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ABSTRACT

The results on the kinetics of oxidation of HCHO and some alcohols,
viz., n-propanol, allyl alcohol, cyclohexanol and benzyl alcohol by ceric
nitrate in nitric acid medium in the temperature range of 10-35" C. are
presented. The active form of Cet* during the oxidation of the above
organic substrates was assumed to be the neutral Cc(NOjy)4 The

mechanism of oxidation and thermodynamic parameters for the above
compounds are also given.

INTRODUCTION

It is now well recognised that the species involving ccric ions differ in types
an.d ax'ctivity depending upon the medium being H,SO, or HCIO, or HNO,.
Kinetic and mechanistic studics on the oxidation of various organic sub-
strates by ceric salts were carried out extensively in H,SO, mcdium,*?®
to sgmewhat lesser extent in HCIO %5 and to the least cxtent in HINO,
medium 71 An excellent review of oxidation of various types  of
substr‘atcs by Ce* has been given by Richardson.2
of primary alcohols lead to the corresponding aldehydes!® while those of
secondary®® and tertiary alcohols2® lead to the corresponding  kctones.

As a result of extensive studies in H,80, and HCIO, media the mechanism

suggested involved the formation of Ce*+-alcoho] complex followed by

“F:gl(%zuﬁr(}:ecomposiﬁon of the latter in a rate determining step to
y1 preducts.  The crucial issue regarding the naturc of dccomposi-

tion involving the rupture of O-H o -C-H bond in alcohols was sought

;; be resolved by the oxidation of deuterated cyclo-hexanol (deuterated

Ceric ion oxidation
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at oc-C-H and O- H position separately) by Littler and Waters®! and Littler.2®
On the basis of the low value of Acglhen 1-9 for oc-C-D alcohol during
oxidation by corie sulphate®® and  Aou/kon 21:0 for O-D alcohol, it
was suggested that the o C H o fission might be  preponderant, though
a concerted mechanism (¢f0 Littler®) involving both C-H  and O-H
fissions  could not  be ruled out. Shorter® studied  the  oxidation  of
acctaldehyde by carie sulphate in sulphuric acid  and concluded that the
active form of aldehyde wus not cnol, for, the oxidation rate was found
to be faster than would be expected by an onol mechanism.  Hargreaves
and Sutcliflf st studies on the oxidation of HCHO by cerie salts in LSO,
and HCIO, muedia have lead to o the conclusion that no Cct'-HeHO complex
formation was involved at fow concentrations of HCHO.  Studies on the
oxidation o sccondary  alcohols, iso-propanol and  secondary  butanol
by ceric nitrate in o witric acid  medium by Scthuram and Mubhammad®
showed that neutral ceric nitrate molecule Ce (NOg), was the active species
and that Hi had no cffect on the rate. Results of oxidation of HCHO
and alcohols, wiz. a-propanocl. allyl alcohol, benzyl alcohol and  cyclo-
hexanol by ceric nitrate in nitric acid medium (1-3 M) at 10-35"C. are
presented and discussed in this paper.

X PLRIMENTAL

Formaldehyde solutions (2-0 M) were prepared by dissolving HCHO
gas (obtained by heating paraformaldehyde) and estimated by the  bisul-
phite method.®  The alcohols, a-propanol (L. Merck), allyl alcohol (May
and Baker), bensyl alcohol (B.DHL--AR)), cyclohexanol (May and Baker)
were distilled  before use and the middle fractions were used for kinetic
experiments. A three-necked  quichfit flask (500 ml) provided with a
mercury seal stirter in the middle neck, a gas inlet tube in the first neck
to pass putificd nitrogen gis, a gas outlet ~cum-aliquot. withdrawing arrange-
ments in the third neck  was the reaction vessel for conducting oxidation
studics.  The  systems (i) substrates (JHCHO] - 0-05M  or  [alcohols]
= 0-5 M) and (i) cerie nitrate (7 2010 # in 1-0M HNO,) were thermo-
stated at 200 C. separately: 50 mlb of (i) was added to 50 ml. of (i) and
the rate of oxidation was followed by pipetting out 10ml. of aliquots at
intervals of 5 mits., quenching the latter in 10 ml of standard ferrous ammo-
nium sulphate (0-01 M), back titrating the excess of the latter by standard
ceric sulphate using methyl red as indicator and estimating  [Cc'] that
reacted.  Rates of ceric ion disappearance, - Ree!, were computed  with
varying concentiations of [Cett], [Substrate], [H'] at constant ionic strength
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(. = 3-5M) and [NO;7] at constant [H+]. Reactions were us'u;i,lly con-
ducted for 25 to 30 mts. in the case of HCHO and 45-60 mis. in the case
of alcohols and for 60-7C9, conversion of ceric ion. For studics on cot -
alcohol complex formation, optical methods duc to Ardon'3 and others®
were followed.

