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The kinetics of oxidstion of monohydric phenols 

(phenol ~nd substituted phenols 1 vanillin and eugenol) by 

alkaline ~ex~cyanoforrete (III) bas been studied in neth~~ol -

water mixtures. The reactions showed a first order dependa~ce 

on the concentrations of e~ch - substrate, oxidant and 

alkali. 

The rates of these reactions showed a decreBse, 

~ith increasing proportions of methanol, t~~t is, with a 

decre~se in the dielectric constant of the medium. The role 

of the solvent has been r2tionalised on th~ basis of the 

dielectric constant, indicating that the re~ctions under 

consideration involved ions of the same sign. 

The effect of ch~nges in temoerature on the r~tes 

of the reactions ~ns ~een studied, an~ the activation 

parameters have been e~aluated. 

The prese~ce of radicel intcrrnedi3tes in the 

rate determi~ing step of the re~ction has ~3cn detected 

by esr spectroscopy. 
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The reaction patt~ay has been mechanistically 

~tsu~lizsd ~s Jrocc1ding via the formation of a r~dical 

i~termeiiqtc i~ thG rate determining step, The r~dieql 

Tb~ ~rod~cts nero char~cterized by anqlytie~l ~nd spectr"l 

methods. 

2. OXIDA'I''IOI'I OF on:YDR.IC PHENOLS BY ALKALINE 

HEXACYAMOFERRA'I'E (III). 

The kinetics of oxid~tion of dibydrio phenols 

(catechol, resorcinol, orcinol 2nd (ruino\) by alkn.line 

hexacyanoferrate (III), bRS been investig~ted in methanol-

water mixtures. The reactions showed a first order 

dependence on the concentrations of each- substr'te, 

oxidant and nlk~li. 

Incre~sing ryroportions of methanol resulted in 

a decrease in the rate of the reaction. Plots of loq k . ons 

against the reciprocel of the dielectric constant were 

linesr, with neg~tive slopes. This sho~ed tt2t the re~ctions 

undGr consideratic~ involved ions of the same siqn. 
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The rats of the reaction was enhanced, ·rit~ en 

The presence of r~,".HC!).l ictermGdi:>.tes ~.r"-c detect0d 

The mech~nism of the reaction invol~ed the formation 

of a radical intermediate in the rate determining step. Fur~her 

oxidation of the rndical yielded either the quinone, or 

resulted in the formation of coupled products. These products 

were obtained in good yields, nnd ~ere characterised by 

analytic~l 3Ud spectr~l methods. 

3. OX IDATIC:f'l OF TFLE~-!DR IC' PHENOLS 3Y .ALKAL IHE 

The kinetics of oxid~tion of oyrogallol and . . 
phloroglucinol by al~~line bexacyanoferrate (III) h~s been 

studied in methanol -water mixtures. The reactin~s shoned 

a first order dGpc~dence on the concentrations of each -

substrate, oxid~nt ~nd elkali. 

The rate of the re3ction was influenced by a ch~~~e 

in the solvent comuosition of the medium. Plots of log k b . o. s 

against the reciprocal of di3lectric const~nt were linear, 
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suggesting that the reactions under consid~rGti0, n0r~ 

of tho ion-ion type. 

T~a r3te af t~c re~ction was i~cre~sed, with 2n 

incre2se in t~e tempersture af the reacti0n nGdiuo, 8~d t~c 

activation pnr~neters have been ev2lu~ted. 

The presence of r~dical internediates ~3s detected 

by esr spectroscopy. 

The mechanism of the reaction involved the 

formation of a r~dic~l intermedi~te i~ the rste determi~ing 

step. Further oxidation of the radical yiold2d either t~a 

extended qub1o:::o, cr resulted in the formatio;J of coupled 

products. These products 7ere c~nracterized ~y enalytic~l 

and spectral methodso 

; . 
.. . 

..... ,. . 

o(-n.~phthol and 

(?;-naphthol by aU&':!line hexacyanofo~ratc (III), bRS b8en 
~'- .-

fJI'··. 

investigated in neth~nol - water··mixtures. The reactions 

showed a first order depe~dence on the concentr3ti0ns of 

each - substrqte, oxidant and alk~li. 
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The rate of the reaction was found to incre~se 

with increQSing no6unts of methanol, that is, ryith n 

decre3Se in the dielectric constant of the nedium. 

The rato of the reaction ~ns enh~nced, ryit~ ~n 

increase in the teoperature of the oediurn. The nctivqtion 

parameters have been evaluated. 

The presence of r~dical intermediates h~s been 

detected by esr spectroscopy. 

The oechnniso of phenol coupling involves the 

form~tion of n r~dicnl intermediate in the rate d2terMining 

step of the reaction. The radical intor~ediate undergoes 

rapid 3nd irrversible cou~ling to give the products. These 

products have been isolated and characterized by analytical 

and spectral methods. 
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II!'I'RODUC T IOi"J 
. =---· -

MetQl ion oxid2~ts cQn function either as one-equivalent 

those which eccept e si~gle electron by direct trensfer 

or by interactio~ ~ith a hydrogen atom. Two-equivalent 

oxid3nts c~n aece?t two electrons from the su~strate. 

In on~-eq~ivalent redox processes, t~e change o~ 

~alency can be brought about by either an inner-sphere or 

an outer-sphere mechanism (l). 

I. Lnner-sphere mechaniso~ 

. The inner-sphere or bonded ~ec~anisn envisgges 

a direct contact bet~een tbe oxidant end t~e reductant, and 

the transition state is characterised by a lig~nd which is 

bonded to both metal ions. I~ can therefore act as a bridge 

between tbeB for the transfer of an electron. The typical 

reaction is (2)~ 

_) 

2+ ( ) 2+ /, C'rCl aq + Co ,aq)+ 5 NH:3 

The formation of an inner-sphere transition state 

would lead to co3sidereble distortion of the ions, whi4h may 

thus assist electron transfer by reducing the energy terms 

in'Jolved. In order that an inner-sphere mechanism can operate, 

the ligand present should behave in a bidentate manner. 
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The lig~~d ~ust possess availahle pi-or~i~als, and one of 

easily displaced. 

2. o~~3r-sp~ere ~echa~isn: .. _ - - -===- ---==e:-

0~ter-sphere electron exc~ange reactions co~stitute 

the si~~lest class of electron tr8nsfer re~ctio~s. I·~ "··-· 

both re~gents is preserved int~ct . t' :n. n "'.1.e tra~sition state. 

Since the ~etal-ligand distances will be affected by ~alency 

change, some distortion of the inner shells vould occur,~ut 

no metal-lig~~d bo~d ~ould be broken or formed. 

The essential steps in these re~ctio~s would be: 

(a) the approach of tno reagent ions, uhich may be aided 

or hindered by electrostatic forces; 

(b) before electron trl'lnsfer can occur 9 t"Jo CO''Hlitions m:1st 

~e obeyed (3), in accordance with the Franck-Condon 

prirr.ci')}eg 

(i) the electron transfer nust ~ot alter the e~ergy 

of the syste:<. T~is electron transfer occurs in a yery short 

ti'·:e 9 and! the only possible loss or gain of enerqy 1110~~ld be 

by radi~tio~. 2lectron tra~sfer c~n occur only if the oxidant 

and reducta~t have besn vibrationally excited to the same 

total energy. Thus, when the valency states of a reagent 

are closely si~iler in bond energy and g~o5etry, the outer-

sphere process would be expected to be most facile. 
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not be altered. 

(c) the process of electron tra~sfer itself. If t~e reagent 

co~~:exes ere s~fficiently close and of suitable sy~~etry, 

s~ch th~t t~ere ia so~e i~teraction betryee~ the orbit31S 

in7olved i~ electron tra~sfer, then the prohsbility of 

e!cctron transfer 7ould be essentielly unity. ~he rery~ire~e~t 

of or~itsl overlsp can be related to tte orbit3ls of the 

reagents. This would suggest th~t in octahedral co~Dlexes, 

t 2 g electrons Bight be more easily tr~~sferred than eg 

electrons which are in orbitals directed along the metal-

ligand axis. 

In order to establish that a~ outer-sphere or 

~on-bonded electron transfer c~n occur fro~ an organic 

compound to a 3etal oxidart, it is necessary to choose a 

suitable model systen in ~~ich the probability of non-bonded 

mech~nism Bould be a ~axi~un, and that of the co~peting 

bonded ?rocess a ~i~i~u~. The oxidant should be so chose~ 

such that it possesses ligands which are sloB or difficult to 

replace. The or~~~ic o~bstrate should be so chosen such that 

it is not li~ely to displace ligands from a ~etal ion com?lex. 

Examnles of suet exchange-inert oxidants are the iron (III) 

tris-o-phena~t~roline com9lex (4) 9 Ir c1 6 
2- ion (5), Mn (III) 

tris-acetylecetone coreplex (6), eerie ions (7) 9 a~d 

hexacyanoferrate (III) ion (8,9). 
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In the reactions of one-equivalent oxidants with 

organic substrates, the most frequently encountered oxidation 

process would seem to correspond to an electron transfer 

between substrate and oxidant~ accompanied by the breaking 

of a C-H bond and loss of a proton to give a substrate 

radical 7 as for example ( 10) ~ 

Co (III) ) 

It would therefore be expected that the loss of a proton 

would be slower than electron transfer, and hence would 

correspond to the rate determining step. 

The presence of radicals may be inferred by their 

oxidation or reduction of added inorganic ions, or by their 

ability to cause polymerisation to occur with added monomer 9 

as for example 9 acrylamide or acrylonitrile. If the radical 

is present in sufficiently high concentrations 9 its presence 

can be detected by electron spin resonance spectroscopy. 

Although the radicnl may undergo nany other processes, 

it is most probable that in the presence of an excess of 

oxidant 9 the radical will be oxidised further, Examples are 

known where the main mechanisms of this step may be: 

(a) a non-bonded electron transfer (conversion of a neutral 

radical to a cation), as for ex~mple the oxidation of 2,6-

dimethylphenol by hexachloroiridate ion (5), and the oxidation 

of hydroquinones by ferric ions (ll); (b) bonded electron 

transfer or the transfer of a ligand from the oxidant to the 
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radical, as for exaM~le, 
2-

tho reduction of IrC1
6 

by 

cr
2+ ions(l2); (c) redox substitution, in which the radical 

remQins attached to tho complex, as for example, the 

phonylation of the ferricenium comolex (13,14); (d) redox 

addition, ~here the radical remains attached to the complex, 

as for example, the reaction of hexacyanoferrate(III) with 

iscbutyrql~chyde(l5). 

Qxid~ti~ of org2nic substrates with potassium 

~exacyanoferrate (III)~ 

Potassium hexacyanoferrate(III), K3Fe(CN) 6 , is 

essentially a substitution-inert transition metal comDlex(l6). 

It does not exchnnge its ligands at a rate fast enough to 

conpete with rapid electron transfer. Therefore, oxidations 

by hexacyanoferrate(III) ion occurs by means of a non-bonded 

electron transfer or outer sphere process, whereby an electron 

is transferred from the substrate to the metal ion through the 

cyano ligand. 

In acidic medium, potassium hexacyanoferrate(III) 

has been used for the oxidation of sulphur containing 

compounds (17-25), and very recently, for the oxidation 

of toluene and substituted toluenes (26-29), diphenylmethane 

and triphenyl~ethane (30), unsaturated systems (31-32), and 

polynuclear syste~s (33-34). 

In neutral nedium, potassiun hexacyanoferrate(III) 

has been used for the oxidation of aliphatic anines(35). 
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I 1 1 1 . e ,..., D .. -11' .... ' : p 0 t r-'1 c s ].. •; -~ !1 G. Icy~,,.).~, f e r r .., t e { 1 I n ~ J ·.:: f'l 1!!1. • '-' c; , L .. ·' , • '- '-' VL • • • - - ..• . • ·" l. J ~ 

hac been extensively used for the oxidati0~ of v~rious ki~ds 

of org~nic substr3tes suah BS aldebydes(36-40}, ketones 

(36-37, 41-46), nmines {47--tS3)~ alcol'!ols ,J.nd diols(54-62) 9 

sulfur con)oun:s (63-69)~ Rcids (70-78), s~gqrs (79-82), 

hydr~zi~es (83-85), ncino acids (86-87) 9 acyloins (88-89}, 

As(III)l9~-92), hy)cp~os~hite{93-94), hydrocarbons (95), 

and )henols (~6-98). 

Oxidation of ~~3~ols 

The chenicnl exidation of ~henols is complex, in 

th.atg 

( .... ) 1· t " r.: •.·1 ."'· 11 y a 1' '·.I e!:: · t f d t ' u w~~~ - _ = a ~lX .ure 0 ~ro UC s; ~na 

(b) gith t~e sane phenol 9 different oxid~nts can yield 

quite differe~t product ~ixtures. 

In t~e prese~ce cf oxidizi~g ag~~ts 9 ?henclic 

oolecules c~n u~dergo either carbon-carbon or carbon-oxygen 

coupling to give a ~ariety of products. Simple phenols c~n 

be lin:· .oc1. at positions ort:lo and/or pare .,o the hydroxyl 

group to yield several possible dimers; these can te further 

oxidized to Jroduce triners, poly~ers and quinonoid-type 

structures. In nore coo~lex polyhydroxy aro~atic coo9ounds, 

c o u? 1 i ?1 g of· b o t h t y p e s nay o c c u r - i n t r a::: o 1 e c u 1 a r as we l 1 

as internolecular cou)ling. Substitution products and conpounds 

r·e s u 1 t i n g f r o rJ c· o u? 1 i n g at be n z y 1 i c p o s i t i on s nay a l s o b e 

observed. 
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In rnost synthetic~lly ern?loyed ?hencl cou~ling 

reactions, poly~ers are obieined as the side products; 

pol~erizntioc of ?henols ~ia oxidative cou,ling is an 

T~e c~oice of a ?~e~ol couJling reagent will 

not o~:J i~cre~se the synthetic utility of ohe~ol oxid~~ive 

co~~ll~~ rencti~~s, but will also indicate the Danner in 

crhich 7~rious enzy~es ~ight c~talyze such reactions. 

This would open U) vast possibilities for a further probe 

into the study ~f i~por~ant biological reactions, wherein 

the key step i~volve~ the oxidBtive cou~ling of phenols. 

The exidation of phenols by hexacyanoferrate(III) 

in alkaline oediu~ would give the aryloxy anion. This 

anion can transfer an electron to hexacyanoferrate(III), 

resulting in the foroation of an aryloxy radical. The radical 

would then he free to reaot 9 and the for~ation of coupled 

products is a distinct possibility. 
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SCOPE OF THE PRESENT INVEST !Gil. T ION 

The present investigation is a detailed kinetic 

probe into the oxidation of phenols by potassium hexacyano­

ferrate(III) in aqueous alkaline medium, at constant ionic 

strength, using aqueous methanol as solvent. The purpose of 

this investigation has been to attempt to extend the scoJe 

of this extremely efficient and versatile one-electron 

oxidizing agent, in alkaline medium, and to explore and 

establish mechanistic pathways of reactions imvolving the 

oxidative coupling of phenols. The purpose of the present 

study was~ 

(a) to study the kinetics of oxidation of phenols; 

(b) to determine the nature of oxidative coupling 

of phenols by product analysis; and 

(c) to denonstrate the usefulness of potassium 

hexacyanoferrate(III) as a reagent which can 

bring about t~e oxidative coupli~g of phenols. 

In the present investigation, the substrates 

chosen for purposes of oxidation by potassium hexacyano­

ferrate(III), in alkaline medium, have included~ 

l. Monohydric phenols (phenol and substituted phenols, 

vanillin and eugenol). 

2. Dibydric phenols (catechol, resorcinol, orcinol and quinol). 

3. Trihydric phenols (pyrogallol and phloroglucinol). 

4 • p o 1 y n u c l e a r p hen o 1 s ( o( -nap h tho I and (5 -nap h tho 1 ) • 



All the reactions have been carried out under 

a nitrogen atBosphere, so as to ensure the absence of any 

aerial oxidation. For each oxidation reaction, the 

stoichiometry of the reaction has been determined. The 

concentrations of the substrate, oxidant and alkali ha~e 

been varied, and the effects of these variations on the 

reaction rates have been studied. The solvent composition 

has been varied in order to study the effect of dielectric 

constant on t~e rate of the reaction. Changes in temperature 

of the reaction oediuo have been made, and the activation 

paraoeters have been evaluated. Changes in the ionic 

strength of the oedium, and the effect of the addition of 

hexacyanoferrate(II) ions on the reaction rates, have been 

studied. The presence of radical intermediates has been 

detected and confirmed by ESR spectroscopy, polymeri~ation 

reactions, an-:1 by. the· use. of" both·-, tho IR and visible 

spectra. For each reaction, the products have been isolated 

and characterized by analytical and spectral methods. Based 

on the observed experi~ental results and on the nature of 

the products, ~echanistic pathways have been proposed for 

the oxidation 0f all these phenols by potassium hexacyano­

ferrate(III) in alkaline mediun. 
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PURIFICATION OF MATERIALS AND PREPARATION OF COMPOUNDS 

9.onductivit,r VJater: 

Conductivity w~ter was prepared by the following 

methodg tap v1ater was distilled first with aUulli:ne pct:>sa~-.~~ 

perr::-:anganate n.nc then redistilled with Mercl[ "Pro Analysi'' 

sulphuric acid from an all-glass vessel. This sample of 

double distilled wnter was further distilled from an 

all-quartz vessel (Sunvic, U.K.). The conductivity water 

thus prepared was utilised for the preparation of all the 

solutions used in the kinetic determinations, 

Methanol: 

Methanol (E. Merck) was distilled before use 

( bp 65°C ). 

Sodi~ hydroxide~ 

BDH (AR) grade saople was used. 

Potassium bexacyanoferrate (III)~ 

BDH (AR) grade saople was used. 

totassium hexacyanoferrate (II)~ 

BDH (AR) grade saople was used. 
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Sodium perchlorate: 

Sodium perchlorate was prepared by neutr~lising 

70% perc~loric acid (E. Merck) with sodium hydroxide 

(BDH, AR grade). The solution was concentrated, W~8n 

crystals of sodiu~ perchlorate ware obtained. Tho crystals 

were filtered, and recrystallised fro~ ~nter. The 

recrystallised product was dried over silicQ gel uncter 

vacuum. This sample of sodium perchlorate was used for tbe 

preparation of stock solutions which were emplbyed for 

maintaining the ionic strength of the oedium. 

Substrates: -
Phenol, eugenol and catechol were SDts samples. 

Resorcinol 1.'Jas an E. Merck s~mple. o<:'.-naphthol, 

[6-naphthol, cruinol, pyrogallol, phloroglucinol, orcinol, 

p-crosol ·~ n-cresol, a-cresol, vanillin, salicylic acid, 

p-chlorophe11ol Bnd m-ami:"~ophenol were ~lll BDH samples. 
rr 
jf-chlorophenol was B Riedel sample. Gu8ircol, 

p-methoxyphenol, p-hydroxybenzoic acid, m-hydroxybenzoic 

acid, methyl eugenol, all the disubstituted and 

trisubstituted phenols were all SISCO snmples. All these 

substrates were purified by distillation or repeated 

crystallizations until their boiling pointw or melting 

points, respectively, were in agreenent with literature 
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values. The purity of each of the substrates was c\ecked 

by spectral analysis. 

All ir spectra were re~orded on an IR-297 

(Perkin El~er) spectrophotometer, uv spectra on nn 

UV-26 (Beckuan) spectrophotoBeter, nmr spectra on ~n 

EM-390 (Varian) 90 UHz NMR spectrometer 9 and esr 

spectra on an E-4 (Varian) EPR spectronGter. 

The boiling points, melting point~ and the 

spectral data obtained for each of the substrates_ used, 

are summarised in Table I. 

TABLE 1 

Substrate Boilin'J Points u v( nm) 
or A=.i\lcohol 

Melting Points(°C) M==Methunol 

( l) (2) ( 3) 

Phenol 43 (mp) 210,270(!'.) 

p-nitrophenol 115 (mp) 224 (A) 

0-aminophenol 174 ( mp) 232 (A) 

m-aminophenol 123 (mp) 286 (A) 

a-chlorophenol 175 (bp) 278 ( i\) 

p-chlorophenol 217 (bp) 283 (A) 

o-cresol 190 (bp) 273 (A) 

m-cresol 201 (bp) 275 (A) 

p-cresol 203 (bp) 280 (A) 
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[1) ~ 2} r:n-----~ 

o-methoxyphenol 204 (bp) 230 (A) 

p-me >wxypl:lenol 58 (mp) 225 (M) 

o-carboxyphonol 159 (mp) 251 (A) 

m-carboxyphenol 201 (mp) ?26 ( :") 

p-carboxyphenol 214 (mp) 232 {A) 

2, 4-dichlorophenol 210 ( bp) 292 ( 1H) 

2, 3-dimethylphenol 75 ( mp) 273 (M) 

2' 5-dimethylphenol 73 ( mp) 276 (M) 

2, 6-dimethylphenol 49 (mp) 272 ( M) 

3, 4-dimethylphenol 66 (mp) 270 (M) 

2, 4-dinitrophenol 115 ( mp.) 254 (M) 

2,4,5-trichlorophenol 68 ( mp) 296 (M) 

2,4,6-trichlorophenol 70 (mp) 252 (A) 

Vanillin 80 ( mp) 279 (A) 

Eugenol 253 ( bp) 281 (A) 

Catechol 105 (mp) 278 (A) 

Resorcinol 110 (mp) 276 (A) 

Orcinol 107 ( mp) 281 (M) 

Quinol 173 ( mp) 29·;1: -' 
~ 1-1.) 

Pyrogc..llol 133 ( mp) 267 ( M) 

P hlcroglucinol 216 ( mp) 270 (M) 

,,l"":-n ap h tho 1 94 ( mp) 220 (A) 

p -naphthol 123 ( mp) 228 (A) 
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Kinetic nethod~ 

All the standard flasks and reaction ~esscls 

we:re of pyrex qlass with well-ground stopl)ers. The rer:tction 

vessels used were stoppered conical flasks which were 

painted black on the outside to prevent any photochemical 

change. All the glass apparatus used were tested for loss 

of solvent, and the loss was found to be negligible. Tho 

standard flasks, reaction vessels and the pipettes used 

were sta'nda-rdised, using conductivity 11rater, and the 

correction was found out and applied. 

An electrically operated thernostatic water-bath 

was used. It was provided with sufficient thermal lagging 9 

suitable heaters and stirrers with proper cooling arrnuge~ents 

for continuous work. .Xylene-filled regulator, working in 

conjunction with an electronic relay, was used to naintajn 

the required temperatures accur~XteJy, with fluctuations of 

not r.ore The temperatures were recorded 

means of an accurate sensitive thermometer, reading to 

tenths of a degree. The b11th-liquid was water, coverej ~'J:·.tL 

a layer of liT!dd paraffin to l!linimise evaporation of water 

nnd loss of heat due to radiation. 

Spectrophoto~eters~ 

For absorption measurements, the spectrophoto~etorR 

used were (a) Digital spectrophotometer type 106, MK II rnodel 
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(systronics), and (b) UV-26 (Beckman) UV-Visible 

spectrophotometer. 

(a)· iO MK II nodel (systronics) spectr:,:;>hotometer was a 

single bea~ spectrophotometer having a grating of 

600 lines/rom, and a wavelength range fro~ 340 sm to 960 nn. 

The noninal E~ectral slit width was 20 nm, constant over 

tho entire range. The full scale deflection coulrl he 

obtained over the wavelength range of 340 nm to 600 nm. 

By the addition of a red filter and interchanging of the 

phototube, the range could be extended to 960 nm. In order 

to ensure maximum sensitivity of the instrument, and 

to minimise the errors in measurements of optical density 

due to fluctuations in volt~ge, the spectropbotooeter was 

connected to the mains through an external voltage­

stabiliser. This was in addition to the in-built voltage­

stabiliser within the instrument itself. The light source 

was a 15 watt tungsten lamp operated by a regulated power 

supp~y. The instrument was calibrated, as speci•ied in 

the instruction manual, over the range of concentrations 

o :f.' K 2 C r 0 
4 

i n K 0 H s o 1 u t i on s , s o as t o v s.r i f y S e e r t s l a w 

at 370 nEl. 

(b) The UV-26 (Becknan) UV-Visible spectrophoto~eter was 

a single monochromator, having a filter-grating of 

1200 lines/mo, and a wavelength range from 190 to 900 nm. 



This spectropbatoneter hnj a theroostatic control 

arrangement an~ the absorbance vnlue wns displnyed 

direc·.ly on P1e di·"!ital ,·::_splay and on the recorder. 

Photonetric linearity was checked over the range of 

co~contrntions of K2cro 4 in KOH solutions, as specified 

in the instruction oanual, so as to v~rify Beer 1 s ~~~ 

nt 370 niT!. 

The absorption cells were of 'Corning' glass and 

of 8 ml cepncity for the spectrophotometer 106 MK II rnodel 

(Systronics). Quartz c~lls of 5 ml capacity were used for 

spectral determinations with the UV-26 spectrophotometer 

(Beckman). All the cells used were thoroughly cleaned by 

aqueous ethanol and acetone, and dried before they were 

used for the spectral uoasurements. After the transfer of 

the snlution to the cell, care lvas taken to see that no 

solution adhered to the outer surface of the cell, During 

the measu.re''~enta, the cells were covered. 

Solutions of hexacyanoferrate (III) in methanol-

wnter oixtures (60-40 to 75-25,%, v/v) were prepared. 

The absorbance of each of these solutions was scanned 

over the range of wavelengths from 350 nm to 700 nm. 

The naxinun absorption in each case was located at 420 n~ 

(Fig.I). At this wavelength of 420 nm, the absorption 
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due to Fe(CN)~- has been observed to be a m~xi~um (1), 

the ( ) 4-nbsorption due to Fe·CN 
6 

being negligible (2) Q 

At 420 nm, Bee~ •s law was obey0d over the range 

of concentrations of solutions used. A ty?ical graph of 

the optical density against the concentration of Fe(CN)~-

. h ('""" ?\ 1s s own ~10·-1· 

In this investigation, all the optical density 

me~surements were carried out ~t a wavelength of 420 nm. 

Rate measurements 

A k n own ar.1 o u n t of t he s u b s t r at e was we i g he d 

accurately into a 10 ml standard flask and m~de up with 

the requisite quantitiew of methanol and water, so as to 

make the required molar Jlution. Potassium hexacyano-

ferrate (III) was accurately weighed out into a 10 ml 

standard flask, and dissolved in n small volu~e of water. 

The roqui~ite acount of sodium hydroxide solution, whose 

strength had been deteroined, was added to maintain the 

required alkalinity. Sodium per~hlorate was added so as 

to naintain a constant ionic strength of the medium. The 

solution was tben made up in cethanol and water. Sufficient 

time was allowed to compensate for any change of heat during 

dilution. The two reactant solutions were separately 

thermostated at the required temperature for 3 hours, under 



a nit r o g en n. tr1 o s ph c r e • T ;J e G o l u t i on s ·were then rli xed in 

equal voluneo. The reaction mixture was honogeneous 

thro1..:]hou.t th0 durntion of the reaction. 

The progress of the reaction ~as followed by 

observing the disap)earance of hexacyanoferrate (III). 

Readings were takes at regular intervals of time 7 by 

noting tho decrease in optical density ~t 420 n~, 

spectrophotooetrically. 

All the kinetic experinents were carried out in 

duplicate or in triplicate, and the rate constants which 

were determined were found to be re?roducible to within 

Calculations~ 

(a) Rate constants~ 

For all the kinetic determinations, pseudo-first 

order reaction conditiors ~ave been used, wherein the 

concentration of the substrate has been taken in a very 

l~rge excess over that of the concentration of the 

oxidant. 

expressed 

The ps~udo-first order rate constant, k b , 
0 s 

~l 
as sec - were calculated from the equation 

kobs = 2.303 t log ....... ~ . ( 1) 

( 3h 
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where D
0 

was the initial optical density of the reaction 

mixture, and Dt was the optical density at time, t. 

The logarithoi~ plots of opti~al densities 

against time were linear, and extrapolation to zero ti~e 

gave the values of D • 
0 

The values of the second order rnte constant , 

-1 -1 k 2 , expressed in M s 9 were coBputed by dividing the 

pseudo-first order rate constant ( k b , s- 1) by the 
0 s 

concentration of the substrate (M). 

All values of rnte constants were the average of 

two or more experiments, with agree~ent being within 

(b) Jherm£Q!nn~ic activation parameters~ 

These paraneters were deter~ined from a study of 

the effect of temperature on the rate of the reaction. 

The various p~rameters have heen calculated 

as follows: 

(i) ~ctivation ener~ (E) 

From the linear plot or log k obs 

the reciprocal of temperatur~ (T), 

slope = E 
2.303 R 

-1) E = slope x 2.303 ~ ( kJ mol 

against 



( i i) 

(iii) 

( i v) 

Frequency 

k obs 

log A 

Enthalpy 

·~·-,, H., 
/..~ 

Entro;u: of 

kT 
h 

fact..Q!. (A) 

= A e -E/RT 

= log k obs + 

of Activation 

= K - RT 

Activation ( 

e 
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E 
2.303 RT 

J 

( 
-.;:· 

£::\ H ·r ) 

,6. I!J 
t:- ) 

e 
,., H/'~ -~·· ~:_;;. y ."l 

..... 
·t-

= 2.303 R' log k b + 
0 s 

(.)lt -log k'f:· 
2 • 3 0 3 R'T' h . 

where k is the Boltzmann constant, and h is the Planckts 

constant. 

