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Abtrwt-The alkaline air oxidation of ( + kalechin and ( - kpicakchin has been studied by ESR spccrroscopy. 
Borh compounds give rrsc IO IRK anion radicals of 2’-hydroxycalcchinic acid and 6’.hydroxycarechinic acid by way 
of a hydroxylarion and a rcarrangcmcnr rcacrion. The primary spectra of ( t katechin. carechinic acid and he 
mrcrmediarc radical5 d Y-hydroxyi + kafechin and 6’.hydroxy-( + karechin are otnerved and characrerizcd by 
ESR 

The flavan-34 compounds ( - katechin and ins dias- 
tereomer ( kpicatechin are widely distributed 
throughout the plant kingdom.’ They are found uncon- 
jugaled. nor as glycosides, in the vegetative tissues 

(leaves and fruits) of hcrbaceous plants, and as structural 
units in phenolic polymers (e.g. condensed tannins) in 

plants with woody habit.’ The phcnolic component of 
condensed tannins are usually extrdclcd with hot dilure 
aqueous base or alkaline bisulfite solutions.’ The extracts 

contain numerous chemical components for which the 
slruclural informalion is limited. In a previous paper’ wc 

showed how compounds with a quinonc or quinol 
nucleous could be detected as the corresponding anion 

radicals in crude extracts by the ESR technique. Since 
we have observed in a number of plant extracts a radical. 

seemingly derived from a flavan-3-01. we became inter- 
ested in how the tannin precursors ( + katechin and 

(- kpicatechin react in alkaline solutions. Here we 
report the ESR data of the anion radical of ( + katechin 

generated in alkaline oxygen saturakd solutions. and of a 

number of radical intermediates derived from it. The 

( + karechin radical has been characterized previously by 
ESR. but some spectra from secondary radicals 

representing derivatives of ( + katechin could not tx 
interpreted.’ Sears tf al.” have reported the rearrange- 

ment reaction of ( t katechin in oxygen /ret alkaline 
solutions lo give catechinic acid, (6-(3,4dihy- 
droxyphenyl)-7-hydroxy-2.4.9-bicycle [3.3.l] nonatrionc). 

Accordingly, we found it worthwhile IO include this acid 
in the present investigation in order IO elucidarc the 

reactions taking place. From the reactions of (-kpic- 

atechin we have observed the same end product as from 
( t katechin. Our failure IO observe the radical of ( - )- 
epicatechin itself and some intermediate ones. expected 

lo be generated in the alkaline medium, seems IO indicate 
rhar radicals with the cis configuration (c/ (-kpic- 

atcchin) have a much lower life time than those with the 
rrans configuralion (r/ ( + katechin). 

RLSLXTS AND DWlSKM 

Primary and secondary radicals from ( + )cartchin. 
( - )tpicutrchin. and carechinic acid. The above com- 
pounds were oxidized with air in aqueous alkaline 
dimethyl sulphoxide (DMSO) or aqueous alkaline ethanol 
(EtOH) solutions. For the primary radicals and hse 

obtained from secondary products their stability and 
spectral parameters were depcndcnl on the amount of 

water in the solvent and the pH. We were thus able lo 

generate selectively primary and secondary radicals by 

choosing proper experimental conditions. 
II is well known that /lavonoid compounds with ortho 

dihydroxy substitucnts on the B-ring give rise IO anion 
radical spectra similar IO those obtained from pertinent 

monosubstituted catechol derivatives. i.e. the unpaired 

electron. mainly located in the B-ring, exhibits hypefine 

couplings IO the three B-ring protons and IO one or more 
fi- and y-protons depending on the sIruclure in question. 

From the hypcrfine splitting constants (hfs) observed and 
shown in Table I. we suggesl the structures IV-VII. 

Scheme I. for the generated secondary radicals, and 

from their mode of formation the reactions in Scheme 2. 
We shall apply Roman ktters IO designate radical siruc- 

lures as well as parent compounds whatever is ap- 

propriale. 

Primary and secondary radicals from ( + katechin. 

