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1. 

I NTR.ODUC TION 

The discovery of the hydrogen isotope, 

deuterium, was recognised as one of the most important 

events in the history of physical chemistry in the 

last twenty years. The comparatively large 

differences in the physical properties of the hydrogen 

isotopes and their compounds led immediately to the 

use of deuterium as an indicator and also as a tool 

-rith which to investigate the mechanisms of reactions 

involving hydrogen and its compounds. The commercial 

preparation of deuterium oxide ('heavy water') and 

its availability at a comparatively low price has 

enabled chemists to use this isotopic water in place 

of ordinary water. In the field of homogeneous 

catalysis this has been particularly advantageous 

and as the following work deals with homogeneous 

catalysis in isotopic water solutions I append a 

short summary of the work hitherto done and the 

relevant ideas held at present. 

As a general rule, in the gaseous phase, deuterim 

compounds react more slowly than do the corresponding 

hydrogen compounds but according to the kinetic 

theory the larger mass of the deuterium compound 

and hence its smaller velocity resulting in a smalleri 

collision number is inadequate to explain the observed 

difference in reaction velocity. In the case of 

homogeneous catalysis in aqueous solution it was 

surprising to find that in very many cases the reacti 

in heavy water catalysed by D- compound proceeded 

considerably more rapidly than that in light water 

catalysed by H- compound. Both the hydrogen -ion 

n 
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and hydroxyl -ion catalysed hydrolyses of esters, the 

acid- catalysed hydrolysis of sucrose, the iodination 

of acetone, and many other reactions proceed more rapidly 

in heavy water than in light. The mutarotation of 

sugars, bromination of nitromethane, and decomposition 

of nitramide are examples of reactions proceeding faster 

in light than in heavy water. 

Qualitatively it is ;possible to explain the increased 

rate of catalysed reactions in heavy water by assuming, 

that a critical intermediate complex is formed between, 

the catalyst and the substrate. The D- complex formed 

in heavy water will have a lower zero -point energy than 

the H- complex formed in light water. Consequently 

the concentration of the former will be greater than 

that of the latter and, the reaction rate being assumed 

proportional to the complex concentration,the rate will 

be greater in heavy water than in light. 

:Tefore discussing this idea in greater detail 

1lynne= Jones' stud i of the neutralisation of the pseudo- 

-acid nitroethane may be i,riefly mentioned) The 

neutralisation process in ordinary water is shown by 

1- equation (1). 

(1) Cu0CH2i.;02 + 
TY 

0:T7 - z _90 + CH 3C7-i:1102 39 

In heavy water solution and in presence of a 

te roxyl base reaction (2) takes place. 

(2) CY.-T_nCi- 2NO2 + On- + CH3CH: NO2 60 

For the monodeuteocompound and a deuteroxyl base we 

have, 

(3) C HC'id02 + OD- HGO + CH2CD :NOS 

Mile for the dideuterocompound we have, 
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(4) CH2CD9eì02 + CD- -+ D90 -F CH3CD: C2 

Velocity constants for the above reactions, s'iow 

in comparable units on the right -hand side, were obtained 

under the same conditions and from the values given 

the following cónclusions can be drain. 

(a) . The rate of transfer of a proton (equation (2) ) 

is at least ten times as great as the transfer of a 

deuton (equation (4)) under similar conditions. 

(b) The rate of proton transfer to a deuteroxyl ion 

in heavy water (equation (2)) is about fifty per cent 

greater than the rate of proton transfer to a hydroxyl 

ion in ordinary water ( equation (1)). 

These results are of great importance in elucidating 

mechanisms of reactions involving proton and deuton 

transfers. 

Acid Catalysis. 

Confining the discussion in the meantime to catalysis 

by acids it is known that in all cases the participati . 

compounds contain oxygen, nitrogen, or double -bond 

carbon atoms. This results in a tendency to additio 

of hydrogen ions to these atoms with the formation of 

oxonium, ammonium, and analogous coLpounds as interned ate 

complexes in the reaction. The reaction scheme can 

be stated as follows, 

R + TT -11. R.H+ + H2O 4C T + n3O+ (5) 

where R is the substrate molecule and. J the reaction 

products. It is seen that it is possible for an 

equilibrium to be set up between the substrate, R, and 

the EI30+ ion if the value of k3 is low compared with 
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kl and k2. The first step of the above reaction 

involves a proton or deuton transfer. It was first 

suggested by Wynn- =e -Jones- that in reactions which are 

faster in light than in heavy ?eater the ate- determin- 

=ing step is a proton or deuton transfer, the transfer 

the former to the substrate being faster than the 

transfer of the latter while in the reverse case an 

equilibrium of the above type is set ups the 

concentration of the complex RD+ being greater than 

that of RH }. In the latter case the complex should 

be in thermodynamic equilibrium with the medium and 

the rate determined by the combined proton and deuton 

activities of the solution. The former case thus 

corresponds to Irönsted's definition of general acid 

catalysis and the latter to specific hydrogen -ion 

catalysis. Pedersen3 has shown, however, that 

equilibrium between substrate and hydrogen ion can 

occur even in cases of general acid catalysis. 

Bonhoeffer and Reitz discuss this in greater detail in 

a recent paper published since the present work was 

begun. From Reitz') data on the hydrogen -ion 

catalysed bromination of light acetone it seems fairly 

evident that preequilibrium between hydrogen ion and 

substrate exists although this reaction is a well - 

established case of general catalysis. T, -e reaction 

is quicker in heavy than in light water. The 

enolisation of acetone involves both acidic and basic 

catalysis as is seen from the following:- 

C ;3 . CO . C;3 --TCnT-?. C 3 --- c J3 . C0 ̀ : rT=2 



The observations indicate that equilibrium 

is established in the first stage but not in the 

second. This is confirmed by the fact that "heavy" 

acetone reacts more slowly than light in all media. 

It is clear that conclusions drawn from the relative 

rates in light and heavy water should be controlled 

whenever possible by the use of reactants containing 

deuterium. 

The question of oreequilibriam can be examined 

in a more quantitative way. Preequilibrium conditions 

in an acid-catalysed reaction hold waen the rate of 

formation of the complex is large and is not the 

rate -determining step of the reaction. From the 

Law of Mass Action the complex concentration ought to 

be proportional to the hydrogen -ion activity in the 

solution and if the isotopic ratio D:H of the solution 

is varied the reaction rate will be proportional to 

the changes of the thermodynamic activity of the 

various hydrogen ions present. The variation of the 

combined proton and deuton activity in any solution 

°pith the D- content of the solution can be obtained 

empirically in various ways. La Mer and Chittum6 

by a'direct conductivity method determined the 

dissociation constants of acetic acid at 25 °C.in water- 

deute-rium oxide mixtures. Gross and v`Ji s chi n7 

examined the distribution of picric acid between 

benzene and isotopic water mixtures and calculated 

the variation of isotopic ion activity with the 

D- content of the water. Orr and Butlers using Gross' 

treatment but different thermodynamic constants in the 
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equations obtained the activity variation from the 

measurement of the rates of hydrolysis of acetal in 

formic acid- formate buffers in solutions of varying 

isotopic composition. 

Before the activity variation can be calculated 

theoretically it is necessary to know something of 

the equilibria existing in isotopic water mixtures 

which are complicated systems containing three 

neutral molecules, H9O, HOD, D20,four positive ions 

J30 +, D30 +, H2DO +, í.D O +, and two negative ions OD- 

and 0117 

All the possible equilibria between these species 

can be represented by the following constants, 

730+ 
c 

H20 

3k:11.D 

D3 0+ 

0H 

OD' 

where, 

l 
; H 

= [0i ; 3k1D I T 20i etc. 

o( 
-12(1 

O(D +jh201 
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The symbols in brackets represent the activities of the 

various species while old. and (AD+ are the activities 

of proton and deuton respectively. The difference in 

the k's themselves is due to the pure substitution 

influence while the numerical factors in front are 

obtained from statistical considerations. Note that 

in Orr and Butler's paper these factors Fre contained 

implicitly in the constants, e.g. gk3 in th6 above 

is identical with Orr and Butler's k2 . 

The proton. and deuton activities may be define._ 

iby putting k1H a 1, k3 = 1. 

Other equilibria which are known are, 

2 
K 

_ CrIOD] 

[H2O[D2o ' 

1lT - 
[H30+7 2 

LD20 
3 

D30+1¡'T20.13 

2) = 0(` rD?O] 
o( J+ LH21 

from which can be c eerived the following, 

3 AD 3 +D 

> ? k2 
= ET- 3 

2 

' 

k+H 2 
L 1 = L. kD 

The theoretical derivation of the constants has 

been made possible from an assumption made recently 

by Schwarzenbach9 with regard to the constants. It 

is equivalent toi 

r k+H 
041 

k+D 
- 

k+D 
- k+D 

1 3 
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Using this relation we have, 

K3" M k2" 

k;" - rj''3 ) k; " M'16 K ya 

At 20 °0. Topley and Byringl0 find K 3.27. 

From TMorman and La Mer' s De,r..surements with the 

quirhydrone electrode the value of L has been found 

to be 15.3 at approximately 15 °C. 

Thus, 

k3 " = 0' 4.0 3 '. 3 k3" = 1.209 

k+z " = o'10 Z. z kz1i 1 0 53 

These constants agree reasonably well with those 

obtained empirically by Orr and Butler °. They 

obtained 

3k3" = 1-I 
3 

kz" = 05 

The total concentration of the isotopic hydrogen 

ions in the solution is, 

H3O+ = H3O+ + Hz]) 0+ + H D7_0+ 
D30+ 

_ + + + z k21-1 D0] + 3 k3 "[Dz4.1 + o( +Laz o] " 

where is the activity coefficient of the hydrogen 
ions. 

Q`(n) 

also 

where, 

E. H30+ /I+ 

Q'0.) 

