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The polymeric procyanidins(condensed tannins) of

Douglas-fir inner bark were isolated and their reaction with

sodium hydrogen sulfite was studied. Gel permeation

chromatography analyses indicated that depolymerization to

lower molecular weight flavan-4- and procyanidin-4-

sulfonates does not go to completion. A significant amount

of higher molecular weight procyanidin sulfonate derivatives

remains. Sodium epicatechin-(43)-sulfonate, sodium

epicatechin-(413->8)-epicatechin-(413)-sulfonate, sodium 1-

(3,4-dihydroxypheny1)-2-hydroxy-3-(2,4,6-trihydroxypheny1)-

propane-l-sulfonate, disodium epicatechin-(413,5')-

disulfonate, sodium 2,3L-cis-3,4-trans-8,9-cis-9,10-cis-2,10-

(3,4-dihydroxydipheny1)-8-(2,4,6-trihydroxypheny1)-3,4,9,10-

tetrahydro-2H,8H-pyrano[2,3-h] chromene-(413)-sulfonate and

sodium catechin-(4 ->8)-epicatechin-(413)-sulfonate were

isolated from the sulfonation reaction mixture. The last

three compounds are new and novel and provide insight into

competing reactions. Isolations were accomplished by
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competing reactions. Isolations were accomplished by

repeated chromatography over Sephadex LH-20 with ethanol and

various aqueous alcoholic solvent systems. Structural

elucidation was carried out using nuclear magnetic resonance

spectroscopy, infra red spectroscopy, fast atom bombardment

mass spectroscopy and in one case a micro-degradation

reaction with phloroglucinol. In the course of this

research it was demonstrated that polystyrene standards are

not accurate for the gel permeation chromatography analysis

of procyanidin acetates. It was also demonstrated that gel

permeation chromatography analysis of underivatized

polymeric procyanidins can be carried using a N,N-dimethyl-

formamide solvent system with polystyrene divinylbenzene

co-polymer columns.
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DOUGLAS-FIR INNER BARK PROCYANIDINS :

SULFONATION, ISOLATION AND CHARACTERIZATION

INTRODUCTION

Douglas-fir[Pseudotsuga menziesii(Mirb.) Franco] is the

major commercial timber species of the Pacific Northwest,

accounting for about three quarters of softwood inventory.

Its wood is very strong for its weight and thus highly

valued for the production of lumber and construction plywood

which are two major and important forest products industries

in the state of Oregon. In the process of harvesting and

preparation of Douglas-fir logs for these industries a

substantial amount of bark is also made available. In

Oregon alone, some three million tons have been estimated to

be generated annually(67). For the most part this bark is

burned for its fuel value.

Douglas-fir bark represents an abundant renewable

resource for the state of Oregon that well may be

underutilized considering its chemical composition(41).

Waxes, carbohydrates and polyphenols are the major

components. Currently there is a great deal of interest in

the potential utilization of renewable resources for the

production of chemicals that can replace or supplement those

derived from petroleum(25, 35). Extending this concept even
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further, perhaps new materials unlike those based on

petrochemicals could also be produced by future generations.

Of particular importance to the forest products

industry in the United States are the petrochemically

derived adhesive resins used to make exterior quality

durable bonds in structural wood composite materials(46).

Phenol-formaldehyde(PF) and phenol-resorcinol-formaldehYde

(PRF) are presently the adhesives of choice. PF resins are

employed primarily in the production of construction plywood

and other structural panels such as oriented strand board,

etc. Curing of the adhesive takes place by hot pressing.

Typically plywood may be pressed at 270-300 F for 3-9

minutes, depending on the number of plys and panel

thickness. Because the curing process in the PF resins

occurs by a condensation type of chemical reaction, the rate

of curing is also affected by wood moisture content. In

North America, veneer for plywood production is commonly

dried to 0-7% moisture content prior to gluing in

traditional practices.

There is presently much interest in the plywood

industry in the possibility of reducing veneer-drying costs

by gluing high moisture content veneers(15 to 20% M.C.).

Current research and development efforts by the industry are

substantial. The use of such veneers could result in

significant savings of energy and of veneer that could be

lost to shrinkage and degrade during drying. When presently

used "traditional" PF resins are used to glue high moisture



content veneers, panel blows, over penetration of glue and

other problems arise. The use of a faster curing adhesive

is viewed as one approach to gluing of high moisture content

veneers(4).

PRF resins are used in cold setting applications such

as in the production of glue laminated beams. The

resorcinol component of this resin system enables the

adhesive to cure much faster than a PF resin, however at a

price. PF resins currently sell for 2O/lb and PRF resins

sell for 9O/lb. One can readily see that there is

considerable economic value to faster curing rates. Even in

hot pressing situations(ie plywood), faster curing rates

would translate into reduced press temperatures and times.

There would also be the ability to glue higher moisture

content veneer or flakes. In short a renewable resource

substitute for resorcinol in PRF resins would also serve as

a substitute for PRF resins with some significant production

advantages, providing the cost is right.

Of particular concern to the forest products industry

is the continuing availability of PF and PRF resins in the

future. Petroleum is a non-renewable resource. Sudden

interruptions in its supply can have dramatic effects as

evidenced by the world situation in 1973. In spite of an

apparent stability in the price of oil for the last decade,

there are significant underlying concerns. How long will PF

and PRF resins be available at a reasonable price? The

price instability of phenol over the past few years gives

3
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one concern and the fact that phenol is now on allocation to

resin manufactures is even of more concern. Continuing

political unrest in the Middle East is just another factor

that shows how little control the forest products industry

in Oregon actually has over its adhesive future. Simply

put, without adhesives at a reasonable price, wood

composites can not be economically competitive in a world

market and without adhesives there would be no wood

composites produced. Utilization of the polyphenols

(condensed tannins) in Douglas-fir bark to replace or

supplement phenol and resorcinol in PF and PRF resins would

allow the industry in Oregon to better control its adhesive

supply.

Vegetable tannins occur widely in woody plants and

originally received their name because they were used to tan

leather. Vegetable tannins are comprised of two distinct

groups of polyphenolic polymers. Hydrolysable tannins are

polymers of gallic and/or ellagic acid with carbohydrates.

On hydrolysis, they yield gallic and/or ellagic acids and

sugars. Condensed tannins are polymers of flavanoid

monomers. Condensed tannins are further subdivided based on

the hydroxylation pattern of the monomeric flavanoid A and B

rings. Table 1 describes the more common condensed tannins

and their hydroxylation pattern.

Douglas-fir bark does not contain hydrolysable tannins.

The condensed tannins are abundant and have been shown to be



polymeric procyanidins(3,31,4',5,7-pentahydroxy flavans). A

representative structure is shown as (1). The

stereochemistry of the monomer units can be either 2,3-cis

or 2,3-trans and the associated monomers (-)-epicatechin (2)

and (3) are also found in the bark.(+)-catechin

(3)

R:extending flavanoid units

5

Table 1. Variation in hydroxylation patterns of
principal classes of condensed tannins
[after hemingway, 24]

Class Hydroxylation pattern

Propelargonidin 3,4',5,7
Procyanidin 3,31,41,5,7
Prodelphinidin 3,31,41,5,51,7
Proguibourtinidin 3,41,7
Prof isetinidin 3,3'14',7
Prorobinetinidin 3,3',5',7
Proteracacidin 3,4',7,8
Promelacacidin 3,3',4',7,8
Proapigenidin 41,51,7
Proluteolinidin 3',4',5,7



Work to date indicates that the extractable polymeric

procyanidins of Douglas-fir inner bark are comprised

primarily of epicatechin extending units with terminal units

being mixed (+)-catechin and (-)-epicatechin(12). The C-4

to C-8 interflavanoid bond predominates over the C-4 to C-6

linkage by a 4:1 ratio.

The hydroxylation pattern of the flavanoid units in the

condensed tannins plays an important role in determining the

nature and rate of reaction of both the A and B rings and

also influences the type and rates of reactions at the

interflavanoid bond. In the case of the procyanidins, the

3',4'-dihydroxyl groups of the B ring sufficiently

inactivate the ring to electrophilic aromatic substitution

that polymerization with formaldehyde will not take place

under normally used conditions to make and cure PF resins

(52, 53). However, the 5,7,9-trioxygenated phloroglucinol A

ring is highly activated to electrophilic aromatic

substitution. The nucleophilicity of the procyanidin A ring

is comparable to that of resorcinol(56). It thus becomes

apparent that the polymeric procyanidins of Douglas-fir have

the potential to not only replace phenol-but also resorcinol

-in the production of phenolic adhesives. In situations

where phenol is replaced, such as in PF resins for plywood

production, there would be an added advantage of faster

curing rates which could lead to greatly reduced production

time, energy expended and the gluing of higher moisture

content veneers.

6
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However, there are also problems to overcome in the

utilization of polymeric procyanidins as adhesive materials.

One is the inactivation of the phloroglucinol A ring under

conditions of high PH to form catechinic acid moieties(61).

This problem can be addressed by using lower PH(8 or below)

to achieve polymerization and/or cross-linking for curing

(26). Another problem is the poor water solubility and high

viscosity of procyanidin adhesive formations. There would

also be an advantage using flavanoid monomers to produce the

adhesive polymers rather than the procyanidin polymers

themselves. Sulfonation of the polymeric procyanidin offers

considerable hope in addressing these later problems. The

sulfonation process has been shown to increase water

solubility and produce lower molecular weight sulfonated

derivatives including monomer sulfonates(15). However,

little attention has been devoted to understanding this

sulfonation reaction and in particular why complete

depolymerization to monomer sulfonates does not take place.

The objective of this research was to isolate and

characterize the sulfonation reaction products of Douglas-

fir bark polymeric procyanidins. A further objective was to

study the reaction by gel permeation chromatography(GPC) to

better understand the molecular weight distribution as a

function of reaction times. In this regard a new GPC system

was to be developed that allowed for analysis of

underivatized procyanidins and polyphenolic sulfonates

derived from the procyanidins.



HISTORICAL REVIEW

1. Sulfonation

There has been a long history associated with the

sulfonation of condensed tannins to improve their

solubility. The discovery that treating quebracho extracts

with sulfites to produce a "soluble quebracho" that remained

soluble in cold water or even when made ready for tanning

was hailed as one of the most important for the tanning

industry(22). The solid of this "soluble" extract was

called " Crown" and contained 64-68% tannins. It is unclear

exactly what year the production of "Crown" began. However,

ordinary quebracho extract tanning dates back to ca. 1878

and it is documented that Forestal Land, Timber and Railways

Co. Ltd. of London was the largest manufactures of ordinary

quebracho extract and the sole producer of "Crown" in 1921.

Today the quebracho tannin extract industry remains as

only one of the two forestry-based industries that produce

large tonnages of tannin extracts(58). A bisulfiting

process is still employed to obtained improved water

solubility and the industry is based on natural forests of

Schinopsis balansae and S. lorentzii in Argentina and

Paraguay. Wattle tannin extract is the other large industry

which is based on sustained forestry of Acacia mearnsii in

South Africa, India and Brazil. Wattle tannin has a high

8
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natural water solubility and is usually not treated with

sulfite except for limited quantities which are produced as

bleaching agents for use in finishing leather.

In North America after World War II, Rayonier

Incorporated(now ITT Rayonier) started a research program

aimed at utilization of western hemlock(Tsuga heterophylla)

bark tannins by use of aqueous sodium sulfite or bisulfite

extractions(27, 28). 'Commercial products resulted which

were used for viscosity reduction of oil-well drilling

fluids(Rayflo), and boiler and cooling water treatment

(Rayflo-C). The commercial product Rayplex was made by

reacting sulfonated tannin extracts with water soluble zinc,

iron, copper or manganese salts. Rayplex was used to

correct micronutrient soil difficiencies in agricultural

applications. Commercial production at a Vancouver, B.C.

plant lasted from 1956 to 1976. Plant closure was due at

least in part to competition for markets from less expensive

products derived from lignin sulfonates.

Presently there is a great deal of interest in the

utilization of tannin sulfonates in wood adhesive

formulations and this is perhaps where the next commercial

application will occur in North America. Advantages of

sulfonated tannins in adhesives have been pointed out by

Pizzi(49). Introduction of the sodium sulfonate groups on

the tannins increases solubility and reduces viscosity which

allows for a higher concentration of tannin phenolics in the

adhesive. Enhanced moisture retention is also found which



helps prevent adhesive film dry out. Prevention of adhesive

dry out can lead to longer assembly times in the

manufacturing process, ie a more "forgiving adhesive".

Kreibich and Hemingway(36, 37) have shown that tannin

sulfonates extracted from southern pine can be used to make

a modified tannin-PRF resin which gives quite satisfactory

bonds for cold setting in parallel lamination and end-

joints. The southern pine tannin sulfonates can be obtained

in about 20% yield(of bark weight) by use of an aqueous

sodium sulfite and sodium carbonate solution. Other

researches on the use of sulfonated tannins includes that by

Ayla and Weissmann(1), Roux et al(57, 58) and Pizzi(49, 50,

51).

