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Counterintuitive Torsional Barriers Controlled by Hydrogen
Bonding

Héctor Barbero,? Antoine Meunier,? Kondalarao Kotturi,? Ashton Smith,? Nathalie Kyritsakas,? Adam
Killmeyer,? Ramin Rabbani,” Md Nazimuddin® and Eric Masson*

The torsional barriers along the C,-C,ry axis of a pair of isosteric disubstituted biphenyls were determined by variable
temperature *H NMR spectroscopy in three solvents with contrasted hydrogen bond accepting abilities (1,1,2,2-
tetrachloroethane-d?, nitrobenzene-d*> and dimethyl sulfoxide-d®). One of the biphenyl scaffolds was substituted at its ortho
and ortho’ positions with N’-acylcarbohydrazide groups that could engage in a pair of intramolecular NH/O=C hydrogen
bonding interactions at the ground state, but not at the transition state of the torsional isomerization pathway. The torsional
barrier of this biphenyl was exceedingly low despite the presence of the hydrogen bonds (16.1, 15.6 and 13.4 kcal/mol in
the three aforementioned solvents), compared to the barrier of the reference biphenyl (15.3 £+ 0.1 kcal/mol on average).
Density functional theory and the solvation model developed by Hunter were used to decipher the various forces at play.
They highlighted the strong stabilization of hydrogen bond donating solutes not only by hydrogen bond accepting solvents,
but also by weakly polar, yet polarizable solvents. As fast exchanges on the NMR time scale were observed above the melting
point of dimethyl sulfoxide-d®, a simple but accurate model was also proposed to extrapolate low free activation energies
in a pure solvent (dimethyl sulfoxide-d®) from higher ones determined in mixtures of solvents (dimethyl sulfoxide-d® in

nitrobenzene-d).

Introduction

The notion of hydrogen bonding is ubiquitous in the chemical
literature and is being taught at both undergraduate and
graduate levels with varying degrees of simplification or
sophistication.=> Hydrogen bonding is also responsible for the
formation of landmark host-guest complexes,®1! such as the
Hamilton receptor and barbiturates.’? As part of a study that
evaluates the impact of substituents on the torsional barriers of
biphenyls,’316 we identified an intriguing intramolecular
hydrogen bonding pattern in biphenyls substituted with N’-
acylcarbohydrazides at their ortho and ortho’-positions. An X-
ray diffraction structure of biphenyl 1 crystallized in 1,1,2,2-
tetrachloroethane-d? shows a pair of intramolecular hydrogen
bonds between the NHa donors and the N’-acyl acceptors of
the opposite ortho-substituents (see Figure 1). Relative to an
isosteric system like biphenyl 2 that does not engage in such
interactions (see Figure 1), we suspected first that the pair of
hydrogen bonds would significantly slow down the rotation
along the C,-C,ryi axis. Those would have to be disrupted at the
transition state of the isomerization where both aryl units are
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close to coplanar. We show here that the behavior of simple
scaffolds such as these can be deceptive, and that our
assumption was incorrect. We provide a detailed justification
for the counterintuitive free energies of torsion we measured in
three solvents with contrasted hydrogen bond accepting
properties, 1,1,2,2-tetrachloroethane-d? (TCE-d?),
nitrobenzene-d®> (PhNO,-d®) and dimethylsulfoxide-d® (DMSO-
db; -d" suffix omitted later for clarity), and in a mixture of the
last two solvents. The three solvents were chosen as they
dissolve biphenyls 1 and 2 at millimolar concentrations and
cover a wide range of hydrogen bond accepting ability and
polarity. TCE is a very poor H-bond acceptor (Hunter’s S
parameter is 1.3)17 and is a weakly polar solvent (dielectric
constant ¢ = 8.4).18319 PhNO, and DMSO are moderate and very
strong H-bond acceptors, respectively (#=3.7 and 8.9)'” and are
both much more polar than TCE (¢ = 35 and 47,
respectively).181°

Results and Discussion
Synthesis and X-ray diffraction structures

Biphenyl 1 was prepared from biphenyl-2,2’-dicarboxylic acid
and isobutyric acid hydrazide in 65% yield over two steps.
Biphenyl 2 was obtained from 2-iodoacetophenone in 3 steps
(38% overall yield), after a-bromination of the acetyl unit,2°
substitution with cesium isobutyrate,?! and an Ullmann-type
coupling promoted by copper(l)-thiophene-2-carboxylate (see
Sl section for details).?223 The X-ray diffraction structure of
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Figure 1. X-ray diffraction structures of biphenyls 1 (two views) and 2; reference
N’-acylhydrazide 3. Intra- and intermolecular hydrogen bonds are highlighted in
green.

