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1 Introduction

Plant phenolics are aromatic secondary metabolites that are
ubiquitously spread throughout the plant kingdom. They
comprise more than 8000 substances with highly diverse
structures and molecular masses ranging from <100 Da for
simple phenolic compounds to >30000 Da for highly poly-
merized structures. Plant phenols can be subdivided in the
following classes: phenolic acids, flavanones, flavones and
flavonols, anthocyanidins, flavan-3-ols and proanthocyani-
dins (PAC). For flavonoids, more than 5000 different kinds
have been described [1].

The colorless PAC are also known as oligoflavanoids;
they comprise condensed polyphenols or condensed tan-
nins. Apart from lignin, they represent the most abundant
class of natural phenolic compounds. The PAC obtained
their name from the characteristic oxidative depolymeriza-
tion reaction in acidic medium, which yields colored antho-
cyanidins. PAC consist of monomeric flavan-3-ol units,
which are mainly linked through C4 — C8 or sometimes
C4 — C6 bonds. These linkages are both called B-type lin-
kages. When an additional ether linkage is formed (mainly)
between C2 and C7, compounds are called A-type PAC
(Fig. 1); this subclass lacks two hydrogens compared to the
B-type. In addition to the 2 — O7 linkage, A-types with a
2 — OS5 linkage are also found, e.g., in cocoa [2].
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There are a variety of different classes of PAC depending
on the substitution pattern of the monomeric flavan-3-ol
units; the most common monomeric units are represented
in Fig. 2 [3]. The PAC that exclusively consist of (epi)cate-
chin units are designated procyanidins, the most abundant
type of PAC in plants. The less common PAC containing
(epi)afzelechin or (epi)gallocatechin subunits are termed
propelargonidin or prodelphinidin, respectively. 5-Deoxy
subunits [(epi)robinetinidol or (epi)fisetinidol] are also
known. Pecan nut (Carya illionensis) pith tannin is predo-
minatly a prodelphinidin tannin (prodelphinidins: procyani-
din = 6:1), pine (Pinus radiate) bark tannin an entirely pro-
cyanidin of high mean degree of polymerization (DPm),
quebracho (Schinopsis balansae var. chaqueno) wood tan-
nin a predominantly profisetinidin/prorobinetinidin tannin,
and apple (Malus silvestris) tannin, for the most part, a pro-
cyanidin of low molecular mass. In red wines colored PAC
with anthocyan units in polymeric alliance have also been
identified [4].

The flavan-3-ol subunits may carry acyl or glycosyl sub-
stituents. The most common substituent bound as an ester is
gallic acid to form 3-O-gallates. Several glycosylated PAC
oligomers have been identified, with the sugar linked to the
C3 or the C5 position as the most widely distributed glyco-
sylation.

Procyanidins have a high structural diversity that is based
on the four possible monomer units, (2R, 3S)-catechin, (2S5,
3R)-ent-catechin, (2R, 3R)-epicatechin and (25, 3S)-ent-
epicatechin, with the diastereomeric monomers (2R, 35)-
catechin and (2R, 3R)-epicatechin being predominant
(Fig. 2). Regarding the stereochemistry of their C2-C3
bond, they exhibit cis (2R, 3R; epicatechin) or trans (2R, 3S;
catechin) configuration. Monomers with 2S-configuration
are marked by the prefix ent- (enantio). The bond and its
direction are displayed in brackets and configuration of the
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Figure 1. Examples of A- and B-type procyanidins.

interflavanoid bond at C4 is specified by the IUPAC a,f3
nomenclature. More common trivial nomenclature for pro-
cyanidins was first introduced by Weinges et al. [S] and
later extended by Thompson et al. [6]. The current valid
nomenclature for oligomeric procyanidins was introduced
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by Hemingway et al. [7]. The monomers including their
linkage of the most common PAC are shown in Table 1.

The high complexity of procyanidins is based on the four
monomers mentioned above, the different types of interfla-
vanoid bonds, and the various lengths of chains, known as
degree of polymerization (DPm). Higher molecular mass
procyanidins are usually of moderate size (>3000 Da) [7];
however, polymers with very high molecular masses
(20000— 150000 kDa) have also been reported [8].

Oligomeric and polymeric procyanidins are synthesized
in the growing fruit and are colorless in their original unox-
idized form. Although usage of the term “oligomeric” var-
ies somewhat, dimers, trimers, and up to heptamers are gen-
erally referred to as oligomeric (n = 2~5), whereas larger
chains are generally referred to as polymeric procyanidins
or tannins (n = 6~00) [9].

The taste of the procyanidins, an important quality factor
for many fruits and their processed products, consists of a
mixture of bitterness and astringency [10—12]; its balance
strongly depends on the molecular mass. Sensory studies
have demonstrated that tetrameric procyanidins exhibit
strongest bitterness, whereas the astringent effect is
described to increase with a higher degree of polymeriza-
tion [13].

Importantly, a number of pharmacological effects have
been reported for procyanidins, e.g., antiviral, antimicro-
bial, anti-HIV, radical scavenging, anti-oxidative, anti-com-
plementary and anti-tumor promoting properties, as well as
cardiotonic and anti-arteriosclerotic activities [14—25].
Recently, Zessner et al. [26] demonstrated a positive corre-
lation between the content of oligomeric procyanidins in
apple juice extract and aromatase inhibition as well as inhi-
bition of the diphenylpicrylhydrazyl (DPPH) assay and
indicated a negative correlation with the oxygen radical
absorbance capacity (ORAC) units. In addition, the procya-
nidins play an important role in the plant's defense mechan-
ism against predators and microorganisms [27, 28].

Since it is evident that procyanidins show such a broad
range of different effects, their reliable qualitative and
quantitative analysis is an attractive challenge. Here, an
overview of the established analytical methods used for
qualification and quantification of procyanidins or PAC in
general is given.

2 Chemical properties

The monomers, (2R, 3R)-epicatechin and (2R, 35)-catechin,
are stable in aqueous acidic solution up to pH ~5. With
increasing pH an isomerization at the C2 position to yield
(28, 38)-ent-epicatechin and (2S5, 3R)-ent-catechin has been
observed, (2R, 3S)-catechin being more stable than the (2R,
3R)-epicatechin [29, 30]. The oligomeric procyanidins
decompose and isomerize at pH 2. In the course of procya-
nidin B, [(—)-epicatechin-(4[3-8)-(—)-epicatechin] decom-
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position, both epicatechin and procyanidin Bs [(—)-epicate-
chin-(4B-6)-(—)-epicatechin] were observed [31]. In addi-
tion, it has been shown that the stability depends not only
on the pH but also on the linkage of the two monomers and
the degree of polymerization. Thus, the 43-8 bond is more
stable than the 4B-6 linkage. Monomers and dimers were
rapidly degraded at pH > 9.0 within several minutes; the
degradation products (not identified to date) showed a
brown color in the incubation solution [31]. Kondo ez al.
[32] have reported that the single linked B-type procyani-
dins were transformed via radical oxidation at pH 7 or via
oxidation with oxygen into the corresponding double linked
A-type procyanidins.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. Common flavan-3-ol units of proanthocyanidins (PAC) [3].

