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Alkoxycarbonyl(cyano)palladium(II) complexestrans-Pd(COOR)(CN)(PPh3)2 (1, R ) Me; 2, R ) Et;
3, R ) nPr; 4, R ) iPr; 5, R ) nBu; 6, R ) tBu; 7, R ) Bn) are prepared via oxidative addition of the
corresponding cyanoformates to Pd(PPh3)4 in toluene at room temperature or 50°C and characterized by
means of NMR (1H, 13C{1H}, and31P{1H}) and IR spectroscopy as well as elemental analyses. X-ray
crystallography of3, 4, and6 showed a square-planar coordination around the Pd center that is bonded
to alkoxycarbonyl and cyano ligands in thetrans configuration. The Pd-CN and Pd-COOR bonds in
1, 3, 4, and6 are similar to those of the cyanopalladium(II) and alkoxycarbonylpalladium(II) complexes
reported to date. On reaction of Pd(PPh3)4 with phenyl cyanoformate a thermally induced ligand exchange
takes place to afford the dicyanopalladium(II) complex,trans-Pd(CN)2(PPh3)2 (8). Complex2 is able to
catalyze the reaction of norbornadiene with ethyl cyanoformate to produce (2R*,3S*)-ethyl 3-cyanobicyclo-
[2.2.1]hept-5-ene-2-carboxylate (13) and is recovered after the reaction. This observation supports the
identification of alkoxycarbonyl(cyano)palladium(II) complexes as intermediates in the catalytic cycle
of cyanoesterification of norbornene derivatives.

Introduction

The activation of carbon-carbon σ-bonds promoted by
transition metal complexes has been one of the most prominent
challenges in both synthetic organic and organometallic
chemistry.1-3 For instance, transition metal hydrido complexes
can affect C-C bond-breaking or -forming processes for simple
dienes to afford branched dienes.4 Owing to their high ring
strain, small-membered ring molecules are easily converted into
their ring-opened products via C-C bond cleavage mediated
by transition metal complexes.5,6 However, in most cases, the
carbon-carbonσ-bond cleavage reaction is limited to the ring-
opening, intramolecular rearrangement reactions or formation
of the stable metal complexes as the intermediates.7 On the other
hand, although the double functionalization of unsaturated
organic molecules via C-C σ-bond cleavage and the subsequent

addition to unstrained molecules have been reported,8 much less
attention has been paid to the mechanism of the catalytic
reactions. In particular, the roles of the metal center, which
promote the C-C σ-bond activation and the subsequent bond-
forming reactions to produce the functionalized products are
not clear. Recently we reported the addition reaction of

* Corresponding author. Fax:+81-86-251-7855. E-mail: ynishiha@
cc.okayama-u.ac.jp.

(1) A recent review on C-C bond activation: Jun, C.-H.Chem. Soc.
ReV. 2004, 33, 610-618, and references therein.
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mediated or catalyzed by transition metal compounds, see: (a) Bishop, K.
C., III. Chem. ReV. 1976, 76, 461-486. (b) Crabtree, R. H.Chem. ReV.
1985, 85, 245-269. (c) Jennings, P. W.; Johnson, L. L.Chem. ReV. 1994,
94, 2241-2290. (d) Rybtchinski, B.; Milstein, D.Angew. Chem., Int. Ed.
1999, 38, 870-883. (e) Murakami, M.; Ito, Y. InActivation of Unreactive
Bonds and Organic Synthesis; Murai, S., Ed.; Springer: Berlin, 1999; pp
97-129. (f) Rybtchinski, B.; Milstein, D.Angew. Chem., Int. Ed.1999,
38, 870-883. (g) Takahashi, T.; Kotora, M.; Hara, R.; Xi, Z.Bull. Chem.
Soc. Jpn.1999, 72, 2591-2602. (h) Perthuisot, C.; Edelbach, B. L.; Zubris,
D. L.; Simhai, N.; Iverson, C. N.; Mu¨ller, C.; Satoh, T.; Jones, W. D.J.
Mol. Catal. A Chem. 2002, 189, 157-168. (i) Catellani, M.Synlett2003,
298-313. (j) Takahashi, T.; Kanno, K. Metallocene in Regio- and
Stereoselective Synthesis. InTopics in Organometallic Chemistry; Taka-
hashi, T., Ed.; Springer: Berlin, 2005; Vol. 8, p 217.

