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ABSTRACT: Substituent effects in N−H···O hydrogen bonds
were estimated by comparing the acidities of two series of
model compounds: N-benzoylanthranilic acids (A) and 4-ben-
zoylamidobenzoic acids (B). Intramolecular N−H···O hydro-
gen bonds were found to be present in the A series of compounds,
while B acids were used as control models. The respective pKa
values for A and B acids were determined experimentally in
DMSO solution using proton NMR spectroscopy. With X = H,
the pKa for A and B acids were observed to be 7.6 and 11.6,
respectively, a difference of 4.0 units (ΔpKa). However, with
X = p-NO2, the ΔpKa value between A and B acids increased to
4.7 units: the pKa values for A and B acids were determined as
6.7 and 11.4, respectively. The ΔpKa values between A and B acids as a function of the X substituents were studied in 10 other
examples. The effects of X substituents in A acids could be predicted on the basis of the observed linear Hammett correlations,
and the sensitivity of each substituent effect was found to be comparable to those observed for the ionization of substituted
benzoic acids (ρ = 1.04 for A acids, and ρ = 1.00 for benzoic acids).

■ INTRODUCTION

Hydrogen bonding plays a crucial role in enzyme catalysis. The
generalized consensus is that the substantial rate enhancements
associated with enzyme-catalyzed biochemical transformations
partly stem from the myriad of hydrogen bonds provided in the
transition states.1,2 Such stabilization has been estimated to
lower the activation barriers of enzyme-catalyzed reactions by
10 kcal mol−1 or more. On the other hand, non-hydrogen-
bonded factors, such as electrostatic and hydrophobic effects,
also have been reported to provide enzyme transition state
stabilization.3,4 Despite the apparent importance of hydrogen
bonding during biochemical transformation, the exact mecha-
nism at the “reactive site” is still not completely clear. Later,
low-barrier hydrogen bonds (LBHBs) were postulated to be
responsible for enzyme catalysis,5 although such a claim is yet
to be substantiated. LBHBs are unique hydrogen bonds char-
acterized by strong interaction energies (more than 10 kcal/mol)
and downfield 1H NMR signals of the hydrogen-bonded
protons (15−22 ppm). Such LBHBs have been demonstrated
in many enzymes’ active site by X-ray crystallographic6 and
proton NMR studies.7 This evidence led to the suggestion that
LBHBs might be involved in enzyme catalysis.5 For instance,
in the active site of α-chymostrypsin enzyme, Ringe et al.8

reported a proton NMR chemical shift of 18.9 ppm for the low-
barrier N−H···O bond between Asp102 and His57, and the pKa
of His57 is ≥12, which is 6 units more elevated than the pKa of
the imidazole side chain of histidine in water. However, the
suggested roles of LBHBs in enzyme catalysis have been heavily
criticized.9−12 Perrin et al. have pointed out that LBHBs are not

very energetic and have joined others in refuting the theory.9

The fact that experimental measurements of single hydrogen-
bond strengths in solution are typically less than 10 kcal/mol,
as previously calculated by Houk et al.,13 underscored the
premise of the LBHB theory. To the best of our knowledge,
reported free energies (ΔG) for the “strongest” O−H···O hydrogen
bonds in solution are within 8−11 kcal/mol ranges.14,15

In lieu of the LBHB theory, Shan and Herschlag provided an
alternative and more compelling proposal,16 one that is based
on the stabilization attenuated from multiple hydrogen bonds
instead of single ones. Despite the modest interaction energies
of “normal” single hydrogen bonds (∼5 kcal/mol), recent study
by Kass et al.17 showed that networks of three O−H···O intra-
molecular hydrogen bonds in a simple tetraol model (Figure 1)
increased the acidity of the tertiary alcohol by a factor of 10.21

The pKa of the tetraol was determined to be 16.1 in DMSO,
whereas tert-butyl alcohol (which served as the control model)
has a known pKa value of 32.2 in DMSO.17 The difference in
acidity (ΔpKa = 16.1 units; ΔG = 21.9 kcal/mol) resulting from
the increased stabilization of the charged oxyanion can
potentially explain enzymes’ rate enhancement.
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Figure 1. Kass’ tetraol model.
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Moreover, the stabilizing effect of hydrogen bonding has
been found to be nearly additive. For example, the single intra-
molecular O−H···O hydrogen bond in 2-hydroxybenzoic acid
(salicylic acid) is responsible for its reduced pKa value of 6.6 in
DMSO, which is ∼6 pKa units lower than the acidity of its
isomer (4-hydroxybenzoic acid, pKa = 12.4). On the other hand,
2,6-dihydroxybenzoic acid, which exists with two intramolecular
O−H···O hydrogen bonds has a pKa value of 3.1, which is
∼10 pKa units lower than its intrinsic value of 13.7.16

These elegant examples have prompted examination of the
origin of the hydrogen-bond effects on the pKa of carboxylic acids.
In other words, what relationship can we establish between the
hydrogen-bond strengths and the ionizability of these acids? In this
report, 1H NMR spectroscopy and quantum mechanical DFT
calculations were used to probe the effects of substituent groups
on the stabilization of amide N−H···O hydrogen bonds. The imp-
ortance of substituents in amide hydrogen bonding was demon-
strated using a series of small-molecule models derived from
N-benzoylanthranilic acids (Figure 2). Substituent groups were

found to have substantial influences on hydrogen-bond strength
by changes in the acidity of the benzoic acids.

