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Chiral Bisphosphazides as Dual Basic Enantioselective Catalysts

Hiroshi Naka,* Nobuhiko Kanase, Masahiro Ueno, and Yoshinori Kondo*!*!

Abstract: Chiral bisphosphazides complexed with lithium salts efficiently catalyze
the direct enantioselective 1,4-addition of dialkyl malonates to acyclic enones.

Spectroscopic studies on the stoichiometry of the bisphosphazide and lithium salt
have indicated the formation of a 1:1 species as the active enantioselective catalyst.
It is suggested that the catalyst generates a complex of the protonated phosphazide
and the chiral nucleophile as the key intermediate. The phosphazide moiety ap-
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pears to be a promising dual basic functionality for stereo- and chemoselective cat-

alytic transformations.

Introduction

Phosphazene compounds are employed as strong neutral or-
ganic bases,!! functional materials,” and chemoselective syn-
thetic reagents.”) The utilization of Schwesinger’s phospha-
zene bases!! as strongly basic reagents for the chemoselec-
tive deprotonation of acidic and even less acidic C—H pro-
tons has been extensively investigated.”! More recently, ap-
plications in the catalytic regulation of organometallict®! and
organosilicon! species have been reported. Most of these
studies have dealt exclusively with simple iminophosphor-
anes (R'N=PR%), and several examples of chiral phospha-
zene-catalyzed enantioselective reactions have been re-
ported.4:50:¢7]

However, little attention has been paid to phosphazides
(R'N=N—-N=PR?;), which are generally considered to be un-
stable intermediates in the Staudinger reaction, although
they are also potentially attractive as Lewis and/or Brgnsted
basic functionalities [Eq. (1)].
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Verkade et al. recently reported that several azidoproaza-
phosphatranes resist thermal denitrogenation and may be
used as catalytic bases in base-mediated reactions.”) It was
noted that appropriate steric bulkiness and electronic prop-
erties of the substituents were required for sufficient stabili-
zation of the phosphazide intermediates.’

These findings motivated us to investigate the possible re-
activity of the phosphazide moiety in base-catalyzed asym-
metric reactions. Preparation of chiral phosphazides through
the Staudinger reaction is attractive, because simply by
mixing chiral azides with bulky and electron-donating tris(-
dialkylamino)phosphines, chiral phosphazides are generated,
which may be used directly for asymmetric reactions with-
out further purification.”

We report here the first enantioselective catalysis using a
chiral bisphosphazide (1a) complexed with lithium salts, by
which direct, enantioselective 1,4-addition of dialkyl malo-
nates to acyclic enones can be efficiently accomplished
(Scheme 1). The asymmetric direct Michael addition of mal-
onates to enones is a representative reaction in modern
asymmetric catalysis,'!! and known metallic®! and non-met-
allic™™>' catalysts developed for this purpose are also effec-
tive for other base-catalyzed asymmetric processes.'!! We
also present a possible application of the phosphazide

— 5267




CHEMISTRY—

A EUROPEAN JOURNAL

moiety as a promising dual basic functionality (both a
Brgnsted and Lewis base) in stereo- and chemoselective cat-
alytic transformations.

Ph Ph
COOR MezN\ /N:N \N:N\ NMez
MeN—P=N N=R—NMe, (1a)
COOR
Me,N NMe,
+ 10 mol%

CH(COOR),
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o 10 mol% LiCIO, jLH/<
J\A Ar' Ar?
Ar' = Ar?

Scheme 1. Direct conjugate addition of dialkyl malonates to enones cata-
lyzed by bisphosphazide 1a and a lithium salt.

Results and Discussion

First, we prepared the chiral bisphosphazide 1a by simply
mixing tris(dimethylamino)phosphine and the requisite
asymmetrically functionalized bisazide at room temperature.
The bisazide precursor was easily prepared in two steps
from commercially available (R,R)-hydrobenzoin
(Scheme 2, Figure 1).1""!

OH N,

1) TsCl, py, 63% : P(NMe,)
Ph _Ph 2)s
Ph e ——— <
2) NaN;, DMF, 59% : PhH, 100%
OH N,

Scheme 2. Preparation of bisphosphazide 1a.

1a was found to be stable at room temperature, both in
pure form and in benzene solution, and no decomposition to
reduced diamine 2 or denitrogenated iminophosphorane 3a
was observed. When heated at 80°C for 18 h in toluene, 1a
was quantitatively transformed to iminophosphorane 3a (as
estimated by *'P NMR).P? Derivatives 1b-d were also pre-
pared, following the same method as described for la
(Figure 1). From the viewpoints of simplicity and availabili-
ty, 1a was used for initial investigations.

Thus, we first applied 1a for the direct conjugate addition
of dimethyl malonate to frans-chalcone (Table 1). Although
only slight asymmetric induction was observed, the reaction
proceeded directly in the presence of a catalytic amount of
1a (10 mol %) to form the 1,4-adduct 4a (Table 1, entries 1—-
3). With the aim of obtaining higher stereoselectivity, we
tested several additives. After many trials, we found that the

R = NMe, (1a)
Ph Ph Ph Ph

= NEt, (1b : B

)
N(Bu), (1

) ' ﬁ” w: (1e) N NH,
R:P=N N=PR, :NJ (d)

2

Figure 1. Structures of the prepared chiral phosphazides 1a—d, the related diamine 2, and the analogous imino-

phosphorane 3a.
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Table 1. Effects of solvent and additives on the reactivity and selectivity.

10 mol% 1a
)L\ 10 mol% additive O CH(COOMe),
= 2.0 equiv dimethyl malonate
. Ph Ph

Pn Ph solvent, 40 °C, 48 h () 4a
Entry Additive Solvent Yield® eel”
1 - THF 21 8
2 - toluene 56 13
3 - CH,Cl, 98 10
4 LiO7Bu THF 45 55
5 LiOrBu toluene 78 52
6 LiO7Bu CH,Cl, 63 79
7 NaOrBu CH,(Cl, 84 25
8 KO7Bu CH,(Cl, 43 1

[a] Isolated yield. [b] Determined by chiral HPLC.

addition of lithium fert-butoxide to bisphosphazide 1a re-
markably enhanced the stereoselectivity (entries 4-6),
whereas other alkali metal fert-butoxides gave only poor se-
lectivities (entries 7 and 8). In all cases, the S product was
obtained as the major enantiomer.

