CHAPTER IV

KINETICS AND MECHANISM OF OXIDATION
OF TERTIARY AMINO ALCOHOLS BY CAT
~ IN ACID MEDIUM USING Ru(lll) AS CATALYST




SECTION 4.1

INTRODUCTION

2-dimethylamino ethanol (DMAE) and 3-dimethylamino-1 -propanol

(DMAP) are important derivatives of tertiary amino alcohols. These

- compounds behave like primary alcohols and are oxidised to the

respective aldehydes, by mild oxidants.

. )-dimethylamino ethanol :

This is a colourless liquid with a molecular weight of 103.17
(d= 0.872). The boiling range of the liquid is 163 - 164”". The compound

ismiscible with water and other solvents.
J-dimethylamino-1-propanol

This is a colourless, irritating liquid of mloecular weight 89.14

(d=0.887). The boiling range of the aliquid is 133- 134°. The compound

~ dissolves in water and other solvents.

These compounds have a number of pharmacological applications,

- while reports on chemical application are scanty. However
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2-dimethylamino ethanol (DMAE) is used as a potential volatile amine®"™
for boiler water treatment and was investigated for their complexation
behaviour with copper. Its P*» value is 4.52 at 25°. DMAE forms coloured
complexes with absorption in the range of 5 10 nm. In the pH range 8 - 10.5,
the Cu ~ DMAE complex established 2e reduction and the species

[CuDMAE),] was identified, with a stability constant of 1020.39.
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Chloride and iodide complexes of lead (I1) with 2-dimethylamino ethanol

257b

is obtained by direct synthesis.

A review of literature shows that there is no report on the kinetics
ofoxidation of DMAE and DMAP by any oxidant. Hence in the present
investigation, a detailed study is made on the kinetic and mechanistic
aspects of the oxidation of these two acohols by CAT in HCI medium

with Ru(IIl) as catalyst at 45".
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SECTION 4.2

OXIDATION : A REVIEW

A review of literature shows little information on the kinetics of
oxidation of primary alcohols by N-haloamines. Mahadevappa and
Naidu®#26° and Herlihy?®’ have reported on the oxidation of conjugated
glcohols, allyl, cinnamyl and crotyl alcohols by CAT in HCl medium.
Therate is found to be first order each in [CAT], [H'] and [CI-]. Similar
results have been obtained?s? with CAB. Mahadevappa and co-workers
Mve also carried out the oxidation of primary acohols by BAB?%* and of
gyl crotyl alcohols by BAT catalysed by OsO,.**

Mushran et al?*®* have oxidised n-butanol, iso-butanol and

iso-pentanol by CAT in acid medium. The rate is first order in each

[CAT] and [H7] but shows a zero order dependence in [Alcohol] . The

gpropowd mechanism involves HOC1 as the reactive species.

Umaand Mayanna®*® have reported the oxidation of primary alcohols

 byCAT in alkaline medium, catalysed by OsO,. The proposed mechanism
indicates formation of an activated complex between the substrate and
- 0s0, which slowly decomposes in a rate limiting step in to the adehyde
- adOs (V1) formed is oxidised rapidly to Os (VIII) with the anion of CAT.

Mukherji and Banerji?*’ have reported on the oxidation of nine
primary alcohols by CAB in presence of HCIO,. The rate is first order
- each with respect to the [ox], [alcohol] and [H'] ions. The primary kinetic

isotope effect using deuterated alcohol and the solvent isotope effect in
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DZOmedium have been studied. The reaction exhibits a reaction constant
P = 2.2 a 298 K. The probable oxidising species is PhSO,NHCI. A

mechanism involving transfer of hydride ion to the oxidant is suggested.

Singh et al*** have reported on the mechanism of Ru(IIl) catalysed
oxidation of methanol and ethanol by BAT in acid medium. The rate
shows a first-order each with respect to [BAT],, [substrate], [H’'] and
[Ru(Ill)] and inverse first-order on [Cl ]. Kinetic results point to a
mechanism involving interaction between a reactive species of BAT and
a transent complex formed between the substrate and ruthenium (l11)
species. Similar results 2%° were obtained in the oxidation of n-propanol

and n-butanol by BAT.

Mittal et al?’”® have reported on the kinetics and mechanism of the
oxidation of primary acohols by sodium N-chloro ethyl carbamate in
acid medium. The reaction is first order each with respect to the [ox]_
and [alcohol] . The rate increase with an increase in acidity (H ) and the
value of solvent isotope effect k (H,O) / k (D,0) = 2.23 at ‘298 K. Plots
of (logk, + H,) vs (H, +log [H']) are linear and a concerted mechanism
involving transfer of a hydride ion from C-H bond of the acohol to the

oxidant and remova of a proton from the OH group by a water molecule

has been proposed.

Neg et al*”’! have reported on the kinetics and mechanism of the
oxidation of aliphatic alcohols by sodium hypobromitc in alkaline
medium. The reaction is first order each with [ox] and [alcohol] and
inverse order with respect to [OH-] ion. The primary Kkinetic isotope

effect has been studied using deuterated alcohol.
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Banerji*’? has reported the oxidation of aliphatic alcohols by
spyridintum fluoro chromate in dimethyl sulphoxide medium. The reaction
is first order with respect of [ox]Jo but the order with respect to the
[Alcohol] is less than one. The primary kinetic isotope effect and the

formation constant of the acohol-oxidant complex have been studied.

Mahadevappa et al?’’® have oxidised substituted ethanols by BAB
in the presence of HCl medium. The rate shows a first-order on [BAB]
and is fractional in [alcohol], [H*] and [CI-]. The solvent isotope effect

and the rates do not correlate satisfactorily with Taft's substituent

constants is  suggested.
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SECTION 4.3

Kinetics and mechanism of oxidation of tertiary aminoalcohols

by CAT in HCI medium using Ru(l1I) as catalyst

In this section, the kinetics and mechanism of oxidation
of tertiary amino alcohols namely 2-dimethylamino ethanol and
3-dimethylamino- 1 -propanol by CAT in hydrochloric acid medium using
RuCl, as catalyst at 45° has been reported. Experiments have been
designed to determine the kinetic order with respect to the oxidant, the
substrate, medium, catalyst etc. The effects of dielectric constant, addition
ofreaction product, p-toluenesulphonamide (PTS) and addition of neutral
sdts have been studied. Kinetic and thermodynamic parameters have
been evaluated by determining the rate constant of the reaction at different
temperatures. A suitable mechanism with respect to two substrates have

been proposed to account for the observed rate law.
Stoichiometry

Reaction mixtures containing various ratios of oxidant to substrate
were equilibrated in 0.08 mol dm™ HCl at 45° for about 24 hours with
[oxid]0> [S] . The excess unreacted oxidant was estimated by iodometric
titration with standard sodium thiosulphate. It was found that one mole
ofsubstrate consumed one mole of the oxidant to yield the corresponding

aldehyde, confirming to equation (4.1)
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R-CH,OH + RNCINa > R'-CHO+RNH, +NaCl 41

; Where
L H H,C

" R= N . CH, - for DMAE, R = /N - CH, - CH, - for DMAP,
H.C H.C

3 3
f R=CH,CH,SO,-
:Product Analysis:

( The aldehyde formed in the reaction was extracted into ether,
followed by washing with dilute NaOH to eliminate the interfering PTS.
Evaporation of the solvent yielded a small amount of oily material which
gave positive test with 2,4-DNP. Confirming the corresponding aldehyde.

, These materials were compared with the authentic samples.
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RESULTS

k Effect of varying reactant concentration on the rate :

‘ The kinetics of oxidation of tertiary aminoalcohols by CAT were

! investigated at several initial concentrations of reactants in hydrochloric

! acidmedium using RuCl, as catalyst at 45°. With the [substrate] in excess

and at constant [HCI] and [RuCl], plots of log [CAT] versus time were

’ linear (Table 4.1, Fig 4.1, r > 0.9990, s < 0.01) for each [CAT] . The
reaction showed a first order dependence of rate on [CAT] (Table 4.2).

Vaues of the k,, increased with increase in [S] for DMAE while the

values were constant for DMAP indicating a zero order dependence on
thelatter. The plots of log kobs vs log [DMAE]_ were linear (r = 0.9900,

s < 0.05) with fractional slope (Table 4.3, Figure 4.2).

