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There has been a recent interest in electrostatic interactions in
organic chemistry and in their influence on the conformation
and reactivity of organic molecules.[1,2] It emerges that organic
cations containing oxygen and fluorine find stabilization
through such interactions: polarized C�OH and C�F bonds
orient towards charged centers when the molecular confor-
mation allows. This effect has been particularly noted by
Snyder, Lankin, and co-workers, who reported the conforma-
tional preferences of 3-fluoropiperidinium (1) and related
ring systems, such as 3-fluoro-N,N-dimethylpiperidinium
(2).[3–6] They established that there is a strong preference
(calculated energy difference of 4.0–5.4 kcalmol�1 between
the gas-phase anti and gauche conformations) for the
structures with the fluorine atom in the axial position (1a/
2a) over those with the fluorine atom in the equatorial
position (1b/2b ; Scheme 1).[5] In our computational studies,
we have explored the conformational preferences of b-
fluoroethylamine (3) and its protonated counterpart b-
fluoroethylammonium (4).[7] Our density functional theory
(DFT) calculations indicated that there is no intrinsic gauche
effect for the neutral amine 3 ; the neutral molecule only
prefers a gauche conformation because there is a weakly
stabilizing intramolecular N�H···F�C hydrogen bond. When
the nitrogen atom is formally charged in 4, however, the b-
fluoroethylammonium cation displays a very strong prefer-
ence (5.8 kcalmol�1) for the gauche conformation (4a). This
phenomenon extends to 2-fluoroethanol (5) and to proton-
ated 2-fluoroethanol (6).[7] The slight gauche preference in the

neutral molecule 5 is almost entirely attributable to a weak
bridging hydrogen bond. In contrast, there is a significant
intrinsic gauche preference in 6 of about 4.4 kcalmol�1, which
increases to 7.2 kcalmol�1 when one hydrogen atom of the
H2O

+ group is in a bridging endo position. These charged
systems exhibit a much larger gauche preference than do
neutral molecules such as 1,2-difluoroethane (7), for which
the energy difference was calculated to be in the range 0.5–
1.0 kcalmol�1.[7]

More recently, we studied the conformation of 3-fluoro-
azetidinium (8).[8] Owing to the ring constraint, it was not
possible to establish gauche and anti conformations, and the
energy stabilization of the electrostatic interaction could not
be calculated directly. We, therefore, instead investigated the
influence of the interaction on the conformation, by compar-
ing structures both with and without a positive charge. For the
cation 8, our DFT calculations were consistent with the single-
crystal X-ray structure, indicating a puckered conformation
that brings the C�F and N+�H bonds into proximity. Note
that the positive Mulliken charge density on the hydrogen
atoms is significant. When an additional electron was added
to 8 to give the neutral (but sterically identical) azetidine 9,
however, the ring puckered in the opposite direction,
consistent with the removal of a favorable C�F···H�N+

interaction and the increased steric size of fluorine over
hydrogen.

Hydrogen bonding complicates the analysis of these
interactions. For example, in cases such as 1 and 4, it is not
possible to deconvolute the intrinsic gauche effect from the
intramolecular electrostatic hydrogen bonds. In a ring system
such as 2, a significant component of the stabilization involves
electrostatic N+�CH3···F�C interactions, because the positive
charge density is greater on the hydrogen atoms than on the
nitrogen atom.[5] Herein, we minimize the influence of such
interactions by considering the N-(2-fluoroethyl)pyridinium
systems 10 and 11 [Eq. (1)]. The salts were prepared by
reaction of the corresponding pyridine with the tosyl deriv-
ative of 2-fluoroethanol.[9] We also consider the effect of
replacing the fluorine atom with a hydroxy group; the salt 12
was prepared by reaction of pyridine with 2-chloroethanol.[10]

The salts 10–12 were crystalline, and the structures of the
pyridinium cations, determined by single-crystal X-ray dif-
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fraction, are shown in Figure 1.[11] In all three cases, there is a
very obvious gauche relationship between the C�F or C�OH
bond and the C�N+ bond to the pyridinium ring (N-C-C-F

68.1(7)8 for 10 and 59.1(4)8 for 11; N-C-C-
O 61.2(2)8 for 12). There is no evidence of
intramolecular hydrogen bonding to the
fluorine atom. For example, in 10 the
shortest C�F···H�C contact, which is to
the ortho hydrogen atom at C(2) of the
pyridinium ring, has an F···C distance of
2.71(1) ?, which is beyond a van der Waals
contact, and a rather acute F···H�C angle of
98.3(5)8.

Derivative 11 of the parent compound
10 was chosen, as it was anticipated that the
dimethylamino group would reduce the
positive charge density on the pyridinium
ring owing to conjugative effects. In the
event, both structures display very clear
gauche preferences both in the solid and the
solution states. For example, the 1H and
19F NMR spectra of 10 and 11 in water
reveal average 3JHH coupling constants of
4.3 and 4.7 Hz, respectively, and 3JHF cou-
pling constants of 26.4 and 27.4 Hz, respec-
tively, for the 2-fluoroethyl moieties. The
average 3JHF coupling constants are partic-
ularly definitive in this respect, as the
values are consistent with those of the
predicted gauche conformer (3JHH= 5.0 Hz
and 3JHF= 26.5 Hz) and inconsistent with
those of the predicted anti conformer
(3JHH= 6.0 Hz and

3JHF= 8 Hz) or of an
equally mixed population (3JHH= 5.5 Hz
and 3JHF= 17.3 Hz).

