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ABSTRACT 

Molecular modelling techniques such as PPP-MO, ZINDO and CNDO/S have been 

applied to derive colour-structure relationships in a series of donor-acceptor 

nitroaromatic chromogens based on diazines. Selected 2,4-disubstituted amino-5-

nitropyrimidine derivatives have been synthesised and their colouristic properties 

correlated with molecular modelling results. Attempts were made to synthesise the 

more bathochromic predicted compounds in the pyrimidine and pyrazine series. During 

the course of this investigation, IH_1 5N heteronuc1ear shift correlation spectra using 

gHMQC and gHMBC with x-ray crystallography were used for the characterisation of 

certain compounds exhibiting tautomerism. 

Molecular modelling techniques have also been used to understand the chemical and 

physical behaviour of colorants towards uptake by the hair fibre to assist development 

of the concept of pro-pigmentation. This new technology is based on a water soluble 

pigment precursor, which is converted chemically back in situ to the parent pigment 

when applied to the hair fibre. A molecular modelling method has been devised and 

implemented to take into account the shape and size of the molecules as a measure of 

their diffusivity into the hair. Some pro-pigments which met the requirements were 

selected for synthesis. Although the chemistry proved feasible with indigo, with other 

pigments it was less straightforward. 

A significant breakthrough was the discovery of pro-disperse dyeing. This technology 

is based on the same concept as the pro-pigmentation, but using disperse dyes. The first 

pro-disperse red dye was obtained. It was proved that in vitro and "in vivo" the disperse 

dye was regenerated and can impart a bright red colour to the hair which withstood 

more than ten shampoos. 
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Chapter 1 - Introduction 

Hair has always possessed powerful, symbolic and evocative properties. It is often 

associated with traditions and beliefs, but may also indicate a sign with hierarchical, 

religious or mystical significance. It is perhaps the most distinctive feature of 

individuals, which allow them to express their own personality, to help them feel good 

or even to attract other people [1] . In addition, it is a means of projecting the image we 

have of ourselves. Therefore, any sudden change in its colour, in general, reflects our 

psychological state at the time; this often startles and is a source of comments from 

people [2, 3]. A study of the history of hair colouring shows that people have been 

dissatisfied with their natural colour for centuries and have attempted to modify it by 

various means. However, colouring hair presents a real challenge. 

To design the ideal hair colorant, some constraining properties have to be taken into 

account. Furthermore, it has to meet today's consumer demands. Firstly, the ideal hair 

colorant must impart colour and avoid damaging the hair structure and impairing the 

natural texture or gloss of the hair and staining the scalp. In addition it must possess no 

primary irritant and be free from sensitising properties. Secondly, it must have adequate 

physical and chemical stability on the hair; the colour of the dyed hair must be stable to 

air, light, friction (rubbing and brushing), sweat and chlorinated water (pool treatment). 

It must be compatible with other hair treatments (fixatives, hair waving preparations or 

conditioners). Shampooing must remove the hair colorant to an extent depending on the 

type of hair colour product used. The ideal hair colorant must also be stable both 

chemically and physically in formulated products. Thirdly, the hair is very 

heterogeneous both individually and in its "history"; the end is more damaged than the 

root by air and sun, previous perms or other treatments. Therefore, significant 

differences in coloration on different parts of the same hair must be avoided as well as 

different fastness performance over time of different colorants in the hair. Finally, hair 

unlike textiles or other fibres must be dyed in a physiologically acceptable manner. 

Thus the affinity of the hair colorant for, and its diffusion into, the hair shaft are of great 

importance in light of the limitations controlling hair dyeing. These include a low 

temperature (40°C), short time of dyeing (5-40 minutes) and minimum dye 

concentrations. Therefore, the ideal hair colorant must carry a feature which gives it the 

highest affinity for the hair fibre. In addition, to facilitate the diffusion into the hair 

fibre, the hair colorant molecule should have a reasonably small size. 
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Today, the driving forces for research and development in hair coloration are the 

controversial issue of the toxicology of the substances currently used In the 

formulations as well as the technical weaknesses of permanent and semi-permanent 

technologies such as poor lightfastness. Therefore, intensive research is currently being 

carried out towards new improved and safe dyes or pre-formed dyes, or even, 

completely new technologies for dyeing hair. 

At this point, it is necessary to distinguish the two types of colorants known as dyes and 

pigments. Dyes are, in general, soluble materials, generally applied from solution 

which provide colour in molecularly dispersed formed. Pigments, by contrast, are 

insoluble and are applied as a dispersed, sub-micron, crystalline, particulate solid. Both 

molecular and crystal structures of this latter type determine their colour. Generally, 

pigments are characterised by superior light and chemical stability, while dyes 

frequently feature lower stability but higher transparency, saturation and strength of the 

colour. 

Nitro dyes have been used to impart a colour to human hair which lasts for a certain 

number of shampoos; this technology is referred to as semi-permanent hair dyeing. The 

nitro dyes provide an excellent range of yellow, orange, red-brown, and violet shades 

but are deficient in pure blues. This is of prime importance to prepare drab brown and 

black shades on the hair. For this reason, aminoanthraquinone dyes, which include 

many pure blue shades, have been employed. However as a result of the difference in 

molecular size it has been reported that these larger molecules tend to diffuse into the 

more porous portions, at the tip end of the hair whereas they do not penetrate the root. 

In contrast, the smaller nitro dye molecules are retained by the root and can diffuse in 

and out of the tip end. This phenomenon is often referred to as selectivity, which is 

enhanced on damaged hair. In order to avoid selectivity in its various manifestations, 

efforts have been directed toward using dyes of the same chemical class covering the 

whole visible spectrum, which are compatible with one another with regard to dyeing 

and fastness properties for the semi-permanent technology, and which can produce 

natural shades. Unfortunately, attempts have been unsuccessful to date. 

Furthermore, nitro dyes have low colour strength. The molar extinction coefficient is 

4000 L mor l cm- I for N-alkylaminonitro dyes and onJy on the introduction of an azo 

chromophore does the molar extinction coefficient rise to 14000 L mor l em-I. 

Recently, a group of cyanoaminopyrazine and carboxyaminopyrazine dyes has been 

reported, which are of considerable interest for a range of electronic applications 
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because of their strong intramolecular charge-transfer chromophoric system and intense 

solid-state fluorescence properties [4, 5]. An investigation into a range of donor

acceptor chromo gens based on diazines using quantum and molecular mechanics 

methods has been carried out. With the introduction of the required chemical 

functionality, these compounds could provide future potential for new semi-pennanent 

hair dyes. 

Nevertheless, this technology does not represent the biggest part of the multi-billion 

business market. Nowadays, penn anent hair coloration provides the most important 

sales of hair dyes companies. However, the current technology of penn anent hair 

coloration is under threat due to toxicological issues reinforced by legislation from state 

organisations. Therefore, hair dye companies have embarked on research programmes 

on new technologies to dye hair. 

In 1995, Ciba Speciality Chemicals introduced the concept of Latent Pigment 

Technology (LPT) [6-8] . This technology is based on the creation of a pigment 

precursor, a latent pigment, which would be readily soluble or homogeneously 

dispersible like a dye in the application medium. This latent pigment would then 

regenerate, with a physical or chemical treatment, quantitatively in situ the desired 

pigment. Such a concept of latency is also implicit in the well-documented oxidative 

transfonnation of indigoid and anthraquinoid leuco vat dyes. The motive behind the 

development of such a technology was to reduce the time, energy and effort which were 

required to disperse a highly insoluble pigment into its application media [9], such as 

polymer matrices. 

Figure 1: intermolecular hydrogen bonding forces in DPP pigments 

The insoluble behaviour of pigments is, in general, attributed to the existence of strong 

intra- and intennolecular forces, especially hydrogen bonding as illustrated in Figure 1 
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in the case of DPP pigments. Most organic pigments also feature essentially planar 

molecules, thus facilitating effective 1t-1t interactions between the molecular planes of 

the pigment lattice structure. The underlying concept of latent pigment consists in the 

transient chemical disruption of the intra- and/or intermolecular forces via introduction 

of appropriate protecting groups [10] to yield a soluble pigment precursor. Thus, the 

dye-like latent pigment exhibits a higher solubility in the application media. 

Subsequent thermal, chemical or photochemical treatments cause the latent pigment to 

be transformed in situ back to the parent pigment with concomitant elimination of the 

protecting group. Zambounis et al. [11] succeeded in preparing soluble latent pigment 

by introducing onto the secondary amino groups of 3,6-diphenyl-l ,4-diketo-pyrrolo[3,4-

c]pyrrole (1) (DPP) the thermally cleavable tertiary alkoxycarbonyl groups [12, 13] as 

described in Scheme 1. This reaction causes perturbation of the intermolecular 

hydrogen bonding of DPP pigments [14, 15] between adjacent CO and NH groups, 

forming the insoluble pigmentary network as shown in Figure 1. 

tsoc20 I DMAP I rt I 72h 

(1) (2) 

Scheme 1: reaction of generation of the latent pigment and of the parent pigment 

The carbamate formation increases by several orders of magnitude the solubility of the 

latent pigment in common organic solvents [8]. The carbamate (2) can be converted 

back to the parent pigment quantitatively and in high purity via thermal elimination of 

carbon dioxide and isobutylene as gaseous products of reaction at temperatures above 

IS0°C. The use of acids can catalyse the thermal reaction and lower the decomposition 

temperature to about 100°C. This technology has been successively applied to several 

other classes of commercial organic pigments [16], all bearing functional groups which 

are capable of reacting with standard protecting group reagents. Another application of 

this technology is the recent use in the pigmentation of polymer films; the parent 

pigment is recovered by photoacid-catalysed regeneration [17]. While this technology 

is applied to reduce the time, the cost and the effort to comminute the crude pigment to 
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the desired size and shape, it opens up a novel approach to pigmentation of substrates. 

Indeed, Ciba Speciality Chemicals Corporation has quite recently patented this 

technology for use in porous materials, especially wood [18, 19]. They mentioned hair 

as a possible porous material to be pigmented. However for such naturally organic 

materials it is desirable to increase the penetration depth, which can only be carried out 

by increasing the temperature. Consequently all the naturally organic materials which 

are themselves altered by heat, such as hair, cannot satisfactory be pigmented in depth. 

Nevertheless, the idea to make a pigment precursor which would penetrate the hair fibre 

and revert back to the parent pigment by chemical and/or physical treatment, which 

would be trapped in the fibre, represents a novel permanent hair coloration process [20]. 

From now, this process will be referred to as pro-pigmentation and the pigment 

precursor, as a pro-pigment [21]. It is interesting to note that, very recently, in the 

patent literature, a group of Japanese scientists has claimed two patents on a similar 

concept for hair dyeing [22, 23], which used indican (3), from a natural indigo leaf. 

This method includes the extraction of indican (3) from the indigo leaf and the 

preparation of a formulation containing a p-glucosidase enzyme component. The two 

formulations are then applied to hair at 40-45°C for 30 minutes. The reaction is 

exemplified in Scheme 2. 

0;-N\ 
~~#'O CH

2
0H 

OH 
OH 

OH 

(3) 

Hydrolysed by p·glucosidase 

.. 

~~) 
~ 

OH 

(4) 

o 

(5) 

Scheme 2: regeneration of indigo from indican with a ~-glucosidase enzyme component 
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Indican (3) is hydrolysed by the p-glucosidase enzyme to give indoxyl (4) which 

undergoes rapid oxidation on hair to form indigo (5). Indican (3) plays the role of 

pigment precursor which converts to indoxyl (4). This latter oxidises on hair to give 

indigo (5). However, this process was already patented by Braun et al. using two indigo 

precursors (5-bromo-4-chloro-3-indolyl-p-D-galactoside and 5-bromo-4-chloro-3-

indolyl-P-D-glucopyranoside) and two enzymes (p-galactosidase and p-glucooxidase). 

They claimed to colour the hair to a light blue colour and a violet-blue colour, 

respectively [24]. This concept of pro-pigmentation has been known in pharmaceutical 

chemistry since 1958 with the concept of prodrugs for cancer treatment [25]. Recently, 

it has been applied in fragrance chemistry, the so-called pro-fragrances, which are acetal 

and ketal protected forms of fragrances [26]. 

Ideally, the pro-pigment would carry one or more cationic sites to favour fibre affinity 

and this would be removed during the hair dyeing process. This would be in principle 

possible with a cationic protecting group. However, this group must be flexible enough 

if it is large "to worm its way" and facilitate the pigment diffusion into the hair fibre. 

This cationic site may also render the pigment soluble in water. Water-soluble latent 

pigments are known in inkjet ink technology. Hidenobu et al. have developed a new 

water-soluble pigment precursor (7), based on the quinacridone pigment (6) [27]. 

During printing this pigment precursor ink behaves like a dye-based ink, but once 

applied to the print medium, a simple treatment triggers the regeneration of the parent 

pigment (6) as described in Scheme 3. This allowed a combination of the high gloss 

and resistance to abrasion of dye-based inks with the high light stability of conventional 

pigment inks. 
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Scheme 3: reaction of generation of the water-soluble pigment precursor and of the parent pigment 

The use of commercial organic pigments would also guarantee the non-toxicity of the 

colorants ultimately used, or at least minimise the time-consuming toxicological process 

to market them, although the pro-pigment would have to be tested with respect to its 

effect during actual exposure and lifetime. Ideally too, the pigment should be re

generated preferably by a mixture of ammoniaihydrogen peroxide, since this mixture is 

used to bleach the natural hair colour in the currently used permanent hair coloration 

process rendering possible a colour lighter than the original. In addition, as pigments 

are generally quite large molecules, they would have to be screened to investigate their 

size and their shape. Sakai et al. [28] have recently published "an universal structural 

model for human hair", In this paper, they introduced the concept of 'longest diagonal 

line of the smallest shadow of the projected figure" of a molecule as a measurement of 

the size of a molecule. According to their molecular modelling and experimental results 
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they stated that "molecules with a size smaller than loA migrate much more easily into 

hair". Therefore, certain pigments would have to be selected after careful examination 

by molecular modelling. 

In addition to the increase in washfastness due to the trapping of the molecule inside the 

fibre and the insolubility of the pigment in any medium, the hair colour would also be 

expected to possess better lightfastness properties due to the generally superior light and 

chemical stability of pigments. 
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Chapter 2 - Literature review 

Before reviewing the different processes for the dyeing of human hair, it is of interest to 

consider the structural and chemical nature of the substrate. Human hair protects the 

head from the elements by functioning as a thermal insulator. It also protects the scalp 

against sunburn, other effects of light radiation and mechanical abrasion. In addition, 

hairs are sensory receptors since they are supplied by sensory nerve endings. However, 

its exact role in the human body is not fully understood. Human hair is believed to be 

an organ whose role is to detoxify the body. This proposed role would be in agreement 

with the fact that human hair is a vestigial memory used extensively in forensic science, 

e.g. for drug abuse. 

2.1. Structure and morphology of human hair [29-34] 

Human hair may be defined as a skin appendage consisting of cells. It is thick and 

belongs to the terminal hair type such as that forming beard or eyelashes hair. It grows 

from elongated sacs, the so-called follicles or hair roots that form as early as the third 

month of embryonic life [35]. 

SKIN 

\ 
I~ 

CELLS 

DERMAL PAPILLA 

. ~ 

HAIR FOLLICLE 

Figure 2: formation of the hair follicle 

As illustrated in Figure 2, under the skin some cells multiply and create a bud-like 

structure. These cells will be the origin of the dermal papilla. Then, the bud pushes 

down into the subcutaneous tissue of the skin, the dermis, until it forms a press-stud. 

This time marks the true birth of the hair follicle. It is at this stage that the construction 

of the hair really begins. The dermal papilla, surrounded by the hair bulb, becomes the 

real driving force of the follicle. Under its direction, the cells situated in the deeper part 

9 



of the hair follicle multiply very rapidly and differentiate. Unable to develop 

downwards, these cells move upwards, to the epidermis and the hair shaft pierces the 

superficial layer of the skin, the stratum corneum, making the hair fmally visible. The 

normal scalp will contain about 175 to 300 hairs per square centimetre. 

~ Stratum corneum 

EPIDERMIS 
Sebaceous gland 

Arrector muscle 

DERMIS 

Blood capillaries 

Nerve vessels 

Figure 3 : longitudinal section of skin with hair follicle 

As shown in Figure 3, the whole hair follicle is alimented by a network of blood vessels 

and nerves which also extend into the papilla. Other important structures associated 

with each hair fibre are sebaceous glands (oil-producing glands of the epidermis) and 

arrector muscles. A surprising and essential fact, unique to hair, is that throughout life, 

it is these same embryonic processes which will continue to occur producing the growth 

cycle of hair [36]. 

Growth means reproduction through cell division (Mitosis), and, in the case of hair, this 

occurs around the dermal papilla in the so-called zone of proliferation as shown in 

Figure 4. As early as the start of the reproduction stage, the cells are assigned their 

function and their site in the hair. The pressure of new growth forces the cells to start 

moving toward the scalp surface which is reached within ten days, pushing the hair up 

by 1/3 mm each day. During their migration from the bulb upward the cells undergo 

enormous changes in shape. They also change in chemical composition. 
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Keratinogenous 
zone 

Zone of 
differentiation 

Zone of 
proliferation 

Figure 4: detailed schematic structure of the hair follicle 

Cortex 

Medulla 

Cuticle 

Hair papilla 

Melanocytes 

Blood vessels 

In the zone of differ ntiation, the hair forming-cells, the keranocytes, start to elongate. 

Then in the keratogenous zone, which is next, the keratin proteins typical of the hair are 

expre sed and form hort filaments [37]. During migration, these filaments align 

parallel to the hair fibre axi , more and more of them aggregating to eventually become 

intermediate filament (IF). Then new high-sulphur proteins are produced forming the 

matrix protein emb dding the low-sulphur IF in the fully formed hair. 

Simultaneou ly th keranocytes have taken different routes corresponding to the three 

types of cell found in a fully formed hair: 

• The 100 ely pack d ph rical medullary cells, eventually forming the centre of 

the hair fibr 

• 

• 

The larg amount of pindle- hap d cortical cells aligned along the hair fibre 

a i with a fibrillar inn r tructure 

The flattened cuticle cells forming several layers surrounding the cortex and 

gi ing th hair fibr a caly urface as shown in Figure 4. 

At th end of th k ratog nou zone the cells completely stop forming new proteins. 

II 



All these activities occur while the hair is still within the scalp and all its typical 

characteristics are completed; it is insoluble in water, rich in sulphur and chemically 

cross linked. 

After having perforated the superficial layer of the skin, the hair finally visible enters a 

growth cycle which is not a continuous process [36] . 

Anagen phase Catagen phase Telogen phase 

Figure 5: growth cycle of the hair fibre 

The first stage of the growth cycle is the anagen phase, a high-activity growing phase 

(Figure 5). The anagen hair follicles are dynamic organs with cell proliferation, 

differentiation and migration. About 90% of the hairs are in this phase, which lasts four 

to six years and is followed by a transition stage, called catagen, of about twenty days. 

During this tage, the hair root gradually slows down cell division, and the blood and 

nerve vessels are degraded. When activity in the hair root has come to a complete 

standstill the hair is said to be in the telogen or resting stage which lasts three to nine 

months. During that period, the hair remains in the top layers of the scalp and falls out 

during combing or shampooing. This is the reason why hair loss is about 50 to 100 

hairs per day. 

Morphologically, a fully formed hair fibre thus contains four different units: 

• At its surface hair contains a thick protective layer consisting of flat overlapping 

scale-like structures the cuticle. 

• Surrounded by the cuticle layer is the cortex which contains the major part of the 

fibre rna s. 

• Thicker hair often contains one or more loosely packed porous regions, the 

medulla. 
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• The fourth unit is the cell membrane complex (CMC) that glues or binds the 

cells together. 

All hair possesses these four different units. Yet, they differ in colour and macroscopic 

structure, including longitudinal and cross sectional shape, thickness, circularity and 

ellipticity. This is genetically controlled and, as a consequence, scientists have 

identified three different types of hair according to races: 

• Caucasian hair is generally fine and straight to curly. Its cross-sectional shape is 

nearly round to slightly oval (ellipticity of 1.25). 

• In contrast, Ethiopian hair is coarse and wavy to woolly. Its cross-sectional 

shape is slightly oval to elliptical (ellipticity of 1.75). 

• Finally, Mongolian hair is coarse and straight to wavy. It possesses almost the 

same cross-sectional shape as Caucasian hair (ellipticity of 1.35) but differs 

widely in colour from these others. 

Straight Caucasian hair has a mean diameter of about 70 ~m, while Mongolian hair is 

coarser with a mean diameter of about 90 ~m and Ethiopian hair, extremely elliptical, 

appears as flat bands in spirals with diameters which varies between 40 ~m and 120 ~m 

[38]. These numbers are only indicative since in the same scalp, hair diameters may 

fluctuate by at least a factor of two. 

Chemically, depending on its moisture content (up to 32% by weight), human hair 

consists of approximately 65 to 95% proteins. Proteins are polymers derived from 

amino acids and the structures of some of those amino acids found in unaltered hair and 

important for hair dyeing are depicted in Table 1. 

Table J: list of the important amino acids for hair dyeing found in unaltered hair and their 
proportion 135,391 

Name of the amino acid Structure of the amino acid Proportion in hair 

H~~O ~-. 

Lysine 
OH 2.6%-3.1% 

(8) 

~H2 

Arginine 
~Ny~~(H 

8.8%-9.6% 
NH 0 

(9) 
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0 

Aspartic acid·· TIO" HO ~ 
5.6%-6.5% 

NH2 0 

(10) 

t2 
Glutamic acid" 

HO~OH 
14.3%-15.5% 

0 0 

(11) 

Cystine 

):0" 
"O~'/' '" 14.0%-16.5% 

NH2 

(12) 

0 

Cysteic acid 
\c0 ~s~ OH 

HO ~ 
o NH2 

0.2%-0.6%· 

(13) 

Calculated from [39] and harmonlsed to be consIstent WIth [35] 

··These amino acids exist as the primary amides as well as the free acids in human hair 

It is worth noting the relatively large cystine (12) content. Of particular interest for hair 

dyeing and the design of new hair dyes is the proportion of acidic amino acids, and 

especially, glutamic acid (11). Bleaching increases by 25 times the proportion of 

cysteic acid (13) and primary amide functions are hydrolysed by strong alkalis to give 

carboxylic acid functions. Cystine residues also undergo transformation by bleaching, 

permanent waving and sunlight exposure, generating acidic functions, i.e. Bunte salt 

(S03H function) or carboxylic acids. This renders a positively-charged molecule more 

liable to be attracted by the hair fibre. 

The remaining constituents are lipids (structural and free), natural pigment, and trace 

elements such as iron, copper, zinc or iodine (generally not free, but combined 

chemically with side chains of protein groups or with fatty-acid groups of sorbed or 

bound lipid). 
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2.1.1. The hair cuticle {40, 41J 

The hair cuticle is a chemically resistant region [42-44]. Although it accounts for only 

13.5% of the entire hair fibre volume, this thin colourless cell coat makes a shield 

protecting the hair against damage from outside (Figure 6). 

Figure 6: cuticle scales of human hair 

The edges of these cuticle scales run circumferentially, more or less parallel, around the 

fibre. The cuticle cells are attached at the proximal end (root end), and they point 

towards the distal end (tip end) of the hair fibre. These flattened cuticle cells are 

produced by the outer keranocytes, which overlap like tiles while the hair migrates 

upwards in the pilary canal, thus forming 6 to 10 cell layers of a total thickness of 5 !lm 

which completely surround the hair. Each cuticle cell is approximately 0.5 !lm thick, 45 

to 60 !lm long with about a 5-!lm exposed surface as shown in Figure 7. 

: ...... ~---c. 70 Ilm------I .. ~: 

.... -

\ ... 

Figure 7: schematic diagram of the human hair cuticle 1451 

The cuticle of human hair contains smooth unbroken scale edges at the proximal end. 

However, cuticle damage, evidenced by broken scale edges that can easily be observed 
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several centimetres from the scalp, is caused by weathering and mechanical damage 

from the effects of normal grooming actions such as combing, brushing and 

shampooing. In certain long hair fibres, progressive surface damage can be observed 

and, especially, some scales at the distal end can be completely removed so that the 

cortex appears. This is a very important feature for even hair dyeing since the 

penetration depth of colorants may vary along the hair fibre. 

The hair cuticle is not, in contrast to the cortex, a highly organised system at the 

molecular level. Its internal structure is illustrated in Figure 8. 

Endocuticle ) 

/outer fibre surface 

~----- Epicuticle 

~';,.;;;~------ Exocuticle 

Inner cell 
~ •••••••• IIf"----- membrane 

Cement -------~ 

Figure 8: Schematic figure of the proposed structure of cuticle cells 

Structurally, each cuticle cells contain a thin outer membrane, the epicuticle. This layer 

is estimated to be 50 to 100 A. Leeder et al. [46, 47] have defined the epicuticle as a 

proteinaceous layer covered by strongly bound structural lipid, giving the hair fibre its 

hydrophobic character that they called the F-Iayer. A few years later, Negri et al. [48] 

have shown that the epicuticle membrane consists of about 75% of heavily cross-linked 

protein and about 25% of predominantly 18-methyleicosanoic acid, a branched fatty 

acid consisting of 21 carbon atoms. These authors have proposed a model of the 

epicuticle wherein the fatty acid layer is connected to the underlying fibrous protein 

layer through thioester linkages involving the cysteine residues of the protein as 

illustrated in Figure 9 [49, 50]. 
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Figure 9: recent chemical model of the epicuticle 

This significant finding is of utmost importance to an understanding of hair dyeing 

mechanisms, since the outer surface of the hair cuticle is the first barrier for the 

diffusion of dyes into the fibre. 

Beneath this thin outer membrane layer, the cuticle is composed of three other major 

layers (Figure 8): 

• The A-layer is a resistant layer with a high cystine content, so, highly cross

linked, of about 120 nm thick 

• The exocuticle, sometimes called the B-Iayer, also rich in cystine, fills about 

half the volume of the cell 

• The endocuticle is a layer, in contrast to the other two, of low cystine content 

and relatively large amounts of dibasic amino acids such as lysine (8) and 

arginine (9) and diacidic amino acids such as aspartic acid (10) and glutamic 

acid (11) (these last two exist also as the primary amides as well as the free 

acids in human hair). 

2.1.2. The hair cortex 

The hair cortex constitutes the central core of the hair shaft. Cortical cells are generally 

1 to 6 )lm wide and approximately 100 )lm long, although considerable variation in their 

size or shape can be observed. Depending on their location, they do not possess the 

same chemical composition. Thus, cortical cells adjacent to the cuticle, referred to as 

heterotype cortical cells, which are flatter, contain less sulphur than the remaining 

cortical cells comprising the bulk of the cortex. On average, compared to the cuticle, 
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the cortex is richer in cystine, diacidic amino acids, lysine and histidine. Cortical cells 

also consist of pigment granules (small, oval or spherical particles (see Section 2.2)) and 

nuclear remnants (small and elongated cavities near the centre of the cells). 

Figure 10: cortex of human hair 

They are characterised by their pronounced sub-structure, the microscopically 

discernible spindle-shaped macrofibrils, which are approximately 0.1 to 0.4 Ilm in 

diameter, which in turn are composed of IF or microfibrils, highly organised fibrillar 

units, embedded by a matrix, a less organised structure that surrounds the IF. 

The IFs are arranged in spiral formation in the cortical cells. The diameter of an IF is 

close to 75 A. The exact organisation of these IFs is still to be determined. However, 

the intermediate filaments contain precise arrays of the low-sulphur proteins, containing 

short sections of helical proteins in a coiled coil formation [51, 52]. The coiled sections 

of these proteins chains are approximately loA in diameter including side-chains, and 

are believed to approximate the form of a a-helix. This is the reason why the hair 

proteins are called a-keratin. 

The matrix comprises the largest structural subunit of the cortex of human hair fibres. It 

is often referred to as the amorphous region, although it contains some degree of 

structural organisation. It contains the highest concentration of disulphide bonds, in 

contrast to the IF and greatly contributes to the swelling behaviour of the hair. 

2.1.3. The Cell Membrane Complex (CMC) /47J 

This vital substance consists of cell membranes and adhesive materials. The outer layer 

of the CMC forms the epicuticle, consisting of a lipid layer as discussed earlier, and the 

inner layer is referred to as the intercellular cement. This intercellular cement is present 

between the cuticle cells, consisting of a 8-layer which includes proteins which are low 

in cystine « 2%), but high in polar amino acids, containing about 12% basic amino 

acids and 17% acidic amino acids (Figure 11). This 8-layer is sandwiched by two inert 
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p-Iayers containing lipids such as squalene and fatty acids that are rich in palmitic, 

stearic and oleic acids [53]. 

~ 1 50A 

- 50 A 

A-layer 

EPlcuncu: 
:---/ +.---- p-Iayer 
~/~,~---------------

• o-layer 
INTERCELLULAR CEMENT 

-~/'-----=~--------+.----
,/ EPICUTICU 

p-Iayer 

Figure 11: schematic diagram of the CMC 

In living cells, the cell membrane is responsible for keeping the cell alive, for 

transmitting signals and providing ion transportation and for holding the cell contents 

together. Apparently, the membranes of the keratinised cells of the hair no longer have 

this function. The original structure of lipid bilayers with the membrane proteins 

embedded has undergone fundamental changes during the growth of the hair fibre. 

However, it seems that at least the original structural array of adjacent cell membranes 

has remained unchanged. In addition, further cell connections at the interface between 

the cuticle and the heterotype cortical cells appear which resemble welding seams. This 

term denotes the limited area of contact between neighbouring cells with a complete 

lack of cell membrane. 

The CMC together with the endocuticle is sometimes referred as the non-keratinous 

regions because of its low proportion of sulphur-containing amino acids, compared with 

most of the intracellular proteins. This region and its typical features are very important 

to cosmetics applications since it is believed to be the primary pathways for diffusion of 

molecules into the hair fibre. 

2.1.4. The medulla 

Thin human scalp hair, less than 60 ~m in diameter, consists of cuticle and cortical cells 

only. Hairs of larger cross section often have a third type of cells referred to as the 

medullary cells located in the centre of the hair fibre. Medullary cells are loosely 

packed and exhibit a spongy matter with pores, bridges and cavities (Figure 12). The 

cells are, therefore, only partially filled with amorphous proteins. In many cases, the 

medulla comprises just a small number of keratin fibrils, and often it serves as a 
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pigment r servoir. It is believed that the medulla may contribute to the shine of human 

hair. 

Figure 12: medulla of the human hair 

All of the components of the human hair fibre are summarised in illustrative form in 

Figure 13. 

l.h. , ofib,,1 

Moc,ofibril 

Epiculide t 

A· loyo< 
8.xoc.u'i~l. Eftdocuhcle Cuticle 

C..,U Membrane 1I ..... OIyp" 
C"Artt.x Conical Cit as coruea.l Celtl 

Figure 13: schematic structure of the human hair fibre [33] 

2.2. The natural colour of hair 

Nature pro ide an abundance of hair colours and shades ranging from the lightest 

blond, pre alent among Scandinavians, to black, characteristic of Asians, Arabics, 

Southern Europeans and Africans. Between these two colours, a wide variety of 

brown can be found in natural hair colour of Middle and Northern Europeans, as well 

as red hair colour in Celtic countries. Red hair is relatively uncommon in Europe, 

except in cotland· more than one in ten Scots is a redhead. It has actually been shown 

that all natural hair colours lie in a very small segment of the CIELAB (Commission 

lnternationale de l'Eclairage LAB) colour space [54] , corresponding to dominant 

wavelength b tw en 586 and 606 run, while the lightness (L--value) varies over a wide 
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range from 1.8 to 90%. A convenient method of measuring and recording the colour of 

human hair is to use a reflectance spectrophotometer. Colour is specified on the basis 

of reflectance measurements by considering the three relevant attributes of perception of 

colour as hue, chroma and lightness. These three attributes are best described using the 

CIELAB colour space [55,56], as illustrated in Figure 14. 

WHITE 

GREEN -a' +b· YELLOW 

BLUE RED 

BLACK 

Figure 14: CIELAB colour space 

The hue of a particular colour is represented in a colour circle. The chroma increases 

with distance from the centre of the circle. Finally, the lightness, the L· -value, requires 

a third dimension that is at right angle to the plane of the colour circle. When the L·

value is equal to 0, it corresponds to black and when L· -value is equal to 100, it 

corresponds to white. Values of a* define redness (when a* is positive) and greenness 

(when a· is negative), while values of b * describe yellowness (when b * is positive) and 

blueness (when b· is negative). In practice, it is found that natural human hair colours 

lie in the area where a * and b * are positive, i.e. they are more reddish and yellowish than 

greenish and bluish. 

Table 2 gives an example of the utilisation of the reflectance spectrophotometer for a 

variety of hair colours, which have been subjectively assigned to six different tonal 

categories. 
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Table 2: correspondence between subjective description of hair colours and tristimulus values [571 

Subjective Tristimulus values 

description L· • b· a 

Blond >25 3.0 - 6.0 2.0 - 13.0 

Light brown 23 - 25 2.0 - 5.0 6.0 - 9.0 

Medium Brown 17 - 23 0.8 - 4.0 3.0 - 7.0 

Dark brown 14 - 17 0.0 - 3.0 2.0 - 5.0 

Black 9 - 14 0.0 - 2.0 0.0 - 2.0 

Red 14 - 35 3.3 - 8.0 6.0 - 12.0 

As shown in Table 2, the colour of human hair is generally described by the general 

terms blond, brown and black, supplemented by the adjectives light, medium and dark 

and the tonal descriptions golden, ash (or drab) and warm (or reddish). The colour of a 

bunch of hair fibres can also be assessed in terms of KlS values according to Kubelka

Munk theory. These values are a function of the reflectance measurements. Although 

the graph of KlS values against wavelengths is not an absorption spectrum stricto sensu 

since it does take into account the scattering process, it is a good approximation to 

compare colour changes after shampooing. 

The natural colour of hair is due to the presence in the cortex and the medulla of 

granules, about 1 )..lm long and 0.3 )..lm diameter, of the pigment referred to as melanin 

[58]. Melanin is formed in special pigment-producing cells, referred to as melanocytes 

in the hair follicle during the growing phase of each hair, i.e. the anagen phase. 

Initially, these granules, referred to as melanosomes, consist primarily of a protein 

called melanoprotein. As the granules mature, the protein binds increasing amounts of 

the pigment melanin. Then, the melanocytes use their tentacles for transferring melanin 

into adjacent keranocytes. Therefore as soon as the hair grows, it acquires its colour 

which is required to last throughout the life of the hair, i.e. an average of 3 years (see 

Section 2.1). 

A melanocyte produces at least two types of melanin [59]: eumelanin and the less 

prevalent pheomelanin [60, 61]. 
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Figure 15: eumelanin pigments Figure 16: pheomelanin pigments 

Eumelanin granules are ovoid or spherical in shape, fairly unifonn in their make-up and 

quite hard, with sharply defined edges, as shown in Figure 15. Their colour varies 

between reddish, brown and black. Therefore, eumelanin is found chiefly in 

Mongolian, Ethiopian and dark Caucasian hair. Pheomelanin granules are smaller, 

partly oval and partly rod-shaped, as shown in Figure 16. Its colour varies from blond 

to red. 

Generally, hair contains a mixture of the two pigments: the more eumelanin there is in 

the mixture, the darker is the hair. However, while Japanese black hair contains 

virtually only eumelanin and Scottish red hair is very rich in phaeomelanin, it is 

surprising to discover that Scandinavian blond hair is also mainly fonned from 

eumelanin. This is linked to the immense possible range from mixtures of the two 

pigments, a range in terms of type (size, shape, distribution patterns and even crystal 

structure) as well as quantity [62]. It is the individual's genes which detennine the 

combination of pigments in the mixture. The exact correlation of melanin types with 

naturally occurring hair colours and shades is not understood completely [63]. 

While the two types of pigments have distinct characteristics, their biosynthetic routes 

are closely related. Studies have shown that these pigments result from a series of 

enzymatic reactions in which the amino acid tyrosine is the common starting material. 

As described in Scheme 4, the first step involves the hydroxylation of tyrosine (14) by 

tyrosinase, an oxidase with trace amounts of copper (1), to form 3,4-

dihydroxyphenylalanine (DOPA) (15). The enzyme continues to cause oxidation to 

dopaquinone (16). 
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~COOH 

~ ~H2 
HO 

Oxidation 

HO~COOH 

~ ~H2 
HO By Tyrosinase 

(14) (15) 

Oxidallon 

0X)LCOOH 

# NH2 
o By Tyrosinase 

(16) 

Scheme 4: oxidation oftyrosine to dopaquinone via DOPA 

At this stage, a divergence takes place, which separates the biosynthetic pathway and 

creates the two types of melanin [64, 65]. 

As summarised in the Scheme 5, to generate eumelanin, intramolecular cyc1isation first 

converts dopaquinone (16) into leucodopachrome (17). Further oxidation occurs to 

produce a red compound, dopachrome (18), which undergoes rearrangement to 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) (19). Decarboxylation of this latter 

compound produces 5,6-dihydroxyindole (DHI) (20). 

O~COOH 

o 
A/ ~H2 

(16) 

Oxidation 

(19) 

.. 

(18) 

Decarboxylation 

O~ 

~N/ 
o H 

(21) 

(17) 

(20) 

Scheme 5: biosynthesis of 5,6-dihydroxyindole from dopaquinone 

Finally, compound (20) is oxidised to the quinonimine form of indolequinone (21), a 

highly reactive intermediate from which an oxidative polymerisation is initiated leading 
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to the eumelanin black polymer. Eumelanin was first suggested as being produced via 

oxidative polymerisation of DHI (20) [66-69]. However, a number of studies have 

shown that this is an oversimplification of the process, since it would lead to a 

homopolymer of DHI [68, 70] and not a complex copolymer [71, 72] . For example, 

Nicolaus has proposed a complex random polymer formed from several species in 

Scheme 4 and Scheme 5 containing repeated structural units e.g., incorporating proteins, 

carbohydrates and nucleic acids [73]. Later, it was emphasized by Ito [74] that natural 

eumelanin was not only a result of the oxidative polymerisation of DHI (20) but also a 

mixed polymer incorporating DHI, DHICA, DOPA and all the quinone intermediates 

shown in Scheme 6. 

HO~COOH 

~ ~H2 
HO 

0X)lCOOH 

# NH2 ", 

° (16) """'" 

HO~ '" ...... AJ--N/ C02~ ______ .. 

HO H 

(18) 

(15) 

• 
EUMELANIN 

~ , , 

HO~ 

HO~~/ 
(20) 

.. _______ O~ 
o H 

, , 
-

(21) 

'-', H0X»-

"" I # '\ COOH 

HO ~ 

(19) 

Scheme 6: proposed outline scheme for the production of the eumelanin polymer 

Thus, eumelanin is a non-homogeneous, graphite like structured polymer [75]. 

However, subsequent steps in the formation of this pigment have not been elucidated as 

yet and it is believed that a number of oligomeric species is involved, giving rise to an 

unpredictable random structure. 

Pheomelanin pigments are thought to be derived from dopaquinone (16) and cysteine 

(22) by a deviation from the eumelanin-producing biosynthetic pathway [76]. Recent 

studies using elemental analysis showed considerable sulfur content in contrast to the 

eumelanins [65] ; typically the nitrogen:sulfur ratio is about 1 :2. 
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Scheme 7: supposed biosynthesis for pheomelanin pigments 
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Other evidence suggests that pheomelanin pigments are polymers containing 

benzothiazole and tetrahydroisoquinoline units, together with minor pigments based on 

2,2' -bis( 1 ,4-benzothiazine) [64, 77-79]. 

As illustrated in Scheme 7, instead of forming an indole compound by intramolecular 

cyclisation, dopaquinone (16) reacts with the sulphur-containing amino acid cysteine 

(22) to give cysteinyl dopas, for example, 5-S-cysteinyl dopa (23) [80-82]. Oxidation 

of these latter compounds occur to give the quinone imine (24) which can then cyclise 

to the various 1,4-benzothiazines and higher condensates [83]. In particular, the 5-S

cysteinyl dopa (23) can undergo cyclisation and dimerisation to produce (26), a 

trichochrome, belonging to the trichlosiderins family and formerly reported by Flesch et 

al. [84]. The "trans" isomer form of this species is yellow and the "cis" isomer form is 

red. The cis-trans transformation is easily observed under light illumination. 

The cause and control mechanisms for the change toward pheomelanin are still 

unknown. Cysteinyl dopa and metabolites are found in hair of both eumelanic and 

phaemelanic subjects [85]. Thus, each individual has the possibility to be able to 

produce one or the other melanin type, which is in agreement with the noticeable 

sulphur content found in eumelanin granules. However, recent findings have revealed 

the formation of copolymer from both eumelanin and pheomelanin which suggests an 

intercorrelation of the pigmentary pathways [86,87]. 

In conclusion, it is interesting to note that, whereas nature uses only one or two 

colouring species to produce an endless variety of hair colours, the hair colour chemist 

needs many colorants to produce even a limited range of shades. 

2.3. Introduction to hair coloration 

2.3.1. Early historical developments {88, 89J 

Artificial colouring appears to have existed from the earliest times and has been 

practised for over 5000 years [90]. It is well known that hair colouring was used by the 

ancient Persians, Hebrews, Greeks and Romans as well as among the Chinese and 

Hindus. It is one of the oldest and most prevalent acts of adornment. 

Before the nineteenth century and the advent of synthetic organic chemistry, the hair 

colour user was relying on natural colouring materials, which were either of vegetable 

or mineral origin. Thus, the use of Henna containing lawsone (30), which was a hot 

water extract of the plant Lawsonia inermis, was already very fashionable in the third 

dynasty of Egypt, some 5000 years ago. As a proof, the analysis, by scientists from 
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l' Oreal, of the hair cuticle of Rameses II, normally colourless, has revealed that it 

contained an orange-red coloured material and proved to have made use of Henna. It is 

noteworthy to mention that Henna is still in use today and represents a major part of the 

market of natural hair colour products. To produce a dark brown colour on hair, the 

Romans also utilised extracts from unripe walnuts, which contain pyrogallol and when 

oxidised by air the desired hair colour results. Throughout the centuries other plant 

extracts like Henna were discovered to be useful in hair colouring; among the most 

important, Chamomile which contains apigenin (31), a yellow colouring material, 

indigo (5) which produces a dark bluish colour and mixed with Henna gives a black 

colour and logwood which contains haematein (32), a reddish brown dye. 

HO 

OH HO 

o 

(30) (31) (32) 

However, plant extracts were not the only technique used at that time for hair coloration 

and, for example, Egyptian women also used kohl, a naturally occurring lead sulphide, 

to generate black coloration of the hair, in order to hide grey hair. Colouring hair with 

lead sulphide was also reported to be used among the Romans. Hiding grey hair was 

not the only preoccupation of Roman women, which had noted the blond tresses of 

Slavs from Northern Europe. Therefore, they tried to lighten their hair by a 

combination of alkali and the ultraviolet radiation of the sun. It is reported that they 

spent many hours sitting in the sun with the hair treated with solutions of caustic soda, 

lye or wood ashes, which contain a moderate amount of potassium hydroxide. 

In the seventeenth century, many English women dyed their hair red in honour of Queen 

Elizabeth' s red-blond royal head. They soaked their hair in an alum solution followed 

by a rhubarb decoction. In the eighteenth and early nineteenth century, having hair and 

wigs fashionably coloured was a major business. Talc and starch was added to 

inorganic pigments and resulted in a variety of pastel shades. The mania for this kind of 

technique was so significant that the French treasury derived considerable income from 

taxes on such products. 
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With the advent of the synthetic textile dyes in the second half of the nineteenth century, 

it was inevitable that attempts would be made to use them to colour hair due to the 

resemblance between hair and wool. This approach was unsatisfactory since the 

synthetic textile dyes were too large to penetrate the hair fibre and the on-head 

colouring process of the human hair had to be performed at ambient temperature. In 

particular, the acid dyes for wool gave only poor dye uptake, while the basic dyes for 

synthetics gave rapid but uneven dyeing and resulted in unacceptable skin staining. 

However, these various techniques to change hair colour were either very time 

consuming or produced only undramatic effects. It is not surprising that the 

serendipitous search for more effective hair colorants took place in the last quarter of 

the nineteenth century. Sir William Perkin's discovery of the first synthetic dye, 

mauveine, a mixture of (33) and (34), in 1856 was followed within 30 years, by the 

introduction of the first process for dyeing hair with synthetic organic chemicals. 

However, initially designed to hide grey hair, hair dyes have undergone continual 

development. They now offer a range more extensive than that of natural colour. 

(33) 
(34) 

2.3.2. Physical restrictions in processes for dyeing hair 

Before reviewing the various possibilities and techniques of dyeing hair, it is necessary 

to highlight the physical restrictions of such a process, most of which are derived from 

the fact that hair coloration is an over-head process. 

First, the scalp cannot tolerate temperatures above about 40°C. This has a direct impact 

on the reaction rates, those of adsorption, reaction onto the hair fibre surface and of 

diffusion into the hair. This impact is best described by the Arrhenius equation which 

relates the rate of a chemical reaction (K) with the activation energy (Ea) and the 

temperature (1): 

-~ 
K==Ae RT (1) 
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where A is the pre-exponential function and R the perfect gas constant. 

It is clear from Equation 1 that the reaction rate will increase by increasing the 

temperature. Secondly, being an over-head process means that the bath ratio is very 

small (1: 1 to 2: 1). Furthermore, to avoid dripping it is often required to incorporate 

thickeners which will slow down the adsorption to the hair surface. Thirdly, the time of 

dyeing is of considerable importance, since it is a process on human subjects. 

Naturally, increasing the time of dyeing would increase the extent of penetration, but 

usually the time required to perform the dyeing does not exceed 20-40 minutes. Finally, 

the last physical limit is due to the fact that human hair grows and its cycle lasts for 

about seven years. During this time, human hair has been subjected to weathering and 

sunlight [91, 92] but also to cosmetic treatments [93-95] in addition to grooming 

actions. All these effects are easily spotted by comparing distal ends to proximal ends 

of hair fibres (see Section 2.1.1). However, the cuticle is generally altered to a greater 

extent compared to the cortex because the outer surface receives higher intensities of 

radiation. These phenomena are principally due to mechanical, chemical and 

photochemical degradation. These degradations are not evenly distributed along the 

fibre and require careful formulation of hair dye products. 

2.3.3. Proposed penetration pathways of molecules on and into the hair fibre 

Being aware of the limitations which result from the over-head process, the colour 

chemist needs to influence other factors to increase the affinity of dyes for the fibre. To 

do so, the knowledge of the penetration pathways into the human hair fibre of molecules 

is essential. This subject is complex to study since the diffusion of molecule into the 

fibre is a dynamic process and the techniques to investigate this phenomenon are static 

using different type of microscopy. This may be the reason why there are still two 

schools of thoughts debating between the two hypotheses, i.e. intercellular and/or 

transcellular diffusion. Even today, the whole process is not fully explained. 

The idea of an intercellular diffusion process was introduced as early as 1937 when Hall 

remarked that, "there is evidence for the view that the scales themselves are not dyed 

appreciably in comparison with the cortex and that dyes gain access to the interior of the 

fibre via the junctions between the scales" [96]. A few years later, Millson et al. 

observed that physical separation or distortion of the cuticle cells resulted in an 

increased rate of dye penetration in that region [97]. More recently, Leeder et al. 

studied the dyeing of wool at 90°C and acidic pH with metal complex dyes using 

nuclear-dense metals such as platinum, palladium and uranium to enable examination of 
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fibre sections at different stages of the diffusion process in the transmission electron 

microscope [98]. From their work, they concluded that dyes permeate the intercuticular 

regions, i.e. at the junctions between the cuticle cells, from where they diffuse into the 

relatively lightly cross linked non-keratinous regions, i.e. the endocuticle and the 

intermacrofibrillar cement. In the later stages of the dyeing cycle, the dyes migrate into 

the sulphur-rich keratinous region, i.e. from the endocuticle to the exocuticle and 

eventually reached the macrofibrils where they were incorporated into the matrix. 

Leeder et al. also suggested that dyes were sorbed on the membranes but only in the 

cuticle [98]. Leeder et al. emphasised the role, that the intercellular cement played in 

the diffusion process; due to its ability to swell, it was responsible for the very rapid rate 

of dye uptake [99]. Rippon supported this proposed mechanism [100]. He further 

explained how at equilibrium the non-keratinous regions which were involved in the 

early stages of dyeing were virtually devoid of dye at this end of the process. Rippon 

also identified the nuclear remnants as a dye location early in the process. At the same 

time, Brady exposed the evidence for an intercellular diffusion process [101]. Brady 

also emphasises the role of water in the dyeing process, which favours the swelling of 

the fibre and, as a consequence, the rapid dye uptake, according to the work by Sideris 

et al. [102] who studied the penetration pathways using fluorescent dyes. 

In recent years, the intercellular diffusion process was the prominent view, although in 

the past the transcellular diffusion hypothesis was the generally accepted route because 

of the much greater surface area available for this type of penetration [103]. However, 

in 1997, a paper by Wortmann et al. [104] triggered a controversial debate [105-108]. 

Wortmann et al. considered that molecules penetrate the hair through the endocuticle of 

each cuticle cell edges instead of entering via the CMC between the cuticle cells, as 

Leeder et al. thought. The hypothesis of a transcellular diffusion mechanism would 

mean that the molecule enters directly through the cell surface, i.e. the F-Iayer, the 

highly crosslinked A-layer and the exocuticle, which are known to be "the barrier" to 

dye penetration. However, Wortmann et al. did not reject the possibility that the CMC, 

and more precisely the intercellular cement, was involved in the diffusion process, but 

in view of its size, they believed that the CMC plays only a minor role in this restricted 

transcellular diffusion mechanism. Wortmann et al. renamed the mechanism "restricted 

transcellular diffusion mechanism". Swift carried out experiments in which silver 

sulphide is precipitated in human hair by allowing aqueous silver nitrate to diffuse into 

fibres previously saturated under high pressure with gaseous hydrogen sulphide [109]. 

From his transmission electron microscope observations, Swift concluded that diffusion 
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from one cell to the next took place perpendicularly (i.e. transcellular) through 

occasional adventitious holes in the CMC; Swift may have here identified the cell 

connections, described as "welding seams" in Section 2.1.3, which exist between the 

cuticle and heterotype cortical cells. Furthermore, since silver precipitates did not 

appear within the plane of the CMC, he rejected the possibility of an intercellular 

diffusion mechanism. Swift further justified his proposed model for the diffusion of 

dyes into the hair fibre by considering the phenomenon of ring dyeing; dyes of 

relatively high molecular mass applied notably below 60°C on wool would not have 

taken place if the intercellular diffusion model was the primary route since the CMC 

forms a continuous pathway towards the centre of the fibre. 

One of the opposing features between these two schools of thoughts is the role of the 

intercellular cement, i.e. the 8-layer, as Swift pointed out: "there is an urgent need for an 

independent method for measuring this (the swelling of the intercellular cement) in situ 

as a means for resolving the two points of view" [105]. Swift indeed stated in a 

previous paper that the subcomponent of the CMC, i.e. the 8-layer, is "a compact 

structure and incapable of being swollen by water to any appreciable extent" [106]. 

Kreplak et al. have recently published a paper where they used microdiffraction for their 

investigations of the human hair cuticle and they observed a 10% swelling of the 8-

layer' s thickness when the hair was immersed in a water-filled capillary [110]. This 

observation would reinforce the conclusion that the size of the 8-layer is not an obstacle 

to the intercellular diffusion process. 

Recently, two papers have been published on the penetration pathways into the hair 

fibre using novel microscopic techniques. Besides, it is worth noting that these two 

papers have been written by authors from major cosmetic companies, underlying the 

fact that fibre penetration is an intrinsic feature of dye uptake and dye fastness which is 

very important to the cosmetic products market. Kelch et al. [111] used a technique 

allowing them to describe diffusion pathways of fluorescent dyes at a resolution below 

the diffraction limit (- 100 nm) by immersing a freshly picked European brown hair for 

24 hours at room temperature in a 1 % octadecanoylaminofluorescein solution in 

methanol, which they rinsed with methanol and air-dried for at least 24 hours. Kelch et 

al. concluded from their examinations that dyes penetrate the cuticle via the endocuticle 

and the CMC, reaching the cortex; that basically means that the two hypotheses are 

valid. However, their procedure may be criticised to an extent since the penetration 

pathway of dyes is a dynamic process and they did not examine the fibre at regular 

intervals to describe the different stages of the process. Yet, their conclusions are quite 
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relevant for the elucidation of the penetration pathways of dyes into the hair fibre in 

view of the work by Gummer [112]. In his paper, Gummer made use of conventional 

electron microscopic techniques combined with photographic chemistry, which has not 

been employed previously to investigate diffusion pathways of dyes into fibres. The 

first conclusion that Gummer drew from his observations is that for "small and active 

molecules" there is a transport system operating in the fibre for them to reach the centre 

of the fibre; he justified it by observing that water achieved total access to the centre of 

the fibre in a very rapid time of an order of seconds. Gummer also suggested that the 

CMC is certainly the pathway from the outside of the hair to the cortex. His studies 

showed that all components of hair could be accessed by water-soluble molecules, 

although the pathway and their final location in the fibre may well be different 

depending on their structure. In agreement with Kelch et aI. , Gummer deduces that 

access to the cuticle cell is gained via the cuticle cell edge, i.e. the endocuticle. He 

considers the cuticle not only as a boundary layer but also as a definite and open-ended 

compartment, which helps to explain the rapid initial loss of hair dyes from the fibre 

with washing during dyeing. Thus, Gummer concludes that access to the cortex is via 

the CMC of the cuticle; this latter presents a small compartment, able to swell, for the 

molecules, which may move by capillary forces towards the cortex. The cortex, which 

can also swell, may act as a pulling force on the CMC lamellae and help the transport of 

these molecules. Gummer added that access to the cuticle would be through the cuticle 

cell edges, i.e. the endocuticle. Thus, Gummer supports the conclusions of Kelch et al. 

but disregards the suggestions by certain authors that molecules traversed the CMC 

normal to its complex physical lamellar structure, which has not been evidenced yet. 

Thus, having a sound theory of the diffusion pathways and the structure of the fibre, the 

colour chemist can act on several factors to improve the dyeing results. 

The influence of the pH of the dyeing medium on the rate of diffusion 

The pH is one of the important factors to control the dyeing process. The pH of choice 

for the dyeing is generally at 9-10. At this alkaline pH, a large increase in swelling is 

observed, probably due to the ionisation of the diacidic amino acid residues in the hair 

and partly to keratin hydrolysis [113]. Thus, the colour chemist may counteract the 

relative difficulty of penetrating human hair compared to wool. Wool is generally dyed 

near the boil at acidic pH and requiring a time of half-dyeing of only 2 hours by an acid 

dye at 60°C while human hair required 50 hours under the same conditions. This is 
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certainly due to a higher proportion of cystine content and a greater thickness of the 

cuticle layer (six to ten layers for hair, one to two for wool). 

The influence of the molecular size and shape of the hair dye on the rate of diffusion 

Another factor which governs the amount of ingredient that penetrates into the fibres is 

the molecular size of the hair dye [114]. Speakman published an early theory in which 

he identified keratin fibres , especially wool, as a solid constructed from "micelles" 

which are lamellar in shape and about 200 A thick [115]. He achieved through a 

complex method an evaluation of the inter-micellar distance of dry fibre of about 6 A, 

but immersed in water, the distance increased by swelling to about 41 A. Although, 

according to recent studies on human hair, this theory does not represent the true 

morphology and structure of the hair fibre (see Section 2.1), it offers a model to take 

into account the important factor of the size and shape of a dye influencing the rate of 

diffusion. Thirty years after the work by Speakman, Wilmsmann reinforced the idea 

that a "critical molecular size" exists being of considerable importance for the 

penetration into the hair fibre [116]. Wilmsmann carried out microscopic investigations 

of cross sections of human hair dyed with basic and neutral dyestuffs and even neutral 

dye precursors. Wilmsmann assumed the shape of the molecules examined to be 

spherical and calculated the molecular radius according to Equation 2: 

r ~ fRM (2) 
41iNA 

where r is the molecular radius; RM is the molecular refractivity; NA is the Avogadro 

number. 

Equation 2 is derived from the formula for the volume of a sphere; however, 

Wilmsmann used instead of the molar volume, the molar refractivity. These two 

measurements are related according to Equation 3: 

n2 -1 n2 -1 M 
RM=-- VM=-- - (3) 

n2 +2 n2 + 2 P 

Where R M is the molar refractivity; V M is the molar volume; n is the refractive index; M 

is the molecular weight and p is the density. 

Molar refractivity, RM, is often used as a descriptor of the steric properties of 

substituents and whole molecule. Molar refractivity is clearly related to volume and 

size, but the refractive index related correction term accounts for polarisability. Thus 

molar refractivity is not a "pure" size descriptor although it has been shown to correlate 

with van der Waals volume. Molar refractivity is an additive-constitutive property of 
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molecule and when experimental values are not available, it is also often approximated 

from group-additive constants. In his experiment, Wilmsmann used a method based on 

the assignment of 22 atomic contributions obtained by classification of each atomic 

fragment according to the number and nature of the connected atoms [117, 118]. 

Wilmsmann found that globular basic molecules having a diameter of 6 A were 

prevented from penetration into hair. With the basic dyestuffs, Wilmsmann observed 

the phenomenon of ring dyeing due to the larger diameter (according to his results 

between 7.1-7.9 A) preventing the dyes from penetrating the fibre. A few years later, 

Holmes studied diffusion processes in human hair and further developed Speakman's 

theory by describing the hair as a sort of sieve containing holes [119]. Based on this 

idea, Holmes attempted to determine the size of these holes. Holmes was first 

concerned about the shape of the molecules which can enter these holes and compared 

to the spherical shape, which Speakmann and Wilmsmann assigned to their structures, 

an ellipsoid shape. After some calculations of axial ratio for ellipsoid, Holmes 

concluded that the shape of the molecules were of minor importance on the diffusion 

process since the calculated axial ratio was close to 1, i.e. a sphere. He decided to 

ignore the shape of the dye for his study and to consider molecules as spherical. This 

allowed him to use the Stokes-Einstein equation (Equation 4), which gives a calculation 

of the diffusion coefficient of the Fick's Law in the case of an isolated, spherical 

particle in a viscous fluid: 

D= k8T (4) 
61r7]rNA 

where k8 is the Boltzmann' s constant; Tthe temperature; 11 the viscosity of the medium; 

r the radius of the particle and NA the Avogadro ' s number. 

In his theory, hair is considered as a solid barrier in which there are holes; thus, the 

amount of molecules diffusing into the hair fibre is reduced, and will depend on the 

relative sizes and number of the holes and the diffusing molecules. Holmes assumed 

that hair is an infinitely thin barrier containing n holes of radius f H per unit area, which 

is bombarded with spherical molecules of radius f D; the condition for a molecule to pass 

through the hole is that its centre should be at least at a distance of r D from the edge of 

the hole. Therefore, Holmes expressed the chance of a molecule passing through as: 

~H = n1r(rH - rDY 7]w (5) 
W 7]H 

where DH and Dw are the diffusion coefficients in hair and in water, respectively; '1H 

and '1 w are the viscosity of hair and water respectively. 
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By rearranging Equation 5, Holmes could express the radius of the molecules rD 

according to: 

Holmes carried out several experiments with 5 different dyes, for which he had to 

determine the radius; however, his method is not clearly explained. Finally, he found a 

size of holes of 14.8 A by plotting the straight line derived from Equation 6, a value 

situated between Speakmann's and Wilmsmann's values. 

The fact that neither Wilmsmann nor Holmes took into account the shape of the 

molecules led them to very different values for the size limit of molecules capable of 

diffusing into the hair fibre. This seems not to be accurate enough to derive reliable 

values. Particularly, Holmes' s theory may be criticised since the homogeneity of the 

formulae Equation 5 and Equation 6 are not respected. To explain the differences 

between both their results, it should be noted that while Holmes used quantitative 

analysis for longer times, Wilmsmann used qualitative analysis for shorter reaction 

times in addition to carrying out experiments on different hair samples. 

Thus, the concept of pores in the hair fibre suggests that the rate of diffusion depends on 

the size and the shape of the hair dye and also of the size and frequency of holes on the 

hair. Certainly, the size of the pores will be affected by the ability of the hair fibre to 

swell. 

The influence of the ionic character of the hair dye on the rate of diffusion 

To further improve the rate of diffusion, the dye-fibre affinity can be increased, notably 

by rendering the dye ionic. This is due to really important features of the hair fibre, 

referred to as the isoionic and isoelectric points. The pH at which a protein or a particle 

has an equivalent number of total positive and negative charges is the isoionic point. 

The pH at which a protein or a particle does not migrate in an electric field is called the 

isoelectric point. The isoionic point is a whole fibre property of hair while the 

isoelectric point of hair is related to the acid-base properties of the hair surface. The 

isoionic point of hair has been determined on unaltered hair and varies among hairs of 

different individuals at values of pH 5.8 ± 1 while the isoelectric point of a single hair 

sample is pH 3.67 [91]. These values are very important to the colour chemist. It 

means that the hair cuticle will stain more readily with cationic dyes than anionic dyes 

under alkaline conditions, while the cortex will stain readily with anionic dyes. As the 

dyeing process is a relative short-term procedure, the isoelectric point is more important 
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and this might explain why in the last ten years, research has been focussed on 

conversion of neutral hair dyes to their cationic salts. This effect has been noted by 

Blank et al. who investigated the mechanism of drug incorporation in hair as a forensic 

tool [120]. They found that at the isoelectric point of approximately pH 4.0, hair is 

predominantly neutral and the major contribution of drugs binding to hair would be 

through weak hydrophobic interactions due to the apparent hydrophobicity of the 

surface of the hair fibre. As the pH increases, the amino-acid side chains would 

deprotonate ultimately rendering the hair negative in charge (PKa of aspartic acid 4.5; 

pKa of glutamic acid 4.6). They remarked that the binding of drugs would be facilitated 

by increasing interactions of the negatively charged hair and positively charged drugs, 

such as cocaine or morphine. In a study of the incorporation of dyes into hair as a 

model for drug binding, De Lauder [121] compared the dye incorporation profile 

between a cationic and an anionic fluorescent dye, rhodamine 6G (35) and fluorescein 

(36) respectively. At pH 5.6 and 37°C, Caucasian brown hair was exposed to a 

concentration of 1 0 ~g/mL dye in a 10 mM phosphate buffer for 30 minutes, 1 hour and 

2 hours. Fluorescein showed almost no incorporation while rhodamine 6G showed after 

30 minutes a concentric dyed ring localised on the cuticle which after 2 hours had 

spread into the cortex. 

EtWN NHEt OH 

(35) (36) 

Furthermore, of special interest would be the ionic character of the CMC and the 

endocuticle since these two parts of the hair fibre are involved, according to Gurnmer in 

the diffusion of dyes into the hair fibre. Thus, the CMC, and more precisely the 8-layer, 

includes more proteins with acidic amino acids (17%) and the endocuticle contains a 

relatively larger content of diacidic amino acids such as aspartic acid (10) and glutamic 

acid (11). In addition, because bleaching increases the ratio of acidic to basic amino 

acids (see Section 2.1) the isoionic point should decrease with increasing oxidation. 

Similarly, the isoelectric point decreases with increasing oxidation allowing even more 
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sites for binding cationic moieties. In other words, bleaching favours dyeing by cationic 

colorants. 

2.3.4. Modern hair colouring products 

Modem commercially hair colouring products can conveniently be divided into two 

main categories according the chemistry involved: those which are applied by an 

oxidative process and those which are applied by a non-oxidative process. 

The oxidative dyeing products are further divided into three subcategories. However, 

this group is essentially dominated by the so-called permanent hair dyes, although a 

relatively new subcategory of products has recently been introduced, the so-called demi

permanent hair dyes; this latter subcategory is based on the same chemistry, but 

products of this type do not lighten the hair as much as permanent hair dyes and impart 

colours which fade with time. A last subcategory of the oxidative dyeing products is 

the so-called auto-oxidative hair dyes. Also based on a similar chemistry, this group 

offers to its users, particularly the male market, development of the colour over a period 

of time. This whole category of products represents 70% of the hair colorant market 

[122]. Because of the increase in the aging population and the resultant greying of 

people around the world, the sale of hair dye products has been increasing at a faster 

rate than that of other hair-care products. It is worth noting that the economic 

importance of this type of product is directly related to its degree of durability. It is by 

far the most popular hair colouring process due to its extreme versatility allowing the 

user to achieve any desired hair colour, in theory at least. Because this type of product 

involves a chemistry which is rarely understood by the non-specialist consumer, a level 

system has been introduced based on the lasting effectiveness of the products [123]. 

Thus, permanent hair dyes have been classified as level 3, designated for use all over 

the head, often known as "shampoo-in" or for "root re-touch" after the hair has been 

coloured for the first time and due to the hair growth. Demi-permanent hair dyes, also 

called "tone-on-tone", have been classified as level 2 and are claimed to last in the range 

up to at least 28 washes. 

The non-oxidative can also be further divided into subcategories: semi-permanent hair 

dyes (including metallic hair dyes), temporary hair dyes (including coloured polymers 

and pigments) and natural hair colorants. While the oxidative dyeing products use 

colourless precursors, which react in situ to develop the desired colour shades, the non

oxidative dyeing products use pre-formed and unreactive colorants and colour the hair 

directly. This type of dye diffuses more or less into the hair fibre; they may lie on the 
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surface of the hair or may penetrate into the outer layers, which in the latter case 

requires high pH in order to swell the hair and optimise the effect. Thus, semi

permanent dyes, which are generally applied from a shampoo base, give relatively short 

term effects, designed to last for six to eight washes and, in the level system, designated 

as level 1. Temporary hair dyes sometimes referred as "colour rinses" are used mainly 

for masking or toning grey in light-coloured hair, for masking the natural yellow colour 

of grey hair and for highlighting or "party" colours. They are marketed in the form of 

shampoo or conditioners, designated as the "wash in/wash out" product type, and they 

also belong to level 1. The different longevities are achieved in level 1 products by the 

use of different sized and charged dyes as well as different solutions conditions, e.g. pH 

to enhance or retard the penetration into the hair. The market share of semi-permanent 

hair dyes is only in the range of 5-10% of the whole hair dyeing market, while 

temporary hair dyes are a growing market in the range of 10-15%, natural hair colorants 

forming the remaining part ofthe market share. 

2.4. Permanent hair coloration: an oxidative dyeing process 

In this context, the term "permanent" designates the longest lasting effect of a colorant 

on hair and does not signify an everlasting coloration of the hair. This is for two main 

reasons: first , as explained in Section 2.1 , the human hair continually grows and 

additional treatment is needed every four to six weeks to cover the new growth. 

Secondly, the type of dyes used in this technology have the drawback of fading due to 

weathering, combing or shampooing rendering additional treatment necessary to retain a 

brilliant colour. 

2.4.1. Early developments of permanent hair coloration products [124,125) 

In 1863, Hofmann observed that the colourless p-phenylenediamine produced colour on 

a variety of substrates when exposed to oxidising agents, including air [126]. Twenty 

years later, Monnet patented a process for colouring human hair based on Hofmann's 

observation [127]; Monnet claimed that hair was dyed to brown shades by immersion in 

solution of p-phenylenediamine or of 2,5-toluenediamine, subsequently treated with 

potassium bichromate or chlorate and atmospheric oxygen. This can be considered as 

the origin of the modern permanent hair coloration process more than 100 years ago. 

