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SIMULTANEOUS DETERMINATION OF PRIMARY AND 
SECONDARY THERMODYNAMIC ISOTOPE EFFECTS IN 

TAUTOMERIC EQUILIBRIA 

BEN LI ZHANG, FRANCOISE MABON AND MARYVONNE L. MARTIN* 
Laboratoire de RMN et Reactivite Chimique, URA-CNRS 472, Universite de Nantes, 2 rue de la Houssiniere, 44072 Nontes 

Cedex, France 

NMR determination of site-specific hydrogen isotope ratios at natural deuterium abundance (SNIF-NMR) provides 
the basis for simultaneous access to primary and secondary thermodynamic fractionation factors in exchange reactions 
and avoids the need for selective isotope labelling of the reagents. The method was applied to the measurement of 
fractionation parameters involving OH, CHI, CH, and =CH groups in keto-enol tautomeric equilibria. The 
fractionation factors relating the =CH and OH sites of the enol species are simply derived from 'H NMR spectra 
whereas the determination of isotope parameters which relate keto and enol positions exploits a Combination of IH 
and 'H NMR experiments. Since only monolabelled isotopomers have to be considered at natural abundance, the 
method also offers the advantage of avoiding the occurrence of complex equilibria associated with multi-labelled 
species possibly introduced by deuterium enrichment. The primary equilibrium isotope effects illustrate a preference 
of deuterium for the methylene fragment of the keto form with respect to the ethylenic position of the enol tautomer. 
Since the enol species is itself engaged in a fast tautomeric equilibrium associated with a symmetric or unsymmetric 
double minimum potential, the thermodynamic parameters are averaged over the exchanging partners. It is shown that 
the average thermodynamic fractionation factor relating the OH and =CH hydrogens of the enol are significantly 
influenced by the nature of the substituents at both carbonyl positions of the 8-diketones. Moreover, methyl and 
chlorine substitution increases by a factor of about 1.1  the thermodynamic isotopic fractionation factor relating the 
-COCHCO- position of the keto form to the hydroxyl position of the enol. 

INTRODUCTION 

The thermodynamic isotope effects associated with 
exchange reactions at equilibrium are important sources 
of information for the understanding of chemical and 
biochemical mechanisms. Therefore, a great deal of 
effort has been devoted to the determination of primary 
isotope fractionation factors involving exchangeable 
hydrogens attached to carbon or to electronegative 
atoms. ' - I 2  Secondary isotope effects associated with 
hydrogen situated in the vicinity of the exchanging sites 
have also been widely studied and the results are fre- 
quently discussed in terms of transferable substituent 
effects on isotope fractionation. l3,I4 A n umber of 
experimental and theoretical methods have been devel- 
oped for determining isotope effects on equilibrium 
constants. The experimental methods usually require 
either the previous synthesis of selectively labelled 
substrates or recourse to deuterium-enriched media. 
Under such conditions complex isotopomeric mixtures 

are involved in the presence of equivalent exchanging 
positions and the results cannot then be analysed simply 
in terms of fractionation factors. 

The study of site-specific natural isotope fraction- 
ation by NMR (SNIF-NMR)1'*16 has been shown to 
provide the basis for efficient approaches to the deter- 
mination of kinetic or thermodynamic fractionation 
parameters. In particular, equilibrium liquid-vapour 
isotope effects associated with several isotopic species 
and several molecular sites can be simultaneously com- 
pared. Moreover, the thermodynamic isotope effects 
on chemical exchanges between the hydrogens of water 
and of OH, SH or NH groups, for instance, are 
rendered directly accessible. 

It will be shown here that a whole set of primary and 
secondary thermodynamic hydrogen isotope effects can 
be directly determined in a one-pot experiment and 
without the need for selective deuterium labelling. The 
method was applied to the investigation of the 
keto-enol tautomeric system which enables fraction- 
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ation factors of several carbon- and oxygen-bound 
hydrogens to be directly compared. 