( t )-Catcchin autoxidizts IO the primary radical 1 with a 
strong ESR spectrum at pH 5 12.70 in aqueous DMSO. 

while in aqueous EtOH Gnly weak spectra of low resolu- 
tion are observed. When pH 2 12.80 hydroxylarion of 

( + katechin leads IO the observation of secondary radi- 
cal species both in aqueous EtOH and aqueous DMSO 

solutions. For monosubstitulcd catcchol derivatives 

hydroxylation takes place at C-2’ or C-6’ depending on 

the solvent and the substitucnr. R. at C-l’ of the catechol 
unil. here numbered 3’.4’dihydroxybcnzen, see Scheme 

I. Thus, when R is an alkyl substiruent the hydroxylarion 
takes place at C-6’: ’ and when R = CHO.COMe. 

COEI.COO mainly C-2’ hydroxylation occurs.‘” For 
catechin considered as a monorubstirutcd catcchol, 
however, hydroxylation takes place al Cb’ as well as al 

C-2’ kading IO the IWO secondary radicals IV and V. 
respectively. To know sokly from the spectral infor- 
mation whether hydroxylation at C-2’ or at C# actually 
has occurred, recourse must be taken IO results of per- 
tinent trihydroxylatcd benzene radicals. Thus, radicals 
of I’-substituted 2’.3’.4’-trihydroxybcnztne constitute 
suitable models for radical V (hydroxylation at C-2’) and 
radicals of I’-substituted 3’,4’.6’-trihydroxybnzene those 
for radical IV (hydroxylation at C-6’). T?K former gives 
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R, = R2 = H 

R, = H,R2 =O- 

R, = 0-,Rz=H 

R3 = R, = H 

III R, = R, = H 

pI R5=“,R6=O- 

JZlI R5=O-,R6=” 

hfs constants from IWO aromatic protons with values. 
a,-’ - OX-I.5 G and bH - 44 G. and &proton couplings 

of 0.61.5 G. and the latter a, ” - 0.4WI.60 G and a?” - 
0.7-1.3 G. and ~--couplings of 2-5G.‘O ‘r The actual 
values observed depend on solvent, pH. counterion and 
substituent. and the ranges stated apply IO alkaline 
aqueous DMSO and alkaline aqueous EtOH solutions 

with Na’ as counterion. 
In order to obtain the radical structure from the data 

of a given spectrum one must correctly assign the 

observed hfs constants. The important problem is to 
single OUI the coupling constant, which derives from the 
@proton at C-2. since this constant is large in IV and 
small in V. Fortunately, this constant exhibits a stronger 
solvent and pH dependence than any of the other con- 
stants observed. This reflects partly changes in the dihe- 
dral angle, B. parrly changes in the spin density at C- 
l’.” ‘) The assignment of a?” = an” has therefore been 



based on pH and solvent studies of the secondary radi- 

cals. In TaMe I tk hfs constants of the radicals IV and 

V are placed together with the constants of pertinent 

model radicals. For comparable systems we notice the 

assignments to be consistent. 
We have observed that the hydroxylations taking place 

in the B-ring are dependent on the solvent used. In 

aqueous EtOH only IV (C-2’ hydroxylation) is observed. 
while both IV and V (C-2’ and C4 hydroxylations) are 
generated in aqueous DMSO. At pH = 12.80 and with 
DMSO/HrO solvent mixtures the life time of IV is longer 

than the one of V. and the intensity of the spectrum of 

IV stronger than the one of V. The reverse is true at 

pH = 13.00 and the absolute solvent composition 

DMSO/H# = 3/l. 
In aqueous DMSO at pH 12.80 the radicals IV and V 

disappear within minutes and two new radicals VI and 

VII appear within 5-ISmitt. In aqueous EtOH only VI 

appears. The absence in aqueous EtOH of radical VII is 
in line with the previously mentioned absence of radical 

V, as will be evident in what follows. When pH 2 13.10 

the secondary radicals IV and V are unobserved, and VI 
and VII are detectable only. Raising the pH to more than 

13.60 VI becomes the only radical observed in both 

solvents. We propose VI and VII to be the radicals 
generated from 2’-hydroxycatechinic acid and 6’- 

hydroxycatechinic acid. respectively. For VI this follows 
from the fact that a spectrum identical to the one of VI is 

observed in the direct hydroxylation of catechinic acid in 

alkaline solutions (see below). A further proof for the 
identity of radical VI is obtained by comparing its Ns 

constant in Table I with those of the related structure 
IV. Both give rise to two Ns constants of similar mag 

nitude from the two aromatic protons (B-ring protons 

from IV) and both exhibit a large constant from an 

aliphatic b-proton and a smaller one from a y-proton. 

