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Blue Shifting Hydrogen Bond | Fluoroform |/ Low-Temperature NVR

Low-temperature (193 K) 'H, '*C and >N NMR spectra of blue- and red-shifting H-bonded
complexes formed by fluoroform with various proton acceptors were measured. Experimental
NMR parameters were plotted versus the ab initio calculated H-bond strength (MP2 / 6-31+G(d,
p); interaction energy varies from ~5 up to 25 kJ - mol ! in the series). We show that experi-
mental 'H and "N shieldings, as well as the H/ D isotope effect on B¢ shielding change
monotonously with the calculated H-bond strengthening. The '*C chemical shift and the CH
scalar coupling change non-monotonously and the extremum points are situated approximately
in the region of transformation from blue- to red-shifting H-bonds. The most informative NMR
feature is the H/D isotope effect on 5N shielding which changes its sign upon transformation
from blue- to red-shifting H-bonds.

To rationalize these observations, ab initio calculations of *C and °N shieldings as func-
tions of C--H and C--N distances were performed for complexes of CHF; with acetonitrile
(blue-shifting) and pyridine (red-shifting). The coupling of the vibrations of the covalent and
hydrogen bonds has been accounted for by direct computation of the distance C---N = f(C---H)
dependence. We demonstrate that the unusual sign of the H / D isotope effect on >N chemical
shift across a blue-shifting H-bond can be explained as a result of the inversion of the dynamic
coupling of two vibrations.

1. Introduction

Very weak hydrogen bonds formed by a number of CH acids with weak proton
acceptors often exhibit rather non-conventional behaviour in vibrational spectra,
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namely, a high frequency (blue) shift for the CH stretching vibrational bands [1-
11]. The blue shift of the vibrational frequency is usually accompanied by a
considerable intensity decrease of the corresponding IR absorption vibrational
band. It should be noted that these two spectroscopic features are linked, but
only indirectly. Indeed, the frequency shift is determined by the shape of the
potential energy surface as a function of vibrational coordinates, while the inten-
sity change originates from the shape of the dipole moment function. In particu-
lar, for several complexes of fluoroform with nitrogen bases (F3CH---N(CHj3)s,
e.g.) a strong decrease in intensity of the CH stretching band (v for the CHF;
molecule), which exhibits a small but conventional frequency red shift, was re-
ported [9, 12]. In Ref. [9] such hydrogen bonds are termed “pseudo blue-shifting”
ones. Quantum-mechanical calculations (ab initio as well as DFT) show also
some shortening of the CH bonds as a result of forming blue-shifting H-bonds
[1, 3, 4,5, 7, 13-17]. In contrast, usual red-shifting H-bonds are characterised
by some lengthening of the CH bonds.

The unusual geometric and spectroscopic properties of the weak CH interac-
tions with proton acceptors led to several terminological disputes. Some authors
doubt that the term “hydrogen bond” is an appropriate one [18], while the others
have introduced the term “anti-hydrogen bond” [19]. Throughout this paper we
will use the most widely accepted term “blue-shifting hydrogen bond”.

To the best of the authors' knowledge, experimental studies of such com-
plexes have been performed mainly using IR spectroscopy. Another technique
which usually provides valuable information on hydrogen bonding, is NMR
spectroscopy. However, there is only few data published about the NMR mani-
festations of blue-shifting hydrogen bonds [14]. The goal of the present research
is to find any characteristic features of the improper type of H-bonding in NMR
spectra.

We have studied CHF; and CDF; molecules in gaseous phase (1), in neat
liquid (2), dissolved in ethyl chloride-ds (CD;CD,Cl) (3), and in CD,Cl, solution
in complexes with the following proton acceptors (bases): acetonitrile-d;
(CD5sCN) (4), 4-methoxybenzonitrile (p-MeO-PhCN) (5), dimethylether-dg
((CD3),0) (6), 4-dimethylaminobenzonitrile (p-Me,N-PhCN) (7), acetone-dg
((CD3),CO) (8), pyridine-ds (CsDsN) (9), trimethylamine-dg ((CD3)3N) (10) and
2, 4, 6-trimethylpyridine (2, 4, 6-Me;-CsH,N) (11). Schematic structures of the
complexes are shown in Scheme 1. Usage of deuterated bases allowed us to
avoid intensive background signals in 'H NMR spectra. To obtain "N NMR
spectra, non-deuterated nitrogen bases enriched with >N isotope were used: ace-
tonitrile-'>°N (4N), 4—meth0xybenzonitrile—1SN (5N), 4-dimethylaminobenzoni-
trile-">N (7N), pyridine-'>N (9N) and 2, 4, 6-trimethylpyridine-'>’N (11N), see
Experimental section for details. According to previously published IR and com-
putational data, the successive H-bond strengthening in these complexes is ac-
companied by the transformation of the hydrogen bond from the blue-shifting to
the conventional red-shifting [8, 9, 20] (see Table 1).
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Scheme 1. Schematic structures of the complexes of fluoroform, studied in this work.

