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Introduction

The design and synthesis of chiral phosphine ligands have
played significant roles in the development of efficient tran-
sition-metal-catalyzed asymmetric reactions.[1] Among them,
P-stereogenic tertiary phosphines provide one of the most

important and promising ligands.[2] On the other hand, pro-
line is an efficient chiral source because it can be a ligand or
a starting material of ligands for metal catalysts in asymmet-
ric reactions,[3] and, in addition, proline itself can be an ef-
fective organocatalyst for several asymmetric transforma-
tions such as aldol, Mannich, and Michael reactions.[4] In
aiming to develop a new chiral source, we designed a new
type of P-stereogenic phosphine, (1R,2S)-1-phenylphospho-
lane-2-carboxylic acid (1), which is a phosphorus analogue
of proline and is expected to have similar steric factors and
different electronic effects than proline.[5] A retrosynthetic
route to compound 1 is outlined in Scheme 1, in which 1
would be obtained from its borane complex 2 by deborona-
tion, and 2 would be obtained from the phenylphospholane
borane complex 3 by deprotonation–carboxylation through
a key intermediate, namely the a-monophosphinoalkyllithi-
um borane complex 4.

a-Monophosphinoalkyllithium borane complexes are
some of the most important intermediates for the synthesis
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Abstract: A synthetic route to enantio-
merically pure (1R,2S)-1-phenylphos-
pholane-2-carboxylic acid (1), which is
a phosphorus analogue of proline, has
been established. A key step is the de-
protonation–carboxylation of the 1-
phenylphospholane borane complex 3
by using sBuLi/1,2-dipiperidinoethane
(DPE). Configurational stability of the
key intermediate, the amine-coordinat-
ed a-phosphinoalkyllithium borane
complex 4, was investigated by employ-
ing lithiodestannylation–carboxylation
of both diastereomers of the 1-phenyl-
2-trimethylstannylphospholane borane
complex 7 in the presence of several

kinds of amines, and as a result, 4 was
found to be configurationally labile
even at �100 8C. The key intermediate,
the DPE-coordinated trans-1-phenyl-2-
phospholanyllithium borane complex 9,
was isolated, and the structure was
identified by X-ray crystal structure
analysis. This is the first X-ray crystal
structure determined for an a-mono-
phosphinoalkyllithium borane complex.

Remarkably, the alkyllithium complex
is monomeric and tricoordinate at the
lithium center with a slightly pyrami-
dalized environment, and the existence
of a Li�C bond (2.170 E) has been
confirmed. Moreover, 1H–7Li HOESY
and 6Li NMR analyses suggested the
structure of 9 in solution as well as the
existence of an equilibrium between 9,
its cis isomer, and the ion pair 8 at
room temperature, which was extreme-
ly biased towards 9 at �100 8C. Finally,
1 was used as a chiral ligand in a palla-
dium-catalyzed allylic substitution, and
the desired product was obtained in
high yield with good enantioselectivity.
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of chiral phosphines including P-stereogenic phosphine li-
gands.[6] To develop an efficient stereoselective synthetic
route to 1, however, deeper understanding of the stereo-
chemical behavior and structure of the phosphinoalkyllithi-
um borane complexes is desirable. Although there are sever-
al papers dealing with the stereochemical behavior of alkyl-
lithium compounds such as a-oxyalkyllithium compounds
and a-aminoalkyllithium compounds,[7] only one paper on
that of a-phosphinoalkyllithium borane complexes at �20 8C
has been reported.[8a] Furthermore, X-ray crystal structural
information on these compounds is completely lacking
except that of the bis(dimethylphosphino)methyllithium
borane complex, which forms an independent anion (with
no carbon–lithium bond) stabilized by the two adjacent
Me2(BH3)P groups.[9] Herein, we report the synthesis of a
new chiral source 1, and the configurational stability and the
structure of the key intermediate a-monophosphinoalkyl-
lithium 4. A preliminary study on the asymmetric catalysis
using 1 is also presented.

Results and Discussion

Synthesis of enantiomerically pure 1: To find an efficient
method for synthesizing enantiomerically pure 1, we first in-
vestigated deprotonation–carboxylation reactions of 3 in the
absence or presence of an amine at �78 8C.[10] The reaction
was conducted as follows: to an Et2O solution of an amine,
a hexane–cyclohexane solution of sBuLi was added at
�78 8C, and after 1 h, an Et2O solution of 3 was added.
After 1.5 h, the mixture was trapped with CO2 (gas). Ac-
cordingly (Table 1), when 1,2-dipiperidinoethane (DPE) was
used as the ligand for lithium, the 1-phenylphospholane-2-
carboxylic acid borane complex, (� )-2-mixture (a mixture
of the two diastereomers), was obtained in high yield; how-
ever, the diastereoselectivity was low (Table 1, entry 3).[11]

