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Aza-Baylis-Hillman reactions have attracted much attention
over the past decade. This review concentrates on discussion
of the origins of and progress in aza-Baylis—Hillman reac-
tions, including the development of catalysts and substrate

scopes, mechanistic study, asymmetric reactions, and further
transformations of the products.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

As one of the most important tools for converting simple
starting materials into densely functionalized products in a
catalytic and atom-economic way, the Baylis—Hillman reac-
tion has made great progress since it was first reported in a
patent in 1972.111 Because of the great potential of its prod-
ucts for further transformation, and also its superior mild
reaction conditions, the use of imines as electrophiles in the
Baylis—Hillman reactions is extremely fascinating. While the
“aza-Baylis—Hillman reaction” strictly refers to the reaction
between an azodicarboxylate and an activated alkene to cre-
ate a carbon-nitrogen bond, from a different point of view
the aza-Baylis—Hillman reaction could also be seen as the
use of “an activated imine as an electrophile in the Baylis—
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Hillman reaction”. This review summarizes the origins of
and advances in the aza-Baylis—Hillman reaction.

Scope of the Reaction

In 1984, Perlmutter and Teo reported that N-tosyl imines
reacted with ethyl acrylate in the presence of DABCO as
catalyst in a sealed tube to give adducts in moderate to
good yields;!?! these were the first examples of aza-Baylis—
Hillman reactions (Scheme 1).

NHTs

CO,Et
Ar)\[( 2

COEt 10 mol% DABCO

50 °C-80 °C, 53-80%

Ar—CH=NTs + ﬁ
Ar = CgHs, 4-MeCgHy, 4-MeOCgH,, 3-NO,CgHy
Scheme 1.

In 2002 our group screened different catalysts in the reac-
tions between N-tosyl imines and methyl vinyl ketone.l*!
With PPh; catalysis, the reactions proceeded smoothly to
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give the aza-Baylis—Hillman adducts in moderate to excel-
lent yields, while use of the more nucleophilic PBu; as cata-
lyst resulted in two types of cyclized products (Scheme 2).

O NHTs
)kHAR
R = CgHs, 4-MeCgHg, 4-MeOCgHg, 3-FCgHa,

o 4-CICqH,, 4-BrCgHy, 2,3-ClyCeHs,
4-NO,CeHz, CeHsCH=CH, 2-furyl
R-CH=NTs + s I — 2674, 6Mls ury

20 mol% PPh3
A -
THF, rt., 45-92%

R O 0

R
20mol% PBus gy | + HN =
THF, rt, 2 h 7~
R R
16-65% 19-48%

R = CgHs, 4-MeCgHy, 4-MeOCgH,, 3-FCqHy,
4-CICgHy, 4-BrCgHy, 4-NO,CgHj, 2-furyl

Scheme 2.

Later on, we found that reactions between N-tosyl imines
and acrolein or acrylates also yielded aza-Baylis—Hillman
adducts in moderate to excellent yields in fairly short reac-
tion times with catalysis by PPh,Me or DABCO
(Scheme 3).1

O  NHTs
10 mol% PPh,Me or DABCO

R
ACH=NTs + R)J\H)\Ar

0 THF, r.t., 25-180 min, 43-94%

Ar = various aromatic groups
R =H, Me, PhO, (a-naphthyl)O

Scheme 3.

Interesting results were observed in reactions between N-
tosyl imines and phenyl vinyl ketone.’! Use of PPh; as the
catalyst produced the normal aza-Baylis—Hillman adducts
1, while use of DABCO as the catalyst gave the double aza-
Baylis—Hillman adducts 2 as single anti isomers (Scheme 4).

O NHTs
10 mol% PPhs, THF

rt., 0.5-10 h, 68-99% Al

1
Ar = CgHs, 3-MeCgHy, 4-MeCgH,

4-EtCgHy, 4-FCgHy, 4-CICgHy,
4-BrCgHy, 2,3-ClCgH3, 4-MeOCgH,

Ph
ACH=NTs + 2 —

o]
O NHTs
10 mol% DABCO, THF  ph” " “ar
r.l, 5.5-12 h, 54-85% \1/
P Yo 2

Ar = CgHg, 3-MeCgHy, 4-MeCgHy,
3-FCgHy4 4-FCgHy, 3-CICgHy,
4-CICgH,, 4-MeOCgH, 1-naphthyl

Scheme 4.

We subsequently investigated reactions between N-tosyl
imines and cyclic a,B-unsaturated ketones.[”) We found that
the reactions between N-tosyl imines and cyclopent-2-en-
1-one yielded normal aza-Baylis—Hillman adducts 3 in the
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presence of DMAP or PBujs as catalyst, while the products
of N-tosyl imines and cyclohex-2-en-1-one depended on the
catalyst employed: DMAP resulted in normal aza-Baylis—
Hillman adducts 4 and PBu; or DBU afforded aza-Diels—
Alder products 5 and 6 along with some normal adducts 4.
With DMAP or DBU catalysis, the reactions between N-
tosyl imines and cyclohept-2-en-1-one gave mixtures of nor-
mal aza-Baylis—Hillman adducts 7 and aza-Diels—Alder
products 8 and 9, while in the reactions between N-tosyl
imines and cyclooct-2-en-1-one, normal aza-Baylis—Hill-
man adducts were not formed and different aldol-type
products were obtained depending upon the catalyst em-
ployed (Scheme 5).

In reactions between allenes and N-tosyl imines, we
found that buta-2,3-dienoates or penta-3,4-dien-2-one re-
acted with N-tosyl imines to yield azetidine derivatives 13
through [2+2] cycloaddition in the presence of DABCO as
catalyst,”l which contrasts with the [3+2] products derived
from phosphane catalysts.®] With DMAP as the catalyst,
dihydropyridine products 14 were formed. Ethyl penta-2,3-
dienoate reacted with N-tosyl imines in the presence of
PPhMe, as catalyst to give the [3+2] cycloaddition products
15 (Scheme 6).1]

In the presence of DMAP as catalyst, but-3-yn-2-one re-
acted with N-tosyl imines to give the tetrahydropyridine de-
rivatives (Scheme 7).[%

In reactions between 3-methylpenta-3,4-dien-2-one and
N-tosyl imines, acyclic products 16 were obtained in the
presence of DMAP as catalyst, while in the presence of tri-
butylphosphane as catalyst the reaction followed different
pathways to give two types of tetrahydropyridine derivatives
17 and 18 (Scheme 8).[1]

Guo et al. recently reported solvent-free aza-Baylis—Hill-
man reactions between acrylamide or N-arylacrylamide and
N-tosyl imines with phenol as an additive and DABCO as
the catalyst (Scheme 9).['!]

