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Abstract 

TITLE: KINETIC STUDIES ON THE BROMINATION OF CERTAIN 
PHENOLIC COMPOUNDS 

Gary S. Kozak Ph.D. 

The University of Arizona 1963 

Dissertation Director: Quintus Fernando 

An instrumental technique capable of investigating 

the kinetics of fast reactions has been developed, and 

applied to the bromination of phenol, phenetole, 8-hydroxy-

quinoline, and 2- and 4-methyl-8-hydroxyquinoline. Bromine 

was generated at a constant, predetermined rate by means of 

current pulses in an acidified solution of potassium bromide 

in the presence of known quantities of substrate. The rate 

at tdiich the unreacted bromine varied as a function of time 

was followed amperometrically and the current-time curves 

were recorded. The specific rate constants for the bromina­

tion reactions under investigation were subsequently obtained 

from an analysis of the resulting curves. 

The rates of monobromination of phenol and phenetole, 

and the rates of mono- and dibromination of the oxines have 

been determined, with mixed second-order kinetics accurately 

interpreting the experimental data in all cases. 
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A reaction scheme involving neutral and protonated 

forms of oxine and 2-methyloxine, molecular bromine and 

tribromide ion has been developed to describe the consecu­

tive bromination reactions. Although molecular bromine 

was the only halogenating species in the formation of the 

monobromo derivative, both molecular bromine and tribromide 

ion were found to be active halogenating agents in the 

dibromination reaction. Specific rate constants were 

determined for the various reaction steps in the scheme. 

4-Methyloxine, unlike the parent compound or tile 

2-methyl derivative, was found to brorninate primarily 

through a reaction involving the protonated substrate 

and tribromide ion under the experimental conditions 

employed. The bromination sites were definitely estab­

lished as and Cy by proton magnetic resonance, with 

initial bromination occurring at C^. 

The acid-catalyzed hydrolysis of 4-hydroxybenz-

oxazole was investigated under conditions of variable pH 

and substrate concentration in order to interpret adequately 

the time dependence of the stoichiometry of the bromination 

reaction. A mechanism involving the protonated form of 

the substrate and hydrogen ion has been proposed to explain 

the kinetic results. 
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Analytical procedures, based on the coulorrfetric 

generation of bromine, were established for the quantita­

tive determination of microgram quantities of phenol, 

phenetole and 1-naphthol. The potential application of 

this technique to differential kinetic analysis has been 

discussed. 

x 



I. INTRODUCTION 

The potential usefulness of bromine as an analytical 

reagent has been recognized and applied for a number of years. 

Papers concerning the quantitative determination of organic 

compounds amenable to analysis by addition, oxidation and 

substitution reactions abound in the literature. The dis­

advantages which initially rendered the technique less 

attractive th^n alternate analytical methods concerned the 

tedious preparation and constant restandardization of bromine 

water solutions. These shortcomings were subsequently elimi­

nated by 

1) The formation of bromine in solution by the 

reaction of bromate ion with excess bromide ion 

in the presence of acid, 

Br03~ + 5Br~ + 6H+ = 3Br2 + 3H^0 (1) 

and 

2) The coulometric generation of bromine at a 

platinum anode in an acidic bromine solution 

according to the reaction 

2Br~ = Br2 + 2e" (2) 

Potassium bromate is readily available in a high 

state of purity; it is anhydrous and aqueous solutions may 

be kept indefinitely, thus eliminating the need for constant 



restandardization. The sole disadvantage in using potassium 

bromate as a primary standard is that it has a small equiva­

lent weight. 

A recent application of the bromate-bromide reagent 

involves the quantitative determination of alpha, beta-

unsaturated acids and esters after their conversion to the 

corresponding sodium and potassium salts,^" with bromine, 

whereas the parent compounds react quite slowly. 

An interesting observation worthy of note concerning 

the above work involves the direct relationship between 

bromide ion concentration and reaction rate. This discovery 

was applied to its fullest extent by conducting the analyses 

in saturated sodium bromide solutions. Addition of water to 

the aqueous methanol solvent was foutid to appreciably increase 

2 
the reaction rate. Although Critchfield attributes this 

phenomenon to the dissolution of solid sodium bromide, the 

actual role of bromide ion in the bromination mechanism is 

not mentioned. The determination of the halogenating species 

(Br2, Br^"", etc.) would provide a most interesting and useful 

supplement to this initial study. 

Electrolytic generation at a platinum anode represents 

an additional refinement in the use of bromine as an analytical 

reagent. The quantity of substance reacted may be calculated 

^"F. E. Critchfield, Anal. Chem., .31, 1406 (1959). 

^Ibid.. p. 1408. 
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directly from Faraday's Laws, provided that the number of 

coulombs passed through the solution was known. In effect, 

the faraday, F, (96,490 + 2.4 coulombs per equivalent^") 

serves as the primary standard. This technique was initially 

introduced by Szebelledy and Somogyi, who subsequently 

applied the method of the determination of thiocyanate, 

hydrazine and hydroxylamine. 

Because the bromine-bromide couple has a potential 

3 (+ 1.05 v vs. normal hydrogen electrode) which is more 

than 0.5 v. below the potential at which water is oxidized, 

the electregeneration of bromine proceeds with 100% current 

efficiency. This is a fundamental requirement of the coulo-

metric method; otherwise the quantity of substance reacted 

cannot be computed from the amount of current passed through 

the solution. Although reactions with current efficiencies 

less than 100% can conceivably be used provided the actual 

current efficiency is accurately known and is not a function 

of the extent of reaction, the latter condition is seldom 

satisfied. As a result, all methods developed to date use 

reactions having 1007» current efficiency. 

^D. N. Craig, J. I. Hoffman, C. A. Law and J. W. 
Hamer, J. Research Natl. Bur. Standards, 64A. 381 (I960). 

2 
L. Szebelledy and Z. Somogyi, Z. Anal. Chem., 

112. 313 et seq. (1938). 

3 
J. J. Lingane, Electroanalvtical Chemistry. Inter-

science Publishers, Inc., New York (1958), p. 536. 
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The coulometric method possesses the folio-wing 

important advantages over conventional bromometric titra­

tions: 

1) Standard solutions are not required as the 

coulomb (or the electron) becomes the primary 

standard. Since a small quantity of current 

can be measured with a high degree of accuracy, 

the method possesses extreme sensitivity. 

2) Adequate use may be made of unstable reagents 

(such as bromine) since they may be generated 

and consumed in the same reaction vessel. 

3) , Difficulties involved in the standardization 

and storage of dilute solutions are eliminated, 

thereby rendering the technique applicable to 

micro- and semimicro-analyses. 

4) Since generation occurs in situ, sample dilution 

does not become a complicating factor. 

5) The method is readily adapted to remote or 

automatic control, and therefore applicable 

to the titration of radioactive or physiologi­

cally harmful compounds. 

In accord with the procedure of Szebelledy and Somogyi,*'" 

isonicotinic acid hydrazide ( NHNH2) was determined by 

L. 
313 (1938). 

L. Szebelledy and Z. Somogyi, Z. Anal. Chem., 112. 
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Kawamura and coworkers,*" and a series of substituted hydra­

zines were determined by oxidation to the corresponding 

2 alcohols by Olson. For monosubstituted hydrazines, the 

consumption of four equivalents of bromine per mole of 

organic compound was in accord with the reaction 

RNHNH2 + 2Br2 + H20 '> ROH + N£ + 4HBr (3) 

In some instances (when hydrogen was present alpha to the 

alcohol function) the consumption of six equivalents of 

bromine was observed. This was attributable to a subsequent 

dehydration of the initial reaction product, followed by the 

addition of bromine to the resultant double bond. 

2 Although the approach used by Olson is certainly 

valid, the assumption that such contaminants as phenol and 

aromatic amines do not appreciably affect the analysis is 

highly doubtful. One is led to this conclusion since the 

reaction of phenol with bromine in such low dielectric media 

as glacial acetic acid and carbon tetrachloride is known to 

3 4 5 be rapid, and both phenol and aromatic amines react 

*"F. Kawamura, K. Momoki and S. Suzuki- Bull. Fac. 
Eng., Yokohama Naiil. Univ., 4, 123 (1955). 

2E. C. Olson, Anal. Chem., 32. 1545 (1960). 

'3 
L. M. Yeddanapalli and N. S. Gnanapragasam, J. 

Chem. Soc.» 4934 (1956). 

P. Bell and D, J. Rawlingson, J. Chem. Soc., 66 
(1961). 

5R. P. Bell and E. N. Ramsden, ibid.. 161 (1958). 
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extremely fast in aqueous media, the former apparently 

being too fast to measure by conventional techniques. 

Another application of the coulometric titration 

with electrogenerated bromine involves the quantitative 

estimation of phenol and orthocresol in aqueous media by 

van Zyl and Murray.^" However, the potential of the indi­

cator electrode system (the B^/Br" couple) showed a 

tendency to decrease with time, presumably due to volatili­

zation of unreacted bromine or the extreme slowness of the 

di- and tri-bromination steps relative to the rate of mono-

bromination. This uncertainty in the absolute value of the 

potential at the end point manifested itself in the form of 

5-13% errors when 10"^ - 10""^ molar solutions of substrate 

were analyzed. 

Perhaps the most widely applied and useful applica­

tion of the bromometric titration to inorganic analysis 

involves the indirect volumetric determination of metal 

cations after their precipitation as chelates of 8-hydroxy-

2 
quinoline or its 2- and 4-methyl derivatives (oxinates). 

Numerous metals (e.g., aluminum, cadmium, cobalt, copper, 

iron, magnesium, maganese, nickel and zinc) yield well-

defined crystalline precipitates with the above-mentioned^ 

^"C. N. van Zyl and K. A. Murray, S. African Ind. 
Chemist, £, 243 (1954). 

2 R. G. W. Hollingshead, Oxine and Its Derivatives. 
Butterworths Scientific Publications (London), Vols. I-IV 
(1954). 
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organic reagents. The resultant chelates are neutral, as 

the organic ligand satisfies both the coordination number 

and the valency of the metal, and have the general formula 

MLn, where n represents the valency of the metal. After 

purification, the oxinates are dissolved in an acidic 

solution and subsequently brominated by either the 

bromate-bromide reagent or electrolytically generated 

bromine. It is well established that 8-hydroxyquinoline"^ 

2 
and 2-methyl-8~hydroxyquinoline react quantitatively with 

two moles of bromine to form the corresponding 5,7-dibromo 

derivative. Recently, the 4-methyl derivative was shown 

3 tp undergo quantitative dibromination. The actual positions 

of substitution are not known but are expected to be ortho 

and para to the hydroxy group. 

Whereas the quantitative nature of the above reactions 

renders them extremely applicable as analytical tools, the 

kinetics and mechanism of these and related halogenation 

reactions have received only slight attention. Detailed 

knowledge concerning these factors would be extremely useful, 

*"(a) R. G. W. Hollingshead, Oxine and Its Derivatives. 
Vol. I, p. 58. 

(b) W. N. Carson, Anal. Chem., 22, 1565 (1950). 
(c) M. A. V. Devanathan and Q. Fernando, Trans. 

Faraday Soc., 52, 1332 (1956). 

2 
J. P. Phillips, J. F. Emery and H. P. Price, Anal. 

Chem., 24, 1033 (1952). 

3 A. Corsini and R. P. Graham, Anal. Chim. Acta, 28. 
583 (1963). 



as reaction rates have become increasingly important in 

several aspects of chemical analysis, especially when 

1) the slowness of a stoichiometric reaction may 

seriously limit the applicability of the 

analysis, 

2) the analysis of a mixture containing two closely 

related compounds is desired, and 

3) the rates of homogeneous reactions are propor­

tional to the concentration of catalyst, and 

can be used to determine the catalyst concen­

tration in the system. 

A specific example of the above involves the 

determination of iodide by means of its acceleration of 

the ceaction of eerie ion with arsenious acid.*" The method 

is used for the determination of organically bound iodine, 

analysis being made subsequent to sample decomposition. 

2 
The currently accepted mechanism for this reaction is 

depicted below. 

Ce(IV) + I" = 1° + Ce(III) a (4) 

21° = I2 b 

I2 + H20 = HOI + H+ + I" c 

H3As03 + HOI = H3As04 + H+ + I" d 

*"E. B. Sandell and I. M. Kolthoff, J. Am. Chem. 
Soc., £6, 1426 (1934). 

^W. C. Bray, Chem. Revs., 1£, 161 (1932). 
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All reactions involving iodine are known to be rapid and 

therefore under suitable conditions the reaction is first 

order in both Ce(IV) arid I (where I refers to the total 

concentration o£ iodine). However the reaction assumes 

pseudo-first order character [equation 4(a) being rate 

determining] since iodide ion is regenerated during the 

course of the reaction. Thus a plot of In Ce(IV) versus 

time will be linear with a slope proportional to the iodide 

concentration in solution. 

Another technique requiring the application of 

reaction rates renders itself particularly suitable for 

the analysis of organic compounds by means of reactions 

chracteristic of functional groups within the molecules, 

and is known as differential kinetic analysis. The theore­

tical basis for this method was formulated by Lee and 

12 3 
Kolthoff, Lee, and Fritz and Hammond. In-general* the 

basic stipulations concerning the applicability of this 

technique to organic compounds possessing a common func-

4 tional group are 

S. Lee and I. M. Kolthoff, Ann. N. Y. Acad. 
Sci.s£3, 1093 (1951). 

2 
T. S, Lee in Organic Analysis. Vol. II, Inter-

science, New York (1954), p. 237. \ 

3 
J. S. Fritz and G. S. Hammond, Quant it at ive Organ!c 

Analysis. Chap. 9, John Wiley & Sons, Inc., N. Y. (1957,). 

4 
T. S. Lee in Organic Analysis - p. 238. 
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(1) that the species react via the same mechanism 

with a common reagent, or proceed to a common 

product as a result of reaction and 

(2) that the specific rate constants for the species 

under investigation be known and differ by a 

factor of four or more. 

Differential kinetic analysis has been applied to 

mixtures of alcohols;* aldehydes, ketones, aliphatic and 

2 3 4 
aromatic amines; dicarboxylic acids; diazonium compounds; 

and to various unsaturated acids and alcohols, alkenes and 

alkynes.*V The last method employs the use of halogenation 

and hydrogenation reactions, and second-order rate plots 

[log versus tiro®] are used to determine the composi­

tion of a series of binary mixtures. In the case of the 

halogenations, various solvent compositions were employed 

as the primary means of controlling the speed of the reac­

tion. As expected, the rates are found to increase with 

increasing solvent polarity. 

*(a) S. Siggia and J. G. Hanna, Anal. Chem., 33, 
896 (1961). 

(b) C. N. Reillev and L. F. PaDa. ibid.. 34. 801 
(1962). ^ 

2J. G. Hanna and S. Siggia, ibid.. 34, 547 (1962). 

^R. C. Garmon and C. N. Reilley, ibid.. 3^, 600 (1962). 

4 
S. Siggia, J. G. Hanna and N. M. Serencha, ibid.. 

32, 575 (1963). 

5Ibid.. p. 362. 
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The classical K. H. Meyer bromine titration procedure*" 

may also be considered as based upon the difference in reac­

tion rates of two related compounds with a common reagent. 

Meyer made use of the fact that the enol form of ethyl 

acetoacetate reacts rapidly with bromine (whereas the keto 

form is relatively inert toward brominatiori) to determine 

the percentage of enol in the ester. After a suitable reac­

tion time the bromine consumed was determined by a thiosulfate 

titration of the iodine liberated upon treatment of the bro-

2 minated ester with acidic potassium iodide. The percentage 

of enol was found to be a function of the polarity of the 

solvent (the keto form is increasingly favored as solvent 

polarity increases) as well as being dependent on the con­

centration of ester in solution. 

3 4 Pedersen ' provided a most interesting supplement 

to Meyer's work by studying the velocity of bromination of 

ethyl acetoacetate under acidic and basic conditions. Based 

on the -knowledge^ that the enol is almost instantaneously 

L(a) K. H. Meyer, Ann., 380, 212 (1911). 
(b) K. H. Meyer and P. Kappelmeyer, Ber.. 44, 

2718 (1911). 

2 J. Packer and J. Vaughan, A Modern Approach to Organic 
Chemistry. Oxford (Clarendon Press) (1958), p. 414. 

^K. J* Pedersen, J. Phys. Chem., 3,7, 751 (1933). 

4Ibida>, 38, 601 (1934). 

^K. H. Meyer and P. Kappelmeyer, Ber., 44, 2718 (1911). 
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brominated (after its formation via enolization of the 

keto form), Pedersen was able to correlate the rate of 

bromine consumption with the rate of enolization. Since 

the reaction actually proceeded to the a,a-dibromo deriva­

tive, two keto-enol equilibria, rather than one, had to be 

considered. An accurate solution to the problem was obtained 

by treatment of the data as representative of two consecutive 

first-order reactions, i. e., the conversion of keto- to> enol-

forms being rate-determining. 

In contrast to the zero order dependence of bromine 

on the preceding reaction, Robertson^" has shown that the 

broinination of aromatics by molecular bromine displays 

complex rate laws containing the first, the second, and 

even the third power of halogen concentration^.e., 

-dBr2^dt = k1(ArH)(Br2) + k2(ArH)(Br2)2 + k3(ArH)(Br2)3 (5) 

The exact form of the rate equation is found to vary widely 
J 

according to solvent composition and the nature and con-

2 centration of the reactants, with the first term becoming 

more predominant with increasing solvent polarity. This 

^"B. E, Swedlund and P. W. Robertson, J. Chem. Soc., 
630 (1947). 

2 
(a) P. W. Robertson, P. E. D. de la Mare and W. T. 

G. Johnston. J. Chem. Soc., 276 (1943). 
(b) P. W. Robertson and P. B. D. de la Mare. ibid.. 

100 (1948). 
(c) P. W. Robertson, Science Progress. 171. 418 

(1955). 
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behavior may be interpreted by assuming a rapid equilibrium 

between the aromatic and one halogen molecule (with evidence 

12 . of it-complex formation 9 ) followed by a slow reaction 

involving the complex and an electrophilie entity (E) t&iose 

3 
role is halide ion removal from the complex: 

(6) 
ArH + > Ar (a) 

/X2 1 +/X 

Ar + E S*9W > Ar + EX" (b) 

X 

H 

fast „ . „ . TT+ Ar^ + > ArX + Ht . (c) 

The role of E may be assumed by a catalyst, a second halogen 

molecule or a solvent molecule. It thus becomes obvious 

that numerous kinetic expressions may result, varying in 

complexity and general appearance, depending on the nature 

of the halogenating agent and the solvent. Results which 

*"L. G. Carmel. J. Am. Chem. Soc., 79, 2927, 2932 
(1957). 

^P. H. Gore, J. Chem. Soc. (London), 1437 (1957). 

P. W. Robertson, J. Chem. Soc., 1267 (1954). 
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are in general agreement with this mechanism have been 

obtained by Berliner and Beckett,^" Yeddanapalli and 

2 3 Gnanapragasam and Keefer and Andrews. 

In 50% acetic acid, for example, the bromination of 

naphthalene obeys second-order kinetics,^ being first-order 

with respect to both reactants, whereas the reaction obeys 

fourth-order kinetics in glacial acetic acid,"* being third-

order in bromine concentration. There was neither evidence 

for nor against the formation of a discrete complex, although 

1:1 molecular complexes between aromatic compounds and halo­

gens have been shown to exist in inert solvents such as carbon 

6 7 
tetrachloride. Also, Shilov and coworkers have obtained 

--- - - - • 

^"E. Berliner and M. C.. Beckett, J- Am. Chem, Soc., 79, 
1425,(1957). — 

2 
L. M. Yeddanapalli and N. S. Gnanapragasam, J. Chem. 

Soc., 4939 (1956). 

3 
R. M. Keefer and L. J. Andrews, J. Am. Chem.' Soc., 

72, 1412, 4348, 5169 (1957). 

4 
E. Berliner and M. C. Beckett, J. Am. Chem. Soc., 

79, 1425 (1957). 

^P. W. Robertson and P. B. D. de la Mare, J. Chem. 
Soc., 100 (1948). 

(a) R. M. Keefer and L. J. Andrews, J. Am. Chem. 
Soc., 72, 4677, 5170 (1950). 

