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SUMMARY

This paper describes the synthesis of 5,5'-diamino-2,2'-bipyridine and its
subsequent evaluation as a possible replacement for the benzidine residue in
some well-known carcinogenic benzidine-based azo dyes. The results of this
investigation suggest that this diaminobipyridine is much less genotoxic than
benzidine itself, and that certain dyes derived from it are also less genotoxic
than their benzidine counterparts.

The compounds prepared in this study were evaluated in the standard Ames
mutagenicity test, and in an interesting modification developed by Prival and
coworkers. Each compound was found to be more active in the latter protocol.

The synthesis of the diamine and of four azo dyes derived from it is
described.
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1 INTRODUCTION

It is well known that benzidine (1) is both a genotoxic amine and a human
carcinogen.! ~* Prior to the realization of these facts, numerous dyestuffs
had been synthesized which employed benzidine or a benzidine derivative
such as o-tolidine (2) or o-dianisidine (3) as a key ingredient. Benzidine and
dyes derived from it (e.g. 4-6) and its derivatives (e.g. 7-9) are no longer
widely used in the USA; however, an EPA report® indicated that as late as
1981, some 22 benzidine-based dyes were still commercially available in this
country. The literature which describes the toxicity testing of benzidine and
dyes derived from it will not be extensively reviewed at this time. We will,
however, describe some of the more recent papers which are relevant to the
present investigation.
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Although much of the human exposure to benzidines which led to bladder
cancer was the result of handling the intermediate itself during the course of
tetrazotization, an appreciable level of exposure to these intermediates
resulted from the use of crude dyestuffs which contained a free benzidine as
an unreacted starting material. Also, it is now well established that the ability
of azo dyes to undergo reductive cleavage of the azo linkage (see Scheme 1)
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Scheme 1. The metabolism of an azo dye via a reductive-cleavage reaction.
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could lead to an indirect route of exposure to an established carcinogen.
Indeed, researchers have used gut microflora,®# liver enzymes,® certain
bacteria,'® and tissues containing the enzyme azo reductase’! to
demonstrate that such a process characterizes the metabolism of azo dyes.
Ironically, it was the ability of the azo dye Protosil (13) to undergo in vivo
reductive cleavage!? to produce the antibacterial sulfanilamide (14) which
led to the prodrug approach to chemotherapy.

HZNQ—N=N©— SONH,

NH,

13 Prontosil

In other in vivo work,'® certain benzidine-based dyes were found to
undergo metabolism in Rhesus monkeys to produce free benzidine.
Similarly, benzidine and dianisidine have been detected'* in the urine of
some workers who were exposed to dyes derived from those intermediates.
Related studies led to a report!® which concludes that all benzidine-based
dyes should be recognized as potential human carcinogens.

The literature contains three papers which describe work involving short-
term testing of Direct Black 38 (5):(1) to determine the mutagenicity of some
proposed metabolites!® of this dye; and (2) to establish a correlation between
Ames testing and carcinogenicity testing.!”*® Closely related work has
been published which involves an attempt to correlate the rate of N-
hydroxylation of aminoazo dyes with their carcinogenic activity in the rat.!®
A number of recent papers have been published?® ~2¢ which describe the
development of in vitro assays to improve the correlation between test results
from the mutagenicity testing and the carcinogenicity testing of benzidine-
based dyes.

It should be pointed out that at least one group of researchers have
demonstrated?” that the reductive cleavage of a benzidine-based azo dye to
benzidine itself is not necessary for covalent binding of the dye to rat liver
DNA. The DNA adducts of Direct Blue 6 (6) and Congo Red (4) were among
the metabolites characterized during the course of that work. It was
suggested that the existence of the adduct 15 might explain the observed
potent carcinogenicity of the benzidine dye 6.

Similarly, genotoxic metabolites have been isolated?® from the urine of
animals which had been fed azo dyes like 5 and 7 to determine the effect of in
vivo metabolism on the mutagenicity of such dyes.

