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The Trhdimensional Structure of Polyflavonoid 
Tannins by Conformational Analysis 

A. PIZZ", F. A. CAMERON, andN. J. EATON 

National Timber Research Institute 
Council for Scientific and Industrial Research 
Pretoria., Republic of South Africa 

A B S T R A C T  

The conformations of minimum total energy of bi-, tri-, and poly- 
flavonoids, constituting the polymeric condensed tannins, are elu- 
cidated. Maps of minimum total energy and spacial conformations 
a r e  shown and discussed. The maps show the different conforma- 
tions of rotational isomers for the different interflavonoid linkages. 
Considerations regarding the relative abundances of the various 
structures tie up with findings in both nature and by synthetic means. 
Van cler W a a l s  forces are predominant. H-bonds a r e  present but 
have considerably lower importance in determining the conforma- 
tions of minimum energy. H-bonds locations and values are re- 
ported, The helix confirmations of a few polyflavonoids a r e  re- 
ported and discussed. 

I N T R O D U C T I O N  

The advances in condensed tannins chemistry have been extensive 
during t.he last decade. To the excellent and steady work of research 
groups dedicated to the fundamental aspects in this field [ l -4 ,  81 has 
been added the impetus of research groups dedicated to elucidate, at 
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516 PIZZI, CAMERON, AND EATON 

both basic and applied levels, the reactions and behavior of condensed 
tannins as a raw material for the manufacture of wood adhesives [5, 
101. These materials as well as their  application reactions have main- 
ly been approached from an organic chemistry angle, with perhaps a 
few exceptions [ 111. 

This organic chemistry approach has been very successful indeed 
in elucidating the primary and secondary structure of polyflavonoid 
tannins as well as their characteristic reactions. However, a gap still 
remains in our knowledge of the tertiary structure of these materials; 
a gap that may be better investigated by a physicochemical, rather 
than organic chemistry, approach. 

the tert iary structures of minimum energy of condensed flavonoids 
and polyflavonoids of which the secondary and primary structures 
were already known [ l ] .  This is not an easy task as several  flavonoid 
combinations are known. The investigation was limited to 4,6- and 
4,8-1inked polyflavonoids and to those condensed flavonoids which have 
started to be known as llangular'T tannins [l]. Al l  these types of con- 
densed tannins had to be investigated as it is apparent from the applied 
research literature [7] that considerable differences in applied be- 
havior exist according to the type of flavonoid linkages present. 

The "ab initio" conformational analysis program used has already 
been reported in a recent se r ies  of art icles on the structures of amor- 
phous and crystalline cellulose I [12, 131. It is based on the proven 
fact that the conformational energy of a biological molecule o r  macro- 
molecule can be represented with good accuracy by a sum of four 
types of contributions, namely: 

Conformational analysis is the tool used in this art icle to elucidate 

E (tot) = E(VdW) + E(HB) + E(ele) + E( to r )  

is the van der where E 

(elel is Waals energy, E 
the electrostatic contribution, and E is the bond torsional energy 
contribution (hindered rotation around skeletal bonds). A fifth energy 
value is also calculated, taking into account possible aromatic and 
etherocyclic ring deformations. The well-proven mathematical expres- 
sions a s  well as their functional coefficients for each of the forms of 
energy considered have already been extensively reported [ 121. 

The present study takes into account not only the energy bar r ie rs  to 
rotations around the interflavonoid C-C bonds but also those of side- 
group bonds which could contribute to the stabilization of the molecules 
in a conformation of minimum total energy. 