(b) L, J. Andrews and R. M. Keefer. ibid.. 73. 462 
(1951). 

(c) R. M. Keefer, Blake and L. J. Andrews, ibid.. 
76, 3062 (1954). 

(d) R. M. Keefer and L. J. Andrews, ibid.. 77. 
2164 (1955). "" 

(e) A. Ogimaschi, L. J. Andrews and R. M. Keefer, 
ibid.. 77, 4202 (1955). 

^E. Shilov, F. Weinstein and A. A. Jasnikow, 
Kinetika Katalyz, 2, 214 (1961). 
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evidence for complexes of bromonium and iodonium cations 

with organic substrates. However no experimental evidence 

has been acquired for the existence of such complexes in 

polar solvents. 

It is possible that the reaction medium (50 vol 

% HOAc-J^O) is polar enough to allow a simultaneous attack 

of bromine and the breaking of the bromine-bromine bond, 
1 

This wpuld be equivalent to elimination of the discrete 

aromatic-halogen complex in the Robertson mechanism 

(equation 6a), with the rate-determining step being 

attack by the halogen molecule on the aromatic.ring. 

• 
ArH + X2 -sl?w > Ar + X" (7) 

In fact it has been shown that even in acetic acid the 

halogens are polarized into 6*X - X^ by solvation,^" sug­

gesting that 1;1 molecular complexes would be expected to 

exist only in low dielectric media. 

Also, for the mechanism proposed in Eq. (7) to 

accurately explain the naphthalene kinetics, the role of 

^(a) F. Fairbrother, J* Chem. Soc., 1051 (1948). 
f'bj N, S* Bayliss, Nature, 163. 764 (1949). 
(c) R. S. Mulliken, J, Am. Chem. Soc., 72, 600 

(1950). "" 
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the electrophilic agent in the rate-'determining step must 

be assumed by water. Although the participation of water 

in such a mechanism cannot be demonstrated kinetically, it 

has been shown that brominations in glacial acetic acid are 

strikingly accelerated by the addition of small amounts of 

water. 

2 
Baines made a similar observation vrtiile studying 

the bromination of phenol in carbon tetrachloride. However 

the increase in rate was attributed to hydrolysis of B^ to 

HOBr, assuming hypobromous acid to be a more potent halo-

genating agent than molecular bromine. The work of Frahcis, 

4 5 
Wilson and Soper, and Derbyshire and Waters successfully 

refutes the latter interpretation. 

The bromination of phenol has been studied more 

recently by Yeddanapalli and Gnanapragasam in glacial 

acetic acid and carbon tetrachloride. The reaction is 

^"R. M. Keefer and L. J. Andrews, J. Am. Chem, Soc., 
78,3637(1956). 

2 
H. Baines, J. Chem. Soc., 2181 (1922). 

3 
A. W. Francis, J. Am. Chem. Soc., 47, 2340 (1925). 

Sf. J. Wilson and F. G. Soper, J. Chem.. Soc.. 3376 
(1949). 

^D. H. Derbyshire and W. A. Waters, ibid.. 564 (1950) 

6t. M. Yeddanapalli and N. S. Gnanapragasam, J. Chem. 
Soc., 4934 (1956). 
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found to obey mixed second-order kinetics in the acetic 

acid solvent, whereas the reaction obeys third-order kinetics 

in carbon tetrachloride. This observation is also in accord 

with the Robertsan^" mechanism. 

The presence or absence of a kinetic isotope effect 

is also quite important in assigning the correct mechanism 

to a reaction. The absence of such an effect requires that 

the proton be removed from the intermediate in a relatively 

fast step. Aromatic brominations are found to exhibit isotope 

effects much less commonly than corresponding iodinations. 

2 This and other supporting observations has led Robertson 

3 
and Melander to conclude that the rate-determining step in 

bromination is quite likely to be attack on the aromatic ring 

(rather than subsequent deprotonation). Berliner^ suggests 

that this difference may be due to a less rapid proton loss 

from the intermediate containing the less electronegative 

iodine, or possibly to a more rapid return to reactants from 

the sterically hindered iodination complex. Supporting 

evidence for the latter postulation is obtained from 

1P. W. Robertson, ibid.. 1267 (1954). 

2 
P. W. Robertson, P. B. D. de la Mare and B. E. 

Swedlund, ibid.. 782 (1953). 

"*L. Melander, Nature, 163. 599 (1949); Acta Chem. 
Scand., 95 (1949); Arkiv. Kemi., 29 211 (1951). 

4 
E. Berliner, Chem, Ind, (London), 177 (1960). 
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1) TJie lack of a tritium isotope effect in the 

bromination of toluene,^ 

2) The absence of a deuterium isotope effect in 

2 
the bromination of benzene and benzene - d6, 

3) The small kinetic isotope effect in the bromina 

tion of 4,4-dideuterobiphenyl (kH/kp = 1.15),"* 

4) The absence of an isotope effect in the bromina 

4 tion of anisole, whereas the corresponding 

iodination exhibits an appreciable isotope 

effect (kH/kjj = 4.0),"* and 

5) The observation of a tritium isotope effect 

(kH/kj = 10) in the bromination of 1,3,5-

tributylbenzene, a reaction in which steric 

6 
crowding is expected to be severe> 

^(a) L. Me lander, Arkiv. Kemi, _2, 2ll (1951). 
(b) U. Bereund - Larsson and l7 Melander. ibid.. 

6, 219 (1953). 

2 ' 
(a) P. B. D. de la Mare, T. M. Dunn and J. T. 

Harvey, J. Chem. Soc., 923 (1957). 
(b) G. H. Olah, S. J. Kuhn and S. H. Flood, 

J. Am. Chem. Soc., .83, 4571 (1961). 

3 
E. Berliner and K. E. Scheller, Chem. Ind. 

(London), 1444 (1960). 

^(a) E. Berliner, Chem. Ind. (London), 177 (1960). 
(b) R. P. Bell and D. J. Rawlinson. J. Chem. Soc. 

66 (1961). 

~*E. J.. Berliner, J. Am. Chem. Soc., 8 2 ,  5435 (1960) 

^P. C. Myhre, Acta Chem. Scand., ̂ 4, 219 (1960). 
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One of the few bromination reactions \diich does 

exhibit a kinetic isotope effect not completely attributable 

to steric crowding has been reported by Christen and Zol­

linger.^" The compound studied, 2-rlaphtho 1-6, 8-di sulfonic 

acid, also exhibited isotope effects in diazo coupling 

reactions. Contrary to the naphthol intermediate in the 

azo coupling reaction, the bromination intermediate is not 

quasi stationary but concentrates itself rapidly, and con­

verts to the substituted product via a rate-determining 

proton loss. The half-life of this pseudo-first order 

reaction is approximately one hour at 20°C. 

The composition of the intermediate was conclusively 

established by a comparison of the kinetics and ultraviolet 

spectra of the bromination with HOBr and Br£. In addition, 

pH measurements and n0m.r. spectra substantiated that the 

intermediate contained only one bromine atom (at C^). A 

comparative iodination of the substrate was attempted, but 

no iodine consumption could be detected, even after reaction 

times up to one week, indicating in part the extreme stabil­

ity of the iodo-intermediate. 

The findings of Zollinger must, however, be considered 

as exceptional or unusual, since most other aromatic brominations 

*"M. Christen and H. Zollinger, Helv. Chim. Acta, 45, 
2057, 2066, 2077 (1963). 

^H. Zollinger, Helv. Chim. Acta, 3j5, 1597 (1955). 
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adhere to the "Robertson-Melander" postulate--the rate-

determining step being attack on the aromatic ring (see 

Eq. 7). 

To date kineticists have been content to use bromine 

water or the bromate-bromide reagent as the source of bromine 

for aromatic halogenation reactions. Although the coulometric 

generation of bromine is widely used in quantitative analysis,*" 

it is inexplicably absent in kinetic bromination studies. 

The prime advantage of the coulometric technique (for addi­

tional advantages see page 4) is that it permits the experi­

menter to work with differential rate equations rather than 

their unwieldy integrated forms. This technique should add 

appreciable versatility to the use of bromination in studies 

concerning substituent and steric effects on aromatic 

reactivity. 

J, Lingande, Electroanalvtical Chemistry. Inter-
science Publishers, Inc., New York (1958), pp. 536-51. 



II. STATEMENT OF PROBLEM 

This problem involves a systematic study of the 

rates of bromination of certain phenolic compounds. The 

reactions are studied in aqueous media as functions of 

bromide ion and hydrogen ion concentration, substrate 

concentrations and ionic strength. Bromine was electro-

generated at a constant, predetermined rate by means of 

constant current pulses in an acidified solution of 

potassium bromide in the presence of known quantities 

of substrate. The rate at which the electroreducible 

species, B^ and Br^", varied with time was followed 

amperometrically and the current-time curves were 

recorded. The rate constants for the bromination 

reactions were obtained from an analysis of the 

resulting curves. 

The effect of structural and steric factors on 

aromatic reactivity is investigated. Whenever feasible 

procedures for the quantitative analysis of microgram 

amounts of substrate are developed. 

During the course of this investigation ultraviolet 

and nuclear magnetic resonance spectra were recorded and 

analyzed to elucidate certain structural modifications. 

21 



III. EXPERIMENTAL 

A. Kinetic Measurements 

1. General Considerations 

A kinetic method base4 on the continuous coulometric 

generation of titrant requires that several important para­

meters (bromine and substrate concentrations) be known as 

functions of time. Prime consideration must also be given 

to the generation rate, ionic strength, temperature, and the 

initial substrate, bromine ion and hydrogen ion concentrations. 

Variations in the bromide ion and hydrogen ion concentrations 

serve to explicitly define thie halogenating agent(s). The pH 

dependence of a reaction rate is also useful in evaluating 

the rates of halogenation of a neutral substrate and its 

protonated form, whenever such weak acid equilibria exist. 

A measurement of the instantaneous unreacted bromine 

in solution enables the total quantity of bromine consumed 

as well as the rate of consumption of bromine to be evaluated. 

The former quantity can then be utilized to determine the 

concentration of unreacted substrate in solution. For 

monobromination reactions this calculation is quite valid. 

However in systems capable of multiple bromination the 

validity of this approach is directly related to the 

22 
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ratio (where k-^ arid k.£ represent the specific rate constants 

for mono- and dibromination respectively). 

In order that the coulometric method be kinetically 

applicable, the rate of bromine generation must exceed its 

rate of consumption. Otherwise only a relative estimate of 

the reaction rate may be obtained. The technique is gen­

erally applicable to second-order reactions possessing 

-3 2 
half-lives within the region 10" to 10 seconds. As such, 

it appears to favorably complement the flow methods of 

Hartridge and Rougihton. 

2. Apparatus 

2 
An Abraham and Bloch multivibrator was employed 

to generate pulses of constant magnitude. The multivibrator 

circuit is shown in Figure 1. A Hewlett-Packard Model 711 A 

power supply served as the source of anode voltage for the 

vacuum tube and was maintained at 200 v. in all experiments. 

The d.c. output of this power supply is of high stability, 

with the variation in output from no load to full load being 

less than 0.5% or 1 volt (whichever is greater). The d.c. 

output is continuously monitored by a voltmeter and a milli-

ammeter, with a high and low sensitivity range available for 

each meter. 

^"H< Hartridge and F. J. W. Roughton, Proc. Roy Soc., 
A104, 376 (1923). 

2 
0. Abraham and S. Bloch, Ann. Physik, JL2, 237 (1919). 
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Switches and S2 permit the selection of one of 

three resistances (100KA, 500 K/land 1 as the grid 

bias of tubes and V^• Thus nine combinations of R-^ 

and R2 are possible, and when the imposed anode voltage 

(B+) is 200 v., all combinations of R^ and R2 yield 

reproducible pulse rates.^ The highest possible generation 

rate (when R^:R2 = 100 K0:100 Kfl) was used in this investi­

gation. Both the coulombic magnitude and the generation 

rate of the current pulses are critically dependent on the 

values of C^, C2, R^ and R2, as well as on the imposed 

anode voltage. Thus mica capacitors and precision resistors 

(1%) were employed. The cathode of may be shorted to 

ground by switch Sg, thereby enabling the multivibrator 

to run freely when not connected to the titration cell. A 

high-speed relay (Potter-Brumfield KCP5), which operates an 

electric counter (Pic Electric Counter, Model 6115A), was 

connected to the anode line of V£. 

The electrolytic cell used in this work (Figure 2) 

possessed a central compartment having a capacity of about 

one hundred milliliters. Two saturated calomel reference 

electrodes (S.C.E.) were connected to the main compartment 

by side arms; separation was maintained by agar plugs (A) 

and sintered glass disks (S). The generator electrode was 

^Q. Fernando, M, A. V. Davanathan, J. C. Rasaiah; 
J. A. Calpin and K. Nakulsesparan, J. Electroanal. Chem.:, 
3, 46 (1962). 
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comprised of a piece of platinum foil possessing a total 

surface area of 4.50 cm . One: of the reference electrodes 

and the generator electrode were connected to E and K of 

the multivibrator circuit respectively, as shown in Figure 

1. Rapid mixing of the solution components with the gen­

erated bromine was accomplished through the use of a con­

stant speed magnetic stirrer. 

An amperometric indicator system similar to that 

described by Laitinen and Kolthoff"*" was employed to detect 

the total unreacted bromine (B^ + Br^~) in solution. A 

mercury sealed platinum microelectrode, rotated at 600 r.p.m. 

with a Sargent synchronous rotator, and a second reference 

electrode served as the indicator system. A potential of 

+0.30 v. (vs. S.C.E.) was imposed on the rotating micro-

electrode. Although the potential of the saturated calomel 

electrode is sufficiently negative to yield currents pro­

portional to the unreacted bromine concentration, the pre-

equilibrium process is appreciably shortened by the 

imposition of a more positive potential. Experiments 

conducted under conditions in which the potential on the 

indicator cathode was 0.0 and +0.30 v. vs. S.C.E., 

respectively, were identical, as both potentials lie 

well on the limiting current plateau of the bromine-bromide 

polarographic wave. 

*"H. A. Laitinen and I. M. Kolthoff, J. Fhys. Chem. , 
45, 1079 (1941). 
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In order to achieve reproducible titration curves, 

the platinum microelectrode in the indicator circuit as 

well as the platinum generator electrode are pretreated 

prior to every experiment by the method of Kolthoff and 

Tanaka.*" This procedure involves immersion of the elec­

trodes in concentrated nitric acid with the resultant 

formation of an oxide film, thorough washing with distilled 

water, and reduction of the oxide film by placing the elec­

trodes in an acidic solution of ferrous sulfate (0.01 M 

FeSO^ in 0.05 MI^SO^). A subsequent rinsing with distilled 

water renders the electrodes ready for use. 

The indicator electrode system was connected to the 

input of a Sargent Model XV polarograph, the recorder of 

which possessed a current accuracy of 0.1%. The output of 

the Sargent recorder was calibrated by electrogenerating 

known concentrations of bromine in the absence of substrate 

(blank titration) and noting the resultant indicator response. 

Plots of indicator response as a function of bromine concen­

tration at a sensitivity of 1 |ia full scale was subsequently 

used to measure the quantity of unreacted bromine during the 

course of a kinetic titration (Figures 3 and 4). 

^1. M. Kolthoff and N. Tanaka, Anal. Chem., 26, 632 
(1954). 
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3. Reagents and Solutions 

All of the inorganic chemicals herein employed 

were of analytical reagent grade purity and used without 

further purification. Solutions of hydrochloric and per­

chloric acid of known concentration were prepared by 

volumetric dilution of the concentrated acids, followed 

by potentiometric titrations with standardized, carbonate-

free sodium hydroxide. Solutions of KBr, NaNOg, and 

were prepared by weighing, dissolution in water and dilution 

to known volume. All solutions were prepared from distilled 

water that was passed through a mixed cation-anion exchange 

resin bed. The effluent possessed a conductivity equivalent 

to a residual impurity of less than 1 p.p.m. as NaCl. 

4. Determination of Pulse Size 

The coulometric titration of As(III) to As(V) with 

bromine is well established^ and known to be accurate within 

2 
+ 0.05%. The dibromination of 8-hydroxyquinoline has also 

been shown to proceed with 1007o titration efficiency with 

3 4 
electrogenerated bromine. * As such, either reagent may 

*"R. J. Meyers and E. H. Swift, J. Am. Chem. Soc., 70. 
1047 (1948). 

2 
J. N. Pitts, D. DeFord, T. W. Martin and E. A. 

Schmall, Anal. Chem., 2&t 628 (1954). 

^W. N. Carson, Anal. Chem., 22, 1565 (1950). 

4 
Q. Fernando, M. A. V. Davanathan, J. C. Rasaiah, 

J. A. Calpin and K. Nakulesparan, J. Electroanal. Chem., 3, 
46 (1962). 
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be used to calibrate the coulombic magnitude of the constant 

current pulses. The results of some calibrations conducted 

during the course of this investigation are listed in Table 

I. The variations in the coulombic magnitude of the pulses 

are primarily due to replacement of the 6SN7-GTB or medium-mu 

twin triode tube (Vj^ and V2 of Figure 1). Although the tubes 

possess similar characteristics, minor differences result in 

variations in the pulse size. With any particular tube, 

however, the pulse size remains quite constant. 

5. Bromination Conditions 

The central compartment of the titration cell contained 

50 ml. of solution in all experiments. Aliquots of the stand­

ard substrate solutions were pipetted into the central compart­

ment along with varying concentrations of bromide ion and 

hydrochloric or perchloric acid. In some instances, ionic 

strength was maintained constant by the addition of NaNO^. 

Whereas standard solutions of most substrates could 

be prepared by weighing, the preparation of phenetole solu­

tions by this method was subject to volatilization errors. 

It was found more convenient and accurate to determine the 

initial concentration of phenetole by a coulometric titration 

with electrogenerated bromine using an amperometric end point. 

In Figure 8, point E defines the end point in the 

titration of a constant quantity of phenetole in the presence 

of variable amounts of bromide ion. The total bromine 
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electrogenerated in the time interval OE can be calculated 

from the predetermined generation rate. The tangent to 

the titration curves (EF) is seen to parallel that of the 

blank titration in the absence of phenetole (OA). Thus 

any dibromination is deemed negligible and the initial 

concentration of phenetole may be obtained from the concen­

tration of bromine that has reacted in time E. 

Temperature control during the course of a kinetic 

run was achieved by immersion of the titration cell in a 

water bath. The temperature of the water bath was maintained 

at the predetermined value + 0.03°C. 

The power supply and the multivibrator unit were 

allowed to warm up for a sufficient period of time (normally 

one-half hour) prior to commencement of the titration. After 

equilibrium conditions of temperature and the indicator 

electrode system were verified, the multivibrator was switched 

onAthe manner in *dnich the unreacted bromine concentration 

varied with time was recorded. 

6. Measurement of Time 

The precise measurement of time in kinetic studies 

is extremely important, especially when the total reaction 

time is of the order of two to five minutes. All kinetic 

data were displayed on the recorder of a Sargent Model XV 

polarograph possessing a programmed chart speed of 1.0 inch 
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per minute. The chart paper employed (Sargent No. S-72165) 

permitted further subdivision by a factor of twenty. Thus 

the indicator response could be read to 0.1 sec. for times 

tdnich were integral multiples of 6.0 seconds. The constancy 

of the chart speed was intermittently substantiated by 

calibration with a precision timer (No. N-5, Precision 

Scientific Co., Chicago, 111.). The time axis could there­

fore be accurately correlated to the number of current 

pulses per unit time or the generation rate of bromine per 

unit time in terms of micrograms or moles per liter (based 

on a total volume of 50 ml.). 

B. Spectrometric Measurements 

1. Ultraviolet Spectra 

The ultraviolet absorption spectra of 4-hydroxy-

benzoxazole were recorded in aqueous solutions of varying 

acidity. All spectra were recorded with a Beckman Model DB 

Spectrophotometer coupled to a Beckman laboratory potentio-

metric recorded. Rectangular silica cells possessing a 

10 mm. path length were employed. The spectra were recorded 

in the region 320 mn to 200 mj-i. Figure 11 depicts a series 

of 4-hydroxybenzoxazole spectra in aqueous media (pH = 6). 

