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Phase-transfer catalysis (PTC) is a very important and practical tool in synthetic organic chemistry.1-4
Common cases of its use are in two-phase reactions between solid or aqueous salts and substrates in organic
solvents in the presence of catalysts. There are many advantages in PTC over conventional, homogeneous
reaction procedures, particularly as there is no need for expensive or polar aprotic solvents. Onium salts such as
quaternary ammonium or phosphonium salts are widely used as phase-transfer catalysts.  Although
enantioselective phase-transfer reactions by using chiral onium salts as catalysts should offer attractive methods to
obtain optically active compounds, there have been so far only a limited number of successful exam!;>les,5‘21
most of which use quaternary ammonium salts derived from cinchona alkaloids. In enantioselective phase-
transfer reactions, it is essential to control the ion-pair structure composed of a chiral onium cation and the

eacent. However, work on methodologv for controllin
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ihe € recepic tor moiecules with 0x0 acids. In this
strategy, hydrogen bonds between hydrogen-bond donor groups on the receptor molecuies and the conjugate
bases of 0xo acids play a critical role in attaining strong complexation and geometry fixation. The application of
this strategy to the design of chiral phase-transter catalysts would lead to a new methodology to control the ion-
pair structure which should affect the enantiomeric excess of reaction products. This paper describes the synthetic
details of novel chiral phosphonium salts which have been designed based on the hydrogen-bonding strategy, and
the application of the salts to asymmetric phase-transfer alkylation of B-keto esters.25
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Results and Discussion

As a novel chiral phase-transfer catalyst, phosphonium salt 1 was designed. Two NH and two OH groups are
introduced as hydrogen-bond donors to create a multiple hydrogen-bonding site. This multiple hydrogen-
bonding site would interact with a counteranion (X') through the hydrogen bonds and keep the anion within the
asymmetric environment created by the two asymmetric carbon atoms.

R’IOH X HOIH 1a:X=Br,R=R'=Ph tBu
0P NH  HNO /@

1b:X=8Br,R=Ph,R'= +Bu

1c:X=Br, R=Ph, R'=—CH2);CHj3

+PR'3 1 1d:X=Br,R= By, R =Ph

Phosphonium salts 1a-d were synthesized as shown in Scheme 1. Tribromide 226 was converted to diamine
dihydrochloride 4 by a modified Gabriel synthesis.27 The condensation of 4 with (S)-mandelic acid afforded
diamide §. The quaternization of various phosphines with § was carried out in the presence of Ni(cod), as a
catalyst to give la—c. This quaternization method is more useful than the reported procedure28 because isolation
of a Ni-phosphine complex prior to the quaternization reaction is not necessary. Phosphonium salts 1d was
similarly prepared from 4 via diamide 6. Phosphonium saits 8 and 11 (Scheme 1) were also synthesized for
comparison.

In order to show the presence of hydrogen bonds between the OH and NH groups of 1a and the
counteranion, 'H NMR experiments were carried out. The 'H NMR signal of the OH protons of diamide § in
CDCI; at 30 °C (5.0 mM) is observed at 3.64 ppm, and that of phosphonium salt 1a at 5.05 ppm. This
downfield shift of 1.41 ppm is attributable to the hydrogen bonding between the OH groups and the bromide
anion of 1a. Similarly, the NH protons of 1a show a downfield shift of 1.79 ppm (6.66 ppm for 5, 8.45 ppm
for 1a). Although these results do not necessarily indicate the simultaneous participation of the OH and NH
groups in the hydrogen bonding, it is clear that these groups act as hydrogen-bond donors to the counteranion.

Phosphonium salts la-d, 8, and 11 were applied to asymmetric benzylation reactions of alkyl 2-
oxocyclopentanecarboxylates as shown in eq. 1. The results under various conditions are shown in Table 1.

catalyst -

PhCH.Br
o] ( 7( )
OR base R g:j (eq. 1)

organic solvent 12

The phosphonium salts accelerated the reaction, and showed moderate enantioselectivities. For example, in
the presence of 1 mol % of phosphonium salt 1a as a catalyst, a saturated aqueous solution of K,CO, as a base,
and toluene as an organic solvent, the r-butyl ester gave the benzylated product 12 (R = 7-Bu) with 39% ee in
43% vyield (Table 1, entry 3). Benzylation of the methyl and the benzyl esters resulted in very low
enantioselectivities (entry 1,2). Use of other aqueous bases and other organic solvents did not improve the ee
(entry 4-13). Without an organic solvent, the ee decreased (entry 14). Diluting the K,CO, solution from 53%
(saturated) to 40% and 10% reduced not only the yields but also the enantioselectivities (entry 15, 16). Although
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(a) Potassium phthalimide, hexadecyltri-n-butylphosphonium bromide (cat.), toluene, reflux, 80%:; (b) (1) hydrazine monohydrate,
EtOH, reflux; (2) conc. HCI, MeOH, 80%; (c) (S)-mandelic acid, DEPC, Ei;N, DMF, rt, 77%; (d) PPh,, Ni(cod), (cat.), EtOH, 110
°C in a sealed tube, 43%; (e) Tris(3,5-di--butylphenyl)phosphine, Ni(cod), (cat.), EAOH, 110 °C in a sealed tube, 66%; ()
trioctylphosphine, Ni(cod), (cat.), EtOH, 110 °C in a sealed tube, 24%; (g) (1) NaOH, (2) (S)-2-hydroxy-3,3-dimethylbutyric acid,
HOObt, WSCI-HC1, CH,Cl,, DMF, 67%; (h) PPh;, Ni(cod), (cat.), EtOH, 110 °C in a sealed tube, 42%: (i) (1) NaOH, (2) ($)-a.-
methoxyphenylacetic acid, HOObt, WSCI*HCI, DMF, 78%; (j) PPh,, Ni(cod), (cat.), EtOH, 110 °C in a sealed tube, 45%; (k) (1)
NaOH, (2) (5)- mandelic acid, HOObt, WSCI*HCIl, DMF, 83%; (1) PPh,, Ni(cod), (cat.), EtOH, 110 °C in a sealcd tube, 32%.
HOObt: 3-hydroxy-1,2,3-benzotriazin-4(3H)-one. WSCI*HCI: 1-(3-dimethylaminopropyl)-3-cthylcarbodiimide hydrochloride.
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Table 1.
qz?s;ﬁnixwlr:: benzylggon of alkyl 2- -oxocyclopentanecarboxylates thh benzyl bmmlde — _
Entry K Catalyst Base Urgamc Ti emp. Reaction Yield ee(%)
{mol %) solvent (°C) time (h) (%)