The effect of the counter anion of the lithium salt was
also investigated (Table 2). It was found that relatively
acidic lithium salts gave better enantioselectivities. Among
the lithium salts that we tested, LiClO,4 gave the best result
(Table 2, entry 8).

Table 2. Effect of the counter anion of the lithium salt.

10 mol% 1a
o 10 mol% lithium salt O  CH(COOMe),
Ph)k/\ Ph 2.0 equiv dimethyl malonate Ph (SPh 4
CH,Cl,, -40 °C, 48 h a
Entry Lithium salt Yield®! eel®!
1 LiCl 89 60
2 LiBr 62 79
3 Lil 51 77
4 LiBF, 52 85
5 LiPF, 86 78
6 LiOTf 75 88
7 LiNTf, 85 85
8 LiClO, 95 88

[a] Isolated yield. [b] Determined by chiral HPLC.

Using LiClO, as an additive, reactions using 1b, 1c, 2,
and 3 were examined (Table 3). The bisphosphazides with
diethylamino (1b) and pyrrolidyl (1d) substituents also gave
good enantioselectivity, similar to that seen with 1la (en-
tries 2 and 4), whereas dibutylamino-substituted phospha-
zide 1¢ gave poor selectivity (entry 3). The corresponding
diamine 2 with the same chiral
framework was completely inef-
fective, giving no selectivity at

Ph Ph ) <

> ' all (entry 5). The analogous imi-

N N nophosphorane 3al*! was also
(Me;N),P 'P(NMe,), found to give poor selectivity

3a (entries 6 and 7). The reaction
did not proceed without the
phosphazide (entry 8).
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Table 3. Catalysis using other bases."”!

Entry Base Yield™ eel!
1 la 95 88
2 1b 82 88
3 1c 99 34
4 1d 82 89
5 2 3 1

6 3a 68 12
7 3al 92

8 - 0

[a] Unless otherwise noted, reactions were carried out at —40°C for 48 h
in the presence of trans-chalcone (1.0equiv), dimethyl malonate
(2.0 equiv), base (10 mol %), and LiClO, (10 mol % ). [b] Isolated yield of
4a. [c] Determined by chiral HPLC. [d] Without LiCIO,.

Next, we tested the conjugate addition of various kinds of
nucleophiles to chalcone derivatives (Table 4). The reactions
of various dialkyl malonates proceeded in excellent yields
with good selectivities (entries 1-3). Di-tert-butyl malonate
could also be employed when LiOfBu was used in place of
LiClO, (entry 4). Interestingly, the reaction did not proceed
with more acidic 1,3-dicarbonyl compounds such as ketoest-
ers, diketones, or cyclic esters (data not shown). Bisnitrile
gave the addition product but with no enantioselectivity
(entry 5). Using dimethyl malonate as the nucleophile, the
scope of the reaction was investigated in terms of the elec-
trophiles that could be applied (entries 6-14). Chalcone de-
rivatives with both electron-donating (Me, OMe) and elec-
tron-withdrawing (Cl, F, NO,) substituents on their aryl moi-
eties could be successfully used as substrates without alter-
ing the enantioselectivity (entries 6-11). Reaction with coor-

Table 4. Bisphosphazide-catalyzed conjugate additions of nucleophilic enols to enones.
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dinative substrates, such as those bearing 2-furyl and 2-
pyridyl substituents, proceeded without any decrease in se-
lectivity (entries 12 and 13). Substitution of the aryl ring at
the a-position was also tolerated (entry 14).

To shed light on the possible structure of the catalyst and
the catalytic mechanism, we first examined the 'H and
3P NMR spectra of complexes of 1a and LiClO, in various
stoichiometric ratios (Figure 2). The chemical shift of the
benzylic proton changed when 0.5 equiv of LiClO, was
added to 1a (Figure 2a), implying the formation of a 1a:Li
chemical species with a molar ratio of 2:1 when less than
1.0 equiv of lithium salt was added. In both the 'H and
3P NMR spectra, saturation was observed when 1.0 equiv of
LiClO, was added to 1a, indicating 1:1 stoichiometric com-
plexation of LiClO, and 1a.

a) CHDCl, LiCIO,/1a

VI = B
L 0.75 *//L ) s

]
Ail‘ 0.50 7A7Jl\h 0.50
A 0.25 J 0.25
L_ 0.00 Jr& 0.00
547775277750 46.0 45.0 440 430
o [ppm] 6 [ppm]

Figure 2. a) 'HNMR titration of 1a with LiClO, in CD,Cl, (benzylic
region) at 25°C. b)*'P NMR titration of 1a with LiClO, in CD,Cl, at
25°C.

We next investigated the de-

Entry Substrate Product Yield™ eel pendence of the yield and ee on
the 1a/LiClO, ratio (Figure 3).
j)\/ﬂ M(EWG)Z In accordance with the *'P and
Ph Ph Ph Ph 'HNMR findings, the selectivi-
1 EWG =COOEt (4b) >99 79 (S) ty was highest when a 1:1 ratio
2 =COOiPr (4¢) 96 84(S)  of 1a and LiClO, was used. A
i 288833‘11(;'4‘2) . 5 Q) loading of LiCIO, of less than
5 —CN (41) <99 1 1.0 equiv with respect to 1a re-
sulted in a significant decrease
0 9 GH(COOMe), in the yield.