(3) For leading references, see: (a) Watson, P. L.; Roe, D. C.J. Am.
Chem. Soc. 1982, 104, 6471-6473. (b) Crabtree, R. H.; Dion, R. P.J. Chem.
Soc., Chem. Commun.1984, 1260-1261. (c) Sugg, J. W.; Jun, C.-H.J.
Am. Chem. Soc.1984, 106, 3054-3056. (d) Takahashi, T.; Fujimori, T.;
Seki, T.; Saburi, M.; Uchida, Y.; Rousset, C. J.; Negishi, E.J. Chem. Soc.,
Chem. Commun.1990, 182-183. (e) Gozin, M.; Weisman, A.; Ben-David,
Y.; Milstein, D. Nature1993, 364, 699-701. (f) Suzuki, H.; Takaya, Y.;
Takemori, T.; Tanaka, M.J. Am. Chem. Soc.1994, 116, 10779-10780.
(g) Hajela, S.; Bercaw, J. E.Organometallics1994, 13, 1147-1154. (h)
Mitsudo, T.; Zhang, S.-W.; Watanabe, Y.J. Chem. Soc., Chem. Commun.
1994, 435-436. (i) Murakami, M.; Amii, H.; Ito, Y.Nature 1994, 370,
540-541. (j) Tillack, A.; Baumann, W.; Ohff, A.; Lefeber, C.; Spannen-
nberg, A.; Kempe, R.; Rosenthal, U.J. Organomet. Chem.1996, 520, 187-
193. (k) Horton, A. D.Organometallics1996, 15, 2675-2677. (l) Takahashi,
T.; Xi, Z.; Fischer, R.; Huo, S.; Xi, C.; Nakajima, K.J. Am. Chem. Soc.
1997, 119, 4561-4562. (m) Pellny, P. M.; Peulecke, N.; Burlakov, V. V.;
Tillack, A.; Baumann, W.; Spannenberg, A.; Kempe, R.; Rosenthal, U.
Angew. Chem., Int. Ed. Engl.1997, 36, 2615-2617.
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G. J. Am. Chem. Soc. 1974, 96, 4221-4229. (c) Pinke, P. A.; Stauffer, R.
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J.; Baker, D. J.; Miller, R. G.J. Am. Chem. Soc. 1974, 96, 4235-4243.
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cyanoformates (cyanoesterification) to norbornene derivatives
catalyzed by Pd(PPh3)4, as shown in eq 1, which leads ultimately
to the formation of the corresponding double-functionalized
products with highexo-selectivity.9 The present catalysis most
likely proceeds via three fundamental processes, as shown in
Scheme 1: the initial oxidative addition of the C-C σ-bond of
cyanoformates to a Pd(0) center, followed by insertion of
norbornenes into the resulting Pd-C bond and subsequent C-C
reductive elimination to form the corresponding adducts.

Recently several research groups have published transition
metal complexes-promoted synthetic organic reactions via C-C
σ-bond cleavage of unstrained molecules. They propose that
these reactions proceed via oxidative addition of substrates to
the metal center as the first step.10,11 However, no report has
appeared which describes the isolation of any intermediate
complexes after oxidative addition. For this reason, the sto-
ichiometric reactions of cyanoformates with Pd(0) complexes
are important since they would provide a clue to the above
reaction mechanisms. Indeed, the structure and chemical proper-
ties of palladium complexes containing cyano or alkoxycarbonyl
groups as ancillary ligands have attracted attention in conjunc-

tion with mechanisms of Pd-catalyzed synthetic organic reac-
tions such as cyanation12 and esterification13 of unsaturated
organic molecules reported to date.

In this paper we report the preparation of alkoxycarbonyl-
(cyano)palladium(II) complexes with various substituents in the
alkoxycarbonyl group. The synthesis involves the reactions of
cyanoformates with Pd(PPh3)4, in which oxidative addition takes
place via C-C bond cleavage. Thermal properties and catalytic
activity for cyanoesterification of norbornadiene of the formed
complexes were investigated. Part of this work was reported in
a preliminary form.9a

Results and Discussion

Reactions of Alkyl and Benzyl Cyanoformates with
Pd(PPh3)4. The initial experiment to confirm oxidative addition
was elucidated using Pd(PPh3)4 with methyl cyanoformate at
room temperature. Methyl cyanoformate reacts readily with
Pd(PPh3)4 even at room temperature to producetrans-Pd(CN)-
(COOMe)(PPh3)2 (1) in 98% isolated yield. This oxidative
addition is completed more rapidly than the whole catalytic
reaction conducted at 110°C. Analogously, Pd(PPh3)4 reacts
with various cyanoformates, NC-COOR (R ) Et, nPr, iPr,
nBu, tBu, and Bn), at room temperature or 50°C to produce
the corresponding alkoxycarbonyl(cyano)palladium(II) com-
plexestrans-Pd(CN)(COOR)(PPh3)2 (2, R ) Et; 3, R ) nPr; 4,
R ) iPr; 5, R ) nBu; 6, R ) tBu; and7, R ) Bn), respectively,
in excellent yields (eq 2). Table 1 shows reaction temperatures,
reaction times, and yields of the complexes formed via oxidative
addition reactions. The magnitude of the difference in the
reaction temperatures increases significantly with an increase
in the bulk of the alkyl groups in the ester moieties: the
reactivity becomes lower in the order1 < 2 < 3 < 4, 5 < 6,
7, in the cyanoformates. Table 2 summarizes the13C{1H} NMR
data of the COOR and CN groups in the employed cyanofor-
mates for synthesis of complexes1-7. The13C{1H} NMR peak
positions vary little depending on the alkyl substituents in the
ester groups. This obviously indicates that the reactivity of the

(7) (a) Noyori, R.; Odagi, T.; Takaya, H.J. Am. Chem. Soc.1970, 92,
5780-5781. (b) Suggs, J. W.; Jun, C.-H.J. Chem. Soc. Chem. Commun.
1985, 92-93. (c) Trost, B. M.; Tanoury, G. J.J. Am. Chem. Soc.1988,
110, 1636-1638. (d) Aoki, S.; Fujimura, T.; Nakamura, E.; Kuwajima, I.
J. Am. Chem. Soc.1988, 110, 3296-3298. (e) Huffman, M. A.; Liebeskind,
L. S. J. Am. Chem. Soc.1991, 113, 2771-2772. (f) Rondon, D.; Chaudret,
B.; He, X.-D.; Labroue, D.J. Am. Chem. Soc.1991, 113, 5671-5676. (g)
Perthuisot, C.; Jones, W. D.J. Am. Chem. Soc.1994, 116, 3647-3648. (h)
Chatani, N.; Morimoto, T.; Muto, T.; Murai, S.J. Am. Chem. Soc.1994,
116, 6049-6050. (i) Tsukada, N.; Shibuya, A.; Nakamura, I.; Yamamoto,
Y. J. Am. Chem. Soc.1997, 119, 8123-8124. (j) Harayama, H.; Kuroki,
T.; Kimura, M.; Tanaka, S.; Tamaru, Y.Angew. Chem., Int. Ed. Engl.1997,
36, 2352-2354. (k) Murakami, M.; Takahashi, K.; Amii, H.; Ito, Y.J.
Am. Chem. Soc.1997, 119, 9307-9308. (l) Kondo, T.; Kodoi, K.; Nishinaga,
E.; Okada, T.; Morisaki, Y.; Watanabe, Y.; Mitsudo, T.J. Am. Chem. Soc.
1998, 120, 5587-5588.

