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TElectronic supplementary information (ESI) available: Fig.S1. Plot of the difference in the NBO
charge densities, AQX10°, of the two oxygens participating in the intramolecular O—H---O hydrogen
bond. Fig.S2. Plot of calculated Wiberg bond order of the C2=01 group of the intramolecular CO---
H(O) hydrogen bond. Table S1. Structural data and *H NMR chemical shifts for selected compounds.
Table S2. Wiberg charge density within the intramolecular hydrogen bonded moiety. For ESI see DOI:
10.1039/XXXX

Abstract: The inability to determine precisely the location of labile protons in X-ray molecular
structures has been a key barrier to progress in many areas of molecular sciences. We report an
approach for predicting hydrogen bond distances beyond the limits of X-ray crystallography based on
accurate ab initio calculations of O—H---O proton chemical shifts, using a combination of DFT and
contactor-like polarizable continuum model (PCM). Very good linear correlation between
experimental and computed (at the GIAO/B3LYP/6-311++G(2d,p) level of theory) chemical shifts
were obtained with a large set of 43 compounds in CHCl; exhibiting intramolecular O-H---O and
intermolecular and intramolecular ionic O—H---"0 hydrogen bonds. The calculated OH chemical shifts
exhibit a strong linear dependence on the computed (O)H---O hydrogen bond length, in the region of
1.24 to 1.85 A, of -19.8 ppm A" and -20.49 ppm A with optimization of the structures at the MO06-
2X/6-31+G(d) and B3LYP/6-31+G(d) level of theory, respectively. A Natural Bond Orbitals (NBO)
analysis demonstrates a very good linear correlation between the calculated *H chemical shifts and
(i) the second-order perturbation stabilization energies, corresponding to charge transfer between
the oxygen lone pairs and oy antibonding orbital and (ii) Wiberg bond order of the O—H---O and O—
H---"0 hydrogen bond. Accurate ab initio calculations of O-H---O and O—H---'0 *H chemical shifts can
provide improved structural and electronic description of hydrogen bonding and a highly accurate

measure of distances of short and strong hydrogen bonds.

Keywords: Ab initio; hydrogen bonding; proton chemical shifts; natural bond orbital (NBO);
resonance assisted hydrogen bond (RAHB)
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Introduction

Hydrogen bonding is a fundamental aspect of chemical structure, conformation and
reactivity."® Hydrogen bonding of e.g. OH---O, OH---N, NH---O, and NH---N groups, is a key
interaction that determines the three dimensional structures in proteins, including enzymes
and antibodies, and nucleic acids. The hydrogen bond is considered also of crucial
importance in many biochemical processes by contributing to reactivity and transition state
stabilization, proton transfer and tunneling and ligand binding specificity. The strength of a
hydrogen bond depends on the H---Y length, the geometry of the X—H---Y-Z dihedral angle,
the nature of its microenvironment, and the degree of matching of the pK, values of the
conjugate acids of the heavy atoms sharing the hydrogen.

Hydrogen bonds in proteins are generally in the range of 2.7 to 3.0 A. However, in specific
cases, short and strong hydrogen bonds or lower-barrier hydrogen bonds have been
proposed to contribute significantly to the catalytic power of some enzymes by stabilizing
the transition state or some labile intermediate.’® They are shorter (2.5 to 2.7 A) and
stronger (<-7 Kcal/mol) than normal hydrogen bonds and are predicted to enhance catalytic
rates by more than 10°-fold. These hydrogen bonds are very controversial because it is
difficult to distinguish experimentally a short and strong hydrogen bond that is 2.5 - 2.6 A in
length from a conventional hydrogen bond that is 2.7 to 3.0 A in length, i.e. a difference of
about 0.2 A.

Detection of hydrogen bonds remains an area of active research. NMR spectroscopy is
one of the most powerful methods for investigating hydrogen bonding interactions both in
solution'*™ and in the solid.**> The existence of a hydrogen bond is inferred by several
NMR parameters and methods such as:

(1) Chemical shifts. It has been established that the NMR chemical shift is a very sensitive
indicator of hydrogen-bonding strength. For example clear correlations between 'H solid-
state NMR chemical shifts and OH---O hydrogen-bonding distance from X-ray and neutron

d.**?? These correlations have already been used
23-26

crystallography structures were presente
for the characterization of strong and short hydrogen bonds in biological systems.
(2) Temperature dependence of chemical shift. Amide protons in peptide/proteins?’?

2931 3nd phenol OH protons of natural products

or
hydroxyl OH protons of carbohydrates 13,32,33
involved in an intermolecular hydrogen bond show very strong temperature dependence (~-
12 ppb/°C) whereas those involved in an intramolecular hydrogen bond have markedly
lower temperature dependence (<-6 ppb/°C).

(3) Protection of chemical exchange. The rate at which an intramolecularly hydrogen
bonded amide proton in a protein disappears when the protein is dissolved in D,0 is
markedly lower than in an amide proton hydrogen bonded with the solvent.*

(4) The nuclear Overhauser effect (NOE) which arises from dipole-dipole relaxation
between spin % nuclei and is dependent on the distance between the nuclei and their

motions.®
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(5) Direct, across hydrogen bonds, spin-spin scalar couplings between nuclei on both sides
of the hydrogen bond. This has been accomplished for nucleic acids and proteins**?’ and, to
a limited extent, in carbohydrates.>®

(6) REDOR experiments, which are an attractive tool for studies of hydrogen bonding in the
solid.*® This technique has been used to characterize a-helix structures in polypeptides by
measuring *C=0---"H- >N hydrogen bond lengths.*

In recent years, developments in first-principles methods for calculating NMR

41,42

parameters, with particular emphasis on chemical shifts as well as advances in computer

power, have led to an increasing number of studies that combine calculation and
experiment, thus allowing systematic investigations of hydrogen-bonding interactions.***
We report therein computed 'H chemical shifts of a large set thirty five compounds
exhibiting intramolecular O—H---O hydrogen bond and eight compounds exhibiting strong
intramolecular and intermolecular ionic O—H---"O hydrogen bonds with the combined use of
DFT and conductor-like polarized continuum model (PCM) theory in CHCl3. The choice of the
compounds has been dictated by the fact that the hydrogen bonding state of hydroxyl
protons was shown to be a key factor in determining short and strong hydrogen bonds of

molecules of biological interest.?>2

Results and discussion

The use of hydroxyl proton chemical shifts in hydrogen bonding and conformational NMR
studies in solution, presents experimental challenges due to rapid chemical exchange
between hydroxyl groups and protic solvents. Proton exchange rates in —OH groups can be
significantly reduced in the presence of O-H---O intramolecular hydrogen bonds,**?%** by
dissolving in DMSO-dg or acetone-de,29 by supercooling aqueous solutions® or by using
organic co-solvents®® and, thus, have already been utilized in structural analysis of
carbohydrates®>*® and natural products.’**?** Furthermore, hydrogen bonded anions A---H--
-X" of phenols (AH) and carboxylic/inorganic acids (HX) have been extensively investigated.**”
>} Individual hydrogen bonded species in the slow NMR exchange regime were detected by
the use of very low temperatures (120 K in CDF3/CDF2CI52). Therefore, a large set of
experimental chemical shifts of test samples exist in the literature which can be used for
evaluating ab initio prediction of O—H---O and O—H---"0O proton NMR chemical shifts (Scheme