EXPERIMENTAL 

Materials. All the P-diketones were commercial 
analytical-reagent grade reagents which were used 
without further purification. The compounds were care- 
fully dried since traces of water may be the source of 
intermolecular exchanges 20*21 which broaden the 'H 
NMR signal of the hydroxyl group. In cases where the 
keto or enol content is very low (KH > 14 or <0.2), a 
slight deuterium enrichment at the OH, =CH and CHZ 
positions was also performed by chemical exchange 
with a small amount of water characterized by an 
isotopic ratio of about lo00 ppm. The product was then 
carefully dried using molecular sieves. However, only 
the exchanging sites can be compared in such exper- 
iments whereas a more complete set of thermodynamic 
factors are accessible at natural abundance. 

NMR experiments. The 'H NMR spectra were rec- 
orded on Bruker WH 90 and WM 250 spectrometers. In 
order to avoid saturation in 'H NMR, the pure sample 
was introduced into a capillary placed in a 5 mm tube 
which itself contained CDCI3 for field-frequency 
locking. The delay between pulses was longer than 10 s 
in order to ensure complete proton relaxation; 
240-500 scans were accumulated. The 'H NMR spectra 
were recorded on a Bruker AM 400 spectrometer tuned 
to the deuterium resonance frequency (61.4 MHz) and 
equipped with a fluorine held-frequency locking device. 
C6F6 was used as internal locking material. The 
experimental requirements for quantitative 'H NMR 
determinations have been discussed previously. The 
acquisition parameters were as follows: acquisition 
time, 6.8 s; sweep width, 2400 Hz; active memory size, 
32 K; proton broad band decoupling: exponential mul- 
tiplication of the free induction decay associated with 
line broadening of 0.1, 0.5, 1 or 2 Hz; and number of 
scans, 3ooO-26,OOO. Owing to the strong prevalence of 
quadrupolar relaxation, nuclear Overhauser contri- 
butions are negligible. A signal-to-noise ratio higher 
than 100 is a prerequisite for obtaining a suitable preci- 
sion of the quantitative NMR determinations. It has 
been checked in a collaborative experiment 22 that the 
reproducibility on intensity ratios measured by 'H 
NMR can be better than 1 %  under carefully adjusted 
experimental conditions and for suitable samples. 

The 'H and 2H NMR spectra were run at 303 ? 2 K. 
We checked that the effect of small variations of the 
temperature on the equilibrium constants can be 
neglected. 

The signal areas were measured by curve-fitting pro- 
cedures (NMR 1 software, New Methods, Syracuse, 
NY, USA). The assignments of the deuterium signals 

were derived from straightforward analysis of the 
proton spectra. 

PRINCIPLES OF THE METHOD 

At the low natural abundance of deuterium (cu 
150 x only monodeuterated isotopomers have to 
be considered. In the case of acetylacetone, for 
instance, two fully protonated species 1 and 2 and five 
monolabelled species 3-7 are engaged in the keto-enol 
equilibria A I - A ~  

B i  

1 

0 B II 

6 

(Ai 1 H 
5 

o/*-..o 
I II 

Moreover the enol species 2, 4, 5 and 7 undergo 
hydrogen exchanges of type B. 

za 

Whereas the tautomeric equilibria (A) are slow on the 
NMR time scale, the enolic exchanges (B) are fast and 
the 'H and 2H NMR parameters of the enol are means 
over those of the individual species such as 2a and 2b. 
Consequently, only one signal is observed for both 
methyl groups of 2, 4, 5 or 7. 

No intramolecular competition, such as between 
reactions (A2) and (A;) occurs when the keto form is 
substituted in position 3 and therefore no secondary Q 
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isotope effect may intervene. However, if the substi- 
tuent is an alkyl group a secondary 6 equilibrium 
isotope effect is possibly involved since the equilibrium 
constant KRD of reaction (&) may differ from the equi- 
librium constant K H  associated with the corresponding 
fully protonated species. 

4 

Equilibria (Al) on the one hand and (Az)-(A4) on 
the other can be investigated in the same medium by a 
combination of 'H and 'H N M R  experiments. 

