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Abstract

Madder (Rubia tinctorum L.) has been exploited as a dye throughout history. The roots afttheepla
very rich in the highly coloured glycosidic compounds ruberythric acid and lucidimeperoside,
alongside the corresponding aglycons which can be readily formed by deglycosyatiamularly
during extractionSupported byH and**C NMR data, the conclusive X-ray crystal structure of the
natural dye ruberythric acid is presented for the first time. The saliel structure revealed extensive
intermolecular hydrogen bonding interactions between the sugar moieties imithcell, but only
intramolecular hydrogen bonding through the hydroxyquinone groups. There is alsadsditizaal
n-nt stacking from the anthraquinone moiety.
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1. Introduction

Before the advent of synthetic dyes, all textiles were dyed using naturaledi@odlorants. Rubia
tinctorum L.(Dyer’s madder) has been exploited as a natural red dye for many centuries, the oldest
dating back to 1350 BC (Derksen & van Beek, 2002). The colorants iofcRwrtm are found in the
roots of the plant, which historically were dried, ground and beaten and tinactex in an aqueous
dyebath for textile coloration. Aqueous extraction for textile dyebaths accumulgtearhbunts of
unused madder pulp which was hard to dispose of and in the famedfury it was found that this
unused pulp contained one third of the colouring magierple treatment with hot acid released this
remaining colorant and hence could be sold as a lower grade dye (Desrochers, 2008).

Detailed analysis of dyes in artefacts can reveal important cultural arithge information
concerning historical textilesanother key aspect is one of preservation and the aim is to fully
understand the nature of these dyestuffs in order to determine degradatioms itk structure-
efficient conservation techniques. Understanding the precise molecular strfctbese natural dyes
and their chemical reactivity (e.g. during extraction, or the dyeing proisesgsportant to provide
knowledge of their interactions with physical substrates, such as textile fillriet could be used to
develop superior techniques for analysis of artefacts; many current analysis antioextechniques
damage the dye moleculeo ‘softer’ methods are becoming increasingly important, through the
preservation of valuable chemical information embedded in the dye struchamg(& Laursen,
2005).

The dye obtained from the madder roots is an orange-red dye that is applied orektilthéilires
using a mordant metal ion. Aluminium €A is the most commonly used metal ion for complexation
between the fibre and dye moieties, however, iron sulphate ¢(F&30) and tin chloride (Sn¢)
were also used (Hofenk de Graaff, 2004; Zhang & Laursen, 2005). The colorants i noadsle
belong to the chemical family of the anthraquinones, and occarcasracteristic fingerprint of
anthraquinone derivatives depending on origin of the natural material; there bleave 36
anthraquinone derivatives detected in Rubia spp. to date, 15 of these adding tootmangcol
properties of the plant (Baghalian et al., 2010; Henderson et al., 2013). The twabuodant



colorants in untreated madder roots are the glycosides lucidin primeverbsael (ruberythric acid

(2) (Derksen et al., 2003; Henderson et al., 2013). These glycoside compounds areeolberteny

as colorant compounds in madder roots as they are acid sensitive, and matipeanacanalytical
techniques hydrolyse thetmthe corresponding aglycons. However the presence of the sugar moieties
provides ample potential for binding to substrates, including via metal morddmscolorants
present in madder and madder-dyed artefacts have largely been concluded to be the aglgdons ali
and purpurin, with very little reference to the glycosides, which may be a@ressmplification of

the actual dyeing system.

Literature examples of madder analysis by HPLC-DAD (Derksen et al.; D&RBsen et al., 2004,
Karapanagiotis et al., 2005) and more recently HBIAD-MS (Derksen et al., 2002; Balakina et, al
2006; Lech & Jarosz, 2011) provide quantitative information of the dyestuffs pregemtp mot
provide any information on the structure of these molecules. The guaaitities of anthraquinones
present in the roots of the plant make isolation of the individual components difficiienoe there
is limited information and spectroscopic data on the structures of thesel mampounds especially
for the glycosidic components.

