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Cmambs nocesawena 2udpozenu3auuu 4-numpoanununa, 4-amuno-2'-2udpokcu-5'-memu-
aazpoenszona, ux cmecu u 4-numpo-2'-2udpoxcu-5'-memunazodeH3ona Ha CKeemHOM HUKeNe 6 600-
HOM pacmeope 2-nponanona azeomponnozo cocmaea (x; = 0,68) u oannom pacmeopumene c 00bas-
koit kucnomut (0,01 M CH;COOH) unu zudpokcuda nampusn (0,01 M NaOH). Boiacnenue npudun u
Paspadomka no0Xo008 K CeleKMUGHOMY YRPAGICHUI0 CIAOUIHOCIbIO RPE6PACHUTL 3AMeUeHHbIX
HUMPOAa300eH30108, COOEPHCAUUX 68 MOJIEKYIle 06€ PEAKUUOHHbLE ZDYRNbL, 8 YCI06UAX CUOPO2EHU3A-
WYUU NPeOCMAasnAIOM UHMepec C meopemuieckoil U npakmuieckoil mouek 3penusn. Ckopocmo oopa-
308AHUA NPOMENHCYMOYHBIX NPOOYKNIOE HPU ZUOPOEHUAUUU HUMPOA300€H30108 60 MHOZOM ONpe-
densemcsa akmueayuell HUmMpo- u azozpynn. Illenv pabomut — npogedenue cpagHuUmMenbHO20 AHATUZA
CKOpocmeii npespauieHuss HUmpo- u a3ozpynn 6 UHOUBUOYAbHBIX COCOUHEHUSX CO CKOPOCHAMU 2U0-
PO2eHU3AyUU UX CMeCU U CKOPOCHbIO RPePaieHUA HUMPOa300eH30.1a, UMEIOu|ez0 8 C60eM COCage
00HOBPEMEHHO HUMPO- U A302PYNNY, 00CYHCOCHUE NPUYUH GTUAHUA COCINABA PACHEOPUMEN HA CKO-
POCHLb NPedPAUieHUII MOHO- U OU3ameuleHHbIX Oen3onos. /lannvie Y D-cnekmpockonuu ceudemens-
CHEYIOm 0 mMoM, YUMo IJIeKMPOHHOE COCMOAHUE 2UOPUPYEMBIX COCOUHEHUTL 8 UCHOIB3YEMBIX COCHLA-
6ax pacmeopumens He nHpemepnesaen CyuieCnmeeHHbIX U3MEHEeHUIl, MaK KaK MAKCUMYMbl 020U e-
Husa cmewiatomcea He oonee wem Ha 1 nm Kak npu eéeéedeHuu 000aeKu KUCI0Mbl, MAK U OCHOBAHUA.
Hanpomue, nadniooaemole cKOpoCHU 2UOPOEHUZAUUU MOHO- U OU3AMEULEHHBIX O0EH30108 U3MEH -
omcsa 6 00cmamouHo wupokux npeoenax. CpagHumenbHovlil AHAIU3 CKOPOCHEll 2UOPOZEHU3AUUU UH-
OUBUOYAIbHBIX COCOUHEHUIl, UX CMeCU U OU3AMEW,eHH020 OeH3071a N0368071A€m COeNamsb 661600 O
mom, Ymo nepeoouepeoHoCmb 60CCHIAHOBIEHUA MOl UL UHOU ZPYNNbL 8 cocmaee 4-numpo-2'-zuo-
POKcu-5"-memunazoden3ona MoxicHo coenamsv HA OCHOBAHUU PACYEema KOAUUeCME8eHHO20 COOMHO-
uieHusn oopazyrouuxca npodykmos peaxyuu. Ilpu zudpozenuzauyuu cmecu coeouHeHnuil, cooepica-
WAUX HUMPO- U A302PYRNbL NEPEOCMENEHHYIO POlb HAYUHAEH UZPAMb UX A0COPOUUOHHAA, A He PeaK-
UUOHHAA CROCOOHOCHD.
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The article is devoted to the investigation of the hydrogenation of 4-nitroaniline, 4-amino-
2'-hydroxy-5'-methylazobenzene, their mixture and 4-nitro-2'-hydroxy-5'-methylazobenzene on
skeletal nickel in an aqueous solution of 2-propanol with azeotropic composition (x, = 0.68) and
this solvent with the addition of acid (0.01 M CH3COOH) or sodium hydroxide (0.01 M NaOH).
The elucidation of the reasons and the development of approaches to the selective control of the
staged transformations of substituted nitroazobenzenes containing two reactive groups in a mole-
cule under the conditions of hydrogenation are of interest from theoretical and practical points of
view. The rate of formation of intermediate products during the hydrogenation of nitroazobenzenes
is largely determined by the activation of nitro and azo groups. The aim of the work is to conduct a
comparative analysis of the rates of conversion of nitro- and azogroups in individual compounds
with the rates of hydrogenation of their mixture and the rate of conversion of nitroazobenzene,
which simultaneously contains nitro- and azogroups, to discuss the reasons for the influence of the
solvent composition on the conversion rates of mono- and disubstituted benzenes. UV-spectroscopic
data indicate that the electronic state of the hydrogenated compounds in the solvent compositions
used does not undergo significant changes, since the absorption maxima are shifted by no more
than 1 nm, both with the addition of acid and base. On the contrary, the observed rates of hydro-
genation of mono- and disubstituted benzenes vary within fairly wide limits. A comparative analysis
of the rates of hydrogenation of individual compounds, their mixtures and disubstituted benzene
allows us to conclude that the priority of reduction of one or another group in 4-nitro-2'-hydroxy-
5'-methyl-azobenzene can be made on the basis of calculating the quantitative ratio of the reaction
products. When a mixture of compounds containing nitro and azo groups is hydrogenated, their
adsorption rather than reactivity begins to play the primary role.

