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ABSTRACT: The polar−π effect on tetrazoles, medicinal chemistry isosteres of carboxylate, is tested by a Hammett pKa
(microtitration) analysis over a series of 5-(m-terphenyl-2′-yl)-1H-tetrazoles. A comparison with m-terphenyl-2′-yl-carboxylic acids
supports the isostere analogy also in response to environmental changes. Computational (B97D/def2TZVPPD) extension of the
series plus a scan of solvents (vacuum to water) demonstrates the trend with the dielectric constant. The effect is energetically small
but may make statistically significant contributions to the tetrazole pharmacological profile.

■ INTRODUCTION

Polar−π models1−3 in (bio)molecular recognition assume that
consideration of π-systems as polar groups better accounts for
molecular interactions than simply steric bulk and dispersive
(VdW) interactions. A typical polar−π functional group would
be an aromatic ring because of their general lower reactivity
than other π-systems, such as alkenes and carbonyls, and
because the first polar moment of benzene is quadrupole polar.
The majority of discussions include π−π, cation−π, anion−π,
and lone pair−π interactions.4−8 Hammett series analysis can
help establish and quantify through-space polar−π effects as
has been studied initially by comparison of pKa values of 2,6-
bis(R-phenyl)benzoic acids 1a−e9 and later extended for other
ionizable groups.10−14 These terphenyl systems, though not
perfectly parallel, allow the study of phenyl-to-X through-space
interactions; they model well ligand−protein facial interactions
which frequently display similar canted alignments.4,5

Tetrazole is considered as a medicinal chemistry isostere for
the carboxylic acid functional group and the exchange often
results in binding improvements.15,16 The pKa values for
tetrazoles are similar to comparable carboxylic acids and
enzyme binding studies indicate that, in addition to forming
salt bridge interactions, their diffuse negative charge gives them
an ability to undergo π−π cofacial interactions as an electron-
rich aromatic heterocycle.

A survey of the Protein Data Bank (PDB) reveals that
cofacial interactions between a tetrazole ligand and a protein
aryl residue are common and sometimes occur concomitant
with salt bridge binding.17−19 Additionally, ligated angiotensin
II receptor antagonist structures show that tetrazole rings have
intramolecular cofacial interactions with ortho-aryl rings that
often orient the tetrazole for additional salt bridge binding
events.20−22 Similar polar−π interactions have been invoked
when receptor aryl rings stabilize carboxylate salt bridges in a
parallel coplanar fashion.23
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The potential character of tetrazole as a polar-aromatic-ring
analogue of a carboxylic acid raises the question of how the
acidity of the tetrazole group is perturbed by proximal flanking
aromatic residues in comparison to the similar effect on the
carboxy group. The synthesis of 5-(m-terphenyl-2′-yl)-1H-
tetrazoles 2a−e and measurement of their pKa values in
methylcellosolve enables a direct head-to-head comparison
with the carboxylic acid series 1a−e (R = OMe, Me, H, Cl,
C(O)Me, respectively). Additionally, analogues 1f−h and 2f−
h (R = NH2, F and NO2, respectively) together with 1a−e and
2a−e were incorporated into computational studies to explore
the widest range of electron-donating and -withdrawing effects
on the through-space interaction. The steric interactions
between the tetrazole ring and the ortho (flanking) aryl rings
should result in a conformation in which the rings are turned
out of the plane of the supporting benzene and form a face-to-
face arrangement. This arrangement reduces through-bond
resonance influence from para-substituents and allows
interpretation of substituent effects on pKa to focus on
through-space (polar−π) effects. As in previous studies, the
variable Hammett substituents are para- and thus distant to the
tetrazole in order to minimize local steric effects.

