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’ INTRODUCTION

Hydrogen bonding is known to play a critical role in several
facets of enzyme biochemistry including substrate recognition,
catalytic activity, and protein structure.1 The recent surge in the
number of fluorinated biochemicals and pharmaceuticals has led
to substantial interest in the interactions of substrate-bound
fluorine atoms with enzymatic hydrogen bond donors. A recent
and thorough investigation of the Protein Data Bank revealed a
significant number of proposed OH�F and NH�F contacts
between various enzymes and fluorinated substrates.2 For exam-
ple, neutral OH�F hydrogen bonds have been reported within
aldol reductases,3 while similar NH�F contacts are implicated in
the inhibition of glucanase4 and glycerol kinase.5 Perhaps even
more intriguing is the prospect of a charged donor interacting with
a neutral fluorinated organic acceptor (Figure 1). It has been
stated that putative charged hydrogen bonding can increase the
binding affinity of certain drugs 3000-fold while corresponding
neutral�neutral interactions contribute a modest 15-fold
increase.6 Charged NH+�F interactions have been proposed

for a variety of fluorinated substrates bound with elastase,7 HMG-
CoA reductase,8 xylanase,9 and nucleotide diphosphate kinase.10

Despite the numerous conjectures of biochemically relevant
NH�F hydrogen bonding, the presence of these contacts in
biological systems is justified primarily by the proximity of the
hydrogen bonding partners within crystal structures. Ironically,
thorough investigations of the intimate association of charged
hydrogen bond donors with fluorinated organic molecules are
virtually undocumented to date despite intriguing reports of

Figure 1. Hydrogen bonding interactions of fluorine with charged
N-donors in biological systems.
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ABSTRACT: We report detailed studies on the characteriza-
tion of an intramolecular NH�F hydrogen bond formed within
a fluorinated “proton sponge” derivative. An ammonium ion,
generated from 8-fluoro-N,N-dimethylnaphthalen-1-amine,
serves as a charged hydrogen bond donor to a covalently bound
fluorine appropriately positioned on the naphthalene skeleton.
Potentiometric titrations of various N,N-dimethylnaphthalen-
1-amines demonstrate a significant increase in basicity when
hydrogen bonding is possible. X-ray crystallography reveals that
NH�F hydrogen bonding in protonated 8-fluoro-N,N-di-
methylnaphthalen-1-amine is heavily influenced by ion pairing
in the solid state; bifurcated and trifurcated hydrogen bonds are
formed depending on the counterion utilized. Compelling
evidence of hydrogen bonding in the 8-fluoro-N,N-dimethylnaphthyl-1-ammonium cation is provided by gas-phase cryogenic
vibrational photodissociation spectroscopy. Solution-phase infrared spectroscopy provides complementary results, and the
frequencies of the N�H stretching mode in both phases are in excellent agreement with the computed vibrational spectra.
NMR analysis of protonated 8-fluoro-N,N-dimethylnaphthalen-1-amine demonstrates significantH�F coupling between theN�H
hydrogen and fluorine that cannot be attributed to long-range, through-bond interactions; the couplings correlate favorably with
calculated values. The results obtained from these experiments are congruent with the formation of an NH�F hydrogen bond upon
protonation of 8-fluoro-N,N-dimethylnaphthalen-1-amine.
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neutral C�F 3 3 3H�O11 and C�F 3 3 3H�N12 bonding in
a variety of organic substrates. In the case of charged NH+�F
hydrogen bonding, one can imagine the marked stabilization
afforded by the interaction of a filled fluorine n orbital with an
empty σ* orbital of a charged tertiary ammonium ion hydrogen
bond donor (Figure 2). The σ* fragment orbital of the ammo-
nium species is lower in energy than that of the corresponding
amine and produces superior stabilization.

We felt that a 1,8-disubstituted naphthalene derivative would
provide the ideal framework on which to document conclusive
hydrogen bonding between a charged NH and covalently bound
fluorine (Figure 3). It has been shown numerous times that 1,8-
bis(dimethylamino)naphthalenes are attractive substrates for investi-
gating hydrogen bonding between the spatially proximate “peri”
positions and often provide unambiguous evidence for charged
N�H�Nhydrogen bonds in many instances (Figure 4).13 Unfortu-
nately, the detailed study of positively charged donors to fluorine in
model systems is especially complicated by the competitive presence
of counterions and potential hydrogen bond bifurcation that may sap
the strength of the interaction of interest. In this paper, we detail
solution-phase, gas-phase, and solid-state studies of an intramolecu-
larly bound system containing a charged NH+�F hydrogen bond.

