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Abstract — Monoterpene indole alkaloids comprise a group of naturally occurring
compounds, exhibiting a range of biological activities. These compounds have
attracted great attention because of their interesting biosynthetic route and also as
a challenging target for total synthesis. For such synthetic approach and
structure — activity relationship studies, the knowledge about their absolute
stereostructures is essential. This review summarizes the presently available
results of studies on the determination of the absolute configuration of indole

alkaloids by the use of circular dichroism (CD).

INTRODUCTION

Monoterpene indole alkaloids are a group of naturally occurring compounds which exhibit a range of
biological activities such as vasorelaxant,' antiplasmodial,”* antileishmanial,” antitumor,’ anti-HIV,” and
anti-melanogenic activities.® The compounds of this group have also attracted great attention because of
their interesting biosynthetic route and also as a target for total synthesis. Strychnine, for example, is
considered to be one of the most complex natural products for its molecular size because it possesses 7

fused rings and six asymmetric center.”'’

For the structure - activity relationship studies, biosynthetic
elucidation and also for total synthesis of these monoterpene indole alkaloids, the knowledge or easy
identification of their absolute configuration (AC) is essential. The AC of monoterpene indole alkaloids
have often been determined by the X-ray crystallography, synthetic method, optical rotatory dispersion
(ORD) or circular dichroism (CD) spectroscopy. Of these presently available methods, in this review,

we will summarize the studies on the AC determination of monoterpene indole alkaloids through the use

"Dedicated to Professor Dr. Albert Padwa, Emory University, on the occasion of his 75" birthday.
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of CD spectroscopy. When reports on the use of CD for AC assignment are not available or is quite
limited, but when reports on the use of ORD for the AC assignment are available, the use of ORD will

also be discussed.

17
corynantheine yohimbine heteroyohimbine

Figure 1. Structures of corynantheine, yohimbine and heteroyohimbine skeleton

A. CORYNANTHEINES AND YOHIMBINES

For corynantheines and yohimbines, when the molecules contain indole moeity as the sole chromophore
group, the use of CD [i.e. use of the sign of observed Cotton effect (CE) between 250 and 280 nm] is now
an established method for the determination of C-3 AC. Klyne and coworker'' reported the first attempt
to correlates the ORD and the AC heteroyohimbines but didn’t give a definite conclusion because among
the heteroyohimbines they worked on were those having an o,f-unsaturated ester moiety. Subsequent
reports by Klyne and coworker'” on the ORD of yohimbines and corynantheines, and one by Bartlett and
coworker” on the CD and ORD of yohimbines and its 17-keto derivatives established the correlation
between the AC of C-3 and the sign of the CD CE in the 250 — 280 nm region. The basic skeleton of
corynantheine, yohimbine and heteroyohimbine shown in Figure 1 should show a positive CE when the
configuration of C-3 was § whereas a negative should be observed when it is R. In 1983, Seguin and
coworker'* reported the CD analysis results of several heteroyohimbines with an o,B-unsaturated ester
group (1-6) and their derivatives (7-19) which clearly demonstrated (see Table 1) the need to transform
their o,B-unsaturated ester group into its corresponding non o,3-unsaturated ester derivatives to use the

CE sign in the region of 250 — 280 nm for the determination of the AC.

B. SARPAGINE

When compared with the corynantheine skeleton, the sarpagine skeleton (Figure 2) possessing an
additional ring which is formed by the linkage between C-5 and C-16, has an increased rigidity of the
whole molecule, which is considered to affect the observed CD pattern of the compounds. Blaha and
coworker" investigated the effect of the additional ring on the observed CD and found that the additional
ring only increased the rotatory strength and that it didn’t change the sign of the CE in the longer

wavelength region (the Kauzmann-Eyring effect.'®)
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sarpagine vobasine

Figure 2. Structures of sarpagine and vobasine skeleton

Table 1. Structures and CD data (in methanol)'* of some heteroyohimbines

10-14 15-19
R, R, C-3 C-20 CE R, R, C-3 C-20 | CE*
1 H H S R -) 11 H H S R (+)
2 H OMe S R -) 12 H OMe R R =)
3 OMe | OMe S R (- 13 OMe | OMe S S (+)
4 H OMe R R (+) 14 OMe | OMe R S (-)
5 OMe | OMe S S (-) 15 H OMe S R (+)
6 OMe | OMe R S (-) 16 H H S R (+)
7 H OMe S R (+) 17 H OMe R R =)
8 H H S R (+) 18 OMe | OMe S S (+)
9 H OMe R R -) 19 OMe | OMe R S (-)
10 H OMe S R (+)

*at 250 — 280 nm.

