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Abstract: 2-Nitro-N-(2-hydroxyethyl) aniline (HC Yellow 2) is a widely used dye and intermediate for
hair coloring, textile dyeing, and printing. Therefore, investigating an efficient synthesis of HC Yellow 2
is of academic and practical importance. The reaction proceeds through nucleophilic aromatic
substitution (SyAr) reaction between ethanolamine and nitro-substituted aryl halides (2-
chloronitrobenzene or 2-bromonitrobenzene), promoted by potassium carbonate or catalyzed by copper(I)
chloride. Literature-reported conditions using potassium carbonate at 160 °C may lead to product
decomposition. At the same time, the copper-catalyzed method has low efficiency and safety concerns
related to heavy-metal catalysts. In this study, we investigated and optimized the reaction conditions for
the synthesis of HC Yellow 2 dye by comparing different substrates, potassium carbonate loadings, and
catalysts. The effects of these conditions on product yield were evaluated. The results showed that 1 equiv.
of potassium carbonate at 80 °C provided the best performance, and an isolated yield of 86.3% was
obtained. Copper(l) chloride and zinc acetate catalysis were relatively inefficient by comparison. Based
on the above results, proper control of both the base loading and the reaction temperature is essential to
prevent product decomposition and achieve high yields of HC Yellow 2.
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1. Introduction
1.1 Background and Significance of HC Yellow 2

Synthetic dyes are necessary fine chemicals in modern industry and daily-use consumer products that
have better tinting strength, colour uniformity and chemical stability than natural pigments. Synthetic
colourants do not have the natural origin of natural pigments, but by selecting synthetic raw materials
reasonably, their excellent tinting strength, tunable chromatic performance and broad application
versatility can be fully realised. They are widely used in cosmetic hair colour, textile printing and dyeing,
leather finishing and packaging colour, and have formed a mature and stable industrial supply chain [1-
3,7]. HC Yellow 2 is an all-purpose aromatic nitroamine dye and essential chemical intermediate that is
highly water-soluble, has mild colouring properties, and good light-fastness and wash-fastness. It has
mild irritation to the skin and a good colour-matching property, so it is often used as a colourant for semi-
permanent and temporary hair dyes [3, 9]. HC Yellow 2 also has many uses as an intermediate in the
production of functional dyes and fine chemicals, so it is used widely in textile auxiliaries and other
industrial colorants. With the development of green chemistry and rising environmental demands around
the world, new low-energy, high-efficiency, low-residue and environmentally friendly production routes
for dyes are urgently needed[10]. Therefore, to address the deficiencies of the traditional HC Yellow 2 in
its synthesis process and reduce costs and improve product safety, it is both feasible in theory and practice.

1.2 Limitations of the Potassium Carbonate-Assisted Method

The potassium carbonate-assisted way has simple operations, low-cost reagents and is metal-free;
thus, the product purity is high. Potassium carbonate is a weak inorganic base that neutralises hydrogen
halide by-products to shift the reaction equilibrium away from products and generate more nucleophiles
for the forward reaction [5]. However, this protocol is still a high-temperature process at 160 °C and is
not suitable for substrates. Prolonged high-temperature heating causes thermal decomposition and
oxidation of HC Yellow 2 because of the relatively low thermal stability of nitro and amino functional
groups. Cleavage of the molecular bond produces dark-coloured impurities, reduces the yield of products,
and makes the colour less uniform; thus, it is unsuitable for cosmetic-grade dyes. In a high-temperature
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environment, the speed of evaporation and decomposition for readily volatile raw materials will be
relatively high; thus, there will be material loss and higher production costs. At the same time, a large
quantity of alkaline waste and wastewater are generated and need to be treated. Excessive ethanolamine
can promote a second nucleophilic substitution at high temperatures, generating diarylamine by-products
and complicating purification [11, 12].

