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Highlights
e Hydrogenation of 2,4,6-trinitrobenzoic acid over Pd/Sibunit catalyst.

¢ ldentification of numerous reaction intermediates using NMR spectroscopy.

e Scheme of transformations of substrate and intermediates in an aqueous medium.

Abstract:

Results of the catalytic hydrogenation of 2,4,6-trinitrobenzoic acid (TNBA) in the
presence of 1 % Pd/C catalyst with analysis of the reaction products at the steps
corresponding to the consumption of 1, 3, 5, 6, 8 and 9 moles of hydrogen per mole of
TNBA are presented. Numerous reaction intermediates were identified using the *H and
13C NMR spectroscopy; the reaction mixture composition was assessed quantitatively at
different steps of the hydrogenation. The data obtained were used to propose a scheme
of TNBA transformations over the Pd/C catalyst in the aqueous-phase reaction
conditions. The data on the component composition at different steps of TNBA
hydrogenation are important to understand the process chemistry, to explore the

possibility of selective formation of different types of intermediate nitroamino



compounds, and to synthesize high-performance catalysts for the hydrogenation of

aromatic polynitro compounds.
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1. Introduction

The catalytic hydrogenation of aromatic nitro compounds is of interest not only
as a model reaction in the development of theoretical bases for the liquid-phase
hydrogenation of organic compounds, it is also of practical importance for chemical
conversion of military high explosives into harmless products. Safe deactivation of
2,4,6-trinitrotoluene (TNT), which is among the most common explosives, by catalytic
hydrogenation has substantial environmental advantages over its utilization by
explosion, combustion, biological decomposition or chemical reduction [1-4]. So,
optimization of conditions of the catalytic process and development of more efficient
catalysts are the promising lines of investigation. The reduction of all nitro groups in
TNT can produce 2,4,6-triaminotoluene (TAT), which is an important component in the
synthesis of various commercial products [1-7]. The catalytic hydrogenation of aromatic
trinitro compounds including TNT is usually performed in organic solvents with the use
of bulk or supported catalysts containing nickel or platinum group metals [2-4, 7-33]. In
the general case, the process scheme includes the delivery of hydrogen to the catalyst
surface, its activation and interaction with nitro compound. Therewith, the hydrogen

activation step is considered as the limiting one [16, 18].



Along with the works dealing with the exhaustive hydrogenation of all nitro
groups in aromatic polynitro compounds, obtain of intermediate hydrogenation products
is also important. A study of the hydrogenation of TNT on a palladium or Raney Ni
catalysts in methanol and methanol/toluene medium demonstrated [4, 15, 19, 21] a
complex chain of consecutive and parallel reactions. Analysis of products by *H NMR
spectroscopy and mass spectrometry for the hydrogenation of TNT on a Pd/C catalyst in
an alcohol solution made it possible to suggest scheme of transformations (Scheme 1)

[21].

Along with TNT, among the most accessible and promising trinitro compounds
is the product of TNT oxidation, 2,4,6-trinitrobenzoic acid (TNBA) [34-36]. Until now,
only few works on catalytic hydrogenation of TNBA have been published [12, 37-42].
In view of environmental and green chemistry, the using of non-toxic and inexpensive
solvent such as water is preferable, but the direct application of TNBA as the substrate
for aqueous-phase hydrogenation is limited by its low solubility in water [38, 43].
However, as a component of a salt with alkaline metals, this compound has a good
water solubility [38]. The literature provides no information about the effect of
conditions of the aqueous-phase hydrogenation and catalyst composition on the process
rate and depth and on the direction of TNBA transformations.

It should be noted that various methods were employed at different stages of
studying the transformations of aromatic polynitro compounds for identification of
hydrogenation products, in particular, the elemental analysis [7-10, 31], mass

spectrometry [14, 21, 31], gas-liquid chromatography [4, 7, 15-18, 25, 29], high



performance liquid chromatography [7, 20, 29] and spectral methods [2, 3, 11, 14, 19,
21, 26, 28, 31]. Among them, one of the most efficient techniques is NMR
spectroscopy. The non-destructive nature of the NMR s its doubtless advantage, which
is most topical for investigation of unstable aromatic polynitro compounds and
hydrogenation products.