biphenyl 1 shows a C(2)-C(1)-C(1’)-C(2’) dihedral angle of
109.8°, N—Ha.---O=Cy hydrogen bond lengths of 1.97 A, and Ho—
O=Cy angles of 131° and 135°, respectively (see Figure 1 for
numbering). NHP engage in
hydrogen bonding with the benzoyl groups of neighboring
biphenyl units (1.93 and 1.97 A, see Figure 1). Biphenyl 2 was
crystallized in a mixture of hexane and ethyl acetate; the X-ray

Hydrogens intermolecular

crystal structure does not show any significant interaction
between the ortho and ortho’-substituents. The closest contact
is measured between the benzoyl unit of one chain and the a-
methylene group of the other chain, with the shortest CH---O
distances being 3.00 A (see Figure 1).

Determination of the torsional barriers by nuclear magnetic
resonance spectroscopy

The isopropyl substituents, with their diastereotopic pair of
methyl groups, were chosen as probes to monitor the rates of
torsional isomerization k of biphenyls 1 and 2 using variable
temperature 'H NMR spectroscopy and spectral line fitting (see
Figure 2 and Sl section). In the case of biphenyl 2, the hydrogen
atoms of the a-methylene group are also diastereotopic and
can be used for the same purpose (see Sl section). From Eyring
equation (1), enthalpies AH ¥, entropies AS* and free energies
of activation AG¥ can be extracted from a plot of In k/T as a
function of 1/T (see Figure 3). The activation enthalpies and
entropies are readily extracted from the slopes of the best
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straight lines and their intersection with the y-axis, respectively
(see equation 2), as long as these two parameters are
considered temperature independent.
gT
e—AG*/RT

k
k= 1)

25°C
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Figure 2. 'H NMR signals of the isopropyl substituent in biphenyl 1 (H¢, see Figure 1 for
numbering) as a function of temperature in (a) TCE-d?, (b) PANO,-d® and (c) a 1.6 M
DMSO-d® solution in PANO,-d>. Line shape fitting in red.

lk 1 —AH* (AS* 1kB
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Line fitting (see Figure 2, red traces) afforded free energies of
torsion AGfcg(1) = 16.1 + 0.1 keal/mol, AGpno,(1) = 15.6 £ 0.1
kcal/mol, AGficg(2) = 15.4 + 0.2 kcal/mol and AGfhno,(2) = 15.2
+ 0.2 kcal/mol, all calculated at 25 °C. Enthalpic and entropic
contributions are listed in Table 1 and discussed later.
Considering the pair of intramolecular H-bonds in the crystal
structure of biphenyl 1, we expected its torsional barriers to be
significantly higher than reference biphenyl 2. To the contrary
the differences were just 0.7 and 0.4 kcal/mol in TCE and PhNO,,
respectively.

In(k/'T)
A b b 4N o -
O

28 30 32 34 36 38 40
1T x 103 (K]

28 30 32 34 36 38 40
1T x 103[K]

Figure 3. Rates of torsional isomerization, as obtained by line-fitting of 'H NMR spectra,
of (a) biphenyl 1 recorded at different temperatures, in TCE-d? (green dots), PhANO2-d>
(blue dots) and a 1.6 M DMSO-d® solution in PANO,-d> (red dots); (b) biphenyl 2 in TCE-
d? (green dots), PhNO2-d® (blue dots) and DMSO-d® (red dots).

To assess the impact of a solvent that would possibly disrupt all
H-bonds, we tried to determine the torsional free energies of
both biphenyls in DMSO. Activation parameters for reference
biphenyl 2 (see Table 1) were obtained by variable temperature
1H NMR experiments, as described earlier. The free energy of

This journal is © The Royal Society of Chemistry 20xx
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torsion AGumso(2) was 15.3 + 0.1 kcal/mol, similar to the
barriers measured in TCE and PhNO,.

With biphenyl 1, however, fast exchange on the NMR time scale
was observed above the melting point of the solvent (20 °C),
thereby precluding an accurate determination of the torsional
barrier. To circumvent this problem, we determined the
torsional barriers of biphenyls 1 in PhNO, in the presence of
increasing amounts of DMSO, and we propose here a simple
model to extrapolate the torsional barrier in pure DMSO.

We considered the simple equilibrium between biphenyl 1 that
interacts with two competing solvents A (PhNO,) and B (DMSO).
This equilibrium was also proposed by Hunter and coworkers to
quantify hydrogen bonding interactions
solvents.?*

in mixtures of
1-A+B21-B+A

The equilibrium constant K is obtained from equation 3.

[1-BJ[A]  x [A]
[1-Al[B] ~ (1-x)[B]

3)

where x is the fraction of biphenyl 1 interacting with solvent B.
Fraction x is thus obtained from equation 4.

