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The Michael addition of dialkyl phosphites to nitroalkenes in the presence of heterobimetallic (S)-(�)-
aluminum lithium bis(binaphthoxide), ALB, complex provided b-nitrophosphonates, precursors to
b-aminophosphonic acids, in good to excellent enantioselectivities.
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1. Introduction

Nitrophosphonates are immediate precursors to aminophos-
phonic acids, which, in turn, are isosteric analogues of amino
acids.1 b-Aminophosphonic acids, in particular, exhibit antibacte-
rial, enzyme inhibitory, and anti-HIV properties.2 Although numer-
ous methods are available in the literature for the synthesis of
b-nitro/aminophosphonates,2,3 there are only handful of
approaches for the asymmetric synthesis of such compounds.3,4

This is despite the fact that the introduction of chirality in the flex-
ible aminophosphonic acid chain is likely to enhance its diverse
and potent biological properties. The early asymmetric approaches
relied primarily on substrate-controlled diastereoselective addi-
tions.3 Recent auxiliary approaches to the synthesis of b-nitro-
phosphonates include the addition of menthol derived5 and
TADDOL derived6 phosphites to nitroalkenes. Recent catalytic ap-
proaches involved Mannich reactions,7 aminohydroxylations,8

aminobrominations,9 nitroaldol reactions,10 and phospha-Michael
additions.11 Although the catalytic asymmetric Michael addition
of phosphite to nitroalkenes provides a convenient entry into
enantioenriched b-nitrophosphonates, it turns out that only diphe-
nyl phosphite has successfully been added.11 This is presumably
due to the drastic variation of pKa’s of various phosphites, viz. dial-
kyl, diaryl, etc., with change in substituents.12

Yet another property of such P-nucleophiles is the tautomerism
that exists between phosphite T1 and phosphonate T2 (Scheme 1).4
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It has been reported that T2 is the active nucleophile, while T1 is
the resting species.13

2. Results and discussion

At the outset, we have chosen diethyl phosphite 1a as the model
phosphite for our optimization studies. Our initial attempts to car-
ry out the conjugate addition of diethyl phosphite 1a to nitroalkene
2a under organocatalytic conditions using chiral Lewis bases such
as cinchonine L1 and strychnine L2 were unsuccessful (Fig. 1 and
Table 1, entries 1 and 2). When these bases and diphenyl prolinol
L3 were employed in conjunction with LDA, that is, as their lithiat-
ed complexes, the products were isolated in excellent yields, but
with no selectivity (Table 1, entries 3–5).
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Figure 1. Chiral ligands L1–L5.

mailto:irishi@iitb.ac.in
http://www.sciencedirect.com/science/journal/09574166
http://www.elsevier.com/locate/tetasy


Table 1
Catalyst screening for the Michael addition of diethyl phosphite 1a to 4-methoxynitrostyrene 2a
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Conditions

1a 2a 3a

Entry Conditions Yielda (%) eeb (%)

1 L1 (10–50 mol %), THF, rt, 10 d 65 —
2 L2 (50 mol %), THF, rt, 10 d <5 —
3 L1 (10 mol %), LDA (1.2 equiv), THF, �78 �C, 3 h 93 0
4 L2 (10 mol %), LDA (2 equiv), THF, �78 �C, 3 h 95 0
5 L3 (10 mol %), LDA (2 equiv), THF, �78 �C, 3 h 94 0
6 L1-Ti(i-OPr)4 (20 mol %), THF, rt-reflux 48 0
7 L4-Ti(i-OPr)4 (20 mol %), THF, rt 20 —
8 L1-LiAlH4 (20 mol %), toluene, 0 �C–rt, 4 h 58 8
9 L5 (30 mol %), toluene, rt, 2 d 74 91

10 L5 (20 mol %), toluene, rt, 2 d 72 87
11 L5 (15 mol %), toluene, rt, 2 d 74 97c

12 L5 (10 mol %), toluene, rt, 2 d 62 90

a Isolated yields.
b Determined by HPLC (Chiralcel OD-H column, 5% IPA in n-hexane).
c THF and THF + toluene were also employed as solvents, but the use of THF for generation of catalyst and toluene for reaction provided the best results.
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Since the above attempts to activate the diethyl phosphite
tautomer T1 toward the enantioselective Michael addition using
chiral bases were unsuccessful, we shifted our focus to utilize the
phosphonate tautomer T2 using chiral Lewis acids.14 However,
Lewis acids, generated by combinations of cinchonine L1 and
(S)-BINOL L4 with Ti(OiPr)4, provided only poor results (Table 1,
entries 6 and 7).