1 Me 1a (1.0) satd. ag. K,CO, toluene 20 24 1 (R)
2 Bn 1a (1.0) satd. aq. K,CO, toluene 20 24 88 4
3 t-Bu 1a (1.0) satd. aq. K,CO, toluene 20 24 43 39 (R)
4 -Bu 1a (1.0) satd. aq. Na,CO,  toluene 20 24 7 25 (R)
5 t-Bu 1a (1.0) satd. ag. Rb,CO,  toluene 20 24 56 29 (R)
6 t-Bu 1a (1.0) satd. aq. Cs,CO, toluene 20 24 49 20 (R)
7 t-Bu 1a (1.0) 50% ag. NaQH toluene 20 6 8 35
8 t-Bu 1a (1.0) 10% aq. NaOH toluene 20 6 75 4 (R)
9 t-Bu 1a (5.0 satd. ag. K,CO, hexane 20 24 17 2R
10 +-Bu 1a (1.0) satd. ag. K,CO, CH,C], 20 24 65 7(R)
i1 +-Bu 1a (1.0) satd. ag. K,CO, EL,C 20 24 30 14 {R)
12 t-Bu 1a (1.0) satd. aq. K,CO, benzene 20 24 59 34 (R)
13 +-Bu 1a (1.0) satd. aq. K,CO, PhEt 20 24 28 36 (R)
i4 i-Bu ia (1.0) satd. ag. K,CO, - 20 24 93 10 (R)
i3 t-Bu ia (1.0) 10%. aq. K,CO, toluene 20 24 5 20 (R
16 t-Bu 1a (1.0) 40% aq. K,CO, toluene 20 24 21 32 (R)
17 t-Bu 1a (1.0) K,CO, (solid) toluene 20 24 67 1(8)
18 t-Bu la (5.0) satd. aq. K,CO, toluene 20 24 47 38 (R)
19 t-Bu 1a (0.2) satd. aq. K,CO, toluene 20 24 37 40 (R)
20 t-Bu 1a (1.0) satd. aq. K,CO, toluene 20 168 80 38 (R)
21 t-Bu 1a (1.0) satd. aq. K,CO, toluene 0 168 44 50 (R)
22 t-Bu 1b (1.0) satd. aq. K,CO, toluene 20 24 92 13 (R)
23 t+-Bu 1c (1.0) satd. aq. K,CO, toluene 20 24 90 5(R)
24 t-Bu 1d (1.0) satd. aq. K,CO, toluene 20 24 85 21 (R)
25 t-Bu 8 (1.0) satd. ag. K,CO, toluene 20 24 50 10 (S)
26 t+-Bu 11 (1.0) satd. aq. K,CO, toluene 20 24 63 1(S)

cignifinantl ffnnt tha Aalde famtm; 1 10 Thic ic nrahahly Aiva 10 tha yarmy Taw calhiihility AfF 1Ta im tahiianas Aank
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unchanged ee (entry 20). Finally, lowering the reaction temperature to 0 °C improved the select1v1ty up to 50% ee
(entry 21). This is so far the best result as far as the ee is concerned. Phosphonium saits ib, 1¢, and id
significantly improved the yields, although they showed poorer enantioselectivitics (entry 22-24). The
phosphonium salts 8, which has methoxy groups instead of hydroxy groups, gave the product with opposite
configuration (entry 25). Furthermore, phosphonium salt 11, which has only one mandelamide unit, afforded
the product in almost racemic form (entry 26). This result suggests that two mandelamide units of la are

necessary to create an effective chiral environment for the substrate anion.
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tested for the asymmetric reaction under ihe same conditions as those of Tabie i,
eniry 3. Benzyl iodide gave almost the same resuit (41% ee (R), 42% yieid) as benzyl bromide did, aithough
benzyi chioride did not afford the product. 2-(Bromomethyl)naphthalene gave 13 with 31% ee (the absolute
configuration has not been determined) in 45% yield. However, benzyl 2-bromoacetate gave 14 in almost
racemic form (4% ee, 93% yield), although the phosphonium salt accelerated the reaction. The reason for the low
enantioselectivity has not been identified. These results show that the structure of the alkylating agents also
affects the enantioselectivity.