’RESULTS AND DISCUSSION

Effects of Hydrogen Bonding on Relative Basicity. Precise
measurements of hydrogen bond strength are fraught with

uncertainty and are critically reliant on the nature of compara-
tive model systems. Nevertheless, an initial, grossly qualitative
measure of hydrogen bond strength could be deduced by an
evaluation of the basicity of 1 relative to appropriate controls. As
such, 8-fluoro-N,N-dimethylnaphthalen-1-amine 1 was synthe-
sized in 66% overall yield, starting from commercially available
1,8-diaminonapthalene 3 (Figure 5).14,15 Isomeric 4-fluoro-N,N-
dimethylnaphthalen-1-amine 7 was synthesized by nitration of
1-fluoronaphthalene,16 subsequent hydrogenation,17 and finally
reductive dimethylation (Figure 6).
If hydrogen bonding were present in protonated 8-fluoro-N,

N-dimethylnaphthalen-1-amine 1, fluorine should act to stabilize
the conjugate acid by acting as a hydrogen bond acceptor; the
basicity of 1 should be greater than that of nonfluorinated N,N-
dimethylnaphthalen-1-amine 8 and isomeric 4-fluoro-N,N-di-
methylnaphthalen-1-amine 7 (Figure 7). On the other hand, in
the absence of hydrogen bonding, the basicity trend should be
reversed, correlating closely with electronic effects.18 In either
case, steric effects should not influence the basicity trends
because of the grossly similar van der Waals radii of fluorine
and hydrogen (1.47 Å and 1.20 Å, respectively).19 Therefore, a
sequence of simple titrations was designed to elucidate the effect
that hydrogen bonding exerts on the relative basicities of a series
of N,N-dimethylaminonaphthalene derivatives.
Careful consideration of the solvent medium was necessary, as

solvation could, of course, greatly affect the basicity measure-
ments. Nitromethane was chosen because of its large dielectric
constant, weak acidity, and ability to dissolve both the substrates
and acid titrants. In addition, particular care was given to the
choice of acid titrant. Perchloric acid was selected because of its
strength, its weakly hydrogen-bond-accepting conjugate base,20

and its successful use in titrations of similar amines.21

Figure 2. Orbital diagram for NH+�F hydrogen bonding.

Figure 3. Formation of an NH+�F hydrogen bond.

Figure 4. 1,8-Disubstituted “peri” naphthalenes demonstrating signifi-
cant hydrogen bonds.

Figure 5. Synthesis of 8-fluoro-N,N-dimethylnaphthalen-1-amine.

Figure 6. Synthesis of 4-fluoro-N,N-dimethylnaphthalen-1-amine.

Figure 7. Predicted trend in relative basicity.
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Figure 8 shows an overlay of the titration curves obtained from
triplicate runs of each substrate. The derived E1/2 values are used
as a relative gauge of basicity.22 It is clear that 8-fluoro-N,
N-dimethylnaphthalen-1-amine 1 is the most basic of all the
naphthylamines tested, with an average E1/2 31 mV lower than
that of N,N-dimethylnaphthalen-1-amine 8, and 86 mV lower
than that of 4-fluoro-N,N-dimethylnaphthalen-1-amine 7. When
these values were analyzed using the method developed by
Streuli,22 a 10-fold increase in basicity of 1 relative to 7 was
realized. This considerable difference suggests that simple elec-
tronic effects (which predict the opposite progression) are not
responsible for the observed trend in basicity. Therefore, con-
jugate acid stabilization arising from intramolecular NH�F
hydrogen bonding is entirely plausible and has direct influence
over the basicities of the N,N-dimethylnaphthalen-1-amines
tested. Finally, one can expect that in solvents less coordinating
than that of nitromethane, this basicity difference would increase.
Computational Studies. We believed that some simple

density functional theory (DFT) calculations could provide
further qualitative information regarding the nature of the
hydrogen bond.23 If hydrogen bonding were possible in
8-fluoro-N,N-dimethylnaphthalen-1-amine 1, isodesmic proton
transfer from an isomeric fluoro-N,N-dimethylnaphthyl ammo-
nium ion would be favorable because of conjugate acid stabiliza-
tion. At the same time, inductive effects that occur in systems
incapable of intramolecular hydrogen bonding would not be
prevalent. The relief of strain upon protonation should be
minimal (as compared to classical proton sponges).24 The
reactions shown below were analyzed using the DFT/B3LYP
functional at the 6-311+G** level of theory. Proton transfer from
9 to 1 is predicted to be exothermic by 7.64 kcal/mol due
primarily to the hydrogen bond formed in 10 upon protonation
(Figure 9, reaction a).
Investigation of the effects of fluorine substitution on anili-

nium ion basicity (a system incapable of intramolecular hydrogen
bonding) demonstrated that proton transfer from 11 to 12 was
exothermic by 2.19 kcal/mol and consistent with the trend in
electronic substituent effects (Figure 9, reaction b). While this

result is not surprising, it serves to show that a meta-fluorine
exerts a considerable acidifying effect on dimethylanilinium ions.
Compound 10 contains fluorine in a “meta-like” position, yet
does not follow a similar trend in acidity. Thus, it is quite likely
that calculations may underestimate the precise degree of
hydrogen bonding in this system and further illustrate the
complexity in quantifying hydrogen bond interactions.
A simple electrostatic potential map provides additional

qualitative evidence in favor of NH�F hydrogen bonding. The
space-filling model below demonstrates the classic six-membered
ring motif characteristic of numerous protonated proton sponge
derivatives and clearly shows the charged donor-neutral acceptor
interaction (Figure 10). A significant amount of electron density
is predicted between the ammonium hydrogen and the aryl
fluorine, suggesting that appreciable hydrogen bonding occurs in
protonated 8-fluoro-N,N-dimethylnaphthalen-1-amine.
X-ray Crystallography.We then turned our attention to ob-

taining crystals of protonated 8-fluoro-N,N-dimethylnaphthalen-
1-amines suitable for X-ray structure determination (Figure 11).