1).
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Scheme 1 Chemical formulas of phenol compounds exhibiting intramolecular O—H---O hydrogen
bonds and ionic complexes with intramolecular and intermolecular O-H---O hydrogen bonds
investigated in the present work. The data in black and blue are the computed 'H chemical shifts,
ppm, with minimization of the structures at the B3LYP/6-31+G(d) and M06-2X/6-31+G(d) level of
theory, respectively (see Table 2).

Ab initio calculated vs experimental isotropic *H chemical shifts — effects of basis set

Siskos et al.*’ performed extensive calculations with the contactor-like polarizable
continuum model (PCM)* and PCM discrete phenol + solvent hydrogen bonded complexes.
The DFT method with the B3LYP hybrid functional®® 6-31G(d), 6-31+G(d) and 6-311++G(d,p)
basis set, as implemented in the Gaussian 03 package, resulted in excellent improvement of
the calculated OH chemical shift when using discrete PhOH + solvent complexes. On the
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contrary, an attempt to investigate the interaction of a solvent molecule, like CHCl;, CH3CN,
acetone and DMSO with the C=5 OH group of genkwanin, compound 23 in Scheme 1, by the
use of DFT calculations was unsuccessful. The solvent molecule was displaced at a distance
greater than 4 A due to the formation of a strong intramolecular C=5 OH --- OC—4 hydrogen
bond. Similar results were obtained, in the present work, for compounds 1, 3 and 12
(Scheme 1).Therefore, a combination of the GIAO and the PCM methods with the B3LYP/6-
311++G(2d,p) functional, as implemented in the Gaussian 09W package,>® was used by
minimizing the structures with the B3LYP/6-31+G(d) and MO06-2X/6-31+G(d) basis sets
without incorporating discrete solvent molecules. The computed geometries were then
verified as minima by frequency calculations at the same level of theory (no imaginary
frequencies). To convert *H NMR chemical shifts to the ppm scale, the isotropic 6(*H) values
of tetramethylsilane (TMS), calculated at the same level of theory, were subtracted from the
6(0OH, ppm) values of the compounds under investigation.

A planar intramolecular hydrogen bond was observed for the compounds 1-5, 8, 11-14,
16-26, 28, 31-35, 39, 41-43 (Scheme 1) with dihedral angles ¢, = (C)O-H---O=C and ¢, = C-
0O-H---0O(C), deviating less than 1 degree. The benzophenone derivatives 6, 7 and 15 deviate
from planarity due to repulsive stereochemical interactions of the ortho-hydrogens of the
phenyl groups [6 with ¢;=-10.93° and -10.77° and ¢,=-6.67° and -7.21°(B3LYP/6-31+G(d))
and ¢1=-12.69° and -12.96° and ¢,=-6.56° and -6.94° (B06-2X/6-31+G(d)), 7 with ¢;=-10.71°
and $,=-7.12° (B3LYP/6-31+G(d)) and b1=-12.62° and ¢,=-7.00° (M06-2X/6-31+G(d)), 15 with
$1=4.23° and ¢,=5.39° (B3LYP/6-31+G(d)) and $1=5.93° and ¢,=6.15° (M06-2X/6-31+G(d)).
The other classes of compounds with ¢ angles deviating from planarity are the 1-acylo-2-
hydroxynaphthalenes [9 with ¢;=-5.28° and ¢,=15.02° (B3LYP/6-31+G(d)) and ¢;=-2.61° and
$,=15.12° (B06-2X/6-31+G(d)), 10 with ¢:=3.56° and ¢,=13.53° (B3LYP/6-31+G(d)) and
$1=6.71° and ¢,=13.30° (B06-2X/6-31+G(d)), 27 with ¢$,=4.38° and ¢,=-12.22° (B3LYP/6-
31+G(d)) and &:=-2.54° and ¢,=13.36° (B06-2X/6-31+G(d)), and the two acetyl
phenanthrene derivatives 29 [$;=-6.90° and ¢$,=14.60° (B3LYP/6-31+G(d)) and ¢1=5.38° and
$=-15.27° (B06-2X/6-31+G(d))], and 30 [db:= -6.85° and ¢,=14.29° (B3LYP/6-31+G(d)) and
$1=-5.27° and ¢,=15.00° (B06-2X/6-31+G(d))].

The structural details of selected compounds of known X-ray structures are depicted in
Fig. 1 and Table 1. The agreement between the optimized computed and the experimental
crystal structure is excellent.
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Fig. 1 Structures of the compounds 3, 14 and 35 of Scheme 1 optimized at the M06-2X/6-31+G(d)
level of theory. Calculated (in black) and experimental X-ray (in red) distances are expressed in A.

Table 1 Comparison between calculated values of the hydrogen bond O-H---O geometry (A and °)

with data of the crystal structures for selected compounds of Scheme 1

Compd 0---0 (A) 0-H..0 (A) &
0-H...0 angle (degrees)
B3LYP/ MO06-2X/6- X-ray B3LYP/ MO06-2X/ X-ray
6-31+G(d) 31+G(d) 6-31+G(d) 6-31+G(d)
3 2.82613 2.84446 2.899(1)” 1.96789 2.00225 2.182(18)
144.1 142.7 138%
8 2.65258 2.67242 2.6231(18)*° 1.77701 1.81916 1.61
145.5 143.4 156>
7 2.5993 2.63193 2.6061(11)" 1.69508 1.77197 1.88
144.4 142.0 1447
14 2.58448 2.59765 2.538 -2.586° 1.70550 1.74172 1.816-1.883
145.6 143.4 142%
19 2.62181 2.63294 2.60%° 1.72324 1.75500 1.68
147.9 146.04 148%°
27 2.51257 2.54618 2.474° 1. 61806 1.68256 1.56
146.35 143.58 147%
31 2.50517 2.57297 2.48 and 1.58832 1.61450 1.60-1.65
2.47401 2.51257 2.449% 1.53351 1.55290 1.54
148.7 146.74 160
151.6 146.35 154-157%
34 2.49111 2.46131 2.425% 1.44455 1.40867 1.306
178.8 178.8 177.0%
35 2.50176 2.48115 2451 1.46049 1.44083 1.400
179.6 178.2 166.8"