The absorbance values of these spectra at four wavelengths 

(272, 260, 240 and 227 mp.) are listed as functions of 
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4-hydroxybenzoxazole concentration in Table XXVIII. The 

effect of hydrolysis of 4-hydroxybenzoxazole in acidic media 

at 25°C. is shown in Figure 12. 

2. Proton Magnetic Resonance Spectra 

Proton magnetic resonance spectra were recorded 

with a Varian Model A-60 Analytical NMR Spectrometer 

possessing a nominal field intensity of 14,092 gauss. 

Cyclohexane and trifluoroacetic acid were employed as 

solvents, with the former solvent functioning as its own 

reference. Tetramethylsilane [(CH^^Si] was employed as 

an external reference in the case of trifluoroacetic acid. 

The proton magnetic resonance (p.m.r.) spectrum of 

8-hydroxyquinoline in cyclohexane and trifluoroacetic acid 

is shown in Figure 16. Figure 17 depicts the spectrum of 

2-methyl-8-hydroxyquinoline in the same solvents. Figures 

18, 19 and 20 show the p4m.r. spectra of 4-methyl-8-hydroxy-

quinoline, the brominated derivative of 4-methyl-8-hydroxy-

quinoline and 5,7-dibromo-8-hydroxyquinoline respectively, 

all in trifluoroacetic acid solvent. 

C. Potentiometric Measurements 

Measurements of pH were made with a Beckman Model G 

pH meter equipped with a glass-saturated calomel electrode 

pair. The pH meter was standardized with aqueous Beckman 

standard buffer solutions at pH 4.00 and 9.00. 
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When determinations &£ the first acid dissociation 

constant (pK ) of 8-hydroxyquinoline were conducted, a 
1 

known amount of HCIO^ was added to the solution. Nitrogen 

gas, saturated with water vapor, was passed through the 

solution throughout the course of the titration with 

carbonate-free NaOH. Measurements were conducted at 25 

+ 0.1°C. in a water-jacketed Pyrex vessel by circulating 

water from a constant temperature bath through the jacket. 

A titration curve of 8-hydroxyquinoline with NaOH 

at 25°C. and an ionic strength of 0.60 M (KBr). is shown in 

Figure 21. The pertinent titration data is listed in Table 

XV. 

D. Substrate Purification 

Phenetole (ethoxybenzene) was obtained from Eastman 

Kodak Co. and was purified by fractional distillation under 

a pressure of 9 mm. Hg. The fraction boiling between 55.5 

and 55.9°C. was collected and used in this work. 

8-Hydroxyquinoline was obtained from Lemke and Co., 

Inc., and purified by sublimation and subsequent recrystal-

lization from an ethanol-water mixture. The purified compound 

melted at 72.5-73.5°C. (reported''' 72.5-73.5°C.). 

^"Reagent Chemicals, Am. Chem. Soc.* Specifications, 
Am. Chem. Soc. (Washington, D. C.), 1950, p. 180. 
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2-Methyl-8-hydroxyquinoline was obtained from 

Columbia Organic Chemicals Co., and was purified by vacuum 

distillation followed by crystallization from an alcohol-

water solution. The purified 2-methyl-8-hydroxyquinoline 

melted at 73-74°C. (reported^" 73.5-74°C.). 

4-Methyl-8-hydroxyquinoline was prepared from 

methyl vinyl ketone and o-aminophenol by the Doebner-

von Miller reaction. The product was recrystallized from 

alcohol-water, and possessed a melting point of 141-142°C. 

(reported^ 141°C.). 

4-Hydroxybenzoxazole was synthesized according to 

3 
the procedure of Sorkin, Roth and Erlenmeyer, The synthesis 

involves the reaction of 2-aminoresorcinol hydrochloride and 

formic acid. 
oh 

nh2-hci 

ii 
D oj + hch > + 2h20 

The crude product was sublimed at 130°C. under a pressure 

of 4 mm. Hg. The resultant white crystals possessed a 

melting point of 184.5°C. (reported4 181°C.). 

*"J. P. Phillips, J. F. Emery and H. P. Price, Anal. 
Chem., 24, 1033 (1952). 

2 
J. P. Phillips, R. L. Elbenger and L. L. Merritt, Jr., 

J. Am. Chem. Soc. , 3986 (1949). 

3 
E. Sorkin, W. Roth and H. Erlenmeyer, Helv. Chim. 

Acta, 1740 (1952). 

4Ibid. 



34 

Eastman Kodak Co., 1-naphthol was purified by several 

recrystallizations from ethanol-water mixtures. The white, 

highly crystalline compound melted at 96.0-96.4°C. (reported^ 

96°C.). 

Phenol was of analytical reagent grade purity and 

utilized without further purification. 

Stock solutions of the compounds under kinetic 

investigation were prepared periodically by weighing or, 

in some instances, by coulometric analysis with electro-

generated bromine. 

•hieilstein's Handbook of Organic Chemistry. Vol. VI. 
596 (1923). 



IV. NOTATION 

The following symbols are employed in this 

dissertation. 

[A] concentration of species A, in moles/ 
liter (M). 

TA total analytical concentration of 
species A. 

E total concentration of bromine electro-
" generated at any time, t. 

([B^] + f-Br3~Du total concentration of unreacted bromine 
present at any time, t. 

^-®r2^U fraction of ([Br2] + t®r3~3)Tj present in 
the form of hydrated molecular bromine. 

[Br^ln total concentration of bromine reacted 
at any time, t. 

-dB^/dt rate of consumption of bromine with 
respect to time. 

specific rate constant. 

equilibrium constant for the bromine-X 
system. 

acid dissociation constant. 

SH neutral, unbrominated organic species. 

+ 
SH2 cationic, unbrominated organic species. 

CH neutral, monobrominated organic species. 

CH2+ cationic, monobrominated organic species. 

M. ionic strength. 
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V. CALCULATION OF KINETIC DATA 

A. Determination of the Instantaneous Concentration 

of Unreacted Bromine 

Once the generation rate of bromine has been deter­

mined, the current readings of the amperometric indicator 

system may be correlated to known concentrations of bromine 

in solution ([B^] + [Br^-])^ Several plots of indicator 

response as a function of total bromine generated ([B^]^ g) 

are shown in Figures 3 and 4. The uniformity of slope in 

these plots is of prime importance, the slight deviation 

from zero intercept being attributable to readily oxidizable 

impurities in the stock solutions. It is of interest to 

note that the total concentration of unreacted bromine is 

proportional to the diffusion current at the platinum 

microelectrode since identical responses are obtained in 

solutions containing different bromide ion and chloride 

ion concentrations. 

B. Calculation of the Instantaneous Concentration of 

Reacted Bromine 

The instantaneous concentration of bromine reacted 

is readily obtained by subtracting the concentration of 

unreacted bromine from the concentration of total electro-

generat ed bromine, i.e., 

36 
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[B,r2]R = [Br2]T.E. ' CEBf2] + [Br3-])D (1) 

The concentration of bromine reacted at any time is 

of importance in determining the concentration of uilbrominated 

substrate, the latter being instrumental in the calculation 

of the specific rate constant. If multiple bromination 

occurs., [Br2]R is also used to calculate the instantaneous 

concentration of substrate, intermediate and dibrominated 

product. In cases 'where quantitative microdeterminations 

are possible (phenol, phenetole and 1-naphthol) the total 

concentration of bromine reacted is useful in determining 

the completeness of the reaction. Variation in stoichio-

metry which may occur due to unexpected structural changes, 

e.g.* as in the acid-catalyzed hydrolysis of 4-hydroxybena<-

oxazole, may also be determined by thfe quantity of bromine 

consumed at the termination of the reaction. 

C. Calculation of the Instantaneous Rate of Consumption 

of Bromine 

The rate of consumption of bromine with respect to 

time (-d[Br2l/dt) was calculated by measurement of the 

tangents to the current-time plots, i.e., the kinetic 

titration curves (Figures 8, 22, 23 and 24), at various 

times. It may be seen that the angle (01) which the blank 

titration (OA) makes with the horizontal corresponds to 

-dCB^l/dt = 0. Similarly, an angle of 0 equal to zero 



38 

corresponds to a rate of consumption of bromine equal to 

the generation rate. Intermediate values of -dCB^l/dt 

may be obtained from measuresments of 9. 

The critical measurement in the evaluation of 

-dtB^] /dt thus reduces to determining the value of O 

(the angle which the tangent to the current-time plot 

makes with the horizontal) at the times of interest. 

For this purpose the method introduced by Hoare*" was 

employed, thereby the tangent to any point on the line 

of interest may be determined quite reproducibly. 

In short, two solid glass rods 2 mm. in diameter) 

are placed on a plot of the curve and rotated until an 

unbroken image of the curve is reflected through the glass 

rods, A line is then drawn parallel to the axis of the 

glass rods (perpendicular to the tangent at the point o£ 

interest). The glass rods are then placed across this 

drawn line and positioned so that the line again passes 

unbroken beneath the rods. A second line drawn parallel 

to the rod axis is then tangent to the curve at the point 

of interest. The angle vfoich the second drawn line makes 

with the horizontal may then be measured and used to 

evaluate (-dCB^l/dt). 

LJ. P. Hoare, J. Chem. Ed., 38, 570 (1961). 
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D. Identification of the Haloeenatine Species 

When bromine is electrogenerated in aqueous media 

containing bromide and hydrogen ions, Br2, Br3"» Br > HOBr 

and H2OBr+ can form to some extent and conceivably function 

as halogenating agents. If the concentrations of bromide 

ion and hydrogen ion are relatively large (as in this 

investigation), then the formation of HOBr, H2OBr and 

Br by the reactions 

Br2 + H20 : > HOBr + H+ + Br" (2) 

where K - i'h0br(lj£]rbr~1 * 4.3 x 10"9 at 25-c,;1 

Brz + H20 < > H^0Br+ + Br" (3) 

[H20Br+][Br~] ^ 2n 2 

where K = —* [Br-j 10"'u at 25°C., 

and 

Br2 < > Br+ + Br (4) 

Where K = J = 10""50 at 25°C.3 
[Br2J 

are essentially precluded. The validity of this approxima­

tion may be further substantiated by conducting experiments 

*"H. A. Liebhafsky, J. Am. Chem. Soc. , 5 6 ,  1500 (1934) 

^R. P; Bell and E. Gelles, J. Chem. Soc., 2734 (1951) 

3Ibid. 
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under conditions of variable [H+] and [Br ]. It is there­

fore reasonable to assume that the only brominating species 

present in solution are Br2 and Br^". Similar approaches 

have been shown to be valid by investigators studying the 

bromination of anisole and substituted anisoles in aqueous 

12 
media. ' 

When bromine is generated in solutions containing 

KBr and HC1, the following brominating species are assumed 

to be present: Br2, Br3~ and Br2Cl~, 

[Br CI"] 
where ̂ r^cl~ = [b^JLCI-J = 1,21 at 25°c-

Equilibrium constant values for the bromine-tribromide 

system, Kgr ~, under conditions of variable ionic strength 

and temperature are given in Table XXX. 

The manner in which the observed rate varies with 

[Br~] and/or [Cl~] will serve to unequivocally establish 

the extent of the reaction proceeding by means of the 

anionic species Br^" and B^Cl". In the monobromination 

of phenetole in perchloric acid media, for example, the 

observed rate is given by 

-d[Br2]/dt kl + k2KBr3 ^Br ^ 

kobs. = (tBr2] +[Br3-J)u [C6H5OC2H5J = (1 + Kg -LBr^j ) (6) 

*"W. J. Wilson and F. G. Soper, J. Chem. Soc. , 3376 
(1949). 

2R. P. Bell and D. J. Rawlinson, ibid.. 63 (1961). 

3 
I. M. Korenman, J. Gen. Chem. U.S.S.R., 17, 1608 

(1947). 
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where and k£ are the specific rate constants for the 

bromination of phenetole by Br2 and Br^ " respectively. 

If is real either an increase in k0^s with increasing 

[Br"], or a decrease in kQ^s which cannot be explained 

on the basis of the bromide ion dependence of the denomina­

tor, would be expected. As seen from,Figure 9A, kobs. is 

appreciably dependent on [Br~], particularly at the lower 

bromide ion concentrations. If Br^" is active as a brot-

minating agent, however, a plot of kQ^g (1 + Kgr "[Br"]) 

versus [Br"] will be linear with a positive slope Kgr 

Such a plot, although linear, possesses zero slope thus 

indicating that tribromide ion is unimportant as a brominating 

agent, i.e„, k£ =0 (Figure 9B). The variation in 

with [Br"] was a result of the bromine-tribromide equili­

brium (in vdiich [Br"] is of importance), rather than due 

to tribromide reactivity. Similar analyses were conducted 

for the other systems under investigation. 

E. Determination of Reaction Order 

Three distinct approaches were employed to establish 

the over-all reaction order as well as the order with respect 

to each component. The differential method, applied to the 

bromination reactions of phenetole, oxine and 2- and 4-

methyloxine, is perhaps the easiest to employ, and may 

yield the over-all reaction order as well as the individual 
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values for each reactant from a single experimental run. 

If a nixed order reaction of the type 

-dA/dt = kA AX BY (1) 

is considered, a logarithmic transformation of (1) yields 

log (-dA/dt) = log kA + X(log A + Y/X log B) (2) 

Thus the method simply involves plotting log(-dA/dt) 

versus (log A + Y/X log B), and choosing appropriate 

values of X and Y that yield a linear plot. Figure 10 

illustrates the application of this method to the bromina-

tion of phenetole, a mixed second-order reaction, i.e., 

X = Y = 1. 

A second method involves the elimination of time 

as an independent variable for a system involving two con­

secutive, second-order reactions, and is particularly 

applicable to the dibromination of oxine and its 2- and 

4-methyl derivatives. In accord with the approach described 

by Benson,^ the theoretical concentration of unreacted 

bromine may be calculated at any time using the pseudo 

rate constants and l^obs , the initial substrate 

concentration (Ao), and values of -dB^/dt. In effect, this 

approach tends to substantiate the results of the differential 

method, rather than uniquely define the reaction order. 

"̂(a) S. W. Benson, J. Chem. Phys., 2 0 ,  1605 (1952). 
(b) S. W. Benson, The Foundations^ Chemical 

Kinetics, McGraw-Hill Book Co., Inc. (New York), 1960, p. 45. 
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For a system involving consecutive second-order 

reactions of the form 

ki 
A + B =—> C (3) 

k2 
c + b -—> d, 

the concentration of intermediate (C) is given by the 

equation 

C = Kjj * t [1 - (A/Ao)**"1] (4) 

or 

[1 - (A/Ao)^"-1] 

\riiere K* = k£/k^ 

A plot of CK*/A versus (1 - A/Ao) for the 8-hydroxyquinoline 

system is shown in Figure 25. From this relationship and 

an appropriate value of Ao, values of A, C, D and [B^]^ 

may be calculated (see Tables XXIII-XXV). Plots of A, C 

and D as functions of time, based on the observed second-

order rate constants, are shown in Figures 26, 27 and 28 

for the oxine, 2-methyloxine and 4-methyloxine systems 

respectively. The values of [B^]^ permit a reintroduction 

of time as an independent variable, thus making the preceding 

plots feasible. In addition, the instantaneous values of 

(-dBr2/dt) may be employed, thereby permitting an evaluation 

of [Brj]^ according to the expression; 
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-dBr2/dt = kjAB + k2BC = B[kjA + k2C] (5) 

where B = f®r2^u 

The theoretically derived values of [Br2]y are then plotted 

as a function of time along with the experimentally calcu­

lated values. The agreement for the systems under investi­

gation was within 107o, thereby verifying the over-all 

reaction order. Such plots, representative of oxine and 

its 2- and 4-methyl derivatives, are displayed in Figures 

29, 30 and 31. 

Lastly, the purely empirical approach requiring 

constancy of the rate for an assumed reaction order was 

shown to be applicable, specifically for the bromination 

of phenol. 

F. Evaluation of Spectrometric Data 

1. Ultraviolet Spectra.—The discovery that the 

stoichiometry of the 4-hydroxybenzoxazole bromination was 

time dependent in acid solutions (converting from 3:1 to 

2:1 stoichiometry with time) led to a spectrophotometric 

investigation of the compound in an attempt to correlate 

the change in stoichiometry with a particular absorption 

band. The 260 mil. minimum was found to decrease with time 

in acid solutions (Figure 12) paralleling the change in 

stoichiometry, whereas the 272 m|i maximum was time inde­

pendent under the same conditions. No variations in the 
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intensity of the 260 m|j. minimum were observed in neutral 

aqueous solutions however, indicating the possibility of 

specific acid catalysis. The rate of hydrolysis was found 

to be pseudo-first order at constant [H+], depending solely 

on the initial concentration of 4-hydroxybenzoxazole 

(Figures 13 and 14). The pseudo-first order rate con­

stants could be readily calculated from the half-life 

values Ct^) of the absorbance versus time curves, since 

the absorbance approached zero at infinite time. A 

subsequent plot of the pseudo-first order rate constants 

as a function of [H j permitted an evaluation of the 

over-all second-order hydrolysis rate constant (Figure 15). 

2. Proton Magnetic Resonance Spectra.--The proton 

magnetic resonance spectra of oxine and 2-methyloxine in 

cyclohexane solvent are shown in Figures 16A and 17A. It 

is quite evident from these spectra that the rather broad, 
• 

lowest-lying peak, occulting in the oxine spectrum at 7.18 

p. p.m. relative to cyclohexane corresponds to the 2-H. The 

pronounced down-field shift exhibited by the 2-H is due to 

the presence of the adjacent basic nitrogen atom as well as 

the "magnetic anisotropy" of the nitrogen atom.^ 

\j. A. Pople, W. G. Schneider and H. J. Bernstein, 
High Resolution Nuclear Magnetic Resonance. McGraw-Hill Book 
Co., Inc., New York (1959), p. 176. 
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The symmetrical singlet adjacent to the 2-H peak 

and occurring at 6.82 p.p.m. relative to cyclohexane, may 

be assigned to the hydroxy proton in the 8-position,. The 

doublet at 6.50 p.p.m. may be attributed to the 4-H on the 

basis of its presence in the "pyridine portion" of the 

oxine molecule, and also because of the data obtained 

from comparison spectra of substituted pyridine compounds 

(see also Figure 19). The broad band extending from 5.4 

to 6.0 p.p.m. in Figure 16A therefore contains the magnetic 

resonance contribution of the 3, 5, 6 and 7 protons. 

Examinations of the spectra of these same compounds 

in trifluoroacetic acid (Figures 16B and 17B) reveal several 

interesting changes. The 2-H, for example, no longer occupies 

a unique position in the spectra as was observed in the cyclo-

hexane solvent. Instead, the proton resonance signals of the 

2-H and the 4-H are superimposed, with the resultant formation 

of an unsymmetrical doublet centered at 6.16 p.p.m. The con­

clusion is further substantiated by comparison with Figures 

17B and 18, the latter exhibiting the proton magnetic reson­

ance spectrum of 4-methyloxine in trifluoroacetic acid. 

Furthermore the over-all spectrum of oxine integrates 

to only six protons in trifluoroacetic acid, whereas the 

spectrum of oxine in cyclohexane (Figure 16A) indicates 

the presence of seven protons. This phenomenon is presumably 

related to the protonation of the basic hetero nitrogen in 
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the trifluoroacetic acid medium, with the resultant rupture 

of the hydrogen bond between the phenolic hydroxy group and 

the ring nitrogen atom. The labile hydroxy proton may then 

exchange with the solvent, thus explaining the absence of 

the -OH resonance signal in trifluoroacetic acid. 

The presence of the protonated oxine species is 

also verified by the appearance of the 2-H signal as a 

low-field triplet in the spectrum of 4-methyloxine (Figure 

18), indicative of spin-spin coupling by two protons having 

nearly identical splitting constants, namely the 3-H and 

the ^NH+ entities. 

Figure 19, the spectrum of 5,7-dibromo-S-hydroxy-

quinoline, reveals a sharp singlet xdiich can only be 

assigned to the 6-H. A portion of the predicted quadruplet 

structure of the 3-H is also discernible at the highest 

field intensity. The twin doublets are readily assigned 

to the 2-H and the 4-H, both appearing as doublets due 

to spin-spin splitting by the 3-H. The presence of the 2-H 

signal as a triplet in 4-methyloxine (Figure 18) and as a 

doublet in 5,7-dibromo-oxine (Figure 19) may be interpreted 

on the basis of the relative acidities of these compounds. 