3 Sample preservation and preparation

PAC are very sensitive to oxygen, light, acid and alkaline;
in addition, the activity of ‘polyphenol oxidase’ can also
rapidly reduce the amount of PAC in plant tissues [33].
Hence, care should be taken not to damage the plant mate-
rial when collecting it. Fresh material has a high moisture
content and is endangered by growth of mold if it is stored
without any treatment. Therefore, the material should be
dried to inactivate ‘polyphenol oxidase*, or, better, stored in
a refrigerator to protect it from oxidation [34]. Freeze-dry-
ing seems to be the most suitable method; studies with PAC
from several pine species (Pinus sp.) did not show any dif-
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Table 1. Linkage of the most common proanthocyanidins (PAC)

Mol. Nutr. Food Res. 2008, 52, 1381 —-1398

Trivial name CAS
Procyanidin B1 Epicatechin-(4p — 8)-catechin 20315-25-7
Procyanidin B2 Epicatechin-(4 — 8)-epicatechin 29106-49-8
Procyanidin B3 Catechin-(4a — 8)-catechin 23567-23-9
Procyanidin B4 Catechin-(4a — 8)-epicatechin 29106-51-2
Procyanidin B5 Epicatechin-(4 — 6)-epicatechin 12798-57-1
Procyanidin B6 Catechin-(4a — 6)-catechin 12798-58-2
Procyanidin B7 Epicatechin-(4p — 6)-catechin 12798-59-3
Procyanidin B8 Catechin-(4a — 6)-epicatechin 12798-60-6
Procyanidin C1 (Cinnamtannin A1) Epicatechin-(4 — 8)-epicatechin-(40 — 8)-epicatechin 37064-30-5
Procyanidin C2 Catechin-(4a — 8)-catechin-(4 — 8)-catechin 37064-31-6
Procyanidin A1 Epicatechin-(4p — 8, 28 — O — 7)-catechin 12798-56-0
Procyanidin A2 Epicatechin-(4p — 8, 28 — O — 7)-epicatechin 41743-41-3
Procyanidin A4 Epicatechin-(4p — 8, 28 — O — 7)-ent-epicatechin 111466-29-6
Prodelphinidin B1 Epigallocatechin-(4p — 8)-gallocatechin 78362-04-6
Prodelphinidin B2 Epigallocatechin-(4 — 8)-epigallocatechin 87392-61-8
Prodelphinidin B3 Gallocatechin-(40 — 8)-gallocatechin 78362-05-7
Prodelphinidin B4 Gallocatechin-(40. — 8)-epigallocatechin 68964-95-4
Cinnamtannin B1 Epicatechin-(4p — 8, 2 — O — 7)-epicatechin-(4p — 8)-epicatechin 88082-60-4
Cinnamtannin B2 Epicatechin-(4 — 8)-epicatechin-(4p3 — 8, 2 — O — 7)-epicatechin- ~ 88038-12-4

(4B — 8)-epicatechin

ference between freshly collected samples and freeze-dried
ones [28]. On the other hand, sun drying led to a decrease of
the yield of procyanidins of up to 68% [35]. However, a
major problem with freeze-dried material is its hygroscopic
nature. Since the cell membranes are broken on freezing,
exclusion of moisture during storage of the samples is very
important to avoid degradation reactions [36]. In general,
samples should not be stored too long before analysis. In
coffee pulp (Coffea sp.), for example, only 46% of the origi-
nal content of PAC could be detected after a storage period
of 1 year. In addition, a shift to higher molecular mass com-
pounds has been noticed [37].

Isolation is usually done by extraction. During this step,
high temperature and purging the extract with air has to be
avoided. Adding an antioxidant to the solvent can be helpful
to prevent oxidation [38]. Sodium metabisulfite has been
used in concentrations of 0.5—2% in extraction solvents,
e.g., analyzing apple (Malus sylvestris) [39] and grape tis-
sues [40]. Ascorbic acid can also be used; concentrations
described in the literature range from 0.1 to 5% [41, 42].
Peng and Jay-Allemand [38] added different antioxidants to
the extraction solvent. The effect was determined using the
protein precipitating activity of the procyanidins. In the
samples containing ascorbic acid or sodium metabisulfite
the authors measured an increase of 30—75% of precipitat-
ing activity. Thus, by adding antioxidative agents to the
extraction solvent the recovery of native plant phenolics
can be enhanced, but total phenol determination methods
based on redox reaction, e.g., Folin-Ciocalteau, can no
longer be used. It is also possible that in vitro studies using
different cell lines can be influenced by the antioxidants.

The selection of the extraction solvent is not as easy as it
seems. Anhydrous organic solvents release mainly mono-
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mers and low molecular mass compounds, whereas most of
the oligomeric and polymeric PAC are partially insoluble in
water [43, 44]. Therefore, aqueous organic solvents were
used; initially aqueous acetone [45] and, recently, acidified
acetone were employed [46, 47]. In 1986, Galletti and Self
[48] especially recommended acidification for procyani-
dins that were bound strongly to polar fibrous matrices, as
the increased polarity of the acidic solvent shifts the
equilibrium of the PAC towards the solvent medium. How-
ever, the usage of acidified extraction solvents is a double-
edged sword. Because of the acid sensitiveness of the inter-
flavanoid bond, structural modifications of the compounds
have to be assumed. However, the esterification with gallic
acid is stable under acidic conditions [49]. Another possibi-
lity to release the PAC from cell wall constituents is the
addition of urea to the extraction solvent [50].

Nonetheless, procyanidins cannot be extracted exhaus-
tively. The amount of non-extractable compounds depends
strongly on the matrix, the extraction solvent and the DPm;
for instance, the 97% of total PAC of the outer bark of Euro-
pean conifers consists of non-extractable PAC [28].
Furthermore, prodelphinidins are much less extractable
than procyanidins.

