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NMR Parameters and Geometries of OHN and ODN Hydrogen Bonds of

Pyridine-Acid Complexes
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Abstract: In this paper, equations are
proposed which relate various NMR
parameters of OHN hydrogen-bonded
pyridine-acid complexes to their bond
valences which are in turn correlated
with their hydrogen-bond geometries.
As the valence bond model is strictly
valid only for weak hydrogen bonds
appropriate empirical correction fac-
tors are proposed which take into ac-
count anharmonic zero-point energy vi-
brations. The correction factors are dif-
ferent for OHN and ODN hydrogen

bonds and depend on whether a
double or a single well potential is real-
ized in the strong hydrogen-bond
regime. One correction factor was de-
termined from the known experimental
structure of a very strong OHN hydro-
gen bond between pentachlorophenol
and 4-methylpyridine, determined by
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the neutron diffraction method. The re-
maining correction factors which allow
one also to describe H/D isotope ef-
fects on the NMR parameters and ge-
ometries of OHN hydrogen bond were
determined by analysing the NMR pa-
rameters of the series of protonated
and deuterated pyridine- and collidine—
acid complexes. The method may be
used in the future to establish hydro-
gen-bond geometries in biologically
relevant functional OHN hydrogen
bonds.

Introduction

The knowledge about the geometry of hydrogen bonds in
the active sites of enzymes can provide important clues to
understand the enzyme function."? As X-ray and neutron
diffraction can only be applied to the study of crystalline
solids, it is, therefore, a general strategy to correlate crystal
data of hydrogen bonds with appropriate spectroscopic pa-
rameters, and to determine in turn the latter for non-crystal-
line, in particular liquid environments of interest. In the
past, mainly IR techniques have been used in this way to
classify hydrogen-bonded systems in non-crystalline environ-
ment.?* On the other hand, NMR has become a major tool
for the study of hydrogen bonds in enzymes!!! due to the
high selectivity of this method. Unfortunately, in the past, it
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has been difficult to establish NMR hydrogen-bond correla-
tions by using small model systems because of the problems
of fast intermolecular hydrogen-bond exchange in liquids
which makes it difficult to measure intrinsic NMR parame-
ters of individual hydrogen bonds. These difficulties have
been recently partially overcome by choosing model solid
compounds which can be studied by dipolar high-resolution
solid state NMRP™! and by developing liquid state NMR
down to 100 K, by using liqueified deuterated gases as NMR
solvents.'*12l At these low temperatures it is often possible
to reach the slow hydrogen-bond exchange regime. Thus, in-
formation about the relations between NMR parameters
and hydrogen-bond geometries has been obtained.

During this research it was shown that the correlation of
NMR parameters with the geometries of hydrogen-bonded
systems A-H--B can be substantially simplified by the use of
Pauling’s™ valence bond orders or bond valences using
Equation (1).

p1 = exp{—(r,—1)/b}

and (1)
p> = exp{—(r,—r))/b,}

ri=ry represents the A--H distance, r,=ryg the H---B dis-
tance, p; and p, the corresponding valence bond orders of
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the diatomic units. According to Brown!'! the total valence
of hydrogen is unity, that is Equation (2):

pitp, =1 (2)

Therefore, it follows that r, and r, depend on each other.
This correlation is most conveniently expressed by the natu-
ral hydrogen-bond coordinates g, ="4(r;—r,) and g, =ri+r,.
For a linear hydrogen bond, g, represents the distance of H
from the hydrogen-bond center and g, the distance between
the heavy atoms A and B. Note that the correlation does
not depend on the hydrogen-bond angle.

A typical geometric hydrogen-bond correlation according
to Equations (1) and (2) is depicted by the solid curve in
Figure 1a. The corresponding behaviour of the bond valen-
ces is depicted by the solid lines in Figure 1b. When H is
transferred from one heavy atom to the other, g, increases
from negative values to positive values, g, goes through a
minimum which is located at g;=0 for AHA and near zero
for unsymmetrical systems of the type AHB. The bond
orders are unity in one and zero in the other limit. The sum
of both bond orders is unity as indicated by the upper solid
line in Figure 1b.

Steiner et al."™ and Grabowski"! have collected the avail-
able low-temperature neutron diffraction structures in the
Cambridge Structural Database (CSD) and have demon-
strated that Equation (2) is valid for series of OHO, NHN,
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Figure 1. a) g, versus g, correlation of OHN hydrogen bonds calculated
by combination of Equations (1) to (4) using the parameters of Table 1.
Solid line: classical or equilibrium correlation. Dotted line: calculated
using the empirical anharmonic correction of Equation (4) and the pa-
rameters d" and dP listed for pyridine- and collidine-acid complexes for
freon solution and the solid state in Table 1. The parameters ¢ and cP
do not influence the shape of the correlation curves but only provide the
“correlation” between the correlation curves for protonated and deuter-
ated hydrogen bonds. b) Evolution of the corresponding valence bond
orders and of their sums.
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and OHN hydrogen bonds. The parameters in Equation (1)
were determined by fitting distance sets r; and r, obtained
by neutron diffraction to Equations (1) and (2). Recently, it
has been proposed to correlate NMR parameters of hydro-
gen bonds not with distances but with the corresponding
bond valences which reduce the number of adjustable pa-
rameters as the values of r and b, are already known from
the crystallographic data.>®!12