31 +" r % 
3 k3+" 1 

+ [H D 0][1-12,0314`73: kz + lD,Oi[ H,,o} 

H30+ rr[D,oJ'f.' 
Q(n) 

Q.(r) ' WO) 

[D, o' 
(6), 
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When K = 4 it has been shown that [H20] _ (1 - n)2 

[D20] [n0] = 2n(1 - n) -here n is the 

fraction D Since -' = 3X27 here, the calculation 
D + H 

of [H9OJ etc., is not simple but the deviation from 

T = 4 can be allowed for and expressed by a function 

(n) such that, 

jHzo] _ ( - 71)4 7. (i - n) [Dz0] cz(n) 

[H DU] = 2-a 1(1)(t- n)( -n) 
Thus equation (6) becomes, 

_ 3¡ß +4n n)C- nN40-71)z - eAn)o-n) (i- -ri)3K3 "+ n341n) 
1s73 

Then EH3O+ = 1 substitution in equation (7) for 

various values of n will give the corresponding values 

of Q'(n). The results are shown in Table 1. 

Table 1 

n-----0iP (n) Q' (n) 

CC 1.104 1.000 

0.*25 1055 0.916 

0.50 1023 0612 

0.75 1.008 0421 

1.00 1.000 0.260 

Fig. 1 shows QT(n) plotted against n. Thus the 

variation of the combined proton and deuton activities 

with the D- content of the water is obtained. 

If the rate of the reaction is assumed 

proportional to the proton and deuton activities we can 

Tri? 6,04,1+ + ezo(vi- where is the 

velocity constant in water of deuterium content n; e, 

and e, are constants. 

From previous equations, 

( 7) 



K E1-13o 
f 

e,(i- n),19( -n) 
Q(n) 

The rates in water and deuterium oxide 

respectively are, Ko = (3,E H3011+ 1K, = 6z E H30T 

If J = " for the ratio of the rate in a 
h K. 

given solution to that in water at the same 

concentration of hydrogen ions then, 

S n = j (I - n) ( I - n) + Ko QiU ) n 1)(n) 

QV11 - {`r') I -h) + Qc)h(n)J (, 
` 
( 

o 
1 

Here Q1(1) ' - 26 for 15°C. 

On examination of the rates of a given reaction 

catalysed by acids in isotopic 7rater mixtures the 

kinetic data can be substituted in equation (8). 

If the T (n) vs. n curve obtained agrees with the 

theoretical thermodynamic curve the assumption that 

the reaction rate is proportional to the proton and 

deuton activities is justified and preequilibrium 

between isotopic hydrogen ion and substrate is 

,probably established. If the experimental curve does 

not agree with the thermodynamic, the assumption is 

not valid. 

Instead of evaluating Qt(n) from the experimental 

values of Jh it is preferable to obtain theoretical 

values of from the known values of c"' (n) obtained 

above for various isotopic compositions, and 

found from experiment. The Sn vs. n calculated curve 

can then be compared with that actaally observed. 

Table 2 below shows the values of to calculated for 

different values of S, . 
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Table 2 

n ,h 

=15 JL=1.3 Sal1 =0.9 L°07 =05 

0,0r 1,`r11 1-000 1.000 1.000 1.000 1.000 

0.25 1.051 1.032 1.018 1001 0.984 0.966 

0.50 11? 1 1.11? 1.073 1.031 0.986 0 . 944 

075 1223 1.232 1.140 1.048 0.953 0.849 

19.00 1.500 1.300 1.100 0900 0.700 0500 

The various n vs. n curves obtained are show. 

in Fig. 2. 

Fo¡ the hydrolysis of acetal8 in H(D)C1 solutions 

l]e experimental curve agrees well Frith the 

thermodynamic which is to be expected. since Brönsted 

and `.'ynne- Jones, l showed that this reaction is a 

case of specific ]ydrogen -ion catalysis. The 

experimental curve obtained for the decomposition of 

diazoacetic ester catalysed by protons and deutons7 

agrees well with the thermodynamic. Incidentally this 

reaction has never been considered as a case of general 

acid catalysis. The acid.- catalysed inversion of 

sucrose studied by Gross and co- workers7 shows a 

deviation between experimental and thermodynamic 

curves which seems to be outside the experimental 

error. Gross therefore concludes that the 

;areequilibrium between substrate and hydrogen ion is 

disturbed in this case and besides the specific effect 

of the hydrogen ion general acid catalysis also plays 

a part. This view is supported by the experiments of 
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H-ntzsch end Weissbergeri2 which are discussed by 

Hammett and. Paul- 

Base Catalysis. 

Reactions r.rhich proceed in presence of bases 

can be divided into two categories. 

(1) Those -hick proceed faster in heavy water than 

in light e.g. , most hydrolytic reactions like the 

hydrolysis of ethyl acetate, hydrolysis of mon.ochlor,acetate 

etc. 

(2) Those which proceed faster in light than in 

heav; water as they mutarotation of .= lucose and 

decomposition of nitramide. 

In the case of ester hydrolysis substitution of 

light -eater by heavy in the base catalysis results in 

a smeller increase in the velocity than in the acid 

catalysis, for acid catalysis k IN DSO 1.7 
k IN N2° 

while for base catalysis k (T, Dzo 1.22 under 
K H ;O 

approximately the same conditions -here k refers to 

the velocity constants in the two media. 

Reitz14 considers that although there may be 

hydroxyl end deuteroxyl ions present in the solution 

true basic catalysis may not take place. In the 

Brönsted sense a base is a proton acceptor and basic 

catalysis must always begin with a proton transfer 

from substrate to catalyst corresponding in acid 

catalysis to the addition of a proton to the substrate. 

The hydroxyl and deuteroxyl ions however can not only 

function as proton acceptors but in contrast to HH ̂ 0+ 

ions they themselves can add on to the substrate and 

initiate the reaction in this way. From the similarity 
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of the constants for acid and base catalysis of esters 

we may conclude that the addition mechanism is probable 

in both cases. 

The mutarotation of _glucose exhibits true basic 

catalysis. Both for the acid catalysis and base 

catalysis, the catalyst in the latter case being water 

molecules or acetate ions, there is a decrease in 

reaction rate in heavy water although different 

mechanisms hold for the two types of catalysis. The 

other reactions of the second category are mostly 

typical prototropic reactions in which the transfer of 

a proton is the rate -determining step (see pr ?). 

These reactions are thus specially suitable for 

comparing the rate of transfer of a proton with that 

of a deuton. 

to find the velocity dependence 

the reaction on the D- content in isotopic water 

mixtures have been carried out for nitramide 

decomposition and the water catalysed mutmrotation 

of glucose by La Mer15 and and La Mer -5. 

Reitz has also examined the bromination of nitromethai e . 

As in acid catalysis deviations from linearity have 

been encountered when k, the velocity constant of the 

reaction is plotted against n, the atom fraction of 

deuterium in the medium. A sagged curve is obtained 

in these cases. For nitramide and glucose the 

character of the curve can be accounted for ty assuming 

that in those compounds there is one 'kinetically active' 

atom in the molecule which in the case of glucose is 
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that of the aldehycl.io group. Between this atom and 

the deuterium of the water there is an exchange set 

up and equilibrium is considered to be established 

immediately. The rate of the reaction is then 

governed by the ratio of the light to the heavy 

substrate being linear with this ratio. The 

bromination of nitromethane however cannot be explained 

by such a mechani sm, as was shown by -3.eitz . The 

exchange in this case was completed by heating up 

the substrate the medium before addition of 

bromine. The proportion of heavy compound could be 

calculated but the rate of bromination was not found 

to be linear with this ratio. 

The variation of the activities of the hydroxyl 

and deuteroxyl ions with the composition of the water 

could be established by determination of the 

dissociation constants of a weak base, or alternatively, 

by calculation from the constants given above for the 

acid catalysis, i.e., ki L, P , etc.,together with 

the dissociation constants of light and heavy water. 

Since these constants account successfully for the 

course of the hydrogen ion catalysis, the latter course 

has been adopted. The relative concentrations of 

hydroxyl and deuteroxyl ions are determined by the 

equation, 

2 0D- 720 2 017- + D20 

7.riti ng, 

I; 
, 

1 
2 [D201 

{oDa 2 
C-T?Ca 
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and, 

k-H [_ a' " -D [OD 1D+ 
1 R '3 

a see p. 

[H°2 ] [D21 

T^Te have from previously known constants, 

isT 
ktH.k1H 

A1f k , 2 

where K12 [H3 0 = C +]EoH 

i.e., the ionic products of light and heavy water. 

From the data of Winne- Jones,-8 

1 r0 2 

M r,D20 

and 14:b70 = p3olaY1 

KD20 

KT1-70 = 

Now [0D-1 
oz?-] 

0.184 at 15°C. .'. E 
. 

= 1.93. 

[D20] 
IT [H,O 

R(n) say. 

If the total concentration of hydroxyl ions in the 

solution is, 10117 

E 017' - [0H) + Pr] 

m Oh 
1 + R (n) 

E oI-i 
1 + 1 /R(n) 

and, 

Therefore if the rate of the reaction is determined 

by the activities of the hydroxyl and deuteroxyl ions 

we have, 

Kn = kl [0'-I-] + k2 [0D ] where Kn is the 

velocity constant in water of deuterium content n. 

k1 + k2R(n) 
Kn. = Z.OTI 

1 + R(n) 

The rates in water and deuterium oxide respectively 

,are y Ko = k1ì0E7 and K1 = k2E0H- 
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' k2 
K 1 K 1 

(1) kl - = _ if EOi - is _zept constant. 

= 
1 + Ç(1)H(n) (9) 

Ko 1 + R(n) 

5(n) is the ratio of the rate in a given solution to that 

in water at the same concentration of hydroxyl ions. 

