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Procyanidin fractions from apple were separated according to the degree of polymerization using
normal phase chromatography. Evaluation of physiological functionalities of procyanidins requires
individual structural determination. However, it is difficult to elucidate the structure of procyanidins,
in particular those with (+)-epicatechin (1) or (—)-catechin (2) units, and determine whether the
interflavanoid bonds are 45—8 or 43—6 without cleavage and acetylation. Structural determination
used LC-MS and low-temperature NMR. Nine procyanidins were separated by preparative HPLC
consisting of three well-known procyanidins [procyanidin B1 (3), procyanidin B2 (4), and procyanidin
C1 (5)] and six new procyanidins [epicatechin-(43—8)-epicatechin-(45—=8)-catechin (6); epicatechin-
(45—6)-epicatechin-(4—8)-catechin (7); epicatechin-(45—6)-epicatechin-(4—8)-epicatechin (8);
epicatechin-(4—8)-epicatechin-(45—6)-catechin (9); epicatechin-(45—8)-epicatechin-(4—6)-epi-
catechin (10); and epicatechin-(45—8)-epicatechin-(45—8)-epicatechin-(45—8)-epicatechin (11)].
Compounds 6—11 were detected for the first time as apple constituents.
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INTRODUCTION

Procyanidins (condensed tannins) are a group of polymeric
polyphenols widely found as secondary metabolites in plants.
They provide the bitter and astringent tadfeand are important
for color (2, 3), flavor, and longevity of beverages and foods.
Procyanidins consist of{)-catechin and-{)-epicatechin units,
which are linked together through thg-48 or 45—6 interfla- (Q)-epicatechin : R = -wn OH
vanoid bonds (Figure 1). Procyanidins in plants are present in (+)-catechin : R= —= oY
the form of oligomers and polymers, and the average degree offjgyre 1. Structure of procyanidins.
polymerization may vary widely.

Polyphenols in various beverages (e.g., red wine and green
tea) and foods (e.g., grape (seed) and apple) have been reporte
to have some physiological functionalities<7). Procyanidins
have various functionalities such as antiallergic activiy-(
10), anticaries activity 1), anti-hypertensive activityl@),
antioxidative activity (6,13—15), hair-growth promotion (16),
and inhibitory activity against some enzymes and recepiats (

19). Therefore, much research has focused on the relationship
between their degree of polymerization and structure and their

physiological activity. In particular, procyanidins from apple - . .
have been reported to exhibit the above activities and alsothat procyanidin fractions were prepared from apple according

inhibition of cholera toxin 20) and accumulation of lipids in :ZSE(; degree of polymerization by a normal phase chromatog-
cells (18). Normally, characterization of procyanidins proceeds through
investigations of nuclear magnetic resonance (NMR) data of

The procyanidins in apple have been reported to include three
@mers [procyanidin B1 J) [epicatechin-(45—8)-catechin],
procyanidin B2 (3 [epicatechin-(4/4>8)-epicatechin], and pro-
cyanidin B5 [epicatechin-{#—6)-epicatechin]] and the trimer
[procyanidin C1 (5) [epicatechin-(45—8)-epicatechin-(4/—8)-
epicatechin]] (21—24). Kameyama et al. (25) have shown by
matrix-assisted laser desorption ionization time of flight mass

spectrometry (MALDI-TOF/MS) that procyanidins in apple
Were present as a mixture of various oligomers ranging from
dimers to pentadecamers. Yanagida et 26) (have reported

4{1@8?” to V\ﬂomhcholr(resglongncehsgould be addressed-(tk-297- their peracetate or methyl ether acetates, in conjunction with
o tospiniks-shoji@asahibeer.co jp). fast atom bombardment mass spectrometry (FAB-MS) and
8 National Institute of Health Sciences. circular dichroism (CD) data. However, it is difficult to
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determine the structure of procyanidins by NMR, in particular, from unripe apples (Malus pumilev. Fuji), according to the method
the position of 45—8 or A—6 interflavanoid bonds, for the  of Yanagida et al.Z6). Briefly, the crude procyanidin fraction was
following reasons. At ambient temperature, procyanidins show isolated from the CAP fraction using a column. Lyophilized CAP
broadening ofH NMR signals due to atropisomerism, which powder was dissolved in dlstllled_ water and_ a_djusted to pH 6._5 Wlt'h 5
results from steric interactions in the vicinity of the interfla- Eazlgogd T[‘tz ?i’gﬂ%r‘:"a;ngp;flt':f t;‘; ioﬁ)&?ﬁnhﬂzﬁgzﬁ mgg‘éb\"am
vanoid t_)ond about which the flavonoid units are frge to rotate distilled water, the crude procyanidin fraction was eluted with 25%
(27). This suggests that the T2 values of procyanidins are Very oianql. Finally, the eluate was concentrated by rotary evaporation at
small, and, therefore, it is |_mpOSS|bIe to detect cross-peaks iN 45 °C and lyophilized as a crude procyanidin fraction.

