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A B S T R A C T

Under the guidance of the finding that the tyrosine residues in proteins could undergo three-component

Mannich-type reactions with formaldehyde and electron-rich aniline-containing compounds, which

forms covalent bonding connections between the protein of interest and the aniline with high levels of

selectivity under relatively mild conditions, an orange aromatic primary amine-containing acid dye

AMODB was designed and readily synthesized. The molecular structure was characterized by FTIR, 1H

NMR, mass spectrometry and elemental analysis. The synthesized dye and a similar control dye (C.I. Acid

Yellow 11) without primary amine groups were applied to dye silk fabric by three dyeing processes:

Mannich-type dyeing (with and without the addition of formaldehyde) and acidic dyeing. Their washing

and rubbing fastness properties with different dyeing methods were examined and compared. It was

found that the dyed silk fabric with AMODB by the Mannich-type dyeing showed higher color depth,

better anti-stripping ability to DMF and better washing fastness than those of the dyed silk fabric with

C.I. Acid Yellow 11 by acidic dyeing due to the covalent bond formation between the dye chromophore of

AMODB and silk fiber. In addition, mild Mannich dyeing conditions suitable for silk (AMODB at 3% owf,

75:1 liquor-to-goods ratio, dyebath pH 5.5, 30 8C, 10 h) were provided.

� 2014 Zhi-Hua Cui. Published by Elsevier B.V. on behalf of Chinese Chemical Society. All rights reserved.
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1. Introduction

Silk with the properties of soft handle, elegant style and
comfortable wearing is regarded as a luxurious clothing and
decoration material [1,2]. So far, acid dyes and reactive dyes have
been considered as the most suitable synthetic dyes for silk although
some problems still exist. For example, when silk fibers are dyed
with conventional acid dyes, the exhaustion is only about 50% of the
dye uptake on wool because of the lower amino end-group content
in silk than in wool [3]. Besides, dyed silk has lower wet fastness
properties [4,5]. The poor wet fastness not only influences the
appearance and the wearing properties of silk fabric, but also causes
pollution from dyeing and washing during processing. Reactive dyes
are considered to be comparatively ideal dyes for silk due to the
formation of covalent bonds between dyes and silk macromolecules,
which offers the dyed silk relatively good wet fastness compared to
acid dyes. However, the C–O or C–N covalent bonds formed between
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dyes and silk mainly exist as ester or amide and are readily
hydrolyzed under strong acidic or basic conditions [6], which leave
the wet fastness problem unsolved. Besides, the hydrolysis of the
reactive groups during dyeing processes results in a portion of dye
unfixed on the fibers and pollutes the effluents [7–9].

Much effort has been devoted to improve the poor wet fastness of
dyeing on silk. In one approach, it was noticed that there is a
relatively high tyrosine residue content in silk protein (�6 mol%) and
the residue might be potential reactive sites for dyeing [10]. For
example, the phenolic side chain in the tyrosine residues in silk could
undergo coupling coloration with diazonium salts in an alkaline
aqueous buffer solution at 0–10 8C to form an azobenzene
chromophore linked to the protein through C–C covalent bonds
[11–15], which is very stable under acidic or basic conditions. This
type of coloration is quite similar to the commercial process for azoic
dyeing of cotton. However, the coupling coloration is difficult to
cover full color spectrum due to the immutable coupling compo-
nents and the tyrosine residues. Besides, the phenolic side chain in
the tyrosine residues could also undergo three-component Man-
nich-type reactions in the presence of formaldehyde and aromatic
primary amine-containing functional compounds, which also forms
stable and strong –CH2–NH– bridge connections between the
tron-rich aniline-containing dye and its dyeing behaviors on silk
t. (2014), http://dx.doi.org/10.1016/j.cclet.2014.11.002
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Scheme 1. The Mannich-type dyeing method on silk.
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rosine residues of silk and the functional moiety in an aqueous
ffer solution (pH5.5–6.5) at 37 8C [16–18]. If the functional moiety
a chromophore, the silk would be dyed by this Mannich-type
eing method (Scheme 1). It can be predicted that the method is
ore energy-efficient, environmentally friendly and wet-colorfast
an the acid dye and reactive dye methods.
In this paper, an aromatic primary amine-containing acid dye
ODB suitable for Mannich dyeing has been synthesized. Its

eing behaviors on silk were investigated under acidic and
annich-type dyeing conditions. The washing fastness and the
ti-stripping ability by DMF were also compared with a similar
ntrol acid dye (C.I. Acid Yellow 11) under acidic dyeing conditions,
hich confirms the formation of –CH2–NH– covalent bonding
nnections between dyes and silk fiber.