A so far not recognized problem with this approach is
that in the Cambridge Database only few reliable data are
available for very strong and short hydrogen bonds where
the two bond orders are close to each other, that is, g, ~0.
Thus, the parameters r” and b, published are based on com-
pounds exhibiting medium and weak hydrogen bonds. Re-
cently, some of us noted deviations of experimental geome-
tries from the valence bond order correlation for some very
strong NHN and NDN hydrogen bonds!"”! whose geometries
had been elucidated previously®™ by dipolar solid state
NMR. It was found that in the symmetric configuration the
values of g, were larger than the minimum value predicted
from the hydrogen-bond correlation as indicated by the
dotted line in Figure la. The effect was slightly larger for
the symmetric NHN as compared to the symmetric NDN
bond. Additional neutron crystallographic data of NHN hy-
drogen bonds confirmed these deviations. They could be de-
scribed by assuming that for a hydrogen bond ALB, L=H,
D, the sum of the real averaged bond orders in the strong
hydrogen-bond regime is smaller than the sum of the equi-
librium bond orders, see Equation (3):

pr+py <pi+p =1 3)

Thus, the upper dotted line in Figure 1b leads to the dotted
correlation curve in Figure la which is flattened in the
strong hydrogen-bond regime but which coincides with the
equilibrium curve for the weak hydrogen bonds.

As our previous work!"” was restricted to NHN hydrogen
bonds we felt that this first case should be corroborated fur-
ther. Therefore, we had a closer look at OHN hydrogen
bonds which are important in amino acid side chain and co-
factor interactions of proteins. We were especially interested
in OHN correlations in order to associate NMR parameters
with hydrogen-bond geometries. Particularly interesting is a
model system representing the so far shortest known OHN
hydrogen bond, the crystalline 1:1 complex between 4-meth-
ylpyridine and pentachlorophenol; the low-temperature
neutron diffraction structure has recently been reported by
Steiner et al.'® As in the NHN case mentioned above, a de-
viation of the data points from the correlation established
previously™ for weak and medium hydrogen bonds was
observed, but the deviation was not discussed further as it
represented a first single case.

The scope of this paper is, therefore, twofold. Firstly, we
want to describe quantitatively the deviations of the geome-
tries for the strongest OHN hydrogen bonds from those ex-
pected from the simple valence bond analysis. The second
scope is to use this description in order to derive hydrogen
bond-NMR parameter correlations for the related pyridine—
carboxylic acid complexes studied previously™'l by low-
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temperature liquid state NMR, as well as for the 2,4,6-trime-
thylpyridine—carboxylic acids complexes for which liquid
and solid state NMR data had been determined.'! The
main goal was to include a description of H/D isotope ef-
fects on NMR parameters and hydrogen-bond geometries,
and to fill in this way the gap between quantum-mechanical
theories which have been developed for isolated molecules
and hydrogen-bonded systems in condensed matter.

Theoretical Section

Hydrogen-bond correlations corrected for anharmonic zero-
point vibrations: In order to describe anharmonic effects in
terms of the valence bond order method we have pro-
posed'” the following empirical relations in Equation (4a)
and (4b):

PlL = P1*CL(P1P2)f(P1*P2) *dL(Plpz)g = exp{*(”f*”f)/bl}
(4a)

Py = P+ cHpipy) (p1—p2) —d " (pip2)* (4b)
= exp{~(r} —1§)/b,}.L=H. D

which allow one to calculate the corrected bond orders p;-
and p, and hence the distances of AHB and ADB systems
from the classical bond orders p, and p,, and hence the cor-
responding hydrogen-bond distances using Equations (1)
and (2). The first correction term does not change the total
bond order sum of unity. This term shifts, therefore, the data
points of H and D along the classical correlation curve g,
versus ¢,, but does not change the form of this curve. The
latter is only changed by the second term as was depicted in
Figure 1a. Thus, Equation (4) allows one to calculate the pri-
mary geometric hydrogen-bond isotope effect,”! as in Equa-
tion (5):

Aqy = g7 —q' (%)
as well as the secondary geometric hydrogen-bond isotope
effect [Eq. (0)]:
Ag, = ¢ —q)' (6)
The values of the powers f and g as well as the isotope sensi-
tive parameters ¢~ and d" are empirical and have to be ob-
tained by fit of experimental data to Equation (4).

In order to demonstrate the physical meaning of the cor-
rection terms we have depicted in Figure 2 schematically the
one-dimensional potential curves and squared ground state
wave functions of some typical strong hydrogen bonds ALB,
L=H, D. The curves for AHB and ADB are slightly differ-
ent which does, however, not mean a breakdown of the
Born—-Oppenheimer approximation. This effect is a result of
the reduction of a more-dimensional vibrational problem
into a one-dimensional one.’'® The average values of g
and g are indicated by vertical bars and are controlled by
the parameters ¢ and ¢® which determine then the primary
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geometric isotope effect Ag,. Generally, c® will be larger

than ¢P in agreement with a somewhat larger distance of D
from the hydrogen-bond center as compared to H. ¢ and
c® have no influence on the geometry of a symmetric hydro-
gen bond where p = p;. Therefore, the physical meaning
of d" is best demonstrated for this case in Figure 2b exhibit-
ing a single well potential with g/'=¢=0. d" reduces the
bond order sum to a value of less than 1, which means that
the smallest equilibrium value g, is not reached. If d® is
assumed to be smaller than d" it follows that g, , < g, <
g2, that is, the secondary geometric isotope effect Ag, will
be negative for this configuration. This situation has been
demonstrated for the FHF~ anion,”” and has been called as
“anomalous Ubbelohde effect”.”!! By contrast, in the case
of a symmetric double well as depicted in Figure 2a, g, is
larger than g}' and hence dP larger than d". For an inter-
mediate situation it is then conceivable that d°~d". In this
case, the correlation curves of AHB and ADB coincide with
the classical correlation curve.