'H 2D NMR spectra at ambient temperature. To overcome this  \ethyl Acetate Extraction of Procyanidin Oligomers. Lyophilized
situation, several approaches have been adopted. Ferreira’s grougrude apple procyanidin powder (10 g) was suspended in methyl acetate
(28, 29) synthesized phenolic permethyl etheD3cetates, (100 mL) and stirred fol h at 30°C. The methyl acetate extract was
which were stable enough at high temperature to overcome theseparated and the residue re-extracted with methyl acetate three times.
rotational barriers and yield sharp first-order spectra. The After the addition of distilled water, the methyl acetate fraction was
combination of the cleavage of the interflavanoid bond on the concentrated by rotary evaporation at %5 and lyophilized.

A-ring by thiolysis @0,31) or reaction with phloroglucinoBg— Preparation of Procyanidin Fractions by Normal Phase Chro-

34) and comparison dfC NMR chemical shifts of each unit matography. For the pr(_apa_ratlon of procyanidin fractions _accordlng
has been performed to determine the position of the interfla- to the degree of polymerization from the methyl acetate fraction, normal

- - .___ phase chromatography was performed using a silica gel packed (i.d.
YanOId bond. quever, the procyanidins used for characteriza- 20 x 250 mm) column (Soken Chemical and Engineering) with hexane/
tion were not intact and could not be used to study the

acetone as the mobile phase. A sample (1 g) was applied to the silica

physiological functionalities, and therefore, structuaetivity gel column at a flow rate of 12 mL/min. For the first 30 min, the initial
relationships remained unknown. eluent used was hexane/acetone (35:65), followed by a linear gradient
In this investigation, we have appliéti NMR and!H 2D from 65 to 80% acetone for 40 min, and subsequently the concentration

NMR at low temperatures{40 and—20 °C) without acetylation was held at 80% acetone for 40 min. The eluate was monitored by
and cleavage to the structural analysis of procyanidins from absorbance at 230 nm. Each procyanidin oligomer fraction A
apple. As a result of this NMR analysis method, we have made obtamgd was concentrated by rotary evaporation at°@5and
exact distinctions of the type of units and the positions of YoPhilized. o _
interflavanoid bonds and obtained complete assignmefiti of HP'T_Lg'f'l‘iat'?hn of P_rchyte_mldlns by Pfrepargtl\)/e Revers;a_d Phase g
and C NMR signals for five trimers and one tetramer, = urther puriication V".?S periormed by preparative rle"erse
. Iv unknown in apple phase HPLC using an Inertsil ODS Il (i.d. 2b ZSQ mm) column

previously ppie. using a methanol/water solvent (15:85, v/v; for fraction B) or methanol/
water solvent (20:80, v/v; for fractions C and D) at a flow rate of 12
MATERIALS AND METHODS ] mL/min. Two compounds were isolated from dimer fraction B, six

Apparatus. *H, **C, and 2D NMR spectra were recorded with a  compounds were isolated from trimer fraction C, and one compound
JEOL A-600 spectrometer (JEOL, Tokyo, Japan) using 3 mm tubes \as isolated from tetramer fraction D. The purification levels of each
with CD;OH and CROD as the solvent and tetramethylsilane (TMS)  compound were confirmed @s95% using reversed phase HPLC.
as an internal standarét and**C NMR were performed at 600 and All of the procyanidins were isolated as brownish white powders,
150 MHz, respectively.'H-detected heteronuclear multiple bond  54q1H and 13C NMR data at—40 or —20 °C are shown irTables
correlation (HMBC) and heteronuclear multiple quantum coherence 1_4 The negative ion in the high-resolution LC-TOF mass spectra of
(HMQC) spectroscopies were used to assign correlations betien compounds—10gave [M— H]~ and [M — 2H -+ Na]- atm/z865.2
and °C signals. NMR analysqs were performed at I'ow temperatures gnq g8g7.2, respectively, and the molecular formulgHg;Oys was
(—40 or—20 °C) using a long-time cold dry air supplier JEOL NM- ¢onfirmed by the result of the elemental analysis. High-resolution LC-
ALAS/L unit) with a temperature controller (JEOL AVT-1A unit). TOF (m/z): compound, calcd for GsHaO1s [M — H]~ 865.19799;
Chgmlgal shifts are given ia values. found 865.19708; compour®) found 865.19641; compouri found

