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This research had the motive of finding solutions to some of the

many problems associated with using condensed tannins in phenolic

adhesives. (+)-Catechin [(2R:3S)-3,5,7,3',4'-pentahydroxyflavan], one

of the monomers from which those tannins are built', was selected as the

model for studying fundamental tannin chemistry. Rearrangements of

(+)-catechin and its reactions with formaldehyde in aqueous alkaline

solutions were studied. First order rate constants and activation

energies were determined for (+)-catechin and (-)-epicatechin [(2R:3R)-

3,5,7,3',4'-pentahydroxyflavan3 (the other monomer in condensed

tannins) epimerizations and catechinic acid C6-(3,4-dihydroxypheny1)-

7-hydroxy-2,4,9-bicycloc).3'13nonatrione] formation at pHs of 5.4 to

11.0 and methylolatiqn of (+)-catechin with formaldehyde and the con-

densation of the resulting methylol-catechins at pHs of 6.0 to 9.0:

Bis-6,6'-catechinylmethane pois-6,6-(2R:3S)-3,5,7,3',4'-pentahydroxr

Ilavanylmethanel was isolated and verified as the major dimer produced

in the reaction of (±)-catechin with formaldehyde.

The kinetic results of (+)-catechin and (-)-epicatechin epimeriza-

tion indicated that (+)-catechin and (+)-epicatechin R25:35)-3,5,7,3',
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4'7pentahydroxyflavan] were interconvertible at the alkaline conditions

classically Used for phenolic resin synthesis. However (±)-catechin was

the more stable, and occurred at approximate a 2:1 mole ratio:when

equilibrium was established. Neither :(+)-catechin nor (+)-epicatechin

was stable in aqueous alkaline solutions, especially at high,temper-

atures, and both rearranged to catechinic acid, a product that should

be much less reactive with formaldehyde. Epimerization was faster than

catechinic acid formation, but both were reasonably fast relative to

phenol formaldehyde condensation. (+)--Catechin, (+)-epicatechin, and

catechinic acid were the major phenolics that occurred in aqueous

alkaline solutions of (f)-catechin. Self-condensation and autoxidation

of (+)-catechin at pHs of 5:4 to 11.0 did not occur in a nitrogen

environment even after five hours reaction time

The kinetics of the polymerization of (+)-catechin with formalde-

hyde were determined in aqueous solutions at pHs of 6.0 to 9.0 and ini-

tial mole ratios of formaldehyde to (+)-catechin of 1:1 to 2:1. The rates

of methylolation were approximately the same as condensation at pHs of

6.0 to 8.0 but the former rates were larger at pH of 9.0. Methylolation

was favored at high pH and low temperature whereas condensation was

favored in neutral solutions and high temperatures, similar to the

reaction of phenol with formaldehyde. (+)-Catechin reacted with formal-

dehyde approximately 60 times faster than phenol reacted with formal-

dehyde. In fact, the reaction of (+).-catechin with formaldehyde was 3

to 30 times faster than even the epimerization to -(+)-epicatechin and

50to more than 100 times faster than catechinic acid formation, even

at pHs of 8-9. Thus the self reactions of (+)-catechin could be avoided



during formaldehyde reactions. (+)-Catechin proved to be bifunctional

in its reaction with formaldehyde, producing linear polymers. At lower

pH (+)-catechin and formaldehyde condensed rapidly to form polymers even

before the majority of the (+)-catechin had reacted. At higher pH, most

(+)-catechin was converted to oligomers before polymers appeared.

The isolation of bis-6,6'-catechinylmethane as the major dimer

from the reaction of (+)-catechin with formaldehyde in aqueous alkaline

confirmed that the reactivity of (+)-catechin with formaldehyde was in

the A-nucleus, and that the 6 position reacted faster than the

8 position.
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REACTION OF (f)-CATECHIN WITH FORMALDEHYDE: KINETICS
AND MOLECULAR WEIGHT DISTRIBUTION

I. INTRODUCTION

The worldwide problems of the increased cost and shortage of

petrochemicals for wood adhesives since 1975 (Toogood 1976) have

encouraged researchers to develop wood adhesives from forest products

industry byproducts such as bark condensed tannins and lignins. The

forest products industry in Oregon and the southern United States

produce more than 10 million dry tons of conifer barks annually

(Lambert 1974; and, Hemingway and McGraw 1976). These resources recieve

little utilization other than recovery of fuel values. The conifer

barks consist of carbohydrates, polyflavonoids, and other extractives

such as terpenoids and fatty acids as major chemicals. The loblolly

(Pinus taeda L.) and shottleaf (Pinus echinata Mill.) pine barks

consist of 30-40% of polyflavonoids (HemingWay and McGraw 1976) and

the Douglas-fir (Pseudotsuga menziesii (girb.) Franco) bark consists

of 7-18% of hide powder tannin (Kurth et al. 1948). These phenolics

have potential use in tannin-formaldehyde adhesives for wood.

Condensed tannins from conifer barks were studied as an extender

to phenolic resins as long ago as in 1940 and tannin-formaldehyde

adhesives for plywood were synthesized in the 1950s (Herrick and Bock

1958a and 1958b; and, Herrick and Conca 1960). Many other researchers

have attempted to synthesize wood adhesives from plant tannins as

formaldehyde reactive compounds since the 1950's. The wattle



(Acacia mearnsii De Wild.) tannin-formaldehyde adhesives are satis-

factory for exterior applications but the conifer tannins are not,

although many researchers have developed methods of isolating conifer

tannins from bark and formulating adhesives. The disadvantages of

conifer tannins in replacing phenol in phenolic resins for wood have

been that: (a) the potlife of tannin-formaldehyde adhesive was too

short for practical use; (b) the adhesive was too viscous; (c) the

plywood from this adhesive was slow curing and had poor water

resistance; and, (d) the bark extracts used in plywood adhesives and

particleboard bonding agents were less than 20% of the oven dry bark

(Anderson et al. 1974 and 1975; Hemingway and McGraw 1978; and,

MacLean and Gardner 1952).

My research attempted to investigate the reaction of conifer

condensed tannins with formaldehyde by using a tannin model compound

to react with formaldehyde in aqueous solutions. (+)-Catechin [(2R:3S)-

3,5,7,31,4'-pentahydroxyflavan] was selected as a tannin model com-

pound for the following reasons: (a) monomers of condensed tannins of

conifers such as Douglas-fir, western hemlock (Tsuga heterophylla

(Raf.) Sarg.), loblolly and shortleaf pines consist of (+)-catechin and

(-)-epicatechin [(2R:3R)-3,5,7,31,41-pentahydroxyflavan] mixtures

(Karchesy et al. 1976; Sears and Casebier 1970; and, Hemingway and

McGraw 1976); (b) the reactivity of (+)-catechin with formaldehyde in

aqueous-methanol (1:1 v/v) solution was about the same as (-)-epi-

catechin (Hemingway and McGraw 1978); (c) commercial (+)-catechin was

less expensive than (-)-epicatechin; and, (d) (+)-catechin was more



stable in aqueous solutions than (-)-epicatechin (discussed in

Chapter III).

This manuscript will contain studies of (+)-catechin and

(-)-epicatechin rearrangements in the absence of formaldehyde and the

polymerization of (+)-catechin with formaldehyde. The specific

objectives of these studies were to determine the rate constants and

activation energies of (+)-catechin, (-)-epicatechin, and formaldehyde

consumptions associated with three reactions: the rearrangement of

(+)-catechin; the rearrangement of (-)-epicatechin; and, the polymer-

ization of (+)-catechin with formaldehyde in aqueous solutions at pHs

of 5.4 to 11.0 and temperatures of 10 to 100oC. The rate of condensa-

tion and molecular weight distribution from the latter reaction were

determined. Products from the reaction, such as (+)-epicatechin

PS:3S)-3,5,7,3',4'-pentahydroxyflavan] , catechinic acid

dihydroxypheny1)-7-hydroxy-2,4,9-bicyclo 3.3.1 nonatrione], and bis-

6,6'-catechinylmethane [bis-6,6--(2R:3S)-3,5,7,3',4'-pentahydroxy-

flavanylmethanel were verified.

The study of (+)-catechin and (-)-epicatechin rearrangements will

be useful for the isolation of tannins from bark, for avoiding rear-

rangement during polymerization of (+)-catechin with formaldehyde, and

during storage of tannin-formaldehyde adhesives. (+)-Catechin can rear-

range to (+)-epicatechin and catechinic acid in aqueous caustic solu-

tions according to this study. The latter chemical may affect to reac-

tion rate and products of the reaction of (+)-catechin with

formaldehyde.



The benifits of the study of the polymerization of (f)-catechin

with formaldehyde not only include providing basic knowledge but also

allow predicting the behavior of the adhesives synthesized from conifer

condensed tannins containing catechin-type phenolics. The rate of

polymerization and the resulting molecular weight distributions will

be valuable data for synthesizing resins containing tannins and phenol

and for formulating adhesives. This knowledge also will help to justify

the future use of conifer condensed tannins for adhesives.

4



II. STRUCTURES AND CHEMICAL PROPERTIES OF
(+)-CATECHIN AND CONDENSED TANNINS

The intent of this chapter is to review supporting information

on the rearrangement of (+)-catechin, the polymerization of (+)-

catechin with formaldehyde, and the synthesis of tannin-formaldehyde

adhesives for wood. The history and elucidation of the structure of

(+)-catechin will be discussed.

The review of chemical properties of (+)-catechin will be

concentrated on the epimerization of (+)-catechin, the rearrangement

of (+)-catechin to catechinic acid, and the polymerization of (+)-

catechin with formaldehyde in aqueous, aqueous-dioxane, and aqueous-

methanol solutions. The discussion will focus on the conditions and

products of these reactions. A brief discussion of autoxidation and

acid condensation of (+)-catechin in aqueous solutions will be

included in this chapter also.

The story of bark condensed tannins as formaldehyde reactive

compounds and the structures of condensed tannins will be summarized

in the last part of this chapter. The review will include the isolation

of condensed tannins from barks, the adhesive reactivity and quality

of conifer and wattle condensed tannins, the problems of adhesive

syntheses from conifer condensed tannins.



A. History and Stereochemistry of (+)-Catechin

Discovery of (+)-catechin. A catechin-type phenolic was first

isolated from Acacia catechu Willd. by F. F. Runge in 1821 (Freudenberg

and Weinges 1962). The name 'catechint was applied to this substance

by Nees van Esenbeck in 1831. This isolated substance was found later

to be (-)-epicatechin. (+)-Catechin from gambir-catechu (dried aqueous

extract of leaves and twigs of Uncaria gambler (Hunter) Roxb. was

studied by A. G. Perkin and St. von Kostanecki by the end of the

nineteenth century. (+)-Catechin (or d-catechin)- in an aqueous-acetone

(1:1 v/v) solution rotated polarized light +169 (Freudenberg and

Weinges 1962).

Catechins and flavonoids. A flavonoid compound consists of a

C6-C3-C6 skeleton in which the two C6 is are aromatic nuclei situated

at the ends of the three carbon skeleton. The C3 may be either a

straight chain (I) or a part of a benzopyran nucleus (II).

C HO

HO

II



Flavonoid compounds may be classified by their oxidation state

at the nonbenzene nucleus. The classification in this case may be taken

from either increasing oxygen atoms or double bonds. Both will increase

the oxidation state. Examples are flavan-3-ols (II), flavan-3,4-diols

(III), flavones (IV), and flavonols (V) (Robinson 1967).

A catechin-type phenolic is a polyhydroxyflavan-3-ol (II) which

may naturally vary with regard to the hydroxylation pattern at

positions 5, 7, 3', 4', and 5', both in total number and combination.

The A-nucleus of a catechin-type phenolic may be similar to either

resorcinol (VI) or phloroglucinol (VII). The difference in these

positions may influence the reactivity toward formaldehyde. The

hydroxylation pattern of the B-nucleus of a natural catechin may

resemble phenol (VIII), catechol (IX), or pyrogallol (X) (Robinson

1967). The catechol pattern has been found commonly in conifer bark

condensed tannins.

III IV R= H

V R=- OH



HO

HO

XI XII

OH

OH

VI = H VIII R2 = R3 = H

VII R, =OH IX R2 = OH, R3 = H

X R2 = R3 = OH

(+)-Catechin (XI) is a flavan-3-ol that consists of the phlor-

oglucinol and catechol patterns in its A.- and B-nuclei, respectively,

with a specific stereochemistry at carbons number 2 and 3.

3. Stereochemistry of a catechin-type phenolic. The C-nucleus of a

flavan-3-ol consists of asymmetric carbon atoms at carbons number 2

and 3. Four possible stereoisomers can be assigned to the flavan-3-ol

such as (+)-catechin (XI), (+)-epicatechin (XII), (-)-catechin (XIII)

[(2S:3R)-3,5,7,3',4t-pentahydroxyflavarg, and (-)-epicatechin (XIV).



HO

XIII XIV

Although catechin has been known more than 100 years, the geometry

at carbons number 2 and 3 of (+)-catechin was not elucidated till 1955.

(a). Cis and trans isomers

The A-, B-, and C-nuclei were assigned positions in (+)-catechin

and (-)-epicatechin in 1932 based on the reduction of tetra-0-methyl-

catechin and tetra-O-methylepicatechin (XV) with sodium and alcohol

and methylation of the resultant products to yield pentamethoxy-1,3-

diphenylpropane (XVI) (Freudenberg et al. 1932). However, the condi-

tions for the reduction of the ethers were critical and some reductions

of tetra-O-methylcatechin and methylation gave the racemic propanol

(XVIa) (Birch et al. 1957). These reductions and methylations could be

use to confirm the positions of the A-, B-, and C-nuclei of (*)-

catechin and (-)-epicatechin.



XV

R = -OCH
3

1952, Geissman and Lischner reported the reduction (Figure 1)

of pentamethylquercetin (XVII) by sodium hydrosulfite to yield

pentamethyl-cis-dihydroquercetin (XVIII) which was identical to the

methyl derivatives of dihydroquercetin from white fir (Abies concolor

(Cord. & Glend.) Lindl.) bark. One year later, Hergert and Kurth (1953)

reduced pentamethyl-cis-dihydroquercetin, which was synthesized from

dihydroquercetin in the white fir bark, by amalgamated zinc and

hydrochloric acid to yield pentamethyl-dl-epicatechin (XIX). They

concluded that the protons at carbons number 2 and 3 of epicatechin

were cis and of catechin were trans.

, Alcohol

2)Methylation

10

XVI XVIa



XVII

OH-/S 0 =

Figure 1. Proven çJ isomer of epicatechin.

XVIII

XIX

Zn/Hg

HC1

R -OCH
3



(b). Relative and absolute configuration of (+)-catechin

Although cis and trans isomers were assigned to epicatechins and

catechins, respectively, the relative and absolute configurations for

catechin and epicatechin isomers had not been elucidated until 1957.

Birch, Clark-Leiws, and Robertson (1957) applied Prelog's rule-1/ to

relate absolute configuration at carbon number 3 of (+)-catechin and

(-)-epicatechin to the known structure of (-)-atrolactic acid. The

method was similar to the determination of absolute configuration of

an optically active alcohol. The procedure (Figure 2) was taken from

the interaction of methylmagnesium iodide with (-)-epicatechin tetra-

methyl ether 3-phenylglyoxylate (XX) and hydrolysis of the resultant

esters, XXI and XXII, providing 43% enantiomeric excess of (-)-

atrolactic acid (XXIII).

The major production of (-)-atrolactic acid showed that carbon

number 3 of (-)-epicatechin tetramethyl ether corresponded to the

projection formula (XXV), where S (a small size group) was the hydrogen

atom, M (a medium size group) was -CH2-, and L (a large size group) was

the remaining group. From this knowledge and knowing that (-)-epi-

catechin was a cis isomer at carbons number 2 and 3 as previously

discussed, the relative and absolute configuration of (-)-epicatechin

had to be XIV and the alternative structures: XI, XII, and XIII

represented (+)-catechin, (+)-epicatechin, and (-)-catechin,

respectively.

12

1/
- See Mislow 1966 for more detail.



R1

XXI

CM
R5

>OCV

Figure 2. Proven absolute configuration of (-)epiCatechin.

R R5'4\
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3
0

Hydrolysis

XXII

R4MgI

= --OCH --CH3, 3,

R1

RI

5 N

3

0

= OH
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XXVI R =
-OCH3
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Unlike the (-)-epicatechin derivative (XX), the treatment of

(+)-catechin tetramethyl ether 3-phenylglyoxylate (XXVI) with methyl-

magnesium iodide followed by hydrolysis did not yield (+)-atrolactic

acid (XXIV) in enantiomeric excess (Birch et al. 1957). This incon-

clusive result was affected by the geometry at carbons number 2 and 3

which a model study of (+)-catechin (XXVI) and (-)-epicatechin (a)

derivatives clearly showed. The relative and absolute configuration

of (+)-catechin,(XI) has been confirmed by X-ray structure of

8-bromotetra-0-methyl-(+)-catechin recently (Engel et al. 1978).



