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The chemistry of dyes containing a maleimide group is
discussed. The mechanism of dye fixation on wool in depths
greater than 1.5% has been investigated. In samples which
were dyed at pH 3, 80°C, little covalent reaction took place.
Extraction with solvents, used to determine the fixation ratio,
caused changes in the dye, as well as some further reaction,
giving rise to apparently high fixation ratios. Dyeings on nylon
fibre confirmed that covalent reaction of dye with aming
groups is possible, especially between pH 4 and 5. The best
results in terms of fixation and yield were obtained in a dyeing
procedure where the pH was raised slowly during the dyeing.

Introduction

The synthesis of 2 number of reactive wool dyes containing a
maleimide group has been described by Zahn and Altenhofen
[1]. The addition of thiol groups to the activated double bond
of maleimides, as shown in FEgn 1, is a well-known reaction
used, for example, to estimate the —SH content of proteins

[2].
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By incorporating N-methyl maleimide groups in
conventional acid wool dyes, the above-mentioned authors
obtained reactive dyes which, when applied in depths of 1.5%
o.w.f., gave fixation ratios greater than 90%. The dye fixation
can be explained on the basis of the free thiol group content
of wool. Cysteine is present in wool in a concentration of
20-30 mmol/kg, which is sufficient to bind these quantities of
dye.

Indirect evidence for this reaction was obtained by synthesis
of a model  compound formed by  adding
N-acetyl-cysteinemethylamide to one of the dyes. Direct
evidence was also obtained by identification in the wool
hydrolysate of small amounts of S-succinyleysteine, the
expected hydrolysis product of the cysteine—maleimide
addition compound, as shown in Eqn 2.
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* This work was carried our while the author was the holder of a
Fellowship from the Alexander vorn Humboldt Foundation, Bonn,
West Germany.
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Mechanism of Reaction

In a further experiment, one of the dyes was applied in
depths ranging from 1 to 8% o.w.f. The fixation ratio, as
determined by extraction with an aqueous pyridine mixture of
pH 48 [3], was found to be independent of dye
concentration, remaining at the relatively high level of 95%.
Since 8% o.w.f. of the dye used corresponds to about 130
mmol/kg wool, an explanation has to be found for the fixation
of this quantity of dye, which is in excess of the cysteine
content of the wool.

There are three possible explanations for the fixation of dye
in these depths:

(i) Reaction may take place with amino acid side groups
other than the thiol of cysteine.

(i) Additional thiol groups may be formed during dyeing,
by cleavage of disulphide bonds.

(iii) The dye may polymerize within the fibre to form a
larger molecule no longer capable of diffusing back
out of the fibre.

With regard to the first possibility, many authors have
shown that MN-substituted maleimides are not thiol-specific
reagents, as originally supposed [2,4—7]. Reaction of N-ethyl
maleimide has been found to occur with amino end-groups of
peptides and proteins and with the e-amino group of lysine
and imidazole of histidine. The reactions with N-ethyl
maleimide were generally carried out at pH 7 and room
temperature, whereas the dyeings reported by Zahn and
Altenhofen [1] were effected at pH 4 at the boil. Under these
dyeing conditions, Zahn and Altenhofen could not isolate a
reaction product between the maleimide dye and lysine and
histidine models.

In studies of wool dyeing with vinyl sulphone dyes,
Baumann [8] found that during dyeing at acid pH a
heterolytic, electrophilic cleavage of disnlphide bonds tock
place. In the absence of dye, the equilibrium at acid pH is
unfavourable to cleavage, but rapid reaction of the —-§
formed, shifts the equilibrium in favour of cleavage in the
presence of dye. Since maleimide dyes, like vinylsulphones,
react vig a Michael addition to an activated double bond, it is
conceivable that a similar mechanism operates here.

The third possibility is that there is no covalent reaction of
the dye with the wool, but rather a reaction of the dye with
itself, thereby changing its diffusion and affinity properties.
The formation of oligomers of N-substituted maleimide has
been reported by various authors. In one case [9], the
oligomerization was shown to be catalysed by imidazole, in
another case [10] pyridine and other bases were shown to
catalyse the reaction, The histidine in wool contains an
imidazole moiety and since pyridine was used to extract the
unfixed dye, the possibility cannot be overlooked that such an
oligomerization reaction of the dye might occur.