Thanks to their high reactivity as electrophiles, N-tosyl
imines were found to react with B-substituted electron-de-
ficient alkenes under mild conditions to give the corre-
sponding aza-Baylis—Hillman adducts in moderate to good
yields as mixtures of E/Z isomers (Scheme 10).1'213]

Later on, Back et al. studied the reactions between im-
ines and buta-1,3-diene sulfone.l'¥! They found that the re-
actions proceeded smoothly in the presence of 3-HQD as
catalyst to give the E/Z isomeric aza-Baylis—Hillman ad-
ducts 19 in moderate to good yields (Scheme 11).

As well as N-sulfonyl imines, we also found that N-
benzylidenediphenylphosphinamides showed high reactivity
as electrophiles in aza-Baylis—Hillman reactions.['>1°] In the
presence of PPhs, PPh,Me, or DABCO as catalyst, the reac-
tions between N-benzylidenediphenylphosphinamides and
methyl vinyl ketone, acrylates, or acrylonitrile at room tem-
perature gave the normal aza-Baylis—Hillman adducts 20 in
moderate to very high yields (Scheme 12).

More nucleophilic catalysts such as PPhMe,, PBus, or
PMe; induced reactions between methyl acrylate and N-
benzylidenediphenylphosphinamides to give double aza-
Baylis—Hillman adducts 21 along with the normal adducts
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O NHTs

o}
20 mol% PBuj or DMAP, é

Ar
3

THF, r.t,. 5-24 h, 54--99%

Ar = CgHs, 4-EtCgHa, 4-CICgH,, 4-BrCgHa,
4-MeOCgHy4, 4-MeyNCgHy4, 4-NO,CgHy

0
NHTs
20 mol% DMAP, ij)\
MeOH, 40 °C, 24-36 h, 30-60%
Ar = C6H5, 4- EtC6H4, 4-FC6H4,
4-MeOCgHy, 4-NO,CgH,
(o] 0 0
NHTs Ar
20 mol% PBujg or DBU,
Ar—CH=NTs N Ar+ N
MeOH, 40 °C, 3-26 h 5 Ts 6 Ts
15—40% 12-25% 18-25%
Ar= CBHSr 4-EtC6H4, 4-FC6H4,
4-MeOCgH,4, 4-NO,CgH,
o) 0
NHTs
20 mol% DMAP or DBU, té/\/”
+
MeOH, rt., 48 h N Ar N
8 Ts 9 Ts
trace-27% 5-7% 8-17%
Ar = CgHs, 4-CICgH,, 4-MeOCgH,
@ NHTs NHTs NHTs
20 mol% catalyst, Ar
MeOH or THF, r.t. )3
DMAP : 0 44-51% 0
PBus: 30-49% 0 0
DBU: 0 0 34-40%
Ar = CgHs, 4-CICgH4, 4-MeOCgH4
Scheme 5.
COEt CO,Et
10 mol% DABCO, ====" A=<= NHTs
N M 10 mol% DMAP, DMSO_ , A\ COMe
0,
MS 4A, benzene, r.t., 1h, 42-99% 1T§ .10 min. 40-81%
dr=1:1
COMe
Ot ===+ Ar-CH=NTs —| .
CO,Et | = TS s
10 mol% DMAP, ——" o ) Ar N AN
Ar—CH=NTs Ar N Ar Ar = various aromatic groups | 10 mol% PBuj, DCE .
CHCly, r.t,, 10 min, 31-60% Ts 80 °C, 30 min \% Z AT
14 17 5 18 O
trace—29% 42-67%
Ts
CO,Et N A
10 mol% PPhMe,y, Scheme 8.
CHClp, 1., 1.5-48 h, 28-95% 15 COEt
o O NHTs
syn/anti = 8:1 to >30:1 1.0 equiv. DABCO
Ar~CH=NTs + \)L RHN Ar
Ar = various aromatic groups NHR 2 0 equiv. phenol, 55 °C
2-6 h, 61-93%
Scheme 6. Ar = CgHg, 2-HOCgHj, 2-CICgHa, 2-NO,CgHa, 4-CICgH,, 4-NO,CgHg,
4-pyridyl, 4-MeOCgH,, 2-NO,CgHy, 4-FCgHg, 3,5-(MeO);CoHs,
R = H, 4-NO,CgHa,
TS\NH o o)
o ) Scheme 9.
ArCHNTe + = 10 mol% DMAP, CHsCN ~ Ar I+ |
r-CH= = .
rt., 24-72 h AN Ar” N
Ts .
race 1;; 30-45% 20. Reactions between phenyl acrylate and N-benzylidene-
"~ ° a . . . . . .
diphenylphosphinamides yielded double aza-Baylis—Hillman
adducts 21 along with cyclized adducts 22 (Scheme 13).[1]
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O NHTs

R1\/\W R2  20-25 mol% catalyst

R? ‘ Ar
o  solvent, 0.6-144 h, 12-91%

Ar-CH=NTs +
R1
Ar = CgHs, 3-MeCgHg, 4-MeCgHy, 3-FCgHy 4-FCgHy, £/7 = 40:60 to > 991
4-CICgHy, 4-BrCgHy, 2,3-ClyCgHs, 3-NO5CgHa,
4-NO,CgHy, 1-naphthyl
R' = Me, Pr, CH,=CH;
RZ = H, Me, Ph, OCH=CH,, OPh, O(a-naphthyl), SPh

Scheme 10.
.50,Ph
Ts HNTT2
NI’SOZPh | 25 mol% 3-HQD, DME R ‘ Ts
+ .
R/I\H | 4-6 h, 31-86%
|
R = CgHs, 4-CICgH4, 3-CICgH,, 2-CICgH,, 19
4-MeOCgH, 4-O,NCgH, 4-NCCeH
4—MeOZ£C:H4 e O Ez=50501075:25
Scheme 11.
Q
0 z PhyP~NH

10 mol% catalyst z

1
—CH=N— +
Ar=CHEN-PPh, + [ e oo AT

Z = COMe, COyMe, CO,Et, CO,Ph, CN 20
Ar = CgHg 4-MeCgHy 4-EtCgH4 4-MeOCgHy 4-FCgHy.