If , (i) is known for any reaction catalysed by the 

ions -OH and =OD the theoretical values for the rates 

at any D- content of the solution can be calculated 

from equation (9) the assumption being that the rate 

is proportional to the combined activities of the two 

ions. Comparison of the actually observed rates with 

the theoretical rates will show whether or not the 

aforementioned assumption is justified. 

The decomposition of diacetonealcohol to form two 

molecules of acetone has been examined by Frornel19 -^.rho 

found K1 = 1.22 at 15 °C. Although little is known 
70 

of the mechanism of this reaction there are two possibilities 

which may be represented as follows, 

1) 0 OH 0- OH 

(a) CH3 . CI . CH2- -C .CH3 + OH- -- * CH3 . C . CH2-- .CH3 

CH3 OH CH3 

(b) I- 
' 

OH 

: 

CH3.C.CH2 r-C.CH3 ---* 2C173.CO.CH3 + 0F7 

1 ( 

OH ; CH.2 

In (a) a complex is formed by addition of the -OH group 

which complex then splits up as in (b) to form 

ultimately two molecules of acetone. 
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2) 
I( 1 

Ts 

(a) CH3.C.CH2-i .CH3 + C33.C.rH2-- .0 + 

Cirj CH3 

0 OH 0- OH 

Pi 
I 

/ (b) CH3..,.ÇH7 C .CT5 -a CH2.C:CH9 + :Cr2 

CH3 CH3 

In (a) the hydroxyl ion of the base removes a hydrogen ion 

from one of the two terminal methyl groups of the 

,alcohol. The negative charge on the complex tends 

to weaken the bond between carbon atom 1 and 2 resulti' 

7 
in the complex splitting up as in (b) . 

According to the latter scheme the difference 

between the reaction rate in heavy and light water must 

be due to the difference in the rates of removal of a 

proton by -OD and -OH respectively. "lynne -Jones has 

already shown (see p. 2) that the transfer of a proton 

to a deuteroxyl base in heavy water is about fifty per 

cent greater than the transfer to a hydroxyl base in 

light water. The experimental data thus supports the 

second mechanism but this in itself is not enough to 

prove either one or the other mechanism. 

,General Acid and Base Catalisis. 

Only a few reactions subject to general catalysis have 

been studied in isotopic water and from our point of 

view the most interesting case is the mutarotation of 

;glucose. This reaction was examined by Moelvyn- Hughes 

and BonhoefferV0 who compared the catalytic activity 

of D30+ ions with that of H30+ ions in the mutarotation. 

These authors found the ratio kk30 +/k1.130+ to be 561 

1-20 



at i4.30 °C. and to increase with temperature. The 

result is interesting since this is the only case of an 

acid -catalysed reaction hitherto studied which shows a 

decrease in velocity in heavy grater. The solvent 

molecules are also catalysts in the reaction but the 

effect of those have been taken into account, the values 

being known from the data of Moelw n-- Hughes, Klar and 

Bonhoeffer21. A more thorough investigation of the 

mutarotation was carried out by Hamill and La Mer10 

who ascertained the effect of the D- content of the 

solution on the catalysis by the acid ion, the aqueous 

molecules, an anion base and the conjugate molecular 

acid. Two results of importance appear. 

1) The velocity of the water- catalysed reaction does 

not vary linearly with the D- content but ïith the 

fraction of 'heavy' glucose present calculated from 

the following equation, 

1 

obs. (moo %20 oD20)DG 
(10) 

Here '> oD20 = 55 kD20 

DG 
DG 

DG + 7G 

Also DG = D? 
(1 - FDG) 

'0H90 = 55 
'7120 

fraction of heavy glucose. 

[DG)[,.To) 
and -K = 

g [FiG][iED0) 

Let Kt. = exchange constant for tetranethylglucose. 

This possesses only one exchangeable hydrogen atom 

which is on the aldehydic group. The constant was 

found experimentally to be e7ual to 0.84. 



The above conclusion was reached 'y firstly 

assuming that equation (10) held for the mutarotation 

process. The FDr thus calculated was used 
with the 

help of the above relations to find r'g, the exchange 

constant between light heavy glucose. The value 

of K for each kinetic measurement remained constant 

and agreed excellently with the Ktfor tetrarnethylrlucose 

found from other experiments, i.e., 0.34. This 

justifies the above assumption that the reaction rate 

is directly proportional to the fraction of heavy 

glucose present which arises from exchange of the 

kinetically active hydrogen of the aldehydic group -:rith 

the heavy water. 

2) The velocity of the acid -ion catalysis varies 

linearly with the D70-content of the solvent. The 

data actially fits the equation, 

kzi+D+ 0.211 - 0-084 FD 

FD2O fraction of D20 in the solvent. 

The authors conclude that in 2) there is unlikely 

to be any real dependence of kH +D-- on the D50- content 

of the medium since its composition is very complex. 

The ocjects of the work described in this thesis 

wer e briefly as follows. 

(1) To examine the acid - catalysed hydrolyses of 

the simple esters ethyl formate and methyl acetate in 

mixtu-_ es of lig±,.t and heavy water of varying isotopic 

composition and to ascertain whether the reaction rate 
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.ras governed by preequilibrium conditions. 

(2) To elucidate as far as possible the mechanism 

of the decomposition of diacetonealcohol in alkaline 

solutions. To this end the decomposition of 'light' 

diacetonealcohol in alkaline solutions of varying 

D- content but constant alkalinity 7as observed. The 

alkaline d.ecomosition of 'heavy' diacetonealcohol in 

l oht and heavy water was also examined. 

(3) To examine a known case of general catalysis, 

i.e., t!e mutarotation of a(- d- galactose and obtain the 

effect of the hydrogen ions in water of varying 

isotopic composition. The kinetic and theoretical 

thermodynamic curves for catalysis by the hydrogen 

ions could then be compared. 

Incidentally the catalytic constants for the 

ions -OH and -OD in the mutarotation were obtained. 
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EXPERIMENTAL AND RESULTS 

Methods of following the = reactions. 

On account of the small volumes dealt with in 

the heavy water experiments a physical method of 

following the reaction was preferred to a chemical 

one but only in cases of reactions where the change 

of physical property was large enough could this 

method be used. In the case of hydrolysis of ethyl 

formate and decomposition of diacetonealcohol the 

refractive index change was fairly large and could be 

followed in an interferometer. 

(1) Interferometric Method. 

A. Hilger Rayleigh interferometer having a high - 

grade one cm. cell was used. During the experiments 

the cell was kept in a metal chamber with windows 

cut in the ends thus allowing the light from the 

source to pass through each of the two compartments 

of the cell. The chamber was water-jacketed and 

a circulating pump maintained a constant flow of 

water at 15 °C. through the jacket. The water was 

drawn from a thermostat electrically controlled to 

give a temperature of 15t 05°C . allowance being made' 

for a rise or drop of temperature outside the 

thermostat according to the air temperature of the 

surroundings. The cell itself consisted of two 

compartments whose capacity was each two ml. In 

the experiments with ethyl formate it was found 

convenient to have one compartment very nearly filled 
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up -.rith the reaction mixtu -e for cìiacetone- 

alcohol about one ml. reaction so_ution was 

sufficient to give good end -points. The other 

compartment of the cell was filled with a reference 

solution of convenient refractive index such that 

the index change could be followed on the 

interferometer scale. 

Two different methods were adopted in 

initiating the reaction. 

(a) rthvl Formate. 

To approximately two ml. of the H(D)C1 

mixture in a specimen tube previously cooled in the 

thermostat to 15 °C. was added 15 ml. of the ester 

from a calibrated syringe . The time of this 

addition was noted and taken as the starting point 

of the reaction. The contents of the tube were 

thoroughly and quickly mixed and about t-ro ml. of 

the mixture introduced into the cell compartment. 

Thereafter interferometer readings and times were 

taken. After a sufficient time had elapsed 

(about twelve times the calf -time period of the 

reaction was considered as sufficient) the end - 

reading of the reaction was taken. In some cases 

a drift of the end -reading was observed and 

regarded as evidence of evaporation from the cell 

contents. This evaporation was reflected in the 

kinetic curves obtained and recourse was had to an 

indirect method for calculating the end- point. 



(b) Diacetonealcohol. 

One ml. of the Na0H(D) solution was introduced 

into one side of the cell the reference solution 

being on the other. The cell was allowed to attain 

a temperature of 15 °C. -: y cooling for about one hour 

at the end of which .025 ml. of the alcohol previously 

cooled to 15 °C. was introduced from a calibrated 

syringe. This was taken as the start of the 

reaction. After shaking the cell thoroughly, good 

fringes were obtained in a few minutes and readings 

and corresponding times ,-ere noted. 

Conditions for obtaining the velocity constants 

%ere very much better in the case of diacetonealcohol. 

One advantage was the fact that for the quantities 

used a shift of 250 drum divisions was obtained 

throughout the reaction while for ethyl formate a 

shift of only about S5 drum divisions was recorded. 

The greater shift in the first case allows more 

readings to be obtained and the end -point can be 

fixed more accurately. In any case offing to the 

smaller amount of substrate added the evaporation of 

the products is reduced resulting in increased 

accuracy when fixing the end-point. 

The hydrolysis of a simple ester may be 

considered a monomolecular reaction provided as in 

the above case the concentration of the ester is 

small. The decomposition of diacetonealcohol is 

also kinetically of the first order. The velocity 

constants of these reactions were obtained by 

plotting, 



log10 (nt - n ,,) vs. t and evaluating the slope 

of the straight line obtained. 

nt interferometer reading at time t after the 

start of the reaction. 

nop interferometer reading at the end of the 

reaction. 

For _reactions where no stable end- reading could 

be observed the end -point was obtained by plottir.g 

c3. 

dt(nt) against nt and extrapolating to zero slope i.e., 

the nt when 4t (mot) . = 0. 

The units of the constants were in all cases gram - 

moles and minutes. 

