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ABSTRACT 

The kinetics of chromic acid ovtdatlon of D-galactose, D-mannose, L-arabmose, 
and D-xylose have been studled m perchlorlc acid media The reactlons show first- 
order dependence on both chrommm(71) and aldose concentrations The order with 
respect to hydrogen-Ion concentration m each reaction 1s complex, and the hypotheses 
for the mechamsn of acid catalysis have been tested Different activation parameters 
have been evaluated Aldoses are oxldlzed mainly to the aldoruc acids when the 
aldose substrate IS m excess A tentative reaction mechanism has been suggested 

INTRODUCTION 

The oxldat!on of some aldoses by halogens and chloramme T has been studied 
m alkaline medlum1-4 Although some work on the kinetics of oxidation of aldoses 
has also been carried out’ - ’ m acid medium, no systematic kinetic study of the 
oxldatlon of aldoses by chromic acid m perchlorlc acid and its mechamsm has been 
reported Moreover, it IS well known that the products of oxidation of aldBses depend 
on the nature of the oxidant used Thus, the mild oxidant bromine yields aldonrc 
acids, whereas the stronger oxidant nitric acid yields aldarlc acids, nothmg IS con- 
clusively known about the product of oxldatlon by chromic acid m perchlorlc acid 
media We now repor; on th, kinetics and mechamsm of chromic acid oxldatlons 
m perchlonc acid 

MATEXIALS AND LETHODS 

Reagents - All of the materials employed were of the highest punty avallable 
D-XylOSC!, r_-arabmose, D-mannose, and D-galactose were E Merck products 
Aqueous solutions of the aldoses were freshly prepared m doubly dlstllled water 
Potassium dlchromate (G R , E Merck) was used Solutions of perchlonc acid were 
made from a Merck proanalysl sample and concentration was expressed m molarlty 

*To whom correspondence should be sent 
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Kznetrc tneaswetneMS - The rare of disappearance of chrommm(VI) was 
folIowed spectrophotometrically at 350 nm with a Beckman DU model spectro- 
photometer, using a cell of path-lenah 1 cm The spectrophotometer was fitted with 
a cell compartment that was kept at constant temperature All the substrates are 
transparent at this wavelength, and neither chromium(III) nor the oxlcilzed products 
has arLy appreciable absorption at this wavelength. Reactlon was mltlated by mixing 
the requisite quantity of the substrate, mamtamed at the desired temperature, with 
the solution of chrommm(VI) and perchlonc acid The reacbons were followed for 
at least 65,70,55, and 50% conversion of the inlt~al chromium(W) for the oxldatlons 
of galactose, mannose, arabmose, and xylose, respectively. The conversion was much 
greater at higher concentrations of substrate and higher temperatures Generally, 
6-S experimental pomts were noted m each run The pseudo-first-order rate constants, 
II-,,,, (m set-‘), were calculated from the plots of log A (absorbance) vs time, which 
were reproducible to wlthm t 5 0/0 

Storclkmetr ) - The reactlon mixture contaming the substrate and perchlorlc 
acid was kept mlxed with a Iarge excess of the oxidant fol several days at 35” The 
unconsumed oxlaant was then estimated lodomctrlcally 1 he consumption ratio, 
I e , the number of moles of dlchromate consumed per mole of aldose, was calculated 
by assuming that the aldose was totaIIy consumed under these condltlons The ob- 
served stolchlometry m the presence of a larse excess of oxidant (Table I) mdlcates 
that chrommm(V1) ultimately effects the oxtdatlon of the aldoses to formic acid and 
carbon dloxlde, accordmg to the seenera equatlon- 

C,H2,0, + (2n - 1)04HCO,H f (n - l)COz -t- (n - l)H,O 

The above findmgs are in agreement with the observation by MaIangeau and 
Guernetg on the oxldatlnn of aldoses by a large excess of vanadium(V) m acid 
medtum However, throughout the kmeuc mvestlgatlons, the organic substrates 
were used m an excess sufficiently large to ensure that the rate of reduction of the 
chromic acid 1s proportional to the rate of oxldatlon of the substrates only More- 
o\er, smce the mltlal rate of consumption of chromic acid was always first order 

TABLE I 

STOICHIOMETRY OFTHE OXIDATIO\ OF ALDOSES BY CHROhlIUM(VI)lN THE PRESENCE OFALARGE EXCESS 

OFOxlD4T 

AIdose 

D-GaIactose 
D-MaMose 

L-kkdbmose 

D-Xylose 

Consumptron ratro 

Experimentally On the basis of On the basis of 
obser ) ed formcc acid carbon 

formation dloxtde formatron 

37 20 40 
3s 20 40 
32 17 33 
31 17 33 
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under these condltrons, the rate of oxldatlon of the IntermedIate products cannot be 
kmetlcally sqquficant’” 