1.3 Limitations of the Copper-Catalyzed Method

Copper(I) chloride catalytic systems are relatively low-temperature alternatives for this reaction,
operating around 100-120 °C via transition-metal activation [5-8]. The copper catalyst coordinates with
substrate halogen atoms and ethanolamine amino groups to reduce the activation energy of SNAr
reactions and inhibit thermal decomposition. Although it is energy-efficient, the two problems of this
catalytic route are a low product yield and hazardous heavy-metal residues. Catalyst deactivation often
occurs in the reaction due to active-site coverage by halide salts and polymeric by-products; thus,
substrate conversion is reduced. Copper catalysis may promote the oxidation and polymerisation of the
amine substrate to form macromolecular impurities, thus reducing the yield and purity of the product.
Most significantly, the remaining copper ions are very dangerous to people using cosmetics. Heavy metal
residues in skin-contact hair dyes can cause irritation and allergic reactions, fail to meet the strict heavy
metal limits in the EU Cosmetics Regulation and US FDA [13]. Copper residues will reduce the light-
and storage-stability of the dye, cause colour fading, and result in non-compliant products.

1.4 Influence of Key Reaction Parameters

Other reasons for a low-yield reaction or a poor-quality product may be missing. Substrate Structure
affects reactivity; 2-bromonitrobenzene has higher SNAr activity than 2-chloronitrobenzene, but it is
more expensive to produce, so a trade-off must be made between high-efficiency conversion and cost.
An insufficient amount of base and catalyst will slow down the reaction; otherwise, over-alkylation or
other side reactions may occur [14]. The previous post-treatment methods were extraction, crystallization
and filtration repeatedly; thus, 10-15% of the product was lost, and trace impurities such as ethanolamine
and unreacted nitroarenes remained. Residual impurities can reduce the efficiency of dye and cause skin
irritation or damage to cells [15].

1.5 Objectives of This Study

Given the obvious defects of the existing synthetic route, such as harsh reaction conditions, low yield,
poor stability and possible safety risks, systematic optimisation of the HC Yellow 2 synthesis conditions
is required urgently. In this study, the type of aryl halide substrate, potassium carbonate equivalent (0.5—
2.0 equiv), and mono/combined application of copper(I) chloride and zinc acetate catalysts were all
systematically varied. A mild, efficient, low-residue and eco-friendly synthetic route is proposed in this
paper to improve the yield and purity of HC Yellow 2, reduce production costs, and eliminate heavy-
metal safety risks. In addition, the relationship between reaction parameters and product stability has
been determined to provide robust theoretical support and practical reference for the industrial-scale
production and high-quality quality control of HC Yellow 2.

The target compound HC Yellow 2 was synthesized via nucleophilic aromatic substitution (SNAr)
between 2-halonitrobenzene and ethanolamine, with potassium carbonate as base under heating
conditions. The synthetic route is shown in Figure 1.

NO NO,
* x o _KeCOs N
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X = Cl or Br HC Yellow 2

Figure 1. Synthetic route of HC Yellow 2
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2. Materials and Methods
2.1 General Information

2.1.1 Materials and Reagents

All reagents used are of analytical grade as listed above: 2-chloronitrobenzene, 2-bromonitrobenzene,
ethanolamine, potassium carbonate, cuprous chloride and zinc acetate were purchased from a commercial
company and used directly without any extra purification or drying. Deionized water was used for all the
following processing steps.

2.1.2 Reaction Setup and Equipment

All the reactions were carried out in round-bottom flasks with magnetic stir bar, and based on the
scale of the reaction, a flask of about 25 mL or 50 mL was selected. The reaction systems were operated
under open-air conditions without inert gas protection. Heating was provided by Heidolph MR Hei-Tec
heating magnetic stirrer, with the temperature controlled by a hot-plate with contact thermometer, and
magnetic stirring was maintained throughout each run.