4-CICgH, 4-BrCgHy 4-NO,CgHy CgHsCH=CH
catalyst = PPhy PPhyMe, DABCO

Scheme 12.

(e] Z

v 10 mol% catalyst
Ar—CH=N-PPh, * W

solvent, r.t., 17-96 h

o)
? PhyP ?
PhoP—NH 2">NH PhyP—N
z + 7+
Al')ﬁ‘/ ATW Ar Z
z
20 22
21
Z=CO,Me:  0-70% 0-90% 0
Z=COsPh: 0 32-53% 10-20%

Ar = CgHs 4-MeCgH, 4-EtCgHy 4-MeOCgHy 4-BrCgHy
4-ClCgHy, 4-FCgHy 4-NO,CgHy CeHsCH=CH
catalyst = PPhMe2 PBug or PMe;

Scheme 13.

In the presence of PBuj as catalyst, the products of the
reactions between phenyl vinyl ketone and N-benzylidenedi-
phenylphosphinamides were dependent on the reaction
times. Use of short reaction times resulted in the formation
solely of double aza-Baylis-Hillman adducts, while use
of longer reaction time resulted in mixtures of cyclized
products and double aza-Baylis—Hillman adducts
(Scheme 14).11°]

PPh
o} 2 thp NH Ph OH
[e) 10 mol% PBusj
3 19 moBh PBus.
Ar=CH=N-PPhy * || e Ph oA
Y APh

Ar = CgHs, 4-MeCgHy, 4-EtCqH,,
4-MeOCgH,, 4-FCgH, 4-CICgH,,
4-BrCgH,, 4NO,CgH, CoHsCHECH

1-3 days: 23~62%

4--5 days: 26~41% 1 0~20%

Scheme 14.

2908

WWW.eurjoc.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The reactions between cyclopent-2-en-1-one or cyclohex-
2-en-1-one and  N-benzylidenediphenylphosphinamides
with PBus or PPh,Me, respectively, as catalysts gave aza-
Baylis—Hillman adducts (Scheme 15).11]

I
(o] o Hn PN
o 10 mol% catalyst Ar
Ar—CH=N-PPh, + —
55 THF, rt, 6-72h
Ar = CgHg 4-EtCgHy 4-MeOCgHg, n=0:PBu;  65-97%

4-FCgHy, 4-CICgHy, 4-BrCgH,

n=1: PPhMe 42-85%
4-NO,CgHy, CoHsCH=CH

Scheme 15.

We recently reported aza-Baylis—Hillman reactions be-
tween ethyl (arylimino)acetate and methyl vinyl ketone or
ethyl vinyl ketone.'”l In the presence of PPhs as catalyst,
normal aza-Baylis—Hillman adducts were obtained, while
use of DABCO as the catalyst resulted in double-bond-mi-
grated products. Compound 23 could be converted into
compound 24 upon treatment with catalytic amount of
DABCO (Scheme 16).

O NHAr
30 mol% PPh3, MS 4A
COEt
CH4CN, rt., 24 d
o 23
51-829
ﬁR + EtO,CCH=NAr — %
O NHAr
R = Me, Et 30 mol% DABCO, MS4A o~ 2 OuEt

Ar = various aromatic groups

CHZCN, rt., 2-4 d

24
34-85%

Scheme 16.

As well as aldehyde imines, Burger and Cyrener found
that hexafluoroacetone N-benzoylimines were also suitable
electrophiles for aza-Baylis—Hillman reactions with a vari-
ety of activated alkenes (Scheme 17).['8! Furthermore, they
also found that use of CaH, as an additive could improve
the yields of the reaction.[!”]

o FiC CFs FiC CF3
N—4 (Z DABCO  HN z LN z
F.c— R1 * e — |
° —<CF3 RV&O R1J\O
27-89% 0-7%
R" = p-CH3CgH4

Z = CHO, COCH3 COCHs5 CN, CO,C,Hs, CO,C4Hg.

Scheme 17.

Azodicarboxylates were also suitable electrophiles for re-
actions with various activated alkenes. Kamimura et al. ex-
amined the reactions between alkyl vinyl ketones and azo-
dicarboxylates” and found that they proceeded smoothly in
the presence of DABCO as catalyst, giving the correspond-
ing o-hydrazino-o,B-unsaturated ketones in moderate to
high yields (Scheme 18).

Eur. J. Org. Chem. 2007, 2905-2916
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H
R20,C., .N. 2
R , DABCO (0.2-1.0 equiv.), THF N TCOR
P+ RPO,C-N=N-COsR R!
5 r1-40°C, 8-24 h, 34-90%
o)

R" = Et, tBu
R? = Me, Et, CgHy3, CrHys, CoHsCH=CH

Scheme 18.

Later on, our group extended this methodology to reac-
tions between azodicarboxylates and acrylates or acryloni-
trile (Scheme 19).1211

H
ROZC. -N.
SN + R20,C-N=N-CO,R? 0 mol% DABCO N"COR
2C-N=N-CO,
ri,12h z

Z = NC, MeCO,, CgH5CO,, p-CICgH4CO,,
p-MeCgH,4CO,, p—N02C6H4002

R =iPr. 24-91%
R = Et: trace-95%

Scheme 19.

Mechanistic Study

The generally accepted mechanism of the aza-Baylis—
Hillman reaction is shown in Scheme 20.1??!

N Z>COR?
u
NHR?®
) (R3N or RP)
R1)TCOR
R3HN g o
N2
RAﬁR ﬁRZ
. N
¢ Nu Nu A
NR?
RT TH
3N O
RN |,
RH\HRZ
Nu®
B
Scheme 20.

Jacobsen et al. monitored reactions between methyl acry-
late and nosylimines in CHCl; in the presence of DABCO
as catalyst by GC analysis.”® The initial rates were found
to follow Equation (1).

