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Newly developed Horner-Wadsworth-Emmons (HWE) reagents 5 having triphenylphosphorane ylide subunits readily
condensed with various carbonyl compounds under mild reaction conditions to afford B, y-unsaturated o-keto triphenyl-
phorane ylides in good to excellent yields, which were hydrogenated over Pd-C (10%)/H, (1 atm) to give the corre-
sponding a-keto triphenylphorane ylides in quasi-quantitative yields. These triphenyphosphorane ylides have been
utilized as the precursors to a-keto amide/ester and vicinal tricarbonyl units in Wasserman’s synthetic protocols, and
have previously been prepared only from carboxylic acids/acid chlorides. Our new approaches provide excellent alterna-
tives for the synthesis of triphenylphosphorane ylide precursors to o-keto amide/ester and vicinal tricarbonyl units directly

from carbonyl compounds in good to excellent yields.
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Introduction

The highly electrophilic structural fragments such as a-keto
amide/ester’ and vicinal tricarbonyl units” have attracted con-
siderable research interest in recent years since these units have
been frequently found as the key structural fragments in many
biologically important natural compounds e.g., FK-506,* ra-
pamycin,3b cyclotheonamide3C and eurystatin.3d Furthermore,
these units have been shown to be extremely useful for the syn-
thesis of various heterocyclic compounds,” and also increasingly
incorporated as the electrophilic ketone pharmacophores into
synthetic molecules exhibiting inhibitory activities against cer-
tain enzymes.5

Thus there have been active research efforts to develop a
new synthetic approach to these functionalities.*’ Wasserman
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Scheme 1. Wasserman's synthetic route for a-keto amide/ester and tri-
carbonyl units
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Scheme 2. A new synthesis of triphenylphosphorane ylide precursors
6 & 2 from carbonyl compounds utilizing new HWE reagents Sa & Sb

et al. reported elegant synthetic routes for these units based on
the phosphorane ylide chemistry in which the key intermedi-
ates 2 were converted to the target molecules under mild reac-
tion conditions in a convergent manner (Scheme 1).8

These approaches have been widely employed in the syn-
thesis of a variety of complex molecules having a-keto amide/
ester or vicinal tricarbonyl unit.” However, there is a limitation
that the key intermediates 2 can be derived only from carboxylic
acids or acid chlorides. In order to circumvent this limitation,
we recently developed a new synthetic approach to triphenyl-
phosphorane ylides (6a, 2a) utilizing a new Horner-Wadsworth-
Emmons (HWE)IOreagent Saas the key reagent (Scheme 2, Z =
-CN)."

In continuation of our study in this area of chemistry,
we have done a thorough study of this new approach by using
different bases/various carbonyl compounds, and also extend-
ed the same approach for the synthesis of triphenylphosphorane
ylide precursors (6b, 2b) to vicinal tricarbonyl unit (Scheme 2,
Z = -COxt-Bu). Herein, we wish to report the details of this
new study and data of the reaction products.

9¢,9¢,11,12

Results and Discussion

The success of this new approach depends overwhelmingly
upon the successful synthesis of the new HWE reagent 5a from
the cheap and easily available materials via reliable procedures.
Thus, we first examined the two-step route described in Scheme
3: the commercially available reagents, chloroacetyl chloride
(7) and cyanophosphorane 1a, were coupled in the presence of
BSA to give the intermediate 8" which was heated in P(OEt);
(110 °C, 24 h, Ar) to afford the requisite HWE reagent 5a in
78% overall yield.11

This two-step route, however, suffers from using the highly
unstable reagent 7 and also requiring tedious chromatographic
separation of the intermediate 8. Therefore, we devised one-
step route starting from the commercially available reagents,
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diethylphosphonoacetic acid (9) and cyanophosphorane 1a,
using EDC as a coupling reagent, and new HWE reagent 5a
was obtained as an analytically pure crystalline solid in 81%
yield by recrystallization of the reaction mixture from EtOAc.”*"

With the key reagent 5a in hand, various carbonyl com-
pounds were reacted with Sa using NaH as the first choice of
base (Table 1).

The deprotonation of Sa with NaH (1.3 eq) took place smoo-
thly at rt in 20 min to afford the stabilized enolate which was
reacted with a number of carbonyl compounds under mild con-
ditions. Reactions of simple aryl/aliphatic aldehydes with Sa
under the standard conditions afforded exclusively (E)-olefins
in excellent yields (runs 1, 4, and 5). Sterically hindered alde-
hydes such as 2,6-dimethylbenzaldehyde, however, required
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Scheme 3. Attempted synthesis of new HWE reagents 5a & Sb
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longer reaction time (runs 2 and 3). The reaction of N-BOC-
2-aminoacetaldehyde with 5a draws special attention since it
could afford y-aminobutyric acid (GABA)-derived a-keto
amide/ester units incorporated in bioactive compounds (run 6).14
trans-Cinnamaldehyde also readily condensed with Sa under
the standard conditions to give ylide 6a.7 in good yield (run 7).
Considering the compounds with heteroaromatic units exhibit-
ing biological activities, it is of special interest to efficiently
synthesize triphenylphosphorane ylides with heteroaromatic
moieties. 2-Furaldehyde and 2-thiophenecarboxaldehyde react-
ed readily with Saunder the standard conditions to provide the
corresponding ylides (6a.8 and 6a.9) in good yields (runs 8
and 9).

We also tested ketones for this reaction. The reaction of ke-
tones with Sa under the standard conditions, however, was con-
firmed to be sluggish and incomplete: 3-pentanone afforded
ylide 6a.10 in 41% yield, and benzophenone gave ylide 6a.11
in 58% yield even stirring the reaction mixture for 24 h and 22
h respectively (runs 10 and 11).

