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The novel palladium-catalyzed phosphination using triarylphosphines as the phosphinating
agents was developed and applied to the synthesis of atropisomeric P,N ligands from their
corresponding O,N triflates. Various P,N ligands that possessed different dihedral angles
and electronic properties were prepared from corresponding O,N triflates and triarylphos-
phines, respectively. The Pd-Ar/P-Ar′ exchange reactions were found to occur in this
phosphination as the key step. The brief mechanistic studies concerning the rate of reactions
and the coordination mode of O,N triflates to the palladium center are discussed.

Introduction

Mixed donor ligands, especially P,N type ligands, are
a class of hemilabile ligands that possess a combination
of hard and soft donor atoms and have different features
associated with each donor atom that provide unique
reactivity to their metal complexes.1 The hard ends
weakly coordinate to soft metal centers and easily
dissociate in solution to afford a vacant site whenever
demanded.2 The versatility of P,N donor ligands was
demonstrated in many asymmetric reactions, such as
asymmetric allylic substitution,3-15 hydrogenation,16-20

hydrosilylation,21-23 hydroboration,24-28 hydroformyla-
tion,29 Diels-Alder reaction,30,31 Grignard cross-cou-

pling,32,33 Heck coupling,34-36 conjugate addition,37-39

copolymerization,40 and terpolymerization.41 Moreover,
the wide scope of the application of P,N mixed donor
ligands is also examplified in the catalytic amination2a,3c,42

and cross-coupling reactions.3c,42,43

(1) (a) Espinet, P.; Soulantica, K. Coord. Chem. Rev. 1999, 193-
195, 499-556. (b) Molina, P.; Arques, A.; Garcı́a, A.; Ramı́rez de
Arellano, M. C. Eur. J. Inorg. Chem. 1998, 1359-1363, and references
therein.

(2) (a) Old, D. W.; Wolfe, J. P.; Buchwald, S. L. J. Am. Chem. Soc.
1998, 120, 9722-9723. (b) Aranyos, A.; Old, D. W.; Kiyomori, A.; Wolfe,
J. P.; Sadighi, J. P.; Buchwald, S. L. J. Am. Chem. Soc. 1999, 121,
4369-4376. (c) Amatore, A.; Fuxa, A.; Jutand, A. Chem. Eur. J. 2000,
6, 1474-1482.

(3) Aryl P donor, amine N donor, with chiral axis (atropisomeric):
(a) Vyskocil, S.; Smrcina, M.; Hanus, V.; Polásek, M.; Kocovsky, P. J.
Org. Chem. 1998, 63, 7738-7748. (b) Bourghida, M.; Widhalm, M.
Tetrahedron: Asymmetry 1998, 9, 1073-1083. Recently, Kocovsky et
al. reported MAP is PC coordinating to palladium center instead of
P,N coordinating, see: (c) Kocovsky, P.; Vyskocil, S.; Cisarova, I.;
Sejbal, J.; Tislerova, I.; Smrcina, M.; Lloyd-Jones, G. C.; Stephen, S.
C.; Butts, C. P.; Murray, M.; Langer, V. J. Am. Chem. Soc. 1999, 121,
7714-7715. (d) Lloyd-Jones, G. C.; Stephen, S. C.; Murray, M.; Butts,
C. P.; Kocovsky, P.; Vyskocil, S. Chem. Eur. J. 2000, 6, 4348-4357.

(4) Aryl P donor, oxazoline N donor, with chiral center: (a) von Matt,
P.; Pfaltz, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 566-568. (b)
Reiser, O. Angew. Chem., Int. Ed. Engl. 1993, 32, 547-549. (c)
Steinhagen, H.; Reggelin, M.; Helmchen, G. Angew. Chem., Int. Ed.
Engl. 1997, 36, 2108-2110. (d) Kudis, S.; Helmchen, G. Angew. Chem.,
Int. Ed. 1998, 37, 3047-3050. (e) Blacker, A. J.; Clarke, M. L.; Loft,
M. S.; Mahon, M. F.; Humphries, M. E.; Williams, J. M. J. Chem. Eur.
J. 2000, 6, 353-360. (f) Bartels, B.; Helmchen, G. Chem. Commun.
1999, 741-742. (g) Gais, H.-J. Eichelmann, H.; Spalthoff, N.; Gerhards,
F.; Frank, M.; Raabe, G. Tetrahedron: Asymmetry 1998, 9, 235-248.
(h) Lee, S.-G.; Lee, S. H.; Song, C. E.; Chung, B. Y. Tetrahedron:
Asymmetry 1999, 10, 1795-1802. (i) Lee, S.-G.; Lim, C. W.; Song, C.
E.; Kim, K. M.; Jun, C. H. J. Org. Chem. 1999, 64, 4445-4451. (j)
Sprinz, J.; Kiefer, M.; Helmchen, G.; Reggelin, M.; Huttner, G.; Walter,
O.; Zsolnai, L. Tetrahedron Lett. 1994, 35, 1523-1526. (k) von Matt,
P.; Loiseleur, O.; Koch, G.; Pfaltz, A.; Lefeber, C.; Feucht, T.; Helmchen,
G. Tetrahedron Lett. 1994, 35, 573-584. For review, see: (l) Helmchen,
G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336-345.

(5) Alkyl/aryl P donor, oxazoline N donor, with chiral center: (a)
Gilbertson, S. R.; Xie, D. Angew. Chem., Int. Ed. 1999, 38, 2750-2752.
(b) Gilbertson, S. R.; Genov, D. G.; Rheingold, A. L. Org. Lett. 2000, 2,
2885-2888. (c) Hou, D.-R.; Burgess, K. Org. Lett. 1999, 1, 1745-1747.
(c) Sprinz, J.; Helmchen, G. Tetrahedron Lett. 1993, 34, 1769-1772.

(6) Ferrocenyl/aryl P donor, amine N donor, with chiral center:
Hayashi, T.; Yamamoto, A.; Hagihara, T.; Ito, Y. Tetrahedron Lett.
1986, 27, 191-194.

(7) Ferrocenyl/aryl P donor, oxazoline N donor, with chiral center
and planar chirality: (a) Ahn, K. H.; Cho, C.-W.; Park, J.; Lee, S.
Tetrahedron: Asymmetry 1997, 8, 1179-1185. (b) Zhang, W.; Hirao,
T.; Ikeda, I. Tetrahedron Lett. 1996, 37, 4545-4548. (c) Malone, Y.
M.; Guiry, P. J. J. Organomet. Chem. 2000, 603, 110-115. (d) Deng,
W.-P.; Hou, X.-L.; Dai, L.-X.; Yu, Y.-H.; Xia, W. Chem. Commun. 2000,
285-286.

(8) Ferrocenyl/aryl P donor, pyrazole N donor, with chiral center:
(a) Togni, A.; Burckhardt, U.; Gramlich, V.; Pregosin, P. S.; Salzmann,
R. J. Am. Chem. Soc. 1996, 118, 1031-1037. (b) Blöchl, P. E.; Togni,
A. Organometallics 1996, 15, 4125-4132. (c) Burckhardt, U.; Bau-
mann, M.; Trabesinger, G.; Gramlich, V.; Togni, A. Organometallics
1997, 16, 5252-5259. (d) Burckhardt, U.; Gramlich, V.; Hofmann, P.;
Nesper, R.; Pregosin, P. S.; Salzmann, R.; Togni, A. Organometallics
1996, 15, 3496-3503. (e) Burckhardt, U.; Baumann, M.; Togni, A.
Tetrahedron: Asymmetry 1997, 8, 155-159.

(9) Aryl P donor, iso-quinoline N donor, with chiral axis (atropiso-
meric): (a) Brown, J. M.; Hulmes, D. I.; Guiry, P. J. Tetrahedron 1994,
50, 4493-4506. (b) Claridge, T. D. W.; Long. J. M. Brown, J. M.
Tetrahedron 1997, 53, 4035-4050.

(10) Aryl P donor, phenanthridrine N donor, with chiral axis
(atropisomeric): Valk, J.-M.; Claridge, T. D. W.; Brown, J. M.
Tetrahedron: Asymmetry 1995, 6, 2597-2610.

(11) Alkyl/aryl P donor, imine N donor, with chiral center: (a)
Saitoh, A.; Achiwa, K.; Morimoto, T. Tetrahedron: Asymmetry 1998,
9, 741-744. (b) Saitoh, A.; Morimoto, T.; Achiwa, K. Tetrahedron:
Asymmetry 1997, 8, 3567-3570.

(12) Aryl P donor, amine N donor, with chiral center: (a) Vascon-
celos, I. C. F.; Rath, N. P.; Spilling, C. D. Tetrahedron: Asymmetry
1998, 9, 937-948. (b) Cahill, P. J.; Cunneen, D.; Guiry, P. J.
Tetrahedron: Asymmetry 1999, 10, 4157-4173. (c) Cahill, J. P.; Guiry,
P. J. Tetrahedron: Asymmetry 1998, 9, 4301-4305.