Table 2 illustrates calculated (6, ppm) and experimental (8exp, PPM) 'H chemical shifts, O--
-H and O-H bond distances, natural bond order (NBO) charges of the O---H-O atoms, and
NBO charge differences of the two oxygens of the hydrogen bond (AQx10°) of the
compounds of Scheme 1. Fig. 2 shows the parity plot between experimental and calculated
(with the GIAO method at the B3LYP/6-311++G(2d,p) level with PCM in CHCl3) *H chemical
shifts of the compounds 1 - 35 of Scheme 1 with minimization of the structures at the M06-
2X/6-31+G(d) and the B3LYP/6-31+G(d) level of theory; the coefficients of linear regression
R* of 0.965 and 0.977, respectively, show very good correlation between the calculated
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isotropic chemical shifts of OH protons and the experimental chemical shifts. It may also be
concluded that very large basis sets for energy minimization are not necessary to reproduce
accurately *H NMR chemical shifts.

Further geometry optimizations were performed for the molecules 3, 5, 8 and 17 of
Scheme 1 with the use of the computationally more demanding MP2/631 G+d level of
theory which includes dispersion effects. The geometric characteristics and the calculated *H
chemical shifts were found to be in very good agreement with those obtained at the
B3LYP/6-311+G(d) and MO06-2X/6-31+G(d) level of theory (Table S1). It can, therefore, be
concluded that very large basis sets for energy minimization are not necessary to reproduce
accurately *H NMR chemical shifts in agreement with literature data.®

It should be emphasized that although hydrogen bonds presumably have substantial
anharmonic character, the calculated 'H chemical shifts of Table 2 were not corrected for
quantum zero-point vibrational effects (QZPVE) for two reasons. First, detailed *H chemical
shift correlations of water clusters (H,0),, n=2 to 16 using GIAO DFT methods demonstrated
that QZPVE do not influence H chemical shifts significantly and, thus, can be neglected.®
Second, detailed investigation of the temperature dependence of the chemical shifts, AS/AT,
of phenol OH groups which participate in an intramolecular hydrogen bond demonstrated
that AS/AT values are very small, < 3 ppb, in a variety of organic solvents with varying
degrees of hydrogen bonding and solvation abilities. This implies a change of *H chemical
shifts of < 0.3 ppm for a temperature range of 100 K and, thus, a minor importance.

Table 2 Calculated (6,ppm) GIAO/DFT/B3LYP/6-311+G(2d,p) (geometry optimization at the B3LYP/6-
31+G(d) and M06-2X/6-31+G(d) level of theory) and experimental (8exp, PPM) 'H chemical shifts, O---
H and O—H bond distances, natural bond order (NBO) charges of the O---H-0 atoms, and NBO charge
differences of the two oxygens of the hydrogen bond (AQx10%) of the compounds of Scheme 1

Compd B3LYP/ M06-2X/ Sexp (PPM) 0---H O-H NBO AQX10°
6-31+G(d) 6-31+G(d) (A) (A) 0---H-0
6 (ppm) 6 (ppm)
1 9.07 8.79 8.76% 2.04923 0.98315 (-0.578, +0.533, -0.690) 112
2.07842 0.97824 (-0.572, +0.541, -0.706) 134
2 9.34 8.76 8-.64°>%3 2.02634 0.98385 (-0.588, +0.533, -0.691) 103
2.05999 0.97875 (-0.579, +0.543, -0.706) 127
3 9.72 9.33 9.07,9.04>%  1.96789 0.98563 (-0.604, +0.533, -0.693) 89
2.00225 0.97982 (-0.601, +0.543, -0.709) 108
a 10.43 9.73 9.72% 1.93876 0.98692 (-0.612, +0.537, -0.695) 83
1.99843 0.98047 (-0.608, +0.547, -0.711) 103
5 11.01(49.65%) 10.08 (48.5%) 10.6%° 1.78342 0.98868 (-0.593, +0.533, -0.699) 106
11.15(50.35%) 10.47(51.5%) 1.78486 0.98866 (-0.595, +0.533, -0.697) 102
11.08 10.30 1.82655 0.97982 (-0.590, +0.544, -0.718) 128
1.82531 0.98079 (-0.592, +0.545, -0.716) 124
6 11.25 10.35 10.43 1.73815 0.98692 (-0.672, +0.536, -0.696) 24
11.69 10.68 10.81% 1.72708 0.98862 (-0.672, +0.538, -0.692) 20
1.79525 0.97878 (-0.667, +0.547, -0.714) a7
1.78196 0.98027 (-0.667, +0.549, -0.710) a3
7 11.42 10.55 10.54°7/8 1.73187 0.98741 (-0.673, +0.536, -0.698) 25
10,5955/ 1.79045 0.97921 (-0.668, +0.547, -0.716) a8
8 11.62 10.85 11.01% 1.77701 0.98985 (-0.596, +0.534, -0.693) 97