(8) (a) Nozaki, K.; Sato, N.; Takaya, H.J. Org. Chem.1994, 59, 2679-
2681. (b) Nozaki, K.; Sato, N.; Takaya, H.Bull. Chem. Soc. Jpn.1996, 69,
1629-1637.

(9) (a) Nishihara, Y.; Inoue, Y.; Itazaki, M.; Takagi, K.Org. Lett.2005,
7, 2639-2641. (b) Nishihara, Y.; Inoue, Y.; Izawa, S.; Miyasaka, M.;
Tanemura, K.; Nakajima, K.; Takagi, K.Tetrahedron2006, 7, 9872-9882.

(10) (a) Nakao, Y.; Oda, S.; Hiyama, T.J. Am. Chem. Soc.2004, 126,
13904-13905. (b) Nakao, Y.; Oda, S.; Yada, A.; Hiyama, T.Tetrahedron
2006, 62, 7567-7576. (c) Nakao, Y.; Yukawa, T.; Hirata, Y.; Oda, S.;
Satoh, J.; Hiyama, T.J. Am. Chem. Soc.2006, 128, 7116-7117. (d) Nakao,
Y.; Yada, A.; Satoh, J.; Ebata, S.; Oda, S.; Hiyama, T.Chem. Lett.2006,
35, 790-791. (e) Nakao, Y.; Yada, A.; Ebata, S.; Hiyama, T.J. Am. Chem.
Soc.2007, 129, 2428-2429.

(11) Kobayashi, Y.; Kamisaki, H.; Yanada, R.; Takemoto, Y.Org. Lett.
2006, 8, 2711-2713.

(12) Hydrocyanation: (a) Jackson, W. R.; Lovel, C. G.J. Chem. Soc.,
Chem. Commun.1982, 1231-1232. Silylcyanation: (b) Chatani, N.;
Takeyasu, T.; Horiuchi, N.; Hanafusa, T.J. Org. Chem.1988, 53, 3539-
3548. Cyanostannation: (c) Baleta, S.; Tokunaga, M.; Tsuji, Y.J.
Organomet. Chem. 2002, 660, 173-177. Cyanoboration: (d) Suginome,
M.; Yamamoto, A.; Murakami, M.J. Am. Chem. Soc.2003, 125, 6358-
6359. (e) Suginome, M.; Yamamoto, A.; Murakami, M.J. Organomet.
Chem.2005, 690, 5300-5308. (f) Suginome, M.; Yamamoto, A.; Murakami,
M. Angew. Chem., Int. Ed.2005, 44, 2380-2382. Cyanothiolation: (g)
Kamiya, I.; Kawakami, J.; Yano, S.; Nomoto, A.; Ogawa, A.Organome-
tallics 2006, 25, 3562-3564.

(13) Hydroesterification: (a) Ali, B. E.; Alper, H.J. Mol. Catal. 1995,
96, 197-201. Chloroeserification: (b) Hua, R.; Shimada, S.; Tanaka, M.
J. Am. Chem. Soc.1998, 120, 12365-12366. (c) Takahashi, T.; Xi, C.;
Ura, Y.; Nakajima, K. J. Am. Chem. Soc. 2000, 122, 3228-3229.
Thioesterification: (d) Hua, R.; Takeda, H.; Onozawa, S.; Abe, Y.; Tanaka,
M. J. Am. Chem. Soc.2001, 123, 2899-2900.

Scheme 1. Plausible Catalytic Cycle of Cyanoesterification
of Norbornenes

Table 1. Reaction Temperature, Time, and Yields of
Complexes 1-7

complex
temp
(°C)

time
(h)

yield
(%)a

trans-Pd(CN)(COOMe)(PPh3)2 (1) 25 24 98
trans-Pd(CN)(COOEt)(PPh3)2 (2) 25 48 97
trans-Pd(CN)(COOnPr)(PPh3)2 (3) 25 72 89
trans-Pd(CN)(COOiPr)(PPh3)2 (4) 50 24 95
trans-Pd(CN)(COOnBu)(PPh3)2 (5) 50 24 94
trans-Pd(CN)(COOtBu)(PPh3)2 (6) 50 48 89
trans-Pd(CN)(COOBn)(PPh3)2 (7) 25 48 96

a Yields are before recrystallization, but their purity was confirmed by
1H and31P{1H} NMR spectra.
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added cyanoformates was affected by the steric demands and
not the electronic factors. Reaction of methyl cyanoformate with
the once isolated2 or 7, respectively, in CD2Cl2 at room
temperature and even at 40°C did not show the formation of
1, indicating that this oxidative addition is irreversible.

