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Conformational Analysis of Oligomeric Flavanoids. Part 1.4-Arylf lavan-3-01s 

Jan P. Steynberg, E. Vincent Brandt and Daneel Ferreira 
Department of Chemistry, University of the Orange Free State, PO Box 339, Bloemfontein, 
9300 South Africa 

4-(2,4-Dihydroxyphenyl)-5-oxyflavan-3-ols, which incorporate structural features compatible with 
those of tetrahydropyrano[2,3-h]chromenes, are adopted as models for the conformational de- 
meanour of related phlobatannins. The anomalous behaviour, culminating in atypical Cotton effects 
(CD) and 3J,,-coupling constants (‘H NMR) for the C-ring of analogues with a 2,4-cis- 
arrangement of the phenyl substituents, is attributed to  major contributions by A -  as opposed to  E- 
conformers for the pyran heterocycle. This is concluded from the persistent geometries generated 
respectively by three variants of the MM2 force-field for preferred E- and A-conformers, hence 
allowing calculation of 3J,,-values for these conformations and consequent estimation of E :A-  
ratios in conjuction with observed 3J,,-values. The phenomenon presumably originates from 1,3- 
allylic strain and concomitant stabilization by n-stacking of the B- and D-rings, and by n-alkyl- 
interaction between 3-OMe( B) and the n-system of the A-ring. 

The natural occurrence and synthesis of a novel class of oligo- 
flavanoids based on a tetrahydropyranochromene functionality 
(phlobatannins) 1 have recently been demonstrated. l4 Defin- 
ition of configuration of the pyran ring (C-ring) of derivatives 2, 
however, remains ambiguous, presumably as a result of un- 
conventional conformational behaviour culminating in unex- 
pected Cotton effects (CD) and 3JHH-coupling constants for the 
C-ring. A series of 4-(2,4-dihydroxyphenyl)-5-oxyflavan-3-ols 
(4-resorcyl-5-oxyflavan-3-ols) 3, 5, 7 and 9,’-’ which incorpor- 
ate strategic structural and functional features displayed by the 
tetrahydropyrano[2,3-h]chromenes 1, have consequently been 
adopted as models in appraisal of the conformational de- 
meanour of phlobatannin-derivatives of type 2. 

Whereas derivatives of 4-resorcyl-5-oxyflavan-3-ols with a 
2,4-trans-arrangement of the B- and D-rings,? 2,3-trans-3,4-cis- 
8 and 2,3-cis-3,4-rrans-10, display ‘H ’J2.3 and 3J3,,-values 
expected for the relative stereochemistry of the C-ring, coupling 
constants for analogues with a 2,4-cis-arrangement, all-trans- 4 
and all-cis- 6, are less diagnostic (Table l).5*7*8 The all-trans- 
isomer 4, for example, exhibits conspicuously small J-values 
(Jz ,3  6.5 and J3,4 5.5 Hz), characteristic of 5-oxygenated 
analogues with 4-resorcinol-type sub~ti tuents ,~*~,~** and similar 
to those observed for derivatives of 5-oxygenated all-trans- 
flavan-3,4-diols.’ Such behaviour also results in reversal of the 
Cotton effects in the 230-240 nm region, i.e. positive and 
negative, respectively, us. the expected negative and positive 
effects predicted by the aromatic quadrant rule 7,10 (assuming 
half-chair/sofa conformations for the C-ring) (Table 1). These 
exceptions to the otherwise simple rule have initially been 
attributed to boat conformations for the C-r ing~,~ thereby 
‘explaining’ both the observed ’J-values and the signs of the 
Cotton effects. 

The high strain-energy associated with a boat conform- 
ation,’ ’ however, compels consideration of significant contri- 
butions by an A-conformer for the C-ring. First proposed by 
Brown,” recognized by us and others on several occa- 
sions,3.6.13.14 and formally designated the A-conformer by 
Porter,’ I this represents a half-chair/sofa conformation for the 
pyran ring in which the 2-aryl group (B-ring) occupies an axial 
(15-18) as opposed to the ‘customary’ equatorial orientation 

3 R ’ = R ~ = H  5 R ’ = R ~ = H  
4 R’ = Ac,R2 = Me 6 R’ = Ac,R2 = Me 
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OR2, OR2 

\ 

OR2 OR2 

t Designation of the A- and D-rings is reversed for the 4-arylflavan-3- 
01s relative to the phlobatannins, e.g. compound 1. 