(13) Aryl P donor, aziridine N donor, with chiral center: Tanner,
D.; Wyatt, P.; Johansson, F.; Bertilsson, S. K.; Andersson, P. G. Acta
Chem. Scand. 1999, 53, 263-268.

(14) Phosphite P donor, oxazoline N donor, with chiral center:
Prétôt, R.; Pfaltz, A. Angew Chem., Int. Ed. 1998, 37, 323-325.

(15) Phosphite P donor, pyridine N donor, with chiral center:
Brunel, J.-M. Constantieux, T.; Labande, A.; Lubatti, F.; Buono, G.
Tetrahedron Lett. 1997, 38, 5971-5974.
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The major structural features constituting the N
coordinating skeletons of P,N ligands are oxazoline,
quinoline, amine, pyridine, pyrazole, etc., which are
readily available or simple to prepare. The phosphorus
sites of these ligands are usually the phosphine moiety
(PAr2). Classical methods for the synthesis of tertiary
aryl phosphine are the reaction between aryl halides
with organometallic phosphide, e.g., K/Na/LiPPh2,44 or
Grignard/organolithium reagents with chlorophos-
phines.45 Alternatively, the C-P bond formation is

achieved by the reaction of a Grignard reagent with
Ph2P(O)Cl, and the resultant phosphine oxide is then
reduced by trichlorosilane to afford the phosphine.46

These organometallic methodologies are limited to
compounds that are not base sensitive and not ap-
plicable to aryl triflates. The recent method for intro-
duction of a diphenylphosphino group to aryl halides/
triflates is transition metal catalyzed phosphination.
However, some drawbacks still exist. The phosphination
using Pd/Ph2P(O)H requires a subsequent reduction
step by trichlorosilane;47 the phosphination using Pd/
Ph2PH-BH3 phosphinating agent is incompatible with
amine- or pyridine-containing functional groups and
requires an extra deprotection step;48 the Pd/Ph2P(TMS)
methodology is mainly limited to aryl iodides.49 Re-
cently, the nickel-catalyzed phosphination of BINOL
ditriflates (2,2′-bis(trifluoromethanesulfonyloxyl)-1,1′-
binaphthyl) using Ph2PH50 or Ph2PCl/Zn51 reagents has
been found to be a direct synthesis of tertiary aryl
phosphines. However, these methods required air- and
moisture-sensitive secondary phosphinating agents, and

(16) Aryl P donor, oxazoline N donor, with chiral center: (a) Kainz,
S.; Brinkmann, A.; Leitner, W.; Pfaltz, A. J. Am. Chem. Soc. 1999,
121, 6421-6429. (b) Lightfoot, A.; Schnider, P.; Pfaltz, A. Angew.
Chem., Int. Ed. 1998, 37, 2897-2899. (c) Blackmond, D. G.; Lightfoot,
A.; Pfaltz, A. Chirality 2000, 12, 442-449.

(17) Alkyl/aryl P donor, oxazoline N donor, with chiral center: (a)
Braunstein, P.; Naud, F.; Pfaltz, A.; Rettig, S. Organometallics 2000,
19, 2676-2683. (b) Braunstein, P.; Graiff, C.; Naud, F.; Pfaltz, A. Inorg.
Chem. 2000, 39, 4468-4475.

(18) Aryl P donor, imine or amine N donor, with chiral center: (a)
Gao, J.-X.; Ikariya, T.; Noyori, R. Organometallics 1996, 15, 1087-
1089. (b) Ding, K.; Wang, Y.; Yun, H.; Liu, J.; Wu, Y.; Terada, M.;
Okubo, Y.; Mikami, K. Chem. Eur. J. 1999, 5, 1734-1737.

(19) Alkyl/aryl P donor, pyrrolidine N donor, with a chiral center:
Jiang, Y.; Jiang, Q.; Zhu, G.; Zhang, X. Tetrahedron Lett. 1997, 38,
6565-6568.

(20) Ferrocenyl/aryl P donor, amine N donor, with chiral center: (a)
Cullen, W. R.; Einstein, F. W. B.; Huang, C.-H.; Willis, A. C.; Yeh,
E.-S. J. Am. Chem. Soc. 1980, 102, 988-991. (b) Hayashi, T.; Mise,
T.; Mitachi, S.; Yamamoto, K.; Kumada, M. Tetrahedron Lett. 1976,
17, 1133-1136. For review, see: (c) Hayashi, T.; Kumada, M. Acc.
Chem. Res. 1982, 15, 395-401.

(21) Ferrocenyl/aryl P donor, oxazoline N donor, with chiral center:
(a) Nishibayashi, Y.; Takei, I.; Uemura, S.; Hidai, M. Organometallics
1998, 17, 3420-3422. (b) Takei, I.; Nishibayashi, Y.; Arikawa, Y.;
Uemura, S.; Hidai, M. Organometallics 1999, 18, 2271-2274.

(22) Aryl P donor, oxazoline N donor, with chiral center: Lee, S.-g.
Lim, C. W.; Song, C. E.; Kim, I. O. Tetrahedron: Asymmetry 1997, 8,
4027-4031.

(23) Ferrocenyl/aryl P donor, amine N donor, with chiral center: (a)
Hayashi, T.; Tamao, K.; Katsuro, Y.; Nakae, I.; Kumada, M. Tetrahe-
dron Lett. 1980, 21, 1871-1874. For review, see: ref 20c.

(24) Aryl P donor, quinazoline N donor, with chiral axis (atropiso-
meric): (a) McCarthy, M.; Hooper, M. W.; Guiry, P. J. Chem. Commun.
2000, 1333-1334. (b) McCarthy, M.; Guiry, P. J. Polyhedron 2000,
19, 541-543.

(25) Aryl P donor, isoquinoline N donor, with chiral axis (atropiso-
meric): (a) Doucet, H.; Fernandez, E.; Layzell, T. P.; Brown, J. M.
Chem. Eur. J. 1999, 5, 1320-1330. (b) Brown, J. M.; Hulmes, D. I.;
Layzell, T. P. J. Chem. Soc., Chem. Commun. 1993, 1673-1674. (c)
Fernandez, E.; Hooper, M. W.; Knight, F. I.; Brown, J. M. Chem.
Commun. 1997, 173-174.

(26) Aryl P donor, phenanthridine N donor, with chiral axis (atro-
pisomeric): Valk, J. M.; Whitlock, G. A.; Layzell, T. P.; Brown, J. M.
Tetrahedron: Asymmetry 1995, 6, 2593-2596.

(27) Ferrocenyl/aryl P donor, pyrazole N donor, with chiral center:
(a) Schnyder, A.; Hintermann, L.; Togni, A. Angew. Chem., Int. Ed.
Engl. 1995, 34, 931-933. (b) Schnyder, A.; Togni, A.; Wiesli, U.
Organometallics 1997, 16, 255-260.

(28) Aryl P donor, pyridine N donor, with chiral center and planar
chirality: Son, S. U.; Jang, H.-Y.; Han, J. W.; Lee, I. S.; Chung, Y. K.
Tetrahedron: Asymmetry 1999, 10, 347-354.

(29) Phosphinite P donor, pyridine N donor, with chiral center:
Arena, C. G.; Nicolò, F.; Drommi, D.; Bruno, G.; Faraone, F. J. Chem.
Soc., Chem. Commun. 1994, 2251-2252.

(30) Aryl P donor, oxazoline N donor, with chiral center: Sagasser,
I.; Helmchen, G. Tetrahedron Lett. 1998, 39, 261-264.

(31) Alkyl/aryl P donor, pyridine N donor, with chiral center: He,
G.; Loh, S.-K.; Vittal, J. J.; Mok, K. F.; Leung, P.-H. Organometallics
1998, 17, 3931-3936.

(32) Ferrocenyl/aryl P donor, amine N donor, with chiral center and
planar chirality: Hayashi, T.; Konishi, M.; Fukushima, M.; Mise, T.;
Kagotani, M.; Tajika, M.; Kumada, M. J. Am. Chem. Soc. 1982, 104,
180-186.

(33) Aryl P donor, oxazoline N donor, with chiral center: Lloyd-
Jones, G. C.; Butts, C. P. Tetrahedron 1998, 54, 901-914.

(34) Aryl P donor, pyrrolidine N donor, with chiral center: Cuiry,
P. J. Hennessy, A. J.; Cahill, J. P. Top. Catal. 1997, 4, 311-326.

(35) Aryl P donor, oxazoline N donor, with chiral center: (a)
Loiseliur, O.; Meier, P.; Pfaltz, A. Angew Chem. Int. Ed. Engl. 1996,
35, 200-202. (b) Hennessy, A. J.; Malone, Y. M.; Guiry, P. J.
Tetrahedron Lett. 1999, 40, 9163-9166. For review, see: (c) Loiseleur,
O.; Hayashi, M.; Keenan, M.; Pfaltz, A. J. Organomet. Chem. 1999,
576, 16-22.

