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The phcnor~wt~o~l of azo-h~~dra~onc rautotnerism +f 17).drox!-a-o cor77pounds is 

rct:iclt~cd in rclalion lo sIr7~cll4raIfaciors such as the degree of ant7cllalioii arid rl7c f_t*pe 

al7dposirio77 of mbsrir7rcnrs. as \ITI! as environn7enraf_faclors Ir*hich are determined bj. 
the iucdi7mi conrainiiig llic rauIoi77cric ivili7)-. Media c&Sects are discirsscd n.ilii 

rcferet7cc IO srudies in sohrrion. poJ>meric mbstr-ares, the cr~*srafiiue solid stale and 
rllc gas phase. Tl7c i77fluo7cc qf ihc slale of rhe rauion7cric equilibrirrr77 on rhe chemical 
rcacrir~ir_v is cot7sidcrcd with an enlphasis on tJw pracricalJj* imporranr asperls of 
pholochenlis~r~* and acid-base bcllaaiolrr qf ~aulonlcric hj.dros>-aIo dJ.cstlrfls. 

1. INTRODUCTION 

Following the discovery_ in 1870 of the now well-known coupling reaction between 
diazonium salts and phenols.’ the coloured products were believed to be 
hydroxyazo compounds. The first challenge to this view was made in 1883 by 
Liebermann’ who postulated that the hydroxyl proton of I-phenylazo-2-naphthol. 
II(R = L-l), was labile and could be capable of bonding with a nitrogen atom of the 
azo group. Evidence to support Ltsbermann’s assertion came the following year 
when Zincke and Bindewald3 reported that they obtained the same product either 
by coupling the benzene diazonium ion with i-naphthol or by condensing 
phenylhydrazine with I .4_naphthoquinone.,The exact nature of this product led to 
much heated debate since there was clear chemical evidence for both hydroxyl and 
carbonyl functionality (e.g. refs. 4-6). Eventually Kuhn and Bar’ proved the 
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existence of a rapidly formed tautomeric equilibrium of the type l(R = H) between 
the azo and hydrazone forms. It is now known that this equilibrium is influenced by 
both structural factors within the molecule and by the nature of the medium 
surrounding the molecule. 

The possibility of a zwitterionic structure 1.4 for I(R= H) was sugested by 
Millefori cl a/.’ to account for the hi_eh esperimental values of its dipole moment. 

IA 

Infrared spectra of l(R= H) and lI(R = H) have also suggested zwitterionic 
structures.’ HoLvever. Goursot C-I oI.‘O concluded from molecular orbital 
calculations. supported by esperimental evidence. that such n species did not exist. 

The phenomenon of nzo-hydrazone tautomerism has been the subject of much 
research and is well documented in the literature. Several reviews dealing with work 
up to I972 hrrve been published. h*9.11 This report essentially covers the period 
1Y70-19so. 

7 
-. STRUCTURAL FACTORS 

The state of the tautomeric equilibrium for OI*I~IO and put-a hydrosyazo compounds 
is primarily determined by structural factors within the molecule. Millefiori ef al.” 
reported that certain derivatives of II were essentially azo compounds. but a number 
oi studiesQ*13- l7 have indicated that the presence of a strong intramolecular H- 
bond in the or-~/w derivatives. e.g. Ii and 111. has the effect of favouring the 
hydrazone tautomer and of stabilizing the equilibrium against external influences 
such as a change of solvent. No such stabilization is possible in the case of the parn 
derivatives.e.g. 1. and this:tends)torender theequilibrium of thesecompounds much 
more susceptible to the influence of environmental factors. 1J*16.17 
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The position and nature (electron withdrawing or releasing) of substituents can 
also have a bearing on the state of the tautomeric equilibrium. Both esperimental 
results (e.g. ref. 13) and theoretical considerations Ia have indicated that there is a 
general tendency for electron withdrawing groups R (see 1, II. till) to stabilize the 
hydrazone tnutomer. An early explanation by Burawoy CI a1.13 attributed this to the 
fact that the C*-NH bond (see.1. II. III) of the hydrazone form is more polarizable 
than the C*-NN bond of the azo tautomer. Thus an electron deficiency at C* 
(caused by an elecrron withdrawing substituent R) would favour the adoption of the 
hydr,azone form. More recently, Kishimoto er 01.‘~ pointed out that the azo group 
(-N=N-) is an electron acceptor whereas the imino group (-NH-) is an 
electron donor. Thus an electron donating substituent R (see I, II. III) stabilizes the 
azo tautomer and the hydrazone tautomer is favoured if R is an electron withdrawer. 

