and 48% diastereomeric purit-
ies respectively, all other aldehydes gave the corresponding 2,6-dialkyl-5-
methylene-1,3-dioxan-4-ones (23) with high diastereomeric excess (78-87%)
but with low enantiomeric purities (10-39%). These products are believed
to have arisen as delineated in the Scheme 5.
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R
c} SR
RCHO (excess) 0
ZNCoor*
DABCO
215 R
lRCHO 20O
DABCO | - rR%
R 0
OH
ojl\o * %o 0
),\“/COOR* I R =
R *
R/J\WY/L§0 .
]
22 23
R = Ph, cCl,
78-87% de
R = Me, Et, i~Pr, Bu, c-CSH11

SCHEME 5

Recently, 8-phenylmenthyl acrylate (21k) was employed in Baylis-
Hillman reactions, with a variety of aldehydes catalyzed by DABCO at atmos-
pheric pressure, to study the levels of asymmetric induction by Drewes and
coworkers.68 The reaction between chloral and the acrylate 21k gave the

best result (70% de) (eq. 21).

0 0O OH
" DABCO "L
+ CCI3CHO cCly (21)
21k 70% de

4.2. Chiral electrophiles:

Of the various electrophiles only aldehydgs have been employed in
optically active form thus far. The diastereoselectivity in the Baylis-
Hillman reaction of several racemic and non-racemic aldehydes with methyl
acrylate and methyl vinyl ketone under the influence of tertiary amine was
studied. For example, (S)-0O-(methoxymethyl)lactaldehyde reacts with both
methyl acrylate and methyl vinyl ketone under the influence of either
DABCO or 3-hydroxyquinuclidine (3HQ) to afford mixtures of diastereomers
with the anti-isomer predominating (eq. 22).69 Both of these tertiary
amines provided more or less the same diastereoselection. Similarly (S)-
3-benzyloxybutyraldehyde reacts under the influence of DABCO with methyl
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OCH,0Me MeQCH,0 MeOCH29
DABCO R+ H
: * (22)
Me” CHo or 3~-HQ Me Me” Y
OH OH O
R = OMe, Me =70 : =30

acrylate to furnish a 75.5:24.5

mixture of anti- and
from which the major

anti-isomer was
interesting tetrahydrofuran derivative
{Scheme 6).70

syn-diastereomers
separated and converted into an

24 with three stereogenic centers

Bn COOMe DABCO
+
_A_-CHo (

e

24

SCHEME 6

(R) -Myrtenal and isopropylidine (R)—glyceraldehyde64 were employed

in the Baylis-Hillman a-hydroxyalkylation of

acrylonitrile at 5.5 and 4 K
bar pressure. The

diastereoselection 1in these reactions is very low

(eq. 23).
CN . OH
* DABCO
R —CHO+ “/ —_ -)\”/CN (23)
R
*
R = §~<§§> , pressure = 5.5 K bar, de = 16%
*
R = ><§EF;H » pressure = 4 K bar, de = 23%
Several

non-racemic a-dialkylamino and «-(N-acylamino)aldehydes
derived from chiral «-amino acids were reacted with methyl acrylate under
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the influence of DABCO to provide the corresponding Baylis-Hillman adducts

as mixtures of anti- and syn-diastereomers. The diastereomeric ratio
ranges from 55:45 to 88:12 (eq. 24).71’72

o NR'R" NR'R"
NR'R COOMe  pABCO : + E
2 ¥ ﬂ/ R COOM (24)
R//\\CHO R I COOMe éH e
ma jor minor

Recently, Kundig et a1.73/74 employed racemic and non-racemic ortho-

substituted benzaldehyde tricarbonylchrominum complexes (eq.25) and aryl-
imine tricarbonylchromium complexes (eq. 26) as electrophiles in the DABCO

catalyzed Baylis-Hillman reaction with methyl acrylate and acrylonitrile.

These reactions proceeded with exceptionally high diastereoselection. In

the case of non-racemic aldehydes, decomplexation afforded metal-free
Baylis-Hillman adducts in >98% ee.

P . r/Ewc DABCO (25)
M |
l R
Cr(CO)s
R = OMe, Cl; EWG = COOMe, CN >95% de
OMe MeO NC
CN  DABCO
+ (// ' (26)
NTs , \H
I NHTs
Cr(Co)s Cr(C0),
>95% de

4.3. Chiral catalysts:

Currently, development of catalytic asymmetric reactions has become

a challenging area for organic chemists. The chiral catalysts used to.
affect asymmetric reactions are

often called as "chemzymes" owing to the
similarities they exhibit in their functioning to

enzymes.75'76 Develop-

ment of a chemzyme for catalytic asymmetric Baylis-Hillman reactions, on
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. . . P 78 .
the lines of Noyori’s Binap-Ru complex77 or Corey’s oxazaborolidine, is
a welcome step.

The most commonly used catalysts in the Baylis-Hillman reaction are
tertiary amines. The proposed mechanism of this reaction predicts the
participation of tertiary amine throughout the course of the reaction
including the step in which the chiral center is created. Consequently,
the structure of the tertiary amine should have a bearing on the fate of
the transition state(s). In other words if the amine is chiral, it should
be able to bring about chiral discrimination. A variety of optically
active tertiary amines such as quinine, gquinidine, cinchonidine and retro-
necine have been employed3'40’64 as catalysts in the Baylis-Hillman
reaction. All of these studies have met with only limited success. Our
efforts to use (6S)-1-aza-4-oxabicyclo{4.3.0]lnonane as the chiral catalyst

also resulted in low enantioselectivities.4o

Quinidine catalyzed coupling
of acrylonitrile with propionaldehyde provided the best result thus produ-

cing the desired 3-hydroxy-2-methylenepentanenitrile in 20% ee (eq. 27).40

CN OH

Quinidine
EtCHO + ( )y CN (27)
20% ee
1,4-Diazabicyclo[2.2.2]octane (DABCO, 1) is the most used tertiary
amine as catalyst in the Baylis-Hillman reaction. Recently Hirama has

utilized chiral C2-symmetric 2,3-disubstituted 1,4-diazabicyclo(2.2.2}

OH O

0
CHO
@/ . I 1a (15 mole%) » (28)
0N THF, 5 K bar 0N

2

47% ee

p Ph (1 HyPh
[Ni\;OR \{:b Phcnz\[fb/c 2

R = Bn, aryl, TBDMS, TBPS
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octanes (la) as catalysts for asymmetric Baylis-Hillman reactions. They
obtained the best result (47% ee) for the reaction between para-nitro
benzaldehyde and methyl vinyl ketone using 15 mole%¥ of the catalyst
(la, R=benzyl) (eq. 28).79'80 It is worth mentiéning here that the other
chiral derivatives of diazabicyclo(2.2.2)octane, 1b & 1lc, have been synthe-

81,82

sized. However, their application for asymmetric Baylis-Hillman

reaction has not yet been reported.

In fact most of the amines employed are commercially available alka-
loids and are not the products of molecular modelling studies. Whilst the
aforementioned studies are modest, the prospects for the rational catalyst
design are encouraging given the increased understanding of the stereo and

electronic requirements of asymmetric synthesis.83

4.4, Chiral solvents:

Except in cases where methyl vinyl ketone or diethyl ketomalonate are
used, no solvent is required for the Baylis-Hillman processes. However,
the reaction of acrylonitrile with acetaldehyde under the influence of
(¢) -3-hydroxyquinuclidine was carried out in (+)-ethyl lactate to obtain
the adduct with only 3% ee (eq. 29).64

oN OH
3_HQ -* CN
MeCHO+ | (29)

(+)—Ethyl lactate Me

3% ee

4.5, Optical resolution of Baylis-Hillman adducts:

At present, the Baylis-Hillman adducts with high enantiomeric purity
are accessible only through resolution. Brown et al.84_87 kinetically
resolved a-methylene-g-hydroxyalkancates, sulphones and a«a-methylene-8-
aminoalkanoates via homogeneous hydrogenation using chiral phosphine-rhod-
ium catalysts. The recovered alcohols were obtained in >90% enantiomeric
excess (eg. 30). The (S)-Binap-ruthenium diacetate complex was also
employed as catalyst for the kinetic resolution of methyl (#)-3-hydroxy-2-
methylenebutanocate (>99% ee at 76% conversion) via hydrogenation by the
group of Noyori.88 Bailey et al. made an attempt to resolve Baylis-
Hillman adducts via asymmetric Sharpless epoxidation.89
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X X
EWG Hz i

- : EWG 4 /k/swc (30)
R Cotclyst' R/\n/ R

X = OH, NHCOOBut; EWG = COOMe, SO.,Ph ; R = alkyl, aryl

*
catalyst® = [Rh(R,R)-Dipamp]®, [Ru(s)-Binap]®

The biocatalytic approach was also shown to be effective for the
resolution of Baylis-Hillman adducts.