K[B]

¥ = KIB] + [A]

(4)
The torsional barrier of biphenyl 1 in the mixture of solvents A
and B can be easily determined at coalescence temperature
with Eyring equation (1), from the corresponding rate of
isomerization (see equation 5).
AV
k=——
N7
where AV s the difference in resonance frequencies of the
diastereotopic nucleiin a slow exchange regime. Our hypothesis
is that the torsional barrier AG * , at coalescence temperature, is
the average of the barriers in the pure solvents AG# and AGH,
weighted by the fractions of biphenyl 1 interacting with solvents
A and B (see equations 6 and 7). In an ideal mixture of two
solvents, the concentration of solvent A can be obtained from

Q)

the concentration of solvent B, the molar masses of both
solvents M and M3, and the density of both solvents (Pa and pB
; see equation 8 and Sl section for details).

AGHF =x-AGEF +(1—x)-AGF  (6)

) K[B]-AGE + [A]-AGE
T K[Bl+[A]

paMp
PBM A

)
[A] = 37— [B] ®)

Fitting AG* as a function of [B] (DMSO) would afford the
torsional barrier AGF in pure DMSO at a hypothetical
(unknown) coalescence temperature.

This journal is © The Royal Society of Chemistry 20xx
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To extrapolate a torsional barrier in pure DMSO at a reference
temperature (25 °C), the free energies of activation in equation
7 must be expanded into their enthalpic and entropic
contributions (see equation 9; T. is the coalescence
temperature at a given concentration of DMSO).

. K[B]-AHE + [A]-AHj K[B] - AS§ + [A] - AS#
T KBIAMAl ' KB+ Al

One can then show that within the range of temperatures used
in these NMR experiments, the coalescence temperature T,
varies linearly with the free energy of torsion AG* (see the
insert in Figure 4 and the Sl section for details on this
approximation). Therefore equation (10) can be used to
extrapolate coalescence temperatures as a function of the
concentration of DMSO and is used to substitute T, in equation
9.

K'[B]-Tg+ [A] - Ta
L= KB+ [A] 10

where T, and T are the coalescence temperatures of biphenyl
1in pure solvents A and B, respectively, and K’ is approximately
equal to equilibrium constant K. A (virtual) coalescence
temperature of —20.5 + 0.8 °C for biphenyl 1 in pure DMSO was
extrapolated from the fit at [B] = 14.1 M ([A] = O; see red series
(a) in Figure 4 and the orange dot at T, = 252.8 K). 14.1 M is the
concentration of DMSO-d® in pure DMSO-d®. The remarkable
precision of the fit shows that our rudimentary competitive
solvation model, in which biphenyl 1 and its transition state are
essentially solvated by microheterogeneous shells of only one
solvent molecule (A or B), is adequate enough to extract the
torsional barriers.

17
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Figure 4. (a) Coalescence temperatures of the isopropyl *H NMR signal as a function of
DMSO-d® concentration in PhNO,-d®, fitted using equation 10 (right y-axis). The orange
dot corresponds to the virtual coalescence temperature in pure DMSO-d® (-20.5 °C). (b)
Free activation energy for the torsional isomerization of biphenyl 1 along its C,ryi-Caryi
axis, as a function of DMSO-d® concentration, and fitted using equations 9 and 10 (left
y-axis). The cyan dot and square correspond to the free energy of torsion in pure
DMSO-d® at the extrapolated, virtual coalescence temperature (-20.5 °C) and at 25 °C,
respectively. Dotted lines represent 95% confidence intervals. (c) Linear correlation
between coalescence temperatures T, and free activation energies.

J. Name., 2013, 00, 1-3 | 3
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The activation enthalpies and entropies in pure DMSO (and
therefore the free energy of torsion at any temperature) can
now be obtained by fitting the measured free energies as a
function of DMSO concentration, using equations 9 and 10.
However, this would require fitting three parameters (K, AHg
and ASéﬂ) and would generate significant errors. Instead, we
determined the enthalpies and entropies of torsion of biphenyl
1in a 12% solution of DMSO in PhNO, (AH g and ASfs; ca = 8.7
M; €g = 1.6 M) by line-fitting of the relevant 'H NMR signals, as
described above (see Figure 2c and Figure 3a, red series).
Rearranging the enthalpic term in equation 11 affords the
enthalpy of torsion in pure DMSO (AHE , see equation 12).

Kcg AHF 4+ cp- AHE
KCB +ca

AHfs = an

(KCB + CA) AHEB—CAAHA:
AHE =
g Kcg

(12)

A similar relationship can be used for the entropic term ASét,
and equations 9 and 10 could then be applied to fit free
activation energies as a function of DMSO concentration with
only one unknown parameter (equilibrium constant K).
However, we prefer to fit parameter A5§ also, as a lower error
is obtained with this method. The fit is again remarkably precise
(see Figure 4, blue series b), thereby confirming the validity of
our model.

