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The enantioselective hydrophosphonylation reaction of diisopropyl phosphite with aldimine furnished a-
amino phosphonates with high enantioselectivities by means of a chiral phosphoric acid. DFT calculation
of the effect of 3,30-substituents of the phosphoric acid revealed the reason for the high
enantioselectivities.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

a-Amino phosphonic acid and phosphonates are biologically
attractive peptide mimics of a-amino acids.1 Because they have
intriguing biological activities such as anti-HIV,2 protease in-
hibitory,3 and antibacterial activities,4 the development of an effi-
cient method for the preparation of a-amino phosphonates is
highly desired. The acid-catalyzed addition of dialkyl phosphite to
imines provides useful method for the preparation of a-amino
phosphonates. The diastereoselective addition of phosphite de-
rivatives to chiral imines was successfully achieved.5 Recently, the
enantioselective synthesis of a-amino phosphonates catalyzed by
chiral acid catalysts has attracted much attention.6 Both metal
complexes such as lanthanide7 and aluminum,8 and organo-
catalysts such as chiral thiourea,9 cinchona alkaloid,10 and chiral
phosphoric acids11,12 have been successfully employed.

Chiral Brønsted acids are rapidly gaining popularity as green
catalysts (metal-free catalysts). We have designed and synthesized
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chiral phosphoric acids, derived from (R)-BINOL (Fig. 1),13 and have
demonstrated their catalytic activity as chiral Brønsted acid cata-
lysts. As part of our unrelenting effort to develop chiral Brønsted
acid-catalyzed reactions,14,15 we wish to report herein the chiral
Brønsted acid-catalyzed enantioselective hydrophosphonylation of
imines and the DFT study of the effect of the 3,30-substituents of the
phosphoric acid on the enantioselectivity.16
2. Results and discussion

At the outset, we studied the hydrophosphonylation reaction of
diethyl phosphite with N-benzylidene p-anisidine (2a: Ar¼Ph) in
the presence of chiral phosphoric acid 1e (10 mol %) in toluene at
room temperature. a-Amino phosphonate 4a was obtained in 99%
O
P

O

Ar

H
1c: 4-NO2C6H4
1d: Ar=4-CF3C6H4
1e: Ar=3,5-(CF3)2C6H3
1f: Ar=9-anthryl

Figure 1. Chiral phosphoric acids.
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Table 1
Hydrophosphonylation reaction catalyzed by 1e
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Scheme 1. Dual activation mechanism of the phosphoric acid-catalyzed hydro-
phosphonylation (BHandHLYP/6-31G*). Free energies based on the sum of phosphoric
acid, aldimine, and phosphite are shown in parentheses (kcal/mol).
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yield with 43% ee (Table 1, entry 1). Use of diisopropyl phosphite
improved the enantioselectivity to 52% ee (entry 2). Interestingly,
an aldimine derived from cinnamaldehyde 2b furnished the cor-
responding adduct in 84% ee (entry 3).

The absolute stereochemistry of a-amino diethyl phosphonate
4a (Ar¼Ph, R¼Et) was determined to be R by deprotection of the p-
MeOC6H4 moiety of 4a by means of CAN and comparison of its
optical rotation with literature data.17 The absolute stereochemis-
tries of the other phosphonates were speculated to be R by analogy.

To elucidate the reason for the high enantioselectivity of 1e, we
studied the effect of phosphorus nucleophile and N-substituents of
aldimines (Table 2). Among the dialkyl phosphites examined, di-
isopropyl phosphite gave the highest enantioselectivity. We noted
that the use of trialkyl phosphite as a nucleophile deteriorated both
reactivity and enantioselectivity (entry 3). Based on the results, we
suggest that the OH moiety of the dialkyl phosphite plays an im-
portant role in achieving the high enantioselectivity. DFT calcula-
tion suggested that the hydrophosphonylation reaction proceeds
via the nine-membered zwitterionic transition state (TS) with the
chiral phosphoric acid as reported by Yamanaka and Hirata.18 In the
nine-membered zwitterionic TS2, aldimine and phosphite could be
activated by the Brønsted acidic site and the Lewis basic site, re-
spectively. Therefore, the dicoordinated pathway via TS2, namely,
the dual activation pathway, is overwhelmingly favored over the
monocoordinated pathway via TS1 (Scheme 1). In TS1, both imi-
nium and phosphite are located at the empty upper right-hand
quadrant due to their coordination with one phosphoryl oxygen
atom. As a result, both substrates are directed away from the bulky
3,30-Ph groups, which are responsible for asymmetric induction. In
sharp contrast, the energetically favored TS2 results from placing
the bulky substituents of iminium and phosphite in the empty site
of the phosphoric acid catalyst. These transition structures indicate
that the facial selectivity of nucleophilic addition to iminium could
not be controlled in TS1 but in TS2.