Effect of [HC1]:

The rate decreases with increase in [HCl] and the plot of log k
vslog [HC1] is linear (Figure 4.3, r > 0.9989, s < 0.04 Table 4.3(a)) with

afractional slope of (-0.5).
Effect of ionic strength :

Variation of the ionic strength of the medium by adding NaClO,
(0.3 - 1.2 mol dm™) had no effect on the reaction rate (Table 4.7), thus

showing the involvement of non-ionic species in the rate limiting step.
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Effect of [RuCl,]:

The rate increases with increase in [RuCl.] and plots of
log k vs log [RuCL] were linear (r > 0.9999, s < 0.01) with unit slopes
(Table 4.6, Figure 4.5) for both acohols, indicating a fractional order

dependence on the [catalyst].

Effect of [H']:

At constant [Cl-] = 0.6 mol dm™ maintained by adding NacCl,
increase in [H'] had no effect on the rate (Table 4.4).

Effect of [CI-] :

Addition of CI- ions in the form of NaCl (0.1 - 0.8 mol dm?) a
fixed [H'] decreases the rate with increasing [CI-] and a plot of log k_,
vs log [Cl-] was found to be linear (r > 0.9890, s < 0.06, Table 4.5,
Figure 4.4) with a fractional slope of -0.50.

Effect of p-toluenesulphonamide [RNH,] :

The rate decreased with the addition of RNH,. Plots of log k, vs
log [RNH,] was linear (r > 0.9990, s < 0.04, Table 4.9, Figure 4.7) with

a small negative fractional slope of -0.3 3.
Effect of varying the solvent composition :

The solvent composition of the reaction medium was varied by the
addition of methanol (0 - 40% v/v). The rate decreased with increase in
methanol content (Table 4.8, Fig 4.6) plots of log k_,_vs 1/D (where "D’

Is the dielectric constant of the medium) were linear (Figure 4.6,
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1>0.9890, s < 0.06) with a negative slope. Blank experiments performed
showed that methanol is not oxidized by CAT under the experimental

conditions.

| Effect of Temperature:

‘, The reaction was studied at different temperatures (308 - 323 K). From

the linear Arrhenius plots of log k, vs 1/T (Table 4.9(a) Fig 4.8, r >
f 0.9998, s < 0.01), the activation energy E, was calculated. Vaues of the
' other activation parameters, AH*, AS*, AG* and log A were computed

| fiom the measured E, values (Table 4.9(b)).

‘ Test for free radicals :

Addition of the reaction mixture to agueous acrylamide solution did not

initiate polymerization showing the absence of free radical species.
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Table 4.1, Fig 4.1

Effect of [CAT] on the rate of oxidation of tertiary amino

alcohols (representative runs)

[CAT]. = 0. 003 moldm?,[S], =0.02 mol dm?,[HCI]=0.08 mol dm?,
[RuCl,] = 10 x 1 0° mol dm™, T = 45°.

2-dimethyl amino ethanol 3 -dimethyl amino- 1 -propanol
Time Titre log [CAT] Time Titre log [CAT]
mill, ml. min. ml.,

0 30.2 1.48 0 29.5 1.47

10 27.0 1.31 10 26.1 1.41
20 23.3 1.37 20 23.0 1.36
30 20.2 1.31 30 19.9 1.29
40 17.2 1.24 40 16.7 1.22
50 15.4 1.19 50 14.4 1.16
60 14.5 1.16 60 12.0 1.10
10 12.7 1.10 70 10.1 1.00
80 11.6 1.06 80 9.0 0.95
90 10.1 1.00 90 7.5 0.88
100 9.4 0.97 100 7.0 0.85
110 8.1 0.91
120 7.0 0.85
k,=2021x 10*s? k, =2.482x10%s!
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Table 4.2

Effect of varying [CAT] on the rate of oxidation of

tertiary amino alcohols

|
 [8].=0.02 mol dm?, [HC1] = 0.08 mol dm™, [RuCl,] = 10.0 x 10”*mol dm™, T =45°

-
Y —

10°[CAT], 104k, (s)
nol dm 3-dimethyl 2-dimethyl
1 amino- 1 -propanol amino ethanol
2.0 2.75 2.33
25 2.60 2.20
3.0 2.48 2.02
35 2.53 2.10
40 2.39 2.06
4.5 2.45 2.03
5.0 2.40 2.00
5.5 2.36 1.98
6.0 2.30 1.90
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Table 4.3, Fig 4.2
Effect of varying the substrate on the rate

(CAT], = 0.003 mol dm, [HCI] = 0.08 mol dm*, [RuC1]=10.0x 10° mol dm?, T = 45°

10°[S], 10"k, (s™)
mol dm™? 3-dimethyl 2-dimethyl
amino- 1-propanol aminoethanol
08 2.20 1.30
10 2.22 1.50
20 2.48 2.02
30 2.33 2.58
40 2.20 3.11
50 2.35 3.33
6.0 2.46 3.66
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Table 4.3(@) Fig 4.3

Effect of [HCIl] on the rate of reaction

,; [CAT], = 0.003 mol dm?, [S] = 0.02mol dm™, [RuCL,]=100x10°madl dm? T = 45°

102 [HCl] 104k (s
mol dm 3-dimethyl 2-dimethyl
amino- 1 -propanol aminoethanol
6.0 2.65 2.43
8.0 2.48 2.02
10.0 211 1.82
20.0 1.45 1.30
40.0 1.04 0.88
60.0 0.82 0.70
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Table 4.4
Variation of [H*] (by adding NaCl) on the rate of Oxidation

A1), = 0.003 mol dim, [S], = 0.02mol dm, [RuCL] = 10.0 X 10° mol dm, T = 45°

v 10 [HCl] 10"k, (s™)

mol dm 3-dimethy! 2-dimethyl
‘ amino- 1-propanol aminoethanol

__6.0 2.50 2.08

8.0 2.48 2.02

10.0 2.25 1.98

20.0 2.20 1.93

40.0 2.18 1.89

60.0 2.16 1.86
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Table 4.5 Fig 4.4

- Variation of [CI] [at const [H'] = 0.0891 on the rate of Oxidation

[CAT] = 0.003 mol dm?, [S] = 0.02 mol dm?, [HC1] = 0.08 mol dm?
[RuCL]=10.0 x 10°* mol dm~, T =45°

¢ Nacl]

mol dm?

107k, (s7)

3-dimethyl

amino- 1 -propanol

2-dimethyl

aminoethanol

10.0

200

400

60.0

80.0

2.68

2.48

1.44

1.28

1.06

2.50

2.02

1.28

1.08

0.90
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Table 4.6 Fig 4.5
Variation of [RuClL] on the rate of Oxidation

[CAT]0= 0.003 mol dm-3’ [S]O = 0.02 mol dm-3, [HC]] = 0.08 mol dHY3, T = 45°

10 [RuCl ] 10k, (s)

k mol dm? 3-dimethyl 2-dimethyl
‘ amino- 1-propanol aminoethanol
3.0 0.67 0.62
4.0 0.90 0.82
6.0 1.40 1.26
8.0 1.98 1.66
100 2.48 2.02
120 2.85 2.50
140 3.58 2.83
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Table 4.7

Effect of ionic strength on the rate of reaction

[CAT]. = 0.003 mol dm?, [S]_ = 0.02 mol dm*, [HCI] = 0.08 mol dm",

[RuCL] =100 x 10°mol dm>, T = 45°

a 10%k,, (s™)
ol dm? 3-dimethyl 2-dimethyl
| amino- 1 -propanol aminoethanol
03 2.45 2.02
0.5 2.60 2.20
0.7 2.55 2.33
0.9 2.48 2.08
12 2.40 2.18
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Table 4.8 Fig 4.6

Effect of dielectric constant on the rate of oxidation

1[CAT]0= 0.003 mol dm?, [S] = 0.02 mol dm?, [HCI] = 0.08 mol dm",
| [RuCl,] = 10.0 x 10 mol dm?3, T = 45°

h MeOH 104k, (s™)
’ 3-dimethyl 2-dimethyl
amino- 1-propanol aminoethanol
f 00.0 2.48 2.02
100 2.20 1.78
20.0 1.95 1.60
30.0 0.90 1.40
40.0 0.66 1.16
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Table 4.9, Fig 4.7
Effect of p-toluenesulphonamide on the rate of reaction

[CAT] = 0.003 mol dm=, [S] = 0.02 mol dm=, [HCI] = 0.08 mol dm?,
[RuCL] = 10.0 x 10> mol dm>, T = 45°

10°[PTS] 107k, (s™)
mol dm3 3-dimethyl 2 -dimethyl
amino- 1 -propanol aminoethanol

1.0 1.50 1.61

2.0 1.28 1.30

4.0 0.92 1.04

6.0 0.85 0. 84

.0 0.80 0.80
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Table 4.9 (a), Fig 4.8

Effect of temperature on the rate of reaction

HCAT), = 0.003 mol dm?, [S], = 0.02 mol dm, [HCI] = 0.08 mol dm,
] [RuCl,] = 10.0 x 1 0 mol dm?

