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Stereochemistry of C7-allyl yohimbine explored by X-ray crystallography
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" An indole in yohimbine was directly allylated by cat. Pd(0) into a 3H-indole.
" X-ray crystallographic analysis revealed the solid structure of (7R)-allyl yohimbine.
" Steric effects dominate stereoselective approach of the p-allyl Pd complex.
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a b s t r a c t

X-ray crystallographic analysis revealed that the palladium-catalyzed b-allylation of yohimbine pro-
ceeded in a (7S)-selective manner. The crystal structure had an indolenine unit that was generally unsta-
ble in air. A stereoselective outcome was obtained when the palladium p-allyl complex approached
yohimbine from the less-hindered pro-S side. However, during reserpine allylation—because the struc-
ture of reserpine is that of a transoid-3, 15-ring junction—the palladium p-allyl complex approached from
both sides: pro-S and pro-R. A computational method was developed to discuss this selectivity. Experi-
mental details and considerations of the reaction are provided.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Indolenine 1 (3H-indole) is a 1,3-tautomer of indole 2
(Scheme 1) [1] with a life that is too short to isolate, because it
lacks aromatic stability—according to Hückel’s rule. However,
indolenine-derived molecules are prevalent structural motifs in
natural products [2–3], medicinal compounds [4], and organic
materials [5]. In particular, cyanine dyes containing indolenium
salts are widely used for labeling DNA due to their fluorescent
properties [6]. The structure of indolenine possesses several chem-
ical characteristics that have attracted the interest of scientists: a
reducible phenyl imino group (PhAN@C), an acidic methylene unit
on C3, and a basic lone pair of electrons on N1. Anionic indolenine
3 may reach aromatic stability when indole is treated with a metal
base, because 3 is a resonance structure of anionic indole 4.
Employing this feature, many researchers have reported regiose-

lective b(C3)-alkylation of indole under strong basic conditions
[7]. In the literature, although the value of the electron density at
the N1(a) position of the indole anion 4 is larger than that at the
C3(b) position of the indolenine anion 3, the regioselectivity of
a- and b-alkylation was changed remarkably by the effect of coun-
ter metal ions. A potassium base is used as a reagent for the selec-
tive a-alkylation of indole, and a magnesium base is utilized for the
selective b-alkylation of indole.

The basic b-alkylation of indole cannot stop promoting the reac-
tion at the point of 3-monosubstituted indolenine 5 as an interme-
diate, which turns into 3-substituted indole 6 through rapid
tautomerization (Scheme 2). For the synthesis of isolable 3,3-
disubstituted indolenine 8, we chose 3-alkylindole 7 as a starting
material, a Grignard reagent as a magnesium base, and allyl bro-
mide as an electrophile. The allyl bromide is one of the most reac-
tive electrophilic reagents in such an alkylation, and 1H NMR
signals of allyl moieties are easily detected and identified. Indoles
7 were treated with a Grignard reagent and then allyl bromide to
give indolenines 8 in a highly b-selective manner. However, ob-
tained indolenines were unstable in air, and worse yet, they stuck
to the silica gel upon purification. Therefore, a constant yield of the
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b-allylation was not obtained under basic conditions. In fact, the
typical b-alkylation of indole, which requires a basic environment,
is less compatible with indolenine formation with many function-
alized complex molecules.

Various palladium-catalyzed b-allylations have been examined
for their ability to transform 3-substituted indoles into corre-
sponding indolenines [8]. However, only one method has shown
a broad range of applications that produced the desired indole-
nines from natural indole alkaloids with unprotected functional
groups [9]. Rawal reported that yohimbine (9) reacted with the
p-allyl Pd complex, which was generated in situ by the treatment

of allyl methyl carbonate with Pd(0)-P(2-furyl)3, to provide allyl-
indolenine 10 in a 79% yield (Scheme 3). Reserpine (11) has been
allylated to indolenine 12 in an approximately 1:1 ratio of diaste-
reoisomers using the same procedure. The structure of 10 was ten-
tatively assigned to (7R)-allyl yohimbine, based on its NMR
spectral properties.