Stoichiometry: 

Reaction mixtures containing the s~bstrate and 

an excess of hexacyanoferrate (III), taken in a known 

solvent co~position of methanol and water, containing the 

requisite amounts of sodium hydroxide nnd sodium perchlorate, 

were allowed to reffct to co~pletion at a particular 

temperature. The bexacyanoferrate (III) which was left, 

was analysed spectrophotometrically at 420 nm. The individual 

stoichiometric equations nre shown along with the reactions 
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of each of the substrates with t~e oxidant. 

·-
p_roE._s,~s: 

s·toichiornetric amounts of p-cresol in 50% 

methanol (v/v), and K3Fe(CN) 6 in 50% methanol (v/v), 

0.5M NaOH and 0.5M NaClo 4 , were mixed, and refluxed at 

50°C for 6h, under nitrogen. The reaction ~ixture was 

cooled, filtered, and the solvent removed. The filtrat~ 

wns W3Sbed with etber, tbe ether layer separated, and the 

solution concentrated. TLC analysis gave three spots. 

Separation on a silica gel column, using varying proportions 

of hexane and chloroform (100~0 to 70~30, %, v/v) for 

elution, yielded three products. The first product, ! , 

obtained in about 70% yield, was characterized as 2:2 1 -

dihydroxy-5g5 1 -dimethyldipbenyl (mp and uv analyses), in 

agree~ent with literature data (4-5). The second product, 

3 , obtained in 10-15% yield, was characterized as the 

The third product, 1 1 obtained in 5-10% 

yield, was probably a trimer, and was not characterized. 

OE 
I 

( l) 

)J=:o===Gr0 

C'H
3 

CH 3 

( 2) 

TRIMER 

( 3) 
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(b) Product~9bta_!~od from the oxidation of guaiacol 

Guaiacol (2.0g) in 70% methanol(v/v) 9 was mixed 

~~th !I.Og of K3Fe(CN) 6 containing NaOH(0.05M), 70% 

r:1e::hanol ( v/-v) anc'l NaC'l0 4 ( 0.5M), and the Mixture refluxed 

0 at 60 C for 3h under nitrogen. After cooling and filtrntion, 

t~e solvent VGC rcmo~ed to give a red residue (0.072 g). 

rfih~ i:nsoluhlr portion of the mixture was washed lvi th 

chloroform, and after removal of the chloroform, a red 

residue (1.615 g) was obtained. The melting points of both 

these re~idues, was 245°C. IR analysis of both these 

residues, in chloroform, showed them to be identical with 

3~3-dimethoxydiphenoquinone, i . . -1 
A sharp band at 1640cm 

was obtained, corres0onding to the carbonyl stretching of the 

C'::rO groups in two rings of an extendad quinonoid structure(6). 

The nmr spectrum of the product sample, in chloroform 

(internal standard TMS, sweep width 10 ppm ) gave the 

OC'H 3 peak at 6.1"{;", and four doublets in the vinylic proton 

region at 3.20'{, 3.10'[, 2.30'7.~ and 2.20'"[.'. The structure 
<J 

of the product wis confirmed to be 4. 

-===o 
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(c) Produg_ts obtained from the oxidation of ~Iai')_~U.Jn 

Stoichiometric amounts of substrate nn~ oxidant 

solutions in 70% methanol (v/v), NaOH(0.5M) and NaClo 4 

(0.5M), were nixed at 35°C, ;nd maintained under nitrogen 

for 24h. The reaction mixture was cooled,filtereC a~~ 

concentrated. The residue was extracted with ether, and 

the ether extract concentrated after drying over anhydrous 

MgS0 4 • TLC analysis of the residue, using benzene as the 

developer, gave two spots. Separation on a silica gel 

column, using mixtures of hexane and chloroform in 

varying proportions (IOO:O to 70:30, v/v) for elution, 

gave two products. The first product was obtained in 80% 

yield (mp 245°C). IR bands indicatedg (a) the biphenyl 

(aromatic) structure (7}; (b) phenolic a.hsorptions at 

3600, 1350 and 1200 cm- 1 ; (c) aldehydic absorptions at 

3085, 2840, 2760 and 1700 cm- 1 ; (d) ~)(OCH 3 ) band at 

-1 1020 em • The structure of this product was cbnfirmed 

as divanillin, ~ • The second product was a polymeric 

material, and was not analyzed. 

CHO 

~---< ----....._ 

OCH3 OH 
CHO 

(§) 
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(d) Product obtained froo the oxidation of catechol 

Stoichiometric amounts of the substrate and 

oxid~nt solutions in 70% oethanol (v/v), N~OH(0.5U) and 

NaCl0 4 (0.5M), were allowed to react at 30°C for 24h, under 

a nitrogen at~os9here. The mixture was filtered. The 

filtrate was taken in ether, the ether layer separqted, 

washed with water, and then evaporated. The solid resirlue 

which remained was analyzed for the product as follows: 

(i) the product sample was reddish in colour; 

(ii) the melting point of the sample was 61°C; 

(iii) on treatment with an alkaline solution of 

ethylenediamine, a deep red coloured solution was 

obtained, characteristic of a-benzoquinone (8). 

The formation of this colour with ethylenediamine 

is specific for quinone and quinone forming materials, 

except for anthraquinones and amino-substituted 

quinones ( 8); 

( i v) -1 IR analysis gave two sharp bands at 1680 em and 

-1 1660 em , corresponding to the presence of two 

carbonyl groups i* the same ring, characteristic 

of a-benzoquinone (9). An absorption band of medium 

1 -1 intensity between 1680 em- and 1700 em , which was 

well separated from the main bands, was also obtained. 

This band had been earlier charnct~rized as a typical 

banJ for a-quinone (10-11); 



34 

(v) The electronic spectrum of the product in ether 

gave three bands. The first band of strongest 

intensity was at 254 nn, the second band of ~ediuo 

intensity was at 368 nm, and the third band of ~ent 

intensity was observed in the visible region at 587 n ,,. 
' . 

These absorptions have been attributed to singlet-

- * * * singlet Tf-1( , JT-lT , and n- TT transitions, 

respectively, characteristic of o-benzoquinone(l2). 

No absorption ba~d was observed at 420nm, indicating 

that the product sanple did not interfere with the 

kinetic measurements carried out at 420 nm. 

Hence, the product of the oxidation reaction 

was confirmed to be a-benzoquinone, .§. (yield -'v 80%). 

( 6) 

(e) Products obtained from the oxidation of resorcinol 

an d o r c 1 n!.£1. 

Stoicbiomet~ic a~ounts of the substrate and 

ox i dan t s o 1 u t i on s , t a ken i n 7 O% me t han o 1 ( v / v ) , N a 0 H ( 0 • 0 5H) , 

NgC'l0 4(0.5M), VJere r-~ixed and allowed to stand at 30°C for 

24h, under a nitrogen at~osphere. After cooling and 

filtration, the solvent was removed. The filtrate was 

extracted with ether, and the ether layer separated and 

concentrated. 
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{i) Product from the oxidation of resorcinol 

Spotting on TLC plates gave a single spot. 

The solid residue which was obtaiied in about 80% yield, 

was analyzed for the product (mp 310°C'; mp of the 

crystalline tetramethyl derivative wa~ 108°G). IR analysis 

gave a sharp band at 3350 cm- 1 , and other bands which uere 

superimposable on the spectrum of 3,3',5,5 1 -tetrabydroxy~ 

biphenyl, l (13). UV analysis of the sample in methanol 

gave the first band of strong intensity at 255 nm, and the 

second of lower intensity wt 290 nm. These bands were 

probably due to 7!-- rr* transitions. 

(ii) Product from the oxidation of orcinol 

Spotting on TLC plates gave three spots. Separation 

on a silica gel column, using varying proportions(IOO:O to 

70:30,v/v) of hex~e and chloroform for elution, gave three 

products. The first product, obtained in 70% yield, was 

characterized by mp (i88°C), and by IH analysis (absorotion 

bands at 3150, 3020, 1610, 1500, 1380, 1240, 1180, 840 cm- 1), 

and assigned the structure, ~ • Tbe other products, each 

obtained in 10-15% yields, were polymeric materials, and 

were not analyzed. Compound ~ in alkaline medium, was 

converted by aerial oxidation to 2 (14), obtained as 

yellowish-brown plates when recrystallized from ethanol 

(yield ~50%), and characterized by mp(230°C), and by 
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IR analysis. 

OR oH oH OH 

O
l 

Ho ~/ bH (9) 

(7) 
(8) 

(f) Pro~uct~abtained from the oxidation of quinol 

Stoichiometric amounts of substrate and oxidant 

solutions in 70% methanol(v/v), NsOH{0.5M) and NaCI0 4(0.5M), 

0 were allowed to react at 30 C for 24h, under a nitrogen 

atmosphere. The mixture was filtered. The filtrate was 

taken up in ether, the ether layer was separated, washed 

with water, and then evaporated at room temperrrture. The 

solid residue which remained was analyzed for the product 

as follows~ 

(i) the melting point of the sample was ll6°Cj 

(ii) on treatment with an alkaline solution of 

(iii) 

ethylenediamine, a deep yellow coloured solution 

was obtainea,characteristic of p-benzoquinone (8); 

-1 IR analysis gave two sharp bands at 1670cm and 

-1 1655cm , corresponding to the presence of two 

carbonyl groups in the same ring, characteristic of 

p-benzoq~inone (15-16). Pronounced shoulders on the 

lower frequency side of the main band have been 
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-1 observed between 1640 nnd 1650 em This spectrum 

was, cor:1parod with that of an authentic sample of 

p-benzoquinone, and found to be identic~l (15-16); 

(iv) The electronic spectrum of the product sample in 

CC1 4 gQve three bands. The first band of strongest 

intensity was at 245 nrn, the second band of mediun 

intensity was at 288 nm, and the third band of weak 

intensity was observed in the visible region at 440 nB. 

These absorptions have been attributed to singlet-

* * * singlet rr-?T ' rr-rr ' and n -1f transitions, 

respectively, characteristic of p-benzoquinone (17-19). 

No absorption band was observed at 420 nm, indicating 

that the product sample did not interfere with the 

kinetic measure~ents carried out at 420 nm. 

Hencd, the product of the oxidation reaction was 

confirmed to be p-benzoquinone .!Q (yield...-"" 80%). 

o--Q=o 
(.!Q) 

(g) Products obtained froo the oxidation of pyrogallol. 

Pyrogallol (2.0g) in 70% methanol (v/v), was ~ixGd 
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with ll.Og of K3Fe(CN) 6 containing NaOH(0.05M), 

70% ~ethanol (v/v) and NaCI0 4 (0.5M), and the mixture 

refluxed at 60°C for 3h under nitrogen. After cooling 

and filtration, the solvent was removed to give a red 

residue (0.065g). The insoluble portion of the mixture 

was washed with chloroform, and after removal of the 

chloroform, a red residue (l.585g) was obtained. The oelting 

points of both these residues was 240°C. IR analysis of 

both these residues, in chloroform, showed them to be 

identical with 3g 31 :5: 5 1 -tetrahydroxy-4~ 41 -diphenoq:uinone' 

-1 1..!• A sharp band at l640cm was obtained, corresponding 

to the carbonyl stretching of the C=O groups in two rings 

of an extendea quinonoid structure (6). The nmr spectrum of 

the product sample, in chloroform (internal standard TUS, 

sweep width lOppm) gave t~1e OH peak at 3.90 ·z:, and four 

doublets in the vinylic proton region at 3.19·£::", 3.101.:', 

2.317: and 2.201:~. The structure·· of the product was 

confirmed to be 1J.. 

0
. -Hbo __ _ 
-- -

I ._.Ho 
(..!..!) 

OH 

(h) Products obtained from the oxidation of phloroglucinol 

Stoichiometric amounts of substrate and oxidant 
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solutions, taken in NaOH(0.05M), ~ethanol(70%, v/v) and 

NaCl0 4 (iol'dc strength adjustGd to 0.5PA) were 7!ixect nt 

30°C ~nd cnintained under a nitrogdn atrosphere for 24h. 

After cooling and filtration, the solvent was renoved. 

The residue was extr2cted with ether, dried over anhydrous 

, and the other extract concentrated. TLC anB!;:•-

of tbe residue, using benzene as the develo~er, gnve 

2 spots. Separation on a silica gel column, usinq varying 

proportions of hexane and chloroform (100:0 to 70:30,%,v/v) 

for elution, yielded two products. The first product, 

obtained in 80-85% yield, was characterized by mp(250°C). 

IR data~ 2960, 2910(7~ 0H; H-bonded); 1640,1620(1)c~o)? 

1480, 1380,1210(~)C-O); 1I30(2)as for six membered rings 

as in 1,4-dioxan); 1030 and 920( Vc_ 0 )_7 -1 and PMR em 
' 

data in CC1 4 .fl; 2.5(0H) and 5.0(tertiar] protons)_? • It 

was assigned the structure, 12, based on these data. This 

product, ~9 ?rovides an example of c-o bond coupling, as 

bas been observed, in vivo, in the for~ation of dehydro-

digallic and valonic acids(20). The second product wns 

a polyneric material, and was not analyzed. 

boH ..... orr?" .....--::;0 

......_ ~ 

o "o 
1 

( 12 ) OH 
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Stoichiometric amounts of t~e naphthols ~~d 

the oxidant solutions in MaOH(0.05M), 70% methanol 

( 'J/v), z.nd l12::-: lo4 (0.5lfl), vrere mixed and refluxed at 

.~:~0(' ~ ~- -~ 't 
o~ ~ ror ~~, ~~aer e Dlwrogen atmos~here. After cooli~g 

3nd filtration, the solvent was removed. The filtr~te 

U3S ~Lshed wit~ ether, and the ether l~yer separated. 

This was eveporated, and the solid re~idue which remained 

was analyzed for the product. 

(i) Oxidation product~ of o(-naph thol 

Spotti~g on TLC plates gave three spots. 

Separation on a silica gel column, using varying 

proportions (100:0 to 70:30, v/v) of hexane and 

chloroform for elution 9 gave three products in yields 

varying from 25-30% each. These products 9 structures 

to -:e identic3.l to the :Jroducts ~·:rhich ··:Ters obtained from 

the ferric chloride oxicla.ti'on of d::-naphthol{ 21-22), 

wherein 2ll three possible c~rbon-car~on co~pled 

products had boon charQctorized. 

(ii) Oxidation nroducts 
- .-b 

of f$-naphthol 
- -t' -- -

Spoting on TLC plates gave three spots. 

Separation on G silica gel column, usi~g verying 

proportions of hexane and chloroform (100:0 to 70:3D,v/v), 

"' I 
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for elution, geve the major ~reduct in about an% 

yield (mp 239°S). This product ~an ch~rccterize~ by 

l /n -1 4o•,_, em 
9 ~nd ot~er h~nds ryhich ~ere char~cteristic 

str']_cture, 

16 • Corrmound 16 " ~ 
harJ boen characterized in an earlier 

in~estigation(23). The otter products gore 9robnbly 

sane quinol ethers, ~nd these were not analyzed. The 

significance of comnound 16 was that the coupling occurred -
through the t'lf1o oxygen atons to yield a car-bon-carbon 

cou~led product. The oxidation off-naphthol by 

hexacyanoferrate (III) had been earlier shown to yield 

carbon-oxygen coupled products(24-25). 
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Tests for Radical formati~g 

All the oxidation reactions in~estigate~ 

Gs~G abservej to nroceed via radical intermediates forsc~ 

in tho rate deterBining step of these reactions. The 

presence of t~ese radical intermediates was co~~irned ~~ 

the follo~ing tests: 

(a) Red~ction of inorganic ions, R• + M(n+l)+ 

+ Mercuric chloride was easily 

reduced by these rGdicals to insoluble mercurous chloride, 

which nas relatively inert towards reoxidation by the 

oxidant~Mn+ • 

(b) Polymerisation of an added olefinic mono~er, such as 

acrylonitrile or acrylamide. 

Acrylaoide and the substrate were placed in the 

loiil.Ter part of a T),1Unberg tube (26L ~7ith t 7''e oxid3':1t 

sol~tion placed in the u9per portion of the tube. T~e 

systen was evac~ntad, filled gith dry nitrogen, ~nd then 

sealed. The t~o sol~tions were mixed ~nd allowed to stand 

at the reaction tea?erature. After 30 minutes, there was 

the formation of a white opalescence, indicating the 

formation of n polyuer. 

ES'i{ measurements 

The prese~ce of radic~l inter~ediates formed 
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in the rote dctermini~g ste,s of these reactions ~as 

detected nlld confir~ed by esr neasurements. 

Using the re~uisite reaction conditions, the 

radic3ls ~ere generated in a flow systen by mixing t~e 

substrate and oxidant, by volu~o, in an esr s~~~le tube 

just outside the cavity of the spectro~eter. Tho ~ixture 

was ?laced under high vacuum, in order to ex,el dissol~ec 

oxygen, and the sam~le tube was placed in the cavity of 

the spectrometer. The conditions for obt&ining the 

spectrum Qt rooo temperature were as foll07Gg 

Scan range 

field set 

4000 G, 

3300 G, 

~odulation anplitude 6.3 G, 

mierocrave frequency 9.45 GH~ 9 

tine constant 0.3 sec, 

scnn tine 4sin. 
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CHAPTER 1 

* KINETICS OF OXIDATION OF MONOHYDRIC PHENOLS 

The oxidation of monohydric phenols has been 

studied by several workers, using variety of oxidi~ing 

agents. 

EARLIER \'iJORK: 

Phenol and substituted phenols have been oxidized 

to coupled products, by a variety of oxidizing agents such 

as acidic KMno 4 (1), LTA(2~3), Pb0 2/HOAc(4-6), oxygen(7-10), 

photooxidation (11), autooxidation (12), anodic oxidation(l3), 

KI/NaHC0 3 (14), peroxydisulfate(15-18), chlorine dioxide(I9), 

c1 2/znc1 2 and so2ci 2/zne1 2 (2o), enzymatic oxid~tions(21-22), 

H2o2 , Feso 4/H+{23), Cu(II)-o-toluate(24), Ag-phenolate(25), 

potass~um \rans~1 1 2-diaminGcyclohexane tetraaeetate 

manganate (III) (27), FeC1 3 (~8), and by benzoyl peroxide(29). 

Phenols and substituted phenols have been 

converted to quinones by oxidizing agents such as acidic 

KMno 4 (30), LTA(30-31), acid iodate(32-33), acid periode.te 

(34-36), acid bromate(37), peroxydisulfate(38-39), peroxy­

disulfate catalyzed by silver ions(40-42), V &l and Cr( 1ri)(43), 

----------------------------------------------------------------· * S.N. Singh, M. Bhattacherjee and M.K. Mahanti, Bull. Chern. 
Soc. Japan, ~ , 1855 ( 1983). 
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T1(III) ~cetate (44), ch1oramine-T(45), Fe(III)-1, 

10-phenanthroline complex (46), Frerny's salt(47-48), 

p heny 1 i odos o acetate ( 49) , Hg
2+ in acid medium (s-o),. 

The oxidation of 2,6-dimethylphenol had yielded 

the diphenoquinone as the major product, when the oxidation 

was carried out by LTA(2), FeC1 3 (51-52), cro 3/HOAc(51-53), 

acidic dichromate(51), ammonium persulfate(51), peroxy­

disulfate catalyzed by silver ions(54), peroxydisulfnte/cu(II)-

s a 1 t ( 55 ) , A g 2 0 ( 56 ) , M n 0 2 ( 52 ) , M n 0 2 /P b 0 
2 

/A g 
2 

0 ( 57 ) , A g ( I I ) -

picolinate(58), H2o2 /Feso 4 , H+ {23), H2o2/cu-salt(55), 

acetyl peroxide(59), ~enzoy~ peroxide(29,59), t-butyl 

peroxide(29), t-butyl hydroperoxide(60), rmo 3 (51), G1 2 (51), 

Br 2{51), CI0 3F/OH- in both honogeneous and heterogeneous 

phases (61), Cu(II)-o-to1uate(24), 3-Bro~ocamphor/Cu-~eta1(62), 

Na0Cl/Cu(II)-snlt(55), air in the presence of azobisiso­

butyronitrile(7~, o 2/cu(I)-salt, pyridine(63), air/CuCl in 

pyridine(64), o2/cu(II)-salt(52, 65-66), o2 /perbenzoic acid 
/ ~ 

(67), o2/enzyne at pH 4.0 (68), and by 3,5,3 , 5- tetra-

methyldiphenoquinone(69}. 

The oxidation of 2,4,6-trichlorophenol had yielded 

trimeric products, when oxidized by sodium pheno1ate/I2 , 

rrcetone (70), Cucl 2 /pyridine(25), and by Ag-phenolnte 

(25,71). 
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The oxidation of guaiacol had yielded coupled 

products. F'or example, the anodic oxidation of guaiacol 

hnd resulted in theformation of para-para coupled products 

(72). Later investigations on the oxidative couoling of 

guaiacol were carried out using oxidant~ such as H 2 o 2 /en~yme 
(73), Ag 20(74), o2 /enz-yme(74) at pH 4.8, hexacyanoferrnte(III) 

in ~lkaline medium(74), and by activated Mno 2 {75). Tbe 

oxidation of guaiacol by sodium periodnte yielded a-benzoquinone 

in about 65% yidld (76); but with excess of periodat~, the 

quinone was slowly oxidized to cis-cis muconic acid. The sane 

product, a-benzoquinone, wn.s formed when guaiacol was oxidized 

by periodic acid(77). 

The oxidation of vanillin by FeG'l 3 (78), H2o2 /.enzyne 

(79), Na2s 2o8/Fe-salt(80), and by o 2/laccase(81}, had 

yielded ortho-ortho coupled products. The oxidation of 

p-substituted guaiacyl comnounds had resulterl in the formation 

of diphenyl conpounds, wherein the coupling had occurred 

at the position ortho to the hydroxyl group(82). 

The oxidation of eugenol had yielded ortho-ortho 

products, when the oxid~tion was performed by FeCI 3 (83-85), 

and by o2/enzyoe(85-87). 

Potassium hexacyanoferrate(III) in alk~line mediun 

hns been used for the exidntion of p-cresol(88-93)~ p-methoxy­

phenol(90), 2:4-di-tertiary butylphenol(94), and p-aminophcnol 

( 95) • 
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PRESENT ~1IORK 

The kinetics of oxidation of monohydric phenols, 

by hexacyanoforrete(III) in alkaline oediun, has not received 

rnuch attention. The present work is a detailed kinetic 

investigation of the oxidation of Bonohydric phenolsiphonols 

and substituted phenols, vn~illin and eugenol) by potassium 

hexacyanoferr~te (III), in alkaline medium, at constant 

ionic strength, under a nitrogen atcospbere, using aqueous 

Stoichiooetry {vide 1 Experir.Jental 1 ): 

The stoichmonetry of the reactions were deternined 

to be: 

( rn) For Phenol 

(b) For quaiacol 

(c) 

2C
7

H
8
o2 + 4Fe(CN):- + OH 

For 1Janillin --
2G

9
H

8
o

3 
+ 2Fe(C'N)~- + OH ~ c

16
H

14
o6 + 2Fe(CN):­

+ + H
2
o + H 
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Effect of substrate, oxidant and nlkBli 

The :rra..tes of all these reactions were observed 

to be dependent on the first powers of the concentrations 

of substrate, oxidant and alkali {Tabqes 1-7). 

~hen a constant concentration of substrate (large 

excess) was used, k b did not show any ap?reciable variation 
0 s 

with changing concentrations of oxidant, indicating a first 

order dependence of the rate of t~e reaction on the concentration 

of the Oxidant (Tabg)es 3-4). 



Table 1 Effect of substrate 

-----------------·------------------------------------------·---------
Substrates 

0.005M O.OIOM o.025M 

-----·-----------------------------------
* Phenol 2.0 3.6 

* a-cresol 0.5 1.1 2.6 

* o-cresol 6.6 13.0 33.2 

* p-cresol 70.0 360.0 

a-chlorophenol 0.5 1.0 

p-chlorophenol 1.3 2.7 6.5 

' * o-rnethoxyphenol 10.5 20.9 52.4 
( guaiadH) 

+ p-oethoxyphenol 120.0 234.0 605,.0 

o-carboxyphenol 0.5 1.0 2.6 
(salicylic ncid) 

rn-carboxyphenol 1.0 1.8 4.7 
~ 

p-carboxyphenol 0.4 1". o· 1.7 

2 1 4-dichlorophenol 0.5 Ll 2.6 

2,4,5-trichlorophenol 0.3 0.5 1.3 

2,4,6-trichlorophcnol 0.5 0.9 2.6 

Vanillin 1.2 5.7 

Eugenol (30°C) 180.0 

:t-4= 
364.0 905.0 

Methy1cugenol 1.4 2.3 

I K3Fe(CN) 6 I = 1 x 10-
3

M; I NaOH I = 0.5M ; 

MeOH = 50%( v/v); fk· = 0.5 M. *At 50oG'. 

18.3 

5.4 

716.0 

5.2 

13.5 

105.0 

1200.0 

5.1 

9.3 

3.6 

5.6 

2.6 

4.5 

11.2 

11.0 

+/K
3
Fe(CN)

6 
/ =I~l0-3M;/NaOH/ = 0.05M; }AeOH = 70%(,r/v}; 

fA-= 0.5 M; temp. = 30°C'. ; f4 /K
3

Fe(CI\T)
6 

1 ::: 5 x 10-4M. 
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T n.b 1 e 2 Effe~t of substrate 

--------------------------------------------------------------------
Substrntes 

0.0001M o.ooosM 
----
o-amli:nophenol 1.5 7.5 

o-aninophenol o. 1 0.6 

2,3-dimethylphenol 0.8 0.4 

2,5-dimethylphenol 1. 4 1.0 

* 2,6-dimethylpbenol 1. 0 5.2 

3,4-dinethylphenol 1.1 5.5 

I K3Fe(CN) 6 I= 1 x 10-
3

M; I NaOH I- 0.1 M; 

I MeOH/- 50% (v/v);J-A--· = 0.5 M. 

O.OOlM 

15.2 

1..4 

8.7 

14.0 

10."0 

11.0 



Table 3 Effect of oxidant 

Substra.tos 

( O,OUJ!) 

---
* Phenol 

* a-cresol 

* o-cresol 

* p-cresol 

a-chlorophenol 

p-chlorophenol 

o-methoxyphenol 

p-nethoxyphenol 

o-carboxyphenol 

+-

+ 

(sn.licylic acid) 

n-carboxyphenol 

* p-carb:)xyphenol 

2,4-dichlorophenol 

2,4,5-trichlorophenol 

2,4,6-trichlorophenol 

Vani 11 in 

Eugenol (3o0 c) 

Met hy 1 eugen o 1 ('1. S''t 10-Jt\1) 

I NaOH I = 0.5M . MeOH ~ 

* 0 + /N aOH At 50 c. I 

-

= 

0 = 0.5M; temp. - 30°C. 

~.OOOlM 0.0005M 

3.5 3.8 

1. 2 l. 4 

I. 4 1.5 

146.0 145.0 

1 .. 0 0.9 

2.5 2.7 

10.6 11.0 

12~.0 120.0 

0.9 1.1 

1.7 1.8 

'J.7 ~.'. 8 

1. 0 1.2 

0.5 0.6 

l.O 0.9 

2.4 2.1 

360.0 365.0 

·1. 5 ~ .• 3 

50% ( vlv); p. - 0.5 M • 
i 

0.05M • MeOH - 70% (v/,r); 
' 

0.001M 
---

3.6 

1. 1 

1.3 

143.0 

I. 0 

2.7 

10.5 

120 .. 0 

1.0 

1.8 

0.7 

Ll 

0.5 

0.9 

2.3 

364.0 

1.6 
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T r..ble 4 Effec~ of oxidant 

Substrates 4 -1 , at 40°C· for /K 3 Fe(CN) 6 / at 10 xk 
obs' 

s 

(10
3 

X M) 

(0.001 :M) 0.01 M D.05M o. 1M LCM 

0-aninophenol 15.5 15.3 15.2 15.2 

m-aminophenol 1.3 1.5 1.4 1.4 

2,a-ctinethylphenol 8.7 8.5 8.6 8.7 

2,5-dimethylphenol 13.8 14.0 14.2 14.0 

* 2,6-dimethylphenol 9.;9 10.2 10.0 10.0 

3 1 4-dioethylphenol 10.8 11.1 11 .. 0 11.0 

/NaOH/ = O.IM ; MeOH = 50% ( v/v) 9 fA= 0.5 M. 
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Table 5 Effect of NaOH 

Substr::-.tes 10
4 

k 
-1 

40°C for /N o.OH/ at X 
obs' 

s , at 

(o.oniJ) o. 1OM o.30M ').50M 

* Phenol 0.7 2.0 3.6 

* a-cresol ').2 0.7 1 • 1 

* m-ere sol 0.3 Oo9 1.3 
.. 

p-cresol 28.0 86.0 143 .. 0 

a-chlorophenol 0.2 0.6 1 .o 

p-chlorophenol 0.5 1.6 2.,.7 

o-carboxyphenol 0.2 0.6 1,0 
( s o.·l icy 1 i c acid) 

m-carboxyphenol 0.4 1.1 1.8 

* p-carboxyphenol 0.1 0.4 0.7 

2,4-dichlorophenol 0.2 0.6 1.1 

2,4,5-trichlorophenol 0.1 0.3 0.,5 

2,4,6-trichlorophenol 2.0 5.5 9 .. 8 

Van i 11 in 0.4 1.2 2.3 

Eugene 1 ( 3occ) 73.0 220.0 364 .o 

Methyleugenol 4= 0.4 1.0 i.6 

-3 
- 1 x 10 M; MeOH- 5')% (v/v); 0 = 0~5 M. 

