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Abstract 0 Aromatic hydroxylation has been developed into a 
widely applicable analytical method for aromatic compounds. A 
modified Hamilton hydroxylating system, consisting of hydrogen 
peroxide, ferric ion, catechol, and glucose, converts aromatic com- 
pounds to phenols, which are measured colorimetrically after oxida- 
tive coupling with 4-aminoantipyrine. The method is applicable to 
lO-'-IO-' M aqueous solutions of many substituted benzene 
derivatives, linear absorbance-concentration plots being obtained 
with apparent molar absorptivities in the range of 1-5 X 108. The 
method has been applied to numerous aromatic drugs. Many 
common tablet excipients do not interfere at normal formulation 
levels. As one of the few methods available for the detection of the 
phenyl group, this technique has the advantages and limitations of a 
general functional group method. 
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A method (Scheme I) for the quantitative determina- 
tion of aromatic compounds was recently described (1). 
An aromatic compound is converted to a phenol by the 
action of the Hamilton hydroxylating system (2-4), 
consisting of hydrogen peroxide and catalytic amounts 
of ferric ion and catechol; this system was modified 
by the incorporation of a cyclodextrin. After hydroxyla- 
tion, the product phenol is oxidatively coupled with 4- 
aminoantipyrine for spectrophotometric measurement 
(5-7). Many benzene derivatives were determined in 
this manner (1). 

Significant improvements have now been made in 
this aromatic hydroxylation method. The present paper 
describes the basis for these improvements and the 
application of the new method to numerous com- 
pounds of pharmaceutical interest. 

EXPERIMENTAL. 

Materials-The following chemicals were used as received: 
ferric perchlorate hexahydratel, potassium ferricyanide', ethyl ace- 
tate', acetone', chloroforma, methanol', benzene', toluene', iso- 
propyl alcohols, benzoic acid*, phenol', glucose*, aniline', 30% 
hydrogen peroxidel, lactose', stearic acid', benzaldehyde', nitro- 
benzene', hydroquinone', sorbitol', acetonitrile', dioxane', talc6, 
starch', 4-aminoantipyrine', N,N-dimethylformamid, Schardinger 

1 G. Frederick Smith Co. 
2 J. T. Baker Chemical Co. 
2 Mallinckrodt. 
4 Fisher Scientific Co. 
6 Merck. 
6 Beaver Dam Wholesale Co. 
'I Aldrich Chemical Co. 

Eastman. 

U- and fl-dextrinsD, L-phenylalaninelo, L-tryptophanll, quinine sul- 
fate', rn-creso18, pcresoP, m-chlorophenola, m-hydroxyacetophe- 
none, chloramphenicoll*, benzocBine13, phenacetin'l, d,/-man- 
delic acid'', antipyrine", d,/-ephedrine hydrochloride6, benzenesul- 
fonamide7, sulfanilamides, atropine sulfate, and chlorpheniramine 
maleate. Anisole' was found to be gas chromatographically pure 
(IOZSE-30.165'). 

C&hol1a was-recrystallized twice from toluene, m.p. 103-104' 
[lit. (8) m.p. 104"]; hydrocinnamic acid8 was recrystallized from 
petroleum ether, m.p. 47-48" [lit. (9) m.p. 47.548"]; benzamide 
was recrystallized from water, m.p. 125.5-127" [lit. (10) m.p. 125- 
126'1. The three methoxybenzoic acids were recrystallized from water : 
o-methoxybenzoic acid, m.p. 98.5-100" [lit. (10) m.p. 99-101 "I; m- 
methoxybenzoic acid, m.p. 104.5-105' [lit. (10) m.p. 104-105"]; 
andpmethoxybenzoic acid, m.p. 183-184' @it. ( I  1)m.p. 184"]. 

N-Methylbenzylamine was distilled at  reduced pressure, b.p. 
71 '/2 mm. Hg [lit. (12) b.p. 78"/14 mm. Hg]; methyl benzoates was 
distilled, b.p. 199.6" [lit. (13) b.p. 200"]; ethylbenzene was distilled, 
b.p. 135'[1it. (14) b.p. 135'1; benzyl alcohol8 was distilled at reduced 
pressure, b.p. 70"/15 mm. Hg [lit. (15) b.p. 104-105°/20 mm. Hg]; 
oCresol* was distilled, b.p. 191-192' @it. (16) b.p. 192"l; guaiacoP 
was distilled at reduced pressure, m.p. 28' [lit. (17) m.p. 27.4'1; p 
methoxyphenoP was distilled under reduced pressure, m.p. 53' 
[lit. (18) m.p. 53"); and salicylaldehyde was distilled at reduced 
pressure, b.p. 65-66'/2 mm. Hg[lit. (19) b.p. 197"/760 mm. Hg]. 