Next, we turned our attention to BuLi as base. The depro-
tonation of Sa with BuLi (1.1 eq) was readily accomplished at
=78 °C in 15 min, and condensation of the resulting enolate
with representative aldehydes were completed in 2 h in good
to excellent yields (runs 12 - 17). In general, BuLi appears to
be better than NaH in terms of yields and the mildness of the

Table 1. Condensation of Sa with carbonyl compounds and subsequent hydrogenation of 6a to 2a over Pd-C (10%)/H, (1 atm)

CH) (o] (i) Base (o] Pd/C (10%.,Y wt %) R, O
(EtO),P. CN (i Ry Re Ry CN H, (tatm), Z(h) R, CN
PPhs [¢) H  PPhg PPhg
(iii) 0 °C, 30min, rt, X (h)
or -78 °C, 30min, rt, X (h)
5a 6a 2a
Run R, R, Base X (h) ba Run  Y(Wt%)  Z(h) 2a

(Yield, %) (Yield, %)
1 Ph- H NaH 1 6a.1 (93) I 10 3 2a.1 (98)°
2 2-MePh- H NaH 3 6a.2 (91)° 2! 10 10 2a.2 (97)°
3 2,6-(Me),Ph- H NaH 22 6a.3 (87)° 3! 30 24 2a.3 (95)°
4 Ph(CH,),- H NaH 1 6a.4 (89)° 4 10 3 2a.4 (98)°
5 CH;3(CH,)e- H NaH 1 6a.5 (88)° 5' 10 3 2.5 (97)°
6 BOCNHCH,- H NaH 1 62.6 (89)° 6' 10 3 22.6 (91)°
7 PhCH=CH- H NaH 1 6a.7 (78)° - - NA
8 2-Furanyl H NaH 3 6.8 (87)° 7 30 6 2a.7 (73)"
9 2-Thiophenyl H NaH 3 62.9 (81)° 8! 50 24 ND?
10 Et- Et- NaH 24 6a.10 (41)** 9' 30 16 2.8 (98)°
11 Ph- Ph- NaH 22 6a.11 (58)“ 10' 30 6 2.9 (99)°
12 Ph- H BuLi 2 6a.1 (94) - - - -
13 CH;3(CH,)e- H BuLi 2 6a.5 (89)° - - - -
14 BOCNHCH,- H BuLi 2 62.6 (95)° - - - -
15 PhCH=CH- H BuLi 2 6a.7 (90)° - - - -
16 2-Furanyl H BuLi 2 6.8 (92)° - - - -
17 2-Thiophenyl H BuLi 2 6.9 (93)° - - - -

“Isolated yield after flash chromatography; [’(E)-Stereochemistry was unambiguously confirmed by comparing mp, 'R, IH & "C NMR of 6a.1
with those of the same product prepared from #rans-cinnamic acid; “(E)-Stereochemistry was confirmed by coupling const. (ca. 15 - 16Hz)
between two vinylic protons; “5a was recovered in 50% & 37% yield; “Isolated yield after filtering, washing the filtered-cake & drying in vacuo;

"Not attempted; *Not determined the yield of each rxn mixture.
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Table 2. Condensation of Sb with carbonyl compounds and subsequent hydrogenation of 6b to 2b over Pd-C (10%)/H, (1 atm)

R:

(o}

o 0o i) Base 2 % % Ry O
(E10),P COyt-Bu ;;&7’ R1%:ozt-su %l . 2 COtBu
o (iii) 0 °C, eC,)Omin, i, X (h) : Pne
or -78 °C, 30min, rt, X (h)
5b 2b
Run R, R, Base X (h) 6a Run  YWt%)  Z(h) A

(Yield, %) (Yield, %)
1 Ph- H NaH 1 6b.1 (86)" I 15 5 2b.1 (98)°
2 CH;(CH,)e- H NaH 1 6b.2 (83) 2! 15 5 2b.2 (99)°
3 BOCNHCH,- H NaH 1 6b.3 (89) 3 15 5 2b.3 (95)°
4 PhCH=CH- H NaH 1 6b.4 (87) - - - NA?
5 2-Furanyl H NaH 1 6b.5 (88)" 4 30 10 2b.4 (81)°
6 2-Thiophenyl H NaH 1 6b.6 (76) 5 50 24 ND*
7 Ph- H BuLi 2 6b.1 (94) - - - -
8 CH;(CH,)s- H BuLi 2 6b.2 (94) - - - -
9 BOCNHCH,- H BuLi 2 6b.3 (96) - - - -
10 PhCH=CH- H BuLi 2 6b.4 (90)” - - - -
11 2-Furanyl H BuLi 2 6b.5 (95) - - - -
12 2-Thiophenyl H BuLi 2 6b.6 (97) - - - -

“Isolated yield after flash chromatography; [’(E)-Stereochemistry was confirmed by coupling const. (ca. 15 - 16 Hz) between two vinylic
protons; “Isolated yield after filtering, washing the filtered-cake & drying in vacuo; “Not attempted; “Not determined the yield of each rxn

mixture.

reaction conditions.

In order to convert 6a to 2a, the normal catalytic hydrogena-
tion protocol using Pd-C (10%)/H» (1 atm) has been adopted.
The hydrogenation reaction proceeded very well in most cases
simply by stirring the slurry of 6a and Pd-C (10%) in a mixed
solvent (THF/MeOH, 1/1) under H, (1 atm) using balloon.
Simple aryl/aliphatic/a-aminoacetaldehyde-derived phospho-
rane ylides were hydrogenated completely in 3 h with Pd-C
(10%, 10 wt %) (runs 1°, 4’-6”). Sterically hindered aryl al-
dehyde/ketone-based phosphorane ylides, however, required
longer reaction time and higher loading of Pd-C (10%, 30 wt %)
for complete hydrogenation (runs 2°-3°,9’-10’). No detectable
byproducts were formed (confirmed by TLC and 'H NMR),
which signifies that cyano- and triphenylphosphorane subunits
are stable under this hydrogenation conditions. Therefore, sim-
ple filtration and removal of the solvent provided pure tri-
phenylphosphorane ylides 2a in almost quantitative yields. On
the other hand, 2-furaldehyde-derived phosphorane ylide 6a.8
needed higher loading of Pd-C (10%, 30 wt %) and extended
stirring time of 6 h for complete hydrogenation with simul-
taneous formation of two minor byproducts which apparently
arise from hydrogenation of the furan ring (run 7”). Thiophene-
derived phosphorane ylide 6a.9 is especially noteworthy since
this ylide was confirmed to be highly resistant to hydrogena-
tion. Even stirring the solution of 6a.9 with much higher load-
ing of Pd-C (10%, 50 wt %) for 24 h, the reaction was incom-
plete and also gave significant amounts of two byproducts most
probably due to the poisoning effect of sulfur atom on Pd-
catalyst (run 8°).