_ a[DABCO][Acrylate][Imine]
1 + h[Imine]

)

A prominent primary kinetic isotope effect was observed
(kH/kD = 3.81) on comparison of the initial reaction rate
of methyl acrylate with that of separate reactions of a-de-
uteriomethyl acrylate, strongly suggesting that deproton-
ation of the a-H(D) (B to C in Scheme 20) was rate-limit-
ing.

Leitner et al. monitored the aza-Baylis—Hillman reaction
between methyl vinyl ketone and a fluorinated N-tosylated
imine in the presence of PPh; in THF at room temperature

Eur. J. Org. Chem. 2007, 2905-2916
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by F NMR spectroscopy (Scheme 21). The rate law
derived by analysis of the initial rates as a function of con-
centration for the individual components is shown in Equa-
tion (2). The broken order of 0.5 in imine indicates that the
rate-determining step (RDS) is partly influenced by proton
transfer.[>4

o
F =NTs HJ\
O T

Equation 2: rate = k

obs

TS\NH o

FWJ\

[PPh,J'[MVK][imine]°s

PPhy

[Dg]THF

Scheme 21.

rate = kops[PPhs]'[MVK]![Imine]® )

A variety of Bronsted acidic additives with different pK,
values was examined, with 3,5-bis(CF3)phenol — at a pK,
about 8§ — corresponding to a 14-fold rate enhancement rela-
tive to the reaction without additive. Examination of the
kinetics in the presence of phenol as a prototypical additive
revealed that the rate law of the reaction changes in the
presence of the Bronsted acid, showing first-order depen-
dence in imine [Equation (3)], so the elimination step is no
longer involved in the RDS, and the proton transfer is ac-
celerated by the protic additive.**!

rate = kops[PPh3]'[MVK]'[Imine]' (3)

Multicomponent One-Pot Reactions

In 1989, Kahn et al. reported a three-component, one-
pot procedure for this reaction.[>>l However, B-substitution
in the activated alkenes was not tolerated under the condi-
tions (Scheme 22).

R3.
NH

RZJ\WCOW

COR'

W + RZCHO + HONR® 0.8 mol% PPh3
2

40 °C, 40 h, 53~98%

R! = MeO, Me; R?= Ph, nPr; R® = Ts, Boc, Cbz.

Scheme 22.

After that, multicomponent reactions were less explored.
In 2001, Adolfsson and Balan described a three-component
reaction with activated alkenes, aldehydes, and tosyl-
amines.”®! In the presence of DABCO or 3-HQD as cata-
lyst, together with La(OTf); and molecular sieves, the aza
adducts 25 were obtained in moderate to high yields, along
with some alcohol adducts 26 (Scheme 23). Subsequently,
they found that use of Ti(OiPr), as the Lewis acid co-cata-
lyst was superior to that of La(OTf);, giving better chemo-
selectivity in the aza adducts 3.7
2909
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15 mol% base, Ar o 0O Ar
0 0 Y
z Y 2mol%La0Th; 2 VSR L2 oH
Tt OACHO * N SR +
MS, 2-propanol,
20-72 h 25 26

DABCO: 27-87% 0-14%
3-HQD: 21-90%

Z = CO,Me, CO,tBu, CN, SO»CgHs.

Ar = CgHg 3-CICgH4, 3-NO,CgHy, 4-NO,CgHy,
4-MeOCgH, 2-naphthyl, 2-furanyl, 2-pyridyl.

R = Me, CgHs 4-MeCgHy 4-MeOCgH4, 2-NO,CgHy.

0-26%

Scheme 23.

Furthermore, we found that one-pot, three-component
reactions of arylaldehydes, diphenylphosphinamide, and
methyl vinyl ketone could be achieved in the presence of
TiCly, PPhs, and Et;N, giving the corresponding aza-
Baylis-Hillman adducts in moderate to good yields
(Scheme 24).1281

0.8 equiv. TiCly, 12 equiv. Et3N,
0.1 equiv. PPh3, CH,Cl,

r.t., 12-120 h, 42-86%

i1
_PPh
HNT 2

)\H/COMe
Ar

0 COMe
ArCHO + HgN-PPhy + |f

Ar = 4-EtCgH, 4-MeCgHy, 4-MeOCgH, 4-FCgH, 4-CICgH, 4-BrCgHy,
4-NO,CgHy, 2-CeHsOCgHs CoHsCH=CH, 1-naphthyl

Scheme 24.

Polymer-Supported Reagents and Catalysts

In order to improve the efficiency of the catalysts and to
simplify the workup procedures, polymer-supported rea-
gents and catalysts have also been adopted in aza-Baylis—
Hillman reactions. Jung and Richter reported a three-com-
ponent reaction with polymer-bound acrylic acid, alde-
hydes, and sulfonamides in the presence of DABCO as cata-
lyst.1?%1 After cleavage from the polymer support, the prod-
ucts 27 were obtained with high purities (Scheme 25).

1
) DABCO, dioxans, o0 R

o Q.0
1L o S “NHS 709, 20 h = ,S-NJ\(COHH
O_o_. + RicHO + (\H 2 — = | H
| o b} DCMITFA, 30 min _ S
s RZ
bl
R' = 4-FCgH, 4-CICgH, 4-BrlgH, 2-BrCgH, 2,4-ClaCeHs

3-CF3CgHy 2-furyl, thiophen-2-y|
RE = H, 4-Me, 4-NO, 2-CI, 3-Cl, 4-Br, 4-OMe

purity: 53-90%

Scheme 25.

The polymer-supported catalysts PEG-(PPh,), and po-
lyDMAP were also adopted by us for reactions between N-
tosyl imines and methyl vinyl ketone or acrylates.*”) The
corresponding aza-Baylis—Hillman adducts were obtained
in good yields and the catalysts could be easily recovered
and reused (Scheme 26).

10 mol% PEG-(PPhy), NHTs O
or 20 mol% polyDMAP

R
ACH=NTs + 2 Ar/K(HLR

O  CHyCly, rt, 20-72 h, 25-87%

Ar = CgHs, 4-MeCgHg, 4-MeOCgHj, 3-FCgHy 4-FCgH.,
3-CICgH., 4-CICgH4, 4-BrCgHs, 3-NO,CeHy, 4-NOCgHy
R= Me, OMS, Oc6H5

Scheme 26.
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Later on, we and Toy et al. found that polystyrene-sup-
ported triphenylphosphane was an effective catalyst for the
reactions between N-tosyl imines and methyl vinyl
ketone.’!] The corresponding aza-Baylis—Hillman adducts
were obtained in excellent yields and the catalysts could be
reused. Subsequently, the non-phosphane-bearing styrene
aromatic rings were functionalized with polar groups and
a series of such catalysts were examined for their catalytic
efficiency in a range of solvents.*?! It was observed that
incorporation of 4-methoxystyrene into the polymer af-
forded the best support in terms of catalyst efficiency.