However, in the case of I, R = orrho substituent? the hydrazone form is present in 
lower concentrations than expected. This discrepancy has been explained by steric 
hindrance which prevents the -NH- group of the hydrazone tautomer from 
participating in H-bonding with suitabie solvents. Instead. the -OH group of the 
azo form becomes H-bonded to the solvent.‘” 

Normally, derivatives of II in which R is a strong electron releasing group in the 
par-a position exist mainly as azo compounds,‘“*“’ but deviations from this general 
observation have been documented. For example, Kostyuchenko et al.” examined 
a number of azo dyes of general structure IV and found that certain substituents 
such as -OH. -COOH, -CONH,. --CONHC,H,OCH, (R’ in IV) stabilized 
the hydrazone tautomer by intramolecular H-bonding to the carbonyl group. 
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Jntramoiecular H-bonding is also responsible for the stabilization of the azo 
forms of V and VI.’ 
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Compounds such as VII and VIII are true azo compounds, probably as a 
consequence of the fact that a hydrazone structure cannot form without completely 
removing the aromatic character of the naphthalene system.” 

Theoreticai considerations have shown that the hydrazone form of a tautomeric 
system becomes progressively more stable as the size of the ring system bearing the 0 
atom increases.’ s Thus it is found experimentally that phenylazoanthrols. Lg. IX. 

N, 
NH 
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exist solely as hydrazones.?l lS21 Although some worl~ers6*g.1 1-22-24 have 
maintained that phenylazophenols are true azo compounds and cannot be observed 
as hydrazones, it is now widely accepted that these compounds are subject to the 
same substituent effects as described for phenyiazonaphthols, although they are less 
susceptible to these effects.‘5.26 

A theoretical analysis ‘of the structure of o-hydroxyazobenzene, X, has 
acknowledged the likelihood of the tautomeric equilibrium X+X1.” 

O-%NHb _ Q-NFNb 

X X1 

In addition. RauZ8 detected weak fluorescence in solutions of o- and p- 
hydroxyazobenzene which indicated that small concentrations of the hydrazone 
tautomer were present. (It has been demonstrated that the azo tautomers are non- 
fluorescent in most cases.‘9 and emission is due solely to the hydrazone 
forms, 2s*30*31 although Nurmukhametov ef ~1.~’ claimed that a bipolar ion (e.g. 
XII) was responsible for fluorescence.) 

For some time it has been accepted that certain sterically hindered azophenol 
compounds of general structure XIII show a tendency to adopt a quinoid hydrazone 
form XIV, which is enhanced by electron withdrawing substituents R.g** l However, 
Hofer and Huffmar.nZ5 did not find steric hindrance to be a necessary criterion for 
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hydrazone formation_ They reported that the equilibrium XV+XVI was influenced 
by an electron ‘push-pull’ due to substituents. The hydrazone form XVI was 
stabilized by R’ being an electron withdrawer and R an electron releaser, whereas 
reversing this situation favoured the azo tautomer XV.2s 

Subsequently. Juwick and Sundbyz6 found that the equilibrium of 4-(2’.4’- 
dinitrophenylazo)alkylphenols could be influenced so as to favour predominantly 
the hydrazone tautomer. e.g. XVII. This was accomplished by ensuring the presence 
of one or two alkyl groups orr/ro to the hydroxyl group. Chelate bonding of the 
-NH- proton with the 2’-NO, group is likely.‘s 

An interesting result was obtained by Jacques CI 01.~~ who observed symmetrical 
dimethosy derivatives of 4-hydrosyazobenzene using UV. ‘H and 13C NMR 
techniques. Compound SVIil was found to be exclusively hydrazone while XIX 
es&ted as itn azo compound. 

