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Abstract: The aza-Baylis–Hillman reactions of N-(ar-
ylmethylene)diphenylphosphinamides with methyl vi-
nyl ketone (MVK), methyl acrylate, acrylonitrile, eth-
yl vinyl ketone (EVK), phenyl vinyl ketone (PVK),
phenyl acrylate, 2-cyclopenten-1-one, 2-cyclohexen-
1-one have been systemically investigated in the pres-
ence of various Lewis bases. The Lewis base and sol-
vent effects in these reactions have been discussed. A
new class of double aza-Baylis–Hillman reactions (in

some cases exclusively) and their further transforma-
tions including catalytic, asymmetric version in the
presence of chiral nitrogen and phosphine Lewis bas-
es have been disclosed in this paper.

Keywords: N-(arylmethylene)diphenylphosphin-
amide; aza-Baylis–Hillman reactions; DABCO, Lewis
bases; organic catalysis; phosphanes

Introduction

Great progress has been made in the execution of Bay-
lis–Hillman reaction,[1] forwhich several catalytic, asym-
metric versions have been published,[2] since Baylis and
Hillman first reported the reactions of acetaldehyde
with ethyl acrylate and acrylonitrile in the presence of
catalytic amounts of strongLewis base such as 1,4-diaza-
bicyclo[2.2.2]octane (DABCO) in 1972.[3] Besides the
traditional Baylis–Hillman reactions,[4] recently, the
scope and limitations of aza-Baylis–Hillman reactions
have been extensively investigated.[5] Some unprece-
dented reaction patterns and a catalytic, asymmetric
version of the aza-Baylis–Hillman reaction usingN-sul-
fonated imines as the substrates have been disclosed by
our group.[6] N-(Arylmethylene)diphenylphosphina-
mides 1 are another well-known class of electron-defi-
cient imines.[7] Therefore, it will be of interest to investi-
gate their aza-Baylis–Hillman reactions with various ac-
tivated olefins in the presence of Lewis base promoter.
Previously, we reported the aza-Baylis–Hillman reac-
tions of 1 with methyl vinyl ketone, methyl acrylate,
and acrylonitrile catalyzed by various Lewis bases to
give the adducts in good yields in a short communica-
tion.[6d,8] Herein, we wish to report the comprehensive
aza-Baylis–Hillman reaction patterns of N-(arylmethy-
lene)diphenylphosphinamides 1 with various activated
olefins including methyl vinyl ketone (MVK), methyl

acrylate, acrylonitrile, ethyl vinyl ketone (EVK), phenyl
vinyl ketone (PVK), phenyl acrylate, 2-cyclopenten-1-
one, and 2-cyclohexen-1-one in the presence of various
Lewis base promoters. The Lewis base and solvent ef-
fects in these aza-Baylis–Hillman reactions have been
investigated. Some unprecedented reaction patterns de-
rived fromdouble aza-Baylis–Hillman reactions are dis-
closed in this paper. In addition, the catalytic, asymmet-
ric version in the presence of chiral nitrogen and phos-
phine Lewis bases has been investigated.

Results and Discussion

Aza-Baylis–Hillman Reactions of 1 with MVK

The Lewis base promoters and solvents for the aza-Bay-
lis–Hillman reactions ofN-(benzylidene)diphenylphos-
phinamide 1awithMVKwere first systematically exam-
ined (Scheme 1). The results are summarized in Table 1.
We found that the Lewis base and solvent played very
important roles for this reaction. For example, using
10 mol% of PPh3 as the Lewis base in DMF or MeCN,
the reaction proceeded verywell to give the correspond-
ing normal aza-Baylis–Hillman adduct 2a in 81% and
99%yields, respectively (Table 1, entries 2 and 4).Using
PPh2Meas theLewis base, 2awas produced in a relative-
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ly low yield (76%) under the same conditions (Table 1,
entry 5). Using PBu3 or PPhMe2 as the Lewis base,
traces of 2a were produced along with many unidenti-
fied products (Table 1, entries 6 and 7). The well estab-
lished strong nitrogen Lewis base, DABCO, gave a low-
er yield of 2a inmany solvents under the same conditions
as those catalyzed by PPh3 (Table 1, entries 8–11). In di-
chloromethane, 2a was obtained in moderate yield
(66%) (Table 1, entry 11). On use of DMAP as a nitro-
gen Lewis base in DMF, 2awas produced in 72%within
96 h (Table 1, entry 12). In all these cases, the normal
aza-Baylis–Hillman adduct 2a was formed exclusively.
For aza-Baylis–Hillman reactions of otherN-(arylme-

thylene)diphenylphosphinamides 1 with MVK using
PPh3 as Lewis base under the optimized reaction condi-
tions, the adducts 2 were obtained in good to excellent
yields (Scheme 2). The results are summarized in Ta-
ble 2. For N-(arylmethylene)diphenylphosphinamides
1 having an electron-donating group on the phenyl
ring, the corresponding aza-Baylis–Hillman adducts 2b
and 2cwere obtained in low yields in DMF (Table 2, en-
tries 1 and 2), but in MeCN or THF, 2b and 2c were
formed in 77 and 80% yields (Table 2, entries 8 and
10) or 90%and 70%yield (Table 2, entries 9 and 11), re-
spectively. For N-(arylmethylene)diphenylphosphin-
amides 1 having an electron-withdrawing group on the

phenyl ring, the corresponding aza-Baylis–Hillman ad-
ducts 2d – h were produced in high yields (Table 2, en-
tries 3–7, 12–15). In some cases, the reactions proceed-
ed smoothly to furnish adduct 2 quantitatively.

