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Detecting Hydrogen Bonding by NMR Relaxation of the Acceptor Nuclei**

Alessandro Bagno,*!?] Sébastien Gerard,"! Jan Kevelam,! Enzo Menna,'*! and

Gianfranco Scorrano!®!

Abstract: The formation of hydrogen
bonds (HB) between phenol or N-meth-
yltrifluoroacetamide and several accept-
ors (pyridine, carbonyl compounds, ni-
triles, amides) in CCl, or CHCI; been
investigated through the analysis of
NMR relaxation times (7;) of the het-
eronuclei (N and 7O) directly involved
in the HB interaction. Thus, a compar-

dynamics and motional anisotropy) and
electric field gradients calculated by ab
initio methods for the acceptor mole-
cules, both isolated and in 1:1 or 2:1
hydrogen-bonded complexes. When
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other effects are properly accounted
for, there is a good agreement between
theoretical and experimental electric
field gradient (efg) changes. The notice-
able difference found between CCl, or
CHC(I, as solvents is discussed in relation
to the presence of phenol oligomers, and
the non-negligible HB donor power of
CHCl;.

ison is made between such 7, values
(corrected for changes in molecular

solvation

Introduction

Among weak interactions,['l the hydrogen bond (HB) is the
strongest, and is in fact a key process in nature.”! A typical HB
is shown in Scheme 1, where A (HB donor) is an electro-
negative atom or group bearing an acidic hydrogen, and B
(HB acceptor) is an atom with basic properties.

Hydrogen bonding deter-
mines the properties of many
condensed-phase systems (in-
cluding water), and is arguably
the strongest force governing
solvent effects on reactivity.
Hence, accounting for HB in-
teractions is required for under-
standing chemical reactivity in
polar solvents.

.
A—H+ B == A—\H>\/
B

7

Scheme 1. A typical hydrogen
bond: A (electronegative) is
hydrogen bond donor) is an
electronegative atom or group
bearing an acidic hydrogen, and
B is hydrogen acceptor.
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The energy of a HB between neutral molecules is 3—
5 kcalmol~!; HBs involving ionic species are stronger (ca.
10 kcalmol~!), the upper limit being given by HF,-
(40 kcalmol").B] The HB complex possesses a preferred
geometry[*® (Scheme 1), defined by the HB distance (r,
generally around 2 A) and the angle formed by the A—H bond
and the acceptor atom («, usually close to 180°). With certain
donor/acceptor pairs, the barrier for proton exchange may be
very low or absent. Such “low-barrier” HBs are believed to be
involved in enzymatic catalysis, and their properties are being
intensely investigated.[’]

Owing to its fundamental and practical interest, HB is
studied by a wide variety of techniques. Hence, we will just
indicate some methods that have a bearing on the present
work, and list a few recent developments with no pretence of
completeness.

Fundamental investigations of HB have been carried out
by, for example IR spectroscopy,’®'> 13 calorimetry,!*] and “F
NMR spectroscopy.l'** 134 However, when several alternative
HB sites are present, very few experimental methods provide
evidence for individual hydrogen bonds and identify the
atoms involved. The existence of a HB, and its structural
parameters, are inferred from the spatial proximity of
potential donor and acceptor moieties, as revealed by X-ray
crystallography in the solid state or, in solution, by NMR
spectroscopy through techniques based on dipolar couplings
(NOEs) between protons, or *C and PN. Solute —solvent
interactions in general have also been investigated with such
techniques.'* 31 Since these experiments exploit dipolar
relaxation, they cannot involve the observation of quadrupo-
lar nuclei (such as “N or '7O) which are, in most cases, the
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acceptors involved. Therefore, the actual acceptor site is often
indirectly estimated from other internuclear distances.

Other NMR studies are based on the variation of the
exchange rate with the solvent!'" and isotope effects.['”]
More recent works have reported on the detection of HB
through a) inter-residue '3C - N scalar coupling (transmitted
through the HB) in RNA,!'$ ] peptides® and low-barrier
HBs;"1 b) 'H chemical shift anisotropy;?! c)?H nuclear
quadrupolar coupling constants;? d) studies at very low
temperatures on systems in slow exchange conditions??! (all
methods requiring isotopically enriched materials). NMR
dipolar couplings, directly measured in the solid state, have
also been recently employed to this effect,”* which may
provide an alternative to X-ray crystallography if solid-state
HBs are investigated.

The formation of a hydrogen bond has also been studied by
means of quantum chemical calculations(’ > ¢ at the Hartree —
Fock! or correlated?! levels. In this context, we also mention
“non-conventional” HBs involving, for example negatively
charged hydrogens or & systems as acceptors, C—H groups as
donors, anti-HBs, etc. Since these often elusive but important
interactions are difficult to study experimentally,?”] a great
effort is being devoted to their theoretical investigation.?!

Theoretical methods can, in principle, completely charac-
terize the energy and structure of the HB complex, and
predict its spectroscopic properties. Generally, such calcula-
tions are carried out on simplified model systems, but the
solvent effect on HB has been recently modeled by reaction
field methods.]

One of the most interesting problems in this respect is
related to the preferential HB formation on a specific
acceptor, when more than one site is available in the same
molecule. This condition is always met in biomolecules, such
as proteins and DNA, and is the basis for their complex
secondary structures, and ultimately for molecular recogni-
tion and enzyme catalysis.

From these considerations stems the interest for any
method of investigation of HB formation based on the direct
observation of the acceptor atom. In order to develop an
approach of this kind, one should find a probe for HB
formation which should be experimentally observable and
undergo theoretically predictable changes upon formation of
the HB. In this work, we have used changes in the electric field
gradient at the acceptor nuclei to this effect. We will show how
this parameter can be observed and predicted, and how the
information it provides is related to HB formation.

Method

NMR measurements: The longitudinal relaxation of quad-
rupolar nuclei (I >%; e.g. N, 0) is almost entirely due to
the quadrupolar mechanism, which derives from the inter-
action between the nuclear quadrupole moment Q and the
electric field gradient (efg) at the nucleus.’”! The latter is
originated by any asymmetry in the local charge distribution.
The efg (dE/dr) decreases as 1/r%, and therefore in covalent
species it is largely intramolecular in origin. In the extreme
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narrowing limit the longitudinal relaxation rate is given by
Equation (1):

w238 0
137 2AF3 0
7, 10re-1" 3

where y=eQgq,/h is the nuclear quadrupolar coupling
constant, ¢q,, is the largest principal component of q, ¢=
| §xx — qyy | /9., its asymmetry parametert! and 7. the rotational
correlation time.

