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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



iv

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 )



35

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



44

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 /day, da,,/dq are all
equal by symmetry. (34) Otherwise these three derivatives may have
different values leading to an arbitrary, but frequently very small
degree of depolarization. In the case of acetylacetone, these polariz-
ability derivatives for the O-H---O symmetric vi_bration are not
identical by symmetry. The motion of the bridge hydrogen is mainly'
along the O- - - O axis rather than along the perpendicular direction.
We therefore anticipate a partially depolarized band in the Raman

spectrum for this transition, and that the degree of depolarization
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should decrease upon deuterium substitution since the amplitude of
vibration is smaller in the latter case. The Raman bands arising
from the enol form in the region 500 cm™ to 200 cm-! are listed in
Table XI. The two lowest frequency bands which are depolarized are
the 418 cm~* band in the normal compound and the 230 cm~! band in
the deuterated molecule. Both of these bands are depolarized, but
the 'Raman band in the deuterated compound is less depolarized and
more intense than the band in the normal molecule. These two transi-
tions therefore correspond to the energy difference between the sym-
metric (I) and asymmetric (II) structures in the proton and the
deuterated compounds. The deuterium isotope effect observed here
is 188 cm™! which would result in the large deuterium isotope effect

observed in our proton and deuteron magnetic resonance studies.

6. Analysis of the NMR Data in Terms of the Two-State Model

In this section we shall attempt to place the results of the tem-
perature study on the bridge hydrogen and the bridge deuterium on a
more quantitative basis. We have proposed that there are two enol
structures in dilute solutions of acetylacetone in non-hydrogen bonding
solvents, the symmetric structure (I) and the asymmetric structure
(II). The vibrational potential function for structure I is symmetric
double minimum in nature, while that for structure II is asymmetric.
The zero-point energy differences are denoted by AEI_; for the normal
molecule and AE ° for the deuterated molecule. A schematic repre-

D
o
sentation of energy levels is shown in Fig. 9. The AE 's are the
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TABLE XI. Raman spectra of the enol form of
acetylacetone/ and partially deuterated

acetylacetone below 500 cm=1,

Acetylacetone (ZHg )} Acetylacetone
503 m, p 504 m, p
418 w, dp 465 w, p
391 w, p 399 w, dp?
244 m, p 368 w, p
321 vw, dp

230 m, dp?
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vibrational quanta for exciting the O-H:- - - O vibration which enables
the potential function to change from one form to another and we now
show that the deuterium isotobe effect is merely a reflection of the
change in the free energy difference between the two enol tautomers
in the normal and deuterated molecules.

In order to determine the energy differenée between structures
I and II based on the results of the temperature study, it is first neces-
sary to determine whether there is any difference in entropy between
these two structures. If we ignore the higher vibrational states in the
discussion, then there will be two '"ground" vibrational energy states
for structure I corresponding to the well-known symmetric and anti-
symmetric states. However, these two vibrational states are probably
degenerate unless the central barrier is very low. There are also
two states of interest for structure II, i.e. ,4 the one depicted in Fig. ¢
and its mirror image. These states are also degenerate since the
potential barrier to go from one to the other is very high and the reso-
nance between the two wells has no effect on the energy. These con-
siderations clearly indicate that there is no entropy difference between

these two structures and we can assume that

AG® = AH® = AE' | (21)
‘It therefore follows that |
o-AG /BT _ -AE°/KT | (22)

K =

The chemical shift observed for the bridge hydrogen in acetyl-

acetone is the weighted average of the chemical shifts of the two
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structures since they undergo rapid exchange throughout the tempera-
ture range studied. The observed chemical shift may be expressed
as follows:

) = 0, F, + 0, F

obs 171 J I ¥ | (23)

where FI and FII represent the mole fractions of structures I and II
respectively, and GI and 6]1 are the chemical shifts for structures I
and II. Assuming a Boltzmann distribution, equation (17) can be re-

written as:

o 0
o = I + i (24)

obs o o
1+exp (-AE /KT) 1 +exp (AE /KT)

For the normal compound, AE’ = AEOH and for the deuterated com~-
pound, AE’ = AEOD . From the temperature dependence of the experi-
mentally observed proton and deuteron chemical shifts shown in Fig. 5,
a non-linear least squares computer program was used to extract the
best values of 61, 611, and AE®.

The results of an analysis of the OH temperature data in terms
of a two-state model indicate an energy separation of 405 cm™ between
the two states. A similar analysis of the OD temperature data yields
an energy separation of 215 cm™ between the corresponding states in
" the deuterated system. The chemical shifts obtained for the OH proton
and the OD deuteron in the lower and upper states are identical, being
-14.15 and -10. 10 ppm (relative to the methyl resonance of the enol
tautomer) for the lower and upper states respectively. These results

are summarized in Table XII. The effect of deuteration upon the
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" TABLE XII. Chemical shifts and thermodynamic param-

eters for bridge hydrogen (deuterium) states.

Proton Deuteron
61 ppm -14.15 -14.15
GII ppm -10.10 -10.10
Fy @ 25‘°C 0.87 0.74
Fq @ 25°C 0.13 0. 26
AH® (cm-?) 405 215
A8°® (e.u.) 0 0

Standard Error (Hz) 0.58 0.20
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bridge hydrogen has therefore resulted in a decrease in the energy

separation between the states by 190 cm™.

This deuterium isotope
effect is in excellent agreement with that observed in the Raman spec-
tra, where the transitions of interest are 418 cm™' for the normal

molecule and 230 cm™! for the deuterated molecule.

7. Potential Function

One of the primary objectives of this work is to determine the
potential energy function for tﬂe bridge hydrogen in the enol tautomer
of aéetylacetone .. We have concluded from the previous sections that
the potential function for the O-H...O antisymmetric stretch in the ground
vibrational state is double minimum in nature while that for the first
vibrational excited state is asymmetric and that the anomalous deu-
terium isotope effect and the pronounced temperature dependence have
their origin in the differences in the energy spacings between the two
structures. It is possible to calculate theoretically the energy levels
of the two potential functions proposed for the two structures I and 1I
if there is sufficient data in the infrared spectrum on the OH stretching
region of acetylacetone, and in general the accuracy of the potential
functions used in the calculation can be confirmed by the isotope effect
observed in the infrared spectrum of the partially deuterated molecule.

In general, one may write the vibrational Hamiltonian for the

A-H stretching motion in the following form:

H = p/28 + V (25)
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where U is the mass of hydrogen, and

V=2 a x0 (26)
n

is a Taylor expansion of the potential function. The constant termin
(25) can be neglected since it displaces all energy levels by the same
amount. Moreover, one of the cpefﬁcients a, (n+0) can be generally
set equal to zero by a simple coordinate translation. For most molec-
ular vibrations of small amplitude, the harmonic potential V = a, X’
is usually sufficient. More complicated forms of the potential function
have been suggested, but their applications are mostly limited to diatomic
molecules. In special cases, e.g., the inversion of ammonia, the
puckering of small rings, etc., where the potential well may be double
minimum, the potential is quite different from the usual harmonic or
Morse type function. It is necessary to include higher powers in the
Taylor expansion even to account for the transitions between the lowest
energy levels. The simplest symmetrical double minimum potential

function takes the form
V = ax’ + bx’ (27)

where b is negative.

~ Somorijai and Hornig have done energy calculations for this
potential using twenty harmonic oscillator wave functions as basis. (35)
Chan and coworkers have also carried out similar calculations for
anharmonic potential functions. (36) These workers have shown that

the harmonic oscillator basis is, in general, rather unsatisfactory for
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such calculations due to slow convergence. Instead, they demon-
strated that extremely rapid convergence was obtained wﬁen the
quartic oscillator basis was used as a starting point for the variational
calculations. We shall therefore use the quartic oscillator basis in
this work.

For the simplification of computations, the displacement
coordinate and its conjugate momentum are transformed into dimen-

sionless space:

X = (spa/h’)’ x (28)

P

8/uari®)”’ p (29)

The Hamiltonian then becomes:

2 4 2
H=A® +X +nX)) (30)
4 2. 1/3
where A = (ah /64u ) (31)
e (32)

The energy level calculations are straightforward. The matrix
elements developed for the quartic oscillator by Chan et al. (36) have
been used to set up the energy matrix, which was then diagonalized
to give the energy eigenvalues A 0 and eigenfunctions \Ifn. The present
computations were carried out using 20 X 20 matrices on an IBM
360/75 computer. The convergence of the eigenvalues and eigenfunc-
tions are all satisfactory. For the eigenfunction of the nth level, we

have
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%= i ak, & (33)

where the q'Jk's are the quartic oscillator wave functions. In principle,
A and 7 can be varied in the calculation to make the eigenvalues of
the Hamiltonian (30) fit the lowest transitions observed for the hydro-
gen bonded complex. Howevei', ratios of successive energy-level
spacings, i.e., [(Wr - Wge) - (Wy+- WO')]/(Wl- - Wy+), are
independent of the scaling factor (ah 4/ 64)1/3; thus 7 can be unambigu-
ously determined if the experimental ratio is known.

The resonance splitting of the O-H- - - vibrational levels had
been studied in detail by Shigorin et al. (17) They have reported that
the broad O-H- - - O stretch in the region of 2700 cm™* splits into two
bands at 2622 and 2675 cm™ (A= 53 cm-!) at low temperatures. A
plot of le_ - Wye) = (Wys - W, )]/(Wi- - W,+) is given in Fig. 16
over the region of n = -11.0 to -13. 0. Experimentally, the ratio of
the splitting over the lowest transition was observed to be 0. 198.
Reference to Fig. 16 then yields a value of -12.5 for # in acetylacetone.
By scaling the energy levels to reproduce the 0-3 transition, we ob-
tained the transition frequencies presented in Table XIII.