0 
\ 

XVIII XIX 

A number of theoretical studies concerned with conformational analysis of 
tnutomeric systems have been published_ The Hiickel molecular orbital (HMO) 
method was used by Gribov et ~1.~~ to calculate the ratios of absorption band 
maxima for the tautomers of three hydroxyphenylazo naphthols (I. II. III with 
R = o-OH in each case). Agreement between the theoretical calculations and 
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experimental spectra for L(R = o-OH) was obtained only after a non-planar model 
was used. Subsequently, Jacques et af.35 applied the Perturbative Configuration 
Interaction using Localized Orbitals molecular orbital (PCILO MO) method and 
showed that a number of distinctly non-planar conformers of Ii(R = I-I) were 
possible. These workers also used the PCILO MO method to determine the 
theoretically optimum structures of conformers of 4_hydroxyazobenzene, l- 
phenylazonaphthalene, and both tautomers of 4-phenylazo-I-naphthol (I, 
R = I-I).l” 

Chemova er a/.36 have discussed the UV spectra of tautomers of I and II (R = 
pSO,H in each case) with regard to the theoretical results determined by MO 
calculations, and an earlier report has discussed the electronic transitions of a large 
number of hydroxyazo compounds in t-he UV and visible regions.37 In the latter 
report. MO calculations agreed with experimental spectra, and for I(R = I-I) the 
absorption band of the azo tautomer in the visible region was found to coincide with 
the calculated first 7~ + IE* electronic transition. 

Pyrazolone dyes are potentially tautomeric entities and Parent38 has reviewed 
attempts to characterize their molecular structure. It has now been shown3g*40 that 
the true structure of the coupling product of XX and XXI is compound XXII (see 
Scheme l), although a previous NMR studya’ reported that compound XXII 

R2 NH-N R, 
N2+CI- + -‘R 

w k 
0 N’ 

xx XXI 

Scheme I 
XXII 

(R = H. R, =C,H,, Rz = CH,) had the structure XXIIA while in solution in 
CDCl,, CCI, or CH,Cl, between 0 and - 60 “C. Theoretical studies have also dealt 
with the structure and tautomerism of arylazoprazolones.s’.*3 

CH 
3 
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The incidence of a tautomeric equilibrium for hydroxyquinoline derivatives has 
been confirmed by theoretical and experimental studies. Molecular orbital 
calculations have indicated that the azo structure XXUI of 3-hydroxy4-(phenylao) 
quinoline is more stable than its hydrazone tautomer, but that the hydrazone 
structure X,X1\’ of 4-hydroxy-3-(phenyiazo)isoquinoline is more stable than its azo 
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tautomer.‘S Infrared and electronic spectral data later confirmed these predictions 
and furtiler showed that electron withdrawing substituents in thepara position of the 
phenyl ring of XXI11 shift the equilibrium in favour of the hydrazone tautomer.s5 
Russian workers have shown that the most stable form of 7-(4-antipyrylazo)-S- 
hydrosyquinoline in neutral solution has azo functionality, XXV.a6 

N=N 

OH 

Ultraviolet spectral data have demonstrated the occurrence of a tautomeric 
equilibrium in a number of substituted 3-pyridinols. XXVI.s7 The tendency for 
XXVI to adopt a hydrazone structure was reduced in the case of the corresponding 
N-oxides.Ji 

R. R,. R2 = H-. Me---_. R,Ph--•. R,PhN,- 
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Olenvich et al.3s recently reported using MO calculations, supported by IR 
spectral data, to show that XXVII, XXVIII and XXIX exist in tautomeric 
equilibrium. A similar equilibrium was Found to apply to the corresponding I- 
substituted-2-naphthols and 6-substituted-3-EtzNC,H,OH analogues.‘s 

OH OH 

HO HO 
XXVII XXVIII 

Phenyl diazonium salts are capable of coupling with aliphatic compounds to yield 
tautomeric moieties. The hydrazone tautomer is believed to be the stable product of 
coupling an aromatic diazonium compound with a methylene group of a ketoned9 or 
a j3-diketonesO.” and also of keto-esters such as ethyl acetoacetate5” (see Scheme 2). 

