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(ABSTRACT) 

The biosynthesis of caldariellaquinone (CQ) has been studied in Sulfolobus 

acidocaldarius using a variety of methods. By growing cells with a series of 

tyrosines labeled with deuterium or ‘°C and measuring the extent and position 

at which label was incorporated into the CQ by mass spectrometry, it was con- 

cluded that the benzo[b]thiophen-4,7-quinone ring of CQ is derived as an intact 

unit from all of the carbons of tyrosine except C-1. Additional work, using 

(3S)-L-(2-?H, 3-?H]-, (3R)-D-[2-?H, 3-?H]-, (3S)-D-[3-?H]-, and (3R)-L-[3-?H]}- 

tyrosine, demonstrated that the pro-3S hydrogen of either D- or L- tyrosine is the 

origin of the C-3 proton of the benzo[bthiophene ring. 

Considering the above information and the structure of CQ, it was con- 

cluded that CQ was most likely biosynthesized by the condensation of 

farnesylfarnesyl pyrophosphate with homogentisic acid (HA) in a reaction anal- 

ogous to that found in the biosynthesis of ubiquinone. The possibility of this re- 

action being involved in the biosynthesis of CQ was supported by the 

identification of farnesylfarnesol, a hydrolytic breakdown product of 

farnesylfarnesyl pyrophosphate, by gas chromatography-mass spectrometry 

(GC-MS) of purified lipid extracts. The possible involvement of HA in CQ



biosynthesis, however, could not be confirmed by five independent methods. The 

possible formation of CQ by the condensation of benzo[b]thiophen-4,7-quinone 

with farnesylfarnesyl pyrophosphate was eliminated by the inability to detect 

benzo[b]thiophen-4,7-quinone in S. acidocaldarius. 

Attempts to identify the tyrosine metabolites leading to CQ by studing the 

metabolisms of tyrosine, 2-fluorotyrosine, and 3-fluorotyrosine in S. 

acidocaldarius lead to the identification of two previously undescribed pathways 

for tyrosine metabolism. These two pathways branch after the conversion of 

tyrosine to 4-hydroxyphenylacetic acid (pHPA). The ability of labeled pDHPA to 

be incorporated into these metabolites, but not into CQ, indicates that the first 

committed step in the biosynthesis of CQ occurs at either tyrosine or a metabolite 

very closely related to tyrosine, e.g., 4-hydroxyphenylpyruvate (pHPP). Analysis 

of the extract of the cells grown with 3-fluorotyrosine showed two fluorine- 

containing compounds, which are likely to be fluoro-analogues of the intermedi- 

ates in the biosynthesis of CQ. However, because of the small amount of these 

two compounds found (24 nmoles/g of wet weight), structural characterization 

was not possible. 

Both the methyl and sulfur groups of the methylthio portion of CQ were 

shown to arise from methionine. Mass spectral analysis of the CQ isolated from 

cells grown in the presence of [°*S-methy/l-?H3]-L-methionine clearly showed, 

however, that the methylthio group of CQ is not derived as an intact unit from 

the methylthio group of methionine. Additional work supported the theory that 

the methionine sulfur first undergoes transsulfuration to cysteine, which then



supplies the sulfur for both the methylthio and the benzo[b]thiophene moieties of 

CQ. This represents the first example of transsulfuration from methionine to 

cysteine occurring in archaebacteria.
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INTRODUCTION 

ARCHAEBACTERIA 

Archaebacteria are considered to form the so-called third kingdom of life, 

distinct from eubacteria and eucaryotes based upon the 16 S rRNA sequence 

(Woese et al., 1978). Archaebacteria are generally found in rather harsh and ex- 

treme environments on all continents of the world and consist of three main 

phenotypes, the extreme halophiles which live in high salt environment, the 

methanogens which live in rumen fluids or sewage sludge, and the sulfur- 

dependent extreme thermoacidophiles which live in hot acid springs. Whether 

these extreme conditions represent the harsh conditions where life began and 

where the archaebacteria have remained since life first evolved, is presently un- 

known (Woese and Fox, 1978), as is the evolutionary relationship among 

eubacteria, eucaryotes, and archaebacteria (Woese, 1987; Gouy and Li, 1990). 

One hypothesis that archaebacteria and eucaryotes are derived from eubacteria, 
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is based on their marked molecular and cellular similarities. These similarities 

include the presence of the histone-like proteins (Reddy and Suryanarayana, 

1989; Green et al., 1983), introns in the tRNA genes (Kaine, 1987), the nature 

of their translational systems (Schmid et al., 1982), ribosomal proteins (Matheson 

et al., 1990), sequence of 5S rRNA (Hori et al., 1979), the properties of 

DNA-dependent RNA polymerase (Puhler et al., 1989), and ATPase (Mukohata 

et al., 1990; Gotarten et al., 1989). Under this hypothesis, extreme thermophiles 

branched off shortly after the divergence between archaebacteria and eucaryotes, 

and methanogens branched off shortly after that (Figure 1, Woese et al., 1990). 

This proposal also explains the closer relationship between thermophilic 

archaebacteria and eucaryotes (Woese, 1990). Despite the close relationship be- 

tween archaebacteria and eucaryotes, archaebacteria also have some features that 

are typically eubacterial, such as the absence of a nuclear membrane, organelles, 

5.8 S rRNA, and a low deoxyribonucleic acid content (Schleifer et al., 1982; De 

Rosa et al., 1986). 

There are other unique biochemical features of archaebacteria which are 

distinct from both eucaryotes and eubacteria. Archaebacteria possess diverse cell 

envelopes and do not have the universal cell wall polymers like most eubacteria. 

The characteristic eubacterial murein is not present in archaebacteria (Konig, 

1989). The most common archaebacterial cell envelope is composed of a regular 

cryStalline array of protein or glycoprotein subunits (Konig, 1989; Phipps et al., 

1990). In contrast to the straight chain of fatty acyl ester-linked glycerolipids 

(with sn-1,2-glycerol) of eubacterial and eucaryotic membranes, archaebacterial 
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Bacteria Archaea Eucarya 

| | 14 
6 15 16 | Euryarchaeota 

12 13 17 

Crenarchaeota ' 13 18 

  

  

Figure 1. Universal phylogenetic tree in rooted form, showing the three do- 
mains (from Woesc et al., 1990): The numbers on the branch 
tips correpond to the following groups of organisms. Bacteria: |, 
the Thermotogales; 2, the Flavobacteria and relatives; 3, the 
Cyanobacteria; 4, the purple bacteria; 5, the Gram(+) bacteria; 
and 6, the green nonsulfur bacteria. Archac: the kingdom 
Crenarchacota: 7, the genus Pyrodictium,; and 8, the genus 
thermoproteus; and the kingdom Euryarchaeota: 9, the 
Thermococcales; 10, the |§Methanococcales; 11, the 
Mcthanobactcrialcs; 12, the methanomicrobiales; and 13, the 
extreme halophiles. Eucarya: 14, the animals; 15, the ciliates; 16, 
the green plants; 17, the fungi; 18, the flagellates; and 19, the 
microsporidia. 
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membranes contain isoprany] ether-linked glycerolipids with sn-2,3-glycerol con- 

figuration (Langworthy, 1985; De Rosa et al., 1986; 1989). The glycerolipids from 

the thermoacidophilic and some methanogenic archaebacteria also contain tetra- 

ethers, which allows for the formations of lipid “monolayer” membranes. The 

glycerolipids from the thermoacidophiles have the additional feature that the 

biphytanyl chains may contain 1-4 linked cyclopentyl rings. The unique isopranyl 

lipid membranes and cell envelope of these cells may be related to the extreme 

conditions in which these organisms live. The tRNA sequence TYCG, which is 

nearly universal in eubacteria and eucaryotes, is not present in archaebacteria. 

Instead, the sequence !-methyl ‘¥‘¥CG is present in most archaebacterial tRNAs 

(Gupta and Woese, 1980). 

Some of the major pathways of glucose catabolism have been investigated 

in the heterotrophic archaebacteria (Danson, 1988). These cells do not use the 

Embden-Meyerhof glycolytic pathway, which is used in eucaryotic cells and a 

large number of anaerobic eubacteria, to metabolize glucose. Instead, they use a 

modified Entner-Doudoroff pathway (Figure 2), which is used in strictly aerobic 

eubacteria. In halobacteria, glucose is oxidized and dehydrated to 

2-keto-3-deoxygluconate prior to the kinase and aldolase reaction. A similar 

pathway has also been found during the fermentation of gluconate by 

Clostridium aceticum and a few other eubacteria (Danson, 1988). In Sulfolobus 

and Thermoplasma spp., glucose is metabolized via an additional modification of 

the Entner-Doudoroff pathway (Danson, 1988). In this pathway glucose is 
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Figure 2. Pathways of glucose catabolism in halophilic and thermophilic 
archaebacteria (from Danson, 1988): The modificd Entner- 
Doudoroff pathway of halophiles (—) and _ the _ non- 
phosphorylated Entner-Doudoroff pathway of S. solfataricus 
and Thermoplasms acidophilum (---—) are shown alongside the 
classic Entner-Doudoroff pathway of eubacteria (~). Conver- 
sion of glyccraldchyde into pyruvate via glycerate (--—) has been 
demonstrated only in Thermoplasms acidophilum. 
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oxidized to pyruvate and glyceraldehyde via 2-keto-3-deoxygluconate without the 

formation of any phosphorylated intermediates. 

The enzymes of the citric acid cycle are present in most heterotrophic and 

autotrophic archaebacteria. The complete citric acid cycle is probably present in 

species of Halobacteria, Sulfolobus, and Thermoplasma (Danson, 1988). 

Sulfolobus may also use a reductive (reverse) citric acid cycle for autotrophic 

growth (Danson, 1988). A number of enzymes from the citric acid cycle have 

been characterized, for example, citrate synthase from halobacteria, Su/folobus, 

and Thermoplasma resembles the enzyme from eucaryotes and the gram-positive 

eubacteria (Lohlein-Werhahn et al., 1988). 

Several specific enzymes in archaebacteria have been isolated, characterized, 

and compared with the same enzymes present in eucaryotes and eubacteria 

(Danson, 1988). A interesting observation from this work is that, unlike 

eucaryotic and eubacterial nicotinamide nucleotide-dependent dehydrogenases 

which are characteristically specific for either NAD* or NADP*, a number of 

dehydrogenases in thermoacidophilic archaebacteria have been found to lack 

specificity toward NAD+ or NADP*. The best studied of these include isocitrate 

dehydrogenase, malate dehydrogenase, and glucose dehydrogenase from 

Sulfolobus acidocaldarius (Danson, 1988). 

There is little known about the biosynthetic pathways in archaebacteria. 

The biosynthesis of a few amino acids in methanogenic archaebacteria has been 

studied (Ekiel et al., 1983). The results are in agreement with most of the amino 

acids being produced by the familiar pathways found in eubacteria and 
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eucaryotes, e. g., arginine is biosynthesized via the ornithine acetyltransferase 

pathway and lysine is biosynthesized via diaminopimelic pathway (Jones et al., 

1987). In contrast, isoleucine is not biosynthesized from threonine, as it is in 

eubacteria and eucaryotes. Instead, isoleucine is biosynthesized from pyruvate 

and acetyl-CoA via citramalate (Ekiel et al., 1984). The biosynthesis of 

nucleosides in methanogenic bacteria is also consistent with established pathways 

(Ekiel et al., 1983). The biosynthesis of archaebacterial glycerolipids has been 

studied and reviewed (Langworthy, 1985; De Rosa et al., 1986; 1989). This work 

has demonstrated that isoprenyl lipids are derived from acetate via the 

mevalonate pathway by the same general biosynthetic pathway operating in 

eucaryotes (Beytia and Porter, 1976). How this biosynthesis compares with the 

isoprenoid biosynthesis in eubacteria is not clear since free acetate and mevalonic 

acid were found not to be involved in the biosynthesis of isoprenoid chain of 

ubiquinone in £. coli (Zhou and White, 1991). The situation is further compli- 

cated by the observation that in halobacteria, H. cutirubium and H. halobium, the 

methyl and methine carbons in phytanyl chain were derived from lysine (Ekiel 

et al., 1986). The mechanisms responsible for this unexpected incorporation are 

far from clear. 

Many unique coenzymes have also been found in archaebacteria, these in- 

clude coenzyme M, methanofuran, Fa20, Fa30, and methanopterin in the 

methanogenic archaebacteria (DiMarco et al., 1990) and caldariellaquinone (CQ) 

in species of Sulfolobus (De Rosa et al., 1977). Each of the coenzymes found in 

methanogenic bacteria is involved in methanogenesis in these bacteria. CQ, on 
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the other hand, as is the case for other naturally occuring quinones, most likely 

plays a role in the electron transport system in Sulfolobus. This idea is further 

supported by the absence of menaquinone and ubiquinone in Sulfolobus (Collins 

and Langworthy, 1983; De Rosa et al., 1977). The half-reduction potential of 

CQ in micelles at pH 6.5 for a two-electron transfer between the fully reduced 

and fully oxidized state is 100 mV, slightly higher than that of regular 

ubiquinones or menaquinones (Schafer et al., 1990a). It was proposed that CQ 

functions as a central pool for reducing equivalent delivered from the 

flavin/iron-sulfur protein, and reoxidized by two alternate cytochrome complexes, 

a cytochrome o and a cytochrome aas3. 

PHENOTYPICAL CHARACTERIZATION OF GENUS 

SULFOLOBUS 

Members of the genus Sulfolobus, together with several other organisms, 

comprise the group of sulfur-dependent thermophilic archaebacteria (Woese, 

1987). Most organisms in this group, except for the genera of Sulfolobus and 

Thermoplasma, are Strictly anaerobic. Only two species of Sulfolobus have been 

validly described to date, S. acidocaldarius and S. solfataricus (Grogan, 1989). 

Both of these species grow optimally at high temperature (70-80°C) and low pH 

(2-4) and display an irregular coccoid shape. Unlike most of the other 

thermophilic archaebacteria, most Sulfolobus spp. can grow either autotrophically 

or heterotrophically on a number of organic compounds including amino acids, 
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yeast extract, and sugar. During autotrophic growth, oxidation of elemental 

sulfur to sulfate, which is repressed by yeast extract (Brock, 1972), serves as the 

sole energy source for the cells. The high growth temperature and acidic growth 

conditions of the Sulfolobus spp. may be responsible for many unique biochemical 

properties that makes these cells different from other organisms. Although 

Sulfolobus spp. grows in extremely acidic environments, they maintain a neutral 

cytoplasmic pH (Schafer et al., 1990a) and all the cytoplasmic enzymes examined 

so far from these cells have all been found to have neutral pH optima (Bartolucci 

et al., 1987; Puchegger et al., 1990; Lohlein-warhahn, 1988; Salhi et al., 1989). 

This large pH gradient across the membrane is most likely maintained by ener- 

getically linked respiration, using a proton-dependent ATP synthetase as is found 

in eucaryotes and eubacteria (Mitchell, 1969). This is supported by observations 

that species of Sulfolobus transduce and conserve respiratory energy by the clas- 

sical proton-driven chemiosmotic mechanism (Shafer et al., 1990a; 1990b; 

Luibben and Shafer, 1989; Moll and Shafer, 1988; Anemuller et al., 1985) where 

in fact the high proton gradient may actually facilitate the energy generation via 

the proton pump (Matin, 1990; Cobley and Cox, 1983). The existence of a 

membrane-bound ATPase has been established in species of Sulfolobus but it is 

not typical of the FoFi-type ATPase found in eucaryotes (Shafer et al., 1990a; 

1990b; Mukohata et al., 1990; Gogarten et al., 1989) although it shares some 

Similarities with the FoF1-type ATPase. 

Some unusual and at present unknown phenotypical characteristics of 

Sulfolobus spp. may also occur in these cells which allow them to grow at such 
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high temperatures (Brock, 1985; Wiegel, 1990). One group of these character- 

istics would have to be concerned with the increased rate of the chemical re- 

actions occurring in the cells. These increased reaction rates could have several 

consequences for the cells. These could include the increased hydrolytic decom- 

position of biomolecules, the increased production of undesirable side reaction 

products and the increase in the rate of metabolic reactions (White, 1984). 

The principal result of the hydrolytic decomposition of biomolecules would 

be the breakdown of peptide bonds in proteins and phosphodiester bonds in 

nucleic acids. In addition, many small molecules, such as coenzymes and 

metabolites, would also be subjected to hydrolytic decompositions. Species of 

Sulfolobus may have evolved several mechanisms to deal with these decompos- 

itions. The easiest solution would be to simply produce the required biomolecules 

at a faster rate in order to replace the hydrolyzed molecules. This, however, does 

not address the problem of what the cell does with.the decomposition products. 

If these are protein derived peptides, they could be broken down by the proteases 

present in these cells (Hanner et al., 1990). If the increased production of cellular 

byproducts is a problem for these cells, they may have evolved mechanisms to 

break down and transport these undesirable products from the cells. An alter- 

native solution for the cells would be to produce biomolecules which are resistant 

to these hydrolytic reactions. This may in fact be one of the reasons for the in- 

creased thermal stability of the enzymes isolated from these cells, although the 

biochemical and molecular basis for the thermostability of proteins as well as 

other macromolecules is still not fully understood (Sharp and Munster, 1986). 
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Alterations in the structure of cofactors to generate thermally stable structures 

are also possible, which may explain why the members of the genus Su/folobus, 

as Well as other thermophiles, contain modified folates (White, unpublished re- 

sults). 

Changes in the rates of metabolic reactions at high temperatures could also 

have profound effects on either the regulation of metabolic pathways or the ac- 

tual alteration of metabolic pathways. This could be one possible reason for the 

differences in the metabolic pathways described for species of Sulfolobus 

(Danson, 1988). 

DISTRIBUTION OF ISOPRENOID QUINONES 

Isoprenoid quinones are present in bacteria, yeast, higher plants, and ani- 

mals. They play important roles in electron transport systems and oxidative 

phosphorylation (Lenaz, 1981). Two major types of isoprenoid quinones have 

been found in nature, the benzoquinones and the naphthoquinones. 

Benzoquinones can be further divided into ubiquinones and plastoquinones, and 

naphthoquinones can be divided into menaquinones (formerly coenzyme K2) and 

phylloquinones (formerly coenzyme K:) (Figure 3). Ubiquinones and 

menaquinones are present in microorganisms, higher plants, and animals; 

whereas plastoquinones and phylloquinones are exclusively found in higher plants 

and some in algae and cyanobacteria. The distribution of isoprenoid quinones in 

bacteria has been reviewed by Collin and Jones (1981) and Collin (1985a). 
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Figure 3. Structures of 

plastoquinone; 
biological quinones: 

Cc) phylloquinone; d) 
a) ubiquinone; 

menaquinone; 
demethylmenaquinone; f) methiomenaquinone. 
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Within procaryotes, ubiquinones have a more restricted distribution than 

menaquinones. Although ubiquinones are present in Gram(-) eubacteria, they 

have not yet been reported in Gram (+) eubacteria nor in archaebacteria (Collin, 

1985a). Various degrees of saturation of the side chain have been found in bac- 

terial menaquinones, whereas bacterial ubiquinones with a partially saturated 

side chain and bacterial quinones with completely saturated side chain have never 

been found. Replacement of the methyl group at C-2 of menaquinones with a 

hydrogen atom leads to demethylmenaquinones, which are found in many Gram 

(-) eubacteria and one species of Gram (+) eubacteria (Streptococcus faecalis), 

but appear to be absent from archaebacteria (Collins, 1985a). Another modifi- 

cation on menaquinones is the substitution of the C-2 methyl group with a 

thiomethyl group to form methiomenaquinone, which is found in a thermophilic 

hydrogen bacterium (Ishii et al., 1983) (Figure 3). 

Generally speaking, aerobic bacteria contain ubiquinones, anaerobic bacte- 

ria contain menaquinones, and facultative anaerobic bacteria contain both 

ubiquinones and menaquinones. For example, E. coli produces only menaquinone 

when grown anaerobically, but produces both ubiquinone and menaquinone 

when grown aerobically. The actual ratio of ubiquinones and menaquinones 

produced was found to change with the oxygen availability (Polgase et al., 1966; 

Whistance and Threlfall, 1968c). 

The respiratory lipoquinone composition has also been studied in 

archaebacteria, which have generally been found to contain menaquinones, but 

have never been found to contain ubiquinones. Aerobic archaebacteria, such as 

INTRODUCTION 13



�T�h�e�r�m�o�p�l�a�s�m�a� �a�n�d� �m�e�m�b�e�r�s� �o�f� �H�a�l�o�b�a�c�t�e�r�i�a�c�e�a�e�,� �c�o�n�t�a�i�n� �m�e�n�a�q�u�i�n�o�n�e�s� �w�i�t�h� 

�u�n�s�a�t�u�r�a�t�e�d� �s�i�d�e� �c�h�a�i�n� �a�s� �t�h�e� �m�a�j�o�r� �l�i�p�o�q�u�i�n�o�n�e� �(�C�o�l�l�i�n�s�,� �1�9�8�5�a�;� �1�9�8�5�b�;� �C�o�l�l�i�n�s� 

�a�n�d� �J�o�n�e�s�,� �1�9�8�1�;� �C�o�l�l�i�n�s� �a�n�d� �L�a�n�g�w�o�r�t�h�y�,� �1�9�8�3�)�.� �S�o�m�e� �a�n�a�e�r�o�b�i�c� �t�h�e�r�m�o�p�h�i�l�i�c� 

�a�r�c�h�a�e�b�a�c�t�e�r�i�a�,� �s�u�c�h� �a�s� �P�y�r�o�c�o�c�c�u�s� �i�s�l�a�n�d�i�c�u�m� �a�n�d� �A�r�c�h�a�e�o�g�l�o�b�u�s� �f�u�l�g�i�d�u�s�,� �c�o�n�-� 

�t�a�i�n� �m�e�n�a�q�u�i�n�o�n�e�s� �w�i�t�h� �f�u�l�l�y� �s�a�t�u�r�a�t�e�d� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n�s� �(�T�i�n�d�a�l�l�,� �1�9�8�9�;� 

�T�i�n�d�a�l�l� �e�t� �a�l�.�,� �1�9�8�9�)�.� �O�t�h�e�r� �a�n�a�e�r�o�b�i�c� �t�h�e�r�m�o�p�h�i�l�i�c� �a�r�c�h�a�e�b�a�c�t�e�r�i�a�,� �s�u�c�h� �a�s� 

�T�h�e�r�m�o�c�o�c�c�u�s� �c�e�l�e�r�,� �D�e�s�u�l�f�u�r�o�c�o�c�c�u�s� �m�u�c�o�s�u�s�,� �a�n�d� �D�e�s�u�l�f�u�r�o�c�o�c�c�u�s� �m�o�b�i�l�i�s�,� �a�r�e� 

�d�e�v�o�i�d� �o�f� �l�i�p�o�q�u�i�n�o�n�e�s� �(�T�h�u�r�l� �e�t� �a�l�.�,� �1�9�8�5�;� �1�9�8�6�)�.� �D�e�s�p�i�t�e� �t�h�e� �l�a�c�k� �o�f� �p�u�b�l�i�s�h�e�d� 

�i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �m�e�t�h�a�n�o�g�e�n�i�c� �a�r�c�h�a�e�b�a�c�t�e�r�i�a� �t�h�e�r�e� �i�s� �n�o� �e�v�i�d�e�n�c�e� �t�o� �d�a�t�e� �t�o� 

�S�u�g�g�e�s�t� �t�h�a�t� �l�i�p�o�q�u�i�n�o�n�e�s� �a�r�e� �p�r�e�s�e�n�t� �i�n� �a�n�y� �o�f� �t�h�e�s�e� �o�r�g�a�n�i�s�m�s� �(�T�i�n�d�a�l�l� �e�t� �a�l�.�,� 

�1�9�8�9�)�.� �I�n� �c�o�n�t�r�a�s�t�,� �a�l�l� �k�n�o�w�n� �m�e�m�b�e�r�s� �o�f� �t�h�e� �g�e�n�e�r�a� �S�u�l�f�o�l�o�b�u�s� �s�y�n�t�h�e�s�i�z�e� �a�n� 

�u�n�u�s�u�a�l� �s�e�r�i�e�s� �o�f� �l�i�p�o�q�u�i�n�o�n�e�s� �c�o�n�t�a�i�n�i�n�g� �b�e�n�z�o�-�[�5�]�-�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �a�n�d� �a� 

�f�u�l�l�y� �s�a�t�u�r�a�t�e�d� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n�.� �I�n� �S�u�l�f�o�l�o�b�u�s� �s�o�l�f�a�t�a�r�i�c�u�s�,� �t�h�e� �m�a�j�o�r� 

�l�i�p�o�q�u�i�n�o�n�e� �c�o�m�p�o�n�e�n�t� �i�s� �c�a�l�d�a�r�i�e�l�l�a�q�u�i�n�o�n�e� �(�C�Q�)� �w�h�i�c�h� �m�a�k�e�s� �u�p� �8�3�%� �o�f� �t�o�t�a�l� 

�l�i�p�o�q�u�i�n�o�n�e� �(�F�i�g�u�r�e� �4�,� �a�)� �(�C�o�l�l�i�n�s� �a�n�d� �L�a�n�g�w�o�r�t�h�y�,� �1�9�8�3�;� �T�h�u�r�l� �e�t� �a�l�.�,� �1�9�8�6�;� 

�L�a�n�z�o�t�t�i� �e�t� �a�l�.�,� �1�9�8�6�;� �T�r�i�c�o�n�e� �e�t� �a�l�.�,� �1�9�8�9�)�.� �T�h�i�s� �S�u�l�f�o�l�o�b�u�s� �s�p�p�.� �a�l�s�o� �c�o�n�t�a�i�n�s� �a� 

�s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�u�l�f�o�l�o�b�u�s�q�u�i�n�o�n�e� �(�S�Q�)� �(�F�i�g�u�r�e� �4�,� �b�,� �5�%� �o�f� �t�o�t�a�l� �l�i�p�o�q�u�i�n�o�n�e�)� 

�a�n�d� �a� �t�r�a�c�e� �a�m�o�u�n�t� �o�f� �t�r�i�c�y�c�l�o�q�u�i�n�o�n�e� �(�T�Q�)� �(�F�i�g�u�r�e� �4�,� �c�)�,� �a�s� �w�e�l�l� �a�s� �o�t�h�e�r� 

�h�o�m�o�l�o�g�o�u�s� �b�e�n�z�o�t�h�i�o�p�h�e�n� �q�u�i�n�o�n�e�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �s�i�d�e� �c�h�a�i�n� �l�e�n�g�t�h�s� �a�n�d�/�o�r� �a� 

�d�i�f�f�e�r�e�n�t� �n�u�m�b�e�r� �o�f� �d�o�u�b�l�e� �b�o�n�d�s�.� �T�h�i�s� �s�a�m�e� �s�e�r�i�e�s� �o�f� �b�e�n�z�o�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e�s� 

�h�a�v�e� �a�l�s�o� �b�e�e�n� �f�o�u�n�d� �i�n� �o�t�h�e�r� �t�h�e�r�m�o�p�h�i�l�i�c� �a�r�c�h�a�e�b�a�c�t�e�r�i�a� �i�n�c�l�u�d�i�n�g� �t�h�r�e�e� �s�t�r�a�i�n�s� 

�o�f� �A�c�i�d�i�a�n�u�s� �a�n�d� �D�e�s�u�l�f�o�l�o�b�u�s� �a�m�b�i�v�a�l�e�n�s� �(�S�e�g�e�r�e�r� �e�t� �a�l�.�,� �1�9�8�6�;� �T�r�i�n�c�o�n�e� �e�t� �a�l�.�,� 

�1�9�8�9�)�.� �I�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� �t�h�a�t� �D�e�s�u�l�f�o�l�o�b�u�s� �a�m�b�i�v�a�l�e�n�s� �c�o�n�t�a�i�n�s� �8�0�%� �o�f� �i�t�s� 
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�t�o�t�a�l� �l�i�p�o�q�u�i�n�o�n�e�s� �a�s� �C�Q� �a�n�d� �2�0�%� �a�s� �S�Q� �w�h�e�n� �g�r�o�w�n� �a�e�r�o�b�i�c�a�l�l�y�,� �b�u�t� �c�o�n�t�a�i�n�s� 

�o�n�l�y� �S�Q� �w�h�e�n� �g�r�o�w�n� �a�n�a�e�r�o�b�i�c�a�l�l�y�.� �C�h�a�n�g�e�s� �i�n� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �q�u�i�n�o�n�e�s� 

�p�r�e�s�e�n�t� �i�n� �S�u�l�f�o�l�o�b�u�s� �w�h�e�n� �g�r�o�w�n� �a�e�r�o�b�i�c�a�l�l�y� �a�s� �o�p�p�o�s�e�d� �t�o� �a�n�a�e�r�o�b�i�c�a�l�l�y� �a�p�-� 

�p�e�a�r�s� �t�o� �h�a�v�e� �n�e�v�e�r� �b�e�e�n� �e�x�a�m�i�n�e�d�.� �T�h�i�s� �i�s� �p�r�o�b�a�b�l�y� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�l�o�w� �g�r�o�w�t�h� 

�r�a�t�e� �o�f� �t�h�e�s�e� �c�e�l�l�s� �w�h�e�n� �g�r�o�w�n� �u�n�d�e�r� �a�n�a�e�r�o�b�i�c� �c�o�n�d�i�t�i�o�n�s� �(�B�r�o�c�k�,� �1�9�7�2�)�.� �T�h�i�s� 

�s�h�i�f�t� �o�f� �q�u�i�n�o�n�e� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �o�x�y�g�e�n� �m�a�y� �b�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �s�u�l�f�u�r� �a�n�d� �e�n�e�r�g�y� 

�m�e�t�a�b�o�l�i�s�m�s� �o�f� �t�h�e�s�e� �s�u�l�f�u�r�-�d�e�p�e�n�d�e�n�t� �a�r�c�h�a�e�b�a�c�t�e�r�i�a�,� �s�i�n�c�e� �t�h�e� �o�n�l�y� �d�i�f�f�e�r�e�n�c�e� 

�b�e�t�w�e�e�n� �C�Q� �a�n�d� �S�Q� �i�s� �o�n�e� �s�u�l�f�u�r� �a�t�o�m�.� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �U�B�I�Q�U�I�N�O�N�E�S� �A�N�D� �P�L�A�S�T�O�Q�U�I�N�O�N�E�S� �I�N� 

�E�U�C�A�R�Y�O�T�E�S� �A�N�D� �E�U�B�A�C�T�E�R�I�A� 

�T�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �b�i�o�l�o�g�i�c�a�l� �q�u�i�n�o�n�e�s� �(�F�i�g�u�r�e� �5�)� �h�a�s� �b�e�e�n� �e�x�t�e�n�s�i�v�e�l�y� 

�s�t�u�d�i�e�d� �i�n� �b�o�t�h� �e�u�c�a�r�y�o�t�e�s� �a�n�d� �e�u�b�a�c�t�e�r�i�a� �(�B�e�n�t�l�e�y� �a�n�d� �M�e�g�a�n�a�t�h�a�n�,� �1�9�8�2�;� �O�l�s�o�n� 

�a�n�d� �R�u�d�n�e�y�,� �1�9�8�3�;� �R�a�m�a�s�a�r�m�a�,� �1�9�8�5�;� �T�h�r�e�l�f�a�l�l� �e�t� �a�l�.�,� �1�9�7�1�)�.� �T�h�e� �b�i�o�s�y�n�t�h�e�t�i�c� 

�p�a�t�h�w�a�y�s� �h�a�v�e� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �u�s�e� 

�o�f� �i�s�o�t�o�p�e� �t�r�a�c�e�r� �m�e�t�h�o�d�o�l�o�g�y�,� �t�h�e� �i�s�o�l�a�t�i�o�n� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �m�u�t�a�n�t�s�,� �a�n�d� 

�t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �e�n�z�y�m�e� �e�x�t�r�a�c�t�s� �c�a�p�a�b�l�e� �o�f� �p�e�r�f�o�r�m�i�n�g� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �r�e�-� 

�a�c�t�i�o�n�s�.� �S�i�n�c�e� �h�i�g�h�e�r� �a�n�i�m�a�l�s� �h�a�v�e� �l�o�s�t� �t�h�e�i�r� �a�b�i�l�i�t�y� �t�o� �s�y�n�t�h�e�s�i�z�e� �a�r�o�m�a�t�i�c� �r�i�n�g�s� 

�f�r�o�m� �s�i�m�p�l�e� �p�r�e�c�u�r�s�o�r�s�,� �t�h�e� �q�u�i�n�o�n�e� �r�i�n�g� �m�u�s�t� �b�e� �d�e�r�i�v�e�d� �f�r�o�m� �d�i�e�t�a�r�y� �s�o�u�r�c�e�s� 

�o�f� �a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s�,� �s�u�c�h� �a�s� �t�y�r�o�s�i�n�e� �a�n�d� �p�h�e�n�y�l�a�l�a�n�i�n�e�.� �I�n� �c�o�n�t�r�a�s�t�,� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� �m�a�n�y� �p�l�a�n�t�s� �a�r�e� �a�b�l�e� �t�o� �s�y�n�t�h�e�s�i�z�e� �a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s� 

�f�r�o�m� �s�u�c�h� �s�i�m�p�l�e� �p�r�e�c�u�r�s�o�r�s� �a�s� �a�c�e�t�a�t�e� �o�r� �g�l�u�c�o�s�e� �v�i�a� �t�h�e� �p�o�l�y�k�e�t�i�d�e� �p�a�t�h�w�a�y� �o�r� 
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� � 

�(�a�)� �R�=�S�C�H�,� �C�a�l�d�a�r�i�e�l�l�a�q�u�i�n�o�n�e� �(�C�Q�)� 

�(�b�)� �R�=�C�H�,� �S�u�l�f�o�l�o�b�u�s�q�u�i�n�o�n�e� �(�S�Q�)� 
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�s�h�i�k�i�m�i�c� �p�a�t�h�w�a�y�.� �T�y�r�o�s�i�n�e� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �t�h�e� �p�r�e�c�u�r�s�o�r� �o�f� 

�u�b�i�q�u�i�n�o�n�e�s� �i�n� �a�n�i�m�a�l�s�,� �f�u�n�g�i�,� �a�n�d� �h�i�g�h�e�r� �p�l�a�n�t�s� �a�n�d� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e�s� �i�n� �h�i�g�h�e�r� 

�p�l�a�n�t�s�.� �I�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �u�b�i�q�u�i�n�o�n�e�s� �i�n� �e�u�c�a�r�y�o�t�e�s�,� �t�y�r�o�s�i�n�e� �i�s� �m�e�t�a�b�o�l�i�z�e�d� 

�t�o� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �w�h�i�c�h� �i�s� �t�h�e�n� �c�o�n�v�e�r�t�e�d� �t�o� �t�h�e� �q�u�i�n�o�n�e� �r�i�n�g� �o�f� 

�u�b�i�q�u�i�n�o�n�e� �w�i�t�h� �o�n�l�y� �t�h�e� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �o�f� �t�y�r�o�s�i�n�e� �b�e�i�n�g� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� 

�t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� �(�F�i�g�u�r�e� �5�)�.� �I�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e�s�,� �b�o�t�h� �t�h�e� �C�-�3� 

�a�n�d� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �q�u�i�n�o�n�e�s� �v�i�a� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �(�W�h�i�s�t�a�n�c�e� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�6�8�a�;� �1�9�6�8�b�;� �1�9�7�0�)�.� �I�n� �m�o�s�t� 

�e�u�b�a�c�t�e�r�i�a�,� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d�,� �t�h�e� �p�r�e�c�u�r�s�o�r� �o�f� �u�b�i�q�u�i�n�o�n�e�s� �i�n� �e�u�c�a�r�y�o�t�e�s�,� �i�s� 

�f�o�r�m�e�d� �d�i�r�e�c�t�l�y� �f�r�o�m� �c�h�o�r�i�s�m�i�c� �a�c�i�d� �w�i�t�h�o�u�t� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �t�y�r�o�s�i�n�e� �(�G�i�b�s�o�n� 

�a�n�d� �G�i�b�s�o�n�,� �1�9�6�2�;� �G�i�b�s�o�n� �a�n�d� �P�i�t�t�a�r�d�,� �1�9�6�8�;� �L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�7�4�)�.� �I�n� �o�n�e� 

�s�t�r�a�i�n� �o�f� �A�e�r�o�b�a�c�t�e�r� �a�e�r�o�g�e�n�e�s�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�y�r�o�s�i�n�e� �c�o�u�l�d� �s�e�r�v�e� �a�s� �a� �S�o�u�r�c�e� 

�o�f� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �w�i�t�h� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �a�s� �a� �l�i�k�e�l�y� �i�n�t�e�r�m�e�d�i�a�t�e� 

�(�G�i�b�s�o�n� �a�n�d� �P�i�t�t�a�r�d�,� �1�9�6�8�;� �L�a�w�r�e�n�c�e� �e�t� �a�l�.�,� �1�9�7�4�)�.� 

�I�n� �b�o�t�h� �e�u�b�a�c�t�e�r�i�a� �a�n�d� �e�u�c�a�r�y�o�t�e�s�,� �p�o�l�y�p�r�e�n�y�l�a�t�i�o�n� �o�n� �t�h�e� �r�i�n�g� �o�c�c�u�r�s� �a�t� �a�n� 

�e�a�r�l�y� �s�t�a�g�e� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s�,� �i�.�e�.�,� �a�t� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �(�D�a�v�e�s� �e�t� �a�l�.�,� �1�9�6�7�;� 

�O�l�s�o�n� �a�n�d� �R�u�d�n�e�y�,� �1�9�8�3�)�.� �M�a�n�y� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �i�n�t�e�r�m�e�d�i�a�t�e�s� �h�a�v�e� �b�e�e�n� �i�d�e�n�-� 

�t�i�f�i�e�d�,� �a�n�d� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �n�o�n�p�o�l�y�p�r�e�n�y�l�a�t�e�d� �c�o�m�p�o�u�n�d�s� �f�a�i�l�e�d� �t�o� �b�e� �i�n�c�o�r�-� 

�p�o�r�a�t�e�d� �i�n�t�o� �u�b�i�q�u�i�n�o�n�e�s� �(�O�l�s�o�n� �a�n�d� �R�u�d�n�e�y�,� �1�9�8�3�)�.� �T�h�e� �p�a�t�h�w�a�y� �f�o�r� �t�h�e� 

�c�o�n�v�e�r�s�i�o�n� �o�f� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �t�o� �u�b�i�q�u�i�n�o�n�e� �i�s� �s�l�i�g�h�t�l�y� �d�i�f�-� 

�f�e�r�e�n�t� �i�n� �e�u�b�a�c�t�e�r�i�a� �a�n�d� �e�u�c�a�r�y�o�t�e�s� �(�F�i�g�u�r�e� �6�)�.� �I�n� �e�u�b�a�c�t�e�r�i�a�,� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� 
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�i�n� �e�u�c�a�r�y�o�t�e�s�,� �t�h�e� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �w�a�s� �f�i�r�s�t� �h�y�d�r�o�x�y�l�a�t�e�d�,� 

�t�h�e�n� �m�e�t�h�y�l�a�t�e�d�,� �a�n�d� �f�i�n�a�l�l�y� �d�e�c�a�r�b�o�x�y�l�a�t�e�d� �t�o� �f�o�r�m� �t�h�e� �s�u�b�s�t�i�t�u�t�e�d� �q�u�i�n�o�n�e� �r�i�n�g�.� 
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�t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �a�t� �a�n� �e�a�r�l�y� �s�t�a�g�e� �(�S�o�l�l� �e�t� �a�l�.�,� �1�9�8�0�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �1�9�8�5�;� 

�T�h�o�m�a�s� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�7�5�)�.� �G�e�n�t�i�s�a�t�e�,� �g�e�n�t�i�s�a�l�d�e�h�y�d�e�,� �g�e�n�t�i�s�y�l� �a�l�c�o�h�o�l�,� �a�n�d� 

�t�o�l�u�q�u�i�n�o�l� �w�h�i�c�h� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �l�i�k�e�l�y� �i�n�t�e�r�m�e�d�i�a�t�e�s�,� �w�e�r�e� �n�o�t� �f�o�u�n�d� �t�o� �b�e� �i�n�-� 

�v�o�l�v�e�d� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �(�W�h�i�s�t�a�n�c�e� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�6�8�a�;� �1�9�6�8�b�;� �1�9�7�0�)�.� �I�t� �w�a�s� 
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�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� 

�Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�I�n� �a� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�y� �o�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �b�y� �D�e� �R�o�s�a� �e�t� �a�l�.� �(�1�9�7�7�)�,� 

