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ABSTRACT

The nature of the intramolecular hydrogen bond in thé enol
tautomer of 2, 4-pentanedione has been studied in detail using high
resolution proton, deuteron and c magnetic resonance spectroscopy.
An unusually large deuterium isotope effect on the chemical shift of
the bridge hydrogen has been observed. This unexpected result, to-
gether with the observation of a p?onounced temperature dependence
for both the bridge proton and deuteron resonances, as well as a
temperature dependence of the carbonyl resona;nces, suggest that two
states with different chemical shifts for the bridge hydrogen are in-
volved in rapid equilibrium and that the anomalous deuterium isotope
effect has its origin in the effect of deuterium substitution on the

“energy separation between these states. The results of a least-squares
analysis of the OH and the OD temperature data in terms of a two-state
model indicate that the energy separation for the proton and deuterated
systems. in the two states are 405 cm™ and 215 em™; but essentially
identical chemical shifts were obtained for the OH proton as for the
OD deuteron in each state (-14.15 ahd -10.10 ppm from the enol
methyl group respectively).

It is proposed that these states correspond to the symmetric
and asymmetric structures of the intramolecular hydrogen bond.
‘Results of our CNDO/2 calculations on the enol tautomer have indi-
cated that these two structures have quite similar energies. In par-
ticular, it is suggéstéd that the potential function associated with the

vibrational motion of the bridge hydrogen is symmetric double minimum
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in nature when the donor-acceptor vibration (symmetric stretch)
" is in its zeroth vibrational state and the potential functioﬂ becomes
asymmetric when the symmetric stretch is excited by one or more
vibi'ational quanta. By exciting the symmetric O * - O stretch, we
expect a charge shift in the 7 system which can alter the effective
potential function for the bridge hydrogen. The 0 — 1 transition of
the symmetric stretch is observed at 418 cm™! in the Raman spec-
trum of the normal compound and 230 cm™ in the deuterated mole-
cule. This difference of 188 cm=! in the energy separation of the
ground and first excited vibrational states of the symmetric stretch
would be expected to give rise to the large deuterium isotope effect

observed in our magnetic resonance experiments.
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I. GENERAL INTRODUCTION

It is well known that 2, 4-pentanedione (acetylacetone) exists in

both the enol and the keto tautomers. (1)
CH,-C-CH-C~-CH, CH,-C-CH,-C-CH,
ol i I
o, . .0 O Y
enol keto

Proton magnetic resonance (PMR) studies of acetylacetone by several
groups 6f investigators(z'g) have shown that these two tautomers ex-
hibit distinct nmr signals in the PMR spectrum, indicating that the
interconversion between these species is quite slow.

The nature of the intramolecular hydrogen bond in the enol
tautomer has received considerable interest. There is little question
that the hydrogen bonding is strong, since the O-H---0O antisymmetric
stretching vibration appéars near 2700 cm~! in the infrared spectrum(lo)
and the proton chemical shift of the bridge hydrogen is found to be ap-
proximately 15 ppm downfield from TMS. 3) This may be compared
with OH stretching frequencies of greater than 3000 cm-! usually ob-
served for normal inter- and intramolecular hydrogen bonds(u) and
the nmr chemical shifts of less than 10 ppm relative to TMS. Reeves
has also noted that in acetylacetone the chemical shift of the hydroxyl
proton is independent of concentration and the solvent system, provided
the solvent is not too basic. (3). For example, the chemical shift of the
OH proton relative to the enol CH, group is essentially unchanged when

the solution is diluted with such solvents as cyclohexane and acetic



acid. Thus, the enol tautomer exists primarily as the intramolecularly
“hydrogen-bonded monomer.

The objective of this research is to obtain some information
about the potential function associated with the vibrational motion of the
bridge hydrogen in the strong intramolecular hyd;‘ogen bond in acetyl-
acetone. The question at hand is whether the hydrogen bond in the enol
structure is b.est' described as a vinyl alcohol group hydrogen-bonded
to a carbonyl oxygen, in which case the molecule would have C g Sym-
metry; or whether the potential function for the vibration of the bridge
hydrogen is symmetrically double minimum in nature, so that the mole-
cule would have sz symmetry. Needless to say, in the latter case, if
the barrier height séparating the two potential energy minima is suffi-
ciently high so that the tunnelling of the proton is slow compared with
the time scale of observation, then it may not be possible to distinguish
between the two alternatives. For example, the time scale of observa-
tion is fast in infrared spectroscopy, and the tunnelling frequency might
be slow compared with the time scale of observation so that the infrared
spectrum is effectively determined by C s selection rules.

In principle, the best approach to elucidate the nature of the
potential function of the intramolecular hydrdgen bond is to examine the

- transitions between the energy levels of the O.-H- - - O stretching vibra-
tion in the near infrared. The IR spectrum of acetylacetone has previ-
6usly been reported by Rasmussen et al., (12) Smith, (13) Bellamy and

(14)

Beecher, and Bratoz et al. (15) in organic solvents, and by Mecke

and Funck(lo) in organic solvents as well as in the gaseous phase.

(16)

Recently, Ernstbrunner studied the vibrational spectra of



acetylacetone and deuterated acetylacetone and its anion with the help
| of Raman spectroscopy. Unfortunately, the region in the O-H...Q
stretching vibration was quite .complicated and revealed little detail.
Shigorin et al. (17 have examined the IR spectra of acetylacetone in the
solid state. Here, the crystal revealéd a broad O-H- - - O stretch which
was split into two bands about 53 cm~! apart at -150°C. This splitting
was attributed to the possibility of quantum mechanical tunnelling in

the first excited state degenerate levels of the bridge hydrogen between
the two equivaient wells in the double minimum potential. In the frozen
glass, however, these investigators reported an appreciable drop in
the band at 2700 cm™ but reported the concomitant appearance of a new
‘band at 3200 cm='. These results would seem to suggest that the poten-
tial function is double minimum in nature except in the case of frozen
glass, where intermolecular effects can result in a reduction of the
symmetry of the potential function for some of the enol molecules.

In solution, however, the IR spectrum has been interpreted in terms

of Cq symmetry and, in fact, Ogoshi and Nakamoto(1 8) have performed
a normal coordinate analysis of this molecule assuming C s symmetry.
Thus, there seems to be some ambiguity regarding the symmetry of

the potential function of the hydrogen bond.

Thié paper summarizes an attempt to shed some light on this
problem using magnefic resonance spectroscopy. As is well known,
the nmr time scale is long and the quantum mechanical tunnelling of
the bridge hydrogen in a symmetric double minimum potential is ex-
pected to be fast with respect to the nmr time scale. However, the

chemical shift of the bridge hydrogen is a sensitive probe of the



average electron density at the proton. The chemical shift of the
'bridge hydrogen in the enol tautomer of 2, 4-pentanedione is known to
be temperature dependent from previous work. (8) This temperature
dependence of the chemical shift suggests that two or more states with
different chemical shifts for the bridgé hydrogen are involved in rapid
equilibrium. These states have been assigned to the intramolecular .
hydr'ogen-bonded and the "open' form, but irrespective of the nature

of these states, it is possible to ascertain the nature of the potential
function from the effect of deuterium isotope substitution on the vibra-
tional energy levels. The energy levels associated with the vibrational
motion of the bridge hydrogen should be extremely sensitive to the
anharmonicity of the potential well. Any unusual changes on the energy
levels of the states as a result of deuterium isotopic substitution should
be reflected in the average chemical shift of the bridge hydrogen and
the bridge deuterium. In this study, we shall show how this can be
used to provide some information about the nature of the potential

function for the intramolecular hydrogen bond.