Figure 9. Isodesmic proton transfer between (a) isomeric fluoro-
naphthalenes and (b) isomeric fluoroanilines .

Figure 10. Electron density map of ion 10, optimized at DFT/B3LYP/
6-311+G**.

Figure 11. 8-Fluoro-N,N-dimethylnaphthalen-1-amine salts.

Figure 8. Potentiometric titration curves.
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Compound 1 was protonated with triflic acid (HOTf) in
CH2Cl2, and analysis of the resulting crystalline salt 15 revealed
the presence of a nearly symmetrical, bifurcated hydrogen bond
between one of the three triflate oxygens and the aryl fluoride.
The associated D�H�A angles (D = donor atom, A = acceptor
atom) are also consistent with hydrogen bond bifurcation
(Figure 12, structure a); strong, nonbifurcated systems typically
feature angles in the range of 165�180�.25 This phenomenon is
supported by plotting contoured difference Fourier maps that
clearly depict bifurcation of the ammonium hydrogen between
the fluoronaphthalene system and one triflate oxygen. (Figure 13,
map a). Such a result is not terribly surprising, as triflate is known
to be an excellent hydrogen bond acceptor.26 The presence of
a bifurcated hydrogen bond “sapping” the strength of the de-
sired interaction prompted investigation of less coordinating
counterions.
Protonation of 8-fluoro-N,N-dimethylnaphthalen-1-amine 1

was achieved in CH2Cl2 using HCl(g), and the chloride ion was
exchanged for the BARF ion27 (Figure 11). Single crystal X-ray
structure determination of the resulting salt revealed an intere-
sting trifurcated hydrogen bond including two unexpected con-
tacts of the ammonium hydrogen with fluorine atoms of the
BARF counterion (Figure 12, structure b). Both of these con-
tacts, however, are considerably longer than the H1�O3 contact
formed in the triflate salt and suggest a much weaker coordina-
tion of the BARF counterion relative to the triflate analogue.
Contoured difference Fourier mapping also supports a trifur-
cated bond and suggests that the ammonium hydrogen resides in
closer relative contact to the naphthyl fluorine as compared to the
triflate species (Figure 13, map b).
The nature of charged species is such that one cannot reason-

ably expect complete noncoordination of the ionic partners,
especially when associations occur within the rigid, ordered
framework of a crystal lattice. Charged hydrogen bonds are
particularly susceptible to these forces.28 We noted that our
triflate and BARF structures (15 and 16, respectively) featured
NH�F contacts that distort out of plane with respect to the
naphthalene ring system (Figure 14). In the case of the triflate
salt, analysis of the C10�C1�N1�H1 torsional angle reveals an
approximate 39.5� deviation from planarity. However, when
BARF is exchanged for triflate, a 29.5� difference is observed,

demonstrating a significant flattening of the CF�HN contact
and suggesting an increase in the degree of hydrogen bonding. In

Figure 12. Displacement ellipsoid plots (50% probability level) of
(a) 8-fluoro-N,N-dimethylnaphthalen-1-ammonium triflate 15 and
(b) 8-fluoro-N,N-dimethylnaphthalen-1-ammoniumBARF 16 highlighting
the bifurcated and trifurcated hydrogen bonds, respectively. Nonessential
hydrogens were omitted for clarity. Selected bond distances and angles:
(a) H1 3 3 3 F1 = 2.131(18) Å, H1 3 3 3O3 = 2.148(19) Å. N1�H1�F1 =
120.7(15)�, N1�H1�O3 = 145.0(16)�. (b) H1 3 3 3 F1 = 2.027(17) Å,
H1 3 3 3 F16 = 2.339(16) Å, H1 3 3 3 F21 = 2.471(16) Å. N1�H1�F1 =
129.6(14)�, N1�H1�F16 = 140.5(14)�, N1�H1�F21 = 121.8(14)�.

Figure 13. Contoured difference Fourier maps of (a) 8-fluoro-N,N-
dimethylnaphthalen-1-ammonium triflate 15 with respect to the
N1�F1�O3 plane and (b) 8-fluoro-N,N-dimethylnaphthalen-1-ammo-
nium BARF 16 with respect to the C1�N1�H1 plane. Prior to the
difference Fourier map calculations, the H1 atom was omitted so that its
position is derived by locating the residual electron density.