The sulfonation of condensed tannins is not yet fully

defined. Prior to the report by Foo et al(15) in 1983, it

was commonly believed that the pyran C ring of the monomeric

flavanoid unit was opened with resultant sulfonation

occurring at the C-2 carbon(Scheme 1). The resulting

product was a polysulfonated tannin polymer (4). Sears in

1972 confirmed that the pyran C ring of catechin is indeed

opened on sulfonation to give compound (5) as shown in

Scheme 2. This result perhaps convinced many that all

condensed tannins reacted as in scheme 1 to give C-ring

opened polymers on sulfonation. However, in 1983 it was

found that sulfonation of southern pine tannins by use of

sodium hydrogen sulfite proceeds with cleavage of the

10



interflavanoid bond to give flavan-4- and oligomeric

procyanidin-4-sulfonates(Scheme 3).

OH

HO

OH

OH

OH

R:extending flavanoid unit

Scheme 1. EtherocYclic ring opening reaction of

flavan-(3,4)-di0l with sulfite ion.

OH

NaHS03

SO3Na

(5)

Scheme 2. Etherocyclic ring opening reaction of

(+)-catechin with sodium bisulfite.

OH

OH

(4)

11



H

Southern pine procyanidins

(7)

SO3Na

OH HO

Sulfonation

with NaHS03

OH

(6)

OH

Scheme 3. Sulfonation of southern pine procyanidins

with sodium hydrogen sulfite.

OH

12



The major product was sodium epicatechin-(48)-sulfonate(6)

which was obtained in 20% yield. The dimeric procyanidin

sulfonate, sodium epicatechin-(413->8)-epicatechin-(46)-

sulfonate(7) and other oligomeric sulfonates were isolated

in about 6% yield. However, much of the tannin sulfonation

product remained undetermined.

Presumably, all procyanidins which have a

phloroglucinol A ring will similarly react with sodium

hydrogen sulfite solution. However, in the case of Acacia

and quebracho tannins which have a resorcinol type A ring,

the interflavanoid bond does appear to be resistant to such

cleavage by sulfite ion and Scheme 1 likely applies(24).

2. Gel Permeation Chromatography(GPC)

Standard techniques for estimating the molecular

weights of condensed tannin polymers include 13C NMR, vapour

phase osmometry and GPC. Analytical ultracentrifugation

using Rayleigh interference optics has also been reported

for condensed tannins(30). GPC is perhaps the most

convenient of these methods for many laboratories. Small

sample sizes are required which may be on the order of

gm/injection when using ultraviolet detection. Relatively

rapid analysis times that vary from 10 to 20 minutes are

possible depending on the number and types of columns used.

The separation process in GPC(sometimes called size

13



exclusion chromatography, SEC) is theoretically based solely

on the entropic behavior between solute and gel. Molecular

weight distribution data are obtained when the system is

calibrated against monodisperse and well characterized

standards. Thus the molecular weight distribution is a

secondary method limited by the availability of proper

calibration on standards. Calculations are customarily

accomplished with commercially available GPC computer

software. The most commonly reported values are number

average molecular weight(n) and weight average molecular

weight(Rw). Dispersity which is a measure of the broadness

or narrowness of the molecular weight distribution is given

by Mw/Mn.

GPC analyses of condensed tannin polymers to date have

customarily been done on methyl ether or acetylated

derivatives. Samejima and Yoshimoto(59) used an HSG-15

column and THF solvent for analysis of methylated(by

diazomethane) procyanidin polymers. The system was

calibrated with polystyrene standards. Williams et al(69)

employed a series of .-styragel columns(103A and 104A) with

a THF eluting solvent to analyze acetylated proanthocyanidin

polymers. Calibration was accomplished with a combination

of lower molecular weight procyanidin acetates (monomer to

trimer) and higher molecular weight polystyrene standards.

Others have employed similar techniques(2, 5, 11, 33).

Polystyrene calibration standards are useful for the

estimation of "apparent" molecular weights of polymers whose

14



structures are not known or where standards with the

appropriate structures are not available.

It has been commonly assumed that the condensed tannins

have to be derivatized as methyl ethers or acetates in order

to perform GPC analyses. It was felt that in their free

phenolic forms, these polymers would associate through

hydrogen bonding and appear to be higher molecular weight

than they actually were.

15



EXPERIMENTAL

1. General

1H and 13C nuclear magnetic resonance spectrometry

(NMR), fast atom bombardment mass spectrometry(FAB-MS),

infra red(IR) spectrometry and in some cases micro

degradation reactions with phloroglucinol were used to

determine the structures of the sulfonation reaction

products. The 13C and IH NMR spectra were obtained from a

Bruker AM 400 spectrometer with samples dissolved in

methanol-d4 and FAB-MS was operated in the negative ion mode

on a Kratos MS-50 TC mass spectrometer with samples

dissolved in a liquid matrix of a 5:1 mixture of

dithiothreitol and dithioerythritol(Magic Bullet). IR

spectra were recorded on KBr pellets using a Nicolet 5DXB

FT-IR spectrometer.

Preparative and analytical TLC were performed using

Schleicher & Schuell cellulose coated plates and developed

with HOAc-H20(3:47 v/v) when developed in one direction.

Two dimensional TLC was performed using t-Bu0H-HOAc-H20

(3:1:1, solvent A) and HOAc-H20(3:47, solvent B).

GPC analyses were carried out using a Waters

chromatography pump(model 6000A) fitted with a Waters

injector(model U6K) and a Gilson UV detector(model 111B). A

wavelength of 280nm was used to detect the phenolic

16
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procyanidin polymers and the sensitivity of the detector was

also set to 0.5 AUFS.

A bank of Waters -styragel columns(0.75x30cm)(104,

103, 500 and 100 A) were connected in series for use with

tetrahydrofuran(THF) as the eluting solvent. Polystyrene or

oligomeric procyanidin peracetates were used to calibrate

this system. The operational flow rate of this system was

2m1/min.

Polymer Labs PLgel precolumn(0.75x7.5cm) and 5im

polymer Labs PLGel columns(0.75x 32.5cm)(103 and 100A )

connected in series for use with a DMF solvent system

(1000m1 of DMF was mixed with 5m1 of 3M ammonium formate ).

A Waters temperature control system that consists of the

temperature control module(TCM) and a column heater was

connected to the GPC system to decrease the viscosity of the

DMF solvent because it is highly viscous at room temperature

and controlled to 50 C. The flow rate of the eluting

solvent was lml/min.

A Spectra Physics computing integrator(model SP 4200)

equipped with GPC+Prom was used to obtain the molecular

weight profiles, calculations and graphs.

Solvents for extraction and column chromatography were

reagent grade and distilled prior to use. THF and DMF for

GPC use were OMNI SOLV(EM Merck) UV and chromatography grade

and filtered through a PTFE Membrane(0.47 m) before use.

Water was 18 megohms-cm obtained from a Milli-Q water



purification system equipped with an Organex-Q Cartridge.

All other chemicals were reagent grade or better.

Collection of inner bark

The inner bark used in this study was taken from a

freshly fallen 120 year old Douglas-fir [Pseudotsuga

menziesii (Mirb.) Franco] tree in McDonald Forest, Benton

County,Oregon in May of 1986. The tree was cut as part of a

commercial harvesting operation. The inner bark was

carefully stripped and immediately brought to the laboratory

where it was cut into small strips and then immersed in

methanol.

Bark extraction

The bark(43% moisture content, 3Kg)) was allowed to

stand in methanol for three days and then the methanol

solution was decanted, filtered(Whatman No.1 filter paper)

to give a crude methanol extract. Each batch of bark was

extracted three times in this way. The combined extractants

were then concentrated on a rotary evaporator under reduced

pressure at 35-40 C to give a dark red-brown syrup(168g)

which was then freeze dried.

18



4. Purification of polymeric procyanidins

A portion of the freeze dried powder(20g) was applied

to a Sephadex LH-20 column(3x40cm). The column materials

were composed of glass and glass frits with teflon tubing in

order to avoid contact of the procyanidins with metal. The

column was washed with methanol-water (1:1 v/v), until the

eluent was almost colorless. This took 10 hrs at a flow

rate of 2 ml/min. This fraction was evaporated to give

13.86g of carbohydrate material and low molecular weight

procyanidins including dihydroquercetin.

Elution of the polymeric procyanidins was accomplished

by washing the column with acetone-water(7:3 v/v) for 3 hrs

at 2m1/min. The acetone was removed by evaporation using a

rotary evaporator and the remaining aqueous phase was freeze

dried to give the polymeric procyanidin as a powder(5.5g).

This powder was then dissolved in methanol and extracted

with petroleum ether to remove waxy material. The methanol

soluble fraction was concentrated on a rotary evaporator and

freeze dried again to give 5.48g of material which was used

in the sulfonation reaction studies.

The 13C NMR spectrum of this material showed it to be a

homogeneous procyanidin polymer exhibiting broad peaks in

the general region : Found(d4-Me0H, ppm) : 29(terminal C-4),

37(extending C-4), 67 and 68(terminal C-3), 73(extending C-

3), 77 (terminal epicatechin C-2), 79(extending epicatechin

C-2), 82(terminal catechin C-2), 84(extending catechin C-2),
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96 and 97(C-6 or C-8)), 101-103(C-4a), 108 (extending C-8),

115(C-2'), 116(C-5'), 118-120 (C-6'), 132(C-1'), 145-

146(oxygen bearing carbons of catechol B rings, C-3' and C-

4'), and 154-157(oxygen bearing carbons of phloroglucinol A

rings, C-5, C-7 and C-8a).

According to GPC data, the number average molecular

weight(in) of this polymeric procyanidin fraction was 1604

(GPC of free phenolic procyanidin) or about five to six

monomer units.

The overall purification scheme is shown in Figure 1.

5. Sulfonation reaction

A portion of the polymeric procyanidin(5.0g) was mixed

with sodium hydrogen sulfite(1.75g) and water(75m1) in a

pressure tube. After thoroughly stirring, this mixture was

perged with nitrogen gas for 10 min. to remove oxygen from

the solution. The tube was then sealed and put into a steam

bath at 105 C for the reaction. The pH of the solution

checked by a Corning pH/Ion meter(model 150) was 4.78 and

the reaction time was 36 hrs. Three tubes of the

procyanidin polymers(100mg) were also sulfonated and the

reaction times were controlled to 6, 12 and 24 hrs.

The GPC analyses results on these procyanidin

sulfonates with four different reaction times are shown in

Figure 2.
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Commercial (+)-catechin(400mg, Sigma chemical Co.) and

commercial (-)-epicatechin(300mg, Aldrich chemical Co.) were

also sulfonated to study the ring opening chemistry in

similar fashion.

6. Isolation and purification of procyanidin sulfonate
derivatives

The reaction product, after the sulfonation reaction,

was freeze dried and then extracted with methanol to remove

the procyanidin sulfonate derivatives from unreacted sodium

hydrogen sulfite. The methanol soluble fraction was

filtered and then concentrated on a rotary evaporator to

give 5.48g of crude procyanidin sulfonate derivatives.

After freeze drying, the procyanidin sulfonates were

then dissolved in water and extracted with ethyl acetate to

remove the unreacted free phenolic procyanidins. The

residual ethyl acetate remaining in the water soluble

fraction was evaporated and the aqueous phase then freeze

dried.

A portion of the freeze dried powder(4g) was applied to

a Sephadex LH-20 column(6x45cm) for further purification.

The column was washed with water at a flow rate of lml/min

until the eluting solvent was almost colorless. Fractions

were collected by Gilson micro fractionators(FC-100 and

model 203). To apply solvent to the column, an FMI Lab pump

(model RP-G 50) and FMI pulse dampener(model PD-60-LF) were

23



used. The eluting sulfonates were detected by a Gilson UV

detector(model 111B), its sensitivity was adjusted at 0.5

AUFS and it was operated at 280nm. The chart speed of the

recorder(Gilson linear 1200) was 2cm/hr.

Five major peaks were collected and labeled fraction I,

II, III, IV, and V. Fraction I was first eluted and V was

the last. Each fraction was evaporated under reduced

pressure and then freeze dried. The overall-purification

scheme is shown in Figure 3.

7. Characterization of procyanidin sulfonate derivatives

7.1. Sodium epicatechin-(43)-sulfonate(6)

Fraction III(460mg) and fraction IV(280mg) were

combined and then dissolved in 95% ethanol. This solution

was then applied to a Sephadex LH-20 column(1.5x65cm) and

then eluted with 95% ethanol until the absorbance of the UV

detector was decreased to zero(approximately 200m1). The

flow rate of the eluting solvent was lml/min. Eluents were

collected in the test tubes(1.3x10cm) and each test tube was

tested by cellulose TLC.

Fractions(A) which gave a single spot(Rf 0.75) on TLC

were combined, the ethanol evaporated and the residue freeze

dried to give 473mg of sodium epicatechin-(48)-sulfonate as

a light tan powder. Found : FAB-MS gave [M-Na]- and [M-H]-
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peaks at m/z 369 and 391. IR(cm-1) : 3229, 1631, 1605,

1471, 1285, 1242, 1157, 1152, 1116, 1050, 1027, 643, 629,

525. 1H NMR( ) : 4.14(1H, s, for H-4), 4.51(1H, s, for H-

3), 5.43(1H, s, for H-2), 6.01(1H, d, J=2.73Hz, for H-6),

6.03(1H, d, J=2.58Hz, for H-8), 6.75(1H, d, J=8.16Hz, for H-

5'), 6.83(1H, q, J=1.9Hz, for H-6'), 6.98(1H, d, J=1.9Hz,

for H-2'). 13C NMR(ppm) : 61.60(C-4), 67.56(C-2), 76.46(C-

3), 97.24(C-6), 97.86(C-8), 99.30(C-4a), 115.40(C-2'),

115.95(C-5'), 119.44(C-6'), 131.87(C-1'), 145.77, 145.96 (C-

3',C-4'), 158.14, 159.31, 159.73(C-5, C-7, C-8a).