~/Substrate/= 7.5 x 10-3 M ; /K3Fe(CN) 6 I= 5 x 10-4M. 
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Table 6 : Effect o~ NaOH 

Su!:1str"tes 

(0.0.05 l\J) 

o-mP.thoxy"1her-o 1 

( g 113. i 3. c 0 l ) 

I)-ITo0thoxyDhenol 

104 
X k obs' 

-I s 

0.025M 

5.2 

61.0 

-----------------------

0.050M 0 .10M 

10.5 21.0 

120.0 242.0 

-3 = 1 x 10 M; Me6H = 1 o% ( vI v ) ; fL = o • 5 M • 

Table 7 : Effect of N3.0H 

Substr3.tes 104 
k .-1 at 40°C for INaOHI at X obs' s , 

(n.oolM) o.o1M o.o5M O.lOM 

o-!lmino...,henol 1.5 7.4 15.2 

m- 3.mi no '1h e:v<a 1 0.2 (1.7 1.4 

2,3-dimethylryhenol 0.9 4.6 8.7 

2,5-di~ethylohAno1 1.4 7.0 14.0 

* 2,6-~imethy11)henol I.O 5.0 10.0 

3,4-dimethylnhenol 1.2 5.6 11.0 

IK 3Fe(CN) 6 I = 1 x 10-
3M; MeOH = 50% (vlv); ~ = 0.5M 

* At 30°C. 
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~ate Invr 

the rqte l~w coulct be exnressed 2s: 

Rate == -

( 1 ) 

The DSeudo first order r3.te constant, k b , was determined 
0 s 

by keening the concentrations of two out of the thr0.e 

re3.ctants (substr~te, oxidant and alkali) constant, ann was 

calculated from the equation (96)~ 

k ,.2.30,L log 
o bs = t { 2) 

where D was the initial oDtical density of the reaction 
0 

mixture, ~nd Dt was the ODtical de~sity at time, t 

(vide 1 ~X':')erimental' :Calculations). 

Solvent influe"ces 

The rates of these reactions were influenc~d 

by ~ chqnge in the solvent comDosition of the meriium. 

T~e rQtes of these reactions showed a decrease, with 

incre~si~g ~ro~ortions of methanol, that is, with a decre~se 

in the ~ielectric co~stqnt of the meoium (Tables 8-10). 
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Table 8 Effect of solvent 
..;;.__.,.._,., __ ..,._, _________________ _ 

Substrates 

(~"'.OlM) 
4 -1 0 

10 ~ kobs" s , at 40 C for Me0H(%,v/v) nZ. 

so% 55% 60% 65% 
~~--~~------~~--------~---------,--------------

1.8 

"*: 
o-c~esol 1,1 0.1 o.s 

-1!-
m-~~esol 1~3 1. l 0.,9 0.7 

* ~-c~esol 14~~0 116;,0 88'l.O 52.0 

0.9 0.1 0.6 

1 ... 8 1._6 

o~c~rboxy~h~nol 1.0 0.,1 0 ... 6 
(s'lliGylic ac.id) 

m- c.a,J7 bo X.y..r.:>heno 1 1 .v8 1_ •. 4 1 .... 0 0.7 
·)(-

p-carboxyphenol 0.1 0.5 0.,2 

o .•. 9 0 •. 5 

0.,2 o .. J 

2,4,6-trichloronhsnol 0~9 0._6· 0.5 

Vanillin 2.3 1-•. 8 1 ... 4, 0.8 



T'lble 9 

-------· 
MeOH - H?.O 

(%, v/v) 

60 

Effect of solvent 

o-methoxypheno1 p-methoxy~heno1 

(gu~b.col) 

4 -1 0 
(1o x k b , s , ~t 30 c) 

------------------------ ----~o~s ______ _ 

50-50 170.0 

60-40 14,1 158.0 

65-35 12.9 

70-30 10.5 120.0 

75-25 9 .. 0 

80-20 70.0 

I Substrates I= 5 x 10-3M; I K3 Fe(CN) 6 I== 1 x 1o-3M; 

I N .'1 0 H I = 5 X 1 0-
2

M ; fL = 0 • 5 M • 



61 

T-'lble 10 Effect of solvent 

Suhstr<ltes 10
4 

ko bs • 
-1 

at 40°C for MeOH 3t X s 
(%,vlv) 

(o.oolM) 50% 55% 60% 65% 70% 
-

+ o-3'11ino.,henol 1.5 I. I 0.9 0.6 

m-aminoryhenol 1.4 LO 0.7 o .. s 
2,3-dimethylohenol B.Y 7.4 5.1 4.0 

2,5-dimethylohenol 14.0 9.6 7.9 5.3 

* 2,6-dimethylohenol Io.o 8.6 7.2 6.0 

3,4-dimethylohenol ll. 0 9.2 8. 5' 7.9 

I K 3F e( CN) 
6 I = 1 X 1 o-3 M • 

' 
I NaOH I = o .. l M· ' 

p, = 0,.5 M. 
! 

+ 
I Substrate I = I X 1 o-4 M 

The nlots of log k b ag~i,st the reci 0 rocal of the 
0 s 

dielectric co~st~nt were line~r, with negative sloryes (Figs. 

1-5). This sho~ed th~t the re~ctions under consideration 

involved ions of the same sign, Using the Sc~tchard 

equBtion (9Y), the values of r, the distqnce of approach 

between the ions, were calcul3ted (Table 11); these values 

of r were of the right order of m~gnitude. 
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3.2 

r 1 p-cresol 

2 phenol -,:li 
~ 
~) 3 vanillin 

..:::d 
4 m-cresol ,....., ... 

·~ "-~ ..... ~ 

5 o-cresol 
i-

-:.:t-
1. 8 

0.4 
1 .86 2.02 

1/D -? 

Fig. 1 Plot of log kobs against 1/D 
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1 p-mathoxyphenol 

2 gua.iac ol 

3 eugenol 

4 methyleugenol 
1.2 

4 

o.or-----------------~----------------------L---
1.8 2.1 2.4 

1/D --'-7 

Fig •. 2 Plot of log kobs a.ga inst 1/D 



1 • 25 -··------1hot-------..:.::--------------l 
o-1;ydroxybenzoic acid 
m-h~ydroxybenzoic ac iCl 
p-hydroxybenzoic acid 

i ' 
. I 

.. ........... 
4 · o-c ~~-lurouf.;enol 
5 p-chlorop1.,enol 

0.251------------~----------~~--~--~--~ 

1.8 1 .9 2.0 2.1 

1/D ~ 

Fig. 3 Plot of log kobs against 1/D 



;;>r:.j 
"'"" -1-­
..:t 

0.9 

1.8 

65 

1 2, 4-dic h~oropt-.enol 

2 o-aminophenol 

3 2, 4, 6-tri-'d1,lorophanol 

4 m-aminop henol 

' , 
2 

1.9 2.0 2 .1 
1/D ~ 

Fig. 4 - Plot of log kobs ageinst 1/D 
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2 

3 
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2,5-dimet~ylphenol 

3, .4-dimet b.;yl-p b.anol 

2,6-0imet~ylp~enol 

4 2, 3-Cl.im3t hy-1-o'" eno-l 

--.g_____ ~ 5 2,4,5-trichlorat;>harol 

------ ~ -------~-E.. '-, .,_ 
. - "'-~ 

~' 
3 

5 

0.4~----------------------~~--------------------------H 

1 .8 

Fig. 5 

2.0 

1/D ~ 

Plot of log k ~ against 1/D 
OJUS 

2.2 



T"lbie II 

-------------------------
Phe·10I 

a-cresol 

m-cresol 

p-cresol 

o-chloro~henol 

p-chlorol')henol 

o-c'lrboxyohenol 

(s!!.licylic acid) 

m-carboxyphenol 

o-c:J.rhoxyohe'lol 

V'lnillin 

Eti_g eno I 

M ~ t h y I e n.g e >1 o 1 

o-methoxyDhenol 

o-methoxyohenol 

o-amino'1henol 

m-al'linor:Jhenoi 

V~1.lues of r 

5.6 

5.0 

4.6 

4.8 

6.5 

6.8 

5.2 

5.0 

~.4 

4.5 

4.2 

._..o 

3.1 

3.8 

4.5 

4.2 

----------------------------------------------------
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In the ~lkali~e f~rling of bromph~nol blue 

(BPB). i~ mixtures of eth3nol qnd w~ter (98), it w~s 

shn•~ th~t the nlot of log k ~g~i~st the reciprocal of 

the ~ielectric co~st~nt w~s li~ear, with a negative slopc
1 

si~ce tbe reaction w~s betwe8~ 3 univ~lent negative ion(OH-) 

an~ 3 div~lent neg~tive ion (BPB2-), that is, betwePn tons 

of the s~me sign. 

Effect of temoeratu£2 

The rates of these reactioPs were enhanced, with 

~~ i~crease in temper3ture (Tables 12-13). 
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T!:tble 12 Effect of temoerature 

------------------------------·------
Substrates 4 -1 0 

10 x k
0

b
3

, s , at te!"lDeratures(± 0.1 C) 
(O.GH M) 

30,.0 35.0 
--------------------------------

Phenol 1. 8 

o-cresol 0 .. 6 

m-cresol s .. o 
p-cresol 96,.0 

a-chlorophenol 0.8 

p-chloro9henol 2.2 
+ 

o-mathoxyohenol ?10.5 14.3 

(guair.oot) 
+ p-methoxyohe~ol 120.0 13~.0 

o-carboxypheno1 

m-carboxyphenol 

p-carboxypheno1 

2,4-dich1orophenol -

2,4,5-trichloroohenol 
0 .. 2 

2,4,6-trichlororyhenol 
0.6 

Van ill in 

Eugenoi(i.o)<.;o-4-rvy* 2.4 

* Methyl eugenol 0 .. 9 

o.8 

1.,4 

0.,6 

0.9 

0.,4 

0.7 

1 .. 7 

1.2 

Me o H = 5o% ( vI v ) ; fA = o .. 5 M • ; * 

40.0 45.0 50.0 

2.4 2.9 3.6 

0.7 0.9 1 • 1 

10.0 1.1 • 1 13 .B 

110 .. 0 122.0 143.0 

1 .. 0 1.6 

2.7 3 .,1 4 .. 0 

18 .. 6 20.5 26.8 

146 .. 0 172 .. 0 

1 .. 0 1.1 1,.3 

1.8 2.1 

0.7 0.9 1 .. I 

1. 1 1.3 

0.5 0.6 

0.9 1 .. 1 

2.,3 3.0 4.6 

1.5 2.,0 

/NaOH/ = 0.0514. 

+ /Substr~tesl = 5 x 10-3M; / K3Fe(CN)
6 

I = 1 x 10-3 M; 

IN a 0 H / = 0 • 0 5M ; M e 0 H = 7 C, ~ ( vI v ) ; JA = 0 • 5M 

~ -3 ' -4 
/S!.lbstrate/ = 7.5 x 10 H; /K3Fe(CN) 6 1 = 5 x 10 M. 
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Table 13 Effect of temperature 

Substrates 104x k -1 at temperatures o bs' s ' 

(o .. ool M)" (± O.l°C) 

30.0 35.0 40~0 45.0 

+ 
0-arninophenol 0.,8 1.3 1.5 2.0 

m-aminophenol 1. 2 1.4 1.6 

2,3-dimethylpheno1 7.3 8.7 1.0 

2,5-dimethy1pheno1 IL4 14.0 16.3 

2,6-dimethylphenol 10,_0 13.2 15 .. 1 

3,4-dimethy1phenol 9.4 11.0 12.,8 

/ K3Fe(CN) 6 / = 1 x 10-
3 M; / NaOH / ~ 0.1 M; 

MeOH = 50% (v/v); fA= 0,5. M~ 

+ /substrate/ = 1 -4 
X 10 M. 

50~0 

I • 9 

1.2 

18.,5 

16.3 

The plots of log k b against the reciproc~l 
0 s 

of te~oerature were 1ine3r ( ffigs. 6-10) .. The slopes 

of these olots were used to calculate the activation 

energies. The other activation parameters were ca1cu13ted, 

and have been shown (Tables 14-15). 
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1 p~resol 

2 :phenol 

3 vanillin 

4 m-cresol 

5 a-cresol 

- 1.8 \:3-

3.1-

- 4.4.r-------------~------------~--~ 

3.08 3.26 

Fig. 6 - Plot of log kobs against 1/T .· 
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1 p-met 1., ox:ypt., enol 
2 guaiacol 

A 3 eugenol 
I '"' 4 m3t hyleugenol 
~ < .. 

··or- 3. 4· ........ ~ 

- 4·2~-----------------,-------------------T----~ 
3.08 3.19 

103/T --7 
Fig. 7 - Plot of log kobs against 1/T 

l ........... ~ 

'h 

3.6 

--~,, -3.90 ·-
·--.t 

1 

2 m-aminophenol 
1 

-4.10--·~------------------~----------------~~ 

3.U8 3.19 
103/T ---7-

Fig. 8 - Plot of log kobs against 1/T 



- 3.41·· .. , 
5 

2 

-3.8 

-4.2 
3.08 

Fig. 9 

7 0 
u 

1 o-i~yd.roxybanzoic acid 
2 m-~·ydroxybenzoic acid 
3 p-hydroxybenzoic acid 

....... 

4 0-ci..,loropi..;enol 
5 p-c hlorcmhenol 

3.17 
103/T ~ 

3.26 

Plot of log kobs against 1/T 



-2.6 

-4.6 

3.1 
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1 2, 3-Cl.imet~l-p';.enol 
2 2, 5-dimat"'ylp'.,enol 
3 3,4-dimethylphenol 
4 2 'i 4, 5-tric f~lorap'"'enol 
5 2, 4, 6-tric ,.,lorop'-'enol 
6 2,4-dichloropherlOl 
7 2 9 6-dimethylphenol 

3.2 
103/T ~ 

Fig. 10 - Plot of log kobs against 1/T 

3.3 



Table 14 A c t i vat i on P o r am e t e r s 

Substrates 

Pheaol 

o-cresol 

n-cresol 

p-cresol 

a-chlorophenol 

p-chlorophenol 

25.1±0,8 

32.7.±0.9 

28.1.±,1.1 

20.2,:t0.9 

35,6.±0,7 

o~methoxyphenol 23.0.±,0.8 

(guaiacol) 

p-oethoxyphenol 18.1.±,0.5 

o-carboxyphcnol 23.1+1.2 
(salicylic acid) 

o-carboxyphenol 27.7.±,1.5 

p-carboxyphcnol 28.4.±,1.3 

2,4-dichlorophenol 26.8+1.2 

2,4,5-trichlorophenol 
57 .4+1.5 

2,4,6-trichlorophenol 
22.6+1.0 

Vanillin 40.0+1.3 

Eugenol 27.5+1.0 

Methy1eugenol 39.6+1.1 

+-
A L)H 7 

_,( 

(s-:',1") (kJnol- 1
) 

170+1.6 22.0+0.7 

20±1.0 29.2+0.8 

9+0.5 25.0+1.0 

6.±,0.5 17.4.±,0.8 

91.±,1.0 32.9+1.0 

88+1.0 30.4.±,0.7 

9.5.±,0.5 20.4.±,0.8 

0.3 15.6+0.3 

0.7 20.5+1.1 

4+0.2 25.8+1.2 

3+0.2 24.1+1.1 

0.7 54.8+1.3 

0.5 20.1+1.0 

3 1.1x10 

14+0.8 

37.3+1.0 

25.0+0.7 

L)s* 
' -l -1) (JK mol 

-210+5 

-195+5 

-185+5 

-206+5 

-216+3 

-216+5 

-120+5 

-263+5 

-256+8 

-237+7 

-242+7 

-243+6 

-152+3 

-258+6 

-196+5 

-231+5 

-200+6 
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Table 15 Activation P aram.cte:rs 

Substrates E A _6H f= cj,S=f:: 
a 

(kJrnol- 1 ) ( s -1) (kJmol -1) -l -1) {Jk n0l 

o-aoinophenol 50. 7.±1· () ~· 4 
r:~. Ox l 0 4~,. :l+O. e -163+4 

m-aninophenol 25.5+0.6 2.5 22.9+0.5 -246+6 -
2~3-di~ethylphenol 25.9.±0.6 19.0 23.3+0.6 -229+6 

2,5-dimethylphenol 26.5+0.5 36.0 23.0+0.5 -223+6 -
2,6-dimethylphenol 22.7+0.5 I. 0 20.0.±0.6 -254+5 

3,4-dimethylphenol 30.4.±0.6 133.0 27.5+0.5 -213+5 

Effect of ionic streng~ 

The variation of ionic strangth by using 

NaCl0
4 

(8.10M to 0.50J\1), did not have any effect on the 

rates of these reactions. 

Effect of added K 4~e(CN) 6 

The addition of K
4

Fe(CN)
6 

in the concentration 

range, 1.n x 10-4M to 1.0 x 10-3M, did not have any 

influence on the rates of these reactions. 



77 

R~dic~l intermediates (Vide 1 Experiuental') 

Phenols are kno~n to give rise to stable r~dicals, 

w~ich have ~aen da~ected nnd characterized (99-10~). 

In tho present investigeticn involving the 

oxid3ti~n of n~~ohydric phenols by alkaline hexacy~noferra~~ 

(III)~ the esr spectrn of the radicals generated in a flow 

systeB have co~fir~cd the presence of r~dical intermerliates, 

thus establishing that the reaction pathway was via the 

formation of radic~l interDediates foroed in the rate 

deteroining step of the reaction. 

(a) Frc~ the oxidation of phenol and cresols 

The esr spectra of the radicals genereted in n 

flow systeo fron the oxid2tion nf phenol and cresols by 
-

elknlinc hexncynnoferrate(III), reve2lcd a s~ectral 

pattern sinilar to that reported earlier(l~l). These res11lts 

confirood the forcation of a radical i~tersediate in t~s 

rate detercining step of the reaction. The r~dicnl 

tntercediates forced, showed absorptions in the visible 

region betwoon 65~ nn and 67~ no, and a typical band at 

1560 ee-l in the infrared 8poctruo. 
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(b) Froo th£_oxidation of quaiacol: 

The csr spectruo of the radical generated in 

a flo~ systeo froo the oxidation of guaiacol by alkaline 

hexacyanoferrate (III), was obiained as a spectruo 

consisting of 9 lines, which were rather broad. This 

spectrum was interpreted in a nanner sioilar to that 

in an earlier investigation (101). The rate deteroining 

step of the reaction involved the foroation of a radical 

interoediate, which could be stabilized by resonance. 

This radical showed a typical absorption band at 1560 co-l 

in the infrared spectruo. 

(c) Froo the oxidation of vanillin: 

The esr spectruo of the radical generated in 

a flow systoo fran the oxidation of ¥anillin by alkaline 

hexacyanoferrate (III), gave 6 spectral lines. The 

splitting due to the hydrogen atoos in positions 3 and 5 

uere observed~ Th~s radical interocdiate showed an 

absorption in the visible region nt 650 n~, and gnve an 

nbsorption bnnd nt 1560 cn-l in the infrared spectFum. 

In general, phenoxy! radicals have been 

charactefiized by their electronic spectra (102-103). 
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:Mechanil!lm 
.... --

In the prese3t investig~Lion~ inTolvi~g t~c 

oxid~tion of nonohydric phen')lS !Jy c:.ll~aline heX.?..ClJD.!!ofer-r_nte 

(III), the oecha~ietic pnth~ays have been est~~lis~ed on the 

b~sis r:>f the for:J'ltion of r~cic'll interie(Hates {confirned 

(a) Oxidatic~ 0f phc~~l ~n~ cresols~ 

T I-.. e ;; h c n ox y r n. ,u c n l , ~ - , is f! t n b i li z..e d by 

resonance(~ ~ ~ ~ 3£-~ ~) .. The re~ctio~ o~ 

~ + 2c,- follovrcd by the rerJo'r'2l of -2.n. electro!:l, by 

hexuoyanof~rrate (III),_fran the resultant product,_~,_ 

yields 1 ._.Sinila~lJ', the 1'-B.aetion of 3..£ with the nninn o! the 

cresol, at the ortho posmtion, w·ou.ld a.ff'ord the ..,ou."Jlec: 

rajical, ~ • The latter is oxidized further by hexacy~~o­

ferrate (III), undergoing aronatiz2.tion,_ to gi,re 4-_aryl-

"f-,..ne t hyl eye lohex ~d ien one, 2 . C OD"l OlHld ~ undergoes rL..--... 

intramolecular Michael additi~n reaction, ~nd iG co~7erted 

t.o the keto:::G 1 II ,. - 5 c~n ~ls0 ~e envisaged 
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as arising fro~ the cou~llng of the t0o cRnonicgl forns, 

2b -1- ~· The clnal e'ourse of th2 oxidatinn 0f p-cresol lends 

sup?ort to the resonanee hybrid structure of the phenoxy 

radieal, 2 • The reaction se~ue~ce is given in the 

Scheoe. 

This reaction scquenee finds support fran the 

synthesis of co~plex nqtural produgts sueh as usnic acid 

(91) and griseofulvin (1~6)~ Signifi•antly, a key step 

in the ~iosynthesis of oany of these conpo~nds is the 

oxidntive eou~ling of a phenol~ 

It 'Totild. he renso:'1n:)le to assur.e that the phenoxyl 

radi~als, once for~ed, would couple at the pos~tions of high 

spin deneity~ Such eou~ling would be rapid nnd irreversible. 

Support for this hypothesis eo~es fran flash ~~otolysis 

experiments in which phenoxyl radicals hav~ heen generated 

in solution, ~nd their decay followed spectrop~otometricelly 

(107-108). 

(b) oxidation of guaiacol: 

In guaiacol, tho obeerved coupling positions, 

ortho and par~, show that a free phenoxy! r~dical uould 

he reactive o~ly on the oxygen nnd on the ortho ~n~ pare 

carbon atons.. The resonnnco strnctures for tho ro>.:!ic-~1 
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at these positions. Gu5iaeol, l , can be oxidized to the 

corres?onding phenoxyl radical, ~ ~ ~ -E:--7' ~ • Cor1bin.ntion 

of 2 a .,._ 3..£ VJ o u l c1 r e s u 1 t i n t h o for 2 at i o ;1 o f t :_-:, e d in e r , 1 

whieh would undergo t~tttoneriz,tion ra?idly iri neth~nol, 

and would be oxidized further to yield the exten~Gj 

quinone, .1 • f.lo other intermediate product(;) . could be 

recovered. The oech~nisn is shown in the Scha~e. 

(c) Oxidation of vanillin 

In t~e cnse of vanillin, the rn~icql forned 

would be reactive on the oxy~en ~nd in the ortho position, 

since the p~ra position uns blocked. Vanillin, l , can ~e 

ox i d i z e d !; y :1 ex n c y n ~1 0 f e r r at e ( I I I ) t o t h c r ::-.rH c a 1 , 3. -- ~. 

Conbination of ~ + 2a would ':jiYe the c~iT~er, 1 , VJ!·!ich 

llfOuld undergo t.:1:ll.tor:1erization in ..:1etl1anol r::1pic~ly to gi"e 

divanillin, I • The reaction sequence is gi~en in the 

Scher:e. 
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OH 0 

3-Fe(C N) 6 
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CHO CHO 
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(VANILLIN) 
o· 0 
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( I } 
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o· 

0 
CH 3 

( 2 a ) 

2b+2c ___,. 

(I)+(2) 

(2d)+(1} 

• 
OH 0 

0 + 2 - 0 Fe{CN)~-
OH 

slow 

CH 
( 1) 3 

CH 3 

( p -CRESOL) 
0 0 0 ¢rH H'Q ' 

0 .. ,. .., .. . J ....,.__.,.. 
~ ::-.... 

CH
3 

- CH3 CH3 

( 2 b) ( 2c) (2d) 

( 2 ) 

0 OH OH OH 

Fe(CN) ~-
fast 

..... 

CH 3 CH 3 CH3 CH3 

( 3) (I) 

Fe(CN)~ 
TRIMER 

(III) 

Fe(CN)~ 

INTRAMOLECULAR 
MICHAEL 
ADDITION 

fast 

(II) 
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CHAPTER 2 

* ;\:ri!EIICS _OF OXIDilTIOfJ Ol~ DIHYDRIC PHSflOLS 

The oxidnti~n of dihydric phenols(catecho~, 

resorcinol, orcinol Gnd quinol) hns been studied hy severql 

W 0 r ~~ e r S US i (< g n ·r 2. r i e t y 0 f 0 X i d i Z i n g age n t S • 

EARLIER ~-.JORK~ 

1. Catechol 

The oxidation of catechol by ferric chloride and 

by silver nitrate at pH 5.9(1), as also nir/enzyDe oXidations 

(2) had resulted in a v~riety of coupled products. There 

have been sooe reports to show that the oxidation of catechols 

was nccon~anied by an aro~ntic ring cleavage (3-5). The 

oxidation of catechol by equeous sodiuo iodate (6) gave a 

radical inter~ediate, 1 , which then yielded the o-~uinone, 

II • The photooxidation of catechol (7) had yielded -

* M. Bhattacharjec and U.K. Mahanti, reaction Kinetics 

Catalysis Letters,~, 449 (1982); Gazz. Chin. It'lliana, 

113 , 101 (1983)9 Dull. Soc. Chin. France, 'Part I, 

0000 (1983). 



OH OH· 

HO OH HO 

HO 
(III) 

~o~o, 

~0~0 
(I I) 

OH 

OH 
(IV) 
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two syn;l'\.etrical cnrbon-carbor1 diners, ill ar1d IV • The 

oxidntion of catechol has been carried ou~ by v(v) ~nd 

C'r( vi) (8) 9 H20 2 / c·u 2
+ ions (9), peracetic acid catnlysed 

b C 2+ _, F 2+ . ( ) 'Y u J.nu e 1ons to give cis cis-ouconic acid 10 , 

netal ncetylacetonates in organic solvents (II). The 

oxidation of catechol by hex~chloroiridate (IV) in 

aqueous perchloric acid was via an outer sphere process, 

the product obtained being a-benzoquinone (12). The conversion 

of catechol to a-benzoquinone has been established in 

earlier investigations (13-22). 

2. Resorcinol and Orcinol 

The aeri~l oxidation or resorcinol in alkaline 

ncdiu~ had given diphenoquinone (23-24). The oxidation 

of resorcinol by hexachlor6iridnte (TV) in aqueous perchloric 

acid war initially fast, followed by a ouch ~lower reaction 

(12) 9 and resulted in the fornation of cou?led products. 

In th0 presence of oxygen or hydrogen peroxide, 

in alkcline solution, orcinol was converted to the dineric 

oono- and diquinones (25). Orcinol has been oxidized to 

!),-p~coupled p ... ~oducts, by- Pb.0:2 ,_ benzophenone / hb, and by 

nlkaline hexacyanoferrnte (III); however, no kinetic details 
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details were ro)orted (26). In aqueous a~nonia, nitrogen 

was incor~or~ted to afford a cooolex nixture af orceine ~nd 

litnus dyes, having colours froM red to violet-blue(27~28). 

3. Ouinol 
~--~-

The aerial oxidation of quinol had resulted in 

coupled products(29), whereas the photooxidation of quinol 

had yielded diners (7). The oxidation of quinol in perchloric 

acid nedium had been carried out by a variety of oxidants 

such as Fe 
3

+ (30), Cr 6+ (31), Co 3+ (32-33), Ce 4+ (34) 

and Mn 3+ (35), t0 give p-benzoquinone~ In the case of 

oxidations by Co J+ , Ce 4+ and Mn 3+ , intermediate con~lexes 

were observed. These conplexes were rapidly decomposed to 

give the semi~uinone radical (or its anion), which was then 

further oxidized to the quinone. The oxidation of quinol 

by V(V} was ra9id (36), and the variati0n of the rate with 

changes in acidity was explained in terns of the deco~position 

of the various cooplexes forned as interoedintes. Np (vr) has 

also been used to oxidize quinol (37), but there was no 

evidence for the forBation of a seniquinone inter~ediate. 

Thalliu~ (!II) trifluoroacetate, taken in either 

trifluoroacetic acid or in cc1
4 

~s solvent~ hns been 

observej to rapidly oxidize 1uinol to p-~uinone in ne~rly 



70% yield (38-39). The laccase-catnlysed oxidation of 

quinol: _o), and the oxidation of quinol by u2o2 catalysed 

by peroxidase (41) 9 gave p-benzoquinone 9 In both cases. 

The oxidation of quinol was not catalysed by tyrosinasa(4~). 

and this constitutes an ioportant difference between 

tyrosinase and laccnse. 



PRESENT !QE!. 

Kinetic studies on the oxidation of dihydric 

phenols by potassiun hexacyanoferrate (III) have not 

received adequate attention (43-44). The present work 

is a detailed kinetic investigation of the oxidation of 

dihydric phenols (catechol, resorcinol, orcinol and 

quinol) by potassiuo hexacyanoferrate (rrr), in alkaline 

oediuo, at constQnt ionic strength, under a nitrogen 

atmosphere, using oethanol (70%, v/v) as the solvent. 

§.!..£ichioz!letry (vide 'Experinental t): 

The stoichiooetry of each of the reactions was 

determined to he~ 

(a) Catechol 

C6H402 

+ 2 Fe(C'N):­

+ 2H
2

0 



(b) Resorcinol 

(c) Orcinol 

on 
vb 

* 2 ®e(CN):­

-+'· 2 H 
2 

0 

2 c7H8o2 + 2 OH- + 2Fe(CN)~- --i c14H14o4 

+ 2Fe(CN)i-

(d) Quinol 

- }3-C.6H602 + 2 OH + 2Fe(Cf\S 6 --? C'6H40 2 

* 2Fe(CN):-

Effect of substrate, oxidant and alkali 

The rate of the reaction was observed to be 

dependent on the first powers of the concentrations of 

su:!:)strate, oxide.nt and al~ali (Tabile ·r). 



