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Abstract

Circular dichroism is a powerful tool for establishing the absolute configuration of flavonoids and proanthocyanidin analogues.
It has been utilized to study the configuration of flavanones, dihydroflavonols (3-hydroxyflavanones), flavan-3-ols, flavan-4-ols, fla-
van-3,4-diols, flavans, isoflavans, isoflavanones, pterocarpans, 6a-hydroxypterocarpans, rotenoids, 12a-hydroxyrotenoids, neoflavo-
noids, 3,4-dihydro-4-arylcoumarins, 4-arylflavan-3-ols, auronols, homoisoflavanones, proanthocyanidins, and various classes of
biflavonoids. Results relevant to the correlation of circular dichroic data and the absolute configuration of the diastereoisomers

of some of the above classes of compounds will be discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Plane or linearly polarized light can be viewed as the
vector sum of left and right circularly polarized light of
equal amplitude and phase. When an optically active
medium is traversed by plane polarized light in the
wavelength range in which the chromophore of an opti-
cally active molecule absorbs, the plane of polarization
is rotated at an angle, o, and the optically active matter
absorbs the left and right hand circularly polarized light
differently. The resulting light is therefore elliptically
polarized and the medium exhibits circular dichroism
(CD). If ¢ and ¢, are the molecular extinction coefficients
for the left (I) and right (r) polarized light, respectively,
the difference, known as the differential dichroic absorp-
tion (Ae=¢g — ¢), is a measure of the intensity of the
CD. Molecular ellipticity [@] is related to Ae by a simple
equation: [@] = 3300A¢. (Velluz et al., 1965).

Any optically active compound will exhibit an optical
rotatory dispersion (ORD) curve, which gives the opti-
cal activity (@) in the function of wavelength (4 in
nm). If the compound under investigation has no chro-
mophores that absorb in the wavelength range being
used, the ORD curve is plain or normal, in other words,
the curve does not show any extremum. Anomalous

(1)

Fig. 1. Hexahelicene (1) and (R)-3-methylcyclohexanone (2).

ORD curves, however, exhibit a maximum or a mini-
mum, or both, and are observed when the molecule pos-
sesses an absorption band in the region being
investigated. These anomalous dispersion effects are
known as Cotton effects (CEs) (Crabb¢, 1967a).

The ORD and CD methods permit analogous config-
urational conclusions and the data can be mutually and
directly interchanged. The two curves can be mutually
derived from each other in good approximation by the
Kronig-Kramers transform (Velluz et al.,, 1965).
Although the information obtained by ORD and CD is
essentially identical, ORD curves are more complicated
than CD curves. Since a maximum or minimum in CD
corresponds to two peaks with zero transition in ORD,
smaller Cotton effects may be easily obscured by positive
or negative effects in the region of a strong Cotton effect.

The chromophores of optically active molecules can
be classified into two extreme types, namely, inherently
dissymmetric chromophores and inherently symmetric
chromophores (Moscowitz, 1961) which are asymmetri-
cally perturbed (Crabbé, 1967a,b). The optical activity
of compounds belonging to the first group is inherent
in the geometry of the chromophore, e.g. hexahelicene
(1) (Fig. 1). The optical activity of compounds belonging
to the second group is induced in the chromophore by

ty »

(2)
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its chiral environment, e.g. (R)-3-methylcyclohexanone
(2) (Fig. 1).

The two main uses of ORD and/or CD in natural
product research is for the determination of the absolute
configuration and conformation of a molecule.

Chirality sector rules are formulated for various chro-
mophores and are used to determine the absolute config-
uration if the conformation of a molecule is known or
vice versa. The octant rule (Moffitt et al., 1961) for sat-
urated alkyl ketones and aldehydes was the first sector
rule used, and along with the exciton chirality rule
(Harada and Nakanishi, 1983), remains the most widely
known and most successful of the chirality rules. Sector
rules focus on chromophores and relate the CD Cotton
effect associated with such chromophores to the chirality
of the extrachromophoric environment, the chirality of
the chromophore, or both (Lightner, 2000).

2. Flavonoids

Polyphenols are important secondary metabolites of
plants that can be divided into major classes based on
their carbon skeleton, e.g. flavonoids and phenolic acids.
Flavonoids can be divided into a number of structural
classes according to the oxidation state of the C3 unit.
A large number of flavonoids are known due to the
modification of the C6.C3.C6 skeleton by hydroxyl-
ation, methoxylation, glycosylation, other modifica-
tions, and combinations thereof (Strack, 1997).

Although the absolute configuration of flavonoids
has been elucidated by optical activity and ORD mea-
surements since the early fifties, the more convenient,
and in many cases, easier CD method has become more
popular since the middle sixties (Djerassi, 1967). CD is
now routinely used in the analysis of optically active
flavonoids (Lévai, 1998), e.g. flavanones (Gaffield,
1970), dihydroflavonols (Gaffield, 1970; Nonaka et al.,
1987; Wu et al., 2003), flavan-3-ols (Korver and Wilkins,
1971; Van Rensburg et al., 1999), flavan-4-ols (Snatzke
et al., 1973a), flavan-3,4-diols (Ferreira et al., 2004), fla-
vans (Antus et al., 2001), isoflavans (Versteeg et al.,
1999), isoflavanones (Paiva et al., 1994), pterocarpans
(Szarvas et al., 2000), 6a-hydroxypterocarpans (Van
Aardt et al., 2001), rotenoids (Dewick, 1994), 12a-

hydroxyrotenoids (Tahara et al., 1990), neoflavonoids
(Nonaka and Nishioka, 1982), 3.4-dihydro-4-aryl-
coumarins (Fan et al., 1999), 4-arylflavan-3-ols (Van
der Westhuizen et al., 1981; Van Zyl et al., 1993), auro-
nols (Bekker et al., 2001), homoisoflavanones (Amschler
et al., 1996), proanthocyanidins (Barrett et al., 1979;
Botha et al., 1981a; Calzada et al., 1999), and various
classes of biflavonoids (Mayer, 2004).

The aim of this review is to demonstrate the utility of
CD in the establishment of the absolute configuration
and conformation of the biologically important group
of flavonoids.

3. Flavanones

The flavanones are characterized by two structural
features that are important in determining their absolute
configuration, namely, the absence of the C2-C3 double
bond found in flavones and the presence of the C2 ste-
reocenter. The majority of naturally occurring flava-
nones have the C2-phenyl group in the «-orientation
and is therefore designated as S, e.g. (3) (Bohm, 1998).

Utilization of CD or ORD in conjunction with NMR
spectroscopic data to define the absolute configuration
of flavanones was done by Galffield (1970).

The UV absorptions of flavanones at 270-290 nm
(maximum) and 320-330 nm (inflection) have been as-
signed to the m — 7* and n — ©* acetophenone chromo-
phore transitions, respectively. The modified octant rule
(Snatzke, 1965a), defining the relationship between the
chirality of o,B-unsaturated ketones and the sign of their
high wavelength CE, was extended to aryl ketones (ace-
tophenones) (Snatzke, 1965b). Thus, flavanones with 2S5
configuration possessing a conformation with P-helicity
of the heterocyclic ring and having a C2 equatorial aryl
group [Figs. 2 and 4(a); Gaffield, 1970] will exhibit a po-
sitive CE at the n — m* absorption band and a negative
CE at the ©1 — ©n* absorption band.

The advantage of using the n — ©* absorption band
for configurational assignment is that the sign of this
transition is independent on the substitution pattern of
the aromatic ring system (Snatzke et al.,, 1973a),
although it must be remembered that the n — m*
transition at longer wavelength tends to diminish with

Fig. 2. (2S)-flavanones (3).



2180 D. Slade et al. | Phytochemistry 66 (2005) 2177-2215

(4)oboflavanone A (25) %

(5)oboflavanone B (2R) % = '

Fig. 3. Oboflavanone A (4) and oboflavanone B (5).

(25)-Flavanone

(2R)-Dihydroflavonol

(2R)-Flavanone

(25)-Dihydroflavonol

Fig. 4. Hetero-ring conformations (helicities) of the two enantiomeric flavanones and diastereomeric dihydroflavonols with equatorial C2-aryl

groups.

increasing amounts of the opposite enantiomers (Gaf-
field, 1970; Li et al., 2002).

The large coupling constant (J,3) between H2 and
H3(ax) of the heterocyclic ring indicates that all natural
flavanones are in the thermodynamically favored con-
formation with the C2-aryl group equatorial (Fig. 2;
Clark-Lewis, 1968). This implies that all laevorotatory

Table 1
Configurational assignment at C2 of oboflavanone A (4) and
oboflavanone B (5) using CD data

Compound CE (nm) Configuration at C2
n— ¥ n — m*

Oboflavanone A (4) 290 — 334 + S)

Oboflavanone B(5) 290 + 334 — (R

flavanones possess a 2S configuration (Antus et al.,
1994; Garo et al., 1998).

A good example of the use of this information can be
found in the identification of oboflavanone A (4) and
oboflavanone B (5) (Fig. 3 and Table 1; Dumontet
et al., 2004).

4. Dihydroflavonols (3-hydroxyflavanones)

Dihydroflavonols are intermediates in the biosyn-
thetic pathway to flavonols and anthocyanidins via fla-
van-3,4-diols. They possess chiral centers at C2 and
C3, and therefore have four possible stereoisomers.
The (2R,3R) isomer is the most common in nature,
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Table 2
Dihydroflavonol C2 and C3-geometry and configuration
NMR:J,5 Result CE atn — n* Result  Absolute
(ca. 300-340 nm) configuration
trans (2R,3R) or  Positive 2R (2R,3R)
(28,35) Negative 28 (28.,35)
cis (2R,3S) or  Positive 2R (2R,3S)
(2S,3R) Negative 28 (2S,3R)

but there are cases where all four isomers co-occur
(Nonaka et al., 1987; Bohm, 1998).

The assignment of absolute configuration to
dihydroflavonols proceeds in two steps. The first step
is to identify the relative configuration of the C2 and
C3 substituents from NMR coupling constants (J53)
as either trans or cis. For the trans-isomers, the ther-
modynamically more stable conformation is when H2
and H3 are diaxial and therefore the absolute configu-
ration has to be (2R,3R) or (25,3S5). In the cis config-
uration, the thermodynamically more stable
conformation is when H2 is axial and H3 is equatorial,
and therefore the absolute configuration has to be
(2R,3S) or (2S,3R). In the second step, CD data is used
to determine the absolute configuration at C2. A posi-
tive n — n* CE at high wavelength (ca. 300-340 nm)
indicates a 2R configuration and a negative n — ©t*
CE indicates a 2S configuration (Table 2; Gaffield,
1970). As for the flavanones, it should be emphasized
that the sign of the n — n* transition depends on the
helicity of the heterocyclic ring, which, in conjunction
with the relative configuration and the equatorial ori-
entation of the C2-aryl group, establishes the absolute
configuration.