Thus, pseudomonas AK lipase cata-
lyzed transesterification of racemic

a-methylene-g-hydroxyalkanoates and
alkanones results in the production of optically active alcohols with >95%
enantiomeric excess (eq. 31).90

OH OH OAc
COR' Pseudomonas AK : COR' COR'
4§\TMC
Hexane

95% ee
R = alkyl, R' = alkyl, O-alkyl
On the otherhand pig liver acetone powder (PLAP) catalyzed hydrolysis
of acetates of racemic a-methylene-g-hydroxyalkanoates and

alkanenitriles
furnished the optically active

alcohols in 46-88% enantiomeric excess
(eq. 32).91
OAc OH OAc
* * (32)
EWG PLAP EWG EWG
R —_— +
buffer — ether R
racemic 46-88% ee

R = aryl; EWG = COOMe, CN

Recently, Adam et al. resolved hydroperoxides of racemic 3-hydroxy-2-

methylenebutanoate and pentanoate via enantioselective reduction catalyzed
by horseradish peroxidase (HRP)

(eq. 33).92
OOH O0H OH
COOMe HRP : COOMe COOMe (33)
R//\Tr/ + R
racemic

(s)
R = Me, Et; >99% ee
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Recently, the racemic acid 25 was resolved via diastereomer crystalli-
zation wusing the amine-diol

26 and the absolute configuration was
OH
) cof
OH OH H OH
0, NH. Ph
COOMe i) KOH COOH 26 2 HO™
Ph " Ph _— A o OH
i) He it)cryst 2 @NH,
(x)-25
iyn*
COOMe
Ph
\Dcc.MeOH
OH
(R) COOH
Ph
OH +
CooBut /)' H
Ph (R)- 25
(R)
SCHEME 7

assigned.93

The optically pure acid (R)-25 was converted into the corres-
ponding methyl and t-butyl esters (Scheme 7).

4.6. Masked acrylate approach to chiral Baylis-Hillman adducts:
Some important wmethods for chiral Baylis-Hillman reactions using
the masked acrylate approach are clescribed94_97

in the following equations
(egqs. 34-36).

gR + coorr 1A ?R + /cé)i)j\ (34)
R NCHo Moy 2) Mel / DBU R/\'/lKCOOR" R coor:
OH OH
ma jor minor
R = Me, n-hexyl; R' = CH,O0Bn, CH,OMe; R'" = Me, t-Bu
Banfi et al. (ref. 94)
Q\/OH i) LDA 1 (35)
+ R'CHO ——— COOMe
R)\/COOMG ii) mCPBA R

R' = aryl ; R = H, Me

Drewes et al. (ref. 95, 96)
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)BrMgBu coosut (36)
ii)RCHO R
ii)CaCOy

%.....g

/é COOBu i)BrMgBu !
Tol \ﬂ/

R = ethyl, n-butyl

Papageorgiou and Benezra (ref.97)
5. SYNTHETIC APPLICATIONS

The Baylis-Hillman reaction has been increasingly drawing the atten-
tion of synthetic organic chemists, as it provides versatile molecules
with a minimum of three functional groups (i.e. hydroxyl, olefin and ester,
ketone, nitrile, sulphone or phosphonate, etc.) and a chiral center. The
Baylis-Hillman adducts may therefore be expected to undergo a variety of
organic transformations involving regio- and stereochemical control. Seve-
ral successful examples have already been reported and studies are being
directed towards utilizing these fascinating molecules in organic synthe-
sis. Moreover, the multifunctionality of these adducts makes them attract-
ive substrates to examine the diastereo- and enantioselectivites of
various methodologies. Some of the initial synthetic applications of the
Baylis-Hillman reaction were elegantly discussed by Drewes in his 1988
review. The following discussion will mainly focus on the developments
which have appeared after the publication of this review. However, some of
the aspects discussed by Drewes are also very briefly mentioned in order
to have continuity in the text and for easy understanding. Synthetic
applications have been broadly divided into four sections: (i) Synthesis
of stereodefined alkenes, (ii) cycloaddition reactions, (iii) diastereo-
selective reactions and (iv) miscellaneous.

5.1 Synthesis of stereodefined alkenes:

The trisubstituted olefinic moiet:y98_100

has been a regular feature
of many naturally occurring biologically active compounds such as,
terpenoids, pheromones, macrolide antibiotics, etc. The Baylis-Hillman
adducts a-methylene-g-hydroxyalkanoates, in particular, were shown to be
versatile precursors of trisubstituted alkenes. Two approaches have been
developed for the conversion of the Baylis-Hillman adducts into stereo-
defined trisubstituted alkenes: (i) nucleophilic substitution (SN2) of the
allyl bromides obtained from the Baylis-Hillman adducts; (ii) nucleophilic
substitution with concomitant allylic rearrangement (SN2’) of the acetates
of the Baylis-Hillman adducts. The general strategy £for SN2 and SN2’

reactions is described in the Scheme 8.
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/SN

Nu OH

L

SCHEME 8

S.1.1. Stereoselective synthesis of [E]/[Z]-allyl halides and sulphides:
The conversion of methyl 3-hydroxy-2-methylenealkanoates (27) and
2-benzenesulphonyl-3-hydroxyalkenes (7) into the corresponding Z-allyl
halides, using a variety of reagents such as NBS-Me,S, HBr-H,SO,, NCS-DMS,
5,11,18,19,101
HCA~PPh3, HI—H3PO4, has been well documented.” ' 7' "7'"7¢ Recently Hoff-
mann and Buchholz have explained the origin of stereoselective forma-

tion of allyl bromides 28 in the HBr—stO4 treatment of methyl 3-hydroxy-2-

HO H W H:g H
MeOOC MeOOC:IEﬁI; MeOO

R R Br

27 c D
"t
120

H COOMe

=
R CH:BI’ M
€00 Me0OC
28
H28r
SCHEME 9

methylenealkanoates (27) on the basis of molecular modelling studies.102

According to these workers, the zwitterion D, arising from protonation of
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(C) followed by bromide ion attack in Michael fashion, undergoes a 120°
counter clock-wise rotation around the central carbon-carbon bond (E)
rather than a 60° clock wise rotation as the COOMe group is sterically
more demanding than the CH,Br group, to achieve the required orientation
for departure of the leaving group (Hzo), thus resulting in the formation
of a [Z])-double bond (Scheme 9).

These arguements are supported by the fact that replacement of COOMe
by CN causes loss of [Z]-selectivity,102 e.g. 3~ (fur-2-yl) -3-hydroxy-2-
methylenepropanenitrile gives a 3:1 mixture of [(Z) & [E]-allyl bromides
(eq. 37).

OH
0 CN HBr 0. CN 0.

\ J "y N/ S +{ X Br (37)
CN

Recently Gruiec and Foucaud103

have reported the stereoselective
synthesis of allyl bromides 28 and 29 via microwave irradiation of a
mixture of silica gel supported copper(II) bromide and the corresponding
Baylis-Hillman adducts 27 and 5 in chlorobenzene (eq. 38). While the allyl
bromides 28 (EWG=COOMe) were obtained as pure [Z]-isomers, the bromides 29
(EWG=CN) were produced as mixtures of (Z & E)-isomers with the [E]-isomer

strongly predominating.