This system was further elaborated in a series of patents granted to Erdmann et al. 

during the period 1888 to 1897 [128]. A number of derivatives including p-
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aminophenol was also claimed to produce a colour effect by oxidation in situ in the hair. 

Today's most popular oxidising agent, i.e. hydrogen peroxide, was also included in this 

series of patents. In a review by Charle et al. covering the period from 1883 to 1930 

[128], more than 200 compounds in over 80 patents were claimed for use in hair dyeing. 

These patents enumerate a wide variety of compounds, which are known as "dye 

intermediates" or "primary intermediates" according to the terminology introduced by 

Wall et al. [129]; the term "oxidation bases" or, by analogy with colour photography, 

"developers" is also used. However, this latter term is confusing since, in the 

hairdressing trade, hydrogen peroxide or other oxidising agents are commonly termed 

developers. In this thesis, the term "primary intermediates" is preferred. 

The use of primary intermediates as the sole dye precursors severely limited the range 

of shades available. This was overcome by the introduction in the composition of the 

so-called "couplers" or "modifiers". These latter compounds do not, themselves, 

produce significant colour effects on oxidation, but when mixed with the primary 

intermediates and an oxidant, can modify the resulting colour. They are mainly m

diamines, m-aminophenols, m-dihydroxybenzenes, and certain mono- or 

polyhydroxyphenols. However, in the early development of the permanent hair dyeing 

process, due to a lack of couplers capable of producing yellow and red shades with p

phenylenediamine or p-aminophenol, nitro dyes were used. According to the review by 

Charle et aI., these nitroanilines and nitroaminophenols were patented for use in 

oxidation dyeing process. They also represented at that time a start towards the 

development of the so-called semi-permanent process, "even if the inventors did not 

recognise their departure from the primary intermediates type of product" [128]. 

The versatility of this oxidative dyeing process is enhanced by the ability of hydrogen 

peroxide to lighten the colour of natural hair. A concentration of hydrogen peroxide of 

3-9% i.e. 10-30 volume· at pH 9.5 enable the hair to be lightened from medium brown 

to light brown or from dark brown to dark blond. To reach the pH value of 9.5 and to 

promote the penetration of the molecules into the hair fibre (see Section 2.3.3), 

ammonia is generally added to the composition [130]. A drawback of the partial 

bleaching of hair is that the decoloration process does not progress on tone and, for 

example, there is still a marked colour on drab brown hair after bleaching. While this 

can be an advantage in achieving warm or auburn shades, it needs to be compensated 

for if neutral or ash shade is the final colour. Therefore couplers that produce blue, 

• The concentration of hydrogen peroxide is measured in volume rather than percentage and refers to the 

volume of oxygen liberated on peroxide decomposition. 
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greenish or purple tones with p-diamines are very important in the palette of the hair 

colourist. It is also possible to obtain lower levels of melanin bleaching if a non

ammonia alkaliser, typically monoethanolamine, is used. Moreover melanin bleaching 

can almost be eliminated with sodium carbonate or aminomethylpropanol and still 

allowing an effective colour development. Coverage of grey is somewhat less thorough 

and the results are often more natural looking than the more evenly dyeing traditional 

permanent hair dye products. This type of oxidation hair dye products, developed in the 

last 15 years, is known by a variety of generic names, but usually the term "demi

permanent" is used [57]. 

To summarise, today's permanent hair coloration technology is an oxidative process 

which requires three main components: 

• An ortho or para substituted aminoaromatic, usually single ring, with the 

substituent being hydroxy, amino or substituted amino, called a primary 

intermediate 

• A second aromatic, again usually single ring, with at least one but generally two 

electron-donating groups arranged meta to each other, called a coupler 

• An oxidant, almost exclusively hydrogen peroxide, although in special cases 

atmospheric oxygen can also be used, mixed with an alkalising agent, usually 

ammoma. 

Permanent hair colorants are generally marketed as a two component kit. The first 

component contains the dye precursors (the primary intermediates and the couplers) and 

ammonia in an alkaline soap [131]. This dyeing solution is a mixture of several 

compounds, sometimes as few as three but usually five to six with a maximum of ten to 

twelve. Each particular shade is thus the overall result of the blending of individual 

colorations supplied by each primary intermediate or coupler. The concentration of the 

dye precursors is limited and can range between 0.01% and 5% by weight of tinting 

medium applied to the head. The second component is a stabilised solution of hydrogen 

peroxide. The two components are mixed immediately prior to use and reach at the 

time of dyeing a pH of 9.5 required for the conditions of permanent hair coloration. 

The resulting mixture is then applied to hair for 20 to 40 minutes near the roots first to 

allow more exposure for the undyed new growth, followed by application to the 

remainder of the hair, before being rinsed off with water. The contact time with the 

scalp depends on the type of oxidative hair dye compositions as explained in Section 

2.3.4. 
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2.4.2. Type of permanent hair dyes used and colour shades achieved [130, 132-141J 

After the 200 compounds patented in over 80 patents during the period 1883-1930, 

there was little innovation in dye precursors used or even patented for use in permanent 

hair coloration. During the period 1930-1971, twenty dye precursors and six nitro dyes 

were available for the palette of the hair colourist. Twelve of the dye precursors and 

three of the nitro dyes are still used extensively. With the various combinations of these 

dye precursors, it is possible to produce a full range of natural looking shades. 

However, the resulting colour is also a function of the natural hair colour and this has to 

be taken into account when selecting the shade to be used for the desired end result. 

The primary intermediates 

Table 3 lists the primary intermediates currently in used in hair colorants compositions 

and the colour achieved into the fibre when it is subjected to an oxidant. According to 

"an historical review of the use of dye precursors in the formulation of commercial 

oxidation hair dyes" from Corbett [125] , six of the primary intermediates in the Table 3 

were already of commercial importance in the first part of the development of 

permanent hair coloration. 

P-phenylenediamine (37) was used in the United States, United Kingdom and Japan 

while 2,5-toluenediamine (38) was utilised in France and Germany due to a former ban 

on the use of p-phenylenediamine. This ban was enacted due to the level of allergic 

reactions observed in the first twenty years of its use and has now been rescinded. 

However, while p-phenylenediamine (37) and 2,5-diaminotoluene (38) are used for 

most shades, other p-diamines in Table 3 have a more specialised role. 2-chloro-p

phenylenediamine (39) has been found to be useful to produce drab blond and light 

brown shades, while N-phenyl-p-phenylenediamine (40) is valuable as an additional p

diamine in black shades. N,N-bis(2-hydroxyethyl)-p-phenylenediamine (41) and 2-13-

hydroxyethyl-p-phenylenediamine (42) have been introduced as a partial replacement 

for p-phenylenediamine due to toxicology reasons and in conjunction with suitable 

couplers, they produce blue colours on hair without red tones and possess even greater 

resistance to fading than the parent compound. 
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Table 3: primary intermediates currently used in commercial hair dye formulations with their 
colour on hair after oxidation 

(37) 

Dark brown/black 

(40) 

Dark grey-black 

(42) 

Brown 

(45) 

Pale blond 

(38) 

Reddish brown 

(39) 

Brown 

~ r-'" 
HN~NH r 

HO 

Light auburn 

< )~ 0" 

(46) 

Gold brown 

(48) 

Brown/black 

(41) 

Brown 

(44) 

Brown 

(47) 

Gold 

P-aminophenol (43) is usually used to produce, with suitable couplers, red shades. 

However, recently it has been replaced by 4-amino-3-methylphenol (44), which gives 

relatively stable red shades, having low pH sensitivity. A recent innovation is the 

introduction of 2-hydroxy-l ,3-bis(NI -2-hydroxyethyl-4-aminophenylamino )propane 
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(48) which is claimed to give improved washfastness, but its continual use in 

conjunction with p-phenylenediamine suggests that the former alone does not have good 

dyeing properties. 

For the production of warm and gold shades, it was thought that the introduction of 0-

aminophenol (46) had replaced the use of nitro dyes in permanent hair coloration but the 

poor lightfastness of the formed dye obliged most formulators to still use nitro dyes, 

although today some new dye precursors recently patented may prevent this association. 

In addition to these benzene-based primary intermediates, extensive research has been 

carried out over the last forty years for new potential primary intermediates based on 

heterocycles. Among them, 2,4,5,6-tetraaminopyrimidine (47) has been 

commercialised as a primary intermediate to avoid the use of p-aminophenol but 

problems of fading occur with this compound. 

The couplers 

The couplers can be classified into three groups according to the colour obtained with 

the different primary intermediates into the fibre, usually p-phenylenediamines or the p

aminophenols: yellow-green, red and blue couplers. These three colours allow the hair 

colourist to mimic all the natural looking shades and even to create more original 

colours. 

Table 4 and Table 5 list the more important couplers currently used by most 

manufacturers in combination with both p-diamines and p-aminophenols, respectively. 

It should be noted that they contain a number of couplers, which enable red and yellow 

shades to be produced on hair. Concerning the creation of golden shades on hair, 

derivatives of resorcinol such as 4-chlororesorcinol (65) and 2-methylresorcinol (66) are 

generally used. 

5-amino-2-methylphenol (61) in conjunction with p-diamines and/or p-aminophenols 

generates bright orange to red to burgundy shades. However, using a mixture p

phenylenediamine (37) or 2,5-diaminotoluene (38) with 4-amino-3-methylphenol (44) 

and 5-amino-2-methylphenol (61) creates pure red shades. The N-2-hydroxyethyl 

derivative of 5-amino-2-methylphenol (63) can also produce the same pure red shades 

and has been claimed to be superior in colour to the parent compound. 
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Table 4: couplers used in permanent hair coloration in combination with p-diamines 

~< ) '"' 
(49) 

Blue 

HO~O 

HO 

(56) 

Blue-violet (Thymol) 

OH 

00 ~ ~ 

(59) 

Purple 

(52) 

Blue 

(54) 

Blue 

I °nfoN 
H2N ~ 

(50) 

Blue 

~ 
OH 

OH 

(57) 

Blue-violet 

;:)N ( ) 
o H 

(60) 

Magenta 

45 

n 
H2N N NH2 

(5t) 

Blue 

OH 

(53) 

Blue-grey 

(55) 

Blue-violet 

~ HO ~ ~ OH 

(58) 

Violet 

~XlN~ 
(61) 

Magenta 



H~nOH 
H HO ~'~ ) f'lXH 

HO #' 

(62) (63) (46) 

Magenta-brown Red Warm brown 

HOnOH "Xl 
HO ~ I OH -9 

HO 
(64) (65) 

Greenish brown (Resorcinol) Greenish Brown (66) 

Yellow-brown 

I-Naphthol (59) is also used in combination with p-aminophenols to obtain orange and 

red shades. 

To produce drab brown shades and blue-black shades, m-phenylenediamine derivatives 

or I-naphthol (59) and its derivatives in conjunction with p-diam ines are usually used. 

This latter combination allows the formation of blue colours for ash shades. However, 

when a purer blue tone is needed 4,6-bis(2-hydroxyethoxy)-I ,3-diaminobenzene (54) or 

2-(2, 4-diam inophenoxy )ethanol (55) or 4-(3 -(2, 4-diaminophenoxy )propoxy) benzene

I,3-diamine (52) are employed. Furthermore, the electron-donating group in the 4-

position of these latter compounds provides a more stable blue colour than the parent 

compounds. 

Table 5: couplers used in permanent hair coloration in combination with p-aminophenols 

HO 

~n,~ HofO~,~ 
OH 

(67) 
(56) 

Red (55) (57) 

Red Dark red Red 

H~~ ) ,~ HM~, 
OH 

c6 ~,nOH ~ ~ I (61) 

(49) Orange red (59) 
(62) 

Reddish brown 
Orange red 

Orange 
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"OnO" ~ 
on 
HO ~ I OH 

(65) 
(64) HO 

Greenish brown 
Yellow-grey (66) 

Grey-violet 

Since 1970, hundreds of dye precursors have been claimed to fulfil the requirements for 

such a process. Despite of this activity it is probable that the dye precursors cited in 

Table 3, Table 4 and Table 5 account for the majority of the compounds used in 

commercial oxidative colorants. The introduction of new dye precursors is inhibited by 

the necessity to perform long-term medical studies. Due to the need for this thorough 

toxicological evaluation, high production cost or poor colour efficiency, a relatively 

small number of these compounds have been incorporated in commercial products. 

2.4.3. The chemistry of the oxidative hair dyeing process 

Until 1970, little effort was directed towards an understanding of the chemical reactions 

involved in the oxidative hair dyeing process. Besides, it was correctly believed that the 

colour forming reactions involved the formation of indo dyes but incorrectly thought 

that phenazines or phenoxazines were produced by rapid intramolecular cyclisation. 

However, the search for new and improved primary intermediates and couplers has 

encouraged hair dye companies to perform research into the chemistry of the oxidative 

hair dyeing process. This research is still on-going since the knowledge of the chemical 

reactions involved in the oxidative hair dyeing process is necessary to evaluate the 

toxicological risk of the product used, demanded by the Scientific Committee on 

Cosmetic Products and Non-Food Products (SCCNFP) Intended for Consumers of the 

European Commission [142]. 

The first step of the oxidative hair dyeing process involves the oxidation of the primary 

intermediate, i.e. the oxidation of p-phenylenediamine (37) or p-aminophenol (38) or 

their derivatives. It has been established that the oxidation of p-phenylenediamine (37) 

or p-aminophenol (38) yields, respectively, the corresponding p-benzoquinonediimine 

(68) or the corresponding monoimine (69) as shown in the Scheme 8 [143]. 
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Oxidation 

(37) (68) 

Oxidation 

OH o 

(38) (69) 

Scheme 8: oxidation of the primary intermediates to the corresponding imines 

The exact nature of the species produced in hair treated with hydrogen peroxide and an 

alkaline solution of, for example, p-phenylenediamine is still being debated. The p

benzoquinonediimine (68) has been described as the active intermediate that readily 

reacts to produce colour on hair [139]. However, since the pKa of (70) is 5.75, Corbett 

has proposed the conjugate acid of the p-benzoquinonediimine (70) as the reactive 

species of the whole process in the pH range of 7-10 as described in the Scheme 9 

[144]. 

--
(68) 

(70) 

Scheme 9: acid-base equilibrium of p-benzoquinonediimine 

Robbins supported the conclusion that the conjugate acid of the p-benzoquinonediimine 

(70) is the active species of the whole process since the diiminium ion is much more 

electrophilic than the corresponding diimines [136]. Another argument is provided by 

Robbins [136] , by the example of N,N-dialkyl-substituted-p-phenylenediamine 

oxidative hair dye products. This type of compound has the advantage of forming a 

diiminiurn ion (71) but not a diimine as illustrated in Scheme 10. 
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Oxidation 

R different from H 

(71) 

Scheme 10: oxidation of N,N-dialkyl-substituted-p-phenylenediamine 

Nevertheless, this type of compound has been proved to play the role of a primary 

intermediate in oxidative hair dye compositions, which means that the diimine is not 

essential to the colour forming reactions, although it may be formed during the process. 

By analogy, the conjugate acid of the p-benzoquinoneimine (72) would be the active 

intermediate formed from p-aminophenol, but, unlike p-benzoquinonediimine, the 

neutral form of p-benzoquinonemonoimine (69) is the reactive form at alkaline pH. 

H-........ .. 
N+ 

(72) 

It is also possible to consider that the mechanism involves the Wurster salt of the 

primary intermediate to generate diimines. Lee et a1. have generated the Wurster salt of 

p-phenylenediamine (73) by electrochemical oxidation in buffered media. The 

mechanism is illustrated in Scheme 11. Above pH 6, the radical stability decreases 

rapidly indicating the low stability of these species under hair dyeing conditions [145J. 

This is consistent with the observation that the rate of the oxidation step increases with 

increasing pH over the range 7-10 [146J. 
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H""' . ......-H 

H""' •• /H 
N' H 

N ""'N: 

·e· ·W 

/N"", 

/N"", 
H H 

/N"", 
H H H H 

(73) 

.... 

H""' •• 
W 

·H· -

Scheme 11: the oxidation of p-phenylenediamine involving Wurster salts 

In the absence of couplers, the oxidation of p-phenylenediamine (37) and of p

aminophenol (38) leads to a trinuclear species, the so-called Bandrowski's base, having 

the structure (74), as shown in Scheme 12, which further leads to a dark brownlblack 

polymer. 

The oxidation of p-phenylenediamine (37) with hydrogen peroxide gives, in addition to 

Bandrowski 's base (74), p-nitroaniline and 4,4' -diaminoazobenzene. However, it has 

been suggested that Bandrowski ' s base (74) was not formed in the hair [147]. 

Furthermore, the primary intermediates are not strong electrophiles as compared to the 

generally employed couplers and in the presence of an adequate amount of these latter 

compounds, there is almost no self coupling. 
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H ............. 
N' NH NH2 

or ~~I 
HX 

o XH 

NH 

Oxidation 
+ ~~I 

HX 

XH XH 

H 

~'I 
HX 

Oxidation .. • 

XH 

XH 

(74) 

Scheme 12: self-coupling reaction of p-phenylenediamine (X=NH) and p-aminophenol (X=O) 

In general, p-aminophenol (38) and its derivatives will be oxidised before N,N

disubstituted p-phenylenediamines, which will be oxidised more readily than p

phenylenediamine (37) [57]. This is due to the red-ox potential values which is lowest 

in the case of p-aminophenol (38) and its derivatives, which therefore will be oxidised 

first, and only when all of that p-benzoquinonemonoimine (69) has reacted, will the one 

with the next lowest red-ox potential value be oxidised. 

Thus, the conjugate acids of p-phenylenediamine (70) or of p-benzoquinonimine (69), 

preferentially attack a coupler generally para to an amino or phenolic group, forming a 

dinuclear species also called a leuco compound (75), which further oxidises to a 

dinuclear indo dye (76) as described in Scheme 13. 
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H, .. 
N' 

or 
+ 

~R 

HY~ZH 
o 

(70) 
(69) 

~~XXR 
HX~ HY I # ZH 

Oxidation 

~N~XXR 
HX~ HY ~ Z .. 

(75) (76) 

·x, Y and Z are NH and/or 0 

Scheme 13: general mechanism for the formation of dinuclear indo dye 

Recently, Ichijima et al. have examined theoretically the model for the oxidative 

coupling reaction of p-phenylenediamine with phenol using ab initio molecular orbital 

and density functional theory methods [148]. Ichijima et al. proposed the route 

presented in Scheme 14. 

Scheme 14: proposed mechanism for the oxidative coupling reaction of N,N-dimethyl-p
phenylenediamine with phenol 11481 
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On the basis of their results, they proposed a new mechanism for the formation of the 

leuco compound (75) through a [5 ,5]-sigmatropic rearrangement via an intermediate 

which has not so far been observed experimentally. According to the calculations ofthe 

frontier orbitals of (77) and (79), they noted that the negative charge of (79) was 

localised on the oxygen atom and the positive charge of (77) on the carbon atom as 

exemplified in the mesomeric structure (7S). Thus, reaction of N,N-dimethyl-p

phenylenediamine and phenol generated first (SO) which undergoes rearrangement to 

produce the leuco compound (81). This proposed mechanism, however, needs 

experimental proof. 

If, in Scheme 13, R is a hydrogen atom, another molecule of the conjugated acids of p

phenylenediamine (70) or of p-aminophenol (72) can add to the dinuclear indo dye to 

form a trinuclear indo dye (S2) as illustrated in Scheme 15. The mechanism of the 

reaction of the primary intermediates such as p-phenylenediamine (37) and p

aminophenol (3S) with the various couplers follows the two routes illustrated in Scheme 

13 and Scheme 15. 

(82) 

·x, Y and Z are NH and/or 0 

Scheme 15: proposed mechanism for the formation of the trinuclear indo dye 

It is believed that, at this stage, further addition of the conjugated acids of p

phenylenediamine (70) or of p-aminophenol (72) to the trinuclear indo dye (S2) can 

occur to form a polynuclear indo dye. The two routes illustrated in Scheme 13 and 
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Scheme 15 may be repeated forming higher polymeric dyes. However, this subsequent 

step is not fully elucidated. 

2.4.4. Problems originatingjrom tile use oj oxidation IIair dyes 

One of the major problems occurring in the oxidative hair dyeing process is the so

called phenomenon of fading, closely related to the lightfastness of the dyes formed in 

situ. Although very few studies have been published on the degradation mechanism of 

oxidation dyes on hair, this phenomenon is known to occur on synthetic fibres; it has 

been shown that light intensity, irradiation wavelength, but also oxygen, humidity, 

temperature and impurities take part in dyed textile fading. There are three basic ways 

that fading can happen in the oxidative hair dyeing process. First, double bonds of the 

dye formed in situ can receive enough energy to break, leaving a single bond, or even 

the bonds can receive enough energy to break altogether, splitting the molecule into two 

or more parts. These changes increase the degree of flexibility of the molecule and, as a 

consequence, the shape of the molecule is modified; this has a direct influence on the 

colour resulting in the phenomenon of fading. Finally, a small amount of the dyes can 

slowly diffuse out of the fibre particularly due to aqueous surfactant washing. These 

molecules are tom off from the fibre and are then rinsed away. This is a slow but steady 

fading process. 

Colour changes can be assessed by colorimetry. Although this technique is not 

completely adequate for the determinations of colour achieved by oxidative hair dyeing 

(because of the uneven natural hair colour and the background colour, i.e. the colour of 

the scalp, leading to irreproducible results), colorimetric methods are useful for 

comparative measurements on the same substrate for lightfastness tests. Because hair 

dyes are periodically reapplied due to hair growth, the fastness to light is less crucial 

than that needed in applications such as textiles or colour photography. However, it is 

one of the consumer requirements to keep a brilliant hair colour between two hair 

dyeing processes and according to fastness tests on many indo dyes, some of them were 

not stable enough, even in the absence of light, and undergo the phenomenon of fading. 

Recently, Motz-Scha1ck et a1. [149] have studied the transformation of two oxidation 

dyes: the blue aminoindamine at neutral pH (83) and the red aminoindoaniline at pH 2 

(84). The influence of different parameters such as temperature, humidity, oxygen and 

irradiation wavelength was also examined. 
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(83) (84) 

According to their results, they concluded that temperature, UV -visible range 

irradiations and oxygenless conditions were the parameters which accelerate the fading 

of oxidative hair dyes. They emphasised the importance of the presence of oxygen in 

the process; they observed that, in oxygen bubbled water, hair was swollen by the 

solution, which transported oxygen into the fibres and inhibited the photo degradation 

process. Therefore, they drew the conclusion that the mechanism of fading was a 

photoreduction. They also isolated two colourless photoproducts (85) and (86) from the 

blue dye, and (87) and (88) from the red dye, to which they assigned the chemical 

structures as shown below. 

(N yN 

0" I~ 
H2N NH2 H2N 0" I~ 

NH2 

OCH2CH2OH OCH2CH2OH 

(85) (86) 

(N yN 

0" I~ 
HO NH2 0" HO I ~ 

NH2 

OCH2CH2OH OCH2CH2OH 

(87) (88) 

Motz-Schalck et al. have also attempted to model the fading process, experimentally in 

solution, in order to predict the photoproducts resulting from the photodegradation of 

indo dyes. They obtained the two same photoproducts that they extracted from hair (85) 

and (86), but in solution [150]. Intensive research has been carried out in attempts to 

prevent the fading of oxidative hair dyes. Photo filters or UV -absorbers have been used 

and incorporated in hair dyeing formulation. Recently, antioxidants have been added to 

avoid the fading of hair dyes [151]. 
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Another major problem related to oxidative hair dyeing is the controversial issue of the 

toxicology of the substances used [57, 137, 152-154]. This is a major concern for hair 

dye companies and maybe, nowadays, the driving force and the purpose of intensive 

research in the hair dye field since the cosmetic industry is aware that this focus on tox

icological issue could bring major commercial disruptions. Because oxidative hair 

dyeing products are used periodically over long periods of time, consumer exposure is 

considerable, and current legislation, which defines safety requirements for cosmetic 

products, appears to be justified. In the European Union, the cosmetic industry is 

referring to the Cosmetics Directive 7617681EEC of the European Commission [155] for 

hair dyeing products. For cosmetic colorants, no substances other than those listed in 

Annexes IV, VI, and VII of the Directive may be used, unless it has been registered at 

the SCCNFP, an independent expert group. In the United States of America, the 

cosmetic industry refers to legal provisions stated by the Food and Drug Administration 

(FDA). For hair dyes products, the United States of America require a special warning 

label. With this label, any hair dye can be used without restriction [156]. In Japan, the 

cosmetic industry is referred to legal provisions stated by the Japanese Ministry of 

Health, Labour and Welfare. All materials used in hair dyeing products have to comply 

with official standard specifications. Under Japanese regulations, hair dyes are 

considered to be "quasi-drugs". New raw materials have to be registered, extensive 

toxicological data submitted and human patch tests from other countries are recognized 

only if data are obtained from Asiatic test persons. In other countries, the cosmetic 

regulations are influenced by those of the United States of America or the European 

Union; for example, in Norway and Turkey, the cosmetic industry closely refers to the 

European Commission Cosmetics Directive and in most countries of Central and 

Eastern Europe, Latin America, and Southeast Asia registration is required for 

introduction in the national market. 

Thus, because of the rise in concern over the risks that hair dyes may represent for the 

consumer, particular emphasis is given to the toxicological aspects in the research and 

development of hair dyes. However, the conditions of use in the case of oxidative hair 

dyes are specific and very different from, for example, those of medicines and food 

products and have to be taken into account when evaluating a hair dyeing product for 

toxicological effects. It is evident that there are limitations on product quantities, the 

overall concentration of dye precursors prior to use (0.006 to 3.5%) and the frequency 

of applications. Here, it is also worth differentiating the toxicological aspect of the dye 

precursors from the actual dyes formed inside the hair fibre. Safety assessment of hair 
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dyeing products is conducted at two different levels; the ingredient level and the 

finished product level. 

Results of dermal toxicity studies on oxidative hair dyeing ingredients have shown that 

some oxidative hair dyeing formulations caused allergy. Particularly, p-aminobenzene 

compounds are known to have sensitising effects [157-164]. To tackle this problem, 

hair dyes companies have introduced a preliminary patch test (sometimes demanded by 

law). In addition, the research for less allergenic substances [165] has contributed to the 

drop of the number of complaints for allergic reaction. However, the real concern about 

hair dyes being unsafe for humans started in 1975. Ames et al. suggested that nearly 

90% of oxidative hair dye ingredients were mutagenic in Salmonella typhimurium and 

might therefore pose a carcinogenic risk to consumers [166]. However, studies have 

now shown that positive results in the Ames test did not imply carcinogenic potential 

[167]. Conversely, some hair dyes were negative in the Ames test, although the 

substances were carcinogenic in mice [168]. A positive result to the Ames test only 

means that the substance is a mutagen in bacteria under test conditions, and so will lead 

to further investigations. Since then, the scientific community has engaged in constant 

debate about the safety of hair dyes. For example, reports of the mutagenicity of p

phenylenediamine are controversial: Crebelli et al. [169] reported p-phenylenediamine 

to be non-mutagenic while others reported it to be weakly mutagenic [170-172]. 

Burnett et al. found when p-phenylenediamine was left standing for 4 hours at room 

temperature, it becomes mutagenic [173]. This was explained later by Spengler et al. 

[174]; indeed, the transformation of p-phenylenediamine due to air oxidation gives 

Bandrowski 's base, which has been proved to be a known genotoxic ingredient. This is 

further reinforced by the fact that a mixture of p-phenylenediamine and hydrogen 

peroxide was found to be positive to the Ames test [175]. On the contrary, when 

resorcinol was added to the mixture the test was negative [176, 177]; this is consistent 

with the fact that in the presence of couplers, almost no Bandrowski's base is produced; 

p-phenylenediamine reacts preferentially with resorcinol. 

The difficulty in adapting the in vitro tests to the real conditions of use of oxidative hair 

dye formulations underline the uncertain relevance of in vitro genotoxicity test to assess 

the risk resulting from the use of hair dyes. In vivo genotoxicity tests due to many 

external factors influencing the test results (cigarettes, drugs ... ) are also difficult to 

interpret. Therefore, the extrapolation to human risk assessment from mutagenicity 

tests is awkward. If there is convincing evidence from the test results that the 

compound had no mutagenic effects, it can be concluded that the probability of a 
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mutagenic risk in humans is acceptably low. If not, the results must be interpreted as 

evidence for a genotoxic risk in humans. For evaluation of the carcinogenic potential of 

a substance, the complete range of toxicological information is considered. In a recent 

textbook, Corbett et al. have reviewed the results of a large number of studies published 

in the literature on the carcinogenicity of hair dyes and their ingredients [178]. 

Although some hair dye ingredients were shown to present carcinogenic potential in 

rodents [179], the extrapolation to humans is again delicate since experiments on 

rodents usually overestimate topical exposure from realistic use of hair dyeing products. 

Thus, it is preferential for carcinogenic risk assessment to consider human experience in 

addition to experimental data. The first research on possible links between hair dyes 

and cancer was carried out in 1963. Since then, numerous epidemiological studies have 

been published on the cancer incidence in hair dye users and populations professionally 

exposed to hair dyes. Several studies have been shown that there was no correlation 

between cancer and hair dyes [180-190]; a study by Thon et al. found no relationship 

between use of permanent hair dyes and fatal cancers (of the mouth, breast, lung, 

bladder, or cervix) although some results suggested an increased risk of fatal non

Hodgkin's lymphoma and multiple myeloma [191]. Conversely, a very recent review in 

the same area of research concluded that hair dye use was unlikely to be a contributing 

factor for non-Hodgkin'S lymphoma, multiple myeloma or other cancers [192] ; this 

shows the difficulty in drawing conclusions about the safety of chemicals used in hair 

dyeing formulation. Of particular interest are two Japanese epidemiology studies on the 

association of hair dye use with cancer [193], and in particular bladder cancer [194] , 

since most of the hair colours used in the Japanese market, in contrast to American or 

European markets are dark-shade dyes, which contain an up to 3D-times higher content 

of aromatic amines. These studies concluded that no association of hair dye use and 

cancer could be established. 

In conclusion, it can be said that without consideration of the chemical reactions of 

oxidative hair dyes, the nature of human systemic exposure and its magnitude, 

genotoxicity data for human risk assessment of hair dye use appears unlikely to yield 

meaningful information. Based on these considerations, a safety evaluation scheme for 

hair dye ingredients has been proposed in the "Notes of Guidance for Testing of 

Cosmetic Ingredients for Their Safety Evaluation" from the SCCNFP [195 , 196]. 

Recently, EU regulations have taken into action a strategy which involves evaluating 

the safety of all hair dye ingredients sold in Europe. This evaluation will identify a 
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number of materials, which are commonly used by the hair dye formulator, as 

potentially hazardous and could result in their eventual ban. There will be a number of 

"favourites" lost and new materials will require a long and expensive "approval" 

process. Thus, the hair dye colour industry is facing a huge challenge to comply with 

the EU regulations and is compelled to carry out extensive research and development to 

identify novel ingredients to replace those to be banned one or to invent new dyeing 

systems to tackle any problems resulting from the ban of such chemicals or from bad 

publicity in media, such as [197]. 

2.5. Research towards new technology to permanently dye hair 

Permanent hair coloration based on Hofmann's discovery has become over the years a 

multi-billion dollar business. Hair dye companies have been therefore reluctant to 

change the current technology and have continued to research dye precursors having 

improved colouristic properties and a safer toxicological profile. However, aware of the 

toxicological concern related to the current technology, attempts have also been made to 

design new processes to permanently dye hair. 

2.5.1. Using an oxidative process 

Dyeing hair with melanin precursors 

The challenge to mimic or even to duplicate the formation of both melanin pigments, 

inside the hair fibre has of course attracted the attention of many hair colourists. 

Beyond the possibility to produce natural-looking colours on hair, the ability to 

designate a product as natural, which many people crave might well lead to real success 

on the hair dye market. This dyeing system may have also the advantage to be non

mutagenic, non-toxic and non-allergic since all the technology is based on intermediates 

involves in the natural biosynthesis of melanin. However, the task is immensely 

challenging, since the natural colour of human hair is determined not only by its 

melanin content, but also by the sizes of the particles and their density throughout the 

hair (see Section 2.2). The right product would therefore require the appropriate 

arrangement to absorb, scatter or diffract light and give the natural appearance of the 

original human hair colour. Very often, attempts to develop such a dyeing system have 

been carried out by imitating the biosynthetic pathway of either eumelanin or 

pheomelanin, and more precisely by oxidising identified intermediates. 
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One of the earlier patents based on such dyeing system was introduced not long after the 

discovery that the action of an enzyme on the so-called colourless "propigment", 

tyrosine, results in the formation of melanin. Peck took advantage of this discovery to 

make a hair dye composition comprising an aqueous solution of tyrosine and the 

enzyme, tyrosinase, at pH between 6 and 8 [198]. A more or less light brown colour 

was obtained depending on the concentration of the "propigment" present in the 

composition. Further improvements to this dyeing system using DOPA were published 

a few years later, claiming to provide natural appearing shades over the full range from 

the light blonds to dark and very dark brown [199, 200]. Problems related to the use of 

the non-mutagenic, non-toxic and non-allergic DOPA included its insolubility in water 

rendering its use very difficult in a commercial composition, and the limited shades 

obtained, i.e. black and grey when it was used alone in the composition. As a 

consequence, Yu et a1. made use of the esters of DOPA, which were soluble in water 

and lipid solvents [201]. Moreover, these compounds resulted in a much less reactive 

species and consequently much lighter brown colours were obtained in shorter times 

compared to the process described elsewhere [198]. However, it was noted later by 

Jacobs [202, 203] that the addition of a compound of the ~-alanine type greatly 

enhances the known oxidation of a tyrosine derivative such as DOPA or dopamine (89) 

to synthetic melanin. 

(89) 

According to the patents from Jacobs, the lighter colours found in human hair were 

believed to be produced, in the hair matrix, of varying proportions of a gold coloured 

complex molecule. This gold coloured complex was assumed to be ~-alanine 

complexed with a dihydroxytyrosyl derivative having a side chain which is not free for 

indolisation. Jacobs claimed, when he used ~-alanine in reaction with the quinone 

resulting of the oxidation of DOPA by copper chloride, to obtain a blond colour on the 

human hair. N-acetyldopamine (90) and dopamine (89) itself were also used in place of 

DOPA and gave blond and black colours, respectively. 
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(90) 

In the last twenty years, only two patents have been published related to the oxidation of 

DOP A species to attempt to mimic the biosynthesis of melanin. The earlier patent used 

dopamine (89) in combination with sodium periodate or iodate as the oxidising agent 

[204] . In addition, the composition contained an organic compound to assist dye 

dispersion, which was at that time an innovative idea. Black and auburn colours were 

obtained depending on the oxidising agent. To produce brown shades, they used 

mixtures of dopamine with DOPA. The more recent patent used DOPA, which they 

dissolved in hydrochloric acid first, with potassium ferricyanide as the oxidising agent; 

the pH was then raised for dyeing to 6-7 [205]. Only black and grey shades on hair 

were obtained. To obtain a wider range of colours they used additional compounds 

already known [199-201]. One of the reasons why in the last twenty years only two 

patents have been published related to the oxidation of DOP A species is probably due to 

the fact that it is one of the first intermediates in the biosynthesis of melanin and hair 

colourists have preferred focusing on the closest isolatable intermediate DHI (20), 

which presumably requires the least amount of chemistry for conversion. 

The first patent on the use ofDHI in such a dyeing system was issued in 1960 by Charle 

et al. [206]. They had dyed human hair at acidic pH for twenty minutes, and found that 

atmospheric oxidation of DHI generated grey shades which gradually changed to black. 

When they used hydrogen peroxide as the oxidising agent, the colours achieved on hair 

were grey and light brown. To produce stronger colours with shorter exposure times 

using DHI, Grollier et al. dyed hair using hydrogen peroxide and iodide ions as an 

oxidation catalyst at acid pH [207, 208] and at alkaline pH [209]. They reduced the 

dyeing time by half compared to the method of Charle et al. [206] achieving mainly 

chesnut brown and black shades on hair. This meant that they produced intense black 

colours which could be lightened with a post-treatment with hydrogen peroxide, to 

obtain the intermediate shades, i.e. the grey shades. This technique was later improved 

by Garoche et aI. , who observed that they could obtain the same results avoiding the use 

of hydrogen peroxide as a lightening agent, by simply using a metallic promoter such as 

a cerium salt to produce the intermediate colours [210]. Metallic salts were known to 
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promote melanin formation from DHI. Thus, copper (II), iron (II) and manganese salts 

had been already used but, according to Garoche et al., cerium salts offered the 

advantage to colour the hair uniformly and, when the dyed hair was subjected to 

shampooing the undesirable glints observed with cupric, ferrous and manganese salts 

were eliminated. Brown et al. also took advantage of this process using copper (II) 

salts, although he claimed that to obtain shades other than black or grey the use of 

hydrogen peroxide was required [211]. 

Hair colourists continued to search for an oxidising agent which would replace 

hydrogen peroxide and, as a consequence eliminate the damage to the hair, but also 

impart a brown colour of natural appearance with relatively low concentrations of DHI. 

In this way, Wenke published the use of sodium chlorite, which is claimed not to cause 

damage to the hair and to colour the hair evenly, by oxidising DHI and thus generating 

synthetic melanin inside the hair fibre [212]. As a result he avoided the use of hydrogen 

peroxide, but nevertheless he only obtained grey and black shades on hair. Colour 

formation from DHI lacked warm tones, if hydrogen peroxide was not used in the 

compositions. Moreover, there are a number of problems associated with the use of 

DHI. It is extremely unstable in air and rapidly decomposes to form other materials 

which are ineffective as hair colorants. To increase the storage stability of this 

compound in aqueous dyeing compositions, Grollier et al. claimed to use in the 

composition solvents such as ethanol, ethylene glycol monoethyl ether or ethylene 

glycol monobutyl ether [213]. In studying the behaviour of DHI in alkaline medium, it 

has been reported that by adding pH-regulating agents, the dyeing capacity of the 

precursor of melanin was preserved [214, 215]. It has also been proposed that by 

preparing DHI in situ by mixing under anaerobic conditions DOPA or its salt together 

with a hexacyanoferrate (III) oxidant in an aqueous medium, dopachrome was obtained 

and permitting the dopachrome to undergo rearrangement in the aqueous reaction 

medium led to formation of DHI [216]. DHI is a difficult and expensive compound to 

synthesise. Therefore, attempts have been made to use 5,6-diacetoxyindole (DAI) (91) 

which would not be expected to polymerise so easily on air owing to the acetyl 

protection of its hydroxy groups. 

(91) 
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This compound was one of the intermediates of Beer's synthesis ofDHI [217]. In fact, 

the hot alkaline reduction of DAI gives the melanin precursor. Seemuller et al. utilised 

this reduction step and published a hair colouring composition where they used DAI in 

combination with DHI and thioglycollic acid, which may play the role of the sodium 

dithionite in Beer' s synthesis of DHI [218]. They obtained a full range of shades 

according to the composition from ash blond, reddish chestnut, brown, grey to black. 

DAI has recently attracted attention and a patent concerning its preparation has been 

published [219]. Pan et al. found a one-pot reaction to obtain this compound in 65% 

yield as described in Scheme 16 starting from 1-( 4,5-bis(benzyloxy)-2-

nitrostyryl)pyrrolidine (92). 

BnO 

o 
i) H2 PdlC 

ACO~ 

~N/ 
AcO H 

BnO (91) 

(92) 

Scheme 16: Synthesis of 5,6-diacetoxyindole (DAD 

More recently, Hoeffkes et al. have included in their composition, in addition to DAI 

the known intermediate 5,6-dihydroxyindoline (DHIN) (93), in an attempt to duplicate 

the formation of melanin within the hair [220, 221]. This latter compound was prepared 

by ether cleavage of 5,6-dimethoxyindoline with aqueous hydrogen bromide [222]. 

"O~ 
HOA/--~/ 

(93) 

Hair colourists have attempted also to use DHICA in their compositions with a view to 

duplicating the formation of melanin. In 1998, Schultz et al. dyed blended grey hair 

using a metal salt of copper, zinc or iron at alkaline pH; light and dark brown shades 

were achieved [223]. Questions as to whether the chemistry involves the formation of 

DHI arise and also whether melanin is effectively produced inside the hair. 
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As a final conclusion on the attempts to duplicate the formation of eumelanin within the 

hair fibre , it is worth noting that all identified precursors of eumelanin have been 

incorporated in hair colouring compositions to obtain natural appearance colours. 

Unfortunately, eumelanin formed under these various conditions is probably dispersed 

throughout the fibre, rather than deposited in granules, and the nuances of the natural 

process cannot be imitated. 

The second hair pigment, i.e. pheomelanin responsible for the blond and red tones in 

hair, has also been the subject of research. Intermediates from the pheomelanin 

pathway are more difficult to synthesise than the intermediates from eumelanin. 

Nevertheless, in 1994, Prota et al. [224] introduced a process to dye hair using 3,4-

dihydro-2H-benzo[b ][1 ,4]thiazine (94). Compounds based on (94) are derivatives of 

the compounds indentified as intermediates in the formation of pheomelanin (see 

Section 2.2). The colour they achieved using various derivatives of (94) at neutral pH 

with addition of sodium iodate or periodate, as the oxidising agent are summarised in 

Table 6. 

(94) 

Table 6: examples of compounds used to produce phaemelanin pigments inside the hair 

R\ R2 R3 Colour on Hair 

a H H OH Blond 

b H OH H Brown 

c COOH OH H Reddish Brown 

In a further attempt, Prota et al. used hydroxybenzothiazines, the same compounds as 

cited previously [224] but they also noted that significant colour changes were observed 

when a variety of nuc1eophiles were incorporated into the compositions, such as 4-

(aminoethanethio)-catechol (95) or cysteine. Dyeing conditions were in both cases 

critical. 

~OH 

H2N~~ 
S OH 

(95) 
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Dyeing hair with leuco dyes [225J 

Conventional oxidative hair dyes suffer from two main disadvantages, which solubilised 

vat dyeing might address. First, they do not produce the brighter red and yellow colours 

necessary for a fashionable hair colour. Secondly, when the process of oxidative hair 

dyeing is carried out at low pH, they generate dull drab dyeings. With the objective to 

reduce the hair damage by dyeing hair at lower pH, this effect is undesirable. 

Therefore, it has been envisaged that the use of solubilised vat dyes might tackle this 

problem and create at the same time bright colours with excellent light- and 

washfastness properties. 

Solubilised vat dyes have been known since 1921 when Bader et al. discovered that the 

reduction products of vat dyes could be esterified with chlorosulfonic acid in the 

presence of a tertiary base [226]. They succeeded in preparing a disulfate ester of 

leuco-indigo from which indigo was regenerated readily and quantitatively on treatment 

with suitable oxidising agents. This leuco-sulfate ester of indigo has been applied with 

success to wool, which absorbs the anionic dye and by treating with dilute sulphuric 

acid and an oxidising agent such as dichromate, imparts a brilliant blue colour. Details 

of the procedure of preparation have been reported [227]. Solubilised vat dyes were 

originally developed for use on wool and silk, so that caustic soda required for vatting 

may be avoided. Nevertheless, at present they are more important for cellulosic fibres 

such as cotton [228]. 

In 1994, Lewis introduced the use of solubilised vat dyeing applied to human hair. This 

dyeing process is based on the hydrolysis at low pH of the solubilised vat dye (96) 

followed by the oxidation of the leuco vat dye (97) to generate the vat pigment (98) as 

described in Scheme 17. 

(96) (97) (98) 

Scheme 17: process of vat dyeing 

The technology is compatible with the conventional oxidative hair colouring conditions, 

i.e. hydrogen peroxide or ammonium persulfate. However, their anionic character is the 

main drawback of this technology for its application in permanent hair dyeing. 
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Although, prior to the patent by Lewis [229], solubilised vat dyes have never been 

employed in oxidative hair dye systems, leuco compounds of indo dyes had been 

applied to hair which is based on a similar technology to solubilised vat dyeing (Scheme 

17). Kalopissis et al. carried out extensive research on indo dyes, the product of a 

conventional primary intermediate such as p-phenylenediamine or p-aminophenol with 

a coupler such as m-phenylenediamine or m-aminophenol by oxidation with hydrogen 

peroxide. In the course of their research, Kalopissis et al. noted that indo dyes could be 

reduced by sodium dithionite (Na2S204) to give the corresponding leuco form of the 

benzoquinone imine (99) which is then neutralised with acetic acid to generate the 

stable diphenylamine derivatives (100) as shown in Scheme 18 with 4-(2,4-diamino-5-

methylphenylimino )-2-methylcyclohexa-2,5-dienone hydrochloride as an example. 

These latter colourless compounds are then applied to hair and oxidised back in situ by 

means of an oxidising agent or the oxygen of air. 

• ~'(X 
~I 

OH 

ii)AcOH 

Hel .. Oxidation in situ 

(99) (100) 

Scheme 18: process of dyeing hair with leuco compounds of indo dyes 

Numerous diphenylamine derivatives have been patented for this process, although no 

commercial outcome resulted from those patents [230-237]. However, more recently, 

Neunhoeffer et al. continued to research in this field since they have published a patent 

which provide new leuco compounds based on N-phenylaminopyrazole derivatives 

being able to be converted to dyes of high intensity and good fastness properties by 

oxidation [238]. 

2.5.2. Dyeing hair by azo cOllpling reaction inside the fibre 

The possibility of dyeing hair by synthesising an azo dye or pigment, inside the fibre, by 

coupling a diazonium salt with an aromatic compound has certainly occurred to hair 

colour chemists. Azo dyes and pigments represent by far the most important chemical 

class of commercial organic colorant. In terms of colouristic properties azo colorants 

are capable of providing virtually a full range of hues, although they are more important 
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commercially in yellow, orange and red colours than in blue and green colours. 

Furthermore, azo colorants exhibit high intensity of colour, about twice that of the 

anthraquinones for example, and reasonably bright colours. They are capable of 

providing reasonable to very good technical properties, in terms of lightfastness and 

weatherfastness, although in this respect they are often inferior to other chemical 

classes, for example carbonyl or phthalocyanines colorants, especially in terms of 

lightfastness. Perhaps the prime reason for their commercial importance is that they are 

the most cost-effective of all chemical classes due to the great versatility of the 

chemistry involved and the ready availability of the starting materials. The synthesis is 

usually carried out at ambient temperature with water as the solvent. In view of these 

features and to address the problems of the oxidative hair coloration process, especially 

those of a physiological nature, it was undoubtedly attractive to the hair colourist to 

attempt to combine azo chemistry with hair dyeing. The first process for dyeing hair 

with in this way dated back to 1971 in a patent [239] making use of diazonium 

tetrachlorozincates with various coupling components such as a-naphthol, resorcinol 

and 2,4-diaminoanisole, the last of which has been banned from use in hair dyeing. The 

process with a-naphthol and 4-(N-phenyl)-aminobenzenediazonium tetrachlorozincate 

as examples of starting materials is illustrated in the Scheme 19. 

in water adjusted at 
pH 9.5 with ammonia 

2 (Y~Y') 
V ~+ 

N~ 
in water adjusted at ~N 

pH 6.5 

Reaction in situ 

STONG BLACK COLOUR ON HAIR 

CI 

CI'-....I /CI 
Zn2-

I 
CI 

Scheme 19: azo coupling inside the hair fibre 

The coupling components used in this process were, before further development, similar 

to the couplers used in traditional permanent hair coloration. The procedure involves 

dissolving the coupling component in water, adjusting to an alkaline pH and leaving for 

20 minutes in contact with the hair. Then, the aqueous solution containing the 

diazonium bischlorozincate at original pHI was added and the in situ reaction was left 
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for a further 20 minutes, the pH eventually reaching the value pH2. However, only a 

limited range of shades, particularly browns has been achieved in this way. 

At the end of the 1970s, BUhler et al. attempted to make some improvements to this 

process, especially concerning the low affinity of a-naphthol for human hair and the 

limited range of shades achieved. Therefore, they patented as coupling components a 

series of N-substituted 3-hydroxynaphthalene-2-carboxamide derivatives [240], N

substituted-3-oxobutanamide and N,N'-(3,3' -dimethylbiphenyl)bis-3-oxobutanamide 

derivatives [241] for the replacement of naphthols. They also claimed the use of 3-

acetyl-1-ethyl-6-hydroxy-4-methylpyridin-2(1 H)-one, l-ethyl-1 ,6-dihydro-2-hydroxy-4-

methyl-6-oxopyridine-3-carbonitrile and 2,6-dihydroxy-4-methylpyridine-3-carbonitrile 

[242] to obtain an extended range of shades. 

According to the patent activity, since this series of patents little research was carried 

out to improve the process and probably to develop it into commercialisation. Recently, 

an interesting innovation was claimed by Pastore et al. which introduces the use of 

cationic coupling components [243]. Furthermore, new stable diazonium salts were 

introduced for use in such a process of hair dyeing, including 2,5-dimethoxy-4-

benzoylaminophenyldiazonium chloride [244]. They also claimed primary and 

secondary amines as coupling components, the same amines used as couplers in 

traditional permanent hair coloration. The inability of the process to lighten the hair 

was also tackled by the introduction of an oxidising agent, generally hydrogen peroxide, 

into the formulation of the final product [244, 245]. In addition, Adam et al. has 

claimed a method for dyeing human hair using a diazonium salt to form an oligomeric 

or polymeric colorant [246]. The resulting colorants show very good washfastness and 

the damage to hair is reduced to a minimum. This method is different from the others 

described in this section in the sense that it does not require a coupling component. 

The diazonium salt is applied to the human hair to be coloured at a low pH, typically 3 

to 4. After a contact time of from 2 to 10 minutes, increasing the pH to a value of from 

8 to 9 brings about the self coupling reaction. The human hair is then rinsed with water. 

Colours such as copper, orange, red and blue are obtained. 

Until today, this process does not appear to have been commercialised and may not be. 

Generally, it has always been rejected on the grounds that diazonium salts might be too 

toxic and, as a consequence, medically unsafe. 
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2.5.3. Hair coloration systems based on imine or en amine formation inside the fibre 

One of the major problems occurring in the oxidative hair dyeing process is the 

substantial hair damage resulting from the use of strong alkaline conditions in 

combination with oxidising agents. Therefore, hair colourists have attempted to 

develop a dyeing system which does not require oxidants or the use of pH adjustments 

yet which still gives intense coloration on fibres with good overall fastness properties. 

One dyeing system is based on a simple condensation reaction between an amino group 

and an aldehyde or a ketone group. Thus, it employs small molecules which can 

penetrate easily into keratin and then condense to form dyes, bulkier molecules which 

remain trapped inside the hair. The process has also been envisaged in which the two 

components are mixed just before use; in this case the reaction would occur inside 

and/or outside the hair fibre. It is, in a way, quite similar to the oxidative process except 

that no hydrogen peroxide or ammonia is needed to develop the colour. The dyeing is 

generally carried out in about 20 to 40 minutes. Furthermore, the dyes colour virgin 

hair equally well, unlike conventional colorants where uneven uptake often occurs. 

This technique was introduced as early as 1975 by Kinney et al. [247]. They made use 

of a solution containing one or more dialdehyde compounds in combination with the 

necessary nitrogen-containing material to colour hair. They treated a lock of blond hair 

with an aqueous solution containing equal parts of amines and aldehydes for four 

minutes and then rinsed with warm water. Brown and black shades were obtained. 

This type of condensation-type reaction in situ was further investigated by Schultz. He 

replaced dialdehydes with monoaldehydes (benzaldehyde and cinnamaldehyde 

derivatives) and added to their composition an inorganic metal salt to prevent or reduce 

light-induced fading of the dyed fibre [248], a technique similar to mordanting [128]. 

Yellows to blues through reds were the colours they obtained on hair. Based on the 

Ehrlich reaction l
, he also dyed bleached hair with 5-aminoindole and 4-N,N

dimethylaminocinnamaldehyde or 4-N,N-dimethylaminobenzaldehyde to obtain brown 

and red shades [249]. The primary amino group reacts with aldehydes to form imines 

or the so-called Schiff bases. He then introduced the use of isatin (101) for this type of 

dyeing system with his colleague Anderson [250] to obtain shades, on bleached hair, 

from yellow to violet. 

I This reaction is a colorimetric assay used since 190 I for the detection of pyrroles and indoles in which 

the aldehyde is dissolved in 50% water-ethanol at pH 3, the so-cal1ed Ehrlich's reagents 
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(101) 

A few years later, Lang et al. published a series of four patents in which isatin (101) was 

reacted with aminoindole derivatives [251], an aromatic diamine, a di-, tri- or tetra

substituted aminophenol or a bisphenylalkylenediamine [252], aminopyridine [253] or 

aminopyrimidine [254] derivative. The different colours obtained, when they were used 

to dye natural grey hair, which is 90% white, for twenty minutes at pH 7.5-8 range from 

yellow to purple through red. 

More recently, Moeller et al. published a patent in which he used unsubstituted [255], 

N-substituted [256] and 5-suphonic acid isatin [257] to react with aromatic amines dye 

precursors and amino acids to obtain yellow to purple-red hair colorations. Other indole 

derivatives, such as DHI, were also claimed for use in combination with ketones such as 

acetophenone, benzophenone, benzoquinone, naphthoquinone or anthraquinones 

derivatives [258] to give blond shades, on natural grey hair. However, in this latter 

patent it is unclear whether the coloured hair is obtained by atmospheric oxidation of 

5,6-dihydroxyindole or by condensation of a ketone and an indole. Other heterocyclic 

compounds such as diiminoisoindoline and 3-aminoisoindolone were also used in 

combination with p-phenylenediamine, p-aminophenol, aminopyridine, 

diaminopyrazolo[1 ,5-a]pyrimidine, aminopyrazoline, aminoindazole, thiophene and 

aminoindole derivatives to produce yellow to orange shades on hair [259]. 

Benzoquinone derivatives, particularly o-benzoquinone [260], as well as 4,5-

dihydroxycyclopent-4-ene-l ,2.3-trione (croconic acid) (102) or potassium rhodizonate 

(103) [261] have also been used in combination with certain amino or hydroxy 

compounds. 

K' 
0 

HO 
-0 

0 
-0 0 

HO 
K' 

0 
0 0 

(102) 
(103) 
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P-phenylenediamine, o-aminophenols, naphthalene, diaminomaleic acid dinitrile (104), 

4,5,6-trihydroxy-3H-xanthen-3-one (105) derivatives were chosen to obtain from blond 

to red and violet shades. 

HO o 

OH OH 

(104) 
(105) 

Besides this kind of compound, a series of nitroaromatics and cyanoanilines were also 

used to condense with o-benzoquinone, 4,5-dihydroxycyclopent-4-ene-l ,2,3-trione 

(102), or 5,6-dihydroxycyclohex-5-ene-l,2,3,4-tetraone (103). Shades from yellow

orange to reddish brown were obtained. 

Recently, Vidal et al. have introduced the new pyrazolin-4,5-dione (106) as an 

improvement to the existing technology, giving more uniform dyeing results from 

reddish orange to violet shades [262-264]. 

(106) 

Further improvements include the use of either an aromatic amine with an aliphatic 

cationic group attached to one of the amino groups or to a hydroxy group [265] or an 

aromatic amine with a heterocyclic cationic group attached to one of the amino groups 

or to a hydroxy group [266] in combination with isatin. On bleached hair, the shades 

obtained range from reddish brown to magenta. 

Very recently, an innovative, non-oxidative hair dyeing system has been introduced. 

This system is based on active hydrogen compounds which undergo Michael addition 

by aldehydes and ketones to form polyene dyes inside the hair fibre. A proposed 

mechanism for the reaction in situ is illustrated in Scheme 20. 
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Scheme 20: proposed mechanism for the hair dyeing process based on Michael addition-type 
reaction 

In this hair dyeing system, the active hydrogen compounds are generally derived from 

quaternary ammonium compounds (107). These compounds possess an active 

hydrogen in the ~-position of the quaternary ammonium function. This acidic hydrogen 

can readily react with a base, for example, monoethanolamine generating an alkene 

(108). This latter alkene can add to the carbonyl function of an aldehyde or a ketone. 

The polyene dye (110) is created by the elimination of water in this intermediate (109). 

This reaction which can be compared with the condensation process offers the 

advantage to use cationic compounds. Andrean et al. claimed the use of cationic salts in 

hair dyeing such as benzothiazolium iodide, betaine and p-toluenesulphonate, indolium 

and quinolinium iodide or naphtho[1 ,2-d]thiazolium betaine [267]. These compounds 

were reacted with the usual aldehyde such as 4-dimethylaminobenzaldehyde, 1,4-

naphthoquinone, isatin and 3-imino-3H-isoindol-l-ylamine (111) to obtain mainly 

yellow to red shades, although some compositions are claimed to give to violet-blue 

shades on natural grey hair, which is 90% white. 

cxf 
NH 

(111) 

Moeller et al. recently published a patent using very similar cationic salts, although 

some were not claimed by Andrean et al. [267], in combination with benzaldehyde 

derivatives to give orange to purple-red shades on hair [268]. An interesting addition to 
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this technology is the use of piperidine as a colour intensifier [269]. More recent 

patents based on very similar technology [270] , employs indolium iodide, acetate, 

chloride or tetrafluoroborate in combination with benzaldehyde derivative. In addition, 

two patents by Moeller et al. have recently been published; using cationic aldehydes 

such as 4-acetyl-, 4-benzoyl-, 4-(2-formylvinylyl)- or 4-formyl-1-methylpyridinium 

salts and 4-acetyl, 4-benzoyl or 2- and 4-formyl-1-methylquinolinium salts with 

conventional aromatic amine dye precursors [271] and nitroamine dyes [272], they 

obtained orange to red-purple colours with relatively good intensity on hair. These very 

recent patents indicate that, despite the toxicology problems associated with aldehydes 

and ketones, in addition to the aromatic amines, hair dye companies continue 

investigating this technology. 

2.5.4. Hair coloration systems based on reactive dyeing [273J 

The concept to link dye molecules covalently to the hair fibre to produce colours with 

superior fastness properties, i.e. outstanding washfastness, has attracted the attention of 

the hair colourist. Reactive dyes [274-282] are coloured compounds which, after 

application to the fibre , are capable of forming a covalent bond with the substrate. 

Generally, covalent bonds are formed between a carbon or, in a very few cases, 

phosphorus atom of the dye and an oxygen, nitrogen or sulphur atom of the substrate 

(corresponding to hydroxy, amino and thiol groups of the fibres). Initially reactive dyes 

were introduced commercially for cellulosic fibres, and this remains by far their most 

important use, although dyes of specific types have also been developed for application 

to protein fibres (wool and hair [136, 283 , 284]) or certain synthetic polymers 

(polyamides, polyesters or polypropylene). When reactive dyes were launched, in the 

mid fifties , they encountered real success because of their superior washfastness which 

was superior to that of direct dyes, and had a much wider range of brilliant colours than 

were available with vat and azoic dyes. A general schematic representation of the 

structure of a reactive dye is given in Figure 17. 

I Chromophore 11------11 Bridging group 11------l Fibre-reactive 
group 

, , 

"" ,I ..... __ w_at_e_r-_so_l_U_b_il_iS_in_g_g_ro_u_p_-...lf /., 

Figure 17: Schematic representation of a reactive dye 
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In addition to providing superior washfastness properties, hair colourists have attempted 

to develop a dyeing method using reactive dyes with improved resistance to fading as 

occasioned by the action of perspiration, hair spray and other factors such as the action 

of the sun. An advantage of using reactive dyes over oxidative hair dyeing would also 

be, a priori, the suppression of the hydrogen peroxide and alkaline conditions during the 

dyeing, unless the user wants to lighten their hair. 

One of the first processes using reactive dyes for hair coloration was patented in 1968 

by Randebrock [285]. Until this period reactive dyes were believed not to be suitable 

for the dyeing of human hair because, due to the resistance of human hair, only a very 

slight dyeing effect could be achieved with the mild dyeing conditions required for an 

on-head dyeing process. However, the process described in this early patent, involved, 

first, the use of a particular mercaptan adapted to form with the keratin a compound 

including at least one reactive thiol group, and then, the use of an azo reactive dye, and 

finally, treating the dyed fibre with a substance which would block all the remaining 

free thiol groups. The purpose of this final stage would enable, a few weeks later after 

the first dyeing, to dye the freshly grown portion of the hair without colouring again the 

upper part of the hair, which would result in a more intense colour than the portions of 

the hair which had been dyed only once. Three different fibre-reactive groups were 

described; the dichlorotriazine reactive group, the thiosulfate reactive group also known 

as Bunte salt and the [(sulphoxy)ethyl]sulphonyl reactive group. However, the 

[(sulphoxy)ethyl]sulphonyl reactive group generally allows more uniform dyeing since 

the reactions conditions can be adjusted to influence the rate of formation of the vinylic 

intermediate and the rate of diffusion of the attached dye into the fibre , minimising the 

competitive reaction of hydrolysis. 

The pre-treatment with a particular mercaptan was the only process described in the 

early patents [124]. Using this same first stage, attempts have been made to develop 

different fibre-reactive groups to dye hair. In 1976, dyes containing carboxymethyl 

dithiophenylacetate fibre-reactive groups were patented [286] due to their behaviour 

towards amines and amino-proteins. Leon et al. were able to dye the hair in colours 

from yellow to blue using the azo chromophore (112). 

(112) 
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In the same year, the concept was also introduced of dyeing hair with a reactive dye 

derived from the biosynthesis of melanin, always together with a mercaptan pre

treatment. Fujinuma combined both technologies, reactive dyeing and melanogenesis 

activator to dye hair oxidatively using DOPA, tyrosine and DHI. When carefully 

controlled proportions of oxidising agents are used a complete range of brown to black 

is obtained [287]. 

Ten years after the early patent of Randebrock, Tuffile et al. introduced the first process 

with a reactive dye incorporated into a shampoo solution to dye hair fibre with a starting 

acidic pH, which is raised after 10 minutes to an alkaline pH [288]. This eliminated, as 

a consequence, the pre-treatment with a mercaptan. Metal-free monoazo (113) and 

copper complexed monoazo (114) reactive dyes were claimed both of which contain the 

dichlorotriazine fibre-reactive groups. Hair fibre was imparted a golden brown colour 

and the dyeings were claimed to show good levelling and wet fastness . An interesting 

feature of the process is that it was claimed that no skin staining was observed. 

N-~ ,~ 

~- N==< HN-{ jN 
N-< 

CI 

(113) (114) 

This mercaptan-free process was further investigated by Chung-Bong-Chan et al. [289] 

who developed a process mixing two technologies; the first was the use of azide 

photoreactive dyes and the second was the technology which involves the formation of 

imines inside the fibre between an amino-containing and a carbonyl-containing 

compound. This process relied on sunlight or other suitable light source for 

development of the colour. 

Although it is very difficult to predict the detail of the reactions which occur in the hair 

in these systems, it is likely that a condensation-type process occurs or a reaction 

typically involved in the process of reactive dyeing or a combination of both. 
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Photolytic reaction of aryl azides may form either a nitrene [290], a highly reactive 

species, which would react with an electrophilic site within the hair or a simple amino 

group [291] which might react with the carbonyl-containing compound added to the 

mixture. However, shades were obtained which are mainly brown in colour. 

More recently, two patents have made use of reactive dyes for colouring keratinous 

fibres. Brock et al. [292] invented a new fibre reactive group, similar to the 

homobifunctional 2,3-dichloroquinoxalines, the heterofunctional chlorothioglycolato 

quinoxaline fibre reactive group (115). 

e~mophore ~') < > )' , 
'-----... 0 '" j N L eoo" 

(115) 

The thioglycolato group is used in wool chemistry to prevent thiols groups from 

oxidation after a reduction process. The dyeing process is related to the early patents 

since it employs a reducing agent, namely thioglycolic acid, to generate inside the fibre 

the nucleophilic thiol group, necessary to bind the dye to the hair fibre. They claimed 

the particular chromophores amongst the most commonly encountered in hair dye 

chemistry, for example azo, nitro and anthraquinone. 

Prechtl et al. [293] patented more conventional mono- and bisazo reactive dyes for use 

in dyeing hair fibre. The fibre reactive group is the [(sulphoxy)ethyl]sulphonyl fibre

reactive group. The dyeing process is simple involving dyeing hair fibres at 36°C and 

pH 7 from an aqueous solution for 20 minutes. Shades obtained range from yellows to 

blues. 

Very recently, reactive dyes bearing heterofunctional cationic reactive groups have been 

introduced for use in hair coloration. This type of reactive dyes presents the features of 

a very well-designed hair dye, since they are cationic. However, many other features 

require to be controlled to give even dyeing such as the pH of dyeing to avoid the 

hydrolysis of the reactive group before its fixation onto the fibre, which sometimes 

occurs under the aqueous dyeing conditions, or the size and the shape of the reactive 

dye. In 1990, Lehr reported the synthesis of reactive dyes with quaternary ammonium 

groups on the fibre reactive part of the molecule, derived from DABCO, N

methylmorpholine and N,N-dimethylpiperazine [294]. Patents have been issued a few 

years later on this type of reactive dyes. The nicotinoyl group was attached to the 

pyrimidine nucleus of the fibre-reactive group as one of the leaving groups to form 
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(116) [295]. Developments were claimed compared to this latter patent using the 

methyl ester of the nicotinoyl group attached to the more susceptible to bimolecular 

heteroaromatic nucleophilic substitution triazine nucleus. It might have been aimed to 

increase the cationic character of (116) and, as a consequence, to increase the uptake of 

the dye to form (117) [296] . Both dyes were heterofunctional reactive dyes bearing the 

thioglycolato group or halogen atoms. 

Chromophore t--NH 

o ? >-, 
Q 

COi 

(1l6) (117) 

However, reactive dyes for dyeing hair have not yet been introduced commercially, 

probably due to toxicological problems related with the damage caused by the covalent 

bond formation between a natural fibre and a synthetic dye. 

2.6. Semi-permanent and temporary hair coloration: non-oxidative dyeing process 

[297] 

The non-oxidative hair dyeing process is often referred to as a "direct dyeing" process. 

Direct dyeing is well known in colour chemistry and the so-called direct dyes are a 

long-established class of dyes for cellulosic fibres. They derived their name historically 

from the fact that they were the first application class to be developed that could be 

applied directly to the cellulosic fibres without the need for a fixation process such as 

mordanting. Thus, "direct" hair colouring means that, as opposed to the oxidative hair 

dyeing process that generates colour when hydrogen peroxide reacts with the dye 

precursors, the products are ready for use without involving any chemical reactions in 

situ. These products yield non-permanent colour effect results, i.e. resist a few 

shampoos while slowly and evenly fading away. Direct dye products help in covering 

up the first grey hair to appear, by means of the so-called "tone-on-tone" colouring, 

which tints the hair to the original hair colour of the user. They are also useful in 

intensifying natural shades with highlights or in adding various tones to natural hair 
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colour, giving a more attractive and youthful appearance. In contrast, they may also 

assist in enhancing the colour of natural grey hair, i.e. removing the yellowish hues to 

give a true grey shade. Besides these various colour applications, they may also be used 

to brighten up permanently dyed hair shades. 

