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ABSTRACT

Palladium-catalyzed cyanoesterification of norbornenes proceeds stereoselectively via NC −Pd−COOR (R ) Me and Et) complexes as
intermediates.

The direct activation of C-C σ-bonds and the subsequent
insertions into carbon-carbon multiple bonds are of current
interest in synthetic organic chemistry, because such reactions
can provide a simultaneous construction of two C-C bonds
from simple starting compounds.1 Nevertheless, double
functionalization of unsaturated organic molecules via C-C
bond addition to unstrained molecules is quite rare.2,3 On
the other hand, several examples of individual cyanation4

and esterification5 of unsaturated organic molecules by

addition reactions have been reported, but, to the best of our
knowledge, there has been no precedent for cyanoesterifi-
cation,6 depicted in Scheme 1.

We herein disclose the direct cleavage and insertion of
alkenes into C-C σ-bonds, i.e., cyanoesterification of alkenes
with cyanoformates, and the first example of oxidative
addition of NC-COOR to Pd(0).

The results of a representative catalytic reaction, ethyl
cyanoformate (1a; 0.2 mmol) and norbornene (2a; 0.2 mmol)
in toluene containing various catalysts (10 mol %), are listed
in Table 1. When Pd(PPh3)4 was used, GC and GC-MS (in
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conjunction with an NMR study) of the resulting mixture
revealed that the starting materials were completely con-
sumed and that (2R*,3S*)-ethyl 3-cyanobicyclo[2.2.1]heptane-
2-carboxylate (3a) was obtained as the sole product in 94%
yield. When Pd(dba)2 (dba ) dibenzylideneacetone) com-
bined with PPh3 (P/Pd ) 2.0; 10 mol %) was employed
instead of Pd(PPh3)4, the cyanoesterification adduct3a was
obtained in 82% yield (run 2). Other phosphine ligands gave
unsatisfactory results. In addition, Ni(cod)2/2 PMe3, which
is known to be an active catalyst for arylcyanation of
alkynes,3 was completely ineffective. Likewise, other com-
plexes such as PdCl2(PPh3)2, PdCl2(NCPh)2, Pt(PPh3)4,
RuCl2(PPh3)2, and RhCl(PPh3)3 were totally inactive. Under
the standard reaction conditions, 1-octene, styrene, methyl
acrylate, cyclopentene, and cyclopenten-3-one did not react
with 1a. Furthermore, ethylene (5 atm) was also subjected
to the reaction with1a, but no cyanoesterification occurred.7

As depicted in Figure 1, methyl cyanoformate (1b) also
reacted with2a to afford the corresponding cyanoesterifi-
cation adducts3b, albeit in low yield (28%). Also, from the
reactions of 1,4-dihydro-1,4-methanonaphthalene (benzonor-
bornadiene) (2b) with 1aand1b, the corresponding products

3cand3d were produced in 83 and 65% yields, respectively.
The stereochemistry determined by1H NMR spectra of the
adduct3 was revealed to be exclusively the 2-exo,3-exo
configuration,8 suggesting that cyanoformate1 undergoes cis
addition to2 via coordination of the palladium center on
the less hindered olefin face.

It is worth noting that the reaction of a 5-fold excess of
1awith norbornadiene (4) gives the single cyanoesterification
adduct5 in 66% yield with high 2-exo,3-exostereochemistry
selectively (Scheme 2). Once formed,5 seems to be less

reactive than4 and retards the second cyanoesterification
significantly. The stereochemistry of5 was compared by1H
NMR and found to be opposite to that obtained from the
Diels-Alder reaction of cyclopentadiene with ethyl (Z)-3-
cyano-2-propenoate (5 (2-exo,3-exo)/5′(2-endo,3-endo))
20/80).

Although the detailed mechanism of the cyanoesterification
reaction still remains to be clarified, the reaction is envisioned
to take place via oxidative addition of1 to Pd(0). We
succeeded in isolatingtrans-Pd(CN)(COOR)(PPh3)2 (6a,
R ) Et, 70%;6b, R ) Me, 84%)9 upon addition of a slight
excess of1a and1b to Pd(PPh3)4 at room temperature for
24-48 h. Whereas palladium complexes containing Pd-
CN10 and Pd-COOR11 bonds are known, no precedent for
the structure for LnPd(CN)(COOR) has been reported. The
first molecular structure determined by X-ray crystallography
of cyano(ethoxycarbony)palladium complex12 trans-Pd(CN)-
(COOMe)(PPh3)2 (6b) is shown in Figure 2.

Complex 6a is relatively stable in the solid state but
gradually decomposes to affordtrans-Pd(CN)2(PPh3)2

13 in

(7) From this reaction, neither ethyl acrylate nor acrylonitrile, derived
from â-hydrogen elimination, was detected.

(8) The signal assigned to the cyano-substituted methine proton at ca.δ
2.8 was observed as a doublet of doublets due to the coupling with the
ester-substituted methine proton (9-10 Hz), and the anti proton at the
bridging methylene (2 Hz) and its coupling with the bridgehead proton were
not detected. These results support the 2-exo,3-exogeometry.