OH
R/J\Tr/Ewc CuBr, — Si0, R ar
micrwgve oven H>'=<E;G (38)
27 & 5 28 & 29
R = aryl
EWG = COOMe (28), CN (29)

A similar reaction of Baylis-Hillman adducts 27 with benzothiazole

OH
COOMe Me
0OMe (BtzS), — PPhy
w/|\“/c c X O RTE st MeMgBr _ COOMe
S
27 30 31

- KO

R = Me, i-Pr, n-octyl
SCHEME 10
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disulphide-triphenylphosphine afforded the corresponding allyl sulphides
(30) with [2]-stereochemistry in almost quantitative yields. These
sulphides were subsequently converted into useful acrylate derivatives
(31) by treatment with Grignard reagents (Scheme 10).104

5.1.2. Reactions of allylic acetates, halides and sulphides:

The allyl acetates, halides or sulphides derived from the Baylis-
Hillman adducts undergo substitution reactions with a variety of nucleo-
philes. These processes have been shown to proceed with high regio- and
stereoselectivity. The various nucleophiles employed so far include carbon
nucleophiles, hydride and heteroatom-based nucleophiles such as amines,
thiolate ions, phenolate ion, bromide ion, triethyl phosphite etc. These
processes result in the formation of compounds with a trisubstituted
olefinic moiety or a terminal olefin. In either case, the products are
attractive and this has been one of the major applications of Baylis-
Hillman adducts. Out of these processes, those reactions that result in
the stereoselective formation of a trisubstituted olefinic moiety may be

considered as attractive alternatives to the well known Wittig-type
reaction.

5.1.2.1. Carbon nucleophiles:

The reactions of allyl acetates, halides and sulphides derived from
the Baylis-Hillman adducts with carbon nucleophiles have been well studied.
In fact, the first reported use of the Baylis-Hillman reaction, that app-
eared ten years after its discovery, emanated from the 1laboratory of
Drewes and dealt with the utilization of this protocol in the stereo-
selective synthesis of [2E]-integerrinecic acid a natural product with
trisubstituted olefinic moiety.5 Subsequently Drewes et a1}01’105_109 have
carried out stereo- and regioselective addition of carbon nucleophiles
derived from ethyl acetoacetate and malonate derivatives to various allyl
halides and allyl acetates.

Amri and coworkers have prepared 2-methylenealkanoate (32) via the
treatment of ethyl 2-acetoxymethylprop-2-enocate with Grignard reagents in
presence of copper (I) salts.llo They have extended the same strategy to
the synthesis of ([2E)]-alkenoates (33) by treating 2-methylene-3-acetoxy-

OAc N COOEt
"Bu /\[( PO nBamgy/LiCuBr cooet (n—Bu)yCuli R/\(
R n

[o]
tHF/-48C E1,0/~70C Bu
32 33

R=H SCHEME 11 R = Me,Ph
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alkanoates with di-n-butyllithium cuprate (Scheme 11).111 Use of 1,3-

diketones as nucleophiles in the presence of KZCO
esters 34 (eq. 39).112

3 provided 1,5-keto

OAc
COOMe COMe  K,CO; Et COMe
Ef/‘\y( + < come EtOH/reflux H>=<\cg)ue (39)
34
Bauchat et al.113 have carried out reactions of acetates 35 with car-

banions generated from 1,3-diketone, methyl cyanoacetate or a nitroalkane
by treatment with potassium carbonate or potassium fluoride on alumina to
provide trisubstituted olefins with [E]-selectivity. These products were

subsequently transformed into useful y-lactones and &-lactones (Scheme 12).

OAc
COOMe COOMe
R/\( CHZ(COR'), COOMe  MeCH,NO, R/\\\(
CH(COR'),  KzC03-Al0; K2CO3—AIz05 CHMeNO,
or KF—Al;05 35 or KF—AlL03

l R=2—furyl
R=2—-furyl, Ph

|

Medo
SCHEME 12

Recently, we have used Grignard reagents as nucleophiles and observ-
ed a remarkable reversal of stereoselectivity between esters and nitriles.

OH
EWG
R
IAcCI/Py
OAc N
' R'MgX
I COOMe R'MgX EWG g R/\Y\R. + R
EWG=COOMeR EWG=CN
r CN R
37 35,36 ma jor 38 minor

R, R' = alkyl, aryl
SCHEME 13
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Thus treatment of 3-acetoxy-2-methylenealkanoates (35) with Grignard
reagents provided [2E]-alk-2-enocates (37), while the similar reaction of
3-acetoxy-2-methylenealkanenitriles (36) produced [2Z]-alk-2-enenitriles
(38) predominantly (Scheme 13).114

Very recently Heerden and coworkers®1?

reported a convenient synthe-
sis of multifunctional stereodefined dienes using Baylis-Hillman adducts

(39), derived from a,B-unsaturated aldehydes (eq.40).

OH
EWG
+
EWG+ R'éCOOEt No
COOCtt R COOEt (40)
R R COOEt
39
EWG = COOMe (E]
R = Me, Ph ; R' = Me, allyl ; ENG = CN [Z]

5.1.2.2. Hydride as nucleophile:
Hoffmann and Rabe have successfully converted the a-methylene-B-ace-

toxyalkanoates and 2-bromomethyl-2-alkenoates into [2E]-2-methylalkenoa-
tes and 2-methylenealkanocates respectively by treatment with LiEt3BH.18’19
Recently we have successfully used LAH:EtOH reagent as a source of hydride

nucleophile.116

Thus, the treatment of methyl a-methylene-g-acetoxyalkan-
oates 35 with LAH:EtOH (1:1) gave exclusively [2E]-2-methylalk-2- en-1-ols
40 while similar reaction of a-methylene-f-acetoxyalkanenitriles (36) with

LAH:EtOH provided [2Z]-2-methylalk-2-enenitriles (41) (Scheme 14).

OAc

CH,O0H
R/Y LAH—EtOH(1:1) EWG LAH—EtOH (1:1) N
EWG=COOMe R EWG=CN R /\l/
CN
40 35,36 41

R = alkyl, aryl
SCHEME 14
The efficacy of this methodology was amply demonstrated by the

synt?egis of [E]-nuciferol 42 and a precursor 43 of [Z]-nuciferol (Scheme
1
15) .

LAH:EtOH(1:1) LAH:EtOH(1:1)
EWG=COOMe EWG=CN
AcO
HOH,C: EWG
CN
42 43

SCHEME 15
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5.1.2.3. Heteroatom-based nucleophiles:

Normant and coworkers117

carried out a series of nucleophilic substi-
tution reactions on [E)-allyl bromide 44 (R=Me) using thiolate ions. Thus

the reaction between bromide 44 and lithium phenylthiolate yielded the [E]}-

S02Ph  (isPh SOPh  NaSMe 0,Ph
N 45 + TN
r Ph Me
14 45
. 46
PhNH, 20:80
or i)PhNHMgCI
ii)H,0
NHPh
+ SO,Ph
47
HPh
47 43
SCHEME 16

sulphide 45 exclusively. But this sulphide 45 provided a 20:80 mixture of
45 and [E]-methyl sulphide 46 when treated with sodium methylthiolate.
They have also discussed the possible mechanism for the observation.
Similar reaction of 44 with aniline in excess or its chloromagnesium amide
gave a mixture of S 2 and S 2’ products 47 and 48 which slowly equilibrate

N N
to give SN2 product 47 in 78% yield (Scheme 16).