However, when we treated yohimbine (9) with methyl magne-
sium iodide and allyl bromide, C3-allyl yohimbine 10 (14%, dr
11:1) and N4-allyl yohimbine ammonium salt (44%) were obtained
with recovered starting materials (16%). The allylation reaction of 9
under Rawal’s conditions—2.5 mol% of Pd(0) treated with 15 mol%
of P(2-furyl)3, and with a longer reaction time (65 h)—yielded the
isolation of two kinds of products (Scheme 4). An analysis of 1H
NMR data for them revealed that one of the two compounds was
indolenine 10 and the other was an unknown compound 13 with
an allyl moiety in a yohimbine structure. In the allylation of 11,
indolenine 12 was obtained in a 1:1 ratio. These results stimulated
our interest in further study to characterize the unknown product
13. Here, we describe the crystal structure of the indolenine 13 that
resulted from the b-allylation of alkaloids, and discuss the origin of
the stereoselectivity of the reaction.

2. Experiments and results

When the allylation reaction of 9 (0.226 g) was conducted, we
achieved the successful resolution of a component that had only
the unknown allyl yohimbine 13 (ca. 6.0 mg) by SiO2 column chro-
matography. A colorless solid sheet appeared, indicating that 13
was very stable and pure, so that a crystal of 13 should be suitable
for X-ray diffraction.

When this solid was dissolved in a hot mixture of
CH2Cl2ACH3CN (1:1), a crystal formed from the solution upon
standing for ca. 3 days until the solvent was naturally evaporated.
The structure of the crystal was examined by X-ray crystallogra-
phy and determined to be (7R)-allyl yohimbine (Fig. 1, Table 1),
which is 3H-indole (indolenine) with an axial allyl substitution
at the C3 position.

In addition, we confirmed that 1H and 13C NMR of the crystal
were different from those of the major compound, 10, in the ally-
lation. 1H NMR spectra (Table 2 and Fig. 2) showed that the signals

Scheme 1. Indolenine anion 3 achieves a longer life than indolenine 1.

Scheme 2. A two-step procedure was suggested for the synthesis of 3,3-disubsti-
tuted indolenines.

Scheme 3. (7R)-allyl yohimbine and (7RS)-allyl reserpine reported by Rawal’s group.
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of four aromatic protons for 13 in the low-field region (>7.0 ppm)
were upfield-shifted (0.13–0.04 ppm) for 10. 1D NMR (1H, 13C
and DEPT) spectra were complex and the assignment of the signals
was achieved with the aid of the 2D NMR (1HA1H COSY, HMQC,
HMBC, and NOESY) spectra shown in Table 3 and Fig. 3. NOESY
cross-peaks were observed between the aromatic proton 3 and
the olefinic proton 5 for both 10 and 13 (Fig. 2). Indolenines 10
and 13 were soluble in CHCl3, but indolenine 10 was unstable
and gradually decomposed both in air and in solution. Based on a
survey of the 1H NMR for 10 in CDCl3, new signals other than those
of 10 began to appear in the NMR tube 3 days after the 10 was
freshly prepared.

These results confirm that the correct stereochemistry of 10
should have been (7S)-allyl yohimbine (Fig. 4). This was a unique
example of disclosure of the X-ray crystal structure and stereo-
chemistry of a free indolenine derivative, and could be employed
in searching for the origin of stereoselectivity [10].

The oil state of 10 resisted the formation of a solid state, and,
moreover, it was easily decomposed under various experimental
conditions. In order to examine the process of stereoselective ally-
lation, we attempted to explore the stable conformations of 9 and
11 by X-ray diffraction. Although the most favorable conformation
of organic compounds in a solution was unclear, the crystal struc-
tures could suggest a plausible site, where allylating reagents
would be accepted in a less-hindered place.

A crystal composed of two molecules of 9, configured as if they
were holding one another, was found. The lower molecule, visual-

ized in Fig. 5, oriented both H(C5) and a lone pair of electrons (N2)
to the axial position, as if adjacent rings seemed to connect in a
trans manner, while the corresponding H(C26) in the upper mole-
cule took the equatorial position, which resulted in cis-fusion of the
rings.