Figure 14. Projections showing the N�H 3 3 3A (A = O, F) contacts for
(a) triflate salt 15 and (b) BARF salt 16 as viewed down the N1�H1
bond to the mean plane C1�C11�C12. Selected N 3 3 3A distances; for
(a) N1 3 3 3O3= 2.8867(17) Å,N1 3 3 3F1 = 2.6676(16) Å. (b) N1 3 3 3F1 =
2.6466(16) Å, N1 3 3 3 F16 = 3.0396(16) Å, N1 3 3 3 F21 = 3.0033(16)Å.
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contrast, the stronger hydrogen bonds found in classical proton
sponges are often less sensitive to crystal packing pressures
and the coordinating effects of counterions; in a variety of cases,
the N�H�N bond resides in the plane of the naphthalene
skeleton.29

While it is possible that neutron diffraction may provide a
more accurate determination of the position of the ammonium
hydrogen along the N�H bond,30 we reason that because we
observe considerable counterion coordination in the solid state,
such studies will not yield considerably more information than
we already possess. The torsional angle should not deviate
appreciably; the tetrahedral geometry of the ammonium ion
(and therefore the directional vector of the N�H bond) is
dictated by the dimethylaminonaphthalene system, not the
diffraction technique. In addition, trends concomitant with a
move toward less coordinating counterions suggest hydrogen
bonding occurs in the solid state to a degree that is heavily
dictated by intermolecular forces. Ultimately, the NH�F hydrogen
bond will never be as short or as planar as theory predicts unless
the effects of counterions are completely eliminated.
Initial Infrared Spectroscopic Analysis. After the results of

the crystallographic analyses demonstrated the appreciable in-
fluence of the counterion, we wondered how NH�F hydrogen
bonding would be affected by elimination of the interactions
entirely. An initial DFT/B3LYP/6-311+G** analysis of a series of
protonated N,N-dimethylaminonaphthyl-1-amines and fluori-
nated analogues revealed that strategic incorporation of fluorine
into the 8-position was predicted to show an N�H stretching
absorbance at 3262 cm�1, red-shifted 66 cm�1 relative to the
unfluorinated compound in the absence of solvent or counterion
effects. Such a result seems intuitive; one can imagine an
appreciable weakening of the N�H bond resulting from intra-
molecular hydrogen bonding. In fact, a pronounced bathochro-
mic shift in X�H stretching mode is often characteristic of
compounds that engage in hydrogen bonding.31

Gas-Phase Studies. Investigating ions in the gas phase32 is
particularly attractive because the complications arising from
counterions or solvent interactions can be eliminated. Infrared
spectroscopy provides a direct probe of molecular structure, and
recent advances in gas-phase IR techniques have illustrated that
spectra can be greatly improved when ions are cooled to
cryogenic temperatures.33 By measuring the systematic shift on
the N�H+ stretch of the 8-fluoro-N,N-dimethylnaphthyl-1-
ammonium cation versus theN,N-dimethylnaphthyl-1-ammonium
ion, 10 and 17 (Figure 15), respectively, the extent of NH+�F
hydrogen bonding can be empirically measured.
The gas-phase cryogenic vibrational photodissociation spectra

over the 2600�3600 cm�1 range are presented in Figure 16a and
16b for ions 10 and 17, respectively. For both ions, an intense
transition is identified as the N�H stretch of the protonated
amine with the observed band in the spectrum of 10, located at
3228 cm�1, red-shifted by ∼35 cm�1 from the analogous
transition in the spectrum of 17. The scaled harmonic frequency

spectra (MP2/6-311+G**) are overlaid (gray trace) on top of the
experimental vibrational spectra in Figure 16, and the N�H
stretching fundamentals are in good agreement with the experi-
mentally measured band positions, with a calculated red shift of
39 cm�1 between ions 10 and 17. The observed red shift cor-
responds to a lengthening of N�H bond by ∼0.0017 Å in the
fluorinated analogue based on the electronic structure calcula-
tions. The most striking difference in the optimized geometry
between 10 and 17 is the C10�C1�N1�H1 torsional angle,
which is nearly planar in 10 (2.301�), while in 17 this angle in-
creases to 21.754�, giving some indication of a favorable intra-
molecular interaction between the proton and the fluorine.
A series of bands in the 2950�3100 cm�1 energy range are

observed in the spectrum of 17 (Figure 16b), which are derived
from the C�H stretches on the aromatic and methyl groups,
with the C8�H stretch of the naphthalene ring calculated to
carry significant intensity. A transition centered at 2968 cm�1 is
assigned to the perturbed D2 stretch, shifted∼20 cm�1 from the
forbidden IR transition of the free molecule. The molecular tag is
thought to be localized around the charge center, and previous
studies on molecules containing protonated amines33c indicate
that D2 binds perpendicular with respect to the N�H+ bond
in a t-shape arrangement. It is important to note that a band
located at 4120 cm�1 was observed in the spectrum of 10, which
was taken using H2 as a tag, that is ∼40 cm�1 below the
unperturbed H2 stretch. Thus, the tags appear to be minimally
invasive mass “messengers” that allow access to the structures of
the isolated ions.

Figure 15. Ions examined by cryogenic infrared photodissociation
spectroscopy.