From VI an extra splitting is discernible from the y 
proton at C-5. We conclude IV and VI share a common 

3’,4’.6’-trihydroxy pattern and have the structures given in 
Scheme I. In analogy with the above analysis we suggest 

V and VII share a common 2’,3’.4’-trihydroxy pattern and 
have the structures given in Scheme I. Again an extra 

y-coupling from the proton at C-5 is observed for VII in 

line with the result of VI. 
For the radicals IV and VI we observe hfs constants 

for /.I- and y-protons of the expected magnitudes. The 

observation of an unusual small hfs constant from the 

/?-proton of V (or VII) can be explained partly by the 

lower spin density at C-l’ of these radicals compared 

with the spin density at C-l’ of IV (or VI). (c/ the spin 
densities at the comparable positions of the anion radi- 

cats of I .2,3-trihydroxybenzene and I .t,l-trihydroxy- 

benzene). and partly by difference in equilibrium con- 
formations, which WC shall discuss later. 

Primary and secondary radicals from (- b 
tpicaftchin. We did not succeed in obtaining a well 
resolved spectrum of the anion radical of (-kpic- 
atcchin, II. nor in obtaining spectra corresponding to the 
cis-anafogucs of IV and V. Our failure to observe these 
radicals seems to indicate a reduced life time for radicals 
having the cisconfiguration. We expect the hfs constants 
of the B-ring protons of II to be of similar magnitude to 
those of I. The magnitude of alH = a@” from II cannot be 
predicted with certainty, however. because it depends on 
the actual equilibrium conformation given by the dihc- 
dral angle. 0. which is unknown. 

The only detectable radicals derived from (-)epic- 

atechin are the radicals VI and VII in alkaline ~IJCOUS 
DMSO, and VI in aqueous EtOH. VI and VII thus turn 

out to be tbc common end product of the alkaline air 

oxidation of (t )catechin and (- jepicatecbin. The 

geaeration of these radicals must obviously go through a 
hydroxylation reaction and a rearrangement reaction, the 
sequence of which is unknown. however. Therefore we 

have to consider the following pathways for the genera- 
tion of the radicals VI and VII: 

( + )catcchin/( - kpicatcchin + 

r*ur.ryncn, C.*h*Cl.~lWll 
(d) *Ill l VII. 

In order to discriminate between these pathways, we 
have investigated the reactions of the key intermediate. 

catecbinic acid. in alkaline medium. 

Primary and secondary radicals of catcchinic acid. In 

aqueous EtOH tl~ primary radical of catechinic acid. III. 

is seen when pH = 12.80, while a secondary radical iden- 

tical to the before mentioned radical VI is seen at higher 
pH. In aqueous DMSO the catechinic acid anion radical 

is observed when pH = 12.18. white a radical, again 

identical to VI is observed at higher pH. We therefore 

conclude that tl~ secondary radical from catechinic acid 

and the radical VI arc derived from the same compound. 

namely 6’-hydroxycatechinic acid. The anion radical of 

2’-hydroxycatechinic acid is incompatible with the Ns 
constants observed. Only C-6’ hydroxylation occurs for 

catechinic acid, ruling out the reaction pathway (d). The 

reaction sequence leading to VII is tb) whereas both (a) 

and (c) are possible pathways for the generation of VI. 
Since VII is unobserved at higher pH we might consider 

the rearrangement and the C-2’ hydroxylation as com- 

petetive reactions. where the former is favourcd at 

higher pH and the latter at lower ones. 
Solotnr, pH and temperature dtpmdtnct of the split- 

ting consrants of the radicals I-VII. In general the split- 

ting constants of anion radicals of catechol derivatives 

are dependent on solvent, pH. counterion and tcm- 

peraturc.‘~‘.‘.‘” In order to get insight into the mechanism 

leading to the B- and y-couplings of the radicals obser- 

ved. we investigated the solvent. pH. and temperature 
dependence of their Ns constants. Due to radical in- 