Direct dye products currently include four different types of hair dyes: semi-permanent, 

natural, metallic and temporary hair dyes. The term semi-permanent refers to those 

products that dye the hair lasting through four to six shampoos. The development of 

semi-permanent hair colour products happened much later than oxidation dyes, which 

developed mainly in the mid 1920s. At that time, hair colouring boomed, as the barriers 

of preconceived ideas began to fall and hair colouring was seen not just as a way to hide 

grey hair but also to look fashioned and attractive. The first successful semi-permanent 

hair dye products were marketed around 1950 based on direct dyes of low molecular 

weight, especially, nitro dyes. Although these compounds had been already patented 

for use in permanent hair dyeing, at that time, "the inventors did not recognise their 

departure from the oxidation base type of product" [128]. It was later discovered that 

this type of material did not participate in the in situ reaction of colour formation, but 

simply added yellow and red shades to the resulting colour. Thus, the early semi

permanent hair dyeing products were used for adding gold and red tones to blond and 

brown hair. The obstacle for a commercialisation of this type of product was the 

absence of suitable purple-to-blue dyes, preventing the formulation of natural-looking 

shades, which had been resolved by the N-substitution of the yellow to red nitro dyes 

available in 1950. 

The concept of temporary hair colouring is much more ancient than that of semi

permanent hair colouring. The object is to attain a slight change in natural or modified 

hair colour. The effect should last for several hours or days, or even longer, from one 

shampoo to the next. In this manner, the products improve or correct an existing dye 

shade, add a slight tint, or brighten up a natural shade. This subject being out of the 

scope of this thesis, will not be discussed in detail. 

2.6.1. Types ojsemi-permanent hair dyes used and colour shades achieved 

The nitro dyes are by far the most important group among the dyes currently used in 

semi-permanent hair colouring. The nitro dyes provide an excellent range of yellow, 

orange, red-brown, and violet shades; the range of dyes comprises 0- and p-aminoni

trobenzenes and nitrodiphenylamines, yellow to violet nitro-p-phenylenediamines and 
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certain of its isomers and nitroaminophenolic ethers. Unfortunately, the nitro dyes are 

deficient in pure blues and is that one of the reasons why hydroxy- and 

aminoanthraquinone dyes, which include many pure blue shades, are used. In addition, 

azo dyes are occasionally used, but usually they have significantly different solubility, 

diffusion, and photochemical properties compared with the other dyes. The preceding 

three dye classes represent by far the most significant semi-permanent hair colorants, 

but selected other dyes can also be added to the semi-permanent hair product 

formulation such as acid dyes and a limited number of basic dyes, which generally find 

use in temporary hair products. 

Nitro dyes [298J 

Nitroanilines provide a range of yellow dyes such as 2-(2-nitrophenylamino )ethanol 

[299] which is currently employed as a yellow semi-permanent hair dye. Its N

hydroxyethyl substituent is a useful group, which is widely found in many of the semi

permanent hair dyes, since it increases the low solubility in water of the N-alkyl 

analogue without changing its hue. In addition, the introduction of hydrophilic groups 

such as N-hydroxyethyl provides a means of changing the water/lipid partition 

coefficient of the resulting dyes, important for the hair formulator since this has an 

impact on the uptake onto the hair. However, the introduction of a substituent in the 4-

position such as a chlorine atom (118) or a methyl group (119) in commercially used 0-

nitroanilines dyes suggests that the introduction of N-hydroxyalkyl substituents needs to 

be counterbalanced by the introduction of hydrophobic substitutents to provide the 

optimum water/lipid partition coefficient. 

The structure (120) is particul.arly representative of a tailored-made semi-permanent hair 

dye. The introduction in the 4-position of the trifluoromethyl substituent provides 

shampoo resistance required for a semi-permanent dye; at the same time this typical 

substituent does not have a significant effect on the hue of the dye. 

79 



OH 

H H ~~OH 
N~OH N~OH 

F 

CI 
F F 

(118) (119) 
(120) 

H 
H N"--. 

H N~OH N~OH 

OH 
CN 

OH 

(121) (122) 
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Nitrophenylenediamine dyes offer to the hair colourist a spectrum of colours from 

yellow to violet, with a range of 147 nm available, depending on the particular isomer 

and the substitution pattern. There are six possible isomers (124), (125), (126), (127), 

(128) and (129), although in semi-permanent hair dyes only three are used (124), (125) 

and (126); the remaining three offer no advantages and are far more difficult to 

synthesise, although hair dyes based on (129) have been published in the patent 

literature [300-302]. In order of importance, the isomers utilised are 2-nitro-p

phenylenediamine (124), 4-nitro-o-phenylenediamine (125), and 4-nitro-m

phenylenediamine (126). 

(124) 
(125) (126) 

(127) 

(128) (129) 
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The predominance of the 2-nitro-p-phenylenediamine (124) and its derivatives is due 

mostly to the 62 nm range, from the yellow 2,4-diaminonitrobenzene (126) through the 

red Nl-(~-hydroxyethylamino )-2-nitro-p-phenylenediamine (130)i to the purple-violet 

N' ,N',N' -tris-cp-hydroxyethylamino )-2-nitro-p-phenylenediamine (130)p. This 

particular isomer also possesses the advantage of being easy to synthesise due to the 

readily availability of the starting material, 4-fluoro-3-nitroaniline. This is particularly 

important since nitro dyes used in semi-permanent hair colorants find little use in other 

applications. Therefore, the limited quantities required by the industry rarely result in 

economies of scale. Consequently, some of these compounds are quite expensive and 

considerable efforts have been made to devise commercially viable synthetic routes. It 

is certainly one of the reasons why 4-nitro-o-phenylenediamine is next in order of 

significance, readily obtained from the highly reactive and inexpensive 2,4-

dinitrochlorobenzene. 

R, 

R3 

(130) 

Table 7: currently used nitrophenylenediamine hair dyes [57, 130, 131, 146,2841 

R, R2 R3 ~ Colour 

a H H NH2 NHCH2CH2OH greenish yellow 

H H NH2 
N(CH(CH2OHh) 

greenish yellow b 
(CH2OH) 

c H H NHCH2CH2OH NHCH2CH2OH greenish yellow 

d NH2 NHMe H H red 

e NH2 NHCH2CH2OH H CH3 red 

f NH2 NHCH2CH2OH H CI red 

g NHMe NH2 H H red 

h NH2 NHCH2CH2OH H H red 

i NHCH2CH2OH NH2 H H red 

NH2 
NHCH2CH(OH) 

j H CI red 
CH20H 

k NHMe N(Me)«CH2)30H) H H purple 

I NHMe N(Me)«CH2hOH) H H purple 

NHMe 
N(Me)(CH(OH) 

m H H purple 
CH20H 

n NHCH2CH2OH NHCH2CH2OH H H purple 
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0 NHMe N«CH2hOHh H H purple 

p NHCH2CH2OH N((CH2hOH)2 H H purple 

q NHMe N((CH2hOH)2 H H purple 

r NH(CH2)2NH2 N((CH2hOH)2 H H purple 

s NHCH2CH2OH N(Et)((CH2)20H) H H purple 

NH(CH2CH(OH) NH(CH2CH(OH) 
H Cl purple t 

CH2OH) CH2OH) 

u N((CH2hOHh NH(CH2)30H H H purple 

NB: these currently used semi-permanent hair dyes have been descnbed In terms of their colour 

related to the absorption maximum in solution (ethanol) according to the colour-wavelength 

relationship described elsewhere [303]. 

In Table 7, it is worth noting that N-hydroxyalkylated substituents are often preferred, 

sometimes in combination with N-alkylated substituents to shift the absorption of 

compound to the purple-violet region of the visible spectrum and to improve the 

solubility of the dye in water. N-aminoalkyl substituents have also been introduced as 

an alternative for providing water solubility in additition to better dyeing properties, e.g. 

equilibrium uptake; an example is the purple dye (130)r. However, the hydrophobicity 

of the nitrophenylenediamine dyes is also important since the more hydrophobic dyes 

tend to give better dye uptake, but only if their solubility in the aqueous dye base is 

sufficient to allow a concentration of about 2-5% to be employed; this may explain the 

presence of chlorine atoms and methyl groups attached to the benzene ring in 

compounds (l30)j and (130)t in conjunction with the 2,3-dihydroxypropyl N

substituent. In pigment chemistry, halogen substituents are important to increase the 

solvent fastness of the colorant. 

Nitroaminophenols and nitroaminoanisoles also represent a widely used class of semi

permanent hair dyes and offer to the hair colourist a spectrum of colours from yellow to 

orange, depending on the particular isomer and the substitution pattern. While the 

nitrophenylenediamine series nominally encompasses the same spectral range as the 

nitroaminophenols with 4-nitro-o-phenylenediamine (125) and 4-nitro-m

phenylenediamine (126), the extensive number of the latter series provides much more 

flexibility for these colours than the limited number of compounds in the former series. 

Thus, nitroaminophenols provide most of the yellow to orange dyes in semi-permanent 

hair products, with nitrophenylenediamine dyes supplying orange to purple-violet 

colours. A drawback resulting from their use is however the potential strong colour 
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change associated with phenol ionization at pH 9 to 10, which sometimes restricts their 

use. 

Unlike the nitrophenylenediamine dyes, which essentially use only three starting 

materials, synthesis of nitroaminophenols is versatile allowing numerous isomers to be 

produced by reactions such as replacement of activated halogens by amine, hydroxide 

or alkoxide, nitration, and selective reductions. 

(131) 

Table 8: currently used nitroaminophenol hair dyes [124, 130, 146,284) 

R, R2 R3 ~ Colour 

a H OMe NHCH2CH2OH H greenish yellow 

H 
OCH2CH(OH) 

greenish yellow b NHMe H 
CH20H 

c NHMe H H O(CH2h OH greenish yellow 

d H H OH NH2 greenish yellow 

e H H NH2 OH greeni sh yellow 

f H CI NH2 OH greenish yellow 

g H H O(CH2)20H NHCH2CH2OH greenish yellow 

h H H OMe NHCH2CH2OH greenish yellow 

i NHMe H H O(CH2hOH greenish yellow 

j NH2 OH H H yellow 

NHCH2CH2OH H H 
OCH2CH(OH) 

yellow k 
CH20H 

I NHCH2CH2OH OMe H H yellow 

m NHCH2CH2OH H H OMe yellow 

OH H 
NH(CH2CH(OH) 

yellow n H 
CH2OH) 

0 OH NH2 H H yellow 

p N(OH)(Et) OH H H orange 

q NHCH2CH2OH OH H H orange 

r NH(CH2)30H OH H H orange 

s NH(CH2hNH2 O(CH2h OH H H orange 

In addition to nitrophenylenediamines, nitroaminophenols and nitroanisoles it has been 

found beneficial to add various other related dyes to the palette of the hair colourist for 

83 



the formulation of semi-permanent dye products. Amongst the additional semi

permanent hair dyes are the dinitrophenols (132), (133), (134) and (135) useful to add 

greenish-yellow to yellow shades as well as 4-N-ethylamino-3-nitrobenzoic acid (139), 

the diphenylamines (136), (137) [304], (138) [305] and (144) which found use in red 

shades as well as 2,5-diamino-6-nitropyridine (140) [306, 307]. Certain naphthalene 

(141), quinoxaline (142) [308] and 2H-benzo[b][1,4]oxazine (143) [309, 310] 

derivatives have also been added to the range of semi-permanent dyes. 

Amongst additional semi-permanent hair dyes, certain compounds are anionic and of 

different size, enabling the hair formulator to achieve tailor-made products for any type 

of hair; damaged hair is more porous and thus facilitates the diffusion in and out of 

small molecules such as nitro dyes but may retain diphenylamine, quinoxaline and 2H

benzo[b][I ,4]oxazine derivatives more easily. 

OH 

(132) (134) 

(133) 

(136) (137) 
(135) 

(140) 

(138) 

(139) 
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OH 

(142) (143) 

(141) 

(144) 

Anthraquinone dyes [311] 

Anthraquinone dyes have traditionally been employed In other dyeing industries, 

especially to dye synthetic textile fibres such as polyester, polyamide and 

polyacronitrile. The particular dyes used for semi-permanent hair dyeing are generally 

borrowed from the textile dye range and this enables minimising the cost and widening 

the selection, although factors such as size and nature of the substituents is usually 

critical in hair dyeing. Anthraquinone dyes are significantly larger than the nitro dyes, 

but their size may not prevent penetration and diffusion into the hair fibre, probably 

because the effect of the size is somewhat moderated by their planarity and the non

bulky substituents used. Anthraquinone dyes belong to a chemical family called 

quinones. These compounds contain two carbonyl groups and two double bonds in a 

six-membered ring; p-benzoquinone, one of the isomers, is known to be an intermediate 

in the oxidative hair dyeing process, although, in addition, colorants have been devised 

based on this chromogen and used as direct hair dyes, such as (145) and (146). 

0)-
HN 

\ " CI N_ o 

")-'" ~-6- ) ) " N \ j N\ 0-
0 

(145) HO 

(146) 

85 



The use of anthraquinone dyes as disperse dyes is well known, but before 1960 no 

patents had been published relating to anthraquinone dyes for colouring hair. More 

recently, anthraquinone dyes are being specifically designed and manufactured for their 

application as semi-permanent hair dyes and this allows particular attributes, such as 

increased hydrophilicity, to be built into the molecule. 

The first anthraquinone dyes patented for use to colour hair were water-soluble 

anthraquinone dyes such as (147) and (148). 

o HN~l./ 
I 

o o 

(147) (148) 

Today, the most important anthraquinone dyes employed in semi-permanent hair dyeing 

are described in Table 8. 

(149) 

Table 9: some anthraquinone dyes used in semi-permanent hair colouring 

RI R2 R3 ~ Rs Colour 

a H NH2 H H OH red-violet 

b H NH2 OMe H NH2 red-violet 

c NH2 NH2 H NH2 NH2 violet 

d H NH2 H H NHMe violet-blue 

e H NHCH2CH2OH H H NHMe blue 

f NHCH2CH2OH OH H NHCH2CH2OH OH blue 

g H NHCH2CH2OH H H NHCH2CH2OH blue 

h H OH H H NH(C6H4)p-CH3 blue 

i H NH(C6H4)P-CH3 H H NH(C6H4)P-CH3 purple 

j H H H H H blue 
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Azo dyes [3I2l 

Although azo colorants constitute by far the most important chemical class of 

commercial organic colorants, they have not found use in semi-permanent hair dyeing 

except for a few dyes. Azo dyes employed in semi-permanent hair dyeing (150)-(153) 

exhibit high intensity in colour and reasonably bright colours in addition to the many 

advantages that have been described in Section 2.5.2. 

- )" 

(150) 

Orange 

I ox) 
N ~ I 

-::? .......... N 
H 

° 
(152) 

Red 

OH 

2.6.2. The non-oxidative hair dyeing process 

(151) 

Yellow 

(153) 

Yellow 

In contrast to the oxidative dyeing process, the direct-dyeing process does not involve 

any chemical reactions in situ. This relies only on the diffusion of coloured molecules, 

such as semi-permanent dyes and certain small natural dyes from the formulation into 

the hair cortex. Diffusion is a general phenomenon by which matter is transported from 

one part ofa system to another as a result of random molecular motions. In 1855, Fick 

first adopted a mathematical model to quantitatively study the transfer of heat; he 

assumed that the rate of transfer of diffusing substance through unit area of a section is 

proportional to the concentration gradient measured normal to the section, i.e. 

j =_D
ac 

(7) ax 
where j is the rate of transfer per unit area of section, C the concentration of diffusing 

substance, x the space coordinate measured normal to the section, and D is called the 

diffusion coefficient. However, this law is applicable only in cases in which the 
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concentration gradient is independent of time. In hair dyeing, such steady-state 

conditions are only present at the very beginning. The actual dyeing is a dynamic 

process since the concentration gradient within the substrate decreases. By considering 

the principle of mass conservation through a cross-section, Fick established his second 

law, i.e. 

These Fick's laws are one-dimensional equations but they can be transformed into 

three-dimensional equations; especially for a hair fibre, it is often considered that it is 

analogous to an infinite cylinder and thus Fick's law can be written as [313]: 

ac =!{~(rDaC)+~(D aC)+~(rDaC)} (9) at r ar ar ae r ae az az 
where (r, e, z) are the cylindrical coordinates (Le., x = r cos () and y = r sin () in Equation 

8). In general, the migration of the dyes is characterised in terms of the diffusion 

coefficient D. However, integration of these equations is rather difficult. Direct 

measurements of diffusion coefficients can be carried out by measuring the rate of 

disappearance of dye from solution or by direct observation of dye migration within the 

substrate. Such diffusion coefficients that have been measured by indirect methods are 

sometimes referred as to "apparent" diffusion coefficients. However, such diffusion 

coefficient may not necessarily indicate the rate at which primary diffusion processes 

occur at the molecular level inside fibres. Thus, generally, common assumptions are 

made that the diffusion coefficient varies only with temperature, that there is an 

instantaneous equilibrium between the dye in solution and in the fibre, the so-called 

"infinite" dye-bath assumption. Thus, a simplified solution of Fick' s equations, often 

called Hill ' s solution, can be deduced from these assumptions at short dyeing times and 

written as: 

where C, is the concentration of dye in the fibre at time t, Crt) is the quantity of dye 

absorbed at equilibrium and r is the radius of the fibre. The diffusion coefficient is 

determined from the gradient of the linear region of the graph C1 = f(Ji). 
Coo 

88 



To obtain the concentration dependence of the diffusion coefficient from a single dye 

concentration profile, Matano 's solution of second Fick's law is useful; 

1 dx C1 

D = --- JXdC (11) 
C=C1 2t dC 

o 

where DC=c
1 

is the diffusion coefficient at dye concentration e l , x the distance from the 

fibre surface and C the dye concentration in the fibre. To use Equation 11 , a dye 

concentration profile (plot of the dye concentration against the distance of diffusion), 

which can be determined by micro spectrophotometry, has to be constructed, and the 

diffusion coefficient at specific concentration can then be determined from the slope and 

the area under the curve. Han et al. [314] studied diffusion of dyes into human hair and 

applied Hill's and Matano's solutions of the Fick's laws to conclude that the apparent 

diffusion coefficient of (130)i increased with pH and with increasing temperature; the 

pH-dependence of the diffusion coefficient is easily explained by the capability of the 

hair fibre to swell (see Section 2.3.3) or by the ionisation at lower pH of (130)i. The 

temperature dependence is also explained by the Arrhenius equation (Equation 1, see 

Section 2.3.3). Han et al. plotted 10g(D) = f(~ ) (where D is the diffusion coefficient 

and T the temperature) and they obtained according to Equation 1, the activation energy 

(Ea) from the slope of the lines for each of the pH values (10.4, 6.0 and 5.1). The values 

for the activation energy values varied between 73 and 65 kJ mor l
, which indicates that 

the rate-limiting phenomenon is the diffusion through the fibre. Han et al. also studied 

the effect of solvents, changing the dye bath solvent from water to aqueous ethanol; 

they observed a decrease in the dye uptake, but the diffusion coefficients remained 

similar in magnitude. This effect is explained because the dye used is more soluble in 

the aqueous ethanol system than in water alone; thus, the affinity of dye for the solvent 

phase relative to the keratin is increased, causing more of the dye to partition into the 

aqueous-ethanol phase and less into the hair. 

Another factor, which is crucial in hair dyeing, is the principal intermolecular 

interactions involved in the process. In principle, the non-oxidative hair dyeing process 

involves van der Waals forces due the highly polarity of the dyes such as nitro, 

anthraquinones and azo dyes. Wong has studied the kinetics of dye removal from hair 

and concluded that larger dyes rinse out more slowly from hair than smaller dyes [315] . 

Wong further showed that nitro hair dyes were weakly bound to hair by demonstrating 

that no hysteresis in the adsorption versus desorption kinetics exists. Wong also found 

that the larger dyes, such as anthraquinone dyes, had a greater affinity for hair than the 
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nitro dyes undoubtedly arising from a larger number of polar and van der Waals dye

hair interactions. These observations are used by the hair formulator who generally 

blends dyes of the similar colours but with various molecular structures. 

2.6.3. Thejormulation ojsemi-permanent hair dye products [130, 131J 

As already discussed, semi-permanent colorants were originally marketed for 

consumers wishing to cover the first sign of greying, but in recent years, products with 

higher dye loadings giving intense coloration have appeared for younger people who 

desire to highlight or brighten their natural hair colour. They are also used for colouring 

heavily damaged hair, i.e. permed or bleached, that may not tolerate the rigorous 

conditions of oxidation dyeing. Semi-permanent hair products offer the advantages that 

they are easy to use and reversible; they contain no ammonia or peroxide, they do not 

require mixing and an undesirable result can be removed by repeated shampoos. Since 

semi-permanent hair products do not include hydrogen peroxide, they do little, or even 

no damage to the fibre, but, as a consequence, they are unable to lighten hair. Semi

permanent products consist of a mixture of dyes, blended, to give the desired shade. 

Browns, reds, and blacks are the most popular shades; this is not surprising as the 

primary function of this type of product is to perform a "tone-on-tone" colouring and 

because most natural hair colours are comprised into these shades (see Section 2.2). 

Product lines also include lighter shades and blonds, but these are not as popular 

because of the less noticeable nature of grey in these shades. They are usually applied 

to the wet hair after shampooing and rinsed out with water after waiting for 10 to 30 

minutes. Semi-permanent dyes are normally formulated for application on natural, non

bleached hair. Perhaps the most important feature of semi-permanent products is their 

ability to temporarily swell the hair fibre to permit penetration of the dyes; the cuticle 

scales are lightly raised up to allow thorough diffusion of the dyes into the cortex and 

then close back down to retain the dyes. This process must occur in a limited time and 

at ambient temperature (occasionally, under a cap or even the hairdresser's hairdryer), 

therefore, most products are formulated in a pH range of 8.5-9.5 secured by a swelling 

agent such as a primary amine, especially aminomethylpropanol or aminoethyl 

propanediol. Ammonia is rarely used, since many dyes are not stable in its presence 

and also due to its repulsive odour. However, the choice of alkanolamines is critical 

since possible amine exchange reaction, in the case of nitro dyes where the amino group 

ortho to the nitro group is replaced by the amino group of the swelling agent, can occur 

resulting in a significant colour change. Furthermore, some alkanolamines are reported 
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to be active reducing agents for nitro groups, also resulting in significant colour changes 

during storage. Attempts to formulate the product at a lower pH have been carried out, 

but this considerably slows down the diffusion process since the hair fibre is less 

swollen than at alkaline pH preventing the penetration of the dyes. Even if the swelling 

agent and solvent help dyes, which a priori would not have penetrated through the hair 

fibre, entering the hair fibre, the selection of the dye components is critical to obtain an 

even coloration. Furthermore, as has been discussed, many of these colorants are 

expensive and difficult to synthesize. In order to obtain an even colour throughout the 

hair fibre it is common practise to use several dyes of the same approximate colour but 

different molecular sizes. The larger dyes, essentially anthraquinone and azo 

derivatives, tend to be retained by the more damaged tip end, whereas they do not 

penetrate the relatively undamaged and so less porous root. In contrast, the smaller 

molecules, generally nitro dyes, will penetrate the entire hair fibre, including the 

relatively undamaged and so less porous root, but will wash out of the more porous tip 

end. This difference is magnified on damaged hair. An example of this type of 

combination include HC2 Red No. 1 (136) and 3 (130)i, both nitro-p

phenylenediamines, but the former being a diphenylamine. It should be noted that a 

colour loss by shampooing and can result in significant shade changes if it has not been 

taken into account in the formulation. Another example of how critical is the selection 

of the dyes within a same chemical class is that, in the case of nitro dyes, N-substitution 

often results in a bathochromic effect, but also results in a decrease in keratin affinity. 

However, due to the inherent nature of the substitution, there is an increase in water 

solubility. The basic or acid character of the substituents also modifies the resulting 

shade, according to the pH at which the formulation is applied. However, the decrease 

in keratin affinity can be compensated by using a higher dye concentration. 

Additionally, as spectral shifts due to N-substitution are relatively independent of the 

chemical nature of the substituents, physical properties of the dye such as its keratin 

affinity, solubility, partition coefficient as well as control of colour can be adjusted by 

selection of a particular substituent. This is why a wide variety of substituent types 

have been patented for nitro dyes. 

The selection of the adequate dyes is also important when considering the application of 

a shampoo, fixative, or permanent wave lotion; this is why it is preferable to avoid dyes 

2 HC is the designation for a hair colorant with its colour number; it is assigned by an International 

Nomenclature Committee for hair dyes which have no Colour Index number or government approved 

name; and whose chemical names would be too complex for cosmetic labelling. 
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that act as acid-base pH indicators, which would produce pH-dependent colour changes. 

It is also preferable to avoid certain azo dyes, which by the reducing action of 

thioglycollates of permanent wave lotions, can yield a change in colour or even the 

generation of allergenic p-diamines. 

2.6.4. Problems associated with the lightfastness and the toxicology of direct dyes 

In direct hair dyeing, while washfastness is not as crucial as permanent hair dyes since 

dyes should fade naturally on-tone throughout shampoos, the lightfastness is a very 

important physical property for the dyes. As an example, Corbett [316] has studied the 

lightfastness of some nitro dyes; a series of nitrobenzene dyes including nitro-phenols, -

anisoles, -ani lines, -aminophenols, -aminoanisoles, and -p-phenylenediamines, their N

substituted derivatives and nitrodiphenylamine derivatives, was used to dye wool 

flannel. These pieces were irradiated for 8 hours with a conventional lamp In a 

fadeometer, with the samples at a distance of 10 inches from the light source. The 

colour of the cloth pieces was determined after irradiation. Corbett demonstrated that 

for mono-substituted nitrobenzene dyes, the ortho substituted dyes were the most light

stable, the para substituted the least light-stable dyes, while the meta substituted had 

intermediate lightfastness. For nitrobenzene dyes containing two electron-donating 

groups, those with 2,5-substitution were the most light stable, and those with 2,4- and 

3,4-substitution had poorer lightfastness properties. This explains why certain dyes 

having the same approximate colour are preferred; thus, to find a yellow dye, particular 

attention should be paid to o-nitroaniline derivatives and derivatives of 4-nitro-o

phenylenediamine, while p-nitroanilines and 4-nitro-m-phenylenediamines should be 

disregarded. It is worth noting that a dimethylamino group ortho to a nitro group 

renders the dye much less stable than the analogous dye having an N-unsubstituted 

amino group. This may be explained by the fact that the N,N-substitution of the amino 

group prevents H-bonding between this group and the nitro group. H-bonding is 

generally believed to be responsible for good lightfastness; this has been explained by 

the reduction of electron density at the chromophore, i.e. the nitro group, reducing the 

sensitivity of the dye towards oxidative photochemical processes. Although this may be 

an explanation, there are certainly others factors which are implied in this process; 

according to this theory, the 4-nitro-m-phenylenediamine should have better 

lightfastness properties than 3-nitro-o-phenylenediamine, but it is not the case. 

However, the selection of a particular dye is generally made on the basis of colouristic 

properties such as intensity and brightness and physico-chemical properties such as 
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lightfastness but also solubility and molecular size. Nitro dyes have low colour 

strength. In terms of intensity, nitro dyes, in particular exhibit low extinction 

coefficient (about 4000 L mor l cm- I
) compared to azo colorants (about 20,000-30,000 

L mor l cm- I
). There is, therefore, a need for small colorants such as the nitro dyes with 

the same lightfastness but with higher intensity. 

The toxicology of the substances used is also a major concern in non-oxidative hair 

dyeing, as it is for permanent hair coloration [57, 137, 152-154, 317]. In direct hair 

dyeing, it also represents, nowadays, a major driving force for intensive research in the 

development of new hair dyes, although long-term toxicological risks from direct dyes 

are relatively low [318]. 

The same safety assessment as permanent hair dye products has been conducted. 

Results of dermal toxicity studies on non-oxidative hair dyeing ingredients have shown 

that some direct dyes are known to have sensitising potential. It is rather difficult to 

correlate the sensitising potential with chemical classes. For example, the 

diphenylamine (136) has been demonstrated to be a contact sensitiser and a mild ocular 

irritant [319], while the diphenylamine (137) showed no skin irritation, sensitisation, or 

photosensitization in animal or clinical tests, although it possesses a mild ocular irritant 

effect [320]. 

Mutagenicity studies have been carried out particularly on nitro and azo dyes, as an 

indication of the genotoxicity of a compound. The results of the Salmonella assay, the 

so-called Ames test for a range of nitro, azo and anthraquinone dyes have shown that all 

were mutagenic (see Table 10). However, studies have shown that positive results in 

the Ames test did not imply carcinogenic potential [167]. Studies on the correlation 

between molecular structure and Ames test results have been carried out with nitro dyes. 

Shahin et al. [321] discovered that blockage of one amino group in nitro-p

phenylenediamine by two hydroxyalkyl groups or blockage of both amino groups, each 

by hydroxyalkyl groups, eliminated the mutagenicity activity of the compound; while 2-

nitro-p-phenylenediarnine is a strong mutagen [166, 172, 322-324], 2-amino-5-N,N

bis(~-hydroxyethyl)arninonitrobenzene and 2-N-(~-hydroxyethyl)amino-5-N-(~

hydroxyethyl)arninonitrobenzene are not mutagenic. A comparable study on the 

structure activity relationships of nitroanilines and nitroaminophenol have revealed that 

the mutagenic activity may be dependent on the position of the amino, nitro and 

hydroxy groups in their molecular structure [325] . Chung et al. also recently 

demonstrated that the introduction of the nitro groups makes some phenylenediamines 
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direct mutagens, such as 2-nitro-p-phenylenediamine, 4-nitro-o-phenylenediamine [166, 

324, 326, 327] and 3-nitro-o-phenylenediamine [324]. The molecular structures and 

their responses to Salmonella assay are outlined in Table 10 for some hair dyes; minor 

differences in substituent groups can lead to major differences in mutagenicity. It is 

worth noting that 2-nitro-p-phenylenediamine and 4-nitro-o-phenylenediamine are 

currently used in semi-permanent hair dyes in Europe, but not in the United States, 

since from extensive studies they are believed to be possible carcinogens. 

Table 10: Results of in vitro genotixicity tests for rodents' carcinogenicity of some direct dyes with 
carcinogenicity rating from the US National Toxicology Program [168, 178,3281 

Hair dye Salmonella assay Carcinogenicity rating 

HC Blue No.2 (130)p + -

HC Red No.3 (130)i + -

2-amino-4-nitrophenol (131)e + -
2-amino-5-nitrophenol (131)d + -

4-nitro-o-phenylenediamine (125) + + 

4-amino-o-nitrophenol (131)0 + + 

2-nitro-p-phenylenediamine (124) + + 

In the series of nitro dyes, anomalies between genotoxicity tests remain from different 

sources, rendering interpretation difficult; for example, while HC Blue No. 1 (130)q is 

positive at the Ames test for Selkirk et aI., it is negative for Shahin et ai. [329]. 

However, the risk that nitro derivatives undergo a biochemical reduction in the body by, 

for example, the protein ferredoxin, is known [330]; these processes generate aromatic 

amines which are even more toxic for the metabolism. 

Although there is still much to be learned about the relationship between mutagenicity 

in vitro and the actual risk of carcinogenicity, extensive and reliable laboratory and 

research work is essential because of the diverse problems to be solved and the large 

number of products already developed. 

2.7. Further developments in nitro dye chemistry 

Although, compared to the permanent hair coloration market, the semi-permanent hair 

coloration markets are much less important in terms of sales, the research and 

development departements of hair dye companies are very active in the search for new 
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direct dyes with improved colouristic and physico-chemical properties and also to tackle 

any potential ban resulting from decisions of the FDA in United States, the SCCNFP of 

the European Commission or the Ministry of Health, Labour and Welfare in Japan. The 

patent literature is replete with colorants that have not achieved commercial importance. 

Generally, this is not because of their ineffectiveness at colouring, but rather the use of 

expensive components or the development of unwanted side effects. 

As a major chemical class of semi-permanent hair dyes, nitro dyes have undergone 

many improvements although, nowadays, due to toxicological considerations related 

with the benzene-based dyes, or simply the exhaustion of the chemistry used since the 

early developments, it seems that, according to the recent patent literature, hair dyes 

companies have turned more towards new chromophores. 

However, some innovative new nitro dyes continue to be introduced in the patent 

literature. Sulfur-containing nitro dyes such as (154) have been found to provide 

intense yellow to orange colours, having a better affinity for the hair fibre and they do 

not possess the offensive odour characteristic of sulphur compounds, although they 

have not been launched commercially [331]. More recently, new derivatives of nitro 

dyes have been developed to combine hair colouring and hair styling. For this purpose 

the nitrobenzene nucleus has been substituted with alkylthio groups resulting in a range 

of new nitro dyes such as (155), although these dyes have also not reached a 

commercial outcome [332]. 

I 
HN 

o~ 

jl'~OH o 

(154) (155) 

Very recently, the introduction of a new class of nitro dyes proved how active is the 

search for new direct dyes for hair coloration. These 7-nitro-2,1,3-benzoxadiazoles 

such as (156) and (158) and 7-nitro-2,1,3-benzthiadiazole such as derivatives (157) 

possess outstanding colouristic properties, matching almost the colouristic properties of 

the azo chromophore as has been reported by Umbricht et a!. [333] and Pasquier et a!. 

[334]. These compounds are capable of providing yellow to violet colours. 
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(156) 

X R\ R2 Amax* (run) e (L mor l em-I) 

a NH H H 472 23410 

b NH NH2 H 488 17120 

c NH NH2 CH2CH20H 490 18125 

d NH OH H 482 14160 

e 0 H H 370 11100 

N N 

II II 

(157) (158) 

Amax* = 574 run (24028) Amax* = 570 run (42647) 
* in ethanol 

Nevertheless, the most important developments in nitro dyes in recent years is the 

conversion to their cationic salt to improve the uptake of the dye by the hair fibre. Nitro 

dyes directly quaternised on the nitrogen adjacent to the ring lose the auxochromic 

effect of the amino group and are thus yellow. Thus, to retain the hue of the dyes, Chan 

et al. converted 0-, p-nitroanilines and nitroaminophenols to ammonium salts by 

quatemising a tenninal primary amino group resulting in cationic nitro dyes such as 

(161) [335]. More recently, Genet et al. carried out similar work on nitroanilines [336] 

and nitrophenylenediamines [337], but using the N-methylimidazolium salt resulting in 

cationic nitro dyes such as (159) and (160). In addition, Genet introduced a new series 

of nitro dyes such as (162) [338]. This innovation has also been applied to dye 

precursors for oxidative hair dyeing [339]. The bridged bis-nitro dyes may possess 

better washfastness properties due to their relatively large size, but may not penetrate 
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the hair fibre as easily as the simple nitro dyes; however the cationic charge which 

favours the uptake ofthe dye may counterbalance this difficulty. 

(159) 
(160) 

(161) 

(162) 

2.7.1. Nitroanilines 

This class is of minor importance in semi-pennanent hair coloration and that is reflected 

by the lack of patent activity for these particular compounds, although a recent patent 

introduced new p-nitroanilines as potential yellows for semi-pennanent hair coloration 

[340]; this patent is also the result of the search for new dye precursors for oxidative 

hair dyeing since a simple reduction step from the p-nitroaniline gives suitable p

phenylenediamine derivatives. 

2.7.2. Nitrophenylenediamines 

The most bathochromic arrangement of nitrophenylenediamines, 2-nitro-p

phenylenediamines has suffered from a major disadvantage for application in hair 

coloration, i.e. its solubility or even its dispersibility in water. This has as a main 

consequence that it produces uneven colours on hair in addition to weak colours. N

polyhydroxyalkyl substitution have been a successful way to increase the solubility of 

these particular derivatives, although this N-substitution may have drawbacks in tenns 

of increased genotoxicity, weak intensity or poor fastness properties towards light, wash 

or perspiration; this explains why a number of these patented molecules have not been 

introduced commercially [341-343]. Very recently, another approach has been 

implemented which consists of substituting an amino group by a cyclooctane or a 
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cycloheptane resulting in (163) and (164), very hydrophobic groups to enable a better 

dispersibility in the formulation [344]. 

(163) (164) 

The trifluoroalkyl group has been incorporated into the nucleus of nitro-p

phenylenediamine to improve the washfastness especially towards shampoos [345, 

346]. This group has the advantage of increasing the washfastness, without changing 

the hue of the particular dye. A success of this feature has been achieved in 0-

nitroaniline dyes [347]. 

In addition to this problem, 2-nitro-p-phenylenediamine has been criticised in terms of 

toxicology. The unsubstituted parent compound has been banned in the United States, 

but is still in use in Europe. As a result, attempts have been made to replace these 

derivatives. In a study of structure-activity relationships, Shahin et al. have 

demonstrated that in the series of nitro-p-phenylenediamines, nitro-p-phenylenediamine 

itself is active to Salmonella typhimurium while 2-nitro-6-methyl-p-phenylenediamine 

and 2-nitro-6-p-hydroxyethyl-p-phenylenediamine are weakly mutagenic and more 

bulky substituents such as hydroxypropyl or isopropyl in 6-position make them non

mutagenic [327]. In addition to the commercially successful compounds 2-(4-amino-2-

chloro-5-nitrophenylamino )ethanol and 2-( 4-amino-2-methyl-5-

nitrophenylamino)ethanol, a number of derivatives have been developed which have not 

reached a commercial outcome [348, 349]. 

Allylaminonitro-p-phenylenediamine derivatives have been patented although they have 

not been launched commercially [350]. The highly electrophilic allyl group may react 

with proteins of the hair fibre and thus generate toxicological problems. This dye may 

have been synthesised for an application in polymeric dyes, by polymerising the actual 

allylamino nitro dye. 

The more hypsochromic arrangement of nitrophenylenediamine derivatives, 4-nitro-m

phenylenediamine, has not proved useful in hair coloration probably due its colour and 

poor lightfastness properties, although a number of derivatives, including derivatives 

halogenated in the 6-position [351] and cationic salts [352, 353], have been published 
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and recently a patent describing a method for producing the sulphate salt has been 

issued [354]. 

2. 7.3. Nitrophenois 

This is the second most important grouping of the nitro dyes. Some nitroaminophenols 

have been introduced in the patent literature, derivatives based on 3-amino-6-methyl-2-

nitrophenol [355, 356], 6-nitrobenzo[d][1,3]dioxol-5-amine and alkyl [357] or alkoxy 

[358-360] substituted 2-nitro-p-aminophenol. A major drawback resulting from their 

use is the potential strong colour change associated with phenol ionisation at pH 9 to 10; 

simple O-substitution is however capable of counteracting this phenomenon but at the 

same time, the compounds reduce in solubility. Therefore, nitraminophenols with 

polyhydroxyalkyl or aminoalkyl substituents have been introduced resulting in 

compounds such as (165) and (166) to improve their solubility [361]. 

N02 

HO 

"""0 
(167) 

(165) 
(166) 

Nitrobenzaldehyde derivatves, such as 5-nitrovanilin (167), have also been patented 

[362] but due to the known toxicological issues associated with aldehydes and ketones, 

these particular dyes have not been used in non-oxidative hair coloration. However, 

nitrobenzaldehydes are intermediates for imines, by condensation of a compound 

containing an amino group [363]; derivatives of (168) have been patented although they 

only provide yellows with satisfactory intensity «168); Amax (ethanol) = 407 nm log(c) = 

3.73) . 

H 

HO~N 

(168) 

99 

#N~ 
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2.7.4. Nitrodipltenylamines 

Following the commercial success of 2-(4-amino-2-nitrophenylamino)benzoic acid, a 

number of nitrodiphenylamines substituted with carboxylic acids and sulphonic acids 

groups have been patented [364, 365] to tackle the problems associated with 

nitrophenylenediamines, i.e. on the one hand the low solubility in water and on the other 

the poor washfastness properties; adding anionic character to the nitrodiphenylamines to 

increase the electrostatic forces between the dye and the hair fibre in addition to the 

larger size was thought to be capable of addressing these problems. Furthermore, it has 

already been noted that the introduction of carboxylic acid and sui phonic acid groups in 

p-phenylenediamine derivatives reduced the genotoxicity of the dyes [366]. However, 

these particular derivatives have not reached a commercial outcome. 

2.7.5. Dinitro derivatives 

Following the commercial success of some aminodinitrophenols, attempts have been 

made to tackle the problem usually associated with this type of dyes, i.e. the poor 

fastness properties. Thus, various hydroxyalkyl substituents have been introduced in 

the 6-position of 2,4-dinitrobenzenamine derivatives [367, 368]. Other dinitroanilines 

derivatives, especially 2,6-dinitroanilines which impart a yellow colour to the hair fibre, 

have been patented to improve the colour intensity of the nitro dyes usually used for 

yellow shades, l.e. o-nitroaniline derivatives and derivatives of 4-nitro-o

phenylenediamine. Dinitropyridines have also been patented, especially 2-amino-3,5-

dinitropyridine for use in oxidative hair coloration, not as coupler but as a direct dye to 

add nuances, since pyridines have been demonstrated to be toxicologically safer than 

their corresponding benzene analogues [369]. 

Before ending this section on recent developments in nitro dyes, it is worth mentioning 

that attempts have been made to use p-nitrosoanilines as semi-permanent hair dyes; 

although they give very intense colours, the toxicological issues associated with this 

kind of compound are not compatible with their use in hair colouring [370, 371]. 

Hydroxy derivatives of benzaldehyde have also been patented for use as direct dyes, 

although their range of colours is very limited and toxicological aspects, such as those 

discusse for 5-nitrovanilin (167) has prevented them from commercial use [372]. 
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Chapter 3 - A novel approach to semi-permanent hair dyes using 

molecular modelling-assisted design 

In 1998, Shirai et al. introduced a series of new fluorescent dyes based on 2,5-diamino-

3,6-dicyanopyrazine (172) [4, 5]. The synthetic route to (172) reported by Shirai et al. 

involves the production of the key intermediate 2,3-diamino-3-(phenylthio )acrylonitrile 

(171) via the oligomerisation of three equivalents of hydrogen cyanide (169) in the 

presence of diphenyldisulfide (170). The oxidative coupling reaction of (171) in 

benzene in the presence of an aqueous solution of citric acid and sodium citrate under 

atmospheric oxygen gives 2,5-diamino-3,6-dicyanopyrazine (172) in a 75% yield [5]. 

H N 

(169) 

+ 

( ) ,-, ( ) 
(170) 

(171) 

Citric acid. 
Sodium citrate 

(172) 

75% 

Oxidation 

Scheme 21: synthesis of 2,S-diamino-3,6-dicyanopyrazine 

In the literature, apart from the publications from Matsuoka [373], Shirai et al. [374-

376] and Kim et al. [377, 378], there have been few reports of the pyrazine system as a 

potential chromophoric system for new dyes. The aim of the project was to investigate 

molecules based on this type of chromophoric system with the introduction of the 

required chemical functionality to provide potential semi-permanent hair dyes. This 

investigation was broadened to other diazine-based chromophoric systems such as 

pyrimidines and pyridazines. The selection of potential semi-permanent hair dyes was 

then carried out and syntheses were devised and implemented. 
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3.1. Objectives of the development of colour-structure relationships 

Relationships between the colour and molecular structure of organic dyes have long 

been a subject of great interest to the colour chemist [379]. Such studies have always 

had one principal objective, namely to provide a means for understanding and 

predicting the colour of a molecule from a knowledge of its structure. 

The colour of a molecule arises from the ability of the molecule to selectively absorb 

certain wavelengths of visible light, i.e. electromagnetic radiation anywhere in the 

wavelength range 400-750 nm. The remaining wavelengths of light are transmitted, 

thus giving rise to the observed colour. The colour of a dye can be defined in terms of 

three attributes such as hue, intensity and brightness. 

• The hue of a dye is determined essentially by the absorbed wavelengths of light, 

i.e. by the "'-max value obtained from the UV -Visible spectrum. A shift of the 

absorption band towards longer wavelengths is referred to as a bathochromic 

shift and the reverse effect, a shift towards shorter absorbed wavelengths, is de

scribed as a hypsochromic shift. 

• A useful measure of the intensity of the colour of a dye is given by the molar 

extinction coefficient (8) at its "-max value. This quantity may be obtained from 

the UV-Visible absorption spectrum of the dye by using the Beer-Lambert law. 

The prediction of intensities is of great importance to the hair colour chemist, as 

intense dyes have the greatest economic advantages. 

• The third attribute, brightness, depends on the absence of wavelengths of 

transmitted light other than those of the hue concerned. Brightness of colour is 

characterised, in terms of the UV -Visible spectrum, by the shape of the 

absorption band. Dyes which exhibit bright colours show narrow absorption 

bands, whereas broad absorption bands are characteristic of dull colours. 

Unfortunately, a quantitative prediction of bandwidths has yet to be devised, 

although, in some cases, they can be predicted in qualitative terms. In addition, 

other colour properties are significant such as the polarisation of absorption 

bands and the effect of molecular environment on the position of the absorption 

band. 
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3.1.1. Predictive methods: resonance theory and quantum theory 

The first real attempt to establish a general theory relating colour to molecular 

constitution was made by Witt in 1876 [380]. Witt considered that a dye molecule 

could be deconstructed into discrete units, the total combination of which gave rise to 

colour. Witt noted that all dyes known at the time of his theory, contained one or two

fused phenyl rings and that attached to the rings were simple unsaturated groups, such 

as - N02, - NO, - N=N-, - C=O, which he called chromophores. Combination of an 

aromatic nucleus and chromophores generally gave rise to either a weak colour or none 

at all and such a union was termed a chromogen. However, intense colour could be 

developed from a chromogen by attaching groups such as - NH2, - NR2 or - OH, which 

he called auxochromes. 

A few years later, the approach suggested by Witt was adopted by Kauffmann [381] and 

further developed. Kauffmann examined the influence of multiple auxochromic 

substitution on colour and the importance of the relative positions of auxochromes and 

chromophores in a dye molecule. Kauffmann was the first to adopt the Valence-Bond 

(VB) theory also referred to as resonance theory to explain colour in conjugated systems 

[382]. Kauffmann suggested that if an unsaturated organic molecule can be represented 

reasonably as a hybrid of two extreme resonance or canonical forms , then the closer the 

two forms are in energy, the smaller will be the gap between the ground and first 

excited state, i.e. the more bathochromic will be the absorption band. However this can 

lead to many erroneous predictions since resonance theory assumed that only a few, low 

energy resonance forms contribute to the hybrid molecular structure. In fact, various 

high energy forms may make an important contribution to the excited state of a 

molecule and neglecting these high energy forms can lead to the inaccurate predictions. 

Molecular orbital theory was derived independently by Hund [383] and by Mulliken 

[384] in the late 1920s. The orbital theory is based on quantum theory which described 

the electron behaviour as a form of electromagnetic radiation, i.e. in terms of a wave 

function Ijf. The physical significance of Ijf is that ~ dt represents a probability function 

to find the electron in a region of the space and thus the value of the product integrated 

over all space will be unity; the wave function Ijf is said to be normalised. 

The basic assumption of orbital theory, derived from quantum theory, is that there exist 

certain discrete electronic energy levels, or orbitals, in a system. These orbitals have, in 

addition to discrete energy values, certain spatial characteristics. The overall electronic 

structure of the system can be established by determining the energy values and spatial 
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characteristics of the orbitals and by considering the electron occupancy of the orbitals. 

The Aujbau principle, which states that in determining orbital occupancy, each orbital, 

starting with the one of lowest energy, is "filled" with two electrons until all the 

electrons are "used up", is utilised. Thus, knowledge of the electronic structure of a 

molecule can give insight into its chemical behaviour, such as its light absorption 

properties. In 1926, Schrodinger introduced an equation which underlined the 

molecular orbital theory which may be simplified to: 

HI.f/ = EI.f/ (12) 

where I.f/ is the wave function also referred to as eigenfunction, E is the energy of the 

system also referred to as eigenvalue and H is the Hamiltonian operator. The solution 

of Equation 12 gives a fixed number of values of E which are the energy states available 

to the electrons in a particular atom or molecule. Unfortunately because of the 

complexity of the mathematics involved, even with the computing power currently 

available, the equation may be solved exactly only for relatively simple atomic and 

molecular systems. In general, coloured molecules have particularly large molecular 

frameworks, so that approximate approaches to the calculation of electronic transition 

energies E are essential. 

3.1.2. Hackel Molecular Method (HMO) 

In the 1930s, based on the molecular orbital method, Huckel developed a theory applied 

to unsaturated hydrocarbons [385-392]. In Huckel theory, only the 1t-orbitals of an 

unsaturated system are considered and the molecular orbitals If! are written as a linear 

combination of atomic orbitals £P (the LeAO approximation). Thus, If! written as a 

linear combination of atomic orbitals £P may provide a solution of Schrodinger's 

equation: 
n 

Lc;(H - E)rp; = 0 (13) 
;=1 

The coefficients Cj can be determined by multiplying Equation 13 by one of the atomic 

orbitals £Pj and integrating over all the three dimensional space. 

This gives the so-called secular equations: 

n +00 

LC; Jrp/H - E)rp;dr = 0 (14) 
; =1 -co 

If the quantities Hi} and Si} are defined by: 

+00 

JrpjHrp;dr = Hi) (15) 
-co 
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and 

+00 + CX) 

fqJ j EqJ;dT = E fqJ jqJ;dT = ESij (16) 
-CX) -CX) 

Then the equations have the form 

n 

L c; (H ij - ES;) = 0 (17) 
;=1 

There is one equation of this type for each atomic orbital (fJj in the set. To find their 

solutions the allowed energies are first determined by equating the secular determinant 

to zero: 

In the Huckel theory, many approximations are made concerning these integrals. 

• Because atomic orbital wave functions are normalised, all Sjj integrals are equal 

to 1. 

• The Si) integrals, however, contain the product of two different atomic orbitals 

and are a measure of the degree of overlap of the two orbitals {fJi and (fJj , and are 

called the overlap integrals. In the Huckel theory procedure, all Si) integrals are 

taken as zero. This assumption is called the zero differential overlap or ZDO 

approximation. 

• Each Hii integral is a discrete energy quantity, and represents the energy of an 

electron whilst it occupies the atomic orbital (fJ i. This energy is called the 

Coulomb integral, ai defined by: 

+ CX) 

fqJ ;HqJ;dT = a; (19) 
-CX) 

• The Hi) integrals are also energy quantities, and since the two orbitals {fJj and {fJj 

are contained in the integrals, these can be regarded as the energy of an electron 

whilst it occupies the region of overlap of orbital {fJi with (fJj. 

This quantity is called the resonance integral, Pi) defined by: 

+00 

fqJ j HqJ,dT = Pij (20) 
-CX) 

In the Huckel theory, resonance integrals of non-adjacent atoms are regarded as 

zero (owing to the small degree of overlap). 
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The eigenvalues, i.e. the 1t-orbital energies of a molecule, are found from solution of the 

secular determinant and these energies can be expressed as a function of a and p and are 

of the general form: 

where Xn is a solution of the secular determinant (Equation 18). 

From Huckel theory, the transition energy for the promotion of one electron from 

orbital m to orbital n is then given by the energy difference between the two relevant 1t

orbital energies, Em and En. The a term then eliminates itself according to Equation 20, 

and transition energies are thus expressed solely in terms of some multiple of p. 
However, due to the fact that the energy quantities a and p do not specifically include 

repulsion energies owing to the presence of several 1t-electrons, poor predictive results 

are often obtained. 

The LCAO assumption in the Huckel theory is particularly useful for describing charge 

distributions in conjugated molecules. In a typical molecule, some of the orbitals may 

contain two electrons in each and in the general case, the net 1t-electron density will be 

given by the expression: 

n 

Qi = LCr,/ .Nr (22) 
r =1 

where Nr is the number of electrons in each orbital r. 

The LCAD approximation in the Huckel theory is also useful for describing bonding 

properties in conjugated molecules. The quantity CI'C} can be regarded as a measure of 

the probability of finding an electron in the region of overlap between two adjacent 

atoms, i andj. Since the product of the two coefficients CI and c) is related to the degree 

of bonding, Cj.c) is referred to as the partial x-bond order for the bond between i andj. 

For a molecule containing several electrons in various molecular orbitals, the total 1t

bond order between atoms i andj, Pi) is expressed as: 

n 

Pi) = Lcr./·cr.J.Nr (23) 
r =1 

where the sum is over the occupied orbitals r, and N, is the number of electrons 

occupying each orbital. It is worth noting that a pure 1t bond has a 1t-bond order of 1. 
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The failure of Huckel theory to explain spectroscopic data played a large part in the 

initial development of the self-consistent-field theories. 

3.1.3. The Pariser-Parr-Pople molecular orbital method (PPP-MO) 

A major advance in colour prediction was made in the early 1950s when a self

consistent molecular orbital method specifically taking into account interelectronic 

effects was developed by Pariser et al. [393, 394] and Pople [395]. Additional 

advantages of the method when compared with the HMO method procedures are the 

ability to handle heteroatomic systems reliably and to distinguish between singlet and 

triplet states as well as the dependence of the calculations on molecular geometry. 

Although the PPP-MO method still contains many approximations, and is dependent on 

empirical parameters, it is the best suited method for the routine calculation of the 

electronic spectra of very large molecules. 

The PPP-MO method retains the cr-1t separation principle and the ZDO approximation 

from the HMO method and is based on the same LCAO approximation. However, the 

fundamental difference between the HMO method and the PPP-MO method lies on the 

fact the (J.i and jJij terms do include the effects of electronic repulsion. The main 

difficulty in the PPP-MO method is thus to assign the appropriate values to each (J. i and 

jJij, ensuring that electronic interactions are adequately accounted for. 

The PPP-MO method is based on similar equations as the HMO method. However, it is 

taken to be eigenfunctions of an operator F: 

F'I' = E'I' (24) 

and by considering the LCAO approximation, the coefficients and energIes are 

determined by the equations: 

where, 

+00 

ffPlJ FfPjdr = F}/i (26) 
-00 

However, unlike the HUckel operator H, F is well defmed by the elements of the full 

Hamiltonian and F IJi are given by expressions first derived by Lennard-lones [396, 397] , 

Hall [398] and Roothaan [399]. 
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H:re is called the core Hamiltonian for an electron. It consists of the kinetic energy 

operator for an electron and the potential energy between an electron and all atomic 

cores of the molecule. The remaining terms give the effect of the electron interaction in 

which: 

which is to be interpreted physically as the repulsion between an electron distributed in 

space according to the function {fJ,,{fJ i (1) and a second electron distributed in space 

according to the function {fJp{fJu (2) . 

According to the ZDO approximation, unless there is some region of space in which {fJ" 

and {fJ i or {fJp and {fJu are simultaneously nonzero, (uilPo-) is equal to zero. Additionally, in 

the ZDO approximation, if {fJ" and {fJi are different orbitals, then only the repulsion 

integral arises from the summation over p and (j and that occurs when p = J1 and (j = i , to 

give: 

(u,ulii) = r JJi (29) 

Thus, the operator F"i can be written more simply as: 

If a resonance integral P"i is defined by analogy with the HMO theory: 

P Peore 1 p 
J11 = JJi - 2" JJi r JJi (31) 

p; re refers to the attraction energy of the electron localised between atoms J1 and i , the 

attractive force arising from the positively charged nuclear framework, assuming that 

the other 1t-electrons have been removed. The additional term is the electron repulsion 

energies also referred to as two-centre repulsion energy. This term arises from the 

interaction of an electron residing in the overlap region of atoms J1 and i and the other 1t

electrons. 

In the case where J1 = i, the ZDO approximation led to the expression for the operator 

F"i: 
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If a coulomb integral ap' is defined by analogy with the HMO theory and the remaining 

term is developed taking into account Equation 29: 

core 1 P "p a II = a II + - lill Y 1111 + L... pp Y liP (33) 
2 P*II 

However, this latter equation can be further transformed by noting that the term Pp.p. is 

defined as the total 1t-bond order between atoms JI. and JI. , i.e. the net 1t-electron density 

on the atom JI.: 

a core refers to the attraction energy of the electron localised on atom JI. , the attractive 
II 

force arising from the positively charged nuclear framework, assuming that the other 1t

electrons have been removed. The two additional terms are the electron repulsion 

energies also referred to as one-centre repulsion energy. These terms arise from the 

interaction of an electron localised on atom JI. with all the other 1t-electrons. 

a :,ore is approximately the valence state ionisation potential (VSIP) of atom JI.. The 

VSIP, which can be calculated from experimental data, is the energy required to remove 

a p electron from the atom whilst the latter is in the appropriate state of hybridisation. 

p;re is in general determined by empirical values for specific bonds and modified to 

suit the bond lengths present in the molecule under investigation. 

The term yp.p. is the repUlsion energy between two p electrons residing on the same atom 

JI. , whereas yp.p is the repulsion energy between the two electrons, each on different 

atoms JI. and p. 

The one-centre repulsion integral Y/Jp. is obtained from the relationship: 

Y 1111 = VSIPII - A ll (35) 

where A p. is the electron affinity of atom JI. , determined experimentally. 

The two-centre electron repulsion integrals YIIP are determined by the Mataga-Nishimoto 

empirical relationship [400]: 

Y liP = 2e2 

d liP + (r lill + Y Pp ) 

(36) 

where e is the net charge of the electron and d p.p is the distance between atom JI. and p. 

This relationship demonstrates the dependence of the calculations of molecular 

geometry. 
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Thus, if the following parameters are known: 

• Molecular geometry, i.e. interatomic distances and bond angles 

• valence state ionisation potentials (VSIP) and electron affinities (A) 

• all p;re values 

A preliminary HUckel calculation can be carried out on the system to give an 

approximate set of LCAO coefficients. II-electrons densities and 1t-bond orders 

afforded by these calculations are then used to set up the PPP-MO secular determinant. 

Solution of this gives an improved set of coefficients, and the process can be repeated 

until two successive cycles give the desired degree of consistency. Because the energy 

terms a.Ji and f3Jii used in the last cycle are consistent with respect to the predicted 

electron densities and 1t-bond orders, the PPP-MO method is described as a self

consistent field procedure. 

Although the LCAO coefficients have exactly the same significance as in the HMO 

method, the molecular orbital energies multiplied by the orbital occupancies in the PPP

MO method cannot be summed directly to obtain the total 1t energy of a molecule. If 

this procedure were followed for the PPP-MO eigenvalues, the 1t-electron repulsion 

energy would be included twice. Thus, the energy for a singlet-singlet transition for the 

promotion of a single electron from orbital i to orbital} is given by: 

!:lEt--+ j = (Ei - Ej )- i ij + 20ij (37) 

Ei and Ej are the eigenvalues for orbitals} and i respectively. The energy quantity i ij is 

the total repulsion energy between molecular orbitals i and}, assuming there is one 

electron in each having the expression: 

i ij = L 2>~ ·c~u ·Y peT (38) 
p u 

The quantity bij is referred to as the exchange energy for the two orbitals i and}, and is 

in effect a correction term to compensate for electron correlation and to prevent 

overestimation of the repulsion energy. It is given by: 

20ij = LCIP ·C jp.clu .C ju.Y peT (39) 
p*u 

The results of a PPP-MO calculation strictly refer to the ground state molecule, since 

the electron repulsion energies are based on the ground state orbital occupancy. Thus 

when an electron is promoted to an unoccupied orbital, a new orbital occupancy results, 

and it is not valid to assign to the electron an eigenvalue that is based on a ground state 

calculation. 
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Therefore, at the end of the PPP-MO procedure, the method implements a so-called 

configuration interaction (CI) to refine electronic transition energies. This configuration 

interaction is based on the fact that, since the various configuration wave functions, I{f, 

are only approximate solutions to the true state wave functions (vlla l e
) according to the 

Schr5dinger equation, better solutions can be afforded by some linear combination of 

these configurations, i.e. 

n 
'If state improved ~ 
'f' ::::: '1/ = L...JC;'I/ ; (40) 

;; \ 

Practically, the first step of the PPP-MO procedure is to input all relevant atoms 

contributing to the 1t-system, which means those atoms which are an integral part of the 

1t-electron system, and excludes hydrogen atoms, alkyl substituents, etc. , which are part 

of the a-framework. 

Input as 

Figure 18: Input data of 2,5-diaminonitropyrazine for a PPP-MO calculation 

The 11 relevant atoms are numbered in any convenient sequence such as exemplified on 

Figure 18. At this stage, the molecule is assumed to be planar. Each numbered atom is 

given a core charge value, which is the charge on that atom after all the 1t-electrons have 

been removed. As discussed before, the parameters such as the VSIP, the electron 

affinities and the resonance integral /3, between bonded atoms are specified in a second 

step. In a final step, the structure of the molecule is defined by indicating all bond 

angles and all bond lengths involving these 11 atoms. The sequence of events in a PPP

MO calculation based on the mathematical theory explained before is summarised in 

Figure 19 [401]. In this chapter, all MO calculations have been carried out with the 

IBM-PC Fortran version program of PPP-MO method developed by Griffiths et al. 

[402] unless otherwise stated. More recently, a more user-friendly software based on 

the PPP-MO method has been developed; originally programmed by Naef [403], 

PISYSTEM for windows has undertaken improvements and is now commercialised by 

Expersoft GmbH under the name of PISYSTEMS XTE [404]. This software 

implements a modified PPP SCF-CI model and the first version has been reviewed by 

Hutchings [405]. The main drawback of this program is the inability to modify the set 
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of parameters to obtain a better correlation between experimental and calculated Amax 

values. 

Electron 
repulsion 

terms 

Input data 

Iterative 
procedure 

MOwave 
functions 

Huckel 
Calculation 

(if convergence is reached) 

Self-consistent 
wave functions 

Amax (approx) 

Configuration 
interaction 

Amax (improved) 

Figure 19: the stages in a typical PPP-MO calculation 

The major difficulty encountered with the PPP method is to use the critical empirical 

parameters. It is also crucial that these parameters have absorbed the various energy 

parameter uncertainties such as a-electron effects. 

A set of generalised parameters has been published which enables a large range of 

structural types of dyes to be calculated [406]. It is also possible to optimise within a 

chemical class the set of parameters to best fit the experimental data. It is appropriate at 

this point to mention that because solvation and intermolecular forces are neglected in 

the PPP-MO method, then strictly the results obtained from such a method refer to the 

gas-phase. This means that solvent effects must be minimised when determining the 
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absorption maximum of the model compound. However, if this is not possible 

optimised parameters can take into account to a limited extent the effect of solvents. 

PPP-MO calculations of Amax values do automatically give calculated intensity values. 

Intensities are evaluated as oscillator strengths lose. Oscillator strengths can be 

correlated with molar extinction coefficients provided that within the series of 

compounds studied the bands are symmetrical and have similar half-band widths. 

The PPP-MO-CI method is probably the most convenient method currently available for 

the routine calculation of the electronic spectra of conjugated and planar molecules. 

However, the method suffers from the approximation that the CHt separation principle is 

retained which means that (J- and n-electrons are treated independently, and this 

becomes tricky in the case of non-planar molecules. 

3.1.4. Complete Neglect Differential Overlap (CNDO) {407-409j 

All-valence-electron MO methods are based more or less on the same formalism as the 

PPP-MO, but with the major difference that all orbitals involved in bonding, i.e. both (J

and n-electrons, are specifically considered. One of the first all-valence-electron 

models for the calculation of absorption spectra is CNDO/S developed by Del Bene et 

al. [410-412]. 

The expressions for the operator F in the CNDO approximation have a similar form to 

those for the PPP-MO method. Thus, the operator F IJi is expressed as: 

, 1 
FjJi = f3 ABS jJi - - PjJiYAB (41) 

2 

When ~ and i are on different atoms (Aji:B), this expression has the same significance as 

in the n-model. However, the two orbitals can also be on the same atom (A=B) , in 

which case S /1 i = 0 (according to the ZDO approximation and by virtue of their 

orthogonality) and the integral YAB is replaced by YAA; this case was not encountered in 

n-electron theory. For different orbitals on the same atom P)1i will not necessarily be 

zero unless there are symmetry reasons, and therefore the second term will contribute in 

this case to F pi' 

In the case where ~ = i, the orbital qJIJ may be on the same atom as qJp, or on a different 

atom (Af B). Thus, FIJ)1 is defined by: 

F A _ H core + 1 P "" P "" I P 
)1)1 - PP -2 jlP Y /1P + L.J ppY pp + L.J ppY pp (42) 

p(A) p(B) 
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Del Bene et al. introduced some modifications into the CNDO formalism [410-412]. 

They evaluated the one-centre integral YAA from the same formula as in the PPP-MO 

method and they use the Wolfsberg-Helmholz expression for the evaluation of YAB. 

With a configuration interaction, the results are generally satisfactory but no better than 

those obtained from a n-electron self consistent field method such as PPP-MO. It is 

probable, as the authors suggest that the results could have been improved by evaluating 

YAB from the Nishimoto-Mataga relationship [400] as this is the case for the PPP-MO 

method. 

The CNDO/S model suffers from two major deficiencies, one inherent to the CNDO 

method and the other to the Wolfsberg-Helmholz expression for the evaluation of YAB 

[413], similar to the Nishimoto-Mataga relationship. The first is that YAA is used to 

describe the electronic repulsion effects for two electrons in the same atom on two 

different orbitals as well as two electrons on two different atoms in the same orbital (the 

case of lone pairs). Furthermore, in the calculations of YAB, orbitals are only 

characterised by the distance between the two atoms and no additional information 

about orientation are included. This was not important in the case of the PPP-MO 

method since the only orbitals considered are those of the n-system, i.e. the p orbitals. 

3.1.5. Intermediate Neglect Differential Overlap (INDO) [414-416J 

In 1967, Pople et al. suggested modifications to the CNDO formalism to permit a more 

flexible handling of these electron-electron interactions on the same centre in order to 

model UV -Visible spectroscopic transitions, and referred to this new formalism as 

"Intermediate Neglect of Differential Overlap" (INDO). 

One effect of the greater flexibility inherent in the INDO scheme is that valence bond 

angles are predicted with much greater accuracy than is the case for CNDO. However, 

overall molecular geometries predicted from INDO tend to be rather poor, although 

preliminary efforts to tackle this problem have been reported by Da Motta Neto et al. 

[417]. This may be due to the fact that, in INDO, there continues to be only a single 

two-centre two-electron integral, which takes on the value YAB irrespective of which 

orbitals on atoms A and B are considered. As already noted, this can play an important 

role with the accurate representation of lone pair interactions. Nevertheless, if a good 

molecular geometry is available from some other source (ideally experiment) the INDO 

method has considerable potential for modelling the UV -Visible spectroscopy of the 

compound because of its better treatment of one-centre electronic interactions. Zerner 
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et al. [418, 419] described a careful parameterisation of INDO specifically for 

spectroscopic problems, and designated that model INDO/S also referred to as ZINDO, 

which are parameterised for most of the elements in the periodic table. 

3.2. Colour and structure relationships in diazine derivatives 

Diazine chromogens are n -+ n* type chromogens. However, when an electron 

donating and an electron withdrawing group is introduced, they can be regarded as 

donor-acceptor type chromogens [420]. They can be illustrated diagrammatically as in 

Figure 20. A substituent that readily releases electrons (the electron donating group or 

the donor group) is linked to an electron accepting substituent (the electron withdrawing 

group or the acceptor group) by an unsaturated bridge, which is a diazine ring. 

ELECTRON ELECTRON 

DONATING CONJUGA TING WITHDRA WING 

GROUP BRIDGE ~ 

GROUP 

(ED G) (EWG) 

Figure 20: schematic representation of a donor-acceptor chromogen 

The ring merely serves to extend the conjugation of the system, thus moving the 

principal absorption band n -+ n* of the chromogen from the UV into the visible region. 

In addition, the introduction of two nitrogen atoms in the ring causes the n -+ n* to be 

displaced to longer wavelengths, when it is well separated from the absorption band n 

-+ n*. The colour of this dye described in Figure 20 is believed to arise from the 

combination of these two bands. However, the absorption band n -+ n* being much 

more intense than the n -+ n* band this latter is often hidden. 

