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ABSTRACT 

A rate law for the oxidation of 2-deoxy-~-glucose (2DG) by C r o  in ptxchlaric 
acid has been derived. This rate law corresponds to the reaction 1- to the formation 
of 2deoxy-~-gluconic acid (2EA). No cleavage to &n dioxide takes place when a 
twenty-fold or higher excess of aldose over is employed. Kinetic c0mtant.s are 
in-ted in terms of the absence of an hydroxyl group at C-2 on the stability of the 
chromic ester farmed in the h t  reaction step. F m  radicals formed dunng the reaction 
convert to C m .  The latter species was detected by EPR measurements. 

INTRODUCTION 

Chromate, the dominant form of chromium(Vl) in neutral aqueous soluticms, 
mddy enters the cell using the cell's general anion transport system Once chromate 
trawrses the initial barrier of the cell membrane, it may be reduced by amino acids, ascor- 
bic acid, carboxylic acids, molecules cmtaining saydxyl p u p s  and assorted other small 
molecules.1-2 The metabolism of chromate involves the generation of reactive 
intexmediates which ultimately bind to cellular constituents and dmupt their fimction in 
the cell.3 Crorl) has a strong tendency to form chromic esters with substrates con- 
oxygen atoms, such as sugars and thiol groups, e.g. glutatbione.4-5 
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46 RIZZOTTO ET AL. 

Oxidation of ddkent aldoses with bows a diff6rence in the mpective 
oxidation rate, which could be attributed to the different anaugment of the hyhxyl 
p u p s  in the molecule.6 In these reactions, the complex fomed between and the 
sugar is the first step before the electron transfer, and the stability of the complex depends 
on the steric disposition of the hydroxyl groups. For example, comparing L-rhamnose and 
~ - m 8 ~ 0 9 e  oxidation, we observed that the kinetic equhbrium constant for chromic ester 
formation, K,, is 2.63 and 5.40, mpechvely. On the other hand, the oxidation rate 
wnstants of these esters show relative inverse values.6 

This difference could be attributable to the stability of the chromic esters if two or 
three hyhxyl groups are involved (OH h m  C-1 and C-2 (L-rhamnose), OH from C-1, 

Assuming that only some hydroxyl groups of the sugar wntribute to the formation 
and stabilktion of the c h m i c  ester previous to the oxidation process [in which Cron> 
bind OH of C-11, we can to expect that the stabilization of the chromic ester would be 
much lower with 2-deoxy-~-glucose (2DG) than with L-rhamnose or D-mannose due to the 
absence of OH at C-2.6 

In the present work we wish to demonstrate this hypothesis and to suggest a 

C-2 and C-6 (D--Ose)).6 

tentative reaction mechanism. 

RESULTS AND DISCUSSION 

Reaction Products. The concentration of was kept constant at 8.0 x 10-4 
M, while the deoxyaldose concentmtions were varied between 0.02 and 0.32 M, at a 
constant ionic strrength of 1.0 M, T= 50 "C. In the presence of excess of 2deoxy-~-giucose 
(2DG) w e t i c  wnditions), C02 was never detected when a slow stream of pure nitrogen 

was flushed h u g h  the m t i o n  mixture to sweep the carbon dioxide that might be 
produd into a barium hydroxide solution. 2-Deoxy-~-gluconk acid (2DGA) was the 
mayor oxidation product. 

Kinetic Results. The pseudo-first order rate constanta (the observed rate constants, 
& ) were determined h m  the hear part of the curve of In Abs vs. time. The table 
summarizes values of & for various concentrations of aldose at fixed concentrations of 
perchloric acid. Plots of vs. [2DG] at Wkrent fixed concentrations of hydrogen ion 
showed straight lines whch pass through the origin. The second-order rate constants, k,, 
were calculated from the slope of these straight lines. Plot of k, vs. [*I2 shows that the 
acidity dependence of k, c8n be written as follows: 

where = 2.38 x 10-3 s-1M-1 and kH= 5.03 x 10-2 s-1M-3. 
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CHROMIC OXIDATION OF 2-DEOXY-D-GLUCOSE. I 47 