B. Chemical Properties of (f)-Catechin in Aqueous Solutions

(+)-Catechin can be a nucleophile having reactive centers at the

6, 8, 2', 5', and 6' positions and an electrophile having a reactive

center at the 2 position. The reaction of (+)-catechin in aqueous

solutions at neutral, acid, and alkaline conditions may be epimeriza-

tion, rearrangement to catechinic acid, acid condensation, autoxidation,

and polymerization with formaldehyde. Although the products of (+)-

catechin epimerization and rearrangement to catechinic acid have been

reported, the kinetic parameters of these reactions such as the rate

constants and activation energies have not been studied yet.

(+)-Catechin has been reacted with formaldehyde at neutral, acid,

and alkaline conditions in aqueous, aqueous-dioxane, and aqueous-

methanol solutions. Only formaldehyde consumption has been

determined. Those studies attempted to compare the reactivity of

the following phenolics: phloroglucinol, 2,4,6-trihydroxytoluene, 4-

ethylresorcinol, catechol, 4-methylcatechol, (-)-epicatechin, and (+)-

catechin. The reaction products of (+)-catechin with formaldehyde and

the kinetic parameter of the latter reaction such as rate constants

and activation energies have not been reported.

1. Epimerization. The epimerization of dl-catechin was made by

refluxing these phenolics in aqueous solution saturated with sodium

chloride for 24 hours to yield a mixture of dl-catechin and epicatechin

in the solution (Freudenberg et al. 1922). The solution was then

15
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extracted with diethylether and the residue from the diethylether

extract crystallized in water to yield 7% dl-catechin and 4% dl-epi-

catechin. The epimerizations of d-catechin and 1-epicatechin were later

reported in aqueous solution with 0.1% potassium carbonate (Freudenberg

and Purrman 1924). The solution was refluxed at 115°C for 12 hours to

yield epimerization products of 7.5% d-epicatechin and 59% mixture of

dl-catechin and dl-epicatechin. A definite conclusion from

Freudenberg's works could not be made because the major products were

not isolated (most of them stayed in the solution). The structures of

(+)-catechin and (-)-epicatechin were not absolutely known at that

time. The conclusion could be made only that dl-catechin could

epimerize to dl-epicatechin or the reverse.

Although epimerization of (+)-catechin had been reported, the

mechanism of this reaction was not proposed until 1957. Birch, Clark-

Lewis, and Robertson concluded from Freudenberg's results and their

own that (+)-catechin epimerized to (+)-epicatechin by changing at the

2 position, without disturbing the aliphatic alcohol at the 3 position

of (+)-catechin.

The mechanism of (+)-catechin epimerization was proposed via a

quinone methide intermediate (XXVII) (Mehta and Whalley 1963). The

mechanism was summarized from three previous reports (Freudenberg e

al. 1922; Freudenberg and Purrman 1924; and, Birch et al. 1957) and

their result that the prolonged treatment of tetra-O-methylcatechin

with concentrated alkali did not cause epimerization.
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2. Rearrangement to catechinic acid. Catechinic acid (XXVIII) was

synthesized by ref luxing 2 g (+)-catechin and 1.0 g sodium hydroxide

in 200 ml water under a nitrogen atmosphere for 45 minutes (Sears et

al. 1974). The catechinic acid solution was acidified, concentrated to

a syrup, and precipitated in acetone to form a catechinic acid-acetone

complex. The complex (yield Of 90%) was purified by redissolving and

precipitating in ether. The structure of catechinic acid was elucidated

by proton magnetic resonance (pmr), infrared (it), mass spectrometry

(ms), and X-ray crystallography. The mechanism of the base rearrange-

ment of (+)-catechin to catechinic acid involved opening the C-nucleus,

destroying aromaticity of the A-nucleus, and forming catechinic acid,

as illustrated below.

HO

HO

OH

XXVIII

OH

II
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Acid condensation. The products of dimerization of (+)-catechin

in dioxane/2N hydrochloric acid (1:4 v/v) solution under a nitrogen

atmosphere at room temperature have been reported (Freudenberg and

Maitland 1934; and Weinges 1968). The intermediate dicatechin (XXX)

has been observed in this solution at room temperature after 70 hours.

The linkage between catechin units was reported at the 2 position of

of one catechin unit with either the 6 or 8 position of the other.

19

Autoxidation of (+)-catechin. (+)-Catechin aqueous solution in the

presence of an oxidizing agent, such as hydrogen peroxide, at pHs of 4

to 8 were autoxidized to form quinone polymers such as the polymer in

XXIX (Hathway and Seakin 1955; and, Hathway 1958). The rate of

autoxidation was low when compared with the rate of polymerization of

(+)-catechin with formaldehyde (Hillis and Urbach 1959). However, all

experiments in the research reported here were under a nitrogen

atmosphere and no oxidizing agent was added to the solution. Thus the

autoxidation of (+)-catechin should not occur in my study.



The dicatechin (XXX) continues intramolecular condensation to form a

enzofuran ring such as XXXI.

20

XXX XXXI

R= OH

5. (+)-Catechin reactivity with formaldehyde. The reaction of (+)-

catechin with formaldehyde was reported by Hillis and Urbach in 1959

and Hemingway and McGraw in 1978. Neither research group attempted to

determine the kinetic parameters, such as rate constants and activation

energies of (+)-catechin and formaldehyde consumptions and the polymer-

ization of these compounds. No products of the polymerization were

isolated and identified.

The mechanism of the reaction of (+)-catechin with formaldehyde in

an aqueous solution has not been reported but it is assumed to be

similar to the reaction of phenol with formaldehyde. The mechanism of
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the latter reaction under alkaline conditions was summarized to be an

aldol-type condensation (Martin 1956), Phenol was a nucleophile having

reactive centers at the ortho and para positions and the formaldehyde

was an electrophile having the reactive center at the carbonyl carbon.

Several mechanisms of the reaction of phenol with formaldehyde were

proposed such as the (A) and (B) below. The product (an ortho or para

methylolphenol) of both mechanisms was the same but the intermediate,

which was not identified, was different depending on the pathway of

the mechanism.

OH

NaOH

+ CHO
2

(A)

(B)
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(±)-Catechin can be considered as a phenolic at both the A- and B-

nuclei and the A-nucleus has been reported to be more reactive than the

B-nucleus in the reaction with formaldehyde (Hillis and Urbach 1959;

and, Hemingway and Mcgraw 1978). The reactive centers of the A-nucleus

can at the 6 and 8 positions; neither has yet been proven to be the

more reactive.

Hillis and Urbach (1959) attempted to determine the formaldehyde

consumptions from the reactions of (+)-catechin, phloroglucinol, and

catechol with formaldehyde in aqeuous and aqueous-dioxane solutions at

pHs of 1.0 to 10.0 and temperatures of 200 to 100°C. The formaldehyde

consumptions were analyzed by hydroxylamine hydrochloride titration.

It appeared that (+)-catechin in aqueous solution at pH of 10.0 and

20oC for 15 minutes consumed more formaldehyde than all phenolics.

Phloroglucinol consumed less formaldehyde than (+)-catechin but

significantly more formaldehyde than catechol. The reactivity of

phloroglucinol over catechol was taken to indicate that the A-nucleus

of (+)-catechin reacted with formaldehyde faster than the B-nucleus,

assuming phloroglucinol and catechol represented the A- and B-nuclei,

respectively.

The comparative reactivity (Hillis and Urbach 1959) of

(+)-catechin with formaldehyde at pHs of 1 to 10 and 20°C was made in

aqueous-dioxane solution for 15 minutes. (+)-Catechin consumed

formaldehyde at a pH of 10.0 by as much_ as 2, 3, and 5 times the

amounts consumed at pHs of 1.0, 8.0, and 4.5, respectively. The

maximum formaldehyde consumption was 3.15 moles of formaldehyde

per mole of (+)-catechin in aqueous solution at pH of 10.0
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and 100°C for three hours. The latter result indicated that the A- and

B-nuclei reacted with formaldehyde and possibly formed cross-linked

polymers. Experiments with catechol in the same conditions confirmed

that catechol consumed 2.60 moles of formaldehyde.

Hillis and Urbach (1959) observed the polymerized products of (+)-

catechin with formaldehyde in aqueous-dioxane solutions at pHs of 10,

8, 4.5, and 1 and 20°C for 15 minutes by one-dimensional paper chroma-

tography using 6% acetic acid as an eluent. The observed spots at Rfs

(relative to the front) of 0.60 and 0.20 were assumed to be 8-methylol-

catechin (XXXII) and 6:8-dimethylol-catechin (XXXIII), respectively, and

at Rf of 0.40 to be (+)-catechin. The 8-position was assumed to be the

most reactive by comparing reactivity with the ortho and para positions

of phenol. The para position was slighly more reactive than an ortho

one (Freeman and Lewis 1954). The 6:8-dimethylol-catechin was believed

to appear in the solution by the methylolation of the 8-methylol-

catechin. The streak at the origin of the chromatograph was assumed to

be the resulting polymers. (+)-Catechin was not observed in the

aqueous-dioxane solution at pH 10 and 20°C after 15 minutes.

HO

XXXII

-CH 201
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Hemingway and McGraw (1978) have studied the reactivity of several

phenolics such as 2,4,6-trihydroxytoluene 4,-ethylresorcinol, 4-methyl-

catechol, (-),epicatechin, and (+)-catechin with formaldehyde in

aqueous-methanol (1:1 v/v) solutions by analyses of formaldehyde

consumption and polymer formation. The formaldehyde consumption and

polymer formation were analyzed by hydroxylamine hydrochloride

titration, gel permeation chromatography (gpc), and pmr spectrometry.

Polymers were converted to acetate form and analyzed by pmr and gpc, a

o
Waters Associates chromatograph with Microstyragel columns (Px103 A,

2'x500 and 2'x102 in series) and with tetrahydrofuran (THF) or

chloroform solvent flowing at 1.5 ml/min. The columns were calibrated

with standard polystyrenes and polypropylene glycols.

The gpc spectra of acetylated polymers from the reaction of

(+)-catechin with formaldehyde indicated four major facts (Hemingway

and McGraw 1978). (a) The condensation of 2,4,6-trihydroxytoluene

with formaldehyde in aqueous-methanol solution at pH 7.5 and 24°C was

faster than 4-ethylresorcinol and 4-methylcatechol. This result

indicated that the reactivity of (+)-catechin at the A-nucleus with

formaldehyde was faster than the B-nucleus assuming 2,4,6-trihydroxy-

toluene and 4-methylcatechol represented the A- and B-nuclei,

respectively. This result agreed with Hillis and Urbach's report

(1959). The condensation of 2 4 6-trihydroxytoluene with formaldehyde

appeared immediately after formaldehyde was added but 4-methyl-

resorcinol was slower to condense. This result was consistent with the

fact that the gelation rate of a Pinus radiata D. Don, tannin-

formaldehyde adhesive was faster than the wattle tannin-formaldehyde
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adhesive (Plomley 1966) assuming 2,4,6-trihydroxytoluene and 4-ethyl-

resorcinol represented the A-nuclei of a catechin-type monomer in

conifer and wattle tannin polymers, respectively. (b) The rates of

condensation of (+)-catechin and (-)-epicatechin with formaldehyde

were not different in aqueous-methanol solutions. (c) The

formaldehyde consumption by (+)-catechin was very fast initially but

slow after 0.9 moles of formaldehyde were consumed per mole of (+)-

catechin. (d) The rate of condensation of (+)-catechin with

formaldehyde was very sensitive to pH.

The pmr spectra of acetylated polymers from the reaction in

aqueous-methanol solution at 2.5 moles of formaldehyde per mole of (+)-

catechin, pH 7.5, and 24°C (Hemingway and McGraw 1978) indicated that:

(a) the A-nucleus proton signal decreased very fast to about one proton

per catechin unit and then slowed; (b) the B-nucleus proton signal did

not decrease even when the polymer size appeared to be about 10

catechin units; (c) the rate of bis-catechinylmethane formation (XXXIV-

XXXVI) appeared to be very fast and continued to form polymers; (d) the

methylolation appeared to be the rate controlling step; and, (e) the

(+)-catechin rearrangement to catechinic acid was not extensive. The

bis-catechinylmethane formation was assumed to be preferable at the

8 position because the bromination of tetra-O-methylcatechin (Weinges

et al. 1970; and, Engel et al. 1978) was more rapid at position 8.

Hemingway and McGraw concluded that the bis-catechinylmethane was

formed rapidly by condensation at the 8 position of each catechin unit

and that further condensation of each bis-catechinylmethane occurred

more slowly.
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XXXVI Bis-8,8'-catechinylmethane



C. Structures and Adhesive Applications of Condensed Tannins

1. The structure of conifer and wattle condensed tannins. Little was

known about the structure of a bark condensed tannin before 1965. Most

of the work attempted to determine the possible modes of polymerization

of hydroxyflavan-3-ols instead of elucidating the structure of

condensed tannins directly (Creasy and Swain 1965). The isolation o

plant proanthocyanidins or biflavan-3-ols and synthesis of these

Chemicals provided evidence supporting the concept that commonly

occurring condensed tannins consisted of likage between the 4

position of one flavan-3-ol unit and either the 6 or 8 position of the

other (Creasy and Swain 1965; Geissman and Dittmar 1965; Geissman and

Yoshimura 1966; Drewes et al. 1967; and, Weinges and Freudenberg 1965).

The stereochemistry of monomers as occur in condensed tannin was

not known before 1970 because it was difficult to cleave the inter,

flavan-3-ol bond without, interfering with the stereochemistry of the

flavan-3-ol. Sears and Casebier (1968 and 1970) demonstrated that

thioglycolic acid could cleave the interflavan-3-ol bond of methyl-

ethers of synthesized proanthocyanidin and western hemlock bark

condensed tannin, preserving the stereochemistry of the flavan-3-ol

methylethers.

(a). Conifer bark condensed tannins (XXXVII)

(-)-Epicatechin and (+)-catechin were reported as the major mono-

mers of conifer bark condensed tannins by using the method of Sears and

Casebier (1968). The interflavan-3-ol linkages appeared to be-at the

27



etc.

XXXVII R = OH

(b). Wattle condensed tannins

The structure of wattle condensed tannin polymers has not been

totally elucidated but several biflavanols have been isolated and their

structures elucidated. The interflavan-3-ol linkage of all reported

biflavanols from wattle bark was between the 4 position of a flavan-

3-ol unit and either the 6 or 8 position of the other (Drewes et al.

1976). The stereochemistry at positions 2 and 3 of all flavan-3-ols of

biflavanols was unique and similar to (f)-catechin. The A- and B-nuclei

28

4 position of a flavan-3-ol unit with either 6 or 8 position of the

other. The mole ratios of (-)-epicatechin to (+)-catechin were 1:1,

3:1, and 5:1 in western hemlock, Douglas-fir, and loblolly and short-

leaf pine bark condensed tannins, respectively (Sears and Casebier

1970; Karchesy et al. 1976; and, Hemingway and McGraw 1976).



might resemble resorcinol, phloroglucinol, catechol, and pyrogallol.

A biflavanol of wattle bark has been shown to be structure XXXVIII.

XXXVIII R may be either H or OH

2. Wattle tannin-formaldehyde adhesives. The early work on tannin

extracts from several angiosperm barks as formaldehyde reactive

compounds for plywood adhesives was brought to a focus in 1950 (Dalton

1950). The wattle tannin-formaldehyde adhesives resulting from Dalton's

work stimulated considerable interest. Since then many plywood

adhesives have been formulated from both angiosperm and gymnosperm bark

tannins. The wattle tannin formulated a higher quality wood adhesive

than the conifer tannins; wattle adhesives met exterior requirements

for particleboard and intermediate explosure requirements for plywood

and laminated timber (Saayman and Oatley 1976; and, Pizzi 1978).
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3. Conifer (Gymnosperm) bark tannins.

, Plywood adhesives

The adhesives from conifer bark tannins have not been as good as

those from wattle tannin, although many efforts have been made since

1952 to develop both isolation techniques for tannins from conifer

barks and adhesive formulations.

The isolation of conifer bark tannins for wood adhesives were made

by sink-float and solvent extraction methods. The sink-float method was

used for separating cork cells from bark fibers in benzene-carbontetra-

chloride mixture at density of 1.38 g/cc (Pauley 1956). This method was

useful for conifer bark containing high portion of cork, such as

Douglas-fir (25% cork) and white fir (40% cork). The cork and tannins

associated with it were formulated into cork-formaldehyde adhesives

that were suitable for interior plywood but could meet the exterior

requirements only if 20% of xylenol was added to the adhesives. The

poor water resistance ot plywood made with the cork-formaldehyde

adhesives has been suggested as related to the saponified waxes of the

cork cells; e.g., the cork cells from Douglas-fir bark contain 42%

waxes (Litvay and Krahmer 1977).