gy = Y{r - 7))

VRS

Figure 2. Various one-dimensional hydron (L=H, D) potentials and
squared groundstate wave function (schematically) of a hydrogen bond
ALB. a) Symmetric double well case with “half” hydrons close to A and
to B. b) Symmetric single well case. ¢) Asymmetric double well case and
d) asymmetric single well case. The vertical bars indicate the averaged
hydron position.

NMR parameters and hydrogen-bond geometries: The ques-
tion now arises how to correlate hydrogen-bond geometries
with NMR parameters. Desirable is to have isotope insensi-
tive correlation functions which can be applied to both the
protonated and the deuterated system. Isotope effects on
chemical shifts arise in this approximation only from isotope
effects on the hydrogen-bond geometries. Such correlations
can be found for the case where the NMR parameters in
good approximation depend linearly on g;.

This condition is normally met, except the case of the
strongest hydrogen bond in a given series exhibiting a single
well potential as depicted in Figure 3. Around ¢/'=¢ = 0
the chemical shift 5(ALB) of a heavy atom such as N is an
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almost linear function of g,. This means that the values of
O(AHB) and of 6(ADB), averaged over the ground state
wave functions, are the same and in good approximation
equal to the value at g,=0. Thus, one can associate to each
value of ¢, also a unique value O6(ALB). By contrast,
O(ALB) is a non-linear function of ¢;. As D is more con-
fined to the hydrogen-bond center compared with H, and as
O(ALB) exhibits a maximum at g;=0, the average value
O(ADB) will be larger than the average value 6(AHB) be-
cause the mean square values {g;*)" and (g,*)" are different,
whereas the mean values g-=0 are the same for both H
and D. In other words, a correlation of 6(ALB) with the
mean values g represents an approximation, called in the
remainder of this paper “the point approximation” which
might lead to a systematic deviation in the case of a sym-
metric single well hydrogen bond.

energy

=z

chemical shift 6

g, =Y - 1)

Figure 3. a) One-dimensional potential curve and squared groundstate
wave function (schematically) of a symmetric single-well hydrogen bond
ALB, L=H, D. b) Chemical shifts d(ALB) (schematically) of B and L as
a function of ¢,. The average chemical shift of D is larger than for H be-
cause of the maximum of 0(ALB) and the narrower wave function of D
compared with H. By contrast, as d(ALB) is a linear function ¢,
0(AHB)=0(ADB).

It is clear that a correct description can be found if the
nuclear wave functions and the chemical shielding surface
are known. An example is the FHF ™ anion, where H/D iso-
tope effects on chemical shielding have been studied theo-
retically by Golubev et al.??! A theoretical analysis showed
that averaging over all hydrogen-bond vibrations including
the bending vibrations needs to be taken into account.
Under normal experimental conditions, the nuclear wave
functions and the chemical shielding surfaces are, however,
not known. Therefore, we will ignore in the following the
breakdown of the correlation between 6(AHB) and ¢g; for
the symmetric single-well case.

For a quantitative correlation of NMR parameters and ge-
ometries of hydrogen bonds of the type AHB, we therefore,
assume the validity of the following equations. For the
chemical shifts of the base B it was assumed that:['
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O(ALB) = 0(B) px +0(LB)py3

) 7
+46*(ALB)pL, pL, L=H, D ™

for the '"H chemical shifts that:['"]

O0(AHB) = 6(AH)OP/§IH + é(HB)nP;IB + 45*(AHB)IJ,§IHP§B
(8)

and for scalar 'H,B couplings!'? that:

'J(AHB) ='J(HB)" py — 87 *(AHB)(py)’ Prip ©)

6(LB)°, 6(HB)° and 'J(HB)® represent the limiting B and 'H
chemical shifts and 'H,B coupling constants of the fictive
free HB, 6(B)° the chemical shift of the free base B, and
O0(AH)° the 'H chemical shift of the free acid. 0*(ALB),
0*(AHB) and J*(AHB) are excess terms describing the de-
viation of the parameters of the strongest AHB hydrogen
bond from the average of the limiting values of the free
forms. Without the excess term, Equation (7) had been pro-
posed previously.''! We note that all the NMR correlation
curves exhibit a principal difference to the g, versus g,
curves: the values of the latter can increase to infinity as
AH moves away from B or A from HB, but the NMR pa-
rameters of the separated molecular units do not change
any more when they are separated.

