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Abstract — Electrochemical amination of aromatic compounds with hydroxylamine in sulfuric acid in the
presence of transition metal ions occurs by a chain mechanism. Electrolysis of the systeraNH}@DH-
CgHg in 11 M H,SO, and 5 M CH;,COOH leads to formation aniline and isomeric phenylenediamines with

a total current yield of 137%. The role of acetic acid in the electrochemical process is not limited to aiding in

solution of the aromatic compound. Acetic acid affects the mechanism of amination and can serve as one of

the factors controlling the relative rate and selectivity of substitution.

Amination of benzene and its derivatives with
hydroxylamines and transition metal ions (one-elec-
tron reducing agents) yields under certain conditions
mono- [2-4] and diamines [5]. The proposed scheme
of the electrochemical process in sulfuric acid media,
for the system Ti(IV}NH,OH-PhH as an example,

can be presented by Egs. {030) [5-9]:

Catode:
Ti(IV)-NH,OH + e — [Ti(IV)NH ,]" + OH, (1)
Ti(lV) + e === Ti(ll), 2)
Catholyte: .
NH,OH + H' &= NH;OH, (3)
Ti(IV) + NH,OH &= Ti(IV) -NH,OH, (4)

Ti(lll) + NH,0H — [Ti(IV)NH,]" + OH, (5)
[TAVINH ' + HY &= Ti(V) + NHs,  (6)

[TIAVINH I + Tigl) P NHg + 2Ti(V),  (7)

[H NTI(V)] [HPhNHSTI(IV)] - (8)
PhH— .+ I
NHs 5 [HaNPhH]Y, )

I
| + NH,OH —> PhNH, + [H,NTi(IV)]* + H,0, (10)

| —> PhNH, + Ti(lll) + H*, (11)
NHOHH ok + NHg + H,0,  (12)
-
L™ ppH + Ty + HY,  (13)

1 For communication VIII, see [1].

PhNH, + H* &= PhlJ{IHg, (14)
PhNH; + B~ &= PhNH,-HB, (15)
PhNH,-HB, k

. PINHE K, [HSNPhNH-HB]', (16)

NH3— + III k > k'
[ PONF K 1 NPRNFE] ™, (47

\Y
W, HaNICgHaNH,-HB + Ti(lll) + H™, (18)
Ti(IV) — . N

V5 HaNCgH4NH3 + Ti(lll) + H ¥, (19)

HRCgH,NH, - HB + H* &= H3NCGH,NH, + HB, (20)
B~ = H,0, HSQ, SO

At a given current density the composition and
yield of the amination product is determined by the
relative rates of such key stages of the electrochemical
process as reduction of aminyl radicals to ammonia
[Eq. (7)], reaction of aminyl radicals and amine
cations with the aromatic substrate [Egs. (8) and (9)]
and its monoamino derivatives [Egs. (16) and (17)],
and rearomatization of mono- [Egs. (2(®3)] and
diaminocyclohexadienyl radicals [Egs. (18) and (19)].

Evidently, the conditions for increased effectiveness
of substitution in aqueous solutions are suppression
of the competing reaction of ammonia formation and
the high rate of oxidation of intermediatéslV. To
meet these conditions, electrolysis of the system
Ti(IV)-NH,OH-ArH is expedient to perform in
sufficiently acidic electrolytes [4, 5, 10] at high
concentrations of aromatic compounds. In this case
the major aminating+agent will be the most electro-

philic radical cationNH; [Eq. (6)], and the rate of
reaction (9), the selectivity of substitution, as well as
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Table 1. Isomeric compositions of phenylenediamine atof amination in sulfuric acid electrolytes containing

various concentrations of sulfuric aéid the organic solvent.
[H,SOy], M| ortho, % meta % para, % For the model system we used Ti(AYH,OH-

PhH, and the effectiveness of the process was

9 27 (26) 1 (~0) 72 (74) measured by the total current yield of the target

10 24 (22) 1 (~0) 75 (78) amines. For comparable results of benzene amination

11 20 (18) 2 (~0) 78 (82) in the presence and in the absence of acetic acid, we

12 14 (12) 5 (1) 81 (87) used the experimental conditions described in [5].

