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Abstract: An overview of recent developments in the use of isotope effects in hydrogen-bonded systems with special
emphasis on intramolecular hydrogen bonding is given. The systems investigated cover both resonance-assisted
hydrogen bonded (RAHB) and non-RAHB systems. Deuterium isotope effects on '*C chemical shifts are discussed
extensively together with effects on 'H, '°F and '°N chemical shifts. The compounds cover a large range from
hydrogen-bonded esters over amides, thioamides, Schiff bases also covering proteins, nucleic acids and
carbohydrates. Isotope effects are discussed both in static and tautomeric systems and in the liquid and solid
states. Theoretical approaches to isotope effects on chemical shifts are likewise treated. Copyright © 2007 John

Wiley & Sons, Ltd.
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Introduction

Deuterium isotope effects on chemical shifts have been
studied extensively in hydrogen-bonded systems. We
must in this context distinguish between inter- and
intramolecular hydrogen bonding. In the latter case
between those that are resonance-assisted hydrogen
bonded (RAHB) and those that are not. Furthermore,
we need to distinguish between tautomeric and non-
tautomeric systems. Isotope substitution will cause a
change in the nuclear shielding (chemical shift) of the
neighboring nuclei. For one-bond this can be explained
by the change in the average bond length say upon
deuteriation.! This shortening will cause a change in
the nuclear shielding as seen in Figure 1. As the
average bond length decreases upon deuteriation (at
least for an asymmetric hydrogen bond potential) (see
Figure 1), the average bond length decreases.

For isotope effects further away from the site of
deuteriation the theory by Jameson can also be used.’
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The nuclear shielding is expanded in a series as given
in the following equation:
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where r; are the averaged equilibrium distances, Ar
describes the change in the bond length due to the
stretching vibration and A« describes the bond angles
distortion.

The isotope effect can be expressed as follows:
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where * refers to the heavier isotope.
The deuterium isotope effect observed at the neigh-
boring atom C can be approximated by the following:
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968 P. E. HANSEN

In both cases the theory is based on the Born-
Oppenheimer approximation. In principle all types of
isotope effects can be studied. However, the largest
effects are of course found for H/D or even better H/T
pairs and for nuclei with very large chemical shift
ranges such as 15N or !°F to keep to those dealt with in
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Figure 1 Hydrogen bond potential and nuclear shielding
surface for a hydrogen bonded N-H system.

the present review. As seen from the Jameson equation
(Equation (3)) the long range isotope effects depend on
the transmission of the isotope effects (the change in the
nuclear shielding upon bond lengths changes) and upon
the change in the bond length upon isotope substitution
(in this case deuteriation). From a chemical point of view
we therefore expect rather large isotope effects in
conjugated systems. This is exactly what is found.
Looking at deuterium isotope effects on chemical shifts
it is obvious that large effects are often observed for
RAHB systems. An important factor is bond order (or
orbital overlap). Steric effects have also been found to
increase isotope effects.? The isotope effects described
by the Jameson equation are called intrinsic isotope
effects. Intrinsic isotope effects will of course level off as
the number of bonds increases. In aliphatic systems
very quickly, in conjugated systems less rapidly.

Isotope effects on chemical shifts are defined as
"AC — x(OD) = 6C(OH)—dC(OD). As this definition is
contrary to that used in some other papers, for all data
using the opposite convention the sign is changed in
this paper. Such data are marked with an asterisk.

Despite the expression isotope effects on chemical
shifts we would also like to include primary isotope
effects as they are closely related to secondary isotope
effects: PAH(OD) = dH—0D. Isotope effects are in ppb if
nothing else is mentioned.

The present review will not give an overview of all
possible data and compounds as such reviews exist.>®
The intention is more to look into mechanisms and try
to provide some general rules to be used especially for

Scheme 1
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ISOTOPE EFFECT ON CHEMICAL SHIFTS IN HYDROGEN-BONDED SYSTEMS 969

intramolecularly hydrogen-bonded systems. The inter-
molecular cases have recently been covered by a review
by Limbach.® A full presentation of intermolecular
cases is outside the limits of the present review. The
present review will give a condensed version of that
interesting story based on very recent results.