■ RESULTS AND DISCUSSIONS
In previous studies, salicylic acids have been demonstrated to
be valuable model systems for investigating O−H···O intra-
molecular hydrogen bonds.16,18−20 The replacement of the
hydroxyl group with an amide has also proven beneficial in the
study of N−H···O interaction.21 The improvement of the new
series (1−12, Figure 3) results from electronegatively changing

the hydrogen bond donor (−NH) using a range of electron-
donating and electron-withdrawing substituents. By placing the
substituent groups on the benzamide ring and not on the
benzoic acid ring, the emphasis of the substituents’ electronic
influence is placed on the acidities of each compound’s NH
proton. Because the carboxylic group is farther away from the
substituent than the amide group, changes in the acidities of the
carboxylic acids as a function of substituent groups should
occur primarily as a result of the plausible hydrogen bonding
between the amide and carboxyl functional groups. In order to
tests these hypotheses, we also considered a second set of para-
substituted benzoic acids as control compounds B (13−16).
Note that the differences between the acidities of ortho-
substituted benzoic acids (such as A) and para-substituted
benzoic acids (such as B) previously have been used to provide
quantitative measures of hydrogen bonding in DMSO.16,18

Intramolecular N−H···O Hydrogen Bonds in Solution.
DMSO is a polar aprotic solvent with a smaller dielectric
constant than water (i.e., ε = 46.7 vs 78.4); it has been com-
monly used as a crude model to mimic the interior of enzymes’
hydrophobic active sites. The proton NMR spectroscopic
approach was used largely because of its sensitivity in detecting
N−H···O hydrogen bonding in solution, particularly in aprotic
solvents.22 In general, for the series of model systems A (1−12),
the NH proton appeared to be broadened and centered around
13.5 ppm in DMSO, where 12 exhibited the most down-
field chemical shift (13.9 ppm), not surprisingly by having a
CF3 group directly attached to the amide carbonyl group.
In contrast, 3 was also electron attracting, but its influence was
diminished by having a 4-trifluoromethylphenyl. For the con-
trol model B (13−16), the −NH proton shifts were ∼10.5 ppm,
indicating a chemical shift difference of 3 ppm relative to model
systems A. The differences in the chemical shifts between A and
B are much more profound in the monoanions where these
compounds exist as carboxylates. Thus, for the monoanion of
12, the 1H NMR signal of the NH proton shifted further
downfield from 13.9 to 18.4 ppm, whereas that of the 13
monoanion for example, remained essentially the same (i.e.,
from 10.6 to 10.5 ppm). The further downfield chemical shifts
for the NH proton observed in 12-monoanion is typical of a
“low barrier” hydrogen bond in which the bridging proton has

Figure 2. Structures of A and B series of compounds, where the
substituent (X) includes a range of electron-donating and electron-
withdrawing substituents.

Figure 3. Scheme showing model compounds A (1−12) and B (13−16).
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become deshielded from the N electrons as a result of N−H
bond elongation (Figure 4). The apparent chemical shift dif-
ference for the NH signals in the carboxylates of 12 and 13
(∼8 ppm i.e., 18.4 vs 10.5 ppm) shows that model systems A
are stabilized by N−H···O hydrogen bond, whereas the B con-
trols are not. The comprehensive NH proton chemical shifts for
the respective monoanions of model system A are listed in Table 1.

The 18.4 ppm for the bridging NH proton is consistent with the
occurrence of LBHBs in solution and agrees with the experimental
value of 18 ppm reported for chymotrypsin and trypsin.23