■ RESULTS AND DISCUSSION
Chemistry. Synthesis of 2a−e (Scheme 1) was accom-

plished by first applying the Hart reaction24 to 3 to prepare the
2′-iodo-1,1′:3′,1″-terphenyl analogues 4a−e. Subjecting 4a−e
to Stille cross-coupling with stannane 525 followed by acid
hydrolysis completed the tetrazole installation to provide
products 2a−e.
Acidity constant, pKa, values of tetrazoles 2a−e were

measured in methylcellosolve and compared to the corre-
sponding carboxylates 1a−e (Table 1). Notably, despite the
difference in pKa values of simple aryl carboxylic acids and
tetrazoles,26 the bis-2,6-(4-R-phenyl) series with R=H display

the same values within measurement precision. Consideration
of the non-aqueous solvent and steric effects support 1c and 2c
having similar pKa values. This coincidence of pKa values for 1c
and 2c facilitates an analysis of electron donor and acceptor
effects. Both electron-donor-substituted tetrazoles show lesser
acidity than the corresponding carboxylic acids; and both
electron-acceptor-substituted tetrazoles show greater acidity
than the corresponding carboxylic acids. The range of pKa
values (5.7−7.0) corresponds to a change in the energetics of
about 2 kcal/molhighlighting the fact that small changes in
energy can shift equilibria substantially.
A Hammett analysis plotting of pKa versus Σσpara for

tetrazoles 2a−e (solid line) displays a good linear correlation
with a ρ value of −0.86 (Figure 1, solid line). The plot for the

corresponding carboxylic acid series 1a−e (dashed line) is
characterized by a ρ of −0.54. This analysis attaches a
quantitative character to the relative sensitivity of acidity to
substituents for 1 versus 2. Additionally, the analysis shows
that tetrazoles and carboxylic acids are indeed very similar in
their response to substitution, with tetrazoles being slightly
more sensitive.

Computational Analysis. B97D/Def2-TZVPPD-opti-
mized geometries established a common clinal conformation
for the flanking phenyl rings and core acidic functions within
the series 1a−h and 2a−h and their respective anions 1a−h*
and 2a−h* (Figure 2), which supports the transfer of
substituent effects on the pKa of the acidic group dominantly
by through-space electrostatic and electron dispersion effects
from the flanking aryl group’s π-face. A reference set in each
series (c, f−h) was chosen to elaborate computational trends
across a large range of solvent dielectrics.
Polarity effects vary with changes in the medium, especially

the dielectric constant. Computational analysis in six common
solvents in addition to the gas phase serve to reveal trends in

Scheme 1a

aReagents and conditions: (a) 3 equiv 4-R-PhBr, 3 equiv Mg, cat. I2, THF, 67 °C/5 h; 6 equiv I2, 0 °C; (b) 1.2 equiv 5, 0.11 equiv CuI, 0.05 equiv
Pd(PPh3)4 (substitute 0.05 equiv BnPd(PPh3)2Cl in preparation of 2d), toluene, 110 °C/5 h; (c) 8:1 MeOH/6 M HCl, 65 °C/4 h.

Table 1. Experimental pKa Values for Carboxylates 1a−e
and Tetrazoles 2a−ea

R σn
b carboxylate pKa

c tetrazole pKa

OMe −0.28 1a 6.61 2a 7.02
Me −0.14 1b 6.50 2b 6.55
H 0.00 1c 6.39 2c 6.39
Cl 0.24 1d 5.97 2d 5.90

C(O)Me 0.47 1e 5.87 2e 5.70

aMeasured by potentiometric titration in methylcellosolve/water
(80% w/w), reported values are avg of two runs. bSee ref 27. cSee ref
9.

Figure 1. Plot of pKa values for carboxylates 1a−e (see ref 9) and
tetrazoles 2a−e versus 2σ values.
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property versus polarity. Relative compound acidity was
determined from the computational model reactions: H−
CO2H + X−CO2H (−) → X−CO2H + H−CO2H (−) and H-
tetrazole + X-tetrazole (−) → X-tetrazole + H-tetrazole (−)
[see the Experimental Section for details]. Changes in
compound acidity (ΔpKa values) were analyzed with respect
to the dielectric constant of the medium (gas = 0, benzene =
2.27, THF = 7.43, acetone = 20.49, acetonitrile = 36.64,
DMSO = 46.83, water = 78.36) and with respect to Hammett
σpara values of the substituents (NH2 = −0.66; F = +0.06; NO2
= +0.78).
Computations predict a monotonic trend of increasing pKa

values along the series 1f−h as well as 2f−h (Figures 3 and 4).