Rate data for 

Table 1 

Qt") 
vi 

the oxidatio11 of dihydric phenols 

- ~ 

LSubstrat!}.7 LK3Fe(CN} 6_7 L-NaO]j} Catechol Resorcinol Orci!!ol Quinol 

2 
(10 X M) (103xM) 

1.0 1.0 

2.0 1.0 

s.o 1.0 

1 o.o 1.0 

1.0 0.1 

1.0 0 .. 5 

1.0 0.75 

1. 0 1.0 

1. 0 1.0 

Methanol = 70% (v/v) ; 

2 (10 4 
(10 XM) X k obs' 

5.0 44.7 6.1 64.0 

s.o 89.6 12.3 130.0 

5.0 225.0 30.7 325.0 

5.0 455.0 62.0 652.0 

5.0 44.8 6.3 64.5 

s.o 44.7 6.0 64.0 

5.,0 45.0 6. 1 64.3 

2.5 22.5 3.1 31.8 

10.0 89.8 12.5 128.0 

U-~ = 0.50 M; tenp. = ~0.0 .± 0.1 °c. 
~ 

s-1) 

10.8 

21.6 

54.2 

109.0 

10.8 

10.7 

10.8 

5.2 

21.7 

When a constant concentration of substrate (~arge excess} was 

used, k b did not show any appreciable variation with chanqinq 
0 s 

concentrations of the oxidant, indicating thnt the rate of the 

reaction was de~endent on the first power of the concentration 

of the exidant (Table I). 
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Rate 13-tn 
~--

Under the present experimental conditions, 

the rate lau for resorcinol, orcinol and quinol could ~e 

expressed ~s: 

Rete ::=-d.C'e(c~n!- J 
dt 

= a0,.r Csubstr~te_7 .CF~(c~o::7ffiH:J' 
. . . . . ( 1) 

The pseudo first ord0r rate constant, kobs·' u1as deterrr!ined 

by keeping tbe concentrations of two out of the three 

reactants (substrate, oxidant and alkali) constant, end 

was calculated fron the equation (45): 

2.303 
t log . . . . . . . . (2) 

where D was the initial optical absorbance of the reaction 
0 

mixture~ and Dt tbat st ti=c, t (vide •Ex~erioental': 

Calculations)_ 

Effect of~olvent;_ 

The r~te of the re~ction was influenced by a change 

in solvent conposition. Tbe rate of the reaction was found 

to decrease vith increasing aoounts of ~ethanol, that is, with 

a decrease in the dielectric constant of the medium 

(Tablos2-3). 
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Effect of solyent 

~7en~q_q ·) 
L, "·•• "-2 Catechol Resorcinol Quinol 

(%, vI ,J) 4 -l 
( 10 x k b , s· ) 

0 s 
--------------------------------~--~--~----------------~---~~~~ ' 

60-40 72.3 

70-30 44.7 

75-25 30.0 

L-Substrates_? -2 ::::: 1 X 10 M; 

9.8 

7.9 

6.1 

4.8 

13.8 

12.2 

10,8 

9.1 

0 
3 0 • 0 ± 0 • 1 c· ; /-)- = 0 ,. 5 OM • 

Effect of solvent 

35-65 6.0 

10-60 5.3 

45-55 4.1 

50-50 3.2 

L'K3Fe(CN)6 _7 = .. l_z 10~~ ,L'NaOH_7 = 5 )~ I0-2M;f{.:c o.5CM; 

teop. = 30.0 + O.I°C. 
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The depC3~9nce cf the rste constant on the 

ctielect~ic coDGt~~t of the nediuo can be ex9ressed by the 

Scat~hnrd equ2tioE (46). Tho 9lots of l~g kobs against t~c 

reciprocal of the dielectric ca~stant were linear, ~ith 

neJetive slopes (Fig.l). This Showed that tbe reacti~~s 

alkaline fading or bromphenol blue in mixturew ot etbgnol 

and water, it w~s shown tbnt the plot of log k versus tho 

reciprocal of tbe dielectric co~stant was linear with a 

negative slope (47), since the reaction was betueen ~ 

univalent negative ion (OR- ) and a divalent negative ion 

( BPB-2), that is, between i~Ds of the sane sign. In the 

present investigation, the ~alues of r, the distance of 

B?pronch betuoon the two ions, were calculated fron tho 

Scetchard equ~tion (46), and have ~een shoryo in T~ble 4. 

These "~lues of r were of the correct order of n~gnitude. 

Table 4 

Values of 'r' 
0 

Substrate r (A ) 

Catechol 5.2 

Resorcinol 4.8 

Orcinol 4,.4 

\luinol 4. 1 
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2.~--------------------------------------------------r 

1 catechol 

2 oninol 

t 3 rasorcinol 
I 

4 orcinol 

-

0.4r-----------------~~~--------------------------+-~ 
1.60 1.95 

1/D ·--"l> 

2.30 

? Fig. 1 - Plot of log kbbs against 1 /D 

-2.2 {''\ 
() j 1 ·-...,..;7 

0 (J-

1 
1 catechol 

2 c•uinol v'. 
-Sl 

3 res orcinol 0 
~: 

,_., 
2 .......... \ 

'-' e 4 orcinol \M-2 a () 2 :J •':J (' -~ _}-
-1. ..~ ~. 

~ 
\,,_.1 3 

-3.6 
3.12 3.22 3.32 

1 03/T --~ 
Fig. 2 Plot of log kobs against 1/T 
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Effect of tecoer~ture: 

The rete of the ro~ction was influenced by ch~nges 

in tecperature, t~s rate show!ng an increase with an increase 

in the temperature (Tablles5-6). 

Table 5 

Effeet of tenperature 

"" ( +''1 I o,.. } .il8Dp. ·-• v - Catechol !lesorci:r.:ol Quinol 

( 4 8 -1 ) 
10 x l~obs' 

30.0 44.7 6.1 10.8 

35.0 41,1 7.2 

40.0 53.8 8.3 13.6 

45.0 62.3 9.6 14.8 

_Lsubstr~tos_7 = l x l0-2
i.Vl; ,LK

3
Fe(C'N)

6 
_7 :z lxl0- 3M; 

L-N3..0H_7 = 5 x 10-
2
M; Met~>.~anol = 70% {'v/v); fi'·'=- 0.50 M. 



1 0~3 

Table 6 

Effect of temper~ture 

Orcinol (5 x 10-4 U) 

(104 ~ -1 ) 
x o;.. o bs' s 

30.0 3.2 

35.0 

40.0 5.4 

45.0 

[K3 Fe(CH) 6 _7 = 1 x 10-3 M; Methanol = 50%. ( v/v) ; 

j}js.OH_7 = 5 X 10-
2 

M; f·" = 0.50 M. 

From the linear plots of log kobs against the reciprocal 

of to~:erature ( Fig.2), the activation energies ~ere 

calculate~. T~c other activation paraneters have ~een 

calculated and ere shoqn in T~~le 7. 



E(kJnol- 1) 

A (s- 1 ) 

104 

T Qb 1 c 7 

Activation par~netors 

c:atechol Resorcinol Orcinol 

19.1+0.,7 24.,0+1.2 40.7+1.3 - - -
1.1 

t- -1 
.6H (kJr:101 ) 21. 2+ l. 0 37. 9.::t,l. 0 14.9+0.6 - -
A. :f; -1 -1 us· (JK mel ) -235+1.2 -201+2.5 - -115.::,2.0 

entropy of activation. Qualitatively, thiS wo~ld imply that 

tho potential e~ergy of the transition state would be 

lowere~, enabling the facile fornation of such a transition 

ste.te;. The negative 1Jalues of ~St: nay be due to hro 

factors~ 

(e) since the rate determining step involves a reaction 

betgeen two negatively charged ions, this should lesd 

t o a n e g at i v e v e.l u e of b.,S ::fr , in go i n g f r 01:1 the 

reactants to the transition state (48); and 

(b) for reactions between io~s of the sane sign, the 
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transition state will be a more highly charged ion, 

&n~ hence strongly solvated. More solvent oolecules 

would be required for this transition state than for 

the separ~te ions. The net effect wo~ld be th~t in tho 

fornntion of such a transition state, bhere would 

result a negative volue of the entropy of activatio 

(49). 

Effect of ionic strength: 

VariQtians in the ionic strength of tho mediuc 

using NaC10
4 

(~1 .. 10M to 0.50M) did not ho.ve any effect on the 

rates of these reactions. 

The addition of K
4
Fe(CN)

6 
in the concentration 

range (1.0 x 10-4M to 1.0 x 10-3M) did not have any effect 

on the rates of these reactions. 

Radical interoeCiates(vide 1 Experinental 1 ): 

Earlier investigations had est3blisbed the 

foroation of seoi-quinone radical inteemediate& {15,20-21) ( 

in the oxidatio~ of catechol. The esr spectrum of 
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o-~enzose~iquinone, obtained fron n solution of cntechol 

1• '1 P 1 '" ~ ' i 1r1 8 G t ~1 n"' ~ 1 '"' ~ C~ b (' . 'D r 0 p 0 r f. e A ( } 1 
·' e 0 \ "-- ~-' -- ._ ... '·-' - - <!-.~. .; J t.. .. .r • .:. V p !.~ i;.~ A ' ' -' V IV \...i '--' ' OJ ·-f} • 

S?ectruc 7~s later enalysed for its hvperfine splittings 

(51-52). 

resorcinol, in alkaline modiu~, h~~e been sho~n to ~a t~c 

n-benzosemiquinono radical anion (53). 

The internediate p-benzoserniquinone radical 

anion ans detected snd identified ~y esr spectrosco~y 

during the two-step oxidation of quinol catalysed by 

enzymes such as peroxidase (54-55) a~d laccnse (56). This 

semiquinone radical anion has hlso boen detected in 

alkali~~ solution, and char~cteriZBd by titration (57), 

spectroscopically (58-59), and by esr Beasurenents 

(60-62). 

In the present i~vestigation, t~e esr spectr~ 

of the radicals generated fro~ the oxid3tion of catechol, 

resorcinol, orcinol 'c:md quinol, t;y alkaline hexacyanoferrate 

(III), have been studied, and the data is shown in To~le 5. 



10? 

Tab lc 8 

~S7 ~ata of the radical interoediates 

P he:1oxy radicnl 
fran 

Catechol 

Resorcinol 

Orcinol 

Quinol 

Nunbcr of 
spectral lines 

6 

12 

24 

5 

(a) Froo the oxidation of catechol~ 

Characterization 

two triplet splitti~~s 
fron equi,ralent 
proto~s at 3 and 6, 
and at 4 and S 
positions. 

triplet splitting 
fran equivalent 
protons at 4 ~nd 6; 
two doublet splittings 
due to protons at 
2 ~nd 5 positions. 

triplet of doublets; 
each line split into 
4 lines, corres•onding 
to interaction with 
nethyl protons at 
position 5. 

1:4~6~4:1 quartet. 

r·'1L:tt 

The esr spectrun of the o-benzoseniquinone 

radical, obtained froo the oxidation of catechol by alkBline 

hexacyanoferrate (III), gave 6 spectral lines, as a result 

of t~o triplet s~littings arising from the equivalent protons 

at the 3 and 6 positions, and at the 4 and 5 positions. 
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This ractical intermediate hnd an absorption in the ~isible 

region at 655 nu, ~~d showed a typical absorption band 

t 156 '1 -l . ~h • f d a _, c:::1 1n ~,,.o 1n rare spectru1:1. 

(b) Fran tho oxidation of resorcinol: 

The esr spoctru~ of the radical generated from 

tho oxidation of resorcinol by alk~line bexacyanoferrnte (III). 

exhibited 12 spectral lines. A lnrge triplet splitting g~s 

observed, arising fran the equivalent protons at positio~s 

4 and 6. The remaining two doublet splittings would 

correspond to protons at positions 2 and 5. This would 

indicate that the course of the reaction was via the fornntion 

of the n-benzoseoiquinone r~dical. This r~dical intermediate 

had an absorption at 650 nn in the visible region, and 

showed a typical absorption band at 1560 cn- 1 in the 

infrarec spectrun. 

(c) Fro8 the oxidation of orcinol: 

T~e esr spectruo of the radic31, obtained from 

the oxidation of orcinol by alkaline hexacyanoferrate(III), 

gave 24 s~ectral lines. This spectru~ consisted of a triplet 

of doublets, each line being split further into 4 lines, 

corresponding to the interaction with the three methyl proto~1 
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at the 5-position. The r~te deternining step of the rPaction 

involve~ the fornntion of a radical internediate, ~hich s~awed 

an aiJsorption at 66') no in the \risible region 9 ".ncl an qbsorption 

-1 band at 156) en in the infrared spectru~. 

(d) ~on of quinol~ 

The esr spectrum of the p-benzoseoiquinone rnd~c~~ 

ion, obtained fran the oxidation of quinol by alkaline 

hexacyanoferrate (111) 9 exhibited 5 equally spaced lines uhich 

were in the intensity ratio of 1~4~6~4~1. This pattern is 

caused by the cou?ling of the free electron to four equivale~t 

protons to produce byperfine splitting. Four such protons i~ 

a non-o-~rlapping spectrum ~ould produce a splitting into 

5 lines with peak intensity ratios of 1~4~6~4~1. This 

radical interoediate s~oued an absorption in the visible 

region at 650 no, and n tyr5-cal absorption band at 1560 

in the infrared spectruQ. In general, phenoxy radicals 

-1 em 

ha~e been chnracterized by their electronic spectra (63-64). 

Earlier work hqd indicated the fornation of the p-benzosemi-

quinone r~dicnl ion 1 which had been characterized by its 

esr nnd electrunic spectra (65-60). 
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Mechanic~ 

Puooerer et al (69-70) had postul~ted n free 

phenoxy radical as the first intermediate in the oxidqti~n 

of phenols. The oxidation of phenols ~y hcx~cya~oferrate(III) 

in alk~line oe1iuo gave the aryloxy anion. This anion 

transfers an electro~ to hexacyanoferrate (III), resulting 

in the foroation of nn nryloxy radical. This rndic~l is 

free to rea~t, and further oxidation can yield either the 

quinone, or result in the forontion of coupled products. 

1. CATECHOL 

Earlier investigations had established the 

for~ation of seoiquinone radical interoediates(I5,20-21) in 

the oxidation of catechol. The csr spectru~ of o-benzoseoi­

quinone, obtained froo a solutinn of catechol in alkaline 

ethanol had ~een reported (15,50), and analysed for its 

hyperfine splittings (51-52}. 

In the present investigation, t~e first step in 

the renction of cntechol with alkaline hex~cynnoferrnte (III) 

is the fornetion of the anion. The re~oval of one electron 

from the anion of cntechol would lend to the corresponding 

stable o-benzoseoiquinone radical, which was characterized by 
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esr spoctrosco~y as a 6-li~e spectru~. Further oxid~tion 

of the radical interoediate resulted in the reooval of the 

second electron, to afford the product, a-benzoquinone. 

This product has been isolated and characterized, unequiqocalty, 

as a-benzoquinone (~ride 1 Experioental 1 ~Product analysis). 

The reaction se~encd is shown in the Schena. 

2. RESORC HJOL 

For resorcinol, the observed coupling positions 

(ortho and para) show that a free phenoxy radicnl is 

reactive only on the oxygen, and on the ortho and para c~rbon 

atoms. Therefore, the unp~ired electron has a high probability 

density at these positions. It is reasonable to postulate 

that the oxidation of resorcinol would proceed by way of 

attack nt the 4-position, IThich is activated by being ortho 

to 0ne of the hydroxy grou9s, and para to the other. 

The first step in the oxidation of resorcinol is 

the fornation of the dinnion. rhe potential for the 

abstrnction of the first electron would be lowered by the 

presence of the second hydroxyl group. This would afford, 

upon one-electron oxidation, the n-benzosemiquinone radical. 

The foroation of this rndical has been confirmed by esr 
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spectroscopy as n 12-line spectrum. The next step of the 

rencti-~f!, ~1o~·Jc,rer~ requires a high potential. The diraclic-:tl 

cnnnot ·~c st:::~!Jili:~ec:, since the formation of m-_quinones is 

not possible. Co~sidcring tbo very hiqh spin density at 

4 and 6 positions, it is to be expected that further oxidatic7 

ITould occur by the dioerization of the primary radicals nt 

one of these t~o positions to form a biphenyl compound~ 

Rapid and irreversible cou~ling of the radic~ls occurred at 
l I 

the 4-position, to give the product, 3, 3 , 5' s·- tetra-

hydroxy biphenyl (vide 'Experinenta'l 1 : P rocl.uct flnalys is). 

The reaction sequence is shown in the Scheoe. 

3. ORCINOL 

In the case of orcinol, the presence of the 

~lkyl substituent decreases the redox potential, nakinry t~e 

phenol nore easily oxidizable. The position ortho to both 

the hydroxyl groups would become acti~atod, and the net 

result would be that the process of oxidative coupling would 
t I" 

occur at this position, to give the product, 2, 2 , 6, 6- -

• tetrahydroxybitolyl - 4,4 (vide 1 Experioental 1 Product 

analysis). The presence of the oethyl gr~up in orcinol 

enhances the rate of the reaction. The reaction sequence is 

shown in the Scheme. 
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The alkali de~endence of the oxid2tion process 

indicated that the reaction proceeded via nn inter~e~i~te 

anion of the reducing substrate formed with hydroxyl io~s. 

For the foroation of tho dianion of quinol, the pK v~lues 

for the h~ro steps have been reported (71) ns 9.85 end 11.4. 

Hexacyanoferrate(III) would react with this dianion to yield 

the p-benzoseciquinone radical. This radical inter~ediate, 

detected by esr spectroscopy, showed a 5-line spectrum with 

peak intensities of lt4~6;4:1. F~rther oxidation of the 

radical interoediate was rapid, and yielded the product 

which has been characterized as p-benzoquinone. Redox 

eqnilibria data (30) bave indicated that the potential for 

the removal of the second electron is so low, t~at 

p-benzoquinone is foroed quite rapidly. The oroduct has 

been characterized asp-benzoquinone (vidd 'Experioental'~ 

Product analysis). The reaction se1uence is shown in the 

Scheme. 
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* KINETICS OF TR IWm;;;_ IC P w;;noLS 

T'.:.1e O~l'cJ~t.1 ,~ ... ~,-._. ~¥ t~l·~-rc'~l·ft oha-~1~ {oyrog"1 1 ~l - ·- _ ·- v ~ , , '.c .:. -~ .. < .._ ~ :.. "" v H '·' '-' • ·:.. JL ,. 

3Dd ~hloroglucinol) ~as bee~ studied ~y v~rious q~~ke~s 9 

Pyrogall~J. 

The neri91 oxidation of pyrogallo~ in the 

presence of DB(OE) 2 had yiolde~ couulod products(l-2), 

while the Berial oxidatio~ in alkaline ~e1iurn had yielded 

trineric ~roducts(3). Su~stituted pyrogallols gave 

tri~eric products 7hen oxidize1 by peroxydisulfate(4), 

nolect.~lar 1• o ·1 1' ·1 e ( t:: \ or '::r~" ,..., ~• --- '-"I ' ,, -- '-' l.:. aerial oxi4ations were 

performed in the presence of am~onin(6-8), NaRco;(8-~}, 

Ba(OH) 2 (9-lO), r~ ~y enzyoe(ll). Tyrosinase, laccase 

~nd oeroxidase catalyzed ~~c oxidetion of oyrogallol to 

pur~urog2llin, qn! this reactio~ has been used for t~o 

ass~y of ~11 three enzy~es(l2-14). The enzymic oxid~tio~ 

of vi~inal trihy~ric p~e~nls to purpurogQllin structures 

plays an in)nrte~t ~~rt in the biosynthesis of the 

tannins in tea(l5). 

----~---------------------------------+-----------------------

*L 1-L Dhatt.qcharjee c:.nd i".Jf.X. Ual1anti; P.eact. Kinet. 
catr:,l.Lett., ~, 0')00{19;33) .. 

2. M. B~1attac:u:;.rjee ~,!ltd i·E.K. lVahanti~ !::.,~ian J. ~her:1., 
~ , 634 (1~83). 
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Coupled products have been obtained when 

phloroglucincls 7ere oxi~ized by a variety of oxidizing 

{16-17), ~~d ~1 Fecl 3 in ethenol(l8). Phloroglucinol 

trinethyl ether ~~s heen converted to 2,6-dimethoXyquinonc 

when the oxidntio~ uas 9erfor~ed by LTA in benzene(l9). 
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P RESErJT ~HOJ{K --- ·---- -
The kinetics of oxidation of trihydric phenols 

by tcx~cyanoferrate(III) in alkaline medium has not 

received cnch ette~tion. Tbe present work is a detailed 

ki~etic ~ro~e iatc the oxidation of trihydric phenols 

(pyrcg~ll~l ~nd ?hloroglucinol) by potsssium hex~cyano-

ferr2te(I!I) i= slknline nedium, at constant ionic 

strength, u~der a nitrogen atmosphere, using aqueous 

~ethanol (70%, v/v) as solvent. 

Stoichionetry (vide 1 Experisental 1 }~ 

The stoichio~etry of the reaction was d0termined 

to be 2~4 (substr3te ~ oxidant), according to the 

equations: 

(a} ?yrQ£,!Bl!_2_!.~ 

2c 6H6o 3 + 4Fe(crn~- + 2oa- ----?~ c12:1 8o 6 +4Fe(cl\l)g-

+ 2H 2o + 2H+ 

( ) 3- - 0 ) 4-2C6H603 + 4Fe\.CfJ 6 + 20H ~ c12H8 ·· 6 +4Fe(CN 6 

+ 2H 20 + 2H+ 

Effect o~_ su_bs.trt=::.te, .oxidant and al'.~ali~ 

The rate of the re3ction ~as observed to be 

de?e~dant on tho first powers of t~e concentrations of 

substrate, oxidant a~d alkali (Tables 1-2). 