Figure 16. Gas-phase cryogenic vibrational photodissociation spectra
over the 2600�3600 cm�1 photon energy range of (a) 8-fluoro-N,N-
dimethylnaphthyl-1-ammonium cation 10 tagged with two H2 mole-
cules and (b) N,N-dimethylnaphthyl-1-ammonium cation 17 tagged
with a single D2. In both cases, the vibrational spectra were obtained by
monitoring the photoproduction of the bare ammonium cation. The
analogous harmonic frequency spectra (MP2/6-311+G**) are overlaid
in gray and were scaled by 0.943 to bring the calculated N�H stretch for
17 into agreement with the experimentally measured band position.

Figure 17. Protonated and deuterated H-bonding substrates.
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Solution Studies. With these results in hand, we wondered
how the hydrogen bond would be affected in solution once the
effects of solvation and counterions were introduced. When
BARF salt 16 was dissolved in dichloromethane, a prominent
N�H absorbance was detected at 3242 cm�1, in good agreement
with both the theoretical value and the cryogenic ion data
(3228 cm�1). When the key hydrogen was exchanged for
deuterium (Figure 17), a weak but sharp peak was observed at
2411 cm�1, again in excellent agreement with the calculated
value of 2399 cm�1. The νNH/νND ratio of 1.34 is consistent with
a double minimum potential, high barrier hydrogen bond.
Similar isotopic vibrational ratios are obtained for six-membered
intramolecular hydrogen bonds formed from phenolic trisubsti-
tuted Mannich bases dissolved in dichloromethane.34

However, when we investigated the corresponding nonfluori-
nated control compounds 19 and 20 (Figure 18), the desired
N�H peaks were too weak to be observed, or deviated sig-
nificantly from the predicted values. While we were initially
puzzled by this result, we reasoned that appreciable hydrogen
bonding between the BARF counterion and the ammonium
N�H hydrogen had to be occurring in the absence of a suitable
intramolecular hydrogen bond acceptor (Figure 19). Such results
are not without precedent; studies preformed by Sweigart and
Son on charge-assisted hydrogen bonding in ionic rhodium�
hydroxybenzene complexes demonstrated that even noncoordi-
nating counterions can elicit substantial changes in both the
frequency and intensity of phenolic O�H stretches in charged
species dissolved in organic solvents.35 It is important to
emphasize that in our system, once a suitable intramolecular
hydrogen bond acceptor is present, the resulting spectra are well
resolved. The key N�H stretches agree across all experimental
methods and align nicely with theoretical values.

19F NMR Analysis. NMR spectroscopy is a powerful tech-
nique for evaluating hydrogen bonding between a variety of
nuclei36 because analysis of spin�spin coupling constants can
validate the presence of many hydrogen bonds. Table 1 demon-
strates the relationship between predicted hydrogen bond length
and the couplings associated with various NH�F interactions.37

In our estimation, the sharing of election density through the
hydrogen bond should lead to a significant NH�F coupling that
may correlate to its strength.

When BARF salt 16 was dissolved in dichloromethane-d2 at
room temperature, we observed a resolved multiplet centered at
�122.0 ppm that featured two major couplings of 43.7 and 15.5
Hz, as well as smaller, minor couplings (<2 Hz). The substantial
43.7 Hz coupling is too large to be caused by long-range,
through-bond coupling, but can be explained by significant,
direct overlap of a filled fluorine n orbital with an empty σ*
orbital of the charged donor (Figure 2). A 15.5 Hz constant is
consistent with fluorine coupling to the ortho hydrogen, while
smaller couplings are typical of normal long-range F�H inter-
actions within the fluoronaphthalene system. In addition, geo-
metry optimization and coupling constant calculations performed
at the DFT/B3LYP/6-311++G** level predict major couplings
of 44.3 and 15.8 Hz (F1 3 3 3H1 and F1 3 3 3H2, respectively,
Figure 20). Because of this substantial coupling between the
ammonium hydrogen and naphthalene fluorine, it is highly likely
that the hydrogen bonding partners are within close proximity,
presumably in the realm of the 1.78 Å predicted by theory
(Table 1).
Because hydrogen bonds can be susceptible to intermole-

cular forces, we expected our system to be perturbed by solvent
effects and counterion coordination. By simply switching the
counterion from BARF to triflate and chloride, we noticed
significant changes in the fluorine chemical shift and the NH�F
coupling patterns (Table 2). The chloride ion appeared to sup-
press any resolved coupling, and a large, broad peak was detected
at �108.1 ppm. The triflate ion appeared less coordinating and
provided a broad doublet at �117.5 ppm. On the basis of these
observations, the BARF salt was reanalyzed. Changing the
solvent from dichloromethane to the hydrogen-bond-accepting
acetonitrile produced a single broad peak at�115.2 ppmwith no
definable coupling pattern. It is clear that a significant NH�F
interaction occurs and that the manifestation of defined coupling

Figure 18. Protonated and deuterated substrates incapable of intra-
molecular H-bonding.

Figure 19. Effect of intramolecular hydrogen bonding on counterion
coordination.

Table 1. A Brief Survey of Selected NH�F Contacts

aAbsolute values of predicted constants, in hertz (Hz). Experimental
values in parentheses. b Predicted, in angstroms (Å).