Aza-Baylis–Hillman Reactions of 1 with Methyl
Acrylate

We next examined the aza-Baylis–Hillman reactions of
N-(arylmethylene)diphenylphosphinamides 1 with
methyl acrylate in the presence of various Lewis bases
(Scheme 3). Using PPh3 or DABCO as the Lewis base,
the reaction was sluggish (Table 3, entries 1–7). By
use of the nitrogen Lewis base DMAP, 3awas produced
in traces (Table 3, entry 14). Most of starting materials
were recovered and no other product was detected.
But, we were pleased to find that on using PPh2Me as
the Lewis base in dichloromethane, the corresponding
aza-Baylis–Hillman adduct 3a was obtained in 71%
yield (Table 3, entry 10). In fact, N-(arylmethylene)di-
phenylphosphinamides 1 are more soluble in dichloro-
methane than in other solvents such as THF or DMF.
In addition, dichloromethane contains less free oxygen,

Scheme 1.

Scheme 2.

Table 1. Aza-Baylis–Hillman reactions of N-(benzylidene)-
diphenylphosphinamide (1a ; 1.0 equiv.) with MVK (1.2
equivs.) in the presence of a Lewis base (10 mol %) at
room temperature in various solvents.

Table 2. Aza-Baylis–Hillman reactions of N-(arylmethyle-
ne)diphenylphosphinamides 1 (1.0 equiv.) with MVK
(1.2 equivs.) in the presence of PPh3 (10 mol %) in DMF,
THF or MeCN.
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which can oxidize a phosphine Lewis base during the re-
action, than other solvents such as THFor DMF. There-
fore, dichloromethane is the solvent of choice for this re-
action. It should be emphasized here that when using
PBu3 or PPhMe2 as the Lewis base, 3a was obtained
only in 38% or 31% yields (Table 3, entries 8 and 9).
Upon further careful investigations such as HPLC sepa-
ration and X-ray diffraction, we found that when using
PBu3 or PPhMe2 as the Lewis base promoter, the major
product was a double aza-Baylis–Hillman adduct 4 as
mixtures of syn- and anti-isomers along with the normal
Baylis–Hillman adduct 3 (Scheme 4). Therefore, we
found out different reaction conditions for the produc-
tion of either the normal or the abnormal aza-Baylis–
Hillman adduct by change of the employed Lewis base
under mild reaction conditions.
For the aza-Baylis–Hillman reactions of other N-(ar-

ylmethylene)diphenylphosphinamides 1 with methyl
acrylate using PPh2Me as a Lewis base under the opti-
mized reaction conditions, the normal adducts 3 were
obtained inmoderate to good yields (Scheme 5). The re-
sults are summarized in Table 4. The aliphatic aza-Bay-
lis–Hillman adduct 3 h was formed in moderate yield
(Table 4, entry 7).
In fact, the formation of 4, the abnormal aza-Baylis–

Hillman adduct derived from a double aza-Baylis–Hill-
man reaction, has never been disclosed before in such a
reaction using methyl acrylate as a Michael acceptor.[9]

Using N-benzylidenediphenylphosphinamide 1a (no
substituent on the phenyl ring) as the substrate, we care-
fully examined the reaction conditions for this reaction
including Lewis bases and solvents (see Scheme S1 in
Supporting Information). The results are summarized
in Supporting Information as Table S1. Using PPhMe2

or PBu3 as a Lewis base in THF, the abnormal aza-Bay-
lis–Hillman adduct 4a can be obtained as the major
product along with minor normal aza-Baylis–Hillman
product 3a (Table S1 in Supporting Information, entries
4, 8). Using PMe3 as a Lewis base, the reaction became
sluggish, but also can produce the abnormal aza-Bay-
lis–Hillman adduct 4a in 32% yield along with a 37%

Scheme 3.

Scheme 4.

Scheme 5.