1.81916 0.98173 (-0.595, +0.546, -0.712) 117
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9 12.53 11.29 11.10° 1.66898 0.99237 (-0582, +0.536, -0.678) 9%
1.74125 0.98160 (-0.576, +0.548, -0.699) 123
10 12.50 11.16 11.137° 1.69508 0.99237 (-0.617, +0.537, -0.693) 76
1.77197 0.98155 (-0.611, +0.548, -0.712) 101
11 12.37 11.63 11.45%° 1.75446 0.99152 (-0.588, +0.534, -0.657) 69
1.79817 0.98306 (-0.587, +0.549, -0.679) 92
12 12.19 11.39 11.84%7 1.73269 0.99280 (-0.591, +0.536, -0.690) 99
1.77877 0.98324 (-0.589, +0.548, -0.710) 121
13 12.35 11.54 11.86°%7 1.73107 0.99232 (-0.586, +0.536, -0.689) 103
1.77694 0.98291 (-0.584, +0.548, -0.710) 126
14 12.35 11.69 11.98°%® 1.70550 0.99079 (-0.666, +0.538, -0.690) 24
1.74172 0.98252 (-0.669, +0.549, -0.709) 40
15 12.45 11.50 12.02% 1.69731 0.99279 (-0.611, +0.535, -0.698) 87
1.75040 0.98318 (-0.608, +0.548, -0.717) 109
16 12.22 11.65 12.117° 1.70733 0.98130 (-0.674, +0.538, -0.694) 20
12.33 11.72 12.32 1.73743 0.98316 (-0.678, +0.549, -0.711) 33
1.70310 0.99197 (-0.674, +0.538, -0.693) 19
1.73576 0.98362 (-0.678, +0.549, -0.709) 31
17 12.47 11.75 12.26, 7% 1. 69790 0.99348 (-0.610, +0.534, -0.698) 85
1.73631 0.98459 (-0.609, +0.547, -0.717) 108
18 12.51 11.95 12.23"° 1.68655 0.99150 (-0.679, +0.536, -0.697) 18
1.71821 0.98338 (-0.585, +0.548, -0.714) 29
19 12.62 12.01 12.577 1.72324 0.99693 (-0.637, +0.536, -0.699) 42
1.75500 0.98794 (-0.639, +0.549, -0.716) 77
20 12.90 12.04 12.61% 1.66975 0.99577 (-0.624, +0.535, -0.700) 76
1.71307 0.98607 (-0.621, +0.548, -0.718) 97
21 13.08 12.35 12.617%7 1.72608 0.99522 (-0.608, +0.538, -0.692) 84
1.76602 0.98619 (-0.607, +0.552, -0.711) 104
22 12.71 12.09 12.56, 1.71940 0.99448 (-0.631, +0.535, -0.694) 63
12.63747° 1.75323 0.98626 (-0.631, +0.548, -0.712) 81
23 12.92 12.50 12.89 1.72271 0.99755 (-0.631, +0.535, -0.694) 63
1.75509 0.98830 (-0.644, +0.549, -0.716) 72
24 13.15 12.45 13.00”° 1.67646 0.99547 (-0.627, +0.534, -0.700) 73
1.71115 0.98643 (-0.626, +0.547, -0.717) 91
25 13.58 12.86 13.157%72 1.68007 0.99749 (-0.610, +0.535, -0.687) 77
1.71520 0.98807 (-0.610, +0.549, -0.708) 98
26 13.38 12.30 13.43" 1.66846 0.99736 (-0.622, +0.536, -0.676) 54
13.91 12.95 13.98 1.72076 0.98570 (-0.617, +0.549, -0.699) 82
1.63738 1.00210 (-0.610, +0.537, -0.701) 89
1.68097 0.98996 (-0.606, +0.551, -0.721) 115
27 13.93 12.62 13.93, 1. 61806 1.00022 (-0.629, +0.536, -0.689) 60
13.447%72 1.68256 0.98808 (-0.627, +0.550, -0.710) 83
28 14.12 13.28 14.11, 1. 65192 0.99990 (-0.621, +0.538, -0.696) 75
13.997%72 1.69262 0.98997 (-0.621, +0.553, -0.716) 95
29 15.00 13.75 14.617° 1.59292 1.00480 (-0.634, +0.539 -0.692) 58
1.64796 0.99260
30 15.20 14.03 14.947° 1.58712 1.01611 (-0.630, +0.539, -0.686) 56
1.63945 0.99403 (-0.631, +0.555, -0.708) 77
31 14.61 13.97 14.5"° 1.58832 1.00792 (-0.629, +0.538, -0.689) 60
1.61450 0.99800 (-0.632, +0.553, -0.710) 78
15.91 15.38 16.247° 1.53351 1.01518 (-0.630, +0.539, -0.701) 71
1.55290 1.00622 (-0.634, +0.555, -0.725) 91
32 16.76 16.49 17.097 1.5068 1.02233 (-0.629, +0.540, -0.692) 63
1.51752 1.01495 (-0.635, +0.556, -0.717) 82
33 16.50 16.10 17.22"7 1.52904 1.02208 (-0.640, +0.538, -0.669) 29
1.54311 1.01478 (-0.642, +0.554, -0.702) 60
34 17.20 18.05 17378 1. 46069 1.04128 (-0.693, +0.542, -0.696) 3
1.44083 1.04060 (-0.707, +0.557, -0.723) 16
35 17.70 17.59 17.878 1. 44455 1. 04669 (-0.703, +0.542, -0.701) 2
1.40867 1.05278 (-0.722, +0.557, -0.729) 7
Anions
79
36 14.34°(8.2%)° 16.82°(1 %) 14.57 1.56178° 1.03503°  (-0.754, +0.541, -0.755) -1
14.25b(91.8%) 14.61b(99 %) 1.6277° 1.01526" (-0.758, +0.535, -0.748) 10
g J 1.50817a 1.04133a 4 777, +0.551, -0.781) 9
14.26 14.63 1.60161b 1.01290b o781’ 10,548, -0.776) s
37 19.320(97.18%)‘: 20_783(46.01%)5 19.36"° 1.38308 1.10012 (-0.793, +0.535, -0.762) -31
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16.11b(2.82%)c 17.32”(53.99%)‘ 1.55028" 1.03303"°  (-0.817,+0.540, -0.748)b -69
1.29850 1.13567 (-0.810, +0.549, -0.792) -18
19.23° 18.91° 1.49879 1.04125b  (-0.837,+0.551,-0.776)b 51
38 18.96°(11.87%)° 20.29(1.0%) 19.37"° 1.37708° 1.10516 (-0.795, +0.538, -0.764) -31
b c b
16.30b(88.13%)c 17.11 (99%) 1'53724b 1.03931 ('0'8081 +0'537I '0-755)b -53
1.29212 1.14240 (-0.810, +0.550, -0.793) -17
) -0.827, +0.548, -0.784)b -43
16.62° 17.14° 1.48775b 1.04413b | )

39 20.25 22.11 19.90"° 1.40593 1.08017 (-0.743, +0.525, -0.764) 22
1.24084 1.13673 (-0.779, +0.540, -0.771) -8
40 20.65 21.47 20.07”° 1.31074 1.13759 (-0.744, +0.530, -0.723) 21
1.23737 1.17881 (-0.764, +0.544, -0.758) -6
41 19.35 20.47 20.27"° 1.40593 1.08017 (-0.792, +0.528, -0.762) -30
1.35039 1.09709 (-0.811, +0.543, -0.790) 21
42 20.02 21.17 20.847° 1.37790 1.08291 (-0.771, +0.526, -0.748) 23
1.31591 1.10506 (-0.790, +0.542, -0.774) -16

43 22.77 22.89 21.33"° 1.19860 1.18586 (-0.746, +0.522, -0.747) 1
1.19173 1.17940 (-0.772, +0.540, -0.770) 2

“ Linear complex. ° Bent complex. © Into parenthesis is the population (%) of the particular conformer.

¢ Average chemical shift, &, taking into consideration the populations of the two low energy

conformers.