All activation parameters of biphenyl 1 are presented in Table
1. From the enthalpies and entropies of activation in pure
DMSO (AH§ = 8.8 + 1.1 kcal/mol and AS§ = 15 + 2 cal/molK),
free energies of torsion at the virtual —20.5 °C coalescence
temperature and at 25 °Care 12.7 £ 0.1 and 13.4 + 0.1 kcal/mol,
respectively (see cyan dot and square in Figure 4). The torsional
barrier is thus 2.7 and 2.2 kcal/mol lower in DMSO than in TCE
and PhNO, at 25 °C, respectively (AG’%CE(l) = 16.1 £ 0.1
kcal/mol and AG#hno,(1) = 15.6 + 0.1 kcal/mol, see Table 1).

Table 1. Kinetic parameters for the torsional isomerization of biphenyls 1 and 2 in
TCE-d?, PhNO,-d> and DMSO-d®.

TCE-d? PhNO,-d® DMSO-d8
Ta 323 323 252.7+0.8
AH¥ b 9.0+0.2 12.4+0.5 88+1.1
1 ASFe 24 +1 11 2 -15 +2
AG* gt 7,0 16.7£0.1 15.9+0.1 12.7+0.1
AG* at25°C® 16.1+0.1 15.6 + 0.1 13.4+0.1
Tca 323 322 322
AH¥ b 8.3+0.4 10.6 £0.5 11.940.2
2 AS*c 24 +1 -15 +2 -12 +1
AGF atT,® 16.0+0.2 15.6 +0.2 15.6 +0.1
AG* at25°C® 15.4+0.2 15.2+0.2 15.3+0.1

9 Coalescence temperature in K. ¢ in kcal/mol. €in cal/molK.

Two seemingly counterintuitive conclusions emerge from these
results: (1) the torsional barrier of isosteric biphenyls 1 and 2
are very similar in TCE and PhNO,, while we expected a much
slower rotation for intramolecularly H-bonded biphenyl 1; and

4| J. Name., 2012, 00, 1-3

(2) biphenyl 1 rotates 26 (+ 5) times faster than biphenyl 2 in
DMSO at 25 °C (the barrier being 1.9 (+ 0.1) kcal/mol lower).

Determination of the torsional barriers in silico and rationalization

To decipher the mechanism behind these kinetic parameters,
we tried to reproduce them in silico using density functional
theory (DFT) calculations. Those allow us to split the torsional
barriers into three components: (1) the electronic gas phase
contribution to the barrier AE* (at 0 K), (2) the thermal
correction AG# obtained from the enthalpic (AH7) and
entropic (—TAS%) contributions at higher temperatures, and
(3) solvation contributions AG&)y (see equation 13).

AG* = AE* + AGF + AGE;,  (13)

We present here the three most stable ground state conformers
of biphenyl 1 with zero, one, and two intramolecular hydrogen
bonding interactions, and the lowest energy transition state of
the torsional isomerization, calculated with the B3LYP
functional and def2-TZVP basis sets in the gas phase (see Figure
5, structures 1a — 1c and 175). As expected, transition state 17 is
void of any hydrogen bonding interaction. Structures 2a — 2c,
which mimic conformers 1a — 1c and are also local energy
minima, are shown in Figure 6. Details for the choice of the
B3LYP functional are given later. The X-ray crystal structures of
biphenyls 1 and 2 closely resemble conformers 1c (with two
intramolecular hydrogen bonds, see Figure 5), and 2b (with one
mid-range CH-O interaction, see Figure 6), respectively;
overlapped structures are presented in the Sl section. We also
verified that biphenyls 1 and 2 are indeed isosteric; we found
that the molecular volumes of conformers 1c and 2c¢ (delimited
by a 0.001 electron/Bohr3 isodensity surface) are identical (541
A3).

Figure 5. Lowest energy conformers of biphenyl 1 with 0, 1 and 2 intramolecular
hydrogen bonds (1a — 1c, respectively), and the lowest energy transition state along
the Cyy-Caryi torsion pathway (1™). Hydrogen bonds are highlighted in green.