The accuracy of the potential function can also be checked by
comparing the isotope effect when the bridge hydrogen is substituted
by deuterium, since it is reasonable to assume that the potential is
.changed only slightly with deuterium substitution. The energy levels
for the deuterium bond can then be determined from the potential func-
tion for the correspording hydrogen bond using the following relation-

ships without the introduction of additional empirical parameters:
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FIGURE 16

A plot of [(Wl_ - W) = (Wys = W }/(wl- - W)
ratio for the lowest two vibrational levels of the poten-
tial function V(X) - A (X* - 7 X*) in the region 7 = -11.0
- to -13.0.
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TABLE XII. The calculated infrared spectrum of
the OH and OD stretching region in

acetylacetone.

OH oD
7 -12.5 -15.7
e(0™) -4427  -4830
€(0™) -4427 -4830
€(1%) -1805 -2855
€(17) -1752 -2858
A 150.5 95. 3
ot -1- . 2675 1972

0- - 1+ 2623 1975
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(g /1) (34)

An /AH

np/ng = (g /i) (35)

The potential function for the O-H: - + O stretching vibration in
acetylacetone is given in Fig. 17. In terms of the reduced coordinate
X,

V(X) = 150.5 (X' - 12.5 X') —_— (36)

for the normal molecule and
V(X) = 95.3 (X -15.7X") cm™ (37)

for the deuterated molecule.

The height of the éentral barrier is 5900 cm™" and the distance
between the potential minima is 0.83 A. Two pairs of energy levels
lie below the top of the central barrier. The energy splitting for the

first pair of levels is 53 cm™*.

Upon deuterium substitution, the most
dramatic effect for the symmetric double minimum potential is the
coalescence of each pair of symmetric and antisymmetric levels below -
the top of the barrier. This behavior simply reflects the difference
in the effect of the central barrier in the wave functions of the sym-
metric and antisymmetric states. From the zero-point energies of
the normal molecule and the deuterated molecule, the zero-point
.energy difference (EI) can be calculated to be 403 em™*.

For the asymmetric potential proposed for structure II, the

central barrier is very high so that for the ground vibrational state,

it is adequate to assume that the isotope shift is given by:
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FIGURE 17

Lower portion of the potential energy function
V(X) = 150.5 (X" - 12.5 X*) em™! for the donor-
acceptor vibration of the bridge hydrogen in the

enol tautomer of acetylacetone.
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1/2
VH/VD = (MD/MH)/ (38)
If we denote the energy difference between the zero point energy of

the normal and deuterated molecules as € then it is clear that

€ = 3 (V

I = -v) = 0.146 v, . (39)

H D)_ H

The fundamental frequency for the OH stretch in intramolecular
hydrogen bonded compounds without resonance stabilization are known
to result in the formation of single-bridge hydrogen bonds similar to
those of the intermolecular hydrogen bonds. The OH stretch usually
occurs as a relatively weak absorption in the range 3570-3450 cm™?, (37)
for example, that of ethyl acetoacetate has been reported to be 3480
cm™! by Févre and Welsh. (38) vy is around 3500 cm™, then the

zero point energy difference is approximately given by:

€q = 0.146 X 3500 cm™ = 511 em™t (40)

The energy difference between the two energy spacings corresponds
to the observed deuterium isotope effect. The isotope effect is

therefore

€q-€ = AEy - AEp = 108 cm-1 (41)

Considering the approximations involved in this calculation, the results

are in reasonable agreement with the Raman results of 188 em™’.
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8. Effect of Substitution

Examination of the results on the deuterium isotope effect and
the temperature effect on the chemical shift of the bridge hydrogen
in some substituted B-diketones and B-keto esters have revealed an
apparent correlation between the temperature dependence and the
deuterium isotope effect in these systems (Table XIV). A large iso-
tope effect is in general accompanied by a pronounced temperature
dependence; and this temperature dependence is large only in B8-dike-
tone systems and not in S-keto esters. The only exception to this
generalization is the case of hexafluoroacetylacetone, where the ab-
sence of a temperature effect for the bridge hydrogen is probably due
to the strong electron-withdrawing property of the CF, groups, which
have a dominating effect on the electron density at the two oxygens
so that an excitation of the donor-accéptor vibration cannot produce
any change in the effective potential function for the bridge hydrogen. |

The chemical shift of the B -diketone systems are also observed
to be more sensitive to the effect of substituent groups on the enol ring
than those of B-keto esters. ’i‘his effect of substituent groups on the
chemical shift of the bridge hydrogen in B-diketones is a direct reflec-
tion of the high degree of electron delocalization in the ring. This type
of electron delocalization can be demonstrated by comparing the induc-
tive effect of substituent groups on the enol ring. In the case of tri-
fluoroacetylacetone, for example, the strong electron-withdrawing
propérty of the CF, group will increase the double-bond character of

the C=0 bond and weaken the C-C bond. Since the CH, group is slightly
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TABLE XIV. Correlation of the proton chemical shifts of the bridge-
hydrogen in the enol tautomer of several pure B-dike-
tones and B-keto esters with the effects of temperature

and deuterium substitution.

Anomalous
Chemical Temper- Deuterium
Shift ature Isotope

Compound (Enol OH) Effect Effect
Acetylacetone -15.57 yesb ¢ yes
a-Chloroacetylacetone -15.37 yesb
1, 3-Diphenyl-1, 3-propanédione -17.00 yesc yesc
Hexafluoroacetylacetone -13.00 no
1-Phenyl-1, 3-butanedione -16.33 yesc yesc
3-Methyl-1, 4- pentanedione 16.50  yes™®  yes®
Trifluoroacetylacetone ~-14,12 yesb
Butyl acetoacetate -12.17 nob
t-Butyl acetoacetate -12.22 nob
t-Butyl a-chloroacetoacetate -12.45 smallb
Ethyl acetoacetate -12. 17 nob no®
Ethyl benzoylacetate -12. 83 small®
Ethyl a-bromoacetoacetate -12.73 nob
Ethyl a-n-butylacetoacetate -12. 85 nob
Ethyl a-chloroacetoacetate -12.28 smallb
Ethyl a-cyanoacetoacetate -13. 45 smallb
Ethyl a-ethylacetoacetate -12.73 nob
Ethyl trifluoroacetoacetate -12.00 smallb
Ethyl a-methylacetoacetate -12.63 no®

2 pata taken from J. L. Burdett and M. T. Rogers, J. Amer. Chem.
Soc., 86, 2105 (1964). Chemical shifts are room temperature values

and aré in ppm from internal TMS.

J. L. Burdett and M. 'T. Rogers, J. Phys. Chem., 70, 939 (1966).

b

€ This work.
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electron donating, its effects on the enol ring occur in the opposite
direction. It follows that the oxygen atom in C=0O of acets;lacetone is
more basic than that of trifluoroacetylacetone, the former forms a
stronger O-- - H bond and a weaker O-H bond than the latter. This is
evidenced by the chemical shift of the two bridge hydrogens, which
occur at -15.57 ppm for acetylacetone and -14.12 ppm for trifluoro-
acetylacetone. Recently, Yoshida et al. (39) studied the effect of sub-
stituent effect on the enol ring on the chemical shifts of the bridge
hydrogen, and the stronger electron-witﬁdrawing_ resonance effect

of the substituent was observed to result in a lower downfield shift
of the bridge hydrogen.

It is also interesting to note that acetylacetone gives a uv spec-
trum markedly different from simple conjugated ketones. (40) In ethyl
acetoacetate, for example, a strong band occurs at 2340 A which cor-
responds to the 7-7 band noted by many investigators for the conjugated
system. Acetylacetone however exhibits a very strong band with a
maximum at 2700 A, and molar extinction coefficient ~ 10,000. This
is where bands for simple unconjugated ketones are usually found, but
these bands are much weaker (molar extinction coefficient ~20). (12)

All of these observations can be readily accounted for if the
enol tautomer of the B-keto esters exist predominantly in the asym-
metric structure, whereas acetylacetone and related f-diketones exist
predominantly in the symmetric structure. It is perhaps no coincidence
that the chemical shift of the bridge hydrogen in B-keto esters does not
exhibit any significant temperature dependence or isotope effect with

deuterium subStitution, and that it is also ihvariably found to be
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3 to 4 ppm upfield from that observed in the p-diketones.

9. Solvent Effect

We have observed that the chemical shift and linewidth behavior
of the bridge hydrogen is quite different when the solvent is n-butyl
ether. The data at 100 MHz indicate that at low temperatures slow
chemical exchange is occurring and as the temperature is increased,
the intermediate and finally the fast exchange regions are encountered.
Due to the increase in observing frequency, the linewidth behavior at
220 MHz indicates only the slow and intermediate regions. Examina-
tion of Figures 6 and 7 show that at approximately 10°C, the chemical
shift of the OH resonance in n-butyl ether departs from that observed
in cyclohexane and the linewidth of the resonance has broadened ap-
preciably. Thus, the results indicate that a minor species, whose
chemical shift is at higher field, is present in small quantity and is
exchanging with the major species. Analysis of these results by adding
an additional term in Equation (23) (8 m FIII) and using the data which
approximate- the fast chemical exchange region indicates that this
third species is present to the extent of approximately 1% in n-butyl
ether. The chemical shift for the OH in this tautomer is predicted to
occur approximately 5 ppm downfield from the enol methyl resonance.
The most likely candidafe for this minor species is an enol form of
acetylacetone in which the intramolecular hydrogen bond has been
broken and the OH group is rotated out of the molecular plane. In

this configuration, conditions are favorable for the ether oxygen group
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of the solvent molecule to form a hydrogen bond with the bridge
hydrogen.