Intramolecular hydrogen bonded systems

RAHB

A number of systems have now been studied in detail
as seen in Scheme 1.

These include o-hydroxyacylaromatics, o-hydroxye-
sters and enol forms of f-ketoesters, o-hydroxythioke-
tones and enamine forms of o-hydroxy Schiff bases and
enaminones as well as o-hydroxynitro compounds®,
o-hydroxy Schiff base N-oxides'® and acyltetronic acids.!!

The o-hydroxyacyl aromatics show some interesting
trends:

For XH systems the effects over two-bond are usually
the largest. ROH ~ RC =0 ~ RO...0 ~2AC(OD).??
Furthermore, 2AC(OD) ~* AC(OD) ~% AC = O(OD),
but not with *AC = O(OD) (Figure 2). ‘Four-bond’
isotope effects of the type "AC = X(YD) (see Scheme 1)
can in principle both be transmitted via the normal
bonds (four bond) or via the hydrogen bond (two
bonds). A number of factors will determine which
pathway is the most favorable such as the X...Y
distance and relation to the orbital overlap, the C =X

X O~
= H
= H’
') ORorR
(20) 60
-30 10
25

Figure 2 Proportionality factors of isotope effects.

RO..H

C=CR

Figure 3 Distances and bond length around the hydrogen
bond system.

Copyright © 2007 John Wiley & Sons, Ltd.

bond order and the YH bond length, all parameters that
describe the hydrogen-bonded system. An analysis of
this situation has been carried out for nitro hydro-
xyacylaromatics.®

An analysis of four-bond isotope effects of o-hydro-
xyesters and enolic forms of f-ketoesters, Meldrums
acids, etc. based on distances around the six-mem-
bered hydrogen bond system (Figure 3) revealed that
4AC = O(OD) can be predicted rather well for com-
pounds as different as Meldrums acids (Figure 4) and
simple f-ketoesters.

Furthermore, by looking at the ratio *AC = O(OD)/
2AC(OD) one can tell about the transmission of isotope
effects via the hydrogen bond versus transmission via
the normal bonds.'? From the results for o-hydroxya-
cylaromatics and o-hydroxyesters it can be seen that
for #AC = O(OD) transmission via the hydrogen bonds
leads to a positive contribution to the isotope effect,
whereas transmission via the normal bonds lead to a
negative contribution. Furthermore, electron-with-
drawing groups in conjugation with the hydrogen bond
donor lead to large positive isotope effects partly
because of the longer O-H bond but also because of
the higher C = O bond order in such compounds (see
Figure 5). #AC = O(OD) isotope effects can be predicted
using the following equation:

4AC =0O(0OD)
= —021*RO...0—0.35*ROH
+5.40 * ROH — 1.92 * RC
=0-424*RC—-0+0.71 *RC

=C+2.01*RC-CO 4)
0
R
\\H
0 O
0 0

Figure 4 Meldrums acids.

Figure 5 Resonance forms of enolic f-diketones.
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970 P. E. HANSEN

For o-hydroxythioketones, *AC = S(OD) is found to be
rather large and negative'® and also in enolic forms of
p-ketothioamides.'* The latter may in special cases
show tautomerism!® (see section on Equilibrium).
The negative four-bond isotope effect was ascribed to
the longer distance between O and S as compared
with the oxygen analogue. The longer distance
results in less transmission via the hydrogen bond
(Figure 6).

On the basis of these studies we can predict how the
4AC = O(OD) of o-hydroxyamides will behave. As amides
and esters are rather similar we expect the *AC = O(OD)
to be positive. Electron-withdrawing groups will lead to
more positive *AC = O(OD). Very few compounds have
been investigated'®'” so far but the examples given in
Figure 7 show that enol forms of f-ketoamides'* show
positive #AC = O(OD) isotope effects.