Recently, Hoffmann and Buchholz have carried out nucleophilic additi-
on of aliphatic and aromatic primary amines to allyl bromides 28.102 The
product distribution (SN2 or SN2’ process) of these reactions was found to
be solvent dependent. In some cases both processes were found to be opera-

NHR’
COOMe , COOMe
R//Q§T:: HaNR R//Q§T:: HaNR" COOMe
K,CO Kco, R
NHR' N 2-%s

B
MeCN 28 r Pet. ether

R, R'= alkyl, aryl R'= alkyl ‘
R = alkyl, aryl ‘

0
N
\R. R N
49 50
SCHEME 17
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tive. However, in acetonitrile the SNZ products were formed with high
regioselectivity. In contrast, in petroleum ether, the SN2' products were
produced. Thus obtained B-amino acid esters were saponified and lactami-
zed to yield novel a-alkylidene and a-methylidene-g-lactams (49 and 50) in
good yields (Scheme 17).102

Sodium sulphite, phenylsulphinate and carboxylic acid salts were used
as nucleophiles to produce the corresponding trisubstituted olefins 51, 52

and 53. The molecules 51 and 53 are important synthons for orally active

Renin inhibitor A-72517, and kijanolide respectively (Scheme 18).118_121
. NoOAc / MeOH COOMe
«-C00Me  NozSOy o COOR refiux RTS
Ph _— _—
aq MeOH or COR"
ONo  R=Ph r Hcc:"oz N/ NEts o
51 R'=Me e
l PhSO;No
R=Me R=R"=Me
I R'=Et
COOEt
AN
A-72517 Top half of
(Renin inhibitor) 2 OzPh Kijanolide
SCHEME 18

The reaction of t-butylperoxylate anion with ethyl 2-methylene-3-
acetoxybutanoate (eq. 41) and ethyl 2-bromomethylbut-2-enocate (Scheme 19)

were studied by Mailard and coworkers . 122 They found that both provide the
OAc
£-8u05 COOEt
COOEt /§( (41)
t
00Bu
54
y-attack products 54 and 55 with low yields. However, the allyl t-butyl
peroxide 55 was obtained in 45% yield when the reaction was carried out in
presence of polyethyleneoxide 400. 122 Subsequently the molecule 55
was converted into the corresponding glycidic ester 56 by heating in
benzene.123’124
00But
COOEt (=) Ccoo COOEt
//Q§1:: +-Bu0O ,/’L\"// & benzene Me
heot ; ;
Br Me
55 56

SCHEME 19
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Treatment of ethyl [Z]-2-benzylidene-3-bromopropionate with t-butyl-
thiol provided ethyl [2Z]-2-benzylidene-3-(t-butylthio)propionate which
was hydrolyzed and hydrogenated in presence of chiral catalyst to produce
(S)-2-benzyl-3-(t-butylthio)propionic acid (57).125 This acid is useful
intermediate for inhibitors of renin and retrovirus protease.

Ph

t'B““S\\,/LE%

COOH

57
The acetate 35 (R=Ph) was stereoselectively converted into correspond
ing [E]-allyl amino compounds. Thus the treatment of acetate 35 with
either primary or secondary amines produced [E]-amine (58) predominantly
while the treatment of 35 with sodium azide followed by reduction of the
resulting azide 59 with PPh3/THF/H2O gave exclusively the priwmary [E]-

allyl amine 60 (Scheme 20).126
OAc
COOMe
NMez
35 58
lNoNJ
COOMe
COOMe
Ph-" XX PPhy PR X
Ha0—~THF
N3 NH,
59 60

SCHEME 20

Recently, the acetates 35 and 36 were found to undergo a nucleophilic
substitution reaction when treated with magnesium bromide to produce
corresponding allyl bromides, [Z]-28 and [E]-29 with high stereoselecti-
vity.127 This reaction could prove to be an attractive alternative for the

synthesis of [Z]-allyl bromides 28 (Scheme 21).

OAc
COOMe
RN MgBr,/THF EWG MgBry/THF PN o PN CN
EWG=COOMe R EWG=CN * /\(
Br CN Br
28 35,36 ma jor minor
R = aryl, alkyl [E]l-29 [Z]-29

SCHEME 21
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5.1.3. Stereoselective rearrangements:

The Baylis-Hillman adducts, being reactive substituted allylic
alcohols undergo various reactions involving stereoselective rearrangement
to produce stereodefined trisubstituted alkenes.

5.1.3.1. DABCO catalyzed rearrangement of allyl esters:

During the mechanistic studies of the Baylis-Hillman reaction, Manson
and Emslie observed DABCO catalyzed stereoselective allylic transposition
of 2-methylene-3-alkylcarbonyloxyalkanoates to provide the 2-alkylcarbonyl
oxymethylalk-2-enocates (61) with high [E]-selectivity (eq. 42).128

R (o} R’ R
\jr/ DABCO/THF R+ [Z]-isomer (42)
o reflux Me0,C \]r/
MEOZC

o]
ma jor
61
R = aryl ; R' = Me, Et, CH=CH

> CH,CO,Et
5.1.3.2. The Arbuzov allyl phosphite-allyl phosphonate rearrangement:

The Baylis-Hillman adducts 27 and 5 afforded the corresponding
phosphites on treatment with diethyl phosphorochloridite in the presence
of triethylamine. These phosphites 62 and 63 underwent the Arbuzov rear-

rangement on heating to produce stereoselectively [Z)-allyl phosphonates
129

64 and [E]-allyl phosphonates 65 respectively (Scheme 22). The
OH OP(OEt), EWG
J\“/ ewc  (Et0)PCI )\’(Ewc 70 - 1000c R /ﬂ
R R
EtsN EtsN P(OEt),
27,5 62,63 64 EWG=COOMe [Z]-major
65 EWG=CN [E]-major

R = alkyl, alkenyl, aryl
SCHEME 22

allyl phosphonates 64 and 65 are synthetically attractive precursors of
substituted 1,3-butadienes. In fact, the allyl phosphonate 67 derived
from the Baylis-Hillman adducts 66 was efficiently utilized in the

synthesis of stereochemically pure substituted trienes and tetraenes
26
(Scheme 23).
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OH
i)CIP(OEt), COOMe
, h/\/‘\n/coonne == PM\/\C
ii)heot
66 67 PO(OEt),
i)LOA
ii)iPrCHO
COOMe
Ph
SCHEME 23 68

Recently we observed that the reaction of triethyl phosphite with
3-acetoxy-2-methylenealkanoates and 3-acetoxy-2-methylenealkanenitriles
produces [2Z)]-2-diethylphosphorylmethylalk-2-enoates and [2E] -2-diethyl
phosphorylmethylalk-2-enenitriles respectively in high stereoselectivity

(Scheme 24) .13
R CN H CN
OAc P(OEt)s/80°C K + K
WG H PO(OEt), R PO(OEL),
R [E]-major [Z]-minor
o
P(OEt)s/80°C
35, 36 (CED/ H\__ COOMe R COOMe
EWG=COOMe ad + \—/_t
R = alkyl, aryl R PO(OEt)  H PO(OEY),
[Z]-major [E]-minor
SCHEME 24

5.1.3.3. Claisen ortho-ester rearrangement:

Recently we have developed a stereoselective synthesis of ethyl
[4Z] -4-cyanoalk-4-enoates 69 via the Johnson-Claisen rearrangement of
3-hydroxy-2-methylenealkanenitriles 5 (eq 43).131 However, Claisen ortho-
ester rearrangement of methyl 3-hydroxy-2-methylenealkanoates 27 produced
methyl alkenoates as mixture of [E]- and [Z]- isomers (eq. 44).132 Similar
observation was also made by Drewes and coworkers in the Claisen ortho-

ester rearrangement of alkyl 3-hydroxy-2-methylenepropionates with tri-

ethyl orthopropionate (eq. 45).133
OH H COOEt
on  CHIC(OED); >_/\/
—_— —/ 4
R CszCOOH(COt') R CN ( 3
14¥¢
5 [2]-69

R = alkyl, aryl
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COOtt

OH R COOEt H
CooMe CHsC(OEY) >_/\/ . N
R CHsCOOH(cat) > Coome R ™ coome (ad)
145C
27 R = alkyl, aryl
OEt
OH

. E(O><O/Et EtCOOH 45)
EtO PhH, A [Z]-major [E]-minor

COOR [3.3] . COOR

R = Me, CHPhCOOMe, CHMeCOOEt, %

5.1.3.4. Mitsunobu reaction with allylic transposition:

Recently, Charette and Cote118 have observed that the Baylis-Hillman
adducts 27 (R=Et), under Mitsunobu reaction conditions gave unusual pro-
ducts. These products could be selectively transformed into either {E] -
or [Z)-mono protected 2-alkylidene-1,3-propanediols 70 (Scheme 25).

oH OCOR'
COOMe
coome PPha. DEAD i\ R COOMe
Et R'COOH, THF .
— 40 to 0°C COR
27 Traces
R' = alkyl, aryl
R=4-CgH4NO, \\\ R=mesity!