Ph)J\/\Ar Ph “SAr Combined with the above
6 Ar=4-MeCH, Ar=4-MeCH, (4g) 66 87 NMR findings, this result could
7 =4-MeOCH, =4-MeOCH, (4h) 84 88 be interpreted as follows. In the

8 —4-CICH, =4-CICH, (4i) 86 84 ) .
9 _4FCH, _4FC,H, (4j) s4 35 presence of 0.5 equiv of Li salt,
10 =4-NO,C¢H, =4-NO,C¢H, (4k) >99 88 la forms an inactive 2:1 1la/
11 =2-CIC(H, =2-CIC¢H, (41) >99 89 LiCIO, species, whereas when
12 =2-furyl =2-furyl (4m) 41 88 1.0 equiv of Li salt is added to
13 =2-pyridyl =2-pyridyl (4n) %8 88 1a, an active and stereoselec-
o O CH(COOMe), tive 1:1 1a/LiClO, complex is

Ar)J\/\Ph Ar ph generated (Scheme 3).

14 Ar=4-CICH, Ar=4-CICH, (40) 92 83 Because the bisphosphazide

[a] Unless otherwise noted, reactions were carried out at —40°C for 48 h in the presence of trans-chalcone
(1.0 equiv), dimethyl malonate (2.0 equiv), 1a (10 mol %), and LiClO, (10 mol % ). [b] Isolated yield. [c] Deter-

mined by chiral HPLC. [d] LiOBu (10 mol %) was used instead of LiClO,.
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had to be added to achieve
product formation, it presuma-
bly deprotonates the dialkyl
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Figure 3. Dependence of yield (o) and ee (m) on the LiClO,/1a ratio. The
reaction was carried out at —40°C for 48 h in the presence of 1.0 equiv of
chalcone, 2.0 equiv of dimethyl malonate, 10 mol% of 1a, and 0, 3, 5, 7,
9, 10, 12, 15, or 20 mol % of LiClO,.

malonate to form an enolate
nucleophile. The reaction with
the bisphosphazide catalyst MeOMOMe
alone gave poor enantioselec- H
tivity; equimolar addition of

the lithium salt to the bisphos-

phazide was necessary for high Ph
enantioselectivity. This result

mechanism of this enantioselective conjugate addition
remain unclear, a possible catalytic cycle is shown in
Scheme 4.

In the reaction mixture, the 1:1 1a/LiClO, complex readi-
ly reacts with the dialkyl malonate to form a chiral enolate
species and protonated phosphazide. The chiral enolate spe-
cies reacts with the chalcone, possibly through acid-base
dual activation,""™ whereby the protonated phosphazenium
center serves as an acid for the electrophilic activation of
the enone, and the bisphosphazide serves as a base for the
lithium enolate (Scheme 5a). A putative transition state is
presented in Scheme 5b.

Overall, the bisphosphazide serves as a dual base, as a
Lewis base for the lithium enolate, and as a Brgnsted base
for the deprotonation of the dialkyl malonate to form a
chiral nucleophile. The resulting protonated bisphosphazide
may thus serve as an acid-base dual activator. Further crys-
tallographic, spectroscopic, and computational studies aimed
at elucidating the origin of the selectivity are underway.

suggests that the 1:1 1a/LiClO, MeN. N=N_ N=N__NMe,
L. MeoN—PN N B NP—NMe,
complex (Scheme 3) is involved MeN” Li . \NMe2
in the catalytic cycle. The fact clo,
that relatively acidic lithium Ph Ph
salts gave better enantioselec-
tivities further implies that the Vo PN,N:N\ ’/N:N\N 2\
. . . e NI —
lithium cation complexed with e (eztDs Uy (NMie2s cioy
i i O  CH(COOM o
the .blsph'osphazllde pla}'fs‘ a ) ( e)2 o CH(COOMe),
Lewis acidic role in the efficient Ph oh \ ,<
) Ph

stereoselective  reaction. Al-
though details of the reaction

0.5 equiv TN @ N o
Ay cio,
™~ h

LiCIO,

N\ 1.0 equiv ) ‘\
q - Me:N N=N N=N NMe,

LiCIO, Mesz/P:N/ \l_i',/ \N:P<7NM92
Me,N ©. NMe,
clo,

Scheme 3. Possible species formed from 1a and LiClO, (0.5 or 1.0 equiv).
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Conclusion

A novel chiral bisphosphazide (1a) has been developed for
the enantioselective catalytic 1,4-addition of malonates to
acyclic enones using controlled complexation with lithium
salts. Spectroscopic studies on the stoichiometry of the com-
plex formed between the bisphosphazide and the lithium
salt suggest the formation of a 1:1 species as the active and
selective catalyst. Both the bisphosphazide and the lithium
salt proved necessary for obtaining high catalytic activity
and enantioselectivity, suggesting that the bisphosphazide
serves as a dual base, that is, both as a Lewis base and as a
Brgnsted base. We suggest that the phosphazide moiety rep-
resents a promising dual basic functionality for stereoselec-

Chem. Eur. J. 2008, 14, 5267 -5274


www.chemeurj.org

Catalysis by a Dual Brgnsted/Lewis Base

a)

activation of

5 activation of
nucleophile

\
! P
o} OMe

Ph Ph electrophile
N=N N=N
MeNP=N N NEP(NMe,),
o 0 4
e

i

M

0
Ph” % Ph

b)
=
Me.,N = NMe,
Me;N‘\p?:N’N;N\ N:N‘N_,(f:g—’Nl‘\ﬂe2
NMe, o---Li / \
Meo\// H NMe,
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Scheme 5. a) Acid-base dual activation in a putative transition state.
b) 3D representation of the putative transition state.

tive catalytic transformations. Further studies to extend the
scope of the reaction and to improve the enantioselectivity,
employing phosphazides with other chiral frameworks, are
underway.

