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Abstract

A set of OHO hydrogen bonded systems with known neutron diffraction structure has been studied by fast 'H-MAS echo spectroscopy. It is
shown that the application of a simple rotor synchronized echo sequence combined with fast MAS allows a faithful determination of the
chemical shift of the proton in the hydrogen bond. Employing the empirical valence bond order model, the experimental 'H chemical shifts of
the hydrogen bonded protons are correlated to the hydrogen bond geometries. The resulting correlation between the proton
chemical shift and the deviation of the proton from the center of the hydrogen bond covers a broad range of substances. Deviations from
the correlation curve, which are observed in certain systems with strong hydrogen bonds, are explained in terms of proton tautomerism or
delocalization in low-barrier hydrogen bonds. These deviations are a highly diagnostic tool to select potential candidates for further
experimental and theoretical studies. Thus, the combination of the "TH-MAS echo sequence with the correlation curve yields a simple and

versatile tool for the structural analysis of OHO hydrogen bonds.
© 2004 Elsevier B.V. All rights reserved.
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Hydrogen bonding is one of the major structure and function
determining phenomenon in bio-organic molecules in
solution and solids [1]. Whereas, the geometry of crystalline
compounds can be studied by X-ray and neutron diffraction,
NMR spectroscopy has become a major tool in the study of
biomolecules in liquids and non-crystalline solids. In order
to determine hydrogen bond geometries by NMR, the NMR
parameters have to be ‘translated’ into distance information.
The most straightforward way is to measure dipolar
couplings by solid state NMR, which are proportional to
the average inverse cubic distances of nuclear spin pairs. If
one wants to measure dipolar couplings to 'H, care must be
taken to remove the homonuclear dipolar "H— "H coupling.
Thus, Griffin et al. [2] have measured the dipolar N-H-
couplings in NHO-hydrogen bonded systems, employing
non-spinning or slow spinning under the magic angle
(MAS), which were converted to NH-distances. Some of us
have proposed to study dipolar '>’N—D couplings instead
[3], a method which has been recently successfully applied
to study the geometries of NHN- [4] and NHO-hydrogen
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bonds [5] by solid state NMR of static samples. This method
is also applicable to MAS-conditions [6].

Unfortunately, dipolar couplings are averaged in the
liquid state or are not accessible in many important OHO-
hydrogen bonded systems. Since the chemical shifts of
hydrogen bonded protons or of the heavy atoms of hydrogen
bonds are strongly dependent on the proton position,
correlations between NMR parameters and hydrogen bond
geometries have been successfully established as an
alternative pathway for the structural analysis of the
hydrogen bond. In these cases, high-resolution solid state
"H NMR spectroscopy is the preferred NMR method. This
technique has made major progresses by the development of
fast '"H MAS techniques and the availability of high
magnetic fields. Nowadays, MAS frequencies of 20 kHz
and above are routinely available, even in a non-dedicated
solid state NMR laboratory and it is in general no longer
necessary to employ cumbersome homonuclear decoupling
techniques like CRAMPS [35] and related schemes for
high-resolution 'H MAS—NMR spectroscopy. As a result of
these technical developments, high resolved proton MAS—
NMR spectra are nowadays obtainable with any standard
highfield NMR spectrometer equipped with a fast MAS
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probe. In the case of OHO-hydrogen bonds, Sternberg [7]
and McDermott [8] have proposed 'H chemical shift-
geometry correlations, based on 'H solid state NMR
measurements and neutron crystallography structures.
These correlations are already used for the characterization
of strong and short hydrogen bonds in biological systems by
NMR studies of Mildvan et al. [9,10]. For a recent review,
we refer to a paper of Brunner et al. [11]. In the case of
NHN- and NHO- systems, some of us have found a
chemical shift-NH-distance correlation for various systems
[4,5] which filled especially the gap of short and strong
hydrogen bonds. These correlations have been applied
successfully to hydrogen bonds in the liquid state [12,13].

Whereas it had been recognized early that the short
distances rpy of hydrogen bonded systems of the type A—
H:--B increases when the heavy atom distance rpp is
decreased (Fig. 1) [14], recently it was realized by Steiner
et al. for OHO-systems [15], NHN-systems [16] and NHO-
and other systems [17] that in fact the correlation is superior
for the two heavy atom-hydrogen distances rpy and ryg,
which are, however, more difficult to measure. Note, that the
hydrogen bond angle o does not play a role in these
correlations since this information is already included
indirectly in the two bond lengths.

