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The kinetics and mechanism of the ho mogeneolls ly Pd(lI ) cata lysed oxidati on of D-arabinose (Arb) and D-ribose (Ri b) 

by N-bromoacetamide (NBA) in perchloric ac id med ium , using mercuric acetate as scavenger for Br ions as well as co­
catalyst have been investigated in the temperature range 308-323 K. T he kinetic results exhibit tlrst o rder kinetics at low 
[NBAJ and [sugars) (Arb and Rib), tend towards zero-order at hi gh INBA) and [sugars]. The oxidation rate is direct ly 

proportional to lPd(I1 )]. while in verse fractiona l order in cach of [W] , [e r] and racetamide] is observed. A positive effect 

on the rate of the reac tion has been found o n the successive additi on of [H g(OAc) 2]' whereas change in the ion ic stre ngth 

(11 ) o f the medium does not intluence the reacti on rate. Formi c acid and D-erythronic acid for the oxida ti on of both Arb and 
Rib have been identified as main oxidation products of the react ions. The various ac tivatio n parameters have also been 
evaluated. A plausible mechanism involving reaction stoichio metry. product analysis has also be.:n proposed. 

IPC Code: lnt. CI.8 C07B33/00; BOIJ23/06; BOIJ23/44 

The organic N-halogeno compounds 1.2 are well­
known for their diverse nature like as source of 
halonium cations, hypohalate species, nitrogen anions 
and strong electrolytes in aqueous solution\ due to 
strongly polarised N-linked halogens which are in the 
+ 1 state. They are capable of affecting an array of 
molecular transformations, including limited 
oxidation of specific groups. However, potential 
applications of such compounds remain unreali zed as 
an oxidant in uncatalysed and catalysed redox 
processes. Although kinetic studies involving NBA as 
an oxidant have been made for uncatalysed reactions, 
there seems to be few reports 1.4 in presence of certai n 
transition metal ions, viz. Ir(lll ), Ru(IU) , Os(YJII ) and 
Hg(II)4 on its ox idative mode in catalysed processes. 
Surprisingly , there are few reports on analogous 
Pd(II ) ion as homogeneous catalyst from mechani stic 
point of view. The N-halogeno compounds such as 
NBA/NBS oxidation of organic substrate is 
complicated by parallel bromine oxidation which is 
obviated by using Hg(lI)'. In some NBSI reactions, 
Hg(Il) also plays a catalytic role. But, its role as co­
catalyst is not well known, especiall y with Pd(II) and 
sugar (a biologically and industrially important 
substrate) . These reports and recent publications5

.
6 

concerning the oxidation of sugars by haloamines 
have prompted us to undertake Pd(li)-Hg( ll ) co­
catalysis during the oxidation of pen tose sugar {i .e. 
O-arabinose (A rb) and O-ribose (Rib) } by NBA in 
perchloric acid medium. This study will enable 
urJ;!erstanding the complicated biochemical reacti on 
in living bodies and will also help to understand the 
mechani st ic aspects of catalyti c activilies of Pd(ll) 
and Hg( l\ ) ions along with ox idati ve capacity of NBA 
in soluti on. 

Materials and Methods 
A Pd(ll) stuck solution (2.82x I O·3 mol dm-) was 

prepared by dissolving known weight of paliadium(U) 
chloride (Qualigen 'GIaxo' Chern.) in Hel (l.OOx 10-3 

Inol dm-\ Aqueous soluti on of NBA was prepared 
fresh dail y and was standardized iodometrically 
aga inst standard sodium thi osulphate solut ion using 
slarch as an indicator. Aqueous soluti ons of Arb and 
Rib were also prepared fresh each day . Both , NBA 
and Pd(J1 ) chloride solutions were stored in black 
coated fl ask to prevent photochemical deterioration. A 
standard aqueou s soluti on of me:-curic acetate (E. 
Merck) was acidified with 20% acetic ac id . Perchl oric 
ac id (E. Merck) was used as source of H+ ions while 
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the ionic strength of the reaction was maintained 
using NaCl04 (E. Merck). All other reagents namely 
KCI and acetamide (N HA) were from E. Merck. 
Double distilled w, ter was used during the reaction 
and black-coated reaction bottles were used to avoid 
any photochemical effect of the reactions. 

All the kinetic measurements were carried out at 
constant temperature 40°C (±O. L DC). The requisite 
volumes of all the reactants, i.e. NBA , Pd(Il), HCI04, 

Hg(OAch, KCI , NaCI04 and water (for make up 
constant volume) were taken in a reaction bottle (a 
black coa ted lena glass vessel) and eq uilibrated ar 
40°C. An appropriate vol ume o f sugar solution, also 
equilibrated at 40°C was rapidly poured into reaction 
mixture to initiate the reaction . Progress of the 
reaction was monitored by estimating the amount of 
unconsumed NBA iodometricall y in aliquots with ­
drawn from reaction mixture at regular interval s. 

Stoichiometry and produrt analysi . 