II. EXPERIMENTAL

1. Materials. Acetylacetone, ethyl acetoacetate, 1, 3-diphenyl-1, 3-
propanedione, cyclohexane, carbon tetrachloride, chloroform and
n-butyl ether were obtained from Matheson, Coleman & Bell; 1-
phenyl-1, 3-butanedione and 3-methyl-2, 4-pentanedione from K and K
Laboratories; deuterated water from Columbia Organic Chemical Com-

pany; methanol-d, from Diaprep Inc. ; cyclohexane-d,,, ethylene



glycol-d,, acetic acid-d, and methyl-d, alcohol from Merck Sharp and
Dohme of Canada.

2. Synthesis. The p'artially deuterated acetylacetone was prepared
by adding deuterated water to acetylacetone in the ratio of 2:1 by vol-
ume and the mixture was warmed until it became homogeneous at about
80°C. The solution was refluxed at this teinperature for twenty-four
hours to allow for sufficient exchange. The partially deuterated acetyl-
acetone was then separated from water by fractional distillation. Upon
comparison of the intensity of the pmr spectrum of the partially deuter-
ated compound with that of the normal compound, it was ascertained
that about 90% deuteration was achieved in the OH and a-CH positions.
"The methyl groups were also found to be deuterated to the extent of 10%.
No further increase in the extent of deuteration was observed by further
prolonged refluxing. Partially deuterated 3-methyl-2, 4- pentanédione
and partially deuterated ethyl acetoacetate were prepared in a similar
manner.

Partially deuterated 1, 3-diphenyl-1, 3-propanedione and 1-
phenyl-1, 3-butanedione were prepared by refluxing the normal com-
pounds in deuterated water at 80°C for twenty-four hours, in the process
of which the solid melted into 0il globules and an emulsion was formed.
Several drops of diethylamine were added to the refluxing mixtures to
increase the amount of énol present and to enhance the keto-enol con-
version rate; diethylamine has been shown to form a hydrogen-bonded
complex between the enolic OH group and the nitrogén lone pair. (3)

Chloroform extraction was used to recover the partially deuterated



B -diketone from the refluxed mixture. The solvent was then distilled,
and the partially deuterated compounds obtained were dried in a vacu-
um dessicator. PMR analysis indiéated that the OH and a-CH positions
were deuterated to the extent of 50% with no apparent exchange in the

phenyl rings.

3. Sample Preparation. It was found in the course of this work that

the presence of a trace amount of water in acetylaéetone as well as
other B-diketones broadens the linewidth of the OH resonance consider-
ably. If a pure acetylacetone sample sealed under vacuum was com-
pared with one containing 0 1 M water, the linewidth was found to
broaden from 2.2 Hz to 41.2 Hz. A summary of the effect of water on
the OH resonance of acetylacetone is depicted in Table I. As expected,
the chemical shift of the bridge hydrogen also moves upfield as the con-
centration of water increases. At a water concentration of 0.1 M, an
upfield shift of 0. 45 ppm from its corresponding position in émhydrous
acetylacetone was observed. Hence, all possible precautions were
taken to dry the samples prior to nmr measurements.

A high vacuum line was assembled for this purpose. The line
was initially washed with carbon tetrachloride followed by hot hydro-
fluoric acid solution, and was rinsed thoroughly with distilled water.

It was then rinsed with acetone, pumped overnight, and flamed out
many times before use. All manipulations pertaining to the preparation
of samples were undertaken in the vacuum system.

Acetylacetone was degassed and vacuum dist.illed twice over

phosphorus pentoxide.. It was then stored over phosphorus pentoxide



TABLE I. Effect of Water on the OH Resonance in Acetylacetone.
‘The Chemical Shifts are measured relative to Enol

Methyl Groups.

SAMPLE LINE WIDTH (Hz) CHEMICAL SHIFT (ppm)

Pure acetylacetone 2.20 -13.630
sealed under vacuum

Pure acetylacetone 5. 89 -13.627
sealed after 3 minutes
exposure to air

Pure acetylacetone 9.40 -13. 542
with 0.01 M_water

added

Pure acetylacetone 41.20 -13.181

with 0.1 M water

added



under vacuum. The solvents n-butyl ether and cyclohexane were de-
gassed and vacuum distilled twice over calcium hydride. ‘The ether
was then stored under the vacuum line over sodium and the cyclohexane
over calcium hydride. All solutions of acetylacetone and deuterated
acetylacetone were made up by volume by vacuum. distillation into nmr
sample tubes. All samples were subsequently sealed under vacuum.
The linewidth of the OH resonance in the acetylacetone solutions
prepared was used as an indication of the dryness of the samples. The
linewidths observed in all the samples used were. of the order of 2 Hz
except those diluted in n-butyl ether, which were consistently broader.
In the latter samples, the linewidth measurements were reproducible
for different samples of the same concentration, suggesting an alter-

. nate explanation of the observed line broadening in this case. -

4. NMR Measurements. Several high resolution Varian spectrometers

were used in this work: Varian HR-220 and HA-100 spectrometers were
used for the proton studies; a Varian DP 60 spectrometer operating at
6.5 MHz and a Varian HA-100 spectrometer equipped with a V4311 RF
unit and V4333A probe operating at 15 MHz were employed for the |
deuterium studies; while a Varian HR-220 spectrometer equipped with

a V4334 probe operating at 15.3 MHz was uséd for the carbon-13 studies.
The sensitivity is greatly ixnpi'oved where necessary by a Fourier
transform accessory interfaced to a Varian 620i computer. All the
spectrometers were fitted with standard variable temperature probes
except the one operating at 6. 5 MHz, which was onlj capable of room

temperature measurements. Ethylene glycol-d; and a 1:1 mixture of



methanol-d, and methyl-d, alcohol were used to determine the probe
temperatures in the deuterium variable temperature studies;- the
standard ethylene glycol and methanol samples supplied by Varian
were used in the variable temperature proton studies on the HR-220
and HA-100 spectrometers.

In the course of these studies, it was found that the temperature
indicated by the ethylene glycol splitting as given by the temperature
chart in the HA-100 technical manual was approximately 2°C lower
than that given in the HR-220 manual throughout the temperature range
from 10°C to 190°C. The temperature calibrations were therefore
checked using a copper-constantan thermocouple; the results were
subsequently shown to be identical with those given in the HR-220
manual. At low temperatures where the methanol standard is used,
the thermocouple and methanol calibrations were identical from -40°C
to 0°C but discrepancies occur at higher temperatures. The tempera-
ture given by the methanol shift as indicated by the temperature chart
in the HA-100 manual for example was about 5°C higher than the ther-
mocouple calibration at 60°C. Thus, for the same probe temperature,
two different temperatures would be obtained depending on whether the
methanol or ethylene glycol splitting was used for the calibration. To
correct for this inconsistency, appropriate adjustments were made
using the thermocouple measurements. The temperature calibration
éharts for the ethylene glycol and methanol samples are shown in

Figs. 1 and 2 respectively.
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FIGURE 1

A temperature calibration chart for ethylene glycol.