It should further be emphasized that (2R,3R)-
dihydroflavonols and (2S)-flavanones are homochiral
due to a change in the Cahn-Ingold-Prelog priority
when going from H at C3 in the flavanones to OH in
the dihydroflavonols. The fact that (2R,3R)-dihydro-

(6) phellodensin-A

Table 3
Configurational assignment at C2 and C3 of phellodensin-A (6) and
phellodensin-C (7) using '"H NMR and CD data

Compound NMR:J,5 CE atn— n* (ca. Absolute

300 and 340 nm)  configuration
Phellodensin A (6) trans Positive (2R3R)
Phellodensin C (7) trans Positive (2R3R)

flavonols and (2S)-flavanones indeed have the same het-
ero-ring helicities and thus similar signs of their n — r*
transition CEs is demonstrated in Fig. 4.

The CEs due to the positive n — n* transitions in
their CD spectra were used in the determination of the
absolute configuration of phellodensin-A (6) and phello-
densin-C (7) (Fig. 5 and Table 3; Wu et al., 2003) as both
being (2R,3R).

5. Flavan-3-ols
5.1. Introduction

The chroman chromophore (8) (Fig. 6) is present in
various naturally occurring O-heterocycles. The chro-
man derivatives belong to the benzene chromophores
with a chiral second sphere. The achiral benzene A-ring
chromophore is chirally perturbed by the fused chiral O-
heterocyclic ring (second sphere) and the substituents of
the heterocyclic ring (third sphere). This gives rise to the
observed CEs at ca. 260-280 nm ('L, band) and ca. 200~
240 nm ('L, band). The chirality (conformation) of the
heterocyclic ring can be deduced from the CD spectrum
if the relationship between the helicity of the nonaro-
matic ring and the sign of the 'Ly, band CD is known.
The absolute configuration can then be assigned from
NMR spectroscopic experiments that give the relative
configuration between the substituents at the chiral
centers.

OH

(7) phellodensin-C

Fig. 5. Phellodensin-A (6) and phellodensin-C (7).
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P-helicity = negative 'L, band

AN
Y

3

P-helicity = positive 'L, band

8 1 3

s

M-helicity = positive 'L band

chroman (8)

R 8 1 3
7| AU )l( . A
el / o 3 \XZ/

R 5 :

M-helicity = negative 'L, band

CHj,: tetralin (9)
X = 9 NH: tetrahydroisoquinoline (10)

O: isochroman (11)

8 ! 3

R

3

P-helicity = positive 'L, band

NV A

M-helicity = negative 'L, band

1,4-benzodioxan (12)

Fig. 6. Helicity rule or sign of the second sphere contribution to the 'L, band CD. The arrow (black) indicates the direction of projection. R=H or

O-alkyl.

A helicity rule for the benzene chromophore of chiral
tetralin (9), tetrahydroisoquinoline (10) (Snatzke and
Ho, 1971), isochroman (11) (Antus et al., 1983) and
1,4-benzodioxan (12) (Antus et al., 1991) derivatives
was developed and can be formulated as follows: if there
is no pseudoaxial substituent at the benzylic C4 and the
benzene A-ring is not further substituted, P-helicity of
the hetero-ring (half-chair conformation) leads to a po-
sitive and M-helicity to a negative CE within the 'L,
band (Fig. 6). Sector rules were developed for third
sphere contributions, namely, the nonaromatic ring sub-
stituents (Luche et al., 1972; Dornhege and Snatzke,
1970; Schulte and Snatzke, 1989; Hagishita and Kuriy-
ama, 1982).

In homochiral compounds the signs of the second
and third sphere contributions to the 'Ly band CE de-
pend on the substitution pattern of the benzene ring
(Snatzke et al., 1972, 1973b). The “spectroscopic mo-
ments” (¢) of different achiral substituents, whose signs
and magnitudes have been investigated (Platt, 1949,
1951; Petruska, 1961), can be used to explain the change
in sign of the 'L, band CE together with the electric
transition moment vector (u = Zg), which is the sum of
the spectroscopic moments (Fig. 7).

It is therefore clear that as a first step it has to be
determined which form of Snatzke’s helicity rule is valid
for these chromophores, and since the benzene rings are

substituted in most of these natural products, the influ-
ence of the achiral substituents on the chiroptical prop-
erties also has to be determined for each chromophore
to apply their CD correctly for configurational
assignment.

Antus et al. (2001) reported that methoxy and/or hy-
droxyl groups at C2, C3, C5 and/or C7 do not change
the chroman helicity rule, so that substituted chroman
derivatives can also be analyzed using this technique.

Simple aromatic compounds usually show three ma-
jor electronic transitions: two strong absorption bands
at ca. 180-190 and 200-240 nm, and a weak transition,
usually showing considerable fine structure, at ca. 260—
280 nm (Table 4). The weak 'L, transition at ca. 260—
280 nm is formally forbidden in symmetrical aromatic
compounds, but in any dissymmetric aromatic system,
the m — ©* transition will become optically active
(Crabbé, 1967b).

Flavan-3-ols (catechins), e.g. (17), have two aromatic
chromophores, namely, the benzene A- and B-rings,
with the absorption bands of these chromophores found
at ca. 280 nm ('Ly, transition) and ca. 240 nm ('L, tran-
sition). The presence of two aromatic chromophores
gives two bands in each region (Korver and Wilkins,
1971). The flavan-3-ols have two stereocenters and
therefore four possible diastereomers, namely, (2R,3S)-
2,3-trans, (2S,3R)-2,3-trans, (2R,3R)-2,3-cis, and



D. Slade et al. | Phytochemistry 66 (2005) 2177-2215 2183

(15)X =0, Y = CH,
(16) X = CH,, Y =NH

(13) P-helicity = positive 'L, band

Y

P-helicity = negative 1Lb band

X \Y Y

y/) X/\\\/

=2q
P-helicity = negative 1Lb band

Fig. 7. Platt polarization diagrams for the 'L, band. The small (blue) arrows are the spectroscopic moment vectors (¢) and the bigger (green) arrows
are the electric transition moment vectors (), namely, the translation of the electron charge during the transition. (a) Tetralins (13) having no
substituent on the aromatic ring, (b) 6-substituted tetralins (14) (R=H or alkyl), and (c) chroman (15) (X=0, Y=CH,) and tetrahydroisoquinoline
(16) (X=CH,, Y=NH) chromophores without substituents on the aromatic ring.

Table 4
The first three UV absorption bands of aromatic systems

Wavelength (nm) Band

260-280 o

200-240 P

180-190 B

IAHIB

(28,35)-2,3-cis exist. According to Snatzke et al.
(1973b), the A-ring chromophore forms the first sphere,
the heterocyclic C-ring forms the second sphere, and the

B-ring chromophore and the C3-substituent form the
third sphere.

5.2. The 'Ly, transition

The C-ring (second sphere) of flavan-3-ols (17) is
the closest chiral sphere to the A-ring chromophore
(first sphere), and therefore determines not only the
sign of the CE within each absorption band, but also
a significant part of the magnitude. The sign of the
CE of the aromatic A-ring is determined by the
chirality of the heterocyclic C-ring, with the absolute
configuration at C3 having only a minor influence,
which is similar to the situation found for tetralins
(Dornhege and Snatzke, 1970). The chirality of the
C-ring is determined by the preference of the C2-aryl
B-ring for an equatorial position as established by
NMR spectroscopic analysis (Fig. 8; Clark-Lewis,
1968).

The CD spectra of flavan-3-ols (17) should therefore
be explicable in terms of the helicity rules proposed for
the chroman (3,4-dihydro-2H-pyran) ring system.



2184 D. Slade et al. | Phytochemistry 66 (2005) 2177-2215

OH

a7

E-conformer E-conformer
P-helicity = negative 'Ly, band M-helicity = positive 'Ly, band
R'=OH, R? = H: (2R,3R)-2,3-cis R' = OH, R? = H: (25,35)-2,3-cis
R' = H, R? = OH: (2R,3S)-2,3-trans R' = H, R?> = OH: (25,3R)-2,3-trans

A-conformer A-conformer
M-helicity = positive 'L, band P-helicity = negative 'L, band
R'=H, R?> = OH: (2R,3R)-2,3-cis R' = H, R% = OH: (25,3S)-2,3-cis
R!' = OH, R? = H: (2R,3S)-2,3-trans R! = OH, R? = H: (25,3R)-2,3-trans

Fig. 8. P- and M-helicity of the chroman C-ring of flavan-3-ols (17). Projection is in the direction of the arrow. The wedge represents the plane of the

benzenoid A-ring.

trans-Flavan-3-ols

P-helicity of the C-ring with its preferred half-chair/C2- | . z:;z;

sofa conformation (Porter et al., 1986) should lead to

positive CEs within the 'Ly, transition, and M-helicity 6000

to negative CEs (Snatzke et al., 1973b) as was recorded 4000 -

for a series of tetralin derivatives (Dornhege and Sna-

tzke, 1970). Flavan-3-ols with 2R and 2S absolute con- 2000 -

figuration, respectively, display P- and M-helicity, _

respectively (Fig. 8). @ 0= w
However, CD data (Korver and Wilkins, 1971; Van 2000

Rensburg et al., 1999) indicates that 2R and 2S absolute L

configurations give rise to negative and positive CEs, ~4000 - L

respectively, for chromophore A in the 'L, region (Figs.

9 and 10; Table 5). This result is opposite to that found -6000220 ™

for the tetralins, which conforms to the helicity rules. A
possible reason for this might be the loss of C,, symme-

260 280 300 320
A [nm]

try in going from the tetralin to the chroman chromo- Fig. 9. CD spectra of trans-flavan-3-ols.
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(28,39)
——————— (2R,3R) .
cis-Flavan-3-ols
12000
8000 -
4000 A
S 0 =<A— : : ————
-4000 A
-8000 -
-12000 -
220 240 260 280 300 320
A [nm]
Fig. 10. CD spectra of cis-flavan-3-ols.
Table 5
Flavan-3-ol C2- and C3-geometry and configuration
CE at 'Ly Result Helicity NMR:/; 3 Absolute
(ca. 280 nm) configuration
Negative 2R P trans (2R,3S)
cis (2R,3R)
Positive 28 M trans (2S,3R)
cis (2S5,39)

phore. An n — ©* transition from the p,-orbital of the
C-ring oxygen to the n*-orbital of the A-ring might also
contribute to the inversion of the rule (Korver and Wil-
kins, 1971).