Several sets of reaction mixtures containing 
different amounts of I NBA] : [reducing sugar] ratios 
at constant acidity and ioni c strength were allowed to 
react for 72 h at 40°C in closed vessels. Under the 
conditi ons of [NBA]»lsugar). the estimation o r 
residual rNBA] was determined iodometrically and 
after accounting for the remaining ox idant concen­
tra tion. It was found that each mo l of pentose sugar 
(i.e ., both Arb and Ri b) consumed 2 mol of NBA. 
Th us. the ratio of consumption of reductan t to oxidan: 
is 1 :2 . Accordi ngly. the followin g stoichiometri c 
eq uati ons can be fo nnu larcd: 

Ii) C) 'I, ,0 , +2lVkCON HBr+2Hp 
1\I( II )/ ! !" llg(li, 

l) ·Ar .. lll nusc iN lA) 

HCOOH+R i COOH+2MeCONH 2 +2 HBr 
formiC acid D-crvlhronic acid (NI L\ ) 

(.. ~ H 0 ?M CONHB 2H 0 Pd( II ,/lI"lIg\ l!1 
I I ) L :; Iii .\ +- e . r+ ' 2 -....:-="-'-"~~ 

D-Kl bosl' 

HCOOH +R ,COOH +2M eCONl- c+2HBI 

where R , = (CHOH );, CH20H. 

The resi dues o f the reaction mi xture (detected after 
abou t 70'1( compi e tion of the reacti on) by TLC and 
also by con ventiona l spot tes i H showed form ic and 
D-erythroll ic acids a:-; the main oxidation produCl ~' in 
tile re l o , ~ reactio: s. 

Results and Discussion 
i:l ordt::r to propose a reac ti o. mechanist .. for the 

re:.ct! ,):-! bet · cell rducing sugar t , rb or Ri l) and 

NBA in prese l.lce of Pd(Il) as homogeneous catalyst , a 
series of experiments were performed at 40°C. In each 
kinetic run, the initial rate of reaction was determined 
from the slope of the tangent drawn at fixed [NBA). 
In ease [NBA] was varied, slope of the tangent was 
drawn at fixed time. If NBA, reducing sugar (Arb or 
Rib) , W ions , Pd(JI) chloride and Hg(U) are 
considered as the main reactants, the rate equation for 
the reaction can be written as: 

Rate = k[NBAr [Sugart [W r [Pd(II)]O [Hg(fI))o 

For the experimental rate law, a series of experi­
ments with varying initi al [NBA] were performed at 
constant concentration of all other reactants and at 
constant temperature . Throughout, [NBA) was kept 
much lower than the [sugar]. Maintaining the 
concentrations of other reactants except NBA , the 
above rate law becomes: 

Rate = _ d[NBA] = J[NBAt 
dt 

where J, the apparent rate constant 

= k[sugar]ll [H + r [Pd(Jl)t [Hg(II)t . 

In the case of a being equal to one, the react ion 
rate will be directly proportional to th \:: [NBA] and .J, 
can be calculated by dividing ini tial rate of the 
reaction with the initial [NBA) . Tabie J shows the 
vari ation of [N BA] at 40°C for the ox idation of both 
Arb and Ri b. ' ./' calculated as above fo r the oxidation 
of both the reducing sugars, shows a decreas ing trend 
with the increas ing [NBA] . Thus, it is not possib le to 
assume that the o rder of reaction with respect LO 

[NBAJ is unity. The decrease in ' ./' with the increase 
in I NBA] may be due to two reasons. The first reason 
is that si nce observed order with respect to [N HA j is 
frac ti o nally negative, decrease in J w ith increase in 
INBA) can be due to increasing [N HA] according to 
the fo llowing equilibrium2

: 

The second reason is that a part of NBA may be 
involved in the formation of an interm~cl iate compl ex . 
As a resul t, o rde r with respect to [NJ3A) becomes 
fractionally positive instead of being first order 
th roughout the variation of [NBAl The fi rst 
poss ibility .neans that upon the formation of 10, 20 
an I 40% NH A at the initial stage, the rate constan t /..: ' 
becomes uni fo rm throughout the variation of fN13A I, 
cxcert at ve ry hi gh [NBAj where decrease in J.:' with 
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Tahle I - EITeet of variation o f [N I3 A I on the rate constant a140°C 

INBA lx lO-l D-A rabinose' D-Ribose' 

(11101 dlll-» .Ix 105(S ' I) k 'x IO\ S' I) k'x I07(S' I) k'xI07(S-I) .Ix I 05(S-I) k'x IO\ S-I) k'x IO\S-I) k'x I07(S-I) 

( 10% conI'.) (20% CO Il V.) (-W'Jf conv.) ( lOll , CO Il V. ) (20'1(· con v.) (40% con v.) 

2.50 12.50 3.68 )38 8.30 18.00 3.74 5.66 858 
4.00 10.80 4.11 6.03 8.80 1306 3.30 5.00 7."i8 
6.00 8S1. 4.01 5.94 8.70 9.72 2.84 4.32 6."i4 
8.00 7.83 4.36 6.39 9.37 8.17 2.84 4.32 6 . 5~ 

12.00 5. 17 36 1 5.28 7.73 6.1"i 2.73 4.14 6.30 
16.00 410 3.35 4.00 7. 18 4.56 2.4 1 3.65 5."i3 
20.00 3.57 330 4.83 707 373 2.25 34 1 5.17 

' Solution cond ilions: l substrat c l = 10.Ox I0·2 mol dlll-3 (Arh). 6.0x iO-2 11101 dlll·3 (Rih) : [Pd( II) 1 = 22.56x I0·6 Illol dill-' (A rh )_ 28.0x I0-" 
11101 dlll·3 (Rih ): [WI = 0.83 x 10-' 11101 dlll-' (A rh). 0.50x I0·3 mol dn'-' (Rib) [H g(OAe)l l = 3.0xI0-3 mol dlll-3 (Arh and Rib ); 

k' = __ J - with n = - 0.5) lo r Arh and n = -0.60 for Rib 
INHAI" 

