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ABSTRACT

Novel P-stereogenic PCP pincer�Pd complexes were designed and prepared in short steps from optically pure tert-butylmethylphosphine-
borane. These optically active Pd-complexes were successfully applied in asymmetric addition of diarylphosphines to nitroalkenes with high
yields and good enantioselectivity.

Since the 1970s, tridentate pincer�metal complexeshave
attracted considerable attention due to their unique struc-
tural properties and reactivities.1 The synthesis of chiral
pincer�metal complexes and their applications inasymmetric

catalysis have recently been reported.2,3 Compared withN as
the ligating atom,2 the electron-rich P atom is not commonly
found in chiral pincer�metal complexes due to their difficult
synthesis and unsatisfactory stereocontrol.3

In contrast, over the past four decades, an enormous
number of chiral bidentate phosphine ligands have been
designed, synthesized, and applied in various transition-
metal-catalyzed asymmetric reactions.4 Among them, the
P-stereogenic bisphosphine ligands possessing the smallest
alkyl group (methyl group) and a bulky alkyl group (tert-

butyl group) at each phosphorus atom have displayed ex-

cellent enantioselectivity and activity due to their efficient

stereocontrol and electron-rich properties.5 Furthermore,

some of the above-mentioned ligands such as QuinoxP* and

BenzP* can be synthesized via a simple route from optically

pure tert-butylmethylphosphine�borane, which can be ob-

tainedonakilogramscale.5e,k,6However, suchaP-stereogenic

phosphine group has not been used for the construction of

chiral pincer ligands and their transition-metal complexes.7
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We previously developed a series of novel PCP pincer�
Pd complexes I which were readily synthesized from
diphenylphosphine oxide and successfully applied to che-
moselective transfer hydrogenation.8 We envisioned that
the introduction of P-stereogenic tert-butylmethylpho-
sphinyl group to such pincer scaffold would form highly
strained two fused five-memberedmetallacycles. This con-
formational rigidity, in combination with the asymmetric
environment and its electron-rich properties, might lead to
high enantioselectivity and activity.
To extend our continuing research on PCP pincer�Pd

complexes and P-stereogenic phosphine ligands, we have
designed and synthesized novel P-stereogenic pincer�Pd
complexes (II in Figure 1). On the other hand, Duan et al.

extensively investigated PCP pincer�Pd-catalyzed asym-
metric additions of diarylphosphines to electron-deficient
alkenes or N-tosylimines, and they achieved very high to
almostperfect enantioselectivities.9Among their reactions,
we were especially interested in the addition reaction to
nitroalkenes9d and employed it as the most suitable prob-
ing reaction to evaluate the catalytic efficiency and enan-
tioinduction ability of II.

The P-stereogenic pincer�Pd complex 4 was prepared
from (S)-tert-butylmethylphosphine�borane 16 in three
high-yielding steps (Scheme1).Deprotonationwith n-butyl-
lithium and subsequent nucleophilic substitution with 1,5-
bis(chloromethyl)-2,4-dimethylbenzene afforded P-stereo-
genic phosphine�borane 2 as an air-stable white solid in
77% yield. The boranato groups were removed by the
reaction with trifluoromethanesulfonic acid in toluene, fol-
lowed by treatment with aqueous KOH in ethanol.10 The
resulting bisphosphine 3 was reacted with PdCl2(CH3CN)2

Figure 1. Achiral pincer�Pd complexes and P-stereogenic
pincer�Pd complexes.