Salicylic acid8 was recrystallized from methanol-water, m.p. 159- 
160' [lit. (20) m.p. 158'1; m-hydroxybenzoic acid8 was recrystallized 
from water, m.p. 200' [lit. (21) m.p. 202'1; phydroxybenzoic acida 
was recrystallized from xylene+thanol, m.p. 213-214" [lit. (22) 
m.p. 212-213 'I; o-aminophenol was recrystallized from toluene- 
methanol, m.p. 174.5-176" [lit. (23) m.p. 171 "]; m-aminophenol was 
recrystallized from toluene-methanol, m.p. 122-123" [lit. (24) m.p. 
123 "1; o-nitrophenoP was recrystallized from ethanol, m.p. 44.5- 
45' [lit. (25) m.p. 45'1; mnitrophenoP was recrystallized from 
aqueous hydrochloric acid, m.p. 95-96' [lit. (26) m.p. 95-96']; p 
nitrophenol was recrystallized from toluene, m.p. 11 3-1 14" [lit. (27) 
m.p. 114'1; and m-hydroxybenzaldehyde was recrystallized twice 
from water, m.p. 101-103" @it. (28)m.p. 101-102'1. 

Acetanilids was recrystallized from water, m.p. 113-1 14" [lit. (29) 
m.p. 114'1; acetylsalicylic acid6 was recrystallized from acetone, 
m.p. 135-136' [lit. (30) m.p. 135"l; 2-naphthalenesulfonic acid1' was 
recrystallized from dioxane-benzene, m.p. 121423' [lit. (31) m.p. 
120-122']; phenobarbital14 was recrystallized from water-methanol, 
m.p. 174-176" [lit. (32) m.p. 174.5-175.5'); barbital" was recrys- 
tallized from water, m.p. 188-189.5' [lit. (33) m.p. 190'1; and d,l- 
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tropic acid was recrystallized from benzene, m.p. 116-117" [lit. (34) 
m.p. 116-117"]. 

Standard buffers were prepared according to Bates (35). Water 
was purified by passing once-distilled water through an ion-exchange 
column'5. Acetate buffer (pH 4.0), in which hydroxylation reactions 
were run, was prepared to be 5 X M in total buffer concentra- 
tion and 0.1 M in ionic strength; ionic strength was adjusted with 
potassium chloride. Borate buffer, used to quench the hydroxyla- 
tion reaction and as the color development medium, was prepared 
to be 0.4 M in total boric acid and 0.2 M in sodium hydroxide. Hy- 
drogen peroxide (3 %) was prepared by dilution of the 30 Z solution 
and was standardized by titration with potassium permanganate. 
Aqueous catechol solutions (3 X 10-3 M) were stored in the dark. 
Ferric perchlorate stock solution (1.5 X 10-2 M) was stabilized by 
adding 1 drop of 60% perchloric acid/% ml. of solution. Ferric 
perchlorate reagent solution (1.5 X lo-' M) was prepared by di- 
luting the stock solution. 

Apparatus-Spectrophotometric measurements were made in 
spectrophotometers'a equipped with thermostatted cell compart- 
ments. The pH measurements17 were made at  25.0". Reaction tem- 
peratures were maintained to 3 ~ 0 . 1 ~  with constant-temperature 
water baths, Thermometers were calibrated against thermometers 
carrying either an NBS or an ASTM certificate. 

Procedures-Analytical Method--To a 25-ml. volumetric flask 
are added 1.0 ml. of 3 X M aqueous catechol, 1.0 ml. of 
1.5 X Mferric perchlorate, 5.0 ml. of 1.8 X 10-1 Mglucose, and 
enough of the aromatic sample compound such that its concentra- 
tion in the diluted solution is in the range of 10-4-10-a M. The solu- 
tion is diluted to the mark with pH 4.0 acetate buffer, and the pH of 
the final solution should be in the range of 3.54.0.  

The flask is placed in a 75" water bath, and reaction is initiated by 
adding 0.1 ml. of 3% hydrogen peroxide solution. After 10 min., a 
5.0-ml. aliquot is pipeted into 5.0 ml. of borate buffer. The color is 
developed by adding 0.1 ml. of 3 %  (w/v) aqueous 4-aminoantipy- 
rine followed by 0.1 ml. of 10% (w/v) aqueous potassium ferricya- 
nide. The absorbance is measured immediately at  the absorption 
maximum against a reagent blank carried through the same proce- 
dure. A standard curve is prepared by subjecting known concentra- 
tions, bracketing the unknown concentration, of the same aromatic 
compound to the procedure. 