Stimulated by the successful results of HWE reagent Sa, we
decided to try this new approach for the synthesis of tri-
phenylphosphorane ylide precursors to vicinal tricarbonyl unit

(Scheme 2, Z = -CO¢#-Bu). The requisite new HWE reagent
Sb was also prepared directly from diethylphosphonoacetic
acid (9) and the commercially available phosphorane 1b in the
presence of EDC in 86% yield (Scheme 3, Z = -CO»-Bu).

For the deprotonation of 5b, both bases of NaH and BuLi
were also utilized, and the resulting enolate was reacted with
representative aldehydes under the similar conditions as for
5a (Table 2).

In general, the enolate of 5b readily condensed with alde-
hydes under the standard conditions to provide the correspond-
ing ylides 6b in good to excellent yields (runs 1 - 12).

For the conversion of 6b to 2b, the same catalytic hydrogena-
tion protocol using Pd-C (10%)/H, (1 atm) was also employed.
Generally, phosphorane ylides 6b required a little more load-
ing of Pd-C (10%) and longer reaction time than ylides 6a for
complete hydrogenation. No detectable byproducts were form-
ed during this hydrogenation step, thus, simple filtration and
concentration in vacuo without chromatography afforded pure
triphenylphosphorane ylides 2b in almost quantitative yields
(runs 1°-3”). 2-Furaldehyde-derived ylide 6b.4 and thiophene-
derived ylide 6b.5 have shown the same reaction patterns as
for 6a.8 and 6a.9 in hydrogenation. In the case of ylide 6b.4,
the reaction proceeded fairly well with formation of two minor
byproducts (run 4’). However, the hydrogenation of ylide 6b.5
was incomplete even with much higher loading of Pd-C (10%,
50 wt %) for prolonged reaction time of 24 h, and also afforded
significant amounts of byproducts (run 5°).

Experimental Section

All reactions were carried out in oven-dried glassware under
argon atmosphere. Melting points were determined on an Elec-
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trothermal melting-point apparatus and were uncorrected. FT
IR spectra were obtained on Jasco FT-IR/410 using KBr. 'H
(400/600 MHz) and C NMR (100/150 MHz) spectra were
recorded on Jeol INM-EX400 or INM-ECA600 FT NMR spec-
trometer using CDCl; as solvent, and chemical shifts (5) are
given in ppm downfield with respect to tetramethylsilane or
the solvent as an internal standard. Mass spectra were measur-
ed with VG Autospec Ultima instrument in EI (70 eV) mode
or with micrOTOF-Q in ESI mode. CHN analyses were done
with Vario EL elemental analyzer. Flash column chromato-
graphy was carried out on silica gel (Merck, 230 - 400 mesh)
and solvents were reported as V/V ratio mixture. THF was puri-
fied by distillation from Na/benzophenone. N,O-Bis(trimethyl-
silyl)aceamide (BSA), 1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide HCI (EDC), (fert-butoxycarbonylmethylene)tri-
phenylphosphorane, (triphenylphosphoranylidene)acetonitrile
and diethylphosphonoacetic acid were purchased from Aldrich
Chem. Co., and used directly without further purification. BuLi
(2.5 M in THF) and NaH (60% in mineral oil) were purchased
from Aldrich Chem. Co., and used directly without titration.
4-Dimethylaminopyridine (DMAP) and other commercial rea-
gents were purchased from commercial sources and used as
received unless otherwise stated.

Synthesis of HWE Reagent Sa from chloroacetyl chloride (7).
(i) To a stirred, precooled (0 °C) solution of (triphenylphos-
phoranylidene)acetonitrile (2.59 g, 8.60 mmol) in dry CH,Cl,
(30 mL) were added BSA (2.55 mL, 1.20 eq) and chloroacetyl
chloride (0.69 mL, 1.0 eq) by syringe, and the resulting solution
was stirred at 0 °C for 1 h, and then at rt for 10 h under Ar. The
reaction was quenched by the addition of H>O (20 mL), and
the organic layer was separated. The aqueous layer was extract-
ed with CH,Cl, (10 mL x 2), and the combined organic layers
were dried over MgSQs, filtered, and concentrated. The re-
sidue was purified by flash chromatography (SiO,, CH>Cly/
EtOAc, 20/1) to afford 8 (2.66 g, 82%) as a pale-brown solid.
mp 185 - 187 °C; IR (KBr) 2180, 1594 cm '; '"H NMR (CDCl;,
400 MHz) 8 4.44 (s, 2H), 7.50-7.71 (m, 15H); “C NMR (CDCl;,
100 MHz) 6 46.45, 46.55,47.20,48.45,121.11, 121.26, 121.89,
122.82,129.22, 129.35, 133.41, 133.44, 133.58, 133.68, 187.64,
187.68. (ii) A mixture of 8 (2.20 g, 5.83 mmol) in triethyl phos-
phite (10 mL) was heated at 110 °C for 24 h under Ar. Removal
of triethyl phosphite under high vacuum afforded the solid re-
sidue which was recrystallized from EtOAc (60 mL) to give
5a (2.50 g) as a white solid. Additional crop (0.15 g) of 5a from
the filtrate gave the total yield (2.65 g, 95%). mp 180 - 182 °C;
IR (KBr) 3057,2982,2173, 1586, 1249 cm '; '"H NMR (CDCl;,
400 MHz) 6 1.31 (t, 6H, J=7.1 Hz),3.37 (d, 2H, J=22.0 Hz),
4.16 (m, 4H), 7.49-7.57 (m, 6H), 7.60-7.71 (m, 9H); "C NMR
(CDCls, 100 MHz) 6 16.32,16.37,37.75,37.82,39.04, 39.11,
50.34,50.39, 51.60, 51.65, 62.13,62.19, 121.84, 122.00, 122.33,
123.26, 129.03, 129.16, 133.11, 133.14, 133.59, 133.70, 186.81,
186.86, 186.87, 186.92; HR-MS (EI) calcd for C26H27NO4P>
479.1415, found 479.1412; Anal. calcd for Co6H27NO4P;: C,
65.13; H, 5.68; N, 2.92. found: C, 65.36; H, 5.67; N, 2.96.