The study was limited to the six-membered aromatic ring contammg two nitrogen 

atoms, called diazines [421-423]. Using the same terminology as used with benzene 

compounds, these may be ortho (Le. 1,2-), meta (1,3-) or para (1,4-) to each other; these 

three compounds are known as pyridazine (173), pyrimidine (174) and pyrazine (175), 

respectively. 

OOC) 
N N 

(173) (174) (175) 
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The only naturally occumng pyridazines reported are a few fungal metabolites. 

However, a number of pyridazines have found commercial use, especially as plant

growth regulators. 

Many pyrazine derivatives occur naturally such as in flavouring materials, e.g. in sweet 

com and peas. In a dihydro-form, they are found in the luciferins of several beetles, 

including the firefly, Cypridina hilgendorfii in which compound (176) is responsible for 

the chemiluminescence [424]. 

(176) 

They are also used as medicinal agents and are typified by the synthetic pyrazinamide, 

an anti-tuberculosis agent. 

Pyrimidines are the most commonly occurring diazines with uracil (177) and thymine 

(178) being components of RNA and DNA, respectively and with cytosine (179) being 

present in both. 

(177) (178) (179) 

Following from this, several pyrimidine nucleoside analogues have been developed as 

aniti-viral agents, for example; AZT is the most widely used anti-AIDS drugs. 

Derivatives of all three heterocyclics systems have been widely investigated for use in 

synthetic drugs [425] but they have not been rigorously investigated as the basic 

chromophoric system of dyes. This present study investigates the colour-structure 

relationships in these three heterocyclic systems. For the PPP-MO calculations, the 

parameters used for the parameterisation of the diazine ring, are gathered in Table 11. 
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Table II: PPP-MO parameters used in the molecular orbital calculations involving diazines 

Group or atom type Atoms Core fJ VSIP A 

(X-Y) charge (X-Y) (Y) (Y) 

(Y) in eV ineV in eV 

PYRIMIDINE AND PYRAZINE 

Aromatic C=C 1 -2.40 11.16 0.03 

IT -equivalent C=N 1 -2.60 16.00 2.50 

IT-equivalent C-N= 1 -2.40 16.00 2.50 

PYRIDAZINE 

Aromatic C=C 1 -2.40 11.16 0.03 

N=N 1 -2.90 14.70 2.30 
C-N=N-C 

C-N=N 1 -2.48 14.70 2.30 

The geometry of the three parent diazines was first assumed to be identical to the 

geometry obtained from the x-ray crystal structures [422,426]. As shown in Table 12, 

for pyridazine and pyrimidine the calculated Amax values were very similar in both cases; 

therefore, the geometry of a regular hexagon of bond length 1.40 A. similar to the 

geometry of benzene was adopted. In the case of pyridazine, the unusual feature of two 

nitrogen atoms bonded together and included in an aromatic cycle was parameterised in 

a similar way as an azo linkage, but the bond length of the azo linkage was input as 1.40 

A.. 

Table 12: comparison of the absorption maxima (nm) and molar extinction coefficient in 
cyclohexane with the absorption maxima (nm) and oscillator strengths of the diazines predicted by 

PPP-MO 

(173) (174) (175) 

Experimental values in Amax 246 243 260 

cyclohexane emax 1300 2030 5600 

Calculated values Amax 243 238 260 

using x-ray crystal 

structure geometry 
lose 0.07 0.14 0.27 

Calculated values Amax 243 238 261 

using regular hexagon 
lose 0.07 0.13 0.28 

geometry 

In case of pyrazine, the exact bond lengths and bond angles was used SInce the 

calculated Amax value was a better match with experimental data. 
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Figure 21: bond lengths and bond angles from x-ray structure of pyrazine 

F or the parameterisation of the chromophores and auxochromes, the optimised 

parameters shown in Table 13 were used [427]. 

Table 13: optimised set of PPP-MO parameters used in the molecular orbital calculations (299) 

Group or atom type Atoms Core fJ VSIP A Bond 

(X-Y) charge (X-Y) (Y) (Y) Length 

(Y) in eV ineV in eV in A 
CYANO 

C=N 1 -2.67 14.20 3.50 1.15 

C-C=N 1 -2.30 11.20 0.10 1.40 

NITRO 

(Ar)C-N02 N-O 1 -3.05 16.30 1.80 1.21 

C- N 2 -2.00 24.80 12.50 1.49 

ELECTRON DONOR GROUPS 

Primary amino (free) C- N: 2 -2.75 21.00 9.50 1.38 

Primary amino (H-Bonded) C- N: 2 -2.75 18.80 8.70 1.38 

C- NHMe (H-Bonded) C- N: 2 -2.75 15.00 8.60 1.38 

C- NHMe (non H-Bonded) C- N: 2 -2.75 15.35 8.95 1.38 

C- N(Me)2 C- N: 2 -2.75 18.00 8.00 1.38 

C- NHCH2CH20H (H-Bonded) C- N: 2 -2.75 15.20 8.80 1.38 

C- NHCH2CH20H (non H-Bonded) C- N: 2 -2.75 15.55 9.15 1.38 

C- N(CH2CH2OH)2 C- N: 2 -2.75 18.40 8.40 1.38 

C- N(CH2CH3h C- N: 2 -2.75 18.65 8.65 1.38 

3.2.1. Case of arrangement of one donor group 

Molecular orbital calculations were carried out on a series of simple aminodiazines 

(Table 14). 
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Table 14: predicted Am .. values and oscillator strengths in a series of aminodiazines 

4 

6 6 j) :c~ ~'D C(~ 5 ~ 3 

51 ~N 2 H2N N 
N NH2 N ~N 
1 N 

N N 1 

(180) (182) 
(185) 

(181) (183) (184) 

301 (0.34) 255 (0.23) 299 (0.21) 273 (0.19) 269 (0.11) 286 (0.18) 

As illustrated in Table 14, the simple introduction of a donor group in any diazine ring 

was not predicted to cause the molecule to absorb in the visible region. In 

aminopyrimidine derivatives (181)-(183), the particular effect of the 5-position to create 

the largest bathochromic effect can be noted. Similar observations can be made in the 

aminopyridazine derivatives (184) and (185) with the 3- or 6-position. 

3.2.2. Case of arrangement of one donor and one acceptor group 

Table 15 shows the wavelength order predicted by the PPP-MO method in the series of 

aminocyanopyrazine derivatives. When the amino group and the cyano group are ortho 

to each other, the most bathochromic derivative is obtained. This result is similar to the 

that observed in the case of the benzene derivatives substituted by one donor and one 

acceptor groups [428]. 

(186) 

Table 15: colour and constitution relationships in aminocyanopyrazine derivatives 

R\ R2 R3 ~ Amax/nm (lose) 

a NH2 eN H H 335 (0.50) 

b NH2 H CN H 351 (0.53) 

c NH2 H H CN 314 (0.77) 

While PPP-MO predicts the wavelength order (186)b (0-) > (186)a (m-» (186)c (P-), 

resonance theory failed to predict the same wavelength order. A consideration of 

resonance interaction would suggest that m-aminocyanopyrazine (186)a should be the 

most hypsochromic member of the series. Effectively, m-aminocyanopyrazine can not 

provide resonance forms in which the negative charge is located on the cyano 
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chromophore group (Figure 22). Therefore, the difference in energy between the 

excited state and the ground state is predicted to be significantly higher than the other 

two isomers and as a result the observed colour to be hypsochromic. 

ApPROXIMA TE 

EXCITED 

STATE 

STRUCTURE 

ApPROXIMA TE 

GROUND 

STATE 

STRUCTURE 

N 

J:+ hC-:::?N" /' T Only high energy 

~N resonance forms 

,y 1, 
l:N J~ 

~ N 
(J86)b 

(186)a 

(186)c 

Figure 22: predictions of resonance theory for aminocyanopyrazine 

It is worth noting the relatively high oscillator strengths in this series; although it is not 

appropriate to compare them with those observed for the benzene series since they do 

not belong stricto sensu to the same chemical family, their relatively high values 

suggest compounds with good intensity in colour. 

Table 16 shows the wavelength order predicted by the PPP-MO method in the series of 

aminocyanopyrimidine derivatives. Due to a less symmetrical structure than pyrazine, 

seven arrangements containing one donor and one acceptor group are possible. 

However, if a comparison is carried out with the pyrazine series, the three most 

bathochromic derivatives show the same predicted wavelength order, (187)d (0-» 

(187)f (m-» (187)e (P-). 

(187) 
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Table 16: colour and constitution relationships in aminocyanopyrimidine derivatives 

R\ R2 R3 ~ "-max/run (lose) 

a NH2 eN H H 290 (0.40) 

b NH2 H eN H 296 (0.33) 

c NH2 H H eN 286 (0.22) 

d eN NH2 H H 365 (0.41) 

e H NH2 H eN 304 (0.82) 

f eN H H NH2 320 (0.28) 

g H eN H NH2 274 (0.14) 

When the amino group and the cyano group are ortho to each other and the amino group 

placed at the 5-position of the pyrimidine group, the most bathochromic derivative is 

obtained (187)d. This is consistent with the n-electron density changes calculated for 

pyrimidine (174) when the molecule is promoted from its ground to excited state, since 

the 5-position exhibits the highest increase in n-electron density3 (Figure 23). Besides, 

the 2-position also exhibits an increase in n-electron density although, in relative 

absolute value, less than the 5-position; this explains why (187)a is more hypsochromic 

than (187)d. 
0.196 

4 

-0.412 seN 3 0.116 

0.196 61 ) 2 -0.220 
N , 

0.116 

Figure 23: 1t-electron density changes in pyrimidine 

Attention should be paid to the particular isomer (187)e, in which the donor and 

acceptor are in a p-arrangement, since it affords a very high oscillator strength. This 

particular feature is also observed in the pyrazine series with isomer (186)c. Although 

(187)e is not the most bathochromic derivative, it is potentially interesting in terms of 

colour intensity. It is also worth noticing that (187)d is predicted to be more 

bathochromic than (186)c and (188)d, this latter compound being predicted by PPP-MO 

to be the most bathochromic derivative in the series of aminocyanopyridazines (Table 

17). As in the aminocyanopyrazine and aminocyanopyrimidine series, when the amino 

3 A negative charge means an increase in electron density while a positive charge means a decrease in 

electron density. 
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group and the cyano group are artha to each other, and in this particular case the amino 

group in the 3-position of the pyridazine ring, then the most bathochromic isomer is 

predicted. 

(188) 

Table 17: colour and constitution relationships in aminocyanopyridazine derivatives 

RJ R2 R3 ~ Amax/nm (!ose) 

a NH2 eN H H 320 (0.28) 

b NH2 H eN H 322 (0.30) 

c NH2 H H eN 302 (0.07) 

d eN H NH2 H 337 (0.39) 

e H eN NH2 H 330 (0.18) 

f H H NH2 eN 292 (0.45) 

This is consistent with the 1t-electron density changes of pyridazine (173) when the 

molecule is promoted from its ground to excited state, since the 3- and 6-positions 

exhibit the highest increase in 1t-electron density (Figure 24). 

0.151 

• 
0.151 '0 ' -0.295 

-0.295 6
1 ~N 2 0.143 

N , 
0.143 

Figure 24: n-electron density changes in pyridazine 

3.2.3. Case of arrangement witll one donor and two acceptor groups 

When a second additional acceptor group such as the cyano group is introduced into the 

aminocyanopyrazine derivatives, the resulting molecules are predicted to absorb in the 

region of the spectrum giving greenish yellow colours depending on the arrangement 

(Table 18). All the isomers are predicted to be more bathochromic than the benzene 

analogues [429] , (189)b reaching the yellow region of the visible spectrum. In addition, 

relatively good oscillator strengths are obtained which may result in more intense dyes 

than the corresponding benzene derivatives. The wavelength order for the 

aminodicyanopyrazine series predicted by PPP-MO is (189)b > (189)c > (189)a. 
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(189) 

Table 18: colour and constitution relationships in aminodicyanopyrazine and benzene derivatives 

X R\ R2 R3 R.. Amax/nm (lase) 

a N NH2 CN H CN 339 (0.42) 

b N NH2 CN CN H 380 (0.69) 

c N NH2 H CN CN 353 (0.64) 

d CH NH2 CN H CN 336 (0.34) 

e CH NH2 CN CN H 355 (0.30) 

f CH NH2 H CN CN 328 (0.26) 

When a second additional acceptor group such as the cyano group is introduced into the 

aminocyanopyrimidine derivatives, they are further shifted to longer wavelengths. This 

bathochromic shift enables the particular isomer (190)d to be predicted as a yellow dye, 

the most bathochromic compound in the series. This could have been in principle 

predicted from the electron densities in Figure 23. The 4- and 6-positions show a 

decrease in 7t-electron density on excitation which is further enhanced by the presence at 

these positions of the two cyano groups. 

(190) 

Table 19: colour and constitution relationships in aminodicyanopyrimidine derivatives 

RI R2 R3 R.. Amax/nrn (lase) 

a NH2 CN CN H 325 (0.30) 

b NH2 H eN eN 300 (0.25) 

c NH2 CN H CN 315 (0.51) 

d eN NH2 CN H 406 (0.57) 

e H NH2 eN CN 360 (0.42) 

f eN H eN NH2 346 (0.37) 

g H CN eN NH2 322 (0.33) 
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When a second additional acceptor group such as the cyano group is introduced into the 

aminocyanopyridazine derivatives, they are also further shifted to longer wavelengths. 

However, these pyridazine derivatives are not predicted particularly bathochromic 

compared to their benzene analogues [429]. The most bathochromic arrangement of the 

series (191)e absorbs at a similar wavelength as its benzene analogues (see Table 18). 

This particular arrangement could have also, in principle, been predicted from the 

electron densities in Figure 24. The 4- and 5-positions effectively show a decrease in 1t

electron density on excitation which is further enhanced by the presence at these 

positions of the two cyano groups in. 

(191) 

Table 20: colour and constitution relationships in aminodicyanopyridazine derivatives 

RJ R2 R3 ~ Amax/nm (lose) 

a NH2 eN eN H 345 (0.44) 

b NH2 H eN eN 339 (0.30) 

c NH2 eN H eN 339 (0.22) 

d eN H NH2 eN 333 (0.37) 

e eN eN NH2 H 363 (0.34) 

f H eN NH2 eN 327 (0.30) 

All these considerations served to predict the most bathochromic arrangement of each 

diazine chromogen as well as their colouristic properties. In semi-permanent hair dyes, 

the acceptor group usually used is the much powerful nitro group, although sometimes 

cyano may be used. 

In Table 21 , the most promising bathochromic arrangements in diazine chromogens 

have been gathered and molecular orbital calculations have been carried out using either 

the amino or the ~-hydroxyethylamino group (commonly encountered in semi

permanent hair dyes to incorporate water solubility) as the donor groups and the nitro 

group as the acceptor. 
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Table 21: colour and constitution relationships in the aminonitrodiazine and their p-hydroxyethyl 
derivatives 

(192) 

R X Y Z "-max/run (lose) 

a NH2 N CH N 401 (0.29) 

b NHCH2CH20 H N CH N 417 (0.17) 

c NH2 N N CH 430 (0.24) 

d NHCH2CH20H N N CH 449 (0.23) 

e NH2 CH N N 394 (0.23) 

f NHCH2CH20H CH N N 411 (0.22) 

As shown in Table 21, all the selected o-aminonitrodiazines are expected to be yellow 

in colour, the pyrimidine derivatives (192)c and (192)d being the most bathochromic of 

the series and the pyridazine series (192)e and (192)f being the most hypsochromic. As 

observed for the benzene analogues [57], a bathochromic shift is observed by 

replacement of the free amino group with the B-hydroxyethylamino group as a result of 

its higher electron donor character. 

A study of the 7t-electron density changes due to excitation on m-aminonitrodiazines 

compared with o-aminonitrodiazine is shown in Figure 25. If a second donor group is 

introduced in these derivatives para to the first one, the most bathochromic arrangement 

will be achieved. 

(192)a (192)c 

(192)e 

(193) (194) 

Figure 25: x-electron density changes on m-aminonitropyrazine and -pyrimidine with 0-

aminonitropirazine and -pyrimidine 
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3.2.4. Case of arrangement of two donor and one acceptor groups 

In the nitrobenzene series, while a single electron-donating group moves the absorption 

into the yellow region, the effect of a second electron-donating group creates a further 

bathochromic shift so that dyes bearing two electron-donor donating groups can absorb 

in the orange to red region depending on the substitution pattern [298]. 

Table 22: absorption maxima of the three main isomers of diamino-substituted nitrobenzene in 
ethanol [4281 

N02 N02 
N02 

1 1 
NH2 

iY'"' I 
~ 

I 
~ 2 

# 3 # 
5 # • NH2 • 

H2N 

NH2 NH2 

(124) 
(125) (126) 

Amax (nm) 8 max Amax (nm) 8max Amax (nm) 8max 

474 3802 408 7943 389 7943 

It has generally been observed that with isomeric arrangements of two donor groups 

substituted on a nitrobenzene, the 2,5-isomer gives the more bathochromic arrangement 

and the 2,4-isomer is more hypsochromic, as shown in Table 22. The colour of (124) 

can be further shifted towards the violet region of the visible spectrum by the 

introduction of N-alkyl or N-~-hydroxyalkyl substituents as discussed before. This 

gives rise to a series of dyes, currently used in semi-permanent hair colouring, that 

range from the yellow 2,4-diaminonitrobenzene (126) through the red N'-(~

hydroxyethylamino )-2-nitro-p-phenylenediamine (130)i to the purple-violet N',1I .JI
tris-W-hydroxyethylamino )-2-nitro-p-phenylenediamine (130)p. 

The colour and constitution relationships of the nitrobenzenes bearing two donor groups 

can only be addressed convincingly with MO-methods since the same inadequacy of 

resonance theory was also observed in this series as shown by Grinter et al. [430]. 

However, the accuracy of the calculations depends on the method used. 

As an evaluation of the relevance of MO-methods with regard to the prediction of Amax 

values for nitro dyes, calculations were carried out on the three isomers of diamino

substituted nitrobenzene derivatives (124)-(126). MO-methods including PPP-MO, 

PISYSTEM XTE, ZINDO provided by CAChe with two different types of geometry 

optimisation, the Augmented MM2 and the semi-empirical method PM3 (this latter was 

chosen since it attempts to treat hydrogen bonding in a more realistic manner than 
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AMI), and CNDO/S with a PM3 geometry optimisation provided by WinMOPAC were 

used. The calculated spectral data for the donor-substituted nitroaromatics are 

summarised in Table 23. 

Table 23: calculated spectral data for the donor-substituted nitroaromatics using different MO
methods 

• PISYSTEM 
Exp. PPP-MO PM3/ZINDO MM2/ZINDO PM3/CNDO/S 

XTE 

Amax "'max lose Amax lose Amax lose Amax lose Amax lose 

(124) 474 478 0.18 569 0.20 434 0.16 486 0.19 406 0.15 

(125) 408 365 0.24 472 0.27 358 0.27 389 0.30 345 0.26 

(126) 389 391 0.20 436 0.31 374 0.27 385 0.28 353 0.28 

• see Table 22 

As shown in Table 23, the PPP-MO method performs reasonably well, although it fails 

to predict that (125) is more bathochromic than (126). In this respect, the ZINDO 

method from the Augmented MM2 geometry optimisation is better. However, as 

discussed earlier, ZINDO is very dependent on the geometry optimisation, as shown for 

the results after a PM3 geometry optimisation. The fact that the MM2/ZINDO method 

performs well can be explained by the fact that these three isomers are very small 

molecules with high rigidity. MM2 is known to perform well with this type of small 

molecule [431]. Unfortunately, problems arise in geometry with the MM2/ZINDO 

method when dealing with more flexible and bulky groups such as the ~

hydroxyethylamino groups. 

The PPP-MO method was the preferred method for the investigation of colour and 

constitution relationships in the nitropyrazine analogues bearing two donor and one 

acceptor groups. As shown in Table 24, the most bathochromic arrangement is 

achieved when the two amino groups are para to each other. This could have in 

principle been predicted from the electron density changes in Figure 25. In (192)a, the 

2-position shows an increase in electron density. This increase can be enhanced by 

incorporating a donor group at this position, causing a bathochromic shift. In addition, 

it is worth noting the influence of each of the donor groups; the donor group ortho to the 

nitro group has a greater influence on the bathochromicity compared to the donor meta 

to the nitro group. This can be seen by comparing the absolute values of the increase in 

density electron changes in (193) and in (192)a at the 2-position, 0.176 and 0.209 

respectively. 
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(195) 

Table 24: colour and constitution relationships in di-donor nitropyrazine derivatives 

Amax/nm 
Rl R2 R3 ~ 

(Jose) 

a NH2 NH2 H N02 401 (0.42) 

d NHCH2CH20H NHCH2CH20H H N02 418 (0.44) 

b NH2 N02 H NH2 465 (0.35) 

e NHCH2CH20H N02 H NHCH2CH20H 494 (0.33) 

c NH2 H NH2 N02 358 (0.53) 

f NHCH2CH20H H NHCH2CH2OH N02 386 (0.55) 

The wavelength order predicted by the PPP-MO method is similar to the wavelength 

order predicted in the case of the three main nitrobenzene isomers bearing two donor 

groups as shown in Table 23 «195)b > (195)a > (195)c). 

Seven possible arrangements can be designed with the pyrimidine nucleus bearing two 

donor and one acceptor groups. Interestingly, the more bathochromic arrangement is 

also predicted when the two donor amino groups are para to each other, i.e. in the 2-

and 5-position. In addition, as discussed for the pyrazines, it is worth noting the 

influence of each of the donor groups; the donor group ortho to the nitro group has a 

greater influence on the bathochromicity (5-position) compared to the donor meta to the 

nitro group (position 2). This can be seen by comparing the absolute values of the 

increase in density electron changes in (194) and in (192)c, at the 5-position and 2-

position respectively (Figure 25). 

(196) 
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Table 25: colour and constitution relationships in di-donor nitropyrimidine derivatives 

R\ R2 R3 
Amax/nm 

~ 
(!osc) 

a NH2 NH2 H N02 347 (0.35) 

b NHCH2CH2OH NHCH2CH2OH H N02 399 (0.36) 

c NH2 H NH2 N02 323 (0.08) 

d NHCH2CH2OH H NHCH2CH2OH N02 336 (0.07) 

e NH2 N02 H NH2 340 (0.29) 

f NHCH2CH20H N02 H NHCH2CH20H 353 (0.29) 

g N02 NH2 H NH2 481 (0.27) 

h N02 NHCH2CH2OH H NHCH2CH20 H 51 2 (0.25) 

i NH2 N02 NH2 H 377(0.18) 

j NHCH2CH2OH N02 NHCH2CH20H H 396 (0.17) 

k NH2 NH2 N02 H 440 (0.29) 

I NHCH2CH2OH NHCH2CH2OH N02 H 466 (0.31) 

m NH2 H N02 NH2 334 (0.18) 

n NHCH2CH20H H N02 NHCH2CH20 H 359 (0.18) 

As shown in Table 25, the wavelength order of the diaminonitropyrimidine corresponds 

to the diaminonitrobenzene analogues ((196)g > (196)a > (196)e). 

It is worth noting that the pyrimidine analogue (196)b of N' ,tI-bis(P

hydroxyethylamino )nitrobenzene (Amax = 514 nm in ethanol [427]), is predicted to be 

more bathochromic. Comparison of the respective oscillator strength also predicts that 

(196)b would be 1.5 times more intense than the benzene analogues. 

According to the 1t-electron density changes on the aminonitropyridazine (Figure 25), 

when adding an extra donor group into the pyridazine chromogen (192)e, the 

substitution at the 6-position would be expected to create a bathochromic shift while the 

substitution at the 5-position would create a hypsochromic shift. This is effectively 

predicted by PPP-MO calculations, (197)g being predicted more bathochromic than 

(197)i. 
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(197) 

Table 26: colour and constitution relationships in di-donor nitropyridazine derivatives 

RI R2 R3 
"A.maxlnm 

~ 
(Jose) 

a NH2 NH2 N02 H 407 (0.18) 

b NHCH2CH20H NHCH2CH20 H N02 H 436 (0.19) 

c NH2 N02 NH2 H 418(0.17) 

d NHCH2CH20H N02 NHCH2CH2OH H 452 (0.19) 

e NH2 H NH2 N02 342 (0.22) 

f NHCH2CH2OH H NHCH2CH2OH N02 377 (0.21) 

g N02 H NH2 NH2 467 (0.21) 

h N02 H NHCH2CH20H NHCH2CH20H 498 (0.19) 

i N02 NH2 NH2 H 386 (0.18) 

j N02 NHCH2CH20H NHCH2CH2OH H 404 (0.13) 

k H NH2 NH2 N02 367 (0.17) 

I H NHCH2CH20 H NHCH2CH2OH N02 380 (0.14) 

Once again, the more bathochromic arrangement (197)g is obtained when the two 

amino groups are para to each other. As shown in Table 26, the bis-donor substituted 

nitropyridazine derivatives are predicted to cover a range of colours from yellows to 

reddish violet, with their respective oscillator strengths not particularly improved 

compared with their benzene analogues. 

3.2.5. Case of arrangement of two donors and two acceptor groups 

When an additional acceptor is introduced in these types of donor-acceptor chromogen, 

a further bathochromic shift is expected. It was envisaged that may result in the 

production of blue dyes, a particular aim of this aspect of the project. 

When a benzene ring contains two electron donor groups and two electron acceptor 

groups, two substitution patterns that might be expected to provide large bathochromic 

shifts are (198) and (199). 
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Figure 26: predictions of resonance theory for diaminodinitrobenzenes 

A consideration using the resonance theory would suggest that structure (198) should be 

the more bathochromic than structure (199). Effectively, the excited state of structure 

(198) can be represented by more stable charge-transferred resonance forms than 

structure (199). Therefore, the difference in energy between the excited state and the 

ground state is predicted to be significantly smaller than structure (199) and as a result 

the observed colour to be bathochromic (Figure 26). In fact , substituted aromatics of 

the general type (198) and (199) cannot be handled within the framework of resonance 

theory, and the empirical rule of Caliezi [432] states that the structural isomer (199) 

always absorbs at significantly longer wavelengths than the isomer (198). 

This rule has been corroborated for many technically important colorants such as 

anthraquinone and azo dyes [433]. PPP-MO calculations were carried out on bis-donor 

bis-acceptor substituted pyrazines. Interestingly, PPP-MO predicts that the isomer 

(202) is more bathochromic than the isomer (201), as stated in the empirical rule of 

Caliezi (Table 27)_ 

Table 27: colour and constitution relationships of bis-donor bis-acceptor substituted pyrazines 

'X"X' 
A ND 

'X"X: 
A N A 

'X"X' 
AND 

(200) (201) (202) 

D A Amax/nm (lose) A.max/nm (lose) Amax/nm (lose) 

a NH2 N02 353 (0.16) 418 (0.53) 540 (0.45) 

b NHCH2CH2OH N02 383 (0.17) 433 (0.53) 574 (0.42) 
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As observed in the series of diaminonitropyrazines, the most bathochromic arrangement 

(202) is obtained when the two amino are para to each other. This result is similar to 

the finding of Chu et al. who studied the colour and constitution of the dinitro-p

phenylenediamine and their N-methyl derivatives [434]. They found that the particular 

isomer 2,5-dinitro-p-phenylenediamine (Amax = 560 nm in ethanol and 518 nm in 

cyclohexane, lose (calc.) = 0.29) was the most bathochromic of the dinitro-p

phenylenediamine series. Compound (202)b is predicted by PPP-MO to be blue in 

colour. The two particular arrangements (201) and (202) exhibit high oscillator 

strengths and might produce intense colours. 

At this point, to verify the relevance of the molecular orbital calculations, a series of 

tetrasubstituted pyrazine derivatives was selected and the calculations carried out. 

Some spectral data for these compounds were available in the literature, although they 

were carried out in different solvents. As shown in Table 28, the rule of Caliezi is 

verified for the pyrazines. Effectively, compound (172) absorbs at longer wavelengths 

than (203)k. In addition, the wavelength order predicted by PPP-MO matched the 

experimental values well; (172) > (203)k > (203)c. 

(203) 

Table 28: colour and constitution relationships in tetrasubstituted pyrazine derivatives 

Amax 
Amax 

R2 R3 ~ 
Emax 

RI 
(L mor l cm- I

) 
(calc.) lose Ref. 

(nm) 
(nm) 

(172) NH2 eN eN NH2 458 a 2570 460 0.68 [5] 

a N(Me)2 eN eN N(Meh 495 a 8709 567 0.56 [5] 

b NH2 CN NH2 CN 317 b 17378 349 0.49 [435] 

c N(Me)2 CN N(Me)2 eN 316 b N/A 386 0.47 [436] 

d NH2 CN CN CN 375 c 6760 376 0.66 [435] 

e CN CN CN CN 302 c 7079 309 0.9 1 [435] 

f NH2 NH2 NH2 NH2 372 d 4466 367 0.68 [437] 

g NH2 N02 N02 N02 440 e 16982 453 0.51 [437] 

h NH2 NH2 N02 N02 405 f 16218 415 0.57 [437] 

i NH2 NH2 CN CN 354 t 16500 371 0.86 [437] 
a • b . c • • d e f 1,2-dlmethoxyethane, chloroform, acetonttrtle, water; DMF; ethanol 
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Figure 27: correlation between experimental and calculated A.m .. values in the series of 
tetrasubstituted pyrazine derivatives 

Figure 27 shows the correlation between experimental and calculated Amax values in the 

series of tetrasubstituted pyrazine derivatives. PPP-MO calculations perform relatively 

well since the slope and the regression coefficient are close to 1. 

The two derivatives (203)a and (203)c have not been included in the regression (Figure 

27) since it is known that PPP-MO failed to predict well this type of compounds. 

Indeed, the N,N-dimethylamino group has a tendency to deviate out of the plane 

creating a hypsochromic shift as has already been observed in the series of 

nitrophenylenediamine dyes [428]. PPP-MO does not take into account this feature in 

the calculations and always overestimates the Amax values of this type of compound. 

Four possible arrangements can be envisaged for bis-donor bis-acceptor substituted 

pyrimidines. The most bathochromic arrangement (207) is predicted by PPP-MO when 

the two amino groups are again para to each other. 

Table 29: colour and constitution relationships of bis-donor bis-acceptor substituted pyrimidines 

D D 

AX: I ~N 
D NAA 

AX: I N 
A NAD 

(204) (205) 

D A Amax/nm (Jose) Amax/runn (Jose) 

la NH2 eN 327 (0041) 339 (0041) 
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b NH2 N02 386 (0.19) 353 (0.21) 

c NHCH2CH2OH N02 409 (0.15) 370 (0.22) 

A A 

'X: I N 

D N~A 'x: I N 

A N~D 
(206) (207) 

D A Amax/nm (lose) Amax/nm (lose) 

d NH2 CN 363 (0.50) 466 (0.52) 

e NH2 N02 423 (0.30) 526 (0.38) 

f NHCH2CH2OH N02 451 (0.32) 569 (0.37) 

Compound (207)f is predicted by PPP-MO to be blue in colour with a relatively high 

oscillator strength. 

In the series of pyridazines, once again the most bathochromic arrangement is suggested 

when the two amino groups are para to each other. 

Table 30: colour and constitution relationships of bis-donor bis-acceptor substituted pyridazines 

A D A 

':Cr
A A:CrA Air' 

~N ~N ~N 
D N D N D N 

(208) (209) (210) 

D A Amaxlnm (lose) Amax/nm (lose) Amax/nm (lose) 

a NH2 CN 441 (0.43) 332 (0.40) 441 (0.43) 

b NH2 N02 513 (0.32) 384 (0.16) 513 (0.32) 

c NHCH2CH20H N02 540 (0.30) 408 (0.11) 540 (0.30) 

3.3. Synthetic studies on some donor-acceptor pyrimidine and pyrazine derivatives 

From the molecular modelling work, candidates for the synthesis were selected. 

Especially interesting was the pyrimidine and pyrazine series which generally predicts 

bathochromic compounds compared to their benzene analogues with high oscillator 

strengths, which as a consequence may be more intense in colour. In addition, these 
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two types of compound have been more investigated in the literature. More potential 

preparation procedures may be available. 

3.3.1. Pyrimidine derivatives 

To gain experience in pyrimidine chemistry and to verify the relevance of the molecular 

orbital calculations, some molecules were selected whose synthesis appeared feasible. 

According to the preliminary molecular modelling work, compound (196)e is not 

expected to be the most bathochromic compound of this series (Table 25), but it offers 

the advantage to allow a potential feasible synthesis. Nitration of uracil provides the 5-

nitrouracil (212) in high yield (88%) [438,439]. Further treatment of 5-nitrouracil with 

phosphorus oxychloride in the presence of a catalytic amount of N,N-dimethylaniline 

generates the 2,4-dichloro-5-nitropyrimidine (213) [440, 441], which undergoes 

nucleophilic aromatic substitution with amines, and in particular with alcoholic 

ammonia to yield 2,4-diamino-5-nitropyrimidine (196)e [442] , as shown in Scheme 22. 

0 0 

c'" o"r: :1 X NAo .. N 0 H H 
1 

(211) 
(212) 

CI 

~,{ ~'t:, iii I N 
NAc, ... 

NA NH2 
(213) (196)e 

i) Fuming HN03 80°C; ii) POClJIN,N-dimethylaniline; iii) alcoholic ammonia in ethanol 

Scheme 22: synthesis of 2,4-diamino-S-nitropyrimidine 

The key intermediate (213) was also reacted with the other amines monoethanolamine, 

diethanolamine and diethylamine [443], affording compounds (214)a-c. 

(213) 

(214) 
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Table 31: derivatives resulting from the reaction ofamines with (213) 

RI R 2 Amines 

a CH2CH2OH H monoethanolamine 

b CH2CH2OH CH2CH2OH diethanolamine 

c CH2CH3 CH2CH3 diethylamine 

UV -vis spectra of the compounds shown in Table 31 were carried out in DMF, not the 

ideal solvent for comparison with PPP-MO calculations. However due to the 

insolubility of some of the compounds, especially (196)e and (214)a, and for the 

purpose of comparison it was chosen as the solvent. 
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Figure 28: experimental UV-Vis spectra in DMF of (196)e (green), (214)a (red), (214)b (violet) and 
(214)c (blue) 

As shown in Figure 28, compound (214)a is the most bathochromic of the series. The 

N,N-disubstitution would normally reinforce the strength of the amino donor group, but 

steric hindrance may play an opposing role. The two N,N-disubstituted amino groups 

may deviate out of the plane creating an hypsochromic shift. 

Table 32: colour and constitution relationships in bis-donor nitropyrimidine derivatives 

Amax 
Amax 

Emax /).A 

(nm) (L mor l em-I) 
(calc.) lose 

(nm) 
(nm) 

I (196)e 355 13678 340 0.29 15 
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(214)a 372 18514 353 0.29 19 

(214)b 353 26383 382 0.38 29 

(214)c 354 15228 398 0.35 44 

Table 32 shows the experimental and calculated values for this series of compounds. A 

relatively good correlation is obtained, although PPP-MO failed to predict the 

hypsochromic shift of (214)b and (214)c. As discussed in Chapter 1, the molar 

extinction coefficient is around 4000 L mor! cm-! for N-alkylaminonitro dyes and only 

on the introduction of an azo chromophore does the molar extinction coefficient rise to 

14000 L mor! cm-! [298]. However, as shown in Table 32, the molar extinction 

coefficients of bis-donor nitropyrimidine derivatives are higher than those for N

alkylaminonitro dyes, and even higher than those when an azo chromophore is 

introduced. 

Problems in the characterisation of (214)a arIse from the existence of tautomeric 

structures in solution. There are indeed 5 possible tautomeric structures (215)-(218) for 

(214)a as illustrated in Figure 29. 

14' HO

l
' 3' 

' 2'~ 

o Ni:
Nl1
' 

2 5'1 " 2,i
H 

3' 8' ' 0' 

e' ~~OH 
~ ~ ~ 
" 

(214)a (2]5) (216) 

(217) (218) (219) 

Figure 29: possible tautomeric structures of (214)a 

The !H NMR spectrum of (214)a recorded in pyridine showed two different chemical 

shifts for the hydrogen atom of the pyrimidine rings in a ratio 1 :0.38. In addition, two 
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groups of signals (broad triplets) for the N-H groups in the same ratio were observed. 

One-bond range IH_15N heteronuclear shift correlation spectrum by using gHMQC 

(gradient Heteronuclear Multiple Quantum Coherence) confirms that these four signals 

were N-H groups of the side chains since they are coupled with the four broad triplets 

observed in the IH NMR spectrum. In the 13e NMR spectrum, all the signals are 

doubled demonstrating that there are tautomeric structures present in the mixture. 

An x-ray crystal structure was obtained for (214)a. Although some hydroxypyrimidine 

derivatives have been reported to exist in their pyrimidine tautomeric structures in the 

solid-state [444], (214)a is in its aromatic form in the solid-state as shown in Figure 30. 

Figure 30: x-ray crystal structure of (214)a 

Attempts to synthesise the most bathochromic isomer (196)g of this series were carried 

out. The 4- and 6-position of pyrimidine (174) being both orLho to a nitrogen atom, 

they are deactivated towards electrophilic substitution. Unfortunately, the common way 

to introduce a nitro group into an aromatic system is by electrophilic substitution. To 

solve this problem, it was thought to activate the pyrimidine ring by introducing 

powerful electron-releasing substitutents, i.e. to synthesise 2,5-diaminopyrimidine. 

The first strategy was to obtain an azo compound containing at one side the pyrimidine 

ring which would be reduced ultimately to yield 2,5-diaminopyrimidine. The route in 

Scheme 23 presented in was implemented. 
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hydrochloridefNaOEt in ethanol 

Scheme 23: synthesis of (223) 

• 

The Vilsmeier reaction on vinyl ethyl ether (220) affords 3-dimethylamino-2-propenal 

(221). As aminoformylating agent the complex ([(CH3)2NHClt[p02Chn obtained 

from dimethylformamide and phosphorus oxychloride was used [445, 446]. After 

preparing the diazonium salt from 2-chloroaniline in the presence of sodium nitrite and 

concentrated hydrochloric acid in water, the azo coupling reaction took place with 3-

dimethylamino-2-propenal (221) to afford the yellow compound (222) [447]. 2-

Chloroaniline was the preferred amine for the diazotisation since it is liquid at room 

temperature, and therefore, easier to separate from a solid product after the subsequent 

reduction step of (223). 

Compound (222) is a very interesting compound with regard to tautomeric structures in 

azo compounds. In 1883, Liebermann was the first to postulate that azo naphthols type 

products could be written, in addition to the azo form, as their hydrazone form. Indeed, 

Zincke et al. demonstrated that a single product was obtained when benzenediazonium 

salts were coupled with a-naphthol. Following these observations, a long debate took 

place whether azo compounds of this type existed in the azo or hydrazone form, with a 

strong intramolecular H-bond present in the latter. The IH NMR spectrum of (222) was 

recorded in CDCI3· It clearly displays a broad singlet at 0 = 14.73 ppm and two singlets 

at 0 = 10.03 and 9.63 ppm. Long range IH_15N heteronuclear shift correlation by using 

a gHMBC experiment at natural abundance was carried out on (222). Two chemical 

shifts were observed on the 15N NMR spectrum at 0 = 177.65 and 376.98 ppm. The 

general range of chemical shifts for the two nitrogen atoms of an azo form is 510-560 

ppm. However, in a hydrazone form the two different types of nitrogen atoms are in the 

range of 140-170 ppm for N7 and 320-380 ppm for Ng• This would suggest that (222) is 
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present as the hydrazone form. A x-ray crystal structure was obtained for (222) as 

shown in Figure 31. In the solid-state, this compound exists in the hydrazone form with 

an intramolecular H-bond between the N-H group of the hydrazone form and one of the 

carbonyl groups. 

Figure 31: x-ray crystal structure of (222) 

This x-ray crystal structure was taken as a starting geometry for a molecular orbital 

calculation to generate the predicted UV -Vis spectrum of this molecule using ZINDO. 

In contrast, the azo form of (222) was determined by geometry optimisation using AMI. 

This azo form served to derive the predicted UV -Vis spectrum of this form as shown in 

Figure 32. 

Figure 32: optimised geometry of the azo form of (222) by AMI 

Both calculated UV -Vis were compared with the experimental UV -Vis spectrum of 

(222) in acetonitrile, as illustrated in Figure 33. 
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Figure 33: experimental and calculated UV-Vis spectra of (222) using x-ray configuration from 
AMl 

It can clearly see that the experimental UV -Vis spectrum is closer to the calculated UV

Vis spectrum from the hydrazone form than the azo form. This confirmed that in the 

solution, the hydrazone form is the dominant form and its geometry is close to that in 

the solid-state. 

The reaction of (222) with guanidine hydrochloride in the presence of sodium ethoxide 

in ethanol formed the pyrimidine nucleus and the orange azo compound (223) was 

obtained [448,449]. 

Several procedures were attempted to reduce compound (223) and obtain 2,5-

diaminopyrimidine (224), as illustrated in Scheme 24. 

(224) 
Reduction 

• + 

(223) C("~ 
CI 

(225) 

Scheme 24: reduction of (223) 
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Firstly, sodium dithionite was used as the reducing agent. This route was inspired from 

the work by Sen et al. [450, 451], who obtained trisubstituted 5-aminopyrimidines by 

this method. However, this reaction was unsuccessful in forming (223). 

A second attempt was carried out using zinc and acetic acid in water under nitrogen. 

This reaction has been used extensively to obtain trisubstituted 5-aminopyrimidines in 

the literature [452-457]. The reaction was carried out and the presence of 2,5-

diaminopyrimidine (224) was detected by TLC (DCM), showing the blue-violet 

fluorescence characteristic of 2,5-diaminopyrimidine (224). However, the compound 

was not obtained in enough quantity to be isolated. 

A final attempt to reduce (223) was carried out by hydrogenation at normal pressure and 

room temperature. Two reduction systems were used, using palladium on charcoal 

[458] and Raney nickel [459]. A more polar product was detected on TLC, but different 

from the desired product. It is possible that this compound is the hydrazine (226), 

which is an intermediate in the reduction step of an azo compound. Higher pressure and 

temperatures may allow 2,5-diaminopyrimidine (224). 

(226) 

In the face of these difficulties, different routes were sought to obtain 2,5-

diaminopyrimidine (224). A possibility to obtain this material has been described by 

Hale et al. [460] . The synthesis involves the use of nitromalonic aldehyde, a very 

hazardous material [461]. Condensation of sodium nitromalonic aldehyde with 

guanidine carbonate in the presence of piperidine as a condensing agent yields 2-amino-

5-nitropyrimidine [460]. This latter compound can be reduced by hydrogenation in the 

presence of platinum oxide at 3 atmospheres of pressure [462]. However, this route was 

not envisaged due to the risk using nitromalonic aldehyde. 

It was then thought that 2-amino-5-nitropyrimidine could be obtained by nitration of 2-

aminopyrimidine. However, the earlier work of Stempel on the synthesis and properties 

of some substituted pyrimidines demonstrated that this route yielded 5-nitropyrimidin-

2-one instead of the desired product [463]. 

More recently, a group of polymer chemists used 2,5-diaminopyrimidine (224) to 

incorporate this moiety in polyamide fibres [464, 465]. They synthesised 2,5-
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diaminopyrimidine (224) in a four-step synthesis as devised and implemented by 

Arnold et al. and as shown in Scheme 25. 

(227) 

iii 

(229) 

(224) 

""N~N+/ 
I +HN~ I 

" 

2CIO.- 'I 
/N"" 

(228) 

(230) 

iv 

i) POCli DMF/SO - J25°C for 6h - Perchloric acid, 70%; ii) triethylamine in ethanol ; iii) guanidine 

hydrochloridefNaOMe in ethanol; iv) 5% aqueous K2C03 at 100°C 

Scheme 25: synthesis of 2,5-diaminopyrimidine (224) 

• 

The synthesis involves the rather complex reaction of glycine hydrochloride (227) with 

the formylating agent prepared from dimethylformamide and phosphorus oxychloride to 

yield the diperchlorate (228) [466]. The deprotonation to obtain the monoperchlorate 

salt (229) is effected by the action of triethylamine [466]. A x-ray structure was 

obtained for this compound, as illustrated in Figure 34. 

Figure 34: x-ray structure of (229) 
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This monoperchlorate salt (229) represents an advantageous starting material for the 

synthesis of pyrimidine compounds. The condensation of this monoperchlorate salt 

affords the 2-amino-5-( dimethylaminomethyleneamino )pyrimidine (230) [467]. The 

dimethylaminomethyleneamino group attached to the pyrimidine nucleus can be 

regarded as a protecting amino group, which is easily cleaved by 5% sodium carbonate 

in water at the boiling point to obtain the key intermediate 2,5-diaminopyrimidine (224) 

[468]. This chemistry is quite similar to that of Hale et a1. [460]. Besides, Kucera et a1. 

devised and implemented a synthesis of 2-amino-5-nitropyrimidine starting from the 

trimethinium perchlorate (231) [469] . 

............ N~N·/ 
I CIO.- I .. .. 

(231) (232) 

(233) 

i) acetic anhydride/64% nitric acid for 2 hours; ii) guanidine carbonate in 50% aqueous sodium hydroxide 

Scheme 26: synthesis of 2-amino-S-nitropyrimidine (233) 

This latter product (231) was nitrated in acetic anhydride/64% nitric acid to yield the 

1 ,3-bis( dimethylamino )-2-nitrotrimethinium perchlorate (232). This latter compound is 

effectively an analogue of nitromalonic aldehyde. 1 ,3-bis( dimethylamino )-2-

nitrotrimethinium perchlorate (232) treated with sodium hydroxide in water undergoes a 

condensation reaction with guanidine carbonate to form 2-amino-5-nitropyrimidine 

(233). 

It was observed that 2,5-diaminopyrimidine was a fluorescent material. A qualitative 

fluorescence spectrum was obtained, showing the absorption maximum wavelength at 

351 nm and the emission maximum wavelength at 429 nm. A second observation was 

that 2,5-diaminopyrimidine (224) had light-induced properties in a solution of acetone. 

By standing at room temperature on the bench, the colourless solution became brown. 

This material may be worth evaluating as a primary intermediate in permanent hair 

coloration. 
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Attempts to nitrate 2,5-diaminopyrimidine (224) were carried out. As discussed, 

pyrimidines that contain a nitro group in the 4- orland 6-position are a class of 

compounds that are difficult to synthesise. In the literature, very little work has been 

devoted to this type of compound. More is known about the nitration of 2,4-

diaminopyrimidine; this reaction is carried out with a mixture of concentrated H2S04 

and fuming HN03 (5:1) and occurred at the 5-position [470]. 

However, it was hoped that the presence of two strong releasing groups attached 

directly to the pyrimidine nucleus might enable the direct nitration at the 4- and/or 6-

pOSItIOn. The presence of an amino group at the 5-position may counteract the 

deactivation of these positions by the nitrogen atoms of the pyrimidine nucleus. A 

number of procedures for the nitration of aniline and its derivatives have been found in 

the literature. These procedures generally use the common mixture H2S04IHN03 or 

nitrous acid [471-473]. The high susceptibility of phenylenediamines and of 

aminophenols to oxidation generally renders direct nitration impracticable, therefore 

their N-acetyl derivatives are often prepared before nitration [474]. 

Firstly, direct nitration was attempted using a mixture of H2S04IHN03 (5:1) following 

the procedure of O'Brien et aI. [470]. The reaction failed to give any product. The 

starting material was probably degraded by the harsh conditions of the nitration 

procedure. 

It was decided to protect the 2,5-diaminopyrimidine (224) as its N-acetyl derivative 

(Scheme 27). 

(224) 
(234) 

Scheme 27: 2,5-N,N'-diacyJaminopyrimidine 

The same procedure using a mixture of H2S04IHN03 (5:1) [470] was used, and the 

starting material was recovered quantitatively after neutralising the media with a large 

quantity of water. A second procedure inspired from Chu et al. [475] was then 

implemented. Chu et al. used a mixture of nitric acid in acetic anhydride and acetic acid 

in the presence of urea to nitrate N,N '-bis(phenylsulphonyl)-p-phenylenediamine. This 

choice was motivated, first, by the fact that no traces of mononitro derivative were 

obtained, which meant that if this reaction worked, the predicted blue compound might 

be produced. Secondly, this procedure offers the advantage to be less aggressive to the 
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species to be nitrated. In addition, compounds nitrated with nitric acid/acetic anhydride 

gives generally a higher ratio of the o-nitro derivative [476]. This reaction was however 

unsuccessful in the case of 2,5-N,N'-diacylaminopyrimidine (234). This may be 

explained by the fact that the N-acyl protection diminishes the power of the releasing 

group and may not be able to counteract the deactivation by the nitrogen atoms. 

Finally, a last attempt was carried out using nitronium tetrafluoroborate in sulpholane. 

This nitration procedure is known to give a higher ratio of ortho substitution over the 

para substitution [477]. However, this procedure did not give any product. 

3.3.2. Pyrazine derivatives 

With a view to produce blue dyes, compound (202)a was chosen for synthesis. It was 

found that this particular compound had already been reported by Philbin et al. [478] 

according to Scheme 28. Piperazin-2,5-dione (235) is alkylated in 71 % yield by a 

Meerwein' s salt, which they generate in situ by reaction of epichlorohydrin and boron 

trifluoride diethyl etherate in diethyl ether. Aromatisation of (236) is carried out in 

carbon tetrachloride using N-chlorosuccinimide and AIBN to obtain (237) in 91 % yield. 

The nitration of (237) is effected by reacting with nitronium tetrafluoroborate in 

sui phone to yield (238) in 30% yield. Nucleophilic substitution on (238) with ammonia 

gas in methanol at 150°C in an autoclave affords (202)a in 98% yield . 

.. .. 

(235) (236) 

iii iv .. 

(238) 

(202)a 

i) Triethyloxonium tetrafluoroborate (from epichlorohydrin and boron trifluoride diethyl etherate in 

diethyl ether) in OCM ; ii) NCS/AIBN in CCI4; iii) tetrafluoroborate in sulpholane; iv) ammonia gas in 

MeOH at 150°C, 1.72 MPa 

Scheme 28: synthesis of (202)a according to Philbin et al. (478) 

146 



They characterised (202)a with the aid of IH/13C NMR IR, MS and CHN analysis. 

First, they described the compound as a dark yellow solid, which contradicts the 

predictions of the PPP-MO calculations shown in Table 27. Secondly, the chemical 

shift of the N-H groups, they state is 0 = 2.00 ppm, which is questionable; N-H groups 

are nonnally more deshielded. Finally, their CHN analysis is not accurate enough to 

prove that they had synthesised the compound. 

The same molecule has also been cited but only as a molecular modelling study on the 

simulation of new energetic molecules using WinMOPAC to predict stability, energy 

content, and possible reactions before synthesis [479]. 

The isomer of (202)a has already been reported by Donald [480]. Donald described 

(201)a as bright yellow compound which showed excellent affinity for nylon and wool 

in the disperse dye test each being imparted with a bright, pleasing yellow colour. 

However, he gives bizarre UV results for this compound; in ethanol, he quoted two 

absorption bands at 305 nm (c = 16,400) and 313 nm (c = 15,000). This is not a bright 

yellow compound. However, if they made a mistake and replaced the 3 by 4, this would 

mean that (201)a has a Amax of 405nm. This is close to the MO-calculations ("-max = 418 

nm) for this compound. 

A synthesis for (202)a was then designed and implemented (Scheme 29). 5-aminouracil 

(239) is obtained by reduction of 5-nitrouracil (212) [439]. The oxidative condensation 

of (239) by potassium ferricyanide affords 2,4,6,8-tetrahydroxy[ 4,5-g]pteridine, 

obtained as the potassium salt first and then converted to the free compound (240) 

[481]. 
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Scheme 29: synthesis of 2,5-diamino-3,6-dinitropyrazine (202)a 

The next step is an alkaline cleavage of the pteridine (240). According to Taylor Jr. et 

al. this reaction is carried out in an autoclave at 170°C [482] . However, Weijlard et al. 

suggested that the reaction could be carried out at 100-1 05°C in a 20% sodium 

hydroxide solution [483]. This reaction was tried but was unsuccessful. In contrast the 

reaction in the autoclave gave the expected product (241). The nitration of (241) was 

carried out following the procedure used by Donald [437]. A yellow product was 

obtained whose structure was not completely elucidated. The IH NMR shows a single 

chemical shift, a broad singlet at 0 = 12.56 ppm resulting from the presence of the two 

NH2 groups. No other peaks were obtained meaning that neither the decarboxylated nor 

the unreacted products were obtained. MS analysis did not provide useful information 

although on TLC the product was a single spot. 

3.4. Conclusion 

Colour-structure relationships have been sucessfully derived for potential semi

permanent hair dyes based on diazines. The early synthetic studies have demonstrated 

the relevance of the PPP-MO calculations as a good tool for the predictions of such 
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systems. However, synthetic difficulties have been encountered for the more promising 

bathochromic compounds. In addition, possible tautomerism or crystallographic 

structures may explained the unexpected colour obtained in the case of2,5-diamino-3,6-

dinitropyrazine (202)a. 

At this stage, the direction of the project was re-assessed. The experience of synthesis 

did not provide confidence that the desired blue compounds could be obtained easily. 

At the same time, L'Oreal, a world-leading organisation involved in hair dye chemistry, 

became involved in the project as collaborators and sponsors. It became clear also that 

there was more commercial interest in permanent than in semi-permanent hair dyeing 

chemistry. 

Thus, it was decided not to continue the syntheses of 2,5-diamino-4- and/or 6-

nitropyrimidine and of 2,5-diamino-3,6-dinitropyrazine (202)a. However, alternative 

routes involving S,S-dimethylsulphiliminopyrimidine [484, 485] or oxadiazolo[3,4-

d]pyrimidine [486, 487] derivatives and 2,5-diamino-3,6-dichloropyrazine [488, 489] as 

starting materials are worth investigating. 
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Chapter 4 - A new approach to permanent hair dyeing using molecular 

modelling assisted design 

4.1. The concept of pro-pigmentation 

This concept and its advantages have been defined in Chapter 1 and are illustrated in 

Figure 35 and Figure 36. A pro-pigment derived from indigo has been taken as an 

example to describe the potential new permanent hair dyeing process based on pro

pigmentation. 

NII / II·0. 

Figure 35: first stage of pro-pigmentation 

In Figure 35, the molecule migrates and is adsorbed onto the surface of the hair fibre; 

this attraction is enhanced by the cationic character of the molecule. Simultaneously, 

ammonia will lift up the scales of the cuticle and swell the whole hair fibre to facilitate 

the diffusion of the molecule into the hair. 

Figure 36: second stage of pro-pigmentation 

In Figure 36, the mixture of aqueous ammonia and hydrogen peroxide will bleach the 

hair and, ideally, react with the pro-pigment. This latter will lose its cationic character 
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and revert back to the pigment, i.e. indigo. By a specific treatment, the scales of the 

cuticle will close up and the indigo will dye the fibre blue. It has been observed in 

preliminary studies that the diameter of the fibre may increase in size, probably due to 

the growth of pigment particles, when the pigment is regenerated, into the cavities 

caused by the bleaching of hair. 

4.2. A model of the diffusivity of a dye into hair 

4.2.1. The notion of longest diagonal of the smallest shadow of the projectedfigure 

According to the work by Sakai et al. [28], the size of a dye molecule is evaluated by 

calculating "the longest diagonal line of the smallest shadow of the projected figure", 

hence called Smin for convenience, using CONCORD [490]. CONCORD is a computer 

program which generates 3-D structures from 2-D representations. The program uses a 

rule- and data-based system that automatically generates 3-D atomic coordinates from 

the constitution of a molecule. As a result of this procedure, CONCORD yields 3-D 

structures of acceptable quality with low demands of computer time. However, the 

main disadvantage of this type of expert system is that only a single reasonable structure 

is generated. This may not be the global minimum, nor even close in energy to the 

global minimum. This is not a problem for very rigid systems, but flexible molecules 

may not be well described with a single conformation. 

However, it is worth highlighting some discrepancies in the work by Sakai et al. [28]. 

The molecular size, Smin, of the series of fluorescent dyes used in their study are 

gathered in Table 33. The permeation distance into the hair fibre for virgin and permed 

hair is also included. These values have been derived from the careful examination of 

their reported graphs since no values in tables were reported. 
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Table 33: molecular size and permeation distance into hair fibre (for virgin and permed hair) in a 
series of fluorescent dyes used in the work by Sakai et a!. [28) 

Permeation 
Permeation 

Molecular distance 
distance 

size, Smin Permed 
(A) Virgin hair 

hair 
(~m)a 

(~mt 

(242) 
HOlXX 

I#,#, eOOH 
7.58 40 -

(243) 
®lXfO 

7.74 38 -

HO 0 0 

I 
~ 

(244) #' #' 8.93 - -

HO 0 0 

I 
~ 

#' #' (245) ~ 9.05 15 40 

I #N 

I 
(246) HOW 9.2 41 40 

QNH S~H 
(247) 10 16.5 30 eX) 

#' #' 

HO 
~ 

OH 

I 
#' 

(248) I 
#' 

I 11.77 3 15 

~ 
I 

NaO,S SO, Na 
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(249) 

(250) 

(251) 

(252) 

(253) 

HO 

N~ 
C~ 

S 

12.23 

13.93 

14.58 

15.04 

15.49 
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3 23 

6 25 
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4 20 

2 19 



HO o 

(254) 16.01 2 20 

eOOH 

HO 

(255) 16.01 2 20 

(256) 16.5 8 19 

(257) 16.81 16 

(258) 17.99 5 

eOOH 
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(259) 17.99 5 

a some of the corresponding values were not reported in their graph 

Firstly, the size limit Sakai et al. reported should be given careful consideration. The 

experiments they carried out, were on non-chemically treated (virgin) and permed, 

Japanese black and straight hair from a eight year old girl. As a consequence, these 

experiments are specific to the Mongolian type hair. The size limit may vary if the 

experiments are carried out on Caucasian and Ethiopian type hairs, since structurally 

there are major differences between those three types. DeLauder et al. showed that, for 

example, while complete fluorescence was observed in an Ethiopian hair sample cross

section at a 30 J!g/mL concentration of rhodamine 6G, Caucasian brown hair required 

10 times the concentration and four times as much time to reach the centre of the fibre. 

Furthermore, the time of their experiments (60 minutes) is not representative since the 

dyeing process should be carried out in 20-40 minutes. Therefore, the permeation 

distance values might be overestimated. 

Secondly, in their series of fluorescent dyes, Sakai et a1. used without distinction non

ionic, anionic and cationic dyes, but they have a different behaviour towards the hair 

fibre since electrostatic forces are important in dye-fibre interactions. A good example 

is the difference between structure (245) and (246) having a similar molecular size but 

very different permeation distance in the case of virgin hair. DeLauder et al. showed 

that two fluorescent dyes similar in shape (fluorescein and rhodamine 6G) had very 

different behaviour towards the hair fibre due to their difference in charge; their 

permeation distance was therefore greatly affected by this factor [121]. 

Finally, Sakai et al. did not disclose the pH they used in their experiment to derive the 

permeation distance. DeLauder et al. have shown that at low pH (PH = 3) rhodamine 

6G was almost not present in the Ethiopian type hair, while at higher pH (pH = 7 and 9) 

the dye was observed mainly on the cuticle although some had penetrated the cortex. In 

addition, in the series of fluorescent dyes they have used, some can be protonated and 

deprotonated at various pH values, as a consequence changing the dye-fibre interaction 
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character. However, the work of Sakai et al. demonstrates that molecular size is 

certainly important in the hair dyeing process. 

4.2.2. Molecular size in the dyeing of fibres 

The size of molecules has been recognised as a critical feature in the dyeing of synthetic 

fibres. For example, the dyeing of polyester microfibre fabrics with disperse dyes has 

revealed that the uptake of the dye was dependent on the size of the disperse dye [491, 

492]. Similar studies have been carried out on cotton fabrics showing the importance of 

the size of a dye on the uptake of the colorant by the fibre [493]. However, the shape is 

not generally recognised as a critical feature, although it can be argued that it is an 

inherent property of comparable importance to the size of a molecule. 

4.2.3. Molecular size in enzymes and zeolites 

An enzyme is a biopolymer that catalyses a chemical reaction [494]. Like all catalysts, 

enzymes work by lowering the activation energy of a reaction, thus allowing the 

reaction to proceed much faster. Enzymes are needed to sustain life, because most 

chemical reactions in biological cells would occur too slowly or would lead to different 

products without enzymes. However, enzyme activity can be affected by other 

molecules. Inhibitors are molecules that decrease or abolish enzyme activity; activators 

are molecules that increase the activity. Most enzymes are far larger molecules than the 

substrates they act on and only a very small portion of the enzyme comes into direct 

contact with the substrate. This region, where the substrate binds to the enzyme to 

enable the reaction to occur, is known as the active site of the enzyme. Enzymes are 

usually specific as to the reactions which they catalyse and the substrates that are 

involved in these reactions. Shape and charge complementarity of enzyme and 

substrate are responsible for this specificity. 

The shape and the size of the substrate, or that of the active site, is a concept crucial to 

enzyme chemistry. A reaction occurs because the unique geometric pattern of the 

substrate can form attractive intermolecular interactions with a structurally and 

chemically complementary active site. Today, the mechanism of action of such 

interactions is better understood. The old-fashioned lock-and-key model of enzyme

substrate interaction, in which the active site is rigid and complementary-shaped to the 

substrate, has evolved into the "induced fit" model [495] (Figure 37). The active site of 

the free enzyme exactly fits neither the substrate nor the products but only the 
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transition-state species. A suitable analogy would be that of a hand changing the shape 

of a glove as the glove is put on. 

enzym + subsll Ie 
entering aeti'Ve sito 

nzym Isubstrilt 
complex 

nzymeJproducls 
complex 

nxym + P oduct 
luving activo silO 

Figure 37: Koshland's induced fit hypothesis of enzyme action 

The determination of the size and shape of potential molecules, that will match the three 

dimensional structural properties of the enzyme catalytic site [496], itself determined by 

multidimensional NMR and x-ray crystallography or by molecular modeling techniques 

[497, 498], is crucial [499]. These techniques are widely used in drug design [497, 500, 

501] . Generally, conformational searching is carried out to obtain the molecular shape 

and size of the molecules [502, 503]. It is worth noting, at this point, that it has been 

observed that in some enzymes the active site cavity is relatively non-polar, so that the 

molecule is surrounded by a low-dielectric environment. In addition, as discussed 

above, it has also been observed that the conformation of a molecule found in the active 

site of an enzyme is rarely the global minimum of a molecule. It is rather believed that 

the biological activity of a drug molecule is supposed to depend on one single unique 

conformation hidden among all the low-energy conformations. 

Since the modelling process usually generates a library of thousands of compounds, an 

approach which has been extensively used in medicinal chemistry is to characterise the 

molecules by descriptors, including some for the hydrophobic, electronic and steric 

properties of a molecule. This is the base for a wider study, the so-called QSAR 

(Quantitative Structure Activity Relationships), also named QSPR (Quantitative 

Structure Property Relationships) [504]. 

A feature of enzymes is their ability to act as shape and size selective catalysts. In 

inorganic chemistry, materials which, in their structures, resemble enzymes are the 

zeolites. Zeolites are solids with an internal structure characterised by interconnected 

cavities and channels [505, 506]. Chemically, they are based on silicon, aluminium, 

phosphorus and oxygen frameworks, which define the internal structure of the solid, 

incorporating channels and cavities of various shapes and sizes. There are obvious 
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structural similarities between the channels and cavities created by the framework of a 

zeolite and those created by the tertiary protein structure of an enzyme. A broad range 

of important industrial processes employ zeolite catalysts: most notably in cracking, but 

also for isomerisation and hydrocarbon synthesis reactions. 

The property of zeolites which is the source of their interest and utility is their ability to 

act as shape- and size-selective catalysts. Molecules of the right size can traverse the 

channels and enter, or leave, the cavities. Those molecules which are too big or the 

wrong shape are excluded; those built within a cavity, which are too big to escape to the 

channels, remain trapped. 

Thus, as far as shape selective catalysis is concerned, molecular shape and SIze are 

properties of utmost importance. Mechanistic models are used in theoretical studies 

concerning shape selective catalysis. Possessing a molecular geometry (from molecular 

or quantum chemical calculations) and atomic van der Waals radii , the molecular shape 

is obtained (fused-spheres model, so-called Corey-Pauling-Kolton CPK model). 

Generally, optimisation procedures afford more than one local minimum. In the case of 

zeolites, the problem is circumvented by determining all the local minima and selecting 

the lowest energy conformers, i.e. the global minimum, to carry out the calculations. 

The dimensions of the generated molecular shape are then determined by means of 

molecular graphics [507]. These dimensions are often obtained by determining the 

smallest parallelepiped enclosing the molecular shape in question. To a good 

approximation, the dimensions of this optimum parallelepiped can be regarded as the 

dimensions of the molecules under consideration. Naturally, instead of using a 

parallelepiped other 3-D solid objects (sphere, right circular cylinder, etc.) may be 

considered. However, the channels of zeolites may be generally best described by the 

use of a parallelepiped. When correlating the dimensions of the molecules with the pore 

diameter of zeolites for molecular fitting purposes, it is customary to neglect the largest 

dimension of the molecules. The molecules can and do prefer to enter the cavities 

through their smallest dimensions, i.e. the smallest possible cross sections of the 

optimum parallelepiped, on the basis of interaction energy criteria [508-510]. Hence, 

only the other two dimensions of the molecules need to be compared with the size of the 

pore. In zeolites, however, the diffusion of molecules in the pores also plays a role in 

this shape-selective process. One study reported the influence of a change in pore 

architecture on adsorption and diffusion behaviour of the molecules. It was found that 

the molecule-lattice interactions control the diffusion mechanism of molecules through 
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the channel of a zeolite. Deka et a1. modelled the interaction energy versus the distance 

travelled by the molecule in the zeolite [511]. 

Thus, in enzyme and zeolite catalysis, size and shape are important features for the 

action of an inhibitor/activator or for a reaction to occur. As discussed in the example 

of zeolites, the molecules tend to enter the cavities through their smallest dimensions. 

This was applied by Sakai et a1. [28] in the dyeing of human hair, although some 

additional features of a molecule have been taken into account to determine a "critical 

size and shape" for the diffusion of hair dyes into the fibre. The curve obtained by 

Sakai et a1. [28] has been modelled (Figure 38). 
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Figure 38: permeation distances of the fluorescent dyes into the hair fibre from the surface of the 
hair for 60 min against the size of the dye molecule for a virgin hair 

According to the physical phenomenon associated with the diffusion of a dye with a 

particular size and shape, a Boltzmann sigmoidal shape represents the best fit to the data 

set; this Boltzmann sigmoidal curve is characterised by a generic equation of the type: 

- B II Top - Bottom (43) y - 0 om + (vso- x) 

1 + e Slope 

where V 50 is the value of x at half the permeation distance and x is the longest diagonal 

line of the smallest shadow of the projected figure of the dye molecule. Using 

GraphPad Prism version 4.00 for Windows, the equation of the curve can be 

determined, especially the V50 value; in the data set of the work by Sakai et a1. [28] the 

V50 value is equal to 9.59 A, and a dye having a Smin of 11 A (calculated according to 

their method) may just be able to diffuse into the hair fibre. It should also be noticed 
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that the regression coefficient obtained is not particularly good and this may be the 

result of having compared dyes with different ionic character. 