An examination of the N-substituent of imine showed that the
presence of an o-hydroxy moiety decreased the enantioselectivity
Table 2
Effect of nucleophiles and N-substituents

Ph

N
Ar

+ Nu
1e (10 mol%)
m-Xylene
rt, 1day

Ph

HN
Ar

P(OR)2

O

Entry Ar Nu Yield/% ee/%

1 4-MeOC6H5 HPO(Oi-Pr)2 92 84
2 4-MeOC6H5 HPO(OEt)2 70 73
3 4-MeOC6H5 P(Oi-Pr)3 23 3
4 4-MeOC6H5 HPO(Oi-Pr)2 58 87
5 C6H5 HPO(Oi-Pr)2 74 88
6 2-HOC6H5 HPO(Oi-Pr)2 33 39
(entry 6). This result quite contrasts the results of the Mannich-type
reaction we investigated, in which the presence of an o-hydroxy
moiety is essential to attain high chiral induction. The o-hydroxy
moiety would promote the formation of a two-point binding
complex of the chiral phosphoric acid with the imine, and conse-
quently decreasing Lewis basicity on phosphoryl oxygen.

The effect of the substituents on the 3,30-position of the phos-
phoric acid was investigated in the addition reaction of diisopropyl
phosphite with aldimine 2b in m-xylene at room temperature and
the results are shown in Table 3. Phosphoric acid 1c (Ar¼4-
NO2C6H4), which exhibited the highest enantioselectivity in the
Mannich-type reaction, turned out to be less effective (entry 3).
Among the Brønsted acids examined, 1e (Ar¼3,5-(CF3)2C6H3)
exhibited the highest enantioselectivity and reactivity (entry 5).

To clarify the origin of the effect of the 3,30-substituents of the
chiral phosphoric acid derived from (R)-BINOL, DFT calculation
(BHandHLYP/6-31G*) was carried out based on the nine-membered
zwitterionic TS reported previously. The energy differences (DE)
between the re-facial attacking TS (TSr) and the si-facial attacking TS
(TSs) were explored for a wide variety of 3,30-substituents (Table 4).
We have already fully optimized TSr3b and TSs3b at the BHandHLYP/
6-31G* level.19–21 To reduce computational cost and to focus on the
3,30-substituent effect, only the 3,30-substituents (e.g., Ar) were only
optimized in other TS geometries (TS3a and TS3c–e) at the same level
as the geometry optimization of TS3b. In all cases, TSr was more
stable than TSs and consequently, the re-facial attack is predicted to
be more favored than the si-facial attack. TS3c, TS3d, and TS3e
bearing structurally similar Ar groups on the 3,30-position showed
larger DE, similar to TS3b (entries 2–5). In agreement with the ex-
perimental results, TSr3e leading to the highest enantioselectivity
exhibited the maximum DE (4.3 kcal/mol). On the other hand, TS3a
and TS3f showed comparatively small DE in spite of the remarkably
different steric environment on the 3,30-position (entries 1 and 6).

Structural analysis was carried out to investigate the origin of the
tendency of DE (Fig. 2). In TS3c and TS3e, both of which showed
comparatively large DE, the si-facial attacking phosphite in TSs3 was
located at the sterically demanding upper left-hand quadrant,
leading to steric repulsion between phosphite and 3,30-Ar group. In



Table 3
Effect of the 3,30-substituents of the phosphoric acid

N P(Oi-Pr)2

HN

+
1 (10 mol%)

2b 4

O

P
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H Oi-Pr
Oi-Pr

m-Xylene
rt, 2 days

OCH3
PMP

Ph

Ph

3b

Entry Catalyst Yield/% ee/%

1 1a 71 11
2 1b 75 30
3 1c 71 30
4 1d 66 33
5 1e 82 84
6 1f 31 26
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contrast, the re-facial attacking phosphite in TSr3 was located in the
vacant upper right-hand quadrant. Therefore, the bulky 3,5-
(CF3)3C6H3 group enhanced the steric repulsion between phosphite
and the 3,30-Ar group in TSs3 to increase DE (TS3c: 3.4 kcal/mol,
TS3e: 4.3 kcal/mol). On the other hand, no steric influence was noted
on the 3,30-position of TS3a. There was no steric environmental
difference between upper left- and upper right-hand quadrants, and
hence, DE was decreased to 1.0 kcal/mol. In TS3f, the sterically de-
manding 9-anthryl group on the 3,30-position expanded to the up-
per right-hand quadrant from the left-hand one to reduce the steric
environment difference. The steric repulsion between phosphite
and 9-anthryl group would be overestimated by the slightly de-
formed aromatic ring structure of the 9-anthryl group because the
carbon atoms on the 3,30-position were fixed. Despite this over-
estimation of the instability of the TS structures, the 9-anthryl group
obviously decreased DE between TSr3f and TSs3f.