Experimental Section

Reactions were carried out under Ar atmosphere using dry solvents.
Melting points (m.p.) were determined with a Yazawa micro melting
point apparatus and are uncorrected. Infrared (IR) data were recorded
on a SensIR ATR (attenuated total reflectance) FT-IR spectrometer. The
spectra were each acquired in 32 scans at a resolution of four using the
ReactIR 2.20 software system. Absorbance frequencies are reported in
cm™'. NMR data were recorded on either a JEOL AL400 spectrometer
(395.75 MHz for 'H, 99.50 MHz for '*C) or a JEOL ECAG600 spectrome-
ter (600.172 MHz for 'H, 150.907 for '*C, 242.956 MHz for *'P). Chemical
shifts are expressed in O values (parts per million, ppm), and coupling
constants are expressed in Hertz (Hz). "H NMR spectra were referenced
to tetramethylsilane as an internal standard or to a solvent signal (CHCl;
in CDCl;: 7.26 ppm, CHDC], in CD,Cl,: 5.32 ppm, or C¢HDs in C4Dy:
7.15 ppm). *C NMR spectra were referenced to tetramethylsilane as an
internal standard or to a solvent signal (CDCl;: 77.0 ppm, CD,Cl,:
53.8 ppm, or C¢Dy: 128.0 ppm). *'P NMR spectra were referenced to ex-
ternal 85% H;PO, in D,0. The following abbreviations are used: s=sin-
glet, d=doublet, t=triplet, q=quartet, m =multiplet, dd=double dou-
blet, dt=double triplet, td=triple doublet, dq=double quartet, brs=
broad singlet. Low- and high-resolution mass spectra (LRMS and
HRMS) were obtained on JEOL JMS-DX303 and JMS-700 spectrome-
ters, respectively, at the Mass Spectrometry Resource, Graduate School
of Pharmaceutical Sciences, Tohoku University. Analytical HPLC was
performed using Daicel Chiralpak AD. The samples of 4 subjected to
HPLC were the purified products from column chromatography on silica
gel.

Materials: Unless otherwise noted, materials were purchased from Tokyo
Kasei Co., Aldrich Inc., or other commercial suppliers, and were used
after appropriate purification (distillation or recrystallization). (R,R)-(+)-
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Hydrobenzoin was obtained from Kanto Chemical Co. Ltd. Flash column
chromatographies were performed on Kanto silica gel 60N (spherical,
neutral, 70-230 mesh).

Representative procedure for the preparation of catalysts: (1S,25)-Bis-
[tris(dimethylamino)phosphazido]-1,2-diphenylethane (1a): For use as a
reagent: Under Ar atmosphere, tris(dimethylamino)phosphine (325.9 mg,
2.0 mmol) was added to a solution of (+)-(1S5,25)-1,2-diphenylethane-1,2-
diazide (264.3 mg, 1.00 mmol) in benzene (1.5 mL) at room temperature.
After stirring the mixture for 20 h at the same temperature, further dry
benzene (1.0 mL) was added to give a 0.20M solution of 1a. Quantitative
conversion was confirmed by *'P NMR analysis.

For analysis: Under Ar atmosphere, tris(dimethylamino)phosphine
(325.9 mg, 2.00 mmol) was added to a solution of (4)-(15,25)-1,2-diphe-
nylethane-1,2-diazide (263.0 mg, 0.995 mmol) in benzene (1.5mL) in a
20 mL Schlenk tube at room temperature. The mixture was stirred for
21 h at the same temperature. It was then concentrated under reduced
pressure and 1a was isolated in a glove box (517.0 mg, 88 %). The prod-
uct was recrystallized from toluene/hexane as colorless needles. M.p. 96—
97°C; '"H NMR (400 MHz, CD,Cl,): 6=2.61 (d, J=9.2 Hz, 36H), 5.13 (s,
2H), 6.95-7.12 (m, 6H), 7.15-725ppm (m, 4H); "“C{'H} NMR
(150 MHz, CD,CL,): 6=36.8, 78.7, 125.4, 127.0, 128.7, 141.9 ppm; *'P{'H}
NMR (243 MHz, CD,CL): 6=415ppm (s); *PNMR (243 MHz,
CD,Cl)): 0=41.5ppm (septet, J=9.2Hz); IR (neat): #=2917, 2890,
2846, 2806, 1451, 1293, 1109, 974, 737, 699 cm™'; LRMS (FAB): m/z: 591
[M+1]%; HRMS: m/z: caled for C,HoN ,P,: 591.3678; found: 591.3683.
(18,25)-Bis|[ tris(diethylamino)phosphazido]-1,2-diphenylethane (1b):
Yellow oil; 'HNMR (400 MHz, CDCL/TMS): 6=1.00 (t, J=7.1 Hz,
36H), 2.98-3.09 (m, 24H), 5.30 (s, 2H), 6.92-7.05 (m, 6H), 7.15-7.22 ppm
(m, 4H); “C{'H} NMR (100 MHz, C,D/TMS): 6=13.8 (d, J=2.5 Hz),
39.7 (d, J=3.3 Hz), 80.8, 125.8, 127.6, 129.8, 143.7 ppm; *'P{'H} NMR
(243 MHz, CD,Cl,): 0=42.4 ppm (s); *'P NMR (243 MHz, CD,CL,): 6=
42.5 ppm (nonet, J=9.7 Hz); IR (neat): #=2917, 2890, 2846, 2806, 1451,
1293, 1109, 974, 737, 699 cm™'; LRMS (FAB): m/z: 760 [M+1]*; HRMS:
m/z: caled for C;sH3N,P,: 759.5556; found: 759.5552.

(18,25)-Bis|[ tris(dibutylamino) phosphazido]-1,2-diphenylethane (1c):
Yellow oil; '"HNMR (400 MHz, CDCL/TMS): 6=0.95 (t, J=7.2 Hz,
36H), 1.16-1.34 (m, 24H), 1.54-1.67 (m, 24H), 3.00-3.14 (m, 24H), 5.61
(s, 2H), 6.94-7.01 (m, 2H), 7.06-7.27 (m, 6H), 7.52-7.56 ppm (m, 2H);
BC{'H} NMR (100 MHz, C,Dy/TMS): 6 =14.3, 20.9, 31.1 (d, J=2.5 Hz),
46.5 (d, J=2.5Hz), 81.0, 125.8, 127.6, 129.8, 144.1 ppm; *'P{'H} NMR
(243 MHz, CD,Cl,): d=41.9 ppm (s); *'P NMR (243 MHz, CD,CL,): 6=
41.9 ppm (nonet, J=9.9 Hz); IR (neat): 7=2958, 2933, 2873, 1617, 1455,
1329, 1160, 1034, 926, 812, 698, 677 cm™'; LRMS (FAB): m/z: 1096
[M+1]*; HRMS: m/z: caled for CgH;»N,P,: 1095.9312; found:
1095.9342.

