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ABSTRACT: 1,3-Diketone molecules existing in their cis-keto—enol Where is the H atom ?
tautomeric forms in the solid state are classic examples that contain low-
barrier hydrogen bonds (LBHBs) of the O—H--O type. We report
experimental observations of H/D isotope shifts in '*C and '"O solid-state
nuclear magnetic resonance (NMR) spectra of three representative 1,3-
diketone molecules: dibenzoylmethane, benzoylacetone, and curcumin.
While there are several examples of H/D isotope shifts in solid-state *C
NMR spectra in the literature, this study reports on the first observation of
such H/D isotope shifts in solid-state '’O NMR spectra. We found that the X-ray diffraction
H/D isotope shifts in dibenzoylmethane are considerably larger than those

in benzoylacetone and curcumin. To aid interpretation of the observed H/D isotope shifts, we performed direct 'H—'"O distance
measurement using two-dimensional '’O/'H quadrupole—dipole correlation NMR spectroscopy. The results of '"H—'"O distance
measurements provided direct evidence about the “location” of the enol hydrogen atom in the O--'H--'O LBHBs. We
demonstrated that H/D isotope shifts in solid-state 'O NMR and 'H—""O distance measurement are two new ways of probing the
nature of LBHBs. Our new solid-state O NMR results are discussed in connection to nuclear quantum effects (i.e., the potential
energy curve, zero-point energy, and nuclear wave function) and high-quality structural data available for these compounds in the
literature.

Neutron diffraction

Solid-State NMR

1. INTRODUCTION customary, especially among crystallographers, to identify a
single point (e.g., the highest point in the nuclear density map
from neutron diffraction data) as the “location” of the
hydrogen atom. However, in the context of nuclear quantum
effects, a proton should be viewed in terms of its nuclear wave
function. In this work, when we use the term “location of the
hydrogen atom”, we generally refer to the three-dimensional
shape of the nuclear wave function of the proton in question
rather than just a single point in space. This is particularly
important when dealing with LBHBs where the proton is
indeed delocalized. Of course, the problem is that no currently
available technique is capable of revealing a detailed 3D
nuclear wave function. Nonetheless, several experimental
techniques have been employed to obtain information about
the “location” of the hydrogen atom in LBHBs. Single-crystal
neutron and X-ray diffraction methods are no doubt the most

Nuclear quantum effects such as zero-point motion, nuclear
wave function, and tunneling are known to be important in
many chemical and biological processes.'~” Among the various
related topics, the quantum nature of hydrogen bonds is a
particularly intriguing one due to the fundamental importance
of hydrogen bonds in both the structures and functions of
biological systems.'’”*' Because the proton is the lightest
atomic nucleus, significant nuclear quantum effects are
generally expected in many X—H---Y hydrogen bonds where
X and Y are donor and acceptor atoms, respectively. This is
particularly true in the cases of short hydrogen bonds. For
short hydrogen bonds where the separations between X and Y
atoms are as short as ca. 2.4—2.6 A, the potential energy
surface for proton migration across the hydrogen bond
typically either is a rather flat single well or exhibits a small
barrier between two energy minima. The latter cases are often
known as low-barrier hydrogen bonds (LBHBs).”*™*" Received:  April 8, 2025
In this study, we focus on LBHBs in the solid state. In the Revised:  June 4, 2025
literature, considerable attention has been devoted either to Accepted:  June 13, 2025
determine the “location” of the hydrogen atom in LBHBs or to Published: June 26, 2025
examine the hydrogen atom “migration” in LBHBs as a
function of temperature or pressure. We recognize that it is still
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reliable techniques that can produce the most direct structural
information. It is also known that the two diffraction
techniques may produce slightly different pictures about the
“location” of the hydrogen atom in LBHBs.”® Neutron
diffraction is expected to yield the most reliable information
as this technique measures the nuclear density directly. In
neutron diffraction studies, it is a common practice to report
the highest nuclear density point as the “location” of the
hydrogen atom together with atomic displacement ellipsoids.
In LBHBs, the “spread” of the nuclear density distribution (i.e.,
zero-point motion) is critically important. Unfortunately,
neutron diffraction experiments are currently unable to
produce an accurate three-dimensional “shape” for the proton
density distribution. Solid-state NMR is another powerful
technique that can offer structural, spectroscopic, and dynamic
parameters that may be linked to the “location” of the
hydrogen atom in LBHBs.””** In addition to experimental
techniques, state-of-the-art computational approaches such as
ab initio path-integral molecular dynamics (PIMD) simulations
have bezgun to be able to accurately treat nuclear quantum
effects.* ™’

In this study, we used two solid-state NMR techniques to
probe the “location” of hydrogen atoms in LBHBs present in
three representative 1,3-diketone compounds: dibenzoyl-
methane, benzoylacetone, and curcumin; see Scheme 1.