The use of different amines did not affect the diastereoselec-
tivity.
In spite of extensive efforts, it was revealed at this stage

that the diastereoselective synthesis of the trans-1-phenyl-
phospholane-2-carboxylic acid borane complex ((� )-2) was
difficult to achieve. We then tried to obtain diastereomeri-
cally pure material by fractional recrystallization. Fortunate-

ly, (� )-2 (trans/cis=>100/1) was obtained by simple recrys-
tallization from CHCl3 (Scheme 2). The relative stereochem-
istry was determined by X-ray structure analysis of (� )-2.[12]

Furthermore, enantiomerically pure 2 was obtained after op-
tical resolution with quinine in good yield. Esterification
with (+)-menthol was performed to determine the absolute
configuration of 2 ([Eq. (1); DCC=dicyclohexylcarbodi-
imide, DMAP=4-dimethylaminopyridine]). Although sig-
nificant epimerization occurred at the asymmetric carbon

Scheme 1. Design and retrosynthesis of 1.

Table 1. Deprotonation–carboxylation of 3.

Entry Amine[a] Yield [%] trans :cis[b]

1 – 39 1.6:1
2 TMEDA 61 1.6:1
3 DPE 91 1.5:1
4 PMDETA 41 1.7:1
5 HMTETA 25 1.6:1

[a] Abbreviations: TMEDA= tetramethylethylenediamine; DPE=1,2-di-
piperidinoethane; PMDETA=pentamethyldiethylenetriamine;
HMTETA=hexamethyltriethylenetetramine. [b] Determined by
1H NMR analysis after converting to the corresponding methyl esters.

Scheme 2. Synthesis of optically pure 1.
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center, X-ray crystal analysis of cis-6 revealed the 1R,2S
configuration of 2.[12] The deboronation reaction of 2 pro-
ceeded smoothly in the presence of pyrrolidine to afford
enantiomerically pure 1.[13] We have thus established a syn-
thetic route to enantiomerically pure 1, and it is noted that
this procedure is easily applicable to a large-scale prepara-
tion of the new chiral source (Scheme 2).

Configurational stability and structure of a-monophosphi-
noalkyllithium 4 : To clarify the origin of the diastereoselec-
tivity in the deprotonation–carboxylation of 3, we next in-
vestigated the configurational stability of the key intermedi-
ate 4. The two diastereomers of 4 would be generated from
the corresponding 2-trimethylstannyl derivatives 7 by tin–
lithium transmetalation (lithiodestannylation).[14] The prepa-
ration of (� )-7 is outlined in Equation (2). Deprotonation

of 3 with sBuLi–tetramethylethylenediamine (TMEDA) fol-
lowed by trapping with trimethyltin chloride gave (� )-trans-
7 and (� )-cis-7. The relative configuration was determined
by X-ray crystal structure analysis of (� )-cis-7.[12]

Lithiodestannylation–carboxylation of (� )-trans-7 and
(� )-cis-7 was conducted as follows: to an Et2O solution of
7, a hexane solution of nBuLi was added in the absence or
presence of an amine at �78 8C or �100 8C. After 5 min, the
mixture was trapped with CO2 (gas). Accordingly (Table 2),

the carboxylic acid borane complex (� )-2-mixture was ob-
tained not as a single diastereomer, but as a mixture. Stan-
nanes (� )-trans-7 and (� )-cis-7 gave almost the same trans/
cis ratios. This result indicates that both diastereomers of 4
are configurationally labile even at �100 8C, contrary to
many other organolithium compounds, and in equilibrium
presumably via ion pair 8 (Scheme 3).[15] It is also worth-
while to mention that, although addition of some different
amines improved the yields,[16] the structure of the amine li-
gands did not affect the diastereoselectivity of the reactions,
similar to the examples in Table 1.

Definitive structural information on the lithiated species
was obtained from the X-ray crystal structure analysis of the
DPE-coordinated trans-1-phenyl-2-phospholanyllithium
borane complex 9, which was recrystallized from Et2O–
hexane (Figure 1).[17] In the crystal structure, the tetrahedral
carbanionic carbon is directly connected to lithium (Li-C-2
2.170 E) through a covalent bond, and 9 adopts a trans con-
figuration (Li and Ph are trans to each other). Interestingly,
9 is monomeric and contains a tricoordinate lithium center
with a slightly pyramidalized environment (angle sum at Li
351.98) presumably due to steric constraints.[18,19] It is noted

Table 2. Lithiodestannylation–carboxylation of 7.

Entry Substrate Amine[a] Yield [%] trans :cis[b]

1[c] trans-7 – 41 1.6:1
2 trans-7 TMEDA 79 1.5:1
3 trans-7 DPE 19 1.7:1
4 trans-7 PMDETA 79 1.6:1
5 trans-7 HMTETA 80 1.7:1
6[c] cis-7 – 8 1.7:1
7 cis-7 TMEDA 82 1.5:1
8 cis-7 DPE 11 1.6:1
9 cis-7 PMDETA 78 1.6:1
10 cis-7 HMTETA 83 1.7:1

[a] Abbreviations see Table 1, footnote [a]. [b] Determined by 1H NMR
analysis after converting to the corresponding methyl esters. [c] The reac-
tion was performed at �78 8C.