Since the T in solution depends on both ¢,, and &, which
cannot be separated, it is convenient to define an effective
coupling constant, y.q = y*(1+¢%3) with which calculated efg
values can be compared (see below). Then Equation (1) can
be recast as 1/7, = Ky.x7., showing that 7| depends both on
the molecular structure (y.;) and dynamics (z.). Upon HB
formation, the symmetry (and therefore the efg) at the
acceptor nucleus obviously changes, which may result in a T}
variation, normally reflected also in the line width W, .3
Previous studies carried out in our laboratory have demon-
strated that the NMR relaxation of quadrupolar nuclei can
pinpoint the most stable ionic form deriving from an acid—
base reaction on a compound bearing more than one available
ionization site, because proton transfer to or from nitrogen or
oxygen generally causes a large efg change which can be
modeled by quantum chemical calculations and is experimen-
tally detected as substantial changes in 7; of the relevant
nuclei.??

Proton transfer and HB are qualitatively similar, and in fact
the latter can be viewed as the preliminary stage for the
former, however with a longer B—H equilibrium distance and
no charge separation. Then one can legitimately expect that
HB formation entails the same qualitative changes found for
proton transfer, albeit reduced in magnitude (owing to the 1//
distance dependence of the efg). This expectation, however,
calls for a careful evaluation of all factors involved in
quadrupolar relaxation, like changes in molecular dynamics.

This dependence in Equation (1) is given by t., which is
related to the viscosity of the solution, the temperature and
the hydrodynamic volume of the species.?”! Hence, upon
formation of the HB complex 7, is expected to change, as the
motion of the complex may be slower than that of the free
acceptor. Since we carried out our experiments at constant
temperature, and we found a viscosity increase by only ca.
10 % upon addition of the donor, remaining changes in 7, are
due to changes in the hydrodynamic volume, which cannot be
accurately determined. This problem can be avoided deter-
mining directly the change in 7., by determining changes in
the dipolar relaxation rate (1/7,PP) of a suitable '*C nucleus in
the acceptor molecule, since 1/T,°P o< 7./rcy®, where ry is the
distance between the carbon of interest and a close proton.
The DD contribution to T} is obtained by the NOE factor 7,
since T\PP = T W/, Where 7. =7vu/2vc.P% Given the
decrease of the DD relaxation rate with 1/ry®, it is convenient
to observe a carbon atom directly bonded to a hydrogen, in
order to have larger NOE values and shorter T relaxation
times. Moreover, absence of independent mobility of the C—H
bond with respect to the acceptor group is required. On the
other hand, from a theoretical viewpoint the orientation of the
C—H vector should be the same as of g,, for it to have the same
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correlation time; this becomes important only if the motion is
highly anisotropic (see below). Once the dynamics contribu-
tion to the 7, change is known, we can isolate the term
depending on the electric field gradient (y.), as follows.

According to Equation (1), the efg change is yHB/y% =
(T, T\HB)(z 0/ 1B), where the free and H-bonded acceptor
are indicated with a “0” or “HB” superscript, respectively.
The change in 7., that is 7.%/7 '8, can be obtained by means of
3C NMR measurements as mentioned above, assuming that
ren is not affected by the HB (which is reasonable, considering
the relatively weak interaction occurring at a remote site), so
that 7 %/¢ 1B = T,PPHB/T,PPO The incomplete formation of HB
is accounted for observing that all NMR spectra showed
signals for one species only, which implies that B and AHB are
under fast exchange conditions. Hence, the observed relaxa-
tion rate in the presence of the donor is the average of
individual rates, weighted by the amount of free or H-bonded
acceptor. Combining these relations (see Experimental Sec-
tion for details) we obtain Equation (2), yielding the exper-
imental efg variation, which can be compared with that
predicted theoretically.

R=ES . CHBACL J 2
Xefi e 1 T?D_g 2)
14+— W_l

Quantum chemical calculations: We calculated the efg values
at the HF/6-311G(d,p) level using geometries optimized at the
same level for donors, acceptors, and HB complexes. We also
tested the performance of lower-level calculations, optimizing
the geometry of HB complexes (many of which are quite large
in size) at the HF/6-31G(d,p) level, that is running HF/6-
311G(d,p)//6-31G(d,p) calculations. Some test calculations
were also run at the DFT B3LYP/6-311G(d,p)//B3LYP/6-
31G(d,p) level.3!

The Cartesian components of the efg tensor q are easily
calculated from the ground-state wave function.* Never-
theless, this property does not converge smoothly upon
improving the method or the basis set size.[** Diagonalization
of q yields the three principal components (gyy, gy, 4,,) as the
eigenvalues, and their orientation (Euler angles with respect
to the molecular coordinate system) as the eigenvectors, from
which y.; can be evaluated [see Eq. (1) ]. All calculations were
run with Gaussian 98.1%¢!

Results

ab initio Calculations: The minimal 1:1 donor:acceptor
structure was calculated in most cases, except some carbonyl
acceptors. In fact, since the carbonyl oxygen has two lone
pairs, such acceptors can accept hydrogens from two different
donors, as investigated theoretically®”! and by X-ray crystal-
lography.’®! Hence, we also ran some calculations for 2:1
complexes of carbonyl acceptors.

Calculated efg values are reported in terms of q,,, &, and y;
for HB complexes the change x & = B/x & is also given. This
quantity will be compared with the corresponding experi-
mental values obtained from Equation (2). CF;OH was
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initially employed as a model HB donor, but was eventually
replaced by the molecules experimentally studied, namely
phenol and N-methyltrifluoroacetamide (MTA), since it
became apparent that efg changes induced by each donor
were markedly different.

The full data set, containing individual components of q at
all theoretical levels employed, as well as the data for CF;OH
systems, is provided as Supporting Information. The results
(energies, HB geometrical parameters, absolute and relative
%ot values) for HB complexes of PhOH and MTA at the
highest level of calculation are summarized in Table 1.