Synthesis of HWE Reagent 5a from diethylphosphonoace-
tic acid (9). To a stirred solution of diethylphosphonoacetic acid
(1.40 g, 95%, 6.78 mmol) and (triphenylphosphoranylidene)
acetonitrile (2.11 g, 97%) in dry CH»Cl, (30 mL) were added
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EDC (1.30 g, 98%) and DMAP (0.13 g, 99%), and the resulting
mixture was stirred at rt for 12 h under Ar. The reaction was
quenched by the addition of dil. HCI (20 mL, 0.1 N), and the
organic layer was separated. The aqueous layer was extracted
with CH,Cl> (10 mL x 2), and the combined organic layers were
dried over MgSOQs, filtered, and concentrated. The solid re-
sidue was recrystallized from EtOAc (50 mL) to give 5a (2.64 g,
81%) as a colorless crystalline solid. Melting point and other
spectroscopic data of this product were exactly matched with
those of the same product prepared from chloroacetyl chloride.

General procedure for 6a using NaH as base. NaH (26.1 mg,
60% in oil, 1.3 eq) was added to a stirred solution of 5a (240.0
mg, 0.50 mmol) in THF (15 mL), and the resulting mixture
was stirred at rt for 20 min, and then at 0 °C for 20 min under
Ar. To this mixture was added benzaldehyde (50.8 pL, 1.0 eq)
by syringe, and the resulting mixture was stirred at 0 °C for 30
min, and then at rt for 1 hunder Ar. The reaction was quench-
ed by the addition of H,O (10 mL), and the product was extract-
ed with CH2Cl, (20 mL). The aqueous layer was extracted with
CH,Cl, (10 mL x 2), and the combined organic layers were
dried over MgSOy, filtered, and concentrated. The residue was
purified by flash chromatography (SiO,, CH2CIl»/Et,0, 20/1)
to afford 6a.1 (201.0 mg, 93%) as a pale-yellow solid; mp 232 -
234°C; IR (KBr) 2172, 1636 cm'; 'H NMR (CDCls, 400 MHz)
8 7.28-7.38 (m, 3H), 7.43-7.60 (m, 10H), 7.61-7.71 (m, 9H);
C NMR (CDCls;, 100 MHz) & 50.28, 51.55, 122.00, 122.16,
122.76, 123.64, 123.69, 123.73, 128.14, 128.62, 129.10, 129.22,
129.34,133.07, 133.11, 133.58, 133.67, 135.43, 138.94, 185.79,
185. 82; HR-MS (EI) calcd for C20H»NOP 431.1439, found
431.1430.

General procedure for 6a using BuLi as base. BuLi (220 pL,
2.5 M in hexane, 1.1 eq) was added to a stirred, precooled
(-78 °C) solution of 5a (240.0 mg, 0.50 mmol) in THF (15 mL)
by syringe, and the resulting mixture was stirred at =78 °C for
15 min under Ar. To this solution was added benzaldehyde
(55.6 uL, 1.1 eq) by syringe, and the resulting solution was
stirred at =78 °C for 30 min, and then allowed to warm to rt and
stirred for 2 h under Ar. The reaction was quenched by the
addition of H>O (10 mL), and the product was extracted with
CH:Cl, (20 mL). The organic layer was separated and the aque-
ous layer was extracted further with CH,Cl, (10 mL X 2). The
combined organic layers were dried over MgSOy, filtered, and
concentrated. The residue was purified by flash chromatography
(SiO,, CH,CLy/Et,0, 20/1) to afford 6a.1 (202.8 mg, 94%) as
apale-yellow solid. Melting point and other spectroscopic data
of this product were exactly matched with those of the same
product prepared by using NaH as base.

Compound 6a.2: a white solid; mp 222 - 224 °C; IR (KBr)
2174, 1636 cm '; 'H NMR (CDCls, 400 MHz) § 2.40 (s, 3H),
7.17-7.24 (m, 3H), 7.29 (d, 1H, J=15.6 Hz), 7.49-7.58 (m, 6H),
7.60-7.78 (m, 10H), 7.79 (d, 1H, J = 15.6 Hz); "C NMR (100
MHz, CDCl;) 6 19.87, 50.16, 51.44, 122.04, 122.20, 122.71,
123.64, 124.64, 124.73, 126.08, 126.46, 129.07, 129.11, 129.20,
130.48, 133.05, 133.07, 133.54, 133.64, 134.21, 136.36, 136.37,
137.63, 185.86, 185.90.

Compound 6a.3: a white solid; mp 207 - 209 °C; IR (KBr)
2174, 1636 cm '; 'H NMR (CDCls, 600 MHz) & 2.38 (s, 6H),
7.01-7.10 (m, 3H), 7.11 (d, 1H, J=15.8 Hz), 7.51-7.57 (m, 6H),
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7.61-7.70 (m, 10H); °C NMR (150 MHz, CDCls) & 21.30,
50.32,51.16, 122.05, 122.16, 122.80, 123.42, 127.51, 128.01,
129.13, 129.20, 129.35, 129.40, 133.11, 133.13, 133.60, 133.66,
135.04, 136.85, 137.08, 185.93, 185.95.

Compound 6a.4: a white solid; mp 159 - 161 °C; IR (KBr)
2170, 1650 cm '; "H NMR (CDCL;, 600 MHz) 8 2.53, 2H, J =
7.6 Hz), 2.77 (t,2H,J=7.9 Hz), 6.80 (dt, 1H,J, = 15.1 Hz, J, =
6.5 Hz), 6.88 (d, 1H, J=15.1 Hz), 7.15-7.29 (m, 5H), 7.47-7.55
(m, 6H), 7.58-7.67 (m, 9H); "C NMR (150 MHz, CDCL) &
33.97, 34.79, 49.37, 50.22, 122.17, 122.28, 122.84, 123.47,
125.86,126.95, 127.01, 128.32, 129.07, 129.15, 133.03, 133.05,
133.52, 133.60, 141.42, 141.98, 186.18, 186.21.

Compound 6a.5: a white solid; mp 122 - 124 °C; IR (KBr)
2172,1649 cm '; '"H NMR (CDCls, 600 MHz) § 0.88 (t, 3H, J =
6.9 Hz), 1.20-1.35 (m, 8H), 1.40-1.48 (m, 2H), 2.20 (q, 2H, J =
7.2 Hz), 6.74 (dt, 1H, J, = 15.1 Hz, J,= 6.9 Hz), 6.81 (d, 1H,
J=15.1 Hz), 7.48-7.55 (m, 6H), 7.58-7.67 (m, 9H); °C NMR
(CDCls, 100 MHz)  14.04,22.58, 28.44,29.05,29.23, 31.71,
32.13, 48.93, 50.20, 122.19, 122.35, 122.79, 123.73, 126.42,
126.51,129.01, 129.15, 132.97, 133.00, 133.51, 133.62, 143.43,
186.47.