(N H Ec/\(\onps
OH

TIPS

[E]=70 SCHEME 25 [(z]-70

5.1.3.5. Palladium(0)-catalyzed stereoselective carbonylation:

Yamamoto and coworkersi®’'13? have studied the palladium(0) -catalyzed
stereoselective carbonylation of the carbonates 71 derived from corres-
ponding Baylis-Hillman adducts 27, 5 and 8. While the carbonates 71 (EWG=

OCOOR*
EWG Pd(OAc),~2PPhy SN EWG (46)
R CO, 15 h
COOR*
71

EWG = COOMe, CN, SO.Ph R = alkyl; R = Me, Et
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COOMe) gave the corresponding [E]-alkylidinesuccinates predominantly the
carbonate 71 (R=isobutyl, EWG=CN) exhibited [Z]-selectivity (E/Z=1:6). On
the otherhand, the carbonate 71 (R=isobutyl, EWG=SO3Ph) gave stereo-
chemically pure [E]-configurated product (eg. 48} .

5.2. Cycloaddition reactions:

The application of the Baylis-Hillman adducts as hetero dienes or
precursors of dienes, and dienophiles for the Diels-Alder cycloaddition
reactions was initiated and expanded by the group of Hoffmann.

5.2.1. Diels-Alder reactions:

In a series of reports Hoffmann and coworkers described the in situ
Diels-Alder dimerizations of a varitey of dienes 73-75, generated via
stereoselective dehydration with MsCl-DABCO-DMAP of the corresponding
Baylis-Hillman adducts 27,72,7.20'135'136 The elimination of water has
always resulted in the exclusive formation of [E]-double bond. The

dienes 75 generated from adduct 7 (EWG = SO2Ph) were reasonably stable and

R R R R
OH ( (
o + R
R EWG MsCi,DABCO R y EWG oy ; K
\)ﬁ( DMAP W ~— EWG EWG
EWG EWG
27,72,7 73-75 76-78
R = alkyl, aryl
EWG = COOMe (76) 5-10 : 1
P R CoMe  (77) 2-4 : 1
EWG s 00 : O
Ewc\ﬁ{ 0,Ph (78) 100
=\
79 R
SCHEME 26
allowed full characterization.136 In contrast the dienes 73 (EWG = COOMe)

and 74 (EWG = COMe) dimerized spontaneously under dehydration conditions
(Scheme 26). The dimerization had been highly regioselective i.e. para-
selective. Stereoselectivity in the formation of dimers 76 and 77 from
the dienes 73 and 74 was moderate while the dienes 75 always gave trans-78
with regard to sulphonyl and alkyl groups.136 However, the alkenyl group
in all these dimeric products has always been endo oriented with respect

to roof like cyclohexene ring (79) (Scheme 26).

Recently, the first enantioselective synthesis of mikanecic acid (+)-
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(83), a terpene dicarboxylic acid in 92% enantiomeric excess was achieved
in our laboratory.137 This was accomplished via double stereodifferentia-
ting in situ Diels-Alder dimerization of the chiral dienes 81 followed by
the hydrolysis of the diesters 82a-c (25-74% de). The diester 82c
(74% de) wupon recrystallization from hexane followed by hydrolysis
furnished the (+)-mikanecic acid in 92% ee. The chiral dienes 8la-c were
generated from the corresponding optically active Baylis-Hillman adducts
80a-c via dehydration by the treatment with mesyl chloride-triethylamine

(Scheme 27).
OH
x *
COOR  MsCl _ COOR
Me NEt; /\“/
80 81
sz
COOH  ykoH COOR*
*
T ﬂ/
HOO iii) recryst-
83
*
R = % jq
H
SO,NPri, SOzN(CchH1')
a b c

SCHEME 27
Earlier Hoffmann and coworkers described a simple synthesis of
racemic mikanecic acid via the in situ Diels-Alder dimerization of the
diene generated from t-butyl 2—bromomethylbut-2—enoate.6’138

5.2.2. Other cycloaddition reactions:

Hof fmann>* has achieved a simple synthesis of 2,3-dimethoxycarbonyl -
1,3-butadiene (85) from the corresponding Baylis-Hillman adduct 84 via
dehydration with MsCl-DABCO-DMAP (Scheme 28) . The previous syntheses of
this diene had been from either 2,3-butanedione (4 steps; 23% yleld)139
or acrylonitrile (8 steps)140 which are cumbersome. The diene 85 undergoes
an inverse electron demand Diels-Alder cycloaddition reaction with pyrro-
lidinoisobutene to yield the adduct 86.
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0 HO COOMe COOMe
)l\ + n/COOMe DABCO COOMe MsCI—DABCO
COOMe DMAP (cot)
COOMe
24 85
[4+2] MeQO {::>
o+ -
MeQO
SCHEME 28 86
141

Weichert and Hoffmann have synthesized the eudesmane precursor 30
via an inverse electron demand intramolecular [4+2] cycloadditon reaction
of the triene 89, generated in situ from the mesylate 88 of the Baylis-

Hillman adduct 87 (Scheme 29).

Me Me OH
cio 2 S0Ph MsCLEtNiPr,
DABCO ‘-ZCP C, 20 h
OAc OAc S0,Ph
87
OAc
Me OMs
[+
Py,170 C Y
Totvens -
Sealed tube S0OzPh S0,Ph
OAc SO,Ph
Me
88 89
EUDESMANE
SCHEME 29

Oda and coworkers have synthesized butadiene-1,3-dicarboxylate 91
using Baylis-Hillman reaction as the key step and utilized this molecule
in polymerization reactions.142

ROO COOR
W

91
5.2.3, Double cyclization of a-methylene-p-hydroxyalkanones:
The Baylis-Hillman adducts 72 when heated in a high boiling aromatic
hydrocarbon, undergo an intermolecular dehydrative double cyclization to
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3

produce functionalized 6,8-dioxabicyclo(3.2.1}octanes (92)14 (Scheme 30).

However, the stereoselectivity in these processes was very poor. The 6,8-
dioxabicyclo{3.2.1)octane moiety constitutes the basic framework of a
number of pheromones, e.g. frontalin, exo- and endo-brevicomins, a-multi-

striatin, etc.

OH R
OH
R//{:Ii: + R\\T/ﬂ\“/’ L R _SH0_ 0
N
20
0 OH O

T2 92
CHZPh

R = H, Me, Et, i-Bu, CH
SCHEME 30
5.2.4. Cycloaddition reactions of o-methylene-f-keto sulphones and esters:

Synthetically attractive o-methylene-g-keto sulphones 9312 and o-

2

OH 0

o EWG Cr0s EWG (47)
HzSOg. MEzco. Hzo R

- 78 0C

EWG
R = alkyl, aryl ; EWG

SO,Ph (93)
t-BuOOC (94)

methylene-g-keto esters 94144 were prepared from the corresponding Baylis-
Hillman adducts via modified Jones oxidation procedure (eq. 47). These
’ |
0”0
OEt

PhSO
f:[ :[ ] + 0

S0,Ph

SCHEME 31
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molecules 93 (R=Me) and 94 participate in a variety of cycloaddition
processes (Scheme 31 and 32).

8u00
'Bu00 0 Bu00C Y
2x :/( @ |
)

R coosu RN\ Mechrt
94
R=Et, n-Pr, i-Bu, CHZCHzPh =alkyl, aryl
SCHEME 32
The sulphone 93 (R=Me) was efzficiently utilized in the synthesis
1

of racemic frontalin 95 (Scheme 33).