0 

>-CH, 

N2+C’- + Y’ 
+ HCl 

C-0CzH5 
R OH 

xx XXX 

Scheme 2” 

XXX1 (cti and mans) 

Experimental evidence in the form of IR spectral”’ and NMR5’ data, as well as a 
polarographic study, ” have confirmed this proposal. 

The reaction of benzenediazonium chlorides with certain aromatic dicarbonyrs 
has also yielded products with hydrazone functionality, e.g. Scheme 3.j3 

In addition, the condensation product of phenylhydrazine and 1,2,3-tricarbonyl 
compounds is believed to exist preferentially in the hydrazone Form.5”*55 
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3. ENVIRONhlENl-AL FACTORS 

Although structursi factors play a significant role in determining the tautomeric 
equilibrium. the medium containin, 0 the molecules can also exert a strong influence. 
Thus changing the environment of a tautomeric system can often cause dramatic 
changes in equilibrium. For esample. the equilibrium of XXXIV has been shown to 
be placed in favour of the hydrazone tautomer by aggregation. by increasing 
solution acidity and by more nucleophilic solvents.5”*s7 In the gas phase. where 
cnvironmcntal factors are essentially eliminated, the equilibrium of SXXIV appears 
to fully favour the azo tautomer.5’ It should be noted that studies of azo-hydrazone 
tvutomerism in solution can be complicated by aggregation”.sS and it has been 
suggested that the hvdrazone tautomer is more susceptible to aggregation than the 
azo tautonler.“g 

XXXIV 
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3.1. The eflecl of so/cents 
The role of the solvent in determining the extent of the tautomeric equilibrium can 

be quite significant. For example. Korewa and Urban&a have reported”’ that 
I(R = o-Cl) was present as 100 7; azo compound in acetone but as 100 oA hydra zone 
in benzene. Contrasting with this, they found I(R = o.p-dichloro) to be solely in the 
azo fcrm in both acetone and benzene. which indicates the overriding nature of the 
substituent effect in this case. The state of the tautomeric equilibrium for a total of 14 
derivatives of I in a variety of solvents has been described by Karewa and 
Urbanska6’ and reproduced elsewhere.’ ’ 

Specific polar or H-bonding interactions are believed t3 be important 
determinants of the state of the tautomeric equilibrium. but the exact way in which 
these interactions operate is often obscure. After applying the ‘.-Itickel MO method 
to the problem, Kuder” generalized that the formation c.f inter- and intra- 
molecular H-bonds stabilizes the hydrazone tautomer 0.’ hydroxyarylazo 
compounds. Experimentally it is found that increasingly polar solvents (.non-H- 
bonding) tend to favour the more polar hydrazone form of orrho and para 
hydroxyazo compounds.6’ However, in the case of the para derivatives (I) ti 
complication arises because the formation of H-bonds with suitable solvents 
stabilizes the azo form, since the -OH group of the azo tautomer is able to form a 
stronger H-bond than the -NH group of the hydrazone.14 

The prototropic properties of the solvent nre known to influence the position of 
equilibrium6’ and Hempel et a1.6’ reported that certain protic solvents (e.g. ethanol) 
tended to favour the hydrazone form of I(R =para substituent). On the other hand, 
Kishimoto Ed al.” found that the tautomeric equilibrium of derivatives of 
I(R =par-a substituent) was displaced towards the azo form in pyridine, acetone, 
ethanol and methanol, but towards the hydrazone in chloroform and acetic acid. 
The displacement was based on the equilibrium in benzene as standard. 