The literature contains little information concerning attempts to find
suitable replacements for benzidine and the conversion of such compounds
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to dyes. We were able to identify one paper2® which described some previous
research that has been conducted on this subject. Dye 16 has been
synthesized as a possible replacement for the genotoxic dye 17. Although 16
appears to have similar dyeing properties, its hue and brightness are slightly
different.
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In a series of papers by Ashby and coworkers, research leading to the
removal of the carcinogenicity of some azo dyes and dyestuff intermediates
by altering their molecular structure is described. For example, it was
suggested 3° 732 that the sulfonation of Butter Yellow (18), benzidine (1), and
4-aminobiphenyl (19) produces either a non-carcinogen or a weak
carcinogen (20, 23, 25 in Table 1). The sulfonated intermediate, however,
would be expected to produce dyes of inferior wetfastness. The conversion
of 1, 18, and 19 to certain sterically hindered amines (21 and 22, 24) lowers
significantly or removes mutagenicity.>* On the other hand, the hindered
amines 26 and 27 are quite genotoxic.
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TABLE 1

The Conversion of Some Toxic Compounds to Non-Toxic Analogs

Mutagen/carcinogen

Non-mutagen/non-carcinogen

1

CH,
/
Ol
CH,

18

19

The work of Prival and coworkers?? indicates that the formation of
copper complexes of certain o-dianisidine-based dyes reduces or removes
their genotoxicity. For example, while Direct Blue 15 (8) is a mutagen, its bis-
copper complex Direct Blue 218 (28) is not. Such complexes, apparently,
prevent or inhibit the reductive cleavage of the azo linkage.

The present paper is concerned with the synthesis and evaluation of 5,5'-
diamino-2,2'-bipyridine (29) and the closely related phenylpyridine 30 as
possible replacements for benzidine in disazo dyes. Our long-term interest in
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these two particular compounds was further stimulated in part by reports
which indicate that the carcinogenicity of Butter Yellow has been removed
by preparing the pyridine analogs 31 and 32,3%35 and that the three isomers
of aminopyridine are less genotoxic than aniline.*®* Compounds 31 and 32
produced no liver tumors in rats over a 12-month period. It is also known?*’
that replacing the two pheny! rings of benzidine with thiazyl rings produces
the non-genotoxic diamine 33.
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33

2 RESULTS AND DISCUSSION

The target diamines were synthesized according to the routes outlined in
Schemes 2 and 3. The synthesis of 29 was accomplished in three steps from 2-
chloro-5-nitropyridine (34). Those steps involved a halogen exchange
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Scheme 2. The synthetic route to the dye intermediate 29.

reactionand an Ullmann reaction®8 to give 36,and a sodium sulfide reduction
of the nitro groups of the intermediate 36. The preparation of 30 required
two steps: condensation of 3-aminopyridine (37) with nitrosobenzene (38)
followed by reaction of the phenylazopyridine 39 with stannous chloride
(SnCl,). The generation of 30 no doubt proceeds through the intermediate
40, via a benzidine-type rearrangement.

When the two nitrogen analogs of benzidine were evaluated in the
standard Ames test,*° 29 was non-mutagenic (2.2 Rev. umol " !) and 30 was

NaO
Do + @ = e
37

39
SnCl,
(15% HCI)
RT

@Q — QE_EQ .

30 40
Scheme 3. The synthetic route to the phenylpyridine 30.
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weakly active. An examination of the two compounds in the Prival
modification?? revealed that both were mutagenic (2000 Rev. umol ~* for 29,
and 7352 Rev. umol ™! for 30). On the basis of these results, our work with
compound 30 was terminated. We did, however, prepare a few dyes from the
diamine 29, and then evaluated them for mutagenicity.

The benzidine moiety of the dyes Congo Red (4), Direct Violet 43 (41),
Direct Black 29 (42), and Direct Black 38 (5) was replaced with the

41 Direct Violet 43

NaO;S

42 Direct Black 29

diaminobipyridine analog according to the methods outlined in Schemes 4
and 5. Nevile-Winther acid (43), gamma acid (45), and naphthionic acid (47)
were coupled twice to the tetrazonium salt of 29 to produce the disazo dyes
44, 46, and 48. Compounds 44 and 48 were purified by chromatography, and
dye 46 was purified by dialysis.