. Temp 10°k,, (s)

L (K) 3-dimethyl 2-dimethyl
anino- 1 -propanol aminoethanol
', 308 0.72 0.58
313 1.03 0.90
318 2.48 2.02
23 3.26 2,88
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Table 4.9 (b)

alcohols in acid medium by CAT

Activation parameters for the oxidation of tertiary amino

=

Tatiraryamino E, AH AG AS Log A
| alcohols (kJ mol?) | (kJ mol™) | (kJ mol?) | JK* mol)

| admetyl  amino

L _1-propanol 82.5 79.8 1000 | -636 | 14.8
' 2dimethyl amino

 ethanl 90.3 87.7 100.6 | -40.8 | 16.0
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DISCUSSION

In agueous solution, the sodium salt of aryl-N-halosulphonamide
ionizes into several species in a pH dependent manner. In acidic solution
the oxidising species of CAT are RNCIH, RNCL, and HOCI, while in
- alkaline solution RNCI- is the predominant oxidant species. The oxidation
potential for CAT is 1.14v a pH 0.65 and 0.5v a pH 12.

Electronic spectral studies of Cady and Connick?”*, Connick and
Fine?” reveal that species such as [RuCl, (H,0)]?, [RuCl, (H,0),] , [RuCl,
(H,0),), [RuCl, (H,0),]+ and [RuCl (H,0),]*" do not exist in the agueous
solution of RuCl,. A study on oxidation states of ruthenium has shown

that Ru (I11) exists in the following equilibrium?’¢??® in acid medium :
[Ru(ID)CL]? + H,O === [Ru (lll) Cl, (H,0]* + Cl- ....42

Singh et al*%?7 employed the above equilibrium in Ru (I1l) catalysed
bromamine-T oxidation of some primary acohols in acid medium and
in the Ru (I11) chloride catalysed oxidation of ethylene glycols by
N-bromoacetamide (NBA) in HCIO, medium. In the present case, addition
of CI' ion in the form of NaCl at fixed [H'] retards the rate of reaction
indicating that [Ru (III)C1,(H,0)]? is the likely catalysing species.

In view of the first order dependence of rate on [CAT] and [RuCl],
fractional order in [DMAE] and inverse fractional order in [CI], the

following mechanism is proposed for explaining the observed Kkinetics:
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[RuClL]}? + H,0 (RuCL.H,0)* + Cl
C, C

2

K

2
C,+S =——> C,

k

3
C3 + CAT ————> Products rds.

(RNCIH)

Scheme 4.1

(1)

(if)

(iif)

Assuming steady state conditions for the intermediates, the rate

t law can be derived in the following manner for the oxidation of

‘ l-dimethylamino enthanol by CAT :

[Ru], = [C,] + [C,] +[C]]

[C,][CL] [C,]
¢

—

+ [C]
K, [H0] K, I[S]

[C.][Cl] [C,]
- + +[C,)
K [HO]K,[S] K,IS]

[C1] 1

K'K[S]  K,[S]
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[CIT+ K, + K', K, [S]

=[C)]
K'K,[S]

K' K,[S] [Ru],

[C,]l= -
[Cl1]+ XK' +K' K, [S]

Rate = k, [C,] [CAT]

d [CAT]  k, K'K, [S] [Ru], [CAT]
- = 4.3
dt (ICIT + K') + K', k, [S]

The above rate law is in agreement with the observed experimental

~ results for DMAE.

A zero order in [S] is observed in respect of 3-dimethyl

amino-1-propanol, which can be explained by scheme 4.2

Kl
[Ru CLJ* + H,0 [RuCl, H,0]* + Cl
Cl CZ
kZ

C, + CAT —> C, slow and rds

k3
C, + § — > Products fast

Scheme 4.2
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Assuming steady state conditions for the intermediates, rate law

E can be derived in the following manner.

[C,1[CT] [C1]+K')
 [Ru),=[C,] +[C)]=———— +C, =C,{——
| K'l K'l
K', [Ru],
[Cl= ——
[Cl] + K,

rate = k, [C] [CAT]

kK’ [Ru], [CAT]

[CI] + K7,

d[CAT] kXK', [Ru] [CAT]

dt [CH] + K,

The above rate law is agreement with the experimental results.

It is noted that the rate of reaction decreases dightly with the added

- :p-toluenesulphonamide which is one of the reaction products. It is likely

that a small part of the reaction proceeds through an alternate mechansim

involvining HOCI1 as the oxidant species formed in the reaction

RNCIH + H,0O ——> RNH, + HOCI1 .. 44

the proposed oxidant species in scheme 4.1 is predominanatly RNCIH.
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The rate of reaction decreases with the decrease in the dielectric
constant of the media. And a plot of log k, vs 1/D is linear (Table 4.8,
Fig4.6, where D is the dielectric constant of the medium) with a negative
slope. Suggesting an ion-dipole reaction (scheme - 4.1).

Variation of ionic strength of the medium had no effect on the rate,

indicating that neutral molecules are involved in the rds.

The values of energy of activation are moderate and supports the
rates observed for both the acohols. The entropy of activation (AS#) is
negative indicating farly ordered transition state.

In case of DMAE it is observed that the lone pair of nitrogen on
the substrate, undergoes complexation with (C,) forming a species
(C,). The rds involves the reaction of C, with RNCIH forming O-
chlorination of species C,. Next the intermediate exchanges proton with
RNH giving rise to hypohalite, which further decomposes to the product
eliminating CI.

In the case of DMAP it was observed that the RuCl, formed from
[RuCl]? first complexes with RNCIH forming a species C, in a rate

limiting step. These species undergo reaction with DMAP in a fast step.

A detailed mechanistic picture of the oxidation of the two alcohols

is given in schemes 4.3 and 4.4 respectively for DMAE and DMAP.
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K
RuCl® +H,0 ——= [RuCls H,0]* +cr

—
(Cy) (Cy)
6‘ RUClS
H;C K, H;C '
RCly, 07N 2 N .
(lé’)s + N—‘”CHZ —__CHZ --O0OH p— N_CHZ —“"‘CHQ —0O——-H
Couce e~ o

d- RUCls /——\ d- RuCls

. . '& ; +
N—CH, —CH, —O—H+ R - mCl _— N—CH, —CH, —O—H + RNH
e ~
Be” O me 7 o |
H Cl
8- RuCl; 8- RuCls
HyC N 2\\ - - H;C \
N—CH, —CH, —O—H + RNH fast, RNH, + N——CH, —CH,0Cl
Ve e
re” O | ge ~ O
Cl
d- RUCls
H;C ~.. /‘N - RUC15 HsC -
N—CH, —CH——0—C —> N—CH, —CHO + Cl

2

Scheme 4.3




+ CI

RuClg]® + H,0[Rucls= ;0]
(Ca)

€
§ -« RuCls

ke
RNCl H + RuCls —> R —N_—<Cl

rds 16+
(C2) H
(Cs)
5 - RuCls CH
; 3
o - SN
R—~NZ—LC]L 4 HO —CH, —CH; —CH,—N \ o
as
o+ CH;
H
-RuCl
(Cs) - Rl CH
‘ e
R—N —H+ H —0 —CH; —CH, —CH—N_
CH;
l o Cl
Q
=
P
/-N CH?fast
i E+ -
R-N\/—H +H O}”CH] —CH, —CH: —N ~
CH,
cl CH,
cl —0—CH, —CH, —CH, —N + RNH,
\
CH,
CHjs
e
@'O TCH-—-CHz——CHz —~—N\
CH;
H ) .
H,O -HSO
-Cl CH,

! -
0 = ¢ —CH,—CH, ——N\
| CH;

H
Scheme 4.4



SUMMARY

The aromatic sulphonyl haloamines are organic haloamines with a
‘ positive halogen attached to nitrogen. They have diverse properties and
behave both as oxidizing and halogenating agents. They are also used as
analytical reagents in estimating a veriety of reductants in solution. The
prominent member of the aromatic sulphonyl haloamine series is the
sodium salt of N-chloro-p-toluene sulphonamide, chloramine-T
. (p-CH,C H,SO,NCINa. 3H,0) abbreviated as CAT. Chloramine-T is a
by product of saccharin manufacture and its chemistry has been

extensively reviewed.

In the present studies, the oxidative behaviour of CAT towards
neutral aamino acids ; D-glycine, DL-valine, L-alanine and L-phenylalanine,
threose series sugars ; p-galactose (hexose), L-sorbose (ketohexose),
p-xylose and D-lyxose (pentoses), tertiary amino alcohols :
3-dimethylamino-1 -propanol and 2-dimethylaminoethanol, have been

~studied extensively from a kinetic and mechanistic pont of view.