7.2. Sodium epicatechin-(48->8)-epicatechin-(413)-
sulfonate(7)

The residual fractions(B) from section 7.1 were

combined and rechromatographed on a Sephadex LH-20 column

using 95% ethanol as the solvent and at a flow rate of

lml/min. Each collection tube was also tested by TLC.

Three major fractions were obtained and labeled as

fractions C, D, and E. Fraction C was the first eluting

portion and E was last. Each fraction was freeze dried,

fraction D was redissolved in ethanol and rechromatographed

on a Sephadex LH-20 column(1.5X65cm) with 95% ethanol-

water(8 :2 v/v) at a flow rate of lml/min. Fractions from

this second column which showed a single spot(Rf 0.70) were

combined, the ethanol evaporated and the residue freeze

dried to give 22mg of sodium epicatechin-(48->8)-
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epicatechin-(48)-sulfonate isolated as freeze dried powder.

Found : FAB-MS gave [M-Na]- and [N-H] peaks at m/z 657 and

679. IR(cm-1) : 3288, 1619, 1615, 1613, 1446, 1384, 1284,

1245, 1195, 1160, 1109, 1063, 1028, 631. IH NMR( )

3.95(1H, s, for H-4), 4.22(1H, s, for H-4'), 4.61(1H, s, for

H-3'), 4.69(1H, s, for H-3), 5.03(1H, s, for H-2), 5.60(1H,

s, for H-2'), 5.98(3H, bs, for H-6', H-6, H-8), 6.5-7.12(6H,

m, for H-2', H-5', H-6', H-2, H-5 and H-6). 13C NMR(ppm)

37.29(C-4), 61.93(C-4'), 67.18(C-3'), 73.24(C-3), 76.75(C-

2'), 77.05 (C-2), 96.23(C-8), 96.52(C-6), 98.10(C-6'),

101,71(C-4'a), 100.28((C-4a), 108.46(C-8') 115.24(2x, C-2'

and C-2"), 115.93(C-5"), 116.08(C-5'), 119.30(2x, C-6' and

C-6"), 131.68(C-1"), 132.57(C-1'), 145.58(2x, C-3' and C-

3"), 145.85(2x, C-4" and C-4'), 157.77(6x, C-5', C-7', C-

8'a, C-5, C-7 and C-8a).

7.3. Sodium 1-(3,4-dihydroxypheny1)-2-hydroxy-3-
(2,4,6-trihydroxypheny1)-propane-1-sulfonate(5)

Fraction C was applied to a Sephadex LH-20 column

(1.5x65cm) which was then eluted with 95% ethanol-water(1:1

v/v) at a flow rate of lml/min. Fractions were collected

in the test tubes(1.3X10cm) and examined by TLC. Two major

fractions were obtained in this way from this column. The

first fraction was freeze dried to give llmg of sodium 1-

(3,4-dihydroxypheny1)-2-hydroxy-3-( 2,4,6-trihydroxypheny1)-

propane-l-sulfonate as freeze dried powder. Found : Rf
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0.82. FAB-MS gave [M-Na]- and [M-H]- peaks at m/z 371 and

393. IR(cm-1) : 3178, 1624, 1619, 1613, 1527, 1457, 1459,

1449, 1364, 1280, 1235, 1151, 1120, 1075, 1061, 1037, 1008,

819, 682, 654, 595. IH NMR(-) : 2.38-2.44(1H, dd, J=9.1,

9.3 and 14.3Hz, for propyl H-3), 2.73-2.77(1H, dd, J=2.1,

2.4 and 14.4Hz, for propyl H-3), 3.73(1H, d, J=9.4Hz, for

propyl H-1), 4.46-4.89(1H, td, J=2.3Hz, for propyl H-2),

5.84(2H, s, for phloroglucinol H-3 and H-5), 6.63(1H, d,

J=8.1Hz, for catechol H-5), 6.72(1H, d, J=1.94, 1.97 and

8.16Hz, for catechol H-6), 6.89(1H, d, J=1.46Hz, for

catechol H-2). 13C NMR(ppm) : 29.63(propyl C-3), 71.90

(propyl C-1), 74.69(propyl C-2), 96.20(2x, phloroglucinol C-

3 and C-5), 105.43(phloroglucinol C-1), 115.90(catechol C-

2), 118.40(catechol C-5), 123.17(catechol C-6), 127.98

(catechol C-1), 145.71(catechol C-3), 145.94(catechol C-4),

157.83(phloroglucinol C-4), 158.43(2x, phloroglucinol C-2

and C-6).

The second fraction gave additional amounts of compound

(6).

7.4. Disodium epicatechin-(413,5')-disulfonate(8)

Fraction V(120mg) was chromatographed on a Sephadex LH-

20 column(1.5x65cm) using 95% ethanol as the eluting solvent

with a flow rate of lml/min. Three fractions were made

based on TLC analysis. The first fraction yielded
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additional amounts of compound (6) and the second fraction

consisted of compound (7). The last coming fraction was

collected, freeze dried and labeled fraction F. Fraction F

exhibited two spots on TLC. The freeze dried fraction F was

redissolved in ethanol and applied to a Sephadex LH-20 which

was eluted with 95% ethanol-water(7:3 v/v) at a flow rate of

lml/min. The major fraction eluted from this column was

still a mixture as indicated by TLC analyses. The sample

was evaporated, redissolved and then reapplied to a Sephadex

LH-20 column. This time the eluting solvent was 95%

ethanol-water(1:1 v/v). Two fractions were obtained by this

column. The first fraction which showed a Rf of 0.82 on TLC

was evaporated and freeze dried to give 24mg of disodium

epicatechin-(48,5')-disulfonate. Found : Rf 0.82. FAB-MS

gave [M-Na]- and [M-H]- peaks at m/z 471 and 493. IR(cm-1)

: 3260, 1627, 1384, 1196, 1160, 1041, 645. 1H NMR(-) : 4.16

(111, s, for 11-4), 4.54(111, s, for 11-3), 5.46(111, s, for H-

2), 6.02(1H, d, J=2.0Hz, for H-6), 6.05(1H, d, J=2.7Hz, for

H-8), 7.07(1H, d, J=1.8Hz, for 11-6'), 7.39(1H, d, J=1.8Hz,

for 11-2'). 13C NMR(ppm) : 61.35(C-4), 67.29(C-3), 76.12(C-

2), 97.20(C-8), 97.75(C-6), 99.37(C-4a), 117.29(C-2'),

117.40(C-6'), 129.52(C-5'), 131.14(C-1'), 142.85(C-4'),

146.60(C-3'), 157.87, 159.21, 159.71(C-5, C-7 and C-8a).

The residual fractions were collected and freeze dried.



7.5. Sodium 2,3-cis-3,4-trans-8,9-cis-9,10-cis-2110-
(3,4-dihydroxydipheny1)-8-(2,4,6-trihydroxy-
pheny1)-3,4,9,10-tetrahydro-2H,8H-pyrano[2,3-h]
chromene-(48)-sulfonate(9)

Fraction I1(1.27g) was dissolved in ethanol and applied

to a Sephadex LH-20 column. The column was eluted with 95%

ethanol and 96ml fractions were collected and monitored by

TLC. Although five major fractions were collected, the

first two fractions were a mixture of compounds (6) and (7).

The third fraction was concentrated, freeze dried and

labeled fraction G. The last eluting two fractions were

combined with fraction I(1.73g) and stored in a

refrigerator. Fraction G was then reapplied to a Sephadex

LH-20 column with 95% ethanol-water(1:1 v/v) and the column

eluted with that solvent. Two major fractions were

collected based on TLC analyses. The last eluting fraction

was concentrated because the first fraction gave the same Rf

value on TLC as fraction D.

The purified fraction G was then applied to another

Sephadex LH-20 column and the column eluted with 95%

ethanol-water(25:75 v/v) for further isolation. A major

fraction was collected and freeze dried to give sodium 2,3-

cis-3,4-trans-8,9-cis-9,10-cis-2,10-(3,4-dihydroxydipheny1)-

8-(2,4,6-trihydroxypheny1)-3,4,9,10-tetrahydro-2H,8H-pyrano

[2,3-h]chromene-(46)-sulfonate(26mg). Found : Rf 0.70.

FAB-MS gave [M-Na]- and [M-H]- peaks at m/z 659 and 681.

IR(c1i11) : 3415, 1623, 1198, 1166, 1159. IH NMR( )
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4.11(111, s, for H-4), 4.16(1H, d, for H-10), 4.33(111, d, for

11-9), 4.43(1H, s, for 11-3), 5.34(1H, s, for H-2), 5.69(1H,

s, for H-8), 5.92(2H, s, for phloroglucinol A ring H-3 and

11-5), 6.06(1H, dd, for catechol E ring H-6), 6.08(111, s, for

D ring H-6), 6.44-6.46(1H, dd, J=2.0, 2.0 and 8.1Hz, for

catechol B ring H-6), 6.60(1H, s, catechol B or E ring H-

2)), 6.61(111, d, J=1.9Hz, catechol B or E ring 11-2),

6.67(111, d, J=8.15Hz, for catechol E ring 11-5'). 13c

NMR(ppm) : 45.63(C-10), 61.69(C-4), 67.46(C-3), 70.65(C-8),

74.11(C-9), 76.63(C-2), 95.35(A ring C-3), 96.80(A ring C-

5), 98.0(C-4a), 100.96(C-6), 102.22(C-11), 106.33(A ring C-

1), 113.64(E ring C-2), 115.95(B ring C-2), 116.48(E ring C-

116.87(B ring C-5), 118.84(E ring C-6), 121.05(B ring C-

131.11(E ring C-1), 136.42(B ring C-1), 144.38-

145.86(4C, B and E ring C-3 and C-4), 155.24-159.47(6C, A

ring C-2, C-4, C-6 and D ring C-5, C-6a, C-11a).

7.6. sodium catechin-(4 ->8)-epicatechin-(48)-
sulfonate(10)

Fraction E(53mg) from section 7.2. was redissolved in

ethanol and reapplied to a Sephadex LH-20 column (1.5x65cm)

with 95% ethanol-water(8:2 v/v) at a flow rate of lml/min.

Two major fractions were obtained from this column. The

first fraction was a mixture of compounds (6) and (7). The

second fraction was concentrated, freeze dried and

31



reapplied to a Sephadex LH-20 column with 95% ethanol-water

(7:3 v/v). Of two major fractions, the last fraction was

concentrated because the first fraction gave the same Rf

value on TLC as compound (7). The purified second fraction

was then applied to another Sephadex LH-20 column and the

column eluted with 95% ethanol-water(1:1 v/v). A major

fraction was collected and reapplied to a Sephadex LH-20

column using 95% ethanol-water(25:75 v/v) as an eluting

solvent for further purification. Fractions which had a Rf

of 0.69 were collected, evaporated and freeze dried to give

sodium catechin-(4-->8)-epicatechin-(43)-sulfonate(15mg).

Found : FAB-MS gave [M+H-Na]- and [M] at m/z 658 and

680. IR (cm-1) : 3241, 1821, 1614, 1446, 1285, 1243, 1201,

1163, 1105, 1068, 631. IH NMR(-) : 4.13-4.69(5H, m, for H-

2', H-3', H-4', H-3 and H-4), 4.92 and 5.10(1H, s, for H-2),

5.58-6.15(3H, m, for phloroglucinol ring protons, H-6', H-6

and H-8), 6.74-7.10(6H, m, for catechol ring protons, H-2",

H-5", H-6", H-2', H-5' and H-6'). 13C NMR(ppm) : 38.87

and 39.35(d, C-4), 61.74 and 62.06(d, C-4'), 66.98 and

67.38(d, C-3'), 72.81 and 73.07(d, C-2), 76.21 and 76.96(d,

C-2'), 83.85 and 83.98(d, C-2), 96.43-100.18(5C, m, C-4a',

C-6', C-4a, C-6 and C-8), 107.21 and 109.42(d, C-8'),

114.87-116.59 (4C, m, C-2", C-5", C-2' and C-5'), 119.70-

121.10(2C, q, C-6" and C-6'), 131.51-132.47(2C, t, C-1"

and C-1'), 145.41-146.28(4C, m, C-3", C-4", C-3' and C-

4'), 155.76-158.37(6C, m, C-5', C-7', C-8a', C-5, C-7, C-

8a).
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The partial cleavage reaction with phloroglucinol(12)

on B4 sulfonate was applied to aid the structure

determination of the compound : The compound (10)(1.5mg) and

phloroglucinol (1mg) were stirred in 1% HC1 in 95%

ethanol(2m1) until complete dissolution of all solids. The

solution was left to stand at ambient temperature for 30

minutes and then concentrated to about half volume with a

stream of nitrogen gas. The reaction mixture was examined

against authentic samples by two dimension(2-D) TLC on

cellulose using t-Bu0H-HOAc-H20(3:1:1 v/v, solvent A) and

HOAc-H20(3:47 v/v, solvent B) and visualized with vanillin-

hydrochloric acid-95% ethanol(600:1.5:60 w/v) spray. Found

: Rf 0.16(A) and 0.69(B)(B4 sulfonate), 0.22(A) and 0.77(B)

(epicatechin sulfonate), 0.46(A) and 0.64(B) (catechin-(48)-

phloroglucinol) and 0.61(A) and 0.67(B)(phloroglucinol).