Key words: liquid-phase hydrogenation, skeletal nickel, kinetic curve, reaction rate, 4-nitro-2'-hydroxy-
5'-methylazobenzene, 4-nitroaniline, 4-amino-2'-hydroxy-5'-methyl-azobenzene, mixture of compounds, 2-pro-
panol, acetic acid, sodium hydroxide, hydrogen, forms of hydrogen, selectivity
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The processes of the liquid-phase hydrogena-
tion are the basis of effective technologies for obtain-
ing products in the fine organic synthesis. However, in
the original literature, information concerning the hy-
drogenation of mixtures of substances or compounds
with several reactive groups with respect to hydrogen
is extremely limited [1, 2]. It is not possible to make
reasonable predictions about the selectivity of the hy-
drogenation of disubstituted benzenes when the reac-
tion conditions change.

The purpose of the work is to performa com-
parative analysis of the rates of conversion of nitro and
azogroups in individual compounds with the rates of
hydrogenation of their mixture and the rate of conver-
sion of nitroazobenzene, which simultaneously con-
tains nitro and azogroups, and the reasons for the influ-
ence of the solvent composition on the rate of transfor-
mations of mono- and disubstituted benzenes.

It is known that the rates and rate constants of
reactions in heterogeneous catalysis are determined by
a number of factors [1]. In particular, the medium as a
homogeneous component of the catalytic system deter-
mines the reaction rate through a change in the solubil-
ity of the compound to be hydrogenated, their adsorption
value, hydrogen reproduction rate, the solvent can de-
termine the macrokinetic region of the process, etc. In
this work, an azeotropic composition of 2-propanol is used
as media (x2 = 0.68) and this solvent with the addition
of acid (0.01 M CH;COOH) and base (0.01 M NaOH).

The starting compounds used were 4-nitroan-
iline (4HA), 4-amino-2'-hydroxy-5-methylazobenzene
(4AAB) and 4-nitro-2'-hydroxy-5'-methylazobenzene
(4NAB). 4HA and 4AAB were chosen as individual
compounds not only because of the presence of nitro
and azo groups in them, respectively, but also because
they are products of hydrogenation of 4ANAB.
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4-nitro-2'-hydroxy-5'-methylazobenzene was
synthesized by the method of traditional synthesis of
azo dyes in described [3]. After diazotization, 4-ni-
troaniline followed by decomposition of the diazonium
salt and combination with 4-cresol, 4-nitro-2'-hydroxy-
5'-methyl-azobenzene was separated by filtration,
dried and then re-precipitated from DMF, followed by
recrystallization from ethanol.