At room temperature, protons in hydrogen bonds are
often delocalized and can no longer be associated with a
single position in the hydrogen bond. As a consequence, any
correlation will break down.

A large part of the success of a correlation has to be
attributed to recent developments in neutron crystallography
and the availability of low-temperature neutron diffraction
data in the Cambridge Structural Database (CSD). A first
theoretical explanation of the r,y vs. ryg correlation was
provided by Steiner [16,17] in terms of the empirical valence
bond order model of Brown [18], which is based on the
valence bond concept of Pauling [21]. Using various quan-
tum-mechanical methods these empirical valence bond order
correlations were quantitatively reproduced [4,19,20].

The scope of this paper is therefore, to demonstrate that
the combination of fast "H MAS—NMR echo spectroscopy

Fig. 1. Geometric parameters of a hydrogen bond A—H.--B. For a linear
hydrogen bond ¢, coincides with the heavy atoms distance.

with the 'H chemical shift-geometry correlation, parame-
terized by the valence bond order model allows a faithful
characterization of the geometrical structure of OHO-
hydrogen bonds. For this purpose it is necessary to enlarge
the experimental database of the 'H chemical shift-
geometry correlation for OHO-hydrogen bonds, based on
low-temperature neutron structures contained in the CSD
and characterize their chemical shift by high-resolution 'H
solid state MAS—NMR echo spectroscopy.

In particular, we are interested to elucidate whether the
valence bond order model is able to distinguish between
normal deviations of experimental geometries from the
hydrogen bond correlation (arising from the usual scattering
of the data) to deviations caused by a delocalization of the
proton in the hydrogen bond, which is still difficult to
establish experimentally. If the latter were the case, solid
state '"H MAS—NMR would provide a simple method for
detecting compounds with interesting H-bond properties,
which could be studied in a second phase by low-
temperature “H NMR down to 10 K.

The rest of this paper is organized as follows: after a brief
introduction into the selected substances and the experimen-
tal methods, a short review of the valence bond order concept
for hydrogen bond correlations is given. This review is
followed by the experimental results and their discussion.

1. Materials and methods
1.1. Substances

A careful selection of the model compounds with known
structure was necessary for a reliable correlation between
"H-chemical shift and the proton position. To avoid
systematic deviations it was advisable to employ com-
pounds of different chemical classes. In a first step, the CSD
database was searched for compounds containing OHO
hydrogen bonds with known neutron diffraction structure.
From these compounds those were selected which fulfill the
following criteria:

e Simple structure with easily resolvable hydrogen pos-
ition inside the hydrogen bond.

e The temperature of the neutron diffraction examination
should be as low as possible to prevent the proton from
oscillating between the two oxygens and thus have an
intermediate position that is not the original position
below the thermal activation.

e The substances are allowed to have non-linear hydrogen
bonds so that the selection of the substances is more ‘real
world’ like and not restricted to special cases. Although
this would enlarge the scatter of the data these substances
are included.

According to these considerations the compounds
collected in Table 1 were chosen.
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Table 1
Hydrogen bonded solids whose low-temperature neutron diffraction data are available in the Cambridge Structural Database (CSD) and which were studied by
high-resolution solid state '"H NMR. ' H chemical shifts measured by us.

Substance and Structure Class q1 > 700 'H Values obtained
CSD code (ppm) by Harris [28]
3-Deazaauracil AN Amides and 0.2630 2.602 2.599 135
CAXKOBI1 HN amino acids
/
(0] OH
Benzoic acid (@) Carboxylic 03115 2.609 2.606 129 12.7
BENZAC09 acids
OH (aromatic)
Benzoylacetone ,-H\o cis-Keto— 0.0425 2.575 2.502 16.2
BZOYAC04 o 0 o | enol-
compound 2 in N tautomeres
Figs. 4,5 @)Ukcﬂ%
Succinic acid 0 Carboxylic 0.3350 2.670 2.673 12.8
SUCACBO03 acids and salts
HO
OH
(0]
Dibenzoylmethane o 0 cis-Keto—enol  0.1005 2.521 2.495 18.1
DBEZLMO02 tautomeres
compound 1 in Z
Figs. 4,5 O O
O_ .0
DL-Serine (0] Amides and 0.3460 2.692 2.679 08.6
DLSERNI11 amino acids
NH,
HO
OH
pL-Tartaric acid HO HO Carboxylic 0.3170 2.636 2.630 124 12.7
TARTACO1 acids and salts
0.3515 2.719 2.705 10.8 11.7
o 04345 2.845 2837 067 7.0
0] 0.4860 2.922 2901 04.5
HO HO
Ferrocene Organometalls  0.2925 2.601 2.600 13.7
1,1"dicarboxylic
acid FEROCA12 COOCH
Fe
HOOC \@
Ibuprofen IBPRACO1 CH,4 Carboxylic 0.3500 2.626 2.626 12.1
acids
CH (aromatic)