Liquid chromatographymass spectrometry (LC-MS) was performed  865.19560; compound, found 865.19694; compoun8, found
on a JEOL LC-Mate with electrospray ionization (ESI) as an ion source ggs,19875; compound0, found 865.19749. LC-TOF analysis of
and operated in the positive-ion mode. The ion spray voltage was setcompoundLl gave [M— H]~, [M — 2H + Na]-, and [M— 2H + K]~
at+50 eV. For the analysis of procyanidin fractions, high-performance atm/z1153.3, 1175.3, and 1189.3, respectively, which was consistent
liquid chromatography (HPLC) was performed by means of an HPLC yjth the molecular formula &HagOz4. High-resolution LC-TOF rf/
system equipped with an L-6200 intelligent pump (Hitachi Ltd., Tokyo, z): compoundLl, calcd for GoHagOz4 [M — H]~ 1153.26138; found
Japan), an AS-2000 autosampler (Hitachi), and an Inertsil ODS Il (GL 1153.27017.
Science Inc.(,) Tokyo, Japan) column (i.d. 46250 mm) at 30°C. A Reaction of Procyanidins with Phloroglucinol. The reaction of
mixture of 5% HCOOH and CKCN was used as the mobile phase,  ,ocvanidins with phloroglucinol was preformed according to the
and the flow rate was 1.0 mL/min. FOI’ the first 10 ml_n, the |n|t|_al modified method of Foo et al3@). Purified procyanidins (100 mg)
eluent used was a 5% HCOQH solution, followed by a linear _gradlent and phloroglucinol (100 mg) were reacted in 1% HCl/ethanol (1 mL)
from 0 to 6% CHCN for 55 min. Subsequently, the concentration Was - ¢4 30 min at ambient temperature. The reaction mixture was analyzed
held at 6% CHCN for 5 min and then returned to the initial conditions using HPLC with the equipment described above. A mixture of 5%
(5% HCOOH) to re-equilibrate for 10 min. Detection was performed  cOOH and CHCN was used as the mobile phase, and the flow rate
using an L-4200 Uv-vis detector (Hitachi) at 280 nm, and the injection  \ya5 1.0 mL/min. The initial eluent used was a 5% HCOOH solution,
volume was 1Q.L of the procyanidin fractions (5 mg/mL). followed by a linear gradient from 0 to 25% of GEN for 60 min.

High-resolution mass spectrometry analyses were performed on apetection was performed at 280 nm, and the injection volume was 10
JEOL AccuTOF JMS-T100LC spectrometer (JEOL) using a flow | of reaction mixture.

injection in the negative-ion mode.

Materials. (+)-Catechin (1) and +)-epicatechin (2) were com-  RESULTS AND DISCUSSION
mercial samples obtained from Sigma Chemical Co., Ltd., and . . . .
phloroglucinol was obtained from Wako Pure Chemical Industries Ltd, ' the previous study, we succeeded in the fractionation of
Unless otherwise stated, all other reagents and chemicals used werd@focyanidins from apple by normal phase chromatography, and
commercially available extrapure grade products. five fractions were obtained according to their degree of