Due to the high amount of protein, PAC analysis in body
fluids is a difficult task. For purification, Shoji and cowork-
ers [51] added 8 M urea to plasma to solubilize the protein-
procyanidin complex. The procyanidins were then extracted
using C;s Sep-Pak cartridges. Before applying the plasma,
the cartridges were preconditioned with 5% formic acid in
methanol; afterwards the procyanidins were eluted with 1 N
HCI in methanol. Low molecular mass procyanidins can be
extracted directly with acid methanol [52, 53] or used
directly for analysis [54]. For subsequent HPLC analysis an
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additional purification step using polyamide, Sephadex
LH-20 or Cys cartridges is recommended in the literature
[19,51].

In conclusion, the extraction is the most critical step in
analyzing PAC. In addition, preservation procedures, sto-
rage conditions of the samples and the conditions during
homogenization and extraction have an impact on the
amount and the composition of the extractable PAC. If pos-
sible, the addition of an antioxidant, either metabisulfite or
ascorbic acid, is advisable.

4 Analysis of procyanidins

Various methods are used for procyanidin analysis. Most
techniques are non-selective and analyze all phenolics
simultaneously. In general, the methods can be divided into
three main categories: (i) methods based on biological
effects; (ii) conventional methods; and (iii) chromato-
graphic methods.

4.1 Methods based on biological effects: Protein
precipitation

The ability of PAC to form protein precipitates is applied
for their detection and characterization from different plant
extracts [38, 55—57]. Such precipitation reactions depend
on the concentration and structure of the plant phenols as
well as proteins involved; for instance, higher affinity was
found for conformationally loose proteins than for tightly
coiled globular ones. Proteins are most efficiently precipi-
tated by PAC at pH values near their p/. Based on their
strong hydrogen bond acceptor ability, proline-rich proteins
exhibit high affinities for tannin [58]. Therefore, bovine
serum albumin (BSA) and the collagen-containing dermal
powder are the proteins used most often for precipitation
assays. The Pharmacopoea Europaea [59] combines the
classical dermal powder method with spectral photometry
using pyrogallol as a single reference for tannin quantifica-
tion. However, this method does not account for differences
in basic structure and reduction capacity within the tannin
class. Moreover, this method is not suitable for tannin anal-
ysis of colored solutions, e.g., red wine or grape juice. For
the parallel determination of tannins and polymeric pig-
ments (tannins containing a covalent bound anthocyanin
moiety) in grape extracts and wines, Harbertson et al. [60]
developed a combined method using protein precipitation
and bisulfite bleaching.

Due the absorption maximum of tannins at about
280 nm, spectral quantitation before and after protein preci-
pitation seems to be a promising option. However, interfer-
ence caused by excess precipitation of proteins limits the
practical application. A new precipitation assay for the
quantitation of tannins in red wine uses methylcellulose,
which was found to precipitate tannins selectively [61].
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Measurement of the absorbance at 280 nm before and after
tannin precipitation allows a selective determination of the
tannins. The assay is claimed to be both robust and specific
for PAC, as it does not suffer from interference of other phe-
nolics absorbing at 280 nm [62].

4.2 Conventional methods

In general, conventional methods are cheap and fast, as in
the majority of cases no extensive clean-up procedure is
necessary. However, they lack specificity for individual
compounds and show poor reproducibility between differ-
ent kinds of samples (and laboratories). This phenomenon
does not depend on the procyanidins but on the matrices
that influence the yield on colored reaction products [42,
63]. An overview of different unspecific conventional
methods described in the literature is given in Table 2. They
are not discussed in detail because of the mentioned limita-
tions.

Specific conventional methods use particular structure
properties of procyanidins. The most common assays are:
(1) acid butanol assay; (ii) dimethylaminocinnamaldehyde
(DMACA) assay; and (iii) vanillin assay.

4.2.1 Acid butanol assay

The acid butanol assay uses the characteristic reaction that
gave the PAC their name. In diluted mineral acids PAC are
cleaved into the carbocation unit (extension units) and the
flavan-3-ol unit (terminal units). The carbocations are
rapidly converted into anthocyanidins by autoxidation. The
formation pathway according to Porter ef al. [63] is shown
in Fig. 3. Side reactions, which lead to the formation of not
well-characterized polymeric material with A, = 450 nm,
commonly known as phlobaphenes, are reported to be the
reason for relative low yields [63]. The problem with this
assay is that the procyanidins with a higher DPm produce
more anthocyanidin than dimers (theoretical yield = max.
50%) because of the existence of more extension units.
Absorbance information of procyanidins after conversion
with the acid butanol assay is given in Table 3.

Another problem is that the PAC structure influences the
yield and the kinetics of the reaction. For example, Bate-
Smith [44] observed that prodelphinidins gave a higher
yield than procyanidins. In addition, the 4(3-8 linkage
between the monomer units results in a higher cyanidin
recovery than the 4f3-6 linkage, which may be due to differ-
ent reaction kinetics. To increase the reproducibility and the
yield of cyanidins, Porter et al. [63] recommended adding
ferric ions to accelerate autoxidation. However, the
observed increase in yield was shown not to be constant and
led to higher but more variable contents [64, 65]. Corre-
spondingly, results of quantification strongly depend upon
the standard used for preparation of the calibration plot. If
cyanidin is used as standard, values will be underestimated,
as only a particular percentage of cyanidin is produced
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Table 2. Some unspecific conventional methods to analyze PAC

Method Principle Detection

Folin-Denise Reduction of complex polymeric ions formed from phosphomolybdic and 725-770 nm
phosphotungstic heteropolyacids to complex molybdenum-tungsten blue

Folin-Ciocalteu See Folin Denis (addition of HCl and Li,SO,) 725—-770 nm

Prussian blue method Reduction of Fe(lll) to Fe(ll) followed by formation of the Prussian blue 720 nm
complex [Fe"Fe!(CN)g]

Reaction with molybdate Oxidation and complexing with molybdate 420 nm

Formaldehyde assay Precipitation of proanthocyanidins with formaldehyde in acidic solution Gravimetric
via the formation of a methylene bridge; phloroglucinol improves precipitation

Ytterbium Precipitation of phenolics with ytterbium acetate Gravimetric

OH

Procyanidin dimer

OH

HO. 0.
OH
OH
OH
Catechin
OH
*HO, 0.
OH
[e4) OH
OH
+ - ud
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OH
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- HO o
A OH
OH =

OH
OH Cyanidin

Figure 3. Formation pathway of procyanidin dimer to red-colored cyanidin and catechin.
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Table 3. Absorbance data of cyanidin and procyanidins using the acid butanol assay