The chemical shift shown xjefers to the chemical shift
difference between the -CHZ- group and the -OH group.
The dotted line refers to the calibration given by the
HA-100 technical manual. The solid line is the corrected
temperature measurement using the thermocouple calibra-

tion.
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FIGURE 2

A temperature calibration chart for methanol. The
chemical shift shown refe1js to the chemical shift differ-
ence between the -CH, group and the -OH group. The
dotted line refers to the calibration given by the HA-100
technical manual. The solid line is the corrected tem-

perature measurement using the thermocouple calibration.
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III. RESULTS

1. Deuterium Isotope Effect

A typical proton and deuterium spectrum of dilute acetylacetone
in cyclohexane at 30°C is shown in Fiés. 3 and 4. Separate resonance
- signals were observed for the various protons in the keto and enol
tautomers. The assignment of the proton spectrum indicated is iden-
tical to that previously given by Reeves. (3) A comparison of the pro-
ton and deuteron spectra indicates that the deuterium isotope effects
are negligible except for the bridge hydrogen of the enol tautomer.

In Table II, we have summarized the effect of deuterium sub-

- stitution on the chemical shift between the bridge hydrogen and the
methyl hydrogens of the enol tautomer in the pure liquid and upon dilu-
tion in cyclohexane and n-butyl ether. Insofar as it was possible to
ascertain, the pronounced isotope effect is independent of concentra-
tion and the solvent system. For comparison, we have also summar-
ized the deuterium isotope effect on the a-CH in these systems in
Table III. Whereas the isotope effect on the magnetic shielding of
hydrogen bonded to carbon and oxygen are generally thought to be
small(lg) (certainly less than 0.1 ppm), and are vusually interpreted
in terms of modifications in zero-point vibrational amplitudes upon
isotopic substitution, (20) the effect observed in the case of the bridge
hydrogen in acetylacetone is an order of magnitude larger. Thus, the
pronounced isotope effect observed cannot be attributed primarily to
the effect of deuterium substitution on the average magnetic shielding

of the bridge hydrogen.
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FIGURE 3

A 100 MHz proton spectrum of acetyl-

acetone at 30°C.
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FIGURE 4

A 15 MHz deuteron spectrum of par-

tially deuterated acetylacetone at 30°C.
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- TABLE II. Observed proton and deuteron chemical shifts of hydroxyl

groups in several hydrogen-bonded systems at 27°C.

System

Acetylacetoned
pure (anhydrous)
0. 16 mole fraction in cyclohexane
0. 12 mole fraction in n-butyl ether

3-Methyl-2, 4-pentanedione®
0.5 mole fraction in cyclohexane

1, 3-Diphenyl-1, 3-propanedionee
0. 15 mole fraction in carbon tetra-
chloride

1-Phenyl-1,3 -butanedione®
0.3 mole fraction in carbon tetra-
chloride

Ethyl acetoacetate®
0. 2 mole fraction in carbon tetra-
chloride

5 a
oW’
_ppm

-13.640
-13. 641
-13.585

-15. 020

-15.524

-14. 812

-10. 639

& Measured at 100 MHz; éxperimental error = 0. 005 ppm.

b

Measured at 15 MHz; experimental error + 0. 03 ppm.

€ Measured at 6.5 MHz; experimental error = 0.1 ppm.

d

%  %0p%m
ppm ppm
- -13.06,‘3 +0.58
-13.099  +0.55
-13.01 +0.58
-14.57°  4+0.45
-15.07°  +0.45
-14.39%  +0.42
-10.66°  -0.02

GOH and 60D are measured relative to the chemical shifts of the

~ methyl group(s) (-CH, and -CD; respectively) in the same molecule.

© Chemical shifts are measured relative to cyclohexane.
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TABLE III. Observed proton and deuteron chemical shifts of o -CH

and a~CD groups in several hydrogén-bonded systems

at 27°C.
a
Sem %p °cpOcH
System ppm ppm pPpm
Acetylacetoned _ b
pure (anhydrous) -3.552 -3. 60b -0.05

0. 16 mole fraction in cyclohexane -3.446 -3. o0y  -0.05
0.12 mole fraction in n-butyl ether -3.470 -3.53 -0.06

3-Methyl-2, 4- pentanedionee

0.5 mole fraction in cyclohexane .410 -3.55°  -0.09

1
W

1, 3-Diphenyl-1, 3—propanedionee
0. 15 mole fraction in carbon tetra- e
chloride -5.286 -5.51 -0.22

1-Phenyl-1, 3 -butanedione®
0. 3 mole fraction in carbon tetra- c
chloride -4,.632 -4, 81 -0.18

Ethyl acetoacetate®
0. 2 mole fraction in carbon tetra- c
chloride -3.644 -3.69 -0.04

4 Measured at 100 MHz; experimental error 0. 005 ppm.

b Measured at 15 MHz; experimental error + 0. 03 ppm.

¢ Measured at 6.5 MHz; experimental error = 0.1 ppm.

d 60H and GOD are measured relative to the chémical shifts of the

methyl group(s) (-CH; and -CD, respectively) in the same molecule.

€ Chemical shifts are measured relative to cyclohexane.
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The deuterium isotope effect may also have its origin in
apparent isotope effects if the kinetics of exchange between different
states fall in between the two time scales of measurement of the proton
and deuteron magnetic resonance experiments. We have eliminated
this possibility by a detailed investigation of the frequency dependence
of both the proton and deuteron chemical shifts. These results are
summarized in Table IV. The proton magnetic resonance measure-
‘ments were undertaken at 60, 100 and 220 MHz and the deuteron mag-
netic resonance studies were taken at 6.5 and 15 MHz. The chemical
shifts observed at various frequencies were identical within experi-

mental error.

‘2. Temperature Studies

It is known from previous WOI‘k(S) that the chemical shift of

the bridge hydrogen in acetylacetone is temperature dependent. We
.have repeated these measurements using anhydrous material, and in
addition, have examined the temperature dependence of the deuteron

chemical shift. The results for acetylacetone in cylcohexane are shown

in Fig. 5. An upfield shift of 0. 025 ppm was observed for each 10°C
rise in temperaturé over a range of 0 to 100°C. The linewidth of the

OH resonance was of the order of 2 Hz throughout this temperature
range and was found to be independent of the strength of the magnetic

field. This temperature dependence is essentially identical for the

proton and deuteron chemical shifts.
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FIGURE 5

Temperature dependence of the proton and deuteron
chemical shifts observed for the bridge hydrogen in
the enol tautomer. of acetylacetone" in cyclohexane.

o} OH and 6 op are measured relative to chemical shifts
of enol methyl groups (-CH, and -CD, respectively).
Concentration of acetylacetone is 0. 086 mole fraction
in proton magnetic resonance expériments and 0. 16
mole fraction in deuteron magnetic resonance

experiments.
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TABLE IV. A summary of the chemical shift of the
bridge hydrogen as a function of the

magnetic field.