Careful recrystallization of the complexes3, 4, and6 from
CH2Cl2-hexane furnished colorless crystals and unequivocal
confirmation of the structure was obtained by X-ray crystal-
lography. Figures 1-3 depict molecular structures of complexes
3, 4, and 6 and Table 3 summarizes selected bond distances
and angles of the complexes. The molecules exhibit square-
planar coordination at the metal center with the cyano ligand
and the alkoxycarbonyl ligand intrans configurations. The
exclusive formation of square-planar complexes with PPh3 as
ancillary ligands is ascribed to the steric bulk of the PPh3 ligands
dominating the largetranseffect of the cyano and ester ligands.
Although oxidative addition of ethyl cyanoformate with Ni(0)
is known to afford Ni(CN)(COOEt)(triphos) (triphos) MeC-
(CH2PPh2)3),14 to the best of our knowledge, no precedent for
the structure oftrans-Pd(CN)(COOR)(PPh3)2 has been reported.
The structures of palladium complexes3, 4, and 6 are very
similar to that of1.9aThe minor differences in bond angles result
from the longer Pd-CN or Pd-COOR bond lengths. The

structures of the three new complexes are closely comparable
to those of other square-planar Pd(II) complexes containing Pd-
CN15 and Pd-COOR12g,13d,16bonds.

The IR peaks of theν(CN) vibration of complexes1-7 in
the solid state are observed at 2127-2124 cm-1 with frequencies

(14) Bianchini, C.; Masi, D.; Meli, A.; Sabat, M.Organometallics1986,
5, 1670-1675.

(15) For examples: (a) Bendiksen, B.; Riley, W. C.; Babich, M. W.;
Nelson, J. H.; Jacobson, R. A.Inorg. Chim. Acta1982, 57, 29-36. (b)
Grygon, C. A.; Fultz, W. C.; Rheingold, A. L.; Burmeister J. L.Inorg.
Chim. Acta1988, 141, 205-209. (c) Che, C.-M.; He, L.-Y.; Poon, C.-K.;
Mak, T. C. W. Inorg. Chem.1989, 28, 3081-3083. (d) Yip, H.-K.; Lai,
T.-F.; Che, C.-M.J. Chem. Soc., Dalton Trans.1991, 1639-1641. (e)
Kernbach, U.; Fehlhammer, W. P.Inorg. Chim. Acta1995, 235, 299-305.
(f) Oberhauser, W.; Bachmann, C.; Stampfl, T.; Haid, R.; Langes, C.; Rieder,
A.; Bruggeller P.Polyhedron1998, 17, 3211-3220. (g) Tsuji, Y.; Kusui,
T.; Kojima, T.; Sugiura, Y.; Yamada, N.; Tanaka, S.; Ebihara, M.;
Kawamura, T.Organometallics1998, 17, 4835-4841. (h) Eisenberg, A.
H.; Dixon, F. M.; Mirkin, C. A.; Stern, C. L.; Incarvito, C. D.; Rheingold,
A. L. Organometallics2001, 20, 2052-2058. (i) Cernak, J.; Skorsepa, J.;
Abboud, K. A.; Meisel, M. W.; Orendac, M.; Orendacova, A.; Feher, A.
Inorg. Chim. Acta2001, 326, 3-8. (j) Zhang, H.; Cai, J.; Feng, X.-L.; Sang,
H.-Y.; Liu, J.-Z.; Li, X.-Y.; Ji L.-N. Polyhedron2002, 21, 721-728. (k)
Hua, R.; Goto, M.; Tanaka, M.Anal. Sci.2001, 17, 469-470. (l) Muga, I.;
Gutierrez-Zorrilla, J. M.; Vitoria, P.; Roman, P.; Lloret, F.Polyhedron2002,
21, 2631-2638. (m) Xia, B.-H.; Che, C.-M.; Zhou, Z.-Y.Chem.-Eur. J.
2003, 9, 3055-3064. (n) Xia, B.-H.; Zhang, H.-X.; Che, C.-M.; Leung,
K.-H.; Phillips, D. L.; Zhu, N.; Zhou, Z.-Y.J. Am. Chem. Soc.2003, 125,
10362-10374. (o) Liu, Q.-X.; Xu, F.-B.; Li, Q.-S.; Song, H.-B.; Zhang,
Z.-Z. Organometallics2004, 23, 610-614. (p) Kim, Y.-J.; Lee, S.-H.; Lee,
S.-H.; Jeon, S. I.; Lim, M. S.; Lee, S. W.Inorg. Chim. Acta2005, 358,
650-658.

Table 2. 13C{1H} NMR Data of Cyanoformates

R CO CN

Me 144.6 109.1
Et 144.2 109.3
nPr 144.2 109.3
iPr 143.8 109.5
nBu 144.3 109.3
tBu 142.9 109.9
Bn 144.0 109.2

a 75.3 MHz at 25°C in chloroform-d1.

Figure 1. Structure of complex3 determined by X-ray crystal-
lography with 50% thermal ellipsoidal plotting. Hydrogen atoms
were omitted for simplicity.

Figure 2. Structure of complex4 determined by X-ray crystal-
lography with 50% thermal ellipsoidal plotting. Hydrogen atoms
and solvated CH2Cl2 were omitted for simplicity.

Figure 3. Structure of complex6 determined by X-ray crystal-
lography with 50% thermal ellipsoidal plotting. Hydrogen atoms
and solvated CH2Cl2 were omitted for simplicity. One of the two
crystallographically independent molecules is shown.
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nearly independent of the substituents in the ester group (Table
4). On the contrary, the wavenumbers ofν(COOR) for the series
of complexes decrease in the order,1 > 6 > 5 > 7 > 4 > 2 >
3, corresponding to decreased carbonyl stretching frequency on
introduction of the alkyl group in the ester groups. The1H, 13C-
{1H}, and31P{1H}NMR data of complexes1-7 are listed in
Tables 5 and 6. The square-planar coordination with the
phosphine ligands intranspositions is dominant also in solution.
The 1H NMR spectra of1-4 show a characteristic alkoxycar-
bonyl signal atδ 2.44-3.71. The13C{1H} NMR signal of the
ipso carbons of PPh3 ligands of the complexes appears as
apparent triplets due to virtual coupling. The Pd-P moiety in

1-7 displayed a singlet atδ 20.7-22.3 in the31P{1H} NMR
spectrum. These data indicate that the two PPh3 ligands are
situated in mutuallytrans positions.