Tahle 2 - Effect o f vari:Hion of I substrate i and jI-l+ Ion the 
apparcilt lirst order ratc con stant at 40°C 

I Substrate I 111 ' 1 ".1 x I 05 (S-I) 
x l02 (11101 dlll-' ) x lO-l ( 11101 dill 3) D-Arh D-Rlh 

1.00"" 8.30"/500' OS? 1.29 
2.00"" 8.30"/500' 1.03 2.47 
~oo"n)o' 830"/)00' 209 4.38 
600"/) .00' 8.30"/5.00' 3.37 6.58 
8.00"17 . 00' 8.30"/5. 00' ~ . 1 7 8.77 
10.00'" 8.30"/) .00' 5.39 10.86 
12.00"" 8.30"/500' 5 58 11.56 
1000"/600' 3 00"/250' 10AI 14.6 1 
10 00"/600' 5.00" /5. 00' 8. 01 11 .% 
10.00"/6.00' 600 '/7 50' 6.) 1 10.53 
1000"1600' 10.00" / 10.00' 5.21 8. 19 
1000"1600' 20.00"/ 12 50' ·-t.07 ~ . 62 

1000"1600' 30.00"11500' 3 12 3 72 

' Solution conditions: I IBA I= I O.OOx IO·Jmol dlll ' (Arh and 
Rib): 11-lg(OAl')2 1 = U 2x l 0 3moi dlll -,(Arh alld Rib ): IPdO I) 1 
=22 .56x I0-6 11101 dm'.1 (Arh ). 28.20x 10 6 

11101 lin,-3 (Rib): 
where a = /\I'b. I' = Rih 

the increa3e in !NBAI is nOll:d. Thi s shows that order 
of reac ti on wi th respect 10 !NBA! (except at ve ry hi gh 
[NBAI) is unity and decrease in ' J' with the increase 
in !NBAI is only dlle to increased formation of N HA 
resulting negative fraction order. The decrease in k' 
val ues at very high IN BA I may be ass umed due to 
in volve ment of substantial amount of NBA in the 
form:Hion of in te rmed iate complex beca use with the 
formation of intermediate complex , there will be 
decrease in free ! BA I resulting in a decrease in ' J'. 
This indicates that at very hi gh INBA]. the second 
possibilit y comes into exis tence and non-linea r 
dependence of !NBA I on pseudo first order rate 
constant ' ./ ' is observed. 

Table 3 - Effect of vari~ti on of I Pd(lI) I anli [Hg(OAc) l ; on 
Ihe aprarcnl first order rate constant at 40°C 

I Pd (II ) 1 IHg(OAch l ' .I x I 05 (S·I) 
x I 0(' (mol dm-~ ) x lO' (mol dm-» D-Arb D-R ih 

2. 82 1.42 0.77 1.90 

5 . 6~ 1.42 1.24 

8.64 1.42 4.2~ 

11.28 1.42 2.74 

I~ . IO 1,42 6.33 

16.92 1.42 3.83 

22.56 1.42 4.56 

25 .38 1.42 1137 

28 .20 U 2 5.67 

33.84 1,42 6.82 

36.66 U 2 16 :1 7 

39 A 8 1.42 7.94 

50.7 () 1,42 10.23 22A:2 

:22.)6"/28.20' 1.10 '/ 1.00' 1.96 2.:1 i 

22.56"/28 .20' 2.00 3.20 3 60 

22.56"/2 8.20' 3.00 3.79 4.63 

22.56 '/28.20' 4.00 4.63 "i .55 

22. 56"128.20' 5.00 ) . 14 6. 17 

22.56"/28.20' 6.00 5.70 6.53 

' So lution conditions: IN I3A 1 = I O.OOx 10·-I mol dlll -\ Arb and 
Rih); Isuhslratel = 10 . 00x I 0 ~ tr!()1 dm 't Arb ) 6.0x IO " 11101 li m ' 
(Rib): IWI = 0.83x I0" mol lim ' (Arh). 0."iOx I0 3 11101 dill ' 
(R ib); where a = Arh. I' = Rih 

Since INB A I ( I.OxIO-·l lllol dm-' ) is kept low. order 
o f' the reacti on with respect to !NBA! has been taken 
as unity. Under pseudo first order condition_ the 
I sugar] has been va ri ed from I.OOx 10-2 to 12.00x 1«( 
11101 dm-3 (Table 2). ' j' of the reaction initi all y 
increases in the sa me proportion in whi ch the 
concentrati on of substrate is increased. But. at very 
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Table 4 - Effect of vari::tion of [NH A] and [Cr Jon the rate constant at 40°C 

INH A]x IOJ 

(mo l dn'-' ) 

[CI - lx IO' 
(mo l dm-') D- Arabinose D-Ribose 

Observed Calculated Observed Ca lculated 

1.00"/2.00' 1.00'" 4 .17 5_00 11.66 12.0 I 
1.50"/3_00' 1.00"" 3_85 4.32 10.42 10.02 
3.00"/5.00' 1.00"" 3.33 3.m; 8.75 7.52 
6.00"17.00' 1.00"" 2.22 1.95 6.86 6.0 1 

10.00"" 1.00"" 1.15 1.31 4 .80 4.63 
1.00"" 1.00"/3.2 1' 4.17 5.00 9.72 10.39 
1.00"" 1.88"/5 .2 1' 3.70 4 .05 9 _1 7 9.42 
1.00'" 2.88"17.2 1' 3. 17 3.34 8.33 8.60 
1. 00'" 3.88"/l0.2I' 2.77 2.84 7.69 7.62 
1.00'" 4 .0S"/l5.2I' 2.22 '2.46 6.25 6.40 