RESULTS AND DISCUSSION
1. Formaldehyde and Ce'*

(i) Some general features.—The system HCHO-Cct initinted  vinyl
polymerisation? thereby indicating that free radical intermediates were
involved. Ceric salts are known to form complexcs with aliphatic alcohols
and other substrates both in HCIO, and HNO,; mcdia.?® As per our experi-
ments addition of HCHO (0:05M) to ceric salt solution (3 > 10-* M) in
1-0 M nitric acid did not produce any intensification of the colour which
indicated absence of complex formation.

(ii) Orders of reactants.—Under conditions of [HCHO] > [Ce?" ]( [Cer]
=3 x103M, [HCHO]= 0-033M); [H*] = 1-CM, z==20"C. and
p = 1-03M, the order with respect to [Cey'] was unity (Fig. I «). The
plot of log. of the slopes of plots in Fig. 1 a vs. log [HCHO] was lincar

with a slope of unity (Fig. 1 5) and hence order with respect to [HCHO]
was also unity.

(i) Effect of [H¢]—Increase of [H+]from 0-5 M (kops. == 87 > 10 *
min1) to 3:5M (kos, = 2-7 X 10~2min."Y) at

constant 1onic strength
3-53 M decreassed the rate by about 559%,.

(iv) Effect of added [NO,~]—The rate decrcased by 70% when [INOy ]

was increased from 1-0 (Ko, = 14:4 X 10~2min."%) to 3-5M  (kops. == 3-8
x 10~2min.”?) at constant [H+]. ]

(v) Mechanism.—In the studies involving HCHO Thrin (1) and
(2) exist: Formaldehyde exists as a diol,26 gHaC (OH)’zchmhbnd (1) and
K,
HCHO +H,0 < H,C(OH),

(D
And the diol is involved in equilibrium?’ with H:COH
H . K 4+
:C(OH); + H¥ —— H,C-OH + H,0 2

Our foregoing experimental results

oS X may be satisfactorily explaine
by a mechanism involving reactions 3) ctorily - explained

and (4) below:
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Cedt -} H,C (OH)y  —— Ce¥ -}- H' -} H,CO-OH (3
Q . fast ]
: Cett -} H)CO-OH  —— Ce? - H* -}- HCOOH (4)
e
W
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¥10. 1. () Order of [Ce**] in — dCe®jdt with HCHO as substrate in nitric acid medium).
Plot of log Vo/V, vs. time in minutes.  V, initial titre value. 'V titre value at time r.  [Ce*i]
= 2:65 X 107*M; [HNO;] = 1-O0M; [HCHO] = 0-0324 M; Temperature == 20°C,
(b) Order of [HCHO] Plot of logk’ <42 vs. log[HCHO] 4 2. [Ce™] = 2-65 X 10~*M;
Temperature == 20°C.; [HNO,] = 1-:0M; [HCHO] == 0:03 to 0-06 M, (c) Search for the
E gomplex. Plot of 1/&” vs, 1/[HCHO]. Conditions same s in (5.)
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The decrease in rate with increase of HY may be duc to depletion ﬁ.!i‘
[diol] (Eqn. 2). The decreased rate may also bc explained onnthc h;m».
of a reaction between the species of the type Cc (OH) (INOy), [mstc;xd vl
simple Cz (NO,),] and diol. But it was shown by Blaustein and Gryder=
that in HNO, solutions of Ce*+ hydrolytic equilibrium was absent and
therefore formation of Ce (OH) (NOj); typce of species under our exXperi-
mental conditions is mnot likely. The type of mechanism suggested for
the oxidation of alcohols, through the formation of Ce*'-alcohol comples
which unimolecularly dissociated in a rate determining step is to be ruled
out for HCHO oxidation under our experimcntal conditions since, /Ky
vs. 1/[HCHO] plots were linear passing through the origin (Fig. 1 ¢k
At higher concentrations of Ce** and HCHO wherc a slight intensification
of the colour (probably due to complex formation) was no doubt noticed
but the rate was too fast to be followed under thosc conditions. Absence
of complex formation at low concentrations used, was also proved by an
independent optical method; the observed optical densitics of solution
of Ce*-HCHO where equal to those of Cet'-H,O. Cc* in cquiations (33
and (4) represents Ce (NOj), the active species involved in the reaction
and not Cc** . The rate determining step (3) has been assumed to involve
the O-H bond fission. It should be peointed out, however, that the
oc-C-H bond fission is equally likely. The controversy rcgarding oc- - H
or O-H bond fission is not yet resolved,?—23% 30 ynambiguously. Recently
Trahanovsky and Young* suggested the possibility of iwo-clectron transfer
in Ce* oxidations of toluenes leading to Ce2 and an ionic intermediate