Table 3. Aza-Baylis–Hillman reactions of N-benzylidenedi-
phenylphosphinamide (1a ; 1.0 equiv.) with methyl acrylate
(1.2 equivs.) in the presence of a Lewis base (10 mol %) at
room temperature in various solvents.
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yield of 3a in THF (see Table S1 in Supporting Informa-
tion, entry 9). These results suggest that with Lewis bas-
es having stronger nucleophilicity, the abnormal adduct
4 can be produced. However, during further investiga-
tions, we found that the substituents on the phenyl ring
of 1 and the employed solvents can significantly affect
the formation of 4a. For example, withN-(p-chloroben-
zylidene)diphenylphosphinamide 1e having an elec-
tron-withdrawing group on the phenyl ring, the corre-
sponding normal aza-Baylis–Hillman adduct 3ewas ob-
tained as the sole product using PPhMe2 and PBu3 as
Lewis bases in MeCN and THF, respectively (see
Scheme S2 in Supporting Information, Table S2 in Sup-
porting Information, entries 2, 8). But, in dichlorome-
thane, 4e can be formed in moderate yields along with
the corresponding normal adduct 3e (see Table S2 in
Supporting Information, entries 1, 5). PPhMe2 gave
higher yields of 3e and 4e under the same conditions
(see Table S2 in Supporting Information, entries 1, 5).
Thus, for starting materials 1 having electron-withdraw-
ing groups on the phenyl ring, we used PPhMe2 as a
Lewis base and carried out these reactions in dichloro-
methane (Scheme 6). The double aza-Baylis–Hillman
adducts 4 were produced as the major products in
good yields (Table 5, entries 1–4). In some cases, ad-
ducts 4 were produced exclusively (Table 5, entries 1
and 3). On the other hand, for starting material N-(p-
methoxybenzylidene)diphenylphosphinamide 1c hav-
ing a strongly electron-donating methoxy group on the
phenyl ring, using PPhMe2 as a Lewis base in dichloro-
methane, the reaction became sluggish (Scheme 7, Ta-
ble 6, entry 1). Using PBu3 as a Lewis base in acetoni-
trile, DMF or CH2Cl2, the corresponding abnormal
aza-Baylis–Hillman adduct 4cwas obtained as themajor
product (Table 6, entries 3–5). However, a prolonged
time was required for this reaction. In THF, the corre-
sponding normal aza-Baylis–Hillman adduct 3c was ob-
tained in 70% yield exclusively (Table 6, entry 2). From
N-(p-methylbenzylidene)diphenylphosphinamide 1b,

4b was obtained along with the normal aza-Baylis–Hill-
man adduct 3b in THF (Table 6, entry 7). It should be
emphasized here that using the strongest nucleophilic
Lewis base PMe3, 4 was obtained in moderate yield
along with product 3 in moderate yield as well (Table 6,
entries 6 and 8). The ratio of 3:4 is variable with the em-
ployed different Lewis bases, solvents and reaction time
(see Table S2 in Supporting Information and Table S3 in
Supporting Information, entry 5). Using PMe3 as a
Lewis base, the total yields of 3 and 4 were higher than
others. Thus we carried out the Baylis–Hillman reac-
tions of other N-(arylmethylene)diphenylphosphina-
mides 1 with methyl acrylate in the presence of PMe3
(see Scheme S3 in Supporting Information). The results
are summarized in Supporting Information as Table S3.
However, using MVK or acrylonitrile as a Michael ac-
ceptor, no double Baylis–Hillman adduct was formed
at all. The relative configuration of abnormal aza-Bay-
lis–Hillman adduct 4 was determined by X-ray crystal
diffraction. An ORTEP drawing of anti-4f is shown in
Figure 1.[10] The ratios of syn and anti were determined
by 1H NMR spectroscopic data (see Supporting Infor-
mation: Scheme S1, Table S1, Scheme S2, Table S2,
Scheme S3, Table S3).
Concerning the route of formation of 4, we confirmed

that the abnormal aza-Baylis–Hillman adduct 4 was
formed from the reaction of 3 with methyl acrylate in
the presence of PBu3 Lewis base bymeans of the control
experiments shown in Scheme 8. The plausible reaction
mechanism for the double aza-Baylis–Hillman reaction

Scheme 6.

Table 4. Aza-Baylis–Hillman reactions of N-(arylmethyene)-
diphenylphosphinamides 1 (1.0 equiv.) with methyl acrylate
(1.2 equivs.) in the presence of Ph2PMe (10 mol %) in di-
chloromethane.

Table 5. Aza-Baylis–Hillman reactions of N-(arylmethyl-
ene)diphenylphosphinamides 1 (1.0 equiv.) with methyl acry-
late (2.5 equivs.) in the presence of PPhMe2 (10 mol %) in di-
chloromethane.

Scheme 7.
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is described in Scheme 8. The first step is an aldol con-
densation to form the normal Baylis–Hillman adduct
via intermediates A and B and the second step is a Mi-
chael addition of a Lewis base-generated enolate A
from methyl acrylate.[9a] The Michael addition reaction
(1,4-addition) takes place preferentially to give the dou-
ble aza-Baylis–Hillman adduct 4 because the enolateA
is a hindered nucleophile (Scheme 8). The nucleophilic-
ity of the nitrogen Lewis base is too weak to promote
such a double Baylis–Hillman reaction. With methyl vi-
nyl ketone as a Michael acceptor in the presence of
stronger Lewis bases, this reaction produced a compli-
cated mixture of unidentified products.