7.7. Sodium 1-(3,4-dihydroxypheny1)-2-hydroxy-3-
(2,4,6-trihydroxypheny1)-propane-1-sulfonate(5)
from (-)-epicatechin and (+)-catechin

The crude reaction mixture of (+)-catechin sulfonate

(479mg) was applied to a Sephadex LH-20 column and eluted

with 95% ethanol-water(1:1 v/v). Fractionation was

monitored by TLC for the major component which had an Rf of

0.82. The fraction was evaporated and freeze dried to give

sodium 1-(3,4-dihydroxypheny1)-2-hydroxy-3-(2,4,6-tri-

hydroxypheny1)-propane-l-sulfonate. Pyran C ring opened
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sulfonate from catechin was 127mg. Found : Rf 0.78. FAB-MS

gave [M-Na]- and [M-H]- peaks at m/z 371 and 393. IR(cm-1)

: 3415, 1623, 1198, 1166, 1159. IH NMR(') : 2.40-2.46(1H,

dd, J=9.2, 9.3 and 14.3Hz, for propyl.H-3)), 2.72-2.76(1H,

dd, J=2.1, 2.4 and 14.4Hz, for propyl H-3), 3.77(1H, d,

J=9.39Hz, for propyl H-1), 4.47-4.54(1H, td, J=2.2Hz, for

propyl H-2)), 5.84(2H, s, for phIoroglucinol H-3 and H-5),

6.70(1H, d, J=8.1Hz, for catechol H-5), 6.74(1H, d, J=2.1

Hz, for catechol H-6), 6.91(1H,d, J=1.4Hz, for catechol H-

2). 13C NMR(ppm) : 29.57(propyl C-3), 71.99(propyl C-1),

74.49(propyl C-2), 96.16(2x, phloroglucinol C-3 and C-5),

105.34(phloroglucinol C-1), 115.94(catechol C-2), 118.32

(catechol C-5), 123.12(catechol C-6), 128.02(catechol C-1),

145.59(catechol C-3), 145.80(catechol C-4),

157.68(phloroglucinol C-4), 158.28(2x, phloroglucinol C-2

and C-6).

Column chromatography of the crude reaction product of

(-)-epicatechin sulfonates gave the same isolated compound

as above. Pyran C ring opened sulfonate from epicatechin

was 93mg. Found : Rf 0.78. FAB-MS gave [M-Na]- and [M-H]-

peaks at m/z 371 and 393. IR(cm-1) : 3415, 1623, 1198,

1166, 1159. IH NMR(-) : 2.40-2.46(1H, dd, J=9.3Hz, for

propyl H-3), 2.72-2.76(1H, dd, J=2.2Hz, for propyl H-3),

3.76(1H, d, J=9.2Hz, for propyl H-1), 4.47-4.52(1H, td,

J=2.38Hz, for propyl H-2), 5.83(2H, s, for phloroglucinol H-

3 and H-5), 6.70(1H, d, J=8.1Hz, for catechol H-5), 6.74(1H,

d, J=2.0Hz, for catechol H-6), 6.91(1H, d, J=1.56Hz, for
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catechol H-2). 13C NMR(ppm) : 29.58(propyl C-3), 71.98

(propyl C-1), 74.51(propyl C-2), 96.16(2x, phloroglucinol C-

3 and C-5), 105.35(phloroglucinol C-1), 115.94catechol C-2),

118.32(catechol C-5), 123.12(catechol C-6), 128.01(catechol

C-1), 145.60(catechol C-3), 145.81(catechol C-4), 157.69

(phloroglucinol C-4), 158.29(2x, phloroglucinol C-2 and C-

6).

8. Gel permeation chromatography(GPC)

8.1. GPC analysis of acetylated procyanidin polymers

8.1.1. Acetylation of procyanidin polymer

A sample of polymeric procyanidins(200mg) was dissolved

in pyridin (10m1, dried over KOH) and acetic anhydride(10m1)

was added. After standing at room temperature for 48hrs,

the reaction mixture was poured into ice water(125m1) and

extracted with chloroform(50m1, 2 times). The chloroform

fractions were combined together and washed with 2% dilute

hydrochloric acid (25m1, 3 times), 10% dilute sodium

bicarbonate (25m1, 3 times) and distilled water(25m1, 3

times). After filtration through the anhydrous sodium

sulfate, the solution was let stand overnight with the

anhydrous sodium sulfate at room temperature. The solution
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was then filtered and the chloroform was evaporated to yield

107mg of a light yellow solid(44).

8.1.2. Calibration of GPC system

The polystyrene standard calibration kit(Polymer

Laboratories Inc.) was used to obtain the GPC calibration

report. Nine calibration standards(MW:162, 580, 1050, 1350,

1770, 2550, 3750,5100) which 5mg of each standard was

dissolved in lml THF were used to as standard solutions.

Injection volume was 2011. The elution time(ET) of the

standards was decided by the average value of three to five

injections.

The calibration report,the regression analysis and the

calibration curve obtained by the integrator are shown in

tables 2 and 3, and Figure 4. According to the calibration

report(Table 2), the molecular weight values by the cubic

regression analysis were quite similar to the real molecular

weights of polystyrene standard and the cubic method(Table

3) had the highest significance. Therefore, the cubic

regression analysis method was used to calculate the

molecular weight profile of procyanidin peracetate.

36



8.1.3. GPC analysis of acetylated procyanidin
polymers

For analysis, 5mg procyanidin peracetate was dissolved

in lml freshly redistilled THF. This solution was

filtered with a Millipore filter(millipore corp., type FH,

0.5_ m) and 20:-.1 of the solution was injected into the GPC

system. The number average molecular weight(Mn) of the

procyanidin peracetate was 2000 and the weight average

molecular weight(w) was 3127.

8.2. GPC analysis of procyanidin polymers

8.2.1. Calibration of GPC system

For the calibration, five procyanidin polymers

(oligomers of epicatechin)(MW:290, 578, 702, 866, 1154,

1442) were used as a standard : epicatechin(monomer),

epicatechin-(4B->8)-epicatechin(dimer), epicatechin-(4B->8)-

epicatechin-(4B->1)-phloroglucinol, epicatechin-(4B->8)-

epicatechin-(48->8)-epicatechin (trimer), epicatechin-

(48->8)-epicatechin-(48->8)-epicatechin-(48->8)-epicatechin

(tetramer), epicatechin-(46->8)-epicatechin-(413->8)-

epicatechin-(48->8)-epicatechin-(413->8)-epicatechin

(pentamer).
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Of these, trimeric to pentameric procyanidin standards

including the dimeric phloroglucinol adduct were given by

Dr. L.Y.Foo(Chemistry Division, DSIR, Petone, New Zealand)

who isolated these compounds.

lmg of each standard was dissolved in lml DMF and the

20-1 solution was injected into the injector after Millipore

filtration. The elution time(ET) of the standards was

decided by the average value after three to five time

injection.

The calibration report, the regression analysis and the

calibration curve obtained by the integrator are shown in

Tables 4 and 5, and Figure 5. The calibration report(Table

4) represented that the quadratic and cubic regression

method gave the similar molecular weight value to the real

molecular weight values of the procyanidin polymer standards

and these two analytical method had the same significance

values(Table 5). The cubic method was also applied to this

GPC system in order to compare the result of this system

with that of polystyrene standards and to make the

analytical condition just like that of procyanidin

peracetate.

8.2.2. GPC analysis of procyanidin polymers

lmg procyanidin polymers was dissolved in lml DMF and

the solution was filtered with a Millipore filter. The
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injection volume was 20 1. The number average molecular

weight(M) and the weight average molecular weight(Mw) of

the polymeric procyanidins were 1604 and 2706 respectively.

Table 2. Calibration report for procyanidin peracetate

Table 3. Regression analysis for procyanidin peracetate

39

ET Molecular weight(MW)
of standard

Linear
MW

Quadratic
MW

Cubic
MW

13.71 5100 4750 5064 5061

14.07 3750 3690 3750 3740

14.54 2550 2654 2566 2557

14.99 1770 1935 1808 1804

15.39 1350 1462 1339 1338

15.74 1050 1144 1039 1040

16.59 580 630 579 582

18.74 162 139 162 162

Linear Quadratic Cubic
Coefficient

Ka 7.8531029 11.359391 12.982746

Kb -.304624 -.749493 -1.0596454

Kc 0.0139421 0.0335389

Kd -.0004093

Correlation(r12) 0.9930758 0.99989 0.999941

Standard error 0.0457097 0.0062232 0.0049918



18.4.

le.

Log MW. vs. Ret. Time

2.
10.

12.55 12.93 15.3 16.68 18.05 19.43
12.24 14.61 15.99 17.36 18.74

Figure 4. Calibration curve of GPC system for procyanidin
peracetate analysis.
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Table 4.

ET

Calibration report for procyanidin polymers

Molecular weight(MW) Linear Quadratic
of standard MW MW

Cubic
MW

12.75 1442 1407 1434 1434

12.99 1154 1165 1170 1170

13.39 866 850 841 841

13.58 702 732 722 722

13.87 578 583 574 574

14.78 290 285 290 290

Table 5. Regression analysis for procyanidin polymers

Linear Ouadratic Cubic
Coefficient

Ka 7.55034546 10.273189 9.3830421

Kb -.3415852 -.7446944 -.5501414

Kc 0.0146302 0.0004786

Kd 0.0004326

Correlation(rt2) 0.998008 0.9988252 0.9988189

Standard error 0.01222914 0.0108996 0.01333849



10.4.

10.

A

12. 5

Lot MN. vs. Ret. Time

1

13. 1.7. 51 14. 02 14. 53 15.83
i2.7 1.1. 2G 22. 76 14. 27 14. 78

Figure 5. Calibration curve of GPC system for polymeric
procyanidin analysis.
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RESULTS AND DISCUSSION

1. Collection and extraction of bark

The inner bark was immediately stripped from a freshly

fallen 120 year old Douglas-fir tree. The tree was felled

as part of a logging operation in McDonald forest in Benton

County, Oregon. The bark was obtained in the spring time

for two reasons : First, during the "spring flush" when the

sap is flowing, the inner bark readily separates from the

wood of the tree and also from the outer bark. Secondly, it

is commonly believed that the concentration of procyanidin

oligomers and polymers is high at this time.

Inner bark was used in this study because of the high

concentration of procyanidins and lesser amounts of other

extraneous phenolic materials which are abundant in the

outer bark. It has been established that clean procyanidin

polymers can be readily obtained from conifer inner bark

while the extracts of outer bark are much more complex

containing other polymeric phenolic substances such as

phlobaphenes(14). The relative amount of polymeric

procyanidins also decreases in the outer bark. Presumably

they are being transformed into phobaphenes by oxidation

and/or polymerization. It is also known that little

dihydroquercetin is formed in the inner bark, while large

amounts exist in the outer bark. Most of the simple
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phenolics in the inner bark exist as glycosides which makes

their separation from the procyanidins a relatively easy

task that can be accomplished by column chromatography on

Sephadex LH-20.

The inner bark was cut into small pieces and

immediately placed into methanol for extraction. This

procedure helped to extract the procyanidins before they

could undergo oxidation or before the bark become

contaminated with microorganisms. After standing in

methanol for several days the methanolic extracts were

collected and evaporated to give the crude procyanidin

containing extracts.

In general it is now recognized that extraction with a

neutral organic or organic-aqueous solvents at ambient

temperatures gives the best yield of unaltered procyanidins

as these compounds are sensitive to heat, light and

degradation via both acid and base catalysis. Common

solvent systems include acetone-water(7:3 or 1:1), methanol,

or ethyl acetate. Of course each system will give differing

yields with presumably different molecular weight profiles.

Surprisingly, methanol-water(1:1) has been demonstrated as

having poor solvating properties for polymeric procyanidins

and has become the basis for removing simple phenols and

glycosides from the polymeric procyanidins when they are

chromatographed over Sephadex LH-20(5, 16). Extraction of

bark with sodium hydroxide solution greatly improves the

weight yield of phenolic materials but it is now recognized
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that this procedure is to be avoided(39). Such procedures

cause molecular rearrangement of the flavanoid monomeric

units in 5,7,3,3',4'-hydroxylated flavans (catechin or

epicatechin) with loss of the A ring functionality. These

rearranged substances are called "phenolic acids" because of

the carbonyl group which appears in their IR spectra. These

substances have little if any value commercially because of

their loss of reactivity towards formaldehyde.