A crystal of 11 was obtained from a CH2Cl2ACH3CN solution and
utilized for X-ray diffraction. The crystal structure of 11, visualized
in Fig. 4, had a conformation whereby a lone pair of electrons on N2
and all functional substitutes on C8, C9 and C10 were oriented to
the equatorial position [11]. It was interesting that the bond length
of 1.429 Å between C3 and C4 (Fig. 7, in blue1) in the indole
(C12AC13 in Table 4, C16AC17 in Table 5) was the longest of any
aromatic bonds of the indole units. This position of the bond seemed
to release the stress of the five-membered ring of the indole units
that had a plain structure due to p-conjugation. Such stress would
disappear when the indole turned into an indolenine, whereby
sp3-hybridized carbon, C7, were connected with neighboring car-
bons C2 and C8 at ca. 1.5 Å (Fig. 7). The bond length of 1.293 Å be-
tween N1AC2 (Fig. 7 in red) in 13 was the shortest bond of the
indolenine unit. In addition, this bond was shorter than the C@C ole-
finic bond (1.316 Å, C23AC24 in Fig. 1) in the allyl unit, and longer
than the C@O double bond (1.203 Å, O3AC20 in Fig. 1). The bonding
of N1AC2 was different in 9 and 13 when indole was converted to

Scheme 4. The unknown compound 13 isolated in the b-allylation of yohimbine 9 in our research.
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Fig. 1. ORTEP Diagram of 13, assigned as an (7R)-allyl yohimbine structure. Selected crystal information is described in Table 1.

1 For interpretation of color in Figs. 6–8 and 10, the reader is referred to the web
version of this article.
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indolenine (Fig. 7). These results suggest that the indolenines under-
went conjugated double bonding (PhAN@C) in N1AC2, though in-
doles underwent resonance bonding in the corresponding N1AC2
as part of an aromatic ring.

3. Discussion

Despite experimental efforts to form a solid, 10 and 12 re-
mained in an oil state. The majority of their conformations, there-
fore, were examined by computational optimization. A calculation

was performed at the Hartree–Fock/3-21G(�) level utilizing the
Spartan program. (Spartan’ 02 for Windows, Wavefunction, Inc.).

The computational model of 10, as shown in Fig. 8, had a boat
conformation (blue-highlighted) that contained the torsional strain
of the eclipsing CH2ACH2 group in the C2AC3AN4AC5AC6 hetero-
cycle. The corresponding part of 13 was composed of chair confor-
mation rings, as shown in Fig. 9, where the allyl substitution
resulted in 1,3-diaxial interactions. This computational conforma-
tion for 13 had good agreement with the crystal found in Fig. 1.
The conformation for 10 had good agreement with the NOESY
experiments. The allylic proton 5 was close to the aromatic proton

Table 1
Selected bond lengths, bond angles, and torsion angles of 13.

Atoms bond lengths (Å) Atoms bond angles (�) Atoms torsion angles (�)

N1AC6 1.2926(13) N1AC6AC13 115.07(9) N1AC6AC13AC12 0.39(11)
N1AC7 1.4336(14) C6AC13AC12 99.70(8) C4AC5AC6AN1 10.19(14)
N2AC5 1.4889(13) C6AN1AC7 106.20(8) C14AC13AC22AC23 168.93(8)
N2AC16 1.4688(14) C8AC7AC12 122.07(10) C3AC2AC20AC3 4.21(15)
N2AC15 1.4720(14) C7AC12AC11 120.05(10) C15AN2AC5AC6 �60.05(10)
C6AC13 1.5187(15) C6AC13AC14 106.55(8) O1AC1AC2AC3 �65.32(11)
C7AC8 1.3866(16) C5AC6AC13 119.29(8) C4AC3AC17AC16 �58.82(10)
C7AC12 1.3948(15) C5AC2AC15 110.93(8) C5AN2AC15AC14 63.29(11)
C8AC9 1.3953(16) N2AC5AC6 104.81(8) C1AC2AC20AC2 58.25(10)
C9AC10 1.3856(17) N2AC15AC14 112.22(9) N2AC5AC6AN1 112.32(11)
C10AC11 1.3950(18) C5AN2AC16 110.07(8) C5AC6AC13AC12 �171.49(9)
C11AC12 1.3883(15) C7AC12AC13 107.34(9) N1AC7AC12AC11 �178.27(9)
C12AC13 1.5037(15) C6AC13AC22 112.32(11) C13AC14AC15AC2 �55.74(12)
O3AC20 1.2030(13) C13AC14AC15 111.43(8) N2AC16AC17AC18 �173.63(8)

Table 2
1H NMR Data for 10 and 13.