" It is well known that if a molecule can exist in two distinct
molecular environments B and C, where B is acetylacetone in the
enol tautomer and C is the acetylacetone ether complex, the chemical
shift(s) and the linewidth(s) of the resulting nmr signal(s) will be deter-
mined by the ratio of the rate of chemical exchange to the chemical
shift difference between the two environments (the nmr time scale).
| When the exchange is fast compared to the nmr time scale, only the

weighted average signal is observed and its linewidth is given by(41)

2 _2 2
AVops = AV + 41 Pg Po A (TB+7'C) (42)

where AVob is the observed linewidth; Av, is the weighted average

S
linewidth in the absence of chemical exchange; ™’ and e denote
their pre-exchange lifetimes; 'A is the chemical shift difference of the
proton between the two environments; PB and PC are the relative
populations of the two exchanging species and are related by the
standard free energy difference between the two species:

-AG/RT
P /Py [Ether ]=e (43)

It is clear that in this limit, increasing the temperature will decrease
the linewidth, since both ™8 and Tc decrease with temperature. In the
slow exchange limit, i.e., when the exchange is slow on the nmr time
scale, we expect to see two separate signals, provided that the popu-

lations of both species are large enough and their resonances narrow
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enough to enable them to be observed. The linewidth of the reso-

nances due to species B is, for example, given by(41)

(Avopedg = (AVg)g +1/m 75 (44)

Here {(Av, )B is the resonance linewidth of species B in the absence of
chemical exchange. Note that because of the reciprocal dependence

on g, the linewidth increases with temperature in this limit. As
expected, in the intermediate exchange region, where the exchange is
‘taking place at a rate comparable to the nmr time scale, maximum
broadening occurs. Thus, as the exchange rate increases from the slow
to the fast exchahge limit, the resonance broadens to a maximum

width, and then decreases in width.

We also note that since A, the chemical shift difference of the
bridge hydrogen between the two magnetic environments, is directly
proportional to the magnetic field strength in the limit of fast exchange,
we expect the exchange linewidth to be proportional to the square of
the maghetic field (cf. Eq. (42)). In the limit of slow exchange, how-
ever, the linewidth should be independent of the magnetic field (cf.
Eq. (44)). Our experimental data show that in the high temperature
region, the linewidth of the bridge hydrogen increases by a factor of
two to four (depending on temperature) as the magnetic field is in-
creased from 23. 5 Kilogauss (100 MHz) to 51. 7 Kilogauss (220 MHz).

We have also observed that the linewidth due to exchange at
low temperatures is a linear function of the concentration of the sol-
vent n-butyl ether. A mechanism which is consistent with this con-

centration depéndence is the formation of the acetylacetone-ether
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complex. The exchange process may be summarized as follows:

0k
CH3f'I-CH=C|1-CH3+(Bu)2 O = CH,C-CH=C-CH,

k. I | Bu
- 1 0 O-H.-. 0/ ,
(B) (C)
In this case,.
_d [Acc::zlacetone] = k [Acetylacetone |[Ether | (45)
and it follows that
1 __d [Acetylacetone | - 'k [Ether | (46)
T [Acetylacetone | dt

Since the line broadening of the bridge hydrogen arises from
the chemical exchange between B and C, the linewidth of the bridge
hydrogen can be calculated for a given k if the relative populations
between the two species as well as the chemical shift difference A,
is known. We have carried out such calculations for the bridge
hydrogen using the Dynamic NMR Program provided by G. Binsch
and D. A. Kileier. #*2) 1 is possible to extract the rate constant k
from the experimental linewidth for a given assumed 4 and AG®. At
a given temperature, the observed linewidths at 100 MHz and 220 MHz
must, however, yield the same k and this correspondence must apply
over the whole temperature range if Aand AG® are to be unique.
Since the chemical shift of acetylacetone is a function of temperature

in inert solvents, this temperature dependence has to be taken into
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consideration in the choice of A. As a result of a number of itera-
tions, we have found that A= 850 Hz at 100 MHz at 20°C and AG® =
3. 87 Kcal gave the best fit to our data.
A comparison of the observed linewidth at the two frequencies
with the theoretically expected linewidth is depi(;ted in Figs. 18 and 19.
It is observed that the theoretical linewidths deviate from the experi-
mental data at high temper-atures. This is apparent only in the 220
MHz data where the exchange rate is still in the intermediate exchange
region at the highest temperature studied. The 100 MHz line shapes
are less sensitive at high temperatures where the exchange is rapid.
This is indicated by the variation of linewidths with rate constants at
different population ratios in tw o observing frequencies. These re-
sults are shown in Figs. 20 and 21,
It is conceivable that the reaction is more cdmplicated
at high temperature. One probable reaction is the break-up of
the intermolecular hydrogen bond in the acetylacetone-ether complex
to give another "open' species:
CH,C-CH=C-CH, CH,C-CH=C-CH,
i | _Bu il | _Bu
O O-H---0_ - O O-H + 0
Bu Bu
The thermodynamic parameters for this process cannot be derived in
this study. Presumably, this free OH proton would be the most shielded
of all forms of acetylacetone considered. Due to the increase in fre-
quency separation between ’the exchanging species, the experimental

linewidth is expected to be broader than the theoretical value.
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FIGURE 18

A comparison of the calculated and observed
linewidth of the bridge hydrogen at 100 MHz.
Concentration of acetylacetone in n-butyl

ether; 0.12 mole fraction.
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FIGURE 19

A comparison of the calculated and observed
linewidth of the bridge hydrogen at 220 MHz.
Concentration of acetylacetone in n-butyl

ether: 0.12 mole fraction.
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FIGURE 20

Calculated dependence of the linewidth
of the bridge hydrogen at 100 MHz on the
exchange rate constant for a range of

population ratios.
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FIGURE 21

Calculated dependence of the linewidth of
the bridge hydrogen at 220 MHz on the ex-
change rate constant for a range of population

ratios.
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In Fig. '22, we have plotted the log of the rate constant so ex-
tracted versus the reciprocal temperature in the range 0 to 60°C.

The slope yields an activation energy of 10.5 Kcal for the conversion
of B to C. The life time of the bridge hydrogen in a 0. 12 mole frac-
tion of acetylacetone in n-butyl ether is found to be 1.4 X 1072 sec.at
20°C. The second order rate constant for this process is 13 sec™!
M™ at 20°C.

There is no physical evidence that this "open' form of acetyl-
acetone exists in cyclohexane since the deuterium isotope effect on the
OH chemical shift is the same in cyclohexane and n-butyl ether through-
out the temperature range studied. In addition, the linewidth behavior
is very different in the presence of the open form. We must conclude
therefore 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 of acetyl-

acetone.
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FIGURE 22

A plot of the log of the rate constant versus

the reciprocal temperature.
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V. CARBON-13 NMR STUDIES

In a comprehensive study of 130 chemical shifts in a variety
of molecular systems, Lauterbur(43) first reportied a downfield shift
of about 5 ppm in the carbonyl carbon in methyl salicylate, and attri-
buted this shift to the effect of intramolecular hydrogen bonding between
the carboﬁyl oxygen atom and the hydroxyl hydrogen. This interpreta-

44) who were able to

tion is further elaborated by Maciel and Savitsky'
distinguish the "carbonyl carbon' (C=0- - - H) and the "hydroxyl carbon"
(=C-0-H) by examining the carbon-13 nmr spectra of a series of com-
pounds in which strong intramolecular hydrogen bonds are known to
exist between a carbonyl group attached to a benzene ring and a hy-
droxyl group situated ortho to the carbonyl group. It was found that
the intramolecular hydrogen bond shifts the '"carbonyl carbon' down-
field by amounts ranging from. 3 to 7 ppm; while the "hydroxyl carbon"
is shifted upfield by 2 to 5 ppm. These hydrogen bonding shifts are
summarized in Table XV.
The results of our molecular orbital calculations on the enol
tautomer of acetylacetone have indicated that the motion of the bridge
hydrogen is strongly coupled to the electronic charge distribution in
the enol ring system. In view of the large effect of the intramolecular
hydrogen bond on the chemical shifts of the carbonyl groups, the e
chemical shifts of the ring carbons are expected to exhibit a tempera-
ture dependence, since the ratio of the asymmetric structure of the
enol tautomer is known to increase with temperature and upon deuteri-

um substitution. An examination of the '°C nmr signals of the ring
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TABLE XV. ' 'C chemical shifts of carbonyl groups
in some aromatic systems demonstrating

effects of intramolecular hydrogen bonding. a
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carbons should provide additional insight into the structure of the
symmetric and asymmetric forms of the enol tautomer. |

‘A typical '°C spectrum of neat acetylacetone in natural abundance
at a normal probe temperature of 18°C is shown in Fig. 23. The sen~
sitivity is greatly improved in fhis spectrum by deriving it as the
Fourier transform of the free induction signal after a strong radio-
frequency pulse. The carbonyl region of interest is shown in detail
in Fig. 24. Since acetylacetone has an enol content of 76-80% in the
neat liquid, 3) the two signals in this region of the Yc spectrum can
be readily assigned to the C=0 keto and C=0 enol carbon from the
observed intensities. The weaker downfield signal is assigned to the
keto form and is used as reference in chemical shift measurements.
The more intense peak at 10. 8 ppm upfield, which is about four times
as intense as the lower field signal, must be due to the enol form.
The fact that only a single strong band can be attributed to the C=0
enol does not enable us to differentiate the symmetric and asymmetric
structures. Due to the rapid tunnelling rate of the bridge hydrogen and
the high degree of symmetry in the acetylacetone molecule, the ob-
served peak position is an average of the chemical shift for a carbon
nucleus in two different environments, the "carbonyl carbon' and the
"hydrdxyl carbon''. We shall show later that the deuterium isotope
effect and the temperatﬁre study provide additional evidence to the
existence of these two structures. The CH resonance is found at 101.9
ppm upfield from the C=O keto with a coupling constant of 167 Hz. The
- CH, resonances éentered at 144. 2 ppm are rather weak due to the low

abundance of the keto form and the spin coupling of the protons. Two
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FIGURE 23

A Fourier Transform “°C spectrum of

neat acetylacetone in natural abundance.
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FIGURE 24

The 13C NMR spectrum of the carbonyl

region in neat acetylacetone.
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groups of methyl resonances are observed arising from the enol and
the keto forms. The chemical shifts are 148.7 ppm and 154. 6 ppm

for the enol and keto methyl groups, and a coupling constant of 127 Hz
is observed in each case. The assignment in the methylene and methyl
regions are different from the work of Stothers and Lauterbur(46) who
first reported and assigned the *3C nmr spectrum of acetylacetone.