The order in the series is maintained across dielectric values
from vacuum to water. The dynamic range in ΔpKa for series 1
begins at 15.7 in vacuum and reduces asymptotically to 2.8 in
water; for series 2, the values are 13.1 and 2.1, respectively.
The pronounced differentiation in vacuum diminishes rapidly
with increasing dielectric constant, and from 20 to 80 D the
change is very gradual. The difference between the behavior in
vacuum versus water is halved in benzene (2.2 D) and reduced
by over 90% in acetone (20.2 D). This behavior is consistent
with long established models for polarity.
Hammett ρ slopes quantify the sensitivity of compound

acidity to substituent effects; they can vary in different solvents.
Acidity in methylcellosolve/water is not easily calculated by
continuum solvent models, but the trend of ΔpKa as a function
of solvent allows interpolation of the approximate expected
values (cf Figures 3 and 4). As such, we can see that the slope
predicted from the B97D/Def2-TZVPPD level calculations for
series 2 agrees well with that found experimentally; however,
for series 1 the computational value is higher. Therefore, the
computational model predicts carboxylate to be more sensitive
than tetrazole, which is the reverse of what was measured for
series 1 and 2 but is consistent with solvent polarity trends for
simple carboxylate (e.g., benzoic acid) versus tetrazole acidity.
Specific-solvent-molecule models can influence detailed
quantitative carboxylic acid predictions but are outside the
scope of this study.28 Overall, the energy differences necessary
to flip the trends are small (<1 kcal/mol), so care must be
taken in interpretation.
The observation that 5-(phenyl)tetrazole is more acidic26

than tetrazole 2c in comparable media could in principle stem
from through-bond (resonance and inductive) or through-
space (bulk steric, general dielectric, specific electrostatic)
effects. The inductive effect of phenyl substitution would
predict 2c to be more acidic and the twist out of plane
minimizes any resonance effects. In addition, p-X-benzoic acids
and 5-(p-X-phenyl)-1H-tetrazoles display similar ρ slopes (see
the Supporting Information)26 but of lower magnitude than for
the series 2 for a shorter bond path; therefore, through-bond
effects cannot be the dominant influence. Assuming that the
2,6-p-R-diaryl groups maintain a constant steric effect across
the series, the trend origin should lie with either general
dielectric or specific electrostatic patterning. The sensitivity of
reported tetrazoles and benzoic acids to the solvent shows that
this cannot be a simple effect due to the dielectric of the
medium,29−31 which highlights an electrostatic patterning ala
Hunter−Sanders as a working model for the variation.2,32 The
tetrazole ring in series 2 has greater contact surface with the
flanking arenes and less direct solvent contact compared to
COOH in the cognate series studied previously.
Analysis of the PDB X-ray structure database reveals several

examples of tetrazole cofacial interactions with protein aryl
groups (see PDB structures 1A8T,17 4L34,18 5YVA,19

Figure 2. Energy-minimized structures for anions 1c* and 2c* in vacuum. For discrete structure files see 1c*-vacuum-b97d_def2tzvppd.pdb and
2c*-vacuum-b97d_def2tzvppd.pdb files in the Supporting Information.

Figure 3. B97D/Def2-TZVPPD pKa trends of carboxylic acids 1f−h
in solvents of dielectric 0−78 using the model reaction H−CO2H +
X−CO2H (−) → X−CO2H + H−CO2H (−).

