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Resumé

En reekke forbindelser indeholdende intramolekylere hydrogenbindinger er studeret ved
hjeelp af deuterium isotopeffekter primert pa >C kemiske skift, men ogsé pa °F kemiske
skift.

Deuterium isotopeffekter pa kemiske skift har vist sig anvendelige til beskrivelse af
intramolekylere hydrogenbindingssystemer (og er ikke kun en parameter der er proportional
med det kemiske skift). Deuterium isotopeffekter pa *C kemiske skift har vist at kunne
klarlegge svaekkelser af hydrogenbindinger pé grund af sterisk hindring og styrkelse af disse
grundet sterisk kompression. Nér to donorer konkurerer om en acceptor er det vist at den
intramolekylzre hydrogenbinding svackkes.

Udskiftning af hydrogen med deuterium i en intramolekyler hydrogenbinding forarsager en
forskydning af ligevegten. Dette er observeret for bade tautomer ligevaegte og konformations
ligevaegte.

Deuterium isotopeffekter pa *C kemiske skift er benyttet til at lose strukturelle problemer s&
som, konformationen af den mindst befolkede form af 3,5-diacetyltetrahydropyran-2,4,6-trion
og dynamikken af 1-acetyl-2-hydroxy-3-nitro-6-methoxybenzen.

Deuterium isotopeffekier pa *C kemiske skift er ligeledes vist at veere en god indikator for
tautomeri. For enoliserede B-diketoner er perturbationen af den tautomere ligevagt saledes
vist at athenge af ligevaegtskonstanten. Enoliske B-ketoamider, enoliske 1,3-indandione
thioamider og enoliske 5-acyl 1,3-dimethylbarbitur syrer er fundet at vaere tantomere.
Isotopeffekter pa °C kemiske skift mélt for nogle enoliske 5-acyl meldrum syrer antyder at
disse er tautomere, hvilket er useedvanligt idet en ester karbonyl gruppe i f-ketoestere ikke

enoliserer.



Abstract

A range of compounds forming intramolecular hydrogen bonds are studied by means of
deuterium isotope effects, primarily on *C chemical shifts but also on °F chemical shifts.
Deuterium isotope effects on chemical shifts are shown to be useful descriptors of
intramolecular hydrogen bonded systems, (and not only a parameter proportional to the
chemical shifts).

It is shown that deuterium isotope effects on *C chemical shifts can reveal weakening of an
intramolecular hydrogen bond due to steric hindrance and strengthening due to steric
compression. Two donors competing for one acceptor are shown to weaken the
intramolecular hydrogen bond.

Exchanging hydrogen for deuterium in an intramolecular hydrogen bond is seen to perturb
the equilibrium. This is observed for both tautomeric and conformational equilibria.

Solving structural problems like the conformations of the minor form of 3,5-
diacetyltetrahydropyran-2,4,6-trione, and the dynamic of 1-acetyl-2-hydroxy-3-nitro-6-
methoxybenzene is greatly heiped by means of deuterium isotope effects on **C chemical
shifts.

Deuterium isotope effects on *C chemical shifts is shown to be a probe for tautomerism. For
enolic B-diketones, the perturbations of the tautomeric equilibrium are shown to depend on
the equilibrium constant. Enolic B-ketoamides, enolic 1,3-indandiones thicamides and enolic
S-acyl 1,3-dimethylbarbituric acids are here by shown to be tautomeric. The isotope effects
on C chemical shifts measured for some enolic 5-acyl meldrum acids suggest that these are
tautomeric, which is unusual as the ester moiety in enolic B-ketoesters are not on the enolic

form.
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2. Introduction

Hydrogen bonding and proton transfer reactions are important for the structure and reactivity
of many organic compounds and biomolecules such as carbohydrates, hormones and
enzymes."> An additional motivation for studying hydrogen bonds is the importance of these
and proton transfer reactions for living systems.

Since the first report on isotope effects on nuclear shielding was published in 1953 by T. F.
Wimett, has hydrogen substitution for deuterium in organic compounds been a very useful
tool for organic chemists to profound understanding of the structural features and dynamics
of organic compounds.

The hydrogen in a hydrogen bond can easily be exchanged with deuterium. Introducing
deuterium is a change in mass for the atom between the two hetero atoms constituting the
hydrogen bond. When studying hydrogen bonds this change is very fundamental. This makes
deuterium isotope effects on chemical shifts a very usable technique to study hydrogen bonds.
Hydrogen bonds can be divided into two main categories, intermolecular hydrogen bonds and
intramolecular hydrogen bonds. This present work deals with intramolecular hydrogen bonds.
Hydrogen bonds as a subject are reviewed by Emsley (1984),° Hibbert and Emsley (1990),
and Dziembowska (1994) published a review specifically concerning intramolecular
hydrogen bonding. These reviews briefly discuss deuterium isotope effects on chemical
shifts. Isotope effects on nuclear shielding and equilibrium isotope effects have been
reviewed in details by Forsyth (1984), Siehl (1987)® and Hansen (1983),° (1988).!° The
aspect of isotope effects on nuclear shielding and equilibrium isotope effects in

intramolecular hydrogen bonded systems are discussed in the three latter.

2.1 Hydrogen bond

A hydrogen bond is often represented as X-H---Y, where X and Y are hetero atoms, (N, O or
S). In this description hydrogen is covalently bonded to X and hydrogen bonded to Y.
Intramolecular hydrogen bonded compounds are divided into two groups, those with a

localized hydrogen bond (figure 1A), and those in which the hydrogen bonds are a part of a
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tautomeric system (figure 2). In the localized hydrogen bond system a mechanism designated
Resonance Assisted Hydrogen Bond (RAHB) (figure 1B) is shown to be important.'12 The
formal partial charge on the oxygen is equalized by a shift in the average proton position, so
the charge is reduced. The shift in the average proton position makes the hydrogen bond
shorter, and hereby strengthens the hydrogen bond.

R_ _O. R_ O
H

A B

Figure 1. A: Localized hydrogen bond in 2-hydroxy acyl aromatic B: Resonance Assisted
Hydrogen Bond (RAHB).

The enolic B-diketone system has been subject to an animated discussion concerning the
structure and dynamic.!**3 [t has been argued that the enolic B-diketone system is best
described as a symmetrical structure,*!* R =R, (figure 2C). Present, it is argued that the

system is best descriped as a tautomeric equilibrium between the two structures A and B¢
18,25,25,35,37-40 (ﬁgure 2A B)

0”H\o O’H“o 0”H‘“0
I | | i | O |
C. _C — C. _Co_ C C
R” 1\(13/ 3 R" R 1‘(!:/ 3°R" R” \clz/ SR
RT Rl Rl

A B C

Figure 2. A and B: Tautomeric equilibrium for enolic B-diketones C: Symmetrical

descriptions of enolic B-diketones.



NMR-spectrc;scc&py,“’”"25’34 microwave spectroscopy,’’”® infrared spectroscopy,®**#° and
theoretical calculations®* have shown that the enolic B-diketone system is a tautomeric
system between A and B. This statement is generally accepted today. The symmetric
structure (figure 2C) can be a transition state, but this is still to be revealed.®

The hydrogen bond is influenced by the donor/acceptor as well as the double bond character
of the intervening bond. Increasing double bond character hereby promotes RAHB.

The potential energy diagram for the localized case is an anharmonic single minimum
potential well (figure 3A). For the tautomeric system it is a double minimum potential well,
which is symmetric for a degenerated tautomeric system (figure 3B), and asymimetric when

the two tautomeric forms are non-identical (figure 3C).

0..0

A B C

Figure 3. Potential energy diagrams. A: Localized hydrogen bonded system B: Symmetric
tautomeric system C: Asymmeiric tautomeric system. The labelling H and D refer to

hydrogen and deuterium, respectively, and the lines mark the averaged bond length (O-H/O-
D).
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If no other conformational changes are associated with breaking the hydrogen bond, the
strength of the bond is identical with the dissociation energy for the hydrogen bond. A
conformational change is normally associated, when an intramolecular hydrogen bond is
broken. This makes it difficult to directly determine the dissociation energy. The shorter a
distance between Y and H or X and Y, the stronger a hydrogen bond, in the X-H---Y
representation.®'*141# These distances are often given as a measure of the hydrogen bond
strength. A rule of thumb state for hydrogen bonds like O-H--+-Q; the hydrogen bonds are
very strong for d(0---O) < 2.504, strong for 2.50A < d(O---0) < 2.65A and considered weak
for d(0---0) < 2.65A.

Usnic acid is an excellent example of these three categories of hydrogen bonds. The hydrogen
bond in the B ring is very strong as d(O---O) is 2.40/2.41A. This system is shown to be
tautomeric. The hydrogen bond in the A ring is of the localized type, similar to the substituted
2-hydroxyacetophenone and is strong as d(O---O) is 2.54/2.53A. The hydrogen bond between
the A ring and the B ring forms a seven-membered ring. Hydrogen bonds in a seven-

membered ring are normally weak which is verified by the d(O-—~0) of 2.66/2.69 A.

2.66/2.69 \
HC
\ \c=o —

,H l 2.40/2.41
y ‘ :
2.5472. S?X 0" e,

Figure 4. The hydrogen bond length of usnic acid,® (in A) determined by x-ray diffraction.

The two sets of data refer to two different usnic acids molecule in the unit cell.

In 1961 Grinacher® established a linear correlation between the O'H chemical shift for
intramolecular hydrogen bonded phenols and the observed stretching frequency. A similar
correlation was found by Allan and Reeves in 1962.%7 In 1975 Schaefer,*® based on the work

by Granacher® and Allan and Reeves,” found a correlation (eq. 1) between the hydrogen
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bond energy (E; kJ/mol) and the change in chemical shifts relatively to phenol (A8; ppm)
Ab=-04=02E (eq. 1)
From this equation the hydrogen bond energy for 2-hydroxybenzaldehyde can be estimated to
30.1 = 0.8 kJ/mol. The strength of the hydrogen bond in 2-hydroxybenzaldehyde can from the
classifications of Dziembowska? be classified between weak and medium. Dziembowska?
classified the intramolecular hydrogen bond as weak < 30 kJ/mol, medium 30 - 70 kJ/mol
and strong > 70 kJ/mol.
In intramolecular hydrogen bonded systems, the O chemical shifts, are shown to depend
primarily on intramolecular hydrogen bonds strength.* Substituent and steric effects have a
minor effect which is one order of magnitude smalier.* The change in carbonyl 70 chemical
shifts induced by hydrogen bond is linearly correlated with both O and 'H chemical shifts of
the OH group.*” 7O chemical shifts are therefor a tool for determination of the hydrogen bond

strength in intramolecular hydrogen bonded systems.

2.2 Isotope effects

Isotope effects on nuclear shielding are observed when a nucleus is exchanged with an
isotope of a different mass. These effects are divided into two categories, primary and
secondary isotope effects. The abbreviation PIE and SIE are often used for the primary and
secondary isotope effects, respectively. The primary isotope effects are the difference in
nuclear shielding of two isotopes and are defined as:

AS(L.H)=28L - 8H (eq. 2)
OL is the chemical shift of the light isotope, and 8H the chemical shift of the heavier isotope.
This type of isotope effect can only be measured for elements that have two NMR active
isotopes.
The secondary isotope effects on nuclear shielding are the difference in the shielding caused
by two different isotopes upon the observed nucleus, i two different isotopomeres. The
secondary isotope effects are defined as:

"AY(H)=08Y(L) - 6Y(H) (eq. 3)
n denotes the number of bonds between the observed nucleus and the site of the isotope

exchange. 6Y(L) and 8Y(H) is the nuclear shielding of the observed nucleus, Y, substituted
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with a lighter and heavier isotope, respectively. This definition will be used in the present
work. In some work the opposite sign notation is used.

The secondary isotope effects can be divided into two categories, intrinsic isotope effects and
equilibrium isotope effects. Both of which are observed as the difference in resonances, as
given in eq. 3. Intrinsic and equilibrium isotope effects differ in their origin and the difference
is observed from the magnitude-, signs- and temperature dependence of the isotope effects.
Intrinsic isotope effects are observed in static, none equilibrating species, described as an
anharmonic single minimum potential energy diagram (figure 3A). The equilibrium isotope
effects occur when the equilibrium is perturbed by the isotope substitution. This is observed
for systems described as a double minimum potential energy diagram (figure 3C).

A sample is an isomeric mixture when the labelling is less than 100%. If isotopomers are
non-exchanging or the exchange is slow, compared to the characteristic NMR time, (1/Av),
the resonating nuclei in both the labelled and the unlabelled compounds will be observed. The
intensities of resonances is proportional with the ration of the isotopomers.

The present work deals with deuterium isotope effects on *C nuclear shielding and to some
extend also on 'H and *F nuclear shielding. L = Hydrogen and H = Deuterium ineq. 3 and Y
are either PC, 'H or °F. The notation ?AC(0OD), means two bond isotope effects on *C

chemical shifts due to deuteration at oxygen.

2.3 Basic theory of isotope effects

The theory of isotope effects in chemical reactions and on the reaction rates are well
established, and are presented in details in several books.*** The theory of isotope effects on
nuclear shielding over one bond are established.**® However a full theoretical treatment of
long range isotope effects is still to be revealed. Jameson® has shown that the term including
the bond displacement at the site of exchange is the dominating for long range isotope effects.
This paragraph will present some theoretical aspects of isotope effects on nuclear shielding

and isotope effects on chemical equilibrium.



2.3.1 Intrinsic isotope effects

The formalism concerning isotope effects on nuclear shielding describes small changes in
molecular geometry and molecular wave functions due to vibrational averaging, which is
closely related to the formalism for temperature dependence of nuclear shielding.555"%
The isotope effects on nuclear shielding are rotational and vibrational in origin. Only the
vibrational term is important in larger molecules which is slowly rotating. The observed
nuclear magnetic shielding (o) is the average shielding over the contributing vibrational and
rotational states. Substituting an atom for its heavier isotope results in a lower vibrational
energy, and a shorter average bond length 350!

The Born-Oppenheimer approximation states that all isotopomers have the same potential
surface. Within the Born-Oppenheimer approximation, an isotopomer with a lower

vibrational energy in an anharmonic potential, averages to a different geometry (Figure 3A).

2.3.2 Intrinsic isotope effects over one bond
According to Jameson,* the mass induced change on the nuclear shielding, (o) - {6)*, can be
expressed as:

{o) - {o)* = (30 /o), [ (Ar,) - (Ar,*] + smaller terms (eq. 4)
where * denotes the heavier isotopomer, Ar, is the bond displacement at the site of
substitution.
It is shown that the term, including bond displacement at the site of substitution, gives the
largest contribution to the isotope over one bond. Terms that include; second and higher
derivatives of nuclear shielding, bond angle deformations and derivations of the shielding
with respect to the bond angle, shielding change due to the small secondary changes in bond
length elsewhere in the molecule, are all small terms. These small terms include changes in
the nuclear shielding, for the nuclear in question, due to changes in the conformation
elsewhere in the molecule. These conformational changes are induced by isotope substitution

one bond away from the nuclear in question.

2.3.3 Intrinsic isotope effects over more than one bond
Jameson> showed, that isotope effects over more than one bond is a property of the electronic

transmission path from the site of substitution to the nucleus in question. For isotope effects
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over two or more bonds, secondary factors have to be considered. These factors are the
change in shielding due to a change in bond length in a remote bond caused by a substitution
elsewhere in the molecule.
When a carbon nucleus in C-O-H is considered, the primary dynamic factor is the change in
the O-H(D) bond length upon substitution of H by D, {fow)cop - {Tow'con. The secondary
dynamic factor is the much smaller change in C-O bond length upon substitution of H by D,
{reodcop - (Tcodcon- The primary electronic factor is the change in shielding due to the change
in the bond length C-O upon substitution of H by D, (86%/0rg).. The secondary electronic
factor is the change in shielding on the carbon nucleus due to the change in the O-H bond
length upon substitution of H by D, (36%/3roy),.
For 2-bond isotope effect the dominating terms on a carbon nuciei can be expressed as:

{6% - (c)* =

((86/8rc0). * ({Teodcop - (Toolcow)) + (B0 8row). X (Towcop - fowcor))  (eq- 3)
Even for long-range isotope shifts are there according to Jameson,™ evidence that terms
including (ror)oop - {Ton’con ate dominant compared to terms including (teolcop - {feocom
From this follows that the major contribution to the isotope effect on nuclear shielding comes

from the change in bond length at the site of exchange.

2.3.4 Equilibrinm isotepe effects

An equilibrium isotope effect is observed when isotopomeric compounds shows different
equilibrium constants. To observe the equilibrium isotope effects by means of NMR chemical
shifts, the chemical shifts for the nuclear in question must differ in the two interchanging

isotopomers.

The contributions to the equilibrium isotope effects are exemplified for a non-symmetric

enolic B-diketone, figure 5.

'IH ~ - H\
9 9 0 9
-~ Cﬁ: - C ~ : ~ C,\E
R/ C° R" R
Figure 5. Tautomerism of }}{: 11{1

enolic B-diketones. X denotes ~ §C*=0 §C*-OH
the mole fraction. 1-X X
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The observed chemical shift, 6,,,C*(H), is a weighted average of the two separate chemical
shifts, 8C*=0(H) and 6C*-OH. The observed chemical shift can be expressed as:
8, C*(H) = X x 8C*-0H + (1-X) x 8C*=0(H) (eq. 6)
X denotes the molar fraction. When H is exchanged by D, the observed chemical shift,
0,,:C*(D), can be expressed as:

8,:C*(D) = (X - AXp) x 8C*-0D + (1- (X - AXp)) x 8C*=0(D) (ep. 7}
AX, denotes the change in the molar fraction, when hydrogen is exchanged with deuterium.
The observed isotope effect, AC*(D),, 18 8,,,C*(H) - 8,,C*(D), which can be rationalised
to:
ACH(D),= X x2AC*-O(D) + (1-X) x *AC*=0(D) + AXp x (8C*=0(H) - 6C*-OH) (eq. 8)
Where the contributions from the terms (AX, x 2AC*-O(D)) and (AX}, x *AC*=0(D)), are
very small, and therefore disregarded.
The term, AX, % (8C*=0(H) - 8C*-OH), is the contribution from the equilibrium isotope
effects to the observed isotope effect. Large perturbation of the equilibrium, large AX;, and a
large difference in chemical shifts for the nucleus in question, between the two interchanging
forms, (8C*=0O(H) - 5C*-OH), will increase the equilibrium isotope effects.
X x2AC*-0(D) + (1-X) x *AC*=0(D) is the weighted average of two- and four bond isotope

effects for the nucleus in question.
2.4 Deuterium isotope effects on chemical shifts

Deuterium isotope effects on *C chemical shifts in intramolecular hydrogen bonded systems
have been studied. >7-1%:12133362-% Dyifferent types of intramolecular hydrogen bonded systems
display isotope effects of different signs and magnitudes figure 6.

The difference in magnitude, sign and temperature sensitivity observed for isotope effects on
15C shifts for structural different compounds (figure 6), suggested that these carries useful
structural information.

One bond isotope effects have been shown to be proportional to the *C chemical
shifts.**#>% Two bonds deuterium isotope effects on *C chemical shifts of non-hydrogen
bonded phenols have been correlated with the *C chemical shifts,* and to some extend also

for hydrogen bonded phenols. The question to ask is if the deuterium isotope effect on PC
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chemical shifts just is a parameter proportional to the *C chemical shifts or if it contains

additional information?, as Jameson™ pointed out in 1991.

-0.39/-0.54*
o10 D) 034 oy | o
CH,, ! 20 JH 0.41° N ol \H(D)
(Ij I?I(D) (n) ? 0.64 ‘ ;
i . O
l 0 N N a
0.28 ?IL * |c2 3" CH, ]3 1.64/1.913
0.10 H 0.27/0.35
A -V -V

Figure 6. Deuterium isotope effects on *C chemical shifts measured at 300K for compounds
having: A: Localized hydrogen bond, 1-V: Symmetric tautomeric hydrogen bond, 9-V:
Asymmetric tautomeric hydrogen bond. (Ref. 65; a: 238K).

The deutérium isotope effects observed when hydrogen is exchanged with deuterium, in an
intramolecular hydrogen bonded system, are shown to contain additional information. Enolic
keto-enamines can exist in both a Z and an E form, the Z form forms an intramolecular
hydrogen bond. Due to the hydrogen bond in the Z form a larger 2AC(ND) for the Z form,
compared with the E form of enamines, is observed.®

2AC(XD), X = O or N is shown to correlate with 6XH for aromatic'>*"7 and for olefins®
systems. The ?2AC(0OD) vs. 5(0H) for 2-hydroxy- benzaldehydes, acetophenone and
alkylbenzoats are shown to fall on different lines, as well as the 4,6 and 3,5 substituted in
each series are shown to be different.”

Reuben’ has suggested that the hydrogen bond energy, (E), can be estimated from the two
bond deuterium isotope effects on PC chemical shielding; In CAC(D)) = 2.783 + 0.354E

2.4.1 Long range isotope effects

*AC(0OD) and *AC(OD) observed for a series of 2-hydroxy acyl aromatic compounds can be
correlated with 8(OH).1>"8 Isotope effects over six and seven bonds is observed.®”’*” These
long-range isotope effects are usually small and of both positive and negatively sign. The

signs for long-rang isotope effects are suggested to be alternating. ™
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2.4.2 Bond order dependence
A bond like C-2/C-3 for compound 9-V is called the intervening bond, figure 6. For four
esters a correlation is established between *AC(OD) and the bond order of the intervening
bond." For keto-enamines, coherence is shown between 2AC(ND) and the C-N bond order.
The C-N bond order is found, form the barrier of the Z to E isomer rotation around the C-N
bond.* Increasing bond order results in larger two bond isotope effects and therefore
increasing hydrogen bond strength. The correlations between the bond order and the

hydrogen bond strength supports the idea that resonance assistance is a significant feature for
this type of hydrogen bond.

2.4.3 Donors and acceptors
Based on two bond deuterium isotope effects on *C chemical shifts the following trends are
found; the hydrogen bond strength decreases in the order OH > SH > NHR for the donors,

using esters as acceptors, and the hydrogen bond strength decreases in the order ketones >

aldehydes > esters for the acceptors, using phenols as donors.”

2.4.4 Isotope effects in tautomeric systems

In 1982 Hansen et al.*® suggested deuterium isotope effects on C chemical shifts as an
useful method for the detection of fast tautomeric equilibria in an A = B systems, in figure 2.
This have been supported in several works, 64557

Katritzky et al** showed by a correlation of log 2AC(XD) vs. 8(XD) for non-tautomeric
compounds, that compounds which fall off the correlation possess tautomerism.

The two bond isotope effects observed for an asymmetric tautomeric system is very
large®*¢%# wheras the four bond effects are smaller, and of both signs.®**** In general, the
isotope effects observed for asymmetric tautomeric systems are larger than in non-tautomeric
systems, due to the contribution from the equilibrium isotope effect.®

Bordner ef al.% suggested that the isotope effect on the equilibrium vary as a function of the
equilibrium constant that is the tautomeric equilibria have different susceptibility to changes
due to deuteriation, depending on the position of the tautomeric equilibrium. It has been
shown, that the largest change in tautomeric equilibrium is observed for, K=0.3 and K =3

upon deuteration at OH. The change in the tautomeric equilibrium is zero at K = 1, and
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approaches zero when K approaches zero or infinity.

