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ABSTRACT: In this article, we present crystallographic and
spectroscopic evidence of a tunable system wherein a HO···π
interaction switches incrementally to a nonconventional OH···π
hydrogen bonding (HB) interaction. More specifically, we report
the synthesis of substituted forms of model system 1 to study the
effects of aryl ring electronic density on the qualitative character-
istics of OH···π hydrogen bonds therein. The OH stretch in
experimental infrared data, in agreement with density-functional
theory (DFT) calculations, shows continuous red-shifts as the
adjacent ring becomes more electron rich. For example, the OH
stretch of an amino-substituted analogue is red-shifted by roughly
50 cm−1 compared to the same stretch in the CF3 analogue,
indicating a significantly stronger HB interaction in the former.
Moreover, DFT calculations (ωB97XD/6-311+G**) predict that increasing electronic density on the adjacent top ring reduces the
aryl π−OH σ* energy gap with a concomitant enhancement of the OH n−π* energy gap. Consequently, a dominant π−σ*
interaction in the amino substituted analogue locks the system in the in-form while a favorable n−π* interaction reverses the
orientation of the oxygen-bound hydrogen in its protonated form. Additionally, the 1H NMR data of various analogues reveal that
stronger OH···π interactions in systems with electron-rich aromatic rings slow exchange of the alcoholic proton, thereby revealing
coupling with the geminal proton. Finally, X-ray crystallographic analyses of a spectrum of analogues clearly visualize the three
distinct stages of “switch”starting with exclusive HO···π, to partitioned HO···π/OH···π, and finally to achieving exclusive OH···π
forms. Furthermore, the crystal structure of the amino analogue reveals an interesting feature in which an extended HB network,
involving two conventional (NH···O) and two nonconventional (OH···π) HBs, dimerizes and anchors the molecule in the unit cell.

■ INTRODUCTION
Nonconventional hydrogen bonds between X−H, where X is
an electronegative atom, and the π cloud of an aromatic ring
(Figure 1) have significant importance in chemistry and

structural biology.1−10 For example, Steiner and Koellner
screened a list of 529 high-resolution protein crystal structures
and noted that one in almost 11 protein residues with aromatic
side chains act as π-hydrogen bond acceptors.11 Additionally,
several examples of small molecules depicting such interactions
are reported in the literature.12−20 Nonetheless, many aspects
of these intriguing noncovalently bonded interactions remain

relatively unexplored. We thought it is important to construct a
rigid molecular system exhibiting close yet tunable OH···π
hydrogen bonding (HB) properties, in order to establish a
more detailed understanding of this timely problem. In this
regard, we report the syntheses of a few substituted analogues
based on the fused 9,10-dihydroanthracene-bicycloheptane
scaffold (e.g. compound 1) that facilitate a more thorough
investigation of nonconventional OH···π hydrogen bonds
(Figure 2). Most importantly, these analogues permitted us
to characterize three distinct geometric stages of interaction:
the exclusive HO···π, the partitioned HO···π/OH···π, and the
exclusive OH···π.
Our previous analysis of compound 1 focused on the

fortuitous HO···π interaction that resulted in a strong through-
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Figure 1. Generic HO···π and OH···π rotameric forms leading to
through space arene activation and a nonconventional H-bonding
interaction.
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space activation of the adjacent “top” ring toward electrophilic
aromatic substitution reactions.21 However, crystallographic
analysis of compound 1 revealed that the oxygen-bound
hydrogen atom is partitioned between two orientations. In the
in-form, it engages in a nonconventional OH···π hydrogen
bond with the top ring’s π system (OH···Caryl distance = 2.03
Å), whereas in the out-form it engages in a conventional OH···
O hydrogen bond with an oxygen atom of a neighboring
molecule (OH···O distance = 1.94 Å) (Figure 2).21

Furthermore, when the top ring was functionalized with
deactivating groups, the oxygen-bound hydrogen could no
longer benefit from a strong OH···π hydrogen bond. For
example, in the crystal structure of tetrabrominated analogue 2,
the oxygen-bound hydrogen was exclusively locked in the out-
form (Figure 2).21

It is important to note that the OH···π distance observed in
the in-form of 1 is very close to the shortest such distance
established crystallographically (1.98 Å).22 Therefore, this
observed nonconventional hydrogen bond could be classified
as one of the stronger OH···π interactions. However, none of
the molecules reported in our previous article exhibited the
oxygen-bound hydrogen to be locked exclusively in the in-form
to allow a more extensive investigation of this phenomenon.
It has been suggested that stronger hydrogen bonds have

more covalent character, whereas weaker hydrogen bonds are
dominated by electrostatic interactions.23 Boxer and co-
workers established a direct correlation between the electronic
nature of the aromatic ring and the strength of various π-
hydrogen bonds in solution employing substituted benzene
complexes.14,24 Their results indicate that the electrostatic
properties of the hydrogen bond acceptor, namely the aromatic
ring, dominate these interactions in solution.24 We imagined
that an electron-rich analogue of compound 1 might benefit
from a significantly stronger OH···π hydrogen bond and thus
lock the system in the in-form, thus providing the missing
“third stage”.