' Soluti on condi tions: [NBA] = 10.00 X 10-4 mo l dm-) (Arb and Ri b): [substrateJ = 1O.0x 10-2 11101 dm-) (Arb). 6. 00x 1 0-2 mol tIm-) 
(Rib); JPd(lI )] = 22_56x 10-6 mol dm-) (Arb). 28.20x 1 0-6 mol dm-3 (Rib); [H+j = 0.83 X 10-) mo l dm-' (Arb), 0.50x I 0-) mol dm') 
(I{ib); IHg(OAch] = 1.42x lO) mol dill-' (A rh and Rib): where a = Arb, r = Rib 

high concentrati on of substrate, a s li ght deviation 
from the direct proportionality is observed . The order 
of reaction with respect to [H+] has been dete rmined 
at constant temperature by varying its concentration 
from 3.0xI0-4 mol dm-:1 to 30.0x I0-4 mol dm-' in the 
case of Arb and from 2.5x LO-4 mo l dm-3 to 
15.0x l0-4mo l dm-3 in the case of Rib, mai ntaining the 
concentrati on of other reactants (Table 2). The ionic 
strength of the medium was maintained constant at 
0.8x 10-2 mo l dm-3 for Arb and 1.5x I 0-2 mo l dm-3 for 
Rib. The sharp decrease in ' j' with the add ition of H+ 
ions in low concentration range and very small 
change in ' } ' in the hi gher concentration range of H+ 
ions can be viewed in te rms o f negati ve fractional 
order wi th respect to H+ at its low concentratio n and 
almos t no effect at very high [H+] ions. Linear 
increase in ' } ' w ith the increase in Pd(l!) chloride 
concentration throughout its nearly 18-fo ld variation 
exh ibits first o rder kiretics with res pect to [Pd (lI )] 
(Table 3). The effect of Hg(OAch addition on the rate 
of reaction has also been studi ed. Table 3 indicates 
that ' j' is enhanced by the additio n of Hg(OAc)2, 
suggesting the involvement of Hg( lI ) as co-catalyst, 

along with its ro le as Br- io n scavenger l
.
2

. The 
positive effec t of Hg( lI ) on the apparent rate constant 
was also supported by the plot of log } versus log 
fH g( II)], where orGer in case of arab inose and ribose 
was found to be 0.66 and 0.61, respecti vely . 

Effect of added reactants 

Since acetamide is one of reaction products and its 
role is significant in ascertaining the reactive species 
o f NBA, the effect of variation of NHA o n the 

apparent rate constant has also been studied . Table 4 
shows that with the increase in [N HA], there is a 
retardati on in ' } ', suggest ing that NHA was formed 
before the rate determining step of the reaction . The 
order with respect to NHA has been found to be - 0 .55 
(Arb) and - 0 .60 (Rib ) f ro m the slope of the plot of log 
} versus log [NHA 1. fn Pd(lJ ) chlo ride cata lysed 

oxidation of Arb and Rib , the ro le o f C I ions is also 
important in ascertaining the reacti ve species of Pd(l [) 
chloride and in the formation of compl ex between the 
reacti ve species of Pd(ll ) ch loride and a reduci ng 

sugar mo lecule. Hence, the e ffect 'of [ Cr ] on ' j' has 
a lso been studied. The decrease in ' J' with the 

increase in [ C r] is an indi cation for the appearance 

of CI - ion in any of the s teps before the rate 

determining step. Throug hout the vari ation of t c r j. 

the decrease in ' J' with the inc rease in [CI J was 
obta ined in the ox idation of both Arb and Rib Cr able 

4). The order w ith respect to [CI ] in the ox idati o n o f 
Arb was found to be -0.38 (Arb), and fo r Rib it was 
found 10 be -0.29 (Rib). To study the effec t o f io nic 

strength '/--l', NaCI04 was va ri ed from 1.00x 10-3 to 
4.88x I0-3 mol dm-3 for Arb and 1.2 1 X 10-3 to 5.2I x I0-.1 
mol dm-3 fo r Rib, showi ng an insig ni ficant effect on 
' J' , suggesting in volve ment of at leas t one ne utra l 
species in the rate determining step . 

On the bas is of observed order with respec t to 
reducing sugar, H+ io ns PdOI) chloride and Hg( I1 ) and 
taking in to consideration the effect of added react:lt1ts, 

i.e., NHA and c r ions o n ' J'. the experimental rate 
laws for both Arb and Ri b at 10\\1 INBA] can be 
written as : 
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Rate = 

k[NBAlfArb] [pd(lI)]fW 106
' IHg(II)]O('(' [NHAt " [el" J ~UR 

Rate = 

k INBAIIRib][Pd(II)][H ' r0 73 IHg(ll)t6
' INHA r060 [eI" r02 9 

r --4. Above rate laws are al so supported by simple 
regress ion ana lys is . 

Effect of temperature 

The reacti o ns were studied at four different 
temperatures (3 S, 40, 45 and SOVC) and observed rate 
constants were used to calcu late the act ivation 
parameters. The Arrhenius pl ots of log J versus liT 
were fo und to be linear. The acti vation energies (En) 
were calcu lated from the slopes of the pl ots and from 

these va lues , the activation paramete rs 6. J-t , 6.S and 

6.C# were eva luated (Table 5). 