Scheme 1. Resonance Structures in 1,3-Diketone
Compounds and Molecular Structures of
Dibenzoylmethane, Benzoylacetone, and Curcumin
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Traditionally, chemists think of these 1,3-diketone molecules
in terms of their different tautomers resulting in a resonance-
assisted hydrogen bond, as shown in Scheme 1. Now, it is
widely recognized that the hydrogen bonding in these
compounds can be better viewed in terms of nuclear wave
functions and that these compounds very often form LBHBs.
First, we attempted to simultaneously measure the H/D
isotope shifts in "*C and '7O solid-state NMR spectra when the
enol hydrogen (H) is replaced by deuterium (D). While H/D
isotope shifts are known to be sensitive to hydrogen

bonding,**™*" this phenomenon has rarely been examined in
solid-state NMR studies of LBHBs. We should note, however,
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that H/D isotope shifts have indeed been reported in previous
solution NMR studies of 1,3-diketone compounds.”*™*
Second, we used a solid-state NMR technique known as
two-dimensional (2D) "O/'H quadrupole-dipole (QD)
correlation spectroscopy”’ to directly measure the 'H—'70
distance between the enol hydrogen atom and the two
surrounding oxygen atoms. Since the two oxygen nuclei of the
O—H:O fragment generally have different 7O chemical
shifts,>* we demonstrate that the O—H and H---O distances
can be measured simultaneously. This would yield direct
information about the “location” of the enol hydrogen atom.
Again, while 'H—'70 distance measurement has been
previously demonstrated in both inorganic and organic
solids,”™>” its application to LBHBs in 1,3-diketone
compounds has not been explored to the best of our
knowledge. It should, however, be noted that '"H—""N distance
measurement by solid-state NMR has been reported in the
literature for several N—H:--N LBHBs.”>*” The reason why we
chose the three 1,3-diketone compounds shown in Scheme 1
was that these compounds are classic examples of LBHBs that
have been extensively studied by neutron and X-ray
diffraction,”®°°~7" solid-state 'H, *H, '3C, and 7O
NMR,”*™" ab initio quantum chemical calculations,>>¢%30~82
and PIMD simulations.*>**

Dibenzoylmethane crystallizes in three crystal polymorphs: a
stable orthorhombic form, space group P, Z = 8;000163 5
metastable orthorhombic form;®* and a monoclinic form, space
group P2, /¢, Z = 4.°*° The stable orthorhombic polymorph is
the most common one and was simultaneously studied by X-
ray and neutron diffraction over the temperature range
between 100 and 280 K.** There is no evidence of any
phase transition in this temperature range. Solid-state 'H, "*C,
and 'O NMR data for this stable orthorhombic polymorph of
dibenzoylmethane are available in the literature.”>”* Benzoy-
lacetone is known to crystallize only in the monoclinic crystal
form, space group P2,/c, Z = 4.°°*7% This polymorph was
later extensively studied by X-ray and neutron diffraction
between 8 and 300 K.”” Again, no phase transition was
observed for benzoylacetone over this large temperature range.
In addition, high-quality crystal structures for the deuterated
form of benzoylacetone were also obtained from X-ray and
neutron diffraction data collected at 11—15 K.°® Curcumin is
known to exist in three polymorphs: form I, monoclinic space
group P2,/n, Z = 4, Z' = 1; form II, orthorhombic space group
Pca2,, Z = 8, Z' = 2; and form III, orthorhombic space group
Pbca, Z = 8, Z' = 1.”" Form I is the most stable polymorph of
curcumin.®” Solid-state 'H, 3C, and 7O NMR data have been
reported for all three crystal forms in the literature.*>”"””7

The primary goal of the present study is to investigate
whether the two new solid-state NMR techniques can provide
additional insight into the nature of LBHBs in these model
systems. For each compound, we chose to study the most
stable and well-characterized polymorph. This study was also
part of our continuing effort to apply solid-state '’O NMR
spectroscopy in studies of hydrogen-bonded systems.**~"*

2. EXPERIMENTAL SECTION

Preparations of [1,3-'70,]-dibenzoylmethane, [1,3-'70,]-cur-
cumin, [1,2-'70,]-salicylic acid (2-hydroxybenzoic acid), and
[3-70]-salicylic acid were reported previously.’>””"*
[1,3-70,]-Benzoylacetone was synthesized with the same
procedure as for [1,3-'70,]-dibenzoylmethane. The '"O
enrichment level was about 20% in all compounds.

https://doi.org/10.1021/acs.jpca.5c02392
J. Phys. Chem. A 2025, 129, 5993-6003
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Deuteration of each of the three 1,3-diketone compounds was
achieved by repeated recrystallization from methanol-d,. The
final level of deuteration in each compound was estimated to
be greater than 90% by comparing 'H magic-angle-spinning
(MAS) NMR spectra between the H and D forms of the
compound. To confirm that the correct polymorph of the solid
compound was prepared in each case, powder X-ray
diffractions patterns were recorded and compared with the
theoretical patterns; see Figure S1 in the Supporting
Information. In this regard, solid-state 'H, "*C, and '"O
NMR spectra were also used in some cases to help identify the
polymorph of the compound because the NMR parameters
were linked to different polymorphs on the basis of plane-wave
DFT calculations.*>”"””7