■ RESULTS AND DISCUSSION
To test this hypothesis, we turned to density-functional theory
(DFT) calculations (ωB97XD/6-311+G**). The in-form is
predicted to be favored by 6.7 kcal/mol when the top ring is
substituted by an amino group. Similarly, in molecule 1 (R =
H), the in-form is predicted to be 5.8 kcal/mol more stable
than the out-form (gas phase), in part due to favorable OH···π
interactions. However, in the top-CF3 analogue (compound 3,
Figure 2), the in and out forms are predicted to be almost
isoenergetic (Figure 3). This apparent drop in selectivity can

be attributed to less propitious OH···π interactions in an
electron-poor system. On the other hand, we imagined that a
protonated amino analogue might switch the rotameric
preference as the substituent becomes an electron withdrawing
group (−NH3

+ vs −NH2). When optimized (ωB97XD/6-
311+G**), the out-form of top NH3

+ analogue is predicted to
be more stable by roughly 10 kcal/mol compared to the
respective in-form, indicating a protonation-driven switch from
a favorable OH···π hydrogen bond in the NH2 derivative to a
complete HO···π interaction in the NH3

+ version (Figure 3).
After DFT calculations pointed us in the right direction, we

embarked upon the synthesis of the top-NH2 analogue 5.
Subjecting 1 to nitrating conditions results in exclusive
formation of 4 (Scheme 1). Formation of the nitrate ester is

evident from 1H NMR, wherein the hydroxyl proton
disappears in the product and the proton on C1 appears
deshielded at 4.72 ppm in 4 (−0.22 and 3.85 ppm,
respectively, in 1). Hydrogenation at 3 atm simultaneously
clove the nitrate ester and reduced the aromatic nitro group to
generate the target molecule 5 (Scheme 1).

Figure 2. Structures of compounds 1 (the in-form engages in
nonconventional HB while the out-form engages in a conventional
HB), 2, and 3.

Figure 3. Isodesmic relation comparing the energies of in and out
rotamers (DFTωB97XD/6-311+G**); R = NH3

+, CF3, H, NH2.

Scheme 1. Synthesis of Compound 5
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Infrared Spectroscopic Analysis. We envisioned that
infrared (IR) spectroscopy would be a critical tool in the
investigation of this system. Generally speaking, increasing the
strength of a classical hydrogen bond results in lengthening of
the donor−H bond and a concomitant shortening of the
acceptor···H distance, thereby inducing a lower energy shift in
the respective IR-stretching frequency.25−29,32 Compounds 1,
3 (top CF3 analogue),

30 and 5 were considered; initial DFT
analysis at ωB97XD/6-311+G** predicts increasing red-shifts
of the OH stretching frequencies of the in-forms as the
adjacent top ring becomes more electron rich (Table 1). As

expected, the out-forms show no significant trend in these
candidates, as their oxygen bound hydrogen atoms do not
engage in OH···π interactions (See Supporting Information for
details). Experimentally, the IR spectrum of 5 locates an OH
stretch at 3553 cm−1 that is red-shifted by roughly 50 and 25
cm−1 compared to the same stretch in 3 and 1.21 This
observation is congruent with stronger hydrogen bond in 5
(Table 1 and Figure 4). The IR spectrum of 5 also locates the
N−H stretch at 3395 cm−1 (consistent with DFT calculations
which predict the NH stretch to appear roughly 160 cm−1 less
than the OH stretch) (Figure 5, red spectrum).
Interestingly, calculations indicate that the OH stretches of

the in-forms are affected differently in these molecules
depending on the nature of the substituent on the adjacent
top ring. For example, OH stretches of the in-forms are
predicted to be “blue”-shifted by 34 cm−1 in 3, almost identical
(no shift) in 1 and “red”-shifted by 18 cm−1 in 5 compared to
OH stretches in their corresponding out-forms. These
calculations suggest that electron-deficient rings have a

propensity to induce blue-shifts whereas electron-rich rings
can induce red-shifts in OH stretching frequencies.
When compound 5 was subjected to protonation with 1