The results of the hydrophosphonylation of diisopropyl phos-
phite are shown in Table 5. A range of imines 2 were treated with
10 mol % of a phosphoric acid 1e in m-xylene at room temperature.
a-Amino phosphonates 4 were obtained in high yields with good to
high enantioselectivities. In particular, aldimines derived from
cinnamaldehyde exhibited high enantioselectivities.
3. Conclusion

In summary, the hydrophosphonylation of aldimines with di-
isopropyl phosphite was found to be catalyzed by a chiral Brønsted
Table 4
Energy differences between TSs and TSr at the BHandHLYP/6-31G* level.
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Entry Ar DE (kcal/mol) Exp (ee/%)

1 H (TS3a) 1.0 11
2 Ph (TS3b) 3.2 30
3 4-NO2C6H4 (TS3c) 3.4 30
4 4-CF3C6H4 (TS3d) 3.9 33
5 3,5-(CF3)2C6H3 (TS3e) 4.3 84
6 9-Anthryl (TS3f) 0.1 26
acid derived from (R)-BINOL. The process afforded a-amino phos-
phonates in good to high enantioselectivities. Aldimines, in par-
ticular, those derived from cinnamaldehyde derivatives, exhibited
high enantioselectivities. DFT calculation elucidated the effects of
the 3,30-substituents of the chiral Brønsted acid. The sterically de-
manding 3,5-(CF3)3C6H3 group enhanced the steric repulsion with
phosphite to destabilize the si-facial attacking TS. The absence of
the 3,3-Ar group minimized the C2 symmetric chiral environment
to decrease DE between diastereomeric transition states as well as
the 9-anthryl group.

3.1. Computational details

To reduce computational cost and to focus on the 3,30-sub-
stituent effect, the 3,30-substituents were only optimized based on
TS3b (Ar¼Ph) fully optimized at the BHandHLYP/6-31G* level. In
TS3a, geometry optimization was employed for hydrogen atoms
located on the 3,30-position instead of Ph groups. In TS3c–f, sub-
stituents were added to Ph groups on the 3,30-position and sub-
sequently partially optimized (shown in gray color) other than the
carbon atoms (shown by black dots) connecting the 3,30-position of
the BINOL framework (Fig. 3).

4. Experimental

4.1. General

NMR spectra were recorded on Unity Inova-400 instrument
(Varian Japan Ltd., 400 MHz for 1H, 100 MHz for 13C) and JNM-
Al300 instrument (JEOL, 300 MHz for 1H, 75 MHz for 13C) using
CDCl3 as a solvent. Chemical shifts (d) for 1H were referenced to
tetramethylsilane (d¼0.00 ppm) as an internal standard. Chemical
shifts (d) for 13C were referenced to a solvent signal (CDCl3,
d¼77.00 ppm). IR spectra were recorded on FTIR-8600PC in-
strument (Shimadzu Co.) using CHCl3 as a solvent. Elemental
analysis (EA) was carried out on EA1110 instrument (Amco Inc.).
Mass spectra (MS) were recorded on JMS-AX505HA instrument
(JEOL). Specific rotation was recorded on SEPA-300 instrument
(HORIBA, Ltd.).

Chiral catalysts are prepared based on the procedure reported
by Wipf and Jung.22

4.2. (R)-3,30-[3,5-Bis(trifluoromethyl)phenyl]2-1,10-
binaphthol

To a solution of Pd(PPh3)4 (167.9 mg, 0.15 mM, 0.06 equiv)
and 3,5-bis(trifluoromethyl)bromobenzene (1.3 mL, 7.54 mM,
3.0 equiv) in dimethoxyethane (15 mL) were added a solution
of (R)-3,30-bis(dihydroxyborane)-2,20-dimethoxy-1,10-binaphthyl1



Figure 2. 3D structures and schematic representation models of TSr3 and TSs3 (a: H, c: 4-NO2C6H4, e: 3,5-(CF3)2C6H3, f: 9-anthryl) at the BHandHLYP/6-31G* level. Relative energies
(kcal/mol) are shown in parentheses.
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(1.0 g, 2.56 mM) in ethanol (10 mL) and 2 N NaOH solution
(3.8 mL, 7.6 mM). After being refluxed for 18.5 h, the solution was
cooled to room temperature. The solvent was removed in vacuo
and the residue was extracted with CH2Cl2 (3�10 mL) and the
combined organic layers were successively washed with 10% aq
HCl and brine, dried over anhydrous Na2SO4, and concentrated to
dryness. The resulting oil was dissolved in CH2Cl2 (100 mL) and
a solution of BBr3 (2.88 g, 11.5 mM) in CH2Cl2 (12 mL) was added
dropwise at 0 �C for 12 min. After stirring at room temperature
for 5 h, water was added to stop the reaction. The mixture was
extracted with CH2Cl2 (3�10 mL) and the combined organic
layers were washed with brine, dried over anhydrous Na2SO4,
and concentrated to dryness. The residue was purified by column
chromatography (SiO2, hexane/CH2Cl2¼4:1/v:v) to give the title
compound (1.4 g, 2.01 mM) in 79% yield.
[a]D
26 45.3 (c 1.1, CHCl3). IR (CHCl3) 3522, 1622, 1597, 1502, 1474,