Reactive species of NBA 

It has been estab li shed that in acidic medium, 
NBA 1.2 is found in followi ng two sets of equil ibri a: 

MeCONHBr+ H20 ~ MeCONH~+HOBr 
(N BA) (N HA) 

HOBr+H,O+ ~ (H20Brt +H~O 

or. 

MeCONHBr+H 30 + ~ (MeCON H2Brt +H~O 

(MeCONH~BrY+H 2U ~ MeCONI-h+( H20BrY 

1n the present in vest igat ion , e ither or both of the 
above two sets o r equili bri a may be operative. Hence, 
there may be four possi bl e reacti ve NBA species i.e. 

BA itse lf. HOBr, protonated NBA i.e. 
(MeCO NH 2Brt and cati o ni c bromine i.e. (H20Brf. 
Addition of acetamide in reaction mi xture decreases 
the rate uf ox idation in ac idi c media sugges ting that 
the pre eCjuilibrium step in vu lves a process in which 
acetamide is o ne o f the products as show n in the steps 
of both the sets of eq uilibria. When NBA or 
(MeCONl-hB r)'" is assumed as the reactive species, 
the derived rate laws fa il to explain the negat ive e ffec t 
of acetamide. Hence, ne ither of these species can be 
considered as reac ti ve spec ies. W hen (H20Brt is 
taken as the reacti ve species, the rate law obtained 
shows first o rder ki netics w ith respect to I H+] contrary 
to our observed negative fracti o nal order in [H+]. 
a lthough it fully ex plain s the negative effect of 
acetamide. T here fore , the po~s ibility o r catio ni c 
bromine as reacti ve species is also ruled o ut. Thus, the 
on ly cho ice left is HOB r, which when considered as 

Table 5 - Effect of temperature on the apparent rate constant 
and values of activation parameters" 

Parameters Temperature Va lues 
D-Arb D-Rib 

Jx lO,{s-') 308 4.38 11.69 
J x 10'(S·I) 313 6.82 16.57 
J x 10'{S·I) 318 8.77 19.49 
J x 105(S·I) 323 12.65 26.31 
k, (dm6 mor 's·l) 3 13 10.37 18.26 
A x 10.9 (dm6 mor ls·l) 3 13 3.76 3.72 
E" (kJ /mol) 313 51.25 49.74 
M-t (kJ/mol) 313 48 .63 47 .1 3 
t:;.S (J/K/mol ) 3 13 - 70.25 - 70.42 

t:;.C# (kJ/mol) 3 1 ! 70.62 69.17 

' Solution condi tions: [NBA] = 10.00 x 10.4 
III 0 I dm'} (A rb and 

Rib); [substrate] = 10.0x l0-2 mol dlll-" (A rb), 6.00x lO-" III 0 I 
dlll ·J (Rib); [Pcl (ll )] = 33.84x 10-(' III 0 1 dl11-3 (A rb), 36.67x 10-6 

mo l tin'-} (Rib); [H +J = 0.83 x 10.3 11101 dm-' (A rb), 0.50x 10 3 

mol dill ') (Ri iJ) ; IHg(OAchl = 1.42x 1 0-' III 0 1 dn'-' (Arb and 
Rib) 

the reacti ve species of NBA , leads to rate law capab le 
of exp laining a ll the kinetic observations and other 
effects. Hence, under the present experi menta l 
conditions and on the basis of above arguments , we 
can sa fe ly propose HOBr as the main react ive spec ies 
of NBA. 

Reactive species of PdCl2 

The comp lexes of palladium group metals are we ll 
known . Vari ous poss i ble mononucl ear compl exes of 

Pd(l]) , name ly [PdCl"r
l

, (PdL~C I 2 ] ' [PdL}Clf and 

[PdL4 f+ (where 'L' represents a ligand like amine, 

phosphine, sulphide, etc .) are reported9
. In most of the 

studies using Pd(TJ ) as a ho mogenous catalyst, il has 
been employed in the form o f Pd(ll) ch loride. Pd(l J) 
ch loride lo is rathe r insolubl e in aq ueous solu ti on but 
does d issolve in presence of chl oride io:] as 

[PdCI 3 ( H ~O)]' and [PdCII f. The eq uili brium 

constants correspond ing to the fo llow ing equil ibri a 
have been determined by several workers , and all are 

in fair agreement with a va lue of log B-1 between 11 
and 12 at 2S°C. 

K, 
, -Pd -+ + c r ----- rPdClt 

K, 
lPdClf +cr ~[PdCI 2 ] 

rPdCI J +Cr ~ rPdCI , r 

[PdCI 3]+Cr ~ rPdCI 4 f 
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Values of log KI to log K4 have been reported as 
4.47,3.29,2.41 and 1.37 respectively, with log ~.l = 
I 1.54. It is also reported that K4 is probably the most 
important stability const::mt for catalytic chemi stry. 
The existence of PdCl2, exclusively in the form of 

[PdCI 4 f is reported by Ayres II who has observed 

that when a reaction ratio of 2 : ] for sodium chloride 

( Cr ion) to Pd(IJ) chloride is maintained, it will 
result in the formation of well known tetrachloro­

palladate(If), [PdCI. t. This is also supported by UV 

spectra of Pd(ll) chloride with different [CI"] ions, 
where the observed single peak at 236 nm clearly 

indicates the existence of lone PdC( species in the 

solution of PdOJ) chloride. Since throughout the 

experiments , ratio of cr ion to the palladium(T1) 

chloride concentration, I. e. [CI - ]/[PdCl c] was 

maintained more than 2, it can safely be assumed that 

the species [PdCIJ 2
. is the most reactive species of 

Pd(ll) chl oride in HC!. Such species of palladium (11) 
chloride has also been reported in the oxidation of 
amino alcohols by chloromine-T I2