The adhesives from conifer bark extracts vary in quality depending

on the extracting solvent. Bark extract using water as the solvent

contains carbohydrates and polyflavonoids as the major portions

(Hemingway and McGraw 1977). The carbohydrate portion could increase

viscosity and intermolecular hydrogen bonds and electrostatic interac-

tions, (tannins-tannins, tannins-carbohydrates, and carbohydrates-

(a)
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carbohydrates), in adhesive solutions, but hinder the thermosetting

reaction of the adhesives (MacLean and Gardner 1952; and, Pizzi 1978).

MacLean and Gardner (1952) demonstrated that tannin-formaldehyde

adhesives from western hemlock were better quality if made from hot

water extracted tannin than from sulfited tannin extracts. Hot water

tannin extracts were used to replace 50% of phenol in exterior plywood

adhesive. But the potlife of tannin-formaldehyde adhesives was too

short for practical use, and plywood from tannin-formaldehyde adhesives

had poor water durability, possibly due to the heterogeneity of the

adhesive solution resulting from the very rapid reaction of some tannin

components and hindered thermosetting of the other tannin materials

because of the carbohydrates present.

Wood adhesives from conifer bark extracted by aqueous alkaline

solutions have been reported (Herrick and Bock 1958a and 1958b; and,

Herrick and Conca 1960). The western hemlock barks were extracted at

150°C with 10% aqueous ammonia based on dry bark, yielding 30% bark

extract. About 20% sodium hydroxide (dry bark basis) was added to the

ammonia extract and the solution concentrated and sprayed dried to form

a powder. About 60% of the phenol in a phenol-formaldehyde adhesive was

replaced by that powder for making exterior Douglas-fir plywood. About

30-60% tannin powder was also added to resorcinol-formaldehyde

adhesives to formulate a cold setting wood laminating adhesive. The

potlife and assembly time of those resorcinol-tannin-formaldehyde

adhesives met the requirements of the laminating industry.

Conifer bark extracts of balsam fir (Abies balsamea (L.) Mill.),

eastern hemlock (Tsuga canadensis (L.) Carr.), jackpine
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(Pinus bankasiana Lamb,), eastern white pine (Pinus strobus L,), red

pine (Pinus resinosa Ait,) black spruce (Picea mariana B.S.P.),

red spruce (Picea ruben Sarg.), and white spruce (Picea glauca (goench.)

Voss.) have been obtained recently from hot aqueous caustic solutions

at temperature lower than 95°C and used as formaldehyde reactive

compounds for plywood adhesives and hardboard binders (Brandts and

Lichtenberger 1970). They precipitated the formaldehyde reactive

compounds such as polyflavonoids out of the formaldehyde unreactive

compounds such as carbohydrates in the bark extract solution by acidi-

fying and cooling the solution. The formaldehyde reactive compounds

were filtered, washed with water, and dried. These extracts replaced

60% of the phenol in an adhesive and provided boiling shear strength

greater than 300 psi with 27-75% wood failure of plywood specimens.

Hemingway and McGraw (1977) used Brandts and Lichtenberger's

method (1970) to isolate formaldehyde reactive chemicals from loblolly

and shortleaf pine barks in 1977. Sixty percent of the phenol was re-

placed by tannin in the adhesive. Vacuum-pressure water soak of southern

pine plywood from this adhesive gave 200-250 psi shear strength with

50-70% wood failures. The adhesive synthesized from high temperature

alkaline extracts of bark from the southern pines was less viscous and

slower to gel possibly due to the carbohydrates present (Pizzi 1978) or

the rearrangement of catechin monomers in the bark extracts.

(b). Particleboard adhesives

Pinus radiata D. Don bark extract was used to synthesize-particle-

board adhesives (Hall et al. 1960). The bark was extracted with aqueous



sodium carbonate solution using 2.5% of the latter chemical on a dry

bark basis at,temperatures of 80-85°C to yield 25% bark extract. The

particleboard bonding agents of 8% bark extract and 0.5% paraformalde-

hyde, both chemicals on dry wood basis, gave particleboards with greater

modulus of rupture (MOR) than with a urea-formaldehyde adhesive. The

particleboards with the bark extract as abonding agent had poor water

resistance as indicated by large thickness swelling and linear

expansion.

Particleboard bonding agents from other conifer bark extracts,

such as ponderosa pine (Pinus ponderosa Laws), Douglas-fir, and western

hemlock, and paraformaldehyde have been recently reported (Anderson et

al. 1974 and 1975). The conifer barks were extracted with aqueous

sodium carbonate solution, using 2% sodium carbonate based on dry bark,

at temperatures of 70-80°C for 30 minutes. Approximately 0.25% each of

sodium bisulfite and sodium sulfite, based on dry bark, were added to

the extracted solution and the solution was concentrated in vacuo with

a rotary evaporator, at 35-55oC, to 36-47% solids. Eight percent of

the bark solids, 1% of wax emulsion solids, and 2% of powdered

paraformaldehyde, on a 'dry wood basis were used as bonding agents for

particleboards that were comparable to those. made using an exterior-

type synthetic phenolic resin.
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III. KINETICS OF (+)-CATECHIN REARRANGEMENT

(+)-Catechin in aqueous caustic solutions will epimerize to (+)-

epicatechin and then both will rearrange to catechinic acid. In the

same fashion, (-)-epicatechin will epimerize and rearrange in aqueous

caustic solutions. The equilibrium concentration of (±)-catechin and

(±)-epicatechin in aqueous caustic solutions will favor (±)-catechin.

Only (±)-catechin, (±)-epicatechin, and catechinic acid were observed

to be the major chemicals in this study of (+)-catechin and

(-)-epicatechin rearrangement.

The kinetic parameters of (+)-catechin rearrangement in the

absence of formaldehyde will be fundamental data for interpreting the

rate of (+)-catechin consumption and/or the rate of condensation of

(+)-catechin with formaldehyde in the following chapter. The study of

(+)-catechin and (-)-epicatechin rearrangement will not only be an

important background for this research but provide me a basis for

avoiding rearrangement reactions and will also provide ideas to other

researchers about use of these chemicals and other flavan-3-ols.

The objectives of the rearrangement study were to determine: (a)

the rate constants and activation energies of the epimerization of (+)-

catechin and (-)-epicatechin and the formation of catechinic acid; and,

(b) the equilibrium concentration of (±)-catechin in mixture with (±)-

epicatechin. The study conditions included aqueous solutions at pHs

from 5.4 to 11.0 and temperatures from 340 to100oC. The reaction

products such as (+)-epicatechin and catechinic acid were verified.
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A. Syntheses and Verifications of (0-Catechin,

(+)-Epicatechin and Catechinic Acid

The purification

commercial d-catechin

No 10953) in aqueous

catechinic acid were

of (+)-catechin was made by crystallization of

(United States Biochemical Corporation, Control

solution. The syntheses of (+)-epicatechin and

made from purified (+)-catechin in aqueous
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solutions. The isolations of (+)-epicatechin and catechinic acid from

the corresponding syntheses were made by preparative high pressure

liquid chromatography (hplc) and precipitation, respectively.

Solid samples of (+)-catechin, (±)-epicatechin, and catechinic

acid were dried prior to physical property determination and calibration

of hplc columns. The melting point of solid crystals was obtained by a

Fisher-Johns Melting Point Apparatus. The optical rotatory dispersion-

circular dichroism (ord-cd) and ultraviolet .(uv) spectra were recorded

by a Circular Dichroism Recorder and Spectrophotometer. The infrared

(ir) and proton magnetic resonance (pmr) spectra were recorded on a

Beckman IR-20A Infrared Spectrophotometer and Varian FT-80A

Spectrophotometer, respectively.

Details of these isolations and analyses are presented in the

following sections.

1. Cryatallization and physical properties of (+)-catechin.

(a). Crystallization and verification of (+)-catechin

A solution containing 10 g of the commercial d-catechin Of 80% or

greater purity in 700 ml distilled water was prepared at 60°C under
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a nitrogen atmosphere. The solution was decolored at this temperature

with 10 g of 20/40 mesh activated charcoal for 15 minutes. The

solution was filtered through a # 1 Whatman filter paper into three

500 ml Erlenmeyer flasks and stored in a 5oC refrigerator for four

hours. The first white (+)-catechin crystals were isolated from the

solution by centrifugation.

These crystals were redissolved, decolored, filtered, cooled,

and centrifuged in the same way to yield the second (+)-catechin

crystals. The supernatant was poured off and the wet second (+)-

catechin crystals were freeze dried providing a 60% yield. The purity

of the crystals was greater than 99% as determined by dissolving

several crystals of (+)-catechin in aqueous solution and injecting the

solution into the hplc with Waters Associates Microbondapak-CN column

and a mobile phase of 2-propanol-water-acetic acid (1.5:95.4:3.1 v/v/v)

at a flow rate of 1.0 ml/min. The dry crystals were stored in a dark

bottle in a freezer for the studies of (+)-catechin rearrangement and

polymerization of (f)-catechin with formaldehyde.

The physical properties of (+)-catechin such as melting point

r /22(mp), specific rotation (IA ) infrared (i ), optical rotatory

dispersion-circular dichroism (ord-cd), ultraviolet (uv), and proton

magnetic resonance (pmr) were obtained from the dried crystals of (+)-

catechin. Immediately prior to property determination, the crystals

were redried over phosphorous pentaoxide (P2 05 ) in a vacuum at 60oC

for four hours.

The melting point of (+)-catechin was 158°C (Hergert and Kurth

1953: 176-177°C). The melting point was lower than the previous report
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possibly because the crystals might not have been dried to the same

hydrate as Hergert and Kurth. Their method of melting point determina-

tion of (+)-catechin crystals was..."the (+)-catechin crystalswere air

dried for 24 hours and then for three days over P2 05, at 1050 in vacuo.

The crystals sintered at 1500 and melted at 176-177o"... However, the

other physical properties of the dried second (+)-catechin crystals

clearly agreed with previous reports.

The ir spectrum of (+)-catechin (Figure 3) was recorded from a

KBr-pellet containing 1 mg (+)-catechin and 130 mg potassium bromide

powder. The ir spectrum of (+)-catechin showed absorptions at 3,500

(hydroxyl stretching), 2,940 (C-H stretching), 1,600 and 1,500 (phenyl

ring), and 1,450 (C-H bending) cm-1, similar to Hergert and Kurth 1953.

22
The specific rotation,N , of (+)-catechin was +15.4° (c 10.1

g/100 ml, acetone-water 1:1 v/v); the previous reports were +160 and

+17.1° (Freudenberg and Weinges 1962; and, Hergert and Kurth 1953).

The specific rotation was obtained with an 0. C. Rudolph and Sons

Polarimeter, Model 63 with the D-line of a sodium-vapour lamp (5,893 A)

and a 1 dm sample tube. The specific rotation of (+)-catechin was

calculated from the following equation.

22
=b/dc

where 04. = observed rotational angle

d = sample tube length in dm

c = concentration in g/ml

The ord-cd (Figure 4 and Table 1) and uv (Figure 5 and Table 1)

spectra were recorded by a Circular Dichroism Recorder and Spectrophoto-

meter with a 1 Cm thick sample cell containing 46.8iWg (+)-catechin
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Figure 3. Infrared spectra of (+)-catechin and catechinic acid-acetone complex.
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and 1 ml aqueous,-methanol (1:1 v/v) solution at 22°C1 The solution was

scanned from 300 to 230 nm. The maximum uv absorption was at 279 nm

with e = 3,840, The highest rotatory angle was at 280 nm. The molar

absorption coefficients (a) and the difference in molar absorption

coefficients (4E) in Table 1 were calculated from the following

equations (Lambert et al, 1976).

= Aid

de . 4A/c1 = 0/33c1

Where e = molar absorption coefficient

ae = e -6 = difference in molar absorption coefficientL R

A = absorbance

AA = AL-AR = difference in absorbance

0 = observed rotational angle, degrees

c = molar concentration, and

1 = pathlength = 1 cm

Table 1. Molar absorption coefficients (c) and difference in molar

absorption coefficients (6E) of (+)-catechin, (f)-epicatechin,

and (-)-epicatechin in aqueous-methanol (1:1 v/v) at 22°C.

-

*Absorption at maximum wavelength,

E at neat

279 nm 238 279 280 nm

(+)-Catechin* 3,840 - -.0976

(f)-Epicatechin* 3,500 -.113 +.0329

(-)-Epicatechin* 3,560 +J07 '-,0317 -



42

The proton magnetic resonance spectrum (Figure 6) of (+)-catechin

was recorded at 80 MHz with a Varian FT-80A Spectrophotometer using 10

mg of (+)-catechin dissolved with 40 /g1 of acetone-d6 in a capillary

tube containing 1% tetramethylsilane (TMS) as the internal standard.

The chemical shift MI of
2

integration at 6.78 to 6.89 of the three protons of the B-nucleus

was used as a reference to calculate the number of protons at every

2/
signal in the spectrum. All coupling constants (J)- and chemical

shifts (6) of (+)-catechin spectrum appeared to be identical to those

previously reported (Thompson et al. 1972). The four phenolic hydroxy

protons absorbed at the lowest field strength; S 7.99 to 8.34. The

signals at S 6.78 and 6.89 were assigned to the three protons of the B-

3
nucleus as previously discussed (lit: 6.76 and 6.89)-/. The protons at

the 6 and 8 positions of the A-nucleus were doublets (J6,8=2) appearing

ati 5.90 and 6.05, respectively (lit: 5.88. and 6.02). Most of protons

of the C-nucleus showed clearly except the proton at the 3 position

4.10) which interfered with the aliphatic hydroxy and water protons.

The doublet (J2,3=8) signal at S 4.63 was assigned to the proton at the

2 position (lit: 4.59). The two seta of doublet of doublet signals

(J3,4=5 and 8) at. 2.98 and 2.55 were assigned to the two protons at

the 4 position (lit: 2.92 and 2.54). The signal at S 2.05 was solvent.

The comparable pmr spectra of (+)-catechin and bis-6,6'-catechinyl-

methane will be discussed later.

the internal standard was 0.0 and the

2/
- Chemical shift in parts per million and coupling constant in H

2/lit in this paragraph refers to Thompson et al. 1972.
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Figure 6. The pmr spectrum of (+)-catechin in acetone-d6 x = solvent.
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Synthesis of tetra,-0-methylcatechin

The synthesis of tetra-O-methylcatechin (2R:3S)-5,7,3',4'-tetra-

0-methylflavan-3-ol was carried out in order to further confirm the

structure of (+)-catechin, because of the disagreement about the

melting point of (+)-catechin previously discussed.

An aliquot of 0.5 g (+)-catechin crystals in 20 ml methanol was

methylated three times with excess ethereal diazomethane at a tempera-

ture below 5oC for over 36 hours. Rosette crystals of tetra-O-methyl-

catechin were obtained after ether was evaporated from the solution.

The crystals were separated from the solution by filtering through a

# 1 Whatman filter paper. The crystals were air dried for three hours,

then dried over
P205

in a vacuum at 60oC for four hours. The melting

point of the crystals was 144-146°C (Hergert and Kurth 1953: 143-144°).

The gas chromatography-mass spectrum (Figure 7) of tetra-0-methyl-

catechin was recorded from the solution of the ether crystals in

acetone. The mass spectrum at scan 254 showed a molecular ion peak at

m/e 346, the molecular weight of tetra-O-methylcatechin (C

Solubility and titration curve of (+)-catechin

The solubility data and titration curve of (+)-catechin were

important parameters. The solubility data were used to estimate a

proper concentration of (+)-catechin in the studies of (+)-catechin

rearrangement and polymerization of (+)-catechin with formaldehyde.

The titration curve provided a useful parameter to predict the quantity

of (+)-catechin phenate ions in solution. These ions may affect the

rates of the (+)-catechin rearrangement and the reaction of

19H2206).
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Figure 7. Upper. Computer printout of a gas liquid chromatographic

spectrum of tetra-O-methylcatechin (Scan 254 = 22 min).

Conditions: column, 3% OV-17 on Gas Chrom Q, 80/100 mesh,

5 ftx1/8 in 0. D. stainless steel; njection port 245°C;

detector 265°C; column temperature 235°C isothermal;

helium flow 30 ml/min.

pwer. Computer printout of a mass spectrum of

tetra-O-methylcatechin.
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*The solution was not saturated with (+)-catechin.

The solubility of (+)-catechin in aqueous caustic solution

depended on the concentration of caustic. The solubility was less in

dilute aqueous caustic and greater in more concentrated aqueous caustic

solutions. The limited solubility of (+)-catechin in aqueous caustic

solutions, such as in 0.01 and 0.1% caustic, was related to the limited

formation of catechin phenate ions. The solubility of (+)-catechin in

10% caustic might be in error because the production of catechinic acid

46

(+),-catechin with formaldehyde.

The solubility of (+)-catechin (Table 2) was obtained from the

maximum amount of (+)-catechin to dissolve in different concentrations

of aqueous caustic at 22°C. The weight of dissolved (0-catechin was

determined by evaporation of 10 ml of a saturated solution of (+)-

catechin in an aqueous caustic solution at 80°C for eight hours and

drying at 110°C for four hours in a convection oven. The solubility of

(+)-catechin was corrected for the caustic that would be left when

evaporated to dryness.