Recent work showed that deuterium isotope effects on *C chemical shifts for proton transfer
reactions in ortho mannich bases™* as a function K, was found to behave as predicted by
Bordner et al.* Rospenk et al. %% in vague terms interpreted these results as a change in
charged distribution.

In 1996, profound work dealing with deuterium isotope effects on N chemical shifts for
proton transfer reactions in acids - pyridine-'*N complexes®™ was published. In this work,
'A¥N(D) as a function 8'°N, very nicely reproduced the course suggested by Bordner er al.
In an equilibrium system, 8'°N is a measure of the equilibrium constant. The experiments
were carried out at low temperature (100 - 150K). In this temperature range, the slow proton-
and hydrogen bond exchange, leads to resolved NMR lines for each hydrogen bonded species
and their isotopomers. This means, that each complex is isolated, and that the intermolecular
exchange is slow on the NMR time scale, but proton transfer from donor to acceptor within
the complex is still fast. Smirnov et al.* interpreted these results as a gradual proton transfer
to pyridine due to an increase of the acidity of the proton donor. In this work the acid-base
equilibrium 1s disregarded. This interpretation is clearly not in accordance with the

interpretation by Hansen et al.® and Bordner et al. %

2.4.5 Isotope effects on fluorine chemical shifts

The large shift range and high sensitivity of *°F makes this nuclear very suitable for NMR
studies.

Isotope effects on °F chemical shifts have been thoroughly studied for non-hydrogen bonded
systems.'%*1%2 ®F chemical shifts have been used with success to monitor tautomeric
equilibria.”>*

Rae et al.®® measured a spin-spin coupling constant between the aromatic fluorine and the
nitrogen and the carbon of the amide group in 2-fluorobenzamide and its N-methy! derivate.
This coupling constant is absent in the corresponding N,N-dimethyl amide. The coupling is
believed to be mediated via an intramolecular hydrogen bond, from the amid proton to

fluonine.
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3. Results i

The number of the compound and atoms given here, are the same as in the included papers.
The Roman numbser after the numbers of the compounds refers to the paper. E.g. 18-I1 is
compound 18 in paper II.

For each subject discussed, only a few data are shown. Further data and discussion of these

are found in the papers in the appendix.
3.1 Localized hydrogen bond

3.1.1 Perturbations of equilibrium

An intramolecular hydrogen bond is weakened when hydrogen is substituted for
deuterium,**>" which is shown in a series of 2,6-dihydroxy acyl aromatic compounds. The
acyl group in 2,6-dihydroxy acyl aromatic rotates fast at room temperature and average 'H
and PC spectra are observed (figure 7). When treating these compounds with a mixture of
MeQH/MeOD, an isotopomeric mixture of double deuterated (DD), non-deuterated (HH) and
mono-deuterated (HD/DH) result. The 'H spectrum at room temperature of this isotopomeric
mixture shows two OH signals, one from HH and one from HD/DH, the latter at the highest
frequency. The 'H chemical shifts of the hydrogen bonded OH is observed at higher
frequency then the non-hydrogen bonded. The higher frequency of the observed average shift
of HD/DH is due to a contribution of more than 50% from the hydrogen bond OH and less
than 50% from the non-hydrogen bonded. Thence, form A in figure 7 are the preferred, in
which the hydrogen bond constitute hydrogen not deuterium.

Aqp (Splitting caused by Isotope Perturbation of equilibrium), is observed in the 'H spectrum
as the difference in the two OH signals, Agp = 8Hyppy - 0Hyy. Agp is also observed for C-
2/C-6 in the *C-spectrum (figure 7). From both 'H and **C spectra the degree of perturbations
can be determined. The degree of perturbations is determined from Agp and the chemical
shifts observed in the fixed conformation at low temperature. The isotope effect has to be
included for determination of the degree of perturbation using C data. The perturbations for

ketones are around 1.6 % and for esters 1.1%. The larger perturbation for ketones compared
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with esters is ascribed to the stronger hydrogen bond in ketones.

Figure 7. Monodeuterated isotopomers and the *C NMR spectrum of C-2, C-6 illustrating
the A, splitting and the intrinsic, average isotope effect, 8Cpy - 5Cpp. (Paper 1)

For 2-hydroxy-6-methoxy-3-nitroacetophenone (7-IX) (figure 8), unusual isotope effects,
compared with 2-hydroxyacetophenone, are observed. The isotope effects observed for 7-IX
are much larger than expected for a substituted 2-hydroxyacetophenone and they are observed
throughout the system. These isotope effects arise from a perturbation of the equilibrivm, A=
B figure 8. The different in the *C chemical shifts for form A and B will when the
equilibrium is shifted average to different chemical shifts.

'H and *C resonances are observed for both of the forms at 160K, whereas averaged signals
are observed at 300K. The value of 8(OH) suggests that, the hydrogen bond to the acetyl
group is stronger than the hydrogen bond to the nitro group. This is conformed by comparing
&(OH) and 2A(OD) for 2-nitrophenol and 2-hydroxyacetophenone. At ambient temperature,
the B form (figure 8) dominates, as seen from the average 8(OH) at higher temperatures
compared with the separate 8(OH) of the two forms observed at 160K. The amount of form B
decreases with decreasing temperature. The finding that the at room temperature dominating
form, becomes less abounded at low temperature, is unusual. This can be explained by
assuming that AS for the B form is positive and large enough to overcome the difference in

AH between the two forms. The difference in AH is due to a much weaker intramolecular
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Figure 8. Deuterium isotope effects on **C chemical shifts and 8(OH) (italic) in ppm. The
two rotamers of 7-IX, (4 and B). a:160K, b: 300K, c: Not observed. (Paper LX)

hydrogen bond to the nitro group in form B, compared to the hydrogen bond to the acetyl
group in form A. The nitro group in form A is most likely subject to hindered rotation due to

conjugation, whereas the acetyl group in form B rotate more freely, which can accounts for

the more positive AS for the B form.

3.1.2 Steric hindrance

Weakening of intramolecular hydrogen bonds by introducing deuterium, can be used to reveal
sterical hindrance. A weaker hydrogen bond allows a relaxation of the sterical hindrance. The
resulting conformational change causes changes in the chemical shifts. These are observed as
larger or smaller isotope effects, depending on whether the effects add or subtract.

In figure 9, exampies of a sterical hindered compound, 9-II, and a non-sterical hindered
compound, 10-1I are given. 2A(OD) is larger for 9-II than for 10-II though 8(OH) is higher for
~ 10-II. It should also be noted that *ACH,(OD) becomes less negative in 9-I1.
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Figure 9. Deuterium isotope effects on °C chemical shifis and 8(OH) (italic) in ppm, at
300K in CDCI,, for compound 9-11 and 10-11.*

The two bond deuterium isotope effects on chemical shifts are shown to be good indicators

for steric hindrance when plotted as a function of 8(0OH), figure 10.
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Figure 10. *AC(OD) vs. 3(0H), for a series of sterical hindered o-hydroxy acyl aromatics,
O, and non-sterical hindered o-hydroxy acyl aromatics,®, ref 12. (Paper II).
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The data for compounds that are sterical hindered are above the correlation line for o-hydroxy
acyl aromatics. 2-hydroxy-4,6-dimethylacetophenone, 2-1I, 2-hydroxypivalophenone, 5-II,
and 3-acetyl-4-hydroxypyrene, 16-I1, is expected to be steric hindered but this cannot be seen
from the two bond deuterium isotope effects, as seen in figure 10.

The C-D bond is shorter than the C-H bond.***' When deuterium is introduced in the methyl
group of 18-1I (figure 11) the average size of the methy! group decrease, allowing the acetyl
group to come into the aromatic plane. Hereby the hydrogen bond strength and the 8(OH) are
increased (Figure 11). The 8(OH) for the fully deuterated acetyl group (x = 3 in figure 1 1)is
observed at high frequency and for the non-deuterated acetyl group (x = 0 in figure 11) at the

low frequency.

14.98 14.96 14.94 14.92 14.90
S(O1H)/ppm

Figure 11. The OH region of the 'H spectrum for 18-1I, deuterated at the methyl group. x =
3 fully deuterated acetyl group and x = 0 non-deuterated acetyl group. (Paper II).



20

Steric hindrance can also be verified by carbon-fluorine coupling constant, AF,C). This is

shown for 2-hydroxy-6-fluoropivalophenon, 6-11. Figure 12.

1171 0.93

O,
243.99 925 CH,

22.39 2.39

9.88
6.0 19-11

Figure 12. Carbon-fluorine and proton-fluorine couplings constant in Hz. (Paper II).

A through space J(F,CHj;) of 7.09 Hz was found for 6-I1 compared with 1.55 Hz for 19-11
showing that the pivalo group is twisted further out of the aromatic plane in the non-hydrogen
bonded compound, 19-11. On lowering the temperature from 300K to 215K the, J(F,CH,)
increases from 7.09 Hz to 7.57 Hz for 6-11, in agreement with a shorter F - CH, distance. This
is consistent with the increase in 6(OH) on lowering the temperature, suggesting a stronger
hydrogen bond. Upon deuteration at OH, the J(F,CHy;) decreases to 6.92 Hz (figure 12). This
value is the upper limit as only 30% deuteration was achieved, and separate resonances from
the H and D isotopomers could not be obtained. This decrease reflects the steric hindrance,
given when the pivalo group is twisted further out of the aromatic plane, due to weakening of
the hydrogen bond upon deuteration 66

Steric hindrance for N-phenyl keto-enamines is also observed as a decrease in 8(OF) and
*AC(ND), for 19-VII compared with 15-VII, figure 13. The 2,6-dimethyl N-phenyl group is
twisted due to steric interaction with the C-1 methyl group. The twist of the N-phenyl group
decreases the positive charge on N, due to decreasing conjugation to the N-phenyl group.
This leads to a weaker hydrogen bond observed as lower 6(0OH) and 2AC(ND) values.
2AC(ND) is underlined in figure 13.
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Figure 13. Deuterium isotope effects on PC chemical shifts and 8(NH) (italic) in ppm, at
300K in CDCl;. 2AC(ND) is underlined. (Paper VII).

The twist in the N-phenyl group out of the plane is also observed on the isotope effects on C-
2' (figure 13). The isotope effect on C-2' is positive when the steric interaction is small and
the N-phenyl group is expected to be nearly planar. The isotope effect on C-2' is negative
when the steric interaction becomes very pronounced as observed for 19-VIL The C-1 methyl
substituted keto-enamines and C-1 non-substituted keto-enamines fall on two different lines
in a plot of *AC-2'(ND) vs. 2AC-1(ND), figure 14,

0.20.:
0.15-
0.10—-
0.05- ©

0.00 4

3AC-2'(ND)

-0.05 +

-0.10

-0.15 T T T T T T T T
C.20 0.25 0.30 0.35 0.40

2AC-1(ND)

Figure 14. *AC-2'(ND) vs. °AC-1(ND) for N-phenyl keto-enamines. C-1 methyl substituted,
W, C-1 unsubstituted, O, and C-1 unsubstituted from ref. 81, @. (Paper VII).
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An electron donating group in the p-position of the N-phenyl group results in a decrease of
2AC-1 (ND) and *AC-2'(ND), due to a more pronounced twist, when the N-C-1' double bond
character decreases. The opposite is observed for an electron withdrawing group in the N-

phenyl p-position.

3.1.3 Steric compression

Another type of steric interaction is observed when an angle or bond is compressed instead of
twisted. This steric interaction is called steric compression.

For C-1 methyl substituted N-phenyl keto-enamines, where the steric interaction is less
pronounced than in the case of twisted, is steric compression found. There is a fine balance
between a planar structure which optimize the hydrogen bond strength, and a twist of the N-
phenyl group, to reduce the sterical strain. In this fine balance a compression of the O---N
distance is observed. This is seen when *AC-1(ND) and 8(NH) is compared for 1Z-VII and
10Z-V1I, figure 15. The C-1 methyl group on 10Z-VII compresses the O-—N distance
compared with 1Z-VIJ, observed as an increase in 3(NH) and 2AC(ND) for 10Z-VIL.

1213 0095 1310 0069
4) 042
0026 0——H 0. 126 0-—H 0. 125
/' \ 2
c c\
0309 o 046 o o 355
0.036 0 o
1Z-V11 10Z-VII

Figure 15. Deuterium isotope effects on >C chemical shifis and 8(NH) (italic) in ppm, at
300K in CDCl,. (Paper VII).

Further sterical interaction results in a twist for the N-phenyl group out of plane as seen for
19-VI], figure 13. For the N-phenyl keto-enamines compression causes a positive

contribution to AC-1(ND) and the twist causes a negative contribution.
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In the 2-acyl-1,3-indandione system, 8(OH) and 2AC(OD) are seen to display a steady
increase when the size of the acyl group increases from acetyl (35-III), propionyl (36-111) to
iso-butyryl (37-11I). A dramatic increase in 8(OH) and 2AC(OD) is observed for pivaloyl (38-
I} (Figure 16).

)
O-—H13.54 O-—H13.71
0153 O —0.146 O
7a . 2G5 (1:\2;9 G=C o474
sCH, CH,CH,
o 0l o ot
352,111 36-111
(D) (D)
O----H13.90 O-—H16.10
0.051° 7 0.172 - 0
[ e /O 0242
C= C\O.SOZ C= C\0.880
. 0.052 C(CH
Zosr o0s CHCH,), 140 ) Does 0,155: )
O

Figure 16. Deuterium isotope effects on °C chemical shifts and 8(0H) (italic) in ppm at

190K, in CD,Cl,. a: Temperature 180K. b and c: Maybe interchange, assignment tentative.
(Paper III).

From the increase of &(OH) steric hindrance can be ruled out, as steric hindrance is known to
give a decrease in 8(OH) due to the less favourable hydrogen binding geometry. The large
2AC(OD) and 3(OH) found for 38-1II is explained by steric compression that decreases the O-
--O distance, resulting in an increase in hydrogen bond strength.

The "C chemical shifts of 35-III - 39-1II shows only small variations with temperature, which
suggests that these compounds are non-tautomeric and exclusively on the form shown in
figure 16.

In a plot of 3(OH) vs. *AC(OD) (figure 17) the data for 35-JI1 to 39-III are seen to be on the
correlations line with the non-tautomeric five-membered ring B-diketones, suggesting that

these compounds are non-tautomeric as well.
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Figure 17. *AC(0OD) vs. 8(OH) for five-membered ring ketones. 3, date from ref. 97, @ I-
hydroxy-9-florenone,” A, data form ref 62, +, 18-V and M is compound 35-I1] to 39-III.
(Paper III).

3.1.4 Two donors, one acceptor

1,5-diphenyl-pentane-1,3,5-trione can exist in two enolic forms, a symmetric form, 3-IV and
a non-symmetric form, 4-IV (figure 18). The ratios of the two forms depend on the solvent. In
CD,Cl, only the symmetric form is present. The effect of two donors to one acceptor can be
tested from the compounds 3-IV and 4-IV. The same is seen for 2-IV compared with 1-IV,
figure 26. A large negative isotope effect of -0.140 ppm is observed on OH-5 for 3-1V when
OB-1 is deuterated. This increase in the 6(OH) for OH-5 upon deuterium substitution on OH-
1 indicates a stronger hydrogen bond for OH-5. Deuteration at OH-1 weakens this hydrogen
bond, which increase the OH-5 hydrogen bond strength as the two donors compete for one
acceptor.

The non-tautomeric systems 5Z-VII, 6Z-VII, 9-IX and 222 (figure 18) are excellent for
testing the effect of two donors to one acceptor, 5Z-VII and 9-IX both have lower &(OH) and
2AC(OD) values compared with 6Z-VII and 22, respectively. This reflects a weakening of

the hydrogen bond when two donors compete for one acceptor.
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Figure 18. Deuterium isotope effects on 'H and "*C chemical shifts, 8(NH) and 8(OH)
(italic) in ppm at 300K in CDCl;. Data for 22 are from ref. 12. a: Due to deuterium at OH-1,
b: Due 1o deuterium at OH-5, c: Maybe interchange, d: Deuterium isotope effects are gfven
in the order "AC(ND), "AC(OD), e: 260K, f* Due to deuterium at OH-2". (Paper IV, VII and
X

The substituent effect of a hydroxy group at C-2' for 9-IX is expected to increase the
hydrogen bond strength,'> however a decrease is observed due to two donors competing for
one acceptor, judge from the 6(0H) and AC(OD). The large negative isotope effect on OH
observed for 9-1X, supports that two donors competing for one acceptor cause a weakening
the hydrogen bond. Exchanging hydrogen with deuterium in one hydrogen bond, weakens
this hydrogen bond and thereby strengthen the other hydrogen bond. A stronger hydrogen
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bond is observed as a higher OH resonance frequency, and cause a negative isotope effect.

The Z form of 5-VII, SZ-VII, can also be compared with SE-VII, which is the E form of 5-
VII. SE-VII only form one hydrogen bond. The values of 6(OH) and 2AC(OD) for SE-VII

suggest a stronger hydrogen bond than for 5Z-VII, which also shows that two donors

competing for one acceptor result in weakening of the hydrogen bond.

3.2 Deuterium isotope effects in tautomeric systems

Enolic B-diketones are known to exist as two fast interchanging tautomers. The tautomeric
equilibrium can be changed by varying the solvent or the temperature, the '*C chemical shifts
display a linear change as a function of temperature (figure 19). 8**C-3 increase and 8"C-1
decrease with decreasing temperature showing that the equilibrium is displaced in favour of
form A at lower temperature (figure 19). Large deuterium isotope effects are observed for
enolic B-diketones, due to contributions from the equilibrium isotope effect. The equilibrium
isotope effect arises from change in the equilibrium upon exchanging hydrogen for
deuterium. Due to the contribution from the equilibrium isotope effects in the observed
isotope effects, large isotope effects are observed throughout the system for tautomeric

compounds. These isotope effects can be both positive or negative.
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Figure 19. &67C-1 and 8"C-3 for 9-V as a function of temperature. The tautomerism of 9-V.
(Paper V).
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Deuterium isotope effects for enolic 3-diketones also display temperature depéndence, as
shown for C-1 and C-3 for 9-V in figure 20. A largest temperature dependence is seen for
AC-1(OD) and AC-3(OD), but all the observed isotope effects display temperature

dependence.
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Figure 20. Deuterium isotope effects on C-1 and *C-3 chemical shifis for 9-V and the sum

of these as a function of temperature. (Paper V).

The numeric increase in the isotope effects and levelling of these at lover temperatures,
suggests that the change in equilibrium due to deuterations, AX,,, depends upon the mole
fraction, X, as suggested by Bordner ef al.%

When AC-1(OD) and AC-3(QD) are summed up, the equilibrium contributions are cancelled.
This sum is seen to be nearly temperature independent as expected for intrinsic isotope
effects. The sum of AC-1(0OD) and AC-3(0D) is equal to the sum of *A,,C(OD) and
*AC(OD).

A sum above 0.8 ppm for five-membered rings and 1.2 ppm for six-membered rings and open
enolic B-diketones, is observed for compounds with a mole fraction different from zero or 1.
This makes the sum a helpful tool to determine whether the compound is tautomeric or not.
This rule of thumb for enolic -diketones has with some success been applied to other

systems.
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3.2.1 Tautogneric equilibrium constants
To get a more quantitative description of how AX,, depends on X, X has to be determined.
Geraldes et al.”® proposed a method, based on estimated *C chemical shifts, (eq. 9) for enolic
B-diketones, using structurally related enolic B-keto esters (firgure 21). 8,,,°C is the observed
carbonylic or enolic chemical shift of the enolic B-diketone in question.

K = (1-X)/X = (85C=0 - 0,5, C)/(d*C- 6P C-OH) (eq. 9)
The *C chemical shifts of the enolic carbon for enolic B-keto ester, (§*C-OH) is used as the
BC chemical shifts of the enolic p-position, see compound 31-V, figure 21. Using 8°C-OH
form the enolic B-keto ester the carbonyl PC chemical shifts (6"*C=0) can be derived from
the observed averaged *C chemical shift of the symmetric enolic 8-diketones (8°°Cy,,) as
shown in eq. 10.

dBC=0 = 26°C, - 8°C-OH (eq. 10)
The symmetric enolic B-diketone and the enolic $-keto esters are structurally related like

enolic acetylacetone and ethyl acetoacetate (figure 21), which includes the substituent effect

in the estimated *C chemical shift.

SC=1"0 OC-"0H SC-YOH
H H
Sl S
- C N C ~ - C = C ~
cH, 1 ¢7 1, Ce 1" 0—CHCH,
B! 5
SBc=0 S“C-OH o"“C-OH
1V 31V

Figure 21. Chemical shifts from enolic B-keto ester used as model chemical shifts to find the

separate chemical shifts for enolic P-diketones.

The same principle is also used to estimate the "0 chemical shifts. The molar fractions are
also estimated from 7O chemical shifts using the method proposed by Geraldes ef al.*® (eq. 9)
and the method proposed by Gorodetsky ef al.*® (eq. 11). The method of Gorodetsky et al.*”®
uses the estimated O chemical shift difference between the enolic and carbonylic 17O

chemical shift, (8C=""0 - §C-"OH), A, and the observed chemical shift difference between
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oxygen 1 and 3, (8'70-1 - 670-3), 8, (figure 21). The 7O chemical shifts are estimated as
described for ®C chemical shifts, using the '’O chemical shifts from enolic $-keto esters and
symmetric enolic -diketones.

K = (1-X)/X = (A-8)/(A+5) (eq. 11)
These three methods give nearly the same results for the open nearly symmetric enolic -
diketones. For the ring enolic B-diketones a difference of op to 0.11 in molar fractions is
found by using the three different methods. The molar fraction determined by the methods of
Geraldes et al.® using 0O chemical shifts are between the molar fraction determined by the
methods of Geraldes er al.*® using PC chemical shifts and the methods of Gorodetsky et al.*®
using O chemical shifts.

3.2.2. Observed deuterium isotope effects on *C chemical shifts vs. the molar fraction
AC-1(0OD) and AC-3(OD) measured for different enolic B-diketones display large variations
as a function of the molar fraction, X. This variation is due to the tautomeric equilibria have
different susceptibility to deuteriation depending on the position of the tautomeric

equilibrium, thence AXy, has different magnitudes for different X's.
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Figure 22. QObserved deuterium isotope effects on C-3, %, and C-1, W, chemical shift in ppm
as a function of the mole fraction X, for 24 enolic B-diketones. The curves are fitted for a

Jourth-order polynomial. (Paper V).
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Smaller numeric values of the deuterium isotope effects are found for X < 0.5 than for X >
0.5. The data points for X < 0.5 are from five-membered ring systems, and the data points
observed for X 2 0.5 are from six-membered ring- and open enolic $-diketone systems. Five-
membered ring systems form the weakest hydrogen bonds, resulting in smaller isotope
effects. The data in figure 22 show some scatter due to the difference in the compounds and
the error on the estimations of the molar fraction. To obtain a perfect curve in the plot of the
isotope effects as a function of the mole fraction, the tautomeric equilibrium for one
compound should be changed from X ~ 0 to X ~ 1 by changing the temperature. The largest
change in X is obtained for enolic 2-acetylcyclohexanone 9-V, X = 0.75 at 310K to X = 0.87
at 160K..