Scheme 3. The stereochemical behavior.

Figure 1. X-ray crystal structure of 9. P: pink; B: yellow; Li: green; N:
blue.
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that the structure contrasts with the previously reported
crystal structure of a bis(dimethylphosphino)methyllithium
borane complex, in which no carbon–lithium bond exists.[9a,b]

To understand the stereochemical behavior of 4 in so-
lution, crystals of 9 were dissolved in [D10]Et2O, and

1H, 13C,
31P, 6Li, and 7Li NMR studies of the solution were per-
formed.[20] The 1H–7Li HOESY spectrum[21] of 9 showed
strong NOE enhancements of the 7Li nuclei by the proton
at C-2 (d=0.32 ppm, d, J=4.4 Hz), BH3 (d=0.44–0.90, m),
and some on the DPE ligand at room temperature
(Figure 2). Similar strong NOE enhancements were ob-

served at �100 8C. This result strongly suggests the presence
of the Li-C�2 bond and the cis arrangement of BH3 and Li
as seen in 9. On the other hand, the 6Li NMR spectrum of
the sample prepared from 6Li-labeled 9 showed one singlet
(d=0.81 ppm) at room temperature (Figure 3). At lower
temperatures it shifted downfield, broadened, and finally
split into a doublet (1.16 ppm, 2J6Li31P=2.3 Hz).[22] Although
we have not obtained conclusive evidence, all these results
are consistent with the assumption that a fast equilibrium
exists between 4 and the ion pair 8 at room temperature
(Scheme 3),[23] and that at �100 8C the equilibrium becomes
slower on the NMR time scale and is extremely biased to-
wards the trans isomer 4a.
From these results we assume the mechanism of the car-

boxylation of 4 as follows. Although there is an equilibrium
between 4a, 4b, and 8 and the equilibrium is biased to 4a at
low temperature in solution, 4a and 4b could react with
CO2 at a different rate to give the ratios observed, but more
reasonably, CO2 would react better with the more reactive
independent trigonal anion 8, and thereby, the different
bulkiness of the two substituents (Ph and BH3 groups) at
the phosphorus center would affect the diastereoselectivi-

ty.[24] Although further studies are needed to obtain more
definitive evidence, this mechanism is in accord with the
constant diastereoselectivity regardless of the amines used.

Application of 1 for asymmetric catalysis : With enantiomer-
ically pure 1 in hand, we applied it to asymmetric catalysis.
A preliminary study revealed that when 1 was used in the
palladium-catalyzed allylic substitution[1a,b] of 10 in the pres-
ence of N,O-bis(trimethylsilyl)acetamide (BSA) and sodium
acetate, the desired product 11 was obtained in high yield
with relatively good enantioselectivity ([Eq. (3)]; dba=di-
benzylideneacetone). Although further optimization is
needed, this result indicates that 1 can construct an effective
asymmetric environment around the palladium atom, and
will be a useful chiral source.

Conclusion

A synthetic route to the new chiral source 1 has been estab-
lished. It has been also shown that the 1-phenyl-2-phospho-
lanyllithium borane complex 4 is configurationally labile

Figure 2. 1H–7Li HOESY of 9 in [D10]Et2O.

Figure 3. Variable-temperature 6Li NMR of 6Li-9 in [D10]Et2O.
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even at �100 8C. Furthermore, the crystal structure of the
DPE-coordinated phospholanyllithium borane complex 9
has been determined by X-ray analysis, showing the exis-
tence of a Li�C bond. This is the first X-ray crystal structure
of an a-monophosphinoalkyllithium borane complex, and
interestingly, the complex is monomeric and contains a
three-coordinate lithium center. Furthermore, 1H–7Li
HOESY and 6Li NMR analyses of 9 were conducted. It was
suggested that a DPE-coordinated phospholanyllithium
borane complex such as 9 also existed in solution, and that
an equilibrium between 4 and the ion pair 8 existed at room
temperature and was biased towards the trans isomer 4a at
�100 8C. This work provides valuable stereochemical and
structural information towards gaining a better understand-
ing of the chemistry of a-phosphinoalkyllithium borane
complexes, and will contribute to the development of useful
methods for the synthesis of chiral phosphines. Finally, 1
was successfully used as a ligand in a palladium-catalyzed al-
lylic substitution reaction.

Experimental Section

General methods : Tetramethylsilane (d=0) was used as an internal stan-
dard for the 1H NMR spectra and CDCl3 (d=77.0) for the 13C NMR
spectra. H3PO4 (CDCl3 solution) was used as an external standard for the
31P NMR spectra. LiCl (H2O solution) was used as an external standard
for the 6Li and 7Li NMR spectra. [D10]Et2O distilled from sodium benzo-
phenone ketyl was used as a solvent for the NMR study. Commercially
available dry Et2O was used as a solvent for the deprotonation–carboxy-
lation, for the lithiodestannylation–carboxylation, and for the preparation
of the 1-phenyl-2-trimethylstannylphospholane borane complex.