.*.
Ar-CH, and the former reacted with Ce® to give 2Ce®". In view of the
fact that. polymerization of vinyl monomers by cecric salts®  procecd by
free . radicals, the mechanism of Trahanovsky et al. involving ionic inter-
mediates appeared to be not likely.

(vi) The rate law.—The rate law (5) may be significant:
— Re* = ki, [CetHy [HCHO]; = k, [Ce+]e [Diol], (5)

the subscri ’ » .
resz)ective?pts Ixi ?H I:’nd es _refer to total and equilibriom concentrations
of secondary aleanol coium the reactive species of Cet during oxidation

ary alcohols' was established to be neutral ceric nitrate molecule

Ce (NO,),, which with -
species: With added NO;~ may form Ce (NO3);~ and Ce (NO,),*

Ce (NO,); + NO,~

Ky
N = C§ (Noa){' (6)

—._
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K
Ce(NOg)y | NOy (- Ce (NOy)*- (N*

Assuming that

[Cet]e ~ [Ce(NOy),] and  [Ce (NO,) ]2 ~ [Cutt]s.

It is shown that
[Ce**

[Cett]e = KK, [NO;T? (5 a)

and
. HCHO

folile — G O 5 5)
Substitution of 5(¢) and 5(&) into (5) we get

k me e kﬂ e ot

- KgKe [NOy 2 (1 A4 K, [H]
or

I (KKe[NOs Py | e . K [HY]

ko 0k, ) KK NO T o B2 (8)

which explains the observed proportionalities of K, to [NOy ] and [HA].

(vit) Evaluation of rate  constants—~—(a) From plots ol 1/k,,. vs. [H']
at censtant [NOy 1. slopef/intercept = Kg == 0-92 (m./1)"! at 20°C. was
obtained [¢f) Ky 0-7(m./1) ' at 22"C. by Hargreves and Sutcliffed].

(h) From plots of log kg, vs. 1/T the overall activation energy 21-9 K.
Cals. was obtained. The reported AE values for the oxidation of HCHO
by Cc*' in sulphuric and perchloric acid media are 29 - 2 K. Cal. and
16 -1 3 K.cals. respectively.® The order of AE is similar to the order of
oxidation potentials of Ce3t/Ce*t couple in the three acid media.

2. Oxidation of Alcohols

The oxidation of alcohols, m-propanol, allyl alcohol, cyclo-hexanol
follow the usual patterntt 12 of Cett-alcohol complex formation which
dissociated subscquently. A different behaviour, however, was observed

* Reeent studies on the co-ordination number of Cet* indicateit to be eight,® though ceric
ammonium nitrate was found 1o exist as a hexanitratecerate anion Ce (NQy)e* by. Meyer and
Jocoby.™* This has received proof from X-ray studies also,®® Hence we prefer ¢quilibria (6)
and (7) only.
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{ FIG. 2. (a) Effect of [NO,] on the rate constant 4”. Plot of A X 10%min~? vs. [NO, ]
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with benzyl alcohol. In ceric jon  oxidations of n-propanol, allyl alcohol
and cyclohexanol the order of [alcohol] was less that one; 1k, VS
I/[alcohol] were straight lines with intercepts (Fig. 2, a=d) on the ordinates
indicating that the mechanism  of oxidation conformed to Michacelis and
Menton type (¢f. sedondary alcohols®®), We therefore invoke the mecha-
nism

K k )
Ce# - ROH _ - (Complex) —— RO -- Ht -} Ced*

fast slow (10)
Cet# + RO — R'CHO -- H+ - Ce¥ (11)

Various alternative possibilities suggested for step (3) for HCHO are also
applicable for the slow step (10).