(36) Ferrocenyl/aryl P donor, oxazoline N donor, with chiral center
and planar chirality: Deng, W.-P.; Hou, X.-L.; Dai, L.-X.; Dong, X.-W.
Chem. Commun. 2000, 1483-1484.

(37) Aryl P donor, pyridine N donor, with chiral axis (atropiso-
meric): Hu, X.; Chen, H.; Zhang, X. Angew. Chem., Int. Ed. 1999, 38,
3518-3521.

(38) Phosphite P donor, oxazoline N donor, with chiral center:
Escher, I. H.; Pfaltz, A. Tetrahedron 2000, 56, 2879-2888.

(39) Alkyl/aryl P donor, imine and pyridine N donor, with chiral
center: Morimoto, T.; Yamaguchi, Y.; Suzuki, M.; Saitoh, A. Tetrahe-
dron Lett. 2000, 41, 10025-10029.

(40) Aryl P donor, oxazoline N donor, with chiral center: Sperrle,
M.; Aeby, A.; Consiglio, G.; Pfaltz, A. Helv. Chim. Acta 1996, 79, 1387-
1392.

(41) Aryl P donor, oxazoline N donor, with chiral center: Aeby, A.;
Consiglio, G. Helv. Chim. Acta 1998, 81, 35-39.

(42) (a) Wolfe, J. P.; Buchwald, S. L. Angew. Chem., Int. Ed. 1998,
38, 2413-2416. (b) Vyskocil, S.; Smrcina, M.; Kocovsky, P. Tetrahedron
Lett. 1998, 39, 9289-9292.

(43) (a) Kamikawa, T.; Hayashi, T. J. Org. Chem. 1998, 63, 8922-
8925. (b) Yin, J.; Buchwald, S. L. J. Am. Chem. Soc. 2000, 122, 12051-
12052.

(44) For the preparation of 2-diphenylphosphinobenzoic acid using
Ph2PNa or Ph2PLi, see: (a) Hoots, J. E.; Rauchfuss, T. B.; Wrobleski,
D. A. Inorg. Synth. 1982, 21, 175-176. (b) Wrobleski, D. A.; Rauchfuss,
T. B.; Rheingold, A. L.; Lewis, K. A. Inorg. Chem. 1984, 23, 3124-
3126. (c) Refusco, F.; Tisato, F.; Bandoli, G. J. Chem. Soc., Dalton
Trans. 1993, 2901-2904. For the preparation of 2-diphenylphosphi-
nobenzonitrile using Ph2PK, see: (d) Sprinz, J. Helmchen, G. Tetra-
hedron Lett. 1993, 34, 1769-1772. (e) Frost, C. G.; Williams, J. M. J.
Tetrahedron Lett. 1993, 34, 2015-2018. (f) Reference 4a.

(45) For the synthesis of BINAP by lithiation of 2,2′-dibromo-1,1′-
binaphthyl followed by addition of Ph2PCl, see: Miyashita, A.; Yasuda,
A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi, T.; Noyori, R. J. Am. Chem.
Soc. 1980, 102, 7932-7938.

(46) (a) Takaya, H.; Mashima, K.; Koyano, K.; Yagi, M.; Kumoba-
yashi, H.; Taketomi, T.; Akutagawa, S.; Noyori, R. J. Org. Chem. 1986,
51, 629-635. (b) Takaya, H.; Akutagawa, S.; Noyori, R. Org. Synth.
1988, 67, 20-32.

(47) For recent references, see: (a) References 3a and 18b. (b)
Martorell, G.; Garcias, X.; Janura, M.; Saá, J. M. J. Org. Chem. 1998,
63, 3463-3467. (c) Bringmann, G.; Wuzik, A.; Vedder, C.; Pfeiffer, M.;
Stalke, D. Chem. Commun. 1998, 1211-1212. (d) Kurtz, L.; Lee, G.;
Morgan, D., Jr.; Waldayke, M. J.; Ward, T. Tetrahedron Lett. 1990,
31, 6321.

(48) Lipshutz, B. H.; Buzard, D. J.; Yun, C. S. Tetrahedron Lett.
1999, 40, 201-204.

(49) Ph2P(TMS) is not commercially available. Tunney, S. E.; Stille,
J. K. J. Org. Chem. 1987, 52, 748-753.

(50) (a) Cai, D.; Payack, J. F.; Bender, D. R.; Hughes, D. L.;
Verhoeven, T. R.; Reider, P. J. J. Org. Chem. 1994, 59, 7180-7181.
(b) Cai, D.; Payack, J. F.; Bender, D. R.; Hughes, D. L.; Verhoeven, T.
R.; Reider, P. J. Org. Synth. 1998, 76, 6-11. (c) Cai, D.; Payrack, J.
F.; Verhoeven, T. R. US Patent 5,399,711. For Pd-catalyzed P-C
coupling using Ph2PH, see: (d) Herd, O.; Hessler, A.; Hingst, M.;
Tepper, M.; Stelzer, O. J. Organomet. Chem. 1996, 552, 69-75.

(51) Ager, D. J.; East, M. B.; Eisenstadt, A.; Laneman, S. A. Chem.
Commun. 1997, 2359-2360.
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the latter method is not tolerant of easily reducible
functional groups since Zn metal is used. We herein
report a novel palladium-catalyzed phosphination using
tertiary phosphines as the diarylphosphinating agents
for the synthesis of biaryl P,N ligands (eq 1).52

Results and Discussion

The facile aryl/aryl exchange between the palladium-
bound Ar with phosphorus-bound Ar′ (eq 2) was found
to be the key step in the catalytic phosphination. In the
past decade, the aryl/aryl exchange was an undesirable
reaction leading to the formation of scrambled side
products of Stille coupling,53 Suzuki coupling,54 Heck
reaction,55 C-S coupling,56 and arylation of ketone
enolates.57 The synthetic potential of these palladium-
catalyzed aryl/aryl exchange reactions has been recog-
nized and applied in the synthesis of atropisomeric P,N

ligands from their corresponding aryl O,N triflates
recently (eq 2).52

Palladium-Catalyzed Phosphination. The O,N
triflate 1, prepared by the trifluoromethanesulfonation58

of 2-(3′-methylpyridyl)-3,5-di-tert-butylphenol,59a was
used as the prototype substrate for the screening and
optimization of catalytic phosphination. Pd(OAc)2, Pd-
(PPh3)4, and Pd(dba)2 complexes were found to be active
catalysts for the catalytic phosphination (Table 1,
entries 1-3). However, Pd(OAc)2 was the best choice
because it is an air-stable complex and allows the use
of other triarylphosphines as phosphinating agents
instead of triphenylphosphine only (Table 1, entry 3).
Pd(dba)2 was not preferred since dba (trans-dibenzylide-
neacetone) dissociated from the palladium complex
during the course of reaction and gave similar chro-
matographic Rf values with the desired products, mak-
ing purification difficult. Other complexes, such as
PdCl2, Pd(MeCN)2Cl2, Pd(PPh3)2Cl2, Pd(dppf)Cl2, PtCl2,
Pt(PPh3)4, and Ni(OAc)2 did not show any catalytic
activity (Table 1, entries 4-6). Presumably the PdCl2-
(L)2 complexes were not reduced by triphenylphosphine
to generate the catalytically active palladium(0) spe-
cies.60 The rate and the yield of the reaction increased
when the catalyst loading increased from 5 to 10 mol %
(Table 1, entries 3 and 7). Further increase of the

(52) Kwong, F. Y.; Chan, K. S. Organometallics 2000, 19, 2058-
2060.

(53) Segelstein, B. E.; Butler, T. W.; Chenard, B. L. J. Org. Chem.
1995, 60, 12-13.

(54) O’Keefe, D. F.; Dannock, M. C.; Maruccio, S. M. Tetrahedron
Lett. 1992, 33, 6679-6680.

(55) Hunt, A. R.; Stewart, S. K.; Whiting, A. Tetrahedron Lett. 1993,
34, 3599-3602.

(56) Barañano, D.; Hartwig, J. F. J. Am. Chem. Soc. 1995, 117,
2937-2938.

(57) For arylation of ketone enolates, some side products, R-pheny-
lated ketones and R-(p-tolyl) ketones, were observed when BINAP and
Tol-BINAP were used as the catalysts, respectively. Åhman, J.; Wolfe,
J.. P.; Troutman, M. V.; Palucki, M.; Buchwald, S. L. J. Am. Chem.
Soc. 1998, 120, 1918-1919.

(58) (a) Kawashima, M.; Hirata, R. Bull. Chem. Soc. Jpn. 1993, 66,
2002-2005. (b) Vondenhof, M.; Mattay, J. Tetrahedron Lett. 1990, 31,
985-988. (c) Stang, P. J.; Hanack, M.; Subramanian, L. R. Synthesis
1982, 85-126.