Another, yet more useful, method of increasing the

procyanidin yield has been to use "sulfite" extraction of

the bark to give procyanidin sulfonate derivatives(36).

This can be done using both acid or base catalysis with

sodium bisulfite or sodium sulfite solutions respectively.

These procyanidin sulfonates have potential commercial value

because they retain their reactivity towards formaldehyde

(37).

2. Purification of polymeric procyanidins

The preparative isolation of homogeneous polymeric

procyanidins is most commonly done by applying the crude

polymer preparation to a Sephadex LH-20 column in aqueous

methanol(1:1 v/v)(5, 16). Purification is achieved by

washing the column with aqueous methanol(1:1) to remove

contaminating carbohydrates and lower molecular weight

phenolics. Because aqueous methanol(1:1) is such a poor
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solvent for procyanidin polymers, they are absorbed to the

stationary phase. The purified polymers are recovered by

elution as a single narrow band with acetone-water(7:3 or

1:1). Acetone-water mixtures have tremendous solvating

powers for procyanidin polymers and can even displace

tannin-carbohydrate and tannin-protein associations.

Because hydrolysable tannins have the same solubility and

mobility characteristics on Sephadex, they will elute with

the procyanidins if present (5). Czochanska et al(5)

proposed checking for hydrosable tannins in the freeze dried

procyanidin polymer preparation for the presence of carbonyl

groups by IR or 13C NMR spectroscopy. However, a slight

complication could arise since procyanidins with carbonyl

groups such as galate esters are known. Fortunately,

Douglas-fir inner bark polymeric procyanidins were found to

be free of carbonyl groups as indicated by both 13C NMR and

IR spectroscopy. The yield of polymeric procyanidins was

27% based on the crude extract weight.

The homogeneity of the polymeric procyanidin was

established by its 13C NMR spectrum shown in Figure 6. In

this spectrum the following resonances are observed which

are characteristic of a polymeric procyanidin. The signals

at 29 and 37ppm corresponded to the C-4 carbons of the

terminal and extending monomer units respectively. The

resonances at 67 and 68ppm are due to the C-3 carbons of the

terminal units while those at 73ppm are attributed to the

C-3 carbons of extending monomer units.
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Figure 6. 13C NMR spectrum of purified polymeric
procyanidins.
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The C-2 carbons of terminal epicatechin units to give rise

to signals at 77ppm while the C-2 carbons of the epicatechin

extending units give rise to those signals at 79ppm. The

C-2 signals of catechin units are observed at 82 to 84ppm.

The signals at 96 and 97ppm are characteristic of proton

bearing phloroglucinol A ring carbons(the C-6 or C-8

carbons). The C-4a carbon signals are seen at 101 to 103ppm

and substituted C-8 or C-6 A ring carbons give rise to

signals at 108ppm. The B ring proton bearing carbons are

represented by signals at 115(C-2'), 116(C-5') and 118 to

120(C-6')ppm. The C-1' carbon of the B ring is

characteristically shifted downfield to around 132ppm. The

oxygen bearing carbons of the B ring are seen at 145 to

146(C-3', C-4')ppm while the oxygen bearing A ring carbons

are shifted downfield to 154-157ppm(C-5, C-7 and C-8a).

GPC analyses of this procyanidin polymer showed it to

have a number average molecular weight(11n) of 1604 and a

weight average molecular weight(Mw) of 2706 with a

dispersity of 1.68. This corresponds to the majority of the

polymeric procyanidin used in this study being in the

pentamer to hexamer range.

3. Sulfonation of polymeric procyanidins

In the present work, the polymeric procyanidins were

reacted with aqueous sodium hydrogen sulfite at pH 4.8 and
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105 C for 36 hours. The molar ratio of procyanidin to

sodium hydrogen sulfite was controlled at 2.8:1 in order to

provide the opportunity for complete depolymerization if

possible. Three different intermediate reaction times, 6,

12, and 24 hours were also sampled to investigate the

relationship between reaction time and amount of

depolymerization. GPC chromatograms on the reaction times

indicated that the relative amount of monomeric sulfonates

was increased after 24 and 36 hours. However, a large

amount of polymeric procyanidin sulfonates remained after 6

and 12hrs reaction. Even after 36 hours, significant

amounts of sulfonated polymer remained. Therefore, 24 or 36

hours reaction time was demed necessory in order to obtain

enough degradation of procyanidin polymers by sodium

hydrogen sulfite in order to isolate and identify low

molecular weight sulfonates. According to the GPC results,

the amount of monomeric sulfonates did not increase any more

after 24 and 36 hours reaction time. This fact means that

depolymerization seems to stop at some point between 12 and

24 hours of reaction time. Thereafter, some kind of

rearrangement and/or competing reaction seems to be blocking

further depolymerizat ion.
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4. Isolation and characterization of procyanidin sulfonates

Foo et al(15) identified sodium epicatechin-(48)-

sulfonate, sodium epicatechin-(413->8)-epicatechin-(413)-

sulfonate (B2) and sodium 1-(3,4-dihydroxypheny1)-2-hydroxy-

3-(2,4,6-trihydroxypheny1)-propane-l-sulfonate from the

reaction of bisulfite with pine bark procyanidins. In the

reaction with Douglas-fir procyanidins, the same sulfonate

compounds as those isolated by Foo et al(15) were also found

in about the same yield. In addition the new and previously

unknown sulfonation products, disodium epicatechin-(413,5')-

disulfonate(8), sodium catechin-(4,->8)-epicatechin-(48)-

sulfonate(10), also called B4 sulfonate, and sodium 2,3-cis-

3,4-trans-8,9-cis-9,10-cis-2,10-(3,4-dihydroxydipheny1)-8-

(2,4,6-trihydroxypheny1)-3,4,9,10-tetrahydro-2H,8H-pyrano

[2,3-h]chromene-413-sulfonate(9), were also isolated and

characterized. The structures of these new compounds were

established primarily by use of 1H and 13C NMR spectroscopy.

Because of the complexity of these structures both proton-

proton correlation (COSY) and proton-carbon heteronuclear

correlation (HETCOR) were used to established

connectivities. Structural elucidation also was assisted

by negative ion FAB-MS which was used to established

molecular weights by the relatively intense [M-H]- ions

exhibited by these phenols.

However, before the above compounds were identified,

they had to isolated from the crude reaction mixtures and
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purified to homogeneous individual compounds. This was by

no means an easy task which was only achieved after much

trial and error as well as systematic attempts at the

chromatographic separation of these sulfonate derivatives.

Their high degree of solubility in water made them difficult

to separate chromatographically. Foo et al(15) had used

Sephadex LH-20 and ethanol to isolate compounds, sodium

epicatechin-(413)-sulfonate(6), sodium epicatechin-(48->8)-

epicatechin-(43)-sulfonate(7) and sodium 1-(3,4-

dihydroxypheny1)-2-hydroxy-3-(2,4,6-trihydroxypheny1)-

propane-l-sulfonate(5). This chromatographic system was

ineffective for the separation of the rest of the sulfonate

derivatives encountered in this research.

In the present work, a large amount of sodium hydrogen

sulfite (35% based on freeze dried polymeric procyanidin

weight) was used for the sulfonation and the excess amounts

of unreacted sodium hydrogen sulfite was removed by

dissolving the reaction products in cold methanol. In this

step, phenolic sulfonate derivatives and unreacted phenols

were dissolved in the methanol and unreacted sodium hydrogen

sulfite was precipitated. Removal of unsulfonated

procyanidins was accomplished by the partitioning the

reaction mixture between ethyl acetate and water. It was

found that very little unsulfonated material was taken up in

ethyl acetate. The freeze dried aqueous portion provided

the crude reaction mixture of sulfonation products which

were isolated and purified by column chromatography.
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Isolation and purification of the individual sulfonate

derivatives required repeated chromatography over Sephadex

LH-20 using water and then various ethanol-water solvents.

Figure 7 provides of a flow diagram. Fractionation was

monitered both by UV absorbance and TLC(Figure 8).

A more detailed discussion of the individual compounds

isolated and how their structures were established follows

4.1. Sodium epicatechin-(4B)-sulfonate(6)

OH

HO

SO3Na

(6)

Foo et al(15) isolated sodium epicatechin-(48)-

sulfonate(6) from the reaction of sodium bisulfite with pine

tannins. In the present work, this compound was isolated

from the reaction of Douglas-fir polymeric procyanidins

under similar reaction condition. Purification was achieved

by chromatography using Sephadex LH-20 with 95% ethanol as

the eluting solvent(10). This compound had an Rf value of

0.77 on cellulose TLC(pink with vanillin-HC1)(Figure 8).
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Douglas-fir polymeric procyanidin sulfonate derivatives

Water washing on a Sephadex
LH-20 columniI J,

Fraction Fraction Fraction Fraction Fraction
IV V

I. 1
Fraction Fraction Fraction Fraction

A

I
Compound Compound Compound

(9) (6) (8)

Fraction Fraction Fraction

Compound Compound Compound
(5) (7) (10)

Solvents for isolation of sulfonate derivatives

Compound(6) : 95% ethanol

Compound(7) : 95% ethanol-->aqueous ethanol(8:2 v/v)

Compound(5) : 95% ethanol-->aqueous ethanol(1:1 v/v)

Compound(8) : 95% ethanol-->aqueous ethanol(7:3 v/v)-->
aqueous ethanol(1:1 v/v)

Compound(9) : 95% ethanol-->aqueous ethanol(1:1 v/v)-->
aqueous ethanol(25:75 v/v)

Compound(10): 95% ethanol-->aqueous ethanol(8:2 v/v)-->
aqueous ethanol(7:3 v/v)-->aqueous ethanol
(1:1 v/v)

Figure 7. The flow diagram for the isolation of procyanidin
sulfonate derivatives.
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Figure 8. One dimensional TLC of the isolated procyanidin
sulfonate derivatives.
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The higher Rf value compared to epicatechin(0.34) is a

result of increased water solubility and polarity caused by

the sulfonate group. The Rf, IR, NMR and FAB-MS of the

isolated compound were identical to an authentic sample

isolated by Foo et al(15). The IR spectrum of the sulfonate

showed strong sulfonate absorption at 1150cm-1(60, 70). The

negative ion FAB MS spectrum on the sulfonate is shown in

Figure 13. The molecular weight was defined by strong ion

peaks for [M-Na]- and [M-H]- at m/z 369 and 391(32). The 1H

NMR spectrum(Figure14) showed signals for three protons of

catechol B ring at 6.75 (H-5', J=8.16Hz), -6.83(H-6',

J=1.89, 1.95, and 8.2Hz) and 6.98(H-2', J=1.89Hz). The

proton coupling constants of ortho and meta position in

aromatic ring system are 6-10 and 1-3Hz(19, 48, 63, 66). In

this work, the ortho coupling was 8.2Hz and the meta was

1.89Hz and these result is consistent with the reports. The

H-5' signal appeared at 6.75 shifted more upfield from the

H-2' and H-6' signals due to the shielding effect of the OH-

3' and OH-4' and due to the deshielding influence of C ring

functions on H-2' and H-6'(21). The phloroglucinol A ring

protons showed two doublet signals at 6.01 and 6.03. The

-6.01 and 6.03 corresponded to H-6 and H-8 because the H-6

doublet consistently occurs at higher field than the H-8

due to the shielding effect of the OH-5 and OH-7(21). The

coupling constants of the protons were 2.7Hz and this result

means that they were meta-coupled to each other. In the

heterocyclic ring, the H-2, H-3 and H-4 showed singlet
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signals at -5.43, 4.51 and 4.14, respectively. The H-4

signal shifted downfield by 1.3ppm compared with the proton

of (-)-epicatechin due to the electronegativity of the

sodium sulfonate substituent. These proton signals are very

close to the report of McGraw et al(45) on sodium

epicatechin-(48)-sulfonate. The 13C NMR of the compound is

shown in Figure 16. The C-4 of pyran ring bearing the

sulfonate moiety shifted downfield 33ppm while that of

epicatechin showed a signal at 28.6ppm(20). The C-2 shifted

upfield by 2.6ppm due to the 1,3-diaxial interaction between

the H-2 and the sodium sulfite substituent of C-4(9, 47, 66)

and the C-3 signal showed at 67.56ppm. The C-6, C-8 and C-

4a corresponded to 97.86, 97.24 and 99.30ppm. The resonance

of the C-6 shifted slightly downfield because the C-8 is

observed to be more shielded than C-6(55). The quaternary

carbons attached to oxygen in the A ring could not be

distinguished from one another. The A ring oxygen-bearing

carbon signals were in the region 158-160ppm and those of

the B ring were 145.77 and 145.96ppm. The C-1' of the B

ring showed a signal at 131.87 ppm and the C-2', C-5' and C-

6' corresponded to 115.40, 115.95 and 119.44ppm,

respectively.
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4.2. Sodium epicatechin-(413->8)-epicatechin-(413)-
sulfonate(7)

OH

175

0

HO

307

217 273 329

300

SO3Na

Foo et al(15) have isolated this compound, also called

B2 sulfonate on a Sephadex LH-20 column using 95% ethanol as

a eluting solvent. In the present work, compound (7) was

separated by two sequential solvents, 95% ethanol and

aqueous ethanol (8:2 v/v).