2. Results and Discussion

Roots of Iranian madder which had previously been dried and ground, were extridictethanol to
give an orange solution. Ethanol was chosen as the extraction solvent as the yieldsides from
ethanol was higher than when using water (Figure 1 and 2) possibly due to water sausing
hydrolysis to the glycosides in the high temperatures used for extratlienglycoside to alizarin
ratio was found to be 236.8rhig cmi® in ethanol, and 21.7:1 mg ¢hin water, hence ethanol was
used for further experimentation.

Solvent was evaporated in vacuo to give an orange powder, which became darker andlsficky if
open to the air overnight, consistent with being a hygroscopic material. Hrgeopowder was
soluble in water, methanol and ethanol. HPLC analysis showed three main peaks iprésent
madder sample: lucidin primeverosidB;(ruberythric acid Z); and alizarin 8). These compounds
were detected using a photodiode array detector with UV/visible data consishetitaiv structures

as follows lucidin primeveroside (Amax = 200, 246, 285 nm), ruberythric acid (Amax = 224, 256 nm)

and alizarin (Amax = 198, 249, 279 nm) (Figure 1). These peaks were identified using commercial
standards of the above compounds which gave the same UV data and retention timeg, tetabl
glycosidic compounds showed by far the largest peaks suggesting that they are much morg abunda
in the plant that the aglycon derivatives shown to be 236.8:1 miggtynoside concentration to
alizarin in the ethanol extract. Hence if there is no further treatmehetdyebath then the main
colorant components are the glycosides, and not the aglycons which is often inferrégrin ot
publications (Liu et al., 2011, Novotna et al., 1999).

It is interesting to observe that in the ethanol extraction almost 100% of tharingl species
recovered were in a glycosylated form. Schweppe (1993) states that in tradigieimgl hydrolysis to
the aglycons occurred during the drying, storage and the dyeing process, angdtbtsis was
required to achieve colour depth. Traditional methods of drying included the use ajrooddrpits
called tandirs to steam the roots of the madder plant, which reduced the volumeoofshie a third.
Steaming may have stimulated the enzymatic hydrolysis of the glycosides to increaiseniti@nce
of the aglycon colorants, which was said to increase the brightness ofothend produce a more



purple red (Cardon, 2007). However, in hotter climates the roots were usuditydeftin air, and in
wet countries the use of stoves to dry the madder roots was employed; thilsaneagenatured
hydrolytic enzymes, inhibiting hydrolysis to aglycons. This may explain why theartw$oin the
Iranian madder used herein did not hydrolyse to the aglycon form during the drying process.

The dried extracts of the madder roots were dissolved in methanol and after 5 edysy@rphous
solid had precipitated out of solution. The liquid was removed by decantid the red solid was
dried under reduced pressure. DMSOmas then added which dissolved the solid, and after 4 days, a
large yellow crystalline needle was obtained. Analysis by X-ray crystallogrgaseythe structure
shown (Figure 3), and a section of the crystal was also used to obtain NMPbatataf which
showed it unambiguously to be ruberythric acjl The data clearly shows ruberythric acid as a
derivative of alizarin, containing a primeveroside disaccharide moiety consistiray glucose
molecule and a terminal xylose, attached through the B-phenolic oxygen of the anthraquinone. Both
sugar moieties are linked the anomeric centre with the B stereochemistry, which is also consistent
with the high coupling constants (J=7.5 Hz) of both sugar anomeric protonsy tiaeitrans-coplanar
relationship with the proton on the adjacent carbon. This is only the second knowsieegfen fully
characterised glycoside-containing anthraquinone, including an X-ray crystal strémioring the
recent structural elucidation of lucidin primeveroside by Henderson et al. (2013).