The purpose of the work presented here is to determine
which of the above mechanisms is responsible for the fixation
of maleimide dyes on wool, when applied in depths greater
than 1.5%.



Materials and Methods

DYES
The following dyes (synthesized as previously described [1])
were used:

O NH,
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WOOL

A 1/1 twill fabric, 450 g/m?, of pure, unbleached wool was
used.

NYLON
Enka—Perlon Nylon 6, continuous, bright, 1260 f6é4, and
Enka—Perlon Nylon 6, “deep-dyeing”, 1260 {64 were used.

DYEING

Dyeings were carried out in an Ahiba laboratory dyeing
machine with a liquor-to-goods ratio of 100:1. The dyebath
pH was set with 0.05M sodium citrate—citric acid buffers,
Wool samples were soaked overnight in buffers of the same pH
at which they were to be dyed. The dyebath was raised in half
an hour to the dyeing temperature and maintained at that
temperature for | hour.

EXTRACTION

The following solutions were used to extract dyed samples:
Pyridine mixture
300 ml pyridine, formic acid to give pH 4.8, water to 11.
DMF-H,0(1:1)
Equal parts of dimethylformamide and water were mixed.
Urea—surfactant
500 g/l urea, 10 g/l Texapon K 12 (Henkel, Diisseldorf),
20 g/l NaH,PO,4.10H, O plus acetic acid to pH 4.8,

Thin layer chromatography (t.l.c.) was carried out on alufoils
precoated with silica gel 60 (Merck, Darmstadt) with
butan-1-ol—ethanol—water (4:3:3) as eluent.

Amine acid analyses were made on a Biocal Amino Acid
Analyser.

Results and Discussion

Behaviour of the Dyes under Dyeing Conditions

In a preliminary attempt to elucidate the mechanism of
reaction of the dyes, their behaviour under the pH and
temperature conditions of dyeing was tested. Dye I was
heated in buffer solutions of pH 3, 4, 5 and 6 at 80°C and
100°C and samples examined after various times using t.l.c.
After 1 hour at pH 3 or 4 there was no appreciable change in
the dye; at pH S and 6, new products were formed. An
attempt was made to isolate the major products and identify

them. Separation was achieved using counter-current
distribution in butanol—aqueous ammonium acetate (0.6%).
Elemental analysis was inconclusive, as the composition did not
differ significantly from that of the original dye. Comparison
of the infrared spectra of the original dye and the dye
hydrolysis product showed the disappearance of the peaks
characteristic for -C=Qin a five-membered ring [11,12]. This
indicates that the hydrolysis is a ring-opening reaction as
shown in Eqn 3.
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The dye was also heated in buffer solutions in the presence
of the peptide models N'-acetyllysinemethylamide [3] and
N-acetylhistidinemethylamide [3]. The products formed were
similar to those found in the blank experiments. There was no
clear evidence of addition compounds between dye and
peptide or of dye oligomers (cf. mechanisms (i) and (iit) in the
Introduction}. It was, however, noticed that several new dye
products were formed in the presence of the histidine peptide
model which, in its absence, were only found under more
severe conditions.

Wool dyeings were carried out with 3% o.w.f. dye at pH
values ranging from 3 to 6, at 80°C, and the unexhausted dye
in the bath was examined by t.l.c. The results corresponded
with those in the model experiments: at pH 3 and 4 there was
little change in the dye, while at pH 5 and 6 hydrolysed dye
was found. As was to be expected, the dyebath exhaustion
dropped off at pH 5 and, more markedly, at pH 6. This was
thought to be due not only to the decrease in
positively-charged adsorption sites in the wool above the
iso-electric point but also to a decreased affinity for wool of
the hydrolysed dye since, after ring opening, it has an
additional ionic charge,

Extracts of unfixed dye from the dyed wool were also
examined. Tests had shown that pyridine reacts with the dye;
the extractions were therefore carried out with a DMF—water
(1:1) mixture which, in blank experiments, was shown not to
react with the dye under extraction conditions (60°C). The
extracts were similar in composition to the final dyeing baths
at the respective pH values.

