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A highly diastereo- and enantioselective Pd(ll)-catalyzed hydrophosphination of dienones with Ph,PH involving formation of double C*—P bonds
has been developed, providing a series of chiral tertiary diphosphines (chiral PCP pincer ligands) in high yields. A catalytic cycle for the reaction

was proposed.

Chiral phosphines, both as ligands for transition metal
catalysis and as organocatalysts, have made significant
contributions to the development of enantioselective
transformations." Among chiral phosphines, diphosphines
such as DIOP,> DIPAMP,? BINAP,* and DuPhos’ have
remarkable significance in asymmetric transformations.
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Over the past decades, benzylic diphosphines (1,3-C¢Hs-
(CH»P(R),),, PCP) have also proven to be very important
ligands providing rigid chelation with transition metals
(N1, Pd, Pt, Ru, Ir, efc.) to form pincer complexes which are
widely used in organic and organometallic chemistry, and
touching other fields as well.° However, the development
of chiral PCP diphosphines has been comparatively slow.”
Despite their importance, to date, chiral phosphines are
predominantly prepared either by resolution or by the use
of stoichiometric amounts of chiral auxiliaries or enantio-
pure substrates,® although some reports on catalytic synth-
esis of chiral monophosphines have appeared during the
past decade.’ Catalytic asymmetric synthesis of chiral
diphosphines remains a challenge, presumably due to their
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chelation with metal which could hinder the product
eliminination process during the catalytic cycle. However,
some efforts have been made toward catalytic synthesis of
chiral diphosphines. Toste et al. reported a Ru-catalyzed
enantioselective synthesis of P-stereogenic phosphine-bor-
anes via alkylation which included one example of a PCP
diphosphine with a chiral center at phosphorus.'® Duan et
al. reported a one-pot synthesis of a chiral PCP palladium
pincer complex.”® Glueck et al. reported Pt-catalyzed
asymmetric alkylation of bis(secondary phosphines) with
aryl halides.!! Considering the importance of chiral dipho-
sphines and their scarcity of catalytic synthetic methods, it
is of great significance to develop efficient catalysts and
methodologies for direct and stereoselective preparation of
chiral tertiary diphosphines.

In preceding contributions, our group has reported the
asymmetric synthesis of chiral diphosphines promoted by
stoichiometric amounts of palladium complexes.'> Herein,
we report a highly efficient asymmetric hydrophosphination
reaction between dienones and Ph,PH catalyzed by (R)-1
involving formation of two C*—P bonds (eq 1), for the direct
preparation of chiral tertiary PCP diphosphines (avoiding
any protection and deprotection process). Broad functional
group tolerance is exhibited, and a wide range of substrates
can be efficiently converted into the desired products in high
yields with excellent diastereo- and enantioselectivities.
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Our group had previously reported the synthesis of
the chiral dimeric phosphapalladacycle complex (R)-2."3

(9) For reviews: (a) Glueck, D. S. Chem.—Eur. J. 2008, 14, 7108—
7117.(b) Harvey, J. S.; Gouverneur, V. Chem. Commun. 2010, 46, 7477—
7485. For selected examples:(c) Yang, M. J.; Liu, Y. J.; Gong, J. F.;
Song, M. P. Organometallics 2011, 30, 3793-3803. (d) Huang, Y. H.;
Pullarkat, S. A.; Li, Y. X.; Leung, P. H. Chem. Commun. 2010, 46, 6950—
6952. (e) Feng, J. J.; Chen, X. F.; Shi, M.; Duan, W. L. J. Am. Chem. Soc.
2010, /32, 5562-5563. (f) Ibrahem, I.; Rios, R.; Vesely, J.; Hammar, P.;
Eriksson, L.; Himo, F.; Cordova, A. Angew. Chem., Int. Ed. 2007, 46,
4507-4510. (g) Carlone, A.; Bartoli, G.; Bosco, M.; Sambri, L.; Melchiorre,
P. Angew. Chem., Int. Ed. 2007, 46, 4504-4506. (h) Sadow, A. D.; Togni, A.
J. Am. Chem. Soc. 2005, 127, 17012-17024. (i) Sadow, A. D.; Haller, L.;
Fadini, L.; Togni, A. J. Am. Chem. Soc. 2004, 126, 14704-14705. (j)
Scriban, C.; Kovacik, 1.; Glueck, D. S. Organometallics 2005, 24, 4871—
4874. (k) Kovacik, I.; Wicht, D. K.; Grewal, N. S.; Glueck, D. S.; Incarvito,
C.D.; Guzei, I. A.; Rheingold, A. L. Organometallics 2000, 19, 950-953. (1)
Wicht, D. K.; Kourkine, I. V.; Kovacik, I.; Nthenge, J. M.; Glueck, D. S.
Organometallics 1999, 18, 5381-5394. (m) Wicht, D. K.; Kourkine, 1. V;
Lew, B. M.; Nthenge, J. M.; Glueck, D. S. J. Am. Chem. Soc. 1997, 119,
5039-5040.