Reeves cr al.63 have suggested that the effect of cavity formation energy on the 
tautomeric equilibrium may dominate the effect of the establishment of specific 
polar interactions between the tautomeric compound and solvent. By way of 
example, they postulated that the hydrazone tautomer of XXXVII is able to reside in 
a solvation cavity in water which has a lower free energy than the cavity required for 
the azo tautomer.63 Previously Reeves and Kaiser had been unable to correlate bulk 
solvent properties, such as dielectric constant, with the position of equilibrium of a 
series of 4’-substituted 2- and 4-arylazo-I-naphthol sulphonates.6s They found that 
in neat solvents, the equilibrium depended on the solvent structure. For neat 
solvents capable of forming a three dimensional structure, e.g. water or formamide, 
the hydrazone form was favoured. In two dimensional or unstructured solvents, e.g. 
simple alkyl alcohols or N-methylformamide, the azo tautomer predominated. In 
binary aqueous-organic solvent mixtures the microscopic environment of the dye in 
the solvent matrix was the determining factor. The authors suggested that when 
added to an aqueous solution of the dye, the organic co-solvent selectively solvates 
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the hydrophobic portion of the dye molecule and the state of the equilibrium is thus 
influenced by this ‘microenvironment’around the molecule. Misuishi er a/. arrived at 
the same conclusions after studying the tautomerism of I(R = H) in organic solvents 
containing water.65 

Thermal influences on the tautomeric equilibrium weredescribed by Saeva,’ ’ who 
used NMR to examinecompounds 1 and II (R = pOCH, in each case) in solution 
in acetone-&. Raising the temperature from - 21 to 20°C for 1(R = pOCH,) and 
from 20 to 40°C for II(R =pOCH,) shifted the equilibrium towards the azo 
tautomer in each case. Saeva’ ’ calculated thermodynamic parameters at 20 “C and 
stated that in each system the enthalpy component of the free energy favoured the 
hydrazone tautomer but the entropy term favoured the less polar azo form. Thus the 
difference in tautomeric behaviour between systems I and I1 (R =pOCH, in each 
case) can be ascribed to the dominance of the entropy and enthalpy terms for 
compounds 1 and II (R = pOCH, in each case) respectively. Bekarek e/ ~1.~’ had 
previously reported that the disubstituted naphthol derivative XXXV in solution in 
methyienechloridewas in a tautomericequilibrium over the temperature range - 75 
LO 3 I-5 ‘C, but that only the hydrazone tautomer was present below - SO”C. 

N _ 
\ 

N 

N 
\ 

N 

The effect of polymers on the tautomeric equilibrium of hydrosyazo compounds 
is of practical significance because many commercial applications of these 
compounds involve their incorporation in polymer substrates as colourants. 
Ho~vevrr. less is known about the effects of polymers than of solvents. although the 
type of polymer concerned appears to be an important factor in most cases. 

Severn! studies have dealt with the elTects of polymers on tautomeric compounds 
in solution. For esample. an aqueous solution of l(R =p-SO,Na) \vas found by 
Mntsui and Mochida66 to become more acidic as increasing amounts of a- or p- 
cgclodestrin were added to the solurion. These workers surmised that the starch 
formed a non-polar. aprotic microenvironment around the dye molecules which 
shifted the equilibrium from the less acidic hydrazone form to the more acidic azo 
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tautomer. Previously. Korewa and Nesterowicz67 had demonstrated that azo 
compounds. e.g. 4-arylazophenols, are more acidic than those containing a 
proportion of hydrazone tautomer. e.g. 4-arylazo-I-naphthols. However. the 
binding of XXXVI to proteins such as avidins and serum albumins in aqueous 
solution displaces the tautomeric equilibrium towards the hydrazone form.68*6” 

OH 

COOH 

N=N 

XXXVI 

The equilibrium of the tautomeric dye XXXVII has been influenced by certain 
surfactants at concentrations below their CMCs.” As the surfactants were added to 
an aqueous solution of the dye. dye-surfactant aggregates formed in which 
surfactant was in a slight excess over dye and the tautomeric equilibrium was shifted 
in favour of the azo tautomer. The microenvironment of the dye within these 
aggregateswas largely non-aqueous. in contrast to the bulk environment in the bath. 