Asymmetric Aza-Baylis—Hillman Reactions

The early work in this area focused on the application
of enantiopure electrophiles, while later on various chiral
catalysts for the reaction were developed.

In 1994, Kiindig et al. explored the reaction behavior of
methyl acrylate and acrylonitrile in the presence of enantio-
pure planar chiral o-substituted Cr(CO);.133 In the presence
also of DABCO as catalyst, the corresponding aza-Baylis—
Hillman adducts were obtained in good yields. Removal of
the metal provided chiral amines in high yields and enantio-
meric excesses (Scheme 27).

OMe OM

©
@JO a) TsNHa, MS 4 A, toluene, 80 °C, 15 h @}Nj‘ﬂ/HTS
z

i B) ==\ , DABCO, 25°C, 1-3 h |
Cr(CO)3 z Cr(CO)3

Z =CN, 85%;

OMe NHTs
B z Z = COsMe, 81%

¢) hv, air, CH3CN

Z = CN, 90%, 99% ee
Z = COyMe, 92%, 96% ee

Scheme 27.

Later on, Aggarwal etal. used enantiopure N-sulfin-
imines in aza-Baylis—Hillman reactions with methyl acrylate
in the presence of 3-HQD and Lewis acid. The desired ad-
ducts were obtained with good diastereoselectivities
(Scheme 28).134

1
(o] 100 mol% 3-HQD, HN’SOR

oy H 5 mol% Lewis acid
RW/S\N/)\RZ + ‘ OMe

R' = p-Tol, tBu.
RZ = CgHg, 4-NO,CgHa, nPr

1
HN/SOR \

RzJ\”/COZ'V'e R RZWCOZMe

dr = 4:96 to 45:55

r.t., 7 days, 4-89%

Scheme 28.

Subsequently, enantiopure N-sulfinimines were also
adopted by us for reactions with cyclopent-2-en-1-one.>!
Good yields and diastereoselectivities of the aza-Baylis—
Hillman adducts were achieved (Scheme 29).
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,S0Tol-p ,SOTol-p
O HN [0} HN
10 mol% PPhMe;, toluene A
. —— R + R
r.t., 3-9 days, 52-83%

dr=88:1210 937

o]
o H
p»ToI'S\N/)\R + é

R = CgHs, CgHCHoCHy, 4-EtCgHa, 4-CICgH,,
4-BrCgHy, 3-FCgHy, Me(CHy)s, 3,4-CloCqHg

Scheme 29.

Great efforts to achieve catalytic asymmetric versions of
the aza-Baylis—Hillman reactions have also been made. The
chiral amine quinidine derivative 28 was used by us as a
promoter for aza-Baylis—Hillman reactions between N-sul-
fonyl imines and various activated alkenes such as alkyl vi-
nyl ketone, acrolein, and acrylates.?®371 The corresponding
adducts were obtained in moderate to good yields and with
good to excellent enantiomeric excesses (Scheme 30).

10 mol%

4
Ar-CH=NTs + ﬂ

absolute
configuration

solvent, 4-96 h, 34-84%

Ar = CgHs, 4-MeCgHy, 4-EtCgHg, 3-FCeH,, 4-FCgH,, 46-99% ee (Z = COMe, COEN) R
2,3-CloCqHa, 3-CICgHa, 4-CICqHy, 4-BrCeH,, ~ 43-89% ee (Z = CHO, COMe, S
4-NO,CgHs, CgHsCH=CH, 2-furyl €O;Ph, COo(a-naphthyl))

R =Ts, Ms, SES

Scheme 30.

Adolfsson and Balan applied the same catalyst to the
three-component reaction between acrylates, aldehydes, and
tosylamines in the presence of Ti(OiPr), and molecular si-
eves as additives (Scheme 31).38 Good yields and enantio-
meric excess were also achieved.

O NHTs
0 o 15 mol% 28
+ TsNHy + e RO Ar
Ar/u\ H 2 \)kOR 2 mol% Ti(OPr),,
.05,
MS, THF, c1, 48 h.  12795%
49-74% ee

R = Me, fBu
Ar = CgHg, 3-ClCgH4 3-NOxCgH4 4-NOCgHy,
4-MeOCgHy, 2-naphthyl, 2-furyl, 2-pyridy!

Scheme 31.

This catalyst was also adopted by Hatakeyama et al.
in reactions between N-(arylmethylene)diphenylphosphin-
amides and hexafluoroisopropyl acrylate (HFIPA), giving
the corresponding aza-Baylis—Hillman adducts in moderate
to excellent yields and with good enantiomeric excesses
(Scheme 32).13

. h
CFy O HN PO)Phz
NI,P(O)th 0 CF 10 mol% 28 Fic 0 A
+ 0" “CF; DMF, -55°C, 2-120 h
Ar®H ‘ 42-97%
54-73% ee

Ar = CgHs, 4-NO,CgHg, 1-naphthyl

Scheme 32.

Recently, Sasai et al. reported a chiral asymmetric aza-
Baylis—Hillman reaction of N-tosyl imines with acrolein
and alkyl vinyl ketones catalyzed by the BINOL-derived
amine 29.1° The corresponding aza-Baylis—Hillman ad-
ducts were obtained in good to excellent yields and with
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high enantiomeric excesses (Scheme 33). On replacement of
the iPr group in amine 29 with other substituents, the de-
rived catalysts were less effective either in yield or enantio-
selectivity.#1]

=
OH O NHTs
)OK/ 10 mol% 29 :
Ar-CH=NTs + F R Ar
R ~15°C, 12~168 h, 88-96%
87-95% ee

Ar = CgHs, 4-MeOCgHy, 4-CICgHy, 3-CICgH4,
4-BrCgHy, 4-NOyCgHy, 2-furyl, 4-naphthyl
R=H, Me, Et

Scheme 33.