Solid-state 'H, 7O, and '*C NMR experiments were
performed on a Bruker NEO-700 NMR spectrometer (16.4
T) with a 2.5 mm HXY MAS probe at Queen’s University. In
the *C 20 kHz cross-polarization (CP) MAS experiments, a
contact time of 2 ms was used and the "H decoupling field was
about 100 kHz. A rotor-synchronized Hahn-echo sequence was
used for recording both 'H and 'O 30 kHz MAS NMR
spectra to eliminate the acoustic ringing and the background
signal from the probe. For the 70 MAS experiments, no
proton decoupling was applied during data acquisition. The
90° pulse width for the 7O central transition was 1.0 us. The
recycle delays used in different solid-state NMR experiments
were 60 s for 'H, 10 s for *C, and 5 s for 0. Sample
temperatures under MAS conditions with the 2.5 mm HXY
probe were cahbrated with the 7Br NMR signal from a solid
KBr sample.”® Typically, the BCU II was set to 273 K, so that
the true sample temperature with frictional heating was at 285
(with 20 kHz MAS) and 308 K (with 30 kHz MAS). All *C
chemical shifts were referenced to the signal of 1% TMS in
CDCl, (6 = 0 ppm) by setting the '*C NMR signal of the C=
O group of solid a-glycine to 176.5 ppm.” Once the 3C
chemical shift referencing was set, 'H and 'O chemical shift
references, 1% TMS in CDCl, and neat H,O(liq), respectively,
were calculated by using the frequency ratio (E) values from
the literature (for 'H, E 100.000000%; for *C, =
25.145020%; for 170, E = 13.556457%).”" In our experience,
this systematic way of simultaneous setting the 'H, '*C, and
70 references can reliably produce an accuracy of chemical
shifts within 0.1 ppm.

The 2D ""O/'H quadrupole—dipole (QD) correlation
spectra® were acquired at the National High Magnetic Field
Laboratory (NHMFL, Tallahassee, Florida, USA) using the
21.1 T ultrawide bore magnet equipped with a Bruker
AVANCE I console and a 3.2 mm HX transmission line
probe designed and built at the NHMFL. Experiments were
performed at the Larmor frequencies of 899.1 and 121.9 MHz
for 'H and 7O, respectively. The sample spinning frequency
was 17 kHz. Selective 'O 7/2 and # pulses for the central
transition were 2.0 and 4.0 us, respectively, which corresponds
to a B,("70) field of 41.7 kHz. Dipolar recoupling was applied
to the 'H nuclei using the R18°, symmetry-based sequence,
which requires an RF field of 4.5 times the sample spinning
frequency. A t; increment of 117.6 s in the "H—""O dipolar
recoupling period was used in all 2D QD experiments. Other
acquisition parameters are as follows: [1,3-'70,]-dibenzoyl-
methane, 30 ¢, increments, 256 transients per t;, and 0.5 s
recycle delay; [1,3-70,]-benzoylacetone, 30 t; increments, 256
transients per t;, and 0.2 s recycle delay; [1,3-'70,]-curcumin,
20 t, increments, 3072 transients per f;, and 0.5 s recycle delay.
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Numerical simulations to extract 'H—'"O dipolar couplings
from 2D QD spectra were performed with SIMPSON.” A
sample input file is provided in the Supporting Information.

3. RESULTS AND DISCUSSION

Figure 1 shows the 'H, C, and 'O MAS NMR spectra
recorded for both protonated and deuterated versions of the

H 13C 170

2A=1.2 ppm 'A=-6.5ppm 'A=4.4 ppm
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Figure 1. Comparison of 'H, '*C, and 7O MAS NMR spectra
obtained for protonated (H, blue traces) and deuterated (D, red
traces) forms of (a) [1,3-70,]-dibenzoylmethane, (b) [1,3-'70,]-
benzoylacetone, and (c) [1,3-'70,]-curcumin. All spectra were
recorded at 164 T. The sample spinning frequency was 30 kHz in
the 'H and 7O MAS experiments (the true sample temperature was
308 K) and 20 kHz in the "*C NMR experiments (the true sample
temperature was 285 K). Note that, in each case, only the *C NMR
signals from the cis-keto—enol moiety are shown. The entire '*C CP/
MAS spectra for the six compounds can be found in the Supporting
Information. For clarity, the simulated 7O MAS spectra are not
shown here, and they are provided in the Supporting Information.