Unfortunately, r-butyl 2-oxocyclohexanecarboxylate 15 did not react with benzyl bromide under the conditions

shown in Table 1.
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Experimental

Phthalimide 3. A suspension of 1-bromo-3,5-bis(bromomethyl)benzene (2) (364 mg, 1.06 mmol),
potassium phthalide (496 mg, 2.68 mmol), and hexadecyltributylphosphonium bromide (54.4 mg, 0.107 mmol)
in toluene (SmL) was stirred under reflux for 1 h. CH,Cl, (30 mL) was added at room temperature, and then the
mixture was filtered and evaporated to give a white solid. This was recrystallized from toluene to give the
product as colorless fine needles (352 mg, 80%). mp 240 °C; '"H NMR (CDCl,, TMS, 270 MHz) & 4.79 (s,
4H), 7.44 (s, 3H), 7.73 (dd, J = 5.6, 3.0 Hz, 4H), 7.86 (dd, J = 5.6, 3.0 Hz, 4H); ""C NMR (CDCl,, 67.8
MHz) & 40.79, 122.95, 123.50, 127.51, 130.82, 131.97, 134.11, 138.74, 167.80; IR (KBr) 1770, 1710 cm’;
MS m/z 476, 474 (M"); Anal. Calcd for C,H ;BrN,O,: C, 60.65; H, 3.18; N, 5.89. Found: C, 60.45; H, 2.93;
N, 5.99.

Diamine dihydrochloride 4. To a suspension of 3 (12.6 g, 26.5 mmol) in EtOH (260 mL) was added
NH,NH,*H,0 (80%, 4.8 mL). The mixture was refluxed for 3 h. At room temperature 2 N HCI (120 mL.) was
added, and the mixture was filtered and rinsed with water (500 mL). The filtrate was evaporated to about 300 mL
and filtered again. After addition of 2 N NaOH (120 mL), the filtrate was extracted with CH,Cl, (100 mL x 4).
The combined extracts were washed with brine, dried over K,CO,, and concentrated to give a mixture of a
colorless solid and a colorless oil. MeOH (100 mL) and conc.HCI (40 mL) were added and evaporated to afford
crude material as a white solid. Reprecipitation from MeOH-Et,O yielded the product (6.11 g, 80%) as colorless
fine needles. mp 282-283 °C; '"H NMR (D,0, DSS, 270 MHz) § 4.20 (s, 4H), 7.46 (s, 1H), 7.71 (s, 2H); *C
NMR (D,0, DSS, 67.8 MHz) §44.91, 125.55. 130.87, 135.20, 138.26; IR (KBr) 2910 cm™; Anal. Calcd for
C.H,,BrCLN,: C, 33.36; H, 4.55; N, 9.73. Found: C, 33.14; H, 4.27; N, 9.55.

Diamide 5. A solution of DEPC (90%, 1.02 g, 5.63 mmol) in DMF (1 mL) was added to a suspension of
(8)-mandelic acid (845 mg, 5.56 mmol), 4 (763 mg, 2.65 mmol), and triethylamine (0.74 mL, 5.31 mmol) at 0
°C under Ar, and then the flask used for the DEPC solution was rinsed with DMF (1 mL). After 15 min,
triethylamine (0.78 mL., 5.60 mmol) was added for 7 min. The whole was stirred for 12 h at room temperature.
The mixture was diluted with AcOEt (50 mL), washed with satd. NaHCO, (20 mL x 2), 10% HCI (20 mL),
satd. NaHCO, (20 mL), and brine (20 mL), dried over MgSO,, and concentrated to afford a colorless amorphous
solid. Silica gel column chromatography (AcOEt-CH,Cl,) gave the product (986 mg, 77%) as a colorless
amorphous solid. mp 69-77 °C; [a]”, +25.2 (¢ 0.656, EtOH); 'H NMR (CDCl,, TMS, 270 MHz) § 3.64 (brs,
2H), 4.30 (dd, J = 15.5, 5.9 Hz, 2H), 4.39 (dd, J = 15.5, 5.9 Hz, 2H), 5.08 (s, 2H), 6.66 (brt, J = 5.9 Hz,
2H), 6.92 (s, 1H), 7.19 (s, 2H), 7.32-7.42 (m, 10H); "C NMR (acetone-d,, 67.8 MHz) & 42.95, 75.22,
123.22, 126.56, 127.93, 128.95, 129.42, 129.89, 142.34, 143.52, 173.78; IR (KBr) 3320, 1660, 1530 cm™;
MS m/z 485, 483 (M*+1); Anal. Calcd for C,,H,,BrN,O,: C, 59.64; H, 4.80; N, 5.80. Found: C, 59.36; H,
4.89; N, 5.77.