Jacobsen et al. have developed highly enantioselective
catalytic aza-Baylis—Hillman reactions between nosylimines
and methyl acrylate in the presence of chiral thiourea deriv-
atives 30 and DABCO as co-catalyst (Scheme 34).[3

Q s By
NJ\NJ\H/N‘Bn
0

,ij H H
‘s
OH
10 mol%
molve 30
But Bu

NsHN o
10 mol% DABCO, MS 3 A ;
Ar-CH=NNs + y_CO,Me Ar
xylenes, 4 °C, 16-36 h, 25-49%

OMe

87-99% ee

Ar = CgHs, 3-MeCgHy, 4-CICsH,, 3-CICgHy,
4-BrCgHy, 3-MeOCgHj, 2-thiophenyl
1-naphthyl, 3-furyl

Scheme 34.

As well as chiral amines, we also found that the chiral
phosphane 31 was a successful catalyst for asymmetric
aza-Baylis—Hillman reactions between N-sulfonyl imines
and acrolein, alkyl vinyl ketones, and acrylates

(Scheme 35).142:431
(o
g™«
o 10 mol% RH'\?l 2

3N 2
Ar-CH=NR! + \)J\Rz Ar/\[ﬁkR

solvent, 2-168 h
26-99% yields,

Ar = CgHs, 4-MeCgHy, 4-EtCgH,, 3-FCgHy, 4-FCgHy, 18-95% ee
2-CICgHy, 3-CICgH,, 4-CICgHg4, 4-BrCgHy, 2-NOsCgH,4,  With MS: 17-96% yields,
79-92% ee

3-NOCgHy, 4-NO,CgH4, CsHsCH=CH
R'=Ts, Ms, SES, 4-CICsH,SO,
R? = H, Me, Et, OMe, OPh, O-1-naphthyl, O-2-naphthyl

Scheme 35.

We subsequently synthesized a more nucleophilic chiral
phosphane 32 and used it in aza-Baylis—Hillman reactions
between N-sulfonyl imines and cyclohex-2-en-1-one or cy-
clopent-2-en-1-one.*¥ The resulting adducts could be ob-
tained in good yields and with moderate enantiomeric ex-
cesses (Scheme 36).
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()
™
9] 10 mol%

32
Ar—CH=NTs +
THF, 78 °C—r.t,, 12 h, 70-93%

Ar = 4-EtCgHy, 4-CICgHa, 4-NO»CgHa, 4-MeOCgHy.
4-BrCgHy, 3-CICgHa, 3-NO,CgHy

O NHTs

55

30-64% ee

Scheme 36.

The structure of the catalyst 31 was then modified
through the introduction of two perfluoroalkane chains
onto the naphthalene framework (Figure 1); the corre-
sponding adducts could be obtained in good yields and
with good to excellent ee values.*’] Catalyst 34 was more
effective in this reaction than the previously reported origi-
nal chiral phosphane 1 (Scheme 37).

(C6F13C2H4)3Si CeF13
(CeF13C2H4)3Si CeF13
Figure 1. Chiral phosphane Lewis bases bearing perfluoroalkanes

as “pony tails”.

RHN ©
Ar/\”/u\

catalyst 33: 53-88% yields,

0]

Ar-CH=NR + \)K

10 mol% catalyst

solvent, 12—48 h

Ar = CgHs, 3-FCgHy, 4-FCgHy, 2-CICgH,,

4-CICgHy, 4-BrCgHs, 3-NO2CgHy, 52-82% ee
4-NO,CgH4 CsH5CH=CH catalyst 34: 69-91% yields,
R=Ts,Ms 71-95% ee
Scheme 37.

Later on, we modified catalyst 31 to incorporate a series
of multiple phenol groups and it was found that catalyst 35
gave the best asymmetric induction.™®! The corresponding
adducts could be obtained in >90% ees and with good to
excellent yields at —20 °C or room temperature (25 °C) in
THF in the cases of most of the substrates with MVK,
EVK, or acrolein as a Michael acceptor (Scheme 38).

o]
OH HO
COmee )
35 RHN ©

o 10 mol%

\)L Ar R?
R?  THF, -20-25°C, 4-84 h, 67-97%

Ar=CH=NR" +
72-96% ee
Ar = CgHs, 4-MeCgHy, 4-EICgH,, 3-FCgHy, 4-FCgHy, 4-CICgH,, ’
2-CICgHg, 3-CICgHa, 4-BrCgHy, 2-NOoCgHy, 4-MeOCgHy,
3-NO,CgHa, 4-NO,CgH, CoH5CH=CH
R' = Ts, Ms; R? = H, Me, Et

Scheme 38.

Sasai et al. also functionalized BINOL at the 3-position
with a series of aryl phosphanes.*”! It was found that cata-
lyst 36 was able to catalyze asymmetric aza-Baylis—Hillman
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reactions between N-tosyl imines and vinyl ketones effec-
tively (Scheme 39).

O  NHTs
(0] 10 mol%
Ar-CH=NTs + o = Ar
BuOMe, 20 °C, 2-12 d, 85-100%
82-94% ee

Ar = CgHs, 4-MeOCgHg, 4-EtCgHy, 2-CICgH4, 4-CICgH,,
4-NO,CgHy, 4-BrCgHy, 2-furyl, 1-naphthyl, 2-naphthyl
R = Me, Et, Ph

Scheme 39.

For reactions between N-(arylmethylene)diphenylphos-
phinamides and other ordinary activated alkenes such as
methyl vinyl ketone, acrylonitrile, or phenyl acrylate, neither
the chiral amine 28 nor the chiral phosphane 31 was able
to provide a good enantiomeric excess (Scheme 40).[1¢]

” %j 00
PPhy
PPh2

Q Z 10 mol%
Ph—CH=N-PPh; + [ 2 28

solvent, -20 °C or r.t., 2-5 days, 32-82%

Z = COMe, CN, CO,Ph 8-47% ee

Scheme 40.

Leitner et al. found that triphenylphosphane, either alone
or in combination with protonic additives, could cause race-
mization of the aza-Baylis—Hillman product through proton
exchange at the stereogenic center, though the chiral cata-
lyst 31 developed by our group did not induce any racemi-

zation on a similar timescale (Scheme 41).124
OH
TSHN O
TSHN O N
: PPhs, F3C CF3
THF, rt Br
Br 12 h: 20% ee
88% ee 120 h: 0% ee
Scheme 41.