7 R ‘ = R ~ = H  
8 R’ = Ac,R2 = 
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R3 
E-Conformers 

11 R' = $(D), R 2  = R 3  = H, R4 = OAc 
12 R' = c$(D), R' = R4 = H, R3 = OAC 
13 R' = R 3  = H, R 2  = $(D), R4 = OAC 
14 R' = R4 = H, R2 = 4(D), R3 = OAC 

2,3- trans-3,4- trans 
2,3- cis- 3,4-cis 
2,3-trans-3,4-cis 
2,3-cis-3,4-trans 

A-Conformers 
15 R' = 4(D), R' = R3 = H, R4 = OAC 
16 R' = $(D), R' = R4 = H, R3 = OAc 
17 R' = R 3  = H, R2 = $(D), R4 = OAC 
18 R' = R4 = H, R2 = d(D), R3 = OAc 

Structures 11-18 represent a view along the C(4)-C(10) axis with the plane of the aromatic A-ring in a horizontal orientation and depict the 
conformation of the C-ring relative to the plane of the A-ring 

(E-conformer; 11-14), thus mutating the dihedral angle be- 
tween the heterocyclic protons and consequently the observed 
physical data. Knowledge of C-ring conformations and equi- 
libria therefore appear to be a prerequisite for unequivocal 
assessment of the absolute stereochemistry by means of phys- 
ical methods. This argument initiated a systematic study of 
preferred conformations (E and A) of the diastereoisomeric 4- 
resorcyl-5-oxyflavan-3-ols 4, 6, 8 and 10 by molecular mech- 
anics (MM), both in appreciation of the exposition of such 
conformations by different versions of MM, as well as corre- 
lation of the results with the observed NMR and CD data. 

Results and Discussion 
Three variants of the MM2 force-field," MM2 l 6  and MMX l 7  

without pi-VESCF routines, and MMXP which includes pi- 
VESCF routines,' g were respectively exploited in assessment of 
the ability to predict preferred low-energy conformational geo- 
metries for these 4-arylflavan-3-01 structures. The geometries 
accordingly obtained from the various methods for specific 
conformers disclose a remarkable correspondence which is 
manifested by the equity of the H(3)-C(3)-C(4)-H(4) torsion 
angles (Fig. 1) and clearly reflect the consistency of the results. 

Although the H(2)-C(2)-C(3)-H(3) torsion angles displayed 
similar uniformity to those of H(3)-C(3)-C(4)-H(4), the latter 
were preferred as conformational pointers on the rationale of 
their greater sensitivity towards conformational changes of the 
pyran ring. l 9  H(3)-C(3)-C(4)-H(4) torsion angles (Table 1) 
therefore allow the use of 'H NMR 3J3,4 (C-ring) data, via the 
Karplus equation, as a conformational probe both in the dis- 
crimination between E- and A-conformers, as well as the ob- 
servation of C(2)-sofa ++ half-chair f--) C(3)-sofa preferences l 9  

for the pyran ring. 
' H 3J3,,-values expected from these torsion angles were 

calculated by a refinement 2 o  of the Karplus equation,21*22 
which includes the complex electronegativity effects of both X -  

and P-substituents on 3JH,-values [see Experimental section, 
eqns. (1)-(3)]. Two parameter sets 2 o  deduced, respectively, 
for a generalized approach and for four non-hydrogen sub- 
stituents, both with p-effect, were applied with very little dif- 
ference between the ensuing 3J3,,-values and consequent trend 
of conformational equilibria (Table 1). Assumption that E- and 
A-conformations adopted in solution are similar to those 
predicted by MM-calculations, and 3J3,4 to be a measure 
thereof, allows estimation of the E:  A-conformer ratios for the 
different isomers 4, 6, 8 and 10 by way of eqn. (4). This 
depends on 3J3,4-observed to be representative of the biased 
equilibrium (on the NMR time-scale) between E- and A- 
conformers in solution, and yields the E : A ratios summarized in 
the Table. 

The results conspicuously favour pronounced contributions 
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" 11 - E  12-E 13-E 14-E15-A 16-A 17-A 18-A 
isomer 

mMM2 OMMX =MMXP 

Fig. 1 H(3)-C(3)-C(4)-H(4) torsion angles, respectively minimized by 
MM2, MMX and MMXP for the E- (11-14) and A-conformers (15-18) 

by A-conformers 15 and 16 for isomers with a 2,4-cis-relative 
configuration (all-trans- 4 and all-cis-isomers 6), as opposed to 
isomers with a 2,4-trans-configuration (2,3-trans-3,4-cis- 8 and 
2,3-cis-3,4-trans-isomers 10) for which the phenomenon is less 
profound. Such a preference is presumably the result of several 
conducive factors including major contributions by 1,3-allylic 
strain (A-strain) 2 3  between 5-OMe(A) and the 4-resorcyl group 
(the D-ring) in the E-conformers 11 and 12. 

