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Abstract: The rate of the acid- and base-catalyzed mutarotation of a-D-tetramethylglucose has been studied at 
25° in mixed H2O-D2O solvents for the catalysts acetate ion, hydronium ion, and water and in pure H2O and D2O 
for acetic acid. The ratios of rate coefficients in D2O and H2O, ko/ks, are 0.449, 0.746, 0.279, and 0.406, respec
tively. These values are very close to the corresponding ratios for the mutarotation of ordinary glucose and for the 
hydration and dehydration of acetaldehyde, suggesting similar mechanisms. Generalized Gross-Butler equations 
have been developed for a number of types of transition states expressing IcJk3, where Icn is rate coefficient in a 
solvent of deuterium atom fraction n, in terms of n and of fractionation factors <j> for the exchangeable hydrogens in 
reactants and transition state. The experimental data can be fitted fairly well by these equations using the con
ventional mechanism for the mutarotation; however, some of the necessary fractionation factors are difficult to inter
pret in light of ordinary acid-base data. Cyclic synchronous mechanisms, involving two or three solvent water 
molecules, lit the data about as well and lead to plausible fractionation factors. 

The theory of solvent isotope effects in mixtures of 
light and heavy water, first discussed by Gross and 

Butler and their co-workers,3-8 and reviewed by Purlee,9 

has been developed further by Gold,10 Swain and Thorn
ton,11,12 and in more generalized form by Salomaa, 
Schaleger, and Long.13,14 

The equations derived by Salomaa, Schaleger, and 
Long for acid-base equilibria take account of the ex
change between hydrogen and deuterium in the solvent, 
in reactants, and in the products. A fractionation 
factor 4> is defined which characterizes the exchange 
equilibrium of a given labile hydrogen in the substrate 
and the deuterium of the solvent, and is the equilibrium 
constant for the equilibrium 

SH + 1AD2O ^ ± SD + VJH2O (1) 

The fractionation factor for the equilibrium 
VaH3O+ + '/2D2O :£±: V3D3O

+ + V2H2O (2) 

defined as / has long been a source of study and its 
value is known to be very close to 0.67 at 25 °.15 How
ever, less is known about the more general fractionation 
factor <f>. 

For the equilibrium 

H,A + H2O Z^t H3O
+ + H,-_ i A" (3) 
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in mixtures of light and heavy water, Salomaa, Schaleger, 
and Long derived the equation 

where K-RJKn is the ratio of experimentally observed 
equilibrium constants in water and water containing an 
atom fraction n of deuterium, <j>, is the fractionation 
factor for the labile hydrogens in H*A, and (f>t-i is the 
fractionation factor for the labile hydrogens in Hj-iA - . 
It should be noted that if the i hydrogens in H1A are 
not equivalent, then each hydrogen will have its own 
characteristic fractionation factor, and similarly for 
the hydrogens in H4-XA-. 

The generalized equations were also applied to 
kinetics, by using transition-state theory, and are of the 
same form as those derived for equilibria. For the 
experimentally determined ratio kjkn (the rate con
stant observed in water containing atom fraction n of 
deuterium, divided by the rate constant observed in 
H2O), there will be a term (1 — n + neb) in the denom
inator for each exchangeable hydrogen in the reactants 
and a term (1 — n + ncj>) in the numerator for each 
exchangeable hydrogen in the transition-state complex. 
The exchangeable hydrogens in the transition state are 
of two types: those that remain in position during 
reaction and those that are being transferred from one 
reactant to the other, i.e., involved in a proton transfer. 

In some measure the value of <f> reflects the acidity of 
a particular type of hydrogen atom in the molecule. 
Thus for a monobasic acid, the ratio of the equilibrium 
constants in H2O and D2O is given by 

KH/KD = 0//8 (5) 

It is generally true that in a given class of acids the ratio 
KuIKu increases as the acid strength decreases.19'20 

Hence the stronger the acid, the smaller will be the value 
of <(>. The physical significance of the fractionation 
factor for hydrogen being transferred in the transition 
state is less clear. 

(19) A. O. McDougalland F. A. Long, J. Phys. Chem., 66,429 (1962). 
(20) R. P. Bell, "The Proton in Chemistry," Cornell University Press, 

Ithaca, New York, 1959, p 189. 
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One purpose of this investigation was to obtain more 
information on the validity of the generalized Gross 
equations relating to kinetics and to compare for dif
ferent transition states the predictions made for rate 
behavior in H2O-D2O with experimental observations. 
A further point of interest concerns the fractionation 
factors for hydrogens being transferred and their sensi
tivity to changes in the transition state. 

The mutarotation of glucose has been studied exten
sively and shows general acid and general base catalysis 
in H2O-D2O mixtures.21'22 Swain and Thornton12 

considered the reaction in detail and derived equations 
relating kn/kH to n for several possible transition states. 
However, glucose contains four exchangeable hydrogens 
in addition to the one at the reactive site: to remove 
any possible secondary effects due to exchange of these 
hydrogens, a-D-tetramethylglucose was chosen as the 
substrate. Its mutarotation was studied in H2O-D2O 
mixtures for water, acetate ion, and hydronium ion 
catalysis and in the two pure solvents for catalysis by 
acetic acid. 