The methylene peak was not observable in their spectrum and the
assignments of the enol and keto methyl resonances were reversed.

In the partially deuterated acetylacetone, two resonances are
observed in the C=0 enol region, in addition to the C=0 keto resonance.
A spectrum of the carbonyl region is shown in Fig. 25. The downfield
resonance at 10. 9 ppm may be assigned to the residual C=0O- - - H reso-
nance in comparison with the spectrum of neat acetylacetone. The
resonance ~40 Hz upfield from it (11.6 ppm) is therefore assigned
to the C=0-...D resonance. In the presence of a trace amount of water,
the two C=0---H and C=0- - ‘D resonances collapse into one signal indi-
cating that there is rapid exchange between the bridge proton and the

deuterium.

Temperature Study

The results of the temperature study on the carbonyl shift of
acetylacetone and partially deuterated acetylacetone are shown in Fig.
26. A downfield shift of 50 Hz is observed when the temperature in-
creases from -10°C to 90°C. The results of our previous proton
temperature study indicate that the amount of the asymmetric struc-

ture increased from 10% to 17% as the temperature increases
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FIGURE 25

The *°C NMR spectrum of the carbonyl
region in neat partially deuterated acetyl-

acetone.
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FIGURE 26

Variation of the chemical shift of C=0O enol resonance

as a function of temperature.

@ C=0--+D in neat partially deuterated acetylacetone.
q> C=0---H in neat partially deuterated acetylacetone.

B C=O--:H in neat acetylacetone.
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from -10°C to 90°C, and the deuterium temperature study indicates
~ that this percentage increased from 24 to 30 over this tenﬁperature
range. Since deuterium substitution and raising the temperature both
increase the percent of the asymmetric structure, one would expect
the C=0 enol resonance to be shifted in the same direction in these
experiments. However, our results indicate that deuterium substitu-
tion shifts the C=0 enol resonance upfield whereas raising the tempera-
ture shifts the resonance downfield. |

This apparent contradiction can be resolved if we take into con-
sideration the isotope shift induced on the ‘°C resonance when the
bridge hydrogen is substituted by deuterium. In most cases,' heavy
| isotopic substitution shifts the nmr éignal of a nearby nucleus toward
a higher magnetic field, i.e., deuterium substitution would result in
an increase in shielding of the neighboring nuclei. The magnitude of
the isotope shift is known to depend on the range in chemical shifts of
the resonant nucleus; therefore a large upfield isotope shift is to be
expected since the *C chemical shifts range over 350 ppm. A study
of the carbonyl resonance in CH,COOH and CD,COOD indicate an up-
field shift of 90 Hz upon deuterium substitution. We therefore conclude
that, on the average, the symmetric structure has a C=0 enol resonance
upfield from that of the asymmetric structure, so that a downfield shift
of the C=0 enol resonance is observed with increasing temperature.
Upon deuterium substitution, the ratio of the asym'metric structure
increases, but the observed chemical shift is dominated by the large
isotope shift which moves the resonance upfield.

‘Results of the CNDO calculations on the CO pi-bond order are



122

also consistent with the carbon-13 results. Since the average shift
of the two carbonyls are observed experimentally, the average bond
order of the two carbonyls in each of the symmetric and asymmetric
forms must be considered. Fig. 15 shows a summary of the bond
orders in the ring system as the bridge hydrogen is moved along the
O- - - O distance in both the symmetric and asymmetric forms. The
hydrogen-bonded ""carbonyl carbon' has a high CO pi-bond order of
0. 93 compared with the "hydroxyl carbon' which has a low bond order
of 0.27. These calculations also indicate that on the average, the
enol carbonyls in the symmetric structure have a higher bond order
than the asymmetric structure.

The polarity of the carbonyl'pi bond has been correlated to the
carbonyl chemical shifts by Maciel and Natterstad. (45) A reduction
in the polarity of the pi-bond results in an increase in electron density
which screens the C=0 carbon nucleus. Since the carbonyls on the
symmetric structure have a higher bond order on the average, the
13 resonance would be expected to occur upfield to the asymmetric

form. Stothers and La_uterbur(46)

also concluded from a study of sub-
stituent effects on carbonyl chemical shifts that conjugation tends to
shield the carbonyl carbon. This prediction is therefore consistent
with the change in direction of the C=0 enol chemical shift with tem-
‘perature.

We have been able to interpret the results of this study in terms
of the two-state model proposed in the previous sections. The fact that

only one resonance is observed for the carbonyl groups in neat acetyl-

acetone is a direct reflection on the rapid tunnelling rate of the bridge
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hydrogen and its effect on the electronic distribution in the ring sys-
tem. This strong coupling between the motion of the bridge hydrogen
and the electronic distribution in the ring system is essential to the
fundamental difference between the structure of the symmetric and

asymmetric form in the enol tautomer of acetylacetone.
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VI. CONCLUSION

The nature of the intramolecular hydrogen bond in acetylacetone
has been studied in detail. Our results suggest that there are two
tautomers for the enol form of acetylacetone, the symmetric struc-
ture (I) and the asymmetric structure (II). The difference between
these two structures arises from difference in the 7 electron distri-
bution in the enol ring. When the donor-acceptor vibration is in thé
ground vibrational state, the potential functipn is symmetric double
minimum in nature, and when it is in the first vibrational excited
state of the donor-acceptor vibration, then the potential function is
asymmetric. These two structures-are in rapid equilibrium on the NMR
time scale; but relatively slow on the IR time scale. Analysis of the
NMR temperature data in terms of the two-state model result in an
energy difference of 405 cm™" between the two states, and this energy
difference is reduced to 215 cm™ in the deuterated case. These changes
in the zero-point vibrational amplitude upon isotopic substitution in the
two different potential functions give rise to the anomalous deuterium
isotope effect observed for the bridge hydrogen. The transitions
between the ground stgte and the first excited state of the donor-acceptor
vibration are observed to correspond to two depolarized Raman bands
observed for the normal and deuterated acetylacetone. The intercon-
version of these two tautomers can be brought about by a symmetric
O- - - O stretch which could produce a charge shift in the 7 system
which then alters the effective symmetry of the potential functionfor

the hydrogen bond.



D G e W

10.
11.

12.
13.
14.

15.

16.
17.

125

REFERENCES

K. H. Meyer, Ann, Physik, 380, 212 (1911); Ber. 44, 2718 (1911);
45, 2843 (1912); 47, 826, 832 (1914).

H. S. Jarett, M. S. Sadler and J. N. Shoolery, J. Chem. Phys.,
21, 2092 (1953).

L. W. Reeves, Can. J. Chem., 35, 1351 (1957).

L. W. Reeves and W. G. Schneider, Can. J. Chem., 36, 793 (1958).
F. J. Balta Calleja, Compt. Rend., 249, 1102 (1959).

J. L. Burdett and M. T. Rogers, J. Amer. Chem. Soc., 86, 2105
(1963).
M. T. Rogers and J. L. Burdett, Can. J. Chem., 43, 1516 (1965).

J. L. Burdett and M. T. Rogers, J. Phys. Chem., 70, 939 (1966).
G. Allen and R. A. Dwek, J. Chem. Soc. (B), 161 (1966).

R. Mecke and E. Funck, Z. Elektrochem., 60, 1124 (1956).

G. C. Pimentel and A. L. McClellan, "The Hydrogen Bond",

W. H. Freeman and Co., San Francisco, 1960, p. 167.

R. S. Rasmussen, D. D. Tunnicliff and R. R. Brattain, J. Amer.
Chem. Soc., 71, 1068 (1949).

G. G. Smith, J. Amer. Chem. Soc., 75, 1134 (1953).

L. J. Bellamy and L. Beecher, J. Chem. Soc., 4487 (1954).

S. Bratoz,"D. Hadzi and G. Rossy, Trans. Faraday Soc., 52,
464 (1956).
E. E. Ernstbrunner, J. Chem. Soc. (A), 1558 (1970).

D. N. Shigorin, A. P. ,Sk‘oldinov, T. S. Ryabchikova and G. A.
Golder, Zhur. Fizicheskoi Khimii, 38, 1996(1964).




18.
19.
20.

21,

22.
23.
24.
25.
26.

2%.

28.

20.
30.

31.
32.

33.

34.