OH resonance (ppm) OD resonance (ppm)

(60 MHz) -13.646 % 0.01 (6.5 MHz) -12.95 0.1
(100 MHz) -13.641 % 0. 005 (15 MHz) -13.09 0,03
(220 MHz) -13.656 = 0.003
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3. Effect of Substitution

We have also observed an anomalous deuterium isotope effect
on the chemical shift of the bridge hydrogen in several other B-dike-
tones: 3-methyl-2, 4-pentanedione, 1, 3-diphenyl-1, 3-propanedione
and 1-phenyl-1, 3-propanedione; and a temperature dependence of the
chemical shift of the bridge hydrogen has also been noted in each case
(Table V). However, in the case of f-keto esters, the chemical shift
of the bridge hydrogen is known to be essentially temperature independ-
ent on the basis of previous work. (8) Our measurements with neat
ethyl acetoacetate reveal essentially no temperature effect, and as
anticipated, no significant deuterium isotope. effect on the chemical

- shift of the bridge hydrogen was observed (see Table II).

4. Solvent Effects

The chemical shift and the linewidth of the OH resonance of
acetylacetone have been studied as a function of temperature in various
solvents. The observed spectra are identical in cyclohexane and carbon
tetrachloride with a linewidth of approximately 1.6 Hz at all tempera-

- tures between 0 and 60°C. When the solvent is n-butyl ether, the
chemical shift of the OH resonance is identical to that observed in
cyclohexane at low temperatures; but above 10°C, the OH resonance
appears upfield from that observed in cyélohexane. This is shown in
Fig. 6 . Since the chemical shifts are measured ;*elative to the enol
methyl groups in both solvents, the observed difference in chemical

shifts cannot be due to susceptibility effects. The difference in
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FIGURE 6

Comparison of the temperature dependence of the
proton and deuteron chemical shifts observed for the
bridge hydrogen in the enol tautomer of acetylacetone
in n-butyl ether and cyclohexane. GOH and GOD are
measured relative to chemical shifts of enol methyl

groups (-CH, and -CD,, respectively).

--- 0. 086 mole fraction of acetylacetone in cyclo-
hexane in proton magnetic resonance experiments
and 0. 16 mole fraction in deuteron magnetic reso-
nance experiments.

... 0.12 mole fraction of acetylacetone in n-butyl

ether in both proton and deuteron experiments.
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TABLE V. Temperature dependence of the chemical shifts of the

bridge-hydrogen in sevefal B -diketones and B-keto

esters.

Compound

Acetylacetone, anhydrous
3-Methyl-2, 4-pentanedione

1, 3-Diphenyl-1, 3-propanedione
1-Phenyl-1, 3-butanedione
Ethyl acetoacetate

Temperature
Range, °C

5 - 82
18 - 80
-17 - 64
-14 - 76
30 - 92

Temperature
Shift, ppm
upfield

0.22
0. 27
0.38
0.20
0.06
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chemical shift of the bridge hydrogen in the two solvents increases as
the temperature is raised; for example, the chemical shift of the OH
resonance in n-butyl ether at 100°C is 0. 13 ppm upfield from that ob-
served in cyclohexane.

We have also observed some unusual linewidth behavior of the
OH resonance in n-butyl ether. The variation of the linewidth of the
OH resonance at 100 and 220 MHz is shown in Fig. 7. At 100 MHz, the
linewidth increases gradually from 2.5 Hz as the temperature is raised,
reaching a maximum of 8 Hz around 20°C, and then decreases to a line-
width of 5 Hz above 60°C. This linewidth behavior is found to be fre-
quency dependent. At 220 MHz, the linewidth increases from 3 Hz to
a maximum of 16 Hz around 50°C, and decreases to a linewidth of 12
Hz above 100°C. |

The linewidth of the OH resonance is also found to be dependent
on the concentration of the solvent at low temperatures. The linewidth
used here is the difference between the observed linewidth and the
intrinsic linewidth of the resonance signal. A plot of the linewidth
versus the concentration of n-butyl ether at 0°C is shown in Fig. 8.

A straight line with a slope of 6.5 sec=* M~! is obtained.
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FIGURE 7

Temperature dependence and frequency dependence

of the reciprocal linewidth for the proton resonance

of the bridge hydrogen in the enol tautomer of acetyl-
acetone in n-butyl ether. The linewidth used here is
the difference between the observed linewidth and the
intrinsic linewidth of the resonance signal. Concentra-

tion of acetylacetone: 0.12 mole fraction.
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FIGURE 8

The dependence of the linewidth due to
exchange on the concentration of n-butyl

ether.
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IV. DISCUSSION

1. Deuterium Isotope Effect

The chemical shift of the bridge hydrogen is a sensitive probe
of the average electron density at the proton; In hydrogen-bonded
systems, there is a reduction in the electron density of the proton
upon formation of the hydrogen bond. This is reflected in a reduction
of the magnetic shielding of the proton, which is observed as a down-
field shift of the nmr signal. (21) However, the measured chemical
- shift is in general only a vibrational average over the zero point vibra-
tional motion. If the shielding constant (¢') is known as a function of
the O-H bond distance (r) in a hydrogen-bonded system, then the vibra-

tional average is given by the following:
. *
(9)oo = S ¥ (H) 0 (r) ¥, (H) dr @)

where ¥,(H) is the vibrational wave function for the proton in the ground
vibrational state.

When the proton is substituted by deuterium, we expect the
‘modified vibrational motion of the molecule upon isotopic substitution
to result in a change in the zero-point vibrational amplitude, and hence
the average magnetic shielding of the deuteron. Since the wave func-
tion for the deuteron ¥,(D) is somewhat different, 9y is expected to

be different from that of the proton, where s is given by:

(Oploo = J ¥ (D) 0 (r) ¥, (D) dr )
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From these expressions, we can see that if the deuterium isotope
effect is large enough to be measurable, then it would provide some
information about the nature of the potential function.

The effect of isdtopic substitution on the magnetic shielding of
nuclei ha;ve been known for some time, (20) but deuterium isotope ef-
fects on hydrogen chemical shifts are generally small, typically less
than 0. 05 ppm, as summarized in Table VI. From these deuterium
isotope effects, it therefore appears that the observable is not suffi-
ciently large to yield much information about the potential function.
This is true even in hydrogen-bonded systems such as acetic acid and
methanol (Table VII) where the anharmonicity of the potential well is
~ expected to be larger. Thus, if the deuterium isotope effect is ob-
served to be large, then either the vibrational motion of the proton and
deuteron is characterized by quite different wave functions in their re-
spective zero-point vibrational states; or two or more states exist in
rapid equilibrium, each with quite a different vibrational wave function,
and the deuterium substitution merely changes the energy spacings
between them.

We now argue that the first possibility is unlikely. The poten-
tial function for thé intramolecular hydrogen bond in acetylacetone could
either be described as an -OH group hydrogen bonded to a ketone, in
which case the potential function will be asymmetric; or the potential
could be double minimum in nature if the intramolecular hydrogen bond
is strong. For the first case, the potential function near the zero-point
vibrational state can be approximated by a perturbed harmonic oscilla-

tor potential and the first few energy levels are non-degenerate. For
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TABLE VI. Some typical deuterium isotope effect®

H D
Chloroform and acetone 5.92 5.91
Water and acetone 2. 84 2. 87
Benzene and acetone 5.14 5.08
Benzene and water 1.75 1.74
Chloroform and water 2.56 2.61
Chloroform and benzene 0. 82 0. 86

2 p. Diehl and T. Leipert, Helv. Chim. Acta, 47, 545
(1964).
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TABLE VII. Deuterium isotope effect in some

hydrogen-bonded systems.