Preparation of Apple Procyanidin. The crude apple procyanidin ~ polymerization (Figure 2) 26). Of these fractions, two peaks
fraction was prepared from a crude apple polyphenols (CAP) fraction in fraction A were identified as-)-catechin (1) and (—)-
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Table 1. 'H and *3C NMR Spectral Data for Procyanidin Dimers in CD;OD at —40 °C
1H 13C
PB1 (dimer 3) PB2 (dimer 4) PB1 (dimer 3) PB2 (dimer 4)
position A unit B unit A unit B unit A unit B unit A unit B unit
2 4,96 (d, J =5Hz) 5.10 (brs) 4.95 (brs) 5.06 (brs) 81.4 71.0 79.9 76.9
3 4.16 (m 3.92 (brs) 4.24 (brt) 3.79 (brs) 68.0 72.9 67.0 735
4 2.53(d, J=17Hz) 4.65 (brs) 2.79(d, J=17Hz) 4.61 (brs) 211 36.7 29.9 36.7
2.58 (dd, J =17, 4 Hz) 2.94 (dd, J =17, 4 Hz)
4a 99.9 102.1 99.6 103.9
5 155.6 157.72 156.5 157.6°
6 5.82(s) 5.92 (brs) 5.88 (s) 5.92(d,J=2Hz) 96.5 95.4 96.8 95.6¢
7 156.3 157.72 156.6 157.8¢
8 5.94 (brs) 5.94 (d, J=2Hz) 107.6 94.9 107.2 95.54
8a 153.6 158.52 154.5 157.7¢
1 1322 132.7 132.1 1325
2' 6.82 (brs) 6.85 (brs) 7.10(d, J=2Hz) 6.83(d,J=2Hz) 1137 1149 114.9 1149
3 146.0 145.4b 145.8 1457
4 145.7 145.7 1455 1454
5 6.69(d, J=8Hz 6.68 (d,J =8Hz) 6.72 (d, J =8 Hz) 6.68 (d, J =8 Hz) 115.8 1155 115.6 115.7
6' 6.88 (d, J=28Hz) 6.67 (d, J=8Hz) 6.85 (dd, J =8, 2 Hz) 6.60 (dd, J =18, 2 Hz) 119.2 119.0 118.7 119.0
a-d Assignments with the same letter are interchangeable.
Table 2. 'H NMR Spectroscopic Data for Procyanidin Trimers in CD30D at —20 °C
posi-
unit tion PC1 (trimer 5) trimer 6 trimer 7 trimer 8 trimer 9 trimer 10
A 2 4.98 (brs) 5.00 (br s) 4.78 (brs) 4.89 (brs) 456 (d,J=7Hz) 4.80 (brs)
3 431 (brs) 418(dd, J=511Hz)  4.04(dd, J=511Hz)  4.20 (brs) 3.97 (m) 4.14 (brs)
4 2.81(d, J=16 Hz) 2.60 (dddd, 252(dd,J=7,16Hz)  276(d,J=17Hz) 247(dd,J=8,17Hz)  2.74(d,J =16 Hz)
2.94 (dd, J = 4, 16 Hz) J=511,17Hz) 266 (dd, J=4,16Hz) 2.88(dd, J=4,17Hz)  279(dd, J=4,16Hz)  2.86 (dd,J =4, 16 Hz)
6 5.92 (s) 5.87 () 5.84 (s) 5.86 ()
8 6.02 (s) 6.09 (s)
2 7.11(d, J =2 Hz) 6.86 (d, J = 2 Hz) 6.78 (d, J = 2 Hz) 7.08 (brs) 6.82 (d, J =2 Hz) 6.95 (brs)
5 6.74 (d, J = 8 Hz) 6.71(d, J =8 Hz) 6.54 (d, J = 8 Hz) 6.68 (d, J = 8 Hz) 6.71(d, J =8 Hz) 6.74 (d, J = 8 Hz)
6' 6.88° 6.88° 6.67(dd,J=2,8Hz)  6.75(d,J=2,8Hz) 6.74 (d, J = 8 Hz) 6.78'(d, J = 8 Hz)
B 2 5.23 (brs) 5.05 (brs) 5.22 (brs) 4.91 (brs) 5.01 (brs) 5.02 (brs)
3 3.94 (brs) 4,06 (d, J =8 Hz) 3.88 (brs) 3.84 (brs) 4.11 (brs) 412 (d,J=7Hz)
4 4.68 (brs) 4.75 (brs) 4.46 (brs) 451 (brs) 4.62 (brs) 4.62 (brs)
6 5.88(s) 5.87 () 5.96 () 5.94 (s)
8 6.13 () 6.15 ()
2 7.02(d, J =8 Hz) 7.04(d, J = 2 Hz) 6.85 (brs) 6.84 (d, J = 2 Hz) 7.03 (brs) 7.03 (brs)
5 6.710 6.68 (d, J = 8 Hz) 6.68¢ 6.67 (d, J = 8 Hz) 6.70° 6.72 (d, J = 8 Hz)
6' 6.67 (d, J=2Hz) 6.78 (dd, J = 2,8 Hz) 6.69¢ 6.63 (dd, J=2,8Hz) 6.69° 6.70(d, J =8 Hz)
C 2 5.06 (br s) 5.01 (brs) 4.76 (br s) 4.86 (brs) 5.02 (brs) 5.02 (brs)
3 3.97 (brs) 3.99(d,J=5Hz) 3.87 (brs) 3.83 (brs) 3.93 (brs) 3.93 (brs)
4 4.68 (brs) 4.67 (brs) 4.54 (brs) 455 (brs) 4.67 (brs) 4.67 (brs)
6 5.97 (d, J = 2 Hz) 5.96 (d, J = 2 Hz) 6.01(d, J =2 Hz) 5.94 (s) 5.96 () 5.96 (s)
8 6.00 (d, J =2 Hz) 6.01(d, J =2 Hz) 6.05 (d, J = 2 Hz) 5.94 (s) 6.00 () 6.00 ()
2 6.89° (d, J = 2 Hz) 6.89° (d, J = 2 Hz) 6.89 (d, J = 2 Hz) 6.87 (d, J = 2 Hz) 6.93 (br s) 6.92 (br s)
5 6.722 6.72 (d, J = 8 Hz) 6.674 6.70 (d, J = 8 Hz) 6.69¢ 6.69' (d, J = 8 Hz)
6' 6.692 6.70 (d, J =2 Hz) 6.71(d, J =8 Hz) 6.65 (dd, J =2, 8 Hz) 6.61(d,J=7Hz) 6.64 (d,J =8 Hz)