three 1,3-diketone compounds. All solid-state NMR parame-
ters extracted from these spectra are summarized in Table 1.
The 'H chemical shifts observed for the enol hydrogen atoms
in dibenzoylmethane, benzoylacetone, and curcumin are 17.5
+ 0.1, 162 + 0.1, and 16.9 + 0.1 ppm, respectively. These
values are consistent with the previously reported solid-state
'"H NMR data for these compounds.”””” In addition, the 'H
MAS spectra provide a means of measuring the deuteration
level for the enol hydrogen. We found that the degree of
deuteration in all three compounds was greater than 90%.
Figure 1 also displays the C1 and C3 signals from the *C CP/
MAS spectra obtained for the protonated and deuterated
compounds; full '*C CP/MAS spectra for the six compounds
are provided in the Supporting Information. Clearly, replacing
the enol H with D causes small changes in the *C chemical
shifts for the C1 and C3 atoms, reflecting the H/D isotope
effect. In this study, we followed Hansen and co-work-
ers OHH=A749,100 11 ise the following definition for the H/D
isotope shifts on the X nucleus:

"AX(H/D) = 6X(H)-56X(D) (1)

where 7 is the number of chemical bonds that separate the
observed nucleus X and H/D. We should note that another

https://doi.org/10.1021/acs.jpca.5c02392
J. Phys. Chem. A 2025, 129, 5993-6003
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Table 1. Summary of Experimental 'H, '*C, and 7O Solid-State NMR Parameters Obtained for Dibenzoylmethane,

Benzoylacetone, and Curcumin in This Study”

5(**C) (ppm) 5("70) (ppm) Co('70) (MHz) fq

compd 5('"H) (ppm) Cl C3 01 02 01 02 o1 02
dibenzoylmethane-H 17.5 187.9 182.8 278.0 2116 63 62 0.80 0.54
dibenzoylmethane-D 187.6 181.6 284.5 207.2 6.5 6.3 0.75 0.48
benzoylacetone-H 16.2 194.3 182.5 304.0 231.0 6.1 6.0 0.80 0.75
benzoylacetoneA-D 193.7 181.7 304.0 231.5 S.9 S.9 0.80 0.75
curcumin-H 16.9 187.3 182.8 256.0 208.0 6.0 6.4 0.85 0.60
curcumin-D 186.6 182.3 256.0 209.0 5.9 6.4 0.85 0.55

“The uncertainties in experimental values for 5(*H), 5(**C), §(*’0), CQ(”O), and 77q are +0.1, £0.1 ppm, +1.0 ppm, +0.2 MHz, and +0.0S,

respectively.

20

(a)

E (kJ/mol)

10

20

(b)

E (kJ/mol)

@)

20

(c)

1T v H

E (kJ/mol)

D

VALY

05 .Oro_H (A) 15

20

0.10 T
o ;
"
> <rop>=1.078 A|} <row>=1.109 A
0.05 A I:
1
"
"
"
"
0.00 — T
05 10 15 20
0.10 -
o [
EY 0
0
005 1 L\ >=1243A 1) <row>=1.289A
"
"
m
0.00 T - T
05 10 15 20
0.10 :
o '
> '
]
0.05 <ro>=1.319 A E <rop>=1.328 A
]
]
SN
0.00 T —
05 1 20

0 o { A)1 5

Figure 2. (a—c) Three 1D potential energy curves (left panel) and ground-state nuclear wave functions (right panel). Detailed parameters for the
potential curves are given in the Supporting Information. The nuclear wave functions were obtained by solving the 1D Schrodinger equation with
the Numerov method implemented in Excel.'® The zero-point energies for H (blue line) and D (red line) are indicated.

definition for the isotope shift, introduced by ]ameson,lo1

would give the opposite sign. Because both definitions are
commonly used in the literature, one should be careful when
comparing isotope shift data from different studies.

As seen in Figure 1, all observed A3 C(H/D) values are
positive. The largest value found in this study was that
observed for the C3 atom of dibenzoylmethane, 2A"*C(H/D)
=12 + 0.2 ppm. The C1 atom in dibenzoylmethane, however,
displays the smallest H/D isotope shift, >A*C(H/D) = 0.3
ppm. In the solid state, crystal packing effects cause the two
halves of the dibenzoylmethane molecule to become non-
equivalent, so that two '*C NMR signals are observed for the
cis-keto—enol moiety. This allows the detection of different
2ABC(H/D) values for C1 and C3 nuclei. In solution, in
contrast, only one *C NMR signal was observed for C1 and
C3 nuclei at 185.65 + 0.01 ppm with >A"*C(H/D) being 0.63
ppm.*® Interestingly, this >A3C(H/D) value is very close to
the average of the two values observed in the solid state for
dibenzoylmethane, ie., (12 + 0.3)/2 0.8 ppm. For
benzoylacetone and curcumin in the solid state, the C1 and

~
~
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C3 nuclei show similar H/D isotope shifts on the order of
0.5—0.8 ppm. Furthermore, the H/D isotope shifts do not
appear to be correlated to the *C chemical shift difference
between C1 and C3. This is because the actual "*C chemical
shifts for C1 and C3 are determined by the nature of the
chemical groups on both sides of the cis-keto—enol moiety,
whereas the H/D isotope shifts are sensitive solely to the
hydrogen bonding within the cis-keto—enol moiety, i.e., C1=
01--(H/D)—02—C3.