Extent of formation of the HB complex: The reversible
formation of an HB complex is characterized by an equili-
brium constant Ky, from which xy can be extracted. Several
quantitative HB acidity and basicity scales, built from
calorimetric or IR data, are known.l8!!l Such scales were
constructed using solutions far less concentrated than those
required for this study. Furthermore, the required data for
some compounds we have studied, for example MTA, are not
available. Hence, we determined xyp directly by means of FT-
IR measurements.'> !l Values of xy; obtained with the two
methods sometimes differ substantially. For the processing of
NMR data we used experimental FT-IR xyp values where
available, and Taft’s in remaining cases. However, the results
(in terms of y &) were found not to depend much on the
assumed xyg, Within a range of reasonable values.

Choice of model systems: Some simple organic molecules
belonging to different acceptor functionalities (pyridine,
cyano, carbonyl, and amide) were selected, the acceptor
nuclei being nitrogen and oxygen. We initially used phenol as
the donor, since many experimental studies have been done
on its HB complexes. Given the extraordinary biological
relevance of hydrogen bonds between amides, we also
employed N-methyltrifluoroacetamide (CF;CONHCHj;,
MTA) as a model donor. Its HB properties are not reported,
but a very low HB acceptor power can be inferred from the
low pKyg value of CF;CON(CHj;),.[39 FT-IR measurements
indicated that MTA is a weaker donor than phenol.

Carbon tetrachloride has been widely adopted as HB-inert
solvent®!l and was initially used as solvent, but it is a poor
solvent for MTA and its complexes, which were studied in
chloroform. Since the two solvents (CHCI; is a weak but not
negligible donor®™) were found to differ far more than
expected, some phenol complexes were also studied in CHCl,4
for comparison.

NMR measurements: Although the line width of signals of
quadrupolar nuclei is generally a good approximation to 77,
since W, (= 1/nT,*) and T, ~ T,*, the direct measurement of
T, is preferable, since line widths are more liable to errors.
Hence, for the more sensitive N nucleus we determined T}
values. The 7O nucleus presents experimental difficulties due
to its very low natural abundance (0.037%).B% Therefore,
unless the signal was relatively narrow or when we used O-
enriched material, we assumed 7, = T,*.
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Table 1. Structural parameters, energy, and electric field gradients from ab initio
calculations for donors, acceptors and HB complexes.[?!

Acceptor/Donor  E, [ 7l ald Nucleus gl y XM
free donors
PhOH 70 158.3
MTALel N 25.7
pyridine LN 374
[h] DN 23
PhOH —-7.6 2015 168.4 N 299 0.80
PhOHM —-9.8 2.015 168.3 N 248 0.77
PhOH dimer —10.0 1.707;1.953 166.9;166.0 “N 279 0.75
MTA —72 2115 170.5 N 30.2 0.81
acetonitrile UN 27.4
PhOH —5.8 2.150 174.0 N 231 0.84
MTA —6.2 2251 157.0 N 23.5 0.86
benzonitrile N 27.6
PhOH —5.8 2151 174.5 N 23.0 0.84
MTA —6.2 2249 158.5 N 234 0.85
formaldehyde 70 2184
2CHCl, —7.3 2314;2314 160.0; 160.0 O 1855 0.85
2CCl, i 1.3 3.537;3.613 i 70 2182 1.00
Acetone 70 181.2
PhOH —-7.6 1971 166.1 70 157.7 0.87
2PhOH —13.5 2.006;2.035 167.0; 160.1 0O 139.7 0.77
MTA —6.6 2.053 179.1 70 168.7 0.93
benzaldehyde 70 171.9
[h] 70 1523
PhOH —7.0 1.987 141.8 70 152.5 0.89
PhOHM —10.8 1.848 170.1 70 1358 0.89
2PhOH —17.0 2.012;2.069 170.5;149.0 O 133.1  0.77
MTA —11.8 2.049 174.7 70 1479 0.86
2MTA —17.1 2133;2.124 163.4;171.9 V0O 136.5 0.79
N,N-dimethylformamide 70 136.0
4N 27.5
PhOH (O) —8.8 1919 169.0 70 952 0.70
N 23.6 0.86
PhOH (N) —32 2339 1542 70 109.0 0.80
4N 242 0.88
2PhOH (O) —15.8 1.945;1.996 171.0;152.4 0O 85.4 0.63
N 21.0 0.76
MTA (O) —-92 1973 1742 70 90.1 0.66
4N 24.1 0.88
2MTA (O) —15.9 2.036;2.068 171.9;162.6 70O 89.9 0.66
N 21.0 0.76
N,N-dimethylbenzamide 70 117.7
4N 30.2
PhOH (O) —88 1913 172.8 70 104.0 0.88
4N 26.6 0.88
PhOH (N) —4.1 2.198 161.0 70 125.4 1.07
4N 26.8 0.89
2PhOH (O) —15.5 1.929;2.003 161.0;171.6 O 106.1 0.90
4N 232 0.77
MTA (O) —88 1.958 171.4 70 107.9 0.92
N 263 0.87
2MTA (O) —16.6 2.008;2.001 172.1;170.0 YO 99.3 0.84
N 23.6 0.78

[a] Selected data;see the Supporting Information for the full data set. Electric field
gradients and geometries calculated at the HF/6-311G(d,p) level, except where
otherwise indicated. For amide acceptors, the accepting nucleus is given in brackets.
[b] Binding energy (kcalmol™): E, = E ympiex — (EqonortEacceptor)> DOt corrected for
the basis set superposition error. [c] HB distance [A] (Scheme 1). [d] HB angle
[degrees] (Scheme 1). [e] Effective nuclear quadrupole coupling constant in MHz?
(1 MHz? =102 s72) for the given nucleus (O, '“N) in the acceptor molecule. The
following values for the nuclear quadrupole moments Q were used: “N, 2.02; 17O,
—2.558 fm2*81 [f] efg change with respect to the acceptor: y& =yHP/yS.
[g] CF;CONHCH;. Calculations involving MTA were carried out with the con-
former having the N-methyl group cis to the oxygen atom, which is more stable
than the trans one (by 7 kcalmol™); induced efg changes are very similar.
[h] B3LYP/6-311G(d,p)//B3LYP/6-31G(d,p). [i] HF/6-311G(d,p)//3-21G.
[j] Distance between CCl, and CO.
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Concentration and solvent effects on the NMR parameters of
pyridine and phenol: Decreasing the concentration of pyr-
idine in CCl, from 1.0 to 0.05M causes a small deshielding of
N (A0 =4) and T, increase (from 1.59 to 1.64 ms). The latter
change provides no evidence of any peculiar phenomenon
other than changes in viscosity. We also determined '*C T, and
NOE values for phenol and pyridine solutions, both sepa-
rately and in mixture (0.5M in CCl, and CHCl;) (Table 2).