Reaction of Phenyl Cyanoformate with Pd(PPh3)4. The
reaction of phenyl cyanoformate with norbornadiene in the
presence of 10 mol % of Pd(PPh3)4 was reported to afford
diphenylcarbonate as an organic product in 90% yield, based
on the added catalyst (eq 3).9a

Since this result was quite puzzling to us, we conducted the
stoichiometric reaction of phenyl cyanoformate (2.4 equiv) with
Pd(PPh3)4 without addition of norbornadiene. As shown in eq
4, trans-Pd(CN)2(PPh3)2 (8) was formed in 90% yield. Tanaka
et al. have reported the structure of8 by X-ray analysis.15k

Formation of8 was also confirmed by measuring the31P{1H}
NMR spectrum, whose signal appears atδ 24.6 as a singlet, as
well as elemental analysis.

A proposed mechanism for the formation of8 is summarized
in Scheme 2. When phenyl cyanoformate reacts with Pd(PPh3)4,
complex9 might be formed via oxidative addition, analogously
to the formation of complexes1-7. But, due to the high basicity
of phenoxide ion as opposed to the alkoxide ion in complexes
1-7, once formed9 causes decarbonylation to give10. As a
result of both9 and10 in the reaction mixture, a ligand exchange
initiated by nucleophilic attack of phenyloxopalladium complex
1017 to 9 occurs to generate8 and11. Our assignment of these
compounds to the oxidative addition product9 and phenyloxo
complex10 must be tentative as the complexes could not be
fully characterized. However, reaction oftrans-PdCl(COOPh)-
(PPh3)2 with NaOPh, presumably giving rise to in situ formation

(16) For examples: (a) Del Piero, G.; Cesari, M.Acta Crystallogr., Sect.
B Struct. Crystallogr. Cryst. Chem.1979, 35, 2411-2413. (b) Sacco, A.;
Vasapollo, G.; Nobile, C. F.; Piergiovanni, A.; Pellinghelli, M. A.;
Lanfranchi, M.J. Organomet. Chem.1988, 356, 397-409. (c) Smith, G.
D.; Hanson, B. E.; Merola, J. S.; Waller, F. J.Organometallics1993, 12,
568-570. (d) Garrone, R.; Romano, A. M.; Santi, R.; Millini, R.
Organometallics1998, 17, 4519-4522. (e) Santi, R.; Romano, A. M.;
Garrone, R.; Millini, R.J. Organomet. Chem.1998, 566, 37-43. (f) Gallo,
E.; Ragaini, F.; Cenini, S.; Demartin, F.J. Organomet. Chem.1999, 586,
190-195. (g) Dervisi, A.; Edwards, P. G.; Newman, P. D.; Tooze, R. P.;
Coles, S. J.; Hursthouse, M. B.J. Chem. Soc., Dalton Trans.1999, 1113-
1119. (h) Ruiz, J.; Martinez, M. T.; Florenciano, F.; Rodriguez, V.; Lopez,
G.; Perez, J.; Chaloner, P. A.; Hitchcock, P. B.Inorg. Chem.2003, 42,
3650-3661. (i) Yasuda, H.; Maki, N.; Choi, J.-C.; Sakakura T.J.
Organomet. Chem.2003, 682, 66-72. (j) Campora, J.; Palma, P.; Del Rio,
D.; Alvarez, E.Organometallics2004, 23, 1652-1655.

(17) The aryloxo ligand of10 might be highly basic and nucleophilic,
similar to the aryloxo ligand of Pd(II) and Pt(II) complexes; see: (a) Kim,
Y. J.; Osakada, K.; Takenaka A.; Yamamoto, A.J. Am. Chem. Soc.1990,
112, 1096-1104. (b) Kapteijn, G. M.; Dervisi, A.; Grove, D. M.; Kooijman,
H.; Lakin, M. T.; Spek A. L.; van Koten, G.J. Am. Chem. Soc.1995, 117,
10939-10949.

Table 3. Selected Bond Distances (Å) and Angles (deg) of 1, 3, 4, and 6

1 (R ) Me) 3 (R ) nPr) 4 (R ) iPr) 6 (R ) tBu)

Pd(1)-P(1) 2.3268(5) 2.3388(10) 2.3271(6) 2.3281(18) 2.3360(17)
Pd(1)-P(2) 2.3225(5) 2.3268(10) 2.3183(6) 2.3140(18) 2.320(17)
Pd(1)-CN 2.106(2) 2.067(4) 2.130(2) 2.057(7) 2.064(8)
Pd(1)-COOR 2.015(2) 2.014(4) 2.008(2) 2.037(6) 2.009(6)
C(1)-N(1) 1.056(3) 1.123(6) 1.066(3) 1.153(10) 1.132(10)
C(2)-O(1) 1.217(3) 1.205(4) 1.209(2) 1.178(7) 1.214(7)
C(2)-O(2) 1.311(3) 1.359(4) 1.354(3) 1.373(7) 1.362(7)
O(2)-C(3) 1.563(3) 1.442(5) 1.468(3) 1.430(9) 1.533(9)

