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Reactivities of b-Mannitol and Related Alcohols toward Chromium(VI) and Chromium(IV)

Joaquin F. Perez-Benito,* Conchita Arias, and Rosa M. Rodriguez

Departamento de Quimica Fisica, Facultad de Quimica, #énsidad de Barcelona, Marti i Franques, 1,
08028 Barcelona, Spain

Receied: May 18, 2000; In Final Form: December 7, 2000

The kinetics of the reactions between Cr(VI) and a homologous series of reductants, formeegCiy @htl
polyalcohols of the type C¥dH(CHOH),-.CH,OH with n = 2—6, have been studied in perchloric acid
aqueous solutions. The rate law was= k4 Cr(VI)][alcohol][H T]2. The activation parameters were in the
rangeAHS = 37.4-43.1 kJ mof! andAS. = (—168) — (—139) J K’ mol™. The reactions were inhibited

by the Cr(IV)-trapping agent Mn(ll), and this effect was used to obtain the rate constants for the 2-electron
reduction of the intermediate Cr(lV) by the alcohoks € 52.2-166 M* s%). A mechanism is proposed
according to which Cr(VI) is reduced by the alcoholroarbon atoms through(n +1)/2 different reaction
pathways involving chromate monoesters and diesters as intermediates, whereas Cr(lV) is reduced through
reaction pathways by direct hydride-ion transfer.

Introduction Experimental Section

Recently, Espenson and co-workefsave revised the general Materials and Methods. The solvent was water previously

mechanism for the reactions of chromium(Vl) with many . ifieq by deionization, distillation, and circulation through a
organic su_bstrates in acidic aqueous solutions, .sho.wmg that’MiIIipore system. The oxidant in our media was predominantly
although discarded for a long time by most chemists |nterestedin the form of monomeric Cr(Vl) (HCr@), obtained by

in those reactions, one of the original mechanisms proposedissoytion of KCr,0;. The six reductants studied belonged to
half a century ago by Westheinias actually the predominant a homologous series of alcohols formed byl (methanol)

reaction pathway. In that mechanism the organic substrate 0o\ 2icohols of the tvpe GBH(CHOH),_,CH,OH with
behaves toward both the reactant Cr(VI) and the intermediaten _ 2p(e¥hylene glycol), 3 éﬁycerol),(zb(-thre)i}ozl), 52(adonitol)

Cr(IV) as a 2-electron reductant. We confirmed by an inde- . : .
o . and 6 p-mannitol), and their agueous solutions were prepared
pendent method the validity of that mechanism for the Cr(v1) right before their use. The acidity of the solutions was controlled

i i i i$.5 ,6
oxldatlonsdof forrglc acid; flormhg:gehydé,h and sc:vera(lj by means of HCIQin concentration low enough=(0.395 M)
primary and secondary monoaico ow We have contirme to be almost completely dissociated. The ionic strength was

that the same mechanism applies to a family of polyalcohols. A
. . controlled by the use of NaClOThe inhibitor used was MNnSO

On Fhe other hand, alth.ough. the reactions of Cr(V1) with most All the inorganic substances used were obtained from Merck

organic substrates are inhibited by Mn(lIfor some poly- . .
. . . . : : and the organic ones from Sigma.

hydroxylic compounds (including-hydroxyacids dicarboxylic . . .
acids8 and the saccharide-ribosé?) catalysis by Mn(ll) has The reactions were monitored in thermostated quartz cuvettes
been found. However, for the Cr(VI) oxidation of the family of ~ (Path length 1 cm) at one of the absorption maxima correspond-
polyalcohols studied in the present work Mn(ll) acts in its usual N9 t0 HCrQ™ (352 nm) using a Varian Cary 219 UWis
role as an inhibitor, thus suggesting that its role as catalyst is SP€ctrophotometer. The kinetic study was complete for the
specific of those polyhydroxylic organic reductants capable of Cr(V1) oxidation of o-mannitol, whereas for the oxidation of
stabilizing Mn(lll) as an intermediate. the other alcohols only those aspects for which a significant

We were especially interested in the reaction between Cr(V1) difference with the behavior ob-mannitol was expected
and mannitol because the latter has been shown to suppress théstoichiometry, inhibition by Mn(ll), and activation parameters]
Cr(VI) toxicity in vivo toward a catalase-defective bacterial Were studied.
strain, and it has been suggested that the effect of mannitol is  Stoichiometric Experiments. For each alcohol 20 reacting
due to its capability of acting as a hydroxyl radical scavenger, mixtures with [HCrQ], fixed and [alcoholj variable were
rather than to a direct interaction between Cr(VI) and man#itol.  prepared and introduced in hermetically closed vials. Due to
According to this hypothesis, hydroxyl free radicals generated the extreme slowness of the reactions under dilute reductant
in the intracellular metabolization of Cr(VI) (probably involving  conditions, they were allowed to progress in the darkness and
biologically important substances such as ascorbic *¥cid, at room temperature for at least 378 days, and then the final
glutathione!? or hydrogen peroxidé) might play an important absorbances of the solutions at 352 nm were measured.

