he Autoxidation of Hydrazobenzene
N 1
by #illiam C. Stwalley
Abstract

The autoxidation of hydrazobenzene
has been studied in methanol from 30-45°C.
The reaction in neutral solution was found
to be one-half-order with respect to hydrazo-
benzene and threce-~halves—order with respect
to oxygen. The energy of activation was
found %o be 18 £ 1 kecal/mole and the entropy
of activation was found to be -34.5 = 2.5 ea.
The kinetics of the base-cstalyzed and the
ferrous—catalyzed autoxidations were also
stucied. The effects of certain autoxidation
inhibitors were investigated. These results
are compared with other kinetic studies of
oxidations oi hydrazohenzene to azobenzene.
Possible mechanistic courses of the autox-—
idation are considered on the basis of this

kinetic and extrakimbtic evidence.



Introduction

The autoxidation of hydrazobenzene to form
azobenzene and hydrogen peroxide was noted by
isanchot and Herzog in 19012; the first kinetic
measurements of the reaction were made by Walton
and Filson in 1932.° Since 1956, four additional
kinetic studies of this aubtoxidation and related
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oxidations have been reported.

Three general mechanistic schemes have been
provosed. Dlackadder and Hinshelwood4 proposed
a mechanism for the autoxidation in basic solution
involving the second conjugate base of hydrazo-
benzene, in analogy with postulation of the second
conjugate acid in the benzidine rearrangemént.
They further proposed ithat the catalysis by metal
ions was due to interception of the first conjugate
base by the higher oxidation state of the metal ion,
e. g. cupric, producing azobenzene, a broton, and

the lower oxidation state, e. g. cuprous.

Kwart and Zubyk5 were reported6 to have
proposed a one-sbeép . mechanism for the autoxidation
"ot least under certain condtions". May ana Halnerne
proposed a one-stép mechanism also for the oxidation
by I2'and Ig; they suggested a cyélic‘activqted
complex was most likely while mentioning the possi-.
bility of hydride transfer toviznas an alternative

one-step mechanism.

Whalley, Evans and Winkler7 proposed a radical
chain mechanism for the peroxydisulfate oxidation of
hydrazobenzene, involving the «,g~diphenylhydrazyl
radical. An analagous mechanism for the autoxidation .

s

is readily formulated.

The kinetic and extrakindic evidence for the

various mechanisms is discussed in detail below.
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Sxperimental

2

Meterials:

Aldrich Chemical sym—-dinhenylhvdrazine

{(byirazobenzene) was recrystallized from 60—

o .

100~ petroleum ether {pure vhite crystals,
s aall .

mp 125-126°C) and was stored under vacuum.

frens—~azobenzene was obtained from Dr.

Chin~liua Wu (orange-red crystals, m.p. 6800).

K&k Laboratory N,N'-diphenyl-para—-nhenyl-

-~

enediamine (UfPD) was recrystallized from 85—

100°¢C petroleum ether (gray crystals, m.p.
144.5-145.5°¢) |

Ferrous chloride dihvdrate was obtained

from Lr. Chin-Hua Wu in high purity.

Dedistilled (middle fraction) reagent‘
methanol was used in kinetic solutions; for
spectral measurements, dilution was made with
spectro grade methanol.

Other chemicals were reagent grade.

Kinetic Measurements:
The rate of uptoke of oxygen was measured
on the apparatus of Dr. Chin-ilua Wu. It con-
sisted of a rxn. vessd, a volumetric (40ml)
coiumn, 2 U-tube sealed at one end, a cell for
electrolysis of oxalic acid, and various lines
of connection. When the system was sealed at
one atmosphere vressure, the pressure at the
sealed end of the U-tube was also one atmosphere
and thus & contact was maintained with the
mercury in the U-tube. When the pressure in
the system fell slightly, the mercury level at
the sealed end fell also and thereby broke contact.
Méanwhile, the cell containing the oxalic
acid had a pressure equal to the pressure in the
system plus Y the weight of the o0il in the volumetric
column. When the mercury contact was broken, the

evolution of CO, from the electrolysis began to



. T

raise the pressure in the cell and thus the oil
level; when the o0il level raised, the volume of
the system decreased, raising the pressure, and .
the mercury made contact again.