Table 2. BC-NMR data for phenol and pyridine (0.5M in CCl, and CHCL,).

Solvent assignment o T, [s] i T\PP [s]
phenol

CCl, C-1 1553 32.8 0.9 75.0
C-2 115.6 44 1.6 53

C-3 129.8 4.5 1.4 6.3

C-4 1211 3.1 1.8 34

CHClL3 C-1 155.3 44 0.6 148 (89)
C-2 115.3 8.9 1.7 6.3 (6.3)

C-3 129.7 8.9 1.6 10.8 (6.5)

C-4 120.9 7.3 1.7 8.5 (5.1)

phenol (+py)

CCl, C-1 157.6 234 1.0 49.0
C-2 115.9 33 1.9 35

C3 129.5 32 1.9 34

C-4 119.6 2.0 2.0 2.0

pyridine

CCl e C-2 150.2 17.0 1.1 30.7
C-3 123.6 17.5 1.1 31.6

C-4 135.5 18.6 12 30.8

CHCl, C-2 149.6 14.5 1.6 18.0
C-3 123.6 14.5 1.5 19.1

C-4 135.9 12.8 15 17.0

[a] T,PP values in brackets are corrected for the lower viscosity of CHC; as
T\°P (corr.)=T\°P [p(CHCl;)/n(CCl,)]. n (CHClL;)=0.58 cP, n (CCl,) =
0.97 cP at 20°C,*l and it is assumed that their ratio is equal to that of our
solutions at 25°C.

Even though the mobility of phenol and pyridine should be
similar (judging from their similar size), the 7,°P values of
phenol are smaller than those of the corresponding carbon
atoms in pyridine, which suggests some degree of association
for phenol under these conditions. In order to improve our
understanding of the solvent effect on the association of
phenol, we also determined its 7,°P values in CCl, and CHCl;,
the latter data being corrected for its different viscosity
(Table 2).

NMR measurements on monofunctional acceptors: Pyridine/
phenol as a test case: According to FT-IR measurements,
Xy = 0.82 when both concentrations are 0.5 M. The system was
firstly investigated by measuring variations in chemical shift
and T, of the N signal for pyridine, varying the total
concentration in CCl, (from 1.00 to 0.05Mm) at a constant 1:1
pyridine:phenol ratio. A small (6 ppm) and erratic chemical
shift change, and a regular T; increase (from 0.20 to 0.39 ms)
with decreasing concentration, are found.

In a 0.5M solution, the addition of an equivalent amount of
phenol slightly shields the signal (Ad=—12), but the most
prominent spectral change is a major line broadening, W,
increasing from 216 to 911 Hz (7 decreasing from 1.59 to
0.23 ms) (Figure 1, Table 3). These spectral changes are
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Figure 1. “N-NMR spectra of 0.5M pyridine in CCl,: a) pure, b) after
addition of one equivalent of phenol.
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actually due to HB formation, since analogous experiments
using anisole (not a HB donorl®!) or 2,6-di-tert-butylphenol
(sterically hindered around the OH groupP”) showed no
appreciable variation in chemical shift and width of the “N
signal for pyridine.

The calculated efg change for the PhOH:--py complex
(Table 1) is y & = 0.80, that is HB is predicted to cause a 20 %
efg decrease at the pyridine nitrogen. A comparison of
experimental T values as such would imply the opposite
trend, since T\%T\"8=6.9. Given the large extent of HB
formation, the effect of molecular dynamics clearly prevails
over that of the efg in determining 77, that is the line
broadening observed stems from an increase of 7. (slower
molecular motion). This was checked by analyzing *C-NMR
data (Table 3). From the T,PP for pyridine C-4 and using the
calculated ry (1.076 A), we calculate 7.0=1.4 ps and 7.HB =
14 ps. Introducing these values in Equation (2), the resulting
experimental efg variation is x5 =0.69. Even though this

value does not exactly match the calculated value, it shows
that calculated and experimental efg changes are comparable.

Introducing '*C T,PP values for C-2 or C-3 in Equation (2)
x& >1 is obtained, in disagreement with the theoretical
prediction. This arises because only the motion of C-4
describes the motion of the entire complex, and hence has
the correlation time sought, while C-2 and C-3 describe also
rotations around the H-N-C-4 axis. In fact, 7.(C-4) increases
by 10 times, while 7.(C-2) and 7.(C-3) increase only by 4-5
times; this indicates that the mobility of the complex is less
reduced along those axes. This finding highlights the need to
properly select the carbon atom(s) for estimating 7, changes.

In order to evaluate the solvent effect, measurements were
run also in CHCI; for pyridine with MTA and phenol
(assuming xyp as in CCl,) (Table 3). The contribution from
dynamics was again evaluated on C-4. The data for the
remaining monofunctional acceptors are also reported in
Table 3.

Nitriles and carbonyl acceptors: Nitriles present the serious
drawback that the cyano carbon (the best choice for the
determination of 7.) has a very long T; and a low NOE value.
HB formation resulted in a 3 to 5ppm shielding of the
nitrogen nucleus. Benzonitrile was then chosen as an alter-
native, owing to the presence of at least one carbon atom (C-
4) potentially appropriate for a reliable determination of ..
For such measurements we used the xyp value found for
acetonitrile.

The same concerns about 7, determination observed for
acetonitrile again apply to the carbonyl carbon of acetone.
The O nucleus in HB complexes is more shielded (by 3 -
20 ppm) than in free acceptors. Benzaldehyde (a weaker
acceptor than acetone) was then chosen as an alternative

Table 3. “N-, 7O- and BC-NMR parameters for monofunctional HB acceptors in hydrogen-bonded systems.!?!