Table 2. Solubility of (+)-catechin in water at 22°C.

% Caustic pH of Saturated Solubility

Solution (+)-Catechin Solution (g/.100 ml)

0.01 7.4 0.4

0.1 8.8 1.0

1.0 9.6 5.1

10* 12 20
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instead of catechin phenate ions. Results from kinetic study of (+)-

catechin rearrangement presented in the latter part of this chapter

indicated that (+)-catechin can rearrange very rapidly to catechinic

acid in solutions of pH 11.0 at room temperature (22°C).

The titration curve of (+)-catechin solutions (Figure 8) was made

by titrating a (+)-catechin aqueous solution (0.62 millimols/300 ml)

with 0.1 N caustic solution up to a pH of 9.0. It appeared that the

buffer region of (+)-catechin solution was at pH of 8.0 and higher,

which indicated that catechin phenate ions were increasing after a

pH of 8.0.

(+)-Catechin + 0H- phenate ions

2. Syntheses and verifications of products from (+)-catechin

rearrangement.

). (+)-Epicatechin

(+)-Epicatechin was synthesized from (+)-catechin by refluxing for

45 minutes under a nitrogen atmosphere a solution of 0.5 g (+)-catechin

and 50 ml water, with pH adjusted to 7.0 using 0.1 N caustic solution.

Excess (+)-catechin in the solution mixture was removed by crystal-

lizing it out at 5°C. The remaining solution was injected into the

hplc with a Microbondapak-CN column and 1 ml/min flow rate of the

mobile phase 2-propanol-water-acetic acid (1.5:95.4:3.1 v/v/v). The

hplc spectrum indicated approximately equal amounts of (+)-catechin

and (+)-epicatechin, the former eluting at 8.0 ml and the latter

eluting at 9.8 ml. About 30 mg of (+)-epicatechin was isolated from
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Figure 8. Titration curve of 0.62 millimoles of (+)-catechin in

300 ml water at room temperature.
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the solution mixture by collecting the fraction eluting at 9.8 ml and

freeze drying. The freeze dried (+)-epicatechin was redried over P205

in vacuum at 60°C for four hours prior to ir, uv, and ord-cd

spectrophotometry.

The ir spectra of (+)-epicatechin and commercial (-)-epicatechin

(Aldrich Chemical Company, Inc. # 85,523-5 & 072,557) were recorded by

the infrared spectrophotometer from 1% of each phenolic in a KBr-pellet.

The major absorptions of both ir spectra (Figure 9) were identical and

agreed with the spectrum of 1-epicatechin previously reported (Hergert

-
and Kurth 1953). The absorptions at 3,100 and 3,400 cm' were hydroxyl

-1
streching; 2,940 cm was C-H stretching; 1,440 cm-1 was C-H bending;

-1
and 1,520 and 1,600 cm were from the phenyl ring.

The ord-cd and uv spectra of (+)-catechin (46.814g/m1), (+)-epi-

catechin (48.1g/ml), and (-)-epicatechin (44.4/g/m1) in aqueous-

methanol (1:1 v/v) were presented in Figures 4 and 5 and Table 1. The

molar absorption coefficients and difference in molar absorption

coefficients at the maximum absorptions of 238 and 279 nm of

(+)-epicatechin and (-)-epicatechin agreed within 5%.

(b). Catechinic acid

Catechinic acid was synthesized by ref luxing (+)-catechin in an

aqueous caustic solution according to the method of Sears et al. 1974.

A solution of 2 g (+)-catechin in 200 ml of 0.5% aqueous caustic

solution in a 500 ml three neck boiling flask was refluxed under a

nitrogen atmosphere for 45 minutes. The reaction was stopped by pouring

the solution into a 1,000 ml beaker containing 600 ml crushed ice and
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35 ml IR-120 resin (acid form). The solution was stirred for one hour,

filtered through a # 1 filter paper, and evaporated at 40oC under

vacuum with a rotary evaporator to a light brown syrup. The syrup was

redissolved with 200 ml acetone and evaporated at the same temperature

under vacuum to yield precipitated catechinic acid-acetone complex.

The complex was isolated from the dispersion by filtering on a # 1

Whatman filter paper. The complex was air dried for four hours and

dried over P205 under vacuum at 60oC for four hours to yield 1.4 g

catechinic acid-acetone complex. The melting point of the catechinic

acid-acetone complex was 173-1780C (Sears et al. 1974: 168-1700).

The molar extinction coefficient of the complex in water at

285 nm was 15,000 (Sears et al. 1974: 19,000). The molar extinction

coefficient of the complex was obtained from 1.22 mg of catechinic

acid-acetone complex in 100 ml water. The solution had a maximum

absorbance of 0.64 at a wavelength of 285 nm.

The ir spectrum (Figure 3) of a KBr-pellet containing 1.2 mg of

catechinic acid-acetone complex and 300 mg potassium bromide showed

strong absorptions at 1,745; 1,690; 1,610; and 1,535 cm-1 that were

identical to those previously reported (Sears et al. 1974).

The catechinic acid-acetone complex was purified by dissolving

and precipitating in diethylether. The precipitated catechinic acid

was isolated from the solution by filtration as previously discussed.

The precipitate was air dried for two hours, dried over P205 in

vacuum at 60°C for four hours, and stored in a brown bottle in a

freezer for methylation and calibrating the hplc column.
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A solution of 0.5 g catechinic acid and 20 ml methanol was

methylated three times with excess ethereal diazomethane at a

temperature below 5°C in a hood for over 36 hours. Attempts to crystal-

lize the methylated solution with hexane and dichloromethane were

unsuccessful. A one /Al solution of 1% methylated catechinic acid in

dichloromethane was injected into the gas chromatograph-mass

spectrometer with an OV-17 column. The mass spectrum (Figure 10)

scan of 104 (20 min), the major chemical, showed mass ion peaks at

151, 167, 180, 193, and 346 at the same relative intensities as those

reported for permethylcatechinic acid (Sears et al. 1974). The mass

ion peak at 346 was the molecular weight of permethylcatechinic

acid
(C19H220 ).
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Scan 50 100

m/e 250 300 350 400

Figure 10, 1122.tr. Computer printout of a gas liquid chromatographic

spectrum of permethylcatechinic acid (Scan 104 = 20 min).

Conditions: column, 3% OV-17 on Gas Chrom Q, 80/100 mesh,

5 ftx1/8 in O. D. stainless steel; injection port 245°C;

detector 265oC; column temperature 235oC isothermal;

helium flow 30 ml/min.

Lower. Computer printout of a mass spectrum of

permethylcatechinic acid,



B. Kinetics of (+)-Catechin and (-)-Epicatechin Rearrangement

1. Procedure.

Instrumental and analytical conditions

A high pressure liquid chromatograph (hplc), Waters Associates

Model ALC/GPC 244, and Microbondapak-CN column (4 mm inside diameter

and 30 cm column length) with a mobile phase of 2-propanol-water-acetic

acid (1.5:95.4:3.1 v/v/v) were used to separate mixture of catechinic

acid, (±)-catechin, and (±)-epicatechin. The flow rate of mobile phase

was 1.0 ml/min. All phenolics coming out of the column were detected

by the uv detector at 280 nm and each peak area was measured by an HP-

3370B integrator. The hplc separation (Figure 11) of catechinic acid

(A), (+)-catechin (B), and (-)-epicatechin (C) were obtained from the

4column having more than 3,000 theoretical plates/- per foot.

Calibrations

(+)-Catechin, (-)-epicatechin, and catechinic acid were used to

calibrate the retention times and area responses of the hplc with the

same column, mobile phase, flow rate, and detector as previously

discussed for (±)-catechin, (±)-epicatechin, and catechinic acid,

respectively. Each phenolic was dissolved in water at four concentra-

tions and injected into the hplc. The slopes of the calibration curves

(Figure 12) of (+)-catechin, (-)-epicatechin and catechinic acid were

54

4/
- The theoretical plates of the column were estimated according to

Waters Associates, "Bondapak and porasil liquid chromatography

columns, care and use manual."
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Figure 11. The hplc separation of catechinic acid (A), (+)-catechin (B),

and (-)-epicatechin (C). Conditions; column, Microbondapak-

CN; mobile phase, 2-propanol-water-acetic acid (1.5:95.4:3.1

v/v/v); flow rate, 1.0 ml/min; detector, uv at 280 nm.
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5.78x105, 5.21x105, and 1.71x106 integrator unitirg, respectively. The

correlation coefficient (r2) of each linear regression line was

greater than 0.99 and the calibrarion curves passed through the

origin.

(c). Experimental procedure

A solution of 5.5 mg of (0-catechin or (-)-epicatechin in 25 ml

distilled water was prepared for each experiment in a 100 ml three neck

boiling flask. Each neck of the flask was connected to a long needle

(for nitrogen gas purge and sample removal), a condenser, or a stopper

(Figure 13). The solution was then brought to the desired temperature

by a constant temperature circulator and kept under a nitrogen atmos-

phere. A portion of 11.3, 27.2, 61.9, or 150 micromoles of caustic (the

amount of either .045 or .10 N caustic solution was determined on sep-

arate samples) was added to the solution to obtain the desired pH of

8.0, 9.0, 10.0, or 11.0, respectively. A 1.0 ml sample was taken by

syringe at any reaction time and a 15 /.1 sample (3g) injected into

the hplc for analysis. For 'faster reactions such as occurred at the

pHs of 9-11, the initial sample was taken before caustic was added, and

other samples were neutralized to a pH of 5-7 with dilute acetic acid

and kept in a 5oC refrigerator until the hplc analysis. The reactions

were continued either until all (+)-catechin was consumed or until

five hours elapsed.

2. Results. Kinetic parameters of (0-catechin and (-)-epicatechin

rearrangement were determined from the reactions of both phenolics in



Figure 13, Experimental equipment for kinetic study,
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aqueous solutions at pHs from 5.4 to 11,0 and temperatures from
340

to

100°C. Typical hplc peaks of catechinic acid (A), (+)-catechin (B),

(+)-epicatechin (C), and unidentified products (I) from the reaction

of (+)-catechin in aqueous solution at pH 8.0 and 94°C at 20 and 120

minutes are shown in Figure 14. The percent compositions of the (+)-

catechin and (-)-epicatechin reaction mixture as afunction of time at

pHs of 8.0 and 11.0 and temperatures of 470 and 100 C (Figure 15)

typify all of the (+)-catechin and (-)-epicatechin rearrangement

reactions. The forward rates of epimerization from (+)-catechin to (+)-

epicatechin were 5 to 10 times greater than the rates of (+)-catechin

rearrangement to catechinic acid (10 times at pHs of 8.0 and 9.0 and

five times at pHs of 10.0 and 11.0). The backward rates of epimeriza-

tion from (-)-epicatechin to (-)-catechin at pHs of 8.0 to 11.0 were

two to three times greater than the forward. The equilibrium concen-

trations of (±)-catechin in mixture with (±)-epicatechin at pHs of 8.0

to 11.0 were greater than 65%. The mass balance from percent composi-

tion plots of catechinic acid, (±)-catechin, and (±)-epicatechin

appeared to be within 10% of the starting material.

(a). Epimerization

In an aqueous caustic solution, (+)-catechin epimerized (+)-

epicatechin first, followed by rearrangement of either to catechinic

acid. The epimerization rates of (+)-catechin and (-)-epicatechin

appeared to be first order by comparing first and second order rate

graphs (Figure 16) and by examining graphs of the log of the rate

constants vs reciprocal absolute temperature (Figure 17 and 18). One
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Figure 14. The hplc separation of rearranged products of (+)-catechin

(B) at pH 8.0 and 94°C after 20 and 120 minutes. Peaks:

A = catechinic acid; C = (+)-epicatechin; and, I =

unidentified. Conditions: column, Microbondapak-CN; mobile

phase, 2-propanol-water-acetic acid (1.5:95.4:3.1 v/v/v);

flow rate, 1.0 ml/min; and, detector, uv at 280 nm.
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Figure 15. Percent composition of products from (+)-catechin and (-)-epicatechin rearrangement.
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would expect such rearrangements to be first order. The first order

(in c vs time) and second (1/c vs time) plots were obtained from the

theory of rate laws according to the following equations.

First order rate law:

-dc/dt = k c
1

-dc/c = k1 dt

-in c = k1t + Constant.

Second order rate law:

Where

-dc/dt =
k2c2

-dc/c2 =
k2dt

1/c = k2t + Constant.

c = concentration of starting chemical;

t = reaction time;

k1 = first order rate constant; and,

k2 = second order rate constant.

The correlation coefficients (r2) of regression lines from first

order plots of all (+)-catechin and (-)-epicatechin rearrangements were

greater than the second order plots; see for example the reaction of

(+)-catechin at pH 11.0 and 47°C, Figure 16.

The activation energies of these reactions were obtained from the

slopes of log first order rate constants vs reciprocal absolute

temperature according to the Arrhenius equation.

The Arrhenius equation;

-EA/RT= Ae

in k, = in A - Ea/RT
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Where: k = first order rate constant of (+)-catechin

or (-)-epicatechin disappearance;

A = Arrhenius constant;

= activation energy;

R = gas constant; and,

T = absolute temperature.

The correlation coefficients of the regression lines from the

Arrhenius graphs of (+)-catechin and (-)-epicatechin epimerizations

(Figure 17 and 18 and Table 3 and 4) were greater than 0.95.

The epimerization was a reversible process and reached an equilib-

rium at approximate 2:1 mole ratio of (+)-catechin to (+)-epicatechin.

The forward rate constants (Figure 17 and Table 3) for (+)-catechin to

(+)-epicatechin increased two to three times and the backward rate

constants (Figure 18 and Table 4) for (-)-epicatechin to (-)-catechin

increased three to four times in aqueous caustic solutions when

temperature was increased by 10°C. The Arrhenius constants (A) and

activation energies (Ea) of the epimerizations depended on the caustic

concentration.

(b). Equilibrium concentrations of (±)-catechin in mixture

with (±)-epicatechin

The equilibrium concentrations of (±)-catechin in mixture with

(A)-epicatechin (Table 5) were calculated from the forward (Table 3)

and backward (Table 4) rate constants of epimerizations. The rate

constants of the enantiomer consumption were assumed to be the same.

These calculations were confirmed by selected experiments continued
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ref lux temperature.

/From Arrhenius equation in k = in A - Ea/RT.

2/The correlation coefficients from the graphs between in k vs 1/T

Calculate from two points.
5/

Calculate from k 's at 47°, 57°, and 67°C.

- At

67

Table 3. First order rate constants (kf) and activation energies (Ea)

Temperature,

of CO-catechin epimerization.

kf
(+)-Catechin (+)-Epicatechin

kç X 105 sec-1 at pH of

oc 11.0 10,0 9,0 8,0 5.4

34 17,7 6.0 3.5 -

47 44.5 19.8 12.9 4.4

57 73.4 40.4 33.7 10.9

67 118 80.9 34.4

77 - - - 61.1! 4/

87 - - - 1271 4/

94 - - 13511/ 11.8

in A3-./

1/ 4/100- - - 136- 23.0

2/ 5/Ea- , kcal/mol 3.17 4.67 5.03 5.63- 6.39

11.9 20.4 22.2 24.8w 25.6

2 3/
r - ) .99 .99 > .99 .99 .98



Table 4. First order rate constants (kb) and activation energies Ea)

of H-epicatechin epimerization,

Temperature,

°C

*See Table 3.

34

47

57

67

77

87

94

100*

ln A*

Ea*, kcal/mol

r2*

68

(-)-Epicatechin
kb

( ) Catechin

pH of
5

kb x 10 sec-1 at

11.0 10.0 9.0 8.0 5.4

33.0

131

227

-

20.9

79.2

207

-

11.8

50.9

140

-

2.5

9.8

49.3

85.7

-

-

_ 1.9

- - 6.0

- - - 19.5

- - 68.8

20.1 24.4 26.5 27.8 41.0

4.34 5.08 5.49 5.93 9.16

.98 >.99 ).99 .98 .96



Table 5, Equilibrium concentration of (±)-catechin in mixture with

*At reflux temperature.
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Tmeperature,

(±)-"epicatechin,

,(±)-Catechin.

%(±)-Catechin

(±).Epioatechin

in (±),Catechin/(±)-Epicatechin

Mixture at pH of
oc 11.0 10.0 9,0 8,0 5.4

34 65 78 77 -

47 75 80 80 69

57 76 84 81 82

67 - - 71 -

77 - 43

87 - _ - 54

94 - - 62

100* - - _ 75
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for very long reaction times. The calculation of equilibrium concen-

trations of (±)-catechin in mixture with (±)-epicatechin were made

according to the following equation.

kf

(±)-Catechin (±')-Epicatechin
kb

kf/kb R±)-Catechinig(±)-Epicatechinl

[(±)-Catechin] = [(±)-Epicatechin](kf/kb)

The equilibrium concentrations of (±)-catechin in mixture with

(±)-epicatechin in all aqueous caustic solutions were greater than 65%

except those in solutions at pH 5.4.