The pK, of the hydroxyl group P to the carbonyl is 12 in alizarin (Derksen ei., 2002; Drivas et al.,
2011), which is relatively high for a phenol, but arises from the intramolebyi@ogen bond
between the C12 hydroxyl and the C14 carboxyl groups (numbering based on Figure 3) bdnd lengt
2.563(6) A. This intramolecular hydrogen bonding pattern is evident in bottryisl structure of
ruberythric acid shown in this paper and for lucidin primeveroside previously edpétenderson et

al., 2013). Interestingly, there is no evidence of this moiety playin@jar role in intermolecular
interactions, although this may be, at least in part, due to the packing within the crystal latt

The crystal packing (Figure 4) shows that the main intermolecular interactions ae ldurogen
bonding between the sugar moieties. Each ruberythric acid molecule forms hydrogen bondeto anot
two ruberythric acid molecules, which are through the terminal xylose, vitnints two hydrogen
bonds with the glucose of the primeveroside of another ruberythric acid moleculee(bjg The
crystal structure shows significant intermolecular hydrogen bonding besuegms of ruberythric
acid units: O2@H26...037, 2.696 A; 027-H27...036, 2.766 A; 037...H26-026, 2.696 A;
036...H27-027, 2.766 A 5). There is also evidence mat stacking between the
anthraquinone rings with a plane separation of 3.438(7) A (Figure 6). Thesmoieteular
interactions lead to formation of helices along the c-axis, displaying thedlousymmetry of the
space group. Note the structure also shows significant disordered solvent (RNtE@atey
incorporation into the lattice, with some variability in precise orientation.sbh&nt is modelled as
one and a half molecules of water and one and a quarter molecules of DMSO in the asymmetric unit.

What is notable about the crystal structures of ruberythric acid (hereinueidih |primeveroside
(Henderson et al., 2013) is that they both display significant interaction betheaudars in the
lattice; the anthraquinone aglycon moiety does not provide any intermolecular hydmgging
interactions within the latticeThese observations lead to questions of how these dye molecules
interact with textile fibre substrates. Hydrogen bonding interactions e &$ the main attractive
force operating between natural anthraquinonoid dye molecules and textile pdilyrasy either
inherently (e.g. proteinaceous fibres) or upon the addition of a mordant mebkafesdt dyeing (e.g.
cellulosic fibres) (Cardon, 2007; Bechtold, 2009). Accordingly, understanding ringtus¢ and
hydrogen bonding interactions of these natural dye molecules will leachdéoe informed model for



dye-fibre binding and affinity. The importance of glycosides in bindingrations has previously
been overlooked, and this insight is not only interesting in terms of fundamentadrsq@maiperties,
but also aids the development of methods and analytical techniques for extractiordydsttfieom
artefacts.

3. Conclusions

HPLC analysis of extracts of Iranian madder identified three major componkegigin
primeveroside, ruberythric acid and alizarin when using ethanol as a solhentdst abundant
colorant components in the extracts were the glycosides lucidin primeleeias ruberythric acid.

The X-ray crystal structure was solved for ruberythric acid showing tliltogen bonding
interactions between the sugar moieties within the moleautésr than the B-hydroxy ketone of the
anthraquinone. This information provides a deeper understanding of the fundamentaleprocess
controlling dyeing with anthraquinonoid natural dyes, and also improved methods to axulact
analyse dyed artefacts.

4. Experimental
4.1. General procedures and instrumentation

Nuclear magnetic resonance spectra were recordéH far500.23 MHz and fdfC at 75.67 MHz on
a Bruker DRX500 and DP X300 spectrometer respectively using DMS& @ solvent. Chemical
shifts are reported as parts per million (ppm) downfield of tetramethylgitimgiet at 0 ppm) for
proton NMR data. The proton coupling constants are reported as edwaltes and are given in Hz
(multiplicities; s singlet, d doublet, t triplet, g quartet and m multiplet).

Solvents were removed at reduced pressure using a Buchi rotary evaporator at 20 mhea fipllow
further drying under high vacuum at 0.5 mmHg.