In the present work, the catalytic hydrogenation of TNBA over Pd/C catalyst
was conducted in an aqueous medium, and the products were analyzed at individual
steps of the reaction. *H and *3C NMR spectroscopy served as the main method of
investigation. The study was aimed to reveal the directions of TNBA transformations in
the aqueous-phase catalytic reaction. The choice of NMR is caused by not only a high
informativity of this method but also a low efficiency or inability to use other
techniques. So, we were not able to employ the capabilities of chromatography methods
with mass detection. Obviously, these methods should be found to be unsuitable for the
solution of our analytical task because of low stability of analyzed intermediates as well

as lack of published mass spectra for most of these compounds.

2. Experimental
2.1. Catalyst preparation

The 1 % Pd/C catalyst was synthesized by the hydrolytic precipitation of
palladium polyhydroxo complexes (PHC) on the surface of carbon material Sibunit [44-
46]. The synthesis includes (1) the preparation of palladium PHC by slow introduction
of the solution of KHCOs3 to the H2PdCl4 solution under stirring and pH controlling, (2)
the impregnation of Sibunit by solution of PHC, (3) the reduction of palladium with

sodium formate, (4) the washing of the samples [47]. Aqueous solution of H2PdCls with



desired Pd concentration was prepared by dissolution of PdCl2 in concentrated
hydrochloric acid. Before further experiments, no any pretreatments of obtained catalyst
were performed and its moisture was about 50 %. Textural characteristics of the
support, according to the low-temperature adsorption of nitrogen, were as follows: the
specific surface area determined by the Brunauer-Emmett-Teller method was 422 m?/g;
the adsorption pore volume, 0.62 cm®g; and the mean pore diameter, 5.9 nm.

Anchoring of palladium produced no changes in these parameters of the support.

2.2. Hydrogenation of TNBA

TNBA (98 % purity) was synthesized by oxidation of TNT as described by
Clarke and Hartman [34]. The sodium salt of TNBA was obtained by the addition of
sodium bicarbonate to the aqueous suspension of TNBA under careful stirring [38]. The
catalytic hydrogenation of the obtained salt (100 mL of 2 % aqueous solution) was
performed at a temperature of 323 K and pressure of 0.5 MPa in the presence of 1.00 g
catalyst (loading was about 400 g of TNBA per 1 g of Pd). The reaction was conducted
in a 180 mL steel autoclave equipped with a valve for hydrogen input and an external
thermostatted jacket. The reaction mixture was stirred by a magnetic stirrer at 1400 rpm
to prevent external diffusion limitations. The progress of the reaction was monitored by
measuring the volume of consumed hydrogen with a mass flow meter. The reaction was
stopped when the required amount of hydrogen was consumed. After cooling, the

sampling was carried out with a syringe.

2.3. Analysis of hydrogenation products by *H and 3C NMR spectroscopy



Spectra were recorded on an Avance-400 (Bruker) NMR spectrometer using
standard ampoules 5 mm in diameter at the Larmor frequency of 400 MHz (*H) or
100.6 MHz (**C) at a temperature of 303 K in a pulsed mode. The signals from residual
protons (61 of 3.30 ppm, a quintet) or carbon nuclei in methyl groups (d¢c of 49.0 ppm, a
septet) of methanol-ds were used as the internal standard for the chemical shifts. A
signal from water at ~4.9 ppm in the *H NMR spectra was suppressed by presaturation
method using the pulse sequence program (zgpr) provided with the Bruker software.
The J-modulated (JMOD) pulse sequence [48] was employed for recording all of the
13C NMR spectra. In the IMOD *C NMR spectra, the methine and methyl signals have
opposite phase to those of quaternary and methylene resonances. NMR spectra were
simulated with the ACD/Labs 6.00 (Advanced Chemistry Development Inc.) software.
Simulation was especially useful in the absence of published spectra. The quantitative
composition of reaction mixture was assessed by *H NMR from the integral intensity
corresponding to the signals of individual components non-overlapping with other
resonances. Bearing in mind that none of the signals of studied compounds was
saturated in the NMR registration conditions, it was admitted that the integral intensity
of signals is directly proportional to the number of molecules of a component in the

solution and to the number of protons in the molecules generating these signals.