(2) For selected examples of chiral pincer�metal complexes with N
as the ligating atom: NNN type, see: (a) Nishiyama, H.; Sakaguchi, H.;
Nakamura,T.;Horihata,M.;Kondo,M.; Itoh,K.Organometallics1989,8,
846. (b) Nishiyama, H.; Itoh, Y.; Matsumoto, H.; Park, S.-B.; Itoh, K.
J.Am.Chem.Soc. 1994, 116, 2223. (c) Jiang,Y.; Jiang,Q.;Zhang,X. J.Am.
Chem. Soc. 1998, 120, 3817. (d) Bhor, S.; Anilkumar, G.; Tse, M. K.;
Klawonn, M.; D€obler, C.; Bitterlich, B.; Grotevendt, A.; Beller, M. Org.
Lett. 2005, 7, 3393. (e) Langlotz, B. K.;Wadepohl, H.; Gade, L. H.Angew.
Chem., Int. Ed. 2008, 47, 4670. (f) Arai, T.; Mishiro, A.; Yokoyama, N.;
Suzuki, K.; Sato, H. J. Am. Chem. Soc. 2010, 132, 5338. NCN type, see: (g)
Motoyama,Y.;Makihara,N.;Mikami,Y.;Aoki,K.;Nishiyama,H.Chem.
Lett. 1997, 951. (h) Denmark, S. E.; Stavenger, R. A.; Faucher, A.-M.;
Edwards, J. P. J.Org.Chem. 1997, 62, 3375. (i) Stark,M.A.;Richards,C. J.
TetrahedronLett.1997,38, 5881. (j)Motoyama,Y.;Makihara,N.;Mikami,
Y.; Aoki, K.; Nishiyama, H. Chem. Lett. 1997, 951. (k) Nishiyama, H.;
Shiomi, T.; Tsuchiya,Y.;Matsuda, I. J. Am.Chem. Soc. 2005, 127, 6972.
(l) Takenaka, K.; Minakawa, M.; Uozumi, Y. J. Am. Chem.
Soc. 2005, 127, 12273. (m) Ohshima, T.; Kawabata, T.; Takeuchi, Y.;
Kakinuma, T.; Iwasaki, T.; Yonezawa, T.; Murakami, H.; Nishiyama,
H.; Mashima, K. Angew. Chem., Int. Ed. 2011, 50, 6296. (n) Hyodo, K.;
Nakamura, S.; Shibata,N.Angew.Chem., Int. Ed. 2012, 51, 10337.CNN
type, see: (o) Baratta, W.; Bosco, M.; Chelucci, G.; Zotto, A. D.; Siega,
K.; Toniutti, M.; Zangrando, E.; Rigo, P. Organometallics 2006, 25,
4611. (p) Baratta, W.; Ballico, M.; Chelucci, G.; Siega, K.; Rigo, P.
Angew. Chem., Int. Ed. 2008, 47, 4362.

(3) For examples of chiral pincer�metal complexes with P as the
ligating atom: PCP type, see: (a) Gorla, F.; Venanzi, L. M.; Albinati, A.
Organometallics 1994, 13, 43. (b) Gorla, F.; Togni, A.; Venanzi, L. M.;
Albinati, A.; Lianza, F. Organometallics 1994, 13, 1607. (c) Longmire,
J. M.; Zhang, X. Tetrahedron Lett. 1997, 38, 1725. (d) Longmire, J. M.;
Zhang, X.; Shang, M. Organometallics 1998, 17, 4374. (e) Dani, P.;
Albrecht,M.; vanKlink,G. P.M.; vanKoten, G.Organometallics 2000,
19, 4468. (f) Williams, B. S.; Dani, P.; Lutz, M.; Spek, A. L.; von Koten,
G. Helv. Chim. Acta 2001, 84, 3519. (g) Morales-Morales, D.; Cramer,
R. E.; Jensen, C. M. J. Organomet. Chem. 2002, 654, 44. (h) Medici, S.;
Gagliardo, M.; Williams, S. B.; Chase, P. A.; Gladiali, S.; Lutz, M.;
Spek, A. L.; van Klink, G. P. M.; van Koten, G.Helv. Chim. Acta 2005,
88, 694. (i) Baber, R. A.; Bedford, R. B.; Betham, M.; Blake, M. E.;
Coles, S. J.; Haddow,M. F.; Hursthouse, M. B.; Orpen, A. G.; Pilarski,
L. T.; Pringle, P. G.; Wingad, R. L. Chem. Commun. 2006, 3880. (j)
Wallner, O. A.; Olsson, V. J.; Eriksson, L.; Szab�o, K. J. Inorg. Chim.
Acta 2006, 359, 1767. (k) Kuznetsov, V. F.; Lough, A. J.; Gusev, D. G.
Inorg. Chim.Acta 2006, 359, 2806. (l) Benito-Garagorri,D.; Bocoki�c, V.;
Mereiter, K.; Kirchner, K. Organometallics 2006, 25, 3817. (m) Aydin,
J.; Kumar, K. S.; Sayah, M. J.; Wallner, O. A.; Szab�o, K. J. J. Org.
Chem. 2007, 72, 4689. (n)Aydin, J.;Ryd�en,A.; Szab�o,K. J.Tetrahedron:
Asymmetry 2008, 19, 1867. (o) Li, J.; Lutz, M.; Spek, A. L.; van Klink,
G. P.M.; vanKoten,G.;Gebbink,R. J.M.K.Organometallics 2010, 29,
1379. (p) Niu, J.-L.; Chen, Q.-T.; Hao, X.-Q.; Zhao, Q.-X.; Gong, J.-F.;
Song, M.-P. Organometallics 2010, 29, 2148.