Preparation of the 1-phenyl-2-phospholane borane complex 3 : 1,4-Dibro-
mobutane (48 mL, 0.40 mol) was slowly added to a stirred suspension of
Mg (24 g, 0.99 mol) in THF at 0 8C under an argon atmosphere over a
period of 30 min, and the mixture was allowed to warm to room tempera-
ture. After the mixture was stirred for 4 h, the flask was immersed in an
ice-bath and dichlorophenylphosphine (0.40 mol in THF (100 mL)) was
added over 30 min. The ice-bath was removed and the mixture was stir-
red for 12 h at ambient temperature. The flask was again immersed in an
ice-bath. After BH3–THF complex (400 mL of 1.0m THF solution,
0.40 mol) was added over 1 h, the ice-bath was removed and the mixture
was stirred for 12 h. The flask was immersed in an ice-bath, and 1n aq.
HCl (100 mL) was slowly added. The organic layer was separated, and
the aqueous layer was extracted with EtOAc three times. The combined
extracts were washed with brine, dried over Na2SO4, concentrated, and
purified by column chromatography (SiO2, hexane/AcOEt=10:1–6:1).
Distillation under reduced pressure (b.p. 157–160 8C/6 mmHg) gave 3
(29 g, 40%). Colorless oil; 1H NMR (400 MHz, CDCl3): d=0.81 (br q,
J=96.6 Hz, 3H), 1.97–2.09 (m, 8H), 7.41–7.49 (m, 3H), 7.69–7.72 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): d=26.74 (d, J=37.2 Hz), 27.42,
128.69 (d, J=9.0 Hz), 130.96 (d, J=2.5 Hz), 131.16 (d, J=43.8 Hz),
131.27 ppm (d, J=8.2 Hz); 31P NMR (122 MHz, CDCl3): d=27.82 ppm
(q, J=51.3 Hz); IR (KBr): ñ=2930, 2871, 2374, 1635, 1438, 1111,
1054 cm�1; MS (ESI): m/z : 179 ([M+H+]); elemental analysis calcd (%)
for C10H16BP: C 67.47, H 9.06; found: C 67.48, H 9.17.

Typical experimental procedure for the deprotonation–carboxylation of 3
in Et2O : sBuLi (0.87m in hexane–cyclohexane solution, 1.5 mmol) was
added at �78 8C over 5 min to a stirred solution of an amine (1.5 mmol)
in Et2O (2 mL). After 60 min, 3 (1 mmol in Et2O (2 mL)) was added
within 5 min, and then after 90 min, CO2 (gas) was bubbled through the
mixture for 3 h. After addition of aqueous 1n HCl (5 mL), the mixture
was extracted with CH2Cl2 three times and purified by column chroma-
tography (SiO2, hexane/AcOEt=6:1 to 1:1, then AcOEt). The yields and

the diastereomer ratios of 1-phenylphospholane-2-carboxylic acid ((� )-2-
mixture) are listed in Table 1. The diastereomeric ratio was determined
by 1H NMR spectroscopy after converting 2 to the corresponding methyl
ester. The relative stereochemistry was determined by X-ray structure
analysis of the trans-1-phenylphospholane-2-carboxylic acid borane com-
plex ((� )-2), which was obtained by recrystallization of (� )-2-mixture
from CHCl3. trans-1-Phenylphospholane-2-carboxylic acid borane com-
plex ((� )-2): white solid; m.p. 131.0–131.1 8C; 1H NMR (400 MHz,
CDCl3): d=0.77 (br q, J=116 Hz, 3H), 1.90–2.02 (m, 1H), 2.14–2.39 (m,
5H), 3.26–3.33 (m, 1H), 7.46–7.55 (m, 3H), 7.74–7.79 ppm (m, 2H);
13C NMR (100 MHz, CDCl3): d=26.24 (d, J=1.7 Hz), 26.38 (d, J=
37 Hz), 29.96 (d, J=5 Hz), 46.45 (d, J=25.5 Hz), 129.13 (d, J=10.7 Hz),
129.82 (d, J=46 Hz), 131.38 (d, J=9 Hz) 131.73 (d, J=2.5 Hz),
175.39 ppm (d, J=3.2 Hz); 31P NMR (122 MHz, CDCl3): d=38.72 ppm
(d, J=47.4 Hz); IR (KBr): ñ=2940, 2378, 1707, 1422, 1067 cm�1; MS
(ESI): m/z 245 ([M+Na+]); elemental analysis calcd (%) for
C11H16BO2P: C 59.50, H 7.26; found: C 59.41, H 7.34.