Experimental Section 
Materials. All chemicals used were of reagent grade. Heavy 

water was supplied by the U. S. Atomic Energy Commission and 
contained at least 99.6% D2O. Tetramethylglucose was prepared 
according to the method described by West and Holden,23 the 
samples used for the kinetic runs having melting points ranging 
from 85 to 99°, depending on the proportion of a isomer present. 

For the water reaction, stock buffer solutions in light and heavy 
water were prepared containing 0.005 M sodium acetate and 0.0025 
M acetic acid. Anhydrous sodium acetate and glacial acetic acid 
were used in the heavy water buffer solution. Since the concen
trations of buffer components were low, the dilution in deuterium 
content introduced by the added hydrogen of the acetic acid was not 
significant. Buffered solvent mixtures were made up by mixing the 
corresponding stock solutions in the pure waters in the ratio re
quired. The ionic strength in these and all other final solutions was 
maintained at 0.2 by adding the requisite amount of sodium chlo
ride. The percentage composition of D2O in each solution was 
determined by weight. For hydronium ion catalysis, stock solu
tions 0.15 M in hydrochloric acid were prepared in both waters. 
In the case of DCl, the required amount of 12 N HCl was pipetted 
into D2O. The actual compositions of the acid solutions were then 
checked by titration against standard alkali. In this case the change 
in D2O content caused by added hydrogen was significant although 
small, and appropriate corrections were applied. Mixed solvents 
were obtained from the stock solutions of HCl and DCl as in the 
previous case. 

Solutions for acetate ion catalysis were prepared from stock solu
tions of acetic acid and anhydrous sodium acetate in the pure waters, 
in which the ratio of acetate ion to acetic acid was kept constant at 
10. Dilution of these with the appropriate solvent gave the de
sired variation in acetate ion content without shifting the pH 
appreciably from about 5.7. It was assumed that the contri
bution to catalysis by acetic acid molecules was negligible and this 
assumption was justified by the experimental results. 

Because of the smallness of the catalytic effect, rates for acetic 
acid catalysis were measured only in the pure solvents H2O and 
D2O. Solutions for these were prepared by keeping the concen
tration of anion constant and the pH as far as possible above 4. 
When this was not feasible, the catalytic effect of hydronium ion 
was not negligible; the concentration of hydrogen ion can, how
ever, be calculated from the composition of the buffer solution and 
the appropriate correction applied. In all cases, this was found not 
to exceed 2 %. 

Polarimetric Measurements. Optical rotations were measured 
with a Rudolph photoelectric polarimeter operating on a mercury 
lamp. All kinetic runs were performed at 25 ± 0.02° by circulating 
water from a thermostat through the polarimeter jacket. Since 

(21) W. H. Hamill and V. K. LaMer, J. Chem. Phys., 4, 3195 (1936), 
(22) E. A. Halevi, F. A. Long, and M. A. Paul, / . Am. Chem. Soc, 83, 

305(1961). 
(23) E. S. West and R. F. Holden, Org. Syn., 20, 97 (1940). 

the angle of rotation at 366 m,u was about three times the value at 
the sodium D line, the former wavelength was used for all measure
ments. The average concentration of tetramethylglucose used was 
0.025 g/ml. 

Results 

Rate coefficients have been obtained for the three 
catalysts L3O+, L2O (where L includes all the isotopically 
different hydrogens), and OAc - in mixed solvents, and 
for AcOH in pure H2O and AcOD in pure D2O only. 
In buffered solutions containing acetate ion and acetic 
acid, the experimental first-order rate coefficient will 
be given by the general equation 

k = k0 + kUoiUO+] + k0L- [OL-] + 

[OAc-] + £AcOL[AcOL] (6) 

It is known that in the case of glucose in the pH range 
4-6, catalysis by H3O+ and O H - is negligible.24 The 
situation for the mutarotation of tetramethylglucose 
is very similar, and the experiments were therefore 
designed to adjust to and take advantage of this situa
tion. 

All first-order rate constants were determined by 
Guggenheim's method. Second-order rate coefficients 
for hydronium ion catalysis were calculated from the 
relation 

, _ k — kp 
kuo+ ~ [L3O+T 

and in the case of acetate ion or acetic acid catalysis from 
the slope of a plot of observed first-order rate constant 
against concentration of catalyst. 

The results are summarized in Tables I to IV. As 
Table I shows, the isotope effects (/cD//cH) on the mutaro
tation of tetramethylglucose are very similar to those 
for the mutarotation of glucose itself21 and to those for 
the hydration and dehydration of acetaldehyde.23 

Table I. kDlkB Ratios for the Mutarotation of Tetramethylglucose 
and Glucose and the Hydration and Dehydration of Acetaldehyde 

Hydronium ion 
Water 
Acetate ion 
Acetic acid 

.— Mutarotation —•. 
TMG 

0.746 

0.279 
0.449 
0.4O6 

Glucose 

0.730 
O.263 
0.420 
0.386 

Hydra
tion of 
acetal
dehyde 

0.77 
O.277 
O.434 
0.40 

Dehydra
tion of 
hydrate 

O.7I4 
0.256 
0.40 
0.357 

Discussion 

The data of Table I for relative rates in the two pure 
solvents H2O and D2O permit a few preliminary gen
eralizations. The close similarity of rate ratios 
for mutarotation and for aldehyde hydration and de
hydration suggests that the reaction mechanisms are 
similar. The near identity of the ratios for mutarotation 
of glucose and of tetramethylglucose indicates that the 
four "extra" hydroxyl hydrogens of glucose do not 
contribute a significant secondary isotope effect. 
Turning to the kD/kn values for the tetramethylglucose 
reaction, a first point to make is that the fractionation 

(24) R. P. Bell, "Acid Base Catalysis," Oxford University Press, 
London, 1941, p 60. 