4-amino-2'-hydroxy-5'-methylazobenzene was
obtained by reduction of 4-nitro-2'-hydroxy-5'-methylazo-
benzene with sodium sulfide with an excess of the lat-
ter. The resulting product was recrystallized twice
from ethanol. The structure of the synthesized com-
pounds was confirmed by the methods of elemental
analysis, NMR, IR and mass spectrometry.

In kinetic studies, skeletal nickel [4] served as
a catalyst with an average particle size of 4 um with
their distribution over a radius close to monodisperse.

The reaction was monitored by the amount of
absorbed hydrogen, the observed reaction rates were
calculated from the change in the amount of hydrogen
per unit time. In all cases, a correspondence was ob-
served between the amount of absorbed hydrogen and
the reaction stoichiometry corresponding to the com-
plete conversion of the individual compounds or their
mixtures. Additionally, the completeness of the con-
version of the starting compounds and the selectivity
of the reaction with respect to the final products were
confirmed by thin-layer chromatography.

Spectral studies were performed on a spectro-
photometer "CARY 50 scan UV-Visible Spectropho-
tometers" in the UV region of the spectral scale. The
wavelengths corresponding to the absorption maxima
of the individual compounds were found by mathemat-
ical processing of the spectral curves.

Quantitative analysis of the samples taken dur-
ing hydrogenation of 4NAB was performed using
HPLC on a brandchromatograph "Shimadzu LC-6A"
with a 25 cm long stainless steel packed column, spec-
trophotometric detector with deuterium and tungsten

elements for the UV and visible spectral regions. The
detector device made it possible to carry out measure-
ments in the scale range from 175 to 700 nm. The man-
agement of the analysis conditions and the processing
of the obtained results were performed using a personal
computer. "Lichrosorb RP-18" with a particle diameter
of 5 um was used as the stationary phase; aqueous so-
lutions of acetonitrile of various concentrations were
used as eluent: in the analysis of 4HA — 20%, 4NAB
and 4AAB — 60%. The column temperature, eluent feed
rate, and wavelength were selected experimentally.
Qualitative analysis by ascending thin layer
chromatography was carried out on Sorbfill plates us-
ing the toluene: ethyl acetate binary mixture as a eluent
ina 7: 3 volume ratio and nitrogen oxides as an identi-
fying agent. Identification of the reaction products was
performed by comparing the working chromatograms
with chromatograms of individual witness substances.

EXPERIMENTAL SECTION

UV-spectroscopic data indicate that the elec-
tronic state of 4HA, 4AAB and 4NAB in the solvent
compositions used does not undergo significant changes,
since the absorption maxima are shifted by no more
than 1 nm, both when introducing an acid additive and
a base. At the same time, the solubility of the com-
pounds varies in different ways depending on the com-
position of the solvent — see Table 1.

It should be noted that the solubility of 4HA
does practically not change, while for 4AAB it in-
creases noticeably when going from a neutral solvent,
respectively, to a solvent with the addition of sodium
hydroxide and acetic acid. No correlation between the
change in solubility and the observed reaction rate for
different media is observed. The solubility of hydrogen
was assumed to be unchanged and was assumed to be
equal to the solubility of gas in an aqueous solution of
2-propanol with an azeotropic composition of
1.8-10°% cm3/cm? liquid phase.

