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SUMMARY

Mimosa @cacia mearns)ialso known as black wattle, and quebrac®ch{nopsis balansae,
Schinopsis lorent3ii are the major commercial sources of natural cosel@ tannins
(proanthocyanidin oligomers) used today. Mimosakha harvested from commercial
plantations in South Africa which, according touavey done by the Department of Water
Affairs and Forestry for 2001, cover an area ofuabb07 000 hectares in South Africa.
Quebracho is extracted from the wood of natura¢dtsr in Brazil and Argentina. Mimosa
bark is extracted with water (about 50% by weighfiara Caesalpinia spinogaand Italian

chestnut Castanea satiJaare the major commercial sources of hydrolysédot@ins.

The ability of water soluble hydrolysable and camskel tannins (polyphenols) to react with
proteins, presumablyia hydrogen bonds, lies at the heart of their abiidytransform raw

hide into leather and their commercial applicat@s tannin agents. It explains their
existence in nature as anti-feeding agents asndlems plants indigestible to insects and
herbivores. It also explains the use of milk ia #ehere the complexation of milk proteins
with tea tannins reduces astringency. The cheynistrthis process however remains
uncertain. The polyphenolic nature also rendersitaextracts very susceptible to oxidation
and further polymerisation and rearrangementsrérader the extracts even more complex.
This is evident in the transformation of green {&&gh flavan-3-ol content and low

condensed tannin content) into Indian or black tfesv flavan-3-ol content and high

condensed tannin content). The quality of red win® a large extent determined by the
amount and composition (which changes during ageing poorly understood way) of its

condensed tannin. The tannins react with proteceptors on the tongue to impart “mouth
feel” characteristics. Wood-aged wine not onlytears condensed tannins from grape skin,

but also hydrolysable tannins from the wooden lsités aged in.

The polyphenolic nature of the aromatic rings ala@action with electrophiles. This forms
the basis of adhesive manufacturing, where fornmgide is used to polymerise tannin

extracts to form adhesives. Other commercial appbns of tannin extracts include the use
9



as anti-foaming agents in oil drilling and the miacturing of amine containing resingg

the Mannich reaction) for water purification applions (removal of heavy metals).

The production of mimosa condensed tannin is aaBwsile process as trees are harvested
every eight years. Tannins will become a more i@ source of feedstock nutrients, as
crude oil, which is currently used, becomes defleté also creates employment in rural

areas.

Higher oligomers of condensed tannins are builtoypsuccessive addition of flavan-3-ol
monomer extension unitga C-4 to C-8 or C-4 to C-6 interflavanyl bonds. hkig oligomers
are impossible to purify by chromatography and otmethods of analysis are required.
Acid catalysed fission of the interflavanyl bondsldarapping of the monomer intermediates
with toluenee-thiol or floroglucinol followed by analysis of thteapped products with HPLC
is normally used to analyse condensed tannin coimros The analysis of mimosa and
guebracho tannins is however compounded by therdiesb type A-ring in these
compounds. The absence of a 5-OH group impattdistdo the interflavanyl bond against
acid hydrolysis. The high temperatures thus reguio hydrolyse the interflavanyl bond in
mimosa and quebracho tannins leads to decompasifiéass spectrometry arfdC NMR
(nuclear magnetic resonance) spectrometry in swiutiave also been used with varying

degrees of success.

The analysis of hydrolysable tannins is even mampiex than that of condensed tannins.
As a result, the composition of condensed and hysble tannin extracts remains
uncertain, after more than 50 years of researchpa@icular interest are the average chain
length of tannin extracts from different sourcesl ahe composition of the constituent

monomers.

In this thesis the potential of solid state NMR alectrospray mass spectroscopy to solve
vexing problems in tannin chemistry was investidat8olid state NMR is particularly useful
to investigate insoluble samples, overcoming proBleéssociated with selective extraction,
chemical modifications during extraction and sanieparation and uncertainty regarding
10



compounds that are not extracted. Electrosprays rapsctrometry complements MALDI-

TOF mass spectrometry in that molecules with malsskesv 500 Dalton are detected.

We were able to assign all the resonances in stdtg NMR of hydrolysable and condensed
tannins by comparing liquid and solid state speofrgure flavonoids and tannin extract.
This allowed us to distinguish unequivocally betwemndensed tannins and hydrolysable
tannins with a simple routine experiment, avoidiagorious chemical tests. A method was
developed to identify and distinguish with confidenbetween quebracho and mimosa
condensed tannins. This method is the only aVailadethod to identify quebracho, which is
of interest to oenology (quebracho tannins are @ddewine) and could hitherto only be

identified chemically because it tests negativelydll the available tests for tannins.

We established that no insoluble higher oligomedndensed tannins or tannins covalently
bonded to other insoluble bark components remaspéent mimosa bark (after extraction of
tannins). It promises an easy way for the wattidustry to investigate lower extraction
temperatures and extraction time and the assocttedy savings. A fingerprinting method

for mimosa was developed and is already used bnthestry (Annex A).

As the gum resonances do not overlap with the taresonances, the bark can be analysed
directly without the requirement of manufacturing extract. The only sample preparation
required is to grind the bark (about 100mg) finehd pack the solid state NMR rotor. As
carbon is magnetiseda hydrogen, less than 30 minutes NMR time is reguper sample.
This provides an easy way to identify the bark aklyacho, mimosa and hydrolysable
tannins. A solid state NMR spectrum of the spemkmot only indicated that no condensed
tannins remain, but also supports the conclusiah spent bark consists of water insoluble
gums (polymers of glucose and other sugars). Weeveethat this method will find

application in identifying novel sources of tannfr@mm indigenous plants.

We expanded our investigation into tanned leathet developed an easy method to
determine whether leather was tanned with mimoseebigcho, Italian chestnut, tara,

11



synthetic tanning material, chromium or aluminiukVe believe this method can be used by

the leather industry to determine tannin loadintpohed leathers.

By combining our electrospray mass spectrometrga dath published MALDI-TOF mass
spectrometry data we could calculate the relatoreposition of monomers, dimers, trimers,
tetramers etc. in condensed tannin sample. Thaeselations were used by the mimosa and
guebracho tannin industry to comply with new Euasp&nion (EU) REACHRegistration,
Evaluation, Authorisation and Restriction o€hemical substances) legislation. Without

compliance mimosa extract cannot be exported t&the

Sulfitation (treating mimosa and particularly quetito extract with bisulfite) is routinely
used in industry to enhance the extract’'s proper(eg. increase water solubility) and
products with different levels of sulfitation ar@memercially available. The chemical
changes associated with sulfitation remain speoumlatThe solid state NMR indicated that
the C-ring is opened during the process. Themggtay MS conclusively demonstrated the
existence of condensed tannin-sulfonate molecubestife first time. The m/e values

correspond with ring opening and introduction sluéonate group on the C-2 position.

12



OPSOMMING

Mimosa @Acacia mearns)iook bekend as swart wattle, en quebra@®achinopsis balansae,
Schinopsis lorentziiis die hoof kommersiéle bronne van natuurlik gelenseerde tanniene
(proantosianidien oligomere) wat vandag gebruik dvor Mimosa bas word geoes in
kommersiéle plantasies in Suid Afrika wat, volgenspname deur die Departement van
Waterwese en bosbou in 2001, ‘n area van ongeV@€i10Q0 hektaar beslaan. Quebracho
word geékstraeer van die hout van natuurlike waodgrazilié en Argentinié. Mimosa bas
word in water geékstraeer (ongeveer 50% per gewidpra Ceesalpinia spinogaen
italiaanse kastaiingGastanea sativais die hoof kommersiéle bronne van hidroliseezbar
tanniene.

The vermoeé van wateroplosbare hidroliseerbare edorglenseerde tanniene (polifenole)
om met proteene, waarskynlikvia waterstof bindings, te reageer, 1€ naas hul veromé
ongebreide vel in leer te omskep, en in hul komiékrdoepassing as tannien agente. Dit
verklaar ook hul bestaan in die natuur as teenimgsdigente wat plante onverteerbaar maak
vir insekte en herbivore. Verder verklaar dit djebruik van melk in tee, waar die
kompleksering van melk praene met tee tanniene die bitterheid van tee vemnjnd
alhoewel die chemie van hierdie proses steeds dalikiiis. Die polifenoliese aard maak
tannien ekstrakte baie vatbaar vir oksidasie, aseofiere polimerisasie en herrangskikking,
wat die ekstrak meer komplekseer. Dit is duidélildie transformasie van groen tee (hoé
flavan-3-ol inhoud en lae gekondenseerde tannieoud) na indiese of swart tee (lae flavan-
3-ol inhoud en hoé tanien inhoud). Die kwaliteanwooiwyn word tot ‘n groot mate bepaal
deur die hoeveelheid en samestelling (wat veragddurende veroudering tydens ‘n proses
wat tot hede nog moeilik verklaarbaar is) van déandenseerde tanniene. Die tanniene
reageer met praien reseptore op die tong om die kenmerkende mooéfjéx gee. Hout-
verouderde wyn bevat nie net gekondenseerde tamnian die druiweskil nie, maar ook

hidroliseerbare tanniene van die houtvate waatimetouder word.
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Die polifenoliese aard van die aromatiese ringé leaksies met elektrofiele toe. Dit vorm
die basis van kleefmiddel vervaardiging, waar fddehied gebruik word om tannien
ekstrakte te polimeriseer om kleefmiddels te vormnder kommersiéle gebruike van
tanniene sluit in anti-skuim agente in olie ontgngnen die vervaardiging van amiene wat
hars bevat\ia die Mannich reaksie) vir water suiwerings toepag$uerwydering van swaar

metale).

Die produksie van mimosa gekondenseerde tanniefmevislhoubare proses aangesien die
bome elke agt jaar geoes word. Dis sal ‘n bel&egrbron van chemiese roumateriaal vir
dierevoeding word, soos wat die huidig gebruikt®lia bronne uitgeput raak. Dit skep ook

werksgeleenthede in landelike areas.

Hoér oligomerise gekondenseerde tanniene besthapeenvolgende eenhede van flavan-3-
ol monomerevia C-4 tot C-8 of C-4 tot C-6 inter-flavaniel bindsigHoér oligomere kan nie

met chromatografie gesuiwer word nie, en ander destovan analise word benodig. Suur
gekataliseerde splyting van inter-flavaniel bindingn die opvang van monomeriese
intermediére produkte met tolueerthiol of floroglusinol, gevolg deur analise vanedi

geisoleerde produkte met HPLC, word normaalweg ujebom gekondenseerde tannien
samestellings te bepaal. Die analise van mimosajuebracho tanniene word egter
bemoeilik deur die resorsinol-tipe A-ring in hiexdrerbindings. Die afwesighed van ‘n 5-
OH groep maak die inter-flavaniel binding stabegri suur hidrolise. Die hoé temperature
wat dus benodig word vir die hidrolise van die iHtavaniel binding in mimosa en

quebracho, lei tot ontbinding. Massa spektromerié’C KMR (kern magnetise resonans)

spektrometrie in oplossing is ook al met wisselegidele van sukses gebruik.

Die analise van hidroliseerbare tanniene is sedgmkompleks as die van gekondenseerde
tanniene. As gevolg hiervan, bly die samesteliag gekondenseerde en hidroliseerbare
tanien ekstakte onseker, selfs na 50 jaar se riagorsVan besondere belang is die
gemiddelde ketting lengte van tannien ekstraktewaaskillende bronne en die samestelling

van die monomere wat dit vorm.
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In di¢ skripsie word die potensiaal ondersoek van vas¢stand KMR en elektrosproei
massa spektrometrie om die ingewikkelde problenmedv@ tannien industrie op te los. Vaste
toestand KMR is veral geskik om onoplosbare mosster ondersoek, probleme met
selektiewe ekstraksie, asook chemiese veranderiedurgnde ekstraksie en monster
voorbereiding en onsekerheid oor verbindings wa geékstraeer is nie, te oorkom.
Elektrosproei spektrometrie komplimenteer MALFI-TORassa spektrometrie deurdat

molekules met ‘n massa laer as 500 Dalton gesiemioad.

Ons kon al die resonansies in vaste toestand KMRhdroliseerbare en gekonsentreede
tanniene toeken deur die vergelyking tussen vioeileam vaste toestand spektra van suiwer
flavonoiéde en tannien ekstrakte. Dit het ons etaay om onomwonde te onderskei tussen
gekondenseerde tanniene en hiroliseerbare tandiemeeenvoudige roetine eksperimente,
sonder langdradige chemiese toetse. ‘n Metode tsvikhkel om met sekerheid tussen
mimosa en quebracho gekondenseerde tanniene teskeden hulle te identifiseer. Oi
metode is die enigste beskikbare metode om quebractdentifiseer, wat van belang is in
wynkunde (quebracho tanniene word by wyn gevoegleb@acho kon tot nou toe slegs
chemies geidentifiseer word, aangesien dit negdtets in alle beskikbare toetse vir

tanniene.

Ons het vasgestel dat geen onoplosbare hoér oliggsaegekondenseerde tanniene of
tanniene kovalent gebind aan ander onoplosbarekdaponente, oorbly in die gebruikte
mimosa bas nie (na ekstraksie van tanniene). &iskaf ‘n eenvoudige metode vir die
wattel industrie om die gebruik van laer ekstrakEmperature en -tye na te vors, met
geassosieerde energie besparing. ‘n Vingerafdredoae vir mimosa is ontwikkel en word

reeds in die industrie gebruik (Aanhangsel A).

Aangesien hars resonansies nie met tannien resesaosrvlieuel nie, kan die bas
geanaliseer word sonder om ‘n ekstak te vervaardige enigste voorbereiding behels om
die bas fyn te maal (ongeveer 100 mg) en in ditevl@estand KMR rotor te pak. Aangesien
koolstof via waterstof gemagnetiseer word, is minge 30 minute KMR tyd per monster
voldoende. Dit versaf ‘n maklike metode om die bam quebracho, mimosa en
15



hidroliseerbare tanniene te identifiseer. ‘n Vastestand KMR spektrum bewys dat die
gebruikte bas nie net geen gekondenseerde tanbexa¢ nie, maar staaf ook die afleiding
dat gebruikte bas uit water-onoplosbare harse rigoé van glukose en ander suikers)
bestaan. Ons glo dat hierdie metode aangewendd&ahom nuwe bronne van tanniene van

inheemse plante te identifiseer.

Ons het die navorsing uitgebrei na gebreide le€nerenvoudige metode ontwikkel om te
bepaal of die leer met mimosa, quebraco, italiaakastaiing, tara, kunsmatige brei
materiaal, chroom of aluminium gebrei is. Ons gt hierdie metode deur die leer industrie

gebruik kan word vir die bepaling van the tannigeimg in gebreide leer.

Deur elektrosproei massa spektrometrie te kombimetrmgepubliseerde MALDI-TOF massa
spektrometrie data, kan ons die relatiewe samegjelbn die monomere, dimere en trimere
bereken. Hierdie berekeninge word gebruik in diemosa en quebracho tannien industrie
om te voldoen aan die nuwe Europese Unie (EU) REA®Hgistration, Evaluation,
Authorisation and Restriction o€hemical substances) wetgewing. Sonder nakoming

hiervan kan mimosa ekstrak nie na die EU uitgewaed nie.

Sulfitering (behandeling van mimosa en veral quetwaekstrak met bisulfiet) word gereeld
industrieél gebruik om die ekstrak se eienskappevdgbeter (bv. verhoogde water
oplosbaarheid) en produkte met verskillende vlakken sulfitering is kommersieél
beskikbaar. Die chemiese veranderinge geassosiegrsulfitering bly spekulatief. Die
vaste toestand KMR dui daarop dat die C-ring oopntg@ens di proses. Die elektrosproei
MS bewys vir die eerste keer onomwonde die bestaargekondenseerde tannien-sulfonaat
molekules. Die m/e waarde stem ooreen met diewigigoopgaan en die invoeging van ‘n

sulfonaat groep op die C-2 posisie.
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CHAPTER 1

1. GLOSSARY

DP — Degree of polymerisation

DP, - Number average degree of polymerisation

ESI — Electrospray lonisation

EU — European Union

HPLC — High pressure liquid chromatography

MALDI-TOF - Matrix assisted laser desorption icatibn — time of flight
My — Number average molecular weight

MS — Mass spectrometry

My — Weight average molecular weight

NMR / KMR - Nuclear magnetic resonance / Kern nedige resonans

PC — Procyanidin

PD — Polydispersity

PD — Prodelphinidin

REACH — Registration, Evaluation, Authorisation damRestriction of Chemical
substances

MAS — Magic angle spinning

FSLG — Frequency-Switched-Lee-Goldburg

RF — Radio frequency

CP — Cross polarization

2D — Two dimensional

HMBC — Heteronuclear Multiple Bond Correlation
HETCOR — Heteronuclear correlation

DD — Dipolar dephased
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CHAPTER 2

2. LITERATURE SURVEY

2.1 Introduction

Tannins are astringent, bitter-tasting plant pogypiis that bind and precipitate proteliis.
Tannins were traditionally, and are still, useddo leather. The term “tannin” comes from
an ancient Celtic wordan, for oak tre€. Oak trees were noted as an abundant source of
extracts traditionally used in converting animadds to leather. This age-old practice was
employed by the prehistoric tribeso make their clothes (hides and skins) last longe
Tannin extraction from the bark of black wattleesefAcacia mearnsji South Africa) and
guebracho %chinopsis balansaand Schinopsis lorentziiSouth America) is an important
industry that supplies raw materials for leathemtag. The ability of tannins to complex

with proteins via hydrogen bonds explains the dgamins® for leather tanning.

Tannins are responsible for much of the fragrama flavour properties of tea, a popular
worldwide beverage made from leavesGa#mellia sinensisa tropical ever-green plant. In
Chinese tea, also known as green tea, the fredledeas are heated and dried immediately
after picking to destroy enzymes and preserve meniagnsonstituents. Chinese tea contains
mainly monomers of which epigallocatechin is thestrabundant. The manufacturirig® of
black tea involves crushing the tea leaves aftekipg to promote enzymatic oxidation and
subsequent condensation of the tea polyphenolgfl@vens and thearubigins) through a
fermentation process. Addition of milk to the teduces the astringency by precipitating the

tannins with milk proteins.

Tannins are polyphenols. Two classes of tanniesused - the so called hydrolysable

tannins and the condensed tannins (proanthocyaidin
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2.2 Hydrolysable Tannins

The hydrolysable tannins (Figure 2-1) are gall(yl and hexahydroxydiphenoy! estd
and their derivatives. They are usually esters-gfucosé®’ (3) (sugar esters of gallic acids)

and ellagitanning?) (sugar esters of two gallic acid units C-C linkeekach other).

o HO
OH OH
OH OH
HO o)
o o OH
O/ HO O /l
HO c—o0O
HO c HO
HO OH o
Gallotannin (1) OH  Ellagitannin(2)
CH;OH
e
HO ’/‘T\:’Eﬂﬁ \
21 S NI o Vi W
i
OH
CH
D-Glucoseg(3)
Figure 2-1: Examples of hydrolysable tannins

2.3 Condensed Tannins (Proanthocyanidins)

Condensed tannins (also called proanthocyanidires)palymers of flavan-3-ol monomer
units (Figure 2-2). The flavan-3-ol monomer uri@ve the typical §&Cs-Cs flavonoid
skeleton and differ structurally according to themier of hydroxyl groups on both aromatic

rings and the stereochemistry of the carbons ohéeterocyclic ring?
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OH

Figure 2-2: Typical flavan-3-ol building block of mndensed tannin (proanthocyanidin) polymers

The isolation and elucidation of proanthocyanidligamers of other plants, for example
Saskatoon berriesAfnelanchier alnifolia was done by electrospray ionization mass
spectrometry, NMR spectrometry and thiolytic degtamh coupled with reverse-phase liquid
chromatography. The general structure is the sasribat of mimosa extract. Hellstran
al*? observed that in attempting to calculate the degfepolymerisation for long polymers,
the signals for the terminal units become quitelsamal their integration is rather suggestive
than exact.