This mechanism was set in motion either by
uptake of O, in the reaction vessel or by release
- of pressure in the electrolytic cell. Values were
generally reproducible to .02 ml.

The volumetric column and the mercury U-tube
(approximately 85% of system outside of reaction’
vessel) were kept at a constant temperature by
a circulating bath system at 30°C. The reaction
vessel was connected to an independent bath whose
temperature was readily variable. Differences in
temperature were measured by a Philadelphia
Differential Thermometer and were reproducible
to .02°C. |

Iron Analysis:

Iron (II), iron (III), and total iron were
analyzed by procedures developed by Dr. Chin-Hua
Wlls '

Iron (II) was analyzed by determining the
optical density at 51008 of & buffered pH 2.8
ortho-phenanthroline solution on a Beckman DU
Spectrophotometer. The extinction coefficients
had been previously determined by Dr. Chin-lua
Wu as follows:

- ] nline] ax10%
t51003(3errous—o—phenanﬂ¢ollne) = 1.118x10

€ 51008 (Ferric—o—-phenanthroline) .03 x10%

I

The total iron was determined by the same
procedure following the tdal reduction of Pe(III)
to Fe(IIl) with hydroxylamine hydrochloride.

The Pe(III) was analyzed by determining the
optical density at 4780% of a pE 1.5 ammorium
thiocyanate HC1l solution on & Beckman DU Specto-
photometer. The extinction coefficient, as deter-
mined by Dr. Chin-Hua Wu,was 7.98x103 for the

ferric thiocyanate complex at 4780R&.
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Spectra:

411 UV and visible spectra were taken on a
Cary 14 Specirophotometer using matched quartsz
cells, excent for a very few spectra of secondary
imnortunce which were taken on a Cary 1l1. BRBaselines

were checked repeatedly.

Feroxide smnalysis:
The standard thiosulfate. (standardized by

iodate) titration of hydrogen peroxide was used.8

It should be noted that the solutions from which

the samples which were titrated were taken were

not homogeneous due to formation of considerable

orange-red crystalline floc (presumably azobenzene)

and some cloudiness within the liquid phase, since

hydrazobenzene and azobenzene are only very slightly

soluble in water.

pi keasurements:

All measurements were made with a Leeds and
Northrup 7664 pl meter and were reproducible to '
better than .05 pi units. The measurements of
"pEY in methanol containing tetramethylammonium
hydroxide were, of course, not in any simple way
related to the actual hydrogen ion concentration;
nevertheless, with neutral redistilled methanol
set arbitrarily at 7.80 pH units, a graphical
correlation was made between hydroxide concentration
and "pH" which served to indicate the correct

'y

hydroxide concentration when the "pH" was known.



Stoichiometry:

The stoichiometry was generally reasonable
©#lthough not quantitative. Using exverimetally
cetermined extinction coefficient of azobenzene
at 31608 of 20020, one obtained a spectrophoto-
metrically determined final azobenzene concen-—
tration; on four of five high conversion runs,
this value agreed within 10% with the oxygen
uptake. Titration of the hydrogen veroxide indi-
cated that only 70-80% of the stoichiometric
amount was present, but, as noted above) the lack
of homogeneity in the solutions from which the
titration samples were taken makes the procedure
somewhat guestionable.

In the ferrous-catalyzed autoxidation, it
was noted that practically no measurable Fe{III)
was formed until all the hydrazobenzene had heen
converted 1o azobenzene. OFf the five runs in .
which hydrazobenzene was comvletely oxidized,
four showed agreement within 3% of the initial
hydrazobenzene concentration and the final azo-
benzene concentration, debtermined by weight and
by spectrophotometry, respectively. The initial
iron (II) agreed with the final total iron to
within 10%; +the difference between the o-phen-
anthroline determinations of Pe(II) and total
iron agreed with the thiocyanate determination
of #e(III) to within .007M for total iron concen—
trations of ~155k. Due presumably to solvent
oxidation to formaldehyde {normal tests for
formaldehyde simply don't work in the presence
. of azobenzene), the azobenzene and Fe(III) formed
usually corresponded to only about 75-80% of the

oxygen uptake.