C. VOBASINE

There is no report on the relationship between the CD and the AC of vobasine type (Figure 2), whose
skeleton is related to that of sarpagine but has no bonding between N-4 and C-3 and accordingly have
different rigidity in the molecule. Blaha and coworker'’ investigated the trans-annular interaction
between C-3 and N-4 in the molecule by analyzing the CD data of several vobasine-type alkaloids of

known AC. They found that there is no trans-annular interaction in the analyzed vobasine derivatives.

D. EBURNANE - VINCANE TYPE

As in the case of corynantheine and the yohimbine type compounds, the relationship between the AC of
C-21 and the sign of the CE in the region of 250 — 310 nm has been established for eburnane - vincane
type compounds. An early report on the relationship between ORD and the AC of the eburnane series

by Blaha and coworker'® noted that the CEs in the longer wavelength region (>250 nm) are related to the
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AC of C-21, as in the case of yohimbine type compounds (C-3), whereas the CEs at the shorter
wavelength region (<250 nm) are affected by the configuration of both C-16 and C-21. The relationship
between CD and the AC of C-21 was further confirmed by Snatzke and coworker,” according to which
the CE was positive when C-21 was S and it was negative CE when C-21 was R. Snatzke and
coworker" also noted a strong effect of the C-16 substituents on the CE at about 230 nm: it is positive
when the substituent was o and is negative when the substituent was . One of the latest additions to the
CD of eburnane - vincane alkaloids is by Caccamesse and coworker” who reported the CD of all 8

isomers of vincamine (20-27) in ethanol (Figure 4).

HOA |
MeO,C MeO,C
eburnane - vincane (+)-cis-vincamine (-)-trans-vincamine  (-)-trans-epivincamine  (-)-cis-epivincamine
(20) (21) (22) (23)

(-)-cis-vincamine (+)-trans-vincamine (+)-trans-epivincamine (+)-cis-epivincamine
(24) (25) (26) (27)

Figure 3. Structures of eburnane — vincane skeleton and vincamine diastereomers
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Figure 4. CD of vincamine isomers in ethanol®
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E. IBOGA

*1:22 and also Klyne and coworker® reported the existence of two enantiomeric series

Blaha and coworker
of iboga-type alkaloids. The former showed in 1974, that the CD of iboga-type alkaloids with a
methoxycarbonyl group at C-16, (29) and those with no substituent at C-16 (28) are the same.
Furthermore, they observed that though the sign of the first CE is affected by the substitution pattern of
the indole ring, the signs of the second (around 280 nm), third (230 — 250 nm) and fourth (around 220
nm) CEs for one enantiomeric series are always negative, positive and negative, respectively, and for the
other series a reversed CD profile. They related the observed pattern to the chirality of C-16, i.e. a

negative 2™ CE is to be observed for the 16R enantiomer of 28 and the 165 enantiomer of 29.

iH
CO,Me
iboga (-)-ibogamine (28) (-)-coronaridine (29)

Figure 5. Structures of the iboga skeleton, (-)-ibogamine and (-)-coronaridine

F. INDOLINE AND INDOLENINE

15t series

In 1965, Klyne and coworker reported the correlation between ORD and the AC of some aspidospermine
alkaloids.” They noted that these compounds of 1* series (30 — 33) having 7S configuration showed a
positive CE in the 240 — 290 nm region and those having 7R configuration, a negative CE. In the

compounds of 2" series (34 — 39), the CEs in the 270 — 340 nm region and at around 225 nm were shown
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to correspond to the configuration of C-7 : a positive CE in the 270 — 340 nm region and a negative CE at
around 225 nm for the compounds with 7S configuration. Further studies by Klyne and coworker,”
extended the use of ORD for the AC assignment of N-acylindoline compounds (40 — 43). In these
compounds (40 — 43), though the sign of the CE at a higher wavelength region (above 290 nm) is affected
by the substitution on the indole ring, the signs of the CEs in the 230 — 270 nm region are not, and thus
the CEs in the region of 230 — 270 nm may be usable for the AC assignment. In 40 — 43, a negative CE
followed by a positive one were observed in the region of 230 — 270 nm when the compounds were of the

7R configuration and antipodal curves were observed when the compounds were of the 7S configuration.