The original atom coordinates, bond angles, and distances of a 
monoflavonoid were obtained from a recent crystallographic study of 
the monoflavonoid catechin 1141. Electrostatic charges on the various 
atoms were calculated by MNDO and Geomo programs [ 151. As the 

(VdW 
is the total energy of the system, E 

(tot) 
is the H-bonding energy contribution, E 

(HB) 
( tor )  
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POLYFLAVONOID TANNINS 517 

catechin bond lengths of the side groups obtained by x-ray diffraction 
[14] appeared to be very inaccurate, the molecule geometry was op- 
timized by use of the Geomo program [ 151. 

how as it appeared that on several initial experiments the conform- 
tional positions of minimum energy did not vary with the two se ts  of 
bond 1eng;ths. The absolute depths of the energy minima did, how- 
ever,  change, a s  expected. Since these are relative rather than abso- 
lute minima, it was felt that the x-ray-derived data, i.e., experimental 
results, should be used. A new, more accurate x-ray diffraction study 
was cominissioned from another research group, and it is under way 
[ 161. The conformational and relative energy results reported here 
are thus valid with both sets  of side group bond lengths. The molecules 
studied in their trans and cis variations were (see below ). 

Tetramers derived from Structures I1 and I11 with the next dimer 
connected to Structure I1 and I11 with a 4,6- o r  4,8-interflavonoid link- 
age, respectively, and te t ramers  of angular tannins as Structure VI 
obtained by linking Structure I1 to Structure I11 with 4,6- ( 4  for 11, 6 
for 111) linkage were also studied. 

In the case of Structure I it was decided to maintain the position 
of the B-rings in respect of the etherocyclic ring without rotation of 
the interconnecting bond and to maintain the relative positions as ob- 
tained from the x-ray diffraction data. Rotation of this bond showed 
that the position of minimum energy is identical to that obtained by 
x-ray diffraction. The B-ring was not rotated in any of the other struc- 
tures as it is always located on the outside of the helix formed, and its 

It was decided to use the original crystallographic coordinates any- 
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518 PIZZI, CAMERON, AND EATON 

H 

H 

6H 

relative position in relation to the rest of the flavonoid unit does not 
change as  a consequence of the rotation of the interflavonoid connect- 
ing bonds. 

E X P E R I M E N T A L  

The numbering of each monoflavonoid unit was done according to 
standard rules a s  follows: 
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POLYFL,AVONOID TANNINS 519 

The methods used to determine the position of 0" from which each 
bond is rotated were: 

(a) For the monomer (Structure I), 0" was taken as the positions 
obtained by x-ray crystallography [14]. 

(b)  For dimers,  t r imers ,  and te t ramers ,  from the position of 
minimum obtained in monomer, 0" for -OH side chains was 
also taken as the positions obtained by x-ray crystallography 
in relation to the monoflavonoid skeleton the -OH chain be- 
longs to. 

(c)  The 0" position for  the interflavonoid bond was taken as follows. 

E X T E N S I O N  O F  T H E  T A N N I N  CHAIN 

The extension of the tannin chain from the basic monomer is ex- 
plained tiy using the following example. Consider extending a mono- 
m e r  to a dimer with 4,8-linkage. The monomer is 

After formation of the dimer,  using 4,8-linkage, Atom 20 will be 
joined to the equivalent on the second monomer of Atom 32 ( 3 2 ' ,  say). 
The method used to generate the coordinates of the second monomer 
uses the fact that the positions of the atoms of the second monomer 
relative to Bond 20-32' will be equivalent to the positions of the atoms 
of the first monomer relative to Bond 33-32. Therefore, to calculate 
the coordinates of the atoms of the second monomer, the matrices are 
obtained which transform Bond 20-21 to Bond 32-33. Then, Bond 20- 
21  is extended to its required length and Atom 21  is replaced by Atom 
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52 2 PIZZI, CAMERON, AND EATON 

32'. The transformation matrices a r e  then applied to the coordinates 
of the atoms of the first monomer relative to Atom 32 to  give the 
corresponding position of the atoms relative to Atom 32'. These posi- 
tions give the coordinates for  the atoms of the second monomer. 

torsional functions used have already been reported [12]. The atomic 
charges have been obtained using the Geomo program [15]. 