369 r--->3

391

400

Figure 9. FAB-MS spectrum of compound (6).
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Figure 11. 13C NMR spectrum of compound (6).



A visualized single spot on TLC(Figure 8) showed bright

pink and the Rf value was 0.70 and higher than that (0.58)

of procyanidin B2(29, 66) due to increased polarity and

water solubility. An IR band at 1160cm-1 is attributed to

the sulfonate group(60, 70). In the FAB-MS spectrum (Figure

12), two strong molecular weight defining ion peaks

corresponding to [M-Na]- and [M-H]- at m/z 657 and 679 were

observed. A weak peak at m/z 527, [M-H-152]-, is attributed

to a retro-Diels Alder fission of the flavanoid nucleus of

the [M-H]- ion and a medium intensity peak at m/z 369 was

originated from the bottom flavanoid unit bearing the

sulfonate group by cleavage of the carbon-carbon

interflavanoid bond. Karchesy et al(31, 32) have reported

FAB-MS spectra and fragmentation patterns for procyanidin B2

and its sulfonate. Porter(54) also has reported that the

flavanoid compound showed retro-Diels Alder fission in mass

analysis. The IH NMR spectrum of (7)(Figure 13) showed a

broad singlet for aromatic protons of the top and bottom

phloroglucinol A-rings equivalent to three protons at 3.99.

The catechol B-ring protons of the top and bottom unit

showed multiplet signals equivalent to six protons at 6.71-

7.13. The H-4' which is attached to the C-4 bearing the

sulfonate group in the bottom flavanoid unit showed a broad

singlet at -4.23 and was shifted downfield by 1.39ppm

compared to the H-4' of procyanidin B2 due to this

substituent effect. The H-4 of the top flavanoid unit also

showed a broad singlet at '3.95 and shifted downfield by
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1.11ppm compared with the H-4 of epicatechin owing to the

attachment to the lower flavanoid unit. The H-3' and H-3 of

the bottom and top unit showed two signals at 4.63 and

4.69. The H-2' signal of the bottom unit appeared at 5.60

as a broad singlet and the H-2 of the top unit also showed a

broad singlet at -5.03. Most of these 1H NMR signals are

very close to the report of Thompson et al(66) for

procyanidin B2. The 13C NMR signals of B2 sulfonate is

shown in Figure 14. The C-4' attached to the sulfite moiety

showed a signal at 61.88ppm and shifted downfield by

32.78ppm compared with procyanidin B2. The C-4 of the top

unit appeared at 37.26ppm and also was shifted downfield by

8.16ppm compared to the C-4 of epicatechin due to the

substituent effect from the lower flavanoid unit. The C-3'

of the bottom unit and the C-3 of the top unit gave signals

at 67.14 and 73.21ppm, respectively. The C-2' of the bottom

unit showed a signal at 76.62ppm and in the top unit, the C-

2 gave a signal at 77.01ppm. In procyanidin B2, the top C-2

is shifted upfield compared with the lower C-2' due to the

a-gauche effect between the axial H-2 of the top unit and

the bottom flavanoid unit(20, 55). In sulfonate B2, the a-

gauche effect between the axial H-2' and the sulfonate group

at the C-4' in the bottom unit may be greater than that of

the top unit, so the C-2' of the bottom unit is shifted

upfield compared to procyanidin B2. The C-8' of the bottom

phloroglucinol A-ring gave a signal at 108.46ppm and which

is shifted downfield by at least 12.28ppm compared to the
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C-8 of the top unit owing to the electronegativity of the

top flavanoid unit on the C-8'. The bottom unit C-4'a,

C-6', the top unit C-4a, C-6 and C-8 gave signals at 101.71,

98.04, 100.27, 96.39 and 96.20ppm, respectively. The

oxygen-bearing six quarternary carbon signals of the

phloroglucinol A-rings were observed at 157.69-158.65ppm and

could not be distinguished from one another. In the

catechol B-rings, the oxygen-bearing four quarternary

carbons showed multiple signals at 145.51-145.80 ppm and

also could not be identified from one another. The other

quarternary carbons, the C-1" and C-1', gave signals at

131.64 and 132.55ppm. The C-2" and C-2' showed signals at

115.22 and 115.92ppm and the C-5" and C-5' gave one signal

for two carbons at 116.07ppm. The C-6" and C-6' signals

were equal to 119.02 and 119.31ppm. These 13C NMR signals

were very similar to the reports of Foo et al(15) for B2

sulfonate and Porter et al(55) and Harbone et al(20) for

procyanidin B2. Finally, the TLC, IR, NMR and FAB-MS of

this compound were identical to an authentic sample isolated

by Foo et al(15).
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4.3. Sodium 1-(3,4-dihydroxypheny1)-2-hydroxY-3-
(2,4,6-trihydroxypheny1)-propane-l-sulfonate(5)

HO

OH
SO3Na

(5)

The compound also was isolated by Foo et al(15) using a

Sephadex LH-20 column and 95% ethanol as an eluting solvent.

In this study, an aqueous ethanol(1:1 v/v) was used to

purify this compound.

OH

OH OH OH
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Figure 12. FAB-MS spectrum of compound (7).
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Figure 13. 1H NMR spectrum of compound (7).
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A single spot on TLC(Figure 8) showed yellowish pink

after spraying with vanillin-HC1 and the Rf value was 0.82,

slightly higher than that of non-sulfonated diaryl propane

(0.79)(38). The IR spectrum gave a strong absorption at

1151cm-1 which is attributed to the sulfonate substituent

(50, 70). The negative ion FAB-MS spectrum(Figure 15)

showed two strong ion peaks at m/z 371, [M-Na]- and 393,

[M-H]-. This result is the exactly same as the report of

Karchesy et al(32). The IH NMR spectrum of the compound is

shown in Figure 16. A quartet at 2.40-2.46 (J=9.1, 9.3,

14.3Hz) corresponded to one proton of two propyl H-3s and

another quartet at ^2.72-2.76(J=2.1, 2.4, 14.4Hz) was the

other proton of the propyl H-3s. This result is very close

to the report of Laks et al(38) who have isolated the non-

sulfonated diaryl propane. The propyl H-2 attached to

oxygen showed a triple doublet at -4.47-4.53 (J=2.2Hz) and

was shifted downfield by at least 0.42ppm compared with that

of diaryl propane without the sulfite substituent. This

phenomenon could be attributed to the electronegativity of

the sulfite moiety at the propyl C-1. The propyl H-1 showed

a doublet signals at "3.77 and 3.79(J=9.4Hz). This proton

was also shifted downfield by at least 1.02ppm compared with

the compound from Laks et al (38) owing to the electron

donating effect from the sulfite moiety. Two phloroglucinol

A-ring protons(H-3 and H-5) gave a singlet at -5.84 because

these protons are symmetrical each other. In the catechol

B-ring, the H-5 was observed as a doublet at 6.70 and the
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coupling constant was 8.17Hz, a typical aromatic ortho

coupling constant. The H-5 signals shifted upfield from the

H-2 and H-6 due to the shielding effect from the OH-3 and

OH-4. The H-6 was equal,to a quartet at 6.74-6.76(J=1.94,

1.97, 8.16Hz) and the H-2 showed a doublet at -6.91

(J=1.46Hz). These signals on the aromatic protons are very

close to that of sodium epicatechin-(4B)-su1fonate(6) and

the report of McGraw et al (45). The 13C NMR spectrum of the

compound is shown in Figure 17. The propyl C-1 bearing the

sulfite moiety gave a signal at 71.99ppm. This signal was

shifted downfield by 27.29ppm compared with the nonsulfited

diaryl propane(38) due to the substituent effect. The

propyl C-2 showed a signal at 74.49ppm shifted the lower

field than the nonsulfonated diaryl propane and the propyl

C-3 was equal to 29.57ppm. In the comparison with sodium

epicatechin-(43)-sulfonate, the propyl C-1 was shifted the

higher field and the C-2 was shifted lower field. This may

be attributed to the destruction of the more stable pyran

ring on the C-1 and the electronegativity of the sulfite

group and the two aryl rings on the C-2. The phloroglucinol

A-ring has two pairs of symmetrical carbons. The C-2 and C-

6 attached to oxygen showed one signal at 158.28ppm and the

C-3 and C-5 also gave one signal at 96.16ppm. The C-4

attached to oxygen gave a signal at 158.0ppm and a signal of

the C-1 at 105.34ppm was observed. In the catechol B-ring,

the C-1 showed a signal at 128.02ppm and shifted the higher

field by 3.85ppm than the epicatechin sulfonate due to the
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shielding effect of the propyl C-2 sulfonate group. The C-6

was shifted downfield by 3.68ppm as 123.12ppm compared with

epicatechin sulfonate. This fact may be originated from the

disappearance of the shielding effect from the heterocyclic

ring on the C-6. The resonance of the C-2 and C-5 were

115.94ppm and 118.32ppm, respectively. The quarternary

carbons, the C-3 and C-4, attached to oxygen in the catechol

ring gave signals at 145.80ppm and 145.59ppm and could not

be distinguished from one another. This 13C NMR spectrum is

very similar to the reports of Foo et al(15) and Laks et

al(38). As a result of the above data, this compound was

identified as sodium 1-(3,4-dihydroxy- pheny1)-2-hydroxy-3-

(2,4,6-trihydroxyphenyl) -propane-l-sulfonate.

4.4. Disodium epicatechin-(43,5')-disulfonate(8)

OH

HO

SO Na
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Figure 15. FAB-MS spectrum of compound (5)
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In the present work, disodium epicatechin-(413,5')-

disulfonate(8), a new compound, was isolated from the

reaction mixture of sulfonates. This reaction mixture

derived from Douglas-fir procyanidins was applied to a

column of Sephadex LH-20 and three different solvents were

sequentially used to separate this compound : 95 % ethanol

-->aqueous ethanol(7:3 v/v)-->aqueous ethanol (1:1 v/v).

A single spot on TLC(Figure 8) was light pink

(vanillin-HC1) and the Rf value was much higher (0.85) than

that of epicatechin sulfonate(0.77) because of increased of

polarity and water solubility due to the two ionic sodium

sulfonate moieties. An IR band at 1160cm-1 is attributed to

the sulfonate groups (60, 70). In the negative ion FAB-MS

spectrum, signals for [M-Na]- at m/z 471 and [M-H]- at m/z

493(Figure 18) were observed. The IH NMR spectrum(Figure

19) showed two doublets at -7.07 (H-6', J=1.87Hz) and

7.39(H-2', J=1.85Hz) in the region of the catechol B ring

protons. These two protons are meta to each other as

indicated by the small coupling constant (<2Hz). The H-2'

is lower field than the H-6' due to the shielding effect on

the H-6' by the sodium sulfite substituent attached to C-5'.

The B ring proton signals are shifted downfield by 0.24ppm

(H-6') and 0.41ppm(H-2') compared with the protons of sodium

epicatechin-(48)-sulfonate owing to the electronegativity of

the 5'-sodium sulfite moiety. Signals for the two A ring

protons were observed as two doublets at '6.02(H-6,

J=2.15Hz) and 6.05 (H-8, J= 2.70Hz). The small coupling



constants again showed two protons to be meta-coupled each

other. In the heterocyclic C ring, the H-2, H-3 and H-4

signals were observed at :5.46, 4.54 and 4.16, respectively.

These proton signals are very similar to the assignments

made by McGraw et al (45). The 13C NMR spectrum is shown in

Figure 20. The C-4(61.35ppm) holding the sodium sulfite

group showed a signal shifted down field compared with the

C-4 of epicatechin(28.6ppm). The C-2 and C-3 signals were

observed at 76.12 and 67.29ppm. The C-2 was also shifted

upfield by 2.26ppm due to the 7-gauche effect from the C-4

sodium sulfite group(9, 47, 66). The C-6, C-8 and C-4a of A

ring showed signals at 97.75, 97.20 and 99.37ppm,

respectively. The three quarternary carbons linked with

oxygen in the A ring were in the region 157.87-159.71ppm.

The chemical environment of the catechol B ring was very

much changed because of the substitution with the sodium

sulfite molecule at the C-5'. The C-5' at 115.95ppm is

shifted downfield by 13.57ppm due to its bonding with the

sulfite group. Signals for C-3' and C-4', the quarternary

carbons attached to oxygen, were observed at 146.60 and

142.85ppm. The C-3' signal was shifted the lower field than

the C-4'. This may be attributed to the steric effect(42)

or the shielding effect(63) on the C-4' of the adjacent

sulfite substituent. The C-3' signal was shifted also

downfield by at least 0.64ppm compare with C-3' in an

unsubstituted B ring and this fact means that the

electronegativity effect from the sodium sulfite group on
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the C-3' may be greater than the steric or the shielding

effect. The C-2' and C-6' signals were observed at 117.29

and 117.40ppm and could not be distinguished from one

another. But the C-2' signal was shifted downfield by at

least 1.89ppm and the C-6' signal was shifted upfield by at

least 2.04ppm compare with those of an unsubstituted B ring.

These facts may be due to the paramagnetic effect (19) of

the sulfite substituent. The C-1' of the B ring showed a

signal at 131.14ppm. Consequently, the compound was

identified as sodium epicatechin-(48,5')-disulfonate.