, N-bromosuccini­
mide~ . and in the ox idation of some sugars by N­
bromosuccinimidel 3 and N-bromoacetamide I4

.
15 

(N BA). 
It is reportedl. '6 that Pd(ll) forms a complex with 

organic substrates, i.e allyl alcohol and reducing 
sugar(mannose or maltose) . In order to verify the 
formation of a complex between reac tive species of 

Pd(lI ) chloride, i.e. PdCl ~' and sugar in the present 

in vesti gation, UV -spectra of PdCl2 solution, sugar 
solution and Pd(lI ) chloride with different 
concentrations of sugar solutions were collected. 
From the spectra, it is quite clear that with the 
increase in [sugar] , there is an increase in absorbance 
of pure PeI( lI ) chloride so lution from 2.88 to 2.90 and 
2.92. This increase in absorbance with the increase in 
rsugar] is due to shift in equilibrium to the right side 
by whi ch more and more formation of [PdOI)-sugar] 
co mplex is ensured: 

1 PdCIJ ' + S ~ [PdCl 3SI + c r . .. (a) 

This relation, where formati on of [Pd(U)-sugar] 
complex is indicated, is al so supported by the 
observed negative effect of chloride ion concentration 
on the rate of reacti on. 

When NBA solution (IO .OOxlO'~ mol elm'J) was 
added to the so lution of Pd(l!) , c r and reducing 
sugar, it was observed that with the addition of NBA, 

there is an increase in absorbance from 2.90 to 2.98 at 
240 nm. This increase in absorbance can be 
considered as due to formation of a complex I between 

[PdCI 3.s]'- and [HOBr] according to : 

... (b) 

The shift in A.max towards longer wavelength with 
an increase in absorbance is due to combination of a 
chromophore like reactive species of NBA, i.e. HOBr 
and an auxochrome (Cn already present in the 

complex [PdCI).Sr to give ri se to another chromo-

phore [PdCl).s.OBrf . 
Further, when Hg(lI) solution ( 1.25x J()"3 mol dm,·3) 

was added to the solution of PelO!), cr, reducing 
sugar and NBA, it was again observed that with the 
additi on of Hg(U) solution, there is an increase in 
absorbance from 2.98 to 3. J 2 at 244 nm. This increase 
in absorbance with a shift in A.max value towards 
longer wavelength might be considered as due to 
format ion of another compl ex [PdCI1.S.OBr(Hg)] , 
which has the property of a chromc phore showing 
absorption in the ultra-viol et region according to: 

[PdCI 1 .S.OBrt + Hg 2+ [PdCI 1 . . 0Br] .. . (c) . ~ . I 
Hg 

Kinetic data of the present inves tiga tion have led LI S 

to assume that the complex [PdC13.S I' formed through 

reversible step (a) will combine with reactive species 
or NBA, i.e. HOBr anel Hg( lI ) [ 0 form another 
complex via reversi ble step (d) where rcversi ble steps 
(b) and (c) are shown to be merged int0 one step. 

[PdCl\.Sr +Hg ~+ +HOBI~ rPdCl J.s.OBr]+H + 

Reaction mechanism and rate law 

I 
Hg 

. .. (d ) 

On the basis of above eliscussion and kineti c 
studies, a probable reaction mechani sm can be 
proposed for the Pd(lI ) catalysed and Hg( ll ) co­
catalysed oxidation of Arb and Rib in ac idi c medium 
as Scheme 1. The fast equilibrium srep I and rever­
sible steps 11 and III are well in accordance with [he 
experimental findings and spectral ev idences . 



SINGH ('I al.: OXIDATION OF D-ARABINOSE AND D-R IBOSE BY N-BROMOACETAM IDE 

MeCONHBr + H 20 "' K, .. MeCONH 2 + HOBr (1) 

(NBA) (NHA) 

[PdCI 4]2- + S ~ [PdCI)Sr + CI-
iL, 

(II) 

where 'S' stands for Arb and Rib . [ . j 
. CI 

[PdCh.S] - + Hg2 + + HOBr ~ CI':"p1d-QBr 
k-J tl~ I 

S Hg 

+ Ht (Ill) 

(C3) 

H H 
I I , + 

.. [PdCI)(H20 )]" + R-C - C-O' + Hg" . (IV) 
Slow and rute I I 
d<termining Step OH OSr 

(C,) 

where R stands for C)H 70 3 

H H 
I I 

R--C G.C - O- + W ~R-C-H+H-C-OH "' HBr 
~ I II II 

1-1 - 0 0 \:Ir 0 0 

OH 

l'J13A / Pd (Il)/ Hg(llj I 
R-C- H ) R-C-H 

II W I 
o O-Br 

OH 
I 

R - C 7 0 c;)3r ~R-C-OH+HBr 
Iv II 
H 0 

(Erythronic acid) 

Scheme (1) 

On the basis of above mec hani sm and stoichi o­
metric equat ions for both D-arabinose and D-ribose, 
the rate in terms of decrease in concentrati on of 
[NBA I can be expressed as : 

(V) 

(V I) 

(VII) 

