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Enantioselective Michael addition of o-nitrophosphonates to enones for the synthesis of o-aminophosphonates is reported for the first time. The
reaction proceeds in good to high yields and moderate to high selectivity in the presence of a new quinine thiourea catalyst. The quaternary
nitrophosphonates were conveniently transformed to cyclic quaternary a-aminophosphonates via in situ reduction—intramolecular cyclization or
Baeyer—Villiger oxidation followed by in situ reduction—intramolecular cyclization.

o-Aminophosphonic acids, investigated for the first time by
Chavane' in the 1940s, are isosteric analogs of a-amino acids
due to their ability to mimic the tetrahedral transition states of
peptide bond hydrolysis. This property is often exploited in the
development of novel protease inhibitors.> The antibacterial®
and antifungal® properties of o-aminophosphonic acids as
well as their presence in the biologically active natural product
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K-26" also distinguish them as an attractive class of com-
pounds in medicinal chemistry. Among the aminophos-
phonates.® a-aminophosphonates’ received greater atten-
tion as compared to their 8- and y-analogs.’ Recently,
a-aminophosphonates have been employed as organoca-
talysts in asymmetric aldol and Michael additions."°
Since the biological activity of a-aminophosphonates
hinges in large measure on the stercochemistry at the
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a-carbon, several approaches to enantioenriched o-amino-
phosphonic acids have been reported, which include re-
solution and chiral auxiliary based asymmetric synthesis. '
However, the catalytic asymmetric approaches'? based on
hydrophosphonylation of imines,'® nucleophilic addition
to or hydrogenation of a-iminophosphonates,'* electro-
philic amination of o-phosphonate carbanions,'® and
nucleophilic addition of phosphonate analogues of glycine
to electrophiles'®!” were more appealing. However, to our
knowledge, the generation of quaternary o-carbon centers
via catalytic asymmetric synthesis of a-amino phosphonic
acids remains scarcely explored.'>!”

As part of our ongoing research program on the stereo-
selective synthesis of aminophosphonates, we have re-
ported the diastereo- and enantioselective synthesis of
y-nitrophosphonates via Michael addition of o-lithiated
phosphonates to nitroalkenes using cinchonine as the chiral
catalyst.'® Enantioenriched S-nitrophosphonates have also
been synthesized via Michael addition of dialkyl phosphites
to nitroalkenes in the presence of (S)-(—)-aluminum lithium
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bis(binaphthoxide).'” Herein we report an organocata-
lyzed enantioselective synthesis of quaternary o-nitrophos-
phonates via Michael addition of a-nitrophosphonates to
enones using a new alkaloid derived thiourea catalyst.
Selected transformations of the quaternary o-nitrophos-
phonates to cyclic quaternary a-aminophosphonates are
also reported here.
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Figure 1. Bifunctional organocatalysts screened.

In order to identify suitable reaction conditions, at the
outset, the asymmetric Michael addition of nitrophospho-
nate 2a”” to enone 1a*' was carried out in toluene at rt in
the presence of 10 mol % of catalysts C1—C8 (Figure 1 and
Table 1).%* The reaction in the presence of primary amines
C1 and C2 provided quaternary a-nitrophosphonate 3a in
good yield but poor selectivity (Table 1, entries 1—2). The
reaction remained incomplete even after 3 days when the
L-proline derived thiourea catalyst C3 was employed
(Table 1, entry 3). Subsequently, alkaloid based bifunc-
tional catalysts C4—C8 possessing a strong Lewis basic
moiety, such as quinuclidine, to activate the nitrophos-
phonate 2a, and a Brensted acidic moiety, such as thiourea,
to activate the Michael acceptor enone 1a, were screened
(Table 1, entries 4—14).