Acceptor/Solvent Acceptor nucleus BC

Donor Xup o T, [ms]® ass. 0 T, [s] plel T,PP [s] xR
pyridine/CCl,[! N —63 1.59 C4 135.5 18.6 12 30.8 -

phenoll® 0.82 =75 0.23 137.0 2.6 1.7 31 0.69
pyridine/CHCl, N -70 1.05 C-4 135.9 12.8 1.5 17.0 -

phenol 0.82e! -82 0.35 137.0 3.9 1.8 43 0.75

MTA 0.79 -77 0.54 136.4 6.0 1.7 7.0 0.78
acetonitrile/CCl, 4N —130 2.43 CN 1151 34.0 0.15 450 -

phenol 0.79 —135 0.82 116.0 18.4 0.16 229 1.56
benzonitrile/CCl, 4N —121 0.59 C-4 132.7 54 1.7 6.3 -

phenol 0.791h] —123 0.34 133.1 33 1.7 3.8 1.13 (1.21)
benzonitrile/CHCIl, 4N —127 0.65 C-4 132.7 7.0 1.9 7.4 -

MTA 0.79 —131 0.58 132.8 52 22 4.7 0.67 (0.72)
acetone/CCl, 70 585 7.0 cO 202.7 249 0.12 412 -

phenol 0.83 565 33 207.8 315 0.19 329 1.81
benzaldehyde/CCl, 70 574 1.95 cO 190.5 16.2 1.5 21.2 -

phenol 0.76 557 1.58 192.6 9.8 1.7 11.7 0.63 (0.64)
benzaldehyde/CHCI, 70 556 213 cO 192.3 13.9 1.7 16.6 -

phenol 0.76l¢l 548 1.93 193.2 11.3 1.7 12.9 0.80 (0.78)
MTA 0.70 553 1.98 192.7 12.4 1.8 13.4 0.83 (0.87, 0.85)

[a] Both donor and acceptor 0.5M in the specified solvent, except where indicated. [b] For '7O these are T,* values obtained from line widths, except where
specified. [c] NOE enhancement. [d] See Equation (2). Values in brackets have been recalculated with the correction for the anisotropy of motion (see
Equations (3)—(5)). When two values are given, the second one refers to the calculated complex with two donor molecules. [e] Correlation times of C-4-H,
C-3-H and C-2-H vectors, calculated assuming ¢ = 1.076, 1.077, 1.074 A are 1.4, 1.4, and 1.3 ps, respectively. [f] Correlation times of C-4-H, C-3-H and C-2-H
vectors, calculated assuming the same 7y values are 14, 4.5, and 5.0 ps, respectively. [g] Assumed equal to the value in CCly. [h] Assumed equal to the value
for CH;CN.
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along the lines seen before. We also studied the complex with
phenol and MTA in CHCl;, assuming the xyy value found in
CCl,.

Hydrogen bonds of amides: N,N-dimethylformamide and
N,N-dimethylbenzamide (DBA): The study of HB formation
on amides is complicated by the presence of both a donor
(N—H in primary and secondary amides) and an acceptor
group (oxygen), which in fact is at the basis of their
importance in biological systems.

N,N-Dimethylformamide (DMF) was chosen for modeling
amide HBs since it can only act as acceptor (supposedly via
the oxygen) and because the carbonyl carbon bears a
hydrogen. Addition of phenol (in CCl,) causes the usual
spectral changes (Table 4). Measurements were also run with
MTA in CHCl;, but unfortunately the two 7O signals are not
resolved.

N,N-Dimethylbenzamide was selected with the criteria
already discussed, and was studied in association with phenol
in CCl, and CHCl; (xyg was assumed to be 0.90, that is a
slightly lower value than for the corresponding DMF com-
plexes) and with MTA in CHCIl; (xyg=0.80 was assumed).
Given the peculiar results from the first system (see Dis-
cussion), ’O-enriched DBA was employed in order to directly
measure 7T, and hence to rule out the difference between T,*
and T7) as a possible source of error. In this case, however,
severe signal overlap in the N spectra prevented us from
obtaining a reliable 7 value.

Anisotropic diffusion in HB complexes: As we have seen, a
critical point in the interpretation of 7, changes is the
contribution of molecular dynamics. For an accurate evalua-
tion of this term, the possible anisotropy of rotational
diffusion should be considered. If molecular tumbling is
isotropic, the correlation time extracted from T,PP values

different correlation times will be measured according to the
orientation of the C—H bond used for the determination of
T,°P. In this case, only a carbon atom with a C—H bond
parallel to q,, would provide the correct 7., but this condition
is not always met (e.g., in benzaldehyde). The effect of
anisotropic motion can be corrected for in rigid aromatic
molecules, as follows. The quadrupolar relaxation rate in
anisotropically tumbling molecules is given by Equa-
tion (3):140- 41l

1
7= Kyt (A cos?¥P+Bsin?Y) 3)
1

where ¥is the angle defined by the direction of ¢,, and one of
the principal axes of rotational diffusion, and A=
[3(Dy+D,)]™, B=[3(Ds+D,)]™', where D; are the elements
of the diagonalized diffusion tensor.*!l Thus, a highly aniso-
tropic motion is characterized by an A/B ratio very different
from unity. Dipole — dipole relaxation data from *C NMR can
be used to obtain values of A and B according to Equation (4)
(Figure 2):

; = (bf myEyalA Z ri tcos?¥;+B Z 0 sin?;) 4)
T?D 0) an [4:t [ i ij [ ij ij.

where r; is the distance be-

1
tween the i-th hydrogen and

the j-th carbon, and ¥j is the 0 -
: Y

angle between the C—H vector o)
and one of the main axes of B Jz
rotational diffusion. C/\”/

Let wus consider carbon NG
atoms bonded to a single hy-
drogen. If ¢; is the angle be- 5
tween the C—H vector and an oS
arbitrary reference axis form- Figure 2. Parameters appear-

ing an angle 6 with respect to s in Equations (3)—(5) for

does not depend on the carbon atom observed. Otherwise, the principal axis of diffusion,  benzaldehyde.
Table 4. “N-, 7O- and BC-NMR parameters for polyfunctional HB acceptors in hydrogen-bonded systems.[?!
Acceptor/Solvent Acceptor nucleus BC
Donor Xus 0 T, [ms] ass. 0 T, [s] i T\PP [s] 1 &
N,N-dimethylformamide/CCl, 70 335 5.71 cO 161.2 22.0 12 36.3
N —281 1.71
phenol 0.94 70 311 2.72 CcOo 162.7 9.4 1.7 11.0 0.63
N —275 0.71 0.72
N,N-dimethylformamide/CHCl, 70 312 5.30 cO 162.4 14.9 1.6 19.0
N —276 1.91
MTA 0.85 70 bl cO 162.6 12 1.6 15
N —275 1.58 0.93
phenol 0.94 70 301 3.68 CcOo 163.0 113 1.7 134 1.02
4N —-272 1.32 1.02
N,N-dimethylbenzamide/CCl, 70 353 0.72 C-4 129.5 31 1.9 33
N — 284 0.36
phenol 0.90 70 327 0.37 C-4 129.6 2.5 1.6 3.0 1.89 (1.70)
1N —287 0.20 1.69 (1.38)
N,N-dimethylbenzamide/CHCI, 70 334 0.70 C-4 129.7 34 1.4 4.8
N —280 0.43
MTA 0.80 70 329 0.47 C-4 129.5 3.0 1.8 32 1.00
(0.96, 0.95)
14N [b]
phenol 0.90 70 322 0.73 C-4 129.2 35 1.6 4.2 0.83 (0.74)
N —278 0.33 1.17 (0.95)