The A-conformation for 2,3-cis-flavan-3-ols is a rela-
tively stable conformation which leads to a reduced
amplitude of the long wavelength CE due to the inver-
sion of helicity in going from an E- to an A-conforma-
tion (Figs. 8 and 10; Van Rensburg et al., 1999).

OH

Table 6

Flavan-3-ol CEs

Absolute NMR:J,5 Helicity CE L. CE at 'L,
configuration (ca. 240 nm)  (ca. 280 nm)
(2R,3S) trans P Positive Negative
(2R,3R) cis P Negative Negative
(2S,3R) trans M Negative Positive
(28.,39) cis M Positive Positive

5.3. The 'L, transition

The (2R,3S)- and (2S,3R)-trans enantiomers have
CEs of opposite sign and the (2R,3R)- and (2S,3S)-cis
enantiomers have CEs of the same sign for the 'L, tran-
sition (ca. 240 nm) as compared to the 'Ly, transition (ca.
280 nm). Positive and negative CEs in the 240 nm region
seem to indicate 3S and 3R absolute configurations,
respectively (Table 6; Figs. 9 and 10). Exceptions to this
rule occur when the A-ring is devoid of hydroxylation
(Van Rensburg et al., 1999).

A new flavan-3-ol glucoside was isolated from barley
(Hordeum vulgare L.) and identified as (2R,3S)-catechin-
7-0-B-p-glucopyranoside (18) using NMR, FAB-MS,
UV and CD. A J,; coupling constant of 7.4 Hz con-
firmed a 2,3-trans configuration and a negative CE at
280 nm indicated a 2R configuration (Fig. 11; Friedrich
and Galensa, 2002).

6. Flavan-4-ols
6.1. 2,4-cis-Flavan-4-ols

The NMR spectra and respective J, 4 coupling con-
stants of (+)-(2R,4R)-4-aminoflavan hydrochloride
(19), (+)-(2R,4R)-4-acetamidoflavan (20) (Bognar
et al., 1970), and (2R, 4 R)-flavan-4-ol benzoate (21) (Bolger
et al., 1966) established their relative configurations as
cis (Fig. 12) with the dihydropyran C-ring having either
a half-chair or a sofa conformation.

OH

OH

(18)

Fig. 11. (2R,3S)-catechin-7-O-B-p-glucopyranoside (18).
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NH,'HCI: (+)-(2R,4R)-4-aminoflavan hydrochloride (19)
R= NHAc: (+)-(2R,4R)-4-acetamidoflavan (20)
OBz: (2R,4R)-flavan-4-ol benzoate (21)

Fig. 12. (2R, 4R)-cis-flavans (19-21).

With a half-chair conformation of the C-ring (Fig.
13), C4-OH would be forced into the unfavorable -
equatorial (pseudo-equatorial) position (H2 and H4
diaxial), while in the other possible half-chair conforma-
tion, the C2-phenyl group has to adopt the equally unfa-
vorable axial position (H2 and H4 diequatorial). The
boat conformation can also be discarded by conforma-
tional analysis. In the sofa conformation, C4-OH is ori-
ented in such a way that peri-interaction is avoided, and
therefore the sofa conformation seems more probable
than the half-chair conformation (Fig. 14; Snatzke
et al., 1973a).

The CE of tetralins and tetrahydroisoquinolines can
be interpreted by differentiating between second- and
third-sphere contributions, the former generally being

/%\

ey

""E-conformer"

a\

"E-conformer"'

OH

P-helicity = negative 'L, band
(25.45)-2,4-cis

M-helicity = positive 'L, band
(2R4R)-2,4-cis

Ph H
Hq//<\ o 45
of / - \(/ OH

H

""A-conformer"
coniorme’ "A-conformer"

P-helicity = negative 'L, band
(2RAR)-24-cis

M-helicity = positive 'L, band
(25,48)-2,4-cis

Fig. 14. Sofa conformations for 2,4-cis-flavan-4-ols.

stronger than the latter (Dornhege and Snatzke, 1970;
Barry et al., 1971; Luche et al., 1972; Snatzke and Ho,
1971; Snatzke et al., 1972). Tetralin and tetrahydroiso-
quinoline derivatives without A-ring substitution have
positive CEs for both the 'L, and 'Ly, transitions if the
chiral C-ring has P-helicity. For derivatives with A-ring
substitution, the same rule may apply, or the inverse
may hold, depending on the substitution pattern.
Flavonoids, in contrast to the tetralins and tetrahy-
droisoquinolines that use two carbons, utilize one

E-conformer
P-helicity = negative 'Ly, band
(25,48)-2,4-cis

A-conformer
P-helicity = negative 'Ly, band
(2R,AR)-2,4-cis

E-conformer
M-helicity = positive 'L;, band
(2R,AR)-2,4-cis

A-conformer

M-helicity = positive 'Ly, band

(28,45)-2,4-cis

Fig. 13. Half-chair conformations for 2,4-cis-flavan-4-ols. The green arrows indicate peri-interactions.
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oxygen and one carbon to connect the chiral C-ring to
the benzene A-ring. Also, with a sofa conformation,
the chirality of the second sphere is no longer as strong
as for tetralins and tetrahydroisoquinolines with their
half-chair conformations. The second-sphere contribu-
tions of the CE will thus be smaller, and with the chiral
C4-OH next to the A-ring chromophore, third-sphere
contributions may become even stronger (Snatzke
et al., 1973a).

The (2R,4R)-cis diastereomer is expected to have a
negative second-sphere contribution for the chroman
(A-ring) chromophore when the sofa conformation is
assumed (Fig. 14). The contribution of the C-ring chro-
mophore, which depends strongly on its preferred con-
formation, to the CD is expected to be one or two
orders of magnitude smaller, although it can still con-
tribute like any other substituent to the third-sphere ef-
fects for the A-ring chromophore.

It was experimentally found that epimerization at C4
changes the sign of the 'Ly, band and therefore it can be
assumed that C, is a good approximation for the sym-
metry of the chroman molecule and that the plane of

—_
)
~
\

OH

(22)
(2RAR)-2,4-cis

(24)
(2RAR)-2,4~cis

the benzene A-ring is a nodal plane. The (2R,4R)-cis dia-
stereomer (22) is expected to have a positive contribu-
tion from C4-OH for the CEs in both the 'L, and 'L,
bands (Fig. 15). For the 'L, band and with a sofa con-
formation of the chiral ring, the influence of the second-
sphere is much smaller than that of the C4-OH group
next to the A-ring chromophore, i.c., the third-sphere
contribution (Snatzke et al., 1973a).

Although the second-sphere contributions are smaller
than that of the third-sphere, the helicity rule for the cis-
enantiomers is the same as that for the flavan-3-ols (Ta-
bles 6 and 7) and inverse to the rule for the tetralins.

Antus et al. (2001) treated the 2,4-cis enantiomers as
having a half-chair conformation (Fig. 13) with their
helicity governed by the equatorial orientation of the
C2-phenyl group, but came to the same conclusion:
P-/M-helicity of the O-heterocyclic ring in the chroman
chromophore is reflected by a negative/positive CE
within the 'L, band transition of the benzene ring when
the O-heterocyclic ring adopts a half-chair conformation
and there is no substituent on the fused aromatic ring
(Table 7).

23)
(2R AS)-2,4-trans

OH
(25)
(2R AS)-2,4-trans

Fig. 15. Sector rule for third-sphere contributions to the (a) 'Ly, (22-23) and (b) 'L, bands (24-25).

Table 7
Flavan-4-ol CEs

Absolute configuration NMR:/Jo4 Helicity CE 'L, (ca. 240 nm) CE at 'Ly, (ca. 280 nm)
(2R4R) cis M Positive Positive

(28.,4S) cis P Negative Negative

(2R 4S) trans M Negative Negative

(2S.4R) trans P Positive Positive
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E-conformer E-conformer

P-helicity = positive 'L, band
(2S,4R)-2,4-trans

M-helicity = negative 'Ly, band
(2R AS)-2,4-trans

A-conformer

A-conformer

P-helicity = positive 'L, band
(2R AS)-2,4-trans

M-helicity = negative 'L, band
(2S,4R)-2,4-trans

Fig. 16. Half-chair conformations for 2,4-trans-flavan-4-ols.

conformation. The absolute value of the rotational
strength of the more reliably measurable 'Ly band is
practically the same for the two epimers (2R,4R)-2,4-
cis-flavan-4-ol (22/24) and (2R,4S)-2,4-trans-flavan-4-ol
(23/25). It can therefore be concluded that the dihydro-
pyran C-ring of the trans-compounds prefers the sofa
conformation with C2 out of the plane of the benzene
A-ring, although the half-chair conformation could
not be excluded totally (Snatzke et al., 1973a).

Antus et al. (2001) concluded that the 2,4-trans-fla-
van-4-ols follows a different rule to that of the 2.4-cis-
flavan-4-ols (half-chair/sofa conformation) (Figs. 13
° ° and 14) due to the axial C4-OH that forces the O-het-
/ erocyclic ring into a flat sofa conformation (Fig. 17)
which makes the chiral third-sphere (substituent at C4)
contribution overrule the second one (helicity of the

6.2. 2,4-trans-Flavan-4-ols

NMR spectroscopic analysis indicates that 2,4-trans-
flavan-4-ols have either a half-chair (Fig. 16) or a sofa
conformation (Fig. 17); conformational analysis cannot
differentiate between these two forms. Second-sphere
helicity and third-sphere contribution of the C4-OH
group for the (2R,4S5)-2,4-trans enantiomers (23/25)
(Fig. 15) are both predicted to show negative CEs in
the 'L, and 'L, bands for the half-chair and the sofa

Lk OH Q N
Ph K\ / ph:&K/\OH

’ \

H

E-conformer
P-helicity = positive 'L, band
(2S,4R)-2 4-trans

A-conformer
P-helicity = positive 'L, band
(2R A4S)-2,4-trans

1
2R
ax.
H

E-conformer
M-helicity = negative 'L, band
(2R AS)-2.,4-trans

OH
=
B J H

A-conformer

M-helicity = negative 'L, band
(2S,4R)-2 4-trans

Fig. 17. Sofa conformations for 2,4-trans-flavan-4-ols.

O-heterocyclic ring). Thus, P-/M-helicity is reflected by
a positive/negative CE within the 'L, band transition
of the benzene ring when the O-heterocyclic ring adopts
a sofa conformation and there is no substituent on the
fused aromatic ring (Fig. 17 and Table 7).

The CD data for three flavan-4-ols is tabulated in
Table 8 (Fig. 15; Snatzke et al., 1973a).