�b�o�t�h� �[�1�-�!�2�C�]�-� �a�n�d� �[�2�-�!�*�C�]�-�a�c�e�t�a�t�e� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �e�x�c�l�u�s�i�v�e�l�y� �i�n�t�o� 

�t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �o�f� �t�h�e� �C�Q�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �q�u�i�n�o�n�e� �r�i�n�g� �i�s� �n�o�t� 

�b�i�o�s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �a�c�e�t�a�t�e� �v�i�a� �t�h�e� �p�o�l�y�k�e�t�i�d�e� �p�a�t�h�w�a�y�.� �O�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� 

�S�t�r�u�c�t�u�r�a�l� �s�i�m�i�l�a�r�i�t�i�e�s� �b�e�t�w�e�e�n� �C�Q� �a�n�d� �p�l�a�s�t�o�q�u�i�n�o�n�e� �a�n�d� �u�b�i�q�u�i�n�o�n�e�,� �I�t� �w�a�s� 

�p�o�s�t�u�l�a�t�e�d� �t�h�a�t� �C�Q� �w�a�s� �b�i�o�s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �t�y�r�o�s�i�n�e�,� �w�i�t�h� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�S�e�r�v�i�n�g� �a�s� �l�i�k�e�l�y� �i�n�t�e�r�m�e�d�i�a�t�e� �(�Z�h�o�u� �a�n�d� �W�h�i�t�e�,� �1�9�8�9�)�.� 

�T�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �i�n� �S�u�l�f�o�l�o�b�u�s� �w�a�s� �t�h�u�s� �s�t�u�d�i�e�d� �b�y� �f�e�e�d�i�n�g� �a� �s�e�r�i�e�s� 

�o�f� �t�y�r�o�s�i�n�e�s� �l�a�b�e�l�e�d� �w�i�t�h� �'�°�O�,� �?�H�2�,� �o�r�  ��°�C� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� �e�x�t�e�n�t� �a�n�d� �p�o�s�i�t�i�o�n� 

�a�t� �w�h�i�c�h� �l�a�b�e�l� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �C�Q� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� �I�n� �a�d�d�i�t�i�o�n� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �2�1



�t�o� �t�y�r�o�s�i�n�e�,� �s�e�v�e�r�a�l� �o�t�h�e�r� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s� �w�h�i�c�h� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �l�i�k�e�l�y� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �t�o� �C�Q� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d�,� �f�e�d� �t�o� �g�r�o�w�i�n�g� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �c�e�l�l�s�,� �a�n�d� 

�t�h�e�i�r� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �C�Q� �w�a�s� �m�e�a�s�u�r�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� �T�h�i�s� �w�a�s� �c�a�r�-� 

�r�i�e�d� �o�u�t� �i�n� �t�h�e� �h�o�p�e� �t�h�a�t� �o�n�e� �o�r� �m�o�r�e� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �b�e�t�w�e�e�n� �t�y�r�o�s�i�n�e� �t�o� 

�C�Q� �c�o�u�l�d� �b�e� �i�d�e�n�t�i�f�i�e�d�.� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�I�s�o�t�o�p�i�c�a�l�l�y� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s�.� �L�-�[�a�r�o�m�a�t�i�c�-�'�8�O�]�T�y�r�o�s�i�n�e� �(�7�9�.�1� �a�t�o�m�%� 

�'�8�Q�)� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �L�-�p�-�a�m�i�n�o�p�h�e�n�y�l�a�l�a�n�i�n�e� �u�s�i�n�g� �'�8�O� �w�a�t�e�r� �(�2�.�8� �a�t�o�m!"�%� 

�'�6�O�,� �1�.�8� �a�t�o�m!"�%� �' ��O�,� �a�n�d� �9�5�.�4� �a�t�o�m!"�%� �1�8�0�)� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �E�c�k�e�r�t� �a�n�d� �F�i�a�t� 

�(�1�9�8�6�)�.� �T�h�e� �l�a�b�e�l�e�d� �w�a�t�e�r� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �M�o�n�s�a�n�t�o� �R�e�s�e�a�r�c�h� �C�o�r�p�.� 

�M�o�u�n�d� �F�a�c�i�l�i�t�y�,� �M�i�a�m�i�s�b�u�r�g�,� �O�h�i�o�.� �D�L�-�[�3�,�3�-�*�H�2�]�T�y�r�o�s�i�n�e� �(�9�4� �a�t�o�m�%� �?�H�2�)� �w�a�s� 

�p�r�e�p�a�r�e�d� �b�y� �t�h�e� �c�o�n�d�e�n�s�a�t�i�o�n� �o�f� �t�h�e� �s�o�d�i�u�m� �s�a�l�t� �o�f� �e�t�h�y�l� �a�c�e�t�a�m�i�d�o�c�y�a�n�o�a�c�e�t�a�t�e� 

�w�i�t�h� �[�m�e�t�h�y�l�e�n�e�-�?�H�2�]�-�4�-�m�e�t�h�o�x�y�b�e�n�z�y�l� �b�r�o�m�i�d�e� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�W�h�i�t�e�,� 

�1�9�7�9�)�.� �D�L�-�[�2�-�!�*�C�]�T�y�r�o�s�i�n�e� �(�9�9� �a�t�o�m�%� �1�4�°�C�)� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �a� �s�i�m�i�l�a�r� �m�a�n�n�e�r� 

�b�u�t� �u�s�i�n�g� �d�i�e�t�h�y�l� �[�2�-�'�*�C�]�a�c�e�t�a�m�i�d�o�c�y�a�n�o�a�c�e�t�a�t�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� 

�C�o�.�,� �S�t�.� �L�o�u�i�s�,� �M�o�.� �L�-�[�a�r�o�m�a�t�i�c�-�'�!�*�C�e�]�T�y�r�o�s�i�n�e� �(�9�9� �a�t�o�m�%� �1�3�°�C�)� �w�a�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �C�a�m�b�r�i�d�g�e� �I�s�o�t�o�p�e� �L�a�b�o�r�a�t�o�r�i�e�s�,� �W�o�b�u�r�n�,� �M�a�s�s�.� �(�T�h�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e� �w�a�s� 

�d�i�l�u�t�e�d� �w�i�t�h� �u�n�l�a�b�e�l�e�d� �L�-�t�y�r�o�s�i�n�e� �i�n� �o�r�d�e�r� �t�o� �p�r�e�p�a�r�e� �a� �t�y�r�o�s�i�n�e� �s�a�m�p�l�e� �i�n� �w�h�i�c�h� 

�2�0� �m�o�l�e!"� �o�f� �t�h�e� �t�y�r�o�s�i�n�e�s� �w�a�s� �l�a�b�e�l�e�d�.�)� 

�[�U�-�?�H�s�]�H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �a�c�i�d�-�c�a�t�a�l�y�z�e�d� �e�x�c�h�a�n�g�e� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�i�t�h� �7�H�3�P�O�4� �a�s� �f�o�l�l�o�w�s�.� �H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �2�2



�(�6�9�.�2� �m�g�)� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �4� �m�l� �o�f� �8�5�%� �*�H�3�P�O�4� �(�9�9�%� �a�t�o�m�%� �d�e�u�t�e�r�i�u�m�)� �o�b�-� 

�t�a�i�n�e�d� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� �C�o�.� �a�n�d� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �h�e�a�t�e�d� �a�t� �9�0�°�C� �f�o�r� �3� �h�.� 

�A�f�t�e�r� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �c�o�o�l�e�d�,� �5� �m�l� �o�f� �i�c�e� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� �a�n�d� �m�o�s�t� �o�f� �t�h�e� 

�[�U�-�*�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �p�r�e�c�i�p�i�t�a�t�e�d� �a�n�d� �w�a�s� �c�o�l�l�e�c�t�e�d� �b�y� �f�i�l�t�r�a�t�i�o�n�.� 

�T�h�e� �r�e�m�a�i�n�i�n�g� �[�U�-�?�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �d�i�e�t�h�y�l� �e�t�h�e�r� 

�a�n�d� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �p�r�e�p�a�r�a�t�i�v�e� �t�h�i�n� �l�a�y�e�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�T�L�C�)� �u�s�i�n�g� �e�t�h�y�!� 

�a�c�e�t�a�t�e� �:� �a�c�e�t�i�c� �a�c�i�d� �(�9�:�1� �[�v�o�l�/�v�o�l�]�)�.� �T�h�e� �c�o�m�b�i�n�e�d� �y�i�e�l�d� �o�f� �t�h�e� �p�r�o�d�u�c�t� �w�a�s� �5�8�.�1� 

�m�g�.� �A�n�a�l�y�s�i�s� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �s�h�o�w�e�d� �7�5�.�6� �a�t�o�m!"�%� �w�i�t�h� �5� �d�e�u�t�e�r�i�u�m� �a�n�d� 

�1�7�.�1� �a�t�o�m!"�%� �w�i�t�h� �4� �d�e�u�t�e�r�i�u�m�.� �T�h�e� �[�U�-�?�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �(�5�8�.�1� �m�g�)� 

�w�a�s� �h�y�d�r�o�l�y�z�e�d� �i�n� �0�.�3� �m�l� �o�f� �1�%� �s�o�d�i�u�m� �b�i�s�u�l�f�i�t�e� �a�n�d� �0�.�3� �m�l� �o�f� �1�%� �s�o�d�i�u�m� 

�h�y�d�r�o�x�i�d�e� �s�o�l�u�t�i�o�n� �f�o�r� �1� �h� �a�t� �1�0�0�°�C� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �e�x�-� 

�t�r�a�c�t�e�d� �b�y� �d�i�e�t�h�y�l� �e�t�h�e�r� �a�f�t�e�r� �a�c�i�d�i�f�i�c�a�t�i�o�n� �w�i�t�h� �a�c�e�t�i�c� �a�c�i�d�.� �(�H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e� �i�s� �l�a�t�e�r� �f�o�u�n�d� �t�o� �b�e� �p�a�r�t�i�a�l�l�y� �h�y�d�r�o�l�y�z�e�d� �t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n� �t�h�e� �b�a�c�-� 

�t�e�r�i�a�l� �g�r�o�w�t�h� �m�e�d�i�u�m� �d�u�e� �t�o� �t�h�e� �a�c�i�d�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m� �a�n�d� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� 

�i�n� �w�h�i�c�h� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n�.� �T�h�u�s�,� �h�y�d�r�o�l�y�s�i�s� �o�f� �t�h�e� �[�U�-�?�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e� �t�o� �t�h�e� �a�c�i�d� �i�s� �n�o�t� �r�e�q�u�i�r�e�d�.�)� 

�D�L�-�[�3�,�3�-�?�H�2�]�-�2 ��,�5 ��-�D�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�l�a�n�i�n�e� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� 

�o�f� �[�m�e�t�h�y�l�e�n�e�-�?�H�2�]�-�2 ��,�5 ��-�d�i�m�e�t�h�o�x�y�b�e�n�z�y�l� �b�r�o�m�i�d�e� �w�i�t�h� �d�i�e�t�h�y�l� �a�c�e�t�a�m�i�d�o�-� 

�m�a�l�o�n�a�t�e� �f�o�l�l�o�w�e�d� �b�y� �h�y�d�r�o�l�y�s�i�s� �o�f� �t�h�e� �p�r�o�d�u�c�t� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �S�h�u�l�g�i�n� �a�n�d� �G�a�l� 

�(�1�9�5�3�)�.� �T�h�e� �[�m�e�t�h�y�l�e�n�e�-�?�H�2�]�-�2 ��,�5 ��-�d�i�m�e�t�h�o�x�y�b�e�n�z�y�l� �b�r�o�m�i�d�e� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� 

�t�h�e� �b�e�n�z�y�l� �a�l�c�o�h�o�l� �w�h�i�c�h� �h�a�d� �b�e�e�n� �p�r�e�p�a�r�e�d� �b�y� �L�i�A�l�?�H�4� �r�e�d�u�c�t�i�o�n� �o�f� 
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�[�o�w� �,�o�,�2 ��,�3 ��,�5 ��,�6 ��-�?� �H�e�]�-�4�-�H�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �e�x�-� 

�c�h�a�n�g�i�n�g� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �w�i�t�h� �D�C�I� �a�t� �1�0�0�°�C� �f�o�r� �2�4� �h�r�.� �A�f�t�e�r� �r�e�m�o�v�a�l� 

�o�f� �t�h�e� �D�C�l� �b�y� �e�v�a�p�o�r�a�t�i�o�n�,� �t�h�e� �d�e�u�t�e�r�i�u�m� �o�n� �t�h�e� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �a�n�d� �h�y�d�r�o�x�y� 

�g�r�o�u�p�s� �w�a�s� �e�x�c�h�a�n�g�e�d� �w�i�t�h� �h�y�d�r�o�g�e�n�s� �b�y� �d�i�s�s�o�l�v�i�n�g� �t�h�e� �s�a�m�p�l�e� �i�n� �w�a�t�e�r� �a�n�d� 

�e�v�a�p�o�r�a�t�i�n�g� �t�h�e� �w�a�t�e�r�.� �T�h�e� �d�e�u�t�e�r�i�u�m� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�i�s� �l�a�b�e�l�e�d� 

�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �a�n�d� �N�M�R�.� 

�I�t� �c�o�n�t�a�i�n�e�d� �~�6�0� �a�t�o�m� �%� �o�f� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �6� �d�e�u�t�e�r�i�u�m� �a�n�d� �~�4�0� �a�t�o�m� �%� �o�f� 

�m�o�l�e�c�u�l�e�s� �w�i�t�h� �5� �d�e�u�t�e�r�i�u�m�.� 

�[�1�-�'�*�C�]�-�T�y�r�a�m�i�n�e� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �[�l�-�!�*�C�]�-�2�-�(�p�-� 

�b�e�n�z�y�l�o�x�y�p�h�e�n�y�l�)�a�c�e�t�o�n�i�t�r�i�l�e� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �R�u�s�s�o� �e�t� �a�l�.�,� �(�1�9�8�1�)�.� �T�h�e� �l�a�b�e�l�e�d� 

�n�i�t�r�i�l�e� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �p�-�b�e�n�z�y�l�o�x�y�b�e�n�z�y�l� �c�h�l�o�r�i�d�e� �w�i�t�h� �N�a�!�3�C�N� 

�(�9�9� �a�t�o�m� �%� �!�°�C�,� �C�a�m�b�r�i�d�g�e� �I�s�o�t�o�p�e� �L�a�b�o�r�a�t�o�r�i�e�s�,� �W�o�b�u�r�n�,� �M�A�)�.� 

�[�2�,�2�-�?�H�2�]�-�2�-�(�4�-�H�y�d�r�o�x�y�p�h�e�n�y�l�)�e�t�h�a�n�o�l� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �L�i�A�l�*�H�g� �r�e�-� 

�d�u�c�t�i�o�n� �o�f� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d�.� �T�h�u�s� �1�.�5�2� �g� �o�f� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� 

�a�c�i�d� �w�a�s� �s�u�s�p�e�n�d�e�d� �i�n� �4�0� �m�l� �o�f� �d�i�e�t�h�y�l� �e�t�h�e�r� �a�n�d� �0�.�4�2� �g� �o�f� �L�i�A�I�?�H�a� �i�n� �5� �m�l� �o�f� 

�d�i�e�t�h�y�l� �e�t�h�e�r� �w�a�s� �a�d�d�e�d�.� �A�f�t�e�r� �s�t�i�r�r�i�n�g� �t�h�e� �t�h�i�c�k� �g�r�e�y� �s�u�s�p�e�n�s�i�o�n� �o�v�e�r�n�i�g�h�t� �t�h�e� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �w�o�r�k�e�d� �u�p� �t�o� �g�i�v�e� �0�.�6�4� �g� �o�f� �a�n� �o�i�l� �w�h�i�c�h� �t�u�r�n�e�d� �s�o�l�i�d� �a�f�t�e�r� 

�a� �f�e�w� �h�o�u�r�s�.� �T�h�i�s� �s�o�l�i�d� �p�r�o�d�u�c�t� �w�a�s� �c�r�y�s�t�a�l�i�z�e�d� �f�r�o�m� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� 

�s�h�o�w�e�d� �a�n� �i�n�t�e�n�s�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �1�4�0� �i�n� �i�t�s� �m�a�s�s� �s�p�e�c�t�r�u�m�.� �F�r�o�m� �t�h�e� �i�n�-� 

�t�e�n�s�i�t�i�e�s� �o�f� �i�s�o�t�o�p�e� �i�o�n�s� �o�f� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�n�d� �t�h�e� �m�/�z� �1�0�7� �f�r�a�g�m�e�n�t� �i�o�n�,� �t�h�e� 

�m�o�l�e�c�u�l�e� �w�a�s� �l�a�b�e�l�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �a�t� �l�e�a�s�t� �9�5�%� �w�i�t�h� �t�w�o� �7�H� �o�n� �C�-�2�.� �T�h�i�s� 

�c�o�m�p�o�u�n�d� �w�a�s� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �t�h�e� �t�h�i�o�l� �a�n�a�l�o�g�u�e�,� �[�2�,�2�-�?�H�2�]�-�2�-�(�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�)�-� 

�e�t�h�a�n�e�t�h�i�o�l�,� �b�y� �h�e�a�t�i�n�g� �i�t� �i�n� �5�7�%� �H�I� �c�o�n�t�a�i�n�i�n�g� �t�h�i�o�u�r�e�a� �(�S�e�g�r�e� �e�t� �a�l�.�,� �1�9�5�7�)�.� 
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�[�2�,�2�-�?�H�2�]�-�2�-�(�2�,�5�-�D�i�h�y�d�r�o�x�y�p�h�e�n�y�l�)�e�t�h�a�n�o�l� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �r�e�d�u�c�t�i�o�n� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�i�t�h� �L�i�A�l�?�H�4�.� �T�h�u�s� �t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �d�i�s�-� 

�s�o�l�v�e�d� �i�n� �5� �m�l� �o�f� �T�H�F� �w�a�s� �a�d�d�e�d� �L�i�A�l�*�H�«�4� �(�0�.�1�2�6� �g�)� �d�i�s�s�o�l�v�e�d� �i�n� �1�0� �m�l� �o�f� �d�i�e�t�h�y�l� 

�e�t�h�e�r�.� �A�f�t�e�r� �r�e�f�l�u�x�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �f�o�r� �4� �h�,� �s�a�m�p�l�e� �w�o�r�k�u�p� �a�f�f�o�r�d�e�d� �1�3�5� 

�m�g� �o�f� �c�r�u�d�e� �p�r�o�d�u�c�t� �w�h�i�c�h� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �p�r�e�p�a�r�a�t�i�v�e� �T�L�C�.� �T�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� 

�g�a�v�e� �t�h�e� �e�x�p�e�c�t�e�d� �M�*� �a�t� �m�/�z� �1�5�6�.� �T�h�i�s� �c�o�m�p�o�u�n�d� �w�a�s� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �t�h�e� �t�h�i�o�l� 

�a�n�a�l�o�g�u�e�,� �[�2�,�2�-�?�H�2�]�-�2�-�(�2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�)�e�t�h�a�n�e�t�h�i�o�l�,� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �T�h�e� 

�f�i�n�a�l� �p�r�o�d�u�c�t� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �a�n�d� �g�a�v�e� �t�h�e� �e�x�p�e�c�t�e�d� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� 

�1�7�2�.� 

�G�r�o�w�t�h� �o�f� �b�a�c�t�e�r�i�a�l� �s�t�r�a�i�n�s�.� �S�u�l�f�o�l�o�b�u�s� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �(�A�T�C�C� �3�3�9�0�9�)� �w�e�r�e� 

�g�r�o�w�n� �a�t� �7�0�°�C� �f�o�r� �2� �t�o� �3� �d�a�y�s� �i�n� �a� �p�H� �3�.�0� �m�e�d�i�u�m� �c�o�n�s�i�s�t�i�n�g� �o�f� �2�.�0� �g� �o�f� �y�e�a�s�t� 

�e�x�t�r�a�c�t�,� �1�.�3� �g� �o�f� �(�N�H�4�)�2�S�O�a�,� �0�.�2�8� �g� �o�f� �K�H�2�P�O�a�,� �0�.�2�5� �g� �o�f� �M�g�S�O�a�,� �7�0� �m�g� �o�f� 

�C�a�C�l�2�e�2�H�2�0�,� �a�n�d� �1�0� �m�l� �o�f� �t�r�a�c�e� �m�i�n�e�r�a�l� �s�o�l�u�t�i�o�n� �(�B�r�o�c�k� �e�t� �a�l�.�,� �1�9�7�2�)� �p�e�r� �l�i�t�e�r� �o�f� 

�m�e�d�i�u�m�.� �T�h�e� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �a�d�d�e�d� �a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �s�h�o�w�n� �i�n� 

�T�a�b�l�e� �1�,� �t�h�e� �p�H� �w�a�s� �a�d�j�u�s�t�e�d� �t�o� �3�.�0� �w�i�t�h� �s�u�l�f�u�r�i�c� �a�c�i�d�,� �a�n�d� �t�h�e� �m�e�d�i�u�m� �w�a�s� 

�a�u�t�o�c�l�a�v�e�d�.� 

�T�h�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e� �a�n�d� �t�h�e� �d�e�u�t�e�r�i�a�t�e�d� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�l�a�n�i�n�e� �w�e�r�e� 

�a�l�l� �s�t�a�b�l�e� �w�h�e�n� �i�n�c�u�b�a�t�e�d� �i�n� �t�h�e� �g�r�o�w�t�h� �m�e�d�i�u�m� �a�t� �7�0�°�C� �a�n�d� �w�h�e�n� �a�u�t�o�c�l�a�v�e�d� �i�n� 

�t�h�e� �g�r�o�w�t�h� �m�e�d�i�u�m�.� �H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�w�e�v�e�r�,� �w�a�s� �f�o�u�n�d� �t�o� �u�n�d�e�r�g�o� �a� �s�l�i�g�h�t� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �w�h�e�n� �i�n�c�u�b�a�t�e�d� �i�n� �t�h�e� �g�r�o�w�t�h� �m�e�d�i�u�m� �a�t� �7�0�°�C� �f�o�r� �2� �t�o� �3� �d�a�y�s� �a�n�d� 

�e�v�e�n� �m�o�r�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �w�h�e�n� �a�u�t�o�c�l�a�v�e�d� �i�n� �t�h�e� �g�r�o�w�t�h� �m�e�d�i�u�m�.� �T�h�i�s� �w�a�s� 

�r�e�a�d�i�l�y� �o�b�s�e�r�v�e�d� �b�y� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �b�r�o�w�n� �c�o�l�o�r� �i�n� �t�h�e� �m�e�d�i�u�m�.� �T�h�e� �d�e�-� 

�c�o�m�p�o�s�i�t�i�o�n� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �a�u�t�o�c�l�a�v�i�n�g� �w�a�s� �e�l�i�m�i�n�a�t�e�d� �b�y� �a�d�d�i�n�g� �t�h�e� 
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�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �t�o� �t�h�e� �p�r�e�v�i�o�u�s�l�y� �a�u�t�o�c�l�a�v�e�d� �m�e�d�i�u�m� �a�t� �t�h�e� �t�i�m�e� �o�f� �i�n�o�c�u�l�a�t�i�o�n�.� 

�B�e�c�a�u�s�e� �o�f� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �l�o�w� �p�H� �o�f� �t�h�e� �m�e�d�i�u�m�,� �w�h�i�c�h� �p�r�e�v�e�n�t�e�d� �t�h�e� 

�g�r�o�w�t�h� �o�f� �t�h�e� �o�t�h�e�r� �b�a�c�t�e�r�i�a�,� �n�o� �c�o�n�t�a�m�i�n�a�t�i�o�n� �w�a�s� �e�v�e�r� �o�b�s�e�r�v�e�d� �u�s�i�n�g� �t�h�i�s� 

�p�r�o�c�e�d�u�r�e�.� �A�n�a�l�y�s�i�s�,� �b�y� �T�L�C�,� �o�f� �e�x�t�r�a�c�t�s� �o�f� �t�h�e� �m�e�d�i�u�m� �a�f�t�e�r� �t�h�e� �g�r�o�w�t�h� �o�f� �t�h�e� 

�c�e�l�l�s� �s�h�o�w�e�d� �t�h�a�t� �m�o�s�t� �o�f� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �a�d�d�e�d� �t�o� �t�h�e� �m�e�d�i�u�m� �w�a�s� �s�t�i�l�l� 

�p�r�e�s�e�n�t�.� 

�T�h�e� �d�e�u�t�e�r�i�a�t�e�d� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �g�r�o�w�i�n�g� �c�u�l�-� 

�t�u�r�e� �a�f�t�e�r� �t�h�e� �c�e�l�l� �d�e�n�s�i�t�y� �h�a�d� �r�e�a�c�h�e�d� �a�n� �a�b�s�o�r�b�a�n�c�e� �a�t� �5�4�0� �n�m� �o�f� �0�.�3� �t�o� �0�.�4�,� 

�s�i�n�c�e� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �i�n�h�i�b�i�t�e�d� �t�h�e� �c�e�l�l� �g�r�o�w�t�h� �a�t� �l�o�w�e�r� �c�e�l�l� �d�e�n�s�i�t�i�e�s�.� 

�I�s�o�l�a�t�i�o�n� �o�f� �C�Q�.� �T�h�e� �c�e�l�l�s� �w�e�r�e� �h�a�r�v�e�s�t�e�d� �f�r�o�m� �t�h�e� �g�r�o�w�t�h� �m�e�d�i�u�m� �b�y� 

�c�e�n�t�r�i�f�u�g�a�t�i�o�n� �(�1�0�,�0�0�0� �x� �g�)� �f�o�r� �1�5� �m�i�n�,� �a�n�d� �t�h�e� �c�e�l�l� �p�e�l�l�e�t� �w�a�s� �e�x�t�r�a�c�t�e�d� �f�o�r� �3�0� 

�m�i�n� �w�i�t�h� �C�H�2�C�l�e�2�-�C�H�3�0�O�H� �(�1�:�1� �v�o�l�/�v�o�l�)� �a�t� �5�0�°�C�.� �A�f�t�e�r� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �t�o� �r�e�m�o�v�e� 

�t�h�e� �i�n�s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l�,� �0�.�5� �v�o�l�u�m�e� �o�f� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t�.� �A�f�t�e�r� 

�s�h�a�k�i�n�g� �a�n�d� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �t�h�e� �C�H�2�C�l�2� �l�a�y�e�r� �w�a�s� �s�e�p�a�r�a�t�e�d� �a�n�d� �d�r�i�e�d� �o�v�e�r� 

�a�n�h�y�d�r�o�u�s� �N�a�2�S�O�u�g�,� �a�n�d� �t�h�e� �C�Q� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �(�s�i�l�i�c�a� �g�e�l� �6�0� �F�2�5�4�,� �M�e�r�c�k�)� 

�u�s�i�n�g� �t�h�e� �s�o�l�v�e�n�t� �s�y�s�t�e�m� �h�e�x�a�n�e� �:� �d�i�e�t�h�y�l� �e�t�h�e�r� �(�8�:�2� �v�o�l�/�v�o�l�)�.� �T�h�e� �o�r�a�n�g�e� �C�Q� �s�p�o�t� 

�(�R�-�=� �0�.�3�8�)� �w�a�s� �e�l�u�t�e�d� �w�i�t�h� �C�H�2�C�l�2� �a�n�d� �a�n�a�l�y�z�e�d� �w�i�t�h� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �b�y� �d�i�-� 

�r�e�c�t� �p�r�o�b�e� �i�n�s�e�r�t�i�o�n�.� 

�D�e�r�i�v�a�t�i�z�a�t�i�o�n� �o�f� �C�Q�.� �T�h�e� �c�r�u�d�e� �C�Q� �f�r�a�c�t�i�o�n� �w�a�s� �d�e�r�i�v�a�t�i�z�e�d� �b�y� �t�r�e�a�t�m�e�n�t� 

�w�i�t�h� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e� �a�n�d� �z�i�n�c� �d�u�s�t� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �C�a�m�p�b�e�l�l� �e�t� �a�l�.� �(�1�9�7�1�)� �t�o� 

�p�r�o�d�u�c�e� �t�h�e� �d�i�a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e� �o�f� �d�i�h�y�d�r�o�c�a�l�d�a�r�i�e�l�l�a�q�u�i�n�o�n�e�.� �T�h�e� �d�i�a�c�e�t�a�t�e� �d�e�-� 

�r�i�v�a�t�i�v�e� �o�f� �C�Q� �w�a�s� �t�h�e�n� �p�u�r�i�f�i�e�d� �o�n� �T�L�C� �w�i�t�h� �t�h�e� �s�a�m�e� �s�o�l�v�e�n�t� �s�y�s�t�e�m� �a�s� �d�e�-� 

�s�c�r�i�b�e�d� �a�b�o�v�e�.� 
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�M�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �o�f� �C�Q�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �C�Q� �s�h�o�w�s� �a�n� 

�i�n�t�e�n�s�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �6�3�0�,� �w�h�i�c�h� �a�l�l�o�w�s� �f�o�r� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�-� 

�c�o�r�p�o�r�a�t�i�o�n� �o�f� �s�t�a�b�l�e� �i�s�o�t�o�p�i�c�a�l�l�y� �l�a�b�e�l�e�d� �p�r�e�c�u�r�s�o�r�s� �i�n�t�o� �t�h�e� �e�n�t�i�r�e� �m�o�l�e�c�u�l�e�.� �T�h�e� 

�m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �C�Q� �a�l�s�o� �h�a�s� �f�r�a�g�m�e�n�t� �i�o�n�s� �a�t� �m�/�z� �2�2�5� �(�F�i�g�u�r�e� �7�,� �b�)� �a�n�d� �m�/�z� 

�2�1�2�,� �w�h�i�c�h� �a�l�l�o�w� �f�o�r� �t�h�e� �s�p�e�c�i�f�i�c� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�.� �T�h�u�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� 

�t�h�e� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �e�n�t�i�r�e� �m�o�l�e�c�u�l�e� �a�n�d� �t�h�a�t� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e�-�c�o�n�t�a�i�n�i�n�g� �f�r�a�g�m�e�n�t�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�e�d� 

�i�n�t�o� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�.� 

�T�w�o� �p�r�o�b�l�e�m�s�,� �h�o�w�e�v�e�r�,� �i�n�t�e�r�f�e�r�e�d� �w�i�t�h� �t�h�i�s� �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d� �m�e�a�s�u�r�e�m�e�n�t� 

�o�f� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�i�o�n�.� �T�h�e� �f�i�r�s�t� �w�a�s� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �v�a�r�y�i�n�g� �a�m�o�u�n�t�s� �o�f� �C�Q� �i�n� 

�t�h�e� �c�e�l�l�s� �t�h�a�t� �c�o�n�t�a�i�n�e�d� �o�n�e� �s�i�t�e� �o�f� �u�n�s�a�t�u�r�a�t�i�o�n� �i�n� �t�h�e� �s�i�d�e� �c�h�a�i�n�.� �S�i�n�c�e� �t�h�e� �p�r�o�-� 

�c�e�d�u�r�e� �u�s�e�d� �f�o�r� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �C�Q� �i�s� �u�n�a�b�l�e� �t�o� �s�e�p�a�r�a�t�e� �u�n�s�a�t�u�r�a�t�e�d� �f�r�o�m� �s�a�t�u�-� 

�r�a�t�e�d� �C�Q�,� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �t�h�i�s� �u�n�s�a�t�u�r�a�t�e�d� �C�Q� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �s�a�m�p�l�e�s� 

�f�r�o�m� �w�h�i�c�h� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �u�n�s�a�t�u�r�a�t�e�d� 

�C�Q� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �i�t�s� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �6�2�8� �i�n� �t�h�e� �m�a�s�s� 

�s�p�e�c�t�r�u�m� �o�f� �t�h�e� �C�Q�.� �S�i�n�c�e� �t�h�i�s� �m�o�l�e�c�u�l�e� �c�o�n�t�a�i�n�s� �M�*� �+�1�,� �M�*� �+�2�,� �M�*� �+�3�,� �a�n�d� 

�M�*� �+�4� �i�s�o�t�o�p�e� �p�e�a�k�s� �w�h�i�c�h� �i�n�t�e�r�f�e�r�e� �w�i�t�h� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�t�e�n�s�i�t�i�e�s� �o�f� 

�t�h�e� �r�e�q�u�i�r�e�d� �i�o�n�s�,� �t�h�e�i�r� �o�c�c�u�r�r�e�n�c�e� �m�u�s�t� �b�e� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n� �w�h�e�n� �t�h�e� 

�i�s�o�t�o�p�i�c� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�r�e� �c�a�l�c�u�l�a�t�e�d�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a�s�s�u�m�i�n�g� �t�h�e� 

�n�o�r�m�a�l�i�z�e�d� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �M�*� �+�1�,� �M�*� �+�2�,� �M�*� �+�3�,� �a�n�d� �M�+� �+�4� �t�o� �b�e� �t�h�e� �s�a�m�e� �f�o�r� 

�t�h�e� �u�n�s�a�t�u�r�a�t�e�d� �a�n�d� �s�a�t�u�r�a�t�e�d� �C�Q�.� 
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�S�C�H�3� 

�S� �6� 
�O� 

�C�Q� �M�*� �6�3�0� 

�d�i�s�m�u�t�a�t�i�o�n� 
�(�a�)� 

�O�H� �O�H� 

�S�C�H� �S�C�H� 

�S� �C�H�,�*� �S� 
�O�H� �O�H� �°� 

�m�i�z� �2�2�5� �l�z� �6�3�2� 
�m�l�z� 

�b� �(�b�)� �(�c�)� 

�Q�O� 
�i�l� 

�O�C�C�H�3� 

�S�C�H�3� 

�S� 
�O�C�C�H�s� 

�O� 

�d�i�a�c�e�t�y�l�-�C�Q� 

�M�t� �7�1�6� 

�(�d�)� 

�F�i�g�u�r�e� �7�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �C�Q�.� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �2�8



�A� �m�o�r�e� �s�e�r�i�o�u�s� �p�r�o�b�l�e�m� �i�n� �m�e�a�s�u�r�i�n�g� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �m�o�r�e� �t�h�a�n� �o�n�e� 

�7�H� �o�r� �1�3�C� �w�a�s� �t�h�e� �r�e�d�u�c�t�i�o�n� �(�d�i�s�m�u�t�a�t�i�o�n�)� �o�f� �C�Q� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r�,� �r�e�-� 

�s�u�l�t�i�n�g� �i�n� �t�h�e� �g�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �h�y�d�r�o�q�u�i�n�o�n�e� �o�f� �C�Q� �w�h�i�c�h� �h�a�s� �a� �m�o�l�e�c�u�l�a�r� �i�o�n� 

�a�t� �m�/�z� �6�3�2� �(�F�i�g�u�r�e� �7�,� �I�c�)�.� �T�h�i�s� �r�e�a�c�t�i�o�n�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �i�n� �o�t�h�e�r� 

�q�u�i�n�o�n�e�s�,� �l�e�a�d�s� �t�o� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �M�*� �+�2� �i�o�n�s� �(�A�p�l�i�n� �a�n�d� �P�i�k�e�,� 

�1�9�6�6�;� �D�a�s� �e�t� �a�l�.�,� �1�9�6�5�;� �U�k�a�i� �e�t� �a�l�.�,� �1�9�6�7�)�.� �T�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �M�*� �+�2� �i�o�n� �i�n� �t�h�e� 

�m�a�s�s� �s�p�e�c�t�r�a� �o�f� �C�Q� �v�a�r�i�e�d� �f�r�o�m� �s�a�m�p�l�e� �t�o� �s�a�m�p�l�e� �i�n� �a� �s�e�e�m�i�n�g�l�y� �r�a�n�d�o�m� �f�a�s�h�i�o�n� 

�a�n�d� �c�a�u�s�e�d� �a�n� �~�2�0�%� �e�r�r�o�r� �i�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�t�e�n�s�i�t�y� �o�f� �t�h�e� �M�*� �+�2� �i�o�n� 

�o�f� �C�Q�.� �T�h�i�s� �p�r�o�b�l�e�m� �w�a�s� �s�o�l�v�e�d� �b�y� �c�o�n�v�e�r�t�i�n�g� �C�Q� �t�o� �t�h�e� �h�y�d�r�o�q�u�i�n�o�n�e� �d�i�a�c�e�t�a�t�e� 

�d�e�r�i�v�a�t�i�v�e� �(�F�i�g�u�r�e� �7�,� �d�)�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �t�h�i�s� �d�i�a�c�e�t�a�t�e� �s�h�o�w�s� �a� �m�o�l�e�c�u�l�a�r� 

�i�o�n� �a�t� �m�/�z� �7�1�6�,� �a�n� �i�n�t�e�n�s�e� �f�r�a�g�m�e�n�t� �i�o�n� �a�t� �m�/�z� �6�3�2�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� 

�h�y�d�r�o�q�u�i�n�o�n�e�,� �a�n�d� �a� �f�r�a�g�m�e�n�t� �i�o�n� �a�t� �m�/�z� �2�2�5� �(�F�i�g�u�r�e� �7�)�.� �T�h�e� �i�n�t�e�n�s�e� �m�/�z� �6�3�2� �i�o�n� 

�a�l�l�o�w�s� �f�o�r� �t�h�e� �a�c�c�u�r�a�t�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �i�s�o�t�o�p�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �t�h�e� �e�n�t�i�r�e� 

�m�o�l�e�c�u�l�e� �o�f� �C�Q� �w�i�t�h�o�u�t� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �c�a�u�s�e�d� �b�y� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �m�a�s�s� 

�S�p�e�c�t�r�o�m�e�t�e�r�.� �U�s�i�n�g� �t�h�i�s� �m�e�t�h�o�d� �w�i�t�h� �D�L�-�[�3�,�3�-�2�H�2�]�t�y�r�o�s�i�n�e� �i�t� �w�a�s� �s�h�o�w�n� �(�d�a�t�a� 

�n�o�t� �s�h�o�w�n�)� �t�h�a�t� �n�o� �m�u�l�t�i�p�l�e� �l�a�b�e�l�i�n�g� �o�f� �t�h�e� �C�Q� �w�a�s� �o�b�s�e�r�v�e�d�,� �t�h�e�r�e�f�o�r�e� �t�y�r�o�s�i�n�e� 

�w�a�s� �n�o�t� �m�e�t�a�b�o�l�i�z�e�d� �a�n�d� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �s�i�d�e� �c�h�a�i�n� �o�f� �C�Q�.� �S�i�n�c�e� �t�h�e� �e�x�-� 

�p�e�r�i�m�e�n�t�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s� �r�e�q�u�i�r�e�d� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �o�n�l�y� �a� �s�i�n�g�l�e� �7�H� �o�r� �!�°�C�,� �a�l�l� �o�f� �t�h�e� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�a� 

�o�f� �t�h�e� �l�a�b�e�l�e�d� �C�Q�.� 

�A�n�a�l�y�s�i�s� �o�f� �t�h�e� �i�s�o�t�o�p�i�c� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �a�m�i�n�o� �a�c�i�d�s� �i�n� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�s�.� �T�h�e� 

�i�s�o�t�o�p�i�c� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �7�H� �o�r� �'�7�C� �i�n� �t�h�e� �p�r�o�t�e�i�n�-�b�o�u�n�d� �a�m�i�n�o� �a�c�i�d�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�c�e�l�l�s� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�-�m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �(�G�C�-�M�S�)� �o�f� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �2�9



�t�h�e�i�r� �N�-�(�t�r�i�f�l�u�o�r�o�a�c�e�t�y�l�)� �a�n�d� �N�,� �O�-�b�i�s�(�t�r�i�f�l�u�o�r�o�a�c�e�t�y�l�)� �n�-�b�u�t�y�l� �e�s�t�e�r�s� �a�s� �p�r�e�v�i�o�u�s�l�y� 

�d�e�s�c�r�i�b�e�d� �(�W�h�i�t�e�,� �1�9�8�5�)�.� �I�m�p�o�r�t�a�n�t� �i�o�n�s� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� 

�d�e�r�i�v�a�t�i�v�e� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �8�.� 

�D�e�t�e�c�t�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n� �c�e�l�l�s� �g�r�o�w�n� �w�i�t�h� �t�y�r�o�s�i�n�e�.� �T�h�e� �m�e�d�i�a� �a�f�t�e�r� 

�c�e�l�l� �g�r�o�w�t�h� �w�a�s� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �u�n�d�e�r� �a�c�i�d�i�c� �c�o�n�d�i�t�i�o�n�.� �T�h�e� �e�x�t�r�a�c�t�e�d� 

�p�h�e�n�o�l� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �T�L�C� �a�n�d� �i�d�e�n�t�i�f�i�e�d� �b�y� �s�p�r�a�y�i�n�g� �w�i�t�h� 