A half-chair conformation for the C-ring of all E-conformers 
11-14 signifies quasi-equatorial, 4a- or quasi-axial, 40-sub- 
stituents for the C-ring relative to the plane of the aromatic 
A-ring, accommodating the 5-OMe. 2,4-cis-Isomers, with 4a- 
resorcyl units in a quasi-equatorial orientation (11 and 12) 
will therefore expectedly experience greater A-strain than their 
2,4-trans counterparts, with the 4P-resorcyl moiety in a quasi- 
axial position (13 and 14). 

Fig. 2 represents a schematic synopsis of the geometries 
minimized by MMXP for E-conformers of the isomeric 4- 
resorcyl-5-oxyflavan-3-ols 4,6,8 and 10. These are defined by 
the out-of-plane distance (A), respectively, of C-(2) and C(3) 
above (+) or below (-) the mean plane of the aromatic A-ring. 
The effect of A-strain on the 2,4-cis E-conformers 11 and 12 is 
reflected in a tendency of the pyran ring in these isomers 
towards a C(2)-sofa, hence decreasing both the C(3)-C(4)- 
C(lO)-C(9) torsion angle and the out-of-plane distance of C(3) 
(see Fig. 2). The latter represents an effective increase in the 
torsion angle between 5-OMe(A) and the 4-resorcyl group and 
therefore alleviation of the A-strain. The effect is, as expected, 
absent for the 2,4-trans E-conformers 13 and 14, which in fact 
display an increased out-of-plane distance for C(3), culminating 
in a tendency toward a C(3)-sofa for the C-ring (see Fig. 2). 
These findings are affirmed by the absence of irregularities re- 
garding 'H NMR and CD data among the 5-deoxy ana log~es ,~  
indicative of the predominance of E-conformers and the absence 
of A-strain for both their 2,4-trans- and 2,4-cis-isomers. 
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ring C) which displays strong NOE associations between 2- 
OMe(A) and 2-H(B) and between 3-OMe(B) and 3-H(A). These 
dipole relaxations are possible only for a structure with an 
appreciable contribution by an A-conformer for the C-ring and 
the concomitant stacking of the B- and D-rings [see Fig. 3(c)]. 
This is supported by X-ray evidence for the existence of an A- 
conformer for penta-O-a~etylcatechin.~~ 

L I 
11 - E  12-E 13-E 14- E - 0.6' 

isomer 
OC(2)  m C(3) 

Fig. 2 Out-of-plane distances of C(2)/C(3) of the C-ring, minimized by 
MMXP for E-conformers 11-14 

OMe 

19 

(b 1 (c 1 
Fig. 3 Newman projections of the 2,4-cis-4-resorcyl-5-oxyflavan-4-ols, 
illustrating (a) an E-conformer viewed along the C(2)-0( 1)/C(4)-C( 10) 
bonds with the A-ring depicted horizontally; (b) the analogous A- 
conformer; and (c) the A-conformer viewed along the C-(3)-C(4) bond, 
showing the offset face-to-face arrangement of the B- and D-ring and the 
K--x and n-alkyl interactions. Substituents have been omitted for clarity. 

Maximum relief from A-strain, however, is achieved for the 
2,4-cis-isomers by inversion of the pyran ring to an A-conformer 
(half-chair), hence locating the 4a-resorcyl moiety in a quasi- 
axial orientation relative to the A-ring (structures 15 and 16), 
similar to that experienced by the 4f3-substituents in the E- 
conformers of the 2,4-trans-isomers 13 and 14. By contrast, A- 
conformers for the 2,4-trans-isomers 17 and 18 possess a 4p- 
resorcyl group in a quasi-equatorial orientation, resulting in 
greater A-strain and less stability. 

While 1,3-diaxiaI arrangements are commonly avoided on 
energetic grounds in terms of a classical stereochemical ap- 
proach, A- [Fig. 3(b)] as opposed to E-conformers [Fig. 3(a)] 
for the 2,4-cis-isomers appear to be an exception by virtue of the 
aromaticity and associated geometry of the diaxial2,4-biphenyl 
substituents, which are stacked parallel to the 0(1)-C(2) bond 
at an interplanar distance of -3.5 A by MMXP [Fig. 3(b)]. 
Even though this geometry is achieved by MMXP, principally 
via van der Waal's and electrostatic interactions, it also 
conforms with an offset face-to-face arrangement [Fig. 3(c)] 
required for n-stacking (stabilizing x-o-a t t ra~t ion) .~~ This is 
probably further reinforced by a x-CH-interaction 2 5  between 
3-OMe(B) and the x-system of the A-ring [Fig. 3(c)]. 