Phosphonium salt 1a. Under Ar, 5 (96.1 mg, 0.199 mmol), PPh, (70.9 mg, 0.270 mmol), Ni(cod),
(11.3 mg, 0.0411 mmol), and dry EtOH (2 mL, bubbled with Ar for 30 min) were charged into a sealed tube,
and heated at 110 °C. After 20 h, the mixture was cooled to room temperature, filtered, and concentrated. The
resulting green amorphous solid was purified by silica gel column chromatography (CH,CL,~AcOEt, AcOEt, then
MeOH-CH,Cl,), and the resulting colorless amorphous solid was dissolved in CH,Cl,, washed with saturated
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aq. NaBr (10 mL X 2) and water (10 mL X 3), and concentrated. After drying in vacuo (0.1 mmHg, 100 °C,
overnight), the product (63.8 mg, 43%) was obtained as a colorless powder. mp 118-122 °C; [a]”, +27.7 (c
0.448, EtOH); ‘H NMR (CDCl;, TMS, 270 MHz) 84.26 (dd, J = 15.2, 5.3 Hz, 2H), 4.50 (dd, J=15.2, 6.9
Hz, 2H), 5.05 (d, J = 5.9 Hz, 2H), 5.22 (d, J = 5.9 Hz, 2H), 7.13-7.74 (m, 24H), 7.85 (td, J = 7.6, 2.0 Hz,
3H), 7.98 (s, 1H), 8.45 (dd, J = 6.9, 5.3 Hz, 2H); ®*C NMR (CDCl,, 67.8 MHz) § 42.21, 73.44, 116.40 (d, J
= 89.0 Hz), 117.55 (d, J = 89.0 Hz), 126.65, 127.53, 128.09, 130.53 (d, J = 12.2 Hz), 130.84, 132.03 d, J =
10.9 Hz), 134.34 (d, J = 9.7 Hz), 135.40, 139.96, 142.11 (d, J = 13.4 Hz), 173.80; IR (KBr) 3270, 1660,
1520, 1440, 1110 cm’'; Anal. Caled for C,,H,,BIN,O,P: C, 67.65; H, 5.14; N, 3.76. Found: C, 67.42; H,

5.25; N, 3.67.

Tris(3,5-di-t-butylphenyl)phosphine. Under Ar, BuLi (1.57 N in hexanes, 9.40 mL, 14.8 mmol) was
added to a solution of 3,5-di--butylbromobenzene31 (3.80 g, 14.1 mmol) in THF (14.0 mL) at -78 °C during 5
min. After 5 min, PCl, (0.410 mL, 4.70 mmol) was added during 5 min. After 5 min, the reaction mixture was
warmed to 0 °C, and then stirred for 30 min. Brine (50 mL), water (10 mL), and Et,O (100 mL) were added, and
the organic layer was dried over MgSO,, and concentrated. The resulting crude mixture was purified by
recrystallization (EtOH, SmL) to give the product (1.67 g, 59%) as colorless fine needles. mp 145.5-146.0 °C; "
'H NMR (CDCl,, TMS, 270 MHz) § 1.22 (s, 18H), 7.08 (dd, J = 7.9, 1.7 Hz, 2H), 7.36 (s, 1H); C NMR
(CDCl,, 67.8 MHz) 6 31.36, 34.83, 122.19, 127.94 (d, J = 19.5 Hz), 136.96 (d, J = 9.7 Hz), 150.33 (d, J =
7.3 Hz); IR (KBr) 2950, 1575, 1475 cm’'; MS m/z: 598 (M"); Anal. Caled for C,,H.,P: C, 84.23; H, 10.60.
Found: C, 83.95; H, 10.80
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gel column chromatography u,nzuzlmcun) afforded the desired phosphonium sait (497 mg) as a colorless
amorphous solid. This was dissolved in CH,Cl, (30 mL), washed with saturated aqueous NaBr (10 mL X 2)
and distd. water (10 mL X 3), filtered through filter paper, and concentrated to give the product (415 mg, 66%)
as a colorless amorphous solid. mp 98.0-105.0 °C; [a]“ -4.77 (c 0.986, EtOH); 'H NMR (CDCl,, TMS, 270
MHz) 6 1.28 (s, 54H), 4.19 (dd, J = 15.5, 5.6 Hz, 2H), 4.55 (dd, J = 15.5, 7.3 Hz, 2H), 5.17 (br, 2H), 5.33
(s, 2H), 7.22-7.36 (m, 14H), 7.61 (d, J = 7.3 Hz, 4H), 7.87 (d, J = 1.7 Hz, 3H), 8.19 (s, 1H), 8.51 (dd, J =
7.3, 5.6 Hz, 2H); “C NMR (CDCl,, 67.8 MHz) & 30.95, 35.20, 42.03, 73.19, 117.10 (d, J = 86.5 Hz),
117.20 (d, J = 87.7 Hz), 126.69, 127.33, 127.96, 128.11 (d, J = 11.0 Hz), 129.51, 131.42 (d, J= 10.9 Hz),
133.78, 139.82, 142.01 (d, J = 12.2 Hz), 153.46, (d, J = 12.1 Hz), 173.75; IR (KBr) 3400, 2960, 1670 cm’";
Anal. Calcd for C,H,BrN,O,P: C, 73.24; H, 8.01; N, 2.59. Found: C, 73.18; H, 8.17; N, 2.69.

Phosphonium salt 1c. Under Ar, a suspension of 5 (345 mg, 0.715 mmol), trioctylphosphine (0.35 mL,
0.785 mmol), and Ni(cod), (39.1 mg, 0.142 mmol) in EtOH (2 mL, distd. from CaH,, then bubbled with Ar for
30 min) was placed in a sealed tube, then heated at 110 °C.  After 46 h, CH,CI, (5 mL) was added at room
temperature. The mixture was filtered, and concentrated to give a brown oil. Silica gel column chromatography
(CH,C1,/MeOH) afforded the desired phosphonium salt (148 mg, 24%) as a colorless oil. [a]”, +16.1 (¢ 0.995,
EtOH); [a]” ;5 +31.4 (¢ 0.995, EtOH); 'H NMR (CDCl,, TMS, 270 MHz) 6 0.87 (t, / = 6.9 Hz, 9H), 1.2-1.5
(brm, 36H), 2.48 (br, 6H), 4.25 (dd, J = 15.5, 5.3 Hz, 2H), 446 (dd, J = 15.5, 6.3 Hz, 2H), 5.19 (d, /= 4.6
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4 A48, 28.77, 28.86, 30.41 (d, / = 14.6 Hz)
126.47, 127.64, 128.12, 1 (d J— 9.8 Hz), 1'32 76, 139 75, 141. 38 (d J = 123 Hz), 173.80; IR

(CHC1,) 3400, 3250, 1670, 1520 cm’'; Elemental analysis could not be successfully done because of the
hygroscopic nature of lc.