Methyl 1-phenylphospholane-2-carboxylate borane complex : Me3SiCHN2

(0.75 mmol, 2m hexane solution) was added at 0 8C to a stirred solution
of (� )-2-mixture (0.5 mmol) in MeOH–benzene (4.5 mL). After 10 min,
the reaction mixture was diluted with MeOH (10 mL) and then further
stirred until the color completely disappeared. The crude ester was con-
centrated, and was purified by PTLC (SiO2, hexane/AcOEt=4:1). Yield:
96% (trans :cis=1.5:1). The diastereomer ratio was determined by
1H NMR spectroscopy (trans : d=3.74, 3H, s; cis : d=3.10, 3H, s).

trans-Form : white solid; m.p. 80.1–81.2 8C; 1H NMR (300 MHz, CDCl3):
d=0.71 (q, J=102 Hz, 3H), 1.93–2.38 (m, 6H), 3.24–3.34 (m, 1H), 3.74
(s, 3H), 7.45–7.56 (m, 3H), 7.73–7.79 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=26.26, 26.48 (d, J=36.6 Hz), 29.89 (d, J=5.0 Hz), 46.04 (d,
J=26.0 Hz), 52.12, 128.99 (d, J=9.9 Hz), 130.01 (d, J=46.6 Hz), 131.24
(d, J=9.4 Hz), 131.54 (d, J=2.5 Hz), 170.26 ppm (d, J=3.1 Hz);
31P NMR (122 MHz, CDCl3): d=39.31 ppm (d, J=59.5 Hz); IR (KBr):
ñ=3064, 2959, 2937, 2922, 2365, 2334, 1746, 1439, 1205, 1152, 1066,
1051 cm�1; MS (ESI): m/z 259 ([M+Na+]); elemental analysis calcd (%)
for C12H18BO2P: C 61.06, H 7.69; found: C 60.79, H 7.67.

cis-Form : white solid; m.p. 76.1–77.9 8C; 1H NMR (300 MHz, CDCl3): d=
0.95 (q, J=94.7 Hz, 3H), 1.98–2.46 (m, 6H), 3.10 (s, 3H), 3.31–3.39 (m,
1H), 7.42–7.55 (m, 3H), 7.67–7.74 ppm (m, 2H); 13C NMR (75 MHz,
CDCl3): d=25.77 (d, J=36.0 Hz), 26.02, 30.13 (d, J=3.1 Hz), 46.01 (d,
J=26.63 Hz), 51.60, 126.67 (d, J=44.1 Hz), 128.49 (d, J=9.4 Hz),
131.93 Hz (d, J=2.5 Hz), 132.57 Hz (d, J=9.3 Hz), 170.15 ppm (d, J=
5.0 Hz); 31P NMR (122 MHz, CDCl3): d=36.5 ppm (d, J=60.8 Hz); IR
(KBr): ñ= 2959, 2390, 2365, 2332, 1735, 1434, 1202, 1061 cm�1; MS
(ESI): m/z 259 ([M+Na+]); elemental analysis calcd (%) for
C12H18BO2P: C 61.06, H 7.69; found: C 60.97, H 7.79.

Enantiomeric resolution with quinine : Quinine (54.27 g, 167.3 mmol) and
Et2O (300 mL) were added at room temperature to a stirred solution of
trans-1-phenylphospholane-2-carboxylic acid (� )-2 (37.14 g, 167.3 mmol)
in CHCl3 (600 mL). The solution was stirred at room temperature for 3 h
and then at 0 8C for 2 h. The white precipitate was collected and dis-
solved in CHCl3, and Et2O (CHCl3/Et2O�2:1) was then added. The so-
lution was stirred at room temperature for 3 h and then at 0 8C for 2 h,
and the resulting white precipitates were collected. After repeating this
dissolution–precipitation–collection procedure four more times, a white
cotton-like solid 5 was obtained in 36% yield (33.21 g). [a]25D =�143.68
(c=1.00 in CHCl3).

(1R,2S)-1-Phenylphospholane-2-carboxylic acid borane complex (2): To
a suspension of the quinine salt 5 (3.32 g, 6.1 mmol) in CH2Cl2 was added
2n aq. HCl (25 mL), and the mixture was stirred for 30 min. The product
was extracted with CH2Cl2, concentrated, and purified by column chro-
matography (SiO2, hexane/AcOEt=2:1 to 1:1) to afford 2 (1.22 g, 90%
yield, 100% ee). The ee was determined by chiral HPLC (chiralpak AD,
hexane/2-PrOH=100:1, 1.0 mLmin�1, RT1R,2S=30 min; RT1S,2R=25 min)
after converting to the methyl ester. White solid; m.p. 112.5–113.5 8C;
[a]27D =�163.68 (c=1.12 in EtOH); 1H NMR (300 MHz, CDCl3): d=0.73
(br d, J=88.7 Hz, 3H), 1.90–2.37 (m, 6H), 3.23–3.33 (m, 1H), 7.45–7.55
(m, 3H), 7.72–7.78 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=26.22
(d, J=1.9 Hz), 26.25 (d, J=37.2 Hz), 29.95 (d, J=5.6 Hz), 46.64 (d, J=
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25.4 Hz), 129.08 (d, J=10.0 Hz), 129.77 (d, J=46.6 Hz), 131.33 (d, J=
10.0 Hz), 131.68 (d, J=2.4 Hz), 175.49 ppm (d, J=3.8 Hz); 31P NMR
(122 MHz, CDCl3): d=38.77 ppm (d, J=40.1 Hz); IR (KBr): ñ= 2952,
2398, 2355, 1699, 1418, 1300, 1063 cm�1; MS (ESI): m/z: 245.1 ([M+Na+]);
elemental analysis calcd for C11H16BO2P: C 59.50, H 7.26; found:
C 59.33, H 7.24.