3

I
(]
;O
(@]
I
@

(continued on next page)
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Table 1 (continued)
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'H Values obtained

Substance and Structure Class q q> 700
CSD code (ppm) by Harris [28]
Suberic (0] Carboxylic 0.3125 2.643 2.642 133
acid SUBRACO03 acids and salts
HO
L-Glutamic acid 0 O Amides and 0.2720 2.592 2581 16.0 16.3
LGLUACO03 amino acids
HO OH
NH,
N-Acetylglycine Amides and 0.2475 2.563 2.562 15.6
ACYGLY11 amino acids
HO
N CHj
H
O
N-Acetyl-L-cysteine 0 Amides and 0.2385 2.549 2549 149
NALCYS02 )k amino acids
HS\/:\”/OH
O
Naphtazarin C (5,8- OH O cis-Keto—enol  0.3305 2.681 2.583 124
Dihydroxy-1,4- tautomeres 0.3405 2.667 2.570 124
naphthoquinone)
DHNAPHI17
OH O
Sodium hydrogen — Carboxylic 0.1440 2.446 2.445 19.1
maleate NAHMALOI Oﬂ o acids and salts
compound 3 in 0 o
Fig. 4,5 “H -
Paracetamol H Amides and 0.3745 2.667 2.660 09.3
HXCAN19 N\H/CHS amino acids
O
HO
p-Nitrobenzoic acid (0] OH Carboxylic 0.3550 2.646 2.626 13.0
NBZOACO06 acids
(aromatic)
Squaric acid (0] 0 Carboxylic 0.2495 2.547 2547 14.6
KECYBU13 j:[ acids and salts
HO OH
Salicylic acid OH O Carboxylic 0.3325 2.637 2.637 122 123
SALIACI2 acids 0.4060 2.720 2.608 09.6 9.8
(aromatic)
OH

o8

The codes refer to the CSD.
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1.2. Experimental section

The data were obtained, using a Varian 600 MHz
InfinityPlus NMR spectrometer running the Spinsight
software (version 4.3.2), employing 3.2 and 2.5 mm
Chemagnetics HX-T3 probes. The MAS speed was set to
24 kHz, if not otherwise noted. (Exceptions: benzolyace-
tone was measured using only 22 kHz; N-acetylglycine was
measured on a Varian 300 MHz InfinityPlus NMR
spectrometer using a 4 mm Bruker 'H probe and 12 kHz
MAS-frequency.) The measurements were made at room
temperature without additional cooling. All spectra were
referenced against TSP (Tetramethylsilyle propionic acid,
Na salt) as an external chemical shift standard. The
repetition times of the experiments were chosen in such a
way that all spectra were fully relaxed.

To suppress the considerable proton background signal of
the probes, all spectra were recorded employing a rotor syn-
chronized Hahn—Echo sequence with delay times between
800 ws and 3 ms. The delay times were chosen as an opti-
mized compromise between the signal decay owing to relax-
ation and the resolution gain owing to longer delay times.

2. The valence bond order model

To a given hydrogen bond of the type A—H- - -B one can
normally associate distances, ryy and ryp for the diatomic
units AH and H---B. According to Pauling [21], these
distances correspond to the valence bond orders

Pan = exp{ — (rag — raw)/b1 ),

)]

Pup = exp{ — (rup — rp)/byg }, With pay + pyp = 1.