13 7 (6) 113) 82 (91) Introduction of 1.25 M acetic acid in dilute and

cqncentrated solutions of sulfuric acid much increases
tRe current yield of aniline but does not exert such a
significant effect on the total yield and the composi-
tion of isomeric phenylenediamines. In terms of the

e a1 o slabity o oG noton of the mecharism of the aminaton
: ocess (see scheme), this reaction result can be ex-

aromati_c_ substrates in aqueous media can be S()I\/%iained by the fact that the small amount of acetic
by addition to the electrolyte of an organic solvent cid introduced in the solution instead of water con-
comparat_lvely nert to_radlcal |ntermed|ate§, such a iderably increases the solubility of benzene in the
?nC:nt'tCS ?r:: 'g £8i8]11;nghi(:2h8wﬁ 25?32%’ ;:%d[E]e)l(:,prgr_"electrolyte but only slightly affects the molar ratio of
; y - , ' ulfuric acid and water, which determines the con-
ceed_lgg Vé't?h the?re ?tu;j |es,t_|n th_ed presEnt V]onrk. W%entration of the associates PhNH,O and hence
considered the effect of acetic acid on the effective; : ; . .
ness and mechanism of substitution in media Witzhe relative rates of formation of intermediatds and

’ . - . .V, whose subsequent oxidation gives eitloetho-
varied protogenic activity and gained a general notio nd para-phenylenediamines or theneta isomer,

2 values in parentheses are the percentages in the absence
acetic acid [5].

respectively.
BC! % . .
2 Our studies were performed in 11 M,80,, where
S0F side reactions of aminocyclohexadienyl radicals are
completely suppressed [10] and no sulfonation of the
aromatic substrate occurs. Moreover, for convenient
40 F experimentation and for preparing electrolytes with
1 increased contents of acetic acid, the concentration of
R Be, %
30 >
4071
20}
30
1
10F
20
B 3
0 10r
1 1 1 1 1 ‘O/O/O/O/O/O
0 4 8 12 16
[H,S04, M or
1 1 1 1
] 0.1 0.2 0.3 0.4
Fig. 1. Effect of the concentration of sulfuric acid on .
(1, 1) the current yield of aniline and2( 2) the total [Ti(IV)], M
current yield of isomeric phenylenediamines, (2) in Fig. 2. Plots of the current yields ofif aniline, @) para-
the presence andl'( 2) in the absence [5] of 1.25 M phenylenediamine, and 3) ortho-phenylenediamine
acetic acid. [Ti(IV)] 0.25 M, 46C. vs. Ti(lV) concentration.
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Be, % Be, %
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[CH3COOH], M [CH3COOH], M
Fig. 3. Plots of () the current the yield of aniline and of
the total current yields of 2) isomeric phenylenedi- Fig. 4. Plots of the current yields oflf para-phylenedi-
amines and 3) all mono- and disubstituted products of amine, @) ortho-phylenediamine, and3] metaphylene-
benzene amination in 11 M 4$0O, vs. acetic acid diamine vs. acetic acid concentration for benzene
concentration. amination in 11 M sulfuric acid.

Ti(IV) ions was decreased to 0.1 M. Note that thechemical amination of aromatic substrates with
total rate of formation of isomeric phenylenediaminedydroxylamine-based systems. The total current yields
in this case was considerably decreased (Fig. 2).of amines in the electrolyses of the system Ti@V)
L NH,OH-PhH at acetic acid concentrations of 3 M and
The products of benzene amination in 11 M sulyygre is higher than 100%. Thus, in the yield 5 M
furic acid in the absence of the organic solvent argH.cOOH is 137%.

aniline and ortho- and para-phenylenediamines [5] _ _ -
The dependence of the isomeric composition of

(Figs. 3 and 4). enal ) _ |
phenylenediamines on the concentration of acetic acid
In the presence of 0.5 M C€OOH the current (Fig. 4) resembles the corresponding dependence on
yield of all the amination products increases (Fig. 3xhe concentration of sulfuric acid [5, 9]. In both cases
and traces ofmetaphenylenediamine (Fig. 4) appear.increasing acid concentration gives rise to decreasing
With further increase in the concentration of aceticcurrent yields ofortho- and para-phenylenediamines
acid the overall effectiveness of the process alsand increasing yields of theetaisomer. Since acetic
increases but the rate of formation of phenylenediacid additives in 11 M ESO, increased the sulfuric
amines (Fig. 3) slightly decreases with simultaneouacid-water molar ratio, we performed a series of elec-
increase in the fraction of thmetaisomer (Fig. 4). trolyses of the system Ti(IVNH,OH-PhH at increas-
ing concentrations of acetic acid and a constant

It is considered [2, 7, 15] that amination of aro- X : ;
: : H,SO,/H,O molar ratio (Table 2); the concentration
matic compounds with Bf-R,NX systems, where Ti(\v) ions therewith decreased.