The deuterium isotope effects on *C chemical shifts and the mole fraction is determined for
eight different enolic B-diketones at different temperatures. When these are plotted with the

data in figure 22, the picture is more complex as shown in figure 23.
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Figure 23. Observed deuterium isotope effects on C-3 and C-1 chemical shifts in ppm as a

Sfunction of the mole fraction, X. B, data shown in figure 22. Isotope effects and X at different
temperatures for, 10-V, 0. 14-V, A: 2-V,V: 20-V, x: I5-V, +: 12-V, &: 11-V, & and 9-V, .
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The deuterium isotope effects on *C chemical shifts as a function of X displays different
curves for each compound, but the overall pattern is the same. The different curves for each
compound reflect the difference in structure. The isotope effects for enolic 2-propionyl-
cyclohexanone, 11-V, is seen to decrease when X increases above 0.8. For enolic 2-acetyl-
cyclohexanone, 9-V, the increase in isotope effects is seen 1o level off when X increases
above 0.8. In the region X = 0 - 0.5 the data points arises from the five-membered ring
systems. Due to intermolecular exchange these systems need cooling to enable observations

of the isotope effects and most of them are only observed at one temperature.

3.2.3 Change in the molar fraction due to deuteration vs. the molar fraction

AX,, can be estimated from eq. 8 where 8C*=0(H) and 8C*-OH are estimated and (X x
2ZAC*-0OD + (1-X) x *AC*=0(D)) is approximately equal to a X fraction of the sum (AC-
1{OD),,, + AC-3(0D),,,) in which the equilibrium dependence is cancelled. The plot of AX,
vs. X (figure 24) shows that AX, goes through a minimum at X ~ 0.2 and a maximum at X ~
0.75 in accordance with Bordner et al.* AX,, is zero for X = 0.5 and approach zero for X

approaching zero 01 one.
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Figure 24. Change in the tautomeric equilibrium due to deuteration on OH, AX,, as a
function of the mole fraction, X. © is enolic B-diketones (Paper V), and 8 is 22 - 25 - VIII
displaying azo/hydrazo tautomerism (Paper VIII).



32

This shows that the tautomeric equilibrium has different susceptibility to changes, due to
deuteriation, depending on the position of the tautomeric equilibrium. The azo/hydrazo
tautomerism (figure 34) does not contradict this description of AX,, variations as a function of

X, (figure 24).
3.3 Tautomeric or non-tautomeric

3.3.1 Two bond deuterium isotope effects vs. four bond deuterium isotope effects

In a plot of 2AC(OD) vs. *AC(OD) the tautomeric open and six-membered rings enolic -
diketones show a correlation (figure 25). The non-tautomeric compounds are confined in a
small region in this plot (figure 25). In the plot of 2AC(OD) vs. *‘AC(OD) the tautomeric
compounds are observed in a different region then the non-tautomeric. Therefore a plot of

2AC(OD) vs. *AC(OD) can be used to point out tautomeric systems from non-tautomeric.
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Figure 25. *AC(OD) vs. *AC(OD). A, non-tautomeric system from ref. 12, A tautomeric
open and six-membered ring enolic B-diketones (Paper V), B tautomeric five-membered ring
enolic B-diketones, O, non-tautomeric enolic B-diketones. (Paper V). ’AC(OD) and *AC(0OD)
are defined as: A, C-3(0D) ~*AC(OD} for X > 0.5, A,;,,C-1{OD) ~’AC(OD) for X < 0.5,
A,:,C-3(0D)} ~*AC(OD) for X < 0.5, A,,,C-1(OD) ~*AC(OD) for X > 0.5. For X = 0.5 is
’AC(OD) =*AC(OD).
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Compound 24-V and 25-V both have a sulfur atom in the five-membered ring. The sulfur
atom expands the five-membered 1ing which make these two compounds an intermediate
stage between five- and six-membered ring systems. Compound 24-V is believed to be non-

tautomeric but this is uncertain as can be seen from figure 25.

3.3.2 3,5-diacetyltetrahydropyran-2,4,6-trione
The 'H and *C spectra of 3,5-diacetyltetrahydropyran-2,4,6-trione show two species 1-IV and

2-IV in CDCl,.%7 A major species 1-IV and a minor that is symmetric (figure 26). The minor
was suggested to be 2d-IV.”7
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Figure 26. Deuterium isotope effects on >C chemical shifts and 8(OH) (italic) in ppm, at
250K in CDCI,, values in square brackets were measured at 300K. (Paper IV).

Upon deuteration, the OH resonance for the minor species, splits into two with a splitting of
0.21 ppm at 250 K in CDCL. This large negative isotope effect on the OH resonance is
similar to those observed for 3-IV and 9-IX (figure 18) which shows that the minor form has
two donors to one acceptor, indicating that the structure is 2-IV. Furthermore, the C-7 and C-
9 resonance splits into four resonances with the outer pair of resonances of equal intensity, in
agreement with a large two bond isotope effect from OD-7, and a small long range effect

from OD-9. C-4 split in to two resonances although three resonances are expected one from
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each isotopomer, HH, HD and DD. The four large isotope effects observed on C-4, C-7, C-6,
C-9, and the methyl groups indicate that 1-I'V must be a double tautomeric system, in
accordance with Tan ef al.*” The approximately equal value found for the isotope effects on
C-6/C-9 and C-4/C-7 shows that these are averaged two and four bond isotope effects, with
an equilibrium constant close to one. The temperature dependence of the isotope effects
observed on C-4 and C-7 shows also that 1-IV is tautomeric. A sum of 1.20 ppm and 1.06
ppm is found for the isotope effects observed on C-6/C-9 and C-4/C-7, respectively. For six-
membered ring and open enolic B-diketones a sum above 1.2 is shown to indicate
tautomerism. The C-4/C-7 moiety for 1-IV is found tautomeric although the sum is lower
than 1.2 ppm. The finding that the carbonyl carbon of the anhydride moiety, C-6, is part of a
tautomeric system, is unusual. Enolic B-keto esters are known as non-tautomeric.”®*® The
anhydride moiety can be regarded as an ester made up of O-1, C-2 and O-2, C-6 is then a

carbonyl carbon with the ability to form an enolic carbon.

3.3.3 Enolic B-ketoamides

The sum of the AC-O(D) and AC=0(D) above 1.2 ppm shows that the enolic p-ketoamides
are tautomeric. The temperature dependence of the isotope effects and the large effects
observed throughout the system also strongly suggest a tautomeric system (figure 27).
Especially for the a-acetyl enolic B-ketoamides as 3e-VI, large isotope effects are observed
on C-6, C-1' and C-4'. The large isotope effect on C-1 shows that the C-1 enolic form is the
dominating, as shown in figure 27. The amid carbon has less tendency to form an enolic
carbon than the carbonyl carbon. |

The coupling constant between the hydrogen bonded hydrogen to the carbon can also be used
as a measure of tautomerism. For symmetric enolic -diketones as acetylacetone (1-V), the
coupling constant observed on C-1 and C-3 is 3.4 Hz.'® For 2e-V1I this coupling to C-1 is 4.5
Hz and 2.3 Hz to C-7,'™ which also suggests that the enolic B-ketoamides are tautomeric. For
6e-VI the hydroxy hydrogen coupling constant to C-1 is 5.4 Hz and less than 1 Hz on C-3.1%
The lack of coupling to C-3 indicates that this system is non-tantomeric or that the
equilibrium is shifted far in the direction of the C-1 enolic form. In summary, of the present

data, 6e-V1 is believed to be tautomeric, with the equilibrium shifted far in the direction of the

C-1 enolic form.
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Figure 27. AC(OD), 8(NH) and 8(0OH) (italic) in ppm for enolic B-ketoamides at 300K in
CDCl,, (for AC(ND) see Paper VI). The dominating form in CDCI; is shown. a: 220K, b:
250K, c: 200K d: Isotope effects on 'H chemical shifts. (Paper VI).

3.3.4 Enolic f-ketothioamides

The large isotope effects of opposite signs at the ‘C-OH’ and ‘C=8’ carbons, combined with
the large amount of long-range isotope effects, clearly show that the enolic thioamides of 1,3-
indandiones (18e-VI and 19e-VI) are tautomeric (figure 28). This is further supported by the
change in isotope effects as a function of temperature. For 19e-V1 the sum of AC-1(XD) and
AC-8(XD) is -0.912 ppm and -1.059 ppm at 220K and 250K respectivly. This sum is very
different than observed for enolic B-diketones, due to the large negative isotope effects
observed on C-8. The very large negative effect at C-8 for 19e-VI can be explained by the
large chemical shift difference between the C=S and the C-SH carbon resonance. This is
found for the enolic B-thioxoketones as well.*® The C-1 enolic thioamide form is dominating

as seen from the large negative isotope effect on C-8 for 19e-VI. Five-membered ring enolic
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B-diketones 15-V - 19-V, 24-V and 25-V prefer the exocyclic double bond fofm, whereas the
enolic five-membered ring -ketothioamide compounds, 12e-VI, 18e-VI and 19e-VI prefer
the endocyclic double bond form.

Enolic 1,3-indandiones thioamides is found to be tautomeric, for the five- and six-membered
ring enolic ketothioamides the situations are different. The sum of 2C(OD) and “AC(OD) on
0.4 - 0.5 ppm is very low. This suggests that these compounds are non-tautomeric or that the
equilibrium is shifted far in the direction of the C-1 enolic form. The temperature dependence
on C-11s 5.5 x 10* and 4.6 x 10 for 16e-V1 and 12¢-VI, respectively. Comparing this with
1.9 x 107 on C-1 and -6.8 x 107 on C-8 for 19¢-VI, indicates that the five- and six-membered

ring enolic B-ketothioamides as 12e-VI and 16e-VI are non-tautomeric.
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Figure 28. Deuterium isotope effects on °C chemical shifis and 6(OH), 3(SH) and 8(NH)
(italic) in ppm. The dominating form in CDCI, is shown. a: 220K, b: 250K, c: Isotope effects
at the 'H chemical shifis. (Paper VI).
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A large difference is observed when compared the isotope effects on C-1' for 12e-VI and 16e-
V1of -0.025 and -0.064; respectively, with the isotope effects 0 0.318 on C-1' for 19e-VL.
This large difference further indicates that 12e-VI and 16e-VI are non-tautomeric and 19e-VI
is tautomeric.

Hydrogen bonds with SH donors are much weaker than hydrogen bonds with OH donors.!”!
For 12e-VI, the endocyclic double bond can be stabilised by forming a hydrogen bond with
OH as a donor compared with forming an exocyclic double bond and a hydrogen bond with

SH as donor. This is presumably the reason that 12e-VI only exist on one form.

3.3.5 Enolic a-acyl-B-diketones ‘
The large isotope effects and their temperature variations for the enolic a-acyl-p-diketones 1 -

8-X, (examples shown in figure 29) leave little doubt that these compounds are tautomeric,

according to earlier findings.*
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Figure 29. Deuterium isotope effects on °C chemical shifts and 8(OH) (italic) in ppm for
enolic a-acyl-B-diketones at 300K in CDCI,. The dominating form in CDCl; is given. a:
220K, b: 230K, ¢: 260K, d: 170K, e:190K. (Paper X).
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This is also confirmed by couplings from the hydroxy hydrogen to C-3 of 4.6 Hz and 4.8 Hz,
and to C-7 of 3.0 Hz and 2.6 Hz for 2-X and 4-X, respectivly.!® Only small changes are
observed in the isotope effects, when changing the 2-acyl group from acetyl, 2-X and 3-X to
pivaloyl, 6-X, which indicates that no steric hindrance is present, even though this might have
been expected.

The five-membered ring structure offers a less favourable hydrogen bond which is why
smaller isotope effects are found for 8-X compared with 2-X. The isotope effect on C-3, for
8-X suggests that the C-3 enolic form with an endocyclic double bond (Figure 29), is the
dominating. This is unusual as five-membered ring systems normally prefer the exocyclic
double bond structure®® as seen for enolic B-diketones. Preference for the endocyclic double
bond form was also observed for enolic B-ketothioamides 12¢, 18e and 19e-VI, 12e-VI is
non-tautomeric. These enolic f-ketothioamides, except 12e, do also have an acyl group in the
o position, which indicates that this is the reason for the preferred endocyclic double bond
form.

A comparison of 6(OH) and the sum of AC-OH(D) and AC=0(D) for the enolic a-acyl B-
diketones (1 - 8-X) with the values observed for enolic B-diketones (1 - 25-V), shows that the
sum is unaffected by the acy! group in the « position. The S(OH) has increased ~2 ppm due to
the acyl group in the « position. This suggests an unaffected hydrogen bond strength and an
increase in acidity of the OH proton for the e-acyl substituted compounds. This increase in
acidity is also observed for enolic B-ketothioamides with an acyl group in the ¢ position, sees

13e-VI and 16e-VI paper VL.

3.3.6 Enolic 5-acyl 1,3-dimethylbarbituric acids

The large isotope effect on C-7 for enolic 5-acyl 1,3-dimethylbarbituric acids, 14 - 16-X,
figure 30, show that enolic 5-acyl 1,3-dimethylbarbituric acids prefer the C-7 enolic forms
with an exocyclic double bond. The large isotope effects on C-5, C-8, carbonylic C-6 and
enolic C-7 clearly demonstrate that the enolic 5-acyl 1,3-dimethylbarbituric acids are
tautomeric. The sum of AC-6(0OD) and AC-7(0OD) at ~1.5 ppm also strongly suggest a
tautomeric system. An isotope effect of -0.12 ppm at 300 K and -0.194 ppm at 200 K for 15-
X are observed at C-9. Such effects in an aliphatic moiety four bonds away from the site of

exchange are only observed for tautomeric system.The isotope effect on C-2 is unusual due to
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the amide nitrogen between the site of exchange and the carbon in question. The hydroxy
hydrogen coupling constant to C-6 and C-7 for 16-X of 1.9 Hz and 5.3 Hz also shows that the

enolic 5-acyl 1,3-dimethylbarbituric acids are tautomeric.
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Figure 30. Deuterium isotope effects on °C chemical shifts and 8(OH) (italic) in ppm, at
300K in CDCl;. The dominating form in CDCI, is shown. a: 200K. (Paper X).

The enolic 5-acyl 1,3-dimethylbarbituric acids and the enolic f-ketoamide 1e - 3e-VI is very
alike. Both are B-ketoamides with an acyl group in ¢ position. By interchanging N-1 and
CH:-8 in 14-X a structure similar to 2e-V] is obtained (figure 27). Therefore it is not
surprising that the isotope effects in pairs of C-6 for 14-X, C-7 for 2e-VI; C-7 for 14-X, C-1
for 2e-X and C-8 for 14-X, C-6 for 2e-VI are nearly identical. From this is it clear that the
amide carbon to a large extend prefers the carbonyl form, and that the position of the amide

function determine whether the endo- or the exocyclic double bond form is dominating.

3.3.7 Enolic 5-acyl meldrum acids
It is not trivial to determine whether enolic 5-acyl meldrum acids, (figure 31) are tautomeric

or non-tautomeric, even though deuterium isotope effects on *C chemical shifts are used.
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Figure 31. Deuterium isotope effects on **C chemical shifts and 8(OH) (italic) in ppm at
300K in CDCl,. The dominating form in CDCI; is shown. a: 200K, b: 300K, ¢: 230K, d:
220K. (Paper X).

The temperature dependence on the isotope effects is smaller for enolic 5-acyl meldrum acids
than for enolic 5-acyl 1,3-dimethylbarbituric acids and enolic B-diketone systems, showing a
non-tautomeric system. The isotope effects on C-7 for enolic 5-acyl meldrum acids, shows
that this carbon is enolic. Isotope effects on *C chemical shifts for enolic B-ketoester is in
general smatler than for enolic B-diketones.® If the isotope effects are interpreted as if 5-acyl
meldrum acids are non-tautomeric, a 2AC-7(OD) of ~0.6 ppm is obtained. This is a large two
bond isotope effect, but such effects have been observed for ketones.*® Thence, the isotope
effect on C-6 is a four-bond isotope effect, and a four-bond isotope 0f 0.4 - 0.5 ppm has never
been observed in non-tautomeric systems. The isotope effect on C-2, as seen for 9-X and 10-
X (figure 31), is very unusual, due to the ester oxygen between the site of deuterium and the
carbon in question. The isotope effect on C-2 is, in a non-tautomeric system, a six-bond effect

in the order of ~ -0.1 ppm, which has never been seen for esters. The coupling from the
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hydroxy hydrogen to C-6 is not observed for 10-X, which means that this coupling constant is
less than 1 Hz. The coupling to C-7 is 5.7 Hz.!® This show that 5-acyl meldrum acid is on C-
7 enolic forms, and that the C-6 enolic form is absent or only skightly present. From the
present data, the 5-acyl meldrum acid system is believed to be tautomeric. The tautomeric

equilibrium is shifted far in favour of the exocyclic form.

3.4 Deuterium isotope effects on ’F chemical shifts

Deuterium isotope effects on *F chemical shielding are determined in intramolecular
hydrogen bonded compounds, counting fluorinated o-hydroxy acyl aromatic, enaminones, o-
hydroxy azo and hydrazo compounds. The latter represent both tantomeric and non-
tautomeric cases.

A parallel behaviour in sign and magnitude is observed for ™'AF(OD) and "AC(OD) for the
o-hydroxy acyl aromatic compounds 1 - 7-VIII, 9-VIII and 10-VIII. This shows either that
AF(OD) depends on the isotope perturbations in fashion different from AC(OD) or that the
alternation suggested for AC(OD)Y™*® is shifted one bond for fluorine.

12.68 0383 0.120 0348
0027—F (DH” @i—“’g‘m (]bz)ﬁ 0.~ 0.066
0.044—, N, < o 0023 j@\/-o.m
N g0 (F\C;IJI’ .\N*N >~ (?igHS
0.028
CH, -0.101 CH, 5
0.01-F
14-v1iI 15-VIII
13.56 .~ 0.026 f 0016 7:
0 1362
0.058~F (D)H N\N (D)H 0236
0.04?@&}1
@0.043 CH, 0147
1f
0.011
16-VIiL 17-VIII

Figure 32. AC(XD), AF(XD) (underlined) and 6(OD) and d(ND) (italic), in ppm, at 300K in
CDCI; for non-tautomeric 14 - 17-VIII compounds. a: 230K. (Paper VIII).
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Compound 22, 23 and 25-VIII are earlier shown to be tautomeric.”** The large negative
isotope effects on C-1 for 24-VIII, C-2 for 22-VIII and 23-VIII indicates tautomerism. For
25-VIII the isotope effect on C-1 is positive and has a value of 0.058 ppm. This small positive
effects can be explained if the contributions from the equilibrium isotope effects are negative,
as seen on C-1 for 24-VIII and of approximately the same magnitude as the intrinsic isotope
effects. The large isotope effects observed throughout the N-pheny! group and on C-6, which

is seven or eight bonds away from the site of deuterations, shows that these compounds are

tantomeric.
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Figure 33. AC(XD), AF(XD) (underlined) and 8(XD) (italic), in ppm, at 300K in CDCI; for
tautomeric 22 - 25-VIII compounds. a: 280K, b: 250K, ¢: 225K, d: The equilibrium constant,
K = [hydrazo]/[azo], and the change in the equilibrium upon deuteration, AX,, is given in

brackets, e: Not observed. The dominating form in CDCI; is given. (Paper VIII).

The large values of AF(XD) observed for 22-VIII, 24-VIII and 23-VII - 25-VIII compared
with 14-VIII - 16- VIII and 15-VII - 17-VIII, respectively, shows that 22 - 25-VIII is

tautomeric. AF(XD) for 22-VIII was found temperature sensitive, also shows that this system
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is tautomeric._
The small intrinsic contributions to the observed isotope effects on fluorine, as seen for the
non-tautomeric o-fluorine (14-VIII, 16-VIII) and p-fluorine (15-VIII, 17-VIII), makes

AF(XD) a very suitable probe for tautomerism. From these an estimations of the change in

equilibrium upon deuteration is possible.

Figure 34. Azo - hydrazo tautomerism shown for 25-VIII

For the azo - hydrazo tautomerism, figure 34, the mole fraction of hydrazone, is estimated
from 8'°F using the relation given in eq. 12.%*
3(F),~0(*F)

% Hydrazone = YT Vv Z * 100% (eg. 12)
("F),-0("F),

8('*F), represents the fluorine chemical shifts of the compound in question, 22 -VIII - 25-
VIIL 8(**F), and 8(*°F), denotes the fluorine chemical shifts of the hydrazone forms 16-VIII,
17-VIII and the azo forms 14-VIII, 15-VIIIL.

The changes in the equilibrium constants or mole fractions upon deuteration, given in figure
33, are estimated from equation 13, stated for 24-VIIL.

AF(XD)ss, = X gryazney * *AF(ND) + X)X *AF(OD) + AXip x (B(°F), - 8(°F)y) (eq. 13)
Xittydrazone) 1S the mole fraction of hydrazone and AXj; is the change in mole fraction due to
deuteration.

For 22 - VIII - 28-VIII, AX}, vs. X is plotted with the data for the enolic f-diketones (figure
24). Despite the small number of data points, it is likely that the hydrazo - azo tautomerism

follows the same pattern as enolic B-diketones.



44

3.5 Summery of tautomeric systems

The structure element shown in figure 35 can be tautomeric or non-tautomeric.

H. JH
X/ ~ % ~
| I (H: 1
R/ %(1:/ \Z — R/ N \Z
2
R R

Figure35. X=0,SorN: Y=SorO: Z=0, S NorCV=8S NorC andR =Hor C.

Table 1.
\Y X Y Z taw./non-tau®  Paper®
carbon  oxygen oxXygen oOXxygen non-tau v,v.Xe
cartbon  oxygen oxygen sulfur non-tau. VI
carbon  oxXygen oxXygen nitrogen  tau. VLX
carbon  oxygen oxygen carbon tau. v,vx
carbon  oxygen  sulfur nitrogen  tau. VI
carbon  sulfur oxygen  oxygen non-tau 11
carbon  sulfir oxygen  sulfur non-tau 11
carbon  nitrogen oxygen oxygen non-tau il
carbon  nitrogen oxygen carbon non-tau, o1, IV, VI, VIII
sulfur nitrogen oxygen carbon non-tau. 11l
nitrogen nitrogen oxygen  0Oxygen non-tau 111
nitrogen oxygen nitrogen lone pair  tau. VIII
nitrogen oxygen oxygen lonepair  tau. IX
a: tau. and non-tau means tautomeric and non-tautomeric respectively
b: papers refer to the papers in appendix that deals with this system

c: 1-IV is an exception, Z = oxygen is part of an anhydride moity.
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Whether a compound is tautomeric or nop-tautomeric depends on the atom constitution of the
structure element. From the present data this can be tested to some extend. In table 1, the term
tautomeric is used for cases where structure elements are found tautomeric in some systems.
The term non-tautomeric is used when structure elements are found non-tautomeric in all of
the investigated systems.

The data in table 1 shows that for a system to be tautomeric X must be oxygen and Z must
not be oxygen or sulfur. Enolic B-thioxoketones are known to be tautomeric.®®1%! This implies

that X also can be sulfir when Y=0and Z=V =C.

4 Conclusions

The present results show that deuterium isotope effects on *C chemical shifts hold
information of the structural features and tautomerism for systems involving intrarmolecular
hydrogen bonds.

It is confirmed that the OH group forms stronger hydrogen bonds than the OD groups for
resonance assisted hydrogen bonds.