Compound 62a.6: a white solid; mp 174 - 176 °C; IR (KBr)
2174, 1708, 1654 cm '; "H NMR (CDCls, 400 MHz) & 1.44 (s,
9H), 3.90 (s, 2H), 4.81 (s, 1H), 6.68 (dt, 1H, J; = 15.4 Hz, J, =
4.9 Hz), 6.89 (d, 1H,J=15.4 Hz), 7.47-7.70 (m, 15H); "C NMR
(CDCl;, 100 MHz) 8 28.23, 41.35, 49.59, 50.86, 79.35, 121.67,
121.83,122.44,123.38,126.22, 128.97,129.10, 129.20, 132.98,
133.01, 133.39, 135.50, 138.42, 155.55, 185.21, 185.24.

Compound 6a.7: a yellow solid; mp 214 - 216 °C; IR (KBr)
2173, 1625 cm '; 'H NMR (CDCls, 400 MHz) § 6.79 (d, 1H,
J=15.6 Hz), 6.97 (dd, 1H, J; = 15.6 Hz, J>= 10.7 Hz), 7.05 (d,
1H, J=15.1 Hz), 7.22-7.37 (m, 4H), 7.40-7.47 (d, 2H, J="7.3
Hz), 7.48-7.56 (m, 6H), 7.58-7.71 (m, 9H), 7.60-7.66 (m, 9H);
“C NMR (CDCls, 100 MHz) § 50.16, 51.44, 122.14, 122.30,
122.71,123.64, 126.91, 127.31, 127.49, 127.58, 128.41, 128.66,
129.08, 129.20, 133.07, 133.10, 133.55, 133.66, 136.64, 138.94,
138.96, 138.98, 185.95, 185.98.

Compound 62.8: a pale-brown solid; mp 180 - 225 °C (dec.);
IR (KBr) 2173, 1637 cm '; '"H NMR (CDCls, 400 MHz) & 6.42
(dd, 1H, J; = 3.4 Hz, J, = 2.0 Hz), 6.51 (d, 1H, J = 3.4 Hz),
7.27 (d, 1H, J=15.6 Hz), 7.36 (d, 1H, J = 15.6 Hz), 7.44 (d,
1H, J = 2.0 Hz), 7.49-7.57 (m, 6H), 7.60-7.70 (m, 9H); "C
NMR (CDCls, 100 MHz) § 50.15, 51.44, 111.95, 113.42, 121.72,
121.81,121.88, 122.03, 122.77, 123.70, 125.75, 125.76, 129.07,
129.20, 133.04, 133.07, 133.55, 133.65, 143.87, 152.05, 185.58,
185.62.

Compound 6a.9: a yellow solid; mp 154 - 156 °C; IR (KBr)
2171,1627 cm '; 'H NMR (CDCls, 400 MHz) § 7.00 (dd, 1H,
J1=5.2Hz, J,=3.4Hz),7.20(d, 1H,J=3.4Hz),7.25(d, 1H,
J=15.6 Hz), 7.30 (d, 1H, J = 5.2 Hz), 7.48-7.57 (m, 6H),
7.58-7.72 (m, 10H); “C NMR (CDCL, 100 MHz) & 50.05,
51.32, 121.81, 121.97, 122.70, 122.80, 123.64,127.29, 127.74,
129.06, 129.18, 129.84, 131.57, 133.04, 133.06, 133.52, 133.62,
140.75, 185.36, 185.40.

Compound 6a.10: a white solid; mp 188 - 189.5 °C; IR (KBr)
2171,1636 cm '; '"H NMR (CDCls, 400 MHz) § 0.96 (t, 3H, J =
7.3 Hz), 1.10 (t, 3H,J="7.3 Hz), 2.18 (q, 2H,J="7.3 Hz), 2.54
(q,2H,J=7.3 Hz), 6.53 (s, 1H), 7.47-7.55 (m, 6H), 7.57-7.68
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(m, 9H); °C NMR (100 MHz, CDCls) § 12.36, 13.31, 24.75,
30.69, 49.47, 50.75, 120.08, 120.17, 122.41, 122.58, 123.23,
124.16, 128.93, 129.06, 132.81, 132.83, 133.49, 133.58, 160.44,
188.74, 188.78.

Compound 6a.11: a pale-yellow solid; mp 252 - 253 °C; IR
(KBr) 2174, 1608 cm '; '"H NMR (CDCls, 400 MHz) & 7.04 (s,
1H) 7.25-7.32 (m, 10H), 7.44-7.64 (m, 15H); "C NMR (100
MHz, CDCl5) § 50.61, 51.85, 121.95, 122.12, 122.58, 123.52,
126.87,126.96, 127.48,127.62, 128.04, 128.26, 128.32, 128.96,
129.09, 130.04, 132.96, 132.99, 133.58, 133.68, 139.79, 141.69,
148.96, 188.99, 189.03.

General procedure for 2a using Pd-C (10%)/H; (1 atm). A
slurry of 6a.1 (216.0 mg, 0.50 mmol) and Pd-C (10%) (21.6 mg)
in a mixed solvent (5 mL, THF/MeOH = 1/1) was stirred for 3 h
using balloon of H; (1 atm). The mixture was filtered, and the
filtered-cake was washed with THF (5 mL) and MeOH (5 mL).
Removal of solvent in vacuo and drying under high vacuum
provided 2a.1 (212.6 mg, 98%) as a white solid. mp 172 - 174 °C;
IR (KBr) 2172, 1584 cm '; 'HNMR (CDCls, 400 MHz) & 7.45-
7.70 (m, 15H), 7.18-7.32 (m, 5H), 3.16 (t, 2H, J= 7.1 Hz), 3.06
(t,2H,J="7.1 Hz); °C NMR (100 MHz, CDCl3) § 31.16, 40.41,
40.48, 48.12, 49.38, 122.49, 122.65, 122.77, 123.70, 125.75,
128.23,128.69, 129.01, 129.14, 132.96, 132.99, 133.49, 133.59,
141.53, 195.86, 195.89; HR-MS (EI) calcd for CooHNOP
433.1596, found 433.1596.

