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Abstract

The kinetics of oxidation of diallylamine by hexacyanoferrate (IIl) in alkaline aqueous
ethanol at constant ionic strength has been studied . The rate of the reaction was dependent
on the first power of the concentration of diallylamine , but was independent of
hexacyanoferrate (III) concentration . The rate was enhanced by an increase in the pH value

The effects of added hexacyanoferrate (IT) , ionic strength , types of anion and cation , and
the solvent composition have also been investigated . The activation parameters were
evaluated . A mechanism consistent with the kinetic results is proposed and discussed .

Introduction

The oxidation of amines by hexacyanoferrate (111) has been studied extensively
by several investigators = . However . most of these studies were done on tertiary
amines with only very few on the oxidation of primary or secondary amines &
Furthermore , it has been reported by Lindsay Smith @ that secondary amines are not
oxidizable by hexacyanoferrate (III) . Although Dasgupta and Mahanti &) ,
reported the oxidation of aniline and substituted anilines by alkaline
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hexacyanoferrate (III) , a survey of the literature revealed that the oxidation of
open-chain aliphatic amines has not been reported . The mechanisms proposed by
Dasgupta and Mahanti inovive the formation of an aminium radical cation , and a
radical intermediate . An interesting feature of the oxidation of diallylamine is the
presence of the allyl groups . The present work demonstrates the usefulness of
hexacyanoferrate (I1I) as a reagent for the oxidation of secondary , open-chain
amines .

Experimental

Materials - Diallylamine,obtained from Aldrich Chemical Co., was refluxed and
fractionated over solid KOH no more than two days before use and stored over size
3A molecular sieves . All other materials were purchased from Aldrich Chemical Co.
in the purest form and used as such . Buffers were prepared from sodium hydroxide
and potassium chloride in 20 % ethanol (V/V) . Doubly distilled water was used
throughout .

Kintetics — Kinetics were followed by monitoring the absorbance of
hexacyanoferrate (III) at 414 nm Vvs. time . The required amounts of diallylamine
and hexacyanoferrate (III) were dissolved in portions of the buffer in seperate flasks

Sodium chloride was added to adjust the ionic strength of the reaction mixture to the
required value . The contents of the flasks were mixed , and then a small portion of
the reaction mixture was pipetted into a 1cm spectrophotometer cell . The cell was
then stoppered and returned to the sample compartment of the spectrophotometer for
continuous measurements of absorbance vs. time . In a similar manner , the effect of
each of added hexacyanoferrate (II) and other salts on the reaction rate was studied ;
in each case adjusting the amount of buffer to keep a constant total volume .

Stoichiometry and product analysis — A reaction mixture containing ten-fold
molar excess of hexacyanoferrate (III) over diallylamine at pH 13.0 was allowed to
stand for three days . The molar stoichiometry was calculated spectrophometrically .
On evaporation of the reaction solution and addition of ether , a solid precipitated
which was recrystallized from ether to give 2,5— dihydroxy —1,4—dioxane (mp 82 ° C)

The filtrate was evaporated to a small volume and the residue was identified by I.R
as N —allylformamide .

Measurements — All spectra and kinetics were recorded using a UV/visible SP8 —
100 recording spectrophotometer equipped with 1 cm cells and a thermostated cell
holder . TR spectra were recorded on a Pye Unicam SP 200 infrared
spectrophotometer . All pH measurements were made with a Fisher Accumetp model
230A pH /Ion Meter .
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Results and Discussion

Stoichiometry — The experiments , carried to establish the stoichiometry of the
oxidation of dnallylamme by hexacyanoferrate (III) at alkaline pH , showed that six
moles of Fe(CN)6 were reduced for each mole of diallylamine oxidized . Thus the
overall reaction stoichiometry may by written as
OH™
3—
(C;H5), NH + 6Fe (CN)y” +3H,0 ——— C,H,NHCHO + HOCH,CHO

4— +
+ 6Fe(CN), +6H
Kinetics — The results of oxidation of diallylamine by hexacyanoferrate (IIT)