Finally, the quantum correction of Equation (4) influences
substantially the correlation analysis of isotopic H/D frac-
tionation between the pyridine-acid complexes AHB and
reference complexes XHY, characterized by Equation (10):

AHB +XDY = ADB +XHY (10)

The equilibrium constant of this reaction is given by Equa-
tion (11):

1 XADBXXHY
K = =—""" ~exp(—AZPE/RT 11
D = Xty p( /RT) (11)

where the inverse equilibrium constant @ is also called the
fractionation factor. x; are mol fractions or concentrations of
the various isotopic species, R the gas constant, 7" the tem-
perature and AZPE the zero-point energy difference of the
H and D forms of the hydrogen-bonded complexes. This
quantity is given by Equation (12):

AZPE = ZPE(XHY) — ZPE(XDY) b
— (ZPE(AHB) — ZPE(ADB)) 12
In principle, it would be desirable to express the values of
ZPE(ALB), L=H, D, as a function of the corrected bond
valences pl" and pJ from which AZPE could be calculated as
a function of the hydrogen-bond geometries. Unfortunately,
general correlations for all isotopic sensitive vibrations and,
therefore, of their ZPE values are not available at present.
Therefore, we use the following approximation in which
AZPE is expressed as a function of the classical bond valen-
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ces p; and p, as has been proposed previously'!! Equa-
tion (13):

AZPE = AZPE°(4poupun)’ + AZPE(OH) poy

(13)
+ AZPE(HN)pyy
AZPE(OH)° and AZPE(HN)° represent the zero-point
energy differences of the hypothetical free diatomic states
OH and HN compared with the reference complex XHY of
pyridine with triphenylmethanol. AZPE® represents the ab-
solute drop of zero-point energy between the non-hydrogen-
bonded limiting states and the strongest hydrogen-bonded
quasi-symmetric state. Equation (13) provides a link be-
tween the world of geometries, NMR parameters and vibra-
tions of hydrogen bonds.

Results

OHN hydrogen-bond correlation: As an example, we dis-
cuss in this section the case of hydrogen-bonded acid-base
complexes formed by pyridine derivatives and carboxylic
acids containing OHN hydrogen bonds. For the use of
the equations of the preceding section we set A = O and
B =N

Using the parameters published by Steiner for OHN hy-
drogen bonds™¥ listed in the first row of Table 1 we obtain
the lower solid line in Figure 4a, which is in fact the same as
the solid line in Figure 1a. The data points of the weak and
medium hydrogen bonds from which these parameters were
derived are represented by circles in Figure 4a. This curve
constitutes a good approximation to the correlation of the
equilibrium distances. The squares originate data obtained
by Lorente etal. for 1:1 hydrogen-bonded complexes of
2,4,6-trimethylpyridine (collidine) with various acids by
using a combination of dipolar solid state NMR*" and X-
ray crystallography.'®”!

The triangles in Figure 4a result from the low-temperature
neutron diffraction data of the very strong OHN hydrogen
bonds between pyridine and phenols."® At first sight, one is
tempted to neglect the deviation of these data points from
the calculated solid correlation curve, but in fact the devia-
tions are systematic. They are similar to those observed for
the NHN hydrogen bonds."”? The dotted curve was calculat-
ed for OHN hydrogen bonds using the correction parame-
ters listed in Table 1. The experimental data are reproduced
in a satisfactory way, although the agreement is not perfect
because of the point approximation used. As no neutron dif-
fraction data are available to our knowledge for very strong
ODN hydrogen bonds, the corresponding ODN correlation
curve could not yet be calculated at this stage. Some infor-
mation about this curve will be obtained in the next section
by NMR.

For the data analysis an appropriate computer program
based on Equations (1) to (9) was written which allowed us
to calculate all the correlation curves in a single run as a
function of the adaptable parameters listed in Tables 1 and
2. In other words, these parameters were determined by
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Figure 4. OHN hydrogen-bond correlations. The parameters of the calcu-
lated curves are listed in Tables 1 and 2. a) Geometric OHN hydrogen-
bond correlations. The circles refer to neutron diffraction data in the
Cambridge Structural Database as published by Steiner.*¥ The triangles
represent the recently published new neutron diffraction data."s! The
squares correspond to crystalline collidine—acid complexes.®) b) ND dis-
tance versus N chemical shift correlation for polycrystalline collidine—
acid complexes obtained by dipolar solid state NMR.*! ¢) 'H versus N
chemical shift correlation of pyridine—acid and collidine—-acid complexes.
d) Correlation between the H,"”N scalar couplings J(OHN) and the "N
chemical shifts of pyridine-acid and collidine-acid complexes in CDF/
CDF,(I at low temperatures. For further explanations see text.

adapting the calculated dotted curves to the whole body of
experimental data.

NMR parameters of OHN hydrogen bonds: All available
experimental NMR data of the OHN and ODN hydrogen
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Table 1. Parameters of the geometric hydrogen-bond correlations of pyridine- and collidine—acid complexes.

referring to the homoconjugate

cation of [collidine-H-colli-
dine]™ reported in ref. [25].

r;z’H f g CII d[[ CD dD
[A]"

Systems bou on bun
[A]Ial [A]Iul [A]Iul

weak and medium strong OHN bonds 0.371 0.942 0.385

pyridine-HA and collidine-HA in CDF/ 0.371 0.942 0.385

CDF,Cl1

pyridine-HA and collidine-HA solid 0.371 0.942 0.385

0992 00 0 0 0 O
0992 5 2 360 0.7 50 0.6

In this graph, all collidine—
acid complexes are referenced
to neat frozen collidine, and all

0992 5 2 360 0.7 110 0.6 o .
pyridine-acid complexes to

[a] Taken from ref. [15d].