Aza-Baylis–Hillman Reactions of 1 with Acrylonitrile

For the aza-Baylis–Hillman reactions of N-(arylmethy-
lene)diphenylphosphinamides 1 with acrylonitrile, we

examined many Lewis bases in a similar manner as de-
scribed above in DMF at room temperature, but we
found that DABCO can effectively catalyze this reac-
tion to give the corresponding aza-Baylis–Hillman ad-
duct 5a in high yield (see SchemeS4 in Supporting Infor-
mation, Table S4 in Supporting Information, entry 2).
Using PPh3, PPhMe2, PBu3 or PPh2Me as the Lewis
base, the reaction mixture immediately became dark
and the reaction gave 5a in traces or relatively low to
moderate yields (24–60%) along with many unidenti-
fied products (see Table S4 in Supporting Information,
entries 1, 3–5). With another nitrogen Lewis base,
DMAP, no reaction occurred (see Table S4 in Support-
ing Information, entry 6). The solvent effects have
been also examined using DABCO as Lewis base. The
results are shown in Supporting Information as Table

Figure 1. The X-ray crystal structure of anti-4f.

Scheme 8. The plausible reaction mechanism for the double
Baylis–Hillman reaction

Table 6. Aza-Baylis–Hillman reactions of N-(arylmethylene)diphenylphosphinamides 1 (1.0 equiv.) having an electron-donat-
ing group with methyl acrylate (2.5 equivs) in the presence of Lewis base (10 mol %) in various solvents.
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S5. In MeCN, the aza-Baylis–Hillman adduct 5a was
produced in 86% yield (see Table S5 in Supporting In-
formation, entry 2).
Under the optimized reaction conditions, we next ex-

amined the aza-Baylis–Hillman reactions of other N-
(arylmethylene)diphenylphosphinamides 1with acrylo-
nitrile (Scheme 9). The results are summarized in Ta-
ble 7. The normal aza-Baylis–Hillman adducts 5 were
obtained in moderate to good yields in most cases (Ta-
ble 7).

Aza-Baylis–Hillman Reactions of 1 with Phenyl
Acrylate

The interesting finding in this paper is in the aza-Baylis–
Hillman reactions of N-(arylmethylene)diphenylphos-
phinamides 1 with phenyl acrylate (Scheme 10). At the

beginning, this version of the reaction was examined
with various Lewis bases. Using PPh3, DABCO,
PPhMe2, PPh2Me PMe3, or DBU as a Lewis base in
this reaction, the corresponding aza-Baylis–Hillman ad-
duct 6a was obtained in trace to moderate yields (56%)
(Table 8, entries 1–6). Using DABCO as the nitrogen
Lewis base in this reaction, we found that the adduct
6a was obtained in 17% along with the double aza-Bay-
lis–Hillman adduct 7a as a mixture of syn and anti-iso-
mers in 25% (Table 8, entry 2). Bymeans ofHPLCanal-
ysis and X-ray crystal structure diffraction (Figure 2),[11]

we found that when using PBu3 as a Lewis base, 6a was
formed in traces and the reaction gave thedouble adduct
7a as amixtureof syn and anti-isomers and theunexpect-
ed cyclized product 8a similarly as a mixture of syn- and
anti-isomers at the same time (Scheme 10, Table 8, en-
try 10). Next we carefully examined the unusual reac-
tion pattern in the reaction of 1awith phenyl acrylate us-
ing PBu3 as Lewis base. In order to improve the yields of
7a and 8a, the solvent effects were examined. The best
solvents were THF, Et2O, DME, and 1,4-dioxane (Ta-
ble 8, entries 10, 13, 15 and 16). Increasing the reaction
temperature did not improve the yields of 7a and 8a (Ta-
ble 8, entries 11, 12, 14 and 17).
PPh3 and DBU are the best promoters for the forma-

tion of the normal aza-Baylis–Hillman adduct 6a (Ta-
ble 8, entries 1 and 6). The solvent effect was also clari-
fied by use of PPh3 as a Lewis base (see Scheme S5 in
Supporting Information, Table S6 in Supporting Infor-
mation, entries 1–4). The best result was obtained in
MeCN using PPh3 as a Lewis base (see Table S6 in Sup-
porting Information, entry 2). Under the optimized re-
action conditions, we next examined the aza-Baylis–
Hillman reactions of otherN-(arylmethylene)diphenyl-
phosphinamides 1 with phenyl acrylate (Scheme 11).
The results are summarized in Table 9. For N-(arylme-
thylene)diphenylphosphinamides 1 derived from aryl
aldehydes, the normal aza-Baylis–Hillman adducts 6
were obtained in moderate yields (Table 9, entries 1–
6). For N-(arylmethylene)diphenylphosphinamide 1 h
derived from an aliphatic aldehyde, the corresponding
adduct 6 hwas obtained in low yield (19%) (Table 9, en-
try 7).