If the hair was permed, the size limit increased dramatically (Figure 39) although no 

mathematical model was achieved for this data set. However, this can also be related 

with the ultra-structure damage which can result from daily care. Scanavez et al. have 

carried out a study on the ultra-structure changes from daily care on virgin dark-brown 

hair which was hand washed, using lauryl sodium sulfate solution in 40°C water, rinsed, 

wet-combed, heat-dried and dry-combed for up to 120 times [512]. These treatments 

damage the cuticle and the cortex and generate cavities, or holes in the cuticle as well as 

cuticular cell lifting. The cavities have been observed all along the hair fibres, generally 

elliptically shaped, 1 0 ~m length, 3 ~m width and 0.3-0.5 ~m thickness. This thickness 

has been assigned to be an endocuticle layer or to a whole cuticular cell. As a result, the 

size of the pores on the hair shaft is bigger and larger dyes would penetrate more easily. 
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Figure 39: permeation distances of the fluorescent dyes into the hair fibre from the surface of the 
hair for 60 min against the size of the dye molecule for a permed hair 

An additional factor can affect the size of the pores such as the swelling of the fibre. 

Recently, Kreplak et al. have quantitatively characterised the swelling of the 8-layer of 

the cell membrane complex (CMC) by means of microdiffraction experiments [513]. 

Kreplak et al. have shown that between a hair in 45% room humidity and a hair in a 

water capillary the 8-layer increased in 10% in size, from 17.55 nm to 19.25 nm. Since 

the 8-layer of the CMC is believed to provide the pathways for the dye molecules to 
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enter the cortex of the fibre, these results show that the size of the pores is affected by 

water. 

In conclusion, the size and the shape of the dye molecule would be expected to have a 

great influence in the diffusion process in addition to the electrostatic character. In 

addition, the conditions of the experiment used for treating the hair fibre would also 

have an impact on the diffusivity of the dye into the hair fibre. 

4.2.4. Definition of the size and shape of a molecule 

Molecules are 3-D structures consisting of atoms linked by bonds. When considering 

the space requirements of molecules, it is common to associate them with a molecular 

"body" and a molecular surface [514-518]. In a simplistic model, this surface is a 

molecular boundary, which separates the 3-D space into two parts: the molecular body 

enclosed by the surface is supposed to represent the entire molecule and the rest of the 

3-D space represents the outside of the surface. However, molecules are quantum 

mechanical objects and they do not have a finite body defined in precise geometrical 

terms and a finite boundary surface that contains all the electron density of the 

molecule. The cloud-like electronic distribution of a molecule is very different from a 

macroscopic body [519], and no precise, finite distance can be specified that could 

indicate where the molecule ends. Nevertheless, it is possible to construct molecular 

models which take advantage of the concepts of a molecular body and molecular 

surface. A molecular body and its boundary surface can be defined by assuming that 

the surface encloses the essential part of a molecule. 

Since molecules are built from atoms, it is normal to relate the concept of the molecular 

surface to the atomic surfaces of the constituent atoms. In a crude approximate sense, 

atoms behave as hard balls; the potential energy of interaction between two atoms rises 

very sharply at short inter-nuclear distances like the potential energy increase in the 

collisions of hard, macroscopic bodies. This analogy can be used for a simple 

molecular model where atoms are represented by hard spheres. Once a set of atomic 

radii is chosen, the approximate atomic surfaces can be defined as the surfaces of these 

spheres. The radii of atomic spheres chosen for the representation of the space 

requirements of atoms are usually much too large for modelling molecules by simply 

placing the atomic hard spheres side by side. This approach would not reflect the inter

nuclear distances correctly, and the surface obtained would have artificial shape features 

much different from the shape of the actual electronic charge distribution of the 

molecule. It is possible, however, to generate various "fused sphere" models for 
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molecules [514-518], by allowing the spheres to interpenetrate one another, setting the 

distances between the centres of two spheres equal to the inter-nuclear distance in the 

molecule. The envelope surface of the properly arranged fused spheres may be 

regarded as the molecular surface. In particular, if the atomic radii are taken as some of 

the recommended values of the atomic van der Waals radii, the molecular surface is 

referred as a van der Waals surface. Several different sets of atomic radii have been 

proposed [515-518], and the fused sphere molecular surface obtained depends on this 

choice. Thus, the shape of a molecule can be represented to a good approximation by 

such van der Waals surfaces. 

In addition, an important property of molecules is that they are constantly moving and 

changing conformations since the bonds can bend, stretch and twist. This aspect of 

molecular architecture means that a molecule has a certain degree of freedom and can 

take many conformations without breaking any of its bonds. Some conformations are 

lower in energy than others because their strain energy is minimal, as described in the 

molecular mechanics model [520]. Minimisation techniques will only be able to 

provide the best local minimum geometry which is closest to the starting structure. 

There may be other local minima, some of them being lower in energy. While this 

problem can in theory be overcome by altering the starting geometry, it is difficult to 

investigate the full conformational space in complex, flexible molecules. To overcome 

this problem, a conformational search is often carried out, which attempts to explore all 

the possible conformations of a molecule. Consequently, molecular shape is not a static 

property. Molecular shapes cannot be described in detail without taking into account 

the dynamic aspects of the motion of various parts of the molecule relative to one 

another. The "dynamic" shape can be modelled by an infinite family of geometrical 

arrangements. At higher temperatures, molecular vibrations may cover a wider range of 

molecular geometries. "Dynamic" shape of molecules is an energy-dependent property. 

In conclusion, the shape and the size of a molecule can be described to a good 

approximation by van der Waals surfaces. Additionally, the shape of a molecule is an 

energy-dependent property, i.e. the temperature will have an influence in changing the 

shape of a molecule, as a result of changing the conformation. However, at this point, 

there is a lack of tools to characterise quantitatively all aspects of the shape and the size 

of a molecule. 
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4.2.5. The determination and characterisation of the size and shape of a molecule 

The determination of the size and shape of a molecule is only possible by solving its 3-

D representation. For this purpose, two approaches can be considered depending on the 

flexibility of the molecule. If the molecule is quite rigid, such as a dye or pigment 

molecule, the possible conformations are quite limited, and therefore a quantum 

mechanical calculation using AMI or PM3 would give a relatively accurate geometry of 

the molecule, as noted elsewhere [521, 522]. On the other hand, if the molecule is quite 

flexible the method of choice is certainly a conformational search. The method which 

will be described here is implemented by XED98 on Silicon Graphics Indigo Hardware. 

XED98 is an extension of the COSMIC Modelling System which was originally 

designed in 1978 to help medicinal chemists understand how to improve the potency, 

bioavailability and toxicity of their synthetic molecules. COSMIC is a coulombic force 

field charge arrangement in which electron charge is distributed around the nucleus 

rather than at its centre [523-525]. This has improved computational methods for 

simulating inter- and intra-molecular interactions. In particular, 7t-7t and lone pair 

interactions are well accounted for [526]. 

The COSMIC force field is designed to handle a broad range of small molecules 

(molecular weight of 50-1000 g mor l
) expected to be found in a medicinal chemistry 

environment [527-530]. 

When using XED98, the energy of the molecule is subjected to a minimisation. The 

minimiser used in XED98 is a conjugate gradient procedure using the XED98 force 

field . In addition to the conjugate gradient procedure, the XED98 minimiser has been 

modified so that after it has reached its limiting energy by atom movement, it can 

switch to torsional twisting minimisation. If the energy keeps dropping, it will switch 

again to atom relaxation to refine the new torsional setting and this process will 

continue until the energy reaches a plateau and self tests. 

The conformation searcher within XED98 is intended to find the global minimum of a 

structure. It is not designed to find all local minima over a given energy range. It has 

been rather designed to collect as broad a range of structures with conformations as 

diverse as possible above the global minimum. The so-called "conformation hunter" 

implements, first, a systematic search which consists of rotating each bond with an 

increment of 10°. By default, the conformers are collected if they are 15 kcal mor l 

relative to the current lowest energy. The conformers collected from this systematic 

search may not be able to separate from the influence of the input conformation. As 

discussed before, conformational families associated with a structure very different 
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from the input structure may not be searched. For this reason, the "conformation hunter" 

will then attempt to search as many diverse starting structures as possible. This is 

implemented by a Monte Carlo search, also called random search. Monte Carlo 

searching is based on the key idea that low energy conformations have structural 

features in common. A Monte Carlo search starts with an optimised structure. At each 

iteration in the procedure of the "conformation hunter", new torsion angles are assigned 

randomly. The resulting conformation is minimised using molecular mechanics and the 

randomisation process is repeated. The minimised conformation is then compared with 

the previously generated structures and is only stored if it is unique. The "conformation 

hunter" generates 250 new starting structures. The random methods potentially cover 

all regions of conformational space, but this only is true if the process is allowed to run 

for a sufficiently long time. Even then, it is not certain that the conformational space 

has been completely covered. The main reason for this is that the random search may 

not be able to find the conformations which are separated from the others by a very high 

energy potential. This is particularly important for cyclic systems; bonds have to be 

broken in order to produce new attainable ring conformations. 

Ring conformers are detected by running a high temperature torsional molecular 

dynamics calculation over 1000 steps and collecting a distorted conformer every 200 

cycles. Therefore, a maximum of 5 ring conformers will be collected for each dynamics 

iteration. Each of these conformers is minimised and stored. Molecular Dynamics 

simulations are a way to overcome the problems resulting of high barriers energy 

between different conformers. Applying an elevated temperature to the simulation is a 

widely used tactic in molecular dynamics. At high temperatures the molecule is able to 

overcome even large energy barriers that may exist between some conformations and 

therefore the chance for completeness of a conformational search increases. 

A last technique used in the "conformation hunter" is referred to as "filtration". This is 

implemented at the end of each minimisation of a particular conformer. The filters in 

the program are set to remove broadly related structures, i.e. conformers with all torsion 

angles within 15° are rejected and least squares fits of less than 0.5 RMS (root-mean

squares) are ignored, which should result in a more diverse set of conformations. The 

RMS error is a measure of the deviation of a calculated quantity from an observed 

quantity X (bond distance, bond angle, coordinate, etc.). 
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The RMS error or difference is given by, 

errorrms = ;=1 

N 
(44) 

where X;obs is the ith observed quantity, X;calc is the calculated value and N is the number 

of terms included in the RMS analysis. 

Finally, to solve completely the 3-D representation of a molecule, the choice of two 

criteria such as the dielectric constant and the cut-off energy are critical to match the 

particular problem being modelled. Hair dyes are generally enclosed in formulations 

comprising water (s = 80) for the most part, and, in addition solvents can be added 

which also possess a high dielectric constant. Therefore, the first choice would be the 

80 value as dielectric constant for the calculations. However, the particular problem is 

the 3-D structure of the dye when it starts penetrating the fibre. As discussed before, 

the region of the hair where hair dyes are believed to enter is the endocuticle and the 8-

layer of the CMC which are both protein-rich regions. To a good approximation, the 

dielectric constant of these regions would have a greater influence on the conformation 

of the dye than the highly polar environment of the dye formulation. Although both 

regions have low cystine content, they include ionic amino acids, but their quantity does 

not reach more than ca. 20% of the total region. The other part is a high content of 

hydrocarbon amino acids. Furthermore, it is worth remembering that the outer surface 

of the hair consists of a lipid layer with hydrocarbon chains. Thus, to a certain extent it 

can be said that the dielectric constant value can be the same as the dielectric constant 

entered for the calculation of a conformation of a particular drug. As the "conformation 

hunter" uses the dielectric value 4 by default, which the authors indicated best 

reproduced experimental data for drug-protein interactions, this particular value has 

been chosen in the calculations for the potential of hair dyes. 

The other criterion is the cut-off energy value for the collection of the conformers which 

will together represent a good picture of how the molecule is in reality. Hair dyeing is 

an overhead-process usually carried out at room temperature, i.e. about 25°C (T ~ 300 

K). There may be an increase in temperature due to friction forces when applying the 

hair dye formulation, but this energy increase is negligible. 
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According to Boltzmann, in a macroscopic equilibrium system, at temperature T the 

probability of finding a particle in a state E is proportional to a factor, ) - :T) called the 

Boltzmann factor, where R is the gas constant (8.314 J K- l mor l
) . 

If PI is the probability of finding in the space the lowest energy conformation, i.e. the 

global minimum, P / is equal to 1, according to energy criteria, and: 

~ = Ae( -:~ ) = 1 (45) 

where A is a constant, E, is the energy of the global minimum and T is the room 

temperature (T :::: 300 K). 

If P2 is the probability of finding In the space the highest energy conformation, 

according to Boltzmann, 

( E2) 
P2 = Ae RT (46) 

where A is a constant, E2 is the energy of the highest energy conformation and T is the 

room temperature (T :::: 300 K). 

However, it is possible to express, E2 as a function of E/: 

where !1E is the energy difference between the highest energy conformation and the 

global minimum. 

(_ E, +t1E) 
~ = Ae RT (48) 

( 
E, ) 

But, A = e RT according to Equation 46 and, as a consequence, P2 can be expressed as; 

P
2 
= )-~) (49) 

If !1E, the energy difference between the highest energy conformation and the global 

minimum, is set to 2 kcal mor l
, i.e. about 8 kJ mor l

, the probability P2 is equal to 0.04. 

Thus, a cut-off energy of 2 kcal mor l would give a chance of about 95% to find the 

molecule in the space in any possible conformations the molecule can take. 

The second stage of this work is the quantitative characterisation of the size and the 

shape of the dye molecule. It is common to use spatial descriptors to describe steric 

properties of a molecule. Obvious spatial descriptors are molecular volume, molecular 

surface area, molecular density or molar refractivity; although these descriptors do give 

information on the size of molecules they do not give any information on the shape of 

the molecule. 
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In 1987, Rohrbaugh et al. introduced a way to quantitatively describe molecular shape 

by a set of six geometric descriptors or indexes, Sj, which encodes the shape of 

molecules by calculating the characteristics of three orthogonal projections [531]. 

Basically, once the molecular geometry has been defined, the structure is oriented in 3-

D space according to the axes of its principal moments of inertia. The right orientation 

is crucial in the study to obtain the smallest shadow of the projected figure of the dye 

molecule. The alignment of the molecule with its principal moment of inertia ensures 

that along one of the axes, the smallest shadow will be obtained. 

The molecule is then viewed from three orthogonal directions along the three x, y and z 

axes (Figure 40). For the perspective along the z axis, the z coordinates would be 

disregarded and the molecule projected onto the xy plane; this projection is simply the 

shadow of the molecule which results from directing parallel rays of light along the z 

axis. The area of this shadow is then calculated using a two-dimensional version of the 

point-encoded algorithm described by Stouch et al. [532]; this first index is named S\. 

The second index is the area projected onto the yz plane (S2), and the third index is the 

area projected onto the xz plane (S3)' Each area is also normalised by dividing the 

index (S\, S2 and S3) by the area of the rectangle defined by the maximum dimensions 

of the projection on the plane (S4, S5, and S6). Four other descriptors have been added 

to this original set, and the length of the molecule is also calculated along the x axis 

(S7), y axis (S8) and z axis (S9). Finally, the ratio of the largest to the smallest 

dimension gives information about the linearity of the molecule (S 10), although it is not 

stricto sensu the measurement of the linearity of the dye. 

y 

x 

z 

Figure 40: illustration of the calculation of Sj indexes on di-tertbutylnaphthalene 
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As discussed earlier, this method assumes that the atoms of the molecule are hard 

spheres with the van der Waals radii listed in Table 34. 

Table 34: van der Waals radii 

Atom type Radius (A) Atom type Radius (A) 

C (spJ) 1.70 N (sp) 1.60 

C (SpL) 1.70 N (aromatic) 1.60 

C (sp) 1.77 S (singly bonded) 1.80 

C (al1enyl) 1.70 S (doubly bonded) 1.80 

C (aromatic) 1.77 F 1.50 

o (singly bonded) 1.52 CI 1.75 

o (doubly bonded) 1.50 Br 1.85 

N (Sp3) 1.55 I 1.97 

N (Sp2) 1.55 

4.3. The determination and characterisation of the size and the shape in the series 

of fluorescent dyes as originally used in the work by Sakai et al. [28] 

This study, a re-examination of the original data, was carried out using the XED98 

software for the generation of the range of conformations for the fluorescent dyes. For 

the characterisation of the size and the shape of the dye molecule, several molecular 

modelling software packages have been evaluated. 

First, it was thought that CAChe Worksystem Version 6.1 (Fujitsu Ltd/Oxford 

Molecular Ltd) was suitable for this purpose. Structures were entered using the 

graphical editor (CAChe Editor). For each structure, a systematic conformation search 

by altering the starting geometry was attempted manually using AMI with a 

convergence value of 1 10-
5 kcal mor

l 
and maximum updates for the iteration control of 

3000. The lowest energy conformation found was assumed to be the global minimum 

of the molecule. The whole structure was selected and viewed as a space filling model, 

i.e. a CPK (Corey-Pauling-Kolton) model with atoms displayed with accurately scaled 

van der Waals radii. The smallest shadow of the projected figure was assessed by 

inspection of a structure directly visualised on the computer screen by moving the 

molecule around in the 3-D graphical editor. "The longest diagonal of this smallest 

shadow of the projected figure" was then determined by selecting the longest inter

atomic distance in the 2-D plan of the smallest shadow displayed on the computer 
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screen. To this distance was added the sum of the van der Waals radii of the atoms in 

question. 

Two major problems arise from this procedure. Firstly, this method assumed that the 

lowest energy conformation said to be the global minimum of the molecule gives the 

smallest possible shadow. However, as discussed before, molecules are constantly 

moving and it can be thought that at the time that the dye would penetrate the hair fibre, 

its conformation is different from the global minimum. Secondly, for planar structures 

the determination of the smallest shadow of the projected figure by selecting the longest 

inter-atomic distance in the 2-D plan of the smallest shadow displayed on the computer 

screen may be relatively simple. But, this can be awkward to calculate as shown in 

Figure 41 with the example of quinacridone. 

Smallest shadow Perpendicular view of the smallest shadow 

Figure 4 t : determination of the longest diagonal of the smallest shadow of the projected figure 
using CAChe 

Smin 

Thus, the longest diagonal of the smallest shadow of the projected figure of 

quinacridone, Smin using CAChe would be: 

S min = 2xro +d+d' (50) 

where ro is the van der Waals radii of the oxygen doubly bonded, d and d ' as defined on 

the illustration above. However, this gives an approximate Smin since there exists a 
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small angle between the straight line which defines the Smin and the straight line which 

defines inter-atomic distances d and d '. Furthermore, the carbon atom 15 may not be 

the projected object of the nitrogen atom 7 in the plane perpendicular to the plane ofthe 

paper, and, as a consequence the centre of the carbon atom 15 in this plane will not be 

the projected centre of the nitrogen atom 7. In view of these difficulties, for non-planar 

molecules, this method is not appropriate. 

A search for suitable software at low cost was thus initiated. Molecular Modeling Pro 

available from Emedia Science Ltd has been found to offer better functionalities than 

CAChe Worksystem for this application. Molecular Modelling Pro is able to calculate 

the dimensions of a molecule and then to orient the molecule according to its longest 

dimension in the plane of the screen. However, this alignment does not necessarily give 

the plane perpendicular to the screen the smallest shadow as illustrated in Figure 42. D 

is the longest dimension of the grey object, but the plane perpendicular to this longest 

dimension does not match the plane of the smallest shadow. 
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Figure 42: difference between longest dimension and smallest shadow 

Finally, Material Studio Modeling version 3.1 available from Accelrys Software Inc. 

was used for the molecular shape analysis of the various molecules. A number of shape 

descriptors was calculated including the molecular volume, the molecular density 

defined as the ratio of molecular weight to molecular volume, the molecular surface 

area, the molar refractivity calculated from the method of Ghose et al. [533] and the 

shadow indexes (Si). 
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Smin was calculated by using the three shadow indexes, S7, Sg and S9. These three 

shadow indexes define a parallelepiped in the space and the diagonal line of the smallest 

rectangular face can be calculated by Pythagoras Theorem using the two smallest values 

of S7, Sg and S9. Assuming Sg and S9 are the smallest values, Smin is then obtained by 

the formula: 

In contrast with the work by Sakai et al. [28], the study will compare the fluorescent 

dyes separately according to their ionic character; the non-ionic fluorescent dyes will be 

first compared, then the anionic fluorescent dyes and finally the cationic fluorescent 

dyes, although in this latter category, fluorescent dyes having a cationic character but 

overall negatively charged will be included. 

In this study, it was thought that, at the time the dye molecule enters the hair fibre, it has 

a certain conformation which energetically would favour the penetration. By analogy 

with zeolites, it can be assumed that the conformation at the time of the penetration 

would enter by its smallest dimensions. 

4.3.1. Non-ionic fluorescent dyes 

Assuming the permeation distance experiments in the work by Sakai et al. [28] result 

from hair dyeing at pH around 9.5, the common pH for hair dyeing formulation, non

ionic fluorescent dyes are (243), (244) and (245). The hydroxy group of the coumarin 

nucleus will predominantly be protonated since its pKa is close to 10, although it may 

exist in its ionised form to a small extent. 

All the derivatives diffuse easily from the outside through the cuticle into the cortex, 

although (245) does not reach the centre of the fibre according to their results. Table 35 

shows the results of the calculations including the molecular volume and density, the 

molecular surface area and the molar refractivity of the conformers within 2 kcal mor l 

above the global minimum energy evaluated using XED98 of each structure. 

Table 35: Spatial descriptors of the non-ionic fluorescent dyes 

Molecular Molecular Molecular Molecular 

volume density refractivity surface 

A3 g.mL- 1 
cm3 mor l area 

A2 

I (243) I a 132.82 1.21 43.51 162.l3 
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b 132.71 1.21 43.51 162.24 

a 151.48 1.16 48.06 185.69 
(244) 

b 151.18 1.17 48.06 185.63 

a 200.19 1.20 69.72 240.26 
(245) 

b 200.46 1.19 69.72 238.51 

These dyes are very rigid and do not exist in many possible conformations. It is worth 

noting that all the descriptors predict an increase in size and shape in the order (243), 

(244) and (245), except the molecular density which, as might have been expected, does 

not show any correlation with the size of the molecule. 

Ta ble 36: Shadow indexes (in A) of the non-ionic fluorescent dyes 

SI S2 S3 S4 Ss S6 S7 Sg S9 SIO Smin 

a 50.29 27.33 18.10 0.69 0.80 0.74 7.21 10.05 3.40 2.96 7.97 
(243) 

b 50.51 28.07 18.10 0.67 0.79 0.74 7.21 10.47 3.40 3.08 7.97 

a 56.38 28 .55 23.32 0.72 0.68 0.70 7.88 9.96 4.20 2.37 8.93 
(244) 

b 56.42 29.32 23.36 0.70 0.68 0.71 7.87 10.30 4.20 2.45 8.92 

a 71.76 47.66 26.58 0.67 0.70 0.67 7.88 13.65 5.01 2.72 9.34 
(245) 

b 71.87 47.90 26.74 0.66 0.69 0.68 7.87 13.84 5.00 2.77 9.32 

Table 36 displays the shadow indexes of the conformers of each non-ionic fluorescent 

dyes within 2 kcal mor l evaluated using XED98. According to these results, it can be 

observed that there is an increase in terms of smallest shadow areas, as the ratio of the 

molecular shadow in the xz plane over the area of the enclosing rectangle decreases. 

This means that the smallest shadow of (245) has a less rectangular shape than the 

smallest shadow of (243) and (244). It is coincidental that the two conformers of (243) 

exhibit the same smallest shadow areas and the same S min values. Interestingly, the 

smallest shadow areas of (243), (244) and (245) do not increase linearly and this is also 

observed in the Smin values. This demonstrates that there exists a "critical size and 

shape", as Willsmann stated in 1961 [116]. It seems that for a non-ionic molecule, the 

critical Smin value is close to 9.5 A, since there is a gap between the permeation distance 

values of (243) and (245), respectively 38 and 15 flm in virgin hair. 
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4.3.2. Anionic fluorescent dyes 

The majority of the fluorescent dyes used by Sakai et al. [28] are anionic, due mainly to 

the presence of carboxylic or sulphonic acid groups in their structure. Structures (242), 

(247)-(255) and (257) have been considered using XED98 and all the corresponding 

confonners within 2 kcal.mor l above the global minimum energy were collected except 

for structures (249), (253) and (257). XED98 was not able to handle these three latter 

molecules; therefore, the confonnational search was carried out using CAChe 

Worsystem version 6.1 . The dye molecules were optimised by the AMI MO-method. 

Each structure has been considered in tenns of their confonners. Due to too large a 

volume of data, it was decided to evaluate the relationship of the molecular volume and 

the molecular surface area in tenns of their mean values with the penneation distance in 

virgin hair. The molar refractivity has simply been evaluated against the penneation 

distance in virgin hair, this descriptor being independent of the conformation of the 

molecule (Figure 43). 
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Figure 43: correlation between the molar refractivity and the permeation distance in virgin hair 

In Figure 43, the correlation is of the same nature as is observed in the relationship 

obtained by Sakai et al. between Smin and the penneation distance in virgin hair. In an 

interval centred on the V50 value, depending on the slope of the sigmoidal curve, the 

particular descriptor will have a large variation. Using GraphPad Prism, the equation of 

the curve can be detennined, especially the V50 value; the value of 78.49 cm3 morl was 

found, the curve having a regression coefficient of 0.99. The value of 80 cm3 morl is a 

reasonable value for the molar refractivity limit of a particular anionic dye according to 
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Figure 43. This is particularly interesting in regard to the work by Wilmsmann [116]. 

If the radius of the molecule corresponding to a molar refractivity of 80 cm3 mor l is 

calculated using Equation 1, that gives a radius value of 3.2 A, i.e. a diameter of 6.4 A. 

This value is close to the value of 6 A that Wilmsmann found assuming the molecule 

was spherical in shape, although, in this case, that applies only to anionic dyes and his 

calculations mainly involved neutral and cationic dyes. Thus, it can be deduced that an 

anionic dye having a molar refractivity superior to 80 cm3 mor l will have greater 

difficulties in penetrating the hair fibre. 

For the mean values of the molecular volume and of the molecular surface area, no 

correlations were found although dye molecules having values greater than 250 A3 for 

the molecular volume and 287 A 2 for molecular surface area, have some difficulties in 

penetrating the hair fibre. 

The shadow indexes were calculated for each structure and its corresponding 

conformers. Since, at the time the dye molecule enters the hair fibre, it has the 

conformation which gives the smallest shadow (the molecule penetrates the hair fibre by 

its smallest dimensions), this conformer was selected and its shadow indexes were 

determined. It was observed that the area of the smallest shadow was not related 

linearly to S min . Furthermore, the conformer of a particular structure having the smallest 

shadow area was generally not the conformer which gives the smallest Smin value. Since 

the area of the smallest shadow had more physical significance than S min, it was decided 

to choose the conformer of a particular structure with the smallest shadow area and from 

this conformation to calculate the Smin value (Table 37). 

Table 37: selected conformers giving the smallest shadow area of the structure with their 
corresponding Smin values 

3-D structure Smallest shadow area S3 

(242) 19.44 8.26 
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(247) 41.61 12.24 

(248) 39.08 11.54 

(249) 46.87 12.61 

(250) 53.75 14.93 

(251) 55.00 15.51 

(252) 52.32 15.44 
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(253) 52.25 15.26 

(254) 50.28 15.12 

(255) 57.94 15.89 

(257) 84.92 18.51 

A correlation between the Smin values and the permeation distance was observed. The 

relationship was relatively good if the two dyes (248) and (249) were not included in the 

data set. These may be explained by the nature of the dyes, (248) and (249) being 

respectively di- and tri-anionic in nature. As a consequence, the electrostatic forces 

would be a more important factor in the diffusion than in the other molecules of the 

series. 
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Figure 44: correlation between the Smln values and the permeation distance in virgin hair 

From Figure 44, it can be deduced that an anionic dye having a Smin value between 14 

and 15 A would have some difficulties in crossing the cuticle, although this value may 

be overestimated due to a lack of data, especially for dye molecules which would have a 

Smin value between 10 and 14 A. It is worth remembering at this point that the average 

thickness of the cuticle is about 5 /-lm. 
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Figure 45: correlation between the mean SIO values and the permeation distance in virgin hair 

A correlation between S 10 and the penneation distance in virgin hair has been carried 

out, without taking account both dyes (248) and (249) for the same reason as explained 

before. A Boltzmann sigmoidal curve best fits the data set (regression coefficient equal 

to 0.99). SIO values are the ratio of the largest to the smallest dimension of the dye 
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molecule, which as a consequence gives an indication of the linearity of the molecule. 

From Figure 45 , it can be deduced that dye molecules with a SIO value inferior to 3.30 

would have difficulties in entering the hair fibre. This also demonstrates that the shape 

of a molecule does have an influence on the diffusivity of a dye into the hair fibre. 

Before investigating the series of fluorescent cationic dyes, it is worth mentioning that 

in contrast to the work by Sakai et al. [28] it was found that the dye structure (242) had 

a larger S min value than (243), as might have been expected since the dye structure (242) 

has a additional carboxylic acid group. Furthermore, where Sakai et al. [28] found that 

the dye structure (254) and (255) had the same Smin value, it was found that the 

difference of the two isomers afforded two different Smin values, (255) having a Smin 

value larger than (254). 

4.3.3. Cationic fluorescent dyes 

Unfortunately, the work by Sakai et al. [28] does not contain a large number of 

fluorescent dyes having a cationic character. Structures (246) and (256) are cationic in 

nature, (256) being di-cationic. Structures (258) and (259) are overall negatively 

charged, although they possess some cationic sites, which may suffice for them to be 

attracted by the overall anionic character of the surface of hair. Thus all these structures 

have been considered using XED98 and all the corresponding conformers within 2 kcal 

mor l above the global minimum energy were collected. 

The same type of molecular size and shape analysis as for the fluorescent anionic dyes 

has been carried out, but correlations between the descriptors and the permeation 

distance in virgin hair was not possible due to a lack of data. 

However, some conclusions can be drawn from the molecular modelling of the four 

considered derivatives (Table 38). Compared to the anionic dyes at the same Smin 

values, the cationic molecules penetrate the hair fibre more deeply; dye structure (246) 

has a S min value for its smallest shadow of 9.26 A and was able to reach the centre of the 

virgin hair fibre. Comparatively, dye structure (256) has a mean molecular volume and 

a molar refractivity values more than twice as large as dye structure (246) (367.90 A3 

and 115.27 cm3 mor
l 

respectively, for dye structure (256) and 148.62 A3 and 49.97 cm3 

mor l respectively, for dye structure (246» , a Smin value for its smallest shadow of 13.83 

A and had a permeation distance value in virgin hair of 8 ~m. This latter value would 

mean that this dye was located in the cortex, and more precisely in the CMC 

surrounding the heterotype cortical cells, since the average of the thickness of the hair 
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cuticle is about 5 ~m; this result would also mean that the dye structure (256) entered 

the hair fibre through the endocuticle but also through the 8-layer of the CMC, this latter 

being the only network to reach the cortex. However, dye structure (256) was not able 

to "worm its way" towards the centre of the hair fibre . The fact that dye structure (256) 

did cross the hair cuticle may prevent it from being removed by shampooing, if the hair 

shaft is not too damaged. This would result in improving the washfastness of the dye. 

Interestingly, the mean molecular volume and the mean molar refractivity are, in the 

case of these cationic dyes, superior to the value found for the anionic dyes (250 A3 and 

80 cm3 mor l respectively). This corroborates the idea that the uptake of a dye by the 

hair fibre is facilitated when the dye is cationic. 

The two negatively charged structures (258) and (259) bearing some cationic character 

did not cross the hair cuticle layer and may not be able to enter the 8-layer of the CMC. 

However, careful interpretation of this result is needed, since the reason why structures 

(258) and (259) can not cross the cuticle layer may also be explained by electrostatic 

forces; both structures are overall negatively charged and may be repelled by the 

anionic surface of hair. 

No correlation was attempted for the SIO values due to a lack of data, although it can be 

noticed that, while dye structure (256) has a mean SIO value of 1.83 A, dye structure 

(258) has a mean S 10 value of 2.14 A, which would mean that dye structure (258) is 

more linear than dye structure (256). By simple observation of the structures, it can be 

shown that this is untrue and this demonstrates that this descriptor is not a true 

evaluation of the linearity of a molecule in this case. 

(246) 

Table 38: selected conformers giving the smallest shadow area of the structure with their 
corresponding Smin values 

3-D structure 
Smallest 

shadow area 

179 

(A) 

23.72 9.26 2.34 

Permeation 

distance 

virgin hair 

(~m) 
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(256) 57.45 13.83 1.83 8 

a 64.19 17.00 2.14 5 

(258) ~4-------~~------~--~~-----+----~--~----r-------~ 

64.19 17.35 2.14 5 

(259) 68.49 17.50 1.73 5 

Coincidently, structure (258) had two conformers having the same smallest shadow area, 

although this resulted in two different Smin values 

It is worth mentioning at this stage that dye structures (246) and (256) can not be simply 

represented only by the two conformers in Table 38. A better picture of their real 

representation would be the overlap of all the conformers within 2 kcal mor l above the 

global minimum (Figure 46 and Figure 47). 
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Figure 46: overlap of all the conformers within 
2 kcal.mor l above the global minimum of 

structure (246) 
Figure 47: overlap of all the conformers within 2 

kcal.mol-J above the global minimum of 
structure (256) 

From the observations of both Figures, it is apparent that dye structure (256) is much 

more flexible than dye structure (246). 

Before concluding the study of the cationic dyes, it is noteworthy that, again, in contrast 

to the results presented by Sakai et al. [28] it was found that the difference of the two 

isomers afforded two different Smin values, (259) having a Smin value larger than (258). 

This work which was a re-evaluation based on the earlier results of Sakai et al. [28], 

particularly on fluorescent cationic dyes facilitated the selection of suitable organic 

pigments for pro-pigmentation. Indeed, incorporating a pendant cationic group into a 

pigment would result in a cationic dye. The selection of suitable organic pigments has 

been based mainly on their Smin values, although all the spatial descriptors were 

calculated and considered. The Smin value limit has been set to 14 A according to the 

present study. 

4.4. The selection of suitable pigments for pro-pigmentation 

For the purpose of the development of the pro-pigmentation hair dyeing process, a 

review of the potentially suitable pigments for this technology was carried out [9, 534-

536]. Particularly, organic pigments possessing the features to fulfil the requirements 

for pro-pigmentation have been considered. The insoluble behaviour of many organic 

pigments can, in general, be attributed to the existence of strong intra- and 

intermolecular forces, notably hydrogen bonding or 7t-7t interactions. The hydrogen 

bonding arrangement most commonly encountered in pigments molecules involves 

carbonyl and N-H groups. Thus, by disrupting these forces the pigment will become 

more soluble. Therefore, pigments possessing potentially reactive functional groups 
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such as N-H, carbonyl as well as hydroxy groups were investigated. Metal-complex 

and triarylcarbonium pigments were disregarded because they did not possess the 

required characteristics. 

The relevant organic pigments have been classified by colouristic properties since, for 

the purpose of a pro-pigmentation hair dyeing process, a trichromatic system including 

yellow, red, blue must be provided. Violet and orange pigments have also been 

discussed because they can be useful in tuning the desired shade. This may be 

particularly interesting since when a pigment is reformed its solid-state properties may 

change and influence the observed colour. Within a particular colour group, pigments 

have been discussed according to their chemical constitution. A rough distinction can 

be made between azo and non-azo pigments, the latter being mainly polycyclic 

pigments. The azo pigments chemical class encompasses simple monoazo, disazo 

(diarylide and pyrazolone), ~-naphthols, Naphthols AS, benzimidazolone and disazo 

condensation pigments. Polycyclic pigments include phthalocyanine, quinacridone, 

perylene, perinone, diketopyrrolo-pyrrole (DPP), indigoid, anthraquinone, dioxazine, 

quinophthalone, isoindoline and isoindolinone pigments. 

Within a particular colour group, a molecular size and shape analysis of the various 

organic pigments has been carried out, based on the study in Section 4.3. Structures of 

organic pigments were modelled using CAChe Worksystem version 6.1. Organic 

pigments are generally rigid and do not display many possible conformations and 

therefore it was judged that a conformational search was not needed at this point of the 

study. However, structures were built using the CAChe Workspace (CAChe Editor) 

and they were first optimised using an Augmented MM2 force field with a convergence 

value of 1 10.5 kcal mor l and a maximum iteration updates of 3000. By altering the 

starting geometry, the lowest energy conformation was determined and assumed to be 

the global minimum of the molecule. The resulting structure was then refined using the 

molecular orbital method, AMI , to take into account the extensive delocalised 7t

electron system. To demonstrate that, in a 7t-electron system typical of pigments, AMI 

performs better than the Augmented MM2 force field, the two optimised structures of 

2,9-dichloroquinacridone have been compared to its x-ray crystal structure recently 

published [537]. The superimposition of the molecular geometry from the x-ray crystal 

structure and the optimised structure using either AMI or the Augmented MM2 force 

field are shown in Figure 48 and Figure 49, respectively. It is observed that the 

superimposition is better in Figure 48 (RMS = 0.01) than in Figure 49 (RMS = 0.02), 

although both procedures perform quite well. 
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Figure 48 : overlying of the x-ray crystal 
structure and the optimised structure using 

AMI 

Figure 49: overlying of the x-ray crystal 
structure and the optimised structure using the 

Augmented MM2 force field 

However, anomalies in the optimised structure were sometimes observed with AMI 

such as distortions of planar aromatic rings or the hydrazone chromophoric system in 

azo pigments. In these cases, the structure optimised with AMI was disregarded and 

the structure optimised with the Augmented MM2 force field was retained. 

Of further interest for pro-pigmentation are the properties of lightfastness and 

weatherfastness, as well as solvent resistance which can be directly related to 

washfastness properties in hair coloration. The lightfastness of a pigment is defined by 

the inherent ability of a given pigment-vehicle system to retain its initial colour upon 

exposure to daylight, while weather-fastness is defined as the simultaneous or 

alternating effect of irradiation and atmospheric impact. These three properties are 

highly important in pigments, but may not be as crucial in pro-pigmentation. However, 

in the review, information concerning the three features has been added. 

The last important issue in pigment chemistry is their solid-state characteristics. 

Pigments are insoluble colouring materials, generally dispersed as sub-micron 

particulate solid in the medium of application. The size of these particles is very 

important since it influences the hue, the intensity, the lightfastness, the weatherfastness 

and many other properties of a pigment. Most commercial organic pigments possess an 

ultimate size of less than 111m, often even smaller as a result of many chemical and 

mechanical treatments. In latent pigment technology, it has been observed that the 

regenerated DPP pigment in a thin film shows homogeneous distribution of freshly 

generated pigment particles of size smaller than 20 11m [8] . This regeneration certainly 

may have an impact on the properties cited above, such as a decrease in intensity and a 

hypsochromic shift, although it should increase the solvent resistance. Similar effects 

may well also be observed in pro-pigmentation. 
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Actually, the molecular size and shape analysis was carried out on 172 organic 

pigments recognised as commercial and relevant for pro-pigmentation. These 

molecules gave Smin values from 8.53 to 20.03 A. Only those below 12 A have been 

selected for report in this section. This value was arbitrary chosen with a view to 

subsequently taking into account the increase in the Smin value due to the introduction of 

cationic pendant groups in the pigments. 

4.4.1. Blue Pigments 

Commercial blue pigments are dominated by the phthalocyanine class. The 

phthalocyanine system is structurally derived from the aza-[18]-annulene series, a 

macrocyclic hetero system comprising 18 conjugated n-electrons. At present, 

Phthalocyanine Blue (copper (II) complex) and its derivatives are among the most 

important organic pigments in the market, especially in blues. However, the metal-free 

phthalocyanine is still commercially available as CI Pigment Blue 16 (260), exhibiting a 

greenish blue shade and possessing two heterocyclic N-H groups. 

(260) 

Blue pigments other than metal-free phthalocyanine are found in the heterocyclic 

anthraquinone chemical class. lndanthrone (261) (CI Pigment Blue 60) exists in four 

crystal modifications affording reddish to greenish blue shades. 

o 

o 

(261) 
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An interesting compound which is difficult to classify since it is derived, at the same 

time, from Naphthol AS and disazo pigment is CI Pigment Blue 25 (262) which exhibits 

a reddish blue shade. 

(262) 

Another blue pigment, newly introduced is the reddish blue pigment CI Pigment Blue 

80 (263). 
CI 

O==<~l"'\fN~ 
N~ ~ 
H 0 

CI 

(263) 

Finally, although many colour chemists do not considered this colorant as a "true" 

pigment, indigo is classified in the Colour Index as CI Pigment Blue 66 (5). It is very 

insoluble and may be suitable for pro-pigmentation since its chromophoric system is 

relatively small. 

In terms of molecular size and shape analysis, the five relevant blue pigments give Smin 

values from 8.53 to 17.88 A. CI Pigment Blue 66 (5) exhibits the smallest shadow 

surface area and the smallest Smin value of these pigments (Table 37). CI Pigment Blue 

60 (261) presents slightly larger shadow surface area and Smin values, but rather close to 

CI Pigment Blue 66 (5). The two molecules have the same advantage, i.e. to have two 

different type of functional groups (two N-H groups and two carbonyl groups, which 

may be reduced to give hydroxy groups), which may be useful to tailor its reactivity. CI 

Pigment Blue 80 (263) is also interesting since it shows similar shadow surface area and 

Smin value as CI Pigment Blue 66 (5), although this pigment is relatively expensive. 
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Table 39: selected blue pigments giving the smallest shadow area with their corresponding S min and 
SIO values 

(5) 

(261) 

(263) 

Optimisation 

Method 

AMI 

AMI 

AMI 

4.4.2. Violet Pigments 

3-D structure 

Smallest 

shadow 

area 

20.69 8.53 4.42 

25.26 10.13 6.01 

27.49 10.38 6.22 

Violet pigments can be found in a wide range of pigment chemical classes. Dioxazines 

afford violet pigments, with generally excellent lightfastness and weatherfastness. The 

only commercial dioxazine pigment with the potential for pro-pigmentation is the 

reddish violet CI Pigment Violet 39 (264). 

(264) 

oyO 
°XXNH 
# # 

N OC2Hs 

Isoviolanthrone is a highly polycarbocyclic quinone system belonging to the polycyclic 

anthraquinone pigment family, although the only commercially available derivative is a 

dichloroisoviolanthrone CI Pigment Violet 31 (265). 
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(265) 

Quinacridone structure is a five-ring fused polycyclic system. The molecule consists of 

a central benzene ring which is bridged to two peripheral six-membered aromatic rings 

by two 4-pyridone rings. CI Pigment Violet 42 (266) possesses high colour intensity. It 

is used in paints and plastics as well as textile printing, where it shows good 

lightfastness and weatherfastness properties. CI Pigment Violet 42 (266) is reddish 

violet in shade. 

(266) 

Azo pigments also include some violet pigments. Naphtol AS pigments are mainly red 

but they include some violet compounds such as those presented in Table 40. Naphthol 

AS derived their name from a trademark. Naphthol AS is the condensation product 

(267) of aniline and 2-hydroxy-3-naphthoic acid. 

~~ 
oV 

(267) 

Most Naphthol AS pigments are very intense. Pigments which include carbonamide 

groups offer better solvent resistance, so might offer better washfastness in hair 

coloration. In general, Naphthol AS pigments are fairly lightfast compared to some 

other classes of azo pigments. They are mainly used in printing inks, especially for the 

textiles or to colour paper. 
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R, 

(268) 

Table 40: violet Naphthol AS derivatives 

CI Pigment Violet RJ R2 

a 13 NHCOC6HS CH3 

b 25 NHCOC6Hs OCH3 

c 50 NHCOC6HS CH3 

Benzimidazolone pigments derive their 

aminocarbonylbenzimidazolone group (269). 

(269) 

R3 

OCH3 

OCH3 

OCH3 

name 

Rt 

I-naphthyl 

H 

H 

from the 5-

The benzimidazolone moiety is responsible for the higher resistance to solvents of these 

pigments compared to the Naphthol AS series. They are also inert to alkali and acid. 

Most of them are characterised by excellent lightfastness and weatherfastness. They are 

used in a wide range of pigment applications such as paints, plastics and printing inks. 

Although they are mainly red, this series provides a violet compound, CI Pigment 

Violet 32 (270). 
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(270) 

Perylene pigments are diimides of perylene tetracarboxylic acid. These pigments 

exhibit excellent solvent resistance and offer high intensity, generally stronger than 

quinacridone pigments. Furthermore, they provide excellent lightfastness and 

weatherfastness, approximately equal to quinacridone pigments. They are mainly used 

in paints, although they can be found in plastics coloration. Perylene pigments are 

mainly red, although, the parent pigment, CI Pigment Violet 29 (271) is violet. 

(271) 

In terms of molecular size and shape analysis, the 9 relevant violet pigments give Smin 

values from 8.96 to 17.31 A. CI Pigment Violet 42 (266) exhibits the smallest shadow 

surface area and the smallest Smin value, similar to CI Pigment Blue 66 (5), although the 

only reactive functional group on its chromophoric system would be the two N-H 

groups (Table 41). Similar results are also obtained with CI Pigment Violet 29 (271), 

exhibiting a slightly smaller shadow surface area and the smallest Smin value and 

possessing two N-H groups as reactive functional groups. An advantage of this pigment 

is that the two N-H groups are aligned with the orientation of the smallest shadow area 

which means that additional groups would not considerably increase the size of the 

smallest shadow area. CI Pigment Violet 31 (265) provides slightly larger shadow 

surface area and Smin values than both of the other violet pigments, and it possesses a 

different type of functional group, i.e. hydroxy groups obtained by reduction of the 

carbonyl groups. However, the geometry optimisation would need a confirmation by x-
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ray crystal data, since both molecular modelling methods used distort the viol anthrone 

chromophore, due probably to the presence of the two chlorine atoms. 

Table 41: selected violet pigments giving the smallest shadow area with their corresponding S min 

and SIO values 

(266) 

(271) 

(265) 

Optimisation 

Method 

AMI 

AMI 

AMI 

4.4.3. Red pigments 

3-D structure 
Smallest S3 

shadow area (A2) 

S min 

(A) 

22.08 8.96 4.91 

24.17 9.83 4.64 

42.30 12.06 3.94 

Numerous red pigments are available belonging to a wide range of pigment chemical 

classes. As discussed, Naphthol AS pigments are generally known to provide a wide 

range of red pigments and this is exemplified in the list in Table 42. 

o 

(268) 

190 

H 
N 

Rs 



Table 42: red Naphthol AS pigments 

CI Pigment RI R2 R3 ~ Rs ~ 

Red 

d 2 H CI CI H H H 

e 7 CI H CH3 CH3 CI H 

f 8 H N02 CH3 H CI H 

g 9 H CI CI OCH3 H H 

h 10 H CI CI H CH3 H 

i 11 H CI CH3 CH3 H CI 

j 12 N02 H CH3 CH3 H H 

k 13 CH3 H N02 CH3 H H 

I 14 CI H N02 CH3 H H 

m 15 CI H N02 OCH3 H H 

n 17 H N02 CH3 CH3 H H 

0 18 CH3 H N02 H H N02 

P 21 H H CI H H H 

q 22 H N02 CH3 H H H 

r 23 H N02 OCH3 H H N02 

S 95 H S020C6H4- OCH3 CH3 H H 

N02(P) 

t 112 CI CI CI CH3 H H 

u 114 H N02 CH3 H H N02 

v 119 H S020C6H4-C02CH3 CH3 OCH3 H H 

w 148 CI H CI CH3 H H 

150 H CONHC6Hs OCH3 
a a a 

X 

164 0 b b H OC2Hs H y 

z 223 H CONHC6Hr CI 1- H H 

CI3(2,4,5) naphthyl 

aa 5 H S02N(C2HSh OCH3 OCH3 OCH3 CI 

ab 31 H CONHC6Hs OCH3 H H N02 

ac 32 H CONHC6Hs OCH3 H H H 

ad 146 H CONHC6Hs OCH3 OCH3 CI OCH3 

ae 147 H CONHC6Hs OCH3 CH3 H CI 

af 170 CONH2 H H OC2HS H H 

ag 187 H CONHC6H4- OCH3 OCH3 OCH3 CI 

CONH2(P) 

ah 188 H CONHC6Hr Ch(2,5) COOCH3 OCH3 H H 

ai 213 H COC6HS OCH3 
a a • 

aj 222 H CONHC6H3- OCH3 H NHCO H 

CF3(m) C6H S 
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ak 245 H CONH2 OCH3 H H H 

at 253 S02NHCH3 CI CI CH3 H H 

am 256 S02N(CH3h CI CI OCH3 H H 

an 258 H S02CH2C6HS OCH3 H H H 

ao 261 H CONHC6Hs OCH3 OCH3 H H 

ap 266 CONH2 H H OCH3 H H 

aq 267 H CONH2 CH3 CH3 H H 

ar 268 H CONH2 CH3 H H H 

as 269 H CONHC6Hs OCH3 OCH3 H CI 

a C[ Pigment Red 150 and 213 contam 2-hydroxy-3-naphthOlc aCId amIde as coupling 

component 

b CI Pigment Red 164 is obtained with the following bisdiazo component 

HJCO 

H2N 

Naphthol AS pigments play a major role among organic pigments. Although many 

derivatives are known, only a few are produced in large volume. 

Red azo pigments with higher solvent resistance than Naphthol AS pigments can be 

produced successfully by enlarging the molecule. This can be achieved by condensing a 

diamine with a ~-naphthoic acid derivative or by coupling a bisacetoacetanilide 

derivative with a diazonium salt to produce the so-called disazo condensation pigments. 

Disazo condensation pigments provide a variety of shades. In red shades, they result 

from the condensation of a diamine with a ~-naphthoic acid derivative (Table 43). 

These pigments are fast to alkali and acid and provide excellent lightfastness, in 

addition to relatively good weatherfastness. 
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(272) 

Table 43: red disazo condensation pigments 

CI Pigment Red R\ R2 R3 ~ 

a 144 CI H CI CI 

b 166 H H CI Cl 

c 214 CI CI CI CI 

d 220 CH3 CH3 CH3 COOCH2CH2CI 

e 221 CI Cl Cl COOCH(CH3)2 

f 242 Cl CI Cl CF3 

g 248 CH3 CH3 COOCH(CH3h COOCH(CH3)2 

h 262 CH3 CH3 CH3 CI 

Benzimidazolone pigments also provide some red derivatives (Table 44). 

(273) 
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Table 44: red benzimidazolone pigments 

CI Pigment Red R\ R2 R3 

a 171 OCH3 N02 H 

b 175 COOCH3 H H 

c 176 OCH3 H CONHC6Hs 

d 185 OCH3 S02NHCH3 CH3 

e 208 COOC4H9(n) H H 

There are systems other than the azo chromophoric system that provide red pigments. 

Quinacridone pigments, for example, offer more red than violet pigments as observed in 

Table 45. 

R, 

(274) 

Table 45: red quinacridone pigments 

CI Pigment Red R\ R2 R3 Rt 

a 122 CH3 CH3 H H 

b 192 CH3 H H H 

c 202 CI Cl H H 

d 207 H H Cl H 

e 209 H H H CI 

A closely related structure which gives a red pigment is CI Pigment Red 194 (275), 

based on the perinone chromophoric system. This red pigment is very similar to 

perylene pigments, very lightfast and weatherfast. It is used in paints, textile printing 

and to a lesser extent in plastics. 

~N~ 
~N 

(275) 
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Anthraquinones also provide red pigments such as CI Pigment Red 177 (276). It is a 

bluish red pigment, and X-ray diffraction analysis disclosed a twisting of the two 

anthraquinone units by 75° relative to each other [538]. 

(276) 

Polycarboxylic anthraquinone pigments afford also some red pigments based mainly on 

the pyranthrone nucleus such as CI Pigment Red 216 (277) and 226 (278). 

o 
Br2 

(277) (278) 

Another important red pigment belonging to this same chemical class, but based on the 

anthanthrone nucleus is the relatively small molecule CI Pigment Red 168, (279). It is 

used in vat dye chemistry and exhibits excellent lightfastness and solvent resistance 

properties. It is mainly used in paints and to a lesser extent in printing inks and plastics. 

o 

(279) 
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As a class, thioindigo pigments are related to indigo, but, in contrast to indigo which 

had a short history as a commercial pigment, they provide red pigments with some 

industrial significance. Only two red thioindigo pigments are commercially available, 

CI Pigment Red 88 (280) and 181 (281). CI Pigment Red 88 is used in the paint 

industry to provide a red-violet shade with good fastness properties, but it may as well 

be useful for colouring plastics. CI Pigment Red 181 (281) is a special-purpose 

product, only for pigmenting polystyrene affording bluish shade of red. 

CI 

CI 

(280) (281) 

Diketopyrrolo-pyrrole (DPP) pigments are a relatively new type of heterocyclic 

pigment, based on the 1 ,4-diketopyrrolo[3,4-c ]pyrrole system. These pigments provide 

excellent lightfastness and weatherfastness properties with relatively good solvent 

resistance. They are employed in automotive paints, plastics and for printing inks. 

They offer four commercial red pigments as shown in Table 46. 

R 

R 

(282) 

Table 46: red DPP pigments 

CI Pigment Red R 

a 254 Cl 

(I) 255 H 

b 264 C6HS 

c 272 CH3 

Although isoindolinone and isoindoline pigments afford mainly yellows and oranges, CI 

Pigment Red 260 (283) is an exception in this chemical class. It demonstrates good 

lightfastness and weatherfastness properties. Its shade is yellowish red. 
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NC H~-50 

(283) 

The last red pigment commercially available is a pigment introduced very recently 

based on thiazine-indigo (284) (THI). Structures of these pigments have not been 

disclosed. The pigments are used in industrial paints and they show remarkable fastness 

properties. 

cc
~ 

1# 
s 

(284) 

S)() 
1# 

N 
H 

In terms of molecular size and shape analysis, the red pigments provide a much larger 

choice than violet and blue pigments (Table 47). The 75 relevant red pigments give Smin 

values from 8.75 to 20.03 A. The two chemical classes with reactive functional N-H 

groups that give the compounds having the smallest shadow surface area and Smin values 

are quinacridone and DPP. In the quinacridone pigments, compounds having the 

substitutent groups, R3, exhibit the largest shadow area and Smin values. In the DPP 

pigments, although the parent compound (CI Pigment Red 255 (282)b) presents the 

smallest shadow area value, the well-known chloro-substituted DPP affords the smallest 

Smin value. However, within this latter family the differences are not significant and all 

the derivatives are comparable in terms of molecular shape. Another compound which 

provides a very small shadow area and Smin values is the thiazine chromophoric system. 

However, the pigment derivatives
4 

would probably have substituents on the benzene 

moiety which might considerably increase these latter values. 

4 The pigments derived from the thiazine chromophoric system are not disclosed. 
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For those pigments possessing the reactive functional hydroxy groups obtained by 

reduction, thioindigo pigments are the compounds of choice for pro-pigmentation, 

although, of both pigments, only CI Pigment Red 181 (281) affords small shadow area 

and S min values comparable to quinacridone and DPP pigments. Also, of particular 

interest are CI Pigment Red 168 (279) and 194 (275). 

It is worth noting that although there is an extensive range of red azo pigments, they all 

provide too large a shadow area to meet the requirements for pro-pigmentation. 

Table 47: selected red pigments giving the smallest shadow area with their corresponding Smin and 
StO values 

method 3-D structure 

(274)a AMI 

(274)b AMI 

(274)c AMI 

(274)d AMI 

(274)e AMI 

(282)a AMI 

198 

Smallest 

shadow 

area 

29.50 9.33 4.42 

23.34 9.12 4.41 

22.68 9.28 5.40 

25.64 9.93 4.78 

24.21 9.60 5.37 

25.46 9.45 4.67 



(1) AMI 26.01 9.56 4.00 

(282)b AMI 27.64 9.51 5.87 

(282)c AMI 26.15 9.60 4.24 

(280) AMI 28.80 10.48 4.26 

(281) AMI 24.98 9.38 4.17 

(279) AMI 33.23 12.04 3.92 

(275) AMI 24.21 9.82 5.62 

(284) AMI 21.70 8.75 4.54 
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4.4.4. Orange Pigments 

A number of azo pigments are orange in shade. Monoazo pigments are obtained by 

coupling the appropriate diazonium salt with either an acetoacetanilide derivative or a 

pyrazolone derivative to obtain yellow to orange pigments. 

These pigments have been progressively commercially replaced by other products, 

especially by diarylide pigments. However, they exhibit good lightfastness but they 

tend to be soluble to a certain extent in organic solvents, which explains why they are 

currently being replaced. They are employed in paints and plastics although they are of 

primary importance for applications in printing inks, when the diarylide pigments are 

not lightfast enough. The only orange pigment of this series is CI Pigment Orange 1 

(285). 

(285) 

Diarylide pigments also offer a wide range of commercially available yellow to orange 

pigments. They are produced from 3,3' -disubstituted-benzidines (286) and 

acetoacetanilide. 
x 

x 

(286) 
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These pigments generally exhibit high intensity about twice as high as monoazo 

pigments, although monoazo pigments are superior in terms of lightfastness and 

weather-fastness properties. They are employed in paints, but mainly in printing inks. 

They are the largest fraction of organic yellow pigments in the market today (Table 48). 

R 

Q x 0 

HN NH 

0 Q 0 X 

R 

(287) 

Table 48: orange diarylide pigments 

CI Pigment Orange R X 

a 15 H CH3 

b 16 H OCH3 

c 44 Cl OCH3 

Two other disazo structures which afford orange pigments are the disazo condensation 

pigment, CI Pigment Orange 31 (288) and the disazo benzimidazolone pigment, CI 

Pigment Orange 72 (289). 

Q 
CI NH 

/ 
N~ 

o 

o 

CI 

(288) 
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(289) 

The benzimidazolone pigments afford a senes of orange pigments although these 

pigments differ structurally from the red and violet compounds already presented. They 

are based on acetoacetanilide with a benzimidazolone moiety. This series are mainly 

yellows, but some orange pigments can be produced (Table 49). They have similar 

fastness properties to the red and violet pigments. 

(290) 

Table 49: orange benzimidazolone pigments 

CI Pigment Orange RI R2 R3 

a 36 N02 CI H 

b 60 CI H CF3 

c 62 H N02 H 

Naphthol AS pigments provide some orange pigments (Table 50), even though they are 

mainly reds. 
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(268) 

Table 50: orange Naphthol AS pigments 

CI Pigment Orange RJ R2 R3 ~ Rs ~ 

at 22 H CI CI OC2HS H H 

au 24 H CI H H H H 

av 38 H CONH2 CI H NHCOCH3 H 

Two final orange azo pigments are CI Pigment Orange 64 (291) and 67 (292). These 

pigments are structurally particular and they can not be categorised in the classical 

chemical classes of azo pigments. They are used in plastics and printing inks. 

CI 

(292) 

Other orange pigments can be found in a wide range of other pigment chemical classes. 

Isoindolinone and isoindolines pigments offer two orange derivatives, CI Pigment 

Orange 66 (293) and 69 (294), although (293) has been recently withdrawn from the 
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market. They exhibit yellowish orange colours, and may be useful if no suitable yellow 

candidate was available for pro-pigmentation. 

(293) 
(294) 

The trans isomer of (275), CI Pigment Orange 43 (295) is a pure orange. Of the two 

isomers, this is the more important commercially, but it is expensive. 

~N~ 
V-N 

o 

(295) 

~JO 
N 

DPP pigments offer two orange derivatives, CI Pigment Orange 71 (296) and 73 (297). 

The former is mainly used in plastics and printing inks, while the latter is used in 

automotive paints. Their lightfastness properties are excellent. 

(296) (297) 

Polycarbocyclic anthraquinone pigments also provide a range of orange pigments. CI 

Pigment Orange 51 (298) is the dichloro derivative of CI Pigment Orange 40, 

pyranthrone. Pyranthrone is orange, while CI Pigment Orange 51 (298) is slightly 

redder and possesses higher colour intensity. Another orange pigment is based on 
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anthranthrone, CI Pigment Orange 77 (299). Its structure is similar to CI Pigment Red 

168 (279), although the dibromination has a different substitution pattern, which has not 

been solved yet, that confers this particular hue. 

CI 

CI o 
o (299) 

(298) 

In tenns of molecular size and shape analysis, the 13 relevant orange pigments give Smin 

values from 9.66 to 13.87 A. Those orange pigments having the required features for 

pro-pigmentation can be mainly found in DPP pigments (Table 51). However, certain 

particular derivatives of chemical classes, such as monoazo, benzimidazolone and 

Naphthols AS, may have small enough shadow surface area and Smin values to meet the 

requirements. By changing the substitution pattern on the benzene moiety, DPP 

pigments can provide two orange pigments which afford the smallest possible shadow 

area and Smin values of the range of orange pigments. CI Pigment Orange 1 (285), a 

monoazo pigment, does provide a small enough shadow area and Smin values, although it 

may be difficult to substitute the N-H in the benzamide moiety since it is involved in 

strong intra-molecular H-bonding forces. In contrast, CI Pigment Orange 62 (290)c 

may offer more possibilities for substitution in addition to smaller shadow area and Smin 

values. The last derivative, a very interesting azo pigment is CI Pigment Orange 64 

(291); it provides the smallest shadow area and Smin values of the two last orange 

pigments and offer the advantage of having functional groups with various possibilities 

for reactivity such as benzimidazolone and pyrimidinone N-H groups. 

For those pigments possessing the reactive functional hydroxy groups obtained by 

reduction, the dichloro-pyranthrone derivative is the compound of choice offering the 

smallest shadow area and Smin values. 
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Table 51: selected orange pigments giving the smallest shadow area with their corresponding Smin 

and SIO values 

method 3-D structure 

(296) AMI 

(297) AMI 

(285)5 MM2 

(290)c MM2 

(291) AMI 

(298) AMI 

Smallest 

shadow 

area 

27.97 9.66 3.94 

35.45 10.78 3.17 

33.39 11.80 4.20 

31.30 11.53 4.50 

26.87 10.32 3.78 

28.37 10.99 5.84 

5 Azo pigments were input as their hydrazone form when it was possible since, according to numerous 

studies this form is often taken by azo pigments. 
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4.4.5. Yellow Pigments 

Yellow pigments are found mostly in the azo chemical class pigments. In addition, a 

number of commercial yellow pigments are obtained from the isoindolinone, 

isoindoline, quinophthalone, and anthraquinone pigments. 

As discussed for orange pigments, monoazo pigments afford a variety of yellows 

ranging in shade from greenish to reddish yellow (Table 52). 

R, 

HN ......... 

oyY 
~XXN" 0 

Rs R., 

(300) 

Table 52: yellow monoazo pigments based on (300) 

CI Pigment 
Rl R2 R3 &t Rs ~ 

Yellow 

a 1 N02 CH3 H H H H 

b 2 N02 Cl H CH3 CH3 H 

c 3 N02 Cl H CI H H 

d 5 N02 H H H H H 

e 6 N02 CI H H H H 

f 49 CH3 CI H OCH3 Cl OCH3 

g 65 N02 OCH3 H OCH3 H H 

h 73 N02 Cl H OCH3 H H 

i 74 OCH3 N02 H OCH3 H H 

j 75 N02 Cl H H OC2HS H 

k 97 OCH3 S02NHC6HS OCH3 OCH3 Cl OCH3 

I 98 N02 CI H CH3 CI H 

m 111 OCH3 N02 H OCH3 H Cl 

n 116 CI CONH2 H H NHCOCH3 H 

0 203 N02 H CH3 OCH3 H H 
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However, the most important yellow pigments are the diarylide pigments (Table 53). 

An extensive range of yellow pigments with high intensity is available, although in 

terms of lightfastness, they do not perform as well as the yellow monoazo pigments. 

~' x y 0 

0 

HN 

~. 
R, HN 

/ 
N ' 0 

0 y X 

R3 R2 

(301) 

Table 53: yellow diaryJide pigments 

CI Pigment Yellow X Y R\ R2 R3 

a 12 Cl H H H H 

b 13 Cl H CH3 CH3 H 

c 14 Cl H CH3 H H 

e 17 Cl H OCH3 H H 

f 55 Cl H H CH3 H 

g 63 Cl H Cl H H 

h 81 Cl Cl CH3 CH3 H 

i 83 CI H OCH3 Cl OCH3 

j 87 Cl H OCH3 H OCH3 

k 113 Cl Cl CH3 Cl H 

I 121 Cl H Cl H H 

m 124 Cl H OCH3 OCH3 H 

n 152 Cl H H OC2HS H 

0 170 Cl H H OCH3 H 

P 171 Cl H CH3 Cl H 

q 172 Cl H OCH3 H H 

Apart from these two groups, azo yellow pigments can be found in disazo condensation 

pigments (Table 54). In contrast to the range of red pigments and CI Pigment Orange 

31 (288), the yellow pigments are derived from bisacetoacetanilide derivatives. 
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Table 54: yellow disazo condensation pigments 

CI Pigment Yellow X Y R 

a 93 CH3 Cl c( ) 
CI 

-

b 94 Cl Cl \ j 

CI 

-

c 95 CH3 CH3 \ j 
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128 

'Q-
d CH3 Cl 

P 
CI 

e 166 CI CI c( ) 

A very closely related series of these yellow disazo condensation pigments is provided 

by the bisacetoacetarylide pigments. They are generally smaller in size compared to the 

disazo condensation yellow pigments. A few only have gained commercial importance, 

and only three of these are yellow in shade. CI Pigment Yellow 16 (303) is used in 

paints and in printing inks. It matches the lightfastness of the diarylide pigments and 

exhibits good solvent fastness. 

q' 
CI NH 

~o 
-\ ~N 

o 

(303) 

These two bisacetoacetarylide yellow pigments are pure yellow in shade (Table 55), 

characterised by high intensity, good solvent and acid/alkali fastness. In addition, they 

possess good lightfastness properties. CI Pigment Yellow 198 (304)b was recently 

introduced to the market. 
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(304) 

Table 55: yellow bisacetoacetarylide pigments 

CI Pigment Yellow Rl R2 R3 

a 155 COOCH3 H COOCH3 

b 198 OCH3 N02 OCH3 

Finally, a series of benzimidazolone pigments is yellow in colour (Table 56). They are 

based on the same structure as the orange benzimidazolone pigments. They vary in 

lightfastness properties, but they generally have very good solvent resistance. They 

range from greenish to reddish yellow in shade. 

/NH 

yYo 
o H"yY~>=O 
~N 

H 

(305) 
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Table 56: yellow benzimidazolone pigments 

CI Pigment Yellow R\ R2 R3 ~ 

a 120 H COOCH3 H COOCH3 

b 151 COOH H H H 

c 154 CF3 H H H 

d 175 COOCH3 H H COOCH3 

180 a H H H e 

f 181 H H b H 

g 194 OCH3 H H H 
h 

o 

The last three commercially available azo pigments which are yellow in shade are CI 

Pigments Yellow 167 (306), 182 (307) and 213 (308). 
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(306) 
(307) 

(308) 

Yellows other than azo pigments are available in the isoindoline pigment chemical 

classes. Two derivatives are currently commercially available, CI Pigment Yellow 139 

(309) and 185 (310). CI Pigment Yellow 139 is very lightfast and weatherfast, but 

shows average intensity. It is used in paints, plastics and printing inks. CI Pigment 185 

(310) is a greenish yellow with, in contrast, high intensity and poor lightfastness and 

weatherfastness properties. 
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(310) 

(309) 

In the isoindolinone groups, two yellow pigments are commercially available. CI 

Pigment Yellow 109 (311) is a greenish yellow pigment, while CI Pigment Yellow 110 

(312) is a reddish yellow pigment. They show outstanding fastness properties and are 

well-suited for applications in paints, printing inks and plastics. 