Py and Py are the equilibrium distances of the fictive
diatomic molecules AH and HB, and b,y and byg are the
parameters describing the bond order decrease when the
distances day and dyp are increased. For hydrogen, the total
valence has to be unity [18]. This relation leads to
a correlation of rpy and ryg [15,17,18]. For OHO-systems
(A, B=0) Steiner has proposed the values [15]

o =ro = 0.942 A, b = boy = byo = 0.371. 2)

The correlation of rgy with ryg also implies a correlation
of the quantities.

q1 = 12(ron — ruo) and g, = rog + o 3)

g, corresponds in the case of linear hydrogen bonds to the
heavy atom distance rgg; ¢ is called the hydrogen bond
coordinate as it represents in linear hydrogen bonds the
deviation of the proton from the hydrogen bond center. The
g, Vs. g, correlation can be written as [4]

g2 = Mo + 70 — bon In(1 — exp(—(rou — rdu)/bon))- (4)

Egs. (3) and (4) give an implicit correlation between the
variables ¢; and g, as depicted in the graph of Fig. 2. When

3.2
< 3.0
= —
- 2.8 [oLLLLUENI[II]Te} r .
TT/ e oM IQ
& 2.64 OMHmn

2.4+

-0.5 0.0 05

q1=1/2(r4-r5)/A

Fig. 2. Hydrogen bond correlation curve for O—H---O hydrogen bonded
complexes calculated from Eq. (4). ¢, = r| + r, represents the heavy atom
distance in case of a linear hydrogen bridge, ¢, = 1/2(r; — r,) the proton
transfer coordinate.

OH and O are far from each other, ¢; exhibits large negative
values and the heavy atom separation g, large positive
values. When the H-bond is formed, the absolute value of g,
decreases and in the extreme of a symmetric H-bond goes to
zero, when it is located in the hydrogen bond center. At the
same time, ¢, decreases to a minimum value. Once the
proton has crossed the H-bond center, the ¢, values become
positive and ¢, increases again, until the hydrogen bond is
again broken at large values.

Some of us have found the following correlation between
"H chemical shifts and the bond orders of Eq. (1):

O(AHB) = 4AsugpanPus + Pan 59@ + Pus 5%13 &)

The parameters in this equation have to be established
empirically. In principle, they depend on the chemical
systems studied. 8%;; and &%y represent the chemical shifts
of the fictive isolated diatomic molecules AH and BH, and
Asug the excess term at the configuration with the shortest
AHB-hydrogen bond. For the OHO data set of Mc Dermott
[8], Schah—Mohammedi [22] found the values of Agyo =
20.5 and 82y; = 2 ppm, whereas for the data set of Sternberg
[7], Detering [23] determined a value of Agyo = 22.6 and
821 = —1 ppm. The resulting maximum value of 21.6 ppm
corresponds to the value found by Denisov et al. [24] by
NMR investigations of stabilized HsO3 in solution at
90 K. Finally, another correlation of liquid NMR measure-
ments done by Tolstoy et al. [36] for carbonic acids leads to
comparable results (AH determined to 25 ppm and 82 to

—4 ppm).

3. Results and discussion
3.1. Experimental results

3.1.1. Resolution enhancement by MAS-echo-spectroscopy

Fig. 3 depicts the typical high-resolution 'H NMR
spectra of one of the hydrogen bonded solids studied, i.e.
Ferrocene 1,1’-dicarbonic acid. This molecule forms double
hydrogen bonded cyclic dimers in the solid state [25]. Fig. 3a
shows the normal "H NMR spectrum obtained under high
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ppm
(b)
| N L R LR BELELLLE B
25 20 15 10 9 8 7
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Fig. 3. (a) Normal 600 MHz '"H MAS-NMR spectrum (24 kHz.) of
Ferrocene 1,1’-dicarboxylic acid. (b) Rotor synchronized echo MAS
spectrum (24 kHz, 832 ps echo delay). Note the vast improvement of
resolution.

MAS and 90° irradiation, and Fig. 3b the rotor synchronized
echo spectrum obtained under the same conditions. The
large background signal and the base line distortions in the
center of the lines of Fig. 3a are partially due to proton
background signal of the probe and partially due to strongly
dipolar coupled proton spins. In comparison, the echo
spectra of Fig. 3b exhibits a far superior baseline, where the
lines of the relevant protons inside the molecule are nicely
resolved. Thus, by simple inspection of the spectra it is
evident that the resolution of the echo MAS spectra is
strongly improved as compared to the normal MAS-FID
spectrum.

