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'H NMR (400 MHz) spectra of the indole alkaloid dihydrocorynantheine recorded at room
temperature show the presence of two conformers near coalescence. Low temperature 'H NMR
allowed characterization of the conformational equilibrium, which involves rotation of the
3-methoxypropenoate side chain. Line-shape analysis yielded enthalpy of activation AH* =71+ 6
kJ/mol, and entropy of activation AS* = 33 & 6 J/mol-K. The major and minor conformation contains
the methyl ether group above and below the plane of the ring, respectively, as determined by low-
temperature NOESY spectra, with free energy difference AG° = 1.1 kJ/mol at —40 °C. In contrast
to dihydrocorynantheine, the corresponding rotamers of corynantheine are in the fast exchange
limit at room temperature. The activation parameters determined for corynantheine were AH* =
60 + 6 kJ/mol and AS* = 24 + 6 J/mol-K, with AG° = 1.3 kJ/mol at —45 °C. The difference in the
exchange rates of the rotamers of corynantheine and dihydrocorynantheine (respectively, 350 s™1
and 9 s7! at 0 °C) reflects the difference in the steric bulk of the vinyl and the ethyl group. The
conformational equilibria involving the side chain rotation as well as inversion of the bridgehead
nitrogen in corynantheine and dihydrocorynantheine was studied by force-field (Amber* and MMFF)
and ab initio (density-functional theory at the B3LYP/6-31G* level) computational methods, the
results of which were in good agreement with the *H NMR data. However, the calculations identified
the rotamers as essentially isoenergetic, the experimental energy differences being to small to be
reproduced exactly by the theory. Comparison of density-functional and force-field calculations with
experimental results identified Amber* as giving the most accurate results in the present case.

2217

Introduction

The Corynanthe-type alkaloids dihydrocorynantheine
(1) and corynantheine (2) are classical indole alkaloids
isolated from Rubiaceous plants.!™® They have been a
subject of extensive synthetic investigations.” > Recently,
1 and 2 were shown to be potent inhibitors of Leishmania
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major promastigotes.'® Closely related indole alkaloids
exhibit antiviral’” and analgesic activity.®1°

Although 3C NMR spectra'#620-22 of the Corynanthe-
type alkaloids have been used extensively for structural
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Figure 1. 400 MHz 'H NMR spectra of 1 and 2 (CDCl3, 25
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Figure 2. 400 MHz 'H NMR spectra of 1 at —40 °C and 55
°C (CDCly).

correlations, information about their *H NMR data is
scarce.'® In this paper, we show that 'H NMR spectra of
Corynanthe alkaloids can be affected by dynamic pro-
cesses. Conformational equilibria underlying the ob-
served chemical exchange are characterized by variable-
temperature NMR and computational methods.

Results and Discussion

IH NMR spectra of dihydrocorynantheine (1) and
corynantheine (2) recorded at room temperature exhib-
ited pronounced differences (Figure 1). Thus, extensive
line broadening of the aliphatic resonances, in particular
of ring D and its side chains, was observed in the
spectrum of 1, whereas the unsaturated analogue 2 gave
sharp lines at room temperature. Heating of the solution
of 1 above 50 °C collapsed the resonances into a set of
sharp signals, whereas cooling to —40 °C resulted in a
spectrum of a mixture of two conformers in a ratio of 1:1.7
(Figure 2).

According to a Monte Carlo conformational search,
compound 1 has two principal low-energy conformations,
representing rotamers of the side chain attached to C(15).
These conformations are characterized by the H(15)—
C(15)—C(16)—C(17) torsion angle of about 180 and 0°,
respectively (Figure 3). The two structures, in which the
methyl ester group is either below (i.e., on the o-side) or
above (on the fg-side) the plane of the tetracyclic ring
system, are hereinafter called conformation | and IlI,
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NOE:

H(20) and H(24)
H(17) and H(20)
H(17) and H(19)
H(18) and H(24)

NOE:

H(15) and (H24)
H(20) and H(22)

Figure 3. Amber*-optimized structures of low-energy con-
formations of 1. Conformation I and Il has the H(15)—C(15)—
C(16)—C(17) torsion angle of 178.4° and —10.5°, respectively.
Oxygen atoms are represented as black and nitrogen atoms
as gray spheres.

respectively (Figure 3). In both conformations the quino-
lizidine system is trans-fused. Rotations about other
single bonds in the side chains are expected to be fast on
the NMR time scale within the temperature range
examined.