(10) (a) Chan, V. S.; Stewart, I. C.; Bergman, R. G.; Toste, F. D.
J. Am. Chem. Soc. 2006, 128, 2786-2787. (b) Chan, V. S.; Chiu, M.;
Bergman, R. G.; Toste, F. D. J. Am. Chem. Soc. 2009, 131, 6021-6032.

(11) (a) Chapp, T. W.; Schoenfeld, A. J.; Glueck, D. S. Organome-
tallics 2010, 29, 2465-2473. (b) Chapp, T. W.; Glueck, D. S.; Golen,
J. A.;Moore, C. E.; Rheingold, A. L. Organometallics 2010, 29, 378-388.

(12) For selected examples: (a) Huang, Y.; Pullarkat, S. A.; Yuan,
M.; Ding, Y.; Li, Y.; Leung, P. H. Organometallics 2010, 29, 536-542. (b)
Chen, S.; Ng, J.; Pullarkat, S. A.; Liu, F.; Li, Y.; Leung, P. H. Organo-
metallics 2010, 29, 3374-3386. (c) Yuan, M.; Zhang, N.; Pullarkat, S. A.;
Li, Y.; Liu, F.; Pham, P.; T. Leung, P. H. Inorg. Chem. 2010, 49, 989-996.
(d) Yuan, M.; Pullarkat, S. A.; Li, Y.; Lee, Z. Y.; Leung, P. H. Organo-
metallics 2010, 29, 3582-3588. (¢) Pullarkat, S. A.; Ding, Y.; Li, Y.; Tan,
G. K.; Leung, P. H. Inorg. Chem. 2006, 45, 7455-7463.

(13) Ng, J.; Tan, G. K.; Vittal, J. J.; Leung, P. H. Inorg. Chem. 2003,
42,7674-7682.

Org. Lett,, Vol. 13, No. 21, 2011

Initially, we employed it as a catalyst for the hydropho-
sphination but found out that it could not efficiently
catalyze the reaction. We then generated the phosphapal-
ladacycle complex (R)-1 by treatment of (R)-2 with Ag-
ClOy, in the presence of acetonitrile in high yields (Scheme 1).
The structure was confirmed by single crystal X-ray
diffraction analysis.'*

Scheme 1. Formation of the Phosphapalladacycle Catalyst (R)-1
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To our delight, (R)-1 showed high reactivity and excel-
lent stereoselectivity when it was employed as a catalyst
instead of (R)-2 for the same reaction at —80 °C. The
reaction was conveniently monitored by *'P{'H}NMR
spectroscopy. The diasterecomeric ratio (dr = rac/meso)
was determined from the *'P{'"H} NMR spectrum of the
crude product, and the enantiomeric excess (ee) was
determined from the *'P{'"H} NMR spectrum of the
derivatives which resulted from treatment of the phosphine
product with an enantiopure palladacycle containing a
chiral naphthylamine auxiliary (R)-3.”™ X-ray crystal dif-
fraction analysis of one such derivative (R; = H, R, = Ph)
revealed that the absolute configurations of chiral carbon
centers of the major product were S (Figure 1)."*