126

H. Ogoshi and K. Nakamoto, J. Chem. Phys., 45, 3113 (1966).
P. Diehl and T. Leipert, Helv. Chim. Acta,'ﬂ, 545 (1964).

H. Batiz-Hernandez and R. A. Bernheim, "Pfogress in Nuclear
Magnetic Resonance Spectroscopy', Vol. 3, Pergamon Press,
Oxford, 1967, p. 63. _
J. A. Pople, W. G. Schneider and H. J. Bernstein, "High-
Resolution Nuclear Magnetic Resonance', McGraw-Hill, New
York, 1959, p. 407.

. ‘Muller and R. C. Reiter, J. Chem. Phys., 42, 3265 (1965).

. Schaefer and G. Kotowycz, Can. J. Chem., 46, 2865 (1968).

N
T
B. M. Fung, Thesis, California Institute of Technology, 1967.
R. Hoffman, J. Chem. Phys., 39, 1397 (1963).

L. Pauling, "The Nature of the Chemicél Bond'", Cornell Univer-
sity Press, New York, 1960, p.260.

J. A. Pople, D. P. Santry and G. A. Segal, J. Chem. Phys.,

43, S129 (1965).

A. S. N. Murthy, R. E. Davis and C. N. R. Rao, Theoret. Chim.

Acta, (Berl.), 13, 81 (1969).
J. A. Pople and G. A Segal, J. Chem. Phys., 43, S 136 (1965).

A. S. N. Murthy, R. E. Davis and C. N. R. Rao, Chem. Phys.

Lett., 2, 123 (1968).
J. A. Pople and G. A. Segal, J. Chem. Phys., 44, 3289 (1966).

K. B. Wiberg, J. Amer. Chem. Soc., 90, 59 (1968).
J. Brickmann and H. Zimmermann, J. Chem. Phys., 50, 1608
(1969).

K. S. Pitzer, "Quantum Chemistry", Prentice-Hall, Inc., New



35.

36.

37,

38.
39.

40.

41.

42.

43.
44,
45.
46.

127

Jersey, 1953, p. 237.

R. L. Somorjai and D. F. Hornig, J. Chem. Phys., 36, 1980
(1962).
S. I. Chan and D. Stelman, J. Mol. Spectry., 10, 278 (1963);

S. I. Chan, D. Stelman and L. E. Thompson, J. Chem. Phys.,

41, 2828 (1964); S.I. Chan, T. R. Bergers, J. W. Russell,
H. L. Strauss and W. D. Gwinn, ibid., 44, 1103 (1966).

L. J. Bellamy, ""The Infra-red Spectra of Complex Molecules",
John Wiley and Sons, Inc., New York, 1958, p. 102.

R. J. W. Le Féevre and H. Welsh, J. Cbhem. Soc., 2230 (1949).

' Z. Yoshida, H. Ogoshi and T. Tokumitsu, Tetrahedron, 26,

5691 (1970).

R. M. Silverstein and G. C. Bassler, "Spectrometric Identifi-
cation of Organic Compounds'’, John Wiley and Sons, Inc., New
York, 1963, p. 159.

J. A. Pople, W. G. Schneider and H. J. Bernstein, "High Reso-
lution Nuclear Magnetic Resonance', McGraw-Hill, New York,
1959, p. 218.

G. Binsch and D. A. Kleier, ""The Computatiqn of Complex
Exchange-Broadened NMR Spectra Computer Program DNMR",
Quantum Chemistry Program Exchange, 1969.

P. C. Lauterbur, Ann. N. Y. Acad. Sci., 70, 841 (1958).

G. E. Maciel and G. B. Savitsky, J. Phys. Chem., 68, 438 (1964).

G. E. Maciel and J. J. Natterstad, J. Chem. Phys., 42, 2752 (1965).
J. B. Stothers and P. C. Lauterbur, Can. J. Chem., 42, 1563 (1964).




128

APPENDIX

Molécular Orbital Calculations

An ideal solution to quantum mechanical problems is to find
the wave function ¥, which are solutions to the Schrodinger equation
H¥= EY¥, in which the Hamiltonian operator, H, includes all interac-

tion terms for electrons and nuclei. If the nuclei are assumed to be

fixed, the Hamiltonian for the electrons is represented as follows:(l)
h? NV ooz U OZ : 2
%, = - S v - ) = +F—Q— A-1
8m®m & 1 : ry .or..
i i 1 i>7 7ij

where the successive terms represent operators for the kinetic energy
of the electrons (i), the nuclear-electronic attraction, and the repulsion
between electrons. Unfortunately, the solution for this Hamiltonian
becomes too complicated for any but the simplest molecules, unless
some method of approximation is used.

The Hiickel methOd(z) consists in the approximate determination
of the molecular orbitals and the associated energy values for one elec-
tron in a potential field corresponding to the molecule. The total energy
is then considered to be the sum of the energies of all the electrons,
distributed among the more stable molecular orbitals with no more
than two electrons per orbital. The application of this method is
limited because no specific considerations are given to the electron
repulsion terms.

The CNDO/2 method proposed by Pople, Santry and Segal(s)
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is used in the calculations on acetylacetone. The main improvement
of the CNDO method over the simpler Hiickel calculations is that it
includes explicit rather than averaged electron repulsion terms in the
Hamiltonian, This inclusion removed important conceptual deficiencies
of earlier semi—empirical molecular orbital methods. The calculations
are in generé.l more complex than the simpler Hiickel methods because
this calculation is based upon self-consistent orbital equations(4) and
therefore the single determinant functions should also be made inter-
nally self-consistent. _ .

In the LCAO MO method, the 1 molecular orbital is expressed

in terms of the atomic orbitals:

ﬁ!i = I o u Py A-2
m
where the equations which determine the u~th atomic orbital coeifi-
cients are, under the variation principle,
% F“V Ciy = ei 23 Suvciv A-3
where
F = ¥ + G A-4

In these equations, €5 is the orbital energy for the molecular

orbital ‘I'i. 5 Y is the matrix element of the one-electron Hamiltonian

il
including the kinetic energy and the potential energy in the electrostatic

field of the core. G;w is the matrix element of the potential due to

other valence electrons and includes electron repulsion terms.
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The total electronic energy of the valence electrons is given

by:

1
€electronic = 2 EV Puv(H_uv*Fuv) A-5
b

where P‘w is the charge density and bond-order matrix:
| Occ
PMV = 2 ‘1/3 Ciuciu A-6
The total energy of the molecule is obtained by adding the
repulsion energy between cores.
Z,Z
E =€ .+ 5 ZA"B_ A-1
total electronic A<B Rap
where Z A is the core charge of atom A and R AR is the A-B internuclear
distance.
The full treatment of the CNDO method has been developed in
detail by Pople and Segal. 3,5,6) The several approximations used
are briefly described below:
(1) The overlap distribution ¢ i (1) q@V (1) of any two atomic
orbitals ¢ and q")v is neglected in all electron repulsion integrals.

i
(2) All electron interaction integrals are neglected other than

Yy = JI 10,0 0,@ ¢, 0) ¢, @)/r, ] dv, av, A-8

(3) The electron-interaction integrals v  , are assumed to

i
depend only on the average repulsion between an electron in a valence

atomic orbital on A and another in a valence orbital on B and not to the
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actual type of orbital.

(4) Integrals (u | VB [v Ywhere ¢ m and ¢'v belong ;co atom A
are assumed to be zero if 4 # v. In the case when = 1 the integral
has a fixed value for all valence atomic orbitals on atom A.

(5) Ofi-diagonal core matrix elements between atomic orbitals
on different atoms are estimated by a formula

%uv = Buv = BABO Sy
0
where S Ly is the overlap integral and B AB is an empirical bonding
parameter depending only on the nature of the atoms A and B.
Under these approximations, the pertinent matrix elements

become:

F,..=H

1
pp=Hy,t+tz P

| ™ _
uu”uu”’f(”) Poo Vyg (Approx. 1&2) A-10

1
= - 2 -
Hup= 2 PupYan * Pan¥aa ™ o, ) PBB7AB A-11
(Approx. 3)
where U belongs to atom A and PBB is the total valence electron
density on atom B.
B |
Pppg = z;, P,, A-12
2

H,, = (u|-3vV-v, |- 2 (|Vvy|w A-13

BE - B(2A)



where

and
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=U - 4 V,o, (4 onatom A) (Approx. 4) A-15
[y B(2A) AB
Fup= Hy,- 3 Puy ¥y (L#v) (Approx. 1& 2) A-16
2
Hy, = (] -3 V -V, |v)- (k|vg | A-17

>
B(#A)

0 (1 # v, but both on the same atom) (Approx. 4) A-18

i

BAB Wy (M#: v, but both on different atoms) A-19
(Approx. 5)

Hence, the matrix elements now reduce to the following form:

= -1 - -

0
Fuy = Bag Sy -2 Py, vap (H#V) A-21

Using the same approximations, the total energy is given by:

Z E, + 2z BE

- - A-22
total = 5 “A T 4 Cp AB

o~~~
J
e ]
N

2
TR 7170 Puv)YAA A-23

A B o,
Exp = i ‘z @PuyBuy-2Pyy 7pp A-24

-l

+(Zp%Z5 Rap - PaaVaAB - PeBVBA *PAA PBB7AB
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The minimum basis set of Slater-type orbitals for the valence
shell is used in the calculation. The Slater Z' value of 1&. 2, 3.25 and
4.55 are used for hydrogen,‘ carbon and oxygen respectively. The
overlap integrals S py are all calculated explicitly from formulas
given by Mulliken et al. (7) The electron repulsion integrals Yuv are
calculated using two-center Coulomb integral involving valence s
electrons. Formulas for these integrals are listed by Roothaan. (8)

The calculation of V AB and U, , in this study follows the

CNDO/2 version as given by Pople a.:d“Segal. ) This version is
different from the general CNDO method in two ways: (1) Certain
penetration-type terms which led to excess bonding between formally
nonbonded atoms has been omitted in the CNDO/2 version. This cor-

responds to expressing the repulsion energy term as follows:

VaB = Z7aB A-25

There is no justification for this correction, but it results in more
accurate bond lengths and binding energies by introducing an error
similar to those introduced through the neglect of overlap populations
but is of opposite sign. (2) The local core matrix elements which
were obtained from atomic ionization potential Iu previously are
chosen empirically using data on both atomic ionization potential

-and electron affinities, AIL'
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PROPOSITION 1

NMR STUDY lOF THE INTERACTION BETWEEN
PURINE AND STEROIDS

Abstract: It is proposed to study the possible complexation of steroid
and purine in aqueous medium using high resolution proton magnetic
resonance spectroscopy.