(4) For selected reviews, see: (a) Tang, W.; Zhang, X. Chem. Rev.
2003, 103, 3029. (b) Guiry, P. J.; Saunders, C. P.Adv. Synth. Catal. 2004,
346, 497. (c) Cui, X.; Burgess, K. Chem. Rev. 2005, 15, 3272. (d) B€orner,
A., Ed. Phosphorus Ligands in Asymmetric Catalysis; Wiley-VCH:
Weinheim, 2008; Vol. 1�3. (e) Glueck, D. S. Chem.;Eur. J. 2008, 14,
7108. (f) Xie, J.-H.; Zhu, S.-F.; Zhou, Q.-L.Chem. Rev. 2011, 111, 1713.
(g) van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Claver, C.; P�amies, O.;
Di�eguez,M.Chem. Rev. 2011, 111, 2077. (h) Zhou, Q.-L., Ed.Privileged
Chiral Ligands and Catalysts; Wiley-VCH: Weinheim, 2011. (i) Wang,
D.-S.; Chen, Q.-A.; Lu, S.-M.; Zhou, Y.-G. Chem. Rev. 2012, 112, 2557. (j)
Zhao, D.; Wang, R. Chem. Soc. Rev. 2012, 41, 2095.

(5) For selected examples with P-stereogenic bisphosphines possess-
ing methyl and tert-butyl groups at each phosphorus atom, see: (a)
Imamoto, T.; Watanabe, J.; Wada, Y.; Masuda, H.; Yamada, H.;
Tsuruta, H.; Matsukawa, S.; Yamaguchi, K. J. Am. Chem. Soc. 1998,
120, 1635. (b) Yamanoi, Y.; Imamoto, T. J. Org. Chem. 1999, 64, 2988.
(c) Gridnev, I. D.; Higashi, N.; Asakura, K.; Imamoto, T. J. Am. Chem.
Soc. 2000, 122, 7183. (d) Gridnev, I. D.; Imamoto, T. Acc. Chem. Res.
2004, 37, 633. (e) Imamoto, T.; Sugita, K.; Yoshida, K. J. Am. Chem.
Soc. 2005, 127, 11934. (f) Ito, H.; Ito, S.; Sasaki, Y.; Matsuura, K.;
Sawamura,M. J. Am. Chem. Soc. 2007, 129, 14856. (g) Ito, H.; Kosaka,
Y.; Nonoyama, K.; Sasaki, Y.; Sawamura, M. Angew. Chem., Int. Ed.
2008, 47, 7424. (h) Gridnev, I. D.; Imamoto, T.; Hoge, G.; Kouchi, M.;
Takahashi, H. J. Am. Chem. Soc. 2008, 130, 2560. (i) Chen, I.-H.; Yin,
L.; Itano, W.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2009, 131,
11664. (j) Shibata, Y.; Tanaka, K. J. Am. Chem. Soc. 2009, 131, 12552.
(k) Tamura, K.; Sugiya,M.; Yoshida, K.; Yanagisawa, A.; Imamoto, T.
Org. Lett. 2010, 12, 4400. (l) Ito, H.; Okura, T.; Matsuura, K.;
Sawamura, M. Angew. Chem., Int. Ed. 2010, 49, 560. (m) Yanagisawa,
A.; Takeshita, S.; Izumi, Y.; Yoshida, K. J. Am. Chem. Soc. 2010, 132,
5328. (n) Ito,H.;Kunii, S.; Sawamura,M.NatureChem. 2010, 2, 972. (o)
Wang, X.; Buchwald, S. L. J. Am. Chem. Soc. 2011, 133, 19080. (p)
Imamoto, T.; Tamura, K.; Zhang, Z.; Horiuchi, Y.; Sugiya, M.;
Yoshida, K.; Yanagisawa, A.; Gridnev, I. J. Am. Chem. Soc. 2012,
134, 1754. (q) Zhang, Z.; Tamura, K.; Mayama, D.; Sugiya, M.;
Imamoto, T. J. Org. Chem. 2012, 77, 4184.