Diamide 6. Compound 4 (501 mg, 1.74 mmol) was neutralized with 2 N NaOH (20 mL), and extracted
with CH,Cl, (30, 10, 10 mL). The combined extracts were dried over K,CO,, and concentrated. To this free
diamine were added (S)-2-hydroxy-3,3-dimethylbutyric acid (478 mg, 3.62 mmol), HOObt (598 mg, 3.67
mmol), CH,Cl, (5 mL), and DMF (5 mL). To the resulting yellow suspension was added WSCI*HCI (701 mg,
3.66 mmol), and the whole was stirred at room temperature. After 37 h, the reaction mixture was diluted with
AcOEt (50 mL), washed with 1 N HCI (20 mL), water (20 mL), satd. NaHCO, (20 mL X 2), and brine (20 mL),
dried over MgSO,, and concentrated. The resulting crude mixture was purified by silica gel column
chromatography (AcOEthexanes) to give the product (514 mg, 67%) as a colorless amorphous solid. mp 62.0-

70.0 °C; [at]*', —61.9 (¢ 0.446, EtOH); 'H NMR (CDCL,, TMS, 270 MHz) & 1.00 (s, 18H), 3.01 (br, 2H), 3.75
(d. JT=53 Hz 2H) 432 (dd. J= 15.2. 5.0 Hz. 2H). 448 (15.2. 6.6 Hz. 2H). 6.80 (br. 2H). 7.14 (s. 1H)
St B - iy MRS Jy Ter & BNy v ey oS b 73 4 Laredy e 228, Ardljy MM iy &Axgy .2 NGy 427,
7.32 (s, 2H); "C NMR (CDCl,, 67.8 MHz) § 26.02, 34.99, 42.09, 79.55, 122.57, 124.94, 129.36, 140.93,
172 52 TR (KR 24 2040 1680 15N cmls MQ /e AA AABNAT LN AAA AAD (MY Anal (Caled far
173,90, IN {ANDI) J5uyu, £7¥0v, 10JU, 195U Clll , V1S 7I/Z. =450, 5595 (V1 T1 ), o949, 9594 (vl ), Alldl. CailCd 101
LI DAY SA4A10. 1T T NS N £ 2D LChanind:e & SANK. LT "TN1. N £ 1Q

Ul DIIN,ULT L, 3401065 11, /U535 1N, 052, 1'0una: L, 34.03; n, /.U15 N, 0.16.

P~

Phosphonium saii id. Under Ar, a suspension of & (291 mg, 0.656 mmoi), triphenyiphosphine (230
mg, 0.877 mmol), and Ni(cod), (58.3 mg, 0.212 mmol) in EtOH (6.5 mL, distd. from CaH,, then bubbled with
Ar for 30 min) was placed in a sealed tube, then heated at 110 °C. After 14 h, the mixture was cooled to room
temperature, filtered, and concentrated to give a green oil. Silica gel column chromatography (CH,Cl,/MeOH)
afforded the desired phosphonium salt (263 mg) as a pale green amorphous solid. This was dissolved in CH,Cl,
(30 mL), washed with saturated aqueous NaBr (10 mL X 2) and distd. water (20 mL X 2), filtered through filter
paper, concentrated, and dried at 100 °C under 0.08 mmHg to give the product (192 mg, 42%) as a colorless
powder. mp 121.0-125.0 °C; [a]®, ~14.0 (c 0.454, EtOH); '"H NMR (CDCl,, TMS, 270 MHz) § 0.955 (s,
18H), 3.85 (d, J = 6.3 Hz, 2H), 4.20 (d, J = 6.3 Hz, 2H), 4.33 (dd, J = 14.8, 5.6 Hz, 2H), 4.59 (dd, J = 14.8,
6.6 Hz, 2H), 7.43 (d, J = 13.2 Hz, 2H), 7.58-7.66 (m, 6H), 7.71-7.78 (m, 6H), 7.85-7.91 (m, 3H), 8.25-
8.29 (m, 3H); ""C NMR (CDCl,, 67.8 MHz) & 26.29, 34.88, 42.18, 78.78, 116.25 (d, J = 88.9 Hz), 117.73
(d, J=89.0 Hz), 130.64 (d, J = 12.2 Hz), 132.22 (d, J = 9.8 Hz), 134.45 (d, J = 9.8 Hz), 135.15, 135.53 (d.
J=24Hz), 14258 (d, J = 13.4 Hz), 174.11; IR (KBr) 3360, 1655, 1520, 1440, 1110 cm!; Elemental inalys
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diamine were a-methoxyphenylacetic acid (330 mg, 1.9
DMF (10 mL). To the resuiting yeiiow suspension was added WSCi*HCI (391 mg, 2.04 mmoi), and the whole
was stirred at room temperature. After 30 h, the reaction mixture was diluted with AcOEt (50 mi.), washed with
1 N HCI (20 mL), water (20 mL), satd. NaHCO, (20 mL X 2), and brine (20 mL), dried over MgSO,, and

concentrated. The resulting crude mixture was purified by silica gel column chromatography (AcOEthexanes) to