Now, let us examine the H/D isotope shifts on the 170
nucleus in these compounds. As shown in Figure 1, we
observed that upon deuteration of the enol hydrogen of
dibenzoylmethane, the 'O NMR signals for O1 and O2 are
shifted to opposite directions. This is similar to what was
reported in previous solution 7O NMR studies of related
compounds by Liepins et al.*® and by Bolvig et al.*’ For
dibenzoylmethane, we observed 'A'"’O(H/D) = 4.4 + 1.0 ppm
for 02 and ""AO(H/D) = —6.5 + 1.0 ppm for O1. This is
the first report of H/D isotope shifts in solid-state 'O NMR.
For benzoylacetone and curcumin, in contrast, all 'A”O(H/

https://doi.org/10.1021/acs.jpca.5c02392
J. Phys. Chem. A 2025, 129, 5993-6003
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D) and "MAYO(H/D) values are too small to be reliably
measured. Here, we introduce the A”Q(H/D) notation
(where the superscript 1h stands for “one hydrogen bond”) to
describe the H/D isotope shift for O1 in the cis-keto—enol
geometry of the C1=01---(H/D)—02—C3 type. Note that
previous studies*®*’ used the SAO(H/D) notation. We
believe that our notation better reflects the hydrogen bonding
nature between the H and O atoms instead of emphasizing that
there are five covalent bonds connecting the H and O atoms.
Furthermore, the "AO(H/D) notation also closely resem-
bles that used to describe the ] coupling constant across a
hydrogen bond, h1('H, 70) or ™('H, N).'” As seen in
Figure 1, while the 70 NMR signals suffer from second-order
quadrupole broadening, it is still possible to measure H/D
isotope shifts on the order of 1 ppm. Similar to the *C NMR
results mentioned earlier, two 'O NMR signals were observed
for O1 and O2 nuclei for dibenzoylmethane due to crystal
packing and they exhibit H/D isotope shifts with opposite
signs. In solution, only one 7O NMR signal was observed for
O1 and O2 because of rapid exchange of the proton between
the enol (C—OH) and keto (C=O0) sites and the H/D
isotope shift of —0.2 ppm was quite small.** This value can be
compared with the average of the two solid-state values, i.e.,
(—6.5 + 4.4)/2 ~ —1.0 ppm. So far, the H/D isotope shift data
on both C and O nuclei indicate that the LBHB in
dibenzoylmethane appears to be quite different from those in
benzoylacetone and curcumin.

To aid the interpretation of the observed H/D isotope shifts
in these compounds, we consider three 1D O---H—O hydrogen
bond models. Figure 2 shows the 1D potential energy curves
for the three models. The first model, shown in Figure 2a,
depicts a highly asymmetric double-well potential where the
asymmetry is so large that the vibrational ground state lies well
below the barrier for proton transfer. This kind of potential
energy curve can be used to describe a regular (and weak)
hydrogen bond. The second model in Figure 2b describes the
situation of an LBHB where the two wells are slightly
asymmetric. The third model is also an LBHB but with two
nearly symmetric wells. Figure 2 also shows the numerically
solved nuclear wave functions for H and D in the vibrational
ground state for each of the three potential curves.

It has been well-established that the origin of H/D isotope
shifts arises from the fact that the vibrationally averaged X—D
bond is slightly shorter than the corresponding X—H
bond.'**'%° As illustrated in Figure 2a, the ro_p, value averaged
over the nuclear wave function, {ro_p), is 1.078 A, which
compares with (ro_p) = 1.109 A for the given potential energy
curve. This is typical of the H/D isotope effect observed in
normal covalent bonds. For example, in gaseous H,0 and D,0
water molecules, the O—H and O—D bond lengths are 0.9724
and 0.9687 A, respectively.'’® In fact, the shape of the potential
energy curve in the region of ro_y; < 1.3 A as shown in Figure
2a is very similar to a Morse potential for a regular O—H
covalent bond. For covalent O—H bonds, 'A”O(H/D) values
are expected to be on the order of 1-2 ppm. For example,
Wasylishen and Friedrich'”” reported 'AO(H/D) = 1.55
ppm in liquid water dissolved in cyclohexane-d;, at 20 °C.
Raynes'”® reported an isotope shift of 4.04 ppm between
gaseous D,'70 and H,"7O (approximately 2.02 ppm per D).
Aime et al.'” also reported some small 2A”O(H/D) and
*A0O(H/D) values (e.g., 0.13 ppm per D in DMSO).