CI 

CI 

CI 
" () " 
III 

CI 
NH HN 

CI 

CI 

-q 
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CI 
CI CI 

(311) 
CI 

CI 

(312) 

A yellow pigment derived from CI Pigment Red 177, (276) demonstrates the versatility 

of the anthraquinone chromophore. Acylating the two free N-H groups with lauric acid 

(CIIH23COOH), which decreases the power of the amino donor groups affords CI 

Pigment Yellow 199 (313). 
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(313) 

However, most of the anthraquinone yellow pigments are derived from an 

anthraquinone yellow pigment registered in the Colour Index with Constitution No. 

60515 (314), although it is not commercially available anymore. 

o ",y 
~U 

o 

(314) 

CI Pigments Yellow 123 (315), 202 (316) and 193 (317) are not particularly used, 

although CI Pigment Yellow 193 (317) has gained importance in Japan and is used in 

plastics and printing inks. The colour intensity is generally weak, but it shows good 

lightfastness. 

(315) 
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(317) 

Another derivative of anthraquinone, CI Pigment Yellow 108 (318) is not classified as 

an anthraquinone pigment, but rather as an anthrapyrimidine pigment. It is an old 

organic pigment used in paints and printing inks which exhibits average fastness 

properties, although it is generally very lightfast. It has also been used as a vat dye. 

(318) 

Another anthraquinone yellow pigment is CI Pigment Yellow 147 (319), which IS 

reddish yellow in shade. It shows remarkable lightfastness properties. 
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(319) 

The last yellow pigment in the anthraquinone chemical class is a polyheterocyclic 

anthraquinone pigment, flavanthrone eCI Pigment Yellow 24 (320». This is a very old 

pigment and has been used for a long time as a vat dye. However, it is very lightfast 

and weatherfast. 
o 

o 

(320) 

Quinophthalones are a very small chemical class of pigment. Only one yellow 

derivative has achieved commercial importance, CI Pigment Yellow 138 (321). It is 

greenish yellow in shade, and exhibits excellent lightfastness and weatherfastness 

properties. It is used in paints and plastics. 
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(321) 

Three last commercially available yellow pigments are CI Pigment Yellow 101 (323), 

148 (322) and 192 (324), which cannot be classified in the classical chemical families of 

organic pigments. However, they may be of interest for use in pro-pigmentation. CI 

Pigment Yellow 101 is an azomethine-type pigments, which surprisingly shows high 

solid-state fluorescence. CI Pigment Yellow 148 (322) is a greenish yellow pigment 

and has a specialised use in the dyeing of polyamide. CI Pigment Yellow 192 (324) has 

recently been introduced to the market. It is employed in the textile industry, showing 

excellent fastness properties. 

(322) 

(323) 

HN~N~ 

O=<.~N 
N 
H 

o 

(324) 

In terms of molecular size and shape analysis, yellow pigments do not possess 

derivatives exhibiting shadow area and Smin values as small as blue, violet, red and 

orange pigments, although a more important number of them shows Smin values smaller 
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than 12 A (Table 57). The 66 relevant yellow pigments give Smin values from 10.00 to 

19.00 A. The only one possessing the smallest shadow area and Smin values is CI 

Pigment Yellow 167 (306), which has free N-H groups in a isoindoli-1 ,3-dione moiety 

aligned with the direction perpendicular to the smallest shadow; this means that, by 

adding a pendant group on this N-H group, the smallest shadow area and Smin values 

will not increase dramatically. Other yellow pigments may be quite large and it is 

mainly in the monoazo pigments that some derivatives may fulfil the requirements for 

pro-pigmentation, although some benzimidazolone pigments may be suitable. Of 

particular interest in this family is CI Pigment Yellow 116 (300)n and 181 (305)f, a 

monoazo and a benzimidazolone pigment respectively, which in addition to having very 

small shadow area and Smin values, offer three different types of N-H groups, i.e. three 

different sites with various reactivity. Other yellow pigments having the requirements 

for use in pro-pigmentation may be found in chemical classes such as azomethine and 

isoindoline. CI Pigment Yellow 110 (312), containing two N-H groups, belongs to the 

former class and has small shadow area and Smin values. CI Pigment Yellow 139 (309) 

is a well-known yellow pigment and affords smaller shadow area and Smin values than 

all the monoazo pigments. A last derivative which is interesting since the unsubstituted 

compound provide the smallest shadow area and Smin values (10.00 A) of all the yellow 

pigments is CI Pigment Yellow 1926 (324). However, the pigment may have a halogen 

atom substituted on the naphthalene moiety. 

For those pigments possessing reactive functional hydroxy groups obtained by 

reduction, Flavanthrone (320) is the compound of choice offering the smallest shadow 

area and Smin values, although the compound registered in the Colour Index Constitution 

No. 60515 (314) may also be interesting. In the same chemical class, CI Pigment 

Yellow 193 (317) is also of interest although its Smin value is very close to the limit. It 

offers the advantage to possess, in addition to the two carbonyl groups which may be 

reduced to hydroxy groups, two N-H groups which may also be functionalised. Other 

yellow pigments offering different types of hydroxy groups, a naphthol and a carboxylic 

acid, may also of interest for pro-pigmentation; CI Pigment Yellow 101 (323) and 151 

(305)b are azomethine and benzimidazolone yellow pigments respectively. 

It is worth noting that the Smin values for the yellow pigments are not as small as some 

of the blue, violet, red and orange pigments. 

6 The pigments derived from this chromophoric system are not disclosed. 
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Table 57: selected yellow pigments giving the smallest shadow area with their corresponding Smin 

and SIO values 

method 3-D structure 

(300)a AMI 

(300)b MM2 

(300)c AMI 

(300)d AMI 

(300)e AMI 

(300)g MM2 

(300)h MM2 

220 

Smallest 

shadow 

area 
(A) 

33.41 11.57 4.13 

35.22 11.95 4.10 

33.02 11.73 4.19 

32.30 11.71 3.87 

32.84 11.59 4.20 

35.11 11.85 3.96 

33.76 11.87 3.90 



(300)i MM2 33.61 11.80 4.09 

(300)j MM2 35.32 12.14 4.97 

(300)1 MM2 34.31 11.74 4.42 

(300)m MM2 37.50 12.47 4.02 

(300)0 MM2 33.47 12.03 5.04 

(300)0 MM2 34.54 11.72 3.75 

(305)f MM2 33.35 11.91 6.16 

(306) MM2 31.00 10.98 4.40 
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(320) AMI 27.91 10.98 5.27 

(314) MM2 30.08 11.68 4.61 

(323) AMI 25.09 10.21 5.19 

(30S)b MM2 36.02 12.13 3.65 

(312) AMI 28.99 10.94 6.54 

(317) MM2 31.83 12.26 6.97 

(309) MM2 34.17 11.46 3.75 
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4.4.6. Brown pigments 

Since all natural hair colours lie in a very small segment of the CIELAB colour space, 

corresponding to dominant wavelengths between 586 and 606 nm, brown pigments are 

of real interest in an attempt to match the initial natural hair colour. 

Brown pigments are available in the disazo condensation pigment chemical class (Table 

58). CI Pigment 23 is a reddish brown pigment. It shows excellent lightfastness, 

weatherfastness properties. It is used in a wide range of applications such as plastics 

and paints. 

N
f 

0 
\ 

R~f 
R2 0 

R. Rs 

(325) 

Table 58: brown disazo condensation pigments 

CI Pigment Brown R\ R2 R3 Rt R5 

a 23 CI H CI N02 H 

b 42 CH3 CH3 COOCH(CH3)2 H COOCH(CH3)2 

CI Pigment Brown 41 (326) and 42 are recent products. They are yellowish brown in 

shade and match the fastness properties of other representatives of this class. 

~ < " 
HN CI 

o \ 
// o 

(326) 
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Another brown pigment is CI Pigment Brown 25 (327), a benzimidazolone derivative. 

It affords a reddish shade of brown. It is used in plastics, paints and printing inks. 

(327) 

Another brown pigment is characterised by the structure (328): 

(328) 

CI Pigment Brown 22 is a reddish brown pigment used for the spin dyeing, particularly 

for polyacronitrile and viscose. 

In terms of molecular size and shape analysis, the only brown pigments that may be 

suitable for pro-pigmentation is CI Pigment Brown 22 (Table 59), although its Smin 

value is slightly higher than 12 A. 
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Table 59: selected orange pigments giving the smallest shadow area with their corresponding S min 

and SIO values 

method 3-D structure 

(328) MM2 

Smallest 

shadow 

area 

SIO 

36.35 12.86 5.82 

The screening of suitable organic pigments for use in pro-pigmentation has provided 

some candidates, especially amongst the blue, red and yellow pigments. The task was 

to transform these highly insoluble compounds into pro-pigments, which will have a 

cationic character to favour the uptake of the molecule by the hair fibre and provide 

solubility in water. 

4.5. Pro-pigments derived from the protection of the N-H functional group 

The latent pigment technology, initially developed for plastics coloration, involved the 

protection of the N-H functional group. Zambounis et al. employed one of the most 

frequently used protecting groups in organic synthesis, the tert-butoxycarbonyl group 

[12, 13] (abbreviated Boc or t-Boc) to generate a carbamate [11] . In order to evaluate 

and better understand this technology for further developments of pro-pigmentation, 

three of the known latent pigments were synthesised. With regard to the selection of 

suitable pigments for pro-pigmentation, latent pigments were derived from the chemical 

classes of indigo, quinacridone and DPP. Tert-butyl 2-(1-(tert-butoxycarbonyl)-3-

oxoindolin-2-ylidene )-3-oxoindoline-l-carboxylate (329) was obtained as a reddish 

violet solid as illustrated in Scheme 30 [16]. 
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rt 120 h 

o 

(5) 

(329) 

Scheme 30: synthesis of tert-butyI2-(1-(tert-butoxycarbonyl)-3-oxoindolin-2-ylidene)-3-oxoindoline
l-ca rboxylate 

A common feature of this compound and many other latent pigments IS their 

fluorescence in both solution and solid-state. Compound (329) is known to exhibit a 

brilliant orange solid-state fluorescence; this is quite interesting since in the indigoid 

colorants, the only materials known to be fluorescent both in solution and in solid-state 

are derivatives of oxindigo (330) disubstituted by donor groups in the 6,6' -positions 

[539]. 

o 

(330) 

Di-tert-butyl 3,6-bis( 4-chlorophenyl)-1 ,4-dioxo-l ,2,4,5-tetrahydropyrrolo-[3,4-

c]pyrrole-2,5-dicarboxylate (331) was also obtained as a brown solid as illustrated in 

Scheme 31 [11]. 
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(282)a (331) 

Scheme 31: synthesis of di-ferf-butyl 3,6-bis( 4-chlorophenyl)-1 ,4-dioxo-l ,2,4,5-tetrahydropyrrolo
[3,4-c] pyrrole-2,5-dicarboxylate 

Compound (331) is also known to be strongly fluorescent both in solution (yellow 

fluorescence) and in solid-state (yellow fluorescence , depending on the polymorphic 

form obtained [540]). This characteristic of (331) is common to a number of similar 

derivatives and was first reported by Langhals et al. who synthesised N,N '-dialkyl and 

diaryl-DPP derivatives to be used in erasable optical fluorescence information storage 

[541 , 542]. Although certain of his derivatives were known previously [14] , the authors 

did not mention the fluorescence in both solution and solid-state. 

Recently, it was taken advantage of the solid-state fluorescence of these derivatives to 

design a solid-state laser with a yellow oscillation [543]. Thus, it seems that the N,N '

disubstitution of the N-H groups on DPP pigments gives rise to a hypsochromic shift of 

the hue of the pigment and generates fluorescence. UV -Vis spectra of the latent 

pigment in solution and of the parent pigment in both solution and solid-state showed 

that there was a decrease in /..max values, from the parent pigment in the solid-state (- 550 

nm) to the parent pigment in solution (- 510 nm) and further to the latent pigment in 

solution (- 430 nm), an 80 nm spectral shift between the parent compound and the latent 

pigment in solution [7]. 

Di-tert-butyl 7, 14-dihydro-7, 14-dioxo-quino[2,3-b ]acridine-5, 12-dicarboxylate (332) 

was obtained as a brownish yellow solid as illustrated in Scheme 32 [544]. 
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Scheme 32: synthesis of Di-tert-butyl 7 ,14-dihydro-7 ,14-dioxo-quinoI2,3-b ]acridine-S, 12-
dicarboxylate (332) 

(332) is also known to exhibit a brilliant yellow solid-state fluorescence. It has been 

reported quantitatively to have a fluorescent Amax value of 460 nrn. Soluble 

quinacridone derivatives obtained by the N,N'-dialkyl and -diaryl disubstitution have 

recently been published [545, 546] and a patent application has been made for their use 

in labelling target biological materials [547]. 

This N,N'-disusbtitution pattern has been applied to a number of other pigments such as 

isoindolinone and dioxazines [7]; they all show similar features. As a rule, it appears 

that N,N '-disubstitution pattern on organic pigments suitable for latent pigment 

technology generates fluorescent materials in both solid-state and solution as well as 

providing, in solution, a hypsochromic shift compared to the parent compound. 

A molecular shape and size analysis was carried out on these latent pigments using 

XED98 on Silicon Graphics Indigo Hardware and Material Studio Modeling version 

3.1. 
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Table 60: selected conformers of the three latent pigments giving the smallest shadow area with 
their corresponding Smin and Stovalues 

3-D structure Smallest shadow area S3 (A) S min (A) SIO 

(329) 61.39 14.83 2.22 

(331) 60.36 14.47 2.47 

(332) 57.61 14.42 2.55 

Of the three conformers of (329) found within 2 kcal mor l above the global minimum, 

the second lowest energy conformer gives the smallest shadow area. A surprising result 

was that the two other conformers were predicted to exist in the cis-form, but in these 

forms the Sm in values were close to 18 A, which is too large for a dye molecule to 

penetrate the hair fibre. 

Of the six conformers of (331) found within 2 kcal mor l above the global minimum, it 

is actually the global minimum that gives the smallest shadow area, although all the 

conformers have similar smallest shadow area and S min values (between 14 A and 16 A), 
in contrast to (329). This is easily explained since in this type of chromophoric system 

the two functional N-H groups are essentially aligned with the plane perpendicular to 

the plane of the smallest shadow area. 

Of the four conformers of (332) found within 2 kcal mor l above the global minimum, it 

is the highest energy conformer which gives the smallest shadow area. Although it 

might have been expected that the Smin value would be higher, all the conformers have a 

Smin value lower than 15 A. This may be explained by the extreme linearity of the 
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chromophoric system, which may be observed by the S 10 value in (332) (2.55), and the 

smallest shadow area and Smin values of the original pigment (22.08 A2 and 8.96 A). 

In addition, further investigations on the quinacridone derivative were performed 

involving the comparison of the conformations predicted by XED98 and that of its x-ray 

crystal structure, recently published [548]. The difference in RMS values was an 

average of 0.024 and the superposition of the global minimum generated by XED98 

with the x-ray crystal structure gives the smallest RMS value. A feature that was 

predicted by XED98 is the small distortion of the plane of the chromophoric 

quinacridone system resulting from the N,N '-disubstitution as can be observed on 

Figure 50. However, in the x-ray crystal structure, the chromophoric system is perfectly 

flat. This difference may be explained as a result of crystal forces. 

Figure 50: comparison of the x-ray crystal structure (blue) and the global minimum of the latent 
pigment (332) (pink) 

In this case, it may not be the global minimum as in the x-ray crystal structure which 

will penetrate the hair fibre. As a consequence, it is relevant to investigate a broader set 

of conformations than merely to target the global minimum. 

Qualitative tests of cleavability were accomplished on the latent pigment (329) derived 

from indigo using a wide range of chemicals as shown in Table 61. At room 

temperature, (329) was dissolved in a test tube filled with acetone to give a reddish 

purple solution and was left for 24 hours at room temperature with each of the 

chemicals in Table 61 . It was observed that trifluoroacetic acid and concentrated 

hydrochloric acid remove the Boc protecting group as judged by the formation of a blue 

precipitate of indigo, although the reaction was not complete. Hydrogen peroxide and 

glacial acetic acid were not efficient, although there were traces of indigo on the wall of 

the test tubes. Surprisingly, the test tube with concentrated ammonia, showed the 

presence of the blue colour characteristic of indigo. Removal of the Boc protecting 
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group under basic conditions had already been reported by Rawal et al. [13] on electron

rich substrates such as pyrrole derivatives. 

Table 61: list of chemicals used for cleavability tests 

Hydrogen peroxide 30% in volume 

Hydrochloric acid concentrated 

Trifluoroacetic acid (TF A) 

Concentrated ammonia 

Glacial Acetic acid 

Generally, the Boc protecting group is removed by acids. During deprotection, 

protonation occurs on the oxygen atom of the carbonyl group of the carbamate moiety. 

Then, O-alkyl cleavage allows the loss of tBu +, which undergoes a further elimination to 

generate isobutene, a volatile material. Thus, a carbamic acid is obtained which 

decarboxylates rapidly to give the amine as illustrated in Scheme 33. 

w -/Bu' -
H 

R/NyOH 

o 

Scheme 33: deprotection reaction of a N-Boc-protected amine 

-C0 2 - R- NH2 

However, the reason why, in this case, (329) can be deprotected under basic conditions 

may be explained by the nature of the molecule; the two nitrogen atoms of indigo are 

able to easily accommodate a negative charge due to the fact that the resulting di-anion 

is stabilised by resonance. Thus, ammonia might attack the carbon of the carbonyl 

group of the carbamate moiety and cause the deprotection reaction to occur. 

Nevertheless, these three derivatives, (329), (331) and (332), do not provide the 

requirements for pro-pigmentation since they do not possess the cationic group. 

Moreover, although the Boc protecting group may be removed under basic conditions, 

problems resulting from the kinetics of the deprotection reaction may be an obstacle for 

their use in hair dyeing. Indeed, it is inconceivable to leave the consumer in contact 

with a hair dye formulation overnight to enable the colour to develop. In addition, the 

shadow areas and S min values of (329), (331) and (332) may be slightly too large to 

enable them to cross the hair cuticle and penetrate the cortex of the fibre, which would 

guarantee a better washfastness of the dye and a "more permanent" dyeing. 
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4.5.1. Carbamate derivatives as potential pro-pigments 

It is worth noting that the use of protecting groups in organic synthesis addresses a 

problem of functional group incompatibility in the synthesis of complex organic 

structures. Many criteria which define how effectively a protecting group will best 

fulfil its assigned strategic role of shielding a functional group from destruction or 

reaction with another functional group do not apply to the design of protecting group in 

pro-pigmentation. However, the literature on protecting groups for organic synthesis is 

a source of inspiration [10, 549, 550]. Since, in pro-pigmentation technology, the 

pigment should be re-generated ideally by ammonia, hydrogen peroxide or the mixture 

of both, a search for, on the one hand, nucleophile/base cleavage protecting group, and 

on the other hand, oxidative cleavage protecting group, was carried out. 

Carbamate-type protection may be interesting since the cleavage conditions can be 

varied widely depending on the choice of the R component (Figure 51), and more 

nucleophile/base targetted protecting groups can in principle be designed. 
o 

I PIGMENT ~ ~ /R 
N 0 
H 

Figure 51: carbamate-type protection in pigments 

The 9-fluorenylmethoxycarbonyl (Fmoc) group [551, 552] (Figure 52), is a well known 

base-labile group [553] for N-H protection. Fmoc groups are usually introduced under 

Schotten-Baumann conditions (aqueous alkali promoted) using the corresponding 

chloroformate. Removal of the hydrogen atom attached to the carbon at the 9-position 

of the fluorenyl moiety generates a planar cyclic molecule containing 14 1t-electrons, an 

aromatic system that satisfied HUckel's 4n + 2 electron rule. This stabilisation forms 

the basis of the 9-fluorenylmethyl protecting group. A secondary amine or simple base 

such as ammonia is often used both to effect deprotection and to trap the resulting 9-

methylene fluorene in an essentially irreversible addition that drives the deprotection to 

completion. The base ejects a carboxylate ion which undergoes, either directly or when 

the carboxylate ion is protonated, loss of CO2 yielding the free N-H group. This type of 

deprotection reaction is called a ~-elimination. However, Fmoc groups present several 

disadvantages, mainly due to the structure of Fmoc group. It would be difficult to 

attach a cationic group on this pendant group, although it might be possible to add a 

trimethylammonium cationic group. Providing that the low solubility of many Fmoc-
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protected N-H compounds would be increased with a cationic group, the resulting size 

of the pro-pigment will be an obstacle for pro-pigmentation. 

Figure 52: Fmoc group 

There are several other carbamate-type N-H protecting groups, which undergo base

catalysed p-elimination such as systems of the type (333). In a similar way to the Fmoc 

group, if the anion is stabilised by inductive or mesomeric effects, this system 

undergoes a p-elimination, yielding the free N-H groups. 

(333) 

An example of an anion stabilised by mesomerism is when the 4-pyridyl group is 

introduced as X in (333), which after N-methylation was removed at pH 8.3 [554]. This 

is very interesting since it would provide the required cationic group, but the resulting 

size of the potential pro-pigment would be far too large for its use in pro-pigmentation. 

Another interesting protecting group, which regenerates the N-H group by p

elimination, is the 2-(methylsulphonyl)ethoxycarbonyl group in which the sulphone 

stabilises the carbanion. The lability of this protecting group means that it can 

sometimes partially be lost during the protection reaction. To cope with this situation, 

this base-labile protecting group has been introduced in a latent unreactive form, the 

reactivity to base only being unmasked when needed. Thus, 2-(methylthio )ethyl esters 

are readily formed from carboxylic acids; the sulphur atom confers negligible acidity to 

the adjacent protons and the protecting group remains intact in the presence of most 

bases. When necessary the acidity of these protons may be significantly increased by 

oxidation (hydrogen peroxide, H20 2) to the sulphone or by S-alkylation whereupon the 

p-elimination is straightforward [555]. 
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Scheme 34: deprotection pathway for the2-(methylsulphonyl)ethoxycarbonyl protecting group 

This 2-(methylsulphonyl)ethoxycarbonyl protecting group IS attractive due to the 

presence of hydrogen peroxide in hair dye formulation, but the disadvantage is the lack 

of cationic character of the initial latent unreactive form. It may be envisaged that 

instead of having a methyl group attached to the sulphur atom, there would be an alkyl 

chain with a quaternary ammonium chain, although this may considerably increase the 

size of the potential pro-pigment. The other route by S-alkylation gives this cationic 

character, but unfortunately due to the toxicity of most of the alkylating agents such as 

methyl iodide (Mel), this is not feasible to apply to a hair dyeing process. 

4.5.2. Silane derivatives as potential pro-pigments 

Silicon chemistry provides the most widespread protecting groups in organic chemistry 

[556-558]. Silyl protecting groups can be either acid or base labile, but only the base

labile protecting system has been investigated. Due to the high affinity of silicon for 

oxygen in addition to an affinity for fluorine which ensured a highly selective 

deprotection pathway (by F-), the use of silyl ethers for the protection of alcohols has 

found considerable use. The Si-N bond is much more easily cleaved than Si-O, as can 

be seen from the bond energies of 75-80 kcal mor l and 112 kcal mor l for the Si-N and 

the Si-O bonds, respectively [559]. Despite this difference, some silyl protecting groups 

have been successfully employed to protect N-H groups, resulting in the so-called 

silanes (Figure 53). 
R, R 
\/ 2 

I PIGMENT ~ /Si .......... 
~ R3 

Figure 53: silane-type protecting group in pigments 

In pro-pigmentation, the cationic pendant group has to be sufficiently small so that it 

does not increase dramatically the shadow area and Smin values of the modified organic 

pigments. A difficulty which arises from this statement is that in silicon chemistry the 

more bulky Rl. R2 and R3 in Figure 53 are, the higher the stability of the silyl 
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derivatives. In addition, electron donating groups bound to the silicon increase the 

stability to basic hydrolysis and electron withdrawing groups cause a decrease. 

Therefore a compromise has to be found concerning the size of the pendant group and 

the stability towards basic hydrolysis. Furthermore, this silyl protecting group would 

need cationic character to maximise the hair fibre-dye interactions. The trimethylsilyl 

group (TMS) is the smallest and most commonly employed protecting group in silicon 

chemistry, but it does not possess any sites which would enable its transformation into a 

cationic pendant group. At the end of the 1960s, the (chloromethyl)dimethylsilyl group 

(CMDMS) was introduced by Eaborn et al. [560, 561] for use in gas chromatography 

and mass spectrometry for the analysis of polar compounds [562]. In contrast to the 

TMS group, the CMDMS group possesses the CI attached to the carbon in the 0.

position of the silicon atom. This carbon may undergo a nucleophilic substitution by a 

tertiary amine such as trimethylamine to generate the desired cationic group. However, 

there is a possibility that the nucleophilic substitution may also occur at the silicon atom 

due to its higher electropositivity compared to the carbon atom (for Si, 1.64 and for C, 

2.35 [559]). 

In Section 4.4, suitable organic pigments for pro-pigmentation have been selected to 

provide the trichromatic system, i.e. blue, red and yellow, required to produce almost 

any shades in hair coloration. To evaluate the impact upon the molecular shape and 

size, some potential N,N '-silyl pro-pigments have been modelled. Unfortunately, 

XED98 is not parameterised for the silicon atom, therefore the conformational search in 

this particular case was carried out using the Augmented MM2 force field and/or the 

molecular orbital method AMI implemented in CAChe Work system version 6.1. 

1/ /Nj 
""'5;/ o 

I 
N 

o 

(334) 

(335) 

235 



CI 

\/ 
w\/ ~ / 

/ Si-N N-Si\\ / 

/ ~ \ N' -

/ 

CI 

(336) 

\/ 
N'"\/ 

/ Si-N 

/ 
o 

(337) 

Table 62: selected conformers of the potential N,N'-silyl pro-pigments giving the smallest shadow 
area with their corresponding Smin and SlOvalues 

Smallest shadow Smin 
3-D structure SIO 

area 

(334) 71.56 16.57 2.16 

(335) 61.66 15.90 2.3 

(336) 80.64 16.58 2.16 

(337) 50.09 12.52 3.24 
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The N-H substitution by silyl protecting groups has a dramatic effect on the molecular 

shape and size. According to these results compared to those obtained for the series of 

cationic fluorescent dyes in Section 4.3.3, apart from (337), all these potential pro

pigments are predicted to have difficulties in crossing easily the hair cuticle (for S min 

values above 14 A). Furthermore, the case of (337) is very particular in the sense that it 

is the only one to have only one cationic pendant groups and this would certainly 

explain its lower shadow area and Smin values of the series. 

In the literature, no reports of previous work involving organic pigments and silicon 

chemistry were found. Therefore, a search for silylation procedures was carried out on 

compounds resembling organic pigments. In order to test the efficiency of silylation 

procedures, indigo was selected as starting material, although DPP and quinacridone 

were also used and trimethylchlorosilane was the reacting agent. The purpose of these 

first attempts was to adapt silylation procedures for use in the case of organic pigments. 

The first encountered difficulty was the choice of the reaction solvent. Indigo can be 

dissolved in tetrahydrofuran (THF), but not very efficiently, N-methylpyrrolidinone 

(NMP) and N,N-dimethylformamide (DMF) being more efficient solvents. The second 

difficulty was the choice of the base. Silylation is carried out mostly in the presence of 

triethylamine for primary amines [563], amide compounds [564, 565] and pyrrolidinone 

[566-568] . Sometimes, a catalyst is added such as 4-N,N-dimethylaminopyridine 

(DMAP) to facilitate the reaction in the case of bulky silyl protecting groups [569]. 

Attempts were carried out on indigo using trimethylchlorosilane (TMS-Cl) in the 

presence of triethylamine in THF since THF can easily be evaporated after the reaction 

(Scheme 35). 

o 

(5) 

TMS-CI I NEll i THF 
• 

Reflux, 24 h 

(338) 

Scheme 35: attempted synthesis of 1-(trimethylsilyl)-2-(I-(trimethylsilyl)-3-oxoindolin-2-
ylidene)indolin-3-one using NEt3 

After 24 hours at reflux, indigo was recovered (80% by mass) by filtration and only a 

trace of a yellow spot was observed on TLC. Other attempts were implemented on 
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indigo using trimethylchlorosilane in the presence of triethylamine in combination with 

DMAP in DMF. Again a trace of yellow spot was observed on TLC at the same Rr as 

the previous synthetic attempt. 

Since the presence of triethylamine as base in the reaction failed to give the N,N '-bis 

silylated indigo, even with a catalytic amount of DMAP, it was thought, according to 

the literature search, that DMAP alone as a strong base might give the desired product 

(Scheme 36). 

D 

(5) 

TMS-CII DMAP I DMF 
• 

70-80' C. 48 h 

(338) 

Scheme 36: attempted synthesis of 1-(trimethylsilyl)-2-(1-(trimethylsilyl)-3-oxoindolin-2-
ylidene)indolin-3-one using DMAP 

After 48 hours at room temperature and 48 hours at 70-80°C, in the filtrate solution, the 

yellow spot appeared on TLC having the same Rr as in the previous syntheses, but this 

time this product was isolated by flash chromatography and red crystals were obtained. 

A lH NMR spectrum revealed that this yellow spot may have been cis-indigo (339). 

The lH NMR spectrum showed the chemical shift pattern of the indigo chromophore 

with two doublets and two triplets in addition to a broad singlet at 8 = 11.03 ppm (2H) 

demonstrating that none of the N-H groups had been substituted_ Compared to the lH 

NMR spectrum of (329) in the same solvent, the two doublets as well as the two triplets 

are deshielded, although the two triplets are not affected as much as the two doublets. 

It is believed that the presence of a base combined with the high temperature is the 

cause of the transformation illustrated in Scheme 37. 

o 

o 

(5) 

TMS-CII DMAP I DMF 
• 

70-80·C. 48 h 

Scheme 37: proposed synthesis of cis-indigo 
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However, these silylation procedures failed to give the desired products. It was difficult 

to conclude whether the base was not efficient enough for the silylation procedures or 

the trimethylsilylated products were easily hydrolysed, as has already been reported in 

the case of trimethylsilylated acetanilides [570] and, therefore, impossible to isolate. 

Other bases have been employed in silylation of a variety of N-H groups such as 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) [571 , 572], n-BuLi [573-576] orNaH [577]. 

NaH was tried as a base using indigo and TMS-CI at room temperature (Scheme 38). 

This procedure failed again to give any product. NaH is not only a base but also a 

reducing agent and indigo is liable to reduction, producing leuco-indigo. In the reaction 

mixture, very low amounts of almost colourless products were detected on TLC but 

several attempts failed to isolate them. This might have been the result of O-silylation 

since silicon chemistry is characterised by a higher affinity towards oxygen than 

nitrogen. 

o 

(5) 

TMS-CII NaH I DMF .. 
4h 

(338) 

Scheme 38: attempted synthesis of t-(trimethylsilyl)-2-(1-(trimethylsilyl)-3-oxoindolin-2-
ylidene)indolin-3-one using NaH 

At this point, attempts to produce (338) were abandoned. Since N,N'-trimethylsilane 

derivatives of indigo appeared to be too unstable, (chloromethyl)dimethylchlorosilane 

(CMDMS-CI) was used directly in further silylation reactions; it was hoped that the 

more bulky groups would result in more stable products. 

Due to the complications with indigo being potentially reduced by NaH, silylation of 

quinacridone was attempted using sodium hydride and CMDMS-CI in DMF. The 

reddish violet suspension of quinacridone turned dark blue when NaH was added. This 

is characteristic of the di-anion of quinacridone [578]. However, the colour reverted to 

the original when CMDMS-CI was added and after 3 hours at room temperature, 

quinacridone was recovered by filtration (Scheme 39). Similar attempts were carried 

out on 3,6-bis(4-chlorophenyl)pyrrolo[3,4-c]pyrrole-l,4-dione but without any success. 
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Scheme 39: attempted synthesis of N,N'-bis(chloromethyl)dimethylsilyl-7,14-dihydro-7,14-dioxo
quinoI2,3-b lacridine 

However, a last attempt was implemented using the more bulky tert-butyldimethylsilyl 

group. Using 3,6-bis(4-chlorophenyl)pyrrolo[3,4-c]pyrrole-l,4-dione in dry DMF and 

NaN(SiMe3)2 as a base [579] , tert-butyldimethylchlorosilane (TBDMS-CI) was added. 

The blue solution characteristic of the di-anion (341) was obtained and when TBDMS

CI was added a trace of an orange fluorescent material was observed in the mixture 

which disappeared almost instantly (Scheme 40). 
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Scheme 40: attempted synthesis of2,S-his(tert-hutyldimethylsilyl)-3,6-his(4-
chlorophenyl)pyrrolo [3,4-cl pyrrole-l ,4-dione 

Silyl protecting groups therefore appear not be adequate for the purpose of pro

pigmentation. Firstly, their molecular shape and size analysis shows that they would 

have difficulties in crossing the hair cuticle. Secondly, their synthesis seems not to be 

feasible at least in good yields. Finally, silanes might be too liable to hydrolysis and too 

unstable to use. That may not be the case if the targeted reactive group was O-H instead 

ofN-H, since as discussed earlier, silicon has a higher affinity for oxygen. 

Thus, the search for further nucleophile/base labile protecting groups was continued and 

the use of amides as potential protection for the N-H groups in organic pigments was 

investigated. 
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4.5.3. Amide derivatives as potential pro-pigments 

The early development of the pro-pigmentation technology is based on amide 

protection. The concept of pro-pigmentation applied to hair coloration has recently 

been patented by Greaves et al. on the basis of the single derivative (343) [20]. 

pH > 7 

• 
in-situ 

o 

(5) 

(343) 

Scheme 41: regeneration of indigo in the pro-pigmentation technology 

(343) is a well-established compound whose synthesis had been already described by 

Setsune et al. [580] and Kitao et al. [581]; it was intended to be used for storing light 

energy due to its capacity to undergo photoisomerisation but also to lower the cost for 

such a technology by affording compounds of this type soluble in water. Its synthesis 

involves indigo reacted with nicotinoyl chloride hydrochloride in pyridine at 50°C for 5 

hours. The resulting intermediate is then treated with dimethyl sulphate at 60°C for 1 

hour, and the product precipitates when diethyl ether is added to the solution. The 

nicotinoyl group was recognised in an article a few years later as a possible protecting 

group for O-H and N-H functional groups [582], which was cleaved by alkaline 

hydrolysis after activation by quatemisation of the pyridine moiety. A similar cleavage 

reaction was claimed in the first patent on pro-pigmentation. 

A molecular shape and size analysis has been carried out on this particular pro-pigment. 

From the 8 conformers found, the second lowest energy conformer gives the smallest 

shadow area. The surface area of its smallest shadow is comparable with the cationic 

fluorescent dye (256), which does penetrate the hair fibre, but its Smin value is 

marginally larger. Concerning its S 10 value, it is larger than the cationic fluorescent dye 

(256), as a consequence of a more linear rather than globular shape. 
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Table 63: selected conformers of the pro-pigment (343) giving the smallest shadow area with their 
corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 (A) Smin (A) S 10 

(343) 55 .54 15 .37 2.46 

However, the drawback of this pro-pigment is the lack of flexibility of its cationic 

pendant group owing to the very rigid pyridine moiety. In reality, it might be expected 

that the hair fibre does not possess the rigid structure of a zeolite but rather has various 

types of pores, so that a more flexible molecule may cope better with this structure and 

have less difficulties in penetrating the hair fibre . 

Thus, other amide-type protecting groups were investigated. The acylation of N-H 

groups is usually easily achieved with an acid chloride in the presence of a base to 

scavenge liberated hydrochloric acid. The base may also serve in activating the acyl 

chloride. 
o 

I PIGMENT ~ )l 
N R 
H 

Figure 54: amide-type protection in pigments 

Formamide is the simplest protecting group of this type. Although its deprotection 

generally requires stringent conditions (NaOH at reflux), formamide protecting groups 

can be removed by oxidation with hydrogen peroxide having the effect to generate the 

labile carbamic acid. 
H R/NyH 

o 
--

Scheme 42: formamide protection for N-H groups cleaved with H20 2 

This is interesting in view of the presence of hydrogen peroxide in hair coloration 

formulations, but it lacks the cationic character desirable for its use in pro-pigmentation. 

The acetyl group may be functionalised at the carbon atom in the a-position with a 

cationic moiety. Acetyl-protected N-H groups are generally stable to oxidising agents 
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[549] . Yet, their use as a protecting group is not widespread due to the generally harsh 

conditions needed to remove them. However, modification of the substituents on the a

position leads to a less stable group and, especially, a proximate electron withdrawing 

group may accelerate the cleavage of the amide bond to the point that mild conditions 

could be used as already noted in the case of acetylpyridinium protecting group [583]. 

This latter protecting group is found to be cleavable under basic conditions as shown in 

Scheme 43 (NaOH 0.05 N at 37°C) and the relative rate depends on the nature of the 

starting amine. According to reported results, aromatic amine derivatives are more 

easily cleaved than saturated amine derivatives. 

cr-

37"C 

Scheme 43: cleavage reaction of the acetyJpyridinium protecting group 

Since the acetylpyridinium protecting group would be certainly too large for the 

requirements of pro-pigmentation, a smaller pendant protecting group was sought, 

which would have a cationic site or be able to be converted into a cationic species. 

N,N'-bis(chloroacetyl)indigo (344) and N-chloroacetylindigo (345) are known in the 

literature and both compounds have been synthesised by Smith et al. to study their 

solid-state molecular structure [584]. It was thought that this derivative would be 

convenient to incorporate a cationic group by nucleophilic substitution on the carbon 

atom in the a-position. 

The synthesis involves reacting a suspension of indigo in n-butylacetate with 

chloroacetyl chloride in the presence of 2,6-lutidine (Scheme 44). However, the yield 

are quite poor due mainly to the fact that indigo is only partially soluble in n

butylacetate. It was found that dry DMF was a much better solvent for this reaction. 

This affords a better yield (66%) of the di-substituted N,N'-bis(chloroacetyl)indigo 

(344). This latter derivative was particularly targeted for two main reasons; it was 

believed that the more cationic groups present, the more soluble the pro-pigment will be 

in water or even in alcohols. In addition, maximising the number of cationic sites in the 

pro-pigment would also provide the optimum attraction for the hair fibre. 
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Scheme 44: synthesis of N-chloroacetyl-2,2'-bi-indolinylene-3,3'-dione and N,N'-bis(chloroacetyl)_ 
2,2'-bi-indolinylidene-3,3'-dione [5841 

As already noted in the work of Smith et al. [584] , the IH NMR spectrum at room 

temperature in CDCl3 of the di-substituted product obtained from the improved reaction 

(in DMF) displayed a broadened singlet at 0 = 4.58 ppm corresponding to the CH2 of 

the acetyl moiety. By cooling to -50°C, the signal becomes an AB quartet which shows 

the geminal coupling between HA and Hs (J 12.6 Hz). From their work, Smith et al. 

concluded that this phenomenon was attributed to hindered rotation of the CO- CH2Cl at 

lower temperatures [584]. 

HAJr=CI 

He 
o 0 

N 

(344) 

245 



NOE experiments were carried out on (344) and (345) confmned the intuitive 

assignment of the aromatic hydrogen to their chemical shifts on the spectrum; 14 was 

the most shielded hydrogen atom while H6 was the most deshielded (see Scheme 34). 

Due to the substitution and the proximity of the carbonyl group of the amide function, 

H7 is more shielded than the two other hydrogen atoms Hs and H6. 

A molecular shape and size analysis was carried out on (344). Using XED98, it was 

found that (344) can exist in three different conformations within 2 kcal mor l above the 

global minimum. The third conformer showed the smallest shadow area value and its 

Smin value is relatively low, although this time this value should be compared with the 

values from the series of non-ionic fluorescent dyes. In Section 4.3.1, it was deduced 

from the analysis of the experiment of Sakai et al. that the critical Smin value was close 

to 9.5 A. This would mean that this particular dye would have some difficulties to cross 

the hair cuticle of the fibre. 

Table 64: selected conformer of (344) giving the smallest shadow area with their corresponding Smin 

and SJOvalues 

3-D structure Smallest shadow area S3 (A) Smin (A) S 10 

(344) 39.84 11.69 2.57 

It is worth mentioning that in the solid-state the two CH2Cl groups are on the same side 

of the plane of the indigo chromophoric system (Figure 55). 

Figure 55: x-ray crystal structure of compound (344) according to Smith et al. 15841 
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This feature was not observed in any of the conformers generated by XED98 as shown 

in Figure 56. This may be explained by crystallographic forces which are not taken into 

account in the optimisation procedure ofthe XED98. 

Figure 56: overlapping of the three conformers of (344) generated by XED98 

Attempts to convert (344) into a cationic salt by nucleophilic substitution on the carbon 

atom in the a-position of the acetyl moiety were first carried out with trimethylamine 

hydrochloride and a solution of sodium ethoxide at room temperature. However, the 

reaction failed and the starting material was partly recovered with some indigo; this 

indicated that the chloroacetyl protecting group was base-labile, although sodium 

ethoxide is a particularly strong base. A relevant observation was made by Rajeswaran 

et al. [585] who deprotected N-dichloroacetyl oxindoles by triethylamine at room 

temperature. A second attempt convert to (344) into a cationic salt was carried out using 

a 30-35% ethanolic solution of trimethylamine in DeM, a procedure adapted from the 

work of Girard [586] , but after 24 hours in a sealed conical flask this also failed to give 

the desired product. However, further investigations into the work of Girard led to the 

discovery of a series of compounds named Girard reagents [587]. 

(346) (347) (348) 

Figure 57: some Girard reagents 

These compounds are esters (346) and hydrazines (347) or (348) bearing a cationic site 

such as a quaternary ammonium group in the a-position of the carbonyl group [588]. 

They were u ed to separate aldehydes and ketones in essential oils [589]. Aldehydes 

and ketones reacted on heating in methanol with Girard reagents in the presence of 
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acetic acid to form the hydrazones, which as a consequence became soluble in water. 

Finally, hydrolysis of the hydrazones liberated the pure aldehydes and ketones. 

These Girard reagents were the source of inspiration to design and implement a single

step synthesis which would yield N,N'-bis(trimethylammoniumacetyl)indigo dichloride 

in a similar pathway as Scheme 44. The required starting material for this purpose was 

N-chlorobetainyl chloride which was synthesised from the inexpensive betaine 

hydrochloride [590] with thionyl chloride at 70°C (Scheme 45) . 

• 
70' C 

(349) (350) 

Scheme 45: synthesis of N-ch lorobetainyl chloride 

Indigo was reacted with N-chlorobetainyl chloride in the presence of 2,6-lutidine in dry 

DMF for 5 hours to give N-(trimethylammoniumacetyl)indigo chloride (351) and N,N '

bis(trimethylammoniumacetyl)indigo dichloride (352) (Scheme 46). DMF was the 

solvent of choice in this reaction since it dissolved enough of the starting materials, 

indigo and N-chlorobetainyl chloride, to enable the reaction to occur. 

The mixture was analysed by LCMS and was shown to contain 76% of (352) and 24% 

of (351). As it proved impossible to separate these two products using column 

chromatography even with solvent mixtures such as acetonitrile/acetic acid/water, the 

time of reaction was increased, and as a result, the water-soluble product (352), red in 

colour, was obtained. Compound (352) absorbs at 524 nm while (351) absorbs at 562 

run in acetonitrile, showing the hypsochromic shift resulting from the N-substitution of 

indigo. 
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Scheme 46: synthesis of N-trimethylammoniumacetyl-2,2'-bi-indolinylene-3,3'-dione chloride (351) 
and N,N'-bis(trimethylammoniumacetyl)-2,2'-bi-indolinylidene-3,3'-dione dichloride (352) 

This time, the IH NMR spectrum at room temperature in DMSO of the disubstituted 

product (352), showed a broadened AB quartet which shows the geminal coupling 

between HA and HB as illustrated in Figure 58 (J 16.8 Hz). By heating to 60°C, the 

signal becomes a singlet at 8 = 5.52 ppm corresponding to the CH2 of the acetyl moiety 

(Figure 59). 
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Figure 58: CH2 signal in the IH NMR spectrum at 
25°C 

5.60 5.40 

Figure 59: CH2 signal in the 1H NMR spectrum at 
60°C 

This phenomenon can be explained in a similar way as for (344). Hindered rotation at 

room temperature leads to non-equivalent hydrogen atoms and, as a result, to a broad 

AB quartet. However, on heating rapid rotation occurs and the peak coalesces into a 

singlet. 

A molecular shape and size analysis was carried out on both products (352) and (351). 

Using XED98 and Material Sudio Modeling, it was found that each of these compounds 

can exist in three different conformations within 2 kcal mor l above the global 

minimum. The two conformers of each structure are gathered in Table 65 showing that, 

unsurprisingly the mono-substituted compound (351) shows a smaller shadow area and 

Smin value than the disubstituted compound (352). However, as discussed before, to 

ensure the solubility and the optimum attraction by the hair fibre (352) was the targeted 

compound. This latter product had a Smin value of 16.02 A, 2 units higher than the limit 

value as discussed in Section 4.3.3. In addition, its SIO value close to 1 demonstrates 

that this particular compound has a globular-type shape. Although (352) may be 

expected to be more flexible, compared to (343), it does possess a slightly larger Smin 

value which would render its penetration capacity even lower than the latter compound. 

However, both compounds have a Smin value greater than 14 A, which predicts that this 

derivative would not penetrate into the cortex region of the hair fibre. 
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Table 65: selected conformer of (352) and (351) giving the smallest shadow area with their 
corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 (A) Smin (A) s 10 

(351) 50.66 13.34 2.22 

(352) 73.63 16.02 1.37 

In the two conformers of (352) and (351) giving the smallest shadow area, it is worth 

noticing that the indigo is no longer in its trans form but rather in its cis form. 

Normally, indigo adopt a trans form due to the presence of intra-molecular H-bonding 

between the N-H and the carbonyl group: the substitution of the N-H group prevents the 

intra-molecular H-bonding and this may, in consequence, favour the cis form. In 

contrast, the two higher energy confonners of each structure show the trans fonn. An 

x-ray crystal structure of (352) was obtained (Figure 60), showing that in the solid-state, 

(352) is also conserved in its trans fonn. 

Figure 60: x-ray crystal structure of compound (352) 

251 



In Figure 60, the indigo chromophore is bent towards its C=C central bond, as in the x

ray crystal structure of (344), but this distortion is greater in (352) leading to the two 

benzene ring planes being almost perpendicular. This may be due to the bulkiness of 

the two trimethylammonium acetyl groups. Comparison with the two higher energy 

conformers of (352) shows that XED98 does predict this distortion, but to a lesser 

extent than is observed in the x-ray crystal structure. This may be the result of 

crystallographic forces. 

Figure 61: comparison of the x-ray crystal structure (blue) and the two higher energy conformers 
of (352) (pink and green) 

As discussed before and observed with the latent pigments synthesised, the effect of N

substitution is to generate solid-state fluorescence. In the case of (352), the same effect 

was observed when viewed under a UV lamp as shown in Figure 62. 

Figure 62: solid-state fluorescence of crystals of (352) under UV illumination 

Compound (352) was evaluated as a pro-pigment. It was dissolved in water and four 

reactants were used to attempt to cleave the trimethylammoniumacetyl group (NaOH 

(O.1M), NaHC03 (O.lM), NaOEt (O.lM) and NH31H20 2 (under hair coloration 

conditions)). 
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Surprisingly, instead of recovering precipitated indigo, a change in colour of the 

solution was observed with all the reactants used. Further investigations were carried 

out and according to an initial qualitative study, it was concluded that the change in 

colour was reversible. From pH 2 to 8 the solution was violet, which then changed to 

almost colourless between pH 8 and 10 and finally, between pH 10 and 12 the solution 

was very pale greenish yellow. 

RED-VIOLET GREENISH YELLOW 

COLOURLESS 
.~----------------4~~--- --- -- - ..... ~I-------p~~H 

2 3 4 5 6 7 8 9 10 11 12 

A UV -Vis study was carried out on spectra of (352) recorded at various pH values 

between 6 and 10 (Figure 63). 
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Figure 63: variations of the UV-Vis spectrum of (352) at various pH 
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Figure 63 shows that at pH 6.04, i.e. a pure aqueous solution, (352) exhibits two main 

absorption bands; one is in the visible region at 562 nm and one in the UV region at 312 

nm. By increasing the pH, a third absorption band in the yellow region appears at 422 

nm. At pH = 7.66, a fourth absorption band appears at 667 nm, which is more 

pronounced as the pH increases (PH = 10.07). This is also accompanied by a decrease 

in absorbance of the main absorption band at 562 nm. At acid and neutral pH, the 

colour of the solution is red-violet since the absorption band at 562 nm is predominant. 

As the pH increases, the absorbance of the absorption band at 562 nm decreases and two 

other bands rise in the yellow and blue region which results in a pale grey solution. 

Further increase of the pH shows a greenish yellow solution due to the predominance of 

the two absorption bands in the yellow and blue region. 

This phenomenon is probably due to a deprotonation of (352), at the hydrogen atoms in 

the a-position of the carbonyl group of the acetyl moiety (Scheme 47) owing to the 

formation of a stable carbanion. 

• 

Scheme 47: proposed deprotonation mechanism occurring in (3S2) 

As discussed before, the acetylpyridinium protecting group [583] is cleavable under 

basic conditions as shown in Scheme 43 (NaOH 0.05 N at 37°C). Comparison of the 

acidity of the hydrogen atoms in the a-position of the carbonyl group of the acetyl 

moiety demonstrates a greater acidity in the acetylpyridinium protecting group 

compared to the trimethylammonium acetyl group. As a consequence, the same 

reaction should also occur in the deprotection step of amines protected by the 

acetylpyridinium protecting group. However, the pyridine part of the pendant group 

can accommodate, in the acetylpyridinium protecting group, the negative charge 

resulting from an increase in pH. Consequently, the carbon atom of the carbonyl group 

may be more electrophilic and basic hydrolysis may be facilitated. This would explain 

why the trimethylammonium acetyl group, having less acidic hydrogen atoms, does not 

cleave under basic conditions. 
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Another phenomenon has also been observed during this UV -Vis study: (352) proved to 

have some photo-induced properties when exposed to daylight. A study on the 

variation of the UV -Vis spectrum of (352) over a period of time is shown in Figure 64. 

The samples were left in a room exposed to daylight for 18 days. The structure and 

photochemistry of N,N'-diacylindigo dyes are reported in the literature [591]. In the 

absence of oxygen, three photochemical reactions are known to occur: photochromic 

cis/trans isomerisation, photoreduction and photochemical [1,3]-alkyl migration. In the 

presence of oxygen, an oxygen insertion/acyl transfer process can take place. 
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Figure 64: variation of the UV-Vis spectrum of (352) over time 

This compound was evaluated as a hair dye; effectively, it does have the cationic 

character and the water solubility to facilitate the dye uptake by the hair fibre in addition 

to interesting solid-state and solution fluorescence properties. This study was also 

aimed at evaluating the validity of the molecular modelling work; (352) possesses a 

greater Smin value than 14 A and so would probably remain in the cuticle. As a result, 

the dye will be ea ily removed by shampoos. 

Colorations tests were carried out using a 1 % aqueous solution of (352) on yak hair 

(provided by L Oreal) at 28°C for 30 minutes. The colours of the samples were 

evaluated using a Datacolor Spectraflash SF600 system with an ultra small aperture 

(USA V). This technique is problematic since on this type of apparatus the sample 

presented in the aperture should be as smooth as possible; naturally with a bunch of 
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hair, this is not easy. To reduce the uncertainty, four colour measurements were carried 

out and averaged. 
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Figure 65: comparison of the yak hair samples dyed with (352) before and after 10 shampoos in 
terms of the K1S values 

Figure 65 shows the comparison of yak hair samples dyed with (352) before and after 

10 shampoos in terms of the KlS values. Thus, it can be deduced that the effect of 

shampooing has a dramatic effect on the colour result, although the hair coloration from 

a I % solution is quite intense as expected from direct dyeing with basic dyes (Figure 

66). Colour difference measurements after 10 shampoos were carried out and revealed 

a ~E of 29.30 which would be characteristic of a semi-permanent hair dye (Table 66). 

This is explained by two factors ; first , the smallest shadow area and Smin values of (352) 

are greater than 14 A which means in terms of diffusion that (352) will not be able to 

emter the cortex region. Therefore, most of (352) will remain in the cuticle, and so will 

be more easily removed by shampooing. The second factor is the fact that (352) is 

cationic and, as a consequence, water-soluble, so will be removed by shampooing more 

easily. 

Table 66: CIE lab difference of yack hair died with after 10 shampoos 

~E ~L* ~a* ~b* ~C* ~H* 

D65/l0 29.30 26.64 -8.24 8.98 -9.850 7.177 
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A 

Figure 66: (A) undyed yak hair (B) yak hair dyed with a 1 % aqueous solution of (352) for 30 min 
(C) sample B after 10 shampoos 

It was not possible to evaluate the fluorescence of the yak hair samples dyed with (352) 

due to the non-availability of instrumentation; however, under a UV lamp the samples 

appeared fluorescent. This may be interesting for developments in the market for party 

colours, since UV lamps are often used in clubs, or to study cross-sections of hair 

samples dyed with (352) under a fluorescent microscope. The major problem would be 

the change of colour with pH associated with this hair dye. 

With a view to develop a trichromatic system providing blue, red and yellow colours 

some selected organic pigments other than indigo have been investigated as potential 

pro-pigments. As discussed before, the maximum substitution pattern was chosen and 

the same cationic group (the trimethylammoniumacetyl group) was used in the 

molecular modelling calculations. A molecular shape and size analysis was carried out 

using XED98. In the interval of 2 kcal mor l above the global minimum, the conformer 

of each structure giving the smallest shadow area was extracted and its shadow indices 

were calculated. All the results are presented in Table 67. 

Table 67: selected conformer giving the smallest shadow area with their corresponding Smin and 
StOva1ues 

3-D structure 

(353) 
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Smallest 

shadow area (A) 

79.23 16.30 2 .25 



(354) 65.71 14.75 2.28 

(355) 38.08 11.59 3.70 

(356) 71.32 15.35 2.27 

(357) 70.16 15.36 2.23 

(358) 72.48 16.81 2.34 

(359) 69.24 16.22 2.53 
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(360) 71.20 16.72 3.27 

(361) 80.79 17.68 3.01 

(362) 72.04 16.98 3.13 

A general comment on the data of Table 67 is the larger S min value of all derivatives 

compared to the limit value of 14 A (see Section 4.3.3.), except for the perylene 

derivative (355). 

To provide blue colours, the selected conformer of (352) (Table 65) gives the smallest 

shadow area and S min values of the series. The values for the selected conformer of 

(353), derived from indanthrone, over the 2 possible conformations are just slightly 

larger; it may be a potential replacement for indigo derivatives. 

Violet pigments are not a priori included in the trichromatic system, but with the view 

that this technology may generate an hypsochromic shift when colouring hair, violet 

pigments may be useful for red colorations. To provide violet colours, the perylene 

derivative (355) is the compound of choice since it is predicted that it would cross the 

cuticle, the selected conformer having its smallest shadow area and Smin values smaller 

than the limit values. Compound (354) derived from quinacridone is also an interesting 

compound since its selected conformer gives a S min value close to 14 A. 

To provide red colours, (356) and (357) derived from substituted quinacridones would 

be the preferred compounds, although some DPP derivatives may also be interesting 
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such as (359). It is worth noting that the parent DPP pigment (359) gives a smaller Smin 

value than its p-chloro analogue (358) which is the most important commercial pigment. 

As discussed for the violet pigments, the relevance of orange pigments may be the 

potential to produce yellow coloration on hair. To provide orange colours, derivatives 

of DPP may be suitable for use in pro-pigmentation. Other pigments may give too large 

derivatives to enable the pro-pigments to diffuse into the hair fibre such as (360). 

Yellow colorations are problematic since the majority of yellow pigments belong to azo 

pigments, which would not be easy to functionalise. In addition, these yellow pro

pigments will have much larger smallest shadow area and Smin values and this would be 

an obstacle for their appropriate use in pro-pigmentation. 

Synthetically, several attempts have been carried out to make the pro-pigment (358). 

The use of 2,6-lutidine in dry DMF failed to give any product and DPP was recovered 

quantitatively. Therefore, it was thought necessary to find a base which would 

deprotonate the parent pigment more effectively. K2C03 was used as a base according 

to the work of Hom et al. [592], who used it in the methylation of the two N-H groups 

of the DPP derivative. However, in our case the acyl chloride (N-chlorobetainyl 

chloride) was not sufficiently activated to react. Finally, sodium hydride in NMP under 

nitrogen was used, inspired from the work of Fukuda et al. [543]. This base allowed the 

deprotonation ofthe parent pigment, but the acyl chloride did not react (Scheme 48). 

CI 

CI 

(282)a 

CI 

NaH I NMP .. 

(358) 

Scheme 48: attempted synthesis of (358) 

CI 

The same reaction as illustrated in Scheme 48 was carried out at room temperature, but 

with chloroacetyl chloride. This further reaction provides compound (363) in 32% yield 

260 



(Scheme 49) and confirms that N-chlorobetainyl chloride was not sufficiently activated 

to react as in Scheme 48. 

CI CI 

NaH I NMP 
0L, ~ ,~a 

CI~ -..::::::::: 0 
• 

CI 
CI 

(282)a (363) 

Scheme 49: synthesis of (363) 

Similar attempts were carried out on quinacridone derivatives using sodium hydride in 

dry DMF. This did not give any product, although the change of colour from violet to 

blue, indicating deprotonation was observed. But, as soon as the N-chlorobetainyl 

chloride was added, the parent pigment was regenerated by direct protonation. It is 

believed that in the previous reaction with indigo, 2,6-lutidine is a key ingredient in the 

reaction. In addition to scavenging the hydrochloric acid liberated, it may activate the 

N-chlorobetainyl chloride via the form (364). 

(364) 

4.5.4. N-sulphonamides derivatives as pro-pigments 

Other amide-type protecting groups, which were not investigated in this project, but 

which may be suitable for pro-pigmentation are the N-sulphonamides protecting groups. 

o~#o I PIGMENT ~ )s( 
N R 
H 

Figure 67: N-sulfonamide-type protection in pigments 

Aryl sulphonyl derivatives are fairly unreactive to base hydrolysis when they protect 

alkyl amine but simple sulphonamide protecting groups can be used in aromatic 
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heterocycles such as pyrro)e, imidazole, indole, etc. The main reason is that the 

nitrogen lone pair participates in the aromatic 7t-system and therefore, nucleophilic 

attack at sulphur is much more facile, i.e. base hydrolysis, and the amine is a more 

effective leaving group than in N-sulphonyl alkylamines. 

4.6. Pro-pigments derived from the protection of the hydroxy functional group 

Pro-pigments derived from the protection of the hydroxy functional group were 

investigated. Hydroxy groups are not usually encountered in the structure of pigments 

but they may be obtained by reduction of certain compounds containing carbonyl group. 

This concept is already known in the literature as vat dye chemistry [311, 593-595]. 

Attempts have been made to apply this chemistry to hair coloration. However, the main 

drawback of using vat dyes in hair coloration is their inherent anionic character. 

The idea associated with the protection of hydroxy groups for the development in pro

pigmentation is to produce the so-called leuco form of vat pigments (reduced form) and 

stabilise this form by adding a cationic protecting group onto the resulting hydroxy 

group. Thus, by cleaving the cationic protecting group the leuco form is re-generated 

which will oxidise instantly to the parent pigment (Scheme 50). 

~ o 

o~ 
(366) (367) 

(365) 

Scheme 50: pro-pigmentation concept applied to vat pigments 

Although a number of pigments have the carbonyl group in their structure, they are not 

all susceptible to reduction. The targeted pigments here are derived from vat dyes and 

may sometimes be referred to as vat pigments. The difference between vat dyes and vat 

pigments is not in the chemistry but results from a difference in preparation including, 

for example, particle size control and high purity. 

With a view to produce the desired pro-pigments, a search for suitable protecting groups 

was carried out. This search was oriented towards protecting groups which would 
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cleave under hair coloration conditions i.e. cleave with ammonia and/or hydrogen 

peroxide. The nicotinoyl group was the only protecting group found in the literature, 

which at the same time carries a cationic group and is cleavable by sodium hydroxide 

[582]. In addition, a number of neutral protecting groups of similar type were reported 

to be cleavable by ammonia. This includes: 

• formyl groups reported to be cleaved by ammonia at pH 11.2, 22°e [596] 

• acetyl goups reported to be cleaved by a 50% solution of ammonia in methanol at 

200 e [597] (one particular protecting group was also removed in THF by hydrogen 

peroxide and sodium bicarbonate [598]) 

• chloroacetyl groups reported to be cleaved by ammonia in THF at -50° [599] 

• dichloroacetyl groups reported to be cleaved by ammonia in methanol [600, 601] 

• methoxyacetyl groups reported to be cleaved by ammonia in methanol or in water 

[602] 

• p-phenylacetyl groups reported to be cleaved by aqueous ammonia in dioxane [603] 

4.6.1. Esters derivatives as potentiaL pro-pigments 

o 

I LEUCO FORM OF PIGMENT~ )l 
o R 

Figure 68: ester-type protecting groups in pro-pigmentation 

In Section 4.4, suitable organic pigments for pro-pigmentation have been selected. To 

evaluate the impact on the molecular shape and size, some potential 0,0 '-disubstituted 

pro-pigments have been modelled using XED98. The cationic 

trimethylammoniumacetyl protecting group was used for the modelling of these pro

pigments due to the readily availability of the likely starting material N-chlorobetainyl 

chloride. As discussed before, the maximum substitution pattern was chosen. 

A molecular shape and size analysis was carried out using XED98 and Material Studio 

Modeling. In the interval of 2 kcal mor l above the global minimum, the conformer of 

each structure giving the smallest shadow area was extracted and its shadow indices 

were calculated. 

With a view to the development of a trichromatic system providing blue, red and yellow 

colours some selected organic pigment derivatives have been investigated as potential 

pro-pigments. To provide blue colours, the pro-pigment derived from indigo (368) is 

263 



the only candidate affording the conformer with a sufficiently smallest shadow area and 

S min values. 

cr 1./ 
/'~ 

o 0 

(368) 

(369) 

Table 68: selected conformer of suitable blue pro-pigments giving the smallest shadow area with 
their corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 CA) Smin CA) SIO 

(368) 74.00 14.88 1.58 

To provide violet colours, the pro-pigment derived from isoviolanthrone affords a 

conformer with the required smallest shadow and Smin values amongst the 30 generated 

by XED98 within the 2 kcal mOrl. However, this particular pro-pigment is predicted 

not to reach the cortex region of the hair fibre . 
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Table 69: selected conformer of suitable violet pro-pigments giving the smallest shadow area with 
their corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 (A) Smin (A) S 10 

(369) 59.86 15.04 3.52 

cr- 1/ 

;:"" 
o 0 

cO O=) 
cr w- -N· -

/ cr \ 

(370) 

(371) 

To provide red colours, the pro-pigment derived from the perinone derivative (370) 

would be the compound of choice. The pro-pigment derived from the 

dibromodibenzanthrone (371) offers also appropriate smallest shadow area and Smin 

values close to the limit value of 14 A and would be the preferred potential pro

pigment. 

Table 70: selected conformer of suitable red pro-pigments giving the smallest shadow area with 
their corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 (A) Smin (A) S 10 

(370) 56.69 14.58 2.98 
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(371) 50.89 14.04 2.95 

To provide orange colours, one of the two candidates is the trans isomer of (370); it 

does possess a slightly larger smallest shadow area and Smin values. The main drawback 

is the fact that it is quite an expensive material. The second candidate would be the pro

pigment derived from Pyranthrone. Its smallest shadow area and S min values are slightly 

smaller than the other candidate. However, both compounds have S min values greater 

than 14 A and, as a result may not be able to cross the cuticle of the hair fibre. 

CI 

°1~/ 
N+ 

I cr 

(372) 

CI 

~N~ 
V-N 

(373) 

N~ 
,.AJ 
N 

Table 71: selected conformer of suitable orange pro-pigments giving the smallest shadow area with 
their corresponding Smin and SlOvalues 

3-D structure Smallest shadow area S3 (A) S min (A) S 10 

(372) 56.65 14.56 3.56 
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(373) 57.91 14.74 3.06 

To provide yellow colours, the two candidates are (372) and (373) which exhibit very 

good smallest shadow area and Smin values. Although (372) is not commercially 

available anymore it does offer the best smallest shadow area and Smin values and is 

predicted to cross the hair cuticle and reach the cortex region. 

NH 

~yo 
" N' I cr 

°l~/ 
N' I cr 

(375) 

(374) 

Table 72: selected conformer of suitable yellow pro-pigments giving the smallest shadow area with 
their corresponding Smjn and SlOvalues 

3-D structure Smallest shadow area S3 CA) S min CA) S 10 

(374) 55.68 14. 95 3.60 

(375) 57.55 13.83 2.77 
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A general comment on this set of data derived from the molecular modelling is that, 

compared to the corresponding pro-pigments resulting from the protection of N-H 

groups, the smallest shadow area and Smin values are generally smaller. Thus this was a 

further reason why this type of pro-pigment was investigated. 

In protecting group chemistry, esters are usually formed by reacting the alcohol or 

phenol with an acyl chloride or an anhydride in the presence of a base such as pyridine 

and sometimes with a catalyst such as DMAP [604]. A difficulty in the production of 

the desired pro-pigment is the handling of the reduced form of the vat pigment. They 

are generally very sensitive to air and, as a result, revert back very quickly to the parent 

pigment. 

Thus, the first critical investigation was the reduction process in regard to the 

subsequent esterification reaction. Two different routes were envisaged; the first route 

involved the isolation of the leuco compound, which was then reacted with the acyl 

chloride in a second reaction. In contrast, the second route was the reaction in situ of 

the leuco compound with the acyl chloride without isolation. 

Indigo was chosen as the test pigment to investigate this type of chemistry. The 

reduction process of indigo by Na2S204INaOHIAr was preferred to other processes, e.g. 

hydrogenation [605] or H2S in pyridine [606], being an easier process and giving 

quantitative yield. Final acidification under argon with acetic acid allowed the leuco 

indigo to precipitate. Since the water present in the reduction process may have been an 

obstacle to the esterification reaction, it was first decided to distilled off the water while 

adding toluene; this technique was inspired from a patent where the production of 

anhydrous leuco vat dyes was described [607]. However, this was found to be difficult 

to carry out and leuco indigo as a suspension in toluene without contamination by air 

leading to leuco indigo was never obtained. It was then thought to reduce indigo in a 

biphasic system such as n-butanol/water (4: 1); n-butanol dissolves N-chlorobetainyl 

chloride. The leuco indigo was obtained, but the reaction failed to give an isolable 

product. This may be explained by the fact that N-chlorobetainyl chloride remained in 

water rather than in n-butanol and therefore hydrolysed. 

However, the reduction reaction by sodium dithionite generates inorganic salts as by

products (Scheme 51). 
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(376) 
(377) 

Scheme 51: reduction of vat dye with sodium dithionite 

Thus, to avoid contamination by the resulting by-products, it was decided to isolate the 

leuco form of indigo by filtering the leuco indigo product under argon in an atmos-bag®. 