Various reaction conditions were subsequently screened,
and the results are given in Table 1. The results revealed
that toluene is the best solvent for the reaction with 99:1 dr
and >99% ee (entry 4). Good selectivity was also achieved
in THF, acetone, and benzene. We further surveyed the
temperature effect. It was found that the ee value decreased
to 98% at —40 °C and 93% at 20 °C (entries 6 to 7). Yield
also decreased when the temperature was raised due to
formation of unidentified side products. Base also plays an
important role in the reaction. In the absence of base, only
trace conversion was observed under the same conditions.
The results from the screening of various bases showed that
Et;N is the best one for the reaction due to its appropriate
basicity level and its easy removal under vacuum which
contributes to obtaining clean products. As expected,
when the equally accessible (S)-1 is employed as the
catalyst for the reaction, the same enantioselectivity was
achieved with reversal in configuration at the chiral center
(entry 5). The amount of catalyst loading has little effect on
the selectivity but affects the rate of the reaction. A longer
reaction time is required to complete the reaction with
decreasing catalyst loading.

With the optimal conditions established, a range of
aromatic dienones were screened for the asymmetric hydro-
phosphination reaction catalyzed by (R)-1. The results are

(14) For more details see Supporting Information.
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Table 1. Screening of Reaction Conditions®

th/\/©\%}(|’h + PhyPH R PhT(YQVYPh

o 0 O PPh; PPRO

temp yield® ee?

entry solvent (°C) base (%) dr¢ (%)

1 CH,Cly -80 EtsN 43 81:19 99

2 Acetone —-80 EtsN 99 87:13 99

3 THF -80 EtsN 929 94:6 929

4 Toluene -80 Et;N 99 99:1 >99

5¢ Toluene -80 EtsN 99 99:1 >-99

6 Toluene —40 EtsN 99 98:2 98

7 Toluene 20 EtsN 90 96:4 93

8 Benzene 20 EtsN 90 96:4 99

9 Toluene -80 None trace — -

10 Toluene -80 DBU 14 - -

11 Toluene -80 ‘BuOK’  trace — —

“Conditions: 0.30 mmol of Ph,PH, 5 mol % of cat., 0.5 mmol of
dienone, 2.0 equiv of base, and 5 mL of solvent were reacted at the given
temperature for 24 h, unless otherwise noted. * Yield was calculated from
SIP{'"H} NMR of the crude product. ¢dr was calculated from *'P{'H}
NMR. Errors may occur due to overlap. “ee was determined from
3P{'"H} NMR integration of the signals. ° (S)-1 was employed as the cat.
/Solid ‘BuOK was used.

Figure 1. Molecular structure and absolute stereochemistry of
the derivative (R; = H, R, = Ph) with 50% probability thermal
ellipsoids shown. Hydrogen atoms except those on the chiral
centers and solvent are omitted for clarity.

presented in Table 2 and showed that the reaction pro-
ceeded to almost full conversion of Ph,PH under the
given conditions, allowing the transformation of a wide
range of aromatic dienone substrates to the chiral dipho-
sphine products. Since the solubility of some dienone
substrates was poor in toluene, THF was used as the
solvent for such cases. The process tolerates a broad range
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of functional groups such as halogens (F, Cl, Br), trifluor-
omethyl, alkyl, heterocyclic ring (pyridinyl, thienyl, furyl),
naphthyl, ezc. Both electron-withdrawing and -donating
group substituted aromatic dienones are suitable sub-
strates for hydrophosphination with excellent enantios-
electivities. However, those bearing electron-withdrawing
groups are more reactive than those bearing electron-
donating groups. The substituent on the backbone (R;)
also provides the possibility to fine-tune electronic and
steric properties for the design of novel chiral PCP pincer
complexes.