role in the expression of chromate-induced toxicity and car-  Kinetic Experiments. Each kinetic run was followed until

cinogenesid® The results found in the present work indicate 250 of the reaction was completed. The absorbance-time data
that Cr(VI) and mannitol do not interact appreciably at physi- were fitted to a function of the type

ological pH, thus supporting the free radical hypothesis.
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0.7 TABLE 1: Dependence of the Number of Electrons
Transferred to Cr(VI) on the Number of Carbon Atoms per
Molecule of Organic Substrateé

carbon atoms/

3 molecule number (Qexs’ number (€)mas
< 1 5.7 6
' 2 8.6 10
< 3 12.0 14
‘:’ 4 16.5 18
- 5 19.8 22
6 23.3 26
a[Cr(V)]o=1.02x 1073 M, [HCIO4] = 0.366 M, room temperature.
. | . b Experimental values.Maximum possible values corresponding to the
0.3 0 55 110 oxidation processes: H21+20n + NH,O — nCO; + (4n + 2)H +
. . (4n + 2)e.
Time / min
Figure 1. Attempted pseudo first-order plots for the reaction of Cr(VI) 3
(1.28 x 1073 M) with b-mannitol (6.65x 10-2 M) in the presence of
HCIO, (0.366 M) at 25.0C, and at [MnSG] = O (circles) and 2.4& L
10 M (triangles). The solid lines are the fits of the experimental data
to a function of the type given in eq 1, whereas the dashed lines -
represent the tangents to the experimental curves atirie E 2
1.6 . . —T— . P L
—
S~
~ >O 1 —
g |
o
N L
L %5 33 26
8 . 0 ) | log ([CRCVD], /M)
=
£ 0 1 2
o K
2 ] [Cr(VD], /107 M
< Figure 3. Dependence of the initial rate on the initial concentration
of Cr(VI) for its reduction byp-mannitol (1.66x 1072 M) in the
. . o presence of HCIQ(0.366 M) at 25.0°C. Inset: Double-logarithmic

0.0 . ;
0.00 0.05 0.10 0.15 0.20 0.25 plot of v, vs [Cr(VI)]o; slope= 1.05+ 0.02.
[D-mannitol], / [Cr(VD)],

Figure 2. Dependence of the final absorbance at 352 nm on the
reductant/oxidant initial concentrations ratio for the reaction of Cr(VI)
(1.02 x 1073 M) with b-mannitol in the presence of HCI®0.366 M)

at room temperature. The dashed line represents the tangent to the curve
at [o-mannitol}, = 0.

was calculated as

3|slopé
ACr) — Ac™

number (€) =

)

where A(C'") and A(Cr'") are the absorbances at 352 nm
corresponding to Cr(VI) and Cr(lll), both at the same concentra-
tion (1.02 x 10-3 M). The same procedure was followed for

and the initial rate was obtained as = —a[Cr(VI)] . TwO
typical examples of the fits used to obtain the initial rates are
shown in Figure 1. All the experiments were duplicated (850 . :
kinetic experiments in total), and the kinetic data appearing in the reacpons of Cr(VI) with the other alcohols and the resuits
this work are the averages of the two determinations. The typical appear in Table 1.

standard deviation of the initial rate wa<0.4%. Kinetics. As demonstrated by the dependence of the initial
rate on the initial oxidant concentration (Figure 3), the oxidation
of b-mannitol was of first order in Cr(VI). However, the pseudo
first-order plots (under a large excess of reductant) showed a

by the six different alcohols was Cr(lll), identified by its two ~the second half-life for some experiments was calculateg-s

weak bands in the visible region of the Spectrlﬂrma((ylz 412 (t3/4_t]_/2), Wheret1/2 andt3/4 are the time intervals required for
+ 3 nm,e; = 20.3+ 0.8 ML cm ', andAmax2= 572+ 4 nm, the destruction of 50% and 75% of the initial Cr(VI). Although

€2=17.34 0.9 M2 cm1).24|n Figure 2, the final absorbances for a perfect pseudo first-order reaction that ratio is unity, we
at 352 nm corresponding to different reductant/oxidant initial found ratios higher than unity. This means that the reaction
ratios for the reduction of a fixed concentration of Cr(VI) by a showed a self-catalytic behavior, since the rate decreased more
variable concentration af-mannitol are shown. Given the mild ~ slowly than the Cr(VI) concentration did. The ratio values
curvature of the plot, indicating that even after more than one approached the limit expected for a pseudo first-order reaction
year from the beginning the reaction was not totally completed, as the reductant/oxidant initial concentrations ratio increased
the tangent to the curve at [reductartj O was drawn, and, (Figure 4), whereas addition of Mn(ll) resulted in an increase
from the absolute value of its slope, the number of electrons of the ratio values (Figure 4, inset). Some degree of self-catalysis
transferred from each molecule of organic substrate to Cr(VI), was observed for the reactions of Cr(VI) with the six alcohols
under conditions of excess oxidant with respect to reductant, studied.