(25) Y. Pocker, Proc. Chem. Soc, 17 (1960). 
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Table II 

Catalyst 

Hydronium 

Water 

Acetate ion 

Acetic acid 

n 

O. OOo 
O.249 
0.495 
0.749 
0.984 
l.OOo 
O.OOo 
0.248 

0.495 
0.746 
0.996 
l.OOo 
O.OOo 
0.29g 
0.497 
0.698 
0.996 

l.OOo 
O.OOo 
0.996 

No. 
of 

expts 

3 
3 
3 
3 
3 

4 
2 
3 
3 
2 

4 
3 
3 
3 
4 

3 
3 

k X 
10«« 

50.9 
48.4 
45.5 
42.5 
38.3 
38.0 

3.73 
2.72 
1.99 
1.46 
1.04 

20.5 
17.0 
14.6 
12.6 
9.2 

1.60 
0.65 

• k, 
Obsd 

l-OOo 
0.95i 
0.894 

0.83 5 

0.752 
0.7466 

1.0O0 

0.729 
0.534 
0.391 
0.282 
0.2791 

1.00 
O.829 
0.712 
O.6I7 
O.445 
O.4476 

1.00 
0.4O6 

II-
t/ '^H 

Calcd 

0.81oc 

0.697' 
0.59i° 

" Units of 1. mole-1 sec-1 except for water catalysis where first-
order rate coefficients are given. b Extrapolated values. c Cal
culated from eq 7 for 02 = 0.55. 

Table III. Comparison of knife, for n = 0.5° 

02 

1.01 
0.71 
0.7O0 

0.54 
0.75 
0.81 
0.84 
0.88 
0.74 
0.72 
0.74 

03 

0.60 
0.60 
1.00 
1.00 
0.95 
0.81 
0.75 
0.70 
0.80 
0.95 
0.80 

04 

0.90 
0.90 
0.70 
0.80 
0.80 
0.81 
0.88 
0.86 
0.88 
0.82 
0.76 

05 

0.70 
1.00 
1.00 
1.00 
0.75 
0.81 
0.70 
0.75 
0.75 
0.75 
1.00 

knife 

0.552 
0.552 
0.55i 
0 .55 8 

0.543 
0.543 
O.543 
0.543 
0.542 
0.544 
0.545 

0 Calculated with different 0 values from eq 9. <fo 
experimental knife is 0.534. 

1.23. The 

Table IV. Comparison of Experimental and Calculated k„jfe 
Values at n = 0.5 for Two Types of Transition States 

02 
kjfe at n = 0.5 

02 
03 
kjfeain = 0.5 

02 
04 
kjfeatn = 0.5 

02 
03 
04 
kjfeatn = 0.5 

Exptl 

Acetate Ion 

0 .7 I 2 

Acetic Acid 

Water 

0.534 

Transition state 
A 

0.89 
0.675 

0.89 

0.63 8 

0.86 

0.539 

Hydronium Ion 

0.894 

0.81 

0.846 

B 

0.55 
0.697 

0.55 
O.9O7 
O.662 

0.55 
0.79 
0.557 

0.55 
O.9O7 
0.742 
O.863 

factors for all the reactants are known. Specifically, 
0i for the hydroxyl hydrogen of the glucose itself is 
1.23 ;26 0HOAC is 1.00; for the hydronium ion /3 is 

0.30 (see eq 5). For the general reaction 

TMG + catalyst = transition state 

the rate ratio for the solvents D2O and H2O will be 

TT(^(TS) 

0i7r0j(catalyst) 

where 7T 4̂(TS) is the product of all the fractionation 
factors for the transition state. Since the observed 
^D/^H values for the reaction are all considerably below 
unity, and since the terms in the denominator are either 
close to or less than unity, the conclusion is that 
7r0i(TS) must be less than unity for all cases. This is 
particularly obvious for the water-catalyzed reaction 
where 7r0f(TS) = 0.279 X 1.23 = 0.34, a strikingly low 
value. 

The experimental rate ratio for catalysis by hydronium 
ion is roughly three times that for water catalysis. 
Since for the former a term I//3 = 3.3 enters the equa
tion, the fractionation factors for both transition states 
must be closely similar. A similar line of reasoning 
would predict close similarity in the kD/kn ratios for the 
reactions of acetic acid and acetate ion, as is observed. 