[a] See footnotes [b]—[d] in Table 3. [b] Unresolved spectrum.
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and ¢, the angle between g,, and the same arbitrary axis,
Equation (4) can be rewritten as Equation (5):

2
o (1) i LA+ (B~ Apin 0,0 ©
where A, B, and 6 are parameters to be optimized by fitting ab
initio values obtained for r;, ¢;, and experimental ones for
T.PP(j). Efg changes corrected for anisotropic diffusion
(Table 4) have been calculated from Equation (5) with the
fitted A, B and, 0 values, substituting ¥;= ¢;+60 and V=
¢q+0. The complete data are available as Supporting
Information.

Discussion

Calculated geometries and electric field gradients: We will
first comment on the relative performance of the basis sets
used for geometry optimization, that is 6-31G(d,p) and
6-311G(d,p) at the HF level. For all systems reported in
Table 1, optimization with the larger basis brings an increase
in HB binding energies (by 0.1-0.3 kcalmol™!), and the
geometries (r and a) undergo changes of +0.01-0.02 A and
+0.1-0.5°, respectively. However, if the efg values are
calculated with the same basis (6-311G(d,p)) no appreciable
variation in absolute and, especially, relative efg values is
found, since y. values change by +0.2-2.0 MHz? (i.e.,
<10%), and y & values by 4+0.01-0.02. Hence, the different
level of geometry optimization has no major effect in the
calculated efg values, even if the respective geometries are
somewhat different. Correlated levels of theory (MP2 or
DFT) are known to yield shorter HB distances.l’l However,
since MP2 geometry optimizations are notoriously very
expensive, we ran some tests with a DFT method which
performs very well on HB systems at a much lower cost.!
The comparison of HF and DFT calculations on two test
systems (pyridine/phenol and benzaldehyde/phenol) has,
however, shown that, even though the geometry is somewhat
different, the efg thus calculated is, again, affected only to a
small extent.

Hence, although the relative performance of HF, MPn or
DFT methods in the understanding of HB and the calculation
of q is of interest in itself,®! for the scope of the present
investigation the choice of either basis set for geometry
optimization, as well as the theoretical method, is largely
irrelevant, since the resulting y & values are very similar.
Hereafter, for consistency we will only discuss results
obtained at the HF/6-311G(d,p)//6-311G(d,p) level.

All HBs considered herein involve neutral species, and
hence are relatively weak. However, the theoretical level
adopted is not sufficient for a reliable modeling of the HB
strength; hence, we will only mention that E, values lie
between —3 and — 16 kcalmol %

Calculated r values lie between 1.5 and 2.1 A, and a
between 150° and 180°, that is in their normal ranges.?!
However, it is worthwhile to mention that the geometry of
approach of either donor to carbonyl acceptors is frequently
off the carbonyl plane, especially with MTA. Such arrange-
ments are in fact often found in protein inter-residue HBs.?!
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HB formation causes a decrease in the calculated efg at the
acceptor nucleus, y& <1 being always predicted. Such
changes (as well as the corresponding chemical shift changes)
qualitatively match those found for analogous proton-transfer
equilibria.’> »1 Thus, both protonation and HB formation at
an amino or pyridino nitrogen entail a marked efg decrease;
however, in the former case the change is much larger, ¥ &
being 1077-102.52> 3]

Other things being equal, the calculated HB distance (r)
and y.; variation (y&) increase in the series CF;OH <
PhOH < CF;CONHCHj3;, that is theoretical predictions are
remarkably dependent on the donor molecule. Hereafter, we
will only compare experimental and theoretical results
obtained with the same donor.

Generally, NMR measurements also report y & <1, but the
decrease of y. is larger than calculated. The effect of various
experimental factors is discussed below.

Effects of solvent, donor, and anisotropy of motion on
experimental efg changes: As we have seen, changes in the
molecular dynamics (7.) constitute a major source of T
change, which in fact agrees with the relatively small efg
changes calculated for HB formation. Even after correcting
for this, experimental T;s were found to depend on other
factors, as follows.

The decrease of y.; experimentally observed upon addition
of phenol is smaller in CHCl; than in CCl,. This behavior
likely arises from the weak but non-negligible HB donor
properties of CHCl,.1®l In fact, calculations for the H,C=O .-+
(HCCl;), complex yield & =0.86 even though r is 2.3 A,
while the same calculations with CCl, (where r is much
longer) yield y& =1.00, as expected for a non-interacting
molecule. Thus, if the solvent CHCIl; hydrogen bonds to the
acceptor, the assumption of having a free acceptor breaks
down, and its y.; in the “free” state is lower than assumed.
According to this hypothesis, the measured y & would be the
ratio between the complex with phenol and a complex with
CHCI;. For example, the decrease of efg for benzaldehyde
from CCl, to CHCl; is y& =0.71, which is definitely not
negligible. If this is the case, obviously the experimental
system becomes very difficult to compare with the calculated
one, since even a 2:1 complex can hardly be expected to model
a system in which the donor is the solvent itself.

A further complication regarding phenol concerns the
probable formation of hydrogen-bonded dimers or oligomers
of the type PhOH .-« O(H)Ph. The extent of this aggregation is
also solvent-dependent, as highlighted by the analysis of 3C
relaxation data of phenol (Table 2). On going from CCl, to
CHC;, these relaxation times become longer to a different
extent for each ring carbon (3 % for C-3, 52% for C-4), which
probably indicates that phenol oligomers dissociate in CHCl;.
If the phenol dimer acts as donor, the strength of the donor
OH is enhanced by the HB between the two phenol
molecules.”?l Calculations for the (PhOH),---py complex
show a decrease of y& from 0.80 to 0.75 with respect to
PhOH -+ py. Therefore, if the actual donor is the dimer (or a
related oligomer), smaller y & values than those predicted for
1:1 complexes should be expected.
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Hence, phenol is an inherently complicated system, since in
CCl, it is largely aggregated, while in CHCl; it is less so but the
solvent is not inert. Although aggregation cannot occur for
MTA, the same concerns regarding CHC, as solvent still apply;
in neither case the system lends itself to a simple modeling.