Scheme 9.

Table 7. Aza-Baylis–Hillman reactions of N-(arylmethyle-
ne)diphenylphosphinamides 1 (1.0 equiv.) with acrylonitrile
(1.2 equivs.) in the presence of DABCO (10 mol %).

Scheme 10.
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Under the optimized conditions, namely in THF at
room temperature, we carried out the reactions of vari-
ous N-(arylmethylenediphenylphosphinamides) 1 with
phenyl acrylate using PBu3 as a Lewis base (Scheme 12).
The results are listed in Table 10. In all cases, the double
aza-Baylis–Hillman adduct 7 as mixtures of syn- and
anti-isomers, except for 7 h, and the cyclized abnormal
aza-Baylis–Hillman product 8 also as mixtures of syn-
and anti-isomers, except for 8f and 8 h, were obtained
at the same time (Table 10, entries 1–7). The syn and
anti ratios of 7were determined by 1H NMRspectrosco-
py. The configuration of the cyclized abnormal aza-Bay-
lis–Hillman product anti-8a was confirmed by X-ray
crystal diffraction (Figure 2). In order to confirm the
route of formation of 8, the control experiments shown
in Table 11 were carried out in the presence of various
bases or solid acids. In the presence of organic bases
such as DBU, PBu3, BSA [bis(trimethylsilyl)acetamide]
or solid acids such asmontmorilloniteKSF clay, no reac-
tions occurred with 7a (Table 11, entries 1, 2, 4, 5). The
stronger base NaOMe caused the decomposition of 7a
(Table 11, entry 6). Only in the presence of PBu3 and
phenyl acrylate was 8a formed in moderate yield (Ta-
ble 11, entry 3). This result suggests that the intermedi-
ate enolate D, derived from nucleophilic attack of
PBu3 tophenyl acrylate (theBaylis–Hillman reaction in-
termediate) during the reaction, plays a very important
role in the formation of 8. The proton of theNHgroup is
abstracted by enolate D[12] to give the intermediate E
which produces 8 via an intramolecular nucleophilic at-
tack ofN� to the carboxylate (Scheme 13). The syn- and
anti-isomeric ratios of 8 were determined by 1H NMR
spectroscopy data (see Supporting Information).Webe-
lieve that the different syn/anti ratios between 7 and 8
are due to the different transformation rates of syn-
and anti-isomers 7 to 8. In most cases the anti-7 is
more easily converted to anti-8. At the present stage,
we cannot explain these different transformation rates.

Aza-Baylis–Hillman Reactions of 1 with Ethyl Vinyl
Ketone

In the aza-Baylis–Hillman reactions of 1a with ethyl vi-
nyl ketone (EVK), we found that only in the presence of
PPh3 did the reaction proceed smoothly and the corre-
sponding normal aza-Baylis-Hillman adduct 9a was ob-
tained as sole product (see Scheme S6 in Supporting In-
formation). On using stronger Lewis bases such as PBu3

or PPh2Me, this reaction gave many unidentified prod-
ucts as well as the double aza-Baylis–Hillman adduct.
Wehavenot yet been able topurify or isolate these prod-
ucts by a column chromatography. Using DABCO,
DMAP,orDBUas aLewis base, this reaction is sluggish.
The solvent effects were examined using PPh3 as aLewis
base. The results are summarized in Supporting Infor-
mation as Table S7. The best result is obtained in THFScheme 11.

Table 8. Aza-Baylis–Hillman reactions of N-benzylidenedi-
phenylphosphinamide (1a ; 1.0 equiv.) with phenyl acrylate
(2.5 equivs.) in the presence of Lewis base PBu3

(10 mol %) in THF.

Table 9. Aza-Baylis–Hillman reactions of N-(arylmethyl-
ene)diphenylphosphinamides 1 (1.0 equiv.) with phenyl acry-
late (2.5 equivs.) in the presence of PPh3 (10 mol %) at room
temperature in MeCN.
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(see Table S7 in Supporting Information, entry 4). Un-
der the optimized conditions, we carried out the aza-
Baylis–Hillman reactions of various imines 1 with
EVK (Scheme 14). The results are shown in Table 12.
The corresponding normal aza-Baylis–Hillman adducts
9 were formed in moderate yields (Table 12, entries 1–
5).

