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ABSTRACT: We characterize a highly unusual, charged NH−
O hydrogen bond formed within esters of 8-(dimethylamino)-
naphthalen-1-ol in which an ammonium ion serves as an
intramolecular hydrogen bond donor to spatially proximate ester
ether oxygen atoms. Infrared spectroscopic analysis of the ester
carbonyl frequencies demonstrates significant blue-shifting when
ether hydrogen bonding is possible, in stark contrast to the more
commonly observed red shift that occurs upon hydrogen
bonding to the ester carbonyl oxygen. The intrinsic behavior
of the linkage (i.e., in which counterions and solvent effects are
eliminated) is provided by vibrational predissociation spectros-
copy of the isolated gas-phase cations complexed with weakly
bound D2 molecules.

■ INTRODUCTION
The ability of carboxylic acid esters to accept hydrogen bonds
has a profound influence on their reactivity, and the distinct
manifolds through which these fundamental interactions
operate illustrate the elegant yet complex nature of chemical
bonding. While esters contain two electronegative oxygen
atoms, it is the highly polarized ester carbonyl oxygen (Oester)
that typically engages in hydrogen bonding.1 Such interactions
have a significant impact on biochemical processes relating to
the organization of cell membranes,2,3 the association of sterols
to phospholipids,4 and the conformational preferences of
certain amino acid esters.5 In chemical systems, hydrogen
bonds to carbonyl oxygen atoms have been detected in a variety
of esters, lactones, amides, and carbonates.6,7 Similar inter-
actions occur in substituted salicylates8 and naphthoates,9

including an impressive nine-membered intramolecular hydro-
gen bond formed within a (phenoxymethyl)methylnaphthoate
derivative.10 Hydrogen bonding to the ester carbonyl oxygen
has even been implicated in asymmetric methods of natural
product synthesis.11

Perhaps more interesting (and certainly much less
documented) are cases in which hydrogen bonds are formed
preferentially to esters via the alkoxy ether oxygen (Oether).
When compared to the carbonyl oxygen, the alkoxy oxygen
exhibits weaker proton affinity and therefore should act as a
less-suitable hydrogen bond acceptor.12 However, crystal

structures of a variety of enzyme−substrate complexes
involving bound esters place the ether oxygen proximal to H-
bond donors in contexts including alcohols, primary and
secondary amines, and even imino groups.13 Moreover, discrete
ether protonation has been suggested in the AAC1-type acid
hydrolysis of bulky mesityl esters14 and during the acid-
catalyzed AAL2 hydrolysis of select γ-lactones.15 Despite these
examples, there is no direct evidence, to our knowledge, for
charged donors providing a hydrogen bond to an ester alkoxy-
oxygen in the literature. In this article, we present conclusive
spectroscopic and computational evidence for a charged NH−
Oether hydrogen bond formed within 1,8-disubstituted naph-
thalene derivatives.

■ RESULTS AND DISCUSSION
Our interest in charged, intramolecular hydrogen bonding
stems back to work conducted on NHN contacts within (N-
acyl) Proton Sponge derivatives.16 Recently, we reported the
thorough characterization of a charged NH−F hydrogen bond
in a 1,8-disubstituted fluorinated aminonaphthalene.17 On the
basis of these previous efforts, we reasoned that an ammonium
ion, appropriately positioned on a disubstituted naphthalene
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skeleton, could serve as a scaffold to isolate a charged
intramolecular hydrogen bond to an ether oxygen of a
carboxylic acid ester, NH−Oether (Figure 1).

We first carried out a computational survey of a series of
protonated 8-(dimethylamine)naphthalene-1-yl esters 1 and 2
(Figure 2) to evaluate the structural motifs at play. Geometry

optimizations and subsequent vibrational analyses (DFT/
B3LYP/6-311++G**) of the corresponding ammonium
cations suggest that the low energy structure for 1a·H+ includes
hydrogen bonding to the ether−ester oxygen. The alternative
structure wherein hydrogen bonding occurs to the carbonyl
group is about 1.5 kcal·mol−1 higher in energy (Supplemental
Table 1, Supporting Information). Moreover, lactone 2, which
was made by a simple acylation/Friedel−Crafts sequence, can
only yield NH−Oether hydrogen bonds due to geometric
constraints.
We anticipate that, whereas H-bonding to the ester carbonyl

should induce a red shift of the corresponding CO stretch,
ether−ester H-bonding should reveal a complementary blue
shift (Figure 3). This phenomenon can be readily understood
by both resonance and orbital arguments. For example, ether−
ester H-bonding is expected to disrupt ester resonance by
reducing the electron donating capacity of the ether oxygen.
Therefore, ether−ester H-bonding should favor the acylium
resonance form (Figure 3). From an orbital standpoint, ether−
ester H-bonding should decrease the energy of the σ*(C−O),
making it a better energetic match for overlap with n(Oester) (a
lone pair on the carbonyl oxygen). This effect can also be
understood in the context of the gas phase ion chemistry
literature,18 where protonation at the less basic ether position
leads to formation of the acylium ion in the proton driven

dissociation of carbonyl compounds such as carboxylic
acids,19,20 esters,21,22 and α,β-unsaturated ketones.23