Table 1 

Rate data for the oxidation of pyrogallol at '~ 
40.0 + O.l"G -

LP yrogallo 1_7 £"K3Fe( CN) 6 _7 {HaOHJ 

(l0
2

xu) (l03 xH) (M) 

~~~~~-~~·~--~-~--~---~--------·~-· > ··----

1.0 l. 0 0.1 40.0 

2 .. 0 1.0 0 .. 1 80.1 

s.o 1.0 0 .. 1 203.0 

10.0 14 0 0 .. 1 410.0 

! • 0 0 !;;: ov 0.1 39.6 

1. 0 0.25 0 .. 1 40 .. 6 

1.0 0.10 !"). 1 

1.0 ! • 0 0.25 101.0 

l ,...., 
•'"' 1.0 0.50 204.0 

1. 0 1.0 0.75 308.,:) 

l•JI ethan o 1 - 5O% ( v / v) ; f.A. .. = 0. 5 \J[,~. 



124 

· Te:ble 2 

~ ...... 

~02 LP hloroglucinol_7 L-K 3 Fe(CrJ)
6
_7 /NaOH 7 X k obs ... -

{10
2 

(10
3 

fJ1) 
2 ( s-1) X ··) X (10 xM) l"J< 

-"tt$-~ --..-...---

1. 0 1. 0 5,0 4.8 

2.5 1.0 5.0 12.0 

5,0 1 .. 0 5.0 24.2 

10.0 1.0 5.0 48.8 

1.0 0.2 5.0 4.1 

1.0 0.5 s.o 4.9 

1.0 0.7 5.0 4.8 

1.0 1.0 2.0 2.0 

1.0 1. D 7.0 7.2 

LO 1.0 10.0 10.1 
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"1hen a constant concentr3tion of substr&te (large excess) 

cr~s used, kobs did not show any appreciable variation ~it~ 

changi~g co~centrations of oxidant, indicating a first orjer 

ctc?en~ence of the reaction o~ the concdntration of the 

oxid",:::t (Tables l-2). 

Under t~e present experimental conditions, the 

rate law could be expressed as: 

Rate = 

• . . . . . . • . ( l ) 

The pseudo first order rate constant, kobs' was determined 

by keeping the concentrations of two out of the three 

reRctants (substrat8, oxidn~t ~nd al~ali) co~stant, 3nd 

was calculated from the eruation(20): 

k b 0 s = log • 0 • • • ( 2) 

where D was the initi~l optical da~sity of tbe reaction 
0 

~ixture, and Dt was the optical density at ti~e, t (vide 

' Ex peri men t a 1 1 g C ~ l c u l 2. t ions ) • 
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Solve~t influences 

T~e r2te of the reaction was inEluenced by 

~ c~~~ge in the solvent co~~osition of the medium 

Table 3 

Effect of Aolvent at 40.0 ± 0.1°c 

M~H --Jt2o 

(%, v/v) 

50-50 

45-55 

40-60 

35-65 

L- P yr o gall o 1_7 = 5 x 

L-fJaOH_7 = 

-4 IO M; 

·). lM; 

P yrog::J.llol 

( 5 8 -1) 10 X k , , 
ODS' 

33.5 

23.2 

14.3 

10.9 

1 K37e ( '.:: N) ~ J -- l x L a-

":).50 l'Jl. 



12 "';1 
-v f 

T3b1e 4 

Effect of solvent at 30.0 + O.I 0c 

M~OH-'-:20 

{%~ 'J/v) 

75-25 

Phloroglucinol 

( 102x kobs' s-l) 

4.8 

4.5 

4.1 

3.T 

-3 
10 H 9 

The plots of log kobs ag2inst tbe reciprocal 

of the dielectric constant qere linear (Fig.l) 9 Guggesting 

t~at the reactions under consideration were of the ion-ion 

type (21). Using the Scntchard e~uation (22), the vRlues 

of r~ the distance of approach between the ions, vere 

calculated to be 6.2 R (for pyrogallol), ~nd 5.S R (for 

phloroglucinol). These val~es of r were of the correct 

order of magnitude. 

Effect of tom~eraturc 

The rates of the reactio~s were enhanced, with 

an increase in the temperature (Table 5). The plots of 
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0.55~·------------------------------~ 

0.48 

, -pY._rogallol 
- f). j4 

2 phloroglucinol 

o.on ~--------------~----------------~ 
1.,6 

-2.20 . 

i 
\1> 

'Z-2.90. 
~ 

&:-' 
~-· 

3.08 

2.05 
1/D-..,_ 

2.5 

Fig. 1 - Plot of log kobs against 1/D 

3.19 
1 0 3 /T ---';'J 

1 py.,rogallol 

2 phloroglucinol 

Fig. 2 - Plot of log kobs against 1/T 
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log kobs against the reciprocal of temperature ryere 

linear (Fig.2), end the activation energies uere 

c2lculpted fron the slo0es of t~ese ~lotB. The ot~er 

nctivation ?Brameters were calcrylated, and have been 

sbo~n in Table 6. 

Table 5 

Effect of temperature 

30.0 

35.0 

40.0 

45.0 

50.0 

* Pyrogallol 

31.7 

40.0 

53.0 

65.0 

Phloroglucinol 

4.8 

5.7 

6.8 

8.3 

#' 

-~-----------·----~~~-. ~· ·-· ~~ 

-2 ' = 5 X 10 1\1; # H o t han o l == 7 O% ( 'r / v ) • 



P ~r?.metors 

-l E(l{J mol ) 
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To.ble 6 

Activation parameters 

Pyrogallol 

38.3 .!. 0.8 

2 
3.2 X 10 

35.6 ... 0.1 -
-163 + 2.0 

Phloroglucinol 

28.2 + 0.8 

25.6 + 0.8 -
-174 + 1.6 -

---------------~-~---~--~."-...& ,..._-.... .,.~~ 
Effect of i~n_ic strengt~~ 

The variatio~ of ionic strength by using NaSl0 4 

(O.lOM to o.smt)~ did not have any effect on tbe rates of 

thcsc reactions. 

The addition of K4Fe(CN) 6 in tho concentration 

r~nge, 

1.0 J( 
-4 -3 

10 M to 1.0 x 10 M 9 did not have any influence on the 

rates of these reactions. 

Radical inter~e1iate (vide 'Experi~ental')~ 
................. --- - ........ -
(a} From thc ___ o.x_id~!JonH of p_yrogallo_!~ 

The ESR spectru~ of tho radic~l, generated from the 
( m··} 

Jl;/_7 

oxidetion of pyrogallol by alkaline heX3cya~oferrate~ gave 
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t~o groups of throe lines each, resulti~g fro~ the 

by?erfine interactions of protons on t~e ring, with the 

~npaired electron spin. The resonance f0r~s of this 

semiquinone structure ~ould make protons at positions 

4 n:1d 6 eq•:ivc-,lenr. The observed splitting of the line 

follows from doubling due to tbe proton at position 5 ' 
follov!ed by tri~3linq of e3ch of t!.-:.ese bra lines by the 

rem~ining equivalent protons at positions 4 and 6. The 

intensity ratios were (1,2,1) and (1,2,1). 

This rndicel intermediate showed an absorption 

in the visible region 5t 655nm, and gave an absorption 

-1 band at 1560 em in t~e IR spoctru~. 

(b) t,r_om the oxidation ofyhlorogluc_inol~ 

The ESR spectr~o of the radical 9 generated from 

the oxidation of phloroglucinol by al~~line hcxacyano-

ferrate (III), shot•:red a 1~3~3~1 quartet spectru.n, due to 

the three e~uivaldnt protons at positio~s 2, 4 ~nd 6. 

The IR spectru~ of the reaction mixture, sc3nned 

rapidly at tno-minute intervals, ex~i~ited e stable band 

at 1560 -1 
em • These dnta suggested the formation of a 

rndical intermediate in the rste deter~ining step of the 

r e cc t ion. 

In general, phenoxy radicals have been characterized 

by their electronic S?ectra(23-24). 
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Mechanism : 

Punnerer et al(25-26) h~d postulated ~ free 

phenoxy radical as ~he first intermediate in the reactions 

of phenol cou?ling. This rndicnl would be re~ctive on the 

oxygen, nne in the 5 position of pyrog::.llol. I-l~ this· 

of the anion, ~hieh, on reaction with bexacyanoferrate(III), 

would give the radical, 2 a. - C'ombination of 2n. + ~ 

gives the dimer, 1· This dimer undergoes tautomerization 

in methanol rapidly, snd is further oxidized, by hexacyano-

ferrate (III), to yield the extended quinone, !• This 

produet has ~eon char~cteri~ed by analytical and spectral 

met~ods (vid::: 'Experioental 1 ~Product analysis). 

The sequence of reactions is shown in the Sche~e. 

(b) Oxidation C?..f_ phls_r £_glucino 1 : 

In the case cf phlorogluci~ol, the obser~ed 

COUJling positions, ortho ~nd para, sho~ th~t a froe phenoxy 

r~dic~l is renctivc only o~ tho oxygen and on the ortho and 

para carbo~ atons. nesonnncc structures uould symbolize a 

high density of the unpaired electron at these positions. 

When two radicals combine, dimers are forced. 

In some cnses, diMers thcu~ht to be peroxides have been 

reported (27-30). Later investigations shoved these to be 0f 



OH 

OH OH 

0 

Fe(CN)~­
slow '> 

Fe(CN)3-
6 

OH 

0 
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the pbenoxydienone ty~e (31-33). If the potential of the 

oxidizing agent is hi~b enouqh, the c-c di~ers c~n be 

oxidi~ed further to yield extended auino~es(34). 

The results of the present study indicate th~t 

in nl~nline solution, the potonti~l for the first electron 

tr~nsfer frou the ~~inn sh0uld be lover then tbet !or the 

seco~d fro~ the rGdicel. Therefore, tbe first step sh~~ld 

be much faster than the second, assuming that the rate or 

oxidation increases with tbe potential difference between 

the substrat~ and the oxidant. 

In the prese~t investigation, the alknli de,endence 

of tbe oxidation process indicated that the reaction 

proceeded via an intercediate anion of the reducing substrate 

formed with hydroxyl ions. Hexacynnoferrnte(III) re3cted with 

this anion to yield the radical. This radical internediate 

hcs been detected and characterized by ESR spectroscopy. 

R ~·P i d n n d i r r e v e :r s i 0 l e c o tD 1 i n g o f t L1 is r ad i c a l g a. v e the 

product. It oould be reaso~able to nssq~e that t~e cou~li~g 

occurred fastest 3t tho positions of highest d0~Dity of the 

free electron. The product ~as characterized ~Y analytical 

and spectral ~ethods (vide 'Experi~ental':Pro~uct analysis). 

The react~on secuence is shown in the Schene. 
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CHAP TEil 4 

* KIIJETICS OF OXIDATIOI"l f:F r.JAP!;iTf-WL§_ 

The oxidation of naphthols has been studied by 

various workers, using a variety of oxidizing agents. 

~-navhthob 

T b. e ox i d at i on of o(-n a p h t h o 1 h y Fe C' 1
3 

h ad y i e 1 d e d 

all three possible ortho and para carbon-carbon couoled 

products(l-7). Trimeria products were obtained when 

o(-naphthol was oxidized by air/z·ncl 2 (B), and by Pb02 (9-ll). 

The oxidationo of o(-naphthol by 2,4,6-triphenylphenoxyl 

gave O-diphenoquinone(l2). 

~ -~ ~p !'i. t '': (:d g 

I 

~oupled products were obtained when p-naphtbol 

was oxi~izcd ~Y Fecl 3 (I, 13-15), hexacyarroferrate(III) in 

aU~alL•,c mediu5 {16-18), Pb02 (8, 11), Cu(!I) acetate in the 

prese~c3 of a~monia(ll), and by Cu(II) salt (19). Trimers 

* Itl. 3hattac!Jarjee G.~1d l'F,.K. !Aahanti, Int. J. Chern. Kinetics, 

15 191 (1983). 
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were obtained ute~ ~-naphthol W8S oxidized by u 2o 2 in the 

presence of ~cetic 2cid and sodium molybdate {20). Couryled 

;:)roduct.s ~nd trivers were obtained wbenp-naphthol 

" • ' • ' " -r 8 ' "- I. 8 8 S 8 "' "T "' "f 0 '"' " r t o _,, 1 a :J.. z o ":! n y !:1 "" y g - :0. Il-l ~~a p r en c o _,_ " 2 u 
5 

, ., . 
3 

or ·,J f-l. 1, ~~ 

tec~Dcr:::~c.u·es :.round 300°C(3,2l), and by air/Uaor-1(22). 

A Dixt~re of ort~o-ortho, ortho-para and carbon-oxygen 

coupled products w·ere obtaitlled when p-naphthol was oxidized 

by o 2 in the presence of ~u(II) salt and collidine(23). 
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P RESEr.JT ··.roR:K 

The kinetics of oxidation of naphthols by 

hexacyanoferrate(I!I) in alkaline mediuc has not rec~i~ed 

much Qt~ention. The prese~t nork is a det~iled kinetic study 

of t~~e oxicJ.ati-J!:': of na"0hthols (cl. -naphthol ·':'.nd E-n2.nht'1ol) ... " ... J- ... 

by potassium bex~cyanoferrate(III) in•kaline medium, at 

constant ionic strength, under a nitrogen atmosphere, using 

aqueous methanol (7~%, v/v) as solvent. 

The stoichiometry of t~e re~ctions were determined 

to be~ 

6C
1

')r,'!
8

0 + 6 Fe(sr'l)~- + 20H ----3;> 3C 2 ;:-
1
''r

14
D

2 

+6Fe(CN):-+ 2H
2

0 

+ 4H+ 

( b) J3 -n 1lt.") h t 11. o l g 

t:.r P 0 6"' {r--) 3 - 2 n" ::h.- 1 ,Jn 8 + ~:~ e · ,, 1 J 6 + ~ 1:1 ~ C'20H10°2 

+6Fe{CN):-+ 2H 2 0 

+ 4H+ 
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rC>e rr;te of the re <Jet ion ~'JtlS observed to be 

de~c~~o~t o~ t~e first nowers of the co~centrBtions of 

s~~strate, oxidn~t a~d alkali {Table 1). 

Table 1 

Rate d..?.t3. for the o;ridation of naphthols at 30.0+ O.l°C 

[Substrat::_.7 

(10
3

x M) 

8.0 

10.0 

25.0 

10.0 

10.0 

l:J ~ 
-· • 'U 

10.0 

10.0 

10.0 

.CK<:l.Fe[cn) 6 _7 [NaoH_7 
~ 2 (10 x M) (IO xu) 

1. 0 5.0 

l. 0 5.0 

l.O 5.0 

0.5 5.0 

O.l 5~0 

0.)5 5.0 

1. 0 l.O 

]_ . () 2.5 

1 • J l"' 0 Jov 

Me t h an o 1 == 7 C% ( v /'v ) ; j..-{ - ') • 5 ') Ul • 
i 

o(-naphthol p-naphthol 
4 -11 

( 10 X l\ b , S l 
0 s 

110.0 9.6 

137.0 12.0 

345.0 30.0 

139.0 12.2 

137.0 12.0 

138.0 12.1 

21.') 2.6 

68.0 6.3 

272.0 24.2 
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When a constant concentration of substrate 

(large excess) wns used, kobs did not show any apryreciable 

variation with changing concectratio~s of oxidant, indicating 

a first order ~c9endence of the rnte of the re3ction on the 

conce~tr~tion of the oxidant (Table 1). 

Rate law: 

Under the present experi~ental conditions, the 

rate law can ~e expressed as follows: 

R.ate = ctpe( CN) ~-_7 
dt = k b 0 s J: Naphthol_7 ,["Fe(cr<J)~-·-7 

ror~- 7-···· (1) - -
The pseudo first order rate constant, k b , was determined 

0 s 

by keeping the concentr3tions of two out of the three 

reacta~ts (substrate, oxid~~t and alkali) constant, and 

uas calcul~tcd from the equation (24): 

k = obs 
2.303 . t log . . . . 

where D uas the initial optical density of the reaction 
0 

mixt~re, and Dt was the optic2l density at time, t (vide 

1 ExperiElenta.l 1 C3lculnt~ons). 

(2) 
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The r~te of the resction vas i~fluenccd ~y 

ch~nges in the solvent concositio~ of tbe ~edium. 

of t~e reaction n2s influenced by ch~nges in the solwc~t 

co~~osition of t~e mcdiun. T~e r~te of the re~ction v~s 

found to incre~se uith increqsing 2oounts of ~cthsnol, t~~t 

is, ~ith a dccreRse in t~e dielectric co~stant of the 

medium (Te~le 2). 

~.neo'-' u n. L'Jl li..l!.-u. 2 J 

(%, v/v) 

70-3C· 

75-25 

BC-20 

85-15 

Tnble 2 - ____ .. _ 

(-n~nhthol 

( 4 -1\ 
10 X I;: t ' s I 

O:'JS 

137.:::) 12.0 

152.0 15.5 

173.0 19.9 

201.:) 2(~5 

.['"K3Fe(CH) 6_7 -3 
= l X 10 ~1!; 



0.45 

~1 

.J::!'t 

~ 
..j... 

\"') 

1 

2 

1 4'J 
~U 

1 o(:-nap~tt;.,ol 

2 p-napt-.t~ol 

1 • 30-:::\ 
'J .....: 

i-:. 

~ 
,;,J_ 
\< 
r· , .. 

1 • 1 5 f.'.,i'· 
---.:. 

r~ --

0. 05 -1-----------.---------+- 1 • 00 

. -.,_ --.­<;> 

:c: 

2.10 2.35 2.60 
1 /D--> 

Flot of log kobs against 1/D ~\ 
~ . 

7ig. 1 

1------------------t:---0.50 -~ 
-.( 

2 

,.._ -IS 
~..10: 

I 

~' 
-~-0. 75 -.:; 

~<:;) 

-~ 

~ -..; -1.75 
1 d_-ne.n::t~ol 

2 f3 -nB:p'"t h ol 

+ 
\'1) 

·~-1 .o 

' 
-2.0-~---------------.--------------~~.o ; 

3.08 3.19 3.30 
103/T -~ 

2:'ig. 2 Plot of log kobs aeainst 1/T 
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The de,endence of the rete eonstant on the dielectric 

consta~t of the medium can be expressed by the Scatchard 

eqn~tion{25). From the linear plots of log k h against 
oc~s 

the reciprocal of the dielectric const~nt (Firy. I), the 

values of r, t~e dist~nce of approach ~etwcen the ions, 

uere cnlculatod to be 11.4 R (for o(~naphthol) and 8.5 R 
(forp-naphthol). These values of r uere of the correct 

order of magnitude. Solvent effects on the rates of 

reactions nay ~lso be due to factors such as the solYating 

power of the solvent (26), solute-solvent interactions 

(27-28), and solvent structure. 

Effect of tenoerature~ 

The rate of the reaction W3S increased with an 

increase in the teoDereture (Table 3). The plots of log 

kobs against the reciproc~l of temper3turc were linear 

(Fig.2), and the activation energies uere c~lculated from 

the slopes of these linear plots. The other ~ctivation 

parn~eters were evaluated, and have been shown in Table 4. 
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Table 3 

Effect of tenper~ture 

3•:). 0 137 .. 0 

35.0 170 .• 0 

40.0 202.0 

45.0 250.0 

50.0 303.0 

L-N aOH_7 = 5 x l ::J-
2

1Y1; j.J.. = :~:. 50M 

? are.~eters 

E (kJr:wl- 1 ) 

A (s-l ) 

·t- -1\ L'_\ H · ( kJ~'-10 1 i 

~ s + ( -1 -1) £._, JK no 1 ' 

i 

Act~vaticn para~eters 

d...-nap!1thol 

4 
2.7 X 10 

29.2+0.5 

- 32 + 1.3 

12.J 

15.5 

18.3 

23.1 

28.5 

-3 lx10 f.A; 

34.5+- ':'1. 5 

1.2 
5 

X 10 

31.9+ '::.'.5 

3:) + 1.3 
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Effect of tonic strenpth~ 

The v~riation of ionic •trength or the nediu~ 

on the rate of the reaction. 

The addition of K4Fe(cn) 6 in the concentration 

( -4 -3 l range 1.0 x 10 U to 1.0 x 10 M;, did not have any 

influence on the rate of the reaction. 

Radic~l intermediate (7ide 1Experinental 1 ): 

Naphthols are kno~n to give rise to st~ble 

radic3ls, which b~ve been detected ~nd ch~r~cterized(29-31). 

In this investigetio~, the ESR S)ectru~ of the r~dical 

obtained fror.1 the oxidetio:::. of ,j-rF'.phtl'wl by al:u'.line 

hexacyanoferrete(III) gave 9 spectral lines. T~e r~dic~l 

obtnined fro:1 t~1e oxiclstion of p-nr,.phthol by ~l?:aline 

hexacya~oferrate(IJI) 9 gave 17 S?ectral lines. Si~ilar 

spectra have ~een observed earlier, ~nd have ~ean analyzed 

(29-31). For thG present, it c~n be co~cludod that the rate 

deter~ining step of the reaction involved the fornetion of 

a rcdic~l internedi8te. It was furt~er observed that this 



OH 
(I) 

(IV) 

(I I) 

(II I) 



( {3 -NAPHTHOL ) 

Fe(CN)~­
fast 

+ OH 
OH 0 

• 0 

3-
Fe(CN)6 

slow 

H 

3-
Fe(CN)6 

fast 

• 0 

PRODUCT 
(IV) 

+ 
QUfNOL 

ETHERS 



OH 

+ OH 

(~-NAPHTHOL) 

3-
Fe(CN}6 

fast 

0 
3-

Fe(CN)6 

slow 

0 

PRODUCTS 

H 

( I ) . + ( I I) + (II I) 

0 

0 
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'56'"' -l . J:. uco 1!1 the infrcred spectruo. I~ general, 9he~nxy 

radic~ls have ~een ch~racterized by their electronic 

S'?Bctrc.{ 32-33). 

1/1 e c ~3. c.!: is 8 ~ 
~~.,.~ 

Punoerer et al (17-13) ~ad ~ostulated a free 

phenoxy radic~l as t~o first internediAte in the reactions 

of r,>henol cou':)lic1g. T~-::e oxidG.tiol1 of f3-na:ohtbol \Frith 
( 

al!caline be:XG.CJ<2!.1oferrc.te( II:.t) ;-;-:;d. give~1 nrJstly ~::.oly::eric 

products(l6-18~35), fro~ which a s~sll n~o~~t o~ 

hydroxyna?bthyl naphthyl ether could he isolated (17-18). 

In the present investig~tion, the ~echanisc of 

phenol coupling can be best ex~lained hy visualizing that t~e 

anion is forced in the first step of the reaction. This 

anio"1 is then oxiclize:::l ~J ~CY,ac~~~"fcr~~t~(TTJ) 1'" -~. ~ ... ~ 'i ........ :. '··' -· ...... - ...... ....... _,_ 9 .LJ. 

stop, to give 3 radical intcr~ediate, ?~ich rr~s detected 

by ~SR s~ectrosco9Y· ~~e rsctical inter~e~iate undergoes 

ra)id end irre~~rsible coupli~g to give the products. 

These productn have ~c3~isolated snd charnctierized by 

Product analysis). 

T~e reactio~ se~uences for the oxidations af 

the n3phthols (d.. -nar:;r:,thol 3~1Ci /S -naphtl'1ol) are sf'·o·'m in 

the Schenes. 
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Phenol 

SOllTGE1t ='= J:"Me()H~ H20 = 50~50% v/v_? 

O.D. (420 nm) for L-K 3Fe(CN) 6_7 at 

0,00075M 

Ot.2iO 0,295 

0.175 0.250 

0.160 0.235 

0.135 0.220 

0.120 0.190 

0.115 0~180 

.[K 3Fe(CN) 6_7 ::: 1.0 X 10-3M; L-tJaOH_7 
Solvent == L-MeOH~ If20 - 50~ 50% v/v_? 

0. D. (420 nr.:-:} fo:rr .['"Phenol _7 at 

o.o·-::n~ o.oo25M o.oo5M 

C.390 0.390 0.390 

0.375 0.350 0.355 

().365 0.335 0.345 

0.352 0.325 0.320 

0.345 0.320 0.305 

0.340 :).315 0.285 

( 50.0+·').1) 0 r; 
' ~ 

O~OOIM 

0.395 

0,.335 

0.315 

0.285 

0.262 

0.255 

- 0 .. 5M; Temp ==(50.0.:t:O.l)°C 

0.0075M O.OlM 

0.390 0.395 

0.345 0.335 

0.330 0.315 

0.305 0.285 

0.285 0.262 

·;.265 0. 24C'> 
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( o) LK 3?e(cn)
6
_7 = L J x 10-

3
£11; J:Phenol_7 = I.·J x 10-

2
M; 

f:naoH_7 = ·).5M; Solvent= LMeOH:s2o = 50:50% v/,r_7 
o.·~·). (42') nm) for temperat.ure in °c at 

~--==~~----~--~--~-------------------------------------------~ t 
B 40°G' 45°C' 

0 0.385 C.395 0,395 0.395 

5 :J.36:J ~.350 0.360 0.335 

10 0.345 0.340 0.33~ 0.315 

20 0.335 0.315 0.295 \]. 285 

30 0.325 0.305 0.275 0.262 

4''> ,, 0.305 0.295 (').255 8.248 

45 ·). 290 0.250 0.240 

(d) L:.3 Fe ( cr·I) 
6
_7 -3 L-P henol_7 

-2 = l. Ox l 0 M; - I.Ox:IO 'M; 

,LrJaOH_7 - 0,5M ; Temp - (50.0 + O.l) 0 s 

O.D. (420 r1m) for rsal>rent = MeO!-: ~ H
2

0 % v/v_7 at 
_..,....~ 

t 50~50% 55~45% 60~40% 70~30% m 
- ~ -~- .... 

0 0.395 0.360 0.365 0.355 

5 0.335 C.335 0.340 0.350 

10 0.315 0.315 0.330 0.335 

20 0.285 0.300 0.300 0.325 

30 0.262 ::}.278 0.295 0.305 

45 0.240 0.260 0.280 0.295 



(e) L-:c
3 

?3{Cf!)
6
_7 = 1.0 x 10-3M; L-Pheno1_7 = 1.0 x 10-

2
M; 

0 

5 

10 

20 

30 

35 

T%1p = (5~.·J + O.l)°C; Csolvent = MeOH~H 2 0 = 50~50% v/-rr_7 

C.':. ~<2S nn) for J:naOH_7 at 

~~~~~~-------------~- ·---··--~- -· 
o.03M o. 40M 

:::.415 J.405 0.385 o .• 395 

C.405 0.385 0.362 ·~.335 

0.400 0. 38'J 0.345 0.350 0.315 

0.396 0.365 0.335 0.300 0.285 

0.392 0.360 0.325 0.270 0.262 

·J. 390 ·1. 350 0.320 0.255 0.255 

~---------~-~-~-~-------~-~----~~----.-

;, -· .. ~· . 

0-C res o l 

S o l v en t ~ Me IY~ ~ H 
2 

r') = 50 ~ 5 ;)% v / v 

O.J. (42~ nm) for K3Fe(CN) 6 at 

t o.ooo5M o.o007-5M o.oolM 
~---~-- ---~---·------- ~- ... ~-'. ···~ -,.~--~·-~~~-=----~-· ~~- ~-~-~----~"~~--~~---~----~------~--~---~-~-~=== 

Q 0.262 o.390 0.504 

10 0.239 0.359 ·').472 

20 0.225 1
::. 3 33 ~.436 

30 ·). 226 .J.324 0.426 

40 Cl.2!9 '). 319 0.416 



( IJ ) ;= !T '7 (> { .. ., ; l \ I == 
.:.,. h 2 .. -~ \ •.f l J 6-·' l.~ X 

1 r: ll 
u·-.~. 

+ ~.l) 0c. Sol~ent MeOH~H 2 0 = 50~50% v/v 

for L-o-cresol_7 at 

--~---- --
::-:.nQ75M ,) • 0 H1r. 

0 ,::; • 365 ~). 42 3 0.449 0.504 

5 0.358 J.415 0.44 1) Jt:486 

10 •J. 3 56 0.405 <).._426 0~472 

20 0.350 0.390 0.4')4 J.436 

30 1).343 ·J. 3 77 8.391 ::-1.426 

0.337 :J.374 0.383 0.416 

(c) £"K 3Fe(CN) 6_7 == 1.0 x 10-3~1; .£:o-cresol_7 ~ 1.0 x l0-
2

Ivl 

L~r.Jao:.:__7 = ·J.5M9 solvent= MeO"-~d-! 2 ') = 5')~50% v/•r 

0 ,, (42~"'' 0 '_; 0 ~ ,_) n;;l) for teQuerature in °c at 

t 35° 4;)0 45° 5·Jo 
m 

0 n .<'134 ':.463 0.453 0.5')4 

5 0.419 0.449 ').446 ".486 

10 0.421 ·".443 ,) • 431 , .... .472 

2.~. 
'-' •.). 408 ~-. 419 8.412 :".436 

3CI 
'~ ).395 ).4J4 :J.4')3 :J. 4 26 

40 0.379 J.394 J.394 C.4l6 

= ~- ~ 

·----- ... - --~ 
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(d) ~K 3Fe(CN) 6_7 = 1.0 X 10-3M ; J:o-eresol_7 =:o le 0 X 10-2M; 

L-NaOH_7 = O. 5M; Ter:tp = (50. 0 .± o .1) ec 

O.D. ( 42(:. nm) for MeOH: ~T I v at 

t 50% 55% 60% 65% m 

0 0.504 0.450 0~452 0.558 

I 0,486 0.439 0.441 o.st6 
10 0.472 0.427 0.432 o.!53T 

20 0.436 0.418 0.412 o.s21 

30 0.426 0.380 0.404 o .. soo 

40 0.416 0.396 0.48~ 
~ .. -., 

(e) LK 3F'e ( CN) 6_7 = I. 0 X 10-3~A; L-o-cresol_7 - 1.0 X 10 .. 2:M 

' Temp = (50± o.I)
0

c ; solvent =- MeOH: H20 - 50:50% v ;,, 

O.D. (420 nm) for £'NaOH_7 at 

t O. lM ')• 2M 0.3M o. 4~a 0.5M m 

0 0.558 0.533 1).543 0.572 0.504 

5 0.555 0.521 0~529 0.557 0.486 

10 0.550 0.526 0.520 0.533 0.472 

20 0.544 0.499 0.495 0.499 0.436 

30 0,.537 0 .. 491 0.472 0.490 0.426 

40 0.530 0.478 0.469 0.484 0.416 
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m-cresol 

"' -· { £C' ,--, ., + r, 1 \ or • S o l ' "' "' .,_ ' , lr e ·" P ' ~er:1p- .. J~.~ ..... ..-~ ~•.!....J ... ,~ ~ ~~ .. J.t....o J.~ 'a.. 1 .:.0o 

f\ n 
'I... • ... • 

0o.~~~5M 
~-=-~ 

t 0.)'!('.75 ':'I • :; '"''Jl 
m 

--·--
0 J.l90 0.295 0.395 

2 rJ. 145 0.195 ').280 

5 :J. 13J o. 158 0.220 

10 :, • 08·J :).ll'J 2'.170 

!5 :J,.,r.65 0.0')0 r:.l35 

25 0.070 ...-;. 100 

\ -3 ~ J ( b ) K 3 Fe ( c·N 1 
6 

= l • J x 1 o H ; L r.r a o H = C! • sr ~ ; 

t 
~1 

n 

2 

5 

10 

2() 

3'1 

40 

Temp= (5J.·~ .:±. ~'.l)°C Sol,rent LEeOH~;,Y20- sr:~5"'•% v/'r_7 

0. D. ( <1 2 ;} nm) for L-n-cr e so 1_7 a. t 

·:! • ·:; J lM ,; v '.J025M ~. J05Vl ·:!. "J75M 'J.(l)IM •.'. 

- --.........~ 

r\ • 365 ').365 ,j. 395 ).395 '.395 

.-.,. 3·45 0.325 8.330 C'.3'!5 :'.'.28i'J 

J.335 ').3:)5 ·J. 295 ::-..265 :':. 22'~ 

;.325 ;,::; • 28-:-• '). 255 1).215 r. 17') . 
'}. 3 )5 ·]~ 250 --). 21 ,) ,"'. 152 .~, !2 '1 Jo . ; . 
-,. 2 55 0.230 J.l70 0.,130 0. ")95 

J.275 ;) • 21 Ci ::-,. 15:) ,., 
105 ,:-.')81 '. 
~~ 



( - \ 7 -3 r-. 7 -2 c) L K3Fe(CN,
6

_ = 1.0x10 M; L m-cresol_ = 1.0 x 11 M; 

L-f-!20'i_7 =·-:.Sf:>; Solvent CMeOH: H2 0 =50~ 50% v/v_7 

for tooperature in o, ·_, at 

~--"--=--··-"- ---~ ----- ~-
L ':! r~ 0 4~0 45° 5·1° !, J:J ~) 

m 
~......,..~-·-

-- :j • L1 ,-.,,.) ':;.385 0.385 J.395 ' 

5 '). 29 !5 ('";.250 0.230 J.220 

10 0.266 0.21() o. 190 0.170 

15 0.210 'J. 185 o. 160 0.135 

20 0.190 o. 168 ~).140 0.120 

30 o. 15·J 0.135 0.115 ~.095 

40 0.140 0.115 0.10•.') ').08·') 

- 7 -3 - 7 -2 (d) L K3Fe(CN) 6_ = 1.0 x 10 M; L m-cresol_ - 1.0 x 10 M; 

L-PI a 0 H _7 = ·J • 5M ; T em p = ( 5 J • 0 ±. ') • 1 ) ° C • 

0.0. (42J nm) for LSolvent = tAeOH,%, v/v_7 at 

t 
5~~% 55% 6·J% ~ m 

0 0.395 ~). 3 25 J. 3~() 

2 ·:--;.280 0.250 C.26C 

5 ".22•.J '). 2·='8 ').220 

1·::1 '":'·.17::: :J.l50 O.l6J 

20 :J.l2J ~.1,-.,! : 1 • ':::90 

30 ·:. ()95 "· 08') ').065 

35 J.D85 :::>.875 (!.060 
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(e) L-K
3

Fe(C'N) 6_7 = 1.0 x 10-3M; L-m-cresol_7 * l.Oxl0-
2

M; 

t 
I:-1 

0 

5 

10 

20 

3C' 

40 

t 
m 

0 

5 

8 

10 

15 

20 

30 

Teop = (5'1.0 ±. O.l)°C; Solvent=- L-~.1e0HgH 2 0 = 50~50% v/~r_7 

0.::::. ( 420 nm) for /:N aOH_7 at 

0. 1M 0.2M 0.3' M 0,.4M 0. 5r.·1 

8.425 0.405 8.375 J.395 0.395 

0.360 0.315 0.260 0.245 0.220 

0.335 0.280 0.205 0.205 D.I70 

J.315 .J.250 0.155 o. 150 0.120 

0.295 0.220 0.135 0.130 , ... ). r"l95 

0.285 0.205 'J.Il5 0.110 '"'.080 

P-C res ol _;.._._..;..;;. 

Temp = (50.0 ± 0.1) o L-c ; solvent = MeOH:H 2 0 - 50~50% v/v_7 

o.ooosM 0~00075M O.OOIM 

0.160 0.232 0.340 

0.103 0.150 0.184 

0.080 0.120 0.162 

0.070 0.100 0.148 

0.045 0.08~ 0.126 

0.062 0.107 

0.088 
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Temp = (50. 0 + {) 1) 0c. .... -.-. ' S 01 ~HHl t = LMeO!J: -~ 0 L2 - 50~50% •.r I 1.7 

OoD. (420 nm) for f:p-creso1_7 at 

~--~~---

t '). 0025M o.oosrJI 0.0075M O.OlM 
m 

..,_~ --
0 0.334 0.340 0.314 0 .. 340 

5 0.2T2 0.234 0 .. 202 0.184 

8 0.260 0.208 0. 1'74 0.162 

10 0.254 0.204 0.162 0.148 

15 0.235 0.173 0.139 0.126 

20 0.224 0.157 0.120 0.107 

30 0.202 0 .. 132 0.100 0.088 

- 7 -3 r= 7 -2 (e) LK 3Fe(CN) 6_ = 1.0 x 10 M; Lp-cresol_ - 1.0 x 10 M; 

t 
m 

0 

5 

8 

10 

15 

20 

30 

Temp = (50.0 + O.l) 0a; Sol~e~t = Meoq~H 2 0 = 50~50% Y/v/v. 

o.D. (420 nm) for £"naoH_7 e.t 
-~ - --

O.OUI1 0.05M 0.075M O. lM 
____ ...., __ 

0.332 0.340 0.2.:36 0.224 

0.294 0.184 0.139 0. 106 

0.270 0.162 ·:J.ll3 0.085 

0.261 o. 148 0. l 01 O.<D74 

0.248 0.126 0.075 0.055 

0.239 0.107 Oo067 0.040 

0.221 0.088 0.052 
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~.~. (420 nm) for temoerature ( 0 c) ~t 

'- 25° 4".:·0 45° \1., 

m 
-~~---~- -~---__., .. ....--.... --. 