3.1.2. Proton chemical shifts extracted from the echo
spectra

In the next step the 'H chemical shifts of the protons
inside the hydrogen bonds were extracted from the echo
spectra. For this purpose the resonance of the hydrogen-
bonded proton had to be identified and assigned. As the
hydrogen bonded protons are expected to exhibit the largest
chemical shift of all lines in each of the spectra, this
assignment is rather simple. The analysis of the experimen-
tal results was done in two steps. In the first step, the
chemical shift values of the individual hydrogen bonded
proton were determined and these values then plotted in the
second step as a function of the distance g; obtained from
the low-temperature neutron diffraction data in the CSD. In
the following, we discuss certain systems in more detail,

characterized by an increasing complexity of their "H NMR
spectra. All data obtained are assembled in Table 1.

Benzoylacetone and dibenzoylmethane are keto—enol
tautomers exhibiting a strong intramolecular hydrogen
bond. The g, values are smaller than those of the other
compounds. The hydrogen bonded protons exhibit chemical
shifts of 16.2 ppm in the case of benzoylacetone and
18.1 ppm in the case of dibenzoylmethane. The 'H signals
are well separated from the aliphatic and aromatic signals of
the remaining protons (spectra not shown). We will discuss
the unusual properties of these two systems later.

Naphtazarin C exhibits two short intramolecular
hydrogen bonds with a geometry similar to the keto—
enol tautomers, benzoylacetone and dibenzoylmethane.
Owing to the high symmetry of the molecule, reflected in
the very similar hydrogen bond positions, which differ
only by 2/100th of an Angstrom, both hydrogen atoms
are indistinguishable in the 'H NMR spectrum and
contribute to a single line at 12.4 ppm. This line is well
separated from the aromatic protons visible as a signal
around 7 ppm (spectra not shown). This compound has
been studied previously by Fyfe et al. using '*C CPMAS
NMR, where an asymmetric structure was observed in a
low-temperature phase, but a symmetric structure in the
room temperature phase [26]. 'H solid state relaxation
measurements on static powders were performed by
Medycki et al. from which information about the
dynamics of the proton transfers were obtained [27].

The carboxylic acids benzoic acid, succinic acid,
ibuprofen, suberic acid and para-nitro benzoic acid all
exhibit only a single type of hydrogen bond with
intermediate strength and thus hydrogen bond length in
their crystal structure. These compounds form hydrogen-
bonded dimers with two identical hydrogen bonds, where
the dicarboxylic acids form band like structures. Their
dispersion of the overall length is very small and nearly all
of the selected substances are found in the region of 2.6 A
(g2). All protons inside the hydrogen bonds have similar
chemical shifts between 12 and 13 ppm (Table 1) and
relative sharp signals that are well separated from the
aliphatic or aromatic signals (spectra not shown). These
values compare well with the value of 12.7 ppm, which was
identified by Harris [28] as the peak for the hydrogen
bonded proton in benzoic acid dimer.

Squaric acid contains only two equivalent protons, which
are both part of strong hydrogen bonds with an overall
0. --O distance (g;) of 2.55 Aand a proton deviation from
the hydrogen bond’s center (g;) of 0.250 A. The resulting
spectrum is very simple and consists of a single peak at
14.6 ppm (spectra not shown). This value is slightly higher
than the signals of the carbonic acids and can be explained
by the shorter hydrogen bonds compared to the other
carbonic acids. The crystal structure of this molecule was
studied recently as a function of pressure by Katrusiak [29].

Ferrocene 1,1’ dicarboxylic acid forms—in contrast to
the ‘normal’ dicarboxylic acids—cyclic hydrogen bonded
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dimers with two different O- - -O distances of 2.600 A (g =
2.601) and 2.626 A (g, = 2.632) and bond angles of 176.1°
and 178.4°. The nearly ecliptic pentadiene rings are
coordinated to an iron atom and two molecules of ferrocene
dicarboxylic acid are connected via four hydrogen bonds,
which are pair wise identical. The strength of the hydrogen
bonds is higher than in normal carbonic acids. They both
resonate in a single line at 13.4 ppm, which cannot be
further resolved in the "H MAS—NMR spectrum (Fig. 3).