Results
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Figure 4. Dependence of the first half-life/second half-life ratio on

h = ' - Figure 6. Effect of the hydrogen ion concentration on the second-
the reductant/oxidant initial concentrations ratio at [HgI& 0.366

! : - order rate constank{ = ki/[p-mannitol},) for the reduction of Cr(VI)
M and 25.0°C. Squares: [Cr(VI)] = variable, p-mannitol}, = 1.66 (7.68x 1074 M) by p-mannitol (1.66x 10-2 M) at ionic strength 0.395

x 1072 M. Triangles: [Cr(VI)p = 1.28 x 10°* M, [p-mannitol, = M (NaClO,) and 25.C°C. Inset: Double-logarithmic plot o6 vs [H*];
variable. Inset: Dependence of the first half-life/second half-life ratio gjope= 1.95+ 0.01.

on the concentration of MnSat [Cr(VI)], = 2.56 x 10* M and

[D-mannitol}, = 1.66 x 1072 M. (Figure 8, inset):

3.7 a
= nany T © ©®)

1+b [alcohol]

A
o

.
log (ky/s™)

The fourth-order rate constants for the six reactions studied
fulfilled both the Arrhenius (Figure 9) and Eyring (Figure 9,
right-hand inset) equations. The activation parameters deter-
mined for the different alcohols appear in Table 2. For the
reaction of Cr(VI) with b-mannitol, a slight decrease of
parameteb’ with increasing temperature was observed (Figure
9, left-hand inset), the apparent activation energy associated to
that parameter beindE; = —11 4+ 6 kJ molL.

A
N

7]
<
.25 -1.95 -
9 1+ log ((D-mannitol] ./ M)
e~
-~

i L L
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: -2
[D-mannitol], / 10 M Mechanism.The experimental results found in this work are

Figure 5. Dependence of the first-order rate constant on the initial consistent with the following mechanism for the reactions
concentration ob-mannitol for its oxidation by Cr(VI) (1.2& 103 studied:
M) in the presence of HCIO(0.366 M) at 25.0°C. Inset: Double-

logarithmic plot ofk; vs [p-mannitol}; slope= 1.03+ 0.01.

Discussion

K
HCrO, + H" ==H,Cro, (6)
The rate law found (supported by the data shown in Figures K,
3, 5,and 6) was R;R,CHOH + H,CrO, = R;R,CH—0—CrO,H + H,0
7

d[Cr(VI "
o _( [ d(t )])t—o: kCr(v)] falcoholl{H']? (3)  R,R,CH-O—CrOH + H' == R,R,CH-O—CrOH," (8)

Ky
+ _ +
whereks is the experimental fourth-order rate constant, and for RiReCH=O—Cro;H," — 2= R|R,C=0 + HCrO,” + H,0

which a decrease with increasing ionic strength was observed 9)
(Figure 7). n ‘. "
The reactions of Cr(VI) with the six alcohols were inhibited HCro, +H Cro™ + H,0 (10)

by Mn(ll) (Figure 8), their first-order rate constant (defined as . K, "
ki = vo/[Cr(VI)] ) depending on the concentration of inhibitor Cro** + R;R,CHOH— crt + R,R,C=0+H,O (11)
according to the law " "

CrP" + Cr(VI) — Cr*" + Cr(V) (12)