Thermodynamic fractionation factors, compare the 
relative affinity of the hydrogen isotopes for a given 
molecular site, i ,  of compound A to  that for another 
site j pertaining either to  the same molecule, A, or t o  
another molecule, B. The relative fractionation par- 
ameter 42 is defined as 

where ( D / H )  denotes the ratio of the numbers of 
deuterium and protium atoms in position i of A and j 
of B (or A). This equation can be rearranged into 

where PA, and PB, are the stochiometric numbers of 
hydrogens at  sites A, and B, and NA and N B  are the 
numbers of moles of compounds A and B. The ratio of 
the numbers of deuterium atoms in sites A, and B,, 
DA,/DB,, is directly accessible from the 'H N M R  
spectrum. 

Water is frequently used as a reference for character- 
izing isotope effects. The isotope fractionation factor of 
site A, with respect to  water, I#IK,, can be measured 
directly or calculated from 42, and from the fraction- 
ation factor of B, with respect to  water: 

In the very dilute isotopic conditions of natural abun- 
dance only monolabelled isotopomers have to  be taken 
into account. Therefore, the method avoids the need 
for separating the roles of differently labelled frag- 
ments, such as -CHD- and -CD2-, which are 
present in enriched systems. In particular, in exchanges 
involving aqueous media at  natural isotopic abundance, 
the results are independent of the isotopic equilibrium 
constant of water, Kw, which is known to differ sig- 

nificantly from the statistical value of 4: 
Kw 

HzO + DzO S 2HOD 

The 'H N M R  method is particularly suited to  com- 
paring the relative affinities of the hydrogen isotopes 
for the exchanging = C H  and OH positions in the enol 
structure (e). The fractionation parameter I#IzE$] is then 
easily accessible from the areas, S ,  of the =CD and OD 
signals in the deuterium spectrum 

Similarly, the primary fractionation parameter 
4z;f$k) which compares the relative hydrogen isotope 
affinity for the -COC(H)CO- fragment in the keto 
(k) form with that for the enol (e) hydroxyl position, is 
directly related t o  the thermodynamic constants of 
equilibria (Al)  and (A;): 

where S:k&H, and S g b  are the areas of the keto 
-CD(H) - and enol OD signals in the deuterium spec- 
trum and a is the equilibrium mole fraction of the enol 
form, which can be derived from the 'H spectrum. It 
should be noted that the coefficient 1/2 disappears when 
the methylene position of the keto tautomer is 
substituted . 

Another fractionation factor may refer the 
-COCHzCO- fragment of the keto tautomer to the 
ethylenic position in the enol [equilibrium (Az)] : 

The secondary thermodynamic isotope parameters 
characterizing partner sites not directly involved in the 
exchange process are defined in the same way. Thus the 
relative affinity of  CH3 and CHzD groups towards the 
ketone, -COCH2, and enol, -C(OH)=CH, moieties 
is expressed as [equilibrium(A~)] 

S C H ~ D  being the area of the methyl signals of the 
enol and ketone tautomers in the 'H N M R  spectrum. 

I t  should be emphasized that the present method 
offers the unique capability of simultaneously com- 
paring the thermodynamic factors associated with all 
diastereotopic positions in the partners of a given equi- 
librium [equations (4)-(7)]. These isotopic effects can 
be directly obtained with an accuracy which is in fact 
that of quantitative N M R  determinations performed in 
relatively favourable conditions for small organic mol- 
ecules, since high signal-to-noise ratios are rapidly 
obtained (1-3 h) for concentrated solutions (short 
longitudinal relaxation times) and discriminating 



370 B. L. ZHANG, F. MABON AND M. L. MARTIN 

nuclear Overhauser effects may usually be neglected for 
the quadrupolar deuterium nucleus. 

RESULTS AND DISCUSSION 

In spite of more than 20 years of continuing interest, 
the number of experimental determinations of thermo- 
dynamic isotope fractionation factors remains 
small. 1323 Moreover, scattered values are often pub- 
lished for a given equilibrium. This situation is prob- 
ably due to  the limited number of exchanging systems 
accessible to  the existing techniques and to  the difficul- 
ties in implementing reliable procedures. Tautomeric 
equilibria are well suited to  a 'H NMR investigation of 
site-specific isotope fractionation at  equilibrium. As 
discussed in the previous section, it is possible, in 
principle, t o  determine in a single experiment isotope 
fractionation parameters which refer the relative 
deuterium-protium affinity for different sites in the 
keto form to that for associated positions in the enol 
tautomers. Moreover, the method provides simulta- 
neous access t o  the thermodynamic fractionation factor 
which relates the hydroxyl and ethylenic positions in the 
enol structure. It should also be emphasized that at 
natural isotopic abundance, the risk is avoided of per- 
tubations in deuterium contents which may occur in 
enriched media owing to exchange with atmospheric 
water. 