Figure 4. B97D/Def2-TZVPPD pKa trends of 1H-tetrazoles 2f−h in
solvents of dielectric 0−78 using the model reaction H-tetrazole + X-
tetrazole (−) → X-tetrazole + H-tetrazole (−).
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4ZUD,21 and the Supporting Information for images), which
highlights specific aryl-tetrazole through-space interactions of
medicinal chemistry relevance. This study highlights that the
relative acidity of tetrazole and carboxylic acid bearing small
molecule drugs can depend on the nature of the medium as
well as specific electrostatic patterns in the binding pocket.
When translated to an ADME, PK/PD, or binding profile, this
could translate into differences in membrane permeability,
susceptibility to oxidation, or protonation state as the molecule
navigates its voyage from absorption to excretion. Increased
polarizability for the tetrazole favors its interaction with
aromatic side chains, assuming a similar state of protonation
and therefore having a quantitative face on the isosteric
relationship of tetrazole and carboxylate could inform drug
design on the reasonable limits of such effects.

■ CONCLUSIONS

Investigation of the acidity of a Hammett series of substituted
2,6-bis(R-phenyl)phenyltetrazoles shows a linear relationship
and slope similar to the isosteric carboxylic acids. In addition
to being an isostere of the carboxylic acid, tetrazole can also be
viewed as an aromatic heterocycle. Specific noteworthy points
derived from this study include the following: (1) tetrazole 2c
and carboxylic acid 1c have almost identical pKa values which
would not be the case for simple dielectric effects; (2) tetrazole
is sensitive to through-space interactions with the flanking aryl
rings that are essentially repulsive to the ionized (anionic)
state; and (3) the details of the interaction lie with the intimate
structure of the contact surface and its electron density.
Polar−π effects enter the analysis in two ways: the tetrazole

ring−arene interaction and the tetrazole anion−arene inter-
action. This study shows that tetrazole rings may have an
enhanced interaction with cofacial aryl rings compared to
carboxylic acids but that in any case the energetics of variation
are small and in the range of lead fine optimization, where
small changes in the energy landscape importantly affect the
pharmaceutical profile of a drug molecule.
Despite polar−π effects being invoked broadly in the

literature of biorecognition events,4,5 the complexity of these
systems obfuscates the degree to which energy factorization is
warranted. Model studies such as that presented here isolate
and highlight specific interactions. Quantum chemical
computations refine the physical model. In combination,
these studies reveal how even small energy differences manifest
clear influences on molecular properties; however, they also
point to the environmental dependence of these effects such
that caution is warranted when transferring between simplified
in vitro models and complex in vivo pharmacology. Caveats
recognized, when protein−ligand structural analysis reveals
aromatic-ring propinquity in a ligand−protein complex,
judicious consideration of polar−π aspects should assist the
discovery of molecular designs with improved overall drug
product pharmaceutical profile.

■ EXPERIMENTAL SECTION
General Procedures. Commercial chemicals were used as

supplied unless otherwise stated. Dry tetrahydrofuran was obtained
by distillation over sodium and benzophenone. Thin-layer chroma-
tography (TLC) was performed on aluminum-backed silica gel 60
F254 plates from Altech. Flash chromatography (FC) was performed
with silica gel (230−425 mesh) from Fisher Scientific Company.
Melting point determinations were performed on a Mel-Temp
apparatus to ±1 °C precision. 1H and 13C NMR spectra were

recorded on Varian 400 MHz and 500 MHz/Unity spectrometers,
respectively. Chemical shifts are reported in ppm. 1H NMR was
reported as δ relative to tetramethylsilane at 0.00 ppm. 13C NMR
spectra were referenced to 76.9 ppm in CDCl3 and 39.7 ppm in
DMSO-d6. High-resolution mass spectrometry (HRMS) analysis was
obtained using positive ionization mode with a TOF mass analyzer,
which provided values for samples 2a−2e with errors of <0.003 m/z
from calculated values and this was used to assign purities >95%.
These data were obtained from the University of California at
Riverside mass spectrometry facility.