(18,28)-Bis|[ tris(pyrrolidino)phosphazido]-1,2-diphenylethane 1d):
Yellow oil; '"HNMR (400 MHz, CDCL/TMS): 6=1.67-1.75 (m, 24H),
3.10-3.20 (m, 24H), 5.26 (s, 2H), 6.93-7.06 (m, 6H), 7.15-7.21 ppm (m,
4H); “C{'H} NMR (100 MHz, CDCIy/TMS): 6=26.5 (d, J=6.4 Hz), 47.2
(d, J=2.5Hz), 81.6, 1259, 127.7, 129.7, 143.6 ppm; *'P{'H} NMR
(243 MHz, CDCLy): 6=31.5ppm (s); *'P NMR (243 MHz, CDCL,): 6=
31.3-31.6 ppm (m); IR (neat): 7#=2958, 2865, 2850, 1445, 1204, 1111,
1069, 1009, 754, 697 cm™'; LRMS (FAB): m/z: 748 [M+1]*; HRMS: m/z:
calcd for Cy3Hy Ny,P,: 747.4617; found: 747.4630.

Representative procedure for the conjugate addition of dialkyl malonates
to chalcones: 2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid dimethyl ester
(4a):1213214 A solution of trans-chalcone (104.1 mg, 0.50 mmol) in
CH,Cl, (0.5mL) was added dropwise to a mixture of LiClO, (5.3 mg,
0.05 mmol), 1a (0.25mL, 0.20m in benzene, 0.05 mmol), and dimethyl
malonate (132.1 mg, 1.00 mmol) in CH,Cl, (0.5 mL) at —40°C under an
Ar atmosphere. The reaction mixture was stirred for 48 h, then quenched
with saturated NH,CI solution and extracted with AcOEt. The organic
layer was washed with brine, dried over MgSO,, and concentrated using
a rotary evaporator to afford the crude product. Purification by column
chromatography on silica gel (0—15% AcOEt in hexane) afforded 4a.
The product was recrystallized from Et,O/hexane as colorless needles.
M.p. 84-85°C; [a]y=+424.20 (c=1.01 in CHCL) (lit.:" [a]3=+17.7
(c=12 in CHCL)); 'HNMR (400 MHz, CDCIy/TMS): 6=3.48 (dd, J=
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16.8, 8.8 Hz, 1H), 3.51 (s, 3H), 3.55 (dd, /=168, 5.2 Hz, 1H), 3.73 (s,
3H), 3.86 (d, /=9.6 Hz, 1H), 4.19 (dt, /=92, 52 Hz, 1H), 7.14-7.29 (m,
SH), 7.42 (t, J=7.6 Hz, 2H), 7.53 (tt, J=7.6, 1.6 Hz, 1H), 7.87-7.92 ppm
(m, 2H); IR (neat): 7=2954, 2844, 1727, 1681, 1432, 1233, 1158, 1025,
747, 687 cm™'; LRMS (EI): m/z: 340 [M*]; HRMS: m/z: caled for
CyH,Os5: 340.1311; found: 340.1307; elemental analysis caled (%) for
CyH,Os5: C 70.57, H 5.92; found: C 70.45, H 5.97; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin™', 2=254 nm):
tg =28.4 min (minor enantiomer), fz =35.2 min (major enantiomer).

2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid diethyl ester (4b):**!¥ Re-
crystallized from Et,0/hexane, colorless needles; m.p. 73-74°C; [a]})} =
+22.50 (c=1.01 in CHCL) (lit:™ [a]3=+175 (c=0.8 in CHCL));
"H NMR (400 MHz, CDCIly/TMS): 6 =1.01 (t, J=7.1 Hz, 3H), 1.24 (t, /=
7.1 Hz, 3H), 3.45 (dd, J=16.6, 9.0 Hz, 1H), 3.54 (dd, J=16.6, 4.6 Hz,
1H), 3.82 (d, J=9.8 Hz, 1H), 3.95 (q, /=7.1 Hz, 2H), 4.13-4.24 (m, 3H),
7.13-7.30 (m, SH), 7.38-7.55 (m, 3H), 7.86-7.92 ppm (m, 2H); IR (neat):
7=2983, 1721, 1679, 1293, 1239, 1167, 1030, 745, 700, 687 cm™'; LRMS
(EI): m/z: 368 [M*]; HRMS: m/z: calcd for C,,H,,05: 368.1624; found:
368.1612; elemental analysis caled (%) for C,H,,05: C 71.72, H 6.57;
found: C 71.72, H 6.42; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin!, A=254 nm): tz=22.4 min (minor

enantiomer), fr =39.1 min (major enantiomer).