�p�h�e�n�o�l� �r�e�a�g�e�n�t� �(�F�o�l�i�n�-�C�i�o�c�l�a�t�e�a�u� �r�e�a�g�e�n�t�)� �(�K�e�i�t�h� �e�t� �a�l�.�,� �1�9�5�8�)�.� �T�h�e� �c�r�u�d�e� �m�e�d�i�a� 

�e�x�t�r�a�c�t� �w�a�s� �a�l�s�o� �t�r�e�a�t�e�d� �w�i�t�h� �T�M�S� �r�e�a�g�e�n�t� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �T�M�S� �d�e�r�i�v�a�t�i�v�e�s� 

�w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �G�C�-�M�S�.� �(�F�o�r� �m�o�r�e� �d�e�t�a�i�l�s� �s�e�e� �t�h�e� �s�e�c�t�i�o�n� �o�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� 

�f�l�u�o�r�o�t�y�r�o�s�i�n�e� �m�e�t�a�b�o�l�i�t�e�s�.�)� 

�E�n�z�y�m�a�t�i�c� �a�n�a�l�y�s�i�s� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �(�F�i�g�u�r�e� �9�)� �i�n� �c�e�l�l� �e�x�t�r�a�c�t�s� �w�a�s� �e�x�a�m�i�n�e�d� �b�y� �a�s�s�a�y�i�n�g� 

�s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c�a�l�l�y� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�x�y�g�e�n�a�s�e� �a�n�d� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� 

�i�s�o�m�e�r�a�s�e� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �C�r�a�w�f�o�r�d� �e�t� �a�l�.� �(�1�9�7�7�)�.� �T�h�e� �a�s�s�a�y� �o�f� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� 

�a�c�i�d� �o�x�y�g�e�n�a�s�e� �i�s� �e�a�s�i�l�y� �a�c�c�o�m�p�l�i�s�h�e�d� �s�i�n�c�e� �i�t�s� �r�i�n�g� �f�u�s�i�o�n� �p�r�o�d�u�c�t� 

�m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �h�a�s� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �i�n�t�e�n�s�e� �U�V�-�v�i�s�i�b�l�e� �a�b�s�o�r�p�t�i�o�n� �s�p�e�c�t�r�u�m�.� 

�T�h�u�s� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �f�r�o�m� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �c�a�n� �b�e� �m�o�n�i�-� 

�t�o�r�e�d� �b�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �o�f� �t�h�e� �p�r�o�d�u�c�t� 

�m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �t�h�e�n� �p�r�o�c�e�e�d�s� �v�i�a� 

�i�s�o�m�e�r�i�z�a�t�i�o�n� �t�o� �f�u�m�a�r�y�l�a�c�e�t�o�a�c�e�t�a�t�e�,� �b�y� �e�i�t�h�e�r� �a� �g�l�u�t�a�t�h�i�o�n�e�-�d�e�p�e�n�d�e�n�t� �o�r� 

�g�l�u�t�a�t�h�i�o�n�e�-�i�n�d�e�p�e�n�d�e�n�t� �r�e�a�c�t�i�o�n�.� �F�o�r� �t�h�e� �a�s�s�a�y� �o�f� �t�h�e� �g�l�u�t�a�t�h�i�o�n�e�-�d�e�p�e�n�d�e�n�t� 

�i�s�o�m�e�r�i�z�a�t�i�o�n�,� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �o�f� �t�h�e� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �f�i�r�s�t� �m�e�a�s�u�r�e�d� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a�d�d�e�d� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �3�0
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�g�l�u�t�a�t�h�i�o�n�e�.� �T�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �i�s� �t�h�e�n� �m�e�a�s�u�r�e�d� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �g�l�u�t�a�t�h�i�o�n�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �g�l�u�t�a�t�h�i�o�n�e�-�d�e�p�e�n�d�e�n�t� �i�s�o�m�e�r�a�s�e�.� 

�T�h�e� �g�l�u�t�a�t�h�i�o�n�e�-�i�n�d�e�p�e�n�d�e�n�t� �r�e�a�c�t�i�o�n�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�s� �m�e�a�s�u�r�e�d� �b�y� �f�o�l�l�o�w�-� 

�i�n�g� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �o�f� �e�x�t�r�a�c�t�s� �t�o� �w�h�i�c�h� �o�n�l�y� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�h�a�s� �b�e�e�n� �a�d�d�e�d�.� 

�T�h�e� �e�n�z�y�m�a�t�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �a�s�s�a�y�e�d� �b�y� �i�n�c�u�b�a�t�i�n�g� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �(�0�.�0�5� �u�M�)� �i�n� �|� �m�l� �0�.�1� �M� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �(�p�H� �7�.�0�)� �w�i�t�h� �c�e�l�l� 
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�i�s� �t�o� �a�l�l�o�w� �f�o�r� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �a�n�d� �r�e�s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� 

�r�i�n�g� �f�r�o�m� �i�t�s� �d�e�g�r�a�d�e�d� �p�r�o�d�u�c�t�s�.� �I�f� �t�h�i�s� �w�a�s� �t�o� �o�c�c�u�r�,� �n�o� �i�n�t�a�c�t� �C�e� �u�n�i�t� �w�o�u�l�d� 

�b�e� �o�b�s�e�r�v�e�d�.� �T�h�a�t� �t�h�e� �t�y�r�o�s�i�n�e� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �a�s� �a� �u�n�i�t� �i�n�t�o� �b�o�t�h� �t�h�e� �c�e�l�l�u�l�a�r� 

�p�r�o�t�e�i�n� �a�n�d� �t�h�e� �b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�e� �r�i�n�g� �o�f� �C�Q� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �d�a�t�a� 

�(�T�a�b�l�e� �|� �o�n� �p�a�g�e� �3�4�,� �e�x�p�e�r�i�m�e�n�t� �2�)�,� �w�h�i�c�h� �s�h�o�w�e�d�,� �f�r�o�m� �b�o�t�h� �t�h�e� �m�/�z� �2�2�5� �a�n�d� 

�M�*� �m�/�z� �6�3�0� �i�o�n�s� �o�f� �t�h�e� �C�Q� �a�n�d� �t�h�e� �m�/�z� �2�6�0� �i�o�n� �o�f� �t�h�e� �N�,�O�-�b�i�s�(�t�r�i�f�l�u�o�r�o�a�c�e�t�y�l�)� 

�n�-�b�u�t�y�l� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� �t�y�r�o�s�i�n�e�,� �t�h�a�t� �L�-�[�a�r�o�m�a�t�i�c�-�'�*�C�e�]�t�y�r�o�s�i�n�e� �i�s� �i�n�-� 

�c�o�r�p�o�r�a�t�e�d� �a�s� �a�n� �i�n�t�a�c�t� �C�e� �u�n�i�t� �i�n�t�o� �b�o�t�h� �t�h�e� �b�e�n�z�o�[�5�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e� �r�i�n�g� �o�f� �t�h�e� 

�C�Q� �a�n�d� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�.� �S�i�n�c�e� �t�h�e� �e�x�t�e�n�t� �o�f� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�i�o�n� �f�o�r� �t�h�e� �m�/�z� 

�2�2�5� �i�o�n� �o�f� �t�h�e� �C�Q� �a�n�d� �t�h�e� �m�/�z� �2�6�0� �i�o�n� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �d�e�r�i�v�a�t�i�v�e� �w�e�r�e� �b�o�t�h� 

�~�1�6�%� �,� �a�n�d� �s�i�n�c�e� �o�n�l�y� �2�0�%� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �m�o�l�e�c�u�l�e�s� �w�e�r�e� �l�a�b�e�l�e�d�,� �t�h�e�n� �~�8�0�%� 

�o�f� �t�h�e� �t�y�r�o�s�i�n�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s� �m�u�s�t� �h�a�v�e� �b�e�e�n� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �f�e�d� �t�y�r�o�s�i�n�e�.� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �3�5



�F�u�r�t�h�e�r�m�o�r�e�,� �s�i�n�c�e� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �'�*�C� �u�n�i�t�s� �o�t�h�e�r� �t�h�a�n� �'�°�C�e� �w�a�s� 

�o�b�s�e�r�v�e�d�,� �t�h�e�r�e� �m�u�s�t� �h�a�v�e� �b�e�e�n� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�y�r�o�s�i�n�e� �a�n�d� 

�r�e�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �c�a�r�b�o�n�s� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �i�n�t�o� �C�Q�.� 

�T�h�e� �o�n�l�y� �h�y�d�r�o�g�e�n� �o�f� �t�y�r�o�s�i�n�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� �r�e�t�a�i�n�e�d� �i�n� �t�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e� �o�f� �C�Q� �w�o�u�l�d� �h�a�v�e� �t�o� �a�r�i�s�e� �f�r�o�m� �o�n�e� �o�f� �t�h�e� �C�-�3� �h�y�d�r�o�-� 

�g�e�n�s� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �s�i�n�c�e� �a�l�l� �o�f� �t�h�e� �o�t�h�e�r� �h�y�d�r�o�g�e�n�s� �a�r�e� �d�i�s�p�l�a�c�e�d� �i�n� �t�h�e� �t�r�a�n�s�-� 

�f�o�r�m�a�t�i�o�n�.� �T�h�i�s� �s�i�n�g�l�e� �h�y�d�r�o�g�e�n� �w�o�u�l�d� �h�a�v�e� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �a�t� �C�-�3� �o�f� �t�h�e� �C�Q�.� 

�T�h�a�t� �t�h�i�s� �h�y�d�r�o�g�e�n� �i�s�,� �i�n� �f�a�c�t�,� �r�e�t�a�i�n�e�d� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �d�a�t�a� �(�T�a�b�l�e� �1� �o�n� 

�p�a�g�e� �3�4�,� �e�x�p�e�r�i�m�e�n�t� �4�a�)�,� �w�h�i�c�h� �s�h�o�w�e�d� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� �d�e�u�t�e�r�i�u�m� 

�i�n�t�o� �t�h�e� �m�/�z� �2�2�5� �f�r�a�g�m�e�n�t� �a�n�d� �M�*� �m�/�z� �6�3�0� �o�f� �t�h�e� �C�Q� �i�s�o�l�a�t�e�d� �f�r�o�m� �c�e�l�l�s� �g�r�o�w�n� 

�w�i�t�h� �D�L�-�[�3�,�3�-�?�H�2�]�t�y�r�o�s�i�n�e�.� �T�h�e� �e�x�t�e�n�t� �o�f� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �d�e�u�t�e�r�i�u�m� �o�r�i�g�i�n�a�t�i�n�g� 

�f�r�o�m� �t�h�e� �d�e�u�t�e�r�i�a�t�e�d� �t�y�r�o�s�i�n�e�,� �h�o�w�e�v�e�r�,� �w�a�s� �m�u�c�h� �l�e�s�s� �t�h�a�n� �t�h�e� �e�x�t�e�n�t� �o�f� �i�n�c�o�r�-� 

�p�o�r�a�t�i�o�n� �o�f� �'�*�C� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �a�n�y� �o�f� �t�h�e� �!�°�C�-�l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s�.� �T�h�i�s� �w�o�u�l�d� 

�i�n�d�i�c�a�t�e� �t�h�a�t�,� �a�t� �s�o�m�e� �s�t�a�g�e� �i�n� �t�h�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �o�f� �t�y�r�o�s�i�n�e� �t�o� �C�Q�,� �t�h�e� �h�y�d�r�o�-� 

�g�e�n�s� �o�r�i�g�i�n�a�l�l�y� �o�n� �t�h�e� �C�-�3� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �m�u�s�t� �e�x�c�h�a�n�g�e� �w�i�t�h� �t�h�e� �h�y�d�r�o�g�e�n�s� �o�f� 

�t�h�e� �w�a�t�e�r�.� �O�n�e� �i�n�t�e�r�m�e�d�i�a�t�e� �w�h�i�c�h� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �e�x�c�h�a�n�g�e� �p�r�o�t�o�n�s� �w�o�u�l�d� 

�b�e� �p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e�,� �w�h�i�c�h� �c�a�n� �b�e� �d�e�r�i�v�e�d� �r�e�v�e�r�s�i�b�l�y� �f�r�o�m� �t�y�r�o�s�i�n�e� �b�y� �a� 

�n�u�m�b�e�r� �o�f� �d�i�f�f�e�r�e�n�t� �r�e�a�c�t�i�o�n�s�.� �T�h�a�t� �t�h�i�s� �e�x�c�h�a�n�g�e� �d�o�e�s�,� �i�n� �f�a�c�t�,� �o�c�c�u�r� �w�a�s� �c�o�n�-� 

�f�i�r�m�e�d� �i�n� �t�h�a�t� �t�h�e� �t�y�r�o�s�i�n�e� �i�n� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n� �w�a�s� �s�h�o�w�n� �t�o� �c�o�n�t�a�i�n� �o�n�l�y� 

�~�2�3�%� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �t�w�o� �d�e�u�t�e�r�i�u�m� �a�n�d� �~�2�7�%� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �a� 

�S�i�n�g�l�e� �d�e�u�t�e�r�i�u�m� �(�T�a�b�l�e� �1� �o�n� �p�a�g�e� �3�4�,� �e�x�p�e�r�i�m�e�n�t� �4�a�)�.� �I�f� �w�e� �a�s�s�u�m�e� �t�h�a�t� 

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �h�a�s� �t�h�e� �s�a�m�e� �l�a�b�e�l� �d�i�s�t�r�i�b�u�t�i�o�n� �a�s� �t�h�e� �c�e�l�l�u�l�a�r� �t�y�r�o�s�i�n�e�,� 

�a�n�d� �t�h�a�t� �t�h�e� �d�e�u�t�e�r�i�a�t�e�d� �t�y�r�o�s�i�n�e� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d� �t�o� �t�h�e� �s�a�m�e� �e�x�t�e�n�t� �a�s� �t�h�e� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �3�6



�'�3�C�-�l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s�,� �t�h�e�n� �t�h�e� �d�e�c�r�e�a�s�e�d� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �d�e�u�t�e�r�i�u�m� �f�r�o�m� �t�h�e� 

�d�e�u�t�e�r�i�a�t�e�d� �t�y�r�o�s�i�n�e� �c�a�n� �b�e� �c�o�m�p�l�e�t�e�l�y� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �t�h�e� �e�x�c�h�a�n�g�e� �f�r�o�m� �t�h�e� 

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e�.� 

�F�e�e�d�i�n�g� �o�f� �'�!�8�O� �t�y�r�o�s�i�n�e� �r�e�s�u�l�t�e�d� �i�n� �n�o� �o�b�s�e�r�v�e�d� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �'�8�O� �i�n�t�o� 

�t�h�e� �C�Q�.� �S�i�n�c�e� �t�h�e� �t�y�r�o�s�i�n�e� �i�n� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �l�a�b�e�l�e�d� �t�o� �a�n� 

�e�x�t�e�n�t� �o�f� �5�6�%� �w�i�t�h� �1�8�O�,� �t�h�e� �'�8�O� �f�r�o�m� �t�h�e� �t�y�r�o�s�i�n�e� �m�u�s�t� �b�e� �l�o�s�t� �e�i�t�h�e�r� �d�u�r�i�n�g� �o�r� 

�a�f�t�e�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �C�Q�.� �E�x�c�h�a�n�g�e� �o�f� �t�h�e� �'�8�O� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �q�u�i�n�o�n�e�,� 

�a�s� �h�a�s� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �o�t�h�e�r� �q�u�i�n�o�n�e�s� �(�S�a�m�u�e�l�,� �1�9�6�2�;� �S�n�y�d�e�r� �a�n�d� �R�a�p�o�p�o�r�t�,� 

�1�9�7�0�)�,� �i�s� �t�h�e� �m�o�s�t� �p�l�a�u�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�i�s� �r�e�s�u�l�t�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �t�h�e� �r�e�-� 

�q�u�i�r�e�d� �h�i�g�h� �g�r�o�w�t�h� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e�s�e� �c�e�l�l�s� �i�s� �c�o�n�s�i�d�e�r�e�d�.� 

�T�h�e� �l�o�g�i�c�a�l� �c�o�n�c�l�u�s�i�o�n� �f�r�o�m� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �t�h�a�t� �a�l�l� �o�f� �t�h�e� �c�a�r�b�o�n�s� �o�f� 

�t�y�r�o�s�i�n�e�,� �e�x�c�e�p�t� �C�-�1�,� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �a�s� �a� �u�n�i�t� �i�n�t�o� �t�h�e� �b�e�n�z�o�[�5�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e�.� 

�T�h�i�s� �c�o�u�l�d� �o�c�c�u�r� �b�y� �m�a�n�y� �d�i�f�f�e�r�e�n�t� �p�a�t�h�w�a�y�s� �a�s� �o�u�t�l�i�n�e�d� �i�n� �F�i�g�u�r�e� �1�0�.� �I�n� �e�a�c�h� 

�o�f� �t�h�e�s�e� �p�a�t�h�w�a�y�s�,� �C�-�2� �a�n�d� �C�-�3� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �s�u�p�p�l�y� �t�h�e� �C�-�2� �a�n�d� �C�-�3� �o�f� �t�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e� �a�n�d� �t�h�e� �a�r�o�m�a�t�i�c� �c�a�r�b�o�n�s� �s�u�p�p�l�y� �t�h�e� �c�a�r�b�o�n�s� �o�f� �t�h�e� 

�s�i�x�-�m�e�m�b�e�r� �r�i�n�g�.� �A�n� �i�m�p�o�r�t�a�n�t� �c�o�n�s�i�d�e�r�a�t�i�o�n� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �w�h�i�c�h� �o�f� �t�h�e� �p�a�t�h�-� 

�w�a�y�s� �i�S� �c�o�r�r�e�c�t� �i�s� �w�h�e�t�h�e�r� �o�r� �n�o�t� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e�.� 

�H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �a�n� �e�s�t�a�b�l�i�s�h�e�d� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �b�o�t�h� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�t�y�r�o�s�i�n�e� �(�W�a�l�s�h�,� �1�9�7�9�;� �Y�o�s�h�i�z�a�k�o� �e�t� �a�l�.�,� �1�9�8�5�)� �i�n� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �a�n�d� �i�n� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e�s� �a�n�d� �t�o�c�o�p�h�e�r�o�l�s� �(�W�h�i�s�t�a�n�c�e� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�6�8�a�;� 

�1�9�6�8�b�;� �1�9�7�0�)� �i�n� �p�l�a�n�t�s�,� �b�u�t� �i�t�s� �f�u�n�c�t�i�o�n� �o�r� �o�c�c�u�r�r�e�n�c�e� �i�n� �s�p�e�c�i�e�s� �o�f� �S�u�l�f�o�l�o�b�u�s� �i�s� 

�u�n�k�n�o�w�n�.� �O�n� �t�h�e� �b�a�s�i�s� �o�f� �t�h�e� �p�a�t�t�e�r�n� �o�f� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�y�r�o�s�i�n�e� �i�n�t�o� �C�Q� �a�n�d� 

�o�n� �t�h�e� �e�s�t�a�b�l�i�s�h�e�d� �b�i�o�s�y�n�t�h�e�t�i�c� �p�a�t�h�w�a�y� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e� �(�W�h�i�s�t�a�n�c�e� �a�n�d� 
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�F�i�g�u�r�e� �1�0�.� �P�o�s�s�i�b�l�e� �p�a�t�h�w�a�y�s� �f�o�r� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q�:� �D�H�P�,� 
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�T�h�r�e�l�f�a�l�l�,� �1�9�6�8�a�;� �1�9�6�8�b�;� �1�9�7�0�)�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �l�i�k�e�l�y� 

�i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �f�r�o�m� �t�y�r�o�s�i�n�e�.� �A�f�t�e�r� �t�r�a�n�s�a�m�i�n�a�t�i�o�n� �t�o� 

�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �(�F�i�g�u�r�e� �1�0�,� �r�e�a�c�t�i�o�n� �a�)�,� �t�h�e� �t�y�r�o�s�i�n�e� �w�o�u�l�d� �b�e� 

�m�e�t�a�b�o�l�i�z�e�d� �t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �b�y� �a� �w�e�l�l�-�k�n�o�w�n� �r�e�a�r�r�a�n�g�e�m�e�n�t� �c�a�t�a�l�y�z�e�d� �b�y� 

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �d�i�o�x�y�g�e�n�a�s�e� �(�F�i�g�u�r�e� �1�0�,� �r�e�a�c�t�i�o�n� �b�)� �(�W�a�l�s�h�,� �1�9�7�9�)�.� 

�F�u�r�t�h�e�r� �r�e�a�c�t�i�o�n�s� �l�e�a�d�i�n�g� �t�o�w�a�r�d� �C�Q� �c�o�u�l�d� �p�r�o�c�e�e�d� �b�y� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �t�h�e� 

�c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �o�f� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �t�o� �a�n� �a�l�d�e�h�y�d�e�,� �r�e�a�c�t�i�o�n� �w�i�t�h� �s�u�l�f�i�d�e�,� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �c�y�c�l�i�z�a�t�i�o�n� �t�o� �f�o�r�m� �b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �(�F�i�g�u�r�e� �1�0�,� �r�e�-� 

�a�c�t�i�o�n� �C�)�.� 

�I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l�e�d� �p�o�t�e�n�t�i�a�l� �i�n�t�e�r�m�e�d�i�a�t�e�s�.� �T�h�e� �p�o�s�s�i�b�l�e� �i�n�v�o�l�v�e�m�e�n�t� 

�o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �i�n� �S�u�l�f�o�l�o�b�u�s� �s�p�p�.� �w�a�s� �t�e�s�t�e�d� �b�o�t�h� 

�b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �s�u�p�p�r�e�s�s�i�o�n� �o�f� �*�H�-� �o�r� �1�°�C�-�l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� 

�C�Q� �b�y� �g�r�o�w�i�n�g� �c�e�l�l�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �a�n�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�U�-�?�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n�t�o� �C�Q�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e�s�e� �e�x�p�e�r�-� 

�i�m�e�n�t�s� �a�r�e� �r�e�p�o�r�t�e�d� �i�n� �T�a�b�l�e� �|� �o�n� �p�a�g�e� �3�4� �(�e�x�p�e�r�i�m�e�n�t�s� �|�b�,� �4�b�,� �a�n�d� �3�)�.� �N�o� �s�u�p�-� 

�p�r�e�s�s�i�o�n� �o�f� �[�3�,�3�-�?�H�2�]�t�y�r�o�s�i�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �C�Q� �b�y� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� 

�o�b�s�e�r�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t� �4�b�,� �w�h�e�r�e�a�s� �a�b�o�u�t� �1�0�%� �s�u�p�p�r�e�s�s�i�o�n� �o�f� �[�2�-�'�*�C�]�t�y�r�o�s�i�n�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �b�y� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t� �|�b�.� �I�n� �e�x�p�e�r�i�m�e�n�t� 

�3�,� �l�a�b�e�l� �f�r�o�m� �t�h�e� �(�U�-�?�H�s�]�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �n�o�t� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �C�Q�.� 

�M�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �d�e�u�t�e�r�i�u�m� �f�r�o�m� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n�t�o� 

�t�h�e� �c�e�l�l�u�l�a�r� �a�m�i�n�o� �a�c�i�d�s� �b�y� �G�C�-�M�S� �s�h�o�w�e�d� �l�e�s�s� �t�h�a�n� �1�%� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� 

�a�l�a�n�i�n�e�,� �a�s�p�a�r�t�i�c� �a�c�i�d�,� �g�l�u�t�a�m�i�c� �a�c�i�d�,� �g�l�y�c�i�n�e�,� �i�s�o�l�e�u�c�i�n�e�,� �l�e�u�c�i�n�e�,� �p�h�e�n�y�l�a�l�a�n�i�n�e�,� 

�p�r�o�l�i�n�e�,� �s�e�r�i�n�e�,� �t�h�r�e�o�n�i�n�e�,� �a�n�d� �v�a�l�i�n�e�.� �T�h�u�s�,� �t�h�e� �1�0�%� �r�e�d�u�c�t�i�o�n� �i�n� �t�y�r�o�s�i�n�e� �i�n�-� 
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�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �C�Q� �b�y� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�b�s�e�r�v�e�d� �i�n� �e�x�p�e�r�i�m�e�n�t� �1�b�,� �d�i�d� �n�o�t� 

�a�p�p�e�a�r� �t�o� �r�e�s�u�l�t� �f�r�o�m� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �t�o� �C�Q� �b�u�t� �f�r�o�m� �t�h�e� 

�d�e�c�r�e�a�s�e�d� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�.� �T�h�i�s� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �d�e�c�r�e�a�s�e� 

�i�n� �%� �1�4�°�C� �i�n� �t�h�e� �t�y�r�o�s�i�n�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s� �f�r�o�m� �8�1�.�1� �t�o� �6�9�.�9�.� �T�h�e�s�e� �n�e�g�a�t�i�v�e� 

�r�e�s�u�l�t�s� �d�o� �n�o�t� �p�r�o�v�e� �o�r� �d�i�s�p�r�o�v�e� �t�h�a�t� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �C�Q� 

�b�i�o�s�y�n�t�h�e�s�i�s� �a�s� �t�h�e� �c�e�l�l� �m�a�y� �s�i�m�p�l�y� �b�e� �u�n�a�b�l�e� �t�o� �t�a�k�e� �u�p� �t�h�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� 

�A�n�o�t�h�e�r� �m�e�t�h�o�d� �t�h�a�t� �c�o�u�l�d� �b�e� �u�s�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �p�o�s�s�i�b�l�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s� �i�s� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �i�n� 

�f�a�c�t� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s� �o�r� �t�h�e� �m�e�d�i�u�m� �f�r�o�m� �c�e�l�l�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �g�r�o�w�n� �w�i�t�h� 

�t�y�r�o�s�i�n�e�.� �T�h�u�s�,� �c�e�l�l�s� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�e�r�e� �g�r�o�w�n� �i�n� �a� �m�e�d�i�u�m� �s�u�p�p�l�e�m�e�n�t�e�d� 

�w�i�t�h� �L�-�t�y�r�o�s�i�n�e� �(�5�0� �m�g�/�1�0�0� �m�l�)� �a�n�d� �a�f�t�e�r� �s�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �c�e�l�l�s� �f�r�o�m� �t�h�e� �m�e�d�i�u�m� 

�b�o�t�h� �w�e�r�e� �a�c�i�d�i�f�i�e�d� �a�n�d� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �t�o� �r�e�c�o�v�e�r� �a�n�y� �h�o�m�o�g�e�n�t�i�s�i�c� 

�a�c�i�d� �t�h�a�t� �m�a�y� �h�a�v�e� �b�e�e�n� �p�r�e�s�e�n�t�.� �A�f�t�e�r� �T�L�C� �p�u�r�i�f�i�c�a�t�i�o�n�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� 

�a�s�s�a�y�e�d� �b�y� �G�C�-�M�S� �o�f� �i�t�s� �(�T�M�S�)�3� �d�e�r�i�v�a�t�i�v�e�.� �H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�w�e�v�e�r�,� �c�o�u�l�d� 

�o�n�l�y� �b�e� �d�e�t�e�c�t�e�d� �i�n� �t�h�e�s�e� �e�x�t�r�a�c�t�s� �w�h�e�n� �i�t� �w�a�s� �a�d�d�e�d� �a�s� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� �t�o� 

�t�h�e� �a�n�a�l�y�t�i�c�a�l� �p�r�o�c�e�d�u�r�e�.� 

�A�n�o�t�h�e�r� �a�p�p�r�o�a�c�h� �w�h�i�c�h� �w�a�s� �u�s�e�d� �t�o� �t�r�y� �t�o� �e�s�t�a�b�l�i�s�h� �i�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�w�a�s� �i�n�v�o�l�v�e�d� �i�n� �t�y�r�o�s�i�n�e� �m�e�t�a�b�o�l�i�s�m� �b�y� �S�u�l�f�o�l�o�b�u�s� �w�a�s� �t�o� �e�s�t�a�b�l�i�s�h� �i�f� �c�e�l�l� �e�x�t�r�a�c�t�s� 

�c�o�u�l�d� �m�e�t�a�b�o�l�i�z�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a�s�s�a�y�i�n�g� �f�o�r� �t�h�e� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�x�y�g�e�n�a�s�e� �a�n�d� �i�s�o�m�e�r�a�s�e� �a�c�t�i�v�i�t�y� �i�n� �c�e�l�l� �e�x�t�r�a�c�t�s�.� �A�t�t�e�m�p�t�s� �t�o� 

�m�e�a�s�u�r�e� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �t�o� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �i�n� �c�e�l�l� �e�x�t�r�a�c�t�s� 

�b�y� �m�e�a�s�u�r�i�n�g� �c�h�a�n�g�e�s� �i�n� �A�3�2�0� �s�h�o�w�e�d� �i�n�s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e�s� �(�l�e�s�s� �t�h�a�n� �0�.�0�0�5� 

�A�/�m�i�n�)�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �g�l�u�t�a�t�h�i�o�n�e�,� �h�o�w�e�v�e�r�,� �d�i�d� �n�o�t� �h�a�v�e� �m�u�c�h� �e�f�f�e�c�t�s� �o�n� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�0



�a�b�s�o�r�b�a�n�c�e� �c�h�a�n�g�e� �(�i�n�c�r�e�a�s�e�d� �t�h�e� �r�a�t�e� �o�f� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �c�h�a�n�g�e� �b�y� �0�.�0�0�2�/�m�i�n�)�.� 

�T�h�e� �s�a�m�e� �r�e�s�u�l�t�s�,� �h�o�w�e�v�e�r�,� �w�e�r�e� �o�b�s�e�r�v�e�d� �b�y� �a�d�d�i�n�g� �f�~�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �i�n�s�t�e�a�d� 

�o�f� �g�l�u�t�a�t�h�i�o�n�e� �a�n�d� �b�y� �i�n�c�u�b�a�t�i�n�g� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �g�l�u�t�a�t�h�i�o�n�e�,� �a�n�d� �a� �h�e�a�t� �d�e�-� 

�n�a�t�u�r�e�d� �c�e�l�l� �e�x�t�r�a�c�t�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �t�h�u�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �o�b�s�e�r�v�e�d� �s�m�a�l�l� �i�n�c�r�e�a�s�e� 

�i�n� �a�b�s�o�r�b�a�n�c�e� �w�a�s� �n�o�t� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �e�n�z�y�m�a�t�i�c� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� 

�T�h�e� �s�m�a�l�l� �i�n�c�r�e�a�s�e� �i�n� �a�b�s�o�r�b�a�n�c�e� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �g�l�u�t�a�t�h�i�o�n�e� �i�n�d�i�c�a�t�e�d� �e�i�t�h�e�r� 

�t�h�a�t� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �e�n�z�y�m�a�t�i�c� �a�c�t�i�v�i�t�y� �f�o�r� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l� �e�x�t�r�a�c�t�,� �o�r� �t�h�a�t� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �m�a�l�e�y�l�a�c�e�t�o�a�c�e�t�a�t�e� �i�s� �a� 

�g�l�u�t�a�t�h�i�o�n�e�-�i�n�d�e�p�e�n�d�e�n�t� �n�o�n�e�n�z�y�m�a�t�i�c� �p�r�o�c�e�s�s� �a�n�d� �o�c�c�u�r�s� �f�a�s�t�e�r� �t�h�a�n� �i�t�s� �f�o�r�m�a�-� 

�t�i�o�n� �f�r�o�m� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �S�i�n�c�e� �t�h�i�s� �l�a�s�t� �o�p�t�i�o�n� �h�a�s� �n�o�t� �b�e�e�n� �o�b�s�e�r�v�e�d� �i�n� �o�t�h�e�r� 

�e�x�t�r�a�c�t�s�,� �t�h�i�s� �w�o�u�l�d� �i�n�d�i�c�a�t�e� �t�h�a�t� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �n�o�t� �m�e�t�a�b�o�l�i�z�e�d� �b�y� �t�h�e�s�e� 

�c�e�l�l�s�.� �[�I�t� �i�s� �p�o�s�s�i�b�l�e� �t�h�a�t� �H�A� �o�x�y�g�e�n�a�s�e� �i�s� �c�o�l�d� �l�a�b�i�l�e� �t�h�u�s� �a�c�c�o�u�n�t�i�n�g� �f�o�r� �t�h�e� �l�a�c�k� 

�o�f� �a�c�t�i�v�i�t�y�,� �t�h�i�s� �s�e�e�m�s� �u�n�l�i�k�e�l�y� �s�i�n�c�e� �t�h�e� �p�r�e�v�i�o�u�s� �w�o�r�k� �f�o�r� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�h�i�s� 

�e�n�z�y�m�e� �f�r�o�m� �o�t�h�e�r� �c�e�l�l�s� �w�a�s� �d�o�n�e� �a�t� �0�°�C� �(�C�r�a�w�f�o�r�d�,� �1�9�7�7�)�.�]� 

�T�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �o�b�t�a�i�n� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�a�S� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s� �p�r�o�m�p�t�e�d� �t�h�e� �t�e�s�t�i�n�g� �o�f� �s�e�v�e�r�a�l� �o�t�h�e�r� �p�o�s�-� 

�s�i�b�l�e� �p�r�e�c�u�r�s�o�r�s� �f�o�r� �C�Q�.� �S�i�n�c�e� �a�l�l� �t�h�e� �c�a�r�b�o�n�s� �o�f� �t�y�r�o�s�i�n�e� �e�x�c�e�p�t� �C�-�1� �a�r�e� �i�n�c�o�r�-� 

�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�,� �t�h�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �c�a�r�b�o�n� �s�t�r�u�c�t�u�r�e� �t�h�a�t� �o�c�c�u�r�s� �d�u�r�i�n�g� 

�t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �a� �c�r�i�t�i�c�a�l� �s�t�e�p� 

�i�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s�.� �H�o�w�e�v�e�r�,� �i�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �i�s� �n�o�t� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e�,� �t�h�i�s� 

�r�e�a�r�r�a�n�g�e�m�e�n�t� �m�u�s�t� �o�c�c�u�r� �i�n� �s�o�m�e� �o�t�h�e�r� �m�a�n�n�e�r�.� �I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �d�e�t�e�r�m�i�n�e� �j�u�s�t� 

�h�o�w� �t�h�i�s� �r�e�a�r�r�a�n�g�e�m�e�n�t� �c�o�u�l�d� �o�c�c�u�r�,� �I�t� �w�a�s� �r�e�c�o�n�s�i�d�e�r�e�d� �t�h�a�t� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �s�y�n�t�h�e�s�i�s� �f�r�o�m� �p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e�.� �T�h�e� �e�n�z�y�m�e� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�1



�c�a�t�a�l�y�z�i�n�g� �t�h�i�s� �r�e�a�c�t�i�o�n� �h�a�s� �b�e�e�n� �f�o�u�n�d� �t�o� �a�c�t� �a�s� �a� �d�i�o�x�y�g�e�n�a�s�e� �w�i�t�h� �o�n�e� �o�f� �t�h�e� 

�o�x�y�g�e�n�s� �o�f� �d�i�o�x�y�g�e�n� �b�e�i�n�g� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �2� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �h�o�m�o�g�e�n�t�i�s�a�t�e� 

�a�n�d� �t�h�e� �o�t�h�e�r� �i�n�t�o� �t�h�e� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e� �(�J�e�f�f�o�r�d� �a�n�d� 

�C�a�d�b�y�,� �1�9�8�1�;� �L�e�i�n�b�e�r�g�e�r� �e�t� �a�l�.�,� �1�9�8�1�;� �L�i�n�d�b�l�a�d� �e�t� �a�l�.�,� �1�9�7�0�)�.� �T�h�i�s� �r�e�a�c�t�i�o�n�,� 

�h�o�w�e�v�e�r�,� �c�o�u�l�d� �e�a�s�i�l�y� �b�e� �b�r�o�k�e�n� �d�o�w�n� �i�n�t�o� �t�w�o� �s�e�p�a�r�a�t�e� �s�t�e�p�s�.� �I�n� �t�h�e� �f�i�r�s�t� �s�t�e�p� 

�(�F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�,� �r�e�a�c�t�i�o�n� �d�)�,� �a�n� �o�x�i�d�a�t�i�v�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �w�o�u�l�d� �c�o�n�v�e�r�t� 

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �i�n�t�o� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e�.� �T�h�i�s� �c�o�m�p�o�u�n�d�,� �i�n� 

�t�u�r�n�,� �c�o�u�l�d� �b�e� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �h�o�m�o�g�e�n�t�i�s�a�t�e� �b�y� �a�n� �o�x�i�d�a�t�i�v�e� �d�e�c�a�r�b�o�x�y�l�a�t�i�o�n� 

�(�F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�,� �r�e�a�c�t�i�o�n� �e�)�.� �T�h�i�s� �t�w�o�-�s�t�e�p� �o�x�i�d�a�t�i�o�n� �h�a�s� �b�e�e�n� �i�n� �f�a�c�t� �o�b�-� 

�s�e�r�v�e�d� �b�y� �Y�u�a�s�a� �e�t� �a�l�.� �(�1�9�7�8�)� �i�n� �t�y�r�o�s�i�n�e� �m�e�t�a�b�o�l�i�s�m� �i�n� �A�s�p�e�r�g�i�l�l�u�s� �s�o�j�a�e�.� �\�f� �t�h�e� 

�f�i�r�s�t� �o�x�i�d�a�t�i�v�e� �r�e�a�r�r�a�n�g�e�m�e�n�t� �i�s� �f�o�l�l�o�w�e�d� �b�y� �a� �n�o�n�o�x�i�d�a�t�i�v�e� �d�e�c�a�r�b�o�x�y�l�a�t�i�o�n� 

�(�F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�,� �r�e�a�c�t�i�o�n� �f�)�,� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �c�o�u�l�d� �b�e� �c�o�n�-� 

�v�e�r�t�e�d� �t�o� �t�h�e� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�y�l�a�l�d�e�h�y�d�e�.� �T�h�i�s� �r�e�s�u�l�t�i�n�g� �a�l�d�e�h�y�d�e� �w�o�u�l�d� 

�t�h�e�n� �b�e� �c�o�n�v�e�r�t�e�d� �t�o� �a� �t�h�i�o�l� �b�y� �a� �r�e�a�c�t�i�o�n� �s�e�q�u�e�n�c�e� �r�e�c�e�n�t�l�y� �d�i�s�c�o�v�e�r�e�d� �i�n� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �c�o�e�n�z�y�m�e� �M� �a�n�d� �7�-�m�e�r�c�a�p�t�o�h�e�p�t�a�n�o�i�c� �a�c�i�d� �(�W�h�i�t�e�,� �1�9�8�5�;� �1�9�8�6�;� 

�1�9�8�9�)�.� �O�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �h�y�d�r�o�q�u�i�n�o�n�e� �t�o� �t�h�e� �q�u�i�n�o�n�e� �w�o�u�l�d� �a�l�l�o�w� �f�o�r� �t�h�e� �a�d�d�i�-� 

�t�i�o�n� �o�f� �t�h�e� �t�h�i�o�l� �i�n�t�o� �t�h�e� �q�u�i�n�o�n�e� �t�o� �g�e�n�e�r�a�t�e� �a� �d�i�h�y�d�r�o�t�h�i�o�p�h�e�n�e� �r�i�n�g�.� 

�D�e�h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �t�h�e� �C�-�2�,� �C�-�3� �b�o�n�d� �o�f� �t�h�e� �h�y�d�r�o�t�h�i�o�p�h�e�n�e� �w�o�u�l�d� �t�h�e�n� 

�p�r�o�d�u�c�e� �t�h�e� �d�e�s�i�r�e�d� �b�e�n�z�o�t�h�i�o�p�h�e�n�q�u�i�n�o�n�e� �n�u�c�l�e�u�s�.� �A�d�d�i�t�i�o�n� �o�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� 

�s�i�d�e� �c�h�a�i�n� �a�n�d� �t�h�e� �t�h�i�o�m�e�t�h�y�l� �g�r�o�u�p� �w�o�u�l�d� �c�o�m�p�l�e�t�e� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� 

�(�F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�)�.� 

�G�r�o�w�i�n�g� �c�e�l�l�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �[�3�,�3�-�?�H�2�]�-�2 ��,�5 ��-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�l�a�n�i�n�e�,� 

�w�h�i�c�h� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �u�n�d�e�r�g�o� �a� �t�r�a�n�s�a�m�i�n�a�t�i�o�n� �t�o� �t�h�e� �r�e�q�u�i�r�e�d� �k�e�t�o�a�c�i�d� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�2



�d�i�d� �n�o�t� �l�e�a�d� �t�o� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �d�e�u�t�e�r�i�u�m� �i�n�t�o� �C�Q�.� �P�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�i�s� 

�n�e�g�a�t�i�v�e� �r�e�s�u�l�t� �a�r�e� �t�h�a�t� �e�i�t�h�e�r� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �i�s� �n�o�t� �a� �p�r�e�c�u�r�s�o�r� �t�o� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �t�h�a�t� �t�h�e� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d� �w�a�s� �n�o�t� �t�a�k�e�n� �u�p� �b�y� �t�h�e� �c�e�l�l�s�,� �o�r� 