P(1)-Pd(1)-P(2) 177.09(2) 174.90(3) 177.35(2) 173.63(5) 171.14(5)
P(1)-Pd(1)-C(1) 92.62(5) 93.55(12) 90.13(6) 92.8(2) 90.2(2)
P(1)-Pd(1)-C(2) 86.72(7) 90.12(11) 89.40(7) 89.3(2) 92.6(2)
P(2)-Pd(1)-C(1) 89.90(5) 91.04(12) 90.94(6) 89.7(2) 90.1(2)
P(2)-Pd(1)-C(2) 90.80(7) 85.72(11) 89.58(7) 89.31(19) 80.8(2)
C(1)-Pd(1)-C(2) 178.42(7) 169.74(17) 178.50(7) 169.4(2) 168.8(2)
Pd(1)-C(1)-N(1) 178.0(2) 174.3(3) 175.80(19) 175.1(7) 175.9(7)
Pd(1)-C(2)-O(1) 125.0(2) 121.8(3) 125.38(18) 132.1(4) 131.3(4)
Pd(1)-C(2)-O(2) 113.8(2) 115.8(2) 111.46(15) 103.0(3) 105.2(3)
O(1)-C(2)-O(2) 121.1(2) 122.3(3) 123.1(2) 124.9(6) 123.5(5)

ref 9a this work this work this work

Table 4. Melting Points, Analytical Results, and IR Data of
Complexes 1-8

anal. (%)b IRc

complex mpa C H N ν(CN) ν(CO)

1 163-164 65.46 4.61 1.84 2124 1663
(65.42) (4.65) (1.96)

2 131-132 65.78 4.75 1.88 2126 1638
(65.81) (4.83) (1.92)

3 123-125 66.57 4.96 1.59 2125 1632
(66.18) (5.01) (1.88)

4 115-117 66.17 4.97 1.87 2124 1643
(66.18) (5.01) (1.88)

5 114-117 66.57 5.18 1.65 2126 1652
(66.54) (5.18) (1.85)

6 108-109 66.92 5.11 2.04 2126 1654
(66.54) (5.18) (1.85)

7 133-135 68.25 4.67 1.91 2127 1646
(68.23) (4.71) (1.77)

8 240-242 66.46 4.36 3.91 2132
(66.82) (4.43) (4.10)

a Decomposed.bCalculated values are in parentheses.ccm-1 in KBr disks.
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of complex11, was reported to afford diphenylcarbonate at 100
°C.16i The total amount of the Ph group of the product
diphenylcarbonate (90%) based on Pd in the catalytic reaction
using 10 mol % of Pd(PPh3)4 in eq 3 is reasonable, because
reductive elimination from11 regenerates Pd(0), which repeat-
edly leads to the formation of complex8 and diphenylcarbonate
until the Pd(0) species is completely consumed.

We succeeded in isolating complexes1 and 2 but each
isolated complexe gradually converts into8 in solution. The
relative facility for formation of complex8 by disproportionation
is 2 > 1 and is not directly related to the acidity of the alkoxy
group in the complexes.

Reactivity of Complex 2 toward Cyanoesterification of
Norbornenes.The different reactivities of cyanoformates in the
parent catalytic reactions leading to the corresponding adducts
makes the insertion of norbornenes into the Pd-COOR bond
(alkoxycarbonylpalladation) very likely. However, cyanopalla-
dation cannot be ruled out as an alternative possibility for the
insertion process as shown in Scheme 1. To gain insight into

the intermediate after migratory insertion, we conducted the
reaction of the isolated2 with 5 equiv of norbornene at 110°C
for 24 h. However, due to the fast reductive elimination
affording (2R*,3S*)-ethyl 3-cyanobicyclo[2.2.1]heptane-2-car-
boxylate (12) in 70% NMR yield, the detection of the
intermediate before reductive elimination failed (eq 5).

On the other hand, the cyanoesterification of ethyl cyano-
formate with norbornadiene proceeded in the presence of
complex2 (10 mol %) as the catalyst gives13 in 92% GC yield
(eq 6). We can thus conclude that the cyano(alkoxycarbonyl)-
palladium complexes1-7 are involved in the catalytic cycle
of the cyanoesterification reaction of norbornenes as indicated
in Scheme 1.

In addition, neither decarboxylation18 from complex2 nor
double cyanation of norbornene derived from8 was observed
in either GC-MS or NMR studies of the reaction mixtures.

Table 5. 1H NMR Data for Complexes 1-7a

OCHn others Ph

1 2.44 (s, 3H, OCH3) 7.39-7.55 (m, 18H)
7.67-7.79 (m, 12H)

2 2.73 (q, (7), 2H, OCH2) 0.52 (t, (7), 3H, CH3) 7.38-7.51 (m, 18H)
7.66-7.78 (m, 12H)

3 2.62 (t, (7), 2H, OCH2) 0.90 (q, (8), 2H, CH2) 0.52 (t, (8), 3H, CH3) 7.40-7.51 (m, 18H)
7.66-7.72 (m, 12H)

4 3.68 (sep, (6), 1H, OCH) 0.28 (d, (6), 6H, CH3) 7.38-7.50 (m, 18H)
7.64-7.71 (m, 12H)

5 2.66 (t, (7), 2H, OCH2) 0.80-0.95 (m, 4H, 2CH2) 0.69 (t, (7), 3H, CH3) 7.34-7.51 (m, 18H)
7.65-7.76 (m, 12H)

6 0.45 (s, 9H, CH3) 7.39-7.49 (m, 18H)
7.67-7.74 (m, 12H)

7 3.71 (s, 2H, OCH2) 6.70-6.73 (m, 2H) 7.19-7.22 (m, 3H) 7.31-7.50 (m, 18H)
7.64-7.70 (m, 12H)

a 300 MHz at 25°C in dichloromethane-d2.