- .:s~ ·'1.366 tJ.366 

2 ::'.2'71 ·J. 256 0.261 

5 :~.238 ::1.230 0.210 

8 0.217 ') .. 212 0.189 

10 C. 2C•9 0.198 0.178 

15 0. 2 .~J2 'J.l77 0.161 

20 ).175 o. 164 0.147 

'>"'' ...Jv 0.154 8.137 ·J.12') 

(€) L-K3Fe(crJ)6_7 = l.J X l·J-
3

M; cp-ci,'esol_7 

L-Na.OH_7 = ·:J.)5M; temp= (50.·J .±. o.l) 0 c 

t m 

2 

5 

8 

10 

15 

2
,~. 
•; 

o.n. 

5'J% 

·'::.34') 

:1.226 

~;. 1 B4 

0.162 

(".1. 148 

0.126 

0. l :::,7 

·'J.:)88 

for sol'lrent L-~.;leOH, %, Y/v_7 at 

6J% 70% 

•"'. 340 C:.330 

'!.263 ·J.293 

'J.23:J 0.263 

0.212 0.249 

0.205 0.236 

0.187 0.223 

:~;.170 J.209 

C•. 154 0.192 

lfl'"'\0 
'-'' ~· 

,_,_...._...,__,._....__ .. _ .... - ' -~ 

f\ • 340· 

'"".226 

0.184 

·"1.162 

0.148 

0. 126 

0. 107 

n.')BB 

---~----~--=--

8-:'% 
·---=~-

·':'.32f' 

""'.3:":' 

:).285 

~,. 2 75 

n.265 

.~ .• 258 

n.254 

).254 
·-----~---~-



(a) 

t n 

0 

5 

10 

20 

30 

40 

161 

o-eh 1 or op}le no 1 

Lo-ci phencl_7 = 1.0 X 

Temp= (4G.O ± 0.1) 0~ 

Solvent = [\:Ie0r~g H
2

0 = 5'J~ 50% v/v_7 

C.:;. ( 420 rE::i) for rK 3Fe( CN) 6_7 at 

o.ooosM 0.00075 

·).130 

:J. 097 o. 124 

').094 0.122 

0.087 0.116 

o.oao ~.110 

0.074 

0.001M 

-
.} • 290 

'J.278 

0.264 

1.256 

0.247 

0.239 

( b ) .L-K 
3 

F e ( C I'J) 
6
_7 = 1. ~-:: x 1 0-

3 
; L-N a 0 H _7 = ~1 • 5M ; 

t 
m 

0 

5 

10 

20 

30 

40 

Ter.1p = (40.0.±; .l.l)
0 c Solve~t L-f!1eO:'-!:H 2 0 = 50g50% v/v_7 

O.:C. (<12': n:1) for L-o-cl phenol_? Bot 

::. •• 025IJI o.oosM :J. 0075M '). 0 IM. 

0.323 0.327 0.310 0.290 

0.310 !).297 0.278 

0.306 0.312 ::J.290 0.264 

0.304 ').303 0.286 0.256 

0.305 0.299 0.274 0.247 

0.292 0,.276 o. 230 



t 
m 

162 

L-T!aor:_7 == 0.5wl; Solyen.t = ffierY~~n 2 o 50~50% 
:'. · • ( 42-::· ~m) fo:r 'l'ennerature( 0 s) .~t 

35° 40° 45° 
-~-~,..-,~-

ry .:;•.291 0.290 0.284 --

5 0.287 0.278 -0.265 

10 f;.284 0.264 0.256 

20 0.272 0.256 0.242 

30 D.268 0.247 0.236 

40 ·"1. 263 0.239 0.228 

(d) CK3F e ( CN) 6_7 == l. •Jx l o-3
H LO-c l P '~:eno 1_7 

L-NaOP_7 = D.5M; Temp= (40.0 + ·::.1) 0 c. 

O.D. (420nm) fo:r .["'r!i.eOf<, % , v/v_7 e<.t 

t 50% 55% 6·J< 
m 

'! _/ 'T I 
/ . 

,... 
~r'"' ·-. 

------~-~-- .. -·· -·-

0.240 

0.229 

0.225 

0.217 

0.207 

- -~-_.....,. __ • .,.~....-.-= 

~5% 
·--~-=.. .... ~ ...... ~ _,_ • ......_.,., --=~._.._,.,..,.., ...,._ ---~·....,._=--~---""~-

0 0.290 :Ql. 286 0.2")6 0.295· 

5 0.278 0.267 :-).255 " .27il 

10 0.264 0.262 0.250 n.265 

20 c:. 256 0.259 ::).241 0.263 

30 0.247 0.254 0.240 :).260 

4•') C.239 0.248 0.235 0.?.57 

------~ 
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{ e} _LK 3Fe(Cf:l) 6_7 -3 J:o-cl pheno1_7 LO -2 - 1.0 X 10 M; - xiO M; 

Ter.1p == ( 4'"' ,~ + O.l) 0 c-; Solvent - L~!teQ'-Y· H 0 = 50~50% ·r /v_7 \../ . \...: 
-- J..lo l.,J. 0 2 -

O.D. (420 n:=) for £'NaOH_7 at 
~~-==-=---- '-=---=-'--....:~-.~--... ~· -

i 0. IH 0.2M n 0.3M 0.4M J. 5f.Jj 

() 0.269 0.300 0.304 0.309 ).2')0 

5 0.267 0.289 0.292 0.278 

10 0.266 0.284 0.289 0.286 0.264 

15 0.263 0.285 0.281 0.283 0.263 

20 0.264 0.286 0.281 0.276 0.256 

25 0.262 0.284 0.278 0.273 0.249 

30 0.260 0.283 0.277 0.274 0.247 

?-Chlorophenol 

(a) L-P-Chlorophenol_? = 1.0 x I0-
2

M; L-NaOH_? = O. 5M; 

t 
m -

0 

5 

10 

20 

30 

40 

Temp== (4,J.O .± O.I)°C; Solvent= rMeO'.J,~ H2 0 = 50~50% •r/v_7 

o.u. (420 no) for L-K 3Ve(Cf.J) 6_7 at 

0. OOCJ5i',1 0. OOlM 

8.155 ~.231 8.268 

0. 135 0.235 

0.125 0.180 0.220 

0.112 ·~.163 0.199 

0.103 0.139 C·. 193 

0.096 0. 134 0.179 



18·1 

(b) .IJ3Fe(crn 6_7 = I.Oxi0-
3
M; lfiao!J,.7 = o.sM; 

tm 

0 

5 

10 

20 

30 

4·J 

( c} 

t m 

0 

5 

10 

20 

30 

40 

-:;:'er.1p = (40.0j:O.l}°C; solvent= LMeOH:H 20= 50!50% ,rf..,_7 

O.J. (428 ~m) tor ;-p-chloro phenol_7 at 

:J.OOlM o.0025M 8.005M 0. ,")QT5M 0.01M 

·~. 288 0.288 0.288 C·. 286 0.268 

t). 215 ~). 271 0.270 0.249 0 .. 235 

0.266 0.260 0.260 0.236 0.220 

0.259 0.253 8.237 0.225 o. 199 

0.257 0.242 0.225 0.210 0.187 

·J. 255 0.237 0.221 0.203 0.179 

jJ.3Fe(CN) 6_7 -3 LNaOJl] =0. 5M; - 1.0x10 M; 

L-P a..Chloro phenol? 
-2 /MeOH~H 2 0=50~50% - 1. Ox 10 M; sol 'rent 

0.0.(420 nm) for temper~ture at -3~ 0 c~ 4o
0c 45°C !'>o 0 c 

0.266 o. 268 0.266 0.289 

0.246 CJ.235 0.239 0.240 

·J.233 0.220 0.216 0.219 

0.214 o. 199 0.188 0.187 

0.203 0.187 0.170 0.180 

o. 198 0.179 o. 152 0.152 

'T I ::!.7 
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(d) LK3?e(C'N)
6
_7 = l.Oxl0-

3
M; L-P-Chloropheno_!7- 1.0 

L-fh.Dj] =· 0. 5M; TCr:1p = ( 40. 0.±,0. I) °C. 

f: • C: • ( 4 2 ·::; r: :::',) for L-S o l •r en t = Me 0 H , %, at _7 
_...,_,.._ ........ ,~~-

t 5~·7b 55% 60% n 

0 ~. 263 :).258 0. 294 

5 0.235 0.227 0.265 

10 0. 22·) C'.214 0.253 

28 8.199 0.195 0.235 

30 0.187 0.186 0.226 

40 0.179 0.179 0.216 

-2 x10 M; 

65%' 

0.246 

0.218 

0.213 

0.204 

0.204 

0.190 

(e) ffi
3

Fe(CN)
6
_7- l.Oxl0-

3
M; LP-chloro pheno,!7=l.Oxi0-

2
H; 

Tenp == (4Cl.O.±,O.I)
0 c; Solvent = ffieOH:H 2 0 = 50~50% v/:;] 

0.0. (420 nn) for f:rJa.OH_7 at 

t m O. 1M O. 2M o.au ':1. ~M 

~--------------------------~----------~--------------------
0 0.289 ·J. 305 0.296 J.313 0.268 

5 n.283 0,271 0.271 J.264 0.235 

10 0.278 J.263 0.261 J.256 

20 0.275 0.258 ·J. 252 0 .241 0.199 

30 0.274 ".245 C'·. 233 0.187 

0.272 0.247 0.240 :J.223 O. T79 
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(a) LS'alicylic -2 - 7 - 1. ox 1 o M; Ln a OJ_ = ·~. 5tJI; 

Tem.,p = (4n ~ + ~ I) 0 c• ~ol•re-t /~•on~· u ~=5~·~n~ 17/v 7 ,_.~._.......,. '·• 9 1J ...... !...! ""-' .L/'-"'-"'-'- ··2'- -o0....'-'10 • '{-

t 
m 

5 

10 

20 

30 

45 

o .• 00051f 

0. 169 

0. 162 

0.155 

0. 145 

0.130 

0.121 

o.ooo75M 0.001 M 

0.244 0.301 

0.286 

0.276 

D.207 :J. 26 4 

0.197 0.258 

0.179 0.242 

(b) LK 3Fe(c~J) 6_7- l.Oxl·0-
3M; [NaOH_7 = 0.5 M; 

t m 

0 

5 

10 

20 

30 

45 

Temp = (40.·':· ± 0.1) 0 c Sol·rent = Iv1eOE~B 2 0=50:5C)% v/v 

0. D • ( <l2 :J nm) for ;-salicylic ac i d_7 at 

0.00$M 0.0075M 0.01M 

-~<~--" --~~ 

I'J.3•Jl 0.3:)} ~). 3.J 1 

8.295 ·J. 291 0.286 

0.289 0.281 ·'). 2 76 

0.278 o. 272 0.264 

0.268 ·0.263 'J.258 

0.262 0.250 0.242 
~- ~ ~-
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{ C \ / ... 'K ·=-- f,., rr) 7 -J - ~ !'.~ e , \J :. r:. -
- ._b ~)-

. 7 l (' , ~-~ 0.tl0_ :Y o .'XA· rJT; 

t 
m 

5 

10 

!0 

!5 

35 

50 

O.D. (42r,, l"'ffiJ~ f.--.r te1"'1"''"'T""·~-,,..e (· (),..\ Pt \ ~ J.-'--' _._,_ .... -.::...}''<:/ _,;:.... ..... lJJ..- ...~} ... ~ 

0.3Jl 

0,295 0.286 

0.290 0,!76 0.27! 

0.!64 0.!47 

0.!53 0.2t3 

------------------=----------------------------------------~--------

(d) /-K Fe(•~J) 7 -3 r•ali•ylie :1eid ' 1. c~ -2 - l, Dx 10 M; • ~{ F> M; ... 3 6 .. .... .. 
l•N~OH_i == 'J,5M Temp = (40.C ... o. 1) ee, 

0. D, (4!0 nm) f~r ~o l ;rent Me0H, o{, 
I , 'T / ~r at 

t 50% 55% 60% 65% 
m 

~""'-=---

·~ '),3'Jl t).37() 0,!87 o. 3(',6 

5 
,, 

.286 0.358 0.280 0.2~~ 

lJ 0.'!76 0.350 o.~rs 0.!88 

!·') c.·. ~64 3,3~5 0.!65 0.~8?. 

~5 0.254 0.310 0.~49 0.!85 

45 0.242 o.t93 C,!47 0.280 
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( ~) iJ '!:/'!' e ( c n ) 6_,7 -3 L'Salicylic &cia_7 -~ = 1.0x10 M; =1. Ox 10 v: 

ramp = ( 4 r; ...... + ·J.l) 0 c Sol "lent = MeDT~~ H
2

J - 5·'): 50% ,, / ~r VoV -
o.o. (420 nrn) for £"NaOr.1_7 at 

t m J. lM o.2M 0.3M 0.4M ').5M 

-
0 0.324 0.325 0.31T 0.315 0.301 

5 0.322 0.320 0.306 0.306 0,286 

10 0.320 0.316 o. 302 ~.300 ,). 276 

20 0.316 0.312 0.296 0.291 0.264 

30 o.:H3 0.309 0.296 0.288 0.2~8 

40 0.310 0.294 0.279 0.250 

m-C arboxy p_henol 

(a) [ill-c11rboxy phenol_?= 1.0 x 10-
2

M; L-NaOH_7 = ~.5M; 

t m 

5 

10 

20 

30 

45 

0.0005M 

r'J.l29 

0.114 

"'i. l ()2 

"J.092 

c:. 083 

o.0•)075M ~. COHJ[ 

o. 193 0.226 

J.l77 0.201 

o. 165 0.197 

0.152 O.I85 

0.140 0.178 

J. 120 o. 163 
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( c) /-K 3Fe{cn)~ 7 I. 0 10-3M• fjrt-carboxy phenol_7 
-2 = X ::: l.0Xl'" ~·· 

- . o- ? 

Lfr :10!:{ 7 = J.SM r.J aOH Solvent ;::: ffieoH ~H 2 o - 50~50% ~T I v '7 
I -· -

O.!J. (420 
\ 

for Tem;Jernture ( oc) at mn) 
------"-

t 35° 
m 40° 45° 50° 

0 0.231 0.226 0.232 0,212. 

5 0.211 0.20i 0.209 0.223 

10 0.203 o. 191 0.198 0.204 

20 0.200 0.185 0.183 0.,179 

30 0. 191 0~178 0.168 0.165 

40 0.183 0.169 0.157 0.152 

(d) L-K 3Fe(CN) 6_7 -3 ~m-carboxyphe~ol_] -2 = 1.0xl0 M; - l. Ox 10 JIA 

[NaoH_7 = 0.5M NaOH • Temp .. = (40.0 .±. 0.1)°C 
' 

o.n. (420 nm) for .["MeOH, % ' 
v/v_7 at 

t 50% 55% 60% 65% m 

0 0.226 0,225 0.220 0.200 

5 0,201 0.207 0.210 0.199 

10 0. 197 0.200 0.204 0.196 

20 0.185 0.191 o. 193 0. 181 

30 0,178 0.184 0.187 o. 174 

45 0.,163 0.170 0. 179 0,165 
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(e) 1- I ' 7 ,-, A-3 ~- 7 ~(" Fe~ ~""f,J ,) :::: l.,,xi~~ M; _ m-carbo:xy pheno_! - .. 3, '·.J I 6--' 

t :J • lJIA m 
0. 3}f, 0.4M ') :-sir~ ~· 

0 J.248 0.228 J.225 ~.226 

5 00245 .').214 0.215 0.201 

10 0.241 0.210 0.208 o. 197 

20 0.237 C). 203 0.195 0.185 

30 0.233 fJ.194 0.1'88 o. 178 

35 8.231 0. 1'9 2 0.181 0.174 

, . ... 
E. -carboxy P he no 1 

( er) LP-C'arboxy phenol_?= 1.:) x I0-
2

M; L-NaOH_7 = 0.5 M; 

Temp= (5·:).0+J.1)°C ; Sol,rent= ffieor..~~H 2 0=50:50% v/v_7 

O.J. (420 11m) for L-K
3

Fe(C'N)
6
_7 at 

--=-------------·-----------
t 0. ')~osr,JI :J.00075M 0.00IM m 

0 0.182 .J. 250 0.360 

5 ').169 0.233 '!.335 

10 0. 167 ').226 0.327 

20 ~). 158 0.222 0.319 

30 ·J. 145 ·:1.210 ').314 

40 0.139 0.206 0.309 
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SolYe::£t = L-l,ie0~1:B 2 ·-:: = 5 .. ):50% 'T/~r~7 

o . 1) • { 4 2 r::· lTc..) ! o r L-P -s arb ox y ph e 11 o 1_7 at 
r-~ 

Ll - • :~ : llil J.Q075M G.JlM 

:; • 342 0.342 0.360 

5 C.336 0.335 0.355 0.327 0.335 

10 0.334 0.335 0.350 0.324 0.327 

20 0.328 '). 331 0.343 o .. :us 0.319 

30 ,~. 320 0.326 0.340 0.303 :1.314 

40 0.325 0.334 0.301 ·J. 309 

(c) £K 3F·e(C'N) 5_7 = l.~Jxi0-3H; §-carboxy pheno,!7 =I.·:Jxl0-2M; 

.["'NaOH_7 = 'J.5M; Solvent L-~;1eOH:H 2 r; = 5J~50% v/·r_7 

O.D. (420 nm) for tenperature ( 0 c) at 

t .·35° 4"0 ,) 45° 50° 
li.1 

0 D.347 ':::·. 347 0.340 J.36() 

5 n,334 cJ.33') ,-:. 330 ·"~. 335 

10 ;'""; .327 :::.321 . .J.322 1,327 

20 0.322 0.320 0.3l·J 0,319 

30 'J.3l4 ~.319 r) • 3:J3 ('\ .314 ' 