The values of the equilibrium constants and fraction- 
ation parameters obtained in the investigation of 
tautomeric equilibria involving differently substituted 
P-diketones are given in Table 1. 

Owing t o  the sensitivity of the tautomeric equilibria 
t o  medium and temperature effects, 2o literature 
valuesz4 of the thermodynamic constant, K H ,  associ- 
ated with the keto-enol equilibrium of the fully pro- 
tonated species cannot be safely used for the 
determination of the isotope fractionation factors. 
Consequently, K H  was measured by ' H  NMR on the 
investigated samples. 

In principle, the experimental conditions for the 
determination of the 'intramolecular' enol fraction- 
ation factor $,"$,' are specially favourable since the 
signals t o  be compared are obtained in a single spec- 
trum and exhibit similar intensities [equation (4)]. 
However the accuracy of the area determinations may 
be degraded in certain cases as a result of line 
broadening of the hydroxyl signal. In the case of 
keto-enol comparisons [equations (5)-(7)] errors 
occurring in both 'H and *H quantitative determi- 
nations are cumulated. The repeatability and reproduci- 
bility of the method were estimated by performing, for 
a given P-diketone, a number NE of independent series 
of experiments, each series comprising a number NR of 
successive experiments. These series of deuterium and 
proton spectra were run at  different periods using 
different sample tubes. The results are detailed in 

Table 1 for compound 2. The relative standard devi- 
ation of the repeatability of the NMR determinations is 
usually of the order of 2% and that of the reproduc- 
ibility (long-term replications) is slightly less than 
2 .5%.  However, it should be emphasized that the 
accuracy of area determinations is strongly dependent 
on the signal-to-noise ratio and on the shape of the sig- 
nals. Less favourable conditions are encountered in the 
presence of  broad hydroxylic signals and for high or 
low values of KH. In the latter case, possible deviations 
in the isotope contents with respect to  the mean statis- 
tical value mainly affect the small signals of the minor 
species, which are more exposed t o  sensitivity limi- 
tations. Although a reasonable repeatability is reached 
in a given series of experiments, the results corre- 
sponding t o  very diluted enols (Table 1) are more likely 
to  be affected by systematic errors. 

The measured keto-enol fractionation factors relate 
specific hydrogen sites in the keto form to positions 
situated in less well defined environments in the enol. 
Indeed, various investigations of the structure of the 
hydrogen bridge in the enol of acetylacetone and of 
isotope effects in keto-enol equilibria have given rise to  
some controversial results and interpreta- 

It is now recognized that the hydrogen- 
bonded proton of the enol is not located in a single 
potential well but is rapidly transferred between the 
minima of a symmetric double potential well." When 
the RI  and R3 substituents of the P-diketones, 
R I C O C H ( R ~ ) C O R ~ ,  are different the enol species 
evolves in an unsymmetric double minimum potential. 
The fractionation factors (Table 1) then characterize 
environments of the enol positions which correspond to 
weighted averages over the exchanging partners in equi- 
libria of type B. In the case of the keto esters the situ- 
ation is simpler since the enol structures are present 
nearly exclusively in the enol tautomeric form with the 
hydroxyl opposite to  the ester side. 29 In this respect, it 
should be noted that information on the preferential 
direction of enolization can be obtained by measuring 
isotope effects on the I3C chemical shifts of the enol 
species. '03' 

The behaviour of the fractionation factor, $:$:/ 
(Table l ) ,  shows that the relative affinity of the 
hydrogen isotopes for the hydroxyl site and for the 
carbon-bound ethylenic position is significantly 
influenced by a change in the remote R I  and R3 substi- 
tuents. Similarly, the secondary thermodynamic isotope 
effect associated with deuteurium substitution in the RI  
methyl group may be significantly different from unity. 
As illustrated by the values of $E:$L), it is also 
observed that the heavy atom exhibits a higher pre- 
ference for the sp3-hybridized carbon of the keto form 
than for the sp2-hybridized carbon of the enol. 