Chloroform Extraction Method--To achieve greater sensitivity or 
to circumvent fading of the color with some compounds (discussed 
later), substances giving a neutral extractable coupling product can 
be determined as follows. After hydroxylation is complete, 15.0 ml. 
of the reaction mixture is transferred to a 60-ml. separator contain- 
ing 10 ml. of borate buffer. To this is added 0.1 ml. of 3 % 4-amino- 
antipyrine, about 4 ml. of chloroform, and then 0.1 ml. of 10% 
potassium ferricyanide; the mixture is shaken for about 1 min. The 
chloroform layer is filtered through glass wool into a 5-ml. volu- 
metric flask. Then the separator is rinsed with an additional 0.75 ml. 
of chloroform, which is added to the first chloroform extract, and 
this solution is diluted to volume with chloroform. Its absorbance is 
measured at the absorption maximum against a reagent blank car- 
ried through the same procedure. 

Optimization Studies-During the development of the proposed 
method, many system variables were investigated including time, 
temperature, pH, concentrations and ratios of concentrations of 
reactants, other colorimetric finishes, other "stabilizers" (see Dis- 
cussion), and interferences. These studies were carried out in much 
the same manner as described under Aridytical Method, with ap- 
propriate variation in the feature being studied. 

RESULTS 

Unmodified Hamilton System-When catechol is subjected to 
the 4-aminoantipyrine colorimetric method, no significant inter- 
ference is observed at  wavelengths used for monohydric phenols. 
This lack of interference makes the 4aminoantipyrine method 
the finish of choice. It is, therefore, possible to carry out the color 
development directly in the hydroxylation solution. 

Continental Deionized Water Service. 
Cary models 14 and 16. 

17 Radiometer pH meter model 25 with Corning combination electrode 
476051, or Sar ent model DR pH meter with Sargent combination 
electrode S-3OO'h-lS. 

Table I--Effect of Reagent Age on Yield in 
Hydroxylation of A n i s o k  

Age of Hamilton System 
before Addition of Anisole, 

min. A m b  

0 0.461 
5 0.429 

10 0.317 
15 
30 
60 

120 

~ . ~ ~ .  

0 . 2 3 0  
0.205 
0.146 
0.068 

12@ 0.461 
180 0.012 
18W 0.036 

li 5.36 x 10-4 M anisole, 5.90 X lo-' M F a I I ) ,  1.17 X .lo-' M 
catechol. 1.06 X 10-8 M H2O1. oH 3.9. 25". 1-hr. reaction time. * 4- 
Aminoaitipyrine finish. Addiiibnal cakchdl (1.17 X lo-' M) and 
H~OZ (1.06 X 10-3 M) added at this time. Additional HzOz (1.06 X 
10-3 M) added at this time. 

Dependerrcc of Yield on Peroxide-Substrate Ratio-Typical initial 
reactant concentrations employed by Hamilton et al. (3, 4) were 
catechol. 1.5 X lo-' M; FdIII), 4 X M; hydrogen peroxide, 
2 X M: and substrate, 10-2 M. The reaction was followed by 
monitoring the loss of peroxide. As an analytical reagent, however, 
the hydrogen peroxide in the Hamilton system must be in excess of 
the aromatic substrate (sample). With these more practical condi- 
tions, the yield of phenolic product, as reflected by the absorbance 
from the 4-aminoantipyrine-coupled product, was markedly depen- 
dent upon time of reaction and initial ratio of peroxide to substrate. 
Moreover, when phenol was substituted for an aromatic substrate 
in such a system, hydroxylation occurred as shown by the absorb- 
ance decrease. 

Figure 1 shows the time course for the hydroxylation of anisole. 
At initial ratios of peroxide-anisole much greater than 2, production 
and then loss (by further hydroxylation) of rnonohydroxyanisoles are 
evident. When this ratio is about 2 or  less, stable absorbance values 
are obtained after 1-2 hr.; however, the yield is sharply dependent 
upon this ratio, being depressed as the ratio is decreased. In a practi- 
cal analytical situation, this ratio is not known and cannot be con- 
trolled. Under such conditions (namely [H2GI0 is constant and 
[ a n i s ~ l e ] ~  is variable), the percent yield of phenolic product depends 
upon the sample concentration, and a Beer's law plot with curvature 
is observed. The direction of curvature depends upon the [HEGIO- 
[substratelo ratio, being negative if this ratio is 2 or less and positive 
for values greater than 2. 

Deperiderrce of Yield on pH, Catechol, and Iron-Initial experi- 
ments revealed measurable but small differences in yield between 
studies carried out under nitrogen and in the presence of air. Most 
subsequent work was done with an air environment. 