For a more detailed analysis of the kinetic data there 
are two limiting approaches. The first is to assume on 
the basis of previous work that the transition state for 
the mutarotation of tetramethylglucose is known and 
see how well the experimental data fit the generalized 
equations. The other extreme is to assume the validity 
of the generalized equations and to use them to dis
tinguish between different transition states. In prac
tice, of course, neither approach is completely justifi
able and a compromise must be made. To this end we 
first consider previous work relating to the mechanism 
of mutarotation. 

Mechanism of Mutarotation of Tetramethylglucose. 
Much of the evidence discussed in this section was 
derived for glucose, but is is clear that nearly all will 
apply for tetramethylglucose. For a reaction to 
show general acid catalysis as does this mutarotation, 
there are several possibilities. There may be a fast 
pre-equilibrium protonation followed by a rate-
determining step in which a different proton is removed 
by the conjugate base of the acid. Another possibility 
is that the rate-determining step is a slow proton trans
fer from the general acid followed by fast rearrangement 
to form products. Such a mechanism has occasionally 
been proposed for the mutarotation of glucose.28 

For either mechanism, as applied to the glucose reac
tion, a proton is transferred from the catalyst acid to the 
ether oxygen in the glucose; ring cleavage takes place; 
and a proton is abstracted from a hydroxyl group to 
form an open-chain aldehyde.29 The two mechanisms 
differ in their timing and in their transition states. 
For the pre-equilibrium mechanism the slow step must 
involve a synchronous breaking of the ether linkage and 
abstraction of a proton by the conjugate base, whereas 
in the mechanism with slow proton transfer tne events 
after the slow step, i.e., the breaking of the ether link-

(26) This is obtained from eq 5 using the literature value of KEJKD = 
4.1 for the ratio of ionization constants for tetramethylglucose,« and the 
value of I = 0.67. 

(27) Y. Pocker, Chem. Ind. (London), 968 (1960). 
(28) S. W. Benson, "The Foundations of Chemical Kinetics," 

McGraw-Hill Book Co., Inc., New York, N. Y., I960, p 560. 
(29) J. M. Los, L. B. Simpson, and K. Weisner, / . Am. Chem. Soc, 

78, 1564(1956). 

Journal of the American Chemical Society / 88:9 / May 5, 1966 



1869 

age and the formation of the aldehyde, are irrelevant to 
the observed kinetics. 

Evidence that was once thought to favor the slow 
proton transfer, namely that (kD/kH)H* is less than 
unity for the glucose reaction but greater than unity for 
enolization of acetone, has been shown by Challis, 
Long, and Pocker to be entirely consistent with a pre-
equilibrium mechanism.30 This is because, in the 
case of glucose, the hydrogen of the hydroxyl group 
which is removed in the slow step is in labile equilib
rium with the deuterium in the solvent. A considera
tion of the relevant equilibria and rate constants for 
the individual steps of the glucose reaction then shows 
that the pre-equilibrium mechanism is in accord with the 
over-all kD/kn ratio. 

A third possibility is a concerted or synchronous 
mechanism, involving simultaneous protonation of the 
ether oxygen and removal of the hydroxylic proton. 
Two hydrogens are transferred and the transition state 
may be cyclic. This type of mechanism has been pro
posed for the mutarotation of glucose by Swain and 
Brown,31 who found that 2-hydroxypyridine is enor
mously more effective as a catalyst than a mixture of 
phenol and pyridine, even though 2-hydroxypyridine is 
a weaker base than pyridine and a weaker acid than 
phenol. 

Mechanistic possibilities for general base catalysis 
parallel these three. There may be (a) slow proton 
removal accompanied by ring opening; (b) pre-
equilibrium proton removal followed by slow attack of 
a general acid; (c) a concerted mechanism, perhaps with 
a cyclic transition state. 

In the discussion so far, no mention has been made of 
possible solvent participation. It is easy to envisage 
water molecules acting as bridges between the glucose 
molecule and the acid or base catalyst.32 Such water 
molecules will be hydrogen bonded into the structure, 
and, as in the case of the hydronium ion in water, the 
proton may be transferred by a synchronous making and 
breaking of hydrogen bonds. For the water-catalyzed 
reaction, water must act as an acid or a base and the 
questions are whether or not this is accomplished in a 
synchronous manner, perhaps via a cyclic transition 
state, and how many water molecules are involved. 
Similar questions may be asked about the hydronium 
ion and acetate ion catalyzed reactions. 

The considerable similarity in the kinetic data for the 
glucose mutarotation and the hydration and dehydra
tion of acetaldehyde (see, for example, Table I) suggests 
that the mechanistic information on the latter reaction 
has relevance to the mutarotation reaction. Bell and 
Darwent33 conclude for the acid- and base-catalyzed 
hydration and dehydration reactions that the slow 
steps cannot be simply bimolecular and that instead the 
reaction must be termolecular, involving a water mole
cule in addition to the catalyst acid or base species. 
Their analysis does not, of course, preclude either the 
presence of further water molecules or the formation of a 
cyclic transition state. 

One of the characteristics of the dehydration reaction 

(30) B. C. Challis, F. A. Long, and Y. Pocker, / . Chem. Soc, 4679 
(1957). 