3. Results and discussion
3.1. Obtaining of TNBA hydrogenation products

The hydrogenation of the sodium salt of TNBA under the chosen conditions
resulted in the consumption of 1500 mL hydrogen (reduced to normal conditions),

which is close to the stoichiometric value (9 mole per mole of TNBA) at a complete



hydrogenation of all nitro groups in trinitro compound. The obtained hydrogen
consumption curve (Fig. 1a) does not have the pronounced steps, which testifies to the
absence of selective consecutive reduction of nitro groups with a strongly different rate
and suggests that the reduction involves all nitro groups. Such a process leads to a great
number of the reaction products and complicates their identification [4, 19, 21].

To examine the composition of products resulting from the hydrogenation of
TNBA, points ii-vii, corresponding to the consumption of 1, 3, 5, 6, 8 and 9 moles of
hydrogen per mole of TNBA, were distinguished on the curve of consumption rate
versus the amount of consumed hydrogen (Fig. 1b). Further experiments consisted in
the hydrogenation of six identical solutions of the substrate with termination of the
reaction in one of the chosen points. This gave the subjects of inquiry represented by
aqueous solutions of the sodium salt of TNBA (sample i), products of complete
transformation (sample vii), and products of consecutive incomplete hydrogenation of

TNBA (samples ii-vi).

3.2. NMR study of the composition of TNBA hydrogenation products

The 'H NMR spectra of the starting compound, final and intermediate
hydrogenation products of TNBA corresponding to samples i-vii (Fig. 1), which were
obtained by the stepwise hydrogenation, are depicted in Fig. 2. It should be noted that in
some cases intermediate compounds were identified using the *3C and *H NMR spectra
that were obtained in our similar studies on the hydrogenation of more concentrated
solutions of the substrate (10 wt. %) with the catalysts of different activity.

The *H NMR spectrum of the starting solution (sample i) in addition to the

signal from the solvent shows only a singlet at 9.25 ppm corresponding to the aromatic



protons of TNBA (Fig. 2a). At the initial step of hydrogenation (sample ii) with the
consumption of 1 mole of Hz per mole of TNBA, three main compounds were identified
in the solution (Fig. 2b). Along with the signal from unreacted TNBA, the spectrum has
a singlet at 7.87 ppm and two doublets at 8.27 and 8.33 ppm with long range couplings
of 2.2 Hz (the splitting typical of meta protons), which can be assigned to aromatic
protons of 4-(hydroxyamino)-2,6-dinitrobenzoic acid (1) and 6-(hydroxyamino)-2,4-
dinitrobenzoic acid (2), respectively (Table 1). As a single alternative to compounds 1
and 2 we considered their analogs containing the amino groups instead of
hydroxyamino ones. However, such compounds give signals of their aromatic protons
in a noticeably stronger field (Ad 0.4-0.7 ppm) [49, 54]. In addition, a weak signal
possibly corresponding to 4-amino-2,6-dinitrobenzoic acid (3) is observed at the next
hydrogenation steps (Fig. 2c¢ and d) along with the signal from compound 1. The
chemical shifts of the signals that were attributed to TNBA and compounds 1 and 2 in
the 3C NMR spectrum of sample ii (Fig. S1 in the Supplementary materials) agree
satisfactorily with the similar values in the simulated spectra of individual compounds
(Table 2).

In the solution obtained by the consumption of 3 moles of Hz per mole of TNBA
(sample iii), the starting compound is absent, and compound 1 gives the most intense
signal in the 'H NMR spectrum (Fig. 2c). This spectrum has also the next high-intensity
group of signals in the region of 7.0-7.1 ppm, which is a overlapping of the singlet at
7.09 ppm with two doublets at ~7.06 and ~7.10 ppm. The validity of this fact was
confirmed by the analysis of spectra of the samples in which only a singlet or only two
doublets are observed in the region under consideration (Figs. 2d and 2f; Fig. S2). The

singlet at 7.09 ppm can be assigned to aromatic protons of 2,6-bis(hydroxyamino)-4-



nitrobenzoic acid (4), while the two doublets (7.06, 7.10 ppm) to 2-amino-6-
(hydroxyamino)-4-nitrobenzoic acid (5). The correctness of identification of compound
5 is undeniable. Since this compound is the main component of sample iv (the
consumption of 5 moles of H2 per mole of TNBA) (Figs. 2d and 3), the corresponding
signals in the *C NMR spectrum can clearly be determined (Fig. 4). The signals that
correspond to compound 5 in the *H and 3C NMR spectra can belong only to the
reduction product of TNBA that contains one nitro group and two nonequivalent meta
protons (H-3 and H-5) in the benzene ring. As shown by the analysis of simulated *C
NMR spectra for all possible locations of amino, hydroxyamino and nitro groups in the
ortho and para positions of benzoic acid, the 3C NMR spectrum depicted in Fig. 4 can
belong only to compound 5 in which the nitro group places in the para position to the
carboxyl group. After identification of compound 5, the structure of compound 4 also
becomes well established, although it could be validated only by the simulated *H NMR
spectrum of the mixture of compounds 4 and 5, which demonstrates the experimentally
observed overlapping of the signals.