Chapter | briefly sketches the chemistry of the aromatic sulphonyl
haloamines, introduction to reaction kinetics, isotope effects and a

literature survey of chloramine-T kinetics.

The kinetics and mechanim of oxidation of some neutral aamino
acids by CAT in perchloric acid medium at 30°C. Section 2.1 gives a
brief introduction to a-amino acids, while section 2.2 reviews the available
kinetic data on the oxidation of aamino acids. Section 2.3 reports the
kinetics and mechanism of oxidation of neutral aamino acids by CAT

in perchloric acid medium at 30°. In the present study, four neutral
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u-amino acids namely, p-glycine, pL-Valine, L-alanine and L-phenylalanine

have been studied.

It is observed that, first order dependence of rate on [CAT] and
[SH] and inverse first order on [H*]. Bearing these facts in mind, the
general scheme involving the direct interaction of the amino acid [
formed from the protonated amino acid [SH*], with RNCI in th reate
determining step is proposed.

In stoichiometry experiments with [CAT] > [Amino acid]_,
iodometric determination of the unconsumed CAT showed that one mole
of the oxidant was consumed per mole of the amino acid to form the
corresponding adehyde. The adehydes were characterized by their DNP
derivatives and by their spectral data in comparison with the authentic
aldehyde samples. The reduction product of CAT, p-toluene
sulphonamide among the reaction products was detected by TLC using
dichloromethane and petroleum ether (7:3 v/v) as the solvent system and
iodine as the detecting agent (Rf = 0.34).

The variation of ionic strength and the addition of
i p-toluenesulphonamide and chloride ion had no effect on the rate. The
rate of reaction decreases with increase in methanol content. The
ratio k, (D,0)/k_, (H,0) was found to be ~ 0.5 for al four aminoacids.
Tests for the applicability of Taft equation as well as single parameter
correlations for the amino aicds were also made. The near constancy of
AG” values inidactes that a similar mechanism is operative in the
oxidation of all the four aminoacids. The rate of oxidation of amino
acids increase in the order Ala > phe > va > Gly. It was found that AH’

and AS” of the reaction were linearly related from which isokinetic
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temperature 'B' was found to be 323K. The relationships was found
to be genuine by the exner criterion from which 'B' was calculated as
333 K. It is seen that the value of 'B' is higher than the experimental
temperature (303 K) indicating enthalpy control of the reactions.

The kinetic and mechanistic investigations of threose series
sugars by CAT in akdine medium a 35° is described. A kinetic and
mechanism of oxidation of threose series sugars, viz, D-galactose and
L-sorbose (hexoses), D-lyxose & D-xylose (pentoses) have been studied.

The oxidation reaction obeys the rate law.
Rate = k. [S [OH ]? [CAT]

In akaline medium, the sugar undergoes the familiar Lobry de Bruyn
Alberda van Ekenstein transformation and the enediol anion formed reacts

with oxidant to form intermediate, which undergoes cleavage to form products.

From the stoichiometry experiments the amount of the oxidant
consumed per mole of sugar was calculated iodometrically. The oxidation
products were analyzed by HPLC, indicating that lyxonic, xylonic,
threonic and glyceric acids are the products of oxidation for all threose
series hexoses and pentoses. Besides these products, small quantities of
corresponding aldonic acids were also detected. The identities of al the

oxidation products were confirmed from their mass fragmentation patterns.

The addition of halide ions and reduced product
p-toluensulphonamide did not affect the rate of reaction while change in
ionic strength (1) increased the rate dightly and a plot of log k ,_  vs (1)
was linear with a slope of 0.60 - 0.85. The rate decreased with

decrease in dielectric constant (D) of medium. A plot of log k_, vs 1/D
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was a straight line from which the size of activated complex "d, " could
be calculated. The proposed mechanism is supported by the solvent
isotope studies as the rate is almost doubled in D,0O medium suggesting
a fast pre-equilibrium hydroxyl ion transfer. The solvent-isotope effect,
k,, (H,0) /7 k__(D,0), was about 0.5 for all sugars. The constancy of
AG values suggests that a common mechanism is operating in the kinetics
of oxidation of threose series sugars by CAT in NaOH medium. The
fractionation factor ?, for the oxidation of sugars by CAT is about 0.6.

This value resembles the fractionation factor of OH- ion.

The kinetics and mechanism of oxidation of tertiary amino alcohols
by CAT in hydrochloric acid medium a 45° usng RuCl, as catayst is

described.

In the case of DAME, the reaction rate follows the first order
dependence with respect to oxidant, [RuCl,] and fractional order

dependence with respect to [S] , [HCI], [CI] and [PTS].

In the case of DMAP, the reaction rate follows the first order
dependence with respect to oxidant, [RuCl] and fractional order
dependence with respect to [HCI], [CI-] and [PTS]. The reaction rate

follows zero order with respect to substrate.

The effect of PTS, ionic strength and dielectric constant of the
medium and temperature effect were studied to support the conclusion
regarding the proposed reaction mechanism. Kinetic and thermodynamic

parametrs have been computed.
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APPENDIX

Regression analysis of the experimental data

Regression coefficient ‘r’ is given by the formula*,

XY-x.Y

=X X 2
Where 5, =| — -\ —
n n

2

where n = Number of trias

Using the above equations for a given set of X and Y values, S and
Sy can be caluculated and ‘r’ the regression coefficient can be obtained.

Standard deviation ‘S of the points from the regression line can be
calculated by the formula,

n (XY - X .YP
nSj «
St
S =
N n-2
Gv
Also, ‘v can be calculated by the formula, r = m =—
X2 >
where the standard deviation in X, namely, 6, = — - (X)?,

2Y?

the standard deviation in Y, namely, o - (Y2
n
and ‘m’ is the dope for a given straight line for a set of X and Y vaues.

REFERENCE : 1. Jaffe, H.A, Chem. Rev., 53, 253 (1953).
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Abstract

The kinetics and mechanism of oxidation of threose-series hexoses and pentoses by chloramine-
T in akaline medium was investigated. Kinetic studies with pD-galactose, pD-sorbose, p-xylose, and
D-lyxose showed that the rate of the reaction was first order with respect to sugar and chloramine-
T, and second order with respect to hydroxide ion. p-Toluenesulfonamide and chloride ions, the
reduced products of chioramine-T, have no effect on the reaction rate, The rate increases with
increase in ionic strength of the medium, and the dielectric effect is negative. Proton inventory
studies in H,0~D,0O mixtures suggested a single transition state. Product analysis for p-gulose, p-
idose, L-sorbose, D-galactose, p-talose, D-tagatose, D-xylose, and D-lyxose reveded that al lyxose-
series hexoses gave mainly mixtures of lyxonic and threonic acids with minor proportions of
hexonic, xylonic and glyceric acids, whereas all xylose-series hexoses gave mixtures of lyxonic,
threonic and gyomic adds with minor amouts of xylonic ad hexonic adds Xylose ad lyxose
gave mixtures consisting mainly of lyxonic, threonic, and glyceric acids with minor proportions of
xylonic acid. From the results of kinetic studies, reaction stoichiometry, and product analysis, a
possible mechanism for the oxidation of threose-series sugars with chloramine-T is suggested.
© 1998 Hsvig Sdece Ltd. Al rights resaved

Keywords: Threoseeseries  sugars,  Oxidation  with  chloramineT;  Kinetics and  mechanism

1. Introduction D-glucose, p-mannose, D-fructose, p-arabinose and
D-ribose, with chloramine-T (CAT) in akaline
| Recently, we reported on the kinetics and medium at 35°C [I]. The observed reaction stoi-
| mechanism of oxidation of erythrose-series sugars, chjometry, 2-3 moles of CAT per mole of sugar,
1 was significantly different from the previously
= Areridions CAT. RNCIN Hloramine T, < reported sugar to oxidant stoichiometry of 1:1 for
! reviations. s a O chloramune-1, Sodium .
I qlt of N-chloro-p-toluenesulfonamide; S sugar, D. didectric, aldoses and 1:2 for fructose [2_4] We have also
E T,dlute temperaure, E,, activation energy; n, dom fraction shown by HPLC and GLC-MS analyses that the
i ofdeuteri;m, TS, trransition date; RS, rextant site |, ionic products of oxidation for erythrose-series sugars
L stength; dap, Sze of the activated complex; k, Boltzmann con- (both pentoses and hexoses) were mixtures of
b sunt, HPLC, highrpaformence liquid dhvometogrgphy; GLC- . . -~ . i .
-\, gas-liquid chromatography-mass spectrometry. aldonic acids consisting of arabinonic, ribonic,
* Coreponding author. Fax: (202) 6874 186. erythronic, and glyceric acids [I]. These product

| 008-6215/98/519.00 ©) 1998 Elsevier Science Ltd. All rights reserved
L P 1 $0008-6215(98)00046-9 .



mfiles were also different from those reported
eviously, the corresponding aldonic acids for
aldoses and arabinonic acid for fructose [2-4].