- a Cr(V) + RR,CHOH—Cr¥" + RR,C=0 (13
K, 1+b[Mn(II)]+C 4) (V) + RiR, 1Ry (13)
Considering the relatively low acidity used in this work ¢{[H
where b, the parameter measuring the efficiency of the in- < 0.395 M), Cr(VI) was present in the solutions predominantly
hibitor, was roughly independent of the initial concentration of as hydrogenchromate ion. However, a small amount was present
oxidant but inversely proportional to that of reductant as chromic acid (eq 6), which is the active oxidizing agent, given
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Figure 7. Effect of the ionic strength on the fourth-order rate constant ] T )
for the reduction of Cr(VI) (7.68< 10~4 M) by p-mannitol (6.65x Figure 9. Arrhenius plot for the reduction of Cr(VI) (1.28 107% M)
1072 M) in the presence of HCI£X(9.87 x 1072 M) at 25.0°C. Slope by p-mannitol (9.98x 1073 M) in the presence of HCI(0.366 M) in
= —0.53+ 0.02 M2 the range 15.635.0°C. Right-hand inset: Eyring plot under the same
conditions. Left-hand inset: Effect of temperature on parantetender
the same conditions and [MngJC= 0—3.61 x 104 M.
1.55 é log ([D-mannitol], / M) [
5.000°2 -1.9 , -1.6 TABLE 2: Dependence of the Activation Parameters for the
Reduction of Cr(VI) on the Number of Carbon Atoms per
. Molecule of Organic Substraté
= 1.40 < carbon atoms/
< Sars | ] molecule  EjgkJmofl  AH/kImol?  AS/I K 'mol?
= b o 1 446+ 0.3 42.1+ 0.3 —-168+1
\_ = o 2 45.6+ 1.3 431+ 1.3 —149+ 4
<1 25 o 3 426+0.7  40.1+£0.7 ~149:+ 2
' 4.50 . ® 4 40.8+£0.7  38.3+0.7 ~144+ 2
-3.8 -3.2 2.6 5 39.9+0.3 37.4+0.3 —139+1
i log ([Cr(VD1./ M) 6 40.8£ 0.5 38.3+ 0.5 —139+2
. | . 2The activation entropies are associated to the fourth-order rate
1-1% 0 25 50 constant (in M2 s™%) and referred to th 1 M standard state.
-4 .
(MnSO4] / 10° M pivaldehyde, that behave as 1-electron reductarithe forma-

Figure 8. Effect of the concentration of MnS@n the first-order rate  tion of the final inorganic product, Cr(lll), occurs both by
constant for the reduction of Cr(VI) (1.28 103 M) by p-mannitol oxidation of Cr(ll) by Cr(VI) (eq 12) and by reduction of Cr(V)
(1.66 x 1072 M) in the presence of HCIE(0.366 M) at 25.0°C. The by the organic substrate (eq 13).

solid line represents the fit of the experimental data to eq 4. Inset: The rate law deduced from the proposed mechanism is

Dependence of parameteron the initial concentrations of Cr(VI) ; . . _
(emply circles, slope= 0.06 + 0.04) ando-mannitol (filled circles, consistent with eq 3, the experimental fourth-order rate constant

slope= —0.87 + 0.08). being

its low electron density compared with that of HGrOIn eq ky = 2K\K; Ky Ky (14)

7 an esterification reaction between the alcohol and chromic

acid is proposed, and spectrophotometric proofs of the formation For the six alcohols studied the number of electrons transferred
of such esters have been reportéd Protonation of a to Cr(VI) from each molecule of organic substrate was only
chromium-bonded oxygen atom (eq 8) destabilizes that esterslightly lower than the maximum value expected for a complete
by decreasing the electron density of the chromium moiety, thus oxidation (Table 1). Therefore, the main product of oxidation
enhancing the oxidizing power of chromium. As a result, the of the alcohols by excess Cr(VIl) was @O hus, under those
ester suffers an internal redox process in the rate-determiningconditions, the carbonylic compounds (aldehydes and ketones
step (eq 9), leading to the formation of a carbonylic compound formed, respectively, from the oxidation of terminal and
and Cr(IV). The cleavage in that step of the-B bond of the nonterminal alcohol groups) generated in the initial stages of
organic substrate situated at theposition with respect to the  the reactio® must be considered as long-lived intermediates,
alcohol group is consistent with the primary deuterium isotope eventually oxidized by the excess of oxidant, rather than as true
effect reported for the oxidation of alcohols by Cr(VI) when reaction products. However, this conclusion cannot be applied
that bond is replaced by-€D.18 The predominant form of the  to the conditions corresponding to the kinetic experiments, where
intermediate Cr(IV) in acidic media, oxochromium(lV) iéiis a large excess of reductant was used in most cases.