Such a mechanism for acyl-oxygen fission (AAC1)
21 typically

takes precedence only at fairly acidic conditions in the
condensed phase24 because protonation of the carbonyl oxygen
is thermodynamically more favorable. In compound 1a·H+, of
course, the ether−ester oxygen is not fully protonated but
rather participates in an intramolecular proton bond with the
dimethylamino group. Isolation of the H-bonding interaction
requires pairing 1a and 2 with weakly coordinating counterions.
Therefore, following protonation with HCl, the chloride
counterions were exchanged for the tetrakis(perfluorophenyl)
borate ion (B(C6F5)4

−). In addition to being weakly
coordinated, the B(C6F5)4

− ion usually allows for otherwise
poorly soluble ions to dissolve readily in organic solvents.
The neutral forms of ester 1a and lactone 2 were analyzed by

IR spectroscopy in dichloromethane (see Supporting Informa-
tion) and were observed to display isolated carbonyl
resonances, νCO, at 1735 and 1801 cm−1, respectively (Table
1). The only 1a·HB(C6F5)4 and 2·HB(C6F5)4 bands in the

carbonyl region appeared significantly blue-shifted from the
parent neutral values, appearing at 1771 and 1837 cm−1,
respectively. These blue shifts (36 cm−1 for 1a·HB(C6F5)4 and
38 cm−1 for 2·HB(C6F5)4) are consistent with the calculated
behavior of the NH−Oether interaction (e.g., 31 cm−1 at the
harmonic level (B3LYP/6-311++G**, scaled by 0.982) for 1a),
and we therefore assign these transitions to the νCO
fundamentals. In each case, no peaks were observed below

Figure 1. Formation of a charged, intramolecular NH−Oether hydrogen
bond.

Figure 2. Synthesis of naphthyl esters and ion structures.

Figure 3. Expected IR shifts and electronic rationalizations.

Table 1. Summary of Carbonyl Peak Positions in Solution
Phase FTIR and Gas Phase D2 Predissociation Spectra of
Cryogenic Ionsa

solution phase cryogenic gas phase (± 5 cm−1)

neutral ·HB(C6F5)4 ·H+

1a 1735 1771 1792
2 1801 1839
3 172031 1500−1700b

aVibrational frequencies are in cm−1. bThis range in 3·H+ contained
many bands associated with carbonyl CO stretching.
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these νCO features where we would expect bands from the
NH−Oester motif. While this behavior was expected in the
conformationally constrained lactone 2·HB(C6F5)4 (since it
cannot engage in simultaneous hydrogen bonding between
R2NH

+ and the ester carbonyl), the absence of lower energy
νCO bands in 1a·HB(C6F5)4 indicates that the higher energy
isomer with an H-bond to Oester is not populated at room
temperature.
To explore the intrinsic character of the NH−Oether linkage,

we also obtained infrared spectra of the isolated, gas phase ions
corresponding to 1a·H+ and several related compounds. These
spectra were obtained in a mass-selective fashion by monitoring
the predissociation of the weakly bound D2 adducts, prepared
using cryogenic ion chemistry.25 It is possible, of course, that
D2 attachment perturbs the intrinsic spectrum of the ion, but
we note that earlier studies of proton-bound binary complexes
indicate that Ar and H2 yield similar bonding energies and
attachment sites.26−28 In the Ar case, (e.g., (CH3)2O−
H+O(CH3)2) the tag actually avoids the shared proton and
thus yields minimal solvent shift of the bands, while accessible
noncomplexed NH and OH sites are red-shifted upon tag
attachment (e.g., <15 cm−1 in H2 attachment to an −NH3

+

group).29 In cases where D2 is strongly bound (500 cm−1), the
H2 stretch is evident in the spectrum, and the molecules are
readily condensed onto the ions in the 10 K trap. In the present
case, we therefore expect relatively significant H2 shifts in the
X−H+ stretching bands of the control species 3·H+ and 4·H+