The trisazo dye 51 was prepared in three steps from H-acid (49; Scheme 5),
but its purification proved difficult. A sample of only 90% purity was
obtained after column chromatography and countercurrent chroma-
tography. This sample was employed in the biological analyses without
further purification. The impurities present were subsidiary dyes; none of the
reactants (e.g. 49, 50) could be detected by HPLC analysis.

Each of the four dyes was non-mutagenic by the standard Ames test.
Table 2 shows the results of the mutagenicity testing in the standard Ames
assay and the Prival modification. Although each dye exhibits some activity
in the second test, each also shows less genotoxicity than the corresponding
benzidine-based dye. For example, we found that Congo Red produces
approximately 2300 Rev umol™!, which makes it twice as active as the
nitrogen isolog 48.
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TABLE 2
Mutagenicity Data of Some Azo Dyes and Dyestuff Intermediates

Test compound Mutagenicity (revertants pmol™!)

Standard assay + S9 Prival modifications

1 216 23789

4 Negative 2300
29 22 2000
30 175 7352
44 Negative 587
46 Negative —
48 Negative 1093
51 Negative 444

The data in Table 2 suggest that the intact dyes are safe compounds, but
that they produce weakly genotoxic metabolites as a result of the reductive
cleavage of the azo linkages. The data provide further support for the idea
that azo dyes are most appropriately examined in an in vitro (short-term) test
which permits the evaluation of the reductive-cleavage products. The actual
mutagens which result from the metabolic breakdown of the dyes in this
investigation have not been identified. An examination of these dyes in vivo
would be required before it is possible to conclude whether it is safe to use
the diaminopyridine as a dye intermediate. The data in this investigation,
however, suggest that it probably is safe to employ in azo dye synthesis.

3 EXPERIMENTAL
3.1 General

The chemicals employed in this study were obtained from Aldrich Chemical
Co., Mobay Chemical Co., or from Fisher Scientific Co. The TLC data were
taken from silica gel plates (Whatman MK 6F) obtained from Bodman
Chemical Co. NMR spectra were recorded on a Bruker 250 MHz
instrument, and HPLC analyses were conducted with the aid of a Waters
HPLC instrument. Melting points were recorded on a Mel-Temp melting
point apparatus and are uncorrected. The silica gel used in the dye
purifications was silica gel for dry column chromatography from Bodman
Chemical Co., or silica gel 60 from Fisher Scientific. The dialyses were
conducted with the aid of Spectra/Par 7 membrane material, Fisher
Scientific (Cat. No. 08-680-2C).
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3.2 Synthesis

2-lIodo-5-nitropyridine (35)

A mixture of Nal (60 g, 0-4 mol), 57% HI (19 ml), and methyl ethyl ketone
(MEK, 400 ml) was stirred at 50°C until the Nal dissolved. To this solution
was added a solution of 2-chloro-5-nitropyridine (25 g, 0-157 mol) in 200 ml
MEK. The reaction was stirred under a reflux for 16 h, cooled to room
temperature, and filtered. The filter cake was washed with three 50 ml
portions of MEK, and the combined filtrates were concentrated. The purple
solid obtained was suspended in 750 ml H,O and stirred as the pH of the
solution was made alkaline using 10% NaOH. Excess iodine was destroyed
by adding 25 g NaHSO,. The solid was collected by filtration and washed
with H,O. Recrystallization of the crude product from acetone/H,O
afforded 31g of pure 35, m.p. 164-165°C (lit.*”***3 164-166°C). NMR
(DMSO-d): 68-15, doublet (1H); 68-23, doublet of doublets (1H); 69-12,
doublet (1H).