The above observations emphasized the requirement of a bi-
functional catalyst possessing, for instance, a Brønsted base moiety
and a Lewis acid moiety. Although such a species is presumably
formed from L1 and LiAlH4, the outcome was still unsatisfactory
(Table 1, entry 8). This prompted us to resort to a heterobimetallic
complex, for example, (S)-(�)-aluminum lithium bis(binaphthox-
ide), ALB L5,15 which is known to induce stereoselectivity in many
reactions such as the nitroaldol and hydrophosphonylation of alde-
hydes, Mannich reaction, and Michael addition through a synergis-
Table 2
Scope of the Michael addition of dialkyl phosphites 1 to nitroalkenes 217
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Method A, LDA (1.2 equi

Method B,(S)-ALB (15 m
21

Entry 2, Ar 1, R 3 Yielda

1 2a, 4-OMePh 1a, Et 3a
2 2b, 3,4-(OMe)2Ph 1a, Et 3b
3 2c, Ph 1a, Et 3c
4 2d, 4-ClPh 1a, Et 3d
5 2e, 4-NO2Ph 1a, Et 3e
6 2f, 2-Furyl 1a, Et 3f
7 2a, 4-OMePh 1b, Me 3g
8 2c, Ph 1b, Me 3h
9 2d, 4-ClPh 1b, Me 3i

10 2a, 4-OMePh 1c, Ph 3j

a Isolated yields.
b Employed for generating racemic profiles.
c Recovered nitroalkene in parentheses.
d Determined by HPLC (Chiralcel OD-H/Chiralpak IA column, 5% IPA in n-hexane).
tic cooperation between two different metals (Li and Al) and a
chiral template (binaphthol) in a manner analogous to that seen
in metal-ion co-catalyzed enzymatic processes.16 Such a heterobi-
metallic complex enhances the reactivity of both the reaction part-
ners by orienting them appropriately in the transition state.

Much to our delight, the Michael addition of diethyl phosphite
1a to nitroalkene 2a in the presence of 30 mol % of (S)-ALB L5 pro-
vided the desired product 3a in good yield (74%) and high enantio-
selectivity (91% ee, Table 1, entry 9). Finally, the optimum amount
of the catalyst L5 turned out to be 15 mol %, which provided prod-
uct 3a in good yield (74%) and excellent enantioselectivity (97% ee,
Table 1, entry 11).

The above optimized conditions were employed for the addition
of diethyl phosphite 1a to a variety of nitroalkenes 2a–f and for the
addition of dimethyl phosphite 1b to selected nitroalkenes 2a, 2c,
and 2d (Table 2). The racemic products were conveniently gener-
ArP

NO2

RO

O
ROv), THF, -78 ºC, 2 h

ol %), Toluene, RT (2 d)
3

(%) (method A)b Yielda,c (%) (method B) eed (%) (method B)

80 74 (08) 97
73 54 (16) 84
18 48 (23) 75
82 52 (24) >99
28 45 (12) >99
25 20 (42) >99
84 18 (56) >99
94 24 (32) >99
76 10 (59) >99
96 <5 (78) 2
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ated within 2 h in high yields in most cases via LDA-mediated addi-
tion of phosphite 1 to nitroalkene 2. Low yields of racemic products
were obtained only in the case of nitrostyrene 2c (entry 3), 4-nitro-
nitrostyrene 2e (entry 5), and 2-furyl nitroethylene 2f (Table 2,
entry 6).

In the enantioselective reactions, the addition of phosphite 1a
to nitrostyrenes possessing electron-donating groups on the aro-
matic ring 2a and 2b provided the Michael adducts 3a and 3b
respectively, in good yield and selectivity (Table 2, entries 1 and
2). While parent nitrostyrene 2c provided product 3c in moderate
yield (48%) and selectivity (75% ee, Table 2, entry 3), nitrostyrenes
with both weakly and strongly deactivating groups, 2d and 2e,
respectively, provided adducts 3d and 3e in moderate to good
yields and excellent selectivities (>99% ee, entries 4 and 5). The
addition of diethyl phosphite 1a to heteroaromatic nitroalkene 2f
(Table 2, entry 6) and the similar addition of dimethyl phosphite
1b to selected nitroalkenes 2a, 2c, and 2d, although proceeding
in low yields (10–24%), provided the desired products 3g–i in
excellent enantioselectivities (>99%, entries 7–9). Finally, these
optimized conditions were found not suitable for the addition of
diphenyl phosphite 1c to nitroalkenes 2 (Table 2, entry 10).