(c). (+)-Catechin rearrangement to catechinic acid

The rearrangement of (+)-catechin and (+)-epicatechin to

catechinic acid in aqueous solutions at pHs from 5.4 to 11.0 and tem-

peratures from 34°C to 100°C is shown in Figure 19 and Table 6. Because

epimerization was so much faster than catechinic acid formation the

combined (+)-catechin and (+)-epicatechin disappearance was assumed to

be the same as the rate of catechinic acid formation. In the investi-

gation in aqueous caustic solutions it appeared that catechinic acid

did not reverse to either (±)-catechin or 04-epicatechin. The mecha-

nism of (+)-catechin rearrangement to catechinic acid was introduced in

Chapter II and is discussed further on the following pages.

The combined rate constants of (+)-catechin and (+)-epicatechin

disappearance (1(c4e), Arrhenius constants (A), and activation energies

(a) (Figure 19 and Table 6) depended on caustic concentration. The

combined rate constants were assumed to be first order based on the



10 xl/Temperature-°K

80 60 40

Temperature-0C

Figure 19. First order rate constants of combined (0-catechin/

(+)-epicatechin disappearance.
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3.4

20



Table 6. First order rate constantsOc+ek ) and activation energies

of combined (+)-catechin/(+)-epicatechin disappearance.

kc+e
(+)-Catechin-----A(+)-Epicatechin-----,Catechinic Acid

*See Table 3.
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5
k x 10
c+e

-sec1 at pH of

11.0 10.0 9,0 8.0 5.4

2.78 1.85 .52

9.58 4.03 1.04 -

14.2 6.72 3.47 .60

_ 20.8 11.2 2.03

_ - - 9.48

_ - 11.1

- - 15.5

- 27.8

13.0 12.9 19,4 20.1

3.62 3.69 4.92 5.30

.99 .96 .96 .97

Temperature,

oc

34

47

57

67

77

87

94

100*

in A*

Ea*, kcal/mol

r2*
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high correlation coefficients (r2) of the Arrhenius graphs (Figure 19

and Table 6). The correlation coefficients of these regression lines

in all instants were greater than 0.95. The combined rates of (+)-

catechin and (+)-epicatechin disappearance were too low in solution at

pH 5.4 to be calculated even at 94°C. Catechinic acid was not observed

in the latter solution after five hours. The rates of catechinic acid

formation increased abruptly at pH 8.0 and higher and catechinic acid

was observed at pHs of 10.0 and 11.0 at 22°C in a few minutes. The

rates of catechinic acid formation in aqueous caustic solutions were

greater by two to three times when temperature increased by 10°C.

3. Discussion and summary. (f)-Catechin and (-)-epicatechin in

aqueous solutions at pH 5.4 and higher appeared to form epimers first.

Both (±)-catechin and (±)-epicatechin were unstable in aqueous caustic

solutions, such as at pH 8.0 and higher, and rearranged to catechinic

acid and other diastereomers of catechinic acid; for example (+)-

catechin in aqueous caustic solutions rearranged to (+)-epicatechin

and either phenolic rearranged to catechinic acid. The proposed

mechanisms of (+)-catechin epimerization and rearrangement to

catechinic acid reported in previous publications (4ehta and Whalley

1963; and, Sears et al. 1974) appear to be logical and are supported

by my results. The combined mechanisms of (+)-catechin epimerization

and rearrangement to catechinic acid are shown in Figure 20. The

intermediate of both processes appears to be the same, a quinone

methide (XXVII). The fact that the epimerization was faster than the



OH

O
HO

H

(+)-Catechin

110

Figure 20, Mechanism of (+)-catechin rearrangement.
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rearrangement to catechinic acid supports the quinone methide inter-

mediate, but this intermediate has not yet been isolated. The oxygen

nucleophile at the 1 position of the intermediate more easily attacks

the electrophile center at the 2 position of the same molecule causing

epimerization rather than to destabilize the aromaticity of the A-

nucleus to produce catechinic acid. The abrupt increase in rate of

catechinic acid formation at high pH indicates that the concentration

and stability of the intermediate increase and the probability

increases that the nucleophile of position 1 is more prevalent and that

destabilization of the A-nucleus is followed by the formation of

catechinic acid. Another mechanism of catechinic acid formation in

aqueous caustic solutions might involve a nucleophile at the 5 and 7

positions, such as intermediate XXXIX, for example. This latter

intermediate could help destabilize the A-nucleus and increase the

rate of catechinic acid formation at high pH.
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The other phenate ion intermediate (XXXX) that could appear in the

solution, has no electrophile reactive center like the quinone methide

intermediates (XXVII and XXXIX). Thus the formations (+)-epicatechin

and catechinic acid are unlikely to be produced via this phenate ion

(XXXX). However, the polymerization of (+)-catechin with formaldehyde

discussed in the next chapter indicated that this phenate ion inter-

mediate (XXXX) at the A-nucleus will promote reaction with formaldehyde.

The rates of (+)-catechin and (-)-epicatechin epimerizations

appeared to follow the first order rate law based on the higher corre-

lation coefficients of regression lines from comparative first and

second order and Arrhenius graphs as previously discussed. The equi-

librium concentrations of (±)-catechin in mixture with (±)-epicatechin

in aqueous solutions at pH 8.0 and higher favored (±)-catechin. This

result was confirmed by a molecular model study of (+)-catechin and

(+)-epicatechin. A (+)-catechin molecule could have two hydrogen bonds,

a strong hydrogen bond of the hydroxy and oxygen at the position 3 and

1, respectively, and a weak hydrogen bond of two hydroxyl groups a

position 5 and 2' of the A- and B-nuclei, respectively; see structure

A (+)-epicatechin molecule has only a strong hydrogen bond of

hydroxy and oxygen at the position 3 and 1, respectively; see structure

The weak and strong intramolecular hydrogen bonds of (+)-

catechin were determined based on distance and steric hinderance. The

strong intramolecular hydrogen bond of hydroxy and oxygen at the

position 3 and 1 of the C-nucleus clearly had no steric hinderance and

the correct distance for the hydrogen bond formation. The weak hydrogen
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bond of the two hydroxyl groups at the position 5 and 2' of the A- and

B-nuclei, respectively, was over a greater distance and was more

sterically hindered.

HO/

0Iit

H H

OH

XXXXI (+)-Catechin XXXXII (+)-Epicatechin

Hydrogen bond shown as

The strong intramolecular hydrogen bond of (+)-catechin of the

hydroxyl group and the oxygen atom at the position 3 and 1 was

summarized and confirmed by Birch et al. 1957.

...the infrared absorptions of the hydroxyl groups of
tetra-O-methylcatechin and tetra-O-methylepicatechin in
carbon tetrachloride solution, measured and'interpreted_i
by Dr. A. R. H. Cole, which occur at 3,594 and 3,587 cm
respectively. These low hydroxyl stretching frequencies

-1
and the absence of the free hydroxyl band near 3,630 cm
indicate strong intramolecular hydrogen bonding of axial
hydroxyl group, as postulated by Roberts."

The mechanism of (+)-catechin rearragement to catechinic acid

proposed by Sears et al. (1974) and substantiated here should have

four possible products developed from the quinone methide intermediate

in the same fashion such as catechinic acid (XXVIII). They are its

diastereomers; XXVIII-A, XXVIII-B, and XXVIII-C but Sears et al. found
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only catechinic acid. From my hplc analyses in the study of (+)-

catechin rearrangement to catechinic acid, only one major peak

(catechinic acid) was found; however that peak was close to the

solvent front.

The (+)-catechin rearrangement to catechinic acid in aqueous

caustic solutions can interfere with the polymerization of (+)-catechin

with formaldehyde because the rearrangement destroys one of the reactive

centers at the 6 or 8 position of the A-nucleus of (+)-catechin.

However the study of the polymerization of (+)-catechin with

formaldehyde in the next chapter indicates that the (+)-catechin

consumption in the present of formaldehyde is so much faster than the

(+)-catechin epimerization and rearrangement to catechinic acid that

this problem can be avoided.

This research still leaves unanswered the question about

rearrangement of catechin residues in tannin polymers when exposes to

hot caustic solutions. It would be expected that the polymer could

rearrange in the same fashion as (+)-catechin rearranges to catechinic

acid. However, both rearrangement of condensed tannin polymers and the

polymerization of polymers with formaldehyde would be expected to be

more difficult than those from (+)-catechin because steric hinderance

of the polymers may limit reactivity.



IV, POLYMERIZATION OF (+)-CATECHIN WITH FORMALDEHYDE

The kinetics of (+)-catechin polymerization with formaldehyde in

aqueous solutions provide a model for condensed tannins. Actual kinetic

studies of the further polymerization of condensed tannin polymers with

formaldehyde would be difficult because the tannins are large and

heterogeneous molecules intermixed with other compounds.

The rates of addition of formaldehyde to (+)-catechin and the

condensation of methylol-catechin to form polymers were obtained from

the rates of formaldehyde consumption and rate of change of polymer mo-

lecular weight, respectively. Because (+)-catechin is consumed in both

addition and condensation reactions the rate of (+)-catechin consump-

tion is a combination of rates of addition and condensation. Thus the

rate of (+)-catechin consumption was made as a check on the rates of

addition and condensation and to allow comparison with the rate of

(+)-catechin rearrangement and the rate of phenol consumption in the

reaction of phenol with formaldehyde.

The specific objectives of this chapter are to report the rates

of (+)-catechin and formaldehyde consumption and the rate of condensa-

tion or polymerization. In addition the molecular weight distributions

resulting from the polymerization of (+)-catechin with formaldehyde

are discussed.

79
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A. Procedures

1. Reaction system. The analyses of (0-catechin and formaldehyde

residues and polymer molecular weight as a function of reaction times

and conditions were made simultaneously on the same reaction mixture.

A solution of 180 mg (+)-catechin (0.63 millimoles) and 300 ml

distilled water was prepared in a 500 ml three neck boiling flask

analogous to the system discussed in Chapter III. One neck of the flask

was connected to either a long needle, a stopper, or a condenser. The

solution was heated to the desired temperature in a constant tempera-

ture circulating bath. Aqueous formaldehyde (CH20) was added to the

(+)-catechin solution, the amount and concentration depending on the

desired mole ratio of formaldehyde (F) to (+)-catechin (C): .g.,

approximately 1 ml of 1% CH20 was added for a 1:2 mole ratio of F:C;

2 ml of 1% C1120 for 1:1; and, 1 ml of 4% CH20 for 2:1. Immediately, an

appropriate amount of aqueous caustic (0.05 or 0.1 N) was added to

adjust to the desired pH,. and the reaction time then started. Solutions

were prepared and analyzed at pHs of 6.0, 7.0, 8.0, and 9.0 and temper-

ature ranging from 10-85°C, as described in Table 9. In solutions at

pHs of 8.0 and 9.0, the initial sample was taken before caustic was

added to the solution. All experiments were under a nitrogen

atmosphere.

As a function of time, 22 mil samples were removed from the reac-

tion vessel for the analyses of formaldehyde residue (20 ml sample)

and for both (+)-catechin residue and polymer molecular weight
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(2 ml sample). The 2 ml sample for analyses of (+)-catechin residue

and polymer molecular weight was diluted with 2 ml cold methanol in a

5 ml volumetric flask in a freezer. At pHs of 8,0 and 9,0 only, approx-

imately 2 and 10/41 respectively, of 3% acetic acid was added to the

diluted sample to lower the pH to 5-7. The solution was then diluted to

exactly 5,0 ml with methanol and stored in the freezer for analysis.

A separate study confirmed that no reaction occurred between (+)-

catechin and formaldehyde in aqueous-methanol (1:1 v/v) at pH of 5-7

in the freezer, for as long as two days. All samples were analyzed in

considerably less time than this.

The remaining 20 ml sample was used for the formaldehyde analysis.

2. Determination of (+)-catechin consumption. The hplc with Micro-

bondapak-CN column with mobile phase of 2-propanol-water-acetic acid

(1:99:2 v/v/v) eluting at 1 ml/min was used to analyze (+)-catechin res-

idue from the reaction of (+)-catechin with formaldehyde. All phenolic

peaks from the column were detected by uv absorptiOn at 280 nm and each

peak area was measured by an HP 3370B integrator. The calibration curve

for (+)-catechin detection by uv was reported in Figure 12.

A dilute sample in aqueous-methanol (15 44l = 3.6 pg total mass)

was injected into the hplc at 30 minute intervals. A typical chromato-

gram is shown in Figure 21 for a reaction time resulting for about 50%

of the initial (+)-catechin remaining, The (+)-catechin and the dimer

were confirmed by the retention volumes of starting (+)-catechin

and verified dimer (discussed in Chapter V). The suspected methylol-
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Elution Volume, ml

Figure 21, Typical hplc analysis of (f)-catechin (B) residue after

reaction with formaldehyde, pH 9,0, 20°C, 1:1 F/C,, and

20 minute reaction time, Peaks A = methylol-catechin ?

and'C dimer.
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Column, Microbondapak-CN

Mobile Phase, 2-Propanol-Water-

Acetic Acid (1:99:2 v/v/v)

Flow Rate, 1.0 ml/min

Detector, UV at 280 nm
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catechin was collected and reinjected into the hplc with Microstyragel

gel permeation columns, the same system used to analyze polymer molec-

ular weight. Peak A eluted from those columns at the correct elution

volume for a molecule the size of methylol-catechin,

3. Determination of formaldehyde consumption. The analysis of formal-

dehyde residue in the reaction of (+)-catechin with formaldehyde was

made by titrating the 20 ml sample with hydroxylamine hydrochloride,

similar to the method used by Hillis and Urbach (1959) and Hemingway

and McGraw (1978). Formaldehyde residue reacts with hydroxylamine

hydrochloride producing hydrochloric acid according to the following

equation. The hydrochloric was titrated with a standard caustic

solution.

CH20 + Nil2OHHC1 CH2=NOH + H20 + HC1

The 20 ml sample taken from the reaction flask was immediately

neutralized to pH 5-7, placed in an ice bath, cooled to room tempera-

ture and then acidified to pH 3.4 (the pH of 0.5 N hydroxylamine hydro-

chloride solution) using -0.01 N hydrochloric acid. The pH of all solu-

tions was measured by a pH meter, Beckman Expandomatic SS-2, with 2 pH

unit full scale expansion, setting mid scale at pH of 3.4. A solution of

0.5 N hydroxylamine hydrochloride (50 ml) was added immediately to the

acidified sample containing formaldehyde and stored at room temperature

(22°C) for at least 30 minutes, The released hydrochloric acid was back

titrated to pH 3,4 with 0.033 N standard caustic solution using a 10 ml

burette with scale divisions of 0,02 ml. The number of moles of
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formaldehyde residue was calculated from the following expression:

Millimoles of formaldehyde residue/20 ml = 0,033 x ml of titer.

The determination of formaldehyde residue by 0.5 N hydroxylamine

hydrochloride was useful over the range from 0,001% (as verified by

Figure 22) to 0.07% formaldehyde concentration (Roe and Mitchell, Jr,

1951). Higher concentrations of hydroxylamine hydrochloride were less

sensitive to small changes in pH while lower concentrations had poor

stability, tending to hydrolyze, releasing hydrochloric acid. The

solution of 0.5 N hydroxylamine hydrochloride was stable for about

three days at room temperature.

The reaction of hydroxylamine hydrochloride at pH 3.4 and room

temperature was verified to be complete in five minutes (Figure 23). By

contrast, the reaction of formaldehyde with (+)-catechin was verified

to be slow at these same conditions, whether or not hydroxylamine

hydrochloride was present. In addition, I verified that no self reac-

tion of formaldehyde occurred (e.g., Canizzaro or polymerization) at

either the conditions used for formaldehyde analysis or at the condi-

tions used for the reaction of formaldehyde with (+)-catechin.

4. Determination of number average molecular weight and molecular

weight distribution. The number average molecular weight and molecular

weight distribution from the reaction of (f)-catechin with formaldehyde

were determined by injecting 15/4 of dilute sample used for (+)-

catechin analysis into the hplc with Waters Associates Microstyragel

gel permeation columns (1'x103 g, 21x500 g, 1x102 g in series) with
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Figure 22. Sensitivity of formaldehyde analysis by hydroxylamine

hydrochloride titration,



.2,
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0 2 3 4

Time min

Figure 23- Reactivity of hydroxylamine hydrochloride with formaldehyde

in an aqueous solution at initial pH of 3.4 and 22oC.
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a mobile phase of THY-methanol (95:5 v/v) flowing at lml/min. All

phenolics were detected by uv at 280 nm. The columns were calibrated

with (f)-catechin (mw, 290), a verified dimer, discussed in Chapter V

(mw, 592), tannin A (mw, 866), and commercial polystyrenes (ra, 3,600,

5/
17,500, and 35,000)'. The calibration of the gel permeation columns

(gpc) was a linear graph of log molecular weight vs elution volume

(Figure 24) with a correlation coefficient for the regression line that

was greater than 0.99. A typical gel permeation chromatogram is shown

In Figure 25. Notice that distinct peaks occur at elution volumes of

approximately 33, 31, 30, and 29 ml. According to the calibration

curve, Figure 24, these peaks should be monomer, dimer, trimer, and

tetramer, respectively. A few chromatograms also showed a small but

distinct peak at the correct retention volume for a pentamer. The

calibration standards verified that the molecular weight assignment

was correct for monomer, dimer, and trimer. Further confidence was

gained in the calibration curve as a result of the peaks believed to

represent tetramer and pentamer occurring at the expected elution

volumes.