 Experimental

Degummed untreated white, plain-woven silk fabric (43 g/m2)
as used. C.I. Acid Yellow 11 was bought from Tianjin Xiangrui
es Co., Ltd. (Tianjin, China). Other reagents were of analytic

ade and obtained from commercial suppliers and used without
rther purification. 1H NMR spectra were recorded on a Varian
OVA 400 NMR Spectrometer with TMS as an internal standard in
Cl3. IR spectra were measured with an FT/IR-430 spectropho-

meter. Mass spectra (MS) were determined by using an LCQ Fleet
ass spectrometer. Ultraviolet–visible (UV–vis) absorption spec-
a were recorded on a Lambda 900 UV/vis spectrophotometer.

The synthetic route of the target dye AMODB is outlined in
heme 2, which mainly contains two steps as follows:
Synthesis of nitro-containing acid dye MNODB by diazo coupling

action: MNODB was synthesized by the conventional diazo-
upling methods. p-Nitroaniline (6.9 g, 0.05 mol) was dissolved in a
ixture of concentrated hydrochloric acid (10 ml, 37%) and water
0 ml). The solution was heated to 75 8C for about 30 min and then
oled to 0–5 8C. A 30% aqueous solution of sodium nitrite (3.52 g,
051 mol) was added to the p-nitroaniline solution and stirred for

 min at 0–5 8C. Further stirring at this temperature for 10 min
sulted in a clear diazonium salt solution. The coupling reaction
as carried out by adding the prepared diazonium salt solution to
e coupling component (1-(4-sulfophenyl)-3-methyl-5-pyrazo-
ne) solution (12.7 g, 0.05 mol) at 0–5 8C, pH 8.5–9.0 for 3 h. The pH
lue of the coupling liquor was controlled by adding sodium
rbonate powder. The dye was salted out by adding 2.0 g of sodium
Scheme 2. The synthetic route of an aromatic primary amine-containing a

Please cite this article in press as: X.-J. Zhao, et al., Synthesis of an ele
through a three-component Mannich-type reaction, Chin. Chem. Le
chloride. Crude yield: 19.5 g (91.8%); FTIR (KBr, cm�1): 2927 (CH3),
1667 (C55O, pyrazolone), 1502, 1342 (NO2), 1155, 1043 (SO3Na); ESI
MS (m/z, %): 402.1 (M�Na, 100). The crude dye MNODB was then
purified by the N,N-dimethylformamide/ether (3:20 v/v) purifica-
tion method [19]. Yield: 15.6 g (73.4%).

Synthesis of aromatic primary amine-containing acid dye
AMODB: the solution of nitro-containing acid dye MNODB (8.51 g,
0.02 mol) in water (50 ml) was stirred and heated at 75 8C for about
30 min to dissolve MNODB. Then a solution of Na2S�9H2O (9.6 g,
0.04 mol), NaHCO3 (3.36 g, 0.04 mol) in water (50 mL) was added
dropwise into a solution of a nitro-containing acid dye MNODB, and
the temperature was kept at 75 8C for about 4 h. After the
acidification to pH 5–6 with dilute hydrochloric acid, the product
was collected by filtration. The filter cake was air dried at room
temperature. The pure dye AMODB was obtained by recrystalliza-
tion in acetic acid. Yield: 5.8 g (73.4%); lmax: 447 nm; FTIR (ATR,
cm�1): 3481, 3361 (NH2), 2943 (CH3), 1660 (C55O, pyrazolone), 1162,
1032 (SO3Na); 1H NMR (400 MHz, DMSO-d6): d 13.63 (s, 1H, 55N–
NH), 7.90 (d, 2H, Ar–H), 7.65 (d, 2H, Ar–H), 7.36 (d, 2H, Ar–H), 6.66 (d,
2H, Ar–H), 5.56 (s, 2H, NH2), 2.28 (s, 3H, N55C–CH3); 13C NMR (125 M
Hz, DMSO-d6): d 157.1, 155.3, 147.7, 138.1, 126.4, 124.7, 118.0,
116.5, 114.3, 112.3, 99.5, 14.4; ESI MS (m/z, %): 372.2 (M�Na, 100);
element analysis: found (%): C, 48.41, H, 3.52, N, 17.65; calcd (%): C,
48.61, H, 3.57, N, 17.71.

M1 (Mannich-type dyeing process for AMODB): dye AMODB
and a formaldehyde aqueous solutions were applied to dyeing silk
fabric by the one-bath process using the Mannich reaction. A silk
fabric sample (2 g) was dyed with AMODB at 3% owf, n

(formaldehyde):n (AMODB) = 3:1, 75:1 liquor-to-goods ratio,
dyebath pH 5.5 and 30 8C for 10 h.