40 :J.3ll ').316 0.3.Jl '). 3')9 



172 

OoJc (.;~20 :1m) for ·,r-~ :~ e O"~)r 
.t:::,. J_·- •• 

' % ' IT I 'J_7 
~~~~ 

t 50% 5S~ 60% 65% m 

0 0.360 0.328 0.307 0.280 

5 0.335 0.307 0.294 0.266 

ro 0.327 0.304 0.295 0.263 

20 0.319 0.292 0.282 0.260 

30 0.314 0.289 0.282 0.257 

40 0.309 0.287 0.273 0.257 

(e) L-K 3Fe ( C'fJ) 6_7 -3 L-P -Carboxy 7 -2 = l.OxlO M; phenol_ =l.OxlO M; 

Temp - (so.c + O.l)°C'; Sol1rent = L-MeOH~H 2 0 - 50g50% ,r I :z.7 
O.D. (420 m:l) for ri'JaOH 7 - -· at 

t 
m 

0. IM o. 2E 0.3M 0.4M 0.5M 

0 'J.363 0.364 0.367 0.322 0.360 

5 0.360 0.360 0.308 0.335 

10 0.358 0.344 0.342 0.305 0.327 

20 '0.356 'J.338 0.333 0 .. 305 0.319 

30 'J.354 0.340 0.332 0.299 0.314 

40 Cl. 351 ':'1.337 0.330 0.293 0.309 



1 I"•J ") 
IU 

P-r1eth~ Phenol 

(a) LP-l'!Iethoxy Phenol_7 = l.)xl0-
4
M; lffaoH_7 = o.05M; 

Temp= (3').0.:!:. :':.l)
0

C'; Sohrent = L'Meo;:;~H 2 0=50:50% v/v_7 

o.n. (420 nn) fo:rr /-i\ 3Fe(CfJ)
6
_7 at 

-=~~-~--=~--------------------------~-----------------------
t 
m 

0 

5 

10 

15 

20 

25 

30 

0 • (Y) ') ll'Jl 

0.060 

0.045 

0.:)44 

0. ·:)42 

·~ .040 

O.O'J05M 

o. 138 0.200 ".258 

0.215 

0.120 0.210 

2.105 '!.145 0.,208 

0.10() -).146 0.206 

0.100 0.144 0.200 

0.098 ~.142 0.200 

--------·------------------------------------------------------
(b) LK3Fe(CN)6-7=1.0 x 10-

3
M; /-flaOH_7 = 0.05 M; 

Temp= (30.0.:!:. O.l)
0 c; Sol,rent = £"M.eOP~H2 0 = 70~30% •r/:J.7 

O.D. (420 nm) for L-P -Methoxy P henol_7 at 

t m o.ocoun o.ooosB 0.001M 

0 0~258 0.255 0.251 

5 0.215 0.152 0.108 

10 0.210 0.138 0.070 

15 0.208 0.131 0.056 

2C 0.206 0.123 0.048 

25 0.20;) 0.120 

30 0.200 0.118 



(c) [K 3Fe ( CH) 
6
_7 = 1. ex l :;-\a; ff -r:rethoxyphe!l o 1_7=1. "~xl o-4M; 

I 'D R 0 R 7 = 0
' :·-, 5F 0 s 0 1' ·r e n t - 1-He 0 ·~I 0 fc1 ·1 - 7 0 ~ 3 01 1J I 'J_7. _1:.~ ~ -!1.- - • ...... ,1 9 .I!.. •• - - ....., , t a ... 2 ...- - ;o 

Oo ,~ ( Lt2:) ma) for Temper.,ture in 0,.,. at • 0 \ ~ . '0 

-r=-··· -. ..., 
t'' 

43° 0 30" 35 v 40 .. 
~-----=---.-

"" 0.258 0.229 0.236 0.240 u 

5 0.215 0.186 0. 195 0.194 

10 0.210 0.182 ~.J. 190 0.190 

15 0.208 0.180 n.l85 0.183 

20 0.206 0.177 0.183 0.182 

25 0.20~ 0.177 0.180 0.179 

30 '). 200 0.175 0.179 0.176 

" 
(d) L-K

3
Fe( CN) 

6
_7 = 1. ·) x 1 0-,:,TA; L-P -Me thoxy P henol7 -4 =1.0xiO M; 

t 
m 

5 

10 

15 

20 

25 

30 

Temp=· (30.0±'J.l)°C; ,['"Nao~;,_7 = 0.05M 

O .. ,D. (420 nm) for L-Sol'IJ'ent = MeOF% v/v_7 at 

50% 6~1% 1''J% 80% 
,.,_..~~ 

0.182 ),26·) 0.258 0.240 

').164 ).204 0.215 0.219 

J.l6CI 0.206 .) • 210 0.216 

0.159 J.l95 0.208 0.211 

0.158 '-='.194 0.206 0.21·) 

0.194 0. 2')0 0. 2 ')9 

0.190 0~200 0.206 



17;) 

( e) /~ , ) 7 -3 In 7 -4 
.!.. K 3 2 e \ C N 

6
_ = l • 0 X 1 ') H ; .t..P -r,q e t h ox y P hen o J. =l • 0 x 10 M ; 

t 
m 

0 

5 

10 

15 

20 

25 

30 

:'en;J = (3:-J.:J.±,'l.1)°C; Solverl.t -iMeO:i:H2 0 = 10:30% y/'!_7 

C.;-;. ( <120 ::1r..1) for /-NAOH ] at - -
n.05M 

.).219 t').258 0.255 

:),.215 0.204 

).197 0.210 0.201 

'J. 195 0.208 0.20r'l 

0.195 

.) • 193 0.200 0.194 

::·. 194 0. 2J·') 0. 192 

--------------------------------------------------------------
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2-4 D IC HL0ROP HENOL 

(a) [2~4 dic1jJorovhenol_7- I.Oxl0-
2

M; L-NaOH_7...:.. 0.5 M; 

T e r1 p = ( 4 21 • G .±. J • 1 ) 
0 c ; s 0 1 'I en t = cr.~ e 0 q : H 2 0 50 : 5O% '(T I,,-7 

--------~·----~~--~-------------------------------------
t ·~;. O·:?OSM 0~0007SM C. OCll\.« m 

0 0.095 0.139 0.275 

5 0.091 0.132 0.255 

10 '). 088 0,130 0,241 

15 0,085 O.I28 0.246 

20 0,081 0.126 0.249 

30 0,076 D;122 0.233 

40 0.070 0.;120 0.230 

(b) L-K 3Fe(cn) 6_7 = LOxi0-
3
M; L-PiaOH_7 = 0.5 M; 

Temp= (40.0 .±. o.r) 0 c·; Solvent= LMe0Pgp20- 5r:',;5C:% lr/v_7 

O.D, (420 nm) for L2,4 dichl::~rophe~1ol_7 at 

-
t m 

O,OOlM 0.0025M ·J. 005M 0,0075M O,OIM 

0 0,278 0.290 (',. 269 0.269 0.275 

5 0.276 :).287 J.265 0.256 ').255 

10 0.274 J.285 0.260 0.248 0.247 

15 0,272 0.281 0.256 ::.250 0.246 

20 0. 2 7•J 0.280 0,250 (). 249 0.249 

30 0.266 0.277 ;J.242 0.238 0.233 

40 0.26.J 0.273 0.236 0.234 0.230 



1-f'J"Or:..,.; == C' 511~" ';;!ol'Je"'t = /~Po.r~~.g f'l = e;n."' ·al '·T,I'r 7, -=-"Q..:,:. .-. l'·-9 U- .1' . .! _J _ _.._.,:f!...:, ••• 

2
L V-...·o-··0 

" .~, ( 4 2 .r-.. ,..m \ L" • . 0 ~.I !l..IL J 

.. 
--~~--=---=-==·· ~~· ~-=-=-:a.----=·""""'-·'-"'~'~ 

4!f) 
0 c· a~o,_, 

-VI -' 5 '\0':;. 
--~__.."'-..,_ 

0 1).267 0. 275 ·"). 257 ·J.267 

5 0,254 0.255 0.256 0.254 

10 0.249 0.247 0.249 0.242 

20 0.234 0.249 0.231 0.225 

30 0.230 0.233 0.219 0.210 

40 0.225 ;:]:.230 0.217 D.l95 

50 0.221 0.217 0.204 0. 191 

~~ 

(d) ffi3Fe(cn) 6_7- l.C x l0-3i'i!~ [2,4 dicblorop 7~enoJ} = l.,flxl0- 211~; 

LNaOH_7 = 0.5M; Te!iip. = {40.0 ±. 0.1)
0 c. 

O.D. (420 nm) for /-I:;leOH; %, v/v_7 at 

60% 65% 

0 0.275 0.280 0.260 0.283 

5 0.255 0.260 0.236 

10 0.247 c·.258 0.245 0.269 

20 0.249 0.25C~ ·'). 265 

30 0.233 0.245 0.232 0.26:') 

40 0.230 0.243 0.228 C'. 26C' 

50 0.217 0_236 0.226 "".258 



1?8 

{e) L"K3r e ( C P) 6_7 = l. Ox 1o-3
M; L-2, 4 d i ch 1 or ,)phe no,!7=L ')x 1 ::/"

2
M 

";.'e::1p = (4J.J .±. J.l) 0
C'; Solvei'!t = ffieOH:H

2
0=5·')g50% tr/v_7 

0,-::. ( <!2') ''E:J) for J:P aOB.7 at 
-<=.=-·""'-""'<.3L-~-~--- .. 

--~ 

t 
m 

~ .• lM t). 2NI 0.3M ·'). 4M t:. 5JA 

- . - - -

0 0 .. 277 0.302 0.276 0.273 0.275 

5 ·). 275 0.299 0.270 0.260 0.255 

10 0.273 '). 291 ').267 0.254 0.247 

20 ().271 n.287 0.260 0.243 ).249 

30 0.269 0.286 .J. 244 l). 235 ').233 

40 n.265 ·:-;. 283 0.236 0.230 0.23:') 

2,4,5 Trichlorophet~l 

O.D. ( 42') . m' n ·- / for J:K 3Fe (cn)
6
_7 at 

t .~-~ • ~~\ ~J 5 M ·;. :J0075Iv1 0. ·OOIM 
0 

·~---,_,_._,.. 

0 ~I 0 128 0.185 1.244 

5 0.125 n.IBO ·~. 239 

lJ (1.123 r, • l 76 r; 
0 
235 

15 'i.l21 0.175 ~~ .231 

20 0.119 ~::.173 ().227 

25 '::'.116 ).175 '). 225 

30 0.115 ';.171 0.226 



(b) 

t m 

0 

5 

10 

20 

30 

45 

179 

- 7 - 3 - 7 L ~ 3F"e{cn) 6_, = l.OxlO M; L Naog = o.5J.:; 

Temp== (40.() .± O.I)°C; SolYent = LMeon:H 20=50:50% 

O.D. ("~20 ~m) for .["2,4,5 trichiorophenol_7 at 

0.0C>5H O.OD75 

0.243 0.255 

0.239 0.250 

0.237 0.248 

0.233 0.243 

0.232 0.238 

0.228 0.236 

v/v 7 -

o. OIM 

0.244 

0.239 

0,235 

0.227 

0.226 

0.223 

(c) [i.3Fe(GN)
6
_7 = 1.0 x 10-3M; /2,4,5 tricblorophenol7=I .. Oxl0-2M 

t 
m 

0 

5 

10 

20 

30 

40 

T em p - ( 4 0 • 0 ,:t- 0 • I ) 
0 

C' ; s o 1 ,Ten t = J: Me 0:-1 : H 2 0 50 : 5o%· v / v _7 
O.D. (420 nm) for /-Haor1._7 at 

C. lM 0.2M 0.3M ':.'!. 4M 0.5M 

0.229 0.249 0.242 0.254 0.244 

0.228 0.245 o. 2~9 0.247 0.239 

{).227 0.240 0.236 0.244 0.235 

0.225 0 .. 240 0.233 0.240 0.227 

0.223 0.237 0.230 0.238 0.226 

0.236 0.226 0.233 0.222 
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( J) ;- ( ) 7 -~ L- ""' -:! ~ K~Fe CN 6 ~ 1.0 x 10 M; 2,4,5 trithlorophenel t•I.0xl0 M; 
- J • • 

O.D. ( 42·) nm) for tempel'atul"e ( o~n at 
~ -

t 30 
0 

111 
j50 40° 45° 

() n.234 J.247 0.244 0.244 

5 0.233 0,.245 0.239 0.236 

10 0.238 0.242 0~?~!) 0.227 

20 0.228 0~240 -- ... 221 ::J.226 

30 ·:).225 0.2~7 0.226 0.223 

40 0.225 0.233 0.222 0. ?.~') 

(e.) L-K 3F·e(CN) 6 ..... 7 = 1.0 x 10-3M; [2,4,5 trichloropheno.,l7 :1.0xl0-
2

M; 

fjiaoH •. ) =: 0.5M; Temp.=- (4).0 ±. o .. l) 0 c· 

O.D. (42J nm) for ffieoH, % , v/v_? at 

t 50% 50% 5:)% 
m 

0 0.:!44 0.231 /). ~30 0.260 

5 0.239 ').223 0.227 

10 0.235 0.227 ').228 0.259 

20 0.227 0.22:) 0.223 :J. 255 

30 0.226 0.220 o. 220 0.254 

45 0.223 0.213 0.218 



(a) 

t m 

0 

10 

15 

20 

25 

30 

40 

181 

0-aminophenol 

I o-am).nophenol_/ -4 -
= 1.0 x 10 M; I NaOH_I = O.lM. 

'Temp = ( 40.0 .2:_ 0. 1) °C v solvent = L-EeOH ~ n2o = 50~ 50% v /v _7 
o.r:.. (420 nm) for L-K3Fe (CN) 6_7 at 

------------
GoOGOl 0.0005 0.00075 O.OOJL 

0.095 0.338 0.396 0.430 

0.086 0.305 0.362 0.386 

0.082 0.291 0.355 0.370 

0.081 0.275 0.345 0.359 

0.078 0.268 0.338 0.343 

0.071 0.259 0.332 0.335 

0.068 0.245 0.322 0.314 

(b) L-K 3Fe(CN) 6_7 = 1.0 x 10-3 M; I NaOH_7 = O.lM 

Temp = (40.0 ± O.l)°C ; solvent = L-MeOH~ H20 = 50:50% vlv_7 

O.D. (420 nm) for L-0-amino phenol_/ at 

t m 
O.OOlM 0. 0005I'1 0. OOH1 

0 0.430 0.385 0.385 

10 0.386 0.265 0.208 

15 0.370 0.205 0.156 

20 0.359 0.175 0.130 

25 0.343 0.140 0.100 

30 0.335 0.120 
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(c) L-K 3Fe(CN)
6
_7 = I.Oxi0-3M; ,LO-aminophenoi_7 = I.Oxi0- 4rl~ 

L-Haor::_7 = O.IM NaOH; Solvent= CMeOH~H2o = 50~501o v/'T_.7 

O.i). (420 nm) for temperature (~C) at 

t 30° 35° 40° 
m 
'----~--------------------------· ,_ ·~-----

0 0.410 0.400 0.430 

5 0.407 0.385 0.405 

10 0.387 0.363 0.386 

20 0.366 0.344 0.35<) 

30 0.352 0.323 0.335 

40 0.340 0.310 0.314 

(d) L-K 3Fe(CN) 6_7 = 1.0x10-
3

M9 lo-amenopheno1_7 -

L-NaOH_7 = O.IM; Temp= (40.0 ± O.I) 0 c 

o.o. ( 420 nm} for .c-~.4eOH, % ' 
V /,r_7 at 

t 50% m 55% 60: 40% 

0 0.430 0.391 0.390 

5 0.405 0.383 0.380 

10 0.386 0.362 0.370 

20 0.359 0.335 0.350 

30 0.335 0.314 0.325 

45 0.307 0.295 0.315 

0.382 

0.360 

0.315 

0.289 

0.259 

-4 I.OxiO M; 

65~ 35% 

0.363 

0.353 

0.330 

0.322 

0.311 



(e) 

t 
m 

0 

10 

15 

20 

25 

30 

11-•,{ ~D(0"t~' 7/ = 1 n X - '3' ~ ""'6- o'J 

0. C·1J\ti 

0.33'J 

:::·.326 

0.324 

0.322 

0.319-

0.319 

-1 10 ~M; 

0.05M 

0.368 

0.348 

0.344 

0.341 

0.330 

0.328 

--
m-amino phenol 

183 

"'. H!l. 0.2H 

;).430 0.407 

0.386 0.347 

0.370 0.329 

0.359 0.316 

0.343 0.305 

0.335 0.291 

(a) L-m-FJH2 phe~1o 1_7 = 1. 0 x 10-
3

M ; L-n aOH_7::. 0. 1M; 

:.~M 

"·. 419 

0.350 

0.~34 

0.315 

0.301 

0.286 

Temp= (4 10.0 + 0.l)°C i Sol•rent == L}4e(WgH 2 0 = 50:50% ;,r/-..r 7 

t ~·.C<J:Jl m o.ooo5M 0. Cl0075M 0. •JOIM 

0 <J. 090 0.237 0.350 0.439 

10 ·J. 083 0.205 0.326 0.402 

15 0 • . ')7.9 0.202 <]. 303 'l. 3 85 

20 8.076 o. 190 '). 296 0.368 

25 0.074 0.183 0 .. 297 0.363 

30 '). 071 o. 179 ').283 0.357 
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(b) /-K 3Fe{:n)
6
_7 = l.·')xl·'>-~:Mi L-na0'~-7 = t).l H; 

Te:!!p = (4<).') .± C1 .,1) 0 c;; sol•re'1t = _c-rr:eoH~r1 20- 50g50% v/v 7 

t ~-- • :") ~) ;C,~ lt1 
m. 
~~ -= 

.<'"''\ 
'.J :'·. 356 2!. 397 0.417 J.439 

10 0.~53 0.378 0.391 0.402 

15 0.351 0.370 ·~. 366 0.385 

20 0.349 0.365 0.349 ~.368 

25 0.345 o .• 358 0.343 0.363 

30 0.342 0.350 0.333 ~.357 

-3 
== I.OxlO M; /iii-aminoohenol7 = 1.0x10-3~.1; - - -· 

'·.'·.lv· v-, I·.: f~·''f<·, H, t.l (.- c-c . <<·'! v'/ --~ 
.• ·'·. l.. . 1 ... ' \J ' • ..::-·- ·/., ,.J .. ,· j\.' 

0 .1). ( 420 nm) for LB ao·~-7 at 

t m 
O.OIM •J. 05M 0.075H O.IM 

0 0.395 0.395 •"). 426 0.429 

1() 0.389 0.376 0.390 n.402 

15 -::.385 0.363 0.378 ·::" .385 

20 :) • 333 ').360 0.366 ·~.368 

25 '":.380 0.349 0. 3·59 :).363 

30 0.374 (1. 341 0.359 0.157 



c 

5 

t 
m 

10 

20 

30 

40 

(e.) 

t m 

0 

5 

10 

20 

30 

45 

185 

j_-i'!<l':'--~_7 = o. H4 PJaOH9Solvent ffieoH~H 2 0 = 50:50% vf,r_7 

O.D. {420 nm) for temoerature {°C) at 

40° 45° 
~--- ....... 

n.426 0.439 0.460 

0.427 0.419 0.443 

0.405 0.402 0.423 

0.375 0.368 0.397 

0.342 0.357 0.377 

0.333 0.335 0.356 

.. _. ........ --·-.---
.. •-, 

! 

- .. -~ ---

I' 

,..1 • 425 

n.402 

1"!.,37·"' 

,"'1 .347 

LK3Fe(CN) 6_7 1. 0 10-3M; ,Lm-amino pheno.!.7 
-3 = X - 1.0x10 M; 

LNaOH_7 = O.IM NaOH; Temp. = (40.0 ±. 0. l) °C 

O.D. (420 nm) for L~~eOH, %, v/v_7 at 

50% 55% 60% 65% 

0.439 0.397 0.330 0.385 

0.419 0.389 0.313 

0.402 0.373 0.300 

0.368 0.360 0.285 0.362 

0.357 0.336 0.274 0.343 

0.333 o.312 0.260 0.333 
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2-3 dimethyl ~,enol ............. 

(a) L-2-'3 dimethyl phenol_7 - LOxl0-
3

M; ffiaoli7 = o. nn; 

t 
m 

0 

10 

15 

20 

25 

40 

Temp= (40,0 ± O.l)°C; solvent= LMeOH:H2 0 = 50:50~ ~~~-7 

o.r:. {420 nm) for £K 3Fe(c·PJ) 6_7 at 

O. OOOUA 0.0005M O,.OOCTSM 0.001.M 

0.102 O,lS4 0.215 c.242 

0.060 o.os7 o.t40 ~.1S3 

0.045 o.oso 0,131 0.149 

0,035 0.077 0.1!8 0.140 

0.028 O.OTO 0,129 0.140 

c.tl'6 0,136 

- 7 -3 I 7 (b) L K3Fe(CH)6- = l.DxlO H; '- NaOI-!_ x: O,lM; 

t 
m 

(] 

l') 

15 

20 

25 

40 

Temp= {4r;.o ± O.l) 0 c ; solvents L:MeOH:H 2 0 ~ 50~50% T/Y_7 

O.D. {420 nm) for ~2,3 dimethyl phenei_7 at 

'"~ -~· -- - - ~~ 

J •. .)nO H1l o.ooo25M 0. 0005P.~ 0,00075M ·~.·')~1M 

.:.n.._,_,. ___ 

-=-·. 289 0.280 0.246 0.241 0.242 

J.263 0.230 0.190 0.169 ~.153 

D.259 0.232 0.180 0.163 0.149 

0.26'0 0.221! 0.177 o. 154 0.140 

0.253 0,221 0.172 0.152 0.140 

0,253 0.217 (l. 165 0.143 0.136 
____.._- -a - ._....,..__ 
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-~) 
= 1,0 X 10 -M; 

·CJ • H:!I ; S o 1 v en t == LJ~ e 0 H : H 
2 

0 = 50 ~ 5O% ... } J:r ~o'-" I -• .-.__ ~ !..., -

~ -
nm) for temperature (°C} 3t 
-=-----------~----------=-----~--~------------·-~- ~-

t 35° 40° 450 
,•,..: 

.,___.~--~ ....... ........,.,._ .... .._~--=--"ao.. 
--------~-----~--~------~---- ---------

--, :) • 241 0.242 ~ fJ.253 

5 D.l94 0.165 0,186 0.222 

10 ':·.177 0 .lS3 0. 171 0.200 

20 C·.l69 0. 140 0,160 

30 0.162 0.141 G.,l55 

40 0.156 0,136 

t ·.-·· 

m 50~o 55% 60% 6~·% 

0 0.242 o. 265 0.253 ~.25~ 

5 0.165 0.,225 0.205 ~· .. 183 

10 C;. 153 0.207 0.186 'l.l7l 

20 o. 14,0 o. 194 o. 173 ·). 160 

30 0.141 o. 193 0 .. 169 .::.155 

40 0.,136 0 .. 189 0.170 ~~.152 



188 

'} 

l nx 1·"'-·',t~ • . ... - - ~ 

1'er.1p 

:'or rn?~.OH_7 at 

~- -
:'.')25M o. ·Jsrr: ·:> • :J 7 !"\1' 1) ~\. 1!:1! 

0.268 ·:).254 !J .292 .- ':11 ~""' \.' . ....... . ~.242 

10 0.250 0.187 •). 209 0.203 0.153 

15 0.248 0. 180 0.203 0.195 0.1'49 

20 0.244 0.174 0~ 192 0.181 0.140 

25 0.167 0.186 l). l 79 0.140 

40 0.232 0.157 0.174 :) • 176 0.136 

2~5 Dimethyl phenol 

(a) .[2,5 dLnethyl phe~~ol_7 = l.Oxl.J-3
M; /NaoH_7 = D.IM; 

Temp = ( 40. :"' .±. C. l) °C 9 solve:>. t = {MeOH ~ l'":1
2 

,) = 5~, ~50% v /-v_7 

0 • D 0 ( 4 2 0 n m) f o r Ly:. 
3 

F e ( S fJ ) 6~7 ~ t 

t ('\ 
m 

.OC:01M C'. JCl05 0. OOUA 

·J 0. 1 'JO :) • 137 J.267 

5 0.195 0.073 0.1613 

1·0 0.093 J. :-·59 ·J. 146 

15 0,089 :J,J57 :).137 

20 C·. 'J85 0,048 0.127 

30 0.069 0.114 
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( c) 

,,": H .. /1 • r.c 0 1 ., e .11/ ~" = rr· ,, e A p. q {' = I'; .'""l • ~ ·'"', ai.o ,, ITT 7 
._ 11o ............ 9 v v .•• ~... - ·• '.J F"'!. 0 .. .!!. ?. '--' o v..... I ' • -' 

r. :: 0 c ~ .. t 
------

"5opi 40°C' 115 or e: .... 0 ,..., 
'-~ ·.:) • •-.J _; .... ·' tv 

-·~--~"'....-=-~- _ .... _ ___.,., 

,0 .J. 26 3 0.267 0 5 269 '1. :?. 6') 

5 0. 166 0.168 C:.l54 ::>.157 

o. 150 0,146 0.136 -:~.1'?..7 

0.!30 0.127 0.!20 "i. 115 

30 0.118 0.114 0,107 ~.101 

0.114 0.108 0. 101 

--~----------------------~------.--------------------------~---

--3 
10 M; 

Temp. • (40,0 i O.l) 

--------------------------------------------------------------------t 
ill 

0 

5 

10 

20 

30 

40 

50% 

C.267 

o. !6 5 

0.146 

0.127 

0.114 

2. l J8 

~------------------------- --·-.-
0.240 

0.177 
.... .-, 1 -. 

0. 163 

0.146 0,140 

·.).140 0.133 

0.129 0.128 
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( b 1
\ /~X 4'e{~"'rJ) 7 ·- l .~, ·r 
~ .. ~3J. 'J • 6a::.M' - • ,_... .J..,_ 

-3 - 7 10 ·M; L NaOH_ = 0.1 M; 

t 
m 

15 

20 

30 

40 

Temp= (4·J.) .:±:. J-.-1) 0c~ sol,rent = ["'Iv1e0!'-Igrj
2

.::;-= 5'):~·~% l!/'r_7 
O.D. (42'J nm) for L-2,5 dimethyl phenol_? at 

~~·".'OlNI -~. 'Y)025M ·o. ooosM ('). ()'JJ75IP. :J. ':~- lM 
.... -~..,......_, .... __ ...,... 

.) • 267 0.-267 0.267 :) .• 267 :.267 

··~!.246 ~-::.22·:) !') .• 180 0.167 ~'-• 146 

0.238 J.213 0.168 0.165 ').137 

0.234 ().2ll 0.163 o .• l47 ~.127 

0.229 0.206 o. 158 o.I34 ·J.ll4 

-. 2"'2 :_). .....; -d 'J.156 0.12 7 n.IOB 

( ) /- ( ) 7 · - 3 r 1 - 3 e _ K3Fe CN 6_ - 1.~ x 1J M; _ 2,5 dimethyl phenol_ =l.1xl0 M; 

Temp= (40.0.:±:, O.l) 0 c; solvent= J:MeQi{g~-! 2 ') = 5~~50~1a v/·r_7 

O.D. (420nm) for /-II aoa _7 at 

t 0. 0 li'A :; • 025M O.':'J5M C' .• 0751-1( :"!.1M. 
m 

0 0.274 0.253 0.267 0.264 ~.267 

10 0.250 0.174 ·0.164 C.149 ·~. 146 

15 0.245 0.170 ,J.153 i::". 136 0.137 

20 :!.238 0.165 0.145 ;).131 o. 127 

30 0.232 0.154 0.131 J.ll6 :.).114 

40 ·).228 0.151 :).122 ·J. 109 ::'. 1•)8 
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~1 4 dimethyl phenol 

(a) £:3,4 dimethyl phenol_7 = 1.0 x 10-
3

M; CNaOP_7 = 0,1MJ 

Temp= (40.0 .± ·J.l) 0 c; solvent a [1AeOH:H 2 0~50:50% v/•:r_7 

o,:;. {420 mn) for f:K 3Fe(CN) 6_7 at 
...__-..... =>o..·-=-~- ... ~~~~:.0-~~-- -·<=:~-~~ 

t 
m 

-~ • :-·.:--··:) lM J.0005M O•OOllv.l 

0 0.105 0.204 J.247 

5 0.074 C.l23 0.,170 

10 0.050 0.103 0,143 

15 0. :"]41) 0.089 0.130 

2 () \). 028 0.083 ·J.l20 

di:--cethyl pheno1_7 at 

"- ·•, • c;:·. -. n: ,"\ ~-:'J025rv; O~O'J::l5M o.t'l'~075M o.·"':'·li'' "' ' . ;--• 

,_:::___,._~---~· ~~-~--.-._~'OS-·-'<:.....M 

"' 0.265 '). 246 0.250 0.247 :-:.2~7 ._ .. 

10 0.246 0. 2l'J 0.194 o.I67 ' 
11'.'< . -- - ...... 

15 ~).243 ;:, • 206 0.186 0.154 "· • 13() 

20 .:).238 0. 198 ).176 0.148 rJ.l?,~; 

30 0.233 .J. 19 0 ).163 >'). 134 -~· • l l 'I 

40 ~'). 229 J.l86 o. 158 0.126 -~ .• 099 
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( c ) L-K 
3

? e ~ C i'! ) 
6
_/ = i • ·J x 1 :J'""' ::\1 ; [3 , 4 d i r: e t h ··r 1 p 1'! en o 1_7 = 1 • ·~J :x l (1- \: ; 

[f'J aOB,.7 = ·.-J ~1M; So l·ren t = /:r-.~ieOH: H2 ::J = 50: 5C1'3b 'J / v_7 

·~~-~--'-'-"'-=~~-_ _...__.....,.~~ 
~-- ·--""'-.:.a.·-~-~---

t 35 40 45 5'::· 
[1 

~·~-----~~~., ,....--'='._,_.._ .,...._ ·=--~-

0 ').264 0.247 :::'.254 i. 26~· 

5 C>.167 .). 170 0.149 0.155 

8 0.163 n.!52 0,.133 ~.140 

l .-, 
'J n.I59 ::J.143 0.!24 0.125 

15 0.143 ·). 130 ·l .112 0.105 

20 0.135 '}. 120 0.110 ~.089 

31J J.-:trl8 2.110 J.JBl 0.075 

-3 = 1 • Ox 10 }A; 

Temp= (<10.:~) + l.1)°C9 /3,4 di::tethyl pheno_l7-= l.Ox10-
3

M - -
O.D. (420 no) for J:solve,?t = MeOH,%, v/'1_7 at 

50% 60% 65% 7'J% 

0 -. .247 .~ 

·• 245 0. 27') !.21C! 

5 :;. 17J ).171 .J.213 :J.l90 

8 .-:;. 152 .:1.160 .J.204 :'. 183 

10 C.l43 0.153 ).~04 ·1. 18':! 

15 ,'J.l3:) ). 139 ').189 ·l. 169 

20 ·').12::) 8~130 1.186 J.l62 

3 r, 
'.) :::.1L1 :).113 ,) • 173 :J.l46 

~~.-· 
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(e) 1-,r Fi'e 1 r<'tf) 7- i 'l x In;.3·<· /3 ct di,.,e>·'-·1 p'~P.nol7-I ~~xi~·- 3F• 
- .!i.). 3 h ' .. .J • 6- - • ~- . ..., - ' L ' .. ·-- v !.. .. _, •• .:. _ .. - • .._. '.J ·.' 

Te!i!p = (4c~ .. G + .-:J.l) 0 s ; sol•rent = fr~eo:::~r-: 2 '.! = 5'!:50% .,/v_7 
O.Jo ( 42Ci ""I"'•) .:...l.·-- fo:r ,- 7 L N ao:.-1...,, st 

- ~~~.,.....--

t .-. ~ C''lr;I :);, 025M Cl. ~)5M -~" 075~A ) • llvl Il1 
... ~~-

r_1 ').255 ,J. 2 72 \_1.243 •.J. 268 - 1 .247 

10 0.,236 0 .. 216 0,.178 o. 162 0.143 

15 0.224 '). 2J6 0.165 0.152 0.130 

20 0.219 'J. 195 0.157 o. 142 0.120 

30 ·J. 206 0. 187 :_"'!.141 o. 126 '). 110 

4·0 0.197 ').178 '). 135 Cl.l18 o. 099 

2,6 dirn~,thyl Phenol 

(a) [2,6 dieethyl phenol_?= l!C x l0-
4rA; L-NaOH_7 = 0.1M; 

Temp= (3'-::·.0.:!:: r:.1)°C; Solvent,;, /t'lleOH~H 2 ')=50:50% vhr_7 

O.D. (,;20 n8.) for L-K3Fe(c-:) 6_7 !:!.t 

t o. J-Jt)Hll m O.OOJ5M ·'J. 0')07 5M )/'!'11M 
·-..-~-~-~ 

~--·- ···..&...-..----~·-

) ::) • 080 ·J.l32 'J.185 .-:". 259 

5 .) • 077 0.127 ·J. 180 :1.25') 

10 (:i. 075 0.124 ·"! .174 0.24~ 

15 'J. 1J72 :; • 120 ().168 :.!.238 

20 8.J72 J.118 "'.164 :.-.227 

30 o.o69 C.I06 n.I~B 0.219 

35 .... (j. 1 )4 0.155 •J. 216 
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.(~. ) L- I ) 7 -3 I 7 . b K
3
Fe,CH · 

6
_ == 1.:·; x l~ JI; L PJaOH_ = ~.IM; 

Temp= (3n.r .± iJ.l)°C; Solvent= rMeor~~H2 0 = 5ri~5'1o/o v/,r_7 

O,P, (42::-J nD) for .['"2,5 diuethyl phenol_7 at 

t 
m 

5 

10 

15 

20 

30 

0.259 

:"J,250 

0.238 

').219 

35 0.216 

0. ·)005~.~ 

·l. 23 7 

0.180 

0.170 

~.165 

0.152 

(c) ffi 3Fe(crJ)
6
_7 = l.Ci x 10-3~;.!; [2~6 dimethyl Phenol7=I.0xl'l-4

M; 

Temp= (3C·.~ + ().1)°C; Solvent =LMeOH~H 2 :J=50~5'~% v/,r_7 

O.D. (42·~ no) for f:NaOH_7 at 

~ ...... ~.-

t __ ,. C1 li: o ::J.05M .) • 075M 1. IM 
I!1 
~ ..... .,~~~ 

0 ~~335 --1 .295 .-!. 258 ::J.259 

5 '1.291 '1.249 J.250 

10 ,- • 3 32 l.286 D.237 0.240 

15 ~ .S32 0.277 0.233 0.238 

20 ":. 3 2~::: 0.274 0.228 0.227 

30 "'.323 0.269 'J.220 ·~.219 

35 0.327 ':.263 0.218 0.216 
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( Q,/\ !Y F.<>{'"'i'f) 7 = - • 3 ~ \ . .. 6-1 
-~ 

l.~xl0 M; /2·6 dimethyl pheno_l7 . ' 
/Nne'~/= ~ .. 1J·I; ~!>olvent rfloOH ~ H

2
0 ::.=: 50~50% v/v - -· 

OoD, (42J :1m) for tem~ere.ture (°C) at 

t 25° 3 ,--,0 
" 35° 

m 
-~--"'---~-..~-=--~-

,-, ~:· ~ 259 ·::::. 259 0.246 v 

5 0.251 0.250 0.!3Z 

10 'J.243 0.240 ·:).2!4 

~0 0.2~9 0.!!7 0.!15 

:!5 0.227 :).~!6 0.!1! 

30 0,;!!0 0.!19 0.:!08 

_,.,_ 
= l • Ox l ~ ·u 

4:= 
-; 

___ ..._ __ , ..... --· ~ 

'"". 2 --~ 3 

0.23~ 

8.22:! 

0.!16 

( e.) .[K 3 Fe ( C'l'J ) 6-7 = 

L-FJ aOH_7 = :) • HA 

1 • 0 x 1 ')- ~M ; [2 , 6 dime thy 1 ph en o .!7 = --4 l.Oxl;,. M; 

·~ Temp ~ (3o.o ± o-i)~e 

t 50% !)5% SO% 65% m 

0 0.259 0.:!48 .o.~~~ 0.:!48 

5 0.250 0.238 0.:!29 0.23~ 

10 0.240 0.~30 0.2!0 0.2~9 

20 0.227 o. 2~W ;').!13 0.225 

30 c~.219 0.213 :).208 0.2!3 

40 0,.212 0.217 
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(a) [2,,:,6 ~ricl1lorophenol_7 = l.Ox10-2
M; £naoH_7 = 0.5M; 

t 
m 

0 

5 

10 

15 

20 

25 

30 

40 

~~emp= {tW.J ±. o.l) 0 c· ; Solvrent = L-MeOHgH20=50g50% vlv_7 

o.s. (420 ~1m) for ['"i\ 3Fe(Cn) 6_7 at. 

--~-

'). O·J05l·i! 0.00075 

0. 124 0,197 0.253 

0.1'15 

0.114 0.234 

0.111 o. 175 0.229 

0.110 0.172 0.231 

0.108 0.171 0.227 

0.106 0. 170 0.226 

0.103 0.165 0.22fl 

(b) L-K3F''e ( C'I'J) 
6
_7 = I. 0 x 1o-3

M; L-N aOH_7 =0. 5NI; Temp=( 40. 0,::!:0. 1) 0 c 

So 1 ye~1 t ==- LMeOH di 20 = 50 g 50% v / vr_7 
O.D. {420 nm) for J:'2,4,6 Trichloro~henol_? at 

... O.O:J25M 0 •. JQ50Td o.oo75M O.OUti I, 
m 

0 0.250 0.250 0.253 0.253 

5 0.239 0.245 0.240 0.236 

ro 0.243 0.240 0.239 0.234 

I5 0.242 0.238 0.236 0.229 

20 0.239 0.233 0.23-§- G.23I 

25 0.238 0.232 0.232 0.227 

30 0.235 0.231 ~').231 0.226 

40 0.229 0.228 0.222 
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( \ ;- I \ 7 -3 L- 7 -2 e1 _K
3

Fe\Cru 16_ ~ 1.0 X 10 M; {,4,6 trichlorophenol_ xl.~xl~ M; 

£":!:"~ _7 = 'J.5I·Jl; solvent ::.:: .{"HeOH : :-1 2 0 = 50~50% v/v_7 

O.D. (42) nn) for temner.~ture ( 0~·) at 
~---=--.,_ .-.-.. ~~--------~-~-~ 

t '\ .. , 0 
.j) 35° 4'Jo 45° 

m 
-~-

(', ~}. 24 7 0.247 0.253 ·"';. 257 u 

5 0.234 0.237 n.236 0.249 

10 0.232 0,236 0.234 ~.242 

:w 0.~27 0.230 0.231 0.232 

30 0.229 0.228 0.226 C'l.222" 

45 0.221 0.224 <J.220 0.216 

(d) L.if~Fe(GN) 6_7 = l.C1 x 10-3M; L2,4,6 triohloropheno.!.7 ""'l.0xi0-
2

M; 

LNaOH_7 ~ 0.5M; Tenp ~ (4 .• o ± 0.1) 0 c. 

O.D. (420nm) for L-MeOH, %, v/v_7 at 

t 50% 55%' 60% 65% m 

0 0.253 0~265 0.239 0.270 

5 0.236 0.252 J.23l (':. 262 

10 0.234 0.250 0.227 ·').:!61 

20 0.231 0.247 0.227 0.260 

30 0.226 0.244 0.219 0.259 

45 0.22·J 0.240 0.217 ::'.255 
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(e) IV TO·e('"'"l' 7 L.~~3!:· _,LJ6...,..- l.f;· X 

T em p = ( 4 0 • •J + 0 • I) 0 
C' t S o l ''en t = i.\11 e 0 H ~ H 2 0 = 50 : 5O% 7 / 'T • 

O.D. {420 mn) for J:Hacr~I_7 at 
- ... -.... ,._~....-.c.-

-·~--~ 

0.31\A 0. 4lA :'.5)\;J 

~-

0 0 .. 250 :J.263 0.262 0.2$3 

5 0.250 0.249 0.236 

10 0.246 0.250 0.247 0.234 

15 0.248 0.246 0.229 

20 0.244 0.249 0.241 0.231 

25 0.252 0.240 0.227 

30 0.242 0.247 0.243 (). 2·26 

40 0.2<!0 ·0. 245 0.238 0.222 
---

V'ANILLHJ 
--....-....... 