Kinetics:

The rates of autoxidation of hydrazobenzene
in methanol at 30°C and one atmosphere oxygen
were determined with no additives present and
with ferrous chloride dihydrate, tetramethylammonium
hydroxide, disodium ZDTA, formaldehyde, N,N'-diphenyl-
para-phenylenediamine, or di-tert-butyl-para-cresol
added. In addition, rates of the pure autoxidation
were determined at 35, 40 and 4500, and at .21 atm.
oxygen (dried air). These results are summarized in
Table I.

The pure autoxidation was found to be one-half-
order with respect to hydrazobenzene from initial rate
data and from plots of the integrated rate exvression
such as shown in Figure 1. The rate of autoxidation
was found to be three-halves—order with respect to
oxygen by comparing the rate at .21 atm. with that at
1.00 atm. The rate constant for this kinetic stoichi-

ometry was found to be 9.1 x 10_5

Ml/z—atm.s/z
X lO—Sfrom the integrated rate expressions as shown

in Table II. It should be noted that in the initial
rate data there seems to be a slight tendency for the

ml 02/m1 soln-sec—

from initial rate constant data and S.7

rate constant to increase with hydrazobenzene concen-—
tration.

Trace amounts of formaldehyde seem to have no
effect on the rate constant. Disodium EDTA seems to
inhibit the reaction to only a very limited extent;
thus it is highly doubtful that a significant amount
of the autoxidation without additives is due to trace
amounts of catalytic metal ions.

A small amount of N,N‘—diphenyl—para—phenylene—.
diamine decreased the rate constant by about a third
while a high concentration of 2,6-di-tert-butyl-para-

cresol decreased the rate by only about a fourth.
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The sdditdon of 2.2 x 107~ ¥ tebramebhyle
ammonium hydroxicde caused perhaps, a slight decline
in the rate constant; a five-fold increase in the
hydroxide concentration produced a three-fold
increase in rate compared to neutral solution.

The addition of ferxous chloride dihydrate
greatly increased the rate of autoxidation. Since
the iron (II) concenitration was found to be constan£
until the complete disappearance of hydrazobenzene,
the rate expression could be integrated to determine
the pseudo-order with respect to hydrazobenzene; ’
excellent plots for pseudo-half-order in hydrazobenzene
Tor four ferrous chloride runs and good plots for the
other two runs indicated strongly that the ferrous-—
chloride-catalyzed autoxidation was also half-order
with respect to hydrazobenzene{ see Figﬁre Ee

The pseudo-order with respect to ferrous
. chloride is not clearcut. If the most dilute hydrazo-~
benzene run is negleded and‘the’others are corrected
for autoxidation in the absence of ferrous chloride,
the data are best fitted by assumption of second-order
with respect to ferrous chloride as shown in Table III.
The oxygen dependence was not investigated.

Reaction rates at 35, 40 and 45°C provided a
basis for calculation of the energy of activation, Eé,
and the entropy of activation, «S% as defined by the
equation (cooc.LU rrf_., ot M()\ﬁ:f)/b\“l’t.&,> “

-
(1) k = eRT & /R “a/“ R-gas constant
hNO L NO—Avogaéro's number

h-Planck's constant
k-rate constant
L was Lound to be 18 & 1 hcal/mole und415¢ was found
to be -34.5 & 2.5 e.u., when the important effect of
change of 02 solubility in methanol with uemperature

was taken into account.
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Discussion

before consideration of mechanistic courses of
the autoxidation of hydrazobenzene, one should review
the results of the other studies of hydrazobenzene
oxidation as summarized in Table IV. The results of
Walton and Filson8 are very hard to accept in light
of more recent studies. It seems that something is
radically different in that study and henceforth it
will simnly be disregarded. The results of Blackadder
and Linshelwood™ seem hardly sufficient to justify
the complex mechanisms and rate laws; for instance,
kinetic measurements are made at only two "pli" values,
the "pi" not being an accurate measure of (H+) in 44%
ethanol, and thus the (H%) dependence is at best
educated smeculation. The pnrecise results of Kwart
and Zubyk5b have not yet becen received and thus ouly

Da = 8 : . )
the abstract and references 1o therwork wre available.