Qur recent study on the oxidation of erythrose-
Weries sugars with CAT gave two interesting results
W] First, the sugars that can exist in the furanose
iy form in appreciable proportions reacted with
S (AT much faster than those which exist almost
aclusively in the pyranose form. Thus, for hexo-
busrate of oxidation of fructose was higher than
guicose and mannose. Similarly, ribose was oxi-
dzed faster than arabinose. Second, surprisingly
W the products formed from both pentoses and
B iexoses, including keto-hexoses, were strikingly
similar for all erythrose-series sugars studied.
W Based on these results, we proposed a novel path-
@ vy for the oxidation of erythrose-series sugars by
M CAT [I]. In the present study, the mechanism of
& oxidation of threose-series sugars by CAT was
‘investigated by kinetic studies and product analy-
i, The results demonstrate that the kinetic and
'thermodynamic properties, and mechanism of
-oxidation of threose-sieres sugars are generally
similar to those observed for the erythrose-series
: Sugars.

| 1 Experimental

- Materials.—Chloramine-T (E. Merck) waspur-
rified from dichloro contaminants by washing with
CCl4. D-galactose, p-xylose, p-lyxose, D-idose, D-
“talose, D-tagatose, p-gulose, b-gluconic acid, -
:palactono-1,4-lactone, and p-ribono-1,4-lactone,
“were purchased from Sigma Chemical Co. (St.
 Louis, MO). L-sorbose, b-mannono-1 4-lactone,
:pxylono-1,4-lactone, and p-arabinono-1,4-lac-
“tone;, were from Pfanstiel (Waukegan, IL). D,0O
- (9.4%) was from Bhabha Atomic Research Cen-
| ter (Bombay, India).

- Kinetic measurements—The reactions were car-
ried out in glass stoppered pyrex boiling tubes
coated black on the outside [1). Pseudo-first order
- conditions ([sugar]y > > [CAT],) Were maintained
- for al kinetic studies. Stock solutions of alkali,
- CAT, sugars, and NaClO, were maintaned at 35
. °C. From these stock solutions, the requisite mix-
| tures of sugars, akai, and NaClO4 were prepared.
+ The reaction was initiated by the addition of CAT
i and monitored by jodometric determination of
| unconsumed CAT at various time-intervals.
| Sodium perchlorate was used to “swamp” the

K.S. Rangappa et al./Carbohydrate Research 0 (1998) 1-10

reaction. The solvent isotopic studies were per.
formed with D,0.

Pseudo-first order rate constants (k,,,) were Ca-
culated from the plots of log[CAT], versus time,
and these were within £ 3%. Regression coefficient
r and the standard deviation s, were determined by
regression anaysis of the experimental data using
an EC-72 datistica calculator.

Stoichiometry and product analysis.—The reac-
tion mixtures containing sugar (0.01 M), alkali
(0.1 M), and CAT (0.05 M) were kept for 24 h a 35
“C. The unconsumed CAT was determined jodo-
metrically. From these data, the amount of the
oxidant consumed per mole of sugar was calcu-
|l ated.

The oxidation products were analyzed by a
Dionex HPLC system with pulsed amperometric
detection using a CarboPac PA] high-pH anion-
exchange column (4x250 mm) as reported pre-
viously [1,5]. Isocratic elution with 0.2 M NaOH
was used. The products were identified by com-
parison of the retention times with retention times
of the standard aldonic acids, as reported pre-
vioudy [l].

3. Reallts

The kinetics of oxidation of threose-series sugars
with CAT were generdly similar to those observed
previously for the erythrose-series sugars [1]. When
sugars were used in excess, the plots of log[CAT)
versus time were linear (r> 09980, s< 0.02), indi-
cating a first-order dependence of reaction rate on
[CAT]y. The pseudo-first-order rate constants
(kobs) calculated from these plots are shown in
Table 1. The rate increased with increase in [S]y
(where S= sugar) and the plots of logk,, versus
log[S], were linear (» > 09998, s< 0.01) with unit
slopes, indicating a first-order dependence with
respect to sugars. Furthermore, the plots of kg
versus (S}, passed through the origin (r > 0.9855,
5< 0.04), suggesting that the sugar-oxidant com-
plexes have only transient existence.

The rate of oxidation also increased with an
increase in alkali concentration (Table 2). The
plots of log kops VErsus log(HO=] (r> 0.9990, s<
0.01) indicated that the reactions follow second-
order dependence on [HO-].

Addition of p-toluenesulfonarnide (0 to 0.008 M)
did not affect the reaction rate, suggesting that the
reduced product of CAT, p-toluenesulfonamide, is



,: bl |
‘B of reactant concentrations on the rate of oxidation of
s by CAT a 35 °C

104 kops(s™)

: TG
T (Slo (m)

D-gahctose L-sorbose p-xylose D-lyxose

2.0 3.2 13.3 14.0 5.8
2.0 3.0 12.9 13.4 5.5
2.0 31 12.9 13.4 5.6
2.0 32 13.0 13.9 5.6
2.0 32 13.0 14.1 5.5
2.0 33 13.0 14.4 5.6
0.6 0.9 38 4.9 1.6
0.8 1.2 5.0 6.0 2.1
1.0 1.5 6.3 7.8 2.7
3.0 4.9 19.8 23.8 8.4
4.0 6.6 26.3 333 11.3
6.0 10.2 41.9 64.0 15.4

o tmvolved in pre-equilibrium with the oxidant,
fudtion of NaCl (0 to 0.02M) to the reaction
fuxtures had no effect on the rates, suggesting that
{te free chloride ion was not formed before the
Ante-limiting step.

Addition of NaClO4 (0 to 0.8 M) increased the
fue of reaction. The plots of log ko, versus 1'%
Ji=the ionic strength of medium) were linear with
{fractional slopes of 0.60-0.85 (not shown).

The rate decreased with an increase in methanol
jcontent. The plots of log ks versus|/D (r>

11970, s< 0.04; D =dielectric constant of the
{medium) were linear with negative dopes (Fig. 1).

{ The Arrhenius plots of log ks Versus I/T
{(r=absolute temperature), for reactions studied
jover a range of temperatures (303 to 318 K), were
{found to be linear (r> 0.9991, s< 0.01) (not
{shown). The activation energies (E,, Teble 3) were
jcaculated from the dopes of the plots. From the
vaues of E, and the thermodynamic parameters
JAHt, AS*, and AG* (Teble 3) were computed. Sor-

{rise >

A ifect of (NaCH] on the rate of oxiddion of sugars by CAT a

L PR

§ 1P NaOH] () 10* Kops(s™")

; D-galactose L-sorbose D-xylose D-lyxose

10 0.2 0.5 11 0.3

340 0.6 2.1 3.4 1.0
60 1.5 5.0 1.1 2.4
80 2.2 8.0 .3 4.1

4100 3.0 12.9 13.4 5.5
5 6.8 36.2 38.4 17.8

¥ (AT, =0.002 M, [S]o = 002 M, and [ = 04 M.
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2.2(

1.2t ® D-Galacose
) O L-Sorbose
R D-Xylose

O D-Lyxose

12 13 14 15 16 17 18
1/D X100

1.0

Fig. 1. Plots of logky, versus|/D.[CAT], = 0002 M,
{S}p = 0.002 M, [OH-] = 0.1 M, [I] = 04 M; temperature = 35
“C.

bose and xylose have lower E, and AS# values as
compared with other sugars studied. A low
enthalpy change for sorbose and a negative
enthalpy change for xylose suggest that the struc-
tures of sorbose and xylose are favorably disposed
for oxidation by CAT. Thus, a keto-enolic anion
appears to be the readily reacting structure for
hexoses and an aldo-enolic one for pentoses. Pre-
viously, it was observed, for erythrose-series
sugars, that a fructose-enolic anion is the readily
reacting structure for the hexoses and an aldo-
enolic form is that reacting for the pentoses [1].
The oxidation of sugars by CAT was studied in
H,0-D,0 mixtures containing varying deuterium
atom fractions n. As in the case of erythrose-series
sugars [1], the oxidation was faster in D,O for the
threose-series sugars (Table 4). The solvent-isotope
effects, kops(H20)/kons(D20), were between 0.5 and

Table 3
Thermodynamic parameters for the oxidation of sugars by
CAT a 35°C

Sugars E, AHH AGY ASH Log
(&J mol-!) (kJ mot~") kJmol=") JK~! mol-") A
D-gdactose 121 119 9% 72 21
L-sorbose 98 96- 93 9 17
D-xylose 9 89 93 -12 16
D-lyxose 11 109 95 44 19

[CAT],=0.002M, (HO-]=0.1 M, [S}h=0.05M, and
(N=04M.



b 4
oninventory dudies for the oxidation of sugars by CAT in
0-D:0 mixtures at 35 °C

o fraction 104 kons(s™")

fjeuterium (n)

D-galactose L-sorbose D-xylose D-lyxose

32 12.9 134 55
34 154 16.1 6.4
A 4.0 183 18.6 7.6
i 5.0 220 22.3 8.9
jl 58 255 253 10.4

r}1,,=0.0()2M, [HO-}=01 M, [Sp=002M, and [l]=

Sifor al sugars (Table 4). Proton-inventory plots
0t shown), kous(H20)/kops(D20) versus n , were
Sear and similar to those obtained previously for
throse-series sugars (1).

