THE ANALYSIS OF NATURAL AND SULFITED
COMMERCIAL QUEBRACHO (SCHINOPSIS
LORENTZII) AND ACACIA (ACACIA MEARNSII)
PROATHOCYANIDIN EXTRACTS WITH
ELECTROSPRAY IONISATION MASS
SPECTROMETRY

A thesis submitted to meet the requirements for the degree

PHILOSOPHIAE DOCTOR

in the

Department of Chemistry
Faculty of Natural and Agricultural Sciences

at the

University of the Free State
Bloemfontein

by
MARYAM AMRA JORDAAN

Promoter

Prof. J.H. van der Westhuizen

January 2013



ACKNOWLEDGEMENTS

I would like to thank the almighty "ALLAH" (GOD) for the strength and perseverance that

he has given me to complete this study.

Prof. J.H. van der Westhuizen as supervisor and mentor for the invaluable assistance and
guidance that he has given me in achieving and overcoming all obstacles in the quest for
education;

Dr. S.L. Bonnet for her professional research guidance;

| wish to express my sincere gratitude to the following people:

My husband Yasar and daughters Aminah and Aatikah and my son Umar for their support,

patience and love during difficult circumstances;

Prof. N. Heideman for incomparable assistance, guidance, encouragement and financial

support that he has given me;

Prof. A. Roodt for valuable assistance, guidance and financial support that he has given me;

The NRF, THRIP, UFS for financial support, especially "GOOT" who assist the previously

disadvantaged people in achieving their goals;

To my mother and father as well as the rest of the Jordaan family for their encouragement;

To the Amra, Ibrahim, Dada and Docrat families for their support;

To my fellow colleagues at the Bloemfontein and Qwaqwa campuses and postgraduate

students in the Chemistry department for their advice and assistance.

Maryam Amra Jordaan



Table of Contents

Abbreviations
Summary
Opsomming
1. Chapter 1
2.1. Chapter 2: Introduction to Vegetable Tannins
2.2. Classification of Proanthocyanindins
2.2.1. A-Type Proanthocyanidins
2.2.2. B-Type Proanthocyanidins
2.2.3. C-Type Proanthocyanidins
2.2.4. 5-Deoxyproanthocyanidins
2.2.5. Bi- and tri-flavonoids
2.3.  Hydrolysable Tannins
2.4. Analysis of Proanthocyanidins
2.4.1. Colorimetric Assays for Total Phenolics
24.1.1. Measurement of the Total Phenol Content
2.4.1.1.1. Prussian Blue Assay
2.4.1.1.2. The Folin-Ciocalteau Assay
2.4.2. Acid-Butanol Colorimetric Assay
2.4.3. Vanillin Assay
2.4.4. Precipitation Methods

2.4.4.1. Protein precipitation assays

12

18

22

23

24

25

26

27

27

29

30

30

30

32

33

33



2.5.

2.4.4.2. Polyvinylpyrrolidone Precipitation Method
2.4.43. Lead Acetate Method
2.4.4.4. Formaldehyde Method
2.4.5. Depolymerisation
245.1. Colorimetry
2.4.5.2. Thiolysis and Phloroglucinolysis

2.4.6. Chromatographic Separation Techniques

2.4.6.1. Paper Chromatography

2.4.6.2. Conventional Phase TLC and HPLC
2.4.6.3. Size Exclusion Chromatography
2.4.6.4. Countercurrent Chromatography
2.4.6.5. Reversed Phase Chromatography

2.4.7. NMR Methods
2.4.7.1. Liquid State NMR Analysis of PAC Mixtures
2.4.7.2. Solid-State NMR Analysis of PAC mixtures

2.4.8. Mass Spectrometry (MS)

Industrial Applications of PACs

2.5.1. Leather Tanning

2.5.2. Adhesive Manufacturing

2.5.3. Dyes

2.5.4. Mineral Flotation Agents (Coagulants and flocctgan

2.5.5. Corrosion Inhibitors

34

34

35

36

37

38

40

40

41

41

41

42

42

42

43

44

60

61

63

64

64

66



2.5.6. Fluidifying and Superplasticizing Additives 67

2.5.7. Food and Beverage Industry 67

2.5.8. Medicinal and Pharmaceutical Application 70

2.5.9. Biological Functions of Tannins 70
2.6. References 72

3. Chapter 3: Analysis of Commercial Proanthocyanidins Part 2: An

Electrospray Mass Spectrometry Investigation into he Chemical Composition 85
of Sulfited Quebracho Schinopsislorentzii and Schinopsis balansae)
3.1. Introduction 85
3.2.  Results and Discussion 93
3.2.1. ESI-MS Investigation of Sulfited Quebracho Extract 95
3.2.2. MS? Investigation of the m/z 353, 435, 643, and 91&io 100
3.2.3. Chromatography of Sulfited Quebracho Extract 109
3.3.  Conclusion 116
3.4. Experimental 116
3.5. References 118
4. Chapter 4: Analysis of Commercial Proanthocyanidins Part 3: The Chemical 193

Composition of Wattle (Acacia mearnsii) bark extract



4.1.

4.2.

4.3.

4.4,

4.5.

Introduction

Results and Discussion

4.2.1. Q1 Scan of Mimosa Bark Extract

4.2.2. ldentification of PAC Monomers with Product longbs
4.2.3. Precursor lon Scans of Monomers and Monomer Fratgme
4.2.4. Fragmentation of Dimers and Higher Oligomers
4.2.5. Wattle PAC Dimers

4.2.6. Wattle PAC Trimers

4.2.7. Tetramer and Pentamer Oligomers

Conclusion

Experimental

References

123

134

135

139

146

150

151

157

166

177

178

180



Abbreviations

AOAC: Association of Official Agricultural Chemists

aDP: Average Degree of Polymerisation

DP: Degree of Polymerisation

DP.: Number average degree of polymerisation

CCC: Craig Counter current Chromatography

CP-MAS NMR: Cross Polarisation-Magic Angle Spinnidgclear Magnetic Resonance
ESI: Electrospray lonisation

EU REACH: European Union, Registration, Evaluatidathorisation and Restriction of
Chemical substances

HPLC: High Performance Liquid Chromatography

MALDI-TOF: Matrix-Assisted Laser Desorption lonizat-Time of Flight
MS: Mass Spectrometry

NMR: Nuclear Magnetic Resonance

PAC: Proanthocyanidins




Summary

Quebracho $chinopsis lorentziiand Schinopsis balansaeheartwood and black wattle
(Acacia mearns)i bark extracts are important renewable industredurces of
proanthocyanidins (PACs). These extracts are usedstrially in leather tanning and
adhesive manufacturing. These applications arevelbfirom their chemical properties. The
poly hydroxy groups of PACs complex with proteina hydrogen bonds and thus transforms
raw skin into leather. The phloroglucinol or resoot type A-rings are nucleophilic and
polymerise with aldehydes to form natural adhesiVégortho hydroxy group on the B-ring
form insoluble complexes with heavy metals and ¢@n used in water purification
applications. The extracts are often treated wittlitsn hydrogen sulphate (sulfitation) to
enhance their industrial usefulness. From a liteeasearch and discussions with role players
in the black wattle and quebracho PAC extract maetufing industry, it became evident that
knowledge on the composition of commercial PACsa®ts and chemical changes that takes

place during sulfitation is unsatisfactory.

These PAC extracts are complex due to variabledxydltion patterns of the constituent
flavan-3-ol aromatic rings, different configurat®omf the C-2, C-3 and C-4 stereogenic
centres, different degrees of polymerisation, dreldxistence of angular oligomers. Gel or
paper chromatography fractionations of the compéxtracts are hampered by poor
resolution due to their hydrophilic polyphenolicdur@ and efforts to isolate pure compounds

have been restricted to the isolation of mainly oroars and a few dimers and trimers.

PACs of the commercially important quebrach®clk{inopsis lorentziiand Schinopsis
balansag and black wattleAcacia mearns)iextracts have a strong and stable interflavanyl
bond. This stability is important from an industg@int of view as it leads to durable leather
and adhesive products. It is attributed to the mtesef 5-OH groups in the aromatic moieties
of the extender fisetinidol and robinetinidol flavd-ols units. However, from an analytical
point of view it is not advantageous. The high temagures thus required to hydrolyse the
interflavanyl bonds with weak acids; leads to deposition of the intermediate monomers
that renders conventional thiolysis and phloroglobsis based analytical methods

unreliable.



In this thesis we used electrospray mass spectrpm@&SI-MS) to investigate the
composition of PACs in black wattle extract and thanges that takes place in the chemical
composition of quebracho PACs during sulfitatione Wirthermore use all the information
available from literature on the phytochemistryflaizan-3-ols and PACs and the syntheses

of flavan-3-ol oligomers to guide us in our ESI-M&erpretations.

Previous research in our group established thdirgabo PACs always consist of a catechin
starter unit to which one, two or more fisetinigoftender units are attached. The first and
second extender units are always attached to thtvedy reactive phloroglucinol A-ring of
the catechin starter unit to form predominantly elismand angular trimers. Further extender
units are attached to the relatively less reaatesorcinol A-rings of already incorporated
fisetinidol extender units. This explains the nelkelly short degree of polymerisation of
guebracho PAC extracts and their popularity asremitg agent. Large PACs will not

penetrate the spaces between skin proteins andtacinas a tanning agent.

In this thesis we established that black wattle BA&Gve, in addition to catechin starter units,
also gallocatechin starter units and, in additmfigetinidol extender units, also robinetinidol
extender units. Acacia PACs are thus more comgdexbinations of catechin, gallocatechin,
fisetinidol and robinetinidol monomers. This costs with quebracho PACs that only
contain catechin and fisetinidol monomers. The digllegree of hydroxylation of
gallocatechin and robinetinidol explains the higiater solubility of black wattle PACs and
the less frequent need for sulfitation.

We also established that during sulfitation of qaeho PACs, a sulfonic acid moiety is
introduced in both the C-2 and C-4 position of piyean heterocyclic C-ring. In the case of
C-2 sulfitation, the heterocyclic ring is openedisl enhances the reactivity of the A-ring
towards the reaction with formaldehyde (adhesiven&dion) and increases water solubility
due to removal of rigidity and introduction of algosulfonic acid group. In the case of C-4
sulfitation, the interflavanyl bond is broken. Rala and water solubility is thus not only



increasedria an additional sulfonic acid moiety, but due to pinesence of shorter oligomers
and a smaller average chain length. We also desdlapchromatographic method to estimate

the degree of sulfitation of quebracho PAC extract.

We believe that we have made a valuable contributavards a better understanding of the
composition of black wattle and sulfited quebradhAC extracts and have identified a

number of misconceptions.

Keywords: quebracho, acacia, electrospray ionisation maesctometry (ESI-MS),
proanthocyanidins, catechin, fisetinidol, gallochia, robinetinidol, adhesives, leather

tanning.



Opsomming

Quebracho $chinopsis lorentzien Schinopsis balansaeernhout en swartwatteA¢acia
mearnsi) bas ekstrakte is baie belangrike industriéle beowan proantosianidiene (PACS).
Hierdie ekstrakte word vir industriéle leerlooieey die vervaardiging van kleefmiddels
aangewend. Hierdie toepassings is afgelei van hamgese eienskappe. Die hidroksie
groepe van PACs komplekseer met protei@ewaterstofbindings om sodoende rou vel in
leer te omskep. Die floroglusinol of resorsingdetiA-ringe is nukleofilies van aard en
polimeriseer met aldehiede om natuurlike kleefmiside vorm. Dieorto-hidroksie groepe
op die B-ring vorm onoplosbare komplekse met swatala wat vir watersuiwering
aangewend kan word. Die ekstrakte word dikwels magtiumwaterstofsulfiet behandel om
hul industriéle toepassings te verbeter. Dit waslelik uit ondersoeke in die literatuur en
gesprekke met invloedryke bronne uit die industaa swartwattel en quebracho PACs, dat
insig in die samestelling van industriéle PACs éproiese veranderinge tydens sulfitering

onvoldoende is.

Hierdie PAC ekstrakte is kompleks as gevolg varpelisirige hidroksileringspatrone van die
flavan-3-ol aromatise ringe, verskillende konfigies van C-2, C-3 en C-4 stereogeniese
sentrums, die gemiddelde lengtes van die kettingsdie voorkoms van die vertakte
oligomere. Gel of papier chromatografie fraksias die kompleks-ekstrakte word benadeel
deur swak resolusie as gevolg van hul hidroksielfese natuur en pogings om suiwer
verbindings te isoleer was beperk tot die isolasie hoofsaaklik monomere en slegs ‘n paar

dimere en trimere.

PACs van die kommersieel belangrike quebracBahipopsis lorentziien Schinopsis
balansag en swartwattel Acacia mearns)i ekstrakte het ‘n sterk en stabiele interflavaniel
binding. Hierdie stabiliteit is veral belangriktun industriéle oogpunt aangesien dit tot
duursame leer en kleefmiddels lei. Dit word to&g@saan die afwesigheid van 5-OH
groepe in die aromatise eenhede van die verlengdénidol en robinetinidol flavan-3-ols
eenhede, maar van ‘n analitiese oogpunt is ditva@delig nie. Die hoé temperature wat

nodig is om hidrolise van die interflavaniel bingimet swak sure te veroorsaak, lei tot die



ontbinding van die intermediére monomere en dusdatdes soos tiolise en floroglusinolise

waarmee PACs konvensioneel geanaliseer word, anlietar.

Ons het gebruik gemaak van elektrosproei-ionisamsissaspektrometrie (ESI-MS) in hierdie
tesis om die molekulére samestelling van die PACswartwattel ekstrakte te ondersoek,
asook die veranderinge wat plaasvind in die chesngssmestelling van quebracho PACs
gedurende sulfitering. Ons het reedsbestaande #0 sintetiese chemiemetodes

gekombineer met ESI-MS om lig op die chemiese stattieg van wattel PACs te werp.

Vorige navorsing in ons groep het vasgestel datbiguoho PACs altyd katesjien as
begineenhede bevat waaraan een, twee of meeniik®@tverlengingseenhede aan gebind is.
Die eerste en tweede verlengingseenhede is altydligarelatief reaktiewe floroglusinol A-
ring van die katesjien begineenheid gebind om laaiiigk dimere en trimere te vorm. Dit
verduidelik die lae graad van polimerisasie vanbgaeho PAC ekstrakte en hul gewildheid
as leerlooimiddel. Groot PACs kan nie die spasissen velproteiene binnedring nie en kan

dus nie vir leerlooiery gebruik word nie.

In hierdie tesis het ons vasgestel dat swartwB#el's nie net katesjien begineenhede bevat
nie, maar ook gallokatesjien begineenhede. Diabbgnewens fisetinidol, ook robinetinidol
verlengingseenhede. Acacia PACs is dus ‘n baig kmaplekse kombinasie van katesjien,
gallokatesijien, fisetinidol en robinetinidol moname Dit is in teenstelling met quebracho
PACs wat slegs katesjien en fisetinidol monomenreabe Die hoér graad van hidroksilering
van gallokatesjien en robenitinidol verduidelik dierhoogde wateroplosbaarheid van
swartwattel PACs en die minder gereelde behoefiesalitering.

Ons het ook vasgestel dat met sulfitering van caadwr PACs, ‘n sulfoonsuurgroep aan
beide die C-2 en C-4 posisie van die piraan hetdrese C-ring gevoeg word. In die geval
van C-2 sulfitering, word die heterosikliese rirgpgen. Dit verhoog die reaktiwiteit van die
A-ring teenoor formaldehied (kleefmiddelformasie) werhoog ook wateroplosbaarheid as

gevolg van ‘n minder rigiede struktuur en die toegiog van ‘n addisionele

10



sulfoonsuurgroep. In die geval van C-4 sulfiterimgrd die interflavanielbinding gebreek.
Polariteit en wateroplosbaarheid word dus nie shkigs'n addisionele sulfoonsuurgroep
verhoog nie, maar ook as gevolg van die teenwobeiigvan korter oligomere en korter
gemiddelde kettinglengte. Ons het ook ‘n chrom@atigse metode ontwikkel om die graad

van sulfitering van gesulfiteerde quebracho PAGrakse mee te bepaal.

Ons glo dat ons ‘n waardevolle bydrae gelewer éptdpsigte van die samestelling van
swartwattel en gesulfiteerde quebracho PAC ek#raktdat ons het ‘n aantal wanbegrippe

uit die weg geruim het.
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Chapter 1

| ntroduction

The complex nature of tannins, some of which areahomic importance, has stimulated
research into their chemistry, composition and progs for almost a century. Tannins are
classified into condensed and hydrolysable tanritysirolysable tannins are esters of sugar,
mostly glucose, and gallic acid or gallic acid datives. Condensed tannins are oligomers
and polymers of flavan-3-ol flavonoid monomers.ylRwrs with a chain length of up to 223
have been described. The covalent interflavanybldmetween the flavan-3-ol monomers are
uncharacteristically labile and can be hydrolyseth weak acid to give incipient benzylic
carbocations that are further oxidised to colour@dsthocyanidins. Hence the term

proanthocyanidin (PAC) which is used synonymous wie term condensed tannin.

The word tannin comes from the Celtic word for dede. Skins and oak bark were left
together in water for long periods. The water sldUPACs slowly migrated from the bark to
the skin and reacted with the skin proteins to féeather. Leather production, probably the
oldest human industry, played an essential rolauman survival, particularly in cold and
wet climates. Leather also resists water penetraiind has a soft feel that makes it
comfortable to wear as clothing. This reaction edidved to be hydrogen bonding between
the polyphenols and amino acids. Leather is, imtrast with dried skin, resistant to bacterial
and fungal degradation. The same interaction explaistringency in foods that contains
tannins. Human taste buds are proteins. Mild agnoy is important in the taste of
beverages such as tea and red wine. The biolotasél of tannins in plants is probably
protection against herbivores and other organistascomplexation with protein based

digestives enzymes. Fungi, bacteria, and virusss@ntain proteins that are destroyed.

The industrial use of hydrolysable tannins is coftselimited by the small quantities that are
commercially available. Oak and chestnut extracts still used to produce high-value
speciality leathers. In contrast, PACs are mordilgaavailable. The wattle extract is

12



obtained from the bark harvested from agricultynaintations ofAcacia mearnsii It thus
represents a sustainable source of industrial ratemal. These plantations are mostly in
South Africa and create employment in poor ruraaar The heartwood dchinopsis
balansaeand Schinopsis lorentzifrom natural forests in South America are extrade
obtain quebracho extract, which represents annaltee commercial source of PACs.
Mineral tanned leathers, that competes with watdek or quebracho heartwood extract
tanned leathers, contains toxic metals, predomiynahtomium, and may represent a serious
environmental threat. This is particularly relevaviten old leather products, such as car
seats, are disposed. The reactive phloroglucinblrasorcinol A-rings present in PACs, react
with formaldehyde to form CHlinks between PAC molecules. This forms the bas$ian
adhesive manufacturing industry. Adhesives curyeatinsume similar amounts of PACs
than the leather industry.

PACs are extremely complex and variables inclu@gectmain length, stereochemistry of the
heterocyclic pyran C-rings, and the degree of orgtjen (number of hydroxyl groups on the
aromatic rings). PACs can be classified as 5-axy &xdeoxy PACs. The presence of a 5-
hydroxy group on the A-ring (phloroglucinol type r&kg) of the constituent flavan-3-ol
monomers imparts stability to the incipient benzytiarbocation on the heterocyclic C-4
carbon during acid catalysed hydrolysis. This residde interflavanyl bond labile and
facilitates analysis of these tanniwia depolymerisation methods. This lability allowsmniia

to transform astringent 5-oxy PAC polymers, impott@ protect green fruit with immature
seed from herbivores, to non-astringent coloreth@yanidin monomers. These monomers
are also colored and furthermore advertise thafrthieis ripe and ready to be eaten. In this

way only seeds from ripe fruit are consumed anttidiged.

The resorcinol type A-ring is much less reactivantiphloroglucinol towards extender units
during polymerisation. This probably explains tlwavlaDP of 5-deoxy PACs (about 5)
compared with 5-oxy-PACs, where aDP’s of more tB86 has been described. The small
polymer/oligomer size is however important for heat tanning as it allows the PACs to
penetrate between skin protein fibres and crods the fibres to transform the skin into
leather. The 5-deoxy PACs have stable interflavdooylds because the resorcinol type A-

ring is less able than phloroglucinol to stabiligee incipient carbocation during acid-

13



catalysed hydrolysis. The higher temperatures tegsired to hydrolyse this bond makes
depolymerisation methods unreliable and 5-deoxyraeid have not been analysed
successfully with thiolysis, phloroglucinolysis, @ther depolymerisation methods. The
stability of the interflavanyl bond of 5-deoxy PA@Gsthus essential for the stability and the
durability of the resulting leather. The complexalyPACs has so far prevented successful
chromatographic analysis of PAC extract as faraéal ttomposition and nature of higher

oligomers present are concerned.

A large portion of the extracts are sold as sufggtracts. The natural extract is obtaiwex
treating acacia bark or quebracho heartwood chiggs wiling water. Further boiling of this
extract with different levels of bisulfite yieldesllfited products with properties that are
attractive to the industry. The chemical composgi@f these sulfited extracts have been
poorly investigated and little is known about theemical changes that takes place during
sulfitation. This is mostly due to the difficultyf qourifying PACs with silica based
chromatography, including reversed-phase materialde to strong interactions of
polyphenols with silica gel. Even the amount offwuincorporated during sulfitation has
never been established satisfactorily. The watkrb#® bisulfite starting material cannot be

separated from the water soluble unsulfited oitealfPACs.

The need thus exists to develop improved methodan@lyse complex PAC extracts,
particularly the industrially important quebrachndaacacia 5-deoxy extracts. A better

understanding of the composition will have manydfigs including:

1. Improved certificates of analyses that will satisfggulatory authorities that
commercial natural and sulfited acacia and queloragktracts are safe. This is
particularly relevant since EU REACH regulatione &ecoming more stringent and

threatens access of commercial PAC extracts todeuro

2. Manufacturing of standardised extracts where thapmsition of different batches
manufactured at different times from trees fronfiedé@nt regions and plantations have

a constant composition.

14



3. A better understanding of the chemical changest#tkais place during sulfitation will

lead to more efficient manufacturing of sulfiteebgucts.
4. ldentification of new plant sources of raw matesial

5. A better understanding of the chemistry of leathanning and adhesive

manufacturing and thus more efficient processesetter standardised products.

6. Possible new applications such as improved watefigation resins that will be more

acceptable to the market.