)
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give the product (387 mg, 78%) as a colorless solid. mp 38.0-39.0 °C; [a]*, +48.9 (c 0.438, EtOH); 'H NMR
(CDCl,, TMS, 270 MHz) 63.37 (s, 6H), 4.36 (dd, J = 15.2, 6.3 Hz, 2H), 4.40 (dd, J = 15.2, 6.3 Hz, 2H),
4.69 (s, 2H), 6.99 (s, 1H), 7.07 (brt, J = 6.3 Hz, 2H), 7.28 (s, 2H), 7.30-7.43 (m, 10H); *C NMR (CDCl,,

67.8 MHz) 6 41.96, 57.05, 83.58, 122.77, 125.37, 126.85, 128.46, 128.52, 129.42, 136.75, 140.74, 170.60;
IR (KBr) 3320, 1670, 1520, 1100 cm'; MS m/z: 512, 510 (M*);Anal. Caled for C,H,,BIN,O,: C, 61.06; H,
5.32; N, 5.48. Found: C, 61.15; H, 5.37; N, 5.22.

Phosphonium salt 8. Under Ar, a suspension of 7 (180 mg, 0.352 mmol), triphenylphosphine (120 mg,
0.459 mmol), and Ni(cod), (21.2 mg, 0.0771 mmol) in EtOH (3.5 mL, distd. from CaH,, then bubbled with Ar
for 30 min) was placed in a scaled tube, then heated at 110 °C. After 21 h, the mixture was cooled to room
temperature, filtered, and concentrated to give a green oil. Silica gel column chromatography (CH,Cl,/MeOH)
and preparative HPLC (JAIGEL-H, CHCI,) afforded the desired phosphonium salt as a colorless oil. This was
dissolved in CH,Cl, (30 mL), washed with saturated aqueous NaBr (10 mL X 2) and distd. water (20 mL X 2),
filtered through filter paper, concentrated, and dried at 100 °C under 0.1 mmHg to give the product (122 mg,
45%) as a colorless amorphous solid. mp 113-123 °C; [«]”, +42.5 (c 1.00, EtOH); '"H NMR (CDCl,, T™MS,
270 MHz) 6 3.36 (s, 6H), 4.38 (dd, J = 15.2, 6.3 Hz, 2H), 4.52 (dd, J = 15.2, 6.3 Hz, 2H), 4.76 (s, 2H),
7.19-7.23 (m, 6H), 7.41-7.54 (m, 12H), 7.65-7.72 (m, 7H), 7.83 (dt, J = 1.7, 7.6 Hz, 3H), 8.33 (t, J = 6.3
Hz, 2H); C NMR (CDCl,, 67.8 MHz) & 42.05, 57.04, 83.24, 116.60 (d, J = 89.0 Hz), 117.55 (d, J = 89.0
Hz), 127.08, 128.03, 128.23, 130.53 (d, J = 12.2 Hz), 132.17 (d, J = 11.0 Hz), 134.34 (d, J = 9.7 Hz),
13456 (d, J =37 Hz), 13529 (d, J = 2.4 Hz), 137.39, 142,23 (d, J = 12.2 Hz), 171.14; IR (KBr) 3420,
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and the whole was stirred at room temperature. After 17 h, the reaction mixture was diluted with AcOEt (50 mL),
washed with 1 N HCI (40 mL), water (40 mL), satd. NaHCO, (20 mL X 2), and brine (40 mL), dried over
MgSO,, and concentrated. The resulting crude mixture was purified by silica gel column chromatography
(AcOEt/CH,Cl,) and subsequent recrystallization (toluene) to give the product (228 mg, 83%) as colorless plates.
mp 91.5-93.5 °C; [a]”, +16.0 (c 1.06, EtOH); 'H NMR (CDCl,, TMS, 270 MHz) 83.39 (d, J = 3.6 Hz, |H),
4.44 (d, J = 5.9 Hz, 2H), 5.12 (d, J = 3.6 Hz, 1H), 6.45 (br, 1H), 7.12 (4, J=7.6 Hz, 1H), 7.17 (t, J=7.6
Hz, 1H), 7.31 (s, 1H), 7.38-7.42 (m, 6H); "C NMR (CDCl,, 67.8 MHz) & 42.61, 74.16, 122.68, 126.04,
126.70, 128.72, 128.86, 130.21, 130.39, 130.60, 139.25, 140.04, 172.25; IR (KBr) 3400, 3290, 1660, 1620
cm’'; MS m/z: 321, 319 (M'+1), 320, 318 (M*);Anal. Caled for C,;H,BINO,: C, 56.27; H, 4.41: N, 4.37.

Found: C, 56.28; H, 4.21; N, 4.44.