Table 8

CD spectra data of flavan-4-ols. Solvent: acetonitrile

Flavan-4-ol Amax(Ae)

(2R4R)-cis 283 (+1.22), 276 (+1.28), 227 (+2.23)

(2R,AS)-trans
(2S,4R)-trans

282 (=1.17), 276 (=1.17), 226 (~7.62)
282 (+1.44), 276 (+1.41), 226 (+0.80)
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7. Flavan-3,4-diols 2,3-cis-3,4-cis analogues allow assignment of the
relative  configurations via  appropriate NOE

The flavan-3,4-diols and flavan-3-ols are the bioge- experiments.

netic precursors to the proanthocyanidins (condensed

tannins) (Ferreira et al., 1999). The majority of flavan- 7.1. The 'L, transition

3,4-diols have been isolated from the bark or wood of

Acacia species (Haslam, 1982). The 'L, band of C-ring substituted flavans at ca.
The relative configuration of flavan-3,4-diols (26) is 280 nm is usually exploited for configurational assign-

readily accessable from the J,; values of their ment since it is less prone to mixing with other transi-

C-ring three-bond proton coupling constants (Clark- tions or overlapping than the 'L, band at shorter

Lewis et al.,, 1964). Small but significant differences wavelengths (Antus et al., 2001). The sign and a sub-

in the coupling constants of 2,3-cis-3,4-trans and stantial part of the magnitude of the CE within each

C2/C3  C3/C4 2 C3 Cc4 R R? R’ R*  Helicity

cis cis R R R OH H H OH P
trans trans R S R H OH H OH P
cis trans R R S OH H OH H P
trans cis R S S H OH OH H P

C2/C3  C3/C4 C2 €3 C4 R! R? R3 R*  Helicity

cis cis S S N OH H H OH M
trans trans S R S H OH H OH M
cis trans S S R OH H OH H M
trans cis S R R H OH OH H M

Fig. 18. Half-chair conformations for flavan-3,4-diols (26).
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(2S,3R,4S)
,,,,,,, (2R,3S,4R)
2,3-trans-3,4-trans -Flavan-3,4-diols
70000
35000 A
@0 ; ———— = e
-35000 A
-70000
220 240 260 280 300 320
A [nm]

Fig. 19. CD spectra of 2,3-trans-3,4-trans-flavan-3,4-diols.

(2S,35,4R)
,,,,,,, (2R,3R,4S)
2,3-cis-3,4-trans -Flavan-3,4-diols
10000
5000 A
8 07 X oormenl A o
-5000 - e
-10000
220 240 260 280 300 320

A [nm]

Fig. 20. CD spectra of 2,3-cis-3,4-trans-flavan-3,4-diols.

Table 9
Flavan-3,4-diol CEs

absorption band are determined by the chiral sphere
closest to the A-ring chromophore, i.c., the C-ring of
the flavan-3,4-diols. Accordingly, the absolute configu-
ration at C3 will have a minor influence on the sign of
the CE of this transition. Thus, the spectra of flavan-
3,4-diols with their chiral second-sphere (C-ring) and
the preference of the B-ring for an equatorial orienta-
tion, should be explicable in terms of the “inversed”
helicity rules proposed for the dihydropyran ring system
(Korver and Wilkins, 1971; Nel et al., 1999; Van Rens-
burg et al., 1999; Snatzke et al., 1973a; Majer et al.,
1995; Antus et al., 2001). P-Helicity (2R configuration)
of the C-ring with its preferred half-chair/C2-sofa con-
formation (Clark-Lewis et al., 1964; Porter et al.,
1986) should lead to negative CEs within the 'Ly, transi-
tion, and M-helicity (2S configuration) to positive ones
(Figs. 18-20; Table 9).

The E-conformer of the all-trans analogues, namely,
(2R,3S,4R)- and (2S,3R,495)-2,3-trans-3,4-trans-flavan-
3,4-diol, experiences allylic strain between C4-OH
and HS5. This results in a conformational change to
alleviate the strain and leads to a relatively stable
inversed half-chair/C2 sofa A-conformation (Porter
et al., 1986) with M- as opposed to P-helicity for the
2 R-all-trans-flavan-3,4-diols, and vice versa for the 2.5
analogues (Fig. 21). The net effect of the conforma-
tional change is a reduced amplitude of the 'L, CE
for the all-trans analogues compared to, e.g., the 2,3-
trans-3,4-cis analogues.

The A-conformer of the 2,4-cis-diaxial analogues,
namely, (2R,3R,4R)- and (2S,35,4S)-2,3-cis-3,4-cis-fla-
van-3,4-diol, and (2R,3S5,4R)- and (2S,3R45S5)-2,3-
trans-3,4-trans-flavan-3,4-diol, may be stabilized via
hydrogen bonding between C4-OH and the aromatic
B-ring (Fig. 22). Once C4-OH is derivatized, hydrogen
bonding and hence stabilization of an A-conformer are
eliminated and the amplitude of the 'L, band CE in-
creases relative to that of the 'L, transition (Ferreira
et al., 2004).

The E-conformer of the all-cis analogues, namely,
(2R,3R4R)- and (2S8,35,45)-2,3-cis-3,4-cis-flavan-3,4-
diol, is stabilized by hydrogen bonding between the axial
C3-OH and the O-heteroatom of the C-ring (Fig. 23;
Clark-Lewis and Williams, 1967).

CE at 'Ly, (ca. 280 nm) Helicity C2 NMR:J, 5 C3 NMR:J; 4 C4 Absolute configuration
Positive M S cis S cis 48 28,3548
trans 4R 2S5,3S,4R
trans R cis 4R 2S,3R,4R
trans 45 2S5,3RAS
Negative P R cis R cis 4R 2R,3R,4R
trans 48 2R,3R A4S
trans S cis 4S5 2R3S54S
trans 4R 2R,35,4R
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E-conformer
P-helicity = negative 'L;, band
(2R,3S,4R)-2,3-trans-3,4-trans

A-conformer
P-helicity = negative 'L, band
(2S,3R,45)-2,3-trans-3,4-trans

E-conformer
M-helicity = positive 'L;, band
(25,3R,45)-2,3-trans-3,4-trans

A-conformer
M-helicity = positive 'L;, band
(2R,3S5,4R)-2,3-trans-3,4-trans

Fig. 21. A-conformer half-chair conformations for all-trans-flavan-3,4-diols.

Hydrogen bonding

A-conformer

P-helicity = negative 'L;, band
R! = H, R? = OH: (25,3S,4S)-2,3-cis-3,4-cis

R! = OH, R? = H: (2S,3R.45)-2,3-trans-3,4-trans

Hydrogen bonding

A-conformer
M-helicity = positive 'L, band
R!' = H, R? = OH: (2R,3R,4R)-2,3-cis-3,4-cis
R! = OH, R? = H: (2R,3S,4R)-2,3-trans-3 A-trans

Fig. 22. A-conformation 2,4-cis-diaxial hydrogen bonding.

7.2. The 'L, transition

Ferreira et al. (2004) reported that the sign of the 'L,
CE (ca. 240 nm) is the same as that for the 'L, CE (ca.
280 nm) for the all-trans-, all-cis- and 2,3-cis-3,4-trans-
flavan-3,4-diols, except for the tetraacetate derivative of
(+)-mopanol A. The sign of the 'L, CE (ca. 240 nm) seems

to be opposite to the 'L, CE (ca. 280 nm) for the 2,3-trans-
3,4-cis-flavan-3,4-diols, except for 2,3-trans,3,4-cis-leuco-
cyanidin. It was also concluded that the CEs of the
compounds under investigation did not consistently obey
the DeAngelis—Wildman aromatic quadrant rule for cor-
relating the 'L, CE sign with the absolute C4 configura-
tion (DeAngelis and Wildman, 1969).
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%

&)

E-conformer E-conformer
M-helicity = positive 'Ly, band

(28,35,4S5)-2,3-cis-3,4-cis

P-helicity = negative 'L, band
(2R,3R 4R)-2,3-cis-3,4-cis

Fig. 23. E-conformation all-cis hydrogen bonding.

8. Flavans

Only a few flavans (27) have been reported to occur
naturally, probably due to the fact that they are not
readily visible on chromatograms and they have simple
spectroscopic features compared to most other flavo-
noid classes (Bohm, 1998).

Flavans arise from a double reduction of a flavanone.
Many flavans co-occur with the flavanone of identical
substitution pattern. ORD and CD studies have re-
vealed that all natural flavans have the 2S absolute con-
figuration, as would be expected from the flavanone
origin. Many of the natural flavans are listed as racemic
due to a rotation of zero at 589 nm. The low specific
rotation of flavans makes this a precarious assumption
and their configuration can only be elucidated by study-
ing their full CD data (Porter, 1988).

Antus et al. (2001) established that flavans have a
half-chair conformation with the C2-phenyl group equa-
torial and that they follow the by now familiar rule of
P-/M-helicity of the O-heterocyclic ring in the chroman

e

S

27

E-conformer E-conformer

P-helicity = negative 'L, band M-helicity = positive 'L, band

Fig. 24. Flavan (27) P- and M-helicity.

Table 10
Flavan CEs
CE at 'L, (ca. 280 nm) Helicity Absolute configuration
Positive M (2R)
Negative P 29)
OH
© (28)
HO
(0}
—OH
HO

Fig. 25. (25)-5,7,4'-trihydroxyflavan 5-O-B-p-xyloside (28).

chromophore leading to negative/positive CEs within
the 'L, band. This implies that a negative 'L, CE is
the result of 2S absolute configuration and a positive
'Ly, band the result of 2R absolute configuration (Fig.
24; Table 10).

The flavan glycoside (28), isolated from Buckleya
lanceolata Miq. leaves, was reported by Sashida et al.
(1976) and its absolute 2 configuration determined by
CD spectroscopy (Fig. 25).

9. Isoflavans

Equol (7,4’-dihydroxyisoflavan), whose configuration
was established as 3S (Kurosawa et al., 1968), is possibly
the only flavonoid that was first obtained as an animal
metabolite (Wong, 1975). Isoflavans (29) from plant ori-
gin always have an oxygen at C2’ and they almost never
have oxygenation at C5 (Bohm, 1998).

Optical rotation measurements alone are not suffi-
cient to assign absolute configuration to isoflavans.
(3S)-isoflavans exhibit a negative CE in the 260-
300 nm region of their ORD curves, but ORD and
NMR measurements are markedly influenced by the
preferred conformation of the molecule in solution
(Kurosawa et al., 1978).