The *H NMR spectrum of sample iii (Fig. 2c) also has proton signals in the
saturated region. The intensity of these signals monotonically increases in the spectra of
samples iii-vi (Figs. 2c-f; see also Fig. 3). The compounds that give singlets in the
region of 3.2-3.7 ppm were assigned, regarding the published 'H NMR spectra of
individual compounds [50, 55, 56], to methylene protons of (1Z)-cyclohexane-1,3,5-
trione trioxime (6) (three singlets at 3.22, 3.46, 3.70 ppm) and (1E,3E,5E)-cyclohexane-
1,3,5-trione trioxime (7) (one singlet at 3.50 ppm). Additionally, the identification of
these compounds was based on the spectra of the samples obtained by hydrogenation of

more concentrated (10 wt. %) solutions of TNBA where the content of compounds 6

10



and 7 was ~50 %. The *H NMR spectrum of one of such samples is depicted in Fig. 5,
and the JMOD *3C NMR spectrum — in Fig. S3. The experimental and simulated *C
NMR spectra of trioximes 6 and 7 are virtually identical (Table 2).

It should be noted that a singlet at 5.75 ppm assigned to aromatic protons of
1,3,5-triaminobenzene (8), which is the product of complete hydrogenation of TNBA,
was observed for the first time in the spectrum of sample iv (Fig. 2d). Later, upon
consumption of 8 and 9 moles of Hz per mole of TNBA (Figs. 2f and 2g), compound 8
became the main product (Fig. 3).

Before starting the identification of minor reduction products of TNBA, let us
consider the main route of the reaction, which can be derived from quantitative
assessment of the composition of reaction mixture at different hydrogenation steps by
'H NMR spectroscopy (Figs. 2 and 3). First, TNBA is reduced to 1 and 2, a further
hydrogenation of which leads to 4 and then to 5. The resulting compound 5 transforms
into trioximes 6 and 7 which, in their turn, are hydrogenated to 8 (Scheme 2).

It should be noted that the formation of compound 5 cannot be attributed only to
the consecutive hydrogenation of TNBA through the formation of compounds 2 and 4.
Even at the first step upon consumption of 1 mole of H2 per mole of TNBA (Figs. 2b
and 3), compound 1 predominates in the mixture of hydrogenation products, and at the
next steps (Figs. 2c, d and 3) the observed substantial increase in the content of 5 can
occur mainly via the reduction of 1. Hence, along with consecutive hydrogenation, the
formation of compound 5 should include a step at which the carboxyl group migrates to
form a symmetric molecule of intermediate 4. Perhaps, such migration occurs via

decarboxylation of 9 and subsequent carboxylation of formed carbanion, i.e. in the same

11



way as described for the Henkel process (also referred to as the Raecke rearrangement)

which is the isomerization of potassium phthalate to terephthalate [57, 58].

In addition, the main route of the reaction under consideration implies the
transformation of compound 5 into trioximes 6 and 7, which cannot result from the
direct reduction. Most likely, there occurs the intramolecular redox transformation of
compound 5 into symmetric 2,4,6-tris(hydroxyamino)benzoic acid (10) whose
decarboxylation gives 1,3,5-tris(hydroxyamino)benzene (11), which is able to isomerize
into oximes 6 and 7 (Scheme 2). Although the identification of intermediates 10 and 11
has failed, some of the *H NMR spectra of reaction mixtures (samples iv and v) showed
a singlet with the chemical shift at about 6.30 ppm, which can belong, according to the
simulated spectrum (Table 1), to aromatic protons of compound 11. Earlier it was
assumed that trioxime 6 or 7 exists in tautomeric equilibrium with 11 [59]. However,
more recent investigations by NMR have been established that compound 11 always
transforms into trioximes, among of which unsymmetric isomer 6 prevails [50, 55]. The
ratio of isomers 6 and 7 estimated from *H NMR data (about 90 % of 6, see Fig. 3) is
close to those determined in [50]. It is important that upon catalytic hydrogenation of
trioxime, aromatic structure is restored [55].