Diffuse reflection spectroscopy has been used to study the tautomeric equilibrium 
of hydroxyaryl azo dyes in crystalline NaCl” and on polymer substrates.““3 
Dehari CI al.” reported that both tautomers of a number of substituted l- 
phenylazo-2-naphthols (11) were present when dry samples of the dyes were ground 
with NaCl. Furthermore. they demonstrated that increasing the temperature ofthe 
system shifted the equilibrium in some cases, e.g. towards t’ne azo tautomer for 

II(R = p-NO,) and towards the hydrazone tautomer for X&R = n-NO,). 
However. decreasing the dye concentration (1-O + O-01 “/‘,) favoured the hydrazone 
tautomer in every instance and this was related to the possibility that at lower 
concentrations a greater proportion of the dye is capable of beingwell dispersed and 
adsorbed on to the highly polar surface of the salt crystals. When the same dyes were 
applied to filter paper, tautomeric equilibrium changes were observed in certain 
cases after exposure to a high humidity environment.” The direction of the 
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equilibrium change again depended on the position and nature of substituents. For 
example. the moist environment favoured the azo tautomer of II(R = o-NO,) and 
the hydrazone form of II(R =pNO,). A later study73 used the same dyes but 
employed less hygroscopic substrates than cellulosic filter paper. The substituted 
I-phenylazo-Lnaphthols (II) were deposited on such fibrous polymers as 
polypropylene. polyacrylonitrile. poly(ethylene terephthalate). and nylon-6.6. and 
their diffuse reflection spectra compared with the absorption spectra determined in 
solvents considered to be models of the above polymers. viz. n-hexane. acrylonitrile. 
methyl benzoate and formamide respectively_ From the similarity of these spectra, 
the authors concluded that the-nature’ of the fibres was the major factor affecting the 
equilibrium. and that the effect of moisture was small in the case of the non- 
hygroscopic substrates.” Hempel and Viola’* have also described the use of diffuse 
reflection spectroscopy for the determination of the tautomeric fraction of a number 
of hydrosyazo compounds (I) present in polyamide fibres and films. 

3.3. C~~~~sfcalfir~c solid sIuIe srlrciies 

The elucidation of the molecular structure of tautomeric entities in the solid 
crystalline form has received attention of late. Three dimensional diffractometry at 

room temperature revealed that II(R = o-NO,. pC1) is an essentially planar 
molecule with hydrazone functionality.i5 In addition the magenta colourant, 
Pigment Red 3 I (SXSVIII) has been characterized as having a hydrazone structure 
in the solid state.76 

Kobelt CI (11.” studied the crystal structure of Pigment Brown 1, XXXIX, using X- 
ray methods and reported that neither the hydrazone nor the azo form alone could 
fully account for the observed bond relationships. They added that the molecule 
could be regarded as being a completely conjugated planar system stabilized by 
intramolecular -H-bonds. 
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OCH, 
XXXIX Pigment Brown I 

Monahan and Flannery” have indicated that intermolecular H-bonds are 
present in crystalline hydroxyazo compounds such as II(R = H), with the molecular 
structure being predominantly hydrazone. Whitaker79 later proposed that azo 
pigments derived from II have a crystal structure consisting of hydrazone tautomers 
stabilized by intramolecular H-bonds and intermolecular Van der Waals forces. 

Infrared spectral data for o.o’-dihydroxyazobenzene (XXXX) have indicated 
that both tautomers are present in the solid state,” and a conformational analysis of 
XXXX has taken this into account.” 