(see top trace in Figure 4), which feature intermolecular proton
bonding to the tag, but the main target molecule for this study
(1a·H+) should be less affected by complex formation. This
conclusion is supported by the fact that the H2 stretch was not
observed in the 1a·H+·H2 complex, and that photodissociation
was observed down to 900 cm−1 (not shown), giving an upper
bound to the D2 binding energy. Similar systems exhibit
binding energies in the 350−500 cm−1 range.29 Finally, we note
that the observed spectra were essentially identical for the
complexes with one and two H2 adducts (Supplemental Figure
5, Supporting Information), confirming that the incremental
solvent shift is indeed small.
We first establish the frequencies associated with protonation

of the two isolated components that are engaged in the
intramolecular proton bond in 1a·H+. This was accomplished
by measuring the spectra of the protonated benzoate (3, black)
and dimethylamino (4, blue) derivatives, presented in Figure
4b. Protonation of the amine (4·H+) reveals the position of the
nonbonded N−H+ stretch through its single isolated, intense
transition (blue) at 3265 cm−1. Protonation of 1-naphthylben-
zoate (3·H+), however, should occur at the more basic carbonyl
position, which is not available for intramolecular proton
bonding in 1a·H+ due to the constrained geometry required for
CO linkage to the amino group. Like the protonated amine,
the 3·H+ spectrum displays a strong, sharp band at 3313 cm−1

(teal in Figure 4b) readily assigned to the nonbonded OH
stretch. This feature lies 65 cm−1 below that reported
previously30 for gas phase, protonated acetone, νOH

AcH+ = 3378
cm−1.
Turning to the CO stretching frequency, we note that the

3·H+ spectrum displays many bands in the 1500−1700 cm−1

range nominally associated with this functional group, which is
consistent with the character of the computed normal modes.
In particular, the COH+ motif is not predicted to occur as an
isolated oscillator but is rather coupled with aromatic CC
stretch deformations and the COH bend in the 1450−1650

cm−1 range. Thus, the bands consistent with the predicted νCO
activity are bracketed in red in Figure 4b. The calculated
pattern is available in Supplemental Figure 1, Supporting
Information. Most importantly, all these bands are significantly
red-shifted relative to the νCO location in neutral 1-
naphtholbenzoate (green arrow at 1720 cm−1 in Figure 4b),
by a similar amount as that (∼150 cm−1) observed by Duncan
and co-workers30 for the case of acetone protonation, where
νCO
AcH+

= 1580 cm−1 (dark brown arrow in Figure 4b).
Figure 4a presents the 1a·H+ predissociation spectrum along

with that calculated (B3LYP/6-311++G**) at the harmonic
level, displayed inverted below it. Only one sharp band at 1792
cm−1 appears in the vicinity of the calculated CO stretch (red
νCO in Figure 4a). This is indeed higher than the 1720 cm−1

value reported for neutral 1-naphthylbenzoate (3),31 as
anticipated for the case of protonation at the ether position.
Consistent with the solution phase FTIR measurements, the
νCO transition occurs at a higher frequency than one would
expect for a typical isolated carbonyl (i.e., both solvated 1a·H+

νCO = 1771 cm−1 and gas phase νCO = 1792 cm−1 are blue-
shifted relative to neutral 1a νCO at 1735 cm−1). This effect is
predicted at the harmonic level and indeed opposite to the
situation observed when protonation occurs directly to the
carbonyl group. Table 1 summarizes the positions of carbonyl
resonances in both solution phase FTIR and cryogenic ion
spectra.
The remaining spectroscopic issue involves identifying

features arising from the donor NH group on the amine in

Figure 4. Vibrational predissociation spectra of the D2 tagged, gas
phase ions of (a) 1a·H+ and the model compounds (b) 3·H+ (black
trace) and 4·H+ (blue trace). The inverted spectrum in the lower trace
presents the calculated harmonic spectrum of isolated 1a·H+ ions
obtained at the B3LYP/6-311++G** level of theory using the
following scaling factors: 0−1750 cm−1 = 1.00, CO stretching =
0.982, C−H stretching = 0.961, and N−H stretching = 0.945. In each
spectrum, the carbonyl resonance is colored in red. Arrows indicate the
carbonyl and OH vibrations of argon-tagged protonated acetone30

(νCO
AcH+ and νOH

AcH+, respectively), and the carbonyl stretch (νCO
NB) in

neutral 1-naphthylbenzoate (NB, 3).31 Peaks/arrows are color-coded
according to the bond displacements that contribute most to the
calculated normal mode at the corresponding frequency.
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1a·H+. Solution phase IR of 1a·HB(C6F5)4 reveals a weak,
broad peak centered at 3157 cm−1, about 191 cm−1 below the
value found in the isolated protonated amine. Although it is
typical for bands directly involving displacement of hydrogen
atoms in charged H-bonds to be dramatically broadened in
solution,32 the gas phase spectra of cold A:H+:B systems have
appeared much simpler.33 It is therefore surprising that the
cryogenic 1a·H+ spectrum exhibits a very complex network of
strong bands spanning 2700−3200 cm−1, a range that brackets
the predicted NH fundamental (νNH) at 3035 cm−1. Note that
the CH stretches also occur in this region but are calculated to
be much weaker than the NH fundamental, with less than 5%
of the NH stretch intensity. The onset of this broad NH region
appears about 500 cm−1 below the free NH stretch in 4·H+