For enolic forms of f-ketothioesters very few results
exist, but they are not unexpectedly seen to behave
much like the corresponding f-ketoesters.'*

4AC = O(ND) of o-hydroxy Schiff bases on the
enamine form and enamines have also been studied.
The observation of isotope effect of the NH-form of
Schiff bases is relatively new.'®2? 4AC = O(ND) is seen
to vary from very large negative in derivatives
of gossypol,'® 2-acetyl-1,8-dihydroxy-3,6-dimethylna-
phthalene!® and 5,8-Dihydroxy-1,4-bis-phenylamino-
2,3—dihydro—anthraquinone20 (Figure 8), whereas for
simple enaminones the values are usually positive.?3
The values can again be explained by the distances
around the six-membered hydrogen bond ring. An early
negative example was that of 1,4-diaminophenyl-9,10-
anthraquinone'® (see Figure 9). The finding that the *
AC = O(ND) is primarily negative can be ascribed to a
finding that the NH form is primarily on the charged
form (see Figure 10).

The above finding can be used to predict the magni-
tude and sign of amide NH involved in intramolecular
hydrogen bonding. In that case one does not have to
worry about the resonance form involving charges and
we can therefore predict a positive “AC = O(ND). A
few examples are known'* as seen in Figure 11.
For thioamindes'* involved in hydrogen bonding much
the same pattern is seen (Figure 12) with respect to
distances around the hydrogen bond ring.

Non-RAHB cases

Protonated DMAN’s (Figure 13) is such a case and have
been shown to have a very low barrier to interconver-
sion. Isotopic perturbation of equilibrium has demon-
strated that the system is a two-potential well
system.?*2® Protonated DMAN’s is a well-known exam-
ple showing usual effects. The two-bond isotope effects

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 6 Distances and bond length of o-hydroxythioxoke-
tones.

Figure 7 o-Hydroxybenzamides.
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Figure 8 Two- and four-bond deuterium isotope effects on
13C chemical shifts of Schiff base of 1,8-dihydroxy-3,6-
dimethylacenaphthone deuteriated at OH-1.
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Figure 9 Four-bond deuterium isotope effects on !3C
chemical shifts.
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caused by deuteriation at the NH position are unusually
small considering that we are dealing with a rather
strong hydrogen bond.?® However, we will see the same
trend for acids (see below). This is in opposition to a two-
bond isotope effect for RAHB cases.* For the non-
symmetrical DMAN’s the isotope effects are partly
ascribed to equilibrium isotope effects (see later).2®

Thioamides: A series of thioamides (Figure 14(A))
deuteriated at the NH position show very long-range
deuterium isotope effect at both carbons and fluorines.
In the latter case formally over nine bonds. The effects
depend on hydrogen bonding as seen from Figure
14(B). The effects were described as electric field effects
caused by the strong polarization of the NH bond. The
electric field effects are seen both at C-2 (negative
three-bond isotope effect), at C-1”, C-4" as well as at
the F-427 when this is present (Figure 14(C)). Effects via
the hydrogen bond are probably also present and may
contribute to the effects at C-1”, but they could neither
explain the effect at C-4” nor at the fluorine.

The two-bond effect, 2AC(ND), does also depend on
the intrinsic isotope effect and is also dependent on the
substituent at the nitrogen. Benzyl groups give smaller
effects than aromatic ones.?®

Long-range deuterium isotope effects on '°F chemi-
cal shifts have also been observed in a number of o-
hydroxyazom compounds and o-hydroxyhydrazo com-
pounds.?®

A couple of unusual thioamide-like compounds have
been investigated (Figure 15). The question is how to
interpret the isotope effects on '3C chemical shifts
when deuteriating the XH protons (NH and/OH).
The effects at the CH, groups are quite normal
(intrinsic effects). However, the isotope effects observed
at the C = X carbons are more unusual. The systems
are non-RAHB type. Nevertheless, an interesting fea-
ture does exist in the resonance forms as seen in Figure
16 provided that the multicharged resonance form
contributes substantially to the total picture. Another
factor not involving hydrogen bonding is electron-
withdrawing properties. For ¢ 2AC = O(OD) is clearly

RY R
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R T OH-form R'

smaller than for amides in general. For b the effect of
HNC = S seems to be larger than for HNC = O com-
pared with c. This could also explain why the effect is
close to zero in a.

HN

164

’ \ 7/

0

Figure 11 Deuterium isotope on '°C chemical shifts of
hydrogen-bonded amides deuteriated at the NH position.