M™ is transition metal ion (one-electron reducing
agent), R = H, Alk; and X = Hlg, OH, and 0S8, Based on the resulting data and taking into account
occurs by a radical chain mechanism. However, we¢hat varied concentration of Ti(IV) ions in the electro-
still have no evidence for the chain mechanism inyte in the absence of acetic acid has no appreciable
systems where unsubstituted aminyl radicals areffect on thep-phenylenediamine:phenylenediamine
generated. The reported yields of amines with respecatio [Fig. 2; as the concentration of Ti(IV) ions
to current [16], hydroxylamine [2, 16], or hydroxyl- decreases from 0.3 to 0.1 M, thmara:ortho ratio
amineO-sulfonic acid reach at best several tensvaries within 56], we can state that the role of acetic
percent. Only recently we managed to obtain aromatiacid in electrochemical aminations in sulfuric acid
amines in a current yield close to 100% [9]. In thismedia is not limited to aiding in solution of the organic
context the results presented in Fig. 3 are goodubstrate. If the decrease in the current yield-oand
evidence in favor of the chain mechanism of electrop-phenylenediamines with simulataneous increase in
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the yield of themetaisomer (Table 2) can be ex- Table 2. Effect of the concentration of acetic acid on the
plained in terms of decrease in the concentration ofield and composition of the products of benzene amina-
B~ and Ti(IV) with increasing concentration of acetiction at a constant §0/H,SO, molar ratio of 2.7

acid, then the effect of the concentration of the
organic solvent on the@ara/ortho ratio implies par- B., %
ticipation of CH;COOH in complex formation. In

principle, solvent molecules can both react with thdCHsCOCH, (HoN),CgH, parha/

monoamination product and enter the coordination PhNH, sb |ortho

sphere of metal ions [1]. The alteration in the ligand ortho | meta| para

surrounding of Ti(IV) ions may, in particular, in-

fluence the stage of rearomatization of intermediate 0 206 | 82 | 0.0 | 41.0| 69.8| 5.0

" . 2 655 | 6.0 | 0.7 | 241 96.3| 4.0

4 500 | 41| 16 | 129 776]| 3.2

Hence, our present results show that acetic acid 6 46.3 | 1.7 | 45| 50 | 575]| 29

affects the mechanism of electrochemical amination 7 396 | 05 | 7.8 | 1.4 | 49.3| 2.7

and together with sulfuric acid it can serve as a tool o° 139 | 0.0 | 0.0 | 0.0 | 13.9

for contolling the relative rate and selectivity of 10° 104 | 00| 0.0 | 0.0 | 104

substitution.
@ The concentration of Ti(IV) ions in the absence of acetic acid
EXPERIMENTAL is 0.3 M. P Total current yield of the amination products.
€ Electrolysis occurs at the potentials of electrochemical forma-
Quantitative analysis for aniline and isomeric tion of hydrogen.
phenylenediamines was carried out by GLC on o
Chrom-4 chromatograph equipped with a flamen:irbeyélJI rev?ta;]rbgﬁl?)tr%} O'I;kr:]e amination products were extrac-
ionization detector and a glass column [25@mm, :
5% XE-60 on Chromaton N-AW-DMCS (0.160 We used a 15% solution of titanium(IV) sulfate in
0.200 mm). The column temperature was AG0and 2 M sulfuric acid (analytical grade), chemical grade
the carrier gas was helium at a flow rate of @0min.  sulfuric acid. Hydroxyalmine sulfate was twice re-

Cathode-initiated amination of benzene was carriearySta”'zed' Isomeric  phenylenediamines ~ were