7. The ability to identify adulterated PACs extradihis is becoming a problem as even
small quantities of PACs in an extract react pesiyi to the currently used tests.

8. Identification of natural products that are aduted with PACs. For example PAC

extracts are sometimes used to improve the tagieafquality wines.

Mass spectrometry (MS) is a technique with a vegi lmesolution that can easily distinguish
between molecules that differs only one Dalton iasm It can thus easily distinguish
between oligomers that contain flavan-3-ol buildiblgpcks that differ in the number of
hydroxyl groups present (e.g. catechin, gallocatectiisetinidol, and robinetinidol).
Unfortunately MS does not differentiate betweenesissomers with the samma/z values.
Daughter ion analysis (MSetc.) may, however, differentiate between confijional

isomers.

We thus analysed whole (unchromatographed) 5-d€x§ extracts (normal and sulfited
acacia and quebracho) with MS to establish theinpmsition and investigated the changes
that take place during sulfitation. We used perspes developed from existing
phytochemical analysis (structures of monomers,edéimand trimers isolated from acacia
bark and quebracho heartwood) and synthetic chgm(synthesis of dimers, trimers, and

tetramers) to guide our MS interpretation. We thostulated the following:

15



1. The PAC oligomers present in acacia and mimosa éxiract will be based on the
monomers that are present in the bark, and therdiaral trimers detected by MS will
mirror the dimers and trimers that have alreadynbmselatedvia phytochemical
investigations. We thus made a thorough analysialladhe monomers, dimers, and
trimers that have so far been reported from therditire. No tetramer or higher

oligomers have been reported as pure compounds

2. In contrast with commercial quebracho heartwoodaext which consists of catechin
starter units and fisetinidol extender units, ttegter unit in black wattle will be either
catechin or gallocatechin angularly bonded to ims@bdl or predominantly

robinetinidol extender units.

3. Sulfitation of quebracho will occuwia opening of the heterocyclic pyran ring to give
M+82 products (addition of a sulfonic acid moietydatwo protons due to ring
opening) orvia fission of the interflavanyl bond to give an Mdimidol and

fisetinidol + 82 product.

Investigating the literature revealed that the dsnand trimers isolated so far from
phytochemical investigations closely resemble thmeds and trimer synthesizedia
biomimetic methods in terms of configurational- astdreochemistryin vitro andin vivo

synthesis thus follows the same rules.

Our MS results with dimers and trimers closely onirwhat we would expect from
phytochemical and synthetic considerations. We apxiiated these results to higher
oligomers and believe we have made a valuable ibotibn to the knowledge of the
chemistry and composition of acacia and quebradk® €xtracts. This work has resulted in

two publications irPhytochemistry

Chapter 3

Venter, P.B.; Senekal, N.D.; Amra-Jordaan, M.; Bem S. L.; van der Westhuizen J. H.

Analysis of Commercial Proanthocyanidins. Part 21 Blectrospray Mass Spectrometry
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Investigation into the Chemical Composition of 8alf QuebrachoSchinopsis lorentzii and

Schinopsis balansaéleartwood Extract?hytochemistry2012 78, 156-169.

Chapter 4

Venter, P.B.; Senekal, N.D.; Amra-Jordaan, M.; iKha.; Kemp, G..; Bonnet, S. L.; van der
Westhuizen J. H. Analysis of Commercial Proanthadjias. Part 3: The Chemical
Composition of Wattle Acacia mearnsji bark extractPhytochemistry2012 83, 153-167.
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Chapter 2

Literature Review

2.1. Introduction to Vegetable Tannins

Vegetable tannins are astringent, water solublgppenolic secondary metabolites with a
relatively high molecular weight (500 to over 30D8). They occur ubiquitously in plants.
They characteristically bind and precipitate pnodeand carbohydrates (Eberhagdtal,
1994; Serrancet al, 2009; Haslam, 1998; Yanagid# al, 2003). The name “tannin” is
derived from the ancient Celtic word “tan”, for ottkes (Haslam, 1998Jhe bark ofoak
trees was used to convert animal hides to leafftes. practice was employed by primitive
tribes to increase the longevity of their hides akth clothes, and improves the feel and
renders them water repellelhe capability of tannins to complex with proteuia hydrogen
bonds explains the use of tannins for leather tapr{Khanbabee and van Ree., 2001,
Haslam, 1998). The term tannin refers to both hiydedble tannins, polyesters of gallic acid
or hexahydroxydiphenic acid ameglucose (Figure 1), and condensed tannins (oligerae
flavan-3-ol monomers) (Figure 2) (Haslam, 1977; ile@bee and van Ree. 2001; Pizzi,
2008). The term condensed tannin and proanthocya(ffACs) are synonymous. The term
proanthocyanidin refers to the red color that depelupon treatment of condensed tannins
with dilute acid. The interflavanyl bond is hydregd and colored anthocyanidins are formed
(Scheme 1). Hydrolysable tannins do not form cal@@mpounds under the same conditions
(Serrancet al,, 2009; Schofielet al, 2001; Santos-Buelga and Scalbert, 2000; Rou2)19
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Figure 2: General structure of a proanthocyanidin

PACs are nowadays commercially more important thgdrolysable tannins due to the

latter’s inadequate worldwide production and elesairice (Pizzi, 2008).
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Scheme 1: Hydrolysis of the interflavanyl bond todrm anthocyanidins

Although PACs and hydrolysable tannins differ siigaintly in terms of the monomer
constituents that comprise their oligomeric struesy both are polyphenols with large
numbers of hydroxyl groups. These hydroxyl groupmishate their physical and chemical
properties and explain the considerable overlapbimlogical functions and industrial
applications between the two classes of tanninst@SeBuelga and Scalbert, 2000).

Vegetable tannins have to a large extent been itubst by mineral tanning agents i.e.
aluminium, chromium, zirconium salts in the comnm@rtanning of animal skins. Chromium
salts, the more important mineral tanning ageon@ar, 2001, 2002), is however toxic and

its derisory disposal causes long term negativecesfon human health and the environment

stimulating renewed interest in vegetable tannBeddy, 2010).
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Other industrial uses of tannins include adhesianufacture (Pizzi 2003, 2008), water

purification resins (Beltran-Heredet al., 2009; Beltran-Heredia and Sanchez-Martin, 2008,
2009), as mud additives for oil well drilling (Hash, 1988; Herrick, 1980), and as iron anti-

corrosion agents (Jaétb al, 1999; Matamalat al, 2000; Seavell, 1978). These applications
are based on thertho B-ring OH groups of the constituent flavan-3-ol momers, which

form insoluble complexes with heavy metals (Vemeteal, 2012, Haslam, 1998).

Most trees contain tannins, mostly in the bark. SEhof economic and industrial importance

include:

1. PACs from black wattle barkAcacia mearns)i quebracho heartwood¢hinopsis
balanseaor lorentzi)), Tsuga (hemlock bark extract)Rhus (sumach extract), and
several species of pine and fiRirfus radiateand Pinus nigrgd. PAC extracts from
the bark of wattle treesA€acia mearnsiiSouth Africa) and heartwood of quebracho
(Schinopsis lorentzii South America) are important industrial raw miater for
leather tanning and adhesive manufacturing (Khasband van Ree, 2001; Haslam,
1998; Pizzi, 2003, 2008).

2. Hydrolysable tannins includehestnu{Castanea satiyamyrabolangTerminaliaand
Phyllantustree species), divi-diviGaesalpina corari@ tara, algarobilla, valonea, and
oak Quercus spp (Pizzi, 2003).

Tannins have traditionally also been used as meelciespecially in Asian constituencies.
These tannin-containing plant extracts are useds&ringents, against diarrhoea, diuretics,
against stomach and duodenal tumours, and as rdlatmimatory, antibacterial, and

haemostatic pharmaceuticals (Khanbabee and van2R@#). They precipitate heavy metals
and alkaloids (with the exception of morphine) azah thus be used as an antidote in

poisoning with these substances (Khanbabee anB&an2001; Pizzi, 2008).

Tannins are important in the food and beveragesingu Tannins are responsible for the

astringent taste of Indian tea, a universal bevemgparedia fermentation of the leaves of
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Camellia sinensisa tropical ever-green plant. Chinese tea, alsowknas green tea,
comprises unfermentedamellia sinensigeaves (Yangt al, 2007, 1993). They are added to
poor quality red wine (Rouet al, 1962, 1975; Bate-Smith, 1954) to enhance moegh f
properties and even play a role in the taste of (@ettrup, 1992).

2.2. Classification of Tannins

As mentioned above, PACs (Figure 2) yield colowmathocyanidins on heating with
mineral acidvia cleavage of a C-C interflavanyl bond (Scheme Brrghoet al,
2009; Schofielcet al, 2001; Santos-Buelgeat al, 2000; Roux, 1992). The flavan-3-ol
monomer units have the characteristig-G3-Cs flavonoid skeleton and differ
structurally according to the hydroxylation patteim ring A and ring B and
configuration at C-2, C-3, and C-4 (Serrataal, 2009; Santos-Buelga and Scalbert,
2000).

2.2.1. A-Type Proanthocyanidins

A-Type PACs contain in addition to the C-C intevliayl bond an ether interflavanyl
bond between the aromatic D-ring of the lower moaoand C-2 of the heterocyclic
C-ring of the top monomer. Figure 3 illustrates m@amples of A-type PACSand5
(Serrancet al, 2009; Santos-Buelga and Scalbert, 2000; Achjl@009).
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Proanthocyanidin A-1 Proanthocyanidin A-2

Figure 3: Examples of A-type proanthocyanidins

2.2.2. B-Type Proanthocyanidins

B-type PACs have a single C-C bond between thetierposition on the flavan-3-ol
monomer and the aromatic 6- or 8-position on theeotonstituent monomer as
described aboveThey are classified according to the hydroxylatpattern of the
aromatic rings and the stereochemistry of the beyetic C-ring. Procyanidins (R =
H) and prodelphinidins (R = OH) are prevalent (FFegd) (Haslam, 2007; Serraed
al., 2009). The most common dimers are the B1-B4yanoidins, (Figure 4) (Serrano
et al, 2009; Santos-Buelga and Scalbert, 2000).
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Figure 4: Examples of B-Type proanthocyanidin dimes

2.2.3. C-Type Proanthocyanidins

C-type proanthocyanidins are trimers (FigureT)ese trimers consist of C-C bonds

between the C-4 of one flavan-3-ol monomer and¥8or C-6 of another flavan-3-
ol monomer(Santos-Buelga and Scalbert, 2D00
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11
Proanthocyanidin C1 Proanthocyanidin C2

Figure 5: Examples of C-Type proanthocyanidins

2.2.4. 5-Deoxyproanthocyanidins

The commercially important PACs from wattle barkl ajuebracho heartwood do not
have a hydroxyl group in the 5-position of the exier units (Figure 6). This renders
the interflavanyl bond stable to acid-catalysedrblysis. These PACs still develop a
red color upon heating with acid but higher tempees are required. They can be
profisetinidins with fisetinidol extender units, prorobinetinidins with robinetinidol
extender units. The absence of a 5-OH group andigieer temperatures required for
hydrolysis have important consequences as fareaartalysis of these PACs and their
industrial applications are concerned (see bel®ouk, 1992; Venteet al, 2012).
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OH

OH
5-deoxy dimer

Figure 6: Example of a 5-deoxy PAC dimer.

2.2.5. Bi- and triflavonoids

The term bi- or triflavonoids are sometimes reseénfer dimeric or trimeric

flavonoids that are not attacheth the C-4 position of the heterocyclic ring. The
interflavanyl bond thus resists hydrolysis and does form anthocyanidins upon
heating with dilute acid. The C-4 position is of@earbonyl. The basic structure of a

biflavonoid is illustrated in Figure 7 (Ferreeaal, 2006; Achilonu, 2009).

Figure 7: Example of a biflavonoid
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2.3. Hydrolysable Tannins

Serrano and co-workers (2009) define hydrolysabatenins as polyesters of sugar
moieties and organic acids. Figure 1 illustratdganins (galloyl esters of glucose)
and ellagitannins (hexahydroxydiphenic acid estéfigjure 8 shows an example of a
complex hydrolysable tannin (gallotannin or ellagitin linkedvia a C-C bond to a
flavan-3-ol).

OH

Complex tannin

Figure 8: Example of a complex hydrolysable tannin

2.4. Analysis of Proanthocyanidins

The analysis of tannins has been challenging. iBhikkie to the structural complexity
of a heterogeneous mixture of hydrolysable or coedé tannins of different chain
lengths, different substitution patterns, and dédfe stereochemistry on the C-ring.
The polyphenolic nature furthermore renders thenfficdit to purify with
conventional silica gel based chromatography, oholg reversed-phase. Wide
variations occur between tannins from different nplaspecies. Other organic
molecules such as gums and sugars may also irgevidr analysis (Schofieldt al,
2001; Venteet al, 2012). Furthermore, the extraction method aatksif the sample

may lead to wide variations in results (Scalbe392).
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The flavan-3-ol monomer building block base of mb@acyanidins was only
generally accepted after 1951. Freudenberg (1934)the first to suggest that PACs
consisted of a complex mixture of flavan-3-ol momosy condensed to form
oligomers with variations in the average degreepofymerization (aDP). Paper
chromatographic studies confirmed this hypothegisqqQith, 1951; Roberts and
Wood, 1951; Whiteet al, 1951, 1952). This was followed by rapid prograsshe
isolation and characterisation of flavan-3-ol moeesnand other flavonoid monomers
that are not precursors of PACs. Paper chromatbgragdthough tedious and time
consuming, was suited to hydrophilic polyphenold BACs up to tetramer level was

obtained and characterised as pure compounds (R868).

Wide variations in the average degree of polymé&éorna(aDP) of PACs have been
reported. According to Jones and co-workers (19%6) analysed the leaves of
Trifolium affine it may be 20-30. Souquet and co-workers (199@&)lyaed grape
skins and it was determined at 83. Guyot and cd«arsr(2001) analysed cider apples
and determined it at 190 units (Sun and Spangé§)20

At this stage we should distinguish between reseaimed at the isolation and
characterisation of pure compounds and synthesgedbastructure elucidation
(phytochemistry), and the determination of aggregaolymer characteristics of
whole unchromatographed PAC extracts (e.g. aDP)wiWaot give further attention
to hydrolysable tannins, except where they interf@ith the analysis of PACs. We
assume that aggregate polymer characteristicsaaisged by the structure and number

of the constituent monomers.

Quantitative PAC assays have traditionally beenethasn their ability to form
complexes with alkaloids, proteins, or metals (greetric methods), the chemical
reactivity and UV absorbance of their constituetermlic rings (colorimetric
methods), and depolymerisation (e.g. thiolysis)h($eld, et al, 2001). Due to
technological advancements in chromatographic nadsthMR and MS techniques

have more recently been developed to analyse PACs.
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2.4.1.Colorimetric Assays For Total Phenolics:

A variety of methods have been developed, basetth@rchemical transformation of
the aromatic hydroxyl groups into coloured compauadd the measurement of the
guantity of light absorbed by these compounds (RA9%7; Schofielcet al, 2001).
These quantitative methods and a good understarafitige underlying chemistry,
have over the years, been a valuable source ofniafiion on the composition of
PACs. For example, in the early days, when it was avident that PACs contain
flavan-3-ol subunits, some of these tests provat RACs contain phenolic building
blocks. The lead acetate method later proved thiatesof the aromatic rings have
ortho hydoxy substitution patterns etc. It is furthermamgoortant to know what

percentage of the crude extract consists of PACs.

2.4.1.1 Measurement Of The Total Phenol Content

These methods are not specific for PACs and quatité total concentration of
phenolic hydroxyl groups in the plant extract (Sald et al, 2001). Most of these
methods do not distinguish between PACs and hydable tannins. These methods
rely on oxidation of the phenolate ion with Fe(gN)The Prussian Blue Method)
(Price and Buttler, 1977), or phosphotunstic-phospblybdic compounds (the Folin-
Denis assay). Many improvements and modificatioetuding the Folin-Ciocalteau

method have been reported in an effort to enharemgsion (Schofielet al, 2001).
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2.4.1.1.1. Prussian Blue Assay

Polyphenols react with a mixture of;Re(CN) and FeGlto give Fg[FeCNs]s
(Prussian Blue). The amount of Prussian blue ipgmenal to the amount of
polyphenols present and forms the basis of an aadycheap colorimetric method to
guantify the total phenolics (Graham, 1992; Schdfet al, 2001; Santos-Buelga and
Scalbert, 2000)Drawbacks include the formation of a precipitatel ancrease in

color intensity with time.

Polyphenol + 2Fe(CI\ﬁ' (ferricyanide ion)—— Fey[Fe(CN)]5 (Prussian Blue)

2.4.1.1.2. The Folin-Ciocalteau Assay

The FolinCiocalteau assay is an improved version of thenFidknis method. It was
developed to measure tyrosine in proteins buthahpls will react. The chromophore
is a phosphotunstic-phosphomolybdic complex of wmkm structure and the
chemistry of the reaction is not well understooda@ and Yang, 2003; Laporngt
al., 2005; Schofielet al, 2001; Ignatet al, 2011)

2.4.2. Acid-Butanol Colorimetric Assay

This reaction involves the use of acid-catalyseddatwe depolymerisation of
proanthocyanidins to yield red colored anthocyarsdit relies on the labile nature of
the interflavanyl bond that can be hydrolysed gasith weak acid (Scheme 1). This
assay is often used qualitatively to confirm thesgnce of proanthocyanidins in plant
tissues. Its quantitative use is however limited hoany factors including the
following (Gina-Chavezt al.,1997; Schofielet al, 2001):
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b)

d)

9)

The amount of water present influences the yieldnthocyanidins.

The strength of the interflavanyl bond is deterrditiy the nature of the A-
ring and whether-46 or 4-8 bonds are involved. All PACs thus do not give
the same cyanidin yields. Quebracho and wattleinanior example, with no
hydroxyl groups in the 5-position, are known toisescid hydrolysis and
cannot be quantified reliably with this method (&@Ghavezt al, 1997).

The acid-butanol ratio may influence the anthocgianyield.

The number of hydroxyl groups on the A- and B-ringay influence the
wavelength of the absorbance maximum and extinctoefficient. For
example, cyanidin and delphinidin (Figure 9) havgx at 545 and 557

respectively (Hemmingway, 1989).
Color yield is not always linear with the amount$@&Cs present.

Trace amounts of metal ions may influence the cgield (Hagermaret al,
1997; Scalbert, 1992; Porter al, 1986).

Anthocyanidins are known to be unstable and effiarisolate them give poor

yields.

OH
OH

o
HO o)
(LT
Z > 0H
OH
12 R =H (Cyanidin)

13 R = OH (Delphinidin)

Figure 9: Cyanidin and Delphinidin Structures
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2.4.3. Vanillin Assay

PACs react with vanillin under acidic conditionsfetom colored complexes (Scheme
2).

R
HO H3CO‘V§/CHO HO
\
OH
Vanillin OH
H+
OH
CH OH
omoﬁ R
Proanthocyanidin Red Color R =H/OH

@)

Scheme 2: Vanillin Reaction

Factors such as the type of solvent used, contiemraf the acid, temperature,
vanillin concentration, etc. may influence the eolintensity. The vanillin assay is
not specific for PACs as some monomeric flavandé® aeact with vanillin. The
reactivity of monomers (catechin) towards vanilBrhigher in an acidic environment
than PACs. Catechin can thus be used as a refestacdard (Sun and Spranger,
2005). Many of the problems associated with thighoe seem to parallel those
associated with the butanol-HCI assay (Schofetldl, 2001; Scalberét al, 1992;
Hagerman, 1998; Swat al, 1998; Naczk and Shahidi, 2006).
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2.4.4Precipitation Methods

Precipitation methods may be used to purify the HésCtion in plant extracts and
remove other molecules that may interfere with eghent gravimetric or

colorimetric assays. The well known interactionwetn PACs and proteins, which
form the basis of their leather tanning ability ahdir anti-feedant, anti-bacterial and
anti-fungal activity, has been used to precipitatd purify PACs. Kaolin, PEG, lead,
and polyvinylpyrrolidone have also been used asipitating agents (Makkar, 1989;
Schofieldet al, 2001; Venteet al, 2012).

2.4.4.1. Protein Precipitation Assays

Methods based on the precipitation of proteins hseen reviewed by Makkar (1989).
Leather chemists use a method based on percolatiagnin solution in a column
filled with hide powder and measuring the increiaseeight of the powder. The most
obvious problem is that the composition of hide dewis difficult to standardise and
it is time consuming. Improvements consist of replg the hide powder with protein
solutions. The accuracy of these methods can bstiquned and it has been shown

that the type of protein used and the nature oéiteact may influence the results.

2.4.41.1. The Bate-Smith (1973) Methods based on the precipitation of the
haemoglobin of haemolyzed blood and the colorimetletermination of the
remaining unprecipitated haemoglobin at 578 nmeduires fresh blood and does not
discriminate between condensed and hydrolysabtertan

2.4.4.1.2. The Hagerman and Butler (1978) Methoid based on the precipitation of
tannins with bovine serum albumin (BSA). The pnet@innin complex precipitate is
subsequently dissolved in a detergent system dongi®f 1% sodium dodecyl
sulphate and 5% triethanolamine in water and thenite are measured
spectrophotometrically at 510 nm after oxidatiorctdoured compounds with ferric
chloride.
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2.4.4.1.3. The AOAC (1965) Method (Association of Official Agricultural
Chemists) is based on the precipitation of tannins by geétihide powder, or
koaline and oxidation of the precipitated tannithwpotassium permanganate. It has

been standardized for leather tanning purposeseasfticial hide powder method.

The precipitation methods were popular due to tineple laboratory equipment

required. It, however, requires tedious procedames often gives unreliable results
with low precision. It furthermore does not distimgh between PACs and

hydrolysable tannins. It may be useful if tanningnf the same source and with
similar composition are quantified. It is of padi@r interest to the leather tanning
industry as the extracts analysed do not contaitndtysable tannins. Monomers and
dimers are not precipitated as they cannot link tetbagen strands in leather. Large
oligomers are also not precipitated as they capanetrate between collagen strands.

The components that are not precipitated by hideepare referred to as non-tans.

2.4.4.2. Polyvinylpyrrolidone Precipitation Method

Polyvinylpyrrolidone binds irreversibly with PACsna@ is often used to remove
tannins from plant extracts before bioassays arfomeed. Since tannins precipitate
and deactivate proteins, the presence of tannindaint extracts denatures enzymes
and results are false. Makkar and co-workers (19868d the tannin binding property

of polyvinylpyrrolidone to purify PACs (Schofieket al, 2001).