184 A

GIAO "H chemical shift (ppm)

= = - =
N ' o ©
1 1 1 N

GIAO "H chemical shift (ppm)
3

5., (PPM)

Fig. 2 Calculated (at the GIAO/B3LYP/6-311G+(2d,p) level of theory with PCM in CHCl;) vs
experimental chemical shifts of the OH protons of the compounds 1 - 35 of Scheme 1 with
minimization of the structures at the M06-2X/6-31+G(d) (A) and B3LYP/6-31+G(d) (B) level of theory,
respectively. The blue line corresponds to the linear fit and the black line to the linear fit through the

zZero.
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Of particular interest are the ionic intermolecular hydrogen bonded structures 36 - 38 and
40. The dimeric complex of CH3COOH with CF3COQ’, 36, adopts two conformations: a bent
one, with secondary attractive interactions between the carboxylate oxygen of the anion
with the methyl group of CH;COOH and a linear one (Fig. 3). The bent structure is more
stable by about 1.43 kcal/mol with the B3LYP/6-31+G(d) and 2.73 kcal/mol with the M06-
2X/6-31+G(d) basis set. Similarly, the dimeric charged complex 38 adopts two low energy
conformers (1.19 and 2.73 kcal/mol) with the bent one being more stable due to attractive
interactions between the carboxylate oxygen of the anion with the CHs groups. In the case of
compound 37 (t-Bu group) the linear conformation was found to be more stable by 2.10
kcal/mol using the B3LYP/6-31+G(d) basis set while at the M06-2X/6-31+G(d) level of theory
the bent conformer is slightly more stable than the linear one (0.095 kcal/mol). On the
contrary, the dimeric charged complex 40 adopts a unique linear conformation since the
bent one is of high energy due to the repulsive interaction between the carboxylate oxygen
of the anion with the —CF3 group. As expected, compounds 39, 41, 42 and 43 adopt a unique
low energy conformer (Table 1). Inclusion in the analysis of the compounds 36 to 43 results
also in very good linear correlation between experimental and computed chemical shifts
with R? of 0.960 and 0.966 with optimization of the structures at the B3LYP/6-31+G(d) and
MO06-2X/6-31+G(d) level of theory, respectively (Fig. 4).

It should be emphasized that the computed average chemical shifts of the two low energy
and, thus, more populated conformers of the complex 38 (6, = 16.62 ppm at the B3LYP/6-
31+G(d) and 64 = 17.14 ppm at the M06-2X/6-31+G(d) level of theory, Table 2) deviate
significantly from the experimental value (6 = 19.37 ppm). This deviation may be attributed
to several reasons. First, hydrogen bond formation results in the appearance of several low-
frequency normal vibrations describing relative motion of partner molecules, and chemical
shifts of nuclei involved in a hydrogen bridge are very sensitive to hydrogen bond
geometry.”” Second, the dielectric permittivity of solvents formed by dipolar molecules
increases very rapidly with lowering the temperature due to molecular orientation, which
can cause considerable alterations in geometry of highly polarizable hydrogen bonds. Third,
more advanced basis sets are needed for the minimization of the intermolecular ionic
hydrogen bonded complexes. Further calculations, therefore, were performed with
minimization of the structures at the M06-2X/6-31+G(d) level of theory using a dielectric
constant e=40 which was suggested to be an appropriate one for the low temperature (120K
in CDF3/CDF,Cl) NMR experiments.52 Calculations demonstrated an increase in the
internuclear hydrogen bond distance O-H---"O presumably due to stabilization of the
negative charge of the carboxylate group by solvation. Therefore, the intermolecular ionic
hydrogen bond becomes weaker, thus, resulting in a decrease in the *H- NMR shifts and
larger deviation from the experimental values. On the contrary, minimization of the
structure with the more demanding B3LYP/6-311++G(p,d) level of theory, results in an
increase in the average chemical shift (6,,(OH) = 17.93 ppm) and, thus, better agreement
with the
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(a) (b)

’) 4 )

Fig. 3 Two low energy conformers of the complex CH;COOH_CF;COO, 36: (a) bent and (b) linear
arrangement optimized at the M06-2X/6-31+G(d) level of theory.

24 (A) 8

GIAO "H chemical shift (ppm)

2] (B) - “.'Sx

GIAO "H chemical shift (ppm)

5., (PPM)

Fig. 4 Calculated (at the GIAO/B3LYP/6-311G+(2d,p) level of theory with PCM in CHCl3) vs
experimental chemical shifts of the OH protons of the compounds 1 - 43 of Scheme 1 with
minimization of the structures at the M06-2X/6-31+G(d) (A) and B3LYP/6-31+G(d) (B) level of theory,
respectively. The blue line corresponds to the linear fit and the black line to the linear fit through the
zero.

experimental result (6(OH) = 19.37 ppm). The chemical shifts of the two low energy
complexes were found to be &§(OH) = 20.47 ppm for the linear conformer (35.96%) and
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6(0OH) = 16.76 ppm for the bent one (64%). It can, therefore, be concluded that for the
intermolecular ionic hydrogen bonded complexes, high level basis set is required for the
minimization of the structures due to delicate equilibrium of the two low energy
conformers.

Calculated isotropic chemical shifts vs 0---O, (O)H---O and O—H distances

Simple correlations between isotropic *H chemical shifts and O---H and O---O distances in
O—H---0O hydrogen bonds have been established for a variety of organic and inorganic
solids.'® Thus, a linear relationship between isotropic 'H chemical shift, 6(OH) and O---0
distance (ro-.o) has also been established for several metal phosphates and minerals® and
for carboxylic acid protons.®

Bertolasi et al.’”® suggested a linear correlation between crystallographic r(0O---O)
distances and §(OH) *H chemical shifts of the form

5(OH, ppm) =-34.1 (+ 2.6) r(0---0) (A) + 100.3 (+ 64.0) (1)

for a variety of molecules where the 6-diketone enol group was found to form
intramolecular O—H---O hydrogen bonds. A nearly linear relationship between the isotropic
'H chemical shifts, §(0OH), and H---O distance (ry_o) has been presented® for a series of
compounds, using H---O distances determined from neutron diffraction (which are
substantially more accurate than those determined from X-ray diffraction). The data were
fitted well by a linear plot in which an increase of ry_o by 1.0 A corresponds to a change of
6(0H) by -20 ppm. A linear relationship between &§(OH)and ry..o was found over the whole
range studied, from very short (almost symmetrical) hydrogen bonds to long hydrogen
bonds (involving water molecules in hydrates).

Using structural data obtained from neutron diffraction studies for 41 different crystalline
solids, the following linear relationship was reported

5(0OH, ppm) = 4.65 (ry—o /nm)™*-17.4 (2)

For crystalline aminoacids a correlation of r[(O)H---O] hydrogen bond distances from X-ray
diffraction with 6(OH, ppm) from solid state NMR of the form

r[(O)H---0] =5.04 — 1.16 In §(OH, ppm) + 0.0447 6(0OH, ppm) (3)
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22
was also suggested.