Table 2. Substrate Scope of the (R)-1-Catalyzed Asymmetric
Hydrophosphination of Dienones”

1 R1
(R)-1 (3-5 mol %)
Rome ARa + prpyy EEN2OeY, R, _ Ry
Toluene or THF z
0] ] -80 °C O PPhy PPh,0
5 4 6

time yield® ee?
entry R Re (h) 6 (%) ar® (%)
1° H Ph 8 6a 99 99:1  >99
2° H 4-FCgH,4 45 6b 99 99:1  >99
3¢ H 3-FCegH, 45 6¢c 99 94:6  >99
4 H 4-CIlCgH4 6 6d 99 98:2  >99
5 H 3-CICgHy4 6 6e 99 98:2  >99
6 H 4-BrCgH,y 6 6f 94 95:5 >99
7 H 3-BrCe¢H,4 6 6g 98 98:2  >99
8° H 4-MeCgH,4 72 6h 99 99:1  >99
9° H 3-MeCgH4 72 6i 99 98:2  >99
10 H 4-CF3CgH4 6 6j 94 92:8 99
11 H 2-Naph 44 6k 99 97:3  >99
12 H 2-Pyridinyl 10 61 95 93:7  >99
13 H 2-Thienyl 48 6m 98 99:1  >99
14 H 2-Furyl 36 6n 98 97:3  >99
15 Me Ph 48 60 88 97:3  >99
16 Br Ph 7 6p 98 95:5 >99

“Conditions: 0.40 mmol of Ph,PH, 5 mol % of cat., 8 mL of THF,
0.5 equiv of dienone, and 2.0 equiv of Et;N were reacted at —80 °C,
unless otherwise noted. ? Yield was calculated from *'P{'H} NMR of
the crude product. ¢ dr was calculated from *'P{'"H} NMR. Errors may
occur due to overlap. “ee was determined from *'P{'H} NMR integra-

tion of the signals. “ Toluene was used as the solvent. 3 mol % of cat. was
loaded.

Bifunctional symmetrical substrates with two equivalent
reactive sites present special opportunities or problems in
asymmetric catalysis.'' After the first addition of the P—H
bond to dienone, the selectivity of the second addition of
the P—H bond may be the same (rac product) or different
(meso product) depending on the nature of the catalyst and
substrates involved. In this reaction, high rac selectivity
was achieved. In the catalyst system, the palladium serves
as a Lewis acid for both Ph,PH and dienones and makes
the 1,4-addition proceed smoothly in an intramolecular
manner. The stability of the ortho-palladated C,P chiral
auxiliary toward displacement by free phosphines in con-
junction with the fact that the phosphine species involved

Org. Lett,, Vol. 13, No. 21, 2011



are inherently labile on the Pd(IT) center is a crucial factor
which aids the catalytic cycle (Scheme 2).

Scheme 2. Proposed Catalytic Cycle
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It should be noted that the chiral PCP diphosphines are
versatile ligands forming pincer complexes with a broad
range of metals. As an illustration, we used the directly
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Scheme 3. Synthesis of Chiral PCP Pincer Complexes
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synthesized chiral PCP ligand and selected metals (Pd and Pt)
for synthesis of chiral PCP pincer complexes in high
yields (Scheme 3). Such kinds of pincer complexes have
been reported as efficient catalysts for asymmetric
transformations.”*

In summary, we have developed a novel method for the
straightforward preparation of chiral tertiary dipho-
sphines by hydrophosphination of dienones catalyzed by
a phosphopalladacyle in high yields with excellent dia-
stero- and enantioselectivities. We are currently studying
the extension of this method for the synthesis of other
chiral tertiary phosphine ligands.

Acknowledgment. We thank Nanyang Technological
University for supporting this research and for a PhD
scholarship to Y.H.

Supporting Information Available. Experiment proce-
dure; characterization data; single crystal X-ray data; 'H,
13C,3'P{'"H} NMR spectra. This material is available free
of charge via the Internet at http://pubs.acs.org.

5865