The number average molecular weight (Mn) of polymers from the

reaction of (+)-catechin with formaldehyde was calculated from the

gel permeation chromatograms (gpc) by assuming the same extinction

- Tannin A was provided by Dr. R. W. Hemingway, Commercial polystyrenes

were purchased from Waters Associates Lot No 11b, 41022, and 7b,

respectively.
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coefficients of all phenolics that appeared in the reaction. To verify

this assumption I measured peak areas from the gpc of the reaction of

(f)-catechin with formaldehyde at 2:1 initial mole ratio of formalde-

hyde to (f)-catechin, pH 6 and 85°C, pH 7 and 85°C, pH 8 and 55°C, and

pH 9 and 25oC until the monomer peak disappeared, up to an eight hours

time limit. These peak areas were constant within 10%.

The peak heights of the gpc were measured at every 2/3 ml elution

1 5
volume from 19- to 34- ml elution volume and recorded as illustrated

2 6

in Table 7 with the chain lengths (column 3) taken from the calibration

curve (Figure 24). Peak heights were not measured at elution volumes

smaller than 19, because these molecules are at the exclusion volume

of the columns and are not resolved into their respective molecular

weights. The number average molecular weight (Rn) was calculated

analogous to an arithmetic average according to the following

expression (Flory 1953).

Mn =
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Elution Volume, ml

Figure 24. Calibration of Microstyragel (11x103 X, 11)600 R, ilxie X
in series) columns with 1,0 ml of THF-Me0H (95;5, viv) per

minute, Standard compounds; (+)-catechin (mw = 290),

verified dimer (raw = 592), tannin-A Craw = 866), and

commercial polystyrenes (mw = 3,600, 17,500 and 35,000),
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0
Columns, Microstyragel (11x103 A,

211600 R, lix102 R in

series)

Mobile Phase, THF-Me011 (95:5 v/v)

Flow Rate, 1 ml/min

Detector, UV at 280 nm

DP=2

DP=1
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Elution Volume, ml

Figure 25. The gpc spectrum of CO-catechin-formaldehyde polymers,

number average molecular weight = 564.



Table 7. Determination of number average molecular weight (Rn) of

(+),,catechinformaldehyde polymers from the polymerization

at pH 9.0, 15°C, and 1:1 mole ratio of formaldehyde to

(+)catechin (F/C) after two hours,

*Molecular weights obtained from Figure 24.
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1 2 3 4

Counts Height Chain

NiMi

Length*

Mi, K=103

Col 2/Col 3

Ni x 102Line ml

1 34 5/6 4.5 130 3.462

2 34 1/6 6.0 180 3.333

3 33 1/2 15.5 235 6.596

4 32 5/6 47.5 290 16.379

5 32 1/6 12.0 390 3.077

6 31 1/2 26.5 500 5.300

7 30 516 61.5 650 9.462

8 30 1/6 25.0 850 2.941

9 29 1/2 28,0 1.1K 2.545

10 28 5/6 23.0 1.43K 1.608

11 28 1/6 14.0 1.90K 0.737

12 27 1/2 8.0 2.45K 0.327

13 265/6 6.5 3.15K 0.206

14 26 1/6 4.5 4.30K 0.105

15 25 1/2 4.0 5.4K 0.074

16 24 5/6 3.5 7.0K 0.050

17 24 1/6 3.5 9.2K 0.038

18 23 1/2 3.5 12.0K 0.029

19 22 5/6 3,5 15.5K 0.023

20 22 1/6 3,5 20,5K 0.017

21 21 1/2 3.5 25,5K 0,014

22 20 5/6 3.5 33,5K 0.010

23 20 1/6 3,5 45,0K 0,008

24 19 1/2 3.5 59.0K 0,006

Mn = NiMi/ Ni = Col 2/ Col 4 = 318/0.563 = 564



B. Results and Discussion

Prelimeinary experiments verified that the polymerization of (+)-

catechin with formaldehyde was much more rapid than the self reactions

of either (+)-catechin (e.g., epimerization or catechinic acid forma-

tion) or of formaldehyde (e.g., Canizzaro). The lack of these undesir-

able side reactions simplified interpretation of subsequent data, but

the extreme speed of the reaction made experimental technique critical

and, at times, difficult.

The major question that needed to be answered prior to selecting

kinetic models was the functionality (the number of reactive sites)

(+)-catechin with formaldehyde. The concentrations of (+)-catechin,

formaldehyde, and the degree of polymerization (DP) of the resulting

polymer as a function of reaction time were similar to the curves

illustrated in Figure 26. These and all Other data collected during

the study substantiate that only two functional groups on (+)-catechin

react with formaldehyde at the conditions studied. Note that at a 2:1

mole ratio of formaldehyde to (+)-catechin (F/C), all (+)-catechin is

consumed and polymer forms rapidly. But only half of formaldehyde is

consumed, even after very long reaction times. Conversely at a 1:2 F/C1

dimers for the most part are formed, and formaldehyde is consumed. Thus

the optimum mole ratio of formaldehyde to (+)-catechin was 1:1. This

result agrees with Hillis and Urbach (1959) and Hemingway and McGraw

(1978). With the functionality of (+)-catechin verified, kinetic

interpretation of the data could proceed.
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Figure 26 Reaction rates of (+)-catechin and formaldehyde consumptions

and condensation in the polymerization at pH 8.0, 55°C, and

1:2 (41), 1:1 (a), and 2:1 (0) F/C.
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1. Verification of the reaction order for (f)-catechin and formalde-

hyde consumption. The initial rates of (+)-catechin and formaldehyde

consumption from the reaction of (+)-catechin with formaldehyde

appeared to be first order, as was expected. When the log of concen-

tration of (+)-catechin or formaldehyde was graphed as a function of

time (first order model), a straight line of greater than 0.95 corre-

lation coefficient was obtained up to 50% consumption of starting

material. See Figure 27 as an example. Equations for the second order

model had much lower correlation coefficients. In addition, the corre-

lation coefficients of the linear regressions of the log first order

rate constants of (+)-catechin or formaldehyde consumption versus

reciprocal absolute temperature (presented later in Figures 29-31)

were greater than 0.95 for all but one line.

To further verify that these reactions were first order, the

rates of consumption of (+)-catechin and formaldehyde were determined

at different initial concentrations (Table 8). The rates were constant,

except for low values at the lowest (+)-catechin concentration. At

such low initial concentrations, the (+)-catechin buffered the solution

less, requiring proportionally less caustic to adjust the pH to 8.

Thus all mole ratios were not constant. Also, the low concentration

approached the analytical limit for the formaldehyde analysis.
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Figure 27. First order graphs of (±)-catechin (kc or 0 ) and

formaldehyde (cf or * ) consumptions at pH 8,0, 45°C,

and 1:2, 1:1, and 2:1 F/C.



Table 8. First order rate constants (k) of (+)-cateChin (C) and

formaldehyde (F) consumptions and condensation (CD) in

aqueous solution at pH 8.0, 45°C and 1:1 F/C.

Initial (+)-Catechin

Concentration, k x 105, sec-.1
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The first order model was not followed at large consumptions of

starting material. This deviation from the initial slope could result

from unequal reactivity of the two reactive positions of (+)-catechin

with formaldehyde. The more reactive group would react first leaving

the less reactive group to react at a lower rate. Such deviation from

first order formaldehyde consumption was al's° reported in the reaction

of phenol with formaldehyde (Martin 1956). The first order model

applied to higher percent consumptions of (+)-catechin and formaldehyde

in solutions of excess initial concentration of (+)-catechin. This

result suggests that the reaction might be more specific to one of the

two reactive positions of (+)-catechin.

2. Verification of the reaction order for condensation. Because (+)-

catechin was found to be bifunctional rather than pentafunctional at

the conditions used in this study, linear polymers result and the rate

of condensation or polymerization can be obtained from the relationship

mg/300 ml CD

90 29.9 16,5 12.6

180 43.3 23.4 14.5

270 44.0 22.0 16.5

360 46.2 21.6 15.7
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between the concentration of the residual reactive groups and the

DP. The condensation of a linear polymer can be expressed by the

following equation.

C + MC >Polymers + H20

where C and MC represent, respectively, the concentrations of

protons at the two reactive positions and the concentration of methylol

(-C1120H) group(s) at the other site. The rate constant for condensation

(0) can not be calculated from the C and MC directly because both of

these concentrations can not be determined. However, each (+)-catechin,

methylol-catechin, or condensed polymer contains two functional groups,

one at each chain end. Each condensation reaction reduces the total

functionality of the system by two. Therefore, to determine the

reaction order for the rate of condensation with respect to the total

concentration of functional groups (f), equation (1) or (2) may be

used for first and second order reactions, respectively.

-df/dt = k'f (1)
1

-df/dt k'f2 (2)
2

The solutions of these equations in terms of DP are the following.

First order rate constant (kl) for condensation:

-df/dt = Iclf (1)
1

f t

foj-df/f

. 10 f dt
1 0

ln - ln f =k't
o 1

in (f/ f) = ktt
1

in (DP) = klt (3)
1



Second order rate constant (10) for condensation:
2

-df/dt - kf2 (2)
2

rf rt
j-df/f2 = kl j dt

2
0

1/f - 1/f0 =
2

flf f + 1
o o 2

DP = 2C ok't + 1 (4)
2

Where: f = total concentration of condensable functional

groups at any instant;

f = initial concentration of condensable

functional groups = 2C0;

Co = initial concentration of (+)-catechin;

DP = number average degrees of polymerization

= number average molecular weight/290;

t = reaction time;

k' -
- first order rate constant for condensation; and,

1

k = second order rate constant for condensation.
2

First and second order rate constants for condensation were

obtained from the initial slopes of graphs of log DP vs time and

DP vs time, respectively. Most condensation reactions are expected to

be second order. However, the second order rate constants from my

reactions of (+)-catechin with formaldehyde were more than 50-100

times greater than the rate constants for formaldehyde consumption

(addition) or for (+)-catechin consumption (addition plus condensa-

tion). Such rate constants could not be correct because the rate of

98
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condensation could not be larger than the rate of (70-catechin consump-

tion (addition plus condensation). I believe methylol-catechin accumu-

lated in the solution at pH of 9. If the condensation was so much

faster than addition, the methylol-catechin could not be observed. In

the reaction of phenol with formaldehyde in aqueous caustic, addition

reactions were faster than condensation at the temperature I used

(Martin 1956). Therefore, the condensation must not follow the second

order rate law.

When one functional group, e.g., the methylol group is much lower

in concentration than the other functional group with which it con-

denses, the reaction can be expected to follow the first order rate

law. Examples of first order rate are shown in Figure 28. Most

experiments provided linear relationships up to DP of 2 to 3. A few

experiments gave results like the reaction at pH of 8, 45oC, and 1:1

initial mole ratio of formaldehyde to (0-catechin (middle curve of

Figure 28). Several experimental factors would cause the deviation

from linearity in the first order model. As the polymerization reaction

proceeded, my gpc columns were not able to resolve the higher molecular

weight polymer. This caused an underestimation of the number average

molecular weight, at longer reaction times. See, for example, in

Figure 25 the accumulation of unresolved polymer at the exclusion

volume (",19 ml). Such unresolved high polymers were produced more a

pH of 6 to 8 than at a pH of 9, The other cause for nonlinearity would

be unequal reactivity of the two reactive positions of (f)-catechin.

The first order rates of condensation were confirmed by comparing
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Figure 28. First order graphs of condensation at pH 8.04 45°C, and

1:2, 1:1, and 2:1 F/C.
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them to the rates of (+)-catechin and formaldehyde consumption (Tables

9, 10, and 11), The rate constants of formaldehyde consumption (addi-

tion), Table 10, plus condensation, Table 11, were equal to or slightly

less in most experiments than the rates of (+)-catechin consumption

(addition plus condensation), Table 9. Also the high correlation

coefficients (r2> 0.95 in most experiments) of regressions of log DP

vs time up to at least DP of 1.5 and of the log first order rate

constants for condensation versus reciprocal of absolute temperature

supported the first order model. The other support for the first order

model for condensation was that the first order rate constants were

independent of initial concentration as showed previously in Table 8.

3. Rates of addition and condensation of (+)-catechin with

formaldehyde. The initial rates of addition or methylolation (formal-

dehyde consumption) and of condensation (DP increase) follow the pat-

tern for a bifunctional phenolic compound. The first order rate

constants, the Arrhenius constants (in A), activation energies (Ea),

'

and the respective correlation coefficients (r2 ) of the regression

lines for the Arrhenius equation are reported in Tables 9, 10, and 11

for the addition and condensation reactions of (+)-catechin with

formaldehyde in aqueous solutions at pHs of 6 to 9, temperatures of

100 to 85oC, and 1:2, 1:1, and 2:1 initial mole ratios of formaldehyde

to (+)-catechin. These rate constants were obtained from the initial

slopes of the first order graphs Comparison of these rates to the

rates of epimerization and catechinic acid formation, Figures 17, 18,



Table 9, First order rate constants of (+)-catechin consumption

at 1;1 2;11:2, and F/C,

**See Table 3.
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5 -1Temperature, k x 10, Sec at pH of

9.0 8.0 7.0 6.0

°C 1;1 2:1 1:2 1:1 2:1 1:1 2:1 1:1 2:1

10 32.4 76.6* - _ -

15 41.7 92.8 - 10,6 -

20 59.9 145

25 75.9 176 6.40 13.8 12.1

35 _ _ 10.9 27.2 27.1 2.83

45 - 17.3 43.3 54.3 3.85 -

55 _ _ 38.7 54.0 92.1 4.73 7.68 2.08 -

65 _ _ 90,6 5.47 10.4 2.83 4.69

75 _ _ - _ _ 8.05 18.5 3.39 6.37

85 _ _ - 10.3 26.9 4.30 9.15

in A** 9.23 12.0 9.49 6.32 9.64 -1.30 5.73 -2.32 1.98

Ea**,

kcal/mol 9.72 10.8 11.4 8.95 10.9. 5.64 9.95 5.50 8.04
2

r ** .99 .98 .98 .98 .96 .97 ).99 .99 '1.99

*At 11.5°C.



Table 10. First order rate constants of formaldehyde consumption
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**See Table 3.

at

Temperature,

1;2, 1;1, and 2;1 F/C,

k x 105, sec at pH. of

9.0 8,0 7-0 6.0

oC 1:1 2:1 1:2 1;1 2:1 1;1 2:1 1:1 2:1

10 18.6 22.7* - - -

15 25.6 35.8 - 4,12 -

20 46.7 45.6 - - - -

25 64.8 56.5 17.1 10.2 5.98 - _

'35 _ _ 20.4 18.0 7.59 1,77

45 - 26.9 23.4 9.90 2.32 - -

55 - 52.9 40.2 16.2 3.05 2.71 1.85

65 57.5 _ 3.51 5.08 2.50 0.61

75 - _ _ _ - 5.22 6.58 3.14 1.25

85 _ _ _ 6.67 8.04 3.78 2.71

in A* 17.2 12.0 3.17 5.27 0.49 -1.25 0.50 -2.36 14.7

Ea**,

kcal/mol 14.5 10.8 7.09 8.56 6.07. 5.98 7.05 5.55 18.0

r2** .98 .93 .90 .99 .98 .98 .96 .99 >.99

*At 11.5°C.



Table 11, First order rate constants of condensation at 1;2 1;1,

**See Table 3.

104

and

Temperature,

2;1 F/C,

k x 10
5 -1

, sec at pH of

9,0 8,0 7.0 6.0

oC 1;1 2:1 1:2 1;1 2;1 1;1 1;2 1;1 1;2

10 5.10 16.7* - - _ _ _

15 9.63 25.4 3.13

20 15.6 43.1 - _ - _

25 23.1 67.2 2.22 3.45 7.58 _

35 _ 4.24 6.78 14.4 0.83 1.34 _

45 - 5.79 14.5 23.8 1.31 2.88 -

55 _ _ 10.4 16.8 33.9 2.75 4.90 0.82 _

65 - - 38.9 2.96 8.28 1.26 1.91

75 - - - - 6.80 9.61 1.32 4.12

85 - - - 11.0 19.7 3.36 5.02

in A* 20.0 22.1 5.51 9.22 9.32 6.57 6.77 3.48 6.69

Ea**,

kcal/mol 16.8 17.4 9.60 11,5 11.2 11.2 11.0 9.95 11.7

r2** .99 >.99 .99 .97 .98 .97 .98 .85 .88

*At 11.5°C.
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-and 19, verifies that the reaction of (+)-catechin with formaldehyde

was 3-30 times faster than the epimerization of (+)-catechin and

50-100 times faster than the formation of catechinic acid, even at

a pH of 8 or 9.