The last four studies in Table IV suggest that
the oxidationsof hydrazobenzene ?ave rates of the form:
Rate = k(4H,)(0x) + k'(AHZ)f(ox)S/Z
AHZ—hydrazobenzene; Ox-oxidizing agent
Such kinetics are verhans most easily explained by a

mechanism such as shown here for 02:

AH, + O N Loy

ATTe ‘ k?-’ 5 ; H0 '

AH + 02 i A + Ll 5
ko

AB, 4 HOp —% AH- +  H0,
k4

AH. &+ AH+ —F A+ AH

with kinetics:

: 1 . L 8/92
%%ﬁl~= ki(AHZ)(O2) + kz(kl/k4)~( h2)3(02)°/
where termination steps involving~HOé are neglected.
Thus, accerding to this mechanism, the autoxidation
in methanol from roughly .02-.22 M in hydrazobenzene

is a2 chain reaction involving step 1 for initiation.
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Autoxidation in other solvents and ot vpossibly

blgnnr concentrations as observed by IIwart and

Zubyk would Pproceed nreSumablyawith step one as

the rate-limiting stewnj; concerted processes as

pronosed by nwart and Zubyﬁ>and may and Halpern6

would be essentially indistinguishable from

geminate recombination of AH- and hOé
Such & mechanism tacitly assumes theb step

four is the correct termination step and that thus

the steady-state concentration of AH. is probably

greater than that of HOé by a significant factor.

Such will be the case if k,(0,) is. considerably less

than kS(AHE);'which,is somewhat reasonable considering

the high reactivity of & 3 Cnce stewn one is rate-

limiting, one no longer need require that step four

be the only termination step, i.e. that the steacy—

state concentration of r O be less than that of AH-.

Thus this mechanism does serve to tie together the

wo kinetic forms of the autoxidation and related

oxidations.

Consideration of the thermodynamics agrees
in an interesting fashion with the general assumptions
of the mechanism as shown in Table V; for a value of
54 Kcal/mole for .8 of the reaction ARy~ AHl- + H-
one seems to be tending toward a favorable stev one
and the results of Kwart and ZubykS; while for a higher
value of 65 Lcal/mole, the u@ndency seems to be toward
a more favorable chain reaction. A study of the qolvent
denendence of such reactions might be rewarding. The
assumption k2(02)<<k3(AH2) certainly seems more
reasonable in light of these approximate thermodynamics.
An activation energy, Ealorstle cba&n,gegggk%§on (1),
of 13 Kcal/mole can be seen to correspond roughly to
a ot of Aﬁg—& AH* % H* of £D Ecal/mole; while an B,
of 5 LKcal/mole for the reaction rate-limited by step
one dorresponds to-al of 41 Kcal/mole.



wa ]l

The exceedingly high entropy of aclivation
presents sorsthing of a2 problem to,the above mechan-
istic intervretation. This entrony could be taken
to imply that either the reaction is wolar or that
it involves neutral structures of high entrovy,
such as the cyclic intermediate postulated by lLay
and Halpern7. It has been suggested that 05 might

2

be in the form of an isosceles trianglelo; this could

account for a significant negative entrony {commare
with +22.6 for AS°%of Hy—r 2H-11). Any free radical
complexing would contribute to the high negative
entropy; there is some evidence for a weak complex
between hydrazobenzene and azobenzene in that a
small peak in the UV spectrum apnears in mixtures
but not in the spectrum of either individually -
AM. might comnlex even better. Thus the entrony of
activation does not as yet invalidate the combined

mechenism; it does leave some room for doubt.