1H NMR 600 MHza

Hb 10c Hb 13c

1 7.49 (d, J = 8.4, 1H) 1 7.62 (d, J = 7.2, 1H)
2 7.26 (dd, J = 7.8, 1.8, 1H) 2 7.30 (dd, J = 7.2, 0.6, 1H)
3 7.22 (d, J = 6.6, 1H) 3 7.27 (d, J = 7.2, 1H)
4 7.14 (td, J = 7.8, 1.2, 1H) 4 7.18 (t, J = 7.2, 1H)
5 5.19 (ddt, J = 17, 10, 6.6, 1H) 5 5.11 (ddt, J = 16, 9.6, 6.6, 1H)
6 4.89 (dd, J = 17, 1.8, 1H) 6 4.91 (d, J = 17, 1H)
7 4.83 (dt, J = 9.6, 1.2, 1H) 7 4.84 (dd, J = 9.6, 1.2, 1H)
8 4.15 (d, J = 1.8, 1H) 8 4.17 (s, 1H)
9–11d 3.70 (s, 3H) 9–11 d 3.74 (s, 3H)
12 3.50 (br s, 1H) 12 3.07 (dd, J = 11, 2.4, 1H)
13 3.26 (dd, J = 11, 2.4, 1H) 13 2.94 (br s, 1H)
14 3.02 (dd, J = 14, 7.2, 1H) 14 2.90 (dd, J = 11, 3.6, 1H)
15 2.95 (ddd, J = 12, 9.0, 3.6, 1H) 15 2.74 (ddd, J = 12, 4.2, 1.8, 1H)
16/17e 2.86–2.82 (m, 2H) 16 2.69 (dt, J = 12, 2.4, 1H)
18 2.42 (dt, J = 13, 8.4, 1H) 17h 2.61 (dd, J = 14, 6.6, 1H)
19 2.27 (dd, J = 11, 1.8, 1H) 18h 2.58 (dd, J = 14, 7.8, 1H)
20 2.22 (dt, J = 11, 7.8, 1H) 19 2.36 (dd, J = 11, 1.8, 1H)
21 2.03 (t, J = 11, 1H) 20 2.24 (dt, J = 14, 2.4, 1H)
22/23f 1.98–1.94 (m, 2H) 21 2.19 (t, J = 11, 1H)
24 1.91 (dt, J = 13, 3.0, 1H) 22 2.05 (dt, J = 13, 3.0, 1H)
25 1.60–1.53 (m, 1H) 23/24i 1.99–1.90 (m, 2H)
26 1.56–1.50 (m, 1H) 25 1.75 (q, J = 12, 1H)
27/28g 1.53–1.47 (m, 2H) 26 1.59–1.49 (m, 1H)
29 1.48–1.44 (m, 1H) 27 1.56–1.45 (m, 1H)
30 1.35 (dq, J = 12, 3.0, 1H) 28 1.46 (td, J = 13, 4.8, 1H)

29 1.42 (qd, J = 12, 3.6, 1H)
30 1.36–1.34 (m, 1H)

a In CDCl3. Internal reference: CHCl3 (7.24 ppm).
b Assignment of protons in Fig. 2.
c In d(ppm). Multiplicity, J (Hz) and a number of protons in parentheses.
d The protons 9–11 for 10 and 13 are equivalent and appear as a singlet at 3.70 and 3.74 ppm, respectively.
e The protons 16 and 17 for 10 overlap and appear as a multiplet at 2.86–2.82 ppm.
f The protons 22 and 23 for 10 overlap and appear as a multiplet at 1.98–1.94 ppm.
g The protons 27 and 28 for 10 overlap and appear as a multiplet at 1.53–1.47 ppm.
h The protons 17 and 18 for 13 have been tentatively assigned the doublet of doublets at 2.62 ppm to 17 and that at

2.57 ppm to 18.
i The protons 23 and 24 for 13 overlap and appear as a multiplet at 1.99–1.90 ppm.
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3 (HAC9), in both 10 (Fig. 8) and 13 (Fig. 9). Form 13 was 10.5 kJ/
mol lower in energy than form 10. In addition, the reverse reaction,
turning indolenine into indole, has not been observed under such
allylation conditions. Under these circumstances, the terms
‘‘thermodynamic control’’ or ‘‘product development control’’ do
not describe the stereoselectivity [12]. An alternative description,
‘‘kinetic control’’ or ‘‘steric approach control,’’ which predicts the
transition state geometry from the starting indole, is suggested
for this allylation.