General Method A. Synthesis of 2′-iodo-1,1′:3′,1″-terphenyl
analogues 4a−e. To magnesium turnings (1.17 g, 48.2 mmol, 3
equiv), I2 (5 mg) and 5 mL THF at 67 °C was added in a dropwise
manner the 4-substituted-bromobenzene (48.2 mmol, 3 equiv) as a
solution in 50 mL of THF and the mixture stirred at 67 °C for 5 h.
This solution was cooled to 0 °C, and a solution of 2,6-
dibromoiodobenzene (3) (5.81 g, 16 mmol, 1 equiv) in 60 mL of
THF was added in a dropwise manner. The resulting solution was
stirred at rt for 5 h. Then, the solution was cooled to 0 °C and I2 (7.11
g, 28 mmol, 1.75 equiv) was added. The resulting mixture was stirred
at rt for 1 h. Then, the mixture was washed with aqueous 10%
Na2S2O3, water, and brine, dried (MgSO4), and rotary-evaporated.
Purification by FC (SiO2, hexane to CH2Cl2 gradient) provided the
title products 4a−e.

2′-Iodo-4,4″-dimethoxy-1,1′:3′,1″-terphenyl (4a). General meth-
od A was followed, starting with 4-bromoanisole as the 4-substituted-
bromobenzene for Grignard formation. White solid; yield 29%; mp
136 °C. 1H NMR (500 MHz, CDCl3): δ 7.32 (1H, t, J = 8 Hz), 7.28
(4H, d, J = 9 Hz), 7.20 (2H, d, J = 8 Hz), 6.94 (4H, d, J = 9 Hz), 3.82
(6H, s); 13C NMR (125 MHz, CDCl3): δ 159.0, 147.7, 138.3, 130.5,
128.6, 127.5, 113.2, 105.0, 55.1. HRMS (EI+): m/z calcd for
C20H17IO2 [M+]: 416.0273; found, 416.0291.

2′-Iodo-4,4″-dimethyl-1,1′:3′,1″-terphenyl (4b). General method
A was followed, starting with 4-bromotoluene as the 4-substituted-
bromobenzene for Grignard formation. White solid; yield 25%; mp
135−136 °C (lit.33 mp 120 °C). 1H NMR (500 MHz, CDCl3): δ 7.37
(1H, t, J = 7 Hz), 7.22−7.28 (10H), 2.41(6H, s); 13C NMR (125
MHz, CDCl3): δ 148.1, 143.0, 137.3, 129.4, 128.6, 128.6, 127.6,
104.2, 21.2. HRMS (EI+): m/z calcd for C20H17I [M+]: 384.0375;
found, 384.0373.

2′-Iodo-1,1′:3′,1″-terphenyl (4c). General method A was followed,
starting with bromobenzene as the 4-substituted-bromobenzene for
Grignard formation. White solid; yield 25%; mp 110 °C (lit.24 mp
113.5−115 °C). 1H NMR (500 MHz, CDCl3): δ 7.36−7.45(11H,
m), 7.26 (2H, d, J = 8 Hz); 13C NMR (125 MHz, CDCl3): δ 148.2,
145.7, 129.5, 128.7, 127.9, 127.6, 127.6, 103.7. HRMS (EI+): m/z
calcd for C18H13I [M+]: 356.0062; found, 356.0076.

4,4″-Dichloro-2′-iodo-1,1′:3′,1″-terphenyl (4d). General method
A was followed, starting with 1-bromo-4-chlorobenzene as the 4-
substituted-bromobenzene for Grignard formation. White solid; yield
84%; mp 127 °C. 1H NMR (500 MHz, CDCl3): δ 7.42 (4H, d, J = 8
Hz), 7.40 (1H, t, J = 8 Hz), 7.30 (4H, d, J = 8 Hz), 7.24 (2H, d, J = 8
Hz); 13C NMR (125 MHz, CDCl3): δ 147.1, 143.8, 133.8, 130.8,
128.9, 128.3, 127.9, 103.4. HRMS (EI+): m/z calcd for C18H11Cl2I
[M+]: 423.9283; found, 423.9286.