S The oxidant to sugar stoichiometry of nearly 3
i observed for all sugars except for lyxose
leble ).

| Although kinetic studies could not be carried out
Ik gulose, idose, talose and tagatose due to the
nited availability of the sugars, the oxidation
poducts were analyzed for al threose-series hexo-
b (Fig. 2). HPLC andlysis indicated that lyxonic,
lonic, threonic, and glyceric acids are the pro-
ucts of oxidation for all threose-series hexoses
@ndpentoses (Fig. 2a—c, and Table 5). Xylose and
Svose gave major proportions of lyxonic, threonic
Bud glyceric acids and minor proportions of xylo-
uiacid (Fig. 2¢). The xylose-series hexoses (gulose,
e, and sorbose) gave predominantly threonic
wd glyceric, acids with minor proportions of
mlonic and lyxonic acids (Fig. 2b). On the other
Bhnd, al lyxose-series hexoses (galactose, talose,

%Tubles
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and tagatose) gavt threonic and lyxonic acids as
predominant products with small amounts of gly-
ceric and xylonic acids (Fig. 2a). All hexoses except
sorbose gave minor amounts of hexonic acids
(Fig. 2a and b). Furthermore, all threose-series
sugars except lyxose and galactose were oxidized
amost quantitatively by CAT; after 24 h incuba
tion with CAT a 35 “C, 20-25% of lyxose and 5%
of gdactose remained unoxidized (Fig. 2ac).

The oxidation products were andyzed a 0.5, 1,
2, 4,8 20, and 24 h for dl the sugars. The relative
proportions of various adonic acids formed were
similar at all time-points analyzed. Approximately
95% of sorbose and idose were oxidized by CAT in
4 h at 35 °C, whereas 90% oxidation of gulose
required about 8 h. When gulose and idose were
treated with akai in the absence of CAT, a gra
dual build up of sorbose was observed for both
sugars, for example, about 30% of gulose was iso-
merized to sorbose in 2 h. However, when gulose
and idose were treated with both CAT and alkali,
only a minor proportion of sorbose was detected
from each reaction mixture a dl time-points ana
lyzed, suggesting that sorbose formed by the alkali-
catalyzed isomerization readily reacts with CAT.
Sorbose treated with akali alone was not iso-
merized to gulose and idose t0o detectable levels.
These data indicate that the keto-isomer is the
reactive Species.

About 95% of tagatose was oxidized by CAT in
2 h a 35 °C, whereas oxidation of similar amounts
of galactose and talose required -20 h. When
gaactose and talose were treated with akali aone,
sgnificant amounts of tagatose formed by the iso-
merization of these sugars could be detected. For
example, 17% of tdose and 23% of gaactose were

HHILC andlysis of the products formed by the oxidaion of sugars by CAT in akaline medium

Sugar Mol of CAT consumed
» per mol of sugar

Products (approximate percentage)’

Glyceric acid Threonic acid erythroaic acid® Xylonic acid Lyxonic acid Hexonic acid

3 pyalactose 2.8 9
y, ‘Ma]ose n.d. 9
J0-agatose n.d. 12
E pjulose 2.9 3B

‘ n.d. 4
nd. 4

2.8 20

19 25

44 3 2 12
45 2 2 1
47 2 27 12
38 12 5 7
40 8 5 7
44 9 3 —
37 7 36 —
32 6 37 —

lised on the peek aress

i, Not determined.

Biak 2 in Fig. 4'represents 95-96% threonic adid and 4-5% threonic acid, which cen be separated by using a low flow rae
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Time (min)

1. HPLC analysis of the products formed by the oxidation of sugars (0.01 M) by CAT (0.05 M) in the presence of alkali

M) at 35“C. 1, glyceric acid; 2, threonic acid (~95%) plus erythronic acid (-5%); 3, xylonic acid; 4, lyxonic acid; 5, hexonic

. Gal, Tal, Tag, Gul, Ido, Sor, Xyl and Lyx, respectively represent HPLC chromatograms of the reaction of CAT with p-

tose, D-talose, D-tagatose, p-gulose, p-idose, L-sorbose, D-xylose, and D-lyxose. Peak 2 in (n)—é represents 95-96% threonic \7
and 4-5% threonic acid which can be separated by usng a low flow rate Note about 20-25% of lyxose (retention time 4.6 min

) and -5% galactose (retention time 5.0 min in (a)), and1-2% of xylose (retention time 5.0 min in (c) were not oxidized by

'all other sugars were amost quantitatively oxidized.



bnerized to tagatose in 4 h. However, when
jbse was treated with both CAT and alkali,
joxidized talose was accounted by 1% tagatose,
b galactose, and 98% talose. Similarly, when
tose was treated with both CAT and alkali,
tose was barely detectable. Upon treatment
Wi alkali at 35 °C, only 1-2% of tagatose was
Bmerized iNto galactose and talose. Together,
e data indicated that for lyxose-series hexoses,

pin the case of the xylo-series hexoses, the keto-

jomer (tagatose) is the reactive species.
M'l of the aldohexoses studied here were oxi-
Bed mainly to pentonic and tetronic acids rather
‘Santo hexonic acids. This finding is in agreement
At the foregoing conclusion that hexoses are
idized by CAT in the keto-enolic form. More-
Ve, we have previously shown, based on the ease
BB aldose-ketose isomerization, and relative rates
‘Wfioxidation and product profiles, that glucose and
Bmonose undergo oxidation by CAT pre-
hminantly in the fructose-enolic form [1].
WFordl the hexoses studied here, threonic and
ntonic acids were formed within 30 min; hexonic
MBids were detectable in minor proportions only
‘WWifer dgnificant amounts of the former products
e frmed. This demonstrate that the lower-car-
Phon aldonic acids were not derived from the initi-
@ily formed six-carbon aldonic acids. We have
‘Wjreviously shown that p-gluconic, b-mannonic, b-
Wplactonic, p-ribonic, and p-arabinonic acids were
E | nt oxidized by CAT [1].

: Formation of high proportions of pentonic acids

ifom xyl ose and lyxose suggest that pentoses react
$vith CAT predominantly in the ado-enolic form.
ATe formation of glyceric acid aso in high pro-
Boortion suggest that appreciable amounts of xylose
d lyxose react in the keto-enolic form to give
glycenc and threonic acids.

@4, Discussion

¥ | n agueous solutions, sodium salts of aryl-N-
Bhalosulfonamides ionize into several species in a
ABpH dependent manner [6-8]. In acidic solutions,
WWthe oxidizing species of CAT are RNCIH, RNCl,,
BFind HOCI, while in dkaline solution RNCI~ is the
‘Bactive oxidant [6-10].

% In akaline solutions, sugars undergo isomeriza-
‘ion to an equilibrium mixture of aldoses and
L ketoses which exist as enediol anions (E-) {1 1}. The
kinolic-anions (E~, keto-enolic anions of hexoses
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and aldo-enolic anions of pentoses) react with
RNCl~ to form an intermediate (X), which under-
goes cleavage to form products (Fig. 3). From the
results of the kinetic study, the oxidation of sugars
is predicted to proceed through the reaction
sequences shown in Scheme 1.