a=f Qverlapped with each other.

epicatechin (2) by reversed phase HPLC (Figure 3), which are of 3 are shown inTable 1. As a result, théH NMR spectra
the main flavan-3-ols in apples, on the basis of direct comparison exhibited methylene proton signalsdt 2.53 and 2.58, which
with an authentic sample and showing an fMH]* ion peak
atm/z291 by LC-ESI/MS.
Two peaks in fraction B consisted of procyanidin dimers,
showing an [M+ H]* ion peak atm/z 579 by LC-ESI/MS
analysis, and were purified by preparative reversed phase HPLC signal at the 4-position of the A unit as a starting point. With
Compound3 was isolated as a brownish white powder. THe
NMR spectra oB at different temperatures are showrFigure
4. At ambient temperature, compouB8dhowed the broadening
of 'H NMR signals due to atropisomerism. To yield sharp first- the 2-position of the C ring to the carbon signals of the B ring
order spectra by NMR, procyanidins have been converted into and from the proton signab(; 2.53 and 2.58) at the 4-position
their permethyl ether 3-O-acetates, which are stable at highof the C ring to those of the A ring. The carbon signal at the
temperature (289), and the NMR spectra were measured at 8a-position of the A unit was identified by the observation of
high temperature. Howevelt NMR signals were obtained as
sharp peaks by measurement at low temperatur@® or —40
°C) without the acetylation. Th#d and'3C NMR spectral data

were assigned to the 4-position of the A unit asta-€¢atechin

moiety. Next, the proton signals at the 2- and 3-positions of

the A unit were assigned @ 4.96 and 4.16, respectively, by

IH—1H shift correlation spectroscopy (COSY) from the proton

the 3C NMR, HMQC, and HMBC at—40 °C, the signals

originating from the A unit were assigned, because long-range
correlations were observed from the proton sigidal 4.96) at

an HMBC cross-peak from the proton signal(4.96) at the
2-position of the A unit. In the B unit, the signals were assigned
in the same way, after the carbon signé¢ (L53.6) at the 8a-
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Table 3. 3C NMR Spectroscopic Data for Procyanidin Trimers in CD;0D at =20 °C

A unit B unit C unit

position 5 6 7 8 9 10 5 6 7 8 9 10 5 6 7 8 9 10

2 794 815 819 792 82.5 795 766 767 774 769 770 770 767 76.6 71.0 77.3 76.7  76.8

3 667 681 683 670 68.9 675 729 722 728 733 718 717 734 73.4 729 73.1 737 738

4 300 263 273 298 28.6 296 371 370 372 371 378 370 369 36.9 375 37.3 377 370
4a 100.0 1002 1005 999 101.2 1004 1021 1023 1018 101.3 99.2 991 1015 1013 98.7 99.7 1014 1014
5
6
7
8