The most usual tannin interflavanyl linkages argatent C-C bonds between C-4 of one
flavanol unit and C-8 or C-6 of another (lower Jiniore than 200 pure proanthocyanidin
oligomers with degree of polymerisation (DP) ashhagg 5 (consisting of five flavan-3-ol
monomers) have been isolated as pure homogenemysuads and fully characteris&t-®
Most proanthocyanidin polymérsin plants however have a much higher DP and effirt

obtain pure homogeneous condensed tannins with thane5 monomers have failed.

Czochanska and co-workétsdentified four parameters that are required tiindethe gross

structure of proanthocyanidin polymers:

a) The ratio of procyanidin (PC) to prodelphinidin (POnits. The procyanidin unit is
characterised by a phloroglucinol A-ring and a 'dljdydroxy B-ring. The
prodelphinidin unit is characterised by a phloregiol A-ring and a 3'.4'5'-
trinydroxy B-ring.
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b) The stereochemistry of the heterocyclic C-ringhaf monomer units.
c) The structure(s) of the chain terminating flavaot3mits.

d) The number average molecular weight,\M

Czochanska concluded that a, b and d could be dddisom the"*C NMR spectra of the

polymers.

State of the art chromatography does not allowtifyaation of condensed tannin mixtures
into pure components that can be analysed withexinal structure elucidation techniques
such as NMR. Such mixture are analysed by indimexthods.

A variety of tests has been developed to analysettyphenol content of tannin extracts.
The most common method is tif@lic-Ciocalteau assdy to determine the total phenol
content. Protein precipitation gives the total demsed tannin content. This method was
coupled to the use of bisulfite bleaching, givilgerto theDavis protein precipitation assay,
also known as thélarbertson-Adams assayhich measures anthocyanins, tannins, small

polymeric pigments and large polymeric pigméts.

The most useful method i8a chemical degradation of the polymer mixture intonmmer

intermediates and trapping of the intermediated.he interflavanyl bond between C-4 and
C-6/C-8 is split with weak acid and the intermeegatrapped by nucleophiles such as
phloroglucinol or benzylmercaptan. Isolation, stawe elucidation and quantification of the
resulting phloroglucinol- or benzylmercaptan-flax@el monomers allow characterisation
of the polymer. The ratio between isolated tertrinad repeat monomeric unit is used to

determine the average chain length.

Czochanskat af° investigated tannin extracts of different planurses, all based on a C4-
C8/6 linked polyflavan-3-ol structure. They showtidht a hydrolysable tannin can be
identified with NMR by the presence of a carbonghtl around 170 ppm, due to gallate or
hexahydroxybiphenyl ester moieties. They also nneas the ratio of prodelphinidin to
procyanidin units by using three methods, one dtiwiwvas*C NMR. They mentioned that
22



the cis andtrans C-2 unit has chemical shifts &t= 77 ppm and = 84 ppm respectively.
They investigated the chain-terminating flavan-3nits and found that a proanthocyanidin
polymer terminates by one of four possible flavaol3units, namely (+)-catechin, (-)-

epicatechin, (+)-gallocatechin or (-)-epigallochiec

2.4 The Chemical Composition of Mimosa Tannin Extracts

The hot water extract of bark from commercially wnoBlack Wattle Acacia mearnsji
previously calledAcacia mollissimgatrees is concentrated and then either spray doigive
powdered wattle extract or concentrated furthegive a solid blocklike product on cooling.
These chemically unmodified wattle extracts arewkma@ommercially as mimosa extract,
and asAcacia mearnsjiext. by ECHA (EC No. 272-777-6; CAS No. 6891140- The
spray dried product typically contains 5% moistarel the solid blocklike product, 15%
moisture (personal communication Dr. N. P. Slahidmnosa Co-Op).

More than 50 years of investigation has establisihhedchemical composition of mimosa
extract as detailed below.

The tannin fraction of the mimosa extract is cfasdias a condensed tannin consisting of
oligomers (and polymers) of polyhydroxyflavan-3mbnomers. The flavan-3-ol monomer
units have the typical §C3-Cs flavonoid skeleton (Figure 2-3) and differ strueily
according to the number of hydroxyl groups on kearibmatic rings and the stereochemistry
of the carbons on the heterocyclic ritfg.
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Figure 2-3: Typical flavan-3-ol skeleton of condered tannins.

The flavan-3-ol monomers are linked by+4 6 and 4— 8 covalent bonds between C-4 of
one flavanol unit and C-8 or C-6 of another (lowamit) giving condensed tannin
(proanthocyanidin) oligomers (Figure 2-4), where tlumber of monomer units (n) is greater

than 1. The condensed tannins are synonymoushethroanthocyanidirfs.

OH

OH

OH

Figure 2-4: Condensed tannin molecule
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By using lead acetate, Roux fractioned the blacktlevaextract into gums, sugars and

tannins?®?’ See Figure 2-5.

Black Wattle Extract
10% aqueous solution

addition of excess ethanol

filtrate gelatinous precipitate
purified by repeated
reprecipitation
]
washings GUMS
alcohol removed under vacuum
addition of neutral lead acetate in
excess
solution of SUGARS lead tannate precipitate

addition of dilute sulphuric acid

TANNINS

Figure 2-5: Scheme for the fractionation of mimosa&xtract™

Roux developed a standardized gravimetric assagdbais precipitating gums quantitatively
with absolute ethanol and condensed tannins ga#waéty with lead acetate as lead tannates
to quantify the amount of condensed tannins inlatttract->?® He established that wattle
extract consists of 75% condensed tannins, withvanage of 11% gums and 13% sugars on
a dry weight basis and of 60% condensed tannirk2%-ethanol insoluble gums, 10%

sugars and 20% water on a wet basis for the weaex?

Roux also developed a UV absorption spectrometmalyéical method for wattle tannins

based on absorption at 285 nm and a colorimetrih@debased on absorption by a ferrous
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tartrate tannate complex that absorbs at 545 nmwth Biese methods indicated that wattle
extract contains about 76% condensed tannins a¥dr@h-tannins on a dry basfs.

Roux concluded from two dimensional paper chromapigic studies that condensed tannins
in wattle extract consist of a complex mixture @bgnthocyanidin oligomers of different

molecular weights and that average values wereir@atawhen determining molecular

weight3' The results are given in Table 2-1.
Table 2-1: Molecular weight distribution of wattle and quebracho tannins*
Wattle fraction G Wattle fraction G Quebracho extract
Tannins Mol. Tannins eluted Mol. Tannins eluted Mol.
Mean R eluted (%) | Wt. (%) Wt. (%) WH.
0 - - 24.3 3240 - -
0 3.7 1442 15.7 1631 21.0 2350
0.1 20.3 1287 24.3 1606 17.1 1811
0.2 24.3 1033 22.1 1203 16.5 1362
0.3 29.7 908 13.6 933 19.7 1066
0.4 15.6 649 - - 17.0 910
0-5+0.6 6.5 554 - - 8.7 790
Recovery
(%) 71 - 74 - 95 -
Calc.
av.molwt. | - 971 - 1826 - 1461
Determined
av.molwt. | - 1284 - 1507 - 1327

The fractions of wattle tannin were obtained bycassive extractions of shredded fresh bark
with ethyl acetate and three successive extractatis methanol. The former gave the C
fraction and the latter gave the @action. The molecular weight of these fractiomas

determined by ebulliometry. Table 2-1 also givesrethanol extract of quebracho.
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The molecular weight of black wattle tannins wasivé® by using the Menzies-Wright
ebullioscopic techniqu®. The range was found to be of the order of 980is mentioned

that non-polar solvents in previous experiments,establish molecular weight, caused
anomalous molecular weight values. Evelyn fourad the molecular weight of the tannins

varied in no particular correlation to the heightte trees

It was found that wattle tannins molecular weigdriged from 550 to 1630 Da. There was
also a small fraction of a much higher average oudé weight (3240 Da). Quebracho

tannin was found to be regularly distributed thioowgt the range from 800 to 2350 Da. The
molecular weight of the quebracho tannin fractisas considerably higher compared to that

of mimosa®2

Evelyrt® extracted wattle bark successively with solveffitareased polarity (ethyl acetate,
ethanol, methanol and water). He found that thetions had different molecular weights
and that more polar solvents extract proanthocyanidigomers of a higher degree of
polymerization e.g. the ethyl acetate extract hagraber average molecular weightj\of
about 1300 and the successive methanol extract af lbout 1500. These results support
Roux’s conclusion that wattle extract consists ofamplex mixture of proanthocyanidin

oligomers of different molecular weights.

Evelyr® used ebulliometry (modified Ray ebulliometer) arrgoscopy to determine the
number average molecular weight {j\f the condensed tannins in wattle extract td »e0
+13. The determinations were performed on methglair acetylated tannins (to render
them soluble in benzene or bromoform and eliminater- and intramolecular hydrogen
bonding) and calculated back to the underivatised phenolic tannins. He found close
agreement between results from ebulliometric (beezes solvent) and cryoscopic
(bromoform as solvent) methods. The number avedageee of polymerisation (DPn) can
be calculated from Evelyn’s results, using an ayerftavan-3-ol monomer weight of 287, as
DPn =4.4.

27



Thompson and PizZi used**C NMR integration and the ratio of C-4-C-8 and G4
interflavanoid linkages to free C-6 and C-8 sitesstablish the number average degree of
polymerisation of wattle tannin proanthocyanidiss2#n = 4.9. This corresponds to g &f
between 1343 and 1406.

Covington and co-worke¥sused gel permeation chromatography to determiaenttmber
average molecular weight gMas 1230, the weight average molecular weight (Msv2130
and the polydispersity (PD) as 1.7 for wattle tasni

Pasch and co-workérsused MALDI-TOF data (see Table 2-2) to calculategorted DP of

5.4 for the proanthocyanidin fraction.

The interflavanyl bonds in condensed tannins arenatly easily hydrolysed by dilute acid
to unstable coloured anthocyanidins (hence the rmawenthocyanidins). In the presence of
suitable nucleophiles (e.g. benzyl mercaptan),lstatbnomeric adducts are formed which
are analysed by HPLC to establish the compositibthe condensed tannifi$. Wattle
tannins are however, resistant to acid cleavaggiblated to the absence of 5-OH
substituents) and cannot be analysed reliably isyntethod. Mimosa extract is thus neither
a procyanidin (PC) nor a prodelphinidin (PD) andisthdoes not fit into the Porfér
classification. It was suggested that other metHmelused to identify the constituent flavan-

3-ols*

MALDI-TOF mass spectrometry has shoWrhat wattle extract consists of a range of
oligomeric flavan-3-ol units up to the octamer (8)Hevel (see Table 2-2). From the table it
is evident that wattle tannin oligomers are pertiona and combinations of mainly
fisetinidol (A) (25%), robinetinidol (B) (70%) andallocatechin (C) (5%) monomer units
(Figure 2-6). Mimosa tannins are thus profisetimsd prorobinetinidins or prodelphinidins.

The data indicated a high frequency of angulardrgrand tetramers.

28



Table 2-2: MALDI peaks for the proanthocyanidin conponents in commercial wattle extract®

M+Na+ M+Na+ Unit Type Commen
Experimental Calculated A B c
Dimers
60z 601.¢ - 2 -
Trimers
85¢ 857.¢ 2 1 -
874 873.¢ 1 2 -
or 2 - 1 Angular structurt
890 889.¢ 1 1 1
- 3 -
90¢€ 905.¢ - 2 1 Angularstructure
or 1 - 2 Angularstructure
922 921.¢ - 1 2 A diangular structui
Tetramer
1147 1146.: 2 2 -
or 3 - 1
1163 1162.; 1 3 -
or 2 1 1
117¢ 1178.. - 4 -
or 1 2 1
or 2 - 2
119 1194.: - 3 1 Angulal structure
or 1 1 2 A diangular structui
1211 1210.; - 2 2
or 1 - 3
Pentamel
1467 1466.t
Hexamer
176¢ 1754.¢
Heptamer
204t 2043.;
Octamer
233: 2331.¢
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Figure 2-6: Flavan-3-ol monomers that constitute nmmosa condensed tannins

Thompson and PizZiused™*C NMR integration to establish that the A-ring ddtile tannin
has on average 1.11 free OH groups (90% resoraimbll0% phloroglucinol) and the B-ring
2.80 OH groups (20% catechol and 80% pyrogallotsiniThese values are consistent with
an average condensed tannin oligomer molecule dbasists of 20% fisetinidol, 70%

robinetinidol and 10% gallocatechin monomer units.
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The results of Thomson and Pizzi agree closely thighvalues given by CovingtStof 25%
profisetinidin (fisetinidol monomers), 70% prorobtmidin (robinetinidol monomers) and

5% prodelphinidin (gallocatechin monomers) as tgpior wattle proanthocyanidin tannins.

The non-tannin fraction of wattle extract has beamd to consist mainly of sugars (sucrose,
glucose and fructose) and carbohydrate gums whichhyarolysis yield predominantly
galactose and arabino¥e.

The monomers that have been isolated from mimosdrtdhave been summarised by Roux
and Drewe$**in Table 2-3.

Table 2-3: Analogues of the main groups of flavonds isolated and identified in wattle-bark extract
_ 3',4',5'7-Tetrahydroxy _

Flavonoid type 3',4',7-Trihydroxy compound
compound

Chalcone Robtein Butein

Flavanone - Butin

Flavonol Robinetin Fisetin

Flavanonol Dihydrorobinetin Fustin

Flavan-3-ol (-)-Robinetinidol (-)-Fisetinidol

Flavan-3,4-diol (+)-Leuco-robinetinidin (+)-Leucsétinidin

_ Polymeric leuco ) o

Tannins (mol.wt. 600-3000) L Polymeric leuco-fisetinidins

robinetinidins

In summary, mimosa extract solids consist mainly cohdensed tannins (75%) and
carbohydrates (25%). Mimosa tannin is a proantaoichn polymer that consists of
robinetinidin (70%), fisetinidin (25%) and galloeahin (5%) monomer units. The number
average molecular weight ¢V for wattle tannin is about 1270 and the weigherage

molecular weight (M) is more than 2000. The number average degrgmlgmerization
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(DPn) for wattle proanthocyanidin tannins has bestablished to be in the range of 4.4 to
5.4.

2.5 The Chemical Composition of Quebracho Tannin Extrats

The hot water extract of the heartwood of quebra¢Bohinopsis lorentzii)trees is
concentrated and then either spray dried to giwedeoed quebracho extract or concentrated
further to give a solid / block product on coolinghese chemically unmodified quebracho
extracts are generally referred to as warm watletbs® quebracho extract and &shinopsis
lorentzii extract by ECHA (EC No. 290-224-7; CAS No. 901660)**. The spray dried
product contains typically 6% moisture and the ddblock product, 16% moisture. The

heartwood ofSchinopsis balansas also used.

During more than 50 years of investigation (seersgfces below), the chemical composition

of quebracho extract has been established as fallow

Quebracho is, similar to mimosa, a mixture of corsgel tannin consisting of flavan-3-ol
monomers, linkedvia acid labile 4> 6 and 4> 8 covalent bonds between C-4 of one

chroman-3-ol unit and C-6 or C-8 of another (loweit) giving polyphenol oligomers.

According to Covingtotf, quebracho consists of 25% robinetinidin (B) af@sisetinidin
(A). Quebracho is thus predominantly a profiselimi condensed tannin. Typically
commercial unmodified quebracho extract consistamund 95% polyphenols and 5%

carbohydrates on a dry basis (personal communigalicZito).

Thompson and PizZi used*C NMR (integration of the ratio of C-4 - C-8 and4G- C-6
interchroman linkages to free C-6 and C-8 site§pvington and co-worket used gel
permeation chromatography and Pasch and co-wdfkersed MALDI-TOF data to
determine the number average molecular weight (dMnthe condensed tannin fraction in
guebracho extract. These results can be usedl¢alatea a number average degree of
polymerisation (DPn) of 4-5, 6.74 and 6.25 respetyi
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In summary, commercial quebracho extract solidsists of around 95% condensed tannins
and 5% carbohydrates. The condensed tannin frai@nmixture of flavan-3-ol polymers
that consists of fisetinidin (about 80%) and robimdin (20%) monomers. The average

degree of polymerization of the condensed tanmiation of quebracho extract is 4.4 to 6.74.
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CHAPTER 3

3. THEORY OF SOLID STATE NMR

3.1 Introduction

High-resolution solid state NMR spectra can provide same type of information that is

available from corresponding solution state NMRc$f@e but the main advantage is that the
sample in question need not be soluble or in aaltyse form, and the approach can be used
to study molecules larger than 100 kD. Samplesaatuated in the absence of solvents and

are packed directly in their powdered form and ysed.

Some atomic nuclei possess nuclear spin, the anguaentum of the nucleus, and thus
have a magnetic moment. The direct magnetic digigele interaction between two atoms
with non-zero spin gives rise to dipolar couplimapd the magnitude of the interaction is
dependent on the internuclear distance and thatatien of the vector connecting the two
spins with respect to the external magnetic field.solution state NMR these orientation-
dependent anisotropic effects are largely averamed by the rapid isotropic tumbling
(Brownian motion) of the molecules. This produaespectrum appearing as a series of well
defined, narrow lines corresponding to very sheapditions. In solids the orientations of the
atoms are fixed and the anisotropic effects gige to broad line shapes in the solid state
NMR spectra, resulting in the overlap of resonaraeba decrease in resolution. In order to
suppress these effects several techniques have d@erloped including magic angle
spinning (MAS), and heteronuclear and homonuclgaolar decoupling techniques, such as
the Lee-Goldburg technique. However, experimentere the anisotropic nuclear spin
interactions are not suppressed can give usefornrdtion on the structural parameters,

dynamics and chemistry of compounds in the soétest

3.2 Magic Angle Spinning (MAS)

In the late 1950’s Andretvand Lowé independently succeeded in suppressing the

anisotropic dipolar interactions by placing theoradt an angle of 54.71° (magic angle) to the
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magnetic field of spinBp). Spinning speeds are required to be at a ratal @gor greater
than the magnitude (in Hz) of the anisotropic iattion (width of the spectrum of a static
sample) in order to avoid the appearance of spinsitiebands in the resultant NMR spectra.
Routinely, MAS is used to remove the effects of bemnd heteronuclear dipolar coupling,
chemical shift anisotropy and to narrow the linesnf quadrupolar nuclei. To fully
understand why MAS is successful it is requiredldok at chemical shielding, dipolar

coupling and Lee-Goldburg decoupling.

3.3 Chemical Shielding

The signal frequency that is detected in NMR igpprtional to the magnetic field applied to
the nucleus. However, the motions of the electrarmind the nucleus produce a small
magnetic field at the nucleus which usually actepposition to the externally applied field
(chemical shielding interaction). Chemical shsftthe frequency of absorption for a nucleus
relative to the frequency of absorption of a molacstandard, e.g. tetramethylsilane. In
solid state NMR under sufficiently fast magic angl@nning the directionally dependent

character of the chemical shielding is removedsiteathe isotropic chemical shift.