The second model shown in Figure 2b can be characterized
as an LBHB where the two energy minima are slightly
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different. In this case, the zero-point energy is comparable to
the barrier height. The solved nuclear wave function for the
ground state displays three important features. First, the
nuclear wave function is now significantly delocalized as
compared with that seen in Figure 2a. This feature is
characteristic of an LBHB. Second, the nuclear wave function
is centered at a longer OH distance with (ro_y) = 1.289 A.
Third, the nuclear wave function shows an asymmetry between
the two peaks, which is a consequence of the two asymmetric
wells in the potential energy curve. More importantly, this
asymmetry is greatly amplified on replacing H with D, resulting
in a smaller (ro_p) value, 1.243 A. Thus, significant H/D
isotope shifts are expected for the second model. The observed
'AO(H/D) isotope shifts for dibenzoylmethane seem to be
consistent with this model. The nuclear wave functions from
the third model, as shown in Figure 2c, are similar to those in
Figure 2b, except that the asymmetry between the two peaks is
absent. As a result, the values of {ro_y) and (ro_p) are
practically the same, 1.319 versus 1.328 A. Under this
circumstance, no H/D isotope shifts are anticipated. The fact
that we did not observe any significant 'AO(H/D) or
hA7O(H/D) isotope shifts in benzoylacetone and curcumin
suggest that the potential energy curve described in the third
model, Figure 2¢, may be close to the situations in these two
compounds. However, given the approximate nature of the
three 1D models, all the above discussion should be considered
to be qualitative.

To gain further information about the “location” of the enol
hydrogen atom in these compounds, we applied a solid-state
NMR technique known as 2D O/'H QD correlation
spectroscopy’’ to directly measure the 'H—'7O distances
within the cis-keto—enol moiety. However, before we could
apply this technique to the three 1,3-diketone compounds, it
was important to examine on a model compound. To this end,
we chose crystalline salicylic acid (2-hydroxybenzoic acid) with
selectively '"O-labeled oxygen atoms: [1,2-'70,]-salicylic acid
and [3-'70]-salicylic acid; see Figure 3. In these two samples,
there are multiple '"H—'"0 distances that can be measured. As
seen in Figure 3a, the salicylic acid molecules form hydrogen-
bonded dimers in the solid state. In addition, the ortho-
hydroxyl group in salicylic acid also forms an intramolecular
03—H2--0O1=C hydrogen bond. Since double-proton trans-
fer dynamics in salicylic acid dimers was proven to be
extremely slow in our previous studies,””"'" it was expected
that the '"H—""0O distance measurement in salicylic acid should
produce reliable results. Figure 3 shows the 2D O/'H QD
spectra for the two SA samples. For [1,2-'70,]-salicylic acid,
two separate 'O NMR signals are observed for O1 and O2
atoms. For the O2 signal, there is only one '"H—""0 distance to
measure, which is the O2—H1 bond length. As seen in Figure
3b, the projection of the O2 signal onto the indirect dimension
produces a scaled dipolar powder pattern, which was analyzed
by numerical simulations with SIMPSON.” For 02, we
obtained a 'H—'"70 dipolar coupling constant of 152 + 0.8
kHz, which corresponds to a '"H—'7O distance of 1.02 + 0.02
A. Because we simulated only the splitting between the two
“horns” in the F1 project of the 2D QD spectrum, such a
splitting is insensitive to the relative orientation between the
"H-"0 dipolar and 7O EFG tensors.”” Interestingly, the O1
atom in salicylic acid is at the center of two hydrogen bonds,
O3—H2---01---H1'=02’, and thus is surrounded by the two
nearest hydrogen atoms, H1’ and H2. As a result, the
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Figure 3. (a) Hydrogen bonding geometry in the dimeric structure of
salicylic acid. 2D "O/"H QD spectra of (b) [1,2-'70,]-salicylic acid
and (c) [3-'70]-salicylic acid. In (b) and (c), the experimental (black
traces) and simulated (red traces) projections are shown where the
70—'H dipolar couplings and the corresponding O—H distances
used in the simulations are also listed. The true sample temperature in
these experiments was 306 K.

projection of the Ol signal onto the indirect dimension
displays a much smaller dipolar powder pattern with the
“triplet” shape; see Figure 3b. Numerical simulations yielded
two 'H—'70 dipolar coupling constants of the same
magnitude, 2.60 + 0.8 kHz. This indicates that the two
"H-"70 distances in the H2--O1--H1’ moiety are of the same
length, 1.84 + 0.02 A. Figure 3c shows the 2D QD spectrum
for [3-"0]-salicylic acid, from which we determined the 03—
H2 covalent bond length to be 1.01 + 0.02 A. We also
performed the same 2D 7O/'H QD experiment for salicylic
acid at a lower temperature (data not shown) and obtained
spectra that are nearly identical to those in Figure 3. So, for the
two salicylic acid samples, we measured a total of four 'H—'"0
distances (two O—H covalent bonds and two O---H hydrogen
bonds). All the results are consistent with the crystal structure
of salicylic acid and the optimized geometry. These results
prove that the 2D QD methodology is valid for studying
hydrogen-bonded systems.