The crystal structure of 9 in Fig. 3 was in good agreement with
the computationally optimized model in Fig. 10 (see Section 5.2 in
Section 5).

Under allylation at the C7 position of 9, the favored side of the
approach for the p-allyl Pd complex should be the less-hindered
side of the molecule. Two pseudoaxial hydrogens, shown in red,
orient toward the down side in Fig. 10, occupying the C3 and C5
positions in the structure, which are in a 1,3 relationship against
C7. They can generate steric interactions as 1,3-diaxial interactions
in a half-chair cyclohexene ring when the p-allyl Pd complex coor-

dinates on the bottom face of the indole molecule. Approaching
from the top of the indole molecule, on the other hand, requires
C6 pseudoaxial hydrogen (in blue) to rotate into a position that
gives almost a half-boat arrangement of the cyclohexene ring. Ste-
ric repulsion that is similar to a 1,4-transannular interaction may
be lower between N4 (a lone pair of electrons) and the approaching
allyl moiety. The result of this allylation reaction for 9 indicates
that a C6 carbon has sufficient flex to rotate and interconvert into
a conformer, as illustrated in Fig. 8. Given the fact that the stereo-
selective ratio of products does not seem to match the thermody-
namic prediction, it must be influenced by kinetic factors. The
stereochemistry of the products is determined mainly by a steric
effect in the transition state, which resembles the reactants in
geometry when the p-allyl Pd unit comes close to the reactive po-
sition. Consequently, 10 was produced as a major stereoisomer
through coordination of the p-allyl Pd complex with the less-
hindered pro-S side. A proposed mechanism of the Pd-mediated

Fig. 2. 1H NMR assignment for 10 and 13, and observation of selected NOEs.

Fig. 3. 13C NMR assignment for 10 and 13. Chemical shifts of the signals for 15 and
16 are too close to assign, as with those for 22 and 23.

Fig. 4. The correct structures for 10 and 13 are proposed based on X-ray analysis.

Table 3
13C NMR Data for 10 and 13.

13C NMR 150 MHza

10 13

Cb 1HA13C couplingc d (ppm) Cb 1HA13C couplingc d (ppm)

1 C 188.4 1 C 185.0
2 C 175.9 2 C 175.6
3 C 154.9 3 C 154.7
4 C 144.4 4 C 144.0
5 CH 133.1 5 CH 131.4
6 CH 127.6 6 CH 127.8
7 CH 125.1 7 CH 125.2
8 CH 122.0 8 CH 121.9
9 CH 120.1 9 CH 120.9
10 CH2 118.1 10 CH2 118.5
11 CH 66.5 11 CH 66.9
12 CH 65.9 12 CH2 61.8
13 CH2 60.3 13 CH 60.8
14 C 56.7 14 C 56.4
15/16d CH or CH3 52.1 15/16 d CH or CH3 52.2
16/15 d CH or CH3 51.9 16/15 d CH or CH3 51.9
17 CH2 49.4 17 CH2 50.6
18 CH2 41.8 18 CH 40.3
19 CH 40.4 19 CH2 37.3
20 CH 37.2 20 CH 36.2
21 CH2 33.8 21 CH2 34.5
22/23 e CH2 31.1 22 CH2 31.6
23/22 e CH2 29.8 23 CH2 31.3
24 CH2 23.2 24 CH2 23.1

a In CDCl3 internal reference: CHCl3 (77.0 ppm).
b Assignment of carbons in Fig. 3.
c Determined by DEPT 135.
d Chemical shifts of carbons 15 and 16 are too close to assign.
e Chemical shifts of carbons 22 and 23 are too close to assign.
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allylation of 9 is presented in Scheme 5 [13]. Allyl methyl carbon-
ate and activated Pd(0) species formed the p-allyl Pd complex 14,
which underwent nucleophilic attack by the indolenium anion 15.
During the process of the formation of 14, the methoxide ion 16
was generated by decomposition of the carbonate ion 17, and it re-
acted with 9 as a proton base. The anion 15 approached the posi-
tively charged 14 from the less-hindered pro-S side, resulting in
the (7S)-selective allylation of product 10.