Under steady state conditions for E-, the rate of

key slow

§ + Ho- > E + H0 (i)
k.i
ka
E- +'HO™ + RNCI° > X (i)
(Sow and rate determining step)
k3
X > Products (iii)
Fast

Scheme 1.

disappearance of CAT is given by

Rate = _4CAT] _ Jeke [STHOP[CAT]
dt ko [H ¥ k[HO-T[CAT]

(1

Since k_[H;0] > k,[HO™][CAT], rate law (1) is
reduced to

d[CAT] _ koky[SIHO*[CAT]

_ ]
Rate = T F 0] 2

WhICh agrees with the observed rate = k(S|
[OH")*[CAT].

The observed first-order dependence of rate on
(CAT], and (S}, and second-order dependence on
[HO-] agree with eq (2).

Since DO- is a stronger base than HO- by a
factor of 2, the reaction rate is expected to be
doubled in DO for reactions involving a fast pre-
equilibrium H* or HO- ion transfer [12]. In
agreement with this, the observed values of the
inverse solvent isotope effect kqps(D20)/kons(H,0)
were approximately 2 for the sugars (Table 4).
The results of proton inventory plots (not shown)
are also in accordance with Scheme 1. The
dependence of rate constant (k7,.) on n (n= the
aom fraction of deuterium in a solvent mixture of
H,0 and D,0) {13,14] is given by the Gross-But-
ler eq (3).



Hb /ko I—ITS(I -n+ n¢i)

T TTRS(L =1 + ngy) O

#we ¢ and ¢ ae isotopic fractionation factors
firthe isotopically exchangeable hydrogen sites in
i transition  state (TS) and reactant site (RS),
Imectively. I the reaction proceeds through a
fige transition state, then eq (3) becomes eq (4):

(kst/kobs) =1+ n(g; — 1) C))

3 omparison  of the plots of ks Versus a (not
foon) with the standard curves [15], suggested a
fige proton exchange in the transition state. Fur-
lemore, the plots of &% /kebs Versus n (Fig. 1)
ez linear With slopes(¢; =1). The g, for the oxi-
{iton of sugars by CAT is about 0.6. This value
{membles the fractionation factor of HO- ion.
Snce the rate-determining step in Scheme 1
fuwlves three negative ions, the reaction rateis
jupcted to increase with an increase in the ionic
frength () of reaction medium. The plots of log-
kuversus I'/2 were linear with slopes between 0.50
ud0.85, even though the ionic.strengths employed
we beyond the Debye~Hucaggkel Tarige. The
heretical Slope of unity-has-not been realized,
psibly due to the formation of Bjerrum ion pairs
noncentrated solutions [ 16].

The rate decreased with decrease in the dielectric
wastant (D) of the reaction medium. The plots of
bgkews Versus 1/D (D = dielectric constant) were
near with negative dopes (Fig. 1). The effect of
solvent composition on the rate of a reaction
involving two negative ions is given by eq (5) [16]:

logk = logk, = ZaZge?/DkTdaz (5)

where k, is the rate constant in a medium of infi-
nite dielectric constant, Zae, and Zge are the char-
ges on ions, dap IS the size of the activated
complex, k is the Boltzmann constant, and T is the
absolute temperature. From the slopes of the
straight lines in Fig. 1 (Sope = —ZaZge*/kT,das),
dis Was calculated. The derived dap values for o-
galactoserL-sorbose, D-xylose, and p-lyxose are
170, 2.20, 2.02, and 2.40 A, respectively. These
vaues are comparable with those obtained for
gmilar reactions [ 16].

According to Scheme 1, the rate-determining
step should involve interactions between similarly
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charged ions (eq (ii) requiring a very high activa-
tion energy. The observed high activation ener-
gies (Table 3) agree with this prediction. Nearly
constant AG* values (Table 3) suggest that a com-
mon mechanism is operative for the oxidation of
sugars.

In a previous study on erythrose-series hexoses
[1], it was observed that each of the sugars studied
was oxidized by CAT predominantly to pentonic
and threonic acids. However, for the threose-series
hexoses studied here, the product profiles can be
grouped into three categories, profiles consisting
of: (a) predominant proportions of lyxonic and
threonic acid formed from lyxose-series sugars
(Fig. 2a), (b) threonic and glyceric acids as major
products formed from xylose-series hexoses
(Fig. 2b), and (c) high proportions of pentonic,
threonic, and glyceric acids formed from xylose
and lyxose (Fig. 2c). Based on these results and on
the observed isomerization of sugars in alkaline
solutions, the following reaction pathway (Scheme
2) can be suggested:

The observed reaction stoichiometry (Table 5)
agrees with the formation of mixtures of pentonic,
tetronic and trionic acids.

For lyxose-series hexoses, the maor products are
formed by the loss of one or two carbon atoms
with the cleavage of C-I-C-2 and C-2-C-3 bonds,
respectively from the keto-enolic anion inter-
mediates. The predominance of lyxonic acid and

@ Lyxose-series hexoses:

HO?, CaT . . .
(o] {do-Enolic-ani > Hezonic acid and possibly pentonic icids
\ Minor
, N HO™ CAT
HO™ VTag:\osc —— keto-Enolic-anion ———~— Pentonic, tetronic, and trionic acids
Major

! HO" CAT
Talose ————— aldo-Enolic-anion —————> Hexonic acid and possibly pentonic agids

Minor

(b} Xylose-series hexoses:

HO? CAT . .
Culose ——3 gldo-Enolic-anion s————> Hexonie &id and possibly pentonie acids

\ Minor
/H N HO™ o CAT

HO™ Sorbose ~—> keto-Enol > Pentonic. etronic and trionic acids
1z

Major

HO™ CAT
1

Idose Enolic-anion ~> Hexonic acid and possibiy pentontc acids

Minoc
(<) Threose-series pentoses:

HO™ CAT
Xylose do-Enoli ion 3 Pentonic acid, tetronic, and trionic acids

Major
7
\\1 HO~ CAT

HO™ Xylulose ——> keto-Enolic-anion —————3 Tetronic and trionic acids
7

Minor ?

1 HO™ CAT
jdn-E. H 1

Lyxose > > Pentonic acid, tetronic, and tnonic acids

Major

Scheme 2.



4 minor amounts of xylonic acid from al lyxose-series
{1 sugars suggest that, for these sugars, the cleavage of
the C-I-C-2 bond occurs without appreciable epi-
{ merization a C-3 (Fig. 2a). The formation of sig-
1 nificant amounts of hexonic acid from these sugars,
{ suggest that appreciable proportions of the sugars
react with CAT in the ado-enclic forms, which up
{4 on cleavage of the C-I-H bond form hexonic acids.
Minor amounts of pentonic acids are formed by
4 the cleavage of the C-I-C-2 bond from the aldo-
4 enolic anions of hexoses. The formation of hexonic
1 acid from tagatose is presumably due to iso-
merization to the ado-enolic form.

The xylose-series hexoses, gulose, idose and sor-
{ e, gave mainly threonic and glyceric acids and
minor proportions of pentonic acids (xylonic and
{ megligible amounts of lyxonic acid) (Fig. 2b). The
jpredominance of threonic and glyceric acids indi-
ate the preferentid cleavage of C-2-C-3 and C-3-
(C-4 bonds compared with C-1-C-2 bonds. Since
tylonic acid was formed in higher proportion
1 compared with lyxonic acid, the cleavage of the C-
1-C-2 bond in xylose-series hexoses must occur
{ without appreciable epimerization at C-3, as in the
case of lyxose-series hexoses (cf. Fig. 2b with
1 JFg. 2a8). Formation of smal amounts of hexonic
{ acids from gulose and idose was presumably due to
{ slow oxidation of the ado-enolic form. Formation
of only a trace amount of hexonic acid from sor-
~ bose is due to negligible isomerization of sorbose

to gulose and idose.

In contrast to hexoses, xylose and lyxose gave
high proportions of pentonic acids (Fig. 2c).
Clearly, these magor products are formed by the
cleavage of the C-I-H bond. Both xylose and lyx-
ose aso gave high proportions of threonic and
glyceric acids, which are formed by cleavage of the

C-1-C-2 and C-2-C-3 bonds, respectively. Since
the latter type of bond-cleavage is facilitated
through the involvement of the keto-enolic form, it

IS possible that portions of pentoses react in the

keto-enolic form. However, lyxose and xylose were
not isomerized to xylulose to a significant level.

Together, these data suggest that pentoses undergo

oxidation by CAT mainly through aldo-enolic

intermediates, and only minor proportions may be
1 oxidized via the keto-enolic form. In accordance
| with the observed threetimes faster reaction rate

of xylose compared with lyxose, a large amount of

lyxose was not oxidized by CAT, even after 24 h at
:35°C (Fig. 2¢). Under similar conditions, xylose
was admost completely oxidized.

i
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In view of the foregoing considerations, a plau-
sible mechanism for the oxidation of sugars by
CAT is proposed in Scheme 3. This mechanism
accounts for the observed kinetics, reaction stoi-
chiometry, and products formed.