(9) Although isolated complexes6a and6b are stable in the solid state,
they gradually converted intotrans-Pd(CN)2(PPh3)2 in solution after several
weeks. See Supporting Information for details.

(10) For examples, see: (a) Che, C.-M.; He, L.-Y.; Poon, C.-K.; Mak,
T. C. W. Inorg. Chem.1989,28, 3081-3083. (b) Yip, H.-K.; Lai, T.-F.;
Che, C.-M.J. Chem. Soc., Dalton Trans.1991, 1639-1641. (c) Eisenberg,
A. H.; Dixon, F. M.; Mirkin, C. A.; Stern, C. L.; Incarvito, C. D.; Rheingold,
A. L. Organometallics2001,20, 2052-2058. (d) Hua, R.; Goto, M.; Tanaka,
M. Anal. Sci.2001,17, 469-470.

(11) For examples, see: (a) Garrone, R.; Romano, A. M.; Santi, R.;
Millini, R. Organometallics1998, 17, 4519-4522. (b) Smith, G. D.; Hanson,
B. E.; Merola, J. S.; Waller, F. J.Organometallics1993,12, 2, 568-570.
(c) Gallo, E.; Ragaini, F.; Cenini, S.; Demartin, F.J. Organomet. Chem.
1999, 586, 190-195. (d) Hua, R.; Takeda, H.; Onozawa, S.-y.; Abe, Y.;
Tanaka, M.J. Am. Chem. Soc.2001,123, 2899-2900.

(12) Oxidative addition of ethyl cyanoformate with Ni(0) is known to
afford Ni(CN)(COOEt)(triphos) (triphos) MeC(CH2PPh2)3). See: Bian-
chini, C.; Masi, D.; Meli, A.; Sabat, M.Organometallics1986,5, 1670-
1675.

Table 1. Palladium-Catalyzed Cyanoesterification of
Norbornene (2a) with Ethyl Cyanoformate (1a)a

run catalyst % yield of 3ab

1 Pd(PPh3)4 94 (80)
2 Pd(dba)2/2 PPh3 82
3 Pd(dba)2/2 PMe3 0
4 Pd(dba)2/2 PCy3 0
5 Pd(dba)2/2 P(t-Bu)3 11
6 Pd(dba)2/2 P(OPh)3 40
7 Pd(dba)2/DPPE 0
8 Pd(dba)2/DPPF 13
9c Pd(PPh3)4 43

a Reactions were carried out at 110°C for 24 h by using 0.2 mmol of
1a, 0.2 mmol of2a, and 0.02 mmol of Pd(PPh3)4 in 2 mL of toluene.
b Determined by GC using dodecane as an internal standard. Isolated yield
is shown in parenthesis.c Reaction was performed inn-octane.

Figure 1.
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solution, whereas the methyl congener6b is much more
stable. This difference of stability is presumably related to
the lower yield of the products derived from methyl
cyanoformate (1b).

As expected, isolated6a (0.05 mmol) in toluene-d8 (0.6
mL) reacted with an excess (5 equiv) of norbornene (2a) at
110 °C for 24 h to afford3a in 70% yield. The cyano-
esterification of2a with 1a, on the other hand, proceeded in
the presence of complex6a (10 mol %) as the catalyst to
give 3a in 52% yield under the standard conditions. We can
thus conclude that the cyano(alkoxycarbonyl)palladium spe-
cies6 is involved in the catalytic cycle of the cyanoesteri-
fication process (Scheme 3).

Although insertion of alkenes into the Pd-COOR bond
(alkoxycarbonylpalladation)14 appears to be more likely from
the viewpoint of the well-known palladium-catalyzed alkoxy-
carbonylation of alkenes, cyanopalladation cannot be ruled
out as an alternative possibility for the insertion process.

In summary, we have developed an unprecedented pal-
ladium-catalyzed cyanoesterification of alkenes that is initi-
ated by the oxidative addition of the NC-COOR bond. This
work offers another useful demonstration of the power of
transition metal catalysis to activate unstrained C-C σ-bonds
with compatible functional groups. Investigations into the
mechanism of insertion of norbornenes into cyano(alkoxy-
carbonyl)palladium species6 and further synthetic applica-
tion in the construction of functionalized cyclopentanes
bearing four stereodefined carbon centers will be the subject
of forthcoming papers.
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Figure 2. Structure of6b determined by X-ray crystallography
with 50% thermal ellipsoidal plotting. Hydrogen atoms were omitted
for simplicity. Selected bond distances (Å) and angles (deg): Pd-
P(1) 2.3268(5), Pd-P(2) 2.3225(5), Pd-C(1) 2.106(2), Pd-C(2)
2.015(2), C(1)-N 1.056(3), C(2)-O(1) 1.217(3), C(2)-O(2)
1.311(3); P(1)-Pd-C(1) 92.62(5), P(1)-Pd-C(2) 86.72(7), P(2)-
Pd-C(1) 89.90(5), P(2)-Pd-C(2) 90.80(7).

Scheme 3. Plausible Mechanism
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