The first unambiguous evidence for such conformational be- 
haviour in 2,4-cis-4-arylflavan-3-ol-type structures has recently 
been obtained 26 for phlobatannin 19 (2,3-trans-3,4-trans for 

Viability of the exposition of x-systems by MMXP is, how- 
ever, ambiguous and predictions regarding their contributions, 
unreliable. This inadequacy to assert the role of x-systems is 
probably responsible for the anomaly of high AE-values (dif- 
ference in energy between E- and A-conformers) calculated for 
2,4-cis-isomers and the associated low E: A-ratios (E- and A- 
concentration similar), predicted by observed 3JHH-couplings, 
the reverse being found for 2,4-trans-isomers (see Table 1). 

'Abnormal' coupling constants of the 2,4-cis-4-resorcylflavan- 
3-01s 4 and 6 are therefore the manifestation of significant 
contributions by A-conformers 15 and 16, resulting largely from 
A-strain in the E-conformers 11 and 12. The ensuing low E:A- 
ratios cause major deviations in orientation in the vicinity of the 
C(4)-chiral centre, involving above all the swing of the D-ring to 
and from the lower right quadrant" by E-A conformational 
inversion. This will crucially influence the amplitude and sign of 
the Cotton effect, thus rendering the CD-method of assessing 
the absolute configuration at C(4) of 4-resorcyl-5-oxyflavan-3- 
01s dubious, unless the conformations of their heterocycles and 
the major contributors to the Cotton effect are established. 
However, the observed deviations from the general rule do 
coincide with low E: A ratios, with appreciable contributions by 
A-conformers, and may find future application for species at the 
phlobatannin level which suffer from similar irregularities. 

In a bid towards a better understanding of the contribution 
by different factors to the stability of specific conformers, we 
have of late resorted to a molecular orbital approach (MNDO, 
AM1, MNDO/PM3) supported by extensive NMR analyses of 
a series of analogous compounds. Results of relevance to such 
analyses of the above phenomena, pertaining to underivatized 
oligoflavanoids, will be the subject of future communications. 

Experimental 
Compounds 3-10, together with their characterization data, 
were available from synthetic sequences reported earlier.s-7 '€4 
NMR data were obtained in CDCl, with SiMe, as internal 
reference with Bruker WP80 and/or AM300 instruments, while 
CD curves were acquired with a JASCO 520 spectropolarimeter 
for solutions in MeOH. 

Three variants of the MM2 force-field were respectively 
employed for the optimization of conformational geometries. 
MM2 was applied as QCPM004 for IBM PC without pi- 
VESCF routines (the MMI portion of QCPE318 for non- 
conjugated systems) and required several added parameters 
to express the nature of the aromatic rings: 
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C(Ar)-C(Ar)-C(Ar)-C(Ar): V1 -0.93, V2 9.0, V3 0.0 
H-C(Ar)-C(Ar)-H: V1 -0.93, V2 9.0, V3 0.0 
C(Ar)-C(Ar)-C(Ar)-H: V1 -0.93, V2 9.0, V3 - 1.06 
H-C(Ar)-C(Ar)-0: V1 - 0.93, V2 9.0, V3 0.0 
C(Ar)-C(Ar)-C(Ar)-0: V1 -0.93, V2 9.0, V3 0.0 
C(Ar)-O-C(sp3>-C(Ar): V1 0.0, V2 0.0, V3 0.403 

2 J. P. Steynberg, D. A. Young, J. F. W. Burger, D. Ferreira and D. G. 
Roux, J. Chem. SOC., Chem. Commun., 1986,1013. 

3 J. P. Steynberg, J. F. W. Burger, D. A. Young, E. V. Brandt, J. A. 
Steenkamp and D. Ferreira, J. Chem. Soc., Chem. Commun., 1988, 
1055; J.  Chem. SOC., Perkin Trans. 1,1988,3323,3331. 

4 J. F. W. Burger, J. P. Steynberg, D. A. Young, E. V. Brandt and D. 
Ferreira, J. Chem. SOC., Perkin Trans. I ,  1989,671. 