Aza-Baylis–Hillman Reactions of 1 with Phenyl Vinyl
Ketone

On the other hand, for the aza-Baylis–Hillman reactions
of 1awith phenyl vinyl ketone (PVK) (see Scheme S7 in
Supporting Information), we found that onlywhenusing
PPh2Me as a Lewis base in THF was the corresponding
normal aza-Baylis–Hillman adduct 10a obtained in 23%
along with the double aza-Baylis–Hillman adduct 11a in
28% (see Table S8 in Supporting Information, entry 5).
Using DABCO or PPhMe2 as a Lewis base in this reac-
tion, adduct 11awas formedexclusively in 13%and10%

Table 10. Baylis–Hillman reactions of N-(arylmethylene)di-
phenylphosphinamides 1 (1.0 equiv.) with phenyl acrylate
(2.5 equivs.) in the presence of PBu3 (10 mol %) in THF.

Table 11. Synthesis of lactam 8.

Figure 2. The X-ray crystal structure of anti-8a.

Scheme 12.
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yield in THF, respectively (see Table S8 in Supporting
Information, entries 1, 6). In CH2Cl2, MeCN, and
DMF using PPh2Me as a Lewis base in this reaction,
the adducts 11a were formed in low yields (see Table
S8 in Supporting Information, entries 2–4). The best re-
sult was obtained inTHFusingPBu3 as aLewis base (see
Table S8 in Supporting Information, entry 7). In all these
cases the double adduct 11a was formed in the anti-con-
figuration.[13] In other solvents, this reaction became
sluggish using PBu3 as a Lewis base (see Table S8 in Sup-
porting Information, entries 9–12). The interesting find-
ing in this reaction is that when the reaction time is pro-
longed to 120 h, a cyclized abnormal aza-Baylis–Hill-
man adduct 12a was formed as the anti-conformer (see
Scheme S7 in Supporting Information, Table S8 in Sup-
porting Information, entry 8 and 12). Its configuration
was confirmed by X-ray crystal diffraction (Figure 3).[14]

In Scheme 15 and Table 13, we show that the double
aza-Baylis–Hillman adducts 11 could be exclusively
formed in the presence of PBu3 in moderate yields with-
in 3 days from various imines 1. In Scheme 16 and Ta-
ble 14, we indicate that with a prolonged reaction
time, the cyclized abnormal aza-Baylis–Hillmanadducts
12were produced from various imines 1 along with dou-
ble aza-Baylis–Hillman adducts 11. In general, the reac-
tion rates in this type of aza-Baylis–Hillman reaction are
slow and the yields of 11 and 12 are moderate. The anti-
configuration of 11 was determined by 1H NMR spec-
troscopy (see Supporting Information).
The formation route for the cyclized abnormal aza-

Baylis–Hillman adducts 12 was determined by the con-
trol experiments shown in Table 14. In the presence of
PBu3, the double adduct 11 can be transformed into

Scheme 13. A plausible mechanism for the formation of 8.

Scheme 14.

Table 12. The aza-Baylis–Hillman reaction of 1 (1 equiv.)
with EVK (1.2 equivs.) in the presence of PPh3 (10 mol %)
at room temperature in THF.

Figure 3. The X-ray crystal structure of anti-12a.

Scheme 15.
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the cyclized abnormal adducts 12 after a prolonged reac-
tion period. Other bases or solid acids did not promote
this transformation (Table 15, entries 2 and 3). A possi-
ble mechanism for the formation of 12 is shown in
Scheme 17. The formed phosphonium enolateF derived
from the phenyl vinyl ketonemoiety in 12withPBu3 is in
an equilibrium with the zwitterionic intermediate G[15]

which produces the cyclized zwitterionic intermediate
H via an intramolecular nucleophilic addition. Proton
transfer and elimination of PBu3 then furnish the cy-
clized product 12 (Scheme 17).

Aza-Baylis–Hillman Reactions of 1 with 2-
Cyclopenten-1-one and 2-Cyclohexen-1-one

For cyclic enones, we examined the aza-Baylis–Hillman
reactions of 1 with 2-cyclopenten-1-one or 2-cyclohex-
en-1-one in the presence of various Lewis bases in di-
chloromethane (see Scheme S8 in Supporting Informa-
tion). For 2-cyclopenten-1-one, the Lewis bases DAB-
COandPPh3 showedno catalytic activity in this reaction
(see Table S9 in Supporting Information, entries 1 and
2). The Lewis bases PBu3 and PPh2Me gave good results
in dichloromethane (see Table S9 in Supporting Infor-

Table 13. The double aza-Baylis–Hillman reaction of 1 (1
equiv.) with PVK (2.5 equivs.) catalyzed by PBu3

(10 mol %) in THF.

Scheme 16.

Table 14. The aza-Baylis–Hillman reaction of 1 (1 equiv.)
with PVK (2.5 equivs.) in the presence of PBu3 (10 mol %)
for a longer reaction time in THF.

Table 15. Mechanistic rationale for the formation of 12.