3~ .
showed that the rate of the reaction is independent of [Fe (CN)," ], as shown in Table
(1). The plot of log (initial rate) vs . log. [ diallylamine ] was linear with a slope of

Table | : Effect of varying [ hexacyanoferrate (I1I) |

[Fe(CN), 1x10°M 0.50 0.70 1.00 1.30 1.50
Ky x 107 sec”" 100 100 100 105 110

[ Amine ] = 0.20M ; pH = 13.0, u = 0.1 ; temperature 25 °C .

about unity , establishing a first order dependence with espect to diallylamine , (Fig
1) . Thus the rate determining step involves a proton loss rather than an electron

N

— log | Initial rate |
&

N

23 25 27 29
= log | diallylamine )

Flgure 1: Plot of —log (initial rate) versus —log [ diallyl amine ] at 25 °C ; [Fe(CN)6 ] =10x
10 MpH—130 u=0.1
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transfer as supported by the results of the effect of changing the pH on the reaction
rate . This effect indicates a faster rate at higher pH values (Fig. 2) . The rate law in
consonance with the results can be written as :

—d[Fe(CN),  ]= K, [Diallylamine |
dt

29

27 /

~log [ Initial rate |

25

04 08 | 12 16
OH

3— -3 .
Figure 2 : Plot of —log (initial rate) versus pOH at 27 °C ; [Fe(CN), ] =1.0x 10 M; [dial-
lylamine] = 0.20 M; u. = 0.1

4— 3— .
Effect of added salts : Addition of Fe(CN), upto1.0X 10" M, caused a slight
increase in the rate . However , at higher concentrations a very slight negative effect
on the rate was observed , (Table II) . The effect of ionic strength was studied by

Table Il : Effect of [ hexacyanoferrate (II) |

(Fe(CN)," [x10°M .00 300 600 100  15.0
k,, X107 sec”" .00  1.00 L10  1.20 .10 1.0

[Amine] = 0.20M ; [Fe(CN), | = 1.0x10° M; pH = 13.0 ; temperature 25 °C .
following the reaction in the presence of different concentrations of sodium chloride .

A small positive salt effect was found , (Table III) . Varying the types of anions and
cations has also been noted inTables 1V and V respectively . The rate of the reaction
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decreased in the orders Br > ClO3_ > NO3_ >1 and K+ = Na+ > > NH4+

Table il : Effect of ionic strength

[NaCl]x 10°M 3.00 6.00 9.00 12.0 15.0
kp,x 10" sec 110 120 125 130 1.40
[ Amine ] = 0.20M; [Fe(CN),. ] =1.0x10 °M, pH =, = 13.0; temperature 26°C .

Table IV : Effect of varying anion

Salt KF KBr  KI KNO,  KCIO,,
k,p,x 10" sec ' 105 120 08 090  1.00

- - -4
[ Amine | = 0.20 M ; [Fe(CN),> ] = 1.0x 10 " M;[Salt] = 6.0x 10 ' M; pH = 12.5

; temperature 25°C .

Table V. : Effect of varying cation

[Salt] NH,CI NaCl KCl
K,y X107 sec” 0.95 1.15 1.30

[ Amine | = 0.20 M ; [Fe(CN),” | = 1.0x10°" M;
[Salt] = 6.0x 10°*'M ; pH = 13.0; temperature = 28°C .

The sequence found for the anions used reflects their basicity strength .
Furthermore , the order found for the relative effect of the cations supports the
assumption that the electron abstraction from the amine by the oxidant is not
involved in the rate controlling step . Otherwise , the cations should effect the rate by
acting as bridges for the electron transfer .

Effect of percent ethanol ~ The rate dependence on solvent composition was
investigated by varying ethanol concentration . No. change in the reaction rate was
observed (Table VI) . Thus the transition state in the reaction is nearer to a
noncharged species rather than to a charged one .
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Table VI : Effect of solvent composition

% EtOH (V/V) 40 50 60 70
K, x 10 sec . . 1.05 1.00 1.05 1.10

[ Amine | = 2.20 M ; [Fe(CN)," ] = 1.0x 10" M ; temperature 26° C .