It has been reported(l) that some polycyclic aromatic carcino-
genic hydrocarbons, such as dibenzcarbazoles, form complexes with
caffeine and other purines, although the nature of the interaction is
yet unknown. .If the complex-forming properties of purines extend to
include steroids, which are also polycyclic compounds, it is conceiv-
able that the broad spectrum of physiological activities of steroids,
both desirable and adverse, could be mediated by the formation of
complexes with adenine nucleotides, since the activities of enzyme
systems containing adenine nucleotides, the nucleic acids, or both,
might thereby be altered.

The solubilities of progesterone, deoxycorticosterone, and
testosterone in water have been found to increase in the presence of
adenine, adenosine and the isomers of adenosine monophosphate. (2)
This effect was considered to be due to an interaction between the
steroids and purine. Munck g:c_all_.(s) studied this interaction using the
method of partition equilibrium. A water/ heptane system was used in
which the concentration of steroid in water aﬁd in water solution of

coenzyme derivatives were determined by ultraviolet absorbance.
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A series of twelve steroids were studied; the results obtained gave a
qualitative pattern for the interaction of purine and steroids. They
postulated that the o -surface presented by the a.xiai hydrogen atoms
in rings C and D and part of ring B were involved in the interaction
(see Figure 1 for steroid structure). The forces involved were as-
sumed to be. of the London-Van der waals dispersion type, but specific
experimental evidence for the nature of the interaction was not given.

Tsutsui ﬁ.(‘l) have shown that certain steroids have an inhi-
bitory action on glucose-6-phosphate dehydrogenase, and they all pos-
sess a ketone group in the C-17 or C-20 position. The same conclusion
is reached in a recent study on the specificity of steroid inter'action-
with glucose-6-phosphate dehydrogenase. (5) Estrone and estradiol
have been observed to have a rate-accelerating effect on isocitric
dehydrogenase. (6,7) Studies on glutamic dehydrogenase also revealed
that corticosterone and cortisol have a stimulating effect on the initial
rate of the reaction. (8) All of these reactions require nicotinamide
adenine dinucleotides, and it is not clear whether the substrate speci-
ficity or the effect on the reaction rate is dependent on the enzyme, the
coenzyme or a combination thereof.

In view of the lack of more conclusive experimental evidence
on the details of the interaction between steroid hormones and purine-
containing coenzymes, a high resolution nuclear magnetic resonance
(NMR) study of these gompounds in solution is highly desirable. This
would provide not only direct evidence for the existence of the complex,
but can also be used to uncover the geometry of the complex and the

nature of the interaction. NMR has beeﬁ found to be a useful method
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FIGURE 1

Models of androstane showing the
numbering of carbon atoms and rings

A, B, C, and D.
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. for studying interactions between purine bases and nucleosides, and
has allowed hydrogen bonding to be distinguished from basé stacking. (9-11)

The first classical study of the NMR spectra of steroids was
carried out by Shoolery and Rogers in 1958. (12) They were able to
show that the resonance of angular methyl protons is dependent on both
the nature and orientation of substituent groups in the steroid skeleton
and their effects are additive. Numerous studies of steroids using
NMR have since appeared, (13) and deuterated chloroform is the com-
mon solvent used. Solvent effects due to pyridine and benzene have
also been investigated. (14,15) It was shown that when the carbonyl
group is relatively near C-19, but remote from C-18, the shielding
‘effect on passing from deuterated chloroform to benzene solution is
greater on C-19. Alternatively, for compounds where the carbonyl
group is in ring D, there is a larger shielding effect on C-18. Also,
axial methyl resonances suffer an appreciable upfield shift (0.2 ppm)
on passing from deuterated chloroform to benzene solution, but equa-
torial methyl groups suffer a small downfield shift (0. 06 ppm). These
results are consistent with the formation of a collision complex in which
the m-electrons of the benzene ring interact with the partial positive
charge on the carbonyl carbon atom.

It is proposed that the possible complexation of steroid and
purine be studied in deuterated water medium using high resolution
proton magnetic resonance spectroscopy. The scope of this study will
include three series of steroids: the pregnanes (21-C's), the androstanes
(19-C's) and the estranes (18-C's). Since steroids are relatively insolu-

ble in water, the soluble salts of the sulfate, phosphate or succinate
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esters must be used. Among the three series of steroidslunder study,
sodium sulfate salts of the estrane and androstane derivatives are
commercially available. Most of the sodium phosphate and sodium
succinate salts of the pregnane derivatives are also commercially
available; others can be prepared by esterification of the C-21 pri-
mary alcohol. (16) A list of the steroids under study are presented in
Figs.2-4. The substituents and degrees of unsaturation of the steroids
chosen are varied in a systematic fashion so that their effects on the
interaction may be studied. The pregnane series includes the adreno-
cortical and progestational hormones. From the list of seven steroids
chosen, this study would elucidate the effects of the OH-groups on C-17
and C-11, of the keto-group on C-11, and of the presence of double
bonds on ring A. The androstane series is chosen because it repre-
sents the nucleus of the male sex hormones, some of which are car-
cinogenic. These compounds would enable us to study the effect of
unsaturation on ring B, and to compare the o and 8-configurations of

| the hydrogen on position 5 of the steroid nucleus. The estrane series
represents the female estrogenic hormoneé, and provides examples

to study the effect of conjugation in rings A and B.

Solutions of steroids in phosphate buffer, pD 7.0 will be pre-
pared in different concentrations of purine, and the NMR spectra will
be taken by using a Varian HR-220 spectrometer. The Varian C-1024
time-averaging computer will be used in conjunction with the spectrom-
eter when necessary. If a molecular complex were formed between a
steroid and purine in water as hypothesized by Munck et al., @) the

resonances of all protons involved in the interaction should shift
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FIGURE 2

Pregnane Series

(Il  pregnane-21-01-3, 20-dione

(II) 4-pregnene-21-01-3, 20-dione

(OI) 4-pregnene-17a, 21-diol-20-one

(Iv) 4-pregnene-118, 21-diol-3, 20~dione

(V) 4-pregnene-118,17a,21-triol-3, 20-dione

(VI) 4-pregnene-17a, 21-diol-3, 11, 20-trione

(Vi) 1, 4-pregnadiene-118-17¢, 21-triol-3, 20-dione
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FIGURE 3

Androstane Series

3 a -hydroxy-5a -androstane-17-one sulfate, sodium salt
3 a-hydroxy-58-androstane-17-one sulfate, sodium salt
3 a-hydroxy-5a -androstane-11, 17-dione suliate,

sodium salt

3 a-hydroxy-58-androstane-11, 17-dione sulfate,

sodium salt

3B8-hydroxy-5-androstane-17-one sulfate, sodium salt
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FIGURE 4

Estrane Series

() 1,3, 5-estratriene-38, 110-diol-disulfate,
dipotassium salt

(O) 1,3, 5-estratriene-38, 16, 178-triol
trisulfate, trisodium salt

(mmn 1, 3, 5(10), 6, 8(9)-estrapentaene-38-01-17-

one sulfate,sodium salt
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upfield. Such upfield shifts have been shown to result from base
stacking in several studies of purine binding to bases, nucleosides
and nucleotides, and are a consequence of the ring current magnetic

anisotropy of purine. (17-19)

In this study, it is conceivable that purine
would form a stronger complex with steroids having less interfering
substituents such as hydroxy groups. It is tempting to speculate that
part of the specificity of steroid hormone actions might be due to

steroid-coenzyme interactions, which might in turn alter protein

synthesis and metabolism.
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PROPOSITION II

METALLIC DMSO COMPLEXES AND THEIR
BIOLOGICAL TRANSPORT PROPERTIES

Abstract: It is proposed to extend the DMSQO transport experiments
to defermine the effect of various essential ions on the transport phe-
nomenon, and to study the extent of competitive solvation of ions in
DMSO-water mixtures by proton magnetic resonance spectroscopy.

There have been numerous investigations on the biological
actions of DM SO in the past few years. (1) The extraordinary solvent
and penetrating properties of DMSO(Z) led to its agricultural use for
aiding nutritive element transport in plants. The influence of DMSO
on the permeability of biological membranes has also been studied by -
various workers. Despite all these investigations, the mechanism by
which DMSO goes across biological barriers such as the intestine is
not yet understood.

Recently, we have conducted several experiments in this
laboratory to provide information on the transport mechanism of
DMSO and the influence of metallic ions on the transport phenomenon. 3)
By using intestinal segments excised from albino rats and mounted on
a modified Wiseman's apparatus(4) (Fig. 1), the transport of DMSO
across the segment has been shown to be passive with a first order
rate constant of 2 X 10~ mole min™ for a DMSO concentration of
5% 107° M. This passive diffusion was found to be facilitated by the

presence of calcium ions. In addition, we have observed that the
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FIGURE 1

A modified Wiseman apparatus for

transport studies.
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transport of calcium ions is facilitated by the presence of DMSO.
' Radioactivity assay of “C-1abelled DMSO and *Ca was used in these
experiments. The results are summarized in Tables I and II.