The favored conformation of the O-heterocyclic ring
of isoflavans is expected to be the half-chair form, as for
most other flavonoids and by analogy with cyclohexene
and based on the minimization of torsional strain (Fig.
26). It is, however, not possible to state if the E- or A-
conformer is of lower free energy, since the axial C3-
phenyl (A-conformer) does not result in the familiar
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/
H
ax.
eq—.— H
eq.

P-helicity = positive 'Ly band / negative 'L, band
R!= H, R2 = Ph: 3R - E-conformer
R! = Ph, R? = H: 35 - A-conformer

(29)

Fig. 26. Half-chair conformations for isoflavans (29).

destabilizing 1,3-diaxial interactions of axially substi-
tuted cyclohexane and cyclohexene systems (Eliel
et al., 1965). The vicinal coupling constants (J,3 and
J34) for the isoflavans are, however, consistent with
the values expected from the half-chair conformation
(Emsley et al., 1968) with the C3-phenyl group equato-
rial (Kurosawa et al., 1968).

When using chiroptical methods for the establish-
ment of absolute configuration of isoflavonoids, care
should be taken to avoid problems caused by solvational
effects upon the observed optical activity. The effects can
be explained in terms of solvational and/or conforma-
tional equilibrium changes (Verbit and Clark-Lewis,
1968) and the problem can be alleviated by using the
same solvent system for all the compounds under
investigation.

Plain ORD curves above ca. 325 nm have been used
to identify the absolute configuration of isoflavans
(Suginome, 1966), but this has led to incorrect assign-
ment of C3 configuration. ORD curves in the region
of electronic absorption, however, gives a different pic-
ture (Verbit and Clark-Lewis, 1968), because the sign
of the CE is a more accurate indicator of absolute con-
figuration than the sign of the plain dispersion curve
(Crabbeg, 1965).

A study of the available ORD and CD data of isofl-
avans (Kurosawa et al., 1968, 1978; Verbit and Clark-
Lewis, 1968; Donnelly et al., 1973; Woodward, 1980;
Yahara et al., 1985; Clark-Lewis, 1962; Quaglia et al.,
1991; Clark-Lewis et al., 1965; Hamburger et al., 1988;
Versteeg et al., 1999) revealed that they follow an inverse
helicity rule for the chroman chromophore compared to
the flavonoids discussed thus far. This means that P-/ M-

2193
3R
(0]
H~~Y
eq.
ax.
H
M-helicity = negative 'L, band / positive 'L, band
R! = H, R? = Ph: 3§ - E-conformer
R' = Ph, R?2 = H: 3R - A-conformer
Table 11
Isoflavan CEs
CE at 'Ly, CE at 'L, Helicity Absolute
(ca. 260-320 nm) (ca. 220-260 nm) configuration
Positive Negative P 3R
Negative Positive M (35)

helicity of the O-heterocyclic ring results in positive/neg-
ative CEs in the 'Ly, transition region (260-320 nm) and
negative/positive CEs in the 'L, transition region (220—
260 nm) (Fig. 26 and Table 11).

Although this rule is helpful in assigning absolute
configuration to isoflavans, 2’,6’-disubstitution of the
B-ring leads to different conformations of the O-hetero-
cyclic ring due to steric effects (Fig. 27) and therefore to
atypical ORD and CD curves (Wong, 1975). The NMR
spectra of these compounds also reflect this conforma-
tional effect (Pelter and Amenechi, 1969).

3R - E-conformer

(6}

\

P-helicity = negative 'L, band P-helicity = positive 'L, band

Fig. 27. Conformation of 2’,6’-disubstituted isoflavans.
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Versteeg et al. (1999) synthesized six isoflavans and
their enantiomers (31a/b-36a/b), and used authentic
3S- and 3R-vestitol (30a and 30b) derivatives to estab-
lish the absolute configuration at C3 of the synthetic
isoflavans (Fig. 28). (3S)-isoflavans with oxygenation
at both the A- and B-rings (34a, 35a and 36a) display
positive and negative CEs in the 240 ('L,) and 270
280 nm ('Ly) regions, respectively, and conversely for
the 3R-enantiomers (34b, 35b and 36b) (Fig. 29). The

R4 o)

R3

2
b%z‘ (3R) R

Compound R! R? R? R*
30a/b OH H OMe OH
31a/b H H OMe H
32a/b H OMe OMe H
33a/b OMe H OMe H
34a/b H H OMe OMe
35a/b OMe H H OMe
36a/b OMe H OMe OMe

Fig. 28. Synthetic isoflavans (31a/b-36alb).

(3S)
——————— (3R)
Isoflavans
15000
10000 A
5000 -
9 e
0 L s T
25000 {
-10000
230 250 270 290
A [nm]

Fig. 29. CD spectra of isoflavans with oxygenation at both the A- and
B-rings.

(3S)
,,,,,,, (3R) Isoflavans

6000

3000 -

@

0 ' ' |
-3000
228 248 268 288
A [nm]

Fig. 30. CD spectra of 7-deoxy isoflavans with mono- and di-
oxygenation on the B-ring.

7-deoxy 3S-isoflavans with mono- (31a) and di-oxygen-
ation (32a and 33a) on the B-ring displayed negative
CEs in both the 230-240 ('L,) and 270-290 nm ('Ly) re-
gions, and conversely for the 3R-enantiomers (31b, 32b
and 33b) (Fig. 30).

10. Isoflavanones

(3R)-Sophorol (2',7-dihydroxy-4',5’-methylenedi-
oxyisoflavanone) was for many years the only natural
optically active isoflavanone (37) known. Since racemi-
zation may occur under mild conditions, it was assumed
that extraction and purification techniques were respon-
sible for the observed isolation of optically inactive
forms (Dewick, 1982). They show absorption at 200—
240 and 260-300nm (t— n*) and 320-352 nm
(n — ©*). A disproportionate number of the natural
isoflavanones possess oxygenation at C2’ (Wong, 1975).

CD data is essential to assign absolute configuration
to isoflavanones (Dewick, 1994). The octant rule modi-
fied for the cyclic arylketones (Snatzke, 1965a) predicts
a positive CE for the n — n* carbonyl transition for
(3R)-isoflavanones with the B-ring in the favored equa-
torial position (Fig. 31). The equatorial orientation of
the B-ring can be verified by NMR spectroscopic analy-
sis with the coupling constant between the trans-diaxial
H2g and H3 of ca. 11 Hz (Galeffi et al., 1997). Although
assignments have been made using other absorption re-
gions (Russell, 1997; Yahara et al., 1989), e.g., 'L,, 'Ly
and © — ¥, they seem to contradict each other and it is
advisable to only use the n — n* carbonyl transition for
assignments (Table 12).

Galeffi et al. (1997) used CD to establish the absolute
configuration of two prenylated isoflavanones (38 and
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E-conformer

E-conformer

3R = negative 'L, and positive n— n* band 3§ => positive 'L, and negative n— m* band

Fig. 31. Sofa conformations for isoflavanones (37).

Table 12
Isoflavanone CEs

Absolute configuration CE at n — ©* (ca. 320-352 nm)

(3R) Positive
39) Negative

OR?

OMe

R! = H, R? = Me: Pervilleanone (38)
R! = Me, R? = Me: Dimethyl pervilleanone (39)

Fig. 32. Pervilleanone (38) and dimethyl pervilleanone (39).

39) as 3R using the n — ©* carbonyl absorption band
(Fig. 32).

11. Pterocarpans

Pterocarpans (40), 6a-hydroxypterocarpans (41) (Fig.
33), rotenoids (42), and 12a-hydroxyrotenoids (43) (Fig.
34) are members of the tetracyclic isoflavonoid subgroup
of flavonoids (Bohm, 1998).

11.1. Pterocarpans

Pterocarpans contain two chiral centers, but only the
(6aR,11aR)-cis and (6aS,11aS)-cis configurations are
found in nature (Dewick, 1982, 1994; Szarvas et al.,
2000). The trans-fused B/C-ring system (45) has been
synthesized in racemic form (Van Aardt et al., 2001).
It is accepted that all laevorotatory pterocarpans have
the (6aR,11aR) absolute configuration, and dextrorota-
tory ones the (6aS,11aS) configuration (Wong, 1975;
Dewick, 1982, 1988, 1994).

The preference in nature for the cis configuration
over the trans has been established by computational

Pterocarpans (40)

6a-Hydroxypterocarpans (41)

Fig. 33. Pterocarpans (40) and 6a-hydroxypterocarpans (41).
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Rotenoids (42)

o

Dehydrorotenoids (44)

Fig. 34. Rotenoids (42), 12a-hydroxyrotenoids (43) and dehydrorotenoids (44).

studies that prove that a trans-fused B/C-ring system is
energetically less favorable than the cis-fused system
(Schoning and Friedrichsen, 1989). Although two
strain-free conformations can exist, the preferred one
is that in which the pyran B-ring approximates to a
half-chair with the D-ring quasi-equatorial, making
H6pg quasi-axial and H6, quasi-equatorial (Fig. 35;
Friedrichsen and Schéning, 1990). In other words, the
preferred conformation is a 6a,1la-di-pseudo-axially
substituted arrangement with the B-ring in a half-chair
form, giving a truly staggered conformation along the
C6-Coa axis. This served as confirmation of what had

earlier been found through the study of 'H NMR
coupling constants (Pachler and Underwood, 1967).

The UV spectra of simple pterocarpans generally dis-
play a major peak at ca. 285-310 nm and a smaller band
at ca. 280-287 nm, while their ORD spectra show multi-
ple CEs in the 250-350 nm region, which may also be
used to assign absolute configuration (Cook et al.,
1978).

The chroman (A- plus B-ring) and 2,3-dihydroben-
zo[blfuran (C- plus D-ring) chirally perturbed achiral
chromophores are concurrently present in the cis annu-
lated pterocarpans. The CD bands of these compounds

Fig. 35. (—)-(6aR,11aR)-cis-pterocarpans (40). The dashed (red) line indicates steric interaction between pseudo-axially O11 and peri-standing H1.

(a) Lower and (b) higher energy conformation.
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are assigned as follows: 'L, at ca. 220240 nm, 'L, at ca.
260-310 nm, and 'B, at ca. 200 nm. Positive/negative
"Ly/'L, CEs of the major bands indicates (6aR,11aR)
configuration, and vice versa for (6aS,11aS). The 'L,
band may split or have a shoulder with smaller intensity
at shorter wavelength, which may be attributed to the
'L, band contribution of the 2,3-dihydrobenzo[b]furan
chromophore. The exciton coupled interaction between
the 'Ly, bands of the chirally perturbed chroman and
2,3-dihydrobenzo[b]furan chromophores can, however,
be excluded (Antus et al., 2001).