Studies of yield (in these, as in other experiments unless otherwise 
noted, it is to be understood that yields are based upon absorbance 
values of the 4-aminoantipyrine-coupled products) established opti- 
mal conditions for several system variables when [HaO?]~~anisole]~ 
was held at  about 2 so as to give stable yields. The yield was found to 
be essentially independent of pH in the range of 3.542. The opti- 
mum concentration of catechol is about 1.2 X lo-* M, and the opti- 
mum ratio of Fe(II1) to catechol is 0.5, although the yield is not 
very sensitive to this ratio18. These optimum conditions were in- 
corporated into the recommended analytical method. 

Aging of Hatnilton System-Catechol, which is itself an aromatic, 
should be hydroxylated, possibly altering its catalytic effectiveness 
as well as depleting peroxide. This anticipated aging phenomenon is 
demonstrated in Table I, which shows that the time of addition of 
substrate to a pre-prepared Hamilton system affects the yield of 
hydroxylated product. When additional catechol plus peroxide is 
added, the yield returns to its  expected value, but addition of perox- 
ide alone does not restore the yield. These observations were used in 
designing the analytical method, the reaction being initiated by add- 
ing peroxide, that is, by completing the Hamilton hydroxylating 
system. 

~~~~~~ ~ ~ ~ 

Data substantiating these and other findings were reported else- 
where (36). 
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Figure 1-Change of absorbance with time (4-~inormtipyrinefish) 
for hydroxylation of anisole at 25" (nitrogen atmosphere). Initial 
conditions: 5.26 X I&& M anisole, 4.26 X M FdlII), 1.17 X 
1 0 - 4  M catechol, pH 3.9. Key: 0, [ H t O ~ ] ~ a n i s o l e ] ~  = 2.3: 8, 4.7: 
and., 23.6. 

Cyclodextrin-Modified Hy droxylating System-Figure 1 shows 
that under analytical conditions, where the hydrogen peroxide in 
the Hamilton system is in large excess of the aromatic sample com- 
pound, hydroxylation continues beyond the introduction of the 
first hydroxy group. This phenomenon reduces the attractiveness 
of the Hamilton system as an analytical reagent. 

The hypothesis was conceived that a cyclodextrin (ring com- 
pounds of 1,4-linked D - ~ ~ U C O S ~  monomers) might have a differential 
rate effect on the sequential hydroxylation steps as a consequence 
of its capability of forming inclusion complexes with aromatic 
compounds (37, 38). Figure 2 shows the time course for the 
hydroxylation of benzene in the presence and absence of cyclo- 
dextrins a t  an initial peroxide-substrate ratio of 6.75. Evidently the 
cyclodextrins have a profound stabilizing effect. About 10-$ M 
cyclodextrin gives an optimum effect; too high a concentration re- 
sults in depressed yields. Under the conditions given in Fig. 2, a 
linear Beer's law plot was obtained for benzenels over a concentra- 
tion range corresponding to initial peroxide-benzene ratios of 3.15- 
31.5, Incorporation of a cyclodextrin, therefore, provides a satis- 
factory analytical method. 

This method was successfully applied to 15 mono- and disub- 
stituted benzenes, using 1-2-hr. reaction times at 25' (1). Its ex- 
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Figure 2-Chw~ge of absorbance with time (4-aminoantipyrinefish) 
for hydroxylation of benzene ut 25'. Initial conditions: 5.38 X 1 0 - 4  M 
benzene, 1.I7 X 1 0 - 4  M catechol, 5.94 X M Fe(lll),  3.63 X 
I t a  M HtOl, p H  3.7. Key: 0, no cyclodextrin; a, 1.13 X lCa M 
8-cyclodextrin: and., 1.26 X 10- a M a-cyclodextrin. 

For this substrate,. an apparent molar absorptivity of 4.5 X 10' 
is obtained. corresponding to a 37 7?, yield of phenol. 

Table XI-Aromatic Compounds Determined by the 
Cyclodextrin-Modified Hydroxylation Methoda 

Compound 

An- 
aiy3& 

Reaction Wave- 
Time, length, 

nm.b 1 0 - 8  eaPp= hr. 

Acetanilid 2 510 3.9 
Phenacetin 1 . 3  490 2.7 
Aspirin 2 490 1.7 
Benzenesulfonamide 2 505 1.1 
Sulfanilamide 2 435 1 . 5  
Chloramphenicol 2 390 0 . 7  
Mandelic acid 2 500 2.1 
L-Phenylalanine 1 495 2.6 
Tropic acid 2 500 1.4 
Atropine 2 500 2 . 6  
Ephedrine 1 505 2 .7  
Phenobarbital 2 515 1 . 1  
Antipyrine 2 500 0 .9  
2-Naphthalenesulfonic acid 2 510 0 . 6  
L-Tr yptophan 2 485 0.5 
Quinine 2 490 0.5 
Physostigmine 2 495 0 . 2  

1.17 X 10-4 M catechol, 5.94 X ,lo-' M Fe(II1). 3.4 X lo-* M 
HzOZ, 1.0-1.3 X 10;' M p-cyclodextrin. pH 3.6-q.0, 25". Color.de- 
velopcd by the 4-aminoantipyrine method except with chloramphenicol 