Conformational Analysis for Model System A. To
further understand the structural geometry of the N−H···O
hydrogen bond, conformational search calculations were per-
formed. Molecular mechanics calculation using the Spartan
program (MMFF94) produced two low-energy conformers for
12. These conformers were subsequently reoptimized by den-
sity functional theory (DFT) methods at the B3LYP/6-
31+G(d) level17 to give two stable conformers 12a and 12b
(Figure 5). The relative free energies realized through vibra-
tional frequency calculations at the IEFPCM/B3LYP/6-
311+G(d,p) levels (solvent = DMSO)17 predicted conformer
12a to be more stable by 2.4 kcal/mol. Interestingly, similar
calculations for the monoanion (12-monoanion) revealed a
deshielded N-proton because the N−H bond was 0.06 Å longer
than that of the acid (i.e., 1.08 Å vs 1.02 Å). This finding is

congruent with the occurrence of the 18.4 ppm downfield
chemical shift observed in the 1H NMR spectrum. In addition,
the calculated H···O distance in the 12-monoanion (1.55 Å)
was substantially shorter than those for the acid (1.82 Å for
12a, and 1.85 Å for 12b). Both the DFT calculations and the
1H NMR results seem to support the idea of strong hydrogen
bonding in model system A.
An X-ray crystal structural analysis was obtained for the

crystalline 1 (shown in Figure 6). The solid state also indicated

that N−H···O hydrogen bond is quite possible because the
N−O (2.68 Å) is shorter than the sum of the van der Waals
radii between a nitrogen and an oxygen atom (3.07 Å).
Therefore, the NH proton is located within the van der Waals
distance necessary for N−H···O hydrogen bonding. In addition,
the H···O distance of 2.01 Å is less than the 2.72 Å sum of the
van der Waals radii between hydrogen and oxygen atoms.

Substituent Effects on Hydrogen Bond Strength and
Acidity (pKa). Because model system A indeed appears to form
intramolecular hydrogen bonds in DMSO solutions and also
because the presence of intramolecular hydrogen bond is
expected to perturb the acidity of the benzoic acid, it appears

Figure 4. 1H NMR signal showing the NH region for the acid 12
(top), and its monoanion (bottom) in DMSO-d6 solvent.

Table 1. (−NH) Chemical Shifts of the Monoanions, Ionization Constants (Ka), and Hydrogen Bond Interaction Free Energies
for Compounds1−12 in DMSO-d6

compd R σX
a δNH (ppm) pKa Kobs ΔG [kcal/mol]

1 (p-NO2)-Ph 0.78 16.6 6.7 ± 0.2 2.00 × 10−7 −6.7
2 (p-CN)-Ph 0.66 16.2 6.9 ± 0.1 1.25 × 10−7 −6.4
3 (p-CF3)-Ph 0.54 16.1 7.0 ± 0.1 1.00 × 10−7 −6.3
4 (p-Cl)-Ph 0.23 16.1 7.3 ± 0.2 5.01 × 10−8 −5.9
5 Ph 0.00 15.9 7.6 ± 0.1 2.51 × 10−8 −5.5
6 (p-CH3)-Ph −0.17 15.7 7.7 ± 0.1 2.00 × 10−8 −5.3
7 (p−OH)-Ph −0.37 15.3 8.0 ± 0.1 1.00 × 10−8 −4.9
8 (m-NO2)-Ph 0.71 16.6 6.9 ± 0.1 1.25 × 10−7 −6.4
9 (m−OH)-Ph 0.12 15.6 7.4 ± 0.2 5.01 × 10−8 −5.9
10 (o−OH)-Ph nab 15.1 6.9 ± 0.2 1.25 × 10−7 −6.4
11 CH3 nab 14.5 8.2 ± 0.1 6.31 × 10−9 −4.6
12 CF3 nab 18.4 6.1 ± 0.2 7.94 × 10−7 −7.5

aObtained from ref 27. bna: not applicable.

Figure 5. Low-energy conformers and the relative free energy for
compound 12 computed at B3LYP/6-311+G(d,p)//B3LYP/6-
31+G(d) level. The selected O···H distances are calculated values in Å.

Figure 6. X-ray crystal structure of 1 crystallized from CH2Cl2
solution; shown distance is in Å.
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that model system A might be a suitable system to investigate
substituent effects. To determine the pKa of the various acids
prepared, we adopted the NMR method developed by Choi,24

which is a modified version of similar procedure developed by
Perrin et al.25 The subsequently determined pKa values for
1−12 in DMSO solutions are compiled in Table 1.
In DMSO, the stabilization of the conjugate monoanions by

intramolecular hydrogen bonding acts to increase the acidity of
the neutral acids in which the experimentally observed pKa
values (pKobs) are actually lower (i.e., more acidic) than their
corresponding intrinsic values (pKint). The intrinsic pKint refers
to the pKa of the carboxylic acids in the absence of the intra-
molecular hydrogen bonds.18 The difference between pKobs
and pKint provides a quantitative measure of intramolecular
N−H···O hydrogen bond strength according to eq 1.