Pmluct analps - The aldoses were oxldlsed separateIy by chromic acid 
under the lunetlc condltlons After punficatlon and concentration, the products were 
identified by paper chromatography (p c ) m comparison with the oxldatlon products 
of the respective aldoses by bromme and nitric acid separately P c was effected 
by the descendmg method with Whatman No 1 paper, I-butanol-acetic acid-water 
(4 1 5, upper layer), and detectton by alkaline .slIver mtrate P c of the syrup ob- 
tamed by oxtdatton of aldoses with chromrc acrd mdlcated the presence of aldomc 
acids and the correspondmg 6- and y-Iactones This 1s m agreement with the ob- 
servation6 l1 that the aldomc acid mvanably remams m equlhbrmm with the corre- 
spondmg 6- and y-lactones m acid medmm 

RESULTS 

E$kt of reactant concentratrom The pseudo-first-order rate constants were 
calculated at different mltlal concentrations of chromlum(VI), but at constant 

[Aldose] and [HC104J. The summary of pseudo-first-order rate constants (k& 
m Table II mdlcates that they are independent of the u-ntlal [Chrommm(VI)] This 
suggests that HCrOi or Its protonated form IS the reactive species of chrommm’2. 
In another set of expenments, the pseudo-first-order rate constants were measured 

at different [Aldose), but at constant [Chrommm(VI)], [HCIOJ, and temperature 
The results presented m Table III show that the reactlons are first order with respect 
to both [Aldopentose] and [Aldohexose] The average second-order rate constants 
have been competed to be (3 40 +O 1) x IO-‘, (2 02 -t_O I) x IO-‘, (6 63 t_O 3) x 
lo-‘, and (3 73 +O 2) x IO-‘1 mol-’ set-‘forthcox ldatlons of galactose, mannose, 

xqlose, and arabmose, respectively The oxldatlon rates, therefore, follow the order 
xylose > arabmose > galactose > mannose This finding IS m agreement with the 
observations of Agrawal et ai4 

Effect of perchlonc ad concentratron The effect of acldlty at constant lomc 
strength (p = 2 4~) on the pseudo-first-order rate constants was measured The rate 

TABLE II 

EFFECT OF INITIAL CHROWUM(V1) CONCENTRATION Oh PSEUDO-FIRST-ORDER RATE CONSTANTa 

AIdose [Cr(Vf)] X I@ M koas Y 10” (s-l) 

n-Galactose 0 55-3 33 58 102 
D-MaMOSe 0 55-3 8.5 31 x01 
L-Arabmose 0 55-3 33 64&02 
D-Xyiose 0 55-2 75 115fO5 

a[Aldose] = 1 5mM [HClO.a] = 2 4~ Temperature, 35” 



78 K K SEN GUPTA, S. SEN GUPTA, S NATE BASTJ 

TABLE III 

EFFECI-OFSUBSTRATEcONcEMRA TIoNONPSEUDCFPIRtX-ORDERRATECONSTAN-‘TG= 

Rate constant [Substrate] X lo3 (M) 

05 10 20 30 40 50 

n-Galactose 
XODS x 104 (see-1) 17 34 70 104 13 6 17 5 

k oils x 10 [Substrate] (I mol-l set-l) 3 4 34 35 346 34 35 

D-Mannose 
k&s X l@(SeC-l) 10.5 2 14 41 59 79 10 1 

k obs x lO(! mol-lsec-l) 2 1 2 14 205 1 97 197 2 02 
[Substrate] 

t-Arabmose 
kobs X lo-’ (Se+) 1 86 37 73 112 152 19 1 

koas x lO(1 mol-kied) 3 72 37 3 65 3 73 [Substrate] 33 3 82 

D-Xylose 

kobs X 101 (S’3+) 34 66 13 2 207 26 6 33 7 

k 0b.s 
x 10 (1 moFsecl) 6 8 66 66 69 665 674 

[Substrate] 

a[Cr(Vi)] = 167,~~ [HCIOa] = 2 4hf Temperature, 35” 

TABLE IV 

SLOPESOFTHE ZUCKER-HAMMEITPLOTS 

Zuder-Hammett plots D-GdOCtOSe D-Mannose L-Arabmose D-Xylose 

log kobs vs log [HCQI 23 25 26 23 
log kobs vs ---Ho 16 15 13 13 

of oxldatlon of the aldoses Increased with the mcrease in acid concentration (Fig 1) 
In an attempt to correlate the oxldatlon with acid concentration, two hypotheses 
for the mechamsm of acid catalysis were tested The Zucker-Hammett plots13, e g , 
log kc= s agamst log[HClO,] or log kobS agamst -H,,, are linear, mdlcating that these 
reactions are acid-catalysed A summary of the slopes of the Zucker-Hammett 
plots IS gven m Table IV The values of the Hammett acidity functions (-H,) at 
different acldltres are those reported by Paul and Long14 