Effect of temperature — The Kinetic data for the reaction were obtained at five
different temperatures . The rate constants were calculated and the activation
parameters were evaluated (Table VII) .

Table VII ; Activation parameters

Ea AS#I AHT 1 AGT B A
KJ. mo]‘l J. deg_ KJ.mol KJ.mol sec
3.0 —0.27 0.53 81.23 3.7x10°

Mechanism — The mechanism proposed for the reaction of diallylamine with
alkaline hexacyanoferrate (III) is shown in Scheme I :

Scheme | :
.\ I +.
(C;H,) NHCH, - CH = CH, + Fe (CN)ﬁ3 — (C;H) NH - CIH2 -CH=CH, +

4— ky
Fe (CN), (fast)

— r——/\—\ +
10H . X (CH)NHCH_. CH__CH,+H’ (slow).

11
+
3— .. '_Aﬁ 4—
I1 + Fe(CN),, —> (C;H;)NH-CH..CH__CH, + Fe(CN),  (fast).

(111)

H,0 .. N
n1 — 2 3(C,H)NH-CH=CH-GH, +H

OH
av)
= 2H,0 . - 4
IV + 2Fe(CN),  ———> (C;Hy) N~CH-CH-CH, +2Fe(CN), +2H
H OH OH OH

(\%)
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- . - +
V+2F(CN), ——  (C;H) N-CHO + OHCCH, +2 Fe(CN),  +2H
H OH

The first step in the mechanism involves an electron transfer from the nitrogen
atom of diallylamine to the oxidant . This results in the formation of the aminium
radical cation (I) , (a fast step) . Similar examples of aminium radical cations have
been reported G711 Removal of a proton by the base at =< —carbon ( a slow step)

results in the formation of radical (II) . In this radical , the electron is delocalized
over the carbon atoms of the allyl group . The formation of the o — amine radical (II)
is well established in the literature for similar reactions S | is further oxidized by
a second hexacyanoferrate (IIT) to give (III) ( a fast step ) . Oxidation of the = —
carbon , althou%h not very common in similar reactions , was reported by several
workers 287D The subsequent steps are fast .

The above mechanism enables us to derive the rate law as follows :
—d[Fe(CN), | = k,[TI[OH ] (1)

dt

Applying steady state treatment of [I]

K, [ amine ][ Fe €Ny (2)

(m
k_,[Fe(CN), 1+ k,[OH™ |

but since k, < <k _, , then k _; [ Fe (CN)64_ ]+ k,[OH—]=k _, [Fe (CN)64—]
and
. 3-
k, [ amine | [ Fe(CN), |

1= 3)
4_
k_;[Fe(CN), ]

substitution of eqn. (3) in eq. (1) yields

—d[Fe(CN), =k, k, [amine][OH—] [Fe(CN),’ | @
dt k_, [Fe(CN)s 1

The experimentally determined rate follows first order but the derived rate
experession does not . However , in an}y_ individual exXeriment » [OH™ ] is constant
and present in such excess , | Fe(CN), 1/1 Fe(CN), ] is also constant as the first
step (equilibrium) is fast . Therefore :
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—d[Fe(CN), ]
dt

= K. [diallylamine] &)

The derived rate experession (4) , or (5) , enables us to explain the observed
effects of [OH™] and added [ Fe(CN);—] on the experimentally determined rate
constant when [OH™ ] or added [ Fe(CN), "] are varied from one experiment to
another . Since [OH™] and | Fe(CN):_] / [ Fe(CN) 4_] are incorp:)rated into the
overall rate constant , changing [OH™] or [ Fe(CN)," 1/[ Fe(CN), | will change
k

obs *

The relatively low values of E, and A H* are presumably due to the resonance
stabilization of (II) being an allyl- type radical . The proposed mechanism is
consistent with the experimental results and the stoichiometry of the reaction .

Oxidation of other secondary amines , both aliphatic and alicyclic , is under
investigation .
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