equiv of 1 M HCl in CH2Cl2, we observed a large blue-shift in
the OH stretching region. The OH stretching frequency in 5
(3553 cm−1) shifts to 3685 cm−1, indicating a significantly
weaker (probably absent) OH···π HB interaction in the
protonated form (Figure 5). The IR spectrum of 5−H+ also
locates the NH stretch at 3600 cm−1 (predicted 3707 and 3605
cm−1 for OH and NH stretches by DFT calculations
[IEFPCM−DCM solvation]). In addition, none of the peaks
in the IR spectrum of 5−H+ show widths characteristic of
excess protic acid. Finally, as seen for compound 3, DFT
calculations also predict that the OH stretch in the in-form of
5−H+ is blue-shifted by roughly 14 cm−1 compared to the
same stretch in the corresponding out rotamer.

X-ray Crystallographic Analysis. Single-crystal X-ray
analysis of compound 5 reveals an interesting HB network.
As hypothesized, the OH group is found exclusively in the in-
form, thus engaging in a nonconventional hydrogen bond with
the adjacent top-aromatic ring and locating the alcoholic
proton at 2.108 and 2.237 Å from carbons para and meta to
the amino group (predicted 2.074 and 2.213 Å), thus
classifying it among the stronger such interactions observed
crystallographically. On the other hand, the lone pairs of the
OH group readily hydrogen bond to an NH2 group of another
molecule (NH···O distance 2.03 Å; N−H distance 0.88 Å). As
a result, an extended hydrogen bond network comprised of two
conventional (NH···O) and two nonconventional (OH···π)
hydrogen bonds anchors compound 5 in the crystal (Figure 6).
Additionally, the carbonyl oxygen on the anhydride ring also
engages in a longer-range conventional HB interaction with a
neighboring molecule’s NH2 hydrogens (NH···O distance
2.245 Å).
Most importantly, the X-ray crystal structure of 5 provided

the final missing piece of the crystallographic puzzle. We
previously observed that in systems with electron-deficient
aromatic rings, the OH group was locked in the out-form

Table 1. Calculated (Scaled) and Experimentally Observed
OH Stretching Frequencies in 1, 3, and 5

OH stretch cm−1 R = CF3 H NH2

predicted (in forms) 3762 3745 3707
experimental 3606 3578 3553

Figure 4. OH region of IR spectra for compounds 1, 3, and 5. Red (R = CF3); purple (R = H); blue (R = NH2).
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(compound 2), whereas in a nonsubstituted π-system
(compound 1), it was partitioned between the in- and out-
forms in the crystal structure.21 We observe an electron-rich π-
system (compound 5) locking the hydrogen of the OH group
in the in-orientation, thereby providing a continuous series of
crystallographic “snapshots” of a three-stage, tunable system
(Figure 7).
Molecular Orbital Interactions. We imagined that a

favorable interaction between the aryl-centered π system and
OH σ* MOs can lead to a significant OH···π hydrogen bond.
On the other hand, preferential interaction of oxygen-centered
nonbonding “no” and aryl-centered π* MOs can skew the
system toward the rotameric HO···π form. Therefore, we
analyzed the relevant MOs in fragments of compounds 1, 3, 5,
and [5−H]+ (ωB97XD/6-311+G**). Consistent with chem-
ical intuition, DFT predicts an incremental change in the
energies of aromatic ring-centered π and π* orbitals as the
substituents become more electron−donating (Figure 8).

Additionally, energies of the oxygen-centered no and OH σ*
MOs were obtained after optimizing both orientations of the
oxygen-bound hydrogen. Interestingly, analysis of charge
transfer from an oxygen-based no to π* and aromatic π to
OH σ* reveals that increasing electron density on the aromatic
ring lowers the energy gap for the π−σ* overlap. This in turn
makes OH···π interactions more favorable, whereas it
simultaneously increases the no−π* overlap gap (Figure 9).

Figure 5. Comparison of IR spectra for compounds 5 and 5−H+; red (R = NH2); purple (R = NH3
+).

Figure 6. X-ray crystal structure of compound 5 depicting
dimerization as a consequence of an extended network of two
conventional and two nonconventional hydrogen bonds.

Figure 7. Abbreviated structures of compounds 2, 1, and 5 in the
solid state showing a stepwise switch from HO···π to a nonconven-
tional OH···π hydrogen bond.