and sulfanilamide, which were measured through the nitrophenolate 
absorption. Apparent molar absorptivity based upon total sample 
concentration, regardless of fate, in the final colorimetric solution. For 
more examples, see Reference 1. 

tension to some drugs and related compounds is shown in Table 11. 
Chlorpheniramine and benzalkonium chloride gave standard curves 
with marked negative curvature. Benzocaine could not be deter- 
mined because the product precipitated from solution. The pheno- 
barbital standard plot showed positive curvature. No significant 
interference ( p  = 0.05) was observed by tablet excipients in the 
determination of acetanilids; the mixture contained 35 mg. acetan- 
ilid, 100 mg. lactose, 10 mg. starch, 10 mg. talc, and 2 mg. stearic 
acid. 

Glucose-Modified Hydroxylating System-As a reasonable first 
step in determining the mechanism of stabilization by cyclodex- 
trins, a time course for hydroxylation was carried out with the 
incorporation of a- glucose instead of cyclodextrin. Figure 3 shows 
the effect of glucose on the hydroxylation of acetanilid. Evidently, 
glucose has a stabilizing effect similar to that of cyclodextrin, al- 
though higher concentrations of glucose are required. Figure 4 
is a Beer's law plot for the hydroxylation of acetanilid, showing that 
glucose provides a very satisfactory analytical result. 

0.6 

2 0.4 
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I 1 1 I I I 

0 20 40 60 80 100 120 
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Figure &Time course for hydroxylation of acetanilid (4-amino- 
cuitipyrine finish) at 25" in the presence and absence of glucose. 
Initial conditions: 4.70 X I&' M acetanilid, 1.17 X lo-' M catechol, 
5.98 X M Fe(lll),  4.13 X 1 0 - 8  M H&. Key: 0, no glucose; 
8,1.26 X IWa M glucose; and., 1.26 X 10-2 M glucose. 

to The mixture. contained in a 50-ml. volumetric flask, was shaken 
with 30 ml. of water for 15 min. After diluting to volume, a 2.0-ml. 
aliquot of the filtrate was taken for analysis. 
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Figure 4-Concetrtration-resporlse curces for hydroxylation 0, 
aceranilid at 25" in the presence and absence of glucose. Condirions: 
1.17 X 1 0 - 4  M catechol, 5.98 X 1 0 - 6  M Fe(Ill), 4.13 X I&' M 
H&Z; 2-hi. reaction time. Key: 0, no glucose; and @, 7 X IPS M 
glucose (4-amitroaniipyrinefinislr). 

The effect of temperature on time of hydroxylation is shown in 
Fig. 5. The hydroxylation reaction reaches a stable yield value after 
about 10 min. above 70". At these higher temperatures, yields 
are slightly lower than at 25". Moreover, the glucose concentration 
giving maximum yield, which was established by varying the glucose 
concentration and measuring the resultant absorbances, is less at 
higher temperatures and is mildly dependent upon the substratela. 
At 75" the flucose concentration should be in the range of 2-5 X 
10-8 M for maximal yield and for yields independent of substrate 
concentration. With such conditions, phenobarbital gave a linear 
working curve. It was found that yield is independent of catechol 
concentration in the range of 1-5 X 1 0 - 4  M. 

Table III  gives analytical results on aromatic compounds sub- 
jected to the glucose-modified hydroxylation method as described 
in the Experimental section. Linear working curves were observed 
for most compounds at concentrations up to 1 X lo-' M. Chlor- 
pheniramine showed linear behavior up to 6 X lo-' M. Antipyrine 
gave a standard curve with negative curvature. Many of the Beer's 
law plots appear to intersect the abscissa close to the origin. This 
is probably a consequence of the very high peroxide-substrate ratio 
at low substrate concentration; it is not a serious analytical draw- 
back. 

A typical tablet formulation consisting of 65 mg. sodium pheno- 
barbital, 26 mg. lactose, 20 mg. starch, 20 mg. talc, and 0.3 mg. 
stearic acid gave an average recovery of 98.4 f 0.6% (four deter- 
minations)when compared with a standard phenobarbital solutionzi. 
When the lactose was increased to 200 mg. in the same formulation, 
a 10% decrease in response resulted. However, when the pheno- 
barbital was extracted from the tablet formulation prior to hydrox- 
ylation, an average recovery of 98.8 f 1.2% (four determinations) 
was achieved**. 

Other compounds were found to function effectively as stabil- 
izers, although for analytical purposes they offer no advantages 
over glucose. The optimum stabilizer concentration depends upon 