To determine the composition of components of samples ii-vi, which are
characterized by less intense signals in the *H NMR spectra (Figs. 2b-f), we analyzed
also the H and *C NMR spectra of the solutions obtained earlier in the experiments
with a higher content of the substrate (10 wt. %) and shown in Figs. 5, 6 and S4.

Therewith, Fig. 6 shows the spectra of the same solution with different holding time,

12



which allows observing transformation of the solution components with time. The H
NMR spectrum displayed in Fig. 5 shows not only the resonances relating to
compounds 5-8 but also two relatively intense doublet-triplet pairs of signals at 6.10
(doublet), 6.14 (triplet) and 5.88 (triplet), 5.94 (doublet) ppm, which are present in Figs.
2d-f, too. These signals can be assigned to aromatic protons of 3,5-
bis(hydroxyamino)aniline (12) and 5-(hydroxyamino)benzene-1,3-diamine (13),
respectively. Correctness of the attribution is confirmed by good agreement between
parameters of the experimental and simulated *H NMR spectra of these compounds
(Table 1) and by the results of analysis of the corresponding JMOD *3C NMR spectrum
(Table 2, Fig. S3). Compounds 12 and 13 are present in samples iv-vi, reach a
maximum content at the consumption of 8 moles of H2 per mole of TNBA, and are
absent in sample vii (Fig. 3). As shown in Scheme 2, compounds 12 and 13 are the
intermediate reduction products of oximes 6 and 7; however, other routes of their
formation (e.g. from compound 11) also cannot be ruled out.

A singlet with the chemical shift at ~5.86 ppm, which is seen in Figs. 2d-g, can
be assigned to aromatic protons of 2,4,6-triaminobenzoic acid (14). In the spectra
depicted in Fig. 6, this signal is relatively intense (second in the intensity after the signal
from compound 8), and its assignment to 14 is unambiguous, taking into account the
simulated spectrum (Table 1) and the analysis of the JIMOD **C NMR spectrum (Table
2, Fig. S4). Other signals in the spectra shown in Fig. 6 are the two doublets at 6.64,
6.88 ppm and two doublets at 6.39, 6.63 ppm, which were possibly attributed to
aromatic protons of 4-amino-2-(hydroxyamino)-6-nitrobenzoic acid (15) and 2,4-
diamino-6-nitrobenzoic acid (16), respectively. Therewith, a less stable 15 converts into

16 upon holding of the sample.
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The spectra in Figs. 2d-f, in addition to the indicated signals of compounds 15
and 16, show another two doublets at about 6.77 and 6.87 ppm, which was probably
attributed to aromatic protons of 2-amino-4-(hydroxyamino)-6-nitrobenzoic acid (17).
One can see in a detailed fragment of the spectrum in Fig. 2f (Fig. S5) that all the pairs
of doublets for compounds 15-17 are well enough resolved and do not overlap, in
distinction to the spectra in Figs. 2d and 2e. Parameters of the experimental and
simulated spectra of compounds 15-17, especially the relative positions of the
corresponding pairs of doublets, are consistent with each other. Correctness of the
identification of compound 16 is confirmed also by JMOD **C NMR spectrum (Table 2,
Fig. S4). Signals corresponding to compounds 15 and 17 were not detected in the *C
NMR spectra, probably due to their insufficient stability during the long-term (12 h)

recording of the *3C NMR spectrum.

Thus, the identification of compounds and the assessment of their contents at
consecutive hydrogenation steps give grounds to suggest that the reduction of TNBA
produces not only the main intermediate 5 but also its isomers 15 and 17. Similar to
compound 5, isomers 15 and 17 seem to be capable of transforming into the final
triamine 8 through oximes 6 and 7 and compounds 12 and 13 according to Scheme 2. At
the same time, isomers 5, 15 and 17 can be reduced to compound 16, which then lead to
the formation of triamine 8, probably via the decarboxylation of intermediate 14
(Scheme 3).