Figure 4 displays the 2D '7O/'H QD results for dibenzoyl-
methane, benzoylacetone, and curcumin. In each case, two
separate '’O NMR signals are observed for O1 and O2. For
dibenzoylmethane, we observed that the O1—H distance, 1.21
+ 0.02 A, to be clearly shorter than the O2—H distance, 1.33 +
0.02 A. The case of benzoylacetone is slightly complicated
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Figure 4. 2D O/'H QD spectra for (a) [1,2-'70,]-dibenzoyl-
methane, (b) [1,2-70,]-benzoylacetone, and (c) [1,2-'70,]-curcu-
min. The experimental (black traces) and simulated (red traces)
projections are shown where the 7O—'H dipolar couplings and the
corresponding O—H distances used in the simulations are also listed.

The true sample temperature in these experiments was 293 K.

because of the presence of short intramolecular contacts
around both O1 and O2 atoms. The crystal structure of
benzoylacetone indicates that, in addition to the enol hydrogen
atom, Ol is in close contact with another hydrogen atom from
a neighboring benzoylacetone molecule with an OH distance
of 2.381 A, while O2 is surrounded by three more hydrogen
atoms with the OH distances of 2.391, 2.571, and 2.675 A. As
seen in Figure 4b, the F, projection of the O2 signal displays a
“round-shaped” dipolar powder pattern (rather than having
two sharp peaks), which is a clear indication of the multispin
nature around the O2 atom. Since it is rather difficult to model
a multispin system, we decided to simplify our numerical
simulations by considering one short and one additional long
"H-"70 distances for each of the O1 and O2 sites. We should
note that it is the short "H—""O distances that are related to
the LBHB. For benzoylacetone, the two short OH distances
were determined to be 1.28 + 0.02 and 1.25 + 0.02 A for O1
and O2, respectively. This finding suggests that the enol
hydrogen atom in benzoylacetone is close to the midpoint
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between the O1 and O2 atoms. An analysis of the 2D 70/'H
QD spectrum of curcumin yielded the two 'H—'"7O distances
as 1.21 # 0.02 and 1.26 = 0.02 A for O1 and 02, respectively;
see Figure 4c. On the basis of the results shown in Figure 4, it
is clear that the LBHB in dibenzoylmethane appears to be
different from those in benzoylacetone and curcumin. That is,
the LBHB in dibenzoylmethane exhibits a significant
asymmetry whereas those in benzoylacetone and curcumin
are more symmetric. This conclusion seems to be consistent
with the trends observed in the H/D isotope shifts as discussed
earlier.

It is instructive to link our new results on H/D isotope shifts
and '"H-"70 distances to both structural data and state-of-the-
art MD simulation results available in the literature for the
three 1,3-diketone compounds. Figure 5 summarizes the most

(a)
(17.5 ppm)
(1.334) (1.214)
1,352'1&’_, H \1.163 A
O; 24634 O
1.318A

C1 C3
/1.425/&\02{394 A\

(SSNMR)
Neutron data at 300 K

1.279A

H

(b)
(16.2 ppm)

(1.28 A) (1254)
1322A . H (12384

Oy 2489A O
1.310A

PN

1.405 A

(c)
(16.9 ppm)
(1.21A) _H (126 A)

Oy 2455A Oy
1.304 A

<5

1.390 A

1.288 A 1.282A

N

Cy
/1.412 A\ C, 14024 ~Cy

H

(SSNMR)
Neutron data at 300 K

H

(SSNMR)
X-ray data at 280 K

Figure S. Selected bond lengths determined from high-quality
neutron diffraction experiments for (a) dibenzoylmethane and (b)
benzoylacetone and from X-ray diffraction experiments for (c)
curcumin. The 'H-'0 distances determined by SSNMR are
shown in brackets. Also shown are the 'H chemical shifts (in ppm)
observed for the enol hydrogen atoms in these compounds.

accurate structural data found for the cis-keto—enol moieties of
dibenzoylmethane, benzoylacetone, and curcumin. To make
direct comparison, we chose crystal structures determined at
temperatures close to those at which solid-state NMR data
were collected. For dibenzoylmethane and benzoylacetone,
single-crystal neutron diffraction data obtained at 300 K°"**
are listed in Figure 5. For curcumin, however, all reported
crystal structures were based on X-ray diffraction experiments,
so the hydrogen positions are not as reliable as those
determined by neutron diffraction studies. For this reason,
we did not list the crystallographic OH distances for curcumin
in Figure S. For dibenzoylmethan, the neutron diffraction data
suggest that the enol hydrogen is located asymmetrically
between the two O atoms with the two OH distances being
1.163 and 1.362 A. This asymmetry was also supported by a
recent Hirshfeld atom refinement (HAR) analysis of the single-
crystal X-ray diffraction data obtained at 100 K.°> Our direct
'H-Y0 distance measurements, while being much less
accurate than the neutron data, are nonetheless in agreement
with the structural data. As discussed earlier, this asymmetry in
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the location of the enol hydrogen atom can explain the
observed 'AVO(H/D) or AVQ(H/D) isotope shifts. All
these observations support a potential energy curve as depicted
in Figure 2b for dibenzoylmethane. In contrast, zplane—wave
DFT MD simulations performed by Kong et al.”* seem to
suggest that the two energy minima in dibenzoylmethane are
quite symmetric. As seen in Figure 2b, a difference of 1-2 kJ/
mol between the two energy minima can cause profound H/D
effects. Because nuclear quantum effects are not treated
explicitly in plane-wave DFT MD simulation, its accuracy is
not expected to be sufficient to assess any energy difference of
this small magnitude.