the identity of the stabilizers. These approximate values were ob- 

~ ~~~ ~~ ~ 

* I  The mixture, contained in a 50-ml. volumetric flask, was shaken 
with 30 ml. of water for 15 min.. the pH was adjusted to 3.9 with 5 X  
HCI, and the solution was diluted to volume with water. A 4.0-1111. 
aliquot was taken for analysis. 

* *  The mixture. contained in a Wml.  separator, was shaken with 10 
ml. of water for 1 5  min., acidified with hydrochloric acid, and extracted 
with one 20-1111. and three 15-ml. portions of chloroform. The chloro- 
form extracts were filtered through glass wool and evaporated to dry- 
ness. The residue was dissolved in acetate buffer and quantitatively 
transferred to a 100-ml. volumetric flask, and the solution was diluted 
to volume with buffer. An 8.0-ml. aliquot was taken for analysis. 

TabIe III-Aromatic Compounds Determined by the Glucose- 
Modified Hydroxylation Procedure" 

Analytical 
Wavelength, 

Compound nm! 10-3 €& 

Benzene 505 2.9 
Anisole 505 4.4 
Acetanilid 510 3.4 
Phenacetin 490 3.1 
Benzoic acid 495 1.7 
o-Methoxybenzoic acid 493 3.7 
m-Methoxybenzoic acid 493 2.8 
p-Methoxybenzoic acid 48 5 5.5 
Mandelic acid 500 1.3 
Atropine 500 2.1 
Ephedrine 505 2.2 
Phenobarbital. 515 1.3 
Chloramphenicol 390 0.8 
Chlorpheniramine 500 2.7 

1.17 x 10-4 M catechol. 5.94 X 10-6 M Fe(III), 3:4 x. lo-* M 
H a ,  3.7 X 10-5 M lucose. .pH 3.p-4.0, 10-mm. reaction time, 75". 

Color developed by t i e  Caminoantipyrine method except with chlor- 
amphenicol, which was measured through the nitrophenolate absorp- 
tion. Apparent molar absorptivity based upon total sample concentra- 
tion, regardless of fate, in the final colorimetric solution. 

served: lactose, 3 X 10-' M; sorbitol, 4 X M; acetonitrile, 
0.15 M; isopropyl alcohol, 0.01 M ;  dioxane, lo-' M; and acetone, 
0.1 M. 

Studies on Colorimetric Finish-The stability of the Camino- 
antipyrinecoupled dye has been the subject of several studies 
(7, 39, 40). Color instability has been associated with the presence 
of electron-withdrawing groups on the parent phenol (7). In the 
present work, a series of monosubstituted phenols was subjected 
to the Caminoantipyrine color development and the stability of the 
color was observed. It has been verified that electron-withdrawing 
groups enhance instability. Although the rateobservations weresemi- 
quantitative, it can be stated that significant fading will be observed 
if the Hammett substituent constant u is greater than about +0.3. 
An apparent exception is the amino group; thus, o-aminophenol 
gave an unstable color. It is possible that this group was oxidized 
to (for example) the N-nitroso function. 

In the analytical hydroxylation studies with compounds carrying 
electron-withdrawing groups, the absorbance after Caminoanti- 
pyrine coupling was measured as a function of time and extrapolated 
to zero time. With nitro compounds (and with sulfanilamide, which 
may be oxidized to a nitro compound under hydroxylation condi- 
tions), the yellow color produced by the nitrophenolate absorption 
upon addition of the borate buffer provided a suitable finish. 

Extraction of the Caminoantipyrine dye into chloroform has 
been proposed to stabilize and to concentrate thecolor (7,41). This 
procedure was also successful when applied to the hydroxylation 
method, as described in the Experimental section. 

DISCUSSION 

Stabilization Effect-A simplified view of the Hamilton hydrox- 
ylating system (Scheme 11) incorporates the idea of sequential hy- 
droxylation as revealed by the present data. Only the monohydroxy 
compounds (and not even all of these) are expected to couple with 
Carninoantipyrine. Since Hamilton and coworkers (2-4) observed 
that anisole and nitrobenzene are hydroxylated at comparable rates, 
the reagent is fairly nonselective, and it may be anticipated that 
kl CJ kt. The kinetic behavior is not as simple as Scheme I1 implies, 
however, because of the aging effect described earlier. The Hamilton 
reagent decomposes (by hydroxylation of catechol), and this phe- 
nomenon not only alters the catalytic effectiveness of the catechol 
but also consumes peroxide. 

The hypothesis leading to the use of a cyclodextrin as a potential 
stabilizer invokes a stabilization resulting from inclusion compound 
formation, the hope being that a phenol will bind more firmly within 
the cyclodextrin cavity than will the parent aromatic; thus the ratio 

aromatic kl IH&J monohydroxy ky LHzOtl dihydroxy 