The reduction was carried out in a NaS204INaOH/lhO mixture under argon, and the 

leuco form precipitated out with acetic acid. In the atmos-bag®, the leuco form of 

indigo was transferred to a flask containing chlorobenzene, free of oxygen. This 

procedure gave the leuco form of indigo in suspension in chi oro benzene as disclosed by 

Barnes et al. [607]. This suspension was then reacted with N-chlorobetainyl chloride in 

the presence of pyridine at room temperature overnight (Scheme 52). The reaction gave 

a precipitate, which contained indigo resulting from the competitive reaction of leuco 

form with air and a product soluble in methanol, which was believed to be (368). 
OH 

o 

Ii) Acetic acid 

HO 
o 

(5) (378) 

~ 1. cr 

CI~I'" 

/ cr 

~~ 
o 

.. 

o 
N 

(368) 

Scheme 52: attempted synthesis of (368) 
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The resulting product was highly unstable to air and difficulties in characterising it were 

encountered. However, after several attempts IH NMR spectra in DMSO and MeOD 

were obtained. These spectra were compared with the spectra resulting from a study by 

Voss involving the analysis of indigoid dyes as leuco forms by NMR spectroscopy 

[608] . By using deuterium oxide instead of water as solvent for the reduction process, 

Voss was able to prepare leuco forms of indigo suitable for NMR spectroscopy. The 

comparison between the chemical shifts pattern of the aromatic hydrogens reported by 

Voss and those derived from the two IH NMR spectra in DMSO and MeOD matched. 

In addition, the signals of the two methylene hydrogens and the methyl groups were not 

shifted when compared to a IH NMR spectrum in DMSO of the starting material N

chlorobetainyl chloride. 

When the product resulting from the reaction in Scheme 52 was dissolved in a mixture 

of water/methanol (1 : 10) and a few drops of a 20% ammonia solution was added, indigo 

precipitated out as illustrated in Figure 69. Both the parent pigment and the recovered 

precipitate were identical by IR analysis. 

t = 0 t = 1 min t = 30 min t = 12 h 

Figure 69: reaction of regeneration of indigo from what is believed to be (368) 

If (368) was present at t = 0, the addition of ammonia would have been expected to 

cleave the trimethylarnmonium acetyl protecting group and then the free leuco form 

would have reverted back to indigo, providing there were traces of oxygen. However, if 

the pyridine salt of (378) was at present t = 0, the addition of ammonia may have 

initiated the reaction of oxidation with O2 present in methanol and water. 

It was concluded that the product of the reaction in Scheme 52 was (379). The reaction 

in Scheme 52 with N-chlorobetainyl chloride was attempted in the absence of pyridine. 

This reaction failed to give any product. DMAP was added in an attempt to increase the 
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rate of acylation as noted elsewhere by Hofle et al. [604] , but this did not make any 

difference. 
O' 

(379) 

The same type of observation was observed with CI Pigment Red 168 (279) and CI 

60515 (314), which was first synthesised from l-aminoanthraquinone since it was not 

commercially available anymore. 

Chlorobenzene 
o 

o 
(380) 

(314) 

Scheme 53: synthesis of CI 60515 

CI 60515 (314) was used as a replacement for the pro-pigment (372) derived from 

flavanthrone. 
OH 

o 

(381) 

The leuco form of flavanthrone (381) was very stable to oxidation. The leuco form in 

chlorobenzene was reacted with N-chlorobetainy\ chloride in the presence of pyridine at 

room temperature overnight. However, the product recovered was the unreacted 
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material. The temperature was increased to 80°C leaving the reaction overnight but this 

failed to give any product. 

It is believed that the reasons for the failure of this reaction and, this may apply to the 

reaction in Scheme 52, is due to the fact that the carbon of the carbonyl group on the N

chlorobetainyl chloride is not sufficiently activated and steric hindrance may also 

contribute to the failure of the reaction. In the literature, Scholl claimed to have 

synthesised the O-benzoyl-hydroflavanthrone [609] using benzoyl chloride. This might 

suggest that a more activated acyl chloride such as benzoyl chloride whose cation is 

stabilised by resonance might react with the leuco form of the pigment. However, this 

may have a dramatic effect on the molecular shape and size of the resulting molecule 

due to the rigidity of the benzene moiety. 

In the face of these difficulties, it was decided to synthesise a known derivative, 0,0 '

diacetyl leuco indigo, and test its stability and cleavability towards base hydrolysis. At 

the same time, a one-pot reaction was devised and implemented for its synthesis. 

Notably, the system NaS204/NaOHIH20 mixture under argon was abandoned and 

reduction by a metal was preferred. The first attempts at this type of reaction with 

anhydrous pyridinefH2S0 3/copper powder failed to reduce indigo [610]. Copper 

powder was replaced by zinc, but this had no positive influence on the reaction. A 

system consisting of zinc/EtOHfH2S03 under nitrogen [580] was used but without 

success. Finally, 0,0 '-diacetyl leuco indigo was synthesised with a mixture of zinc 

/NaOAc/acetic anhydride in ethyl acetate in 63% yield (Scheme 54) [611,612]. 

I) ZnlNaOAclEtOAc .. 
i) 

o Jlo~ 
(5) 

(382) 

Scheme 54: synthesis of (382) 

The cleavability of this compound using hydrolysis was tested using a 20% ammonia 

solution in acetone. However, instead of observing the precipitation of indigo a change 
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in colour was observed. From an almost colourless solution, the colour changed to a 

reddish-violet solution. This was probably due to the basic character of ammonia which 

removes a hydrogen of the carbon atom in the a-position of the ester resulting in a 

stable carbanion. Indeed, when ammonia was replaced by piperidine, a much more 

nucleophilic and less basic amine, indigo precipitated out almost instantaneously. 

J=o 

o=( acetone o 

(5) 

(382) 

Scheme 55: cleavage reaction of (382) by piperidine 

A molecular shape and size analysis was carried out on (382). Using XED98, it was 

found that (382) can exist in five different conformations within 2 kcal mor l above the 

global minimum. The fourth conformer above the global minimum showed the smallest 

shadow area value and its Smin value is quite large; this figure should be compared with 

the figures of the series of non-ionic fluorescent dyes. In Section 2.1.3, it was deduced 

from the analysis of the experiment of Sakai et al. that the critical S min value was close 

to 9.5 A. This would mean that this particular dye would not cross the hair cuticle of 

the fibre. 

Table 73: selected conformer of (382) giving the smallest shadow area with their corresponding S min 

and StOvalues 

3-D structure Smallest shadow area S3 (A) S min (A) S 10 

(382) 48.02 13.68 2.54 

In this particular conformer of (382) giving the smallest shadow area, the ester groups 

are symmetrical towards the centre of the leuco indigo chromophore. Although this 
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compound is very unstable in solution, crystals of (382) were obtained and an x-ray 

crystal structure was obtained for this compound as shown in Figure 70. 

Figure 70: x-ray crystal structure of (382) 

It is of interest that the conformer of (382) giving the smallest shadow area is close to 

the conformation adopted in the solid-state of (382) (RMS = 0.015) as shown in Figure 

71. 

Figure 71: comparison of the x-ray crystal structure (blue) and conformers of (382) (pink) 

XED98 predicts the features present in the x-ray crystal structure although in this 

structure the two planes containing the ester groups are perpendicular to the plane of the 

leuco indigo chromophore. This is explained by strong inter-molecular H-bonding 

forces as shown in Figure 72. Furthermore, as opposed to the N,N'

(trimethylammoniurnacetyl)indigo (352), the leuco indigo chromophore is flat and this 

is understandable since there is the intra-molecular H-bonding between the N-H groups 

and the oxygen atom of the ester function . 
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Figure 72: inter- and intra-molecular H-bonding forces in (382) 

As discussed before and observed with the latent pigments, the effect of N-substitution 

generates a solid-state fluorescent material. A similar effect was also obtained with 0-

substitution. Figure 62 shows crystals of (382) observed under a UV lamp. 

Figure 73: solid-state fluorescence of crystals of (382) under UV illumination 

Another phenomenon has also been observed during the handling of this compound; 

like the N-acetyl compound, (382) proved to have some colour-changing properties 

which may be light-induced properties when exposed to daylight. A study on the 

variation of the UV -Vis spectrum of (382) over a period of time is shown in Figure 74. 

The samples were left standing in a room exposed to daylight for 18 days. 
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Figure 74: variation of the UV-Vis spectrum of (382) over time 

Figure 74 shows that over a period of time the colourless compound (382) is degraded. 

The main absorption band at 334 nm disappears while an absorption band at 560 nm is 

generated. This explained the visual phenomenon observed with this material, i.e. a 

tendency to develop violet colours through time. It is known in the literature that 0 ,0 '

diacylindigo dyes have photochromic properties [591]. 

This one-pot reaction with the reduction system zinclNaOAc in ethyl acetate was 

attempted with N-chlorobetainyl chloride. Ethyl acetate was replaced by DMF, since a 

first reaction did not give any product, believed to be due to the insolubility of N

chlorobetainyl chloride in ethyl acetate (Scheme 56). However, this also failed to give 

any product. This may be explained by the fact that the carbon atom of the carbonyl 

group on N-chlorobetainyl chloride is sterically hindered compared to that in acetyl 

chloride and, therefore, is not accessible to the leuco form of indigo. 
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i) Zn/NaOAclDMF 

ii) 0 

,,~h: 
(5) 

(368) 

Scheme 56: attempted synthesis of (368) 

A two-step synthesis was attempted to obtain the desired pro-pigment (368). In Scheme 

54, acetic anhydride was replaced by chloroacetyl chloride and (386) was obtained in 

25% yield. This particular derivative also exhibits solid-state fluorescence, but less 

intense by observation than (382). Attempts to grow a single crystal from (386) were 

unsuccessful due to a similar instability to (382) in solution. 

):0 
i) Zn/NaOAciEtOAc o .. 

ii) ~ CI 

CI~ 
o 

(5) 
(383) 

(384) 

Scheme 57: synthesis of (384) 

Attempts to react (384) with a tertiary amine such as trimethylamine in a 33% ethanolic 

solution failed to give the desired product; instead a violet compound was obtained in 

too small quantitites to be characterised. 
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Thus, the synthesis of the targeted pro-pigment (368) was abandoned. However, 

according to the results on (382), it was decided to continue searching for suitable pro

pigments, generated by ester protection. To tackle the problem ofthe instability, change 

of the cationic pendant groups was investigated and particularly it was thought that by 

increasing the carbon chain length, the resulting pro-pigment might be more stable. 

Contrary to initial expectations it was predicted that this increase in the carbon chain 

might not prevent the resulting pro-pigment from entering the hair fibre. A molecular 

shape and size analysis was carried out using XED98 on three other derivatives where 

one, two and three extra carbon atoms were added to the acetyl moiety of N

chlorobetainyl chloride. In each case, conformers having an energy within 2 kcal mor i 

above the global minimum were selected. Amongst them, the conformer giving the 

smallest shadow area was extracted and its shadow indices were calculated. 

Table 74: selected conformer of suitable pro-pigments giving the smallest shadow area with their 
corresponding Smin and S ,ovalues 

3-D structure Smallest shadow area S3 (A) S min (A) S 10 

(368) 74.00 14.88 1.58 

(385) 74.43 14.81 1.55 

(386) 70.30 14.43 1.57 
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(387) 71.68 14.43 1.55 

Table 74 shows that increasing the number of carbon atoms in the acetyl moiety 

actually decreases the Smin values of the resulting derivatives. This is mainly because of 

the folding of the two pendant groups near the plane of the leuco indigo chromophore as 

illustrated in (387). Thus, (387) is predicted to be potentially more liable to penetrate 

the hair fibre compared to (368). 

A first synthesis of targeted compound (385) was designed. It was thought that the 

extra carbon on the acetyl moiety of N-chlorobetainyl chloride would decrease the steric 

hindrance at the carbon atom of the carbonyl group. Compound (390) was the starting 

material for this purpose from the commercially available carboxylic acid (388) 

(Scheme 58) inspired by the synthesis of some similar materials [590, 613, 614]. 

However, this particular derivative was very hygroscopic and could not be handled 

easily. 

(388) 

NMeJ in a 33% 
solution of EtOH .. 

o 

NHMeJ· -o~!./ 
I" I 

(389) 

SOCI, -
(390) 

Scheme 58: attempted synthesis of 3-(trimethylammonium iodide)propionoyl chloride 

The one-pot reaction with the reduction system zinclNaOAc in DMF was attempted 

with this derivative but it did not react and indigo was recovered quantitatively. 

A second route was then designed. Since it was thought that steric hindrance may have 

had an effect on the reaction, a relatively small acyl chloride was used, which could be 

functionalised in a second step. Compound (391) was obtained by reacting indigo with 

zinclNaOAc and acryloyl chloride in ethyl acetate in 15% yield (Scheme 59). This 

particular compound (391) was an intermediate towards the desired pro-pigment by 

Michael addition. 
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Scheme 59: synthesis of (391) 

Since compound (391) was unstable in solution, it was used as a crude product for the 

next reaction (Scheme 60) without further purification. According to Le Berre et al. 

[615], tertiary amines add to electrophilic allyl compounds to form quaternary 

ammonium compounds. However, as this reaction was carried out in the presence of 

the free amine and compound (391) was susceptible to base hydrolysis, a procedure was 

sought that would avoid this competitive reaction. Recently, Wasserscheid et al. 

published an article on the preparation of ionic liquids from Michael-type reactions 

[616]. In a first step, a tertiary amine, N-methylimidazole is protonated by a strong acid 

giving an ammonium salt. In a second step, the protonated amine is reacted with an 

a,~-unsaturated compound to yield the corresponding ionic liquid. In a similar way, 

compound (391) was added to the ammonium salt resulting from the reaction of N

methylimidazole and p-toluenesulphonic acid monohydrate in ethanol (Scheme 60). 
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Scheme 60: attempted synthesis of (392) 

After 24 hours in a sealed tube under nitrogen at 70°C, indigo was obtained. This may 

be explained by the presence of free N-methylimidazole which initiates the hydrolysis 

reaction. 

Therefore, it was decided to investigate compounds with two additional carbon atoms 

on the acetyl moiety of N-chlorobetainyl chloride. Chlorobutyryl chloride (393) was 

used in the reaction of indigo with the reduction system zinclNaOAc in ethyl acetate 

and (394) was obtained in 12% yield (Scheme 61). To convert (394) into a cationic salt, 

a number of tertiary amines were used including trimethylamine in 33% ethanolic 

solution, triethylamine, N-methylimidazole and pyridine [617, 618]. It was thought that 

by adding a tertiary amine in the presence of KI in catalytic amount the nucleophilic 

substitution might occur. However, instead of recovering a cationic salt, a compound 

was obtained in too small quantities for fujI characterisation. 
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Scheme 61: synthesis of (394) 

A similar reaction was carried out with chlorovaleryl chloride to aim at synthesising 

(387) and for this purpose, (396) was obtained in 17% yield (Scheme 62). 
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Scheme 62: synthesis of (396) 
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The reaction with any of the tertiary amines in the presence of KI did not give the 

desired cationic salt. Instead, a product was obtained whose structure cannot be 

elucidated. It was then attempted to isolate the iodo derivative (397), but, this reaction 

failed to give any products. 

CI 

o o 

Nail Anhydrous MEK 

o 
o 

+ NaCI 

CI 

(396) (397) 

Scheme 63: synthesis of (397) 

The purpose of the above reaction was to make the nucleophilic substitution easier than 

the competitive reaction occurring when reacting the 0 ,0 '

bis(chlorobutyryl)leucoindigo directly with NMe3 in the presence ofK!. 

In the face of this failure, the idea to render the nucleophilic substitution easier was not 

abandoned but was approached in a more direct way. Therefore, synthesis of the bromo 

derivative (398) was carried out and obtained in 12% yield (Scheme 64). 
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Scheme 64: synthesis of (398) 

The subsequent reaction with a 33% trimethylamine ethanolic solution, which would 

have been expected to be easier with a bromine atom, did not eliminate the competitive 

reaction and a violet coloured product was again obtained (Scheme 65). 
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Br 
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Scheme 65: attempted synthesis of (386) 
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Another idea was then devised and implemented using a mixed anhydride. Mixed 

anhydrides are obtained by reacting ethyl chloroform ate with a carboxylic acid. They 

are extensively used in polymer chemistry where they serve to introduce long carbon 

chains. In this case, an attempt was made to react N,N-dimethylbutyric acid with ethyl 

chloroformate and use this mixed anhydride formed in situ with the leuco form of 

indigo obtained by reduction wih zinclNaOAc in ethyl acetate. 

\ 
N_ 

o 

i) ZnlNaOAclDMF 

o 
ii) o 

(5) 

o 
o 

-N 
\ 

~OyCI "'N~OH 

o + I 0 
(399) 

Scheme 66: synthesis of (399) 

However, this attempt was unsuccessful. This was probably due either to the stability of 

the mixed anhydride or the competitive reaction which can occur; the N,N

dimethylamino group can react at the carbon atom of the carbonyl groups of the mixed 

anhydride and prevent it from reacting with the leuco compound. 

Another idea was investigated which consisted of introducing a protecting group with a 

heteroatom attached to the hydroxy group of leuco indigo which would have had the 

potential to be converted into a cationic species. Commercially available thiophene-2-

carbonyl chloride was reacted with zinclNaOAc in ethyl acetate. Although the reaction 

was unsucessful at room temperature, at 65°C (400) was obtained in 18% yield. This 

need for a higher temperature is probably related to the steric hindrance. 
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Scheme 67: synthesis of (400) 

Methylation of the thiophene derivative was attempted with the methylating agent 

methyl trifluoromethanesulfonate according to the procedure of Spera et al. [619]. 

However, after 24 hours of reaction at room temperature, the starting material was 

recovered quantitatively. The sulphur of the thiophene part may not be nucleophilic 

enough to accept a methyl group. 

~o 
o 

(400) 

CH30Tf in Acetonitrile 

• 

2TfO' 

Scheme 68: attempted synthesis of(401) 

(40 1) 

Other approaches have been attempted to provide different pendant groups but without 

success. These include butyryl lactone which was reacted with indigo and zinclNaOAc 
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in ethyl acetate. Although acetic anhydride successfully achieved this type of reaction, 

the cyclic anhydride failed, probably due to problems of steric hindrance. 

OH 

o 
o o 

i) ZnlNaOAcJEtOAc 

ii) 

(>=0 
o 

(5) 

HO 

(402) 

Scheme 69: attempted synthesis of (402) 

Reaction with carbonyl diimidazole (403) was also carried out using the same system 

for the reduction of indigo. In this reaction, indigo was recovered quantitatively, again 

probably due to steric hindrance. 

(403) 

A reaction that might have been worth attempting but, time did not allow, is the reaction 

with N-methylimidazole-2-carbonyl chloride. This starting material is structurally close 

to thiophene-2-carbonyl chloride and may be easier to quatemise afterwards. 

4.6.2. Carbonates as potential pro-pigments 

This area was not investigated but it might be another solution to increase the stability 

of the pro-pigments. Effectively, the additional oxygen atom in carbonate esters group 

makes this type of protecting group more stable to base than the corresponding acetates. 
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Figure 75: carbonate-type protecting groups in pro-pigmentation 

These esters are prepared by reaction of the alcohol with an alkyl chloroformate and 

pyridine. However a new method has been developed by Chu et al. [620] for the 

preparation of mixed alkyl carbonates with cesium carbonate, tetrabutylammonium 

iodide (TBAI), alkyl halides which facilitates efficient O-alkylation of alcohols. 

4.6.3. Sulpltonates as potential pro-pigments 

Sulphonates are used for the protection of phenols [621] . They are likely to produce 

more stable compounds than using acyl groups. They are generally cleaved by warming 

in aqueous sodium hydroxide [622-624] which would suggest that they may be sensitive 

to nucleophilic attack, for example, by ammonia. 

Thus, an alternative idea would have been to produce the sulphuric acid ester salts of 

leuco vat dyes and transform them into cationic species either by trans-esterification as 

mentioned elsewhere7 [625] or by reacting choline chloride as illustrated in Scheme 70. 

Leuco sulfate esters of vat dyes and pigments are used in the dyeing of cellulosic fibres 

and the pigments are regenerated, for example, by hydrogen peroxide [312, 593, 626-

628]. So, this type of protecting group might be cleaved by either or both compounds 

used in the formulation of hair products, i.e. ammonia/hydrogen peroxide. An 

advantage of this type of pro-pigments might also be their light-sensitive character, 

which might allow a possible photolytic cleavage. 

To synthesise the second type of protecting groups it was proposed to prepare the leuco 

sulphate dyes of indigo, which would then be transformed into a sulphonyl chloride 

[629] . The subsequent reaction is the addition of the commercially available choline 

chloride. This reaction is usually carried out in the presence of a base (generally 

pyridine) [630, 631]. 

7 In this work, the authors claimed the production of O-acylated leuco vat dyes, however, according to 

their results they might have made sulphurobenzenoic acid ester of leuco vat dyes 
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Scheme 70: proposed synthesis pathway for sulphonate derivatives as pro-pigments 

4.7. Pro-disperse dyeing: a promising permanent hair dyeing process 

The concept of pro-disperse dyeing may be simply defined as the concept of pro

pigmentation applied to disperse dyes. Although disperse dyes may be currently 

included in semi-permanent hair dye formulations, they are mainly used in the dyeing of 

polyester fibres and the semi-synthetic fibre cellulose acetate [632-634]. However, 

based on their physical and chemical properties, their future development in a new 

process for permanent hair dyeing such as pro-disperse dyeing may be very promising. 

Disperse dyes are relatively small and planar molecules. This is likely to provide 

appropriate smallest shadow area and Smin values, which would be required to allow the 

dye to cross the cuticle and reach the cortex region of the fibre. Disperse dyes offer 

limited water solubility which would ensure that they remain in the fibre during 

shampooing. In addition, they generally possess a number of polar, though not ionic, 

groups including nitro cyano, hydroxy, amino, ester, amide and sulphone groups. 
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These polar groups are believed to make a number of contributions to the dye-fibre 

affinity, which may involve a combination of van der Waals, dipolar forces and 

hydrogen bonding; this feature may also ensure that they will firmly bind to the hair 

fibre. In their use in textiles, they generally exhibit bright colours with good fastness 

properties and this is also what the hair colour consumer seeks. It is also desirable to 

remove the colour if the consumer is not satisfied; a high proportion of commercial 

disperse dyes are azo dyes, and so have the potential to be removed by reduction. 

Furthermore disperse dyes are not expensive. 

Thus, they would be appropriate for their use in a new permanent hair dyeing process. 

The concept would be to make a disperse dye precursor, a pro-disperse dye, which 

would penetrate the hair fibre and by chemical treatment with ingredients, present in 

hair dye formulations, revert back to the parent disperse dye. The pro-disperse dye 

would carry one or more cationic groups flexible enough "to worm its way" and 

facilitate its diffusion into the hair fibre and this group would then be removed during 

the hair dyeing process. As a consequence, the pro-disperse dye would be soluble in 

water; this would also facilitate its use in the media of the hair dye formulation. The 

use of commercial disperse dye with appropriate non-toxic properties for use in hair 

coloration would also minimise the expensive process of testing the safety of a new hair 

dye ingredient. 

Disperse dyes having a hydroxy group in their structure were considered as particularly 

interesting for this pro-disperse dyeing concept; it was envisaged to convert them into 

an ester using N-chlorobetainyl chloride (350) to provide the cationic group and the 

flexibility for the optimum diffusion into the hair fibre. The pro-disperse dye would be 

susceptible to base hydrolysis as a result of exposure to ammonia or other amines, 

usually present in hair dye formulations. Thus, the parent disperse dye would be 

regenerated and trapped inside the hair fibre. 

A suitable disperse dye is CI Disperse Red 1 (407). Compound (408) was synthesised 

using N-chlorobetainyl chloride and 2,6-lutidine in dry DMF in 46% yield (Scheme 71). 
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Scheme 71: synthesis of the red pro-disperse dye (408) 

Compound (408) is red, soluble in water and alcohols such as methanol and ethanol. 

An LCMS experiment was carried out on (408) which revealed the presence, in addition 

to the desired red pro-disperse dye, of 2,6-lutidine hydrochloride and the unreacted dye 

(407). The problem of the presence of 2,6-lutidine was tackled by filtering hot after the 

reaction the 2,6-lutidine salt being more soluble at the high temperature. Despite further 

attempts involving increasing the time and varying the proportions of starting materials, 

it was not possible to force the reaction to completion; therefore a method was devised 

involving washing the product several times with ethyl acetate to eliminate the major 

part of unreacted (407). 
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Figure 76: UV-Vis spectra of (407) and (408) in acetonitrile 

Figure 76 shows the UV-Vis spectra of (407) and (408) in acetonitrile. A hypsochromic 

shift was observed in the UV -Vis spectrum of (408). This is the result of the 

esterification which lowers the donor strength of the fJ-hydroxyethylamino group. This 

is to a lesser extent the similar trend to that observed in the pigment technology when 

the parent compound was converted to its more soluble latent form. 

A molecular shape and size analysis was carried out on (408). Using XED98 all the 

conformers within 2 kcal mor l above the global minimum were retrieved. Amongst the 

56 possible conformations the 41 sl lowest energy conformer affords the smallest shadow 

area and S min values. As shown in Table 75, (408) is predicted by XED98 to readily 

penetrate the hair fibre and be capable of reaching the cortex. It is worth noting the 

linear shape of the particular conformer demonstrated by its SJO value. 

Table 75: selected conformer of (408) giving the smallest shadow area with their corresponding Smin 

and SlOvalues 

Smallest 
3-D structure 

shadow area 

(408) 38.87 10.50 3.25 

Primary tests of cleavability were carried out "in vitro" using an aqueous solution of 

(408) treated with ammonia and monoethanolamine. Within 5-10 minutes, a precipitate 
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appeared in the solution which was isolated and confirmed by IR and DSC analysis as 

(407). This is the result of the saponification reaction in Scheme 72. 

(408) 

20% solution 
ofNH3 

or 
of monoethanolamina 

(407) 

Scheme 72: saponification reaction of (408) 

CI-

After demonstrating that the concept was working in vitro, hair coloration tests were 

carried out to evaluate the pro-disperse dyeing in vivo. As a complete new permanent 

hair dyeing process, no procedures were available. However, the general duration of a 

hair dyeing process is between 20-40 minutes. 

In pro-disperse dyeing, the dyeing process can be described as a two-step process. The 

first step is the application of the hair dye formulation containing the pro-disperse dye 

to the hair which includes the diffusion of the pro-disperse dye onto the surface of the 

fibre, then its absorption by the fibre and finally its diffusion into the fibre. The second 

step is the application to the hair of a solution containing the ammonia or other amine 

such as monoethanolamine. The success of a pro-disperse hair dyeing process would 

depend on the rate of diffusion of the pro-disperse dye inside the hair and the kinetics of 

the reaction in situ. 

Thus, two different hair dyeing processes were envisaged and tested. The difference 

between both processes was the time allocated to each step. In the first process, the 

application time of the hair formulation was 10 min at 28°C and then the solution 

containing ammonia was added and the hair sample was left for a further 20 minutes. In 
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the second process, the application time for the hair formulation was 20 min at 28°C 

and then the solution containing ammonia was added and the hair sample was left for a 

further 10 minutes. Both colorations tests were carried out using a 1 % aqueous solution 

of (408) on yak hair (provided by L'Oreal) . These two hair dyeing processes were 

compared with the direct hair coloration by CI Disperse Red 1 using the hair 

formulation in Table 76 inspired from elsewhere [635]. 

Table 76: hair dye formulation 

Ingredients Quantity (in g) 

CI Disperse Red 1 0.8 

2-butoxyethane 10 

20% solution of mono ethanolamine 1.5 

Water 87.7 

A sample of yak hair dyed with (408) according to the first process was extracted with 

DMSO and ethyl acetate. Samples of the solids obtained from these solutions were 

tested by mass spectra showing the presence of (407) (m/z: 315) and no trace of (408). 

This demonstrated that the saponification had occurred in situ. 

The colour of the dyed hair samples was evaluating using a Datacolor Spectraflash 

SF600 system with an ultra small aperture (USA V). To reduce the uncertainty of the 

results, four colour measurements were carried out and averaged. 
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Figure 77: comparison of the performance of the first and second processes in terms of the K/S 
values 
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Figure 77 shows a comparison of the first and second processes in terms of the KlS 

values obtained from reflectance measurements of the various samples together with 

those from the direct dyeing with CI Disperse Red 1. Although KlS values are not the 

same as the absorption values from a UV -Vis spectrum, they are related. Thus, it can be 

deduced from Figure 77, that, first both new processes provide a much better colour 

result than the direct dyeing process using the same disperse dye. Secondly, the second 

process gives a stronger colour than the first process as illustrated in Figure 78. This 

can be explained by the fact that, in the second process, the time of application is twice 

as long; this allows the pro-disperse dye to diffuse deeper towards the centre of the fibre 

and in the cuticle. 

A B 

Figure 78: (A) undyed yak hair; (B) yak hair dyed with a 1 % aqueous solution of (407) for 30 min 
at 28°C; (C) yak hair dyed with a 1 % aqueous solution of (408) according to the first process; (D) 

yak hair dyed with a 1 % aqueous solution of (408) according to the second process 

Colour difference measurements after 10 shampoos were carried out to establish the 

permanent character of the pro-disperse dyeing (Table 77). The first conclusion that the 

pro-disperse dyeing is reasonably permanent; the ~E remains quite small after 10 

shampoos (Figure 79). As a comparison, the basic dye synthesised (352) gave a colour 

difference of ~ = 29.30. 

It is surprising that in the sample dyed according to the second process, the colour 

difference is larger compared to the sample dyed according to the first process. A 

possible explanation is that, at the time the hair coloration was terminated, the 

saponification was not complete. Therefore, unconverted pro-disperse dye would have 

been removed during shampooing. Besides, it can be noticed that the colour difference 

in terms of the hue is very small. 

Table 77: CIE colour lab differences of dyed yak hair before and after 10 shampoos 

D65/10 ~E ~L* ~a* ~b* ~C* ~H* 

151 process 4.58 2.96 3.44 0.61 3.22 -1.38 

2nd process 7.08 4.94 4.06 3.04 5.07 0.24 
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Figure 79: comparison of both samples without shampooing (A) and after to shampoos (8) 
according to the first (left) and second (right) process 

A final comment on this particular technology applying to both processes may be made. 

There was a hypsochromic shift compared to the hue of the CI Disperse Red 1, when 

the hair samples were dyed; this is believed to be the result of the size of the dye 

particles inside the fibre. As discussed before for the latent pigment technology, it is 

believed that there is an increase in particle size during the process, which in a sense is 

appropriate to assist entrapment of the colorant, but may result in a decrease in colour 

intensity as well as in a hypsochromic shift. This problem may be overcome by using, 

for example an orange dye to produce a yellow colour on hair. 

With a view to further develop this technology and with regard to the requirement for 

hair coloration, some pro-disperse dyes have been selected and may provide the 

required trichromatic system. A molecular shape and size analysis was carried out on 

the proposed pro-disperse dyes derived from the CI Disperse Orange 5 (409) and Blue 

339 (410). As shown in Table 78, (409) and (410) is predicted by XED98 to readily 

penetrate the hair fibre and capable of reaching the cortex. It is worth noting the linear 

shape of the particular conformer demonstrated by its SIO value. 
CI 

N~-o-/ 
N \ j N 

~ CI 

OH 

(409) 
(410) 

CI Disperse Orange 5 CI Disperse Blue 339 
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Table 78: selected conformer giving the smallest shadow area with their corresponding Smln and 
SlOvalues 

Smallest shadow S min 
3-D structure 

area (A) 

(409) 41.57 11.04 2.97 

(410) 45.58 11.73 2.92 

This preliminary investigation demonstrates that the pro-disperse dyeing concept is 

feasible and may have the potential to replace the oxidative permanent hair coloration. 

This system offers the advantage to be quite versatile; indeed, the adjustment of the time 

of application and the time of the reaction inside the hair fibre may result in different 

desired shades. Remembering that hair dye formulations include several dyes, it may be 

possible to mix them appropriately to achieve the desired colour result. In addition, this 

process is quite simple and potentially not expensive. It would appear quite easy to 

scale up the synthesis of the pro-disperse dyes. Finally, the process affords bright 

colours with good fastness properties which would satisfy the hair dye consumer. 

Future work on pro-disperse dyeing may provide the permanent hair coloration of 

tomorrow! 
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Chapter 5 - Conclusion 

Colour-structure relationships in donor-acceptor type diazines usmg molecular 

modelling methods such as PPP-MO, ZINDO and CNDO/S were established. It was 

found that when the donor and the acceptor groups were ortho to each other, the most 

bathochromic arrangement of the aminonitro- or aminocyanodiazines was predicted. 

Especially, the o-aminonitrodiazines were predicted to be yellow in colour and exhibit 

higher oscillator strengths than their benzene analogues. The introduction in 0-

aminonitrodiazines of an additional donor group para to the other one affords the 

largest bathochromic shift. The bisdonor-acceptor type diazine compounds was 

predicted to be twice as intense as their benzene analogues. More interestingly, if an 

additional acceptor group were introduced in the 2,5-bisdonor-acceptor type diazine 

derivatives, the three resulting diazines were predicted to be blue in colour with very 

high oscillator strengths. The syntheses of four compounds based on 2,4-diamino-5-

nitropyrimidine were accomplished and a relatively good correlation between 

experimental and theoretical results was obtained. Besides, 2,4-bis(~-hydroxyethyl)-5-

nitropyrimidine exhibits tautomerism, only in solution, which was studied using IH_15N 

heteronuclear shift correlation spectra using gHMQC and gHMBC, in addition to x-ray 

crystallography in the solid state. The synthesis of the most bathochromic 2,5-diamino-

4- and/or 6-nitropyrimidine was more problematic. Although 2,5-diaminopyrimidine 

was obtained in good yield, attempts to nitrate this compound failed. However, 2,5-

diaminopyrimidine had very interesting colouristic properties (i.e. fluorescence) and 

light-induced properties. Research was pursued towards 2,5-diamino-3,6-

dinitropyrazine. A synthesis involving 5-aminouracil as starting material was designed 

and implemented. Interestingly, 5-aminouracil may be a potential primary intermediate 

for permanent hair coloration to generate pteridine derivatives inside the hair fibre. 

Attempts to implement a "nitrative decarboxylation" on the key intermediate, 2,5-

diaminopyrazine-3,6-dicarboxylic acid, were unsuccessful. Alternative routes to this 

compound and related derivatives involving S,S-dimethylsulphiliminopyrimidine or 

oxadiazolo[3,4-d]pyrimidine derivatives and 2,5-diamino-3,6-dichloropyrazine as 

starting materials may be worth investigating. 

In colour chemistry, molecular modelling has been predominantly used to derive 

colour-structure relationships, but it may also be useful for the understanding of the 

chemical and physical behaviour of colorants, especially towards the hair fibre. Some 
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molecular modelling techniques have allowed the evaluation of the pro-pigmentation 

technology as a new technology to permanently colour hair. A modified molecular 

modelling technique has been devised and implemented concerning the importance of 

the molecular size and shape of a molecule. This has enabled the prediction of the 

diffusivity of a molecule, especially cationic species, into the hair fibre. The chosen 

conformer of this cationic species exhibiting the smallest shadow area and possessing a 

Smin value smaller than 14A can enter the cortex region of the hair. Pro-pigments 

resulting from the protection of their N-H groups have been evaluated using this 

technique. Some pro-pigments were predicted to meet the requirements for hair dyeing. 

Silanes as potential pro-pigments were too unstable for successful synthesis. Amide 

derivatives of pigments have been proved to have different behaviours towards base 

hydrolysis depending on the type of quaternary ammonium groups. Although the 

chemistry was feasible on indigo, it has appeared that on other pigments it was less 

straightforward. An outcome of this work on amides was the production of a cationic 

solid-state fluorescent dye (352). Pro-pigments resulting from the protection of their 0-

H groups obtained by the reduction of a carbonyl group have also been evaluated. It has 

been found that this type of compounds gave better results for the prediction of their 

diffusivity into the hair fibre although they were predicted not to have the ability to 

enter the cortex region. Esters were more promising compounds for pro-pigmentation 

due to their easier capacity to undergo base hydrolysis compared to amides. However, 

the synthesis of this type of compound was not straightforward. Despite the 

achievement of producing some new derivatives of 0,0 '-disubstituted leuco indigo, the 

conversion to their cationic salt was unsuccessful. Other type of pro-pigments such as 

sulphonates derivatives may be more stable and involve easier chemistry. 

An important breakthrough of this work was the discovery of the pro-disperse dyeing 

process. This technology is potentially a new way of permanently dyeing hair. It is 

based on the same concept as the pro-pigmentation. Preliminary results indicated that it 

is simple to implement and potentially not expensive. The first pro-disperse red dye 

was obtained. It was proved that in vitro and "in vivo" the disperse dye was 

regenerated. Providing that yellow and blue dyes are capable of being produced based 

on this technology and the kinetics of hydrolysis studied by gravimetric methods, this 

may be the permanent hair coloration of tomorrow. Besides, the scope of this 

technology may prove to be much broader than hair coloration, and it can be envisaged 

as applicable in textiles as a coloration process. 
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Chapter 6 - Experimental 

NMR spectra were recorded on Bruker WP200SY (200 MHz for IH NMR and 50 MHz 

for I3C) and Bruker DPX400 (400 MHz for IH and 100MHz for I3C) spectrometers. 

Coupling constants are quoted in Hertz. 

The infra-red spectra were recorded as KBr discs with a Nicolet Protege 460 Fourier 

Transform Infra-red spectrometer and the spectra were analysed using OMNIC 

software. 

Melting points and decomposition temperatures were determined using a Mettler 12E 

Differential Scanning Calorimeter (DSC). 

UV -Visible spectra were measured on a Perkin-Elmer Lambda 2 spectrophotometer as 

solutions. 

CRN Analysis utilised the Exeter CE-440 Elemental Analyser 

Colour measurement used a Datacolor International Spectraflash SF600 

spectrophotometer with Datacolor International Management software with Ultra Small 

Aperture (USA V), 4 measurements 2 flashes, D6511 0 illuminant, specular included and 

100% UV (filter off). 

Reactions were monitored by thin layer chromatography (TLC) on pre-coated 

aluminium backed plates (Merk silica gel 60F254). Detection was effected under UV 

lamp. Column chromatography was carried out using Prolabo silica gel 60 (35-75Ilm), 

an external pressure being applied to the top of columns. Solvents used for reactions 

were dried over 3A molecular sieves. Organic extracts were dried over sodium sulphate 

unless otherwise stated. 

Synthesis of 5-nitropyrimidine-2,4-dione (212) 

Fuming nitric acid (108.8 mL, 157 mmol) was added to a two-necked flask fitted with a 

thermometer. The solution was heated to 75°C. Then, the water bath was removed and 

uracil (21.8g, 194 mmol) was added portion wise over a period of 30 minutes. The 

effervescence generated was allowed to subside before adding the next portion and the 

temperature was kept around 80°C during the whole process. The reaction mixture was 

stirred for an additional 30 minutes at 80°C. Then, the solution was poured into a 

mixture of ice (180g) and water (320 mL) and left overnight in the fridge. The resulting 

white crystals were filtered off and washed with ice-cold water followed by ethanol to 
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give the title compound (26.8 g, 0.17 mmol) In 88% yield. Some crystals were 

recrystallised from water for analytical purpose. 

m.p. 308.8°C (decomp. 324°C) 

Vmax in cm· 1 (KBr), 3583, 3493 (st N-H), 3063 (st C-H aromatic), 1737, 1686 (st C=O) 

OH in ppm (DMSO, 200 MHz), 8.85 (1H, s, HAr) , 11.74 (lH, broad s, N-H). oe in ppm 

(DMSO, 50 MHz), 125.51 (C-5), 148.41 (C-6), 150.25 (C-2), 155.91 (C-4) 

Synthesis of 2,4-dichloro-5-nitropyrimidine (213) 

A solution of 5-nitropyrimidine-2,4-dione (3 g, 19.2 mmol), phosphorus oxychloride 

(16 mL, 171.6 mmol) and N,N-dimethylaniline (38 mL, 29.9 mmol) was refluxed for 70 

minutes under constant stirring. Then the reaction mixture was cooled down to room 

temperature. The solvents were evaporated under reduced pressure. The reaction 

mixture was poured onto a mixture of water (21 mL) and ice (18 g) before being quickly 

extracted with ether (60 mL). The organic layer was washed with water, dried and 

concentrated to give the title compound (3.2 g, 16.6 mmol) in 87% yield as dark yellow 

oil. The title compound was used without further purification in the subsequent 

reactions. 

Synthesis of 2,4-diamino-5-nitropyrimidine (196)e 

A solution of 2,4-dichloro-5-nitropyrimidine (1.67 g, 8.6 mmol) in ethanol (9 mL) was 

added rapidly to a solution of alcoholic ammonia (35 mL). After the effervescence has 

subsided, the reaction mixture was heated until boiling and then allowed to cool down 

to room temperature for 30 min. The resulting precipitate was filtered off and dried to 

give the title compound (1.12 g, 7.2 mmol) in 84% yield as pale yellow crystals. The 

crystals were then recrystallised from 2-methoxyethanol. 

m.p.343.0°C 

m1z (El) 155.0457, C4HSNs02 requires 155.0443 

UV-Vis (in DMF) "'max = 355 nm (log (I» = 4.20) 

Vmax in cm-I (KBr), 3455, 3410 (st NH2), 3101 (st C-H aromatic) 
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Synthesis of 2,4-his(p-hydroxyethylamino )-5-nitropyrimidine (214)a 

2,4-dichloro-5-nitropyrimidine (2.62 g, l3.5 mmol) was dissolved in ethanol (50 mL) 

and the resulting solution cooled down to O°C with an ice bath. A solution of 

ethanolamine (5 mL, 82.8 mmol) in ethanol (5mL) was added to the reaction mixture. 

Vapours of HCl were observed. The reaction mixture was stirred at O°C for an 

additional 30 minutes. The precipitate was filtered off and dried in the oven at 50°C for 

2 hours. The precipitate was then recrystallised three times from ethanol to give the title 

compound (2.10 g, 8.6 mmol) in 64% yield as yellow needle-shaped crystals. 

m.p. 165.7°C (decomp. 274°C) 

Found: C, 39.53; H, 5.42; N, 28.50. CgHl3Ns04 requires C, 39.51; H, 5.39; N, 28.79 

mlz (El) 243.0967, CgHl3NS04 requires 243.1000 

UV-Vis (in DMF) Amax = 371 run (log (g) = 4.33) 

Vmax in cm- l (KBr), 3442 (st N-H), 3211 (st O-H), 3069 (st C-H aromatic) 

DH in ppm (Pyridine, 400 MHz), 3.86-4.16 (12.4H, m, NH-CH2-CH2-0H), 6.58 (1.2H, 

broad s, O-H), 6.71 (0.3H, broad s, O-H), 6.75 (lH, broad s, O-H), 9.03 (O.3H, broad t, 

J 5.7, N-H), 9.09 (0.3H, broad t, J 4.7, N-H), 9.15 (1.4H, S, HAr), 9.27 (lH, broad t, J 

4.9, N-H), 9.34 (lH, broad t, J 5.4, N-H). Dc in ppm (Pyridine, 100 MHz), 43.67 & 

43.83(C-12112 '), 45.19 & 45.44 (C-8/8'), 60.29 & 60.33 (C-l3/l3'), 60.72 & 61.44 (C-

9/9'), 120.74 & 121.69 (C-5/5'), 156.33 & 156.60 (C-4/4 ' ), 158.28 & 158.38 (C-6/6'), 

162.95 & 163.18 (C-2/2') 

Synthesis of 2,4-his( di-p-hydroxyethylamino )-5-nitropyrimidine (214)b 

A solution of diethanolamine (4.1 g, 43.0 mmoles) in ethanol (50 mL) was added 

dropwise to a solution of 2,4-dichloro-5-nitropyrimidine (1.9 g, 9.8 mmoles) in ethanol 

(50 mL). The reaction mixture was stirred overnight at room temperature. The 

precipitate was filtered to give the title compound (2.56 g, 7.7 mmol) in 79% yield. 

Vmax in cm-l (KBr), 3547 (st N-H), 3448 (st O-H) 

UV -Vis (in DMF) Amax = 353 nm (log (g) = 4.42) 

OH in ppm (DMSO, 200 MHz), 2.99 (8R, t, J 5.3, CH2-CH2-OR), 3.63 (8R, t, J 5.3 , 

CHrCH2-0H), 5.20 (2H, broad s, O-H), 8.81 (lH, s, RAr) 
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Synthesis of 2,4-his( diethylamino )-5-nitropyrimidine (214)c 

A solution of diethylamine (2.8 mL, 19.3 mmol) in ethanol (25 mL) was added to a 

stirred solution of 2,4-dichloro-5-nitropyrimidine (1.33 g, 6.9 mmol) in ethanol (25 

mL). The reaction was monitored by TLC using a mixture of cyclohexane and ethyl 

acetate (1: 1). The reaction was stopped after 10 min and the solvent evaporated under 

reduced pressure. The solid was collected to give the title compound (1.30 g, 48.6 

mmol) in 71 % yield as a yellow solid. 

m.p. 51.3°C 

UV-Vis (in DMF) Amax = 354 nm (log (£) = 4.18) 

Found: C, 55.91; H, 7.86; N, 26.35. CsH13Ns04 requires C, 53.91; H, 7.92; N, 26.20 

Synthesis of (E)-~-dimethylaminoacrolein (221) 

Phosphorus oxychloride (18.6 mL, 199.5 mmol) was added dropwise to a stirred 

solution of DMF (30.8 mL) at DoC followed by vinyl ethyl ether (19.1 mL, 199.7 

mmol). The reaction mixture was then heated at 70°C for 3 hours. The dark brown 

mixture was cooled down to O°C before adding water dropwise to destroy any 

remaining phosphorus oxychloride. The mixture was left overnight. A saturated 

solution of potassium carbonate (200 mL) was added dropwise to the reaction mixture 

at 5°C over 1 hour and 30 minutes. The product was then extracted carefully with 

DCM, dried, filtered and distilled under vacuum (160°C at 720 mmHg) to give the title 

compound (6.04 g, 60.9 mmol) in 31 % yield as clear amber liquid. 

m/z (EI) 99 (M-l = 98) 

OH in ppm (CDCi) , 200 MHz), 2.87 (3H, s, N-CH3), 3.16 (3H, s, N-CH3), 5.14 (1H, dd, 

J 12.8 and 8.5, N-CH=CH-C(=O)H», 7.05 (IH, d, J 12.8, N-CH=CH-C(=O)H)), 9.09 

(lH, d, J 8.3 , C(=O)H) 

Synthesis of 1-(2-cblorobenzene)azomalonaldebyde (222) 

2-Chloroaniline (7.47 g, 49.7 mmol) was poured in water (110 mL) and concentrated 

hydrochloric acid (11 mL). The temperature was adjusted with an ice-bath to DoC. A 

solution of sodium nitrite (3.25 g, 47.1 mmol) in water (30mL) was added dropwise 

over 15 min keeping the temperature below 5°C. It was checked that an excess of 

nitrous acid was present (StarchIKI paper). Activated charcoal was added to the 
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mixture and stirred for 30 min. The resulting diazonium salt was filtered through celite 

added to the filter. The excess of nitrous acid was then destroyed by sulphamic acid. A 

solution of p-dimethylaminoacrolein (4.95 g, 50.0 mmol) in water (10 mL) was poured 

quickly into the solution of the prepared diazonium salt. The solution became yellow 

after 30 minutes. The reaction mixture was stirred for 1 hour at O°C and for 4 hours at 

room temperature. The precipitate was filtered off, washed with water and dried in a 

dessicator for 3 days to give the title compound (6.05 g, 28.7 mmol) in 68% yield as 

fine yellow needles. Some crystals were recrystallised from hexane for analytical 

purpose. 

m.p.99.9°C 

Found: C, 51.25 ; H, 3.32; N, 13.10. C9H7ClN20 2 requires C, 51.32; H, 3.35; N, 13.30 

Vrnax in cm-1 (KBr), 3203 (st N-H), 1687 & 1644 (st c=o aldehyde) 

mJz (El) 210, 212 (3 :1) 

DH in ppm (CDCb, 400 MHz), 7.17 - 7.22 (lH, m, HAr), 7.34 - 7.40 (lH, m, HAr) , 7.42 

(lH, dd, J 8.0 and 1.5, HAr) , 7.92 (lH, dd, J 8.3 and 1.5, HAr), 9.64 (lH, d, J 0.5, 

C(C=O)H), 10.03 (lH, d, J 0.5, C(C=O)H), 14.73 (lH, broad s, N-H). Dc in ppm 

(CDCb, 100 MHz), 116.88 (C-6), 122.67 (C-2), 127.24 (C-4), 128.28 (C-5), 129.95 (C-

3), 134.25 (C-l), 137.45 (C-9), 186.57 (C-10), 189.62 (C-12). DN in ppm (CDCh, 40 

MHz), 177.65 (N-8), 376.98 (N-7) 

Synthesis of 2-amino-5-(2-chlorobenzene)azopyrimidine (223) 

A solution of sodium ethoxide (5.8 g, 82.2 mmol) in ethanol (50 mL) was added to a 

solution of 1-(2-chlorobenzene)azomalonaldehyde (4 g, 18.9 mmol) and guadinine 

hydrochloride (4 g, 42.3 mmol) in ethanol (70 mL). The red mixture was refluxed for 1 

hour and 30 minutes. The resulting precipitate was filtered, washed with IN HCI, 2N 

NaOH, water and dried to give the title compound (4 g, 0.17 mmol) in 90% yield as 

orange powder. 

m.p. 246.9°C 

Vrnax in cm-1 (KBr), 3356, 3276, 3111 

DH in ppm (DMSO, 200 MHz), 7.42- 7.52 (2H, m, HAr) , 7.53-7.70 (2H, m, HAr) , 8.60 

(2H, s, H Ar) 
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Syn thesis of N ~-dimethyl-N-[2-( dimethylaminomethylene )amino-3-

dimethylamino] prop-2-enylidene ammonium diperchlorate (228) 

Phosphorus oxychloride (36.6 mL, 392.6 mmol) was added dropwise to a stirred 

solution of DMF (80.4 mL) at O°C over 30 minutes. The reaction mixture was allowed 

to warm to room temperature over 20 minutes. The light pink solution was cooled 

down again to O°C before adding portionwise glycine hydrochloride (15.0 g, 134.8 

mmol). The flask was then fitted with a thermometer and a condenser. The reaction 

mixture was heated at 80°C for 4 hours and then at 125°C for 2 hours. The solution was 

allowed to cool down overnight. The resulting brown slurry was stirred with a 

mechanical overhead stirrer before adding water dropwise. The temperature was 

maintained between 15 and 20°C with a mixture of hexane/liquid nitrogen. Perchloric 

acid (26.7 mL, 377.1 mmol) was then added dropwise at -10°C and the solution was 

stirred at -35°C for 2 hours. The resulting precipitate was filtered and washed three 

times with ice cold ethanol to give the title compound (30.5 g, 76.7 mmol) in 57% yield 

as an off-white solid. 

m.p. 225.0°C 

Found: C, 30.24; H, 5.53; N, 13.94. CIOH22ChN404 requires C, 30.24; H, 5.58; N, 

14.11 

Vmax in cm-' (KBr), 3019 (st C-H unsaturated), 2957 (st C-H aliphatic), 1699 (st C=O of 

CI04-) 

OH in ppm (DMSO, 200 MHz), 3.13 (6H, d, J 7.5, ~-(CH3)2)' 3.26 (6H, d, J 8.5 ~

(CH3)2), 3.35 (12H, s, N-(CH3)2), 7.64 (2H, s, (H3C)2N-CH-C(-N)-CH=W-(CH3)2), 

8.05 (2H, s, (H3C)2N-CH- N-C), 10.12 (lH, broad s, ~-H) 

Synthesis of N ,N-dimethyl-N-[2-( dimethylaminomethylene)a mino-3-

dimethylamino]prop-2-enylidene ammonium perchlorate (229) 

N,N-dimethyl-N- [2-( di methylaminom ethylene )amino-3-dimethylamino ]prop-2-

enylidene ammonium diperchlorate (33.0 g, 83.0 mmol) was dissolved in a refluxing 

mixture of triethylamine (16.6 mL, 119.2 mmol) and ethanol (250 mL). The reaction 

mixture was refluxed for 10 minutes before adding charcoal. The mixture was then 

filtered hot through celite. The filtrate was allowed to cool down to room temperature, 

filtered to give the title compound (11.5 g, 38.7 mmol) in 46% yield as pale yellow 

needles. 
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m.p. 140.4DC 

Found: C, 40.39; H, 7.18; N, 18.59. CIOH21CIN404 requires C, 40.47; H, 7.13 ; N, 18.88 

Vmax in em-I (KBr), 2928 (st C-H unsaturated), 2817 (st C-H aliphatic), 1657 (st C=O of 

ClOn 

8H in ppm (CDCI), 400 MHz), 2.92 (6H, s, N+-(CH3h), 3.00 (6H, s, W-(CH3)2), 3.21 

(12H, s, N-(CH3h), 7.13 (2H, s, (H3ChN-CH-C(-N)-CH=W-(CH3)2), 7.25 (0.15 H, s, 

HII), 7.26 (0.80 H, S, HII). Dc in ppm (CDCh, 100 MHz), 33.90 (C-6 and 7), 39.72 (C-

13 or 14), 40.10 (C- 14 or 13), 47.88 (C-8 and 9), 120.67 (C-3), lS6.69(C-l, C-4), 

158.33 (C-11 ). ON in ppm (CDCh, 40 MHz), 82.85 (N-12), 113.81 (N-l and N-5), 

206.53 (N-I0) 

Synthesis of 2-amino-5-( dimethylaminomethyleneamino )pyrimidine (230) 

A 1M solution of sodium methoxide in methanol (91.9 mL) was added dropwise to a 

stirred solution of N,N-dimethyl-N-[2-( dimethylaminomethylene )amino-3-

dimethylamino]prop-2-enylidene ammonium perchlorate (11.42 g, 38.S mmol) and 

guanidine hydrochloride (4.48 g, 46.9 mmol) over 30 minutes. The reaction mixture 

was then refluxed for 2 hours . The suspension was filtered hot through celite to remove 

the inorganic salt formed. After the filtrate was cooled down, the solvent was 

evaporated and dimethylamine removed under reduced pressure. The oily residue was 

allowed to cool down and the resulting crystals were filtered, washed with ice-cold 

ethanol and recrystalli sed from ethanol to give the title compound (S.64 g, 34.1 mmol) 

in 88% yield as an off-white solid. 

m.p. 184.5DC 

DH in ppm (DMSO, 200 MHz), 2.39 (6H, broad s, N-(CH3)2), 6.06 (2H, s, NH2), 7.70 

(lH, s, -N=CH-N-(CH3h), 7.91 (2H, s, HAr). Oc in ppm (DMSO, SO MHz), 38.67-41.18 

(C-I0111 and DMSO), 137.07 (C-S), 150.13 (C-4/6), 153.78(C-8), 160.28 (C-2) 

Synthesis of 2,5-diaminopyrimidine (224) 

2-amino-5-( dimethylaminomethyleneamino )pyrimidine (4 g, 24.4 mmol) was dissolved 

in a 5% aqueous solution of potassium carbonate (48.4 mL). The resulting solution was 

refluxed for 1 hour at 100DC, and then cooled down to room temperature. The reaction 

mixture was concentrated to a small volume, cooled down to ODC and left overnight in 

the fridge. The precipitate was filtered, washed with ice-cold water and dried to give 
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the title compound (1.90 g, 17.7 mmoles) in 73% yield as a pale yellow solid. A small 

portion of the solid was recrystallised from ethanol for analytical purpose. 

m.p. 208.8°C 

Vmax in cm'l (KBr), 3369, 3320 (st NH2), 3205 (st C-H unsaturated) 

UV-Vis (in ethanol) Amax = 350 nm (log (e) = 4.32) 

OH in ppm (DMSO, 200 MHz), 4.39 (2H, broad s, NH2), 5.63 (2H, broad s, NH2), 7.73 

(2H, s, HAr)' Oc in ppm (DMSO, 50 MHz), 134.26 (C-5), 144.99 (C-4/6), 157.56(C-2) 

Synthesis of 2,5-his(acetamino)pyrimidine (234) 

A mixture of 2,5-diaminopyrimidine (0.30 g, 2.7 mmol) and acetic anhydride (3.5 mL, 

37.0 mmol) was heated at 100°C for 10 minutes. The reaction mixture was cooled 

down to room temperature, filtered and the solid washed with ice-cold ethanol to give 

the title compound (0.39 g, 2.0 mmol) in 74% yield as an off-white solid. 

m.p. 283.2°C 

Vmax in cm'l (KBr), 3227 (st N-H), 3130 (st C-H unsaturated), 3049 (st C-H aliphatic), 

1682 (C=O) 

OH in ppm (DMSO, 200 MHz), 2.06 (3H, s, CH3), 2.11 (3H, s, CH3), 8.78 (2H, s, HAr), 

10.28 (IH, broad s, NH), 10.39 (lH, broad s, NH) 

Synthesis of 5-aminopyrimidine-2,4-dione (239) 

Ammonia (105 mL, 5.5 mol) was added to a solution of 5-nitropyrimidine-2,4-dione 

(7.0 g, 44.5 mmol) in hot water (420 mL) at 70°C. A solution of iron (II) sulphate 

(105.4 g, 379 mmol) in hot water (180 mL) was then poured at once into the reaction 

mixture. The resulting mixture was refluxed for 30 minutes. The precipitate of ferric 

hydroxide was then removed from the solution by hot filtration through celite. The 

yellow filtrate was allowed to cool down, filtered to give the 5-aminouracil (2.2 g, 17.3 

romol) in 39% yield as a pale yellow solid. 

m.p.322.43°C 

Vmax in cm' l (KBr), 3403, 3375 (st NH2), 3300 (st N-H), 3065 (st C-H aromatic), 1769 

(st C=O) 
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Synthesis of 2,4,6,8-tetrahydroxy[4,5-g]pteridine (240) 

A chilled solution of potassium ferricyanide (77.6 g, 235.7 mmol) in water (300 mL) 

was gradually added with mechanical stirring to a chilled solution of potassium 

hydroxide (17.8 g, 317.2 mmol) and S-aminouracil (10 g, 78.7 mmol) in water (SOO 

mL). The reaction mixture was stirred for 30 minutes after the addition was complete. 

The compound was filtered, suspended in a 1 % aqueous solution of potassium chloride 

and filtered again. This procedure was repeated twice. The precipitate was washed with 

water and ethanol and then suspended in water (15 mL). A solution of concentrated 

hydrochloric acid was added dropwise until the brick-red compound became yellow. 

The precipitate was filtered to give the title compound (3.S8 g, 14.4 mmol) in 19% yield 

as a yellow powder. 

Found: C, 39.23; H, 3.88; N, 30.S6. CgH4N604.1I2H20 requires C, 37.36; H, 1.96; N, 

32.68 

Vmax in cm-I (KEr), 3510 (H20), 3414 (st N-H), 3079 (st C-H aromatic), 1701 (st C=O) 

Synthesis of 2,5-diamino-3,6-dicarboxypyrazine (241) 

A suspension of2,4,6,8-tetrahydroxy[4,S-g]pteridine (7 g, 28.2 mmol) in water (40 mL) 

was introduced into the reaction vessel of a Parr autoclave. Sodium hydroxide (5 g, 125 

mmol) was added and the mixture was heated at 170°C for 3 hours. After cooling, the 

solid was filtered and treated with a 0.1 N aqueous sodium hydroxide solution. The 

filtrate was combined with the one resulting from the reaction and the solution was 

acidified with a 6 N hydrochloric acid solution. The precipitate was filtered to give the 

title compound (2.7 g, 13.6 mmol) in 49% yield as a red powder. 

m/z (El) 198.0373, C6H6N40 4 requires 198.0388 

Vmax in cm- I (KEr), 34S7, 3426 (st NH2), 3300 (st O-H), 1722 (st C=O) 

Synthesis of 2,5-diamino-3,6-dinitropyrazine (202)a 

2,S_diamino-3 ,6-dicarboxypyrazine (0.5 g, 2.5 mmol) was dissolved in concentrated 

sulphuric acid (S mL) and the resulting mixture was cooled to lOoC. A solution of nitric 

acid (0.5 mL) and concentrated sulphuric acid (O.S mL) was added carefully to the 

stirred solution keeping the temperature at 10°C. After addition the mixture was stirred 

for a further 30 minutes at lOoC and, then, was allowed to warm up to room temperature 
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for 45 minutes. The solution was poured into water and ice (50 mL) and the 

precipitated solid was collected by filtration to give the title compound (0.2 g, 0.9 

mmol) in 40% yield as a yellow powder. 

Vmax in cm-! (KBr), 3455, 3428 (st NH2) 

DH in ppm (DMSO, 400 MHz), 12.56 (4H, s, NH2) 

Synthesis of Tert-butyl 2-(1-(tert-butoxycarbonyl)-3-oxoindolin-2-ylidene)-3-

oxoindoline-l-carboxylate (329) 

Di-tert-butyldicarbonate (13.21 g, 60.5 mmol) was added in two portions to a 

suspension of indigo (3.02 g, 11.4 mmol) and DMAP (0.81 g, 6.6 mmol) in dry DMF 

(50 mL). The reaction mixture was stirred at room temperature for 20 hours and then 

filtered to give the first crop of the product. A second crop was recovered by diluting 

the filtrate with water and filtering the resulting solid. The solids were combined to 

give the title compound (4.58 g, 9.7 mmol) in 86% yield as a reddish violet solid. 

Found: C, 67.59; H, 5.82; N, 5.98. C26H26N206 requires C, 67.52; H, 5.67; N, 6.06 

Vmax in cm-! (KBr), 2971 (st C-H aliphatic), 1741 (st c =o indigo), 1681 (st, C=O 

carbamate) 

DH in ppm (DMSO, 400 MHz), 2.50 (18H, t, J 1.7, C-(CH3)3), 7.34 (2H, t, 17.4, H-

7,7'), 7.75 (2H, d, 18.8, H-6,6' ), 7.8 (2H, t, 17.3, H-5,5' ), 7.98 (2H, d, J 8.8, H-4,4' ) 

Synthesis of Di-tert-butyl 3,6-bis( 4-chlorophenyl)-1,4-dioxo-1,2,4,5-

tetrahyd ropyrrolo- [3,4-c] pyrrole-2,5-dicarboxylate (331) 

Di-tert-butyldicarbonate (4.58 g, 20.9 mmol) was added in two portions over one hour 

to a suspension of 3,6-bis(4-chlorophenyl)-I,4-dioxopyrrolo-[3,4-c]pyrrole (3.00 g, 8.4 

mmol) and DMAP (0.59 g, 4.8 mmol) in DMF (150 mL). The reaction mixture was 

stirred at room temperature for 72 hours and then filtered to give the first crop of the 

product. A second crop was recovered by diluting the filtrate with water and filtering 

the resulting solid. The solids were combined to give the title compoUfld (4.12 g, 7.4 

mmol) in 88% yield as a brown solid. 

Found: C 60.45 ; H, 4.56; N, 5.l2. C2sH26ChN206 requires C, 60.33; H, 4.70; N, 5.03 

Vmax in cm-! (KBr), 2971 (st C-H aliphatic), 1756 (st C=O indigo), 1716 (st, C=O 

carbamate) 
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Synthesis of Di-tert-butyl 7 ,14-dihydro-7 ,14-dioxo-quino [2,3-b] acridine-S,12-

dicarboxylate (332) 

Di-tert-butyldicarbonate (10.01 g, 45.8 mmol) was added to a suspension of 

quinacridone (3.00 g, 9.6 mmol) and DMAP (0.50 g, 4.1 nunol) in dry DMF (150 mL). 

The reaction mixture was stirred overnight at room temperature and then filtered to give 

the first crop of the product. A second crop was recovered by diluting the filtrate with 

water and filtering the resulting solid. The solids were combined to give the title 

compound (3.98 g, 7.7 mmol) in 88% yield as a brownish yellow solid. 

Found: C, 70.50; H, 5.52; N, 5.58. C30H2sN206 requires C, 70.30; H, 5.51; N, 5.47 

Vmax in cm-\ (KBr), 2979 (st C-H aliphatic), 1747 (st C=O indigo), 1642 (st, c =o 

carbamate) 

Synthesis of (Z)-2-(3-oxoindolin-2-ylidene)indolin-3-one (339) 

DMAP (0.93g, 7.63 mmol) was added with stirring to indigo (1.00 g, 3.8 mmol) in dry 

DMF (20 mL). The solution was then stirred at room temperature for 30 min. Then, 

TMS-CI (1.16 mL, 9.1 mmol) was added. The solution was stirred for 48 hours at room 

temperature and at 70-80°C for a further 2 days. The reaction was monitored by TLC 

with ethyl acetate/cyc1ohexane (1:1). The mixture was filtered and indigo (0.46 g, 1.7 

mmol) was recovered. The solvent of the filtrate was then evaporated off. The residue 

was chromatographed on silica gel with dichloromethane as eluent to give the title 

compound (120 mg, 0.4 mmol) in 5% yield as red crystals. 

bH in ppm (DMSO, 200 MHz), 6.89 (2H, d, J 7.8, H-7,7'), 7.02 (2H, t, J 7.4, H-6,6'), 

7.48 (2H, d, J 7.4, H-4,4' ), 7.57 (2H, dt, J 7.7 and 1.1, H-5,5 ' ), 11.01 (2H, broad s, N-

H) 

Synthesis of N,N'-bis(chloroacetyl)-2,2'-bi-indolinylidene-3,3'-dione (344) and N

chloroacetyl-2,2'-bi-indolinylene-3,3'-dione (345) 

CWoroacetyl chloride (2.5 mL, 31.4 mol) was added dropwise to the suspension of 

indigo (1.00 g, 3.81 mmol) and 2,6-lutidine (2.44 mL, 20.97 mmol) in dry DMF(40 

mL). The mixture was heated to 90°C for 5 hours. The reaction mixture was 

concentrated in vacuo. The residue was chromatographed on silica gel with hexane

ethyl acetate (8: 1) as eluent to give the mono-substituted product (114 mg, 0.3 mmol) in 
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8% yield as a violet blue solid eluted first followed by the di-substituted product (1.04 

mg, 1.3 mmol) in 66% yield as a reddish violet solid. 

- N,N' -bis( chloroacetyl)-2,2'-bi-indolinylidene-3,3'-dione: 

m.p. 172.8°C (decomp.) 