Table 2. Parameters of the NMR hydrogen-bond correlations of pyridine- and collidine-acid complexes.

neat frozen pyridine. The latter
absorbs at 275 ppm with respect
to solid "NH,CL! As the "N
chemical shifts for the com-

Systems O(N)°  O(HN)°  Ad(N)> o6(OH)Y S8(HN) o*(OHN) YJ(HN)* J*(OHN) plexes dissolved in freon had
[ppm]“  [ppm]  [ppm]®  [ppm]  [ppm] [ppm] [Hz] [Hz] been referenced internally to
pyridine-HA in 0 126 -4 2 7 20 110 12.5 the free bases we had to take
CDE;/CDF,Cl the AS(N)°=0(N)° (freon)
collidine-HA in 0 126 -8 2 7 20 110 12.5 —5(N)° (solid) into account. as
CDF,/CDF,Cl = ) ’
solid collidine-HA 0 126 0 -3 7 20 - - the formation of weak hydro-

[a] With respect to neat frozen pyridine and collidine, resonating at 275 ppm and 268 ppm with respect to solid
NH,CL [b] AO(N)°: N chemical shift difference between the free bases in the freon solution and in the

frozen solid state around 130 K.

bonds of pyridine- and collidine-acid complexes with their
hydrogen-bond geometries are depicted in Figure 4b to 4d
and in Figure 5.

The N-D distances ryp of deuterated polycrystalline colli-
dine—acid complexes are plotted in Figure 4b as a function
of their "N chemical shifts 5(ODN). The distances had been
obtained previously from the dipolar “N,D couplings, and
the >N chemical shifts by high resolution solid state NMR.!
The values of (ODN) are referenced to the "N chemical
shift of neat frozen collidine, set to d(N)°=0 in Equa-
tion (7), resonating at 268 ppm®! with respect to solid
NH,CL”¥ The excess term 0*(OLN) was also set to zero in
agreement with our previous analyses.'"*) A problem is the
N chemical shift of the fictive “free” collidinium which
limits the right end of the correlation curve. An exact value
can not be determined experimentally. Previously,'! we had
proposed a value of d(HN)°=—130 ppm. For pyridine-acid
complexes in freon we had used a slightly smaller value of
—126 ppm.l'l The difference between the two values is too
small to be interpreted in terms of the different chemical
structures of “free” pyridinium and collidinium. Therefore,
we adopt here the latter value for both data sets.

In Figure 4c are depicted the '"H chemical shifts 6(OHN)
of the pyridine- and collidine—acid complexes obtained
under various conditions as a function of the *N chemical
shifts 0(OHN). The filled symbols refer to the solid colli-
dine—acid complexes with OHN hydrogen bonds, whereas in
Figure 4b the corresponding complexes with ODN hydrogen
bonds were depicted; in addition, a data point is included as
solid triangle on the left side, characterizing the complex of
pyridine with surface Si—OH groups of mesoporous silica of
the MCM-41 and SBA-15 type.’*! For this complex an 'H
chemical shift of 10ppm and a N chemical shift of
—23 ppm with respect to frozen neat pyridine had been ob-
tained. The open symbols refer to various pyridine—acid
complexes"™ and of collidine—acid™ complexes dissolved
in CDF,/CDF,ClI mixtures (freon), as well as one data point

5200

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gen bonds with freon causes
small upfield shifts. Unfortu-
nately, it is difficult to measure
the values of AG(N)° directly as
they depend slightly on temper-
ature and concentration. Moreover, they also depend on the
magnetic susceptibilities and the angle of the spinning sam-
ples with respect to the magnetic field, which is 54.4° for
MAS experiments and 0° in liquid state NMR. Via the inter-
mediate of a liquid nitromethane sample, we obtained a pyr-
idine reference shift of A6(N)°=-3 + 3 ppm. We found
that a value of AJ(N)°=—4 ppm which was added to the
5N chemical shift data of the pyridine-acid complexes!'™
fitted the data well as illustrated in Figure 4c. As collidine in
freon resonates at —10.3 ppm upfield from pyridine, the cor-
responding solvent shift of collidine was then fixed to
—8 ppm (Table 2).

The data indicate that the 'H chemical shifts are larger
for freon solution compared with the solid state as long as
H is closer to oxygen or in the hydrogen-bond center. In
particular, the maximum 'H chemical shift is about 21.5 ppm
for freon solution, but only about 19 ppm for the solid state.
We found that we were able to reproduce these findings by
using the same values of (HN)°=7 ppm for “free” collidi-
nium and pyridinium, the same excess term O*(OHN)=
20 ppm, but different values of (OH)°. For freon solution
we had used previously a value of +2 ppm!' which we kept
here, and for “free” oxygen acids in the solid state values
between —2 ppm!! and —4 ppm had been reported.?*! We
found that a slightly modified value of —3 ppm fitted better
the solid state data of Figure 4c. The calculated dotted lines
reproduce now the experimental data in a very satisfactory
way.

Finally, Figure 4d illustrates how the scalar couplings
!J(OHN) between 'H and N correlate with 6(OHN). The
parameters of Equation (9) leading to the dotted line are in-
cluded in Table 2.