Two donors competing for one acceptor are shown to weaken the individual hydrogen bonds.
Deuterium isotope effects are shown to reveal steric hindrance and steric compression.
Deuterium isotope effects can be used to determine whether an intramolecular hydrogen
bonded system is tautomeric or non-tautomeric, Tautomeric equilibriums are shown to be
perturbed by the exchange of hydrogen with deuterium, and the degree of perturbations are
determined for a series of enolic B-diketones. The perturbations are shown to be largest for

tautomeric systems, having a mole fraction of 0.75.
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Variable-Temperature NMR Studies of
2,6-Dihydroxy Acylaromatic Compounds.
Deuterium Isotope Effects on Chemical Shifts,
Isotopic Perturbation of Equilibrium and Barriers
to Rotation

Poul Erik Hansen,* Morten Christoffersen and Simon Bolvig
Institute of Life Science and Chemistry, Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark

A series of 2,6-dihydroxy acyl i ds were i i d to ch ize the i and hydrog

bonding properties of the carbonyl group. Dentennm isotope eﬁ'ects on 'H and '3C chemical shifts due to deu(erln-
tior of OH groups were determined at both ambient and low P In the latter case isotope effects on
chemical shifts of the individual rotamers can be determined. Deuteriation of one of the OH groups may lead to
isotopic perturbation of the tautomeric equilibrium of the carbonyl group and the two hydroxyl groups. The pertur-

bation was found to be larger in ketones than in esters. Complete band shape analysis of the OH of the
esters and ketones in a temperature interval above and below the coalescence temperature led to AG*, AH* and
AS™ values for various concentrations of added THF-d;. AS* was found to be gly neg: T

coefiicients for the shift of the OH resonances showed large variations for esters and ketones owing to the dlﬂ'erent
hydrogen bond patterns. The esters have two intramolecular hydrogen bonds, one strong and an additional weaker
one between the OH and OR groups. The second OH group of the ketones was shown to point primarily towards
C-5. Increasing amounts of THF-d, i d the of this r . The anisotropy of the XC—O group at
C-2, C-6 was shown to lead to a low-field shift of C-2, very different from that found for C=0 groups without
hydrogen bonds. The anisotropy caused by OH groups can also be estimated. On the basis of the thermodynamic
parameters, a model for the rotation of the ester group is suggested. The rate-determining step involves both
intramolecular hydrogen bonds, which are twisted out of the ring plane to form hydrogen bonds to the solvent or
other hydrogen bond acceptors.

KEY WORDS '3C NMR Deuterium NMR isotope effects Rotational barriers o-Hydroxy acylaromatics
Isotopic perturbation of equilibrium Band shape anaiysis
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MAGNETIC RESONANCE IN CHEMISTRY, VOL. 32, 399-408 (1994)

Deuterium and 20 Isotope Effects on 13C
Chemical Shifts of Sterically Hindered and/or
Intramolecularly Hydrogen-Bonded o-Hydroxy
Acyl Aromatics

Poul Erik Haosen,* Solveig N. Ibsen, Tina Kristensen and Simon Bolvig
Tnstitute for Life Sciences and Chemistry, Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark

A series of sterically hindered o-hyd ic & were hesized, including b hthal phen-
h and pyrene derivati Dentennmnsotopeeﬂ'ectsonthe”c hemical shifts of 2-hydroxy-1

and other stericaily hindered, intr bonded ic & (OH exchanged) are shown to be

unusual. The two-bond isotope effects are very large, Likewise are the istope effects on C=0, C—1, C—3 and

C-—4 carbon resonances and some show I signs. These 1 effects are explai ’byahlgberdegueol’

twist in the deuterio than the protio cnmpmmd. Steric lsotope effects are aiso observed on OH chemical shifts of

sterieally bindered o-hydroxy acetyl iated at the methyl group. These isotope effects

show non-additivity. For one-bond isotope effects, ‘A"C(“O) hydrogen bonding leads to a decrease, whereas
twisting of the carbonyl group leads to an increase. Two hydrogen bonds to the same acceptor has a reduced
cumulative effect. Data for sterically hindered, hydrogen-bonded compounds are found to fall outside the corre-
lation between 5(*70) and *A'3C(**0).

key worps NMR NMR Isotope effects on **C chemical shifts Deuterium isotope effects *#Q isotope effects  Intramoi-
ecular hydrogen bonding Steric strain  Hydrogen bond strength
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MAGNETIC RESONANCE IN CHEMISTRY, VOL. 33, 621-631 (1995)

Deuterium Isotope Effects on 3C Chemical Shifts
of Intramolecularly Hydrogen-Bonded Olefins

P. E. Hansen*, S. Bolvig and F. Duus
Department of Life Sciences and Chemistry, Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark

M. V. Petrova
Riga Technical University, Riga, Latvia

R. Kawecki, R. Krajewski and L. Kozerski

Institute of Organic Chemistry, Polish Academy of Sci K ka 44, 00-961 Warsaw, Poland

A series of intramolecularly hydrogen-bonded ines, enols and hiols with ester carbonylic, ketonic carbon-
ylic, thioester carbonylic, nitro and sulphoxi ptors were i igated to obtain '>C chemical shifts and deute-
rium isotope effects. Resnits from 33 new pounds and six are d with already existing

data. An important aim was to show that isotope effects on chemical shifts are useful descriptors of hydrogen-
bonded systems and not only a parameter proportional to the >C chemical shifts. Substituent effects were studied
and the donors and acceptors ranked according to their abilities to support hydrogen bonding. Steric effects

the | bonding in cyclic fi bered p-diketones. Plots of two-bond [’AC(OD)I vs. four-bond
lsotope effects [‘AC(OD)I show that ‘AC(OD) with i ing hydrogen bond h and that large
iations from this relati can be an indi of ism.

KEY WorDS NMR: *3C NMR; isotope effects on !*C chemical shifts; deuterium isotope effects; intramolecular hydrogen
bonding; hydrogen bond strength; olefins; S-sulp 5 nitr B-diketones (five-membered
ring)
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Intramolecular hydrogen bonding and tautomerism of acylpyran-2,4-

diones, -2,4,6-triones and acylpyridinediones and benzannelated
derivatives. Deuterium isotope effects on *C NMR chemical shifts
Poul Erik Hansen,** Simon Bolvig and Thomas Kappe’

@ Department of Life Sciences and Chemistry, Roskilde University, PO Box 260, DK-4000 Roskilde, Denmark
b Institut fiir Organische Chemie, Karl Franzens Universitit Graz, Heinrichstrasse 28, A-8010 Graz, Austria

The structures of acylpyran-diones, -triones and acylpyridinediones have been studied primarily by deuterium
isotope effects on '*C chemical shifts. The 3,5-diacetyltetrahydropyran-2,4,6-trione forms a double
tautomeric system involving one of the carbonyl carbons of the anhydride moiety. This compound also exists
as a minor symmetrical isomer with two intramolecular hydrogen bonds to the same acceptor. This isomer
shows isotopic perturbation of the OH proton resonance upon deuteriation. A similar situation is found for

1,5-diphenylpentane-1,3,5-trione.

The 3-acetyl-6-methyl-2 H-pyran-2,4(3H)-dione is found to be tautomeric and mainly in the 4-hydroxy
form. The corresponding S-acetyl derivative forms a very weak hydrogen bond as is also found in the 5-
ethoxycarbonyl-6-methylpyridine-2,4(3H )-dione. The same pattern is found for 3- and S3-acetyl-6-
methylpyridine-2.4(3H )-dione. This difference in the two-bond deuterium isotope effect is related to the
bond orders of the bonds linking the hydrogen bond donors and acceptors and refiects the strength of the
intramolecular hydrogen bonds. The 3-acetyl-4-hydroxy-2(1H)-quinolones are tautomeric in a similar

fashion.
The formal hydroxypyridines are shown by isotope effects to be of the 2-pyridone form.

The formal imines of most of the above compounds have also been studied and are shown to exist in their
keto-enamine forms. In the case of 3-(l-amino)ethylidenequinoline-2,4(1H.3H)-diones and 2-(1-
amino)ethylidene-6.7-dihydro-5H-benzo[ fjquinolizine-1.3(2H)-diones two different forms with hydrogen
bonds to either the carbonyl at C-4 or the amide carbonyl group at C-2 are observed. Deuterfum isotope

effects on chemical shifts again turned out to be crucial in the structure elucidation.
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Deuterium-Induced Isotope Effects on 13C
Chemical Shifts as a Probe for Tautomerism in
Enolic g-Diketones

Simon Bolvig and Pou] Erik Hansen*
Department of Life Sciences and Chemistry, Roskilde University, P.O. Box 260, DK-4000 Roskilde, Denmark

Deuterium isotope effects on **C nuclear shielding, *AC(OD), were investigated for a series of enolic f-diketones
at different temperatures. The investigated enolic p-diketones cover a broad range of tautomeric equilibriom con-
stants (K). The equilibrium constants were estimated from *’O and **C chemical shifts. 1*C chemical shifts and
the deuterium isotope effects show changes with temperature, which are due to a change in the tantomeric equi-
librium. It is shown that the variation of X with deuterium substitution depends on K. This has the important
consequence that the equlibrium isotope effects for a series with different X may go through a maximum. If the
sum of the deuterium isotope effects on **C chemical shifts for the carbonyl and enolic carbons is above 0.8 ppm

for five-membered and 1.2 ppm for si bered ring pounds, the system is tautomeric. This statement holds
for sterically non-hindered compounds. The intrinsic two-bond deuterium isotope effects for an intramolecnlar
hydrogen bonded system with a chelate si bered ring with optimal y and a localized double bond are

estimated to be 1.2 ppm. Knowing the intrinsic contribution, denterium isotope effects can be used to estimate the
position of tautomeric equilibria for j-diketones. 'H chemical shifts of OH groups display a linear relation with the
molar fraction X.

kEY worDs NMR; *3C NMR; isotope shifts; 2H isotope effects; equilibrium isotope effects; enolic f-diketones; tautomeric
equilibria
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Intramolecular hydrogen bonding of the enol forms
of B-ketoamides and S-ketothioamides.
Deuterium isotope effects on *C chemical shifts'
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Abstract

Deuterium isotope effects of *C chemical shifts are studied in a series of eno) and keto forms of S-ketoamides and
the corresponding thioamides. In addition, the 2,6-cyclohexanediketo-l-amides and thicamides are studied. The
effects of ring size (five- and six-membered rings) on the isotope effects and the tautomeric nature of the systems
are also looked into. Rather unusual isotope effects are found for the amides. indicating a tautomeric system of the
—~C=ONHRCOHNHR type. This is supported by the 170 chemical shift studies.

The isotope effects of the simple amides are compared with those of the tetracyclines and piroxicams.

The study of N-phenyl-3-phenyl-3-oxo-propiothioamide at low temperature reveals that this thicamide exists as a
mixture of s-cis and s-trans species. The isotope effects and the influence of intramolecular hydrogen bonding in the two
species can thus be studied.

Thioamides of indan-1,3-diones show tautomeric behaviour, as revealed by very large deuterium isotope effects of
both signs. Denteriation shifts the equilibrium in the direction of the thioamide.

Finally, the tendency of a series of 8-hydroxy esters, thioesters, anhydrides. amides, thioamides, aldehydes and ketones
to become tautomeric is discussed in terms of hydrogen bonding, isotope effects, ZAC(OD), and the nature of the
acceptor.

Keywords: Isotope effect: NMR spectroscopy; 5-Ketoamide; 8-Ketothioamide
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ABSTRACT

Deuterium isotope effects on "*C chemical shifts are studied in a series of substituted
N-alkyl and N-phenyl keto-enamines. The intramolecularly hydrogen bonded Z-forms show
the largest two-bond isotope effects, 2AC-1(ND). Methy] substitution at C-1 leads to a larger
two-bond isotope effect in the N-phenyl substituted derivatives. This effect is ascribed to
steric compression. Space filling substituents at the o-position of the N-phenyl ring leads to a
decrease of the two-bond isotope effect. A correlation is found between 2AC-1(ND) and *AC-
2'(ND). The latter becomes negative in the sterical hindered cases. *AC-2'(ND) may therefore
be used as a gauge of the twist of the phenyl ring.

o-Hydroxy substitution of the CO-phenyl rings enables intramolecular hydrogen

bonding to the carbonyl group. This kind of hydrogen bonds with two donors to one acceptor
leads to smaller 2AC-2(ND) and *AC-2"(OD) isotope effects equivaient to weaker hydrogen
bonds for the Z-isomer. This is ascribed to competition for the acceptor. For the E-isomer the
2AC(OD) is enhanced. The same feature is seen for N,N-dimethylaminoenamines. This
increase is ascribed to delocalization of the nitrogen lone-pair onto the carbonyl oxygen,

thereby strengthening the hydrogen bond and thus leading to larger two-bond, 2AC(OD),

isotope effects.

INTRODUCTION

Keto-enamines are a class of compounds with unusual features concerning the E:Z
ratio.! The ratio is clearly dependent on the solvent and could possibly be related to hydrogen
bonding. This feature is not yet fully clarified. The Z-form shows intramolecular hydrogen
bonding. This feature can with advantage be studied by means of deuterium isotope effects
on PC chemical shifts.>"” These isotope effects in intramolecularly hydrogen bonded olefins
show interesting relationships between 2AC(ND), 8NH and 8C-1 or 8C-2.* Of interest is also
the increase in AC(ND) with N-phenyl substitution.>!!-3

The present compounds enables a study of the effect of substitution of the phenyl
rings at the nitrogen (ring A (Fig. 1)} or at the phenyl rings at the carbonyl group (ring B) as
well as substitution at C-1.

Intramolecular hydrogen bonding with two hydrogen bond donors to one acceptor is

of much interest. This has been studied in OH...C=0...HO cases both by means of "AC(D)
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and 'AC(**0) isotope effects.'®'® OH groups in o-position of the B phenyl rings enables
formation of this kind of dual donors to one carbonyl groups, and with the two different
donors, OH and NH. 7

Deuterium isotope effects have been studied in detail in o-hydroxy acyl
aromatics.*'#!¢ The exact mechanism of these effects are not fully clarified although a
dominant feature of these 1sotope effects is the importance of resonance assisted hydrogen
bonding (RAHB).'*!¢ RAHB can be divided into three parts, the intervening double bond, the
acceptor and the donor.* Some of the present compounds enables an estimation of the

importance of charges at the acceptor atom.



RESULTS

Deuteriation is normally done by treatment of the compounds with a mixture of
CH,OD and CH;OH followed by evaporation and dissolving the deuterated compound in the
NMR solvent or by dissolving the compounds in CDCl, and stirring the solution with a
mixture of H,0:D,O followed by drying. For compounds dissolved in DMSO-d¢ deuteriation
is done by addition of a mixture of H,0:D.0. The degree of deuteriation can be varied in all
three methods. Variation of the H:D ratio is used to assure the signs of the isotope effects. As
all the compounds are unsubstituted at C-2, deuteriation may also take place at this position in
addition to the NH group or at the OH position for compounds 5, 9 and 30-32. As the
exchange rates for exchange at C-2 and at NH are different, isotope effects due to deuteriation
at the two sites can be differentiated, especially using mixtures of H,0:D,0 for deuteriation.
The three types of isotope effects are called "AC(ND), "AC(OD)and "AC(D) and are the result
of deuteriation at NH, OH or C-2 positions. The isotope effects are defined as "AC(D) =
SC(H) - 6C(D).

The compounds occur exclusively as the Z-form in CDCl;, whereas in DMSO-d, the
compounds (1-9, 17, 18, 28) appear on both forms. This feature has previously been
studied.!'®

The C chemical shifts are given in Table 1. The assignments are based on
substituent effects.

Some of the 'H and *C chemical shifts have previously been published."'**° The
deuterium isotope effects and XH chemical shifts are given in Scheme 1.

Isotope effect are not observed for all E-forms. In 4 and 5 the *C resonances of the
deuteriatied species are broad and for 2 and 9 the E-isomer is not very abundant. Despite the
indication of rather strong hydrogen bonds (large 2AC-2"(0OD)) the OH resonances of SE and
9E and 31 are broad at room temperature and only the very large ?AC-2"(0D) isotope effects
are observed. The broadness of the °C resonances is probably related to OH and NH
exchange as it is disappearing for 31 at lower temperature. The variation in 2AC-2"(0D)
between 30 and 31 is remarkable as this parameter is very similar for the corresponding 5-
fluoro- and di-3,5-difluoro-2-hydroxyacetophenones.*

Intramolecular hydrogen bonding has a profound effect at 2AC-1(ND) as seen in
Scheme 1 comparing the data for E- and Z-compounds. The isotope effects for the E-
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compounds do not vary very much as also found previously.?

Data in the two solvents, CDCl, and DMSO-d,, are generally similar for the
investigated compounds, something that is found to hold for compounds with medium strong
hydrogen bonds.!**? |

For the Z-compounds N-phenyl substitution leads to an increase in 2AC-1(ND) and in
ONH as seen by comparison of compounds 1Z and compounds 2 - 11 and 14 - 29 in general
(Scheme 1) with those of 12 and 13 (see also Fig. 3). This feature has also been observed in a
few keto- and nitroenamines.’ The origin of this effect can possibly be clarified by the study
of derivatives with substituents at the phenyl ring. As seen in Fig. 3 substitution at the para-
position of the A-ring with an electron attracting substituent leads to an increase of 2AC-
1(ND), whereas electron donating substituents have the opposite effect. The effect at SNH is
small and no regular pattern is seen.

Methyl substitution at C-1 led to a small increase of 2AC(ND) of a NH(CH(CH,),)
derivative.” In the compounds with phenyl substitution at nitrogen the increase in 2AC-1 (ND)
is clearly much larger (10,11,15, 24 - 29) (see Fig. 3). It is also interesting to notice that a
phenyl group at C-1 (14) has only a small effect. A difference in the chemical shifts of e.g. C-

2, C-4' or between C-6' between compounds with and without a methyl substituent at C-1
| (Table 1) is also found. The increase in 2AC-1(ND) can roughly be related to the >C chemical
shift of the C-1 carbon as seen by a comparison of this with the two-bond isotope effects for
1Z,10Z, 15 and 29.

Strong steric hindrance is introduced in compounds like 26 and 27, in which steric
hindrance of the phenyl group leads to twist of this and a concomitant reduction of 2AC-
1(ND). Such a reduction was even seen for 2Z in which the OH group at the 2'-position
probably leads to a similar effect. An interesting effect was observed in 26 and 27. The
negative three-bond isotope effects at C-2' and C-6' and a negative five-bond effect at C-4".
Smaller than usual effects are also observed in 21 - 23, but not in 25. A plot of *AC-1(ND)
and AC-1(ND) vs. shows a good correlation (Fig. 4). A plot of ’AC-2'(ND) vs. 5NH gave a
poorer correlation (not shown) possibly due to anisotropy effect at the NH chemical shift.

The compounds with OH groups in o-position of rings A or B are a special case as
they form intramolecular hydrogen bonds to either the carbonyl group or the NH group. An
OH substituent in o-position in the A-ring as found in 2 has a decreasing effect at 2AC-1(ND).
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The C-2'(OH) proton is clearly exchanged quickly as no isotope effects due to OD'-2 is seen.
This excludes a strong hydrogen bond to the NH nitrogen. However, a weak effect cannot be
excluded. The value for 2Z falls under the line in Fig. 3, supporting the above mentioned.
The isotope effects, "AC(OD), observed in 30-32 correspond roughly to the isotope
effects found for o-hydroxy acyl aromatics® except as mentioned above the isotope effect of

31 and that the isotope effects for C-3 of 30 and 31 do not fall on the 3OH vs *AC(OD) plot.

DISCUSSION
AC(OD)

The SE and 9E derivatives show an interesting increase in ?AC(OD) as compared to e.g. 2-
hydroxychalcone' and 32. This can be ascribed to the effect of the aminosubstitutent. This is
further confirmed by the observation of large 2AC(OD) for both 30 and 31. This effect is
related to the negative charge at the carbonyl oxygen caused by delocalization of the enamine-
nitrogen lone-pair (Fig.2A).

The compounds 3 and 9 constitute a very useful couple in the investigation of
simultaneous intramolecular hydrogen bonding to one acceptor. 5 is soluble enough in CDC,
to allow recording of °C spectra. The compound is almost entirely on the Z form in this
solvent. The good solubility does also indicate that the OH group is engaged in
intramolecular hydrogen bonding. The 2AC-2"(0OD) = 0.329 ppm and 2AC-1(ND) = 0.285
ppm in CDCI; and very similar values are found in DMSQ-d; (Scheme 1). A comparison with
6Z shows a larger 2AC-1(ND) in the latter. The SE- and 9E isomers gives a much larger 2AC-
2"(0OD) than the 5Z- and 9E isomers. Both findings are in line with a simultaneous hydrogen
bonding leading to weaker hydrogen bonds for both donors.

AC(ND)

The finding that the 2AC(ND) of E-derivatives are smaller than for the Z-isomer and
~ do not vary very much shows, that the second resonance from (Fig. 2B) 1s only effective in
conjunction with the hydrogen bonds as found in the Z-compounds or alternatively in the
hydrogen bond between the C=0 group and an 0-OH group as found in SE,9E, 30 and 31.

The effect of p-substitution at the A-ring is due to lone-pair delocalization of the
nitrogen lone-pair into the A-ring leading to increased double bond character of the N-C-1'
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bond and a more positively charged nitrogen (Fig. 2B). This also leads to observation of
positive long——range isotope effects at C-4, >AC-4'(ND), as clearly observed in 15-17, 20, but
not in 18 in which the substituent is electron donating. A similar trend is seen for the o-
substituted derivatives 24, 25 and 28. The five-bond isotope effects for 17 and 24 are smaller
than for 15. For the strongly sterical hindered compounds 26 and 27, the effects are negative
as explained below. From what is said above it is clear that conjugation is an important factor
leading to an increase of the 2AC-1(ND) isotope effect.

The methyl group at C-1 causes an increase of 2AC-1(ND) of the order of 0.05 ppm
for most compounds, but no so for the strongly sterical hindered compounds, 26 and 27. A
small increase in 2AC-1(ND) upon methyl substitution at C-1 of N-alkyl enamines is
observed.” For enaminoesters no significant effect on the two-bond isotope effect was found.*
The increase in 2AC-1(ND) can be seen as the result of two counteracting effects. The methyl
group at C-1 both leads to a steric compression of bonds and to a twist of the phenyl ring. For

compounds with no or only one g-substituent the compression effect is the dominant.

Steric interference

ZAC-1(ND) vs. ’AC-2'(ND). The twist is much larger in 26 and 27 in which the two-bond
isotope effects, 2AC-1(ND) decrease, meaning that in this case the twist effect dominates. As
seen from Fig. 4 a good correlation is found between *AC-2'(ND) vs. 2AC-1(ND) for
compounds with a methyl group at C-1. For those compounds with no methyl substituent at
(-1, the slope is much less. 14 is also seen to fall on this line. The negative or small effects
at C-2', and C-6' are clearly related to the steric interference with the methyl group at C-1.
Deuteriation at the NH position leads to a shorter NH bond on average, but also to a
lengthening of the O...N distance.?® The latter effect is apparently the dominant. The negative
effect can therefore be understood in terms of the chemical shift differences observed between
C-2' of e.g 1 and 10 or 15. By deuteriation more of the twisted form is produced, which means
that the chemical shift is shifted to higher frequency. A similar trend for >AC-4'(ND) can be

explained in the same fashion and lends support to the suggestion.