[12]

To quantify the intramolecular gauche
preference in these three cations, calcula-
tions were performed on isolated systems
(that is, nonperiodic), using Kohn–Sham
DFT with the B97-2 hybrid exchange–
correlation-energy functional.[13] We have
confirmed that qualitatively similar results
are obtained with the widely used B3LYP
functional.[14] Following previous meth-
ods,[8] all calculations were performed
using the TZ2P basis set,[15] augmented
with additional s and p diffuse functions on
the non-hydrogen atoms. The molecular
structures were optimized, and their ana-
lytic harmonic vibrational frequencies were

calculated to confirm that the located stationary points were
minima on the potential-energy surface. The quoted energy
differences include zero-point vibrational corrections deter-
mined using these harmonic frequencies. All calculations
were performed using the Gaussian03 program.[16]

Consistent with the X-ray structures, the cations of all
three compounds 10–12 have gauche conformers that are 3.1–
3.7 kcalmol�1 lower in energy compared to their anti con-
formers (Scheme 2). To a first approximation, the optimized
gauche structures are similar to the X-ray structures, with the
plane of the pyridinium ring lying nearly perpendicular to the
C�C bond of the 2-fluoroethyl moiety. The calculation of

Scheme 1. Gauche and anti conformations of organic molecules containing fluorine atoms
vicinal to different functional groups, and the anti–gauche energy difference (from gas-phase
DFT calculations). The gauche conformation is strongly preferred when the functional group
is cationic.[5,7]
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Mulliken charge densities for 10 indicated that the pyridinium
nitrogen atom has a+ 0.29 charge, whereas the adjacent ortho
carbon (+ 0.01) and hydrogen (+ 0.12) atoms carry a signifi-
cantly less-positive charge. This situation is the reverse of that,
for example, in alkylammonium ([RNH3]

+) or alkyltrimethyl-
ammonium ([RN(CH3)3]

+) cations, where the positive charge
density resides predominantly on the hydrogen atoms.[5] The
electron-donating influence of the para-dimethylamino group
is apparent in the reduction of the anti–gauche energy
difference by about 0.6 kcalmol�1 for 11 relative to 10.
Following our previous strategy,[8] we also added an electron
to cation 10 to generate the chemically counter-intuitive
neutral compound 10a. The anti–gauche energy difference for
10a is reduced to 0.05 kcalmol�1, clearly highlighting the
importance of the positive charge in stabilizing the gauche
structure. In effect, there is no favored conformation for
neutral 10a. Analogous observations were made when an
electron was added to 11.

For the b-hydroxyethyl analogue 12, the energy difference
between the gauche and anti conformers shown in Scheme 2 is
3.7 kcalmol�1, which reveals a clear gauche preference,
similar to that found in the b-fluoroethyl system 10 ; the
replacement of the fluorine atom by a hydroxy group results
in a similar phenomenon of similar magnitude. Fluorine,
which after helium is the element next in size to hydrogen,[17]

is closely isosteric to oxygen in a hydroxy or carbonyl
group;[18,19] thus, steric effects are comparable between these
systems.

Such a correlation has some precedent in structural
studies on collagen where 4-hydroxyproline residues were
replaced by 4-fluoroproline residues.[20] This substitution did
not weaken the integrity of the triple-helical structures of
collagen. The polarization of the C�O bond of the alcohol,
rather than its ability to enter into intra- and intermolecular
hydrogen bonding, was responsible for the ring conformation

and overall helical stability of collagen; fluorine could
substitute for oxygen without any detrimental effect.

We assume that a common electrostatic interaction occurs
inN-ethylpyridinium cations. A review of the structures in the
Cambridge Structural Database (CSD) reveals 10 b-hydroxy-
N-ethylpyridinium cations and related structures.[21] A survey
of the N-C-C-O torsion angles reveals a common trend: the
gauche conformations are observed, without exception.
Perhaps of direct relevance to the current study is the
conformation of the enzyme cofactor nicotinamide adenine
dinucleotide (NAD+; 13). Many studies of the conformation
of this cofactor have been carried out in solution,[22] in the
solid state,[23] and from X-ray structures of the cofactor bound
to various enzymes.[24] In different situations, NAD+ adopts
either a C2’-endo conformation (13a) or a C3’-endo con-
formation [13b ; Eq. (2)].

It is notable that the C2’-endo structure of NAD+

accommodates the gauche electrostatic interaction revealed
in this study, whereas the C3’-endo structure accommodates
the anomeric effect. The two effects are mutually exclusive.

Scheme 2. Relative energies of the DFT-optimized gauche and anti
conformers of 10, 11, and 12. The anti–gauche energy difference
almost disappears in the neutral system 10a.

Figure 1. Molecular structures of a) 10 (N-C-C-F 68.1(7)8), b) 11 (N-C-
C-F 59.1(4)8), and c) 12 (N-C-C-O 61.2(2)8). Hydrogen atoms and
anions are omitted.
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As far as we are aware, the gauche electrostatic interaction
has not previously been discussed with respect to the origin of
the C2’-endo conformation of NAD+, although it should be a
significant contributor.
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