(59) (a) Zhang, H. C.; Kwong, F. Y.; Tian, Y.; Chan, K. S. J. Org.
Chem. 1998, 63, 6886-6890. (b) Kwong, F. Y.; Chan, A. S. C.; Chan,
K. S. Tetrahedron 2000, 56, 8893-8899.

Table 1. Optimization of Catalytic Phosphination for the Synthesis of P,N Ligand 2 from O,N Triflate 1
Using Triphenylphosphine

entry catalyst, mol % solvent equiv of PPh3 temp/°C time/days ArPPh2:ArHb % yieldc

1 Pd(PPh3)4, 10% DMF 2.3 110 4.5 7:1 64
2 Pd(dba)2, 10% DMF 2.3 110 4 28:1 61
3 Pd(OAc)2, 10% DMF 2.3 110 4.5 28:1 68
4 PdCl2(L)2,a 10% DMF 2.3 110 7 ndd no rxn.e
5 Pt(PPh3)4, 10% DMF 2.3 110 7 ndd no rxn.e
6 Ni(OAc)2, 10% DMF 2.3 110 7 ndd no rxn.e
7 Pd(OAc)2, 5% DMF 2.3 110 7 3:1 32
8 Pd(OAc)2, 15% DMF 2.3 110 4 30:1 64
9 Pd(OAc)2, 20% DMF 2.3 110 4 30:1 60

10 Pd(OAc)2, 10% NMP 2.3 110 5 12:1 47
11 Pd(OAc)2, 10% HMPA 2.3 110 5 22:1 40
12 Pd(OAc)2, 10% DMSO 2.3 110 4 2:1 41
13 Pd(OAc)2, 10% THF 2.3 110 7 ndd no rxn.e
14 Pd(OAc)2, 10% DMF 1.0 110 5 26:1 21f

15 Pd(OAc)2, 10% DMF 1.5 110 5 26:1 28f

16 Pd(OAc)2, 10% DMF 2.0 110 5 30:1 40f

17 Pd(OAc)2, 10% DMF 2.2 110 5 30:1 64
18 Pd(OAc)2, 10% DMF 2.5 110 5 30:1 67
19 Pd(OAc)2, 10% DMF 3.0 110 5 30:1 18f

20 Pd(OAc)2, 10% DMF 4.0 110 5 28:1 5f

21 Pd(OAc)2, 10% DMF 2.3 125 3.5 27:1 65
22 Pd(OAc)2, 10% DMF 2.3 100 7 ndd traceg

23 Pd(OAc)2, 10% DMF 2.3 90 7 ndd no rxn.e

a L ) MeCN (acetonitrile), PPh3 (triphenylphosphine), dppf (bis-1,1′-(diphenylphosphino)ferrocene). b The ratios were determined by
1H NMR integration of the crude reaction mixture. c Isolated yield. d Not determined. e Starting material was recovered quantitatively.
f Incomplete conversion was observed by TLC. g Monitored by TLC.
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amount of catalyst did not change the product yield
substantially (Table 1, entries 8 and 9).

The effects of solvent were examined, and polar
aprotic solvents were found to be most suitable. DMF
was the best solvent, while NMP, HMPA, and DMSO
gave lower phosphine product (ArPPh2) to reduction
product (ArH) ratio (Table 1, entries 3 and 10-12). The
reduction side product was probably formed from the
competitive protonolysis of the Pd-aryl intermediate.61

The much less polar solvent62 THF was found to be
inferior, even with extended reaction time, and the
starting material 1 was recovered quantitatively (Table
1, entry 13). The amount of triphenylphosphine used
was critical. When 1 equiv of triphenylphosphine was
added, only about 10% conversion of 1 to 2 was observed
(Table 1, entry 14).63 The optimal range of the quantity
of triphenylphosphine added was between 2.3 and 2.5
equiv (Figure 1; Table 1, entries 15-18). When more
than 2.5 equiv of triphenylphosphine was used, the yield
of P,N product 2 rapidly dropped, and finally almost no
reaction occurred when 4 equiv of triphenylphosphine
was added (Figure 1; Table 1, entries 19 and 20). Since
triphenylphosphine acts as a ligand to stabilize the
palladium catalyst and the diphenylphosphinating agent,
the optimal amount of triphenylphosphine used was
found to be 2.3-2.5 equiv with respect to the triflates
used (Figure 1). Larger amounts of tertiary phosphine
ligands likely decrease the catalytic activity by forming
coordinatively saturated and catalytically less active
palladium species.

The effect of temperature was also investigated. No
reaction occurred below 100 °C (Table 1, entry 23). Only
a trace amount of product formed at 100 °C by TLC
analysis (Table 1, entry 22). When the temperature was
increased from 110 °C to 125 °C, the rate of reaction
slightly increased and the yield remained practically the
same (Table 1, entries 3 and 21). Further increase of
the reaction temperature to 150 °C afforded a black
reaction mixture, which probably was the palladium

black formation due to the decomposition of catalyst.
The reaction did not proceed further with most of the
starting material unreacted.

Syntheses of Atropisomeric P,N Ligands. The
pyridylphenyl triflate 1 was reacted with 2.3 equiv of
triphenylphosphine and 10 mol % of palladium(II)
acetate in DMF at 110 °C for about 4.5 days at the
optimized reaction conditions to give pyphos 2 in 68%
yield (Table 2, entry 1). These optimized conditions were
further applied to the synthesis of other atropisomeric
P,N ligands 4, 6, 8, and 10 from their corresponding O,N
triflates 3, 5, 7, and 9, respectively (Table 2, entries
2-5). Moreover, this phosphination was also applicable
to the synthesis of well-known P,N ligand QUINAP25

12 in 53% yield (Table 2, entry 6). Various P,N ligands
possessing different dihedral angles (2, 72°; 4, 72°; 6,
76°; 8, 62°; 10, 62°)64 and electronic properties were
prepared in similar yield and reaction time. The triflate
alternative, nonaflate 13, which was prepared by the

(60) (a) Amatore, C.; Jutand, A.; M’Barki, M. A. Organometallic
1992, 11, 3009-3013. (b) Jutand, A.; Mosleh, A. Organometallics 1995,
14, 1810-1817. (c) Amatore, C.; Jutand, A.; Khalil, F.; M’Barki, M. A.
Mottier, L. Organometallics 1993, 12, 3168-3173.

(61) Pedersen, J. R. Acta Chem. Scand. 1972, 26, 929-932.
(62) The dielectric constants for DMF, NMP, DMSO, and THF are

36.7, 35.8, 46.7, and 7.6, respectively. Cowdrey, W. A.; Hughes, E. D.;
Ingold, C. K.; Masterman, S.; Scott, A. D. J. Chem. Soc. 1937, 1252-
1253.

(63) Percentage conversion was determined by 1H NMR integration
from the crude reaction mixture.

(64) Dihedral angle for pyphos 2 was found to be 72° from X-ray
crystallography and ChemDraw 3D calculations. Dihedral angles for
P,N ligands 4, 6, 8, and 10 were estimated by the ChemDraw 3D
program (ChemOffice 2000 ver. 5.0).

Figure 1. Effect of triphenylphosphine in phosphination.

Table 2. Palladium-Catalyzed Phosphination of
Biaryl O,N Triflates

a Isolated yield.

Atropisomeric P,N Ligands Organometallics, Vol. 20, No. 12, 2001 2573

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

7,
 2

00
1 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

01
00

27
7



nonafluorobutanesulfonation65 of 2-(3′-methylpyridyl)-
3,4-di-tert-butylphenol,59a was also found to be reactive
in this palladium-catalyzed phosphination to yield py-
phos 2 in 61% yield (Table 2, entry 7).

Synthesis of Diarylphosphino Atropisomeric
P,N Ligands. The substituted atropisomeric P,N ligands
were synthesized by the palladium-catalyzed phosphi-
nation using different triarylphosphines (eq 3). Employ-
ing the optimized palladium-catalyzed phosphination
using 10 mol % of Pd(OAc)2 and 2.3 equiv of tri-
arylphosphines in dry DMF at 110 °C, the corresponding
phenyl-substituted atropisomeric P,N ligands 14-18
were obtained in 55%-68% yield (Table 3). The substi-
tutents on the phenyl ring of the P,N ligands 2, 14-16,
and 18 exerted different electronic effect on the phos-
phorus donor of the ligands. The Hammett plot of the
31P NMR chemical shift with Hammett constants66

showed that a linear relationship with R2 ) 0.99 was
followed (Figure 2).

The rate of phosphination was found to be dependent
on the electronic properties of the phosphinating re-
agents. Monitoring the phosphination by performing 1H
NMR analysis of the aliquots revealed that the electron-
rich tri(p-methoxyphenyl)phosphine exerted a slightly
faster rate of phosphination when compared with tri-
(p-tolyl)phosphine and triphenylphosphine (Table 3,
entries 1-3). The starting material O,N triflate 1 was
consumed gradually and no product was observed from
TLC during the first 30 h of reaction, probably indicat-
ing that an induction period was needed. This period
may be due to the generation of phosphonium salt
intermediates (see mechanistic studies).