Methyl (1R,2S)-1-phenylphospholane-2-carboxylate borane complex :
Colorless prisms; m.p. 109–111 8C; [a]28D =�166.68 (c=1.17 in CHCl3);
1H NMR (300 MHz, CDCl3): d=0.70 (q, J=107.1 Hz, 3H), 1.95–2.04 (m,
1H), 2.12–2.38 (m, 5H), 3.23–3.34 (m, 1H), 3.76 (s, 3H), 7.45–7.56 (m,
3H), 7.73–7.79 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=26.37 (d,
J=1.3 Hz), 26.55 (d, J=36.6 Hz), 29.97 (d, J=5.0 Hz), 46.14 (d, J=
26.0 Hz), 52.27, 129.06 (d, J=9.9 Hz), 130.11 (d, J=46.6 Hz), 131.32 (d,
J=9.4 Hz), 131.61 (d, J=2.5 Hz), 170.36 ppm (d, J=3.1 Hz); 31P NMR
(122 MHz, CDCl3): d=39.23 ppm (d, J=60.8 Hz); IR (KBr): d=3064,
2959, 2875, 2373, 1741, 1438, 1206 cm�1; MS (ESI): m/z: 259.1 ([M+Na+]);
elemental analysis calcd (%) for C12H18BO2P: C 61.06, H 7.69; found:
C 61.07, H 7.77.

Determination of the absolute configuration of 2 : The absolute configu-
ration of 2 was determined by X-ray crystal structure analysis of the (+)-
menthyl ester of the (1R,2R)-1-phenylphospholane-2-carboxylic acid
borane complex cis-6. (+)-Menthol (234.4 mg, 1.5 mmol), DMAP
(7.8 mg, 0.05 mmol) in CH2Cl2 (5 mL), and DCC (247.4 mg, 1.2 mmol)
were added to a solution of (1R,2S)-1-phenylphospholane-2-carboxylic
acid borane complex 2 (222.0 mg, 1 mmol). The mixture was stirred for
6 h at room temperature, quenched with 1n aq. HCl (3 mL), extracted
with CH2Cl2, concentrated, and purified by PTLC (SiO2, hexane/
AcOEt=10:1) to afford trans-6 (51%) and cis-6 (43%).

(+)-Menthyl (1R,2S)-1-phenylphospholane-2-carboxylate borane com-
plex (trans-6): More polar than cis-6, colorless needles; m.p. 94.5–95.5 8C;
[a]20D =++69.98 (c=1.00 in EtOH); 1H NMR (300 MHz, CDCl3): d=0.30–
2.36 (m, 27H), 3.16–3.26 (m, 1H), 4.69–4.78 (m, 1H), 7.45–7.56 (m, 3H),
7.73–7.80 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=16.37, 20.73 ,
22.01, 23.46, 26.07 (d, J=23.61 Hz), 26.33 (d, J=36.6 Hz), 30.10 (d, J=
5.6 Hz), 31.47, 34.19, 40.85, 46.24 (d, J=26.7 Hz), 47.04, 75.81, 128.97 (d,
J=11.3 Hz), 130.58 (d, J=49.3 Hz), 131.31 (d, J=9.4 Hz), 131.42 (d, J=
2.4 Hz), 169.24 ppm (d, J=3.1 Hz); 31P NMR (122 MHz, CDCl3): d=

37.17 ppm (d, J=52.3 Hz); IR (KBr): ñ=2957, 2872, 2397, 2360, 1724,
1443 cm�1; MS (ESI): m/z 383.2 ([M+Na+]); elemental analysis calcd
(%) for C21H34BO2P: C 70.01, H 9.51; found: C 69.82, H 9.29.

(+)-Menthyl (1R,2R)-1-phenylphospholane-2-carboxylate borane com-
plex (cis-6): Less polar than trans-6, colorless needles; m.p. 128.2–
128.3 8C; [a]20D =++32.38 (c=1.00 in EtOH); 1H NMR (300 MHz, CDCl3):
d=0.20–2.39 (m, 27H), 3.24–3.33 (m, 1H), 4.23–4.31 (m, 1H), 7.43–7.51
(m, 3H), 7.72–7.79 ppm (m, 2H); 13C NMR (75 MHz, CDCl3): d=15.46,
20.87, 21.89, 22.70, 25.23 (d, J=7.5 Hz), 27.78 (d, J=36.0 Hz), 31.20,
31.77 (d, J=1.9 Hz), 33.95, 40.42, 46.23, 46.54 (d, J=27.3 Hz), 127.18 (d,
J=43.5 Hz), 128.68 (d, J=10.0 Hz), 131.97 (d, J=2.5 Hz), 133.23 (d, J=
10.0 Hz), 169.13 ppm (d, J=3.7 Hz); 31P NMR (122 MHz, CDCl3): d=

35.24 ppm (d, J=55.9 Hz); IR (KBr): ñ=2957, 2863, 2397, 1716,
1439 cm�1; MS (ESI): m/z : 383.2 ([M+Na+]); elemental analysis calcd
(%) for C21H34BO2P: C 70.01, H 9.51; found: C 69.88, H 9.30.