2.1.3 Reaction Monitoring

During the reaction, progress was continuously monitored via thin-layer chromatography (TLC)
using a commercial silica gel G60 plate as the stationary phase and a developing solvent system of n-
hexane—ethyl acetate (1:4, v/v).A UV lamp (254 nm) was used to observe the migration and
disappearance of spots for each component to determine how much starting material had been consumed
and how much target product had formed. When the TLC showed that the starting-material spot had
completely disappeared or was no longer changing significantly, it was determined that the reaction had
reached its end, and heating and stirring were immediately discontinued.

2.1.4 Product Isolation and Purification

Crystallisation was employed to separate and purify the target product; otherwise, column
chromatography or multiple recrystallisations would have been needed. The reaction has been completed;
now, it will be transferred to a conical flask while hot. Add approximately two to three times the volume
of the reaction mixture of deionized water slowly while stirring, and a large amount of solid will
precipitate. Then, put the mixture in an ice-water bath to cool, and after about 1-2 hours, it will have
crystallized. Suction filtration was used to collect the precipitated crystals with a Biichner funnel, and the
filter cake was washed several times using a small amount of cold deionized water or a suitable solvent
to remove residual inorganic salts and unreacted amine compounds.

2.1.5 Yield Calculation and Reproducibility

Dry the crude product to a constant weight in an IR lamp or a vacuum oven at 40-50 °C. Precisely
weigh the final mass on an analytical balance and calculate the molar yield according to the amount of
nitro-substituted aryl halide used. Yield data are based on the initial amount of this starting material, and
for each condition, at least two parallel experiments were carried out to ensure reproducibility. All of the
above experiments were carried out in a well-ventilated chemical fume hood and met the relevant
chemical safety requirements.

2.2 Typical Procedure for the Synthesis of HC Yellow 2

In a 50-mL round-bottom flask, 2-chloronitrobenzene (1.58 g, 10 mmol) and ethanolamine (1.22 g,
20 mmol) were dissolved in ethanol. Potassium carbonate (1.38 g, 10 mmol, 1.0 eq.) was added as the
base. Mix the two and, at 80 °C, stir for 8 hours. Finish the (TLC monitoring), then cool the reaction
mixture to room temperature and dilute it with water (20 mL); filter the precipitate to obtain it. Wash the
solid with cold ethanol and dry in a vacuum oven to obtain HC Yellow 2 as an orange-red solid (1.57 g,
86.3% yield), mp 72.0-73.5 °C [4].

2.3 Optimization and Screening Experiments

To determine the best reaction conditions, a series of experiments were conducted on a 10 mmol scale
of the nitro-substituted aryl halide with 2 equivalents of ethanolamine (20 mmol), and three factors were
systematically varied: (i) the amount of potassium carbonate (0, 0.5 and 1.0 equivalents); (ii) the aryl
halide substrate (2-chloronitrobenzene versus 2-bromonitrobenzene); and (iii) the catalyst (none, 10 mol%
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CuCl, or 10 mol% Zn(OAc)2). Unless otherwise noted, all the reactions were carried out at 80 °C with a
magnetic stirrer and observed by TLC. At the end of this process, the product was purified using the
standard crystallization workup in Section 2.1.4, and the isolated yield was recorded. The specific
conditions and corresponding results are as follows: Table 1.

2.4 Product Characterization

The isolated product was identified by the above methods. Visually observe and record the appearance
and colour of an orange-red solid. A WRS-2C capillary melting-point apparatus was used to measure the
melting point; it was 72.0-73.5 °C and in line with the data in [4]. Thin-layer chromatography (n-hexane—
ethyl acetate 1:4, visualised at 254 nm) of the purified material showed a single major spot, indicating
good purity, and the complete disappearance of the starting-material spot showed full conversion. 'H and
13C NMR spectra were recorded on AVANCE III 400 spectrometer.