Figure 8. Energies of aromatic-centered highest occupied molecular
orbital (HOMO) (π) and LUMO (π*); left to right: R = NH3

+, CF3,
H, NH2.
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For example, in compound 5, an aromatic π to OH σ*
interaction is preferred (energy gap = 8.5 eV vs 11.4 eV for no
to π*), which locks the system exclusively in the in-form. On
the contrary, electron transfer from no to the aromatic π* is
energetically preferred in 5−H+ (energy gap = 7.3 eV vs 13.7
eV for aromatic π to OH σ*), thereby favoring the out-form
(Figures 9 and 10).

Additionally, electrostatic surface potentials (ESP) can
provide an alternative explanation because these interactions
are largely electrostatic in nature. A negative ESP on the
aromatic fragment in 5 attracts the positive region of the OH
bond, thereby locking the alcoholic proton in the “in”-
orientation. On the contrary, a positive ESP on the aromatic
fragment in 5−H+ attracts the negative region of the OH
containing fragment, thereby reversing the orientation of the
alcoholic proton (see Supporting Information for details).
Isodesmic relations comparing the energies of in and out

rotamers (Figure 3) can also be explained in terms of the π−σ*
and no−π* overlapping trends observed in Figure 9. For
example, π−OH σ* interactions are dominant in 1 and 5,
which pushes the equilibrium toward the in-form, whereas
dominant no−π* interactions in 5−H+ swing the equilibrium
toward the out-form. For 3, however, the two interactions have
similar energy gaps (10.2 and 10.8 eV for π−OH σ* and

no−π*, respectively) that keep the equilibrium constant near
unity (gas phase).

1H NMR Analysis. We utilized coupling constants between
the OH and geminal protons as a qualitative assessment of the
extent of OH···π interactions. The supposition is that stronger
OH···π interactions slow exchange and thereby allow couplings
to be measured. In systems with weak or nonexistent OH···π
interactions, more rapid exchange is expected. Experimentally,
alcoholic protons in the series appear as doublets with coupling
constants of 3.9, 5.4, 7.5, 10.9, and 11.8 Hz in 2, 3, 6
(monobrominated analogue), 1, and 5, respectively (Figure
11).21 Calculations (B3LYP/6-31G(d) and B3LYP/6-311+G-

(2d,p)) also predict stronger coupling (13−14 Hz for in-forms
vs 0−6 Hz for out-forms, see Supporting Information). As
expected, increasing electronic density on the adjacent top ring
holds the alcoholic proton more tightly because of stronger
OH···π HB; therefore, geminal coupling is observed.
We previously observed that the alcoholic proton in

prototype molecule 1 appears fairly shielded (−0.21 ppm)
and sharp compared to the out diastereomer 7, in which it
appears relatively deshielded (1.16 ppm) as a broadened peak.
Additionally, the alcoholic protons in 3 and 6 appear some
0.39 and 0.36 ppm deshielded compared to the same proton in
1.21 Furthermore, the proton geminal to the OH group appears
at 3.85 and 2.52 ppm in 1 and its diastereomer 7, suggesting
that H···arene interactions experience shielding effects.21 We
attributed these observations to the aromatic ring current
effects, that is, reducing H···π distance shields the interacting
proton. We argued that weak OH···π interactions in 3 and 6
lock the alcoholic proton in the out-form; therefore, it is
affected by ring current to a lesser extent.21

Figure 9. Energy gaps for no−π* and π−σ* interactions; left to right
R = NH3

+, CF3, H, NH2.

Figure 10. MO diagram representing favorable no−π* and π−σ*
interactions in fragments of 5−H+ and 5 (ωB97XD/6-311+G**).

Figure 11. Chemical shifts of alcoholic protons and their coupling
constants in the experimental 1H spectra of 1, 2, 3, 5, 6, and 7.
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However, the OH proton of 5 appears at 0.37 ppm, some
0.58 ppm downfield compared to 1. Calculations (B3LYP/6-
31G(d) and B3LYP/6-311+G(2d,p)) predict the alcoholic
protons of the in-forms to be deshielded compared to the out-
forms in these molecules, whereas ring current interactions
should shield the interacting protons (Table 2, see Supporting

Information for details). These effects become apparent in the
1H spectra as we move from 3 to 6 to 1. In 5, however,
hydrogen bond effects dominate and the hydroxyl proton
moves back to the positive region of the 1H spectrum (0.37
ppm, Figure 11). Finally, an outlier is observed in 2 wherein
the “alcoholic proton” resonates downfield than 5. The
aromatic electron density in this system is probably low
enough that the hydroxyl proton is “locked” in the out-form.
Therefore, it can benefit neither from OH···π HB nor from
enhanced ring current effects.