156.6 1557 1557 156.4 15589 1564 1564 157.1 157.1 156.7¢ 1580 1580 158.0 157.6 159.8 159.2 1581 158.1
974 971 968 970 1079 1080 971 97.0 1075 108.2 976 961 96.0% 959" 96.7 96.3 96.1 975
156.6 156.3 156.4 156.7¢9 15599 1557 1569 1569 1563 1564 1587 1582 1582 1582 159.7 159.3 158" 158.7
107.4 1079 107.0 106.3 95.8 96.2 1068 106.2  95.7 963 1075 1074  96.1% 96.2° 96.2 95.8 959 959
8a 1544 1535 1537 1542 1548 1554 1547 1546 1555 1555 1548 1547 157.7 158.0 1579 158.0 157.8 158.7
1" 1318 1323 1320 1320 1318 1321 1323 1325 1323 1321 1323 1323 1324 1322 1321 1323 1317 1317
2" 1150 1139 1140 1148 1150 1151 1149 1148 1150 1150 1149 1149 1150 1148 1152 1152 1149 1150
3 1460 1457 1461 1458 146.3' 1459 1459 1458 1457 1459 146.0" 1459 1456 1461 145.8° 1456° 1459' 146.0
4" 1456 1453 1458 1455 1463 1458 1454 1452 1455 145.6° 1456 1455 1454 1456 1458 145.6° 1455 1456
5 1157 1158 1159 1158 1158 1156 1158 1157 1156 1157 1158 1158 1158 1156 1156 1155 1158 1158
6" 1187 1190 1195 1183 1198 1191 1185 1185 1190 119.0 1185 1188 1190 1195 1195 1194 1187 1185

a-j Assignments with the same letter are interchangeable.

Table 4. 'H and 3C NMR Spectral Data for Procyanidin Tetramer 11 in CD3;0D at =20 °C

lH 13C
position A unit B unit C unit D unit A unit B unit C unit D unit
2 5.00 (brs) 5.29 (brs) 5.26 (brs) 5.09 (brs) 79.5 76.8 76.7 76.9
3 432 (brt) 3.97(d,J=2Hz) 4.08(d,J=2Hz) 3.99(d, J=2Hz) 66.8 72.9 73.0 735
4 2.81(d,J=17Hz) 471 (brs) 4.75 (brs) 4.72 (brs) 30.0 37.3 374 37.1
2.96 (dd, J = 4, 17 Hz)
4a 100.1 102.4 102.2 101.8
5 156.6 156.4i 156.4i 158.0
6 5.94 (s) 5.95(s) 5.93(s) 5.98(d,J=2Hz) 97.2 97.3¢ 97.0 96.1
7 156.7 156.9 157.0 158.2
8 6.01(d, J=2Hz) 107.6 107.3 107.1 96.0
8a 154.6 155.0 154.8 157.9
1 132.0 1325 132.6 132.6
2' 7.13(d,J=2Hz) 7.03(d, J=2Hz) 7.09(d,J=2Hz) 6.91¢(d,J=2Hz) 1151 115.0¢ 1149 115.08
3 146.0 145.9 1457 1457
4 145.6 145.40 145.2 145.40
5 6.75 (d, J = 8 H2) 6.69% (d, J =8 Hz) 6.73% (d, J = 8 H2) 6.74° (d, J = 8 H) 115.8 115.8f 116.0 115.9f
6' 6.91¢ 6.75° 6.78" 6.702 118.9 118.79 118.79 119.1

a=¢ Qverlapped with each other. 9-7 Assignments with same symbol are interchangeable.

position of the A unit had been established, which was assigned
by HMBC correlation of the proton signaby 4.65) at the
4-position of B unit. This was the most important correlation
between the proton signab{ 4.96) at the 2-position of the A
unit and the carbon signad{ 153.6) at the 8a-position of the

A unit by HMBC for the determination of the position of
interflavanoid bond between A and B units. As a result,
compound3 was identified as procyanidin B1, after comparison
with 13C NMR data in the literature2({, 35).