Figure 20. Major coupling constants; predicted vs observed.
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patterns is highly dependent on the nature of the counterion and
solvent utilized.
The observed trend in chemical shift is consistent with an

accumulation of electron density38 on fluorine that accompanies
an increasing degree of hydrogen bonding between the ammo-
nium ion donor and fluorine acceptor; stronger intramolecular
interactions are possible as the solvent and counterion become
less coordinating. In the progression from chloride to BARF, the
naphthyl fluorine demonstrates a pronounced upfield shift of
13.9 ppm in CD2Cl2 (Figure 21). As intramolecular hydrogen
bonding intensifies, the key fluorine experiences increased
shielding and the chemical shift becomes more negative. When
the solvent is changed from dichloromethane to acetonitrile, the
hydrogen bond in the BARF species is partially disrupted.
Comparatively less electron density resides on the naphthyl
fluorine, and the corresponding chemical shift moves downfield
by nearly 7 ppm. These results also demonstrate the presence of
an intramolecular NH�F hydrogen bond and are summarized in
Table 2.

’CONCLUSIONS

Intramolecular hydrogen bonding between a charged NH
donor and covalently bound organic fluorine acceptor has been
thoroughly demonstrated through a variety of methods. In-
dependently, each experiment provides detailed insight into the
nature of the hydrogen bonding interaction. More importantly,
the results as a whole are consistent unto themselves; congruous
evidence for charged NH�F hydrogen bonding is provided in
solution and in the solid state and is isolated in the gas phase,
where all results agree with computation. All together, these
results validate the physical�chemical role that charged hydrogen
bonding to covalent fluorine may play in biological systems.

’EXPERIMENTAL SECTION

General Methods. Unless otherwise stated, all reactions were
performed under strictly anhydrous conditions under dry nitrogen or
argon gas. Solvents were dried and purified by standard techniques. 1H,
13C, and 19F NMR spectra were acquired on 300, 400, and 500 MHz
instruments in CD3CN, CD2Cl2, or CDCl3 at room temperature
(25 �C). The chemical shifts are given in parts per million (δ) with

respect to internal tetramethylsilane, fluorotrichloromethane, or residual
solvent peaks. NMR data is reported in the following format: chemical
shift, multiplicity (singlet, s; doublet, d; triplet, t; multiplet, m; broad
singlet, bs; broad doublet, bd), integration, coupling constant (Hz).
FTIR spectra were recorded using a standard NaCl or CaF2 cells.
Melting points are uncorrected. In addition, compounds 439 and 640

were prepared according to literature procedures.
8-Fluoro-N,N-dimethylnaphthalen-1-amine (1). A mixture

of 3 M sulfuric acid (3.50 mL, 10.5 mmol) and 37% aqueous formalde-
hyde (2.15 mL, 26.5 mmol) was cooled with stirring at 0 �C. A slurry of
1-amino-8-fluoronaphthalene39 (1.00 g, 12.41 mmol) and sodium
borohydride (1.12 g, 43.4 mmol) was added, and the mixture was stirred
for 1 h. After completion of the reaction, solid sodium hydroxide was
added to basify the solution. The oily supernatant was isolated and saved.
The remaining aqueous solution was diluted with water (20 mL) and
extracted with ether (2� 20mL). The organic solutions were combined,
washed with saturated sodium chloride solution (20mL), and dried with
magnesium sulfate. The mix was filtered through celite, and the solvent
was removed under reduced pressure. The crude product was purified by
silica gel flash column chromatography with hexanes to yield a clear
liquid that solidified upon cooling to give white crystals that melted
slightly above room temperature (0.939 g, 80% yield); mp = 28�30 �C;
1H NMR (CDCl3) (25 �C) δ 7.59 (d, 1H), δ 7.52�7.31 (m, 3H), δ
7.14�7.01 (m, 2H), δ 2.87 (m, 6H); 13CNMR (CDCl3) δ 160.0, 149.6,
137.5, 126.5 (d, J = 1.5 Hz), 125.6 (d, J = 9.3 Hz), 124.5 (d, J = 4.4 Hz),
121.8, 118.9, 113.9, 111.1 (d, J = 25.0 Hz), 45.3, 45.2; 19F NMR
(CDCl3) δ �112.7 (d, J = 15.1 Hz); IR 2949, 2734, 2790, 1591, 1383,
1023 (cm�1, CaF2, CH2Cl2); HRMS (ESI+) calcd for C12H12FNNa