2.4.4.3. Lead Acetate Method

Lead complexes selectively with the catechol moietgsent in all PAC B-rings.

Roux developed a method to separate gums, PACs,sagdrs. The gums are
insoluble in absolute ethanol and are precipitaedddition of ethanol to an aqueous
PAC solution. The PACs are subsequently precigltatéth lead acetate. What
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remains in solution represents the sugar fracilitmis method gives an accurate value
for the PAC content and was used to establish Awaicia mearnsiibark extract
contains about 75% pure PACs, 13 % sugars, and &1ih&sol insoluble gums and
that quebracho heartwood extract contains abou9BACs (Roux, 1952, 1953).
Alternate precipitation agents include polyethyleglcol (PEG) and trivalent
ytterbium (Schofielct al, 2001).

2.4.4.4. Formaldehyde Method

The formaldehyde precipitation method selectivalycipitates PACsia the 6- or 8-
position on the A ring. Formaldehyde reacts withcteve hydroxyl substituted A-
rings to form a benzylic methylol derivative thathattach to another 6- or 8-position
on another reactive A-ring. The insoluble polyntattforms is removeda filtration.
The same reaction forms the basis of adhesive raatuing from PACs (Scheme 3)
(Pizzi, 2008). The difference in total phenolic qmunds before and after
precipitation is determined with the Folin—Ciocaliemethod and quantifies the PAC
content. Non-PAC flavonoids may also precipitagchofieldet al, 2001; Kramling
and Singleton, 1969; Katalinat al., 2004; Pizzi, 2003)
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Scheme 3: Formaldehyde reaction

2.4.5Depolymerisation

Treatment of PACs with mineral acids leada cleavage of the interflavanyl bond
and autoxidation of the resulting carbocation fla3aol monomers to colored
anthocyanidins. These absorb at about 550 nm andhtbnsity of the color can be
used to estimate the PAC content (Poeteal, 1986). Side reactions that lead to red-
brown polymers, referred to as phlobatannins thesodb at about 450 nm, may
interfere (Swainet al, 1959). The extent of these side reactions aosyeher,
influenced by a variety of conditions that leaditoeliable results.

The proportion of water in the reaction mixturangportant. Swain and co-workers
(1986) reported that replacement of water with iepgl alcohol or n-butanol
increased the 550 nm absorption dramatically winddticing the 450 nm absorption.
6% water content gives the best results (Govindarand Matthew, 1965; Scalbert,
1992). It is assumed that these alcohols stalihisé&-carbocatiomia ether formation.
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The strength of the acid (maximum 20% HCI), tempeea(95 °C), and reaction time
(15 min) are considered critical (Govindarajan &natthew, 1965; Scalbesdt al,
1989; Scalbert, 1992; Jennings, 1981). As onlyetktender unit and not the starter
unit forms anthocyanidins, PACs with shorter chieimgths gives lower absorbance.
For example, in the case of dimers, the anthocyamodmed will represent only 50%
of the amount of dimer present. The nature of tktereler unit is also important as
prorobinetinidins, profisetinidins, and prodelpliims does not give anthocyanidins,
which is normally used as a standard (Scalbert21®bvindarajan and Matthew,
1965).

Structural features are important. It has beenrtegahat #—8 linkages are more
labile that 4—6 linkages, that extender units with Zj8-configuration are converted
faster to anthocyanidins than extender units wjgitians configuration, and that the
hydroxylation pattern of the A-ring is important dMingway and Mcgraw, 1983;
Govindarajan and Matthew, 1965; Scalbert, 1992).

2.3.5.1. Colorimetry

This method is based on the depolymerisation (elga\of the interflavanyl bond) of
PACs via hydrolysis with mineral acids. Autoxidation of thmesulting carbocation
flavan-3-ol monomers forms colored anthocyanidiftsese absorb UV at about 550
nm and the intensity of the colour can be usedstonate the PAC content (Scheme
4) (Porteret al, 1986). The UV absorption curve data is obtairtgd plotting
absorption density against concentration.
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Anthocyanidin ( Coloured) Catechin

Scheme 4. Depolymerisation followed by oxidation

2.3.5.2. Thiolysis and Phloroglucinolysis

This has become a standard technique to analysesPAE discussed above,
interflavanyl bonds can be hydrolysed with acidaion a benzylic carbocation that is
oxidised to anthocyanidins. The incipient carbawsi can be trapped if
phloroglucinol or benzylmercaptan (toluemehiol) are present in the reaction
mixture, stable monomers are formed that can beset with HPLC. The terminal

unit is released as an unsubstituted flavanol badxtender units as 4-phloroglucinol
or 2-mercaptobenzyl substituted flavan-3-ols. Theucture of these can be
determinedvia comparison with standards or NMR to obtain an eateupicture of

the PAC building blocks. The ratio between the ssituted flavan-3-ol and the 4-
substituted flavanol give the average chain lenfflbgree of polymerisation).

Phloroglucinol may be preferred to toluesméhiol because it is odourless. Although
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toluenee-thiol is toxic and has an unpleasant odour, iegittigher yields (Scheme 5)
(Matthewset al,, 1997; Sun and Spranger, 2005).

Although this has become the method of choice talyse PACs with a 5-OH
hydroxy group, the reliability of this method isdea on assumption. It requires
qualitative fission of all interflavanyl bonds and decomposition of anthocyanidins
and the availability of internal standards.

The commercially important quebrach®chinopsis balansear lorentzi) and black
wattle (Acacia mearns)i PACs with 5-deoxy extender units, however, haval a
resistant interflavanyl bonds that require highemperatures for hydrolysis and has
not been successfully analysed with this methoe Method also does not give an
indication of the amount of different oligomers ggat but only the aDP (Schofiedd
al., 2001; Venteret al, 2012; Santos-Buelga and Scalbert, 2000; Matthetwal.,
1997; Guyott al,, 1998).

Proanthocyanidin HO O

Scheme 5: Thiolysis degradation
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2.4.6. Chromatographic Separation Techniques

The low molecular-mass polyphenols, including lowl@sular mass flavonoids and PACS,
have been extensively investigated with a varidtghwomatographic techniques, including
paper, thin layer normal phase, reversed-phase HRBIZ& exclusion, and countercurrent
chromatography. The most commonly used columnshionoatography include: Sephadex
LH-20, Toyopearl TSK HW-40 (F), Toyopearl TSK HW-{8), Toyopearl TSK HW-50 (S),
Lichroprep RP-18, and solid phase extraction on CGép-Pak cartridges (Lea and
Timberlake, 1974; Boukhartt al, 1998; Fulcranet al, 1999; Suret al, 1999b; Ricardo-
da-Silva, 1991; Saint-Cricq de Gaulegtcal,, 1998; De Freitast al, 1998; Meirellest al.,
1992; Vidal et al.,, 2002, Sun et al.,, 1994, 1998899b, Jarworski and Lee, 1987;
Oszmianskiet al, 1998; Revillaet al, 1991; Sun and Spranger, 2005). The polyphenolic
nature, however, often interferes with the chromeatphic separation and higher oligomers
are not resolved. Due to poor resolution and im&fée binding to the chromatographic
oligomer and polymer materials that are identicaltite extender units, these methods
generally give poor results and high levels of ynedl skills are thus required (Schofiedt
al., 2001; Ignatt al, 2011; Yanagidat al, 2003, Flamini, 2003).

2.4.6.1Paper Chromatography

This is the oldest chromatographic technique. Desigs time consuming nature it
was responsible for the first isolation and chamasation of flavonoid monomers. It
is well adapted to smaller PACs, particularly inalipative 2D mode. Due to
resolution problems larger oligomers and polymensnot be purified. It is still used

in industry as a crude analytical tool (Roux, 1952)
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2.4.6.2Conventional Phase TLC and HPLC

This method has been widely used to purify andatsolsmaller flavonoids and
smaller oligomers. The isolation and quantificatimnspecific PACs are however
challenging in comparison to other phenolic commsudue to the variety of isomers
and oligomers present (Sun and Spranger, 2005;df@met al, 2003). Derivitization
(methylation and acetylation) is often requiredreversible binding between
polyphenols and silica gel gave poor recovery aodr presolution with higher
oligomers (Rigarcet al, 1993; Suret al, 1999; Hammerstonet al, 1999; Guyoet
al., 2001).

2.4.6.3Size Exclusion Chromatography

Material such as sephadex and toyopearl has beemsaxely used to purify free

underivitised polyphenols, and flavonoids and PACgenerally gives better results
than TLC and paper chromatography. The action éenctlise of PACs is often based
on adsorption and not size exclusion. A recentntapdicates that urea in the eluting
solvent interferes with adsorption and allows &xelusion to become the prominent

chromatographic action (Sun and Spranger, 2005).

2.4.6.4Countercurrent Chromatography

This technique has recently received much attentismajor advantage is that all the
starting material is recovered as no solid statypnahase is involved that may
irreversibly bind to the polyphenols. The majoradigantage is poor resolution. CCC
thus mainly serves as a pre-chromatographic teabn{@utman and Butler, 1985;
Berthodet al, 1999; Caeet al, 2009; Yanagidat al, 2006).
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2.4.6.5Reversed-Phase Chromatography

This technique is well suited to smaller water bt#upolyphenols and flavonoids as
the hydroxy groups on silica gel that bind irrevigss with these compounds are
capped with hydrophobic alkane groups, often CHlf8irthermore is compatible with
water as eluting solvent. Amide and diol columnegehgecently become prominent for
polyphenol chromatography. Unfortunately, resolutiof higher oligomers and
polymers remains a problem that limits the usénisf technique. Isolation of PACs up
to trimeric level has been accomplished with resgyghase HPLC whilst the higher
oligomers are co-eluted as a large unresolved p@gdgardet al, 1993; Sun and
Spranger, 2005) Thiolysis and phloroglucinolysiscdssed above are efforts to
overcome these resolution challend@aworski and Lee, 1987; Oszmiangi al,
1988).

2.4.7. NMR Methods

NMR has been extensively used to elucidate thectsires of flavonoids and PACs
(Kolodziej, 1992). The limitation has been the &fality of pure oligomers due to
the chromatographic limitations discussed aboves Biggest known PAC that has
been purified and characterised is a tetramerr{@liciet al, 1997 Escribano-Bailon
et al, 1992). This has prompted efforts to analyse P#xdures with NMR.

2.4.7.1.Liquid State NMR Analysis of PAC Mixtures

Thompson and Pizzi (199%)sed’*C NMR of concentrated aqueous solutions of
commercial PAC extracts to determine the relativ@pprtion of phloroglucinolvs
resorcinol A-rings, pyrogallolvs. catechol B-rings, and the average degree of

polymerisation. Unreacted free aromatic A-ring Gzétbons (C-6 or C-8) resonate
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between 95 and 98 ppm. When these positions takenpan interflavanyl bond they
resonate at 110 to 111 ppm. Integration of theregions thus gives an indication of
the proportion of C-6 or C-8 bonds involved in puobrisation and thus the degree of
polymerisation. The quaternary (C-OH) carbons om #iring (C-5, C-7 or C-9)
resonate at 156 to 158 ppm, whilst the quaternguyvalents (C-3 C-4, and C-5H

on the B-ring resonate at 146-148 ppm. The’ @e$onates at 130-132 ppm for
catechol and 132-135 ppm for pyrogallol, respedbfive

Czochanska and co-workers (1980) u$€INMR in 9H¢] acetone-water solvent to
estimate the ratio of procyanidin to prodelphinidimd the average heterocyclic ring
stereochemistry of the monomer substituents asn2alated PACs. The ratio of

monomers to chain-terminating units was also detexdn

2.4.7.2Solid-State NMR Analysis of PAC mixtures

Solid-state NMR has the same chemical shifts asrebd in liquid state NMR, albeit
with less resolution. It thus represents a usefal wo analyse condensed tannin
extracts with minimal sample preparation. Newmad &worter (1992) used it to
determine the amount of PACs in plant fractions em@dbtain an indication of the
procyanidin: prodelphinidin ratio. Moubarik and workers (2009) investigated the
cornstarch: quebracho ratio in phenol-formaldehgtjevood resins using®C solid
state NMR.

Romer and co-workers (2011) and Senekal (2011) wssdid-state*C-NMR to

analyse PACs from four diverse extracts from mimageebracho, chestnut and tara.
These methods gave spectra that are readily diffieted from each other. They also
used the technique to analyse leather directlydewtloped a method to distinguish
mineral, PAC, and hydrolysable tannin tanned leatlve distinguished quebracho
and mimosa tanned leather. Solid-state CP-MASNMR thus provided an easily
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distinguishable and precise spectral fingerprinttied products of vegetable and

alternate tanning procedures.

Hoong and co-workers (2010) published a CP-MAS NMR spectrum ofAcacia
mangiumPACs. From a low relative intensity (30%) of thes(C-8 resonances (94-
98 ppm) they deducted a high degree of polymeasatrrom the C4-C8 (115-110
ppm): C4-C6 (105 ppm) ratio they deducted a predantly C4-C6 profisetinidin
and prorobinetinidin PAC content. From the sigrmifit 110-115 ppm resonance they
concluded a high proportion of “catechin-like” liiilg blocks. Fisetinidol or
robinetinidol can, however, also give C6-C8 inrfinyl bonds and it is not clear to
us how they came to this conclusion, or how thesawere calculated as the 94-98,
105, and 110-115 ppm resonances appear togetlzesiagle broad resonance in the
published spectra. The relatively low intensitytioé carbohydrate resonances at 65-
85 ppm suggested thé&tcacia mangiuncontains fewer carbohydrates thAnacia
mearnsii Their conclusions are however supported by tH&LDI-TOF results.

2.4.8.Mass Spectrometry (MS)

Mass spectrometry techniques are extremely seasibmpared to NMR and minute
guantities can be analysed. It is furthermore \s&igctive and oligomers that differ
by one Dalton (Da) or even less can be distinguisMS can fractionate a mixture of
oligomers such as a PAC extract into fractionsifi€éent degrees of polymerisation
(monomers, dimers, trimers, tetramers etc). Theondipadvantage is that standards
are required for quantification. These are seldorailable for PAC oligomers.
However, PACs are oligomers based on an incremamioer of similar flavan-3-ol
monomers and ionisation should be similar. MS anMRN thus potentially
complement each other. Modern soft ionisation tephes such as electrospray
ionisation (ESI), atmospheric pressure chemicalisaiion (APCI), and matrix-

assisted laser desorption ionisation (MALDI) conaairwith a quadrupole or time of
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flight (TOF) analyser have been extensively usearalyse fruit and wine tannins
(Flamini, 2003).

MALDI-TOF is a soft ionisation technique that isterf used to analyse synthetic
polymers. Due to this highly sensitive and selectigchnique, a complex extract
containing impurities can be directly analysed (¥@idaet al, 2003). PAC polymers
up to a DP of 20-30 have been successfully analstidthis technique (Jones al.,
1976; Takahatat al, 2001). PACs are detected as their sodium orspta adducts,
with a difference of 16 Da between them. The patas@dduct can thus be mistaken
for a sodium adduct of an oligomer with an extrggen atom (eg. a robinetinidol
instead of fisetinidol building block) (Hoong, 2010

Electrospray ionization mass spectrometry (ESI-MS)n alternative soft ionization
method that has proved to be a formidable instrunfi@nthe characterisation of
PACs. It can thus be used to identify individual@G®Ain heterogeneous mixtures (Sun
and Spranger, 2005; Guyet al, 1997; Le Rowet al, 1998; Hayasakat al., 2003).

It cannot reach the same single ion fragment mass#scan be analysed with
MALDI-TOF. However, Mouls (2011) demonstrated tR&Cs with a DP of up to 20
can be analysed and doubly charged ions may esienceach further. ESI-MS with
enhanced resolution has been used to detect jiMtel] ), double ([M-Hf), and
triple ([M-H]*) charged ions of procyanidins in grape seed fastiwith molecular
sizes of up to 28 units (Sun and Spranger, 200%askaet al, 2003). A major
advantage of ESI is that it can be used with a qumade analyser to do MS/MS. This
allows monomers and oligomers with the same mass, different chemical

composition, to be distinguished (Flamini, 2003).

Mouls and co-workers (2011) compared direct ESulteswith thiolysis derived

results of cider apple HPLC fractions (Avrolles aKeérmerrein cultivars) and
concluded that mass spectrometry gave lower aDitse@ able 1). The difference
increased with an increase in aDP. He concludedldinger oligomers have a lower

intensity than smaller oligomers.
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Table 1: Comparison between aDP of apple cider PA@actions estimated by

thiolysis and calculated from the mass spectrum

Tannin Fraction | aDP (Thiolysis)| aM, aDP (ESI-MS)
K1 6.7 1931.6 | 5.2

K2 155 4466.0 | 111

Al 20.9 6021.2 | 5.7

A2 49.5 14 258.0 11.8

Vivas and co-workers (2004) used the thioacidoly§Si#EESI-MS method to analyse
condensed tannins from seeds, skins, and stemapégVYitis viniferg and from the
heartwood of quebracho and determined the following

the nature of flavan-3-ols

()
(ii)

the degree of galloylation
(i) average degree of polymerization (aDP)

The chromatographic profiles of different commeér@aologic tannins werevia
MALDI-TOF MS) compared to the standard PACs andstharigin could be

determined.

Fulcrand and co-workers (2008) applied direct mggsctrometry approaches to
characterize polyphenol composition of complex aots. They concluded that it was
a powerful tool for structure elucidation but tlgaiantification and molecular weight
distribution were compromised by mass discrimimatioMonagas and co-workers
(2007) reviewed the suitability of MALDI-TOF MS tanalyse PACs and came to
similar conclusions. They suggested that MALDI-T@Foetter than ESI due to the

absence of multiple charged ions.
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Mane and co-workers (2007) proposed that the pmoloiemass discrimination can be
overcomevia complexation of PACs with serum albumin proteims&l dahey used
MALDI-TOF MS to analyse the molecular weight dibtrtion of tannin fractions
from protein-tannin complexes. Parameters deteminiwere the number-average
molecular weight (M), weight-average molecular weight (M and the
polydispersity index (PI) from the tannin bovinersa albumin (BSA) complex.
Three PAC fractions with average degrees of polagon of 3, 9, and 28,
respectively, and one gallotannin fraction (tarata) were analysed.

Pasch and co-workers (2001) analysed commercialyprtant quebrach&ghinopsis
lorentzi) and mimosa Acacia mearnsii)oligomers with MALDI-TOF MS. They
concluded that both quebracho and mimosa extractsist of flavan-3-ol monomer
based PACs. They assumed that mimosa PACs areaarfgtanched) and quebracho

PACs are linear.

Oligomers to a maximum of decamer level (2798 Darewobserved for the
guebracho PACs. As the dominant repeating unit) witmass of 272 Da, correlated
with fisetinidol (14) (Figure 10),quebracho PACs were described as profisetinidins.
The mimosa extract consists of a series of oligammiavan-3-ol units up to the
octamer (n = 8) level (2333 Da). This correlateshwihe average degree of
polymerisation determined by other methods (Thomp&dlizzi, 1995; Fechtal and
Riedl, 1993). As the major repeat unit has a mdsa88 Da, mimosa PACs were
described as a prorobinetinid{d7) (Figure 11) consisting of robinetinidol repeat
units (15) (Figure 10)
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Figure 10: Examples of quebracho and mimosa PAC mamers

HO /)
pZ NN

OH

Acacia Prorobinetinidins
17

Figure 11: The structure of Acacia PACs (prorobineinidins) proposed by Pasch

Hoong and co-workers (2010) used MALDI-TOF-MS taalyse Acacia mangium
PACs. They observed oligomers that contain up tdlavan-3-ol repeat units (3200

Da). From the frequency distribution of the oliggmdbased on the percentage

intensity of the peaks) they calculated an aDPetivben 7.0 and 7.4. This is higher

than the aDP of between 4.9 and 5.4 reportedAtacia mearnsPACs. The major

peak-to-peak mass increments were 273, 289, and[B04corresponding with

fisetinidol (profisetinidin), robinetinidol (prorabetinidin), and gallocatechin
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(prodelphinidin) monomer building blocks. The pioent repeat unit was 288 which
suggest thaf\cacia mangiums predominantly a prorobinetinidin. Since M+K gea
(which are visible in the MALDI-TOF MS spectra oAs) may be misinterpreted as
the Na adduct of an [M+OH]Jon, NaCl was added in an effort to reduce the M+K
peaks. They identified angular (branched) PACshairtspectra but did not explain

how they distinguished between these and linear?AC

Venter and co-workers (2012) developed a methogalognalyse hot water-soluble
guebracho PAC extract (unsulfited) with ESI-MS. ¥ladtributed intensen/z values

at 561.1 and 833.1 Da, and less intense ionw/atl105 and 1377 (Figure 12) to
fisetinidol-catechin dimers, angular fisetinidok@ehin-fisetinidol trimers, angular
fisetinidol-fisetinidol-catechin-fisetinidol tetragns, and a pentamer with one catechin
and four fisetinidol moieties (Table 2). These @ssients are in accordance with the
isolation of catechin3) and entfisetinidol-43-ol (18) (Figure 13) monomers, two
diastereoisomerentfisetinidol-(43—8)-catechin (19) and entfisetinidol-(4a—8)-
catechin(20) (m/z562) (Figure 14), and the angular trimemtfisetinidol-(43—8)-
catechin-(6-4p)-entfisetinidol (23) (m/z 834) (Figure 15) from quebracho
heartwood (Viviers et al., 1983). These findinggeveupported by the fact that no
robinetinidol(15) was ever isolated from quebracho (Roux and Evdl960).

Table 2: Sl (negative mode) ions for hot water-sohle quebracho extract.

Oligomer m/z value Catechin Fisetinidol
Dimer 561 1 1
Trimer 833 1 2

Tetramer 1105 1 3

Pentamer 1377 1 4
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Figure 13: Flavan-3-ol and flavan-3, 4-diol monomes from quebracho heartwood

(putative building blocks of quebracho PACS).