Table 1

Solubilities (o) and wavelengths of absorption maxima (A, nm) in UV spectra of solutions of hydrogenated compounds
Taobauya 1. PactBopuMocTH () ¥ 3Ha4eHUs! AJTUH BOJH MAKCUMYMOB NorJiomeHust (A, HM) B Y ®-ciekTpax pacTBo-
POB Ir'HIPHPYEMBIX COeIHHEHH

Solvent
2-propanol-water -0.01 M 2-propanol-water-0.01 M
Compound pCHIzCOOH, pH = 4.2 2-propanol-water pH = 8.0 P NF:;OH, pH = 13.2
a, g/100 cm?® A, nm a, g/100 cm® A, nm a, g/100 cm® A, nm
4NA[5] 3.51+£0.20 380 3.40+0.20 379 3.28+0.20 380
4AABJ[5] 2.88+0.20 385 0.42+£0.05 384 1.48+£0.10 386
4NAB - 338; 418 0.14+0.02 338; 418 - 338; 418

There is a change in the rates of hydrogenation
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for various media. For the convenience of comparing
the kinetic curves in Fig. 1-3, the initial sections of the
dependences are shown to the degree of conversion for
each of the hydrogenated compounds 0.55-0.65.

In [1, 6-8], it was shown that on skeletal nickel
under the conditions of hydrogenation of substituted
benzenes, the rate of azo group conversion increases
with the presence of an acid in the solvent, while for
the nitro group this change occurs under the influence
of sodium hydroxide. The results obtained, shown in
Fig. 1-3 and Table 2, do not contradict this provision.

The kinetic curves shown in Figure 1 allow the
following conclusions. In a neutral solvent, the rate of
hydrogenation of the azo group in 4AAB is higher than
the rate of reduction of the nitro group in 4HA. When
hydrogenating 4NAB and mixture 4NA with 4AAB,
the rate is within the error of the experimental results
at 4AAB reduction rates.

A different picture is observed with the hydro-
genation of 4HA, 4AAB, their mixture and 4NAB in a
solvent with the addition of sodium hydroxide and ace-
tic acid.

Fig. 2 shows the initial sections of the kinetic
curves illustrating the transformation of the hydrogen-
ated compounds in the presence of a base. In this sol-
vent composition, in contrast to the neutral medium, in
the initial phase of the reaction, the hydrogenation rates
for a mixture of 4HA and 4AAB, as well as 4ANAB, are
in good agreement with each other and respond within
the error limits of the hydrogenation rate 4HA. This al-
lows us to conclude that both in a mixture of nitro and
azo compounds, and in 4NAB, the conversion of the
nitro group is of paramount importance. Indeed, ac-
cording to the quantitative analysis of samples of the
reaction mass during hydrogenation of 4NAB, the
yield of 4AAB is 85%. As shown above, in a neutral
solvent, the rates of hydrogenation of 4NAB are close
to the conversion rate of 4AAB. It can be assumed that
the yield of 4AAB in comparison with the solvent in
which the base is present should decrease, which is ob-
served in the experiment — the yield of 4AAB de-
creases to 65%.

The coincidence of the rates of hydrogenation
of the mixture and 4HA within the experimental error
indicates that the adsorption capacity of 4HA is higher
than for 4AAB. According to the data given in [9-13],
the adsorption coefficients for intermediate reduction
products of nitrobenzene containing various unsatu-
rated groups, including the nitro and azo group, can
differ by more than two orders of magnitude, which
ensures the primary reduction of the nitro compound.
A similar pattern was observed when hydrogenating a
mixture of nitrobenzene with azoxybenzene on skeletal

nickel in an agueous solution of 2-propanol with azeo-
tropic composition was example [15].

In the presence of acid in the solvent (Fig. 3)
the observed rates of hydrogenation for the mixture,
and especially 4ANAB, decrease from the values char-
acteristic of the conversion of 4AAB to values close to
the rates of reduction of the nitro group in 4HA. It can
be assumed that in this solvent the addition of hydro-
gen both in 4NAB and in the mixture of compounds
will mainly occur along the azo group. Indeed, when
4NAB is hydrogenated, the 4AAB vyield, as compared
with neutral solvent, decreases from 65% to 2%. In ad-
dition, according to TLC, during the hydrogenation of
a mixture of 4HA with 4AAB, the appearance of 2-
amino-4-methylphenol, which is the product of double
bond hydrogenation in 4AAB, is observed from the be-
ginning of the reaction. The sequence of transfor-
mation of the reactive groups during the hydrogenation
of 4ANAB and in the mixture of individual compounds
is given in Table 2.