Some very weak and poorly resolved signals in the *H NMR spectra under
consideration can be attributed to aromatic protons of 3,5-diaminophenol (18), 5-

aminobenzene-1,3-diol (19) and benzene-1,3,5-triol (20), which can be produced by the

14



consecutive hydrolysis of compound 8 (Scheme 4) when the reaction is carried out in an
aqueous medium [42, 60]. A singlet at 5.89 ppm corresponding to 20 overlaps with the
signals from other compounds in most of the spectra. In some spectra, pairs of the
signals (doublet-triplet) attributed to compounds 18 and 19 are not clearly seen due to
overlapping with other resonances. The *H NMR spectrum of the sample of reaction
mixture with an increased content of one of the tested compounds, which gives doublet
at 5.78 and triplet at 5.83 ppm (Fig. S6), showed that the indicated signals belong to
aromatic protons of 18 (Table 1). In addition, identification of 18 was validated by

JMOD C NMR (Fig. S7, Table 2). Compound 19 was identified less reliably.

Fig. 2g depicts the *H NMR spectrum of sample vii that was obtained by the
exhaustive hydrogenation of all nitro groups of TNBA (about 9 mole of Hz per mole of
TNBA was consumed). The content of 8 in the reaction mixture, according to *H NMR,
was above 95 % (see Fig. 3). To provide a correct identification of low intensity signals,
more concentrated solutions (10 wt. %) with a close composition of products were also
examined. In the *H NMR spectrum displayed in Fig. S8, very weak signals
corresponding to aromatic protons of compounds 18-20 are observed.

Probably, the side hydrolysis reactions enhance the polycondensation of
hydrogenation products. In many *H and JMOD *C NMR spectra, a number of weak
signals may be observed. Taking into account the simulated *H and **C NMR spectra
(Tables 1 and 2) and the literature data [61, 62], these signals were assigned to the
oxidative polycondensation product that may be represented by the structural fragment

shown below.
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There is a satisfactory agreement between parameters of the *H NMR spectrum
(Fig. S8) that were attributed to the aromatic protons of oxidative polycondensation
product of 8 and the corresponding parameters of the simulated *H NMR spectrum of
structure 21 (Table 1). Generally speaking, the respective parameters of experimental

and simulated *C NMR spectra (Fig. S9, Table 2) are also close to each other.

4. Conclusions

The suggested conditions of the hydrogenation of TNBA as a component of the
sodium salt in an aqueous medium in the presence of 1 % Pd/C catalyst made it possible
to perform a complete hydrogenation of all nitro groups with simultaneous
decarboxylation and to selectively produce 1,3,5-triaminobenzene at a stoichiometric
hydrogen consumption.

At the same time, the NMR analysis of reaction mixtures at consecutive steps of
the reaction allowed us to obtain unique information on the composition of intermediate

transformation products and to propose a scheme of consecutive and parallel reactions
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occurring in the hydrogenation. Systematization of the large body of experimental data
acquired by the 'H and *C NMR investigation of the solutions with different and
sometimes predominant content of individual components allowed for a reliable
identification of numerous intermediates, although experimental spectral information
reported in the literature is quite scarce.

The data on the component composition at different steps of TNBA
hydrogenation, which were obtained in the study, are important to understand the
process chemistry, to explore the possibility of selective formation of different types of
intermediate nitroamino compounds, and to synthesize high-performance catalysts for

the hydrogenation of aromatic trinitro and in general polynitro compounds.
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Figure captions

Fig. 1. Hydrogen consumption curve (a) and hydrogen consumption rate versus the
amount of consumed hydrogen (b) for the hydrogenation of TNBA (in the form of
sodium salt) in aqueous solution at a temperature of 323 K and pressure of 0.5 MPa

over the 1 % Pd/C catalyst (400 g of TNBA per 1 g of Pd).

Fig. 2. The *H NMR spectra (303 K, 400 MHz, H20) of samples i (a), ii (b), iii (c), iv

(d), v (e), vi (), and vii ().

Fig. 3. (@) The change of composition of reaction mixture during the hydrogenation of
TNBA (in the form of sodium salt) in aqueous solution at a temperature of 323 K and
pressure of 0.5 MPa over the 1 % Pd/C catalyst (400 g of TNBA per 1 g of Pd). The
consumption of 0, 1, 3, 5, 6, 8 and 9 moles of hydrogen per mole of TNBA corresponds
to samples i-vii. The main components (TNBA, compounds 1, 2, 5, 6, 8 and 17)
detected by *H NMR in samples i-vii are indicated; (b) The isolated fragment of Fig. 3a

for components with a lower concentration: 6, 7, 12-17.