H
19 5 = z
20 =
Exact mass: 562.15 Exact mass: 562

Figure 14: Quebracho heartwood dimers
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Figure 15: Quebracho heartwood trimer

Product ion scans (APCI in the negative mode) etz 561.2 (dimer) (Figure 16a)
andm/z833.3 (trimer) (Figure 16b) peaks both yield thiz289.4 product ion as base
peak as would be expected from a catechin contimiimer or trimer. The
complementarym/z 273 ion, associated with fisetinidol, was not aled. The

proposed fragmentation pattern for the dimer iggin Scheme 6.
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Scheme 6: Fragmentation ofn/z 561 quebracho dimer (M-H)

They compared the product ion scan @& them/z289 fragment (Figure 17a) with
the MS of pure catechi® (Figure 17b) and robinetiniddl5 (Figure 17c) and
concluded that them/z 289 fragment is catechin and not robinetinidol vess

previously reported by Pasch (2001) and Vivas (2004is conclusion is supported

by the absence of robinetinidol monomers in theaexs studied by Roux and Evelyn

(1960) and Viviers and co-workers (1983). They rneated the composition of

guebracho extract as consisting of about 33% din8#% trimers, 21% tetramers,

8% pentamers, and 1% heptamers.
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The postulated biosynthesis of quebracho heartw®A@s via condensation of a
catechin starter unit and one or more fisetinidol-4&xtender unit precursors was
replicated in the laboratory with mild acid catadyat room temperature. As the C-8
position of the phloroglucinol type A-ring of caltec is more reactive than the
alternative C-6 position, synthetic dimers are prathantly C-8 coupled fisetinidol-
catechin. The C-6 position of catechin is more tigadhan the nucleophilic positions
on the resorcinol type A-ring of fisetinidol. Thecend fisetinidol-4-ol is thus crafted
onto this position and trimers are exclusively tiisidol-catechin-fisetinidol. Further
extension takes placgia the less reactive fisetinidol extender units, piuip
explaining the relative low occurrence of tetramaed higher oligomers. The C-6-
position of the fisetinidol unit is sterically leksndered than the C-8 position and the
third extender unit on a tetramer is coupled a gasition. The synthesis of tetramers
and higher fisetinidol-catechin PACs is summarisad Scheme 7. The close
correlation between synthetic PACs and those isdldtom quebracho heartwood
suggest that their biosynthesis parallels theirofdatory synthesis and support
structural MS assignments of the PACs in naturtabess.
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Scheme 7: Synthesis of quebracho heartwood PACs

2.5. Industrial Applications of PACs

Plant derived PACs have been used since antiqaitiart leather. It represents a
renewable source of polymers, and is non-toxic himdlegradable, and thus has
received renewed industrial interest to supplenmnteplace oil derived chemical
products and toxic chrome and other mineral bageding agents (Pizzi, 2008). The

industrially useful PACs are 5-deoxy PACs and thergeavailable in commercially
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viable quantities. The absence of a 5-OH groupsarispstability to the interflavanyl

bonds and hence durability to the products manufadtfrom it.

Their industrial application is derived from theinemical properties which can be

classified as follows:

1. The ability to form complexes with proteims hydrogen bonds. This forms the
basis for their leather tanning properties and ntgpeesistance to microbial and
bacterial attack as it complexes with their pradefhlaslam, 1974, 1988, 1997,
Venteret al, 2012).

2. The electron donating OH groups impart high tebec density to the aromatic
rings, particularly the phloroglucinol or resorditgpe A-rings. These rings are
thus nucleophilic and polymerise with aldehydefoten natural adhesives (Pizzi,
1978; Venteet al, 2012).

3. The two or threertho hydroxy groups on the B-rings of constituent fiaaxol
monomers form insoluble complexes with heavy metald thus explains their
water purification and other colloidal applicatiofigeltran-Heredia and Sanchez-
Martin, 2008; Venteet al, 2012).

2.5.1. Leather Tanning

Both hydrolysable tannins and PACs can be usedroduge vegetable tanned
leathers. Quebracho and wattle PACs are commer@atiduced in large quantities
and have largely replaced the older hydrolysabhmites in leather tanning. Small
quantities of hydrolysable tannins from chestnutkbare still used for speciality
leathers such as sole leather tannage (Covingt&97;1 Shuttleworth, 1955).
Nowadays mineral agents such chromium has largeyaced vegetable tanned
leather. The toxicity of chrome and the environmkngsues associated with the

disposal of chromium tanned leather has howevenusiited renewed interest in
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vegetable tannins (Belay, 2010). About 50% of comziaé PAC production is used

for leather tanning.

The skin of any animal is made up of three lay#drs:epidermis, the corium and the
flesh layer. The corium, which is used to prodweaher, consists of collagen fibres,
which are comprised of helically-twisted proteirofolymers, chemically linked to
permit strength and elasticity (Dirksen, 1997; ldasl 1998). The tanning process is
comprised of cross linking adjacent protein fibreish PACs via hydrogen bonds
between protein amide (NHCO) groups and PAC hydrgryups. The result is
leather, which in contrast with skin, is durabled aresists bacterial and fungal
degradation. It is also water repellent since tha@rdphylic amine groups have been
saturated with PAC OH groups. The rigidity and Im&st of dried skin is replaced by
a supple product with a soft touch. The productimes the reddish-brown colour of
the PAC extract (Cassarat al, 2003, Haslam 1998). Large amounts of PACs are
involved and vegetable tanned leather may contamite50% PACs by weight.

The degree of polymerisation of the PAC oligomersmportant. Monomers and

dimers cannot link two collagen strands in leath@nger oligomers are too big to

penetrate the intermolecular spaces within theagelh causing poor penetration and
thus surface tanning only. These surface tanndtidesaare normally hard and used
for belts and shoe soles (Shuttleworth, 1955; RA®92; Slabbert, 1992; Haslam,

1998).

Vegetable extracts (e.g. quebracho and wattle) testah leather, contains in addition
to PACs, also so called non-tans. These are mairdgars and gums, but also minor
amounts of acids and their salts, hemicellulosestip, and unknown compounds
containing nitrogen and phosphorus. The larger taos-may block intermolecular

spaces and interfere with PAC penetration, whitshes of the smaller ones may be
beneficial in controlling astringency. It has bdeuand that removal of non-tans from

vegetable tannins used for book cover leathersiceethe acid resistance (from sulfur

pollutants in the air) and longevity of these leath(Covington, 1997; Haslam, 1998,
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Roux, 1992; Dirksen, 1997). Quebracho consistsbolub95% PACs and 5% non-
tans and mimosa about 65% PACs and 35% non-tamaghét al.,, 2012).

2.5.2. Adhesive Manufacturing

The development and industrial use of PAC baseésdds began in the late 1940s
(Yazaki and Collins, 1997). PAC-based adhesives amesidered as renewable
resource adhesives and are aimed at replacing egensive synthetic phenolic
resins (Pizzi, 1998 and 2003; Grisby al, 2004). The polyphenolic A-ring reacts
with formaldehyde to produce polymers (Refer to €et 5)linked via methylene

bridges.Acacia mearnsiPAC adhesives have been commercially producesuthS

Africa for many years (Yazaki and Collins, 19973ammnsume about 50% of the total

extract production.

The limited number of reactive sites and rapid pwyisation (fast gelling and curing
times and shorter pot lives compared to synthditenplic resins) causes weak and
brittle adhesives and considerable effort has Imeade to overcome this. Sulfitation
improves the situation. Applied research involvéferes to generate additional sites
for polymerisation for cold-setting adhesive apgiions via cleavage of the
interflavanyl bond and the introduction of morexfiglity into the rigid PAC ringvia
opening of the heterocyclic C-ring (Pizzi, 1998020Grisbyet al,, 2004).

PAC extracts with resorcinol A-rings (quebracho avattle) require hot-pressing to
manufacture adhesives. This contrasts with the meaetive phloroglucinol A-ring
type PAC extracts (e.g. pine species) that hasdditianal OH group on the A-ring
and polymerises at ambient temperature. Resortypel tannin extract adhesives
thus have a slower reactivity than phlorogluciramirtins (Figure 18).

An alternative approach involves the addition &oreinol and phenol to the extract.

These commercial resorcinol based adhesives in¢armden-resorcinol-formaldehyde
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(TRF) and synthetic phenol-resorcinol-formaldehy@&®F) which are cold-setting
adhesives used for curing, cold-set finger jointiaglaminating applications. These

are, however, expensive products compared to PAGasx (Pizzi, 2003, 2008).

\C OH C OH
OH ¢

Resorcinolic tannin Phloroglucinolic tannin
Figure 18: Tannin extracts adhesive composition

2.5.3. Dyes

PACs have been used in the manufacture of ink @alrate ink) and as caustics for
cationic dyes (tannin dyes) (Khanbabee and van Re6]1). PACs are used as
mordants to increase the uptake of cationic dyde oatton. The cotton is initially
treated with PAC extract and then with a metal gadteding dyeing. This technique
imparts wash and light fastness to the dyed falfxiesikaret al., 2007).

2.5.4. Mineral Flotation Agents (Coagulants and Flocculang)

Suspended positively charged colloidal particleshsas clay and organic matter in
water that may be responsible for unpleasant appeay taste, and smell clarify
muddy water (Rowet al, 1975). PACs are negatively charged and coagaate
precipitate these particles to obtain pure watesiromdustrial scale.
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PACs are anionic polymers used in mineral flotatamyents (Rowet al, 1975).

Quebracho tannic acid derivatives are the most compolymers used in flotation.
Although normal and sulfited PACs can be used, nifwst common is aminated
quebracho, a commercial product named Floccotae. HAC is converted into an
amphoteric (iso-electric point at pH Ppsitively charged polymer containing a

methyl amino group.

Scheme 8 illustrates the Mannich-type reaction betwacacia PACs, ethanolamine,
and formaldehyde in acidic aqueous medium to fdtottotan” (Rouxet al, 1975).

(OH)
OH
HO NH,CH,CH,OH
OH,
HClI
X HCHO

floccotan

Scheme 8: Formation of “floccotan”

Roussy and co-workers (200bave used a combination of chitosan (i.e. polymer
composed of glucosamine and acetylglucosamine )urdated tannins for the
coagulation and flocculation of industrial solutsarontaining dark violet ink.

Beltran-Heredia and co-workers (2009) describedugesof a tannin-based coagulant
and flocculant agent manufactured from quebrachchifopsis balansador the
removal of hazardous sodium dodecylbenzenesulfo(BBBS) from wastewater.
SilvaFLOC is an anionic surfactant-removal agerdt thfficiently removed 80%
SDBS.
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Beltran-Heredia and Sanchez-Martin (2009) have #&sted another tannin-based
coagulant and flocculant agent, TANFLOC, obtaineninf Acacia mearnsiibark.

Chemical modifications of the extract include atguaary nitrogen that imparts a
cationic character. TANFLOC was effective in tragtiurban wastewater and the

removal of anionic surfactants and organic matter.

2.5.5. Corrosion Inhibitors

PAC extracts react with iron salts to form a bll&ck iron tannate complex. This
reaction has been used for centuries to preventctonesion of steel and copper
surfaces of steam boilers (Brannt and Wahl, 1886regbyet al, 1978). PACs
inhibit corrosion by reacting with Beforming an insoluble, reticulate shielding layer
on the rusted steel surface (Jatnal, 1999; Moresbyet al, 1978; Seavelét al,
1978).

Jaén and co-workers (1999) studied the use of P#@Csinder corrosiorvia the
formation of amorphous iron-tannin complexes witay. Matamala and co-workers
(2000) compared the effect on steel when treatéd tannin primers formulated with
natural tannins extracted from Chilean radiata gimecies and Brazilian black acacia.
The reactivity of the pine tannins exceeded thathef acacia tannins thus giving

better corrosion inhibition.
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2.5.6. Fluidifying and Superplasticizing Additives

The addition of PACs increases the fluidity andrdases the viscosity of mud that
forms during the oil drilling process (Haslam, 19%8errick, 1980). The process
probably involves the hydration of the mud hydrdiphgroups thus weakening the
clay network and liberating free water. The additaf small quantities of PACs to
cement improves its workability and improves sttbngevelopment. Large amounts,
however, impede the setting and strength developroérconcrete(Pizzi, 2008;
Zaisong, 1997).

2.5.7. Food and Beverage Industry

PACs are important taste components in food anderages. The protein-
polyflavonol hydrogen bond interaction with protdbased taste receptors in the
mouth imparts astringency. This complements thatilelessential oil based flavour
component that actga receptors in the nose (Joslyn and Goldstein, 1954LCs may
also act as anti-feedants due to high astringesey discussion below) (Rhodes and
Cates, 1976).

PACs are of particular importance in tea, a PACt@oimg hot water-soluble extract
of the leaves o€Camellia sinensisa tropical ever-green plant. During the produtctio
of green tea, the fresh leaves are heated immédadter picking followed by drying
to deactivate enzymes and thus conserving the menormonstituents. Chinese tea
consists mainly of an abundance of epigallocatechamomers. Manufacturing of
black tea involves grinding the tea leaves aftekipg to endorse enzymatic oxidation
and subsequent condensation of the tea polyphdtiw@aflavins and thearubigins)
through a fermentation process (Scheme 9). Additbmmilk to the tea reduces
astringency by precipitating the tannins with nplloteins. The flavonoid monomers
in tea are considered to be anti-oxidants andquéatily Chinese tea is considered a
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health beverage with important anti-aging, antieesn and anti-inflammatory
properties (Jankuet al, 1997; Garbisa&t al, 1999; Yang and Ruan, 2009; Waeglg
al., 2007, 1993, Haslam, 1998).

OH
OH OH
OH HO 0
HO O “ OH
‘ OH OH
. 0-C | X
“OH OH 0
OH = OH
OH
Epigallocatechin Epigallocatechin-3- O-gallate
25 26
Tea polyphenol | Fermentation
oxidase
OH
OR
| = COOH
g7
HO © COOCH
o]
X HO O <\\\\
7 >"0R K;LJ on
OH OR
. OH -
Theaflavins Thearubigins
R = Galloyl 27 28

Scheme 9: Major components of green and black tea

PACs are important taste components in red winehiite wine the juice is separated
from the PAC-containing grape skins before fermigoa White wine thus contains
little or no PACs. In contrast, red wine is fermeghin the presence of the skins (Ignat
et al, 2011, Haslam, 1998). The alcohol that formsrdufermentation assists in the
extraction of PACs from the skins. Red wine thusitams high levels of PACs.
Young red wines may be undrinkable and ageing mayrdquired to reduce
astringency. Wine ageing is still a poorly undesstqrocess (Bate-Smith, 1954,
Haslam 1998; Hofmanmt al, 2006) that not only reduces astringency but also

introduces taste and flavour components that greathance wine quality.
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Oak barrels are used during the ageing processdhfand some white wines, and
brandy. Hydrolysable tannins are extracted from w®d during the process and
impart important taste and associated quality carapts. These are enhanced with
further ageing. Hydrolysable tannins thus also upaleooorly understood chemical
changes during ageing (Sagtzal, 2012).

Wood aged red wine thus contains both PACs andohyshble tannins whilst brandy
and wood aged white wine contains only hydrolysdhtnins. Whisky and many
other alcoholic drinks are also aged in oak woodcheaper versions, wood chips
serves as the tannin source (Glabasnia and Hofn2806).

Commercial tannin containing powders are often useonprove taste qualities of
poor red wines. Quebracho heartwood extract isiqodeitly popular since it is
difficult to detect analytically.

Regular moderate drinking of PAC containing red evia considered important for
health and longeativity. Other components in redexeg. stibenes, phenolic alcohols

etc.) (Makriset al,, 2007; Ignakt al, 2011) are also involved.

Much of the beneficial effects like anti-ageing,tiarancer, anti-inflammatory
properties associated with fresh fruit and vegeshhcluding cereals and nuts have
been attributed to the anti-oxidant and free rddscavenging properties of PACs
(Santos-Buelga and Scalbert, 2000).
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2.5.8. Medicinal and Pharmaceutical applications

A plethora of biological activities has been repdrfor pure flavonoids, flavan-3-ols,
and PACs. These include antitumor and anticancavitgc(Chung et al, 2010;
Serranoet al, 2009; Santos-Buelga and Scalbert, 2000; Pif¥i8p We, however,
must point out that many enzymes are proteins ianditro inhibition by tannin
extracts may be due to irreversible denaturatioprofeins, similar to leather tanning
(Pizzi, 2008; Ignakt al., 2011).

2.5.9. Biological Functions of Tannins

The purpose of tannins in plants is controversml actively debated. It is unlikely
that plants would spend a considerable amount fafrtefo synthesise the large
guantities of tannins that are normally presenihéfre was no evolutionary benefit. It
is generally assumed that tannins protect planésnag herbivores, micro-organism
and viruses. This is presumablha their ability to complex and denature proteins.
Proteins in the digestive system of herbivorestlaws rendered indigestible eithga
destroying digestive enzymes wia forming indigestible food-tannin complexes.
Hydrolysable tannins and procyanidins occur compiaiary. In plants were PACs
are absent, hydrolysable tannins dominate am#® versa This supports their
protective rolevia complexation of proteins with the hydroxyl groupa either
hydrolysable tannins or PACs (Claussral, 1992).

The 5-oxy PACs with labile interflavanyl bonds inmpastringency to immature fruit
and protect them and the seeds they contain adanistvores. As soon as the seeds
are mature, however, these 5-oxy PACs are hydrdlgsel the fruit becomes edible
and the seeds are distributed by herbivores. As#me time the monomers that are
the products of hydrolysis of the interflavanyl den are further oxidised to
anthocyanidins that actually advertises to herl@gathat the fruit are ready to be
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eaten. The 5-deoxy PACs in bark and wood that fieensore permanent nature have
stable interflavanyl bonds (Lea, 1992; Haslam, 1998

It has also been postulated that flavonoids and $giGtect plants against ultraviolet
rays in sunlightvia quinone methide and anthocyanidin formation. Téignportant
in young plants that do not contain sufficient citees of chlorophyll, presumed to be
a major protecting agent against UV damage. Thanaw colors associated with
aged leaves may well be part of the process tesfearvaluable leave components
back to the tree without UV damage in the absefahlorophyll (Solovchenko and
Schmitz-Eiberger, 2003; Flimt al, 1985).

71



2.6. References:

Achilonu, M. C. Novel synthetic approaches towairtlabanoids and procyanidins. PhD
Thesis, University of the Free Stakéarch 2009, pp.15-16.

AOAC. Official Methods of Analysis, 10ed.; Association of Official Agricultural Chemists
Washington DC1965

Asquith, R. A. Paper chromatography of the pyragadnninsNature 1951, 168, 738.
Bate-Smith, E. Astringency in foodsood Proc. Packagl954 23 124-127.

Bate-Smith, E. Haemanalysis of tannins: The conogptlative astringencyhytochemistry
1973 12, 907-912.

Belay, A.A. Impacts of chromium from tannery efflieand evaluation of alternative
treatment optionsl. Environ. Prot.201Q 1, 53-58.

Beltran-Heredia, J.; Sanchez-Martin, J. Municipalstewater treatment by modified tannin
flocculent agentDesalination 2009 249, 353-358.

Beltran-Heredia, J.; Sanchez-Martin, J. Removingviianetals from polluted surface water
with tannin-based flocculant agedt.Hazardous Mat2008 165, 1215-1218.

Beltran-Heredia, J.; Sanchez-Martin, J.; FrutosaBta G.Schinopsis balansamnnin-based
flocculant in removing dodecyl benzene sulfon&&p. Purif. Techngl2009 67, 295-303.

Berthod, A.; Billardello, B.; Geoffroy, S. Polyphas in countercurrent chromatography. An
example of large scale separatiénalusis 1999 27, 750-757.

Boukharta, M.; Girardin, M.; Metche, M. Procyanidigalloylées du sarment de vighié
vinifera). Séparation et identification par chromatograpideide haute performance and
chromatographie en phase gazeds€hromatogr, 1988 455 406-409.

Brannt, W. T.; Wohl, W. H. (Eds), The Techno-CheamhiReceip(e)t Book, U.S.A.: Henry,
Carey, Baird and Co., Philadelphi®8386 pp.39-40.

72



Cao, X.; Wang, C.; Pei, H.; Sun, B. Separation meatification of polyphenols in apple
pomace by high-speed counter-current chromatographgt high-performance liquid
chromatography coupled with mass spectromelryf Chromatogr. A2009 1216 4268—
4274.

Cassano, A.; Adzet, J.; Molinari, R.; Buonomenna, ®4; Roig, J.; Drioli, E. Membrane
treatment by nanofiltration of exhausted vegetdhiein liquors from the leather industry.
Water Res.2003 37, 2426.

Chung, K. T.; Wong, T. Y.; Wei, C-I.; Huang, Y. W.in, Y. Tannins and human health: A
review.Crit. Rev. Food Sci. Nutr1998 38(6):421-464.

Clausen, T. P.; Reichardt, P. B.; Bryant, J. P.ovBnza, F. Introduction in: plant
polyphenols. Hemingway, R.W., Laks, P.E. (Eds)nbBhe Press, New York,992,pp. 639-
647.

Cooper, K.G.; Hanlon, L.G.; Smart, G.M.; Talbot,ER.25 years experience in the

development and application of scale inhibit@ssalination,1979 31, 243.
Covington, A. D. Modern tanning chemist@hemical Society Reviewi97, 111-126.

Covington, A. D. Tanning Chemistry: The Science Lafather. The Royal Society of
Chemistry, Cambridge009,pp.304-309.

Covington, A. D.; Lilley, T. H.; Song, L.; Evans,. G. Collagen and polyphenols: new
relationships and new outcomes. Part 1. Flavoneattrons for new tanning processés.
Am. Leather Chem. As2005,100, 325.

Czochanska, Z.; Foo, L. Y.; Newman, R. H.; Ported. Polymeric proanthocyanidins.
Stereochemistry, structural units, and moleculagiteJ.C.S. Perkin,[198Q 2278-2286.

De Freitas, V.; Glories Y.; Bourgeois, G.; Vitry,. Characterization of oligomeric and
polymeric procyanidins from grape seeds by liguegtamidary ion mass spectrometry.
Phytochemistry1998,49, 1435-1441.

Dirksen, V. The degradation and conservation dhieraJCM§ 1997, 3.

73



Eberhardt, T. L.; Young, R. A. Conifer seed coneoamthocyanidin polymers:
characterization by*C NMR spectroscopy and determination of antifungetivities. J.
Agric Food Chem 1994 42, 1704-1708.

Escribano-Bailon, T.; Gutiérrez-Fernandez, Y.; Riaonzalo, J. C.; Santos-Buelga, C.
Characterization of procyanidins Witis viniferavariety tinta del pais grape seedsAgric.
Food Chem 1992 40, 1794-1799.

Fechtal, M., Riedl, B. Use of eucalyptus afsdacia mollissimabark extract-formaldehyde
adhesives in particleboard manufactuttelzforschung1993,47, 349.