(1R,2S)-1-Phenylphospholane-2-carboxylic acid (1): Pyrrolidine (8 mL)
was added to a solution of (1R,2S)-1-phenylphospholane-2-carboxylic
acid borane complex 2 (0.90 g, 4.0 mmol) in benzene (8 mL). The so-
lution was stirred for 6 h at 40 8C, and concentrated, and the residue was
dissolved in CH2Cl2 (2 mL). 1n aq. HCl (15 mL) was added to decom-
pose the pyrrolidine–borane complex, and then the product was extract-
ed with CH2Cl2 and purified by column chromatography (SiO2, hexane/
AcOEt=1:1) to afford 1 (84%). White solid; m.p. 69.8–69.9 8C; [a]28D =

�120.58 (c=0.60 in EtOH); 1H NMR (300 MHz, CDCl3): d=1.72–2.26
(m, 6H), 3.10–3.16 (m, 1H), 7.25–7.52 ppm (m, 5H); 13C NMR (75 MHz,
CDCl3): d=26.80 (d, J=14.26 Hz), 28.69 (d J=3.77 Hz), 31.16, 48.97 (d,
J=21.1 Hz), 128.09, 128.55 (d, J=5.6 Hz), 130.32 (d, J=16.2 Hz), 140.07
(d, J=24.8 Hz), 182.42 ppm (q, J=16.8 Hz); 31P NMR (122 MHz,
CDCl3): d=9.72 ppm; IR (KBr): ñ=3184, 2945, 1718, 1433, 1142 cm�1;
HRMS (ESI): m/z calcd for C11H13O2P ([M+H+]) 209.0731, found
209.0735.

Preparation of 1-phenyl-2-trimethylstannylphospholane borane complex
(7): To a stirred solution of TMEDA (11.89 g, 102 mmol) in Et2O, sBuLi
(115.7 mL of 0.88m hexane–cyclohexane solution, 102 mmol) was added
at �78 8C, and then after 1 h, 3 (12.14 g in 130 mL of Et2O) was added.
After 1.5 h, trimethylstannyl chloride (23.10 g in Et2O (70 mL)) was
added, and the mixture was further stirred for 12 h and allowed to warm
to room temperature slowly. Then, 1n aq. HCl (200 mL) was added to
quench the reaction. The organic layer was separated, and the aqueous
layer was extracted with EtOAc three times. The combined extracts were
washed with water twice, dried over Na2SO4, concentrated, and purified
by column chromatography (SiO2, hexane/Et2O=10:1–6:1). The two dia-
stereomers were separated by fractional recrystallization (trans-7 from
hexane first, cis-7 from Et2O), followed by the column chromatography
of the mother liquor (SiO2, hexane/Et2O=50:1). Yields: 56% (trans-7),
39% (cis-7).

trans-1-Phenyl-2-trimethylstannylphospholane borane complex (trans-7):
colorless prisms; m.p. 90.5–90.6 8C; 1H NMR (300 MHz, CDCl3): d=

0.11–1.30 (m, 13H), 1.72–2.45 (m, 6H), 7.40–7.50 (m, 3H), 7.69–7.77 ppm
(m, 2H); 13C NMR (75 MHz, CDCl3): d=�8.37, 22.40 (d, J=18.0 Hz),
27.48 (d, J=34.1 Hz), 28.79 (d, J=2.5 Hz), 31.92 (d, J=1.9 Hz), 128.70
(d, J=9.9 Hz), 130.81 (d, J=2.5 Hz), 131.41 (d, J=9.4 Hz), 133.08 ppm
(d, J=42.8 Hz); 31P NMR (122 MHz, CDCl3): d=32.83 (q, J=65.6 Hz);
IR (KBr): ñ=2952, 2373, 1436, 1059 cm�1; MS (ESI): m/z: 363 ([M+Na+]);
elemental analysis calcd (%) for C13H24BPSn: C 45.81, H 7.10; found:
C 45.59, H 7.15.

cis-1-Phenyl-2-trimethylstannylphospholane borane complex (cis-7): col-
orless prisms; m.p. 103.6–104.2 8C; 1H NMR (300 MHz, CDCl3): d=

�0.17 (s, 9H), 0.38–1.37 (m, 4H), 1.63–1.85 (m, 2H), 2.03–2.41 (m, 4H),
7.37–7.49 (m, 3H), 7.65–7.72 ppm (m, 2H); 13C NMR (75 MHz, CDCl3):
d=�9.77, 23.51 (d, J=23.6 Hz), 26.50 (d, J=34.7 Hz), 28.53 (d, J=
1.9 Hz), 32.58, 128.59 (d, J=9.3 Hz), 131.21 (d, J=2.5 Hz), 132.32 (d, J=
9.3 Hz), 132.34 ppm (d, J=47.2 Hz); 31P NMR (122 MHz, CDCl3): d=

34.75 ppm (q, J=36.2 Hz); IR (KBr): ñ=3049, 2970, 2945, 2858, 2370,
2332, 1437, 1061 cm�1; MS (ESI): m/z : 363 ([M+Na+]); elemental analy-
sis calcd (%) for C13H24BPSn: C 45.81, H 7.10; found: C 45.71, H 7.02.