EXPERIMENTAL
Compounds

Compounds 1-7,9,12 and 13 were prepared by the procedure of Claisen,?? Rateb®
and de Kimpe™ stirring a water or ethanolic solution of equimolar amounts of the sodium salts
of benzoylacetaldehyde and the hydrochloride of the appropriate amine at room temperature
for 30 min to 1hr. Compounds 8,10,11,15 and 16 were synthesized according to Brown and
Nonhebel.* An alcoholic solution of equimolar amounts of B-dicarbonyl compound and the
appropriate amine was gently boiled on a water bath for 2hrs. 14 was obtained according to
Roberts and Turner® and Grimshaw®’ refluxing a mixture of equimolar amounts of

dibenzoylmethane and freshly distilled aniline in absence of a solvent until violent bumping.

Compounds 15 - 28 were synthesized according to D.F. Martin et al.'® using acetylacetone and

tha amneranratas aminag and 2 !;=r“mn+ w1_2 A_hantan
bl CI-iJlJl.U L1l CRLRIRLLLW CRLAWL La WA -t

compounds were distilled and recrystallized before use. The yields were about 50% after
distillation and recrystallisation. The melting points(in °C) and colours were: 1, 139 (pale
yellow); 2, 207 (vellow); 3, 265-266 (pale yellow); 4, 171 (scarlet); 5, 144 (yellow); 6, 103
(vellow); 7, 157 (yellow); 8, 173 (yellow); 9, 184-185 (yellow); 10, 109-110 (pale yeliow);
11, 91-92 (vellow); 12, 77-81 (cream); 13, 136 '(cream); 14, 95.5.8 (yellow); 15, 46 (white,
colourless); 16, 64-65 (light brown); 17, 140.5-141.1 (yellow); 18 (red oil); 19 78.5-79.8
{cream); 20 77.9-79.1 (yellow); 21 (vellow oil); 22 59.5-60.5 {cream); 23 (red oil); 24, 49.4-
49.7; 25, (red oil); 26 (red oil}; 27, 45.2-45.6 . In those cases in which an oil was obtained too
little compound was available for boiling point determination except for 29, boiling point 268
°C. 30-32 were bought from Maybridge Chemical Company, Tintagel, UK and used without
further purification. 2,6-dimethyl-3,5-heptanedione was synthesized according to Adams and
Hauser.?** Acetylacetone was purchased from Aldrich, Weinheim, Germany and the

s from Fluorochem, Glossop, UK

The *C NMR spectra of deuteriated species were recorded at 300 K in CDCl; or at
310 K in DMSO-d; on a Bruker AC 250 NMR spectrometer at 62.896 MHz with a digital
resolution of 0.55 Hz per point. Chemical shifts are measured relative to internal TMS.

Specta of both deuteriated and non-deuteriated species, and of mixtures of the two species



were recorded for all compounds.
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Legends

Scheme 1

Deuterium isotope effects on *C chemical shifts.>®

* Compounds are dissolved in DMSQ-ds. Values are given in ppm.

® The NH and QH chemical shifts are given in italics. The deuterium isotope effects are
given in the order "AC(ND), "AC(D). For 5 and 9 the order is "AC(ND}), "AC(OD).
¢ Numbers in brackets are obtained from CDCl.

4 The e-form is not observed in DMSO-d,.

¢ Isotope effects are not observed. br means broad.

f May be interchanged

¢ QOuly large isotope effects are observed

B This isomer is not very abundant

i At250K

i At230K

k 3J(H,H) in Hz.

Fig. 1

Numberings of the enaminones

Fig. 2

Resonance forms of enaminones.

Fig. 3

Plot of 2AC-1(ND) vs. SNH.

Legends: R;, R, and R; (see Fig. 1). CH;, CH;, Ph;  Ph, Ph,Ph; Ph, CH;, Ph; Ph, H, Ph;
alkyl, CH,, alkyl. Data taken from Ref. 3; alkyl, H, Ph. Data taken from Ref. 3; Ph, H,
alkyl.

Fig. 4
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Plot of 2AC-1(ND) vs. *AC-2'(ND).
Legends: H at C-1. Solvent DMSO-ds;; H at C-1. Solvent, CDCl;; CHj; at C-1. Solvent,
CDCl,.

Data for compunds 22 - 24 amd 29, compounds with halogens in o-position are not included.

Footnotes to Table 1

* Numbering in this table is as shown in Fig. 1, irrespective of correct IUPAC numbering in
order to make comparisons easier.

® Benzyl ring is numbered as ring A

* Measured in CDCl;. Compound 32 is 100% E isomer.

4 May be interchanged

¢ Broad resonance

f Not resolved

¢ J(C,F)in Hz.

» Resonance not observed. May be obscured by signal from Z-isomer.
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ABSTRACT -

Deuterium isotope effects on '°F chemical shifts caused by deuteriation at OH or NH
groups are determined in intramolecularly hydrogen bonded compounds counting fluorinated
o-hydroxyacyl aromatics, enaminones, o-hydroxyazo and hydrazo compounds. The latter
represent both tautomeric and non-tautomeric cases. Deuterium isotope effects on fluorine
chemical shifts are found for o-hydroxyacyl aromatics to be parallel to deuterium isotope
effects at the carbon ipso to fluorine. For the azo and hydrazocompounds very long-range
effects are seen formally over ten bonds. Through-space effects are observed in case of
spatially close nuclei like 2-flourobenzamide-ND.

The isotope effects on '°F chemical shifts can in para-fluorophenyl substituted cases
be used to monitor the change in equilibrium upon deuteriation and therefore to estimate the

importance of hydrogen bonds.



INTRODUCTION

Deuterium isotope effects on '°F chemical shifts have been investigated in carbenium
ions,™* acylfluorides,’ fluoroethylenes® and fluorobenzenes.” Long-range deuterium isotope
effects on fluorine chemical shifts have been studied in bicyclo compounds in order to
elucidate the mechanism.? In the latter compounds with large distances between deuterium
and fluorine, it was found that the effect is mediated through the o-electron skeleton. “F is a
very sensitive nucleus both regarding detection and chemical shifts. Therefore, '*F chemical
shifts have been used with success to monitor tautomeric equilibria.*'®

Solvent deuterium isotope effects on °F chemical shifts have also proven very
useful.!*** In that context compounds with exchangeable OH or NH groups next to fluorine
were investigated.!? It is interesting to compare isotope effects due to intramolecular hydro-
gen bonds and solvent isotope effects. Recently, 2-fluorobenzamide has been examined and a
rather large "through-space"” isotope effect was established caused by deuterium substitution
at the nearby amide group’® and hence of orbital overlap type. As outlined above, a number of
different mechanisms possibly depending on distance but also on hydrogen bonding exist. An
elucidation of these intrinsic isotope effects is furthermore important as the intrinsic contri-
bution most be known in order to use deuterium isotope effects as a gauge of equilibrium
situations.

Deuterium isotope effects on chemical shifts are defined as "AX(D) = 6X(H) -
0X(D), where X is the observed nucleus, D is the heavier isotope (in this case deuterium) and
n is the number of intervening bonds between the nuclei in question and the isotope.

Deuterium isotope effects on *C chemical shifts have been studied in a large number
of intramolecularly hydrogen-bonded cases and this type of isotope effects show systematic
trends."*?® In conjugated systems they are transmitted over many bonds®® and the mechanism
has been discussed.? The charge separation in hydrogen bonded systems is of great interest.”
YF chemical shifts are very sensitive to electric field effects.*** It is clearly of interest to
compare the isotope effects on carbon, "AC(XD), to isotope effects on °F chemical shifts,
™IAF(D), in the same compounds. A correlation between these parameters may be very
useful in determining one when the other is known, but also in order to understand the
mechanism better.

Equilibrium isotope effects have also been studied in detail*** and Bordner et al.’
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have raised the question of the functional form of the change in the equilibrium constant as a
consequence of deuteriation. They suggested the unusual functional form K® = K** in which
KP is the equilibrium constant for the deuteriated compound. This has been confirmed in B-
diketones® and in B-thioxoketones.”” The fluorinated o-hydroxyazo compounds provide a
very good test set as the three monofluorinated compounds have equilibrium constants
between one and three at 300 K.

The present investigation covers deuterium isotope effects on °F chemical shifts of
fluorinated o-hydroxyacyl aromatics, acetanilides, amides, enaminones, o-hydroxy-azo and
hydrazocompounds. The latter compounds represent both tautomeric and non-tautomeric

cases, some of which serve as models for estimation of standard values for the azo- and

hydrazo cases.

RESULTS and DISCUSSION
XH chemical shifts, deuterium isotope effects on °F and *C chemical shifts are

given in Scheme 1. C chemical shifts and J(C,F) coupling constants are given in Table 1
and the '°F chemical shifts are given in Table 2.

Deuterium isotope effects on fluorine chemical shifts, "AF(XD).

o-Hydroxy acyl aromatics The deuterium isotope effects on F chemical shifts over four
bonds are positive for 2 and 6 and zero for 5. The isotope effects over six bonds, *AF-5(0D)
are negative, whereas the effects over five bonds, *AF-5(0OD), are small except for 8. A com-

parison of "' AF(OD) with "AC(OD) for 1-7.9.10 revealed that the signs and also the magnitu-

des of the two types of isotope effects are very similar. The only exception is “AF-3(OD) of 3,
which is zero. The parallel behaviour underlines either that the fluorine chemical shift
depends on the perturbation in a manner different from that of **C or that an alternation in the
effect,'*" as suggested for the *C isotope effects, does not occur. An explanation for the non-
alternation is possibly the transmission of *AF(D) through the c-electron skeleton.

The value observed for 8 is clearly unusual. This is most likely related to strain

isotope effects expected for such systems.*!
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Compounds with NH-Ph fragment. These compounds are divided into two groups, those

having the NH group taking part in intramolecular hydrogen bonding, 11-13.16-21 and those
not, 26-28. 18 and 19 have in addition a non-hydrogen bonded NH group far from the
fluorine. The *AF-2°(ND) isotope effects are rather similar in the localized hydrogen bonded
cases except for 13 and all the values are close to 0.060 ppm. This is only half the size of the
isotope effect observed for the tautomeric compound, 25. The lack of ’AC(ND) isotope
effects of the acetanilide and hydrazones can be ascribed to the lack of hydrogen bonds of the
RAHB type in the former. In that light it is unusual that *AF(D) of 19.21.28 and to a certain
extent 31 are large and positive. This suggests a different origin of the isotope effect. The
relatively large value of "AF(D) for the o-fluoro compounds, 26 and 29, compared to the m-
and p-fluoro compounds, 27,28, 30 and 31 can possibly be seen as a consequence of close
proximity of the NH(D) and the fluorine in the o-fluoro compounds.® That proximity plays a
role for this kind of isotope effects has been demonstrated for 29. In this case the isotope
effect on the fluorine chemical shift for the proximate ND is 0.138 ppm, whereas it is only
0.016 ppm for the ND pointing away from the fluorine.”* Furthermore, the close proximity of
NH and F in 29 is assured through observation of large through space H-F coupling.* It is
also noticeable that 27 does not show an isotope effect. The effect of proximity has also been
claimed as the cause of a large *AF(D) effect of fluorobenzene-2-d.

As mentioned above *AF(D) of 13 is much smaller than for 11. The same is found
for >AC-2(ND) and *AC-6(ND). This is not the case for neither 2AC-1(ND) or 2AC-1'(ND),
although this had been suspected.®

D,0:H,0 solvent isotope effect on fluorine of 29 are actually larger (0.199 ppm),
than that observed in CDCI,; (0.138 ppm). This is in line with the previous conclusion, that
the intramolecular contribution in H,0:D,0 is small.”?

Extraordinary long range isotope effects on fluorine formally over eight bonds are
seen from the amide like NH group of 18. A similar, but smaller effect was seen for 19 in

which the distance is longer.

Azo compounds The isotope effect for 15 is exceptional. Ifit is transmitted through bonds,

the pathway is over ten bonds. Another transmission pathway would be via the hydrogen

bond. Similar effects are in principle seen for "AC(XD), but not to the same extent. The
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small isotope effects in general, assures that no tautomeric equilibrium is at play (see later), so
that 14 and 13 can be used as models for azo compounds. The value for 14 is larger than that

for 15 in good agreement with the smaller number of bonds.

General effects

F chemical shifts The °F chemical shifts of the o-acyl aromatics are falling in three
different ranges, F-3 substituted at ~ -135 ppm, F-5 substituted at ~117 ppm and F-6
substituted at ~-105 ppm with compound § again falling outside at -100.2 ppm.

For the NH compounds F-2 substituted fall at ~-132 ppm with the values of the
enaminones at ~-123 ppm. For F-4 substitution, the values are ~-117 ppm (Table 2). The
value mentioned for the NH compounds including hydrazocompounds are different from
those found for azo compounds. F-2 substituted are at -125.1 ppm and F-4 substituted at -
109.5 ppm according to the model compounds, 14 and 15 (Table 2). The values for the azo
compounds are known to be influenced by substituents.** The values found for hydrazo
compounds confirm those found by Lycka®'? and therefore make possible the use of *F
chemical shifts to estimate the amounts of hydrazo and azo forms of hydrazo-azo tautomeric
equilibria’® (see later).

It has been demonstrated, that in certain cases the "AX(D) simply reflect the chemical
shift of X.*' A proportionality was found between “AF(D) and &8F of deuteriated 4-fluoro-

phenylethyl carbonium ions.* No such trend is seen for 1, 2, 31, 17 and 21 (Scheme 1).

LJ(C.F). For fluorinated compounds, 'J(C,F), (Table 1) couplings tell about the double bond
character of the C-F bond*-*¢ and followingly about the fluorine lone-pair delocalization. The
'J(C,F) couplings are seen to vary in 1-10 according to the fluorine position so the 'J(C-6,F)>
J(C-4,F)> 'J(C-3,F)> J(C-3,F). For the NH compounds the variation in 'J(C,F) is much

smaller and a nearly constant value is found for both o- and p-fluorinated compounds. For the

ortho-case a larger coupling is found for the azo than for the hydrazo case. The 'J(C,F) coup-
lings are therefore a possible way of determining the position of azo-hydrazo tautomeric

equilibria (see later).

Tautomeric equilibria. ~ The determination of equilibrium constants in the tautomeric
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compounds can be based on chemical shifts of nuclei sensitive to the difference between the
azo and hydrazo forms. The nuclei should at the same time be isolated from local changes in
the structure. Lycka et al.>” have tested the use of C-1", C-2"and C-4"of phenyl rings and for
fluorine substituted compounds, 8'°F.>1° Both 8'°N® and 'J(IN,H)*® are also useful, but not
used in this investigation.

The present study enables an investigation of the variation of the parameters in the
model compounds especially those serving as models for the hydrazone forms, F chemical
shift and 'J(C,F) couplings. These data revealed that 'J(C,F) couplings are constant for the
NH type compounds and sufficiently different from that of the azo model compound, 14, to be
useful.

A similar comparison of §C-2"and 8C-4" of the hydrazo models (16.18 and 20 for o-
fluorosubstituted and 17.19 and 21 for the p-substituted revealed that for the o-substituted

both C-2"and C-4"showed a large difference between the hydrazo and the azo forms, whereas
for the p-substituted only C-2"showed a sufficient difference. C-1'was not included as this
resonance 1s not always observed and the chemical shift of C-6"turned out not to be very

useful.

The compounds 22. 23 and 25 show tautomerism® and so is 24 judging from the

present data. The deuterium isotope effects at °F chemical shifts of 22 were found to be
temperature sensitive in line with a change in the equilibrium constant towards more hydrazo
form at lower temperature.*'® The "AC(XD) isotope effects contain both the intrinsic and the
equilibrium contributions. The intrinsic isotope effects on the p-fluorine are very small in the
azo form (15) and small in the hydrazo form (17 and 21). The chemical shift difference of the
fluorine in o-position between the azo and the hydrazo forms can be estimated to be 7.06 ppm
and similarly to 7.62 ppm for the p-form. The small intrinsic contributions to the isotope
effect at the fluorine, as described above, makes the isotope effect at fluorine chemical shifts a
very suitable probe for estimation of changes in the equilibrium upon deuteriation. For the o-
fluoro compounds 22 and 24, the correction due to the intrinsic contribution can be estimated
as the weighted average of the values for 14 and 16. The mean value 0.043 is considerably
larger than that for the p-fluorine case. The changes in the equilibrium upon deuteriation
of the OH/NH proton are given in Scheme 1.

24 have not previously been investigated. The percentage of hydrazone ¢an be



8

estimated from the "°F chemical shifi*!° to be 72%.

Deuteriation leads in all cases to more of the most stable tautomer demonstrating the
dominant role of the hydrogen bond for the tautomeric equilibrium. However, from a
comparison of the equilibrium constants with the change in equilibrium upon deuteriation no

complete correlation exists between these two parameters. We observe for both pair, 22.23

and 24,25 the largest change in the equilibrium upon deuteriation for the compound with the

largest equilibrium constant.

CONCLUSIONS

The intrinsic deuterium isotope effects on °F chemical shifts can be divided into
three groups:
i) Those of intramolecularly hydrogen bonded OH groups. "AF(D) isotope effects are
roughly proportional to those of the attached carbon and of the same sign.
i) The longerrange effects, which are typically through o-bonds.
iii) Proximity effects, which are through space (orbital overlap of non-bonded atoms) and
leading to rather large positive isotope effects.

The isotope effects on °F chemical shifts can also in p-fluorophenyl substituted cases
be used effectively to monitor the change in equilibrium of e.g. tautomeric systems upon

deuteriation and hence to estimate the importance of hydrogen bonding.

EXPERIMENTAL

Compounds. Compounds 1.2.6.29-31 were purchased from Aldrich, Weinheim, Germany
and 3 - 3 from Maybridge Chemical Compagny, Tintagel, UK. Compound 7 was synthesized
from 6-fluoro-2-methoxybenzonitrile as described for 8.*! Compound 7 contained traces of o-
hydroxyacetophenone. Compounds 9 and 10 were synthesized from the corresponding acid
by esterification with methanol using H,SO, as catalyst at room temperature for 5 hours. The
reaction mixture was neutralized and extracted with ether. Compounds 7, 9 and 10 were red
oils in small amount. Their identity were secured by 'H and *C NMR spectra® and mass
spectra: [m/z (%)] for 7, 154 (39), 139 (100), 83 (19), 57 (10), 43 (11); for 9, 170 (41), 139
(20), 138 (100), 110 (69), 83 (17), 82 (14), 81 (10), 57 (17); for 10, 170 (55), 139 (36), 138
(100), 110 (91), 83 (19), 82 (15), 57 (16). Compounds 11 and 13 were prepared by condensa-
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tion from the corresponding [-diketones and o-fluoroaniline and 12 from the corresponding 2-
methyl-5-fluoroaniline.” The compounds were distilled and recrystallized before use. 14-18
and 22-25 were prepared as described earlier in Ref. 10 and 19 - 21 were synthesized
analogously to the published procedure.* Compounds 26 - 28 were prepared by mixing the
appropriate fluoroanilines with excess of acetic anhydride and the solid product were

separated and recrystallized from ethanol. 29 and 31 were synthesized as described earlier.*

NMR

The *C NMR spectra of deuteriated species were recorded in CDCJ; on a Bruker AC
250 NMR spectrometer at 62.896 Mhz with a digital resolution of 0.55 Hz per point.
Chemical shifts are measured relative to internal TMS. Spectra were recorded at 300 K, in
CDCl; unless otherwise given. Spectra of both deuteriated and non-deuteriated species, and
of mixtures of the two species, were recorded for all compounds.
Most low temperature spectra were recorded in CD,Cl,.

The ¥F NMR spectra were recorded at 235.35 MHz in 10 mm tubes with a resolution
of 0.6 Hz/point. 'F chemical shifts are referenced to CFCl,.

Most of the compounds were deuteriated by dissolving the compounds in a mixture
of CH;OH and CH;0D followed by evaporation of the solvent under reduced pressure. The
degree of deuteriation could easily be varied this way.

3,

11, 12 and 13 all showed incorporation of deuterium at C-2.
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Legends to Schemes
Scheme 1. "AF(XD) and "AC(D), X= O or N and OH 'H chemical shifts (in italics). Hydro-

gen bonds are not shown 1o avoid overcrowding.

Footnotes to Scheme 1

. From Ref. 17.

. Given as 12.29 ppm in Ref. 17.
. From Ref. 33.

o P

o o

. Isotope effect due to deuteriation at carbon
. Taken from Ref, 30.
Not observed.

. Coupling constants.

5 e o

. Assignment based on carbon,fluorine coupling constant

1. Temperature 230 K

j. Overlap prevents determination

k. Temperature 250 K.

1. Temperature 225 K

m. Temperature 280 K.

n. Values in brackets are equilibrium constants, K = [hydrazone form]/{azo form] and %

change in equilibrium constant due to deuteriation.
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Compounds C-8a C-1 c-2 c-3 C-4' c-5 C-6'
1 " - - - - " -
2 - - - . - . -
6 - - - - - - -
7 . - - . - . -
9 . - - - - - -
10 - - - - - - -
14 - N.OS 159.1(257.1) 117.0(25.6) 132.4(8.1) 124.6(3.5) 117.2(6.4)
15 - 147.3(2.9) 124.1(8.7) 116.4(22.8) mma.wﬁuw.& 116.4(22.8) 124.1(8.7)
16 - 129.99.2) | 151.7246.9) | 115.7(17.9) 125.5(7.5) 124.9(3.7) 115.8(1.0)
18" - 130.4(9.1) 152.2(246.9) 116.1(12.0) 125.4(4.7) 125.1(3.5) 115.9(4.8)
19 - 137.8(2.8) 117.0(7.8) 116.3(22.8) | 160.1(245.3) | 116.3(22.8) 117.0(7.8)
20 - N.OS 152.1(246.9) 116.0(17.9) 125.9(7.3) 125.2(3.6) 116.4(3.3)
21 - 137.9(2.3) 117.7(7.6) 116.6(22.8) | 160.6(247.0) | 116.6(22.8) 117.7(7.6)
22 1334 132.8(8.7) 153.9(250.7) 116.1(18.4) 127.3(7.6) 125.0(3.7) 117.0(0.8)
23 1334 143.0(3.2) 121.2(8.6) 116.6(23.6) | 162.5(249.6) | 116.6(23.6) 121.2(8.6)
24 130.5 131.6(8.8) 153.1(249.1) 115.9(18.1) 126.3(7.3) 125.1(3.8) 116.7(0)
25 1293 141.2(2.8) 120.1(8.2) 116.5(23.2) | 161.9(248.3) | 116.5(23.3) 120.1(8.2)
a: Ref. 17.
b: Coupling to F-3
c Coupling to F-5
d: 3C chenical shift for 3 - § and 11 - 13 are given in Ref. 33, for 8 in Ref, 31
e N.R.: not resolved
£ N.O.: not observed

C-9: 125.0; C-10: 11.6

Table 1. cont.



C-1": 137.2: C-2":120.9; C-3": 129.1; C-4": 124.9
C-1": 136.9; C-2": 120.6; C-3": 128.8; C-4": 124.6
May be interchanged

Table 1. cont.



Table 2 "°F chemical shifts (in ppm) relative to FCL,C af 300K.

oo gR

compounds dYF compounds - &"F

1 ~124.56 17 -116.57¢

2 -131.84%/ 18 -132.42
-122.02°

3 -124.78 19 -117.32

4 -126.42 20 -132.49

3 -134.30%¢/ 21 -116.54
-124.48°

6 -137.17 22 -129.52

7 -105.12 23 -113.05¢

8 -100.21 24 -130.62

9 -101.73 23 -114.16°

10 -105.59 26 -132.19

11 -122.97 27 -112.04

12 -106.95 28 -118.54f

13 -122.40 29 -138.46

14 -125.12 30 -139.78

15 -109.51 31 -144.13

16 -132.84

F-3
F-5

Ref. 9 found -116.60 and -116.47 at 310K and 290K respectively
Ref. 9 found 113.03 at 310K and 290K
Ref. 9 found -114.13 and -114.17 at 310K and 290K respectively

Ref. 39 found -119.67.
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The interesting deuterium isotope effects of gossypols have been reinvestigated and
the very large two bond isotope effect, 2AC-6(0D), is ascribed to electric field effects.