PhSO.
Ph502:< . THF,7h 2 I
0

HO
93 H

SCHEME 33

45 have achieved the synthesis of 3-isopropyl-

Recently, Adam et al.1
2-methylenepropiolactone 96 from the corresponding Baylis-Hillman adduct
via hydrolysis followed by B-lactonization. This a-methylenepropiolactone

OH OH K;B\Cl

COOMe 1) KOH COOH e 0
ii) He

[o]
-COo,
98 97
SCHEME 34
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96 was wutilized as an equivalent to isopropylallene in Diels-Alder
cycloaddition reactions with a variety of dienes to produce first the
spiro pB-lactones 97 and then on pyrolysis the desired cyclic alkenes 98
(Scheme 34).

6 carried out 1,3-dipolar

Quite recently, Kanemasa and Kobayashi14
cycloaddition reactions on the Baylis-Hillman adducts 27. The dipoles
employed are nitrile oxides and nitrile imines, and are employed either in
free form or as Lewis acid complexes. The Lewis acid coordinated dipoles
undergo syn-selective cycloaddition while free dipoles showed anti-
selectivities but moderate. Thus the adducts, isooxazolines 99 and pyra-
zolines 100 were obtained in reasonably high diastereomeric purity (Scheme

35).

Ph
7
N—Q .COOMe N—N _COOMe
R,/l\/)i\//R R.//l\/)i\//R
H COOMe :
: . - :
OH R'—CemN-0 R R—CemfiNPh OH
+
OH
27

R = Me, Et, Ph ; R'= Ph, 4-OMePh, t-Bu

SCHEME 35

5.3. Diastereoselective reactions:

The Baylis-Hillman adducts, being chiral molecules, can be suitable
substrates for a variety of reactions that create chiral centers diastereo
selectively. The diastereoselectivity of several reactions such as, homo-
genous hydrogenation, epoxidation, Michael type conjugate additions, etc.
has been studied using these substrates.

5.3.1. Diasﬁereoselective hydrogenation:

Hydrogenation of the Baylis-Hillman adducts 4 and 6 results in the
formation of aldol derivatives of the type 101. If an efficient chiral
catalyst is developed for the purpose, this route could prove to be an
alternative to the conventional chiral enolate addition to aldehydes,147
which suffers several disadvantages (Scheme 36).
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OH
COR'
R
OH
COR' syn-101 ,
R Ha aldol R
+ - RCHO + _
reaction 0
4,6 OH
//L\//COR
R T R = alkyl, aryl
anti-101 R' = o-alkyl, alkyl
SCHEME 36

148 reported the fermenting Baker’s yeast mediated

Utaka and coworkers
reduction of Baylis-Hillman adducts 72 which proceeded with high enantio-
selection. The syn-diastereomers were obtained with >98% ee and the syn-

and anti- products were produced in 1:1.2 ratio (eq. 48).

OH
h = //i\\/JL\ //I\V/JL\ e
R R . *Rr
72 >98% ee 67-98% ee

R = Et, n-Bu, n-pentyl

Brown and coworkersg‘l-87 have carried out the diastereoselective
homogeneous hydrogenation of Baylis-Hillman adducts 27 (X=0H, R’=0Me)
using Rh+-diphosphine complexes as catalysts, which resulted in almost
exclusive formation of the anti-diastereomers. Chiral catalysts, such as

Binap-Ru(OAc)288 or [Rh(NBD)(R,R—dipamp)]BF484’87 are employed to effect

kinetic resolution (cf.4.5). Subsequently, Yamamoto et a1.37'38 and Sato
et a1.1%? carried out similar reactions on adducts 15 (X=NHCOOMe, R‘=OMe)
and 72 (X=0H, R’'=Me) (Scheme 37).
OH O OH
- +
: 91 : 9
R=Et 1 [Rh(COD)dppb}*
R'=Me
NHCOOMe X 0 OH 0
Binap R
/'\/COOMe _— L) /'\/u\
Ph Ru(OAc), R R R ; R
94% de anti 15, 27 & 72 anti
X = NHCOOMe, R' = OMe X = OH; R' = OMe; R = Me,Ph,2~furyl

SCHEME 37
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5.3.2. Diastereoselective epoxidation and aziridination:
The Baylis-Hillman adducts 72 and 27 were found to undergo syn-
selective epoxidation under Sharpless epoxidation conditions producing

molecules 102 and 103 respectively.51’89’150 However, there was no reaction

OH

OH OH
- COMe TBHP-Ti(0Pri), EWG TBHP-Ti(OPRi), COOR
e
CHClp.—18¢: R CHClp,-1c R
102 72,27,5 103
R = Me, Et, i-Pr, R'= t-Bu, i-Pr
cyclohexyl
EWG=CN
TBHP-Ti(OPri),
NO REACTION
SCHEME 38
with nitriles 5 (Scheme 38). The epoxidation was found to be less

stereoselective (20-34%) under basic conditions (H202-NaOH or TBHP-NaOH) .

Sodium hypochlorite (NaOCl)28 converts the hydroxy esters 27 (R =
aryl) and nitriles 5 (R=aryl) into the corresponding keto epoxides 104 and
the acetoxy ester 35 into acetoxy epoxide 105 in which case the diastereo-

selectivity was found to be 68% (R = Ph) and 48% (R= 4-C1C6H4) (Scheme 39).

0 OR' OAc
EWG
- NaOCI EWG  oc COOMe
R'=H R= OAc
104 27,5,35 105
R = aryl ; EWG = COOMe, CN R = Ph, 4-CIC.H,
SCHEME 39

Lithium t-butylperoxide was used for stereoselective epoxidation of
sulphones 7 and their silyl derivative 106. While the free alcohols gave

exclusively the syn-epoxides 107, the silyl ethers produced anti-epoxides
108 as major products (eq. 49).151
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OR' OR' OR'
SOPh  LiooBu* SOzPh . S0,Ph
R i R (49)
7,106 107 108
7 (R =H) 25 : 1
R = Me, n-Pr, i-Pr 106 (R =Si i-Pr3) minor ma jor

Stereoselective aziridination of 3-hydroxy-2-methylene-4-methylpentan-
oate and its acetate using 3-acetoxyaminoquinazolin-4(3H)-one is described

(Scheme 40) .152 However, yields of the resulting aziridines are very poor.
R= OH
R

iPr/kn}OOMe |

SCHEME 40

5.3.3. Diastereoselective Michael-type addition reactions:
Perlmutter and Tabone'®> carried out nucleophilic addition of benzyl-
amine onto the adducts 27 which proceeded with modest diastereoselectivity

COOMe COOMe COOMe
PhCH,;NH H : H
R 2NH2 H
Ph N R Ph N R
MeOH —~ \/Y +
OR' anti OR' syn OR'
27,109 ma jor minor

R = Me, Ph, a-Py ; R' = H, TBDMS

: i)TBAF coo® o
: vy gt H H
Ph \/N\/Y Il) LIOH,H20 Ph\/g H Mscl-KHCOJ Ph /\N_(
'“—-DM ' VY — z
TBDMSO Ert CH,Clp,H,0 Y
, OH PTC 111
anti-110 OH

SCHEME 41
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in methanol to produce the desired productg as a 4:1 separable mixture

of anti- and syn-isomers. Change of solvent to tetrahydrofuran resulted in

a lowering and

109.

reversal of stereoselection.
diastereoselective (= 99%) if the hydroxy is
Thus obtained anti-amino ester 110 was
ponding azetidinone 111 (Scheme 41).

The addition becomes highly
converted into TBDMS ether
transformed into the corres-

The Baylis-Hillman adducts 27 also undergo the phase-transfer cataly-

zed diastereoselective Michael reaction with

from dimethyl malonate producing hydroxyester 112.154

stabilized carbanion dexrived

Good stereoselecti-

vity was obtained in these additions, especially for the reactions carried

out in acetonitrile (syn:anti = 15-20:1).

MeO0C COOMe

Ph
MeQ0C:
OH

major
+

Meoog ~ COOMe

"

Ph
MeQOC

OH
minor
112

out in tetrahydrofuran using sodium hydride

When the reactions were carried

COOMe
MeQO0C ~ COOMe
Ph
OH 0 Ph
KF 27 NgH
+ +
18—-Crown—6 CHQ(COOMG)Q THF
MeCN or DMSO MeOOC COOMe
0 Ph
113
SCHEME 42

as the base, the lactones 113

were obtained as major products along with small amount of 112 (Scheme 42).