formed in a fast step (eq 10). The 2-electron reduction of the In fact, the self-catalytic behavior observed in the absence
latter by the organic substrate leads to Cr(ll) (eq 11), whose of Mn(ll) was caused by the accumulation of intermediate
formation is supported by the spectrophotometric detection of aldehydes, given the higher reactivity of the latter toward Cr(VI)
superoxochromium(lll) ion, CrO®, when Cr(IV) is reduced with respect to that of alcohols. This hypothesis agrees with
in oxygenated acidic aqueous solutions by most organic previous interpretation¥;2°21as well as with our finding that
substrates (with a few exceptions, such as cyclobutanol andthe deviation from a pseudo first-order behavior was controlled
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TABLE 3: Dependencies of Parametert’ and the Rate 2.3
Constants for the Reduction of Cr(VI) and Cr(IV) on the ~ 22}
Number of Carbon Atoms per Molecule of Organic oA L
Substrate? -~ 21r
carbon atoms/ ke (CM)/ ko (CPV)/ E 201
molecule 103D 104M3s1 M-1lst R R0
1 2.08 4.31 5212 w 18F
2 1.53 28.9 714 2 7L
3 1.30 90.3 836 L,
4 0.98 383 119
5 0.76 926 1438 —~
6 0.65 678 166 w 5|
2[HCIO,4] = 0.366 M, 25.0°C. ® Taken from ref 2¢ Obtained from 2 I
the b’ values determined in this work, taking as reference the value ~ 22
corresponding to methanol. g L
% -2.9r
by the [reductant][oxidant], ratio, as illustrated in Figure 4 - -

for two different series of experiments (one with [Cr(\l)] -3.6 Y
constant andd-mannitol}, variable, and the other with [Cr(V] c v 2 3 4 5 6 7
variable and-mannitol}, constant). The self-catalysis decreased Carbon atoms / molecule

as that ratio increased because the intermediate aldehyddigure 10. Dependence of the rate constants for the reduction of Cr(1V)
competed with the reactant alcohol. (up) and Cr(VI) (down) on the number of carbon atoms per molecule
P of organic substrate at [HCp= 0.366 M and 25.0C.

Effect of Manganese(ll). The rate law found for the

inhibition of the reactions by Mn(ll) (eq 5) suggests that the 5 reqyction of Cr(IV) by-mannitol was slightly higher than

latter and the alcohol compete for the same species. This Mustya+ for its reduction by Mn(ll) Eayi — Eay = —11 + 6 kJ
be the intermediate Cr(IV), given the well-known ability of mol1). ' '
Mn(ll) to act as a trapping agent for that intermediate: On the other hand, besides its inhibition effect on the initial

rates, addition of Mn(ll) to the solutions had a second effect on
Cro?™ + Mn?t + HZO& crt + Mn®t + 20H (15) the rea}ctions, since it resulted in an en.hanc.:ement of their self-
catalytic character. We suspect that this might be caused by a
soluble form of colloidal manganese dioxide (known to have a
self-catalytic effect on many permanganate reacti@ris)med
from the dismutation of Mn(lll) and destroyed by a 2-electron
reduction by the organic substrate:

Now, assuming that Cr is in steady state, we obtain eq 5
witha=c= K Ky Ky k|v[E:1|COhO|][H+]2 andb' = kv|/kv. The
experimental values obtained for paramet@msnd c were of
the same order of magnitude, but wiah< c in all cases. This

means that Mn(ll) was a less efficient inhibitor than expected .
from the mechanism proposed, and it can be easily explained 2Mn(lil) = Mn(iT) + Mn(1V) (16)
if we consider that, although most of the?Crformed in the Mn(IV) + R,R,CHOH— Mn(ll) + R,R,C=0 (17)

absence of Mn(ll) is oxidized by Cr(VI) (eq 12), some?Cr

may also be oxidized by either Cr(IV) or dissolved,Dbut Since the contribution of the intermediate Mn(IV) to the solution

onlly the path of dlsappea_ranqe of*Creorresponding to. the absorbance is caused by dispersion rather than by absorption
oxidation by (;r(VI) can be |nh|b|t.ed by Mn(ll).. They/ky ratios ., of light, that contribution for a given colloidal particle size
were determined fpr the oxidation of the six alcohols St_Ud'ed decreases as the wavelength of the radiation increases, and for
and, used along with the value ky reported for the reaction 5 4iyen wavelength it decreases as the colloidal particle size
between Cr(IV) and methanlwe obtained the values df, decrease®® Under the acidic conditions of our work, the

for the different alcohqls. Those values are given in Table 3in oq,ction of Mn(IV) by the alcohol (eq 17) kept the size of the
the form of the experimental second-order rate constants for .| gigal particles small enough, so that their contribution to