The correction for the anisotropy of motion generally leads
to a better agreement between experimental and theoretical
data, provided that the uncorrected values also follow the cor-
rect trend. In fact, if the experimental y & >1 the assumptions
for an evaluation of the complex structure (and for the
correction itself) fail. Interesting information about the aniso-
tropy of diffusion can be derived from the ratio A/B, which
gives a quantitative indication of the motional anisotropy.

Pyridine: Experimentally (in CCl,) x& = 0.69, the calculated
value being 0.80. The values become closer if the comparison
is made with the complex with the phenol dimer (y & = 0.75).
In CHCL; x & =0.75, in excellent agreement with the complex
calculated for the phenol dimer. The measurements with MTA
provide a better agreement between experimental (y& =
0.78) and calculated (0.81) values. For free pyridine, rotational
diffusion is isotropic (A/B = 1.0), while in the phenol complex
it becomes highly anisotropic (A/B =9.5). However, correct-
ing for the anisotropy of motion does not bring any
appreciable change to the results, which indicates that the
C-4 pyridine carbon provides by itself a reliable indication of
the dynamics changes occurring upon complex formation.

Nitriles: The y §; value for CH;CN with PhOH in CCl, (1.56) is
at variance with theoretical predictions (0.84-0.86). In this
case, the discrepancy stems from the inadequacy of NMR
data, since the relevance of 7,PP data for the cyano carbon is
uncertain, due to the very low NOE. For benzonitrile too, HB
with phenol causes an efg increase (y & = 1.13) rather than the
expected decrease (0.84). For the MTA complexes the change
(0.67) is instead in fair agreement with the calculated value of
0.85. Correcting for the anisotropy of motion does not
improve the phenol results, since they lack an acceptable
starting point. For the MTA complex, the corrected y & (0.72)
is closer to the ab initio prediction.

Carbonyl acceptors: Calculated y. values for 2:1 complexes
are always smaller than for 1:1 complexes, implying a higher
symmetry at the oxygen in the former. Use of these models
reduces the difference between experimental and theoretical
data, as detailed below. Therefore, it seems that carbonyl
acceptors indeed form HBs of this type to a large extent.
For PhOH/acetone, experimental results are once more
against theoretical predictions for the reasons seen for
acetonitrile. In order to circumvent these problems, benzal-
dehyde was studied. The experimental & in CCl, (0.63) is
smaller than the calculated one (0.89), but is, at least, < 1. For
the ternary complex y& =0.77, with a smaller discrepancy.
The solvent effect is analogous to that on pyridine; hence, on
switching to CHCI; y & becomes larger (0.80) and closer to the
theoretical value for the ternary complex. y&; is even smaller
for the MTA complex (0.83). The theoretical value (0.86) is
only slightly different, and the discrepancy becomes even
smaller after correcting for the anisotropy of motion (0.87).
Considering the ternary complex we again have an excellent
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agreement, the calculated y & being 0.79 versus a corrected
experimental value of 0.85. This correction does not bring
appreciable changes in the case of phenol complexes; hence,
also in this case the dynamics of motion probed by the C-4
carbon of the acceptor seem reliable.

Amides: a) DMF: Calculated y& values for the O- and
N-bound complex with phenol are not very different (O-
bound: 0.70 for 7O and 0.86 for “N; N-bound: 0.80 for 7O
and 0.88 for “N). The calculated values for the 2PhOH---
DMF O-bound complex (0.63 for 7O and 0.76 for '“N) are
lower. Experimental y & values in CCl, (0.63 for 17O and 0.72
for 1“N) are, in fact, in excellent agreement with the latter. On
the other hand, y& values in CHCI; are very close to unity
(1.02 for O and “N).

b) N,N-Dimethylbenzamide: In CCly, x& values are >1
(1.89 for 7O and 1.69 for '“N), and hence in disagreement
with the calculated values (0.88 for both 7O and “N in the
O-bound complex). Rotational diffusion is anisotropic for the
free acceptor (A/B=2.3-2.6), but becomes almost isotropic
for the complex with phenol (A/B = 1.1). This correction leads
to a marked decrease of y &, which, however, remain >1. In
CHCl;, y.; variations are smaller, as usual (0.83 for 7O and
1.17 for ¥N), and the value for oxygen becomes <1.
Correcting for anisotropy, x& values become <1 for both
nuclei (0.74 for O and 0.95 for “N). Diffusion remains
anisotropic for the complex with MTA (A/B=2.0) but
becomes again almost isotropic with phenol (A/B =1.2). For
the complex with MTA, the agreement between experimental
(corrected for anisotropy: 0.96 for 170O) and theoretical data
(0.92) is good; the results for the ternary complex are similar.

In all cases efg changes do not differentiate well between N-
and O-HB. This is not an important issue in itself, since O-HB
in amides is well established, but suggests that the easier to
observe N nucleus can be just as useful as 7O in probing
amide HB. However, one can expect difficulties due to the
rather small efg changes, especially for the 2:1 complexes
which seem to be a decidedly better model.

Conclusion

The formation of a hydrogen bond causes readily measurable
changes in the parameters of the NMR relaxation of the
quadrupolar acceptor nucleus. Therefore, a variation of efg
can reveal not only the formation, but also some structural
characteristics of the hydrogen bond, since it depends on the
change in the symmetry of the surroundings, and hence on the
position of the bridged hydrogen. Normally a decrease in the
relaxation time is observed, but this is entirely due to an
increase in the correlation time, which can be conveniently
highlighted through 13C relaxation. When this correction can
be done in a dependable way (i.e., when suitable *C nuclei are
available) the change in electric field gradient (x&;) can be
extracted from the observed 7 change.