3.4. Gas phase srudies 
From the few studies of gas phase tautomerism that have appeared in the 

literature it would seem that the absence of intermolecular interactions generally 
favours the azo tautomer. Only the azo tautomer of compound XXXIV has been 
observed in the gas phase. 57 A similar result was found for a number of 
monosubstituted derivatives of 11,” although these compounds show hydrazone 
functionality in solution and in the solid state. 61.s3 However, a recent report on the 

mass spectra of a number of azo dyes of general structure XXXXI has claimed to 
have detected ions arising from both azo and hydrazone tautomers.81 
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3. THE EFFECT ON TAUTOMERISXi ON CHEMICAL REACTIVITY 

The fact that hydrosyarylazo compounds are capable of existing in either the azo or 
hydrazone form means that observed reactions will depend upon the tautomers 
present. A typical example is a report by Cardogan el a1..ss who found that only the 
hydrazone tautomers of phenylazonaphthols were capable of nitrosation with p- 
chlorobenzoylnitrite. No reaction was observed for azobenzene of 4phenylazo- I - 
methosynaphthalene. which cannot exist as hydrazones.” Previously, Desai and 
GileF’ had hypothesized that the initial step in theoxidation (by common oxidants) 
of azo dyes in aqueous media was one of hydrolytic attack on the C=N bond of the 
hydrazone tautomer of the dye. Other reports discuss such properties as charge 
transfer.“7 metal complexationss-sg and chelationgo with regard to azo-hydrazone 
tautomerism. 

4. I . Pllorocllcr)lislt.~. 
Because of the widespread application of the hydroxyarylazo compounds as dyes 

and colourants. many studies of the chemical reactivity of the tnutomeric systems 
have been concerned lvith their photofading. Griffiths and Hawkins have suggested 
chat a reaction between sin@er excited oxygen and the hydrazone tautomers of dyes 
of the general structure of II and II is responsible for their photodegradation.g’ -g3 
Kuramoto and Kitaog4 reached the same conclusion after studying the photofading 
of a number of substituted azo dyes (1I) in methanolic solution. although they later 
reported that compounds PI. R = o- or pN02. may fade reductively.gs Mallet 
and Newbold“ have maintained that reduction of the hydrazone form is the most 
important mechanism leading to the photodegradation of phenylazo-/?-naphthol 
dyes (II) on polypropylene. In spite of this. these workers did note that oxidation was 
possible. especially when oxygen was available.g” Previously, van Beek CI 01.~’ had 
suggested the possibility of photoreduction of both tautomers of hydroxyarylazo 
dyis in aqueous and ethanoIic solutions by H-abstraction from a suitabledonor (e.g. 
D.r-mandelic acid). However, Kitao CI n/.9a surmised that the hydrazone tautomer 
\vas more susceptible to photodegradation because the photofading resistance of o- 
hydrosgazobenzene (S) decreased upon annellation of the phenol portion of the 
molecule (i.e. increase in proportion of hydrazone tautomer present). 

Hempel cr uI. examined the fading of dyes of general structure I, 11 and III (R = p- 
substituent) in polyamide films and fibres”-‘-’ and reported that the substituents. R, 
influenced the rate of fading of the tautomers. The fading rate of the azo form of J 
(R = /I-substituent) was increased by electron donating substituents (R). while that 
of the hydrazone tautomer was increased by electron acceptors.” 

Although a chemical reaction might be specific to a particular tautomer, it would 
proceed to completion if carried out in solution due to the ability of the equilibrium 
to adjust as one tautomer is consumed_ However. in substrates where the tautomeric 
forms are separate and immobile. and therefore incapable of interaction, one should 
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observe a change in the state of the equilibrium as a tautomer-specific reaction 
proceeds. Such a situation was reported by lnukai,gg who studied the fading of dyes 
XXXXII and their oligomers (d-p. = Z-10) in poly(methy1 methacrylate) film. 

SXSXZI R = H. W-NO,. o-CH,. 
o-OCH,. p-Cl 

For the oligomers (which faded more rapidly than the monomeric dyes), the 
proportion of hydrazone tautomer decreased markedly as fading progressed. 
However. the tnutomeric equilibrium remained at a virtually constant level in the 
case of the monomeric dyes, in spite of their incorporation in the solid polymer 
substrate. 