The dibrominated derivative of oxine, a much stronger acid 

than 4-methyloxine (lower pK& value), could conceivably 

exist primarily as the neutral molecule in CF^CObH. The 

presence of the 2-H doublet is in accord with this • 
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interpretation. 4-Methyloxine, however, being a weaker 

acid, could exist to an appreciable extent in the protonated 

form, thereby causing the 2-H signal to appear as a closely 

spaced quadruplet, or a triplet. It is also possible that 

the coupling constant of the ^NH+ proton is so small in 

the dihalogen derivative that no additional splitting of 

the 2-H signal results. 

The spectrum of the brominated derivative of 

4-methyloxine (Figure 20), comprised of a doublet-singlet-

doublet- sequence with increasing field strength, may now be 

interpreted. The singlet must be due to the 6-H and the low 

and high field doublets correspond to the 2-H and,the 3-H 

respectively. Both the 2-H and the 3-H signals are shifted • 

to higher field intensities relative to their positions in 

5,7-dibromo-8-hydroxyquinoline, because of the inductive 

effect of the 4-methyl substituent, \£iich tends to increase 

the elctron density in the aromatic system. Bromination at 

any of the potential sites other than the 5- and 7-positions 

cannot be reconciled with the spectrum in Figure 20. Thus 

4-methyloxine, as well as oxine and 2-methyloxine, quantita­

tively brominates in the 5- and 7-positions. Furthermore, 

no evidence was obtained for alkyl or side-chain halogenation 

as the methyl peak intensity was always found to correspond 

to three protons. The 5,7-dibromo-4-methyloxine was recrystal-

lized from cyclohexane in the form of shiny, white needles, 

possessing a melting point of 126-128°C. 
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G. Acid Dissociation Constant Calculation 

In order to determine whether the neutral oxine 

molecule (SH), or the protonated species thereof (SH2+), 

or both, undergo bromination, it is advantageous to know 

the appropriate value of the equilibrium constant for the 

reaction 

where 

The material balance of the total reagent employed Tg is 

Tg » SH2+ + SH + S" (3) 

However in the pH region of interest this reduces to 

Tg = SH2+ + SH 

The charge balance for the system in the presence of 

perchloric acid may also be written. 

SH2+ + H+ + Na+ = C104~ + OH' + S" (4) 

In the pH region where only the first dissociation step 

is of importance, the preceding equation reduces to 

SH2+ + H+ + Na+ = C104" 

SH2+ = (C104~ - H+ - Na+) A (5) 

SH2+ < > SH + H+ (1) 

». • ftts? «> 
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The acid dissociation constant may now be evaluated 

from the measurable quantities H+, Tg and A, by means of 

the equation 

Ka1 . [H*][Ts - a] (6) 

The data listed in Table XV was employed to cal­

culate the first acid dissociation constant of oxine at an 

ionic strength of 0.60 M. The calculated value (pK = 
1 

5.16 + 0.03) is within experimental error of that tabulated 

in the literature for a much lower ionic strength (5.13 at 

14 = 0.01^). Because of the close proximity of these pKfl 

values, the literature values for the first acid dissociation 

constants of 2- and 4-methyloxine were employed in subsequent 

calculations. The apparent independence of the pKfl values 

of cationic acids on ionic strength is in accord with that 

predicted theoretically, since the activity coefficients 

of the cationic acid (fgH an£* t*ie Proton are 

assumed to be equal, and therefore cancel, leaving only 

the fgjj term \rtiich in low concentrations is assumed equal 

to one. 

H. Derivation of Equations for Specific Rate Constant 

Calculations 

1. The mixed second-order monobromination of a 

neutral substrate with bromine and tribromide ions.--The 

^A. Albert, Biochem J., 54, 646 (1953). 
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rate of consumption under these conditions will be given 

by 

d[Br«] 
- = kobs.CSH]([Br2] + [Br3 ]) (1) 

Equation (1) may be rewritten in the form 

d[Br7] 
dr 35 kiCSH][Br2] + k» ̂ SH] [Br3"] (2) 

Equating (1) and (2) and solving for kQks yields 

k1[Br23 + k'-jCBr-"] 

^obs. = (LB^j + [Br^-j) 

C^d[Br2]/dt) 

<LBr2J + lBr3-])LSHj <3> 

Division of both the numerator and denominator of the 

right side of equation (3) by [B^] gives: 

klt = kl + k,i<[Br3~]/£Br2:l> ' ... 
obs- 1 + LBr3-J/LBr2J 

The equilibrium constant for the bromine-tribromide 

system is given by 

[Br3"] 

KBr3" ~ TBr2HBr'J (5) 

Substitution for [Br^"] by means of this equilibrium 

expression into equation (4) yields 
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kl + k'A^-CBr'] 

kobs. = 1 + KBr^-[Br"J 

Thus a series of kinetic investigations conducted 

under conditions of variable [Br~] permit an evaluation of 

the specific rate constants k^ and k'^ by explicit solution 

of equation (6) or from a plot of k^g (1 + tfgr"-[Br"]) 

versus [Br"]. 

2. The mixed second-order monobrominatlon of a 

neutral substrate and its protonated form with molecular 

bromine. — In this instance (particularly applicable to oxine 

and 2-methyloxine), the rate of consumption of bromine is 

given by the equation 

d[Br2] 
- dtT = kj^BrjHSH^] + k2[Br2][SH] (7) 

The first acid dissociation constant for the -

system is defined as 

rH+][SHl 
\ = [shJ+] (8) 

Substituting for [SH] into equation (7) by means 

of equation (8) gives 

d[Br*] . k^tBrolKai[SH9+] 

- -dt2" = k![Br2][SH2 ] + EH+J <9> 
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Equation (9) may be rearranged to 

(-d[Br9]/dt) k9Ka-, 

Ur2J LSH2-*-J - kl +IhT" = kobs.(1 + KBrJ*[Br ] > (10) 

Equation (10) may be further simplified since in the region 

of low pHj 

tg = csh2+] (11) 

(-d[Br2]/dt) 
Therefore a plot of "[Br 1»T 

or kQbs (1 + Kgr--*[Br"]) as a function of [H+]~''" will yield 

a linear plot of intercept k^ and slope k2Ka^. 

3. The mixed second-order dibromination of a neutral 

monobrominated substrate and its protonated form with molecu­

lar bromine and tribromide ion.--In the terminal stages of 

the dibromination reaction, vdien the residual concentration 

of substrate may be neglected, the rate of consumption of 

bromine is given by 

d[Br2] 
-—3t = kaCBr2](CCH] + tCH2+]) + (12) 

kb[Br3~]([CH] + [CH2+]) 

Multiplying out the terms in equation (13) yields 

d[Br«] 
= k3[Br2][CH] + k4[Br2][CH2+] + k5[Br3"][CH] 

+ k6[Br3"][CH2+] (13) 
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Rearranging terms and substituting for [CH] by means of 

the appropriate acid dissociation constant, Ka, gives 

d[Br«] [CH9+]Ka 

" ~dt~ = (k3[Br2] + k5[Br3"]) [H+] 

+ (k^[Br2] + kg[Br2_])[CH2+] (14) 

Substituting for [Br^~] by means of the appropriate equili­

brium constant, Kfir ~ (Equation 5) 

d[Br«] [CH«+]Ka 

dt = (k3^Br2] + k5KBr-j*tBr ^Br2]) |-H+^ (15) 

+ (k4[Br2] + k6KBj_-[Br"][Br2])[CH2+] 

This equation may finally be rearranged to 

(-d[Br2]/dt) „ 

lfer2J LCH2+J = ^3 + k5^Br^'^Br + k4 (16) 

• k6KBr3-[Br"l 



VI. DISCUSSION OF RESULTS 

A. Reliability of Measurements 

A large number of variables are involved in the 

evaluation of error in kinetic measurements. Errors in 

time and temperature valuation, as well as in the initial 

substrate concentration [Ao], are random in nature and 

negligible in comparison to other quantities involved in 

calculating the specific rate constants. The error intro­

duced into [A] (the concentration of substrate present in 

solution at any time) because of readily oxidizable impuri­

ties in the solutions employed, never exceeded five pulses 

in the 2000 to 5000 current pulses required for a kinetic 

determination. The maximum possible error in [A], and 

therefore in the rate constant, from this source is thus 

seen to be 0.25%. 

Errors in E would also be random, and the 

constancy of the calculated generation rate over appreciable 

periods of time (Table I) suggests that such errors must be 

quite small. 

The prime contributions to the error in the observed 

rate constants arise from uncertainties in the values of 
d[Br2J 

(- ) and Kgr -. The involved procedure required 

55 
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d[Br2] 
for the evaluation of (« ^ ) yields values which are 

not reproducible to better than 1%, and in some instances 

variations as large as 2% are encountered. 

The equilibrium constant for the bromine-tribromide 

system has been studied by a number of investigators using 

a variety of techniques (Table XXX), yet some uncertainty 

in the actual value of this constant still exists. The 

value of KBr, - employed is directly related to the specific 

rate constants calculated for reactions involving molecular 

bromine. Variations in the value of Kgr - arising from 

changes in ionic strength and salt effects may be expected 

to introduce errors in [Br0]iT of the same magnitude as those 
d[Br2] 2 U 

anticipated for ( jp). 

The potentiometrically determined pKa values are 

expected to be in error by 0.04 to 0.06 pKa unit*" as the 

limit of accuracy of the pH determinations is + 0.02 pH 

unit. This error is inherent in the instrument employed 

for the measurement of pH. 

The spectrophotometer utilized in this work is 

capable of yielding reproducible results within + 1% over 

the concentration range employed. Aside from temperature 

variations, this appears to be the prime source of error 

in kinetic investigations involving the spectrophotometry 

technique. 

*"D. Fleischer, Ph.D. Thesis, University of Pittsburgh 
(1959). 
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B. Monobromination of Phenol 

-4 
Phenol, in concentrations ranging from 10 to 

-6 
7 x 10" M, was brominated in acidified solutions of 

potassium bromide. Figure 6 indicates the manner in 

which the unreacted bromine concentration varies as a 

function of time. When the monobromination of phenol was 

complete, the concentration of unreacted bromine increased 

rapidly in a linear fashion. Extrapolation of these linear 

segments to the residual current line gave end-points which 

accurately indicated the concentrations of phenol in the 

solutions. A series of results obtained when solutions 

containing 35-520 M-g of phenol per 50 ml. of solution were 

titrated with electrogenerated bromine are listed in Table 

II. The linear relationship existing between the concen­

tration Of phenol and the number of current pulses required 

for each determination is shown in Figure 5. 

The precision of this method was found to be 1.0% 

by conducting a series of titrations at these selected 

-5 - 5 
phenol concentrations: 7.48 x 10 M, 4.50 x 10 M and 

9.80 x 10"6 M. Table III summarizes the results obtained 

for a phenol concentration of 7.48 x 10" M. 

If only monobromination of phenol occurs, the 

theoretical relationship between the number of micrograms 

of phenol (X) and the number of micrograms of bromine (Y) 

would be given by (Y = 1.70 X). The actual experimental 
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relationship between X and Y is shown in Figure 5. Reference 

to Figure 7, however, reveals that a quantity of bromine 

(proportional to DE) is present at the end-point in every 

titration. These concentrations o£ unreacted bromine may 

be determined for every phenol titration, and when subtracted 

from the total amount of bromine electrogenerated at the 

end-point (E), yield an experimental relationship between 

X and Y of the form (Y = 1.87 X - 18.0). This relationship 

reduces to the theoretical equation for monobromination when 

the initial phenol concentration is less than 100 ug/50 ml. 

The deviation of the experimental curve at phenol concentra­

tions greater than 100 ng/50 ml. can be attributed to the 

multiple bromination of phenol. The extent of dibromination 

increases with increasing phenol concentration since the time 

required for the titration also increases with phenol concen­

tration. The quantities of bromine required for the theore­

tical monobromination of various concentrations of phenol 

titrated are given in Table IV. The amount of bromine that 

reacted in each titration, i.e., total bromine electrogen­

erated minus the unreacted bromine at the end-point, is also 

listed for each case. The excess of bromine consumed in 

each titration is seen to increase with the quantity of 
i 

phenol titrated or with the time required for each titra­

tion. Therefore, in the kinetic investigations involving 

phenol, care was taken to restrict the phenol concentrations 
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to less than 100 ng/50 ml. , thereby avoiding any complica­

tions attributable to dibromination. 

The insensitivity of the reaction rate to varia-

tions in [H ] in the pH region of interest served to 

eliminate the phenoxide ion as an active agent in the 

bromination of phenol. This is not surprising since in the 

pH region where the kinetics of bromination of phenol were 

investigated, the phenoxide ion concentration can be cal­

culated to be approximately 10"^ M, based on an acid 

dissociation constant value of 1.1 x 10"^.*" In addition, 

the tribromide ion, Br^", was shown to play a negligible 

role in the bromination of phenols, and therefore not 

considered as a potential halogenating agent in this 

investigation. 

From this discussion, the reaction responsible for 

the monobromination of phenol may be written as 

C6H5OH + Br2 > BrCgH^OH + H+ + Br" (1) 

The rate constant, k, for the monobromination of 

phenol was found to be 

d[BrCAH.0H] 
= k[C6H5OH][Br2] (2) 

^Hahn and Klochman, Z. Fhysikal Chem. . A157. 206 
(1931). 

2 
R. P. Bell and D. J. Rawlinson, J. Chem. Soc., 66 

(1961). 
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Utilizing Figure 7 it can be seen that at any time during 

the course of the reaction, the concentration of unreacted 

bromine in solution is proportional to CF. Also, the con­

centration of bromine reacted, i.e., the concentration of 

monobromophenol formed, is proportional to CG. Since the 

rate of generation of bromine is known, the concentrations 

of unreacted bromine and monobromophenol can be calculated. 

Thus the instantaneous molar concentration of unreacted 

phenol can be determined, since the initial phenol con­

centration is known. Concentrations of bromine and phenol 

could therefore be calculated at various times, along with 

the corresponding value of d[BrCgH^OH]/dt. Calculated 

values of the rate constant, as obtained from equation (2), 

are listed in Table V. The average value of the calculated 

rate constant, k, was 1.6 x 10^ M'*" sec"*", well in accord 

with that predicted on the basis of rate constants obtained 

1 2 for substituted phenols and aromatic amines under similar 

experimental conditions. 

C. Monobromination of Phenetole 

A series of titration curves, representative of 

those obtained in the bromination of phenetole, are shown 

*"R. P. Bell and D. J. Rawlinson, J. Chem. Soc., 
66 (1961). 

2 
R. P. Bell and E. N. Ramsden, J. Chem. Soc., 161 

(1958). 
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in Figure 8. It is apparent from this diagram that the 

reaction is retarded by an increase in the concentration 

of potassium bromide. This decrease in reaction rate may 

be attributable to the presence of a smaller concentration 

of unreacted molecular bromine with increasing bromide 

ion concentration9 with the assumption that Br^~ is 

inactive as a halogenating agent. Equally possible is 

the postulation that Br^' brominates at a considerably 

slower rate than molecular bromine, hence the decrease in 

the observed reaction rate as [Br"] increases. The correct 

interpretation is obtained from a mathematical analysis 

of the data. When bromine is generated in the presence 

of bromide ions, the bromination of phenetole may occur 

with Br2 and/or Br^", i.e., 

- = kobs.(CBr2] + [Br3-])u-[C6H5OC2H5] (1) 

or 

d[Br2] 

- ~dt - VBr2]U-CC6H50C2H5] + 

where and k£ are the second-order rate constants for 

the bromination of phenetole by B^ and Br^~ respectively. 

Introduction of the equilibrium constant, Kgr ", and 

rearrangement simplifies the above expression to 
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(-d[Br2]/dt) 

7LBr2J +-LBr3 lu'LCgHjOCjHjj) = kobs. = (2) 

kL + ^K^-CBr-] 

(1 +KBr3-LBr-J) 

If Br^" is functioning as a halogenating species, 

then from equation (2), the term (1 + Kfir -[Br"]) 

is independent of [Br"] and therefore equal to k-p the 

specific rate constant for the bromination of phenetole 

by molecular bromine. Typical sets of data, including all 

the necessary parameters required for the calculation of 

the specific rate constants, and exhibiting the variation 

in the value of the calculated rate constant within an 

experimental trial, as well as the independence of 

^obs ^ + %r ~I-®r~]) with respect to bromide ion con­

centration, are shown in Tables VI-XII. 

In the presence of chloride ion, the kinetic equa­

tion is further complicated by the formation of B^Cl" and 

takes the form 

kl + k2KBr,-[Br"] + k3KBr2Cl"[c1"] 

kobs. = (1 + -LBr-J + Kgr C1-LC1"J) (3) 

3 2 

However, B^Cl" was also shown to be inactive in the 

bromination of phenetole, as exemplified by the data in 

Table XIII. 
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The bromination of phenetole was also investigated 

at 0°C. in aqueous perchloric acid media; the results of 

this investigation are given in Table XIV. The small 

variation in the value of in Tables XII-XIV is prob­

ably due to a kinetic salt effect. It is also possible 

that the values of the equilibrium constants, Kgr - and 

^Br„ d~> are affected at high ionic strengths. Similar 

salt effects were observed in the bromination of o-bromo-

anisole.1 

4 —1 
The value of k^ was found to be 4.8 + 0.2 x 10 

sec"*" at 25°C. and 1.1 + 0.2 x 10^ M"1 sec"1 at 0°C. An 

average energy of activation of 9.5 kcal. mole"1 was 

obtained from these constants for the monobromination of 

phenetole, using the equation 

_ RT,T« k9 
E = - >p T In TT > <A) 

L1 " l2 kl 

where = average energy of activation for the temperature 
i • . 

range T1 " T2 

and R =1.987 calories mole"1 deg"1. 

Rate constants of 4 X 10^" M"1 sec"1 and 6.1 x 10"* M"1 sec"1 

at 25°C. and 0°C. respectively have been reported for the 

P. Bell and D. J. Rawlinson, J. Chem. Soc.. 
66 (1961). 
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bromination of anisole in an aqueous medium,"'' indicating 

a slightly higher energy of activation (E =*12 kcal. mole"*"). 

It therefore appears that the rate of bromination of phenetole 

is slightly greater than that of anisole, although, as 

expected, both react much slower with molecular bromine 

than does phenol. The participation of the highly reactive 

phenoxide ion cannot account for the difference, since the 

phenol kinetics were investigated under conditions which 

preclude its formation. In addition, the rate of bromina­

tion of phenol was found to be independent of sulfuric acid 

2 concentration in acetic acid solvent. The greater reactivity 

of phenol is rather attributed to hyperconjugation of the 

D. Dibromination of 8-Hvdroxvauinoline 
and 2-Methyl-8-hvdroxyquinoline 

The dibromination of 8-hydroxyquinoline takes place 

in two distinct steps: 

type 

Br Br 

OH OH OH 

*"R. P. Bell and D. J. Rawlinson, Ibid. 

2 
P. W. Robertson, P. B. D. de la Mare and B. E. 

Swedlund, ibid.. 782 (1953). 
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Figures 22 and 23 depict titration curves typical of those 

obtained in the bromination of oxine and 2-methyloxine. 

The curves give a qualitative indication of the relative 

rates of mono- and dibromination. Since BC, the extra­

polated linear segment of the titration curves, is not 

parallel to the blank OA, it can be deduced that the second 

bromination step occurs at a much slower rate than the mono-

bromination reaction. This is expected as the initially 

substituted bromine atom deactivates the molecule with 

respect to additional electrophilic substitution. 

The analyses of competitive, consecutive reactions 

of this type are appreciably simplified by ignoring the 

second bromination step during the early stages of the 

reaction. This approach was shown to be valid as long as 

^initial > ^terminal*1 Furthermore, during the terminal 

stages of the reaction, the first step may be ignored and 

the rate constant terminal evaluated* 

The rate of monobromination of oxine can be shovan 

to be of the form 

d[Br2] 
dT" = k[Br2]-Tox • k.[Br3-].Tox (1) 

Substituting for [Br^-] by means of Kgr - and rearranging 

yields 

XC. K. Ingold, J. Chem. Soc., 2170 (1931). 



66 

k + klKBr "[Br"] 

klobs. = (1 + Kr -.[Br-J) (2) 

3 

\diere is the observed rate constant for the mono-

bromination of oxine. A similar expression for l^obs ' 

the rate constant for the dibromination of oxine, may also 

be derived. Equations derived for oxine may be applied 

without alteration to the bromination of 2-methyloxine. 