(Figure 4b, blue trace) and thus provides clear evidence for an
intramolecular hydrogen bond with the NH group. The
magnitude of this red shift is anticipated by the large proton
affinity difference one would expect between the amine and the
atypical ether−ester position.33 It is interesting to speculate that
the unusual complexity associated with the bridging hydrogen
in the 1a·H+ spectrum arises because protonation at the ether
position significantly weakens the C−O bond to the carbonyl.
As such, it is likely that driving vibrational amplitude into the
bridging proton motion will strongly couple to this incipient
reaction coordinate, which leads to the acylium ion production
when gas phase esters are protonated at the ether position. This
subject warrants further study, most importantly determining
the band evolution upon H/D exchange in the bridging
position, but the basic case for an intramolecular NH−Oether H-
bond in 1a·H+ is substantiated by the gas phase spectra.

■ EXPERIMENTAL SECTION

General Methods and Synthesis. See Supporting
Information.
Cryogenic Ion Photofragmentation Spectroscopy.

The Yale tandem time-of-flight photofragmentation mass
spectrometer34 fitted with a cryogenic, quadropole ion trap35

was used to synthesize and interrogate cold isolated gas phase
ions of protonated compound 1a. A solution of 1a, dissolved in
HPLC grade acetonitrile doped with ∼1% aqueous formic acid,
was electrosprayed into a stainless steel capilary at 25 °C
through a PicoTip emitter (15 μm diameter, NewObjective)
held at 1.5−2.5 kV potential. Ions were guided by RF only
quadrupoles and octopoles through differentially pumped
vacuum regions (1, 0.2, 10−4, and 10−7 Torr) before reaching
the cryogenic 3D ion trap (Jordan, Grass Valley, CA, USA),
which was cooled to ∼10 K via a closed-cycle helium cryostat
(Janis Research, Wilmington, MA, USA). Pulsing an 80:20
(He/D2) gas mixture at 10 psi for 1 ms through a valve (Parker
Hannifin, Series 99) was critical in achieving collision-induced
cooling of the ions, which made D2 tagging possible. These van
der Waals complexes were ejected from the trap into a Wiley−
McLaren time-of-flight extraction region, which was used to
separate and isolate ions of different masses before probing
them spectroscopically.
The tagged adducts of 1a·H+ were both temporally and

spatially focused to intersect with a pulsed infrared laser tunable
from 2400 to 4400 cm−1 (LaserVision OPO/OPA). To
produce radiation in the 600−2400 cm−1 range, the OPA
idler beam (∼3 μm) was recombined with the signal beam
(∼1.5 μm) for difference frequency generation in a AgGaSe2

crystal. The photodissociation of the tagged 1a·H+ and 3·H+

species is described by eq 1.

· · · + υ → · · ++ + + +h1a H 3 H 1a H 3 H( / ) D / D2 2 (1)

Using a secondary mass spectrometer, the signal from the
1a·H+ photofragments was detected as a function of photon
energy to give the D2 predissociation spectrum. This raw
spectrum was normalized to laser energy fluence to correct for
differences in laser power throughout the scanned range.

Computational Methods. The Gaussian09 suite of
programs36 was used for all calculations. Density functional
theory at the scaled B3LYP/6-311++G** level was imple-
mented to predict the infrared spectrum of compounds 1a·H+

and 3·H+. The computed spectrum (Figure 1a) was empirically
scaled37 for N−H (0.945) and C−H (0.961) vibrations using
the spectrum previously reported for protonated N,N-
dimethylnaphthalen-1-amine17 (Figure 1b, blue structure),
and the carbonyl CO stretch was scaled by 0.982, based
on the experimental value for the CO stretch in the gas
phase benzoic acid monomer.38 All other vibrations were left
unscaled in the fingerprint region. The absorption strengths in
km·mol−1 were divided by the frequency of the absorbance
before normalizing the calculated spectrum so that these
intensities could be compared with those experimentally
measured. This is necessary because the calculated integrated
absorption coefficients are in km·mol−1, which are effectively
cross-sections, while the experimental action spectra are
normalized to laser energy per pulse. The frequency correction
is required to convert this energy to the photon flux.
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