Parallel extractions with the pyridine mixture were carried
out to determine the amount of bound dye. The maximum
amount of bound dye was found after dyeing at pH 3, where
dyebath exhaustion was greatest. Thus, this dyebath pH was
chosen for subsequent dyeings where the mechanism of
fixation was to be examined.

Amino Acid Analyses

Information about the relative importance of the postulated
mechanisms (i) and (ii) (see Introduction) can be obtained in
an indirect way by analysing differences in the amino acid
contents of dyed and of undyed wool.

It has already been shown [2,5] that —-C—S— and —C—N~
bonds, formed when N-substituted maleimides add to the thiol
group of cysteine or the e-amino group of lysine, are stable to
the conditions of total acid hydrolysis (6M-HCI, 24 h, 105°C).
Therefore, when wool dyed with maleimide dyes is subjected
to total acid hydrolysis and subsequent amino acid analysis,
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one should find a decrease in the content of those amino acids
whose side-chains have reacted covalently with the dye (cf.
Eqgn 2).

A sample of wool dyed at pH 3, 80°C with 8% o.w.f. Dye |
and subsequently extracted with the pyridine mixture was
subjected to total acid hydrolysis. The amino acid composition
was determined and compared to that of a blank-dyed and
extracted sample. After extraction, 125 mmol dyefkg dry
wool remained on the fibres. Table 1 shows a comparison
between duplicate samples of dyed and blank-dyed wool.
There are no decreases in the content of any of the amino
acids which could account for the binding of 125 mmol
dye/kg wool. Thus dye fixation at pH 3, 80°C cannot be
explained either by reaction with free amino groups
(mechanism (i)) or by formation of new cysteine residues as a
result of disulphide cleavage during dyeing (mechanism (ii)).

However, since cystine is partially destroyed in the total
acid hydrolysis, separate cystine analyses were also carried out
in order to investigate mechanism (ii) more closely. The most
accurate method of cystine determination is the polarographic
method of Leach [13]. This method involves the reduction of
intact wool with bisulphite followed by reaction of the thiol
groups with a mercurial compound.,

The problem in using this method on wool after dyeing
with maleimide dyes is that if any unreacted dye is still present
in the fibres it will react with the newly-formed thiol groups
and give misleading results. The analyses were therefore carried
out using the Folin—Shinohara method [14], in which the
wool is partially hydrolysed in 3M-H; SO, . When using this
method, it was found that the bulk of the dye precipitated in
the acid and could be filtered off before reduction took place.
Table 2 shows the results of (cystine + cysteine) analyses on
blank-dyed wool and on wool dyed with Dyes I and 1V, as well
as for the untreated wool.

TABLE 1

Amino Acid Composition of Dyed and Blank-dyed Wool.
Dyeing at pH 3, 80°C. Extraction with pyridine mixture, 3 x
20 min, 60°C

TABLE 2

(Cystine + Cysteine) Content of Dyed and Undyed Wool
Samples

Treatment (Cystine + Cysteine ) Content W %
Sample 1 Sample 2

Untreated wool 12.0 11.7

Blank-dyed wool,

pH 3, 80°C 11.7 11.6

Wool dyed with

8% Dye 1, pH 3, 80°C 11.7 11.7

Blank-dyed wool, :

pH 3, 100°C 11.2 11.1

Wool dyed with

12% Dye IV, pH 3, 100°C 12.0 12.1

It can be seen that there is no significant reduction in the
cystine content of dyed wool compared to the blank-dyed
samples, thus reinforcing the conclusion that mechanism (i) is
not operative to any great extent. Dye IV appears to exercise a
protective effect at the boil, although more experiments would
be needed to confirm this.

Dissolution of Dyed Wool

The results discussed so far indicate that neither mechanism (i)
nor (ii) can explain the fixation of dye applied in depths of
8 12% at pH 3. In order to investigate the third postulate (see
Introduction), the state of the dye inside the fibre after dyeing
needs to be studied. For such studies, the wool has to be
dissolved in such a way that no change in the dye takes place
and no additional reaction with the wool occurs. This
precludes the use of reductive methods, since again there is the

Amino Blank-dyed wool ~ Wool dyed with 125 mmol/kg Dye I
Acid (mmol/kg) {mmol/kg)
Sample 1 Sample 2 Sample 1 Sample 2

Lys 230 234 227 229
His 61 68 - 61 59
Arg 557 559 564 571
Cys (0O,H) 22 34 30 27
Asp 524 530 529 526
Thr 533 537 531 530
Ser 878 878 876 874
Glu 968 959 959 957
Pro 565 548 570 567
Gly 688 681 683 681
Ala 453 447 450 445
Cys 450 441 447 437
Val 460 463 471 459
Met 38 32 39 35
Ile 260 263 267 266
Leu 595 609 624 606
Tyr 289 281 290 282
Phe 239 233 239 230
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danger that any unreacted dye present may react with the
newly-formed thiol groups.