Typical experimental procedure for the lithiodestannylation–carboxyla-
tion in Et2O : nBuLi (1.49m hexane solution, 1.5 mmol) was added to a
stirred solution of an amine (1.5 mmol) in Et2O (4 mL) at �100 8C over
5 min. After 5 min, 1-phenyl-2-trimethylstannylphospholane borane com-
plex 7 (0.5 mmol in 5 mL of Et2O solution) was added over 5 min, and
then after 5 min CO2 (gas) was bubbled through the mixture for 30 min.
H2O–MeOH (1:1, 5 mL) followed by 1n aq. HCl (5 mL) were added.
The mixture was extracted with CH2Cl2 three times, and purified by
PTLC (SiO2, hexane/Et2O=20:1, then hexane/AcOEt=1:1). The yields
and the diastereomer ratios of 2-mixture are listed in Table 2.

Preparation of the single crystals of DPE-coordinated trans-1-phenyl-2-
phospholanyllithium (9): sBuLi (0.87m hexane–cyclohexane solution,
1.53 mmol) was added at �78 8C to a stirred solution of 1,2-dipiperidino-
ethane (DPE, 0.33 g, 1.70 mmol) in Et2O (2 mL). After 30 min, 3
(1.13 mmol in Et2O (2 mL)) was added, and the reaction mixture became
turbid yellow over 1.5 h. After warming to about 40 8C, the turbid so-
lution became clear, and the mixture was filtered through a glass filter
(G4). After about 12 h at �48 8C, light yellow crystals appeared. The
light yellow crystals were washed with Et2O and then hexane (twice),
and were stored in a mineral oil. 9 : 1H NMR (600 MHz, [D10]Et2O,
0.147m): d=0.32 (d, J=4.4 Hz, 1H), 0.80 (q, J=250 Hz, 3H), 1.37 (s,
4H), 1.58 (t, J=5.5 Hz, 8H), 1.66–1.72 (m, 2H), 1.82–1.85 (m, 1H), 1.95–
2.00 (m, 1H), 2.17–2.25 (m, 1H), 2.37–2.47 (m, 13H), 7.10–7.17 (m, 3H),
7.57–7.60 ppm (m, 2H); 13C NMR (125 MHz, [D10]Et2O, 0.147m): d=

13.8, 25.07, 26.10, 27.37 (d, J=2.1 Hz), 30.55 (d, J=43.39 Hz), 34.73 (d,
J=5.1 Hz), 56.16, 57.00, 128.02 (d, J=7.3 Hz), 128.45 (d, J=2.1 Hz),
131.29 ppm (d, J=8.3 Hz), another signal of a carbon was covered by the
otherNs signal; 31P NMR (122 MHz, [D10]Et2O0): d=28.67 ppm (q, J=
91.1 Hz); 6Li NMR (88 MHz, [D10]Et2O, 0.0938m): d=0.81 (rt), 1.16 ppm
(2J(6Li,31P)=2.3 Hz, �100 8C); 7Li NMR (233 MHz, [D10]Et2O, 0.147m):
d=0.91 (s, rt), 1.22 ppm (s, �100 8C). 6Li-labeled 9 was prepared by using
sBu6Li (0.66m hexane solution) instead of sBuLi according to the same
procedure.
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Typical experimental procedure for the palladium-catalyzed allylic substi-
tution in toluene : Dimethylmalonate (0.06 mL, 0.525 mmol) was added
to a mixture of 1,3-diphenyl-2-propenyl acetate (126 mg, 0.5 mmol),
[Pd(dba)2] (5.8 mg, 0.01 mmol), chiral phosphine 1 (4.2 mg, 0.02 mmol),
and sodium acetate (2.1 mg, 0.025 mmol) in toluene (1 mL). The mixture
was stirred for 5 min at room temperature, further stirred for 5 min at
0 8C, and then BSA (185 mL, 0.75 mmol) was added. After the reaction
mixture had been stirred for 6 h at 0 8C, the reaction was quenched with
water (2 mL), and the product was extracted with CH2Cl2 and purified by
PTLC (SiO2, hexane/AcOEt=6:1). The ee was determined by chiral
HPLC, and the absolute configuration was determined by comparison of
the elution order of the chiral HPLC assay with literature values (chiral-
pak AD, hexane/2-PrOH=19:1, 1.0 mLmin�1).[25] Yield: 86%, 77% ee
(S).
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