The change of refractive index on hydrolysis of 

methyl acetate was not great enough to allow the 

reaction to be followed in the interferometer but a 

semi -micro titration method -ras found suitable. 

(2) Titration Method. 

Approximately 5 ml. of the - T(D)Cl mixture was 

used in the reaction. After cooling both acid and 

ester for about 15 minutes in the thermostat about 

'25 ml. of the latter was added to 5 ml. acid by means 

of a calibrated syringe. After thorough mixing of 

the solution z ml. of the mixture was quickly withdrawn 

and run into a large excess of distilled water in a 

conical flask which with its contents had been 

previously cooled in ice. The time was now observed 

and the acid mixture quickly tftrated with weak 

standard baryta -water. The initial titre was thus 

obtained. Half ml. portions of the reaction mixture 
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were withdrawn at convenient intervals and the 

titre obtained. The end- titration was obtained . 

after the lapse of a convenient time up to forty - 

eight hours , The velocity constant, k, of the 

reaction was obtained from the equation, 

230 
k 

_ 
- t [log10(T°O - To) - 1og10 ( T.0 

- Tn. )J 

1 

where , 

T = titre at end of reaction. 

T0 

Tn 

reaction. 

It 

It 

" start " 
rt 

" timetn minutes after start of 

Five intermediate titres were obtained in each 

reaction each titre giving a value of k when 

appropriate substitution was made in the equation. 

The five values, omitting obvious anomalies, were 

averaged to obtain the final velocity constant of 

the reaction. 

(3) Polarimetric Method. 

The mutarotation of o( -d- galactose was observed 

in a Schmidt and Haensch polarimeter reading to 

0.01°. Since the change of specific rotation in 

the change of o( -d- galactose to the equilibrium 

mixture of the o(and/3 forms is fairly large viz., 

= 60° for o< --a oC 3/3 

a solution containing a small concentration of the 

sl gar, about two per cent, was used. A narrow -bore 

two decimetre polarimeter tube containing about two 

ml. of the solution was found convenient. The 

latter was surrounded by a water jacket through which 
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water from a thermostat at 15°C. -ras circulated 

before and during the experiment. The solution and 

a known weight of the galactose were cooled separately 

for about 15 minutes in the thermostat. A known 

volume, about 2.2 mi., of the solution was then 

introduced into the tube containing the sugar and the 

mixture thoroughly shaken for about three minutes. 

The polarimeter tube was filled with the reaction . 

mixture using a thin capillary which reached to the 

bottom. Rotations and corresponding times were 

thereafter observed. The reaction is of the first 

order and so the velocity constant could be obtained 

graphically by plotting log10 (0<t - <) against t 

and obtaining the slope of the straight line. 

o(t = rotation observed at time t minutes 

after start of reaction. 

000 = rotation on completion of reaction. 

Very good linear graphs were obtained and the 

velocity constant was reproducible to a high accuracy. 

The change of rotation throughout the reaction was 

in all cases about 2.200. 

Treatment of Heavy Water. 

The heavy water samples were obtained from 

Messrs. I.C.I. Ltd. and had a composition varying 

from 99.55 - 99.60 gm. pure D20 oer 100 gm. of sample. 

The density, d40 varied from 1.10490 to 1.10495. 

On testing the samples with B.D.H. universal indicator 

an alkaline reaction was invariably given, showing a 

off between eight and nine. Consequently in those 

experiments where this amount of alkali might affect 
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the reaction rate e.g., when using dilute solutions 

of acids or bases, the heavy water sample was 

distilled under atmospheric pressure in an all -Pyrex 

distilling apparatus suitably designed for dealing 

with small quantities about five to eight ml. The 

distillate had a reaction which indicated a pH of 

about seven. 

After distillation the density of the sample at 

25 °C. was measured using a pykr_ometer holding about 

one half ml. when filled to the mark. The D20- 

content of the sample was calculated from the figure 

denoting the specific gravity of 100% D20 i.e.: 

d25 - 1.1074. In no case was trrie lowering of the 

D90- content of the original sample more than .4%. 
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Experiments with Eth' i Formate. 

Purification. 

The commercial product was twice distilled, the 

fraction boiling at 53.85 - 54.45 °C. under 760.5 mm. 

pressure of mercury being used in the experiments. 

Preparation of Solutions. 

A small quantity of concentrated hydrochloric acid 

solution previously standardised by means of anhydrous 

sodium carbonate was added to a weighed quantity of 

heavy water. Xnowing all the weights and volumes 

involved the normality of the resulting solution could 

be calculated. The resulting decrease in the D20 

concentration of the solution was also computed. 

A hydrochloric acid solution in ordinary water was made 

up to exactly the same strength. By mixing together 

varying weighed quantities of each solition,mixtures oft 

varying D- content were obtained although the total 

acidity of the solution was kept constant. 

Results. 

Normality of H(D)Cl solutions = 201 N. 

Approximately 2 ml. acid solution + 15 ml. ester on 

one side of the cell; 201 N HC1 on the other. 

Temperature = 15 ±05 °C. 
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Table 3 

Atom fraction D in 
solvent =D z n 

Observed velocity constant. 
kobs x 103 

D + H 

00 14.7 , 15 .1. Be s t value = 14.v 

27 15.3 

72 17.7 

82 18.6 

96 20.4 

1.00 20.15 Value obtained by 
extrapolation from 
theoretical çurve 

The ratio of the velocity of hydrolysis in heavy 

water- to the velocity in light water, 

'{obs .D j04' kD30+ 
1.27. 

kobs .íi30+ kÑ30+ 

The above data is also shown in Fig. 3. 

F eriments with Methyl Acetate. 

Purification. 

Commercial methyl acetate was fractionated. The 

fraction of B.P. 57.0 - 57.2 °C. at 759.6 mm. was 

collected and found to be quite neutral to B.D.H. 

universal indicator, showing a ioTT of 7 - 8. 

Preparation of Solutions. 

To prepare DC1 solution dry hydrochloric acid gas 

was absorbed in heavy water, the approximate 

concentration being estimated from the increase in 



1 -eight of the solution. The absorption -iras discontinued 

after a convenient increase in weight was observed and 

the density of the resulting solution measured. Small 

known weights of the solution -ere then titrated against 

weak standard baryta -water and the normality of the 

DC1 solution calculated. 

A hydrochloric acid solution of the same strength 

as the DC1 solution was prepared by diluting standard 

hydrochloric acid with a requisite amount of distilled 

water. The standardisation of the solution was carried 

out in the same way as for DC1 solution. 

As before mixtures of HC1 and DC1 were made up by 

weighing out the two solutions in varying proportions. 

:nowi g the weights, densities and concentrations of 

the two solutions the D- content was calculated. 

Results. 

Normality of H(D)C1 solutions = 1.317 N. 

5 ml. acid. mixture + 25 ml. ester mixed. and 5 ml. 

reaction mixture taken for each titration. 

Temperature 

Solution 1. 1.217 Taï DC1. 

15- .05 °C. 

n c_v. 

TOO - ern to obs. 15 x Average kobs 103 

11.00 00.0 omitting first 

8.27 38.0 7.20 value 

6.94 75.5 6.29 

^.. 146-0 6.34 6.22 

2.12 206.5 6.09 

1.59 315.0 6.14 



Solution 2. 

31. 

1.317 N HCl. n = 000. 

- T 
11 t,1 0 ., .C) 

s. 
Average kobsx 

10- . 

omitting second 
10.92 00.0 

value. 
9.72 22.5 3.61 

8.27 68.5 3.90 

6.67 138.0 ?-5S ?Az: 

5.22 200.0 3.70 

3.52 308.5 3.67 

The k' s have been calculated from the equation, 

k 2 t03 log10 ( Ta, - To) - 1og10 ( Tm - 
n 

The above table shows that the average deviation 

of each individual k from the arithmetic mean is about 

(1.5 -2)% which represents the limit of accuracy of the 

experiment. The complete set of results has been 

tabulated below in Table 4. 

Table 4 

Atom fraction T) 

in solvent = 
Observed velocity c nstant 

kobsx 10° DD 

.000 3.64, 3.65, 3.85, 3.89, 4.02, 
- 4.15. Average = 3.87. 

.214 4.08 

265 4.32 

512 4.47 

.703 5.03 

712 5.17 

.984 6.22, 6.02. Average = 6.12 

1.000 6.20. By extrapolation. 



32. 

In the case of the hydrolysis in hydrochloric acid 

the average deviation from the mean is 3.9 %. 

With D- content as abscissae and velocity constants 

as ordinates the above results are shown in Fige 4. 

In this reaction =30 = 1.60, 
0 

where k7,00+ and k730+ denote the catalytic constants 

of the oxoniura ions. 
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FxLJeriments , 
°r5 th Di-,.cetonealcohol. 

Purification of ordinary compound. 

Commercial diacetonealcohol, 77hich had t:irned a 

slightly yellow colour from polymerisation on standing, 

7as distilled under reduced pressure A fraction of 

boiling point. 63 -64 °C. at 11 mm. mercury was taken. 

Preparation of 'Heavy' Diacetonealcohol. 

The compound was prepared by the condensation of 

'heavy' acetone. To obtain this, pure acetone was 

heated with approximately 100% D20 and a trace of 

caustic soda in a bomb at (60- 65) °C. for a few days. 

The resulting acetone was distilled and submitted to 

the same treatment with fresh heavy water. After 

distillation the product was estimated to have about 

75% of its H atoms replaced by D, i.e., 75 atom -D. 

For the condensation of the acetone the method of 

Conant and Tuttle was used and adapted to a small 

scale. The apparatus, of which a sketch is given 

on the opposite page, consisted of a semi -micro 

extractor made of Pyrex glass with an electrically 

heated cup, A, holding about 5 ml. acetone,and a 

condenser, B, to the bottom of which is attached a 

small thimble containing solid baryta, in this case 

heavy baryta obtained by treating ordinary baryta 

once with heavy water. C is a reflux for the 

unconverted. acetone. After heating for forty -eight 

hours at about 100 °C. the product consisting of an 

80% yield of the alcohol was distilled at atmospheric 



"'L . 

pressure and then twice distilled in vacuo. A 

micro -analysis carried out by Dr. C.L. Wilson of 

London University showed that the diacetonealcohol, 

assuming it eras quite pure, contained 60.4 *0.1 atom%-D. 