(6) Imamoto, T.; Tamura,K.; Ogura, T.; Ikematsu,Y.;Mayama,D.;
Sugiya, M. Tetrahedron: Asymmetry 2010, 21, 1522.

(7) Only P-stereogenic PCP pincer�metal complexes with tert-butyl-
phenylphosphine groups have been reported: (a) Reference 3f�3h.
L-Proline-derived P-stereogenic PCPpincer�metal complexes have been
reported: (b) Reference 3o,3p. A racemic PCP pincer�metal complex
with a tert-butylmethylphosphine group has been reported: (c) Kundu,
S.; Choliy, Y.; Zhuo, G.; Ahuja, R.; Emge, T. J.; Warmuth, R.;
Brookhart, M.; Krogh-Jespersen, K.; Goldman, A. S. Organometallics
2009, 28, 5432.

(8) Ding, B.; Zhang, Z.; Liu, Y.; Sugiya,M.; Imamoto, T.; Zhang,W.
Org. Lett. 2013, 15, 3690.



5478 Org. Lett., Vol. 15, No. 21, 2013

via C�H bond activation to form the P-stereogenic pincer�
Pd complex 4. The total yield for the above two steps from 2

to 4 was 63%. The coordinating anion of 4 could be ex-
changed to give the corresponding P-stereogenic pincer�Pd
complexes 5, 6, and 7 in yields of 98%, 94%, and 92%,
respectively (Scheme 1).
The structure of pincer�Pd complex 4was confirmed by

single-crystal X-ray diffraction (Figure 2). The crystal
structure indicates that there is a rigid and C2-symmetric
stereo environment around the Pd atom. The large differ-
ence between the small methyl group and bulky tert-butyl
group would be expected to provide efficient stereocontrol
for asymmetric catalysis.
The catalytic asymmetric 1,4-addition of diarylpho-

sphines to R,β-unsaturated carbonyl compounds has been
widely studied by using transition-metal complexes or
organocatalysts.11 However, nitroalkenes are rarely uti-
lized as Michael acceptors of nucleophilic phosphines,
though its asymmetric adducts are valuable precursors of
pharmaceutically important compounds and potentially
useful chiral P,N ligands or organocatalysts.9d,11r To eval-
uate the catalytic performance of our P-stereogenic

pincer�Pd complexes, we preliminarily applied them in
asymmetric addition of diarylphosphines to nitroalkenes.
TheP-stereogenic pincer�Pdcomplexes 4�7were tested

in a model reaction of trans-β-nitrostyrene with diphenyl-
phosphine (Table 1). The reaction proceeded rapidly in
various solvents at 25 �C when 5 was used as a catalyst
(entries 1�7).DCMwas found to be the optimal solvent to
produce adduct 10a in 96%yield andwith 43% ee (entry 7).
However, the other complexes 4, 6, and 7 provided the
desired product with only 0�2% ee (entries 8�10), indicat-
ing the important role of the anionic ligand.
We next carried out the reaction to examine the effect of

temperature on the reaction outcome using 5 as a catalyst

Scheme 1. Preparation of Pincer�Pd Complexes

Figure 2. ORTEP drawing of P-stereogenic pincer�Pd complex 4.
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and DCM as solvent. The reaction was performed at differ-
ent temperatures ranging from 0 to�60 �C (entries 11�15).
Decreasing the temperature increased enantioselectivity,
and running the reactionat�40 �Cprovided compound 10a
with the most promising results (96% yield and 76% ee)
(entry 13).
With the optimized reaction conditions in hand, we next