Sterically more hindered tri(o-tolyl)phosphine did not
yield any substituted P,N ligand, with the substrate 1
being recovered almost quantitatively (Table 3, entry
7). This sterically hindered ortho-substituted triarylphos-
phine likely retarded aryl/aryl exchange, and similar
steric effects have been reported in the palladium-
catalyzed preparation of phosphonium salt from triph-
enylphosphine and aryl halides.67

Tricyclohexylphosphine did not undergo any phos-
phination (Table 3, entry 8). Likely the alkyl/aryl
exchange is difficult, as Stille and Norton reported that
no migration of alkyl groups from the phosphine to the
palladium center was observed.68 The evidence for the
selective aryl-P/aryl-Pd exchange instead of alkyl-P/aryl-
Pd exchange (Scheme 1) was also noted in the reaction
of quinolyl triflate 19 with Ph2PMe (Scheme 1). Only
the quinolyl phosphine 20 was observed by GC-MS
without any 21 formed. Therefore, Caryl-P bond cleav-

(65) Nonaflate ) nnonafluorobutanesulfonate. (a) Subramanian, L.
R.; Bentz, H.; Hanack, M. Synthesis 1973, 293-294. (b) Niederprüm,
H.; Voss, P.; Beyl, V. Liebigs. Ann. Chem. 1973, 20-32. For review,
see: (c) ref 58c.

(66) Gordon, A. J.; Ford, R. A. The Chemist’s Campanion; John
Wiley: New York, 1972.

(67) Migita, T.; Nagai, T.; Kiuchi, K.; Kosugi, M. Bull. Chem. Soc.
Jpn. 1983, 56, 2869-2870.

(68) Morita, D. K.; Stille, J. K.; Norton, J. R. J. Am. Chem. Soc. 1995,
117, 8576-8581.

Table 3. Palladium-Catalyzed Phosphination with
Different Triarylphosphines

a Starting material was recovered.

Figure 2. Electronic properties of the phosphorus donor
atom of X-substituted P,N ligands.
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age was more facile (Scheme 1). The poor isolated yield
of the product 20 was likely due to the fast oxidation of
the product to the corresponding quinolyl P-chiral
phosphine oxide.

Mechanism of Palladium-Catalyzed Phosphina-
tion. Scheme 2 illustrates a plausible mechanism for
the reaction involving both Pd(0)/Pd(II) and Pd(II)/Pd-
(IV) cycles. Palladium acetate is in situ reduced by
triphenylphosphine to PdL2 (L ) triphenylphosphine).60a

This Pd(0) species then undergoes oxidative addition
with pyridylphenyl triflate 1 to afford complex A (Pd-
(II) species).

Complex A subsequently undergoes reductive elimi-
nation with triphenylphosphine to produce a phospho-
nium salt, complex B. Such Pd-catalyzed phosphonium
salt formation for meta- and para- but not ortho-
substituted aryl bromides has been reported.67 This Pd-
(0) complex B undergoes oxidative addition by carbon-
phosphorus bond activation of the phosphonium salt to
generate the coordinated P,N product complex C (Scheme
2).69,70,71 Finally, ligand substitution of complex C by
triphenylphosphine to the Pd(II) complex gives the P,N
product and Pd-phenyl complex D. The PdL2 species
is regenerated by reductive elimination from complex
D between triphenylphosphine and the Pd-bound phen-
yl group to yield the tetraphenylphosphonium triflate
coproduct (Scheme 2). The formation of tetraphenylphos-
phonium triflate was detected by 31P NMR (δ ) 24.3
ppm)72 in the reaction mixture and was isolated in 78%.
Therefore, 2 equiv of PPh3 was required. The first one

serves as the diphenylphosphinating agent, and the
second one yields the phosphonium salt.

Since the palladium-catalyzed formation of phospho-
nium salt67 and aryl/aryl exchange reaction69b at the
palladium center are limited to sterically nonhindered
para- or meta-substituted aryl compounds, the success-
ful ortho-substituted aryl/aryl exchange which contrib-
uted to the phosphination of O,N triflates is rather
unique. To investigate the possibility that the reaction
is templated by the coordination of the pyridyl nitrogen,
the sterically hindered substrate 22 was subjected to
palladium-catalyzed phosphination. The O,N triflate 22
bears the tert-butyl group adjacent to the pyridine-
nitrogen, which prevents the coordination to the pal-
ladium center.73 When 22 was subjected to palladium-
catalyzed phosphination (eq 4), no phosphination product
23 was formed, and the starting material was recovered
almost quantitatively. The complete recovery of starting
material 22 showed that even the oxidative addition of
the carbon-oxygen bond (C-OSO2CF3) did not occur.
Therefore, the coordination of the pyridine-nitrogen may
facilitate the catalytic phosphination of sterically de-
manding ortho-substituted aryl triflates.

Conclusion

In conclusion, the palladium-catalyzed phosphination
using triarylphosphines as the phosphinating reagents
was developed and optimized. This method was applied
to the synthesis of atropisomeric P,N ligands from their
corresponding O,N triflates. An array of P,N ligands
that possessed different dihedral angles and electronic
properties were prepared. Sterically hindered ortho-
substituted aryl triflates underwent successful catalytic
aryl/aryl exchange reaction and phosphination likely
facilitated by the coordinating pyridine-nitrogen.

Experimental Section

General Considerations. Unless otherwise noted, all
reagents were purchased from commercial suppliers and used
without purification. Tetrahydrofuran (THF) and diethyl ether
were distilled from sodium and benzophenone ketyl prior to
use, and toluene was distilled from sodium. Dichloromethane
and hexane for reaction were distilled from calcium hydride.
Hexane for chromatography was distilled from anhydrous
calcium chloride. N,N-Dimethylformamide and N-methylpyr-
rolidinone were distilled from magnesium sulfate under
reduced pressure.74 Pd(MeCN)Cl2,75 Pd(PPh3)2Cl2,75 Pd(dppf)-

(69) (a) Garrou, P. E. Chem. Rev. 1985, 85, 171-185. (b) Goodson,
F. E.; Wallow, T. I.; Novak, B. M. J. Am. Chem. Soc. 1997, 119, 12441-
12453. (c) Kong, K. C.; Cheng, C. H. J. Am. Chem. Soc. 1991, 113,
6313-6315.

(70) (a) Segelstein, B. E.; Butler, T. W.; Chenard, B. L. J. Org. Chem.
1995, 60, 12-13. (b) Sakamoto, M.; Shimizu, I.; Yamamoto, A. Chem.
Lett. 1995, 1101-1102.

(71) Herrmann, W. A.; Brossmer, C.; Priermeier, T.; Ofele, K. J.
Organomet. Chem. 1994, 481, 97-108.

(72) Tebby, J. C. Handbook of Phosphorus-31 Nuclear Magnetic
Resonance Data; CRC Press: Boca Raton, FL, 1991; p 219.

(73) For using the ortho-hindered pyridine for the prevention of the
coordination of pyridine-nitrogen to the metal center, see: (a) Chan,
A. S. C.; Chen, C. C.; Cao, R. Organometallics 1997, 16, 3469-3473.
(b) Hu, W.; Pai, C. C.; Chen, C. C.; Xue, G.; Chan, A. S. C.
Tetrahedron: Asymmetry 1998, 9, 3241-3245.

(74) Perrin, D. D.; Armarego, L. F. Purification of Laboratory
Chemicals, 3rd ed.; 1988.

Scheme 1. Selective Pd-Ar/P-Ar′ Exchange
Reaction in Palladium-Catalyzed Phosphination
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Cl2,75 Pt(PPh3)4,75 tri(p-tert-butylphenyl)phosphine,76 tri(3,5-
dimethylphenyl)phosphine,76 tri(m-methoxyphenyl)phosphine,77

and tri(o-tolyl)phosphine77 were prepared according to the
literature method without modification. Thin-layer chroma-
tography was performed on Merck precoated silica gel 60 F254

plates. Silica gel (Merck, 70-230 and 230-400 mesh) was used
for column chromatography. 1H NMR spectra were recorded
on a Brüker DPX 300 (300 MHz) spectrometer. Spectra were
referenced internally to the residual proton resonance in CDCl3
(δ 7.26 ppm) or with tetramethylsilane (TMS, δ 0.00 ppm) as
the internal standard. Chemical shifts (δ) were reported as
parts per million (ppm) in δ scale downfield from TMS. 13C
NMR spectra were recorded on a Brüker DPX 300 (75 MHz)
spectrometer and referenced to CDCl3 (δ 77.00 ppm). 31P NMR
spectra were recorded on a Varian 400 (162 MHz) and
referenced to 85% H3PO4 externally. Coupling constants (J)
were reported in hertz (Hz). Mass spectra (EIMS and FABMS)
were recorded on a HP 5989B mass spectrometer. High-
resolution mass spectra (HRMS) were obtained on a Brüker
APEX 47e FT-ICR mass spectrometer (ESIMS). GC-MS
analysis was conducted on a HP G1800C GCD system using
a HP5MS column (30 m × 0.25 mm). Mac-curve Fit program
ver. 1.1 (Machintoch version) was used for curve fitting.