Table. Pseudo-first order rate constants for the oxidation 
of 2deoxy-o-glucose by Crfvr) in acidic medium. 

x 104, s-1, for [HC104J, M, of 

[2DGlY M 

0.02 

0.04 

0.08 

0.12 

0.16 

0.20 

0.24 

0.32 

0.10 0.20 

2.43 

1.45 3.88 

1.92 5.18 

2.65 6.36 

3.45 8.33 

4.35 8.89 

5.63 

0.25 0.50 

6.33 

9.25 

6.03 15.28 

8.37 22.44 

11.68 27.41 

15.03 34.40 

18.23 38.10 

0.75 

10.46 

16.92 

27.03 

38.30 

50.93 

62.27 

76.74 

1 .oo 

15.26 

26.09 

46.52 

87.49 

113.27 

130.20 

aRate constants obtained from multiple determinations. 

T = 50.0 “C, [ C r o ] ,  = 8.0 x lC4 M, I = 1.0 M, h = 350 nm 

Acwrdmg to these results. the rate law might be expressed as: 

No spectrophotometric detection of at 750 nrn was observed, t h i s  

wavelength being typical of this intermediate7 in spite of the fact that the concentration of 
the mction mixture varies. Similar results were found when L-rhamnose and D-mannose 
were submitted to the same reaction Failure to detect this intermhte may be 
attributed to a low molar extinction coefficient for the CI(V) complex or to a low 
proportion of such complex at & caused by high rates of disappearance of Crcr> with 
respect to cro.6 
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48 RIZZOTTO ET AL. 

At present, the proposed mechanism for the oxidation of 2DG by C m  in acidic 
medium is postulated 88 follows: 

Qi 
(2) 2DG+cr(vI) = 2DG-crorI) 

I- 

(3) 1- - C r o + 2 D G A  
k2 

H+ Kt 
(4) I- - M -.+ - Cr(n3+2DGA 

k3 k4 kS 

According to this mechanism, the first step represents the formation of an anionic 
intermediate between C r O  and 2DG. This intermediate I- decomposes to the products 
through two parallel intramolecular two-electmn transfer steps to yield Cr(W and 2DGA 
(one of these patha being catalized by acid). 

Thw, if I- behaves as a steady state, under our kinetic umditim the rate law 
could be written as: 

 ME k,,=kk,k,k, 
In th-ls way, if 1 is the greater term in the denominator, eq ( 5 )  will be simplified to 

the experimentally observed foxm, where b= k2Q, and kH = k,Q,. 
Another mechanism which fit well with the experimental kinetic law is the direct 

m t i o n  between CrorI) and 2DG yieldmg the redox products through two parallel redox 
steps: 

(6) C r o + 2 D G  - C r o + 2 D G A  

Anyway, both mechammg denote that 2DG binds Cr(Vl) weakly, in accordance 
with no spectrophotometric nor kinetic indication of an ester formation 

After the slow redox steps equations 8,9 and 10 may take place: 

(8) crfIv)+2DG -cr@I)+2DG* 
(9) 2DG* + C r o -  Cr(V)+2DGA 
(10) cro3+2DG - C r o + 2 D G A  
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CHROMIC OXIDATION OF 2-DEOXY-D-GLUCOSE. I 49 

CrfIv) reects rapidly with another 2DG molecule afSordmg a fiee deoxyaldose 
radical (2DG ), whose existence was demonsbated through the polymerization of 
aaylonitrile added to the readion mixture. 

Radicals react with Cro?) to yield the oxidation product and which is 
finally reduced to Cr 0 by nxction with another 2DG molecule. 

No Crol) EPR signals were detected in the dilute solutions used for het ics  
measurements. The fact that no signals were observed does not necessarily mean that they 
were not v e n t .  It may mean that the sensitivity of the instrumentation used was not 
sufficient to detect the 0, at the concentration present. Given the high concentrations 
of chromium that were m p e d  to detect the signals in other experiments, we believe that 
it is higbly likely that C r O  was present in all the experiments, but that its signal was not 
detected due to low sensitivity of the measurements. When 2DG and C r O  saturated 
solutiona were used at pH =1.0 then appeared a signal at gb= 1.978, typical of C m  
intermedm+4-9 with a very low intensity. 