Product 9 had a structure with fused rings at the cisoid-3, 15
(5,3)-ring junctions [14]. In the allylation of 9, sluggish reaction

rates were observed when the reaction was conducted at �40 to
0 �C, and decomposition of the products resulted in low yields at
temperatures above 30 �C. Even at room temperature, 69 mg of a
2:1 mixture of 10 and 13 was lost and turned into 32 mg of a
7.7:1 mixture of both indolenines after a 24-h exposure to the
general allylation conditions. This means that 10 was less stable
than 13 in the reaction process, so that the longer reaction times
caused higher ratios for the diastereomers, due to the selective
decomposition of 10. The reaction time, more than 65 h under
our initial conditions, seemed sufficient for isolation of the crystal
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Fig. 5. ORTEP Diagram of 9. Selected crystal information is described in Table 4.
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13. This experimental result supported the hypothesis that stereo-
selective indole b-allylation via the p-allyl Pd complex could be
controlled by a steric effect that originated in the initial conforma-
tion of the molecule. However, contemporaneous improvement of
both selectivity and yield proved difficult, because the reaction
proceeded slowly, which promoted the instability of products in
cooperation with the active p-allyl Pd complex, even in the reac-
tion medium.

In order to adopt the stereochemical feature that dominates the
allylation reaction of 11, computational optimization among con-

formers was carried out (Fig. 11). The conformer 18, which resem-
bles the observation in X-ray diffraction (Fig. 6), appeared to be
more favorable than conformer 19, by 3.31 kJ/mol. Allylation for
11 took place from both sides of conformer 18 competitively, pro-
ducing two stereoisomers in a ratio of ca. 1:1. When the p-allyl Pd
complex was coordinated on the top of 18 around C7 (C16), two
axial hydrogens (in red) on C3 (C14) and C5 (C5) occupied the
space for allyl introduction by 1,3-diaxial interactions [15]. On
the bottom, two axial hydrogens (in blue) on C15 (C7) and C21
(C13), which were oriented toward a concavity in the structure,

Fig. 7. Selected bond lengths for 9, 11, and 13.

Table 4
Selected bond lengths, bond angles, and torsion angles of 9.

Atoms bond lengths (Å) Atoms bond angles (�) Atoms torsion angles (�)

N1AC6 1.387(2) N1AC6AC13 109.30(14) O1AC1AC2AC20 50.42(19)
C6AC13 1.368(2) C6AC13AC12 107.61(15) C15AN2AC5AC6 �49.96(16)
C12AC13 1.429(2) N3AC27AC34 109.34(15) C4AC3AC17AC16 �54.67(17)
N1AC7 1.381(2) C27AC34AC33 107.66(15) C36AN4AC26AC27 43.60(17)
N2AC5 1.481(2) C6AN1AC7 108.66(14) C26AN4AC36AC35 �68.75(17)
N3AC27 1.395(2) C5AN2AC16 109.20(13) C37AN4AC26AC25 46.11(17)
C27AC34 1.362(2) C27AN3AC28 108.41(14) C4AC5AC6AN1 �43.20(2)
N3AC28 1.379(2) N1AC7AC12 107.80(14) N1AC6AC13AC12 0.59(18)
N4AC26 1.488(2) N3AC28AC29 130.50(17) N1AC7AC12AC13 �0.45(17)
O6AC 1.196(2) N1AC6AC5 125.28(15) C5AC6AC13AC14 0.9(2)

Table 5
Selected bond lengths, bond angles, and torsion angles of 11.

Atoms bond lengths (Å) Atoms bond angles (�) Atoms torsion angles (�)

N1AC4 1.394(2) C6AC7AC8 113.40(15) C5AC4AC16AC15 5.80(3)
N1AC3 1.391(3) C10AO5AC24 117.25(15) C14AN2AC13AC12 173.29(16)
C4AC16 1.363(2) C4AC16AC17 107.52(14) C8AC7AC12AC13 �178.08(15)
C16AC17 1.429(3) C5AN2AC13 111.83(13) C13AN2AC14AC15 61.20(2)
O2AC21 1.202(2) N1AC4AC16 109.34(18) C5AN2AC14AC15 �63.50(2)
O6AC24 1.200(2) N2AC5AC4 109.50(15) C4AC5AC6AC7 74.55(19)
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can disturb the approach by transannular strains. The latter steric
effect occurs only in reserpine-like fused systems, due to transoid-
3, 15 (5,7)-ring junctions.