CHz

Figure 12 Deuterium isotope on '°C chemical shifts of
hydrogen-bonded thioamides deuteriated at the NH position.
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Figure 10 Equilibrium and resonance forms of o-hydroxy Schiff bases.
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h ~ @ Acids
HaN - NH,
Deuterium isotope effects on carboxylic acid carbons in
carboxylic acid derivatives (OH position deuteriated)

= / have been investigated only to a limited extent. They

are found to be small in the reported cases even for
~ N strongly hydrogen-bonded ones like picolinic acid
¥ /\ N-oxide (Figure 17) and quinaldinic acid N-oxide in

line with values for other simple acids.’° A very
interesting variation is seen for picolinic acid by
changing solvent from CDCl; to acetonitrile-ds. The

Figure 13 DMAN's.
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Figure 14 (A) N-substituted-3-(cycloamine)thiopropionamides or amides. (B) Long-range deuterium isotope effects at C-1" of
N-substituted-3-(cycloamine)thiopropionamides or amides. (C) Deuterium isotope effects on '°C and '°F chemical shifts of
N-substituted-3-(cycloamine)thiopropionamide.
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Figure 15 Deuterium isotope on 'C chemical shifts of hydrogen-bonded amides and thioamides of deuteriated at the NH position.
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Figure 16 Resonance forms of N-substituted oxdiamide, oxthioamide and oxdithioamide.
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130

H----0

Figure 17 Deuterium isotope on '°C chemical shifts of
picolinic acid N-oxide and quinaldinic N-oxide.

isotope effect decreases from 130 to 20 ppb. This is
followed by a change in the OH chemical shift from 18.9
to 19.1 ppm.3! For the 6-methylpicolinic acid with a
change in temperature from 300 to 260K a change in
OH chemical shifts is seen from 18.53 to 18.89 ppm.>>
For citrinin values of 261-296 ppb were reported (in
this case also the C = O group is hydrogen bonded).>?
The highest value was found at low temperature. The
small value of deuterium isotope on '3C chemical shifts
of carboxylic acid carbons can probably be related to
the rather small change in the C = O nuclear shielding
upon stretching of the OH bond (see Figure 18).

A small isotope effect of 180 + 40 ppb was found in
HIV-1 protease. In this case two aspartic acid side chains
are involved in hydrogen bonding. Smith et al.>** assumed
as only one isotope effect was found that only one of the
two carboxylic acids was protonated. Yamasaki et al®®
reported a similar result but also found a small negative
isotope effect for the other carboxylic acid group. More
recently Piani et al®® have calculated the deuterium
isotope effect at the carboxylic acid carbon in this case
and they suggest that both carboxylic acids are proto-
nated based on energy considerations. They explained
the lack of an isotope effect by a weak hydrogen bond in a
non-polar region of the protein. This suggestion is very
interesting. Recently, Limbach and Co-workers®” have
investigated acetic acid and acetate complexes. They
found at very low pH an isotope effect at the carboxylic
acid carbon. They suggested that a zero effect of
carboxylic acid can also be obtained if the carboxylic
acid is involved in a low-barrier hydrogen bond.

Nucleic acids

Use of deuterium isotope effects on *>C chemical shifts
is very interesting in nucleic acids through which bond

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 18 (A) Changes in 'C chemical shifts as a function of
OH bond stretch. Values refer at chance in the OH bond length
of 0.01A. (B) Changes calculated using a 2D potential surface.
(C) Experimental values.

isotope effects can be observed. Deuteriation of H-3 of
uracil or of thymidine leads to isotope effects at C-2 of
adenine in A:U and A:T base-pairs (Figure 19).%8%°
These isotope effects are transmitted through the
hydrogen bond. Vakonakis and LiWang®® found that
the isotope effects are smaller for A:T than for A:U base
pairs. This experimental observation led to a theoretical
study showing that the difference was simply due to the
methyl group.*!