In the proposed mechanism (Scheme 3), the
anions (E-) of sugars react with CAT to form
intermediates.X1-X3. For threose-series hexoses,
the anions“E +) ‘intermediates are predominantly
the keto-e}o
aldo-enolic forms. However, for pentoses, the
major reacting species are the ado-enolic anions;
probably minor proportions of keto-isomer may
aso be involved. In the case of anions (E~) from
hexoses, the loss of hydrogen can occur a either C-
| or C-3 to form C-1-C-2 or C-2-C-3 enediols
containing a hypochlorite group at C-2. Since epi-
merization a C-3 was limited, as evidenced by the
formation of only very minor proportions of epi-
meric pentonic acids from hexoses, it can be con-
cluded that cleavage of the C-I-H bond occurs
preferentially as compared with cleavage of the C-
3H bond to form C--C-2 enediols. The enediols
thus formed contain polarized double bonds to
which hydroxide ion can add a C-2 to form inter-
mediates XI (maor) and X2 (minor). X| and X2
then can undergo cleavage of C-C bonds between
C-l and C-2, the former giving lyxonic acid and the
latter forming a mixture of lyxonic and xylonic
acids.

In the case of ado-enolic anions from pentoses,
hydrogen can be removed only from C-2 to form
the C-1-C-2 enediol-anion, which in the presence
of CAT and alkali forms intermediate X3 with
epimerization a C-2. The cleavage of C-I-H bonds
from X3 gives a mixture of lyxonic and xylonic
acids. The cleavage of C-C bonds between C-2 and
C-3 in Xl and X2, and the breaking of C-C bonds
between C-I and C-2 in X3 yield aldo-tetrose
without epimerization at C-4 (hexoses) or at C-3
(pentoses). The aldo-tetrose further oxidizes to
yield threonic acid and a minor proportion of ery-
thronic acid (Table 5). The reaction can proceed
further, with the cleavage of C-C bonds between
C-3 and C-4 of hexoses and the breaking of C-C
bonds between C-2 and C-3 of pentoses, to form
glyceric acid. Minor proportions of threonic and
glyceric acids could aso be formed by the cleavage
of C-I-C-2 and C-2-C-3 bonds, respectively, from
the keto-enolic form of pentoses through the reac-
tions sequences similar to those outlined for keto-
hexoses in Scheme 3.

—

lic-forms and minor proportions of £~
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OH -0 Maior ?"O"Cl OH HO"?"‘O—CI CI—O—(':-OH CHOM
HOH™ CHOH "_g§~  GrioH 7 CHOH 4 CHOH —=—> LHOH
CHOH %
1 (;.HOH ('JHOH (IZHOH CHOH -CHo0H CHOH
CHOH CHOH CHOH CHOH CHOH
CHAOH | 1 i | CHo0H
2 CHZ0H CHz0H CHoOH CH0H Pentonic acid
Ksato-hexose Kat I .
(Sorbose or eto-enolic anion X1 (Xylonic acid or
Tagalose) E) Lyxonic acid)
lDH
OH R. OH OH oH
—C—H, % —C — H-C- H-C-H
H=C W@ H=G—H |-3H 5 ™ COOH COCH
C— c—-0—Cl HO—C~0<Cl  HO—C—0—CI
g Minor C"J - OH [} | !—C|:—OH HO=C—H
HO—C Y .22, H-C- HO—C—H —>
HO=G  TER HOTY oM . crHo: * ?;—c?)H - CHOH CHOH
HOH CHOH H % +
o i ~CHa0H (|:HOH CHOH
H CHOH CHOH
qHOH fHo CHaOH CHaOH
CHo0H CH,0H CH20H CHa0H Isomeric Pentonic acids
Keto-gnolic anion X2 (Xylonic acid +
(E ) Lyxonic acid)
O'H
H-C—H H "
COOH
MO0 L2 d=0 ny = N~ i
A ANCI, OH HO—C—0-=CI HO—C.
HeCmOYH ———> L= ¢ H
1 ‘HOHZC"COOH HO—C—H HO-C -H -H*
- ] . H=C—OH
HO—C—H -+, - C | = H—C—OH -Gl
H—C—CH CHo0H
H—C—OH ! ] 2
CH20H CHaOH Threonic  acid
CHa0H Threose ¢ acl
Xl and X2
| H
H
HO-f021 CI_0 - . (I:w /é ?OOH
= . OH HO—C-0=Ci —Cm
H@‘—?—H RNCI . H-C—OH
-HCOOH  H-C-OH H—C—OH  -H CH0H
HGOH  wn, -C7 Gjom CHoon O
CHoOH 2 2 Glyceric acid
'i' )? ?;ﬁ\ ’-I' H| Hl
=0 _= N N~
H-—E—O -0 d R Lo I?-o-a HO- C2 048 Ho—-(‘;-—o—q
; H ~OH rl:—OH Sy H-7-0"  HO—G—H
> +
GHOH > (I:HOH R CHOH CHOH CHOH
CHOH CHOH (':HOH | H
[ ' (IZHOH CHOH
CHz0H CHaOH CHoOH CHoOH CHaOH
Penloses Aldc-enolic anion X3
(Xylose or = ~-Ht
Lyxose) (E) ~Ci~
COOH OOH
H—?—QH HO—C—H
CHOH ?HOH
(I:HOH CHCH
H CHoOH CHZOH
HO-C, 0 & H Xylonic  acid Lyxonic acid
ljh 1
H—C—~0=H ¢=0 COOH
<|;HOH OH ' HO :: H C|OOH
—ci HO-G-H 5 > » Hee + H-|C-OH
CHOH - H—C—CH —C—0OH
] 0 cooH { CH,0H
CHoOH CH0H CHz0H
X3 Threose Threonic acid  Glyceric acid

Scheme 3.



‘@ Acknowledgements

The proposed mechanism for the reaction is
based on suggestions given by Professor Derek
Horton for the oxidation of erythrose-series sugars
by CAT [1], and we thank Professor Horton for his
help. HM and M.P.R. are grateful to the Uni-
versity of Mysore for the University Grants Com-
mission, India, research fellowships. K.SR. thanks
e CSIR, India, for the financiad support.

References

[1] KS. Rangappa, M.P. Raghavendra, D.S. Maha-
devappa, and D. Channe Gowda, Carbohydr. Res.,
in press.

2 TA. Iyengar Puttaswamy, and D.S. Mahade-
vappa, Carbohydr. Res., 197 (1990) 119-130.

' 3] TA. lyengar, Puttaswamy, and D.S. Mahade-
vappa, Carbohydr. Res, 204 (1990) 197-206.

4 T.A. lyengar and D.S. Mahadevappa, J. Carbo-
hydr. Chem, 11 (1992) 37-58.

(5] M.R. Hardy and R.R. Townsend, Methods Enzy-
mol,, 230 (1994) 208-225.

| 10 KS. Rangappa et al./Carbohydrate Research 0 (1998) 1-10

(6] JC. Morris, JR. Salazar, and M.A. Winemann, /.
Am. Chem. Soc., 70 (1948) 2036-2041.

(7] E. Bishop and V.J. Jennings, Talanra, 1 (1958)

~--197-212.

[8) F.F. Hardy and JP. Johnston, J. Chem. Soc. Per-" /"

kin Trans 11, (1973) 642-647. >
[9) T. Higuchi and A. Hussain, J. Chem. Sac., (1967)
549-553.

[10] D.S. Mahadevappa, K.S. Rangappa, N.M.M.
Gowda, and B.T. Gowda, J. Phys. Chem., 85
(1981) 3651-3658.

(1] W. Pigman and E.F.L.J. Anet, in W. Pigman, and
D. Horton (Eds.), The Carbohydrates: Chemistry
and Biochemistry, 2nd ed., Vol. 1 A, Academic
Press, New York, 1972, pp 165-194.

(12] C.J. Collins and N.S. Bowman, Isotope Effects in
Chemical Reactions, Van-Nostrand-Reinhold,
New York, 1970, p 267.

{13] W.J. Albery and M.H. Davies, J. Chem. Soc.
Faraday Trans, 68 (1972) 167-181.

[14] G. Gopalakrishnan, and J.L. Hogg, J. Org. Chem.,
50 (1985) 1206-1212.

[15] N.S. Isaacs, Physical Organic Chemistry, Long-
man, New York, 1987, p 276.

[16] K.J. Laidler, Chemical Kinetics, Tata McGraw-
Hill, Bombay, 1965, p 214.

~ !