Another form of photochemical difference between the tnutomers of phenylazo- 
naphthols has been described by Griffiths. loo He classified both tautomers of these 
compounds as ‘donor-acceptor chromogens’. However, the direction of charge 
migration that accompanies electronic excitation to the first excited state is different 
for each tautomer. This is demonstrated in the diagrams below by the arrows which 
show the direction of charge migration for excitation to the first excited state. 

I Hydrazone tautomer 

Grifiths has also shown that for a dye which can exist in two forms in equilibrium, 
the frequency difference between their visible absorption bands exhibits a linear 
relationship with Hammett CT substituent constants. lo’ He demonstrated this 
dependence with the azo-hydrazone tautomeric forms of a number of substituted 4- 
phenylazo-l -naphthols (I). 

4.2. Photochr-omism 
A well-known photochromic reaction of azo compounds is iram--, cis 

ison~erization.‘*‘02 For hydroxyazo compounds capable of azo-hydrazone 
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tautomerism, the photochromic II’U~IS -+ cis isomerization depends on the state of 
the tautomeric equilibrium. The nitro derivative I1 (R =p-NO,) exists almost 
completely in the hydrazone form and thus shows no photochromic behaviour.r3 

Fischer and Freiro3 observed that the Iram isomer of the azo tautomer of 
I(R = H) could be converted to the less stable cis form when its alcoholic solution 
was irradiated at - 140°C. Upon warming (- 135 -+ -9O”C), the ci.s isomer 
thermally reverted to the iruns form via the phenylhydrazone tautomer. The 
hydrazone form could not be implicated in any direct photoconversion.’ 

Trarrs -, cis isomerization of the azo form of II(R = H) has been studied by a dual- 
beam picosecond absorption spectroscopic tcchnique.los The time constant for the 
reaction was found to increase with increasing solution viscosity. 

The photoinduced arms-cis isomerization of the dyes XXXSIII has been 
studied by Russian workers. 1os.106 Activation energies at pH > 10 varied from 5.7 
to 23.6 kcaljmol. but these values could not be correlated with the nature or position 
of the substituents.“’ 

HO R 

HO,S 
XsssIII 

The protonation equilibrium of a tautomeric compound is exemplified by 
l(R = H) in Scheme 4. In alkaline conditions, hydroxyarylazo compounds are 
capable of behaving as weak acids. The presence of a strong intramolecular H-bond 
in the case of the ortho derivatives (e.g. II) makes them much weaker acids than their 
purge isomers (e.g. I). Griffiths”’ has suzggested that at high pH each tautomer 
ionizes to a common anion as shown in Scheme 4. However, Trotterro7 used laser- 
Raman spectroscopy with supportive IR spectroscopy to examine a number of 
hydroxyazo compounds (including I and II (R = H)) in acidic and basic aqueous 
media and reported that at pH = 12 the ionized molecules had the form of the azo 
anion. Saito er ~1.‘~~ have claimed that in basic conditions, the anion of I and 
iI(R = H) does exist as a resonance hybrid. but that the azo form of the anion is the 
more favoured canonical form. 

Reeveslog proposed that the protonated phenylazonaphthols exist as resonance 
stabilized azonium ions (see upper Scheme 4). However, a theoretical study by 
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OH 

N 
%H NH 

. 
N \ N, 

N NH 

I.R=H 

Scheme 4 

Bigelow ’ lo has shown that for 2-naphthol derivatives (II) the protonated hydrazone 
is the more likely form of the azonium ion. 

Simov et 01.’ I 1 reported that spectrophotometric data and p K, values of 16 o,o’- 
dihydroxyazo dyes indicated a tautomeric equiiibrium for the dyes examined. 
Schreiber er al.’ I2 found a linear relationship between the plc, of dyes of general 
structure I and the Hammett constant rs of the substituents R. Deviations from this 
relationship in the case of I(R =p-CN, p-CH,CH,, p-SO&H, and p-NO,) were 
ascribed to a high concentration of hydrazone tautomer.’ ’ * It has been shown that 
the azo form is more acidic than the corresponding hydrazone tautomer.66*67 
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