OH t-BuPh,Si0 OH OH
‘eoo CISiPhBut )RLHSNBus Me0O C\\/\ Me0O
€ T MeQO e e
imidazole PhMe.hv,20 C + Lj/\
OMF .
27 i)HCI/MeOH R’ R
)KOH/MeOH /H,0 114 1ie
ii)CISiMes/NEty
iii)CgHy 1 CHO.TFOSiMe(cat-) R = t-Bu, c—C/H,,, N~CgH,,
iv)recryst- from pentane
?GHH Can
A o
07 N0
RLBu,SnH o K,COy  MeOO :
0 “Me PhMe,hv,20%C © “e  MeOH
R
R
115 117

SCHEME 43
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Giese et a1.155’156

showed that the conjugate addition of radicals to
either the silyl ethers 114 or 2-cyclohexyl-5-methylene-6-methyl-1,3-di-
oxan-4-ones (115) derived from the corresponding Baylis-Hillman adduct 27
(R=Me) proceeds with high stereoselection (Scheme 43). Thus the silyl
ethers 114 produced, after deprotection, the erythro-g-hydroxy esters 116
as major products along with the minor threo-isomers whereas the
5-methylidene-1,3-dioxan-4-ones 115 yielded only threo-g-hydroxy esters
117 (>99% de). Similar free radical addition on the corresponding silyl
derivatives (118) (of Baylis-Hillman adduct derived from acrylonitrile and
phenyl vinyl sulphone) resulted in low selectivity 157 (eq. 50).

OTBDPS OTBDPS
= t-Bul
EWG EWG (50)

//K\n// Bu3SnH

118

‘Bu
EWG = CN, SO,Ph
Recently Kundig and coworkers158 studied diastereoselective addition

of alkyl radicals to racemic and enantiomerically pure Baylis-Hillman
adduct (119) which afforded the syn-isomer as major product (eqg. 51).

OMe NHTs
_BuySnH_ CoOMe
benzene,hv (51)
1
(S)-(+)-119 syn 75% anti
>98% ee >98% ee
5.3.4. Diastereoselective allylation of carbonyl compounds:
159,160

The allyl bromides 28 and 29 undergo Drieding-Schimdt reaction

producing stereochemically defined a-methylene-g,7y-disubstituted-v-butyro-
161-163

lactones 120 (Scheme 44) .
COOMe Br
R — R
R R /:<:N
R'CHO 29
R 0 Cr(l)orSn—Al Cr(i)or Sn—Al R~ 0
syn-120 anti-120
R & R' = alkyl, aryl

SCHEME 44
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It was recently shown by Masuyama et a1. 164 that the Baylis-Hillman

adducts (allyl alcohols) can directly be converted into a- methylene-7-
butyrolactones (120) with high diastereoselectivity using PdCl (PhCN) as
the catalyst (eq. 52).

RCHO (52)
PdClz(PhCN)
COoRY SnCi,
DMI-H,0 syn 120 anti 120
ma jor minor

R = n-Bu, cyclohexyl, 4- (CooMe )c H R'= Me, n-Bu, Ph ; R"= Me, Et

4 ’

The allyl bromide 122 was extensively used in the synthesis of

a—methylene-7—butyrolactones,160 lactamsl®5+166

pounds.167 This a-bromomethyl acrylate was prevously synthesized via

168,169

and several other com-

routes that are either circuitous or low yielding. The Baylis-
Hillman reaction provides a simple and efficient procedure for large

scale synthesis of allyl bromide 122 (Scheme 45).23’24

COOEt

COOEt HBr-H,SO
HCHO + A DABCO 254 Br/\"/
COOEt HO//\jr/ or PBrj

121 122
SCHEME 45
\ 170 .,
[E]-Allyl bromides 44 were employed by Normant and coworkers in

the zinc or chromium(II) mediated diastereoselective allylation of alde-

302Ph SO,Ph OH S0;Ph OH
B8r R'CHO + +
Zn or Cr(ll) R’ = R'
R 1R R
a4 23

R = Me, n-Pr, i-Bu ; R' = alkyl, alkenyl, aryl

SO,Ph OH

PhSO,.,. Me

KH

THF R
123 124
R' = Ph, Pentyl
SCHEME 46



The Baylis-Hillman reaction 8047

hydes to provide syn-homoallyl alcohol 123 exclusively or predominantly.
Some of these syn-hydroxy-sulphones were transformed, (after stereo-
chemical purification) into diastereomerically pure 2,3,4-trisubstituted
tetrahydrofurans 124 (Scheme 46) .

5.4, Other applications:

The Baylis-Hillman adducts were also employed in the synthesis of
compounds, such as, ethyl ester of (%)-sarkomycin, lactones, lactams,
diazacyclophanes, indolizines, liquid crystals, etc.

5.4.1. (t)-Sarkomycin ester:

Ethyl a-acetoxymethylacrylate was employed in the preparation of
the mixed ester of a-methyleneglutaric acid 125, which in turn was
elaborated, in accordance with Scheme 47, into 126, the ethyl ester of

(t) -sarkomycin, an antitumor agent.43
0
) t COOEt I
CoOFt  WiCH2CO0BU HPO(OEt), P(OEt);
AcO/\"/ co0But
EtO0C cooBut
‘Ac20 125 NaH
COOEt 0
HO /\"/ 0 | 0
Et0), P
121 heHo. (Et0)
EtOOC” 126 EtOOC
SCHEME 47

5.4.2. Azetidinones and other lactams:

Villieras et al. have synthesized a-hydroxymethylazetidinones 127, via
conjugate addition of primary amines to Baylis-Hillman adduct 121
(eq. 53).171 Treatment of the Baylis-Hillman adduct 128, obtained from
acrylonitrile and ethyl pyruvate, with amines produced 1,3,4-trisubstitut-
ed 2-pyrrolidines 129 (eq 54)5"72

hydrazine gave polyfunctionalized perhydro-1,2-pyridazin-3-ones 130 and

Similar reaction with hydrazine or methyl

131. These reactions exhibited no diastereoselection.

COOEt MeOH OH

+ RNH 3)
Ho /\”/ 2 reflux R ) (0] *

121 R=alkyl 127
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Me N
M OH
H € CN + RNH; L HO
Et00C 0
128 R = alkyl 129 R
H Me Me
HN Me/N\N
H H
130 131

Bittmann et al. reported the enantioselective synthesis
(132) analogue using Baylis-Hillman adduct 121

SCreH33
CH3OCHymfm iy CI’

173

(54)

of ilmofosine

as the starting material.

+
0—P—-0CH,CH,N(CHs)

0]
132

Recently, Perlmutter and McCarthy21 have

step (Scheme 48).

DABCO
MeQO

EWG
CHO (/
MeOOC//N\\// * I

OH

EWG = COOMe, CN, COMe

SCHEME 438

Recently, Drewes and coworkers45

have synthesized
methylcoumarin via DABCO-catalyzed Baylis-Hillman

3

BF5-OFt,

EWG or oq. Borox

O-benzylsalicylaldehyde and methyl acrylate followed

dimethylamine and hydrogenolysis (Scheme 49) .
phenoxy)methylcoumarin (134) was isolated in
Hillman reaction between salicylaldehyde and

174
cowokers.

OH
C

CHO OOMe
. COOMe b agco
| NMez
OCH,P

SCHEME 49

reaction

reported synthesis of the

lactones 133 in two steps using the Baylis-Hillman reaction as the key

EWG

3-dimethylamino-
between
by addition of
Previously, 3-(2-formyl-
9% yield from the Baylis-
acrylate ester by Kaye and

Pd-C Y o
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O

134
Foucaud and Brine successfuly converted 3-aryl-3-hydroxy-2-methylene-

alkancates into 3—ary1idene—3,4—dihydrocoumarins 135 according to Schewme
175
50.