Fig. 5 illustrates the dependence of the computed OH proton chemical shifts, §(OH, ppm),
of the compounds of Scheme 1 as a function of the computed O---O distances, A. The
resulting coefficient of linear regression R®> demonstrates very poor correlation with
minimization of the structures both at the M06-2X/6-31+G(d) and the B3LYP/6-31+G(d) level
of theory. Compounds 1 to 4 (Scheme 1), which exhibit relatively weak hydrogen bonding,
deviate significantly from a linear correlation. Furthermore, the anions 36 to 43 seems to
present a separate class of compounds with an intercept of linear regression near parallel to
that of compounds 5 to 35. It has been suggested that O---O distances may not be sufficient
indicators of hydrogen bond strength because the oxygen atoms can be thrust together due
to steric and electronic constraints.®* On the contrary, an excellent linear correlation of
computed 6(OH, ppm) vs computed (O)H---O, rou..0, hydrogen bond distances of the form

Son (ppPM) = -19.83 1)+ 46.49 (R*=0.986) (4)

was obtained with a slope of -19.83 ppm A for minimization of the structures at the M06-
2X/6-31+G(d) level of theory (Fig. 6A). Very good linear correlation of the form

Son (pPM) = - 20.49 rio)—.o+ 47.49 (R*=0.961) (5)

with a slope of -20.49 ppm A™ was also obtained with minimization of the structures at the
B3LYP/6-311+Gd level of theory (Fig. 6B).

Compounds 1 to 4 were not included in the linear regression analysis of Fig. 6 A,B since
they deviate from linearity presumably because they exhibit relatively weak hydrogen bond
with Rioju--0> 1.9 A. Similarly, non-linear behavior has been observed in CPCM calculations of
discrete phenol + solvent hydrogen bonded complexes for R(o)n--0> 2.0 A* and in ab initio
calculations of acetone-phenol complexes at Rigjy--0> 2.1 A% Taking into consideration that
the accuracy in estimating the slope in eqns (4) and (5) is 2 to 3%, it is evident that hydrogen
bond distances with accuracy of + 0.02 A to +0.03 A can be estimated for (O)H---O and (O)H-
--'0 hydrogen bonds in the range of 1.24 A to 1.85 A. It has been suggested that the accuracy
in protein X-ray crystallography is ~ 0.1 — 0.3 x (resolution), therefore, a structure with 2 A
resolution has standard errors in distances that are +0.2 to +0.6 A. It can, therefore, be
concluded that accurate ab initio calculations of O-H---O and O-H---"O proton chemical
shifts can provide a method for estimating hydrogen bond distances of labile protons
beyond the limits of X-ray crystallography.

Fig. 7 illustrates calculated, at the GIAO/B3LYP/6-311+G(2d,p) level of theory with PCM in
CHCl3, OH proton chemical shifts vs calculated elongation of the O-H bond of the structures
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of the compounds of Scheme 1. The dependence is non-linear and the maximum elongation
of the O-H bond is at ~ 1.24 A which corresponds to computed chemical shifts of 21.96 ppm
and 21.75 ppm for optimization of the structures at the B3LYP/6-31+G(d) and M06-2X/6-
31+G(d) level of theory, respectively. These values should be compared with the
experimental chemical shift of hydrogen maleate (6 = 20.82 ppm) which was suggested to
exhibit the strongest symmetric hydrogen bond where the hydrogen atom is near the
midpoint of the donor and acceptor atoms and moves in a single well potential.”*®

(A)

a A A N
L o © o
1 1 1 1

-
N
N

GIAO 'H chemical shift (ppm)

-
o
1

0

24 25 26 27 2.8 2.9
Distance (0~--0) (A)

(B)

GIAO "H chemical shift (ppm)

24 25 26 27 28 29
Distance (0--0) (A)

Fig. 5 Calculated "H chemical shifts [at the GIAO DFT/B3LYP/6-311+G(2d,p) level of theory with PCM
(CHCI5)] vs O---O distances of the compounds of Scheme 1 with minimization of the structures at the
MO06-2X/6-31+G(d) (A) and B3LYP/6-31+G(d) (B) level of theory.

Natural bond orbital analysis — the nature of hydrogen bonding

Table 2 represents the natural bond orbital (NBO) analysis of the compounds of Scheme 1
that has been carried out at the B3LYP/6-31+G(d) and M06-2X/6-31+G(d) level of theory.
The NBO charge of the hydrogen participating in the intramolecular O—H---O or ionic O—H---
‘0O intra- and intermolecular hydrogen bond indicates an insignificant variation on the
strength of hydrogen bonding in the whole range of the compounds 1-43 of Scheme 1. The
charge of the proton acceptor oxygen increases from e.g. -0.578 for compound 1 up to
-0.772 for compound 43 at the M06-2X/6-31+G(d) level of theory. The charge of the proton
donor oxygen shows a moderate increase from -0.706 for compound 1 up to -0.770 for
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Fig. 6 Calculated (at the GIAO/B3LYP/6-311+ G(2d,p) level of theory with PCM in CHCI;) OH proton
chemical shifts vs calculated (O)-H---O distances, A, of the compounds of Scheme 1 with minimization
of the structures at the M06-2X/6-31+G(d) (A) and B3LYP/6-31+ G(d) (B) level of theory.

compound 43 at the M06-2X/6-31+G(d) level of theory. Similar results were obtained at the
B3LYP/6-31+G(d) level of theory. The difference in the magnitude of the NBO charges,
AQX10°, of the two oxygens participating in the intramolecular O—H---O or ionic O—H---0
intra- and intermolecular hydrogen bonding indicates no functional correlation with 'H
chemical shifts at the B3LYP/6-31+G(d) and MO06-2X/6-31+G(d) level of theory (Fig. S1).
Compounds 6, 7, 14, 16 and 18 seem to form a particular class of compounds presumably
due to the fact that two OH groups form intramolecular hydrogen bonding interactions
simultaneously to the single CO group.

The O—H---O and O-H---'O hydrogen bond formation in terms of NBO analysis may be

8788 The hyperconjugative interaction which is

considered as a combination of two processes.
related to the charge transfer from the oxygen lone pair to the *(0O—H) antibonding orbital
which leads to the elongation of the O—H bond and shortening of the O—H---O hydrogen

bond. The second process is related to the increase in s-character of the oxygen hybrid
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Fig.7 Calculated (at the GIAO/B3LYP/6-311+G(2d,p) level of theory with PCM in CHCl;) OH proton
chemical shifts vs calculated elongation of the O-H bond, A, of the structures of the compounds of
Scheme 1 optimized at the B3LYP/6-31+G(d) (A) and M06-2X/6-31+G(d) (B) level of theory.

orbital in the O—H bond and, thus, shortening of the O—H bond. In the NBO analysis of
hydrogen bonded systems, the charge transfer process is considered to be the most

important.