Compound 2a.2: a white solid; mp 161 - 162 °C; IR (KBr)
2170, 1579 cm'; '"H NMR (CDCls, 400 MHz) § 2.35 (s, 3H),
2.98 (s, 4H), 7.08-7.25 (m, 4H), 7.46-7.72 (m, 15H); "C NMR
(100 MHz, CDCl3) 8 19.40, 28.65, 39.41,39.48, 48.11, 49.37,
122.39, 122.55, 122.67, 123.60, 125.80, 125.90, 128.96, 129.01,
129.09, 129.14, 129.21, 130.06, 133.00, 133.03, 133.48, 133.58,
133.66, 136.24, 139.56, 196.05, 196.08.

Compound 2a.3: a white solid; mp 206 - 207 °C; IR (KBr)
2173, 1581 cm '; '"H NMR (CDCls, 400 MHz) § 2.37 (s, 6H),
2.83 (t,2H, J= 8.3 Hz), 2.99 (t, 2H, J= 8.3 Hz), 7.00 (s, 3H),
7.49-7.68 (m, 15H); "C NMR (100 MHz, CDCL) & 19.87,
25.93, 38.73, 38.80, 47.67, 48.92, 122.84, 123.78, 125.75,
128.08, 129.07, 129.20, 133.06, 133.09, 133.55, 133.66, 136.45,
138.18, 196.42, 196.45

Compound 2a.4: an off-white solid; mp 126 - 128 °C; IR (KBr)
2169, 1592 cm '; 'H NMR (CDCls, 400 MHz) 8 1.62-1.78 (m,
4H),2.63 (t, 2H,J="7.6 Hz), 2.76 (t, 2H, J=7.6 Hz), 7.14-7.29
(m, 5H), 7.48-7.54 (m, 6H), 7.56-7.65 (m, 9H); "C NMR
(150 MHz, CDCl3) 8 25.21, 31.06, 31.20, 35.57, 35.75, 35.93,
39.19, 39.24, 48.14, 48.98, 122.66, 122.77, 122.95, 123.56,
125.31,125.34, 125.65, 128.00, 128.04, 128.22, 128.25, 128.30,
128.53,128.92, 129.01, 129.11, 129.19, 132.97, 133.03, 133.40,
133.42, 133.47, 133.53, 133.59, 142.63, 197.14, 197.18

Compound 2a.5: a white solid; mp 116 - 117 °C; IR (KBr)
2173, 1582 cm’'; 'THNMR (CDCls, 600 MHz) § 0.87 (t, 3H, J =
6.9 Hz) 1.09-1.38 (m, H), 1.66 (q, 2H, J=7.6 Hz), 2.69 (t, 2H,
J=17.6 Hz), 7.48-7.53 (m, 6H), 7,56-7.67 (m, 9H); "C NMR
(150 MHz, CDCl3) 8 14.08, 22.63, 25.58,29.25, 29.37, 29.45,
29.50, 31.85, 39.52, 39.56, 48.05, 48.89, 123.02, 123.64,
128.99, 129.08, 132.96, 132.97, 133.48, 133.55, 197.61, 197.63.

Compound 2a.6: a white solid; mp 157 - 159 °C; IR (KBr)
2171, 1681, 1598 cm '; 'H NMR (CDCls, 400 MHz) & 1.43 (s,
9H), 1.84 (q, 2H, J="7.3 Hz), 2.74 (,2H, J="7.3 Hz), 3.15 (d,
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2H, J = 6.3 Hz), 7.46-7.70 (m, 15H); “C NMR (150 MHz,
CDCl) 6 25.34, 28.39, 36.65, 36.69, 40.13, 48.16, 48.99,
78.79, 122.42, 122.53, 122.76, 123.38, 129.08, 129.16, 133.09,
133.45, 133.52, 155.93, 196.27, 196.29.

Compound 2a.7: a white solid; mp 152 - 154 °C; IR (KBr)
2172, 1580 cm '; 'H NMR (CDCls, 600 MHz) 8 3.00 (t, 2H, J =
7.2 Hz), 3.08 (t,2H, J=7.2 Hz), 6.05 (d, 1H, /= 3.4 Hz), 6.29
(t,1H,J=2.4Hz),7.32 (d, 1H,J=2.1 Hz), 7.48-7.53 (m, 6H),
7.54-7.65 (m, 9H); "C NMR (100 MHz, CDCls) & 23.44,
37.15, 37.22, 47.96, 49.22, 105.03, 109.96, 122.33, 122.49,
122.66, 123.59, 128.99, 129.11, 133.01, 133.46, 133.56, 140.80,
155.34, 195.20.

Compound 2a.8: a white solid; mp 125 - 127 °C; IR (KBr)
2173, 1580 cm '; "HNMR (CDCls, 400 MHz) § 0.88 (t, 6H, J =
7.6 Hz), 1.28-1.41 (m, 4H), 1.87 (q, 1H, J=6.3 Hz), 2.61 (d,
2H, J = 6.8 Hz), 7.47-7.54 (m, 6H), 7.57-7.65 (m, 9H); °C
NMR (100 MHz, CDCl) 8 10.86, 25.72,37.97, 43.28, 43.35,
48.85,50.11, 122.69, 122.86, 122.99, 123.92, 128.94, 129.07,
132.92, 132.95, 133.48, 133.58, 197.46, 197.49.

Compound 2a.9: a white solid; mp 195 - 197 °C; IR (KBr)
2176, 1578 cm '; 'H NMR (CDCls, 600 MHz) & 3.45 (d, 2H,
J=17.8Hz),4.70 (t, 1H, J= 7.8 Hz), 7.17-7.64 (m, 25H); "°C
NMR (150 MHz, CDCl3) 6 44.48, 44.52,47.36,47.47, 49.82,
50.65, 122.41, 122.55, 123.17, 125.96, 126.27, 127.98, 128.23,
128.52,128.86, 128.94, 129.10, 129.18, 132.80, 132.94, 133.20,
133.28, 133.47, 133.54, 144.01, 194.41, 194.43.