�t�h�a�t� �t�h�e� �d�e�s�i�r�e�d� �k�e�t�o�a�c�i�d� �w�a�s� �n�o�t� �p�r�o�d�u�c�e�d�.� 

�T�h�e�r�e� �a�r�e�,� �o�f� �c�o�u�r�s�e�,� �m�a�n�y� �o�t�h�e�r� �p�o�s�s�i�b�l�e� �p�a�t�h�w�a�y�s� �w�h�e�r�e�b�y� �t�h�e� �r�e�q�u�i�r�e�d� 

�c�a�r�b�o�n�s� �o�f� �t�y�r�o�s�i�n�e� �c�o�u�l�d� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�.� �S�o�m�e� �o�f� �t�h�e�s�e� �p�a�t�h�w�a�y�s� �a�r�e� 

�o�u�t�l�i�n�e�d� �i�n� �F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�.� �E�a�c�h� �p�a�t�h�w�a�y� �r�e�q�u�i�r�e�s� �a�n� �o�x�i�d�a�t�i�v�e� �r�e�a�r�-� 

�r�a�n�g�e�m�e�n�t� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �t�y�r�o�s�i�n�e� �c�a�r�b�o�n� �s�t�r�u�c�t�u�r�e� �i�n� �o�r�d�e�r� �t�o� �g�e�n�e�r�a�t�e� �a� �c�o�m�-� 

�p�o�u�n�d� �t�h�a�t� �c�a�n� �b�e� �t�r�a�n�s�f�o�r�m�e�d� �i�n�t�o� �t�h�e� �b�e�n�z�o�[�d�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �s�t�r�u�c�t�u�r�e� 

�o�f� �C�Q�.� �O�t�h�e�r� �p�o�s�s�i�b�l�e� �p�a�t�h�w�a�y�s� �(�F�i�g�u�r�e� �1�1�)� �w�e�r�e� �t�e�s�t�e�d� �b�y� �g�r�o�w�i�n�g� �c�e�l�l�s� �w�i�t�h� 

�l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s� �t�h�a�t� �c�o�u�l�d� �b�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s�,� �a�n�d� �b�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l� �i�n�t�o� �t�h�e� �C�Q� �u�s�i�n�g� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� �T�h�e� 

�c�o�m�p�o�u�n�d�s� �t�e�s�t�e�d� �w�e�r�e� �[�B�-�?�H�2�]�-�2�-�(�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�)�-�e�t�h�a�n�e�t�h�i�o�l� �(�c�o�m�p�o�u�n�d� �1�,� 

�F�i�g�u�r�e� �1�1�)�,� �[�B�-�?�H�2�]�-�2�-�(�2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�]�)�-�e�t�h�a�n�e�t�h�i�o�l� �(�c�o�m�p�o�u�n�d� �2�,� 

�F�i�g�u�r�e� �1�1�)�,� �[�1�-�'�*�C�]�t�y�r�a�m�i�n�e� �(�c�o�m�p�o�u�n�d� �4�,� �F�i�g�u�r�e� �1�1�)�,� �[�8�-�*�H�2�]�-�2�-�(�2�,�5�-�d�i�h�y�d�r�o�x�y�-� 

�p�h�e�n�y�l�)�e�t�h�a�n�o�l� �(�c�o�m�p�o�u�n�d� �5�,� �F�i�g�u�r�e� �1�1�)�,� �[�B�-�?�H�2�]�-�2�-�(�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�)�e�t�h�a�n�o�l� 

�(�c�o�m�p�o�u�n�d� �6�,� �F�i�g�u�r�e� �1�1�)�,� �a�n�d� �[�f�,� �B�,� �2 ��,� �3 ��,� �5 ��,� �6 ��-�*�H�e�]�-� �4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� 

�a�c�i�d� �(�c�o�m�p�o�u�n�d� �7�,� �F�i�g�u�r�e� �1�1�)�.� �I�n� �e�a�c�h� �c�a�s�e�,� �t�h�e� �t�h�i�o�l� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �f�o�u�n�d� �t�o� 

�c�o�m�p�l�e�t�e�l�y� �i�n�h�i�b�i�t� �c�e�l�l� �g�r�o�w�t�h� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5� �m�g�/�m�l�,� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�w�h�i�c�h� �p�r�e�v�e�n�t�e�d� �t�h�e�m� �f�r�o�m� �b�e�i�n�g� �t�e�s�t�e�d� �a�s� �p�r�e�c�u�r�s�o�r�s� �t�o� �C�Q�.� �T�h�e� �a�l�c�o�h�o�l�s�,� �o�n� 

�t�h�e� �o�t�h�e�r� �h�a�n�d�,� �h�a�d� �l�i�t�t�l�e� �o�r� �n�o� �e�f�f�e�c�t� �o�n� �c�e�l�l� �g�r�o�w�t�h� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �0�.�5� 

�m�g�/�m�l�,� �b�u�t� �w�e�r�e� �n�o�t� �f�o�u�n�d� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �C�Q�.� �D�e�u�t�e�r�i�a�t�e�d� 

�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d� �w�a�s� �n�o�t� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �b�u�t� �w�a�s� �m�e�t�a�b�o�l�i�z�e�d� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�3
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�F�i�g�u�r�e� �1�1�.� �O�t�h�e�r� �p�o�s�s�i�b�l�e� �p�a�t�h�w�a�y�s� �f�o�r� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s�.� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�.�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�4



�b�y� �t�h�e� �c�e�l�l�s� �t�o� �3�,�4�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�i�c� �a�c�i�d�.� �[�l�-�!�*�C�]�T�y�r�a�m�i�n�e� �d�i�d� �n�o�t� �a�f�f�e�c�t� 

�t�h�e� �c�e�l�l� �g�r�o�w�t�h� �b�u�t� �w�a�s� �n�o�t� �f�o�u�n�d� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�.� �A�t�t�e�m�p�t�s� �t�o� �s�y�n�-� 

�t�h�e�s�i�z�e� �l�a�b�e�l�e�d� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�a�c�e�t�a�l�d�e�h�y�d�e�,� �a� �c�r�i�t�i�c�a�l� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� 

�p�r�o�p�o�s�e�d� �p�a�t�h�w�a�y�s�,� �i�n� �o�r�d�e�r� �t�o� �t�e�s�t� �i�t�s� �i�n�c�o�r�p�o�r�a�t�i�o�n� �t�o� �C�Q�,� �w�e�r�e� �n�o�t� �s�u�c�c�e�s�s�f�u�l� 

�b�e�c�a�u�s�e� �o�f� �i�t�s� �i�n�s�t�a�b�i�l�i�t�y� �(�B�r�u�c�e� �a�n�d� �C�r�e�e�d�,� �1�9�7�0�)�.� 

�A� �p�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �w�h�y� �n�o�n�e� �o�f� �t�h�e� �a�b�o�v�e� �i�n�t�e�r�m�e�d�i�a�t�e�s�,� �i�n�c�l�u�d�i�n�g� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�,� �i�s� �t�h�a�t� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �i�s� 

�i�n�t�r�o�d�u�c�e�d� �a�t� �a�n� �e�a�r�l�y� �s�t�e�p� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �a�n�d� �t�h�a�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�e� �r�i�n�g� �o�c�c�u�r�s� �a�t� �a� �l�a�t�e�r� �s�t�e�p� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s�.� �T�h�i�s� �e�a�r�l�y� �a�d�d�i�-� 

�t�i�o�n� �o�f� �t�h�e� �s�i�d�e� �c�h�a�i�n� �d�o�e�s�,� �i�n� �f�a�c�t�,� �o�c�c�u�r� �d�u�r�i�n�g� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �u�b�i�q�u�i�n�o�n�e�s� 

�W�h�e�r�e� �p�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �r�e�a�c�t�s� �w�i�t�h� �i�s�o�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �t�o� �f�o�r�m� 

�2�-�p�o�l�y�p�r�e�n�y�l�p�h�e�n�o�l� �i�n� �p�r�o�c�a�r�y�o�t�e�s� �a�n�d� �3�,�4�-�d�i�h�y�d�r�o�x�y�-�5�-�p�o�l�y�p�r�e�n�y�l�b�e�n�z�o�a�t�e� �i�n� 

�e�u�c�a�r�y�o�t�e�s�.� �T�h�i�s� �a�l�s�o� �h�a�p�p�e�n�s� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e� �w�h�e�r�e� 

�h�o�m�o�g�e�n�s�i�t�i�c� �a�c�i�d� �r�e�a�c�t�s� �w�i�t�h� �p�o�l�y�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �t�o� �f�o�r�m� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� 

�h�o�m�o�g�e�n�s�i�t�i�c� �a�c�i�d� �i�n� �h�i�g�h�e�r� �p�l�a�n�t�s� �(�S�o�l�l� �e�t� �a�l�.�,� �1�9�8�0�;� �M�a�r�s�h�a�l�l� �e�t� �a�l�.�,� �1�9�8�5�;� 

�T�h�o�m�a�s� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�7�5�)�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�r�e�n�y�l�a�t�e�d� �p�h�e�n�o�l�s� �a�r�e� �t�h�e�n� �s�u�b�s�e�-� 

�q�u�e�n�t�l�y� �m�o�d�i�f�i�e�d� �t�o� �t�h�e� �f�i�n�a�l� �u�b�i�q�u�i�n�o�n�e�s� �o�r� �p�l�a�s�t�o�q�u�i�n�o�n�e�s� �(�O�l�s�o�n� �a�n�d� �R�u�d�n�e�y�,� 

�1�9�8�3�;� �D�a�v�i�s� �e�t� �a�l�.�,� �1�9�6�7�)�.� 

�T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a�n�y� �s�u�l�f�u�r�-�c�o�n�t�a�i�n�i�n�g� �d�e�r�i�v�a�t�i�v�e� �o�f� �t�y�r�o�s�i�n�e� �e�a�r�l�y� �i�n� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �w�o�u�l�d� �a�l�s�o� �e�x�p�l�a�i�n� �w�h�y� �n�o�n�e� �o�f� �t�h�e� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s� �t�e�s�t�e�d� �w�e�r�e� 

�i�n�c�o�r�p�o�r�a�t�e�d�.� �T�h�i�s� �w�o�u�l�d� �o�c�c�u�r� �i�f� �t�h�e� �s�u�l�f�u�r� �i�s� �i�n�t�r�o�d�u�c�e�d� �a�t� �a�n� �e�a�r�l�y� �s�t�a�g�e� �o�f� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �a�s� �s�h�o�w�n� �i�n� �r�e�a�c�t�i�o�n� �g� �o�r� �h� �o�f� �F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�.� �T�h�i�s� �i�d�e�a� �i�s� 

�b�a�s�e�d� �o�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �m�e�l�a�n�i�n�s�,� �w�h�e�r�e� �c�y�s�t�e�i�n�e� �s�u�l�f�u�r� �i�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �B�E�N�Z�O�T�H�I�O�P�H�E�N�E� �Q�U�I�N�O�N�E� �R�I�N�G� �O�F� �C�Q� �4�5



�a�r�o�m�a�t�i�c� �r�i�n�g� �o�f� �t�y�r�o�s�i�n�e� �a�t� �a�n� �e�a�r�l�y� �s�t�a�g�e� �i�n� �m�e�l�a�n�i�n� �f�o�r�m�a�t�i�o�n� �(�H�a�c�k� �a�n�d� 

�H�e�l�m�y�,� �1�9�8�3�;� �T�h�o�m�s�o�n�,� �1�9�7�4�)�.� �A�t�t�e�m�p�t�s� �w�e�r�e� �m�a�d�e� �t�o� �s�y�n�t�h�e�s�i�z�e� �s�o�m�e� �o�f� �t�h�e� 

�p�o�s�s�i�b�l�e� �s�u�l�f�u�r� �d�e�r�i�v�a�t�i�v�e�s� �o�f� �t�y�r�o�s�i�n�e�,� �s�u�c�h� �a�s� �3 ��-�S�-�c�y�s�t�e�i�n�y�l�-�t�y�r�o�s�i�n�e� �a�n�d� 

�3 ��-�t�h�i�o�l�-�t�y�r�o�s�i�n�e�.� �T�h�e� �S�-�c�y�s�t�e�i�n�y�l�-�t�y�r�o�s�i�n�e� �(�p�r�o�d�u�c�t� �o�f� �r�e�a�c�t�i�o�n� �g� �i�n� �F�i�g�u�r�e� �1�0� �o�n� 

�p�a�g�e� �3�8�,� �w�h�e�r�e� �R ��S�H� �=�c�y�s�t�e�i�n�e� �a�n�d� �R�=�H�)� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �h�e�a�t�i�n�g� �t�y�r�o�s�i�n�e� 

�a�n�d� �c�y�s�t�i�n�e� �(�1�:�2� �m�o�l�e� �r�a�t�i�o�)� �i�n� �4�0�%� �H�B�r� �a�t� �r�e�f�l�u�x� �f�o�r� �4� �h�r� �(�I�t�o� �a�n�d� �P�r�o�t�a�,� �1�9�7�7�)�.� 

�T�h�e� �c�r�u�d�e� �p�r�o�d�u�c�t� �m�i�x�t�u�r�e� �w�a�s� �c�o�n�c�e�n�t�r�a�t�e�d� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �a�n�d� �p�u�r�i�f�i�e�d� �o�n� �a� 

�D�o�w�e�x�-�5�0� �c�o�l�u�m�n� �e�l�u�t�e�d� �w�i�t�h� �a� �H�C�l� �g�r�a�d�i�e�n�t�.� �T�h�e� �p�r�o�d�u�c�t� �w�a�s� �d�e�t�e�c�t�e�d� �b�y� 

�a�b�s�o�r�b�a�n�c�e� �a�t� �2�9�5� �n�m� �a�n�d� �i�d�e�n�t�i�f�i�e�d� �b�y� �M�S� �a�s� �i�t�s� �t�r�i�f�l�u�o�r�o�a�c�e�t�y�l�,� �n�-�b�u�t�y�l� �d�e�r�i�v�-� 

�a�t�i�v�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �y�i�e�l�d� �o�f� �t�h�e� �c�o�m�p�o�u�n�d� �w�a�s� �s�o� �l�o�w� �t�h�a�t� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� 

�s�t�a�b�l�e� �i�s�o�t�o�p�i�c�a�l�l�y� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d� �w�a�s� �i�m�p�r�a�c�t�i�c�a�l�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� 

�3 ��-�t�h�i�o�l�-�t�y�r�o�s�i�n�e� �(�p�r�o�d�u�c�t� �o�f� �r�e�a�c�t�i�o�n� �g� �i�n� �F�i�g�u�r�e� �1�0� �o�n� �p�a�g�e� �3�8�,� �R�,� �R ��=�H�)� �h�a�s� 

�b�e�e�n� �d�e�s�c�r�i�b�e�d� �b�y� �L�u�t�z� �e�t� �a�l�.� �(�1�9�7�2�)�.� �H�o�w�e�v�e�r�,� �i�n� �s�e�v�e�r�a�l� �a�t�t�e�m�p�t�s� �t�o� �s�y�n�t�h�e�s�i�z�e� 

�t�h�i�s� �c�o�m�p�o�u�n�d�,� �a� �s�u�i�t�a�b�l�e� �y�i�e�l�d� �o�f� �t�h�e� �f�i�n�a�l� �p�r�o�d�u�c�t� �w�a�s� �n�e�v�e�r� �o�b�t�a�i�n�e�d�.� �I�f� �b�o�t�h� 

�o�f� �t�h�e�s�e� �s�u�l�f�u�r� �c�o�n�t�a�i�n�i�n�g� �m�o�d�i�f�i�e�d� �t�y�r�o�s�i�n�e�s� �c�o�u�l�d� �b�e� �m�a�d�e� �i�n� �a� �g�o�o�d� �y�i�e�l�d�,� �t�h�e� 

�l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d� �c�o�u�l�d� �b�e� �s�y�n�t�h�e�s�i�z�e�d�,� �f�e�d� �t�o� �c�e�l�l�s�,� �a�n�d� �t�h�e�i�r� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� 

�C�Q� �c�o�u�l�d� �b�e� �r�e�a�d�i�l�y� �e�s�t�a�b�l�i�s�h�e�d� �b�y� �M�S�.� �H�a�v�i�n�g� �t�h�e�s�e� �c�o�m�p�o�u�n�d�s� �a�v�a�i�l�a�b�l�e� 

�w�o�u�l�d� �a�l�s�o� �a�l�l�o�w� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�e�n�s�i�t�i�v�e� �m�e�t�h�o�d�s� �t�h�a�t� �c�o�u�l�d� �b�e� �u�s�e�d� �t�o� 

�d�e�t�e�c�t� �s�m�a�l�l� �a�m�o�u�n�t�s� �o�f� �t�h�e�s�e� �c�o�m�p�o�u�n�d�s� �i�n� �t�h�e� �c�e�l�l�.� 
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�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� 

�C�H�A�I�N� �O�F� �C�Q� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�T�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �i�s�o�p�r�e�n�o�i�d�s� �v�i�a� �t�h�e� �m�e�v�a�l�o�n�a�t�e� �p�a�t�h�w�a�y� �i�n� �e�u�c�a�r�y�o�t�e�s� 

�i�s� �w�e�l�l� �e�s�t�a�b�l�i�s�h�e�d� �(�B�e�y�t�i�a� �a�n�d� �P�o�r�t�e�r�,� �1�9�7�6�)�.� �I�n� �t�h�i�s� �p�a�t�h�w�a�y�,� �t�h�r�e�e� �m�o�l�e�c�u�l�e�s� 

�o�f� �a�c�e�t�a�t�e� �a�r�e� �c�o�n�d�e�n�s�e�d� �t�o� �f�o�r�m� �3�-�h�y�d�r�o�x�y�-�3�-�m�e�t�h�y�l�g�l�u�t�a�r�y�l�-�C�o�A� �(�H�M�G�-�C�o�A�)� 

�w�h�i�c�h� �i�s� �t�h�e�n� �t�r�a�n�s�f�o�r�m�e�d� �i�n�t�o� �m�e�v�a�l�o�n�i�c� �a�c�i�d�.� �T�h�e� �m�e�v�a�l�o�n�i�c� �a�c�i�d� �i�s� �t�h�e�n� �c�o�n�-� 

�v�e�r�t�e�d� �b�y� �a� �S�e�r�i�e�s� �o�f� �e�n�z�y�m�a�t�i�c� �r�e�a�c�t�i�o�n�s� �t�o� �i�s�o�p�e�n�t�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e�.� �T�h�e� 

�h�e�a�d�-�t�o�-�t�a�i�l� �c�o�n�d�e�n�s�a�t�i�o�n� �o�f� �t�h�i�s� �a�c�t�i�v�e� �i�s�o�p�r�e�n�e� �u�n�i�t� �p�r�o�d�u�c�e�s� �f�a�r�n�e�s�y�l� 

�p�y�r�o�p�h�o�s�p�h�a�t�e�,� �w�h�i�c�h� �i�s� �f�u�r�t�h�e�r� �e�l�o�n�g�a�t�e�d� �w�i�t�h� �i�s�o�p�e�n�t�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �t�o� 

�f�o�r�m� �a� �s�e�r�i�e�s� �o�f� �h�i�g�h�e�r� �p�o�l�y�p�r�e�n�o�i�d�s�.� �C�o�n�d�e�n�s�a�t�i�o�n� �o�f� �p�o�l�y�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� 

�w�i�t�h� �t�h�e� �q�u�i�n�o�n�e� �p�r�e�c�u�s�o�r�,� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d� �f�o�r� �u�b�i�q�u�i�n�o�n�e�s� �a�n�d� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �f�o�r� �p�l�a�s�t�o�q�u�i�n�o�n�e�s�,� �l�e�a�d�s� �t�o� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �u�b�i�q�u�i�n�o�n�e�s� �a�n�d� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� �C�H�A�I�N� �O�F� �C�Q� �4�7



�p�l�a�s�t�o�q�u�i�n�o�n�e�s�.� �T�h�e� �e�n�z�y�m�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�i�s� �r�e�a�c�t�i�o�n�,� �p�o�l�y�p�r�e�n�y�l� 

�p�y�r�o�p�h�o�s�p�h�a�t�e� �t�r�a�n�s�f�e�r�a�s�e�,� �h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �i�n� �s�e�v�e�r�a�l� �o�r�g�a�n�i�s�m�s�,� �i�n�c�l�u�d�i�n�g� �r�a�t� 

�l�i�v�e�r� �a�n�d� �a� �f�e�w� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �(�O�l�s�o�n� �a�n�d� �R�u�d�n�e�y�,� �1�9�8�2�)�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� 

�e�n�z�y�m�e� �l�a�c�k�s� �s�p�e�c�i�f�i�c�i�t�y� �t�o�w�a�r�d� �t�h�e� �i�s�o�p�r�e�n�e� �c�h�a�i�n� �l�e�n�g�t�h�,� �w�h�i�c�h� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�e� 

�l�e�n�g�t�h� �o�f� �t�h�e� �s�i�d�e� �c�h�a�i�n� �o�f� �u�b�i�q�u�i�n�o�n�e�,� �w�i�t�h�i�n� �a�n�y� �g�i�v�e�n� �s�p�e�c�i�e�s�,� �i�s� �r�e�g�u�l�a�t�e�d� �a�t� 

�t�h�e� �l�e�v�e�l� �o�f� �p�o�l�y�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �b�i�o�s�y�n�t�h�e�s�i�s�.� 

�T�h�e� �e�a�r�l�y� �s�t�e�p�s� �o�f� �i�s�o�p�r�e�n�o�i�d� �b�i�o�s�y�n�t�h�e�s�i�s� �i�n� �e�u�b�a�c�t�e�r�i�a� �h�a�v�e� �r�e�c�e�n�t�l�y� �b�e�e�n� 

�f�o�u�n�d� �t�o� �b�e� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�o�s�e� �i�n� �e�u�c�a�r�y�o�t�e�s�.� �T�h�i�s� �f�i�n�d�i�n�g� �w�a�s� �b�a�s�e�d� �o�n� �t�h�e� 

�o�b�s�e�r�v�a�t�i�o�n� �t�h�a�t� �f�r�e�e� �a�c�e�t�a�t�e� �a�n�d� �f�r�e�e� �m�e�v�a�l�o�n�i�c� �a�c�i�d� �w�e�r�e� �n�o�t� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �o�f� �u�b�i�q�u�i�n�o�n�e� �i�n� �E�.� �c�o�l�i� �(�Z�h�o�u� �a�n�d� 

�W�h�i�t�e�,� �1�9�9�1�)�.� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �[�1�-�'�°�C�]�-� �a�n�d� �[�2�-�'�*�C�]�-�a�c�e�t�a�t�e� �i�n�t�o� �t�h�e� 

�i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �o�f� �C�Q� �(�D�e� �R�o�s�a� �e�t� �a�l�.�,� �1�9�7�7�)�,� �h�o�w�e�v�e�r�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �i�s� �b�i�o�s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �a�c�e�t�a�t�e� �v�i�a� �t�h�e� �m�e�v�a�l�o�n�a�t�e� �p�a�t�h�w�a�y� 

�a�s� �i�t� �i�s� �i�n� �e�u�c�a�r�y�o�t�e�s�,� �w�h�i�c�h� �i�s� �a�l�s�o� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �i�s�o�p�r�e�n�o�i�d� 

�l�i�p�i�d�s� �i�n� �a�r�c�h�a�e�b�a�c�t�e�r�i�a� �(�D�e� �R�o�s�a� �e�t� �a�l�.�,� �1�9�8�9�)�.� �L�a�b�e�l�e�d� �m�e�v�a�l�o�n�a�t�e� �h�a�s� �a�l�s�o� �b�e�e�n� 

�s�h�o�w�n� �t�o� �b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �a�r�c�h�a�e�b�a�c�t�e�r�i�a�l� �l�i�p�i�d�s� �(�D�e� �R�o�s�a� �e�t� �a�l�.�,� �1�9�7�5�)�.� 

�C�o�n�s�i�d�e�r�i�n�g� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �f�o�r�m�a�t�i�o�n� �o�f� �l�o�n�g� �c�h�a�i�n� �i�s�o�p�r�e�n�o�i�d�s� �a�n�d� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �u�s�e�d� �t�o� �c�o�u�p�l�e� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� �t�o� �t�h�e� �a�r�o�m�a�t�i�c� 

�r�i�n�g�,� �t�h�e� �l�o�n�g� �c�h�a�i�n� �u�n�s�a�t�u�r�a�t�e�d� �p�o�l�y�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �m�u�s�t� �b�e� �f�o�r�m�e�d� �b�e�-� 

�f�o�r�e� �t�h�e� �p�o�l�y�p�r�e�n�y�l� �u�n�i�t� �i�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g�.� �T�h�i�s� �o�f� �c�o�u�r�s�e� �i�s� �w�h�a�t� 

�o�c�c�u�r�s� �d�u�r�i�n�g� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �i�s�o�p�r�e�n�o�i�d� �q�u�i�n�o�n�e�s� �i�n� �b�o�t�h� �e�u�c�a�r�y�o�t�e�s� �a�n�d� 

�e�u�b�a�c�t�e�r�i�a� �(�O�l�s�o�n� �a�n�d� �R�u�d�n�e�y�,� �1�9�8�3�;� �T�h�r�e�l�f�a�l�l� �a�n�d� �W�h�i�s�t�a�n�c�e�,� �1�9�7�1�)�.� �A� �s�i�m�i�l�a�r� 

�r�e�a�c�t�i�o�n� �i�s� �a�l�s�o� �l�i�k�e�l�y� �t�o� �o�c�c�u�r� �d�u�r�i�n�g� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� �C�H�A�I�N� �O�F� �C�Q� �4�8



�i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� �i�n� �C�Q� �i�s� �c�o�m�p�l�e�t�e�l�y� �s�a�t�u�r�a�t�e�d� �a�n�d� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� 

�p�r�o�d�u�c�e�d� �v�i�a� �t�h�e� �m�e�v�a�l�o�n�a�t�e� �p�a�t�h�w�a�y� �i�s� �c�o�m�p�l�e�t�e�l�y� �u�n�s�a�t�u�r�a�t�e�d�,� �t�h�e� 

�h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �s�i�x� �d�o�u�b�l�e� �b�o�n�d�s� �m�u�s�t� �o�c�c�u�r� �a�t� �s�o�m�e� �s�t�a�g�e� �d�u�r�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �t�h�e� �s�a�t�u�r�a�t�e�d� �i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� �o�f� �C�Q�.� �O�n�e� �c�a�n� �e�n�v�i�s�i�o�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �p�a�t�h�w�a�y�s� 

�w�h�e�r�e�b�y� �t�h�i�s� �h�y�d�r�o�g�e�n�a�t�i�o�n� �c�o�u�l�d� �o�c�c�u�r� �(�F�i�g�u�r�e� �1�2�)�.� �I�n� �t�h�e� �f�i�r�s�t� �p�a�t�h�w�a�y� �(�a�,� 

�F�i�g�u�r�e� �1�2�)�,� �t�h�e� �h�y�d�r�o�g�e�n�a�t�i�o�n� �o�c�c�u�r�s� �a�f�t�e�r� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� �h�a�s� �b�e�e�n� �a�t�-� 

�t�a�c�h�e�d� �t�o� �t�h�e� �r�i�n�g�.� �I�n� �t�h�e� �s�e�c�o�n�d� �p�a�t�h�w�a�y� �(�b�,� �F�i�g�u�r�e� �1�2�)�,� �t�h�e� �h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� 

�a�l�l� �t�h�e� �d�o�u�b�l�e� �b�o�n�d�s� �e�x�c�e�p�t� �t�h�e� �o�n�e� �n�e�x�t� �t�o� �t�h�e� �p�y�r�o�p�h�o�s�p�h�a�t�e� �o�c�c�u�r�s� �b�e�f�o�r�e� �t�h�e� 

�i�s�o�p�r�e�n�o�i�d� �c�h�a�i�n� �i�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �r�i�n�g�.� �T�h�i�s� �l�i�m�i�t�e�d� �h�y�d�r�o�g�e�n�a�t�i�o�n� �i�s� �r�e�q�u�i�r�e�d� 

�s�i�n�c�e� �a�n� �a�l�l�y�l�i�c� �d�o�u�b�l�e� �b�o�n�d� �n�e�x�t� �t�o� �t�h�e� �p�y�r�o�p�h�o�s�p�h�a�t�e� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �c�o�u�p�l�-� 

�i�n�g� �o�f� �s�i�d�e� �c�h�a�i�n� �t�o� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g�.� �T�h�e� �f�i�n�a�l� �s�t�e�p� �i�n� �p�a�t�h�w�a�y� �b� �w�o�u�l�d� �b�e� �t�h�e� 

�h�y�d�r�o�g�e�n�a�t�i�o�n� �o�f� �t�h�e� �d�o�u�b�l�e� �b�o�n�d� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� �s�i�d�e� �c�h�a�i�n� �o�f� �t�h�e� �c�o�u�p�l�e�d� 

�p�r�o�d�u�c�t�.� �S�i�n�c�e� �p�a�t�h�w�a�y� �b� �r�e�q�u�i�r�e�s� �t�h�e� �c�e�l�l�s� �t�o� �h�a�v�e� �a� �m�e�c�h�a�n�i�s�m� �t�o� �h�y�d�r�o�g�e�n�a�t�e� 

�a�l�l� �o�f� �t�h�e� �d�o�u�b�l�e� �b�o�n�d�s� �e�x�c�e�p�t� �t�h�e� �o�n�e� �n�e�x�t�.� �t�o� �t�h�e� �p�y�r�o�p�h�o�s�p�h�a�t�e�,� �m�o�r�e� �s�t�e�p�s� �a�r�e� 

�r�e�q�u�i�r�e�d� �t�o� �a�c�c�o�m�p�l�i�s�h� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �i�s�o�p�r�e�n�y�l�a�t�e�d� �a�r�o�m�a�t�i�c� �c�o�m�p�o�u�n�d�s�.� 

�P�a�t�h�w�a�y� �a� �w�o�u�l�d� �a�p�p�e�a�r� �t�o� �b�e� �t�h�e� �p�a�t�h�w�a�y� �m�o�r�e� �l�i�k�e�l�y� �t�o� �o�p�e�r�a�t�e� �i�n� �t�h�e� �c�e�l�l�s�.� 

�E�v�i�d�e�n�c�e� �f�o�r� �t�h�e�s�e� �p�a�t�h�w�a�y�s� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �e�s�t�a�b�l�i�s�h�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l�,� �a� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e�,� �i�n� 

�c�e�l�l� �e�x�t�r�a�c�t�s�.� 
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�m!"�~�°�A�r�A�,�  �� �w�o� �~�,� 

�(�b�)� 

�(�a�)� �A�r�H� �A�r�i� 

�A�r�=�u�n�k�n�o�w�n� �s�u�b�s�t�i�t�u�t�e�d� �a�r�o�m�a�t�i�c� �d�i�o�l� 

�F�i�g�u�r�e� �1�2�.� �P�o�s�s�i�b�l�e� �m�e�c�h�a�n�i�s�m�s� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� 
�c�h�a�i�n� �o�f� �C�Q�.� 
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�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S�.� 

�C�h�e�m�i�c�a�l�s�.� �F�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �T�a�k�a�s�a�g�o� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�C�o�r�p�o�r�a�t�i�o�n�,� �T�o�k�y�o�,� �J�a�p�a�n�.� �T�h�e� �s�a�m�p�l�e� �w�a�s� �f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �o�t�h�e�r� �m�i�n�o�r� �c�o�n�-� 

�t�a�m�i�n�a�n�t�s� �b�y� �s�e�p�a�r�a�t�i�n�g� �t�h�e� �s�a�m�p�l�e� �w�i�t�h� �T�L�C� �a�n�d� �s�p�r�a�y�i�n�g� �w�i�t�h� �m�o�l�y�b�d�e�n�u�m� 

�s�p�r�a�y�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e� �s�a�m�p�l�e� �w�a�s� �t�h�u�s� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �p�u�r�e� 

�S�a�m�p�l�e� �w�a�s� �u�s�e�d� �a�s� �a� �m�a�r�k�e�r� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �c�o�m�p�o�u�n�d� �i�n� �t�h�e� �c�e�l�l�.� �T�h�e� 

�f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �h�a�s� �a� �R�,� �o�f� �0�.�2�4� �i�n� �t�h�e� �s�o�l�v�e�n�t� �s�y�s�t�e�m� �h�e�x�a�n�e�/�d�i�e�t�h�y�l� �e�t�h�e�r� �(�1�5�:�5�)�.� 

�F�a�r�n�e�s�y�l�f�a�r�e�s�y�l� �a�c�e�t�a�t�e�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e� �T�L�C� �p�u�r�i�f�i�e�d� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �w�a�s� 

�c�o�n�v�e�r�t�e�d� �t�o� �i�t�s� �a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e� �b�y� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e� �a�n�d� 

�p�y�r�i�d�i�n�e� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �a�c�e�t�a�t�e� �w�a�s� �p�u�r�i�f�i�e�d� �o�n� �T�L�C� �(�R�,�;�=�0�.�5�8� �i�n� �1�5�:�5� 

�h�e�x�a�n�e�/�d�i�e�t�h�y�l� �e�t�h�e�r�)�.� 

�G�C�-�M�S� �o�f� �f�a�r�n�e�s�y�l�f�a�r�m�e�s�o�l� �a�n�d� �i�t�s� �a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e�.� �T�h�e� �T�L�C� �p�u�r�i�f�i�e�d� 

�f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �a�n�d� �i�t�s� �a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 

�s�o�l�v�e�n�t� �a�n�d� �a�n�a�l�y�z�e�d� �o�n� �G�C�-�M�S� �u�s�i�n�g� �a� �H�P�5� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n� �(�2�5� �m�m� �x� �0�.�5� 

�m�m�)� �p�r�o�g�r�a�m�m�e�d� �f�r�o�m� �7�0�°�C� �a�t� �1�0�°�C� �/�m�i�n�.� �A� �s�a�m�p�l�e� �o�f� �s�q�u�a�l�e�n�e� �w�a�s� �u�s�e�d� �a�s� 

�a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �t�h�e�s�e� �s�a�m�p�l�e�s�.� 

�A�n�a�l�y�s�i�s� �o�f� �C�3�0� �i�s�o�p�r�e�n�y�l� �a�l�c�o�h�o�l� �i�n� �c�e�l�l�s�.� �L�i�p�i�d� �c�o�m�p�o�n�e�n�t�s� �p�r�e�s�e�n�t� �i�n� �S�.� 

�a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �m�e�t�h�a�n�o�l� �(�1�:�1�)� �a�s� �d�e�-� 

�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �i�n� �t�h�i�s� �t�h�e�s�i�s� �a�n�d� �s�e�p�a�r�a�t�e�d� �b�y� �p�r�e�p�a�r�a�t�i�v�e� �T�L�C�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� 

�c�o�m�p�o�u�n�d�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �T�L�C� �s�e�p�a�r�a�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �d�e�t�e�c�t�e�d� �o�n� �t�h�e� �T�L�C� 

�p�l�a�t�e�s� �e�i�t�h�e�r� �b�y� �s�p�r�a�y�i�n�g� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�l�a�t�e� �w�i�t�h� �m�o�l�y�b�d�e�n�u�m�/�s�u�l�f�u�r�i�c� �a�c�i�d� 

�s�p�r�a�y� �f�o�l�l�o�w�e�d� �b�y� �h�e�a�t�i�n�g� �o�r� �b�y� �e�x�p�o�s�i�n�g� �t�h�e� �p�l�a�t�e�s� �t�o� �i�o�d�i�n�e� �v�a�p�o�r�.� �T�h�e� �a�r�e�a� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� �C�H�A�I�N� �O�F� �C�Q� �5�1



�o�f� �t�h�e� �p�l�a�t�e� �w�i�t�h� �t�h�e� �s�a�m�e� �R�,� �a�s� �s�t�a�n�d�a�r�d� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� 

�p�l�a�t�e�,� �a�n�d� �t�h�e� �c�o�m�p�o�u�n�d�s� �c�o�n�t�a�i�n�e�d� �t�h�e�r�e�i�n� �w�e�r�e� �e�l�u�t�e�d� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� 

�A�f�t�e�r� �r�e�a�c�t�i�o�n� �w�i�t�h� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e� �a�n�d� �p�y�r�i�d�i�n�e�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �a�c�e�t�a�t�e� �w�a�s� �p�u�-� 

�r�i�f�i�e�d� �b�y� �T�L�C�.� �B�o�t�h� �n�o�n�a�c�e�t�y�l�a�t�e�d� �a�n�d� �a�c�e�t�y�l�a�t�e�d� �s�a�m�p�l�e�s� �p�u�r�i�f�i�e�d� �f�r�o�m� �T�L�C� 

�w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �G�C�-�M�S�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�G�C� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �T�L�C� �p�u�r�i�f�i�e�d� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �g�a�v�e� �a� �s�i�n�g�l�e� �b�r�o�a�d� �G�C� 

�p�e�a�k�,� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �a� �f�r�e�e� �h�y�d�r�o�x�y�l� �g�r�o�u�p�.� �A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� 

�a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e� �g�a�v�e� �a� �m�u�c�h� �s�h�a�r�p�e�r� �p�e�a�k�,� �p�r�e�s�u�m�e�l�y� �b�e�c�a�u�s�e� �o�f� �c�o�n�v�e�r�s�i�o�n� 

�o�f� �t�h�e� �p�o�l�a�r� �h�y�d�r�o�x�y�l� �g�r�o�u�p� �t�o� �a�n� �a�c�e�t�a�t�e�.� �T�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l�,� 

�i�t�s� �a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e�,� �a�n�d� �s�q�u�a�l�e�n�e� �u�n�d�e�r� �t�h�e� �G�C� �c�o�n�d�i�t�i�o�n�s� �u�s�e�d� �w�e�r�e� �0�.�5�,� �0�.�7�,� 

�a�n�d� �0�.�4�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �s�h�o�w�e�d� �a� �m�o�l�e�c�u�l�a�r� 

�i�o�n� �a�t� �m�/�z� �4�2�6� �a�n�d� �a� �f�r�a�g�m�e�n�t� �i�o�n� �a�t� �m�/�z� �4�0�8� �(�M�*�-�1�8�)�.� �T�h�e� �a�c�e�t�a�t�e� �d�e�r�i�v�a�t�i�v�e� 

�s�h�o�w�e�d� �a� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �4�6�8� �a�n�d� �a� �f�r�a�g�m�e�n�t� �i�o�n� �a�t� �m�/�z� �4�0�8� �(�M�*�-�6�0�)�.� 

�T�h�e� �a�c�e�t�y�l�a�t�e�d� �s�a�m�p�l�e� �o�f� �t�h�e� �c�r�u�d�e� �c�e�l�l� �e�x�t�r�a�c�t� �w�a�s� �t�h�e� �f�i�r�s�t� �t�o� �b�e� �a�n�a�l�y�z�e�d� 

�b�y� �G�C�-�M�S� �a�n�d� �s�h�o�w�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�e�v�e�r�a�l� �p�e�a�k�s�,� �t�w�o� �o�f� �t�h�e� �m�a�j�o�r� �p�e�a�k�s� 

�w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �a�s� �i�n�d�o�l�e�-�3�-�a�c�e�t�i�c� �a�c�i�d� �a�n�d� �a� �C�s�o�H�s�o� �i�s�o�p�r�e�n�o�i�d�,� �p�o�s�s�i�b�l�y� 

�s�q�u�a�l�e�n�e�.� �T�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �i�n�d�o�l�e�-�3�-�a�c�e�t�i�c� �a�c�i�d� �(�W�h�i�t�e�,� �1�9�8�7�)� �a�n�d� �t�h�e� �C�3�o�H�s�o� 

�i�s�o�p�r�e�n�o�i�d� �(�H�o�l�z�e�r� �a�n�d� �O�r�o�,� �1�9�7�9�)� �i�n� �s�p�e�c�i�e�s� �o�f� �S�u�l�f�o�l�o�b�u�s� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� 

�d�e�s�c�r�i�b�e�d�.� �A�c�e�t�y�l�a�t�e�d� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l�,� �h�o�w�e�v�e�r�,� �w�a�s� �n�o�t� �d�e�t�e�c�t�e�d�.� �T�h�i�s� 

�a�c�e�t�y�l�a�t�e�d� �c�r�u�d�e� �s�a�m�p�l�e� �w�a�s� �f�u�r�t�h�e�r� �p�u�r�i�f�i�e�d� �o�n� �T�L�C� �a�n�d� �t�h�e� �a�n�a�l�y�s�i�s� �b�y� �G�C�-�M�S� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� �C�H�A�I�N� �O�F� �C�Q� �5�2