Preparation of Solutions. 

The heavy water used for the alkaline solution 

was distilled before use. This rendered it both 

neutral and gas-free. A.R. sodium hydroxide in 

pellet form -as then added to a requisite amount of 

D20 to make an approximately decinormal solution, the 

process being carried out in a dry, carbon dioxide -free 

box. After dissolving,the sodium deuteroxide solution 

was standardised by means of weak hydrochloric acid, 

great care being taken to exclude carbon dioxide from 

the solutions. A sodium hydroxide solution of exactly 

the same concentration was made up in a similar manner 

using larger quantities of material. Carbon dioxide - 

free distilled water was used here. The reduction ir. 

the D20- content of the water on addition of the solid 

sodium hydroxide oxide did not amount to more than .2 per 

cent. The solutions of varying D- content .rep e made 

up as before by weighing out and mixing varying 

quantities of the NaOH and NaOD solutions, the 

calculated D- content being checked by noting the 

change of refractive index produced when these solutions 

were introduced into the interferometer cell before 

the addition of the alcohol. 
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Results. 

Normality of Na0H(D) solutions = .1185 N.. 

1 ml.. solution + '029 ml. diacetonealcohol on one 

side of the cell; reference solution on the other. 

Temperature of cell 

Table 5. 

= 15±05°C. 

Atom. fraction D 
in solvent = n. 

Observed velocity ponstant. 
kobs. x 10 

0.000 19.6, 19.6, 20.4, Aver. = 19.8 

0.121 20.9 

0.259 22.1 

0.529 24.2 

0.725 26.4 

0.853 27.5 

0.990 28.8 , 28.4 , Aver. ° 28.5 

0.996 28.7 

1.000 28.7 B extrapolation: 

-OD- 
= ,S 

( 
1) l.45 , 

OH- 

The above data is shown in Fig. 5. 
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Comparison of Velocity Constants for 'Light' and 
'Heavy' Diacetonealcohol. 

Table la.ble , . 

kobs._x 10 3 

0-1185 N NaOH 0.1136 N NaOD 
n = .990 n = 995 

'Light' diacetonealcohol 19.8 29.2 

,c 

'Heavy' °1 153, (17.C-) r 26 .0 

(604 atom¡-D) 

Original product prior to distillation. 

For 1185 N NaOH, 

kobs. 
for 'light' compound 19.8 

It 
" 'heavy' n 15.8 

For 1166 N EaOD, 

k 
obs. 

for 'light' compound 29.2 

n n 'heavy' rr 26.6 

= 1.10. 

These ratios refer to a 'heavy' compound containing 

only 60.4 atom % -D. Assuming that, for a given medium, 

the decrease in reaction rate is more or less linearly 

proportional to the atom% -D in the diacetonealcohol 

we have for diacetonealcohol containing 100% atoms -D, 

in 1185 N NaOH, 

kobs. for 'light' compound _,._ 1.68. 

tt rr 'heavy' rt 

and in 1166 N NaOD, 

k obs. 
for 'light' compound 

TI 
" 'heavy' rf 

1.22. 
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Experiments with o(- d- galactose. 

The pure commercial product, which was found to 

be practically neutral to B.D.H. indicator was used in 

these experiments. 

Preparation of Solutions. 

The method of preparing the HC1 and. DC1 solutions 

was the same 2.s in the methyl acetate experiments, 

the heavy water being distilled before use in this 

case. The solutions used in attempting to find the 

water rate of the reaction were obtained by diluting 

weak hydrochloric acid solution with a large volume of 

distilled water. The pH of the resulting solution 

was then found colorimetrically. The ordinary water 

phosphate buffer solution was prepared by adding the 

requisite amount of the A.B. salts to distilled water 

while for the heavy grater buffer a small quantity of 

concentrated H2O buffer was diluted with D20. The 

reduction of the D- content of the latter solution by 

the H90 present was neglected since it did not amount 

to more than 1 %. 

Results. 

Normality of H(D) C1 solutions - 01077 N. 

2.357 ml. acid solution + .0171 gm. galactose were 

mixed and dissolved for each experiment. 

Temperature = 151.05 °C. 
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Table :7 

Ratio D in solvent Observed Mutarotation 
velocity constant. 

kobs. x 103 
B t 

H 

000 17'2, 17.4. Aver. value = 17-:::.5 

247 13.49 

349 13.49 

485 11.10 

.754 9.34 

.995 7.40, 7.42 Aver. value = 7.41 

1.000 7.40 B extrapolation 

Since the mutarotation of galactose shows 

multiple catalysis, to find the constants for the 

various hydrogen ions it was necessary to find the 

catalytic constant for the isotopic water molecules. 

Kuhn and Jacob23 show that, from experiments carried 

out in 1 N citrate buffers and 5 per cent. sugar 

solutions, the catalytic minimum of the pH- mutarotation 

velocity curve occurs at pH = 3.5 where k x 104 = 15.4 

at 25 °C. At the minimum which is rather sharp the 

catalysis should be due entirely to water molecules 

the ions of water having a negligible effect. On the 

other hand for d- glucose Nelson and Beegle24 show that 

bet-een pH = 2.5 and pH = 6.5 there is a broad 

catalytic minimum,the mutarotation velocity in this 

region being independent of the hydrogen -ion 

concentration. 
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39. 

Consequently experiments were carried out with 

galactose to ascertain whether this broad minimum 

existed. The experiments were carried out in 

unbuffered solutions as otherwise the pure water rate 

could not be determined. The determination of the 

pH therefore was roughly made as all that was required 

was reproducibility of the velocity constant within 

a certain pH range. The results are shown in Table $ 

and Fi 

Table 8 

Solution oTT i., x 10- 

Conductivity water - 14.2 

Very d.il. HC1 solution 5.6 14.2 

u " " 4.7 12.6 

5 N H3B03 ii 4.9 Calculated from 
dissociation constant 

12.6 

00055 N HC1 ur 3.3 11.7 

0011 " " " 3.0 11.8 

The results indicate that a fairly sharp minimum 

occurs between pH 3 and 4 on the pH- mutarotation 

velocity curve, the corresponding velocity being about 

11.7. The idea of obtaining the velocity constants 

in isotopic water mixtures directly had therefore to 

be given up as no control could be put on the 

hydrogen -ion concentration in such solutions -itho.zt 

using buffer mixtures which would introduce other 

complications. 



40. 

However an indirect method of calculating the 

water constant was available. The effect of the 

different ions and water molecules on the reaction 

rate can be put in the form of an equation first 

proposed by Hudson (1907). 

+ + 
kobs .= CH20. kH2O + [H3o] kH30+ [OHI kOhf- 

where CH00 = molar concentration of water which in 

dilute solutions remains practically constant. 

If experiments are carried out at two different 

acid concentrations the following equations arise, 

C Dzo,Hzo kDzo.HZO + [ H30+ + D3011 kH3otDg0+ + [o H vo.'ob- `1 U) 

k 0 5. ° C H2,0,D, OakHZO,DzO + [N 3o+ i- D3O +,] nH30 Di + 
+ [oi- + ODlzk oH 0D- ( 2) 

where klebs. and k2pbs. are the observed. constants of 

mutarotation in the two solutions of different acid 

concentration but the same D- content. 

Since the first term on the right -hand side of 

equations (11) and (12) ke7eps_: practically constant in 

dilute solutions, and in acid solutions the final term 

of each can be neglected, the isotopic ion constant 

for a given D- content is easily obtained from the equation, 

kHoO+:D,O+ _ 
- v 

kl obs - k2obs 

Cu30+ + D30+J + D30+ 

The right -hand side can be evaluated from the known 

data. Knowing the k7 
-3 
0.4.D 

3 
0+ for any D- content of the 

s1 v 

solvent the water constant, 
k H20,D20 for this content 

can easily be found by substitution in equation (11) or (12). 
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41. 

Table 9 below shows the mutarotation velocities 

obtained for isotopic mixtures in 03477 N H(D) C1 

solutions. 

Table 9. 

Atom fraction D 
in solvent = n. 

Observed velocity ponstant. 
kobs. x 10. 

0.000 28.99 29.49 29.89 Aver. = 29.4 

0.249 25.2 

0.501 21.3 

0.747 19.2 

0.995 16.89 16.9 Aver. = 16.9 

1.000 16.8 By extrapolation. 

The other conditions and procedure are the sane as for 

the experiments in 01077 N H(D)C1 solutions. 

The data of tables 7 and 9 is shown in Fig. 7. 

Table 10 and Fig. 8 show the values of kH30 +D30+ and 

CH2Ot2pkH2OD20 derived using equations (11) or (12). 

Table 10. 

Ratio x 103 Cr.rQn20kK2gD2o x 103 
D D H'`'N30+D30+ 

in solvent. 

0.00 502 11.94 

0.25 460 
. 9.07 

0.50 429 6.70 

0.75 409 4.37 

1.00 396 3.11 
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From the values obtained the ratios of the constants 

in pure light water to those in pure heavy water are, 

kg30+ 

kDO+ = 1.27 
kH2C, 

= 3.84 
kD20 

The velocity constant of light water, 

CH2Op20kH2O »20 x 10k, obtained by the above method is i 

11.9 and agrees with, the value obtained directly, 11.7; 

see Fig.6. 

In deriving the ratio 
D 

D 
N 

for the solvent 

it has been assumed that no exchange occurs between 

the H -atoms of the sugar and the D -atoms of the solvent. 