The conformations of minimum energy of I, 11, 111, IV, V, VI, and of 
the te t ramers  a r e  expressed as a function of the rotational angles in- 
dicated according to the (a), (b),  and (c )  connections used. The rota- 
tional angles defining the conformations of minimum energy as well as 
the relative energy values a r e  shown in Table 1. The H-bond contri- 
butions, in total, are shown in Table 1, and the localized H-bond inter- 
actions in Table 2. 

The coefficients of the van der  Waals,  H-bond, electrostatic, and 

DISCUSSION 

The total energies of the conformations of minimum energy shown 
in Table 1 indicate that the order  of stability obtained by conformational 
analysis is consistent with the yields found by synthetic means for (i) 
4,6-1inked resorcinol A-rings biflavonoids obtained by reaction of ( -)- 
fisetinidol with (+)-mollisaccacidin, such as the 2,3-trans-3,4-cis: 
2' ,3:trans (3,4-cis, Table 1, Figs. 1 and 2), and all-trans biflavonoids 
of Structure 11 [17]. (ii) The "angular" tannins t r imers  (VI),  with the 
4,8:4,6-linked all-trans (Figs. 5 and 13), only slightly more favorable 
than the 2,3- trans- 3,4-trans :2 ,3' - trans:2",3"- trans-3", 4"-cis-bi- ( -)- 
fisetinidol- (+)-catechin (trans/cis,  Table 1, Figs. 6 and 14) explaining 
the similar yields obtained by the synthetic route [18]. The E(tot) maps 
confirm the existence of four rotational isomers for both triflavonoids. 
(iii) The 4,8-1inked biflavonoids (111) (Figs. 3 and 4) and derived tri-  
flavonoids (Figs. 7, 8, ll, and 12). However, two discrepancies a r e  
present in this case,  namely, (a)  the difference in the values of E 
minima for the all-trans and 3,4-cis conformations is la rger  than ex- 
pected by the synthetic route results [17]; and (b)  the decreasing yield 
order  by the synthetic route of 4,8-linked all-trans; 4,8-linked trans, 
cis,trans; 4,6-linked all-trans is inconsistent with the E ( tot) decreasing 
stability in which the last two conformations invert order. This shows 
that, while in many cases the relative values of minimum E(tot) a r e  a 

good indication of which form is likely to be synthetized in higher 
yield, the relative conformation stabilities are only vaguely related to 
the proportions of compounds formed in the reactions. 

There is definite evidence that, while the reactions determining the 
type of compound formed are predominantly kinetically controlled, the 
relative proportions of the stereoisomers formed also respond to a 
measure of thermodynamic control [19-211, 
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POLYFLAVONOID TANNINS 52 3 

As regards %onangular" tannins, the resorcinol A-ring 4,6-1inked 
t r imer  IV, all-trans (Fig. 9), has wider allowed zones than the "an- 
gular" t r imers  VI. It is also capable of forming four rotamers  (Fig. 
10). The phloroglucinol A-ring 4,8-1inked all-trans ( Fig. 7) t r imer  V 
has wider allowed zones, lower rigidity, and much lower rotational 
bar r ie rs  than the all-cis (3,4-cis) (Figs. 11 and 12). The all-3,4- 
cis has only three allowed rotamers (Fig. 12), two of which are ener- 
getically comparable, the third one being unfavorable energetically. 
The respective maximum values of the rotational bar r ie rs  of all the 
nonangular (NA) and angular ( A )  t r imers  examined a re ,  in decreasing 
order  of bar r ie r  value, 

Rigid 

I I 
NA(Ph1oro: 4,8; all-3,4-cis) > A(al1-3,4-&) > A(cis/trans) > NA(Ph1oro: 4,8; all-trans) 

>> A(al1-trans) 2 A(trans,cis) > NA(Res 4,6; all-trans) 

Nonrigid 

where (NA(Res 4,6; all-3,4-cis) map was not generated but expected 
to be nonrigid but more rigid than the all-trans). 