Ferreira, D.; Slade, D.; Marais, J. P. J. Flavamaidemistry, biochemistry and applications,
CRC press2006 pp. 553-615; 1101-1128.

Flamini, R. Mass spectrometry in grape and winengbey, Part 1: polyphenoldVass
Spectrom. Rey2003 22, 218-250.

Flint, S. D.; Jordan, P. W.; Caldwell, M. M. Plgmtotective response to enhanced UV-B
radiation under field conditions: Leaf optical peofes and photosynthesRBhotochem. and
Photobia, 1985 41, 95-99.

Freudenberg, K.; Maitland, Prannins and similar substances. XXVII. Quebrachmita
Liebig's Ann, 1934 510, 193-205.

Fulcrand, H.; Remy, S.; Souquet, J.M.; Cheynier, Moutounet, M. Study of wine tannin
oligomers by on-line liquid chromatography electn@s ionization mass spectrometty.
Agric. Food Chem 1999 47, 1023-1028.

Fulcrand, H; Mané, C; Preys, S.; Mazerolles, Gud&uwt, C.; Mazauric, JP.; Souquet, J. M.;
Meudec, E.; Li, Y.; Cole, R. B.; Cheynier, V. Ditemass spectrometry approaches to
characterize polyphenol composition of complex damhytochemistry2008 69, 3131—
3138.

Garbisa, S; Biggin, S.; Cavallarin, N.; Sartor, Benelli, R.; Albini, A. Tumor invasion:
molecular shears blunted by green téat. Med, 1999 5, 1216.

Glabasnia, A; Hofmann, T. Sensory-Directed Idecdiion of taste-active Ellagitannins in

American Quercus albal.) and european oak woo@ercus roburlL.) and quantitative

74



analysis in bourbon whiskey and oak-matured recesvih Agric. Food Chem2006 54 (9),
3380-3390.

Govindarajan, V. S.; Matthew, A. G. Anthocyanidinsom leucoanthocyanidins.
Phytochemistryl965 4, 985.

Grigsby, W.; Warnes, J. Potential of tannin exsaxs resorcinol replacements in cold cure
thermoset adhesiveldolz als Roh- und Werkstp#004 62, 433-438.

Guyot, S.; Marnet, N.; Drilleu, J. F. Thiolysis-HELcharacterization of apple procyanidins
covering a large range of polymerization stale#\gric. Food Chem200], 49, 14-20.

Hagerman, A. E.; Robbins, C. T.; Weerasuriya, Yilséh, T. E.; Mcarthur, C. J. Tannin
chemistry in relation to digestioRange Manage1992,45, 57-62.

Hammerstone, J. F.; Lazarus, S. A.; Mitchell, A.Bucker, R.; Schmitz, H. H. Identification
of procyanidins in cocoalfieobroma cacgoand chocolate using high-performance liquid
chromatography/mass spectromettyAgric. Food Chem1999 47 (2), 490-496.

Haslam, E. Polyphenol-protein interactioBsochem. J.1974,139,285-288.

Haslam, E. Practical polyphenols. From structurentdecular recognition and physiological
action, Cambridge University Press, Cambridd98 pp. 10-407.

Haslam, E. Twenty-second Procter memorial lectiegetable tannins - renaissance and
reappraisald. Soc. Leather Technol. Cheit988,72, 45.

Haslam, E. Vegetable tannage: where do the targof?s). Soc. Leather Technol. Chem.
1997,82, 45.

Haslam, E. Vegetable tannins-Lessons of a phytoraifetime. Phytochemistry2007,
68, 2713-2721.

Hayasaka, Y.; Kennedy, J. A. Mass spectrometridenge for the formation of pigmented
polymers in red winelust. J. Grape Wine Re2003 9 (3), 210-220.

Hemingway, R. W.; Mcgraw, G. W. Kinetics of acidtaigzed cleavage of procyanidink.
Wood Chem. Technoll983 3, 421.

75



Herrick, F. W. Chemistry and utilization of westdremlock bark extractived. Agric. Food
Chem, 198Q 28, 228-237.

Hofmann, T.; Glabasnia, A.; Schwarz, B.; WismanNK. Gangwer, K. A.; Hagerman, A. E.
Protein binding and astringent taste of a polympracyanidin, 1, 2, 3, 4, 6-penta-O-galloyl-
b-D-glucopyranose, castalagin, and grandidirAgric. Food Chem200654, 9503-9509.

Hoong, Y. B.; Pizzi, A.; Tahir, P. M.; Pasch, H. &&cterization ofAcacia mangium
polyflavanoid tannins by MALDI-TOF mass spectrorgeemd CP—MAS™C NMR. Eur.
Polym. J.201Q 46, 1268-1277.

Ignat, I.; Volf, I.; Popa, V. I. A critical reviewof methods for characterization of
polyphenolic compounds in fruit and vegetablesod Chem.2011, 126, 1821-1835.

Jaén, J. A.; Garcia de Saldafa, E.; Hernandez,h@raCterization of reaction products of

iron and iron salts and aqueous plant extrdtyperfine Interact.1999 122, 139.

Jankun, J.; Selman, S. H.; Swiercz, R.; Skrypczal«n, E. Why drinking green tea could
prevent canceNature 1997, 387, 561.

Jaworski, A. W.; Lee, C. Y. Fractionation and HPHE&termination of grape phenolics.
Agric. Food Chem 1987, 35, 257-259.

Jennings, A. C. The determination of dihydroxypHencompounds in extracts of plant
tissuesAnal. Biochem 1981, 118 396.

Jones, W. T.; Broadhurst, R. B.; Lyttleton, J. WheTcondensed tannins of Pasture legume
speciesPhytochemistryl976 15, 1407-1409.

Joslyn, M. A., Goldstein, L. L. Astringency of ftaiand fruit products in relation to phenolic
contentAdv. Food Res1964 13, 179-317.

Katalini¢, V.; MiloS, M.; Modun, D.; Musi, |.; Boban, M. Antioxidant effectiveness of
selected wines in comparison with (+)-catechiood Chem 2004 86, 593—-600.

Kennedy, J. A.; Taylor, A. W. Analysis of proantjaaidins by high performance gel
permeation chromatographl. Chromatogr. A2003,995, 99-107.

76



Khanbabee, K; van Ree, T. Tannins: Classificatioh @efinition.Nat. Prod. Rep 2001,18,
641-649.

Kolodziej, H. Isolation, structural identificationand NMR spectroscopy of
proanthocyanidins. In: Polyphenols 2000. MartenT$eutter D. and Forkmann G. (Eds);
freisingweihenstepha2002 pp. 98-119.

Kramling, T. E.; Singleton, V. L. An estimate ofnftavonoid phenols in wineg&m. J. Enol.
Vitic., 1969 20, 86-92.

Lapornik, B.; Prosek, M.; Wondra, A. G. Comparisainextracts prepared from plant by-
products using different solvents and extractiaretid. Food Eng.2005 71, 214-222.

Le Roux, E.; Doco, T.; Sarni-Manchado, P.; Lozand, Cheynier, V. A-type
proanthocyanidins form pericarp loitchi chinensisPhytochemistry1998,48, 1251-1258.

Lea A. G. H., Timberlake C. F. The phenolics ofecid. procyanidinsJ. Sci. Food Agrig.
1974 25, 1537-1545.

Lea, A. G. H. Introduction in: Plant polyphenolsemdingway, R.W., Laks, P.E. (Eds),
Plenum Press, New York992,pp. 827-847.

Makkar, H. P. S. Protein Precipitation methods doantification of tannins: A Reviewl.
Agric. Food Chem1989 37, 1197-1202.

Mané, C.; Sommerer, N.; Yalcin, T.; Cheynier, VoI€ R.B.; Fulcrand, H. Assessment of
the molecular weight distribution of tannin fracteothrough MALDI-TOF MS analysis of
protein-tannin complexeénal. Chem.2007, 7%6), 2239-48.

Matamala, G.; Smeltzer, W.; Droguett, G. Comparigdnsteel anticorrosive protection
formulated with natural tannins extracted from a&amnd from pine barkCorros. Sci.200Q
42, 1351.

Matthews, S.; Mila, I.; Scalbert, A.; Brigitte Petl] B.; Lapierre, C.; Herve” du Penhoat, C. L.
M.; Rolando, C.; Donnelly, D. M. X. Method for estation of proanthocyanidins based on
their acid depolymerization in the presence of eophiles.J. Agric. Food Chem1997, 45,
1195-1201.

77



Meirelles, C.; Sarni, F.; Ricardo-da-Silva, J. Mgutounet, M. Evaluation des procyanidines
galloylées dans les vins rouges issue de diffénaatdes de vinification. tnProceedings of

International Polyphenolic Group Convention. Lishp892 16, Tome Il, pp 175-178.

Monagas M.; Quintanilla-Lépez, J. E; Gomez-Cordovés C.; Bartoloméa, B.; Lebrén-
Aguilar, R. MALDI-TOF MS analysis of plant proanttyanidins. J. of Pharm. and
Biomedical Anal.201Q 51, 358-372.

Morera, J. M.; Barcardit, A.; Olle, L.; Bartoli, EBorras, M. D. Minimization of the
environmental impact of chrome tanning: A new pescevith high chrome exhaustion.
Chemosphere2007, 69, 1728-1733.

Moresby, J. F. Black Wattle and its Utilisation Adged English EditionBrown, A.G., Ko,
H.C. (Eds), Rural Industries Research & Developn@rporation (RIRDG)1997,pp. 145-
148.

Moubarik, A.; Pizzi, A.; Allal, A.; Charriera, FCharriera, B. Cornstarch and tannin in

phenol-formaldehyde resins for plywood productiod. Crop. Prod, 2009 30,188-193.

Mouls, L.; Mazauric, J. P.; Sommerer, N.; Fulcradd,Mazerolles, G. Comprehensive study
of condensed tannins by ESI mass spectrometry:ageedegree of polymerisation and
polymer distribution determination from mass spe@nal. Bioanal. Chem2011,400 613-
623.

Naczk, M.; Shahidi, F. Phenolics in cereals, framsl vegetables: Occurrence, extraction and
analysisJ. Pharm. Biomed. Anak006 41, 1523-1542.

Newman, R. H.; Porter, L. J. Introduction in: Plgatiyphenols. Hemingway, R.W., Laks,
P.E. (Eds), Plenum Press, New YdtR92 pp. 339-347.

Oszmianski, J.; Ramos, T.; Bourzeix, M. Fractiomatof phenolic compounds in red wine.
Am. J. Enol. Vitig 1988 39, 259-262.

Outtrup, H. Introduction in: Plant polyphenols. Hagway, R.W., Laks, P.E. (Eds), Plenum
Press, New Yorkl992,pp. 849-858.

Pasch, H.; Pizzi, A.; Rode, K. MALDI-TOF mass spestetry of polyflavonoid tannins.
Polymer 2001, 42, 7531-7539.

78



Picinelli, A.; Suarez, B.; Mangas, J. J. Analysis pmlyphenols in apple productZ.
Lebensm. Unters. Forsch. 2997, 204, 48-51.

Pizzi, A, Handbook of Adhesive Technology!°ZEdition Revised and Expanded, Marcel
Dekker Inc., New York2003 pp. 1-15.

Pizzi, A. Monomers, Polymers and Composites frorméReable Resources, Belgacem, M.
N.; Gandini, A. (Eds), Elsevie2008 pp. 179-199.

Pizzi, A. The chemistry and development of tanraisdrl adhesives for exterior plywodd.
Polymer Sci 1978,22, 2397-2399.

Porter, L. J.; Hrstich, L. N.; Chan, B. G. The cersion of procyanidins and prodelphinidins
to cyanidin and delphinidirPhytochemistryl969 8, 677.

Putnam, L. J.; Butler, L. G. Fractionation of Consled Tannins by Counter-Current
Chromatographyd. Chromatogr, 1985,318,85-93.

Reed, J. D.; Krueger, C.G.; Vestling, M.M. MALDI-FOmass spectrometry of oligomeric
food polyphenolsPhytochemistry2005,66, 2248-2263.

Revilla, E.; Alonso, E.; Bourzeix, M.; Heredia, NDosage des catéchines et des

proanthocyanidols dans les vins. Feuillet Vert.Q/.] 1991, 829.

Rhodes, D.F., Cates, R.G. Toward a general thefgpjaat antiherbivores chemistry. Recent
Adv. Phytochem 1976 10, 168-213.

Ricardo-da-Silva, J. M.; Rigaud, J.; Cheynier, @eminat, A.; Moutounet, M. Procyanidin
dimers and trimers from grape sedelytochemistryl991 4, 1259-1264.

Rigaud, J.; Escribano-Bailon, M. T.; Prieur, C.ugoet, J. M.; Cheynier, V. Normal-phase
high-performance liquid chromatographic separatibmprocyanidins from cacao beans and
grape seedd. Chromatogr, 1993 654, 255-260.

Rigaud, J.; Perez-llzarbe, J.; Ricardo da SilvaylJ.Cheynier, V. Micro method for the
identification of proanthocyanidin using thiolysmonitored by high-performance liquid
chromatographyd. Chromatogr. A1991,540 401-405.

79



Roberts, E. A. H.; Wood, J. D. A study of the pdigpols in tea leaf by paper
chromatographyBiochem. J195], 49, 414-422.

Roussy, J.; Chastellan, P.; van Vooren, M.; Guilial, Treatment of ink-containing
wastewater by coagulation/flocculation using bigpuérs,Water SA2005 31, No. 3, 369-
376.

Roux, D. G. Methods of fractionation and identifioa of constituents of condensed tannins,
JALCA 1958 (7), 384-395.

Roux, D. G. Photometric methods of tannin analysisblack wattle tanninJ. Soc. Leath.
Trade’s Chem.1951, 35, 322.

Roux, D. G. Ultraviolet photometric methods of tamestimation in relation to wattle extract
utilization. J. Am. Leather Chemists’ Assd957 52, 319-329.

Roux, D. G.; Ferreira, D.; Botha, J. J. Structaaisiderations in predicting the utilization of
tannins.J. Agric. Food Chem198Q 28, 216-222.

Roux, D. G. The fractionation and paper chromatolgyaof black wattle tannins or
polyphenolsJ. Soc. Leather Trades’ Cherh953 37, 229.

Roux, D. G.; Ferreira, D.; Hundt, H.K.L.; Malan. &tructure, stereochemistry, and reactivity
of natural condensed tannins as basis for thegnebdd industrial applicatio®pp. Polym.
Simp 1975,28, 335-353.

Roux, D. G.; Paulus, E. Polymeric leuco-fisetinidannins from the heartwood #fcacia
mearnsii Biochem. J.1962,82, 320-324.

Roux, D. G. Introduction in: Plant polyphenols. Hegway, R.W., Laks, P.E. (Eds), Plenum
Press, New Yorkl992,pp. 7-39.

Saint-Cricq De Gaulejac, N.; Freitas, V.; Glori¥s, Bourgeois, G.; Vivas, N. Fractionement
et dosage des procyandines oligomére des raisaesatins: relation avec la qualité des vins.
Sciences des Alimenf098 18, 59-76.

80



Santos-Buelga, C.; Schalbert, A. Review, Proanthoicins and tannin-like compounds-
nature, occurrence, dietary intake and effects wnitton and healthJ. Sci. Food Agrig
2000 80, 1094-1117.

Sanz, M.; Fernandez de Simon, Bsteruelas, E.; Mu™noz, A. M.; Cadahia, E.; Hermand
M. T.; Estrella, I.; Martinez J. Polyphenols in red wine aged in acacRol{inia
pseudoacacipand oak Quercus petragdawood barrelsAnalytica Chimica Acta2012 732
83-90

Scalbert, A. Introduction in: Plant polyphenols.nilegway, R.W., Laks, P.E. (Eds), Plenum
Press, New York1992,pp. 259-280.

Scalbert, A.; Monties, B.; Janin, G. Tannins in Wwogomparison of different estimation
methodsJ. Agr. Food Chem1989 37, 1324.

Schofield, P.; Mbugua, D. M.; Pell, A. N. Analy$ condensed tannins: A revienim.
Feed Sci. TechnoR001, 91, 21-40.

Seavell, A. J. Anti corrosive properties of mimdgattle) tannin.Journal of the Oil and
Colour Chemists' Associatioh978 61, 439.

Senekal, N. D. A Solid State NMR and MS Characiios of the Chemical Composition of
Mimosa Bark Extract, MSc Thesigniversity of the Free Statdanuary 2011 pp. 45-122.

Serrano, J.; Puupponen-Pimia, R; Dauer, A.; Aurd).A Saura-Calixto, F. Tannins: Current
knowledge of food sources, intake, bioavailabibtyd biological effectsMol. Nutr. Food
Res, 2009 53, S310-S329.

Shuttleworth, S. GWattle Tannin and Mimosa Extract, Leather IndustfResearch Institute,
Scott & Sherry Printers, Grahamstown, South Afrik@85 pp.33-47.

Slabbert, N. Introduction in: Plant polyphenolsntiegway, R.W., Laks, P.E. (Eds), Plenum
Press, New Yorkl992,pp. 7-39.

Solovchenko, A.; Schmitz-Eiberger, M. Significarafeskin flavonoids for UV-B-protection
in apple fruitsJ. Exp. Bo{.2003 54 (389) 1977-1984.

81



Souquet, J.; Cheynier, V.; Brossaud, F.; MoutoukktPolymeric proanthocyanidins from
grape skinsPhytochemistryl996 43, 509 -512.

Sun, B.S.; Belchior, G. P.; Ricardo-da-Silva, J; Bpranger, M. I. Isolation and purification
of dimeric and trimeric procyanidins from grapedsed. Chromatogr. A1999h 841, 115-
121.

Sun, B. S.; Leandro, M. C.; Ricardo-da-Silva, J; Spranger, M. |. Separation of grape and
wine proanthocyanidins according to their degre@afmerization.J. Agric. Food Chem
19983 46, 1390-1396.

Sun, B. S.; Spranger, M. I.; Roque-do-Vale, F.;arRio-da-Silva, J. M. Thioacidolysis-HPLC
characterization of oligomeric and polymeric praugin fractions from grape seeds. In:

Actas do 1 Encontro Nacional de Cromatografiesboa,1999¢ 34-35.

Sun, B.; Spranger, |. Review: Quantitative extkattiand analysis of grape and wine
proanthocyanidins and stilben€3éncia Téc. Vitiv, 2005 20(2), 59-89.

Sundar, V. J.; Rao J. R.; Muralidharan, C. Cleatteome tanning-emerging option3.
Cleaner Prod 2002 10, 69-74.

Swain, T.; Hillis, W. E. The phenolic constituemsPrunus domestica. [The quantitative

analysis of phenolic constituengs.Sci. Food Agrig 1959 91, 92.

Takahata, Y.; Ohnishi-Kameyama, M.; Furuta, S.; afashi, M.; Suda, |. Highly
polymerized procyanidins in brown soybean seed awigh a high radical-scavenging
activity. J. Agric. Food Chem2001,49, 5843-5847.

Taylor, A. W.; Barofsky, E.; Kennedy, J. A.; andieer, M. L. Hop(Humulus lupulug..)
proanthocyanidins characterized by mass spectrgmatid catalysis, and gel permeation
chromatographyd. Agric. Food Chem2003,51, 4101-4110.

Thompson, D., Pizzi, A. Simplé>C-NMR methods for quantitative determinations of
polyflavonoid tannin characteristick. Appl. Polym. Sgi1995,55, 107.

Thompson, R. S.; Jacques, D.; Haslam, E.; TanneN.R. Plant proanthocyanidins. Part I.
Introduction; the isolation, structure, and diaitibn in nature of plant procyaniding.
Chem. Sac¢Perkin Trans. 11972,1387-1399.

82



Tsao, R.; Yang, R.; Young, J. C.; Zhu, H. PolyphenBrofiles in Eight Apple cultivars
using high-performance liquid chromatography (HPLE) Agric. Food Chem2003 51,
6347-6353.

Vankar, P. S.; Shanker, R.; Verma, A. Enzymatiaradtdyeing of cotton and silk fabrics
without metal mordantsl. Cleaner Prod 2007, 15, 1441-1450.

Venter, P. B.; Sisa, M.; van der Merwe, M. J.; Bers. L.; van der Westhuizen, J. H.
Analysis of commercial proanthocyanidins. Part he Themical composition of quebracho
(Schinopsis lorentziand Schinopsis balansadneartwood extracPhytochemistry2012 73,
95-106.

Vidal, S.; Cartalade, D.; Souquet, J. M.; Fulcrartd,; Cheynier, V. Changes in
proanthocyanidin chain length in winelike modelu@ns.J. Agric. Food Chem2002 50,
2261-2266.

Vivas, N.; Nonier, M. F.; Vivas de Gaulejac, N.; gdbon, C.; Bertrand, A.; Mirabel, M.
Differentiation of proanthocyanidin tannins fromeds, skins and stems of grap&étig
vinifera) and heartwood of Quebrach&chinopsis balansaeby matrix-assisted laser
desorption/ionisation time-of-fight mass spectronme and  thioacidolysis/liquid
chromatography/electrospray ionization mass speeiy. Analytica Chimica Acta2004,
513 274-256.

Viviers, P. M.; Kolodziej, H.; Young, D. A.; Ferra, D.; Roux, D. G. Synthesis of
condensed tannins. Part 11. Intramolecular enaetism of the constituent units of tannins
from the Anacardiaceae: Stoicheometric controlifeal synthesis: Derivation dH nuclear
magnetic resonance parameters applicable to hglggrmers J. Chem. SogcPerkin Trans
1,1983,2555-2562.

Wang, K.; Ruan, J. Analysis of chemical compon@mtgreen tea in relation with perceived
quality, a case study with Longjing te&®. J. of Food Sci. TechnpR009 44, 2476—-2484.

Yanagida, A.; Shoji, T.; Shibusawa, Y. Separatidnpmanthocyanindins by degree of
polymerisation by means of size-exclusion chromaplgy and related techniques.
Biochem. Biophys. Method2003 56, 311-322.

83



Yang, C. S.; Lambert, J. D.; Ju, J.; Lu, G.; SadgTea and cancer prevention: Molecular

mechanisms and human relevanioexicol. Appl. PharmacoR007, 224, 265-273.

Yang, C. S.; Wang, Z. Y. A Reviewfea and Canced. Natl Cancer Inst1993 85, 1038-
1049.

Yazaki, Y.; Collins, P. J. Black Wattle and its ligtation Abridged English EditiorBrown ,
A. G., Ko, H. C. (Eds), Rural Industries Researctb&elopment Corporation (RIRDQ)
1997,pp.127-129.