In particular, the CH stretching frequency of the CHF; dissolved in neat
CDsCN is shifted to higher frequency by 10.8 cm ™! in comparison with that of
free CHF; in the gas phase (blue shift). When CHF; is dissolved in deuterated
pyridine, CsDsN, which is a stronger proton acceptor, the CH frequency shift is
—1.2 cm ™. When the proton accepting ability of the base increases even further,
as in (CDs);N, the CH stretching shift of —21.2 cm™ ! has been measured (red
shift).

In this work, low-temperature (193 K) lH, B¢ and, for nitrogen bases (except
for trimethylamine), '’N NMR spectra were recorded. These provided chemical
shifts, scalar coupling constants between 'H and '*C and H / D isotope effects on
13C and "N NMR chemical shifts. In parallel, ab initio calculations (MP2 / 6—
31+G(d, p)) of the equilibrium CH distances and the H-bond energies (taken as
the difference of full electronic energy of a complex and the corresponding free
molecules) were performed. For complexes of CHF; with acetonitrile (4) and
pyridine (9) functions of electronic energy and shielding constants on C---H and
C.--N distances were calculated, as well as the dependence C---N = f(C---H).

The discussion of these results is structured as follows. Experimental and
computational results are considered together. Firstly, all the considered experi-
mental NMR values are plotted against the calculated H-bond energy and the
resulting dependencies are analysed. Secondly, secondary H/D isotope effects
on chemical shifts are evaluated within the simplest model, assuming that carbon
shielding depends solely on the C---H distance, and nitrogen shielding on the
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Table 1. Literature data on the experimental and ab initio calculated blue and red shifts of the
CH stretching frequency (v;) in the series of complexes of fluoroform with bases.

No. Base Conditions v; complex shift/ em™!  Ref.
o frefi)/
cm

1 none gas 3035.2 [20]
none liquid Ar 3036.7 [9]
none liquid Xe 3030.5 [9]
none liquid Kr 3033.0 [8]

2 CHF; (dimer) liquid Kr 3057.0(3033.0) +24.0 [8]

3 CD;CD,Cl ¢

4 CD;CN liquid CD;CN 3046(3035.2) +10.8 [20]

5 p-MeO-PhCN ¢

6 (CH;),0 liquid Ar 3054.8(3036.7) +18.1 [9]
(CH;),0 MP2/6-31+G(d, p) 3287.5(3270.3) +17.2 [9]

7 p-Me,N-PhCN “

8 (CD3),CO liquid (CDj3),CO 3051(3035.2) +15.8 [20]

9 CsDsN liquid pyridine-ds ~3034(3035.2) —1.2 [20]
CsHsN liquid Xe 3033.3(3030.5) +2.8 [9]
CsHsN MP2/6-31+G(d, p) 3266.7(3270.3) —3.6 [9]

10 (CD;):N liquid (CD3);N 3014(3035.2) —21.2 [20]
(CH3);N liquid Ar 3013.9(3036.7) —22.8 [9]
(CH;3);N MP2/6-31+G(d, p) 3219.0(3270.3) —51.3 [9]

11 2,4, 6-MC3-C5H2N ¢

a - no data found in the literature on these complexes

C---N distance. Changes of interatomic distances upon deuteration of the complex
are estimated using the linear three-mass model by Sokolov et al. [21, 22] in
conjunction with the calculated C---N = f{C---H) dependence. Finally, experimen-
tal and calculated values of H / D isotope effects on chemical shifts are compared.

2. Experimental

2.1 Synthesis

Fluoroform CHF; was prepared by decarboxylation of potassium trifluoroacetate
in ethyleneglycol. The product was purified by passing it through H,SO, and
repeated distillation at —70 °C under reduced pressure [23]. For the preparation
of CDF5 (~80% ’H), ethyleneglycol was first of all deuterated (in OH sites) by
repeatedly adding and removing D,O under reduced pressure in a rotor evapora-
tor, then the synthesis was carried out as described above. Commercially availa-
ble (Aldrich) CD,Cl, (99.9% *H), CD;CD,Cl (99% H), (CD5),CO (99.9% *H),
pyridine-ds (99% 2H) and acetonitrile-d; (99.8% 2H) were used without addi-
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tional purification. Dimethylether (CD3),0 (99% 2H) was synthesized from
methanol-d; and H,SO, by a standard technique. Non-deuterated nitrogen bases
enriched with °N isotope (acetonitrile-'>N, 4-metoxy- and 4-dimethylamino-
benzonitriles-'"N, pyridine-'>N and 2, 4, 6-trimethylpyridine-'>N) were prepared
and purified according to Ref. [24]. Trimethylamine-dg was synthesized accord-
ing to Ref. [25].

2.2 Sample preparation

The samples were prepared in hermetic thick-walled NMR sample tubes
equipped with PTFE valves (Wilmad) that withstand gas pressure up to ~40 bar.
The tubes were filled with fluoroform on a high vacuum line and the solvents
were added via vacuum transfer. The technique of low temperature NMR with
liquefied gases as solvents has been described in [26].