Scheme 17. A plausible reaction mechanism for the forma-
tion of 12.
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mation, entries 3 and 6). The corresponding normal aza-
Baylis–Hillman adduct 13a was obtained in 92% yield
using PBu3 as Lewis base promoter (see Scheme S8 in
Supporting Information, Table S9 in Supporting Infor-
mation, entry 6). After examination of the solvent ef-
fects, we found that when this reaction was carried out
in THF, the yield of 13a can be improved to 97% at
room temperature (see Table S10 in Supporting Infor-
mation entry 4). For otherN-diphenylphosphorylimines
1 under the optimized reaction conditions, the corre-
sponding adducts 13 were obtained in good to excellent
yields (Scheme 18). The results are summarized in Ta-
ble 16.
However, for 2-cyclohexen-1-one, the stronger Lewis

bases PPhMe2 or PMe3 gave the best result in dichloro-
methane and the corresponding normal aza-Baylis–
Hillman adduct 14awas formed in 49% and 48% yields,
respectively (see Scheme S9 in Supporting Information,
Table S11 in Supporting Information, entries 4 and 5).
TheLewis basesDABCO,PPh3 andPPh2Medid not cat-
alyze this reaction (see Table S11 in Supporting Infor-
mation, entries 1–3). Upon examination of the solvent
effect, it was found that THF is also the best solvent
for this reaction because 14a was isolated in 81% (see
Table S12 in Supporting Information, entry 4). For the
reaction of 2-cyclohexen-1-one with variousN-(arylme-
thylene)diphenylphosphinamides 1 under the opti-
mized reaction conditions, the aza-Baylis–Hillman ad-
ducts 14 were obtained in moderate to good yields
(Scheme 19, Table 17, entries 1–7).
In all cases, only the corresponding normal aza-Baylis-

Hillman adducts 13 and 14 were formed, respectively.

Catalytic, Asymmetric Aza-Baylis–Hillman Reactions

Furthermore,we have examined the catalytic, asymmet-
ric aza-Baylis–Hillman reactions ofN-(arylmethylene)-
diphenylphosphinamides 1withMVK in the presence of
the chiral nitrogenLewis base 4-(3-ethyl-4-oxa-1-azatri-
cyclo[4.4.0.03,8]dec-5-yl)-quinolin-6-ol (TQO)[2a, c,14] and
the phosphine Lewis base (R)-2’-diphenylphosphanyl-
[1,1’]binaphthalenyl-2-ol (Scheme 20).[6f] The results
are summarized in Table 18. We first used TQO[16]

(10 mol %) as the chiral Lewis base in this aza-Baylis–
Hillman reaction in various solvents. The reaction is
sluggish in DMF and acetonitrile at room temperature.
The corresponding adduct 2awas obtained in low yields
and low enantioselectivities (23% ee and 12% ee), re-
spectively (Table 18, entries 1 and 3). Lowering the re-
action temperature to �20 8Cdid not improve the enan-
tioselectivity (Table 18, entry 4). In dichloromethane,
the adduct 2a was obtained in 73% yield, but still in
only 28% ee (Table 18, entry 2). At �20 8C, a trace of
2a was obtained (Table 18, entry 5). When the chiral
phosphine Lewis base (10 mol %) was used as the cata-
lyst in dichloromethane (Scheme 20), the reaction pro-
ceeded smoothly to give 2a in 82%yieldwith 47%ee, al-
though in DMF or THF this reaction was sluggish and
the achieved ee was low under the same conditions (Ta-
ble 18, entries 6, 7 and 10).[17] At �20 8C, this catalytic,
asymmetric reaction was sluggish in dichloromethane
and DMF (Table 18, entries 8 and 9). The chiral HPLC
charts are shown in Supporting Information.
The catalytic, asymmetric aza-Baylis–Hillman reac-

tions of N-(arylmethylene)diphenylphosphinamides 1

Scheme 18.

Table 16. Aza-Baylis–Hillman reactions of N-(arylmethyl-
ene)diphenylphosphinamides 1 (1.0 equiv.) with 2-cyclopen-
ten-1-one (1.2 equivs.) in the presence of PBu3 (10 mol %)
at room temperature in THF.

Scheme 19.

Table 17. Aza-Baylis–Hillman reactions of N-(arylmethyl-
ene)diphenylphosphinamides 1 (1.0 equivs.) with 2-cyclohex-
en-1-one (1.2 equivs.) in the presence of PPhMe2 (10 mol %)
at room temperature in THF.
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with acrylonitrile was carried out in the presence of the
chiral nitrogen Lewis base TQO with MeCN as the sol-
vent to give the adduct in 31% yield with 8% ee
(Scheme 21). This reaction is sluggish using the phos-
phine Lewis base (R)-2’-diphenylphosphanyl-[1,1’]bi-
naphthalenyl-2-ol. We also carried out the reaction of
N-(arylmethylene)diphenylphosphinamides 1with phe-
nyl acrylate in the presence of the chiral phosphine
Lewis base (R)-2’-diphenylphosphanyl-[1,1’]binaphtha-
lenyl-2-ol in dichloromethane (Scheme 21) (this reac-
tion is sluggish using TQOas chiral Lewis base). The ad-
duct was obtained in 51% yield with 23% ee. All of the
adducts were obtained in low ee and yields. Thus, reac-
tions under other conditions were not further examined.
In summary, moderate ee has been achieved in this

catalytic, asymmetric aza-Baylis–Hillman reactions us-
ingMVK asMichael acceptor in the presence of a chiral

phosphine Lewis base in dichloromethane at room tem-
perature. For other simple Michael acceptors, these re-
actions are sluggish in the presence of sterically bulky
chiral Lewis base promoters.