NOESY spectra confirmed that the two conformations
present in the solution of 1 at low temperature cor-
respond to those shown in Figure 3. Thus, NOE from
H(24) to H(18) and H(20) in the major and to H(15) in
the minor conformation were observed. The NOE be-
tween H(18) and H(24) is due to the fast rotation of the
ethyl group about the C(19)—C(20) bond. The olefinic
proton H(17) showed NOE to H(19) and H(20) in the
major but not in the minor conformation. On the other
hand, the methyl ester protons H(22) showed correlation
to H(20) in the minor but not in the major conformation.
Therefore, the major conformation has the methyl ester
group below and the methyl ether group above the ring
plane, as in the conformation | (Figure 3). The population
of the two conformers determined from the 'H NMR
spectra corresponds to a free energy difference of 1.1 kJ/
mol at —40 °C. 'H NMR data for the two conformations
are collected in Table 1. In the major conformation, the
olefinic hydrogen H(17) forms a doublet with 4J;5 17 ~ 0.5
Hz (numeric value), whereas no coupling is observed in
the minor conformation (*J;s517 ~ 0 Hz). Since transoid
allylic coupling constant depends markedly on the dihe-
dral angle ¢ between the allylic C—H bond and the
double bond, with [*J(¢ = 180°)| > |*J(¢ = 0°)|,% this
agrees with the conclusion that the major conformation
is conformation 1.

As the energy difference between conformation | and
Il is very small, it is expected that the position of the
equilibrium may not be reproduced exactly by the cal-
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Table 1. 'H NMR Data (400 MHz, CDCl3) for Conformers of rac-1 at Fast and Slow Exchange
chemical shift, 62
proton fast exchange (55 °C) conformation | (—40 °C) conformation Il (—40 °C)P
1 7.63 (brs) 7.89 (brs) 7.87 (brs)
3 3.26 (d, 3~J3,l4ax = 11.6) 3.26 (d, 3J3,14ax: 11.5) 3.32 (d, 3J3y143;< = 11.5)
5ax 2.61 (dt, 2J5ax,5eq = 3J5ax,6ax = 2.63 (m)
10.6 Hz, 3Jsay6eq = 4.3)
5eq 3.10 (m) 3.14 (m)
6ax 3.02 (m) 3.06 (m)
6eq 2.71 (m) 2.75 (m)
9 7.44 (d, 3Jo.10 = 7.1) 7.50 (d, 3910 = 7.4)
10 7.07 (dt, 3\]10,9 = 3\]10,11 = 7.10 (dt, 3J10,9 = 3J10,11 =
7.2, 4\]10'12 = 1.6) 7.4, 4‘]10,12 = 1.1)
11 7.11 (dt, 3\]11,10 = 3\]11'12 = 7.15 (t, 3\]11,10 = 3.]11,12 = 72)
7.2, 4\]11'9 = 16)
12 7.24 (d, 3\]12,11 = 7.2) 7.32 (d, 3\]12,11 = 7.4) 7.31 (d, 3\]12,11 = 7.4)
1l4ax 2.10 (q, 3\]143)('3 = 3J14ax,15 = 2.14 (m)
2J14ax,14eq = 11.4)
14eq 1.92 (d, 2Jl4eq,l4ax = 11.4) 2.00 (d, 2Jl4eq,l4ax = 12.4) 1.91 (d, 2Jl4eq,l4ax = 12.4)
15 2.64(m) 2.63 (m)
17 7.34 (s) 7.39 (d, 431715 = 0.5) 7.46 (s)
18 0.87 (t, 3~J18,19 = 75) 0.87 (t, 3\]13,19 = 73) 0.86 (t, 3J18,19 = 73)
19A 1.43 (ddq, 2J19A,19|3 = 13.9, 1.45 (m)
3J19a18 = 7.6, 3J19a 20 = 3.4)
19B 1.06 (dp, 2J19A,195 = 139, 1.04 (m)
3J198,18 = 7.6, 108,20 = 7.6)
20 2.28 (m) 2.30 (m) 2.24 (m)
2lax 2.09 (t, 2J21ax,21eq = 3J21ax.20 = 11.1) 2.09 (m)
Zleq 3.14 (dd, 2J21axv213q =11.1, 3.21 (m)
3J21eq,20 = 3.9)
22 3.69 (s) 3.75 (s) 3.66 (s)
24 3.76 (s) 3.74 (s) 3.88 (s)

a Coupling constants given as apparent splittings in Hz. ®POnly 6 values different from those in conformation I are reported.