stability such studies were not performed for I.’ The 

constants of Ill. V. VI and VII turned out to be nearly 
indcpendcnt of changes in solvent and pH as indicated 

for Ill and VI in Table I. Furthermore, for ah com- 
pounds studied (excluding I) their Ns constants were 

found temperature indcpendcnt within the range -25- 
40”. For the radicals III, V. VI and VII when combined 
with stereocbemical considerations this can be ioter- 
preted as possession of frozen conformations. usually 
asserted as a necessary prerequisite for observation of 

sizeabk long-range couplings on the time scale of the 
ESR experiment. In contrast, the @coupling from C-2 d 
radical IV exhibits a marked solvent and pH dependence 
with the other Ns constants of the radical being constant 
as seen in Table 2. 



1612 0. N. JEW% sod 1. A. PFBWEN 

We are presently engaged in studies of other 
llavonoids showing a similar “&solvent/pH effect”. e.g. 
dihydrofisetin exhibits a &coupling increase from 1.75 to 
3.75 G for a certain solvent amI pH change with the other 

hfs couplings being constant. We Mieve the effect on 
the /?coupling is due to a simple change of t& dibadral 

angk and the radical assumes a new equilibrium cort- 
formation under each experimental condition applied. 
The absence of a similar effect for radical VI. also having 

the 3.4.6trihydroxy grouping, might be explained by the 
rigid structure of this radical. 

The constancy of the y-couplings for IV, V. VI and 

VII indicates that the mechanism leading to these coup- 
lings are independent of the dihedral angle. Furthermore, 
the large reduction of the spin density at C-l when going 

from IV to V or from VI to VII. relkcted in the changes 
of the /?-couplings. is not mirrored in the y-coupling. 

Thus spin polarization rather than electron dclocalization 
is apparently the important mechanism for the ycoup- 

ling of these compounds. A similar mechanism has been 

claimed to operate in semiquinones of bicycloalkyl 
derivatives.” We have calculated the equilibrium con- 

formations given by the dihedral angIe, with aid of the 
Helkr-McConnell relationship” for the &proton split- 

ting: 

a4 ” = (B, + B, cos’ B)p,-’ = (o(@))fi.‘. (11 

Here Ba and B, are empirical parameters, pc* the spin 

density at C-l’, and 0 the dihedral angle. (Q(e)) is the 

quantum mechanical average of c0s*e over the ap- 

propriate rotational wave functions tie); B. is usually 
interpreted as a sum of indirect and direct spin polariza- 

tions. The indirect spin polarization corresponds to the 
consecutive polarization of the C-C u-bond followed by 

spin decoupling of the C-H o-ekctrons. The direct 

polarization refers to “through space” coupling. B, 
expresses the degree of charge transfer&y some 

authors hyperconjugation. There is not complete 

agreement on the vaIucs which should be assigned to B. 
and B,. Based on classical and quantum mechanical 

calculations Stone and Maki” considered the spin 
polarizations to be ne@ible. With this assumption eqn 

(1) is simplihed to a, = B, cos’ ep;,.. Stegman tr 01.” 

used this simplifkd equation in calculating the con- 

formation of the catecholaminc. (+ )L-adrenaline. by 
setting B, = 54G. On the other hand Adam and King” 

calculated B. = 2.71 G and B, = 50.14 G by means of the 
ASWO Cl procedure for a C-C-H fragment. Their cal- 
culations included direct polarization and spin transfer, 

whereas indirect polarization was excluded due to its 

negligible effect according to Colpa and de Boer.” 
The spin density in eqn (I) cannot be obtained directly. 

e.g. by the well known McConnel relationship since no 

proton coupling is available from the C-l’ position. For 
each radical an individual procedure must be applied. In 
the case of I (or 111) we may assume p& =p& = 
as-“/IQ:fHI with IQ&l = 23 G.‘” For IV and VI we assume 

analogously that p&(W) = p:,(W) = p&. where the last 
mentioned spin density is obtained from the anion radical 
of 5-methyl-1.2.4~trihydroxybenzene and the equation 
p& = at./(B. + :B,): (cos* 0 = ; assuming an average 
angle of 45”). For the 2’$‘.4’-trihydroxy derivatives. V 

and VII, we suggest the szin densities estimated by 

pX_(V) = $AV) = aYtVl/IQcu, and P& (VII) = PC,- 
(VII) = 0, (VII)//Q~H: with /Q&l = 23 G. In Tabk 3 two 
sets of calculated equilibrium angles and spin densities, p. 

are given for the radicals in question, one set based on the 
parameters of Stcgrnan’b and one on the parameters of 
Adam and King.” The spin densities are calculated with 
the assumptions mentioned above. 