Chemical shifts between -
OH and CH, Hresonamce(ppm ) Dresonance(ppm ).

Acetic acid 9.24 9.16
Methanol ' 1.54 1.55
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such a potential function, the isotope effect could only originate from
changes in zero-point vibrational amplitude upon deuterium substitu-
tion; and we do not expect a sizable temperature effect since any ex-
citation of the vibrational motion of the bridge hydrogen requires a
quanta in excess of several thousand wave numbers which is much
larger than kT. However, in view of the small deuterium isotope
effect observed in OH stretching motions in both normal and hydrogen-
bonded systems, this change in the zero-point vibrational motion is
unlikely to account for the large deuterium isotope effect observed.

Similarly, we can rule out the first possibility even in the case
when the intramolecular hydrogen bond is so strong that the potential
~well is double minimum. Here, we must consider two limiting cases,
that where the central barrier is very high and that corresponding to
a moderate barrier. The situation where the barrier is so low that the
zero-point energy level is above the top of the barrier need not be con-
sidered here since the energy levels are non—degénerate and are quite
‘widely separated, much larger than kT analogous to the asymmetric
potential.

The energy levels of a symmetric double minimum potential are
characterized as béing either symmetric or antisymmetric with respect
to reflection. When the barrier is very high, the lowest pair of the
symmetric and antisymmetric states are degenerate for all practical
purposes, and to a good approximation, their wave functions can be
given by:

| 07> = 715- (g +up) . (3)
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0> = L (u,-u) (4)
v2 R L
where up and ur refer to the wave function on the right and left sides

of the poténtial well respectively. For each of these states, the mag-

netic shielding is given by:

<0tjo@]|ot>

% {<uR| o(r) | up > + <uL|0(r)| up >

+<uR[ o(r) |u1"> + <uL|o(r) luR>}

~~

5)

<uRl o(r) |uR> (6)

<0™|o(r) |0 > —;—{<uR]0'(r) |ug > + <up |o@)]u >

- <uRI0'(r) IuL> - <uR| a(r) ]uL>} (7

= <uR|°(r>luR> (8)
since <uR| o(r) | uR> = <uL | o(x) | uL> (9)
and <uRl<7(r-) \uL> = <y, | o) | up> ~ 0 (10)

Also, both states are thermally populated when the central barrier is
high, and pyf = p, ~ 1/2.

Therefore the average magnetic shielding is given by:

o ve = <uRl o(r) [ug > (11)
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Since Up is not expected to change very much when the proton is sub-
stituted by deuterium, the deuterium isotope effect on the average

magnetic shielding is probably too small to be observable, i.e.,

H H H D D D
O e = <up | o(x) |uR > = <up |o(r) |uR > =0, (12)
For moderate barrier heights, the magnitude of the splitting
(A€) will be of the order of kT. The aforementioned degeneracy be-
tween the 0" and 0~ states will then be lifted. Under these situations,
the expectation values of o(r) for the 0" and 0~ states are represented by

{4<uR | o(x) [ uR> + <uR |o(r) luL >} and{<uR |o(r) IuR> -
<ug | o(r) | u, >} respectively, and the average magnetic shielding
is given by:

. {<uR |o(r) |lug > + <ug |o(x) vy, >}
ave ~ 1 + exp (-A€/KT)

{<uR| o(r) ‘uR > - <up lo(r) | u >}
1 + exp (A€/KT)

(13)

‘We note that since <uR | o(r) |uL > is expected to be much less than
<uR |0(r) | up >, the expectation value of 0(r) is essentially the same
in the two states. In fact, we expect the chemical shift difference be-
tween these two states to be smaller than the effective isotopic substi-
tution since the effect of deuterium substitution generally leads to a
change in energy which is much larger than kT.

We are thus led to conclude that a single potential well would
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not account for the large deuterium isotope effect observed. This then
leaves us with the only other possibility for the origin of the large
deuterium isotope effect, 1 e., there are two or more states with
quite different potential function for the hydrogen bond existing in
rapid equilibrium and the deuterium iéotope effect observed arises
from the effect of deuteration on the energy spacing between the states.
In the next section, we shall also show that the results of the tempera-
ture study are inconsistent with any model based on a single potential

well,

2. Temperature Studies

We have shown in the previous section that the large deuterium
isotope effect observed for the bridge hydrogen in acetylacetone is most
likely not due to changes in the zero-point vibrational amplitude upon deu-
terium substitution; neither could it be due to the effect of deuterium
substitution in the 0" and 0~ energy spacing in the symmetric double
minimum potential well since the variation of o(r) with vibrational
amplitude is not sufficiently large to exhibit such a large deuterium
isotope effect. In Table VIII, we have summarized the type of isotope
effect as well as temperature effect expected for the various single
potential functions which we have described earlier in the previous
section. Small isotope effects are indicated for all cases but we note
that a temperature effect is expected only in case (B). This is the case
where the potential function is symmetric double minimum in nature
and the barrier is such that the energy spacing between the 0% and 0~

energy levels is comparable to kT. If this is the case, since 0(r) is
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TABLE VIII. Some properties associated with the nature of the

potential function.

Magnitude of Energy
Splitting between

Nature of the Po- First Two Vibra- Isotope Temperature
tential Function tional States Effect Effect
(A) A€ < KT small no

A

UV

(B) ~ KT small

‘ ’ Ae€
©) \ ’ Ae > KT small
\ ’ A€

> kT small

(D)

yes

no

no
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a monotonic function of r, the thermal population of the higher vibra-
tional levels and the modification of the vibrational a.mplifudes by
deuterium substitution are expected to have opposite effects on the
observed magnetic shielding of the bridge hydrogen. Contrary to this,
the temperature effect is found to be dpposite in direction to the deu-
terium isotope effect since lowering the temperature moves the reso-
nance downfield whereas the deuterium substitution moves the resonance
upfield. So, the difference in the direction of the temperature effect
and the deuterium isotope effect enables us to rule out this possibility.
We must therefore seek two states with quite different vibra-
tional wave functions for the motion of the bridge hydrogen and which
are both sufficiently thermally populated to give rise to a temperature
effect. In view of the earlier discussion, the difference in the effect
of deuterium substitution on the energy level of these structures must
be large enough for the effect to manifest itself. Since the expectation
values of 0(r) for each state do not change very much upon deuterium
substitufion, a large deuterium isotope effect must reflect differences
in the effect of deuterium substitution on the zero-point energies in
these structures, which implies that the potential function associated
with the motion of the bridge hydrogen must possess quite different
anharmonicities. Such a situation could arise, for example, if there
‘is an equilibrium between the intramolecular hydrogen-bonded cyclic
structure and the "open" structure since the closed structure is signifi-
cantly more anharmonic than the open structure. In fact, if the lower
energy structure has a potential function for the O-H- - - O antisymmetric

stretch which is double minimum with a potential barrier of the order
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of 5000 cm™', the presence of this barrier will result in a deuterium
isotope shift of the zero-point vibrational energy which is‘ some 150-200
cm™! smaller than that expected for a more normal potential well, which
is rhore representative of the open form. This scheme could readily
account for the deuterium isotope effect and the temperature effect
observed. A schematic représentation of the zero-point energy levels
is shown in Fig. 9. I fhe two structures are separated by AEI(-)I and
Ael‘; for the proton and deuterated compounds, and if GI, 6]1 are the
chemical shifts for the two states, and are essentially independent of
the effect of deuterium substitution, then the proton chemical shift will

be given by:

H o )
Oobs = 5 + - (14)
1+exp (-A€g /KT) 1+exp (A€g /KT)

and the deuteron chemical shift will be given by

. 0 6
Sons = L s ——L (5)
1+€exp (-AeD /KT) 1+exp (AeD /XT)

It is clear from these expressions that because of the difference in

A€® between the two states, a large deuterium isotope effect will result.
Unfortunately, there are some difficulties with this explanation

due to the lack of any noticeable dependence of the chemical shift of the

bridge hydrogen as well as the isotope effect on the basicity of the sol-

vent. Moreover, if the deuterium isotope effect and the temperature

dependence of the chemical shift of the bridge hydrogen observed for
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FIGURE. 9

A schématic representation of the zero-
point energy levels for proton and deuterium
in the symmetric double minimum potential

function and the asymmetric potential function.
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the B-diketones are to be interpreted in terms of this equilibrium, it
is dif-ﬁcult to understand why this equilibrium is not also éstablished
in the case of B-keto esters, where the strength of the intramolecular
hydrogen bond is presumably weaker, at least on the basis of the pro-
ton chemical shift. Additional evidence in support of this conclusion
is provided by the broadening of the OH resonance observed in anhy-
drous n-butyl ether, a phenomenon which is not observed in cyclohexane
or carbon tetrachloride. We have ‘examined this line broadening as a
function of temperature and at two different radiofrequencies. The
results indicate that the broadening of the OH resonance is due to the
presence of a small amount of the "open' form hydrogen bonded to the
n-butyl ether, which is exchanging with the intramolecularly hydrogen-
bonded species. Thus, we must seek an alternate interpretation else-
where.

An alternate interpretation on the temperature dependence of
the chemical shift on hydrogen-bonded systems in general has already
been given by Muller and Reiter. (22) Their calculations have shown
that the temperature dependence of the chemical shift of a proton in a
hydrogen bond may have its origin in the anharmonicity of the low-
frequency stretching vibration of X-H***Y. As the temperature in-
creases, the H---Y distance increases due to the increased populations
of the excited vibrational levels of the symmetric mode. If 6i is the
chemical shift appropriate for the ith. vibrational state of the symmetric
stretch, the observed chemical shift will be given by

6 = T 6, exp (-¢;/RT)/Z exp (-¢;/RT) (16)
i i
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where the €i's are the energy levels of the dohor-accepto;‘ vibration.
The observed chemical shift would therefore be a function of tempera-
ture. This model also predicts a deuterium isotope effect on the pro-
ton.involved in the hydrogen bond, but this isotope effect should be of
the same order of magnitude as those‘observed in typical hydrogen-
bonded systéms.

The Muller and Reiter model has been used by Schaefer and
Kotowycz to interpret the temperature dependence of the chemical
shift of the bridge hydrogen in the case of 3, 5-dichlorosalicylaldehyde. (23)
However, the assumption of a low-frequency, asymmetric stretching
vibration of the X-H---Y probably does not hold for a strong intramo-
lecular hydrogen bond as in the case of acetsrlacetone, where the two
oxygens involved in the hydrogen bond are connected by a chain of
bonds. In fact, the lowest stretching freque'ncy of the intramolecular
hydrogen bond in acetylacetone as determined by Ogoshi and Nakamoto(ls)
is 230 cm™"' in the infrared spectrum and the lowest stretching frequency
observed_in the Raman 'spectrum is 244 cm'l, (16) which is too large
(compare with kT) to give rise to the type of temperature variation
observed within the fré,niework of this theory. We must conclude
therefore that these frequency effects are negligible in strong hydro-
gen-bonded systems and that the observed isotope effect as well as

the temperature dependences observed for both the proton and deuteron

resonances are inherent in the strong intramolecular hydrogen bond.
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3. Model

It is clear from the deuterium isotope effect and the tempera-
ture studies that there are at least two energy states which are ther-
mally populated at room temperature and which are associated with
the motion of the bridge hydrogen. In principle, the states in question
could either be close-lying vibrational levels of the O-H** 'O antisym-
metric stretching vibration in the ground electronic state, or those of
different molecular or electronic structures including tautomeric forms
as well as low-lying electronic states. As we have shown, in view of
the small energy difference between the two states and the pronounced
effect of deuteration on their energy separation, it is clear that in the
case of the first possibility, the potential energy function associated.
with the motion of the hydrogen in the O-H---O anfisymmetric stretch
must be double minimum in nature with a moderately high central
barrier. While a double-ininimum potential function for the O-H- - O.

antisymmetric stretching vibration is not unexpected, it is, however,
| difficult to reconcile all our observations on the basis of this simple
intefpretation, since the‘thern'nal population of the higher vibrational
levels, and the modification of the vibrational amplitudes by deuterium
substitution are expected to have opposite effects on the observed
average magnetic shielding of the bridge hydrogen. Contrary to this
‘expectation, both deuterium substitution and raising the temperature
increase the observed shielding of the bridge hydrogen. We are there-
fore more inciined to believe that the states are associated with differ-

ent tautomeric or electronic structures, and that the large deuterium
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isotope effect reflects differences in the effects of deuteration on the

zero-point energies of these structures.

What then are the possible structures? We have already elimi-
natéd the possibility of an equilibrium between the intramolecularly
hydrogen-bonded structure and the "of)en" structure on the basis of
the solvent effect. These tautomeric structures must therefore be
associated with the intramolecular hydrogen bond, and the only possi-
bility is that they correspond to diiferent excitations of the donor-
acceptor vibration. In acétylacetone and its derivatives, conjugation
of the 7 system should play an important role in determining the poten-
tial function for the hydrogen bond. For example, if the electrons are
~completely delocalized, then the two oxygen atoms will be equivalent,
in which case the potential function will be similar to the symmetric
double minimum suggested by B. M. Fung(24) for the biacetate anion
(Fig.10). However, if the electronic structure is such that there is
no conjugation on one of the lone pairs on the terminal oxygen, i.e.,
if the 1oné pair is strongly localized at one of the oxygen atoms,. the
two oxygen donors and acceptors are not equivalent and the potential
function should be like that of an alcohol hydrogen-bonded to a ketone.
The potential functions determined by B. M. Fung'®®) for methanol
and acetic acid hydrogen-bonded to the solvent dioxane are shown in
Fig. 11. From chemical knowledge, we would write the structure of
the enol forms of acetylacetone as follows:

CHS-(I:;QE:'(I:'-CHS CH,-C-CH=C-CH,

i |
O, o) 0} O
~H,—' heS H/

Structure I Structure I
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FIGURE 10

One-dimensional potential curve and
energy levels for the hydrogen biacetate

ion.
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FIGURE 11

One-dimensional potential curves and
energy levels of methanol and acetic acid

hydrogen bonded to dioxane.
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It is important to note that these two forms are not resonance struc-
tures, but tautomeric forms, since the geometry of the O-H- -+ O bond
is different in each case.