It can be stated that the conclusion about the
priority of the restoration of one or another group in the
composition of a disubstituted compound can be made
on the basis of the analysis of the formed reaction prod-
ucts and the calculation of their quantitative ratio.
When hydrogenating a mixture of compounds contain-
ing similar groups, one can come to the wrong conclu-
sion, since not only the reactivity of one group or an-
other, but also the adsorption capacity of the compound
begins to play the primary role [9-15].
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Fig. 1. The change in the observed rates of hydrogenation of ANAB
and a mixture of 4NA and 4AAB compounds on skeletal nickel in an
aqueous solution of 2-propanol with azeotropic composition at
T = 303 K, geat = 0.625 g, ganas = (1.950 + 0.005) mmol, gana = (1.950
£0.005), mmol gsaas = (1.950 = 0.005) mmol, Viiguidphase = 100 cm3,
hydrogen pressure is 0.1 MPa. 1- ANA, 2- 4AAB, 3 - mixtures, 4 —4ANAB
Puc. 1. M3MeHeHne HAOMIOaeMBIX CKOPOCTEH THAPOTCHU3AINT
4HAB u cmecu coemraennit 4HA u 4AAD Ha CKelIeTHOM HHUKENE B
BOJIHOM pacTBope 2-TpornanoJa azeotporHoro cocraBa nmpu T =303 K,
Oxar = 0,625 1, ganas = (1,950 £ 0,005) mmoutb, gana = (1,950 +
+0,005) Mmob gaaas = (1,950 £ 0,005) MmO, Vg, = 100 cM3, 1aB-
nenue Bopopona 0.1 MITa. 1 —4HA, 2 —4AAD, 3 — cmecy, 4 —4HAB
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Fig. 2. The change in the observed rates of hydrogenation of

4NAB and a mixture of 4NA and 4AAB compounds on skeletal

nickel in an aqueous solution of 2-propanol with the addition of

sodium hydroxide at T = 303 K, gcat = 0.625 @, ganas = (1.950 £

+0.005) mmol, gana = (1.950 = 0.005), mmol gsans = (1.950 =
0.005) mmol, Viiguidphase = 100 cm?®, hydrogen pressure is 0.1 MPa.

1- 4NA, 2- 4AAB, 3 - mixtures, 4 — 4NAB

Puc. 2. V3meHeHne HaOMOAaEMBIX CKOPOCTEH THAPOTCHU3ANN

4HAB u cmecu coenuaennii 4HA n 4AAD Ha ckeleTHOM HHKee B
BOJIHOM PAcTBOpe 2-MPOraHoiia ¢ 100aBKOH THAPOKCH A HATPUS IPH

T =303 K, gxar = 0,625 1, ganas = (1,950 + 0,005) Mmmob,

g4ua = (1,950 £ 0,005) Mmoib gaaas = (1,950 + 0,005) Mmoutb,
V. = 100 cM®, napnenue Bogopona 0.1 MIla. 1 —4HA, 2 — 4AAB,