Compound4 was isolated as a brownish white powder. NMR
measurement in a similar way to dim&provided a complete
assignment of the A and B units. The and'3C NMR spectral
data of4 are shown inTable 1. From the!H and 3C NMR
spectra, it was shown thdthad an -)-epicatechin unit as the
A unit, because the proton signali{2.79 and 2.94) and the
carbon signaldc 29.9) at the 4-position of the A unit, the carbon
signal (& 79.9) at the 2-position of the A unit, and the carbon 0
g o Retention Time (i

: . Figure 2. Profile of apple procyanidins separated by normal phase
units was 4/—8, because of the correlation between the protonchromatography using a mixture of hexane and acetone as the mobile
signal (¢4 4.61) at the 4-position of the B unit and the carbon phase. The eluate was monitored by an absorbance at 230 nm.
signal Oc 154.5) at the 8a-position of the A unit, which was Fractions: A, flavan-3-ol fraction; B, procyanidin dimer fraction; C,
assigned by correlation of the proton signé; 4.95) at the procyanidin trimer fraction; D, procyanidin tetramer fraction; E, procyanidin
2-position of the A unit, observed in the HMBC spectra, as Pentamer fraction.
seen for3. Therefore, compound was determined to be Six compounds were separated from fraction C, consisting
procyanidin B2 (36). of procyanidin trimers. ThéH and3C NMR spectral data of

Abs. 230 nm (mAU)
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Figure 4. Effect of temperature on 'H NMR spectra of procyanidin B1.

the six trimers are indicated iFables 2and3, and the structures
are shown inFigure 5. Compoundb, the main compound in
fraction C, was isolated using preparative HPLC and showed
an [M + H]* ion peak am/z867. Following the same procedure

was composed of three epicatechin units. All of the results
showed thab was identical to procyanidin C1 [i.e., epicatechin-
(45—8)-epicatechin-(45—8)-epicatechin] (37).

Compounds was isolated from fraction C using preparative

used for the dimers, the signals were picked out as belongingHPLC and showed an [M+ H]' ion peak atm/z 867.

to the A unit, B unit, and C unit by 1D and 2D NMR

Compound 6 had similar NMR spectroscopic data when

spectroscopy. Furthermore, a phloroglucinol reaction experimentcompared to dimeB for the A and partial B units and to trimer

was performed to confirm whether§-epicatechin or (+)-
catechin were units contained i The result indicated th&t

5 for the partial B and C units. However, we could not assign
the carbon signal at the 8a-position of the A unit and the position
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R*=OH Trimer8
R==0H Trimer7
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Figure 5. Structures of (+)-catechin (1), (-)-epicatechin (2), procyanidin
B1 [epicatechin-(45—8)-catechin] (3), procyanidin B2 [epicatechin-(45—8)-
epicatechin] (4), procyanidin C1 [epicatechin-(45—8)-epicatechin-(45—8)-
epicatechin] (5), epicatechin-(43—8)-epicatechin-(45—8)-catechin (6),
epicatechin-(45—6)-epicatechin-(45—8)-catechin (7), epicatechin-(45—6)-
epicatechin-(45—8)-epicatechin (8), epicatechin-(43—8)-epicatechin-
(45—6)-catechin (9), epicatechin-(45—8)-epicatechin-(43—6)-epicatechin
(10), and epicatechin-(45—8)-epicatechin-(43—8)-epicatechin-(4/5—8)-
epicatechin (11).
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Figure 6. 13C NMR spectra of procyanidin C1 in CDzOH (A) and CD;0D
(B) at —20 °C.

by interflavanoid HMBC correlation. Assignments of the C unit
signals were achieved similarly. Furthermore, the phloroglucinol
reaction experiment showed thét consisted of two (—)-
epicatechin units and oné-J-catechin unit. By comparison with
the proton signals at the 4-position of the A uni;(2.81 and
2.94) of5 to those of3 and4, we assigned (+)-catechin as the
A unit. As a resultg was determined to be epicatechirB(48)-
epicatechin-(45—=8)-catechin.

Compound 7 was isolated from the trimer fraction by
preparative HPLC and showed an [ H]* ion peak atm/z
867. Compound consisted of two (—)-epicatechin units and
one (+)-catechin unit, and the A unit was confirmed &3-(
catechin as in the trimeg, by observation of the proton signal
at the 4-position of the A unithy 2.52 and 2.66). Three possible
carbon signals for the 8a-positiodq153.7, 155.5, and 157.9)
were selected by the deuterium substitution method. The HMBC
spectrum showed that the proton signal (4.46) at the
4-position of the B unit was correlated to the carbon sigdal (
153.7) at the 8a-position of the A unit, and the proton signal
(0w 4.76) at the 4-position of the C unit was correlated to the
carbon signal (6 157.1) at the 5-position of the B unit.
Therefore, compound was determined to be epicatechin-
(45—6)-epicatechin-(45—=8)-catechin.