Tables XVI and XVII show typical sets of kinetic 

data for the dibromination of oxine and 2-methyloxine. 

The effects of varying bromide ion and hydrogen ion con­

centration on the observed rate constants for these compounds 

are given in Tables XIX and XX. In both cases, k-^0^g (1 + 

Kgr ~[Br~]) is a constant and is independent of bromide ion 

concentration. Therefore it can be deduced that the tribro-

mide ion is not an active halogenating agent in the first 

bromination step of oxine and 2-methyloxine. Values of 

k2obs _(1 + Kg "[Br" ]), however, vary with the concentration 

of bromide ion. In addition, both (1 + ~[Br~]) and 
3 

k2obs ̂  + KBr3~^Br~"^ for oxine and its 2-methyl derivative 

are seen to be inversely proportional to the concentration 

of hydrogen .ion (Tables XIX and XX). This inverse [H+] 

dependence is perhaps best explained on the basis of the 

equilibrium existing in these systems on the pH values under 

consideration. In acid media, oxine exhibits the following 

equilibrium: 
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|cj6) * H+ (3) 

OH R+ O-H 

Aere Ka _ rH+irsHi 
1 - [SH^+J 

An alternative explanation, which attributes the 

inverse hydrogen ion dependence to the slow loss of a proton 

from a rapidly formed bromine-substrate intermediate, has 

i 2 
been refuted by Melander and by Berliner and Schueller 

for aromatic systems such as benzene, biphenyl and toluene. 

In addition, kinetic isotope effects have been shown to be 

3 
absent in the bromination of phenolic ethers, aromatic 

4 5 
amines and substituted phenols. Although rate-determining 

proton loss in the bromination of aromatic compounds has 

6 
been found to exist in some instances, no evidence was 

^"L. Melander, Nature, 163. 599 (1949); Acta Chem. 
Scand., 3, 95 (1949); Arkiv. Kemi., 2, 211 (1951). 

2 
E. Berliner and K. E. Schueller, Chem. and Ind. 

(London), 1444 (1960). 

3 
A. E. Bradfield, G. K. Davies and E. Long, J. Chem. 

Soc., 1389 (1949). 

4R. P. Bell and E. Ramsden, ibid.. 161 (1958). 

~*R. P. Bell and D. J. Rawlinson, ibid. . 66 (1961). 

Christen and H. Zollinger, Helv. Chim. Acta, 45, 
2057 (1962). 
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found tfiich might suggest the presence of a relatively 

long-lived intermediate in these rapid brominations. 

Using the equilibrium explanation for the inverse 

hydrogen ion dependence of the oxine and 2-methyloxine 

brominations, the specific rate constants for the bromina-

tion of the protonated substrate (SH2+) and the neutral 

substrate (SH) may be evaluated. 

The differential rate expression for the first 

bromination step may be written as 

d[Br«] 
3^- = k1[Br2][SH2+] + k2[Br2][SH] (4) 

Since the concentration of the neutral form of oxine is 

less than 1% of the concentration of the protonated form 

at the pH values employed, 

Ts If [SH2+] (5) 

Substituting into equation (4) by means of the 

acid dissociation constant (Ka^) and rearranging yields 

k Ka 

"lobs.*1 + *Br3-[Br"» • kl + <« 

A plot of k^obg (1 + KRr -[Br"]) versus [H+]~^ of 

the data in Tables XIX and XX gave straight lines for oxine 

and 2-methyloxine (Figures 32 and 33) from *#iich k^ and k2 

were determined. 
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The rate equation for the second bromination step 

of oxine and 2-methyloxine is 

d[Br«] , 
- 3^- = k3[Br2][CH] + k4[Br2][CH2+] (7) 

+ k5[Br3"][CH] + k6[Br3"][CH2+] 

since Br2 and Br^" are both halogenating species. Substitu­

tion from Kgr " and from the acid dissociation constant 

expression for the monobrominated derivative, i.e., 

Ka', .UClIfiHl (8) 
1 [ch2+] 

(Where pKa'^ = pKa^ - 0.50 due to the increased acidity 

of the monohalogen derivative), 

into equation (7) and subsequent rearrangment yields 

Ka' 
k2obs.(1 + KBr3"l:Br"]> = (k3 + k5KBr3"[Br":l> 

+ k4 + k6^Br. "CBr"3 

(9) 

3 

Plots of k2o^s (1 + Kgr "[Br"]) versus [H+]"^ at 
— * ^ X 

constant [Br 1 or versus [Br"3 at constant [H ] gave linear 

plots (Figures 34A and B and 35) from vfoich the values of 

k^, k^, k^ and kg were obtained. Table XXI summarizes the 

specific rate constants obtained for the bromination of 

oxine and 2-methyloxine. A schematic representation of the 
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bromination steps of oxine and 2-methyloxine is depicted 

below. 

OH H 

ki 
Br2 

Br 

OH H+ 

*4 

Br 
ai/ * Br3~ 

OH H" 

Kan 

Ka1 

+ H 

'H 

2 
Br, 

Br 

+ H 

H 

3 
Br 
4 

5 
Br. 

+ H 
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The initial electrophilic substitution reaction 

gives the 5-bromo compound. This has been shown experi­

mentally^" and might be expected since phenol brominates 

2 
primarily in the para position. It is surprising however 

3 
that the neutral oxine molecule brominates 10 times faster 

than the neutral phenol molecule. 

In order to evaluate the effect of an additional 

aromatic ring on the reactivity of the phenol molecule 

(but excluding the deactivating effect of the ring nitrogen 

atom, *£iich is present in oxine), the bromination of 1-naphthol 

was investigated. An attempt to quantitatively determine the 

kinetics of bromination of a-naphthol was unsuccessful since 

the rate of formation of the dibromo-naphthol was too rapid 

6 — 1  1  
to study by this technique (t^ > 5 x 10 M sec" ). It may 

therefore be concluded that the rate of bromination of 

1-naphthol is greater than that of phenol, but no valid 

comparison between the bromination rates of 1-naphthol and 

oxine can be made. This becomes apparent upon realizing 

that 1-naphthol exists primarily as a neutral species at 

the pH values under consideration, vrtiereas oxine is present 

in both a cationic (SH£+) and a neutral (SH) form. Thus it 

"'"R. G. W. Hollingshead, Oxine and Its Derivatives. 
Butterworths Scientific Publications (London), Vol. I (1954), 
p. 40. 

2 
P. W. Robertson, P. B. D. de la Mare and B. E. 

Swedlund,.J. Chem. Soc., 782 (1953). 
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appears that the electron availability, para to the hydroxy 

group, in oxine, 2-methyloxine, and 1-naphthoi is much 

greater than that in phenol. The presence of the basic 

nitrogen atom in the oxine ring might be expected to 

decrease the electron density in the "phenol portion" 

of the molecule; on the other hand hydrogen bond formation 

between the phenolic hydroxy group and the heterocyclic 

nitrogen atom will tend to increase the electron density 

in the phenol ring. 

The rate of bromination of the neutral 5-bromo-

oxine molecule, k^, is about 75 times slower than the rate 

of bromination of the neutral oxine molecule, k^• This is 

in accord with the strong inductive effect exerted by the 

bromine atom in the 5-position. 

The presence of a positive charge in the protonated 

oxine has a strong electron-withdrawing influence which, 

as expected, slows the rate of electrophilic substitution 

with bromine k^ « k£ and k^ « k^). When the inductive 

effect of the bromine atom is superimposed on the stronger 

electron-withdrawing effect of the positive charge, a decrease 

of about 50 times in the rate of bromination is observed 

k£). 

It is surprising that bromination in the 7-position 

can be accomplished by tribromide ion as well as by bromine. 

Also surprising is the fact that tribromide competes quite 
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favorably and in some instances (k^ versus kg in oxine, for 

example) equally well with bromine as an active halogenating 

agent. This finding is in contrast to that proposed by 

• t o  
other investigators, ® whose results suggest that trribro-

mide ion is a much less active halogenating agent than 

molecular bromine. It appears that this generalization 

should be reconsidered, taking into account such important 

parameters as substrate structure, solvent medium and 

absolute reaction rate. 

The rate-decreasing effect of the positive charge, 

which is of the order of 10~* (k2/k^ and k^/k^) in the case 

of attack by molecular bromine, is partially compensated 

by the negatively charged tribromide ion (k^/kg ̂ 10 ). 

The behavior of the 2-methyloxine parallels that 

of oxine and the identical reaction scheme can be used to 

explain its kinetic behavior. Each of the specific rate 

constants of 2-methyloxine is about 1.5 times greater than 

the corresponding oxine rate constant (except for k^ which 

is approximately four times greater). The enhancement of 

the reaction rates is primarily due to the electron-donating 

character of the methyl substituent. 

^"A. E. Bradfield, G. I. Davies and E. Long, J. Chem. 
Soc., 1389 (1949). 

^D. H. Derbyshire and W. A. Waters, ibid.. 564 (1950). 
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E. Dibromination of 4-Methvl-8-
hvdroxyquinoline 

A series of 4-methyloxine kinetic curves, indicating 

an increase in reaction rate with increasing [Br ] is shown 

in Figure 24. This is in direct contrast to that observed 

for oxine and 2-methyloxine (Figure 22). All of the perti­

nent kinetic data for a particular titration is given in 

Table XVIII. The effect of [Br~] and [H+] on the observed 

bromination rates of 4-methyloxine are summarized in Table 

XXII. 

If bromine and tribromide ion are both considered 

active halogenating agents in the initial bromination step 

of 4-methyl-8-hydroxyquinoline, then the expression for the 

observed rate constant would be of the form 

'lobs (1 + Kgr -[Br
-]) = k + k'Kgr -[Br-] (1) 

Thus a plot of (1 + Kgr -[Br~]) versus [Br~] should 
3 

be linear with an intercept k and a slope k'KR A plot 
3 

of these parameters possessed a zero intercept (Figure 36) 

indicating that tribromide ion was the sole halogenating 

agent." A similar result was obtained when l^obs ^ + 

Kgr -[Br"]) was plotted as a function of [Br-] (Figure 37). 

Therefore the differential rate expression for the bromina­

tion of 4-methyloxine is given by 
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d[Br«] 
— = k7[Br3"]*Ts + kg[Br3"]*Tc (2) 

with the ky term predominating in the early stages of the 

reaction and the kg term of prime importance during thes 

terminal stages of the reaction. The resultant values of 

3 2 
ky and kg were calculated to be 3.29 x 10 and 5.16 x 10 

M-"'" sec"*" respectively. 

Of the entire reaction scheme for oxine and 2-methyl-

oxine, only one step of this sequence applied to the bromina­

tion of 4-methyloxine. Inasmuch as the bromination of 

4-methyloxine does not show any pH dependence in the range 

in \diich the protonated species predominates (pH 1-2.5), it 

must be concluded that this is the only species that is 

being brominated. Furthermore the kinetic data show that 

the tribromide ion is the only halogenating species. Hence 

ky and kg should be compared with kg of the oxine and 

2-methyloxine scheme. 

The k^/kg ratio in the 2-methyloxine scheme yields 

a relative indication of the bromination rates of 5-bromo-2-

methyloxine with bromine and tribromide ion respectively. 

3 1 
On this basis, a rate constant of k^/2.65 or 4.2 x 10 M~ 

sec"^ would be predicted for the bromination of 2-methyl­

oxine by tribromide ion. Excluding steric factors, this 

same rate constant would be expected to apply to the 

initial bromination of 4-methyloxine, as the inductive 
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effect afforded by a methyl group in this 2- and 4-positions 

should be nearly identical. Thus it is not surprising to 

find a rate constant of 3.29 x 10^ M-"'" sec ^ for the initial 

bromination of 4-methyloxine. The fact that is somewhat 

smaller than the theoretical value could conceivably be 

attributed to steric inhibition by the 4-methyl substituent, 

assuming that initial bromination occurs at the 5-position. 

2 11 
In addition, kg (5.16 x 10 M" sec" ) compares quite 

o l i 
favorably with kg(2.36 x 10 M° sec ) of 2-methyloxine. 

The anomolous behavior of the 4-methyl derivatives 

might be attributed to 

1) The possibility that 2,7- rather than 5,7-

dibromination might have resulted, in accordance 

with the well known nucleophilic substitutions 

which occur in pyridine-like compounds in acidic 

media (obviously necessitating a change in reac­

tion mechanism), or that alkyl halogenation might 

have resulted. 

2) The steric interaction imposed on a nucleophile 

attacking at the 5-position due to the 4-methyl 

substituent. 

3) Unusual steric requirements in the transition 

state of 4-methyl derivative which are best 

fulfilled by the tribromide ion. 
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The first possibility can be dismissed on the basis 

of the n.m.r. spectra of 4-methyloxine, 5,7-dibromo-8-

hydroxyquinoline and the brominated derivative of 4-methyl-

oxine (Figures 18, 19 and 20). The dibrominated derivative 

exhibited a doublet-singlet-doublet structure with increas­

ing field intensity which is in agreement with that predicted 

for 5,7-substitution. Also the area of the methyl group 

signal was unaltered by the halogenation, thereby eliminating 

the possibility of alkyl substitution. 

Nuclear magnetic resonance measurements did not serve 

to determine whether initial bromiriation occurs at the 5- or 

7-position in 4-methyloxine. Thus it is quite possible that 

the steric effect imposed by the 4-methyl substituent is so 

great as to cause initial substitution at Cy, with the smaller 

bromination rate (kg) corresponding to bromination at C^. The 

fact the kg for both oxine and 2-methyloxine is less than kg, 

however, does not seem to be in agreement with this interpre­

tation. 

At the present time no valid explanation can be pro­

posed as to why 4-methyloxine is solely brominated by tribro-

mide ion whereas oxine and 2-methyloxine are only partially 

dibrominated by this species. Additional kinetic studies 

involving the 5-methyl and 7-methyl derivatives of oxine, 

as well as studies involving B^Cl-, appear to be of the 



utmost importance prior to any attempted interpretation of 

this phenomenon. 

F. Acid-Catalyzed Hydrolysis 
of 4-HvdroxybenzoxazoTe 

4-Hydroxybenzoxazole was studied via the bromometric 

technique in order that its kinetics of bromination, as 

well as the effect of chelation on the kinetics, could be 

investigated. Unfortunately the stoichiometry of the 

bromination was found to be time dependent, proceeding 

from 3:1 to 2:1 in acidic media as a function of time 

(Table XXVI). An attempt to isolate the "tribrominated" 

derivative of 4-hydroxybenzoxazole by a macro halogenation 

at 25°C. was unsuccessful. The tarry residue obtained 

indicated that the third mole of bromine may have been 

functioning as an oxidant rather than a substituting agent. 

A second synthesis af\>0°C. in 9570 ethanol yielded a white, 

finely divided precipitate, which upon purification by sub­

limation possessed a sharp melting point at 233°C. 

An equivalent weight determination of the isolated 

derivative was conducted with standardized NaOH at 25°C. in 

27 v/v % dioxane-water. Based on the assumption that one 

titratable proton was present in the molecule, a molecular 

weight of 280 was obtained. This value is well in accord 



79 

with that predicted for a dibrominated derivative of 4-hydroxy-

benzoxazole (mol. wt. = 293), but certainly does not agree with 

that anticipated for a tribrominated derivative (mol. wt. = 372). 

derivative, a C, H and Br analysis was obtained (Table XXVII). 

The analysis further substantiated that the compound obtained 

upon bromination at 0°C. was a dibrominated derivative. 

Furthermore solutions of the dibrominated derivative were 

found to react with electrogenerated bromine at 25°C. whereas 

this reaction is apparently completely eliminated at 0°C. 

It thus becomes apparent that the 3:1 stoichiometry initially 

obtained when brominating 4-hydroxybenzoxazole at 25°C. arises 

from the simultaneous 5,7-d£lromination and oxidation of the 

oxazole ring. 

were easily cleaved in the presence of acids or by evaporation 

on a water bath, viz., 

As a further check on the composition of the brominated 

As early as 1876, Ladenburg*" discovered that oxazoles 

N NH 
> 

Ladenburg, Ber., 9, 1524 (1876), in Morton, A. A., 
The Chemistry of Heterocyclic Compounds. 2nd ed., McGraw-Hill 
Book Co., Inc. (1946), p. 407. 
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Somewhat later the rates of hydrolysis of benzoxazole 

and some 2-substituted derivatives were investigated in aqueous 

media under pseudo-first order conditions."'" In general, ben-

zoxazoles with alkyl groups in the 2-position were hydralized 

more readily than those with aryl groups, the final product 

being o-aminophenol. 

Recently, Albert discovered that benzoxazole yielded 

2-formamidophenol on attempted titration at 20°C. with dilute 

acid. Thus it became quite apparent that the time dependence 

of the stoichiometry of the bromination reaction was attribu­

table to acid-catalyzed hydrolysis of the substrate, the 

product of which was only capable of dibromination. 

To gain further insight into the rate of this hydrol­

ysis, a spectrophotometric investigation was undertaken. It 

was found that the 260 tip minimum decreased with time in a 

manner paralleling the change in stoichiometry (Figure 12). 

The 272 tip maximum, however, was found to be time independent 
J 

under the same conditions. In addition, the time required 

for the absorbance value to decrease to half its initial 

value was independent of substrate concentration at constant 

•^S. Skraup, Ann., 49, 1 (1919); S. Skraup and M. Moser, 
Ber., 55B, 1080 (1922). 

2 A. Albert, R. Goldacre and J. Phillips, J. Chem. Soc., 
2240 (1948). 



81 

[H+], thereby verifying the pseudo-first order kinetics 

(Figures 13 and 14). The pseudo-first order rate constants, 

along with other pertinent data, are given in Table XXIX. 

A plot of the pseudo-first order rate constants as a func­

tion of [H+], from which an over-all second-order rate 

constant for the acid-catalyzed hydrolysis of 4-hydroxy-

benzoxazole was calculated to be 3.12 + 0.27 M~~ da"\ is 

shown in Figure 15. A reaction mechanism in accord with 

the kinetic data and the known hydrolysis product of benz-

oxazole is giown below. 

•• 

—r6* 1 o OH"** 

j <—> I n / <=%* I iT^-l 

OH OH H+ 

3 

OH 

2H+ + 0Crv ^ 
oh h 

2-Formamidoresorcinol 

v 

OH 

0H H+ 
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In most reactions of this type, the step involving 

bond rupture (3) would be considered rate-determining. In 

this particular scheme, however, an equally plausible slow 

step involves the protonation of a cationic species (2). 

In either case, the over-all kinetics would be the same— 

first order in substrate and first order in [H+]. 

G. Quantitative Determination 
of Organic Substrates 

Aside from the kinetic implications of the coulometric 

generation technique, the quantitative determination of micro­

gram amounts of organic substrate by this means is also quite 

feasible. Prerequisites for the successful application of 

this method are that the compound react quantitatively and 

rapidly with bromine and that bromination reactions subsequent 

to the initial reaction proceed at a negligible rate. The 

fact that the dibromination step in the oxines proceeds at 

an appreciable rate relative to the monobromination step 

renders the quantitative determination of these compounds 

unattainable by this technique. On the other hand, the 

extremely rapid dibromination step of 1-naphthol (rate > 

5 x 106 M"^ sec"^) permitted an accurate quantitative deter­

mination of this compound in aqueous media. 1-Naphthol could 

- 6 
be determined over the concentration range 6.02 x 10" to 

1.20 x 10"4 M with an accuracy of 1.07o (Figure 38). 
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Furthermore both phenol (Table II) and phenetole 

(Figure 8) were capable of rapid and reproducible deter­

mination because of the initial rapid monobromination and 

the appreciable deactivating effect of the initially substi­

tuted bromine atom with respect to further electrophilic 

substitution. 