W. Himmer and P. Schreier

Compound AT% Solvent Reference
Cyanidin chloride 1027 BuOH/HCI [97]
Cyanidin 1053 BuOH/ HCI [97]
Procyanidin B2 90-106 BuOH/ 5% HCI [140]
Procyanidin B1, B3, B4 mixture 136 BuOH/5% HCI [140]
A-type procyanidins 600 BuOH/ 5% HCI [44]
Trimer 170 BuOH/5% HCI [140]
Tetramers 140-180 BuOH/5% HCI [140]
Higher oligomers 200 BuOH/ 5% HCI [140]
Polymeric procyanidins 243 BuOH/ 5% HCI [141]
Procyanidin B1 270 BuOH/ 5% HCl ferric ions added [63]
Procyanidin B3 280 BuOH/ 5% HCl ferric ions added [63]
Procyanidin B7 225 BuOH/ 5% HCl ferric ions added [63]
Trimer 345 BuOH/ 5% HCl ferric ions added [63]
Polymeric procyanidins 450-490 BuOH/ 5% HCl ferric ions added [63]

A, specific absorbance (coefficient of absorbance for a 1% solution; BUOH = 1-Butanol)

(H3C)2N4©—\\ S (H3C)2N4ﬁ OH*
\ cHO \ CH//

l N*(CHa),

+ Epicatechin X
H L0
O -

Figure 4. Condensation of epicatechin with 4-dimethylamino-
cinnamaldehyde.

(Table 3). As well defined procyanidins are not commer-
cially available, the isolation from the matrix in the course
of analysis is the most recommendable method to obtain
reliable results.

4.2.2 DMACA assay
The fundamental principle of the DMACA assay is the con-
densation of the nucleophilic site of the phloroglucinol struc-
ture (A-ring) with aldehydes, forming a colored product
detectable at 640 nm. In strong acidic solution, aldehydes
are protonated at their carbonyl oxygen, forming electrophi-
lic carbocations. As a result of the delocalization of the posi-
tive charge in substituted benzaldehydes, the electrophilicity
is reduced. Therefore, reactions only occur with phenolic
compounds that show a phloroglucinol or resorcinol type
oxygenation pattern [43, 66, 67]. Electron-withdrawing sub-
stituents considerable reduce the reactivity [67].

The reaction scheme (Fig. 4) is similar to that of the
vanillin assay. DMACA prefers the C8 of the A-ring and

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

reacts only with the terminal units [68]. Phloroglucinol,
resorcinol and other compounds with a 5,7-dihydroxylation
pattern of the aromatic A-ring form condensation products,
similar to the vanillin assay dihydrochalcones. The affinity
for (—)-epicatechin is a few fold higher [69]. The advantage
compared to the vanillin assay is reported to be the five fold
higher sensitivity and the lower interferences with antho-
cyanins. The assay is also easier to perform, as the reaction
is carried out at room temperature [42, 69]. However, the
resulting dye is not regarded to be stable [70]. Nonetheless,
this assay is well established and has received higher atten-
tion for post column derivatization in HPLC analysis [71,
72].

4.2.3 Vanillin assay

The vanillin assay was used predominantly in the last two
decades of the 20th century, but is nowadays mostly
replaced by the acid butanol assay and the thiolytic degra-
dation. The vanillin assay is similar to the DMACA assay.
In strong acidic solution the protonated vanillin carbocation
reacts as an electrophile with the flavanol to form a colored
compound, which is measured at 500 nm (Fig. 5). Due to
their UV absorption, anthocyanidins may substantially
interfere, and a correction must be made by subtracting a
suitable blank assay [73]. Chlorophyll may also affect the
color development [74]. As with the acid butanol assay, dif-
ferences in molar absorption coefficients also occur in the
vanillin assay. For example, catechin gives a higher molar
extension coefficient (g-value) than its epimer [75]. In addi-
tion, absorbance values are generally higher for procyani-
dins than for monomers (Table 4), as the reaction does not
take place at all flavan-3-ol extension units or only at the
terminal units [76]. For higher sensitivity Butler et al. [77]
recommended the usage of 2,4-dimethoxybenzaldehyde
and a mixture of HCl and glacial acetic acid as suitable sol-
vent.
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Figure 5. Condensation of epicatechin with vanillin.

In conclusion, this assay is not really suitable for antho-
cyanin containing samples. Nonetheless, it is can be used to
quicky specify the flavan-3-ol content of a sample. In gen-
eral, the vanillin reaction depends on timing and tempera-
ture. Therefore, performing a vanillin assay is more diffi-
cult than an acid butanol assay [78]. The usage of (+)-cate-
chin instead of purified PAC as a standard for quantification
may lead to a considerable overestimation.

4.3 Chromatographic methods: Separation

The separation and determination of low molecular mass
flavan-3-ols can easily performed using RP-HPLC; how-
ever, a large proportion of phenolic compounds in fruit and
vegetables consists of highly condensed polymeric procya-
nidins [79]. In general, polymeric procyanidins are very
polar compounds, as the hydrophobicity decreases with
increasing DPm. Separation and determination of these
substances is very difficult because of the exponentially
increasing variety of isomers and oligomers exhibiting
different DPm. Therefore, the kind of chromatography
selected depends on the procyanidins expected to be present
in the matrix to be analyzed. In general, all classical chro-
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matographic methods have been applied for procyanidin
analysis.

4.3.1 Gas chromatography

GC is not really the method of choice for analyzing procya-
nidins. To improve volatility, the use of derivatization is
inevitable, and trimethylsilyl derivatives have been
described previously [80]. Recently, a mixture of trimethyl-
chlorsilane and bis-(trimethylsilyl)-trifluoroacetamide at a
ratio 1:3 as derivative agent has also been reported [81].
Pyrolysis GC-MS methods have been reported as an alter-
native method, in which the procyanidin mixture is pyro-
lyzed at 500°C. The main pyrolysis products of catechin
and epicatechin are catechol and 4-methylcatechol, respec-
tively, which are generated from the B-ring. This method
was claimed to be suitable for qualitative and quantitative
procyanidin analysis in tannin-rich samples [82]. In gen-
eral, GC requires the use of an apolar phase, e.g., DB-1.