Molecular orientation effectively creates differenagnetic environments by the electrons
circulating about the nuclei in different ways deg@iag on crystal orientation. The shielding

interactions’ dependence on orientation is propai to:

3cos0 — 1 1)
Where#8 is the angle between the internuclear axis anchiptied magnetic fiel®, andf
effectively takes on all possible values when wagkin the solid state. The sample is spun
about an axis which is tilted at an anglebgfin relation to the applied fiel@. Now the

molecular orientation dependence becomes propaittoran average:

(3cos0 — 1) = Y4(80S0g — 1) ( Z0SP — 1) (2)
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Where6g is the angle between the applied fiehh) and the spinning axis arfidthe angle
between the spinning axis and the principakis (internuclear axis). In a powder sample
the anglep takes on all possible values liBeloes, but in a rigid solid sample it is fixed for
given nucleus. Elimination of line broadening iedo the variability of the angkk by the
operator. When this angle is set to the magicean§b4.7%, equation 1 becomes zero and

hence the average, equation 2, becomes zero as well

3.4 Dipolar Coupling

Dipolar couplingis the result of the interactions of local magné&gds originating from the
spin of a nucleus when a magnetic field is apptiedt. This effect acts on other spins
creating different local environments. It is higldependent on the distance between nuclei
and orientation of the vector connecting the twalear spins relative to the applied

magnetic field, as it is a direct through-spacerattion as seen in Figure 3-1.

Figure 3-1: Dipolar coupling Vectors

The dependence on orientation is the same as kétklielding interaction, as in equation 1.
Therefore line broadening due to dipolar coupliageliminated by MAS just as it is for
chemical shielding. As mentioned above, the rapm needs to be equal to or greater than

the coupling strength. The strength of the dipoiteraction is proportional to:

y1ys 13 (3)
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Wherey is the gyromagnetic spin ratio of spin 1 anid the internuclear distance. In some
experiments'H — **C heteronuclear coupling is required and fét— *H homonuclear
coupling. However, MAS at moderate speeds canaotove all the'H — 'H dipole
interactions and heteronuclear coupling is elinedamore effectively than homonuclear

coupling. In this case Lee-Goldburg decouplingasessary.

3.5 Lee-Goldburg Decoupling

Lee-Goldburg decouplingolves the problem described above by removing Inoiciear
dipolar coupling. It is a multiple-pulse sequemdgch imposes artificial motion on the spin
operators, while leaving the special operatorscintdt explicitly applies off-resonance 360
RF pulses constantly during the decoupling perilodthe case of solid state 2D experiments,

specifically during the evolution time and the @mttpulse.

The effective magnetic field ¢B) is set at the magic angle relative to the appflield by

offsetting the pulses from resonance with a freqyeof Aw. Phase errors are reduced
during & by changing the offsetw regularly to above or below the resonance frequenc
This is called Frequency-Switched-Lee-Goldburg (6L Homonuclear dipolar coupling is
averaged to zero. This requires the effective miagiield (Ber) to be greater in frequency

units than the dipolar coupling. Usually this ig agroblem as
Bett =V 01° + Aw? (4)

Herew; is the amplitude of the RF pulse afnd is the offset from resonance of the RF pulse.

Thus the strength can easily be modified by inenggihe amplitude»;.

3.6 Cross Polarisation
Cross Polarisation(CP) is the transfer of polarization (magnetizatichich is perpendicular
to the applied field) from abundant nuclei (suchtasr *°F) to dilute or rare nuclei (such as
3¢ or™>N) and / or inherently insensitive nuclei with lgywia the dipolar coupling between

them, so as to enhance the signal to noise (Srati) {y (protons) /y (X nucleus)} and to
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increase relaxation time (Figure 3-2) between twpeements, thereby decreasing the
recycle time between scans because the repetitiendepends on proton, &ind not on the

X nucleus. The reasons why protons usually haeeteshT; is because ;Tdepends on the
product of they values of the two nuclei anfdproton) timesy (proton) is 4 times larger than

y (proton) timesy (C*¥). Another reason is the dipolar interaction betéwvo spins which
decreases according to approximately.1/n most organic solids there are many protons
close to each other, but a carbon can have a maxiaiuhree protons in its vicinity. The
decreased recycle delays follow from the fact thltindant spins are strongly dipolar
coupled. Hence they are subject to big magnetldgioriginating from motion. Rapid spin-
lattice relaxation is now achieved at the abundardei. The recycle delay is dependent on
the T, of protons, fluorine, etc. Firstlyra?2 pulse is implemented only on the proton channel

and after this the resultant polarization is trangfd to the assigned nucleus (X).

(EE)\’
.1‘
H
ngi_]ﬂlg Decoupling R%fl(ati,?n
B3 U é Relaxtion
Acquisition Delay
Contact Tine

<« Tao > «— Tz —>
Figure 3-2: Diagram showing contact- , acquisitionand relaxation time

3.7 Hartmann-Hahn Condition

The Hartmann-Hahn condition needs to be set properly for cross pzddion to be
efficient. This involves using RF-pulses on bdtk highy and the lowy to set their nuclear

energy levels equal to one another. Now the enkngsls can mix, allowing diffusion of
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transverse spin magnetisation from the generatolens to the other nucleus. The

Hartmann-Hahn condition is:

Yz B1(Z) = yx By(X) ©))

Wherey is the gyromagnetic ratio of the nucleus specifadB; is the effective field on the
nucleus when an RF pulse is applied. If the pararador the Hartmann-Hahn condition are
set properly, magnetisation for both nuclei ocatrshe same rate, allowing transfer of the

abundant spin polarization to the dilute spin.

Cross polarization is applied together with magigla spinning (CP-MAS NMR) as it
works efficiently while samples are being spun dpiat a specified rate, at a position equal

to the magic angle to enhance the signal sharpness.

3.8 Heteronuclear Correlation

During a heteronuclear correlation (HETCOR for sha&xperiment, a two dimensional
spectrum is produced by using the dipolar couphiatyveen nuclei. For the experiments in
this study the nuclei used weité and**C. This type of experiment is similar to a HETCOR
HMBC in solution state, which shows the correlatadrthe proton to carbon interaction and
bonding. An important difference is that the solutstate HMQC defines connectivity on
the basis of through-bond J-coupling, whereas thiel state HETCOR defineH — °C
proximities on the basis of closeness in spacédEACOR shows the correlation in space of
protons to carbons and vice versa. As in crosargaltion, a higher signal to noise ratio is
achieved by increasing scans. Rapid spin-lattieeay is also a benefit of HETCOR.
Another benefit is that HETCOR can be used to sgparoton peaks more clearly from the
usual broad peak in solid state NMR experiment.mlist be mentioned that this higher
resolution is influenced by homonuclear spin ditbas Correlation occurs when
magnetisation is transferred from the protons dbse the carbon during the contact time
creating a cross-peak. Protons, however, all teamsagnetisation amongst themselves in a
so-called proton-bath effect, giving rise to eve@rpton potentially sharing magnetisation

with every other proton. This effect causes a @airoton peak to broaden considerably as
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magnetisation from all other protons is added.toTlihis hampers the accurate determination
of the chemical shift of specific protons. Becatlse=heteronuclear coupling ability between
protons and carbons to create cross-peaks is maeekewr; it would be removed by slower
MAS rates than the spin diffusion. This prevehesitemoval of the spin diffusion with MAS
by using extremely high spinning speeds. Lee-Qaiglldecoupling, as described above, is

preferentially used to remove the spin diffusion.
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CHAPTER 4

4. ANALYSIS and CHARACTERISATION of CONDENSED
(MIMOSA and QUEBRACHO) and HYDROLISABLE
(TARA and CHESTNUT) TANNINS in EXTRACTS, BARK
and LEATHER with SOLID STATE NMR

4.1 General Introduction

Mimosa @Acacia mearnsiiformerly mollissimg and quebrachoSchinopsis balansaand

Schinopsis lorentiiare the major commercial sources of natural coseé tannins used
today. Mimosa bark is harvested from commerciahations in South Africa covering an
area of more than 120 000 hectares. Quebrachatiacted from the wood of natural
guebracho forests in Brazil and Argentina. Abo0&®%bby weight of mimosa bark is
extracted with water as condensed tannins. Theposition of this extract remains

uncertain, after more than 50 years of researchiXRtarted publishing from 19489).

The soluble polymeric forms of condensed tanniomfa large variety of plant sources have
been extensively studied and characterfsed. The condensed tannin fraction is generally
extracted with acetone-water (30:70) and fractietiatith Sephadex LH-20.The fractions
are then studied with™C nuclear magnetic resonance and chemical degoadati
Degradation involves weak acid catalysed fissiorthef interflavanyl bonds, followed by
trapping of the monomer intermediates with toluefteiol or phloroglucinol and analysis of
the trapped products with HPLE.

Present knowledge suggests that condensed tangierholigomers are built up by the

successive addition of flavan-3-ol monomer extamsinitsvia the C-4 to C-8 or C-4 to C-6

interflavanyl bond in the same way that the dinsesformed from monomes.
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The situation with mimosa and quebracho tannirmpounded by the resorcinol type A-
ring in these compounds. The absence of a 5-OHpgiraparts stability to the interflavanyl
bond against acid hydrolysis. The high temperatuteus required to hydrolyse the
interflavanyl bond in mimosa and quebracho tani@asls to decomposition. This renders
the classical method to analyse condensed tarwignacid hydrolysis of the interflavanyl
bond followed by trapping of intermediates with uhee-thiol or phloroglucinol and

analysis of the trapped intermediates with revphsese HPLC, unreliable.

Mimosa tannin was reported to consist of robindbhi(Figure 4-1) (75%), fisetinidol
(Figure 4-2) (30%) and gallocatechin / delphinidfigure 4-3) (5%) monomefs. The
gallocatechin has a reactive phloroglucinol A-rangd is assumed to allow branching in the
oligomer. Quebracho consists predominantly of tifis@ol monomers and therefore

presumed to be less branched than miniosa.

OH

OH

H O O \\\\\\
a OH

OH

Figure 4-1: Robinetinidol

46



OH
HO O \\\\\\
* OH
OH
Figure 4-2: Fisetinidol
OH
OH
HO (0] ‘\\\\\\
" OH
OH
OH C
Figure 4-3: Prodelphinidin / gallocatechin

Quebracho tannin is thus considered to be predartijna profisetinidin (PF) (resorcinol
type A- and catechol type B-ring) and mimosa preidamtly a prorobinetinidin polymer
(PR) (resorcinol type A-ring and pyrogallol typeriBg) (See Figure 4-4).
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R=H, profisetinidin (quebracho)
R=0H, prorobinetinidin(mimosa)

Figure 4-4: General structure of mimosa and quebrato trimer

Solid state NMR is performed directly on solid sdesgn the absence of a solvent. Despite
the use of finely ground powders and high spinsiatee perfect homogeneity associated
with conventional solution state NMR is not acheveAlso, in the poorly crystalline solid
materials such as condensed tannin extracts, gaoh @xperiences a range of chemical
environments characterized by slightly differen¢miical shifts. In solution state NMR rapid
molecular motion averages chemical shifts to singleies, but this averaging is generally
not present in solids. Resultant broad line shapssit in signal overlap and loss of

resolution.

Developments such as magic-angle spinning (MAS)s<polarization (CP) of signal from
sensitive protons to less sensitive carbons, hetetear dipolar decoupling and dipolar
dephasing techniques have however transforif@aolid state NMR into a powerful tool to
investigate insoluble or poorly soluble materialBhe technique is particularly suitable for

polymer analysis and routine quality control.
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Despite great interest in the composition of cosedntannins, there have been few studies
making full use of the information available frdfiC solid state NMR spectroscopy. Lorenz
and coworkers investigated Canadiaficea mariangMill.] B.S.P.) litter, German spruce
litter (Picea abies|[L. Karst.]) and humus with°C solid state NMR. They attributed

resonances in the 100 to 150 ppm region to conddasains.

Gamble and coworkels used °C solid state NMR to study biological degradatioh o
condensed tannins ivericea lespedezdlespedeza cunegtaby the white rot fungi
Ceriporiopsis subvermisporand Cyathus stercoreus.Resonances in the 90 to 160 ppm
region were attributed to the aromatic moietiesafdensed tannins.
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4.2 Experiment 1. Determination of optimum cross polarsation (CP)

contact time

4.2.1 Introduction

The cross polarization contact time (P15) of an NB¥periment is the time during which
magnetization is transferred from the abundanteusItH) to the dilute nucleus™C).
Since quaternary carbons have no directly attachgdrogen atoms, they receive
magnetization from the proton bath only and thusdne longer contact time to be polarized.
The length of the contact time should be choseh that all types of carbons have sufficient
time to polarize yet not so long as to lose sigaifit magnetization due to the proton bath.
An optimal contact time was established by stantuith a P15 time of 2500s and lowering
the value until the quaternary carbons attachethéohydroxyl groups showed sufficient

intensities.

4.2.2 Results and Discussion

The quaternary carbons (no attached hydrogen atand¥3 ppm and 153 ppm were
monitored as their signals take longer to intenstynpared to protonated carbons with fast
polarization rates. The spectra of epicateclfif@4atechin (B1), was used to determine the
contact time and the spectra of contact times equ2500us, 1000us, 500us, 200us, 100

us and 5Qus are shown in Figure 4-5. Thereafter the spdotrall oligomers were done at

contact times of 50Qs and 100Q:s, respectively.
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Figure 4-5: Influence of alternate contact time orCross Polarization of a dimer (B1)

By comparing the different calculated chain lengtiasn the two contact times as in Table
4-1, it can be seen that the deviation from thénegdt known chain length value was less for
a contact time of 500s. The data taken with a contact time of p80vas therefore used in

all other discussions.

It is clear from these spectra that the resonafroes the quaternary carbons intensified
relative to the other peaks in the spectrum asdnéact time was lengthened each time, until
a cross polarization contact time of 508 At P15 times higher than 508 there was no

further significant improvement in the resolutiohtbese quaternary peaks indicating that

sufficient time was allowed for the transfer of matjization to these carbons.
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Table 4-1: Determination of optimal contact time

Expected | 500ps 1000us
Oligomer chain length| Actual Deviation Actual Deviation
Bl 2 2.12 0.12 2.14 0.14
B2 2 1.95 0.05 1.92 0.08
B4 2 1.83 0.17 1.72 0.28
Trimer 1 3 2.81 0.19 2.86 0.14
Trimer 2 3 2.21 0.79 2.21 0.79
Tetramer 4 3.44 0.56 3.20 0.80
Pentamer 5 4.16 0.84 4.40 0.60

4.2.3 Conclusion

The optimal P15 time to use 1fC solid state NMR is 50(0s.
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4.3 Experiment 2: Assignment of**C resonances in the solid state NMR
of mimosa and quebracho condensed tannins with dijer dephasing

techniques

4.3.1 Introduction

To put our resonance assignments on a firmer fgotwe performed dipolar dephasing

experiments.

By selecting a suitable time for dipolar dephasiagly quaternary carbons (no attached
hydrogen atoms) are detected, due to the fastexydeic protonated carbon signals. The
high-power decoupler is turned off for a short wh2) after cross polarization and then
turned on again for data acquisitith During thed2-delay, the dipolar interactions between
protons and carbons induce fast dephasing of sigrialie to the close proximity of attached
protons, protonated carbons are dephased fastétimgsn the disappearance of these peaks
from the *°C solid state NMR spectrum. These experimentsuatally conducted with
variabled2-delay timesd2 = 0 to120 us) to establish an optimal value lesse times. The
degree of substitution in aromatic rings can thesestimated. Dipolar dephased (DD)
spectra were generated by inserting a delay pefid®0 ps withoutH decoupling between

the cross-polarization and acquisition portionthef CP-MAS pulse sequence.

4.3.2 Results and Discussion

The spectra showing the dipolar dephased NMR of asanand quebracho are shown in

Figure 4-6 and Figure 4-7 respectively.
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Figure 4-6: Dipolar dephased (d2 = 100us) solid sNMR of mimosa.
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Figure 4-7: Dipolar dephased (d2 = 100us) solid $NMR of quebracho extract
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4.3.3 Conclusion

From these experiments we can conclude that resesdmelow 90 ppm represent carbons
attached to hydrogen. The resonances above 140gpesent quaternary carbons (carbons
not attached to hydrogen), probably C-OH carbomfe resonances between 90 and 140
represent overlapping quaternary and C-H bonddaboar
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4.4 Experiment 3: Using®C solution state NMR chemical shifts to
assign*C solid state NMR resonances

4.4.1 Introduction

It was unclear whethéfC liquid state NMR chemical shifts could be usedssign-*C solid
state resonances. The hypothesis was to takevankoompound with previously assigned
and accepted resonances and analyse the samplsohdhstate NMR. The resonances in
solid state would then be compared to the resosantesolution state. The degree of
deviation or similarity would give an indicationthis method can be reliably extrapolated to
apply to unknown compounds in solid state NMR. iDgirthis experiment, the catechin

monomer was used as it had been previously assigretone-¢**°

4.4.2 Results and Discussion

A sample of amorphous catechin was finely grourdi@HC solid state NMR was recorded.
(Figure 4-8) The spectrum for catechin dissolveddetone-glis given in Figure 4-9. Table
4-2 compares th&C NMR chemical shifts of the solid sample with angée dissolved in
acetone-gl
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Figure 4-8: °C solid state NMR of amorphous catechin

Figure 4-9: °C solution state NMR of Catechin in acetone-d
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Table 4-2: Comparison of the"C solid state and solution state (acetonegdNMR spectra of catechin
Carbon number Chemical shift in the sqgli@hemical shift in solution
state (acetone-g)
2 81 82
65 67
24 38
4a 102 99
5 155 156
96 100
7 155 156
8 96 94
8a 155 157
1 130 131
2' 115/118/124 114
3' 144 145
4' 144 145
5' 118/118/124 119
6' 124/118/124 125

4.4.3 Conclusion

There is a close correlation betweé@ solid state and solution state NMR chemical shift
This implies that conventional solution state cheahshifts can be applied to assign solid

state resonances.

The work of Lorenz and co-workétsand Czochanska and co-workersin thus be applied
directly to interpret3C solid state NMR spectra of condensed tanninse cftemical shifts
of proanthocyanidin polymers (both procyanidin BGnitaining a phloroglucinol A-ring and
catechol B-ring] and prodelphinidin PD [containiagohloroglucinol A-ring and pyrogallol
B-ring] type tannins) as published by above memibauthors are shown in Table 4-3 and
Table 4-4.
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Table 4-3: Chemical shift assignment fof°C solid state NMR of tannins in spruce litter (Lorenz and co-

workers)**
13C chemical shift (ppm) Assignment
0-50 Alkyl C
50-60 Methoxyl C
60-93 O-alkyl C
93-112 di-O-alkyl C and some aromatics
112-140 Aromatic C
140-165 Phenolic C
165-190 Carboxyl C
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Table 4-4:°C solution state NMR chemical shifts of proanthocyaidin polymers compared to™C solid

state NMR chemical shifts of catechin ( Czochanskand co-workers)3

Carbon number Polymers (acetone-&olid state
- water) catechin

C-4 (terminal) 28-29 25

C-4 (repeat) 37-38

C-3 (terminal) 66-68 65

C-3 (repeat) 73

C-2 (2,3¢is) 77

C-2 (2,3trang 84 80

A-ring C-H (6 and 8) 96-97 96

A-ring quaternary (4a) 100-102 (107 in PD) 103

B-ring C-H (2' and 6' of PD) 108-109

B-ring C-H (2',5' and 6' of PC) 115-116 (120 for 61 115, 118, 125

B-ring quaternary (1) 131-132 130

B-ring (4' C-OH of PD polymers) 133

B-ring C-OH (3, 4' of PC and 3',5' of PD) 145-146 144

A-ring C-OH (5, 7 and 8a) 157 155 (d)
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4.4.3.1 C solid state NMR of mimosa tannin extract (ME)ster the™C solid state NMR
of catechin

The *3C solid state NMR spectrum of mimosa extract comgao the spectrum of the
monomer catechin showed great similarity. (Tabl® dnd Figure 4-10) However, since
mimosa consists of various oligomers (has variowmomers making up the structure)
compared to catechin being a monomer,'fesolid state NMR spectrum of mimosa shows
much broader peaks due to the overlap of resonanadém present in thé’C solid state
NMR spectrum of mimosa are resonances associatédd tiwe pyrogallol type B-ring of
robinetinidin. For instance, the peak at 145 pmn be assigned to a prorobinetinidin /
prodelphinidin C-3! or C-57 or to a fisetinidin C-3 or C-41. In the case of catechin, the
144 ppm peak is assigned to C-&and C-4] only. The stereochemistry of catechin is
known and therefore the assignments for the 2-C3fidpeaks can be made without any
doubt as 82 ppm and 67 ppm. In the case of mintbesstereochemistry is unknown due to
the fact that different monomers combine in severkinown sequences to create a chain of
unknown length. Here the 2-C peak fotrans configuration around the 2-3 bond has a
chemical shift of 82 ppm but that for the 2-C peath a cis conformation around the same
bond has a chemical shift of 73 ppm. The 3-C pealroken up into a terminal peak,
appearing at 62 ppm and a repeat peak, appearit®ymim. The same happens with the C-4
peak and the terminal peak is shown at 26 ppmlamdepeat peak at 39 ppm.