The fact that this analytical method is kinetic in 

nature introduces an interesting and potentially fruitful 

area of study, namely analyses of mixtures based on differ­

ences in bromination rates. Heretofore the differential 

kinetic technique has been applied to chemical systems 

possessing relatively slow reaction rates. In view of the 

coulometric technique it now becomes possible to investigate 

the composition of mixtures possessing reaction rates up to 

106 M"1 sec"*". Admittedly such a spectrum of reaction rates 

can only be studied presently with halogenation reactions, 

but the basic technique herein discussed could easily be 

modified to encompass other rapid and analytically useful 

reactions. 
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TABLE I 

A. CALIBRATION OF PULSE SIZE USING 8-QUINOLINOL 

Oxine Titrated 
(ng) 

End-Point 
(Current Pulses) 

Pulse 

Pulses/iig 
Oxine 

Size 

Coulombs/Pulse 

154.4 1078.5 6.985 3.807 x 10"4 

231.6 1611.0 6.956 3.823 x 10"4 

308.8 2148.0 6.956 3.823 x 10~4 

386.0 2684.7 6.955 3.822 x 10"4 

B. CALIBRATION OF PULSE SIZE USING AS(III) AND 8-QUINOLINOL 

Oxine Titrated 
<Hg) 

End-Point Br2 Required 
1 "• 1 

Generation Rate 
Moles liter-1 
div-1 of Br2 

Oxine Titrated 
<Hg) Divisions Seconds 

Loir uompiece 
Reaction 

1 "• 1 

Generation Rate 
Moles liter-1 
div-1 of Br2 

371.2 

742.2 

1113.6 

42.9 

85.8 

128.7 

257.4 

514.8 

722.2 

817.5 ng 

1635.0 ng 

2452.5 |ig 

2.3845 x 10"6 

2.3845 x 10"6 

2.3845 x 10"6 

As(III) 
Titrated, 

Molar 

5.3822x 1G~4 M 

1.0764x 1Q"4 M 

432.0 

90.2 

2592.0 

541.2 

1.07643 x 
10-3 M 

2.15286 x 
10-4 M 

2.3923 x 10"6 

2.3868 x 10"6 
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TABLE II 

QUANTITATIVE DETERMINATION OF PHENOL WITH 
ELECTROGENERATED BROMINE 

B+ = 200 v 

Generating current = 12,5 ma 

Recorder sensitivity = 1 |ia full scale 

Temperature = 25.0 + 0.03°G. 

m 

Phenol 
Concentration 
Gig/50 ml) 

End-Point Phenol 
Concentration 
Gig/50 ml) 

- Number of 
Current Pulses Jig of Br2 Seconds 

34.72 230.5 73.00 18.6 

69.44 415.0 131.2 33.4 

108.80 647.0 204.5 52.2 

138.88 811.0 256.5 65.4 

173.60 1020 322.5 82.2 

272.00 1590 504.0 128 

347.20 2021 639.9 163 

520.80 3039 961.0 245 
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TABLE III 

TITRATION OF A 7 .48 x 10"5 M SOLUTION OF PHENOL FOR 
DETERMINING THE PRECIS ION OF THE METHOD 

End-Point 
(Chdrt Divisions) 

Deviation (d) 
(ng Br2) d2 

i 
56.0 + 11,78 138.76 

55.5 + 5.89 34.69 

55.2 •f 2.36 5.57 

54.7 - 3.53 A 12.46 

54.3 - 8.24 67 i 90 

54.1 - 10.60 112.36 

55.2 + 2.36 5.57 

55.0 0 -

55.0 0 -

Mean end-point = 55.0 2(X - iti)^ = 377.31 

Standard deviation « +6.87 ngB^ = £4.04 Mg Phenol. 
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TABLE IV 

RELATIONSHIP BETWEEN [Bt2] THEORETICAL AND [Br2] 

EXPERIMENTAL FOR VARIOUS PHENOL CONCENTRATIONS 

B+ = 200 v 

Generating current =12.5 ma 

Recorder sensitivity = I y.a full scale 

Temperature = 25.0 + 0.03°C. 

Fhefiol 
Concentration 
(4/50 ml.) 

Bromine Concentration (jig) 
Fhefiol 

Concentration 
(4/50 ml.) 

Theoretical Experimental Excess % 

138.88 236.4 242.0 + 2.37 

230.40 392.0 413.3 + 5.44 

347.20 590.0 627.1 + 6.29 

351.60 597.0 634.0 + 6.20 

520.80 886.2 949.3 + 7.12 
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TABLE V 

THE KINETICS OF BROMINATION OF PHENOL 

initial concentration of hydrogeti ion * 0.05 M 
Initial concentration of bromide ion = 0.25 M 

[C6H50H] Time (sec.) k x 10"5 M"1 sec"1 

5.91 x 10~6 M 6.0 1.63 

5.91 x 10"6 M 9.0 1.67 

5.91 x 10"6 M 12.0 1.77 

1.008 x 10"5 M 6.0 2.00 

1.008 x 10~5 M 9.0 1.55 

1.008 x 10"5 M 12.0 1.50 

1.008 x 10" 5 M 15.0 1.46 

1.008 x 10" 5 M t-
* 

00
 

• o
 

1.67 

1.329 x KT5 M 6.0 1.64 

1.329 x 10" 5 M 9.0 1.31 

1.154 x 10"5 M 12.0 1.67 

1.154 x 10"5 M 18.0 1.68 

1.154 x 10~5 M 24.0 1.89 

1.154 x 10"5 M 30.0 - 2.00 

1.698 x 10"*5 M 18.0 1.55 

1.698 x 10"5 M 24.0 1.40 

1.698 x 10"5 M 30.0 1.42 

1.698 x 10"5 M 36.0 1.26 

1.698 x 10"5 M 42.0 1.25 

1.698 x 10"5 M 48.0 1.32 

1.698 x 10"5 M 54.0 1.48 



TABLE VI 

KINETIC DATA FOR THE BROMINATION OF PHENETOLE 

Initial concentration of phenetole = 9.350 x 10" M 

Initial concentration of KBr = 0.25 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 ± 0.03°C. 

Time 

sec. 
^•Br2li.E. 
x 1Q5K 

<[Br2] + CBr3-])u 

x 10' M 
CBr2|u 
x 10' M 

[Br2k 
x 10 M 

[C6H5°e2H5^U 
x 10D M 

kobs(1 + KBr-) 
= -k^xlO sec"1 

42.0 1.940 6.21 1.24 1.878 7.472 4.92 

60.0 2.766 7.04 1.41 2.696 6.654 4.89 

66.0 3.045 7.32 1.46 2.972 6.378 4.89 

72.0 3.320 7.58 1.52 3.244 6.106 4.94 

78.0 3.600 7.89 1.58 3.521 5.829 4.96 

84.0 3.880 8.15 1.63 3.798 5.552 5.05 

90.0 47.150 ̂  8.42 1.69 4.066 5.284 5.13 

.*1 
, = 4.97 0.08 x 10^" Mf"1 sec"1 



TABLE VII 

KINETIC DATA FOR THE BROMINATION OF PHENETOLE 

-5 
Initial concentration of phenetole » 9.350 x 10 M 

Initial concentration of KBr ® 0.50 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 ± 0.03°C. 

Time 
sec* 

[Br2]T.E. 

x 105 M 

([Br^] + [Br^]^ 

x 106 M 

[Br23u 

x 107 M 

[Br23R 

x 105 M 

[C6H5OC2H5]U 

x 105 M 
k^x~10~^M~* sec"^" 

42.0 

48.0 

54.0 

60.0 

66.0 

72.0 

78.0 

84.0 

1.940 

2.215 

2.493 

2.766 

3.045 

3.320 

3.600 

3.880 

1.149 

1.205 

1.250 

1.298 

1,349 

1.390 

1.448 

1.482 

1.28 

1.34 

1.39 

1.44 

1.50 

1.55 

1.61 

1.65 

1.825 

2.094 

2.368 

2.636 

2.910 

3.181 

3.455 

3.732 

7.525 

7^256 

6*982 

6.714 

6.440 

6.169 

5.895 

5.618 

It, - 4.79 + 0.12 x 10 

4.75 

4.70 

4.71 

4.72 

4.73 

4.79 

4.82 

4.93 

M"1 sec-*" 



TABLE VIII 

KINETIC DATA FOR THE BROMINATION OF PHENETQLE 

_5 
Initial concentration of phenetole = 9.350, x 10 M 

Initial concentration of KBr = 0.75 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 + 0.03°C. 

Time 
sec. 

[Br2]T.E. 

x 105 M 

([Br2l CBrg"]^ 

x 106 M 

£Br2]U 

x 107 M 

[Br2]R 

x 105 M x 105 M 
kLx 10"4M"L sec"1 

42.0 1.940 1.712 1.32 1.769 7.581 4.57 

48.0 2.215 1.785 1.37 2.036 7.314 4.55 

54.0 2.493 1.838 1.41 2.309 7.041 4.59 

60.0 2.766 1.900 1,46 2.576 6.774 4.62 

66.0 3.045 1.970 1.52 2.848 6.502 4.64 

72.0 3.320 2.035 1.56 3.116 6.234 4.68 

78.0 3.600 2.117 1.63 3.382 5.968 4.70 

84.0 3.880 2.195 1.69 3.660 5.690 4.76 

90.0 4.150 2.275 1.75 3.922 5.428 4.81 

*1 s 
= 4.66 ± 0.13 x 104 M*1 sec"1 



TABLE IX 

KINETIC DATA FOR THE BRDMINATION OF PHENErrOLiS 

Initial concentration of phenetole = 1.122 x 10~4 M 

Initial concentration of KBr =» 0.50 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 + 0.03°C. 

Time ^^T.E. 

x 105 M 

([Br2l + 

x 106 M 

EBr2ly 

x 107 M 

CBr*]R 

x lb5 M ' 

[C6H50C2H5^ 

x 105 M 

- ' 

k1xlO"4M"1sec"1 

60.0 2.766 1.020 1.13 2.664 8.56 4.69 

66.0 3.045 1.040 1.16 2.941 8.28 4.75 

72.0 3.320 1.073 1.19 3.213 8.01 4.77 

78.0 3.600 1.112 1*24 3.489 7.73 4.76 

84.0 3.880 1.158 1.29 3.764 7.56 4.69 

90.0 4.150 1.195 1.33 4.030 7.19 4.77 

96.0 4.427 1.238 1.37 4.303 6.92 4.79 

102.0 4.705 1.280 1.42 4.577 6.64 4.83 

108.0 4,981 1.318 1.46 4.848 6.37 4.89 

114.0 5.258 1.362 1.51 5.122 6.10 4.93 

120.0 5.532 1.400 1.56 5.392 5.83 5.01 

= 4.81 + 0.20 x 1( «4 1 —1 ) M sec 



TABLE X 

KINETIC DATA ON THE BROMINATION OF PHENETOLE 

Initial concentration of phenetole = 1.122 x 10~4 M 

Initial concentration of KBr = 0.75 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 ± 0.03°C. 

Time 
sec. 

^Br2^T.E. 

x 105 M 

([Br23 + [Br3"])u 

x 106 M 

[Br2^U 

x 107 M 

[Br2]R 

x 105 M x 105 M 
k^ x 10"4 M"1 sec"1 

54.0 2.493 1.379 1.06 2.355 8.66 4.93 

60.0 2.766 1.420 1.09 2.624 8.60 4.82 

66.0 3.045 1.460 1.12 2.899 8.32 4.85 

72.0 3.320 1.500 1.15 3.170 8.05 4.88 

78.0 3.600 1.550 1.19 3.445 7.77 4.89 

84.0 3.880 1.595 1.23 3.720 7.50 4.92 

90.0 4.150 1.645 1.27 3.985 7.24 4.94 

96.0 4.427 1.690 1.30 4.258 6.96 5.01 

102.0 4.705 1.738 1.34 4.531 6.69 5.06 

108.0 4.981 1.790 1.38 4.802 6.42 5.12 

114.0 5.258 1.850 1.42 5.073 6.15 5.17 

k^ = 4.96 + 0.21 x 104 M"1 sec"1 



TABLE XI 

KINETIC DATA ON THE BROMINATION OF PHENETOf-E 

Initial concentration of phenetole = 1.300 x 10"4 

Initial concentration of KBr = 0.75 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 + 0.03°C. 

Time 
sec. 

CBr2^T,E. 

x 1Q5 M 

([Br2l + [Br3"])u 

x 106 M 

[Br2]y 

x 107 M 

[Br2]R 

x 105 M 

[C6H5OC2H5]U 

x 105 M 
x 10"4 M"1 sec"*" 

54.0 2.483 1.200 0.92 2.373 10.63 ' 4.65 

60.0 2.766 1.232 0.95 2.643 10.36 4.66 

66.0 3.045 1.264 0.97 2.919 10.08 4.66 

72.0 3.320 1.280 0.98 3.192 9.81 4.74 

78.0 3.600 1.307 1.01 3.469 9.53 4.76 

84.0 3.880 1.338 1.03 3.746 9.35 4.76 

90.0 4.150 1.369 1.05 4.013 8.99 4.82 

102.0 4.705 1.442 1.11 4.561 8.44 4.88 

114.0 5.258 1.530 1.18 5.105 7.89 4.91 
120.0 5,532 1.570 1.21 5.375 7.62 4.95 

4* 
1 tL - 4.78 i ± 0.15 x 10^ + sec"*-
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TABLE XII 

EFFECT OF [Br"] ON THE BROMINATION OF PHENETOLE IN 
0.05 M HC104 at 25°C. 

[Br~] [C6H5OC2H5] 
kobs, x 

I0"3 M"1 sec"1 

W1 + KCBr]) 

x 10"4 M"1 sec"1 

0.25 9.350 X 10" 5 9.94 4.97 ± 0.08 

0.50 9.350 X 10" 5 5.32 4.79 + 0.12 

0.75 9.350 X 10" 5 3.58 4.66 + 0.13 

0.50 1.122 X 10"4 5.34 4.81 + 0.20 

0.75 1.122 X 10"4 3.82 4.96 ±0.21 

0.50 1.359 X 10"4 

10"4 
5.49 4.94 ± 0.12 

0.75 1.300 X 

10"4 

10"4 3.68 4.78 ± 0.15 

0.75 1.675 X 10"4 3.72 4.84+0.12 

1.00 1.675 X 10"4 2.86 4.86 £ 0.16 

0.50 1.835 X 10"4 5.14 4.63 + 0.04 

0.75 1.835 X 10"4 3.85 5.00 + 0.10 
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TABLE XIII 

EFFECT OF [Br-] ON THE BROMINATION OF PHENETOLE IN 
0*05 M HC1 at 25°C. 

CBr"] [C6H5OC2H5] 
kobs x 

10"3 M"1 sec"1 

kobs(1 + K[Br"3> x 

10"4 M~L sec"1 

*0.50 H 1.162 x 10~4 5.28 4.75 + 0.10 

0.25 1.222 x 10~4 9.70 4.85 + 0.40 

0.75 1.222 x 10~4 3.58 4.65 + 0.40 

*1.00 1.222 x 10~4 2.68 4.56 + 0.33 

*0.25 1.240 x 10"*4 9.54 4.77 ± 0.10 

*0.50 1.240 x 10"4 5.18 4.66 + 0.30 

*0,92 1.240 x 10~4 3.00 4.72 + 0.40 

0.50 1.500 x 10~4 5.19 4.67 + 0.30 

0.60 1.500 x 10~4 4.57 4.84 ± 0.35 

*1.00 1.500 x 10"4 2.66 4.52 + 0.20 

0,50 1.547 x 10~4 5.50 4.95 + 0.30 

0.50 1.885 x 10"4 5.14 4.63 + 0.30 

*1.00 1.885 x 10"4 2.84 4.83 + 0.46 

0.50 2.267 x 10"4 5.49 4.94 + 0.18 

*Denotes constant ionic strength (NaNO^ added). 
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TABLE XIV 

EFFECT OF [Br"] ON THE BROMINATION OF PHENETOLE IN 
0.05 M HC104 at 0°C. 

[Br"] [C6H5OC2H5] 
kobsx 

10"3 M"1 sec"1 
W1 + KBr3-CBr"]y 

x 10"4 M"1 sec"1 

0.125 1.510 x 10"4 M 3.14 1.1 + 0.3 

0.25 1.510 x 10~4 M 2.00 1.2 + 0.4 

0.50 1.5.10 x 10~4 M 1.10 1.1 + 0.3 

0.25 1.754 x 10"4 M 2.00 1.2 +0.3 

0.50 2.500 x 10"4 M 1.09 1.2 + 0.2 

0.64 2.500 x 10"4 M 0.797 1.1 + 0.2 

0.75 2.500 x 10"4 M 0.563 0.9 + 0.1 

0.25 2.655 x 10"4 M 2.00 1.2+0.3 

0.50 2.655 x 10"4 M 0.818 0.9 + 0.2 

0.75 2.655 x 10"4 M 0.625 1.0+0.1 

1.00 2.655 x 10"4 M 0.424 0.9 + 0.1 



TABLE XV 

TITRATION DATA FOR 8-HYDROXYQUINOLINE IN WATER 

-5 
» 8.653 x 10 Moles Initial Volume - 100 ml. 

HCIO^ « 9.027 x 10-5 Moles Temperature = 25 + 0.05°C. 

(kmc. of NaOH = 0.01270 M Ionic strength = 0.60 M 

Votittw 
liOH 
•1. 

pH [H+] tcib4"] [Na+] ' S CL 
Ka, 

2.10 4.75 1.78 x 10"5 8.84 x 10~4 2.613 x 10"4 6.05 x 10"4 8.48 x 10~4 7.15 x 10"6 

2.20 4.78 1.66 x 10"5 8.83 x 10"4 2.74 x 10"4 5.92 x 10"4 8.47 x 10"4 7.15 x 10"6 

2*30 4.81 1.55 x 10" 5 8.82 x 10~4 2.856 x 10"4 5.81 x 10"4 8.46 x 10"4 7.06 x 10"6 

2.40 4.84 1.45 x 10"5 8.81 x to"4 2.98 x 10"4 5.68 x 10"4 8.45 x 10"4 7.05 x 10"6 

2.50 4.87 1.35 x 10~5 8.805 x 10"4 3.10 x 10"4 5.57 x 10"4 8.44. x 10"4 6.95 x 10"6 

2*60 4.89 1.29 x 10"5 8.80 x 10"4 3.22 x 10"4 5.45 x 10"4 8.44 x 10"4 7.06 x 10"6 

2.70 4.93 1.19 x 10"5 8.795 x 10"4 3.34 x 10"4 5.335 x 10"4 8.43 x 10"4 6.89 x 10"6 

2.80 4.95 1.12 x 10"5 8.79 x 10"4 3.46 x 10"4 5.22 x 10"4 8.43 x 10"4 6.90 x 10"6 

2.90 4.98 1.06 x 10"5 8.78 x 10"4 3.58 x 10"4 5.09 x 10"4 8.41 x 10"4 6.89 x 10"6 

NO 
vO 



TABLE XV—(Continued) 

Vo lume 
NaOH 
ml. 

pH tH+] Ccio4"] [Na+] S CL Kal 

3.00 5.00 1.00 x 10~5 8.76 x 10~4 3.70 x 10~4 4.965 x 10~4 8.40 x 10"4 6.91 x 10"6 

3.10 5.03 9.34 x 10"6 8.76 x 10"4 3.82 x 10~4 4.84 x 10"4 8.39 x 10"4 6.85 x 10~6 

3.20 5.05 8.91 x 10~6 8.75 x 10"4 3.94 x 10"4 4.72 x 10"4 8.385 x Uf4 6.93 x 10"6 

3.30 5.08 8.32 x 10"6 8.74 x 10"4 4.06 x 10"4 4.60 x 10**4 8.38 x 10~4 6.84 x 10~6 

3.40 5.10 7.95 x 10"6 8.73 x 10"4 4.18 x 10"4 4.475 x 10~4 8.37 x 10~4 6.90 x 10~6 

3.50 5.13 7.41 x 10*"6 8.72 x 10~4 4.295 x 10"4 4.35 x 10~4 8.36 x 10"4 6.85 x 10"6 

3.60 5.15 7.09 x Uf6 8.71 x 10"4 4.41 x 10~4 4.23 x 10~4 8.35 x 10~4 6.90 x 10"6 

3.70 5.18 6.60 x 10"6 8.705 x 10"4 4.53 x 10"4 4.11 x 10"4 8.34 x 10"4 6.84 x 10"6 

3.80 5.20 6.31 x 10~6 8.70 x 10*"4 4.65 x 10"4 3.985 x 10"4 8.34 x 10~4 6.90 x 10"6 

3.90 5.23 5.89 x 10"6 8.69 x 10~4 4.77 x 10"4 3.86 x 10"4 8.33 x 10"4 6.84 x HT6 

Ka1 = 6.94 + 0.20 x 10"6 (pKa^ = 5.16 + 0.03) 
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TABLE XVI 

KINETIC DATA FOR THE BROMINATION OF 8-HYDROXYQUINOLINE 

Initial concentration of 8-HQ = 1.13504 x 10~4 M 

Initial concentration of KBr = 0.30 M 

Initial concentration of HCIO^ = 0.12 M 

Temperature = 25.0 ± 0.03°G. 