Young, D. A, Ferreira, D., Roux, D. G. Synthedigondensed tannins. Part 15. Structure of
natural ‘angular’ profisetinidin tetraflavanoidssyanmetric induction during oligomeric
synthesisJ. Chem. Sa¢cPerkin Trans 11985,2529-2535.

Zaisong, W., Black Wattle and its Utilisation Abgied English EditionBrown , A. G., Ko,
H. C. (Eds), Rural Industries Research & Developn@arporation (RIRDC)1997,pp. 150-
151.

84



Chapter 3

3. Analysis of Commercial Proanthocyanidins. Part 2. A Electrospray
Mass Spectrometry Investigation into the Chemical Gmposition of
Sulfited Quebracho

3.1. Introduction

Vegetable tannins are plant extracts that havetiwadlly been used to tan leather. The term
tannin refers to both hydrolysable tannins i.e.ypslers of gallic or hexahydroxydiphenic
acid andbp-glucose and proanthocyanidins (PACSs), i.e. flaBami-oligo-/ polymers. PACs
are also referred to as condensed tannins. Owingydater availability from natural and
planted forests, PACs have virtually replaced hlydable tannins in the industrial

applications of vegetable tannins (Pizzi, 1982).

Important industrial sources of PACs are mimosak bextract Acacia mearns)i and
guebracho heartwood extrac&chinopsis lorentzandSchinopsis balansqeApart from the
tanning of leather (Rougt al, 1975), PACs are also used to manufacture adtse$Rizzi,
1977), as water purification resins (Beltran-Heaedi al, 2009; Beltran-Heredia and
Sanchez-Martin, 2008, 2009), and as mud additieesoil well drilling (Haslam, 1988;
Herrick, 1980). Their potential uses as iron aotirgsion agents (Ja&t al, 1999; Matamala
et al, 2000; Seavell, 1978), scale inhibitors in wapgpes (Cooperet al, 1979), and
beneficiation of mineral ores (Moscovigt al, 1961; Rowet al, 1980) have been reported.

PACs are often sulfited to reduce viscosity anddase solubility in water. Many of the
properties and industrial applications of vegetdlenins are attributed to their ability to
form complexes with proteinga hydrogen bonds (Covingtagt al, 2005; Haslam, 1974).
These include astringency in tea and red wiiaeinteractions between tannins and protein-

based taste receptors in the mouth (Joslyn andst@uohg 1964), anti-feeding properties due
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to the indigestibility of tannin-protein complexéBhodes and Cates, 1976), and growth
inhibition of many micro-organismgia irreversible deactivation of enzymes (Akin, 1982).
The complexation of vegetable tannins with hidetgirns via hydrogen bonds transforms
biodegradable raw hide into leather which resisistdrial degradation, has a pleasant feel to
it, and is abrasion-, heat-, and water-resistaas(&m, 2005). PACs are used to manufacture
adhesives and resinga cross linking of the nucleophilic aromatic A-ringsthe constituent
flavan-3-ol monomers with formaldehyde (Pizzi, 1P8®ACs with ortho-dihydroxy
substitution on the B-ring can complex with heavgtafs and this explains some of their

water purification applications (Beltran-Herediad&anchez-Martin, 2008).

Slow progress in defining the composition of the@PAxtract has been attributed to the
complexity of the extracts and poor resolution amgtovery with silica gel based
chromatography. The interflavanyl carbon—carbon dsorin proanthocyanidins can be
hydrolysed with dilute acid to give unstable intediates that form colored anthocyanidins,
hence the term proanthocyanidin (Roux, 1992). Phixess gives rise to autumn colors in
deciduous trees and the ripening of fruit. Theiagéncy that prevents green fruit from being
consumed disappears as interflavanyl bonds areolygdd and the resulting monomers are
oxidized to colored anthocyanidins that signal ttked fruit is ripe and ready for eating
(Jacque=t al, 1977). The classical method to analyse PACsistngf trapping hydrolysis
intermediates with toluene-a-thiol or phlorogludifiiolysis and phloroglucinolysis) before
anthocyanidins are formed (Kennedy and Taylor, 2608audet al, 1991) and analysis of
the trapped intermediates with HPLC. This has shgist on uncertainties such as the
different hydroxylation patterns of the constitudiatvan-3-ol aromatic rings, the different
configurations at the C-2, C-3 and C-4 stereogeaitres, the possibility of a second ether-
type interflavanyl bond (A-type PACs), the averapain length (degree of polymerisation),
and the presence of angular oligomers.

The absence of 5-OH groups in the constituent mensraf commercially important PAC
extracts such as mimosa and quebracho, howeveartsngtability to the interflavanyl bond
against acid hydrolysis (Rougt al, 1980, 1975). The consequent higher temperatures
required to hydrolyse the interflavanyl bond decos® the intermediates and trapped
products and render thiolysis and phloroglucinalysireliable. For example, Vivag al

(2004) did not isolate any known flavan-3-ol/toleenthiol adducts upon thiolysis of
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guebracho tannins. The absence of 5-OH groupsnmcially important PACs is probably
not a coincidence, as the resulting stable intestfigl bonds impart longevity to leather,

adhesives, and other products derived from thesesPA

The two main sources of quebracho extract are toresS. balansagred *“chaqueno”
guebracho) from the eastern Chaco region &ntbrentzii(red “santiagueno” quebracho)
from the western Chaco region of Argentina, Boliaad Paraguay. The extract consists of
about 95% PACs and 5% water-soluble sugars on abdsys. A warm water-soluble
(unsulfited) quebracho vegetable tannin extractoigained from chipped quebracho
heartwood (after removal of the bark and outer evhitood) by boiling with water in
pressurized vessels. A cold water-soluble extiadfifed extract) is obtained upon sulfitation
of the warm water-soluble extract (treating the wavater soluble extract with NaHZ©r
direct extraction of wood chips with a boiling aqus bisulfite solution). Higher extraction

rates are obtained with boiling aqueous bisulfieison than with boiling water alone.

The relative affinity of PACs for collagen, theeaif penetration into hides and skins during
commercial tannage, mobility within leather, andsatption from finished leather under
moist conditions are determined by oligomer comjmsi(Covington, 2009). The relative
insoluble nature of hot water-soluble quebrachoaextimits its tanning applications in sole-
leather pit processes. Cold water-soluble (sulfigggebracho extract has a much enhanced
pelt penetration. High viscosity is a problem irhasive manufacturing from condensed
tannin extracts. Early formation of methylene bedg(derived from formaldehyde)
immobilizes the tannin—formaldehyde network. Theidrinetwork, associated with long
distances between constituent PACs and high vigcgsievents further methylene bridge
formation and cross linking. This leads to adhesiwath high viscosity, poor water
resistance, and low strength (Pizzi, 1978). Suifitachanges both the physical and chemical
properties of PACs. The reaction solubilises reddyi water-insoluble PACs and reduces the
viscosity of PAC extracts (Pizzi, 1982). Sulfitatialso increases the moisture retention of
tannin adhesives and allows the adhesive film yondore slowly (Pizzi, 1979) although the
presence of hydrophilic sulfonic acid moieties mhkithe adhesives’ water resistance. A
better understanding of the molecular compositibRACs in general and sulfited PACs in

particular will enhance their industrial applicatso The commonly held view is that the
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heterocyclic pyran ring is opened upon sulfitatieading to sulfonic acid derivatives (Pizzi,
1972). This is supported by the work of Richtzenrand Alfredsson (1955), who obtain2d
upon sulfitation ofL in strong sulfuric acid, an8lat pH 5-6 after prolonged heating (Scheme
1). Similar results were obtained by Sears (19%2) isolated5 which contains a sulfonic
acid group at C-Zia opening of the pyran ring upon sulfitation of «di@ (4) at high

temperatures (Scheme 2).

OCH3;
strong acci)d OHOH OCH,
OCH, OCH, 48 h/130 °C och
3
Fro K
1§ OH ; OCHs
OH OCH
pH 5-6 OH :
40 h/135°C
OCH3;
HO3S  SOzH
3

Scheme 1: Sulfitation of a flavan-3, 4-diol

170°C OH
OH
0.5 hr OH g SO3H

OH
Na2803/

HO 0 @ NaHsO;  HO o OH
m OH pH5.9

OH 4
Scheme 2: Sulfitation of catechin
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Figure 1: Products from the sulfitation of loblolly pine bark extract
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Scheme 3: Sulfitation of epicatechin-(@—8)-catechin 8
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OH SO;Na
6

H
HO\Q/\TJ"\\\C[

Scheme 4: Reaction of epicatechinpdsulfonate with phloroglucinol

14 R'=R?=0H 17
15 R'= OH,R2=H, no reaction
16 R'=R2=H, no reaction

Scheme 5: Reaction of hydroxylated benzylsulfoniccads with phloroglucinol

Figure 2: Hemingway'’s proposed structure of a sulfed quebracho PAC
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Figure 3: Proposed structure of an angular quebrach tetramer

Ring-opening will be beneficial to adhesive mantdaag as it changes the A-ring of the
constituent PAC monomers from a less nucleophikoxybenzene into a more nucleophilic
hydroxybenzene. The additional nucleophilicity potes cross linking with formaldehyde on
the periphery of oligomers, resulting in lower agyitime and pot life of thermosetting PAC-
based adhesives. The ring-opening theory was, henwezfuted by Hemingway’s group (Foo
et al, 1983; McGraw and Hemingway, 1988) who isolateedpminantly epicateching4
sulfonate6 (20%) and epicatechin{§4-8)-epicatechin-g-sulfonate7 (6%) (Figure 1), and
only small quantities (1%) of the pyran ring-opeedpon sulfitation of loblolly pine bark

extract.

91



Table 1: Oligomers observed in cold water-solublesglfited) and hot water-soluble
(unsulfited) quebracho extract (Figures 4a and 4lmegative mode m/z values)

Oligomer Monosulfited oligomer molecule Unsulfited oligomer molecule
(m/z+82) (m/z)
Dimer 643 561
Trimer 915 833
Tetramer 1187 1105

Hemingway’s conclusion is further supported byidwdation of6, 4,and11 upon sulfitation
of procyanidin B18 (McGraw and Hemingway, 1988). Isolationldf and not5, presumably
via the B-ring quinone methidk0, indicates that C-2 epimerization takes placerafgrence
to C-2 sulfitation (Scheme 3). In contrast with ecdtin- and epicatechin-derived PACs,
where the interflavanyl bond is weakened by thesgmee of a 5-OH group (phloroglucinol
A-ring), quebracho and mimosa PACs are based oaril8-ols with a resorcinol A-ring and
have interflavanyl bonds that resist fission. Therkvdescribed above is thus not directly
applicable to sulfitation of quebracho extracts. ¥Mes assume that sulfitation at C-4 and the
accompanying ring fission will take place less igadith quebracho and mimosa PACs.
This assumption is, however, not supported by the@uction of the number average
molecular weight of mimosa bark extract from 1363016 Da after sulfitation (determined
with size exclusion chromatography), which wasatted to cleavage of interflavanyl bonds
(Fechtal and Riedl, 1993). Hemingway demonstrated the 4-sulfonic acid group B is
readily replaced by phloroglucinol to yield g-pghloroglucinol—epicatechin addud?
(McGraw and Hemingway, 1988). This product reareentp the catechinic acid derivative
13 (major product) (Scheme 4). The transformation6ahto 12 demonstrates the good
nucleofugic attributes of a 4-sulfonic acid subsiit and the reactivity of C-2 towards
sterically accessible nucleophiles. To investigdte influence of the ring hydroxylation
pattern on the stability of the C-4 sulfonic acrdyp, Hemingway treated model compounds
14, 15, and 16 with phloroglucinol (Scheme 5) (McGraw and Hemimgw 1988).
Phloroglucinol reacted at room temperature withail$H 9.5 and above to forfi¥ in high

yields. In contrast]l5 and16 were unreactive under all pH conditions. Theseltesuggest
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that the C-4 sulfonic acid group of sulfited PACghwphloroglucinol A-rings, e.g. loblolly
pine bark extract, will be nucleofugic whilst suifo acid groups at C-4 of sulfited PACs
with resorcinol A-rings, e.g. mimosa and quebraahitl, be non-nucleofugic. Hemingway's
results correspond well with the observation abaee,the presence of a 5-OH substituent
weakens the interflavanyl bond towards acid-catalylydrolysis. This suggests that C-4
sulfited quebracho and mimosa PACs will form lesadily than C-4 sulfited phloroglucinol
PACs such as loblolly pine bark extract and winenias, but once formed will be more
stable. Hemingway suggests compodBds a possible structure for sulfited quebracho PAC
trimers (Figure 2) (McGraw and Hemingway, 1988)edflospray ionisation (ESI) and
matrix-assisted laser desorption ionisation (MALBM§ soft ionisation techniques that can be
used in mass spectrometry (MS) to fractionate aturexof oligomers, such as quebracho
PAC extract, and determine the molecular mass ch deaaction. MALDI allows the
investigation of larger oligomers, i.e. the detactof m/z values with a higher degree of
polymerisation than ESI. Both techniques suffemfnmass discrimination. Bigger oligomers
have progressively smaller MS response factorsamadhus underestimated (Maatal,
2007; Moulset al, 2011; Tayloert al, 2003). Modern ES-MS equipment allows charged MS
fragments to be isolated and further fragmentddwaig structural isomers with the same
m/z values to be distinguishable. Mimosa and quattaraxtracts consist of relatively small

oligomers (aDP of about 5), well within the randd&6I.

3.2. Results and Discussion

We recently reported (Ventest al, 2012a) that quebracho PAC oligomers consist of a
homologous series of flavan-3-ol based oligomeh& Jtarter unit is always catechin and the
extender units are always ent-fisetinidol. Thetftrgo extender units are angularly bonded
via C-4 to C-6 and C-8 of the catechin starter unitther oligomerisation takes placea C-

6 of the ent-fisetinidol extender units. Figure i8eg the proposed structure of a tetrameric
ent-fisetinidol-(4—6)-ent-fisetinidol-(4—8)-catechin-(6-4p)-ent-fisetinidol  (19). We
based the stereochemical assignments9adn the stereochemistry of the catechin and ent-
fisetinidol-43-ol monomers isolated from quebracho heartwood ndurphytochemical
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investigations (Roux and Evelyn, 1960; Vivietsal, 1983) and phytochemical and synthetic
organic perspectives (Ventet al, 2012a). For simplicity and because MS data dogie
stereochemical information, we refer to the tetnad®as fisetinidol-fisetinidol-catechin—
fisetinidol. There is little empirical informatioon the chemical changes that take place
during sulfitation of quebracho extract. The presdmsulfonic acid moiety-containing
products have not been isolated and their strustuage not been determined. MALDI-TOF
investigations of commercial sulfited quebrachaaotthave not even detected sulfonic acid-
containing monomers or oligomers (Pasthal, 2001; Vivaset al, 2004). Karchesyt al
(1989) detected sulfonic acid moieties with fasiratbombardment mass spectrometry in
sulfited conifer bark extract, a 5-OH PAC extragidal et al. (2002) detected flavanol units
substituted with sulfonic acid at C-4 (M+80) witlSEMS in sulfited grape seed extract, also
a 5-OH PAC extract. Herein we expand our publisiisl-MS methodology on the
composition of unsulfited quebracho extract toitedf quebracho extract. When comparing
our ESI-MS with published MALDI data, it should haken into account that MALDI-
ionisation is observeda sodium [M+23] or potassium [M+39]adducts. The corresponding
m/z values are 16 Da apart and can be misintebretBAC mass spectra as evidence of the

presence of oligomers with additional OH-groupsegdRet al,, 2005).
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(ring opening)

H
PUes
HO 0
20 C-4-sulfitation O OH
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R1 SO3H 22 M+80

\ interflavanyl bond fission

Scheme 6: Influence of the position of sulfitatiofC-2 or C-4) on them/z values
observed in the MS spectrum of sulfited quebrachoxtract. R and R* indicate H, or the
remaining flavan-3-ol building blocks

3.2.1.ESI-MS Investigation of Sulfited Quebracho Extract

Inspection of the negative mode ESI mass spectifurnld water-soluble sulfited quebracho
PAC extract (Figure 4a) reveals not only the dimé&rmers, and tetramers (m/z 561, 833,
and 1105) observed in the ESI mass spectrum oflfiteduquebracho PAC extract (Figure
4b) (Venteret al, 2012a), but also their m/z +82 sulfited analag(me/z 643, 915, and 1187)
(Table 1). Sodium adducts of the sulfited dimers timers are detected at m/z 665 and 937.
The absence of similar adducts for unsulfited dsved trimers anticipated at m/z 583 and
855, respectively, implies that sulfonic acid migigtare essential in the formation of these
adducts. The presence of [M+82] molecules (e.g.a2t) the absence of [M+80] molecules

(e.g. 22) are significant and indicate that suffithmers, trimers, and tetramers are formed
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via cleavage of the pyran ring and the introductiorad®-2 sulfonic acid moiety [M+82]
(Scheme 6). C-4 sulfitation would lead to [M+80] lewules. Of particular interest in the
negative mode ESI spectrum of cold water-solubléfifed) quebracho PAC extract (Figure
4a) are the m/z 353 (273 + 80) and 435 (273 + @21+ions. The m/z 353 (273 + 80) ion
indicates that the monosulfited species is C-4itedlf i.e. derivedvia interflavanyl bond
fission. The m/z 435 (353 + 82) ion, however, cgpands with the addition of a second
sulfite ion which contributes 82 Daa heterocyclic ring opening, i.e. C-2 sulfitatiorcf@me
7). The fisetinidol (m/z = 273) ion is absent ie tMS of unsulfited quebracho extract (Figure
4b), suggesting that mono- and di-sulfited fiseki (m/z 353 and 435, respectively)
observed in the sulfited extract (Figure 4a) arefaomed from fisetinidol monomers in the
unsulfited extract and are the result of interflaglabond fission during sulfitation. A
mechanism explaining the formation of the m/z 368 435 monomers during sulfitation of a
PAC tetramer, e.g. m/z 1105, trimer, e.g. m/z &8] dimer, e.g. m/z 1106, is proposed in
Scheme 7. The m/z 353 ion can be directly formed @4 sulfitation of an unsulfited

terminal extender unit or indirectlya a C-2 sulfited terminal extender unit.
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SO3H
Mass: 436

C-2 sulfitation

OH
9@ o
C-4 HO. OH Xy HO. 0.
sulfitation SOH OH -H2SO3 O OH
OH OH
SOzH SOgH
OH Mass: 436 OH Mass: 354

OH

OH

Mass: 562 (m/z 561) Mass: 644 (m/z 643)
C-4 sulfitation

C-4 sulfitation

OH OH OH
HO o O HO o HO OH O
OH
O OO O
OH Z OH H

SO3zH OH SO3H
Mass: 354 (m/z 353) Mass: 290 (m/z 289) Mass: 436 (m/z 435)

Scheme 7: Products of C-4 sulfitation and interflagnyl bond fission of a sulfited dimer
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3.2.2.MS? Investigation of the m/z 353, 435, 643, and 915®

MS? experiments were performed on the monosulfiteetifitcdol ion (m/z 353), the disulfited
fisetinidol ion (m/z 435), the sulfited dimer iomAz 643), and the sulfited trimer ion (m/z
915). The M$ results are given in figures 5-8, respectively] ire associated fragmentation
patterns in schemes 8-11, respectively. Theseroowfir structure assignments in scheme 7.
In oligomers with more than 90 carbons (tetrametr®°C isotope peak is bigger than the
12C peak. Owing to the poor resolution of the equipmesed for M&experiments, these two
peaks are not always well resolved and’fizisotope is sometimes automatically annotated
- giving a fragment that is 1 Da heavier than eigubcln the Q1 experiments (e.g. figures 4a
and 4b), performed with a higher resolution masscgpmeter, both ions are present. No
evidence of C-2 sulfited catechin 5 (m/z 371 iamhesne 2) is found in any of the ESI-MS
spectra studied. Neither was any evidence of roipmde! (m/z 305), sulfited robinetinidol
(m/z 369), disulfited robinetinidol (m/z 451), amyarobinetinidol-containing oligomers (m/z
= M+16) observed in any of our spectra. This condirour previously published results
(Venteret al, 2012a) that quebracho extract contains no rdbidel extender units and that
robinetinidol moieties identified with MALDI-TOF peesent potassium adducts (16 Da

heavier than the corresponding sodium adduct)setifiidol.
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OH |

m/z 161 (base peak)

-CH,0

Jou
OH

m/z 121

Scheme 8: M3 fragments of them/z 353 ion (monosulfited fisetinidol)
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SO,H
m/z 337 © o |
N
J m/z 145
HO o) +
HO OH
S 104
SO4H
/g 201 m/z 109

Scheme 9: M3 fragments of them/z 435 ion (disulfited fisetinidol)
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HO O o]
OH
OH
m/z 289 base peak

Scheme 10: M&fragmentation of them/z 915 ion (sulfited trimers)
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RDA

-H,0

Scheme 11: M&fragments of them/z 915 ion (monosulfited trimer)
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3.2.3.Chromatography of Sulfited Quebracho Extract

Reversed-phase chromatography of sulfited quebraxtract with an amide column (Figure
9) gave two well separated peaks (total ion curdetéction). The second eluting peak in the
chromatogram is absent in the chromatogram of @itedilquebracho extract (Figure 10).
Diode array (UV) detection gives similar resultgg(Fes S1 and S2). Integration of the UV
peak areas suggests that the sulfited extract stoosia 1:1 ratio of sulfited and unsulfited
PACs. A combined mass spectrum of the componentseirsecond eluting sulfited peak in
Figure 9 (Figure 11) clearly shows the presencsutffted species [M+82] only, whilst the
combined mass spectrum of the first eluting ungdfpeak in Figure 9 (Figure 12) contains
only unsulfited PACs (c.f. Table 1). These contragth Figure 4a (unchromatographed
sulfited quebracho extract) where both sulfited andulfited species are present. Salient in
the MS of the sulfited fraction are sodium addyibts22].
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3.3. Conclusion

An ESI-MS investigation of sulfited (cold water-gble) quebracho extract PACs indicates
that during sulfitation, sulfite ions (S®) are introduced at both C-2 and C-4 of the
constituent fisetinidol monomeric moieties. In ttese of C-2 sulfitation, the pyran ring is
opened and M+82 ions associated with C-2 sulfitededs, trimers, and tetramers are
observed at m/z 643, 915, and 1187, respectivdlg.acyclic sulfonate-containing molecules
react further with an additional bisulfite ion at4C This is associated with fission of the
interflavanyl bond, explaining the presence of n333 and 435 ions and represents
exhaustive sulfitation, i.e. fission of all thearftavanyl bonds. No sulfited catechin (starter
unit) was observed. In the commercial sample thatnwestigated (Ventest al, 2012a), the
sulfitation process was incomplete and the unsdfibligomers that we identified in the
unsulfited (hot water-soluble) extract are stilegent in reduced intensity at m/z 561, 833,
and 1105. Analytical liquid chromatography usingamide column separates the fraction
that contains sulfonic acid moieties from the ufid fraction. A combined mass spectrum
of the components in the sulfited fraction cleaslyows the presence of sulfited species
[M+82] only whilst the combined mass spectrum o tmsulfited fraction contains only
unsulfited PACs (c.f. Table 1). The integration tok two peaks suggests that sulfited
guebracho consists of about 50% sulfited and 50%tltited PACs. The coveted industrial
properties associated with sulfited quebracho head extract, i.e. solubility in cold water
and better penetration of leather, are thus at&tbto the introduction of hydrophilic sulfonic
acid moieties, the cleavage of the pyran rings, taedreduction of the average chain length

via interflavanyl bond fission.