The chroman ring is the dominant chromophore in
the pterocarpans as indicated by the high intensity of
the 'Ly, band. The sign of the low energy/high wave-
length 'Ly, band reflects the helicity of the second-sphere
(B-ring), while the high energy/low wavelength 'L, band
possibly reflects the contribution of the third-sphere (C-

(@)

2197

and D-ring). The benzylic C-ring oxygen (O11) is pseu-
do-axially oriented (Fig. 35) to avoid steric interaction
with the peri-hydrogen at C1. A substituent in a pseu-
do-axial position at the benzylic atom gives rise to sign
inversion in both the 'L, and 'L, CD bands of the chro-
man chromophore. Therefore, the positive 'L, band and
the negative 'L, band correlate with P-helicity of the B-
ring in all naturally occurring (—)-(6aR,11aR)-cis-ptero-
carpans (Fig. 36). The CD features of pterocarpans are
determined by these bands and can be used unequivo-
cally for their absolute configurational assignment, since
different substitution patterns of the aromatic A-ring do
not alter the sign of the 'Ly, band of the chiral chroman
chromophore (Antus et al., 2001).

Thus, due to the pseudo-axial substituents at benzylic
position (Clla in the chroman and Cé6a in the 2,3-dihy-
drobenzo[b]furan moiety), both chromophores show

Coa

M-helicity = negative 'L, band and negative 'L, band

Fig. 36. Helicity of (—)-(6aR,11aR)-cis-pterocarpans (40). (a) P-Helicity (indicated by the red arrow) of the chroman chromophore. Newman
projection viewing along the O5-C6 axis (indicated in blue). (b) M-helicity (indicated by the red arrow) of the 2,3-dihydrobenzo[b]furan
chromophore. Newman projection viewing along the O11-Cl1a axis (indicated in blue).
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anomalous behavior in cis-pterocarpans. The helicity
rules for cis-pterocarpans are therefore opposite to those
observed for isolated chroman (Antus et al., 1994) and
2,3-dihydrobenzo[b]furan (Kurtan et al., 2000) chro-
mophores bearing no axial benzylic substituents (Table
13; Kiss et al., 2003).

The '"H NMR coupling constants between H6a and
Hlla (ca. 13.4 Hz) prove the trans diaxial orientation
of these protons and the equatorial orientation of O11
and C7a (Van Aardt et al., 2001) in (6aS,11aR)-trans-
pterocarpans (45). Consequently, there are no axial sub-
stituents to influence resolutely the CD properties of the

Table 13

cis-Pterocarpan CEs

Chroman chromophore 2,3-Dihydrobenzo[b]furan
chromophore

CE at 'L, (ca. 220-250 nm) [o]p  Absolute configuration

CE at 'L, (ca. 260-310 nm)  Helicity ~ CE at 'L, (ca. 260-310 nm)  Helicity

Positive P Negative M Negative — (6aR,11aR)
Negative M Positive P Positive + (6aS,11a8)
(0]
(a) /\/ \ )
| 6as
/ //////1
11aR .
(0)
H6
ax.|
Cda eq.
k Cé6a He

M-helicity = positive 'L,

(0]
(b)
7,
11aR /III' |/\
O |\/
Hy (45)
6aS o axH 1 1 a

& C10a e
11aR n c6 Cla

M-helicity = positive 1Lb

Fig. 37. Helicity of (—)-(6aS,11aR)-trans-pterocarpans (45). (a) M-helicity (indicated by the red arrow) of the chroman chromophore. Newman
projection viewing along the O5-C6 axis (indicated in blue). (b) M-helicity (indicated by the red arrow) of the 2,3-dihydrobenzo[b]furan
chromophore. Newman projection viewing along the O11-Cl1a axis (indicated in blue).
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Table 14
trans-Pterocarpan CEs

Chroman chromophore 2,3-Dihydrobenzo[b]furan chromophore [elp Absolute configuration
CE at 'L, (ca. 260-310 nm) Helicity CE at 'Ly (ca. 260-310 nm) Helicity

Positive M Positive M + (6aS,11aR)

Negative P Negative P — (6aR,11aS)
unnatural (6aS,11aR)-trans-pterocarpans (Fig. 37). Table 15

Therefore, the original helicity rules of the isolated chro- 6a-Hydroxypterocarpan CEs

mophores are valid: positive 1Lb band corresponds to CE at 'L, CEat 'L, (ca. Helicity [o]p Absolute

M-helicity in both the five- and six-membered O-het-
ero-ring chromophores, namely, the C- and B-ring,
respectively.

In summary, the chiral second spheres, namely, the
helicities of the O-heterocyclic rings, determine the sign
of the characteristic CD bands of (6aS,l11aR)-trans-
pterocarpans. This implies that M-helicity of both the
chroman and the 2,3-dihydrobenzo[b]furan chromo-
phore leads to a positive 'Ly band (Table 14; Kiss
et al., 2003).

11.2. 6a-Hydroxypterocarpans

As with cis-pterocarpans, the optical activity of cis-
6a-hydroxypterocarpans can be correlated with absolute

(a)

(-)-(6aR,11aR)-cis
(40)
(b)

(-)-(6aS,11aS8)-cis
41

6aS

ms
N \
OH((X)

Vl

C7a(ﬁ> 01 1

(ca. 270-300 nm) 220-250 nm) configuration

Negative Positive P + (6aR,11aR)-cis
Positive Negative M — (6aS,11aS)-cis
Negative Negative M + (6aS,11aR)-trans
Positive Positive P — (6aR,11a8)-trans

configuration. Laevorotatory compounds, thus, have
the (6aS,11aS)-cis configuration and dextrorotatory
compounds the (6aR,11aR)-cis configuration (Table
15; Figs. 38 and 39; Dewick, 1994).

For trans-6a-hydroxypterocarpans (45 and 46), how-
ever, an inversion of configuration compared to ptero-
carpans occurs: laevorotatory compounds have
(6aR,11aS)-trans configuration (46) and dextrorotatory

(+)-(6aS,11aS)-cis
Enantiomer of (40)

(+)-(6aR,11aR)-cis
Enantiomer of (41)

ax. P N
6/\<il(m Hg
P/
/

5
(0] - 11aR

Fig. 38. (a) cis-Pterocarpans [(40) and enantiomer of (40)] and (b) cis-6a-hydroxypterocarpans [(41) and enantiomer of (41)].
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(+)-(6aR, 1 1aR)
...... (-)-(6aS,11aS)

cis -6a-Hydroxypterocarpans
30000

20000
10000 A

[©]
=

10000 { .
20000

-30000

230 250 270 290 310
A [nm]

Fig. 39. CD spectra of cis-6a-hydroxypterocarpans.

compounds (6aS,11aR)-trans configuration (45) (Table
15; Figs. 40 and 41; Van Aardt et al., 2001).

The protons of the hetero-ring of cis- and trans-6a-
hydroxypterocarpans resonate in the '"H NMR spectra

(a)

(-)-(6aR,11aS)-trans
Enantiomer of (45)

(b)

(+)-(6aS,11aR)-trans
Enantiomer of (46)

— (-)(6aR,11a8S)
...... (+)-(6aS,11aR)

trans -6a-Hydroxypterocarpans
1250 Y P P

750 A

250

|

= 250

=750

-1250
200 220 240 260 280 300

A [nm]

Fig. 41. CD spectra of trans-6a-hydroxypterocarpans.

as a geminal AB-system and as broadened singlets for
C6a—OH. Shielding of Hl1la in the frans-isomer relative
to the cis-isomer results from the fact that Hlla is axi-
ally oriented relative to the aromatic A- and D-rings

(+)-(6aS,11aR)-trans
(45)

(-)-(6aR,11aS)-trans

(46)

\ eq. D-ring
- - - —
2 CTaqy

\

\
\
q.

Fig. 40. (a) trans-Pterocarpans [(45) and enantiomer of (45)] and (b) frans-6a-hydroxypterocarpans [(46) and enantiomer of (46)].
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Table 16
Rotenoid CEs
NMR: 6H1 B/C-ring fusion [«lp CE at m—n* (ca. 300-330 nm) CE at n — ©n* (ca. 348-360 nm) Absolute configuration
6.6-6.8 cis + Positive Negative (6aR,12aR)
- Negative Positive (6aS,12a8)
7.6-7.9 trans + Negative Positive (6aS,12aR)
— Positive Negative (6aR,12a8)
Table 17
12a-Hydroxyrotenoid CEs
NMR: 6H1 B/C-ring fusion [«]p CE at m—m#(ca. 300-330 nm) CE at n — 7* (ca. 348-360 nm) Absolute configuration
6.6-6.8 cis + Positive Negative (6aS,12a8)
— Negative Positive (6aR,12aR)
7.6-7.9 trans + Negative Positive (6aR,12a8)
— Positive Negative (6aS,12aR)
in the former isomer (Fig. 40). NOESY interactions be- 12. Rotenoids
tween C6a—OH and Hl1l1a in the cis-isomer (Fig. 38) are
absent in the trans-isomer (Fig. 40), indicating the trans- Rotenoids are a class of isoflavonoids that arises in
B/C-ring geometry (Van Aardt et al., 2001). nature by oxidative cyclization of a 2’-methoxyisoflav-

one. They are characterized by the inclusion of an extra
carbon atom (C12) into an additional heterocyclic ring
(ring C) and are subdivided into three major types

0 0 according to oxidation levels in the rotenoid ring
system, namely rotenoids (42), 12a-hydroxyrotenoids
Ph
(48)
OH
o) o) Ph OH
OH
(53)
Ph Ph
OH
49) (50)
RO 0o OH
(0]
Ph Ph
(51) (52)

(4

Fig. 42. C6.C3.C6 4-arylchroman skeleton (47), 3,4-dihydro-4-aryl-
coumarins (48), 4-arylchromans (49), 4-arylflavan-3-ols (50), dalbergi- Fig. 43. Phenylpropanoid-substituted flavan-3-ols. 5,7,8-Trisubsti-
ones (51), and dalbergiquinols (52). tuted compounds (53) and 5,6,7-trisubstituted compounds (54).
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OH

OH

(@

(b)

HO

Fig. 44. NOESY interaction (blue dashed line) between H7” and H2’
in neoflavonoids (55). (a) (7”S)-neoflavonoid and (b) (7"R)-
neoflavonoid.

(rotenolones) (43) and dehydrorotenoids (44) (Fig. 34;
Dewick, 1994).

The absolute configurations of almost all of the
known natural rotenoids are the same as those found
in (—)-rotenone, i.e., cis-(6aS,12aS) (Dewick, 1994;
Djerassi et al., 1961; Biichi et al., 1961). The root bark
of Piscidia erythrina yielded the first known rotenoid
possessing a cis-(6aR,12aR) absolute configuration,
namely (+)-erythynone (Tahara et al., 1990).