Subsequent report by Klyne and coworker® further supports the previously proposed correlation between

the CE signs in the 230 — 270 nm region and the AC of C-7.

CO;Me )
44 45 46

Studies on the ORD of some alkaloids structurally related to quebrachamine (44) related alkaloids by
Klyne and coworker in 1967, show that when the quebrachamine derivatives have no substituent at C-16,
the ORD can be related to the configuration of C-20. However, in C-16 substituted quebrachamines
derivatives such as 45 the ORD (between 210 — 240 nm in particular) is affected by the configuration of
both C-5 and C-16. Klyne and coworker assumed that the change of configuration at C-16 would cause
a conformational change of the 9-membered ring resulting in the changes of the profiles of the observed
ORD.

Recent use of CD for the AC determination of quebrachamine derivative was reported by Takayama and
coworker.”” They assigned the AC of a natural product Kopsiyunnanine D by comparing its CD profile
with those of a synthetic product derived from a compound of known AC.

Cleavamine derivatives are structurally related to quebrachamines. Parish and coworker stated in their
report on the CD of vinblastine type bisindole compounds also of the CD of cleavamine derivatives 47 —

53> They observed that the sign of the first CE (c.a. 276 — 294 nm) can be correlated with the
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configuration of C-14 and that all the C-14S isomers, showed a negative CE.

Table 2. Structures and CD data (in acetonitrile)™ of some cleavamine derivatives

C-14 | C-16 | C-20 | 276 —294 | 232 - 235 | 197 - 210
47| R S S (+) (-) (+)
48| S S R (-) (=) (+)
49| S S S (-) (-) (+)
50| S R R (-) (+) (-)
S1| S R S (-) (+) (-)
52| R R S (+) (+) (-)
53| R R R (+) (+) (-)

H. OXINDOLE

Table 3. Structures and CD data® of some oxindoles

R, R, | C-3|C-7|C-19 | C-20 | 280—310 | 250 —270 | 210 — 230
54| H H S| S S ) &) +)
55| H |OMe| S | R R (+) (&) )
56| OMe |[OMe | S | S R ) ) +)
57| H |OMe| S | R S R (+) ) &)
58| OMe |[OMe | S | S S R @) ) (+)
59| OMe |[OMe | S | S R R ) 0 +)
60| H |[OMe| S | R R R (+) &) =)
61| H H S | R S R (+) ) (&)
62| H [OMe| R | S S S (+) (+) )
63| H [OMe| R | R S S ) (+) +)

The use of CD for the determination of the AC of C-7 of various types of oxindoles is well known.

107

In

1966,” Pousset and coworker reported the study of CD and its relation to the structure of oxindoles.

They noted that the first and fourth CEs (in the ranges of 280 — 310 nm and 210 — 230 nm, respectively)

and the C-7 configuration were correlated in those oxindoles with 3$ configuration (those with 7R
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configuration gave a positive first and a negative fourth CEs). They also noted the relationship between
the sign of the second CE (250 — 270 nm) and the configuration of C-3, and reported that those
compounds where C-3 was R showed a positive CE. The correlation between the observed CD and the
AC of C-7 and C-3 was further supported by a subsequent paper by Beecham and coworker.”® The
study of rhynchophylline type compounds by Beckett and coworker reveals exceptions to the use of the
previously proposed relationships.”’ They observed that in the case of 9-hydroxy and 9-methoxy

oxindole derivatives, the CEs have a different sign to the predicted one.

I. PSEUDOINDOXYL

The first observation of the correlation between the sign of the CD band around 400 nm and the AC of the
spiroindoxyl center (C-2) was reported by Williams and coworkers. In their studies on the biogenesis of
brevianamides A and B,” they noted the relation between the CEs (250 — 400 nm) and the AC of the
spyroindoxyl stereogenic center. Natural brevianamides A and B with an R configuration at the
spyroindoxyl stereogenic center showed a positive CE followed by a negative CE in the region of 250 —
400 nm.”