(VllI ) 

dlNBAI ICjI 
Klk 2k, ICIIISI[NBAlIHg(Il)1 

= 
rate = - = 2k 4 1C, J 

dt . (k IIH +I+ k.j)(k.2 IClll NHAl 
+ k 3K,1 Hg(Il) I[NBAl) 

. . . ( I ) 

605 

... (3) 

... (4) 

On appl ying the law of chemica l eq uilibriu m to 
step I, we get : 

IHOBrl = K,INBAI 
[NHAI 

According to the Scheme I , the total concentrat ion 
of Pdcrr), i.c. [Pd(lI)hcan be expressed as: 

... (2) 

On appl ying steady state approximation to steps 
(I I) and (I ll ). we get Eqs (3) and (4). respectively: 

. . . (5) 

With the help of Eqs (3), l4) and (5), we get: 



606 INDIAN J CHEM, SEC A, MARCH 2006 

(k .~ [W] + k4)(k '2 [CI'] rN H A] 

[C ] = + k ~ KI [Hg(lI)] [NBA])[Pd(II)].r 

I (k)W]+kJ(k2[CI'][NHAJ 
+ k ,K1lHg(lI)][NBA]) 

+ kJSJrNHAl (k.JW l+k 4 ) 

+ KI kck, [S ][NBAlr Hg( lI YI 

Eqs ( I) and (4) give: 

-C\[NBAl 
ra t e = -----"------= 

dt 
2KI k2 k , k4 [N BA][S]fHg(II)][C1] 

= --------------~ 

... (6) 

(k .\ I W J + kJ (k 21CI' lfNHA]+K lk, lNBA][Hg( Il)] 

... (7) 

On substituting the va lue of [Cd from Eq. (6) to 
Eq.(7), the rate law can be obtained as: 

d[NBA] 
rate = - = 

dt 
2K I k2 k,kJ N BA]IS JI PeI (lI) ITIHg(II)] 

(k .,1 W l+k4 )(k)Cl]INJ-IAI+ K1k J Hg(lI ) I[NBAl) 

+ kcl S II NHA](k:,1 W 1+ k4)+ KI k2k, IS liN BA]IHg(ll ) 1 

.. . (8) 

Since order with respect to I J-I +] is negative, 
probability of step (Ill) being reversible is more and 
more. Under thi s condition, it is reasonable to assume 
th at k" IC:d[H+J » k.t[C,l or k, [H+1 > k~. When k, [H +l 
>k4 , Eq.(8) wi ll be reduced to a relation. the 
numerator and denominator of which when divided 
by k'2 k" wi \I take the shape of Eq (9): 

rate = d [NBA] 

dt 
2K I k4 IS] [NBAJl Hg( rt)l [Pd(ll)].! 

k_c2 ~2 1 WIlCI'][NHA] 
k ,k - . - -

, J 

+ K~~.1.. lW JlH g(l[)JlN BA.I 

k 
+ 'k" 1 SlfNHA][W]+ KI [S][NBA lrHg(II)] 

.' 
Eq.(9) can al so be wri tten as: 

dlNBAI 
rate = - -

dt 
2KI k.1 rSl[N BA] [Hg(lI)J[Pd(l [)J.r 

a lW IrCl][ HA]+bIW][Hg( ll)][ BA] 

+crSHNHA][W]+ KI [S][NBAJI Hg( lI )J 

.. . (9) 

.. . ( 10) 

where 

a = k 2k'3 
k2k, ' 

and 

On reversing Eg. ( 10), we gel: 

_ 1- = (a[W]fCnrNHA])1 
rate 

k 
c = -.:l. 

k 3 

(2K1 k4 [SlfNBA][Hg(lI)][Pd(ll)]T 

+ (b[W])/ (2K1kJS][Pd(lI)L )+( c[NHA][W J) I 

(2 KI k4INBA] [Hg( II)] [Pd(I1 )1-r )+ 1/ (2k 4 [Pd( I1)].r ) 

... ( I I) 

According to Eq.( II ), if a plot is made between 

( llrate) and lH+] or [NHA] or rCl- l, straight lines 

having positive intercept on ( llrate) ax is should be 
obtained. When (llrate) va lues are plotted against 

rH +], [NHA] and ICr J strai ght lines with pos iti ve 

intercepts on ( llrate) axi s were obtained (Figs I and 
2) which prove the val id ity of the rate law ( 10) and 
hence the proposed mechani sm. From the intercepts 
of the plots of I/rate versus [H +] and I/rate versus 

[NHA] and from the slopes aJ~d the intercepts of the 

plots of I/ rate versus rCl - 1, the values of the 

constants k4 , blK t • elK , and alK, have been calculated 
in the oxidation of both Arb and Rib at 40°C. The 
va lues, thus obtained, are presented in Table 6. 
Utili zin g the values of rate constant k it and other 
constants, i.e. ([IK" blK, and elK " the values of the 

rate of reac tion for the vari ati on of [N HA ] and ICI ' J 

have been calculated and found to be very close to the 
observed va lues of the rate of reaction (Table 4). The 
close similarity between th e observed and the 
calculated rates clearly proves the val idity of the rate 
law (10) and hence the proposed reaction mec hani sm 
show n as Scheme I. 