From a theoretical point of view, the thermodynamic 
fractionation factors can be calculated from the ratio of 
the reduced partition functions, Q,  of the exchanging 

tions. 20,21,25 - 28 



Ta
bl

e 
1.

 T
he

rm
od

yn
am

ic
 i

so
to

pe
 c

on
st

an
ts

 a
ss

oc
ia

te
d 

w
ith

 k
et

o-
en

ol
 

eq
ui

lib
ria

 o
f 

ty
pe

 (
A

l)
 to

 (
&

) 
(s

ee
 te

xt
) 

in
vo

lv
in

g 
@

-d
ik

et
on

es
 R

IC
O

C
H

R
~C

O
R

I. a 

1
 

2 

5
x

3
 

6
x

 1 

5
x

 1
 

5
x

1
 

M
ea

n 

6
x

 1 

6
x

1
 

6
x

 1 

4
x

 I 

6
x

 I 

4
x

2
 

4.
42

 
(0

.0
5)

 
0.

57
 

(0
-0

2)
 

0.
58

 
(0

.0
2)

 
0.

59
 

(0
.0

2)
 

0.
58

 
(0

.0
2)

 
14

.4
 

(0
.1
) 

0.
07

9 
(0

.0
01

) 
0.

08
7 

(0
.0

02
) 

0-
09

8 
(0

.0
02

) 
0.

16
9 

(0
.0

02
) 

6.
99

 
(0

.F
) 

4
x

3
 

4
x

 1 

5
x

 I 

3
x

1
 

4
x

 1 

5
x

 1 

5
x

 1 

5
x

2
 

6
x

1
 

5
x

2
 

2.
17

 
(0

.0
3)

 

0-
03

8 
(0

.0
01

) 
0.
04
4 

(0
.0

01
) 

0.
04

6 
(0

.0
01

) 

2.
93

 
(0

.0
8)

 

2.
03

 
(0
.0
7)
 

0.
50

 
(0

.0
1)

 
0-

52
 

(0
.0

2)
 

0.
53

 
(0

-0
2)

 
0.

52
 

(0
.0

2)
 

14
.7

7 
(0

.4
7)

 
0.

04
5 

(0
.0

01
) 

0.
05

2 
(0

.0
01

) 
0-

04
7 

(0
.0

01
) 

0.
14

9 
(0

.0
03

) 
3.

31
 

(0
- 1

0)
 

4.
20

 
(0

.0
7)

 
0.

66
 

(0
.0

1)
 

0.
66

 
(0

.0
1)

 
0.

66
 

(0
 * 0

2)
 

0.
66

 
(0

.0
2)

 

1.
07

 
1.

02
 

(0
.0
4)
 

0.
59

 
(0

.0
1)

 
0-

59
 

(0
.0

1)
 

0.
60
 

(0
.0

2)
 

0.
59

 
(0

-0
2)

 

1.
09

 
1.

05
 

1.
14

 
0.

86
 

0.
97

 
;j
 

1.
12

 
0-

88
 

0.
98

 

1.
11

 
0.

89
 

0.
98

 
5 5 $ 

0.
83

 
1.

04
 

(0
.0

1)
 

0-
84

 
0.

99
 

(0
-0

3)
 

1.
00

 
1.

06
 

(0
.0

2)
 

0.
89

 
1.

19
 

(0
.0

1)
 

0.
92

 
(0

 0
2)

 

0.
88

 

0.
84

 

1.
04

 

1-
13

 

1.
06

 

2 U 

~~
 

~~
~~

~~
~~

 
~~

~~
 

'T
he

 i
so

to
pi

c 
fr

ac
tio

na
tio

n 
fa

ct
or

s,
 $

, 
re

la
te

 s
pe

ci
fie

d 
po

si
tio

ns
 o

f 
th

e 
ke

to
 (k

) a
nd

 e
no

l (
e)

 st
ru

ct
ur

es
 [

eq
ua

tio
ns

 (5
)-(

7)
] 

or
 t

he
 tw

o 
ex

ch
an

gi
ng

 s
ite

s, 
=
C
H
 an

d 
O

H
, o

f 
th

e 
en

01
 ta

ut
om

er
 

[e
qu

at
io

n 
(4

)j
. 