(31) C. G. Swain and J. F. Brown, J. Am. Chem. Soc, 74, 2534, 2538 
(1952). 

(32) C. A. Bunton and V. J. Shiner, ibid., 83, 3214 (1961). 
(33) R. P. Bell and B. de B. Darwent, Trans. Faraday Soc, 46, 34 

(1950). 

is that it has been studied for a large number of cata
lysts, which have a very wide range of acid strengths, 
and shows remarkably linear Bronsted plots.34 Eigen35 

has advanced reasons for expecting that, with acid-
and base-catalyzed reactions in which there is a large 
change in the acid or base strengths of the catalysts, 
the typical Brpnsted plot should show some curvature. 
This is a consequence of the fact that the relative slopes 
at the point of intersection of the potential energy curves 
of the substrate S-H bond, and the catalyst B-H bond, 
will not be the same where the acid strength of BH is 
changed drastically. He reconciles the observed 
linearity by postulating a mechanism involving a cyclic 
transition state with water molecules bridging between 
the substrate and the catalyst. In this way protons are 
transferred to and from the catalyst at a site effectively 
removed from the substrate by several water molecules. 
Thus, drastic changes in the potential energy curves are 
minimized. 

Ahrens and Strehlow36 consider that with a pre-
equilibrium mechanism for acid catalysis of the alde
hyde hydration reaction the concentration of the pro-
tonated aldehyde is extremely small. From studies in 
acetaldehyde-water mixtures in which the acidity 
function changes by a whole unit, while the observed 
rate decreases by only 40 %, they conclude that there is 
strong evidence against a pre-equilibrium mechanism. 
The pKB of acetaldehyde in water is estimated by them 
to be about —8. This means that the second-order 
rate constant for the second step; namely, the reaction 
of the protonated species with base is slightly larger 
than the theoretical maximum for a diffusion-controlled 
reaction. On these grounds the authors prefer a 
concerted mechanism. 

From these considerations we conclude that the 
aldehyde reactions almost surely proceed by concerted 
mechanisms, probably by a cyclic transition state which 
includes one or more solvent water molecules. By 
analogy the same mechanism is a likely possibility for 
the glucose mutarotation. In the detailed analysis of 
the data for tetramethylglucose, then, we shall explicitly 
consider and compare the consequences of transition 
states with no inclusion of solvent molecules (except, 
of course, a single molecule for catalysis by water it
self), and with deliberate inclusion of two water mole
cules,37 i.e., sufficient to permit easy formation of a 
cyclic transition state. Inclusion of larger numbers of 
water molecules than two does not sharply modify any 
of the conclusions and is therefore explicitly discussed in 
only one instance. 

The Acetate Ion Catalyzed Reaction. An interesting 
qualitative feature of the fcre//cH vs. n data is the approx
imately linear plot obtained (Figure 1). The simplest 
transition state that can be envisaged for this reaction is 
the removal of a proton from the hydroxyl group with 

(34) R. P. Bell and W. C. E. Higginson, Proc. Roy. Soc. (London), 
A197, 141 (1959). 

(35) M. Eigen, Angew. Chem., 75, 489 (1963). 
(36) M. L. Ahrens and H. Strehlow, Discussions Faraday Soc, in 

press. 
(37) Two water molecules are the minimum required to satisfy the 

condition that the hydrogen bands in the cyclic transition state are 
linear. A six-membered cyclic transition state with one water molecule 
bridging between the hydroxyl group and the ether oxygen does not 
satisfy this condition. We have, however, made calculations for transi
tion states with only one water molecule in addition to the catalyst. 
Not surprisingly, the results are intermediate between those for inclusion 
of none and two water molecules. 
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1.0 

08 

kH 

0.6 
o Experimental 

A Calculated 

I I 

kJkH = 

0.2 0.4 0.6 0.8 

Figure 1. Relative rate of acetate ion catalyzed mutarotation of 
a-D-tetramethylglucose vs. atom fraction n of deuterium in mixed 
H2O-D2O solvents. Calculated points are from eq 7 with fa = 
0.55 for the single exchangeable proton in the transition state. 

simultaneous ring cleavage (Ia below). In this case, 

C, 
( \ 

P L ^ 

--H---OAc 
— — 1^ ,-0---Hs H.—OAc 

/9 ?'' 
/ \ 
f \ H 

\ 
\ . ° - H - 0 - , H 

Ia Jb 

the generalized equations are of the form 

kJkH = 
(1 - n + nfa) 
(1 — n + «0i) 

(7) 

where 4>i is the fractionation factor of the hydrogen in 
tetramethylglucose and <£2 the fractionation factor of the 
hydrogen being transferred in the transition state. As 
noted earlier, (J)1 is known to be 1.23. Hence from the 
value of /CD/&H» <fo can be obtained (0.55) and these 
values can be used in eq 7 to calculate fc„/fcH. The 
results, given in Table III, are plotted in Figure 1 and 
the agreement with the experimental values is good. 
From the form of eq 7 it may be seen that a completely 
linear plot of kn/kK vs. n would be expected if 4>\ had a 
value of unity. Furthermore, even a modestly smaller 
value of (J)1 leads to better agreement with experimental 
data. Thus at n = 0.5 using 0i = 1.15, /cn/fcH(calcd) 
is 0.706 compared with the calculated value of 0.697 
for 4>i = 1.23 and with the experimentally observed 
value of 0.712- Taking account of the experimental 
errors in knjkn and KH/KD and the determination of /, 
the generalized equation applied to the transition state I 
gives a very satisfactory agreement with experiment. 
This agreement is for the simplest mechanism and has 
the merit that there are no adjustable parameters. The 
chief difficulty is that the calculated value of <£2 = 
0.55 is very low, lower than even the fractionation factor 
of 0.67 for the very acidic protons of hydronium ion. 