Table 2. Calculated Relative Energies of Principal
Conformers of 1 and 2 and of the Corresponding
Transition States in Vacuum and in Chloroform

(kd/mol)2
structure 1 2

conf. I, C/D trans QP (0) 1.519¢ (0.70)
conf. I, C/D trans 1.45b¢ (1.68) 0d¢ (0)
transition state for 54.3 (53.8) 43.1 (42.8)

bond rotationf
conf. I, C/D cis 4.45 (3.38) 3.06 (3.14)
conf. 11, C/D cis 2.0 (2.61) 3.22 (4.60)
transition states for 32.5(33.8) 31.2 (31.6)

nitrogen inversiond 33.0 (31.1) 31.1 (31.6)

a Relative energies in vacuo calculated using the Amber* force
field, unless otherwise stated; values in chloroform (GB/SA sol-
vation model) are given in parentheses. PWith the MMFF force
field, conformation Il was favored by 2.8 kJ/mol (in vacuo). ‘Ab
initio calculations at the B3LYP/6-31G* level favor conformation
Il by 0.1 kcal/mol (in vacuo). 9with the MMFF force field,
conformation | was favored by 7.7 kJ/mol (in vacuo). ®At the
B3LYP/6-31G* level, the energy difference between conformation
1 and Il is 0.0 kJ/mol (in vacuo). ‘Energy (relative to global
mimimum) of the lowest-energy transition state for C(15)—C(16)
bond rotation. 9 Energies (relative to global minimum) of two
transition states available for inversion of N(4).

culations. Thus, while Amber* force field correctly identi-
fied the major conformer (in a vacuum as well as in
chloroform) with a very good agreement with the experi-
mental energy difference, MMFF erroneously predicted
the conformer 1l to be favored by 2.8 kd/mol (Table 2).
However, this error is only slightly larger than what is
generally observed for conformational energies of small
molecules.?* Optimization of the energy of the two
conformations by the density functional ab initio theory
showed that the gas phase conformations are essentially
isoenergetic, with the energy difference of 0.1 kJ/mol in
favor of conformation Il (Table 2). Thus, all computa-
tional methods agree that the two conformations are very

Observed Calculated
233K
e Mo
253K
e oMo

M/\j\_{\
M_J\_L

3.80 370 ppm 3.80 370 ppm

Figure 4. Observed (left) and calculated (right) 400 MHz *H
NMR spectra (CDClIs;) of the methoxy group region of 1.

close in energy, but the accuracy of the calculations is
indeed insufficient to reproduce the experimental find-
ings exactly.

Kinetics of the exchange between the two conformers
of 1 was studied by full line-shape analysis of the
methoxy group resonances in the temperature range from
—40 to +55 °C (Figure 4). Eyring plot of the determined
exchange rates at different temperatures yielded activa-
tion parameters AH* = 71 + 6 kJ/mol and AS* =33 + 6
J/mol-K. A calculated energy profile for the rotation of
the C(15)—C(16) bond is shown in Figure 5. It is appar-
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Figure 5. Calculated energy profiles (Amber*) for rotation
of the C(15)—C(16) bond in 1 (open circles) and 2 (filled circles).

C/D-cis

C/D-trans

Figure 6. Superimposition of the minimum-energy conforma-
tion of 1 with a conformation with inverted N(4). Oxygen atoms
are represented as black and nitrogen atoms as gray spheres.

ent, that only one pathway for the rotation, involving an
eclipsing of C(14) with C(17), is energetically feasible. The
calculated energy barrier for this transition is about 54
kJd/mol (Table 2), in reasonable agreement with the
experimental value.

In addition to the rotation of the C(15)—C(16) bond,
the calculations have disclosed a faster, but still relatively
slow, conformational process, i.e., an inversion of the
nitrogen N(4) to give a cis fusion of the rings C and D. A
calculated energy barrier for this process, which can take
place via one of two energetically equivalent transition
states, is about 33 kJ/mol (Table 2). Since the energy
barrier for the ring inversion is more than 20 kJ/mol
lower than that for the bond rotation, the ring inversion
is in the fast exchange region during observation of the
bond rotation process (Figure 4). The conformation with
cis C/D-fusion is predicted to be only slightly less stable
(<5 kJ/mol) than trans-fused conformation, which is as
expected a much smaller difference than for unsubsti-
tuted quinolizidine.?528 The nitrogen inversion causes no
appreciable change of the geometry of ring D (Figure 6)
and is therefore not expected to affect the NMR param-
eters of this part of the molecule to any significant extent.

For the unsaturated analogue 2, the energy barrier for
rotation of the C(15)—C(16) bond was calculated to be
about 11 kJ/mol lower than for 1 (Amber*, Table 2).
Accordingly, a 400 MHz *H NMR spectrum of 2 did not
show any exchange broadening at room temperature
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Figure 7. Observed (left) and calculated (right) 400 MHz *H
NMR spectra (CDCls) of the methoxy group region of 2 at —45
°C, —10 °C, and 25 °C.