61



Table 4-5:C Chemical shift values for mimosa and catechin

Mimosa Catechin
Carbon Number Chemical shift Carbon Number  Chensio#t
2 (2,3trang 80 2 82
2 (2,3<¢ig) 72
3 repeat 72
3 terminal 63 3 67
4 repeat 40 4 38
4 terminal 30
4a 102-113 4a 100
155 5 156
6 102-113 6 95
7 155 7 156
8 102-113 8 94
8a 155 8a 157
1 133 1 131
2' 118 2' 114
3 146 3' 145
4' pyrogallol 133 4' 145
4' catechol 146
5' catechol 118 5' 119
5' pyrogallol 146
6' pyrogallol 102-113 6' 114
6' catechol 118
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Catechin

Mimosa tannin

Figure 4-10:°C solid state NMR of catechin monomer and mimosa tain
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4.5 Experiment 4: **C Solid state NMR spectra of mimosa and
guebracho condensed tannin.

45.1 Introduction

The3C solid state NMR spectra of quebracho and mimasa ot been obtained, assigned
or compared in the literature (according to ourvdealge). Apart from the scientific and

commercial interest in the information on the dtmue that a solid state NMR investigation
may Yyield, the industry did not have a quick andyemethod to distinguish between these

two extracts.

4.5.2 Results and Discussion

Solid state®™C NMR spectra of commercial spray dried quebrach®N) and normal

mimosa (ME from Mimosa Extract Company (Pty) Ltdjracts with cross-polarization and
magic-angle spinning (CP-MAS NMR) were obtainechefical shifts are reported relative
to the methylene signal from solid glycine at 4dm, with the reference frequency set

using tetramethylsilane (0 ppm).

The experimental procedure for the NMR experimeatsiditions (frequency, contact time,

magic angle spinning rate) are discussed in papagd.

Figure 4-11shows thesolid state*C CP-MAS spectra of spray dried mimosa and quelbrach
tannin samples. Figure 4-12 shows all the peasigred. In general it can be observed that
guebracho shows a distinct identifying peak at pfig which is assigned to the fisetinidin
catechol B-ring. This peak is absent in mimosaiclwinas a distinctive peak at 105 ppm
assigned to the robinetinidin pyrogallol B-ring.h€Be two peaks establish a fingerprint for
mimosa and quebracho tannins. They also illustreealifference in the B-ring nature of the

two tannins.
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Figure 4-11: Solid state NMR of unsulfited mimosaNIE) (in red) and unsulfited quebracho (ATN) (in
black)

The following further observations are made:

a) The major peak at 115 ppm in the quebracho (ATN)mea (black) is assigned
to the PF B-ring (2',5' and 6' C-H). The majorkpaa 105 ppm in the mimosa
(ME) sample (red) is assigned to the PR / PD pyltolga-ring (2' and 6' C-H).
Solid state NMR thus provides a quick method totimgiish between
guebracho and mimosa and confirms the predomin&t/ PPD nature of
mimosa and PF nature of quebracho.

b) Minor peaks at 102 and 108 ppm in ATN (black) assigned to the A-ring C-
H and C-4' respectively. The corresponding peakhe ME sample (A-ring
C-H and C-4") are hidden below the big PR pealgassi above.

c) The peak at 116 ppm in the mimosa sample is agsignthe PF B-rings that

also occur in mimosa.
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d) The peak at 80 ppm in both quebracho and mimosasgned to C-2 with
2,3—trans relative stereochemistry.

e) The peak at 70 ppm is assigned to C-3. It is @mclehy the C-3 peak of
mimosa (red) is bigger than C-3 of quebracho (hladkis indicates unknown
impurities, probably waxes.

f) The terminal C-4 at 28 ppm and repeat C-4 at 40 pof potential major
significance. Reliable integration of these peaksuld give an accurate
terminal / repeat unit ratio. This would allow testablishment of an accurate
average degree of polymerisation (DP) value. Uuofately sugar and gums
(about 25 % of the mimosa extract) also resonatiigiregion and purified
tannins would be required.

PF 3' 4

5,7,8a
—

PR 3',5'
PF 2',5'.6'

PR 4'

1'

4a PR2'¢'

4 repeat
4 terminal

U/

I ’ ’ I ’ T T " " T T I
150 100 SO

Figure 4-12:C NMR of mimosa (ME) (red) and quebracho (ATN) (blak), showing all the assigned
peaks

4.5.3 Conclusion

Solid state NMR unambiguously differentiates betwve@mosa and quebracho extract. As
seen in Figure 4-11, quebracho shows a distinattiigeng peak at 115 ppm which is

assigned to the fisetinidol catechol B-ring. Tpmsak is absent in mimosa, which has a
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distinctive peak at 105 ppm assigned to the roliitetl (gallocatechin) / pyrogallol B-ring.
These two peaks establish a fingerprint for mimasd quebracho tannins. They also
illustrate the difference in the B-ring nature loé two tannins.

The terminal C-4 at 28 ppm and repeat C-4 at 4fotentially of major significance. In
contrast with**C solution state NMR where the terminal C-4 andes¢pC-4 have a low
intensity and require many scans to become obslerveitese peaks are prominent'fic
solid state NMR. Reliable integration of thesekseaould give an accurate terminal / repeat
unit ratio. This would allow the establishment ah accurate average degree of
polymerisation (DP) value. Existing methods toedetine DP give conflicting results. The
ratio between these two peaks promises the filgbte indication of the average chain
length of polymers.
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4.6 Experiment 5: The**C solid state NMR spectra of hydrolysable

tannins

4.6.1 Introduction

Tannins are classified into condensed tannins (phogyanidins) and hydrolysable tannins.
In contrast to condensed tannins that are oligomgfleivan-3-ols, hydrolysable tannins are
galloyl (1) and hexahydroxydiphenoy2) esters (Figure 4-13), most often wittylucose 8)

and derivatives (for example quinic acil)[ Italian chestnut and tara are examples of

hydrolysable tannins.

HO OH

OH
Gallotannin(1)

OH

OH
HO. o
0 OH
cC—oO

HO

HO.

HO

OH  Ellagitannin(2)

CH,OH
e
i

AN
OH 7
OH

D-Glucose

O OH
H

HO OH

OH

Quinic acid

Figure 4-13: Hydrolysable tannins building blocks
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A previous repoff on the™*C solid state NMR of tannic acid, which is an ex&mgf a
hydrolysable tannin, indicated that peaks are expeat 139 ppm and 119 ppm (C-4 and C-

1, respectively, of the aromatic ring).

4.6.2 Results and Discussion

The following tannins were obtained and analyseti wolid state NMR:

a) South African mimosa spray dried (ME)
b) Chinese mimosaA(bizzia julibissir)

c) Quebracho (ATN)

d) Tara from PeruGaesalpinia Spinoga

e) Yugan from ChinaBoswelia frereanp

f) Chestnut from ItalyCastanea sativa

The results are summarized in Figure 4-14. Coratetennins and hydrolysable tannins can
clearly be distinguished by the absence of thed®@s C-OH resonance associated with the
aromatic A-ring in condensed tannins and the psesf the 170 ppm ester carbonyl

resonance in hydrolysable tannins.
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Quebracho

Argentina
"Mil‘l’lﬂs-a"
China
TARA
Peru _
Yugan (sic)

M China

Chestnut
Italy
Black Wattle/Mimosa (ex RSA)
e e
150 100 50 ppm 150 100 50 ppm

Figure 4-14:°C solid state NMR of South African mimosa spray dred (ME), Chinese mimosa,

quebracho (ATN), tara from Peru, yugan from China and Italian chestnut.

The following observations are made:

a) South African- and Chinese mimosa are similar; batle dominated

by

robinetinidin / prodelphinidin pyrogallol-type Bags which show a major peak

around 105 ppm. Chinese mimosa seems to have leesteaminal peak at C-4

(25 ppm), indicating a larger degree of polymertat

b) Quebracho has profisetinidin catechol-type B-rimgsich show major peaks

around 115 ppm.
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c) Yugan has a smaller A-ring C-OH peak, no C-2 (aBs) peak at 80 ppm and a
single C-4 peak at about 30 ppm. It can be idiextiby a characteristic peak at 95
ppm. This peak does not occur in any of the otfwenins.

d) Tara does not have an A-ring C-OH peak (155 ppayg,aisingle large C-4 peak at
36 ppm, a medium peak at 120 ppm (PC) and a laxgk at 110 ppm (PD). Tara
and ltalian chestnut show similarities. Italianestnut has an almost absent
smaller C-4 at 38 ppm whilst that of tara is proemn(benzylic C-H). Both have a
large aliphatic C-OH at 70 ppm. Tara has is amasoe at about 45 ppm which is
absent in chestnut.

e) Yugan exhibits a possible 2¢3s stereochemistry and has fewer terminal carbons
around 20 ppm, indicating a longer polymer chain.

f) The 35 ppm peak in tara is the two £¢toups of the quinic acid (Figure 4-13).

4.6.3 Conclusion

13C solid state NMR can be used to distinguish betweemdensed and hydrolysable tannins.
Tara Peru and lItalian chestnut are clearly hydadiiestannins. Diagnostic is the absence of

A-ring carbons (155 ppm) and the presence of aoegilvsesonance (170 ppm).

From the mass spectrometry data (Plate 5-16 on p#&0¢ we know that chestnut is a
glucose-gallic acid oligomer and tara is a quirgitayallic acid oligomer. This allows us to
assign the resonance at about 45 ppm in the tdich Sate spectrum (Figure 4-14) (this

resonance is absent in chestnut) to the €tbons in the quinic acid moiety (Figure 4-13).

The *C solid state NMR of yugan, shows it is clearlyyaiolysable tannin as indicated by
mass spectroscopy (Plate 5-17, page 172). Atthige we cannot explain the resonance at
158 which indicates a condensed tannin. Yugarewiffrom the condensed tannins as

follows:

a) The resonance at 33 ppm, is between that of anatnga. 28 ppm) and repeat

(ca. 38 ppm) condensed tannin terminal unit. We seeséiime in tara and attribute
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it to the quinic acid CH groups. This is the region where sugar and gum
resonances interfere with our carbon tannin spectru

b) The resonance at 80 ppm that corresponds withw@th atrans hydrogen (on C-
3) is absent.

The 158 ppm resonance in the yugan spectrum isaphpldue to the quinic acid carbonyl
that has shifted from 168 ppm for unexplained stegasons. Yugan is not commercially
available from China and not of commercial interasymore. It however indicates the
requirement that spectral analysis should be doitte ware. Ideally solid state NMR and
mass spectrometry should be used together.
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4.7 Experiment 6: The effect of sulfitation on mimosa ad quebracho

tannins

4.7.1 Introduction

Sulfitation is used to increase tannin extractiggidyfrom bark. It also enhances tannin in
formaldehyde adhesive applications by lowering assty and enhancing water solubility. It
increases water retention by the adhesive resinallmvs slower adhesive film drying:*®

It is postulated that by opening the C-ring andngrag the A-ring from a methoxyphenol to
a hydroxyphenol (Figure 4-15), the reactivity ofetiA-ring towards formaldehyde is

increased.

-__.:_"'."‘1-\. .I:IH
HO oH aH
s G ﬂ/ HS0, = oH
e | 4:“‘:3-1,--""“‘“*[:lH e - | - |
nH
T
0OH S0-Ma

Figure 4-15: The postulated opening of the pyran rig during sulfitation of bark extracts

Fooet. al’® claimed that sulfitation breaks the interflavabghd. The sodium epicatechin-
(4B)-sulphonate (Figure 4-16) was isolated upon treatrof loblolly pine bark with sodium
hydrogen sulfite at pH 5.5 and 100° C for 20 houfgey attributed small quantities of the

C-ring opened produ& (Figure 4-17) to the reaction of the terminal wmith sulfite.

OH
2, ~OH
wo_~_o_ .l
" on
OH SO;MNa
Figure 4-16: Structure of isolated sodium epicatech-(4p)-sulphonate
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Figure 4-17: Reaction yielding the pyran ring-opené product

Foo'® identified an upfield shift for C-2 from about p®m to 76 ppm upon sulfitation of C-4
and used this to assign the sulfonatasto the 3-hydroxy group of compouldy-gauche
effect)?® The sulfited carbons resonate at 60 ppm (C-4)74ndi ppm (C-2 ir8).

Sulfitation enhances the commercial properties amasa and particularly quebracho
tannins. It involves treating the commercial ectraith various levels of bisulfite. Despite

widespread industrial use, two important questjpersist:

a) The chemical changes associated with sulfitatiomaras uncertain. It is generally
assumed that the heterocyclic C-ring opens andf@nsuacid group is introduced
into the benzylic 2-position. The sulfonic aciadgp will be very acidic (it should
have a pKa value similar f@toluenesulfonic acid). This will enhance the wate
solubility of condensed tannins. It will also lemdacid catalysed decomposition
of the polymer upon heating and removal of watemfrthe extract. It has been
postulated that sulfited extracts have shorterageeichain lengths. The low pKa
interferes with chromatography and the compositbsulfited extracts have not

been reported yet.
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b) It is uncertain how much of the bisulfite the exgtres treated with actually reacts
with the condensed tannin polymers. In the absehsaitable analytical methods

to separate bisulfite from condensed tannins,dmot be determined.

4.7.2 Results and Discussion

Solid state*C NMR spectra of unsulfited (ME), medium sulfitgglS) and heavily sulfited
(WS) mimosa samples were obtained using standaodscpolarization (CP) MAS

technigues. The spectra are shown in Figure 4atid~ggure 4-19.

Figure 4-18 shows that unsulfited (ME) and sulfitegtracts (WS and FS), can be
distinguished. It does not distinguish WS from #8ugh. Unsulfited mimosa has an
identifying peak at approximately 81 ppm (basedsolution stat¢>C NMR chemical shifts
(Table 4-3). This peak, which represents the Gitbans of 2,3rans units, disappears
during sulfitation. This is attributed to the fatttat sulfitation opens the C-ring by
introducing a sulfonic acid group on C-2. Isomatien from 2,3wans to 2,3¢is
stereochemistry will however have the same eff@dtese spectra suggest that the C-ring of
mimosa is opened upon treatment with bisulfite. eréhdoes not seem to be a big difference
between medium and heavily sulfited mimosa extrdespite the fact that their physical
properties differ. This suggests that all charayesnot observed byC solid state NMR due

to overlap of broad resonance peaks.
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Tannin from Black Wattle/Mimosa (RSA)

Black - Untreated ME (131)
Red - Sulfonated FS (/101)
Blue -Heavily sulfonated WS (/81)

3 (repeat) v i
2 i
8 i R=H, Procyanidin (PC)
MO 7 . N . R=0H, Prodelphinidin (PD)
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Figure 4-18: CP-MAS™C NMR of unsulfited, sulfited and heavily sulfitedmimosa

Figure 4-19 shows that the sulfitation of quebradike mimosa, leads to the disappearance

of the C-2 peak at 80 ppm. This indicates ringnipg (introduction of a sulfonic acid group

at C-2) or isomerisation to the & isomer. The peak at 70 ppm increased significantly

whereas in mimosa, it increased only slightly. sT¢an be ascribed to the fact that quebracho

has fewer impurities (5% sugars and gums) than sen{@5% sugars and gums) due to the

fact that mimosa is a bark extract and quebracho heartwood extract. Sugars and gums

resonate at 70 ppm.
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Tannin from Quebracho (Argentina)

Black - Untreated ATN (/31)
Red - Sulfonated ATO (/111)

T T I
160 140 120 100 80 60 40 ppm

Figure 4-19: CP-MAS™C NMR of unsulfited and sulfited quebracho

4.7.3 Conclusion

3¢ solid state NMR can be used as a fingerprintrtieche to distinguish between sulfited
and unsulfited quebracho and mimosa tannin. Ihetuistinguish between medium and
heavily sulfited extracts. It supports the assuompthat sulfitation opens the heterocyclic C-

ring and introduces a sulfonic acid group at C-2.

Our *3C solid state NMR results do not support Foo’s @usion regarding the upfield shift
upon sulfited and unsulfited quebracho and mimesmin!® The resonance at 80 ppm
disappears, indicating sulfitation at C-2. Thdised species in the mass spectra in the next

chapter (Chapter 5) corresponds to a ring-openedugt.
Foo'® worked with loblolly pine bark that consists ogpminantly epicatechin monomers

with a 5-OH group that renders the interflavanyhtbdabile?® We worked with mimosa and

guebracho tannins that consist predominantly oinettnidol and fisetinidol monomers. The
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absence of a 5-OH group renders the interflavaoyldbstable and sulfitation at C-2 with

ring opening becomes feasible
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4.8 Experiment 7. Determination of the average degreef
polymerisation (average chain length / number of mwomers) in

condensed tannin dimers, trimers, tetramers and pgamers

4.8.1 Introduction

One of the most vexing questions in tannin chemistthe average chain length or average
molecular weight of the tannin. A variety of matlsohave been applied, including

R. 21,22,23

ebulliometry, mass spectroscopy amC NM None of these methods are

unambiguous.

Salient in the'®C solid state NMR spectra of mimosa and quebractimaes are the

prominent resonances a&h. 28 and 38 ppm associated with the C-4 carbon ef th
heterocyclic C-ring. In the terminal flavan-3-olomomer units the heterocyclic C-4 is
benzylic with two hydrogens attached and resonate28 ppm. The repeat flavan-3-ol
monomer units have double benzylic heterocyclic €bons that resonate at 38 ppm. This
provides an opportunity to determine chain lengid comparing the ratio between the

intensities or areas of the peaks at 28 and 38 pgspectively.