�w�a�s� �r�e�p�e�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �a�n�a�l�y�s�i�s� �s�h�o�w�e�d� �s�q�u�a�l�e�n�e� �a�n�d� �a� �v�e�r�y� �s�m�a�l�l� 

�a�m�o�u�n�t� �o�f� �a� �c�o�m�p�o�u�n�d� �w�h�i�c�h� �h�a�d� �t�h�e� �s�a�m�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �a�s� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� 

�a�c�e�t�a�t�e�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �t�h�i�s� �p�e�a�k� �h�a�d� �a� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �4�6�8� �a�n�d� �a� 

�f�r�a�g�m�e�n�t� �i�o�n� �a�t� �4�0�8� �(�M�*�-�6�0�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�]� �a�c�e�t�a�t�e�.� 

�T�w�o� �o�t�h�e�r� �u�n�k�n�o�w�n� �p�e�a�k�s� �i�n� �t�h�e� �G�C�-�M�S� �w�e�r�e� �a�l�s�o� �f�o�u�n�d�.� �O�n�e� �o�f� �t�h�e� �p�e�a�k�s� �h�a�d� 

�m�a�s�s� �s�p�e�c�t�r�a�l� �i�o�n�s� �a�t� �m�/�z� �5�8�6� �a�n�d� �3�8�3�,� �t�h�e� �o�t�h�e�r� �p�e�a�k� �h�a�d� �m�a�s�s� �s�p�e�c�t�r�a�l� �i�o�n�s� �a�t� 

�m�/�z� �3�8�6� �a�n�d� �3�6�8�.� 

�T�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �d�e�t�e�c�t� �C�3�o�-�i�s�o�p�r�e�n�y�l� �a�l�c�o�h�o�l�s� �w�i�t�h� �e�i�t�h�e�r� �n�o� �d�o�u�b�l�e� �b�o�n�d�s� 

�o�r� �o�n�e� �d�o�u�b�l�e� �b�o�n�d� �i�n� �l�i�p�i�d� �e�x�t�r�a�c�t�s�,� �i�n� �w�h�i�c�h� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �w�a�s� �d�e�t�e�c�t�e�d�,� �c�a�n� 

�b�e� �t�a�k�e�n� �a�s� �s�u�p�p�o�r�t�i�n�g� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �p�r�o�c�e�e�d�s� �a�s� �i�n� 

�p�a�t�h�w�a�y� �a�,� �F�i�g�u�r�e� �1�2� �o�n� �p�a�g�e� �5�0�.� �I�n� �t�h�i�s� �p�a�t�h�w�a�y�,� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� 

�p�y�r�o�p�h�o�s�p�h�a�t�e� �i�s� �t�h�e� �s�o�u�r�c�e� �o�f� �t�h�e� �i�s�o�p�r�e�n�y�l� �s�i�d�e� �c�h�a�i�n� �o�f� �C�Q�.� 

�B�I�O�S�Y�N�T�H�E�S�I�S� �O�F� �T�H�E� �I�S�O�P�R�E�N�O�I�D� �C�H�A�I�N� �O�F� �C�Q� �5�3



�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� 

�B�I�O�S�Y�N�T�H�E�S�I�S� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�T�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �u�b�i�q�u�i�n�o�n�e�s� �i�n� �r�a�t� �l�i�v�e�r� �w�e�r�e� �f�i�r�s�t� 

�i�d�e�n�t�i�f�i�e�d� �b�y� �l�a�b�e�l�i�n�g� �t�h�e� �c�e�l�l�s� �w�i�t�h� �[�U�-�'�*�C�]�4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� �a�c�i�d�,� �a� �p�r�e�c�u�r�s�o�r� �o�f� 

�u�b�i�q�u�i�n�o�n�e�,� �a�n�d� �i�s�o�l�a�t�i�n�g� �t�h�e� �r�e�s�u�l�t�i�n�g� �r�a�d�i�o�a�c�t�i�v�e� �c�o�m�p�o�u�n�d�s� �(�T�r�u�m�p�o�w�e�r� �e�t� �a�l�.�,� 

�1�9�7�2�)�.� �T�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �i�n� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s� �w�a�s� �s�o�m�e�w�h�a�t� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �t�h�a�t� �w�e�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s� �(�Y�o�u�n�g� �e�t� �a�l�.�,� �1�9�7�3�)�.� �T�h�i�s� �p�r�o�b�l�e�m� 

�w�a�s� �s�o�l�v�e�d� �b�y� �u�s�i�n�g� �m�u�t�a�t�i�o�n�s� �t�h�a�t� �s�p�e�c�i�f�i�c�a�l�l�y� �b�l�o�c�k� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�t�e�p�s� �o�f� 

�u�b�i�q�u�i�n�o�n�e� �b�i�o�s�y�n�t�h�e�s�i�s�.� �M�a�n�y� �o�f� �t�h�e�s�e� �m�u�t�a�n�t�s� �a�c�c�u�m�u�l�a�t�e�d� �i�n�t�e�r�m�e�d�i�a�t�e�s� �o�f� 

�u�b�i�q�u�i�n�o�n�e� �b�i�o�s�y�n�t�h�e�s�i�s� �t�o� �a� �h�i�g�h� �e�n�o�u�g�h� �l�e�v�e�l� �t�h�a�t� �t�h�e�y� �c�o�u�l�d� �b�e� �i�s�o�l�a�t�e�d� �a�n�d� 

�i�d�e�n�t�i�f�i�e�d� �(�B�e�n�t�l�e�y� �a�n�d� �M�e�g�a�n�a�t�h�a�n�,� �1�9�8�7�;� �Y�o�u�n�g� �e�t� �a�l�.�,� �1�9�7�3�)�.� �O�n�e� �r�e�s�u�l�t� �o�f� �t�h�i�s� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �5�4



�w�o�r�k� �w�a�s� �t�h�a�t� �a�l�l� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �l�e�a�d�i�n�g� �t�o� �u�b�i�q�u�i�n�o�n�e� �a�f�t�e�r� �4�-�h�y�d�r�o�x�y�b�e�n�z�o�i�c� 

�a�c�i�d� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �p�o�l�y�p�r�e�n�y�l�a�t�e�d�.� 

�T�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �s�h�o�w� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a� �s�e�r�i�e�s� �o�f� �l�a�b�e�l�e�d� �c�o�m�p�o�u�n�d�s� 

�i�n�c�l�u�d�i�n�g� �h�o�m�o�g�e�n�s�i�t�i�c� �a�c�i�d� �i�n�t�o� �C�Q� �c�o�m�p�e�l�l�e�d� �o�n�e� �t�o� �t�r�y� �a�n�o�t�h�e�r� �e�x�p�e�r�i�m�e�n�t�a�l� 

�a�p�p�r�o�a�c�h�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �i�n�v�o�l�v�e�d� �a�n� �a�t�t�e�m�p�t� �t�o� �i�s�o�l�a�t�e� �a�n�d� �i�d�e�n�t�i�f�y� �l�i�p�i�d� �s�o�l�u�b�l�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s� �d�i�r�e�c�t�l�y� �f�r�o�m� �t�h�e� �c�e�l�l�s�.� �T�h�e� �i�d�e�a� �b�e�h�i�n�d� �t�h�i�s� 

�a�p�p�r�o�a�c�h� �w�a�s� �t�h�a�t� �t�h�e� �e�a�r�l�y� �a�t�t�a�c�h�m�e�n�t� �o�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� �c�h�a�i�n� �t�o� �t�h�e� 

�a�r�o�m�a�t�i�c� �r�i�n�g� �w�a�s� �t�h�e� �r�e�a�s�o�n� �t�h�a�t� �n�o�n�e� �o�f� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �t�e�s�t�e�d� �w�a�s� �f�o�u�n�d� �t�o� 

�b�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�.� �I�f� �t�h�i�s� �i�s� �t�h�e� �c�a�s�e�,� �t�h�e�n� �a� �s�e�r�i�e�s� �o�f� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �m�a�y�b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�.� �T�h�e� �m�o�s�t� �l�o�g�i�c�a�l� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �c�o�m�-� 

�p�o�u�n�d� �w�o�u�l�d� �b�e� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�r� �i�t�s� �l�a�c�t�o�n�e�.� �T�h�u�s� �a�n� �a�t�t�e�m�p�t� 

�h�a�s� �b�e�e�n� �m�a�d�e� �t�o� �f�i�n�d� �t�h�e� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�r� �l�a�c�t�o�n�e� �i�n� �a� �l�i�p�i�d� 

�c�e�l�l� �e�x�t�r�a�c�t� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s�.� �S�i�n�c�e� �t�y�r�o�s�i�n�e� �i�s� �a� �p�r�e�c�u�r�s�o�r� �o�f� �C�Q�,� 

�[�U�-�'�*�C�]�t�y�r�o�s�i�n�e� �w�a�s� �u�s�e�d� �t�o� �l�a�b�e�l� �t�h�e�s�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �s�o� �t�h�a�t� �t�h�e�y� �c�o�u�l�d� �b�e� �i�s�o�-� 

�l�a�t�e�d� �a�n�d� �i�d�e�n�t�i�f�i�e�d�.� 

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�C�h�e�m�i�c�a�l�s�.� �[�U�-�'�*�C�]�T�y�r�o�s�i�n�e� �a�n�d� �p�h�y�t�o�l� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �S�i�g�m�a� �C�h�e�m�i�c�a�l� 

�C�o�m�p�a�n�y�.� �B�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �F�i�e�s�e�r� 

�a�n�d� �K�e�n�n�e�l�l�y ��s� �m�e�t�h�o�d� �(�1�9�3�5�)� �w�h�i�c�h� �i�s� �o�u�t�l�i�n�e�d� �i�n� �F�i�g�u�r�e� �1�3�.� �T�h�e� 

�b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �p�r�o�d�u�c�t� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �a�n�d� �a�n�a�l�y�z�e�d� �b�y� 

�m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �a�n�d� �G�C�-�M�S�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �s�h�o�w�e�d� �t�h�e� �e�x�p�e�c�t�e�d� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �5�5
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�m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �1�6�4�.� �T�h�e� �R�,� �v�a�l�u�e� �o�f� �t�h�i�s� �c�o�m�p�o�u�n�d� �u�p�o�n� �T�L�C� �a�n�a�l�y�s�i�s�,� �t�h�e� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �i�n� �G�C�,� �a�n�d� �i�t�s� �m�a�s�s� �s�p�e�c�t�r�u�m� �w�e�r�e� �c�o�n�s�i�s�t�a�n�t� �w�i�t�h� �a� �k�n�o�w�n� �s�a�m�-� 

�p�l�e� �o�f� �5�-�m�e�t�h�y�l�b�e�n�z�o�t�h�i�o�p�h�e�n�e� �q�u�i�n�o�n�e� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �J�o�h�n� �S�.� �S�w�e�n�t�o�n�,� �D�e�-� 

�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�s�t�r�y�,� �T�h�e� �O�h�i�o� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� 

�P�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e� �a�n�d� �p�h�y�t�o�l� �u�s�i�n�g� �b�o�r�o�n� �t�r�i�f�l�u�o�r�i�d�e� �e�t�h�e�r�a�t�e� �a�s� �c�a�t�a�l�y�s�t� �(�H�i�r�s�c�h�m�a�n�n� �e�t� �a�l�.�,� 

�1�9�5�4�)�.� �H�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �(�1�5�0� �m�g�,� �1�.�0� �m�m�o�l�e�)� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �0�.�6� �m�l� 

�d�i�o�x�a�n�e� �t�o� �w�h�i�c�h� �w�a�s� �a�d�d�e�d� �0�.�2� �m�m�o�l� �o�f� �B�F�3�e�E�t�2�O� �(�3�0� �y�l�)� �f�o�l�l�o�w�e�d� �b�y� �8�8�.�3� �m�g� 

�(�0�.�3� �m�m�o�l�)� �o�f� �p�h�y�t�o�l�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �s�t�i�r�r�e�d� �a�t� �6�0�°�C� �f�o�r� �3�0� �m�i�n�.� �T�h�e� �p�h�y�t�y�l� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�s� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�e�r�,� �w�a�s�h�e�d� �w�i�t�h� �w�a�t�e�r� �a�n�d� �5�%� 

�o�f� �N�a�H�C�O�s� �s�o�l�u�t�i�o�n�,� �a�n�d� �d�r�i�e�d� �o�v�e�r� �a�n�h�y�d�r�o�u�s� �N�a�2�S�O�«�4�.� �A� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�r�o�-� 

�d�u�c�t�s� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �w�e�r�e� �p�u�r�i�f�i�e�d� �b�y� �p�r�e�p�a�r�a�t�i�v�e� �T�L�C� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 

�a�s� �s�o�l�v�e�n�t�,� �t�o� �g�i�v�e� �7�.�4� �m�g� �o�f� �a� �l�o�w�e�r� �s�p�o�t� �(�R�-�;�=�0�.�2�7�)� �a�n�d� �3�.�4� �m�g� �o�f� �a� �u�p�p�e�r� �s�p�o�t� 

�(�R�;�=�0�.�3�9�)�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�i�s� �o�f� �b�o�t�h� �s�p�o�t�s� �s�h�o�w�e�d� �t�h�e� �e�x�p�e�c�t�e�d� �m�o�l�e�c�u�l�a�r� 

�i�o�n� �a�t� �M�*� �m�/�z� �4�2�8�.� �N�M�R� �s�p�e�c�t�r�a� �o�f� �t�h�e�s�e� �t�w�o� �b�a�n�d�s� �(�F�i�g�u�r�e� �1�4�)� �s�h�o�w�e�d� �t�h�e� 

�l�o�w�e�r� �R�,�;� �b�a�n�d� �t�o� �c�o�n�t�a�i�n� �t�h�e� �3� �a�n�d� �6� �s�u�b�s�t�i�t�u�t�e�d� �i�s�o�m�e�r�s�,� �a�n�d� �t�h�e� �u�p�p�e�r� �b�a�n�d� �t�o� 

�c�o�n�t�a�i�n� �t�h�e� �4� �s�u�b�s�t�i�t�u�t�e�d� �i�s�o�m�e�r�.� �T�h�u�s� �t�h�e� �m�i�n�o�r� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �l�o�w�e�r� �T�L�C� 

�S�p�o�t�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�e�d� �2�2�%� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s� �b�a�s�e�d� �o�n� �t�h�e� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� 

�a�r�o�m�a�t�i�c� �p�r�o�t�o�n�s�,� �w�a�s� �t�h�e� �d�e�s�i�r�e�d� �i�s�o�m�e�r�.� �T�h�e� �U�V� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �p�h�y�t�y�l� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �e�i�t�h�e�r� �a� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �f�o�r� 

�s�a�m�p�l�e�s� �d�i�s�s�o�l�v�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �o�r� �a� �T�L�C�/�g�e�l� �s�c�a�n�n�e�r� �f�o�r� �s�a�m�p�l�e�s� �s�e�p�a�-� 

�r�a�t�e�d� �o�n� �a� �T�L�C� �p�l�a�t�e� �(�F�i�g�u�r�e� �1�5�,� �t�h�e� �s�p�e�c�t�r�u�m� �r�e�c�o�r�d�e�d� �w�i�t�h� �g�e�l� �s�c�a�n�n�e�r� �i�s� �n�o�t� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �_�_�.�-� �5�7
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�r�e�p�o�r�t�e�d� �h�e�r�e�)�.� �T�h�e� �A�m�a� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �T�L�C� �s�c�a�n�n�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�b�o�u�t� 

�1�0� �n�m� �s�h�o�r�t�e�r� �t�h�a�n� �t�h�a�t� �o�b�t�a�i�n�e�d� �f�o�r� �s�a�m�p�l�e�s� �d�i�s�s�o�l�v�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� 

�F�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �u�s�i�n�g� �t�h�e� �s�a�m�e� 

�m�e�t�h�o�d�s� �a�s� �d�e�s�c�r�i�b�e�d� �f�o�r� �t�h�e� �p�h�y�t�y�l� �i�s�o�m�e�r�,� �b�u�t� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �r�u�n� �i�n� �a� �m�u�c�h� 

�s�m�a�l�l�e�r� �s�c�a�l�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�o�l� �a�v�a�i�l�a�b�l�e�.� �S�i�n�c�e� �t�h�e� 

�R�k�,� �v�a�l�u�e� �f�o�r� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �a�l�m�o�s�t� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� 

�f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �t�h�e� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� 

�w�a�s� �u�s�e�d� �a�s� �a� �m�a�r�k�e�r� �f�o�r� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�]� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e� �f�r�o�m� �c�e�l�l� �e�x�t�r�a�c�t�s�.� 

�L�i�A�I�H�,� �r�e�d�u�c�t�i�o�n� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �a�n�d� �p�h�y�t�y�]� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �a�n�d� �a�c�e�t�y�l�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�s�.� �A� �_� �s�o�l�u�t�i�o�n� �o�f� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �o�r� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� 

�i�n� �t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� �e�x�c�e�s�s� �L�i�A�l�H�4� �a�t� �5�0�°�C� �f�o�r� �3�0�-�6�0� �m�i�n�,� �r�e�-� 

�s�p�e�c�t�i�v�e�l�y�.� �A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �2� �N� �H�C�l� �a�n�d� �w�a�t�e�r�,� �t�h�e� �p�r�o�d�u�c�t�s� �o�f� �e�a�c�h� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e�.� �T�L�C� �a�n�a�l�y�s�i�s� �o�f� �e�a�c�h� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�s� 

�s�h�o�w�e�d� �t�h�r�e�e� �m�a�j�o�r� �U�V� �s�p�o�t�s� �(�F�i�g�u�r�e� �1�6�)�.� �T�h�e� �v�e�r�y� �t�o�p� �s�p�o�t� �i�n� �e�a�c�h� �r�e�a�c�t�i�o�n� 

�w�a�s� �r�e�l�a�t�i�v�e�l�y� �n�o�n�p�o�l�a�r� �a�n�d� �w�a�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �t�h�e� �2�,�5�-�d�i�h�y�d�r�o�x�y�s�t�y�r�e�n�e�.� �T�h�e� 

�l�o�w�e�s�t� �s�p�o�t� �o�f� �e�a�c�h� �r�e�a�c�t�i�o�n� �w�a�s� �f�o�u�n�d� �t�o� �t�u�r�n� �b�r�o�w�n� �w�h�e�n� �t�h�e� �d�e�v�e�l�o�p�e�d� �T�L�C� 

�p�l�a�t�e�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �a�m�m�o�n�i�a� �v�a�p�o�r�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �o�f� �t�h�i�s� �s�p�o�t� �f�r�o�m� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �s�a�m�p�l�e� �(�p�a�n�e�l� �a�,� �F�i�g�u�r�e� �1�6�)� �a�n�d� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�s�a�m�p�l�e� �(�p�a�n�e�l� �b�,� �F�i�g�u�r�e� �1�6�)� �s�h�o�w�e�d� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �1�5�4�,� �a�n�d� �t�h�e� �f�r�a�g�-� 

�m�e�n�t�a�t�i�o�n� �i�o�n�s� �a�t� �m�/�z� �1�3�6�,� �1�2�3�,� �a�n�d� �1�0�7�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �c�o�m�p�o�u�n�d� 

�b�e�i�n�g� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�e�t�h�a�n�o�l�.� �T�h�e� �l�o�w�e�s�t� �s�p�o�t� �i�n� �t�h�e� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�0



�S�o�l�v�e�n�t� �s�y�s�t�e�m�s�:� 
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�C�H�C�l�:� �E�t�A�c� �C�H�,�C�L�;� �E�t�A�c� �C�H�,�C�l�,�:� �E�t�A�c� 
�1�3�1� �1�1� �2�0�:�1� 
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�a�d� �<�>� 
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�H�L� �H�A� �p�h�y�-�H�L� 
�h�y�-�H�L� �H�L�+� �L�i�A�I�H�,� �H�A� �+� �L�i�A�I�H�g� �p�y� 
�+� 

�L�i�A�I�H� �H�L� �+� �L�i�A�I�H�,�/� �A�c�,�O� �H�A�+�L�i�A�I�H�4�/�A�c�,�O� �9� �p�h�y�-�H�L� 
�+� 

�L�i�A�I�H�,�/�A�c�,�O� 

�F�i�g�u�r�e� �1�6�.� �T�L�C� �o�f� �r�e�d�u�c�t�i�v�e� �a�c�e�t�y�l�a�t�i�o�n� �o�f� �H�L� �(�a�)�,� �H�A� �(�b�)�,� �a�n�d� �p�h�y�-�H�L� 
�(�c�)�:�}� �H�L�=�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �H�A�=�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� 
�p�h�y�-�H�L�=�p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�1



�a�c�i�d� �l�a�c�t�o�n�e� �s�a�m�p�l�e� �(�p�a�n�e�l� �c�,� �F�i�g�u�r�e� �1�6�)�,� �w�h�i�c�h� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �p�h�y�t�y�l� 

�2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�e�t�h�a�n�o�l�,� �w�a�s� �f�o�u�n�d� �t�o� �s�l�o�w�l�y� �c�o�n�v�e�r�t� �t�o� �t�h�e� �m�i�d�d�l�e� �s�p�o�t�.� �T�h�i�s� 

�s�p�o�t� �d�i�d� �n�o�t� �t�u�r�n� �b�r�o�w�n� �w�h�e�n� �e�x�p�o�s�e�d� �t�o� �a�m�m�o�n�i�a� �v�a�p�o�r�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� 

�o�f� �t�h�i�s� �m�i�d�d�l�e� �s�p�o�t� �s�h�o�w�e�d� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �4�3�0�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� 

�t�h�e� �q�u�i�n�o�n�e� �f�o�r�m� �o�f� �p�h�y�t�y�l� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�e�t�h�a�n�o�l�.� �T�L�C� �p�u�r�i�f�i�e�d� �s�a�m�p�l�e�s� 

�o�f� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�e�t�h�a�n�o�l�,� �p�h�y�t�y�l� �2�,�5�-�d�i�h�y�d�r�o�x�y�p�h�e�n�y�l�e�t�h�a�n�o�l� �a�n�d� �_� �i�t�s� 

�q�u�i�n�o�n�e�,� �w�e�r�e� �a�c�e�t�y�l�a�t�e�d� �t�o� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�r�i�a�c�e�t�y�l� �d�e�r�i�v�a�t�i�v�e�s� �(�A�c�3�-�H�A� �a�n�d� 

�A�c�3�-�p�h�y�-�H�A�)� �w�i�t�h� �a�c�e�t�y�l� �a�n�h�y�d�r�i�d�e�,� �z�i�n�c� �d�u�s�t�,� �a�n�d� �t�r�i�e�t�h�y�l�a�m�i�n�e� �a�s� �d�e�s�c�r�i�b�e�d� 

�e�a�r�l�i�e�r�.� �T�h�e�i�r� �s�e�p�a�r�a�t�i�o�n� �b�y� �T�L�C� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�6�.� �T�h�e� �T�L�C� �p�u�r�i�f�i�e�d� 

�t�r�i�a�c�e�t�y�l� �d�e�r�i�v�a�t�i�v�e�s� �w�e�r�e� �e�v�a�l�u�a�t�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�.� 

�S�e�a�r�c�h� �f�o�r� �b�e�n�z�o�t�h�i�o�p�h�e�n�e� �q�u�i�n�o�n�e�.� �C�e�l�l�s� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�e�r�e� �g�r�o�w�n� 

�o�n� �|� �l�i�t�e�r� �o�f� �y�e�a�s�t� �e�x�t�r�a�c�t� �c�o�n�t�a�i�n�i�n�g� �m�e�d�i�u�m�,� �a�n�d� �a�f�t�e�r� �s�e�p�a�r�a�t�i�o�n� �f�r�o�m� �t�h�e� �m�e�-� 

�d�i�u�m� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �m�e�t�h�a�n�o�l� 

�(�1�:�1� �v�o�l�/�v�o�l�)� �a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �f�o�r� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �C�Q�.� �T�h�e� �c�e�l�l� �e�x�t�r�a�c�t� �w�a�s� 

�p�u�r�i�f�i�e�d� �o�n� �T�L�C� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�s� �s�o�l�v�e�n�t�.� �T�h�e� �a�r�e�a� �o�f� �t�h�e� �p�l�a�t�e� �w�i�t�h� 

�t�h�e� �s�a�m�e� �R�;� �a�s� �s�y�n�t�h�e�t�i�c� �b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �w�a�s� �s�c�r�a�p�e�d� �f�r�o�m� �t�h�e� �p�l�a�t�e� 

�a�n�d� �e�l�u�t�e�d� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e�d� �s�a�m�p�l�e� �w�a�s� �a�n�a�l�y�z�e�d� 

�b�y� �G�C�-�M�S�.� 

�S�e�a�r�c�h� �f�o�r� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �T�h�e� �c�e�l�l�s� �(�2� �g� �o�f� �w�e�t� �w�e�i�g�h�t�)� 

�w�e�r�e� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �(�2� �x� �1�0� �m�l�)� �u�n�d�e�r� �a�c�i�d�i�c� �c�o�n�d�i�t�i�o�n� �a�n�d� �t�h�e� �r�e�-� 

�s�u�l�t�i�n�g� �e�x�t�r�a�c�t� �w�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�e�d� �o�n� �T�L�C� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�-�e�t�h�y�l� 

�a�c�e�t�a�t�e� �(�2�:�1�)� �a�s� �s�o�l�v�e�n�t�.� �T�h�e� �U�V� �s�p�o�t�s� �n�e�a�r� �t�h�e� �R�,� �o�f� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�2



�l�a�c�t�o�n�e� �w�e�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �p�l�a�t�e� �a�n�d� �e�l�u�t�e�d� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �T�h�e� 

�m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �e�l�u�t�e�d� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �d�i�r�e�c�t� �i�n�l�e�t�.� 

�T�r�a�c�i�n�g� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �b�y� �u�s�i�n�g� �[�U�-�'�*�C�]�t�y�r�o�s�i�n�e�.� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�a�s� 

�g�r�o�w�n� �i�n� �t�h�e� �y�e�a�s�t� �e�x�t�r�a�c�t� �m�e�d�i�a� �(�2�0�0� �m�l�)� �c�o�n�t�a�i�n�i�n�g� �1�0� �m�g� �o�f� �[�U�-�!�*�C�]�t�y�r�o�s�i�n�e� 

�(�2� �w�C�i�)�.� �T�h�e� �g�r�o�w�t�h� �c�u�r�v�e� �w�a�s� �r�e�c�o�r�d�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �c�e�l�l� �d�e�n�s�i�t�y� �a�t� �5�4�0� �n�m�.� 

�A�l�i�q�u�o�t�s� �o�f� �c�u�l�t�u�r�e� �(�4�0� �m�l�)� �w�e�r�e� �t�a�k�e�n� �o�u�t� �a�t� �5� �d�i�f�f�e�r�e�n�t� �t�i�m�e� �p�o�i�n�t�s� �d�u�r�i�n�g� �t�h�e� 

�g�r�o�w�t�h�,� �t�h�e� �c�e�l�l�s� �w�e�r�e� �r�e�m�o�v�e�d� �b�y� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�n�d� �e�x�t�r�a�c�t�e�d� �u�n�d�e�r� �s�l�i�g�h�t�l�y� 

�a�c�i�d�i�c� �c�o�n�d�i�t�i�o�n� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �m�e�t�h�a�n�o�l� �(�1�:�1� �v�o�l�/�v�o�l�)�.� �A� �p�o�r�t�i�o�n� 

�o�f� �t�h�i�s� �t�o�t�a�l� �l�i�p�i�d� �e�x�t�r�a�c�t� �w�a�s� �c�o�u�n�t�e�d� �w�i�t�h� �a� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�t�o�t�a�l� �a�m�o�u�n�t� �o�f� �'�*�C� �t�y�r�o�s�i�n�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �l�i�p�i�d� �s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l�s�.� �C�Q� �w�a�s� 

�p�u�r�i�f�i�e�d� �o�n� �T�L�C� �f�r�o�m� �t�h�e� �r�e�m�a�i�n�i�n�g� �c�e�l�l� �e�x�t�r�a�c�t� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �A�c�c�o�r�d�i�n�g� 

�t�o� �t�h�e� �r�a�t�i�o� �o�f� �(�r�a�d�i�o�a�c�t�i�v�i�t�y� �i�n� �C�Q�)�/�(�r�a�d�i�o�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �t�o�t�a�l� �l�i�p�i�d�)�,� �t�h�e� �t�i�m�e� 

�p�o�i�n�t� �i�n� �t�h�e� �g�r�o�w�t�h� �c�u�r�v�e� �a�t� �w�h�i�c�h� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �a�r�e� �l�i�k�e�l�y� �t�o� �b�e� �l�a�b�e�l�e�d� �t�o� 

�t�h�e�i�r� �m�a�x�i�m�a�l� �e�x�t�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� 

�T�h�e� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �r�e�p�e�a�t�e�d� �o�n�c�e� �w�i�t�h� �t�h�e� �[�U�-�!�*�C�]�t�y�r�o�s�i�n�e� �(�5� �w�C�i�/�4�.�5� �m�g�)� 

�b�e�i�n�g� �a�d�d�e�d� �t�o� �t�h�e� �g�r�o�w�i�n�g� �c�u�l�t�u�r�e� �(�2�0�0� �m�l�)� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �l�o�g�-�p�h�a�s�e� �g�r�o�w�t�h�.� 

�T�h�e� �l�i�p�i�d� �a�n�d� �C�Q� �w�e�r�e� �i�s�o�l�a�t�e�d� �a�n�d� �c�o�u�n�t�e�d� �a�s� �i�n� �t�h�e� �f�i�r�s�t� �e�x�p�e�r�i�m�e�n�t�.� �T�h�e� 

�c�o�m�p�o�u�n�d�s� �i�n� �t�h�e� �t�o�t�a�l� �l�i�p�i�d� �e�x�t�r�a�c�t� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �o�n� �T�L�C� �a�n�d� �t�h�e� �r�a�d�i�o�a�c�t�i�v�e� 

�a�r�e�a�s� �w�e�r�e� �l�o�c�a�l�i�z�e�d� �b�y� �r�e�m�o�v�i�n�g� �e�q�u�a�l�l�y� �d�i�v�i�d�e�d� �a�r�e�a�s� �o�f� �t�h�e� �p�l�a�t�e� �a�n�d� �d�e�t�e�r�-� 

�m�i�n�i�n�g� �t�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�i�e�s� �p�r�e�s�e�n�t� �b�y� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�i�n�g�.� �T�h�e� �a�r�e�a�s� �o�f� �t�h�e� �p�l�a�t�e� 

�c�o�n�t�a�i�n�i�n�g� �r�a�d�i�o�a�c�t�i�v�i�t�y� �s�h�o�u�l�d� �b�e� �l�i�p�i�d� �s�o�l�u�b�l�e� �m�e�t�a�b�o�l�i�t�e�s� �d�e�r�i�v�e�d� �f�r�o�m� �t�y�r�o�s�i�n�e� 

�a�n�d� �w�o�u�l�d� �t�h�u�s� �l�i�k�e�l�y� �b�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �b�e�t�w�e�e�n� �t�y�r�o�s�i�n�e� �a�n�d� �C�Q�.� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�3



�A�f�t�e�r� �t�h�e� �r�a�d�i�o�a�c�t�i�v�e� �s�p�o�t�(�s�)� �i�s�(�a�r�e�)� �l�o�c�a�t�e�d�,� �a� �l�a�r�g�e� �p�o�r�t�i�o�n� �o�f� �t�h�e� �S�.� 

�a�c�i�d�o�c�a�l�d�a�r�i�u�s� �(�4� �l�i�t�e�r�)� �w�a�s� �g�r�o�w�n� �w�i�t�h� �n�o�n�-�l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e� �a�n�d� �a� �l�i�p�i�d� �e�x�t�r�a�c�t� 

�w�a�s� �o�b�t�a�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �b�e�f�o�r�e�.� �T�h�i�s� �w�a�s� �d�o�n�e� �i�n� �t�h�e� �h�o�p�e� �o�f� �o�b�t�a�i�n�i�n�g� �e�n�o�u�g�h� 

�o�f� �t�h�e� �p�u�r�i�f�i�e�d� �i�n�t�e�r�m�e�d�i�a�t�e�s� �f�o�r� �t�h�e�i�r� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �l�a�r�g�e� 

�a�m�o�u�n�t� �o�f� �l�i�p�i�d� �e�x�t�r�a�c�t� �o�b�t�a�i�n�e�d�,� �i�t� �w�a�s� �s�e�p�a�r�a�t�e�d� �i�n�t�o� �t�h�r�e�e� �f�r�a�c�t�i�o�n�s� �b�y� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �o�n� �a� �s�i�l�i�c�a� �g�e�l� �c�o�l�u�m�n� �(�1� �x� �5� �c�m�)�.� �F�r�a�c�t�i�o�n� �1� �c�o�n�t�a�i�n�e�d� �c�o�m�-� 

�p�o�u�n�d�s� �e�l�u�t�e�d� �w�i�t�h� �h�e�x�a�n�e�-�e�t�h�e�r� �(�8�:�2�)�,� �f�r�a�c�t�i�o�n� �2� �c�o�n�t�a�i�n�e�d� �c�o�m�p�o�u�n�d�s� �e�l�u�t�e�d� 

�w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�,� �a�n�d� �F�r�a�c�t�i�o�n� �3� �c�o�n�t�a�i�n�e�d� �c�o�m�p�o�u�n�d�s� �e�l�u�t�e�d� �w�i�t�h� �e�t�h�y�l� 

�a�c�e�t�a�t�e�.� �E�a�c�h� �o�f� �t�h�o�s�e� �f�r�a�c�t�i�o�n�s� �w�a�s� �t�h�e�n� �f�u�r�t�h�e�r� �p�u�r�i�f�i�e�d� �b�y� �p�r�e�p�a�r�a�t�i�v�e� �T�L�C�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�B�e�n�z�o�t�h�i�o�p�h�e�n�e� �q�u�i�n�o�n�e� �i�n� �c�e�l�l� �e�x�t�r�a�c�t�.� �B�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �i�s� �t�h�e� 

�a�r�o�m�a�t�i�c� �c�o�r�e� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �C�Q�.� �T�h�e� �a�t�t�a�c�h�m�e�n�t� �o�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� 

�c�h�a�i�n� �a�n�d� �t�h�i�o�m�e�t�h�y�l� �g�r�o�u�p� �t�o� �a� �p�r�e�-�f�o�r�m�e�d� �b�e�n�z�o�[�b�]�t�h�i�o�p�h�e�n�-�4�,�7�-�q�u�i�n�o�n�e� �r�i�n�g� 

�w�o�u�l�d� �b�e� �o�n�e� �r�o�u�t�e� �i�n� �w�h�i�c�h� �C�Q� �c�o�u�l�d� �b�e� �b�i�o�s�y�n�t�h�e�s�i�z�e�d�.� �T�h�i�s� �r�o�u�t�e� �t�o� �C�Q� 

�w�o�u�l�d� �b�e� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �m�e�n�a�q�u�i�n�o�n�e�s� �w�h�e�r�e� �t�h�e� �f�u�l�l�y� �f�o�r�m�e�d� 

�q�u�i�n�o�n�e� �r�i�n�g� �r�e�a�c�t�s� �w�i�t�h� �i�s�o�p�r�e�n�y�l� �p�y�r�o�p�h�o�s�p�h�a�t�e� �t�o� �f�o�r�m� �m�e�n�a�q�u�i�n�o�n�e�s� �(�B�e�n�t�l�e�y� 

�a�n�d� �M�e�g�a�n�a�t�h�a�n�,� �1�9�8�2�)�.� �T�h�u�s� �t�h�e� �d�e�t�e�c�t�i�o�n� �o�f� �b�e�n�z�o�t�h�i�o�p�h�e�n�e� �q�u�i�n�o�n�e� �i�n� �S�.� 

�a�c�i�d�o�c�a�l�d�a�r�i�u�s� �c�o�u�l�d� �b�e� �t�a�k�e�n� �a�s� �e�v�i�d�e�n�c�e� �t�h�a�t� �i�t� �m�a�y� �b�e� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �C�Q� 

�b�i�o�s�y�n�t�h�e�s�i�s�.� �T�h�e� �b�e�n�z�o�t�h�i�o�p�h�e�n�e� �q�u�i�n�o�n�e�,� �h�o�w�e�v�e�r�,� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�c�t�e�d� �i�n� �c�e�l�l� 

�e�x�t�r�a�c�t�s� �u�s�i�n�g� �t�h�e� �p�r�o�c�e�d�u�r�e� �o�u�t�l�i�n�e�d� �i�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�e�c�t�i�o�n�.� �T�h�e� �r�e�a�s�o�n� �f�o�r� 

�t�h�i�s� �l�a�c�k� �o�f� �d�e�t�e�c�t�i�o�n� �c�o�u�l�d� �b�e� �e�i�t�h�e�r� �t�h�a�t� �t�h�i�s� �c�o�m�p�o�u�n�d� �i�s� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �~� �.� �6�4



�b�i�o�s�y�n�t�h�e�s�i�s�,� �b�u�t� �o�c�c�u�r�s� �i�n� �t�h�e� �c�e�l�l�s� �a�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o�o� �l�o�w� �t�o� �b�e� �d�e�t�e�c�t�e�d� �o�r� 

�t�h�a�t� �i�t� �i�s� �n�o�t� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �s�e�n�-� 

�S�i�t�i�v�i�t�y� �t�o� �d�e�t�e�c�t� �t�h�i�s� �c�o�m�p�o�u�n�d� �w�a�s� �v�e�r�y� �h�i�g�h�,� �t�h�i�s� �f�i�n�d�i�n�g� �a�r�g�u�e�s� �t�h�a�t� �t�h�e� �c�o�m�-� 

�p�o�u�n�d� �i�s� �n�o�t� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �a�n�d� �t�h�a�t� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� 

�c�h�a�i�n� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �a�r�o�m�a�t�i�c� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e� �b�e�f�o�r�e� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�b�e�n�z�o�t�h�i�o�p�h�e�n�e� �r�i�n�g�.� 

�S�e�a�r�c�h� �f�o�r� �f�a�r�n�e�s�y�l�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� �I�f� �t�h�e� �i�s�o�p�r�e�n�o�i�d� �s�i�d�e� 

�c�h�a�i�n� �i�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �r�i�n�g� �a�t� �a�n� �e�a�r�l�y� �s�t�a�g�e�,� �f�o�r� �i�n�s�t�a�n�c�e� �a�t� �t�y�r�o�s�i�n�e�,� �t�h�i�s� 

�i�s�o�p�r�e�n�y�l�a�t�e�d� �t�y�r�o�s�i�n�e� �c�o�u�l�d� �b�e� � �t�r�a�n�s�a�m�i�n�a�t�e�d� �t�o� � �i�s�o�p�r�e�n�y�l�a�t�e�d� 

�4�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e�,� �w�h�i�c�h� �c�o�u�l�d� �t�h�e�n� �b�e� �o�x�i�d�a�t�i�v�e�l�y� �r�e�a�r�r�a�n�g�e�d� �t�o� 

�i�s�o�p�r�e�n�y�l�a�t�e�d� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �T�h�i�s� �p�a�t�h�w�a�y� �a�n�d� �o�t�h�e�r�s� �a�r�e� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� 

�f�a�c�t� �t�h�a�t� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �w�a�s� �n�o�t� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �b�e�c�a�u�s�e� �t�h�e� �c�e�l�l�s� �m�a�y� 

�n�o�t� �h�a�v�e� �t�h�e� �e�n�z�y�m�e� �t�o� �i�s�o�p�r�e�n�y�l�a�t�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �T�h�e� �i�s�o�p�r�e�n�y�l�a�t�e�d� 

�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �c�a�n� �t�h�e�n� �p�r�o�c�e�e�d� �t�o� �f�o�r�m� �C�Q� �b�y� �t�h�e� �p�a�t�h�w�a�y�s� �d�i�s�c�u�s�s�e�d� �b�e�-� 

�f�o�r�e�.� �I�f� �t�h�i�s� �i�s� �t�h�e� �p�a�t�h�w�a�y� �i�n� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�a�s�,� �t�h�e�n� �a� �s�e�r�i�e�s� �o�f� �p�o�l�y�p�r�e�n�y�l�a�t�e�d� 

�c�o�m�p�o�u�n�d�s� �i�n�c�l�u�d�i�n�g� �t�h�e� �f�a�r�n�e�s�y�l�-�f�a�r�n�e�s�y�l� �d�e�r�i�v�a�t�i�v�e� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �m�a�y� 

�b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s�.� �I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �i�f� �t�h�i�s� �c�o�m�p�o�u�n�d� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� 

�c�e�l�l�s�,� �t�h�e� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �a�n�d� �u�s�e�d� �a�s� �a� �m�a�r�k�e�r� 