OH

OH
COOMe CF(j}—OH COOMe 0 0
Ar ZnBrSi0, Ar
{(cat") Cl Ci
HO 135 Ar

Ar = aryl
SCHEME 50

5.4.3, Diazacyclophanes:

The acetate 137 of the mono adduct 136 upon reaction with TiCl4 and
zinc gave a diacetate 138, which in turn furnished the diazal7,2-7,2]-
paracyclophane 139 when treated with aqueous ammonia (Scheme 51).176 On

the otherhand, the diacetate 141 of bis-adduct 140 on treatment with

OH OAc

ACC'/NEtJ

COOMe COOMe

OHC OHC
136 137

TiCly = Zn

O Iy
@ COOMe COOMe

MeOO0C aq NH3
9y H MeOH/THF
MeOOC @ COOMe
O
MeOOC
139
AcO 138
SCHEME 51

aqueous ammonia gave the diaza[7,7]paracyclophane (142) as a single com-
pound. The diazacyclophane 142 when refluxed with the diacetate 141 in

acetonitrile for 90h gave diazamacrobicycle 143 in 98% yield (Scheme
176
52) .
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OH OAc
CooMe ASCl/NEy COOMe
MeOOC Me0OOC
140
oM OAc 141
aq NHjy

MeCN 141 MeOO! COOMe
reflux, 90h
Me0OC COOMe
143 SCHEME 52 142

5.4.4. Indolizines:

Bode and Kaye57’177

have synthesized several 2-substituted indoli-
zines 146 using the Baylis-Hillman adduct 144 obtained from pyridine-2-
carbaldehyde and activated alkenes such as acrylate esters, acrylonitrile
methyl vinyl ketone. Thus the corresponding acetates 145 when heated
(120°CL provided the 2-substituted indolizines 146 (Scheme 53). This ther-

mal cyclization presumably proceeds through an addition-elimination path.

= EWG  DABCO “ A0 3
| + "/’ ~ OH X OAc
S N
CHO \9
EWG A EWG
EWG = CoOMe, CN, coMe 144 145 )
120C
=
©
J\QC‘I —-AcO Z I
+N C/ X, OAc
H @
> 95 o
H o EWG EWG
146
SCHEME 53
5.4.5. Miscellaneous:
Recently, El Gaied and coworkers178 have utilized 121, 122 and

compounds derived from 122 in the synthesis of 1-bromo-2,3-epoxy-2-ethoxy-
carbonylpropane and stereodefined B-bromo-a-substituted acrylates (Scheme
54) . The same strategy was adopted by Calderon et al. in their approaches

towards the synthesis of fimbrolides. X7
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COOEL

x//ﬂ\wr,/ Bry X COOEt Base COOEt
Br X=0H Br
B

121,122 r

ITBAF/H,o

COOEt
Br/Y
X

X = OAc, F, Cl1, Br, I, CH_,COOEt

2
SCHEME 54
Drewes et al. have described simple stereoselective synthesis of
2-alkylidene-4-carboxyglutaric acid esters (147) using Baylis-Hillman
adducts (Scheme 55).180
OH <200H OCOCH,CO,Et R coou
COOMe _ COOEt cooMe _LDA
R pce R MeQOC COOEt
R= alkyl, aryl 147
SCHEME 55

Recently, Baylis-Hillman adducts have been utilized for the synthesis
of aldehydes 148 and 149, important synthons for the synthesis of poly-

ether etheromycin.lsl'182
| Ph
Si . |
N
0" | “But {~Bu—Si —0 CHO
CHO I
\( Ph OTMS
148 149

Recently Baylis-Hillman adducts 150 have been employed for synthesis
of a novel side chain liquid-crystal polymers.183 Roos and coworkers184
isolated a novel product 151 in the Baylis-Hillman coupling reaction of

2-phthalimidopropanal with methyl acrylate.

0
COOMe
NCO(CHz}, oH 0OMe

150 EWG l 151
EWG = CN, COOMe 0
6. Variants:
It is worth mentioning that the Baylis-Hillman adducts are obtained

by using catalysts other than amines. Some of the very important develop-
ments have been described.
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The first of its kind was reported in 1968 by Morita et a1.85

They
have used tricyclohexylphosphine as the catalyst for the coupling of acti-

vated olefins with aldehydes (eq. 55) but the yields are very low.

OH

EWG
P(cyCeH
RCHO + ( (CY (.} ‘1)3 /‘\"/EWG (55)
R

R = alkyl, aryl ; EWG = COOMe, CN

Imagawa et al.186 have reported higher yields in the case of acrylo-

nitrile by employing tributylphosphine and triethylaluminium as catalyst

(eq. 56).
C OH

N
PBus —
RCHO + ﬂ/ us — AlEt CN
" (56)

R = alkyl, aryl

Rhodium (I} and ruthenium(II) complexes were employed as catalysts
in the reaction between alkyl vinyl ketones and aldehydes to produce wa-
methylene-B-hydroxyalkanones (eq. 57).149' 187-189

0

R _RMH(PPhy), (57)
RCHO +
(Or) RUHz(PPhJ)4

R = alkyl,aryl ; R' = alkyl

Triphenylphosphine mediated reaction of methyl acrylate with
butyraldehyde and tosylamine or carbamates was achieved by Bertenshaw and
Kahn (eq 58).190 Phosphines were used as catalysts for the large scale
dimerization of acrylate esters.191

NHZ O
R PPhy
RCHO + ZNH, + —_— (58)
iPrOH R '
400C, 40 h

Z = tosyl, t-BuOOC, COOCH,Ph ; R = n-Pr, Ph; R' = OMe,

Recently, Roos et al.lg2 reported the rhodium-chiral bis-phosphine

complex catalyzed reaction of methyl vinyl ketone with propanal which
produced the Baylis-Hillman adduct in 22% ee. (eq. 59).
OH

COMe
EtCHO + ﬂ/ [Rh(D—(-)-DioP] \\v/%\n//COMe 59)

22% ee
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Conclusion:

The Baylis-Hillman reaction, originating from a German Patent in 1972
started attracting the attention of organic chemists in 1980’s and has
significantly advanced in the last ten years as demonstrated by a number
of reactions and applications described in the review. Though the
reaction is expanding rapidly it is still at an early stage because there
is much to learn about the reaction mechanism and the three components of
the reaction. A suitable chiral catalyst for asymmetric Baylis-Hillman
construction of carbon-carbon bonds is yet to evolve. Applications of
this reaction in diastereo- and enantioselective synthesis are beginning
to emerge and will certainly represent a forefront of research in organic
chemistry. We believe that the coming years will witness more and more
advances in this fascinating reaction which will ultimately make this

reaction one of the most useful reactions in organic chemistry.

Abbreviations:

Binap 2,2' -bis (diphenylphosphino) -1,1' -binaphthyl

CAMP o-anisylcyclohexylmethylphosphine

coD cycloocta-1,5-diene

DABCO 1,4-diazabicyclo(2.2.2]octane

DBU 1,8-diazabicyclo(5.4.0]undec-7-ene

pcc 1,3-dicyclohexylcarbodiimide

DEAD diethylazodicarboxylate

DIBAL diisobutylaluminum hydride

DIOP 2,3—O—isoprpylidene—2,3—dihydroxy—1,4~bis(dipheny1phosphino)-
butane

DIPAMP 1,2-bis(anisylphenyl)phosphinoethane

DMAP 4-N,N-dimethylaminopyridine

DMI 1,3-dimethyl-2-imidazolidinone

DMS dimethyl sulphide

dppb 1, 4-diphenylphosphinobutane

EWG electron-withdrawing group

HCA hexachloroacetone

3-HQ (%) -3-hydroxyquinuclidine

HRP horseradish peroxidase

mCPBA 3-chloroperbenzoic acid

Ms methanesulfonyl

NBD norbornadiene

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

Np 1-naphthyl

PLAP pig liver acetone powder
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TBDMS t-butyldimethylsilyl

TBHP t-butyl hydroperoxide

TBPS t-butyldiphenylsilyl

TDAP tris(dimethylamino) phosphine
Tf trifluoromethylsulfonyl

TIPS triisopropylsilyl

TMS trimethylsilyl
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