the reactions between Cr(IV) and the different alcohkjs< the absorbance could be considered negligible. Actually, for the
vI[Cr(IV)] [alcohol]). The dl_fference between the theoretlcal rate experiments done in the presence of Mn(ll), well-behaved,
constant fo_r these reactionky, and the experimental rate perfectly uniform kinetic plots were obtained (Figure 1).
constantky, is that, whereas the former refers to the elementary *  yigation by Cr(VI): Effect of the Alcohol Molecular
step corresponding to a single pathway (eq 11), the latter refersgyycture. The logarithm of the rate constant increased linearly
to the global value obtained from the combination of the \yith the number of carbon atoms of the alcohol for the oxi-
reaction pathways involved in the oxidation of the alcohahof  yation by Cr(IV) (Figure 10, up), whereas for the oxidation by
carbon atoms by Cr(IV). Cr(Vl) a curve was obtained (Figure 10, down). A striking
The value obtained fdt, was 1.09x 1° M~ts™% ingood finding was that the reactions with Cr(VI) were much more
agreement with the one previously reportethat value, much  sensitive to the alcohol molecular structure than their Cr(1V)
higher than those obtained f&y in the six reactions studied,  counterparts. An increase of the number of carbon atoms from
indicates that the reduction of C#Oby Mn?* (electron transfer, 1 to 6 resulted in a 150-fold increase in the rate of oxidation by
eq 15), despite involving the encounter between two like-charged Cr(VI) but only a 3-fold increase in the rate of oxidation by
ionic reactants, is more favorable than the reductions oCrO  Cr(IV) (Table 3).
by the organic substrates (hydride-ion transfer, eq 11). Thiswas An explanation can be pointed out by considering the number
confirmed by the finding that, in the case mimannitol, from of reaction pathways involved. In the case of the oxidations by
the dependence of paramekton temperature (Figure 9, left-  Cr(VI), if we assume that only monoesters between the alcohol
hand inset) it could be inferred that the activation energy for and chromic acid can be formed (as indicated in eq 7), the
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number of reaction pathways would equal the number of carbon
atoms in the alcohol. However, if cyclic Cr(VI) diesters are also
involved, the number of reaction pathways would increase. Their
formation and destruction (illustrated for the case of 1,2-diesters)
would be as follows:

R;—HC CH~R;
0 0
R,CHOH-CHOHR, + H,Cr0, S \Cr/ + 2H,0 (I8)
o/ \o
RI—ch (|2H—R2 Ri—HC CH—R,
N S spe K N 9
Cr, Cr
o/ \o o/ \6H
Ri—HC CH—R
1 (I)J cl) 2
\’zr/ —E 5 R,CHO + R,CHO + HCIO;* o)
o/ \b\éﬂ

J. Phys. Chem. A, Vol. 105, No. 7, 2001155

One might attempt to go on with the approximations and to
assume that the equilibrium constants for the formation of the
esters K, or Ky;) and the rate constants for their redox
destruction Ky or kix) are roughly independent of the reaction
pathway and the alcohol considered. Since the total number of
reaction pathways for the oxidation of the alcoholhatarbon
atoms isn(n + 1)/2, the ratio of the experimental fourth-order
rate constants for two consecutive alcohols in the homologous
series should then Bg/kspn-1 = (n + 1)/(n — 1), and the values
expected for that ratio as increases from 2 to 6 would
successively be 3.0(6.7), 2.0(3.1), 1.7(4.2), 1.5(2.4), 1.4(0.7),
the numbers between parentheses being the respective experi-
mental values (Table 3). The latter are notably higher than the
theoretical approximate values in all cases but for the last couple
of alcohols.

Therefore, we must conclude that the products of equilibrium
and rate constants appearing in eq 22 are actually strongly
dependent on the particular reaction pathway and alcohol
considered. Moreover, since in the homologous series studied
each carbon atom supports an alcohol group and, due to its
electron-withdrawing character, each OH group is expected to
exert a negative effect on the reducing power of the other alcohol

The structure proposed for those 1,2-diesters keeps a closgyroups belonging to the same molecule of organic substrate (this
resemblance with that of the cyclic Mn(V) diesters proposed point has been experimentally proved from Taft plots for the
as intermediates for the oxidation of alkenes by permanganatecr(v) oxidation of two different series of primary alcoh#i&),

both in aqueous medihand in organic solvent¥.

The finding that the reactivity of the organic substrate toward
Cr(VI) increased dramatically as its number of carbon atoms
(and of alcohol groupsy ) increased (Table 3) suggests that
not only monoesters, but also 1,2-diesters, 1,3-diestersn-.., 1,
diesters (up to the 1,6-diester in the casepahannitol) are
formed between the alcohol and chromic acid. According to

this hypothesis, the expression deduced from the proposedt

mechanism for the fourth-order rate constant corresponding to
the oxidation of the alcohol af carbon atoms by Cr(VI) in the
absence of Mn(ll) would be

n n—1

Ken=2K\() Ky i Ky iky,i + K\l/’IIZ,i
£

n—2
13 13 11,3
KVII,i KVIII,i X,i

1,2
KVIII,i

ks +

+ . KUK K (21)

where the first term between parentheses corresponds to the

the rate constant for the rate-determining step of each reaction
pathway kv or kix) is expected to decrease as the valua of
increases. Hence, the equilibrium constants corresponding to
the formation of the ester intermediatel§, (or Ky, ) must
increase a® increases.