M2 (contrastive dyeing process for AMODB, without formalde-
hyde in comparison to M1): only dye AMODB was applied to
dyeing silk fabric by the one-bath process in the absence of
formaldehyde in comparison to M1. A silk fabric sample (2 g) was
dyed with AMODB at 3% owf, 75:1 liquor-to-goods ratio, dyebath
pH 5.5 and 30 8C for 10 h.

M3 (acidic dyeing process for C.I. Acid Yellow 11): a silk fabric
sample (2 g) was dyed with C.I. Acid Yellow 11 at 3% owf, 40:1
liquor-to-goods ratio, dyebath pH 5.5 and 90 8C for 90 min.

Soap-washed process: all dyed samples (M1, M2, M3) were
rinsed with water, followed by soaping in a mixture of 1 g/l sodium
carbonate and 2 g/l nonionic detergent using a liquor ratio of 50:1
at 60 8C for 30 min, rinsed with water and air-dried.
cid dye AMODB and the structure of the control dye C.I. Acid Yellow 11.

ctron-rich aniline-containing dye and its dyeing behaviors on silk
tt. (2014), http://dx.doi.org/10.1016/j.cclet.2014.11.002
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Color stripping method with N,N-dimethylformamide (DMF):the
colored silk fabric samples were immersed in DMF and stripped at
70 8C for 30 min. The remaining fabric samples were subsequently
washed with plenty of water to remove DMF and then air-dried.

K/S spectra: the K/S values of the dyed silk fabric samples were
evaluated at maximum absorption wavelength (lmax) using a UV/
vis spectrophotometer. The K/S value is a function of the
reflectance R, as expressed by Eq. (1). Each sample was read in
four different areas and the average value was recorded.

K

S
¼ ð1 � RÞ2

2R
(1)

Tensile strength tests: the tensile strength tests of the untreated
and dyed silk fabric samples by the Mannich dyeing method were
carried out according to ISO 13934.1-1999.

Color fastness tests: washing and rubbing fastness tests of the
silk fabric by coupling coloration were carried out according to ISO
105-C03:1989 and ISO 105-X12:1993, respectively.

3. Results and discussion

The Mannich reaction is a three-component condensation among
an amine component, an enolizable carbonyl compound (donor),
and a nonenolizable carbonyl compound (acceptor) to form a b-
amino carbonyl compound, with the concomitant formation of both
carbon–carbon and carbon–nitrogen bonds. For example, aniline
compounds, phenol compounds and aldehydes can act as the amine
component, donor and acceptor in Mannich reaction, respectively.
The Mannich reaction is extendedly employed in many fields such as
drug synthesis, agro chemicals synthesis and especially chemical
modification of proteins.

It has been reported that the phenolic side chain in the tyrosine
residues in proteins could undergo three-component Mannich-
type reactions in the presence of formaldehyde and an aniline-
containing compound, which forms stable and strong –CH2–NH–
bridge connections between the tyrosine residues and the moiety of
the aniline-containing compound with high levels of selectivity under
relatively mild conditions (pH 6.5, at about room temperature, 18 h)
[16]. It was also found that the electron-rich anilines generally exhibit
higher Mannich reactivity than the electron-deficient anilines. The
results gave us a hint to develop a novel reactive dyeing method
suitable for silk based on the Mannich reaction, in which the high
content of tyrosine residues in silk act as donors, an electron-rich
aniline dye as the amine component and formaldehydeas an acceptor.

First of all, an aniline-containing dye AMODB was readily
synthesized from reactant p-nitroaniline by successive diazotiza-
tion, coupling reaction and reduction (Scheme 2). Then its molecular
Scheme 4. The Mannich-type dyeing mechanism of the arom

Please cite this article in press as: X.-J. Zhao, et al., Synthesis of an elec
through a three-component Mannich-type reaction, Chin. Chem. Let
structure was characterized by FTIR, 1H NMR, mass spectrometry
and elemental analysis. It is known that azopyrazolone dyes
predominantly exist in the hydrazone form over the azo form in
the solid state and acidic solutions [20]. The FTIR and 1H NMR spectra
of the dye provide some characteristic results to confirm this.
The stretching vibration band of carbonyl appears at 1660 cm�1 in
the FTIR spectrum. The hydrogen-bonded NH proton appears at
13.63 in the 1H NMR spectrum and its hydrogen integral is close to
1.0. The results suggest that AMODB nearly completely exists in the
hydrazone form (Scheme 3). The existence of an imine group (–NH–)
at the para position of aniline might make the aniline moiety
electron-rich and exhibit high reactivity (dye fixation) in Mannich
dyeing.