Fig. 8 shows second-order stabilization energies, £, corresponding to charge transfer

(2)
LP(0)—ooy’

function of the calculated 'H chemical shifts of the compounds 1-35 of Scheme 1. The

between oxygen lone pair and g3y antibonding orbital [ E in kcal mol?), as a

resulting coefficient of determination R°=0.946 shows very good correlation between

@)
LP(0)—»a}

transfer between the lone pairs of proton acceptor and the antibonding oy of proton donor

calculated *H chemical shifts and E . which implies that the properties of charge

could be very useful to estimate the electronic properties and, thus, strength of

(2)
LP(0)—0p

the hydrogen bond distance O---H(O) and (ii) the donor ability of the oxygen atom. The

resulting excellent correlation between §(OH, ppm) and O---H(O) hydrogen bond distance

)
LP(0) -0}

intramolecular hydrogen bond. The value of E . depends on at least two factors: (i)

(Fig. 6) implies that the factor (i) is the primary one in determining the E . value.
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Fig. 8 Calculated (at the GIAO DFT/B3LYP/6-311+G(2d,p)] level of theory with PCM in CHCl;) chemical
shifts of the compounds of Scheme 1 with minimization of structures at the M06-2X/6-31+G(d) level
of theory) vs stabilization energy (Second Order Perturbation Theory Analysis) between the lone
pairs of the oxygen of the carbonyl group with the o*antibonding orbital of the H-O bond) (lone pair
1 in black, R?=0.946, lone pair 2 in green, R’=0.575, and the sum in blue, R?=0.921).

Fig. 9 presents the NBO orbitals of the lone pair of the electron donor oxygen and the

antibonding oy of the acceptor OH group for three representative compounds of widely

@
LP(0) —»0opy

interaction (9.46 kcal mol™®) of 3, the moderate interaction (24.43 kcal mol™) of 19, and the
strong one (83.79 kcal mol™) of compound 35. The significant delocalization within the

different second-order perturbation stabilization energies E : the relatively weak

extended m-system is also apparent especially for compound 35 (see discussion below).

The case of resonance assisted hydrogen bonding (RAHB)

The concept of “resonance-assisted hydrogen bond”®® has been highlighted in numerous
experimental and theoretical investigations.®®* According to Gilli et al.?*° the strength of
the hydrogen bond is related to the i electron delocalization due to the mesomeric effect
within the conjugated O=C—C=C-0-H 8-diketone enol group. This induces partial charges of
opposite signs of the two oxygens resulting in a displacement of the hydrogen towards the
keto oxygen group. The interplay, therefore, between hydrogen bond and heteroconjugated
systems can strengthen significantly the hydrogen bond which lengthens the O—H bond and
shortens both the O---H and the 0---O distances. Madsen et al.>*® introduced a modified
model of the RAHB mechanism that allows the presence of partial positive charge on
hydrogen and partial negative charges on both oxygens. This modified model, therefore, can
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o )’

Donor Acceptor

Fig. 9 The NBO donor-acceptor orbital of the lone pair 1 of the electron donor (proton acceptor)
oxygen and the antibonding o, 0f the acceptor (proton donor) group of the intramolecular hydrogen
bond of the compounds 3 (a), 19 (b) and 35 (c).

be considered as an interplay of the original RAHB concept and a feedback mechanism that
redistributes negative charge from the hydrogen onto the enol oxygen atom and the charges
in the ring toward symmetry. The RAHB concept has been criticized by Alkorta et al.”” on the
basis of the coupling constants and proton chemical shifts and supported by Zarycz and
Provacsi®® on the basis of a localized molecular orbital (LMO) decomposition of the spin-spin
coupling constants between atoms either involved or close to the O—H---O system of some
6-diketones.

Table 3 illustrates the distribution of Wiberg bond order within the conjugated ring
system. Fig. 10 demonstrates very good linear correlation between the GIAO calculated
5(*H) and Wiberg bond order of the intramolecular O---H(O) hydrogen bond of the
compounds 1-35 of Scheme 1. Similar plot of the calculated Wiberg bond order of the CO
group of the intramolecular CO---H(O) hydrogen bond vs GIAO calculated &(*H) shows no
functional relationship (Fig. S2). Nevertheless, the significant changes in the bond order
(Table 3) and charge (Table S2) for various atoms of the ring system of compounds 1-35 is in
agreement with the modified model of Madsen et al.>>*® and the concept that the RAHB
redistributes the negative charge on both oxygens and the charges and bond orders within
the ring system. The present quantitative analysis, which has advantages with regard to a
classical valence bond order model used to describe OHO hydrogen bond geometries on the
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basis of *H chemical shifts,79’86

clearly demonstrates that the O---H(O) Wiberg bond order is
the dominant factor for determining the *H chemical shift and not the charge on the proton

participating in hydrogen bonding.

Table 3 Wiberg bond order within the intramolecular hydrogen bonded moiety of the compounds 1-
35 of Scheme 1. Minimization of the structures and the NBO analysis were performed at the MO06-
2X/6-31G+G(d) (blue) and B3LYP/6-31+G(d) (black) level of theory

Compound C,=0, C-C; C-Cy C;-05 Os-He 0;---Hg

1 1.7302 1.0334 1.3308 1.0738 0.6671 0.0247
1.6872 1.0573 1.3201 1.0841 0.6654 0.0344

2 1.7185 1.0416 1.3229 1.0783 0.6647 0.0263
1.6706 1.0650 1.3056 1.0850 0.6623 0.0371

3 1.7265 1.0690 1.2834 1.0834 0.6575 0.0319
1.6925 1.0994 1.2715 1.0944 0.6547 0.0441

4 1.7111 1.0798 1.3915 1.0793 0.6516 0.0320
1.6711 1.1137 1.3579 1.0921 0.6454 0.0484

1.6727 1.1128 1.3584 1.0921 0.6465 0.0473

5 1.7371 1.0920 1.2952 1.0820 0.6382 0.0501
1.6956 1.1307 1.2746 1.0993 0.6309 0.0690

6 1.5820 1.0729 1.2989 1.0896 0.6391 0.0457
1.0713 1.2928 1.0977 0.6333 0.0490

1.5178 1.1037 1.2800 1.1062 0.6245 0.0656

1.1011 1.2751 1.1134 0.6300 0.0694

7 1.5834 1.0711 1.2999 1.0890 0.6377 0.0469
1.5187 1.1016 1.2811 1.1057 0.6284 0.0674

8 1.6939 1.0733 1.2967 1.1022 0.6199 0.0645
1.6541 1.1063 1.2783 1.1184 0.6126 0.0850