Torsional barriers that are closest to those determined
experimentally were obtained by calculating the electronic gas
phase energies of the B3LYP-optimized structures with Truhlar’s
MO05-2X functional.?> The choice of functional is again discussed
later. When comparing electronic contributions in the gas
phase, conformer 1c, with its two intramolecular hydrogen

bonds, is more stable than conformers 1a and 1b by 10.1 and

This journal is © The Royal Society of Chemistry 20xx
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7.3 kcal/mol, respectively (see Table 2). The -electronic
contribution to the torsional barrier AE¥ (i.e. the energy
difference between conformer 1c and transition state 1) is
22.6 kcal/mol. Vibrational analysis at the B3LYP/def2-TZVP level
afforded the enthalpic and entropic contributions to the
stabilities of the ground and transition states (see Sl section for
details on methods and approximations). Remarkably, both the
enthalpic and entropic corrections to the torsional barrier are
insignificant (AH# = —0.6 kcal/mol and TAS# = +0.4 kcal/mol),
thereby bringing the free energy of torsion to 21.6 kcal/mol in
the gas phase. The near-zero entropic contribution to the
torsion is likely caused by two competing factors: (1) a loss of
flexibility in the biphenyl backbone at the transition state, and
(2) a gain in flexibility upon disruption of the pair of
intramolecular hydrogen bonds present in the ground state.

Figure 6. Three conformers biphenyl 2 mimicking those of biphenyl 1. Lowest energy
transition state along the C,,-C.,, torsion pathway (27).

By comparison, the most stable conformer of biphenyl 2 is
structure 2b, which closely resembles the X-ray structure (see
Figure 1). Although electronic contributions favor “wrapped”
conformer 2c by 1.6 kcal/mol due to a pair of favorable CH-O
interactions that mirror the NH-O hydrogen bonds in
conformer 1c, enthalpic and entropic contributions to the
distribution of conformers reverse the trend. In the gas phase,
conformer 2b is more stable than structures 2a and 2c by 0.5
and 1.5 kcal/mol, respectively (see Table 2). The electronic
contribution to the torsional barrier is 10.3 kcal/mol, starting
from ground state conformer 2b. While the enthalpic
contribution AH# is only —0.5 kcal/mol (similarly to biphenyl 1),
a significant entropic penalty is imposed during the torsion (
TASF =-4.2 kcal/mol). As discussed above for biphenyl 1, the
entropic penalty is expected, as the biphenyl backbone in
transition state 2™ is significantly less flexible than in ground
state 2b (see Figure 6). The thermal correction thus brings the
free energy of torsion in the gas phase to 14.0 kcal/mol.

As free energies of torsion from “wrapped” conformers 1c and
2c to their respective transition state are 21.6 and 12.5
kcal/mol, respectively, the strength of the pair of intramolecular
hydrogen bonds in biphenyl 1c can be estimated at 9.1 kcal/mol
in the gas phase. A 7.9 kcal/mol difference is calculated for the

This journal is © The Royal Society of Chemistry 20xx
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stabilities of conformers 1a (with no intramolecular hydrogen
bond) and 1c (with the pair of hydrogen bonds). Both values
could be used to quantify the strength of the double
intramolecular hydrogen bond, as long as the reference (i.e. the
non-H-bonded structure) is clearly defined.

Hunter proposed equation 14 to predict the strength of
hydrogen bonds, where @s and fBs are H-bond donor and
acceptor parameters of the solvent, and « and S the H-bond
donor and acceptor parameters of the solute.172627 |n this case,
as and Ps equal 0 as biphenyl 1 is in the gas phase. Hunter
showed that parameters « and £ can be readily obtained from
maximum and minimum electrostatic potentials generated by a
positive point-charge on the van der Waals surface of the
molecule at the semi-empirical AM1 level (see equations 15a
and 15b). We found « = 2.8 and g = 5.8 for the N’-
acylcarbohydrazide group (see Sl section for details on the
calculation). These groups thus resemble amides for their H-
bond donating abilities, but they are weaker H-bond acceptors
(a=2.9 and B= 8.3 for amides).%’

AAGy _pona=—(@—as)(B—Bs)  (14)
Emax ~ Emin
0_’:? (15a) B = = (15b)

Equation 14 returns an H-bond strength AAGH _pond of —3.9
kcal/mol per interaction, and hence 7.8 kcal/mol for the pair of
hydrogen bonds in biphenyl 1c if one neglects any cooperativity
effect. This is in perfect agreement with the 7.9 kcal/mol
stabilization obtained above! As depicted in Figure 5, the
accuracy of this model confirms that the N’-acylcarbohydrazide
groups do not undergo adverse conformational work when
engaging in intramolecular hydrogen bonding.