■ CONCLUSIONS
In this article, we have investigated the effects of an aromatic
ring’s electronic nature on the strength of OH···π HB
interactions. Both predicted and experimental IR stretches
indicate a direct correlation between the strength of these
interactions and the electron density of the π system. The OH
stretching frequency red-shifts by roughly 50 cm−1 when the
substituent on the aryl ring is modified from CF3 to NH2,
indicating a significantly stronger HB interaction in the latter
case. X-ray crystal structures of various analogues reveal that
electron-deficient systems lock the “oxygen-bound hydrogen”
in the out-form, whereas electron-rich systems reverse its
orientation. Additionally, the crystal structure of top amino
analogue 5 reveals an extended hydrogen bond network that
effectively dimerizes the system. DFT calculations further
suggest that systems with electron-rich aromatic rings show
more favorable π−OH σ* interactions, whereas systems with
electron poor aromatic rings depict preferential n−π*
interactions. Finally, 1H NMR analysis reveals that stronger
OH···π interactions slow exchange of the “alcoholic proton”,
thereby increasing its coupling constant with the geminal
proton. We hope that these results provide additional insights
into the significant role of nonconventional HB interactions
across a variety of scientific fields.

■ EXPERIMENTAL SECTION
1H and 13C spectra were acquired on a 400 MHz NMR in CDCl3 at
25 °C, and the chemical shifts are given in parts per million (δ) with
respect to an internal tetramethylsilane (δ 0.00 ppm) standard. NMR
data are reported in the following format: chemical shifts (multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, and br
= broad), coupling constants [Hz], and integration). IR data were
obtained using FT-IR with a flat CaF2 cell.
Synthesis of Compound 4. Compound 1 (180 mg, 0.5 mmol)21

was dissolved in 7 mL of CH3CN, and 80 mg of NH4NO3 (1 mmol)
in a 3:2 mixture of CH3CN/TFAA (TFAA = trifluoroacetic

anhydride) was added to the solution. The reaction mixture was
stirred at room temperature for 1 h after which the solvent was
evaporated under reduced pressure. The mixture was subjected to
MPLC separation using hexanes/ethyl acetate as the eluent. The
product was isolated as a white solid (185 mg, 82% isolated yield). 1H
NMR (CDCl3): δ 8.16 (d, J = 2 Hz, 1H), 8.1 (dd, J = 8.1 Hz; 2.1 Hz,
1H), 7.45 (d, J = 8.2 Hz, 1H), 7.27−7.32 (m, 2H), 7.18−7.22 (m,
2H), 4.83 (s, 2H), 4.72 (s, 1H), 2.88 (s, 2H), 1.95−2.1 (m, 2H),
1.55−1.65 (m, 2H); 13C NMR {1H} (CDCl3): δ 171.6, 171.5, 147.6,
147.1, 141.8, 139.8, 139.2, 128.34, 128.32, 125.8, 125.6, 123.9, 120.1,
89.7, 67.6, 67.5, 48.7, 48.6, 43.72, 43.67, 24.98, 24.89; IR: 1782, 1649,
1530, 1349 (cm−1, CaF2, CH2Cl2).

Synthesis of Compound 5. To a solution of 4 (150 mg, 0.34
mmol) in 20 mL of EtOH was added 30 mg of Pd/C. The mixture
was subjected to hydrogenation in a Parr reactor (3 atm) until 1H
NMR showed complete conversion of 4. The reaction mixture was
filtered through a plug of Celite, and the cake was washed with an
additional 15 mL of EtOH. The solvent was evaporated under
reduced pressure, and the desired product (white solid) was purified
by silica gel chromatography using 50% EtOAc in hexanes as the
eluent (54 mg, 43% isolated yield). 1H NMR (CDCl3): δ 7.19−7.25
(m, 3H), 7.1−7.15 (m, 2H), 6.8 (d, J = 2.3 Hz, 1H), 6.5 (dd, J = 8
Hz; 2.3 Hz, 1H), 4.64 (d, J = 11 Hz, 2H), 3.87 (d, J = 11.4 Hz, 1H),
3.7−3.85 (br, 2H), 2.53 (m, 2H), 1.82 (m, 2H), 1.36 (m, 2H), 0.37
(d, J = 11.7 Hz, 1H); 13C NMR {1H} (CDCl3): δ 173.23, 173.17,
146.5, 142.3, 141.3, 140.3, 129.5, 127.7, 127.5, 126.9, 125.4, 125.1,
113.3, 113.2, 85.4, 69.0, 68.6, 48.9, 47.8, 46.19, 46.16, 25.33, 25.29;
IR: 3533, 3394, 2963, 2928, 2908, 1778, 1672 (cm−1, CaF2, CH2Cl2).
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