- 7 -2 ;- 7 0 (a) L J1!.ni:,lin_ = I.OxlO M9 .tJJ~OB, =0.5~1~9 Temp=(40.0+0.1) C' 

Sol~ent = ~MeOH~H 2 0 = 50:50% v/v_7 

0. D. ( 4 2 0 nm) for L~K 
3 

Fe ( C'N) 
6
_7 at 

t 0 .. 0005i"A m 
0. 000i'5M O.OOIM 

0 0.113 o.r67 0.239 

5 o.ro5 0.145 0.213 

10 0.098 0.130 0.194 

20 0.085 0.115 '!.186 

JO 0.077 0.!03 0.170 

40 J.IOO o.r67 
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- 7 -~ - 7 (b) L K3Fe(CH)
6
_i = l.·J x !0 '"'~1; L NaOH_ = 0.5M; 

Temp= (40.'::• .± O.l)°C; Sol~rer-;t = L-Meoq:H 20- 50~50% v/v_7 

O.D. (42'J ::'lPJ) for /-Yenillin_7 at 

t O.OJIM 0.0025M O.IJOSM 0.0075M 
m 

-~~ 

0 0.237 0.239 0.211 0.211 

5 0.232 0.230 0.200 0.193 

10 0.229 0.222 0.195 0.186 

20 0,220 0.216 0.185 0.176 

30 0.214 0.207 0.180 o. 170 

40 0.219 o. 203 0.169 0.159 

(e) £K3Fe(C'N) 6_7 = I.Oxi0-
3

M; L'VanilliE,7- I.Oxi0-
2
M; 

t 
m 

~J 

5 

10 

20 

30 

40 

Temp == (4'J.O.:t,0.1)
0

C'; Solvent = LMe0~-{~H 2 0=50~50% v/v_7 

O.D. (420 nm) for L-rlaOH_7 at 

:J. 1!1 0.2M 0.3M 0.4M 

0.217 ~.213 0.203 0.189 

J.214 ·:'1 a 206 J.190 o. 169 

<").212 ··). 20Cl 0.182 o. 166 

0.206 0. 185 0.!86 O.I46 

J.199 O.I77 0.174 0 .. 146 

0.196 0. 175' 0.161 0.!42 

,.,._."'-..,...~-· 

·J.OH\l 

0.239 

0.213 

0. 194 

0 .. 186 

r-;.170 

o. 167 

0.5M 

0.239 

0.213 

0.194 

G.I86 

0.170 

0. 167 
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EUGENOL 

{ 2.) L-;:o- f"":::,'-.'nii f - 1 ·" r ~ J\.i•..Jl; ~~ ::__,, I - ..,_. \_, J: .. 
~' 

~--~··· 

t 
m. 

0 

5 

10 

15 

20 

30 

O.J. 

.\{ Ll 2 ·"' T·~ m ) ....... v .__;,,~._,_, 

.-·,. ~"';:'OlM 

0.085 

0.074 

0.070 

0.066 

0.066 

0.063 

( tl2" "''"·'' ~ ~ ••'-'-' I 

t J. Cl00H1 
m 

0 0.200 

2 

5 0. 169 

10 0.163 

15 0.160 

20 0.160 

30 0.158 

0.0005M 

0.140 

0.120 

0.116 

0.110 

0.110 

r). I 08 

for /-EUGENOL 7 at - -
·::.ooo25M 

0.213 

0.137 

".123 

J.ll3 

0,.110 

C.I03 

-::,. I'J2 

·::. o::" IM 

-~-~-=--

0.200 

0. 169 

0.163 

0~160 

":'.160 

0.158 

o.o005M 

0.213 

~ .• 1·J3 

0.(1)86 

0.075 

J.069 

''· 06 5 
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(c) .fK3Fe{CN) 6_7=I.~x10-3M; L-Eugenol7 = 1.0 x I0-
4lit·; 

LNaOJ£7 = 0.,05M; Solvent=/ MeOHg H2 0=50:50% v/v_7 

O.D. (420 nm) for Temperature in (°C) at 

t 
m 

5 

10 

15 

20 

30 

35 

t 
m 

0 

5 

10 

15 

20 

30 

35 

Temp 

o.D. 

30 

0.200 

0.169 

0.163 

0.160 

0.1'60 

0.158 

0.156 

35 

0.220 

0.180 

0.176 

0. 1.7 4 

0.172 

0.171 

0.170 

40 

0.226 

0.177" 

0.174 

O.J70 

O.I70 

O.I69 

0.170 

- (30.0,:t0.1)
0 c; ,LNaOH_7 - o.o5u. 

(420 nm) for L-Solvent = MeOH % v/v_7 
~ 

~,~,of 
v --'/0 60%/ 65% 

:!.200 0.,190 0.203 

C'. 169 0.164 

0.163 0.160 o. 164 

o. 160 0.154 !.160 

0. 160 0. 151 0.156 

0. 1.5 8 0.I51 ().1'55 

o. 156 

at 

45 

0.220 

0.1'60 

0.157 

O.I56 

0.153 

0.149 

0. 1'4 7 

70% 

O.l8C 

o. 171 

0. f67 

o. 165 

o. 165 

o. 157 
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(e) CK 3Fe(CN)6-,.,7 = 
-3 l.OxiO M; [Eugenol_?= -4 l.OxlO M'; 

Temp = (30.0,:t0.1) 0
C'; Solvent = £MeOH:H2 :) = 50~50% v/v_7 

O.D. {,~20 \ .. nm) for L-NaOH_7 at 

t O.OlM o.025M o.o5M O.OI5M 0. IM m 

0 J.200 0.198 0.200 0.1'99 0.207 

5 0.180 0.169 0.162 0.~59 

10 0.178 0.165 0.163 0.160 0.154 

15 0.170 0.160 0.160 0.158 o. 153 

20 0.170 0.160 0.160 0.157 0.152 

30 0.169 0. I 57' o. 158 0.153 0.150 

35 :J.168 0.156 0.153 0.147 

METEYL EUGENOL -
(a) LMethyl Ellgenol_7 = 7.5xi0-

3
M; J:NaOH_7 = 0.5M, 

t m 

0 

5 

10 

1.5 

20 

30 

T'emp = (40.0 :±; ·J.1)°C~ Solvent =rMeOHgH 20==50:50% v/v_7 

o.n. (120 nm) for K 3F~ (CN) 6 at 

0.000IM 0.0005M O.'JOIOM 

0.056 0.122 0.176 

·:·.053 0. 1 I1 O.I59 

o.·J5 1= 0.107 0.160 

·J. 049 0.106 0.155 

·). 04 7 0.102 o. 154 

0.843 0.100 0.155 
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(b) _LK 3F-e(c·rJ) 6_7 = 5.0 x 10-
4
M; LNaOH_7 = 0.5 M; 

Temp= (40.0.:!: O.l)°C ; Solvent= ffieoH~I-I 2 0 = 50~50% v/v_7 

O.D. ( 420 nm) for L-Methyl Eugenoi_7 at 

t 
m 

D.0025M o.oosM o.oo75H O. ·JIM 

0 (':. 120 0.122 0.122 o. 120 

5 0.111 0.112 0.111 0.101' 

I:O O.IlO 0.1 ro 0.107 o.ro2 

15 O. I09 0.107 0.106 0. 1'00 

20 0.107 0.104 0.102 0.097 

30 O.I03 o.roo 0.096 

35 0.1'00 0.097 

(c) lK3F·e ( C'N) 6_7 -4 LMethyl 7 -3 - 5.0xl0 M; Eugenol 7.5xl0 bf -
£NaOH_7 = 0.5 . solvent = LMeoH~H 20=50~50% vr/v_7 1 

O.D. (420 nm) for Temperature in OC' at 

t 3r' ,, 35 40 45 m 

0 0.094 0.100 C.l22 0.120 

5 ::_). 091 0.094 0.111 O.I04 

r.o 0.087 0.090 0.107 O.I03 

15 0.085 0.088 0.1'06 o.ro2 

20 0.084 0.087 0.102 0.100 

30 0.086 0.082 0.1:00 O.ICO 

35 0.083 0.084 0.100 0.099 
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(d) .[K 3Fe(CN) 6_7 = 5.0:~Cl0-4M; LMethyl E'ugeno1_7 =7 •. 5xi0-
3
M; 

Temp= (40.0 ± O.l) 0c; L-Na.OH_7 = 0.5 M 

t m 

0 

5 

ro 

15 

20 

30 

35 

(e) 

t m 

0 

5 

ro 

I5 

20 

30 

35 

O.D. (420 nm) for LSolvent = MeOH % v/v-_7 

50% 55%" 60% 65% 

0.122 o.roo 0.084 8.204 

C. Ill ·J.095 o.oso 0.203 

0.107 0.092 0.079 0.202 

0.1'06 0.090 0.076 0.200 

0.102 0.090 0.075 o.:aoo 

0.100 o.oss 0.076 o. 199 

o.roo 0.087 

f:Kr?·e ( CN) 6_7 . -4 = 5.0xiO M; LM'ethyl 7 -3 Eugenol_ 7.5x1J M; 

Temp 

O.D. 

= {40.0±0.l)°C; Sol,Jc_.:t = L-MeOH~H2C = 50:50% v/v_7 

( 420 nm) for LN aOH_7 at 

O. IM 0.3M 0.5 M 

0.110 0.125 o. 122 

C.I08 0.119 0.111 

0.107 0.117 o. 107 

o.ro6 o. Il5 o.ro6 

0.104 o. I 13 o. 1J2 

0.104 0.112 0~IOJ 

0.100 
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C'atechol 

-2 1.0 X 10 M; 

L-NaOH_7 = 0.05M:; Sol,rent = L-MeOH~H?O = 7·0:30% v/v_7 
. - -

O.D. (420 no) for t pernture in ( 0 C') nt 

t 30° 35° 40° 
r:1 

0 0.393 0.451 0.398 

2 0.218 0.255 0.205 

5 0.137 0.180 0.1 l2 

8 o. 120 0.140 0.090 

ro 0. 110 0.120 0.050 

-

,["K 3Fe(CN) 6_7 = 1.0 x l'0-3M; L-cn:techol_7- 1.8 x 

~N~0~_7 = 8.05M; Tenp = (30.0 ± O.I)°C 

O.D. (420 no) for L-Solvent = MeOH % v/v_7 ::rt-

t 60%' 65%' 70% 
I:l 

0 0.388 0.393 0.393 

2 0.115 8.135 0.218 

5 0.101 0.11'"'l 0.137 

8 :J.067 0.0135 0.120 

ro <J. 040 0.053 J. riO 

45° 

0.398 

0.15-i 

0.100 

<"!. 067 

1).030 

~---· -.....-

-2 10 M; 

75%' 

r"'). 405 

·). 2 30 

C'.225 

0.205 

0.203 
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Eesorci!:!ol 

~ ~ 

/-K .. Fe(cr-!)
6 

7 = I.'J x l·J-'-'M; L-Resorcinoi_7 = LO ~ tO __ _.f\-1· 
c=r " ~ ) 

L-nao:.:;.~7 = o.:=l5l\!1; Sol•Tent = L-r,1e0'"-{g H20 = 70g3')% ·rlv_7 
0.J. (42J ~~) for teDper8ture in (

0 c} at 

t 
m 

0 

5 

15 

20 

30 

J.586 

J.428 

0.368 

0.338 

o. 321 

J.300 

0.595 

0.370 

0.330 

0.320 

0.312 

:).300 

0.595 

0.360 

0.328 

·J. 320 

0.312 

0.302 

0.595 

0.347 

0.322 

0.308 

o. 3~5 

0.290 

L- ( ) 7 - 3 r 7 '1 K 3 F··e C rr 6_ = 1 • ::; x I 0 M ; _ Res or c i n o 1_ = I • 0 x t 0 - "" f 'If : 

L-NaOH_7 = o.05M; Temperature= (30 .±. ':1.I) 0
C' 

O.D. (42·J ~1n) for sol•rent LMeOH% •r/•r_7 at 

t 60% 65%' 70%. 
m 

0 :::-.407 'J. 580 0.586 

5 ·J .. 254 (':. 36 5 0.428 

10 0.220 0.341 0.368 

15 ~.2)4 0.326 0.338 

20 J.l94 0.320 0.321 

30 0.328 0.300 

40 -

·' 

0.332 

·J.276 

0.265 



Orcinol 

( ) /- 1 "' ) 7 1 ~ 1 ~.-3 /.... ' 1 7 "' '"' 1 ... - 4M C) .... ){ 3Fe \'~·n 6- = .. .J:X: V M; _ Ore 1no ...,. = ..., • ·_, X 'v . ; 

L.'-I.J::/J::.::_7 = J.:-'SM; Solvent= £1·t1d0Hd1
2

" = 5.:'1~50% ~rlv_7 

O.D • {42J T:tr1) for Te~per~ture i~ ( 0~) ~t 
.,.....-
t ~.,...,o rn vv 35° 40° 45° 

() l. 'J2 7 1, 042 l • 006 ·~.956 

6 0.915 0.895 0 .. 835 :_)I 790 

9 0.890 0.860 0 .. '7'92 0.745 

12 0.858 ,) • 825 J.758 (),7}0 

15 0.830 ':J.798 0.730 0.686 

21 ·J. 790 0.745 0.686 0.672 

30 0.722 c.683 0.662 0.661 

(d) /:K 3Fe{C'N) 6_7 =I.') x 10-3M; L-Orcinol_7- 5.0 x 10-4~4; 

L-Ns.OI-Z...;.7 = o.C!5M; Ter111 = (3-':,_tJ .±. G.I) 0 c; 

t 
35% 40% 45% 50% n 

0 J.915 0.966 1.01 1 .. 027 

6 'J.750 0.790 0.860 0.915 

9 0.738 o. 76·.) 0.830 C·. 890 

12 0.730 0.738 0.805 ]._858 

15 0.718 0.718 0.780 ·).8~·0 

21 0.710 O. 68C' C'!.740 ·~:. 790 

~0 0.648 iJ. 6 80 C·.722 
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;-n <::::'· ~-' 7 = --:, • ~l ( ; s 0 l •r en t = r T·fc e 0 P, ~ H 2 0 - 7 0 ~ 3 ·J% ~T I v 7 
- =-- - ·-

,, ., ( -1 2 -. nG) for t e:'1')e rat '11 re ii:Z(°C) at \ '-.:. . -· 
t 0 35° 40° Q 3<) 

·-,..=·~~ 

0 :\. 421 ·J. 544 C.544 

5 0.233 0.303 0.288 

8 0.224 0.288 0.270 

10 0.220 0.283 0.264 

15 0.210 0.276 0.260 

30 0.208 0.272 o. 260 

.[""K 3F'e{cr-J) 67 = 140 x 10-3M; L-q·v.inol_7 = LC· x 

L-NaOH_7 = ::>.05M; Temp= (30.0 ,:t: ·.:;.1) 0 c· 

O.D. (42:J nm) for L-Solvent = MeOH% v/v_7 at 

t 65% m 70% 75% 

0 ~). 503 0.421 ·J.520 

5 0.293 ;J. 233 ·J. 273 

8 0.274 0.224 0.267 

10 0.268 C.220 0.260 

15 :).210 0.261 

30 ·:1.208 'J.259 

-2 10 :M; 

45° 

0.544 

0.297 

0.285 

0.282 

CJ.280 

0.278 



( a) 

·') 

10 

15 

20 

25 

30 

40 

20~) 

P yroq__allQ.,!. 

1-y ~ ( r1 'J \ 7 1i .... 
, .. ., L; e \ ·..~ l J c. = .~. •. ~· x 
~ 2 3-

L r·J a 0 :~t.7 = ~~1 • HA ; s 0 l vent = r ]\f. e 0 p ~ H 2 0 = 5 ') ~ 5O% 1J I v _7 
0. :. { 42~.: nD) for Te"lperature 1?' ( 

0C') at 

l. 40 1.20 

I. 20 ·J. 9 25 

1.10 0.900 0. 89() 

1.00 0.880 0.870 

~__!.97CJ 0.860 0.850 

0.958 0.858 ·').850 

0.925 0.830 0.820 

I. 5'! 

1 • •):') 

J.960 

0.890 

0.90) 

().880 

( ) /- ( \ 7 o-3 r-, 7 -4 b _ K3Fe CNy
6
_ = l.J x 1 M; L Pyrogallol_ - 5.0 x 10 M; 

L-NaOY_7 = '":·.IM; Te::~p = ( 4J • .J .± .).1) 
0 c·; 

t 35%' 40ofo 45% 50% 
!:1 

=--------
0 0.640 ·:). 880 1.10 1.20 

10 :). 600 0.840 0.900 

15 0.590 0.800 0.870 ·). 900 

20 C.580 ).760 ,--::. 880 

25 0.573 :J.740 0.840 !. 860 

30 ::-;. 540 '1.735 0. 82·J ').858 

4•J 0.710 0.810 0.830 
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p _h ],~o r o g 1 u c i no 1 

L-thOH_7 = ~:. ')5M 9 Solvent = Ll'vieOH: H2 0 

o.~. (42~ n~) far tcoperature in (°C) 

t 3')0 35° 
l:l 

0 0.50) 0.500 

2 0.383 0.382 

5 0.344 0.336 

8 0.317 0. 3·) 1 

10 0.304 o. 286 

- 7"'·3""% \_J 0 '.._J 0 v/v_7 

at 

------
40° 45° 

0.430 0.420 

0.319 0.29CJ 

').275 ·'J. 258 

0.244 0.225 

0.225 0.215 

L-K 3Fe(CN)
6
_7 = 1.0 x 10-3

M; Phloroglucinol:::::: 5.0 x i0 ... 
4
Mt 

L-NnOH_7 = o.05M; Temp= (30.o .± o.I) 0 c 

O.D. (420 m:1) for iSolvent = MeOH% v/v.:;} rrt 

t 
70% 75%' so% I:1 

0 0.50) 0.480 'J. 5')0 

2 0.3D3 0.396 'l.39r 

5 0.344 0.319 ·).361' 

G ').317 0.2G2 0.33S 

10 0. 3(">4 C.247 -::::.323 



( ::1) 

t 
ill 

0 

2 

5 

8 

10 

20 

30 
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Ter,1p = (30.0.:!: 0.1)°C; Solvent =L-;~~e0~\~H 2 0=70~30% v/'r_7 

O.D. (420 nm) for L-K 3Fe(CN) 6_7 at 

O.OOOIM o.ooo5M 0. OCHA 

0.200 0.526 I. 036 

0. 168 

0.140 0.333 0.659 

o. 100 0.276 0.572 

0.080 0.231 0.524 

0.1'90 0.450 

0.160 0.396 

(b) L-K 3Fe(CN)
6
_7 = 1.0 x 10-3M; L-Na:OH_] = 0.05M; 

t 
D. 

0 

2 

3 

4 

5 

8 

10 

Temp= (30.0 ±. O.l)°C; Solvent= L~JleOH:H 2 0 70~30% v/v_7 

O.D. (420 nm) for L-~-naphthol_7 at 

0.001M o.oo5M 0.008M O.OIM 

l.J36 1.133 1.133 1.136 

~). 795 0.223 0.215 0.200 

o.r99 0.180 0.120 

0.188 0.130 0.080 

).659 O.I80 o.ro8 0.@40 

0.572 0.170 0.079 

J.524 0.167 0.060 

-------------~=-------------------------------------------------
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:L-:- _l\J~~~U1ol. 
( c);--.( Fe(cn) 7 = l.Jxl;-3M; /-1_-naphtho_l]=I.Ql x 

.t... 3 - 6-' \A. 

L-nao~-I_7 = ~.::-·5tA; Gol•rent = L-neor:di
2

0 = 7:i~31J% v/v_7 

C.1. (420 nm) for temperature in ( 0 G) at 

r--~~~-30~..-~- 3F -
40{' 4~-

Ill 
~~~~,._.~,-

0 l. 0~-6 l. l tJ6 1.146 1.146 

2 0.940 0.003 0.892 

5 0.659 '0.658 0.665 0.634 

8 0.572 0.546 0.529 

10 0.524 0.630 0.508 0.482 

20 0.450 0.466 0.425 0.365 

3') 0.396 0.420 D.389 

-----------~------------------------------------------

t 
m 

0 

2 

5 

8 

10 

30 

-3 
10 M; L-;.(-nap h tho 1_7 -3 

- 1.0xl0 M; 

( <120 nm) fo:r J:sol ve~-:tt = hieOE % v/v_? at 

70% 75% 80% 

1.036 1.046 1.146 1. 146 

0.838 0.895 0.835 

0.659 0.680 o. 754 0.710 

0.572 0.590 0.658 0.613 

0.521 ·Q. 563 0.609 0.568 

0.450 'S·. 485 ;').462 0.412 

0.396 0.345 
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-3 - 7 -3 1 0 ?v1 ; /....;' - n. 2 ph t !1 0 1 = L :) X l 0 M ; _;..--..... -· . 

T em p = ( 3 C • 0+ ('). 1 ) ° C ; S o 1 v en t = ffi e 0 H ~ H 2 0-7 c; : 3 8% v / v 7 
O.D. (42''.) :.-1m) for LI'IaOH_7 at 

t n.ou" o.o25H 
lTI 

0.051"1 
-"="-=~~·~-~~ 

·0· 
'-' :).750 ci. 93.0 1.036 1.229 

5 0.690 o. 7f.:6 0.659 0.600 

8 0.668 ·:).634 0.572 0.488 

10 0.612 0.602 0.524 0.435 

20 0.555 0.515 0.450 0.298 

30 0.497 0.455 0.396 0.270 
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~ - Naphthol 

{a) L-p- naphthol_?- I.Oxi0-
2
H; J:r·JaOH_7 = 0.05M; 

t 
m 

0 

5 

8 

10 

15 

20 

30 

Temp= {30.0 ±. O.l)
0 c; Sol•rent = ffieOE:H

2
0 = 70~30% v!y_7 

o.:>. (420 nn) for L-K
3
Fe(crn

6
_7 at 

0. 0005]<;1 

0.220 0.402 

0.130 0.210 

0.129 0.203 

0.120 0.191 

0.115 o. 189 

o. 178 

:1.175 

0. 000751'!1 

0.550 

0.295 

0.273 

0.262 

0.249 

0.236 

0.225 

0.001M 

0.737 

0.400 

0.3B6 

0.365 

0.349 

0.3 U\ 

;).310 

{b) LK3Fe(C'N)6_7 = 1.0 X 10-
3

M; L-Na0"'3._7 = o.05N; 

Temp = (30.0 + O.l) 0 C'; Solvent = LUeOE: H
2

0 = 70~30% •r/,r 7 

0 • D • ( 4 2 0 n m) for L-p- nap h tho 1_7 at 

t 0.005t'I O.OOBM J.·:)1 
m 

0 0.642 0.609 0.737 

5 0~352 ·').348 0.400 

8 0.34:3 0.347 0.386 

10 0.33~ 0.345 0.365 

15 0.333 0.330 0.349 

20 0.334 0.335 0.3113 

30 0.320 0.329 0.310 
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(c) ./](3 Fe(~r,J) 6_7 = 1.0 1~ 10-
3

M; L-P- naphthol_7 = l.nxi0-2ttl~ 

L-NaOH_7 = 0.05I;1; Solvent= L-MeOH~ H2 0 = 70~30% v/v_7 

0.). (420 no) for temperature in ( 0 c) at 

45 -=· 50c 

0 0.7'2:7 1.073 1. 206 1. 207 

5 c,. 4JC: 0.480 0.436 0.412 

8 0.386 0.420 0.398 0.362 

10 0.365 0.403 0.387 0.340 

15 0.349 0.378 0.349 0.316 

20 0.318 0.330 0.312 

30 0.310 0.349 0.309 

( d} L-K
3

Fe ( Cl\1) 
6
_7 1.0 -3 ;- -n apht ho 1 .J -2 - X 10 i'!1; _p - l.OxlO M 

L-NaOH _7 = 0.05H; Temp - (30.0 + O.l)°C' . - 1 

O.D. {420 nm) for .{""Sol1rent = MeOH % ~r/v_? at 

t 70% 75% 80% 85% m 

0 0.737 0.606 I. 057 1.057 

5 0.400 0.310 0.474 0.459 

8 0.386 0.285 0.426 :().400 

10 0.365 0.275 0.412 0.375 

15 0.349 0.272 0.383 0.353 

20 0.310 0.269 0.357 

30 0.318 0.329 

-----------=------~--------=--·-··---
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( ) / - ( ) '7 -3 rg 7 -2 e _K 3Pe Gil 6_1 = l.O x 10 M; LP -naphthol_; = I.OxlO EA; 

Temp= '(30,0 .± O.I) 0 c·; solvent= L-Me0'-~~E 2 0-7!h30% v/::..7 
o.::. (42:J n!:l) for L-NaOH_7 at 

t J.OlM 0.025M 
Q 

0.05M 0. IM 

~--

0 8.936 0.945 0.737 1.120 

5 0.400 0.590 

8 0.750 0.623 0,386 0.450 

10 0.745 0.605 0.365 0.335 

15 0.734 0.584 0.349 0.285 

20 0.733 D.560 0.318 

30 0.713 0.550 0.310 
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The kin3tics of oxid3tion of monohydric phenols 

(phenol ~nd su~stituted phenols, vanillin and eugenol) by 

alkaline hex~cyanofcrrate (III) has been studied in rnetha~ol -

~ater mixtures. The reactions showed a first order dependan~e 

on the concentrations of e~ch - substrate, oxidant and 

alkali. 

The rates of these reactions sbo~ed a decrease, 

~ith increasing proportions of methanol, th~t is, with a 

decre~se in the dielectric constant of the medium. The role 

of the solvent has been rationalised on the ~osis of the 

dielectric constant 1 indicati~g that the re~ctions under 

consideration involved ions of the same sign. 

The effect of chonges in temneraturc on the r~tes 

of the reactions ~ns ~een studied, ~nd t~e activ2tion 

.parameters ha~e been e~2luated. 

The prese~cc of radic~l i~tcrmediates in t~e 

rate determining step of the reaction bas h3cn detected 

by esr spectrosco~y. 
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The reaction p~t~~ay has been mechanistically 

~isuelized ~s proceJdiDg via the formation of a r~dical 

i~terme~iq~e in ths rate determining step,. Tbe r~dic~l 

then u~:erGoea f~r~~or rea~tion to yield coupled ~roducts. 

T~n ~rodDcts ~cr~ c~sr~cterized by an~lytieql Rnd spectr"l 

methods. 

2. OX IDATIOi'l Oir D PI"{Dr? !C P ~mNOLS BY ALKALINE 

HEXAC'YAI'JOFERRATE {__III). 

The kinetics of oxidatio~ of dihydric phenols 

(catechol, resorcinol, orcinol and quinol) by alkRline 

bexacy~noferrate (III), hRB been investig~ted in methanol-

water mixtures. The reactions sho~ed a first order 

dependence on the concentrations 0f e~ch- substr•te, 

oxidant and nlk~li. 

Incre~sing ~roportions of methanol resulted in 

a decrease in the rate of the reaction. Plots of lon k h 
' 'o1 o. s 

agai~st the reciprocal of tbe dielectric constant were 

line2r 7 with ~eg~tivo slopes. This sho~ed t~2t the reactions 

undar consideration in~olved io~s of the same sign. 
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i~creQDe in the ta2per~turo of the medium. The ~ctiv~ticn 

The ~rese~ce of r~dicnl intermedi3tes ry~s rletocted 

by esr s9ectroscopy. 

Tbe mech2nism of the reaction invol~ed tbe formation 

of a radical intermediate in the rate determining step. Fureher 

oxidation of the rndicel yielded either the quinone, or 

resulted in the formation of cou9led products. These products 

were obtained in good yields, and ~ere characterised by 

analytic~l and spectr~l methods. 

3. OX IDATIOi"l OF rg IH-!DR IC' PHENOLS BY ALKAL IHE 

MEXAC~AN0FER~ATE (III). 

The kinetics of oxid~tion of pyrogallol and 

phloroglucinol by nl~~line hexacyanoferrate (III) h~s b~~n 

studied in methanol -water nixtures. The reactin~s shoqed 

a first order d0pc~dence on the concentrations of each -

substrate, oxidqnt QGd alkali. 

The rate of the re3ction was influenced by a ch~~~c 

in the solve~t comryosition of the medium. Plots of log k b 
. 0. s 

agai~st the reciprocal of di3lectric const~nt were line3r, 
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suggesting that the raactio~s un1er co~sid0r~ti~~ ner0 

of tho ion-ion type. 

T~c r~te of t~c re~ction was i~cre~sed, qith ~~ 

incrense in t~e tempersturc 0f t~e rcactio~ ~o~iu~, ~~d tho 

activation p~r~neters have ~een e~~lu~te1. 

Tho presence of r2dical interDediates ~as detected 

by esr spectroscopy. 

The mechanism of the reaction involved the 

formation of ~ radic2l intermedinte in the r~te determi~ing 

step. Further oxidation of the redic~l yiold~d either t~e 

extended quinone, cr resulted in the formation of coupled 

products. These pr:Jducts 'Jere c£1nracterized l:Jy ~:o:Ialytic~l 

and spectral methods. 

4, OX IDAT IOfJ OF ['JAP HTHO~_,S PY AL ;(AL n:rm 

HEXACYANOFER2AT~ {III). 

The kinetics of oxid~tio~ of ol.-n~phthol and 

{3-na.phtbol by nlk:!line hexacyanoferrato. ·("III),. h?.S b8en 

investigated in neth8nol - water mixtures. ~he reactio~s 

sho~ed a first order depe~rlence on the ~oncentf~~inES of 

e3ch - substrqte, oxidant and alk~li. 
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The rate of the reaction was found to incre~se 

with incre~sing no6unts of methanol, that is? ryith a 

decre3se in the dielectric co~stant of the oediuB. 

The rate of t~e reaction was enhanced, 7ith ~n 

increase in the te~perature of the oediun. The nctiv~tion 

parameters have boon evalucted. 

The presence of r~dical internediates hqs heen 

detected by esr spectroscopy. 

The cechnnis~ of phenol coupling involves the 

formation of n r~dicnl interoediatc in the rate d3termining 

step of the reaction. The radical intermediate undergo2s 

rapid nnd irrversible couDling to give t~e products. These 

products have been isolated and characterized by ~nalyticnl 

and spectral methods. 
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