So far we have only considered the OHN hydrogen
bonds. In the following, we include also the data of the
ODN hydrogen bonds. In Figure 5a and b are depicted the
secondary H/D isotope effects on the "N chemical shifts

[Eq. (14)].
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Figure 5. a) Secondary [Eq. (14)] and b) primary isotope effects [Eq. (15)]
on NMR chemical shifts of pyridine- and collidine-acid complexes
around 130 K, dissolved in CDF5/CDF,Cl and solid collidine-acid com-
plexes; data from refs. [6a,11,19,25]. ¢) Primary geometric isotope effects
Aq, [Eq. (5)] and d) secondary geometric isotope effects Ag, [Eq. (6)] of
pyridine—acid and collidine—acid complexes. The curves were obtained as
described in the text with the parameters listed in Tables 1 and 2. For fur-
ther explanation see text.

AS(ODN) = 6(ODN) — 6(OHN) (14)

and the primary isotope effects on the hydron chemical
shifts [Eq. (15)]:

AS(ODN) = 6(ODN) — §(OHN) (15)
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Whereas the secondary effects have been measured for pyri-
dine—acid complexes in freon,'” and for the collidine—acid
complexes in the solid state!® and in freon,' the primary ef-
fects could not be obtained for the solid state and were
measured only for the pyridine-acid complexes.'"" As de-
scribed in the Theoretical Section, we make here in the
point approximation the assumption that the isotope effects
on the NMR parameters are given entirely by the isotope
effects on the hydrogen-bond geometries defined in Equa-
tions (5) and (6). Therefore, in order to calculate the dotted
lines in Figure 5, we only adapted the values of the correc-
tion parameters c® and d® in Equation (4) listed in Table 1
as the NMR parameters were already determined in
Figure 4. Again, two data sets were obtained, one for the
complexes in freon and the other for the solid state. Then,
we calculated the corresponding ODN correlation curve g,
versus ¢q,. As these curves almost coincided with the dotted
OHN curve of Figure 4a, it was not included in this graph.
Instead, we calculated the isotope effects on the hydrogen-
bond geometries for the freon and solid state data which are
included as dotted lines in Figure 5c and d.

Isotopic H/D hydrogen-bond fractionation and NMR pa-
rameters: For pyridine-acid complexes the isotopic ex-
change reaction according to Equation (10) is illustrated in
Figure 6a. Using CDF5/CDF,Cl mixtures as solvent, and the
triphenylmethanol-pyridine complex as a reference, the
values of K had been determined around 130 K by NMR.["!
The K values measured, and the values of AZPE calculated
according Equation (13) are depicted in Figure 6b as a func-
tion of the nitrogen chemical shift, serving again as a meas-
ure of the proton coordinate g;. The values of K are also
plotted in Figure 6¢ as a function of the '"H NMR chemical
shifts. A systematic correlation with both NMR parameters
and hence the hydrogen-bond geometries is observed.

The dotted lines in Figure 6b and ¢ were calculated using
all equations discussed so far, by adjusting the parameters of
Equation (13), that is Equation (16):

AZPE° = —3.13kI mol~', AZPE(OH)° = AZPE(HN)°

(16)
= +0.4kJ mol™"
and naturally the other parameters of Tables 1 and 2, includ-
ing the correction terms of Equation (4).

Discussion

In this section, we will discuss the results obtained in the
previous section, depicted in Figures 4 and 5 and assembled
in Tables 1 and 2 in more detail.

Empirical corrections of OHN hydrogen-bond geometry
correlations arising from anharmonic hydron zero-point vi-
brations: Empirical corrections to the valence bond order
analysis of hydrogen-bond geometries have been proposed
which take into account anharmonic zero-point motions of
hydrogen isotopes in hydrogen bonds. Thus, it became possi-
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Figure 6. a) Isotopic fractionation between pyridine-acid complexes and
the reference triphenylmethanol-pyridine complex studied in ref. [11]
around 130 K using CDF5/CDF,Cl as solvent. b) Values of K (circles) and
zero-point energy differences AZPE (squares) as a function of the °N
chemical shifts of hydrogen-bonded acid—pyridine complexes. c) Frac-
tionation factors K as a function of the proton chemical shifts. The
dotted lines were calculated as described in the text.

ble to find hydrogen-bond correlations for protonated and
deuterated systems. For OHN hydrogen bonds the correc-
tion terms ¢™ and d™ in Equation (4) were adjusted using
the neutron diffraction data of Steiner et al.l'® obtained for
the shortest OHN hydrogen bond known up to date. These
data are depicted in the minimum of the dotted correlation
curve in Figure 4a which correlates sum of the two hydro-
gen-bond lengths O--H and H-N with their half difference.
For linear hydrogen bonds these two coordinates represent
the O--N distances and the deviation of the hydron from
the hydrogen-bond center. These correction terms were nec-
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essary in order to account for the slightly larger O--N dis-
tances found experimentally compared with the distances
obtained by data fit of weak and medium OHN hydrogen
bonds using the classical valence bond model,*!* leading to
the solid correlation curve in Figure 4a. This curve is valid
only for equilibrium geometries and does not take anhar-
monic hydron motions into account. The corresponding cor-
rection parameters for ODN hydrogen bonds were estimat-
ed by NMR as discussed later.