�t�o� �d�e�v�e�l�o�p� �m�e�t�h�o�d�s� �t�o� �e�x�t�r�a�c�t� �a�n�d� �p�u�r�i�f�y� �t�h�e� �f�a�r�n�e�s�y�l�-�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l�s�.� �T�h�e� �f�i�n�a�l� �p�u�r�i�f�i�e�d� �m�a�t�e�r�i�a�l� �c�o�u�l�d� �b�e� 

�i�d�e�n�t�i�f�i�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �a�n�d� �o�t�h�e�r� �p�h�y�s�i�c�a�l� �m�e�t�h�o�d�s�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�i�s� 

�c�o�m�p�o�u�n�d� �w�a�s� �n�o�t� �d�e�t�e�c�t�e�d� �i�n� �t�h�e� �c�e�l�l�s� �u�s�i�n�g� �t�h�e� �m�e�t�h�o�d�s� �o�u�t�l�i�n�e�d� �i�n� �t�h�e� �e�x�p�e�r�-� 

�i�m�e�n�t�a�l� �s�e�c�t�i�o�n�.� �A�s� �d�i�s�c�u�s�s�e�d� �b�e�f�o�r�e�,� �t�h�i�s� �n�e�g�a�t�i�v�e� �r�e�s�u�l�t� �m�a�y� �b�e� �d�u�e� �t�o� �e�i�t�h�e�r� �t�h�e� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�5



�a�b�s�e�n�c�e� �o�f� �t�h�e� �c�o�m�p�o�u�n�d� �i�n� �t�h�e� �c�e�l�l�s�,� �o�r� �i�t�s� �p�r�e�s�e�n�c�e� �i�n� �a� �v�e�r�y� �s�m�a�l�l� �a�m�o�u�n�t�s�.� 

�T�h�i�s� �l�a�t�t�e�r� �e�x�p�l�a�n�a�t�i�o�n� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �f�a�i�l�u�r�e� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� 

�i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �u�b�i�q�u�i�n�o�n�e� �i�n� �E�£�.� �c�o�l�i� �(�Y�o�u�n�g� �e�t� �a�l�.�,� �1�9�7�3�)�,� 

�T�h�i�s� �p�r�o�b�l�e�m� �w�a�s� �l�a�t�e�r� �s�o�l�v�e�d� �b�y� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �£�.� �c�o�l�i� �m�u�t�a�n�t�s� �w�h�i�c�h� �o�v�e�r�-� 

�p�r�o�d�u�c�e�d� �t�h�e� �r�e�q�u�i�r�e�d� �i�n�t�e�r�m�e�d�i�a�t�e�s�.� �A�t� �p�r�e�s�e�n�t�,� �h�o�w�e�v�e�r�,� �n�o� �s�u�c�c�e�s�s�f�u�l� �a�t�t�e�m�p�t� 

�t�o� �i�s�o�l�a�t�e� �m�u�t�a�n�t�s� �f�r�o�m� �a�n�y� �o�f� �t�h�e� �s�p�e�c�i�e�s� �o�f� �S�u�l�f�o�l�o�b�u�s� �h�a�s� �b�e�e�n� �d�e�s�c�r�i�b�e�d�.� 

�L�a�b�e�l�i�n�g� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �t�o� �C�Q� �w�i�t�h� �[�U�-�'�*�C�]�-�L�-�t�y�r�o�s�i�n�e�.� �A�n� �a�l�t�e�r�n�a�t�e� 

�m�e�t�h�o�d� �t�o� �i�d�e�n�t�i�f�y� �a�n�d� �i�s�o�l�a�t�e� �p�o�s�s�i�b�l�e� �i�n�t�e�r�m�e�d�i�a�t�e� �i�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s� �w�o�u�l�d� �b�e� 

�t�o� �l�a�b�e�l� �t�h�e�s�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �w�i�t�h� �a� �r�a�d�i�o�a�c�t�i�v�e� �p�r�e�c�u�r�s�o�r� �a�n�d� �m�o�n�i�t�o�r� �t�h�e�i�r� �i�s�o�-� 

�l�a�t�i�o�n� �a�n�d� �p�u�r�i�f�i�c�a�t�i�o�n� �b�y� �m�e�a�s�u�r�i�n�g� �r�a�d�i�o�a�c�t�i�v�i�t�y�.� �S�i�n�c�e� �t�y�r�o�s�i�n�e� �h�a�s� �b�e�e�n� �p�r�e�-� 

�v�i�o�u�s�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�o� �b�e� �r�e�a�d�i�l�y� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�,� �g�r�o�w�t�h� �o�f� �c�e�l�l�s� �w�i�t�h� 

�[�U�-�!�*�C�]�-�D�L�-�t�y�r�o�s�i�n�e� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �l�a�b�e�l� �a�l�l� �t�h�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �l�e�a�d�i�n�g� �t�o� 

�C�Q� �a�n�d� �t�h�u�s� �f�a�c�i�l�i�t�a�t�e� �t�h�e�i�r� �i�s�o�l�a�t�i�o�n�.� 

�I�n� �t�h�e� �f�i�r�s�t� �e�x�p�e�r�i�m�e�n�t� �t�o� �u�s�e� �t�h�i�s� �m�e�t�h�o�d�,� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� �w�i�t�h� 

�[�U�-�!�*�C�]�-�L�-�t�y�r�o�s�i�n�e� �(�1�.�9�9� �w�C�i�/�1�0� �m�g�)� �a�n�d� �a� �p�o�r�t�i�o�n� �o�f� �c�e�l�l�s� �w�e�r�e� �w�i�t�h�d�r�a�w�n� �a�t� �f�i�v�e� 

�d�i�f�f�e�r�e�n�t� �t�i�m�e�s� �d�u�r�i�n�g� �t�h�e� �g�r�o�w�t�h�.� �T�h�e� �e�x�t�r�a�c�t� �f�r�o�m� �t�h�e� �c�e�l�l�s� �w�a�s� �t�h�e�n� �p�u�r�i�f�i�e�d� 

�b�y� �T�L�C� �t�o� �s�e�p�a�r�a�t�e� �t�h�e� �C�Q� �f�r�o�m� �t�h�e� �o�t�h�e�r� �c�o�m�p�o�u�n�d�s�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �1�*�C� �i�n�t�o� �a�n�y� �c�o�m�p�o�u�n�d� �o�t�h�e�r� �t�h�a�n� �C�Q�.� �T�h�e� �m�a�t�e�r�i�a�l� 

�r�e�m�a�i�n�i�n�g� �a�t� �t�h�e� �o�r�i�g�i�n� �o�f� �t�h�e� �p�l�a�t�e� �w�h�i�c�h� �c�o�n�t�a�i�n�e�d� �s�o�m�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� �r�e�-� 

�c�o�v�e�r�e�d� �a�n�d� �p�u�r�i�f�i�e�d� �o�n� �a� �s�e�c�o�n�d� �T�L�C� �p�l�a�t�e� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �e�t�h�y�l� 

�a�c�e�t�a�t�e� �(�1�:�1� �v�o�l�/�v�o�l�)� �a�s� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �s�o�l�v�e�n�t� �s�y�s�t�e�m�.� �O�n�l�y� �t�h�e� �v�e�r�y� �t�o�p� �U�V� �s�p�o�t� 

�S�h�o�w�e�d� �a�n�y� �r�a�d�i�o�a�c�t�i�v�i�t�y�.� �T�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� �i�n�c�o�r�p�o�r�a�t�e�d� �f�r�o�m� �t�h�e� �l�a�b�e�l�e�d� 

�t�y�r�o�s�i�n�e� �i�n�t�o� �t�o�t�a�l� �l�i�p�i�d� �f�r�a�c�t�i�o�n�,� �C�Q�,� �a�n�d� �t�h�e� �U�V� �s�p�o�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e� �i�s� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�6



�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�7�.� �T�h�e� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�e� �m�a�x�i�m�u�m� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �r�a�d�i�o�-� 

�a�c�t�i�v�i�t�y� �i�n�t�o� �C�Q� �a�n�d� �t�h�e� �U�V� �s�p�o�t� �o�c�c�u�r�r�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �c�e�l�l� �g�r�o�w�t�h�.� 

�I�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �i�n�t�e�r�m�e�d�i�a�t�e�s� �l�a�b�e�l�e�d� �w�i�t�h� �a� �h�i�g�h�e�r� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y�,� 

�(�U�-�!�*�C�]�-�L�-�t�y�r�o�s�i�n�e� �w�i�t�h� �a� �h�i�g�h�e�r� �r�a�d�i�o�s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �w�a�s� �f�e�d� �t�o� �c�e�l�l�s� �(�5� �w�C�i�/�4� 

�m�g� �i�n� �1�0�0� �m�l� �c�u�l�t�u�r�e�)� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�e�l�l� �e�x�t�r�a�c�t� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �T�L�C�.� �T�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� �o�n� �t�h�e� �T�L�C� �p�l�a�t�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�8� �a�n�d� 

�F�i�g�u�r�e� �1�9�.� �T�h�e� �m�a�j�o�r� �r�a�d�i�o�a�c�t�i�v�e� �s�p�o�t� �o�n� �t�h�e� �T�L�C� �p�l�a�t�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�9� 

�w�a�s� �e�l�u�t�e�d� �f�r�o�m� �t�h�e� �p�l�a�t�e� �a�n�d� �p�u�r�i�f�i�e�d� �o�n� �a� �t�h�i�r�d� �p�l�a�t�e� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 

�s�o�l�v�e�n�t� �(�F�i�g�u�r�e� �2�0�)�.� �T�h�e� �A�,� �o�f� �t�h�i�s� �r�a�d�i�o�a�c�t�i�v�e� �s�p�o�t� �(�0�.�5�)� �i�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �o�f� 

�f�a�r�n�e�s�y�l�-�f�a�r�n�e�s�y�]� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �(�0�.�2�5�)� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�i�s� �t�y�r�o�s�i�n�e� 

�d�e�r�i�v�e�d� �s�p�o�t� �i�s� �n�o�t� �f�a�r�n�e�s�y�l�-�f�a�r�n�e�s�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� �I�t� �w�a�s� �a�l�s�o� �f�o�u�n�d� 

�t�h�a�t� �t�h�e� �s�p�o�t� �d�e�c�o�m�p�o�s�e�d� �o�n� �T�L�C� �p�l�a�t�e�,� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �a�i�r� �o�x�i�d�a�t�i�o�n�.� �T�h�i�s� �w�a�s� 

�c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �i�s�o�l�a�t�e� �t�h�e� �m�a�t�e�r�i�a�l� �f�r�o�m� �d�e�v�e�l�o�p�e�d� �T�L�C� �p�l�a�t�e�s� �t�h�a�t� 

�h�a�d� �b�e�e�n� �e�x�p�o�s�e�d� �t�o� �a�i�r� �f�o�r� �s�e�v�e�r�a�l� �h�o�u�r�s�.� �T�h�i�s� �o�x�i�d�a�t�i�v�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �w�a�s� �a�l�s�o� 

�o�b�s�e�r�v�e�d� �b�y� �t�h�e� �s�p�o�t�s� �t�u�r�n�i�n�g� �b�r�o�w�n� �u�p�o�n� �e�x�p�o�s�u�r�e� �t�o� �a�i�r�,� �a� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�b�-� 

�s�e�r�v�e�d� �f�o�r� �T�L�C� �p�l�a�t�e�s� �w�i�t�h� �s�p�o�t�s� �o�f� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �o�r� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 

�l�a�c�t�o�n�e�.� �T�h�i�s� �i�n�f�o�r�m�a�t�i�o�n� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �s�p�o�t� �i�s� �l�i�k�e�l�y� �a� �c�o�m�p�o�u�n�d� �w�i�t�h� 

�s�t�r�u�c�t�u�r�a�l� �f�e�a�t�u�r�e�s� �l�i�k�e� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�.� �H�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �o�f� �t�h�i�s� �i�n�s�t�a�b�i�l�i�t�y�,� 

�i�t� �h�a�s� �b�e�e�n� �i�m�p�o�s�s�i�b�l�e� �t�h�u�s� �f�a�r� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �c�o�m�p�o�u�n�d�.� 

�I�n� �a�n� �a�t�t�e�m�p�t� �t�o� �g�e�t� �a�r�o�u�n�d� �t�h�i�s� �d�e�c�o�m�p�o�s�i�t�i�o�n�,� �a� �s�e�r�i�e�s� �o�f� �c�h�e�m�i�c�a�l� �r�e�-� 

�a�c�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �i�n� �o�r�d�e�r� �t�o� �c�o�n�v�e�r�t� �t�h�e� �c�o�m�p�o�u�n�d� �t�o� �a� �m�o�r�e� �s�t�a�b�l�e� �c�o�m�p�o�u�n�d� 

�t�h�a�t� �c�o�u�l�d� �b�e� �m�o�r�e� �e�a�s�i�l�y� �c�h�a�r�a�c�t�e�r�i�z�e�d�.� �V�a�r�i�o�u�s� �d�e�r�i�v�a�t�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �w�e�r�e� 

�t�e�s�t�e�d�,� �w�i�t�h� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �a�n�d� �p�h�y�t�y�l� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �6�7
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�r�a�t�e�d� �b�y� �T�L�C�:� �T�h�e� �T�L�C� �w�a�s� �d�e�v�e�l�o�p�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 
�a�n�d� �e�t�h�y�l� �a�c�c�t�a�t�e� �(�1�:�1� �v�o�l�/�v�o�l�)� �s�o�l�v�e�n�t�.� �T�h�e� �p�o�s�i�t�i�o�n�s� �o�f� �k�n�o�w�n� 
�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�,� �a�n�d� �p�h�y�t�y�l� 
�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �o�n� �T�L�C� �a�r�e� �s�h�o�w�n� �i�n� �t�h�e� �f�i�g�u�r�e�.� �T�h�e� 
�s�p�o�t� �l�a�b�e�l�e�d� �F� �i�n�d�i�c�a�t�e�s� �t�h�e� �f�l�u�o�r�e�s�c�e�n�t� �s�p�o�t�s�.� �O�t�h�e�r�s� �a�r�c� �U�V� 
�s�p�o�t�s�.� 
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�r�a�t�e�d� �b�y� �T�L�C�:� �T�h�e� �T�L�C� �w�a�s� �d�e�v�e�l�o�p�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 
�s�o�l�v�e�n�t�.� �T�h�e� �p�o�s�i�t�i�o�n� �o�f� �k�n�o�w�n� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�s� 
�l�a�c�t�o�n�e� �i�s� �i�n�d�i�c�a�t�e�d� �i�n� �t�h�e� �f�i�g�u�r�e�.� �S�p�o�t�s� �l�a�b�e�l�e�d� �F� �a�r�e� �f�l�u�o�r�c�s�-� 
�c�e�n�t�,� �o�t�h�e�r�s� �a�r�c� �U�V� �s�p�o�t�s�.� 
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�h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e� �s�e�r�v�i�n�g� �a�s� �m�o�d�e�l� �c�o�m�p�o�u�n�d�s�.� �T�h�e�s�e� �m�e�t�h�o�d�s� �i�n�c�l�u�d�e�d� 

�m�e�t�h�y�l�a�t�i�o�n� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �m�e�t�h�y�l�a�t�i�o�n� �r�e�a�g�e�n�t�s� �(�d�i�a�z�o�m�e�t�h�a�n�e�,� �m�e�t�h�y�l� �i�o�d�i�d�e�,� 

�d�i�m�e�t�h�y�l� �s�u�l�f�a�t�e�,� �a�n�d� �H�C�l� �i�n� �m�e�t�h�a�n�o�l�)� �a�n�d� �a�c�e�t�y�l�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� �f�o�r�m�e�d� 

�b�y� �L�i�A�l�H�«�4� �r�e�d�u�c�t�i�o�n�.� �T�h�e� �b�e�s�t� �m�e�t�h�o�d� �f�o�u�n�d� �w�a�s� �t�h�e� �a�c�e�t�y�l�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�d�u�c�t�s� 

�f�o�r�m�e�d� �b�y� �L�i�A�l�H�a�4� �r�e�d�u�c�t�i�o�n� �w�i�t�h� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e�.� 

�T�h�u�s�,� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�a�s� �g�r�o�w�n� �i�n� �1�0�0� �m�l� �o�f� �y�e�a�s�t� �e�x�t�r�a�c�t� �m�e�d�i�u�m� �c�o�n�-� 

�t�a�i�n�i�n�g� �[�U�-�'�*�C�]�-�L�-�t�y�r�o�s�i�n�e� �(�1�1� �w�C�i�/�5�.�7� �m�g�)�.� �T�w�o� �t�h�i�r�d�s� �o�f� �t�h�e� �l�i�p�i�d� �e�x�t�r�a�c�t� �w�a�s� 

�r�e�d�u�c�e�d� �w�i�t�h� �L�i�A�l�H�g�4� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �p�r�o�d�u�c�t� �w�a�s� �a�c�e�t�y�l�a�t�e�d�.� �T�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� 

�r�e�c�o�v�e�r�e�d� �i�n� �t�h�e�s�e� �a�c�e�t�y�l�a�t�e�d� �p�r�o�d�u�c�t�s� �w�a�s� �7�0�%� �o�f� �t�h�a�t� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �l�i�p�i�d� �e�x�-� 

�t�r�a�c�t�.� �T�h�e� �p�r�o�d�u�c�t� �m�i�x�t�u�r�e� �w�a�s� �t�h�e�n� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� 

�a�s� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �s�o�l�v�e�n�t�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� �o�n� �t�h�e� �T�L�C� �p�l�a�t�e� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�1�.� �A�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �f�i�g�u�r�e�,� �m�o�s�t� �o�f� �t�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� �d�i�d� 

�n�o�t� �h�a�v�e� �a� �R�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �a�c�e�t�y�l�a�t�i�o�n� �p�r�o�d�u�c�t�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� 

�L�i�A�l�H�4� �r�e�d�u�c�t�i�o�n� �o�f� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� �O�n�l�y� �a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� 

�r�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �s�p�o�t� �t�h�a�t� �h�a�d� �a� �R�,�c�l�o�s�e� �t�o� �a�c�e�t�y�l�a�t�e�d� �p�r�o�d�u�c�t� 

�o�f� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� �T�o� �f�u�r�t�h�e�r� �r�e�s�o�l�v�e� �t�h�i�s� �s�p�o�t�,� �i�t� �w�a�s� �r�e�m�o�v�e�d� 

�a�n�d� �p�u�r�i�f�i�e�d� �o�n� �a� �s�e�c�o�n�d� �p�l�a�t�e� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �e�t�h�y�l� �a�c�e�t�a�t�e� �(�2�:�1� 

�v�o�l�/�v�o�l�)� �a�s� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �s�o�l�v�e�n�t� �(�F�i�g�u�r�e� �2�2�)�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� 
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�I�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �m�o�r�e� �m�a�t�e�r�i�a�l�s� �f�o�r� �t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�o�u�n�d� 

�r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �r�a�d�i�o�a�c�t�i�v�e� �p�e�a�k�s� �o�b�s�e�r�v�e�d�,� �a�n�o�t�h�e�r� �p�o�r�t�i�o�n� �o�f� �t�h�e� �r�a�d�i�o�a�c�t�i�v�e� 

�c�e�l�l� �e�x�t�r�a�c�t� �w�a�s� �m�i�x�e�d� �w�i�t�h� �t�h�e� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �c�e�l�l� �e�x�t�r�a�c�t� 

�p�u�r�i�f�i�e�d� �b�y� �a� �s�i�l�i�c�a� �g�e�l� �c�o�l�u�m�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �T�h�e� �T�L�C� �p�u�r�i�f�i�e�d� �s�p�o�t� �w�h�i�c�h� 

�h�a�d� �t�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� �(�R�,� �0�.�4�5� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �s�o�l�v�e�n�t�)� �w�a�s� �a�n�a�l�y�z�e�d� �b�y� �U�V� 

�s�p�e�c�t�r�o�s�c�o�p�y� �(�F�i�g�u�r�e� �2�3�)� �a�n�d� �t�h�e� �s�p�e�c�t�r�u�m� �w�a�s� �f�o�u�n�d� �n�o�t� �t�o� �m�a�t�c�h� �t�h�e� �U�V� 

�S�p�e�c�t�r�u�m� �o�f� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� �l�a�c�t�o�n�e�.� �T�h�e� �U�V� �s�p�e�c�t�r�u�m� �d�i�d� �n�o�t� �c�h�a�n�g�e� 

�w�h�e�n� �m�e�a�s�u�r�e�d� �i�n� �0�.�1� �N� �N�a�O�H� �s�o�l�u�t�i�o�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �p�h�e�n�o�l�.� �T�h�i�s� 

�w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �i�n�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�m�p�o�u�n�d� �d�i�s�s�o�l�v�e�d� �i�n� �e�t�h�y�l� �a�c�e�t�a�t�e� �t�o� �b�e� 

�e�x�t�r�a�c�t�e�d� �i�n�t�o� �0�.�1� �N� �N�a�O�H�.� �T�h�e�s�e� �d�a�t�a� �a�l�s�o� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �c�o�m�p�o�u�n�d� �i�s� �n�o�t� 

�a�n� �a�c�i�d�.� �W�h�e�n� �t�h�e� �c�o�m�p�o�u�n�d� �w�a�s� �r�e�d�u�c�e�d� �w�i�t�h� �L�i�A�l�H�a� �a�n�d� �a�c�e�t�y�l�a�t�e�d� �w�i�t�h� 

�a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e�,� �a� �s�e�r�i�e�s� �o�f� �d�i�f�f�e�r�e�n�t� �p�r�o�d�u�c�t�s� �w�e�r�e� �g�e�n�e�r�a�t�e�d� �a�s� �e�v�a�l�u�a�t�e�d� �b�y� 

�T�L�C�.� �W�h�e�n� �t�h�e� �c�o�m�p�o�u�n�d� �w�a�s� �a�c�e�t�y�l�a�t�e�d� �w�i�t�h� �a�c�e�t�i�c� �a�n�h�y�d�r�i�d�e� �w�i�t�h�o�u�t� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �w�i�t�h� �L�i�A�l�H�4�,� �h�o�w�e�v�e�r�,� �t�w�o� �m�a�j�o�r� �U�V� �s�p�o�t�s� �w�e�r�e� �d�e�t�e�c�t�e�d�.� �O�n�e� �o�f� 

�t�h�e�s�e� �s�p�o�t�s� �h�a�d� �t�h�e� �s�a�m�e� �A�;� �a�s� �t�h�e� �n�o�n�t�r�e�a�t�e�d� �c�o�m�p�o�u�n�d�,� �t�h�e� �o�t�h�e�r� �h�a�s� �a� �l�o�w�e�r� 

�R�;� �(�0�.�2�3� �i�n� �C�H�2�C�l�z�)�,� �b�u�t� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �o�f� �a�c�e�t�y�l�a�t�e�d� �p�h�y�t�y�l� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d� 
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�p�e�r� �p�a�n�e�l� �i�s� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �R�f� �0�.�4�5� �s�p�o�t� �a�n�d� �t�h�e� �l�o�w�e�r� 
�p�a�n�e�l� �i�s� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �R�f� �0�.�2�3� �s�p�o�t�.� �T�h�e� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� 
�l�o�w�e�r� �s�p�o�t� �w�a�s� �r�e�c�o�r�d�e�d� �w�i�t�h� �p�e�n�t�a�n�e� �a�s� �a� �r�e�f�e�r�e�n�c�e�.� 

�S�E�A�R�C�H� �F�O�R� �T�H�E� �I�N�T�E�R�M�E�D�I�A�T�E�S� �I�N� �C�Q� �B�I�O�S�Y�N�T�H�E�S�I�S� �7�7



�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� 

�S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� 

�T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�E�a�r�l�i�e�r� �i�n� �t�h�i�s� �t�h�e�s�i�s�,� �i�t� �w�a�s� �s�h�o�w�n� �t�h�a�t� �o�n�l�y� �o�n�e� �o�f� �t�h�e� �t�w�o� �d�e�u�t�e�r�i�u�m�s� �o�f� 

�[�3�,�3�-�7�H�2�]�-�D�L�-�t�y�r�o�s�i�n�e� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �b�y� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s�.� �T�h�e� 

�s�t�e�r�e�o�s�p�e�c�i�f�i�c�i�t�y� �f�o�r� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�i�s� �d�e�u�t�e�r�i�u�m�,� �h�o�w�e�v�e�r�,� �w�a�s� �n�o�t� �e�s�t�a�b�-� 

�l�i�s�h�e�d�.� �T�h�u�s�,� �f�o�u�r� �s�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �d�e�u�t�e�r�i�a�t�e�d� �i�s�o�m�e�r�s� �o�f� �t�y�r�o�s�i�n�e�s� �(�F�i�g�u�r�e� �2�5�)� 

�w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �a�n�d� �u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �s�t�e�r�e�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� 

�t�h�e� �C�-�3� �h�y�d�r�o�g�e�n�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �g�r�o�w�i�n�g� �c�e�l�l�s� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �i�n� 

�a� �m�e�d�i�u�m� �c�o�n�t�a�i�n�i�n�g� �e�a�c�h� �o�f� �t�h�e� �f�o�u�r� �t�y�r�o�s�i�n�e� �i�s�o�m�e�r�s� �a�n�d� �m�e�a�s�u�r�i�n�g� �t�h�e� �i�n�c�o�r�-� 

�p�o�r�a�t�i�o�n� �o�f� �t�h�e�s�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s� �i�n�t�o� �c�a�l�d�a�r�i�e�l�l�a�q�u�i�n�o�n�e� �(�C�Q�)� �b�y� �m�a�s�s� 

�s�p�e�c�t�r�o�m�e�t�r�y�.� 
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�2�5�.� �S�y�n�t�h�e�s�i�s� �o�f� �s�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s�.� �F�i�g�u�r�e� 

�7�9� �I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q



�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S� 

�S�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �s�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �d�e�u�t�e�r�i�u�m� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s�.� �T�h�e� �f�o�u�r� 

�S�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �d�e�u�t�e�r�i�a�t�e�d� �i�s�o�m�e�r�s� �o�f� �t�y�r�o�s�i�n�e�,� �(�3�S�)�-�L�-�[�2�-�?�H�,� �3�-�?�H�]�-� �(�1�)�,� 

�(�3�R�)�-�D�-�[�2�-�?�H�,� �3�-�?�H�]�-� �(�2�)�,� �(�3�S�)�-�D�-�[�3�-�?�H�]�-� �(�3�)�,� �a�n�d� �(�3�R�)�-�L�-�[�3�-�?�H�]�-�t�y�r�o�s�i�n�e� �(�4�)�,� �w�e�r�e� 

�s�y�n�t�h�e�s�i�z�e�d� �u�s�i�n�g� �t�h�e� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �b�y� �K�i�r�b�y� �a�n�d� �M�i�c�h�a�e�l� �(�1�9�7�3�)� 

�(�F�i�g�u�r�e� �2�5�)�.� �T�h�e� �s�i�m�u�l�t�a�n�e�o�u�s� �s�y�n�t�h�e�s�i�s� �o�f� �i�s�o�m�e�r�s� �(�3�)� �a�n�d� �(�4�)� �b�e�g�a�n� �w�i�t�h� �t�h�e� 

�c�o�n�d�e�n�s�a�t�i�o�n� �o�f� �[�1�-�*�H�]�-�p�-�a�n�i�s�a�l�d�e�h�y�d�e� �a�n�d� �N�-�b�e�n�z�y�l�g�l�y�c�i�n�e� �t�o� �f�o�r�m� �a�n� 

�o�x�a�z�o�l�i�n�o�n�e� �d�e�r�i�v�a�t�i�v�e�,� �w�h�i�c�h� �w�a�s� �h�y�d�r�o�l�y�z�e�d� �w�i�t�h� �a�l�k�a�l�i�n�e�-�m�e�t�h�a�n�o�l� �t�o� 

�(�Z�)�-�a�-�b�e�n�z�o�y�l�a�m�i�n�o�-�4�-�m�e�t�h�o�x�y�-�[�3�-�*�H�]�-�p�-�c�i�n�n�a�m�i�c� �a�c�i�d�.� �T�h�e� �c�i�n�n�a�m�i�c� �a�c�i�d� �d�e�-� 

�r�i�v�a�t�i�v�e� �w�a�s� �r�e�d�u�c�e�d� �b�y� �h�y�d�r�o�g�e�n�a�t�i�o�n� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �p�a�l�l�a�d�i�u�m� �t�o� 

�N�-�b�e�n�z�o�y�l�-�O�-�m�e�t�h�y�i�[�3�-�?�H�]�-�t�y�r�o�s�i�n�e�,� �w�h�i�c�h� �w�a�s� �h�y�d�r�o�l�y�z�e�d� �b�y� �4�0�%� �h�y�d�r�o�g�e�n� 

�b�r�o�m�i�d�e� �t�o� �g�i�v�e� �a� �m�i�x�t�u�r�e� �o�f� �t�y�r�o�s�i�n�e� �i�s�o�m�e�r�s� �(�3�)� �a�n�d� �(�4�)�.� �I�s�o�m�e�r�s� �(�1�)� �a�n�d� �(�2�)� 

�w�e�r�e� �s�y�n�t�h�e�s�i�s�e�d� �i�n� �a�n� �a�n�a�l�o�g�o�u�s� �m�a�n�n�e�r� �e�x�c�e�p�t� �t�h�a�t� � �n�o�n�l�a�b�e�l�e�d� 

�(�Z�)�-�«�-�b�e�n�z�o�y�l�a�m�i�n�o�-�4�-�m�e�t�h�o�x�y�c�i�n�n�a�m�i�c� �a�c�i�d� �w�a�s� �h�y�d�r�o�g�e�n�a�t�e�d� �w�i�t�h� �d�e�u�t�e�r�i�u�m� 

�g�a�s�.� �E�a�c�h� �p�a�i�r� �o�f� �D�-�L� �i�s�o�m�e�r�s� �w�a�s� �r�e�s�o�l�v�e�d� �b�y� �t�r�e�a�t�m�e�n�t� �o�f� �i�t�s� �c�h�l�o�r�o�a�c�e�t�y�l� �d�e�-� 

�r�i�v�a�t�i�v�e� �w�i�t�h� �c�a�r�b�o�x�y�p�e�p�t�i�d�a�s�e� �A� �f�r�o�m� �b�o�v�i�n�e� �p�a�n�c�r�e�a�s� �(�S�i�g�m�a�)� �(�K�i�r�b�y� �a�n�d� 

�M�i�c�h�a�e�l�,� �1�9�7�3�)�.� �[�l�-�?�H�]�-�p�-�A�n�i�s�a�l�d�e�h�y�d�e� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� �n�o�n�l�a�b�e�l�e�d� 

�p�-�a�n�i�s�a�l�d�e�h�y�d�e� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �K�i�r�b�y� �a�n�d� �M�i�c�h�a�e�l� �(�1�9�7�3�)� �(�F�i�g�u�r�e� �2�5�)�.� 

�A�n�a�l�y�s�i�s� �o�f� �t�h�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e�s�.� �T�h�e� �d�e�u�t�e�r�i�u�m� �c�o�n�t�e�n�t� �o�f� �e�a�c�h� �s�a�m�p�l�e� �w�a�s� 

�a�n�a�l�y�z�e�d� �f�r�o�m� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �o�f� �i�t�s� �N�,�O�-�b�i�s�t�r�i�f�l�u�o�r�o�a�c�e�t�y�l�,� �n�-�b�u�t�y�l� �e�s�t�e�r� 

�d�e�r�i�v�a�t�i�v�e� �(�W�h�i�t�e�,� �1�9�8�5�)�.� �T�o�t�a�l� �d�e�u�t�e�r�i�u�m� �c�o�n�t�e�n�t� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� �w�a�s� �m�e�a�s�u�r�e�d� 

�f�r�o�m� �t�h�e� �i�s�o�t�o�p�i�c� �e�n�r�i�c�h�m�e�n�t� �o�f� �t�h�e� �m�/�z� �3�2�8� �f�r�a�g�m�e�n�t� �i�o�n� �(�M�*�-�C�O�O�C�«�a�H�s�)� �a�n�d� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�0



�d�e�u�t�e�r�i�u�m� �s�p�e�c�i�f�i�c�a�l�l�y� �a�t� �C�-�3� �w�a�s� �m�e�a�s�u�r�e�d� �f�r�o�m� �t�h�e� �i�s�o�t�o�p�i�c� �e�n�r�i�c�h�m�e�n�t� �o�f� �t�h�e� 

�m�/�z� �2�0�3� �f�r�a�g�m�e�n�t� �i�o�n� �(�C�F�3�C�O�O�C�e�H�4�a�C�H�2�*�)�.� �T�h�e� �e�n�a�n�t�i�o�m�e�r�i�c� �p�u�r�i�t�y� �o�f� �e�a�c�h� 

�s�a�m�p�l�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �t�h�e� �p�h�e�n�y�l�a�l�a�n�i�n�e� �a�m�m�o�n�i�u�m� �l�y�a�s�e� �a�s�s�a�y� �(�O�g�a�t�a� 

�e�t� �a�l�.�,� �1�9�6�7�)�.� �I�n� �t�h�i�s� �a�s�s�a�y�,� �L�-�t�y�r�o�s�i�n�e� �i�s� �d�e�a�m�i�n�a�t�e�d� �t�o� �p�-�c�o�u�m�a�r�i�c� �a�c�i�d� �w�i�t�h� �t�h�e� 

�s�p�e�c�i�f�i�c� �r�e�m�o�v�a�l� �o�f� �t�h�e� �p�r�o�-�3�S� �h�y�d�r�o�g�e�n� �o�f� �t�h�e� �t�y�r�o�s�i�n�e�.� �T�h�u�s�,� �e�a�c�h� 

�S�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �l�a�b�e�l�e�d� �L�-�t�y�r�o�s�i�n�e� �s�a�m�p�l�e� �w�a�s� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �p�h�e�n�y�l�a�l�a�n�i�n�e� 

�a�m�m�o�n�i�u�m� �l�y�a�s�e� �f�r�o�m� �R�h�o�d�o�t�o�r�u�l�a� �g�l�u�t�i�n�i�s� �(�S�i�g�m�a�)� �i�n� �T�r�i�s� �b�u�f�f�e�r� �(�6�5� �m�M�,� �p�H� 

�8�.�6�)� �a�n�d� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �p�-�c�o�u�m�a�r�a�t�e� �w�a�s� �m�e�a�s�u�r�e�d� �b�y� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� 

�a�b�s�o�r�b�a�n�c�e� �a�t� �3�3�3� �n�m�.� �T�h�e� �p�-�c�o�u�m�a�r�i�c� �a�c�i�d� �w�a�s� �t�h�e�n� �i�s�o�l�a�t�e�d� �b�y� �e�x�t�r�a�c�t�i�n�g� �t�h�e� 

�a�c�i�d�i�f�i�e�d� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �a�n�d� �i�t�s� �d�e�u�t�e�r�i�u�m� �c�o�n�t�e�n�t� �w�a�s� �c�a�l�-� 

�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �i�s�o�t�o�p�i�c� �e�n�r�i�c�h�m�e�n�t� �o�f� �t�h�e� �M�*� �m�/�z� �1�6�4� �i�o�n�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�-� 

�t�w�e�e�n� �t�h�e� �d�e�u�t�e�r�i�u�m� �c�o�n�t�e�n�t� �o�f� �t�h�e� �p�-�c�o�u�m�a�r�i�c� �a�c�i�d� �a�n�d� �t�h�e� �t�o�t�a�l� �d�e�u�t�e�r�i�u�m� 

�c�o�n�t�e�n�t� �i�n� �t�h�e� �s�t�a�r�t�i�n�g� �L�-�t�y�r�o�s�i�n�e� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�t�e�r�e�o�c�h�e�m�i�c�a�l� �p�u�r�i�t�y� 

�f�o�r� �t�h�e� �C�-�3� �h�y�d�r�o�g�e�n� �o�f� �t�y�r�o�s�i�n�e�.� �S�i�n�c�e� �t�h�e� �e�n�z�y�m�e� �o�n�l�y� �a�c�t�s� �o�n� �L�-�t�y�r�o�s�i�n�e�,� �t�h�e� 

�e�n�a�n�t�i�o�m�e�r�i�c� �p�u�r�i�t�y� �o�f� �t�h�e� �t�w�o� �D�-�i�s�o�m�e�r�s� �w�a�s� �a�s�s�u�m�e�d� �t�o� �b�e� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �L�-� 

�i�s�o�m�e�r�s� �s�i�n�c�e� �t�h�e� �s�y�n�t�h�e�s�i�s� �a�n�d� �r�e�s�o�l�u�t�i�o�n� �m�e�t�h�o�d�s� �u�s�e�d� �w�e�r�e� �t�h�e� �s�a�m�e�.� �T�h�e� �t�w�o� 

�D�-�i�s�o�m�e�r�s� �t�r�e�a�t�e�d� �w�i�t�h� �t�h�e� �e�n�z�y�m�e� �d�i�d� �n�o�t� �p�r�o�d�u�c�e� �a�n�y� �d�e�t�e�c�t�a�b�l�e� �a�m�o�u�n�t� �o�f� 

�p�-�c�o�u�m�a�r�i�c� �a�c�i�d�,� �i�n�d�i�c�a�t�i�n�g� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �L�-�i�s�o�m�e�r� �c�o�n�t�a�m�i�n�a�t�i�o�n� �i�n� 

�t�h�e� �s�a�m�p�l�e�s�.� 

�D�a�t�a� �o�n� �t�h�e� �d�e�u�t�e�r�i�u�m� �c�o�n�t�e�n�t� �a�n�d� �e�n�a�n�t�i�o�m�e�r�i�c� �p�u�r�i�t�y� �o�f� �e�a�c�h� �s�a�m�p�l�e� �a�r�e� 

�s�h�o�w�n� �i�n� �T�a�b�l�e� �2� �o�n� �p�a�g�e� �8�3�.� �C�o�m�p�o�u�n�d�s� �(�3�)� �a�n�d� �(�4�)� �c�o�n�t�a�i�n� �a�b�o�u�t� �1�8�%� �u�n�l�a�-� 

�b�e�l�e�d� �m�o�l�e�c�u�l�e�s�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �e�x�t�e�n�t� �o�f� �l�a�b�e�l�i�n�g� �o�f� �t�h�e� 

�[�1�-�?�H�]�-�p�-�a�n�i�s�a�l�d�e�h�y�d�e� �u�s�e�d� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s�.� �T�h�e� �l�a�b�e�l�e�d� �m�o�l�e�c�u�l�e�s� �w�e�r�e� �a�b�o�u�t� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�1



�8�5�%� �e�n�a�n�t�i�o�m�e�r�i�c�a�l�l�y� �p�u�r�e�.� �T�h�i�s� �s�t�e�r�e�o�i�m�p�u�r�i�t�y� �r�e�s�u�l�t�e�d� �f�r�o�m� �r�a�c�e�m�i�z�a�t�i�o�n� �a�t� 

�t�h�e� �C�-�2� �p�o�s�i�t�i�o�n� �o�f� �t�y�r�o�s�i�n�e� �d�u�r�i�n�g� �i�t�s� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n� �t�o� �t�h�e� �c�h�l�o�r�o�a�c�e�t�y�]� 

�d�e�r�i�v�a�t�i�v�e� �p�r�i�o�r� �t�o� �i�t�s� �r�e�s�o�l�u�t�i�o�n� �w�i�t�h� �c�a�r�b�o�x�y�p�e�p�t�i�d�a�s�e� �(�W�i�g�h�t�m�a�n� �e�t� �a�l�.�,� �1�9�7�2�)�.� 

�G�r�o�w�t�h� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�i�t�h� �t�h�e� �l�a�b�e�l�e�d� �t�y�r�o�s�i�n�e� �a�n�d� �m�e�a�s�u�r�e�m�e�n�t� �o�f� 

�t�h�e�i�r� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �C�Q� �a�n�d� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�s�.� �F�o�u�r� �c�u�l�t�u�r�e�s� �o�f� �S�.� 

�a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�e�r�e� �g�r�o�w�n� �f�o�r� �3� �d�a�y�s� �a�t� �7�0�°�C� �i�n� �t�h�e� �y�e�a�s�t� �e�x�t�r�a�c�t� �m�e�d�i�u�m� �(�1�0�0� 

�m�l�)� �a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�,� �e�a�c�h� �w�a�s� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �4�5� �m�g� �o�f� �o�n�e� �o�f� �t�h�e� 

�s�t�e�r�e�o�s�p�e�c�i�f�i�c�a�l�l�y� �d�e�u�t�e�r�i�a�t�e�d� �t�y�r�o�s�i�n�e�s�.� �T�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �7�H� �i�n� �t�h�e� �C�Q� �a�n�d� �i�n� 