Clearly, the free energies of torsion calculated in the gas phase
vastly overestimate the barriers measured in solution for
biphenyl 1 (by 5.3 — 8.2 kcal/mol depending on the solvent), and
slightly underestimate those in biphenyl 2 (by 1.3 kcal/mol).
These differences must therefore find their root in the free
energies of solvation of the transition states relative to the
ground states AG&),. We decided to calculate those using the
COSMO-RS method?8-3! developed by Klamt and coworkers and
implemented in the COSMOtherm program?3? (see Sl section for
additional computational details). Structures were reoptimized
at the BP/TZVP level?! in the absence and presence of the
COSMO?8 solvation term, and energies were refined at the
BP/def2-TZVPD level, as COSMOtherm is parametrized to return
the most accurate free energies of solvation when input solute
geometries are optimized at those levels of theory. The
solvation term is then added to the free energy of torsion
calculated in the gas phase (see equation 13).

Despite being a poor H-bond acceptor, TCE stabilizes transition
state 1™ better than the doubly H-bonded ground state
conformer 1c by 4.5 kcal/mol (see energy term AAGLS, in Table
2), thereby bringing the calculated torsional barrier in this

J. Name., 2013, 00, 1-3 | 5



Physical.Chemistry Chemical Physics

solvent down to 17.1 kcal/mol (within 1.0 kcal/mol of the
experimental free energy of activation). TCE also stabilizes
conformers 1a and 1b (with zero or one intramolecular H-
bonding interaction) much better than conformer 1c (by 3.4 and
4.2 kcal/mol, respectively). Doubly H-bonded conformer 1c is
thus barely favored over singly H-bonded conformer 1b (by 0.6
kcal/mol, see Table 2). This illustrates that TCE can compete for
hydrogen bonding interactions with the N’-acyl units of
biphenyl 1. The stabilization of transition state 1™ relative to
conformer 1c (AAG?EIIV = —4.5 kcal/mol) by TCE can be readily
approximated using Hunter’s formalism and equation 16, with
as = 1.4% and Bs = 1.3.17 AAGE), is —4.8 kcal/mol, again
exceptionally close to our calculated relative solvation term AA
relv (see Table 2).

AAGE, = 2[(a — as)(B — Bs) — aB] = 2[asBs — afs — asp]

To the contrary, TCE stabilizes the most stable ground state
conformer of biphenyl 2 (structure 2b) just slightly better than
transition state 2™ (1.4 kcal/mol), thereby increasing the
calculated torsional barrier from 14.0 kcal/mol in the gas phase
to 15.4 kcal/mol, exactly as determined experimentally.

We note that in the solid state, short distances are observed
between selected atoms in TCE and biphenyl 1 (NHf---Cl and
Cy=0---Cl distances are 3.26 and 3.13 A, respectively; see Figure
S17 in the Sl section). To rule out any unusual intermolecular
interaction between biphenyl 1 and TCE as solvent, we
reoptimized the biphenyl 1/TCE pair starting from the X-ray
diffraction geometry in conjunction with the COSMO-RS
solvation model, at the B3LYP/def2-TZVP level. The distance
between TCE and biphenyl 1 increased significantly (NHj---Cl
and Cy=0---Cl distances 3.64 and 3.54 A, respectively). The short
TCE/biphenyl 1 distances measured in the solid state are thus
merely caused by crystal packing, and a continuum solvation
model such as COSMO-RS can be safely used in our evaluation.

In PhNO,, the solvation free energies of transition state 1™ and
ground state conformer 1a (or 1b), are 6.2 and 4.8 kcal/mol
higher than doubly H-bonded conformer 1c, respectively.
Conformers 1c and 1b are now equally stable (see Table 2). The
calculated free energy of torsion thus decreases from 21.6
kcal/mol in the gas phase to 15.4 kcal/mol, within 0.2 kcal/mol
of the experimental kinetic parameter. Equation 16 with as =
1.4 and Bs = 4.1% returns —6.7 kcal/mol for AAGES,, again in
excellent agreement with the calculated AAGS), term (=6.2
kcal/mol, see Table 2). Like TCE, PhNO, barely affects the
torsional barrier of biphenyl 2 (15.1 vs. 15.2 kcal/mol for
calculated and experimental free energies of torsion,
respectively).

As solvation has a major impact on the torsional barriers of
biphenyl 1, we tested whether an archetypically non-polar
solvent like cyclohexane (¢ = 2.0, as = 0.4 and fBs = 0.6,
calculated from equations 15a and 15b)'” could also lower the
torsional barrier in silico, compared to gas phase conditions. We
found that cyclohexane solvates transition state 17 better than