The sample of 1 was the saturated vapour above the liquid CHF; (or CDF;).
The sample of 2 was neat fluoroform (CHF; or CHF; / CDF; mixture). The sam-
ple of 3 was a 0.05 mol - L~ ! solution of 20% CHF; + 80% CDF; in CD;CD,Cl
(to measure a good signal-to-noise natural abundance '*C NMR spectrum the
overall concentration of fluoroform was increased to 0.2 mol - L™ ]). To measure
'H and "*C NMR spectra of 4-11 first the 1 mol - L™ solutions of the corre-
sponding bases in CD,Cl, were prepared directly in the sample tubes, then mix-
tures of CHF; and CDF; were added (overall concentration of fluoroform was
0.05 mol - L™ "). Deuterated nitrogen bases were used if available to avoid very
intensive background signals in "H NMR spectra. Samples for the measurement
of N NMR spectra were prepared in a different way: non-deuterated nitrogen
bases enriched with N isotope were dissolved in a CDF3 / CHF; mixture (com-
plexes 4N, 5N, 7N, 9N and 11N). Concentration of the base was about
0.05 mol - L™".

2.3 NMR experiments

Spectra were recorded with a Bruker DPX-300 NMR spectrometer equipped with
a low-temperature probe, which in principle allowed us to perform experiments
down to the melting point of fluoroform (118 K). However, all experiments were
performed at 193 K, because many of the bases were precipitating of the
1 mol - L™ solution in CD,Cl, close to its melting point (176 K). 'H and *C
NMR chemical shifts were measured using TMS as internal standard (a con-
trolled amount of TMS was added to CD,Cl, prior to the sample preparation).
The total deuterium fraction of fluoroform was determined by comparison of the
integrated intensity of the CHF; proton quartet with that of the TMS protons
signal. The proton decoupled >N NMR spectra consisted of a single line with
the position depending on the deuterium fraction of fluoroform. Since this de-
pendence appeared to be practically linear, it allowed us to extrapolate the full
H/D isotope effect on 1SN chemical shift transmitted across the hydrogen bridge.
5N NMR spectra were referenced to the solutions of the free bases (1 mol - L ™!
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in CD,Cl,) as external standards. Thus, the resulting relative 5N chemical shifts
are subject to systematic errors. We note, however, that these systematic errors
cancel for the H/ D isotope effects on '°N chemical shifts.

2.4 QM computations

The ab initio calculations at the MP2 level of theory were performed using the
Gaussian 98 package [27]. We have used the standard basis sets 6-31+G(d, p),
which has diffuse functions on heavy atoms and a set of polarization functions,
both on hydrogen and heavy atoms. The optimized equilibrium geometry and
total electronic energy E of 1-11 were obtained utilizing the CP-corrected gradi-
ent optimization technique. At the same level of theory, the relative magnetic
shleldmg constants, O_rel — O_complex _ gnonomer _ smonomer __ (Scomplex7 were calcu-
lated for complexes 1, 4 and 9 using the GIAO method as functions of internal
variables r = rcy — reg’ and R = Rey — Rey’, where rey and Rey are the
manually selected C---H and C---N distances, while r¢y® and Rey® are the C--H
and C--N interatomic distances in equilibrium (fully optimized) geometry of the
corresponding system. All other variables were kept constant.

The normal coordinate analysis procedure included in the Gaussian 98 gave
unreliable results for intermolecular vibrations and was therefore replaced by the
following procedure. The force constants required for estimating the geometric
isotope effects were calculated in one-dimensional approximation based on fit-
ting the obtained curves, E = f(r) and E = f(R), with 3" power polynomials.
Moreover, for complexes 4 and 9 the dependencies R = f(r) were calculated as
described in [28].

2.5 Nomenclature

In this paper we use the following nomenclature: chemical shifts are labelled as
O0(CL---X), where the observed nucleus is underlined, L = H, D and X is the
proton accepting atom, which can be N (4, §, 7, 9, 10, 11), O (6, 8), F (2), Cl
(3) or absent (1). For example, the nitrogen chemical shift of the deuterated
complex 4 is be labelled as §(CD---N). The complex to which the chemical shift
refers will be clear from the context. A similar nomenclature is used for the
coupling constants, e.g. 'J(CL---X).

3. Results
3.1 'H and 3C NMR experiments

For brevity, the primary experimental material will be presented here only for
complex 3. 'H and '*C NMR spectra for other complexes are qualitatively simi-
lar. In the bottom of Fig. 1 the '"H NMR spectrum of the sample containing a
0.05 mol - L™! solution of fluoroform in CD3;CD,CI is shown. The signal of
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CHF, in C,D,Cl, 3

1J(CH-~Cl) = 241.2 Hz

Fig. 1. '"H NMR spectrum of a solution containing 0.05 mol - L™ CHF; in CDsCD,CI at
193 K.

CHF,+CDF; in C,D,CI, 3

8(CD--Cl) — §(CH--Cl) = -0.24 ppm
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Fig. 2. Natural abundance proton decoupled (a) and proton coupled (b) '*C spectra of a solution
containing 20 % CHF; + 80 % CDF; (overall concentration 0.2 mol - L™") dissolved in
CD;CD,ClI at 193 K.