General Procedure for Palladium-Catalyzed Phosphi-
nation. 2-(2′-Diphenylphosphino-4′,6′-di-tert-butyl-1′-
phenyl)-3-methylpyridine (pyphos) (2). 3,5-Di-tert-butyl-
2-(3′-methyl-2′-pyridyl)phenyl trifluoromethanesulfonate (1)
(1.07 g, 2.5 mmol), palladium(II) acetate (56 mg, 0.25 mmol),
and triphenylphosphine (1.51 g, 5.8 mmol) were dissolved in
dry DMF (10 mL) under nitrogen. The solution was heated to
110-115 °C for 4.5 days, and the color of the solution changed
from yellow to red. The reaction was cooled and DMF was
removed under reduced pressure. The residue was purified by
column chromatography on silica gel using a solvent mixture
of (hexane/ethyl acetate ) 6:1, Rf ) 0.6) as eluent to obtain
the crude product. This crude product was then purified by
column chromatography on silica gel with eluent (toluene/ethyl

acetate ) 20:1) to afford the pure 2-(2′-diphenylphosphino-4′,6′-
di-tert-butyl-1′-phenyl)-3-methylpyridine (pyphos) (2) (790 mg,
68%) as a white solid: mp 135-136 °C; Rf ) 0.6 (toluene/ethyl
acetate ) 15:1); 1H NMR (300 MHz, CDCl3) δ 1.13 (s, 9 H),
1.17 (s, 9 H), 1.94 (s, 3 H), 7.04-7.30 (m, 13 H), 7.60 (d, 1 H,
J ) 2.0 Hz), 8.34 (d, 1 H, J ) 4.3 Hz); 13C NMR (75 MHz,
CDCl3) δ 19.9, 31.1, 32.4, 34.8, 37.2, 125.8, 127.9, 128 (d, JCP

) 8.0 Hz), 128.2 (d, JCP ) 4.6 Hz), 130.1, 131.2 (d, JCP ) 7.6
Hz), 131.1 (d, JCP ) 7.5 Hz), 133.4 (d, JCP ) 19.3 Hz), 134.0
(d, JCP ) 20.0 Hz), 137.1 (d, JCP ) 8.7), 138.0 (d, JCP ) 9.3
Hz), 138.2, 145.1, 147.1 (d, JCP ) 5.6 Hz), 149.7; 31P NMR (162
MHz, CDCl3) δ -11.60; MS (EI) m/z (relative intensity) 465
(M+, 80), 450 (88), 408 (100), 388 (82), 374 (22), 358 (35), 342
(23); HRMS (ESIMS) calcd for C32H36NPH+ 466.2658, found
466.2622.

2-(2′-Diphenylphosphino-4′,6′-di-tert-butyl-1′-phenyl)-
3,5-dimethylpyridine (4). The general procedure of pal-
ladium-catalyzed phosphination for 2 was used. 3,5-Di-tert-
butyl-2-(3′,5′-dimethyl-2′-pyridyl)phenyl trifluoromethane-
sulfonate (3) (400 mg, 0.9 mmol), palladium(II) acetate (20 mg,
0.09 mmol), triphenylphosphine (544 mg, 2.1 mmol), and dry
DMF (3.5 mL) were used to obtain 2-(2′-diphenylphosphino-
4′,6′-di-tert-butyl-1′-phenyl)-3,5-dimethylpyridine (4) (259 mg,
60%) as a light yellow solid: mp 111-112 °C; Rf ) 0.6 (toluene/
ethyl acetate ) 15:1); 1H NMR (300 MHz, CDCl3) δ 1.13 (s, 9
H), 1.17 (s, 9 H), 1.89 (s, 3 H), 2.35 (s, 3 H), 7.05-7.29 (m, 12
H), 7.59 (d, 1 H, J ) 2.0 Hz), 8.18 (s, 1 H); 13C NMR (75 MHz,
CDCl3) δ 18.2, 19.9, 31.1, 32.4, 34.8, 37.2, 125.8, 127.9, 128.0
(d, JCP ) 8.0 Hz), 128.2 (d, JCP ) 4.6 Hz), 130.1, 131.2 (d, JCP

) 7.6 Hz), 132.1 (d, JCP ) 7.5 Hz), 133.4 (d, JCP ) 19.3 Hz),
134.0 (d, JCP ) 20.0 Hz), 137.1 (d, JCP ) 8.7 Hz), 138.0 (d, JCP

) 9.3 Hz), 138.1, 145.1, 147.1 (d, JCP ) 5.6 Hz), 149.6; 31P NMR
(162 MHz, CDCl3) δ -11.78; MS (EI) m/z (relative intensity)
479 (M+, 5), 464 (5), 444 (17), 428 (54), 310 (13), 295 (76), 280
(100); HRMS (ESIMS) calcd for C33H38NPH+ 480.2814, found
480.2807.

1-(2′-Diphenylphosphino-4′,6′-di-tert-butyl-1′-phenyl)-
isoquinoline (6). The general procedure of palladium-
catalyzed phosphination for 2 was used. 3,5-Di-tert-butyl-2-
(2′-isoquinolyl)phenyl trifluoromethanesulfonate (5) (500 mg,
1.07 mmol), palladium(II) acetate (24 mg, 0.11 mmol), triph-
enylphosphine (648 mg, 2.47 mmol), and dry DMF (5 mL) was
used to obtain 1-(2′-diphenylphosphino-4′,6′-di-tert-butyl-1′-
phenyl)isoquinoline (6) (311 mg, 58%) as a white solid: mp

(75) (a) Yamamoto, K. Bull. Chem. Soc. Jpn. 1954, 27, 501-503.
(b) Brandsma, L.; Vasilevsky, S. F.; Verkruijsse, H. D. Application of
Transition Metal Catalysts in Organic Synthesis; Springer: Berlin,
1998.

(76) Denmark, S. E.; Dorow, R. L. J. Org. Chem. 1989, 54, 5-12.
(77) Voskull, W.; Arens, F. Organic Syntheses; Wiley: New York,

1973; Collect. Vol. No. V, p 211.

Scheme 2. Suggested Mechanism for Palladium-Catalyzed Phosphination
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144-147 °C; Rf ) 0.5 (toluene/ethyl acetate ) 15:1); 1H NMR
(300 MHz, CDCl3) δ 1.04 (s, 9 H), 1.23 (s, 9 H), 6.94 (t, 1 H, J
) 8.2 Hz), 7.06-7.27 (m, 11 H), 7.49 (t, 1 H, J ) 8.0 Hz), 7.64
(d, 1 H, J ) 5.7 Hz), 7.68 (d, 1 H, J ) 1.9 Hz), 7.78 (d, 1 H, J
) 8.2 Hz), 8.51 (d, 1 H, J ) 5.7 Hz); 13C NMR (75 MHz, CDCl3)
δ 31.2, 32.7, 34.9, 37.3, 120.0, 125.6, 126.1, 126.4, 127.9 (d,
JCP ) 18.0 Hz), 128.0, 128.2 (d, JCP ) 18.2 Hz), 129.5, 130.2,
130.4 (d, JCP ) 5.0 Hz), 133.1 (d, JCP ) 18.9 Hz), 133.7 (d, JCP

) 20.6 Hz), 135.8, 137.9 (d, JCP ) 15.0 Hz), 138.4 (d, JCP )
15.0 Hz), 141.2, 147.8 (d, JCP ) 5.9 Hz), 150.0, 163.6 (d, JCP )
6.6 Hz); 31P NMR (162 MHz, CDCl3) δ -12.78; MS (EI) m/z
(relative intensity) 501 (M+, 70), 474 (7), 460 (11), 424 (100),
407 (23), 392 (21), 375 (10); HRMS (ESIMS) calcd for C35H37-
NPH+ 502.2658, found 502.2646.