Natural rotenoids have the thermodynamically
favored cis-fused B/C-ring system, indicated by the

o)
C
OH
(28,35,45)
(56)
o)
OH
OH
(28,35,45)
(87)
o)
OH
HO OH
(28,35,4R)
(58)

Fig. 45. Cahn-Ingold-Prelog priorities for 4-arylflavan-3-ols (56-58).

Table 18
4-Arylflavan-3-ol CEs
C2 NMR: J; 3 NMR: J34 CE [220-240 nm)] Helicity C4-aryl Absolute configuration
S cis cis Negative M Above (25,35,4S)
trans Negative Below (25,35,4R)
trans cis Negative Below (2S,3R4R)
trans Positive Above (2S,3R4S)
R cis cis Positive P Below (2R,3RA4R)
trans Positive Above (2R,3R4S)
trans cis Positive Above (2R,35,4S)
trans Negative Below (2R,3S.4R)
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chemical shift of H1 at 6 6.6-6.8 in CDCls;, acetone-dj,
acetonitrile-d; and benzene-ds, at 6 6.4 in DMSO-dg
and at ¢ 7.3 in pyridine-ds (Crombie and Lown, 1961,
1962; Carlson et al., 1973; Oberholzer et al., 1974).
The B- and C-ring conformations implied by these cou-
pling constants are appropriately described with dihe-
dral angles of 65° and 55°, estimated from a Dreiding
model (Kostova et al., 1991) and confirmed by X-ray
studies, which confirmed the predominance of this con-
former, as well as the bent nature of the molecule result-
ing from the cis-B/C-ring fusion (Begley et al., 1975).

Natural rotenoids without substituents at C12 have
cis-fused B/C ring systems, but when a hydroxyl group
is present at C12, both cis and trans geometry may occur
(Yenesew et al., 2003).

The unnatural trans-fused system has been synthe-
sized by 1,4-reduction of dehydrorotenoids with DIBAL
yielding (%)-trans-isorotenone, the configuration of
which was confirmed by X-ray crystallography (Begley
et al., 1989). The trans-B/C series is characterized by
the strongly deshielded H1 at ¢ 7.6-7.9 in CDCl;, ace-
tone-dg and methanol-d,, and at 6 8.2-8.5 in pyridine-
ds (Crombie and Lown, 1961, 1962; Unai et al., 1973).
If the A-ring has no methoxy substituents, the chemical
shift of H1 is moved down-field to § 8.33 in CDCl; (San-
tos et al., 1998), 8.2 in DMSO-dg and 8.65 in acetone-dg
(Shawl et al., 1988). There are two possible conformers
with a trans-B/C ring junction as defined by the relative
configuration of Héa to the two C6 protons, in which
Ho6a can be equatorial or axial (Yenesew et al., 1998).

R]

C2/C3 C3/c4 C2 C3 Cc4 R! R? R3 R*  Helicity
cis cis R Ph P
trans trans R Ph P
cis trans R H P
trans cis R H P

Ph-.

C2/C3 C3/C4 C2 C3 C4 R! R? R3 R*  Helicity
cis cis S S S OH H H Ph M
trans trans S R S H OH H Ph M
cis trans S S R OH H Ph H M
trans cis S R R H OH Ph H M

Fig. 46. Half-chair conformation for 4-arylflavan-3-ols.
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Newman: C2-C3 Newman: C3-C4

Jo J
23 (28)-4-arylflavan-3-ols 34
M-helicity
H H
Ph._-~_ o0l Ph s
2,3-trans-3,4-trans o4
HO™ c4 HO 2
H H
9.0-10.6 Hz 7.5-94Hz
H H
Ph._—~_Ol H
@ 2,3-trans-3,4-cis —C5a
~N
H Ph
8.0-10.0 Hz 50-6.5Hz
OH H
Ph._-_o01 Ph_
2,3-cis-3,4-trans H
- ~N
H C4 c2” 7~ "OH
H C5a
1.0-2.4 Hz 1.9-40Hz
OH H
Ph._—L_OI H
@ 2,3-cis-3,4-cis Ph
- ~N
H C4 27 —""oH
H C5a
1.0-2.4Hz 1.9-40Hz

Fig. 47. Couplings constants (J>3 and J34) for 4-arylflavan-3-ols.
Newman projections for (25)-4-arylflavan-3-ols (M-helicity).

A 1,2-trans-diaxial relationship is identified by a large
coupling constant (J~ 11-12 Hz) between H6a and
one of the C6 protons (Fukami and Nakajima, 1971).
Once the B/C-ring fusion is established as either cis or
trans by "H NMR spectroscopic analysis, CD data can be
used to determine the absolute configurations at C6a and
Cl12a (Ollis et al., 1967; Lami et al., 1990; Tahara et al.,

- +

Fig. 49. Aromatic quadrant rule.

1990; Yenesew et al., 1998). Due to the presence of several
chromophores with relatively strong absorption in the
360-190 nm range, the CD spectra of rotenoids show
multiple CEs. The longer wavelength CE around
350 nm arising from n — 7* transition of the acetophe-
none chromophore and the CE around 320 nm, associ-
ated with longest wavelength aromatic w— m*
transition of ring A, are used to establish absolute config-
uration (Tables 16 and 17; Kostova et al., 1991).

2,3-cis-3,4-trans

2,3-cis-3,4-cis

Fig. 48. NMR interactions for 2,3-cis-3,4-trans-isomers: secondary couplings of H2 and H4 with aromatic protons and interaction between H2-axial

and C4-phenyl-quasi-axial (indicated in blue).
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13. Neoflavonoids

The neoflavonoids are a group of C;s naturally
occurring compounds having a C6.C3.C6 4-arylchro-
man skeleton (47). They are closely related in structure
and biogenetics to the flavonoids and isoflavonoids
(Fig. 42, Donnelly and Boland, 1994).

The chiral analogues can be subdivided into the fol-
lowing groups: 3,4-dihydro-4-arylcoumarins (48), 4-
arylchromans (49), 4-arylflavan-3-ols (50), and acyclic
neoflavonoids like (51) and (52) (Fig. 42).

13.1. 3,4-Dihydro-4-arylcoumarins

A series of phenylpropanoid-substituted flavan-3-ols,
e.g., (53) and (54), have been isolated from different
sources (Fig. 43; Nonaka and Nishioka, 1982; Foo,
1987, 1989; Chen et al., 1993; Fan et al., 1999). Accord-

ing to Chen et al. (1993), the absolute configuration of
the C7” methine carbon of the 5,7,8-trisubstituted com-
pounds can be established by considering the NOESY
interaction between H7” and H2' of the (2R)-flavan-3-ol
unit, which is only present when the absolute configura-
tion of C7” is S, with H7” in an o position (Fig. 44). CD
can then be used to establish the absolute configuration
of other similar compounds. Phenylpropanoid-substi-
tuted flavan-3-ols with 7S configuration will display
negative CEs at ca. 225-234 and 275-284 nm and a po-
sitive CE at 250-255nm, and vice versa for 7'R
compounds.

13.2. 4-Arylflavan-3-ols
The first 4-arylflavan-3-ol was isolated from the di-

meric fraction of the succulent, Nelia meyeri (Kolodziej,
1983, 1984).

C2/C3 C3/C4 R3 R* Helicity
cis cis H Ph P
trans trans H Ph P
cis trans Ph H P
trans cis Ph H P

C2/C3 C3/c4 €2 C3 Cc4 R! R? R3 R*  Helicity
cis cis S S S OH H H Ph M
trans trans S R S H OH H Ph M
cis trans S N R OH H Ph H M
trans cis S R R H OH Ph H M

Fig. 50. Sofa conformation for 4-arylflavan-3-ols.
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Stereoselective condensation at C4 of flavan-3,4-diols
of known absolute configuration with phloroglucinol
and resorcinol proceeds at ambient temperatures with
either partial or complete retention of configuration
for the 2,3-trans-isomers and with inversion for 2,3-cis
isomers (Botha et al., 1978). The CD spectra of the
resultant 2,3-trans- and 2,3-cis-4-arylflavan-3-ols are
dominated by multiple CEs contributed by the
C4-aryl chromophore when compared to the CEs of
flavan-3-ols.

The CD curves of the methyl ether 3-acetates of the
synthesized 4-arylflavan-3-ols showed that CEs due to
chirality at C2 and C3 are completely dominated by
the multiple high amplitude CEs of the C4-aryl chromo-
phore (220-240 nm). A positive CE indicates a quasi-
axial (extending above the plane of the fused A-ring)
C4-aryl group, and a negative CE indicates a quasi-
equatorial (extending below the plane of the fused A-
ring) C4-aryl group (Table 18).

Care has to be taken with assignment of R and S
absolute configuration at C4, since substituents on the
D-ring influences the CIP priorities (Figs. 45 and 46;
Cahn et al., 1956, 1966).

The 'H NMR coupling constants of the heterocyclic
protons of the methyl ether 3-acetates of the 4-arylfla-
van-3-ols vary considerably, but are, with exceptions,
consistent with the relative configuration for 2,3-trans-
3,4-trans- (Jo3 9.0-10.6, J3 4 7.5-9.4 Hz) and 2,3-trans-
3,4-cis- (Jo3 8.0-10.0, J34 5.0-6.5 Hz) analogues (Fig.
47, Baig et al., 1969a,b; Clark-Lewis et al., 1964). The
2,3-cis-3,4-trans-isomers (J3 1.0-2.4, J34 1.9-4.0 Hz)
are distinguished from their 2,3-cis-3,4-cis-counterparts
by NOE experiments and by extensive secondary cou-
plings of H2 and H4 with aromatic protons, and by
strong interaction between the C2-axial proton and
C4-quasi-axial phenyl groups (Fig. 48; Botha et al.,
1981b).

CD data of methyl ether 3-acetates of 2,3-cis-3,4-
cis-4-arylflavan-3-ols and the catechin-4o-phloroglu-
cinol analogue with abnormal coupling constants
(J23 6.5, J34 5.5 Hz) exhibit inverse CEs to the above
mentioned rule (Table 18; Van der Westhuizen et al.,
1981). This indicates that deviations from the normal
dihedral angles between substituents on the heterocy-
clic ring, and therefore from the expected half-chair
conformations, significantly influences the sign of the
CE. The aromatic quadrant rule (Fig. 49; DeAngelis
and Wildman, 1969) can be used to explain the
observed inversion of CEs. Substituents in the upper
left and lower right quadrants make positive contribu-
tions to the 220-240 nm band and substituents in the
upper right and lower left quadrants make a negative
contribution. The Cé4-aryl is attached directly to the
chiral center and will therefore contribute the major
part of the sign of the high-intensity low-wavelength
CE.