As well as chiral catalysts, chiral reaction media have also
been found to display good asymmetric induction capabili-
ties. Very recently, Leitner et al. performed reactions in the
chiral ionic liquid methyltrioctylammonium dimalatoborate
(37).14%1 In the aza-Baylis—Hillman reaction between methyl
vinyl ketone and N-(4-bromobenzylidene)-4-toluenesulfon-
amide, up to 84% ee and 39% conversion was observed
(Scheme 42).
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0, _OH HO__o
(MtoAR

i °N 0
P
o o7 ~d €00 TsHN O
HJ\ 37 M
| 10 mol% PPhs, rt, 24h g,

up to 84% ee, 39% conversion

=NTs
o
Br

Scheme 42.

Applications of the Aza-Baylis—Hillman Adducts

In 1988, Yamamoto et al. reported diastercoselective hy-
drogenations of the adducts 38 derived from the aza-Baylis—
Hillman reaction between methyl benzylidenecarbonate and
methyl acrylate.[*? Excellent anti selectivity was observed.
This was the first example of the transformation of a aza-
Baylis—Hillman adduct (Scheme 43).

NHCO,Me
20 mol% DABCO CO,Me
PhCH=NCO,Me + <%, CO,Me ——M8MM 2
2 T2 . 80%
NHCO,;Me 38
NHCO,Me 2
: COyMe
Hy/Cat /'\/COZMe + Ph 2
threo erythro
conversion = 100%, threolerythro > 99:1
Scheme 43.

The same workers subsequently developed a kinetic reso-
lution strategy for 38 through the use of chiral Rh! or Ru!
catalysts.5% One typical example is shown in Scheme 44.

NHCO;Me NHCO,Me NHCO,Me
- - COM
Ph)\WCOQMe Ha [[RU(OAC)y(S)-BINAP] Ph)YCOZMe . Phﬁf 2Me
MeOH, r.t., 10 h.
38 threolerythro = 94:6 81% ee

conversion = 52%
Scheme 44.

Later on, Perlmutter et al. described hydrogenations of
the adducts derived from aza-Baylis—Hillman reactions be-
tween N-tosyl imines and ethyl acrylate and also investi-
gated the direct photochemical reductive detosylation of the
hydrogenated products.’!! One typical example is shown in
Scheme 45.

NHTs NHTs NHTs
Ph CO,Et Pd/C, H, CO,Et . CO,Et
rt,98% N Ph/\f
11
NaBHj, hv NHz

aqueous EtOH, 81%

NHz
CO,Et R Et
Ph)w/ 2Bt Ph/TCOZ

Scheme 45.

Burger et al. demonstrated a simple synthesis of partially
fluorinated B-amino acids by hydrogenation (and subse-
quent hydrolysis if necessary) of the aza-Baylis—Hillman ad-
ducts derived from hexafluoroacetone N-benzoylimines and
acrylates (Scheme 46).[1°]
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P o2 FC_CF.
Hy, PdIC, MeOH HNK(COzR 1)KOH, MeOH_ >/ %oq 1y
3 days 1 onc M
FaC_CFa R? = Mo R ) R

R' = PhCO, 89%

R' = PhCO, 90%
R' = tBuOCO, 88%

R' = tBuOCO, 92%

Hy, Pd/C, MeOH

R' = PhCO, RZ= CH,Ph: 90%
R' = tBUOCO, R? = CH,Ph: 88%

Scheme 46.

Saidi et al. used iminium salts prepared in situ as electro-
philes for reactions with methyl acrylate in the presence of
DBU as catalyst to give the corresponding aza-Baylis—Hill-
man adducts as intermediates, which were trapped by (tri-
methylsilyl)dialkylamines to give the diamines in good
yields (Scheme 47).5%!

o
@ .
o 10 equiv. LiCIO,4 NRZ, | 1.25 equiv. ﬁj\OMe
L+ REGNSIMe;————— 1 _—
R 25equy, 120, 30 min R'”H | 10 mol% DBU, rt, 5h
NR2, . NRZ,
COpMe | RONSIMes -, A COMe
R? 65-95%
NRZ,

R' = CgHs, 2-CICgH,, 4-CICgH, 4-BrCaHg 3-NO3CoHa,
2,4-C|206H3_ 4-MSOCGH4v iPr.

R%N = EtN, Me;N, g N, CN
_/

Scheme 47.

Hatakeyama et al. reported the conversion of the adduct
39 derived from N-(arylmethylene)diphenylphosphinamides
and hexafluoroisopropyl acrylate into a B-lactam. The di-
phenylphosphinoyl group was cleaved upon acid hydrolysis
to give the B-amino acid hydrochloride 40, which was sub-
sequently transformed into B-lactam 41 in the presence of
BOPCI and triethylamine (Scheme 48).[3%]

o+ O
PhoOPN O GF;  20% Hel c NH3 0 BOPCI, EtzN Hl\\l:/&
Ph o)\ca reflux, 2 h Ar/\[ﬁkOH THF Ph’
41
39 40 46% overall
Scheme 48.

If tosyl groups in aza-Baylis—Hillman adducts could be
easily removed, the synthetic utility of the amino adducts
could be expanded. We reported that the tosyl group in the
adduct derived from the aza-Baylis—Hillman reaction be-
tween N-tosyl imine and acrolein could be changed into the
synthetically more wuseful Boc group in good yield
(Scheme 49).1#
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O NHT:
S LiAlHg, THF NHTs (Boc),0, DMAP
H)H‘/kAr 0°C,4h,8% Ar OH CH,Cly, rt., 2 h, 99%
BOC\NTS Boc\NH
Mg, MeOH
Ar)\”A OHM “sonication, 82%  Ar OH
Ar = 4-FCgH,
Scheme 49.

We also found that treatment of the adducts 42 derived
from aza-Baylis—Hillman reactions between N-tosyl imines
and phenyl acrylate could give rearranged products 43
(Scheme 50).1

o]

30 mol% DBU Ro)ﬁ/ﬂm

toluene, reflux, 2h  TsHN
43
Ar = CgHs, R = CgHys: 65%
Ar = 4-CICgH, R = Me: 74%

O  NHTs
RO Ar

42

Scheme 50.