The areas under the peaks were taken to be dinecifyortional to the number of carbons

contributing to the size of the peak. The follogviormula for chain length was postulated:

repeat+term _ | (38ppm) + 1 (28ppm)
term | (28ppm) (Equation 1)

Chainlengh =

The hypothesis was investigated using synthetgoaters and extrapolated to extracts from
commercial wattle and fresh bark.
4.8.2 Results and Discussion

The following synthetic dimers, trimers, tetramadgentamer were investigated:
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» Epicatechin-g8-8-catechin (B1) Figure 4-20

» Epicatechin-8-8-epicatechin (B2) Figure 4-21

» Catetechin-4-8-epicatechin (B4) Figure 4-22

» Catetechin-4-8-catechin-4-8-epicatechin (T1) Figure 4-23

» Epicatechin-8-8-epicatechin8-8-epicatechin (T2) Figure 4-24

» Epicatechin-8-8-epicatechin{-8-epicatechin-@-8-epicatechin (tetramer) Figure 4-25

» Epicatechin-8-8-epicatechin-@-8-epicatechin-g-8-epicatechin-@-8-epicatechin
(pentamer) Figure 4-26

Figure 4-20: B1: Epicatechin-4-8-catechin

Figure 4-21: B2: Epicatechin-4-8-epicatechin
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Figure 4-23: T1: Catetechin-41-8-catechin-41-8-epicatechin
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Figure 4-24: T2: Epicatechin-4-8-epicatechin-4-8-epicatechin

Figure 4-25: Tetramer: Epicatechin-4-8-epicatechin-4-8-epicatechin-4-8-epicatechin
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Figure 4-26: Pentamer: Epicatechin-#-8-epicatechin-4-8-epicatechin-4-8-epicatechin-$-8-epicatechin

Figure 4-27 shows the solid state NMR spectra dinzer, trimer, tetramer and pentamer.

Whilst the chemical shift of all resonances remaessame, the intensity varies as follows:

a) The ratio between the peaks at 28 and 38 ppm bexcsmaller as the chain length
increases;

b) For the tetramer and pentamer, resonances app2@ratd 170 ppm. These are
not compatible with the synthetic structures aredlamsumed to be impurities;

c) The resonance at 67 ppm is absent in the tetramtgpentamer.
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Figure 4-27: 13C solid state NMR spectra of knownligomers

Figure 4-28 and Table 4-6 compare the theoretitainc length (based on the number of
monomers in the synthetic product) to the chaigtiercalculated from the ratio of the peak areas

at 28 ppm and 38 ppm from Equation 1 depicted above

Some mass discrimination seems to take place. hA<hain length increases, the number of
monomers calculated from the ratio of the areagutite peaks at 28 ppm and 38 ppm are less
than the actual number of monomers in the compouhds uncertain whether the impurities
observed at 20 ppm and 170 ppm in the spectraeofetfnamer and pentamer play a role. It is
also possible that some decomposition of the teiraamd pentamer has taken place. It is
notoriously difficult to purify these higher oligars. The 5-OH group in the model compound
also renders the interflavanyl bond unstable ans #lso possible that some decomposition of

the tetramer and pentamer takes place since masvk that oligomers bigger than pentamers
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decompose rapidly once benzyl protection has beemved (verbal communication from Prof.
D.Ferreira, Department of Pharmacognosy, UniverHitylississippi).

Table 4-6: Deviation from the expected chain lengtbf known oligomers

Chain length Expected Observed Deviation
Dimer 2 1.921 0.079
Trimer 3 2.786 0.214
Tetramer 4 3.392 0.608
Pentamer 5 4.329 0.671

Expected vs actual chain length

——Theory
—— Actual
Linear (Actual)

Chain Length
w

o
=
N
w
n
o

Polymer

Figure 4-28: Graph of the expected versus known chalength of oligomers

Potentially more interesting is the disappeararfdfie 68 ppm resonances in the spectra of the
tetramer and pentamer, associated with C-3. Weaulats that the dimers and trimers occur in
different configurations different from the tetransd pentamer in the solid state and that this
influences the chemical shift of C-3.
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Applications of equation 1 to the lead-acetate ipitate of stick bark (Figure 4-29) and the lead-
acetate precipitate of spray dried mimosa (FiguB®¥gave an average chain length of 2.9 and
3.4 respectively. These should be treated witli@awas the acetate methyl group signals with
the 28 ppm resonance of the terminal C-4. Pretipit of condensed tannins using a lead salt,

with a counter-ion that does not resonate in thp[#8@ to 38 ppm region, should be explored.

Monomers and dimers cannot tan leather, becaugeatieetoo small to act as a bridge between
different collagen strands and are washed out widlter and solutions used in tanning.

Ebulliometry and other studies suggest a tetramerage chain length for mimosa condensed

tannins??
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Figure 4-29:°C Solid state NMR of lead-acetate precipitated tarins from stick bark of mimosa
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Figure 4-30:°C Solid state NMR of lead-acetate precipitated tarins from commercial spray dried mimosa

4.8.3 Conclusion

Theoretically the ratio between the terminal- aedeat unit can be used to estimate average
chain length of condensed tannin extracts. Resultéar are however disappointing and the
chain length determined with solid state NMR doetsagree with the values obtained with other

techniques.
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4.9 Experiment 8: Fractionation of mimosa condensed tamns via
precipitation of gums with ethanol and precipitation of tannins with
lead acetate

4.9.1 Introduction

An aqueous solution of mimosa condensed tannitradgionally fractionated as follows:

a) The gums are precipitated by the addition of ethano
b) The tannins are then precipitated from the supamtadf the ethanol extract, by
addition of lead acetate;

c) Sugars remain in ethanol solution.

4.9.2 Results and Discussion

After fractionation of a mimosa sample, as desctibbove,**C solid state NMR spectra of
commercial spray dried mimosa extract (Figure 4-818 gums precipitated with ethanol (Figure
4-32), the ethanol supernatant containing sugadscandensed tannins (Figure 4-33), and the

lead acetate precipitated condensed tannins (F&8¢), were recorded.
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Figure 4-31: 13C Solid state NMR of spray dried Minosa extract (ME)

Tannin extracts_Nadine_ Senekal 21_06 10

Mimesa sample N5 - Gum fraction of EtOh extract from spray-dried ME
pual machine
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Figure 4-32: Gums precipitated with ethanol from anaqueous solution of ME
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Tannin extracts Nadine_ Senekal_ 21_06_10
Mimosa sample M6 — Supernatant consisting of tannins and sugars, extracted with EtoH from spray-dried ME
Dual machine

13C CP-MAS " o 2 g E T% s B

4mm probe s 3 7 a & 2 7 g 2 g b
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Figure 4-33: Supernatant consisting of sugars ancdadensed tannins

Tannin extracts_Nadine_ Senekal 21_06_10
Mimosa sample N7 - Pb acetate extract from spray-dried ME
Dual machine

13C CP-MAS
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g g £ 3 3 o - 5
g A g 52 : 4 = =
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Figure 4-34: Lead-acetate precipitate from ethanoéxtract of ME consisting of condensed tannins

90




Figure 4-32 represents the water soluble and ethasauble gum fraction. The gums resonate
exclusively in the region assigned to carbohydratesthe spectrum correlates closely with that
of cellulose (middle spectrum in Figure 4-35 andjufe 4-36) agreeing with the general
assumption that the gums are carbohydrate mondifferswe know from the literatuf® that
the average molecular weight of mimosa tannin mua®0 000 Da. The large resonance at 71
ppm in Figure 4-32 (spray dried mimosa tannin) thepresents gums (polymers of
carbohydrates) and it overlaps with the condenseuhih C-3 resonance. Some aromatic
resonances associated with condensed tannins reimathe gum fraction. The ethanol
precipitate should be repeatedly washed with wiatduture experiments to establish whether

these resonances represent tannins that are ctlyddended to gums or impurities.

Figure 4-33 (condensed tannins and ethanol sokugars) still has a prominent carbohydrate
resonance at 71 ppm. The resonances at 28 ppraé8appgm represent the C-4 of terminal and

repeat condensed tannins constituent monomers.

Figure 4-34 (lead acetate precipitate of condeteagins) shows that the 1:1 ratio of the 70 ppm
(C-3) and 80 ppm (C-22) resonances support thenabs# interfering carbohydrate resonances.
The presence of lead acetate is clearly evidemt tfte carbonyl resonance at 160 ppm and the

methyl resonance at 25 ppm.

The resonance ata. 140 ppm, associated with C-3', C-4' and C-5'ampears, due to
complexation of thertho-OH groups (cathechol or pyrogallol rings) withdeaThe A-ring has

OH groups in meta-positions only and does not cerplith lead.

4.9.3 Conclusion

The possibility of lead being paramagnetic and bdraving certain influences on the resonance
of the extract is being investigated and is consid@s future work. The magnetization of other

metals combining with mimosa extract has been thy&ted and is discussed in paragraph 4.13.
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4.10 Experiment 9: The tannin content of spent bark

4.10.1 Introduction

It is of scientific and commercial interest to urstand how much tannins remain in bark and
other plant material after exhaustive extracti@ir Robert and Lady Robinson concluded in the
1930’s that the greater proportion of proanthocyasi in plants issues occur as insoluble higher
oligomers and polymer<:?® They classified proanthocyanidins on the basisoaibility in three
classes:

a) those that are insoluble in water and the usualrocgsolvents,
b) those readily soluble in water but not extractenhfrthe water extract with ethyl
acetate, and

c) those that can be extracted from an aqueous solwiib ethyl acetate

Hillis and Swain (19597 Bate-Smith (1975§ and Porter (1988)also came to the conclusion
that only a small fraction of proanthocyanidinsplants belongs to class 1 and 2 and that the
majority of proanthocyanidin oligomers remain umagted. It was postulated that readily
soluble proanthocyanidins (classes 2 and 3) repteg@nly the “tip of the iceberg” and that the

8LP3% and are thus not reflected.

insoluble fraction forms the base of the “metabatieberg
These conclusions were supported by the developofeatred colour upon treatment of spent

bark with dilute acid (the so-called proanthocyamiest)*?

4.10.2 Results and Discussion

Samples of mimosa bark, mimosa tannin extract ghtsbark (what remains after water
soluble tannins have been extracted) were obtainddanalysed witf*C solid state NMR. The

spectra of spent Mimosa barks compared to bark futmeh the tannin has not been extracted
and industrially prepared mimosa tannin extrachiswn in Figure 4-35. The peaks in Figure
4-35 marked with “T” represent the tannins, “C” megents water insoluble carbohydrates

(gums) and “L” represents lipids.
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The tannin peaks in mimosa bark and mimosa tanrirae are similar. The spent bark
spectrum clearly lacks the tannin resonances wéwehobserved in the unextracted bark. This
means that mimosa bark and tannin spray dried extrave a similar chemical composition.
The absence of aromatic resonances associatecconttensed tannins in the 110 to 160 ppm
region proves that spent bark contains no condetessuin and that condensed tannins are
exhaustively extracted with warm water. As disedselsewhere (paragraph 4.9), the water
soluble carbohydrates in mimosa extract consistanoéthanol soluble fraction and a fraction
that can be precipitated with ethanol. This fratthas an estimated molecular weight of about
90 000 Dalton. We can thus conclude from the spebat spent bark consists predominantly of
carbohydrate gums with an average molecular wesfilmore than 90 000 Dalton. It is well
known that lipids appear as sharp resonances ioh State NMR due to free rotation (see Chapter
3). Small quantities of lipids are thus preserttank and spent bark.

T - Tannin
C - Cellulose
L - Lipid

Mimosa

Spent
mimosa bark
(Sample 4)
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Figure 4-35: Solid state NMR of mimosa bark, sperntark and mimosa extract

Figure 4-36shows a solid statC CP-MAS spectrum of pine plywood. This is assurted

consist of cellulose high molecular weight polymef$ie similarity of this spectrum with that of
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spent bark in Figure 4-35 supports our conclusi@at spent bark consist of cellulose polymers

with a molecular weight of more than 90 000 Daltons

Solid state C-13 magic angle spinning spectrum
of commercial pine plywood

Cellulose C2, C3, C5

Cellulose C1

Aromatics
(Lignin, adhesive?)

T T T T T T T T T 1
180 160 140 120 100 80 60 40 20 PPM

Figure 4-36: Solid state NMR of pine plywood (cellwse)

4.10.3 Conclusion

13C solid state NMR proves that spent bark (barkaeted with hot water) consists of cellulose
and contains minimal quantities of condensed tanmninThe hypothesis by Robinson and
Robinson and others (see paragraph 4.10.1) thedgdextraction of tannins with water and other
less polar solvents from plant material, large lmisiz oligomers remain behind, is thus clearly

wrong in the case of mimosa tannins.

Because the yield of mimosa extract is about 50%aok weight, this observation may imply
that the procedure to yield tannins is exaggeraldte question can be asked whether less water
at lower temperatures can be used industriallyréalyce mimosa tannins from bark. This will
decrease the energy, both to heat water befor@aatxin and to evaporate the water after

extraction. The same may apply to quebracho tarthiait are extracted at 3D in autoclaves.

94



4.11Experiment 10: Comparison of the solid staté*C NMR of B1, B2 and
B4

4.11.1 Introduction

Czochanska and co-work&f$ established that C-2 of condensed tannins with ci3-
stereochemistry resonates at 77 ppm and withrar& stereochemistry aB4 ppm in solution.
C-3 of the terminal unit resonates at 67 ppm arad ¢ifi a repeat unit at 73 ppm. C-4 of the
terminal unit resonates at 38 ppm and that of émminal unit at 28 ppm. In view of earlier
comparisons betweeliC solid state and liquid state NMR spectra thestsa of the dimers

B1, B2 and B4 were further investigated.

4.11.2 Results and Discussion

The™*C solid state NMR spectra of epicatechin8tcatechin (B1), epicatechir8-epicatechin
(B2) and catechine#8-epicatechin (B4) are given in Figure 4-37, Fegdr38 and Figure 4-39
and summerised in Table 4-7.
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Figure 4-37:°C solid state NMR of the dimer B1
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Figure 4-38:*Csolid state NMR of the dimer B2
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Catechin-4alpha-8-Epicatechin B4
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Figure 4-39:°C solid state NMR of the dimer B4
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Table 4-7:°C CP-MAS chemical shifts of stereochemically diffeznt dimers

Carbon number B1/2,8is-2,34rans B2/2,3<¢is-2,3<is B4/2,3{rans2,3<is
2 repeat cid/76 cig77 trans/81
2 terminal trans/81 cig77 cis/’78

3 repeat cig73 cig67 trans/66
3 terminal trans/68 cig/73 cig72

4 repeat (I) 36 37 37

4 terminal (II) 29 28 28
4a,6,8 116 116 116
5,7,8a 154 154 154
1.4 131 131 130
2'.6' 97 97 97

3.5 143 143 143

4.11.3 Conclusion

13C solid state NMR can be used to distinguish betweieners with 2,3is and 2,3trans

stereochemistry. When a bondrnans the chemical shift is above 80 ppm and whenatgsthe

chemical shift is below 80 ppm. The terminal Ca be distinguished from the repeat C-4, but

3,4-stereochemistry could not be determined withdsstate NMR due to the overlap of

resonances.
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4.12 Experiment 9: Two dimensional solid state NMR

4.12.1 Introduction

As discussed above, the non-homogenous nature lidf fate NMR samples leads to peak
broadening and poor resolutio?’C NMR has a 230 ppm range which compensates for poo
resolution. The usefulness of solid st4teNMR is however severely limited by its 10 ppm
range and the extreme broadening of proton sigmdigch can only be removed by spinning

speeds higher than 50 kHz, due to residual prototep dipole-dipole interactions.

In this experiment a 2D solid state NMR was perfednn an effort to obtain bett&f chemical

shift values. HETCOR experiments will also confionm *C assignments.

4.12.2 Results and Discussion

A 'H solid state NMR in general, shows strong oveiitappf resonances and is not reliable to
assign chemical shifts. The signals are broadremd¢eforth HETCOR experiments were done
to attempt the assignment of the catechin.

The following experiments were performed:

4.12.2.1Experiment 1: The HETCOR of catechin

The HETCOR of catechin is shown in Figure 4-40.

It is possible to use the 2D spectra of catechutetive the proton spectrum thereof with the help
of solution state NMR.
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Figure 4-40: HETCOR of catechin




4.12.2.2Experiment 2: The HETCOR of a dimer

Figure 4-41 and Figure 4-42 shows the HETCOR ofdineer B1 (epicatechine48-catechin)

with contact times of 50 and 2Q8 respectively.

DimerB1 - HETCOR - 01072010

Dual maching

TH-A3C WISE LGTP, p15=50 us, pl14=06.5008 pi13=4 25
dmim probe

MAS 14000 Hz

T T T T
160 140 120 100 80 60 40

10 8 § 4 2 0 F1 [ppm] £}

12

F2 [ppm] 13C

Figure 4-41: 2D NMR of the dimer epicatechin-g-8-catechin, with a contact time of 5Gs
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Dimer 81 - HETCOR - 01072010

Dual maching

TH-13C WISE LGCP, p15=200 us, pl14=6 50d8, pl13=4.25
dmim probe

MAS 14000 Hz

I
10

I
12

I I I I
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Figure 4-42;

2D NMR of the dimer epicatechin-g-8-catechin , with a contact time of 20(xs
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4.12.2.3Experiment 3: The HETCOR of a deuterated dimer

Figure 4-43 and Figure 4-44 shows the HETCOR of(&dcatechin-4-8-epicatechin) which

was deuterated for six hours, with contact timeSG&and 20Qus respectively.

/\ 23 4 terminal
/\ /\/\/\-\ 4 repeat
Py A " /J\'V/\v\ et TH
B2 D20 6 h axchange - HETCOR - 01072010 | E
Diwal maching | ik
1H-13C WISE LGCP, p15=50 us, pi14=5.50d8, pl13=4.25 LT
4mm probe F
MAS 14000 Hz -
=
— ™
— =
— 0
—m
e
o
| T T T | T T T | T T T | T T T | T T T | T T | T T T | T
160 140 120 100 80 60 40 F2 [ppm]13C
Figure 4-43: 2D NMR of the 6 hour deuterated dimeepicatechin-4-8-epicatechin, with a contact time of 50
us
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42,6,8
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Figure 4-44: 2D NMR of the 6 hour deuterated dimeepicatechin-$-8-epicatechin, with a contact time of 200
us
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4.12.2.4Experiment 4: The HETCOR of a deuterated mimosaitaextract

2D HETCOR experiments were performed on deutersdetples (dissolved inD followed by
freeze drying) of the methanol extract of fresh wsa bark (N1, see paragraph 6.1.1).

Experiments were done at two different contact siiffegure 4-45 and Figure 4-46 at 50 and 200

us respectively)

PD 2.6 4a 3 repeat
3 terminal 4 terminal
4 repeat
/\.\/\n 1H
N1 D20 24 b exchange - HETCOR - 01072010 LE
Diual maching | &
{H-13C WISE LGCP, p15=50 us, pl14=6.5008, pi13=4.25 L
dmim probe 3
MAS 14000 Hz -
— e
™
— =
— @
I I
— o
e
o
| T T T | T T T | T T T | T T T | T | T T | T T T |
160 140 120 100 80 60 40 F2 [ppm] 13C
Figure 4-45: 2D NMR of the 24 hour deuterated mimas tannin extract with a contact time of 50us
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PD2'5'6 3 repeat
3 terminal 4 terminal
4 repeat
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TH-13C WISE LGCP, p15=200 us, pi14=6.500B, pi13=4.25 | £
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Figure 4-46: 2D NMR of the 24 hour deuterated mimastannin extract with a contact time of 20Qus

The cross peaks involving the OH carbons becomehnnneaker after deuteration, most likely
reflecting that they no longer show the throughespaorrelation to these OH protons. The
remaining cross peaks at 2 to 4 ppm may be fronpttb®ns on the Sparbons 2, 3 and 4.
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4.12.2.5Experiment 5: The HETCOR of quebracho tannin

The 2D HETCOR of quebracho tannin is shown in Fegar47. From this spectrum it was
attempted to assign the aliphatic and aromaticoregof the protons but the spectrum still has
broad peaks, all in the region of 0 — 10 ppm arddiktinction could not be made.
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Figure 4-47: HETCOR of quebracho tannin




4.12.3 Conclusion

HETCOR experiments allowed us to measttehemical shifts of condensed tannin
protons, although the broadness and overlap optben spectra precluded detailed

assignments. It also confirmed d8€ assignments.