Salicylic acid forms dimers similar to those found for the
carboxylic acids and additionally another hydrogen bond to
the protons of the (ortho-) hydroxyl group. In this way, a
longer (linear, g, = 2.72 A) and a shorter (non-linear,
q, = 2.64 A) hydrogen bond are formed and can be
separated in the solid state '"H MAS—NMR spectrum. The
stronger hydrogen bond is found for the protons of the
carboxy groups, which connect the molecules to dimers.
They resonate at 12.2 ppm (spectra not shown). The signal
of the proton in the hydroxy group, which forms the weaker
hydrogen bond, is found at 9.6 ppm. This is close to the
aromatic protons and causes a partial overlap with their
lines.

pL-Tartaric acid in the crystal has four intermolecular
hydrogen bonds of different strength. Their ¢; values range
from 0.317 t0 0.486 A and their q, values from 2.6 to 2.9 A.
In contrast to the normal dicarboxylic acids, the two
hydrogen bonds from the carboxyl group are of different
lengths. The four hydrogen bonds are clearly distinguish-
able in the "H MAS—NMR spectrum, since the strength of
the bonds is different and so the protons of the hydrogen
bonds can be attributed to the lines according to their g,
values (for clarity the atom numbers are given here since the
explanation would be otherwise too complicated). The
shortest hydrogen bond has a chemical shift of 12.4 ppm
(spectra not shown). This hydrogen bond from a carboxy
group to one of the hydroxyl groups has an overall bond
length of 2.636 A (02—-H4-04). The second intermolecular
hydrogen bond at 10.8 ppm with a g, distance of 2.719 A
(O5-H6-03) is between the carboxylic oxygen to the
proton of the second molecule’s carboxy group. The third
intermolecular hydrogen bond can be found at 6.7 ppm
(O1-H3-06) and connects a hydroxyl group to another
molecules carboxylic oxygen. The smallest chemical shift is
found for the longest hydrogen bond with a (g,) distance of
2.922 A, connecting a hydroxyl group to the other
carboxylic oxygen (O4—H5-03).

Sodium-hydrogen-maleate forms a very complex hydro-
gen bond pattern, which to a large extend is influenced by
crystal water. Three of the hydrogen bonds are between the
carboxylate anion and one single water molecule; the fourth
is connected to a different water molecule. The intramole-
cular hydrogen bond between the protonated acid function
and a carboxylic oxygen is very short (g, = 2.446 A) and
the proton is located close to the center of the hydrogen
bond. For maleic acid, mono-Na salt, only one of the
obtained values was used for the correlation of the chemical

shift vs. g;. The reason is, that we don’t have the possibility
to control the water content of the sample and since the
hydrogen bonds are mainly between the water molecules in
the crystal (the bonds’ distances will be changed by a
different water content and so the high quality neutron
crystal structure is useless), only the hydrogen bond with the
lowest influence of crystal water (this is the shortest
hydrogen bond) was selected. The 'H MAS—NMR
spectrum shows six resolved signals and the shortest
hydrogen bond shows a signal at 19.1 ppm (spectra not
shown).

Paracetamol (p-hydroxyphenylacetamid) forms crystals
with a medium OHO hydrogen bond (2.677 A)anda longer
NHO bond of nearly 3 A.Both, the phenolic OH group and the
NH group form hydrogen bonds to the carbonyl oxygen. The
proton of the OHO bond is shifted slightly more from the
center of the hydrogen bond (g, = 2.677 A O1-H5-02,
q: = 0.3765 1&) than in plain carboxylic acid dimers with a
chemical shift of 9.3 ppm (spectra not shown). The NHO
hydrogen bond was not further considered. The crystal
structure of this molecule was studied recently as a function
of pressure by Boldyreva et al. [30].

The situation for N-acetylglycin is similar to the situation
in paracetamol. Here, too, a shorter OHO bond and a longer
NHO hydrogen bond are visible in the crystal structure. The
OHO hydrogen bond is shorter than the one in paracetamol
(o = 2563 A, ¢, =0.2475, O1-H4-03) and has a
chemical shift of 15.6 ppm (spectra not shown). The
spectrum was recorded using the 300 MHz InfinityPlus
spectrometer at 12 kHz MAS speed, which results in the
relatively low resolution.