This hypothesis can be understood if we accept that the
quilibrium constant for the formation of the monoesters is lower
han those corresponding to the diesters, and that the latter
increase as the separation of the two carbons supporting the
chromate group increases tddi(< Ky < Kb < ... < K{j).
The formation of a second-80—Cr bond between the organic
substrate and the oxidant would presumably render the structure
of the ester more stable toward hydrolysis, because the electron
withdrawing effect caused by the chromate moiety would be
shared by two carbon atoms instead of being supported by just
one. Moreover, the ester intermediates are expected to be more
stable toward hydrolysis as the separation between the two
carbon atoms bonded to the chromate group increases, due to
the higher separation between the partial positive charges

e

reaction pathways involving monoesters, the second term to thegenerated by that group on the two carbon atoms.

n — 1 pathways involving 1,2-diesters, the third term to the

— 2 pathways involving 1,3-diesters, and successively so until
the last term corresponding to the only pathway involving a
1n-diester.

At 25.0°C, the experimental rate constant for the oxidation
of 1-propanol by Cr(VI) differs from that for the oxidation of
2-propanol in less than 10%Thus, for the same organic
substrate and for Cr(VI) esters of the same type, the product of
two equilibrium constants and one rate constant appearing in

eq 21 right after each sum symbol is not expected to change

very much from one alcohol group to another. Moreover, the
equilibrium constant for the protonation of a chromium-bonded
oxygen atom belonging to either a monoestqji Y or a diester

(Kvii) intermediate is not expected to depend much on the

Summarizing, we explain the dramatic increase found for the
reactivity of the alcohol toward Cr(VI) as the value af
increases by the combined result of two different effects: the
increase of the number of reaction pathways involved in the
mechanism and the possibility of formation of diester intermedi-
ates more stable toward hydrolysis. Thus, although it has been
discussed if the Cr(VI) oxidation of diols takes place via acyclic
chromate monoester or cyclic chromate diester intermediétes,
our results with polyalcohols strongly suggest that both types
of intermediate are involved in the mechanism.

The activation enthalpy decreasedrascreased with two
exceptions, corresponding to the oxidations of methanak (

1) and p-mannitol fi = 6) (Figure 11, up). The activation

particular reaction pathway considered. Hence, at least as a€Ntropy increased linearly as increased, but the value for

rough approximation, we can write

Ky = 2K K} [nK; Ky + (n — :I-)K\l/ﬁkfl)'(2 +(n— Z)K\l/'l?kllks"'
.+ KUK (22)

methanol was much lower than expected from the linear plot
(Figure 11, down). It is interesting to notice that the activation
parameters obtained for the Cr(VI) oxidation of the mono-
saccharideo-ribose AH2. = 40.14 0.6 kJ mot! andAS. =
—155+ 2 J K1 mol™1)10 are very close to the ones obtained
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Figure 11. Dependence of the enthalpy (up) and entropy (down) of
activation for the reduction of Cr(VI) on the number of carbon atoms
per molecule of organic substrate.

in this work for the member of the homologous series with the
same number of alcohol groupsL¢threitol, AH2 = 38.3 +

0.7 kJ moft and AS. = —144 4+ 2 J K1 mol™), although
both activation parameters are slightly less favorable for the
reaction in the case afribose. This difference might arise from
the cyclic structure of the latter.

Perez-Benito et al.

p-mannitol might present a folded, stable conformation with
an O-H hydrogen bond between the two terminal alcohol
groups. Spectroscopic evidences of the existence of intramo-
lecular hydrogen bonds between alcohol groups in the gauche
conformation of ethylene glycol and in tibe-conformation of
2,3-butane diol have been report&df that hydrogen bond
between the two terminal alcohol groups mfnannitol does
actually exist, the formation of the chromate ester intermediates
involving one or both groups would require the cleavage of that
hydrogen bond. This would be especially relevant in the case
of the highly stable toward hydrolysis 1,6-diester, thus explain-
ing the small increase in the value &AHS. for the oxidation of
p-mannitol with respect to that for adonitol.

Alternatively, the increase in stability of the 1,6-diester
intermediate for the oxidation af-mannitol as compared with
the 1,5-diester for adonitol might be of small quantity given
that the separation between the twe @—Cr bonds in the latter
is already high enough. Hence, it might occur that the increase
of the equilibrium constants for the formation of the diesters
(Kvi in eq 22) whenn increases from 5 to 6 was not high
enough to compensate the decrease of the rate constants for the
redox destruction of those intermediatés) caused by the
accumulative electron-withdrawing effect of the OH group
added.