Δ = −G RT K Kln ( / )obs int (1)

The values for the pKint were obtained by assuming that the
measured pKa of the control models (13−16) are equal to
pKint. This assumption has been validated.16,18,21,26 An expected
trend for the controls was that, in the absence of intramolecular
hydrogen bonds, changes in the substituent groups had re-
latively little influence on their acidity because their pKa values
were observed to be within ±0.4 unit. The average pKa for 13−
16 was 11.6; this value was used as an approximated pKint value.
By comparing the experimental pKa for 5 (7.6 ± 0.1) to the

averaged values for the control model (11.6), it becomes apparent
that a single amide (N−H···O) intramolecular hydrogen bond
is capable of increasing the acidity of the benzoic acid by 5.5
kcal/mol (ΔpKa = ∼4 units). This energetic value is within the
range of “moderate” hydrogen bonds.27 However, the introduc-
tion of an electron-withdrawing group on the benzamide, such
as the NO2 (1), led to an increase in acidity relative to 5. By
applying eq 1, the pKa of 6.7 ± 0.2 for 1 corresponds to a
6.7 kcal/mol hydrogen bond stabilization of the carboxylate.
Thus, by implication, the NO2 group has increased the strength
of the single N−H···O intramolecular hydrogen bond by an
additional 1.2 kcal/mol relative to 5. As expected, the electron-
withdrawing groups can reduce the π-electron density of the
aromatic ring, which in turn should polarize the N−H bond

toward a more positively charged proton. The polarization of
the N−H bond might then lead to a stronger N−H···O hydrogen-
bond interaction. Conversely, when the substituent was an
electron-donating group (such as the OH group 7), a lowered
acidity (i.e., higher pKa of 8.0 ± 0.1 relative to 5) was cal-
culated, which indicates that the hydrogen bond strength in 5 is
0.6 kcal/mol stronger than in 7. On the other hand, com-
pounds 11 and 12 are devoid of benzamide (aromatic) rings;
the effects of the substituent groups in these examples are most
likely transmitted by the inductive effect. Substituting the
methyl group in 11 (pKa = 8.2 ± 0.1) for a trifluoromethyl
group as in 12 (pKa = 7.0 ± 0.2) increased the acidity of 12 by
2.9 kcal/mol per hydrogen bond relative to 11. This represents
the most significant increase in the hydrogen bond free energy
in A series of compounds.
The energetic contributions of substituent groups might

become significant in enzyme catalysis where the transition
states can be stabilized by multiple hydrogen bonds to a single
oxygen atom.28 In this instance, if we assume that the con-
tributions of the three N−H···O hydrogen bonds to the ester
carbonyl are nearly additive, as previously proposed by Shan
and Herschlag,16 then it is possible to stabilize the transition
state by an additional ∼8.7 kcal/mol (i.e., 3 × 2.9 kcal/mol)
simply by tuning the individual hydrogen bonds with a strong
electron-withdrawing group.
One way to trace the origin of substituent effects observed in

model system A is to correlate the various hydrogen-bonding
free energies with the respective Hammett constants.29,30 The
Hammett constant σp is generally recognized as describing
the electron movement through the σ- and the π-frameworks
caused by inductive and resonance effects, respectively.31 In the
original treatment of Hammett constants, ortho-substituted
benzene derivatives were not included because of steric reasons.
However, in model system A, one can assume that, because the
carboxylates and the amide NH are hydrogen bonded, the two
functional groups can be viewed as a composite unit in which
the para substituents on the benzamide ring can electronically
control the hydrogen-bond strength/acid ionization.
The values for the Hammett constants were obtained from

ref 27, and the results are shown in Figure 7. A linear free-energy

Figure 7. Hammett correlation of model system A.
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relationship was obtained for the Hammett plot. The best-fit line
originated from a near-zero intercept (0.04), which makes the
Hammet plot consistent with eq 2. Consequently, the sensitivity
of the substituent effect (ρ) calculated as the slope gave a value
of 1.04. By definition, such a ρ value suggests that substituent
effects in the amide hydrogen bonds are comparable to the sub-
stituent effects observed for the ionization of benzoic acids
derivatives in aqueous conditions. As a result, one can conclude
that as the electron density of the phenyl ring decreases, both the
energetics of N−H···O interaction and the ionizability of the
carboxylic acid group increase.

σρ=K Klog[ (X)/ (H)]a a (2)

As a result of the linear Hammett plot, it appears that, for
model system A, the energetic contribution of any substituent
to N−H···O hydrogen-bond interaction, and by extension to
the acidity of the benzoic acid, can be predicted on the basis of
their Hammett values. However, we caution that such an
assumption might be an oversimplification and potentially
misleading because the free energies of noncovalent inter-
actions, especially those involving aromatic rings, tend to be
sensitive to substituent positioning.32 We note that, in addition
to electronic contribution of substituent groups, these groups
may also lead to significant secondary interactions through field
effects,31,33 or the so-called “local direct interactions”.34 For
instance, when we measured the acidity of 9 and 10 (which are
isomers of 7, shown in Figure 8), pKa values of 7.4 ± 0.2 and