2-(3-Oxo-1,3-diphenyl-propyl)-malonic acid diisopropyl ester (4c¢):**14

Recrystallized from Et,O/hexane, colorless needles; m.p. 88-89°C;
[al=+15.80 (c=1.01 in CHCL) (lit..'" [a]Z=+4213 (c=0.7 in
CHCl;)); 'H NMR (400 MHz, CDCIl/TMS): 6=0.97 (d, J=6.3 Hz, 3H),
1.04 (d, J=63Hz, 3H), 124 (d, /=63 Hz, 6H), 343 (dd, /=165,
9.5Hz, 1H), 3.53 (dd, /=16.5, 4.1 Hz, 1H), 4.15 (dt, /=9.7, 41 Hz, 1H),
4.79 (sept, J=6.3 Hz, 1H), 5.07 (sept, J=6.3 Hz, 1H), 7.12-7.28 (m, SH),
7.38-7.44 (m, 2H), 7.49-7.54 (m, 1H), 7.86-7.91 ppm (m, 2H); IR (neat):
7=2983, 2935, 1721, 1683, 1281, 1235, 1104, 750, 702, 691 cm™'; LRMS
(EI): m/z: 396 [M*]; HRMS: m/z: caled for C,,H,3O5: 396.1937; found:
396.1928; elemental analysis calcd (%) for C,;H,3O5: C 72.70, H 7.12;
found: C 72.58, H 7.09; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin™', =254 nm): f; =12.88 min (minor
enantiomer), t; =24.82 min (major enantiomer).
2-(3-Oxo0-1,3-diphenyl-propyl)-malonic acid dibenzyl ester (4d):**'* Re-
crystallized from Et,O/hexane, colorless needles; m.p. 106-107°C; [a]}} =
+16.20 (c=1.01 in CHClL) (lit.:™ [a]5=+184 (c=1.0 in CHCL));
'HNMR (400 MHz, CDCI/TMS): 6=3.49 (d, J=6.4 Hz, 2H), 3.94 (d,
J=9.5Hz, 1H), 418425 (m, 1H), 490 (s, 2H), 5.11 (d, J=122Hz,
1H), 5.16 (d, /=122 Hz, 1H), 7.04-7.42 (m, 17H), 7.48-7.53 (m, 1H),
7.77-7.82 ppm (m, 2H); IR (neat): 7#=3346, 3031, 1733, 1681, 1229, 1152,
1011, 965, 741, 699 cm™'; LRMS (EI): m/z: 492 [M*]; HRMS: m/z: calcd
for C;,H,305: 492.1937; found: 492.1957; elemental analysis calcd (%) for
C;,HO5: C 78.03, H 5.73; found: C 77.99, H 5.86; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin~', 2=254 nm):
tr =38.86 min (minor enantiomer), f; =73.36 min (major enantiomer).
2-(3-Oxo-1,3-diphenylpropyl)-malonic acid di-ferr-butyl ester (4e):'° Re-
crystallized from Et,O/hexane, colorless needles; m.p. 117-118°C; [a]} =
+8.57 (¢=0.75 in CHCL;); '"H NMR (400 MHz, CDCL/TMS): § =1.19 (s,
9H), 1.46 (s, 9H), 3.39 (dd, /=164, 9.9 Hz, 1H), 3.51 (dd, /=164,
39Hz, 1H), 3.64 (d, J=10.1 Hz, 1H), 4.07 (dt, /=10.0, 3.9 Hz, 1H),
7.11-7.17 (m, 1H), 7.19-7.27 (m, 4H), 7.38-7.44 (m, 2H), 7.49-7.54 (m,
1H), 7.87-7.91 ppm (m, 2H); IR (neat): ¥=2979, 1735, 1719, 1683, 1368,
1246, 1138, 741, 700, 687 cm™'; LRMS (EI): m/z: 368 [M—56]"; HRMS:
m/z: caled for C,sHz,Os: 368.1624; found: 368.1635; elemental analysis
caled (%) for C,H;,05: C 73.56, H 7.60; found: C 73.57, H 7.57; HPLC
(Daicel Chiralpak AD, isopropanol/hexane 5:95, flow rate 1.0 mLmin',
A=254 nm): t =12.15 min (minor enantiomer), f =41.15 min (major en-
antiomer).