Consider next a cyclic synchronous mechanism with 
two water molecules in trie transition state (structure 
IB; an alternative incorporates the acetate ion in the 
ring). In this case there will be five hydrogens in the 
transition state, each having its own fractionation 
factor. As a first approximation these may be con
sidered to be the same; the generalized equation then 
takes the form 

(1 - n + nfry 
(1 - n + n<t>x) 

(8) 

Using the experimental value of </>i as before, </>2 is 
calculated to be 0.89. The calculated value for kjkH 

at n = 0.50 is then 0.675 compared with the observed 
value of 0.712 at « = 0.698 knjk^c&\cd) is 0.577 com
pared with the observed value O.6I5. The agreement 
between calculation and experiment is poorer than 
before. From the form of eq 8 it is obvious that 
kn/ku in this case cannot be a linear function of n. 
However, the difference between calculated values of 
kjkn for eq 7 and 8 is still not especially large. 

The Water-Catalyzed Reaction. One can use as a 
generalized transition state for the water-catalyzed 
reaction 

H v a - H . - o : . . . H 

0—H-O-H 

The generalized equation for this transition state is 

knlkH = 

(1 - n + *feXl - n + n0,Xl - « + «4>4)20 -
n + «05) 

(1 - n + HCf)1) 

(9) 

One or the other of the water molecules can be excluded 
from our consideration by making the appropriate 
fractionation factors unity. For example, use of <£3 

= 05 = 1 effectively excludes the water attached to the 
ether oxygen. Furthermore some obvious hydrogen 
bond linkages produce a cyclic transition state. Values 
of fractionation factors for hydrogens in different acids 
vary between 0.67, which is the value of /, the frac
tionation factor of the hydronium ion, to 1.3, which is 
observed for hydrogen in some very weak hydroxylic 
acids. In the above transition state it would be expected 
that apart from the actual hydrogen being transferred, 
the fractionation factors will change from their ground-
state values only in a way that reflects their changing 
acidity. k0/kK and (J)1 are known; hence, in eq 9 there 
are three variables which can be treated as adjustable 
parameters. Using a computer, knjk-H_ was hence 
calculated for values of n at which the experimental 
observations were made and for all values of <£5 be
tween 0.7 and 1.0 in intervals of 0.05, for values of <£3 

between 0.6 and 1.20 in intervals of 0.05, and for values 
of 4>A between 0.7 and 1.0 in intervals of 0.02. Those 
sets of fractionation factors which gave values of 
k„jkn close to the experimental values were examined 
more closely. Several features emerged from this 
analysis. 

First, there is no clearly unique set of fractionation 
factors which alone describes the experimental data. 
There are many such combinations. This is illustrated 
in Table III. At the same time, many other combina
tions are clearly eliminated from consideration. 
Secondly, other combinations may be eliminated by a 
strict adherence to the physical significance of frac
tionation factors. For instance, the transition state in 
this case is uncharged; consequently, very low frac-
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tionation factors, indicative of acidity comparable to 
that of the hydronium ion, should be avoided. Thirdly, 
even though there are three adjustable parameters, it 
was impossible to obtain values of kn/kH at n = 0.5 
lower than 0.54(). Finally, if 03, 04, and 06 are taken 
to be close to unity, implying "waterlike" protons, then 
02 again assumes implausibly low values. 

This general treatment clearly permits consideration 
of a cyclic transition state. A simple approach here is 
to assume all hydrogens equivalent. As noted in Table 
III, use of 02 = </>3 = 04 = </>5 = 0.81 leads to a value of 
kjk-a for n = 0.5 of 0.543 which is close to the min
imum obtainable for this group of factors. A slightly 
more sophisticated treatment would be to distinguish 
between the three H-bonded hydrogens which are 
essential to give a cyclic transition state and the other 
two hydrogens. However, the general character of the 
results of Table III makes it very doubtful that this can 
lead to significantly better-fitting values of kn/kn. 
We conclude that a cyclic transition state with two water 
molecules is satisfactory but not at all required. 

For a transition state involving three water molecules, 
again assuming that the fractionation factors of the 
hydrogens involved are the same 

kjkn = 
(1 - n + «02)

7 

(1 - n + 00 

Since kD[kn = 0.279 aiK* 0i = 1-23, 02 must be chosen 
as 0.86. Using these values, at n = 0.24s, &n/&H(calcd) 
= 0.736 [KJkn(ObSd) = 0.729]; atn = 0.5, ^ / M e a l e d ) 
= 0.539 [AWMobsd) = 0.534]; and at n = 0.746, 
A^/Mcalcd) = 0.396 fc/Mobsd) = 0.39]. This 
represents a better fit of the kn/kK data than any of those 
of Table III, but even so the improvement is hardly be
yond experimental error. 