NMR Parameters and OHN and ODN hydrogen-bond ge-
ometries: It was assumed that H/D isotope effects affect the
hydrogen-bond geometries, but that the relations which link
the geometries with the NMR parameters are isotope inde-
pendent. These parameters refer to the fictive non-hydro-
gen-bonded diatomic units that is, limiting structures used in
the valence bond order analysis, and to excess terms describ-
ing the difference between the average limiting structures
and the strongest hydrogen bonds. The parameters were ob-
tained by fitting the calculated correlation curves to the ex-
perimental data available. Using a proper referencing, the
data of pyridine- and collidine—acid complexes could be de-
scribed in terms of common parameters.

In a previous study,®l a correlation of the *ND dipolar
interactions and hence the “N-D distances of solid colli-
dine-acid complexes with the isotropic N chemical shifts
(Figure 4b) had been observed, which helped us to link the
worlds of hydrogen-bond geometries and NMR parameters.
Referencing of all pyridine-acid and collidine-acid N
chemical shift data to the corresponding neat frozen bases
allowed us to construct the NMR correlation curves of Fig-
ure 4c. Roughly, the '"H NMR chemical shifts are measures
for the O--N distances and the ’N chemical shifts measures
of the proton positions. Thus, the '"H NMR versus N chemi-
cal shifts correlations of Figure 4c represent the NMR ana-
logues of the geometric correlation curves of Figure 4a.

The dotted correlation lines represent very well the exper-
imental data. For this agreement, the above-mentioned em-
pirical valence bond correction terms were essential. Where-
as the NMR parameters describing the dotted lines
(Tables 1 and 2) are representative for both pyridine- and
collidine-acid complexes, a substantial difference is ob-
served for these complexes in the solid state and in freon
solution. For the configurations where the proton is closer
to oxygen than to nitrogen, as well as for the shortest OHN
hydrogen bond, substantially larger '"H chemical shifts are
observed for freon solution compared with the solid state
leading to the two different dotted 'H versus "N chemical
shift correlation curves. Thus, for the shortest OHN hydro-
gen bonds the 'H chemical shift is around 21.5 ppm for
freon solution as compared to about 19 ppm for the organic
solid state. By contrast, the chemical shifts in the zwitterion-
ic region coincide. The origin of this effect which had puz-
zled us for a long time could not be elucidated in our study,
and will surely be subject of future theoretical studies. Nev-
ertheless, the effect has to be taken into account when con-
verting NMR data to hydrogen-bond geometries.

Another solvent effect had been described already previ-
ously:" by going from the organic solid state to polar freon
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solution, the hydrogen-bond geometries of collidine-acid
complexes are strongly shifted along the hydrogen-bond cor-
relation curves towards the zwitterionic structures. The
closer H is to oxygen in the solid state, the stronger is the
shift towards N in the polar liquid state. Clearly, solvent
electric field effects are responsible for these findings as has
been discussed previously.””*! It could be that these solvent
electric field effects also influence the low-field 'H NMR
chemical shifts.

We come now to the determination of the empirical cor-
rection terms c® and d® for the ODN hydrogen bonds by
NMR. They were derived by adjusting the calculated secon-
dary H/D isotope effects AO(ODN) and primary isotope ef-
fects AO(ODN) as a function of the °N chemical shifts as il-
lustrated in Figure Sa and b. The values of AJ(ODN)
change sign when H is moved across the hydrogen-bond
center; the absolute maximum and minimum values of
AJ(ODN) are the same. By contrast, the absolute values of
AS(ODN) in two minima are unequal. This effect arises
mainly from the smaller variation of the hydron chemical
shifts with the distance from the hydrogen-bond center
when the proton is closer to nitrogen compared with
oxygen, that is, because of the different slopes of the 'H
versus N curves depicted in Figure 4c. The graphs of Fig-
ure 5a and b represent the NMR analogues of the corre-
sponding graphs of the geometric isotope effects depicted in
Figure 5c and d which exhibit only slight asymmetries be-
cause of the different parameters of OH and HN bonds in
Table 1. The “primary” geometric isotope effect describes
the different distance of D and H from the hydrogen-bond
center. The “secondary” geometric isotope effect describes
the change of the hydrogen-bond length upon deuteration.
The latter effect is also called the Ubbelohde effect.?”)

The values of AO(ODN) had been obtained previously for
collidine-acid complexes in the solid state,® for freon solu-
tion" and for pyridine-acid complexes in freon solution.!”?]
The values observed for pyridine- and collidine-acid com-
plexes in freon coincide within the margin of error. More-
over, in the zwitterionic regime, the values for the com-
plexes in the liquid and the solid state are also very similar.
By contrast, in the “molecular complex” regime where H is
closer to oxygen absolute smaller isotope effects are ob-
served for the solids. Unfortunately, the origin of the differ-
ent isotope effects in the liquid and the solid state could not
be elucidated in this study.

For the calculation of the dotted lines in Figure 5 we only
varied the parameters ¢® and d® as all other parameters
were already fixed. ¢® mainly influences the curves in Fig-
ure 5Sa and c, and both parameters influence the curves of
Figure 5b and d. The liquid state and solid state data are de-
scribed by two different dotted curves of which the parame-
ters are listed in Table 1. Besides the values of AO(ODN)
for the quasi-symmetric pyridine—formic acid complex and
the [collidine-H-collidine]™* cation, the agreement of the cal-
culated curves with the experimental values is quite good.