Synthesis of HWE Reagent S5b from diethylphosphonoace-
tic acid (9). To a stirred solution of diethylphosphonoacetic acid
(1.42 g, 95%, 6.88 mmol) and (fert-butoxycarbonylmethylene)
triphenylphosphorane (2.64 g, 98%) in dry CH,Cl, (30 mL)
were added EDC (1.35 g, 98%) and DMAP (85.0 mg, 99%),
and the resulting mixture was stirred at rt for 12 h under Ar.
The reaction was quenched by the addition of water (20 mL),
and the organic layer was separated. The aqueous layer was
extracted further with CH,Cl, (10 mL x 2), and the combined
organic layers were dried over MgSQOy, filtered, and concen-
trated. The solid residue was purified by flash chromatography
(Si0,, CH,CI,/MeOH = 20/1) to provide Sb (3.29 g, 86%) as
a white solid. mp 135 - 137 °C; IR (KBr) 3053, 2984, 1669,
1542, 1251 cm''; '"H NMR (CDCls, 400 MHz) § 1.04 (s, 9H),
1.24 (t, 6H, J = 7.1 Hz), 3.82 (d, 2H, J = 21.9 Hz), 4.04 (m,
4H), 7.41-7.56 (m, 9H), 7.70-7.79 (m, 6H); °C NMR (CDCL;,
100 MHz) 6 16.28, 16.34, 27.98, 37.41, 37.48. 38.67, 38.75,
61.60, 78.90, 126.13, 127.06, 128.34, 128.47, 131.47, 131.49,
133.08,133.18, 166.92, 167.04, 186.73, 186.80, 186.86; MS
(ESI) m/z (%) 577 [M+Na]" (100), 561 (14), 481 (21), 477
(13), 459 (14), 455 (13), 361 (15), 360 (62); HR-MS (ESI)
caled for C;)H3sNaOgP, 577.1885, found 577.1885; Anal.
calcd for C30H3606P2: C, 64.98; H, 6.54. found: C, 64.71; H,
6.50.

General procedure for 6b using NaH as base. NaH (26.0 mg,
60% in oil, 1.3 eq) was added to a stirred solution of Sb (277.3
mg, 0.50 mmol) in THF (10 mL), and the resulting slurry was
stirred at rt for 20 min, and then at 0 °C for 20 min under Ar.
To this mixture was added benzaldehyde (50.8 pL, 1.0 eq) by
syringe, and the resulting mixture was stirred at 0 °C for 30 min,
and then at rt for 1 h under Ar. The reaction was quenched by
the addition of H>O (10 mL), and the product was extracted
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with CH>Cl, (20 mL). The aqueous layer was extracted further
with CH,Cl, (10 mL x 2). The combined organic layers were
dried over MgSQy, filtered, and concentrated. The residue was
purified by flash chromatography (SiO,, CH2CIl»/Et,0, 20/1)
to afford 6b.1 (225.4 mg, 89%) as an off-white solid; mp 178 -
179.5 °C; IR (KBr) 1649, 1547 cm'; 'H NMR (CDCls, 600
MHz) 6 1.09 (s, 9H), 7.22-7.32 (m, 3H), 7.39-7.59 (m, 12H),
7.68-7.76 (m, 6H), 8.20 (d, 1H, J=15.8 Hz); "C NMR (CDCl;,
150 MHz) ¢ 28.13, 78.85, 126.26, 126.32, 126.79, 127.41,
127.97,128.40, 128.47, 128.56, 131.42, 132.93, 132.99, 136.59,
137.22, 166.99, 167.08, 185.87, 185.89.

General procedure for 6b using BuLi as base. BuLi (220 pL,
2.5 Minhexane, 1.1 eq) was added to a stirred, precooled (=78
°C) solution of 5b (277.3 mg, 0.50 mmol) in THF (10 mL) by
syringe, and the resulting mixture was stirred at—78 °C for 15
min under Ar. To this solution was added benzaldehyde (55.9 L,
1.1 eq) by syringe, and the resulting solution was stirred at =78 °C
for 30 min, and then allowed to warm to rt for 2 h under Ar.
The reaction was quenched by the addition of H,O (10 mL),
and the product was extracted with CH,Cl, (20 mL). The orga-
nic layer was separated and the aqueous layer was extracted
further with CH>Cl, (10 mL % 2). The combined organic layers
were dried over MgSQy, filtered, and concentrated. The residue
was purified by flash chromatography (SiO,, CH>CIl»/Et,0,
20/1) to afford 6b.1 (239 mg, 94%) as an off-white solid. Melt-
ing point and other spectroscopic data of this product were
exactly matched with those of the same product prepared by
using NaH as base.

Compound 6b.2: a white solid; mp 77 - 79 °C; IR (KBr) 1661,
1525 cm '; '"H NMR (CDCls, 600 MHz) 8 0.87 (t, 3H, J = 6.9
Hz), 1.06 (s, 9H), 1.20-1.32 (m, 8H), 1.38-1.47 (m, 2H), 2.18
(9, 2H, J=6.9 Hz), 6.65 (dt, 1H, J, = 15.1 Hz, J, = 7.0 Hz),
7.37-7.52 (m, 10H), 7.63-7.74 (m, 6H); "C NMR (CDClL,
150 MHz) 6 14.08, 22.62, 28.07, 28.68, 29.13, 29.34, 31.77,
32.46,78.67,126.98, 127.60, 128.41, 131.31, 132.91, 132.97,
141.41, 166.99, 167.07, 186.57.

Compound 6b.3: a white solid; mp 124 - 126 °C; IR (KBr)
1697, 1661, 1507 cm™'; '"H NMR (CDCls, 600 MHz) & 1.06 (s,
9H), 1.43 (s, 9H), 3.90 (s, 2H), 4.68 (s, 1H), 6.53 (dt, 1H, J; =
15.8 Hz, J,=5.2 Hz), 7.40-7.54 (m, 10H), 7.65-7.72 (m, 6H);
“C NMR (CDCls, 150 MHz) & 28.05, 28.35, 41.92, 78.89,
79.16,126.53,127.15, 128.46, 128.54,129.32, 131.48, 132.93,
132.98, 133.07, 135.85, 155.63, 166.95, 167.03, 185.58.

Compound 6b.4: a yellow solid; mp 94 - 96 °C; IR (KBr)
1658, 1520 cm™'; '"H NMR (CDCls, 600 MHz) & 1.06 (s, 9H),
6.69 (d, 1H,J=15.8 Hz), 7.02 (dd, 1H, J;=15.8 Hz, J,=11.3
Hz), 7.18-7.32 (m, 4H), 7.37-7.52 (m, 11H), 7.67-7.77 (m,
7H):; C NMR (CDCL, 150 MHz) & 28.09, 78.84, 126.70,
126.82,127.44,127.91, 128.47, 128.56, 128.68, 130.32, 130.38,
131.43,132.92,132.98,136.97, 137.12, 137.53, 167.05, 167.14,
186.12, 186.15.