Phosphonium salt 11. Under Ar, a suspension of 10 (106 mg, 0.330 mmol), triphenylphosphine (113
mg, 0.432 mmol), and Ni(cod), (10.6 mg, 0.0385 mmol) in EtOH (3.3 mL, distd. from CaH,, then bubbled
with Ar for 30 min) was placed in a sealed tube, then heated at 110 °C. After 25 h, the mixture was cooled to
room temperature, filtered, and concentrated to give a green oil. Silica gel column chromatography
(CH,Cl,/MeOH) afforded the desired phosphonium salt as a colorless amorphous solid. This was dissolved in

i35 QLU Pt
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CH,Cl, (30 mL), washed with saturated aqueous NaBr (10 mL X 2) and distd. water (10 mL X 3), filtered
through filter paper, concentrated, and dried at 100 °C under 0.5 mmHg to give the product (62.0 mg, 32%) as a
colorless amorphous solid. mp 85-95 °C; [a]*', +8.32 (c 0.580, EtOH); 'H NMR (CDCl,, TMS, 270 MHz) §
4.54 (dd, J = 15.5, 6.3 Hz, 1H), 4.58 (dd, J = 15.5, 6.3 Hz, 1H), 4.63 (d, J = 5.9 Hz, 1H), 527 (d, J=5.9
Hz, 1H), 7.10-7.31 (m, 4H), 7.52-7.91 (m, 20 H), 9.22 (t, J = 6.3 Hz, 1H); *C NMR (CDCl,, 67.8 MHz) §
42.39, 73.26, 116.83 (d, J = 89 Hz), 117.58 (d, J = 89 Hz), 126.61, 127.33, 128.00, 130.34 (d, J = 13 Hz),
130.67 (d, J = 13 Hz), 132.39 (d, /= 11 Hz), 133.54 (d, J= 11 Hz), 134.40 (d, J = 11 Hz), 135.34 (d, J = 4
Hz), 135.51 (d, J = 3 Hz), 140.32, 142,48 (d, J = 12 Hz), 173.91; IR (KBr) 3400-3200, 1660, 1440, 1110 cm’

': HRMS (EI*). Calcd for C,,H,;NO,P (M-Br): 501.1858. Found: 501.1866.

Typical procedure for asymmetric alkylation: To a suspension of 1a (3.7 mg, 0.0050 mmol) and -
butyl 2-oxocyclopentanecarboxylate (92.0 mg, 0.50 mmol) in toluene (5.0 mL) was added satd. K,CO, (3.0 mL)
at 20 °C. After S min, benzyl bromide (0.090 mL, 0.76 mmol) was added, and the whole was vigorously stirred
for 24 h at 20 °C. The reaction mixture was diluted with H,O (30 mL) and satd. NaBr (10 mL), and extracted
with CH,Cl, (30 mL, 10 mL, 10 mL). The combined extracts were dried over MgSO, and concentrated. The
crude mixture was purified by silica gel column chromatography (hexanes-Et,0O 25:1) to give 12 (R = t-Bu)
(59.5 mg, 43%) as a colorless oil. Its ee (39% ee (R)) was determined by HPLC analysis (CHIRALCEL OD-H
(Daicel); haxanes—2-PrOH 1000:1; flow rate: 1 mL/min; the retention time of the major isomer: 20.1 min, that of
the minor isomer: 15.9 min). [a]”, —41.3 (c 0.606, CHCI,).
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(1)-t-Butyl 1-(2-naphthyl)methyl-2-oxocyclopentanecarboxylate (13). 'H NMR (CDCl,, TMS,
270 MHz) é 1.45 (s, 9H), 1.45-1.57 (m, 1H), 1.85-2.02 (m, 3H), 2.32-2.41 (m, 2H), 3.30 (s, 2H), 7.27 (dd,
J = 8.6, 1.7 Hz, 1H), 7.40-7.48 (m, 2H), 7.60 (s, IH), 7.71-7.81 (m, 3H); 'C NMR (CDCl,, 67.8 MHz) §
19.52, 27.84, 31.86, 38.28, 38.73, 62.01, 82.01, 125.55, 125.97, 127.51, 127.58, 127.78, 128.52, 128.93,
132.20, 133.26, 134.50, 170.31, 215.42; IR (KBr) 2990, 1750, 1720, 1145 cm''; MS m/z: 324 (M"); Anal

Calcd for C, H,,0,: C, 77.25; H, 7.46. Found: C, 77.66; H, 7.45.