In view of this, the nature of the intramolecular hydrogen bond
is expected to depend strongly on the éoupling of the symmetric stretch-
ing vibration of the two oxygens with the antisymmetric O-H- - - O stretching
vibration, and it is possible that the motions of the O-H and the donor-
acceptor become less coupled at higher excitations of the donor-acceptor
vibration. The hydrogen bond is probably strongest in the ground vibra-
tional state of the donor-acceptor vibration, where the electrons in the
enol ring are completely delocalized and the potential function of the
bridge hydrogen is expected to be double minimum in nature. At
higher excitations of the donor-acceptor vibration, the bridge hydrogen
would tend to become more like a hydroxyl hydrogen-bonded to a
ketone, in which case the potential function will be asymmetric. A
reasonable speculation is that these tautomers correspond to the sym-
metric (I) and asymmetric (II) structures of the intramolecular hydrogen
bond and that these two structures have their origin in the excitation of
the donor-acceptor vibration. In the next section, we will examine the

plausibility of this hypothesis by a CNDO calculation.
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4. Molecular Orbital Calculations

" An approximate method for determining the relative stability
of the two enol structures is to compare their total energies using
molecular orbital calculations. A qualitative description of the poten~
tial function associated with the bridge hydrogen in the hydrogen bond
can also be obtained from such a calculation. The simplest approach
would be to apply the extended Hiickel method of Hc):ffman(2 5) to these
systems. However, the results of:some preliminary calculations
carried out in this laboratory using the extended Hiickel approximations
indicate that the equilibrium geometrical configuraﬁon for the bridge
hydrogen is only 0.485 A away from one of the oxygen atoms. This is
unlikely since the Van der Waal's radii have been determined to be |
1.4 A and 1.2 A for oxygen and hydrogen atoms respectively. (26) The
failure of the extended Hiickel method in predicting the correct equili-
brium internuclear distance pr‘obably arises from the approximation
that the Hamiltonian is simply a sum of one~electron effective Hamil-
tonians and no specific considerations are given to the electron repul-
sion terms and the nuclear-nuclear repulsion terms.

Another less approximate self-consistent molecular orbital
calculation is the CNDO/2 method proposed by Pople, Santry and
Segal. (27) This method is based on the "complete neglect of differen-
tial overlap' approximation in which only the overlap distribution
¢ou(l) ¢v (1) of any two atomic orbitals ¢u and ¢v is neglected in all
electron repulsion integrals. This method has been shown to predict

correctly the relative stabilities of the cis- and trans- forms of
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formic acid(ZB) and to successfully reproduce the approximate 1:2:3
ratio for the barriers in the three isoelectronic moleculeé CH OH,
CH,NH, and C,H,. (29) The CNDO method also seems to be more
effebtive in predicting the dissociation energies and proton potential
functions of hydrogen bonds. (30) We have therefore used this method
in order to obtain information on the potential function for the bridge
hydrogen in the proposed symmetric and asymmetric structures of
the enol tautomer in acetylacetone:
The full treatment of the CNDO method has been developed in
detail by Pople and Sega1(27’ 29, 31) and the several approximations
used are summarized in the Appendix. The Hariree-Fock matrix F

is constructed with the elements

&
|

1
we = Upu* Pan =3P 7ap + B (Prp7a - Vap) (17

0
up = PaB Suy = 2Py, vap(k#v) (18)

where P‘w is an element of the ordinary charge and bond order mzitrix-

P AA is the total electron densﬁy on atom A; ¥ AB is the electron- mter-

action integral and B ABO is an empirical bondmg parameter depending

only on the nature of the atoms A and B. The CNDO/2 parametrization

of Pople and Segal(zg) is used in this study without further modification.
The two different enol forms of acetylacetone are considered

in this study. All calculations were carried out on an IBM 360/75 com~

puter with the pr'ogram provided by G. A. Segal. The input data
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consist of the coordinates and atomic numbers of all nuclei in the
molecule together with the number of valence electrons. Initial esti-
mates of the LCAO coefficients were obtained from a Hiickel-type

theory using the matrix elements:

Fu_““) = -3 (@, +Ay) (19)
F 0 - g, ’s (20)
v AB Suv

The coefficients obtained are combined with integral values already
used to compute a new set of interaction elements which in turn yield
“a new set of coefficients. The cycling procedure is continued with a
tolerance of 0. 0001 or until the number of iterations reached 15.

The symmetric structure (I) and the asymmetric structure (II)
used in the calculation are depicted in Fig. 12. An average C-C and
C-O bond lengths of 1.378 A and 1.266 A were used for the symmetric
structure whereas single and double C-C and C-O bond lengths were
used in the asymmetric case. A These parameters were chosen empiri-
cally as representative of the two structures.. The acetylacetone
molecule is greatly simplified in both cases by substituting a proton
for each methyl group thereby reducing the order of the secular
determinant from 36 to 24. It further simplifies the acetylacetone
molecule into a planar configuration. The total computer time required
for a complete run on one configuration of acetylacetone is accordingly
reduced from 180 sec. to 60 sec. This simplification affects the total

energy of the molecule considerably, but has little effect on the relative
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FIGURE 12

The symmetric (I) and asynim_etric (Im)
structures of the enol tautomer of acetyl-
acetone considered in the CNDO/2 calcu-

lations.
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energy changes.

The coordinate of the various atoms in the symmetric and
asymmetric forms are listed in Table IX. CNDO/2 calculations on
acefylacetone were carried out with variations in thé atomic coordinate
of the bridge hydrogen H(9), while the rest of the molecule is held fixed.

Two-dimensional total energy profiles for various coordinates
of the bridge hydrogen are obtained as a result of these calculations.
A symmetric double minimum potential was obtained for structure A
(Fig. 13). The equilibrium configuration for the bridge hydrogen is
centered at 0. 96 A from the oxygen atom and 0.4 A below the O-- -0
axis. The distance between the two minima corresponds to 0. 85 A.
For the asymmetric case (Fig. 14), a sharp minimum is located at
1.0 A from the oxygel;-atom and 0.3 A below the O- - - O axis; another
very broad minimum centered around 1.0 A irom the other oxygen
atom is also located. The separation of the two centers of
minimum energy in this case corresponds to 0. 77 A. The barrier
in the case of the asymmetric potential was found to be 0.12 au while
that of the double minimum was 0. 05 au. The minimum energies
obtained for these two forms at their equilibrium geometrical con-
figuration, however, are comparable, being -60. 96 au for the sym-
metric structure and -60. 94 au for the asymmetric structure.

In view of the approximations involved in the calculation, the
CNDO method cannot be expected to yield total energies which are in
good agreement with experimental data. However, if the calculated
energies were cdnsidered to be in arbitrary units, Wiberg(sz) was

able to show that a semi-empirical scaling factor may be determined
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FIGURE 13

A two-dimensional total energy profile
for the symmetric structure of the enol

tautomer.
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FIGURE 14

A two-dimensional total energy profile
for the asymmetric structure of the enol

tautomer.
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TABLE IX. The coordinate of various atoms in the symmetric and
asymmetric structures proposed for the enol tautomer

of acetylacétone.