5,5'-Dinitro-2,2'-bipyridine (36)

A mixture of 2-iodo-5-nitropyridine (15 g, 0-06 mol), 450 ml of DMF, and Cu
powder (50 g; Aldrich Chemical Company, Cat. no. 20 778-0) was stirred
under a reflux in an N, environment for 7 h. The hot mixture was filtered to
remove the copper, and the filtrate was poured into 1litre of H,O. The
brownish-gray solid which formed was collected by vacuum filtration and
dried at room temperature. The resulting solid was purified in two steps;
first, it was dissolved in benzene via a seven-day soxhlet extraction, and once
the benzene was removed the solid was recrystallized from acetone/H,O
(50:50), to give 40g (33%) of pure 36 (yellowish-gold prisms), m.p.
245-247°C (lit.***2 244-250°C). NMR (DMSO-dg): 68-70, doublet (2H);
08-81, doublet of doublets (2H); 39-54, doublet (2H).

5,5'-Diamino-2,2"-bipyridine (29)

A mixture of compound 35 (1 g, 0-004 mol) and Na,S (10g, 0-05mol) in
100 ml of hot water was stirred under reflux for 3 h. The reaction was filtered
hot and the filtrate was allowed to stand for two days in the refrigerator. The
solid which precipitated was recrystallized from H,O to give 0-45g of
colorless needles, m.p. 208°C (lit.*! 208-210°C). NMR (DMSO-d): §5-39,
singlet (4H); 67-01, doublet of doublets (2H); 6792, doublet (2H); 47-97,
doublet (2H).

3-Phenylazopyridine (39)
A mixture of 3-aminopyridine (9-6 g, 0-01 mol), 50% NaOH (400 ml), and
benzene (50 ml) was stirred at 60°C as nitrosobenzene (10-7 g, 0-1 mol) was
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added over a 30-min period. The reaction was maintained near 60°C for 16 h.
The reaction mixture was cooled and the organic (upper) layer was collected,
charcoaled, and evaporated to 50 ml. The components of the resulting oil
were separated by dry column chromatography**#> using PhMe as the
eluent. The orange-red band of the column afforded an orange solid which
crystallized from hexane as orange prisms. Pure 39 (8-0g, 40%) was
obtained, m.p. 49°C (lit.*¢ 48-52°C).

S-Amino-2-(4-aminophenyl)pyridine (30)

A solution of 3-phenylazopyridine (39; 10g, 0-058 mol) and SnCl, (40g,
0-17 mol) in 15% HCI (300 ml) was stirred overnight (16 h) under reflux. The
cooled yellow solution was made alkaline with 10% NaOH, and 10% Na,S
solution (20 ml) was added to break up the tin complex which formed. The
resulting solution was refrigerated for two days, during which time a brown
precipitate formed. The crude solid was eluted through a silica gel column
using Et,O/acetone/hexane (1:1:1), and the resulting yellow solid was
recrystallized from H,O to give a 20% yield of pure 30 as colorless needles,
m.p. 186-188°C (lit.*” 186°C).

Dye 44

A solution of 29 (1-86 g, 0-01 mol) in 10% HCI1 (50 ml) was cooled to 0°C and
stirred as 2M-NaNO, solution (10 ml) was added over a 10-min period. The
resulting solution was stirred at 0°C for 1 h, during which time a color change
from red to pale yellow occurred. Compound 43 (7-38 g, 0-03 mol) was
dissolved in 0-5M-Na,CO; (100ml); the solution was cooled to 5°C and
added to the tetrazonium salt at a rate such that the reaction temperature did
not exceed 5°C. The pH of the reaction was maintained at 8-9 by the
periodic addition of 0-5M-Na,CO,. The solution was kept cold for 4 h and
then allowed to warm to room temperature over the next 4 h. The dye was
precipitated by adjusting the pH of the solution to 2, with the aid of 10%
HCL. The crude dye was collected by vacuum filtration and purified by
chromatography on silica gel using 1-propanol/acetone/NH,OH/H,0O
(4:4:2:1) as the eluent. The pure bluish-purple dye had R, =0-3 and was
obtained in 40% yield. '"H-NMR (DMSO-d): 57-49, triplet (2H); 67-60,
triplet (2H); 67-80, singlet (2H); 68-28, doublet (2H); 68-:60, multiplet (6H);
09-26, singlet (2H); 09-71, singlet (2H).