We observed strong overlapping of resonances imtheatic region associated with
the A- and B-rings. Similar overlapping broad mesaces in the aliphatic region are

assigned to the heterocyclic C-ring protons.

HETCOR experiments do not give thid chemical shift accurately, however, 2D
NMR can possibly be used to develop a fingerpriethad as all C-H’s correlations

are evident. More work is required on this subject

The deuterated exchange of OH with OD removes duaes the attached C
resonance and corresponding peaks. This can bkimeg in terms of the
magnetization transfer from the proton which doesatcur with a deuterium atom.

This may be useful in assigning a C-OH resonancarevthis is required.
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4.13Experiment 12: Solid state NMR investigation of lethers

tanned with different tanning materials

4.13.1 Introduction

The word “tannin” comes from the use of plant estisado manufacture leather from
hides and skins. It is a very ancient process randrds on the manufacturing of
leather in the Mediterranean dates back to 1500 BQespite the age and the
commercial importance of the process, the chemisfryhe interaction between

tannins and leather (protein) that transform skito ileather is still “shrouded in

mystery”3-P3™* |t is generally assumed that tannins diffuse ihi® spaces between
collagen fibres and crosslink different fibreis hydrogen bonds between the tannin
polyphenols and the collagen amino acids. Thisantspstability towards water,

bacteria, heat and abrasion.

Synthetic tannins and mineral tannins (mostly choomsalts) nowadays compete
with vegetable tannins. Tannage is complete afbesorption of about 3% of the
inorganic salt compared to about 50% in the caseegétable tannins. Disposal of
waste chrome tanned leathers poses environmemediots.

The leather tanning industry uses physical chanatites such as shrinkage, shrinkage
temperature and thermal properties to monitor tarand control quality. These
techniques give no direct clue to the chemical geannvolved in the process. It was
envisaged that solid state NMR could give informatihat would assist in improving

tanning methodology and authenticating high vahagHers.

Liquid state NMR have been used to characterizéhées®>* and, in a single case,
infer their tannin conterlf. These papers indicated the potentially usefuttsple
“window” betweenca. 70 ppm andca. 165 ppm which contains numerous tannin
resonances but few leather collagen protein res@msanSolution state NMR was also

used to study the molecular mechanisms of metataating®®>’
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4.13.2 Results and Discussion

Samples of unprocessed hide tanned with chromitin &luminium (111), condensed
tannins (mimosa and quebracho), hydrolysable tanftiara and chestnut) and a
synthetic tanning material (glutaric aldehyde) webgained. The vegetable tanned
samples (mimosa, quebracho, tara and chestnut) smeeially prepared by the
Mimosa Extract Company (Pty) Ltd without any othadditives (Chapter 6:
Experimental procedure). These samples were usdtieacommercially available
samples may contain unknown additives.

A visible colour difference could be seen in thather samples. Tara is cream
coloured, chestnut more yellow-brown, quebrachor@ége-brown and mimosa is a
lighter shade of orange-brown than quebracho. ddleur of the chrome-tanned
leather is grey-silver and the texture of unproedssw hide is hairy, but the inside of
the hide is white. See Figure 4-48.

Tara Chestnut

Quebracho Mimosa
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Chrome-tanned leather

Unprocessed raw hide

Figure 4-48: Colour difference of tannin-treated lather samples

Solid state®®*C NMR spectra were obtained using standard cro&ipation (CP)

MAS techniques.

Figure 4-49superimposes solid statdC CP-MAS spectra of unprocessed raw hide
THE NMR spectrum of untanned

powdered hide is similar to that of pure collaffeand assignments of some signals to

over that of chrome (lll) tanned leather.

specific amino acid residues or functional grougssinown in the figure.

Figure 4-50superimposes solid statdC CP-MAS spectra of unprocessed raw hide

over that of aluminium (lll) and glutaraldehydenad leather.

113



Amide

P
car?ons Hyp Ca, 5 O Pro
| Pro Ca
Methyl
carbons
Hyp
Cy
Caboal Aromatic
g carbons

Figure 1: Untanned (red) vs Cr (Ill) tanned leather (black)

Figure 4-49: Untanned leather compared to chrome-taned leather
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Figure 4-50: Untanned leather (a, red) compared taluminium (Ill) (b, black)-and
glutaraldehyde (c, blue) tanned leather
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Figure 4-51superimposes solid stat¥c CP-MAS spectra of leather (the black solid
traces) tanned with tannins from mimosa (left) gnebracho (right) over identically
acquired spectra from the respective pure tantimesreéd dotted traces). The spectra
of both pure tannins are consistent with their ctes and with literature

assignments of whole tannins and constituent mornsie**

Tannin signals which are well resolved from sigrfaden the collagen in the leather
are marked with a “T”. Also shown is a generiaisture of the repeating flavonoid
units typical of condensed tannins, and some as®gts in the case of the mimosa
tannin; assignments of quebracho tannin signalsdesténct from those of mimosa
tannin and are not shown. “4 int” and “4 term”erefo signals from the flavonoid C-4
atom which are conjugated by condensation to andldmeonoid unit, or terminal to
the tannin oligomer and hence non-condensed, ritgglgc In the spectra of the
tanned leather, tannin signals which are well re=sblfrom collagen signals, and
therefore valid “fingerprints” of the tannin typesad in the tanning process, are
marked “T”.  Asterisks highlight signals indicativef the use of condensed

polyflavonoid tannins.

3 R = OH Prorobinetinidin

: OH
2 @ i Mimosa
- SR R = H Profisetinidin

Quebracho

w 1 é'
Mimosa . Quebracho

| T T
150 100 50 ppm 150 100 50 ppm

Figure 4-51: Leathers tanned with mimosa and quebreho tannins
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Most importantly each tannin spectrum is faithfulgproduced in the spectra of the
leathers tanned by them. Quebracho tannin is pmedmtly a profisetinidin
(resorcinol type A- and catechol-type B-ring, se@uFe 4-2) and mimosa
predominantly a prorobinetinidin polymer (resorditype A-ring and pyrogallol type
B-ring, see Figure 4-1). The B-ring C-H carbonsqatbracho (2', 5', 6') resonates
strongly atca. 115 ppm and those of mimosa (2', 6' carbons) edesrstrongly at 105

ppm. These resonances are therefore diagnostic.

Figure 4-52superimposes solid statéc CP-MAS spectra of leather tanned with two
hydrolysable tannins, chestnut (left) and tarahfigblack traces) superimposed over
the pure tannin (red dotted line). Hydrolysablenias are complex mixtures of sugar
or quinic acid monomers esterified with polyphenasisch as gallic acid and
derivatives and closely related compouffd§:** Structural formulae of typical
constituents of hydrolysable tannin are also showne asterisk (*) indicates a signal
due to non-sugar Sgarbons in compounds such as the chebulic aciittéephere.

As with condensed tannins, the spectra reflectsdimstitution of each pure tanriffi.
48
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Figure 4-52: Leathers tanned with chestnut and tardannins

4.13.3 Conclusion

Chromium (lll) tanning caused widespread but salectpectral changes. Notable is
the disappearance of a number of signals, somdadaeidic aspartyl and glutamyl
residues. These are likely directly legated t@I{@y. Cr (lIl), with three ground state
unpaired 3d electrons in its outer valence shelstiongly paramagnetic. The large
electronic magnetic moment associated with paraetagrchrome may shift the
NMR frequencies of nuclei which are close in spacéhe paramagnetic centre. It
may also increase the relaxation rate from exaiteclear spin state back to ground
state causing resonances from atoms close to ttempgnetic centre to become

broader. They can become so broad that they beoaoteservable.

Each signal in the collagen spectrum is due to lageof numerous signals from
chemically equivalent atoms in the large collageve( 1,000 amino acid residues)

molecule and so it is impossible to ascribe chreminduced signal broadening to the
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binding to any particular portion of the collagarusture. The precise magnitude of
chromium induced signal broadening (or shiftingpiso a complex function of the
geometric relationship of chromium ions and affdcéoms, and of their sharing of
unpaired paramagnetic electron density throughctionding. It is therefore
impossible to pinpoint interactions at specific amacid residues or locations on the

collagen triple helix.

However, it is of interest that marked broadenicgurs on the envelope of signals
centred ata. 53 ppm containing, among others, signals fromotfearbons of acidic
aspartate and glutamate residues, and of the strowddigh frequency of the amide
carbon signal, centred aa. 180 ppm, comprising signals from the carboxylate
carbons of the same acidic residues. These areefitmances associated with the
acidic residues which are likely to be involved thre binding of Cr (lll) to the

collagen network.

The effects of Al (lll) or glutaraldehyde, one ataléaon and the other a bifunctional
organic reagent, are distinctly different from thosf Cr (lll), even when the
paramagnetic signal broadening effects of the rlaite taken into account. The
linewidth of the well resolved signal of the cokaghydroxyproliney-carbons ata.
71 ppm remains unchanged after Cr (lll) tanningygFe 4-49) but is considerably
sharper after tanning with either Al (111) or glutéddehyde.

Neither the diamagnetic Al (1ll) ion nor the orgamglutaraldehyde reagent introduces
the large changes in peak intensity caused by d@nanpagnetic Cr (Ill) ion. This is
most likely because their magnetic perturbatioriluémcing the NMR properties of
the leather are much weaker and less far reachargthose of paramagnetic Cr (I11).
The response of the spectral line widths of leatbaanning with either material is
remarkable. Both tanned leathers exhibit signdighvare generally much sharper
than the parent untanned leather. In solid sta&#RMNa significant cause of signal
broadening is environmental heterogeneity resultingm partial or complete
molecular disorder. Thus the signal sharpening se¢h both processes is likely
attributable to an increase in molecular order ghbuabout by intermolecular

interactions that occur between aluminium (lll) agldtaraldehyde and the collagen
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matrix. Two chemically different reagents prodsgaailar changes indicating similar

molecular ordering probabiya different underlying chemical processes.

Collagen molecular ordering processes induced by(IWl or glutaraldehyde are
different from the effects exerted by Cr (lll). ik likely that correlations exist
between these ordering effects, or lack thereaf,tha material properties of the final

products but their molecular level details needth@r investigation.

Comparison with the leather spectra in Figure 4dkibws that NMR readily

differentiates between leathers tanned with coretbrsnd leathers tanned with
hydrolysable tannins. The well resolved strongnaigfrom the 5, 7 and 8a

hydroxylated carbons of the flavonoid A-ring@ 160 ppm (asterisked in Figure
4-51) is particularly diagnostic of the condensadnin structure. The strong ester
resonance of hydrolysable tannins is partly obstbsethe carbonyl amide resonance
of the leather collagens. However, only a singtaratic resonance, associated with
the galloyl residue is observed, compared with tstwng resonances from the

condensed tannin.

3¢ solid state NMR provides easily recognisable spkfingerprints of the materials
used in important tanning processes. Becauserpriges are directly comparable
with process molecular events, NMR is potentiallypawerful tool in leather

processing enhancement and quality or provenarsteaasce.
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4.14 Overall Conclusion

From the experiments done with solid—state NMR,fatlewing conclusions can be

made:

e Hydrolysable tannins have NMR spectra that cannberpreted in terms of their
chemical composition.

* Condensed tannins have characteristic solid stM& Npectra compatible with
their chemical composition (oligomers of flavan43)o

e Solid state NMR can reliably and routinely be ugeddistinguish between
guebracho and mimosa tannins.

e Solid state NMR can reliably and routinely be ugeddistinguish between
hydrolysable and condensed tannins.

e Unprocessed bark can be analysed directly to ifyeibtas quebracho, mimosa or
hydrolysable tannin types.

» Solid state NMR indicates that the heterocycligris opened during sulfitation of
mimosa and quebracho tannins.

» Solid state NMR can be used routinely to identifg tannin used to tan a specific
leather (mimosa, quebracho, chestnut or tara) oetlven a mineral tanning
material was used.

* No higher oligomeric insoluble condensed tanninkyalrolysable tannins remain
in spent mimosa bark.

* Spent mimosa bark consists predominantly of waissluble gums, bigger than.

* Further work is required to develop the potentidl solid state NMR in

determinining the average chain length of mimoshaurebracho tannins.
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CHAPTER 5

5. ANALYSIS and CHARACTERISATION of
CONDENSED (MIMOSA and QUEBRACHO), and
HYDROLYSABLE (TARA and CHESTNUT) TANNINS
with MASS SPECTROMETRY

5.1 General Introduction

As discussed in Chapter 2 and Chapter 3, many igneshbout the composition and
chemistry of tannins in general and the commeiciaiportant condensed tannins

such as mimosa and quebracho in particular, remr@answered.

No satisfactory method exists to fractionate mimasd quebracho tannin extracts
into its constituent molecules or even oligomerug® with the same degree of
polymerisation.  This includes normal and reversease silica gel based
chromatography, size exclusion, countercurrent agpaper chromatography.

Monomers, dimers, trimers and tetramers can bermatdut bigger molecules do not
subject themselves to being separated. The situasi similar with hydrolysable

tannins.

The situation with mimosa and quebracho tanninguither complicated by the
resorcinol type A-rings in these compounds. Theeabe of a 5-OH group imparts
stability to the interflavanyl bond against aciddhylysis. This renders the classical
method to analyse proanthocyanwis acid hydrolysis of the interflavanyl bond,
followed by trapping of intermediates with toluesm¢hiol or phloroglucinol and
analysis of the trapped intermediates with HPLGglimble. The high temperatures
thus required to hydrolyse the interflavanyl bondmimosa and quebracho tannins
leads to decompositidh.

Be that as it may, the acid hydrolysis method giareerage values if applied to a

mixture of oligomers. We can thus obtain averagiees such as the average chain
125



length {ia the terminal / repeat unit ratio) of all the oligers present, but no
information on the individual polymer molecules Buas the fraction of each

oligomer present.

Mass spectrometry of mixtures is essentially atibaation technique. The mixture is
fractionated into different molecular mass fractiaand the molecular mass of each
fraction is obtainable. It thus provides importanformation on the monomer,

oligomer and polymer molecules present in a taertract.

Mass spectrometry detects and measures only evedoreharged molecules.

Unfortunately we cannot assume that all the mokcirl a tannin extract evaporate at
the same temperature and vacuum, nor accepts chatlyghe same ease. In the
absence of suitable internal standards, mass speatity data should be interpreted

with caution.

Pasch and co-workeérsinvestigated commercial mimosa and sulfited quesbra
(Schinopsis balansaextracts with MALDI-TOF. They concluded the fmiing:

a) Mimosa tannin is constructed predominantly fromimebnidol (A) (major
component), fisetinidol (B) and gallocatechin (C)omomers whereas
quebracho is predominantly composed of fisetini®)l (major component)
and robinetinidol (A) monomers.

b) Mimosa tannin is profoundly branched as it considt& high proportion of
angular units whilst quebracho is a mostly a lirteanin.

c) The interflavanyl link in quebracho is easily hyigsable but in mimosa it is
stable to hydrolysis.

d) The changes brought about by sulfitation are mooagunced in tannins with
a catechol B-ring (quebracho) than with a pyroddilpe B-ring (mimosa).

e) The number average degree of polymerisation of igudlo and mimosa tannin
determined with MALDI-TOF mass spectrometry companell with results

obtained with other techniques.
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Some of the above conclusions (particularly b,dsb ¢ and d) were, in our opinion,
not substantiated by the evidence and argumentsdea in the publication and do
not necessarily correspond with what is acceptetiertannin industry. Some of the
fragments were also assigned wrong structures basddulty arithmetic. Despite
this, the work made an important contribution to koowledge of tannin chemistry,

particularly in terms of conclusions ‘a’ and ‘e’ale.

Vivas and co-workefsstudied the unsulfited acetone-water extract oafbgacho
(Schinopsis balansaeand obtained similar results. A MALDI-TOF spectr of
unsulfited Schinopsis lorentziextract, obtained from Unitan S.A.I.C.A. (Figurelb
is similar to the Vivasand Paschspectra, probably explaining the indiscriminate us
of the term quebracho extract for the tannin extiraen both trees.

T8hhcald_ ML 8, Smoodied. "Tlaselne awhl

2004

TERef0 MY SRed Smoned, Tainbie gubd

Figure 5-1: MALDI-TOF spectrum of unsulfited Schinopsislorentzi extract (Unitan S.A.I.C.A)

We argued that electrospray mass spectrometry imayadditional information to the
MALDI-TOF data. Combining the three techniquesMALDI, electrospray and
solid state NMR, helped to overcome limitations wiising only one technique.
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5.2 Problem Statement

In this chapter we aim to answer the following dices that can be rephrased as

hypotheses:

a) Can ESI MS give additional information (comparedMALDI-TOF)
on the chemical composition of tannin extracts?

b) Can ESI MS distinguish between hydrolysable anddenosed tannin
extracts?

c) Can ESI MS distinguish between quebracho and mirtzosans?

d) Can we obtain information about the chemical chartbat take place
during sulfitation of mimosa and quebracho tannfimeatment with
bisulphite) by analysis with ESI MS?
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5.3 Experiment 1: An electrospray MS investigation intothe
composition of mimosa, quebracho and chinese mimosannin

extracts

5.3.1 Introduction

According toCovington et af mimosa (black wattle) tannins froAcacia mearnsii

consists mostly of prorobinetinidin (70%) and psefinidin (25%) with a small
amount of prodelphinidin (5%) whereas quebrachcsist® of 100% profisetinidin.
The MALDI-TOF work by Pasch and co-work&rsupported his conclusion on
mimosa but detected a prorobinetinidin fractiomddition to the major profisetinidin

fraction in quebracho extract.

MALDI-TOF mass spectrometry has shown that mimodgaet consists of a range of
oligomeric flavan-3-ol units up to the octamer leye = 8) (Figure 5-2 and Table
5-1). From the table it is evident that mimosa dmrsed tannin oligomers are
permutations and combinations of mainly fisetinid@dl) and robinetinidol (B)
monomers but with a relatively important fractioh gallocatechin monomers (C).
(Mimosa tannins are thus profisetinidins, prorobimdins or prodelphinidins). The
data indicated, according to Pa&chhigh frequency of angular trimers and tetramers
It is not clear to us how Pasch came to this camely as linear condensed tannins
would give the same mass values. The resistancenigfosa tannins to acid
hydrolysis was attributed to these angular condeteenins. It is not clear to us how
Pasch came to this conclusion either.
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Table 5-1: MALDI peaks for industrial mimosa tannin extract (Pasch et.aly.

M+Na+ M+Na+ Relative Intensity Unit Type

Experimental | Calculated% A B C

Dimers

60z 601.¢ 29 - 2 -

Trimers

85¢ 857.¢ 10 2 1 -

874 873.¢ 34 1 2 -
or 2 - 1

890 889.¢ 78 1 1 1

- 3 -

906 905.¢ 72 - 2 1
or - 2

922 921.9 18 1 2

Tetramer

1145 1146.: 10.k 2 -
or 3 - 1

1163 1162.2 29 1
or 2 1 1

117¢ 1178.: 45 - 4 -
or 1 2 1
or 2 - 2

119¢ 1194.: 36 - 3 1
or 1 1 2

1211 1210.: 11 - 2 2
or 1 - 3

Pentamel

1467 1466.* 28

Hexamer

176¢ 1754.¢ 13

Heptamer

204F 2043.; 5

Octamer

233: 2331.¢ 3

# Dominant oligome
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Figure 5-2: MALDI-TOF spectrum of mimosa oligomeric units (Pasch et. al.).

Turning to the sulfited quebrach8dhinopsis balansaspectrum given in Figure 5-3
and the corresponding Table 5-2 which summarizesitia, we note peaks at 1965,
2237, 2510 and 2800 amu corresponding to the sodidducts of respectively
heptamers, octamers, nonamers and decamers. mvslgs definite proof of the
existence of high oligomers in commercial quebraektact. The number average
degree of the sample was found B¢ NMR to be 6.74 which agrees with the

existence of high molecular mass oligomers.