The fact that the addition of anti-oxidants
only inhibited the reaction by about 25-35% cast
further doubt on the existence of a free-radical
mechanism for the autoxidation. It should be noted,
however, that hydrazobenzene itself is commonly
used as an anti-oxidant and therefore might simpnly
be more efficient than 2,06-di-tert-butyl-para-cresol,
which was added in high concentration. Since the
N,N'-diphenyl-para-phenylenediamine was only slightly
soluble and yet Had & significant effect may indicate
that this antiexidant is comparable to hydrazobenzene
in reactivity toward Oq, OZH-, etc. A run in a
solvent in which more of the latter anti-oxidant is

soluble might be worthwhile.

The base-catalyzed autoxidation is of particular
interest due to the discovery of the hydrazobenzene
radical anion by ESR ir this reaction by Russell and
coworkers.12 However, because of lack of data on

5b

b

the work by Russell et al and by Ewart and Zubyk

the reaction will not be further discussed here.
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The ferrous-catalyzed autoxidation is also of
particular interest as Wu and ilammond have recently
succeeded in unravelling vhe mechanism of the

i ) " 13
autoxidation of Fe012 2H2C in methanol

F9012 - O? — ClgFeC?
0123e02 + Fe012 — ul Fe0OT eCl
Cl,Fe00FeCl, —_— 2 ”121e0 —> products(Fe(III))

3y revlacing 02 in the mechanism postulated for the
uncatalyzed autoxidation with ClZ:eO2 and making certain

. one obtains L 8/¢g 3/2
assumptions,Va rete law, Rate = k (AH,) *(FeCl,) (05) g

- < [

If it is assumed that 012 e0 reacts in place of O
in step one and 012*902 reacts in n1ace of 02 1n step three,
one obtains a rate law, Rate = k (AH 2) (PeCl2) (02)
Thus preliminary agreement with experiment is obtained

by sumerposition of the two mechanisms.
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TABLE I

ates of Autoxidation of Ilvdrazobenzene
oL

Initial Snecizl s AXP. rate
go?c. ?o?é%ﬁéqns. Rate uonbt“ntxlo
ngizzﬁiiter) ;zggitilzi’SOOC, (Tégasolnle (m O2 Lats
1 atm. 02) ml 50}79nern
sec M %tm.
.01855 . - .00¢8 8.00
.0359 - .0151 8.85
L0576 - .0183 8.48
.1123 5 .0264 8.75
.22 - .0381 9.02%
.2250 - .0456 10.69
.0868 -21 atm. O, .00145 8.75
.2265 .21 atm. 0, .0043 10.40%
.0378 1.0 x 10™% mCcHO  .0154 " g.81
L1120 LisodiumiZDT A~ .0232 7.70
saturated soln
.0368 7.2 x 1074 x,5'- .01l01 5.86
diphenyl-vara—
phenyleneaiamine
.0368 - .242 . 2,6-di-tert-.0114 6.61
butyl-para-
_____ cresol .
.0359 30° .0151 8.85
.0367 35° £ .0188 . . 9.87
.0363 40° .0203 11.85
.0368 45° .0196 11.39
.0359 zero M N(CHg) ,0H  .0151 8.85
.0371 2.20x107 4% " - .0134 7.74
JO27g 1.10x10 3 v .0538 C27.9
.0576 zero Ii FeCl,.2H,0° .0183 8.48
.0568 .0350 N " .038 15.4
.0574 0T8T M ™ .064 29.7
.0566 L1551 i " . 255 119.1
« 1152 L84 ¥ " . 284 93.9
.0285 L1562 i .162 106.7
L1147 .1588 n ™ .161 147 .4%

¥-runs which are considered less reliable



SLE I
Integrated late Exvressiorn lesults

ey 1/2 .