The Hydronium-Catalyzed Reaction. In a manner 
similar to the previous case, a generalized transition 
state for this reaction can be written as 

2 .-Hi ^2 .-Hi A 
HwO--H--o:...H|*4 

H' 
\ + --H) 

/ *3 -H' 

The relevant general equation is 
kn/kH = 
(1 - n + «02)(1 - n + «03)(1 - n + «04)

2(1 -
n + «06)2 

(1 - n + «0i)(l - n + niy 

(10) 

A term (1 — n + n/)3 appears in the denominator to 
account for the hydronium ion. The value of kD/kH 

for this reaction is 0.746. In spite of this larger value, 
the product of the factors for the transition state must 
again be much less than unity. This is especially 
apparent for the case of minimal solvent participation, 
i.e., where 04 and 05 are both assumed to be unity. 
Then, since 0i = 1.23 and / = 0.67 

kv/kn = 0203 

1.23 X 0.30 

0203 = 0.275 which implies quite small values for either 
02 or 0 3 or both. 

For more detailed study of the influence of fractiona
tion factors, 05 was taken to be unity and then the 
values of kn/kH were calculated for several values of n 
with systematic variation of the other three fractionation 
factors using the same computer program as was used 
for the water reaction. 

It was again found that the experimental data could 
be well fitted to several sets of values of the fractiona
tion factors. The calculated values of k„/kH were in 
fact less sensitive to changes in fractionation factors 
then those for the water reaction. In view of this gen
erally good fit, explicit results of the calculations are not 
tabulated. As only one example, for 02 = 0.43, 03 

= 0.90, and 04 = 0.84, kn/kn atn = 0.5 calculates to be 
0.89o, whereas the experimental value is 0.896-

A cyclic transition state with only two waters in 
addition to the catalyst species H+ , and with the simpli
fying assumption of all hydrogens are equivalent, leads 
to 

kD/kH = 
(1 - n + «02)

6 

(1 - n + «0i)(l - n + niy 

From the kD/kH value, 02 calculates to be 0.81. Then 
for n = 0.5 kn/kK = 0.846 compared to an observed 
value of 0.896. This is not especially good agreement, 
but a somewhat better one can be obtained by not 
treating all hydrogens as equal. 

Increasing the number of the water molecules in the 
transition state does not lead to better agreement with 
experiment. Thus, if three water molecules plus H + 

are utilized and the hydrogens in the transition state are 
assumed equivalent, the equation for kn/kK is like the 
above with an eight power term in the numerator on 
the right. The required value of 02 becomes 0.85 and 
the calculated kn/kH at n = 0.5 is 0.826. This is still 
more distant from the observed than that for two water 
molecules. We conclude that again a cyclic mechanism 
is satisfactory but offers no advantages in data fitting. 

Acetic Acid Catalysis. Because of the low contri
bution of the acetic acid catalyzed term to the over-all 
reaction, it is difficult to obtain results of the necessary 
accuracy for this catalyst. The rate constants for the 
acetic acid catalyzed reaction in the two pure solvents 
gave a ratio kDlkn of 0.41. For a conventional pre-
equilibrium transition state with a proton on the ether 
oxygen and acetate ion attack on the hydroxyl hydro
gen, i.e., a protonated version of transition state Ia, one 
obtains 

kD/kH = 0203 

0HOAC01 

where 03 refers to the proton being transferred to the 
ether oxygen. Since 0i is 1.23 and 0HOAO ' S 1-00, this 
leads to 0203 = 0.50, again implying low values for 02 

or 03 or both. No data are available for kn/kK for 
tetramethylglucose. We can, however, estimate from 
the results for glucose that kn/kH at n = 0.5 would lie in 
the range 0.61 to 0.67. It then turns out that a value 
within this range is easily obtained either from the 
conventional transition state (protonated Ia) or from a 
cyclic transition state with two added water molecules. 

Comparison of Different Mechanisms. It is apparent 
from the preceding discussion that kjkn ratios offer no 
unambiguous choice between the mechanisms. Table 
IV summarizes the predictions made for a cyclic transi-
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tion state (A) with two water molecules and the catalyst 
species, and a transition state (B) of the type below 
where the (H) refers to a proton present only for acid 
catalysis. 

C=0--H--B 
( \ 
V 0 - ( H ) 

To obtain Table IV several assumptions were made 
for the fractionation factors of the transition states. 
For the cyclic states all hydrogens were assumed equiv
alent in each case. For the conventional states (B), a 
sort of stepwise assignment was used. In all cases, 
0.55 was used for ef>2, i.e., the value obtained from kD/ku 
for acetate ion catalysis. For acetic acid this then 
leads to 03 = 0.707, a value which in turn was accepted 

Reduction of Cr(III) or Co(III) by Cr(II) usually 
. proceeds via a binuclear transition state M(III)-

X-Cr(II) if the trivalent complex contains a group, X, 
capable of binding two metals at once.2 The de
pendence of the rate of reduction on the nature of the 
groups present in the transition state has been ex
amined in some detail.2-5 This paper is concerned with 
the influence of the nonbridging ligands of the trivalent 
ion. 