compound - derivatives derivatives 

Scheme I1 
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Figure 5-EJect of temperature on time course for hydroxylation of 
phenobarbital and aceranilid with a glucose-modified Hamilton sys- 
tem. Conditions: 1.17 X 1 0 - 4  M catechol, 5.94 X 1 0 - 6  M Fdlll), 
3.90 X 1 0 - 8  M H z G ,  7.24 X IFa M glucose. Key: 0 ,5 .94  X 10-' M 
acetanilid, 74"; 0.8.64 X 1 0 - 4  M phenobarbital, 73": and., 8.64 X 
IF' M phenobarbital, 55 O (4-aminoantipyrinefish). 

kdkl would be effectively decreased. Although inclusion complexes 
are certainly formed in many of these solutions, their role in sta- 
bilizing the monohydroxy product appears to be a minor one, as 
evidenced by the similar effects produced by glucose and cyclo- 
dextrin. The stabilization effect must, therefore, have a more general 
basis than the one originally hypothesized for cyclodextrin. The 
nature of the time course curves suggests this basis. Addition of a 
stabilizer substance like glucose or cyclodextrin causes behavior 
that can be duplicated (at least qualitatively) by reducing the per- 
oxide concentration. The kinetic scheme should therefore be modi- 
fied to provide an additional pathway for depletion of peroxide. In 
SchemeII1,"ox" denotes the actual hydroxylating species, postulated 
by Hamilton to result from a 1 : 1 : 1 complex of hydrogen peroxide, 
iron, and catechol; Sis thearomaticsubstrate; P is monohydroxylated 
product; I is the stabilizer or "inhibitor" substance; and P' is the 
product of unspecifiednaturearisingfrom theactionof "ox"on 1.This 
kinetic scheme achieves generality with the stipulation that I is 
any substance other than S or P that can consume peroxide. In 
the recommended analytical procedure, I is (mainly) glucose, but 
other solution components can function in the same way; thus, the 
acetate buffer, catechol, product P', and components of the sample 
other than S can all serve as I and account for the consumption of 
peroxide. Stabilization results from the depletion of peroxide. 

An expression for this effect is easily obtained by applying the 
steady-state approximation to the intermediate "OX" : 

where k' = kl[Fe(IIl)~catecholl, ro = [H&lo/[S]o, rt = [H&l/ 
[SIO, p,= [SI/MO, Y = IP!/[Slo, x = [40/[Slo, and z = [Il/[Slo. The 
condition of a stable state with respect to P means that d[P]/dt = 0; 
this can be met if rt = 0 or if aka = ykp.  That the former condition 
holds is indicated by Fig. 6, which shows that the addition of fresh 
Hamilton reagent at the stable state results in loss of monohydrox- 
ylated product. 

Equations 2 and 3 are the material balances on substrate and 
peroxide, where it is assumed that [ox] << [H201] and that P' is 

0.4 C l  

I I I I I I 

0 20 40 60 80 100 120 
MINUTES 

Figure 6-Effect of addition of Hamilton reagent at the stable state 
(d[P]/dt = 0)  otr the time course for hydroxylation itr a cyclodextriti- 
modified system. Conditions: 1.16 X 1 0 - 4  M catechol. 5.94 x 10-6 
M Fe(Ill), 3SS X IO-' M H202, 6.37 X lo-' M anisole, 1.08 X 1 0 - 3  
M cyclodextrin, 25 ", 4-aminowrtipyritie finish. Key: 0, normal time 
course; and @, Hamilton reagent (iron, catechol, and peroxide) added 
at 60  min. 

dihydroxylated (hence the stoichiometric factor 2): 

[ s l o  = [sl + [PI + [P'I 0%. 2) 

IH20210 = [HAM + [PI + 2[P'l + n ( [ l ] o  - [ID (Eq. 3) 

For convenience, n is taken to be unity and [do is adjusted accord- 
ingly; that is, the inhibitor concentration is specified on an equiv- 
alent rather than a molar basis. Then with the earlier definitions: 

ro = rt + 2(1 - a)  + x - y - z (Eq. 4) 

Applying the stable-state condition r r  = 0 to Eq. 4 gives Eq. 5 for 
the yield y of monohydroxylated product: 

y = 2 ( 1  - a ) + x - r o - - z  (Eq. 5 )  

If e., is the weighted average molar absorptivity of the rlarnino- 
antipyrine-coupled monohydroxy products, then A = e , y P ]  = 
esvby[S1o, or: 

A = e.a2(1 - a )  + x - ro - z1S]0 (Eq. 6) 

Lacking quantitative data on all system components, it is not possi- 
ble to specify the behavior of a and L; the quantities x and ro, how- 
ever, are initial conditions, and it appears that the magnitude and 
sign of ( x  - ro) may control the shape of the concentration-response 
plot of A against [q0. When x = ro, d(x - ro),/d[S]o = 0 and the 
yield is independent of substrate concentration (with respect to the 
influences of x and ro); a linear Beer's law plot is expected. When x < 
ro, d(x - r,,)/d[Slo is positive, leading to a positive curvature in the 