A mechanistic rationale provided in Scheme 2 suggests that the
lithium naphthoxide moiety, that is, the Brønsted base part of (S)-
ALB L5, could activate dialkyl phosphite 1 to give complex I. Fur-
ther co-ordination of the Lewis acidic Al center with the oxygen
atoms of the nitro group in 2 would furnish complex II. Such dou-
ble co-ordination of the catalyst L5 with both the reactants, nitro-
alkene 2 and dialkyl phosphite 1, orientates the latter in a manner
that leads to a face selective reaction in a chiral environment (see
Scheme 2).
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Scheme 2. Proposed mechanism.
Our preliminary DFT calculations to determine the relative sta-
bilities of tautomers T1 and T2 of diethyl phosphite confirmed that
T1 was more stable by �6 kcal mol�1 than T2. Further, 31P NMR
investigations show that the T1–T2 equilibrium is different in the
presence of LDA and (S)-ALB L5. For instance, addition of ALB to
diethyl phosphite (d 6.65, dq, J = 696.1, 9.2 Hz) has not changed
the 31P NMR pattern of diethyl phosphite (d 6.85, dq, J = 696.1,
9.2 Hz) to any significant extent suggesting the overwhelming pre-
dominance of the ‘resting’ pentavalent species T1 in the equilib-
rium mixture. This is also reflected in the rate of ALB-catalyzed
reactions (see Table 2). On the other hand, the addition of LDA
leads to disappearance of this peak and appearance of two new
broad peaks (d 38.5 and 143.4) in a 35:65 ratio, which is presum-
ably due to the formation of lithiated species comprising both tri-
valent and pentavalent tautomers in equilibrium.
3. Conclusions

In conclusion, the stereoselective conjugate addition of dialkyl
phosphites to nitroalkenes has been successfully carried out for
the first time. Compound (S)-ALB was found to catalyze the reac-
tion to provide the adducts in moderate to good yields and good
to excellent enantioselectivities. The transformation of the enan-
tiopure b-nitrophosphonates to b-aminophosphonic acids and the
biological evaluation of the latter are currently being investigated
in our laboratory.
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data: Diethyl 1-(4-methoxyphenyl)-2-nitroethylphosphonate 3a. Yellowish
white solid; yield 74%; Rf 0.36 (EtOAc/pet ether 1:1); mp 56–57 �C; IR (film,
cm�1) 2985 (w), 2910 (w), 1612 (m), 1558 (s), 1515 (s), 1442 (w), 1376 (m),
1254 (s), 1183 (m), 1048 (s), 1024 (s), 971 (m); 1H NMR (CDCl3) d 1.14 (t,
J = 7.0 Hz, 3H), 1.32 (t, J = 7.0 Hz, 3H), 3.74–3.82 (m, 1H), 3.80 (s, 3H), 3.92–4.02
(m, 2H), 4.06–4.13 (m, 2H), 4.89–4.94 (m, 2H), 6.89 (d, J = 8.8 Hz, 2H), 7.30 (dd,
J = 8.8, 2.2 Hz, 2H), Multiplicities and J values indicated are both for H–H and
P–H coupling; 31P NMR (CDCl3) d 25.57; 13C NMR (CDCl3) d 15.9 (d, J = 4.6 Hz),
16.1 (d, J = 6.1 Hz), 42.0 (d, J = 139.6 Hz), 54.9, 62.5 (d, J = 7.7 Hz), 63.3 (d,
J = 6.1 Hz), 75.2 (d, J = 6.1 Hz), 114.3 (d, J = 2.2 Hz), 123.0 (d, J = 7.7 Hz), 129.7
(d, J = 6.1 Hz), 159.3 (d, J = 3.1 Hz), multiplicities and J values indicated are only
for C–P coupling; MS (TOF ES+) m/e (relative intensity) 340 (MNa+, 75), 318
(MH+, 100), 271 (20); HRMS calcd for C13H21NO6P (MH+) 318.1107, found
318.1102.
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