2,2′-(2′-Iodo-[1,1′:3′,1″-terphenyl]-4,4″-diyl)bis(2-methyl-1,3-di-
oxolane) (4e). General method A was followed, starting with 2-(4-
bromophenyl)-2-methyl-1,3-dioxolane as the 4-substituted-bromo-
benzene for Grignard formation. White solid; yield 66%; mp 141
°C. 1H NMR (500 MHz, CDCl3): δ 7.47 (4H, d, J = 8 HZ), 7.29
(1H, t, J = 8 Hz), 7.26 (4H, d, J = 8 Hz), 7.15 (2H, d, J = 8 Hz), 3.98
(4H), 3.77 (4H), 1.63 (6H, s); 13C NMR (125 MHz, CDCl3): δ
147.9, 145.0, 142.5, 129.3, 128.7, 127.6, 124.8, 108.8, 103.3, 64.5,
27.4. HRMS (EI+): m/z calcd for C26H25IO4 [M+]: 528.0798; found,
528.0780.

General Method B. Synthesis of 5-([1,1′:3′,1″-terphenyl]-2′-yl)-
1H-tetrazoles 2a−e. A mixture of 2′-iodo-1,1′:3′,1″-terphenyl
analogue 4 (0.65 mmol, 1 equiv), [2-(benzyloxymethyl)-5-(tributyl-
stannyl)-2H-tetrazole25 (0.77 mmol, 1.2 equiv), copper(I) iodide
(0.071, 0.11 equiv), tetrakis(triphenylphosphine)palladium(0) (0.03
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mmol, 0.05 equiv), and 8 mL of toluene was heated at 110 °C for 5 h.
Then, the mixture was cooled to rt and filtered through Celite and
solvent rotary-evaporated. The residue was purified by FC (SiO2,
hexane to EtOAc gradient) to provide the intermediate product. This
intermediate, 5 mL of methanol and 0.63 mL of 6 M HCl were stirred
at 65 °C for 4 h; then, the solvent was removed by rotary evaporation.
The residue was dissolved into 1 M NaOH and extracted with EtOAc
(2×). The separated aqueous layer was treated with a minimal
amount of 6 M HCl, which resulted in the formation of a solid
suspension. The mixture was extracted with EtOAc (3×). Then, the
organic extract was dried (MgSO4) and evaporated to provide the title
product 2.
5-(4,4″-Dimethoxy-[1,1′:3′,1″-terphenyl]-2′-yl)-1H-tetrazole

(2a). General method B was followed. White solid; yield 65%; mp
228−230 °C. 1H NMR (500 MHz, DMSO-d6): δ 7.70 (1H, t, J = 9
Hz), 7.46, (2H, d, J = 9 Hz), 6.99 (4H, d, J = 9 Hz), 6.81 (4H, d, J = 9
Hz), 3.70 (6H, s); 13C NMR (125 MHz, DMSO-d6): δ 158.6, 153.7,
142.7, 131.9, 130.7, 129.9, 123.0, 113.6, 55.0. HRMS (EI+): m/z
calcd for C21H18N4O2 [M − H+]: 357.1352; found, 357.1355.
5-(4,4″-Dimethyl-[1,1′:3′,1″-terphenyl]-2′-yl)-1H-tetrazole (2b).

General method B was followed. White solid; yield 51%; mp 243−
244 °C. 1H NMR (500 MHz, DMSO-d6): δ 7.73 (1H, t, J = 8 Hz),
7.50, (2H, d, J = 8 Hz), 7.06 (4H, d, J = 8 Hz), 6.81 (4H, d, J = 8 Hz),
2.24 (6H, s); 13C NMR (125 MHz, DMSO-d6): δ 152.6, 142.9, 136.7,
136.4, 130.8, 129.0, 128.7, 128.5, 122.1, 20.4.
5-([1,1′:3′,1″-Terphenyl]-2′-yl)-1H-tetrazole (2c). General method

B was followed. White solid; yield 87%; mp 242−248 °C. 1H NMR
(400 MHz, DMSO-d6): δ 7.75(1H, t, J = 8 Hz), 7.53 (2H, d, J = 8
Hz), 7.24 (6H, m), 7.07 (4H, t, J = 4 Hz); 13C NMR (125 MHz,
DMSO-d6): δ 153.2, 143.1, 139.5, 131.1, 129.4, 128.7, 128.2, 127.5,
122.5. HRMS (EI+): m/z calculated for C19H14N4 [M − H+]:
297.1140; found, 297.1151.
5-(4,4″-Dichloro-[1,1′:3′,1″-terphenyl]-2′-yl)-1H-tetrazole (2d).