Ea
ch

 d
et

er
m

in
at

io
n 

of
 t

he
 is

ot
op

ic
 e

qu
ili

br
iu

m
 c

on
st

an
ts

 is
 o

bt
ai

ne
d 

fr
om

 N
E 

in
de

pe
nd

en
t s

er
ie

s 
of

 N
R
 s

uc
ce

ss
iv

e e
xp

er
im

en
ts

. T
he

 s
ta

nd
ar

d 
de

vi
at

io
ns

 ch
ar

ac
te

riz
in

g 
th

e 
re

pe
at

ab
ili

ty
 a

re
 g

iv
en

 i
n 

pa
re

nt
he

se
s. 

bN
o 

ke
to

 f
or

m
 h

as
 b

ee
n 

ob
se

rv
ed

. 



312 B. L. ZHANG, F. MABON AND M. L. MARTIN 

isotopic partners: 2 3 5 * 3 2  

Kk 
A(H) + B(D) e A(D) + B(H) 

where (QAD/QAH)red and (QBD/QBH)red are the ratios Of 
the partition functions divided by the corresponding 
ratios calculated classically and (SD/SH)A,B are the ratios 
of the symmetry numbers associated with the A and B 
isotopic species. The reduced partition function ratios 
can be expressed as a function of the vibrational 
frequencies of the molecules, either determined experi- 
mentally or derived from quantum-mechanical force 
constants computed with different levels of approxi- 
mation. 5 * 3 3 - 3 5  Detailed analyses of the vibrational fre- 
quencies of the P-diketones would be necessary to 
interpret the fractionation factors quantitatively. How- 
ever, it is observed that the direct isoto e effects illus- 
trated for instance by the 4CH2(k) CH& parameter 
are consistent with a stronger lowering of the vibra- 
tional frequencies associated with the ketone structure, 
as compared with the enol ethylenic moiety, under the 
influence of deuterium substitution. 36*37 This behaviour 
is in qualitative agreement with the existence of higher 
vibrational frequencies in the ketone as compared with 
the enol structure and in particular with the occurrence 
of low out-of-plane bending frequencies in the enol. 38 

Moreover, since the heavier atom exhibits an increasing 
preference for positions where it is bound more stimy, I 

i.e. for positions which correspond to higher zero point 
energy, the fractionation factors involving the enol 
hydroxyl, 4:$] and I$::$:), are also expected to vary 
with the strength of the intramolecular hydrogen bond. 

In another approach, empirical or theoretical substi- 
tuent scales have been derived which enable, for 
example, the fractionation factor of a hydrogen on an 
sp’-hybridized carbon atom in a CHXYZ environment 
to be calculated from the fractionation factor of CH4 
and isotopic substituent effects, 6:7s’3s14s35v39 

(9) 
Several scales of isotopic substituent parameters have 

been proposed. 13914*35 In this approach, it is generally 
considered that isotopic fractionation effects are mainly 
conditioned by the nature of the atom directly bound to 
the carbon. It has been shown that the 6 parameter is 
higher than unity for a methyl substitution and 
increases with increasing electronegativity of the substi- 
tuent. The results given in Table 1 are in satisfactory 
agreement with these latter trends. In particular, the 
increase in the C#I:;$~) factor on going from acetyl- 
acetone (1) to the diketone 2 substituted in position 3 
by a methyl group is consistent with a substituent effect 
of the order of 1.1. 35 Similarly, the replacement of H 
by C1 on C-2 of the ethyl 3-oxobutanoate 4 is 
accompanied by an increase in 4&!${ corresponding to 

a substituent effect of 1 - 16. However, the data also 
illustrate a considerable sensitivity to remote structural 
differences. 
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