Effect of Mn' f concentratton. The rate of oxldatlon of the aldoses by chromic 
acid was studled m the presence of MnZ + IOIIS. The pseudo-first-order rate constant 
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t I I ! , I 

-01 00 01 02 03 04 

10s ~c1oJ- 

Frg 1 Dependence of pseudo-first-order rate constant on concentratron of perchlorrc acrd lCr(VI)] 
= I67/cht, 11 = 2 4h1, temperature, 35”, [Aldose] = mhi -0-, b-Galactose, + b-manx?ose, 
--A--, r-arabmose, and --A-, D-XylOSe 

(kobs) decreased to -25% and 33 T$ of that m the absence of Mn” Ions m the 
oxtdattons of aldohexoses and aldopentoses, respectrvely No srgmficant decrease 
m the rate constant was observed wrth [Mn’+] 3 2 0 x IO-% and 6 2 x 10m3~ 

for the oxrdattons of aldohexoses and aldopentoses, respectrvely The addrtron of 
NaClO, of the same strength as that of Mn’+ Ions drd not mfiuence the rate of 
oxtdatlon The results indtcate that MnZf Ion catalyses the drsproporttonatton of 

the mtermedrate valence states of chrommm15-‘7 
~Jl~l&?nCe of temperature mrd actrvatlon parameters The second-order rate con- 

stants (k-J for the oxtdattons of sldoses at drfferent temperatures were calculated 
from the relatron k2 = k,,,/[AldoseJ The plots of log k, agamst l/T are lmear The 
Arrhenms actrvatron energres (E,) have been calculated from the slopes of log k, vs l/T 

plots (Fig. 2) for the oxtdattons of aldohexoses and aldopentoses The values follow the 
order E, (aldohexose) > E, (aldopentose), and thus 1s m keepmg wrth the result 
obtained by other workers3 The enthalpy of acttvatron (AH:) was calculated from the 

actrvatron energy The entropy of actrvatton (AS:) m each reactron was then evaluated 
by equatmg the experrmentally obtamed values of PZ (1 mol-’ set-‘) to 

e2 

The values of LIG: have been calculated at 303K from the relatron dG: = AN: - 

TAS: The actrvatron parameters are recorded m Table V The negative entropies of 
actwatlon (AS) mdrcate that the reactrons occur between Ions of similar chargel’ 
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TABLE V 

ACXIVATK~N PARAh- FOR lHJ5 OXIDATIONS OF ALDOSES BY CHROMIC 4CID IN PERCHLORIC ACID 

MEDKM 

Aidose En 
(kJ rtol-1) 

dHZ log PZ A!V AG$ 
(kJ moP (I mol-l set-l (J deg-1 mol-1 (kJ mol-1 
at 303K) at 303K) at 303K) at 303K) 

D-Galactose 75 i4 72 &4 12 23 -CO 72 27 6 513 80 *to2 
D-Mannose 64 is 61 i5 1001 f093 705 &16 82 505 

r_-Arabmose 48 13 5 46 i3 5 776 1062 114 &I3 80 104 

D-x)IlOSe 565 &2 54 &2 8 41 f0 51 101 f 9 84 &OS 

DISCUSSION 

The reactlons of aldopentoses and aldohexoses, which are slmdar m character, 
are first order with respect to the oxidant as well as to the orgamc reductant, but the 
order with respect to the acid 1s complex (2 3-2 8) The latter order can be explamed 
by consldermg that H2Cr0, and HtCr03 are formedI successively accordmg to 
equations I and 2, respectively Moreover, the aldohexoses and aldopentoses are 
known to exist mamly m the cychc hemlacetal form Although the rmg oxygen 

-I 0 

s” 
F 

-05 

0 
310 320 330 

F% 2 VaWion of second-order rate constant wrth temperature- [Cr(VI)] = 167~~, [Aldose] = 
mhf, and [HCIOa] = 24~ 

-A-, 
-0-, D-Gakxctose, +, D-mannose, -A-_, r-arabmose, and 

D-XylOcr 
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atom of the aldoses IS Iess basic than the oxygen atom of ethers20u (pKBH+ = -3 0 
to -4 0), they are consldered to be hard basesZob accordmg to Pearson’s hard and 
soft acid-base theory Hence, a rapld and reversible transfer of Ht to the rmg oxygen 
atom of the aIdoses would occur In strong acid The higher order m aced (>2) may 
be due to the mvolvement of the protonated aldoses” m the reactIons The steps 
of the reactIons are as follows- 