Benzoylacetone is another example with extensive crystallo-
graphic (X-ray and neutron diffraction) data available in the
literature.”*®* The accurate neutron structure obtained at 300
K suggests that the enol hydrogen atom in benzoylacetone is
located very close to the midpoint between the two O atoms,
with the two OH distances being 1.238 and 1.322 A
Interestingly, Madsen et al.°® found that, while the proton
density in the residual Fourier map appears to be a broad flat
distribution for the protonated benzoylacetone, the corre-
sponding deuteron density map in the deuterated benzoylace-
tone exhibits two peaks. Their interpretation of this
phenomenon was also based on a 1D potential energy curve
that resembles the one shown in Figure 2c. Again, our
observation of very small 'A”O(H/D) or ™AO(H/D)
isotope shifts in benzoylacetone and the corresponding
'H-"0 distance measurements are entirely consistent with
the expectation from the potential shown in Figure 2c. For
benzoylacetone, Durlak and Latajka®® performed Car—
Parrinello molecular dynamics (CPMD) and PIMD simu-
lations for both the H- and D forms of the molecule. They
found that, while the CPMD simulations predict a double-well
potential energy surface with a very small asymmetry, the
PIMD simulations, where nuclear quantum effects are treated
explicitly, yielded a barrier-less potential surface. As a result,
PIMD simulations suggest that the nuclear wave functions for
the enol proton and deuteron are very similar in
benzoylacetone. Our model shown in Figure 2c¢ is thus
consistent with the PIMD result.

For curcumin, although there are no accurate neutron
diffraction data available in the literature, one may still be able
to get clues about the nature of the LBHB from its high-quality
X-ray crystal structure.”’ For example, the two C—O bonds
within the cis-keto—enol moiety in curcumin are very similar,
as seen in Figure S, indicating that the enol hydrogen atom is
probably close to the midpoint between the two O atoms.
Indeed, our results on both the H/D isotope shifts and
"H-'70 distances suggest that the LBHB in curcumin is more
similar to benzoylacetone than to dibenzoylmethane.

Also listed in Figure S are the 'H chemical shifts observed
for the enol hydrogen atoms in these systems. As mentioned
earlier, the observed 'H chemical shifts of 17.5, 16.2, and 16.9
ppm are typical of those found in LBHBs. However, we should
point out that, while the "H chemical shift has long been used
as a spectroscopic handle to identify the presence of LBHBs,
the three 'H chemical shift values found in dibenzoylmethane,
benzoylacetone, and curcumin do not seem to be a good
predictor whether the enol hydrogen atom is located
symmetrically or asymmetrically between the two O atoms.
This aspect of LBHBs can be probed by H/D isotope shifts
and direct 'H='"0 distance measurement, as we have shown
in this study.
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4. CONCLUSIONS

We have reported new solid-state 'H, *C, and O NMR data
on three representative 1,3-diketone compounds: dibenzoyl-
methane, benzoylacetone, and curcumin. This is the first time
that H/D isotope shifts on '*C and '"O nuclei are reported for
LBHBs in the solid state. We showed that these H/D isotope
shifts can be qualitatively rationalized on the basis of simplified
1D anharmonic potential energy curves for proton transfer
across an LBHB. To accurately account for the H/D isotope
shifts, detailed shapes of the ground-state nuclear wave
functions must be known. In this study, we have also
demonstrated that direct "H—'"O distance measurement with
2D "0/'H QD correlation NMR spectroscopy offers another
new way of probing the location of the enol hydrogen atom in
1,3-diketone molecules. The solid-state NMR results obtained
for dibenzoylmethane and benzoylacetone are consistent with
their high-quality neutron diffraction crystal structures in the
literature. We have also obtained new insight into the LBHB in
curcumin for which neutron diffraction data are unavailable. It
has become clear to us that nuclear quantum effects are best
probed with a combination of experimental (e.g., neutron/X-
ray diffraction, solid-state NMR, IR, etc.) and theoretical (e.g,,
plane-wave DFT calculations and PIMD simulations)
techniques. It is the complementary nature of these different
techniques that may ultimately yield a unified description of
LBHBs.
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