(+)-Benzyl 2-(1-((¢-butyl)oxycarbonyl)-2-oxocyclopentyl)acetate (14). 'H NMR (CDCl,, TMS,
270 MHz) 6 1.40 (s, 9H), 1.94-2.14 (m, 3H), 2.31-2.52 (m, 3H), 2.84 (d, J/ = 7.2 Hz, 1H), 297 (d, J= 7.2
Hz, 1H), 5.10 (s, 2H), 7.31-7.39 (m, 5H); "C NMR (CDCl,, 67.8 MHz) & 19.59, 27.71, 33.41, 37.47,
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1zyi-Z-oxocyciopentanecarboxyiaie (12 Me). Trifluoroacetic acid (0.50 mi)
was added to iZ (R = 7-Bu) (40% ee, 15i mg, 0.552 mmoi) at 0 °C, and the whoie was stirred for 10 min. Et,0
(30 mi) and H,0 (10 mL) were added, and the organic iayer was washed with H,O (10 mL.), dried over MgSo,,
and concentrated to give a yellow oil (167 mg). This oil was dissolved in Et,O (5.0 mL). To this was added a
solution of CH,N, in Et,0, prepared from N-methyl-N-nitrosourea and 8 N KOH, at 0 °C until the reaction
mixture became yellow. The remaining CH,N, was quenched with AcOH. The reaction mixture was diluted
with Et,O (30 mL), washed with satd. NaHCO, (10 mL) and brine (10 mL), dried over MgSO,, and
concentrated. The resulting crude mixture was purified by silica gel column chromatography (hexanes/Et,0) to
give the product (100 mg, 78%) as a colorless oil. The ee was found to be 39% by HPLC analysis
(CHIRALCEL OD-H (Daicel), hexanes/2-PrOH 100/1). [a]*, -21.0 (c 1.00, EtOH); 'H NMR (CDCl,, TMS,
270 MHz) 6 1.57-1.64 (m, 1H), 1.83-2.11 (m, 3H), 2.31-2.47 (m, 2H), 3.12 (d, /= 13.5 Hz, 1H), 3.21 (d, J
= 13.5 Hz, 1H), 3.73 (s, 3H), 7.11-7.14 (m, 2H), 7.18-7.30 (m, 3H); "C NMR (CDCl,, 67.8 MHz) § 19.37,
31.61, 38.32, 39.07, 52.58, 61.44, 126.81, 128.34, 130.06, 136.44, 171.30, 214.81; IR (neat) 2950, 1750,
1720 cm’'; MS m/z: 232 (M").
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Methyl 1-henzyl-2-0x0-3-trimethyvlsilvlcyclohexanecarboxyvlate (16). A solution of 12 (R =
Me) (G733 mo 0410 mmol in CH.CL (8 0 mI Y wag conled tao .15 °C. RF «QFt (D ORO mI. 0 631 mmoal) wac
RC) P2 Mg, Vaeld mmon) mn CR,00 (BU I was CoeieC 1o 12 L. B ronL s n 1L, L0210 mmol) was
addad Aftar § min TMQOHN (NN in havanaec N A7 ml N mmal)l wace addsad Aiiring 10 min  and than
aviuuva A 2ilwl o7 ARMARE, ll‘lu\"lll‘z \b W OAYL 11 HIWAQRLIVD gy VSl IIL‘J’ W\ TU Ilullull VY QO LU AL \J\JLIIIB 1l 131111, Qliv wIvll
tha ymivhiiea prao ofisread at lhatiorane 18 amAd 1N oM Aftar VY h 18 ymien cntd NI O val \ aemd T O 720 T
un HIIALUIU Wad SLLITU Al ULILWUOULHL —1LJ Aliud —1iyU . NGl L 01 10 1L, datud. iydl l\/uz \<U L) jLV) L‘l’lu SV 1)
. 331 Tl ccnmin lasras ssrae ssracha Ctel Lesion Alad oo A QY A amnaaia ] Tha smaialiiea
WCIC AUUcCU. 1K Ulg O ¢ yC[ Wdd WAdIICU WILlI DINC, WICU UVYCl lVlgDU4, diil COLICCIHIUdLCy HIC I bulllﬂg

1 "

orange oil was purified by silica gel column chromatography (hexanes/Et,O) to give an aimost pure product (63.

X oo

mg, 48%) as a coloriess oii. This was used for the subsequent reaction without further purification. 'H NM
(CDCl,, TMS, 270 MHz) 6 0.09 (s, 9H), 1.44-1.61 (m. ZH), 1.66~1.76 (m, ZH), 1.86 (dd, / = 12.9, 5.0 Hz,
1H), 2.02-2.07 (m, 1H), 2.41-2.47 (m, 1H), 2.88 (d, J = 14.0 Hz, 1H), 3.31 (d, J = 14.0 Hz, 1H), 3.68 (s,
3H), 7.07-7.10 (m, 2H), 7.20-7.27 (m, 3H); *C NMR (CDCl,, 67.8 MHz) 6 -2.46, 23.65, 29.15, 35.71,
40.67, 41.82, 52.04, 62.57, 126.58, 127.98, 130.12, 136.71, 171.70; IR (neat) 2950, 1740, 1720, 1700, 1250
cm''; HRMS Caled for C,4H,,0,Si: 318.1651; found: 318.1647.

Methyl 1-benzyl-2-oxocyclohexanecarboxylate (17). A solution of 16 (63.8 mg, 0.200 mmol) in
CH,CN (2.0 mL) was cooled to 0 °C. Aqueous HF (46%, 0.1 mL) was added, and the whole was stirred at 0
°C. After 40 min, satd. NaHCO, (5 mL) was added slowly. The crude mixture was extracted with Et,O (30
mL), washed with brine, dried over MgSO,, and concentrated. The resulting oil was purified by silica gel
column chromatography (hexanes/Et,0) to give the product (44.6 mg, 90%) as a colorless oil. The ee was

determined to be 38% by HPLC (CHIRALCEL OI (Daicel), hexanes/2-PrOH 50/1) and 40% (R) by optical
rotation To12 1447 (c 1.65. BtOH). (lit. 100% ee (S): (1 —111 (¢ 1.63, EtOHY): '"H NMR (CDCL,, TMS
rofation. (O p e € 100, IR QL U CC ) (U p —ia L (€ .02, BV ), T INIVER QLAY 2IVRS,
2N NMUIN S140. 177 (en AHY 1 QQ_D (m THY 222 9281 (m IH)Y 28 (d J=13SHz I1HY 3324 1
LTV AVINAL) U LU R T e \JRly TELJy LT T T e UTT UKLy ARLJy LedTT dad L (Rl VAR & UV (1 v 1. Kxdy AR5, JeTam ey v
172 € (T~ 1YIN 1 L2 (o AN T 0T T 10 f3m DI 7 177 9Q (r 2N B3O NIMDR /OTYWCL £7 Q MU S99 A1
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