General method B was followed except that trans-benzyl(chloro)bis-
(triphenylphosphine)palladium(II) (0.05 equiv) was substituted for
tetrakis(triphenylphosphine)palladium(0). White solid; yield 51%;
mp 228−230 °C, dec. 1H NMR (500 MHz, DMSO-d6): δ 7.78 (1H,
t, J = 8 Hz), 7.58, (2H, d, J = 8 Hz), 7.34 (4H, d, J = 9 Hz), 7.08 (4H,
d, J = 9 Hz), 3.70 (6H, s); 13C NMR (125 MHz, DMSO-d6): δ 153.3,
141.8, 138.2, 132.6, 131.2, 130.6, 129.7, 128.3, 122.7; HRMS (EI+):
m/z calcd for C19H12Cl2N4 [M − H+]: 365.0361; found, 365.0371.
1,1′-(2′-(1H-Tetrazol-5-yl)-[1,1′:3′,1″-terphenyl]-4,4″-diyl)bis-

(ethan-1-one) (2e). General method B was followed. White solid;
yield 45%; mp 236−242 °C, dec. 1H NMR (500 MHz, DMSO-d6): δ
7.85 (4H, d, J = 8 Hz), 7.84 (1H, t, J = 8 Hz), 7.64 (2H, d, J = 8 Hz),
7.22 (4H, d, J = 8 Hz), 3.36 (s, 6H); 13C NMR (125 MHz, DMSO-
d6): δ 197.7, 152.8, 143.9, 142.1, 135.8, 131.4, 129.9, 129.2, 128.2,
122.4, 26.7. HRMS (EI+): m/z calcd for C23H18N4O2 [M − H+]:
381.1352; found, 381.1345.
pKa Measurement. Measurement of the pKa values was done by

titration of a solution (1 × 10−3 M) of the individual tetrazole
examples (2a−e) in methylcellosolve/water (80% w/w) with a
standardized potassium hydroxide solution (0.01 M) using a
potentiometric microtitration apparatus. The titration data were
analyzed to extract pKa values and the results of two runs were
averaged.
Theoretical Calculations. The conformational analyses of the

molecular systems described in this study, including structural and
orbital arrangements as well as property calculations, were carried out
with the B97-D dispersion-enabled density functional method using
an ultrafine grid, in accord with the ansatz proposed by Grimme.34,35

The B97-D exchange−correlation functional is a special re-parameter-
ization of the original B97 hybrid functional of Becke,36 which is more
neutral to spurious dispersion contamination in the exchange part
than the original functional. The Def2-TZVPPD basis set37 was used
for all calculations. Full geometry optimizations were performed both
in the gas phase as well as in the solvent and all structures uniquely
characterized via second derivatives (Hessian) analysis to determine
the number of imaginary frequencies (0 = minima; 1 = transition
state) and effects of zero point energy. Effects of solvation were taken

into account across a wide range of dielectrics using COSab.38,39

Relative compound acidity was determined from the computational
model reactions: H−CO2H + X−CO2H (−) → X−CO2H + H−
CO2H (−) and H-tetrazole + X-tetrazole (−) → X-tetrazole + H-
tetrazole (−). Changes in compound acidity (ΔpKa values) were
analyzed with respect to the dielectric constant of the medium (gas =
0, benzene = 2.27, THF = 7.43, acetone = 20.49, acetonitrile = 36.64,
DMSO = 46.83, water = 78.36) and solvent radii from Klamt.40 See
the Supporting Information for further information regarding the
choice of these calculation methods for this study. For tetrazole
calculations, the 1H-isomer was employed. Calculations on the 2H-
isomer provided a similar result and are included in the Supporting
Information.
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