However, this has been questioned by DFT calcula-
tions by both LiWang and Co-workers*® and Carloni
and Co-workers.*? The latter pointed to the crucial
importance of the conformation of the base pair as well
as magnetic and electrostatic interactions with the
surroundings. A correlation is also found between
!JNH and hydrogen bond isotope effect.** It has been
demonstrated most recently that hydrogen bonding
and pi-pi stacking are coupled in DNA using isotope
effects.**

Deuterium isotope effects on >N chemical shifts

Deuterium isotope effects on '°N chemical shifts are
typically 0.6 ppm in amides and amines, but may be
larger in RAHB systems.*® It is natural to investigate
this type of isotope effects in proteins and peptides in

J Label Compd Radiopharm 2007; 50: 967-981
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974 P. E. HANSEN

Figure 19 A:U and A:T base pairs.

which intramolecular hydrogen bonding can occur.*®
Grzesiek and Co-workers*” correlated 'AN(D) with '°N
chemical shifts (poor correlation). They also found a
small decrease of ™JNC’ of 0.03 + 0.03Hz upon
deuteriation. They concluded that the effect is consis-
tent with the Ubbelohde effect*® and with a shortening
of the H...O distance.

A different approach has been taken in which 'AN(D)
are related to the H...O distance (calculated by DFT
calculations) and the directional angles.*® A good
correlation is found for amino acids without charged
side chains. In cases with charged side chains electric
field effects may cause problems.?° Deuterium isotope
effects on '°N chemical shifts have also been studied in
the solid state (see later).

Deuterium isotope effects on 'H chemical shifts

These are usually not large, but for hydrogen-bonded
systems they can be quite useful. The effects can be of
both inter- and intramolecular type. The latter are
typically described in Figure 20 in which deuteriation
at one OH-position will lead to a change in the isotope
effect of the other OH-chemical shift. An overview is given
in Reference [4]. The effect can usually be ascribed to a
change in one hydrogen bond strength upon deuteriation
leading to a change in the hydrogen bond strength of
another. The effects can become large if one part is
involved in a tautomeric equilibrium as in Figure 21(B).

Deuteriation at the position with the weak hydrogen
bond (OH-8) of ADH has only a small effect at the other
proton (0.0295 ppm), whereas deuteriation at OH-1 has
an effect at OH-8 of 0.161 ppm.®! For the symmetrical
compound mono deuteriation leads to an effect of
0.66 ppm'® very indicative of an equilibrium between
two positions with vastly different chemical shifts.

For intermolecular hydrogen bonds this kind of
reasoning has been inferred to explain the complicated
isotope effects observed at low temperature.®? A recent
example is that of isotope effects in dimethylphosphoric

Copyright © 2007 John Wiley & Sons, Ltd.

0
Figure 20 1,8-Dihydroxy-9,10-anthraquinone.

acid. This compound is shown to exist as dimers and
trimers at low temperature (140K) in CDF3+CDF3Cl
(1:3) (Figure 22).58

A coupled (cooperative) change in bond strength
leads to the isotope effects. The main difference
between intra- and intermolecular cases is that the
intramolecular ones represent usually only medium-
strong hydrogen bonds with heavy atom distances
(X...X) of intermediate length, whereas for the inter-
molecular ones very short X...X distances may occur.
For the very short X...X distances the trend is opposite
to normal ones.®

Equilibrium cases

These can be of different kinds, rotameric ones, acid-
base equilibria or tautomeric ones. In recent years
much emphasis has been laid on systems with low
barriers to interconversion (Figure 23). This is true for
p-diketones,®*  malondialdehyde,?®>%%  g-thioxoke-
tones,>” for monoprotonated dicarboxylic acids and
for a number of enzyme systems.’®°° For these
systems it has so far not been possible to cool down
enough for the single tautomers to be studied. The
barrier to interconversion can be calculated in vacuum
and the calculations predict very low barriers. For the
mentioned systems this means that the barrier is below
the zero-point energy level and the potential should be
a single-well type (Figure 23). For o-hydroxy Schiff
bases the calculated barrier is higher”*® but the
observed isotope effect patterns are exactly the same
as for the above-mentioned compounds. The low
barrier has been discussed extensively by Frey and
Co-workers®® and has recently been reviewed by Perrin
and Lau®® and Lau and Perrin®'. It has been shown
from isotopic perturbation of equilibrium studies of
phthalate anions, malondialdehyde and nitromalon-
dialdehyde, etc. that these compounds are in an
equilibrium between two enol forms. This is proved in
malondialdehyde by introducing a deuterium at one