6.9 ± 0.2 were determined, respectively. This implies that 10 is
about 1.5 kcal/mol more acidic than 7. The higher acidity of 10
might result from the cumulative effect of the two conjugated
hydrogen bonds. Positioning the hydroxyl group at the ortho
carbon in 10 creates the possibility of forming a second “outer”
hydrogen bond with the amide (as shown in Figure 8),
which will compliment the “inner” N−H···O hydrogen bond in
stabilizing the carboxylate. DFT calculations and proton NMR
spectroscopy provided further support for this arrangement. In
the DFT-optimized structures, the inner H···O distance in 10
was calculated to have the shortest distance, which suggests a
stronger N−H···O hydrogen bond. Furthermore, as expected,
the downfield chemical shifts of the bridging NH proton for 7,
9, and 10 were almost identical, (i.e., 15.3, 15.6, and 15.1 ppm,
respectively). However, the corresponding OH chemical shift
of 10 was 2.1 and 2.6 ppm more downfield than in 7 and 9,
respectively. With these results, it is therefore not completely
unreasonable to infer that the higher acidity of 10 (∼ 1.5 kcal/mol)
relative to 7 is due to the additional ortho hydroxyl hydrogen
bond. In fact, Kass et al. found similar effects in alcohols using
a heptaol model compound.17 However, to the best of our

knowledge, no quantitative measurements have been made for
amide hydrogen bond.
Bearing in mind that 5 (with no substituents) has a pKa of

7.6 ± 0.1, the observed pKa value of 7.4 ± 0.2 for 9 is consistent
with the fact that meta-hydroxyl groups are actually electron-
withdrawing; hence, the Hammett constant has a positive value
(σm = +0.12). On the other hand, hydroxyl groups at the para
position (7) are strongly electron-donating (σp = −0.37),
indicating a resonance effect; therefore, the pKa of 8.0 ± 0.1 is
in accord with the expected trend.

■ CONCLUSION

The energy of hydrogen bonds in solution has been a central
issue when discussing the roles of hydrogen bonding in
assisting the known effects found in enzyme catalysis. In this
study, we have demonstrated that substituent groups can
bolster the strength of a single amide hydrogen bond up to 2.9
kcal/mol. This finding provides further support for the concept
of the cumulative stabilization power of hydrogen bonds as
proposed by Shan et al18 and Kass et al.17 It could be possible
that substituent groups might provide the missing link between
moderately interacting hydrogen bonds and strong hydrogen
bonds, where strong hydrogen bonds have been related to
enzyme catalysis. Although the mechanism of enzyme catalysis
has been previously linked to the elusive energetic attributes of
the so-called LBHBs, the results of this study provided no
support for “special” hydrogen bond free energy. In fact, in the
monoanion of 12, the appearance of a 18.4 ppm 1H chemical
shift for the bridging NH proton clearly signals the occurrence
of LBHB, however, the calculated hydrogen-bond free energy
(7.5 kcal/mol) is less than the proposed 10−20 kcal/mol for
LBHB.
Furthermore, because linear free energy relationships were

observed for model system A, it appears that one can make a
reasonable prediction of the substituent effect on amide
hydrogen bonds based on the calculated sensitivity value (ρ =
1.04) and Hammett σ constants. However, one should be
mindful that the relative positions of the substituents are
equally important. This point was demonstrated by comparing
the observed pKa values of 7, 9, and 10, where the formation of
an “outer” hydrogen bond in 10 seems to have strengthened
the N−H···O interaction by an additional 1.5 kcal/mol. The
findings in this work should be of particular importance to
computational enzyme designers because it is crucial to retain
the original geometry of an enzyme’s active site while trying to
find ways of increasing its binding affinity through secondary
substituent effects.

■ EXPERIMENTAL SECTION
General Procedure for the Preparation of Model Com-

pounds.35 To a solution of anthranilic acid (1.1 mmol, 151 mg) in
anhydrous THF (4 mL) was 1.0 mmol of the appropriate benzoyl
chloride added at room temperature. After cooling the solution using
ice−water bath, 1.5 mmol of triethylamine was added dropwise and
reaction was stirred at room temperature for additional 4−12 h. The
mixture was poured into a 20−30 mL cold solution of 1.0 M HCl, and
precipitates were collected by filtration. Recrystallization from THF−
hexane solution afforded the desired compound in quantitative yields.