The estimated equilibrium conformations given by t$, 
for 1. IV and V are in accordance with equilibrium 
conformations of similar radicals.” The dihedral angles 
of III, VI and VII are lower than the 90” that represents 
the equilibrium angIe for radicals having a tertiary @- 
carbon (e.g. the isopropyl catechol anion radical).” Thus 
the different substituent pattern at C-5 and C-7 must 
explain this deviation. 

ESR oj na~ural/y occurring pawn-3-o/s. In our con- 
tinuod application of the RSR technique to detect 
phenolks from crude plant extracts’~‘p we have observed 
a spectrum indistinguishabk from the one of radical VI 
in several plant specimens. Thus, the spectrum has been 
obtained from leaf extracts of nuja (Cypressaccae), 
Cassiope, Ledum. Rhododendron (Ericaceae). Jugians 
(Juglandaceat) and catkins of Berula (Berulaceae). From 
several specimens of So/ix and Populus (Salicactae) we 

observed the spectrum from extracts of buds, all collec- 
ted in February/March on Danish locations, including 
botanical gardens. We think VI is an artifact generated in 
the alkaline medium from ( + )catechin or ( - )epicatechin 
present in the plant extract. 

colycumc REMAm 

The present RSR studies have shown how alkaline air 
oxidation of (+ )catechin and (- kpkatcchin lead to 
generation of the 2’-hydroxy- and 6’-hydroxycatechinic 
acids detected as corresponding anion radicals. The 
generation proceeds via a rearrangement reaction and a 
hydroxylation reaction, the latter being substantiated by 
the observation of intermediate radicals of 2’-hydroxy- 
and 6’-hydroxy_( t )catechin. Many flavonoids are known 
to degrade to simpler phenolics. e.g. protocatechuic acid, 
phloroglucirml. p-hydroxybenzoic acid and caffeic 
acid XJ-*’ None of these compounds were observed in the 
degradation of the flavan-3-01s indicating the produced 
catechinic acids to be stable against further alkaline 
transformations. 

The estimated dihedral angle of compound I is 
significantly larger than the recently calcuIated angle of 
the related compound tetra-O-methyl-t + katechin.” 
Mattice er a/.” found their calculated conformation in- 
adequate, however, when compaired with the one they 
obtained from dipok moment measurements. In line with 
this finding they suggested an alternative conformation in 
which the B-ring of the catechin compound adopts an 
axial rather than an equitorial conformation. Our 

2 Gauss 

Fig. I. F,.SR S+ICC~ of 6’.hydroxy catechinic acid (VI) from an 
aqueour ethxnolic solubon WV 505%). pH = 13.30 
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Txbk I. Radicals observed duriog tbe xutollidrtioa d ( + kakc&iu. ( - )tpicrt& and calechiaic rid with 
bypernne spGtta( comtxnts (Gluxs). 

Radical SOlWIlt PH 

. 
I 

D)(SO/H20 

411 

0WO/H20 

2/l 
III 

tcCWH20 

111 

IV 
MO/H20 

3/l 

V 
D!lSOIH20 

311 

D)(SO/H20 

VI 111 

EtCWH20 

111 

VII 
CWO/H20 

211 

12.68 1.08 1.23 3.L) 

12.18 

12.60 

13.00 

12.80 

13.10 

13.35 

13.30 

0.65 0.90 I.15 

0.65 0.90 3.75 

1.30 

1.13 

1.15 

0.60 

0.55 3.70 

0.45 

0.50 

0.60 5.85 0.15 0.15 0.15 2.00437 

3.1s 

0.27 

2.20 - 

2.20 - 

2.25 

2.20 

2.00445 

I.00445 

0.30 2.00&39 

0.23 2.WL39 

0.15 0.15 2.00438 

0.15 0.15 2.00437 

DI(SO/H20 13.30 0.75 0.55 - 5.15d 2.00436 
l/l 

b 

EtOH/H20 13.30 0.70 0.58 - $&Id 2.00434 
111 

c CttSO/H20 13.30 - 0.85 5.13 2.00458 
111 

%.I. 5. 

b ~nron radical of l’-o~chyl-3’.4’.6’-trihydrorybonx~o*. 