Adolfsson and Balan reported a rapid method for the
formation of functionalized 2,5-dihydropyrroles 45 using
ruthenium-catalyzed ring-closing metathesis under micro-
wave irradiation.[¥ The diene substrates 44 were efficiently
prepared by allylation of the aza-Baylis—Hillman adducts
25 (Scheme 51).

Mes- NYN Mes
R
e 00 swam O o 9P
i 8. N mol% RN
R'S‘NH allyl bromide, KoCO3, R S N RSN )
A,)\WZ DMF, r.t. Ar)w/z CH,Cly, 100 °C (microwave)  Ar
60--120 h, 78-95% Z
25 44 45

Z = COyMe, CO,tBu
Ar = CgHsg 3-ClCgHy 4-MeOCgHy 2-naphthyl, 2-pyridyl.
R = 4-MeCgHy 4-NO,CgHy

Scheme 51.

Later on, Lamaty et al. converted the tosyl group into a
SES group by the above methodology.** The SES group
was then cleaved under basic conditions (Scheme 52).

50 mol% DABCO, NHSES
COMe 2 mol% Ti(OiPr), CO,Me
SESNH, + ArCHO + [ Ar ’
MS, 2-propanal,
70°C,6-72h 60-90%
/A

~N__N.
Mes \( Mes
5mol% %'I'QR‘UR o
P(Cy);

CHyCly, r.t. or microwave

SES\N/\/

Ar)WCOZMe

97-99%

HN
Y
Ar
COsMe
66-88%

allyl bromide, K,CO3
DMF, rt,6h

{BUOK

DME, rt, 2 h
CO,Me

90-98%

Ar = various aromatic groups

Scheme 52.
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Lamaty etal. also developed three-component aza-
Baylis—Hillman reactions between methyl acrylate, alde-
hydes, and PEG-SES amine in the presence of DABCO as
catalyst, giving the adducts 46 in high yields.[>> Subsequent
hydrogenation and desulfonylation converted the polymer-
supported products 46 into f-amino esters 48 with high pu-
rities (Scheme 53).

_SES-PEG
10 mol% DABCO, neat ~ HN

70°C, 12 h, 77-95% R

COMe

PEG-SES-NH, + RCHO + [ CO,Me

R = various aromatic groups or 3-methylpropyl 46

_SES-PEG
20 mol% Rh(PPhg);CI  HN

Hy CH,Clp 12 h R

NHAc

R)\rcone

47 48
86-92% 25-34%

R = CgHg, 4-MeO,CCgHy, 3,5-(MeO),CqHa, 2-furyl

CsF, Acy0, EtgN

COMe 70°C 12 h

Scheme 53.

Back et al. reported that the adducts derived from aza-
Baylis—Hillman reactions between imines and buta-1,3-
diene sulfone could be cyclized to the corresponding func-
tionalized piperidines in high yield in the presence of as
catalyst of K,COj; with UV light irradiation.['¥ One repre-
sentative example is shown in Scheme 54.

_S0zPh
N Ph

H
Ts
Ph | KGO, DMF/H,0  PhSO2. ‘ Ts
hv, 84%

A variety of transformations of the aza-Baylis—Hillman
adducts have more recently been demonstrated by Jacobsen
et al. (Scheme 55).[%

Scheme 54.

R = C(CH3);NO, HN,Ns
CH(COCH;3), T H
CH(COOCHS3), Ph > CO;Me Ns.
CN conjugate NH O
N R addition

PhYJ\OH

CO,Me
Ph/\£ 2 511915_01/0 ; -amino acid
dr=11t06: formation
epoxidation 92%
70% NE
dr=8:1 Os, "{}No2 T J@A
H 2% B phAﬂ/cone
o) COzMe CO,Me
N Ph
| Ph . /\W alkylation
Ph B b 97%
HN\Ns dr=1.7:1 dr=28.5:1
66%
[3+2]cycloaddition 54% dr=4:1
M
P /\,/COZ e
B COMe |al0 hydrogenation
Ph/\»[ Me
OH
cross-coupling dihydroxylation

Scheme 55.

Vasudevan et al. synthesized a series of bicyclic scaffolds
by intramolecular Heck coupling of aza-Baylis—Hillman ad-
ducts with an ortho-halo-substituted sulfonamide or alde-
hyde as the starting material (Scheme 56 and Scheme 57).[¢
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o}
- SONH; aza-Baylis-Hillman " Xx~SO2NH
OMe + ArCHO + || Rk aatliabny COaMe
| R Br 271% AP A
o, 0
i S
_Heck coupling A Ar= 4-CICgHy, 4-MeOCgH,, 4-pyridyl
45-60% R// — R=H, 4-CF3
CO,Me
Scheme 56.
o NHSO,Ar
CHO . CO.Me
S N ~Hill AN
ﬁomw ArSONH, + @: sza-Baylis-Hilman_ w
" 74-77% R e
NHSO2Ar
Heck coupling Ar= 4-MeCeH,. 4-FCaH
—— COMe - 674, s,
50-77% R// R = 5-Me0, 4,5-OCH,0

Scheme 57.

Summary and Outlook

Although excellent progress has been made in the area
of the aza-Baylis—Hillman reaction, many challenges and
questions still remain. The detailed mechanism of the reac-
tion is still undiscovered, the substrate scopes are still lim-
ited, and further synthetic applications of the correspond-
ing adducts have yet to be fruitful. This field is developing
at a rapid pace and surely further progress will be forthcom-
ing.

Abbreviations

BINOL = 1,1'-bi-2-naphthol, Boc = tert-butyloxycarbonyl, BOPCI
= bis(2-oxo-3-oxazolidinyl)phosphinic chloride, Cbz = benzyloxy-
carbonyl, DABCO = 1,4-diazabicyclo[2.2.2]octane, DBU = 1,8-di-
azabicyclo[5.4.0Jundec-7-ene, DMAP = 4-(dimethylamino)pyr-
idine, 3-HQD = 3-hydroxyquinuclidine, Ms = mesyl, MS = molecu-
lar sieves, MTOA = methyltrioctylammonium, Ns = p-nitrophen-
ylsulfonyl, PEG = polyethylene glycol, SES = 2-(trimethylsilyl)eth-
ylsulfonyl, TFA = trifluoroacetic acid, Ts = tosyl.
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