Dye 46

Compound 29 (1-0 g, 00054 mol) was tetrazotized as described above and
then stirred into a solution of 45 (2-:57 g, 0-011 mol) in 100 ml of H,O which
had been brought to pH 10 with 10% NaOH. The reaction was stirred at 0°C
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for 24 h. The dye was precipitated by lowering the pH to 2, and was collected
by filtration. The still-moist solid was suspended in 250 ml of H,O and the
pH adjusted to 7 with 10% NaOH. The resulting solution was evaporated to
dryness to give 3-3 g of crude dye. This solid was subjected to dialysis for four
weeks leaving 1-3 g (33%) of pure 46, R, = 0-44 on silica gel with 1-butanol/
MeOH/NH ,OH/pyridine (4:1:3:2). NMR (DMSO-d,: §7-16, doublet (2H);
07-26, singlet (2H); 67-55, singlet (2H); §7-85, doublet (2H); 58-07, doublet
(2H); 6861, doublet (2H); 69-12, singlet (2H); 612-56, singlet (2H).

Dye 48

Compound 29 (1-86 g, 0-01 mol) was tetrazotized by the procedure described
above for preparation of 44. The tetrazonium salt solution was then added
to a solution of naphthionic acid (1-4 g, 0-03 mol) in 100 ml of 0-5M-NaHCO;.
The reaction was kept cold (0-5°C) for 4h, and then stirred at room
temperature for 24 h. The dye was precipitated by adding NaCl, collected by
filtration, and dried over P,05. Chromatography on silica gel with 1-
propanol/acetone/NH,OH/H,O (4:4:2:1) as the eluent afforded pure 48,
R, =0-3. NMR (DMSO-d): 67-54, triplet (2H); 6770, triplet (2H); 68-32,
singlet (2H); 68-51, doublet (2H); 68-64, multiplet (6H); 69-19, singlet (2H).

Dye 51

To a solution of 49 (1-96 g, 0-0054 mol) in 10 ml H,O was added a solution of
0-0054 mol of the tetrazonium salt of 29, at 0-5°C. After 20 h at pH 2, the pH
was raised to 4 using 2M-Na,CO; solution, and a solution of resorcinol
(0-6 g, 0-0054 mol) was then added. The pH was raised to 8-9 by the addition
of 2M-Na,CO; solution, and the reaction was stirred for 12h. After a
solution of benzenediazonium chloride (0:8 g, 0-0054 mol) in 5ml of H,O
was added, the reaction was stirred overnight (16 h) at 0-5°C and pH 8-9.
The pH was adjusted to 2 using 2M-HCI and the precipitated dye was
isolated by centrifugation. The resulting solid was suspended in 200 ml of
H,O0, the pH increased to 7 with 10% NaOH, and the resulting greenish-
black solution was evaporated to dryness to produce a mixture of dye and
salt. The dye mixture was eluted through a silica gel column with 1-butanol/
acetone/H,0 (5:5:3) to produce a crop of dye which was rich in the desired
component, and free of salt. The sample was further purified with the aid
of countercurrent chromatography,*®~3° using 1-butanol/H,0/MeOH
(1:1:0-1) as the solvent system. The resulting dye had a major component
with R, =0-51 on silica gel TLC plates, using 1-butanol/MeOH/NH,OH/
pyridine (4:1:3:2) as the eluent. The yield of this dye (which also showed
weakly intense yellow, blue, and purple colors) was less than 10%. HPLC
suggested a purity of 90%.
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4 CONCLUSIONS

It has been shown through this investigation that 5,5-diamino-2,2'-
bipyridine (29) is a possible replacement for the benzidine moiety of certain
known carcinogenic azo dyes. This diamine is considerably less genotoxic
than benzidine, undergoes tetrazotization readily, and generates essentially
the same hues exhibited by the benzidine dyes, when converted to disazo
dyes such as 44, 46, and 48. It remains to be established whether the resulting
dyes will possess satisfactory dyeing properties; however, it is clear that the
dyes themselves (as well as their reductive-cleavage products) are also
appreciably less genotoxic than the corresponding benzidine-based dyes.

Later work with 29 in vivo for carcinogenesis will determine its actual
future as a benzidine replacement for the preparation of azo dyes.
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