2-(4-Nitrobenzamido)benzoic acid36 (1): 1H NMR (600 MHz,
dmso) δ 13.67 (s, 1H), 12.20 (s, 1H), 8.58 (d, J = 8.3 Hz, 1H), 8.39
(d, J = 8.0 Hz, 2H), 8.14 (d, J = 8.5 Hz, 2H), 8.02 (d, J = 7.9 Hz, 1H),
7.65 (t, J = 7.8 Hz, 1H), 7.22 (t, J = 7.6 Hz, 1H). 13C NMR (151 MHz,
dmso) δ 170.3, 163.5, 149.9, 140.8, 140.5, 134.7, 131.7, 129.0, 124.6,

Figure 8. DFT-calculated structures at the B3LYP/6-31+G(d) levels.
The selected chemical shifts were observed in 1H NMR. The H···O
distance is 1.61 Å in 7, 1.59 Å in 9, and 1.58 Å in 10.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo401762m | J. Org. Chem. 2013, 78, 11765−1177111769



124.1, 120.8, 117.8. HRMS (EI-TOF) m/z calcd for C14H10O5N2
[M+] 286.0590, found 286.0590
2-(4-Cyanobenzamido)benzoic acid37 (2): 1H NMR (600

MHz, dmso) δ 12.16 (s, 1H), 8.58 (d, J = 8.3 Hz, 1H), 8.22−7.86
(m, 4H), 7.62 (t, J = 7.8 Hz, 1H), 7.19 (t, J = 7.5 Hz, 1H). 13C NMR
(151 MHz, dmso) δ 170.3, 163.7, 140.9, 138.9, 134.7, 133.4, 131.7,
128.3, 123.9, 120.7, 118.6, 117.6, 114.8. HRMS (EI-TOF) m/z calcd
for C15H11N2O3 [M + H]+ 267.0770, found 267.0777
2-(4-(Trifluormethyl)benzamido)benzoic acid38 (3): 1H NMR

(500 MHz, dmso) δ 12.24 (s, 1H), 8.66 (d, J = 7.7 Hz, 1H), 8.15 (d,
J = 7.8 Hz, 2H), 8.07 (dd, J = 7.9, 1.5 Hz, 1H), 7.99 (d, J = 6.9 Hz,
2H), 7.69 (t, J = 7.9 Hz, 1H), 7.25 (t, J = 7.6 Hz, 1H). 13C NMR (126
MHz, dmso) δ 170.4, 164.0, 141.1, 138.8, 134.8, 132.4, 132.2, 131.7,
128.5, 126.5, 123.9, 120.7, 117.6. HRMS (EI-TOF) m/z calcd for
C15H10F3NO3 [M + H]+ 310.0691, found 310.0701
2-(4-Cholorobenzamido)benzoic acid36 (4): 1H NMR (300

MHz, dmso) δ 13.65 (s, 1H), 12.14 (s, 2H), 8.64 (dd, J = 8.4, 1.0 Hz,
2H), 8.03 (dd, J = 7.9, 1.6 Hz, 2H), 7.93 (d, J = 8.7 Hz, 5H), 7.69−
7.58 (m, 7H), 7.19 (td, J = 8.0, 1.2 Hz, 2H). 13C NMR (126 MHz,
dmso) δ 170.5, 164.1, 141.3, 137.5, 134.7, 133.7, 131.7, 129.5, 129.4,
123.6, 120.4, 117.2. HRMS (EI-TOF) m/z calcd for C14H10O3NCl
[M]+ 275.0349, found 275.0348.
2-Benzamidobenzoic acid36 (5): 1H NMR (600 MHz, dmso) δ

13.75 (s, 1H), 12.15 (s, 1H), 8.68 (dd, J = 8.4, 1.1 Hz, 1H), 8.03 (dd,
J = 7.9, 1.6 Hz, 1H), 7.92 (dd, J = 7.0, 1.5 Hz, 2H), 7.67−7.59 (m,
2H), 7.56 (ddd, J = 6.7, 4.5, 1.3 Hz, 2H), 7.22−7.14 (m, 1H). 13C
NMR (151 MHz, dmso) δ 170.4, 165.1, 141.6, 135.0, 134.8, 132.6,
131.7, 129.7, 129.4, 129.0, 127.4, 123.4, 120.3, 116.9.
2-(4-Methylbenzamido)benzoic acid39 (6): 1H NMR (500

MHz, dmso) δ 12.15 (s, 1H), 8.73 (d, J = 8.1 Hz, 1H), 8.06 (d, J = 7.9
Hz, 1H), 7.85 (d, J = 8.1 Hz, 2H), 7.65 (t, J = 7.9 Hz, 1H), 7.38 (d, J =
7.9 Hz, 2H), 7.19 (t, J = 7.6 Hz, 1H), 2.39 (s, 4H). 13C NMR (126
MHz, dmso) δ 170.5, 165.0, 142.7, 141.8, 134.8, 132.2, 131.7, 129.9,
127.5, 123.2, 120.2, 116.7, 21.5.
2-(4-Hydroxybenzamido)benzoic acid36 (7): 1H NMR (500