CHF; at 6(CH---Cl) = 6.69 ppm is split into a quartet due to the scalar interaction
with three 'F spins. The coupling constant 'J(CH.--Cl) = 241.2 Hz can be meas-
ured using the °C satellites, shown on top of Fig. 1.

In Fig. 2, low-field parts of the proton decoupled (Fig. 2a) and proton cou-
pled (Fig. 2b) natural abundance '*C spectra of a solution containing
0.2 mol - L™ ! of the mixture 80 % CDF; + 20 % CHF;in CD3;CD,CI are shown.
Signals of CHF; and CDFj are split into quartets due to the scalar coupling
between '°C and "F spins. Additionally, the carbon signal of CHFj is split into
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Table 2. Experimental 'H and 3C NMR parameters of complexes formed by CHF; and CDF;
with proton acceptors.

No. Base 5(CH-X)/ 6(CH--X)/ §(CD-X)/ 6(CD X) — U(CH-X)/
ppm ppm ppm H--X)/ Hz
ppm
1 none“ 6.21 118.84 118.62 —0.22 235.1
2 CHF; (liquid) 6.39 118.60 118.36 —0.24 238.0
3 CDyCDyCI 6.69” 118.26°  118.02¢ —0.24° 241.2
4 CDCN? 6.73 118.15 117.87 —0.28 2449
5  p-MeO-PhCN “ 7.18 117.96 117.66 —0.30 245.9
6 (CDy,0“ 7.11 117.95 117.65 —0.30 246.1
7 p-Me,N-PhCN ¢ 7.39 117.90 117.58 —0.32 246.7
8  (CD3),CO 7.37 117.94 117.62 —0.32 246.4
9 CsDsN? 7.54 117.91 117.64 —0.27 246.3
10 (CD3):N ¢ 7.32 118.01 117.63 —0.38 2452
11 2,4, 6-Me;-CsH,N Y 772 118.32 117.86 —0.46 2432

a - experimental ddtd for the saturated vapor over liquid fluoroform layer at 273 K.

b - 0.05 mol - L CHF; / CDF; added to the neat base at 193 K.

c-02mol-L"™ CHFg / CDF; added to the neat base at 193 K.

d-0.05mol - L™ CHF3 / CDF; added to the 1 mol - L™ !'solution of a base in CD,Cl, at 193 K.

a doublet, 'J(CH---Cl) = 241.2 Hz. The centres of multiplets in the '*C NMR
spectra with CHF; and CDFj; do not coincide. This secondary isotope effect on
the "*C chemical shift is §(CD---Cl) — §(CH---Cl) = —0.24 ppm.

In Table 2 'H and '*C NMR parameters obtained for all complexes are listed.

3.2 >N NMR experiments

Again, for brevity we present here the primary experimental material only for
the representative complexes 4N and 9N. In Fig. 3a, the '’N NMR spectrum of
0.05 mol - L™ solution of CH3;C'"N in CHFj; is shown. After deuterating the
solvent to 80 % the '°N signal is somewhat shifted high field (Fig. 3b). Linear
extrapolation to the 100 % deuterated solvent, i.e. 100 % CDF; (Fig. 3c), gives
the full value of the secondary H / D isotope effect on the >N chemical shift in
complex 4N, §(CD--N) — §(CH---N) = —0.16 ppm.

In Fig. 3d and 3e the >N NMR spectra of 0.05 mol - L™! solutions of
C5H5]5N in CDF; + CHF; mixtures are shown. Again, extrapolation to the fully
deuterated solvent (Fig. 3f) gives the isotope effect value 6(CD--N) —
6(CH:-N) = +0.25 ppm for complex 9N.

In Table 3 >N NMR parameters obtained for complexes 4N, SN, 7N, 9N
and 11N are listed.

3.3 QM calculations of H-bond geometries and energies

In Table 4 the following ab initio calculated values are shown: the full electronic
energies of the complexes (Eympiey), the full electronic energies of the free bases
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CH,CN in CHF,+CDF, 4

8(CD-N) — 8(CH-N) = —0.16 ppm

C4H,N in CHF +CDF,, 9

8(CD-+N) — §(CH--N) = +0.25 ppm
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Fig. 3. SN NMR spectra of the samples containing 0.05 mol - L~! solution of a) CH3C]5N in
CHF;; b) CH;CPN in mixture 80 % CDF; + 20 % CHF;; d) CsHs'>N in CHF;; e) CsHs'™N in
mixture 80 % CDF; + 20 % CHF;. ¢) Extrapolated position of N signal of 0.05 mol - L™
solution of CH;C™N in 100 % CDF;. f) Extrapolated position of >N signal of 0.05 mol - L™!
solution of C5H515N in CDF;. Spectra are referenced to the N signal of 1 mol - L~! solution
of the corresponding base in CD,Cl, as external standard.

Table 3. >N chemical shifts for a number of nitrogen bases dissolved in CHF; and CDF; at
193 K. Chemical shifts are references to the 1 mol - L™ solution of the corresponding nitrogen
base in CD,Cl, at 193 K.