4.3.2 Size exclusion chromatography

Size exclusion chromatography (SEC) is typically used to
separate procyanidins in a preparative way, although this
method has also been used to determine the molecular mass
of procyanidins. For this, the system was calibrated with
polystyrene standard or procyanidin oligomer acetate [8,
83]; however, since the advent of high performance mass
spectrometers, this method is not longer ‘up-to-date’. As
procyanidins are too polar to be separated on a typical gel
permeation chromatography (GPC) column, the separation
of procyanidins is usually performed on methyl ether or
acetyl derivatives using an organic or aqueous mobile
phase. In general, chromatography on Sephadex LH-20 or
Toyopearl HW-40, using elution with aqueous alcohol or
aqueous acetone (sometimes with increasing amounts of
organic solvents), has been commonly applied to the sep-
aration of procyanidins from plant extracts [19, 84—87].
Addition of urea has been suggested to give a better separa-
tion of polymers, but the separation of procyanidins of high

Table 4. Absorbance data of procyanidins using the vanillin assay according to [77]

Compound A% Solvent wavelength (nm)
Epicatechin 11.8 MeOH/ 4% HCI/ 0.5% Vanillin 500
Catechin 8.2 MeOH/ 4% HCI/ 0.5% Vanillin 500
Procyanidin B2 34.9 MeOH/ 4% HCI/ 0.5% Vanillin 500
Procyanidin B3 25.2 MeOH/ 4% HCI/ 0.5% Vanillin 500
Procyanidin A2 2.8 MeOH/ 4% HCI/ 0.5% Vanillin 500
Polymers from sorghum grain 22.8 MeOH/ 4% HCI/ 0.5% Vanillin 500
epicatechin 271 CH3COOH/ 4% HCI/ 0.5% Vanillin 510
Catechin 243 CH3COOH/ 4% HCI/ 0.5% Vanillin 510
Procyanidin B2 155 CH3COOH/ 4% HCI/ 0.5% Vanillin 510
Procyanidin B3 170 CH3COOH/ 4% HCI/ 0.5% Vanillin 510
Procyanidin A2 134 CH3COOH/ 4% HCI/ 0.5% Vanillin 510
Polymers from sorghum grain 56 CH3COOH/ 4% HCI/ 0.5% Vanillin 510

A" specific absorbance (coefficient of absorbance for a 1% (w/v) solution
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Table 5. NP-HPLC methods described in literature for procyanidin analysis

Stationary phase Mobile phase Matrix Reference
Silica Dichloromethane-methanol-water-formic acid Cocoa beans/grape seed [90]

Silica Dichloromethane-methanol-water-acetic acid Tamarind seed (Tamarindus indica) [47]

Silica Dichloromethane-methanol-water-acetic acid Birch leaves (Betula spp.) [91]

Silica Hexane-acetone Apple (Malus pumila) [92]

Silica Hexane-methanol-ethyl acetate Apple (Malus pumila) [92]

Diol Acetonitrile-methanol-water acetic acid Cocoa (Theobroma cacao L.) [93]

DPm value usually remains incompletely [88]. Therefore, 4.3.4 RP-HPLC

SEC can be used to pre-separate procyanidins on a prepara-
tive scale, but is not suitable as a quantitative analysis
method.

4.3.3 Normal-phase-HPLC
Many years ago, Lea [89], for the first time, successfully
separated procyanidins according to their DPm on SiO, thin
layer plates. Procyanidin dimers up to heptamers isolated
from apple were separated using high-performance TLC
(HPTLC) with toluene-acetone-formic acid (30:30:10) as
the mobile phase. On the basis of this HPTLC method,
Rigaud et al. [90] developed a normal-phase (NP)-HPLC
gradient of dichloromethane and methanol using a constant
amount of aqueous formic acid (1:1; v/v). Their develop-
ment is still important in current NP-HPLC. Sudjaroen et
al. [47] were able to separate procyanidins up to undeca-
mers from tamarind and Karonen et al. [91] successfully
separated procyanidins from birch leaf up to a DPm of ten.
Methods containing hexane can also be applied. Shoji et
al. [92] presented a method using hexane-acetone as the
mobile phase, resulting in the separation of procyanidins up
to a DPm of five. However, these authors observed a poor
resolution of the peaks. Therefore, an optimized method
with hexane-methanol-ethyl acetate as solvent was devel-
oped, leading to the separation of procyanidins up to octa-
mers with a good resolution. Recently, also an apparently
powerful method was published in which separation of pro-
cyanidins with a DPm up to 14 on a diol stationary phase
was achieved [93]. An overview of different NP methods
described in the literature is given in Table 5. In contrast to
SEC, in NP-HPLC the procyanidins elute in the order of
increasing molecular mass (increasing polarity). However,
care must be taken as the highly polymerized procyanidins
are often not completely eluted from a silica-based NP col-
umn. The cause is the strong adsorption to the silica station-
ary phase and the relatively low solubility in the organic
mobile phase. Acid degradation can also take place because
of the high concentrations of organic acids used for most
separation methods, which is a tremendous disadvantage
for preparative operations. A solution for this could be the
application of the newly described method using a diol sta-
tionary phase [93]. The procyanidins did not adsorb irrever-
sibly to this phase and the acid ratio was lower at a higher
separation capacity.
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RP-HPLC is the most common technique for separating
plant phenols. PAC can also be separated on C18 columns
but resolution is limited up to tetrameric structures. The
reasons why higher PAC cannot be resolved are manifold.
Basically, the concentration of individual compounds
decreases with increasing DPm and a higher number of pos-
sible isomers. In addition, the peak capacity of the station-
ary phase is reduced in complex samples. The result is an
unresolved hump or a drift of the baseline, which is typical
for high polymeric PAC [94]. Low molecular mass PAC,
which can be subjected to chromatography as individual
peaks on C18 material, are eluted — in contrast to NP chro-
matography — not according to their degree of polymeriza-
tion. The main factor influencing the retention time is the
stereochemistry and the overall polarity [95]. For example,
epicatechin and its oligomers were more strongly retarded
than the monomer and procyanidins consisting of catechin
[95, 96], and procyanidins with 4 — 6 linkage as well as
doubly linked procyanidins were eluted later than 4 — 8-
linked ones [34]. In general, the elution order of the dimeric
and the trimeric procyanidins C1 and C2 remained nearly
constant and was more or less unchanged by the type of elu-
ent, acid and stationary phase, whereas the retention times
of procyanidin B1 and B4 were slightly affected by changes
of the chromatographic conditions [97].

The chromatographic behavior of procyanidins is also
affected by the concentration of the injected sample solu-
tion. With increasing amount of procyanidins, their peaks
shifted towards lower retention times. Putman and Butler
[98] referred to on-column reactions, which were thought to
be caused by trace metal impurities. Therefore, the authors
recommended the addition of a chelator.