Tests with blank dye solutions showed that heating for 15
minutes in 6M-HCl caused  only slight hydrolysis of Dye L.
This method was therefore used to dissolve wool samples
which had been dyed with 8% Dye I at pH 3 and treated with
various extraction agents before the dissolution. By means of a
combination  of  fractional precipitation,  column
chromatography on Sephadex LH—20 and solvent extraction,
it was possible to fractionate the dye from the dissolved wool
semi-quantitatively; the products were identified with tl.c.
The identity of the starting dye was confirmed by its ability to
react with cysteine,

The following points could be ascertained:

(i) In samples which were not given any extraction
treatment, about 75% of the recovered dye was
identical to the starting dye. The amount of dye
bound to peptide was about 20 mmol/kg wool.

(ii} In samples extracted with the pyridine mixture, none
of the starting dye was found. Most of the dye was in
the form of an unknown product, insoluble in water
and organic solvents.

(iii) In other samples, extracted by various methods as
described in Table 3, the extracted dye, in each case,
was largely starting dye. A new dye product was
found in the dissolved wool which was sparingly
soluble in water but soluble in dimethylformamide. It
was thought that this product could be an oligomer of
the dye; it was not found in any of the model
experiments where the dye was heated in buffer
solutions with amino acids and thus it was difficult to
obtain analytically pure samples of it. There were also
indications that more dyed peptide was present in the
extracted wool, except in the extraction with formic
acid. Because the new products were formed to
different extents, the apparent fixation ratios
obtained by extraction varied widely, as shown in
Table 3.

This method of dissolving the dyed wool was found to be
unsuitable for Dye IV since the dye hydrolysed to a greater

extent, and the various products were more difficult to
separate than those of Dye I,

TABLE 3
Extraction of Wool Dyed with 8% Dye I, pH 3, 80°C

Extraction Treatment Apparent Fixation Ratio

None 19.5*
Formic acid, 25°C 41.5
DMF-H,0 (1:1)60°C, 4 x 15 min 58.1
Aqueous pyridine, pH 4.8,

60°C, 4 x 15 min 90.5
Urea—surfactant, pH 4.8,

60°C, 4 x 15 min 492
Phosphate buffer, pH 7,

80°C, 4 x 15 min 75.3

*Determined by dissolving dyed wool in HCI

Dyeing of Nylon

As the results reported above show, determination of the
extent to which maleimide dyes react with wool by methods
which extract the unfixed dye can give misleading results,
Also, the dissolution of dyed wool presents problems. The
analysis of dyed nylon is easier since no extraction is necessary
to determine fixation. Dyed samples can be dissolved at room
temperature in 2,2 2-trifluoroethanol and reprecipitated in
DMF. Unreacted dye stays in solution and covalently-bound
dye can be filtered off with the nylon. By working at room
temperature, further changes in the dye are minimized. In the
experiments reported below, the separation of unreacted and
bound dye on reprecipitation was confirmed by tl.c. Free
amino end-groups of nylon can be regarded as models for the
free end and side-chain amino groups in wool; therefore,
dyeings on nylon should give some insight into the reactivity
of the maleimide dyes towards amino groups in wool, It was
thus decided to carry out a series of dyeing experiments on
nylon.

Samples of Nylon 6 with a known free amino group
content of 38 mmol/kg [15] were dyed with 3% Dye [ and
Dye IV, respectively, at pH values between 3 and 6. As can be
seen from Figure 1, dyebath exhaustion decreased as the
dyebath pH increased, but a greater percentage of the
exhausted dye reacted. This resulted in a maximum in the
absolute amount of bound dye at about pH 5, at which pH
about 70% of the available amino groups have reacted. The
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Figure 1 — Exhaustion and fixation of dyes on Nylon 6 ar
various values of dyebath pH (3% Dye, 100°C)
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rapid fall-off in exhaustion and, therefore, in total amount of
bound dye at pH 6, can again be attributed to the low
substantivity of the hydrolysed dye formed at this pH.