1462, 1427, 1377, 1358, 1335, 1281, 1236, 1182, 1140, 1036, 989, 897,
845 cm�1. Rf 0.3 (hexane/CH2Cl2¼4:1). 1H NMR (400 MHz, CDCl3)
d¼8.24 (s, 4H), 8.12 (s, 2H), 8.00 (d, 2H, J¼7.9 Hz), 7.91 (s, 2H), 7.50–
7.40 (m, 4H), 7.24–7.22 (m, 2H), 5.38 (s, 2H). 13C NMR (100 MHz,
CDCl3) d¼149.9, 139.5, 133.2, 132.4, 131.6 (q, J¼33.4 Hz), 129.9, 129.5,
128.9, 128.7, 127.7, 125.2, 124.0, 123.4 (q, J¼272.9 Hz), 121.3, 111.8. 19F
NMR (376 MHz, CDCl3) d¼99.0. Found: C, 61.03; H, 2.25%. Calcd for
C36H18F12O2: C, 60.86; H, 2.55%.

4.3. (R)-3,30-[3,5-Bis(trifluoromethyl)phenyl]2-1,10-binaphthyl
phosphate (1e)

To a solution of (R)-3,30-[3,5-bis(trifluoromethyl)phenyl]2-1,10-
binaphthol (1.11 g, 1.56 mmol) in pyridine (6.4 mL) was added



Table 5
Results of hydrophosphonylation by means of 1e

N

R

R P(Oi-Pr)2

NH

+
1e (10 mol%)

2 4

O

P
O

H Oi-Pr
Oi-Pr

m-Xylene
rt

OCH3

3b

PMP

Entry R Time/h Yield/% ee/%

1 C6H5 24 84 52
2 o-CH3C6H4 46 76 69
3 o-NO2C6H4 24 72 77
4 C6H5CH]CH 101 92 84
5 p-CH3C6H4CH]CH 170 88 86
6 p-ClC6H4CH]CH 145 97 83
7 o-CH3C6H4CH]CH 171 80 82
8 o-ClC6H4CH]CH 70 82 87
9 o-NO2C6H4CH]CH 49 92 88
10 o-CF3C6H4CH]CH 46 86 90
11 1-NaphthylCH]CH 168 76 81
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phosphoryl chloride (210 mL, 2.25 mmol) at room temperature for
3 min and the mixture was stirred for 2 h at room temperature.
After the reaction mixture was cooled to room temperature, pyri-
dine was removed in vacuo and 6 N HCl (17 mL) was added and the
resulting mixture was heated to reflux for 2 h and cooled to 0 �C.
The precipitate thus formed was collected by filtration and washed
with water. The crude material was dissolved in ethanol and rep-
recipitated by addition of 6 N HCl. The solids were collected by
filtration and dissolved in CH2Cl2 and reprecipitated by addition of
hexane. The resulting crystals were collected by filtration and
washed with water to give the title compound (0.877 g, 1.14 mM) in
73% yield.

[a]D
26 �197.5 (c 0.97, CHCl3) dec 163.5–180.0 �C. IR (CHCl3) 1620,

1501, 1474, 1379, 1325, 1281, 1246, 1178, 1140, 1109, 1084, 1024, 988,
964, 891, 870, 867 cm�1. 1H NMR (400 MHz, CDCl3) d¼8.01 (s, 8H),
7.61–7.58 (m, 4H), 7.42–7.39 (m, 4H). 31P NMR (189 MHz, CDCl3)
d¼4.61. 13C NMR (100 MHz, CDCl3) d¼143.5 (d, JP–C¼9.3 Hz), 138.6,
132.3, 132.0, 131.4, 131.4 (q, JC–F¼33.4 Hz), 131.1 (d, JP–C¼3.1 Hz),
129.9, 128.7, 127.6, 127.1, 126.8, 123.1 (q, JC–F¼272.9 Hz), 122.5 (d,
JP–C¼1.9 Hz), 121.5. 19F NMR (376 MHz, CDCl3) d¼96.6. Found: C,
55.96; H, 2.13%. Calcd for C36H17F12O4P: C, 55.97; H, 2.22%.

A typical procedure for the hydrophosphonylation: entry 10 of
Table 5 is shown.

To a solution of an aldimine derived from o-CF3-substituted
cinnamaldehyde (41.4 mg, 0.135 mmol) and a Brønsted acid 1e
(10.5 mg, 0.0135 mmol) in m-xylene (2 mL) was added diisopropyl
phosphite (46 mL, 0.271 mM). After being stirred at room tem-
perature for 46 h, satd NaHCO3 solution was added to the mixture
to stop the reaction. The mixture was extracted with EtOAc
(3�10 mL) and the combined organic layers were washed with
brine, dried over anhydrous Na2SO4, and concentrated to dryness.
The residue was purified by p-TLC (SiO2, CH2Cl2/hexane/
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Figure 3.
EtOAc¼6:5:1/v:v:v) to give a-amino phosphonate 4 (54.8 mg,
0.116 mmol) in 90% ee.