No. Base S(CH-+N) /ppm *  6(CD--N) /ppm * Appdy /ppm
CH;CN —4.63 —4.79 —0.16

5 p-MeO-PhCN —6.99 —17.04 —0.06
p-Me,N-PhCN —8.41 —8.38 +0.03

9 CsHsN —9.98 973 +0.25

11 2, 4, 6-Me;-CsHoN —13.14 —12.83 +0.31

a - 0.05 mol - L™ of the base dissolved in neat CHF;

b - 0.05 mol - L™! of the base dissolved in neat CDF; (extrapolated from >N chemical
shifts measured for CHF; / CDF; mixture)

(Epase) interaction energies AE (taken as a difference between electronic energies
of a complex, AH---B, and two free molecules, AH and B), equilibrium C.--H
distances, rcy’, and dipole moments (u). The plot rey® = fIAE) is depicted in
Fig. 4 and is discussed below.

3.4 QM calculations of shielding functions

The calculated relative (with respect to the values for the free molecules) B¢
shielding constants for systems 1 and 4 as functions of internal coordinate r =
rcy — rey’ are listed in Table 5.
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Fig. 4. The calculated equilibrium C---H distance, r¢y¢, plotted against the interaction energy
AE, for fluoroform complexes with different bases. Level: MP2 / 6-31+G(d, p). The numbering
of the complexes corresponds to Scheme 1 and Table 2.

Table 4. Ab initio calculated (MP2 / 6-31+G(d, p)) values of the full electronic energy of the
complex (Ecompier)> full electronic energy of the free base (Ej,,), interaction energy AE =
— (Ecompiex — Epase — Ecnr3). equilibrium C---H distance (r¢y) and dipole moments (u) for
complexes formed by CHF; with various proton acceptors (bases).

No.Base Evomplex] Epase/ AE/ AE/ng] - re’ /A u/D
Hartree Hartree Hartree  mol
1 None —337.62641 0 1.0838 2.05(1.64%)
2 CHFE;" —675.25370 —337.62641 0.00088 23 1.0830 3.82
3 CD;CD,(Cl —524.97473 —187.34558 0.00274 7.2 1.0820 4.74
4 CD;CN —453.38626 — 115.75604 0.00381 10.1 1.0801 7.13(6.94%)
5 p-MeO-PhCN —844.35320 —506.72115 0.00564 14.8  1.0807 8.43
6 (CD3),0 —654.57365 —316.94088 0.00636 16.7  1.0833 391
7 p-Me,N-PhCN —924.64352 —587.01018 0.00693 18.2  1.0833 8.61
8 (CD,),CO —664.12065 —326.48723 0.00701 184  1.0838 5.35
9 CsDsN —585.43899 —247.80527 0.00731 19.2  1.0846 5.11
10 (CD;);N —667.09618 —329.46231 0.00746 19.6  1.0878 4.54

11 2, 4, 6-Me;-CsH,N  —983.50823 —645.87264 0.00918  24.1 1.0898 6.44

a - calculated for CHF; dimer
b - MP2/6-311++G(3df, 3pd)

In Table 6 the relative '°N shielding constant for complexes 4 and 9 as
functions of coordinate R = Rcy — Repy’ are collected. For details of calculations
see Experimental section. Obtained dependencies are discussed below.
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Table 5. Ab initio calculated (MP2 / 6-31+G(d, p)) relative (with respect to the values for the
free molecules) ~C shielding constants for systems 1 and 4 as functions of internal coordinate
r=rew — Ten'.

r=ren — rets A el = gpcomplex _ monomer
1 4

—0.025 0.4032 1.5035

—0.020 0.3264 1.4857

—0.015 0.2477 1.3500

—0.010 0.1670 1.1964

—0.005 0.0844 0.9607

0 0 0.6110
0.005 —0.0862 —0.0178
0.010 —0.1535 —0.7821
0.015 —0.2428 —1.5678
0.020 —0.3357 —2.4142
0.025 —0.4107 —3.0357
0.030 —0.5013 —3.3678

Table 6. Ab initio calculated (MP2 / 6-31+G(d, p)) relative (with respect to the values for the
free molecules) °N shielding constants for systems 4 and 9 as functions of internal coordinate
R = RCN - RCNL.

R=Rey — Ron's A ol = geomplex _ _monomer
4 9
—0.1 15.100
—0.08 11.810
—0.06 9.746
—0.04 7.464 15.832
—0.02 5.906 12.200
0 4.803 9.221
0.02 3.586 6.971
0.04 2.793 5.204
0.06 2.182 3.864
0.08 1.667 3.017
0.1 1.260 2.450
0.14 0.767 1.582
0.18 0.532 1.121

4. Discussion

First, have a look at Fig. 4. The equilibrium C---H distance, r¢y’, first decreases
and then rises with increasing the interaction energy AE. The transformation
from blue- to red-shifting hydrogen bonding occurs in the interaction energy
region ~17-19 kJ - mol ~'. A simplified qualitative explanation of this fact is as
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follows. The effect of CH bond contraction is related to the specific shape of the
dipole moment function of fluoroform, which increases with CH bond contrac-
tion. The hydrogen bond geometry is always optimized for the maximum elec-
tronic dipole moment localized on the CH bond via its polarization (mainly
electronic, but partially nuclear, too). This increases the interaction energy with
the dipole localized on the lone pair of a base. As a result, the interaction of
fluoroform with a base leads to the CH bond contraction. However, the dipole-
dipole part of the interaction energy dominates only in very weak hydrogen
bonds, while a strong hydrogen bond acquires some covalent character. The
exchange part of the interaction energy increases with the proton approaching
the center between two heavy atoms. As a result, comparatively strong hydrogen
bonds formed by fluoroform are not blue-shifting ones any more; in contrast,
their formation is accompanied by CH bond stretching. A more detailed evalua-
tion of different contributions to the interaction energy is given in ref. [29].