: . urified by sublimation. Aniline was distilled in a
out in the three-electrode glass electrochemical ce .
described in [4, 9]. The cgll was equipped with avacuum over KOH. Chemical grade benzene, analy-

o -tical grade chloroform, and chemical grade acetic acid
{ﬁzuéa?ﬁgggnzﬁg aggogecigg'ecsd":’lr%gra\%?u;%p%ft{%gere distilled. All solutions were prepared with twice

catholyte, aqueous sulfuric acid containing 0.2 M stilled water.
hydroxylamine and required concentrations of Ti(IV) REFERENCES
ions and acetic acid, was 25 ml, and the volume of
benzene was 10 ml. Before electrolysis the two-phasel. Lisitsyn, Yu.A., Belyaeva, L.V., Sinyashin, O.G.,
system was deoxygenated with argon. A highly  and Kargin, Yu.M.,Zh. Obshch. Khim1999, vol. 69,
dispersed emultion of benzene in the electrolyte was no. 7, pp. 11961199.
ga'pégmgs ;%_nrgt‘?ggsa?éorﬁaggit'cp:;ggg‘gb 'grtrt‘ﬁez. Minisci, F., Synthesis, 1973, no. 1, pp. 124.

u inati w. Vi .
emulsion. The anode was a mercury electrode with a3' Tolma7t’ R, anozl Rigo, AZJ' Electroanal. Chem1977,
surface area 012.3 cnf. Electrolysis was carried out V(_)'_ 5, no. 2, pp. 6 %35' _
in the galvanostatic mode using a P-5848 potentiostat# Lisitsyn, Yu.A. and Kargin, Yu.MZh. Obshch. Khim.,
cathodic current density 6 mA/cimtemperature £C. 1993, vol. 63, no. 6, pp. 1312317.
The working electrode potential was controlled by 5. Lisitsyn, Yu.A., Kononchuk, A.M., and Kargin, Yu.M.,
means of a Sch 4313 voltmetammeter against a Zh. Obshch. Khim.1996, vol. 66, no. 12, pp. 2034
silver-silver chloride reference electrode. The anode  2038.
and anolyte were a platinum wire and a sulfuric acid 6. Tomat, R. and Rigo, A.). Electroanal. Chem1972,
solution with a concentration equal to the acid con-  vol. 35, no. 1, pp. 2426.

centration in the catholyte. 7. Citterio, A., Gentile, A., Minisci, F., Navarrini, V.,

When electrolysis was complete, the catholyte was ~Sarravalle, M., and Ventura, Sl, Org. Chem.1984,
cooled, made weakly acidic with saturated aqueous Vol 49, no. 23, pp. 44791482.
sodium hydroxide, and neutralized with sodium 8. Lisitsyn, Yu.A. and Kargin, Yu.MZh. Obshch. Khim.,

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.8 2001



1180 LISITSYN et al.

10.

11.

12.

1993, vol. 63, no. 11, pp. 2542546. 13. Preparativhaya organicheskaya khimiy@reparative
Lisitsyn, Yu.A., Makarova, O.N., and Kargin, Yu.M., Organic Chemistry), Wulfson, N.S., Ed., Moscow:
Zh. Obshch. Khim1999, vol. 69, no. 2, pp. 28&90. Khimiya, 1964.

Lisitsyn, Yu.A., Kononchuk, A.M., and Kargin, Yu.M., 14. Gitis, S.S., Glaz, A.l., and Ivanov, A.VBraktikum
Zh. Obshch. Khim1997, vol. 67, no. 4, pp. 64648. po organicheskoi khimii. Organicheskii sinté2rac-
Albisetti, C.J., Coffman, D.D., Hoover, F.W., Jen-  lcal Course of Organic Chemistry. Organic Syn-
ner, E.L., and Mochel, W.EJ. Am. Chem. Soc1959, thesis), Moscow: Vysshaya Shkola, 1991.

vol. 81, no. 6, pp. 1489494, 15. Minisci, F.,Top. Curr. Chem.1976, vol. 62, pp.148.
Lisitsyn, Yu.A. and Kargin, Yu.M.Zh. Obshch. Khim., 16. Steckhan, E.Habilitationsschrift, Munster: Westfali-
1995, vol. 65, no. 12, pp. 2020024. schen Univ., 1977.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 71 No.8 2001



