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The synthesis, stereochemistry, mechanisms of formation, and X-ray crystal structures of enantiomerically pure
n-allylpalladium compounds (1)—(3) prepared by palladium hydride addition to (1R)-(+)-a-pinene, (15}-(—)-«- or
-B-pinene, and (18)-(+)-2- or -3-carene respectively are presented.

Vinylcyclopropanes! and methylenecyclopropanes? have
been ring-opened by palladium(0) reagents and palladium
dichloride. We recently reported that the addition of hydrido-
and organo-palladium compounds to alkenyl- and methylene-
cyclopropanes and -cyclobutanes leads via ready ring-opening
to high yields of x-allylpalladium compounds (equation 1).3
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The mechanism we suggested for this process has recently
been supported by the work of Fischetti and Heck.* We now
report the synthesis, stereochemistry, further details of the
mechanism of formation, and X-ray crystal structures of
enantiomerically pure n-allylpalladium compounds formed by
this process.

We elected to examine the stereochemistry of this process
by studying the addition of a palladium hydride to 98—99%
optically pure (1R)-(+)-a-pinene, (15)-(—)-a-pinene, and
(15)-(—)-B-pinene (equations 2 and 3). These reactions
provided m-allylpalladium compounds (1) {20% yield, [«]®
—73.2° (CHCl;, 6.6 mg/ml)}+ and (2) {(15)-(—)-a-pinene:
20% yield, [«]® +73.3° (CHCl;, 6.7 mg/ml); (15)-(—)-B-
pinene: 71% yield, {«]® +73.3° (CHCl,, 11.66 mg/m!)} which

+ Characterization for (1): m.p. 142 °C (decomp.); 'H n.m.r. (CDCl;)
50.67(1H,d,J14.9 Hz, H-4),0.75 (3H, s, H-9),0.78(3H, d, J 8.3
Hz, H-8), 1.20 (3 H, s, H-9), 1.98 (1 H, m, H-4), 2.01 3 H, s, H-7),
2.80 (1 H, m, H-5), 4.50 (1 H, s, H-3),4.74 (1 H, s, H-1); 3Cn.m.r.
(CDC),) 6 15.3, 22.5,22.7, 22.9, 34.4, 39.0, 41.4, 79.3, 90.9, 113.7;
i.r. (neat) 2960, 2930, 2870, 2830, 1480, 1465, 1445, 1390, 1380, 1370,
1360, 1210, 900 cm~1.
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appear to be optically pure by comparison of the specific
rotations obtained from both the (R) and the (S) enantiomers
and by X-ray diffraction. This method appears to afford one of
the few good ways presently available for the preparation of
enantiomerically pure s-allylpalladium compounds. le.5.6

While «- and B-pinenes have previously been converted into
m-allylpalladium compounds,® those reactions did not involve
ring opening. The formation of compounds (1) and (2) is best
explained mechanistically by a sequence involving stereo-
specific palladium hydride addition and elimination reactions
and cyclobutylcarbinylpalladium ring opening (Scheme 1).
The ring opening step apparently proceeds by syn-elimination
of the palladium and methylene moieties facilitated by relief of
strain in the four-membered ring.

The structure of compound (2) derived from fB-pinene was
established by X-ray crystallography and is shown in Figure
1.1 The allyl groups adopt a cis-arrangement and the chlorine
bridge is bent, the interplanar angle between Pd(1)-Cl(1)-
Cl(2) and Pd(2)-CI1(1)-CI(2) being 130.5°. While most dimeric