9 1.6963 1.1267 1.3616 1.1235 0.6238 0.0577
1.6379 1.1743 1.3187 1.1452 0.6086 0.0857

10 1.6706 1.0615 1.3979 1.0996 0.6294 0.0526
1.6141 1.1000 1.3575 1.1212 0.6137 0.0806

11 1.7349 1.0960 1.2864 1.1393 0.6283 0.0551
1.6961 1.1322 1.2691 1.1599 0.6214 0.0751

12 1.6655 1.0764 1.3115 1.1050 0.6264 0.0570
1.6120 1.1072 1.2938 1.1222 0.6173 0.0788

13 1.6730 1.0680 1.3133 1.1037 0.6268 0.0567
1.6198 1.0982 1.2965 1.1217 0.6177 0.0783

14 1.5493 1.0855 1.3062 1.1043 0.6252 0.0576
1.4957 1.1154 1.2995 1.1198 0.6185 0.0761

15 1.6711 1.0713 1.2956 1.0979 0.6242 0.0598
1.6238 1.1048 1.2758 1.1160 0.6135 0.0836

16 1.5324 1.1020 1.2638 1.1029 0.6238 0.0595
1.0859 1.3031 1.1060 0.6227 0.0598

1.4801 1.1313 1.2535 1.1171 0.6179 0.0770

1.1137 1.2924 1.1186 0.6164 0.0780

17 1.6939 1.0733 1.3380 1.1022 0.6199 0.0645
1.6541 1.1063 1.3309 1.1184 0.6126 0.0850

18 1.5330 1.0940 1.2749 1.1033 0.6211 0.0624
1.4858 1.1209 1.2618 1.1155 0.6157 0.804

19 1.5985 1.0766 1.2613 1.1035 0.6154 0.0672
1.5566 1.0981 1.2547 1.1153 0.6099 0.0869

20 1.6769 1.0832 1.2968 1.1049 0.6143 0.0688
1.6342 1.1180 1.2752 1.1212 0.6054 0.0915

21 1.7023 1.1203 1.3637 1.1175 0.6150 0.0641
1.6614 1.1588 1.3301 1.1329 0.6083 0.0853

22 1.6184 1.0941 1.2561 1.1053 0.6196 0.0643
1.5768 1.1199 1.2471 1.1183 0.6139 0.0838

23 1.5893 1.0924 1.2231 1.1036 0.6150 0.0679

1.5444 1.1096 1.2222 1.1138 0.6096 0.0883
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24 1.6326 1.0804 1.2745 1.1043 0.6146 0.0701
1.5877 1.1080 1.2608 1.1183 0.6072 0.0909
25 1.6894 1.1298 1.3642 1.1237 0.6090 0.0729
1.6496 1.1681 1.3291 1.1406 0.6018 0.0944
26 1.6342 1.0880 1.3913 1.1105 0.6153 0.0670
1.6199 1.0902 1.3553 1.1056 0.6003 0.8000
1.5756 1.1198 1.3576 1.1323 0.6027 0.0933
1.5633 1.1207 1.3253 1.1241 0.5885 0.1063
27 1.6645 1.0894 1.3809 1.1217 0.6053 0.0748
1.6144 1.1307 1.3409 1.1432 0.5899 0.1049
28 1.6674 1.0930 1.3751 1.1214 0.6000 0.0773
1.6264 1.1264 1.3422 1.1378 0.5924 0.1002
29 1.6005 1.1380 1.3902 1.1528 0.5761 0.1150
30 1.6480 1.0999 1.4219 1.1426 0.5852 0.0890
1.6034 1.1357 1.3769 1.1631 0.5732 0.1172
31 1.6439 1.0966 1.2582 1.1493 0.5774 0.1001
1.6227 1.1168 1.2709 1.1469 0.5523 0.1212
1.6100 1.1259 1.2438 1.1625 0.5725 0.1208
1.5893 1.1470 1.2593 1.1631 0.5508 0.1397
32 1.6146 1.1131 1.2623 1.1732 0.5346 0.1371
1.5876 1.1375 1.2560 1.1853 0.5370 0.1523
33 1.6110 1.1185 1.4839 1.2059 0.5429 0.1295
1.5703 1.1768 1.4113 1.2408 0.5453 0.1445
34 1.4051 1.0838 1.2077 1.1836 0.4772 0.1950
1.4858 1.2939
1.4175 1.0878 1.2066 1.1892 0.5012 0.1878
1.4752 1.3048
35 1.4366 1.0234 1.1712 1.1782 0.4943 0.1773
1.5555 1.3175
1.4337 1.0314 1.1607 1.1897 0.5094 0.1791
1.5241 1.3416
Conclusions

This paper provides the first extensive analysis of accurate ab initio calculations of O—H---O
and ionic O—H---"0 proton chemical shifts of a large set of 43 compounds and complexes
using a combination of DFT and polarizable continuum model (PCM). Several conclusions can
be drawn from the present results:

(i) Excellent linear correlation between experimental and computed chemical shifts was
obtained without using very large basis sets; however, for the intermolecular ionic O—H---"0
hydrogen bonded complexes high level basis set may be required for the minimization of the
structures due to delicate equilibrium of low energy conformers.

(ii) The OH chemical shifts exhibit a strong linear dependence on the (O)H---O hydrogen
bond length of -20.49 ppm A™ at the M06-2X/6-31+G(d) and -19.8 ppm A™ at the B3LYP/6-
31+G(d) level of theory. This method, therefore, might be expected to be very effective in
investigating hydrogen bonding effects on O—H---O and ionic O—H---"0 proton chemical shifts
and in providing quantitative structural and electronic description of hydrogen bonding and
accurate measure of distances of short and strong hydrogen bonds.

(iii) The NBO analysis provides strong evidence in support of the recent suggestion®® for a
revised definition of the hydrogen bond that is associated with the partial intra- and inter-
molecular

A-H B & A: H-B
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Fig. 10 Plot of calculated Wiberg bond order of the intramolecular O---H(O) hydrogen bond of the
compounds 1-35 of Scheme 1 vs GIAO calculated 'H chemical shifts. The minimization of the
structures and the NBO analysis were performed at the M06-2X/6-31+G(d) (A) and the B3LYP/6-
31+G(d) (B) level of theory.

three center/four electron proton sharing that originates mainly from a resonance type
Ng— 0,y interaction.

DFT calculations of OH proton chemical shifts, therefore, may be expected to contribute
significantly to the current understanding of hydrogen bonding and might provide a highly
sensitive measure of short and strong hydrogen bonds in biological systems that are
inaccessible by the conventional X-ray crystallography. The term, therefore, of “NMR

99,100

crystallography” that has only recently come into common usage can be extended in

structural studies in the solution as well.
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