It is tempting to speculate that complex formation between
DMSO and calcium ions may play an important role in the facilitative
transport process. The preparation of a large numb er of metallic
complexes of DMSO have been reported, (5, 6) and oxygen is usually
the donor atom in the DMSO mblecule. In cases where concentrated
aque.ous solutions of the salts are used in the preparation, the com-
plexes obtained were reported to contain water as well as DMSO. Ap-
parently, both water and DMSO compete for places in the coordination
sphere and it is only necessary that the concentration of water be low
for it to be excluded. Thus, it is unlikely that these DMSO complexes
would be stable in aqueous solution, but their behavior in the biological
membrane is still open to conjecture.

It is proposed to continue this study in two approaches: (1) An
extension of the transport studies to determine the influence of other
essential ions in the transport properties of DMSO. The ions of
particular interest in this study are:

(a) Sodium

" {b) Potassium
(c) Iron
(d) Magnesium
(e) Manganese
£) Copper :

It is important fo_r the understanding of the transport mechanism
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TABLE 1. The effect of calcium ions on the transport of DMSO at 37°C.

Molar Molar
Concentration Concentration K Average Rate
of DMSO of Calcium Ions  (liter minute™)  (mole minute™')
2x 107° 0 1.02x 107° 2.04 x 10-8
2 X 10~° 1 X 10-2 1.77 % 1075 3.54 x 10°

2 x 102 1.2 X 10~ 1.87 X 10~° 3.74 x 10-°
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TABLE II. The effect of DMSO on the rate of transport of calcium

ions at 37°C.

Molar Molar
Concentration Concentration K -1 Average Rate
of Calcium of DMSO (liter minute™)  (mole minute=')
2 X 10-3 0 3.34 x 10~ 6.88 x 107°
2 X 1072 2 x 107° 5.76 X 107° 1.15 x 1078

2x1078 2 x 1072 7.28 x 107° 1.56 x 10-°
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to determine the influence of DMSO on the transport properties of the
ions mentioned above, and to determine if this effect is the same with
respect to the direction in which these molecules are moving. In
general, both influx and efflux kinetics are identical for simple diffu-
sion processes.

In these experiments, the solution of interest at 37°C and at
proper concentration will be placed on the outer or luminal side of the
intestine, and normal Tyrode's solution on the inner or serosal side.
At regular intervals of time, samples will be taken from the serosal
side for assay. The two solutions will be reversed in experiments
where the asymmetry of the membrane is studied. *C-labelled
DMSO will be used in some of these experiments; and the concentra-
tion of the ions will be assayed by atomic absorption spectroscopy.

(2) To obtain information concerning the extent of competitive |
solvation of ions in DMSO-water mixtures. The application of the
technique of nuclear magnetic resonance spectroscopy to studies of
electrolytic solutions has provided information concerning the electro-
static interactions that occur in these systems. (17, 8) When an electro-
lyte is added to an aqueous solvent mixture, the hydrogen bonds already
existing in solution are partially destroyed but the loss of structure
will be compensated by an ionic solvation which subsequently occurs.
In general, this is accompanied by an upfield displacement in chemical
shift in the first case and a downfield displacement of the chemical
shift in the latter. Thus, in a solvent mixture, if a downfield displace-
ment of the water signal occurs in the presence of an ion, this will

indicate that solvation dominates. By comparing the change in chemical
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shift of the water resonance and the methyl resonance in DMSO in the
presence of various ions, information about the competiti‘on in the
coordination sphere under various conditions can be obtained. A
variety of.solvent mixtures will be used in this study to provide addi-
tional insight into the mechanism of action of DMSO in the biological

system.
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PROPOSITION III

CIRCULAR DICHROISM AND OPTICAL ROTATORY
DISPERSION STUDIES OF dAT OLIGOMERS

Abstract: Recently, a series of deoxyoligonucleotides with the repeat-
ing self-complementary base sequence ATAT .... have been prepared.
It is proposed to study the CD and ORD of the different conformations
of d(A-T ; oligomer.

Recent advances in instrumentation and theory on circular
dichroism (CD) and optical rotatory dispersion (ORD) have provided
a new and powerful approach for determining the conformation of
molecules in solution. 1) In general, optical rotation is observed
when a medium transmits the left and right circularly polarized com-
ponents of a beam of plane polarized light with unequal velocity. If
in addition to unequal velocity, there is a difference in the absorption
coefficient for left and right circularly polarized light, the emergent
light will be elliptically polarized. This unequal absorption is referred
to as "'circular dichroism', and the combined phenomenon of circular
dichroism and optical rotation is known as the "Cotton" effect. (2) The
Cotton effect is found to occur near optically active absorption bands;
thus any chromophore may exhibit a Cotton effect when located in an
asymmetric environment.

In nucleic acids, the optically inactive base chromophores are
induced to produce Cotton effects when they are attached to the optically
active sugars. Tinoco and his coworkers(3'5) have proposed a theory

which successfully explains the hypochromism observed for
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polynucleotides as mainly due to the coulombic interactions between
electrons in neighboring base pairs because of their proximity and
parallel stacking along the chain. The general ORD profile of all
oligomers and polynulceotides consists of two peaks and one trough
centered around the 260 mu absorption bands, and their CD has posi-
tive and negaﬁve bands above 220-230 myu. Additional Cotton effects
have also been observed below this region. Both the CD and ORD
spectrum, like the absorption spectrum, have been shown to exhibit
sequence dependence of the bases and is very sensitive to any confor-
mation change of the molecule in solution, such as changes induced
by temperature and pH variations.

Most of the CD and ORD studies have been done on synthetic
polynucleotides as a necessary step to understand the more complicated
natural nuelcid acids which contain a multiplicity of bases and base
sequences. Recently, polydeoxyribonucleotides and polyribonucleo-
tides of defined base composition and sequence have become available.
A series 'of deoxyoligonucleotides with the repeating, seli-complemen-
tary base sequence ATAT ... have been prepared by digestion of the
dAT copolymer with pancreatic DNase, followed by preparative elec-
trophoresis in concentrated acrylamide gels. The details of the syn-
thetic procedure has been outlined by Elson and Jovin. (6) Scheffler
et al. (7) have shown by using molecular weight measurements that at
low counter ion (Na+) concentration, the oligomers form single hairpin
helices while at high counter ion concentrations and low temperatures,
the single-chain helices are slowly converted to two-chain helices with

base pairing between dA and dT in the opposing strands. There is no
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evidence yet to determine whether the two-chain helices are straight-
chain or double-hairpin helices. The d(T-A)i oligomers can also form
single-strand circles by means of the DNA ligase when i = 16;(8? and
these single-strand circles have been shown to form a base-paired
double helix with a loop at each end. Analysis of the melting curves
has shown that the Tm of an open hairpin depends on chain length and
that the closed hairpins are more stable than the open hairpins. (9)

An ORD study of the d(T-A)i polymer from two sources has
been carried out by Ts'o et al. (10): oné synthetic as described and
one natural, isolated from Cancer antennarius. Comparison of the
temperature effect on the ORD curves of natural d(T-A); and synthetic
d(T-A)i shows that around the 285 mu peak, rotation of the natural
d(T-A)i is not affected by temperature until the melting temperature
is reached (53°C). Rotation of the synthetic d(T-A); is only 60% of
that of natural d(T-A) i but increases with temperature up to the level
of synthetic d(T-A)i just before the onset of melting. This phenomenon
was thought to be due to some differenc in the secondary structure of
these two polymers at room temperature.

In view of the recent characterization of the d(A-T)i polymer,
it is proposed to examine in detail the CD and ORD spectrum of the
d(A-T) i polymer under conditions of a single hairpin, a double helix
and the single-strand circles made from them. CD and ORD spectra
‘can be recorded using a Cary Model 60 spectropolarimeter with 6001
circular dichroism accessory. The standard buffers employed to
give a 100-fold range of counter ion (Na") concentrations as used

by Scheffler et al. (7) would be appropriate for this study, and
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variable temperature measurements are usually achieved using water-
jacketed fused quartz cells with an attachment for thermdstatic control.
The results of this study on the d(A—T):.l polymer wbuld be valuable as

a model system to further our understanding of the forces involved in
maintaining the secondary structure of nucleic acids in general. The
heterogeneity and variation of composition of DNA and RNA are suf-
ficiently complex such that studies of the interactions between bases
and their effects on secondary structure cannot be made with certainty

without preliminary information from simpler model systems.
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PROPOSITION IV

A PROPOSED MECHANISM OF CELLULAR INVASION
BY METASTATIC CARCINOMA CELLS

Abstract: A mechanism is proposed in which faulty RNA from malig-
nant tumor cells may escape to invade a normal cell, in which abnormal
proteins are then synthesized, causing further malignant proliferation
of the cell. An experiment which would provide evidence for the meta-
static mechanism is also described.

The distinguishing characteristic of tumor cells compared
with normal cells is that their growth is no longer subject to regulation. (1)
The mechanism of cellular regulation is still relatively unknown; but
both DNA and non-DNA-containing kinds of interactions have been pro-
posed. (2) In the case with DNA-containing tumor viruses, neoplastic
transformation requires the incorporation of the viral DNA into the
genome of the host cell. (3) On the other hand, certain chemical car-
cinogens may interact with cellular DNA and cause mutations. If the
genes which are involved in growth control are mutated, the appropriate
regulatory circuit becomes ineffective, and autonomous growth might
begin. Furthermore, mutations of genes not directly involved in growth
control could cause deletions of varibus enzymes, and directly affect
growth regulation. The non-DNA-containing interactions are generally
considered to involve proteins, resulting in loss of growth control as
well as deletion of enzymes.