2-(3-Oxo-1,3-diphenylpropyl)-malononitrile (4 f):*>!¥  Recrystallized
from CH,Cl,/hexane, colorless needles; m.p. 125-126°C; 'H NMR
(400 MHz, CDCL/TMS): 6=3.65 (dd, J=18.6, 5.3 Hz, 1H), 3.72 (d, /=
18.6, 8.5 Hz, 1H), 3.96 (dt, J=8.5, 5.1 Hz, 1H), 4.66 (d, J=5.1 Hz, 1H),
7.35-7.54 (m, 7H), 7.60-7.66 (m, 1H), 7.96-8.00 ppm (m, 2H); IR (neat):
7=2919, 2900, 2256, 1681, 1449, 1233, 762, 748, 700, 690 cm'; LRMS
(ED): m/z: 274 [M*]; HRMS: m/z: caled for C,gH,,N,O: 274.1106; found:
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274.1099; elemental analysis caled (%) for C;sH;,N,0: C 78.81, H 5.14, N
10.21; found: C 78.81, H 5.34, N 10.07; HPLC (Daicel Chiralpak AD, iso-
propanol/hexane 10:90, flow rate 1.0mLmin~', A=254nm): tx=
20.10 min (major enantiomer), tx =27.67 min (minor enantiomer).
2-[3-Ox0-3-phenyl-1-(4-tolyl)-propyl]-malonic acid dimethyl ester (4g):'"!
Recrystallized from Et,O/hexane, colorless needles; m.p. 75-76°C;
'"H NMR (400 MHz, CDCL/TMS): 0=2.26 (s, 3H), 3.40-3.57 (m, 5H),
3.72 (s, 3H), 3.83 (d, J=9.5Hz, 1H), 4.15 (dt, J=9.1, 5.1 Hz, 1H), 7.04
(d, /=83 Hz, 2H), 7.13 (d, J=8.3 Hz, 2H), 7.39-7.46 (m, 2H), 7.50-7.56
(m, 1H), 7.88-7.93 ppm (m, 2H); IR (neat): 7=2954, 1729, 1681, 1233,
1208, 1194, 1160, 1025, 820, 688 cm™'; LRMS (EI): m/z: 354 [M*];
HRMS: m/z: calcd for C,;Hp,Os: 354.1467; found: 354.1478; elemental
analysis caled (%) for C,;H,,05: C 71.17, H 6.26; found: C 70.71, H 6.10;
HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0 mLmin~', =254 nm): t; =24.0 min (minor enantiomer), tx =31.6 min
(major enantiomer).
2-[1-(4-Methoxyphenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl
ester (4h):!'""'¥ Recrystallized from Et,O/hexane, colorless needles; m.p.
81-82°C; 'H NMR (400 MHz, CDCL/TMS): 6 =3.43 (dd, J=16.6, 8.9 Hz,
1H), 3.52 (dd, J=16.6, 48 Hz, 1H), 3.52 (s, 3H), 3.73 (s, 3H), 3.74 (s,
3H), 3.82 (d, /=9.4Hz, 1H), 410-4.18 (m, 1H), 6.75-6.81 (m, 2H),
7.14-7.20 (m, 2H), 7.40-7.46 (m, 2H), 7.50-7.56 (m, 1H), 7.88-7.92 ppm
(m, 2H); IR (neat): #=2954, 1729, 1681, 1515, 1231, 1179, 1158, 1025,
754, 729, 686 cm™'; LRMS (EI): m/z: 370 [M*]; HRMS: m/z: caled for
C,;H,,04: 370.1416; found: 370.1413; elemental analysis caled (%) for
C,H»,04: C 68.10, H 5.99; found: C 67.63, H 6.00; HPLC (Daicel Chiral-
pak AD, isopropanol/hexane 10:90, flow rate 1.0 mLmin~', A=254 nm):
tg=>51.76 min (minor enantiomer), fz =75.66 min (major enantiomer).
2-[1-(4-Chlorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4i): Recrystallized from Et,O/hexane, colorless needles; m.p. 87-88°C;
'"HNMR (400 MHz, CDCLy/TMS): 0=3.45 (dd, J=17.0, 8.9 Hz, 1H),
3.53 (dd, /=170, 4.8 Hz, 1H), 3.53 (s, 3H), 3.74 (s, 3H), 3.82 (d, /=
9.2 Hz, 1H), 4.17 (dt, J=9.2, 4.8 Hz, 1H), 7.18-7.26 (m, 4H), 7.40-7.47
(m, 2H), 7.52-7.58 (m, 1H), 7.87-7.92 ppm (m, 2H); “C{'H} NMR
(100 MHz, CDCL/TMS): 6=40.1, 42.1, 52.5, 52.7, 57.0, 128.0, 128.6,
128.6, 129.5, 133.0, 133.2, 136.6, 139.0, 168.0, 168.5, 197.2 ppm; IR (neat):
7=2956, 1729, 1681, 1235, 1162, 1023, 827, 752, 685, 665 cm™'; LRMS
(EI): m/z: 374 [M*]; HRMS: m/z: caled for C,0H,4O5Cl: 374.0921; found:
374.0904; elemental analysis caled (%) for C,H;4OsCl: C 64.09, H 5.11;
found: C 63.97, H 5.11; HPLC (Daicel Chiralpak AD, isopropanol/
hexane 10:90, flow rate 1.0 mLmin~', A=254 nm): tx =32.86 min (minor
enantiomer), t; =52.03 min (major enantiomer).
2-[1-(4-Fluorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
(4j): Recrystallized from Et,O/hexane, colorless needles; m.p. 85-86°C;
'"HNMR (400 MHz, CDCL/TMS): 6=3.44 (dd, /=169, 8.9 Hz, 1H),
3.40-3.57 (m, 5H), 3.72 (s, 3H), 3.83 (d, /=9.5Hz, 1H), 4.15 (dt, J=9.1,
5.1Hz, 1H), 7.04 (d, /=83 Hz, 2H), 7.13 (d, /=8.3 Hz, 2H), 7.39-7.46
(m, 2H), 7.50-7.56 (m, 1H), 7.88-7.93 ppm (m, 2H); “C{'H} NMR
(100 MHz, CDCL/TMS): 6=40.1, 42.3, 524, 52.7, 572, 1153 (d, J=
21.3 Hz), 128.1, 128.6, 129.7 (d, J=7.8 Hz), 129.8, 133.1 (d, /=3.3 Hz),
136.7, 161.8 (d, J=245.8 Hz), 168.0, 168.6, 197.3 ppm; IR (neat): 7=2954,
1729, 1681, 1233, 1208, 1194, 1160, 1025, 820, 688 cm™'; LRMS (EI): m/z:
354 [M*]; HRMS: m/z: caled for C,;H,,O5: 354.1467; found: 354.1478;
elemental analysis calcd (%) for C,;H,,O5: C 67.03, H 5.34; found: C
66.74, H 5.37; HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90,
flow rate 1.0 mLmin™', 2=254 nm): {=24.0 min (minor enantiomer),
tg=31.6 min (major enantiomer).
2-[1-(4-Nitrophenyl)-3-oxo0-3-phenylpropyl]-malonic acid dimethyl ester
(4k):"¥ Recrystallized from Et,0O/hexane, colorless needles; m.p. 77-