Although the selectivity remained low with C4—C6
(26—31% ee, Table 1, entries 4—6), better selectivity was
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Table 1. Catalyst Screening

i l\cj,orzt Gooon) jv>§\P (OFt
‘ Ar * Y “OEt solvent Ar NoOEt
NO, conditions 2
1a 2a 3a
temp time % %
entry ce solvent (°C) (h) yield® ee’
1 C1 toluene rt 15 80 00
2 C2  toluene rt 18 82 194
3 C3 toluene rt 72 ¢ f
4 C4 toluene rt 17 80 28
5 C5  toluene rt 17 78 267
6 Cé6 toluene rt 20 78 31
7 C7 toluene rt 15 84 50
8 C7 toluene —65 72 65 62
9 Cs8 toluene rt 12 82 59
10 C8 mesitylene rt 11 89 62
11 C8 xylene rt 10 87 58
12 Cs8 CH,Cl,, rt 10 80 18
13 C8 mesitylene —40 15 90 70
14 C8 mesitylene/ -65 34 86 74
xylene®
15 mesitylene/ —65 40 _h —
xylene®

“Catalyst. *Isolated yield after silica gel column chromatography.
“Ee was determined by chiral HPLC. ¢Ent-isomer. ¢ Incomplete reac-
tion.” Not determined. ¢ Ratio 85:15. " No reaction.

obtained with 10 mol % of catalysts C7 and C8 at rt
(50—62% ee, Table 1, entries 7—9). This is attributable to
the increase in acidity of the thiourea protons due to the
p-nitrophenyl moiety. Since 59% ee was obtained at rt
with C8 as the catalyst, further solvent screening was
conducted with 10 mol % of C8 as the catalyst (Table 1,
entries 10—14). While there was no appreciable improve-
ment in the selectivity with mesitylene and xylene as
solvents (Table 1, entries 10—11), it dropped drastically in
CH,Cl, (entry 12). Finally, much higher selectivity was
obtained at lower temperature (70% ee, Table 1, entry 13)
which was further improved by choosing a mixture of
solvents (mesitylene/xylene) and lowering the temperature
(74%, entry 14). Any possible background reaction was
ruled out by performing the reaction in the absence of
any catalyst under the optimized conditions of entry 14
(Table 1, entry 15).

The above optimized conditions were employed to ex-
plore the scope of the reaction. Thus, Michael addition of
o-nitrophosphonate 2a to various enones la—k was car-
ried out in a mesitylene/xylene solvent system (85:15) in the
presence of 10 mol % of catalyst C8 at —65 °C (Table 2).
In general, substituted aromatic enones with the exception
of 1h provided the products in excellent yield and good
to high selectivity (Table 2, entries 1, 3—7). For instance,
enones la and 1lc, possessing weakly electron-donating
substituents, and 1g, possessing a weakly electron-
withdrawing substituent on the aromatic ring, afforded
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Table 2. Scope of Enones 1

2 Gon WS % %em
ﬁj\R * \(P\O Et mesitylene: R)K/X \OEt
1 NO, 2a Xykne (85:15) 3 NO;
-65°C, 32-40 h
entry R 3 % yield” % ee”

1 4-MeCgH4 3a 86 74
2 Ph 3b 81 45
3 3-BrCeHy 3c 83 70
4 4-OMeCgH,4 3d 85 72
5 3,4-(OMe);CgH3 3e 86 87
6 3,4,5-(OMe);CgHy 3f 84 78
7 4-CF3CgH,y 3g 80 69
8 4-NOyCgHy 3h 75 35
9 2-furyl 3i 78 42
10 2-thienyl 3j 82 43
11 C_C6H11 3k 70 44

“Isolated yield after silica gel column chromatography. ? Ee was
determined by chiral HPLC.

the products 3a, 3¢, and 3g in excellent yield and good
selectivity (Table 2, entries 1, 3, and 7). Enones 1d—f,
possessing strongly electron-donating substituents, were
indeed superior in terms of both yield and selectivity
(Table 2, entries 4—6). Unsubstituted aromatic enone 1b,
electron-poor aromatic enone 1h, heteroaromatic enones
1i—j, and aliphatic enone 1k provided the products 3b and
3h—k, respectively, in a slightly lower yield and poor
selectivity (Table 2, entries 2, 8—11). The poor selectivity
in the case of enone 1h (Table 1, entry 8) is presumably due
to the competition between the nitro and carbonyl groups
of the enone in H-bonding with the thiourea moiety of C8.