�t�h�e� �p�r�o�t�e�i�n�-�b�o�u�n�d� �t�y�r�o�s�i�n�e� �i�n� �t�h�e� �c�e�l�l�s� �w�a�s� �a�n�a�l�y�z�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �a�s� 

�d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� 

�M�e�a�s�u�r�e�m�e�n�t� �o�f� �t�y�r�o�s�i�n�e� �u�t�i�l�i�z�a�t�i�o�n� �b�y� �g�r�o�w�i�n�g� �c�e�l�l�s�.� �T�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� 

�D�L�-�t�y�r�o�s�i�n�e� �b�y� �t�h�e� �c�e�l�l�s� �w�a�s� �q�u�a�n�t�i�t�a�t�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �f�r�e�e� 

�t�y�r�o�s�i�n�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �m�e�d�i�u�m� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �c�e�l�l� �g�r�o�w�t�h� �u�s�i�n�g� �a�n� �a�m�i�n�o� �a�c�i�d� 

�a�n�a�l�y�z�e�r�.� 

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�T�h�e� �r�e�s�u�l�t�s� �(�T�a�b�l�e� �2�)� �s�h�o�w� �t�h�a�t� �t�h�e� �C�-�3� �d�e�u�t�e�r�i�u�m� �f�r�o�m� �a�l�l� �f�o�u�r� �t�y�r�o�s�i�n�e� 

�i�s�o�m�e�r�s� �w�a�s� �r�e�a�d�i�l�y� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�,� �b�u�t� �o�n�l�y� �i�s�o�m�e�r�s� �(�1�)� 

�a�n�d� �(�3�)� �c�o�n�t�r�i�b�u�t�e�d� �a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �o�f� �d�e�u�t�e�r�i�u�m� �i�n�t�o� �t�h�e� �C�Q�.� �T�h�u�s� �i�t� �i�s� �t�h�e� 

�p�r�o�-�3�S� �h�y�d�r�o�g�e�n� �o�f� �e�i�t�h�e�r� �L�-� �o�r� �D�-�t�y�r�o�s�i�n�e� �t�h�a�t� �i�s� �r�e�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �C�Q� �(�F�i�g�u�r�e� �2�6�)�.� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�2
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�T�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �p�r�o�-�3�R� �o�r� �p�r�o�-�3�S� �h�y�d�r�o�g�e�n� �o�f� �t�h�e� �t�y�r�o�s�i�n�e� 

�i�n�t�o� �C�Q� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �d�e�u�t�e�r�i�u�m� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �C�Q� �a�n�d� �t�h�e� 

�e�n�a�n�t�i�o�m�e�r�i�c� �p�u�r�i�t�y� �o�f� �e�a�c�h� �i�s�o�m�e�r�.� �T�h�u�s� �f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �|� �a�n�d� �4�,� �i�t� �w�a�s� �s�h�o�w�n� 

�t�h�a�t� �t�h�e� �p�r�o�-�3�S� �d�e�u�t�e�r�i�a�t�e�d� �i�s�o�m�e�r� �o�f� �L�-�t�y�r�o�s�i�n�e� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �t�o� �a�n� 

�e�x�t�e�n�t� �o�f� �5�5�.�8�%� �a�n�d� �t�h�e� �p�r�o�-�3�R� �d�e�u�t�e�r�i�a�t�e�d� �i�s�o�m�e�r� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �t�o� �a�n� �e�x�t�e�n�t� 

�o�f� �l�e�s�s� �t�h�a�n� �0�%�.� �S�i�m�i�l�a�r�l�y�,� �i�t� �w�a�s� �s�h�o�w�n� �f�r�o�m� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �d�a�t�a� �r�e�p�o�r�t�e�d� 

�f�o�r� �e�x�p�e�r�i�m�e�n�t�s� �2� �a�n�d� �3�,� �t�h�a�t� �t�h�e� �p�r�o�-�3�S� �i�s�o�m�e�r� �o�f� �D�-�t�y�r�o�s�i�n�e� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� 

�t�o� �a�n� �e�x�t�e�n�t� �o�f� �4�8�.�4�%� �a�n�d� �t�h�e� �p�r�o�-�3�R� �i�s�o�m�e�r� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �l�e�s�s� 

�t�h�a�n� �2�%�.� �(�T�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �a�n� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�e�s�s� �t�h�a�n� �0�%� �a�r�e� �l�i�k�e�l�y� �a� �r�e�s�u�l�t� 

�o�f� �s�m�a�l�l� �e�r�r�o�r�s� �p�r�e�s�e�n�t� �i�n� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a�.�)� �T�h�u�s� �a�l�l� �o�f� �t�h�e� �d�e�u�t�e�r�i�u�m� �i�n�c�o�r�-� 

�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �w�e�r�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �p�r�o�-�3�S� �h�y�d�r�o�g�e�n�.� 

�T�h�e� �s�t�e�r�e�o�s�p�e�c�i�f�i�c�i�t�y� �o�f� �a� �n�u�m�b�e�r� �o�f� �b�i�o�s�y�n�t�h�e�t�i�c� �p�r�o�c�e�s�s�e�s� �i�n�v�o�l�v�i�n�g� �t�h�e� �l�o�s�s� 

�o�r� �r�e�t�e�n�t�i�o�n� �o�f� �t�h�e� �p�r�o�c�h�i�r�a�l� �C�-�3� �c�e�n�t�e�r�s� �o�f� �p�h�e�n�y�l�a�l�a�n�i�n�e� �a�n�d� �t�y�r�o�s�i�n�e� �h�a�s� �b�e�e�n� 

�i�n�v�e�s�t�i�g�a�t�e�d� �(�H�i�l�l�,� �1�9�7�8�)�.� �D�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �s�p�e�c�i�f�i�c� �r�e�a�c�t�i�o�n� �i�n�v�o�l�v�e�d�,� �e�i�t�h�e�r� 

�t�h�e� �p�r�o�-�R� �o�r� �p�r�o�-�S� �h�y�d�r�o�g�e�n� �c�o�u�l�d� �b�e� �r�e�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� �p�r�o�c�e�s�s�.� �T�h�e� �r�e�t�e�n�t�i�o�n� 

�o�f� �t�h�e� �p�r�o�-�3�R� �h�y�d�r�o�g�e�n� �o�f� �p�h�e�n�y�l�a�l�a�n�i�n�e� �o�r� �t�y�r�o�s�i�n�e� �i�s� �k�n�o�w�n� �t�o� �o�c�c�u�r� �d�u�r�i�n�g� 

�t�h�e�i�r� �n�o�n�o�x�i�d�a�t�i�v�e� �d�e�a�m�i�n�a�t�i�o�n� �t�o� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �c�i�n�n�a�m�i�c� �a�c�i�d� �(�O�g�a�t�a� �e�t� �a�l�.�,� 

�1�9�6�7�;� �W�i�g�h�t�m�a�n� �e�t� �a�l�.�,� �1�9�7�2�;� �H�i�l�l�,� �1�9�7�8�;� �I�f�e� �a�n�d� �H�a�s�l�a�m�,� �1�9�7�1�;� �S�t�r�a�n�g�e� �e�t� �a�l�.�,� 

�1�9�7�2�)� �a�n�d� �d�u�r�i�n�g� �t�h�e� �d�e�h�y�d�r�o�g�e�n�a�t�i�o�n� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �s�e�c�u�r�i�n�i�n�e� �(�P�a�r�r�y�,� 

�1�9�7�8�)�,� �m�y�c�e�l�i�a�n�a�m�i�d�e� �(�K�i�r�b�y� �a�n�d� �M�a�r�a�y�a�n�a�s�w�a�m�i�n�,� �1�9�7�3�)�,� �a�n�d� �d�h�u�r�r�i�n� �(�R�o�s�e�n� 

�e�t� �a�l�.�,� �1�9�7�5�)�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �p�r�o�-�3�S� �h�y�d�r�o�g�e�n� �i�s� �r�e�t�a�i�n�e�d� �d�u�r�i�n�g� �t�h�e� 

�b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �h�a�e�m�a�n�t�h�a�m�i�n�e� �(�K�i�r�b�y� �a�n�d� �M�i�c�h�a�e�l�,� �1�9�7�3�)�,� �t�a�x�i�p�h�y�l�i�n� �(�R�o�s�e�n� �e�t� 

�a�l�.�,� �1�9�7�5�)�,� �a�n�d� �t�u�b�e�r�i�n� �(�H�e�r�b�e�r�t� �a�n�d� �M�a�n�n�,� �1�9�8�4�)�.� �S�i�n�c�e� �n�o� �c�l�e�a�r� �p�a�t�t�e�r�n� �h�a�s� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�5



�e�m�e�r�g�e�d� �b�e�t�w�e�e�n� �t�h�e� �s�t�e�r�e�o�c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �p�r�o�t�o�n� �l�o�s�t� �i�n� �t�h�e�s�e� �d�i�f�f�e�r�e�n�t� �r�e�-� 

�a�c�t�i�o�n�s� �a�n�d� �a� �s�p�e�c�i�f�i�c� �r�e�a�c�t�i�o�n� �t�y�p�e� �o�r� �m�e�c�h�a�n�i�s�m�,� �i�t� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �r�e�l�a�t�e� �t�h�e� 

�o�b�s�e�r�v�e�d� �l�o�s�s� �o�f� �t�h�e� �p�r�o�-�S� �h�y�d�r�o�g�e�n� �o�f� �t�y�r�o�s�i�n�e� �d�u�r�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�b�e�n�z�o�t�h�i�o�p�h�e�n�e� �r�i�n�g� �o�f� �C�Q� �w�i�t�h� �a� �s�p�e�c�i�f�i�c� �r�e�a�c�t�i�o�n� �p�a�t�h�w�a�y�.� �T�h�u�s�,� �t�h�e� �t�r�u�e� �i�m�-� 

�p�o�r�t�a�n�c�e� �o�f� �t�h�i�s� �s�t�e�r�e�o�c�h�e�m�i�c�a�l�!� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �C�Q� �b�i�o�s�y�n�t�h�e�s�i�s� �f�r�o�m� �t�y�r�o�s�i�n�e� �w�i�l�l� 

�o�n�l�y� �b�e�c�o�m�e� �a�p�p�a�r�e�n�t� �w�h�e�n� �t�h�e� �s�p�e�c�i�f�i�c� �s�t�e�p�s� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �a�r�e� �e�s�t�a�b�l�i�s�h�e�d�.� 

�A�n�o�t�h�e�r� �i�n�t�e�r�e�s�t�i�n�g� �o�b�s�e�r�v�a�t�i�o�n� �o�n� �t�h�e� �m�e�t�a�b�o�l�i�s�m� �o�f� �t�y�r�o�s�i�n�e� �b�y� �S�.� 

�a�c�i�d�o�c�a�l�d�a�r�i�u�s� �i�s� �t�h�a�t� �b�o�t�h� �D�-� �a�n�d� �L�-�t�y�r�o�s�i�n�e� �a�r�e� �r�e�a�d�i�l�y� �u�t�i�l�i�z�e�d� �b�y� �t�h�e� �c�e�l�l�s�.� �T�h�e� 

�u�t�i�l�i�z�a�t�i�o�n� �o�f� �D�-�t�y�r�o�s�i�n�e� �b�y� �l�i�v�i�n�g� �o�r�g�a�n�i�s�m�s� �i�s� �w�e�l�l� �k�n�o�w�n� �(�S�t�e�g�i�n�k�,� �1�9�7�7�)� �a�n�d� 

�D�-�t�y�r�o�s�i�n�e� �c�a�n� �s�e�r�v�e� �a�s� �t�h�e� �s�o�l�e� �c�a�r�b�o�n� �s�o�u�r�c�e� �f�o�r� �s�o�m�e� �h�a�l�o�b�a�c�t�e�r�i�a� �(�T�a�n�a�k�a� �e�t� 

�a�l�.�,� �1�9�8�9�)�.� �T�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �D�-�t�y�r�o�s�i�n�e� �b�y� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �i�s� �a�p�p�a�r�e�n�t� �f�r�o�m� �t�h�e� 

�d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �2� �o�n� �p�a�g�e� �8�3� �w�h�i�c�h� �s�h�o�w�s� �t�h�a�t� �b�o�t�h� �i�s�o�m�e�r�s� �a�r�e� �i�n�c�o�r�-� 

�p�o�r�a�t�e�d� �e�f�f�i�c�i�e�n�t�l�y� �i�n�t�o� �b�o�t�h� �C�Q� �a�n�d� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�s�.� �T�h�e� �e�f�f�i�c�i�e�n�t� �u�t�i�l�i�z�a�-� 

�t�i�o�n� �o�f� �b�o�t�h� �D�-� �a�n�d� �L�-�t�y�r�o�s�i�n�e� �w�a�s� �a�l�s�o� �c�o�n�f�i�r�m�e�d� �b�y� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �t�h�a�t� �t�h�e� 

�c�e�l�l�s� �g�r�o�w�n� �o�n� �t�h�e� �y�e�a�s�t� �e�x�t�r�a�c�t� �m�e�d�i�u�m� �s�u�p�p�l�e�m�e�n�t�e�d� �w�i�t�h� �1�5� �m�g� �D�L�-�t�y�r�o�s�i�n�e� 

�c�o�n�s�u�m�e� �8�7�%� �o�f� �t�h�e� �a�d�d�e�d� �t�y�r�o�s�i�n�e�.� �I�f� �w�e� �a�s�s�u�m�e� �t�h�a�t� �a�l�l� �t�y�r�o�s�i�n�e� �i�n� �p�r�o�t�e�i�n�s� 

�i�s� �L�-�t�y�r�o�s�i�n�e�,� �t�h�e�n� �s�o�m�e� �m�e�c�h�a�n�i�s�m� �m�u�s�t� �b�e� �i�n� �p�l�a�c�e� �t�o� �c�o�n�v�e�r�t� �t�h�e� �D�-�t�y�r�o�s�i�n�e� 

�t�o� �L�-�t�y�r�o�s�i�n�e�.� �A�t� �p�r�e�s�e�n�t�,� �t�h�e�r�e� �a�r�e� �t�w�o� �m�e�c�h�a�n�i�s�m�s� �k�n�o�w�n� �t�o� �a�c�c�o�m�p�l�i�s�h� �t�h�i�s� 

�c�o�n�v�e�r�s�i�o�n�.� �O�n�e� �i�s� �t�h�e� �d�i�r�e�c�t� �c�o�n�v�e�r�s�i�o�n� �o�f� �D�-�a�m�i�n�o� �a�c�i�d�s� �t�o� �L�-�a�m�i�n�o� �a�c�i�d�s� �v�i�a� 

�a� �r�a�c�e�m�a�s�e�.� �A�m�i�n�o� �a�c�i�d� �r�a�c�e�m�a�s�e�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �i�n� �E�.� �c�o�l�i� �(�R�a�u�n�i�o� �e�t� �a�l�.�,� 

�1�9�7�8�)�,� �P�s�e�u�d�o�m�o�n�a�s� �s�p�p�.� �(�A�s�a�n�o� �e�t� �a�l�.�,� �1�9�8�8�)�,� �m�a�n�y� �o�t�h�e�r� �m�i�c�r�o�o�g�a�n�i�s�m�s� 

�(�B�o�d�a�n�s�z�k�y� �a�n�d� �P�e�r�l�m�a�n�,� �1�9�6�9�)�,� �a�n�d� �h�i�g�h�e�r� �p�l�a�n�t�s� �(�R�o�b�i�n�s�o�n�,� �1�9�7�6�)�,� �b�u�t� �n�o� 

�r�a�c�e�m�a�s�e� �a�c�t�i�v�i�t�y� �h�a�s� �b�e�e�n� �f�o�u�n�d� �i�n� �m�a�m�m�a�l�i�a�n� �s�y�s�t�e�m�s� �(�F�r�i�e�d�m�a�n� �a�n�d� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�6



�G�u�m�b�m�a�n�n�,� �1�9�8�9�)�.� �T�h�e� �o�t�h�e�r� �m�e�c�h�a�n�i�s�m� �i�s� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �D�-�a�m�i�n�o� �a�c�i�d�s� �t�o� 

�k�e�t�o� �a�c�i�d�s� �v�i�a� �D�-�a�m�i�n�o� �a�c�i�d� �o�x�i�d�a�s�e�,� �D�-�a�m�i�n�o� �a�c�i�d� �d�e�h�y�d�r�o�g�e�n�a�s�e�,� �o�r� 

�t�r�a�n�s�a�m�i�n�a�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �o�p�t�i�c�a�l�l�y� �i�n�a�c�t�i�v�e� �k�e�t�o� �a�c�i�d�s� �c�a�n� �t�h�e�n� �b�e� 

�r�e�a�m�i�n�a�t�e�d� �t�o� �L�-�a�m�i�n�o� �a�c�i�d�s�.� �D�-�A�m�i�n�o� �a�c�i�d� �o�x�i�d�a�s�e� �i�s� �t�h�e� �m�a�j�o�r� �e�n�z�y�m�e� �r�e�-� 

�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �m�e�t�a�b�o�l�i�s�m� �o�f� �D�-�a�m�i�n�o� �a�c�i�d�s� �i�n� �m�o�s�t� �l�i�v�i�n�g� �o�r�g�a�n�i�s�m�s�.� �I�t� �i�s� 

�w�i�d�e�l�y� �p�r�e�s�e�n�t� �i�n� �m�i�c�r�o�o�r�g�a�n�i�s�m�s� �(�R�a�u�n�i�o� �e�t� �a�l�.�,� �1�9�7�8�;� �S�i�m�o�n�e�t�t�a� �e�t� �a�l�.�,� �1�9�8�2�;� 

�K�u�b�i�c�e�k�-�p�r�a�n�z� �a�n�d� �R�o�h�r�,� �1�9�8�5�a�;� �1�9�8�5�b�;� �M�a�n�o�h�a�r�a� �a�n�d� �J�a�y�a�r�a�m�a�n�,� �1�9�7�8�)�,� 

�h�i�g�h�e�r� �p�l�a�n�t�s� �(�R�o�b�i�n�s�o�n�,� �1�9�7�6�)�,� �a�n�d� �a�n�i�m�a�l�s� �(�F�r�i�e�d�m�a�n� �a�n�d� �G�u�m�b�m�a�n�n�,� �1�9�8�9�;� 

�K�o�n�n�a� �a�n�d� �Y�a�s�u�m�u�r�a�,� �1�9�8�4�)�.� �D�-�A�m�i�n�o� �a�c�i�d� �d�e�h�y�d�r�o�g�e�n�a�s�e�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� 

�i�n� �o�n�l�y� �a� �f�e�w� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �e�.�g�.�,� �S�a�l�m�o�n�e�l�l�a� �s�p�p�.�,� �E�.� �c�o�l�i�,� �a�n�d� �P�s�e�u�d�o�m�o�n�a�s� 

�s�p�p�.� �(�W�i�l�d� �e�t� �a�l�.�,� �1�9�7�8�;� �W�i�l�d� �a�n�d� �O�b�r�e�p�a�l�s�k�a�,� �1�9�8�2�)�.� �S�i�n�c�e� �o�t�h�e�r� �w�o�r�k� �p�r�e�s�e�n�t�e�d� 

�i�n� �t�h�i�s� �t�h�e�s�i�s� �h�a�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �f�i�r�s�t� �s�t�e�p� �i�n� �t�h�e� �m�e�t�a�b�o�l�i�s�m� �o�f� �D�-� �a�n�d� �L�-�t�y�r�o�s�i�n�e� 

�b�y� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �i�s� �i�t�s� �c�o�n�v�e�r�s�i�o�n� �t�o� �p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �(�p�H�P�P�)�,� �t�h�i�s� 

�f�i�n�d�i�n�g� �w�o�u�l�d� �s�u�p�p�o�r�t� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �t�h�i�s� �k�e�t�o� �a�c�i�d� �i�n� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �D�-� 

�t�o� �L�-�t�y�r�o�s�i�n�e� �b�y� �t�h�e�s�e� �c�e�l�l�s�.� �T�h�e� �r�e�a�d�y� �r�e�v�e�r�s�i�b�i�l�i�t�y� �o�f� �t�h�e� �L�-�t�y�r�o�s�i�n�e� �i�n�t�o� 

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l�p�y�r�u�v�a�t�e� �i�s� �a�l�s�o� �a�p�p�a�r�e�n�t� �f�r�o�m� �t�h�e� �d�a�t�a� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �2� 

�o�n� �p�a�g�e� �8�3� �w�h�i�c�h� �s�h�o�w�s� �t�h�a�t� �t�h�e� �(�3�S�)�-�L�-�[�2�-�*�H�,� �3�-�*�H�]�-�t�y�r�o�s�i�n�e� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� 

�t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�s� �w�i�t�h� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e� �l�o�s�s� �o�f� �t�h�e� �C�-�2� �d�e�u�t�e�r�i�u�m�,� �s�u�g�g�e�s�t�i�n�g� 

�t�h�a�t� �a�l�l� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� �t�y�r�o�s�i�n�e� �e�q�u�i�l�i�b�r�a�t�e�s� �w�i�t�h� �t�h�i�s� �k�e�t�o� �a�c�i�d�.� �T�h�e� �i�n�v�o�l�v�e�m�e�n�t� 

�o�f� �p�H�P�P� �i�n� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �b�e�t�w�e�e�n� �D�-� �a�n�d� �L�-�t�y�r�o�s�i�n�e� �i�s� �a�l�s�o� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� 

�e�x�c�h�a�n�g�e� �o�f� �d�e�u�t�e�r�i�u�m� �f�r�o�m� �[�3�,�3�-�?�H�2�]�t�y�r�o�s�i�n�e� �(�s�e�e� �p�a�g�e� �3�6�)�.� 

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �b�o�t�h� �D�-� �a�n�d� �L�-�t�y�r�o�s�i�n�e� �w�a�s� 

�a�l�s�o� �o�b�s�e�r�v�e�d� �d�u�r�i�n�g� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �p�l�a�s�t�o�q�u�i�n�o�n�e�s� �a�n�d� �t�o�c�o�p�h�e�r�o�l� �i�n� �h�i�g�h�e�r� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�7



�p�l�a�n�t�s� �(�T�h�r�e�l�f�a�l�l� �a�n�d� �W�h�i�s�t�a�n�c�e�,� �1�9�6�8�a�;� �1�9�6�8�b�;� �W�h�i�s�t�a�n�c�e� �a�n�d� �T�h�r�e�l�f�a�l�l�,� �1�9�6�8�;� 

�1�9�7�0�)�.� �I�t� �w�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �p�H�P�P� �w�a�s� �t�h�e� �f�i�r�s�t� �i�n�t�e�r�m�e�d�i�a�t�e� �o�f� �t�h�e� �p�a�t�h�w�a�y� �a�n�d� 

�t�h�a�t� �i�t� �w�a�s� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �e�i�t�h�e�r� �D�-� �o�r� �L�-�t�y�r�o�s�i�n�e� �b�y� �e�i�t�h�e�r� �a� �d�e�h�y�d�r�o�g�e�n�a�s�e� �o�r� 

�a�n� �o�x�i�d�a�s�e�.� �T�h�e� �p�H�P�P� �w�a�s� �t�h�e�n� �o�x�i�d�a�t�i�v�e�l�y� �c�o�n�v�e�r�t�e�d� �t�o� �h�o�m�o�g�e�n�t�i�s�i�c� �a�c�i�d�,� 

�w�h�i�c�h� �s�e�r�v�e�s� �a�S� �a� �c�o�m�m�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� �t�o� �p�l�a�s�t�o�q�u�i�n�o�n�e�s�,� �t�o�c�o�p�h�e�r�o�l�s�,� �a�n�d� 

�p�r�o�b�a�b�l�y� �C�Q�.� 

�A�l�t�h�o�u�g�h� �I� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �r�e�a�d�i�l�y� �m�e�t�a�b�o�l�i�z�e�s� �D�-� 

�t�y�r�o�s�i�n�e�,� �t�h�e� �r�e�a�s�o�n� �t�h�a�t� �i�t� �h�a�s� �t�h�i�s� �a�b�i�l�i�t�y� �i�s� �n�o�t� �c�l�e�a�r�.� �O�n�e� �p�o�s�s�i�b�i�l�i�t�y� �i�s� �t�h�a�t� 

�D�-�t�y�r�o�s�i�n�e� �a�n�d� �o�t�h�e�r� �D�-�a�m�i�n�o� �a�c�i�d�s�,� �e�i�t�h�e�r� �a�s� �f�r�e�e� �a�m�i�n�o� �a�c�i�d�s� �o�r� �p�r�o�t�e�i�n�-�b�o�u�n�d� 

�a�m�i�n�o� �a�c�i�d�s�,� �a�r�e� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �t�h�e�r�m�a�l� �r�a�c�e�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �L�-�a�m�i�n�o� �a�c�i�d�s� �t�h�a�t� 

�a�r�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �h�i�g�h� �g�r�o�w�t�h� �t�e�m�p�e�r�a�t�u�r�e� �e�n�v�i�r�o�n�m�e�n�t� �o�f� �S�u�l�f�o�l�o�b�u�s�.� �A�v�a�i�l�a�b�l�e� 

�d�a�t�a�,� �h�o�w�e�v�e�r�,� �i�n�d�i�c�a�t�e� �t�h�a�t� �l�i�t�t�l�e� �i�f� �a�n�y� �D�-�a�m�i�n�o� �a�c�i�d�s� �w�o�u�l�d� �b�e� �p�r�o�d�u�c�e�d� �a�t� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�H�s� �u�s�e�d� �f�o�r� �t�h�e� �g�r�o�w�t�h� �o�f� �S�u�l�f�o�l�o�b�u�s� �b�e�c�a�u�s�e� �o�f� �t�h�e� �s�l�o�w� 

�t�h�e�r�m�a�l� �r�a�c�e�m�i�z�a�t�i�o�n� �r�a�t�e�s� �(�M�a�n� �a�n�d� �B�a�d�a�,� �1�9�8�7�)�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �D�-�a�m�i�n�o� �a�c�-� 

�i�d�s� �o�c�c�u�r� �a�t� �l�o�w� �l�e�v�e�l�s� �i�n� �m�a�n�y� �d�i�f�f�e�r�e�n�t� �b�i�o�l�o�g�i�c�a�l� �m�a�t�e�r�i�a�l�s� �(�M�a�n� �a�n�d� �B�a�d�a�,� 

�1�9�8�7�)�,� �t�h�e� �e�n�z�y�m�e�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �m�e�t�a�b�o�l�i�s�m� �o�f� �t�h�e� �D�-�t�y�r�o�s�i�n�e�,� �a�s� �w�e�l�l� �a�s� �o�t�h�e�r� 

�D�-�a�m�i�n�o� �a�c�i�d�s�,� �m�a�y� �s�i�m�p�l�y� �b�e� �p�r�e�s�e�n�t� �t�o� �a�l�l�o�w� �c�e�l�l�s� �t�o� �m�e�t�a�b�o�l�i�z�e� �t�h�e� �n�a�t�u�r�a�l�l�y� 

�o�c�c�u�r�r�i�n�g� �D�-�a�m�i�n�o� �a�c�i�d�s�.� �T�h�i�s� �w�o�u�l�d� �a�l�s�o� �o�f�f�e�r� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e� �w�i�d�e�s�p�r�e�a�d� 

�o�c�c�u�r�r�e�n�c�e� �o�f� �t�h�e� �D�-�a�m�i�n�o� �a�c�i�d�-�m�e�t�a�b�o�l�i�z�i�n�g� �e�n�z�y�m�e�s� �f�o�u�n�d� �i�n� �n�a�t�u�r�e�.� 

�I�N�C�O�R�P�O�R�A�T�I�O�N� �O�F� �S�T�E�R�E�O�S�P�E�C�I�F�I�C�A�L�L�Y� �L�A�B�E�L�E�D� �T�Y�R�O�S�I�N�E�S� �I�N�T�O� �C�Q� �8�8



�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� 

�A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� 

�S�U�L�F�U�R� �I�N� �C�Q� 

�I�N�T�R�O�D�U�C�T�I�O�N� 

�T�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�s� �f�o�u�n�d� �i�n� �a� �w�i�d�e� �a�s�s�o�r�t�m�e�n�t� �o�f� �n�a�t�u�r�a�l� �p�r�o�d�u�c�t�s�.� 

�T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �o�f� �t�h�e�s�e� �i�s� �m�e�t�h�i�o�n�i�n�e�,� �a�n� �e�s�s�e�n�t�i�a�l� �a�m�i�n�o� �a�c�i�d�.� �O�t�h�e�r� �n�a�-� 

�t�u�r�a�l� �p�r�o�d�u�c�t�s� �t�h�a�t� �c�o�n�t�a�i�n� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�n�c�l�u�d�e� �d�i�m�e�t�h�y�l�t�h�i�o�m�e�t�h�a�n�e� 

�a�n�d� �t�h�e� �m�e�t�h�y�l� �a�n�d� �m�e�t�h�y�l�t�h�i�o� �e�s�t�e�r�s� �o�f� �3�-�t�h�i�o�m�e�t�h�y�l� �p�r�o�p�i�o�n�a�t�e� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t� 

�t�h�e� �o�d�o�u�r�o�u�s� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �t�r�u�f�f�l�e� �(�F�i�e�c�c�h�i� �e�t� �a�l�.�,� �1�9�6�7�)�,� �t�h�e� �p�i�n�e�a�p�p�l�e� 

�(�R�o�d�i�n� �e�t� �a�l�.�,� �1�9�6�6�)�,� �a�n�d� �h�u�m�a�n� �u�r�i�n�e� �a�f�t�e�r� �t�h�e� �i�n�g�e�s�t�i�o�n� �o�f� �a�s�p�a�r�a�g�u�s� �(�W�h�i�t�e�,� 

�1�9�7�5�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�m�p�o�r�t�a�n�t� �m�e�t�a�b�o�l�i�t�e�s� �w�h�i�c�h� �c�o�n�t�a�i�n� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� 

�i�n�c�l�u�d�e� �u�r�o�t�h�i�o�n�,� �a� �m�e�t�a�b�o�l�i�t�e� �o�f� �t�h�e� �m�o�l�y�b�d�e�n�u�m� �c�o�f�a�c�t�o�r� �(�G�o�t�o� �e�t� �a�l�.�,� �1�9�6�7�)�,� 

�a�n�d� �t�h�e� �S�-�m�e�t�h�y�l�c�y�t�o�k�i�n�i�n�s� �(�B�u�r�r�o�w�s� �e�t� �a�l�.�,� �1�9�6�9�)�,� �w�h�i�c�h� �a�r�e� �m�o�d�i�f�i�e�d� �b�a�s�e�s� �i�n� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �8�9



�t�r�a�n�s�f�e�r� �R�N�A�s�.� �T�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�s� �f�o�u�n�d� �i�n� �a� �m�e�t�a�b�o�l�i�t�e� �o�f� �t�h�e� �f�u�n�g�i�c�i�d�e� 

�p�e�n�t�a�c�h�l�o�r�o�n�i�t�r�o�b�e�n�z�e�n�e� �(�F�a�l�l� �a�n�d� �M�u�r�p�h�y�,� �1�9�8�4�)� �a�n�d� �i�t� �i�s� �i�n�c�r�e�a�s�i�n�g�l�y� �b�e�i�n�g� 

�f�o�u�n�d� �i�n� �m�e�t�a�b�o�l�i�t�e�s� �o�f� �d�r�u�g�s� �(�B�e�r�g�m�a�n� �e�t� �a�l�.�,� �1�9�8�0�;� �K�a�u�l� �e�t� �a�l�.�,� �1�9�8�1�;� �P�a�l� �a�n�d� 

�S�p�i�t�e�l�l�e�r�,� �1�9�8�2�)�.� �I�t� �a�l�s�o� �f�o�r�m�s� �p�a�r�t� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �C�Q� �(�D�e� �R�o�s�a� �e�t� �a�l�.�,� �1�9�7�7�)�.� 

�T�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�n� �a� �m�e�t�a�b�o�l�i�t�e� �c�o�u�l�d� �b�e� �g�e�n�e�r�a�t�e�d� �b�y� �o�n�e� �o�f� �t�w�o� 

�c�o�m�p�l�e�t�e�l�y� �d�i�f�f�e�r�e�n�t� �m�e�c�h�a�n�i�s�m�s�.� �I�n� �t�h�e� �f�i�r�s�t� �m�e�c�h�a�n�i�s�m�,� �s�u�l�f�u�r� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� 

�a�n� �a�c�c�e�p�t�o�r� �m�o�l�e�c�u�l�e� �t�o� �g�e�n�e�r�a�t�e� �a� �t�h�i�o�l� �w�h�i�c�h� �i�s� �s�u�b�s�e�q�u�e�n�t�l�y� �m�e�t�h�y�l�a�t�e�d� �t�o� �t�h�e� 

�m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p�,� �w�h�e�r�e�a�s�,� �i�n� �t�h�e� �s�e�c�o�n�d� �m�e�c�h�a�n�i�s�m�,� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�s� 

�t�r�a�n�s�f�e�r�r�e�d� �e�i�t�h�e�r� �f�r�o�m� �m�e�t�h�i�o�n�i�n�e� �o�r� �s�o�m�e� �o�t�h�e�r� �d�o�n�o�r� �m�o�l�e�c�u�l�e� �a�s� �a�n� �i�n�t�a�c�t� �u�n�i�t� 

�t�o� �a�n� �a�c�c�e�p�t�o�r� �m�o�l�e�c�u�l�e�.� �T�h�e� �f�i�r�s�t� �r�o�u�t�e� �i�s� �u�s�e�d� �i�n� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �m�e�t�h�i�o�n�i�n�e� 

�w�h�e�r�e� �t�h�e� �s�u�l�f�u�r� �o�f� �c�y�s�t�e�i�n�e� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �v�i�a� �c�y�s�t�a�t�h�i�o�n�i�n�e� �t�o� �h�o�m�o�c�y�s�t�e�i�n�e� 

�w�h�i�c�h� �i�s� �m�e�t�h�y�l�a�t�e�d� �t�o� �m�e�t�h�i�o�n�i�n�e� �i�n� �a� �m�e�t�h�y�l�t�e�t�r�a�h�y�d�r�o�f�o�l�a�t�e�-�d�e�p�e�n�d�e�n�t� �r�e�-� 

�a�c�t�i�o�n� �(�F�l�a�v�i�n�,� �1�9�7�5�)�.� �A� �m�e�c�h�a�n�i�s�m� �i�n� �m�a�n�y� �w�a�y�s� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�a�t� �u�s�e�d� �t�o� 

�g�e�n�e�r�a�t�e� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �o�f� �m�e�t�h�i�o�n�i�n�e� �a�l�s�o� �a�p�p�e�a�r�s� �t�o� �o�p�e�r�a�t�e� �i�n� �t�h�e� 

�m�e�t�h�y�l�t�h�i�o�l�a�t�i�o�n� �o�f� �t�h�e� �d�r�u�g� �1�-�a�l�l�y�l�-�3�,�5�-�d�i�e�t�h�y�l�-�6�-�c�h�l�o�r�o�u�r�a�c�i�l� �i�n� �r�a�b�b�i�t�s� �(�P�a�l� �a�n�d� 

�S�p�i�t�e�l�l�o�r�,� �1�9�8�1�)� �a�n�d� �i�n� �t�h�e� �m�e�t�h�y�l�a�t�i�o�n� �o�f� �t�h�e� �f�u�n�g�i�c�i�d�e� �p�e�n�t�a�c�h�l�o�r�o�n�i�t�r�o�b�e�n�z�e�n�e� 

�i�n� �T�e�t�r�a�h�y�m�e�n�a� �t�h�e�r�m�o�p�h�i�l�a� �(�B�e�r�g�m�a�n� �e�t� �a�l�.�,� �1�9�8�0�)�.� �I�n� �b�o�t�h� �c�a�s�e�s�,� �e�v�i�d�e�n�c�e� �i�n�-� 

�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e�s�e� �c�o�m�p�o�u�n�d�s� �a�r�e� �f�i�r�s�t� �c�o�n�v�e�r�t�e�d� �t�o� �a� �g�l�u�t�a�t�h�i�o�n�e� �o�r� �c�y�s�t�e�i�n�e� 

�c�o�n�j�u�g�a�t�e� �(�T�a�t�e�i�s�h�i� �e�t� �a�l�.�,� �1�9�7�8�;� �T�o�m�i�s�a�w�a� �e�t� �a�l�.�,� �1�9�7�8�)� �w�h�i�c�h� �i�s� �t�h�e�n� �c�l�e�a�v�e�d� �b�y� 

�a� �c�y�s�t�e�i�n�e� �c�o�n�j�u�g�a�t�e� �f�-�l�y�a�s�e� �t�o� �g�e�n�e�r�a�t�e� �t�h�e� �f�r�e�e� �t�h�i�o�l�.� �M�e�t�h�y�l�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� 

�t�h�i�o�l�s� �b�y� �S�-�a�d�e�n�o�s�y�l�m�e�t�h�i�o�n�i�n�e� �(�S�A�M�)� �g�e�n�e�r�a�t�e�s� �t�h�e� �m�e�t�h�y�l�t�h�i�o�-�c�o�n�t�a�i�n�i�n�g� 

�m�e�t�a�b�o�l�i�t�e�s�.� 
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�E�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �t�r�a�n�s�f�e�r� �o�f� �t�h�e� �i�n�t�a�c�t� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �o�f� �m�e�t�h�i�o�n�i�n�e� �t�o� 

�a�n� �a�c�c�e�p�t�o�r� �m�o�l�e�c�u�l�e� �i�s� �w�e�a�k�,� �h�o�w�e�v�e�r�,� �s�e�v�e�r�a�l� �a�u�t�h�o�r�s� �h�a�v�e� �p�r�o�p�o�s�e�d� �i�t� �a�s� �a� 

�m�e�c�h�a�n�i�s�m� �i�n� �t�h�e� �m�e�t�h�y�l�t�h�i�o�l�a�t�i�o�n� �o�f� �d�r�u�g�s� �(�C�a�l�d�e�r� �e�t� �a�l�.�,� �1�9�7�4�)�.� �T�h�i�s� �c�o�u�l�d� �o�c�-� 

�c�u�r� �b�y� �t�h�e� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �t�o� �m�e�t�h�a�n�e�t�h�i�o�l� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� 

�o�f� �t�h�e� �m�e�t�h�a�n�e�t�h�i�o�l� �t�o� �a�n� �a�c�c�e�p�t�o�r� �m�o�l�e�c�u�l�e�.� �T�h�e� �e�n�z�y�m�a�t�i�c� �c�l�e�a�v�a�g�e� �o�f� 

�m�e�t�h�i�o�n�i�n�e� �t�o� �m�e�t�h�a�n�e�t�h�i�o�l� �i�s� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �a�n�d� �i�s� �k�n�o�w�n� �t�o� �o�c�c�u�r� �b�y� �t�w�o� 

�s�e�p�a�r�a�t�e� �m�e�t�a�b�o�l�i�c� �p�a�t�h�w�a�y�s�.� �I�n� �t�h�e� �f�i�r�s�t�,� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �i�s� �d�e�a�m�i�n�a�t�e�d� �a�n�d� �t�h�e�n� 

�d�e�t�h�i�o�m�e�t�h�y�l�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�l�e�a�s�e� �o�f� �m�e�t�h�a�n�e�t�h�i�o�l� �(�R�u�i�z�-�H�e�r�r�e�r�a� �a�n�d� �S�t�a�r�k�e�y�,� 

�1�9�6�9�;� �S�e�g�a�l� �a�n�d� �S�t�a�r�k�e�y�,� �1�9�6�9�)�.� �I�n� �t�h�e� �s�e�c�o�n�d�,� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �i�s� �d�e�a�m�i�n�a�t�e�d� �a�n�d� 

�d�e�t�h�i�o�m�e�t�h�y�l�a�t�e�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �t�o� �m�e�t�h�a�n�e�t�h�i�o�l� �b�y� �t�h�e� �e�n�z�y�m�e� �L�-�m�e�t�h�i�o�n�i�n�e� 

�y�-�l�y�a�s�e� �(�T�a�n�a�k�a� �e�t� �a�l�.�,� �1�9�7�7�)�.� �N�o� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �m�e�t�h�a�n�e�t�h�i�o�l� �t�o� 

�a�n� �a�c�c�e�p�t�o�r� �m�o�l�e�c�u�l�e� �i�s� �p�r�e�s�e�n�t�l�y� �a�v�a�i�l�a�b�l�e�,� �h�o�w�e�v�e�r�.� 

�A�f�t�e�r� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �a�b�o�v�e� �p�o�i�n�t�s�,� �i�t� �w�a�s� �d�e�c�i�d�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�m�e�t�a�b�o�l�i�c� �o�r�i�g�i�n� �o�f� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�n� �C�Q� �a�n�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�e�t�h�e�r� �t�h�i�s� 