HPLC analysis was carried out at 30 °C on a Phenomenex Hyperclgprel@nn, 5-mm particle

size, 250 mm x 4.6 mm [.D column equipped with a guard column. Two solvents were used in the
elution of samples (A) water with 0.1% formic acid and (B) acettmiwith 0.1% formic acid. A
gradient programme was applied that follows a previous paper published by Hendeds¢aCdt3).

0-6 min 27% B; 6-20 min linear increase to 60% B; 20-23 min hold on 602825 min linear
increase to 70% B; 25-35 min hold on 70% B; 35-40 min linear decrease to 2V7be How rate
during the run was 1.0 ml/min. Injections were made by a Basic Marathon autosamgipeequith

a 20 pl loop. This method was carried out on a Dionex Ultimate 3000 HPLC using a diode array
detector. Peaks were detected at 254 nm.

A suitable single crystal was selected for X-ray analysis and immersedriaraoil. Measurements
were carried out at 120K on an Agilent SuperNova diffractometer equippbhdawitAtlas CCD
detector and connected to an Oxford Cryostream low temperature device ugir@@ mi
monochromated Cu & radiation §£ = 1.54184 A) from a Microfocus Nova X-ray source. The
structure was solved by direct methods using SHELXS and refined by a full hegsixsquares
technique based on F2 using SHELXL97.



High resolution electrospray (ESI+) mass spectrometry was performed on a BlaKer Impact
spectrometer, m/z values are reported in Daltons to four decimal places.

Infrared spectra were recorded on a Bruker Alpha Platinum ATR. Samples were aimatigesblid
phase ad absorption maxima (vma) are given in wave numbers (&nto the nearest whole
wavenumber.

4.2. Materials

Alizarin (supplied as 90%) was purchased from Sigma-Aldrich. Ruberyttidc(supplied as 75%)

was purchased from Apin chemicals was shown to be a mixture of ruberytiti@ratilucidin
primeveroside by NMR and HPLC. Deuterated DMSO was purchased from Euriso-Top. Methanol
(HPLC grade) and ethanol (HPLC grade) were purchased from Sigma-Aldrich. HBIEC was
distilled on site. Iranian madder root was purchased from George Weil.

4.3. Ethanol extraction

Dried and ground Iranian madder root (10 g) was immersed in ethanotig8p@nd heated under
reflux with stirring for 3 hours. Solids were removed by filtration telfiltrate was evaporated to
dryness first on a rotary evaporator and then on the high vacuum systenestitisdrin an orange
powder (1.67 g). The sample for HPLC analysis was prepared by dissolving (Orv%vager (100
cnt) and an aliquot taken, then filteritigrough a 0.45 pum syringe filter before being injected into the
HPLC.

4.4, Water extraction

Dried and ground Iranian madder root (0.75 g) was immersed in {@@@cnr) and heated under
reflux with stirring for 3 hours. The solution was filtered and aliquot tatexight from the dyebath

for HPLC analysis and was filtered through a 0.45 um syringe filter before being injected into the
HPLC.

4.5, Recrystallization of ethanol extract

Madder root extract (1.5 g) wag-dissolved into methanol (156n) and sonicated to ensure
everything was re-dissolved; any remaining solid was removed by filtration. Titeosalvas then
left for 5 days after which an amorphous solid was observed in the bottom aistheTthe liquid was
then decanted off and the remaining solid was dried on the high vac system. Delipt8@d~3
ml) was then added to the flask and left open to the air for a furthaysdtd give a large yellow
crystalline needle. Deuterated solvent was used due to the small yields of gmundmproduced and
the need for NMR analysis throughout the process. An X-ray crystal strocttire compound was
recorded, and a segment of the crystal was analys#d &ryd'*C NMR spectroscopy in DMSOgd