Having demonstrated the scope of enones 1 in the
Michael addition of nitrophosphonate 2a, we desired to
expand the scope further by employing other nitrophos-
phonates, viz. 2b—i. Since the best yield and enantioselec-
tivity were obtained with enone le (Table 2, entry 5),
additions of nitrophosphonates 2b—i were performed with
enone le as the model substrate. It may be noted that,
regardless of the nature of the a-substituent in nitrophos-
phonate 2b—i, the quaternary a-nitrophosphonates 4a—h
were formed in good to excellent yield and selectivity.
However, as the bulkiness of the a-substituent in nitropho-
sphonate 2 increases, the rate of the reaction decreases. In
the case of a-nitrophosphonates 2g and 2h, the reaction
was so slow at —65 °C that we had to perform this
experiment at —40 °C for 4 days (Table 3, entries 6—7).

The mechanism presumably involves deprotonation of
a-nitrophosphonate 2 by the quinuclidine moiety of C8
and activation of the enone 1 by the thiourea moiety whose
acidity is enhanced by the p-nitrophenyl group.

The quaternary o-nitrophosphonates 3 and 4 with a
keto group at the d-position were immediate precursors for
the enantioselective synthesis of pyrrolidinylphosphonates
5 and 7 (Scheme 1). Thus phosphonate 4a (94% ee) was
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Table 3. Scope of Nitrophosphonates 2

9,/0 gt CcatalystC8 O, _oEt

R._Pl (10 mol %) R’

Ar + Y OEt ——— > Ar P

I NO mesitylene: OEt
1e 2, xylene (85:15) . RNO:

0,
Ar = 3,4-(MeQ),CgHa| "85 C:40-65h

entry R 2 4 % yield” % ee®
1 Et 2b 4a 89 94
2 n-Pr 2c 4b 95 92
3 n-Bu 2d 4c 97 92
4 i-Bu 2e 4d 88 92
5 n-C5H11 2f 4e 94 93
6° C-Cngl 2g 4f 87 87
7° c-CsHjy 2h 4g 90 87
8 PhCH, 2i 4h 85 86

“Isolated yield after silica gel column chromatography. Ee was
determined by chiral HPLC. ¢ Reaction performed at —40 °C for 96 h.

subjected to selective reduction of the nitro group using
Zn—NHCI to afford dihydropyrrolylphosphonate 5 in
82% yield. In another strategy, Baeyer— Villiger oxidation
of phosphonate 3a (74% ee) afforded nitroester 6 in 95%
yield. Selective reduction of the nitro group in 6 using
NiCl,—NaBHy, led to the formation of 5-oxopyrrolidinyl-
phosphonate 7 in 85% yield.

In conclusion, a novel approach to cyclic quaternary
o-aminophosphonates has been developed via a new qui-
nine thiourea catalyzed enatioselective Michael addition of
quaternary a-nitrophosphonates to enones. The scope of
enones and nitrophosphonates investigated suggested that
electron-rich aryl vinyl ketones are excellent substrates for

Org. Lett,, Vol. 14, No. 4, 2012

Scheme 1. Synthesis of Cyclic Quaternary o.-Aminophos-
phonates

o) 0 0
[-OEt activated Zn ;Q/OEt
Ar P\OEt — S “OEt
NO,  THF-NHc A7 N
4a ft, 30 min 5 82%, 92% ee

Ar = 3,4-(MeO),CeHs

0 m-CPBA 0 ?

5 OFt TFA, DCM p Ot
Ar \OEt — AO QOEt

No2 rt, 18 h N02

Ar = p-tolyl

3a, 95%, 74% ee

O
E,OEt
NiCl;.6H,0, NaBH ~
N1z 6,0, NaBHs o’Q{ OEt 7, 85%, 74% ee

MeOH, 1t, 5 h N

6, 95%, 74% ee

the Michael addition of a variety of tertiary o-nitropho-
sphonates. Studies on furthering the scope and applica-
tions of the products are currently underway in our
laboratory and will be reported in due course.
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