If
~ Rl = K[CeH] ¢ [ROF] ¢ = Koy, [C]

it may be shown that

.. IKROH]
prouda U - K[ROH]) K.(;Ka [NO{]2
or
. KK [NOy | KK [NOyJ?
Whowss ™ “p ROK] Tk (12)

The observed proportionalitics between 1/k,, vs. [NOy~]® (Fig. 2a) and
1/[ROH] (Fig. 25h) therefore are understandable. k.0 1s the pscudo-
unimolecular rate constant and [ROM] total alcohol concentration, K the
formation constant of the Ce*t-alcohol complex and k the rate constant.
The effect of increased HY, however, was found to inhibit the overall rate
of oxidation of n-propanol by 40%, (k == 3-4 X 10 *min-?at [H*] =0-5M:
Kyt = 1795 X 10-* min ' [Ht}=-2-5M) at constant ionic strength
p=:2-8M but H* had no cffect on cyclohexanol oxidation. In per-
chloric acid medium it was observed, however that the rate increased
with increase in [H'] for sccondary™® as well as primary alcohols® and
also for aldchydest This was explained on the basis that in perchloric
acid medium Cey* was the active species and that with increased [Ht),
the hydrolysis cquilibrium was shifted towards Ceq)* side.  But in HNO,
mediunt the hydrolysis equilibrium is absent.®® The decrease of rate with
increased of [H'] for primary alcohols in HNOg medium is, however, not
clear, The formation constant K was found to be the same at different
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[NO,-] indicating that NOj~ is not displaced during complex f‘ormutiqn.
In the case of benzyl alcohol oxidation no complexing was observed with
Cet+. The order of [Benzyl alcohol] was found to be stiictly one and the
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F1G. 3. (a) Order of [Ce*t] in — dCe*t/dt with benzyl alcohol as sulstiate. Plotof

logaf(a — x) vs. time in minutes. [Ce+] = 3 % 10-*M
: -—' > B Icoh == 0-04M;
(HNO,] = 1-0M; Temperature = 22°C : [Benzyl  alcoholl

. (b) Order of -2
0 yoEROMI 4 2. [Ce] = 4 X 102M; @ emperatine o ey BNOT ' 1-0M.
[&ﬂ = Ot,lg; L})f the overall order. Plot of logb(a— x)fa(b— x) vs. time in minutes.
(d) Search £ th; (Benzyl alcohol] = 0-04 M; Temperature = 30°C, [HNO.] = 1-0M,
' A for the complex. Plot of 1/k’ vs, 1/[ROH]. Conditions same as for ().
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plot 1k e, vs. I/[ROH] was lincar with no intercept (Fig. 3, b. d).  Further
the absorption spectra of ceric nitrate and ceric nitrate-benzyl  alcohol
mixture were found to be the same under our experimental  conditions.
The overall order was found to  be two (Fig. 3¢). Acdtivation parameters
for the alcohol studics are given in Table 1.

TABLE 1

Substrate 1 2 3 4

h

6 7 8 9

Allyl alcohol o 11-00 26-2 25-1 19-19 23 278 104 —31 —60

n-propanol .. 2-88 254 24-2 20-70 11 231 67 =21 -—50
Cyclohexanol w 390 23-8 22-6 20-5 6 032 98§ ~33 =21
Benzyl alcohol .. 1-05 24-2 23-0 21-3 S - -

1. A7 Uit /mol)see, Pat 22°Cx ¥ 6. Klit./mol.

2. AE* K. Cals./mol, 7. - AH K. Cals./mol.
3. AH*K. Cals./fmol. 8. ASeu.

4, AL* K, Cals./mol. 9. AF Cals./mol.

S ASYeu,

* AT was caleulated using the equation ARt = ALRF — aRT.
I Initial rate/[Ce** ] [substrate] for all alcohols.

The constancy in AF® for all the alcohols studies may be explained on the
basis of isokinetic relationship,® that for a series of compounds of slightly
different  structure but undergoing a reaction cessentially be the same
mechanism, the AF# may be more or less constant with relative changes
in AE* and AS*.
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