Atom Atomic Coordinate (A)
Symmetric Asymmetric
X Y Z X Y Z

C(1) -1.2316 0.6181 0.0 -1.3764 0.6908 0.0
C(2) 0.0 0.0 0.0 0.0 0.0 0.0
C(3) 1.2316 0.6181 0.0 1.2065 .O. 6055 0.0
0(4) -1.3850 1.8748 0.0 -1.4689 1.9072 0.0
0O(5) 1.3850 1.8748 .0.0 1.2991 2.0324 0.0
H(6). -2.1192 0.0205 0.0 -2.2640 0.0932 0.0
H(T) 0.0 -1,0700 0.0 0.0 -1,0700 0.0
H(8) 2.1192 0.0205 0.0 2.0941 0.0079 0.0
H(9) - - 0.0 - -- 0.0
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‘which permits >the heats of atomization and heats of formation to be
satisfact'or‘ily calculated. By comparing the experimental and calcu-~
lated energies for a series of hydrocarbons, radical cations, free
radicals ahd cations, the conversion factor was determined to be 220
kcal/mole/atomic unit of energy. Using this conversion factor, the
height of the barriers obtained in this calculation correspond to 3800
cm™! for the double minimum potential and 9200 cm™! for the asym-
metric case. Calculations by Brickmann and Zim_mermann(33) have
indicated that the lingering time 7, which is the average time that a
proton lingers in one of the two wells before it tunnels into the other,
increases by a factor of 100 for a barrier height of 10, 000 cmm™" as the
energy difference between the two minima increased from 0 to 100 cm™.
Therefore, the bridge hydrogen is expected to be strongly localized in
the asymmetric potential well while there is rapid tunnelling in the
symmetric case.

We have also examined the pr-bond orders of the enol ring
(0=C-CH-C-0)" as the bridge hydrogen is moved along the O- - - O axis.
The motion of the bridge hydrogen has a large effect on the electronic
_distribution in the enol ring. The results are summarized in Fig. 15.
In the symmetric structure, the degree of conjugation is highest when
the bridge hydrogen is at the mid-point of the O- - - O axis; the degree
of conjugation is much less in the asymmetric case. Comparison of
the pm-bond order of the two carbonyl groups in the asymmetric struc-
ture indicates that the hydrogen-bonded carbonyl carbon has a high
pm-bond order of 0.93 compared with the low bond order of 0.2%7 for

the olefinic carbon bearing a hydroxyl; the bond orders for the two
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FIGURE 15

Summary of the pr-bond orders of the
enol ring systéin in acetylacetone as the
bridge hydrogen is moved along the O---0O

distance.
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‘carbonyl groups for the symmetric form are 0. 85 and 0. 45 at the
equilibrimﬁ geometrical configuration. The total atom densities are
listed in Table X.

On the basis of this calculation, we can conclude that the sym-
metric and asymmetric forms of the hydrogen bond have quite similar
energies. Naively, one can consider them in the following way: in
order to go from the asymmetric 'structure to the symmetric structure,
one must hybridize one of the lone pairs so that it can undergo conjuga-
tion with the 7 electrons of the enol ring system. The energy required
to hybridize the oxygen orbital will be compensated by the energy re-
sulted from conjugation. In view of this, the energy required for the
conversion of the two structures must be rather small. In fact, the
motion of the donor-acceptor groups may be sufficient to change the
potential function from one form to the other. The motion of the bridge
hydrogen also causes changes in the electron density in the 7 system
suggesting that there is strong coupling of the electron density to the

motion of the bridge hydrogen in the intramolecular hydrogen bond.
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TABLE X. Total atom electron densities of the

symmetric and asymmetric structures.

Atom Total atom electron densities
Symmetric Asymmetric
C(1) 3.7306 3.7510
C(2) 4,1786 4,1253
C(3) 3.7375 3.8223
0(4) 6.3285 6.2437
0O(5) 6. 2136 6.2480
H(6) 1.0432 1.0265
H(7) 0. 9837 0.9788
H(8) 1.0024 0.9858
H(9) 0. 7813 0.8179
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5. The Nature of the Two States

The results of the CNDO/2 calculations described in the
previous section have shown that the motion of the bridge hydrogen
is strongly coupled to the electronic distribution in the enol ring sys-
tem. As the bridge hydrogen moves closer to the oxygen in the C=0
group, these calculations show that there is an increase in the pm-
bond order in the other C-0O group. This is also true for the C-C and
C=C groups, so that there is a continuous displacement of the electron
charge density in the enol ring system. The CNDO/2 calculations also
indicate that the energy difference between the symmetric and asym-
metric forms of the intramolecular hydrogen bond is quite small.
This suggests that the excitation of the symmetric stretching motion
may lead to a slightly different O- - - O distance and this may be suffi-
cient to produce a charge shift in the system which would then alter
the effective symmetry of the potential function for the hydrogen bond.
When the molecule is excited, an O-H- - -0 symmetric vibrational
stretch would move the two oxygen atoms apart. Since the bridge
hydrogen would tend to follow the mbvement of the oxygen in the C-O
_group, this will angin initiate a continuous displacement of the electron
charge density in the ring system in the opposite direction, leading to
the asymmetric structure II. Some of the dynamics involved in the

interconversion are summarized in the diagram below.

-C-C-C-
W N
«—Q O—
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If the above hypothesis is correct, then we are proposing the
following: | when the donor-acceptor vibration is in the ground vibra-

tional state, the potential is symmetric double minimum in nature;

and when it is in the first vibrational excited state of the donor-acceptor
vibration, there exists the possibility that the potential function is

asymmetric.

Since the energy difference between these two structures is so small,
it is possible that by exciting the donor-acceptor vibration by one
quanta, the effective potential function for the bridge hydrogen would
be changed from one form to another,

The existence of an equilibrium between the symmetric (I) and
asymmetric (II) structures would readily aiccount for our proton and
deuteron magnetic resonance observations. These two structures
would be in rapid equilibrium on the NMR time scale, but relatively

slow in the IR time scale. Since the magnetic shielding experienced
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by the bridge ‘hydrogen is quite different in these two structures, the
chemical shift of the bridge hydrogen would be temperature dependent

if the energy separation is about the order of magnitude of kKT. To

ascertain the isotope effect, we would have to determine the effect
of deuterium substitution on the zero-point vibrational energy level
of the proton and deuteron in the O-H- - - O antisymmetric stretch.
As we had indicated earlier, the effect of deuterium substitution on
the energy spacing between the zero-point ‘vibrational energy levels
of the two forms is expected to be quite large if the potential func-
tion is symmetric in one form and asymmetric in another.

These are some of fhe considerations which prompted us to
examine the Raman spectra of acetylacetone and to'look for the sym-
metric stretch. This band is expected to be Raman active but rela-
tively weak in the infrared. The complete Raman spectra of acetyl-
acetone and partially deuterated acetylacetone have recently been
repdrted by Ernstbrunner. (16) For a totally symmetric vibration,
the Raman scattering will be completely polarized only if the deriva-
tives of the polarizability 3 a__/dq,, 3 o /d