HCrO, f Hf + H2Cr04, (0 

K2 

H2Cr04 + Hf + HtCrO, + H20, (2) 

K3 
S -I- H+ + SH’ (3) 

and 
k’ 

SHf f HtCr03 -+ P* + H,CrO,, 
slow 

(4) 

where S, SH’, and P* are the organic substrate (I e , aldose), Its protonated species, 
and the oxldlsed product, respectively 

The rate expresslon 1s 

V = k’[SH*][HtCr03] 

From equations I and 2, 

[H+CrO,] = KI K,[HCrO;][H’]’ 

From equation 3, 

where [SH+] = the concentration of protonated aldose, 
and [S& = the total aIdose concentration 

Puttmg [SHf] and [H’Cr03] m equation 5, we get 

v = kCslr CHCrO;l P+13 
1 -I- K3[H+] ’ 

where k = k’K,K,K,, 

or 

kobs = 
k[S][H+]3 

1 -I- K,[H+l 

(5) 

(6) 

(7) 

(8) 

(9) 

Equatxon 9 thus expIams the observed orders obtamed 1x1 the oxldatlon ofaldopentoses 
and aldohexoses 
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It IS well known that aldopentoses and aldohexoses exist mainly as pyranoid 
and furanoid forms The pyranoid form is generally the most stable, and exists 
mainly m a chair form The most reactive centre m these compounds is C-l, but the 
axial or equatorial orientation of HO-l mfiuences the course and rate of reaction 
The rnteractton energtes for the chair conformers of the aldohexoses and aldopentoses 
showfl that the conformer hawng HO-l equatorial IS usually the more stable This 

form undergoes faster oxidation than the correspondmg anomer having HO-l axial 
Thrs is true for D-galactose, r-arabmose, and D-xyIose’l, but for D-mannose, the 
form having HO-1 axial IS preponderantz2, and HO-l (being less exposed) IS less 
access,Je for the oxidant Hence, for D-mannose, the form having HO-l equatorial 
may react more rapidlyz2 Therefore, it IS suggested that the protonated chromic 
acid reacts wrth the protonated reactive anomer of the aldoses by a fast step to give 
an mtermediate that then disproportionates slowly to give protonated b-lactone” 
and chrommm(IV) The b-lactone then undergoes fast and reversible hydrolyses to 
yield the aldomc acid whrch, bem, 0 fairly readily mterconvertible into lactones in 
aqueous solution, also remains m equlhbrmm with the y-lactone Chrommm(V1) 
therefore behaves as a 2-equtvalent oxidant, since the addition of acrylamtde to the 
reaction mixture failed to give any suspension, mdrcatmg that free radicals are not 
generated m solution The steps of the reaction are shown m Scheme 1 Chromium(W), 
which is generated m the rate-determining step, disproportionates23 or reacts rapld- 
ly’3 with chromium(W) to form chromnnn(V) The latter finally reacts with the 
substrate to gave the products of oxldatton by fast steps, and chromium(V) IS reduced 
to chrommm(III) 

R 

- Hz0 
o- 

R i-H20 + 
AZ!- 

Aldontc Ot,d 

-I 
[R = CH,OH for oldohexoses, and H for nldOpentOSeS~ 

Pratonated acid 
chromate ester 

Protonoted 

6-loctone 

Scheme 1 

In the present mvesttgation, the mtermedtate ester (supposed to be formed by 
the reaction between chromic acid and either aldohexoses or aldopentoses) could 
not be isolated, and the kinetic evidence17a for mtermedlate ester formation was not 
signmeant Agam, a linear plot of log kobs agamst - H, mdrcates2’ that a molecule of 
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water cannot form a part of the transrtron state, and hence IS not necessary as catalyst 
or H+ abstractor from the ester, the formatron of whrch itself need not be a pre- 
requlsrte for the oxldatron Moreover, the lmear relatronshrp between kobs and [Aldose] 
suggests that the oxtdatron of aldohexoses and aldopentoses may follow the drrect, 
bimolecular mechamsm Thus, altematrvely, a brmolecular, electron-swatch mecha- 
msm, mvolvmg hydride transfer from the reactrve substrate to the reactrve oxidant 
specres, may also take place accordmg to Scheme 2 Thus IS m keepmg w&h the view of 
Rocek et a1.26. which was also conceded by Westheimer and GrahamZ7 for very 
strong acrd medra Smce the present mvestrgatron was carned out m strong HCIO, 
(0 S-2 4M), the above mechanism (Scheme 2) may be consrdered to be plausible 

R R 

f 
+ H 

-0 \ 
HO 

Scheme 2 
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