Stable conformations for allylated reserpines were calculated to
rationalize the outcome in the reaction. Based on the conforma-
tions of 18 and 19, four representatives were selected and utilized
to identify the destabilization arising from steric strain. Conforma-
tions of 20 and 21 were proposed as optimized geometries for (7S)-
allyl reserpine (Fig. 12). This suggested that conformer 20 was
more stable than conformer 21 when the allyl unit on C(7) was al-
lowed to orient with the least 1,3-allylic strain. An extremely large
gap existed between conformers 22 and 23 for (7R)-allyl reserpine,
and the chair conformation 23 was stable because 23 can avoid the
torsional strain of the eclipsing CH2ACH2 group and the 1,4-trans-
annular interaction contained in the crowded-boat conformation
22 (Fig. 13).

The energy ranking of conformations 20–23 was on the order of
22 > 23 > 21 > 20 (20 is the lowest). Therefore, the most favorable

conformations for (7S)- and (7R)-allyl reserpine were found to be
in the states of conformers 20 and 23, respectively. Although the
energy gap between 20 and 23 was large enough to predict exclu-
sive production of (7S)-allyl reserpine, the ratio of diastereomers
was steady at 1:1 even when yields went up and down under var-
ious reaction times. This implied that the allylation reaction for 11
was controlled by the steric effect of the molecular structure of 11.

4. Conclusion

The structure of 13 was characterized by X-ray crystallography
as an (7R)-allyl indolenine derived from the natural indole alkaloid
9. Favorable conformations for 13, 9 and 11 were proposed by X-
ray diffraction, and supported by computational calculation. These
results help to explain why the stereoselective approach of the p-
allyl Pd complex to 9 by a steric effect dominated the outcome of
the b-allylation reaction. When applied to 11, both sides of con-

Fig. 8. A computational method was used to propose an optimized conformation for (7S)-allyl yohimbine 10.

Fig. 9. A computational method was used to propose an optimized conformation for (7R)-allyl yohimbine 13.
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former 18 had no determinative steric factors by which the C(7)
position was blocked from the attack of the allyl unit. Conformer
23 of (7R)-allyl reserpine resulted from the flipping of conformer
22, which was initially derived from the attack of the p-allyl Pd
complex at the pro-R side of 11.

5. Experimental details

5.1. Materials and techniques

Yohimbine hydrochloride was purchased from Aldrich Chemical
Co., Inc. Reserpine was purchased from Tokyo Chemical Industry
Co., Ltd. Tris(dibenzylideneacetone)dipalladium(0) was purchased
from Strem Chemicals, Inc. Tris(2-furyl)phosphine was purchased
from Wako Pure Chemical Industries, Ltd. Allyl methyl carbonate
was freshly synthesized (vide infra). Anhydrous CH2Cl2 was pur-

chased from Kanto Chemical Co., Inc. Column chromatography
was carried out using Cica 60 (spherical/63–210 lm) silica gel.
Reactions and chromatography fractions were analyzed employing
precoated silica gel 60 F254 plates (Merck).

Fig. 10. A computational method was used to propose an optimized conformation for 9.

Scheme 5. A proposed mechanism for the Pd-mediated allylation of 9.

Fig. 11. Conformation of 18 is present as a structure of 11 with lower energy.
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5.1.1. Synthesis of allyl methyl carbonate
To a mixture of pyridine (24 mL, 0.30 mol) and allyl alcohol

(15 mL, 0.22 mol) was added methyl chloroformate (17 mL,
0.22 mL) at 0 �C very slowly. The resultant mixture was stirred
for 12 h, and then poured onto water in a beaker. Biphasic solu-
tions were separated by decantation. The separated organic layer
was washed with saturated CuSO4 (aq. 30 mL � 2), water (20 mL)
and saturated NaCl (aq. 20 mL). The resultant liquid was dried over
Na2SO4 to give allyl methyl carbonate (11 g, 0.095 mol) as a color-
less liquid, which was used for the Pd-catalyzed allylation reaction
without further purification. 1H NMR (400 MHz): d 5.94 (ddt, J = 11,
10, 5.6 Hz, 1H), 5.36 (dq, J = 17, 1.2 Hz, 1H), 5.27 (dq, J = 12, 1.6 Hz,
1H), 4.64 (dt, J = 5.6, 1.2 Hz, 2H), 3.80 (s, 3H); 13C NMR (100 MHz) d
155.4, 131.5, 118.5, 68.2, 54.5.