3 —cmecn, 4 —4HAB
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Fig. 3. The change in the observed rates of hydrogenation of
4NAB and a mixture of 4NA and 4AAB compounds on skeletal
nickel in an aqueous solution of 2-propanol with the addition of acetic
acidat T = 303 K, geat = 0.625 g, ganas = (1.950 + 0.005) mmol,
gana = (1.950 £ 0.005), mmol gaaas = (1.950 + 0.005) mmol,
Viiguidphase = 100 cm?, hydrogen pressure is 0.1 MPa. 1- 4NA, 2- 4AAB,
3 - mixtures, 4 —4NAB
Puc. 3. 3MeHeHne HaGIIO1aeMBIX CKOPOCTEW THIPOTeHU3ALNH
4HAB u cmecu coequnennii 4HA n 4AAD Ha CKeJIETHOM HHUKETE
B BOJTHOM PacTBOpE 2-TIporaHoia ¢ J00aBKOH YKCYCHOI KUCIOTHI
npu T =303 K, gxar = 0,625 1, ganas = (1,950 £ 0,005) mmo1s,
gana = (1,950 £ 0,005) Mmmomb gaaas = (1,950 = 0,005) Mmous,
V. = 100 cM®, naBnenne Bogopona 0.1 MIla. 1 —4HA, 2 — 4AAB,
3 —cmecu, 4 — 4HADB
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Table 2
Some characteristics of the hydrogenation of substi-
tuted benzenes on skeletal nickel in aqueous solutions of
2-propanol
Tabnuya 2. HexoTopble XapaKTepPUCTUKHN TMIPOTreHN3a-
MU 3aMEIIICHHbIX 0€H30JI0B HA CKEJIETHOM HUKeJIE B
BOJHBIX PACTBOPaXx 2-MPoNaHoJIa

Solvent
. .. |2-propanol-wa- 2-propanol-
Chrae?é:ttiirrllztlc ter -0.01 M 2-p\:\<l)aﬁizrr10|- water-0.01 M
CH3COOH, pH = 8.0 NaOH,
pH=4.0 ' pH =132
The average value of the reaction rate, r-10%, cm?®/s:
4T:B 305 40+5 90+ 10
ANAB 110+ 10 60+5 55+ 10
Mix ANA + 80—40+5 70£5 100 £ 10
AAAB 120 - 40+5| 55— 40+ 5 | 90—55 £5
Transformation sequence -N=N-and —NO; groups:
—N=N-—< —N=N-<
inthe mix |-N=N->-NO;| -NO; -NO;
in NAB —N=N->-NOz| —N=N—> —N=N—=<<
—-NO; —-NO;
The sequence of transformation of the reactive groups
during hydrogenation 4ANAB,%:
4NA 98 35 15
4AAB 2 65 85

Different rates of hydrogenation of compounds
used in the work in the forms of hydrogen adsorbed on
the catalyst surfaceln the works [1, 16-20] it is noted
that in the hydrogenation of double bonds the weakly
bound molecular form is most active, the molecular
form of adsorbed hydrogen is a-form (H2**), for the
transformation of the nitro group, strongly bonded
forms — non-ionized y-form (H) and ionized B-forms
(H®* and H*) adsorbed hydrogen are more preferable.
Analysis of the data presented in [2, 16-20] allows a
guantitative assessment of the content of various forms
of adsorbed hydrogen on the surface of skeletal nickel,
depending on the pH of an aqueous solution of alcohol.
Data illustrating the content of the active forms of hy-
drogen and their ratio depending on the pH of the aque-
ous-alcoholic solution are given in Table 3.

Table 3
The content of adsorbed forms of hydrogen on the surface
of skeletal nickel in aqueous solutions of ethanol (x2 = 0.78)
Taénuya 3. Conep:xkanue aicopOupoBaHHbIX GopM Bo-
J0PO/Ia HA MOBEPXHOCTH CKEJIETHOTO HUKEJISI B BOTHBIX
pacTBopax 3taHoua (x2 = 0,78)

pH of an aqueous solution of ethanol | 5.5 | 8.2 | 14.0
Content of active forms Hz, cm®/gka
[1, 10, 11]:
a - form 3.69 | 2.72 | 1.89
(B +7) - forms 16.44|17.89|17.39
al (Bty), % 22.30|15.20]10.50
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According to the data shown in Fig. 1-3 and
Table 2, the conversion rate of the nitro group increases
with the transition from neutral to solvent with the ad-
dition of sodium hydroxide, while the rate of hydro-
genation of azo gamma increases with decreasing pH.
This position is consistent with the change in the selec-
tivity of the reaction with respect to 4HA and 4AAB
during hydrogenation of ANAB — Table 2.

The obtained experimental data confirm the
assumption that the rates of conversion of nitro and azo
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groups to 4HA and 4AAB on skeletal nickel are in
good agreement with the change in the ratio of weakly
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the rates of transformation of reactive groups in mono-
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