4.1 'H and 3C NMR data

Now, have a look at Fig. 5, where the experimental "H and BC NMR parameters
of the complexes 1-11 are plotted versus the ab initio calculated interaction
energy AE. In Fig. 5a, one can see that 6(CH:--X) rises monotonously and appar-
ently linearly with the interaction energy. In contrast to this, the carbon chemical
shifts 6(CH---X) and 6(CD---X) (Fig. 5c) first pass a minimum and then rise
again. (It should be noted that the calculated ab initio values of the interaction
energy depend crucially on the level of electron correlation account and the used
basis set. However, the shapes of the curves shown in Fig. 5 remain unchanged.)
The difference, 6(CD---X) — 6(CH--X), i.e., the secondary H/ D isotope effect,
is negative, which means shielding of the carbon nucleus as a result of the proton
replaced by a deuteron. The absolute value of this isotope effect rises monoto-
nously with the interaction energy (see Fig. 5d), with no peculiarity in the region
of the transformation of the blue- to red-shifting hydrogen bonding. In Fig. 5b
the dependency of the spin-spin coupling constant, 'J(CH---X), on the calculated
hydrogen bond energy is depicted. Qualitatively, it looks similar to the depend-
ency shown in Fig. 5c and the extremum point is practically in the same AE
region around 17 kJ - mol~'. According to Fig. 4, the transformation from the
blue- to the red-shifting hydrogen bond takes place in this region. We conclude
that the non-monotonous functions, (CH---X) = f(AE) and 1J(CinX) = f(AE),
could, in principle, serve as an indicator for this transformation. However, to
distinguish between the cases of blue- and red-shifting H-bonds for a particular
complex, °C NMR data for a series of complexes together with their relative
interaction energies AE are required.

The shape of the curve, 6(CH:--X) = {AE), is rationalized by calculation of
the carbon shielding constants for a free fluoroform molecule (1) and for a typical
blue-shifting hydrogen bonded complex, fluoroform-acetonitrile (4), as a func-
tion of the internal variable r = rcy — rey® (Fig. 6).
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Fig. 5. Experimental values of §(CH:--X) chemical shifts (a), lJ(@mX) coupling constants (b),
6(CH--X) and §(CD---X) chemical shifts (c) and 6(CD--X) — &(CH---X) isotope effects (d)
plotted versus the calculated interaction energy AE, for fluoroform complexes with a number
of bases. All numerical data are taken from Tables 2 and 4.

The r variable characterizes the CH stretching vibration. The carbon shield-
ing of complex 4 is larger than that of free fluoroform 1 in the region of short
C---H distances and decreases with the distance much faster than the shielding
of the latter. The observed non-monotonous shape of 6(CH--X) = fIAE) for
complex 4 may be explained by the competition between the shielding by the
neighbouring hydrogen atom and the deshielding by the hydrogen bond itself.

4.2 >N NMR data

We continue our analysis of experimental NMR data by looking at Fig. 7a, which
represents the dependence of the >N chemical shift of nitrogen bases on the
calculated interaction energy. It is seen that the nitrogen chemical shift decreases
rapidly with increasing hydrogen bond energy, which is typical for the unsatu-
rated bases, such as nitriles and pyridines [30]. It is well known that nitrogen
shielding caused by the complete protonation of such bases can reach the value
of as much as 120 ppm. A conventional explanation of this phenomenon in terms
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Fig. 7. Experimental values of 6(CH---N) chemical shifts (a) and 6(CD---N) — §(CH-N) isotope
effects (b) plotted versus the calculated interaction energy AE, for fluoroform complexes with
different bases. Numerical data are taken from Tables 3 and 4.

of perturbation theory implies a decrease of the contribution of the first excited
electronic state (which belongs, for these molecules, to the nz* type) to the
ground state, as a result of hydrogen bond formation or even protonation of the
nitrogen atom.