+:
212.08483, found 212.08362.
4-Fluoro-N,N-dimethylnaphthalen-1-amine (7). A mixture

of 3 M sulfuric acid (2.25 mL, 6.75 mmol) and 37% aqueous formalde-
hyde (1.38 mL, 17.0 mmol) was cooled with stirring at 0 �C. A slurry of
1-amino-4-fluoronaphthalene17 (0.643 g, 7.98 mmol) and sodium
borohydride (0.720 g, 27.9 mmol) was added, and the mixture was
stirred for 1 h. After completion of the reaction, solid sodium hydroxide
was added to basify the solution. The oily supernatant was isolated and
saved. The remaining aqueous solution was diluted with water (20 mL)
and extracted with ether (2 � 20 mL). The organic solutions were
combined, washed with saturated sodium chloride solution (20 mL),
and dried with magnesium sulfate. The mix was filtered through celite,
and the solvent was removed under reduced pressure. The crude
product was purified by silica gel flash column chromatography with
hexanes to yield a tan oil (0.604 g, 82% yield). 1H NMR (CDCl3)
(25 �C) δ 8.25 (m, 1H), δ 8.08 (m, 1H), δ 7.56�7.52 (m, 2H), δ 7.05
(t, 1H), δ 7.03�6.98 (m, 1H), δ 2.86 (s, 6H); 13C NMR (CDCl3)
δ 156.2, 153.8, 147.1 (d, J = 3.6 Hz), 130.0 (d, J = 4.4 Hz), 126.0 124.6
(d, J = 17.4 Hz), 124.1 (d, J = 2.8 Hz), 120.9 (d, J = 5.2 Hz), 113.5 (d, J =
8.1 Hz), 108.7 (d, J = 20.5 Hz), 45.4; 19F NMR (CDCl3) δ�130.4, bs;
IR 2945, 2733, 2789, 1601, 1393, 1057, (cm�1, CaF2, CH2Cl2); HRMS
(ESI+) calcd for C12H12FNNa

+: 212.08483, found 212.08373.
Potentiometric Titrations. Potentiometric titrations of 1, 7, and

8 were carried out with a standard glass electrode and a pH meter,
utilizing procedures similar to those developed by Chatten21a and
Streuli.22 Nitromethane was thoroughly dried (CaH2) and distilled
immediately before use. Perchloric acid titrant (0.1M) was prepared
from standard 70% perchloric acid, and solutions of the analytes were
prepared in nitromethane containing 0.2 mequiv per 50 mL solution.
Titrations of each analyte were conducted in triplicate. Data points were
collected at 0.1 mL titrant intervals, with reduction to 0.05 mL intervals
surrounding the predicted inflection point. A third-order polynomial fit
was obtained for the 20�80% neutralization region in each data set. By
removing the first and fifth quintiles, a moderate reduction in the error of
the fit was achieved. Upon double differentiation of the resulting third-
order fitting functions, solving for the zero yielded the inflection point.

Figure 21. Counterion effect on the chemical shift of the naphthyl
fluorine in CD2Cl2.

Table 2. Summary of 19F NMR Studies

counterion solvent δ, Fa multiplicityb couplingc

Cl� CD2Cl2 �108.1 bs �
TfO� CD2Cl2 �117.5 bd 11.2

BARF� CD2Cl2 �122.0 m 43.7, 15.5, <2.0

BARF� CD3CN �115.2 bs �
a In ppm, relative to CFCl3.

b bs, broad singlet; bd, broad doublet; m,
multiplet. c In hertz.
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Following interpolation of this value upon the fitting function and
correction for the offset of the titration probe, the E1/2 (half neutraliza-
tion potential, HNP) for each data set was determined. Further details
are contained within the Supporting Information
Cryogenic Ion Photofragmentation Spectrometer. The

Yale time-of-flight photofragmentation mass spectrometer used to carry
out H2/D2 photodissociation has been previously described in detail.41

In brief, ∼1 mM solutions of protonated 1 and 8 were generated by
dissolving the appropriate amount of either compound in a mixture of
∼1% 2M aqueous formic acid in HPLC grade acetonitrile. The resulting
solutions were electrosprayed through a PicoTip emitter (15 μm
diameter, NewObjective) by applying 1.5�2.5 kV. Electrosprayed ions
were injected into the mass spectrometer through a stainless steel
capillary that was maintained at a temperature of ∼80 �C. RF-only
ion guides were used to propagate the ions through four differentially
pumped regions (1, 0.2, 10�4, 10�7 torr), and prior to entering the
quadrupole ion trap (Jordan TOF Products, Inc.), ions were turned 90�
by a DC quadrupole. The ion trap was cooled to ∼10 K using a closed
cycle He cryostat (Sumitumo), where an 80:20 He:H2(D2) buffer gas
mixture was introduced into the ion trap through a pulsed valve (Parker
Hannifin, Series 99, 1 ms pulse, 10 psi backing pressure). Ions were
stored in the ∼10 K ion trap between 70 and 90 ms, where they were
trapped and cooled through collisions with the buffer gas, and H2(D2)
was condensed onto the ion of interest. The weakly bound adducts were
then extracted from the trap by applying voltage pulses of opposite
polarity to the entrance and exit trap electrodes, propelling them into the
first stage of a TOF spectrometer where they were separated using
standard time-of-flight techniques.