Fig. 4. The BC{*H} JMOD NMR spectrum (303 K, 100.6 MHz, H20) of sample iv,

whose *H NMR spectrum is depicted in Fig. 2d. The assignment of signals to compound

5is shown in Table 2.

Fig. 5. The 'H NMR spectrum (303 K, 400 MHz, H20) of reaction mixture obtained by

hydrogenation of TNBA (in the form of sodium salt) in aqueous solution (concentration

22



of TNBA is 10 wt. %) at a temperature of 343 K and pressure of 0.5 MPa. The content
of compounds 6 and 7 is 48 %. The other signals in the spectrum belong to compounds
5,8, 12, 13, 15 and 21 (see Table 1). The JIMOD *C NMR spectrum of this solution,
which was used for identification of compounds 6-8 and 14, is displayed in Fig. S3 (in

the Supplementary materials).

Fig. 6. (a) The *H NMR spectrum (303 K, 400 MHz, H20) of the reaction mixture
obtained by hydrogenation of TNBA (in the form of sodium salt) in aqueous solution
(concentration of TNBA is 10 wt. %) at a temperature of 343 K and pressure of 0.5
MPa. The spectrum was recorded immediately after sampling. (b) The 'H NMR
spectrum of the same reaction mixture after holding in an NMR ampoule for 12 h. The

attribution of signals can be found in Table 1.
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Scheme 1. Reaction pathways of TNT hydrogenation over Pd/C catalyst in an alcohol

solution. Based on *H NMR and mass spectrometry data [21].
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Scheme 2. Possible reaction pathways of aqueous-phase TNBA hydrogenation over

Pd/C catalyst. The formation of main reaction products is presented.
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Scheme 4. Side hydrolysis reactions possibly occurred during aqueous-phase catalytic

hydrogenation of TNBA.
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Table captions

Table 1. Assignment of signals in *H NMR spectra of TNBA and its hydrogenation products®.

Compound  Experimental spectrum Simulated spectrum® Literature spectral data

TNBA §9.25 (s) §8.86 (s, 2H, H-3, H-5) §9.11 (s, H-3, H-5) [49]

1 §57.87 (s) §8.08 (s, 2H, H-3, H-5)

2 §8.27(d,J=2.2),833(d, J=22) §8.01(d, % =23, 1H, H-3), 8.08 (d, J = 2.3, 1H, H-5)

3 5 7.64 (s) §7.82 (s, 2H, H-3, H-5) § 7.50 (s, H-3, H-5) [49]

4 87.09 (s) 5 6.80 (s, 2H, H-3, H-5)

5 87.06(d,J=2),7.10(d,J=2) 8 6.63 (d, “J = 2.3, 1H, H-3), 6.80 (d, *J = 2.3, 1H, H-5)

6 83.22 (s), 3.46 (s), 3.70 (s) 83.0 (m, 6H, 3CH2) 83.1(s, CH2), 3.3 (s, CH2), 3.5
(s, CH2) [50]

7 8 3.50 (s) 83.15 (m, 6H, 3CH2) 8 3.33 (s, CH2) [50]

8 §5.74 (s) §5.24 (s, 3H, H-2, H-4, H-6) § 1.50 (br.s, 6H), 5.52 (s, 3H)
[51]

11 §6.30 (s) § 6.18 (s, 3H, H-2, H-4, H-6)

12 §6.10 (d), 6.14 (1) §6.02 (d, 43 = 2.3, 2H, H-2, H-6), 6.18 (dd, 4J = 2.3, 1H, H-4)

13 §5.88 (t), 5.94 (d) §5.25 (t, 41 = 2.3, 1H, H-2), 6.02 (d, 4 = 2.3, 2H, H-4, H-6)

14 §5.86 (s) §5.61 (s, 2H, H-3, H-5)

15 §56.64 (d, J=2),6.88(d, J=2) §6.54 (d, 43 = 2.3, 1H, H-5), 7.21 (d, *J = 2.3, 1H, H-3)

16 §6.39 (d, J=2),6.63(d, J=2) §6.54 (d, 43 = 2.3, 1H, H-5), 6.95 (d, *J = 2.3, 1H, H-3)
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17
18
19