In 1956, Orgel proposed6 that the field strength of the 
ligand trans to the bridging group should be a dominat
ing factor. This followed from the assumption that the 
incoming electron enters the nonbonding d2s orbital, 
the energy of which would be expected to be more 
seriously affected by variation in field strength of the 
trans ligands than by a similar variation for the cis 
ligands. More recently2,6 it has been emphasized that 

(1) Presented in part before the Chemical Society of Washington, 
College Park, Md., May 1965. 

(2) H. Taube, Advan. Inorg. Chem. Radiochem., 1, 1 (1959). 
(3) Effect of bridging groups: J. P. Candlin, J. Halpern, and O. L. 

Trimm,/. Am. Chem. Soc, 86, 1019 (1964). 
(4) Nonbridging ligands on Cr(II): (a) J. B. Hunt and J. E. Earley, 

ibid., 82, 5312 (1960); (b) R. D. Cannon and J. E. Earley, to be pub
lished. 

(5) P. Benson and A. Hairn,/. Am. Chem. Soc, 87, 3826 (1965). 
(6) L. E. Orgel in "Quelques Problemes de Chimie Minerale," Insti

tute Solvay, Brussels, 1956, p 289. 

for the hydronium ion reaction. These are not neces
sarily the best values in every case; they do, however, 
give a consistent set of factors. 

In terms of data-fitting there is no strong preference 
for one kind of transition state relative to the other. 
The B-type is perhaps slightly preferable for acetate ion 
and hydronium ion catalyses but slightly poorer for the 
water reaction. A possibly more significant point is 
that the B-type seems almost inescapably to lead to fa 
values which are so low as to make interpretation of them 
very difficult in terms of equilibrium acid-base data 
and behavior. A different kind of comment is that, 
even with the simplified approach of equivalent hydro
gens, the cyclic transition states are reasonably satis
factory, a result which then permits other kinds of 
evidence to be adduced in their support. 

outward motion of the trans ligand should lower the 
energy of the dzi orbital and thereby facilitate elec
tron transfer. 

We now report the kinetics of Cr(II) reduction of the 
ions cis- and 7ra«s-Co(en)2(H20)2

+3 and cis- and trans-
Co(en)2(NH3)H20+3,7 the object being to observe the 
effect of H2O and NH3 in both stereochemical positions 
relative to the bridge. 

Experimental Section 
/rans-Hydroxoaquobis(ethylenediamine)cobalt(III) Perchlorate 

(tO). This was prepared by a modification of the method of 
Basolo and Steninger.8 A 15-g portion of rra/u-dichlorobis-
(ethylenediamine)cobalt(III) chloride9 was heated in 15 ml of 
water for a few minutes and passed through Amberlite IRA-400 
(hydroxide form). The effluent, not exceeding 30 ml was made 
just acid with 72% perchloric acid, and treated with pyridine (5 
ml). The solid was purified twice by dissolving in the minimum 
quantity of 1 N perchloric acid and titrating to pH 3.5 with 10 N 
NaOH,10 yield 4.7 g. The cis salt is not precipitated under these 
conditions. 

Anal. Calcd for [CrXBn)2(H2OXOH)](ClO4)S: C, 11.6; H, 
4.60; N, 13.6. Found:11 C, 12.0; H, 4.83; N, 13.5. 

(7) Complexes will be called cO, tO, cN, tN, or generally, ROH2
+* or 

ROH+!; en is ethylenediamine. 
(8) F. Basolo and D. H. Steninger,./. Am. Chem. Soc.,72, 5748 (1950). 
(9) J. C. Bailar and C. L. Rollinson, Inorg. Syn., 2, 222 (1946). 
(10) W. Kruse and H. Taube, J. Am. Chem. Soc, 83, 1280 (1961). 
(U) Analyses by Schwarzkopf Microanalytical Laboratory, Inc. 

The Chromium (II) Reductions of Some Cobalt (III) 
Aquoammine Complexes1 

Roderick D. Cannon and Joseph E. Earley 
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Abstract: The rate of Cr(II) reduction (Ju = I, NaClO4) of cis- and trans-di&quo- and -aquoamminebis(ethylene-
diamine)cobalt(III) ions has been found to follow the rate law R = ^[Co(III)][Cr(II)][H+]-1. The temperature 
dependence of the acidity constants of the substrates has been measured. Second-order rate constants at 25 ° (M-1 

sec-1 X 10~6) and energies of activation (kcal/mole) for the reduction of the hydroxo complexes are: aquo com
plexes, cis 0.79, 6.4; trans 2.6, 2.6; ammine complexes, cis 0.20, 6.2; trans 0.22, 2.4. The small effect of trans H2O 
relative to the effect noted in similar Fe(II) systems has been interpreted on the basis of less reorganization within the 
binuclear complex for the Cr(II) reduction. The variation of activation energies for the Cr(II) reductions may be 
interpreted on the same basis or as an effect on the formation of the binuclear complex. 
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