N-Acetyl-L-cystein contains only one OHO-hydrogen
bond from the hydroxyl group to the carboxylic acid’s
oxygen in the crystal structure. The overall length of this
hydrogen bond is shorter than the analogue hydrogen bond
in N-acetylglycine and the proton has a chemical shift of
14.9 ppm (g, = 2.549).

The crystal structure of 3-deazauracile exhibits two
intermolecular hydrogen bonds. The OHO hydrogen bond
(qy = 2.602 A, g, = 0.2630 A) is slightly shorter than the
OHO hydrogen bond of paracetamol and has a chemical
shift of 13.5 ppm (spectra not shown).

Next, the examined amino acids are discussed. Since,
these amino acids are in a zwitterionic state, there are more
NHO hydrogen bonds, due to the protonation of the —NH,
group. Compared to the substances mentioned above, all
intermolecular hydrogen bonds occur between the —NH7
group and the carboxylate ion.

DL-Serine exhibits four different hydrogen bonds in its
crystal structure. Three of the hydrogen bonds have their
origin in the protonated amino group and end in the
carboxylate rest. The OHO hydrogen bond has an overall
length of 2.692 A (g, = 0.3460 A) and is shorter than the
NHO hydrogen bonds with lengths between 2.8 and 2.9 A.
The highest chemical shift with 8.6 ppm is connected to the
OHO hydrogen bond (spectra not shown).
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L-Glutamic acid contains only one OHO hydrogen bond.
With 2.592 A (¢; = 0.2720 A) it is shorter than the three
NHO hydrogen bonds, which range between 2.8 and 2.9 A
in length and are thus of the same length as those observed
in DL-Serine. The chemical shift of the OHO hydrogen bond
of glutamic acid is determined as 16.0 ppm (spectra not
shown).

4. Discussion

The analysis of the geometrical information obtained
from the neutron scattering data has shown, that there are
two possibilities to correlate the geometric parameters of
hydrogen bonds. Previously, ryy was correlated with 7,3
[14], but Steiner et al. [15—17] showed that the correlation
of ray with ryg is more exact. Furthermore, this correlation
is supported theoretically by the empirical valence bond
order concept. Equivalent is the correlation of g, vs. g;. We
have plotted in Fig. 4 this correlation obtained for the OHO-
hydrogen bonds of the compounds studied here by high-
resolution NMR, for which neutron diffraction data were
available in the CSD. We confirm that the scattering of the
data of the g, vs. g, correlation is much smaller as compared
to the corresponding roy VS. 7oo-

As explained above, the resulting curve resembles the
pathway of the protons moving to the center of a hydrogen
bond. In order to visualize this pathway we have plotted the
data points in Fig. 4 twice, centro symmetric about the
origin at g; = 0, because in hydrogen bonds of the type
AHA the choice of the distance ry and ry, is arbitrary, as it
was done previously in the case of the NHN-systems [4].
We note deviations of compounds 1 and 2 from the
correlation line, whereas 3 is well located on the curve. We
will discuss this interesting behavior below in more detail.
(Fig. 5)

In Fig. 6, we have plotted the experimentally determined
chemical shift of the hydrogen bonded protons as a function

3.4+
3.3
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of g;. The solid line was calculated using Eq. (5). The
following parameters were obtained by eye fitting:

A(OHO) = 22.6 ppm and 80y

= —1 ppm.

The values for weak and intermediate hydrogen bonds
are in excellent agreement with the correlation line, and
deviations will reflect chemical influences on the chemical
shifts. The parameters obtained are identical to those
obtained by Detering [23] for the data set of Brunner et al.
[11] and very close to the parameters obtained by Schah—
Mohammedi [22] for the data set of McDermott [8]. Since
the range of compounds in the present study covers a much
larger number of different classes of compounds, it is
evident that these parameters seem to exhibit a universal
character, where the scattering of the data arises mainly
from secondary structural effects.