Table 6. 13C{1H} and 31P{1H} NMR Data of Complexes 1-7
13C{1H} NMRa

COOR CO CN orthoc metac para ipsod 31P{1H} NMRb

1 50.0 192.9 136.8 127.8 133.8 130.2 130.9 21.8
(2) (20) (5) (7) (24)

2 13.2, 59.6 192.6 137.2 127.8 133.8 130.1 131.0 21.6
(3) (20) (5) (7) (24)

3 10.5, 21.9, 193.6 138.2 128.7 134.7 131.0 131.9 22.3
66.5 (5) (6) (24)

4 21.6, 68.2 192.5 138.5 128.7 134.8 131.0 131.9 21.9
(5) (7) (24)

5 14.0, 19.5 193.6 138.1 128.7 134.7 131.0 131.9 22.2
30.8, 64.8 (20) (5) (6) (24)

6 27.4, 81.0 190.9 138.7 128.5 134.8 130.8 131.8 20.7
(5) (21) (5) (6) (24)

7 66.7 193.7 137.5 128.8 134.7 131.1 131.8 22.3
(5) (6) (24)

a 150.6 MHz at 25°C in dichloromethane-d2. b121 MHz at 25°C in dichloromethane-d2. cObserved splitting of the signals (Hz) is given in parentheses.
dApparent triplet due to virtual coupling. Observed splitting of the signals (Hz) is given in parentheses.

Scheme 2
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Conclusion

A series oftrans-Pd(COOR)(CN)(PPh3)2 prepared by oxida-
tive addition provides new information on the reactivity of
cyanoformates towards Pd(0) as influenced by the substituents
in the alkoxycarbonyl ligands and chemical properties of the
complexes. Oxidative addition of cyanoformates bearing bulky
substituents took place at elevated temperatures. The facile
cleavage of the C-C σ-bond of cyanoformates with a palladium
center, which was suggested to account for the results of Pd-
catalyzed cyanoesterification reactions, has been realized by the
present study.

Experimental Section

General Procedures.All reactions were carried out under an
Ar atmosphere using standard Schlenk techniques. Glassware was
dried in an oven and heated under reduced pressure before use.

Measurements.NMR spectra (1H, 13C{1H}, and31P{1H}) were
recorded on Varian INOVA 600 (600 MHz) or Mercury 300 (300
MHz) spectrometers at ambient temperature with the chemical shifts
being expressed in parts per million. Residual peaks of solvent were
used as the reference for1H NMR (chloroform-d1, δ 7.26; dichloro-
methane-d2, δ 5.32; toluene-d8, δ 2.09).13C{1H} NMR signals were
referenced with the solvent signals, while 85% H3PO4 (δ 0) was
used as an external standard for31P{1H} NMR measurement.
Infrared spectra were recorded on a Shimadzu IRPrestige-21 spec-
trophotometer. GC analyses were performed on a Shimadzu GC-
14A equipped with a flame ionization detector using a Shimadzu
capillary column (CBP1-M25-025) and a Shimadzu C-R6A-
Chromatopac integrator. The evolution of CO gas was analyzed
on a mass spectrometer, HIDEN HALO-100, connected to the
vacuum-line assembly via a turbomolecular pump. Melting points
were measured on a Yanagimoto micromelting point apparatus and
are uncorrected. Elemental analyses were carried out with a Perkin-
Elmer 2400 CHN elemental analyzer at Osaka City University.

Materials. Methyl cyanoformate, ethyl cyanoformate, and nor-
bornadiene were purchased from Aldrich and used as received.

Pd(PPh3)4
19 and cyanoformates (R) nPr,20 iPr,20 nBu,20 tBu,21 Bn,20

and Ph22) were prepared according to the literature procedures.
Dehydrated toluene, dichloromethane, hexane, and diethyl ether
were purchased from Kanto Chemicals. CH2Cl2 was dried over
activated molecular sieves and stored in a Schlenk tube after three
freeze-pump-thaw cycles were performed. For thin-layer chro-
matography (TLC) analyses throughout this work, Merck precoated
TLC plates (silica gel 60 GF254, 0.25 mm) were used. Silica gel
column chromatography was carried out using silica gel 60 N
(spherical, neutral, 40-100 µm) from Kanto Chemicals.

General Procedure for Complexes 1-7 (eq 2): Preparation
of 1. To a toluene (20 mL) dispersion of Pd(PPh3)4 (693 mg, 0.60
mmol) was added methyl cyanoformate (114µL, 1.44 mmol) at
room temperature. The dispersed pale yellow solid was gradually
dissolved on stirring to give a deposition of white solid after 24 h.
The solvents were evaporated under vacuum. The resulting off-
white solid was washed with hexane (20 mL× 2 times) and dried
under vacuum to give1 as a white solid (416 mg, 0.58 mmol, 97%).
Recrystallization from CH2Cl2-hexane afforded colorless crystals
of 1 suitable for X-ray crystallography. Complexes2-7 were
prepared analogously.

Reaction of Norbornadiene with Phenyl Cyanoformate in the
Presence of a Catalytic Amount of Pd(PPh3)4 (eq 3).To a solution
Pd(PPh3)4 (23 mg, 0.02 mmol, 10 mol %) in toluene (2 mL) were
added phenyl cyanoformate (29.2 mg, 0.2 mmol) and norbornadiene
(21 µL, 0.2 mmol) at room temperature. The reaction mixture was
stirred for 24 h at 110°C. GC yield was calculated using
commercially available8 as an authentic sample to be 90% (0.18
mmol), based on Pd.1H NMR (CDCl3, 300 MHz, rt): δ 7.25-
7.32 (m, 3H, aromatic), 7.39-7.46 (m, 1H, aromatic).