Analysis of relative peak intensities indicatest thqaebracho consists of between 70-
and 80% of A-type units (fisetinidol) and betweefi- 2and 30% B-type units
(robinetinidol) and has a number average degrg@lyimerisation of 6.25 (c.f. 6.74
determined by°C above). Mass discrimination for higher molecutass oligomers

may explain the lower value obtained with MS coreparto NMR. Mass
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discrimination means higher molecular mass intezssdre too low or not observed at

all compared to lower molecular mass oligomers.

1004 858

90+

130

% In t

02

Mass/ Charge

Figure 5-3: MALDI-TOF spectrum of commercial quebracho extract (the commercial quebracho

extract is sulfited)
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Table 5-2: Observed and calculated mass of commeatiquebracho Schinopsis balansae)

proanthocyanidins by MALDI-TOF (sulfited boiling wa ter extract) (Pasch et. Al.)?

3

Polymer M+N" Calculated| M+N&Observed | Fisetinidol unit Al  Robinetinidol unit B
Dimers 585.6 585 1 1
601,6 601 2
Trimer 841.9 842 3 0
857.9 857a 2 1
873.9 874 1 2
Tetramer 114.2 1114 4 0
1130.2 1130a 3 1
1146.2 1146 2
Pentamer 1386.5 1387 5 0
1402.5 1402a 4 1
1418.5 1420 2
1434.5 1435
Hexamer 1658.8 1658 6 0
1674.8 1675 1
1690.8 1692a 4 2
1706.8 1708 3
Heptamer 1947.1 1948 6 1
1963.1 1965a 2
1979.1 1982 4 3
Octamer 2235.4 2237a 6 2
Nonamer 2507.7 2510 7 2
Decamer 2780.0 2782a 8 2
2796.0 2796 7 3

a Dominant oligomer
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5.3.2 Results and Discussion

Plate 5-1, Plate 5-2, Plate 5-3 and Plate 5-4 tigenegative mode electrospray mass

spectra of commercial mimosa (MEAdacia mearns)i and quebracho (ATN)

(Schinopsis lorentziinsulfited) tannin extracts with some detail. €3 and Table

5-4 summarise the data. These results were obtaaneegative mode. This is due to

the polyphenol nature of these compounds and tbetfeat the ionisation of the

aromatic group to a negatively charged hydroxylugrainder negative mode MS

conditions can be relatively facile, compared totpnation of the hydroxyl group

(positive mode).

A cursory inspection of the two spectra indicatesfbllowing:
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a) The spectrum of mimosa is far more complex tham dhajuebracho.

b)

Quebracho is predominantly an oligomer of fisefimitM™ = 288amu)
and the peaks corresponds to multiples of 288 anie biggest singly
charged oligomer that we observe in the quebragiexteum is a
tetramer at 1146. Also notable is a large quardgftyobinetinidol at
301. This suggests that quebracho makes robidetifiut does no

incorporate it into condensed tannins.

The peaks corresponding to dimers, trimers andrtedrs in mimosa
are not single peaks as is the case with quebréchalusters of peaks
16 amu apart. This corresponds with a differermhiner of hydroxyl
groups and is explained by the fact that mimosaoatiers are
permutations and combinations of fisetinidin’(M 272), robinetinidin
(M* = 288amu) and gallocatechin {M 304). There is a well-defined
cluster at 1154 corresponding with a tetramer. &l§e observe a small

cluster at 1442 corresponding with a pentamer.

However, the peak group at 1595 in the mimosa gp®cis 8 amu
apart and not 16 amu as would be expected frominganumber of OH
groups. This indicates doubly charged ions cooedmg to oligomers

with a mass of about 3190. By looking at the dguiblarged ions, we



can detect larger peaks with electrospray than ave with MALDI-
TOF.
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Table 5-3: ESI main peaks for industrial mimosa tamin extract (ME) and possible combinations

of monomers (main peaks are in italics)

Observed Masg Theoretical Mass  Peak Intensity Tympe
PF(272.3) PR(288.3) PD(304.3)
Monomers
270.9 272.3 16.88 0
289.2 288.3 76.36 0
305.2 304.3 32.74 0 0 1
Dimers
562.3 560.6 27.00 1 0
594.2 592.6 67.29 0 1 1
578.1 576.6 100.00 2 0
Trimers
834.2 832.9 5.34 2 1
850.4 848.9 19.67 1 2 0
866.3 864.9 43.28 1 1 1
or 0 3 0
882.4 880.9 28.25 0 2 1
Tetramers
1122.5 1121.2 1.05 2 2 0
1137.8 1137.2 2.72 2 1 1
or 1 3 0
1154.7 1153.2 4.19 1 2 1
or 0 4 0
1169.3 1169.2 3.67 1 1 2
or 0 3 1
1186.4 1185.2 0.16 0 2 2
Pentamers
1426.8 1425.5 0.51 2 2 1
or 1 4 0
1459.9 1457.5 0.62 1 2 2
or 0 4 1
1442.7 1441.5 0.45 1 3 1
or 2 1 2
or 5 0
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Table 5-4: ESI peaks for industrial quebracho tanni extract (ATN) and possible combinations of
monomers
Theoretical
Observed Mass Mass Intensity Unit Type
PF PR PD
272.3 288.3 304.3
Monomers
271.2 272.3 27.26 1 0
287.0 288.3 97.27 0 1 0
301.1 304.3 11.30 0 0
Dimers
561.3 560.6 100.00 1 1 0
575.3 576.6 4.32 1 0 1
or 0 2 0
Trimers
833.5 832.9 79.25 2 1 0
849.5 848.9 5.19 2 0
or 1 2 0
Tetramers
1089.4 1089.2 1.06 4 0
1106.6 1105.2 11.90 3 1
1121.4 1121.2 1.53 3 0
or 2 2 0
Pentamers
1378.7 1377.5 1.58 4 1 0
1408.1 1409.5 0.25 3 1 1
or 2 3 0

5.3.3 Conclusion

Elecrospray ionisation MS allows unambiguous ddion between mimosa and
quebracho tannin extracts. It indicates that caeiy consists mainly of fisetinidin

monomers and that mimosa consists of fisetinidiminetinidin and gallocatechin
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monomers in various permutations and combinatio@siebracho, showing mainly
one peak in every series, is argued to consisisefifiidin monomers with only one
robinetinidin monomer attached to the oligomer.isTtheans the oligomers consist of
a minimum of one robinetinidin monomer plus furtfesetinidin monomers that
make up the polymer chain. Paseh af however observed, fronSchinopsis
balansae two robinitinidol monomers in oligomers biggerath pentamers. The
largest oligomer that we could observe was a decavitk mimosa and a tetramer
with quebracho.

MALDI-TOF is more reliable in showing the higher lacular mass ranges than
electrospray, but electrospray is more reliable tfe lower ranges than MALDI.
However, by using doubly charged ions in electragmwe could detect decamers in

the mimosa spectrum.
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5.4 Experiment 2: An elecrospray investigation into the
composition of sulfited quebracho $cinopsislorentzi) and

mimosa (Acacia mearnsi) tannins

5.4.1 Introduction

Mimosa and quebracho are treated with differenelewof bisulphate to enhance
certain properties, for example increasing thelulsitity in water® The nature of the
chemical transformations and products that formrisertain. It is also difficult to
determine the level of sulphur introduction in tenmoleculesvia conventional

analysis as unreacted bisulfite cannot be remonaed the tannin.

In this experiment an investigate-and-interpret #féect of sulfitation on the

electrospray MS of the corresponding tannin exsract

5.4.2 Results and Discussion

Low resolution (one decimal point) elecrospray Mier(e in negative mode) of the
following spray dried commercial tannin extractsrev@btained (all our quebracho

extracts was fronschinopsis lorent?i

* Normal unsulfited mimosa tannin extract (ME) Plai&

e Medium sulfited mimosa tannin extract (FS) Plate 5-

* Heauvily sulfited mimosa tannin exract (WS) Platé 5-

* Normal unsulfited quebracho tannin extract (ATNatBI5-3
* Medium sulfited quebracho tannin extract (ATO) Plat7

* Heauvily sulfited quebracho tannin extract (ATD)tel1&-8

The results are summarised in Table 5-5 (mimosainahand Table 5-6 (quebracho
tannins). In all the sulfited samples we see +8&dn fragments corresponding with
a single sulfonic acid group attached to the cpweding unsulfited M+ fragments.
The +82 Dalton fragments correspond with C-ringrueproducts (D in Figure 5-4).

The alternative structures with sulfitation withaiurng opening would have a +80
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Dalton peak (E in Figure 5-4). Introduction of t8&sH group creates peaks of the
same intervals as in the flavonoid combinationsgtfi), but shifted from the normal
oligomer peaks with a value of 82 amu. In Platé &nxd Plate 5-7, sulfitation of
oligomers for mimosa and quebracho up to tetranvaws be observed. During

sulfitation we did not observe double sulfitatidreay higher oligomers.

without ring opening

F. =H, Fiz=tinidin
F = OH, R.obin=tinidin

Figure 5-4: The effect of sulfitation on robinetindin / fisetinidin showing ring-opened and

unopened ring products

The difference between the sulfited (FS) and hgaaulfited (WS) spectra is that in
the heavily sulfited spectra the peaks of the dfcombinations are much higher in
relative intensity than in the FS sample. Theoragtween M / M+82 in the sulfited
extract (FS) (Plate 5-5) and the heavily sulfitetract (WS) (Plate 5-6) is about 2:1
and 1:1 respectively, indicating roughly 30 and 5@%orporation of sulphate,
assuming that the sulfited species evaporate amideicsimilarly to the unsulfited
species. A more accurate estimate of sulfitatiewels would require hitherto

unavailable internal standards.
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Another difference is that in the heavily sulfitegectra the peaks of the sulfited
combinations are much higher in absolute intentign in the FS sample. The
intensity of the unsulfited peaks is lower in theatily sulfited sample (WS) than in
the medium sulfited sample (FS). Thus, in WS, istibn occurs at such a high level
that the occurance of unsulfited oligomers decieas®f note in WS is that the
intenisty at the sulfited tetramers is lower thhaattat FS. This could show that the
sulfitation of higher oligomers, from tetramers grds, does not take place so
succesfully when a heavy amount of sulfitationppleed. A pattern can be observed
by looking at normal mimosa, then medium sulfited dastly at heavily sulfited

mimosa: the intensity of unsulfited oligomers deses from the one to the next and
the intensity of sulfited peaks increase. Theitsuibn can only be observed up to
sulfited tetramers.Table 5-5shows all observed values for industrial and medif

mimosa, with intensities higher than 1 and matclexgected combinations

The ESI spectrum for sulfited Quebracho (ATO) shdlved the same peaks as in the
normal quebracho spectrum can be observed as weheair individually sulfited
counterparts. These can be seen at intervals ait@2from the unsulfited peaks as

sulfition occurred in the form of sulfate, as innnaisa.

Pasch and co-workerslid not detect any M + 80 or M + 82 peaks in thd&LDI-
TOF spectrum of sulfited commercial mimosa extri@agure 5-2). It is uncertain
whether this is due to a sample with very low levet sulfitation or whether the
MALDI-TOF matrix does not ionise the sulfited maldes.

In contrast to the mimosa spectra of FS and WSyavtie level of sulfitation could
be detected from the intensity of the peaks, inbgaeho this does not seem to be the
case. The ratio of M + 82 / M peaks in the ESlcspen for heavily sulfited
quebracho (ATD) is similar to that of that of medigulfited quebracho (ATO). This
could mean that medium sulfitation, as in ATO, aBosufficient sulfitation of the
flavonoid oligomers and any further sulfitationrendered useless as the positions
available on the oligomer molecules are satiatethatmedium level of bisulfate
addition.
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For the first time, the existence of sulfited moles has been observed here. In
quebracho, diferent than in mimosa, the effectutfitation from medium to heavily
sulfited shows an increase only in the monomer dincer combinations. In the
trimer and tetramer, the effect of sulfitation dsges from ATO to ATD. This could
mean that sulfitation saturation has taken pladd wie medium level addition of

bisulfite and adding more bisulfite, may break ifie&zanyl bonds.

High resolution spectra (Plate 5-9, Plate 5-10tePfall, Plate 5-12 and Plate 5-13)
of the commercial samples give similar results.eSehhigh resolution spectra allow
unambiguous molecular formula assignments and ptatehe M + 82 peaks contain

sulphur in the SEform.

MALDI-TOF spectra are commonly assumed to represeifder conditions than
electrospray ionisation and more suitable for p&yranalysis. However, MALDI-
TOF requires a matrix that transfers the ionisatmthe analyte mixture. The risk of
selective ionisation is in our opinion bigger thaith electrospray ionisation, where
the whole sample is injected into the ionisatioarober. The matrix itself may also

be ionised and interferes with the smaller analytébe mixture.
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Table 5-5: ESI Peak values comparing normal, sulfigdd and heavily sulfited mimosa

Observed Observed Observed
Calculated Mass PF PR PD Mass Mass Mass
Heavily
Normal Sulfited Intensity sulfited
272.3 288.3 304.3| Mimosa | Intensity (%) | mimosa | (%) mimosa Intensity (%)

Monomers*

272.3 1 0 0 271.2 16.88 271.2 35.94 271.2 68.57

288.3 0 1 0 289.2 76.36 289.3 100.00 289.3 100.00

304.3 0 0 1 305.2 32.74 305.3 51.36 305.3 48.52
Sulfited Monomers

354.3 1 0 0 353.3 11.99 353.3 27.70

370.3 0 1 0 371.2 41.97 371.2 46.82

386.3 0 0 1 387.2 16.47 387.2 19.14
Dimers

560.6 1 1 0 561.3 27.00 561.4 21.49 561.3 16.54

592.6 0 1 1 593.2 67.29 593.3 53.38 593.3 42.60

576.6 0 2 0 578.3 100.0 577.3 78.68 577.3 60.49
Sulfited Dimers |

642.6 1 1 0 643.2 8.52 643.2 13.38

674.6 0 1 1 675.5 23.48 675.3 33.53

658.6 0 2 0 659.3 32.09 659.2 47.11
Trimers

832.9 2 1 0 833.3 5.34 833.4 4.17 833.2 2.74

848.9 1 2 0 849.3 19.67 849.4 15.51 849.2 8.36

864.9 1 1 1 865.3 43.28 865.2 30.75 865.2 17.34

or 0 3 0
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880.9 0 2 1 881.2 28.25 881.3 19.73 881.5 10.22
Sulfited Trimers
914.9 2 1 0 915.5 2.27 915.4 3.19
930.9 1 2 0 931.4 6.58 931.4 9.38
946.9 1 1 1 947.5 14.54 947.5 17.74
or 0 3 0
962.9 0 2 1 963.5 10.00 963.5 12.48
Tetramers
1137.2 2 1 1 1137.2 2.72 1137.3 2.32 1137.3 1.28
1137.2| or 1 3 0 1137.2 2.72 1137.3 2.32 1137.3 1.28
1153.2 1 2 1 1153.4 4.19 1153.4 3.33 1153.3 1.50
or 0 4 0
1169.2 1 1 2 1169.3 3.67 1169.3 1.99 1169.4 1.42
or 0 3 1
1169.2 1169.3 3.67 1169.3 1.99 1169.4 1.42
Sulfited Tetramers
1219.2 2 1 1 1219.4 1.35 1219.6 1.25
or 1 3 0
1235.2 1 2 1 1235.4 2.02 1235.5 1.81
or 0 4 0
1251.2 1 1 2 1251.3 1.56 1251.5 1.33
or 0 3 1

* Number combination of monomers observed
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Table 5-6: ESI Peak values comparing normal, sulfiéd and heavily sulfited quebracho
Calculated Mass PF PR PD Observed Mass Intengit%) | Observed Mass| Intensity (%) | Observed Mass Irgnsity (%)
272.3 288.3 304.3 ATN ATO ATD
Monomers
272.3 1 0 0 271.2 27.26 2712 25.66 271.2 88.26
288.3 0 1 0 289.2 97.27 289. 33,58 289.3 83.77
0 0 1
Sulfited Monomers
354.3 1 0 0 353.% 51.53 353.3 100{00
370.3 372.8 6.9 3713 10.43
386.3 0 0 1 3873 5.95
Dimers
560.6 1 1 0 561.4 100.00 562.1 72.2014 561.4 76.41
576.6 1 0 1 577.2 4.3p 5773 5.4633 57|7.2 5.69
or 0 2 0
592.6 0 1 1 593.2 1.06 5935 9.74‘83 593.2 12.11
Sulfited dimers
626.6 2 0 625.7 12.2121 625.3 14{82
642.6 1 1 644.3 72.0943 643.4 64|75
658.6 1 0 657.% 4.9813 657.4 382
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674.6 0 1 1 674.38 4.0171 679.3 2147

658.6 0 2 0 659.6 4.2
Trimers

832.9 2 1 0 833.3 79.25 8344 57.8468 833.3 30.95

848.9 2 0 1 849.3 5.19 848 4.4456 84D.3 2.55
or 1 2 0

864.9 1 1 1 865.4 1.6D 864|6 2.4638 865.2 2.02
or 0 3 0

896.9 0 1 2 897.6 7.3915 897.2 5|32

Sulfited Trimers

914.9 2 1 0 916.%5 100 9154 59.80
930.9 2 0 1 932.6 8.9448
or 1 2 0
Tetramers
1105.2 3 1 0 1105.4 11.9 1106.1 11.0873 1105.4 50 4.
1121.2 3 0 1 1121.4 1.53 1121.7 2.3032 1121.5 1.12
or 2 2 0
Sulfited Tetramers
1187.2 3 1 0 1189.1 14.676 1187.6 7.12
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Plate 5-9: High resolution ESI of normal mimosa
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Chinese Mimosa (Plate 5-14) has a mass spectruitasito sulfited South African mimosa
tannin (ME). It is thus not an untreated natursdtact and has been treated with bisulfite. The
presence of a resonance at about 82 ppm in thet stalie NMR however suggests that 2z8s
stereochemistry is still present. Chinese mimas#hus probably a lightly sulfited product

which some C-rings unopened.
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Plate 5-14: Electrospray lonisation of Chinese minga tannin extract

162



5.4.3 Conclusion

Herein we report for the first time clear evidermfesulfited oligomer molecules, containing a
sulfonic acid group. The mass of these speciegat® sulfitation on the C-2 position and
associated opening of the heterocyclic C-ring. T©heservation and identification of these
sulfited species allow us to use electrospray aima MS (but not MALDI-TOF MS) to
distinguish unequivocally between sulfited and mtiited mimosa and quebracho tannin
extracts. It also allows a rough estimate of #wel of sulphur incorporation into the tannin
molecules. Electrospray ionisation MS allowedwa,identification of the sulfited molecules,
to classify commercial chinese mimosa as a ligslfited mimosa extract.

163



5.5 Experiment 3. The use of MS to distinguish betweetondensed and
hydrolysable tannins

5.5.1 Introduction

Hydrolisable tannins are galloyl (1) and hexahygghenoyl (2) esters (see Figure 5-5), most
often witho-glucose and derivatives. Chestnut and tara ampbes of hydrolysable tannins.

