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ABSTRACT 

The HPLC retention times (tR) of anthocyanins were calculated using a simple equation of the form f, = a[Wl(pn,,)] + b. The 
Wiener number, W, and polarity number, p, were used as structural descriptors. The other factor that controls the magnitude of 
the retention times is the number of OH groups (no,) attached to the flavylium core. The calculated I, values of several classes of 
anthocyanins are in excellent agreement with the experimental values. 

INTRODUCITON 

The anthocyanins are 
and widespread group 
known collectively as 

part of the very large 
of plant constituents 
flavonoids. They are 

glycosylated polyhydroxy derivatives of 2- 
phenylbenzopyrylium or flavylium salts and are 
responsible for most of the red, pink, mauve and 
blue coloration of fruits, flowers and leaves [l]. 
Hundreds anthocyanins are known to exist in 
nature. Differences between individual an- 
thocyanins occur in the pattern of hydroxylation 

or methylation and the number and type of 
sugar(s) or acylated sugar(s) attached to the 
flavylium nuclei. The most common an- 
thocyanidins (aglycones) are pelargonidin, 
cyanidin, peonidin, delphinidin, petunidin and 
malvidin. They differ only by the number and 
position of hydroxyl and/or methoxyl groups in 
the B-ring (see Fig. 1). 

* Corresponding author. 

The importance of anthocyanins is reflected in 
their properties. They appear to be convenient 
food colouring materials [2-41, though their use 
is restricted to those foods and beverages whose 
pH is below 4. Additionally, they are substances 
with pharmaceutical properties [S-9]. 

Despite considerable efforts during the last 
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decade, qualitative and quantitative analysis of 
unknown mixtures of anthocyanins still remains 
difficult [lo]. It is the structure and properties of 
the anthocyanins that make their separation 
difficult. The basic anthocyanidin skeletons of 
most of these pigments differ only little in 
molecular weight and substituents, making clear- 
ly defined separations of anthocyanin mixtures 
difficult. At present, the most satisfactory meth- 
od for analysing mixtures of anthocyanins is the 
multistep method of quantification, separation 
and isolation by HPLC and peak identification 
by fast atom bombardment (FAB) MS and high- 
field NMR. 

In this paper we investigate the relationship 
between HPLC retention indices and the struc- 
tural properties of anthocyanins. Quantitative 
structure-chromatographic retention relation- 
ships (QSCRRs) with topological (graph-theoret- 
ical) indices represent a convenient model for 
studying the correlations between chromato- 
graphic and structural properties of molecules 
[ll]. Topological indices in this approach act as 
molecular descriptors, which can be used to 
predict the HPLC retention indices via an appro- 
priate statistical equation. Many graph-theoret- 
ical (topological) indices have been considered in 
the literature [12]. The Wiener number has been 
used extensively in structure-property-activity 
modelling. The Schultz index is another topo- 
logical index that is successfully used in quantita- 
tive structure-property relationship (QSPR) 
modelling of properties of molecules. 

It was shown by Hosoya [13] that the Wiener 
number [14], W = W(G), of structure G can be 
defined as half of the sum of the elements of the 
distance matrix D(G) = D: 

where (D)ij are off-diagonal elements of the 
distance matrix. The Wiener number appears to 
be a convenient measure of the compactness of 
the molecule [ 151. 

The molecular topological index (MTI) or the 
Schultz index [16] is based on the adjacency 
matrix A, the distance matrix D and the valency 
matrix v of a molecule [17]: 

MTI=x ei 

where ei are the elements of the row matrix v 
[A + D]. Both Wiener number and Schultz index 
may be extended to heterosystems by replacing 
the elements of the adjacency matrix and of the 
distance matrix corresponding to heteroatoms 
and heterobonds with the values incorporating 
the corrections due to the changes induced when 
the carbon atom is replaced by the heteroatom 

Pa 
Wiener also introduced the polarity number, 

p, which is equal to the number of pairs of atoms 
separated by three bonds [ 14,191. The polarity 
number p =p(G) of a structure G is given by: 

where p3 is the number of the paths of length 3 
or the number of off-diagonal elements of D with 
the distance 3. Originally described as a polarity 
number, p is also related to steric aspects of a 
structure [20]. 

The topological indices used in this study were 
calculated using an Atari 104OST computer and a 
modified computer program [21]. 