MHz, dmso) δ 13.67 (s, 1H), 12.06 (s, 2H), 10.25 (s, 2H), 8.72 (d, J =
8.4 Hz, 2H), 8.05 (dd, J = 7.9, 1.5 Hz, 1H), 7.82 (d, J = 8.7 Hz, 2H),
7.72−7.61 (m, 1H), 7.23−7.10 (m, 1H), 6.92 (d, J = 8.7 Hz, 2H).13C
NMR (126 MHz, dmso) δ 170.6, 164.9, 161.5, 142.0, 134.7, 131.7,
129.6, 125.5, 122.9, 120.1, 116.6, 116.0. HRMS (EI-TOF) m/z calcd
for C14H12NO4 [M + H]+ 258.0766, found 258.0761
2-(3-Nitrobenzamido)benzoic acid40 (8): 1H NMR (500 MHz,

dmso) δ 12.33 (s, 9H), 8.84−8.81 (m, 1H), 8.72 (t, J = 1.9 Hz, 5H),
8.61 (dd, J = 8.4, 1.0 Hz, 6H), 8.54 (ddd, J = 7.8, 1.6, 1.0 Hz, 1H),
8.49−8.45 (m, 7H), 8.35 (ddd, J = 7.8, 1.7, 1.0 Hz, 6H), 8.17−8.14
(m, 1H), 8.04 (dd, J = 8.0, 1.5 Hz, 6H), 7.96 (ddd, J = 8.1, 7.3, 1.5 Hz,
1H), 7.91−7.85 (m, 7H), 7.67 (ddd, J = 8.5, 7.4, 1.7 Hz, 7H), 7.24
(ddd, J = 7.9, 7.4, 1.2 Hz, 6H). 13C NMR (126 MHz, dmso) δ 170.5,
162.9, 158.9, 154.9, 148.5 (d, J = 10.3 Hz), 146.2, 140.9, 136.3, 133.8,
131.7, 131.2, 127.1, 124.0, 122.7−122.2 (m), 120.7, 117.7. HRMS (EI-
TOF) m/z calcd for C14H10O5N2 [M + H]+ 286.06680, found
286.0671.
2-(3-Hydroxybenzamido)benzoic acid41 (9): 1H NMR (500

MHz, dmso) δ 12.15 (s, 1H), 9.98 (s, 1H), 8.71 (dd, J = 8.4, 0.9 Hz,
1H), 8.05 (dd, J = 7.9, 1.6 Hz, 1H), 7.65 (ddd, J = 8.6, 7.4, 1.6 Hz,
1H), 7.43−7.34 (m, 3H), 7.24−7.15 (m, 1H), 7.08−6.99 (m, 1H). 13C
NMR (126 MHz, dmso) δ 170.4, 165.2, 158.3, 141.6, 136.4, 134.7,
131.7, 130.5, 123.3, 120.2, 119.7, 117.7, 117.0−116.4 (m), 114.5.
HRMS (EI-TOF) m/z calcd for C14H12NO4 [M + H]+ 258.0766,
found 258.0764.
2-(2-Hydroxybenzamido)benzoic acid42 (10): 1H NMR (500

MHz, cd3od) δ 8.75 (dd, J = 8.5, 1.0 Hz, 1H), 8.14 (dd, J = 8.0, 1.6 Hz,
1H), 7.84 (dd, J = 8.4, 1.6 Hz, 1H), 7.61 (ddd, J = 8.6, 7.4, 1.7 Hz,
1H), 7.45 (ddd, J = 8.3, 7.4, 1.6 Hz, 1H), 7.19 (ddd, J = 8.1, 7.3, 1.2
Hz, 1H), 6.99−6.92 (m, 2H). 13C NMR (126 MHz, cd3od) δ 170.3,
168.5, 161.1, 140.7, 134.1, 133.9, 131.3, 126.8, 122.9, 120.4, 118.9,
117.7, 116.5, 115.6. HRMS (EI-TOF) m/z calcd for C14H12NO4 [M +
H]+ 258.0766, found 258.0765.
2-Acetamidobenzoic acid40 (11): 1H NMR (500 MHz, dmso) δ

11.05 (s, 1H), 8.55−8.38 (m, 1H), 7.96 (dd, J = 7.9, 1.6 Hz, 1H), 7.56

(d, J = 1.3 Hz, 1H), 7.26−6.99 (m, 1H), 2.12 (s, 3H). 13C NMR (126
MHz, dmso) δ 169.9, 168.9, 141.3, 134.4, 131.5, 123.0, 120.4, 116.9,
25.4.

2-(Trifluoroacetamido)benzoic acid40 (12): 1H NMR (600
MHz, dmso) δ 13.67 (s, 1H), 12.43 (s, 1H), 8.24 (d, J = 8.1 Hz, 2H),
8.01 (d, J = 7.6 Hz, 2H), 7.66 (t, J = 7.5 Hz, 2H), 7.31 (t, J = 7.4 Hz,
2H). 13C NMR (126 MHz, dmso) δ 169.8, 154.7 (m, J = 36.6 Hz),
138.0, 134.7, 131.7, 125.8, 121.6, 119.5, 116.0 (m, J = 288.9 Hz).