5.1.2. Synthesis of (7R)-ally yohimbine (13)
To a 300 mL Erlenmeyer flask, yohimbine hydrochloride (13.7 g)

was allowed to settle, and saturated NaHCO3 (aq., 150 mL) was
added in many portions. The solution was vigorously stirred in
an ice-cooled bath for 5 h, and passed through a filter paper under
suction. The white cake on the filter was washed with distilled
water, dried with paper, pulverized and then dried in vacuo at
50 �C for 4 days to give a white powder (13.0 g), which was used
for the next allylation step.

A solution of Pd2(dba)3 (14.6 mg, 16.0 lmol) and P(2-furyl)3

(22.2 mg, 95.7 lmol) in CH2Cl2 (6.6 mL) was degassed and stirred
for 30 min. Allyl methyl carbonate (0.145 mL, 1.28 mmol) was
added, and the resultant green solution was stirred for an addi-
tional 30 min. Dried yohimbine powder (226 mg, 0.638 mmol)
was finally added in one portion under a nitrogen flow. The solu-
tion was stirred for 65 h until the green suspension was turned
to a clear greenish solution. The solvent was removed to give a
crude oil. Purification by flash silica gel column chromatography
(CH2Cl2/MeOH = 98/2–97/3) provided two separated components
in white solid (13, 6 mg) and yellow oil (10, 155 mg).

Data for 132: mp 189–192 �C; Rf 0.25 (98:2 CH2Cl2:MeOH), Rf

0.31 (3:1 CH3Cl:CH3CN); ½a�27
D +174 (0.287, CHCl3); IR: 3343, 2940,

2784, 2740, 1743, 1613, 1586, 1435, 1287, 1202, 1143, 1006, 960,
923, 760 cm�1; HRMS (FAB+) Calcd for C24H31N2O3 (M + H+):
395.2335, Found: 395.2331.

5.2. Computational methods

Density functional theory (DFT) with the B3LYP functional and
6-31G(d) basis set was also used for the calculation of 9, but the
calculation time was longer than when using Hartree–Fock (HF)/
3-21G(�). Then, we compared the computational optimized struc-
tures {DFT or HF} and the crystal structure {ORTEP} for 9. To assess
the differences between a computational model and a crystal
structure in the solid state, the selected bond lengths and bond an-
gles for 9 are listed in Table 6. Both computational structures were
in good agreement with the crystal structure. The largest differ-
ence in bond length was observed for the double bond of C2AC7
(cryst.: 1.346 Å, HF: 1.368 Å). We determined by this outcome that
the HF level was sufficient, and it was then utilized for the calcula-
tion of 10, 11, 13, 18, 19, 20, 21, 22, and 23.

Fig. 12. Conformation of 20 is present as a structure of (7S)-allyl reserpine with lower energy.

Fig. 13. Conformation of 22 is present as a structure of (7R)-allyl reserpine with lower energy.

2 1H and 13C NMR data for 10 and 13 are reported in Tables 2 and 3, respectively.

Table 6
Selected bond lengths and bond angles for 9.

Bond lengths (Å) The X-ray cryst.b The HF modelb The DFT modelb

N1AC2 1.387 1.386 1.386
C3AN4 1.481 1.474 1.472
N1AC13 1.381 1.380 1.384
C2AC7 1.368 1.346 1.371
C7AC8 1.429 1.446 1.439
C6AC7 1.497 1.501 1.499
C2AC3 1.498 1.497 1.501
Bond angles (�)
N1AC2AC7 109.30 109.97 109.73
C2AC7AC8 107.61 107.15 107.13
C2AN1AC13 108.66 108.68 109.02
N1AC13AC8 107.80 107.51 107.35
N1AC2AC3 125.28 124.24 124.73

b The X-ray crystal (ORTEP) and the HF model are presented in Figs. 5 and 10,
respectively.
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