4.4. Diethyl [N-(4-methoxyphenyl)amino]-phenyl-
methylphosphonate

Oil. IR (CHCl3) 3001, 1512, 1240,1221,1028, and 974 cm�1. 1H
NMR (400 MHz, CDCl3) d¼7.46–7.25 (m, 5H), 6.68 (d, 2H, J¼7.7 Hz),
6.54 (d, 2H, J¼7.9 Hz), 6.69 (dd, 1H J¼7.5, 23.6 Hz), 4.58–4.54 (m,
1H), 4.14–3.67 (m, 7H), 1.28 (t, 3H, J¼7.0 Hz), 1.11 (t, 3H, J¼7.0 Hz).
13C NMR (75 MHz, CDCl3) d¼152.6, 140.2 (d, J¼15.9 Hz), 136.0 (d,
J¼2.8 Hz), 128.5 (d, J¼2.8 Hz), 127.8 (d, J¼2.1 Hz), 127.8, 115.2, 114.7,
63.2 (d, J¼4.2 Hz), 63.1 (d, J¼4.2 Hz), 56.9 (d, J¼150.1 Hz), 55.6, 16.4
(d, J¼5.5 Hz), 16.1 (d, J¼5.5 Hz). 31P NMR(121 MHz, CDCl3) d¼23.5.
Found: C, 61.90; H, 6.81; N, 3.92%. Calcd for C18H24NO4P: C, 61.88; H,
6.92; N, 4.01%. [a]D

24 þ20.5 (c 0.5, CHCl3) (45% ee). HPLC: Daicel
Chiralpak AS-H (hexane/i-PrOH¼30:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (minor)¼23.4 min (S), tR (major)¼25.2 min (R).

4.5. Diisopropyl [N-(4-methoxyphenyl)amino]-phenyl-
methylphosphonate

Yellow oil. IR (CHCl3) 2993, 1512, 1238, and 997 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.46–7.22 (m, 5H), 6.69–6.52 (m, 4H), 4.71–
4.44 (m, 4H), 3.68 (s, 3H), 1.32–0.92 (m, 12H). 13C NMR (75 MHz,
CDCl3) d¼152.6, 140.3 (d, J¼15.9 Hz), 136.6, 128.5, 127.8 (d,
J¼4.2 Hz), 115.2, 114.7, 63.2, 56.9 (d, J¼150.8 Hz), 55.6, 16.4 (d,
J¼6.2 Hz), 16.2 (d, J¼6.2 Hz). 31P NMR (121 MHz, CDCl3) d¼23.5.
Found: C, 63.44; H, 7.59; N, 3.91%. Calcd for C20H28NO4P: C, 63.65;
H, 7.48; N, 3.71%. [a]D

24 þ16.7 (c 1.0, CHCl3) (59% ee). HPLC: Daicel
Chiralcel OD-H (hexane/i-PrOH¼40/1), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼16.7 min (R), tR (minor)¼19.3 min (S).

4.6. Diisopropyl [N-(4-methoxyphenyl)amino]-2-methyl-
phenylmethylphosphonate

IR (CHCl3) 2984, 1512, 1238, 1103, and 995 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.48–7.13 (m, 4H), 6.66 (d, 2H, J¼8.8 Hz), 6.47
(d, 2H, J¼8.8 Hz), 4.85 (dd, 1H, J¼7.7, 24.0 Hz), 4.77–4.69 (m, 1H),
4.60 (dd, 1H, J¼7.7, 17.4 Hz), 4.43–4.35 (m, 1H), 3.67 (s, 3H), 2.49 (s,
3H), 1.92–1.23 (m, 9H), 0.97 (d, 3H, J¼6.2 Hz). 13C NMR (75 MHz,
CDCl3) d¼152.4, 140.6 (d, J¼15.2 Hz), 136.5 (d, J¼6.2 Hz), 134.8 (d,
J¼2.0 Hz), 130.3 (d, J¼2.8 Hz), 127.4 (d, J¼3.4 Hz), 127.0 (d, J¼4.1 Hz),
126.3 (d, J¼3.5 Hz), 114.8, 114.7, 72.0 (d, J¼7.6 Hz), 71.7 (d, J¼6.9 Hz),
55.6, 53.2 (d, J¼153.5 Hz), 24.3 (d, J¼3.5 Hz), 24.2 (d, J¼3.5 Hz), 23.8
(d, J¼5.5 Hz), 22.8 (d, J¼5.5 Hz), 19.8. 31P NMR (121 MHz, CDCl3)
d¼22.7. Found: C, 64.51; H, 7.86; N, 3.48%. Calcd for C21H30NO4P: C,
64.43; H, 7.72; N, 3.58%. [a]D

24 þ23.4 (c 1.1, CHCl3) (69% ee). HPLC:
Daicel Chiralcel OD-H (hexane/i-PrOH¼40:1), flow rate¼0.5 mL/
min, UV¼254 nm, tR (major)¼14.4 min (R), tR (minor)¼15.9 min (S).