2.5 Typical Procedure for the Synthesis of HC Yellow 2.

In a 50-mL round-bottom flask, 2-chloronitrobenzene (1.58 g, 10 mmol) and ethanolamine (1.22 g,
20 mmol) were dissolved in ethanol. Potassium carbonate (1.38 g, 10 mmol, 1.0 equiv.) was used as the
base. At 80 °C, the mixture was stirred for 8 hours and then increased the temperature. Complete the
observation of TLC, then cool the reaction mixture to room temperature and dilute it with water (20 mL),
and finally filter to obtain the precipitate. Wash the solid with cold ethanol and dry in a vacuum oven to
obtain HC Yellow 2 as an orange-red solid (1.57 g, 86.3% yield), mp 72.0-73.5 °C.*1 'TH NMR (400 MHz,
DMSO-d6) & 3.36-3.40 (m, 2H), 3.62-3.66 (m, 2H), 5.09-5.12 (br, 1H), 6.64-6.69 (m, 1H), 7.01-7.05 (m,
1H), 7.48-7.53 (m, 1H), 8.02-8.05 (m, 1H), 8.18-8.21 (br, 1H). 3C NMR (101 MHz, THF) 3, 45.11,
59.47,115.07, 115.75, 126.62, 131.39, 137.13, 145.86.

3. Results and Discussion

Table 1. Optimisation of the Reaction Conditions for the Synthesis of HC Yellow 2 Dye*

Entry K>CO; Catalyst X Temp. Time Yield®
(equiv.) (10 mol%) (°C) (hr) (%)
1 1 Cl 80 8 86.3
2 0.5 Cl 80 12 80.4
3 0 Cl 80 15 68.7
4 1 Br 80 8 ~50¢
5 CuCl Cl 80 8 ~50¢
6 Zn(OAc), Cl 80 8 65.8
a. All the reactions used 10 mmol of a nitro-substituted aryl halide and 2 equivalents of ethanolamine
(20.0 mmol).

b. Isolated yields.
c. Estimated by TLC.

Systematically explore the synthesis of HC Yellow 2 through nucleophilic aromatic substitution
(SNAr) reactions of ethanolamine with nitro-substituted aryl halides in this study. The three main factors
were potassium carbonate loading, substrate halogen type and transition-metal catalysts. The indices of
evaluation were isolated yield, cost and safety for cosmetics.

Effect of K2COs Addition. 2-Chloronitrobenzene (10 mmol) was used as the electrophile at 80 °C for
8 h, and 1.0 equivalent of K-COs provided the best results; complete substrate conversion was achieved
(TLC, hexane—ethyl acetate 1:4), and after water precipitation, ice-cooling crystallisation and vacuum
drying, a yield of 86.3% was obtained for the isolated product. Lowering the base to 0.5 equivalent
reduced the yield to 80.4% even after extending the reaction for 12 hours; unreacted starting material
was still present in TLC because there was insufficient base to neutralise the generated HCI, leading to
the protonation of ethanolamine and suppression of the SNAr equilibrium. Omitting K-COs entirely
(Entry 3) resulted in poor performance; even after 15 h at 80 °C, a significant amount of raw material
remained, and raising the temperature to 90 °C for an extra 4 hours caused side reactions (dark impurities
on TLC) and dropped the isolated yield to 68.7%. Therefore, stoichiometric carbonate is needed for high-
efficiency conversion.

Effect of Substrate Halogen. Under the best-case base condition (1 eq.). K2COs, 80 °C), and replacing
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2-chloronitrobenzene with equimolar 2-bromonitrobenzene (Entry 4) unexpectedly worsened the result.
Bromide is a better leaving group in classical SNAr theory, but the higher reactivity of the C-Br bond led
to over-substitution under our mild metal-free conditions. TLC showed many polar by-products
(diarylamine over-alkylation products) at various times during the reaction, and the crude product had
significant dark viscous impurities. Based on the intensity of TLC spots, the estimated yield was about
50%, and therefore, brominated substrates were not suitable for this low-temperature method.