Scheme 20.

Table 18. Catalytic, asymmetric aza-Baylis–Hillman reac-
tions of N-benzylidenediphenylphosphinamide (1a ; 1.0
equiv.) with MVK (1.2 equiv.) in the presence of chiral phos-
phine and nitrogen catalysts (10 mol %).

Scheme 21.
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Conclusion

We have comprehensively examined the aza-Baylis–
Hillman reactions of N-(arylmethylene)diphenylphos-
phinamides 1 with various activated olefins. The Lewis
bases and solvents can significantly affect the reaction
products.We found that, when using stronger Lewis bas-
es such as PPhMe2 or PBu3 as promoters in the of 1with
methyl acrylate, phenyl acrylate or PVK, the double
aza-Baylis–Hillman adducts 4, 7, and 11 and the abnor-
mal aza-Baylis–Hillman adducts 8 or 12, derived from
the further reactions of the double adducts, can be ob-
tained either as the major products or as the sole prod-
ucts depending on the reaction conditions. This is first
report to disclose the formation of abnormal aza-Bay-
lis–Hillman adducts 8 and 12 in aza-Baylis–Hillman re-
actions under mild conditions. In addition, the catalytic,
asymmetric version of this reaction using simple Mi-
chael acceptors such as MVK, acrylonitrile or phenyl
acrylate has been investigated. Moderate ee in the aza-
Baylis–Hillman reaction of N-benzylidenediphenyl-
phosphinamide (1a) with MVK has been achieved. On
the basis of our previous results of the aza-Baylis–Hill-
man reactions using N-sulfonated imines (ArCH¼NTs
or ArCH¼NMs) as the electrophiles, it is clear that the
reaction rate of this reaction is slow for many Michael
acceptors under the same conditions. The significant ad-
vantage in this type of aza-Baylis–Hillman reaction is
the ease of removal of the diphenylphosphinyl group
from the corresponding adduct because the sulfonyl
group (Ts or Ms) in the adducts derived from N-sulfo-
nated imines (ArCH¼NTs or ArCH¼NMs) is usually
very difficult to remove. A typical procedure is as fol-
lows: upon heating in 10–20% aqueous HCl solution
for several hours, the diphenylphosphinyl group can be
removed perfectly to give the corresponding b-amino-
carbonyl products (Scheme 22).[2d] Efforts are underway
to elucidate the mechanistic details of this reaction and
the key factors of the Lewis base for different substrates
of the Baylis-Hillman reaction. Work along this line is
currently in progress.

Experimental Section

General Remarks

Unless otherwise stated, all reactionswere carriedout under an
argon atmosphere. All solvents were purified by distillation.
Methyl vinyl ketone and tributylphosphine were obtained
from Tokyo Chemical Industry (Tokyo Kasei Co. Ltd.) and
usedwithout purification.AllN-tosyl imineswere prepared ac-
cording to the literature. Infrared spectra were measured on a
Perkin-Elmer 983 spectrometer. 1H-NMR spectra were re-
corded on a 300 MHz spectrometer in CDCl3 using tetrame-
thylsilane as the internal standard.Mass spectra were recorded
with an HP-5989 instrument and HRMS were measured on a
Finnigan MAþmass spectrometer. Satisfactory CHN micro-
analyses were obtainedwith aCarlo-Erba 1106 analyzer.Melt-
ing points were obtained bymeans of a micromelting point ap-
paratus and are uncorrected.

Typical Reaction Procedure for Triphenylphosphine-
Catalyzed Baylis–Hillman Reaction of N-
Benzylidenediphenylphosphinamide (1a) with Methyl
Vinyl Ketone

ToaSchlenk tube containing 1a (76 mg, 0.25 mmol) and triphe-
nylphosphine (7 mg, 0.03 mmol) in DMF (0.5 mL) was added
methyl vinyl ketone (MVK) (21 mg, 24.4 mL, 0.30 mmol) under
an argon atmosphere and the reaction mixture was stirred for
48 h at room temperature (20 8C). The mixture was then wash-
edwith water (3�10 mL) and extractedwith dichloromethane
(2�10 mL). The organic layer was dried over anhydrous
Na2SO4, the solvent removed under reduced pressure and the
residue purified by silica gel column chromatography (eluent:
EtOAc/petroleum¼1/4) to give 2a as a colorless solid; yield:
72 mg (81%).
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