4.7. Diisopropyl N-(4-methoxyphenyl)-2-nitrophenyl-
methylphosphonate

IR (CHCl3) 3034, 2341, 1528, 1514, 1225, and 1001 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.99–7.38 (m, 4H), 6.72 (d, 2H, J¼9.0 Hz), 6.63
(d, 2H, J¼9.0 Hz), 6.05 (dd, 1H, J¼9.0, 26.2 Hz), 4.76–4.53 (m, 3H),
3.70 (s, 3H), 1.32–1.21 (m, 9H), 0.90 (d, 3H, J¼6.2 Hz). 13C NMR
(75 MHz, CDCl3) d¼152.7, 149.7, 139.5 (d, J¼14.5 Hz), 133.3 (d,
J¼2.8 Hz), 132.6, 128.7 (d, J¼4.2 Hz), 128.2 (d, J¼3.5 Hz), 125.1 (d,
J¼2.1 Hz), 114.94, 114.7, 72.5 (d, J¼6.9 Hz), 72.1 (d, J¼7.6 Hz), 55.6,
51.0 (d, J¼152.2 Hz), 24.1 (d, J¼4.2 Hz), 23.7 (d, J¼4.8 Hz), 23.7 (d,
J¼4.2 Hz), 23.1 (d, J¼4.8 Hz). 31P NMR (121 MHz, CDCl3) d¼19.7.
Found: C, 56.63; H, 6.63; N, 6.47%. Calcd for C20H27N2O6P: C, 56.87;
H, 6.44; N, 6.33%. [a]D

24 þ111.8 (c 0.8, CHCl3) (60% ee). HPLC: Daicel
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Chiralpak AD-H (hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼14.4 min (R), tR (minor)¼28.9 min (S).

4.8. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-phenyl-
2-propenylphosphonate

Yellow oil. IR (CHCl3) 2986, 1512, 1240, 1209, and 995 cm�1. 1H
NMR (400 MHz, CDCl3) d¼7.36–7.20 (m, 5H), 6.75 (d, J¼8.9 Hz),
6.70–6.64 (m, 3H), 6.29–6.22 (m, 1H), 4.80–4.70 (m, 2H), 4.30 (br s,
1H), 4.03 (br s, 1H), 3.77 (s, 3H), 1.34 (d, 6H, J¼6.2 Hz), 1.28–1.25 (m,
6H); 13C NMR (75 MHz, CDCl3) d¼152.7, 140.8 (d, J¼13.1 Hz), 136.5
(d, J¼3.4 Hz), 132.7 (d, J¼12.5 Hz), 128.5, 127.6, 126.5, 126.5,124.3 (d,
J¼4.9 Hz), 115.2, 114.8, 71.9 (d, J¼6.9 Hz), 71.6 (d, J¼7.6 Hz), 55.7,
55.5 (d, J¼153.5 Hz), 24.2 (d, J¼2.7 Hz), 24.1 (d, J¼3.5 Hz), 23.9 (d,
J¼5.2 Hz), 23.8 (dd, J¼5.2 Hz). 31P NMR (121 MHz, CDCl3) d 21.3.
Found: C, 65.31; H, 7.37; N, 3.58%. Calcd for C22H30NO4P: C, 65.49;
H, 7.49; N, 3.47%. [a]D

26 þ72.3 (c 0.75, CHCl3) (84% ee). HPLC: Daicel
Chiralpak AD-H (hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼15.1 min (R), tR (minor)¼23.0 min (S).

4.9. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-(4-
methylphenyl)-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2986, 1512, 1240, and 995 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.25–6.60 (m, 9H), 6.22–6.16 (m, 1H), 4.80–
4.69 (m, 2H), 4.33–4.00 (m, 2H), 3.72 (s, 3H), 2.31 (s, 3H), 1.37–1.22
(m, 12H). 13C NMR (75 MHz, CDCl3) d¼152.5, 140.7 (d, J¼13.8 Hz),
137.4, 133.6 (d, J¼2.8 Hz), 132.5 (d, J¼12.5 Hz), 129.1, 126.3 (d,
J¼1.4 Hz), 123.0 (d, J¼4.8 Hz), 115.1, 114.7, 71.9 (d, J¼6.9 Hz), 71.5 (d,
J¼7.6 Hz), 55.7, 55.6 (d, J¼153.6 Hz), 24.4 (d, J¼3.5 Hz), 24.3 (d,
J¼3.5 Hz), 24.0 (d, J¼4.8 Hz), 23.9 (d, J¼4.8 Hz), 21.3. 31P NMR
(121 MHz, CDCl3) d¼21.5. Found: C, 66.35; H, 7.68; N, 3.27%. Calcd
for C23H32NO4P: C, 66.17; H, 7.73; N, 3.36%. [a]D

26þ72.7 (c 1.0, CHCl3)
(86% ee). HPLC: Daicel Chiralpak AD-H (hexane/i-PrOH¼1:1/v:v),
flow rate¼0.5 mL/min, UV¼254 nm, tR (major)¼22.9 min (R), tR

(minor)¼25.6 min (S).