Again, similar to Fig. 4, we observe strong deviations
for 1 and 2, whereas 3 is again well located on the
correlation line. These deviations are not caused by the
different temperatures where neutron diffraction data and
'"H NMR data were obtained, as they are present in Fig.
4 as well as in Fig. 5. These deviations can be explained
as follows. The ¢, values of both compounds are too
large for the value of ¢g; observed in the neutron
diffraction data, if we assume the validity of the
hydrogen bond correlation. In addition, the 'H chemical
shifts of the hydrogen bonded protons are not as large as
expected for such small values of ¢;. It is well known
that six-membered H-chelate rings of the malonaldehyde
type as present in the enol forms of 1 and 2 exhibit a
double well potential for the proton motion, where the
proton is either delocalized or moves rapidly [31,32]
between two tautomeric states, as it is indicated in
Scheme 1 and Scheme 2 of Fig. 5. Solid state
interactions lift the symmetry between the two tautomers,
and one of them is normally favored. If the proton wave
function is broad, neutron diffraction will not recognize

rAH + rHB [A]

Qqo=

2.3 . .

T T 1

T T T
02 00 02 04 06 038

a4=(rAH - tHB)/2 [A]

Fig. 4. Comparison between two correlations using the ‘through space’ (left) and the ‘through bond’ (right) distance as heavy atom distances. The right graph
shows much less scattering of the data in particular for the weak hydrogen bonds.
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Fig. 5. The keto—enol tautomers 1 (Dibenzoylmethane) and 2 (Benzoyla-
cetone) do not fit into the theoretical curve in Fig. 4, whereas 3 (maleic acid,
mono Na salt) fits perfectly.

the tautomerism. Because of the small asymmetry of the
proton potential, ¢g; is not found to be zero. An
asymmetry caused by solid state interactions is smaller
than those caused by a chemical asymmetry. Hence, the
absolute g; values of 2 are larger than those of 1.

On the other hand, the maleate anion 3 which is located
on both correlation curves of Figs. 4 and 5, is known to
exhibit a single well potential for the proton motion [33,34].
Also, the solid state will lift the symmetry of the anion and
hence, values of ¢; which are non-zero will arise.

Finally, we wish to note that the combination of fast 'H
MAS—-NMR spectroscopy with echo detection allows a
much easier faithful detection of the 'H chemical shifts of
the proton in the OHO hydrogen bond than the previous 'H-
CRAMPS NMR studies. Thus, this technique allows fast
and simple characterization of OHO-hydrogen bonds, which
in the future can be applied to systems where no neutron
crystal structure is available.

0.0 q,[Al
-0.6000 -0.4000 -0.2000 0.0000 0.2000 0.4000 0.6000

Fig. 6. Correlation of the experimentally obtained chemical shift with the
deviation of the proton from the center of the hydrogen bond (g;). The
experimental data are plotted as dots, the solid line is a fit of the
experimental points employing the valence bond model. The uncertainty of
the measured chemical shift is around 0.1 ppm and is resembled by the
point size in the correlation. To separate different ¢; values their difference
must be larger than 2/100th of an Angstrom.

5. Summary and conclusion

Based on neutron diffraction data of crystal structures,
a selection of several substances of different chemical
classes with OHO hydrogen bonds and known neutron
diffraction structure was studied employing fast 'H
MAS-NMR methods. It is shown that by the application
of a simple rotor synchronized echo sequence in
combination with fast MAS, it is possible to faithfully
determine the chemical shift of the proton. This chemical
shift is correlated to the deviation of the proton from the
center of the hydrogen bond. Deviations from the
correlation curves arise in cases of non-recognized
proton delocalization in hydrogen bonds exhibiting a
small barrier for the proton motion. Thus, it is now
possible to routinely determine the position of the proton
in a hydrogen bond, independently of the solubility or
crystallizability of a compound, employing a simple 'H-
fast MAS—NMR experiment and the correlation curve
obtained, respectively, extended in this work.

In the future, a task will be to improve the theoretical
basis for the so far empirical valence bond order model and
to take hydrogen bond proton delocalization into account. In
the meantime, the deviations are of highly diagnostic value,
as they identify compounds worth to study in more detail
using other techniques. Such a technique, which has not yet
been mentioned, is the correlation of NMR chemical shift
data and quadrupolar couplings for deuterium. Here, the
database can be even further extended employing many
available X-ray diffraction data, which faithfully localize
the deuterium position in the hydrogen bond. This technique
allows one to do low-temperature measurements down to
10 K, which will strongly improve the overlap between
neutron diffraction and NMR in the future. Such exper-
iments are currently in progress in our lab.
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