In general, gradients are applied starting at a high percen-
tage of aqueous phase using methanol, ACN and acetic acid
or formic acid as organic constituent of the eluent [8, 34,
50, 76, 91, 94, 99, 100]. 3,4,5-Trimethoxycinnamic acid
can be used as an internal standard, as this substance elutes
very late and does not interfere with the polymeric procya-
nidins [96, 101].

4.3.5 Derivatization

Derivatization methods can be distinguished into pre- and
post-column techniques. Post-column derivatization is not
often reported as it requires specific equipment. In the past,
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dimethylaminocinnamaldehyde has mostly been used for
the analysis of different fruits or beverages [70, 102, 103].

Nowadays, pre-column derivatization is more usual. Two
methods have been established. The first involves the
degradation of procyanidins in the presence of benzyl mer-
captan, and was introduced by Rigaud et al. [104] and
enhanced by Guyot ef al. [105]. Koupai-Abyazani et al.
[95] developed a similar method using the acid degradation
of procyanidins in the presence of the nucleophilic agent
phloroglucinol and subsequent RP-HPLC separation. More
recently, Karonen et al. [84] reported a limitation of the
thiolysis method as some polymeric PAC are resistant to
degradation with thiols (notably when PAC originate from
aged tissues, e.g., outer bark). Therefore, the method using
a solution of 0.1 M HCI in methanol containing 50 mg/mL
phloroglucinol and 10 mg/mL ascorbic acid seems to be
more suitable [84]. During this reaction, the extension units
of the PAC are transformed into benzylthiol or phlorogluci-
nol adducts, respectively (Fig. 6). The terminal units are lib-
erated as flavan-3-ols. The DPm of the procyanidins in the
sample can be calculated by estimating the proportion of
adducts to free flavan-3-ols. However, it is essential to con-
sider the kind of PAC present. Galloylation of a procyanidin
may decrease the cleavage of the interflavanoid linkage
under mild conditions (5 min, 30°C, 0.1 M methanolic
HCI). Koehler et al. [106] observed a degradation of 60%
for 4 — 8 connected procyanidin dimer when the terminal
unit was galloylated and 25% when the upper unit was gal-
loylated. A 4 — 6 linkage with galloylation of the upper
unit reduced the cleavage up to 5%. For complete cleavage
the authors recommend a temperature of about 50°C. The
cleavage of the ester bondage of procyanidin-3-O-gallates
has not been observed under the strong acidic conditions
during thiolysis [49]. Therefore, incubation of the ester
with tannase in 0.1 M acetate buffer at pH 5.0 was recom-
mended [107].

5 Detection

Different methods exist to detect procyanidins after HPLC
separation. The most common are UV-DAD, fluorescence
and MS detection.

5.1 UVand DAD

The UV spectra of PAC exhibit two maxima, the first at
about 200—220 nm and the second at 278 nm [108]. A third
band occurs between these two maxima if aromatic substi-
tuents are conjugated to the PAC, i.e., gallic acid [97]. The
effect of substituents on the UV spectrum depends more on
their position and interaction than on their chemical nature.
The ortho and meta positions give bathochromic shifts of
the UV maxima at longer wavelengths [109]. In addition, a
symmetrical UV spectrum, relating to the maximum at
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Figure 6. Structures of thiolysis (A) and phloroglucinol (B)
degradation adducts of procyanidins.

Table 6. Absorbance data of procyanidins and their mono-
mers at 280 nm

Compound € (I/mol cm) Solvent Reference
(+)-catechin 3300 MeOH [68]
(—)-epicatechin 3780 MeOH [97]
Procyanidin B2 7100 MeOH [68]
Procyanidin B3 6700 MeOH [68]
Procyanidin B4 8170 MeOH [97]
Procyanidin B5 7810 MeOH [97]
ProcyanidinC1 11800 MeOH [97]
10600 MeOH [68]
Procyanidin C2 9800 MeOH [68]
Procyanidin A2 5200 MeOH [69]

¢, molar coefficient of absorbance

280 nm, is characteristic for a homogeneous procyanidin
polymer [110], whereas symmetry is disturbed in mixed
procyanidin-prodelphinidin polymers. Prodelphinidin poly-
mers also show lower specific absorption coefficients than
procyanidin polymers [97]. Since most other plant pheno-
lics exhibit different characteristic absorption maxima, pro-
cyanidins can be easily identified using UV-DAD. Higher
sensitivity in quantification of procyanidins can be reached
at 210 nm, because of the higher molar absorption coeffi-
cients of procyanidins in comparison to 280 nm. UV detec-
tion of individual procyanidins after chromatographic sep-
aration implies that molar absorbance depends on the struc-
ture. In the series catechin, procyanidin dimer and procya-
nidin trimer the molar absorbance increases (Table 6). The
molar absorbance of the twofold-linked procyanidin A2 is
much higher than that of the monomers [69]. Nonetheless, a
disadvantage of UV-DAD in the analysis of procyanidins is
that the spectra of monomers, procyanidin oligomers and
even of some of their degradation products do not exhibit
any obvious differences, and even the diastereomers (2R,
3R)-epicatechin and (2R, 3S)-catechin cannot be distin-
guished properly [68]. As commercially available procyani-
dins are rather scarce, the fact that molar absorbance of pro-
cyanidin oligomers is roughly the sum of the absorbance of
the monomer units could be used to estimate, as a first
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Table 7. m/z signals of procyanidins recorded by ESI-MS in
the negative mode [119]

Degree of poly- m/z
merization
[M-H]~ [M-2H]?- [M-3H]*-

1 289.0

2 577.0

3 865.2 432

4 1153.8 576

5 1441.0 720.2

6 1729.5 864.9 576

7 2017.5 1008.3 672

8 2305.5 1153.1 768

9 2593 1297.0 864
10 2881 1441.0 960.3

approximation, the content of low molecular mass procya-
nidins.