5 J. J. Botha, D. A. Young, D. Ferreira and D. G. Roux, J. Chem. SOC., 
Perkin Trans. 1 ,  1981, 1213. 

Ferreira, 

Perkin Trans. I ,  198 1,1220. 

SOC., Perkin Trans. I ,  1977, 1628. 
J. 

10 G. G. De Angelis and W. C. Wildman, Tetrahedron, 1969, 25, 
5099. 

11  L. J. Porter, R. Y. Wong, M. Benson, B. G. Chan, V. N. 
Vishwanadhan, R. D. Gandour and W. L. Mattice, J. Chem. Res., 
1986, ( S )  86; (M) 830. 

12 B. R. Brown and M. R. Shaw, J. Chem. SOC., Perkin Trans. I ,  1974, 
2036. 

MMX, an elaboration on MM2 by Gilbert and Gajewski," was 
utilized with both features, i.e. an empiric approach to 
aromaticity by definition of 'aromatic carbons' as well as a full 
pi-VESCF routine." The results were examined and evaluated 
by PCMODEL (version 3.3).' 

3JHH-values were calculated from the optimized torsion 
angles (q) by way of the Altona refinement 2o of the Karplus 
equation [eqns. (1)-(3)] [where x(subst) and XtH, represent 

Ax = X(subst) - x(H) 

6 J. P. Steynberg, J. F. W. Burger, D. A. Young, E. V. Brandt and D. 

7 J. H. van der Westhuizen, D. Ferreira and D. G. Roux, J. Chem. SOC., 

8 A. C. Fletcher, L. J. Porter, E. Haslam and R. K. Gupta, J.  Chem. 

1989, 28, 923. 

Ausr* J* Chem., 19689 217 2059* 

(1) 

= Ax(,) - P7Ax(,, (2) 
13 J. A. Steenkamp, J. C. S. Malan and D. Ferreira, J. Chem. Soc., Perkin 

14 F. Baert, R. Fouret, M. Sliwa and H. Sliwa, Tetrahedron, 1980, 36, 
Trans. I, 1988,2179. 

2765. 

3 J ~ ~  = P,cos2q + P2cosq -k P3 + 
xAx(grp)CP, + P,cos2(Eiq + P6Ax(grp))I (3) 

Huggins electronegativities for, respectively, the substituent l5 N- *llinger7 J* Am- Chem- 1977, 99, 8127. 

refer to a-and P-substituents and ci to the orientation of the 
substituents as defined by Altona 2 0 ] .  Two sets of constants (PI- 

non-hydrogen substituents, were compared. JH,-values thus 
obtained in combination with 3 J ~ ~  observed gave mole 
fractions for a specific isomer via eqn. (4) [where x represents the 

16 N. L. Allinger and Y. H. Yuh, QCPE, 1981,13,395. atom and hydrogen, and Ax their difference; AX(a) and AX(p) 17 PCMODEL-MMX, Version 3.0, Serena Software, p .0 .  Box 3076, 
Bloomington, IN 47402-3076, USA. 

18 MMXP, Version 3.0, Serena Software, P.O. Box 3076, Bloomington, 

19 L. J. Porter, R. Y. Wong and B. G. Chan, J. Chem. SOC., Perkin Trans. 

20 C. A. G. Haasnoot, F. A. A. M. de Leeuw and C. Altona, Tetrahedron, 

21 M. Karplus, J. Chem. Phys., 1959,30,11. 
22 M. Karplus, J. Am. Chem. SOC., 1963,85,2870. 
23 F. Johnson, Chem. Rev., 1968,68,375. 
24 C. A. Hunter and J. K. M. Sanders, J. Am. Chem. SOC., 1990, 112, 

25 M. Nishio and M. Hirota, Tetrahedron, 1989,457201. 
26 S .  L. Bonnet, D. A. Young, J. P. Steynberg, E. V. Brandt and D. 

Ferreira, unpublished results. 
27 F. R. Fronczek, G. Gannuch, W. L. Mattice, R. W. Hemingway, G. 

Chiari, F. L. Tobiason, K. Houglum and A. Shanafelt, J. Chem. Soc., 
Perkin Trans. 2, 1985, 1383. 

P7) (see ref. 20), a generalized set and one optimized for four IN 47402-3076, USA. 

I, 1985, 1413. 

1980,36,2783. 

3JHH(obs) = 3JHH(eq)X + 3JHH(ax)(1 - (4) 

mole fraction for the equatorial-(E) and 1 - x that for the axial- 
conformer (A)]. 5525. 
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