The formation of this compound is likely to proceed

through both radical reaction of the 4'-hydroxyl group of B

ring and the formation of quinone methide intermediate of A

ring. Kennedy et al(34) have suggested that the

epimerization of catechin or epicatechin at C-2, and the

formation of catechinic acid in basic solution, may proceed

through a radical rather than ionic mechanism on contrast to

earlier results and Watanabe et al(68) also have reported

that in radical sulfonation of lignin, the reaction was

conducted basically by a combination of a sulfite-ion

radical and a lignin radical formed by the reaction of an

oxiding agent-sulfite ion-lignin system. The proposed

reaction scheme is shown in Figure 21.
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4.5. Sodium 2,3-cis-3,4-trans-8,9-cis-9,10-cis-2,10-
(3,4-dihydroxydipheny1)-8-(2,4,6-trihydroxy-
pheny1)-3,4,9,10-tetrahydro-2H,8H-pyrano[2,3-h]
chromene-(4B)-sulfonate(9)

SO3Na

In this work, the new compound (9) was isolated from

the reaction mixture of Douglas-fir procyanidin sulfonates.

This reaction mixture was washed on a Sephadex LH-20 column

with 95% ethanol and aqueous ethanol. Four different

solvents were sequentially used to get this compound : 95%

ethanol-->aqueous ethanol (7:3 v/v)-->aqueous ethanol (1:1

v/v)-->aqueous ethanol(25:75 v/v).

A single spot on TLC(Figure 8) was light pink with

vanillin-HC1 and the Rf value was 0.69, the same as that of

B4 sulfonate. The IR spectrum also showed a strong

absorption at 1159cm-1 attributed to the sulfonate group(60,

OH

(9)
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70). The negative ion FAB-MS spectrum is shown in Figure

22. Two strong molecular ion peaks corresponding to [M-H]-

and [M-Na]- at m/z 678.9 and 656.9 were observed.

Deconvolution of the molecular anion cluster reveals

contributions from [M] , [M+H] , [M+H-Na] and [M+2H-Na]

(Figure 23). The occurrence of one-electron or radical

reduction, [M]- and [M+H] , has already been proposed in

previous negative ion FAB-MS analyses. Brereton et al(3)

had reported the occurrence of [M]- in the chlorophyll

analysis and Griffin et al(18) also reported the formation

of radical anion during the analysis of oligodeoxy-

nucleotide carbamate and N-methyl carbamate analogs.

Laramde et al(40) suggested the evidence for radical anion

formation during ionization of DNA. In addition to these

reports, there are several results on the formation of

radical anion during FAB-MS analysis(6, 7, 43). Laramde et

al(40) have reported that the electron affinity of the

matrix appears to be a dominant factor in the formation of

radical anion and electron affinity measurements have not

been made for the common FAB MS matrices.

The IH NMR spectrum of this compound is shown in Figure

24. The catechol ring protons equivalent to six showed

multiple signals at -6.05-6.69. In the catechol B ring, the

H-6 showed a quartet signals at -6.43-6.46(J=2.00, 2.01 and

8.14Hz) and was shifted downfield compared with that of the

catechol E ring due to the disappearance of shielding effect

from the etherocyclic pyran ring. The coupling constants of
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this proton was well matched for meta coupling to the 11-2

and ortho coupling to the H-5. The H-2 showed signals at

'6.60-6.62 and could not be distinguished from the 11-2' of

the catechol E ring. The H-5 signals appeared as a doublet

at -6.67 and 6.69(J=8.15Hz) and the coupling constant

indicated it was ortho to the 11-6. In the catechol E ring,

the 11-6' showed multiplet signals at -6.05-6.07(J=1.79, 1.85

and 8.33Hz)and they were shifted higher field than that of

catechol B ring because the pyran ring still caused a

shielding effect on this proton. The 11-2' gave signals at

-6.60-6.62 like that of the B ring and the H-5' also showed

signals at "6.67 and 6.69. The three phloroglucinol A ring

and D ring protons gave two signals at -5.92 and 6.08. Two

protons, the 11-3 and 11-5, of the phloroglucinol A ring

exhibited a singlet at '5.92 because these protons are

symmetrical to each other. The chemical shift of these

protons was of higher field than the 11-6 of the D ring due

to the steric effect from the hydroxyl groups at the C-2,

C-4 and C-6. The H-6 of the D ring gave a signal at -6.08.

The 11-9 bearing the hydroxyl group gave a doublet signal at

-4.33. The 11-10 also showed a doublet signal at -4.16 and

shifted downfield by about 1.37ppm compared with the H-3 of

diaryl propane(38) due to the electronegativity of the

substituents attached to the C-10. The 11-8 showed a signal

at -5.68 and was also shifted downfield by 2.93ppm due to

the electronegativity of the ether substituent at the C-8.

The heterocyclic pyran F ring protons gave singlet signals
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at -5.34 (H-2), 4.43(H-3) and 4.11(H-4). These proton

signals of the pyran ring are quite similar to the report of

McGraw et al(45) for sodium epicatechin-(413)-sulfonate. The

13C NMR signals are shown in Figure 25. In the top unit,

the phloroglucinol A ring gave six separated signals. The

C-2 and C-6 showed two signals in the region of 155.24-

159.47ppm and the C-3 and C-5 also gave two signals at 95.35

and 96.77ppm and could not be distinguished from one

another. An oxygen-bearing quarternary carbon, the C-4,

showed a signal in the region of 155.24-159.47ppm. The C-1,

a quarternary carbon, gave a signal at 106.33ppm and shifted

downfield by about 1.00ppm due to the electron donating

effect of the ether group at the C-8. The catechol B ring

of the top unit showed two signals for the oxygen-bearing

quarternary carbons, the C-3 and C-4, at 144.38-145.86ppm.

Another quarternary carbon, the C-1, gave a signal at

136.42ppm and shifted the lower field by at least 4.55ppm

due to the lose of shielding effect from the heterocyclic

pyran ring. The C-6 was also shifted downfield by 1.6ppm as

121.05ppm due to the same effect as on the C-1. The C-2 and

C-5 gave signals at 113.64-116.87ppm. The C-10 showed a

signal at 45.53ppm and shifted downfield by 11.43ppm due to

the electronegativity of the bottom epicatechin substituent.

The C-9 bearing hydroxyl group appeared at 74.11ppm and the

C-8 bonded with the ether group shifted the lower field by

about 37.05ppm as 70.63ppm compared with the C-3 of diaryl

propane due to the deshielding effect of the ether group.
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In the bottom unit, the heterocyclic F ring showed signals

at 61.69(C-4), 67.46(C-3) and 76.63(C-2)ppm and the D ring

gave signals for three oxygen-bearing carbons, the C-5, C-6a

and C-10b, at 115.24-159.47ppm. The C-6 and C-4a showed

signals at 100.96 and 98.0ppm. The C-10a gave a signal at

102.22ppm and shifted upfield by about 6.08ppm compared with

the C-8 of B2 or B4 sulfonate. This fact could be due to

the shielding effect of the catechol B ring attached to the

C-10. The C-1' of the catechol E ring gave a signal at

131.11ppm and the oxygen bearing carbons, the C-3' and C-4',

showed signals at 144.38-145.86ppm. The C-2', C-5' and C-6'

signals appeared at 113.64-118.84ppm. Most carbon signals

of the bottom unit are very similar to those of sodium

epicatechin-(48)-sulfonate. The COSY(Figure 26) gave an

evidence that the H-9 and H-10 is coupled each other

including the couplings between the aromatic ring protons

and the HETCOR(Figure 27) is quite well matched with the

structure of this compound.

The formation of this compound may proceed through the

heterocyclic pyran ring opening of the top unit and then

1,3-flavanyl migration of the bottom epicatechin unit.

Ferreira et al(8) have suggested that the (-)-fisetinidol-

(+)-catechin gave the fisetinidol's pyran ring opened

product in basic reaction condition and this ring opened

compound may be rearranged by the 1,3-migration of the

catechin unit. The proposed reaction scheme is shown in

Figure 28.

83



100_

656.9

642.9 1

578.9
0 1-764410g0411110"VAOA40".e...vhillIV.,vaito.ly...i,u11)111t01.14

1111111111,4411 I 41110141.1ykiiiiisilisly.ty .i.y1x1 4.1.y. raid.?

550 600 650 700 750

Figure 22. FAB-MS spectrum of compound (9).
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Figure 24. 1H NMR spectrum of compound (9).
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4.6. Sodium catechin-(4=,->8)-epicatechin-(4B)-
sulfonate(10)

SO3Na

In the present work, a new compound(10), also called B4

sulfonate, was isolated from the reaction mixture of

sulfonated Douglas-fir procyanidins. This reaction mixture

was chromatographed on a Sephadex LH-20 column and four

different solvents were sequentially applied to isolate this

compound : 95% ethanol-->aqueous ethanol(7:3 v/v)-->aqueous

ethanol(1:1 v/v)-->aqueous ethanol(25:75 v/v).

The visualized single spot on TLC(Figure 8) was dark

pink(vanillin-HC1) and the Rf value was higher(0.69) than

that of B4 procyanidin(0.50) because of increased water

solubility and polarity. An IR band at 1163cm-1 is

originated from the sulfonate moiety(60, 70). The negative

ion FAB-MS spectrum is shown in Figure 29. Two strong

molecular ion peaks corresponding to [M+H-Na]- and [M] at

( 1 0 )
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m/z 658 and 680 were observed. A weak peak at m/z 528,

[M+H-152]-, was attributed to a retro-Diels Alder fission of

the flavanoid nucleus of the [M]- ion and another weak peak

at m/z 369 was originated from the bottom flavanoid unit

bearing the sulfonate moiety by cleavage of the carbon-

carbon interflavanoid bond. Figure 30 reveals the formation

of molecular anion cluster contributions from [M-H-Na]-,

[M+H-Na]-, [M+2H-Na]-, [M-H]-, [M]- and [M+H]-. This

compound also formed the molecular anion cluster presumably

due to the electron affinity of matrix as in the mass

spectrometry of compound (9). The fragmentation patterns of

B4 sulfonate was very similar to the report of Karchesy et

al(32) for B2 sulfonate. The IH and 13C NMR spectra of

compound (10) showed atropisomerism with consequential

multiplicity of signals. This situation is characteristic

where a 2,3-trans procyanidin unit carries the appending

lower flavanoid unit in the pseudo-equatorial orientation.

This results in a steric barrier to rotation about the

interflavanoid bond(9, 17, 23). The rotamer population

found for compound (10) was about 1:1.

The 1H NMR spectrum of this compound is shown in Figure

31. The H-4' which is on the same carbon as the sodium

sulfonate moiety gave two singlet peaks at -4.13 and 4.22.

The resonance of '4.22 signal was the same as that of B2

sulfonate and the chemical shift of -4.13 signal was

attributed to the rotamer. The H-3' showed two signals at

-4.60 and 4.61. The H-2' had two singlet peaks at -5.10 and
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4.92. The H-4 of the top catechin unit gave two singlet

signals at 24.34 and 4.37. The H-2 showed two peaks at

-4.69 and 4.71 and the H-3 gave very complex peaks at -4.55-

4.59 and the coupling constants among the protons of top

catechin unit could not be calculated due to the complexity

of the signals. In the phloroglucinol rings, the H-6', H-6

and H-8 showed six signals for three protons at 5.58-6.15.

The peaks between -5.58-5.72 could be due to the rotamer as

-5.58 from the H-6' and 75.66(d, J=1.56Hz) and -5.72(d,

J=1.45Hz) from the H-6 and/or H-8. The H-6' gave another

signal at T5.87 and the H-6 and H-8 showed two singlet

signals at 26.03 and 6.15, but these two signals could not

be distinguished from one another. The catechol ring

protons equivalent to six showed multiplet signals at -6.72-

7.10. These proton signals were quite similar to the report

of Thompson et al(66) for the procyanidin B4.