HO,

H Q OH

OH oH

o HO. o)
OH
/ ]
O=/ HO c—o
HO. I
HO OH HO

OH OH  Ellagitannin(2)
Gallotannin(1)

CH,OH o oH
0
o/&\"“‘aﬁ,ﬁ \ H
A ﬂ“““\ HO
- 7 OH
D-Glucose OH
Quinic acid

Figure 5-5: Hydrolysable tannins building blocks

5.5.2 Results and Discussion

In this experiment we compared tara, italian chésamd chinese yugan. Tara (ESI Plate 5-15)
shows a beautiful and well defined series of peéakbe negative mode (M-1at 343.3, 495.2,
647.7, 799.5 and 952.0 corresponding to the sodidduct (+22) of a glucopyranose quinic
acid attached to one, two, three, four and fivdigalkid units respectively. The peak at 321
corresponds to a monogaloylated quinic acid witheadium. Sodium adducts contributes
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towards stabilisation of mass spectrometry fragmeahd we assume that only the

monogaloylated quinic acid is sufficiently stabdebe observed without sodium.
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The molecular structure for tara tannin is showrFigure 5-6.

It shows that tara tannin is a

mixture of gallic acid polymers with a quinic aaidit at its core. Quinic acid is acetylated by a

changing number of gallic acid units.

HO

HO

OH

Ollll-

o

OH

OH

OH

OH

OH

Figure 5-6: The tannin structure of tara, showing @lloylated quinic acid

Table 5-7, taken from the Mah#ALDI-TOF (Figure 5-7) and our own electrospraysukts

(Plate 5-15), shows the estimated compositionraft@nnin.

Table 5-7: Estimated composition of tara tannin fran MALDI-TOF and electrospray®

Number of MW MALDI [M+Na]*m/z | Intensity | ESI[M+Na]' | [M+Na]® | Intensity

gallic ester [M+Na]” detected % calculated m/z %

units calculated detected

attached to

the quinic

acid core
1G 344.07 367.06 343.07 343.3 71
2G 496.08 519.08 519.06 42 468.08 495 100
3G 648.10 671.09 671.14 83 647.10 647.7 62
4G 800.11 823.10 823.18 100 799.11 799.6 21
5G 952.12 975.11 975.19 99 951.12 952.0 5
6G 1104.13 1127.12 1127.2 70 1103.13 1038 -
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Figure 5-7: MALDI-TOF spectra of tara as obtained by Mané®

The electrospray ionization MS of italian chest(ilate 5-16) is similar to the MALDI-TOF
MS published by Pasch and PizZFigure 5-8). As expected, the smaller oligomars
emphasized in the ESI spectrum relative to theclaofjgomers in the MALDI-TOF. It differs
from the electrospray spectrum of chestnut extrhlbieZywicki et al'® from tannin wastewater.
We detected two overlapping series of oligomerke first series consists of mono-, di- and tri-
galloylated glucose, also called gallotannins’:(kh/e = 331.2, 483.7 and 635.6 respectively).
Gallic acid is not detected. The second seriesistsof ellagic acid esters of glucose, also
called ellagitannins (M m/e = 301 [ellagic acid], 631, 933.9 and 108&$pectively). Peaks at
283.4, 613.3 and 915.8 correspond to a loss ofrwiste- 18) from the ellagitannin peaks. An
example of the structure of the 635.6 gallotanmal sghe 933.9 ellagitannin (castaglagin /

vescalin) are given in Figure 5-9.
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Chinese yugan has a spectrum (Plate 5-17) sinoldhdt of tara. Salient is the absence of
clusters of peaks 16 amu apart. Instead it iglgi@agallic acid oligomer with peaks 152 amu
apart at 343.3, 495.3, 647.7, 799.5 and 951.9 BPA.99Da. The basic 343.3 peak corresponds
with quinic acid esterified with one molecule ofilgaacid (the corresponding glucose gallic
acid dimer would have a mass of 350). The peaks db not correspond with those of
guebracho.
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5.5.3 Conclusion

MALDI-TOF and electrospray ionization mass specetmy are excellent techniques in
analysing and distinguishing hydrolysable and cosdd tannins once the fragmentation has
been worked out. It can differentiate between (araydrolysable tannin based on a quinic acid
core) and italian chestnut (a hydrolysable tanraseld on a glucose core). It can be used to
calculate a rough estimate of the ratio of mone-add trimmers in a polymer chain. MALDI-
TOF emphasizes the bigger molecules better than &®lough ESI shows doubly ionized
molecules. ESI also emphasizes the smaller ma@sculch clearer than MALDI does.
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5.6 Experiment 4: Calculation of the fraction of each igomer in mimosa

tannin

5.6.1 Introduction

As discussed in Chapter 2 (Literature), the averagmn length of mimosa and quebracho
tannin has been established by a variety of tectesigincluding ebulliomery antfC mass
spectrometry. None of these techniques can beidmses totally reliable as each requires
certain assumptions. Mass spectrometry can alsasbkd, using the assumption that mass
discrimination does not take place. We assume tttetsurface area below each peak is an
accurate estimate of the corresponding moleculexesdration in the mixture. A further
assumption is that if mass discrimination does tak#ce, the larger oligomers will be
underestimated and that the average chain lengjtmviact be bigger than the estimate and that

the estimate is a minimum value.

5.6.2 Results and Discussion

We used both the modified PaScMALDI-TOF data and our own electrospray results to
approximate the composition of the condensed ta(potyphenolic) fraction of both mimosa

and quebracho extracts. The ESI spectra were tosexitrapolate the relative intensity of the
monomer and dimer fraction (via the intensity o&k® that occur both in MALDI-TOF and

electrospray) for the MALDI spectra, as the MALpestra do not show the lower molecular
mass molecules. The results are summarised ireEaBland Table 5-9. The higher oligomers
in the tables are most likely underestimated singger molecules do not ionize or evaporate

under mass spectrometry conditions as effectivelynaall molecules dg:**
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Table 5-8: Approximate composition by weight of thecondensed tannin (polyphenolic) fraction of

commercial mimosa extract (ME).

n % Oligomer Pasch
1 Monomers 1.2
2 Dimers 5.1
3 Trimers 27.1
4 Tetramers 24.5
5 Pentamers 21.1
6 Hexamers 11.3
7 Septamers 5.8
8 Octamers 3.9
Sum 100

Table 5-9: The approximate composition of quebrachextract by weight based on MALDI-TOF data

n Oligomer Percentage
1 Monomer 13

2 Dimer 18

3 Trimer 18

4 Tetramer 23

5 Pentamer 14

6 Hexamer 7

7 Septamer 5

8 Octamer 3

5.6.3 Conclusion

According to the tables above, mimosa consists Ijnairtrimers, tetramers and pentamers, and
quebracho mainly of dimers, trimmers and tetrameffie average chain length (DPn) (by
mass), according to Table 5-8 and Table 5-9, i§ 408 mimosa and 3.67 for quebracho. It
must be reiterated that the higher oligomers inttides are most likely underestimated and

hence a thorough image of the polyphenolic comwsidannot be made with certainty.
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CHAPTER 6

6. EXPERIMENTAL CONDITIONS

6.1 SPECTROSCOPIC METHODS

6.1.1 Purification and Methylation of Extracts

6.1.1.1 Purification of extracts

Samples of the methanol extract of fresh bark dred hethanol extract of stick bark were

prepared by the Mimosa Extract Company.

N3: Ethanol extract from mimosa stick bark

Crude mimosa stick bark (10 g) was extracted inxlet with ethanol (100 mL). The solvent

was removed on a rotary evaporator to yield amekwof tannins and sugars (6.5 g).

N4: Lead acetate precipitate of the ethanol exfraoh mimosa stick bark

The tannins from mimosa stick bark were preciptatih lead acetate according to the method
of Roux et al. The ethanol extracted tannin (N3, 6.5 g) wasolies! in water (approx. 100 ml).

While stirring the tannin solution, a strong sadatiof neutral lead acetate (1.5 g, 10%) was
added in slight excess. A white precipitate ofdléannate formed immediately. The lead
tannate was centrifuged at 10 000 G and 25 00Qugeons per minute, to remove the gums.
The tannate was washed with@H(3 x 5 ml) to remove all non-tannins and excessl lacetate.

The solvent was evaporated by rotary evaporatios,product air-dried and grounded into a

powder.

N5: Ethanol precipitated gums from an agueous swludf spray dried mimosa
Mimosa (ME) (1 g) was dissolved in water (10 miBthanol (190 ml, 95%, v / v) was added and

the mixture allowed to stand at room temperatureafiproximately 12 hours. The solution was
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centrifuged at 25 000 revolutions per minute. Tden fraction was separated from the

supernatant by decantation, air-dried and grouitteca powder.

N6: Supernatant from an ethanol extracted aguenluan of spray dried mimosa

The solvent of the supernatant from N5 was remdwedotary evaporation to yield a fraction

containing tannins and sugars. The product wasngled into a powder.

N7: Lead acetate precipitate from an ethanol etéchaqueous solution of spray dried mimosa

The supernatant from an ethanol extracted aquedusion of spray dried mimosa (ME) was

made up as in the method followed for N6. The sugtant (0.87 g) was dissolved in water
(aprox. 50 ml). While stirring the tannin-sugatusimn, a strong solution of neutral lead acetate
(3 g, 10 %) was added in slight excess. A whiegipitate of lead tannate formed immediately.
The lead tannate was centrifuged at 25 000 rewistper minute. The tannate was washed
with H,O (3 x 5 ml) to remove all non-tannins and excessllacetate. The solvent was
evaporated by rotary evaporation and the produetira@d. The product was grounded into a

powder.
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6.2 Solid State Nuclear Magnetic Resonance

Solid state NMR experiments were performed on ak&ri9.4 Tesla Avance-400 wide bore
spectrometer using a dual tuneable broad band pmbieequencies of 400.1 MHZH) and
100.5 MHz {3C). Samples were packed into 4 mm zirconia ra®raker, Karlsruhe, Germany)
and rotated at a magic angle spinning (MAS) raté4o0kHz and at the magic angle of 54.7°. All
samples were characterized using standard crossizaslon (CP) MAS techniques; relevant
parameters weréH 172 pulse length 2.is, *H cross polarization field 70 kH2H-'*C cross-
polarization contact time typically Ojts but this was varied in some experiments to studgs
polarization dynamics, broadband TPPM decouplingndusignal acquisition at 3H field
strength of 100 kHz, and repetition time of 2 ©r Guantitative'C spectra, direct polarization
(DP) was used with &/4 excitation pulse of s, broadband TPPM decoupling during signal
acquisition at &H field strength of 100 kHz, and repetition time 20 s to ensure complete
relaxation between signal acquisitions. Chemitalts were expressed as parts per million
(ppm) on the deltad] scale.

The conditions for each experiment were as follows:
6.2.1 'C CP-MAS

6.2.1.1 Synthesized samples

Prof. D Ferreira (Department of Pharmacognosy, ehsity of Mississippi, USA) provided us

with the following synthetic oligomers based onocapéchin and catechin:

B1 - Epicatechin-4-8-catechin
B2 - Epicatechin-B-8-epicatechin
B3 — Catechin-@-8-catechin
B4 — Catechin-4-8-epicatechin
Trimer 1 — Epicatechine48-epicatechin-4-8-epicatechin
Trimer 2 — Catechin{##8-catechin-#-8-epicatechin
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Tetramer — Epicatechine48-epicatechin-d¢-8-epicatechin- d-8-epicatechin

Pentamer — Epicatechir-8-epicatechin--8-epicatechin-@-8-epicatechin-g-8-epicatechin

The optimal values for the cross-polarization contame P15 were determined by varying P15
between 50 and 100fs in six consecutivd®C CP MAS experiments performed on Bl
(Experiment 1: Determination of optimum cross pisktion (CP) contact time). P15 times of
500 and 1000 ps were used in all the subseqi€nCP MAS solid state NMR experiments
performed on the other synthetic oligomers.

6.2.1.2 Purified extracts

All 3C CP MAS solid state NMR experiments were performétth P15 set at 500 ps. The

following samples were prepared as described iagvaph 6.1.1.1:

N1: Methanol extract of fresh bark, prepared byNtmosa Extract Company.

N2: Methanol extract of stick bark, prepared byMienosa Extract Company.

N3: Ethanol extract of stick bark, consisting ohtgj tannins and sugars prepared as described in
paragraph 6.1.1.1.

N4: Lead acetate precipitate of N3, consistingaohins only as described in paragraph 6.1.1.1.
N5: Gums precipitated with ethanol from an aquesoisition of the spray dried commercial
mimosa as described in paragraph 6.1.1.1.

N6: Supernatant from N5, consisting of tannins andars from the ethanol extract of spray
dried commercial mimosa as described in paragrahh.a.

N7: Lead acetate precipitate from N6, consisting tafinins only from the spray dried

commercial mimosa as described in paragraph 6.1.1.1

6.2.1.3 Crude extracts

All °C CP MAS solid state NMR experiments were performiétl P15 set at 500 pis:

180



N9: Powdered fresh mimosa bark, received from tihmdda Extract Company.
N10: Powdered mimosa stick bark, received fromMitr@osa Extract Company.

6.2.1.4 Deuterated samples

N1, the methanol extract of fresh bark, was disswivn D,O and left to exchange for 10 minutes
and a®C CP MAS solid state NMR was recorded. The samekawas left to exchange for 24
hours in BO and a*C CP MAS solid state NMR was recorded. Both experits were done at

P15 = 500 ps.

The dimer B2 was deuterated with@for approximately 6 hours. AC CP MAS solid state
NMR was recorded at P15 = 500 ps.

6.2.2 2D HETCOR Experiments

The 2D HETCOR experiments on the dimer Bl, the diB# D,O exchanged for 6 hours and
N1 D,O exchanged 24 hours were done with P15 set at38bgls and 200 ps.

6.2.3 Solid State NMR of Leather

The leather samples were cut into 1 to 2 mm pideezen in liquid nitrogen and ball milled to a
fine powder using a Sartorius MikrodismembratoB&00 r.p.m. Thé’C signal intensity was
enhanced using standard cross polarization (CP) kaBniques’t 2 pulse length 2.fs, *H
cross polarization field 70 kHZH-*C cross polarization contact time 2.5 ms, broadband
TPPM15 decoupling during signal acquisition aHafield strength of 100 kHz, recycle time 2 s,
typical number of scans accumulated per spectrur@ €80). Chemical shifts were referenced

to the methylene signal from glycine at 43.1 ppriatree to tetramethylsilane at 0 ppm.

181



6.3 Electrospray lonisation Mass Spectrometry

Experiments were done on two machines. One, aniépgiosystems API QStar Pulsar I, with
Nanospray ESI, the other a Applied Biosystems ARD® LC/MS/MS System mass

spectrometer.

Stock solutions:

Crude sample powder (10 mg) was dissolved in aurexbf methanol: water [50 %, 0.1%
formic acid] (1 ml). A 5ul sample of the stock solution was further dilutgdmaking up a
volume of 1 ml in the same solvent mixture (methanater, 50 %, 0.1% formic acid). This
solution was injectedia a Harvard 100Qu syringe at a flow rate of 2@ / minute by a Harvard-
syringe micro pump. The sample was thus delivaredthe electrospray ionization source of an
Applied Biosystems APl 2000 LC/MS/MS System masscipmeter, operated in the negative
mode. The capillary voltage was -4.5 kV, the seusmperature 250 °C. The cone voltage was
at -4500 V. The declustering potential and focgspootential was set individually for each
experiment on both machines to obtain optimal speaata by adjusting their values and
looking at the spectral results after every expental run. Data was acquired by scanning the
mass range from mz = 100 or 250 to m/z = 1700 acan rate of 2 seconds/scan. A
representative mass spectrum of the sample wasigeddoy addition of the spectra across the

injection peak and subtraction of the background.
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CHAPTER 7

7. CONCLUSION

From the experiments done with solidstate NMR ftilewing conclusions were made:

Hydrolysable and condensed tannins (oligomers afafh-3-o0ls) respectively have solid state
NMR spectra compatable with their chemical composi&olid state NMR can therefore be

used successfully and reliably to distinguish betwihese two types of tannins.

Solid state NMR can reliably and routinely be use@lso distinguish between quebracho and
mimosa tannins. During sulfitation of these twartias, solid state NMR indicates that the

heterocyclic ring is opened

Unprocessed bark as well as tanned leather camdlgsad directly to identify the tannin it
contains and which tannin was used to tan the deathwhether a mineral tanning material was

used.

Spent mimosa bark consists predominantly of watepluble gums. No higher oligomeric

insoluble condensed tannins or hydrolysable tanmngin in spent mimosa bark.

Further work is required to develop the potentialsolid state NMR in determinining the

average chain length of mimosa and quebracho tannin

From the experiments doen with mass spectrométeyfallowing conclusions were made:
Elecrospray ionisation MS allows unambiguous dddion between mimosa and quebracho
tannin extracts. It indicates the composition bfjamers for both tannins. Quebracho was
argued to consist of a minimum of one robinetinigdianomer plus further fisetinidin monomers

that make up the polymer chain.
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We reported for the first time clear evidence offi®d oligomer molecules, containing a
sulfonic acid group. The mass of these speciegatel sulfitation on the C-2 position and
associated opening of the heterocyclic C-ring. TDiservation and identification of these
sulfited species allowed the unequivocal distinctlmetween sulfited and nonsulfited mimosa
and quebracho tannin extracts. A rough estimathefevel of sulphur incorporation into the
tannin molecules was possible. Electrospray ioioisaViS allowed usyia identification of the

sulfited molecules, to classify commercial chinesmosa as a lightly sulfited mimosa extract.

The average chain length (DPn) (by masg).36for mimosa an@®.67for quebracho. However,
the higher oligomers in the tables are most liketgderestimated and hence a thorough image of

the polyphenolic composition cannot be made witteaaty.

MALDI-TOF is more reliable in showing the higher lacular mass ranges than electrospray,
but electrospray is more reliable for the lowergesithan MALDI. However, by using doubly

charged ions in electrospray we could detect decmmehe mimosa spectrum.

MALDI-TOF and electrospray ionization mass specttm are excellent techniques in
analysing and distinguishing hydrolysable and cosdd tannins once the fragmentation has
been worked out. It can be used to calculate glrastimate of the ratio of mono-, di- and

trimers and high polymers in a polymer chain.
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ANNEX A

SOLID STATE NMR FINGERPRINT METHOD for MIMOSA EXTRACT

Solid State NMR (3C) is well suited for fingerprinting organic compounds, particularly
because spectra can be obtained from an actual solid powder product without any

sample manipulation.

Procedure:

Solid State NMR spectra are obtained on a Bruker Avance 400 MHz spectrometer with
the sample in a 4 mm rotor spinning at 14 kHz at the magic angle (54.7°) to the primary
9.4 T magnetic field. The magic angle spinning frequency is chosen so that all spinning
side bands fall outside the spectral region of interest at this field strength. A standard
cross polarization technique is used to transfer magnetization from *H to **C, using 0.5
ms cross polarization, a spin lock field of 70kHz, and recycle time of 2s. High power
broadband *H decoupling (field strength 100 kHz) is applied during signal acquisition.
Other spectrometers and primary field strengths may be used but it must be
remembered that the position of spinning side bands in the spectrum is spinning speed
and field strength dependent. Chemical shifts are referenced to the methylene carbon
signal of a previously acquired spectrum of solid glycine at a chemical shift of 43.1

relative to tetramethylsilane.
Chemical shifts are independent of spectrometer, field strength, cross polarization and

decoupling methodology and recycle time, but the relative integrated intensity of signals

may be dependent on some of these parameters especially cross polarization duration.
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Assignments:
Typical chemical shifts encountered with Mimosa extract are:

5C, 7C, 8aC 155 ppm

3'C, 5'C 145 ppm

1'C, 4C 130 ppm

4aC, 6C, 8C, 2'C,6'C 100 to 120 ppm
2C trans 80 ppm

2C cis 73 ppm

3C 62 ppm

4C internal 40 ppm

4C terminal 30 ppm

NP Slabbert

Mimosa Extract Company (Pty) Ltd.
12 May 2010
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