78°C; '"H NMR (400 MHz, CDCly/TMS): 6 =3.50-3.63 (m, SH), 3.75 (s,
3H), 3.89 (d, /=9.1 Hz, 1H), 4.31 (dt, J=8.9, 5.1 Hz, 1H), 7.41-7.50 (m,
4H), 7.53-7.79 (m, 1H), 7.86-7.92 (m, 2H), 8.10-8.16 ppm (m, 2H); IR
(neat): #=2954, 1731, 1684, 1517, 1345, 1256, 1152, 856, 748, 688 cm™;
LRMS (EI): m/z: 385 [M*]; HRMS: m/z: caled for C,0)H;(NO;: 385.1162;
found: 385.1154; elemental analysis calcd (%) for C,)H;(2NO,: C 62.33, H
4.97, N 3.63; found: C 62.08, H 5.05, N 3.40; HPLC (Daicel Chiralpak
AD, isopropanol/hexane 30:70, flow rate 1.0 mLmin~!, 1=254 nm): tr=
29.3 min (minor enantiomer), fr =59.7 min (major enantiomer).
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2-[1-(2-Chlorophenyl)-3-oxo-3-phenylpropyl]-malonic acid dimethyl ester
A41):"® Pale-yellow oil; '"HNMR (400 MHz, CDCly/TMS): 6 =3.57-3.76
(m, 8H), 4.10 (d, /=8.4 Hz, 1H), 4.67 (dt, J=38.6, 48 Hz, 1H), 7.10-7.19
(m, 2H), 7.27-7.37 (m, 2H), 7.40-7.46 (m, 2H), 7.51-7.57 (m, 1H), 7.90-
7.95 ppm (m, 2H); IR (neat): 7=2954, 1733, 1684, 1436, 1227, 1154,
1021, 750, 690 cm™'; LRMS (EI): m/z: 374 [M*]; HRMS: m/z: calcd for
CyH,4ClOs: 374.0921; found: 374.0929; HPLC (Daicel Chiralpak AD,
isopropanol/hexane 10:90, flow rate 1.0 mLmin~!, 1=254nm): fz=
17.5 min (minor enantiomer), t =19.6 min (major enantiomer).
2-(1-Furan-2-yl-3-o0xo-3-phenylpropyl)-malonic acid dimethyl ester (4m):
Recrystallized from Et,O/hexane, colorless crystals; m.p. 40-41°C;
'"HNMR (400 MHz, CDCIly/TMS): 0=3.47 (dd, J=17.1, 48 Hz, 1H),
3.58 (dd, J=17.1, 8.5 Hz, 1H), 3.64 (s, 3H), 3.73 (s, 3H), 4.30-4.37 (m,
1H), 6.09-6.13 (m, 1H), 6.21-6.24 (m, 1H), 7.25-7.28 (m, 1H), 7.42-7.48
(m, 2H), 7.51-7.58 (m, 1H), 7.92-7.98 ppm (m, 2H); “C{'"H} NMR
(100 MHz, CDCI/TMS): 6=10.9, 34.3, 39.6, 52.6, 54.8, 107.0, 110.3,
128.1, 128.6, 133.2, 136.6, 141.7, 153.4, 168.2, 168.4, 197.2 ppm; IR (neat):
7=2960, 2921, 1744, 1735, 1683, 1256, 1158, 1146, 1007, 760, 727,
686 cm™'; LRMS (EI): m/z: 330 [M*]; HRMS: m/z: calcd for C;gH;3Oq:
330.1103; found: 330.1103; elemental analysis calcd (%) for C;gH;3O4: C
65.45, H 5.49; found: C 65.56, H 5.62; HPLC (Daicel Chiralcel OD, iso-
propanol/hexane 5:95, flow rate 1.0 mLmin !, =254 nm): tx =15.80 min
(minor enantiomer), fz =16.92 min (major enantiomer).
2-[3-Oxo-3-phenyl-1-(pyridin-2-yl)-propyl]-malonic acid dimethyl ester
(4n): Recrystallized from Et,O/hexane, colorless crystals; m.p. 74-75°C;
'"HNMR (400 MHz, CDCL/TMS): 0=3.42 (dd, J=17.6, 3.9 Hz, 1H),
3.54 (s, 3H), 3.74 (s, 3H), 3.79 (dd, J=17.6, 9.5Hz, 1H), 411 (d, J=
9.6 Hz, 1H), 432 (dt, /=9.5, 3.9 Hz, 1H), 7.05-7.09 (m, 1H), 7.34-7.45
(m, 3H), 7.49-7.60 (m, 2H), 7.88-7.93 (m, 2H), 8.44-8.47 ppm (m, 1H);
BC{'H} NMR (100 MHz, CDCL/TMS): 6=41.5, 41.7, 52.3, 52.6, 55.8,
121.9, 124.8, 128.1, 128.5, 133.0, 136.2, 136.7, 149.0, 160.3, 168.4, 169.0,
197.7 ppm; LRMS (EI): m/z: 341 [M*]; HRMS: m/z: caled for
CoHyNOs: 341.1263; found: 341.1254; elemental analysis calcd (%) for
CyHyNOs: C 66.85, H 5.61, N 4.10; found: C 66.82, H 5.84, N 3.85;
HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0 mLmin~', =254 nm): t;=30.6 min (minor enantiomer), fr =52.2 min
(major enantiomer).
2-[3-(4-Chlorophenyl)-3-oxo-1-phenylpropyl]-malonic acid dimethyl ester
(40): Recrystallized from Et,O/hexane, colorless needles; m.p. 71-72°C;
'"HNMR (400 MHz, CDCIly/TMS): 0=3.42 (dd, /=169, 89 Hz, 1H),
3.51 (s, 3H), 3.53 (dd, /=169, 48 Hz, 1H), 3.73 (s, 3H), 3.84 (d, /=
9.2 Hz, 1H), 4.16 (dt, J=9.2, 4.8 Hz, 1H), 7.15-7.28 (m, 5H), 7.36-7.43
(m, 2H), 7.81-7.86 ppm (m, 2H); “C{'H} NMR (100 MHz, CDCL,/TMS):
0=40.8, 42.3, 52.4, 52.6, 57.2, 127.3, 128.0, 128.5, 128.9, 129.5, 135.1,
139.5, 140.2, 168.1, 168.7, 196.4 ppm; IR (neat): 7=2954, 1727, 1681,
1235, 1210, 1154, 1090, 1025, 825, 702 cm™'; LRMS (EI): m/z: 374 [M*];
HRMS: m/z: caled for C,)H,4O5Cl: 374.0921; found: 374.0931; elemental
analysis calcd (%) for C,H;,OsCl: C 64.09, H 5.11; found: C 63.92, H
5.07; HPLC (Daicel Chiralpak AD, isopropanol/hexane 10:90, flow rate
1.0mLmin~', 1=254nm): #=36.86min (minor enantiomer), fz=
51.84 min (major enantiomer).

NMR spectroscopic analyses for the titration of 1a with LiClO,: 'H and
S'PNMR spectra were obtained on a JEOL ECA600 spectrometer
(600.172 MHz for 'H, 242.956 MHz for *'P). Unless otherwise noted,
spectra were recorded from approximately 0.10 M solutions of the samples
in CD,Cl, at 25°C. '"H NMR spectra were referenced to a solvent signal
(CHDCl,, 5.32 ppm). *'P NMR spectra were referenced to external 85 %
H;PO, in D,0.
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