Tunable infrared radiation in the 2600�3600 cm�1 energy range was
generated using an OPO/OPA (LaserVision) system that was pumped
by a Nd:YAG (10 Hz, 7 ns). The 800�2500 cm�1 energy range was
accessed by additional mixing of the OPA outputs in a AgGaSe2 crystal.
While the vibrational spectrum of protonated 1 was collected through-
out this region, the resulting spectra had poor signal-to-noise. Fortu-
nately the diagnostic N�H stretch does not fall in this region. The
isolated ion packet was intersected with the laser at theWiley�McLaren
temporal focus, and resonant absorption of a single photon resulted in
the dissociation of the adduct via eq 1:

Hþ
3 cmpd1=8 3 ðH2Þn¼ 1, 2 þ hν f Hþ

3 cmpd1=8 þ nH2 ð1Þ
A vibrational spectrum was generated by plotting the fragment ion

intensity as a function of photon energy. Laser power was adjusted to
ensure that spectra were collected in the linear action regime, and spectra
were normalized with respect to laser power to account for deviations in
power across the photon energy range.
Computational Methods. Calculations were performed with

Spartan '06 or the Gaussian 09 package.42 Unless specifically stated
otherwise, geometry optimizations and vibrational analyses for the
solution IR studies were carried out using the B3LYP functional at the
6-311+G** level of theory and scaled43 by 0.986. Coupling constants
were computed using the DFT/B3LYP functional at the 6-311++G**
level of theory. In addition, the Gaussian 09 package was used to
calculate minimum energy structures and harmonic frequency calcula-
tions of protonated compounds 1 and 8 at the MP2/6-311+G** level of
theory. In this case, harmonic frequency calculations were scaled by
0.943, a value that brings the calculated N�H stretch into agreement
with the experimental measure value for protonated compound 8. This
scaling factor falls within one standard deviation of the value listed on the
NIST Webbook for the given method.44

Preparation of Ammonium Salts. Ammonium chloride salts
were prepared by protonation/deuteration of the corresponding N,N-
dimethylamino-1-naphthalene precursor with HCl/DCl (g). HCl (g)
and DCl (g) were dried with Drierite followed by passage through
concentrated sulfuric acid (98% H2SO4 or 98% D2SO4). The dried gas

was then bubbled through a solution of the appropriate N,N-dimethyl-
amino-1-naphthalene compound in dichloromethane until TLC of the
reaction showed complete consumption of starting material. The solvent
was removed in vacuo and the resulting salt was utilized immediately.
Ammonium triflate salts were prepared by treatment of a cooled (�78 �C)
solution of the appropriate N,N-dimethylamino-1-naphthalene in di-
chloromethane with 1.0 equiv of triflic acid (HOTf/DOTf) in dichloro-
methane. The reactions were stirred under nitrogen and allowed to
warm to room temperature until TLC of the reaction showed complete
consumption of starting material. The solvents were removed in vacuo,
and the resulting salt was utilized immediately.
Method for BARF Ion Exchange. The appropriate ammonium

chloride was dissolved in dichloromethane. Solid potassium tetrakis-
(2,3,4,5,6-pentafluorophenyl) borate (K-BARF) (1.0 equiv) was added
to the solution in one portion under a stream of nitrogen, and the mixtre
was allowed to stir at room temperature for 1 h. The resulting inorganic
salts were removed by filtration throughChromafil O-20/25Teflon syringe
filters (0.2 μm). The resulting solution was evaporated under vacuum to
yield crystals of the desired BARF salt which was used immediately.
X-ray Crystallography. X-ray quality crystals of 15 and 16 were

grown by the vapor diffusion method. The target salt was placed in a
small vial and dissolved in dichloromethane. The vial was placed in a
larger vial filled with a small amount of hexanes. The larger outer vial was
capped, and the entire setup was stored under nitrogen, in the dark, in a
desiccator until crystal growth was complete.

All reflection intensities were measured at 110(2) K with enhance
graphite-monochromated Mo KR radiation (λ = 0.71073 Å) under the
program CrysAlisPro (Version 1.171.33.55, Oxford Diffraction Ltd.,
2010). The program CrysAlisPro (Version 1.171.33.55, Oxford Diffrac-
tion Ltd., 2010) was used to refine the cell dimensions. Data reduction
was done using the program CrysAlisPro (Version 1.171.33.55, Oxford
Diffraction Ltd., 2010). The structure was solved with the program
SHELXS-97 (Sheldrick, 2008) and was refined on F2 with SHELXL-
97.45 Analytical numeric absorption corrections based on a multifaceted
crystal model were applied using CrysAlisPro (Version 1.171.33.55,
Oxford Diffraction Ltd., 2010). The temperature of the data collection
was controlled using the system Cryojet. The H-atoms (except for H1)
were placed at calculated positions using the instructions AFIX 43 or
AFIX 137 with isotropic displacement parameters having values 1.2 or
1.5 timesUeq of the attached C atoms. The coordinates and the isotropic
temperature factor for the H1 atom (attached to N1) were refined freely.
NMR Spectroscopy Coupling Experiments. 19F NMR experi-

ments for the coupling constant determinations were conducted on a
500MHzNMR spectrometer at room temperature in dichloromethane-d2
or acetonitrile-d3 with trace CFCl3 as a standard. Each substrate was
dissolved in the desired solvent under nitrogen and syringed into anNMR
tube fitted with a septum and maintained under a nitrogen atmosphere.
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