The curve, §(CH---N) = f(AE), displays no peculiarity in the region of the
blue-shift/red-shift transformation. A strong NMR criterion, which permits to
distinguish between the two cases, was found to be the sign of the H / D isotope
effect on the chemical shift of a '>N nucleus of a partner base, transmitted across
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a hydrogen bond (see Fig. 7b). Namely, H/D replacement in the neighbouring
CHF; molecule causes some shielding of the nitrogen nucleus in the case of the
blue-shifting H-bonds (e.g., in nitriles 4N and SN) and some nitrogen deshielding
for red-shifting H-bonds (in pyridines 9N and 11N). A tentative explanation is
as follows. The primary effect of H / D replacement is some effective CH bond
contraction, due to a decrease of the zero point amplitude of the deuteron vibra-
tion in the asymmetric anharmonic potential well. It seems evident that for red-
shifting H-bonding this effect must be accompanied by hydrogen bond lengthen-
ing (weakening), and for blue-shifting bonding with hydrogen bond shortening
(strengthening). In other words, the coupling between the covalent and hydrogen
bonds causes opposite effects on the length of a hydrogen bond, depending on
its type. As a result, the nitrogen shielding being sensitive mainly to the H---N
bond length, decreases or increases upon H/D replacement.

4.3 Estimation of NMR H/D isotope effects

For a semi-quantitative estimation of the measured NMR H/D isotope effects
on C and N chemical shifts, we have used the simplest model, taking the
carbon shielding as a function of r = rcy — rey’ and the nitrogen shielding as a
function of R = Rey — Ren® . Neglecting the population of excited states of the
CH stretching vibration we can write [31]:

B(CDN) -3 (CI1--N)=
93 (CH---N) 1(0%8(CH--N)
(T)e ADH <r>0+5[T ADH <r2>o +...
§(CD--N)-8 (CH.--N)=
93 (CH:--N) 1(9°3(CH--N) >
(a—RJ Bon <R>°+E(T Ao (R7), -
where the indices e, O refer to the equilibrium and ground states, respectively.
The sign Apy refers to the H/D isotope effect on the corresponding variable.
The ground state expectations ( 7 ) o, { 77 ) o, ( R ) g and ( R* ) ¢ can be estimated

within the framework of a simple linear three-mass model by Sokolov et al. [21]
using the following two-dimensional potential function:

e

(1)

e e

1 1
V= 5 k,r? + 3 kgpR> + kxR +k,,. 1, 2)

where k,,, k,g and kgg are the harmonic force constants, and k,,,. is the cubic force
constant of the CH bond. The solution of the harmonic vibrational problem with
this potential (without the last term) gives the exact values of the harmonic
frequencies for the stretching CH (v;) and CN (v,,) vibrations:

vl /Q(HMLRJ
2mc ul “’0’ krr

1 [k K2 )
vo=—— [RR SR |,
ch “‘G 2krrkRR
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where p; and p, are the reduced masses of the two vibrations. For the mean
values of the squares of the r and R variables (or square quantum-mechanical
amplitudes in the ground vibrational state), the following equations apply (the
anharmonic corrections for these values can be neglected) [22]:
() =lhcv1k;,1
02
! 4)

(R*), =§hcv(,k};,g-

The account of the cubic term using perturbation theory gives (in second
order) negative additions to the harmonic frequencies and (in first order) the
following equations for the expectations of r and R in the ground vibrational
state:

rr (5)
(R> =§hcvlkf_';f'ki.
°T2 kL kg

Here the diagonal force constants k,,. and kgg are always positive, the cubic
constant k,,. is negative, and the off-diagonal constant, k,g, describing the dy-
namic coupling of two bonds, can be either positive or negative, depending on
the type of a given hydrogen bond. The only parameter in Eq. (5) depending on
reduced mass is the harmonic frequency, v;, which decreases on H/D replace-
ment approximately by the factor v2 .

Combining Egs. (1), (4), (5), the following equations for the H/D NMR
isotope effects can be derived:

5((_3D~--N)—5((_3H~~-N)=

2 6)
hCADHvl l%{w) k71 _ E(MJ krrr ] , (

or’ T2 or k2

8(CD---N)-8(CH---N) =

rrr™rR .
oR , kg

[BS(CH---H)
oR

3 95(CH---N)) k k )
) Apy <R>0=§hCADHVl [ ( _))

e

oR>

omitted, because the harmonic frequency v, and amplitude ( R’ ) o for the hydro-
gen bond vibration are practically insensitive to H/D substitution.)

All the needed constants in Eqgs. (6) and (7) can, in principle, be calculated
ab initio. However, in practical computations we faced the following problem.
The procedure of normal mode analysis, included in the program package, Gaus-

9’8(CH- - -N)
(In Eq. (7), the term containing the second derivative, | ———— | , was
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Fig. 8. The calculated (MP2/ 6-31+G(d, p)) dependencies of the relative N shielding constant

on an internal variable, describing the stretching hydrogen bond vibration, R = Rcyy — Ry,
for complexes of fluoroform with acetonitrile (4) and pyridine (9).

sian 98, reproduces very poorly the values of three lowest (intermolecular) fre-
quencies of weakly hydrogen bonded complexes. The result depends strongly on
the level of electron correlation account and the used basis set. Thus, the ab
initio estimation of the values k,z and kzr cannot be reliable. At the same time,
the shapes of the computed curves R = f(r) depend weakly on the basis set. That
is why for evaluating the H/D isotope effect on the SN chemical shift, we have
used only the indirect form of Eq. (1), involving the mutual dependence of two
vibrational variables, r and R [28]:
d6(CH---N
%) Apy <R>o =