3.4. Experimental

Sulfited cold water-soluble quebracho extract fr@nlorentziiwas supplied by Mimosa
Extract Company (Pty.) Ltd., 24 van Eck Place, étraaritzburg 3201, South Africa. HPLC
grade £99.9% purity) methanol and water were purchaseah fkterck. An API 2000 triple-

guadrupole mass spectrometer (Applied Biosystem§&MBciex), coupled with an
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electrospray ionisation (ESI) source, was usedsygitems/MDS SCIEX Analyst software
version 1.4.2 was used for data acquisition. TheilE8rface was operated in the negative
ionisation mode. The ionspray voltage (IS) wasase4500 V, the declustering potential was
set to —30.0 V, and the curtain gas)(Was set to 30 (arbitrary units). The nebulizes (&)
and auxiliary gas () were set to 30 and 75 psi, respectively, withibater temperature at
400 °C. HPLC analysis was performed using an AgilE200 system interfaced to an API
2000 with an Ascentis—-RP—Amide column (250 mm, du® i.d., 5.0 um). An isocratic
mobile phase was used, consisting of 80% solve(.2% formic acid in water) and 20%
solvent B (0.1% formic acid in methanol), with avll rate of 250 pL/ min. The extract was
dissolved in 1.0 mL of mobile phase. A QTRAP 326pl¢-quadrupole mass spectrometer
(Applied Biosystems/MDS Sciex), coupled with ancélespray ionisation (ESI) source, was
used for the acquisition of product ions. The ioagpvoltage (IS) was set at —4500 V, the
curtain gas was set to 15 (arbitrary units), amddéclustering potential was set to —126.0 V.
The nebulizer gas (GAS 1) and auxiliary gas (GAS/@je set to 20 and 10 psi, respectively
with the heater temperature at 300 °C. The coliigpnergy was set to —10 eV.
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Chapter 4

4. Analysis of Commercial Proanthocyanidins. Part 3: he Chemical

Composition of Wattle (Acacia mearnsii) bark extract

4.1. Introduction

Proanthocyanidins (PACs) are ubiquitous in plantsl a&heir structure comprise of
oligomerized/polymerized flavan-3-ol monomers. Taem PAC refers to the characteristic
red color that develops upon heating with dilutel §Roux, 1992). PACs are also referred to
as condensed tannins to distinguish them from Hysiable tannins (oligomeric gallic acid
esters of glucose and other sugars), which do rmmduyge a red color upon heating with

aqueous acid.

Many of the properties of PACs are based on thiilitya to form hydrogen bonds with
proteins. Astringency in tea and red wine is basednteractions between PACs and the
protein-based taste receptors in the mouth (Joshgh Goldstein, 1964). The same PAC-
protein interaction transforms biodegradable radehinto leather which resists bacterial
degradation, has a nice pleasant feel, and is iabralseat, and water resistant (Haslam,
2005). The anti-feeding properties that protechislaagainst herbivores are based on the
indigestibility of PAC-protein complexes and thewth of micro-organisms is inhibited by

the irreversible deactivation of enzymes (Akin, 29Bhodes and Cates, 1976).

PAC extracts, including wattle bark extract, aredusxdustrially to produce vegetable tanned
leather (Rouxet al, 1975), adhesivesia cross linking of the aromatic A-rings of the

constituent flavan-3-ol monomers with formaldehyBezi, 1977), water purification resins

through complexation of the B-ring catechol moietyh heavy metals (Beltran-Hered&
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al., 2009a, 2009b, 2008), and for additives in agli{Haslam, 1988; Herrick, 1980). They
are also used to supplement tannins in red wineofogical tannins) (Parkeat al, 2007).
Important industrial sources of PACs are wattlekband quebracho heartwood extract.
Sources of hydrolysable tannins are tara podstmhilsark and oak gall extracts.

The bark from commercially grown black wattle tre@ecacia mearnsji previously A.
mollissimg is harvested, extracted with hot water, and tleé@her spray-dried to give
powdered wattle extract, or concentrated furtheyietd a solid/block product on cooling.
These chemically unmodified wattle extracts arevkm@ommercially as wattle extract, and
as Acacia mearnsjiext. by ECHA (EC No. 272-777-6; CAS No. 6891140-The spray-
dried product contains typically 5% moisture ané #olid/block product, 15% moisture

(personal communication, Dr. N. P. Slabbert).

Wattle bark extract consists of about 75% PACs26% sugars and insoluble gums on a dry
basis (Roux, 1953). Determination of the wattle&dP@omposition has been slow, mainly due
to the complexity of the extracts and the diffigutif purifying polyphenols with silica-gel-
based chromatography materials and the poor résolaf the alternative gel or paper
chromatography. Uncertainties include the hydrakytapatterns of the constituent flavan-3-
ol aromatic rings, different configurations at €2, C-3, and C-4 stereogenic centres, the
possibility of a second ether interflavanyl bond-tgpe PACs), the average chain length
(degree of polymerisation), and the possibilitypcdnching (formation of angular oligomers).
The characteristic absence of 5-hydroxy groupsienchain extender units of wattle PACs
imparts stability to the interflavanyl bond agaimasid hydrolysis (Roux and Paulus, 1962;
Roux et al, 1975). The high temperatures thus required @rdiyse this bond render the
classical method to analyse PAG& acid hydrolysis of the interflavanyl bond and
subsequent trapping of intermediates with toluertkiiol or phloroglucinol (Thompsoet al,
1972; Fooet al, 1978; Kennedyet al, 2003; Rigaudet al, 1991) and analysis of such
trapped intermediates with HPLC (Shetral, 1986; Koupai-Abyazaret al, 1993; Rigauckt

al., 1991; Kennedt al, 2003), unreliable.
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Roux (1953) established the complexity of the PA&Ztion of wattle extract with 2D paper
chromatography. At least seven distinct heterogesi®AC groups of high molecular weight
were observed. The sugar fraction consists of seciglucose and fructose. The gum fraction
consists of carbohydrate polymers with an averagiecualar weight of up to 92 000 Da and

hydrolysed predominantly to galactose and arabinose

Evelyn (1954) obtained 68.75 % pure PAC polymeosnfithe wattle extractia lead salt
precipitation. This correlates with a PAC conteatue of 62.5% obtained with the Roux
colorimetric method (Roux, 1957). Roux and EvelytPg0) determined the average
molecular weight of wattle PACs with ray ebulliomyeto be about 1250 Da.

Thompson and Pizzi (1995) us&€ NMR methods to determine the relative proportn
C4-C8 and C4-C6 interflavanyl bonds to the proporof free C6 and C8 sites. These values
gave a number average degree of polymerization)ab#®.9 for the PACs in wattle extract.

It corresponds with a molecular weight of 1343 6@.Da.

Pizzi (1982) reported that the PAC fraction of weatannins consisted of 5% prodelphinidin
(polymers with gallocatechin 1 extender units), 2p%6fisetinidin (fisetinidol 3 extender

units), and 70% prorobinetinidin (robinetinidol st@nder units) analogues (Figure 1).

Roux and Mais (1960) isolated gallocatechjrcatechin2, and robinetinidoB from mature
wattle bark (Figure 1). Drewes and Roux (1963) @woldally isolated fisetinidol5, and
observed traces of robinetinidok#l 4 and fisetinidol-4-ol 6 (Figure 1). Saayman and
Roux (1965) demonstrated that immatuseacia mearnsiibark contains gallocatechih
catechin2, robinetinidol-4i-ol 4, and fisetinidol-4-ol 6 accompanied by a low concentration
of robinetinidol3 (Figure 1). They also determined that catechingailtbcatechin occur in a
3:1 ratio in mature bark. The concomitancelof2, 4 and6 with PACs was regarded as

evidence of the biogenesis of PACs from flavanigis.
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OH R2
1 R = OH: gallocatechin (Mass 306 Da) 3 R' = OH, R2 = H: robinetinidol (Mass 290 Da)
2 R" = H: catechin (Mass 290 Da) 4 R'=OH, R? = OH: robinetinidol-4a-ol (Mass 306 Da)

5 R'=R?2 = H: fisetinidol (Mass 274 Da)
6 R'=H, R? = OH: fisetinidol-4c.-ol (Mass 290 Da)

Figure 1: Flavan-3-ol and flavan-3, 4-diol monomerssolated from Acacia mearnsii bark

Drewes and co-workers (1967) reported three dinie® and9 (Figure 2) from freshly
stripped wattle bark extracted with ethyl acetatambient temperature. These dimers had a
low affinity for hide powder and low tanning propies and were classified as “phenolic half
tannins”. The detection of the same three dimeth wanalytical 2D paper chromatography
upon adding dilute HCI to a mixture of eithéror 6 with 1 or 2 (same R and colour
development with spray reagents) suggests thatithers were the product of the reaction of
a C-4 carbocation of a flavan 3, 4-d{dlor 6) with the nucleophilic A-ring of gallocatechin
(2) or catechir(1). Later work indicated that, 8 and9 were not the C-6 but the C-8 coupled
dimers10, 11 and12 (Figure 2) (Hundt and Roux, 1981, 1978; Bathal, 1981, 1978).
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o)
HO™ ™ 7R'=H,R?=H OH
3 8R'=0H,R?=H 10R"=H,R?=H
9R'=0H,R?=0H  11R'=OH,R2=H
HO R2 12 R' = OH, R? = OH
OH

Figure 2: Dimers isolated fromAcacia mearnsii bark

Bothaet al (1981) isolated four 4,8-linked dimet$, 11, 12and the previously undetected
13 (Figure 2) and confirmed these structures syrthkyivia a mild acid-catalysed coupling
of gallocatechirl or catechin2 to robinetinidol-4-ol 4 or fisetinidol-41-ol (6) (Scheme 1).
Interflavanyl bond formation was found to occurfprentiallyvia the sterically less hindered
and more potent C-8 position of the catechin ologatechin starter units. Botlea al (1981)
found thatl3, with 3,4<¢is configuration, was the major component in the radtinark extract

whilst 10, 11 and12 with 3,44rans configuration, were the major synthetic components

Whereas Hundt and Roux (1981) used chemical dbifthstinguish between C4-C8 and C4-
C6 interflavanyl bonds, Balas and co-workers (19@8dyeloped a method based on 2D
HMBC NMR experiments for this purpose. Recentlyatbsyogluet al (2011) developed a
low temperaturéH NMR procedure for the characterisation of undeised procyanidin

dimers and trimers and to determine the positiamefinterflavonoid bond.
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@[ HO 0 on

HO o + "\ OH = @E

' OH m midacid_ 1€ O OH
OH -

OH &1 OH
1 4R'=H OH 4 oR!=H
6 R' = OH 11 R"=0H

Scheme 1: Examples of the syntheses of PAC dimersrh catechin and fisetinidol-4-ol

or robinetinidol-4 a-ol

Viviers and co-workers (1983) investigated the &imin the ethyl acetate extract of freshly
stripped bark extracted at ambient temperaturey T¢w@ated five angular prorobinetinidin
trimers14, 15, 16, 17and18 (Figure 3) with both the C-6 and C-8 positionlod tatechin or
gallocatechin starter units attached to extendetsuwmsing Craig counter current and
preparative paper chromatography. Synthetic proad wovided for three of the structures
14, 16 and18. Whilst isolated dimers were a mixture of proraiinidins with robinetinidol
extender units and profisetinidins with fisetinidoitender units, the trimers were exclusively
prorobinetinidins. This change in selectivity aé thterically more hindered and less potent
nucleophilic C-6 position, agrees with the findibyg Viviers and co-workers (1983) that
robinetinidol-41-ol (6) is more reactive at C-4 than fisetinidal-dl (4). This was attributed
to additional stabilisation of the incipient C-4rloacation via the more electron-rich
pyrogallol B-ring in the A-conformation of the cadation. It may, however, also indicate
that the presumably less readily available fisdoh#a-ol (6) has been depleted at the dimer
stage.
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I} M ox
HO. = “
HO OH
o) OH
OH OH
14 R! = H; Exact Mass: 866 16 R' = H; Exact Mass: 866
15 R' = OH; Exact Mass: 882 17 R!' = OH; Exact Mass: 882

OH

18 Exact Mass: 866

Figure 3: Trimers isolated by Viviers and co-workes

Cronje and co-workers (1993) investigated spragedraqueous wattle bark extract and
isolated, in addition to the dimed$), 11 , 12 and 13 first isolated by Drewes and Roux
(1967), and Botha et al. (1981), the 8id-prorobinetinidin dimersl9 and 20 (Figure 4).
They concluded that prorobinetinidin dimers witheith robinetinidol extender units
predominates profisetinidin dimers with fisetinidottender units in a 3:1 ratio. Cronje also
isolated the two prorobinetinidin trimeBd and22 and four dimeric 43, 24, 25, 2band a
single trimeric phlobatannirf27) (Figure 5). These are rearrangement products ef th
prorobinetinidins described above, where the mewactive phloroglucinol A-ring of the

starter unit replaces the less reactive resoréaohg of the prorobinetinidin extender unit
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(Steynberget al, 1986). The absence of these phlobatannins ineth@ acetate extract
indicates formation during the high temperatureeags extraction process. The absence of
profisetinidin phlobatannin analogues correlateghwhe lower reactivity of a C-2 position
next to a catechol B-ring than the C-2 positioraadnt to a pyrogallol B-ring.

OH
19R"=0OH,R2=H
20 R' = OH, R2 = OH

OH
@EOH
\@i HO
OH

Figure 4: Additional dimers and two trimers isolated by Cronje
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26
Mass: 594

OH OH

HO HO AL O oSy
= OH
OH )
HO” ™
2 27
\ Mass: 866
HO™ " “OH
OH

Figure 5: Phlobatannins isolated by Cronje

They also isolated a 6-methyl-containing dimer dffisidol-(4a,8)-6-methyl-catechin]28)
and the first 5-deoxy A-type dimer and the firsttype dimer with a 3,4is C-ring
configuration [robinetinidol-(2—7;4B— 8)-catechin]29) (Figure 6)

131



28
Mass: 574

Figure 6: 6-methyl substituted and A-type dimers

In summary, six of the eight theoretically possithi@er diastereoisomers have been isolated.
They all contain B absolute configuration. The two gallocatechin agnhg profisetinidin
dimers were not detected. The spray dried wataraeixalso contains phlobatannin dimers
that are probably formed during high temperatuneeaqs extraction. The predominant 3,4-
cis stereochemistry of the extender unit of the isalatimergBothaet al, 1981), in contrast
with the predominantrans stereochemistry of the synthetic analogues, inescanzymatic
preferences. The five trimers isolated so far adusively catechin- or gallocatechin-based
prorobinetinidins. The isolated trimers containdmeinantly 3,4trans extender units. The
interflavanyl bondsvia the C-8 position of the catechin or gallocatechkiender units
predominate, but C4-C6 dimers have also been elaibeit in low concentrations (Botha
et al, 1981). No evidence of prodelphinidin-type dimerdrimers, or their gallocatechin-4-

ol extender unit precursor could be found.

We thus conclude that wattle proanthocyanidinsbémeynthesized according to a protocol
that limits the number of PAC structures:
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1. The more reactive nucleophilic phloroglucinol Aginof either catechin or
gallocatechin acts as starter unit and initiatespiblymerisation process by reacting at
C-4 of either fisetinidol- or robinetinidol-4-ol #ender units (Scheme 1). Each PAC
molecule will thus contain only one catechin orlgadtechin moiety.

2. The first interflavanyl bond is formeda C-8 of the reactive phloroglucinol A- ring

resulting in the preferential formation of C-8 ctegpdimers (Figures 1, 2 and 4).

3. The second flavanyl moiety will be added at the amcC-6 position of the

phloroglucinol A-ring leading to angular structuf@sgures 3 and 4).

4. The third and subsequent extender units will beeddat the less reactive resorcinol
A-rings of the fisetinidol or robinetinidol moieteThe C-6 position is more reactive

and sterically less hindered than the alternath@gosition (Younget al, 1985).

Mass spectrometry (MS) fractionates a complex mestsuch as wattle extract, into fractions
of different m/z values. The intensity of each peak is related e amount of the
corresponding oligomer present. Exact quantificatiequires internal standards, which are
not available in the case of complex PAC mixturd&ttle PACs, however, represent a
homologous series of closely related compounds raads spectrometry is often used to
estimate the percentage composition of a complestund. Mouls and co-workers (2011)
compared aDP values of 5-oxy-PACs derived from HESl-peak intensities with values
obtained from thiolysis and concluded that MS dattivalues underestimate the aDP. Mass

spectrometry thus underestimates the concentrafibigher molecular weight oligomers.

Pasch and co-workers (2001) investigated commeveadile tannin extract with MALDI-
TOF MS and observed oligomers to a maximum of oetanf2333 Da). They observed
major peaks at 906 and 1195 Da. This is in lindnwthe aDP of 4.9 found by Thompson and
co-workers (1995) and Fechtal and Riedl (1993). dligomers were observed as clusters of
peaks 16 Da apart. For example, the tetramers stedsof peaks at 1147, 1163, 1179, 1195,
and 1211. They concluded that wattle PACs are coatioins and permutations of fisetinidol
(m/z 274) and robinetinidolng/z 290) and a smaller fraction of gallocatechin/4 306)
flavan-3-ol monomers. Catechin was not detected.
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A better understanding of the constituents of vagjettannins will not only lead to a better
understanding of their biosynthesis and biologfaalction in plants, but will also enhance
industrial applications. The relative affinity fopllagen, rate of penetration into hides and
skins during commercial tannage, and mobility witlkeather and desorption from finished
leather under moist conditions are important leathening parameters that are determined
by the molecular composition of the PACs involv&te availability of nucleophilic centres
for cross linking with formaldehyde on the periphef oligomers/polymers determines the

curing time of thermosetting PAC-based adhesives.

4.2. Results and Discussion

Herein we report our results of the investigatidrth® composition of wattle PAC extract
with ESI mass spectrometry. We used the aforemmediobiosynthetic assumptions as
guideline to interpret our results. Precursor pratiuct ion scans and a comparison o"MS
spectra with the MS of authentic monomer samplespied differentiation of isomers with

the saman/zvalues in many cases.

It is often assumed that matrix-assisted laserrgésa ionisation (MALDI) is superior to
ESI for investigating polymers. Electrospray iatisn (ESI), however, does not require a
matrix for ionisation and provides more reliabléonmmation on smaller molecules. ESI also
permits product and precursor ion investigationgotential problem with MALDI-TOF is
that ions are not detected directly but as sodiumpotassium adducts. The mass difference
between a sodium and potassium adduct of 16 Dabeayisinterpreted as indicating the
presence of an additional oxygen atom in a MS fexgmESI does not detect these M+16
artefacts (Reedt al, 2011).
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4.2.1. Q1 Scan of Wattle Bark Extract

The negative mode ESI scans of wattle bark exaeetgiven in Figures 7a and 7b and the
m/z values and their proposed structures are sumrdainiséable 1. We assume, from the
phytochemical results discussed above, that iateaflyl bonds consist of botlw4and 4-
3,4<cis and 3,4trans stereochemistry in MS-derived structures.

Whereas similarly investigated quebracho heartwaddact (Venteret al, 2012a) has only
one possible starter unit (catechin) and one plesseitender unit (fisetindol), the starter unit
in wattle can be either catechim/gz 289) or gallocatechinmn{/z 305) and the extender units
either fisetinidol tn/z273) or robinetinidol r6/z 289) with masses 16 Da apart. Wattle PAC
oligomers, thus, do not appear as single peaka/avalues of 561 (dimer), 833 (trimer),
1105 (tetramer), and 1377 (pentamer) etc., as wasreed with quebracho extract, but as
clusters 16 Da apart. Two monomer fragments aexti at/z289 and 305.
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Table 1: Proposed structures and prevalence of PA@onomers, dimers, trimers, and

tetramers that occur in wattle bark extract

Oligomer | Starter | Starter unit | Extender | Extender m/z | Composition*
unit unit unit value | (% by weight)
Catechin| GallocatechinFisetinidol | Robinetinido
Monomers| 1 289 1
1 305 | 4
1 273 0
1 289 | 4
Dimers 2 545 1
1 1 561 5
1 1 577 18
1 1 577 3
1 1 593 16
Trimers 1 2 833 2
1 1 1 849 8
1 2 849 1
1 2 865 13
1 1 1 865 5
1 2 881 11
Tetramers| 1 3 1108 0.6
1 2 1 1121 0.5
1 1 2 1137| 15
1 0 3 1153| 15
1 3 1121 0.5
1 2 1 1137 0.5
1 1 2 1153| 1.5
1 3 1169 | 2

* Estimate based on multiplying peak intensity WMRV.