't;. 
(sec) 

y ^Br2^T.E. (Br2 + Br3")u ^
Br2^U 

x 107 

(Br2)R 

x 105 

60.0 41.8 2.3853 x 10"5 M 0.506 x 10"6 M 0.872 2.3347 

90.0 44.1 3.5780 a 10"5 M 0.534 x 10"6 M 0.921 3.5246 

120.0 46.7 4.7706 x 10"5 M 0.566 x 10"6 M 0.976 4.7140 

150.0 49.5 5.9633 x 10" 5 M 0.600 x 10"6 M 1.034 5.9033 

180.0 52.8 7.1559 x 10"5 M 0.640 x 10"6 M 1.103 7.0919 

210.0 57.2 8.3486 x 10"5 H 0.693 x 10""6 M 1.195 8.2793 

240.0 62.8 9.5412 x 10~5 M 0.764 x 10"6 M 1.317 9.4648 

270.0 69.3 1.0734 x 10"4 M 0.840 x 10"6 M 1.448 10.6500 

300.0 76.5 1.1926 x 10"4 M 0.936 x 10"6 M 1.614 11.8329 

330.0 86.0 1.3119 x 10~4 M 1.050 x 10~6 M 1.810 13.0142 

360.0 97.5 1.4312 x 10"4 M 1.193 x 10"6 M 2.059 14.1930 

390.0 112.2 1.5504 x 10~4 M 1.370 x 10"6 M 2.362 15.3675 

42Q.0 132.7 1.6697 x 10~4 M 1.620 x 10"6 M 2.793 16.5351 

450.0 160.9 1.7890 x 10~4 M 1.968 x 10~6 M 3.393 17.6930 

480.0 203.4 1.9082 x 10"4 M 2.487 x 10"6 M 4.288 18.8831 



102 

TABLE XVI—Continued 

Ts 

x l O 5  

Tc 
x 105 

TS*'"Br2-'u 

x 1012 

TC*̂ Br2̂ U 

x 1012 

-dB^/dt 
kobs^ + 

Ts 

x l O 5  

Tc 
x 105 

TS*'"Br2-'u 

x 1012 

TC*̂ Br2̂ U 

x 1012 x 107 kx xlb"4 &2 x 10"3 

9.0157 7.865 — 3.184 4.05 — 

7.8258 7.205 2.865 3.98 — 

6.6364 6.470 — 2.580 3.98 — 

5.4471 5.635 — 2.326 4.13 — 

4.2585 4.699 — 2.100 4.47 — 

3.0711 3.669 — 1.892 5.16 

1.8056 2.484 ..... 1.705 

1.533 

6.87 — -

10.8679 — i 17.539 1.387 — 7.91 

9.6866 — 17.536 1.244 — 7.10 

:8.5078 - - 17.500 1.120 — 6.40 

7.3333 — 17.322 1.010 — 5.83 

6.1658 17.222 0.910 - - 5.28 

5.0078 — 16.992 0.820 — 4.83 

3.8678 — 16.585 0.738 — 4.45 
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TABLE XVII 

KINETIC DATA FOR-THE BROMINATION OF 2-METHYL-8 
HYDROXYQUINOLINE 

Initial concentration of 2-Me-8-HQ = 1.48410 x 10""4 M 

Initial concentration of KBr = 0.75 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature =25.0 ± 0.03°C. 

t 
(sec) y (Br2)T#Ev 

(Br2 + 

x 106 
<Br2>Ij 

X 107 

(Br2 h 
x 105 

60.0 62.2 2.3853 x 10~5 M 0.768 0.591 2.3085 

90.0 63.8 3.5780 x 10~5 M 0.778 0.599 3.50q2> 

120 65.4 4.7706 x 10"5 M 0.798 0.614 4.6908 

150 67.9 5.9633 x 10"5 M 0.824 0.634 5.8809 

180 70.0 7.1559 x 10-5 M 0.861 0.662 7.0698 

210 74.3 8.3486 x 10'5 M 0.905 0.696 8.2581 

240 78.4 9.541& x 10"5 M 0.957 0.736 9.4455 

270 82.7 1.0734 x llT* M 1.012 0*770 10.6328 

300 88.1 1.19265:X 10~4 M 1.078 0.829 11.8187 

330 94.5 1.3119 x 10"4 M 1.152 0.886 13.0040 

360 101.5 1.4312 x 10~4 M 1.240 0.954 14.1880 

390 109.2 1.5504Six 10"4 M 1.335 1.027 15.3709 

420 118.0 1.6697 k 10"4 M 1.440 1.108 16.5531 

450 128.5 1.7890 x 10""4 M 1.570 1.208 17.7328 

480 141.5 1.9082 x 10"4 M 1.730 1.331 18.9094 

510 157.7 2.0275 x 10~4 M 1.931 1.485 20.0819 

540 178.6 2.1468 x 10*"4 M 2.184 1.680 21.2393 

570 203.3 2.2660 x 10"4 M 2.486 1.912 22.4118 

600 233.1 2.3853 x 10"4 M 2.835 2.181 23.5695 

606 240.0 2.4092 x 10"4 M 2.940 2.262 23.7975 

i 
i 
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TABLE XVII—Continued 

Ts 

x 105 

Te 

x 105 

Tg-tBr^lu 

x 1012 

Te'CBr2]u 

x 1012 

-dB^/dt 

x 107 

kobs 

hr,-

(1 + 

[Br"]> Ts 

x 105 

Te 

x 105 

Tg-tBr^lu 

x 1012 

Te'CBr2]u 

x 1012 

-dB^/dt 

x 107 
kx x10"4 1*2 x 10" 3 

12.5325 — - 7.404 _ _ 3.375 4.57 - *m mm 

11.3408 6.788 3.125 4.60 — 

10.1502 — 6.230 2.900 4.66 

8.9601 5.679 2.680 4.72 

7.7712 — 5.147 2.480 4.82 

6.5829 — 4.583 2.295 5.01 — 

5.3955 — 3.972 2.123 5.35 — 

4.2082 — 3.276 1.965 6.00 — 

3.0223 — 2.506 1.823 7.27 

1.8370 — 1.628 1.688 10.37 - m» a* 

0.6530 — 0.623 
" 

1.563 25.10 - M M 

-- 14.3111 — 14.696 1.447 9.85 

— 13.1289 — 14.543 1.340 — 9.21 

11.9492 — 14.431 1.240 -- 8.59 

10.7726 14.336 1.149 — 8.02 

9.6001 — 14.260 1.062 7.45 

8.4427 14.184 0.983 — 6.93 

— 7.2702 — 13.903 0.910 — 6.54 

— 6.1125 - mm mm 13.330 0.851 — 6.39 

— 5.8845 — 13.308 0.840 — 6.31 
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TABLE XVIII 

KINETIC DAtA £OR THE BROKLNATION OF 4-METHYL-8 
HYDROXY QUINOLINE 

-4 Initial concentration of 4-methyloxine = 1.4323 x 10 M 

Initial concentration of KBr = 0.24 M 

Initial concentration of HCIO^ = 0.05 M 

Temperature = 25.0 + 0.03°C. 

l-i = 0.40 M (NaN03 added) 

t 
(sec) 

[Br2]T.fi. 

x 105,M 

(CBr2l + [Br3-])u 

x 106 M 

CBr23U 

x 107 M 

[Br2]R x 

105 M 

90 3.5780 L. 198 2.47 3.4582 

120 4.770|5 1.276 2.64 4.6430 

150 5.9633 1.333 2.75 5.8300 

180 7.1559 1.422 2.94 7.0137 

210 8.3486 1.524 3.15 8.1962 

240 9.5412 1.652 3.41 9.3760 

270 10.734 1.803 3.73 10.554 

300 11.927 1 1.970 4.07 11.729 

330 13.119 2.154 4.45 12.904 

360 14.312 2.346 4.85 14.077 

390 15.504 2.585 5.39 15.246 

420 16.697 2.860 5.91 i 16.411 

428 17.015 2.940 6.08 16.721 
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TABLE XVIII—Continued 

Ts 

X 105 M 

TC 

x 105 M x 1012 

TC'[Br2]u 

x 1012 

-dBr2/dt 

x 107 

kobs(I+ 
Ts 

X 105 M 

TC 

x 105 M x 1012 

TC'[Br2]u 

x 1012 

-dBr2/dt 

x 107 

k-^ x 10"4 k£ x 10"3 

10.865 — 26,89 3.208 1.19 

9.6402 — 25.52 3.041 1.19 

8.4932 — 23.39 2.903 1.24 

7.3095 — 21.47 2.584 1.20 

6.1270 — 19.29 2.436 1.26 

4.9472 — 16.89 2.117 1.25 

3.7695 — 14.04 1.961 1.40 — 

2.5941 — 10.56 1.876 1.78 

1.4194 — 6.32 1.746 2.76 

0.2458 — — 1.561 — 

— 13.401 — 71.57 1.449 2.02 

— 12.235 — 72.30 1.328 1.84 

— 11.925 — 72.53 1.274 1.76 



TABLE XIX 

EFFECT OF [Br"] AND [H+] ON THE BROMINATION OF 8-HYDROXYQUINQLINE AT 25°C. 

Trial C 8—HQ] [Br"] [H+] W1 + 

KBr^[Br-]) 
k2obs^ + 

*Br3-CBr"]> 

V (1) 9.447 x 10"5 M 0.25 M 0.05 M 8.56 x 104 mm mm 

V (2) 9.447 x 1(T5 M 0.50 M 0.05 M 8.77 x 104 

V (3) 9.447 x I(f5 M 0.84 M 0.05 M 8.20 x 104 

VI (1) 1.1804 x 10"4 M 0.86 M 0.05 M; 7.83 x 104 ' a# 

VI (2) 1.1804 x 10"4 M 0.50 M 0.05 M 8.58 x 104 K> 1» 

VI (3) 1.1804 x 10"4 M 0.30 M 0.05 M 8.82 x 104 

XI (1) 7.370 x 10"5 M 0.75 M 0.05 M 8.22 x 104 tm m 

XI (2) 7.370 x 10"5 M 0.50 M 0.05 M 8.77 x 104 - mm 

XI (3) 7.370 x 10" 5 M 0.25 M 0.05 M 8.22 x 104 ' mm mm 

XIII (1) 9.838 x 10" 5 M 0.75 M 0.05 M 7.94 x 104 8.25 x 103 

XIII (2) 9.838 x 10~5 M 0.60 M 0.05 M 8.58 x 104 7.77 x 103 

XIII (3) 9.838 x 10~5 M 0.45 M 0.05 M 8.78 x 104 6.76 x 103 

XIII (4) 9.838 x 10" 5 M 
B 

0.30 M 0.05 M 8.13 x 104 6.05 x 103 

XXXI (1) 1.13504 x 10"^ M 0.75 M 0.12 M 3.91 x 104 _ -

XXXI (2) 1.13504 x 10"4 M 0.60 M 0.12 M 4.24 x 104 4.89 x 103 

XXXI (3) 1.13504 x 10"4 M 0.45 M 0.12 M 4.03 x 104 4.48 x 103 

XXXI (4) 1.13504 x 10"4 M 0.30 M 0.12 M 4.03 x 104 3.95 x 103 

XXXI (5) 1.13504 x 10"4 M 0.15 M 0* 12 M 4.0? x 104 3.28 * 103 



TABLE XIX—Continued 

Trial [8-HQ] [Br~] [H+] 
klobs(1 + 

Kgr -[Br"]) 
^obs (1 + 

K^-CBr-]) 

XXXV (I). 

XXXV (2) 

XXXV (3) 

XXXV (4) 

XXXVI (1) 

XXXVI (2) 

XXXVI (3) 

XXXVI (4) 

XXXVI (5) 

xxxvii (i) 
XXXVII (2) 

XXXVII (3) 

XXXVII (4) 

1.13504 

1.13504 

1.13504 

1.13504 

5.495 x 

5.495 x 

5.495 x 

5.495 x 

5 *4-95 x 

7.693 x 

7.693 x 

7.693 x 

7.693 x 

x 10" 

x 10" 

x 10" 

x 10" 
-5 10 

10 

10 

10 

10 

10 

10 

10 

10 

-5 

-5 

-5 

-5 

5 

-5 

-5 

-5 

"4 M 0.60 M 

"4 M 0.60 M 

"4 M 0.60 M 

"4 M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

M 0.60 M 

1.030 x 10"1 M 

7r95 x 10" 2 M 

5.62 x 10" 2 M 

3.28 x 10"2 M 

4.65 x 10"2 M 

3.725 x 10"2 M 

2.82 x 10"2 M 

1.86 x 10"2 M 

9.34 x 10"3 M 

4.65 x 10"2 M 

3.725 x 10"2 M 

2.82 x 10"2 M 

1.86 x 10"2 M 

4.30 x 10^ 

5.31 x 104 

7.11 x 104 

1.185 x lO1 

8.10 x 104 

9.79 x ,104 

1.234 x 10" 

1.85 x 105 

3.83 x 105 

8.50 x 104 

1.043 x 10" 

1.468 x 10! 

1.946 x 10''' 

6.00 x 10^ 

6.99 x 10" 

8.50 x 10" 

1.20 x 10^ 

1.11 x 10 

1.27 x I0 l  

1.57 x 10^ 

2.09 x 10Z 



TABLE XX 

EFFECT OF [Br"] AND [H+] ON THE BROMINATION OF 2-METHYLOXINE AT 25°C. 

Trial [ 2~.Me-8-HQ] [Br"] [H+] 
klobs^1 + 

KBr3"[Br^> 

m. 

k2obs^ + 

KBr3-CBr-]) 

XVI (1) 1.48410 x 10~4 M 0.75 M 0.05 M 4.63 x 104 6.50 x 103 

XVI (2) 1.48410 x 10"4 M 0.40 M 0.05 M 4.69 x 104 — 

XVII (1) 8.9046 x 10~5 M 0.75 M 0.05 M 4.70 x 104 

XVII (2) 8.9046 x 10"5 M 0.60 M 0.05 M 5.00 x 104 — 

XVII (3) 8.9046 x 10" 5 M 0.45 M 0.05 M 4,81 x 104 

XVIII (1) 8.9046 x 10"5 M 0.75 M 0.05 M 4.96 x 104 

XVIII (2) 8.9046 x 10"5 M 0.60 M 0.05 M 4.91 x 104 — 

XVIII (3) 8.9046 x 10"5 M 0.45 M 0.05 M 4.65 x 104 

XIX (1) 7.4205 x 10"5 M 0.40 M 0.05 M 4.92 x 104 5.18 x. 103 

XIX (2) 7.4205 x 10"5 M 0.32 M 0.05 M 5.04 x 104 4.85 x 103 

XIX (3) 7.4205 x 10" 5 M 0.24 M 0.05 M 4.65 x 104 4.42 x 103 

XIX (4) 7.4205 x 10""* M 0.16 M 0.05 M 4.88 x 104 3.93 x 103 



TABLE XX—Continued 

Trial [2-Me-8-HQ] tBr"] [H+] 
'W1 + 

KBr3-[Br"^ 

k2obs^L + 

KBr3-CBr"]> 

XX (1) 7.4205 x 10"5 M 0.40 M 0.05 M 4.70 x 104 4.59 x 103 

XX (2) 7.4205 x 10" 5 M 0.32 M 0.05 M 4.83 x 104 4.30 x 103 

XX (3) 7.4205 x 10" 5 M 0.24 M 0.05 M 4.86 x 104 3.75 x 103 

XX (4) 7.4205 x 10" 5 M 0.08 M 0.05 M 4.61 x 104 2.62 x 103 

XXI (1) 1.16748 x 10~4 M 0.60 M 1.17 x 10"1 M 2.56 x 104 3.56 x 103 

XXI (2) 1.16748 x 10""4 M 0.60 M 9.36 x 10"2 M 3.12 x 104 3.91 x 103 

XXI (3) 1.16748 x 10~4 M 0.60 M 7.025 x 10"2 M 3.63 x 104 4.64 x 103 

Xrtl (4) 1.16748 x 10"4 M 0.60 M 4.68 x 10"2 M 4.87 x 104 5.22 x 103 

XXII (1) 8.0010 x 10" 5 M 0.60 M 4.467 x 10"2 M 4.84 x 104 7.48 x 103 

XXII (2) 8.0010 x 10"5 M 0.60 M 3.537 x 10"2 M 5.53 x 104 7.72 x 103 

XXII (3) 8.0010 x 10""5 M 0.60 M 2.607 x 10~2 M 7.60 x 104 9.36 x 103 

XXII (4) 8.0010 x 10" 5 M 0.60 M 1.67 x 10"2 M 11.40 x 104 13.2 x 103 

XXII (5) 8.0010 x 10"5 M 0.60 M 7.472 x 10"3 M 24.25 x 104 22.7 x 103 
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TABLE XXI 

SUMMARY OF THE SPECIFIC RATE CONSTANTS FOR 
8-HYDROXYQUINOLINE AND 2-METHYL-8-HYDROXYQUINOLINE 

Reaction 

Specific Rate Constant 

Reaction 
8-Hydroxyquinoline 2-Methyl-

8-Hydroxyquinoline 

SH2+ + Br2 —> CH2+ 8.24 x 103 X"1 sec"1 1.11 x 10^" WT1 sec"1 

SH + Br9 -=> CH £ 5.24 x 10S M"1 sec"1 6.28 x 10^ M^"1 sec"1 

^3 
CH + Br2 —> Prod. 6.80 x 1Q6 M"1 sec"1 1.27 x 107 M""1 sec"1 

CH2 + Br2 —Prod.» 1.66 x 102 M"~1 sec""1 6.26 x 102 M"1 sec"1 

kr 
CH + Br3" Prod. 2.90 x 105 M"1 sec'1 5.18 x 106 M"1 sec"1 

. - kfi 
CH2 + Br^ —> Prod. 1.67 x 102 M"1 sec"1 2.36 x 102 M"1 sec"1 



TABLE XXII 

EFFECT OF [Br"] AND [H+] ON THE BROMINATION OF 4-METHYLOXINE AT 25°C. 