J Label Compd Radiopharm 2007; 50: 967-981
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Figure 21 (A) 1,8-Dihydroxy-3,6-dimethyl-2-acetylnaphthalene (ADHDMN) and (B) 1,8-dihydroxy-3,6-dimethyl-2,7diacetyl-

naphthalene.

carbon®®¢? (Figure 24). According to Perrin and Lay®®
this does not imply a symmetrical double-potential well
but can be a solvent-influenced asymmetric single-
potential well as seen in Figure 25. However, as the
form of the potential is independent on isotopes it is
difficult to understand how the isotopes can perturb
the equilibrium.

Non-symmetrical cases

The best studied system is that of enolic forms of
p-diketones. For a review of these see Reference 4.
It has been shown that the isotope effects in equili-

Copyright © 2007 John Wiley & Sons, Ltd.

brium systems will show a dependence on the mole
fraction as seen in Figure 25.5 In this analysis the
isotope effects are divided into intrinsic and equili-
brium isotope effects. Strictly speaking, it is the
equilibrium part that shows dependence and an
S-shape (Figure 26).

One system studied earlier was f-thioxoketones
(Figure 27). They show very large isotope effects. These
can in a simple-minded fashion be divided into
intrinsic and equilibrium contributions. Recently, it
has been realized that the intrinsic effect 2*AC = S(OD)
can be rather large and negative.'® This explains why
some discrepancies were found for f-thioxoketones.®?

J Label Compd Radiopharm 2007; 50: 967-981
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Figure 22 Dimethylphosporic acid (figure slightly different
from original).
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Figure 23 Low-barrier hydrogen bond.

Using the new values it is found as also seems logical
that the 2AC = O(XD) is very much the same in all
systems and the hydrogen bond strength is rather
similar.

o-Hydroxy Schiff bases have been studied in detail
using isotope effects.?!:22:6%-64 It was shown earlier that
'AN(D) depended on the mole fraction.®® The idea of
dividing isotopes effects into intrinsic and equilibrium
isotopes has been tested in o-hydroxy Schiff bases.®®
As seen from Equation (5) one is expected to find a
linear relationship between isotope effects at different
carbons if the intrinsic contribution is small

rlA)((I))obs =" X(D)int +" AX(D)eq (5
"X(D)int — (1 — xp)"X(D)op + 1p "X(D)nu (6)
"X(D)eq = (0Xnn — 0Xon)(x — %p) (7)

This is clearly the case for carbons far from the center
of deuteriation.®° A linear dependence can therefore be
expected and actually found as shown in Figure 28. For
Schiff bases the deuterium isotope effects on carbon
chemical shifts can also be calculated to a very good
extent following the Jameson Scheme.! Deuterium
isotope effects on carbon chemical shifts have also
been analyzed using principal component analysis
again supporting the importance of equilibrium con-
tributions. %667

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 24 Example of isotopic perturbation of equilibrium.
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Figure 25 Equilibrium between asymmetric single-potential
wells.
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Figure 26 Plot of 'AN(D) versus NH mole fraction.

Figure 27 Substituent effects of -diketones.

Rotational cases

Symmetrical systems such as 2,6-dihydroxyacetophe-
nones and esters of 2,6-dihydroxybenzoic acids have
been investigated. In all cases it was found that the
deuterium preferred the non-hydrogen-bonded posi-
tion (Figure 29). Similar studies have been done
involving non-RAHB systems like cage diols. The diols
are particularly interesting as they may be considered
as models for carbohydrates. For the diols it was found
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that the deuterium preferred the intramolecular hydro-
gen bond (Figure 30). O’ Leary and Co-workers®® have
used the cage diol of Figure 30 together with derivatives
to determine the equilibrium constant for mono
deuteriation in DMSO-dg to 1.018. However, the
isotope effect observed depends on the nature of the
solvent: —12.0 ppb in DMSO-des, —1.0 ppm in acetone-
de, —12.3 ppb in THF-dg and —46.0 ppb in CD5Cl,. For
the latter solvent the equilibrium constant is deter-
mined using both isotope effects and coupling constant
is found to be very close to 1.045.%° Solvents such as
pyridine-ds and benzene-dg are found to amplify the
isotope effects.”® The studies of the diols have helped to
decide the question whether the isotope effects ob-
served in carbohydrates are due to equilibrium isotope
effects or not (for a recent review see Reference (5)).
Diols show that for suitable carbohydrates equilibrium
isotope effects were found (see later).