In any case if exchange occurred at all at the C;H- 

groups of the sugar there is involved at most an error Ii 

of one per cent in the ratio and this is not greater 

than the experimental error in deriving the velocity 

constants. 

Catalysis by Hydroxyl and Deuteroxyl Ions. 

By working working on the alkaline side of the mutarotation 

velocity -pH curve it was thought that the catalytic 

constants of the ions -CH and -OD could be found. 

'Puffer solutions containing equal molar quantities of 

primary potassium phosphate, T(H2PO4, and secondary 

sodium phosphate, NaH2PO4, were prepared in light and 

heavy water. The same quantities of sugar and solvent 

were used and the same procedure adopted as for the 

previous mutarotation experiments. The results are 

showmn in Table 11. 
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polarity of buffers with respect to either 

KH2PO4 or Na2HPO4 01581 

Ionic strength of solutions 053 

Temperature 15+-05°C. 

Table 11 

Buffer solvent kobs. x 103 

Light water 

Heavy water 

43.3 

14.3 

For mutarotation in alkaline solution equations 

(11) and (12),for observations in pure light and 

pure heavy water respectively, reduce to, 

kob s . H20 

kobs .D70 

= CHN20 t 

= CD9OkD9O + 

[del kOH- (13) 

COD i kOD- (14) 

since the catalytic activities of the H30+ and D30+ ions 

are negligible. To find k0r- and km- the concentrations 

of the hydroxyl and deuteroxyl ions must be calculated. 

From the extended Henderson equation, 

pH = pK2g2O [1Ta.?'0.^] - 1.5 + CV (15) 
rKi2P041 

I rTPO 
pD = pK2O + log Ta 

2 4] - 1.511T + Cp. (16) 

C 
7..H 

2P0LL] 

trhich fix the ú30t and. D30+ concentrations in the 

buffer solutions. 

p = ionic strength of solutions. 

2 = second dissociation constant of H3PO4 

i_.e., constant for process, H2PO4 w=ft I + HPO 
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-Recent measurements by Schwarzenbach, Epprecht, 

and Erlenmeyer25 using the deuterium electrode show 

that pK2;H20 = 7.207 ; p 120 = 7.666 at 20°C. 

For the solutions used therefore, 

pH = 7.207 pD = 7.666 

neglecting for the moment the ionic terw?s. 

To obtain. the OF- and OD- concentrations 

Wynne- Jones' values for the ionic products of light 

and heavy water were used18 

ie., [F,-1[05-] - 10-14`'5 [D4.1COD = 10-1508 

at 15 °C. and zero ionic strength. 

Tare expressed in moles per litre. 

Thus for the above solutions, 

] , 7.414 
0:- 
n 

= 107.143 [ 
- 0. ] = 10- 

From equations (13) and (14) by substitution, we have 

The concentrations 

433 = 119 + 10-7.143r ' T 
ri"rI- kO- lj 

14.3 = 3i + 10 -7.414 _ _ 
-'OD ' 

k 
D O 

kOlx- 
= 1.50 

kOß- 

= 4354 x 108 

= 2.906 x 108 

To take into account the ionic terms in equations 

(15) and (16) changes the actual values of k0jj- and 

k0D- somewhat but causes a negligible change in the 

ratio of the two. The catalytic effect of the other 
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anions present in the solution have been assumed to 

cancel out in the ratio. Another source of error 

lies in the evaluation of pH and pD since the values 

of pK 00 and p?2p20 are obtained from Cchv'rarzenbach's 
data for 20 °C. while the above experiments were carried 

out at 15 °C. The error involved here is unknown 

since we have no knowledge of the temperature 

coefficients of the dissociation constants involved. 
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It has been Shown in t he introduction that the 

use of deuterium compounds has provided a means of 

distinguishing in suitable cases the various mechanisms 

of acid - or base - catalysed reactions. 

Hydrolysis of 7,thyl Formate and Met yl Acetate. 

Dason26 ':r has found that in the case of simple 

esters, e.g., methyl acetate, general catalysis by 

undissociated acid molecules and anions is shown 

besides the catalysis due to the ions of water. In 

the case of ethyl acetate in acetic acid - sodium 

acetate mixtures the observed velocity constant is 

shown to be the stun of the individual constants due to 

the different ions and molecules. 'Alen ': acetic acid 

is used in absence of the corresponding salt the terms 

due to the undissociated molecule and the acetate -ion 

are very small and can in general be neglected in 

comparison with the hydrogen ion effect. "Vhen 

hydrochloric acid is used as catalyst the effect of 

introducing these terms is even smaller, in dilute 

solution. In solutions more concentrated than 

2 molar the effect of the undissociated acid on the 

catalysis may not be negligible and quite possibly 

'undissociated' hydrochloric acid is a very effective 

catalyst J7. 

For these esters there does not a -ppear to be any 

possibility of a preequilibrium followed by general 



47. 

basic catalysis as in the case of enolisation of 

acetone (see p.4). This can be seen if we assume 

the following reaction scheme, 

0 

a) 

b) 

c) 

o 
RI.C° 
óR 
0 

[R1. C 
'0 

17. 

.T 

Ii 

'0. 
H - 

+ 

.R2 

- 

H3Ö 

+ 

+ H20 

k 
_ 

fRl.c.o.R2j+ 
+ 

Fi 

k3 
p 

Ri-C. + 

-Io0 (equilibrium) 

.R2 
-+ 

H 

(equilibrium) 

(slow) 

k2 

L-I20 

0 

R20H + a30+ 

Thus a comparison of the K. , vs. n curve obtained 
r.. 

from experiment with that derived theoretically should 

give conclusive evidence as to the existence of general 

acid catalysis. 

Referring to page 10 the following equation was 

derived, 

S n = 
Q, n) /(1 - n) 0(1 - n) + ' (1)n9(n) 

l 

Q' (n) has already been derived theoretically and 

knowing K 1 from experiment the theoretical values of 
K 

Sn for varying isotopic mixtures can be calculated. 

This has been done for ethyl formate and methyl acetat4 

and the results are shown in Tables 12 and 13. 



Ethyl Formate. 
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Table 12 

Ki 2015 - (1 ) 
Ko 14.76 

1 ^ 

n n calculated Kn x 103 calculated 

0.00 1.00 14.7 

0.25 1.04 15.28 

0.50 1.131 16.62 

0.75 1.263 18.58 

1.00 1-371 20.15 

Methyl Acetate. 

K1 
Ko 

1.60 

Table 13 

Ko = = 3.87x103 

n n calculated Kn x 103 calculated 

0.00 1.00 3.87 

0.25 1.06 4.10 

0.50 1.18 4.56 

0.75 1.17 5.31 

1.00 1.60 6.20 

The calculated velocity constants for the above 

two reactions have been entered in Figs. 3 and 4 

respectively to give a comparison with the observed 

values. 

For ethyl folmate there is agreement between 
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observed and calculated constants within the 

experimental error which admittedly is fairly high 

since difficulty was experienced in obtaining satis- 

factory end -points by the interferometer method. 

For the methyl acetate reaction the calculated 

and observed values for the velocity constants are in 

fairly close agreement. 

It must be concluded therefore that in the case 

of hydrolysis of those simple esters the complex is in 

thermodynamic equilibrium with the medium and general 

catalysis by acids is improbable. 

It has recently been pointed out by Bonhoeffer 

and Reitz4 that the function Q'(n) obtained from 

equation (8) i.e., 

Qt 
(n) 

= 
Sn 

(l 
- 

n)0(1 - n) + Y Q' (l)n0(n)j 

can be derived on certain assumptions without necessarily 

assuming a preequilibrium between proton and substrate. 

Also if the values computed for' (n) from kinetic and 

thermodynamic data do not agree, it is shown that agreement 

may be reached by considering the different velocities with 

which the complex finally reacts with H2O I DO and D20, 

i.e., the dependence of k3 of equation (5) on the medium. 

Either of two assumptions can then be made both of 

which lead to a different form of the function Q' (n) 

including terns additional to those in equation (8). 

Gross_ Steiner & Krauss28 attempted to account for the 
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deviations met with in the inversion of cane sugar 

by consicaerin these additional terms but on no account 

could the kinetic and thermodynamic functions be 

harmonized. They therefore conclude that the 

objections ofßonh.oeffer and Reitz to comparing of 

kinetic and thermodynamic data is not justified. The 

latter assume as the criterion of )reequilibrium in 

acid -catalysed reactions that the reaction rate is 

greater in heavy than in light water. 

Decomposition of Diacetonealcohol. 

From equation (9) on page 16 i.e. 

Kr 
= (n) 

o 
{1 (1)a(n) 

1 R (n) 

the values for the velocity constants of the 

decomposition for various isotopic concentrations can 

be calculated the assumption being that the reaction 

velocity is proportional to the combined activities of 

the ions -OH and -OD. Table 14 gives the results of 

the calculation. 

(1) r T1 r 
I`-o 

Table 14. 

1.45 from data ori p. 35. 

n S (n) - xx 103 

0.00 1.000 19.8 

0.25 1.091 2l6 

0.50 1.188 23.52 

0.75 1.302 25.8 

1.00 1.450 28.7 
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Fig. 5 gives a comparison of the calculated 

with the observed values of the constants. 

The observed rate is practically linear =frith 

the D- content of the solvent while the calculated 

curve u vs. n has a slight but definite sag. 
The discrepancy between the two curves favours 

the view that the reaction does not proceed by way of 

an equilibrium but t 'e difference is too small to 

be conclusive . More definite evidence for the 

mechanism however is obtained from the decomposition 

of the 'heavy' compound (see p.36 ) . Both in heavy 

and in light water. the 'heavy' compound reacts 

appreciably more slowly than the 'light' compound 

for solutions of the same alkalinity. . This difference 

in velocity is greater than can be explained by the 

increased mass and consequently smaller collision 

number of the 'heavy' compound. The difference 

between the reaction rate for the 'light' compound and 

that for the 'heavy' should be considerably greater 

if diacetonealcoh ®l. of 100% atom -D were used instead 

of the compound of 60.4%, atom -D which was actually 

used in the experiments . Thus it would appear that 

the rate -determining step in the reaction is a proton 

or deuteron transfer from the compound to the -0H or -OD 

'ion and the following mechanism is indicated- 
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CH0 ¡H2 

.0H + OH- CH3.C.CH2.C.OI-± 

CH 
3 CH3 

1 1H2 + ll - IH 
CH3.C.CH2.I..OH --,.o.- r [CH3.C.CH21 + CH3.C:C2 

CH3-. 