A s  regards the -OH side chains, the van d e r  Waals forces allow 
some variation between +20° and -20" around the conformation of 
minimum energy. Energy variations due to the H-bond are small. 
For tannins, the van de r  Waal forces are preponderant in determin- 
ing the conformations of minimum energy. Polyflavonoids then form 
helixes (i.e., the resorcinol 4,6-linked all-trans type forms a helix 
with approximately a four flavonoid units step for 360" rotation) 
(Figs. 8 and 9). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



T
A

B
L

E
 2

. 
C

on
fo

rm
at

io
na

l 
A

na
ly

si
s,

 T
an

ni
ns

, 
H

-B
on

ds
 L

oc
at

io
ns

 a
nd

 E
ne

rg
y 

C
on

st
it

ut
io

n 

Ph
lo

ro
gl

uc
in

ol
 A

-r
in

gs
, 

E
 

kc
al

/m
ol

 
H

B
' 

D
im

er
 4

,8
- 

T
ri

m
er

 4
,8

- 
T

et
ra

m
er

 4
,8

- 
D

im
er

 4
,6

- 

A
to

m
s 

ci
s 

tr
an

s 
ci

s 
tr

an
s 

ci
s 

tr
an

s 
ci

s 
tr

an
s 

H
( 0

3)
-O

( 
1'

 ) 
-0

.3
17

6 
O(
 05

)-
H

( 
07

' )
 

-0
.2

38
8 

-0
.2

37
0 

-0
.0

88
4 

O(
 7)

-H
( 0

7'
) 

-0
.0

92
3 

-0
.0

92
3 

-0
.1

21
8 

O(
 1)

-H
( 0

7'
) 

-0
.3

25
7 

-0
.3

25
7 

-0
.2

61
1 

-0
.1

32
2 

H
(0

5)
-0

( 
1

')
 

-0
.3

44
0 

-0
.3

44
0 

-0
.2

61
1 

-0
.1

32
2 

O(
 3)

-H
( 9

7'
 )

 
- 1.

68
0 

- 1.
76

9 
5 

H
(0

5)
-0

( 
7'

) 
-1

.1
11

 
-0

.2
38

8 
-1

.0
56

1 
-0

.0
73

5 
-0

.1
86

8 
H

( 0
3)

-O
( 1

) 
-0

.1
18

 

H
(0

3)
-O

(7
')

 
-0

.0
85

 
-0

.0
82

9 
-0

.1
53

6 
O(
 3)

-H
( 0

5'
 )

 
-1

.6
66

1 
-2

.6
53

9 
H

( 0
5)

-O
( 

5'
) 

-0
.4

49
5 

-0
.6

24
5 

cd
 
N
 
N
 

I+
 

U
 

"
 b
 

Z U
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYE'LAVONOID TANNINS 52 5 

u) 
CD 
P- cu 
d 
I 

cu 
cy 
0) 
4 

d 

15 
I 

h 

L 
0 
V 

h Y 
In 

& & 2  
0 0 0  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



52 6 PIZZI, CAMERON, AND EATON 

h 

% 
3 c 
c 
0 u 

.d U 

Y 

cv 
w 
J 
c 
H 
a 

I 

w 
k 

2 
F 
cd 
k 
U 

I 1  m m m  
d C E  
E E E  
U U U  

I 1  m m r n  
0 0 0  
.d .d .- 

I 

3 

G 

k 

.d 2 

I :- 
2 
k 

a 

m c 
E 
U 

m 
u .d 

rn 
d 
2 
U 

rn 
0 
.w 

W W O  

d o 0  
# Q ) W  

" 4 9  
I l l  

m W cv c- 
03 W 
c- Q, 

N. d 

m 
03 
m 
r( 

d 

Q, 
cu 
W 
In 
N' 

Q, 
0) 
LO " 
d 
I 

W 
-3 
-3 co 
d 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



POLYVLAVONOID TANNINS 52 7 

CO 
Q, 
d 
m 
d 

v 
Q, 
d 

0 
I 

@? 