RESULTS AND DISCUSSION 

Structural characteristics of molecules are one 
of the most important factors responsible for 
molecular migration in the chromatographic 
process. The Wiener number is a molecular 
descriptor that reflects well the structure of 
molecule. The smaller the Wiener number, the 
larger the compactness of a structure (in terms of 
structural features such as branching and cyclici- 
ty). Hence, it can be reliably used for correla- 
tions with those physical and chemical properties 
that depend on the ratio of the volume to the 
surface of the molecule. Chromatographic reten- 
tion data are typical molecular properties for 
which the QSPRs with the Wiener number yield 
correct predictions [22]. 

Experimental results [23,24] have shown that 
the polarity of the anthocyanins and an- 
thocyanidins is most important factor affecting 
the HPLC retention times. Of the an- 
thocyanidins, delphinidin was the first pigment 
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eluted, followed by cyanidin, petunidin, pelar- 
gonidin, peonidin and malvidin, showing the 
order of retention times to be in order of 
decreasing polarity of the compounds. An- 
thocyanins showed the same elution order. A 
topological index appropriate for modelling of 
molecular polarity is polarity number. 

Of the individual substituents, OH groups 
have the greatest influence on retention times. 
As the number of hydroxyl groups on the B-ring 
increases, the retention time of the flavyliums 
decreases. Thus, delphinidin, with three hydroxy 
groups in the B-ring, is less retained than 
cyanidin with its two hydroxy groups. Methyl- 
ation of the hydroxy groups increases the reten- 
tion time: of the methylated flavyliums, 
petunidin is retained for a shorter time than 
peonidin. Malvidin shows the longest retention 
time. A reasonable explanation appears to be 
the formation of hydrogen bonds, which can 
greatly influence retention and separability. The 
number of hydrogen atoms bonded to oxygen 
atoms is a possible parameter describing hydro- 
gen bonding. Thus, the more OH groups in the 
flavylium structure, the stronger the bonding 
with polar eluent and the smaller the retention 
time. 

On the basis of the experimental results 
[23,24] we developed a very simple relationship 
between experimental HPLC retention times (tR) 
and Wiener number, W, polarity number, p, and 
number of OH groups, noH, in the flavylium 
structure: 

(4) 
where (I and b are statistical parameters to be 
determined by least-squares regression. 

Eqn. 4 indicates that t, is proportional to the 
Wiener number. This is confirmed in the 
QSCRR studies between the t, and the Wiener 
number for alkanes (e.g. ref. 25). However, the 
linear relationship between the t, and W for 
anthocyanidins is rather poor (r = 0.4850, s = 
5.40, F = 1.23). Therefore, the Wiener number 
alone cannot be used to predict the t, values of 
this class of compounds. 

Experimental observation indicates that the t, 
decreases with the polarity of the molecule. The 
simple rationale behind this observation is that 

the polar molecule is better linked to a polar 
eluent and thus the retention time is shorter. We 
used the polarity number, p, as a measure of the 
polarity of the studied molecules. Thus, the t, is 
inversely proportional to p. The linear relation- 
ship between t, and W/p is again rather poor 
(r = 0.6003, s = 4.94, F = 2.25). 

It is also observed that the t, decreases with 
an increase in the number of the OH groups on 
the flavylium core. This can be rationalized by 
considering the formation of the hydrogen bond 
between the flavylium salts and the polar eluent. 
The consequence of this is that more OH groups 
on the flavylium core result in stronger hydrogen 
bonding with the polar eluent and shorter reten- 
tion time. This situation is introduced to the 
model through the number of the OH groups 
(nou). Hence, the t, is inversely proportional to 
nou. The linear relationship between t, and 

wno, is somewhat better than those above 
(r =0.9247, s = 2.35, F = 23.59), but still not 
particularly good. However, when we considered 
the linear relationship between the t, and Wl 
(pn,,), the model improved considerably, as 
will be seen below. The point to note here is that 
W and p are not particularly intercorrelated 
quantities. For example, in the case of 159 
undecanes, the correlation coefficient for the 
linear correlation between W and p is only 0.869. 