The 13C NMR(Figure 32) spectrum of B4 sulfonate was

quite well matched with the report made by Foo and Karchesy

(13) for procyanidin B4 except for the shift of C-4'. The

C-4 gave two signals at 38.87(rotamer) and 39.35ppm. The C-

4' showed signals at 61.74(rotamer) and 62.06ppm. The C-3'

and C-3 had four signals at 66.98(rotamer), 67.38,

72.81(rotamer) and 73.07 ppm respectively. The C-2' and C-2

also gave four peaks at 76.21(rotamer), 76.96, 83.85

(rotamer) and 83.98ppm respectively. The C-2' shifted

downfield by at least 3ppm compared with the report of Foo

and Karchesy(13) due to the --gauch effect between the H-2'
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and the sulfonate group of the C-4'. The five carbons of

the phloroglucinol rings, the C-4'a, C-6', C-6, C-4a, C-6

and C-8, showed multiplet signals at 96.43-100.18ppm and

could not be distinguished from one another. The C-8' of

the bottom epicatechin unit gave two signals at 107.21

(rotamer) and 109.42ppm. In general, the C-8' which is

attached to the extending flavanoid unit shifts downfield by

about 8ppm compared with that of (-)-epicatechin or (+)-

catechin and the C-8' of this compound also showed typical

phenomenon. In the catechol rings, the C-1" and C-1' gave

three signals for two carbons at 131.51-132.47ppm and could

not be distinguished from one another. The six carbons

which are C-2", C-5", C-6", C-2', C-5' and C-6' showed

ten signals at 114.87-121.10ppm. The C-6" and C-6' gave

four signals at 119.70-121.10ppm and could not be identified

from one another. Generally the C-2" or C-2' and C-5" or

C-5' of the catechol rings give the upfield shifted signals

compared with the C-6" or C-6' due to the shielding effect

on these carbons from the adjacent hydroxyl groups. But

these carbons could not be distinguished from one another in

this spectrum. The carbons bearing the hydroxyl groups in

the catechol rings showed multiplet signals at 145.41-

146.26ppm and could not be separated each other. In the

phloroglucinol rings, the oxygen-bearing carbons gave

complex signals at 155.76-158.37ppm.
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Confirmation of the structure as sodium catechin-(4-->

8)-epicatechin-(48)-sulfonate(10) was obtained by the acid

catalyzed cleavage with excess phloroglucinol. Catechin-(4a

->1) -phloroglucinol and sodium epicatechin-(48)-sulfonate

were the two major reaction products. Figure 33 showed the

same Rf values on two dimensional TLC as those of authentic

sodium epicatechin-(48)-sulfonate(spot 1). Spot 2 was

identical to the catechin-(4a->1)-phlorog1ucinol isolated by

Foo and Karchesy(13). This fact means that the reaction

broke the interflavanoid carbon-carbon bond between (+)-

catechin and sodium epicatechin-(48)-sulfonate in an acid

catalyzed reaction and the C-4 carbonium ion or quinone

methide of the upper unit reacted with phloroglucinol to

give catechin-(4a->1)-phloroglucinol. The lower flavanoid

unit was liberated as sodium epicatechin-(4B)-sulfonate.

Trace amount of several spots such as unreacted B4

sulfonate(spot 3) and two unknown compounds(spot 5 and 6)

were also observed. Unreacted phloroglucinol is observed as

spot 4.

4.7. Sodium 1-(3,4-dihydroxypheny1)-2-hydroxy-3-
(2,4,6-trihydroxypheny1)-propane-l-sulfonate(5)
from (-)-epicatechin and (+)-catechin

The purpose of this work was to isolate the

diastereomeric diaryl propane compounds from the reaction of

(-)-epicatechin and (+)-catechin with sodium bisulfite. In



the stereochemical point of view, (-)-epicatechin sulfonate

gives two stereoisomeric diaryl propane compounds, (11) and

(12), after the heterocyclic ring opening with sodium

hydrogen sulfite and (+)-catechin sulfonate also gives two

different stereoisomers from (-)-epicatechin sulfonate, (13)

and (14). Compound (11) is an enantiomer of (14) and

compounds (12) and (13) represent a second pair of

enantiomers. Compound (11) is a diastereomer of (13), and

similarly (12). Like (11), compound (14) is a diastereomer

of (12) and (13)(47). In normal NMR spectra, enantiomers

will have equivalent chemical shifts while diastereomers may

OH
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and usually have different chemical shifts(48). In the

present work, (-)-epicatechin and (+)-catechin sulfonates

were found to give exactly the same product composition of

diaryl propane sulfonates as judged from the 13C NMR

spectra(Figure 34 and 35). In spite of repeated attempts by

chromatography over Sephadex LH-20, these two isomers could

not be separated. The yield of diaryl propane sulfonate

from (-)-epicatechin and (+)-catechin sulfonate was 33% in

both cases.

Jacques and Haslam(29) have reported an unsubstituted

diaryl propane compound without a complete description of

its NMR spectra. Laks and Hemingway(38) also have isolated

the same compound and have identified the structure by its

13C and 1H NMR spectra, but without a complete stereo-

chemical characterization. The structure determination of

the diaryl propane sulfonate using its 13C NMR spectrum was

made by Foo et al(15), but they also did not give the

stereochemistry of the compound not mention isomer peaks.

One is not able to assign the exact structures(11, 12,

13, 14) to the major product formed in this reaction on the

basis of the data in hand. However, because the same major

product is obtained from both (+)-catechin and (-)-

epicatechin, one can conclude that pyran ring opening via a

quinone methide mechanism likely precedes SN1 attack by the

sulfite ion on the C-2 carbon. Both (+)-catechin and (-)-

epicatechin would form this common intermediate(an

enantiomeric pair).
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Figure 33. Two dimensional TLC for the partially cleaved
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Figure 34. 13C NMR spectrum of compound (5) from
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5. Gel permeation chromatography(GPC)

The purpose of this work was to obtain the molecular

weight profiles of procyanidin polymers by GPC using THF and

DMF as eluting solvents, to compare the GPC results from DMF

solvent with the result from THF and to try a new method for

the estimation of the molecular weight profile of

procyanidin polymers and sulfonation products without

derivatization such as acetylation or methylation.

Physical characteristics of flavanoids, such as

volatility, solubility and ease of crystallization may be

altered considerably by derivatives formation. Derivatives

are also often required for analytical purposes, for

spectroscopic studies and occasionally for the conversion of

one flavonoid to another(44). In this study, the

acetylation was used to increase the solubility of

procyanidin polymers when THF is used as eluting solvent in

GPC analyses.

Many naturally occurring polymers consist of molecules

with different molecular weights and are said to be

polydisperse. Since typical small molecules and large

molecules with molecular weights less than a critical

value(Z) required for chain entanglement are weak and are

readily attacked by appropriate reactants, it is apparent

that these properties are related to molecular weight. The

number average molecular weight(RE) value is the number of

molecules that are present in a given weight of sample and
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is calculated by dividing the sum of the individual

molecular weight values by the number of molecules. The Mn

values are highly sensitive to small molecules present in

the mixture. Therefore, this value is used to calculate the

average molecular weight of a polymers. The weight average

molecular weight(w) value is determined from experiments in

which each molecules or chain makes a contribution to the

measured result and is dependent on the total number of

particles (62)

Both Mn and Mw values were reported in this research,

as well as dispersity which is HW/Rh.

5.1. GPC analysis of acetylated procyanidin polymers

The number average molecular weight(Rn) and the weight

average molecular weight(MW) of procyanidin peracetates

(Figure 36) were 2000 and 3172 respectively. The Yin value

means that the procyanidin peracetates consisted of the

molecular weight of tetramer and that the highest molecular

weight of the polymers was hexamer(molecular weight of

monomeric unit is 500). The polydispersity index was 1.56.

Figure 37 showed the molecular weight distribution curve of

the procyanidin peracetate which most of molecules have the

molecular weight in the range of 2000-4000.

Polystyrene calibration standards are useful for the

estimation of apparent molecular weights of polymers whose
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structures are not known or where standards with the

appropriate structures are not available.

In the present work, both polystyrene standards and

acetylated procyanidin oligomers were used to calibrate the

GPC system. A system calibrated with polystyrene standards

did not however give the same molecular weight data for

acetylated procyanidin polymers as did the same system

calibrated with oligomeric procyanidin.acetates. The reason

is apparent when one compares the calibration curve for

polystyrene against the curve for procyanidin oligomers

peracetates(Figure 38). Therefore polystyrene standards may

not correctly estimate molecular weight of polymeric

procyanidin acetates. This finding explains the

discrepancies observed when comparing the molecular weights

of tannins that have been done as acetates(with polystyrene

calibration) and as free phenols(with phenol calibration).

This situation points out dramatically that GPC is an

indirect method of molecular weight analysis and its

accuracy depends on the structural similarity of the

standards and compounds analyzed.

5.2. GPC analysis of underivatized procyanidin
polymers

The number average molecular weight(Mn) and the weight

average molecular weight(WW) of the procyanidin polymers

(Figure 39) were 1604 and 2706. In this result, The Mn
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value was equivalent to the molecular weight of pentamer to

hexamer(molecular weight of monomeric unit is 290) and the

Mw was equal to nine to ten monomeric units. The

polydispersity index was 1.68. Figure 40 represented that

the molecular weight profile of the procyanidin polymers had

the range of 2000-5000.

This GPC system consisted of two Polymer Labs PLgel 5 m

columns(100 and 103A) and used a DMF solvent at 50C for

elution. Calibration was accomplished with authentic

procyanidin oligomers. This result demonstrated for the

first time that polymer procyanidins can be analyzed by GPC

in their free phenolic form. This means that GPC analyses

can be carried out much faster than before and losses due to

derivatization can be avoided.
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Figure 36. GPC chromatogram of procyanidin peracetates.
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SUMMARY AND CONCLUSIONS

The condensed tannins of Douglas-fir inner bark were

isolated by methanol extraction and then purified by

chromatography over Sephadex LH-20 using methanol-water

(1:1 v/v) to remove carbohydrates, lower molecular

weight phenols and glycosides. The purified tannin was

eluted with acetone-water(7:3 v/v). This tannin was

used in the studies described below and was

characterized as a homogeneous polymeric procyanidin by

13C NMR, IR and 2-D TLC. This polymer had an Mn of 1604

and Trw of 2706 and dispersity of 1.68. This means it

had a chain length of about five to six units on the

average. Extending units were mostly (-)-epicatechin,

but some (+)-catechin extending units were also evident.

Terminal units were mixed (+)-catechin and (-)-

epicatechin monomers.

Reaction of the polymeric procyanidin with aqueous

sodium hydrogen sulfite (PH 4.7) was studied as a

function of time by GPC analyses. Monomeric and dimeric

procyanidin sulfonate derivatives were rapidly formed.

However, their yield was not significantly increased

with longer reaction times. Significant amounts of

oligomeric materials remained suggesting that reactions

of the sulfite group with the procyanidins at sites
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other than those causing interflavanoid bond cleavage

were occurring. Further these other reactions were

apparently competing with and blocking further

depolymerization of the polymeric procyanidins to

monomeric sulfonate derivatives.

3. Reaction products from the sulfonation reaction were

isolated and structurally elucidated by use of IH and

13C NMR, IR and FAB Mass spectrometry. Isolation and

purification involved the use of repeated column

chromatography over Sephadex LH-20 with ethanol and

various ethanol-water(8:2, 7:3, 1:1 and 25:75 v/v)

compositions as the eluting solvents. Progress of

separations was monitored by cellulose TLC. The

compounds identified were sodium epicatechin-(48)-

sulfonate(6), sodium epicatechin-(413->8)-epicatechin-

(43)-sulfonate(7), sodium 1-(3,4-dihydroxypheny1)-

2-hydroxy-3-(2,4,6-trihydroxypheny1)-propane-l-sulfonate

(5), disodium epicatechin-(43,5')-disulfonate(8),

sodium 2,3-cis-3,4-trans-8,9-cis-9,10-cis-2,10-(3,4-di-

hydroxydipheny1)-8-(2,4,6-trihydroxypheny1)-3,4,9,10-

tetrahydro-2H,8H-pyrano[2,3-h]chromene-413-sulfonate(9)

and sodium catechin-(4a->8)-epicatechin-(4B)-sulfonate

(10).

Compounds, (6), (7) and (5), have been previously

reported from the sulfonation of southern pine tannins

(15). These compounds result from cleavage of the

interflavanoid bond and attack of the sulfite ion at the
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C-4 of the upper flavan unit. Unsulfonated terminal

units which are released during interflavanoid bond

cleavage then undergo an opening of the pyran C ring

with subsequent attack at C-2 to give (5).

Compounds (8), (9) and (10) are new and novel

structures that have not previously been reported in the

literature. Compound (8) is the first example of

electrophilic substitution of procyanidins under such

mild sulfonation conditions. A mechanism which involves

the formation of a quinone methide intermediate of the

catechol B ring is proposed. Compound (9) is of special

interest because it may explain in part why the

polymeric procyanidins are not completely depolymerized

by sulfite ion under the conditions explained in this

research. Compound (9) is a functionalized chromene

similar(but without the sulfonate group) to those found

in nature and to the demonstrated rearrangement products

of profisetinidins which have been termed

"phlobatannins" by the South African group(64, 65, 71).

Compound (9) is the first demonstrated occurrence of the

"phlobatannin" rearrangement in procyanidins, ie 1,3-

intramolecular flavanyl shift(8). The occurrence of

this rearrangement obviously blocks cleavage of the

interflavanoid bond. It is proposed that this and

perhaps similar rearrangements are leading to sulfonated

procyanidin oligomers which are unreactive to further

depolymerization.
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The reaction of (+)-catechin and (-)-epicatechin with

sodium hydrogen sulfite gave the same ratio of pyran

ring opened C-2 sulfonate isomers. This result supports

the proposal that sulfonation at C-2 proceeds via an

SN1 mechanisms of attack by the sulfite ion on an

quinone methide intermediate of catechol B ring.

It was found that commonly used polystyrene standards

are not an accurate calibration for GPC analyses of

procyanidin oligomer acetates. It was also found that

GPC analyses of procyanidins in their free phenolic form

can be quite satisfactorily accomplished with a DMF

solvent system using polystyrene divinylbenzene

copolymer(PLgel) columns. Calibration of the system was

accomplished with procyanidin oligomers. Because the

polymers do not need to be derivatized, the technique

offers a rapid method of determining molecular weight

and also to follow the progress of isolations from large

preparative columns.
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