(Figure 1), but low-temperature spectra disclosed the
presence of two rotamers analogous to those observed
with 1 (Figure 7). The ratio between the rotamers of 2
was 1:2 at —45 °C, corresponding to free energy difference
of 1.3 kJ/mol, very similar to that determined for 1. In
the case of 2, the barrier for nitrogen N(4) inversion was
predicted to be only about 10 kJd/mol lower than that for
the rotational process (Table 2). The low barrier for the
C(15)—C(16) bond rotation together with the presence of
a four-site exchange system hampered unambiguous
assignment of structure of the major and minor rotamer
from low-temperature NOESY spectra. However, from
the similarity of the chemical shifts of methoxy reso-
nances of 1 (Figure 4) and 2 (Figure 7) at low tempera-
ture, it is concluded that the same conformation (confor-
mation 1) predominates in each case, in disagreement
with the force-field results (Table 2). Density-functional
theory showed the two conformations to be exactly
isoenergetic (Table 2). Of the two force-fields used,
Amber* and MMFF, only the former gave results with
reasonable agreement with experimental and ab initio
results and is the method of choice in the present case.

The exchange rate constants determined for 2 gave a
linear Eyring plot in the temperature range from —35
°C to +5 °C, affording AH* = 60 4 6 kJ/mol and AS* =
24 £+ 6 J/mol-K. There is thus an excellent agreement
between the calculated (Amber* in vacuo as well as in
chloroform) and experimental difference of the energy
barrier for the C(15)—C(16) bond rotation in 1 and 2 of
10 kJ/mol (Table 2).

In conclusion, the present work characterizes the
conformational equilibria of 1 and 2 in terms of structure
of the conformers and energy differences, as well as the
activation parameters for conformational exchange. The
two alkaloids exhibit marked differences in rotational
energy barriers due to different steric effects of the
neighboring vinyl and ethyl group. The explanation of
dynamic processes influencing *H NMR spectra described
in this work is of practical interest to those working with
this type of indole alkaloids. Moreover, the equilibria
described constitute an interesting example for testing
computational methods for their ability to reproduce fine
energy differences in medium-size molecules.

Experimental Section

The alkaloids 1 and 2 were isolated from bark of Corynanthe
pachyceras.'® A synthetic'® sample of rac-1 was a gift from Dr.
I. Toth, School of Pharmacy, University of Queensland,
Australia. All samples were purified by reversed phase HPLC
(16 x 250 mm column of LiChrospher-100, RP18, eluted with
70% methanol in 0.01 M aqueous ammonium acetate adjusted
to pH 8.04).16
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NMR spectra were recorded at 400.13 MHz for *H and at
100.62 MHz for 13C, using 27 mM solutions in CDCl;. NOESY
spectra were acquired using mixing times of 200—800 ms.
Standard library pulse sequences were used for all NMR
experiments.

Dynamic NMR experiments were performed with samples
thermostated by means of a stream of liquid nitrogen vapors
heated to required temperatures using a temperature control-
ler. Because of the difficulty of ejecting the sample from the
magnet at lower temperatures, the temperature calibrations
were performed separately using methanol standard?’ oper-
ated at identical conditions. The uncertainties in temperature
measurements are estimated to be +1 °C. For practical
reasons, most of low-temperature spectra were recorded with
rac-1 rather than with 1. No differences between the spectra
of the two samples were observed. Rate constants were derived
from the spectra by a full line-shape analysis using gNMR ver.
3.6.5 software.?® Standard deviations of the activation param-
eters were calculated talking the temperature uncertainty into
account.

Force-field calculations were performed with MacroModel
ver. 6.5%° using Amber* (a MacroModel implementation of the
original Amber®) or MMFF3! force fields. Conformational
searches were performed exhaustively using the pseudo-
systematic Monte Carlo method®? implemented in MacroModel.
Energy profiles for side chain rotations were computed using
the dihedral driver option in MacroModel, with full geometry
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optimization at each point. The rotation is to some extent
coupled to the orientation of the carboxylate moiety. To avoid
discontinuities in the energy profiles, the carboxylate orienta-
tion was sampled at each point. Nitrogen inversion was
investigated using two-dimensional dihedral driver calcula-
tions varying the N(4)—C(5)—C(6)—C(7) backbone torsion and
the C(5)—N(4)-C(3)—C(21) bridgehead improper torsion simul-
taneously, both in increments of 10°. For all dynamic processes,
true transition states were located by constrained steepest
descent optimization followed by full-matrix Newton-Raphson
optimization without line searching. Gas-phase transition
states were verified by normal-mode analysis. The eigenmode
corresponding to the negative eigenvalue for each transition
state was generated and inspected visually with the Movie
facility in MacroModel. All geometries (both ground and
transition states) were also subjected to reoptimization in
CHCI; employing the GB/SA solvation model®® in conjunction
with the Amber* force field. Geometries were in all cases very
similar to their gas-phase counterparts, and energies varied
only slightly. Solvated transition states were verified by slight
distortions followed by energy minimization to the flanking
ground states.

Density-functional theory calculations were performed in
vacuo using the B3LYP hybrid functionals®4% and the 6-31G*
basis set in Jaguar 4.0,%¢ employing default settings through-
out.
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