Compound8 consisted of three<{)-epicatechin units. After
comparison of isotopic shifts, the correlation between the proton
signal (¢4 4.51) at the 4-position of the B unit and the carbon
signal (¢ 154.2) at the 8a-position of the A unit and the
correlation between the proton signa};(4.55) at the 4-position

of the interflavanoid bond between the A and B units because of the C unit and the carbon signdl156.7) at the 5-position

the correlation between the proton signak (5.00) at the

of the B unit were observed by HMBC as with trimét

2-position of the A unit and the carbon signal at the 8a-position Therefore 8 was epicatechin-{#—6)-epicatechin-(4—8)-epi-

of the A unit was not observed in the HMBC spectrum.
Therefore, we tried HD exchange experiments in GOH and

catechin.
The'H and*C NMR spectra of compoundsand10 showed

CDs0D, leading to isotopic shift of the carbon signals at the 5- signals assigned to the 4-position of the A uniféat2.47, 2.79;

and 7-positions and identifying the carbon signal at the dc 82.5; anddy 2.74, 2.86; andc 79.5, respectively. Through
8a-position among the crowded phenolic carbons. As a result,the same methods described abd¥end10 were determined
three carbon signal®¢ 153.5, 154.6, and 158.0) were selected as epicatechin-#—8)-epicatechin-(45—6)-catechin and epi-
to be the signals at the 8a-position of each unit from the nine catechin-(#—8)-epicatechin-(4—6)-epicatechin, respectively,
signals observed between 155 and 159 ppm (Figure 6). The due to the correlation between the proton signal at the 4-position

carbon signal (¢ 153.5) at the 8a-position of the A unit was
assigned by correlation of the proton signéj; (2.60) at the
4-position of the A unit in an HMBC experiment. The proton
signal at the 4-position of the B unit (¢4.75) was determined

of the B unit and the carbon signal at the 5-position of the A
unit and the correlation between the proton signal at the
4-position of the C unit and the carbon signal at the 8a-position
of the B unit in the HMBC spectrum. The structures of the



3812 J. Agric. Food Chem., Vol. 51, No. 13, 2003 Shoji et al.

procyanidins can therefore be approximately estimated from ais, the proton signal at the 4-position of the)¢catechin unit
comparison of the signals at the 4-, 6-, and 8-positions. as an A unit appeared af; 2.4—2.7 andc 26—28 and that of
Compoundl1 was isolated from the tetramer fraction D as the (—)-epicatechin unit appeared @t 2.7—2.9 anddc 29—
a brownish white powder, showing an [M H]* ion peak at 30. The carbon signals at the 2- and 5-positions of the A unit
m/z 1155. TheH and 13C NMR spectroscopic data for —appeared abc 79 and 156 for a (+)-catechin unit andda 81
compoundl1 are indicated irTable 4. The data indicate that ~and 155 for a (—)-epicatechin unit, respectively. In the case of
compoundL1 has an epicatechin as the A unit, because'the interflavanoid bonds of procyanidin trimers, we can distinguish
and’*C NMR spectra showed signals assigned to the 4-position between 45—8 and/#—6 by comparison of the carbon signals
of the A unit atdy 2.81 and 2.96 anddc 79.5. By the at the 6-, 7-, and 8-positions of the A unit, the carbon signals
phloroglucinol reaction, compountll was shown to be made ~ at the 3-, 4a-, 7-, and 8a-positions of the B unit, and the carbon
from four epicatechin units. After assignment of all of the signals Signals at the 4a-, 5-, and 7-positions of the C unit.
in the A unit with 1D and 2D NMR, and HD exchange As procyanidins are known to possess many physiological
experiments, the linkage position between the A and B units functionalities such as antioxidative activity, much attention has
was confirmed. Repeated analysis in the same way establishedeen focused on the correlation between the degree of the
there were interflavanoid correlations between the proton signal polymerization and structure of procyanidins and their physi-
(0w 4.71) at the 4-position of the B unit and the carbon signal ological activities. We believe this study will be useful in the
(dc 154.6) at the 8a-position of the A unit, between the proton €elucidation of this relationship.
signal (&4 4.75) at the 4-position of the C unit and the carbon
signal (& 155.0) at the 8a-position of the B unit, and between
the proton signaldy 4.72) at the 4-position of the D unit and (1) Lea, A. G. H.; Timberlake, C. F. The phenolics of ciders:
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