Beer's law plot. When x > ro, negative curvature is predicted. 

Some of these predicted phenomena appear to match the results 
described earlier. There are two conditions under which a linear 
Beer's law plot is observed. One of these, the typical analytical situa- 
tion, is when both ro and x are large and variable. The suggestion 
above is that x = ro is the essential condition for a linear response. 
If the number of oxidizable carbon atoms in the added stabilizer 
molecule is taken to define the number of equivalents per mole of I, 
then the optimal range of x values observed is about 20-400 for 
cyclodextrin, glucose, sorbitol, and lactose, whereas ro was 4-40 
in these. same studies. This overlap of ranges indicates that the 
approach may be valid. 

The other condition for linearity is when ro 5 2 and is held con- 
stant as [slo varies and no external stabilizer is added. Then the role 
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of I is played by normal system components. including P’, so x 
may remain small and essentially constant. In comparison, when ro 
5 2 and [H?O& is held constant as [Sl0 varies, x tends to become 
larger than ro as [qo is increased (in the absence of added stabilizer) 
because of the contribution of P’; negative curvature is Seen in the 
Beer’s law plot. When ro is large and no stabilizer is added (ro > x) ,  
positive curvature is seen (Fig. 4, open circles). 

Analytical Method-The proposed analytical method is appli- 
cable to the determination of many aromatic compounds in the 
range of 10-clO-a M in aqueous solution. For it to be applicable, 
the aromatic sample compound must be hydroxylated and the re- 
sulting phenol must couple with Caminoantipyrine. These are not 
highly restrictive limitations, although the latter may be important 
for some samples. For example, pyridine gives no color when sub- 
jected to the procedure. Separate experiments showed that 0- and p 
hydroxypyridines do not yield a color upon treatment with 4-amino- 
antipyrine, whereas m-hydroxypyridine does give a color. Appar- 
ently, pyridine does not produce m-hydroxypyridine in significant 
yield upon treatment with the hydroxylating agent, although the 
other isomers may be produced. It may usually be expected that a 
para-substituted phenol will not couple with 4-aminoantipyrine 
unless the substituent is eliminated in the coupling reaction. The 
sensitivity of the method, which is quantitatively expressed in the 
apparent molar absorptivities, is therefore a function of the total 
yield of monohydroxy products, of the positional isomer distribu- 
tion, and of the molar absorptivities of the 4-aminoantipyrine- 
coupled dyes of the various isomers. 

The analytical data presented here and earlier (1) permit a com- 
parison between the responses of a series of sample compounds sub- 
jected to the cyclodextrin-modified reagent at 25’ and the glucose- 
modified reagent at 75”. Although some individual differences ap- 
pear to be significant (possibly because of the inclusion complexing 
capability of cyclodextrin), the average molar absorptivity for 13 
compounds subjected to the cyclodextrin system was (2.8 f 1 .1 )  
X loa, and it was (2.7 * 1.3) X log for the same compounds with 
the glucose system. On the average, then, the two analytical sys- 
tems give the same response, so the glucose-modified reagent, with a 
10-min. reaction time at 75”, is preferred for practical reasons. 

The most serious limitation to this method of analysis is its 
susceptibility to interference. The manifestation of this inter- 
ference is a decreased response (lower absorbance values than an- 
ticipated). Its basis is a competition for the available peroxide. 
In effect, aliphatic components of the sample act as added stabilizers 
(I in Scheme 111) and, since the analytical reagent already contains 
an optimum stabilizer concentration, they depress the yield of 
hydroxylated aromatic. This is probably why equimolar concentra- 
tions of several organic solvents gave varying degrees of interfer- 
ence, with dioxane being the worst participant (1). If the concentra- 
tion (that is, its normality with respect to peroxide concentra- 
tion) is low enough, it will not seriously interfere, but higher concen- 
trations cause a decreased response. This effect was described 
earlier for a tablet formulation, where it was shown that a simple 
prior separation eliminated the interference. 
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