The value of AHZ for the oxidation of methanol seemed
also not to follow the general tendency of the family of reactions

The enthalpy vs entropy of activation plot for the homologous ¢\ qied (Figure 11, up). More remarkably, the valueA®

series studied was not linear. This contrasts with the situation

ordinarily found in chemical kinetics, since the enthatpy

entropy plots for most reaction families are linear, although some

of those correlations might be provoked by the fact that the
experimental errors iAHS. and AS.. for a particular reaction
are not independe#t:2® Moreover, for most reaction families

there is a compensation effect between the activation parameter.

(either bothAH2 and AS increase or both decreaséy°
However, for the Cr(VI) oxidation of the homologous series of

alcohols studied in this work there seemed to be an anticom-

pensation effect, since an increase in the valua t#d to a
decrease ofAHZ in most cases, whereaAS. increased

seemed exceptionally lower in comparison with those corre-
sponding to the other five alcohols (Figure 11, down). This is
in keeping with the reports that the rate constant for the Cr(VI)
oxidation of methanol does not correlate well (too low) with

those corresponding to two different series of primary mono-
alcohols?%2tand it might support the hypothesis that the redox

Sestruction of the ester intermediate for the Cr(VI) oxidation

of methanol follows a slightly modified reaction pathway with
respect to the one applicable to the other alcofidisterestingly
enough, the rate constant for the oxidation of methanol by
Cr(IV) correlates very well with those corresponding to the
reactions of other primary monoalcohols with the same oxi-

(Figure 11). This can be understood on the basis of eq 22. Given 45,31

that the factorsy, n — 1, n — 2, ..., 1 corresponding to the
number of reaction pathways involving each type of ester
intermediate are independent of temperature, when applying th

Oxidation by Cr(IV): Effect of the Alcohol Molecular
Structure. Given that Cr(IV) is predominantly present in acidic

; . ; €aqueous solutions as the oxochromium(1V) ion, &rOthat
Eyring equation they appear lumped together in the value of

cannot form ester intermediates with the alcohols as chromic

AS., thus counteracting the decrease of that magnitude usually 54 can, the second-order rate constant for the oxidation of

associated to a decreaseAiflS. Thus, the increase &S.. as

nincreases is caused by the parallel increase in the number o

reaction pathways involved, whereas the decreaseé\ldf
found in most cases whem increases is consistent with our

hypothesis that an increase of the number of carbon atoms in
the organic substrate opens the possibility for the reaction to

follow more favorable reaction pathways.

The value ofAHZ for the oxidation ofo-mannitol fi = 6)
seemed not to follow the general tendency of the family, since
it was a little higher than that corresponding to adonito
5). Although such a small difference might be taken as the

f

the organic substrate afcarbon atoms by Cr(IV) in the absence
of Mn(lIl) can be expressed simply as

where the sum symbol is extended to thesaction pathways
corresponding to the Cr(lV) oxidation of each alcohol group,
the rate constant for each pathway belgg, and where it has
been accepted as a rough approximation that, for a given organic

k2,n n k\/ (2 3)

consequence of minor experimental errors, it is consistent with substrate, the values ofky; are close enough to be replaced

the finding that the rate constant for the oxidatiomeahannitol
by Cr(VI) was considerably lower than that for adonitol (Table
3), although for all the other alcohols the reactivity increased
as the value of increased, and the difference in rate constants
for n 5 and 6 seems too high to be interpreted as an
experimental error.

This may be explained by two alternative hypotheses.
According to the first, due to its long hydrocarbon chain,

by an average valué,.

As inferred from Table 3, the second-order rate constant for
the Cr(IV) oxidation ofb-mannitol fi = 6) was only 3.2 times
higher than that for methanoh (= 1). That ratio was lower
than expected from the increase of reaction pathways. This
finding can be explained considering that electron-withdrawing
substituents such as the OH group exert un unfavorable effect
on the reactivity of other alcohol groups present in the same
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reductant molecule, since they decrease the electron density on (12) Zhang, L.; Lay, P. AJ. Am. Chem. Sod996 118 12624.

the carbon atom that must transfer a hydride ion (2-electron

reduction) to Cr(IV) (eq 113.Again, as in the case of Cr(VI),

this point has also been experimentally confirmed for two

different series of primary monoalcohdd! Hence, the value

(13) Perez-Benito, J. F.; Lamrhari, D.; Arias, £.Phys. Cheml994
98, 12621.

(14) Perez-Benito, J. F.; Arias, Q. Phys. Chem. A997, 101, 4726.

(15) Kawanishi, S.; Inoue, S.; Sano,B Biol. Chem1986 261, 5952.

(16) Beattie, J. K.; Haight, G. P. Imorganic Reaction Mechanisms,

of ky is expected to decrease as the number of OH groups inPart Il; Edwards, J. O., Ed.; Wiley: New York, 1972; p 121.

the reductant molecule grows.
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