4-(4-Nitrobenzamido)benzoic acid43 (13): 1H NMR (500
MHz, dmso) δ 12.79 (s, 1H), 10.83 (s, 1H), 8.38 (d, J = 8.9 Hz,
1H), 8.20 (d, J = 8.9 Hz, 1H), 7.94 (dd, J = 23.7, 8.9 Hz, 2H). 13C
NMR (126 MHz, dmso) δ 167.3, 164.8, 151.0−149.8, 143.2, 140.7,
130.8, 129.8, 126.5, 124.0, 120.1.

4-Benzamidobenzoic acid44 (14): 1H NMR (500 MHz, dmso) δ
10.53 (s, 1H), 7.99−7.95 (m, 1H), 7.93 (d, J = 2.9 Hz, 1H), 7.64−7.60
(m, 1H), 7.57−7.52 (m, 1H). 13C NMR (126 MHz, dmso) δ 167.4,
166.4, 143.8, 135.8−135.2(m), 132.3, 130.7, 128.9, 128.2, 125.9, 119.9.

4-Acetamidobenzoic acid:39 (15): 1H NMR (500 MHz, dmso) δ
10.23 (s, 1H), 7.88 (d, J = 8.8 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 2.08
(s, 3H). 13C NMR (126 MHz, dmso) δ 169.3, 167.4, 143.8, 130.8,
125.3, 118.6, 24.6.

4-(2,2,2-Trifluoroacetamido)benzoic acid45 (16): 1H NMR
(300 MHz, dmso) δ 13.20−12.80 (br s, 1H), 11.51 (s, 1H), 7.88 (dd,
J = 50.8, 8.2 Hz, 6H).13C NMR (126 MHz, dmso) δ 167.1, 155.2 (m),
140.8, 130.8, 128.02, 121.4−121.0 (m), 116.1 (m).

Measurement of Ionization Constants in DMSO. In a typical
running, equimolar amounts of a test acid AH (in this case 1−11 with
unknown pKa) and a conjugate acid B (a standard acid BH with
known pKa) are combined in solution in an NMR tube. The resulting
changes in the chemical shifts of the reporter nucleus (1H or 13C) were
used to judge the position of equilibrium between the two acids.
Because this method is a relative measure of the acids’ strengths
between AH and BH, the chemical shifts of the two acids (δAH and
δBH) and their corresponding monoanions (δA and δB) must be
known. Equation 3 describes the relationship between the chemical
shifts and the ionization constants of the two acids used. The
unknowns in eq 3 are the equilibrium chemical shifts for when AH and
B− or A− and BH are mixed together, i.e., δa and δb, respectively. The
advantage of this technique over others are that (1) only a single
measurement, which can be repeated many times if desired, is required
in order to determine the acidity (Ka) of the unknown compound, and
(2) the standard measurement approach ensures that the ionization
equilibrium is restricted only to the first deprotonation step because
the model systems used in this study have more than one readily
ionizable proton. The best results for using eq 3 are obtained when
AH and BH are separated by ∼2 pKa units. p-Bromobenzoic acid
(pKa = 10.5), p-nitrobenzoic acid (pKa = 9.1), and salicylic acid (pKa =
6.6) were used as the standard BH acids in DMSO solution.

δ δ δ δ δ δ δ δ− − = − −K K( )( ) ( )( )a a A BH b b b B AH a (3)

Preparation of Samples in DMSO. The monoanion salts were
prepared by mixing a CH3OH solution of the appropriate acid with
1 equiv of tetrabutylammonium hydroxide solution (1.0 M in
CH3OH) respectively. Both H2O and CH3OH were subsequently
removed by evaporation under reduced pressure, followed by heating
the sample (∼70 °C) for 1−2 h under high vacuum to yield solids. In
cases where an oily product persists after heated drying, the product is
dissolved in minimum THF, and the solid product is precipitated with
hexanes. Dried samples were then stored in a positive pressure glove-
box for subsequent use. The solute concentration used for NMR
analysis in 99.9% DMSO-d6 was about 0.01 M or less for all samples.

Spectra Measurements. NMR spectra were recorded with a
300 MHz NMR spectrometer using the default pulse sequence in the
software. Typical spectra parameters for 1H spectra: 16 scans, spectral
width 9600 Hz, relaxation delay of 1 s, and acquisition time of 4 s.
Unless otherwise stated, all measurements were at a regulated tempera-
ture of 25 °C.

Theoretical Calculations. Conformational distributions were
performed using the SPARTAN ‘08 program. The selected pre-
optimized conformers were then fully optimized by DFT methods
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using the Gaussian09 package.46 All energy minima were verified to
have 0 imaginary frequencies by vibrational frequency analysis.
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