This signal grew in intensity at pH= 7.0, which is in agreement with the low 
oxidation nite observed as pH increases. This meam that the life time of the Criv)-com- 
plex increases as the proton concentnition is lowed. 

When aldoses are oxidized by Cr(WJ under the same experimental conditions, 
plots of vs. [aldose] at M e m t  acidities show curves saturated at bigh aldose 
concenbations,d re- that a kinetically rather stable coIlnp1Bx is formed between 
aldoses and Cr(Vl), with K p  2-6, at 33 "C. Even though several lmkage isomers might be 
famed by coordination of sugars with C x - 0  via any pair of properly disposed vicinal 
groups, it seems reasonable to think that C 1 -OH is involved in the redox steps precursor 
complex. Thus, in aldoses, C2-OH favors stabilization of a five member ring complex with 
C r o ,  On the other hand, for ZDG, the absence of a hydroxyl group at C2 compels the 
sugar to bind C r o  through the anomeric OH only and, as a consequence, its ability to 
stabilize C r o  [and eventually ( 3 0 1  is reduced; a fact which explains the difference in 
the kinetic behavior. 

EXPERIMENTAL 

Materials and Methods. 2-Deoxy-~-glucose (2DG) (Sigma) and potassium 
&chromate (BDH), were used without further purification. Stock solutions of percblonc 

acid were prepared from 7wo perchloric acid (Mexk, AR) and were adyzed by titration 
employing standard analyt~cal methcds.10 Murhnes of sodium perchlorate and perchloric 
acid were used to maintain a wnstant ionic strength of 1.0 M at Mkrent hydrogen ion 
CancentratiOns. Aqueous solutions were prepared in doubly distilled water. 
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50 RIZZOTTO ET AL. 

Fig. The EPR signal of a mixture of 2DG 
and Cr(Vl) 4 min after mixing. 2:l mole 
ratio, pH= 7.0, T= 25 "C. 

Kinetic Measurements. Rates of disappearance of Cr(Vl) were measured speclro- 
photometrically at 350 nm with a Gilford Response II spectrophotometer with fdly 
thermostated cell compartments, usmg a 1 em path-length cell. The substrate is trampamnt 
at t h i s  wavelength,andneitherCr(m) nor theoxidized products has any appreciable 
absorption at h s  wavelength. The concentration of Cr(VI) was kept constant at 8.0 x 10-4 
M, while the aldose concentration was varied between 0.02 and 0.32 M (ratios of (aldose]/ 
[CrcvI>] h m  25 to 400). Each reaction was initiated by addition of potassium dichromate 
solution to 2DG solution containing the required amount of substrate for the desired 
2DG/CrO mole ratio. 

Product Analysis. Oxidation products were identified by paper chromatography 
which was performed in the deacendmg mode with Whatman no 1 paper and l-butanol- 
acetic acid-water in three M h n t  relationship (4: 1 : 1, 4: 1 :5 and 4:3 :2) as elutmg solvent, 
being the reference an authentic sample of 2 d e o q - ~ - g l ~ n i c  acid. Spots were detected by 
employing alkaline silver nitrate,l1 60% perchloric acid in acetone12 and p-anisidine 

Free Radicals Detection A solution of potassium dichmate (1 .O mi, 1 .O M) in 
0.5 M HC104 was added to a mixtUre of 2deoq-~-glucose (1.0 ml, 0.6 M) in M HC104 

reagents.13 
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and acrylonitrile (1.0 ml) at 50 "C. After 30 min a white precipitate of a polymer appeared 
slowly. The control experiment (no deoxyaldose or oxidant agent present) did not show the 
formation of precipitate. 

EPR Spectroscopy were recorded on a Bruker spectrometer model ER-200. The g 

valuea were measured by reference to diphenylpicrylhydracyl ( DPPH, g= 2.0036). Spectra 
were acqumd at a bquency of ca. 9.8 GHz, with a center field of 3550 G, modulation of 
100 kHz (amplitude: 5.0 G), sweep width of 200 G. The cavity and sample were kept at 
25 "C. Aqueous neutral solutions saturated with Cr20?- and 2DG were used for Cr(V) 

detection. 
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