Trial [4-Me-8-HQ] [Br"] [H+] ^lobs^1 + 
KBr3-£Br-]) 

^obs*1 + 

XIV (1) 1.43232 x 10~4 M 0.75 M 0.05 M 3.98 x 104 6.02 x 103 

XIV (2) 1.43232 x 10~4 M 0.60 M 0.05 M 3.36 x 104 5.64 x 103 

XIV (3) 1.43232 x 1CT4 M 0.45 M 0.05 M 2.21 x 104 3.30 x 103 

XIV (4) 1.43232 x 10~4 M 0.30 M 0.05 M 1.45 x 104 

XV (1) 1.43232 x 10~4 M 0.40 M 0.05 M 2.13 x 104 3.73 x 103 

XV (2) - 1.43232 x 10~4 M 0.32 M 0.05 M 1.69 x 104 2.25 x 103 

XV (3) 1.43232 x 10~4 M 0.24 M 0.05 M 1.22 x 104 1.22 x 103 

XV (4) 1.43232 x 10"4 M 0.16 M 0.05 M 0.64 x 104 — • 

XVI (1) 1.37504 x 10"*4 M 0.25 M 0.05 M 1.44 x 104 2.16 x 103 

XVI (2) 1.37504 x 10"4 M 0.20 M 0.05 M 1.32 x 104 1.37 x 103 

XVI (3) 1.37504 x 10~4 M 0.15 M 0.05 M 0.84 x 104 0.83 x 103 

XVI (4) 1.37504 x 10~4 M 0.10 M 0.05 M -0*51 x 104 0.45 x 103 



TABLE XXII—Continued 

[4-Me-8-HQ] 
klobs^1 + k2obs(I + 

Trial [4-Me-8-HQ] [Br'] [H ] 
KBr3-C^-]) 

XVII (1) 1.37504 x 10"4 M 0.45 M 0.05 M 2.33 x 104 3.42 x 103 

XVII (2) 1.37504 x 10"4 M 0.60 M 0.05 M 3.20 x 104 5.44 x 103 

XVIII (1) 1.37504 x 10"4 M. 0.25 M 0.05 M 1.40 x 104 1.78 x 103 

XVIII (2) 1.37504 x 10"4 M 0.75 M 0.05 M 3.67 x 104 mm im 

XXII (I) 1.1549 x 10"4 M 0.30 M 0.05 M 1.53 x 104 3 . 2 2  x 103 

XXII (2) 1.1549 x 10"4 M 0.45 H 0.05 M 2.50 x 104 4.90 x 103 

XXII (3) 1.1549 x 10"4 M 0.60 M 0.05 M 3.40 x 104 

XXXII (1) 1.0167 x 10~4 M 0.30 M. 1.17 x 10"1 1.70 x 104 2.2 x 103 

XXXII (2) 1.0167 x 10"4 M 0.30 M 7.02,x 10"2 1.57 x 104 2.0 x 103 

XXXIII (I) 1.52506 x 10"4 M 0.30 M 9.36.x 10 "*2 1.60 x 104 2.0 x 103 

XXXIII (2) 1.52506 x 10"4 M 0.30 M 1.17 x 10"1 1.68 x 104 2.1 x 103 

XXXIII (3) 1.52506 x 10"4 M 0.3b M 7.02 x 10"2 1.48 x 104 m* mm 

XXXIII (4) 1.52506 x 10"4 M 0.15 M 7.02 x 10'2 Q.50 x 104 — 



TABLE XXIII 

theoretical instantaneous concentrations of the reaction variables for 
the 8-hydroxyquinoline system 

Initial concentration of 8-hydroxyquinoline = 1.13504 x 10"4 M 

Initial concentration of potassium bromide = 0.60 M 

Initial concentration of HCIO^ = 0.12 M 

k-jObsCl + KBr -[Br"~]) = 4.05 x 104 M"1 sec"1 

k2obs(l + Kgj. -[Br"]) = 4.89 x 103 M"1 sec"1 

K = k2/k1 = 0.12074 

Ao-A/Ao CK/A 
(Ao-A) 

x 105 M A x 105 M C x 105 M D x 105 M 
[Br2] 

x 105 M 

Time 

(sec) 

0.30 0.051 3.4051 7.9453 3.3561 0.0490 3.4541 88.5 

0.40 0.078 4.5402 6.8102 4.3770 0.1632 4.7034 120.0 

0.50 0.116 5.6752 5.6752 5.4524 0.2228 5.8980 151.0 

0.55 0.140 6.2427 5.1.077 5.9225 0.3202 6.5629 167.4 

0.60 0.169 6.8102 4.5402 6.3550 0.4552 7.2654 185.1 

0.65 0.206 7.3778 3.9726 6.7779 0.5999 7.9777 203.7 

0.70 0.253 7.9453 3.4051 7.1351 0.8102 8.7555 223.5 



TABLE XXIII --Continued 

Ao-A/Ao CK/A 
(Ao-A) 

x 105 M 
A x 105 M C x 105 M D x 105 M 

[Br2^R 

x 105 M 

Time 
(sec) 

0.80 0.431 9.0803 2,2701 8.1035 0.9768 10.0571 256.8 

0.90 0.90 10.2154 1.1350 8.4604 1.7552 11.9704 305.4 

0.9097 1.00 10.3255 1.0249 8.4885 1.8370 12.1625 310.5 

0.9279 1.25 10.5320 0.8184 8.4728 2.0592 12.5912 321.6 

0.9492 1.75 10.7738 0. 5766 8.3577 2.4161 13.1899 336.6 

0.9559 2.00 10.8498 0.5006 8.2922 2.5576 13.4074 342.0 

0.9715 3.00 11.0269 0.3235 8.0379 2.9890 14.0159 357.9 

0.9837 5.00 11.1654 0.1850 7.6610 3.5044 14.6698 375.0 

0.9925 10.00 11.2653 0.0851 7.0480 4.2173 15.4826 395.1 



TABLE XXIV 

THEORETICAL INSTANTANEOUS CONCENTRATIONS OF THE REACTION VARIABLES 
FOR THE 2-METHYL-8-HYDROXYQUINOLINE SYSTEM 

Initial concentration of 2-methyl-8-hydroxyquinoline = 1.48410 x 10"^ M 

Initial concentration of potassium bromide = 0.75 M 

Initial concentration of HCIO^ = 0.05 M 

kiobs(l- + -[Br"]) = 4.80 x 10^ M"*"1" sec"1" 

k2obs(1 + KBr = 6-50 x 1q3 m"1 sec"1 

K = k2/kL = 0.13541 

(Ao«A)/Ao CK/A 
(Ao-A) 

x 105 M 
A x 105 M C x 105 M D x 105 M 

CBr2]R 

x 105 M 

Time 
(sec) 

o
 

• O
 

0.015 1.4841 13.3569 1.4795 0.0046 1.4887 38.5 

0.20 0.033 2.9682 11.8728 2.8933 0.0749 3.0431 77.5 

0.30 0.056 4.4523 10.3887 4.2961 0.1562 4.6085 117.0 

0.40 0.087 5.9364 8.9046 5.7209 0.2155 6.1519 155.8 

0.45 0.106 6.6785 8.1625 6.3893 0.2892 6.9687 177.0 

0.50 0.127 7.4205 7.4205 7.0593 0.3612 7.7817 197.0 

0.55 0.157 8.1626 6.6784 7.7428 0.4198 8.5824 217.5 



TABLE XXIV—Continued 

(Ao-A) /Ao CK/A 
(Ao-A) 

x 105 M 
A x 105 M ' C x 105 M D x 105 M 

[Br2]R 

x 105 M 

Time 
(sec) 

0.60 0.191 8.9046 • 5.9364 8.3730 0.5316 9.4362 239.5 

0.65 0.232 9.6467 5.1943 8.8990 0.7477 10.3944 263.8 

0.70 0.2&7 10.3887 4.4523 9*4361 0.9526 11.3413 287.5 

0.75 0.464 11.1308 3.7102 9.9730 1.1578 12.2886 311.8 

0.80 0.475 11.8728 2.9682 10.4115 1.4613 13.3341 338.5 

0.85 0.650 12.6149 2.2261 10.6853 1.9296 14.5445 369.5 

0.90 1,00 13.3569 1.4841 10,9595 2.3974 15.7543 399.8 

0.969 3.00 14.3809 0.4601 10.1931 4.1878 18.5587 471.3 

0.9828 5.00 14.5798 0.2612 9.6443 4.9355 19.5153 495.0 

0.9920 L0.00 14.7223 0.1187 8.7655 5.9568 20.6791 524.0 



table xxv 

theoretical instantaneous concentrations of the reaction variabilis 
for the 4~methyl- 8*-hydroxyquinoline system 

Initial.concentration of 4-methyl~8-hydro2<£juinoline = 1.43232 x 10"^ M 

Initial concentration of potassium bromide = 0.40 M 

Initial concentration of HCIO^ = 0.05 M 

= 3.29 x 103 M"1 sec"1 

k2 = 5,16 x 102 WT1 sec"1 

K = k2/kx = 0.15684 

(Ao-A)/Ao CK/A 

i 

(Ao-A) 

x 105 M 
A x 105 M C x 10^ M D x 105 M 

[Br2]R 

x 105 M 

Time 
(sec) 

0.10 - 0.0175 1.4323 12.8909 1.4323 1.4323 36.9 

0.20 0.039 2.8646 11.4586 2.8483 0.0153 2.8799 74.1 

0.30 0.066 4.2970 10.0262 4.2191 0.0779 4.3749 111.6 

0.35 0.082 5.0131 9.3101 4.8675 0.1456 5.1587 132.0 

0.40 0.100 5.7293 8.5939 5.4794 0.2499 5.9792 152.2 

0.45 0.122 6.4454 7.8778 6.1278 0.3176 6.7630 172.8 

0.50 0.148 7.1616 7.1616 6.7579 0.4037 7.5653 193.5 

0.55 0.179 7.8778 6.4454 7.3560 0.5218 8.3996 214.8 



TABLE XXV—Continued 

(Ao-A) /Ao CK/A 
(Ao-A) 

x 105 M 
A x 105 M C x 105 M D 103 M 

CBr2]R 

x 105 M 

Time 
(sec) 

0.60 0.217 8.5938 5.7293 7.9269 0.6670 9.2609 236.4 

0.65 0.264 9.3101 5.0131 8.4382 0.8719 10.1820 260.1 

0.70 0.3275 10.0262 4.2970 8.9726 1.0536 11.0798 282.9 

0.75 0.412 10.7424 3.5808 9.4063 1.3361 12.0785 309.0 

0.80 0.537 11.4586 2.8646 9.8080 1.6506 13.1092 334.5 

0.85 0.736 12.1747 2.1485 10.0822 2.Q925 14.2672 364.5 

0.8889 1.00 12.7319 1.5913 10.1460 2.5859 15.3178 391.5 

0.9656 3.00 13.8305 0.4927 9.4242 4.4063 18.2368 465.0 

0.9807 5.00 14.0468 0.2764 8.8115 5.2353 18.2821 496.0 

0.9913 10.00 14.1986 0.1246 7.9444 6.2542 
i 

20.4528 521.4 
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TABLE XXVI 

: EFFECT OF TIME ON THE STOICHIOMETRY OF THE REACTION 
OF 4-HYDROXYBEN ZOXAZQLE (4-HBQ) WITH BROMINE 

kg 4-HfiO 
Titrated Br£ Reacted Br2 Theoretical A(|ig) 

t = o 

74.72 292.6 265.2 (3s1) +. 27 A 

224.16 799.8 795.5 (3s1) + 4.3 

373.60 1336.6 1325.7 (3sl) + 10.9 

523.04 1853.6 1856.1 (3; J.) - 2.5 

747.20 2650.0 2651.5 (3sl) - 1.5 

t = 30 days 

149.44 341 354 (2:1) - 13 

224.16 545 532 (2s1) + 13 

298.88 740 710 (2sl) + 30 

373.60 930 884 . (2;1) + 46 

t = 42 days 

373.60 890 884 (2s1) + 6 
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TABLE JCXVII 

ANALYSIS GF THE BROMINATED 4-HYDR0XYBENZ0XAZ0LE DERIVATIVE* 

If  Tribromo, 
rrrol. wt. = 372 

If  Dibromoj 
mol. wt. = 293. Found 

% c 22.6 28,7 29.4 

% H 0.54 1.02 1.2 

% Br 64.5 54.6 55.0 

% 0 

vO • 

00 

10.9 — 

% N 3.8 4.8 — 

*Elek Micro Analytical Laboratories, Los Angeles 16, 
California. 
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TABLE XXVIII 

SPECTROMETRIC VERIFICATION OF THE BEER'S LAW OBEYENCE OF 
4-HYDR0XYBENZ0XAZ0LE (4-HBO) IN AQUEOUS MEDIA 

Temperature = 25°C. 

pH = 6 

[4-HBO] 
Absorbance 

[4-HBO] 
272 itv 260 mji 240 np 227 ma 

2.439 x 10~4 0.413 0.334 1.602 1.376 

2.195 x 10"4 0.373 0.301 1.444 1.244 

1.950 x 10"4 0.342 0.270 1.301 1.119 

1.708 x 10"4 0.292 0.236 1.143 0.974 

1.462 x 10"4 0.268 0.222 1.000 0.856 

1.219 x 10"4 0.211 0.172 0.821 0.699 

9.75 x 10"5 0.168 0.134 0.658 0.553 

7.32 x 10"5 0.138 0.110 0.502 0.434 

4.885 x 10" 5 0.092 0.073 0.339 0.290 



TABLE XXIX 

EFFECT OF [H+] ON THE RATE OF HYDROLYSIS OF 4-HYDROXYBENZOXAZOLE AT 25°C. 

[4-HBO] [H+] 
k,l- k^1/rif(M"'1d4"1) 

2.877 x 10"4 M 
-2 

4.76 x 10 1/2 = 4.6t da 1.482 x 10"1 da"1 3.18 

2.599 x 10"4 M 4.76 x 10"2 1/2 = 4.67 da 1.482 x 10"1 da"1 3.18 

2.311 x 10"4 M 4.76 x 10"2 1/2 » 4.64 da 1.493 x 10"1 da"1 3.205 

2.022 x 10"4 M 4.76 x 10"2 1/2 = 4.63 da 1.498 x 10"1 da*"1 3.21 

2.599 x 10~4 M 7.14 x 10"2 1/2 = 3.17 da 2.185 x 10"1 da"1 3.065 

2.311 x 10~4 M 7.14 x 10"2 1/2 « 3.19 da 2.174 x 10"1 da"1 3.04 

2.599 x 10"4 M 2.38 x 10"2 1/4 - 4,01 da 7.19 x 10" 2 da"1 3.02 

2.311 x 10"4 M 2.38 x 10"2 1/4 = 4.25 da 6.78 x 10"2 da"1 2.85 

2.439 x 10*"4 M 4.76 x 10"3 1/8 a 9.00 da 1.495 x 10"2 da"1 3.18 

2.439 x 10"4 M 7.14 x 10"3 1/4 = 13.14 da 2.19 x 10"2 da"1 3.07 

2.439 x 10~4 M 1.19 x 10"2 1/2 = 17.40 da 3.98 x 10"2 da"1 3.34 

k1X/[H+] = 3.12 ± 0.27 tf"1 da"1 
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-TABLE XXX 

EXPERIMENTALLY OBTAINED VALUKS OF THE BROMINE-TRIBROMIDE 
EQUILIBRIUM CONSTANT 

Electrolyte Temperature, °C. n
 

t 

Source 

KBr 0 19.6 Jones and Hartmann^" 

KBr (ti = 0.5) 5 19.9 
2 

Scaife and Tyrrell 

KBr (n = 0.5) 16.5 18.2 Griffith, McKeown & Winn"* 

NaBr (n = 0.5) 16.5 17.4 
3 

Griffith, McKeown & Winn 

KBr (n = 0.5) 21.5 17.4 Griffith, McKeown & Winn"* 

NaBr (U = 0.5) 21.5 16.6 G r i f f i th, McKeown & Winn^ 

LiBr 21.5 16.2 Griffith-., McKeown & Winn^ 

KBr 25 16.1 
4 

Lewis and Storch 

KBr 25 16.0 
« 5 

Jones and Baeckstrom 

KBr (n = 0.5) 25 16.5 
2 

Scaife and Tyrrell 

KBr 32.5 15.4 Warley^ 

KBr (M = 0.5) 35 15.3 
2 

Scaife and Tyrrell 

"*"G. Jones and M. L. Hartmann, Trans. Amer. Eiectrochem. 
Soc., 30, 295 (1916). 

2 
D. B. Scaife and H. J. V. Tyrrell, J. Chem. Soc.. 386 

(1958). 

3 
R.O.. Griffith, M. McKeown and A. G. Winn, Trans. 

Faraday Soc., 28, 101 (1932). 

L 
G. N. Lewis and H. Storch, J. Am. Chem. Soc.. 39, 2544 

(1917). ~ 

**G. Jones and S. Baeckstrom, Ibid., 56, 1517 (1934). 

6F. P. Warley, J. Chem. Soc., .87, 1107 (1905). 
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B+ 

-rfiiiifl-

VL and V2 

1 [iF (mica) 

0.1 nF (mica) 

2 nF 

0.1 |aF 

6SN7GTB 

Potter-Brumfield 
Relay, KCP/5KA 

B Pic Electric Counter 
Model. 6115A 

K and E Connections to titra­
tion cell 

Rl 100 KA, 0.5 MAand 1.0 MA 

R2 100 KA, 0.5 MAand 1.0 Mft 

R^ 15 KAohmite 50 W 

R, 10 Kj^ohmite 50 W 

Figure 1.--Multivibrator Circuit. 
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G-^ generator electrode; G2 calomal electrode 

1^ indicator electrode; I2 calomal electrode 

A agar plug 

S . sintered glass disc 

M magnetic stirrer 

Figure 2.—Coulometric Titration Cell. 
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Figure 3.—Amperometric Determination of Unreacted Bromine. 
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Figure 5.--Calibration Curve for the Determination of Phenol. 
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Figure 6.—Recorded Titration Curves for Various 
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Figure 7.--Titration Curves for the Determination of 
Rate Constants. 
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Figure 8.--The effect of [Br~] on the tnonobromination of 
phenetole: curve 1. [Br*] = 0.75 M; curve 2, [Br~] = 0.50 Mj 
curve 3, [Br~1 = 0.25 M; curve 4, [Br"] = 0.125 M. 
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3 

Log [Br2l + Y/X Log [C^CX^H^ 

Figure 10.--Determination of Reaction Order for the 
Monobromination of Phenetole. 
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Figure 11.--Ultraviolet spectra of 4-hydroxybenzoxazole in aqueous medi^, u> 
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Figure 12.--Effect of hydrolys 
4-hydroxybenzoxazole. 
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Figure 13.—Effect of 4-hydroxybenzoxazole concentra­
tion on the rate of hydrolysis at constant [H+]. 
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Figure 14.--Effect of [H+] on the rate of 
hydrolysis 6£ 4-hydroxybenzoxazole. 
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Figure 15.—Determination of the over-all second 
order hydrolysis rate constant for 4-hydroxybenzoxazole. 
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Sample: OIQ , 8-Hydroxyquinoline 

Solvent: Cyclohexane Sweep Width: 500 N cps 
Filter Band Width: 0.40 cps Sweep Offset: 132 cps 
R. F. Field: 0.40 mg 
Sweep Time: 250 sec, 

Spectrum Amplitude: 200 
Integral Amplitude: 80.0 

Internal Reference: Cyclohexane 

Figure 16A.--N.M.R. Spectrum of 8-Hydroxyquinoline 
in Cyclohexane at 60 mc/sec. 
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Sample: , 8-Hydroxyquinoline 

Solvent: Trifluoroacetic Acid Sweep Width: 500 N cps 
Filter Band Width: 2.0 cps 
R. F. Field: 0.49 mg 
Sweep Time: 250 sec. 

Sweep Offset: 150 cps 
Spectrum Amplitude: 40 
Integral Amplitude: 60 

External Reference: (CH^^Si 

Figure 16B.—N.M.R. Spectrum of 8-Hydroxyquinoline 
in Trifluoroacetic Acid at 60 mc/sec. 
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4.0 

Sample: 

Solvent: Cyclohexane 

, 2-Methyl-8-hydroxyquinoline 

Sweep Width: 500 N cps 
Filter Band Width: 0.20 cps Sweep Offset: 127 cps 
R. F. Field: 0.40 mg 
Sweep Time: 250 sec. 

Spectrum Amplitude: 160 
Integral Amplitude: 80 

Internal Reference: Cyclohexane 

Figure 17A.--N.M.R. Spectrum of 2-Methyl-8-hydroxy-
quinoline in Cyclohexane at 60 mc/sec. 
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Figure 17B.--N.M.R. Spectrum of 2-Methy1-8-hydroxyquinoline in Trifluoroacetic 
Acid at 60 mc/sec. 
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Figure 18.--N.M.R. Spectrum of 4-Methyl-8-hydroxyquinoline in Trifluoroacetic 
Acid at 60 mc/sec. 
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Sample: , 5,7-Dibrotno-8-hydroxyquinoline 

Solvent: Trifluoroacetic Acid Sweep Width: 500 N cps 
Filter Band Width: 2.0 cps Sweep Offset: 150 cps 
R. F. Field: 0.49 mg Spectrum Amplitude: 80 
Sweep Time: 250 sec. Integral Amplitude: 80 

External Reference: (CH^J^Si 

Figure 19.—N.M.R. Spectrum of 5,7-dibromo-8-
hydroxyquinoline in Trifluoroacetic Acid at 60 mc/sec. 
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.Figure 20.—N.M.R. Spectrum of Dibrominated Derivative of 4-Methyl-8-hydroxy-
quino.line in Trifluoroacetic Acid at 60 mc/sec. 
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Figure 21.--Potentiometric titration curve of 
8-hydroxyquinoline with sodium hydroxide. 