t Crystal data for (2): Pd,Cl,CyoHai4, orthorhombic, space group
P2,2.2,,Z =4, a=11.860(7), b = 22.476(13), ¢ = 8.367(3) A, D, =
1.663 g/em3, u = 18.15 cm~1 (Mo-K,,, A = 0.71069 A, graphite-
monochromated). The structure was solved by analysis of a Patterson
superposition map and refined to R = 0.026 and R,, = 0.034 (0 =
1/0/2) against 1260 observed (I = 30,) reflections (28 < 50°). The
absolute configuration of the structure was established by Hamilton’s
significance test and a sensitivity test on 18 selected reflections.
Crystal data for (3): Pd,Cl,CyoHa4, monoclinic, space group P2,/n,
Z=2,a=8.442(5), b = 24.502(7), c = 5.621(3) A, p = 101.42(6)°, U
= 1139.8(9) A3, D, = 1.615 g/em?, u = 17.95 cm~1 (Mo-K,, A =
0.70966 A, graphite-monochromated). The structure was solved by
the heavy atom method and refined with anisotropic temperature
factors for the nonhydrogen atoms to R = 0.041 and R,, = 0.041 (w =
l/op2) against 1014 observed (I = 30,) reflections (20 < 50°).
Hydrogen atoms were included in the calculations, but not varied.
Equally strong disorder peaks were observed at the positions of C(42)
and C(72) in the electron density map. The subsequent occupancy
refinements indicated half population of the positions. Also, the
distance between C(5) and C(6) is shorter than that expected for a
C-C single bond, and the thermal ellipsoids of these atoms are
severely elongated out of the approximate plane of the seven-
membered ring. The difference electron density map calculated
without C(5) and C(6) showed ‘banana-shaped’ electron density
around the positions. This suggests that the C(5)~C(6) bond under-
goes a large amplitude of bending motion and the density represented
in the diffraction data is a time-average of the motion. This
interpretation is consistent with the n.m.r. spectroscopic results which
do not support the presence of a double bond between C(S5) and C(6).
Atomic co-ordinates, bond lengths and angles, and thermal
parameters for both structures have been deposited at the Cambridge
Crystallographic Data Centre. See Notice to Authors, Issue No. 1.
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halogen-bridged n-allylpalladium complexes adopt a ‘trans-
planar’ arrangement,’ ‘cis-bent’ features have been reported
in a few cases,8 only one of which is acyclic.8¢

Analogous palladium hydride reactions have been carried
out on (+)-2-carene (>97% purity) and (+)-3-carene (>99%
purity) (equation 4). The former alkene afforded m-allylpal-
ladium compound (3) in 19% yield, [«]% —70.6° (CHCl;, 7.24
mg/ml), while the latter alkene gave the same palladium
compound in 23% yield, [«]® —71.7° (CHCl3, 7.14 mg/ml).§

§ Characterization for (3): m.p. 147—150°C (decomp.); 'H n.m.r.
(CDCl,) 61.05(3H,s,H-9),1.10(3H, d, J7.1 Hz, H-8), 1.32 (3 H, s,
H-9), 1.38—1.48 (1 H, m, H-6), 1.56—1.69 (1 H, m, H-6), 1.82—1.97
(1 H, m, H-5), 2.09—2.28 (1 H, m, H-5), 4.59—4.78 (3 H, m, H-1,
H-2, H-3); 13C n.m.r. (CDCl;) & 23.6, 29.7, 30.0, 31.5, 38.9, 39.4,
39.6,90.1, 95.0, 97.2; i.r. (neat) 2951, 2914, 2866, 1458, 754 cm—1.
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Figure 1. An ORTEP drawing of compound (2). Hydrogen atoms
except H(14) and H(24) are omitted for clarity. Selected average
distances and angles are: Pd-Cl 2.416, C-C(allyl) 1.393 A; C-Pd-C1
88.70°, Pd-Cl-Pd 81.03°, C~C-C(allyl) 114.8°; Pd—C(allyl) distances
range from 2.061 to 2.161 A.

Figure 2. An ORTEP drawing of compound (3). Hydrogen atoms are
omitted for clarity. Selected distances and angles are: avg. Pd-Cl
2.414, avg. Pd-C(allyl) 2.115, avg. C(allyl)-C(allyl) 1.411 A; C-Pd-

Cl1 87.0, Pd-ClI-Pd 93.0, allylic C-C-C 123.5°.

The structure of compound (3) was established by X-ray
crystallography and is shown in Figure 2.f The molecule
resides at a crystallographic inversion point, adopting a
‘trans-planar’ arrangement, in contrast to compound (2). The
allylic C-C—C bond angle of 123.5(9)° is somewhat larger than
that of compound (2) (114.8°).

It is noteworthy that the same z-allylpalladium compound is
formed from both 2- and 3-carene. While the formation of
compounds (1) and (2) can be explained by palladium hydride
addition to the starting alkenes to form a tertiary alkylpallad-
ium intermediate which can immediately undergo ring open-
ing, the formation of compound (3) requires a palladium

J. CHEM. SOC., CHEM. COMMUN., 1987

migration prior to ring opening. We believe that the alkylpal-
ladium intermediates which actually undergo ring opening are
determined by the conformations of the alkenes or their
intermediate palladium hydride adducts leading up to ring
opening.

These stereospecific rearrangements provide a novel route
to enantiomerically pure m-allylpalladium compounds which
should prove useful in mechanistic studies of the reactions of
ni-allylpalladium compounds.
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