We tested the validity of eqn. 4 for different 
types of flavylium salts: anthocyanidins, an- 
thocyanin 3-glucosides and anthocyanin 3,5-di- 
glucosides. The structures of the studied an- 
thocyanidins, anthocyanin 3-glucosides and 
anthocyanin 3,5-diglucosides are shown in Figs. 1 
and 2. Table I gives the Wiener numbers, W, 
Schultz indices, MTI, polarity numbers, p, and 
experimental (tR,_,) and calculated (tR,ca,c) re- 
tention indices. Experimental HPLC retention 
times for anthocyanidins were taken from a 
paper by Wilkinson et al. [23], and for antho- 
cyanin 3-glucosides and for anthocyanin 3,5-d& 
glucosides from a paper by Williams et al. [24]. 

The values of the statistical parameters are 
given in Table II. The statistical characteristics of 
all three correlations are of very good quality. 
Tables I and II show that the quality of fit 
between observed and calculated retention times 
is’ very good. This is confirmed by both high 
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Fig. 1. Structures of the six most common anthocyanidins. 
Symbols in brackets represent the two-letter abbreviation of 
their names. The letters in the last column denote the B-ring 
substitution patterns. 

correlation coefficients and the correctly pre- 
dicted elution sequences. The high accuracy of 
the predicted models is also shown in Figs. 3-5, 
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Anthocyanin 3,5-diglucosides 

Fig. 2. Structural formulae of anthocyanins studied. 

Wl(p.noH) 

Fig. 3. Plot of tR,exp (RT,,,) vs. [W/(pn,,)] for antho- 
cyanidins. 

in which the observed t, vs. [W/(pn,,)] rela- 
tionship are plotted. 

The agreement between observed and calcu- 
lated retention indices indicates that this model 
describes quite well the retention indices for a 
given class of flavylium salts: anthocyanidins, 
anthocyanin 3-glucosides and anthocyanin 3,5- 
diglucosides. There was a possibility of validating 
our model by comparison of measured retention 
times with calculated retention times. The re- 
tention times observed by Wulf and Nagel [26] 
for eleven acylated anthocyanin 3-glucosides 
correlate to a high degree with the retention 
times obtained using eqn. 4 (r = 0.9869, s = 1.26, 
F = 314.5). Further, recently reported [27] re- 
tention times for six common anthocyanin 3- 
glucosides and their six corresponding malonyl 
esters are also quite well reproduced (r = 0.9848, 
s = 1.07, F = 320.8). 

150 - 

:: - 
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Fig. 4. Plot of tR._ (RT,,,) vs. [W/(pn,,)] for anthocyanin 
3-ghrcosides. 
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TABLE I 

WIENER NUMBER, SCHULTZ INDEX POLARITY NUMBER, p, EXPERIMENTAL RETENTION‘INDICES AND 
CALCULATED RETENTION INDICES USING EQN. 4 

Compound 

Anthocyanidins 
1 Delphinidin (Dp) 
2 Cyanidin (Cy) 
3 Petunidin (Pt) 
4 Pelargonidin (Pg) 
5 Peonidin (Pn) 
6 Malvidin (Mv) 

Anthocyanins 
Anthocyanin 3-glucosides 

1 Dp 3-0-glucoside 
2 Cy 3-0-glucoside 
3 Pt 3-0-glucoside 
4 Pn 3-0-ghrcoside 
5 Mv 3-0-glucoside 
6 Dp 3-O-p-coumarylglucoside 
7 Cy 3-0-p-coumarylglucoside 
8 Pt 3-O-p-coumarylghrcoside 
9 Pn 3-O-p-coumarylghrcoside 

10 Mv 3-O-p-coumarylghrcoside 

W MTI P t ri,exp 
t R,C.IC 

663.02 282999 39 5.7 5.5 
588.18 2531.71 36 8.7 8.7 
754.09 3195.28 41 11.1 11.6 
516.33 2243.92 33 13.6 13.3 
675.66 2884.17 38 17.0 17.1 
849.63 3577.94 43 20.8 20.7 

2136.90 9625.11 62 33.2 31.5 
1986.87 8429.26 59 42.1 38.8 
2311.56 9723.13 64 49.3 44.6 
2157.94 9114.44 61 53.2 55.0 
2499.56 19436.98 66 55.1 61.4 
5369.47 22958.74 77 87.0 91.7 
5696.20 21860.23 74 loo.9 104.7 
5675.61 24193.91 79 111.0 111.0 
5398.76 23082.57 76 129.9 128.2 
5986.09 25444.91 81 140.2 135.0 