Very recently attempts were made to calculate the
preferred position of deuteriation in the above-men-
tioned compounds. A conspicuous result of these
calculations is the importance of entropy. For hydro-
gen-bonded systems entropy is normally considered to
be rather unimportant when comparing H and D
compounds. However, for the present compounds the
energy differences are very small. Furthermore, it is
absolutely crucial to do the calculations in the anhar-
monic mode.%°

Conformational effects have also been studied in
CH,D groups.”?

An account of carbohydrates is given in Reference 5.
Use of both deuterium isotope effects on '*C and 'H
chemical shifts is complementary. It has been sug-
gested that deuterium isotope effects caused by OD
groups on '3C chemical shifts can tell whether the OH
group is a donor or an acceptor. The solvent is shown to
play an important role both in determining the hydro-
gen bond pattern and in explaining the variations in the
isotope effects. A better understanding of solvent
effects is crucial for the use of isotope effects in
structural studies of carbohydrates.

i.e. C-2, ppb

-1000 4
-1500 -

=600 =400} =200 -500 1]

Solid state NMR

Deuterium isotope effects on chemical shifts in the
solid state have not been reported very often. The
reason is undoubtedly the large line width in solid state
spectra that prohibits the observation of normal
intrinsic isotope effects. Some of the isotope effects
presented therefore are found in tautomeric systems.
Isotope effects measured in the solid state can be very
useful as they may lead to values for one of the
tautomers of systems that are tautomeric in the liquid
state but occurs as a single species in the solid state
(for an example see f-thioxoketones later). A couple of
things can give rise to mistakes. It is in the solid state
like in the liquid state essential to measure the H- and
D-compounds in the same sample. Even doing this,
deuteriation may lead to a different crystal form than

OH R

i
AN

OH 0
Figure 29 2,6-Dihydroxyacylaromatics.

Figure 30 Symmetrical cage diol.

“#200° 400 600

i.e. C-1, ppb

Figure 28 Linear correlation between isotope effects for a series of o-hydroxy Schiff bases.

Copyright © 2007 John Wiley & Sons, Ltd.
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for the H-compound. How this will influence the
chemical shifts is unknown.

In the solid state hydrogen bonding is the case for
OH- and NH-containing compounds. For charged
compounds one also gets a chance to study the effect
of counter ions. A simple example is ammonium ions.”?

Potentially tautomeric systems have been studied.
'AN(D) isotope effects of 1.65* and —2.41* ppm were
reported for di-Schiff bases between trans-1,2-diami-
nocyclohexane and 2-hydroxynaphthaldehyde.”® Using
the correlation between mole fraction and 'AN(D)®® one
compound is primarily at the OH-form and the other
primarily at the NH-form. For Schiff bases of
2-hydroxynaphthaldehyde even larger 'AN(D) was ob-
served.”* In both cases tautomerism in the solid state
could be established.

Deuterium isotope effects on '°C chemical shifts are
studied in ADHDMN (Figure 31). The 2AC-1(OD) of
1.5ppm together with the finding of similar '°C
chemical shifts in the liquid and solid state suggested
that ADHDMN show tautomerism in the solid state.!®
For diphenylthioacetylacetone, which is found to be
fully on the enol form in the solid state, a *AC = S(OD)
isotope effect of —1.2 ppm was found in the solid state.
This value helped us to explain the deuterium isotope
effects seen in f-thixoketones in the liquid state.53
Deuterium isotope effects on '*C chemical shifts can
also be observed in f-diketones in the solid state.”®

Primary isotope effects

Primary isotope effects are important for at least two
reasons, the observation of tritium resonance results in
lower zero-point energies than can be obtained with
deuterium (Figures 32-34) and the resonances are
usually much sharper and the primary isotope effects
on either tritium or deuterium are related to 'H
chemical shifts which are different from those of 3C
or '°N chemical shifts.