Found: C, 58.01; H, 2.97; N, 6.57. C2oH12ChN204 requires C, 57.85; H, 2.91; N, 6.75 

Vrnax in cm- I (KEr), 3003 (st C-H aromatic), 1714 (st C=O indigo), 1682 (st, C=O ester) 

OH in ppm (CDCl), 400 MHz), 4.56 (2H, broad s, CO-CH2-CI), 7.31 (2H, dd, J 7.3 and J 

0.8, H-6,6 '), 7.70 (2H, dd, J7.3 and 1.4, H-5,5'), 7.78 (2H, ddd, J7.6, 1.4 and 0.6, H-

7,7'), 8.25 (2H, d, J 8.5, H-4,4') 

- N-chloroacetyl-2,2'-bi-indolinylene-3,3'-dione 

m.p. > 300°C 

Vrnax in cm- I (KEr), 3387 (st N-H), 1710 (st C=O indigo), 1655 (st, C=O ester) 

OH in ppm (CDCb, 400 MHz), 4.44 (2H, s, CO-CH2-CI), 7.12 - 7.20 (1H, m, HAr), 7.26 

(1H, dd, , J 7.3 and 1.4, HAr), 7.27 - 7.32 (1H, m, HAr), 7.40 (1H, d, J 8.52, HAr), 7.71 

(2H, dt, J7.3 and 1.4, HAr), 7.77 (2H, d, J7.3, HAr), 8.39 (lH, broad s, N-H) 

Synthesis of N-chlorobetainyl chloride (350) 

Betaine hydrochloride (54.8 g, 357.3 mmol) and thionyl chloride (50 g, 420.2 mmol) 

were mixed in a flask, equipped with a thermometer and a condenser. The reaction 

mixture was heated at 70°C for 1.5 hours. Warm toluene (100 mL) was added to the 

reaction mixture and stirring was continued for 5 minutes at room temperature. The 

reaction mixture was transferred to a beaker and stirred until the entire mass 

crystallised. Toluene was decanted and the residue triturated in hot toluene. The 

crystals were filtered , washed with dichloromethane and dried overnight at 60°C to give 

the title compound (50.01 g, 290.7 mmol) in 81 % yield as a brownish white solid. 

OH in ppm (DMSO, 400 MHz), 3.26 (9H, s, W-(CH3)3), 4.33 (2H, s, CO-CH2-W). oe in 

ppm (MeOD, 100 MHz), 167.6 (C-1), 64.7 (C-2), 55.1 (C-3,4,5) 

Synthesis of N-(trimethylammoniumacetyl)indigo chloride (351) and N,N'

bis(trimethylammoniumacetyl)indigo dichloride (352) 

N-chlorobetainyl chloride (3.61 g, 22.8 mmol) was carefully added portionwise to a 

suspension of indigo (1.00 g, 3.8 mmol) and 2,6-1utidine (2.0 mL, 17.2 mmol) in dry 

DMF (40 mL). White smoke and slight exothermicity were observed at this stage. The 
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reaction was heated at 80°C overnight, after TLC showed complete disappearance of the 

mono-substituted isomer. The reaction mixture was then filtered hot and the filtrate was 

dissolved with ethyl acetate and the resulting precipitate was filtered and gave N,N'

bis(trimethylammoniumacetyl)indigo dichloride (1.08 g, 2.0 mmol) in 53% yield as a 

reddish violet solid and N-(trimethylammoniumacetyl)indigo chloride (0.34 g, 0.8 

mmol) in 22% yield as a violet solid. 

- N,N '-bis(trimethylammoniumacetyl)indigo dichloride 

LCIMS (gradient AcONH4 20 nM in acetonitrile) t = 3.47, mlz (ES+) 231; UV-Vis (run) 

310, 524 

DH in ppm (DMSO, 400 MHz), 3.40 (18H, s, W-(CH3)3) , 5.35 (1H, d, J 17.1, CO-CH2-

W), 5.48 (1H, d, J 17.1 , CO-CH2-W), 7.38 (2H, t, J7.3 , H-6,6'), 7.75 - 7.80 (4H, m, H-

5,5' and H-7,7'), 8.08 (2H, d, J8.1 , H-4,4') 

_ N-(trimethylammoniumacetyl)indigo chloride 

LCIMS (gradient AcONH4 20 nM in acetonitrile) t = 4.26, m/z (ES+) 362, 363, 364; 

UV-Vis (run) 322, 562 

Synthesis of 2,S-bis(2-chloroacetyl)-3,6-bis(4-chlorophenyl)pyrrolo[3,4-c]pyrrole-

1,4-dione (363) 

3,6-bis(4-chlorophenyl)pyrrolo[3,4-c]pyrrole-l,4-dione (0.50 g, 1.4 mmol) was 

suspended in dry DMF (20 mL) under nitrogen at room temperature. A 60% dispersion 

sodium hydride in mineral oil (190 mg, 4.7 mmol) was added carefully and a bluish red 

solution was obtained. After stirring for 2 hours, chloroacetyl chloride (0.90 mL, 11.3 

mmol) was poured into the reaction mixture very carefully and the mixture was stirred 

for a further 2 hours. After this time, the mixture was poured into water (50 mL) and 

the precipitate was collected by filtration. The solid was washed with cold 

dichloromethane and the filtrate condensed in vacuo. The reaction gave the title 

compound (0.23 g, 0.4 mmol) in 32% yield as an orange solid. 

DH in ppm (DMSO, 200 MHz), 5.10 (4H, s, CO-CH2-CI), 7.74 (4H, d, J 8.7, 4-CIC6H4) , 

8.42 (4H, d, J8.7 , 4-CIC6H4) 

Synthesis of 2-(3-hydroxyindol-2-yl)-indol-3-o1 (378) 

Sodium hydroxide (1.50 g, 37.5 mmol) was added to a suspension of indigo (1.00 g, 3.8 

mmol) in water (65 mL) and argon was bubbled through the resulting solution at all 
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times. The reaction mixture was heated up to 60°C before adding sodium dithionite 

(1.50 g, 8.6 mmol) at once. The reaction mixture was stirred at 60°C for 30 minutes. 

Argon bubbling was stopped and drops of acetic acid were added to the reaction mixture 

still under inert atmosphere to precipitate the intermediate product. The flask was then 

transferred to an atmosbag filled with argon and the precipitate filtered. The solid was 

dried on the biichner for 20 minutes in order to remove the maximum of the water. The 

precipitate was then dissolved in chlorobenzene (50 mL) and the flask tightly closed 

before removing the new reaction mixture from the atmosbag®. 

Argon was bubbled through the reaction mixture. Pyridine (1.35 mL, 79.1 mmol) and 

N-chlorobetainyl chloride (2.88 g, 16.2 mmo!) were added to the solution. The reaction 

mixture was stirred for 20 hours at room temperature. The resulting suspension was 

filtered to give the title product (0.40 g, 0.7 mmol) in 19% yield as an off-white solid. 

8H in ppm (MeOD, 400 MHz), 7.06 (2H, t, J 7.4, H-6,6'), 7.14 (2H, t, J 8.1, H-5,5'), 

7.38 (2H, d, J 8.1, H-7,7'), 7.61 (2H, d, J7.8, H-4,4') 

8H in ppm (DMSO, 400 MHz), 6.92 (2H, t, J7 .5, H-6,6'), 7.01 (2H, dt, J 8.1 and 0.9, H-

5,5'), 7.33 (2H, d, J8.l, H-7,7'), 7.58 (2H, d, J7.8, H-4,4') 

Synthesis of I-benzamidoanthraquinone (314) 

l-aminoanthraquinone (1 g, 44.8 mmol) was suspended in o-dichlorobenzene (10 mL). 

Benzoyl chloride (0.94 g, 66.8 mmol) was introduced and the mixture was refluxed for 

2 hours. After cooling down, the precipitate was filtered and washed with ethanol to 

give the title product (1.16 g, 3.5 mmol) in 79% yield as yellow needle-shaped crystals. 

Found: C, 76.98; H, 4.02; N, 4.34. C2IH13N03 requires C, 77.05; H, 4.00; N, 4.28 

Vmax in cm- I (KBr), 3346 (st N-H amide), 3028 (st C-H aromatic), 1719 (st C=O 

anthraquinone), 1656 (st, C=O amide) 

Synthesis of 2-(3 llcetoxyindol-2-yl)-indol-3-yl acetate (382) 

linc (2.86 g, 43.7 mmol) and sodium acetate (0.78 g, 9.5 mmol) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding acetic anhydride (3.60 mL, 

38.0 mmol). The reaction mixture was then stirred at 40°C for 2 hours. The inorganic 

salt was filtered and the filtrate concentrated in vacuo. Methanol was added to the 
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residue and the resulting precipitate was filtered to give the title compound. The filtrate 

was concentrated, suspended in methanol, filtered and combined with the first 

precipitate to give the title compound (0.60 g, 1.7 mmol) in 46% yield as a pale yellow 

powder. 

Vrnax in cm- I (KBr), 3382 (st N-H), 3057 (st C-H aromatic), 1739 (st C=O ester) 

OH in ppm (Acetone, 400 MHz), 2.28 (6H, s, CH3) , 6.94 (2H, t, J7.1, H-6,6'), 7.05 (2H, 

t, J 7.1 and 0.9, H-5,5'), 7.28 (2H, d, J 7.8, H-7,7'), 7.32 (2H, d, J 8.1, H-4,4'), 10.19 

(2H, broad s, N-H) 

Synthesis of 2-(3-chloroacetoyloxyindol-2-yl)-indol-3-yI2-chloroacetate (384) 

Zinc (2.86 g, 43.7 mmol) and sodium acetate (0.78 g, 9.5 mmol) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding chloroacetyl chloride (3.03 

mL, 38.0 mmol). The reaction mixture was then stirred at 40°C for 2 hours. The 

inorganic salt was filtered and the filtrate concentrated in vacuo. Methanol was added 

to the residue and the resulting precipitate was filtered to give the title compound. The 

filtrate was concentrated, suspended in methanol, filtered and combined with the first 

precipitate to give the title compound (0.40 g, 0.9 mmol) in 25% yield as a pale yellow 

powder. 

Vrnax in cm- I (KBr), 3399 (st N-H), 3057 (st C-H aromatic), 2956 (st C-H aliphatic), 1739 

(st C=O ester) 

Synthesis of the trimethylammonium salt of 3-(trimetylammonium)propionic acid 

iodure (389) 

3-iodopropionlc acid (0.50 g, 2.5 mmol) was dissolved in acetone (10 mL). The 

solution was treated with a 33% ethanolic solution of trimethylamine. The flask was 

closed and tightly fitted with a rubber stopper. The solution was allowed to stand up for 

36 hours. The precipitate was filtered and washed with acetone to give the title 

compound (0.65 g, 2.0 mmol) in 81 % yield as a white powder. 

Found: C, 33.98; H, 6.99; N, 8.93. C2oH12ChN20 4 requires C, 33.97; H, 7.29; N, 8.80 

Vrnax in cm- I (KBr), 2957 (st C-H aliphatic), 1712 (st C=O) 
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Attempted synthesis of 2-(3-acryloyloxyindol-2-yl)-indol-3-yl acrylate (391) 

Zinc (2.86 g, 43 .7 mmol) and sodium acetate (0.78 g, 9.5 mmol) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding acryloyl chloride (1.55 mL, 

19.1 mmol). The reaction mixture was then stirred at 55°C for 3 hours. The inorganic 

salt was filtered and the filtrate concentrated in vacuo. Methanol was added to the 

residue and the resulting precipitate was filtered to give the title compound. The filtrate 

was concentrated, suspended in methanol, filtered and combined to the first precipitate 

to give the title compound (0.22 g, 0.6 mmol) in 15% yield as an off-white powder. 

N-methylimidazole (0.04 g, 0.56 mmol) was slowly added to a solution of p

toluenesulfonic acid monohydrate (0.100 g, 0.52 mmol) in ethanol (5 mL). 0,0 '

bis(acryloyl)leucoindigo (0.20 g, 0.54 mmol) was then added portionwise. The reaction 

vessel was sealed under nitrogen and heated at 70°C for 24 hours. At this time, a TLC 

shows the presence of a violet compound (Rr = 0.3) in hexane:ethyl acetate (1: 1). 

Synthesis of 2-(3-chlorobutanoyloxyindol-2-yl)-indol-3-yl 4-chlorobutanoate (394) 

Zinc (7.15 g, 109.2 mmol) and sodium acetate (1.95 g, 23.7 mmol) were added at once 

to a suspension of indigo (2.50 g, 9.5 mmol) in ethyl acetate (250 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding 4-chlorobutyryl chloride (10.7 

mL, 95.4 mmol). The reaction mixture was then stirred at 40°C for 30 minutes. The 

inorganic salt was filtered and the filtrate concentrated in vacuo. Methanol was added 

to the residue and the resulting precipitate was filtered to give the title compound. The 

filtrate was concentrated, suspended in methanol, filtered and combined to the first 

precipitate to give the title compound (0.51 g, 0.6 mmol) in 12% yield as an off-white 

powder. 

Vmax in cm- 1 (KEr), 3399 (st N-H), 3060 (st C-H aromatic), 2927 (st C-H aliphatic), 1741 

(st C=O), 1686 (st C=O ester) 

LC/MS (eluent pH 2.9), t = 7.46, m/z (ES+) 473.01; UV-Vis 344 nm 

OH in ppm (Acetone, 400 MHz), 2.13 (2H, q, J 6.6, CHr CH2-CH2), 2.85 (2H, t, J 7.2, -

CH2-CO), 3.65 (2H, t, J 6.3, CI-CH2), 6.95 (2H, t, J 7.6, H-6,6'), 7.06 (2H, t, J 7.4, H-

5,5'), 7.28 (2H, d, J 7.8, H-7,7'), 7.32 (2H, d, J 8.3, H-4,4'), 10.21 (2H, broad s, N-H). 

oe in ppm (Acetone, 100 MHz), 29.05 (C-14,14'), 31.99 (C-13,13'), 45.36 (C-15,15'), 
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113.04 (C-7,7'), 119.06 (C-6,6'), 121.09 (C-5,5'), 122.59 (C-2,2'), 122.63 (C-9,9'), 

124.09 (C-4,4 '), 135.82 (C-8,8'), 135.97 (C-3,3 '), 172.07 (C-ll, 11 ') 

Synthesis of 2-(3-chloropentanoyloxyindol-2-yl)-indol-3-yl 5-chloropentanoate 

(396) 

Zinc (2.86 g, 43.7 mmol) and sodium acetate (0.78 g, 9.5 mmo!) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding 5-chlorovaleryl chloride (4.92 

mL, 17.1 mmol). The reaction mixture was then stirred at 40°C for 30 minutes. The 

inorganic salt was filtered and the filtrate concentrated in vacuo. The residue was 

dissolved in methanol and water was added. The resulting precipitate was filtered to 

give the title compound (0.34 g, 0.6 mmol) in 17% yield as a grey powder. 

OH in ppm (Acetone, 400 MHz), 1.71-1.82 (4H, m, CH2-CH2-CH2-CH2-CO), 2.70 (2H, 

t, J7.1, -CH2-CO), 3.54 (2H, t, J6.1, CI-CH2), 6.94 (2H, t, J7.1, H-6,6'), 7.05 (2H, t, J 

7.1 , H-5,5'), 7.26 (2H, d, J7.1, H-7,7'), 7.32 (2H, d, J8.1, H-4,4'), 10.19 (2H, broad s, 

N-H). oe in ppm (Acetone, 100 MHz), 23.47 (C-14,14'), 33.07 (C-13,13'), 33.91 (C-

15,15'),45.81 (C-16,16'), 113.05 (C-7,7'), 119.03 (C-6,6'), 121.04 (C-5,5'), 122.65 (C-

2,2'), 122.69 (C-9,9'), 124.08 (C-4,4'), 135.82 (C-8,8'), 135.97 (C-3,3'), 172.46 (C-

11,11 ') 

Synthesis of 2-(3-bromobutanoyloxyindol-2-yl)-indol-3-yl 4-bromobutanoate (398) 

Zinc (2.86 g, 43.7 mmol) and sodium acetate (0.78 g, 9.5 mmol) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding 4-bromobutyryl chloride (4.42 

mL, 38.1 mmo!). The reaction mixture was then stirred at 40°C for 1 hour. The 

inorganic salt was filtered and the filtrate concentrated in vacuo. Methanol was added 

to the residue and the resulting precipitate was filtered to give the title compound. The 

filtrate was concentrated, suspended in methanol, filtered and combined with the first 

precipitate to give the title compound (0.26 g, 0.4 mmol) in 12% yield as an off-white 

powder. 

OH in ppm (Acetone, 200 MHz), 2.40-2.62 (2H, m, CH2-CH2-CH2), 3.18 (2H, t, J 7.3, -

CH2-CO), 3.85 (2H, t, J 6.6, Br-CH2), 7.26 (2H, t, J 7.6, H-6,6'), 7.38 (2H, t, J 7.3, H-
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5,5'), 7.60 (2H, dt, J 7.3 and 1.2, H-7,7'), 7.65 (2H, dt, J 7.5 and 1.2, H-4,4'), 10.55 

(2H, broad s, N -H) 

Attempted synthesis of 2-(3-N~-dimethylaminobutanoyloxyindol-2-yl)-indol-3-yl 

3-N~-dimethylaminobutanoate (399) 

To a solution of N,N-dimethylaminobutyric acid (5.00 g, 38.1 mmol) in ethanol (37.5 

mL) was added triethylamine (5.34 g, 38.0 mmol). This solution was added dropwise to 

a solution of ethyl chloroformate (3.6 mL, 54.7 mmol) in THF (17.5 mL) at -8°C. The 

precipitate was filtered and the filtrate was added to the solution containing zinc (2.86 g, 

43.7 mmol), sodium acetate (0.78 g, 9.5 mmol) and indigo (1.00 g, 3.8 mmol) in ethyl 

acetate (100 mL). The reaction mixture was heated at 40°C for 30 minutes. After 12 

hours, the temperature was increased to 60°C. However, after a further 12 hours indigo 

was recovered quantitatively. 

Synthesis of 2-(thiophene-2-carboxyloyloxyindol-2-yl)-indol-3-yl thiophene-2-

carboxylate (400) 

Zinc (2.86 g, 43.7 mmol) and sodium acetate (0.78 g, 9.5 mmol) were added at once to a 

suspension of indigo (1.00 g, 3.8 mmol) in ethyl acetate (100 mL). The reaction 

mixture was heated at 40°C for 30 minutes before adding thiophene-2-carbonyl chloride 

(4.00 mL, 37.4 mmol). The reaction mixture was then stirred at 60°C for 3 hours. The 

inorganic salt was filtered and the filtrate concentrated in vacuo. Methanol was added 

to the residue and the resulting precipitate was filtered to give the title compound. The 

filtrate was concentrated, suspended in methanol, filtered and combined to the first 

precipitate to give the title compound (0.34 g, 0.7 mmol) in 18% yield as an off-white 

powder. 

8H in ppm (Acetone, 200 MHz), 7.20 - 7.50 (6H, m, H-5,5', H-6,6' and H-16,16'), 7.48 

_ 7.73 (4H, m, H-7,7' and H-4,4'), 8.21 (2H, dd, J 4.9 and l.2, H-15,IS'), 8.32 (2H, dt, J 

3.7 and 1.2, H-17,17'), 10.55 (2H, broad d, J8.7, N-H) 
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Attempted synthesis of the methyl disulphonium salt of 2-(thiophene-2-

carboxyloyloxyindol-2-yl)-indol-3-yl thiophene-2-carboxylate (401) 

A solution of methyl trifluoromethanesulfonate (0.30 mL, 2.6 mmol) was added to a 

solution of 0 ,0 '-bis(thiophenyl)leucoindigo (0.20 g, 0.4 mmol) in acetonitrile (2 mL). 

After 24 hours, the solution was added to diethyl ether (50 mL), but no salt was 

obtained. TLC of the solution demonstrated the presence of the starting material, which 

after evaporation of the solvent was recovered quantitatively. 

Synthesis of 4-(N-p-trimethylammoniumacetoyloxyethyl-N-

ethylamino )phenylazonitrobenzene chloride (408) 

N-chlorobetainyl chloride (6.02 g, 38.0 mmol) was carefully added portionwise to a 

suspension of CI Disperse Red 1 (5.00 g, 15.9 mmol) and 2,6-lutidine (4.07 mL, 35.0 

mrnol) in dry DMF(50 mL). The reaction was heated at 80°C overnight. The reaction 

mixture was then filtered hot and the filtrate was dissolved in ethyl acetate (500 mL) 

and the resulting precipitate was filtered to give the title compound (3.26 g, 7.2 mmol) 

in 46% yield as a red solid. A small portion was recrystallised from acetonitrile for 

analytical purpose. 

m.p. 203-205°C 

LC/MS (gradient pH 2.9) t = 5 min, mlz (ES+) 414; UV-Vis (nm) 288, 486 

OH in ppm (DMSO, 400 MHz), 1.17 (3H, t, J 7.0, -CH2-CH3), 3.22 (9H, s, -N\CH3)3), 

3.55 (2B, q, J 7.0, -N-CH2-CB3), 3.79 (2B, t, J 5.5, -N-CH2-CB2-), 4.41 (2B, t, J 5.6, -

N-CB2-CH2-CO), 4.48 (2B, s, -CO-CH2-N\ 6.95 (2B, d, J9.3, HAr), 7.87 (2H, d, J9.2, 

HAr) , 7.93-7.97 (2H, m, HAr), 8.36-8.40 (2B, m, HAr) 
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APPENDIX 1 - Crystal data and structure refinement for 2,4-his(P

byd roxyetbylamino )-5-nitropyrimidine 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 
Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data 1 restraints 1 parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

C8 H13 N5 04 

243.23 

100(2) K 

0.71073 A 

Monoclinic 

P2(1)/n 

a = 5.020(2) A 

b = 15.114(6) A 

c = 13.014(5) A 

982.8(7) A3 

4 

1.644 Mg/m3 

0.134 mm-1 

512 

0.26 x 0.12 x 0.10 mm3 

2.70 to 30.30°. 

~ = 9S.496(1I t · 

-6<=h<=7, -20<=k<=21 , -18<=1<=12 

11297 

2933 [R(int) = 0.0857] 

99.9% 

Semi-empirical from equivalents 

0.990 and 0.763 

Full-matrix least~squares on F2 

2933 / 0/164 

0.951 

Rl = 0.0514, wR2 = 0.1058 
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R indices (all data) Rl = 0.1202, wR2 = O.IISS 

Largest diff. peak and hole 0.467 and -0.301 e.A-3 

Table 79: bond lengths IAI and angles [°1 for 2,4-bis(p-hydroxyethylamino)-5-nitropyrimidine 

N(1)-C(1) 1.321(3) N(4)-0(42) 1.2S3(2) 

N(1)-C(11) 1.446(3) C(11)-C(12) I.S04(3) 

N(1)-H(1) 0.86(2) C(11)-H(11A) 0.9900 

C(1)-N(6) 1.332(2) C(11)-H(IIB) 0.9900 

C(1)-N(2) 1.368(2) C(12)-0(121) 1.402(2) 

N(2)-C(3) 1.296(3) C(12)-H(12A) 0.9900 

C(3)-C(4) 1.388(3) C(12)-H(12B) 0.9900 

C(3)-H(3) 0.9S00 0(121)-H(121) 0.8400 

C(4)-N(4) 1.387(3) C(SI)-C(S2) I.S09(3) 

C(4)-C(S) 1.42S(3) C(SI)-H(SIA) 0.9900 

C(S)-N(6) 1.322(3) C(SI)-H(SIB) 0.9900 

C(S)-N(S) 1.346(3) C(S2)-0(S21) 1.420(2) 

N(S)-C(SI) 1.4S1 (3) C(S2)-H(S2A) 0.9900 

N(S)-H(S) 0.9S(2) C(S2)-H(S2B) 0.9900 

N(4)-0(41) 1.240(2) 0(S21)-H(S21) 0.8400 

C(1)-N(1)-C(11) 123.16(18) C(12)-C(11)-H(11A) 109.2 

C(1)-N(1)-H(1) IIS.2(1S) N(1)-C(11)-H(11B) 109.2 

C(11)-N(I)-H(1) 121.4(1S) C(12)-C(II)-H(11B) 109.2 

N(I)-C(I)-N(6) 117.94(18) H(11A)-C(11)-H(11B) 107.9 

N(1)-C(1)-N(2) 11S.46(18) 0(121)-C(12)-C(11) 112.1S(18) 

N(6)-C(1)-N(2) 126.60(19) 0(121 )-C(12)-H(12A) 109.2 

C(3)-N(2)-C(1) 114.91(17) C(11)-C(12)-H(12A) 109.2 

N(2)-C(3)-C(4) 123.8(2) 0(121)-C(12)-H(12B) 109.2 

N(2)-C(3)-H(3) 118.1 C(11)-C(12)-H(12B) 109.2 

C(4)-C(3)-H(3) 118.1 H(12A)-C(12)-H(12B) 107.9 

N(4)-C(4)-C(3) 118.11(19) C(12)-0(121 )-H(121) 109.S 

N(4)-C(4)-C(S) 124.49(19) N(S)-C(51)-C(52) 112.9S(17) 

C(3)-C( 4)-C(S) 117.38(19) N(5)-C(51)-H(51A) 109.0 

N(6)-C(S)-N(S) 118.44(19) C(S2)-C(SI )-H(51A) 109.0 

N(6)-C(S)-C(4) 119.23(18) N(S)-C(51)-H(51B) 109.0 

N (5)-C( 5)-C( 4) 122.32(19) C(52)-C(51)-H(51B) 109.0 

C(5)-N(6)-C(1 ) 118.0S(18) H(51A)-C(51 )-H(51B) 107.8 

C(5)-N(5)-C(SI) 124.39(19) 0(521 )-C(52)-C(51) 111.93(16) 

C(5)-N(5)-H(S) 114.7(13) 0(521 )-C(52)-H(52A) 109.2 
C(51 )-N(5)-H(S) 120.7(13) C(51 )-C(S2)-H(52A) 109.2 
0(41)-N(4)-0(42) 120.49(17) 0(521 )-C(52)-H(52B) 109.2 
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O(41)-N(4)-C(4) 

O( 42)-N( 4)-C( 4) 

N(1)-C(11)-C(12) 

119.34(18) 

120.16(17) 

112.04(17) 

N(1)-C(11)-H(11A) 109.2 

C(Sl)-C(S2)-H(S2B) 109.2 

H(S2A)-C(S2)-H(S2B) 107.9 

C(S2)-O(S21)-H(S21) 109.S 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+ 1,-y+2,-z+2 

Table 80: torsion angles 1°1 for 2,4-bis(Jl-hydroxyethylamino)-S-nitropyrimidine 

C(II)-N(1)-C(1)-N(6) 0.S(3) 

C(11)-N(l)-C(1)-N(2) -179.30(17) 

N(I)-C(l )-N(2)-C(3) -179.17(18) 

N (6)-C( 1 )-N (2 )-C(3) l.0(3) 

C(1 )-N(2)-C(3)-C( 4) l.1(3) 

N(2)-C(3)-C( 4)-N( 4) 178.49(18) 

N (2)-C(3 )-C( 4 )-C( 5) -2.8(3) 

N( 4)-C( 4)-C(5)-N(6) -178.97(19) 

C(3)-C( 4)-C(S)-N(6) 2.4(3) 

N( 4)-C( 4)-C(S)-N(S) 2.4(3) 

C(3)-C(4)-C(S)-N(S) -176.25(18) 

N(S)-C(S)-N(6)-C(1) 178.21(17) 

C( 4 )-C( S)-N (6)-C( 1 ) -0.S(3) 

N(I)-C(l )-N(6)-C(5) 178.88(18) 

N(2)-C(1 )-N(6)-C(S) -1.3(3) 

N(6)-C(S)-N(S)-C(51) -0.8(3) 

C( 4)-C(S)-N(S)-C(Sl) 177.8S(18) 

C(3)-C( 4)-N( 4)-O( 41) 3.S(3) 

C(S)-C(4)-N(4)-O(41) -17S.12(17) 

C(3)-C( 4)-N( 4)-O( 42) -176.74(17) 

C(S)-C( 4)-N( 4)-O( 42) 4.6(3) 

C(1)-N(1)-C(l1)-C(12) lSl.90(19) 

N(1)-C(11 )-C(12)-O(121) 72.0(2) 

C(S)-N(S)-C(Sl )-C(S2) -107.1(2) 

N(S)-C(Sl )-C(S2)-O(S21) 64.2(2) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1 -y+2 -z+2 

321 



Table 81: hydrogen bonds for 2,4-bis(~-hydroxyethylamino)-5-nitropyrimidine rA and oJ 

D-H ... A d(D-H) 

N(1 )-H(1 ) ... N(2)# 1 0.86(2) 2.19(2) 3.051(2) 

N(5)-H(5) ... 0(42) 0.95(2) 1.92(2) 2.656(2) 

0(121)-H(121) ... 0(521)#2 0.84 1.91 2.717(2) 

0(521 )-H(521 ) ... 0(41 )#2 0.84 1.98 2.81 3(2) 

0(521 )-H(521 ) ... N( 4)#2 0.84 2.76 3.564(3) 

Symmetry transfonnations used to generate equivalent atoms: 

# 1 -x+I ,-y+2,-z+2 #2 x-1/2,-y+3/2,z-1 /2 
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APPENDIX 2 - Crystal data and structure refinement for 1-(2-

chloro benzene )azomalonaldebyde 

Empirical fonnula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25.00° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data I restraints I parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

C9 H7 Cl N2 02 

210.62 

100(2) K 

0.71073 A 

Monoclinic 

P2(1)/c 

a = 7.1677(14) A 

b = 19.950(4) A 

c = 6.6390(14) A 

903.7(3) A3 

4 

1.548 Mg/m3 

0.394 mm-1 

432 

0.42 x 0.30 x 0.08 mm3 

2.99 to 30.32°. 

p = 107.845(5)°. 

-1 O<=h<=1 0, -28<=k<=28, -9<=1<=9 

19800 

2701 [R(int) = 0.0583] 

99.7% 

Semi-empirical from equivalents 

0.969 and 0.695 

Full-matrix least-squares on F2 

2701 / 0 / 130 

1.026 

Rl = 0.0474, wR2 = 0.1230 

R1 = 0.0706, wR2 = 0.1330 

0.641 and -0.439 e.A-3 

323 



Table 82: Bond lengths IAI and angles [0] for 1-(2-chlorobenzene)azomalonaldehyde 

N(I)-N(2) 1.311(2) C(4)-H(4) 0.9500 

N(I)-C(l) 1.395(3) C(5)-C(6) 1.381(3) 

N(1)-H(I) 0.84(2) C(5)-H(5) 0.9500 

N(2)-C(20) 1.318(3) C(6)-H(6) 0.9500 

C(I)-C(6) 1.395(3) C(20)-C(22) 1.456(3) 

C(I)-C(2) 1.396(3) C(20)-C(21 ) 1.462(3) 

C(2)-C(3) 1.382(3) C(21 )-0(21 0) 1.209(3) 

C(2)-Cl(2) 1.7355(19) C(21)-H(21) 0.9500 

C(3)-C(4) 1.392(3) C(22)-0(220) 1.225(2) 

C(3)-H(3) 0.9500 C(22)-H(22) 0.9500 

C(4)-C(5) 1.392(3) 

N(2)-N(I)-C(1) 120.67(16) C( 6)-C( 5)-C( 4) 120.36(18) 

N(2)-N(I)-H(1) 115.7(17) C(6)-C(5)-H(5) 119.8 

C(1)-N(I)-H(I) 123.6(17) C(4)-C(5)-H(5) 119.8 

N(I)-N(2)-C(20) 118.34(17) C(5)-C(6)-C(I) 120.17(18) 

C( 6)-C( 1 )-C(2) 118.84(18) C(5)-C(6)-H(6) 119.9 

C(6)-C(1 )-N(I) 122.48(17) C(I)-C(6)-H(6) 119.9 

C(2)-C(1)-N (1) 118.68(16) N(2)-C(20)-C(22) 125.31(18) 

C(3 )-C(2 )-C( 1 ) 121.39(17) N(2)-C(20)-C(21 ) 114.58(17) 

C(3)-C(2)-CJ(2) 119.58(15) C(22)-C(20)-C(21 ) 120.10(18) 

C(1 )-C(2 )-C J (2) 119.02(15) 0(21 0)-C(21 )-C(20) 123.89(19) 

C(2)-C(3 )-C( 4) 119.08(18) 0(210)-C(21)-H(21) 118.1 

C(2)-C(3)-H(3) 120.5 C(20)-C(21 )-H(21) 118.1 

C( 4)-C(3)-H(3) 120.5 0(220)-C(22)-C(20) 123.74(19) 

C(3)-C( 4 )-C(5) 120.15(18) 0(220)-C(22)-H(22) 118.1 

C(3)-C(4)-H(4) 119.9 C(20)-C(22)-H(22) 118.1 

C(5)-C(4)-H(4) 119.9 

Symmetry transformations used to generate equivalent atoms: 

#1-x+2,y+ 1/2,-z+ 1/2 
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Table 83: torsion angles 1°1 for 1-(2-chlorobenzene)azomalonaldehyde 

C(1)-N(1 )-N(2)-C(20) -178.76(18) 

N(2)-N(1 )-C(1 )-C(6) -2.6(3) 

N(2)-N(1 )-C(1 )-C(2) 178.13(18) 

C( 6)-C( 1 )-C(2 )-C(3) 0.7(3) 

N (1 )-C( 1 )-C(2 )-C(3) 179.99(19) 

C(6)-C( 1 )-C(2)-CJ(2) -179.80(15) 

N(1 )-C(1 )-C(2)-CJ(2) -0.5(3) 

C( 1 )-C(2 )-C(3 )-C( 4) 0.3(3) 

CI(2)-C(2)-C(3)-C( 4) -179.20(15) 

C(2)-C(3 )-C( 4 )-C( 5) -0.8(3) 

C(3 )-C( 4 )-C( 5)-C( 6) 0.4(3) 

C( 4 )-C( 5)-C( 6)-C( 1) 0.6(3) 

C(2)-C( 1 )-C( 6)-C(5) -1.1(3) 

N(1 )-C(1 )-C(6)-C(5) 179.60(19) 

N(1 )-N(2)-C(20)-C(22) 0.8(3) 

N(1 )-N(2)-C(20)-C(21) 179.67(17) 

N(2)-C(20)-C(21 )-0(21 0) 178.7(2) 

C(22)-C(20)-C(21 )-0(2 1 0) -2.4(3) 

N (2 )-C(20)-C(22)-0(220) -2.8(3) 

C(21 )-C(20)-C(22)-0(220) 178.4(2) 

Symmetry transfonnations used to generate equivalent atoms: 

# 1 -x+2,y+ 1/2,-z+ 112 

Table 84: Hydrogen bonds for 1-(2-chlorobenzene)azomalonaldehyde IA and 01 

D-H ... A d(D-H) d(H ... A) d(D ... A) 

N(1 )-H(1 ) ... 0(220) 0.84(2) 1.92(2) 2.625(2) 

C(5)-H(5) ... 0(21 0)# 1 0.95 2.57 3.308(3) 

C(5)-H(5) ... 0(220)#2 0.95 2.56 3.297(2) 

Symmetry transfonnations used to generate equivalent atoms: 

# 1 -x+2 y+1I2,-z+1/2 #2 x+l,-y+1/2,z+1I2 
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APPENDIX 3 - Crystal data and structure refinement for N,N

dimethyl-N-[2-( dimethylaminomethylene )amino-3-

dimethylamino]prop-2-enylidene ammonium perchlorate 

Empirical formula 

Formula weight 

Tern perature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 25 .00° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

ClO H21 C1 N4 04 

296.76 

100(2) K 

0.71073 A 

Orthorhombic 

Pca2(1) 

a = 19.668(9) A 

b = 9.264(7) A 

c = 7.843(6) A 

1429.0(17) A3 

4 

1.379 Mg/m3 

0.284 mm- 1 

632 

0.2 x 0.12 x 0.10 mm3 

2.43 to 26.28°. 

-23<=h<=18, -11 <=k<=II, -9<=1<=9 

7991 

2417 [R(int) = 0.1000] 

91.4% 

Semi-empirical from equivalents 

Full-matrix least-squares on F2 

2417/1 /178 

1.011 

R1 = 0.0627, wR2 = 0.1577 
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R indices (all data) Rl = 0.1027, wR2 = 0.1795 

Absolute structure parameter -0.03(14) 

Largest diff. peak and hole 0.664 and -0.536 e.A-3 

Table 85: bond lengths IAI and angles [°1 for N,N-dimethyl-N-[2-(dimethylaminomethylene)amino-
3-dimethylamino[prop-2-enylidene ammonium perchlorate 

N(1)-C(2) 1.325(7) N(1)-C(11) 1.441(7) 

C(ll)-H(111) 0.9800 C(11)-H(112) 0.9800 

C(l2)-H(121) 0.9800 C(12)-H(122) 0.9800 

C(2)-N(3) 1.294(7) C(2)-H(2) 0.9500 

C(4)-C(5) 1.397(7) C(4)-C(6) 1.397(8) 

C(5)-H(5) 0.9500 N(5)-C(51) 1.454(6) 

C(Sl)-H(S13) 0.9800 C(Sl)-H(S12) 0.9800 

C(S2)-H(521) 0.9800 C(S2)-H(522) 0.9800 

C(6)-N(6) 1.320(7) C(6)-H(6) 0.9500 

N(6)-C(62) 1.456(7) C(61)-H(611) 0.9800 

C(61)-H(613) 0.9800 C(62)-H(621) 0.9800 

C(62)-H(623) 0.9800 Cl(1)-O(2) 1.334(6) 

Cl(1)-O(4) 1.374(5) Cl(l)-O(3) 1.443(4) 

N(l)-C(12) 1.444(7) C(51)-H(511) 0.9800 

C(ll)-H(l13) 0.9800 C(S2)-H(S23) 0.9800 

C(12)-H(l23) 0.9800 N(6)-C(61) 1.437(7) 

N(3)-C(4) 1.409(7) C(61)-H(612) 0.9800 

C(S)-N(S) 1.28S(7) C(62)-H(622) 0.9800 

N(5)-C(S2) 1.474(7) Cl(1)-O(l) 1.334(7) 

C(2)-N(1)-C(11) 120.0(5) C(2)-N(1)-C(12) 119.7(S) 

N(1)-C(11)-H(111) 109.S N(1)-C(11)-H(112) 109.S 

N(l)-C(11)-H(113) 109.S H(111)-C(11)-H(113) 109.S 

N(1)-C(12)-H(121 ) 109.S N(1 )-C(12)-H(122) 109.S 

N(1)-C(12)-H(123) 109.S H(121)-C(12)-H(123) 109.S 

N(3)-C(2)-N(1 ) 123.3(5) N(3)-C(2)-H(2) 118.4 

C(2)-N(3)-C(4) 116.S(4) C(S)-C(4)-C(6) 113.1(S) 

C(6)-C(4)-N(3) 120.9(S) N(S)-C(S)-C(4) 132.7(5) 

C(4)-C(S)-H(S) 113.7 C(S)-N(S)-C(Sl) 120.9(5) 

C(Sl )-N(S)-C(S2) 113.4(4) N(S)-C(Sl )-H(S13) 109.S 

H(513)-C(51 )-H(512) 109.S N(S)-C(Sl )-H(5ll) 109.5 

H(S12)-C(Sl )-H(511) 109.5 N(5)-C(S2)-H(521 ) 109.5 

H(S21 )-C(S2)-H(S22) 109.5 N (S)-C( 52)-H( 523) 109.S 
H(S22)-C(S2)-H(S23) 109.5 N(6)-C(6)-C(4) 131.6(5) 

C(4)-C(6)-H(6) 114.2 C(6)-N(6)-C(61) 120.4(5) 
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C(61 )-N(6)-C(62) 11 3.8(4) N(6)-C(61)-H(611) 109.5 

H(611 )-C(61)-H(6 12) 109.5 N(6)-C(61)-H(613) 109.5 

H(61 2)-C(61 )-H(6 13) 109.5 N(6)-C(62)-H(621) 109.5 

H(621 )-C(62)-H(622) 109.5 N(6)-C(62)-H(623) 109.5 

H(622)-C(62)-H(623) 109.5 O(2)-Cl(1 )-0(1) 110.6(8) 

0(1 )-CJ(1 )-0 (4) 109.0(7) O(2)-Cl(1 )-0(3) 110.5(3) 

O( 4)-CI(1 )-0 (3) 110.4(3) C(11)-N(1)-C(12) 118.1(4) 

H(111 )-C(l 1)-H(l 12) 109.5 N(6)-C(6)-H(6) 114.2 

H(11 2)-C(l I)-H(11 3) 109.5 C(6)-N(6)-C(62) 125.7(5) 

H(1 2 1 )-C(12)-H(122) 109.5 N(6)-C(61)-H(612) 109.S 

H(l 22)-C(12)-H(123) 109.5 H(611)-C(61)-H(613) 109.5 

N(1 )-C(2)-H(2) 118.4 N(6)-C(62)-H(622) 109.5 

C(S)-C(4)-N(3) 12S .8(S) H(621 )-C(62)-H(623) 109.S 

N(S)-C(S)-H(S) 113.7 0(2)-Cl(1 )-0(4) 107.S(6) 

C(S)-N(S)-C(S2) 12S.S(S) 0(1 )-Cl(1 )-0(3) 108.9(4) 

N(S)-C(51 )-H(S 12) 109.S N(S)-C(S2)-H(522) 109.5 

H(S13)-C(5 1 )-H(5 11 ) 109.5 H(S21)-C(S2)-H(523) 109.5 

Table 86: torsion angles 1°1 for N,N-dimethyl-N-[2-(dimethylaminomethylene)amino-3-
dimethylamino)prop-2-enyJidene ammonium perchlorate 

C( ll )-N(1)-C(2)-N(3) 4.9(8) C(12)-N(1)-C(2)-N(3) 167.4(S) 

N(l )-C(2)-N(3)-C(4) 176.7(S) C(2)-N (3 )-C( 4 )-C( S) 63.6(8) 

C(2)-N (3 )-C( 4 )-C( 6) -1 22.0(S) C(6)-C( 4)-C(S)-N(S) -170.0(6) 

N(3)-C( 4)-C(S)-N(5) 4.7(10) C( 4)-C(S)-N(S)-C(Sl) -171.3(6) 

C( 4)-C(5)-N(5)-C(S2) 4.1(10) C(S)-C(4)-C(6)-N(6) 178.6(6) 

N (3 )-C( 4 )-C( 6)-N (6) 3.6(9) C( 4)-C(6)-N(6)-C(61) -177.3(6) 

C( 4 )-C( 6)-N (6)-C( 62) 1.0(10) 

328 



pp ndi 4: Cry tal data and structure refinement for N,N'

bi trim th lammoniumacetyl)indigo dichloride
8 

m iri I ~ rmul 

rmula \>\ i ht 

lum 

m I ul 

C26.50 H41 Cl2 N4 08 

614.53 

100(2) K 

0.71073 A 

Triclinic 

P-l 

a = 9.4898(11) A 

b = 10.8888(12) A 

c = 14.775(2) A 

1465.4(3) A3 

2 

1.393 Mg/m3 

0.276 mm- 1 

652 

0.20 x 0.06 x 0.04 mm3 

a = 81.850(9)°. 

~ = 79.502(6)°. 

Y = 79.201(6)°. 

\ r n t r at quality it wa not easy to resolve disorder. The model is a 

f h \ 11 th -ra inten ities fit the model. The structure contains 

iti n each (ell a ell , c12, C\2a) where they are present 20% 

two di ordered molecules of methanol as well as two 
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Theta range for data collection 1.92 to 28.20°. 

Index ranges -12<=h<=12, -13<=k<=14, -18<=1<=19 

Reflections collected 23574 

Independent reflections 6363 [R(int) = 0.0301] 

Completeness to theta = 25.00° 98.9% 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.989 and 0.981 

Refinement method Pull-matrix least-squares on p2 

Data / restraints / parameters 6363/6/409 

Goodness-of-fit on p2 1.049 

Pinal R indices [I>2sigma(I)] Rl = 0.0976, wR2 = 0.2572 

R indices (all data) R1 = 0.1174, wR2 = 0.2726 

Largest diff. peak and hole 1.084 and -1.373 e.A-3 

Table 87: Bond lengths IAJ and angles rOI for N,N'-bis(trimethylammoniumacetyl)indigo dichloride 

C(1)-C(21) 1.341(6) C(35)-H(35B) 0.9800 

C(1)-N(2) 1.415(5) C(35)-H(35C) 0.9800 

C(1)-C(9) 1.500(5) 0(4S)-C(5S) 1.539(14) 

N(2)-C(10) 1.390(6) CI(l)-Cl(lA) 0.700(9) 

N(2)-C(3) 1.427(5) Cl(2)-Cl(2A) 1.351 (1 0) 

C(3)-C(4) 1.390(6) 0(1S)-H(12W) 0.916(10) 

C(3)-C(8) 1.400(6) 0(1S)-H(11 W) 0.909(10) 

C(4)-C(5) 1.396(6) 0(2S)-0(5T) 0.893(19) 

C(4)-H(4) 0.9500 0(2S)-H(22W) 0.915(10) 

C(5)-C(6) 1.386(6) 0(2S)-H(21 W) 0.913(10) 

C(5)-H(S) 0.9500 0(ST)-H(22W) 0.97(3) 

C(6)-C(7) 1.387(6) 0(5T)-H(21 W) 0.75(4) 

C(6)-H(6) 0.9500 0(5S)-0(5S)#1 0.777(14) 

C(7)-C(8) 1.380(6) C(26)-H(26) 0.9500 

C(7)-H(7) 0.9500 C(27)-C(28) 1.383(6) 

C(8)-C(9) 1.465(6) C(27)-H(27) 0.9500 

C(9)-0(9) 1.216(5) C(28)-N(29) 1.428(5) 

C( 1 O)-O( 10) 1.208(6) N(29)-C(30) 1.389(5) 

C(1 0)-C(11) 1.517(6) C(30)-0(30) 1.219(5) 

C(11)-N(12) 1.495(6) C(30)-C(31 ) 1.507(6) 

C(11)-H(11A) 0.9900 C(3l)-N(32) 1.505(5) 

C(11 )-H(11 B) 0.9900 C(3l)-H(31A) 0.9900 

N(12)-C(14) 1.494(6) C(31)-H(31B) 0.9900 

N(12)-C(l5) 1.508(7) N(32)-C(33) 1.492(6) 

N(l2)-C(13) 1.519(8) N(32)-C(34) 1.496(5) 
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C(13)-H(13A) 0.9800 N(32)-C(3S) 1.497(6) 

C(13)-H(13B) 0.9800 C(33)-H(33A) 0.9800 

C(13)-H(13C) 0.9800 C(33)-H(33B) 0.9800 

C(14)-H(14A) 0.9800 C(33)-H(33C) 0.9800 

C(14)-H(14B) 0.9800 C(34)-H(34A) 0.9800 

C(14)-H(14C) 0.9800 C(34)-H(34B) 0.9800 

C(1 S)-H(1 SA) 0.9800 C(34)-H(34C) 0.9800 

C(1S)-H(ISB) 0.9800 C(3S)-H(3SA) 0.9800 

C(1S)-H(1SC) 0.9800 C(24)-C(2S) 1.378(7) 

C(21)-N(29) 1.414(S) C(24)-H(24) 0.9S00 

C(21 )-C(22) 1.504(6) C(25)-C(26) 1.396(6) 

C(22)-O(22) 1.218(S) C(2S)-H(2S) 0.9S00 

C(22)-C(23) I.4S7(7) C(26)-C(27) 1.393(6) 

C(23)-C(24) 1.390(6) 

C(23)-C(28) 1.398(6) 

C(21 )-C(1 )-N(2) 123.8(4) N(12)-C(11)-H(11B) 108.S 

C(21 )-C(l )-C(9) 123.7(4) C(10)-C(11)-H(11B) 108.S 

N (2)-C( 1 )-C(9) 107.7(3) H(11A)-C(11)-H(11B) 107.S 

C(10)-N(2)-C(1) 127.7(4) C(14)-N(12)-C(11) 107.0(4) 

C(10)-N(2)-C(3) 122.S(4) C(14)-N(12)-C(IS) 107.9(4) 

C(1 )-N(2)-C(3) 107.7(3) C(11)-N(12)-C(lS) 111.2(4) 

C( 4)-C(3)-C(8) 121.3(4) C(14)-N(12)-C(13) 107.6(4) 

C(4)-C(3)-N(2) 129.0(4) C(11)-N(12)-C(13) 112.4(4) 

C(8)-C(3)-N(2) 109.7(3) C(1S)-N(12)-C(13) 110.6(S) 

C(3 )-C( 4 )-C( S) 116.8(4) N(12)-C(13)-H(13A) 109.S 

C(3)-C(4)-H(4) 121.6 N(12)-C(13)-H(13B) 109.S 

C(S)-C(4)-H(4) 121.6 H(13A)-C(13)-H(13B) 109.S 

C( 6)-C( S)-C( 4) 122.1(4) N(12)-C(13)-H(13C) 109.S 

C(6)-C(S)-H(S) 119.0 H(13A)-C(13)-H(13C) 109.S 

C(4)-C(S)-H(S) 119.0 H(13B)-C( 13)-H(13C) 109.S 

C( S)-C( 6)-C(7) 120.S(4) N(12)-C(14)-H(14A) 109.S 

C(S)-C(6)-H(6) 119.8 N(12)-C(14)-H(14B) 109.S 

C(7)-C( 6)-H (6) 119.8 H(14A)-C(14)-H(14B) 109.5 

C(8)-C(7)-C( 6) 118.S(4) N(12)-C(14)-H(14C) 109.S 

C(8)-C(7)-H (7) 120.8 H(14A)-C(14)-H(l4C) 109.S 

C( 6)-C(7)-H (7) 120.8 H(l4B)-C(14)-H(l4C) 109.5 

C(7)-C(8)-C(3 ) 120.9(4) N(l2)-C(1S)-H(1SA) 109.S 

C(7)-C(8)-C(9) 130.2(4) N(l2)-C(lS)-H(1SB) 109.S 

C(3)-C(8)- (9) 108.8(4) H(lSA)-C(lS)-H(lSB) 109.5 

O(9)-C(9)-C(8) 129.2(4) N(12)-C(lS)-H(lSC) 109.S 
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0(9)-C(9)-C( 1) 126.1(4) H(15A)-C(15)-H(15C) 109.5 

C(8)-C(9)-C(1 ) 104.2(3) H( 15B )-C( 15)-H(15 C) 109.5 

0(1 O)-C(1 0)-N(2) 121.1(4) C(I)-C(21)-N(29) 123.5(4) 

0(1 O)-C(1 0)-C(11) 123.7(4) C( 1 )-C(21 )-C(22) 124.0(4) 

N(2)-C(l O)-C(ll) 114.9(4) N(29)-C(21 )-C(22) 107.5(4) 

N(l2)-C(II)-C(10) 115.2(4) O(22)-C(22)-C(23) 129.1(4) 

N(12)-C(11)-H(11A) 108.5 O(22)-C(22)-C(21 ) 126.1(4) 

C(l0)-C(11)-H(11A) 108.5 C(23)-C(22)-C(21 ) 104.4(3) 

C(24 )-C(23 )-C(28) 120.8(4) C(33)-N(32)-C(35) 110.8(4) 

C(24 )-C(23 )-C(22) 129.9(4) C(34)-N (32 )-C(3 5) 107.5(3) 

C(2 8)-C(23 )-C(22) 109.3(4) C(33)-N(32)-C(31 ) 110.4(3) 

C(25)-C(24 )-C(23) 118.5(4) C(34)-N(32)-C(31 ) 106.8(3) 

C(25)-C(24)-H(24) 120.7 C(35)-N(32)-C(31 ) 112.9(3) 

C(23 )-C(24)-H(24) 120.7 N(32)-C(33)-H(33A) 109.5 

C(24 )-C(25)-C(26) 120.2(4) N(32)-C(33)-H(33B) 109.5 

C(24)-C(25)-H(25) 119.9 H(33A)-C(33)-H(33B) 109.5 

C(26)-C(25)-H(25) 119.9 N(32)-C(33)-H(33C) 109.5 

C(27)-C(26)-C(25) 122.1(5) H(33A)-C(33)-H(33C) 109.5 

C(2 7)-C(26)-H (26) 118.9 H(33B)-C(33)-H(33C) 109.5 

C(25)-C(26)-H(26) 118.9 N(32)-C(34 )-H(34A) 109.5 

C(28)-C(27)-C(26) 117.0(4) N(32)-C(34)-H(34B) 109.5 

C(28)-C(2 7)-H (27) 121.5 H(34A)-C(34)-H(34B) 109.5 

C(26)-C(27)-H(27) 121.5 N(32)-C(34)-H(34C) 109.5 

C(27)-C(28)-C(23) 121.4(4) H(34A)-C(34)-H(34C) 109.5 

C(27)-C(28)-N(29) 129.3(4) H(34B)-C(34)-H(34C) 109.5 

C(23)-C(28)-N(29) 109.3(4) N(32)-C(35)-H(35A) 109.5 

C(30)-N(29)-C(21 ) 126.9(4) N(32)-C(35)-H(35B) 109.5 

C(3 0)-N (29)-C(2 8) 122.1(3) H(35A)-C(35)-H(35B) 109.5 

C(21 )-N(29)-C(28) 108.0(3) N(32)-C(35)-H(35C) 109.5 

0(30)-C(30)-N(29) 120.1(4) H(35A)-C(35)-H(35C) 109.5 

0(30)-C(30)-C(31 ) 123.5(4) H(35B)-C(35)-H(35C) 109.5 

N(29)-C(30)-C(31 ) 115.9(3) H(12W)-0(1 S)-H(11 W) 110.4(17) 

N(32)-C(31 )-C(30) 115.3(3) 0(5T)-0(2S)-H(22W) 65(2) 

N(32)-C(31)-H(31A) 108.5 0(5T)-0(2S)-H(21 W) 49(2) 

C(30)-C(31 )-H(31 A) 108.5 H(22W)-0(2S)-H(21 W) 107.9(15) 

N(32)-C(31 )-H(31 B) 108.5 0(2S)-0(5T)-H(22W) 58.8(17) 

C(30)-C(31)-H(31B) 108.5 0(2S)-0(5T)-H(21 W) 67(2) 

H(31A)-C(31 )-H(31B) 107.5 H(22W)-0(5T)-H(21 W) 118(4) 
C(3 3)-N (32 )-C(34) 108.1(3) 
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Symmetry transformations used to generate equivalent atoms: 

#1 -x+ l ,-y+ l ,-z 

Table 88: Torsion angles )0) for N,N'-bis(trimethylammoniumacetyl)indigo dichloride 

C(21 )-C(l )-N(2)-C(l 0) -54.0(7) N (2)-C( 1 )-C(21 )-C(22) -14.7(7) 

C(9)-C(1)-N (2)-C(l 0) 149.8(4) C(9)-C( 1 )-C(21 )-C(22) 137.7(4) 

C(21)-C(l )-N(2)-C(3) 142.3(4) C(1 )-C(21 )-C(22)-O(22) 28.0(7) 

C(9)-C( 1 )-N (2 )-C(3) -13.8(5) N(29)-C(21 )-C(22)-O(22) -176.5(4) 

C(1 0)-N(2)-C(3)-C( 4) 27.3(7) C(1 )-C(21 )-C(22)-C(23) -145.0(4) 

C( 1)-N(2)-C(3 )-C( 4) -168.0(4) N (29)-C(21 )-C(22)-C(23) 10.6(4) 

C(10)-N(2)-C(3)-C(8) -155.1(4) O(22)-C(22)-C(23)-C(24) 2.2(8) 

C( 1)-N (2)-C(3 )-C(8) 9.6(5) C(21 )-C(22 )-C(23 )-C(24) 174.8(4) 

C(8)-C(3 )-C( 4 )-C(5) 0.4(6) O(22)-C(22)-C(23)-C(28) -177.0(4) 

N(2)-C(3)-C( 4 )-C(5) 177.8(4) C(21 )-C(22)-C(23 )-C(28) -4.4(5) 

C(3)-C( 4 )-C( 5)-C( 6) -0.5(6) C(28)-C(23 )-C(24 )-C(25) 2.0(6) 

C( 4 )-C( 5)-C( 6)-C(7) 0.7(7) C(22)-C(23)-C(24 )-C(25) -177.1(4) 

C( 5)-C( 6)-C(7)-C(8) -0.8(6) C(23 )-C(24 )-C(25)-C(26) -0.4(6) 

C( 6)-C(7)-C(8)-C(3) 0.8(6) C(24 )-C(25)-C(26)-C(27) -0.4(7) 

C( 6)-C(7)-C(8)-C(9) -175.7(4) C(25)-C(26)-C(27)-C(28) -0.6(6) 

C( 4 )-C(3)-C(8)-C(7) -0.6(6) C(26)-C(2 7)-C(28)-C(23) 2.2(6) 

N(2)-C(3)-C(8)-C(7) -178.4(4) C(26)-C(2 7)-C(28)-N (29) -178.2(4) 

C( 4 )-C(3 )-C(8)-C(9) 176.6(4) C(24 )-C(23 )-C(28 )-C(2 7) -3.0(6) 

N(2)-C(3)-C(8)-C(9) -1.2(5) C(22)-C(23)-C(28)-C(27) 176.2(4) 

C(7)-C(8)-C(9)-0(9) -2.1(8) C(24)-C(23)-C(28)-N(29) 177.3(4) 

C(3)-C(8)-C(9)-0(9) -178.9(4) C(22)-C(23)-C(28)-N(29) -3.4(5) 

C(7)-C(8)-C(9)-C(l ) 169.8(4) C(I)-C(21)-N(29)-C(30) -56.8(6) 

C(3)-C(8)-C(9)-C(l ) -7.0(4) C(22)-C(21 )-N (29)-C(3 0) 147.5(4) 

C(21 )-C(l )-C(9)-O(9) 28.8(7) C(1 )-C(21 )-N(29)-C(28) 142.8(4) 

N(2)-C( 1 )-C(9)-0(9) -175.0(4) C(22)-C(21)-N (29)-C(28) -12.9(4) 

C(21 )-C(1 )-C(9)-C(8) -143.4(4) C(27)-C(28)-N(29)-C(30) 29.2(6) 

N(2)-C( 1 )-C(9)-C(8) 12.8(4) C(23)-C(28)-N(29)-C(30) -151.2(4) 

C( 1)-N(2)-C( 1 O)-O( 1 0) 169.7(5) C(27)-C(28)-N (29)-C(21) -169.2(4) 

C(3)-N(2)-C(l 0)-0(1 0) -28.9(7) C(23)-C(28)-N(29)-C(21 ) 10.4(4) 

C(1)-N(2)-C(lO)-C(lI) -16.8(7) C(21)-N (29)-C(30)-0(30) 172.1(4) 

C(3)-N(2)-C(l O)-C(ll) 144.6(4) C(28)-N (29)-C(3 0)-0(3 0) -30.0(6) 
O(10)-C(lO)-C(lI)-N(l2) -8.4(8) C(21)-N (29)-C(3 0 )-C(31 ) -15.9(6) 
N(2)-C(10)-C(lI)-N(l2) 178.3(4) C(28)-N(29)-C(30)-C(31 ) 142.0(4) 
C(IO)-C(lI)-N(12)-C(l4) -179.0(5) O(30)-C(30)-C(31)-N(32) -14.5(6) 
C(IO)-C(lI)-N(l2)-C(l5) -61.5(6) N (29)-C(30)-C(31)-N (32) 173.9(3) 
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C(10)-C(11)-N(12)-C(13) 

N (2)-C( 1 )-C(21 )-N (29) 

C(9)-C(1 )-C(21 )-N(29) 

63.1 (6) C(30)-C(31 )-N(32)-C(33) 

-166.S(4) C(30)-C(31)-N(32)-C(34) 

-14.1(7) C(30)-C(31)-N(32)-C(3S) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+ 1,-y+ 1,-z 

-64.0(S) 

178.6(4) 

60.6(S) 

Table 89: Hydrogen bonds for N,N'-bis(trimethylammoniumacetyl)indigo dichloride IA and 0) 

D-H ... A dCD-H) d(H ... A) d(D ... A) 

O(1S)-H(12W) ... O(ST)#20.916(10) 2.06(4) 2.902(19) 

0(1 S)-H(12W) ... O(2S)#20.916(1 0) 2.4S(4) 3.221(S) 

0(1 S)-H(11 W) ... O(4S) 0.909(10) 2.10(S) 2.803(6) 

0(2S)-H(22W) ... O(SS) 0.91S(10) 1.69(3) 2.486(8) 

0(2S)-H(22W) ... O(SS)#10.91S(10) 2.36(2) 3.207(8) 

0(ST)-H(21 W) ... Cl(2) 0.7S(4) 2.96(3) 3.099(19) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+ l ,-y+ l ,-z #2 x,y,z+1 
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IS3(6) 

142(S) 

133(6) 

143(4) 

lS3(4) 
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pp ndL 5: ry tal data and structure refinement for 0,0'-

diac II uc indi 0 

mpiri I nnula 

nnula v ight 

m ratur 

I ngth 

lum 

n it 

In 

Refl 

Ind 

fI r d ta 

rr' ti n 

. n min. tr n mi i n 

JO m nt m th 

at / r If, int / pa m t r 

C20 H16N2 04 

348.35 

100(2) K 

0.71073 A 
Tric1inic 

P-l 

a = 4.8387(10) A 
b = 9.1431(18) A 
c = 9.8615(17) A 
401.40(13) A3 
1 

1.441 Mg/m3 

0.102 mm-! 

182 

0.26 x 0.12 x 0.05 mm3 

2.39 to 31.52°. 

a= 110.224(7)°. 

p= 99.140(6)°. 

Y = 93.075(7)°. 

-7<=h<=7, -13<=k<=13, -14<=1<= 14 

9737 

2607 [R(int) = 0.0360] 

99.2% 

None 

0.9949 and 0.9740 

Full-matrix least-squares on f2 

2607 / 0/ 122 
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Goodness-of-fit on f2 1.044 

Final R indices [I>2sigma(l)] Rl = 0.0475, wR2 = 0.1260 

R indices (all data) Rl = 0.0800, wR2 = 0.1398 

Largest diff. peak and hole 0.423 and -0.239 e.A-3 

Table 90: Bond lengths rA] and angles [°1 for O,O'-diacetylleucoindigo 

N(1)-C(8) 1.3792(17) C(1 )-C(2)-O(1) 124.72(12) 

N(1)-C(I) 1.3880(17) C( 1 )-C(2 )-C(3) 109.39(11) 

N(1)-H(1N) 0.865(16) O( 1 )-C(2 )-C(3) 125.86(11) 

C(1)-C(2) 1.3732(18) C( 4)-C(3)-C(8) 119.58(12) 

C(1 )-C(1)# 1 1.439(2) C(4)-C(3)-C(2) 135.01(13) 

O(1)-C(9) 1.3700(16) C(8)-C(3)-C(2) 105.41(11) 

O(1)-C(2) 1.3982(15) C( 5)-C( 4 )-C(3) 118.32(13) 

C(2)-C(3) 1.4223(18) C(5)-C(4)-H(4) 120.8 

O(2)-C(9) 1.2020(16) C(3)-C(4)-H(4) 120.8 

C(3)-C(4) 1.4014(18) C( 4 )-C( 5)-C( 6) 121.38(13) 

C(3)-C(8) 1.4115(18) C(4)-C(5)-H(5) 119.3 

C(4)-C(5) 1.382(2) C(6)-C(5)-H(5) 119.3 

C(4)-H(4) 0.9500 C(7)-C( 6)-C( 5) 121.21(13) 

C(5)-C(6) 1.406(2) C(7)-C(6)-H(6) 119.4 

C(5)-H(5) 0.9500 C(5)-C(6)-H(6) 119.4 

C(6)-C(7) 1.380(2) C( 6)-C(7)-C(8) 117.57(13) 

C(6)-H(6) 0.9500 C(6)-C(7)-H(7) 121.2 

C(7)-C(8) 1.3939(18) C(8)-C(7)-H(7) 121.2 

C(7)-H(7) 0.9500 N(1 )-C(8)-C(7) 129.64(13) 

C(9)-C(10) 1.4866(18) N(1 )-C(8)-C(3) 108.46(11) 

C(1 O)-H(1 OA) 0.9800 C(7)-C(8)-C(3 ) 121.89(12) 

C(1 O)-H(1 OB) 0.9800 O(2)-C(9)-O( 1) 122.97(12) 

C(l O)-H(1 OC) 0.9800 O(2)-C(9)-C(10) 126.09(12) 

O( 1 )-C(9)-C(1 0) 110.94(11) 

C(8)-N(1)-C(1) 109.12(11) C(9)-C(1 O)-H(1 OA) 109.5 

C(8)-N(1)-H(1N) 120.0(10) C(9)-C(1 O)-H(1 OB) 109.5 

C(1)-N(I)-H(IN) 125.7(10) H(lOA)-C(1 O)-H(1 OB) 109.5 

C(2)-C(I)-N(l) 107.57(11) C(9)-C(1 O)-H(1 OC) 109.5 

C(2)-C( 1 )-C( 1)# 1 130.53(15) H(lOA)-C(1 O)-H(1 OC) 109.5 

N(1 )-C(1 )-C(1)# 1 121.88(14) H(1 OB)-C(1 O)-H(1 OC) 109.5 

C(9)-0(1 )-C(2) 116.11(10) 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+2,-y+ 1,-z+ 1 
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Table 91: Torsion angles [0] for O,O'-diacetylleucoindigo 

C(8)-N(1 )-C(l )-C(2) -0.85(14) 

C(8)-N(1 )-C(l )-C(l)# 1 -179.19(14 ) 

N (1 )-C( 1 )-C(2)-O(l) -178.51(11) 

C( 1)# l-C( 1 )-C(2)-O( 1) -0.4(3) 

N(1 )-C(1 )-C(2)-C(3) -0.63(14) 

C(1)# 1-C(l )-C(2)-C(3) 177.50(16) 

C(9)-O( 1 )-C(2)-C( 1) -103.69(15) 

C(9)-O( 1 )-C(2 )-C(3) 78.78(15) 

C( 1 )-C(2)-C(3 )-C( 4) -177.72(14) 

O( 1 )-C(2)-C(3)-C( 4) 0.1(2) 

C(1 )-C(2)-C(3 )-C(8) 1.82(14) 

O( 1 )-C(2)-C(3)-C(8) 179.67(11) 

C(8)-C(3)-C( 4)-C(5) 1.70(19) 

C(2)-C(3 )-C( 4 )-C( 5) -178.81(13) 

C(3)-C( 4 )-C( 5)-C( 6) 0.1 (2) 

C( 4 )-C( 5)-C( 6)-C(7) -1.5(2) 

C( 5)-C( 6)-C(7)-C(8) 1.12(19) 

C(l)-N(l )-C(8)-C(7) -178.59(12) 

C(1 )-N( 1 )-C(8)-C(3) 2.02(14) 

C(6)-C(7)-C(8)-N(1 ) -178.62(13) 

C( 6)-C(7)-C(8)-C(3) 0.70(19) 

C( 4)-C(3)-C(8)-N(I) 177.31(11) 

C(2)-C(3 )-C(8)-N( 1) -2.32(13) 

C( 4 )-C(3)-C(8)-C(7) -2.14(19) 

C(2)-C(3 )-C(8)-C(7) 178.23(11) 

C(2)-O( 1 )-C(9)-O(2) 1.19(19) 

C(2)-O( 1 )-C(9)-C( 10) -178.86(10) 

Symmetry transfonnations used to generate equivalent atoms: 

#1 -x+2 -y+ 1 -z+1 

Table 92: Hydrogen bonds for O,O'-diacetylleucoindigo (A and 01 

D-H ... A d(D-H) 

N(1)-H(lN) ... O(laa) 0.865(16) 

N(1)-H(1N) ... O(2ab) 0.865(16) 

d(H ... A) 

2.494(15) 

2.161(16) 

d(D ... A) 

2.9693(15) 

2.9603(16) 

Symmetry transfonnations used to generate equivalent atoms: 

#1 -x+2,-y+ l ,-z+1 ab -x+ l,-y+I,-z+l 
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