Dye AMODB was then applied to dyeing silk fabrics using the
Mannich dyeing method and its dyeing process was named as M1. Its
dyeing mechanism was described in Scheme 4. Although the
Mannich-type reaction among aniline, formaldehyde and tyrosine
residues in proteins was proven and characterized by NMR and MS
analyses, the proof of Mannich-type reaction on silk is difficult to
attain due to its polymeric properties such as large molecular
weight, complex composition including eighteen kinds of amino
acids, easy oxidation of dye chromophore during the hydrolysis in
strong acidic or alkaline aqueous solutions at high temperatures. For
example, the newly formed –N–C– bond in the Mannich-type
reaction is not intense and characteristic in FTIR analysis. Besides,
the NMR and elemental analyses need the separation and
purification of the Mannich product, which is very complicated
and difficult. The MS analysis also needs the hydrolysis of the dyed
silk to achieve amino acid derivative containing dye chromophore.
However, the harsh hydrolysis conditions often break azo chromo-
phore in AMODB and compromise the characterization of the
accurate structure of the dyed silk. In view of the difficulty in proving
the Mannich-type reaction happened on silk, two basic indicators for
proving the covalent bonding formation suitable for the reactive
dyes, namely color depth (K/S) after dyeing and color stripping were
utilized in Mannich dyeing. Moreover, a contrastive dyeing process
M2 in the absence of formaldehyde in comparison to M1 was carried
out in order to analyze the effect of formaldehyde in Mannich
dyeing. Additionally, a control dye C.I. Acid Yellow 11 was used to
atic primary amine-containing acid dye AMODB on silk.

tron-rich aniline-containing dye and its dyeing behaviors on silk
t. (2014), http://dx.doi.org/10.1016/j.cclet.2014.11.002
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e silk fabrics with the traditional acidic dyeing method (M3) to
mpare the type of bonding with M1.
The soap-washed dyeing samples of M1, M2 and M3 were then

lor stripped by DMF to verify the type of binding between dyes
d silk fibers. Fig. 1 shows the K/S spectra of M1, M2 and M3
fore and after DMF stripping. It can be seen that the silk fabrics
e successfully dyed by M1, M2 and M3 with different color depth.
th of the dyed silk fabric samples by M1 (before and after color

ripping by DMF) showed the highest K/S value and the DK/S is
wer relative to the K/S value before stripping, which is a strong
idence for covalent bond formation via the Mannich reaction. By
mparison of the K/S spectra of M1 and M2 before and after color
ripping, it is easily concluded that formaldehyde plays an
portant role in the Mannich dyeing. The absence of formalde-
de circumvents the Mannich reaction and the absorbed dyed on
k fabric is easy to stripped by DMF. As is well known that the acid
es can combine with silk through ionic bonds, which is proved to

 the case for dyed silk fabric sample with C.I. Acid Yellow 11. The
eat decline of K/S value of M3 after color stripping reveals the fact
at the ionic bonds between dyes and silk fibers can be readily
oken by polar solvent DMF. It can be predicted from the
orementioned results that the Mannich dyeing really happens

ong AMODB, formaldehyde and silk despite of the absence of
rect spectral data.

Table 1 shows the washing and rubbing fastness test results of
ed silk fabrics by the M1 and M3 processes. Clearly, the dyed
mple by M1 exhibits same rubbing fastness and superior
ashing fastness in comparison with those of the dyed sample
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312

ble 1
lor fastness properties of AMODB by M1 and C.I. Acid Yellow 11 by M3 on silk

rics.

ye Dyeing

process

Washing

fastness

Rubbing

fastness

Color

change

Staining

of cotton

Staining

of silk

Dry Wet

MODB M1 4–5 4–5 4–5 3–4 3

.I. Acid

ellow 11

M3 3 4 3–4 3–4 3

Please cite this article in press as: X.-J. Zhao, et al., Synthesis of an ele
through a three-component Mannich-type reaction, Chin. Chem. Le
by M3. It is also an indirect piece of evidence for covalent bond
formation between AMODB and silk fibers.

4. Conclusion

Under the guidance of the finding that the tyrosine residues in
proteins could undergo three-component Mannich-type reactions
with formaldehyde and electron-rich aniline-containing compounds,
which forms covalent bonding connections between the protein of
interest and the anilines with high levels of selectivity under
relatively mild conditions, an orange electron-rich aniline-containing
dye AMODB was designed and readily synthesized for Mannich-type
dyeing on silk. It is proven that dye AMODB successfully reacts with
silk fiber under mild dyeing conditions according to a Mannich-type
dyeing mechanism by some indirect evidence such as higher color
depth, better anti-stripping ability to DMF and better washing
fastness in comparison to the control acid dye on silk fabric by the
acidic dyeing method. The Mannich dyeing method can be developed
into a new energy-efficient, environmentally friendly and reactive
dyeing method suitable for silk, which might have much wider
application prospects over the traditional reactive dyes.
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