We note that the correction parameters ¢!, d%, ¢P and a®
are very close to those found previously for NHN hydrogen
bonds,"”! where geometric data could directly be analyzed.
The agreement gives confidence, that the corresponding
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graphs in Figure 5c and d of the geometric H/D isotope ef-
fects on the hydrogen bond are close to the reality.

The homoconjugate [collidine-H-collidine]* cation: So far,
we have not yet discussed the data points™™ of the homo-
conjugate [collidine-H-collidine]* cation represented by
open triangles in Figures 4 and 5. Firstly, we would like to
note that the 'H chemical shift of this complex is smaller
than expected from the upper dotted correlation line in Fig-
ure 4c. Partially, this effect may arise from the fact that we
have a NHN rather than an OHN hydrogen bond, but this
interpretation seems unlikely. More likely is the interpreta-
tion in terms of a larger hydrogen-bond length which im-
plies a barrier for the proton motion. This could be either
an intrinsic barrier between two degenerate potential wells
of the kind depicted in Figure 2a, or a solvent barrier, where
an asymmetric structure of the type depicted in Figure 2d
exchanges rapidly with a structure exhibiting a potential cor-
responding to the mirror image of the one in Figure 2d. As
discussed previously,'” this interpretation is supported by
the observation of a negative primary H/D isotope effect
AS(ODN) (Figure 5b); this indicates that deuteration in-
creases the hydrogen-bond length, a sign that H is not locat-
ed in the hydrogen-bond center.

This finding is not in agreement with our treatment which
did not take into account two interconverting forms separat-
ed by a barrier. Thus, the correction parameters leading to
the dotted lines in Figure5 predict a sign change of
AS6(ODN) for the quasi-symmetric complexes, as expected
for systems with single-well potentials in the strongest hy-
drogen bonds. Such a sign change had been observed for
solid complexes exhibiting strong NHN hydrogen bonds,”!
as well as for systems such as FHF ! Therefore, the calcu-
lated values of AO(ODN) in Figure 5b deviate from the ex-
perimental ones found for freon solution. We did not at-
tempt here to introduce a correction for this effect, in view
of the fact discussed in the Theoretical Section that the
point approximation breaks down anyway in the case of the
values of AO(ODN) of very strong hydrogen bonds. Howev-
er, outside the region of the symmetric hydrogen bonds, the
calculated lines in Figure 5b coincide very well with the ex-
perimental data, where double wells will not be realized be-
cause of the large asymmetries of these complexes.

In order to make further progress in this field, it will be
necessary to measure the values of AO(ODN) for the sym-
metric or quasi-symmetric complexes not only for freon so-
lution but also for the solid state. This task is, however, not
easy in view of the large quadrupole coupling constant of D,
and in view of the smaller gyromagnetic ratio of D com-
pared with H.

H/D Isotopic fractionation in OHN hydrogen bonds: The in-
troduction of the empirical correction terms for anharmonic
zero-point vibrations in Equation (4) modifies our previous
analysis'!! of H/D isotopic fractionation according to
Figure 6 between pyridine-acid complexes in freon. The
dotted lines in Figure 6b were calculated neglecting differen-
ces of the zero-point energies in the free OH- and HN-acids
and assuming a zero-point energy drop of about 3.5 kJ mol ™
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between the free reference states and the strongest OHN
hydrogen-bond configuration. Without the correction, only a
value of about 2.8 kImol™! is obtained.!'l If the strongest
OHN configuration were a classical transition state of a
single H transfer reaction, one would expect a kinetic H/D
isotope effect at 298 K of k"/kP =4.1 for the new and of
3.1 for the old value. Generally, even larger values of about
4 kJmol ™ leading to kinetic isotope effects of 5 and more
are assumed for this kind of reactions.®” From the present
analysis it follows that larger kinetic isotope effects than k"/
kP ~4 at 298K will arise from tunneling contributions
rather than from the loss of zero-point energy in the transi-
tion state.

Conclusion

As in the case of strong NHN hydrogen bonds!"”! we have
identified in this paper deviations of the geometries of
strong OHN hydrogen bonds from those predicted by the
classical valence bond order model. These deviations are as-
sociated with anharmonic zero-point vibrations which lead
to different geometries of the protonated and deuterated
systems. Thus, the classical valence bond order model is
strictly valid only for the case of harmonic zero-point vibra-
tions or the equilibrium geometries, that is, for the case of
weak hydrogen bonds. The usual parameters of the valence
bond order model should be determined for this case. Em-
pirical correction terms are proposed which take into ac-
count vibrational anharmonicities and allow one to calculate
hydrogen-bond correlations also for strong hydrogen bonds.
The correction terms can be taken from the geometries of
strong hydrogen bonds. In principle, the correction is differ-
ent for OHN and ODN systems and can be obtained if ap-
propriate data are available. The corrections also depend on
whether a double or a single well potential is realized for
strong hydrogen bonds. By establishing correlations between
NMR parameters and bond valences it was possible to use
NMR chemical shift data to determine H/D isotope effects
on the hydrogen-bond geometries in solution. The method
may be used in the future to establish hydrogen-bond ge-
ometries in biologically relevant functional OHN hydrogen
bonds.
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