Common for the investigated compounds are the presence of intramolecular
hydrogen bonds. A feature strongly related to the strength of the intramolecular hydrogen
bond is intermolecular OH exchange. Eleciron attracting substituents at the 3- and 5-positions

increase the acidity of the OH-2 proton and therefore the intermolecular exchange, but not the

hydrogen bond strength, whereas alkyl groups ortho to the intramolecularly hydrogen bonded
OH prevents the OH group to swing out and therefore prevents intermolecular exchange.

Conformational equilibria are studied in 1-acetyl-2-hydroxy-3-nitro-6-
methoxybenzene. Surprisingly, the form with the weaker intramolecular hydrogen bond to
the nitro group is dominant at ambient temperature, whereas it is opposite at 160K. For I-
acetyl-2-hydroxy-3-nitro-5-methylbenzene a similar pattern is seen, but with much less
hydrogen bonding to the nitrogroup at ambient temperature.

The 2-acetyl-1,8-dihydroxy-3,6-dimethylnaphthalene is involved in tautomerism of
the enolic B-diketone type

and large deuterium isotope effects on the *C and OH chemical shifts are observed.



INTRODUCTION -

The investigation of gossypols, (1), and related compounds revealed interesting signs
of long-tange isotope effects on *C chemical shifts, as well as large two-bond isctope effects!
and therefore spurred an interest into the study of deuterium isotope effects on *C chemical
shifts** In the meantime these isotope effects of o-acylaromatics have been thoroughly
investigated.”® The effects of substituents have been mapped and the transmission mecha-
nisms looked into.” Long-range effects are seen in conjugated systems.*® Strain effects as
found in, e.g. 1-acetyl-2-hydroxynaphthalene have been discussed, but the corresponding
aldehydes did not show such effects.’® The very large effects found for the gossypols! are
therefore to a large extent still unexplained.

Tautomerism of B-diketones and similar systems using deuterium isotope effects on
3C chemical shifts have also been treated extensively!** and the relationship between
2AC(OD) and *AC(OD)" or 2AC(ND) and 8NH" have been presented, as ways of identifying
tautomeric systems.

Isotopic perturbation of equilibrium showed interesting effects in symmetrical 2,6-
dihydroxy acyl aromatics,'®!” but also in the asymmetrical compounds.>'*!” The symmetrical
compounds revealed that the stronger the hydrogen bond, the larger was the isotopically
induced splitting, Agp.!” Asp, Splitting cause by Isotope Perturbations, which is observed for
compounds where a perturbation of an equilibrium is observed. For non-symmetrical
compounds, the distinction between an isotopically perturbed system and an ordinary system
with two deuteria becomes more difficult and may ultimately require "freezing" of the rotation
of the acyl group to resolve this ambiguity.

For the 2,6-dihydroxy compounds one OH group is momentarily non-hydrogen
bonded and thus exposed to the solvent and prone to exchange.!”

For weaker intramolecular hydrogen bonds the influence of solvent becomes
important. Some solvents like DMSO are called hydrogen bond breaking really meaning, that
a hydrogen bond is formed to the solvent and changing the hydrogen bond from an intra- to an
intermolecular hydrogen bond.

One remarkable feature of some of the intramolecularly hydrogen-bonded systems is
the broadness of the XH resonance despite that the 6XH indicates a strong or even very a

strong hydrogen bond. This feature is seen in 5-nitroaldehydydes,® 3- and 5-acetyl-6-methyi-
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2H-pyran-2,4(3H)-diones'® and the enol form of 2-acyl-1,3-indanedione.!®* This can be
ascribed to increased acidity of the OH proton. The finding that for S-substituted o-hy-
droxyacyl compounds AC(OD) did not change appreciably, but 8OH did, raises the important
question whether the hydrogen bond is increasing in strength with the higher acidity or not.
Furthermore, for the 2-acyl-1,3-indanediones the broadness was diminished by a buiky
substituent at the C-1 carbon.” For aromatic systems the influences of bulky substituent can
be investigated by substitution at the o-carbon.

Deuterium isotope effects on C chemical shifts represent a useful tool to
characterize the structure and dynamics of o-hydroxy acyl aromatic and olefins covering a
broad range of compounds: o-hydroxyacetophenones, o-hydroxybenzaldehydes and o-
hydroxybenzoic esters,>”'*!” 2-acyl-1,3-indanediones,'** linderones and lucidones,® enami-
nones,>?%?! enaminoesters.!>*

The present paper demonstrates how the above described phenomena, steric strain,
isotopic perturbation of equilibria, tautomerism and ordinary hydrogen-bonded systems may

be distinguished by means of deuterium isotope effects on *C chemical shifts.



ASSIGNMENTS

The C chemical shifts are given in Table 1. The assignment of the '*C spectra of 1
is that of Ref.1 and the assignment of 2 is similar to those of the hernigossypolones of the
same reference. The assignments 0of 3 -12, 14 - 16 and 17 - 20 are based on substituent
effects. In case of 14 the starting parameters were those of 7-hydroxycoumarin.? The spectra
of 7 at ambient temperature are clearly the result of an equilibrium. The low temperature
spectra of 7 showed two sets of resonances, an intense set, 7A (see Results) and a very weak
one, the B form. In the same way the OH resonances were assigned. The assignment of 13 is
based on HETCOR spectra.” The OH resonances were assigned so that OH-1 is at highest
frequency. The C-3 resonance of 17 can be assigned unambiguously as it shows two equally
large isotope effects due to symmetry. The assignment of 21 was done in analogy with that of
1-phenylazo-2-naphthol.**

The determinations of signs of isotope effects are done by varying the degree of
deuteriation. For those compounds with more than one exchangeable hydrogens the
assignment of isotope effects due to specific deuteria could be done for 4 and 18. In the
former case the ND group did not give rise to an isotope effect and for 18 the degree of
incorporation was distinctly different from that of the OH group. For compounds 1, 2, 10, 11

and 13 comparisons were made with well established substitutent effects.



RESULTS -

As indicated above the deuterium isotope effects on chemical shifts and OH chemical
shifts are the central theme of this paper (Scheme 1). The isotope effects are defined as
"AC(D} = 6C(H) - 8C(D), n being the number of intervening bonds between the nuclei
observed and the isotope in use. The isotope effects have been measured in one tube ex-
periments with both isotopomers present and the experiments were repeated if necessary with
different H:D ratios.

The isotope effects of 1 have been reinvestigated. 1 is not very soluble in neither
CDCI; or CD,Cl,, so the data of 1 are obtained in acetone-d, at low temperature in a mixture
of the isotopomers. This is in contrast to those of Ref.1 recorded at ambient temperature. At
ambient temperature fast intermolecular exchanges occur and one obtains the sum of isotope
effects, not the individual contributions from each deuterium. Except for C-7 the isotope
effects differ considerably (Scheme 1). The very large 2AC-6(QD) isotope effect (0.85 ppm)
is remarkable as the corresponding isotope effect of 2-hydroxy-1-napthaldehyde is 0.41 ppm.”
The remaining isotope effects due to OD-6 are "normal". The two other OD groups give only
rise to local effects over two and three bonds (Scheme 1).

Gossypolone 2 was too insoluble at low temperature to be able to measure deuterium isotope
effects on *C chemical shifts.

Compound 3 showed that methyl substitution at position 4 had a very moderate
effect at the isotope effects as compared to 2-hydroxyacetophenone.” The isotope effects of 4
were changed as expected for an electron donating substitutent at position 4 and are similar to
those of 4-methoxy-2-hydroxyacetophenone.” Compound 6 had to be cooled to show isotope
effects on *C chemical shifts.

The OH chemical shift of § was to higher frequency compared to 2-
hydroxyacetophenone. 2AC-2(0D) was likewise increased. This can be ascribed to the steric
compression effect of the t-butyl group at C-3. The effect of the t-butyl group at C-5 is likely
to be unimportant.

The ambient temperature spectra of 7 gave sharp resonances, but rather unusual
deuterium isotope effects at *C chemical shifts. Both the OH and the *C chemical shifts
varied considerably with temperature until 170 K at which temperature two sets of resonances

appeared. The low frequency OH resonance at 11.15 ppm was broad and not very strong.
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The intensity ratio was larger than 10:1 at 170 K. At 160 X the low frequency OH resonance
sharpened. The *C spectrum at 160 K showed also two sets of resonances (Table 1). The
resonances of the minor form are broad and not very intense and no isotope effects could be
determined for this form. The "C chemical shifts of the two forms are rather different, and
with those of the minor form generally to lower frequency (Table 1). The two sets of
resonances can be ascribed to the two isomer 7A and 7B (Fig. 1). The C=O resonance of the
major form showed a relatively large isotope effect of 0.19 ppm at 160 K and this effect
demonstrates clearly that this is the isomer with an intramolecular hydrogen bond to the
carbonyl group (7A). Analysis of the OH and *C chemical shift at 300 K revealed that the
form 7B with a hydrogen bond to the nitro group was the dominant (64%). At 250 K the two
forms were of almost equal amounts. Further cooling broadend the OH resonance and moved
it further to higher frequency. At 220K the 7A form dominates (56%).

Knowing the chemical shift differences between carbon resonances of forms A and
B, the isotope effects of form A and being able to estimate those of form B based on the data
of compounds 19 and 20, the shifts in the equilibrium upon deuteriation can be estimated to
~4% at 300 K and ~4.6% at 250 K.

The 'H spectrum of 8 showed an increase in the chemical shift of the OH resonance
from 12.82 at 300 K to 13.62 K at 180 K, but also line broadening in the temperature range
220 to 200 K. In the temperature range 300 to 230 K a linear dependence with temperature
was found with a coefficient of 0.008 ppm/degree. The PC spectrum showed likewise a
modest temperature dependence. The C=0, C-1 and C-3 resonances broadened around 220-
200 K only like the OH resonance to become sharp at 180 K.

The isotope effects of 9 have previously been published.>'® In this study, the
compound is cooled to slow down OH exchange and give precise isotope effects. For 10 and
12 substitution at positions 3 - 5 are further investigated. The data of 10 showed that an extra
OH group at position 3 had only a small effect at the 2AC(OD) (see discussion of gossypols).

The very high frequency OH shift of 13 (17.42 ppm) is remarkable (Scheme 1) as the
corresponding 1-hydroxy-2-acenaphthone has a 50H of 13.99 ppm.” Also the second OH was
sharp (10.16 ppm). Likewise, both OH resonances of 13 showed very large isotope effects,
when the other OH group was deuteriated (Scheme 1). The sitnation is somewhat akin {o that
seen for 2-hydroxydibenzoylmethane.®
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The C-1,C-2,C-3 and C-5 resonances of the 1*C spectrum 17 are sharp at
ambient temperature, whereas those of the C=0 and C-4,C-6 carbon resonances are broad.
The 2AC(OD) isotope effect is only marginally larger than that of salicylaldehyde.! 45710

The 2AC(OD) isotope effect for 14 is interesting as 14 structurally is similar to 2-
hydroxy-1-acenaphthone' with the one difference that no steric interaction exists between the
CH;C=0 group and O-1 in 14. The long-range effects of 14 are to a certain extent similar to
those observed for khellinone,” showing that the transmission of the isotope effect into the
double bond is a common feature.

As reference parameters for 7 the o-nitrophenols 19 and 20 were recorded. Both
showed small two-bond isotope effects of the order of 0.183 ppm (19) and 0.140 ppm (20}
and the latter showed broad resonances at 180K, The latter value is in line with the finding
for o-hydroxy acyl aromatics that an extra nitro group leads to a decrease of 2AC(OD) (see
later),

Finally, the formally 1-nitroso-2-hydroxynaphthalene (21) was investigated. The
results showed, that this compound existed as the keto-imine - hydroxy-nitroso tautomeric
mixture. The isotope effects are almost constant with temperature.

H OH chemical shifts. OH chemical shifts are generally given in Scheme 1. For those
compounds not mentioned in Scheme 1, the OH chemical shifts are for gossypolone (2),
dOH-6 = 12.65 ppm and 80H = 10.18 ppm at 193 K in acetone-d,. 3-allyl-2.6-
dihydroxyacetophenone (15), 80H-2 = 10.84 ppm dOH-6 = 8.62 ppm at 220 K in CD,Cl, and
for 3-propyl-2,6-dibydroxyacetophenone (16) 80H-2 = 11.92 ppm and 60OH-6 = 7.85 ppm at
300 K in CDCl,.

DISCUSSION
Gossypols

Gossypol has been investigated in great detail because of its interesting biclogical
properties.*?’ It has been established that gossypol can exist as a lactol in DMSO, CH;CN,
ethanol and methanol, 252722 but also in a tautomeric equilibrium.??® In chloroform a
tautomeric equilibrium (Fig. 2) has been suggested,* long ago. The AOH-6 of gossypol and
hemigossypol! (~15.3 ppm in acetone-ds) and a large 2AC-6(OD) of 0.8 ppm could suggest a

tautomeric &quilibrium, * but the lack of isotope effect at C-11 is against a tautomeric
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equilibrium. o-Hydroxyaromatic aldehydes generally show very small isotope effects at the
aldehyde carbon.*® For tautomeric systems as found in Ref.2 a large effect is clearly seen
both at the C-OH and the aldehyde carbon in CDCl,. Both findings suggest that 1 is non-
tautomeric.

Another explanation emerges from a comparison of °C chemical shifts of
hemideoxygossypol®! and hemigossypol.! No major differences in chemical behaviour are
found between gossypol and hemigossypol.! The chemical shifts of C-5,C-6 and C-7 are very
similar, whereas that of C-11 of hemigossypol is 5.1 ppm to higher frequency. This suggests
a local interaction involving the aldehyde group. The OH group at C-4 may lead to a meso-
meric strengthening of the acidity of OH-6. This is also supported from the tendency to inter-
molecular exchange of this proton. However, the very large effect cannot be explained by this
effect,!” as this is also found in the 7-methoxyderivative. However, the OH position at high
frequency and the large 2AC-6(O'D) of hemigossypol and gossypol can be understood as the
OH group at positions 4 leads to a more acidic OH-6 group, but more importantly to a
polarization of the C=0 aldehyde group due to an electric field and may by steric effects, thus

effectively leading to more of the resonance form C, shown if Fig. 2

Equilibrium Isotope Effects

Compound 7 showed a sharp OH resonance and gave some unusual isotope effects
that cannot be explained by straightforward effects of the substitutent as discussed above. The
very large effects at all carbons except the methyl group (relative to 2-hydroxyacetophenone)
can be understood as an isotopic perturbation of the equilibriuvm as shown in (Fig. 1). The
deuterium isotope effects have to be analysed accordingly. Using the OH chemical shifts and
the intensities at low temperature the B form is dominant at ambient temperature, but the
amount of this form is very smalt at 160 K. The spectra at 160 K gave a >’AC(0D) of 0.46
ppm for the 7A isomer. Most of the isotope effects at ambient temperature do clearly have a
positive equilibrium component. As the A form have chemical shifts to higher frequency than
the B form (Table 1), the B form is being increased upon deuteriation. This is even more so at
250 K and 230 K although the amount of B isomer is decreasing. This can be explained by
realising that the mole ratio for A changes from 0.36 at 300 K to 0.56 at 220 K. This will in-

crease the change in equilibrium upon deuteriation as seen by plotting these number into the
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graph of Fig. 7 of Ref.14.

The finding that the amount of the dominant tautomer, B, at ambient temperature, is
not increased further at low temperature is rather unusual. This can be explained by assuming
that the AS for 7B is positive and large enough 1o overcome the difference in AH due to a
much weaker intramolecular hydrogen bond at ambient temperature. The more positive AS of
7B can be understood as the nitro group of 7A most likely is subject to hindered rotation due

to conjugation (see later). The rotation of the acetyl group of 7B therefore gives rise to a

positive AS. For 8 the picture is less clear.

Intermolecular exchange

Line broadenings may occur in compounds like the ones studied either because of
intermolecular exchange or averaging. An example of the lafter is that of 2,4,6-trihydroxy-
3,5-diacetylbenzene. >

From the study of 5-nitrosalicylaldehyde® it became clear that this compound had to
be cooled to show a sharp OH resonance and to give deuterium isotope effects on *C
chemical shifts. This can most likely be related to the higher acidity of the OH proton. Of the
pair 19 and 20 the former gave a sharp OH resonance at ambient temperature, whereas the
latter had to be cooled. The pK, values are 7.23 and 3.70, respectively.®®* It is interesting to
notice, that the increase in 8OH upon nitro group substitution is much smaller in 6 and 18
compared to the non-nitrosubstituted compounds (4-methoxy-2-hydhydroxyacetophenone and
4), than it was in 5-njtrosalicylaldehyde vs. salicylaldehyde.” For the two former a decrease in
2ZAC(OD) with introduction of a nitro group is observed, whereas for 5-nitro- vs. salicylalde-
hyde 2AC(OD) remained constant. For 7A a large increase in 00H and a medium one of
2AC(OD) are observed resulting in a position below the correlation line of Fig. 3 (see later).
Summarising, a nitro group in position 3- or 5 increases the acidity of the OH-2 proton and
shifts this resonance to a higher frequency, but the hydrogen bond strength, as judged from
*AC(OD) does not increase at best it is unaltered. An acyl group is also expected to lead to
effects similar although slightly smaller than those of a nitro group. This is seen for 2,4-
dihydroxy-1,5-diacetylbenzene® for which it was necessary to cool the sample, but not for the
corresponding 3-ethylderivative.® Likewise, for 18 isotope effects could be obtained at
ambient temperature. A common feature for 2,4-dihydroxy-3-ethyl-1 ,5-diacetylbenzene® and
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18 is the position of an alkyl group ortho to the OH group. According to the base catalysed
exchange of a hydrogen-bonded OH group the hydroxy group has to move away from the

. acceptor before exchange can take place.’>*® In the present compounds the o-alkyl group
makes this step much less likely and therefore slows intermolecular exchange. The effects of
alkyl groups are also demonstrated in 5 in which the hydrogen bond becomes stronger. The
effects of alkyl groups are also seen on the nearly symmetrical compounds 15 - 16. For 16
two broad OH resonances are observed at 11.92 and 7.75 ppmn indicating that the alkyl
substituent is close to fixing the carbonyl in a hydrogen bond to OH-2. Alkyl substitution at
C-3 was in the case of a t-butyl group (5) seen to increase both 80H and *AC-1(0OD) and
therefore also the hydrogen bond strength. A similar feature is found for 16 and to a lesser
degree for 15.

Tautomerism

The C chemical shifts of 13 points towards a dominating carbonyl character of the
C=0 group. The deuterium isotope effects at the carbon chemical shifts are large for C-1,
C=0, CH;C=0, C-8 and C-4a. The sum of two bond, 2AC(OD), and the four bond, *AC(0OD),
isotope effects is 0.91 ppm, which points towards a tautomeric system.'* Another feature of
this compound is the steric interference between the CH,C=0 group and the methyl group at
C-6. This could lead to strain effects.’® However, a comparison of the effect of 13 with those
of 2-hydroxy-1-acetophenone and similar compounds™ reveals distinct differences. A
comparison with g-hydroxydibenzoylmethane shows resemblance.? In the latter case, the sum
of 2AC(OD) and *AC(OD) is also less than the 1.2 ppm suggested as a lower limit for
tautomerism in six-membered rings.”* The 80OH is much lower in the strained compounds and
the isotope effects at the CH,CO group is really much smaller in the strained compound. This
taken together with the remaining large and some negative isotope effects points clearly
towards a tautorneric system. This is also supported by plotting the AC(OD) vs. *AC(OD)
into Fig. 7 of Ref. 20. This shows clearly, that the point falls off the line. One favourable
interaction is that between the OH group at C-8 and the enolic -dicarbonyl system of C-1, C-
2 and C-7.

The data of 21 can be compared to those of o-hydroxyazobenzenes and show clearcut

tautomerism between keto-imine hydroxy nitroso forms.
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CONCLUSIONS

The unusually large 2AC-6(OD) of 1 has been explained as originating from an
electric field polarisation of the aldehyde C=0 bond caused by the OH group at C-4.

Nitro or acetyl groups in g- or p-positions to the OH group clearly increases the
acidity of the OH group and shifts the OH resonance to higher frequency to an extent
depending on the presence of other substituents. The 2AC(OD) isotope effects are not
increased and therefore, the hydrogen bond is not strengthened.

Alkyl group ortho to the intramolecularly hydrogen bonded OH group diminishes

intermolecular OH exchange and stabilises the intramolecular hydrogen bond.

Tautomerism may be established using "AC(OD) isotope effects as found in 13.
Further, deuterium isotope effects are likewise found to reveal hydrogen bond dynamics not
seen by ordinary NMR measurements as demonstrated for 7. The rotamer equilibrium
involving the OH group hydrogen bonding both to the acyl and the nitro group is immediately

apparent.

EXPERIMENTAL

Compounds

Compounds 1 and 2 were purchased from Sigma, 3-8, 13-14 and 18 from Maybridge,
Tintagel, UK; 8-12, 16, 19-21 from Aldrich, Weinheim, Germany and 17 from Tokyo Kasei
Kogyo, Chuo-ku, Japan. These products were used without further purification.

NMR

The *C NMR spectra of deuteriated species were recorded in CDCl; on a Bruker AC
250 NMR spectrometer at 62.896 MHz with a digital resolution of 0.55 Hz per point.
Chemical shifts are measured relative to internal TMS. Spectra were recorded at 300 K, in
CDCl; unless otherwise given. Spectra of both deuteriated and non-deuteriated species, and
of mixtures of the two species, were recorded for all compounds. Most low temperature
spectra were recorded in CD,Cl,.

The HETCOR spectra® were recorded as previously described in Ref. 17.
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Deuteriation

Most of the compounds were deuteriated by dissolving the compounds in a mixture
of CH,0H and CH,0OD followed by evaporation of the solvent under reduced pressure. The

degree of deuteriation could easily be varied this way.

Acknowledgements
We thank A.L. Gudmundsson for help with the recording of some of the NMR

spectra.



14

REFERENCER

11.
12.
13.
14.
15.

16.
17.
18.
19.

20.

21.
22.
23.
24.
25.

D.H.O'Brien and R.D.Stipanovic, J.Org.Chem., 43, 1105 (1978).
N.N.Shapetko, Yu.S.Bogachev, L.V.Radushnova and D.N.Shigorin, Dokl.Akad.
Nauk, SSSR, 231, 409 (1976).

P.E.Hansen, A Kolinicny and A Lycka, Magn Reson.Chem., 30, 786 (1992).
J.Reuben, J.Amer.Chem.Soc., 108, 1735 (19986).

P.E Hansen, Magn. Reson.Chem., 24, 903 (1986)

S.Ng, H.-H.Lee and G.J.Bennett, Magn Reson.Chem., 28, 337 (1990).
P.E.Hansen, Magn. Reson.Chem., 31, 23 (1993).

P.E.Hansen, J.Mol.Struct., 321, 79 (1994).

P.E.Hansen, Magn.Reson.Chem., 31, 71 (1993).