II is wel l known that if a reac ti on occurs with the 
approach of ions of the sa me sign. or a separation of 
ions of opposite sign, there is an int ensification of 
electric fi e ld. Therefore, an increase in electrost ri ct ion 
and resu lting decrease in volume. there is also 
decrease in entropy owing to the loss of freedo m of 
the solvent molecules . [n the pr se nt study of 
ox idation of red ucing sugars by Pd(ll) as homo­
geneous catalyst, the observed neg tive entropy or 
activation can be considered due to increase in 
electrostriction when reacti on occurs with a 
separation of ions of oppos ite sign in the rate deter­
mining step (V) of the proposed reacti on Scheme I. 
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0·1.8 ,--------------, 
Arb (G) Aro ( E) 1-0 

t:;:: I ~ 0,36 
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-0 
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• ---. . 

:I: 

0-75 9 
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L. .. ____ .1 . __ .. l_. __ --L-. __ .J 
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3 -I ] 
-[N H A] xlO m ol d m (G & H) 

Fig. I - Verifica tion of rate law ( 10) under the condit ions of 
Table 4 for Ilrate V.I'. [ HAl and Table 2 for IIrate V.I' . [H+l {E 
and G = D-arabinose (Arb). F and H = D-ribose (rib)} . 

Table 6 - Ca lculation of constants ( k~ . (/IK 1• hl K I and C/k l ) from 
the plots of (llrate) vs. I !-n. ( 11r;]te) I 'S. I HAl ;]nd ( I lrate) 1'.1'. 

I CI' l for Pd(I I) ca t;]l yseci ox idat ion of Arb ;]nd Rib by NBA at 
40°C Linder the cOlld itions ofTablc 2 and Tab le 4 

Plots Const;]nts D-Arb D-Rib 

X: vs. rIrj k~ 3.69 x 10·\ ec·1 4.22x 10·.1 sec · 1 

rate 

X: vs ·INHAI hl K I 1.56 x 10~ 0.23x 10" 
rate 

X: vs .[CI I elKI 2.70x I0·1 20.30x I0·1 

rate (11K I 1.5 1 x i O~ 0.20x 102 

The order or" frequency factor being the same for both 
reducing sugars clea rl y indi cates the operati on of 
sing le mechan ism in the present study of oxidation of 
pentoses by NBA in presence of Pd(l l) as homo­
geneous cata lyst. 

Comparison of the present study with the reported 
results2

. ' 7 for RuOll )- and Ir(lIl )-catalysed oxidation 
of reducing sugars by NBA in presence of perch loric 
ac id and results reported for Pd(lJ)-catal ysed 
oxidation of reducing sugars by BS 13 has also been 
made. With the change in catal ys t from Ru(Il I) or 
Ir(lll ) to PcI (ll), it is found that there is no change in 
order wi th res pect to catalyst concentration (except at 
very hi gh [lr(lII)]). But, a significant change is 
observed with respect to [Hg(ll)J and [reducing 
.> ugar] . Observed first to zero-order kinetics in 
larabi nose], [ribose] and in [Hg(lI )l distinguishes the 
present in vest igation from lr(rIl)-cata lysed oxidation 

[CI-] x 103 mol dm·3(D-Rib) 

o 5 10 15 20 
0.18 0.55 r-----,----,---.,.----, 

~ 
4 . D-Arb 

/. • . D-Rib 
:0-

0.45 . a:: 0 0 ME /' /- 0.14 .~ 
:? // 

£' 
-0 

0 0.35 E 0 
"I 

/ / -A" 
E 

0 "i' 

0.1 0 
x 
OJ 0.25 x 

~ 4 2 
~ ~ ,-

0.15 0.00 
0 2 3 4 5 

Fig. 2 - Verification of rate law ( 10) under the conditions of 

Table 4 for I Irate V.I'. [Cr l (Arb: D-;]r;]binose. and Rib: D-ri bose I. 

of reduci ng sugars by NBA where the rate law does 
not involve reducing sugar concentration and shows 
that order with respect to [Hg(I1 )] varies from two to 
one. The present study being very sim il ar to Ir(lLI)­
catalysed ox idation of reducing sugars by NBA as far 

as negati ve effect o f [Cr] on the rate of reacti on is 

concerned has a di s tingu i ~hi ng feature with Ru( II!) ­
catalysed oxidation of reducing sugars by NBA where 

order with respect to [CI - ] has been found to be 

fractiona lly positive. Negative fractiona l order in 

[H +], retarding effect of [NHA] and no e ffect of io nic 
strength of the medium on the rate of reaction are the 
common features of the present study and other two 
stud ies reported earlie r. egative entropy of 
activation observed in the oxi dati on of arabinose and 
ribose as against observed positive entropy of 
activat ion in the reported Ru(fll )- or Ir(lI l)-catalysed 
oxidation of reduc ing sugars by NBA gives an 
additional support for the rate determining step where 
the activated comp lex as neutral speci es d issocia tes 
into oppositely charged species. 

Conclusions 
When comparison is made between the present 

study and the study reported for Pd(I I)-catalysed 
ox idation of reducing sugars by NBS. it is fo und that 
thi s study is disting ui shable with the previous study in 
two respects, one with respect to [H g( Il )] and the 
other with respect to one of the reaction products. i.e . 
NHA in the present case and NHS in the case reported 
earlier. Observed fractional positi ve order in l Hg( II) 1 
in the oxidation of reducing sugars by NBA indicates 
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that Hg(lI ) in additi on to its rol e as Br- ion scavenger 
also functi ons as co-catalyst whereas insignificant 
effec t of [Hg(Tl)] on the rate of reaction in the 
ox idation of reducing sugars by NBS shows that the 
ro le of Hg(OAch is limited up to the Br- ion 
scavenger. In the present case, negative effect of 
rNHA] on ' J' , is contrary to the reported nil effect of 
rN HS] on the rate of reaction. 
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