In order to gain some insight into the effect of the
extraction solutions that had been used on dyed wool samples,
the nylon samples dyed at pH 3 were treated with solutions
similar to those described in Table 3, dissolved, and analysed.
The results, given in Table 4, show clearly that there is an
increase in the extent of covalent reaction of dye with nylon
during the extraction treatments.

TABLE 4

Variation in Amount of Extracted and Covalently-bound Dye
after Various Extraction Treatments. Nylon 6 dyed at pH 3,
100°C, 3% Dye

Treatment , Extracted Dye  Dye Reacted with Nylon

(% Dye on fibre) (mmol/kg)
Dyel DyelV Dyel DyelV

None 6.5 14.1

DMF-H,0 (1:1)

100°C3x 20min 519 456 21,1 206

Aqueous pyridine,

pH 4.8, 100°C,

3 x 20 min 207 411 31.6 242

pH 7 Phosphate

Buffer, 100°C,

3 x 20 min 40.6 457 245 245

Tlc. of the dissolved nylon revealed no trace of the
DMF-soluble dye product found in dyed wool after extraction
treatments. This is an indication that its formation is catalysed
by the wool.

Raising the pH at the end of the dyeing, as in the pH 7
buffer treatment, is seen to increase the level of fixation. At
the same time, most of the unreacted dye hydrolyses and is
desorbed (up to 90% of the unreacted dye). In order to make
the most efficient use of the available quantity of dye, a
dyeing process was considered where dyeing begins at pH 3, to
give good exhaustion, the pH is then gradually raised to 5 to
promote covalent reaction and finally to 6 to hydrolyse the
remaining dye and favour its desorption. In Table 5 this
process is compared to dyeing at pH 5 alone, for a deep-dyeing
Nylon 6 with a free amino group content of 54 mmol/kg

[15].
TABLE 5

Dyeing with Increasing pH, Nylon 6 “Deep-dyeing” 3% Dye I,
100°C

Dyeing at Dyebath pH raised
pH S during dyeing from 3 to 6
Exhaustion, % 77.8 86.0
Fixation Ratio, % 82.8 90.7
Covalently reacted
dye, mmol/kg 336 40.6
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It can be seen that both the absolute amount of bound dye
and the fixation ratio are improved by dyeing with a gradual
rise in pH.

Conclusions

In wool samples which had been dyed at pH 3 and 80°C with a
maleimide dye, only about 20 mmol of dye per kg wool was
covalently bound to the fibres — this can all be accounted for
by a reaction with the available free thiol groups in wool.
There was no evidence of additional cysteine reaction
following disulphide cleavage in dyeing nor of a significant
reaction with amino groups. However, extraction of the dyed
wool, to determine the level of fixation, causes in some cases
further reaction, probably with the e-amino groups of lysine,
and at the same time a water-insoluble dye product is formed
inside the fibres, which leads to an apparently high fixation
ratio, especially after pyridine extraction. This product is not
found in model reactions with buffer solutions; its formation
appears to be catalysed by wool.

That the dye is capable of reaction with amino groups was
shown, however, by carrying out dyeing experiments on
nylon. Reaction is favoured at pH 4 to 5; at higher pH values,
dye hydrolysis is a competing reaction. Failure to obtain
reaction with model amino compounds may be due to an
aminolysis reaction [12], with ring-opening, in aqueous
solutions.

It should be emphasized that the fixation on nylon was
determined directly by dissolution and not by extraction of
unfixed dye. Experiments, where wool was dyed at a range of
pH values, are misleading owing to the effect of the pyridine
extraction agent. Determination of the true extent of reaction
with wool at pH 5 depends on having a method of analysis
which does not cause additional reaction or change in the dye.
In view of the interesting results obtained on nylon with the
dyeing procedure entailing a gradual rise in dyebath pH,
methods have been investigated which allow the determination
of the actual amount of dye bound to wool under similar
conditions. These will be discussed in Part II of this paper.
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