Effect of Metal Catalysts. At 80°C and 1 eq. K2COs: Add 10 mol% of either CuCl or Zn(OAc).. CuCl
(Entry 5) also showed several impurity spots in TLC that were similar to those of the high-temperature
carbonate process; thus, radical-induced oxidation and cross-coupling had occurred. The semi-
quantitative yield was about 50%. Zn(OAc). (Entry 6) was used to reduce the amount of dark polymeric
impurities somewhat and increase the yield to 65.8%, but this was still much lower than in the metal-free
system. Both catalysts contain heavy-metal impurities and are therefore unsuitable for cosmetic-grade
dyes. Therefore, neither catalyst improved the efficiency under our conditions; instead, they introduced
side reactions and safety risks.

Conclusion. The optimal protocol is: 2-Chloronitrobenzene (10 mmol), 1 equivalent of K2COs, no
catalyst, 80 °C for 8 h, and HC Yellow 2 was obtained in an isolated yield of 86.3%. This metal-free,
mild and economically feasible way does not require high temperatures, produces fewer by-products and
avoids heavy-metal contamination, thus being suitable for industrial-scale production.

NO, NO
H 2 NO
N cl K,CO4 2 H
\/\ +
©/ OH @/ - - N ~ N0
eat
HC Yellow 2

2-nitro-N-(2-(2-nitrophenoxy)ethyl)aniline

Figure 2. Proposed main side reaction during the synthesis of HC Yellow 2.

The main side reaction was analyzed according to literature reports.’! As shown in Figure 2, HC
Yellow 2 may undergo a further SxAr substitution with the starting material 2-chloronitrobenzene to
generate 2-nitro-N-(2-(2-nitrophenoxy) ethyl) aniline during the reaction. The experiments suggest that
this side reaction is not apparent at 80 °C. However, when the reaction temperature exceeds 90 °C or
when copper catalysis is used, by-products are clearly generated. Therefore, the relatively optimized
conditions are 80 °C for 8 hours using 1 equiv. of potassium carbonate as the base promoter.

4. Conclusion

In this study, we systematically investigated the effect of potassium carbonate dosage (ranging from
0.5 to 2.0 equivalents) and various catalytic systems (including no catalyst, copper(I) chloride alone, zinc
acetate alone, and a combination of the two) on the synthesis yield of 2-nitro-N-(2-hydroxyethyl)aniline
(HC Yellow 2), and based on these findings, we optimized the reaction temperature and post-treatment
crystallization conditions. The experimental results show that when 1 equivalent of potassium carbonate
is used as the base and the reaction is carried out at 80 °C, the isolation yield of the target product is
highest, reaching 86.3%, and the product purity is good (as verified by TLC and melting point
determination).The above optimal conditions cleverly avoid the potassium carbonate-promoted side
reactions mentioned in the literature at high temperatures (160 °C); otherwise, high temperatures would
lead to the denitration of the product or degradation of the hydroxyethyl side chain, significantly reducing
the yield. Cuprous chloride or zinc acetate were added as catalysts in contrast, but neither alone nor in
combination with others increased the yield; instead, in some experiments, a darkening of the product
colour or an increase in impurity spots was observed. It is believed that this may be due to metal-ion-
induced radical side reactions or competition for coordination with ethanolamine, thereby disrupting the
SNAr reaction pathway. In addition, an excess of potassium carbonate (e.g., 2 equivalents) is also
detrimental to the reaction; this may be due to too strong a base that promotes the secondary
decomposition of the product, and therefore, precise control over the quantity of base must be maintained.
The above results confirm that potassium carbonate can be used to promote the SNAr reaction without a
metal catalyst, and it has also been found that a low temperature (80 °C) and an equal amount of base are
necessary to balance the speed of the reaction with the stability of the product. The results of this study
provide reliable data support for the green and efficient synthesis of HC Yellow 2, and offer an excellent
process route for industrial application; that is to say, it can avoid heavy-metal catalyst residues and
reduce energy consumption and post-treatment steps. Future work may further explore other organic
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bases or phase-transfer catalysts to achieve higher yields at lower temperatures.
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