2-(2′-Diphenylphosphino-4′,5′,6′-trimethyl-1′-phenyl)-
3-methylpyridine (8). The general procedure of palladium-
catalyzed phosphination for 2 was used. 3,4,5-Trimethyl-2-(3′-
methyl-2′-pyridyl)phenyl trifluoromethanesulfonate (7) (45 mg,
0.13 mmol), palladium(II) acetate (3 mg, 13 µmol), triph-
enylphosphine (75 mg, 0.29 mmol), and DMF (0.5 mL) were
used to afford 2-(2′-diphenylphosphino-4′,5′,6′-trimethyl-1′-
phenyl)-3-methylpyridine (8) (26 mg, 53%) as a white solid:
mp 78-80 °C; Rf ) 0.4 (toluene/ethyl acetate ) 15:1); 1H NMR
(300 MHz, CDCl3) δ 1.90 (s, 3 H), 1.97 (s, 3 H), 2.20 (s, 3 H),
2.21 (s, 3 H), 6.79 (d, 1 H, J ) 4.0 Hz), 7.12-7.28 (m, 11 H),
7.51 (d, 1 H, J ) 7.6 Hz), 8.32 (d, 1 H, J ) 4.1 Hz); 13C NMR
(75 MHz, CDCl3) δ 15.9, 16.9, 19.0, 20.9, 122.2, 128.0 (d, JCP

) 7.1 Hz), 128.2 (d, JCP ) 7.2 Hz), 132.2 (d, JCP ) 9.3 Hz),
132.7 (d, JCP ) 13.4 Hz), 132.8, 133.4 (d, JCP ) 19.1 Hz), 133.8
(d, JCP ) 20.0 Hz), 136.2, 136.9, 137.2 (d, JCP ) 10.8 Hz), 137.4,
137.7 (d, JCP ) 11.6 Hz), 146.1, 159.6 (d, JCP ) 5.6 Hz); 31P
NMR (162 MHz, CDCl3) δ -11.53; MS (EI) m/z (relative
intensity) 395 (M+, 100), 379 (25), 334 (9), 318 (66); HRMS
(ESIMS) calcd for C27H26NPH+ 396.1876, found 396.1886.

2-(2′-Diphenylphosphino-4′,5′,6′-trimethyl-1′-phenyl)-
3-trifluoromethylpyridine (10). The general procedure of
palladium-catalyzed phosphination for 2 was used. 2-(3′-
Trifluoromethyl-2′-pyridyl)-3,4,5-trimethylphenyl trifluo-
romethanesulfonate (9) (52 mg, 0.13 mmol), palladium(II)
acetate (3 mg, 0.013 mmol), triphenylphosphine (78 mg, 0.29
mmol), and dry DMF (0.5 mL) were used to obtain the 2-(2′-
diphenylphosphino-4′,5′,6′-trimethyl-1′-phenyl)-3-trifluorom-
ethylpyridine (10) (32 mg, 57%) as light yellow solid: mp 45-
47 °C; Rf ) 0.5 (toluene/ethyl acetate ) 10:1); 1H NMR (300
MHz, CDCl3) δ 1.92 (s, 3 H), 2.21 (s, 6 H), 6.87 (d, 1 H, J ) 4.0
Hz), 7.16-7.22 (m, 10 H), 7.35-7.42 (m, 1 H), 8.11 (dd, 1 H, J
) 1.2, 8.0 Hz), 8.63 (d, 1 H, J ) 8.4 Hz); 13C NMR (75 MHz,
CDCl3) δ 15.8, 16.2, 17.7, 19.5 (q, JCF ) 245.9 Hz), 122.2, 123.6,
128.0-128.5 (m), 131.7, 132.2 (d, JCP ) 10.3 Hz), 133.2 (d, JCP

) 20.0 Hz), 133.6 (d, JCP ) 21.1 Hz), 135.1, 137.2, 137.7, 137.8,
150.6; 31P NMR (162 MHz, CDCl3) δ -10.9; MS (EI) m/z
(relative intensity) 450 (M+ + 1, 80), 395 (10), 379 (100), 371
(30), 352 (9); HRMS (ESIMS) calcd for C27H23F3NPH+ 450.1593,
found 450.1585.

3,5-Di-tert-butyl-2-(3′-methyl-2′-pyridyl)phenyl Non-
afluorobutanesulfonate (13). 3,5-Di-tert-butyl-2-(3′-methyl-
2′-pyridyl)phenol59a (594 mg, 2.0 mmol) in anhydrous ether (3
mL) was added to the NaH (120 mg, 2.7 mmol) in anhydrous
ether (7 mL) at 0 °C. Nonafluorobutanesulfonyl fluoride (1.2
g, 4.0 mmol) was then added under nitrogen at 0 °C. After
complete addition, the reaction mixture was heated to reflux
for 2 h. The reaction was cooled, followed by the addition of
water (20 mL). The aqueous phase was extracted by diethyl
ether (50 mL × 2). The combined organic phase was washed
by water and brine and dried over MgSO4. The solvent was
removed by rotary evaporation, and the residue was purified
by column chromatography on silica gel using a solvent
mixture (hexane/ethyl acetate ) 5:1) as the eluent to yield the
3,5-di-tert-butyl-2-(3′-methyl-2′-pyridyl)phenyl nonafluorobu-
tanesulfonate (13) (984 mg, 85%) as a light yellow solid: Rf )
0.6 (hexane/ethyl acetate ) 5:1); mp 48-50 °C; 1H NMR (300

MHz, CDCl3) δ 1.16 (s, 9 H), 1.36 (s, 9 H), 2.11 (s, 3 H), 7.22
(d, 1 H, J ) 0.9 Hz), 7.24 (dd, 1 H, J ) 3.8 Hz, 7.4 Hz), 7.55
(d, 1 H, J ) 7.5 Hz), 7.63 (d, 1 H, J ) 1.6 Hz), 8.52 (d, 1 H, J
) 3.9 Hz); 13C NMR (75 MHz, CDCl3) δ 19.2, 31.1, 32.3, 35.1,
37.1, 109.2-118.9 (m), 115.1, 123.1, 124.5, 129.3, 133.9, 137.6,
146.0, 148.0, 150.4, 152.7, 155.2; MS (FAB) m/z (relative
intensity) 580 (M+ + 1, 60), 564 (10), 297 (30), 282 (100), 266
(33); HRMS (ESIMS) calcd for C24H26F9NO3SH+ 580.1562,
found 580.1536.

2-(2′-Di(4-tolyl)phosphino-4′,6′-di-tert-butyl-1′-phenyl)-
3-methylpyridine (14). The general procedure of palladium-
catalyzed phosphination for 2 was used. 3,5-Di-tert-butyl-2-
(3′-methyl-2′-pyridyl)phenyl trifluoromethanesulfonate (1) (858
mg, 2.0 mmol), palladium(II) acetate (45 mg, 0.2 mmol), tri-
(4-tolyl)phosphine (1.4 g, 4.6 mmol), and dry DMF (8 mL) were
used to yield the 2-(2′-di(4-tolyl)phosphino-4′,6′-di-tert-butyl-
1′-phenyl)-3-methylpyridine (14) (592 mg, 60%) as a white
solid: Rf ) 0.4 (toluene/ethyl acetate ) 20:1); mp 123-125 °C;
1H NMR (300 MHz, CDCl3) δ 1.12 (s, 9 H), 1.18 (s, 9 H), 1.94
(s, 3 H), 2.28 (s, 3 H), 2.32 (s, 3 H), 6.95-7.03 (m, 4 H), 7.07-
7.11 (m, 5 H), 7.18 (t, 1 H, J ) 7.2 Hz), 7.45 (d, 1 H, J ) 7.2
Hz), 7.58 (d, 1 H, J ) 1.9 Hz), 8.33 (d, 1 H, J ) 4.2 Hz); 13C
NMR (75 MHz, CDCl3) δ 20.1, 21.5, 31.1, 32.4, 34.8, 37.2,
122.5, 125.7, 128.7-128.9 (m), 129.9, 133.3 (d, JPC ) 20.2 Hz),
133.7 (d, JPC ) 21.1 Hz), 137.5 (d, JPC ) 10.2 Hz), 137.9, 144.9,
146.6, 149.5, 160.8; 31P NMR (162 MHz, CDCl3) δ -13.31; MS
(EI) m/z (relative intensity) 493 (M+, 60), 478 (95), 452 (10),
436 (100), 401 (50), 371 (40), 355 (35); HRMS (ESIMS) calcd
for C34H40NPH+ 494.2971, found 494.2951.