Experimental and calculated y&; values are compared in
Figure 3. For most acceptors there is a very good agreement,
as can be appreciated by the comparison with the unit-slope
line. This is even more remarkable if one considers the small
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Figure 3. Comparison of calculated and experimental x&; values; the line
has unit slope. Data for the acceptor nucleus, except where indicated.
Theoretical model and experimental conditions are given for each acceptor
(denoted by the boldface number). 1, DMF (via O): a) 2:1 complex with
phenol, solvent CCl,, data for '7O; b) same data for “N; c) 1:1 complex
with MTA, solvent CHCl;. 2, pyridine: a) 1:1 complex with (PhOH),,
solvent CHCl;; b) 1:1 complex with MTA, solvent CHCI;. 3, benzaldehyde:
a)2:1 complex with phenol, solvent CHCl;, correction for anisotropy;
b) 1:1 complex with MTA, solvent CHCl;, correction for anisotropy; c) 2:1
complex with MTA, solvent CHCI;, correction for anisotropy. 4, N,N-
dimethylbenzamide (via O): a)2:1 complex with phenol, solvent CCl,,
correction for anisotropy; b) 1:1 complex with MTA, solvent CHCl;,
correction for anisotropy; c)2:1 complex with MTA, solvent CHCl;,
correction for anisotropy. 5, benzonitrile: 1:1 complex with MTA, solvent
CHCI;, correction for anisotropy.

range spanned by the values (0.6-1.0). For two acceptors
(benzonitrile and N,N-dimethylbenzamide) the agreement is
much less satisfactory. At present, we can only account for these
discrepancies as due to averaging over other HB structures
(e.g., higher complexes than 1:1 or 2:1, or with different
geometries of approach) that may be present in solution but
are not correctly modeled, which further highlights the need
of properly selecting a theoretical model. Thus, the combined
theoretical/experimental approach adopted seems generally
adequate to model efg changes occurring upon HB formation,
as long as one keeps in mind the large structural variability
and the complex dynamics of these HB complexes.

We finally remark that any future application of this
method to large molecules shall cope with very broad line
widths due to their slow motion. However, as pointed out by
Germann et al.,[*! at currently available high magnetic field
strengths (>17.6 T) certain nuclear transitions of half-integer
quadrupolar nuclei give rise to relatively narrow signals,
which opens the way to an extension of the concepts
presented herein to such systems.

Experimental Section

Reagents and solvents: Commercial phenol, CCl,, CHCl;, CH;CN,
pyridine, acetone, DMF, and methyl trifluoroacetate were purified by
standard methods. O-enriched water (Yeda, O =10.4%, O =56.8%)
and remaining compounds were used as received. N-Methyltrifluoroace-
tamide (MTA) was prepared by aminolysis of methyl trifluoroacetate with
methylamine.*

Synthesis of "O-enriched N,N-dimethylbenzamide: a) "O-Enriched ben-
zoyl chloride:*] To a well-stirred mixture of PhCCl; (8 mL, 56.5 mmol) and
FeCl;-6H,0 (0.02 g, 74 umol) heated at 110°C and protected by a reflux
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condenser, 7O-enriched water (0.8 mL, 43.5 mmol) was added dropwise by
means of a syringe within 90 min. Distillation at reduced pressure yielded
PhC7OCI (5.04 g, 79% ). B.p. 70°C; GC-MS: miz (%): 144 (1), 142 (4), 141
(1), 140 ['°O — M]* (2), 108 (6), 107 (82), 106 (19), 105 (51). By comparison
with a natural abundance sample [m/z (%): 142 (1), 140 [M]* (4), 106 (7),
105 (100)], an 'O content of 11 atom % was estimated.

b) A mixture of of PhC7OCI (4.84 g, 34.4 mmol) and DMF (6.09 g,
83.3 mmol) was heated under reflux under stirring at 155°C for 3 h. The
product was distilled at reduced pressure (b.p. 80-94°C) and yielded
PhCONMe, (0.33 g, 79%).41 GC-MS: m/z (%): 151 (4), 150 (13), 149
['*O — M]* (20), 148 (50), 119 (1), 108 (1), 107 (21), 106 (12), 105 (100). By
comparison with a natural abundance sample [m/z (%): 150 (2), 149 [M]*
(16), 148 (46), 119 (1), 106 (8), 105 (100)], an 7O content of 3 atom % was
estimated.

NMR and IR measurements: *C-NMR experiments were carried out on a
Bruker AC 250 (5.9 T, 250.1 MHz for 'H, 62.9 MHz for C). N and 7O
experiments were performed on a Bruker AM 400 or Avance DRX 400
(9.4 T; 400.13 MHz for 'H, 28.91 MHz for "N, 54.24 MHz for 70). Some
“N-NMR experiments were carried out on a Bruker Avance DMX 600
(14.1'T, 43.35 MHz for "“N). All spectra were recorded at 298 K in 10 mm
tubes for N and 7O (natural abundance) spectra or 5 mm tubes for 7O-
(labelled samples) and *C-NMR spectra. Measurements in chloroform
were performed with CHCI; (N, 170O) or CDCI; (**C). Samples for *C were
degassed with three freeze—pump-thaw cycles. N and O T;s were
determined by inversion-recovery, with acoustic ringing suppression!*’]
where necessary, and *C T;s by saturation-recovery. “N- and 7O-NMR
chemical shifts are externally referenced to neat CH;NO, and H,O,
respectively. Kinematic viscosities were determined using an Ubbelohde
viscometer at 2540.01°C.

FT-IR measurements were performed on a Perkin — Elmer 1600 instrument
with a 1 mm BaF, cell (resolution 4 cm™!, 256 scans). We monitored the
phenol O—H stretching peak (ca. 3610 cm™! for the free donor, and lower
wavenumbers for the complex).l' 'l For MTA we observed the free N—H
stretching peak at 3460 cm™' for (vs. 3300 cm™' for the complex). The
complex mole fraction (xyg) was determined directly from measurements
on a solution at the concentration and ratio of interest.

Experimental procedure: The relaxation times 7 for the acceptor nuclei
(**N and 0), as well as the 7} and NOE of a suitable '*C nucleus in the
acceptor, are determined before and after adding an equivalent amount of
donor. The incomplete formation of HB is accounted for as follows. Under
fast-exchange conditions, the observed relaxation rate in the presence of
the donor is given by a weighted averages like R, = R,"x+R,"Bxyg, or R, &
2T+ B HBxyg. The observed dipolar relaxation rate is likewise given
by R,°P = RPPx;+R,PPHBy . Substituting these equations into y{8/y & =
(T,%'T,18)(z %/ HB), Equation (2) is obtained. If xyg is independently
known, for example from FT-IR measurements, Equation (2) can be
evaluated to yield y &
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