The proton would most naturally be lost from one of 

the terminal methyl groups adjacent to the hydroxylic 

oxygen atom. This would convert that half of the 

olecule into a enolic acetone and the molecule would 

then split up into an enolic acetone and the 

corresponding ion. 

The above mechanism accounts for all the main 

features of the reaction. 

(1) The 'heavy alcohol reacts more slowly 

than the light because the transfer of D+ from the 

compound to the -OH and -Or ions is slower than the 

corresponding transfer of H. 

(2) The 'light' alcohol reacts more quickly in 

heavy water than in light because the rate of transfer 

of a proton to the deuteroxyl ion in heavy water is 

more rapid than to a hydroxyl ion in light water. 

Incidentally the ratio of the rates of the two 

processes, in the above case 1.45, agrees well with the 

same ratio obtained in the case of neutralisation of 

nitroethane (equations (1) and (2)) . 

(.3) The reaction is not catalysed by acids. 

The enolisation of the terminal acetone cannot he 



effected by acid catalysis because the oxygen is 

already in the hydroxylic form. 

T utarotation of - d -cm.lactose . 
From the treatment given on p. 40 et seq. it has 

been possible by using the Hudson equation to isolate 

the catalytic constants for the water molecules and 

for the hydrogen ions in isotopic water mixtures of 

constant acidity. ''Then 
kH2O 

4. D30+ 
is plotted 

against n (Fig. 8) a sagged curve is obtained contrary 

to the findings of Hamill and La Mer Trrho obtained a 

straight line for the analogous case of oc -d- glucose 

at 25°C. For catalysis by the molecules of water, 

however, kH2O9D20 vs. n (Fig. 8) yields a sagged curve 

similar to that obtained for glucose by these authors. 

From equation (8), i.e. 

Qt (n) - n {(1 - n)0(l - n) + Kl,t (1) n 0(n) 
K0 

it is possible to calculate the catalytic constants 

for the hydrogen -ion catalysed reaction for various 

isotopic mixtures on the assumption, as before, that 

the reaction rate is proportional to the activities 

of protons and deuterons. The results are shown. 

in Table 15. 



Table 15 

= K1 = n6 x 103 
jro 502x103 

_ .788 from data on p.41. 

n 3 (n) K x 103 . kH0D0 x 103 

0.00 1.000 502.0 

0.25 0.990 496.5 

0.50 1.007 506.0 

0.75 0.993 499.0 

1.00 0.788 396.0 

The calculated constants for the hydrogen -ien 

catalysis are shown in Fig. .8 together with the observed 

constants. The two curves are entirely different in 

character. The theoretical cuve is convex upwards 

and has one point of inflexion, while the observed 

curve is smooth with a downward sag. This result seems to 

indicate that the reaction does not proceed by way of 

a preequilibrium with the H30+ and D304 ions and supports 

Bonhoeffer and Reitz' contention that the rate- determining 

step is a proton transfer, i.e., referring to equation 

5, p. 3, 

Rate of reaction, k - klk3 
k2 + k3 

For mutarotation of galactose k2 k3 

k = k1 
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For the case of a simple ester hydrolysis, 

however, k3 k2. 

k = 
kl.k3 

_ 

i.e., the rate is proportional to the concentration 

of the intermediate complex. 

A comparison bet -Teen the data for mutarotation 

of oC -d- galactose obtained here and o(- d.- glucose 

obtained by other workers is made below in Table 13. 

Table 16 

oc -d-valactose u"-d-glucose 

kH00 + , __ 
127 at 15°C. 178 at 14.80°C.20 

1.37 " 25°C. 16 

kD30+ 

kH2O 3.84 u 3.12 at 1480°C.20 
" 1E3 3.80 25°C. 

kD,O 

kOH- 1.50 " 

kOD- 

k(CH?C00-)in H20 2.38 at 24.97°C. 10 

k(CH3C00-)in D70 

kCH., C00H 
, 

_ 2.59 " r r ,t 

kCH2C00D 



The similarity between the two sets of data is 

close and the slight differences should be accounted 

for by the temperature effect, which would alter the 

activation energy, combined -with minor steric effects 

arising out of the different structures of the two 

sugars which are identical except for the grouping 

on the fourth carbon atom, i.e., 

oc- d- galactose oC- d- glucose 
r- 

---- -0T T1 -I 
z.I 

- 
é 

3Ì I 

70 --C 

7 -C H -C - 

C77O7 CFiOH 

As mentioned on p.187 La Lier has suggested that 

the water-catalysed mutarotation of glucose can be 

explained on the assumption that exchange between 

solvent and the aldehydic hydrogen of the glucose 

takes place rapidly and that the reaction rate then 

varies linearly with the proportion of this 1heavy' 

glucose in the solution, the solvent having no further 

influence on the rate. This is equivalent to saying 

that the change in velocity constant on going from 

light to heavy water is due only to variation of 

acidity of the substrate. Although La Mer's theory 

explains his own results for the water- catalysed 

mutarotation of glucose the actual mechanism of the 

mutarotation is undoubtedly more complicated than is 
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implied in the above scheme. 

Mutarotation is essentially a prototropic 

isomerization, i.e., a reaction involving the change 

of position in the molecule of a proton with, usually, 

a rearrangement of bonds. In the case of the hexoses, 

e.g., glucose and galactose, the reaction may be 

represented by the following scheme. 

This is followed by opening of the pyrane ring. 

In a solvent containing acids and bases, the 

various processes may be represented,according to 

Pedersen's scheme of prototropic changes29, by the 

following. . 

OH 0- 
1 k4B (-H+) 

--- C--0-1 ---0-1 
I kr A (4.-H4*) 

i H 
r 

-N 
I 

k1A 

J ft 

?r7 

ï 
1 k6A (+I(+11+) ) 

I,H Y : 

kB + 7p.?1 
rT 

1 A and B denote the concentration of the acid or base 

1 respectively. 

Process I is a basic followed by an acid catalysis 
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-hile Process II is the reverse. In an acid -base 

medium the observed velocity will be the sum of the 

velocities of Processes I and II since the final resul 

can be attained by either. If their respective rates 

are vl and v -e have, 

v1 

V2 

k6A . k4B 

(k5 + ?:6)A 

(k2 + k3)B 

+ k6 
B 

'xl . k2 
.A 

+ J 7 

Thus Process I appears to be catalysed by bases in 

general and Process II by acids in general. 

Which of the two stages of Process I is likely to 

determine the rate depends on the similarity in 

electronic structure of the intermediate ion to the 

initial or final form of the sugar. For glucose and 

galactose it is probable that the intermediate ion is 

more similar in structure to the pyrane -ring form of 

the sugar than to the aldehydic form. Consequently 

k5 >>k6 and equilibrium conditions hold in the first 

stage of Process the rate being governed by k6. 

Hence, 

.1(5 
B 

k5 

Similarly for Process II k2 k2 and, 

v2 _ 
k 

.A 
2 

Generally for any acid, HA say, in presence of 

water. '°rhich can act both as acid and base T ̂re have the 
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1 following three acid -base pairs. 

base Acid 

11,0 HQO+ 

OH- H2O 

HA 

which each give a different value of kl, k2 etc. 

It may be noted here, however, that H2O is probably 

much more of a basic than an acid catalyst. 

For the observed velocity of mutarotation in 

such a system we have, 

vl + v2 - 

,r, k, 

k 20 + 7; H30+ + 
k4 . 

Tt tt tt tT 

?: . k6 --T-- d20 + --n-- A + k2 k5 k2 

r- 

This expression can be put in a more convenient 

form by introducing the following equilibrium constants. 

K(G:- / Tr) = 
1 

vhere, 

GH 

G:H30+ 

GH . H20 
K(GH)2, _ 

GH2 . H2O 

GH.H30+ 

= concentration of initial form of sugar. 

G- = " " inter. ediate ion in Process I 

_ 

The above expression then reduces to,- 

11 tt it tt it 

t tt 

vi + v2 = K(G1-I)1 k!'20 + T OEI"' + k Al 
A 

+ K( GH) kf3.H30+ + 
t tt 

k3 . H2O .N + '_L3 . ̀ 'A . HA 



0. 

where K = water constant M COTI J . 

KA = dissociation constant of HA. 

Hamill and La Merl`' have examined the effect of 

substitution of H2O by D20 on the Brönsted equations 

in the case of mutarotation of glucose. For bases the 

Brönsted relation is, 

k B 
! y 

where kB = velocity constant for catalysis by base. 

GBand y are constants for the base -catalysed reaction 

in a given solvent. 

KB = dissociation constant of base. 

For acids the corresponding relation is, 

kA = GA . KA 

Here the constants GA and x are different from those 

of the base- catalysed reaction. 

The constants of the Brönsted equations were 

obtained by substitution in the above equations of the 

known data for the bases H20, D20, and acetate ion in 

light and heavy v.rater, and for the conjugate acids 

H30 *, D30+ and acetic acid in light and heavy water. 

The results are shown in Table 17 below. 



Base 

H90 

Ac-(H70) 

D20 

Ac-(D70) 

Acid 

D004 

DAc 

01. 

Table 17 

GB 

87(10)^.? 