2-(2′-Di(4-methoxyphenyl)phosphino-4′,6′-di-tert-butyl-
1′-phenyl)-3-methylpyridine (15). The general procedure of
palladium-catalyzed phosphination for 2 was used. 3,5-Di-tert-
butyl-2-(3′-methyl-2′-pyridyl)phenyl trifluoromethanesulfonate
(1) (540 mg, 1.25 mmol), palladium(II) acetate (30 mg, 0.13
mmol), tri(4-methoxyphenyl)phosphine (1.01 g, 2.88 mmol),
and dry DMF (5 mL) were used to yield the 2-(2′-di(4-
methoxyphenyl)phosphino-4′,6′-di-tert-butyl-1′-phenyl)-3-me-
thylpyridine (15) (394 mg, 60%) as a white solid: Rf ) 0.4
(toluene/ethyl acetate ) 10:1); mp 116-118 °C; 1H NMR (300
MHz, CDCl3) δ 1.12 (s, 9 H), 1.19 (s, 9 H), 1.91 (s, 3 H), 3.76
(s, 3 H), 3.79 (s, 3 H), 6.76-6.85 (m, 4 H), 6.99-7.14 (m, 5 H),
7.20 (t, 1 H, J ) 7.2 Hz), 7.45 (d, 1 H, J ) 7.2 Hz), 7.58 (d, 1
H, J ) 1.9 Hz), 8.33 (d, 1 H, J ) 4.1 Hz); 13C NMR (75 MHz,
CDCl3) δ 20.1, 31.2, 32.4, 34.8, 37.2, 55.1, 133.6-133.9 (m),
122.5, 125.6, 129.5, 134.8 (d, JPC ) 20.8 Hz), 135.3 (d, JPC )
21.5 Hz), 137.1, 137.7 (d, JPC ) 10.4 Hz), 144.8, 146.6, 149.6,
159.7 (d, JPC ) 21.1 Hz); 31P NMR (162 MHz, CDCl3) δ -14.79;
MS (FAB) m/z (relative intensity) 525 (M+, 70), 511 (72), 494
(10), 469 (50), 435 (10), 419 (100), 402 (44), 388 (62); HRMS
(ESIMS) calcd for C34H40NO2PH+ 526.2869, found 526.2855.

2-(2′-Di(4-tert-butylphenyl)phosphino-4′,6′-di-tert-bu-
tyl-1′-phenyl)-3-methylpyridine (16). The general proce-
dure of palladium-catalyzed phosphination for 2 was used. 3,5-
Di-tert-butyl-2-(3′-methyl-2′-pyridyl)phenyl trifluoromethane-
sulfonate (1) (214 mg, 0.5 mmol), palladium(II) acetate (11.2
mg, 0.05 mmol), tri(4-tert-butylphenyl)phosphine (495 mg, 1.15
mmol), and dry DMF (2 mL) were used to obtain 2-(2′-di(4-
tert-butylphenyl)phosphino-4′,6′-di-tert-butyl-1′-phenyl)-3-me-
thylpyridine (16) (159 mg, 55%) as a white solid: Rf ) 0.5
(toluene/ethyl acetate ) 15:1); mp 173-176 °C; 1H NMR (300
MHz, CDCl3) δ 1.13 (s, 9 H), 1.17 (s, 9 H), 1.29 (s, 9 H), 1.32
(s, 9 H), 1.91 (s, 3 H), 7.00-7.03 (m, 1 H), 7.03-7.16 (m, 4 H),
7.23-7.30 (m, 5 H), 7.41 (d, 1 H, J ) 7.2 Hz), 7.57 (d, 1 H, J
) 1.8 Hz), 8.33 (d, 1 H, J ) 4.2 Hz); 13C NMR (75 MHz, CDCl3)
δ 20.3, 31.0, 31.2, 31.8, 32.4, 34.4, 34.5, 34.7, 37.2, 122.4,
124.8-125.0 (m), 125.5, 130.0, 133.1 (d, JPC ) 19.4 Hz), 133.3
(d, JPC ) 20.0 Hz), 134.2 (d, JPC ) 10.5 Hz), 134.9 (d, JPC )
11.3 Hz), 136.9, 137.6 (d, JPC ) 10.1 Hz), 145.0, 146.4 (d, JPC

) 5.6 Hz), 149.3, 150.7, 151.2, 160.9 (d, JPC ) 5.5 Hz); 31P NMR
(162 MHz, CDCl3) δ -14.50; MS (FAB) m/z (relative intensity)
578 (M+ + 1, 70), 563 (100), 547 (12), 521 (98), 455 (38), 431
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(45), 415 (41); HRMS (ESIMS) calcd for C40H52NPH+ 578.3910,
found 578.3920.

2-(2′-Di(3,5-dimethylphenyl)phosphino-4′,6′-di-tert-bu-
tyl-1′-phenyl)-3-methylpyridine (17). The general proce-
dure of palladium-catalyzed phosphination for 2 was used. 3,5-
Di-tert-butyl-2-(3′-methyl-2′-pyridyl)phenyl trifluoromethane-
sulfonate (1) (429 mg, 1.0 mmol), palladium(II) acetate (22 mg,
0.1 mmol), trixylylphosphine (796 mg, 2.3 mmol), and dry DMF
(4 mL) were used to obtain the 2-(2′-di(3,5-dimethylphenyl)-
phosphino-4′,6′-di-tert-butyl-1′-phenyl)-3-methylpyridine (17)
(302 mg, 58%) as a white solid: Rf ) 0.5 (toluene/ethyl acetate
) 15:1); mp 89-91 °C; 1H NMR (300 MHz, CDCl3) δ 1.14 (s, 9
H), 1.22 (s, 9 H), 1.86 (s, 3 H), 2.17 (s, 6 H), 2.21 (s, 6 H), 6.72
(s, 1 H), 6.74 (s, 1 H), 6.80 (s, 1 H), 6.82 (s, 2 H), 6.86 (s, 1 H),
7.16 (dd, 1 H, J ) 4.8, 7.6 Hz), 7.28 (dd, 1 H, J ) 1.9 Hz, JPH

) 3.6 Hz), 7.38 (dd, 1 H, J ) 7.5 Hz, 0.8 Hz), 7.58 (d, 1 H, J )
1.9 Hz), 8.39 (dd, 1 H, J ) 4.7 Hz, 1.1 Hz); 13C NMR (75 MHz,
CDCl3) δ 20.1, 21.3, 31.1, 32.3, 34.8, 37.2, 122.2, 125.4, 129.7
(d, JPC ) 5.2 Hz), 130.4, 131.1-131.6 (m), 134.2 (d, JPC ) 4.4
Hz), 136.5, 136.9 (d, JPC ) 6.8 Hz), 137.2 (d, JPC ) 6.8 Hz),
137.4 (d, JPC ) 10.3 Hz), 137.9 (d, JPC ) 12.1 Hz), 138.3 (d,
JPC ) 12.8 Hz), 142.1 (d, JPC ) 32.4 Hz), 145.3, 146.4 (d, JPC

) 5.9 Hz), 149.0, 161.4 (d, JPC ) 6.7 Hz); 31P NMR (162 MHz,
CDCl3) δ -12.24; MS (EI) m/z (relative intensity) 522
(M+ + 1, 45), 507 (100), 465 (82), 449 (11), 418 (40), 385 (27);
HRMS (ESIMS) calcd for C36H44NPH+ 522.3290, found
522.3288.

2-(2′-Di(3-methoxyphenyl)phosphino-4′,6′-di-tert-butyl-
1′-phenyl)-3-methylpyridine (18). The general procedure of
palladium-catalyzed phosphination for 2 was used. 3,5-Di-tert-
butyl-2-(3′-methyl-2′-pyridyl)phenyl trifluoromethanesulfonate
(1) (429 mg, 1.0 mmol), palladium(II) acetate (22 mg, 0.1
mmol), tri(3-methoxyphenyl)phosphine (810 mg, 2.3 mmol),
and dry DMF (4 mL) were used to yield the 2-(2′-di(3-
methoxyphenyl)phosphino-4′,6′-di-tert-butyl-1′-phenyl)-3-me-
thylpyridine (18) (289 mg, 55%) as a white solid: Rf ) 0.5
(toluene/ethyl acetate ) 15:1); mp 90-92 °C; 1H NMR (300
MHz, CDCl3) δ 1.13 (s, 9 H), 1.20 (s, 9 H), 1.88 (s, 3 H), 3.67
(s, 3 H), 3.69 (s, 3 H), 6.66-6.85 (m), 7.13-7.23 (m), 7.46 (d, 1
H, J ) 6.9 Hz), 7.61 (d, 1 H, J ) 1.9 Hz), 8.38 (d, 1 H, J ) 4.2
Hz); 13C NMR (75 MHz, CDCl3) δ 19.9, 31.0, 32.3, 34.8, 37.2,
55.1, 114.2 (d, JPC ) 24.5 Hz), 118.0 (d, JPC ) 21.8 Hz), 119.0
(d, JPC ) 21.8 Hz), 122.6, 125.7-125.9 (m), 126.3 (d, JPC )
19.9 Hz), 128.9-129.2 (m), 130.0, 134.8, 136.9 (d, JPC ) 9.8
Hz), 137.4, 139.0 (d, JPC ) 12.6 Hz), 144.7, 146.8 (d, JPC ) 5.5
Hz), 149.8, 159.0 (d, JPC ) 8.0 Hz), 159.2 (d, JPC ) 8.0 Hz); 31P
NMR (162 MHz, CDCl3) δ -9.84; MS (FAB) m/z (relative
intensity) 525 (M+, 70), 511 (78), 435 (20), 419 (100), 402 (45),
388 (62); HRMS (ESIMS) calcd for C34H40NO2PH+ 526.2820,
found 526.2855.
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