Both the rates of addition and condensation depended on pH, tem-

perature and, as indicated earlier, on the initial mole ratio of form-

aldehyde to (+)-catechin. These effects are readily seen in graphs

of the Arrhenius equation, Figures 29, 30, and 31.

For all initial mole ratios of formaldehyde to (+)-catechin, and

at most temperatures, addition was faster than condensation. But the

difference tended to be small at lower pHs. At a pH of 9 the rate of

addition was about three times the rate of condensation. This greater

rate of addition at higher pHs relative to condensation coincided with

an enlargement of peak A in the hplc analysis for (+)-catechin (Figure

21) and supports my belief that peak A is methylol-catechin that accu-

mulates at low concentrations under more alkaline reaction conditions.

This pattern of pH dependence is consistent with that observed for the

reaction of phenol with formaldehyde... increasing the pH accelerates

methylolation relative to condensation (Drumm and LeBlanc 1972)... and

this pH dependence is consistent with the discussion in Chapter III

concerning the increased concentration of phenate ion at pH of 8 and

above. The phenate ion should activate a benzene ring such as in

(+)-catechin toward methylolation.

The activation energies of these reactions ranged from about 6-18

and 10-17 kcal/mol for addition and condensation respectively. These
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values were less than previously reported activation energies for ad-

dition and condensation of other phenolics with formaldehyde. The acti-

vation energies were 18-31 kcal/mol for self condensation of saligenin

and condensation of saligenin with phenol in the absence of solvent

with and without catalyst (Sprung and Gladstone 1949); 14 and 16

kcal/mol for addition and condensation, respectively, in the reaction

of m-cresol with formaldehyde in aqueous solution at an initial mole

ratio of 1 m-cresol/.87 formaldehyde/.024 triethanolamine (Sprung

1941); and, 19-21 kcal/mol for formaldehyde consumption in the reaction

of resorcinol with formaldehyde without catalyst at pH of about 4 and

2:1, 1:1, and 1:1.5 initial mole ratios of resorcinol to formaldehyde,

respectively (Raff and Silverman 1951). But, the reaction rates were

lower for these other phenolics than those for (+)-catechin, so the

slightly lower activation energies for the (+)-catechin/formaldehyde

reactions seem reasonable. The temperature. dependence illustrated in

Figures 30 and 31 is completely consistent with that observed for phe-

nol (Drumm and LeBlance 1972). As temperature increased, the rate of

condensation increased proportionally more than the rate of addition.

The initial mole ratio of formaldehyde to (+)-catechin also influ-

enced the reaction rates. The substantially lower rate of addition in

an excess formaldehyde (2;1 F/C) would be expected in as much as only

one mole of formaldehyde could react. The excess unusable formaldehyde

depressed the apparent rate that was calculated, A similar result was

found for the rate of formaldehyde consumption in the uncatalyzed

reaction of resorcinol with formaldehyde (Raff and Silverman 1951)
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For the same reason, a similar depression of the rate of condensation

occurred when an excess of (f)-catechin was present, e.g., (1:2 F/C).

These depressions of the rates of methylolation and condensation,

respectively, in an excess of either formaldehyde or (+)-catechin over

and above a 1:1 mole ratio further confirms the fact that (+)-catechin

is bifunctional.

The rates of reaction between (+)-catechin and formaldehyde were

compared to the rates of reaction of phenol with formaldehyde at a pH

of 9.0, 25°C, and 1:1 initial mole ratio of formaldehyde to phenol,

using the same molar concentrations of phenol, formaldehyde, and

caustic and analytical procedures as for the (+)-catechin experiments.

The first order rate constants of phenol and formaldehyde consumptions

-5 -5were 1.37x10 and 1.10x10 sec-1 respectively. The rate of phenol

and fomaldehyde consumptions were slightly larger than the rate of

-5ortho methylolphenol formation (1.05x10 1/mol-sec) reported by

Freeman and Lewis (1954) for a solution of 1:3:1 mole proportion of

phenol:formaldehyde:caustic. The rates of phenol and formaldehyde

consumption appeared to be about 1/60 the rates of (+)-catechin and

formaldehyde consumption.

4. Polymer formation and molecular weight distribution. The molecular

weight distribution resulting from the polymerization of (+)-catechin

with formaldehyde is of interest because it reveals the pathway of the

reaction and supports the kinetic data discussed in the previous

section. Figure 32 is two molecular weight distributions (mwd)
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representing the extremes observed in this study. Both represent reac-

tions that have consumed about 60% of the original (0-catechin. Note

however that much more dimer and trimer are present at pH 9 than at

pH 7. To better follow changes in molecular weight distribution as a

function of reaction time, graphs such as Figures 33 and 34 were pre-

pared by measuring the peak heights of monomer, dimer, trimer, and

tetramer. The polymer curve was obtained by subtraction. The initial

peak height for (0-catechin was normalized to 100% and used to

calculate the relative portion of all other peaks.

pH had much greater influence on the molecular weight distribution

than the initial mole ratio of formaldehyde to (+)-catechin or temper-

ature. At high pH, e.g., Figure 33, significant concentrations of dimer

and truer accumulated. These accumulations should occur when

methylolation proceeds faster than condensation. In contrast, at lower

pH the nearly equivalent rates of methylolation and condensation result

in a rapid built-up of polymer, and low concentrations of dimers and

trimers.

The observation that trimers are a normal component in the molec-

ular weight distribution was of special interest. They verify that the

two reactive centers in (+)-catechin must not be dramatically different

in their reactivity with formaldehyde. Thus the linear polymers were

produced step by step such as from monomer to dimer, to trimer, and to

tetramer. If one reactive center on (±)-catechin was greatly more

reactive than the other, one would expect most of the more reactive

sites to be coupled toform dimers at a high rate. Then at a lower rate
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dimers would couple to form tetramers, hexamers, etc. such as suggested

by Hemingway and McGraw (1978). In my study the concentration of

trimers invariably exceeded that of tetramers.

Trimers could be produced in several ways, either by condensation

of methylol-catechin with a dimer or by (+)-catechin condensing with

a methylolated dimer. Becuase at low pH the rate of addition was nearly

the same as the rate of condensation, few methylol groups (-CH2OH) were

present in the solution. The starting point of trimer formation was at

approximately 5% dimers and 95% monomers, (see Figures 33 and 34). The

higher concentration of (+)-catechin over the dimer suggests that (+)-

catechin would have a greater chance to collide with both methylol-

catechin and methylolated dimer to form dimer and trimer

At higher pH where more methylol-catechin exists, the chance would

improve for dimer to condense with methylol-catechin.

, respectively.



. Summary

(+)-Catechin was bifunctional in its polymerizing reaction with

formaldehyde and the rates of addition (formaldehyde consumption),

condensation (DP increase), and the combined rate of addition and

condensation ((+)-catechin consumption) were first order in aqueous

solutions at pHs of 6 to 9, 100 to 85°C, and 1:2 to 2:1 initial mole

ratio of formaldehyde to (+)-catechin. Addition occurred at about the

same rate as condensation at pH of 6 to 8 but addition was faster than

the condensation at a pH of 9. In comparison to the reaction of phenol

with formaldehyde, (+)-catechin reacts with formaldehyde approximately

60 times faster. The rates of (+)-catechin polymerization were approxi-

mately 3-30 and 50-100 times greater than (0-catechin epimerization

and catechinic acid formation, respectively.

Although a methylol-catechin was not isolated, evidence was

presented for its existence in measurable quantities, especially at

pH 9. The polymers from the reaction of (+)-catechin with formaldehyde

were linear and the pattern of polymer formation appeared to be step

by step from monomer to dimers, trimers, tetramers, etc. and polymers.

The major unanswered questions about the (+)-catechin polymeriza-

tion with formaldehyde under the conditions used in this study are

(1) which two reactive sites in (0-catechin are involved in the

methylene bridge formation, (2) are these two sites equal in reactivi-

ty, and (3) is the remainder of the (+)-catechin molecule kept

unchanged by the polymerization.
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V, SYNTHESIS OF BIS -6,61 -CATECHINYLMETHANE

During the kinetic studies, the chromatographic analyses for

(+)-catechin resolved the monomer from a second, but broad, peak

believed to be dimer (peak C in Figure 21 of Chapter IV). With the

hope of isolating and verifying this dimer, the hplc mobile phase was

made less polar and samples identical to those of the kinetic study

were reinjected on a Microbondapak-CN analytical column in the hplc.

Figure 35 is a typical chromatogram of the (+)-catechin-formaldehyde

reaction mixture in this less polar mobile phase. Peak C of Figure 35

was resolved from what was called peak C in the more polar mobile

phase used in the kinetic study (Figure 21). But in addition peaks D

and E appeared in Figure 35.

A few collections each of the combined A and B, combined C and D,

and E peaks illustrated in Figure 35 were made from selected experi-

ments identical to the kinetic study, except for the isolation method

discussed later in this chapter. The fractions collected were injected

on the gel permeation columns in the hplc to estimate their molecular

weight, using same procedures as in Chapter IV.

The combined A and B fraction emerged from the gpc columns as one

peak at the correct elution volume to be monomer. B was known to be

(0-catechin and A suspected to be either a methylol- or dimethylol-

catechin,

The combined C and D fraction also emerged from the gpc columns

as a single peak, but at the correct elution volume to be dimers.
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Figure 35. The hplc spectrum of 15 1 of reaction products from

(+)-catechin with formaldehyde at pH 9.0, 259C,

1:1 F/C, and 20 minutes.
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The E fraction eluted from the gpc columns as two equal peaks at the

correct elution volume to be monomer and dimer, respectively. The

monomer was most likely a methylol-catechin. Thus three fractions

appeared to contain dimer-C, D, and half of E. To determine if these

three fractions accounted for all dimer produced in the (+)-catechin-

formaldehyde condensation, entire unfractionated samples such as illus-

trated in Figure 35 were analyzed by gpc (Figure 36). The peak area of

the dimer B in Figure 36 from the gpc of unfractionated samples

equalled within 10% the total earea of peaks C, D, and 1/2E, implying

that all dimers had been accounted for. Two bifunctional monomers can

condense together in three possible ways, so three dimers would be

expected, just as Figure 35 indicated.

Further chromatographic analyses of (+)-catechin-formaldehyde

reaction mixtures were made with the Microbondapak-CN column and many

different mobile phases obtained by gradually changing from methanol-

water (7:3 v/v); to methanol-water-acetic acid (10:90:5 v/v/v) and from

the latter mobile phase to 2-propanol-water-acetic acid (1:99:2 v/v/v).

The same peaks A, B, C, D, and E in Figure 35 were observed at

different elution volumes, but no other peaks appeared, further

supporting the belief that all dimers had been accounted for.

All three dimer peaks would have to be isolated in large quanti-

ties and identified to verify that three different dimers had been

produced rather than a dimer plus its mono or dimethylol derivatives.

Time allowed only the major peak to be isolated and analyzed in

detail, and that analysis is the subject of this chapter.
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A, Synthesis and Isolation of the Major Dimer

The major dimer fraction identified in Figure 35 was peak C. It

accounted for half of all dimer, To isolate peak C with none of peak D

required many experiments to find those reaction conditions that

produce the maximum of C relative to D.

A solution containing 1.1 g (+)-catechin and 200 ml water was

adjusted to pH 10.0 by 5% aqueous caustic. A formaldehyde solution

(9.14 ml of 0.5%) was immediately added into the (0-catechin solution

in order to make a 1:2.5 initial mole ratio of formaldehyde to (0-
catechin. The reaction occurred at 22°C under a nitrogen atmosphere

for only five minutes. The reaction was stopped immediately by pouring

the solution into a 1,000 ml beaker containing 10 ml of 5% acetic acid

solution, 20 ml methanol, and 500 ml crushed ice. The solution was

stirred for five minutes, filtered through.glass wool, and freeze

dried. The freeze dried solid was redissolved in 750 ml of tetrahydro-

furan (THF) and filtered to pass a fine porosity gooch crucible, to

remove insoluble inorganic and high polymer material. Distilled water

(100 m1) was added to the filtrate, and THF in the solution evaporated

under vacuum with a rotary evaporator at room temperature. The concen-

trated solution was then freeze dried and stored in a brown bottle in

a freezer for isolation of the dimer,

A solution of freeze dried solids (0.2%) was made in methanol-

water (1;9 v/V) and kept- in a brown bottle for preparative chromatog-

raphy. The hplc chromatogram of this solution was as shown in Figure 35,
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except peaks D and E were smaller. About 0.1 ml of the 0.2% solution

were injected into the hplc with Microbondapak-CN column. A mobile

phase of methanol-water-acetic acid (10;90:5 v/v/v) was pumped at 1

ml/min and the desired fraction C collected at 9 toll ml elution

volume. The collecting flask was wrapped with aluminum foil and cooled

in an ice bath during collection to prevent undesired side reactions

such as air autoxidation, epimerization, and acid condensation.

Thirty collections of the fraction C were made from the hplc and

the resulting solution immediately freeze dried to yield 12 mg of

solid dimer. The freeze dried dimer was stored in a brown bottle in a

freezer for future verification.

Several particles of freeze dried dimer were dissolved in 0.5 ml

methanol and 15 pl of this solution were injected into the hplc both

with Microbondapak-CN and with Microstyragel gpc columns eluting at

1 ml/min of methanol-water-acetic acid (10:90:5 v/v/v) and THF-

methanol (95:5 v/v), respectively. Both chromatograms had a single

major peak that accounted for more than 99% of the peak area, and that

peak eluted from each column at the proper elution volume, indicating

that no modification of the dimer occurred during isolation.

It should be re-emphasized that the conditions of synthesis and

Isolation of the dimer ( .g., pH 10 and a greater excess of (+)-

catechin) were not quite identical to those used for the kinetic study

of the polymerization of (f)-catechin with formaldehyde. But, because

the reaction products chromatographed into the same peaks differing

only in the relative amounts, the isolated dimer is believed to be the

same as the major dimer described earlier as peak C of Figure 35.



B. Verification of Dimer Structure

The entire 12 mg of freeze dried dimer was redried in vacuum at

60°C over P205 for four hours to determine molecular weight independ-

ently by vapor pressure osmometry (vpo) and for proton magnetic

resonance (pmr) spectroscopy.

The molecular weight by vpo (Hitachi Perkin-Elmer: Coleman 115)

used acetone-water. (88,5:11.5 v/v) azeotrope as the solvent and an

oven temperature of 46.8oC. The instrument was calibrated by benzil

(1,2-diphenylethanedione, mw = 210.11) at concentrations of 1.020,

1.720, 3.082, and 4.189 millimoles/kg (Figure 37). Four concentrations

of dimer were measured at 0.444, 0.795, 0.888, and 1.194 g/kg. These

concentrations were at the lower sensitivity limit of the vpo but the

small sample size left no alternative. The molecular weight of dimer

was estimated using linear regression to extrapolate to zero concen-

tration, yielding a value of 620 (Figure 37). That molecular weight

was very close to the value expected for a methylolated dimer

(C32 H30 013 = 622) but higher than the molecular weight expected for

an unmethylolated dimer (C3028012 = 592). However when vpo measure-

ments are made at the lower limit of sensitivity, the estimated

6/
molecular weight at those concentrations tends to be too high- This

error is greater at the lower concentration. Thus the extrapolation
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"According to Intruction Manual of Model 232A Molecular Weight

Apparatus, Wescan Instruments, Inc. Santa Clara, California 23 p.
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Figure 37, Molecular weight determination of bis-6161-catechinyl-

methane by vapor pressure osmometry. Conditions; solvent,

acetone.-water (88,50,1.5 v/v) and oven temperature, 46,8°c,

*AR is a millivoltage generated by the temperature difference between

sample and reference thermistors.
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to zero concentration can result in a molecular weight that is as much

as 57 too high. The difference in molecular weight of dimer and

methylolated dimer is only 5%, so this small difference in molecular

weight could not be detected by vpo at these low concentrations. The

vpo does confirm independently that the isolated compound is a dimer,

but does not resolve whether or not it is methylolated.

Attempts to obtain a molecular ion peak by direct mass specto-

metry of the dimer and its methyl ether derivative (produce by diazo-

methane using the same method as previously discussed for (+)-catechin)

were unsuccessful. The only fragments obtained were catechin fragments.

The pmr spectrum of the dimer (Figure 38) was recorded at 80 MHz

with a Varian FT-80A spectrophotometer using a capillary tube

containing 2 mg of the freeze dried solid in 35/.t1 acetone-de. with

1% tetramethylsilane (TMS) as an internal standard. The procedure was

similar to the pmr spectrophotometry of (0-catechin (Figure 6).