4.10. Diisopropyl 3-(4-chlorophenyl)-1-[N-(4-methoxy-
phenyl)amino]-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2986, 1512, 1240, and 995 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.28–6.60 (m, 9H), 6.28–6.21 (m, 1H), 4.79–
4.72 (m, 2H), 4.35–4.01 (m, 2H), 3.73 (s, 3H), 1.34 (d, 6H, J¼6.2 Hz),
1.28–1.25 (m, 6H). 13C NMR (75 MHz, CDCl3) d¼152.7, 140.6 (d,
J¼13.1 Hz), 135.0, 133.3, 131.3 (d, J¼12.4 Hz), 128.7, 127.7, 125.1 (d,
J¼5.0 Hz), 115.1, 114.8, 72.0 (d, J¼7.6 Hz), 71.6 (d, J¼7.6 Hz), 55.7,
55.4 (d, J¼153.5 Hz), 24.3 (d, J¼5.5 Hz), 24.2 (d, J¼5.5 Hz), 23.9 (d,
J¼5.5 Hz), 23.8 (d, J¼6.2 Hz). 31P NMR (121 MHz, CDCl3) d¼21.0.
Found: C, 60.48; H, 6.64; N, 3.05%. Calcd for C22H29ClNO4P: C, 60.34;
H, 6.68; N, 3.20%. [a]D

27 þ59.4 (c 0.9, CHCl3) (83% ee). HPLC: Daicel
Chiralcel AD-H (hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼35.0 min (R), tR (minor)¼39.2 min (S).

4.11. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-(2-
methylphenyl)-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2986, 1510, 1238, 1217, and 997 cm�1. 1H
NMR (400 MHz, CDCl3) d¼7.40–6.85 (m, 9H), 6.13–6.06 (m,1H), 4.81–
4.74 (m,1H), 4.36–4.05 (m, 2H), 3.73 (s, 3H), 2.49 (s, 3H),1.36–0.79 (m,
12H). 13C NMR (75 MHz, CDCl3) d¼152.5, 140.7 (d, J¼14.5 Hz), 135.6,
135.3, 130.8 (d, J¼11.8 Hz), 130.0, 127.4, 125.8 (d, J¼19.4 Hz), 125.4,
125.3, 115.3, 114.6, 71.8 (d, J¼6.9 Hz), 71.4 (d, J¼7.6 Hz), 55.8 (d,
J¼154.3 Hz), 55.7, 24.1 (d, J¼5.5 Hz), 24.0 (d, J¼5.5 Hz), 24.3 (d,
J¼5.5 Hz), 24.2 (d, J¼5.5 Hz), 19.8. 31P NMR (121 MHz, CDCl3) d¼21.4.
Found: C, 66.29; H, 7.98; N, 3.30%. Calcd for C23H32NO4P: C, 66.17; H,
7.73; N, 3.36%. [a]D

27 þ69.5 (c 1.0, CHCl3) (82% ee). HPLC: Daicel
Chiralpak AD-H (hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼16.9 min (R), tR (minor)¼20.1 min (S).

4.12. Diisopropyl 3-(2-chlorophenyl)-1-[N-(4-methoxy-
phenyl)amino]-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2984, 1512, 1240, and 997 cm�1. 1H NMR
(400 MHz, CDCl3) d¼7.50–6.65 (m, 9H), 6.26–6.19 (m, 1H), 4.82–
4.70 (m, 2H), 4.40–4.02 (m, 2H), 3.73 (s, 3H), 1.37–1.32 (m, 6H), 1.29
(d, 6H, J¼6.2 Hz). 13C NMR (75 MHz, CDCl3) d¼152.6, 140.6 (d,
J¼13.8 Hz), 134.5 (d, J¼2.8 Hz), 132.9, 129.5, 129.1 (d, J¼12.5 Hz),
128.5, 127.4 (d, J¼4.2 Hz), 126.8 (d, J¼1.4 Hz), 126.7, 115.3, 114.7, 72.1
(d, J¼6.9 Hz), 71.6 (d, J¼6.9 Hz), 55.9 (d, J¼153.6 Hz), 55.7 (s), 24.3
(d, J¼3.5 Hz), 24.2 (d, J¼3.5 Hz), 24.0 (d, J¼4.8 Hz), 23.9 (d,
J¼4.8 Hz). 31P NMR (121 MHz, CDCl3) d¼20.9. Found: C, 60.30; H,
6.64; N, 2.94%. Calcd for C22H29ClNO4P: C, 60.34; H, 6.68; N, 3.20%.
[a]D

27 þ55.2 (c 0.9, CHCl3) (87% ee). HPLC: Daicel Chiralpak AD-H
(hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min, UV¼254 nm, tR

(major)¼21.8 min (R), tR (minor)¼25.0 min (S).