Malignant tumor cells have the additional features that they

show invasive growth and often metastasize, 'i. e., they can be



165

transferred via the blood of lymphatic circulation to other organs and
form secondary tumors. . Much of the biochemical investigation of can-
cerous 'cells(4’ 5) has been directed toward the discovery of metabolic
and compdsitional differences between normal and tumor tissues, with
the hope that these differences might explain the phenomenon of carcino-
genesis and provide a rational basis for therapy. Very few experiments,
however, were concerned with the metastatic aspect of malignant tumor
cells.

Let us first assume that the cancerous cell is due to an alterna-
tion in the DNA by mutation or other mechanisms. This would in turn
produce faulty RNA. The concept proposed here is to conceive metas-
tasis as a result of RNA transport from a cell .with a pre-existing
malignant condition to a normal cell, in which abnormal proteins are
then synthesized, causing further malignant proliferation of the cell.
There are several experimental evidences in support of this proposal.
Johnson et al. (6) have shown that acridine orange-stained lymphocytes
from diseased humans showed a wide variety of stainable RNA. Schwarz
and Rieke(7) have demonstrated that high molecular weight RNA can be
incorporated by mammalian cells and may eventually have some meta-
bolic effects. Weisberger has shown that with immature erythrocytes
from patients with sickle cell anemia, the formation of normal hemo-
globin could be induced in vitro by RNA from normal red blood corpus-
cles, whereas DNA was found to be inactive. (8) The added RNA was
apparently functioning as a messenger in this case, Furthermore,
some other metabolic changes initiated by RNA in mammalian cells

have been known to persist through many generations. (9,10) This
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may suggest that the incorporated RNA has a permanent effect on the
genome. Experiments with Rous sarcoma virus, an RNA tumor virus,
have shown that replication and release of new virus particles can con-
tinue along with the survival and multiplication of transformed cells. (11)
These experiments suggest that the faulty RNA could migrate out of

the cancer cell and into neighboring cells. It could also circulate
through the blood or lymphatic stream to another tissue, inducing
cancer by incorporating itself into the cell at a distant site. Transport
of proteins or other cytoplasmic compound as the invading méchanism
is unlikely due to concentration problems, and consequently the num-
ber of cells successfully invaded are limited. Transport of a faulty
RNA, on the other hand, is consistent with the fact that cancer grows

in a facultative manner. In addition, when the faulty RNA is trans-
ported to a new cell, this cell can immediately be in a ''latent" state,
and the initiation of a latent cell may be spontaneous or triggered by
environmental factors. This is consistent with many clinical cases.

To provide evidence for the metastatic mechanism proposed
above, an experiment is proposed here to determine if some RNA
materials can be transported from a culture of cancerous cells to a
colony of normal cells. Ascite tumor cells of mice offer a suitable
model for this study. Uracil-1-'*C will be inoculated with the cancer-
ous cells for seven to eight hours so that it will be utilized and incor-
porated into the RNA molecules. (12) Extracellular radioactivities
are then removed by repeated, quick washings. The **C-RNA-con-
taining cancerous cells are then inoculated for twelve hours in a

chamber with normal cells in the other, and the chambers are
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separated by a membrane, which is permeable to macromolecules
‘but not cells. At thé end of this period, both radioactivity‘and the ap-
pearance of cancerous cells would be looked for in the normal cell
compartment. Radioactivity in the culture medium after the cells are
sedimented should also be looked for to detect extracellular RNA.
Using this procedure, if metastasis is indeed a résult of transport

of faulty RNA, both initiation and promotion processes could be de-
tected. Initiation here refers to the establishment of a small number
of scattered latent or dormant tumor cells and promotion stimulates
those latent tumor cells to multiply and form a visible tumor. Inocu-
lation for a longer period of time and variation of environmental
conditions may be necessary to observe both initiation and promotion

processes.
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PROPOSITION V

FLUORESCENCE STUDY OF THE POSSIBLE
INTERACTION OF LYSERGIC ACID DIETHYLAMIDE
WITH DEOXYRIBONUCLEIC ACID

Abstract: In view of some recent reports on the possible LSD-induced
chromosomal aberration in individuals who have used the drug, it is
proposed to study the possible complexation of L.SD with DNA using
fluorescence measurements and fluorescence polarization technique.

It is well known that lysergic acid diethylamide (LSD), perhaps
the most notorious psychedelic drug today, can produce various ad-
verse effects when taken by individuals. (1) Aside from its after-effects,
which are generally psychological, physiological and sociological in
nature, results of several studies have indicated that LSD can produce
changes in the chromosomes of blood cells both in vitro and in indi-
viduals who have used the drug, but the results have not been unani-
mous. (2,3) At the ‘present time, the implications and potential
significance of such chromosomal aberrations are still unknown.
However, chromosomal abnormalities similar to those induced by
LSD have been noted to occur spontaneously in three diseases inherited
in an autosomal recessive pattern: Bloom's syndrome, (4) Fanconi's
anemia(s) and ataxia telangectasia. 6) Patients with these syndromes
show a high tendency towards developing leukemia or other types of
neoplasms. The association of chromosomal abnormalities in cancer

is also well documented. Moreover, the production of congenital
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abnormalities and increased abortions in experimental animals studied
suggest the teratogenic potential of chromosome breaking agents. (7-11)
Perhaps the greatest danger of such agents lies in the potential chromo-

(12,13) in which case the effect of such

som damage to the gametes,
agents may be truly a genetic one.

Although there has been some speculations on the mode of
action of LLSD, no specific studies on the mechanism of LSD-induced
chromosomal damage have appeared in the literature. Recehtly, the
circular dichroism spectra of calf thymus DNA solutions in the presence
and absence of LSD were reported by T. E. Wagner. (14) The changes
in the ultraviolet circular dichroism spectrum of DNA in the presence
of LSD suggested that the drug may intercalate within the DNA helix
in a manner similar to that of ethidium bromide, thereby causing
changes in the conformation of the DNA. LSD is a planar, cationic,
" aromatic molecule (Fig. 1) and displays the molecular characteristics
necessary to stack between the bases of the DNA helix and can also
intéract ionically with the anionic phosphate groups.

It is proposed to study the possible complexation of L.SD with
DNA using fluorescence measurements and fluorescence polarization
techniques. Fluoresc_ence studies have been very successful in recent
years in the study of protein conformation(ls) and model membrane

(16)

systems. A detailed investigation of the complex between ethidium

bromide and nucleic acids has been carried out using these techniques. 17
Formation of the complex has been found to be specific for base-paired
regions since ethidium bromide intercalates between base pairs. At

low salt concentrations, however, a second mode of binding was
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FIGURE 1

Lysergic acid diethylamide.
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determined which involves electrostatic binding of the ethidium cation
to negatively charged phosphate groups. The interactionlof LSD with
DNA can be conveniently studied by fluorescence methods since LSD
at neutral pH is known to be highly fluorescent at 446 mp after excita-
tion at 325 mp. (18) This study will be carried out using an Aminco
Bowman spéctrophotoﬂuorometer with a Glan-prism polarization
assembly for the measurement of polarization coefficients and
fluorescence spectra of LSD in the presence and absence of DNA.

In general, the concentration of L.SD bound can be determined
by measuring the change in fluorescence intensities of LSD in the
presence of DNA. Alternatively, binding can be determined by
equilibrium dialysis or ultrafiltration technique. The binding data
can be analyzed by Scatchard's method. (17 When small molecules
bind independently to a set of equivalent sites on a polymer, the equi-

librium between free and bound molecules is given by:
r/c = Kn - Kr (1)

where r is the ratio of bound LSD per nucleic acid phosphate, n is the
number of binding sites per nucleic acid phosphate, K is the intrinsic
association constant to a site and c is the free LSD concentration.
Both K and n are usually obtained using graphical methods. A study
of the dependence of the binding on pH and salt concentration, as well
as the secondary structure of the DNA would provide information on
the nature of the binding involved.

1t is also proposed to study the polarization characteristics of

the emitted fl\iorescence to obtain some information on the relaxation
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time of the molecule involved in the complexation. The partial
polarization p is déﬁned by the following equation:(ls)

-

T

where I i is the fluorescence intensity measured with excitation and
emission polarizing prisms ofiented with their electric vectors parallel,
and I, is the fluorescence intensity measured with the electric vectors
of the two prisms crossed. According to the theory developed by
Perrin, (19) the partial polarization of the fluorescent light emitted
by molecules in solution depends upon the relation of their rotational
relaxation time to the lifetime of the excited state of the fluorescence.
The value of p for a collection of small fluorescent units attached with
random orientation to macromolecules which are flat ellipsoids or

prolate ellipsoids of small elongation has been shown to-be:(zo’ 21)

R R I
p 3 Po 3 Py

Here, 7, is the lifetime of the excited state of the fluorescence, Py
the harmonic mean of the two principal relaxation times of the rotation
of the ellipsoidal molecule, and p, is an empirical constant when no
depolarization by molecular rotation takes place. When a molecule is
involved in complex formation, the changes in rotational relaxation
times are reflected in the partial polarization.

The genetic effect of LSD is undoubtedly more striking than
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its immediate adverse manifestations. A direct study of the possible
interactions of L.SD and DNA as proposed herein are basic to the

understanding of the teratogenic effects observed.
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