P.E.Hansen, S.N.Ibsen, T Kristensen and S.Bolvig, Magn.Reson.Chem., 32, 399
(1994).

M.J.T.Robinson, K.M.Rosen and J.D.B.Workman, Tetrahedron, 33, 1655 (1977).
P.E.Hansen, P.Schmitt and F.Duus, Org.Magn.Reson., 18, 58 (1982).
H.-U.Siehl, Adv. Phys.Org.Chem., 23, 63 (1987).

S.Bolvig and P E.Hansen, Magn.Reson.Chem., 34, 467 (1996).

P.E.Hansen, R . Kawecki, A.Krowczynski and L.Kozerski, Acta Chem.Scand., 44,
826 (1990).

P.E.Hansen, Acta Chem.Scand., B42, 423 (1988).

P.E.Hansen, M.Christoffersen and S.Bolvig, Magn.Reson.Chem., 31, 893 (1993).
P E.Hansen, S.Bolvig and Th.Kappe, J.C.S Perkin Trans2 1901 (1995).
E.Liepins, M.V .Petrova, E.Gudriniece, J.Paulins and S.L.Kuznetsov, Magn.-
Reson.Chem., 27, 907 (1989).

P.E.Hansen, S.Bolvig, F.Duus, M.V .Petrova, R. Kawecki, P.Krajewski and
L.Kozerski, Magn Reson.Chem., 33, 621 (1995).

L.Kozerski and W.von Philipsborn Helv.Chim.Acta, 65, 2077 (1982).

S.A.Sojka, I.Org.Chem., 40, 1175 (1975).

T.A. Wilde and P.H.Boiton, J.Magn Reson., 59, 343 (1984).

P E.Hansen and A.Lycka, Magn.Reson.Chem., 24, 772 (1986).

S.Bolvig, F.Duus and P.E.Hansen, Magn.Reson.Chem., To be published.



26.
27.

28.
29.

30.
31.
32.
33.
34.
35.
36.

15

B.Brezezinski, J.Olejnik, S.Paszyc and T.F.Aripov, J.Mol.Struct., 220, 261 (1990).

B .Marciniak, G.Schroeder, H.Kozubek and B.Brzezinski, J.C.S Perkin trans 2, 1359

(1991).

B.Brezezinski, J.Olejnik and S.Paszyc, J.Mol.Struct., 239, 24 (1990).

F.G. Kamaev, N.I. Baram, A.I Ismailov, V.B. Leont’ev and A.S. Sadykov, Izv.
Akad. Nauk SSSR. Ser. Khim. 5, 938 (1997).

R.Adams, T.A.Geisman and J.D.Edwards, Chem.Rev., 60, 555 (1960).

T.M.Alam, M.Rosay, L.Deck and R.Royer, Magn.Reson.Chem., 34, 561 (1994)
P.E.Hansen, S.Bolvig and J. Abildgaard, J.Am.Chem.Soc., Submitted.

R.A.Robinson and A.Peiperl, I.Phys.Chem., 76, 1723 (1963).
B.S.Smolyakov and M.P.Primanchuck, Russ.J.Phys.Chem.Eng., 40, 989 (1966).

M.Eigen, Angew.Chem.Int.Ed Engl.. 3, 1 {1964).
M.Eigen, W.Kruse, G.Maass and L.de Maeyer, Prog.React. Kin., 2, 285 (1964).



16

Legends to Figures and Schemes
Figure 1

Rotamers and resonance form of 7.

Figure 2.

Tautomers and resonance forms of gossypol (1).

Figure 3.
SOH vs. 2AC(OD)
ais1and bis 20.

Scheme 1. Deuterium isotope effects on 'H and *C chemical shifts and OH chernical shifts
(in italics) for 1 - 19.2

Footnotes to Scheme 1.

Hydrogen bonds not shown to avoid overcrowding.

o

. Temperature 220 K. Values are due to deuteriation at OH-6, if nothing else is given.
Due to deuteriation at OH-4.

a o

. Due to deuteriation at OH-7.

e. Temperature 200 K.

f. Assignment tentative.

g. Values in square brackets from reference 1.
h. Temperature 180 XK.

i. No deuterium isotope effects on chemical shifts could be observed due to deuteriation at
this NH group.

j. Temperature 220 K.

k. Temperature 300 K.

1. For hydrogenbonding of OH group see text.
m. Solvent CDCl,.

n. Solvent CD,Cl,.

0. Nn.0. means not observed.
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p. Temperature 250 K.

q. Temperature 220 K.

1. Temperature 160 K.

s. Not all isotope effects could be observed due to poor S/N ratio caused by the low solubility
of the compound at 160 K.

t. Isotope effects could not be measured due to effects of footnote s and very low occurence
of this isomer.

u. Temperature 260 K.

v. Numbers in bracket are isotope effects due to deuteriation at OH-2".

. Trace of DMSO-d, added to improve the solubility.,

¥

y. Assignment tentative.

N

. Isotope effect due to deuteriation at OH-2.

aa. Only the very large isotope effects are observed probably because of OH exchange.

bb. Compound showed tautomerism. Se text. Isotope effects are due to deuteriation at OH-1,
if nothing else is given.

ce. Isotope effect due to deuteriation at OH-8,

dd. Values in brackets are deuterium isotope effects at OH chemical shifts caused by
deuteriation at the other OH group.

ee. Isotope effects could not be measured at CD,Cl, due to insolubility at low temperature.

ff. Temperature 310 K.



| (*HD) 61 “(CHD0D
00€ 0'bE ‘0=D S'POT B8-D £'SST Bp-D0TIT | 60T | L7991 | TSIT| €1€1] U'€Sty TIIL| S6S1 -1 b1
(*HD) »£'5T ‘(*HD) 50°CT ‘("HD0D
00¢ 1'T€ ‘0=0 8 V0T e8-D-T'TIL“ep-D 6 EPL | TSSL | LTIL | S8ET| #ICI| ¥LII| #EET| oCEIT| 0691 E£T
FO 1'ZEl
00€ “£-D §°8¢1 “TD 0°6T1 1-0 §°LET ‘(*HD)B0T - zooz | 8zer | TvTI| 9SHI| SOTL| LI9T| I'8IL| TI
00€ FD 6091 ‘€D TSI T-D S 1ET \1-D §°6TT -1 98611 S'SEY1 ] 80T S¥OL| €€01| 8S9L|9zZil| TI
00€ FO P IEL (€D T8TI “T-D 6'8T1 “,1-D £'8€1 ~lso00z| €9z | €L01| +IST| ¢ISI| STSL|TEIL| OF
00€ (fHD) T'0T '8 | 8720T | O°LET| 9'I€L| TSTL| OLEL| OFST|€cei| 8
091 - -1 6107 | 1'E91 | 8+0L| LOET| 6vEI~} 6TST| T6IT| €L
091 - | zLoz | 8991 | 6101 | 6vET| 88TI| €191} SOIT| VL
0£T CHOO)E'LS | 6'€€| THOT| TSOL| 0'€0l | TTEL| TOEL Iq| sou| g
0SZ CHDOYTLS| LES|L'€0T| 0SO1| T'€0r| SIET| TOEL| 9°LSL| €STI L
00€ (FHDOYTLS| TEE|9T0T| 891 | €€0T| TIEl| €6T1| 69SL|6911| L
00€ (HD0)6'9S| T9Z|sz0T| +0ct| 60€1| 9651 | 101 SL91~| 1TIT| 9
00¢ O HDIM 6Ty 1€ (D) PE/T SE LZ{TsoT | vvel | 1ovl | ¥IEL| T'8EE| 1°091 | 8811 S
(CHD'HDO'HD)
00¢€ 9'42/6°07/¢ 1 CHDIDNIDS pI/6°'LE | L'ST| €107 | 80T | L101| €TST{ 6011| SI9L{ U'ITL|" ¥
00¢€ (detz|  s9z|e€oTy90er| Tozi| ospl| 8I1| ST9L| 9LIT €
() -dwsy Sl 8D LD 9D -0 -0 €0 o 10

"20UDIDYAI [euIdIuL B St SIALL Sursn S ut pauieiqo (wdd) syys eorwayd D, “ Jqe



a

15
16
17
18
19
20
21

b.
c.

110.2
110.0
122.8
111.2
155.2
148.7
144.5

N.o. means not observed
Br. means broad

160.3
160.8
161.6
165.7
133.7
136.0
182.5

1184
121.8
122.8
116.0
125.1
131.7
125.5

May be interchanged

136.8°
136.6
137.8
150.5
120.2
118.5
147.7

107.1
106.3
1294
n.0.
137.6
131.7
129.5

159.0
157.6
137.8
130.4
120.0
136.0
130.8

205.8
205.9
192.1
2024

129.4

33.9°
335

259

122.8

33.5%/136.4%116.4 (CH,-CH=CI,)
31.2/22.7/13.9 (CH,CH,CH,)

19.9 (CH,)
42.2/16.3(HNCH,CH,)

128.3 C-4a, 130.4 C-8a

300
300
300
300
300
180
300

Table 1. cont.
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ABSTRACT -

Deuterium isotope effects on *C nuclear shielding, "AC(OD), were investigated for a series
of enolic triacetylmethane, 2-acyl 1,3-cycloalkanediones, 5-acyl meldrums acids, and 5-acyl
1,3-dimethylbarbituric acids at different temperatures,

The enolic, 2-acyl 1,3-cycloalkanediones, 5-acyl meldrums acids, and 5-acyl 1,3-
dimethylbarbituric acids, are all found to exhibit intramolecular enol-enol tautomerism. For
the two former the equilibrium constants are estimated from the deuterium isotope effects on
the enolic and carbonylic carbons. The equilibrium constants are estimated to 1.5 for the
enolic 2-acyl 1,3-cyclohexanediones and 1.5 - 1.9 for 2-acetyl-1,3-cyclopentanedione
favouring the form having endocyclic double bonds and to 0.8 for 5-acyl 1,3-
dimethylbarbituric acids favouring the form having exocyclic double bonds. Apparently, the
equilibrium position is unaffected by increasing the size of the acyl group, and therefore no
distinct effects caused by sterical hindrance were observed.

The non-hyvdrogen bonded t-carbonyl group of the enolic triacetylmethane, 2-acyl 1,3-
cycloalkanediones, S-acyl meldrums acids, and 5-acyl 1,3-dimethylbarbituric acids cause a
considerable high frequency shift of the OH 'H chemical shifts. A plot of the latter vs. the
sum of 2AC(OD) + *AC(OD) shows separate lines for five-membered ring enolic B-diketones
and for open and six-membered ring enolic f-diketones, whereas data for the enolic

triketones, enolic S-acyl 1,3-dimethylbarbituric acids fall above these lines.



INTRODUCTION

2-acyl 1,3-cycloalkanediones,'* 5-acyl meldrums acids,** and 5-acyl 1,3-
dimethylbarbituric acids® are only observed on the enolic form, whereas triacetylmethane, 7,
is reported to be on both the enolic and the keto forms.5”

The aim of this investigation is to determine whether enolic 2-acyl 1,3-
cycldalkanediones, 1 - 6, 8, triacetylmethane 7, 5-acyl meldrum’s acids, 9 - 13, and 5-acyl
1,3-dimethylbarbituric acids, 14 - 16, are tautomeric. 1 - 8 are, earlier found to be tautomeric?
(Fig. 1). Tautomerism is not immediately apparent in the NMR spectrum, as a weighted
average of two potentially interchanging forms maybe observed. Deuterium isotope effects
have been suggested for monitoring the existence of fast equilibria in carbocationic® and
tautomeric systems.? Exchange of a hydrogen with deuterium perturbs the equilibrium,
leading to equilibrium isotope effects, which are often large compared to the intrinsic isotope
effects. The magnitude of the equilibrium isotope effect depends on two factors: (i) the
difference of the nuclear shielding of the two equilibrating nuclei in question®® (ii) the change
in the equilibrium constant, K, *° The change in equilibrium constant depends on the position
of the equilibrium,'!!

The isotope effects are defined as "AC(D) = 8C(H) - 8C(D), where n is the number of
bonds between the carbon in question and the deuterium. Large isotope effects on *C
chemical shifts, "AC(OD), of both positive and negative signs are reported for tautomeric
compounds.’*1*!* The sum of the isotope effect on the enolic and carbonylic carbons, A, =
2AC(OD) + 4AC(OD), is independent of the equilibrium contribution and the sum is shown to
increase with increasing 'H OH chemical shifts''*° and 1o be a possible indicator of
tautomerism.

An interesting feature of the investigated compounds is the possibility to take part in
tautomerism. Ester carbonyl groups are normally considered not having the ability to enolize.
A comparable case is the 3,5-diacetyltetrahydropyran-2,4,6-trione,*?! 17, in which the
carboxylic carbon involved in the tautomerism is part of the anhydride moiety.

Another important factor also related to tautomerism is the strength of the hydrogen
bond. The "H OH chemical shifts are shown to be correlated with the hydrogen bond

strength.” The two bond deuterium isotope effects on **C chemical shifts for intramolecularly
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hydrogen bonded acyl aromatics can be correlated to the 'H OH chemical shifts. 22



RESULTS

Chemical shifts

OH *H chemical shifts. The 'H OH chemical shifts are presented in Scheme 1. The 'H OH
chemical shifts are shifted to higher frequency upon cooling, as seen from Scheme 1 and the
negative temperature coefficients (Table 2).

Only enolic forms of 1 - 6 and 8 - 16 are observed in agreement with earlier reports.’
For 7 both enolic and ketone forms were present at ambient temperature in CDCI3. However,
the enolic form became more abundant upon cooling or on treatment with methanol.

For enolic 2-acyl 1,3-cyclohexandiones, 2 - 6 the 'H OH chemical shifts are between
6=18.10and 6=18.37and for1,7and 8 §=16.02; d = 17.22 and & = 14.87 are found,
respectively, in according to earlier findings.'*%** The OH resonances for 1 and 8 are
exchange broadened at 300K, but became sharp at 250K and 200K, respectively. Earlier
reports found & = 16.50" and & = 15.60? for 1, in CDCl, and CCl,, respectively. This large
variation found for the *H OH chemical shifts of 1, must be due to intermolecular exchange or
different solvent shielding capacities.

For 1 a coupling of 2.05 Hz at 190K was observed between the aldehyde proton and
the OH proton, earlier reported as 1.9 Hz at 198K.?

For the enolic 2-acyl meldrum acids, 9 - 13, the enolic OH chemical shifts are found
between 8 = 15.07 and & = 15.60. The OH resonances are broad at 300K shoving that the OH
protons have a tendency to exchange. The enolic S5-acyl 1,3-dimethylbarbituric acids, 14 - 16,
display 'H OH chemical shifts between & = 17.24 and 8 = 17.83. The 'H OH chemical shifts
found here agree with the findings by Duus et al. ref. 3 - 5.

3C chemical shifts, The *C NMR chemical shifts for 1 - 8 are given in Table 1. The *C
NMR chemical shifts for 9 - 12, 13 and 14 - 16 are given in ref. 3, 4 and 5, respectively.

The assignments of the °C chemical shifts were done by means of substituent effects,
HETCOR? and COLOC? spectra and were compared when possible, with previously
reported assignments. For 8 'H coupled *C spectrum showed a quartet centered at 198.3 ppm,

which unambiguouslv assigned this resonance to carbon 6. From this spectrum the
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assignment of the methyl carbon is also unambiguous.

The assignments of 1 and 3, 9 - 12, 13, 14 - 16 agree with those of ref. 1, 3, 4 and 5,
respectively.

For compounds 1 - 8 the *C chemical shifts, of the enolic and carbonylic carbons
display temperature variations comparable to those found for enolic B-diketones,!! whereas 9

- 16 displays smaller temperature variations (Table 2).

70 chemical shifts. O chemical shifts are measured for 2, 7 and 8. The 7O chemical shifts
are found as 670-1 ~ 498 ppm, §'70-3 ~ 243 ppm and 670-7 ~ 347 ppm for 2, $70-2/70-4
~ 285 ppm and 670-6 ~ 580 ppm for 7, §770-1 ~ 469 ppm, 6'70-3 ~ 215 ppm and 570-6 ~
374 ppm for 8.

Isotope effects

The deuterium isotope effects on *C chemical shifts are given in Scheme 1.

For 2 the isotope effects of C-3, C-4, C-7, C-8 and the sum of AC-3(0D) and AC-7(OD) are
given in Figure 2 as a function of temperature. The significant temperature variations seen for
2 are also observed for 1, 3 - 8. Compounds 9 and 11 show a decreasing isotope effect on
both the carbonylic C-6 and the enolic C-7 with decreasing temperature. For 9 a temperature
dependence of the deuterium isotope effects is also observed on C-2, but not on C-8. For 9
and 11, the temperature variations are only one tenth of those observed for 1 - 8, (Table 2).
An increase in the isotope effects is observed for C-8, the enolic C-7 and the carbonylic C-6
as a function of decreasing temperature for the enolic 5-acyl 1,3-dimethylibarbituric acids 14 -
16. The isotope effect on C-5 decreases with decreasing temperature. The temperature
variations on the deuterium isotope effects for 14 - 16 is in the region between those observed
for1-8and9-13.

The isotope effects on the *C chemical shielding are large for all the studied
compounds and the effects are observed throughout the system. For 9 - 16 unusual isotope
effects are observed on C-2. C-2 is positioned after the ester oxygen or the amide nitrogen for
meldrum- and barbituric acids, respectively.

The OH proton show tendency to intermolecular exchange for 1, 8 and 10 - 13 and
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therefore isotope effects are not observed at 300K. For 8 the isotope effects were only
observed when the sample was cooled to 190K. This was also seen for 2-acyl 1,3-
indandiones.!1¢

The isotope effects for 1 - 8 on C-4 (C-1/C-5 for 7) and the enolic carbon C-3 (C-2\C-
4 for 7) increase as a function of decreasing temperature. For C-8 and the carbonylic carbon
C-7 a decrease in the deuterium isotope effects was observed as a function of decreasing
temperature for 2 - 6.

For the C-9 methyl carbon of 15 isotope effects of -0.120 and -0.194 ppm are
observed at 300K and 200K, respectively. This is a large four bond isotope effect compared

to e.g. 2-propionyl-1,3-indandione.'®
AH(OD)

A deuterium isotope effect of 0.045 ppm on the aldehyde proton, is observed for 1 at 170K -
220K, (Scheme 1).

For 2, an isotope effect on the methyl protons, with a magnitude of 0.007 ppm, is observed in
the temperature region 200K - 300K, (Scheme 1).

DISCUSSION

OH 'H chemiecal shift

The 'H OH chemical shifts for the studied compounds resonate at high frequency indicating
strong intramolecular hydrogen bonding.” When lowering the temperature the 'H OH
chemical shift moves to higher frequency.

A 'H OH chemical shift of 14.87 is observed for 8, 8 being a five-membered ring
system. This value is significantly smaller compared to the values for the six-membered and
open system 2 - 7. This is due to the less favourable hydrogen bonding geometry in the five-
membered ring system. The 'H OH chemical shifts found for 1 - 8 are at significantly higher
frequency than for the corresponding enolic B-diketones,"**#* without a carbonyl group in

the a-position. The difference is of the order of 2-3 ppm, which indicate that the a-carbonyl
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group contributes to the resonance, as shown in forms C and D in Figure 3. A similar high
frequency 'H OH chemical shift is also seen for other enolic B-diketones with a carbonyl in
a-position.**® 9 - 13 are esters and should therefore be compared with enolic B-keto esters
like ethyl acetoacetate ('H OH chemical shift of 12.11 ppm).* The difference of ca. ~3 ppm
between the "H OH chemical shift of enolic 5-acyl meldrum’s acids and those of the enolic -

keto esters can be explained by the contributions of forms C and D in Figure 3.

BC chemical shifts

The two carbonyl carbons and the enolic carbon, for each compound 1 - 8 are all observed
above 195 ppm, except the aldehyde 1. These high frequency chemical shifts are partly
explained by the intramolecular enol-enol tautomeric equilibrium.? The C-3 and C-7 chemical
shift for 2, (198.7 ppm and 203.0 ppm, respectively) are seen to be deshielded, when
compared to the carbonylic/enolic carbon chemical shifts of acetylacetone (191.2 ppm).»1! It
is well known that in the O=C-C=C fragment, the B-carbon is shifted to high frequency.*? The
C-3 enolic form for 2 is dominating (see later), which explains the high frequency resonance
of C-7. Therefore, the chemical shift of C-3 is expected to be lower than that of acetylacetone,
found at 191.14 ppm.'' This implies that the resonance form C in Figure 3 is contributing.

To extend this comparison further, the C-2 and C-4 chemical shifts of 7 are at 192.6 ppm,
which is much lower that the chemical shifts of 2 (Table 1). For 7 the chemical shift of C-6 is
at 200.4 ppm compared to that of 195.3 ppm for C-1 of 2 indicating that the acetyl group of 7
is less strongly conjugated than the carbonyl group of 2.

170 chemical shift

The O chemical shifts for 7 show that the resonance for the a-CH;C=0 group (580
ppm) is very close to the value found for simple methyl alkyl ketones.” The averaged
chemical shift of the enolized 70-2 and 70-4 at 285 ppm is at slightly higher frequency than
for enolic B-diketones. !

For 2 and 8 the picture is different. The resonances of the oxygen at C-1 are now at

498 ppm for 2 and at 469 ppm for 8, both considerably to lower frequency than oxygens of
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the C=0 groups of cyclohexanone and cyclopentanone.® For 8 170-6 is at higher frequency
than '70-7 for 2 and 70-3 is to lower frequency for 8 then for 2, which support that 8 is more
on form A (Figure 3) than 2 (see later). The sum of "’0-3 and 0-7 for 2 is ~590 ppm and for
the 8 the sum of 70-3 and 70-6 is ~589 ppm, which is a high frequency shift of 60 - 70 ppm,
compared to the sum found for 2-acetylcyclohexanone and 2-acetylcyclopentanone.®® These
results support the conclusions reached previously: i) the ¢-CH,CO group of 7 is not
conjugated to any large extent to the rest of the molecule and ii) the =CHOH oxygen is
shifted considerably to higher frequency compared to B-diketones'' again underlining the
positive charge at oxygen. This high frequency shifts shows that the use of standard values as

presented by Gorodetsky ef al.* is only valid for a group of very similar compounds.

Isotope effects

The large isotope effects on C-1, C-4, C-8, the enolic C-3 and the carbonylic C-7 for 1
- 6, (Scheme 1), leave little doubt that these compounds are tautomeric, in agreement with
earlier findings.? The isotope effects at C-3 and C-7 consist of intrinsic and to a large extent
equilibrium contributions. Upon deuteriation the equilibrium is shifted. Assuming that the
acetylic carbonyl carbon chemical shift is to higher frequency than the corresponding enolic
carbon atom chemical shift and that for carbon 3 the carbonyl carbon chemical shift is to
higher frequency than the enolic carbon chemical shift. Then the relative small isotope effect
at C-7 and the large positive isotope effect at C-3 tell that the equilibrium is shifted in the
direction of the tautomer shown in Scheme 1. This is most likely also the dominant tautomer,
as the equilibrium upon deuteriation normally leads to more of the most stable tautomer, %
this is supported by the large isotope effects found on C-3. This finding is corroborated by the
3C chemical shifts (see previously).

Only small changes are observed in the isotope effects, when changing the acyl group
from acetyl, 2 and 3 to pivaloyl, 6, which indicates that no sterical hindrance is observed,
though this might have been expected® (see later).