'H NMR (500 MHz): & 8.27 (d, 1H, J=9.2 Hz, ¥ 5 8.22 (d, 1H, J=9.2 Hz, ¥ & 7.97 (m, 2H, H®
and H), § 7.77 (d, 1H, J=8.5 Hz, H), § 7.65 (d, 1H, J=8.5 Hz, H'%) aromatic peaks, & 5.47 (d, 1H,
J=5.3 Hz, ¥, § 5.22 (d, 1H, J=5.0 Hz, H*), § 5.20 (d, 1H, J=5.5 Hz, H?®), § 5.09 (d, 1H, J=7.5 Hz,
anomeric glucose ¥), § 5.02 (d, 1H, J=4.8 Hz, &), § 4.95 (d, 1H, J=4.7 Hz, H®), § 4.92 (d, 1H, J=5



Hz, H"), § 4.17 (d, 1H, J=7.5 Hz, anomeric xylose 1. Other sugar hydrogens are seen as multiplets
between 6 3.9-2.9. Hydrogen numbering is based on Figure 3.

3C NMR carried out in @DMSO (500 MHz): aromatic peaks & 188.47 (C*%), & 180.92 (C7), § 151.74
(C*), & 151.12 (C'), 5 135.17 (C™), & 134.31 (C?), & 133.39 (C™), § 132.96 (CY), 5 126.79 (C°), &
126.58 (C), § 125.87 (C?), & 120.79 (C°), 5 120.42 (C3), & 116.23 (C*), anomeric carbons & 103.96
(C"), 8 99.85 (C*°), C-OH sugars & 76.58 (C*), & 76.44 (C?), § 76.07 (C*), & 73.40 (C*Y), & 72.99
(C®), § 69.57 (C%), § 68.26 (C?), § 65.55 (C**, CH, sugars 5 40.05 (C?®), 5 38.94 (C*).

HRMS: m/z (ESI+) calculated for,gH,60:3 [M+ Na]":557.1373; found [M+ N&] 557.1275.

IR spectrum shows characteristic peaks at 3255 @@H stretching), 1667 ctand 1632 cm
(ketones) (Silverstein et al., 1976).

4.6. X-ray crystallography

Ruberythric acid crystallised as orange needles in a tetragonal cell and was sahed4irspace
group, with one molecule and disordered solvent (modelled as one and a half mofesalies and
one and a quarter molecules of DMS§) id the asymmetric unit. There was significant disordered
solvent in the asymmetric unit. This has been modelled as one and a half esotdaubter and one
and a quarter molecules of DMSQ. @©ne molecule of DMSOgchas been modelled with sulfur
disordered across two positions in a 50:50 ratio. The quarter molecul®18$004; is disordered
across a four-fold rotational axis. The correct composition of this DMSIasl been modelled, but
molecular structure has not been refined. Disordered solvent was refined isdyropicaiydrogen
atoms were added to the disordered solvent during refinement, but the correct numbes diast
been added to the molecular formula in the CIF.
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Figure 1. HPLC of ethanol madder extracts: (1) lucidin primeveroside, (2rytitric acid and (3) alizarin.

Ratio of glycosides to alizarin is 236.8:1 mg'tm
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Figure 2. HPLC of water madder extracts: (1) lucidin primeveroside, (2) rtiméeyacid, (3) alizarin and (4)

purpurin. The ratio of glycosides to alizarin is 21.7:1 mgcm



Figure 3. Ellipsoid plot of the crystal structure of ruberythric acid. Ellipsoidsshievn at the 50% probability

level.



Figure 4. Crystal packing diagram of ruberythric acid with water and DMg®ielved down the c-axis. The
diagram also shows hydrogen bonding to the unit square of théagexiof the crystal structure. Ellipsoids are

shown at the 50% probability level.
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Figure 5. Intermolecular hydrogen bonding interactions between ruberythric aitéd Bhipsoids are shown at

the 50% probability Symmetry operations for symmetry generated atomsyi; 2-0.5, 0.5+z; ii: 1.5-y, x-0.5,

0.5+z; iii: 0.5+y, 1.5-x, z-0.5; iv: 0.5+y, 1.5-%, 0.5+z.



Figure 6. n-r stacking between anthraquinone rings with a plane separation of 3.438(7) A.