Compound 6b.5: a white solid; mp 200 - 210 °C (dec.); IR
(KBr) 1652, 1513 cm '; '"H NMR (CDCls, 600 MHz) & 1.10 (s,
9H), 6.30 (t, 1H,J=2.4 Hz), 6.41 (d, 1H, J=3.4 Hz), 7.20 (d,
1H, J=15.8 Hz), 7.38-7.53 (m, 10H), 7.67-7.75 (m, 6H), 8.04
(d, 1H, J = 15.8 Hz); "C NMR (CDCl;, 150 MHz) & 28.09,
78.88, 111.64, 111.99, 124.46, 126.72, 127.34, 128.45, 128.53,
131.42,132.94,132.99, 143.11, 143.14, 153.05, 166.86, 166.95,
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185.49.

Compound 6b.6: a white solid; mp 189 - 190 °C; IR (KBr)
1655, 1508 cm™'; 'H NMR (CDCls, 600 MHz) § 1.15 (s, 9H),
6.95 (t, 1H, J=4.5Hz), 7.11 (d, 1H, J= 3.4 Hz), 7.21 (d, 1H,
J= 4.8 Hz), 7.40-7.56 (m, 10H), 7.68-7.75 (m, 6H), 7.98 (d,
1H, J=15.1 Hz); "C NMR (CDCl;, 150 MHz) § 28.20, 78.95,
125.64, 125.70, 126.11, 126.66, 127.28, 127.56, 128.46, 128.55,
128.81,130.04, 131.44, 131.46, 132.94, 133.00, 142.21, 166.88,
166.97, 185.10, 185.13.

General procedure for 2b using Pd-C (10%)/H; (1 atm). A
slurry of 6b.1 (253.3 mg, 0.50 mmol) and Pd-C (10%) (38.0 mg,
15 wt %) in a mixed solvent (5 mL, THF/MeOH = 1/1) was
stirred for 3 h using balloon of H; (1 atm). The mixture was
filtered, and the filtered-cake was washed with THF (5 mL)
and MeOH (5 mL). Removal of solvent in vacuo and drying
the residue under high vacuum provided 2b.1 (249.2 mg, 98%)
as a white solid. mp 160 - 162 °C; IR (KBr) 1653, 1550 cm ';
"H NMR (CDCls, 600 MHz) 5 1.04 (s, 9H), 2.92 (¢, 2H, J=7.6
Hz), 3.24 (t, 2H, J= 7.6 Hz), 7.12-7.25 (m, 5H), 7.39-7.45 (m,
6H), 7.47-7.52 (m, 3H), 7.61-7.68 (m, 6H); °C NMR (150 MHz,
CDCl3) 6 28.05, 31.58,40.96, 78.42, 125.27, 126.80, 127.41,
128.00, 128.37,128.46 128.69, 131.31, 131.33, 132.88, 132.95,
142.69, 167.11, 167.119, 196.27.

Compound 2b.2: a colorless liquid; IR (neat) 1665, 1550 cm ;
"H NMR (CDCl;, 600 MHz) & 0.87 (t, 3H, J= 7.2 Hz), 1.06
(s, 9H), 1.18-1.33 (m, 12H), 1.58 (q, 2H, J = 7.6 Hz), 2.85 (t,
2H, J= 7.6 Hz), 7.39-7.44 (m, 6H), 7.46-7.50 (m, 3H), 7.65-
7.71 (m, 6H); "C NMR (150 MHz, CDCL) & 14.06, 22.61,
25.82,28.04,29.25,29.55,29.58,29.61, 31.85, 39.88, 39.92,
78.26, 126.97, 127.59, 128.28, 128.37, 131.20, 131.22, 132.81,
132.87, 167.16, 167.24, 197.73.

Compound 2b.3: a white solid foam; mp 46 - 48 °C; IR (KBr)
1708, 1661, 1542 cm™'; '"H NMR (CDCls, 600 MHz) & 1.04 (s,
9H), 1.41 (s, 9H), 1.78 (t, 2H, J= 6.5 Hz), 2.91 (t, 2H, J= 6.9
Hz),3.09 (q, 2H, J= 6.2 Hz), 5.14 (s, 1H), 7.38-7.55 (m, 9H),
7.62-7.72 (m, 6H); *C NMR (CDCl;, 150 MHz) & 25.66, 28.04,
28.42, 37.11, 40.27, 78.42, 78.68, 126.66, 127.27, 128.43,
128.51,131.45, 132.85, 132.92, 156.08, 167.30, 167.39, 196.74.

Compound 2b.4: a white solid; mp 163 - 164 °C; IR (KBr)
1655, 1550 cm™'; '"H NMR (CDCls, 600 MHz) § 1.06 (s, 9H),
2.92 (t,2H, J = 7.6 Hz), 3.24 (t, 2H, J = 7.6 Hz), 5.95 (d, 1H,
J=2.7Hz), 6.23 (t, 1H, J=2.4 Hz), 7.26 (d, 1H, J=2.1 Hz),
7.39-7.45 (m, 6H), 7.47-7.51 (m, 3H), 7.62-7.69 (m, 6H); °C
NMR (150 MHz, CDCls) 6 23.78,28.07,37.93, 78.49, 104.59,
104.61,109.87, 109.89, 126.70, 127.33, 128.38, 128.46, 131.35,
131.37,132.87, 132.94, 140.37, 140.39, 156.56, 167.13, 167.21,
195.56.

Conclusion

In conclusion, we have developed a new synthetic approach
for triphenylphosphorane ylide precursors to a-keto amide/ester
and vicinal tricarbonyl units using new HWE reagents 5 as the
key reagents. Considering several advantages of this new appro-
ach: (i) new HWE reagents 5 are easy to make in one step in
good yields, and also stable solids to handle; (ii) easy prepara-
tion of both triphenylphosphorane ylide precursors directly
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from carbonyl compounds under mild reaction conditions in
good to excellent yields, this new approach could be a method
of choice for the preparation of triphenylphosphorane ylide
precursors (6, 2) to a-keto amide/ester and vicinal tricarbonyl
units.
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