The pmr spectrum confirmed that the dimer was not methylolated,

and except for a methylene bridge between the two 6 positions, the

structure of (+)-catechin was preserved completely. Thus the dimer is

bis-6,6 -catechinylmethane, whose structure is illustrated in Figure

38. The following discussion defends that structure.

The pmr spectra of the dimer and (+)-catechin were remarkably

7/similar. Most chemical shifts (S) and coupling constants 0)-
(Table 12) of bis-6,61-catechinylmethane were identical to

- Chemical shift in parts per million and coupling constant in Hz.
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Figure 38, The pmr spectrum of bis-7.6,61,-catech1ny1methane in

acetone.;-cl6' x solvent,
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51-, 6'..41

*d = doublet, m = merge, s = singlet.

The two singlet signals at S 6.79 and 6.94 were assigned to the

six protons at the 2', 5', and 6' positions of both the B- and E-

8/
nuclei (Cat. 6.78 and 6.98)!'. The proton ratio at S 6.79:6.94 was

1:2, the same as the ratio of these protons in the B-nucleus of

8/
- Cat. refered to the pmr spectrum of (+)-catechin in Figure 6.
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(+)-catechin except for the proton signals of the phenolic hydroxy,

the 6- and the 8-protons of the A- and D-nuclei and the appearance of

methylene bridge protons at position 10, The signals for phenolic

hydroxy protons were missing from the dimer's spectrum presumably

because those signals moved further down field, below 1 10 or because

of exchange broadening. Such migration and exchange broadening of

phenolic hydroxy protons are common (Williams and Fleming 1973).

Table 12, Chemical shifts and coupling constants (in parentheses) of

(0-catechin (XI) and bis-6,6'-catechinylmethane (XXXIV)

in acetone-4.

2-H 3-H 4,41 6-H 8-H

XI 4.63(d) 4.10(m) 2.55(d) 2,98(d) 5.90(d) 6.05(d)

(j2,3=8) (J3,4=8) (J3,4=5) (J68=2)- (368=2)
XXXIV 4.69(d) 4.07(M) 2.54(d) 2.92(d) 5.98(s)

(J2 3-8)
, (J3,4=8)

(J =5)
3,4

XI 6.78(s), 6.98(s)

XXXIV 6.79(s), 6.94(s)
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(0-catechin. This result confirmed that no reaction with formaldehyde

occurred at the B- and E-nuclei. The integration of six protons at the

21, 5', and 6' positions of the B- and E-nuclei at S 6.79 and 6.94

was used as the reference to calculate the number of protons at each

carbon atom.

The doublet signal (J2,3=8) at S 4.69 was assigned to two protons

at the 2 position of the C- and F-nuclei (Cat. 4.63). The broadened

quartet at S 4.07 was assigned to the two protons at the 3 Position

of the and F-nuclei (Cat. 4.10). These assignments confirmed that

the configuration at the 2 and 3 positions of (+)-catechin was

preserved in the dimer. The chemical shift at the 2 position of each

catechin unit in the dimer remained the same as for (+)-catechin; the

S for the 2 position of (+)-catechin is different from the S for the

2 position of (-)-epicatechin in acetone-d6 (4.59 and 4.84, respective-

ly, reported by Thompson et al. 1972).

The two sets of doublet of doublet signals (J3,4=8 and 5) at S

2.54 and 2.92 were assigned to the four protons at position 4 of the

C- and E-nuclei (Cat. 2.55 and 2.98).

Although not confirmed by exchange with D20-, the singlet at S

3.60 was assigned to the two methylene bridge protons at position 10

which overlapped the two aliphatic hydroxy protons at position 3.

From previous reports the methylene bridge protons appear at S 3.5-4.2

for acetylated phenolformaldehyde and (+)-cateChin-formaldehyde

polymers (Steiner 1975; and, Hemingway and McGraw 1978).

The protons at the 6 and 8 positions are those most likely to be



involved in the reaction with formaldehyde (Hillis and Urbach 1959;

and, Hemingway and McGraw 1978). (+),catechin these protons

occurred at 6 5.90 for the 6 position and 6.05 for the 8 position.

In the dimer only one of these two peaks remained a singlet signal at

S 5.98, i.e., slightly closer to the shift of the proton at the 8

position than the 6. This peak was assigned to the two protons at the

8 position of the A- and D-nuclei. The fact that only one peak remained

and that it was a singlet (compared to the two doublets of the (+)-

catechin spectrum) confirmed that the dimer was symmetrical (i.e., not

6-8 coupling). To decide whether the methylene bridge linked the 6 or

8 positions required knowledge about the influence of substituents on

the direction of the shift of the remaining peak. See Table 13 for a

summary of proton shifts on aromatic nuclei. Hundt and Roux (1978) re-

ported for ester and ether derivatives of (+)-catechin that a number of

substitutions at 6 and 8 cause downfield shifts of the remaining 6 or 8

proton signal, but none of their substituents were methylene bridge

derivatives. Ballantine and Pillinger (1967) and Lambert et al. (1976)

agree that substitutions such as those studied by Hundt and Roux (1978)

should cause down field shifts of meta aromatic protons. However,

Ballantine and Pillinger (1967) and Lambert et al. (1976) also report

that the shielding effect on aromatic molecule from a substituent

group such as -CH2- will shift the meta proton signal upfield approxi-

mately 0,10 ppm. Botha et al. (1978) also report upfield chemical

shifts for synthesized biflavonoids similar to XXXVIII (page 29).
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*Negative sign indicates upfield shift.

**Ballantine and Pillinger (1967); Lambert et al. (1976); and,

Williams and Fleming (1973).

***Botha et al. (1978); and, Hundt and Roux (1978).

XIa

-Ac
-C-CH3

-0Me -OCH
3
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Table 13. The effect of substitution on the meta proton shifts of

benzene CS 7,27) and (+)'-catechin derivatives (XIa,f 6.37)

in CDC1 *
3'

Substituent (-R) 4 meta (Benzene)**
8-H (XIa)***

-Br -0,12 to 0.00 0.10

-0Ac 0.10 0.03

-CO2Me 0,08 to 0.20 -0,05

-CH2- -0,11 to 0.00

-0,09 to 0.00 -0,11



Three biflavonoids were identified by methylation
with diazomethane and the heptamethyl ethers acetylated
to give their diacetates, 4,8-Linked derivatives of the
diastereoisomers were readily distinguished from the 4,
6-linked geometrical isomer by the chemical shifts of
the high-field singlet in the aromatic region (T 3.58,
3.87, and 3.74, respectively) and their relative-chemi-
cal shifts Cdt(6.41, 8-H) 0.11] in the latter instance."
Botha et al. (1978),

Assuming this upfield shift, the remaining protons must be at the

two 8 positions, The remaining 8-protons and the complete accounting

for all peak areas indicated that the dimer contained no methylol

group (-CH2OH) at the 8 positions.

The conclusion that the major dimer from the reaction of (+)-

catechin with formaldehyde was bis-6,6'-catechinylmethane disagreed

with the assumption made in previous publications (Hillis and Urbach

1959; and, Hemingway and McGraw 1978). Although the polymerization

product of (+)-catechin with formaldehyde was not identified, Hillis

and Urbach and Hemingway and McGraw assumed the reactivity at the 8

position of (+)-catechin with formaldehyde to be greater than at the 6

position for these reasons; (a) the para position of phenol was

slightly more reactive than an ortho position in the reaction of phe-

nol with formaldehyde, where the ortho and para positions represented

the 6 and 8 positions of (+)-catechin, respectively; and (b) the bro-

mination of tetra-O-methylcatechin appeared to favor the 8 position.

Using phenol (OMM) as a model for the A-nucleus of (+)-catechin

(XXXXIV) appears to be less suitable than orthomethylolphenol (XXXXV)

with regard to electronic and steric factors in the reaction of these

phenolics with formaldehyde. The ortho position (6) of orthomethylol-
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Comparing the reaction of (+)-catechin with formaldehyde to the

bromination of tetra-O-methylcatechin may have been inappropriate

because the latter reaction was more sterically hindered than the

reaction of (+)-catechin with formaldehyde. The 6 and 8 positions of

(+)-catechin (XXXXIV) are almost indistingashable with respect to any

steric effect from the hydrogen atoms, but the 6 position of tetra-0-

methylcatechin (XXXXVI) is distinctly more sterically hindered by the

methyl groups (-CH3) than the 8 position. The size of the carbon atom

on the entering methylol group (-CH2OH) in the reaction of (+)-

catechin with formaldehyde is about 2/3 the size of bromine atom in

the bromination of tetra-0-methylcatechin.

It is remotely possible that the discrepancy between the reac-

tivity at the 6 and the 8 positions in (0-catechin was related to

reaction conditions, My synthesis conditions were aqueous solution at

- CH 0
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phenol (XXXXV) was more reactive than the para position (4) in the

reaction with formaldehyde (Freeman and Lewis 1954; and, Zavitsas et

al, 1968) assuming the ortho and para positions of orthomethylolphenol

represent the 6 and 8 positions of (+)-catechin, respectively.
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pH 10.0 and 1:2.5 F/C whereas Hemingway and McGraw (1978) reacted

(+)-catechin with formaldehyde in aqueous-methanol at pH 7.5 and

2.5:1 F/C.

My study suggests that although the 6 position is more reactive

than the 8 position in (+)-catechin, the difference in reactivity must

not be great. The molecular weight distributions suggested that only

slight differences in reactivity occurred. The chromatographic

analysis of products from the reaction of (+)-catechin with formalde-

hyde resolved three dimer peaks of which approximately 50% was the

bis-6,6'-catechinylmethane. Assuming the other two peaks represent

8,8'- and 6,8'-dimers, about 25% of each was present. This seems more

likely than to assume that the other dimer peaks were methylol deriva-

tives of bis-6,6'-catechinylmethane. Such large portions of

methylolated dimer would not likely occur given that the concentration

of methylol-catechin was very much smaller. Hopefully in the future

these other two dimer peaks will be isolated and unambiguously

identified.



VI. SUMMARY AND SUGGESTIONS

This research had the motive of finding the solutions to some of

the many problems associated with using condensed tannins in phenolic

adhesives, (+)-Catechin, one of the monomers from which those tannins

are built, was selected as a model for studying fundamental tannin

chemistry. Rearrangements of (+)-catechin and its reactions with form-

aldehyde in aqueous alkaline solutions were studied. First order rate

constants and activation energies were determined for (+)-catechin and

(-)-epicatechin (the other monomer in condensed tannins) epimerizations

and catechinic acid formation at pHs of 5.4 to 11.0 and for

methylolation of (+)-catechin with formaldehyde and the condensation

of the resulting methylol-catechins at pHs of 6.0 to 9.0. Bis-6,6'-

catechinylmethane was isolated and verified as the major dimer

produced in the reaction of (+)-catechin with formaldehyde.

The kinetic results of (+)-catechin and (-)-epicatechin

epimerization indicated that (+)-catechin and (+)-epicatechin were

interconvertible at the alkaline conditions classically used for

phenolic resin synthesis. However (+)-catechin was the more stable,

and occurred at approximate a 2:1 mole ratio when equilibrium was

established. Neither (+) catechin nor (+)-epicatechin were stable in

aqueous caustic solutions, especially at high temperatures, and both

rearranged to catechinic acid, a product that should be much less

reactive with formaldehyde. Epimerization was faster than catechinic

acid formation, but both were reasonably fast relative to phenol

134
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formaldehyde condensation, (+)-Catechin, (+)-epicatechin, and

catechinic acid were the major phenolics that occurred in aqueous

caustic solutions of (+)-catechin. Self-condensation and autoxidation

of (+)-catechin at pHs of 5.4 to 11.0 did not occur in a nitrogen

environment even after five hours reaction time.

The kinetics of the polymerization of (+)-catechin with formalde-

hyde were determined in aqueous solutions at pHs of 6.0 to 9.0 and 1:2

to 2:1 initial mole ratios of formaldehyde to (0-catechin. The rates

of methylolation were approximately the same as condensation at pHs of

6.0 to 8.0 but the former rates were larger at pH of 9. Methylolation

was favored at high pH and low temperature whereas condensation was

favored in neutral solutions and high temperatures, similar to the

reaction of phenol with formaldehyde. (+)-catechin reacted with form-

aldehyde approximately 60 times faster than phenol reacted with form-

aldehyde. In fact, the reaction of (+)-catechin with formaldehyde was

3 to 30 times faster than even the epimerization to (0-epicatechin

and 50 to more than 100 times faster than the catechinic acid forma-

tion, even at pHs of 8-9. Thus the self reactions of (+)-catechin

could be avoided during formaldehyde reactions. (+)-Catechin proved to

be bifunctional in its reaction with formaldehyde, producing linear

polymers. At lower pH (0-catechin and formaldehyde condense rapidly

to form polymers, even before the majority of the (+)-catechin had

reacted. At higher pH, most (+)-catechin was converted to oligomers

before polymers appeared.

The isolation of bis-6,6'-catechinylmethane as the major dimer



136

from the reaction of (f)-catechin with formaldehyde in aqueous caustic

confirmed that the reactivity of (f)-catechin with formaldehyde was in

the A-nucleus, and that the 6 position reacted faster than the

position.

The application of these research results will guidethe isolation

of tannins from bark and the synthesis of condensed tannin-phenol-

formaldehyde adhesives.

The isolation of condensed tannins from bark will be critical to

the utilization of those tannins in adhesives. The condensed tannin

polymers must contain as many reactive centers as possible at the 6

and 8 positions of the flavanoid monomers in order to form cross-

linked polymers with formaldehyde. Therefore, the isolation of

condensed tannins should be made under mild conditions, especially

avoiding high temperatures and strong basic solutions that would

accelerate catechinic acid formation. The isolation of condensed

tannins by warm water, weak bases, or organic solvents should be

considered. Sugars and carbohydrates should be kept to a minimum in

tannin extracts because they are unreactive components in the later

resin synthesis.

Some researchers have suggested that one way of increasing the

recovery of tannin extracts from bark is to use sulfite and bisulfite

in the extraction. The resulting sulfited tannins are interesting and

a few efforts have been made to synthesize sulfited tannin-formalde-

hyde adhesives (MacLean and Gardner 1952; Dalton 1950; and, Anderson

et al, 1974 and 1975). The structure of sulfited tannins may be shown

as in the following (Roux et al. 1975).
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The reactivity of sulfited tannins with formaldehyde should be

similar to that of unmodified condensed tannins. The benefits of

sulfited tannins are their increased solubility and an absence of

catechinic acid formation during isolation. This greater water solu-

bility may also reduce water resistance of the resulting adhesive. In

any event the synthesis of sulfited tannin-formaldehyde adhesives may

be an excellent avenue for the future research.

Breaking down the condensed tannins, analogous to the reaction

with strong base at high temperature in the fusion of condensed

tannins with KOH, would yield phloroglucinol and other simple

phenolics (Drewes et al, 1967), However most methods examined to date

are difficult and uneconomic because of low yield but resin synthesis

from these phenolics may be less difficult than using the condensed

tannin polymers.

etc. etc.

etc . etc. SO3 Na
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If condensed tannins are to be used unmodified in formaldehyde

condensations, consideration should be given to the fact that in the

natural occurring tannin, monomer units are linked using only one of

the 6 or 8 positions in each monomer. Thus the unused '6 or 8 position

is available for forming cross-links. Low to medium molecular weight

tannins should be better as adhesive components than monomeric

flavonoids which will form only linear polymers by using. both the 6

and 8 positions.

Unmodified condensed tannins do Offer opportunities in adhesive

synthesis but the resin chemist shouldkeep several important facts

in mind.

The condensed tannins are large molecules and contain only

one reactive center per flavanoid monomer.

The solubility of condensed tannins in water is much less than

phenol. The treatment of condensed tannins.with strong base to

increase their solubility can generate the undesired catechinic acid

formation.

The reactivity of condensed tannins is Much greater than

phenol. Therefore, in the reaction mixtures with formaldehyde, tannins

and phenol should not be added at the same time. The methylolphenols

should be synthesized first and then reacted with condensed tannins to

form cross-linked polymers. This method has been suggested by Herrick

and Bock (1958b) and Herrick and Conca (1960),

Due to the large size of condensed tannin molecules and their

high reactivity with formaldehyde, condensed tannin-formaldehyde
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adhesives likely will have a short storage life. For the same reason

tannin-formaldehyde adhesives may be more useful for cold setting

systems as in the laminating timber industry rather than for hot press

processes.

In conclusion cross-linked polymers should be possible with

condensed tannin-formaldehyde adhesives if the isolation and adhesive

formulation are carefully performed. More investigations of isolation

techniuqes and adhesive formulations of the tannins are needed for the

utilization of the tannins in wood adhesives. As phenol increases in

cost and becomes more scare, more and more interest will be focused

on reducing our dependence on the petrochemical industry by

substituting naturally occurring phenolics into wood adhesives.
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