Half-chair (Fig. 46) and sofa (Fig. 50) preferred
conformations of the heterocyclic rings of 2,3-trans-
3,4-trans-, 2,3-trans-3,4-cis-, and 2,3-cis-3,4-trans-4-aryl-
flavan-3-ols results in a correct correlation between the

OH

Ar
B (56) B

AN A
A /

Ar

Ar

Positive CE
(2R,3S,45)-2,3-trans-3,4-cis
(2R,3R.45)-2,3-cis-3,4-trans

(28,3R,45)-2,3-trans-3,4-trans

Negative CE
(28,3R,4R)-2,3-trans-3,4-cis
(25,3S,4R)-2,3-cis-3,4-trans

(2R,3S5,4R)-2,3-trans-3,4-trans

Fig. 51. The aromatic quadrant rule for 2,3-trans-3,4-trans-, 2,3-trans-
3,4-cis-, and 2,3-cis-3,4-trans-4-arylflavan-3-ols.

B
A N
Ar
i
Positive CE
R' = OAc, R? = H: (2R ,35,4R)-2,3-trans-3 4-trans
R! = H, R? = OAc: (2R,3R,4R)-2,3-cis-3 4-cis
Ar B
Ar
H— 0 R /
AcO 3 Ar
Negative CE
H H

(25,35,485)-2,3-cis-3,4-cis

Fig. 52. Boat-conformations for 2,3-cis-3,4-cis-4-arylflavan-3-ols and
the abnormal catechin-4a-phloroglucinol analogue.
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sign of the high-amplitude CE and the sign of the aro-
matic quadrant of C4-aryl (Fig. 51).

For 2,3-cis-3,4-cis-4-arylflavan-3-ols and the abnor-
mal catechin-4a-phloroglucinol analogue, the predicted
and experimental CEs were originally correlated for
boat-conformations (Fig. 52) (see also below for
A < E conformational itinerary). The compounds
requiring a boat-conformation all have a 5-methoxysub-
stituent, reducing the non-bonding interaction between
the C4-aryl and 5-methoxy groups, and between C3-
acetyl and both C2- and Cé4-aryl groups (Van der
Westhuizen et al., 1981).

The sign of the CE of 4-arylflavan-3-ols is principally
determined by the spatial orientation and conformation
of the O-heterocycle, and therefore minor deviations in
orientation near the chiral centre may largely influence
the amplitude and sign of the CE.

The enantiomeric hexamethyl ether 3-acetate of all-
trans-4-arylflavan-3-ols (59) and (60) (Figs. 53 and 54)
exhibit coupling constants of heterocyclic protons (J 3
5.5, J34 4.5 Hz) characteristic of 5-oxygenated ana-
logues with a C4-resorcinol-type substituent (Steynberg
et al., 1988a,b,c, 1989; Van der Westhuizen et al.,
1981; Botha et al., 1981b; Clark-Lewis, 1968; Fletcher

E-conformer

H
o1 Ph
C4 OAc
H
H
Ph
C5a
C2 OAc
H
B
A /
Ar

Newman: C2-C3

Newman: C3-C4

(59)

OMe
OMe
OMe
OMe A-conformer
O3
eq.
Ph

C4
Ol Ph
AcO H
H
H
Ph
H
C2 OAc
C5a
B
A+
- Ar

Fig. 53. Hexamethyl ether 3-acetate of (2R,3S,4R)-2,3-trans-3,4-trans-4-arylflavan-3-ol (59).
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OMe

OMe

E-conformer

(60) A-conformer

H
Ph 01
AcO C4
H
H
Ph
C5a
AcO C2
H
B
+ Ar\
A

Fig. 54. Hexamethyl ether 3-acetate of (2S,3R,4S)-2,3-trans-3,4-trans-4-arylflavan-3-ol (60).

et al., 1977; Weinges et al., 1970). The small J-values re-
flect significant contributions of A-conformers, thereby
reducing the dihedral angles of heterocyclic protons
(Figs. 53 and 54; Porter et al., 1986). This may explain
the reversal of the sign of the low-wavelength CE for
these compounds, that is, a positive CE (Fig. 53) and
a negative CE (Fig. 54), compared to the inverse effects
predicted by the aromatic quadrant rule.
Conformational analysis of a series of 4-(2,4-dihydr-
oxyphenyl)-5- oxyflavan-3-ols derivatives revealed that
while the 2.4-trans-analogues displayed '"H NMR cou-
pling constants expected for the relative configuration

Newman: C2-C3

Newman: C3-C4

C4
Ph 01
H OAc
H
H
Ph
H
AcO C2
C5a
B
+ Ar
A+

of the C-ring, coupling constants for analogues with a
2,4-cis-arrangement are abnormal (Steynberg et al.,
1991). This also leads to a reversal of the CEs in the
230-240 nm region compared to the predicted aromatic
quadrant rule CEs for half-chair/sofa conformations of
the C-ring. Although this can be explained using boat
conformations of the C-ring, the high strain-energy
associated with this leads to the consideration of signif-
icant A-conformer contributions. The A-conformer
represents a half-chair/sofa conformation for the pyran
C-ring in which the C2-aryl group has an axial in stead
of the normal equatorial orientation (Fig. 55). This mu-
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OMe

OMe

E-conformer

~Phg,

~Phg,

OAc

2,3-trans-3,4-trans
(2,4-cis)

2,3-cis-3,4-cis
(2,4-cis)

2,3-trans-3,4-cis
(2,4-trans)

2,3-cis-3,4-trans
(2,4-trans)

A-conformer

(59) OAc

Fig. 55. E- and A-conformations. H3-C3-C4-H4 angles indicated in blue.

tates the dihedral angle between the heterocyclic protons
and consequently the observed physical data.

The results of the conformational analysis (Steynberg
et al.,, 1991) indicated pronounced contributions by
A-conformers for isomers with a 2,4-cis-relative config-
uration as compared to 2,4-trans-isomers. This is pre-
sumably the result of several conducive factors
including major contributions by 1,3-allylic strain (A-
strain) between C5-OMe and the D-ring in the 2,4-
cis-E-conformers (Johnson, 1968).

A half-chair conformation of the C-ring of 2,4-trans-
E-conformers suggests quasi-axial 4p-substituents for
the C-ring relative to the plane of the A-ring, accommo-
dating C5-OMe more readily and therefore experiencing
less A-strain than the 2,4-cis-E-conformers with their
quasi-equatorial 4o-substituents. Maximum relief from
2,4-cis-A-strain is achieved by inversion of the pyran
ring to an A-conformer (half-chair), locating C4-a-aryl
in a quasi-axial orientation relative to the A-ring. By
contrast, 2,4-trans-A-conformers possess C4-f-aryl in a
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Fig. 56. 2,4-cis-4-Resorcyl-5-oxyflavan-4-ols. (a) A-conformer viewed
along the C2-O1 and C4-C5a bonds, (b) E-conformer viewed along
the C2-O1 and C4-C5a bonds, and (¢) A-conformer viewed along the
C3-C4 bond.

quasi-equatorial orientation resulting in greater A-strain
and less stability (Fig. 55; Steynberg et al., 1991).

The 5-deoxy analogues do not show these irregulari-
ties regarding 'H NMR and CD data, indicating the
predominance of the E-conformers and the absence of
A-strain for both 2.4-trans- and 2,4-cis-isomers (Van
der Westhuizen et al., 1981).

OH

OH

OH
(61)

Although 1,3-diaxial arrangements are generally
avoided on energetic grounds in terms of a classical ste-
reochemical approach, the stability of A- [Fig. 56(b)] rel-
ative to E-conformers [Fig. 56(a)] for the 2,4-cis-isomers
appears to be an exception by virtue of the aromaticity
and associated geometry of the diaxial 2,4-biphenyl sub-
stituents, which are stacked parallel to the O1-C2 bond.
This geometry also conforms to an offset face-to-face
arrangement [Fig. 56(c)] required for m-stacking, i.e.,
stabilizing n — o attraction (Hunter and Sanders,
1990). This is probably further reinforced by a n—CH-
interaction between C3"-OMe and the n-system of the
A-ring [Fig. 56(c); Nishio and Hirota, 1989].

Van Zyl et al. (1993) synthesized a series free phenolic
4-arylflavan-3-ols consisting of four sets (3',4’,5,7-tetra-
hydroxyflavan-3-ol or its 5-deoxy analogue coupled to
phloroglucinol or resorcinol), each composed of three
diastereomers (2,3-trans-3,4-trans, 2,3-trans-3,4-cis and
2,3-cis-3,4-trans). The low-wavelength (220-240 nm)
negative CEs of the (2R,3S5)-2,3-trans-3,4-trans-isomers
are in agreement with an a-location of the D-ring, but
is the reverse of what is found for the permethyl ether
acetates. The (2R,3S)-2,3-trans-3,4-cis- and (2R,3R)-
2,3-cis-3,4-trans-isomers show similar but positive CEs,
indicating a B-orientation of the D-ring. The (2S,35)-
2,3-cis-3,4-trans-isomers display negative CEs compati-
ble with an a-location of the D-ring.

Galffield et al. (1989) proposed a transition polariza-
tion diagram to account for the sign of the short-wave-
length  (190-215nm) CD couplet of dimeric
procyanidins. The transition moment vector in the
phloroglucinol D-ring is directed along the Cl — C4
axis. If the transition moment vector in ring A is simi-
larly directed, a polarization diagram results for the
exciton-split 'B band as shown in Fig. 57. Utilization of
such a polarization diagram for the 43 — phloroglucinol

OH

OH

OH
HO

OH

4

OH
(62)

Fig. 57. Transition polarization diagram for 4-arylflavan-3-ols (61) and (62).
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analogue (61) predicts positive chirality, in accordance
with an observed positively signed couplet. Conversely,
the left-handed screw pattern indicated for the electric
transition dipole moment vectors for the 4o — phloro-
glucinol analogue (62) is reflected as a negative CD
couplet.

The CD spectra of the 4-arylflavan-3-ols have served
as reliable models for the interpretation of the CD data
of dimeric proanthocyanidins of both the A- and B-
types (Botha et al., 1981a).

14. Conclusion

Circular dichroism thus represents a powerful means
of assessing the absolute configuration of the classes of
naturally occurring monomeric flavonoids that possess
stereocenters. It is a simple and straightforward tech-
nique involving non-expensive equipment, iS non-
destructive and requires ca. 1 mg of material. Thus, it
is rather surprising that CD is not used routinely, per-
haps as a result of the apparent simplicity yet often com-
plicated interpretation of data?
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