h 

L 
d 
v 

h ? 
m 
0 

Q, 
Q, 
d 
P- 
l+ 
I 

m 
CO 
P- 
d 

d 

w 
m 
m 
W 

I 
A 

N 
r( * cu 

I 
d 

Q, 

W 
W 

I 

m 

l-i 

m 
P- 
w 
P- 
Cj 

N 
m 
W 
CO 

Cj 

N 
N 
w 
N 
0' 

m a  N 
C O N  m 
r ( m  W c- CO 

A 8  N' 
I 1  

W 
Q, 
m 
m 

I 
d 

W 
m 
0 
4 

d 

P- 
N 
0 
d 

0 
I 

c- 
N 
2 
d 
I 

0 
W 
Q, 
0 
d 

h 

&a 
0 
w 

h Y - 
m 

Q, 

2 
2 

m e  

d d  

N W  
w m  P - m  

I I  

W m 
m 
m 

1 
d 

W 
In 
m 
03 

I 
d 

W N  
d o a  
C O P  

0 0  
I 1  

'9f 

h 

A -  - .A 
L v  
' 9  ? r  
h 
c - P -  
0 0  

CO 
P- 
O 
0 

I 
A 

m 
0, c- 
Q, 

d 

h 

&a 
0 
u - .. 
c- 
0 

W 
w 
=r, 
0 

m * 
m 
d 

d 

m 
CO 
d 
d 

0 
I 

d 
d 
N 
d 

d 
I 

h 

4 
v 

h ? 
&a 
0 

CO 
c- 
r( 

8 

h 

E- 
v 

h ? 
L c- 
0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



52 8 PIZZI, CAMERON, AND EATON 

2-- 
FIG. 1. Biflavonoid, resorcinol A-rings 4,6-linked; 3,4-cis at link. 
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%IY 
FIG,. 2. Biflavonoid, resorcinol A-rings 4,6-linked; all-trans. 
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FIG. 3. Biflavonoid, phloroglucinol A-rings 4,8-1inked; all-trans. 
The scale indicates 2w. 
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FIG. 4. Biflavonoid, phloroglucinol A-rin s 4,8-linked; 3,4-cis at 
link (X,Y projection). The scale indicates 2 B . 
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53 2 PIZZI, CAMERON, AND EATON 

PLANE X 

FIG. 5. Triflavonoid, I7angular tannin," all-trans [2,3- trans- 3,4- 
trans:  2'  ,3'  -trans: 2",3"-tran~-3",4'~-tran~-bi-( -)-fisetinidol- (+)- 
catechin], The scale indicates 2 A. 
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t: 
1.1.1 PLANE X 

FIG. 6. Triflavonoid, "angular tannin, 1 t  trans/cis [ 2,3- trans- 3,4- 
trans: 2' ,3' -trans: 2",3"-trans-3",4"-cis-bi-( -)-fisetinfdol- (+)- 
catechin] , The scale indicates 2 A. 
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E 
FIG. 7. Triflavonoid, nonangular tannin; all  phloroglucinol A-rings; 

all 4,8-linked; all-trans. The scale indicates 2 A. 
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POLY FLAVONOID TANNINS 

FIG. 8. Tetraflavonoid, phloroglucinol A-rings, 4,8-1inked; all 
3,4-cis; seen along helix axis. Note: B-rings all pointing outward 
from helix axis. The scale indicates 2A. 

53 5 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



FIG. 9. Octamer; resorcinol A-rings; 4,6-linked; all-trans (formed 
by combination and minimization of two tetramers). B-rings effect as  
in Fig. 8 also present. H-bonds not shown in this figure. The scale in- 
dicates 2 A. 
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TOTAL ENERGY MAP (20') 
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FIGURE 11. 
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TOTAL ENERGY MAP (20") 
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FIGURE 13. 
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TOTAL ENERGY MAP (20") 
ANGULAR TANNIN TRIMER 4-8, 6-4 TRANS CIS 
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