6 | J. Name., 2012, 00, 1-3

ground state conformer 1c by —2.6 kcal/mol, again in good
agreement with the AAGLL,' term calculated using Hunter’s
formalism and equation 16 (-1.9 kcal/mol). This clearly
illustrates that even a very poor H-bond acceptor and H-bond
donor can solvate strong H-bond donors and acceptors like the
N—H---O=C pair, via dipole-dipole interactions, but also via
dipole-induced dipole interactions. Hunter’s parameters
calculated using equations 15a and 15b are purely electrostatic
in nature, and do not include a polarizability term. This could
cause the mild underestimation, if at all significant, of the
relative solvation term AAGLL, compared to the one obtained
from the COSMO-RS solvation model (0.7 kcal/mol). This
conclusion is further supported by referring to Catalan’s solvent
polarizability scale SP.3> The scale is based on the 0-0
component of the long wavelength t—n* absorption band of a
Ediene chromophore dissolved in solvents of interest. The
chromophore is non-polar in both its ground and excited state,
and therefore SP values are solely influenced by the
polarizability, and not the polarity of the solvent. With the gas
phase and carbon disulfide being used as references (SP =0 and
1, respectively), the SP values of cyclohexane, TCE and PhNO,
are 0.68, 0.77,3% and 0.89, respectively; all three solvents are
highly polarizable. While dipole-dipole interactions certainly
dominate the solvation effects in TCE and PhNO,, dipole-
induced dipole interactions might play a modest role as well.

As DMSO is a much stronger H-bond acceptor than TCE and
PhNO, (@s = 0.8 and fs = 8.9),7 structures 175, 1a and 1b are
much better solvated in this solvent than conformer 1c by 12.2,
9.8 and 8.1 kcal/mol, respectively. This is in excellent agreement
with Hunter’s formalism that returns a AAGL, term equal to
—10.9 kcal/mol (see equation 16). If doubly H-bonded biphenyl
1c were the most stable ground state conformer in DMSO, the
torsional barrier would decrease from 21.6 kcal/mol in the gas
phase to 9.4 kcal/mol in this solvent. However, disruption of at
least one intramolecular hydrogen bond is now favorable in
DMSO, and mono-H-bonded biphenyl 1b becomes the most
stable conformer (by 3.3 kcal/mol compared to conformer 1c).
This extra stabilization of the mono-H-bonded conformer brings
the calculated torsional barrier to 12.7 kcal/mol (within 0.6
kcal/mol of the experimental kinetic parameter, see Table 1).
Like TCE and PhNO,, the impact of DMSO on the torsional
barrier of biphenyl 2 is very mild (0.8 kcal/mol extra stabilization
for the ground state), and the calculated barrier in that solvent
is 14.9 kcal/mol (vs. 15.3 kcal/mol determined experimentally).

We found it surprising that DMSO would not disrupt both
intramolecular hydrogen bonds in the ground state of biphenyl
1 (mono H-bonded conformer 1b is 1.3 kcal/mol more stable
than non-H-bonded conformer 1a). To test this feature
experimentally, we measured the chemical shift gradient of the
NH signals as a function of temperature, and we compared
those with control N’-acyl hydrazide 3 (that does not engage in
intramolecular hydrogen bonding, see Figure 1). Significant
differences in gradients between biphenyl 1 and control 3
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Table 2. Kinetic parameters calculated at the B3LYP/def2-TZVP//M05-2X/def2-TZVP level
in the gas phase as well as in TCE, PANO, and DMSO with the COSMO-RS solvation model.

AE g @ Abra e
Gas TCE PhNO, DMSO
1a 10.1 79  45(-263) 3.1(-26.8) —2.0 (-36.4)
1b 7.3 48  06(-27.1) 0.0(-26.8) —3.3 (-34.7)
1c 0.0 00  0.0(=229) 0.0(-22.0) 0.0 (-26.6)
17 26 216  17.1(-27.4) 15.4(-28.2) 9.4(-38.8)
2a 23 -1.0 -1.8(-22.4) —-2.0(~20.9) -2.2 (-19.7)
2b 16 -15 -3.0(-23.0) -2.9 (-21.3) -3.0(~19.8)
2 0.0 00  0.0(-216) 00(-19.9) 0.0 (-18.4)
21 11.9 125  12.4(-217) 12.2(-20.1) 11.9 (~19.0)
AE¥ b AG* b
1 26 216  17.1(+1.0) 15.4(-0.2) 12.7(-0.6)
2 11.9 140  154(00) 15.1(-0.1) 14.9(-0.4)
AAGES, < 0.0 -45 -6.2 -12.2
AAGE, 0.0 -4.8 -6.7 -10.9

9 Relative to conformer 1c for biphenyl 1, and relative to conformer 2c for biphenyl
2. Absolute free energies of solvation in parentheses. ® From equation 13; in
parentheses: deviation from kinetic parameters determined experimentally. ¢ Free
solvation energy of transition state 17 relative to doubly H-bonded conformer 1c,
calculated with the COSMO-RS solvation model and the COSMOtherm program. ¢
From equation 16. All energy terms in kcal/mol.

would be a strong indicator of intramolecular hydrogen bonding
in biphenyl 1, more so than simple differences in chemical shifts
at a given temperature.??