20

21

§6.77(d, J=2), 6.87 (d, J = 2)
§5.78(d, J=2),5.83 (t, J = 2)
§5.92 (1), 5.99 (d)

6 5.89 (s)

Main signals:

§5.63 (s), 6.26 (d, J = 1.8)
Minor signals:

§5.53 (t), 7.16 (s)

56.80 (d, 43 = 2.3, 1H, H-5), 7.21 (d, *J = 2.3, 1H, H-3)
85.20 (t, “J=1.9, 1H, H-4), 5.80 (d, *J = 1.9, 2H, H-2, H-6)
55.93 (d, " = 2.1, 2H, H-4, H-6), 6.14 (t, 1 = 2.1, 1H, H-2)

8 5.56 (s, 3H, H-2, H-4, H-6)

Main signals:

§6.10 (s, 2H), 6.18 (d, 2H), 6.32 (d, 2H)

Minor signals:

§5.28 (t, 1H), 5.65 (d, 1H), 5.70 (t, 1H), 6.50 (t, 1H), 6.52 (dd,
1H), 6.54 (d, 1H), 6.61 (t, 1H), 6.66 (t, 1H), 6.68 (t, 1H), 7.01
(dd, 1H)

§4.72 (s, 2H, OH), 5.43 (t, J =
1.8, 1H, H-2), 5.48 (t, J = 1.8,
2H, H-4, H-6), 8.61 (s, 2H,
NHz) [52]

§ 5.80 (s, 3H, H-2, H-4, H-6)
[53]

& Chemical shifts are expressed in ppm. Multiplicities are denoted as follows: s = singlet, d = doublet, t = triplet, m = multiplet. Coupling constants (J)

are given in Hz.

b Simulation of spectra were performed with the ACD/Labs 6.00 (Advanced Chemistry Development Inc.) software. The signals of exchangeable

protons (such as NH and OH) are not presented.
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Table 2. Assignment of signals in IMOD *C NMR spectra of TNBA and its hydrogenation products?.

Compound Experimental spectrum Simulated spectrum®

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-1 C-2 C-3 C-4 C5 C-6 C-7
TNBA 136.4 146.1 126.1 146.1 126.1 146.1 167.1 126.9 146.5 125.8 144.0 125.8 146.5 169.3
1 1240 1475 1140 1519 1140 1475 170.0 1151 152.0 117.6 156.6 1176 1520 169.3
2 126.8 146.6 111.3 150.3 113.0 148.2 169.7 1189 1520 1141 1543 1176 1530 1674
5 1149 148.8 104.0 152.2  102.0 150.0 172.0 110.1 153.6 105.4 162.0 1029 155.5 165.7
6 1540 35.7 153.9 31.0 153.9 25.8 1589  36.3 156.3 30.3 156.3 243
7 1540 304 154.0 30.4 153.9 30.4 1589 303 158.9 30.3 156.3 30.3
8 149.1  96.9 149.1 96.9 149.1 96.9 1494 974 149.4 97.4 149.4 97.4
13 149.0 95.0 149.0 99.3 152.8 99.3 1496  97.8 149.6 101.9 153.3 101.9
14 106.7 147.0 96.1 147.7 96.1 147.0 1614 95.7 154.1 98.6 164.0 986 154.1 165.9
16 1105 1485 1074 1514 102.3 1494 1735 1041 1534 1129 159.3 1049 1547 1676
18 1584 95.6 149.6 97.6 149.6 95.6 156.9  96.9 146.5 101.3 1465 96.9
21 Main signals: 96.2, 96.3, 99.6, 148.6, 161.2 Main signals: 89.2, 90.1, 90.4, 91.0, 94.3, 96.4, 100.2, 101.2,

Minor signals: 92.9, 95.4, 95.6, 108.4, 143.5, 147.1, 148.1, 161.0,

162.2

101.6, 102.1, 102.2, 102.9, 105.8
Minor signals: 94.0, 143.9, 144.1, 145.7, 145.8, 146.1, 146.7,
147.1, 147.8, 148.0, 150.3, 150.5, 153.9, 157.0, 160.1, 162.0,

165.6

& Chemical shifts are expressed in ppm.

® Simulation of spectra were performed with the ACD/Labs 6.00 (Advanced Chemistry Development Inc.) software.
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