2.3(10)'4 

GA 

0.11 

0.384 

0.382 

x 

0.27 

0.07 0.29 

It is seen that the constants x and y are not 

affected very much by the medium H2O or D20. Thus 

for the ratio of the G's, 

Gu H2O koH2O 

GD20 koD20 
for base catalysis, 

where '.Yc.0H2O _ 55 kH2O and koD20 = 55 kD20 

and GH 0 kHoO+ 
2 

GD20 kD20+ 
for acid catalysis, the 

subscript H2O and D20 referring to conditions in 

light and heavy water respectively. 

We can -rite, 

kB9N20 _ 
,7 v pp 

kB,D20 

for glucose mutarotation. 

y 
= 3.8 

KAyD,0 
y 



k 
A H 

2 

kA, D 0 
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- l37 
KAID20 

For hydrogen ion the ratio 
KA,D20 

is a maximum 
KA,H20 

at a value 1, and for H2O this ratio shows a minimum 

with a vaD e of Thus it would seem that, 

,H2O is a maximum when the base, B, is 

kB ,D00 

kA,H20 

kA ,D20 

H2O and D20, and 

is a minimum when A= H O+, D304". 

For galactose and glucose the experimental data 

confirm the above argument. The measured water rate 

is probably mainly that of water as a basic catalyst 

and the ratio kH2O /kD20 is considerably greater than 

that of kOH -/k0D- . Thus for galactose (see Table 161, 

kH2O 
= 3.84 ; Ox_ = 1.50 at 15 °C. 

kD20 kOD_ 

We can proceed further in the analysis of the 

constants on the basis of the above scheme. 

(1) For acid catalysis, 

kA,H9O K(GH) 

r 

k3,g2p 
. 

KA,H2O 

kA,D20 K(CD)2 k37D20 KA,D20 

59 GHD+.D20 where K (rH )2 is as on p. and 
(GD 

= 
UH . D3(F- . 

"A H 0 and KA D90 
are the dissociation constane of the 

/-2 9 
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acids in H00 and D20 respectively. 

If the acid is H2O4, D 3 0+ K = K 
" A,H20 A7 O 

' K k 
(GH) 2 3,H20 

kA,D5,0 K 
( D)2 

k3,D20 

= 1.37 for glucose at 25 °C. 

or 1.27 " galactose at 15 °C. 

From analogy with the simple ester catalysis the 

concentration of the D- complex in such a case as the 

above is greater than that of the H- complex, i.e., 

K(GD)2 > K(GH)2 
The constants k3 refer to the second stage of Process II 

in the scheme given on p. 57, i.e., 

GH + k B (GH t acid (a) 
2 + base 

3 

GPD+ (GH + acid (b) . 

This involves a proton or deuteron transfer from the 

intermediate ion to the base. The rate of transfer of 

a proton to the base, ^"hich takes place in light water, 

reaction (a), is greater than the rate of transfer of a 

deuteron to the base which takes place in heavy water, 

reaction (b). These stages mau be compared to the 

solvent decomposition of nitramide, a base- catalysed 

reaction, examined in isotopic water by La Mer and 

co- workers30. In this case it would seem to be possible 

to obtain the relative rates of proton and deuteron 

transfer from light and heavy nitramide respectively, to 

the base water, but since a practically instantaneous 
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exchange occurs between the H atoms of the -hH, 

group of the ni tramide , and the heavy water, a 

comparison can only be made of the rate of uptake of 

D+ to D20 and H4 to H2O. Neglecting this exchange 

k roton- transfer effect the ratio -- for nitramide 
deuteron 

decomposition is found to be 6. It is thus possible 

to understand why essentially smaller ratios of 

kA /kk,0are obtained in this case than in reactions 

involving proton transfers without previous formation 

of a complex ion. 

La Mer' s treatment of the variation of the rate 

with the D- content deals essentially with k3 11120/k 3,D20. 

This ratio is determined by, 

(a) The fraction of deuterium in the -OH group, 

whose H atom exchanges rapidly, i.e., OH(D) 

This fraction is determined by the exchange, 

GII + HDO GD + H20. 

(b) The basic nature of the medium. If the base 

is the water molecule, we can have three species, 

H20, HDO, D70, each with their own proton -accepting 

capacity. 

The rate would then he given by the following, 

Rate = fkH9OL 
E. 

( )F 1(kC + kC + k320 

where the first factor on the right -hand side accounts 

for variation of acidity of the substrate molecule 

while the second accounts for variation of basicity of 
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the medium. It must be noted here that the constants 

kl, k9 etc., in the aiove expression have not the sale; 

significance as hitherto but denote the rate of proton 

or deuteron transfer to the molecules H2O, I DO, etc., 

where CH9O1 CHD0 etc., are the respective concentrations. 

To obtain the observes rate the above expression 

would have to be multiplied by quantity representing 

the concentration of the complex ion in the given 

medium. The formation of the two ions, i.e., 

? + I+ O ,c-- GH2 (a) Equilibrium constant,. 

ru + Dt ._ GHU+ (b) IT n 
KD 

ependson the proton and deuteron activities in. the 

solution. From the treatment given on p. 7 et seq. 

we have, for the concentration of those ions, 

lt`120 
2ftH30 

,hI - _L-+.GH.aH+ _ I,ff.H. l 
i Q' (n) 

rHI7+ 
[D20] ' 

1;1'2113°4' 
Tl .GH. 

Q ( n) orf 

;Thus the total concentration of the complex ions is, 

] [751. 
r 21 
Q(n) Q,(n)/ f +EH3O- 

< 

D+ D20J GH 

The combined effect of ail those factors results in a 

;complex expression for the rate in a given medium and 

since there are so many constants it is very difficult 

to calculate the form of the curve '_yobs, vs. n. 
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(2) For basic catalysis we have for the relative 

rates, 

kB , I-120 

kB,D20 

'(GET)1 KB,-i20 
- T! 1 T 

'(GD)1 ,,D20 KB, D20 

G-.D30+ 
where , K(GD)1 - GD.D20 

and IK-.3, ;.x20 and ?'B ,D20 

are the dissociation constants of the base in X90 

and D20 respectively. 

For water as a basic catalyst jKB,H20 is equal to 

KB,D70 by definition and the last ratio in the above 

expression disappears. Also since galactose and 

glucose are ,area.:-_ acids we can almost certainly put, 

(uH)1 K(GD)1 
IK(D)1 

> 1 
The constants k37Ty20 and .'.Lr7D20 refer to acid catalysis, 

in the second stage of Process I, by H30* and D20} 

respectively. Since 720+ is a stronger acid than 

D30± 
kr, :T.20 

1 
k6,D20 

kB,H,IO , 
Thus for water the ratio is the pproda.ct of two 

'ß,D20 
ratios both greater than unity. From the data, 

kB , Iy20 
3.80 for glucose at 25°C. 

k7,,D20 

and = 3.84 galactose " 150C. 

For the ions 0Ñ and 0D- as catalysts the 
KB,H,0 

additional ratio has to be taken into account. 
KB,D20 

In this case we know that, 

Kß,H2O KB,D20 
1120 

1 
-+3,D20 
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although 
6 ,D20 

reduces the 

/H2O 
is still greater than unity. This 

z-B u 0 
ratio ' 

2 and, 
kB,D20 

kB,;20 
- 1.5 for galactose at 15 °C. 

kB,D20 

To conclude it may be pointed out that if the ratios 

r(GH)1 
(GH )2 and -were known for the base- catalysed. 

'(GD)1 K( C41)) 2 
and acid- catalysed reaction. respectively it would be 

possible to determine -That part of tue total ratio 

kB,HO 
or 

kg20 
is due to the relative equilibrium 

constants and what to the relative values of k6 or k3. 
K(GH) 

The ratio 1 could be found by measuring the relative 
T'-(GD) 1 

dissociation constants of the sugar in light and 

heavy water but 
(rH)2 

is not directly accessible. 
:"(GD) 2 

Further investigation is therefore necessary to find 

the velocity constants involved in the different 

stages of the jnutarotation . 
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SUi:1t:TiAR Y 

1. The rates of the acid- catalysed hydrolyses of 

ethyl formate and methyl acetate in mixtures of light 

and heavy water have been found.: In both cases the 

variation of the rate with the D- content of the mediLim 

gives a sagged curve which agrees within the experimental 

error Frith the theimodynamic curve calculated on the 

assumption of an equilibrium bet-een the substrate, 

the intermediate complex, and the hydrogen ions. 

The reactions are therefore not cases of general acid 

catalysis. 

2. For the alkaline decomposition of 

diacetonealcohol in isotopic water mixtures the 

reaction rate is found to be practically linear with 

the D- content of the medium. The values deviate 

slightly but definitely from the thermodynamic curve 

which has been calculated for the alkaline reaction 

on the assumption of an equilibrium between the ions 

OH- and OD- and the substrate. Similar experiments 

with 'heavy' diacetonealcohol, for which a decrease 

in reaction rate is found in all media, show that the 

rate -determining step is the transfer of a proton from 

the alcohol to the ion OH- (or OD -) according to the 

following. 
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23 

CH3.C.CH2.Ì.OH + OH- ---> 

CH3 

IH2 
CH3.C.CH2.C.OH 

- 
kr3 

- 

--> 

P 
2 

CFI3.C.CH2.C.OH 

I. 
CHQ 

+ H2O 

a 
11 

- 1H . 

CHoJ .C.CH2 + CH3.C:CH2 

3. The mutarotation of ÖC -d- galactose in isotopic 

water mixtures has been examined and the relative rates 

of the catalysis by the ions H304, D30 +, OH- and OD -, 

and the molecules H2O and D20 have been found. The 

ratios agree well with the data obtained by Hamill ande 

La Mer for the analogous case of oC -d- glucose. The 

mechanism of the mutarotation process is discussed on 

the basis of Pedersen's scheme of acid -base equilibria 

in prototropic systems and an explanation is given of 

the difference in value of the above ratios in this 

case and in other cases involving proton and deuteron 

transfers. 
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