�g�r�o�u�p� �c�o�m�e�s� �f�r�o�m� �m�e�t�h�i�o�n�i�n�e� �a�s� �a�n� �i�n�t�a�c�t� �u�n�i�t�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �g�r�o�w�-� 

�i�n�g� �c�e�l�l�s� �o�f� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �w�i�t�h� �[�7�+�S�-�m�e�t�h�y�l�-�?�H�3�]�-�L�-�m�e�t�h�i�o�n�i�n�e� �a�n�d� �m�e�a�s�u�r�i�n�g� 

�t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�b�e�l� �i�n�t�o� �C�Q� �a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r� �i�n� �t�h�i�s� �t�h�e�s�i�s�.� 

�A�n� �a�d�d�i�t�i�o�n�a�l� �a�s�p�e�c�t� �o�f� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �i�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �t�e�s�t� �f�o�r� �t�h�e� �o�c�-� 

�c�u�r�r�e�n�c�e� �o�f� �t�r�a�n�s�s�u�l�f�u�r�a�t�i�o�n� �i�n� �t�h�e� �a�r�c�h�a�e�b�a�c�t�e�r�i�a�.� �T�r�a�n�s�s�u�l�f�u�r�a�t�i�o�n� �i�s� �t�h�e� �t�r�a�n�s�-� 

�f�e�r� �o�f� �s�u�l�f�u�r� �f�r�o�m� �h�o�m�o�c�y�s�t�e�i�n�e� �t�o� �c�y�s�t�e�i�n�e� �v�i�a� �c�y�s�t�a�t�h�i�o�n�i�n�e�,� �a�n�d� �r�e�p�r�e�s�e�n�t�s� �a�n� 

�i�m�p�o�r�t�a�n�t� �s�e�r�i�e�s� �o�f� �r�e�a�c�t�i�o�n�s� �i�n� �t�h�e� �m�e�t�a�b�o�l�i�s�m� �o�f� �r�e�d�u�c�e�d� �s�u�l�f�u�r� �(�D�e�l�a�v�i�n�-�K�u�l�c�h� 

�a�n�d� �F�l�a�v�i�n�,� �1�9�6�5�)�.� �A�t� �p�r�e�s�e�n�t�,� �t�h�r�e�e� �p�a�t�t�e�r�n�s� �o�f� �t�r�a�n�s�s�u�l�f�u�r�a�t�i�o�n� �h�a�v�e� �b�e�e�n� �d�e�-� 

�s�c�r�i�b�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �o�r�g�a�n�i�s�m�s�,� �e�a�c�h� �u�s�i�n�g� �a� �d�i�f�f�e�r�e�n�t� �s�e�r�i�e�s� �o�f� �r�e�a�c�t�i�o�n�s�.� �I�n� �t�h�e� 
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�i�s�o�l�a�t�e�d� �a�n�d� �p�u�r�i�f�i�e�d� �b�y� �T�L�C� �a�s� �d�e�s�c�r�i�b�e�d� �e�a�r�l�i�e�r�.� �T�h�e� �a�m�o�u�n�t� �o�f� �C�Q� �p�r�o�d�u�c�e�d� 

�w�a�s� �q�u�a�n�t�i�t�a�t�e�d� �b�y� �U�V� �a�b�s�o�r�b�a�n�c�e� �a�n�d� �t�h�e� �r�a�d�i�o�a�c�t�i�v�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �o�n� �a� 

�s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�e�r�.� 

�C�Q� �a�n�a�l�y�s�i�s�.� �C�Q� �w�a�s� �i�s�o�l�a�t�e�d� �a�n�d� �a�n�a�l�y�z�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �a�s� �e�i�t�h�e�r� 

�C�Q� �o�r� �d�i�a�c�e�t�y�l� �C�Q�.� �T�h�e� �q�u�a�n�t�i�t�a�t�i�o�n� �o�f� �C�Q� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �c�e�l�l� �w�a�s� �d�o�n�e� �b�y� 

�m�e�a�s�u�r�i�n�g� �t�h�e� �t�h�e� �U�V� �s�p�e�c�t�r�u�m� �o�f� �C�Q� �a�t� �3�2�5� �n�m� �u�s�i�n�g� �a� �m�o�l�a�r� �e�x�t�i�n�c�t�i�o�n� �c�o�e�f�-� 

�f�i�c�i�e�n�t� �o�f� �5� �x� �1�0�°� �r�e�p�o�r�t�e�d� �b�y� �D�e� �R�o�s�a� �(�1�9�7�7�)�.� 

�A�n�a�l�y�s�i�s� �o�f� �l�a�b�e�l� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �p�r�o�t�e�i�n�-�b�o�u�n�d� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e�.� 

�T�h�e� �p�r�o�t�e�i�n�-�b�o�u�n�d� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �c�e�l�l� �p�e�l�l�e�t� �a�f�t�e�r� �t�h�e� �e�x�-� 

�t�r�a�c�t�i�o�n� �o�f� �t�h�e� �C�Q� �w�e�r�e� �i�s�o�l�a�t�e�d� �a�n�d� �c�o�n�v�e�r�t�e�d� �t�o� �t�h�e� �S�-�m�e�t�h�y�l� �n�-�b�u�t�y�l� 

�t�r�i�f�l�u�o�r�o�a�c�e�t�y�l� �d�e�r�i�v�a�t�i�v�e� �f�o�r� �c�y�s�t�e�i�n�e� �a�n�d� �n�-�b�u�t�y�l� �t�r�i�f�l�u�o�r�o�a�c�e�t�y�!� �d�e�r�i�v�a�t�i�v�e� �f�o�r� 

�m�e�t�h�i�o�n�i�n�e� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�W�h�i�t�e�,� �1�9�7�9�)�.� �G�C�-�M�S� �a�n�a�l�y�s�i�s� �o�f� �t�h�e�s�e� �d�e�-� 

�r�i�v�a�t�i�v�e�s� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� �i�s�o�t�o�p�i�c� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �e�a�c�h� �o�f� �t�h�e�s�e� �m�o�l�e�-� 

�c�u�l�e�s�.� �(�T�h�e� �G�C�-�M�S� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� 

�p�r�o�t�e�i�n�-�b�o�u�n�d� �a�m�i�n�o� �a�c�i�d�s� �i�n� �t�h�e� �s�e�c�t�i�o�n� �o�n� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �b�e�n�z�o�t�h�i�o�p�h�e�n�e� 

�q�u�i�n�o�n�e� �r�i�n�g�.� �G�C�-�M�S� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �d�e�r�i�v�a�t�i�v�e�s� �w�a�s� 

�d�o�n�e� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� �d�e�r�i�v�a�t�i�z�a�t�i�o�n�,� �s�i�n�c�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e�s�e� �d�e�r�i�v�a�-� 

�t�i�v�e�s� �w�a�s� �o�b�s�e�r�v�e�d�.�)� �B�e�c�a�u�s�e� �t�h�e� �p�r�o�c�e�d�u�r�e� �u�s�e�d� �(�W�h�i�t�e�,� �1�9�7�9�)� �i�n�v�o�l�v�e�d� �d�i�a�l�y�s�i�s� 

�o�f� �c�e�l�l� �p�e�l�l�e�t�s� �s�o�l�u�b�l�i�z�e�d� �i�n� �6� �M� �u�r�e�a�,� �a�l�l� �t�h�e� �n�o�n�-�p�r�o�t�e�i�n� �a�m�i�n�o� �a�c�i�d�s� �w�e�r�e� �r�e�-� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �9�5



�m�o�v�e�d� �b�e�f�o�r�e� �a�c�i�d� �h�y�d�r�o�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d�.� �T�h�i�s� �e�n�s�u�r�e�s� �t�h�a�t� �n�o� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�o�f� �t�h�e� �s�a�m�p�l�e�s� �w�i�t�h� �f�r�e�e� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� �w�a�s� �o�c�c�u�r�i�n�g�.� 

�T�h�e� �3�4�S� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�y�s�t�e�i�n�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �i�s�o�t�o�p�i�c� �e�n�r�i�c�h�m�e�n�t� 

�o�f� �e�i�t�h�e�r� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �a�t� �m�/�z� �2�6�7� �o�r� �t�h�e� �m�/�z� �6�1� �f�r�a�g�m�e�n�t� �i�o�n� �[�C�H�3�S�C�H�2�]�*� 

�a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �(�W�h�i�t�e�,� �1�9�7�9�)�.� �M�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �7�4�S� �e�n�r�i�c�h�m�e�n�t� �i�n� �t�h�e� 

�m�e�t�h�i�o�n�i�n�e� �w�a�s� �m�a�d�e� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �b�e�c�a�u�s�e� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �t�r�i�d�e�u�t�e�r�i�a�t�e�d� 

�m�e�t�h�y�l� �g�r�o�u�p� �i�n� �s�o�m�e� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �d�i�r�e�c�t� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �t�h�e� �f�e�d� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� �i�n�t�o� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n� �w�i�t�h�o�u�t� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� 

�m�e�t�h�y�l�-�s�u�l�f�u�r� �b�o�n�d� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e�.� �T�h�e� �e�x�t�e�n�t� �o�f� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �i�n�-� 

�t�a�c�t� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �r�e�l�a�t�i�v�e� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� 

�i�s�o�t�o�p�e�-�c�o�n�t�a�i�n�i�n�g� �i�o�n�s� �5� �m�/�z� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �p�r�i�n�c�i�p�l�e� �i�o�n�.� �T�h�u�s�,� �t�h�e� �e�x�t�e�n�t� �o�f� 

�i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�a�c�t� �m�e�t�h�i�o�n�i�n�e� �c�a�n� �b�e� �m�e�a�s�u�r�e�d� �f�r�o�m� �e�i�t�h�e�r� �t�h�e� 

�[�C�H�3�S�C�H�2�]�*� �f�r�a�g�m�e�n�t� �i�o�n� �(�i�n�t�e�n�s�i�t�y� �o�f� �m�/�z� �6�6�)�/�(�i�n�t�e�n�s�i�t�y� �o�f� �m�/�z� �6�1� �+� �i�n�t�e�n�s�i�t�y� 

�o�f� �m�/�z� �6�6�)� �o�r� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �(�i�n�t�e�n�s�i�t�y�.� �o�f� �m�/�z� �3�0�6�)�/�(�i�n�t�e�n�s�i�t�y� �o�f� �m�/�z� �3�0�1� �+� 

�i�n�t�e�n�s�i�t�y� �o�f� �m�/�z� �3�0�6�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �m�e�t�a�b�o�l�i�c� �c�l�e�a�v�a�g�e� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �t�o� 

�3�4�S�-�h�o�m�o�c�y�s�t�e�i�n�e�,� �f�o�l�l�o�w�e�d� �b�y� �i�t�s� �s�u�b�s�e�q�u�e�n�t� �r�e�m�e�t�h�y�l�a�t�i�o�n�,� �w�o�u�l�d� �p�r�o�d�u�c�e� 

�m�e�t�h�i�o�n�i�n�e� �c�o�n�t�a�i�n�i�n�g� �o�n�l�y� �*�4�S�.� �T�h�e� �e�x�t�e�n�t� �o�f� �t�h�i�s� �r�e�a�c�t�i�o�n� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� 

�f�r�o�m� �t�h�e� �r�e�l�a�t�i�v�e� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� �i�o�n� �2� �m�/�z� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �p�r�i�n�c�i�p�l�e� �i�o�n� �a�f�t�e�r� �t�h�e� 

�i�o�n� �i�n�t�e�n�s�i�t�y� �w�a�s� �c�o�r�r�e�c�t�e�d� �f�o�r� �t�h�e� �n�a�t�u�r�a�l� �o�c�c�u�r�r�e�n�c�e� �o�f� �°�*�S� �(�W�h�i�t�e�,� �1�9�7�9�)�.� �T�h�u�s�,� 

�t�h�e� �t�o�t�a�l� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �°�*�S� �f�r�o�m� �t�h�e� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� �i�n�t�o� �p�r�o�t�e�i�n�-�b�o�u�n�d� 

�m�e�t�h�i�o�n�i�n�e� �w�i�l�l� �b�e� �t�h�e� �s�u�m� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�i�n�g� �a� �C�H�3�°�*�S� �a�n�d� 

�a� �C�D�3�3�4�S� �u�n�i�t�.� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �9�6



�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�M�e�c�h�a�n�i�s�m� �o�f� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p�.� �T�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� 

�a�n�a�l�y�s�i�s� �o�f� �t�h�e� �C�Q� �i�s�o�l�a�t�e�d� �f�r�o�m� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �g�r�o�w�n� �w�i�t�h� 

�[�m�e�t�h�y�l�-�*�H�3�]�m�e�t�h�i�o�n�i�n�e� �(� �9�8� �a�t�o�m� �%� �7�H�,� �5�0� �m�g�/�1�0�0� �m�l�)� �a�f�t�e�r� �t�h�e� �e�n�d� �o�f� �l�o�g� 

�p�h�a�s�e� �g�r�o�w�t�h� �s�h�o�w�e�d� �t�h�a�t� �7�4� �%� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �h�a�d� �i�n�c�o�r�p�o�r�a�t�e�d� �a� �C�*�H�3� �g�r�o�u�p� 

�(�E�x�p�t�.� �1�,� �T�a�b�l�e� �3�)�.� �S�i�n�c�e� �t�h�e� �m�/�z� �2�2�5� �f�r�a�g�m�e�n�t� �i�o�n� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� 

�C�Q� �c�o�n�t�a�i�n�s� �o�n�l�y� �o�n�e� �m�e�t�h�y�l� �g�r�o�u�p� �a�n�d� �t�h�i�s� �f�r�a�g�m�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �l�a�b�e�l�e�d�,� 

�t�h�e�n� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �m�e�t�h�y�l� �m�u�s�t� �b�e� �s�p�e�c�i�f�i�c�a�l�l�y� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �m�e�t�h�y�l�t�h�i�o� 

�g�r�o�u�p� �o�f� �t�h�e� �C�Q�.� �I�n� �a� �s�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� �w�i�t�h� 

�[�2�°�S�]�-�L�-�m�e�t�h�i�o�n�i�n�e� �(�1�.�1�6� �x� �1�0�°� �c�p�m�/�m�m�o�l�,� �1�0� �m�g�/�1�0�0� �m�l�)�.� �F�r�o�m� �t�h�e� �s�p�e�c�i�f�i�c� �a�c�-� 

�t�i�v�i�t�y� �o�f� �t�h�e� �i�s�o�l�a�t�e�d� �C�Q� �(�7�.�1� �x� �1�0�8� �c�p�m�/�m�m�o�l�)�,� �i�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�h�a�t� �0�.�6�1� �m�o�l� 
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�t�o� �c�o�n�t�a�i�n� �2�1�.�5�%� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �*�*�S�,� �1�2�.�6�%� �w�i�t�h� �a� �d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� 

�g�r�o�u�p�,� �1�.�8�%� �w�i�t�h� �t�w�o� �3�4�S�,� �a�n�d� �7�.�4�%� �w�i�t�h� �b�o�t�h� �a� �*�4�S� �a�n�d� �a� �t�r�i�d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� 

�g�r�o�u�p�.� �S�i�n�c�e� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�i�n�g� �a�n� �i�n�t�a�c�t� �C�D�3�7�*�S� �u�n�i�t� �i�s� 

�l�o�w�e�r� �t�h�a�n� �t�h�o�s�e� �c�o�n�t�a�i�n�i�n�g� �a� �*�*�S� �o�r� �a� �t�r�i�d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� �g�r�o�u�p�,� �t�h�i�s� �i�n�d�i�c�a�t�e�s� 

�t�h�a�t� �t�h�e� �m�o�s�t� �o�f� �t�h�e� �t�h�i�o�m�e�t�h�y�!� �g�r�o�u�p� �w�a�s� �n�o�t� �d�e�r�i�v�e�d� �a�s� �a�n� �i�n�t�a�c�t� �u�n�i�t� �f�r�o�m� �t�h�e� 

�m�e�t�h�i�o�n�i�n�e�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �a� �s�i�g�n�i�f�i�c�a�n�t� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �(�7�.�4�%�)� �w�e�r�e� 

�f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �a� �C�D�3�°�4�S� �u�n�i�t� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �e�s�t�a�b�l�i�s�h� �i�f� �t�h�i�s� �p�o�p�u�l�a�t�i�o�n� �o�f� 

�l�a�b�e�l�e�d� �,�o�l�e�c�u�l�e�s� �a�r�o�s�e� �f�r�o�m� �t�h�e� �p�a�r�t�i�a�l� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �a�n� �i�n�t�a�c�t� �C�D�3�° ��S� �u�n�i�t� 

�o�r� �i�s� �s�i�m�p�l�y� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �h�a�v�i�n�g� �b�o�t�h� �a� �7�4�S� �a�n�d� �C�D�s� �g�r�o�u�p� �i�n� �t�h�e� 

�s�a�m�e� �m�o�l�e�c�u�l�e�.� �A�s�s�u�m�i�n�g� �t�h�a�t� �C�D�s�;� �a�n�d� �t�h�e� �*�4�S� �w�e�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �a�s� �s�e�p�a�r�a�t�e� 

�u�n�i�t�s�,� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�i�n�g� �a� �C�D�3�3�*�S� �u�n�i�t� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� 

�f�r�o�m� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�i�n�g� �a� �*� �*�S� �a�n�d� �a� �t�r�i�d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� 

�g�r�o�u�p� �b�y� �s�o�l�v�i�n�g� �f�o�r� �t�h�e� �v�a�l�u�e�s� �i�n� �t�h�e� �e�q�u�a�t�i�o�n� �(�a� �+� �b�)�?�(�x� �+� �y�)� �t�h�a�t� �g�e�n�e�r�a�t�e� �t�h�e� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �9�9



�o�b�s�e�r�v�e�d� �i�s�o�t�o�p�i�c� �p�a�t�t�e�r�n�.� �(�I�n� �t�h�i�s� �e�q�u�a�t�i�o�n�,� �b�/�(�a�+�b�)� �i�s� �t�h�e� �a�t�o�m� �%� �l�a�b�e�l�i�n�g� �a�t� 

�s�u�l�f�u�r� �s�i�t�e�s� �w�i�t�h� �7�4�S� �a�n�d� �y�/�(�x�+�y�)� �i�s� �t�h�e� �m�o�l�e� �%� �l�a�b�e�l�i�n�g� �o�f� �t�h�e� �t�h�i�o�m�e�t�h�y�l� �g�r�o�u�p� 

�W�i�t�h� �C�D�3�.�)� �F�r�o�m� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �t�w�o� �s�u�l�f�u�r� �s�i�t�e�s� �a�r�e� �l�a�-� 

�b�e�l�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �1�8�.�4�%� �(�b�)� �w�i�t�h� �*�*�S� �a�n�d� �t�h�a�t� �t�h�e� �m�e�t�h�y�l� �g�r�o�u�p� �i�s� �l�a�b�e�l�e�d� �t�o� 

�a�n� �e�x�t�e�n�t� �o�f� �2�5�.�1�%� �(�y�)�.� �(�I�n� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n�,� �t�h�e� �t�w�o� �s�u�l�f�u�r� �s�i�t�e�s� �w�e�r�e� �o�r�i�g�i�n�a�l�l�y� 

�f�o�u�n�d� �t�o� �b�e� �l�a�b�e�l�e�d� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�t� �e�x�t�e�n�t�s�,� �1�0�.�6�%� �a�n�d� �2�2�.�3�%� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�h�i�c�h� 

�w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �i�n� �t�h�i�s� �t�h�e�s�i�s�.�)� �F�r�o�m� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �p�e�r�c�e�n�t� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �7�4�S� �(�1�8�.�4�%�)� �a�n�d� �d�e�u�t�e�r�i�u�m� �(�2�5�.�1�%�)�,� �i�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�h�a�t� �7�.�5�%� �o�f� �t�h�e� �m�o�l�e�-� 

�c�u�l�e�s� �w�o�u�l�d� �b�e� �f�o�u�n�d� �t�o� �c�o�n�t�a�i�n� �b�o�t�h� �a� �3�4�S� �a�n�d� �a� �t�r�i�d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� �g�r�o�u�p� �i�n� 

�t�h�e� �s�a�m�e� �m�o�l�e�c�u�l�e�,� �i�f� �t�h�e� �s�u�l�f�u�r� �a�n�d� �m�e�t�h�y�l� �g�r�o�u�p�s� �w�e�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� 

�a�s� �s�e�p�a�r�a�t�e� �u�n�i�t�s�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�a�t� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �7�.�5�%� �a�n�d� �7�.�4�%� �i�s� 

�w�i�t�h�i�n� �t�h�e� �e�r�r�o�r� �p�r�e�s�e�n�t� �i�n� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �m�e�a�s�u�r�e�m�e�n�t� �a�n�d� �c�a�l�c�u�l�a�t�i�o�n�,� 

�i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �t�h�i�o�m�e�t�h�y�l� �g�r�o�u�p� �w�a�s� �n�o�t� �d�e�r�i�v�e�d� �a�s� �a�n� �i�n�t�a�c�t� �u�n�i�t� �f�r�o�m� �t�h�e� 

�m�e�t�h�i�o�n�i�n�e�.� 

�I�n� �o�r�d�e�r� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �i�n� �t�h�e� �c�e�l�l�s� �s�t�i�l�l� �c�o�n�t�a�i�n�e�d� �a�n� �i�n�t�a�c�t� 

�m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p�,� �t�h�e� �i�s�o�t�o�p�i�c� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� �m�e�t�h�i�o�n�i�n�e� �w�a�s� �m�e�a�s�-� 

�u�r�e�d� �(�W�h�i�t�e�,� �1�9�8�1�)�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�i�s� �m�e�a�s�u�r�e�m�e�n�t� �r�e�v�e�a�l�e�d� �t�h�a�t� �1�0�.�4�3�%� �o�f� �t�h�e� 

�m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�e�d� �o�n�e� �*�4�S� �a�n�d� �t�h�a�t� �2�1�.�2�%� �o�f� �t�h�e� �m�o�l�e�c�u�l�e�s� �c�o�n�t�a�i�n�e�d� �b�o�t�h� �a�n� 

�3�4�S� �a�n�d� �a� �d�e�u�t�e�r�i�a�t�e�d� �m�e�t�h�y�l� �g�r�o�u�p�,� �t�h�e�r�e�b�y� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �c�e�l�l�u�l�a�r� 

�m�e�t�h�i�o�n�i�n�e� �h�a�d� �b�e�e�n� �m�e�t�a�b�o�l�i�z�e�d� �t�o� �*�4�S�-�h�o�m�o�c�y�s�t�e�i�n�e� �a�n�d� �r�e�s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� 

�t�h�i�s� �l�a�b�e�l�e�d� �h�o�m�o�c�y�s�t�e�i�n�e� �u�s�i�n�g� �a� �n�o�n�l�a�b�e�l�e�d� �m�e�t�h�y�l� �g�r�o�u�p�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �d�o� 

�s�h�o�w�,� �h�o�w�e�v�e�r�,� �t�h�a�t� �t�h�e� �m�a�j�o�r� �p�o�r�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�i�o�n�i�n�e� �w�a�s� �u�t�i�l�i�z�e�d� �b�y� �t�h�e� �c�e�l�l�s� 

�w�i�t�h�o�u�t� �s�c�r�a�m�b�l�i�n�g� �o�f� �t�h�e� �m�e�t�h�y�l�-�s�u�l�f�u�r� �b�o�n�d�.� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �1�0�0



�T�h�e� �a�b�o�v�e� �r�e�s�u�l�t�s� �p�r�o�v�e� �t�h�a�t� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �o�f� �C�Q� �i�s� �n�o�t� �i�n�c�o�r�p�o�-� 

�r�a�t�e�d� �a�s� �a� �u�n�i�t� �f�r�o�m� �m�e�t�h�i�o�n�i�n�e� �e�v�e�n� �t�h�o�u�g�h� �b�o�t�h� �t�h�e� �s�u�l�f�u�r� �a�n�d� �m�e�t�h�y�l� �g�r�o�u�p� 

�a�r�e� �f�o�u�n�d� �t�o� �b�e� �d�e�r�i�v�e�d� �f�r�o�m� �m�e�t�h�i�o�n�i�n�e�.� �T�h�e� �a�b�o�v�e� �e�v�i�d�e�n�c�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� 

�f�i�r�s�t� �s�t�e�p� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�y�l�t�h�i�o� �g�r�o�u�p� �i�n� �C�Q� �i�s� �m�o�s�t� �l�i�k�e�l�y� �t�h�e� �g�e�n�-� 

�e�r�a�t�i�o�n� �o�f� �a� �t�h�i�o�l� �w�h�i�c�h� �i�s� �t�h�e�n� �s�u�b�s�e�q�u�e�n�t�l�y� �m�e�t�h�y�l�a�t�e�d�,� �m�o�s�t�l�y� �l�i�k�e�l�y� �b�y� �S�A�M�,� 

�t�o� �C�Q�.� �T�h�i�s� �p�a�t�h�w�a�y� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �a�l�l� �k�n�o�w�n� �e�x�a�m�p�l�e�s� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�t�h�i�o�m�e�t�h�y�l� �g�r�o�u�p�.� �T�h�e� �i�n�t�e�r�m�e�d�i�a�c�y� �o�f� �t�h�i�s� �t�h�i�o�l� �i�s� �a�l�s�o� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �r�e�c�e�n�t� 

�d�i�s�c�o�v�e�r�y� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �a� �n�e�w� �q�u�i�n�o�n�e� �i�n� �S�.� �s�o�l�f�a�t�a�r�i�c�u�s� �t�h�a�t� �c�o�n�t�a�i�n�s� 

�a� �b�e�n�z�o�[�1�,�2�-�b�:�4�,�5�-�b ��]�d�i�t�h�i�o�p�h�e�n�-�4�,�8�-�q�u�i�n�o�n�e� �r�i�n�g� �(�s�t�r�u�c�t�u�r�e� �c� �i�n� �F�i�g�u�r�e� �4� �o�n� �p�a�g�e� 

�1�6�,� �L�a�n�z�o�t�t�i� �e�t� �a�l�.�,� �1�9�8�6�)�.� �T�h�e� �s�e�c�o�n�d� �t�h�i�o�p�h�e�n�e� �r�i�n�g� �w�o�u�l�d� �b�e� �f�o�r�m�e�d� �b�y� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �a� �5 �� �t�h�i�o�l� �i�n�t�o� �a� �2�-�3� �u�n�s�a�t�u�r�a�t�e�d� �d�e�m�e�t�h�y�l�a�t�e�d� �C�Q� �p�r�e�c�u�r�s�o�r�.� 

�T�h�e� �o�r�i�g�i�n� �o�f� �s�u�l�f�u�r� �i�n� �C�Q�.� �I�n� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �p�r�e�c�e�d�i�n�g� 

�s�e�c�t�i�o�n�,� �i�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �t�h�a�t� �t�h�e� �t�w�o� �s�u�l�f�u�r�s� �o�f� �C�Q� �w�e�r�e� �e�a�c�h� �l�a�b�e�l�e�d� �f�r�o�m� 

�[�7�4�S�-�m�e�t�h�y�l�-�?�H�3�]�-�L�-�m�e�t�h�i�o�n�i�n�e� �t�o� �a� �d�i�f�f�e�r�e�n�t� �e�x�t�e�n�t�,� �1�0�.�6�%� �a�n�d� �2�2�.�3�%�,� �r�e�s�p�e�c�-� 

�t�i�v�e�l�y�.� �(�T�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �w�h�i�c�h� �s�u�l�f�u�r� �w�a�s� �l�a�b�e�l�e�d� �t�o� �w�h�i�c�h� �e�x�t�e�n�t� �c�o�u�l�d� �n�o�t� 

�b�e� �e�s�t�a�b�l�i�s�h�e�d� �b�y� �t�h�i�s� �m�e�t�h�o�d�.�)� �T�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �t�h�e� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� �i�n�t�o� 

�p�r�o�t�e�i�n�-�b�o�u�n�d� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �s�h�o�w�e�d� �t�h�a�t� �c�y�s�t�e�i�n�e� �w�a�s� �l�a�b�e�l�e�d� �t�o� �a�n� 

�e�x�t�e�n�t� �o�f� �1�1�.�9�%� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �3�1�.�6�%� �o�f� �°�*�S�.� �H�a�d� �c�y�s�t�e�i�n�e� �b�e�e�n� 

�t�h�e� �s�o�l�e� �s�o�u�r�c�e� �o�f� �o�n�e� �o�f� �t�h�e� �s�u�l�f�u�r�s� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �t�h�e� �s�o�l�e� �s�o�u�r�c�e� �o�f� �t�h�e� �o�t�h�e�r� 

�s�u�l�f�u�r�,� �w�e� �w�o�u�l�d� �h�a�v�e� �e�x�p�e�c�t�e�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �s�u�l�f�u�r� �i�n�t�o� �t�h�e�s�e� 

�t�w�o� �p�o�s�i�t�i�o�n�s� �t�o� �b�e� �1�1�.�9�%� �a�n�d� �3�1�.�6�%�.� �S�i�n�c�e� �b�o�t�h� �o�f� �t�h�e�s�e� �v�a�l�u�e�s� �a�r�e� �h�i�g�h�e�r� �t�h�a�n� 

�t�h�e� �o�b�s�e�r�v�e�d� �v�a�l�u�e�s� �f�o�r� �t�h�e� �c�e�l�l�u�l�a�r� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e�,� �e�a�c�h� �o�f� �t�h�e�s�e� �s�u�l�f�u�r� 

�s�o�u�r�c�e�s� �m�u�s�t� �b�e� �m�i�x�e�d� �w�i�t�h� �u�n�l�a�b�e�l�e�d� �s�u�l�f�u�r� �b�e�f�o�r�e� �b�e�i�n�g� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q�.� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �1�0�1



�H�o�w�e�v�e�r�,� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w� �3�4�S� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �C�Q�,� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �l�o�w� 

�p�e�r�c�e�n�t�a�g�e� �o�f� �l�a�b�e�l� �i�n� �t�h�e� �f�e�d� �m�e�t�h�i�o�n�i�n�e�,� �a�n�d� �t�h�e� �l�o�w� �i�n�t�e�n�s�i�t�i�e�s� �o�f� �t�h�e� �i�o�n�s� �u�s�e�d� 

�t�o� �g�e�n�e�r�a�t�e� �t�h�e� �l�a�b�e�l�i�n�g� �d�a�t�a� �f�o�r� �t�h�e� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e�,� �t�h�e�r�e� �w�a�s� �a� �p�o�t�e�n�-� 

�t�i�a�l� �f�o�r� �s�i�g�n�i�f�i�c�a�n�t� �e�r�r�o�r�s� �i�n� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �i�s�o�t�o�p�e� �e�n�r�i�c�h�m�e�n�t�.� 

�T�o� �s�o�l�v�e� �t�h�i�s� �p�r�o�b�l�e�m�,� �a� �s�a�m�p�l�e� �o�f� �[�°�*�S�-�m�e�t�h�y�l�-�?�H�3�]�-�L�-�m�e�t�h�i�o�n�i�n�e� �w�h�i�c�h� 

�w�a�s� �m�o�r�e� �h�i�g�h�l�y� �e�n�r�i�c�h�e�d� �i�n� �3�>�*�S�C�D�s�;� �(�4�2� �a�t�o�m� �%� �o�f� �7�4�S�C�D�3�)� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� �w�i�t�h� �t�h�i�s� �n�e�w�l�y� �s�y�n�t�h�e�s�i�z�e�d� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�n�e� 

�i�n� �a� �m�e�d�i�u�m� �c�o�n�t�a�i�n�i�n�g� �t�r�y�p�t�o�n�e� �a�s� �c�a�r�b�o�n� �s�o�u�r�c�e� �i�n�s�t�e�a�d� �o�f� �y�e�a�s�t� �e�x�t�r�a�c�t� �b�e�-� 

�c�a�u�s�e� �t�h�e� �c�e�l�l�s� �g�r�o�w� �b�e�t�t�e�r� �i�n� �t�r�y�p�t�o�n�e� �t�h�a�n� �i�n� �y�e�a�s�t� �e�x�t�r�a�c�t�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w�e�d� 

�t�h�a�t� �C�Q�,� �c�e�l�l�u�l�a�r� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �w�e�r�e� �a�l�l� �l�a�b�e�l�e�d� �w�i�t�h� �7�4�S� �t�o� �a� �l�o�w�e�r� 

�e�x�t�e�n�t� �(�E�x�p�t�.� �3�,� �T�a�b�l�e� �3� �o�n� �p�a�g�e� �9�8�)�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e�r�e� �w�a�s� �m�o�r�e� �s�u�l�f�u�r� �s�u�p�p�l�y� 

�t�o� �t�h�e� �c�e�l�l�s� �f�r�o�m� �t�r�y�p�t�o�n�e� �t�h�a�n� �t�h�a�t� �f�r�o�m� �y�e�a�s�t� �e�x�t�r�a�c�t�.� �B�y� �s�o�l�v�i�n�g� �f�o�r� �t�h�e� �v�a�l�u�e�s� 

�i�n� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �t�h�a�t� �b�e�s�t� �g�e�n�e�r�a�t�e� �t�h�e� �o�b�s�e�r�v�e�d� �i�o�n� �i�n�t�e�n�s�i�t�y� �d�a�t�a�,� �i�t� �w�a�s� 

�f�o�u�n�d� �t�h�a�t� �b�o�t�h� �o�f� �t�h�e� �s�u�l�f�u�r�s� �i�n� �C�Q� �w�e�r�e� �l�a�b�e�l�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �8�.�9�%� �p�e�r� �s�u�l�f�u�r�.� 

�T�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�-�b�o�u�n�d� �c�y�s�t�e�i�n�e� �w�a�s� �l�a�b�e�l�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �9�.�0�%� �°�*�S� �a�n�d� 

�m�e�t�h�i�o�n�i�n�e�,� �a�s� �w�e�l�l� �a�s� �h�o�m�o�c�y�s�t�e�i�n�e�,� �t�o� �3�5�%� �o�f� �7�4�S�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� 

�h�o�m�o�c�y�s�t�e�i�n�e� �i�s� �n�o�t� �t�h�e� �s�u�l�f�u�r� �s�o�u�r�c�e� �f�o�r� �C�Q�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �a�p�p�e�a�r�s� �t�h�a�t� �b�o�t�h� �o�f� 

�t�h�e� �s�u�l�f�u�r�s� �o�f� �C�Q� �c�o�u�l�d� �c�o�m�e� �f�r�o�m� �e�i�t�h�e�r� �c�y�s�t�e�i�n�e� �o�r� �a�n�o�t�h�e�r� �s�u�l�f�u�r� �s�o�u�r�c�e� �w�h�i�c�h� 

�w�a�s� �l�a�b�e�l�e�d� �t�o� �t�h�e� �s�a�m�e� �e�x�t�e�n�t� �w�i�t�h� �3�*�S� �a�s� �t�h�e� �c�e�l�l�u�l�a�r� �c�y�s�t�e�i�n�e�.� 

�T�o� �t�e�s�t� �t�h�e� �i�n�v�o�l�v�e�m�e�n�t� �o�f� �c�y�s�t�e�i�n�e� �a�s� �t�h�e� �s�u�l�f�u�r� �s�o�u�r�c�e� �f�o�r� �C�Q�,� �t�h�e� �a�b�o�v�e� 

�e�x�p�e�r�i�m�e�n�t� �w�a�s� �r�e�p�e�a�t�e�d� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �n�o�n�l�a�b�e�l�e�d� �c�y�s�t�e�i�n�e� �(�5�0� �m�g�/�1�0�0� �m�l�)� 

�t�o� �t�h�e� �m�e�d�i�u�m�.� �T�h�e� �i�d�e�a� �b�e�h�i�n�d� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �w�a�s� �t�h�a�t� �i�f� �o�n�e� �o�f� �t�h�e� �s�u�l�f�u�r� 

�a�t�o�m�s� �o�r�i�g�i�n�a�t�e�d� �f�r�o�m� �c�y�s�t�e�i�n�e�,� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �*�*�S� �f�r�o�m� �t�h�e� �*�4�S�-�m�e�t�h�i�o�n�i�n�e� 

�S�U�L�F�U�R� �M�E�T�A�B�O�L�I�S�M� �I�N� �S�.� �A�C�I�D�O�C�A�L�D�A�R�I�U�S� �A�N�D� �T�H�E� �O�R�I�G�I�N� �O�F� �S�U�L�F�U�R� �I�N� �C�Q� �1�0�2



�i�n�t�o� �o�n�e� �o�f� �t�h�e� �s�u�l�f�u�r� �s�i�t�e�s� �o�f� �C�Q� �w�o�u�l�d� �b�e� �d�i�l�u�t�e�d�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �d�i�s�t�r�i�b�-� 

�u�t�i�o�n� �o�f� �*�*�S� �i�n� �C�Q� �w�i�t�h� �t�h�e� �c�e�l�l�u�l�a�r� �p�r�o�t�e�i�n�-�b�o�u�n�d� �c�y�s�t�e�i�n�e� �a�n�d� �m�e�t�h�i�o�n�i�n�e� �w�o�u�l�d� 

�t�h�e�n� �t�e�l�l� �i�f� �a�n�y� �o�f� �t�h�e� �s�u�l�f�u�r� �c�a�m�e� �f�r�o�m� �c�y�s�t�e�i�n�e�.� �T�h�e� �r�e�s�u�l�t�s� �(�E�x�p�t�.� �4�,� �T�a�b�l�e� �3� �o�n� 

�p�a�g�e� �9�8�)� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �t�o�t�a�l� �*�*�S� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �C�Q� �w�a�s� �g�r�e�a�t�l�y� �r�e�d�u�c�e�d�.� 

�B�y� �s�o�l�v�i�n�g� �t�h�e� �e�q�u�a�t�i�o�n� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e�,� �t�h�e� �t�w�o� �s�u�l�f�u�r� �a�t�o�m�s� �o�f� �C�Q� �w�e�r�e� �f�o�u�n�d� 

�t�o� �b�e� �l�a�b�e�l�e�d� �t�o� �a�n� �e�x�t�e�n�t� �o�f� �3�.�1�%� �a�n�d� �5�.�6�%� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �c�y�s�t�e�i�n�e� 

�s�u�p�p�r�e�s�s�e�s� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �?�*�S� �f�r�o�m� �t�h�e� �l�a�b�e�l�e�d� �m�e�t�h�i�o�n�i�o�n�e� �i�n�t�o� �b�o�t�h� �o�f� �t�h�e� 

�s�u�l�f�u�r�s� �o�f� �C�Q�.� �H�o�w�e�v�e�r�,� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �7�4�S� �o�f� �m�e�t�h�i�o�n�i�n�e� �i�n�t�o� 

�C�Q� �w�a�s� �a�l�s�o� �g�r�e�a�t�l�y� �d�i�l�u�t�e�d� �b�y� �c�y�s�t�e�i�n�e�,� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �c�y�s�t�e�i�n�e� �s�u�p�p�l�i�e�s� �t�h�e� �s�u�l�f�u�r� 

�f�o�r� �b�o�t�h� �s�u�l�f�u�r�s� �o�f� �C�Q� �e�i�t�h�e�r� �d�i�r�e�c�t�l�y� �o�r� �i�n�d�i�r�e�c�t�l�y�.� 

�O�n�e� �o�t�h�e�r� �s�u�l�f�u�r� �s�o�u�r�c�e� �p�r�e�s�e�n�t� �i�n� �t�h�e� �m�e�d�i�u�m� �i�n� �w�h�i�c�h� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� 

�i�s� �s�u�l�f�a�t�e�.� �T�o� �t�e�s�t� �i�f� �s�u�l�f�a�t�e� �c�o�u�l�d� �b�e� �a� �s�o�u�r�c�e� �o�f� �t�h�e� �s�u�l�f�u�r�,� �t�h�e� �c�e�l�l�s� �w�e�r�e� �g�r�o�w�n� 

�i�n� �a� �m�e�d�i�u�m� �i�n� �w�h�i�c�h� �n�o�n�l�a�b�e�l�e�d� �s�u�l�f�a�t�e� �w�a�s� �r�e�p�l�a�c�e�d� �w�i�t�h� �N�a�2�?�*�S�O�a� �(�1�5� �m�g�/�1�0�0� 

�m�l�)�.� �T�h�e� �C�Q� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �c�e�l�l�s� �w�a�s� �f�o�u�n�d� �n�o�t� �t�o� �b�e� �l�a�b�e�l�e�d� �(�E�x�p�t�.� �5�,� 

�T�a�b�l�e� �3� �o�n� �p�a�g�e� �9�8�)�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �S�.� �a�c�i�d�o�c�a�l�d�a�r�i�u�s� �c�a�n� �n�o�t� �u�t�i�l�i�z�e� �s�u�l�f�a�t�e� 

�a�s� �s�u�l�f�u�r� �s�o�u�r�c�e�.� 
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