Subsequent studies on the AC of pseudoindoxyl alkaloids by Takayama and coworker,” reported the
configuration assignment of some mitragynine related pseudoindoxyl alkaloids, i.e. mitragynine
pseudoindoxyl (64), yohimbine pseudoindoxyl (65) and B-yohimbine pseudoindoxyl (66), by chemical
correlation studies using indole alkaloids of known AC. They reported that the CD of the synthesized
pseudoindoxyl compounds having 2§ configuration gave a negative first CE (c.a. 400 nm) and a positive
second CE, and also that the CD of a known pseudoindoxyl compound fluorocarpamine (67),

interestingly, showed a CD curve antipodal to mitragynine pseudoindoxyl (64).

J. 3-HYDROXYOXINDOLE

Compared to the studies on the CD — AC relations of monoterpene indole alkaloids discussed above, the
studies of 3-hydroxyoxindole AC were reported only recently. In 1999, Aimi and coworker reported the
determination of C-7 AC of 3-oxo-7-hydroxy-3,7-secorhynchophylline (68 and 69) by comparing their
CD with the CD of 3-hydroxytryptophan diastereomers of known ACs.** L-Tryptophan derivative with
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3S configuration (71) showed two negative CEs between 260 and 300 nm and a positive CE in the 220 —

260 nm region, whereas the one having 3R configuration (70) gave an entirely antipodal curve.

10 . HO p_,COH HO CO,H
11 5 a3 -
. | NH, | NH,
7N” ~O N~ ~O
H H
70 71

K. BISINDOLE ALKALOIDS

In the case of bisindole alkaloids, having two indole chromophores, their CD curves are expected to have
CEs related to the exciton coupling of the two chromophores. In the case of vinblastine (72) type
bisindole alkaloids (indole — indoline chromophore), the result of the coupling is observed as an intense
split CEs of opposite signs in the region of 200 — 230 nm and the sign of this split CEs may be used for
the determination of the configuration of C-16.2%*°2° 1In the case of bisnicalaterine A (73) (indole —
indole chromophore), the coupling of the two indole chromophores results in the appearance of an intense

split CEs of opposite signs with the split center at 230 nm.>’

L. CIRCULAR DICHROISM CALCULATION AND INDOLE ALKALOIDS ABSOLUTE
CONFIGURATION

CD calculations has been used for the determination of the ACs of natural products for decades, as seen
in the ni-SCF studies of CD by Mason and coworker.” However, its use has been limited until the major
advancements in the CD calculations by time-dependent density functional theory (TDDFT), which
resulted in a good compromise between computational costs and accuracy, in the past decade came to
pass.”** The principle of the determination of the ACs of natural products by CD calculation is
relatively simple. It is basically to compare the calculated and experimental CD spectra to assign the
ACs. If the two data closely match, assignment of higher reliability is to be obtained.

CD calculations generally involve two steps, a conformational analysis to obtain the conformer(s) and the

UV/CD TDDFT calculation of the conformer(s). The conformational analysis is often done by Monte
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Carlo methods using molecular mechanics (MMFF94, etc.) and/or semi-empirical methods (AMI, etc.)
for the relative energy evaluation of the conformers. The obtained conformers are then further
optimized by using density functional theory (DFT) method before submitting it to the TDDFT
calculations of the UV/CD using program such as Gaussian,” TURBOMOLE,” NWChem,”' or Spartan.”
The calculated UV/CD spectra of the conformers are Boltzmann averaged to obtain the UV/CD spectra of
the isomers. The averaged UV spectrum is then shifted to conform to the experimental UV spectrum
and the same shift is also applied to the calculated CD spectra before comparing the calculated CD
spectra with the experimental CD of the natural product.

The accuracy of the TDDFT calculations itself mainly depends on the basis set and functional used for
the calculations. Larger basis set generally increases the accuracy but also increases the computational
time length. In the CD calculations, basis sets with polarization and diffuse functions are commonly
used, for example 6-31G* or aug-cc-pVDZ, whereas the B3LYP functional is commonly used and

performs well in general .

Monoterpene indole alkaloids whose ACs were assigned recently by TDDFT calculated CD include
actinophyllic acid (74),”* schizozygine (75),” isoschizogaline (76),° isoschizogamine (77),°

bisnicalaterines B and C (78 — 79),' alsmaphorazine B (80)”” and eucophylline (81).”
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