5.2 Fluorescence

RP-HPLC with UV detection at 280 nm is helpful for ana-
lyzing and quantifing PAC in food samples (cf. UV and
DAD). The limitation of this method is its ineffective sep-
aration of higher oligomers. Using NP-HPLC separations
(especially employing dichloromethane), the detection at
280 nm is insufficient. Fluorescence detection has been
shown to be more suitable, as it is able to increase the selec-
tivity for procyanidins and to reduce the signal from other
absorbing compounds. For example, to detect procyanidins
and prodelphinidins a fluorescence detector was set at an
excitation wavelength of 276 nm and an emission wave-
length of 316 nm [100, 111-113]. The detection limit of
procyanidins using 280 nm is in the range of 9.0—11.0 ng
(on-column) in comparison to 20—23 ng (on-column)
reported by Rohr ef al. [114] and Donovan et al. [115] con-
sidering catechin and epicatechin, respectively. According
to the information provided by Gu ef al. [100], the detection
limits using fluorescence were in a range of 23—64 pg (on-
column), i.e., nearly one thousand times lower than that
observed by UV detection. A much higher fluorescence
detection limit for catechin (3 ng/on-column) was
described by Donovan et al. [115] using different excitation
and emission wavelengths at 280 and 310 nm. Adamson et
al. [111] reported a limit of detection for procyanidins
between 0.01 mg/ml and 0.03 mg/ml for monomers to dec-
amer flavan-3-ols in cocoa, respectively.

5.3 LC-MS and LC-MS/MS

In LC-MS ions are generated from the eluting molecules of
an HPLC device. They are subsequently separated according
their m/z ratio. Different interfaces for generating the ions
are currently available, e.g., thermospray (TSP), atmo-
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spheric pressure chemical ionization (APCI), or ESI [116,
117]. ESl is a gentle and sensitive and the most used method
to date [118]. Analyzing procyanidins in grape extracts Wu
et al. [117] determined a limit of quantification of about
40 ng/ml. For higher sensitivity, additional experiments
using the mass spectrometer can be performed that lead to
specific reaction products, i.e., using a triple quadrupol
(MS/MS) or an ion trap for MS? or MS" experiments, respec-
tively. Table 7 gives an overview of specific ions detected in
procyanidin analysis. Of course, misinterpretations have to
be avoided. Cheynier et al. [119] detected double and triple
charged ions that could be interpreted as a lower degree of
polymerization. In addition, a general problem arises from
the decreasing ionization efficiency observed with increas-
ing degree of polymerization [120, 121].

Friedrich et al. [122] described a technique for elucidat-
ing the structures of unknown oligomeric procyanidins
(Table 8). Multiple MS experiments using an LCQ IT was
used and a fragmentation pathway was proposed. Here
[Mp-H]~, which represents the base unit with only one
interflavanoid linkage at C8 or C6, and [Mr3H] ions,
which represent the top unit with only one C-C-bond at C4,
were derived by cleavage of the interflavanic bond. The
retro Diels-Alder fission in the T-unit was found to be the
most important fragmentation and resulted in the
[M-CsHgO,-H]  ion [122, 123].

5.4 MALDI-TOF-MS

The application of the MALDI-TOF-MS for analysis of oli-
gomeric procyanidins has been introduced within the last
10 years. In the first publication, the range of polymeriza-
tion of PAC in apples from dimer to pentadecamer was
determined [124]. Most recently, Es-Safi et al. [125]
detected polymers up to a DPm of 25. Yang and Chien
[126] have investigated procyanidins from grapes, and
recommend using MALDI-TOF not only for characteriza-
tion but also for quantification. Dihydroxybenzoic acid
(DHB) is the matrix best suited for procyanidin analysis in
the reflectron mode. Compared with other commonly used
matrix systems, such as trans-3-indolacrylic acid (IAA),
R-cyano-4-hydroxycinnamic acid (CCA), sinapinic acid
(SA), 9-nitroanthracene (9NA), 5-chlorosalicylic acid
(5CSA), 2-(4-hydroxyphenylazo)benzoic acid (HABA) and
dithranol, DHB provides the broadest mass range with the
least background noise. Although IAA matrix provides a
mass range similar to DHB, it tends to generate a very high
background of noise in the mass range below 500, blocking
out the signals from the monomers and the dimers [125,
126]. In various publications, cesium trifluoroacetate or
sodium chloride was added to the matrix/sample solution to
promote the formation of a single ion adduct [M+ Cs/Na]"
[127—-129]. Several authors have stressed the difficulty in
preparing standards to develop response factors for each
group of oligomers [124, 126].
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Table 8. General scheme to elucidate the sequence of monomeric units in dimeric proanthocyanidins by negative ESI and trap CID

[122]

[M-H]~ [M-CgHgO4-H]~ [M-CeHsO5-H]~ [Mg-H]~ [M+-3H]~ Sequence of mono-
(RDA-product meric units

577 425 451 289 289 c-c

593 425 467 289 303 gc-c

593 441 467 305 287 c-gc

609 441 483 305 303 gc-gc

¢, catechin; gc, gallocatechin, RDA, Retro Diels-Alder; Mg, molecular mass of the base unit ; My, molecular mass of the top unit

In conclusion, the HPLC/MS methods have wide-ranging
utility for analysis of multiple types of PAC in a large vari-
ety of food and beverage matrices. Obviously, fluorescence
detection is superior to UV detection in samples with com-
plex matrices containing low concentrations of procyani-
dins. Due to the high sensitivity and selectivity of the fluo-
rescence detector, these methods will become increasingly
more importance for quantifying procyanidins in food sam-
ples. Among the MS methods, MALDI-TOF is a potent tool
for qualitative analysis of the procyanidins present in the
matrix without extensive sample preparation; however,
quite high concentrations are necessary. ESI, as the most
sensitive ionization method, is a useful technique for struc-
ture elucidation when used in combination with MS/MS.
However, only low molecular mass procyanidins can be
quantified due to the lack of ionization of highly condensed
procyanidins.

Analytical methods that eliminate the need for sample
preparation are in progress. The most recent development
in MS, the nanostructured initiator mass spectrometry
(NIMS) [130], which combines the molecular specificity of
MALDI with the resolution of secondary ion MS (SIMS), is
expected to have advantages in the analysis of small mole-
cules and may open the way for future highly selective and
sensitive analysis in biological matrices.

6 Structure elucidation

Nuclear magnetic resonance spectroscopy (NMR) analysis
is a well-established technique for structure elucidation of
molecules. To investigate the absolute configuration circu-
lar dichroism (CD) spectroscopy can be applied.

6.1 NMR

NMR is a powerful and theoretically complex analytical
tool for structure elucidation. Basic principles are the
nuclear spin and the splitting of energy levels in a magnetic
field. All nuclei that contain odd numbers of protons or neu-
trons posses an intrinsic magnetic moment and the mechan-
ical property of spin. The overall spin of the nucleus is
determined by spin quantum number I, with the most com-
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monly measured nuclei 'H and "*C having a spin of I = 1/2.
Nuclei with such a spin can only adopt two discrete states
according to the magnetic field, parallel and antiparallel,
also referred to as up and down, respectively. Transitions
between these states can be caused and registered via radia-
tion or emission of electromagnetic waves. The magnetic
field and the molecule structure determine the resonance
frequency. Further structural data can be elucidated by
observing spin-spin coupling, a process by which the pre-
cession frequency of a nucleus can be influenced by the
magnetization transfer from nearby nuclei [131].