Since PACs are a homologous series comprising gnastechin, gallocatechin, fisetinidol
and robinetinidol constituent units, we assumedlamionisation potentials and used peak
intensities to estimate the composition and aDFhis Tndicates that wattle PAC extract
consists of about 9% monomers, 42% dimers, 40%etam®% tetramers and 1% pentamers

and higher oligomers by mass. More than 50% ofRAE€s in the extract thus consist of

trimeric and higher oligomers, and the ESI-MS-dediaDP approximates three.
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The aDP results obtained by Pizzi (1982), PasclolR@nd Roux and Evelyn (1960)

measure about five. These higher values are swggpbyt Mouls’s (2011) conclusion that MS

underestimates the aDP of 5-oxy PACs by less tharirt the heptamer range and more with
higher oligomers, compared to thiolysis-deriveduesl

4.2 .2.ldentification of PAC Monomers with Product lon Scans

The fragmentation spectrum (K)Figure 8a) of then/z305 ion in Figure 7a matches the
MS of an authentic gallocatechin sample (Figure Blo)icating that then/z305 ion consists
exclusively of gallocatechin.
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Comparison of the MSspectra of authentic catechin (Figure 8d) andenitb robinetinidol
(Figure 8e) suggests that tihtéz 245 peak is diagnostic for catechin andrila 139 peak is
diagnostic for robinetinidol. Comparing the intities of these two peaks in the KM&igure
8c) of them/z289 fragment in Figure 7a and taking the 245/289 ¥39/289 ratios in figures
8d and 8e into account, we conclude thatrtiie 289 fragment in the MS of wattle bark

extract consists afa. 20% catechin and 80% robinetinidol.
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In summary, product ion scan mass spectrometry’\Midicates that then/z 305 ion in
Figure 7a is exclusively a gallocatechin fragment an/z 289 consists of about 80%
robinetinidol and 20% catechin. It is uncertain Wiee these are monomer fragments or
whether they are deriveda fragmentation from higher oligomers. Thus, in cast with
MALDI-TOF MS, ESI-MS supports the presence of chtecmonomers, as would be
expected from its isolation from wattle bark (Saaynand Roux, 1965). The absence of an
m/z 273 (fisetinidol) fragment correlates with the l@acurrence of profisetinidins, both in
the isolated dimers and trimers and our MS results.

4.2.3.Precursor lon Scans of Monomers and Monomer Fragmea

A precursor ion scan of then/z 305 fragment (gallocatechin) (Figure 9a) indicates
unambiguously that then/z578 and 594 dimers amd/z 850, 866, and 881 trimers contain
gallocatechin moieties. This is in agreement wité tonclusions that are based on product

ion scans of these dimers and trimers (below) drytioghemical investigations.
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A precursor ion scan of the/z 289 fragment (Figure 9b) has a strong correlatuith the
m/z577 and less with the/z561 and 593 dimers, and 833, 849, and 865 tringngem/z
289 is a mixture of robinetinidol and catechin (Kig8c), these correlations, however, do not

allow unambiguous assignment of the structureb@tbrresponding dimers and trimers.
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The precursor ion scan correlation of tinéz 245 fragment with the exclusively catechin-

fisetinidol m/z 561 and exclusively gallocatechin-robinetinidol358imers invalidates the

diagnostic use of then/z 245 fragment for catechin in a PAC sample that asntains

gallocatechin moieties (Figure 9c).
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Figure 9c: Precursor ion scan of than/z 245
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4.2.4.Fragmentation of Dimers and Higher Oligomers

Dimers and higher oligomers demonstrate charattefiagmentation patterns:

1. Retro-Diels-Alder (RDA) fragmentation of the heteyolic C-ring of the starter-unit-
derived moieties, catechin or gallocatechin witHopdglucinol type A-rings, is
common. The fisetinidol and robinetinidol extendsits do not seem to undergo
RDA fragmentation, probably due to their resorcityge A-rings. Because catechin
loses 152 Da and gallocatechin 168 Da during RDégrfrentation, dimers and
trimers with the same mass but different startatsume.g., fisetinidol-gallocatechin
and robinetinidol-catechin, are distinguishablee Tomplementaryn/z152 and 168
fragments are not observed. We assume that thegbiminol-containing A-ring
captures the charge. The intensities of the RDgnfrents in MSincrease as the PAC
becomes larger, probably due to intramoleculamilag¢istabilisation of fragmentation
energy. The monomers show no RDA fragmentationthadrimers have an almost
1:1 ratio between the molecular ion and the RDAftant. The RDA fragment loses
water (18 Da). A gallocatechin starter unit shonaenintense RDA fragmentation
than catechin. This leads to an ambiguous resuknwh/z 152/168 ratios are
compared to other ratios. The RDA fragmentationtrohers is summarised in
Scheme 3.

2. Interflavanyl-bond fission is common. The moietytlwihe starter unit carries the
charge and the lost extender unit is not detecleithers fragment to dimers and
dimers to catechim{/z289) or gallocatechim{/z305) monomers. As robinetinidol is
not detected, th/z289/305 ratio is very useful and is used, e.gestimate the ratio
of gallocatechin-fisetinidol to catechin-robinetinl in anm/z577 mixture. Salient in
the fragmentation spectra of tetramers is the ales@rigures 12d and 12e ) or low
occurrence (Figure 12c ) of trimer fragments. T¢uggests that tetramers fragment
directly to dimersvia the loss of a linear robinetinidol-robinetinidegbinetinidol-
fisetinidol or fisetinidol-fisetinidol moiety.

3. Comparison of robinetinidol, catechin, gallocatechand fisetinidol fragmentation

patterns indicates that tme/z 177 ion is diagnostic for a robinetinidol extendeit
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andm/z 161 for a fisetinidol extender unit. The structud these fragments are not
clear and probably involves rearrangement of theng-

4. Since no regiochemical or configurational inforroatican be gleaned from MS, we
cannot unequivocally distinguish between C-6 an8 €upled dimers and between
4o- and -interflavanyl bonds with MS, and no stereochengistrindicated in our
MS-bases structural assignments (e.g. Scheme 8)eVvér, based on the structure of

isolated dimers, we assume that C-8 coupled PA&dopninate.

4.2.5. Wattle PAC Dimers

We observed three dimer peaks/£ 561, 577, and 593) in the MS of wattle bark extrac
(Figure 7a) in a ratio of 1:4:3.5. The product sman (ESI in the negative mode) of thé&
593 peak (Figure 10a) that corresponds unambigyavith gallocatechin-robinetinidol gave
gallocatechinrf/z305) as base peak. The complementary robinetifrigigment expected at
m/z 289 was not observed. We also observed a RDA fatption of the gallocatechin
starter unit atn/z425 with the robinetinidol extender unit intactlean RDA-HO fragment at
m/z407. The fragment ah/z 177 (absent from Figure 10b) is considered diagna$ the
robinetinidol extender unit. The fragmentationtpat is summarised in Scheme 2. Since MS
gives no regiochemical or configurational infornoati we assume C-8 coupling based on the

structure of isolated products and do not give €ddfigurational assignments.
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OH

OH
RP=OH (m/z 168)
R'=R?=OH (m/z 593) RP=H (m/z152)  R'=OH (m/z 425)
R'=OH, R = H (m/z 577) R'=H (m/z 409)
R'=H, RP=OH (m/z 577)
R=R?=H (m/z 561)

interflavanyl bond fission

OH oH
OH OH
HO o O
1
OH + l N"on
OH
RP=OH (m/z 305) R'=OH (m/z 287)
RP= H (m/z 289) RP= H (m/z 271) Ri=OH (m/z 407)

R!= H (m/z 391)

Scheme 2: Fragmentation of wattle dimers [M-HJ

Similarly, the product ion scan of then/z 561 ion (Figure 10b) that corresponds
unambiguously with catechin-fisetinidol gave theatechinm/z 289 fragment as the base
peak, as would be expected from fission of a cateftsetinidol interflavanyl bond, and no
complementary fisetinidolnt/z= 273) fragment. We also observe the RDA fragnodérihe
catechin starter unit with the fisetinidol extendmit intact atm/z 409 and an RDA-KD
fragment aim/z407. The fragment aih/z161 (absent in Figure 10a) is considered diagnosti

for the fisetinidol extender unit. The fragmentatjwattern is summarised in Scheme 2.
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The m/z 577 fragment can be either gallocatechin-fisetihior catechin-robinetinidol. As
extender units are not observed in MBigure 10c), we assume that/z305 and 289 (1:6
ratio) originate from the respective gallocatechmd catechin starter units. The diagnostic
fisetinidol and robinetinidol extender unit fragneatm/z161 and 177 (1:6.5 ratio ) confirm
the mixture of gallocatechin-fisetinidol and cateefobinetinidol dimers. From the fragment
intensity ratios, we conclude that tine/z 577 wattle PAC dimers consist of about 15%
gallocatechin-fisetinidol and 85 % catechin-robimeibl. The low occurence of
gallocatechin-fisetinidol is in agreement with rten-detection by phytochemical methods
(see introduction). The ratio between the RDA fnagts at 425 (M-152) and 409 (M-168),
assigned to catechin-robinetinidol and gallocateéisetinidol, respectively, is not used as
the gallocatechin moiety is susceptible to a manense RDA fragmentation than the

catechin moiety (see above).
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In summary, wattle extract PAC dimers consist oflogatechin-robinetinidol (39%),

catechin-robinetinidol (42%), gallocatechin-fisédiol (7%), and catechin-fisetinidol (12%).
The dimers are thus predominantly prorobinetinidi®nsisting of a catechin or
gallocatechin starter unit and robinetinidol extndnits. We did not detect MS fragments

that we could unequivocally attribute to phlobaiardimers or A-type prorobinetinidins.

4.2.6.Wattle PAC Trimers

Four trimer peaks ah/z833, 849, 865, and 881 are observed in the MSatlevbark extract
(Figure 7a) in a ratio of 1:4:8:5. The majurz881 peak corresponds unambiguously with a
robinetinidol-gallocatechin-robinetinidol trimerh& MS of this fragment (Figure 11a) gave
the expected diagnostic gallocatechin/4 305) and robinetinidolnG/z 177) and [M-168]
RDA (m/z713) fragments (Scheme 3). Since MS gives no cégimical or configurational
information, we assume C-8 coupling based on thetsire of isolated products and do not
give C-4 configurational assignments. Salient is th/z 593 fragment (gallocatechin-

robinetinidol) that corresponds with the loss oé abinetinidol moiety.
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The minorm/z 833 peak in the ESI-MS (Figure 7a) correspondanioguously with the
fisetinidol-catechin-fisetinidol trimer. An MSof this fragment (Figure 11b and Scheme 3)
gave the expected diagnostic catecmmz(289), fisetinidol (n/z 161), and [M-152] RDA
(m/z681) fragments. Salient is tme/z561 fragment (catechin-fisetinidol) that corresg®n
with the loss of a fisetinidol moiety.
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The predominantm/z 865 trimer peak corresponds with fisetinidol-gaditechin-
robinetinidol or with robinetinidol-catechin-robitm@dol. The RDA fragments ah/z713 and
697 corresponding with the loss of 152 and 168rBspectively, in the MSof them/z 865
trimer (Figure 11c), indicate the presence of lgzttocatechin and catechin starter units. The
2.2:1 ratio between catechimiz 289) and gallocatechinm{z 305) and the 2.6:1 ratio
between the robinetinidol-catechin/z577 and robinetinidol-gallocatechin/z 593 MS
fragments indicate that thea/z 865 trimer consists of about 70% robinetinidolechtn-

robinetinidol and 30% fisetinidol-gallocatechinbroetinidol.
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The prominentm/z 849 trimer peak corresponds with fisetinidol-cateerobinetinidol or
fisetinidol-gallocatechin-fisetinidol. RDA fragmenatm/z697 and 681 in the M®f them/z
849 trimer (Figure 11d) corresponding with losd62 and 168 Da, respectively, indicate the
presence of both catechin and gallocatechin startés. The 1:7 ratio between catechim'f
289) and gallocatechinm(z 305) suggests that thm/z 849 trimers consist ofa. 88%

fisetinidol-catechin-robinetinidol and 12% fisetioi-gallocatechin-fisetinidol.
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R'=R2=Hm/z =681
R'=H,R2=0H m/z697
R'=OH,R2=H m/z =697
R'=R2=0OHm/z=713

_|_

OH
R'=R2=R3H m/z =833 OH
R'=R2=H,R3=0OHm/z 849
R'=HR?=0OHorR'=0HR? =H R3=H m/z 849
R'=HR2=0HorR'=0OHR2 =HR?=0OH m/z 865 R3
R'= R? =OH R®=H m/z 865
R'=R2=R3 OH m/z = 881 OH

R3=Hm/z 152

R3= OH m/z 168

Scheme 3: Structures anan/z values of trimer-derived RDA fragments

In summary, wattle extract PAC trimers consist obinetinidol-catechin-robinetinidol
(32%), robinetinidol-gallocatechin-robinetinidol 7@), robinetinidol-catechin-fisetinidol
(20%), robinetinidol-gallocatechin-fisetinidol (13%fisetinidol-catechin-fisetinidol (5%),
and fisetinidol-gallocatechin-fisetinidol (3%). Thérimers are, thus, predominantly
prorobinetinidins, consisting of a catechin or geditechin starter unit and robinetinidol
extender units. We did not detect MS fragments Watcould unequivocally attribute to

phlobatannin or A-type trimers.
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4.2.7.Tetramer and Pentamer Oligomers

Mimosa bark PAC tetramers and pentamers, similairteers and trimers, occur as clusters,
16 Da apart (Figures 12a and 12b), correspondingalitopossible combinations and
permutations of catechin and gallocatechin stautg@ts and robinetinidol and fisetinidol
extender units (Table 1). ASC has a natural abundance of 1.1%, the M+1 iorahasative
intensity of 60% in tetramers and 82% in pentamdrs2 and M+3 ions are also observed.
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In contrast with 5-oxy containing PACs (Peztal, 2001), based on catechin-4-ol and
gallocatechin-4-ol extender units, where polymeith winore than 20 monomeric units have
been reported, and where a gradual drop in intersibbserved as one proceeds along the
homologous series, a pronounced drop in intensim ftrimers to tetramers is evident; and

polymers larger than the hexamer level are baredgrvable.

The reactive positions on the phloroglucinol A-rioigthe catechin and gallocatechin starter
units are occupied at the trimeric level. Additibmaterflavanyl bond formation to form
tetramers and higher oligomers is only posswuike the relatively unreactive C-6 of the
resorcinol A-ring of a fisetinidol or robinetinideixtender unit of the trimers. This, and not
mass discrimination, probably explains the low oence of tetramers and higher oligomers.
We would have expected the acid-hydrolysis-resistaterflavanyl bond to resist MS

fragmentation.

Them/z1105 PAC representing the tetramer with the lowdat corresponds uniquely with
a catechin starter unit and three fisetinidol estegrunits. Owing to the low intensity, M&f
this fragment is not possible with our equipment.cdnstitutes about 5% of the total

tetramers.

The tetramer with the highest MW at/z 1169 corresponds uniquely with a gallocatechin
starter unit and three robinetinidol extender unitsconstitutes about 10% of the total
tetramer composition. The MSFigure 12c, Scheme 4) shows the expected lossnef
robinetinidol moiety atm/z 881, two robinetinidol moieties at 593 and threbimetinidol
moieties at 305 (gallocatechin). Since MS gives negiochemical or configurational
information, we assume C-8 coupling based on thetstre of isolated products and do not
give C-4 configurational assignments in schemeadiet is the low intensity of the/z881
trimer fragment and the absence of its associatBd Rm/z 881-168) ion. The dimer
fragment associated RDA is prominent at 407z693-168-18).
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Since catechin-robinetinidol and gallocatechintfisdol moieties have the sanme/z value,
the composition of the three remaining tetramieesm/z1121 (10%), 1137 (40%), and 1155
(35%) cannot be unambiguously assigned withouf.M®e ca. 1:1 ratio of them/z 305
(gallocatechin) and 289 (catechin) ions in thiz 1153 fragmentation spectrum (Figure 12d)
indicates an almost equal proportion of robinetiichatechin-robinetinidol-robinetinidol and
robinetinidol-gallocatechin-robinetinidol-fisetirotlin this tetramer. This ratio is about 1:2 in
the m/z 1137 tetramer (Figure 12e) indicating that figefthcatechin-robinetinidol-
fisetinidol is more common than fisetinidol-galléeehin-fisetinidol-fisetinidol. Our

equipment was not sensitive enough to analysentfadl ;/z1121 fragment with M5

Salient in the M3of tetramers is the absence or low intensity iaféric ions originatingia

loss of a single monomer fragment. This suggeds tthe loss of two extender units is a
favoured fragmentation pattern, i.e., loss of atisdol-fisetinidol, fisetinidol-robinetinidol,

or robinetinidol-robinetinidol moiety and that amerflavanyl bond to a starter unit is weaker
than an interflavanyl bond between two extendetsufiihis corroborates the observation that
a 5-oxy group, present in the starter units andemtb$n the extender units, weakens
interflavanyl bonds. The expectead/z 545, 561, and 577 fragments are, however, not
observed in our MSspectra. Anm/z 545 ion corresponding with a fisetinidol-fisetinld
moiety is visible in the MS of the extract (Figuta, Table 1).
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OH
OH

HO 8]

OH

interflavanyl
OH bond fission
—h—

8]
H
R'=R2=R3=R*=H m/z 1105 HO 0
R'=R*=R*=H, R*=0H mvz 1121 H
OH R'=R%=H,R*-R*-OH mz 1137 MO
R'=H, R*=R*=R*=OH m/z 1153 e
IS T . P oW Intensity or
R'=R~=R'=R=0H m/z 1169 st abseried
interflavanyl OH
bond fission
R1 RZ
OH OH
H
" oH bl OH
HO 4+ HO )
. RI=R*=H m/z 545
R'=R*=H m/z 561 R=H. R¥*=0H m/= 561
R'=H, R*=0H m/z 577 RI=R*=0H m/z 577
OH R'=RI=0H m/'z 593 OH
w Rr?
HO Q
interflavanyl
bond fission HO
Ri=H m/z 409
R -H0 R=0H m/z 425
OH R OH
HO o i R!
HO 8
oH OH
HO
OH
OH : i OH
R'=H m/z 289 el on Ri=Hmz152
R'=0H m/z 305 R'=0H m/z 407 R'=0H m/'z 168
OH not observed

Scheme 4: Structures anan/z values of tetramer fragment ions

The highest MW singly charged oligomers observedun ESI spectra are a faint cluster
aroundm/z 1441, representing pentamers. This contrasts avithint cluster of octamers
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identified by Pasch with MALDI-TOF. However, we @avge a cluster of doubly charged
PACs (8 Da apart, z = 2) at/z 1554 to 1612 (Figure 13) that corresponds to umtecs.

Wattle PACs thus undoubtedly contain polymers tha¢ not observed in MS or
phytochemical observations due to low concentratiofhese probably have a negligible

effect on the industrial properties of wattle egtra
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A calculation of the number average degree of pelysation (aDP) of wattle extract PACs
based on the prevalence of monomers, dimers, sinaed tetramers (Table 1) gave a value
of 2.5. This is lower than the values of 4.3, 494, and 4.7 determined with Ray
ebulliometry (Roux and Evelyn, 1960C NMR (Thompson and Pizzi, 1995), MALDI-
TOF (Paschet al, 2001), and size exclusion chromatography (Fédmad Riedl, 1993),
respectively, and suggests that the relative peexal of higher oligomers is underestimated
by ESI, due to mass discrimination. Mouls and cokers (2011) reported that a PAC extract
with an aDP of 6.7 determined by thiolysis gaveaBx® value of 4.9 with ESI. Adjusting our
ESI value by this difference of 1.8 gave an aDR.8ffor wattle extract PACSs.

4.3. Conclusion

Phytochemistry and synthetic organic chemistrypessves were combined with an ESI-MS
and precursor ion and fragmentation analytical stigation to probe the chemical

composition of the PACs in commercial wattle extrdde starter unit is either catechin or
gallocatechin and the extender units, fisetinidotabinetinidol. The second extender unit is
always linked to the starter unit to give angutanérs. At the tetrameric level, the reactive
positions on the phloroglucinol A-ring of the cdiet or gallocatechin starter units are
occupied. Tetramer formation is thus only possiake reaction of a relatively unreactive

resorcinol A-ring of one of the grafted extendeitsiat C-4 of a fourth extender unit. This
probably explains the predominance of dimers aimgetrs and the virtual absence of higher
oligomers. This predominance of trimers is essefbialeather tanning properties as high
MW polymers would not be able to penetrate leath&€he absence of 5-oxy catechin or
gallocatechin extender units that would introdu@akvlinks in the oligomer chain explains
the relative stability of wattle extract during @diydrolysis, the durability of products like

leather and adhesives derived from wattle PACs, #red much simpler fragmentation

spectrum below 289, compared to other PACs. Inrashtwith commercial quebracho

heartwood extract, where th@z289 fragment is always catechin (Veng¢al, 2012a), this

fragment represents a mixture of catechin and sgimidol in wattle bark extract.
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The aDP of 2.5, calculated from the intensity of M#s, suggests that the prevalence of
higher oligomers is underestimated by ESI. Adjustinis value by 1.8, in accordance with
Mouls’s et al (2011) conclusions on ESI and thiolysis derivaetugs, gave an aDP of 4.3.
The adjusted value agrees well with published adfP&3, 4.9, 5.4, and 4.7 determined by
Ray ebulliometry (Roux and Evelyn, 19683C NMR (Thompson and Pizzi, 1995), MALDI-
TOF (Pasclet al, 2001), and size exclusion chromatography (Féelnic Riedl, 1993).

The higher oxygenated nature of bark PACs like cencial wattle extract compared to

heartwood PACs like commercial quebracho extraesymmably reflects the higher protective
(enhanced complexation with digestive and othey®ies associated with herbivores, insects
and microbial attackers) first line of defense pmmties required by bark, compared to

heartwood.

4.4. Experimental

Wattle bark extract fromh.mearnsiiwas supplied by Mimosa Extract Company (Pty) 24,
van Eck Place, Pietermaritzburg, 3201, South Africa

HPLC gradex99.9 % purity) methanol and water were purchasech Merck An AP1 2000
triple-quadrupole mass spectrometer (Applied Bitsys/MDS Sciex), coupled with an
electrospray ionisation (ESI) source, was usedsygitems/MDS SCIEX Analyst software

version 1.4.2 was used for data acquisition.

The ESI interface was operated in the negativesaiiin mode. The ionspray voltage (IS)
was set at —4500 V, the declustering potential s&iso —30.0 V, and the curtain gas)(N
was set to 30 (arbitrary units). The nebulizer @d&g9 and auxiliary gas (N were set to 30

and 75 psi, respectively, with the heater tempeeaati 400°C.
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A QTRAP 3200 triple-quadrupole mass spectrometgop(i®d Biosystems/MDS Sciex),
coupled with an electrospray ionisation (ESI) seusas used for the acquisition of product
ions. The ionspray voltage (IS) was set at —4506h¥,curtain gas was set to 15 (arbitrary
units), and the declustering potential was set1®6-0 V. The nebulizer gas (GAS 1) and
auxiliary gas (GAS 2) were set to 20 and 10 pspeesvely with the heater temperature at
300°C. The collision energy was set to —10 eV.
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