The five-membered ring structure offers a less favourable hydrogen bond, and
therefore smaller isotope effects can be expected, for 8 compared to 2. From the isotope effect

on C-3 it is'clear that the C-3 enolic form, (see Figure 3 A), is dominating (see above). This is
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unusual, since the five-membered ring system normally prefers the tautomer with the
exocyclic double bond.'"* Compound 8 is seen to be tautomeric from a comparison of the
isotope effects on the enolic C-3 and the carbonylic C-6 carbons, (Scheme 1), with the
isotope effects on the enolic and carbonylic carbons for the tautomeric 2-
acetylcyclopentanone (0.949 ppm and -.0125 ppm respectively).!! This is further supported
by the large isotope effects on C-4 and the large negative value found for C-7 and in
agreement with earlier reports.”

The isotope effects on C-7 for 9 - 13, show that this carbon is enolic (form B in Figure
3). To establish tautomerism for 9 - 13 is not trivial. If the isotope effects were to be
interpreted as if 9 - 13 were non-tautomeric, we will have a *AC-7(0OD) value of ~0.6 ppm,
which is a large two bond isotope effect, and not observed in esters only for ketones."'® The
isotope effect on C-3 will then be a four-bond isotope effect, and a four-bond isotope of 0.4 -
0.5 ppm has never been observed in non-tautomeric systems. The isotope effects on C-2
observed for 9, 10 and 11 are also very unusual, due to the ester oxygen between the site of
exchange and the carbon in question. The isotope effect on C-2 is in a non-tautomeric system,
a six-bond effect of the order of ~ -0.1 ppm, not seen for esters. [f 9 - 13 were non-tautomeric
and on the C-7 enolic form, we would expect, based on isotope effect measurements of the
enol form of B-ketoesters,' > the following intrinsic isotope effects: C-7 ~0.4 ppm, C-6 ~0.1
ppm and C-8 ~0.1 ppm and little else. If it were on the C-6 enolic form, the large isotope
effect would be on C-6. The observed isotope effects of 9 - 13 do not fit to this picture most
likely because a tautomeric equilibrium is at hand.

The temperature dependence on the isotope effects for 9 and 11 decrease with
decreasing temperature for both C-6 and C-7, (Table 2), this is unusual because normally they
will be of opposite signs. It is seen that both isotope effects at C-6 and C-7 are larger than
their intrinsic contributions, meaning that both equilibrium contributions are positive. This is
unusual, but can be explained, as seen below, if the chemical shift of both nuclei is to higher
frequency in one tautomer than in the other. For 9 the isotope effects and the changes in
chemical shifts with temperature both support that the structure shown in Scheme 1 is the
dominant. Assuming that SCH,CO > dCH,COH and that =COR > 6COOR the change in
chemical shifts will be positive upon lowering of the temperature. Upon deuteriation the

equilibrium contribution for both C-6 and C-7 will be positive and of approximately the same
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magnitude judging from the changes observed with changing the temperature (Table 2). C-6
will have a small intrinsic contribution as the C-6 enolic form is only slightly populated. C-7
will have a relative small intrinsic contribution as 2AC(OD) for an enolic B-ketoester is ~0.4
ppm.' % A rough estimate suggests that the form of Scheme 1 contribute 80%.

The isotope effect on C-7 for 14 - 16 shows that C-7 are on the enolic form, (form B
Figure 3). The large isotope effects on C-5, C-8, the carbonylic C-6 and the enolic C-7 clearly
demonstrate that the 2-acyl 1,3-dimethylbarbituric acids are tantomeric. For 15 an isotope
effect of -0.12 ppm at 300K and -0.194 ppm at 200K are observed at C-9. Such effects are not
observed in an aliphatic moiety four-bond away from the site of exchange unless the system
is tautomeric (see 4)."! The isotope effect on C-2 is unusual due to the amide nitrogen
between the site of exchange and the carbon in question. This type of effect is only observed
in tautomeric system."* The temperature dependence on the isotope effects for 14 - 16 are
negative for both C-6 and C-7, (Table 2), which was also observed for the enol form of B-

ketoamides.'

Asum

Ay, 1s equal to AC-3 + AC-7 for 1 - 6, AC-2 + AC-4 for 7, AC-3 + AC-6 for 8 and
AC-6 + AC-7 for 9 - 16. The OH 'H chemical shifts increases as the sum of the observed two-
and four- bond isotope effect increase Figure 4. Different types of compounds are found to
have different slopes (Figure 4). The tautomeric compounds are seen to have a less steeper
slope compared to the non-tautomeric, except for 2-acyl 1,3-indandiones which are
considered non-tautomeric. ¢

A rule of thumb state for ketones that if the sum of the isotope effect on the enolic and
carbonylic carbons, A, ., are above 1.2 ppm for a six-membered ring system and above 0.8
ppm for a five-membered ring system, the systems are tautomeric.!! A, for 2 - 6, 8 and 14 -
16 are above 1.2 ppm and for 8 above 0.8 ppm, which again support that these compounds are
tautomeric.

The A, values for 9 - 13 are between 0.970 - 1.199 ppm. The carbonylic carbon of 9
- 13 are part of an ester moiety and esters normally displays smaller isotope effects than

ketones.'***7* For the tautomeric 3,5-diacetyltetrahydropyran-2,4,6-trione, (17), the sum is
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0.965.15

Equilibrium constant, K.,

The equilibrium constant describing the intramolecular enol-enol interconversion is K=
[A)/[B] = X/(1-X), [A] and [B] being the concentrations of forms A and B in Figure 1.

We have earlier reported'' the isotope effects on the enolic and carbonylic carbons for
enolic 3-diketone as a function of the molar fraction, X. The part for X =0 - 0.5 is based on
five-membered ring systems, the part for X = 0.5 - | on six-membered ring systems. For the
five-membered ring system the picture between X = 0.5 - 1.0 is expected to be a reflection
around X = 0.5 of X =0 - 0.5. For the six-membered system a reflection around X = 0.5 of X
=0.5 - 1.0 is expected for X =0 - 0.5. This gives the function shown in Figure 5, where the
solid line is the polynomial fit to the data and the dotted lines are the reflected part. The
isotope effects on the enolic and carbonylic carbons give two fix points and the mole fraction
can directly be read.

The mole fractions were found to 0.58-0.60 for 2 - 6 and to 0.60-0.65 for 8. 7 is
symmetric. The mole fraction for 1 is determined to 0.65-0.70 and to 0.45 for 14 - 16. The
model is based on enolic B-diketone and 1 being an aldehyde and 14 - 16 being amides make
the determination of the mole fractions tentative.

The mole fractions for 9 - 13 cannot be determined by this method due to the smaller

isotope effect observed for the esters.

OH 'H chemical shifts vs. sum of isotope effects. Two conspicuous results are seen from
Figure 4. One is that data for enolic B-dicarbonyl compounds falling in two different levels,
one for five-membered rings and one for open and six-membered rings. The second feature is
that the data for the enolic forms of the enolic triketones and 5-acyl 1,3-dimethylbarbituric
acids fall above these lines. This feature is very apparent for usnic acid and its derivatives,”
but also clearly seen for data of 2 - 8 and for 13 - 16. On the other hand, 9 - 13 show no
distinct effects. For five-membered rings, the 2-acyl 1,3-indandiones’'® show the effect of the
extra carbonyl group. The high frequency position of the OH proton resonance and the length
of the O-H bond of the enolic B-triketones are related to the importance of the C form of
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Figure 3. This will also lead to a higher acidity of the OH proton as evidenced by the
intermolecular exchange that requires cooling for observation of sharp OH resonances of
compounds 1, 8 and 10 - 13. A question that can be asked is as follows: "Does this
lengthening of the OH bond also lead to a strengthening of the hydrogen bond?".

From the dotted guide line in figure 4, the slope for the aromatic compounds seems steeper

than the slope for the enolic B-diketone compounds.
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CONCLUSIONS

The enolic 2-acyl 1,3-cycloalkanediones, 5-acyl meldrum’s and 5-acyl 1,3-dimethylbarbituric
acids, are found tautomeric by means of isotope effect on *C nuclear shielding. The
equilibrium constants are estimated from the deuterium isotope effects on the enolic and
carbonylic carbons. The equilibrium constants are found to be 1.50 for the enolic 2-acyl 1,3-
cyclohexanediones and 1.5 - 1.9 for 2-acetyl-1,3-cyclopentanedione in favour of the
endocyclic double bonded form. For 5-acyl 1,3-dimethylbarbituric acids an equilibrium
constant of 0.80 is found in favour of the exocyclic double bond form. The equilibrium
position is not must affected by varying the acyl group.

Effects on isotope effects due to sterical hindrance were not observed for 2-pivaloyl-1,3-
cyclohexanedione compared to 2-acetyl, 2-propionyl- and 2-isobutyryl-1,3-cyclohexanedione.
The PC and '"H chemical shifts show that the resonance forms in which the C-1 carbonyl
participate, forms C and D (Figure 3), are important.

EXPERIMENTAL

Compounds

2-acetyl-1,3-cyclohexanedione, 2, triacetylmethane, 7 and 2-acetyl-1,3-cyclopentanedione, 8,
3,5-diacetyltetrahydropyran-2,4,6-trione, 17 were purchased from Aldrich. 2-Formyl-4.4-
dimethyl-1,3-cyclohexanedione, 1, 2-propionyl-4,4-dimethyl-1,3-cyclohexanedione, 4, and 2-
isobutyryl-4,4-dimethyl-1,3-cyclohexanedione, 5 were prepared according to ref. 40. 2~
Acetyl-4,4-dimethyl-1,3-cyclohexanedione, 3 and 2-pivaloyl-4,4-dimethyl-1,3-
cyclohexanedione, 6 were prepared in an analogy to 4 using anhydrous sodium acetate/acetic
anhydride and anhydrous sodium pivalate/pivalic anhydride, instead of anhydrous sodium
propionate/propionic anhydride.
5-(1-hydroxyethylidene}-2,2-dimethyl-4,6-dioxo-1,3-dioxane, 9, 5-(1-hydroxypropylidene)-
2,2-dimethyl-4,6-dioxo-1,3-dioxane, 10, 5-(1-hydroxy-2-methyl-propylidene)-2,2-dimethyl-
4,6-dioxo-1,3-dioxane, 11, 5-(1-hydroxy-2-phenyl-ethylidene)-2,2-dimethyl-4,6-dioxo-1,3-
dioxane, 12, 5-(1-hydroxy-4-nitro-benzylidene)-2,2-dimethyl-4,6-dioxo-1,3-dioxane, 13, 5-
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(1-hydroxyethylidene)-1,3-dimethyl-2.4,6-trioxo-1,3-diazane, 14, 5-(1-hydroxypropyliden)-
1,3-dimethyl-2,4,6-trioxo-1,3-diazane, 15 and 5-(1-hydroxy-2-methyl-propyliden)-1,3-

dimethyl-2,4,6-trioxo-1,3-diazane, 16 were prepared as described in reference 3 - 5.

NMR experiments

The *C NMR spectra were recorded in CD,Cl, or CDC]; on a Bruker AC 250 NMR
spectrometer at 62.89 MHz with a digital resolution of 0.55 Hz per point. Spectra of samples
with different degree of deuterium incorporation were measured to determine the signs of the
isotope effects. The *C chemical shifts were measured relative to internal TMS at 0.5 M in
CDCl, at 300K and in CD,Cl, at 170- 230K with a digital resolution of 1.1 Hz per point. The
0 chemical shifts (natural abundance) were measured relative to external H,'’0O at 3 M in
CDC,; at 300K, with a digital resolution of 34.9 Hz per point at 33.908 MHz. Typically 2 x
10° - 6 x 10° scans were accumulated.

HETCOR? and COLOC? spectra were recorded as described in Ref. 38.

Deuteration of compounds

100 mg of liquid compounds were dissolved in 1 ml CD,Cl, and stirred with 0.5 ml
D,0/H,0, usually overnight. The D,0/H,0 phase was removed and the remaining organic
phase was dried over anhydrous Na,SO,. Crystalline compounds were dissolved in
MeOD/MeOH and evaporated. The degree of deuteriation was varied by varying the
MeOD/MeOH or D,0/H,0 ratios, and it was estimated from the 'H NMR spectra.

ACKNOWLEDGMENT

Thanks are also due to the Danish Natural Science Research Council for supporting Simon
Bolvig.



16

REFERENCES

13
14
15
16

17

18

19

20

21

22
23

E. Liepins, M. V. Petrova, E. Gudriniece and J. Paulin$, Magn. Reson. Chem. 27, 907
(1989).

S. Forsén, F. Merényi and M. Nilsson, Acta. Chem. Scand. 18, 1208 (1964).

F. Duus, A.M.B. Hutters, .M. Terpager and A. Hansen, to be published.

F. Duus and J. Bennekow, to be published.

F. Duus, M.Aa. Hansen, L.B. Larsen and M. Lerche, to be published.

M. Dreyfus and F. Garnier, Tetrahedron 30, 133 (1974).

Z. Yoshida, H. Ogoshi and T. Tokumitsu, Tetrakedron 26, 5691 (1970).

M. Saunders, M.H. Jaffe and P. Vogel, J. Am. Chem. Soc. 93, 2558 (1971).

P.E. Hansen, F. Duus and P. Schmitt, Org. Magn. Reson. 18, 58 (1982).

J. Bordner, P.D. Hammen and E.B. Whipple, J. Am. Chem. Soc. 111, 6572 (1989).

S. Bolvig and P.E. Hansen, Magn. Res. Chem. 34, 467 (1996).

N.N. Shapet'ko, Y.S. Bogachev, 8.S. Berestova, V.G. Medvedeva, A.P. Skoldinov
and D.N. Shigorin, Teor. Eksper. Khim. 17, 186 (1981).

P.E. Hansen, Magn. Reson. Chem. 24, 903 (1986).

P.E. Hansen, F. Duus, S. Bolvig and T.S. Jagodzinski, J. Mol. Struct. 378, 45 (1996).
P.E. Hansen, S. Bolvig and T. Kappe, J. Chem. Soc., Perkin Trans. 2 1901 (1995).
P.E. Hansen, S. Bolvig, F. Duus, M.V. Petrova, R. Kawecki, P. Krajewski and L.
Kozerski, Magn. Reson. Chem. 33, 621 (1995).

P.E. Hansen, Prog. NMR Spectrosc. 20, 207 (1988).

E.V. Borisov and P.K. Agrawal, Magn. Reson. Chem. 32, 499 (1994).

N.N. Shapet'ko, Yu.S. Bogachev and S.A. Khatipov, Russ. J. Phys. Chem. 62, 1370
(1988), (Translated from ZAur. Fiz. Khim. 62, 2649 (1988)).

E.V. Borisov, 1.Y. Skorynin, and V.M. Mamaev, Bull. Acad. Scien. Belarus. 5 61,
(1992).

S.F. Tan, K.P. Ang, H.L. Jayachandran, A.J. Jones W.R. Begg, J. Chem. Soc., Perkin
Trans 2 513 (1982).

T. Schaefer, J. Phys. Chem. 79, 1888 (1975).

P.E: Hansen, Magn. Reson. Chem. 31, 23 (1993).



24
25
26
27
28
29

30

32

33

34

35
36

37

39

40
41

17

I. Reuben, J. Am. Chem. Soc. 108, 1735 (1986).

D.C. Nonhebel, J. Chem Soc. (C) 1716 (1967).

F. Duus, J. Am. Chem. Soc. 108, 630 (1986)

J.A. Wilde and P.H. Bolton, J. Magn. Reson. 59, 343 (1984).

H. Kessler, C. Griesinger, J. Zarbock and H.R. Losli,J. Magn. Reson. 57, 331 (1984).
C.F.G.C. Geraldes, M.T. Barros, C.D. Maycock and M.1. Silva, J. Mol. Struct. 238,
335 (1990).

1. Emsley, Structure and Bonding 57, 147 Springer-Verlag, Berlin, 1984.

V.V. Lapachev, LY. Mainagashev, S.A. Stekhova, M.A. Fedotov, V.P. Krivopalov,
and V.P. Mamaev, J. Chem. Soc. Chem. Commun. 494 (1985).

D.W. Boykin, P. Balakrishnan and A.L.Baumstark, Magn. Reson. Chem. 25, 248
(1987).

D.W. Boykin, “!O NMR Spectrocopy in Organic Chemistry”, D.W. Boykin and
A.L. Baumstark, Chapt. 8. CRC Press, Boston (1991)

M. Gorodetsky, Z. Luz and Y. Mazur, J. Am. Chem. Soc. 89, 1183 (1967).

P.E. Hansen, S.N. Ibsen, T.Kristensen and S. Bolvig, Magn. Reson. Chem. 32, 399
(1994).

H.U. Siehl, Adv. Phys. Org. Chem. 23, 63 (1987).

P.E. Hansen, M. Christoffersen and S. Bolvig, Magn. Reson. Chem. 31, 893 (1993).
N.N. Shapet’ko, Yu S. Bogachev, L.L. Radushova and D.N. Shigorin, Dok Akad,
Nauk, 231(2), 409 (1976).

N.A.J. Rogers and H. Smith, J. Chem. Soc. 341 (1955).

S. Ng, H.-H. Lee and G.J. Bennet Magn. Reson. Chem. 28, 337 (1990).



18

Legends to Figures and Schemes

Scheme 1.

Deuterium isotope effects on >C chemical shifts in ppm. The dominant tautomer in CDCL, or
CD,Cl, at 300 K is shown, if nothing else is stated. 'H OH chemical shifts are given in italic.

Data for compound 17 is taken from ref. 15. Notice the arrows are incorrectly position in ref.

15.

Hydrogen bonds (see Fig. 1) are not included for reasons of clarity.

a. 250 K, b. 200 K, c. isotope effect on 'H, d. 300 K, ¢. 220K, £ 230K, g. 260 K, h. 190K, i.
170 K.

Figure 1.
Tautomerism of enolic 2-acyl 1,3-cycloalkandiones (Y=C), 5-acyl barbituric acids (Y=N) and
5-acyl meldrum acid (Y=0).

Figure 2.

Deuterium isotope effects on *C chemical shifts for 2 as a function of temperature. The sum
is that of AC-3(OD) + AC-7(0D).

Figure 3.

Resonance forms of 2-acyl 1,3-cycloalkandiones, (Y=C), 5-acyl meldrum acid, (Y=0), and 5-
acyl barbituric acid, (Y=N).

Figure 4.

The OH 'H chemical shifts (in ppm) as function of the sum of the isotope effects on the
enolic (or hydroxy for non-tautomeric compounds) carbon and the carbonylic carbon. Open
symbols indicate compounds which are considered non-tautomeric and solid symbols indicate
compounds which are considered tautomeric.

0O 2-hydroxy-acyl aromatic compounds ref. 23, A open and 6-membered ring enolic B-

diketones from ref. 11 and 13, the solid line is a guide line, ¥ enolic S-membered ring B-

diketones from ref. 11, the solid line is a guide line, A enolic 2-acyl 1,3-indandione ref. 1 and
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16, M usnic acid and derivertives of usnic acid from ref. 13, 4 enolic ethyl 2-acetyl-3-oxo-
butyrate from ref. 39, V enolic five-membered ring B-diketones, X is compound 1 - 8, 14 - 16

and * is compound 9 - 13.

The dotted lines are guide lines for the siope, for aromatic and enolic B-diketones compounds.

Figure 5.
Observed isotope effects on the enolic and carbonylic carbon as a function of the mole

fraction X. The solid line is a 4-order polynomium fit to the observed data from ref. 11. The

dotted line is reflection of the solid line around X = 0.5.



Table 1. PC chemical shifts (ppm) of compound 1 - 8, obtained at 300K, 0.5M in CDCI, and at low temperature in CD,Cl,.

Compounds C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C-11
1 195.1 1134 | 195.1 454 50.9 32.0 190.9 - - 28.4 28.4
196.0° | 112.9* | 194.9° | 444" ) 504° | 323" | 192.6° - 28.3*b | 2830
2 195.3 113.5 198.7 333 19.1 38.6 203.0 | 28.7 - - -
196.3¢ | 113.1° | 199.2¢ { 33.0° | 18.8° | 38.5° | 203.8° | 30.4° - - -
3 195.0 | 1125 | 198.0 46.9 52.5 30.7 202.6 | 284 - 28.0 28.0
195.5¢ | 112.3¢ | 19839 | 46.3¢ | 52.2¢ | 30.9¢ | 203.2¢ | 29.4¢ - 28.0¢ 28.0¢
4 195.0 | 111.8 | 197.1 46.6 52.5 30.6 2063 | 34.0 8.3 28.1 28.1
1954 | 111.4° | 196.9° | 45.8° | 52.0° | 30.6° [ 206.5° | 34.4° | 7.7° 27.8¢ 27.8¢
5 194.8 111.0 | 198.6 47.0 52.9 30.5 209.8 | 36.0 | 187 28.1 28.1
195.2¢ | 110.4° | 198.5° | 46.4° | 52.3° | 30.5° { 209.9° | 36.0° | 18.5° | 27.9° 27.9¢
6 195.1 113.2 | 197.8 47.0 52.8 304 2045 | 48.6 | 28.1 28.2 28.2
195.7¢ | 112.8¢ | 198.3¢ | 46.6° | 52.5° | 30.6° | 204.8° | 48.1° | 28.0° | 28.2° 28.2°
7 24.3 1926 | 119.0 | 1926 | 243 | 2004 31.9 - - - -
25.5° | 193.8° } 118.8° | 193.8° | 25.5¢ | 201.7¢ | 33.0° - - - -
8 199.9 | 1146 | 203.6 28.4 337 | 1983 25.8 - - - -
201.57 | 115.2F | 203.5F | 28.27 | 33.9" | 200.0" | 27.6 - - - -

For assignment of carbon atoms, see scheme 1.

a: 200K; b:broad; c¢:210K; d:220K; e:230K; f: 190K.




Table 2. Temperature variation on O'H and on the deuterium isotope effect on *C chemical
shift. The sum of two- and the four-bond deuterium isotope effects on *C chemical shift,
Asum'

Compounds AermpSOH* | A AC 0" | A AC crmonstic” A,° Ay
1 -2.60P -3.80° - 1.137¢ -
2 -5.63¢ -4.10° 2.29¢ 1.564¢ 1.419
3 -3.75¢ 4289 2.11¢ 1.633¢ 1.460
4 -4.57¢ 4.10¢ 2.09¢ 1.628¢ 1.487
5 -6.00° -3.20f 1.54¢ 1.574¢ 1.460
6 -5.71F 297 0.87¢ 1.633¢ 1.486
7 -1.43¢ -2.40¢ -2.40F 2.288¢ 1.952
8 - -6.70i J 1.005% -
9 0.00' 0.35' -0.39' 0.970" 1.044
11 -0.86f - -0.46° 1.041¢ -
10 - - - 1.015¢ -
12 - - - 1.084¢ -
13 - - - 1.199¢ -
14 -1.60' -0.93' -0.24' 1.509™ 1.393
15 2.70' -1.59" -0.017! 1.543™ 1.401
16 -1.10! -1.53! -0.23! 1.5907 1.414

a: 107 ppm/K; b: 200K - 300K; c¢: 200K; d: 200K - 300K; e: 220K; f 230K -300K; ¢:

=

230K; h: enolic and carbonylic refer to the carbon most on the enolic and carbonylic form

respectively i: 170K - 190K; j: no isotope effect is observed at 190K; k: 170K; 1: 200K
-300K; m:200K; n:300K; o:atlow temperature.
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