examined the reactions of various nitroalkenes (Table 2).
Both electron-donating and electron-withdrawing aro-
matic substituted nitroalkenes reacted with diphenylpho-
sphine to provide the desired products in high yields and
with high enantioselectivities (entries 2�5, 92�96% yield,
72�83% ee).When substituents weremoved from para- to
meta- and ortho-positions, the enantioselectivities reduced
from 83% to 23% and 43%, respectively (entries 6 and 7).
For 2-naphthyl- and 2-thienyl-substituted nitroalkenes,
the reactions also proceeded well to give products with
ees of 76% and 69%, respectively (entries 8 and 9). Using
the current system, an alkyl-substituted substrate gave the
corresponding product in 93%yieldwith 34%ee (entry 10).
In addition, it was found that bis(4-methoxyphenyl)-
phosphine reacted smoothlywith 8a, providing the expected
adduct in 90% yield but with low ee (entry 11). The use of
bis(4-fluorophenyl)phosphine afforded the corresponding
adduct in 88% yield and improved enantioselectivity (65%)
(entry 12).
As awhole, the reactions proceeded smoothly to give the

corresponding addition products in high yields, but the

resulting enantioselectivities of up to 83% are less favor-
able compared with those (up to 94%) obtained by Duan
and co-workers.9d The lower enantioselectivities are
mainly ascribed to the different asymmetric environments
formed by the respective PCP ligands (the ligand with
tert-butylmethylphosphino groups vs the ligand with di-
phenylphosphino groups) and to the different reaction
conditions such as the use of different solvents. Despite
the observation of not very high enantioselectivities, these
results indicate the potential utility of the new P-stereo-
genic PCP ligand in some other transition-metal-catalyzed
asymmetric reactions.
In summary, we designed and readily synthesized novel

P-stereogenic PCP pincer�Pd complexes. The potential
utility of the complexes as chiral catalysts was demon-
strated in the asymmetric addition of diarylphosphines to
nitroalkenes.
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Table 1. Pd-Catalyzed Asymmetric Addition of
Diphenylphosphine to trans-β-Nitrostyrenea

entry temp (�C) solvent time (min) yieldb (%) eec (%)

1 25 Et2O 5 95 1

2 25 DCE 15 96 17

3 25 toluene 15 93 16

4 25 THF 15 94 10

5 25 CH3CN 5 94 2

6 25 s-BuOH 5 92 15

7 25 DCM 15 96 43

8d 25 DCM 20 95 2

9e 25 DCM 10 95 0

10f 25 DCM 10 93 0

11 0 DCM 20 96 51

12 �20 DCM 30 96 60

13 �40 DCM 50 96 76

14 �50 DCM 60 96 73

15 �60 DCM 120 98 72

aReaction conditions: 8a (0.3 mmol), 9a (1.05 equiv), 5 (2 mol %),
solvent (3 mL). b Isolated yield. cDetermined by HPLC Daicel Chir-
alPak IC-3 column with hexane/i-PrOH. d 2 mol % of 4 was used as the
catalyst. e 2mol%of 6wasused as the catalyst. f 2mol%of 7wasused as
the catalyst.

Table 2. Pd-Catalyzed Asymmetric Addition of
Diarylphosphines to Nitroalkenesa

entry 10 R Ar time (h) yieldb (%) eec (%)

1 10a Ph Ph 0.8 96 76

2 10b p-FC6H4 Ph 2 93 78

3 10c p-ClC6H4 Ph 2 96 83

4 10d p-BrC6H4 Ph 2 92 81

5 10e p-MeOC6H4 Ph 2 92 72

6 10f m-ClC6H4 Ph 2 95 23

7 10g o-ClC6H4 Ph 6 93 43

8 10h 2-naphthyl Ph 2.5 93 76

9 10i 2-thienyl Ph 2 95 69

10 10j cyclopropyl Ph 40 93 34

11 10k Ph p-MeOC6H4 4 90 22

12 10l Ph p-FC6H4 3 88 65

aReaction conditions: 8 (0.3 mmol), 9 (1.05 equiv), solvent (3 mL).
b Isolated yield. cDetermined byHPLCDaicel ChiralPak IC-3 or AD-H
column with hexane/i-PrOH.
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