Reaction of Pd(PPh3)4 with Phenyl Cyanoformate: Forma-
tion of trans-Pd(CN)2(PPh3)2(8) (eq 4). To a toluene (20 mL)
dispersion of Pd(PPh3)4 (347 mg, 0.30 mmol) was added phenyl
cyanoformate (106 mg, 0.72 mmol) at room temperature. The
dispersed pale yellow solid was gradually dissolved on stirring to
give a deposition of white solid after 48 h. The resulting off-white
solid was filtered, washed with hexane (20 mL× 2 times), and

(18) M-COOR species (M) Ni, Pd) have been known to undergo
decarbonylation in polar solvents. See: (a) Jones, F. N.J. Org. Chem. 1968,
33, 4290-4292. (b) Otsuka, S.; Nakamura, A.; Yoshida, T.; Naruto, M.;
Ataka, K. J. Am. Chem. Soc. 1973, 95, 3180-3188.

(19) Coulson, D. R.Inorg. Synth.1971, 13, 121-124.

(20) Childs, M. E.; Weber, W. P.J. Org. Chem.1976, 41, 3486-3487.
(21) Carpino, L. A.J. Am. Chem. Soc.1960, 82, 2725-2727.
(22) Hoffmann, H. M. R.; Iranshahi, L.J. Org. Chem.1984, 49, 1174-

1176.

Table 7. Crystal Data and Details of the Structure Refinement of 3, 4, and 6

3 4 6

formula C41H37NO2P2Pd C41H37NO2P2Pd‚CH2Cl2 C42H39NO2P2Pd‚0.5CH2Cl2
mol wt 744.10 829.03 800.59
cryst syst triclinic triclinic monoclinic
space group P1h (No. 2) P1h (No. 2) P21 (No. 4)
a (Å) 12.148(5) 11.288(3) 16.125(3)
b (Å) 12.420(5) 12.435(4) 15.318(3)
c (Å) 13.138(7) 15.926(6) 17.591(3)
R (deg) 92.116(18) 68.424(14) 90
â (deg) 105.123(17) 89.252(15) 115.382(6)
γ (deg) 116.199(13) 68.756(12) 90
V (Å3) 1690.4(13) 1918.8(10) 3947.6(10)
Z 2 2 4
µ (mm-1) 0.6817 0.7430 0.6544
F(000) 764 848 822
Dcalcd(g cm-3) 1.462 1.435 1.347
cryst size (mm3) 0.35× 0.30× 0.05 0.45× 0.37× 0.10 0.45× 0.40× 0.40
2θ range (deg) 5.0-54.9 5.0-55.0 5.0-60.0
no. of unique reflns 16 720 18 709 47 549
no. of used reflns 13 578 8699 22 759
no. of variables 461 452 893
R1 (I > 2.00σ(I)) 0.062 0.030 0.068
R 0.062 0.036 0.075
wR2

a 0.092 0.085 0.213
GOF 1.004 1.127 1.024

a Weighting scheme [σ(Fo)2]-1.
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dried in vacuo to give8 as a white solid (173 mg, 0.25 mmol,
83%). The1H and 31P{1H} NMR spectroscopies showedtrans-
Pd(CN)2(PPh3)2 (8).23 1H NMR (300 MHz, dichloromethane-d2):
δ 7.39-7.57 (m, 18H, Ph), 7.61-7.74 (m, 12H, Ph).31P{1H} NMR
(121 MHz, dichloromethane-d2): δ 24.6 (s). The filtrates were
evaporated under vacuum to give a colorless oil. Bulb-to-bulb
distillation gave diphenylcarbonate (59 mg, 0.28 mmol, 92% yield,
based on Pd) as a colorless oil. Decarbonylation was confirmed by
detection of CO gas on a mass spectrometer.

Stoichiometric Reaction of Norbornene with 2 (eq 5).To a
solution of the isolated2 (36.5 mg, 0.05 mmol) in toluene-d8 (0.6
mL) were added an excess (5 equiv) of norbornene (24 mg, 0.25
mmol) and mesitylene (7µL, 0.05 mmol) as an internal standard.
An NMR tube was heated at 110°C for 24 h to afford (2R*,3S*)-
ethyl 3-cyanobicyclo[2.2.1]heptane-2-carboxylate (12) in 70% NMR
yield.

Reaction of Ethyl Cyanoformate with Norbornadiene Cata-
lyzed by 2 (eq 6).To a solution of2 (15 mg, 0.02 mmol, 10 mol
%) in toluene (2 mL) were added ethyl cyanoformate (20µL, 0.2
mmol), norbornadiene (19 mg, 0.2 mmol), and dodecane (46µL,
0.2 mmol) as an internal standard. The reaction mixture was heated
at 110°C for 6 h toafford (2R*,3S*)-ethyl 3-cyanobicyclo[2.2.1]-
hept-5-ene-2-carboxylate (13) in 92% GC yield.

X-ray Crystallography. Single crystals of3, 4, and6 suitable
for X-ray diffraction studies were grown from CH2Cl2-hexane.
Crystallographic data and details of refinement are summarized in
Table 7. The crystals were sealed in glass capillary tubes and
mounted, and the X-ray data were collected at-180 °C with a
Rigaku R-AXIS RAPID II imaging plate area detector using

graphite-monochromated Mo KR radiation (λ ) 0.71073 Å).
Calculations were carried out by using the CrystalStructure crystal-
lographic software package.24 A full-matrix least-squares refinement
was used for the non-hydrogen atoms with anisotropic thermal
parameters. Hydrogen atoms were located by assuming the ideal
geometry and included in the structure calculation without further
refinement of the parameters. CCDC-643360 (3), -643361 (4), and
-643362 (6) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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