[

-173
1A

Figure 31 Deuterium isotope effects at ADHDMN.

Copyright © 2007 John Wiley & Sons, Ltd.

Tritium as seen in Figure 1 experiences a more
symmetrical potential than 'H or D. A large study of
non-tautomeric compounds did not reveal any con-
spicuous differences between "AD(H) and "AT(H).”®
For symmetrical tautomeric systems the picture is
much the same despite the very low barriers for some of
the systems like f-diketones. Primary isotope effects
are to a large extent proportional to those of
2AC(OD)+*AC(OD).”® Primary isotope effects have also
been correlated with OH chemical shifts.””~"® Looking
in more detail it was also found that hydroxyl N-oxides
and f-diketones had plots with different slopes.”® More
extensive plots are shown in Figure 32 based on primary
data from References 72-74 and from Reference 4.%°

For non-symmetrical tautomeric systems rather large
positive as well as negative isotope effects can be found
due to the contribution of equilibrium isotope effects.
Very clear cut examples are those of f-thioxoketones
and o-hydroxy Schiff bases. Schilf et al.®! have recently
measured primary deuterium isotope effects in
o-hydroxy Schiff bases. Their values have been used in
a larger context to demonstrate that both the primary
and secondary isotope effects show a dependence of the
mole fraction and have a maximum around X = 0.8.52

Frey and Co-workers®® reported a PAH(D) 1.1 +
0.5ppm for the XH proton of the transition state a
transition state analogue complex of chymotrypsin.
This combined with other evidence is taken as a sign of
a low-barrier hydrogen bond. Primary isotope effects

y=00561x-05166

—

&

g . RI=0.4548
3 g 031 T

o] . < °

23 0 —2 : .

£ ) 5 10 15 20 25
B .05

OH chemical shifts

Figure 32 Plot of primary deuterium isotope effects versus
0OH. Static cases.
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Figure 33 Symmetrical tautomeric equilibria.
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Figure 34 Plot of primary deutrium isotope effects vs. SOH
Non-symmetrical tautomeric equilibria.

have also been plotted versus O...O distances and a
very clear distinction is obtained between static and
tautomeric systems.%?

Theoretical calculations

Isotope effects on nuclear shieldings can be calculated
based on the Jameson approach. Two factors are
needed in the simple approach, the change in the
nuclear shielding upon stretching of the isotope sub-
stituted bond and the change in that bond length upon
isotope substitution. The change in the nuclear shield-
ing can easily be calculated using the DFT-GIAO
approach. An important requirement is that the
shielding surface is linear around the equilibrium
geometry (see Figure 35). The change in the bond
length can be estimated from a scan of the potential
surface as demonstrated for o-hydroxyacetophenones.
This approach has since been used for o-hydroxy Schiff
bases®® and in DNA and RNA base pairs’® as well as for
proteins.>®

For tautomeric systems calculation of nuclear shield-
ings is especially important because the chemical shifts
for the two tautomers are normally not known and
these are necessary to estimate the equilibrium con-
tribution (see Equation (7)). The nuclear shieldings can
be calculated for all carbons. A rather good agreement
with experimental values is obtained for Schiff bases.?®

A more advanced approach has been taken by Mavri
and Co-workers®' predicting isotope effects of picolinic
acid N-oxide. In this approach the change was calcu-
lated on two-dimensional chemical shift surfaces.
However, the fit was in no way better than using a
one-dimensional approach (see Figure 18).

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 35 Calculated nuclear shielding surface (equilibrium
distance 1.03 A).

A different approach has been taken by Limbach and
Co-workers. They used the formulas developed for
intermolecular hydrogen-bonded systems. They also
divided the isotope effects into geometric and equili-
brium isotope effects but in a different fashion from the
simple way done in Equations (2)-(4).

They found a very large variation with the mole
fraction and ascribed this to a change in the intrinsic
isotope effect. They found the largest variations for the
mole fraction to be close to 0.5. From DFT calculations
it is seen that neither the OH nor the NH bond lengths
become very long. Furthermore, the °N chemical shifts
are rather similar for all Schiff bases derived from
2-hydroxyacetophenone. According to the Jameson
theory the geometric isotope effects should therefore
not change dramatically.
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