Anthocyanin 3,5-diglucosides 
1 Dp 3,5-drghrcoside 
2 Cy 3,Sdiglucoside 
3 Pt 3,5-diglucoside 
4 Pn 3,5-diglucoside 
5 Mv 3,5-diglucoside 
6 Dp 3-O-p-coumarylglucoside- 

S-glucoside 
7 Cy 3-O-p-coumarylglucoside- 

S-glucoside 
8 Pt 3-O-p-coumarylglucoside- 

S-glucoside 
9 Pn 3-O-p-coumarylglucoside- 

S-glucoside 
10 Mv 3-O-p-coumarylglucoside- 

S-glucoside 

4817.79 20300.56 85 22.0 23.0 
4572.51 19323.26 82 26.0 27.8 
5995.95 21414.52 87 30.1 31.3 
4847.08 29424.39 84 37.8 37.4 
5378.44 22544.31 89 42.1 41.1 

9649.73 41069.65 loo 64.5 60.0 

9281.22 39589.70 97 70.0 67.5 

10059.38 42720.76 102 72.0 70.9 

%87.27 41227.98 99 79.1 80.1 

10473.35 44387.71 104 79.1 83.7 

In a recent report [28] on molecular descrip- 
tors derived from the distance matrix, it was 
found that the Wiener number, W, and the 
Schultz index, MTI, are strongly linearly corre- 
lated (r = 0.9999) distance indices for alkanes. 
This result suggests the existence of a formal 
relation between W and MT1 for alkanes. Such a 
relation was indeed found by Klein et al. [29]. 
We have also correlated the Wiener indices and 
the MT1 for anthocyanins. The correlation co- 
efficient obtained (r = 0.9999) is indicative that 
in this case also there may exist a formal relation 

between these two distance indices. The above 
result also suggests that the QSCRR with the 
MTI should be identical to those with the Wiener 
number. Some numerical experiments confirmed 
the above. 

It was interesting to see how our model works 
in the case of some other classes of molecules. 
We tested eqn. 4 for calculating retention times 
of ten flavonoids [30]. If we consider that studied 
flavonoids possess different structures from an- 
thocyanins, the correlation coefficient is satisfac- 
tory (r = 0.843). Many anthocyanins contain 
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STATISTICAL CHARACI’ERISTICS OF THE RELATIONSHIP BETWEEN EXPERIMENTAL AND CALCULATED 
RETENTION TIMES OF FLAVYLIUMS USING EQN. 4 

Parameter Anthocyanidins Anthocyanin 
3glucosides 

Anthocyanin 
3,5digIucosides 

n 6 10 10 
a 7.1794 * 0.1870 19.1354 * 0.7039 13.6883 z! 0.5346 
b -14.7954 f 0.7309 -41.7504 * 4.6820 -41.6262 + 3.7626 
‘F 1474.6 0.9986 739.1 0.9946 655.6 0.9940 

s 0.32 4.25 2.66 

I ‘I I I I I 

5 7 9 

Wl(p.noH) 

Fig. 5. Plot of tR,_ (RT,,,) vs. [I+‘/(pn,,)] for anthocyanin 
3,5-diglucosides. 

acylated sugar moieties. The acyl groups are 
mostly derivatives of cinnamic acid. Our model 
works quite well in the case of eight cinnamic 
acid derivatives [31] (r = 0.972). 

Finally, an attempt was made to test the 
validity of our model in predicting the correct 
elution sequence for a mixture of twenty an- 
thocyanin 3-glucosides and anthocyanin 3,5di- 
glucosides [24]. Unfortunately, it must be 
pointed out that in this case our model was less 
successful in reproducing the experimental elu- 
tion sequence for all twenty anthocyanins (r = 
0.825). 

CONCLUSIONS 

We have demonstrated that a very simple 
model, based on the structural properties of 

molecules in terms of topological indices 
(Wiener number, W, and polarity number, p) 
and number of OH groups in the flavylium 
structure (a possible parameter describing hydro- 
gen bonding), can be used to predict successfully 
the HPLC retention indices of flavylium salts. 
With this model it is possible to reproduce quite 
accurately the experimental retention indices for 
different classes of flavylium salts such as an- 
thocyanidins, anthocyanin 3-glucosides and an- 
thocyanin 3,5diglucosides. 
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