4.13. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-(2-
nitrolphenyl)-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2995, 1512, 1348, 1240, and 997 cm�1. 1H
NMR (400 MHz, CDCl3) d¼8.16–6.62 (m, 9H), 6.54–6.45 (m, 1H),
4.83–4.68 (m, 2H), 4.42–4.05 (m, 2H), 3.73 (s, 3H), 1.35 (d, 6H,
J¼6.2 Hz), 1.27–1.23 (m, 6H). 13C NMR (75 MHz, CDCl3) d¼152.9,
140.5 (d, J¼13.8 Hz), 133.1, 132.3 (d, J¼2.8 Hz), 130.6 (d, J¼4.2 Hz),
128.8 (d, J¼2.8 Hz), 128.41, 128.2, 128.2, 124.5, 115.3, 114.8, 72.2 (d,
J¼6.9 Hz), 71.7 (d, J¼6.9 Hz), 55.8 (d, J¼152.8 Hz), 55.6, 24.2 (d,
J¼3.5 Hz), 24.0 (d, J¼3.5 Hz), 23.9 (d, J¼4.8 Hz), 23.8 (d, J¼5.6 Hz).
31P NMR (121 MHz, CDCl3) d¼20.4. Found: C, 58.87; H, 6.59; N,
6.49%. Calcd for C22H29NO6P: C, 58.92; H, 6.52; N, 6.25%. [a]D

27þ60.8
(c 1.0, CHCl3) (88% ee). HPLC: Daicel Chiralpak AD-H (hexane/
i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min, UV¼254 nm, tR

(major)¼20.0 min (R), tR (minor)¼24.2 min (S).

4.14. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-(2-
trifluoromethylphenyl)-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2986, 1512, 1315, 1240, 1128, and 997 cm�1.
1H NMR (400 MHz, CDCl3) d¼7.60–7.04 (m, 5H), 6.76 (d, 2H,
J¼8.8 Hz), 6.66 (d, 2H, J¼8.8 Hz), 6.26–6.19 (m, 1H), 4.82–4.72 (m,
1H), 4.39–4.29 (m, 1H), 4.06–4.02 (m, 1H), 3.73 (s, 3H), 1.89–1.21 (m,
12H). 13C NMR (75 MHz, CDCl3) d¼152.8, 140.6 (d, J¼14.5 Hz), 135.6,
131.8, 129.4 (d, J¼4.2 Hz), 129.0 (d, J¼10.4 Hz), 127.5 (d, J¼34.7 Hz),
127.4, 126.0, 125.7 (d, J¼5.5 Hz), 122.4, 115.4, 114.7, 72.1 (d,
J¼6.9 Hz), 71.6 (d, J¼6.9 Hz), 55.9 (d, J¼153.5 Hz), 55.7, 24.2 (d,
J¼3.5 Hz), 24.1 (d, J¼4.1 Hz), 23.8 (d, J¼5.5 Hz), 23.7 (d, J¼5.5 Hz).
31P NMR (121 MHz, CDCl3) d¼20.7. 19F NMR (282 MHz, CDCl3) d¼1.7.
Found: C, 58.84; H, 6.13; N, 2.90%. Calcd for C23H29F3NO4P: C, 58.60;
H, 6.20; N, 2.97%. [a]D

21 þ58.1 (c 0.9, CDCl3) (90% ee). HPLC: Daicel
Chiralpak AD-H (hexane/i-PrOH¼3:1/v:v), flow rate¼0.5 mL/min,
UV¼254 nm, tR (major)¼16.7 min (R), tR (minor)¼19.6 min (S).

4.15. Diisopropyl 1-[N-(4-methoxyphenyl)amino]-3-(1-
naphthyl)-2-propenylphosphonate

Yellow oil. IR (CHCl3) 2988, 2361, 2341, 1510, 1240, and
995 cm�1. 1H NMR (400 MHz, CDCl3) d¼7.91–6.75 (m, 12H), 6.31–
6.24 (m, 1H), 4.85–4.77 (m, 2H), 4.47–4.11 (m, 2H), 3.74 (s, 3H), 1.37
(d, 6H, J¼6.2 Hz), 1.34–1.10 (m, 6H). 13C NMR (75 MHz, CDCl3)
d¼152.6, 140.7 (d, J¼13.8 Hz), 134.3, 133.4, 130.3, 130.1, 128.3, 127.9,
127.3, 127.2, 125.9, 125.5 (d, J¼14.5 Hz), 123.8, 123.8, 115.4, 114.7,
72.0 (d, J¼6.9 Hz), 71.5 (d, J¼6.9 Hz), 55.9 (d, J¼153.6 Hz), 55.8, 24.4
(d, J¼3.5 Hz), 24.3 (d, J¼3.5 Hz), 24.1 (d, J¼5.4 Hz), 24.0 (d,
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J¼5.4 Hz). 31P NMR (121 MHz, CDCl3) d¼21.3. Found: C, 68.19; H,
6.98; N, 3.13%. Calcd for C26H32NO4P: C, 68.86; H, 7.11; N, 3.09%.
[a]D

26 þ58.9 (c 0.5, CHCl3) (81% ee). HPLC: Daicel Chiralpak AD-H
(hexane/i-PrOH¼1:1/v:v), flow rate¼0.5 mL/min, UV¼254 nm, tR

(major)¼15.0 min (R), tR (minor)¼19.0 min (S).
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6. For reviews, see: Gröger, H.; Hammer, B. Chem.dEur. J. 2000, 6, 943; Merino, P.;
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