Initial £V ZQtV,/ - Vl/g) Rate % con-
conc. (ml C,) V. AT AT Constant version
hydrazo. =1 (M4 dTAY Y (ml 0, per to whiéh
; ; vs. time in 7 ‘
{rioles/liter) 2 = ml sali~geg= PyON 18

minutes: : : good
: ~1/2 3/2, 899
the slone hW —-atm. )

T e e st e s M e e e e G et e e e s b b e e e et e e bmee e e s meer b e e

L0359 g.00 3.67 x 107° 9.40 x 107°  90(last pnt.)
L1123 43.58 3.85 x 107° 0.75 x 107°  984(n )
.0.78 14.37 3.81 x 107° .86 x 1070 78 (" )
o B
Average k = .7 x 107
TABLE I1X
Letermination of Pseuco-order of Ferrous Chloride
Initial Initial Exp. Calc. Difference over (hydrazo}
conc. conc. Rate Rate in X (:_leCl2 on O)
hyérazo. TFeCl,zll O (ml G5/ absence a
(mo1es/ (m les/ 15 m12 of .L‘eu.Lz n=1 I’l::"22‘ n=2
litor 13 ger) soln-min) (ml 02/
s * 15 ml
soln-min)

L0586 .0390 .083 018 1:.62 £«2 41:b
L0374 L0787 .064 .018 2.51 ¢.1 32.7
L0566 « 1651 « 2037 .018 6.42 16.3 41.4
.1132 .1514 . 8L D27 5.06 18.0 33.4
0285 .1562 . 162 - 012 5.89 14.4 36.4
L0147 .1538 161 .0

Wi 8.44 21.0 B5B.6



Summary of Kinetic

TABLE IV

Results of Cxidations of Hvdrazobenzene

AHz—hydrazobenzene

Reference Solvent Tgmp. Suggesied a &8t
("C) nate Law &
(Kcal/ (e.u.)
mole)
3 S5% 30 k(Any)%(0,)" m—
BEtOH,
ete.
4a 44% 85 k8B O/ T mem e
“10H a(HT) 3 b{CZ)
4b v " k(A (0y) (cu™) /() ——-
vr pr
a(02) + b(A112>/(ﬂ )
5a EtOH,( ?) k(AHZ)(Oz) + <B¥*Y -42 to 62
HCO-N(CHq) 5, “ o
alcoholis 2 K'(Al,)(05)(0H)
NaQOH, etec. 4
6 100ml  25-45 k(AH,){S,05) + 17%% —15%%
. acetonitrile/ k'(A§ )§%080=>3/2 '
12.5m1 Ho0 Lol "inglg
7 6055 0-25 k(AH?)(I2) 10.0 ~T%%
Bt0H, ’
also _
0-85% kt (Ak,) (I3) 16.4 ~gH¥
i 1 %
this work MeOQOH 30-45 k(AHZ)“(Og)?/2 13 -34.5
'}3‘ 2 ?
k' (AHy) *(Fe™T) 7(Q) 7 ——- —
* This rate law does not agree with the experiments from

which it was obtained;
b(02)»va(H+), frate at pH13/rate at vH10) would be the order

of one thousand-in fact, the experimental ratio is only five.

it would predict that in the limit

*¥% Calculation by the present author.

*¥% Possibly plus a small term k' (AH,)(0,).
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Thermodvnamics of the

L

ibined s.echenism¥

A

Aﬁg—% A

Lo+ L02~% H202 e A

E.NE
5\1.

Cs 2

C X

675

3 ) 5 L
i i (Jt:""'f
&~

1
e
T

rd

T

103 ¢ BH

——

Py

He + He @ »H

16 : Al = b, of Combust.
- -

« 01 Formeg
-102 kKcal/mole

-36 Ical/mole

8 kcal/mole

of C.,
112

1545.9-1597.3457.8= 6.4

(a)

Xcal/
(b) mole

(b)

(¢)

—

Keal/mole

B 41 78
+1i{step one) B 39
~ti{sten two) 88 -1
~li(step three) -61 ~27
+Y{(step four) 28 -40
;H(AH—O2H BoT . | =53 w7
AH(OZM—OOHterm.)—SG -56
Lo

= Values are for gos phase and are therefore only
anproximate
a) liandbook of Chem.&Phys., Chem. Rnbber Publishing Co,

) - S—— ’ P
Cleveland, 19058.
b) Uri,"Inorganic Ffree Radicals in Solution and Some

Aspects of Autoxidation",
Chemistry, American Chem.

c) Gowenlock and
A

Substituted Amino

in ¥ree Radicals in Inorganic

nelling,

30c., washington, 1962.

"The Reactions of Alkyl-
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