() |28 o3[ 32) sl |

This leads to the final expression:

8(CD...§)_8(CH...H)=(

8(CD---N)-8(CH--N) =

2 €))
B (78] 3% |
r r e rr

The calculated shielding function §(CH---N) = f(r) for complex 4 is shown
in Fig. 6. In Fig. 8 the calculated shielding functions 6(CH---N) = f{R) for com-
plexes 4 and 9 are depicted. In Fig. 9 the graph for R = f(r) is plotted, calculated
as described in [28]. The derivatives in Egs. (6), (9) at zero points, obtained
from the Figs. 6, 8, and 9, as well as the constants, k,,. and k,,, calculated as
described in Experimental section, are listed in Table 7.
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Fig. 9. The calculated mutual dependencies of internal variables r = rcyy — rey’ and R = Rey
— Ry’ for complexes of fluoroform with acetonitrile (4) and pyridine (9).

It can be seen from Fig. 5d that hydrogen substitution by a heavier isotope
is accompanied by a carbon shielding, whereas the sign of the isotope effect on
the >N chemical shift is ambiguous and determined by the sign of the dynamic
coupling between the covalent and hydrogen bond vibrations (see Fig. 7). This
coupling is positive (k,z > 0) in the red-shifting case (complex 9) and is negative
(kg < 0) in the blue-shifting case (complex 4).

The data in Table 7 show that the evaluation of the NMR isotope effects
within the simplest one-dimensional model is in surprisingly good accordance
with experiment. Taking into account the usual high sensitivity of paramagnetic
deshielding of heavy nuclei to angle variables, we cannot exclude, that the in-
volvement of the bending vibration (v, for fluoroform) may destroy the coinci-
dence. The result of a three-dimensional calculation of the NMR isotope effects
for two particular complexes, fluoroform-acetonitrile (4) and fluoroform-pyridine
(9), will be published elsewhere. We believe, however, that the above model
describes correctly the physical essence of the found inversion of the NMR
isotope effect across a hydrogen bond when going from the blue-shifting to red-
shifting case. We believe that the origin lies in the inversion of the dynamic
coupling of covalent and hydrogen bond vibrations. The main parameter of this
coupling, namely, the ratio, &, / kgr, evaluated from the experimentally derived
5N secondary H/D isotope effect, is given in the last row of Table 7.

It is interesting that the cubic force constant for the CH bond of fluoroform,
k., and the H/D isotope effect on the C---H distance are practically insensitive
to hydrogen bond formation. At the same time, the value of the secondary NMR
isotope effect on the '°C chemical shift increases approximately by a factor of
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Table 7. Calculated (MP2/6—31(d, p)) constants required for the model estimation of H/D
isotope effects on NMR chemical shifts of complexes of fluoroform with acetonitrile (4) and
pyridine (9).

FiCH, 1 FsCH--NCCH3, 4 F;CH--NCsHs, 9

v, Jem™! 3118 (2282)° 3122 (2285)° 3112 (2278)°
k,, /mDyn - A~ 5.69 571 5.66
Ky /mDyn - A2 —4.62 —4.76 —4.84
Apu (1) o /A —0.00355 —0.00364 —0.00375
Apu (7)o /A —0.0015 —0.0015 —0.0015

95(CH- - -N) . 19.0 53.3 83.3

T ppm - A

azé(CH~ -N) 57 64 72

R /ppm A2

2
ar

95(CH- - -N) . 61.2 108.9

Tk ) A

oR +1.2 —1.4

or .

PR\ . -1.6 +1.2

or )
8(CD--N) — §(CH-N) /ppm —0.11 (—=0.22)° —0.24 (—0.28)" —0.37 (—0.36)"
§(CD--N) — §(CH-+N) /ppm —0.12 (—0.16)°  +0.36 (+0.25)"
kg —0.71 +1.0
kRR

a - in brackets calculated harmonic frequencies for the isotopic form F;'*C?H.
b - in brackets experimental values.

two when going from the free CHF; molecule to its complex with 2, 4, 6-Mes-
CsH,N (11) (Table 2). In the present treatment, this increase originates from the
rise of shielding sensitivity to the C---H distance with hydrogen bond strength.
The physical reason of this effect is so far unclear.

5 Conclusions

We have studied hydrogen bonded complexes formed by CHF; with various
proton acceptors in solution. According to the literature, in this series the increase
of the proton accepting ability of the partner molecule leads to the transition
from the blue- to red-shifting hydrogen bond. As a measure of proton accepting
ability we have chosen the ab initio calculated H-bond interaction energy AE.
We have demonstrated that most of the experimental NMR parameters do not
show any qualitative changes upon transition from blue- to red-shifting hydrogen
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bond. The exception is the H/D isotope effect on 5N shielding of the partner
molecule, which changes its sign. We have rationalized this finding by perform-
ing ab initio calculations of the C---N = f{C---H) dependence. It appears that the
unusual sign of the H/D isotope effect on 5N chemical shift across a blue-
shifting H-bond can be explained as a result of the inversion of the dynamic
coupling of the covalent and hydrogen bond vibrations.
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