This technique is well established in organic chemistry.
However, it is difficult to determine the structure of procya-
nidins by NMR, especially the position of the interflavanoid
bond (43 — 8 or 4 — 6). One reason is that the procyani-
dins show very broad 'H signals at room temperature due to
atropisomerism. This results from steric interactions in the
vicinity of the interflavanoid bond, which allows the flavo-
noid units to rotate almost freely. Tarascou et al. [132]
reported a ratio of up to 55:45 of two isomeric rotamers
observed via "H-NMR spectroscopy depending on the struc-
ture of the procyanidin dimers. To handle the problem of
atropisomerism, different approaches have been adopted,
e.g., derivatization to phenolic permethyl ethers or to 3-O-
acetates [133] to limit the free rotation. Another possibility
is the cleavage of the interflavanoid bond by thiolysis [104]
or reaction with phloroglucinol [134] in combination with
the comparison of *C-NMR chemical shifts of each unit.
Evaluation of the position of the interflavanoid bond of
underivatized procyanidins has been proposed previously
by Nonaka et al. [135]. The authors used the chemical shift
of the H2 of the terminal unit (lower unit) of a dimeric pro-
cyanidin with the 2,3-frans configuration. In case of a
4 — 6 bond the chemical shift of this proton amounted to
4.58 ppm, while for a 4 — 8 bond it was 4.91-4.97 ppm. A
similar method was recommended by Vdovin et al. [136].
They used the chemical shift of H6 or H8 (E-ring) of an
acetylated or methylated procyanidin obtained under condi-
tions of rotation about the interflavanoid bond at tempera-
tures of 100—170°C. The H6 (E-ring) exhibits a chemical
shift of 6.06—6.16 ppm in the 4 — 8-linked dimers,
whereas the H8 (E-ring) shows a 6.20—6.38 ppm shift in
the 4p — 6-linked dimers. In contrast, Shoij et al. [137]
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Table 9. Chemical shifts of procyanidin B1-B4 and A4 [132, 137, 142]

Procyanidin B1 Procyanidin B2 Procyanidin B3 Procyanidin B4 Procyanidin A4
Solvent Methanol-d, Methanol-d, H.O/D,O H,O/[Dg]- Acetone-ds
andtem- (—40°C) (—-40°C) (22°C) ethanol Room
perature (22°C) temperature
Ring  Position Chemical J[Hz] Chemical J Chemical J Chemical J Chemical J
shift shift shift shift shift
C 2 5.1brs 5.06 brs 4.39d 10 4.31d 9.7
3 3.92brs 3.79brs 4.29m 4.13dd 4.10d 4
4 4.65brs 4.61brs 4.36d 10.5 4.28d 8.5 4.27d 4
A 6 5.92brs 5.92d 2 6.00s 5.89s 6,13d 2
8 5.94brs 5.94d 2 571s 5.82s 6,08d 2
B 2 6.85brs 6.83d 2 6.80d <1 6.57d 1.6 a3
5 6.68d 8 6.68d 8 6.83d 8.2 6.63d 8.2 a
6 6.67d 8 6.60dd 8,2 6.61dd 6.34dd 3
F 2 4.96d 5 4.95brs 4.58d 7.9 4.7d <1 &)
3 4.16m 4.24brt 3.92m 4.00m 4.67d 8
4 2.53d 17 2.79d 17 2.85dd 15.8, 2.78 17.2, 4,00m
2.58dd 17,4 2.94dd 17,4 2.49d 5.3 2.55 4.7
8.5 <1
D 6 5.82s 5.88s 6.15s 6.02s 6,04 s
8
E 2 6.82brs 7.10d 2 6.61d <1 6.55d 1.8 a
5 6.69d 8 6.72d 8 6.87d 8.2 6.68d 8.2 a
6 6.88d 8 6.85dd 8,2 6.46 dd 6.29dd a
br, broad; d, doublet; dd, doublet of doublet; m, multiplet; s, singlet.
a) not given in literature [142].
b) overlapped by solvent.
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Figure 7. CD-spectra of cis-[(2S, 3S); (2R, 3R)] and trans-[(2R, 35); (25, 3R)] flavan-3-ols [139].

showed that low temperature "H-NMR resulted in sharper
signals than the spectra recorded at ambient temperature. In
addition, this method was found to be more sensitive to pro-
cyanidins. An overview of the chemical shifts of different
procyanidin dimers is given in Table 9.

6.2 CD spectroscopy

CD is a powerful tool for identifying the absolute config-
uration of optically active molecules. The basic principle is
that the plane of polarized light rotates at an angle o when
absorbed by an optically active molecule. Moreover, the
optically active matter differentially absorbs the left and the
right hand circular polarized light. The resulting light is
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therefore elliptically polarized and the medium exhibits
CD. The absolute configuration and conformation of a
molecule can be determined with the obtained CD spectra
in combination with NMR spectroscopy.

Any optically active compound exhibits an optical rota-
tory dispersion curve, which gives the optical activity (@) in
the function of wavelength (4 in nm). If the compound under
investigation has no chromophores that absorb in the wave-
length range being used, its curve is plain or normal without
any extrema. Anomalous curves exhibit a maximum, a mini-
mum, or both, and are observed when the molecule possesses
an absorption band in the region being investigated (Fig. 7).
These anomalous dispersion effects are known as Cotton
effects. For detailed information see [138].
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Flavan-3-ols exhibit a chroman chromophore. This chro-
man derivate belongs to the benzene chromophores with a
chiral O-heterocyclic ring (second sphere) and the substitu-
ent (C-ring, third sphere) [138], resulting in the observed
Cotton effects at 200—240 nm ('L,) and 260—-280 nm ('Ly).
Van Rensburg et al. [139] found that the (2R, 35)- and (2S5,
3R)-trans enantiomers show Cotton effects of opposite sign
and the (2R, 3R)- and (25, 35)-cis enantiomers exhibit Cot-
ton effects of the same sign for the 'L, transition compared
to the 'L, transition (see Fig. 7). In conclusion, positive and
negative Cotton effects at the 'L, transition seem to indicate
3S and 3R absolute configuration, respectively. Because of
the increasing complexity of procyanidins with growing
chain length, determining the absolute configuration of
each C-atom still poses a challenge.
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