‘Anion radical of 1.2.3-trihydroxybenzww, - smaller aplirtinsr from l ! and . 
H 
b l d larS*r l plittin& from ai. 

d 
Splittin& urhyl (roup protona. 

observation of a large dihedral an& might support this 
suggestion. 

All radicals were ~aerxted by oxidxtioa in xlWk s&s w 
tbe static roe&d mod ESR spectn recorded on Variaa E-3 amd 
Barker ER 200 ESR spectrometers xt room temp. Lkskd pii 
V&KS were obtkoed from stxndxrdized NrOH sdm. lbe K- 
cuncy d be coupI& coustants wxs estmrted to ? 0.03 G xnd d 
the fifxcta to z O.oaWn. l%e tin rdical of 1.2.4 - tribydroxy - 5 - 
methytbenzrne was used u an interrul stxndud with g - 2.00134. 

(+Catechin (I) xnd (-kpicalechin (II) were of reagent grxdc md 
used as obtxined. Cxtechink xcid (111) wxs synthesized from II by 
the metM of San.‘ud its structure vcrifkd by UV. IR. MS xnd 
“C-FT NMR (shift vxlues @pin) in queous solution xt acutrxl pH 
value: 221.990). 193.I(C2). lu.ycr.cr’). 13l.~CI’). 121.8W). 
117.2fC4). ll?.I(C5’k 116.9fC27. 66.8HC7). 66.YC6). SS.UCI). 
53.HC5). MMCS)). chemial shift from C3 was not observed. The 
xsrignment of the chemical shifts were ba%! pxrtJy oo the 
SEFT-FTNMR technique xnd partly on empirical xdditivity 
n&s.* The kinetics of the reunnpLments of (+katechin xnd 
(-kpiutechin to care&ink xcid hve been reported recently by 
Kiatgrxjxi et 01.~ 
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Tabk 2. pH and solveat effects ot 6’41ydroxy.( + )cae.chin (Iv) 

C+!SO/li20 Ptt 
H H n H 

.2’ .5’ l 2 *3 
g-factor 

b/l :2.90 0.60 1.35 L.15 0.30 2.OW39 

4/l 12.95 0.65 !.kO b.00 0.35 2.00039 

k/l 13.00 0.60 I.&O 3.75 3.30 2.00&39 

C/l 13.iO 0.55 1.40 3.75 0.30 

3/l 13.00 0.60 1.30 3.75 0.30 2.fXM39 

2/l 13.00 0.55 1.35 3.25 0.35 2.00439 

Table 3. Calculated spin densities rl C-l’ rod cquilkum dibdd m&r of he dids I-VII 

Radical SOlWlIC PH 

b) l ) b) . .) . 

JC OC 
0 8 

I !%0/H20.L/1 12.68 

11: MSO/H20 - 2/l 

ErOHIH20.1/l 

IV MisO/H20 - C/l 

2.18 0.163 0.163 60.0’ 62.L’ 

2.60 0.163 0.163 60.0’ 62.4’ 

2.90 0.195 

0.188 

0.190 

0.1.93 

51.1* 

55.5O 

51 .a0 

57.5O 

v cm/H20. 3/l 12.80 

VI 3XSO/ti20 * L I i 13.35 0.195 0.190 62.5.O 6C. ?O 

k.rDH/h20- :/I 13.10 o.:na 0.181 62.3* 6C.5’ 

VI: mso;tt20 * 21: 11.35 

0.150 0.150 61 .o” 63.5’ 

0.02& 0.02c 62.8O 65.6’ 

0.026 0.026 71.0° 15.8° 

--_ _. -_-_ .__ 
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