In TCE and PhNO,, as far as chemical shifts are concerned, the
NHo nuclei of biphenyl 1, that engage in intramolecular H-
bonding, are strongly deshielded compared to the NHa nucleus
of control arene 3 (by +1.12 and +1.79 ppm, respectively, see
green and yellow series in Figure 7a as well as Table S2 in the SI
section). This stands in contrast to the NH[3 nuclei that do not
engage in such an interaction (-0.46 and —0.25 ppm in TCE and
PhNO,, respectively, see green and yellow series in Figure 7b
and Table S2 in the Sl section). NHa and NHf chemical shifts of
doubly H-bonded biphenyl 1c relative to reference scaffold 3
calculated by DFT methods using gauge-independent atomic
orbitals in the gas phase were +1.6 and —1.0 ppm, respectively,
in very good agreement with experimental data. Error sources
are likely (1) the co-existence of doubly and singly H-bonded
conformers in both solvents, and (2) specific solvent
environments at the Hoo and Hp sites.

Gradients measured for NHa in biphenyl 1 are markedly
different from those of reference 3 in both TCE and PhNO,
(relative gradients —6.7 vs —3.9 ppb/K, and —11.6 vs —7.0 ppb/K,
respectively; see the slopes of the regression lines in Figure 7a
and Table S2 in the Sl section). To the contrary, differences in
NHp gradients are much milder in both TCE and PhNO, (-5.1 vs
—3.9 ppb/K and —=7.1 vs —6.5 ppb/K, respectively).

In DMSO, chemical shifts of nuclei NHa in biphenyl 1 and control
3 are very similar (10.12 vs 10.27 ppm at 25 °C, see red series in
Figure 7a and Table S2 in the Sl section). Equally similar are
chemical shifts of nuclei NH3 (9.76 vs 9.81 ppm, see red series
in Figure 7b). The corresponding gradients are almost identical
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Figure 7. Chemical shifts of (a) hydrogens NHa. and (b) NHp in biphenyl 1 (circles) and in
reference phenyl hydrazide 3 (triangles) as a function of temperature. Solvents are TCE-
d? (in green) in PhNO,-d® (in yellow) and in DMSO-d® (in red). See Figure 1 for hydrogen
numbering.

(—4.6 vs —4.9 ppb/K for nuclei NHa; —5.0 ppb/K for NHp in both
substrates). The near zero relative gradients suggest that
intramolecular hydrogen bonding does not operate in DMSO,
and would support structure 1a as being the lowest energy
ground state conformer. As shown above, calculations point to
conformer 1b, with a single intramolecular hydrogen bond, as
the most stable ground state structure. While one could be
tempted to dismiss in silico experiments, we note that (1) all
functionals tested in this study, with and without correction for
dispersive interactions, show conformer 1b as the lowest
energy ground state structure in DMSO, (2) none of these
functionals would return correct free energies of torsion if
conformer 1la were the most stable conformer, and (3)
extensive conformation screening unequivocally afforded
conformer 1a as the most stable structure without
intramolecular hydrogen bonding. We suspect here that mono-
H-bonded conformer 1b is the most stable ground state
structure, but that the strong solvation of the NHa H-bond
donor by DMSO within the intramolecular hydrogen bond
masks the impact of the latter on the chemical shifts and the
gradients. We do acknowledge that the situation is ambiguous,
however.

More than sixty years ago, Graybill and Leffler3® showed that
the free energies of torsion of a biphenyl unit bearing methoxy
groups at its 2 and 2’-position and carboxamides at positions 6
and 6’ are not significantly solvent-dependent (32.2 kcal/mol).
However, enthalpy-entropy compensation was observed, with
enthalpies of activation ranging from 21.5 to 30.6 kcal/mol and
activation entropies from —29 to —7 cal/molK (see Figure 1 in ref.
14 for a plot of the compensation). Narrower ranges were
measured when the carboxamides were replaced with COOCH3
groups. In both cases, the authors could not identify any link
between the nature of the solvent and the activation enthalpies
(or entropies). A similar enthalpy-entropy compensation is
observed here for biphenyl 2, with increasing activation
enthalpies and decreasing entropic penalties as the solvents
become more polar (8.3 to 11.9 kcal/mol and —24 to —12
cal/molK from TCE to DMSO, see Table 2). A higher activation
enthalpy accompanied by a weaker entropic penalty is also
measured for biphenyl 1 when switching the solvent from TCE
to PhNO, (9.0 vs 12.4 kcal/mol, and —24 vs —11 cal/molK,
respectively; the ground state in DMSO is different, therefore
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comparisons are irrelevant). A similar enthalpy-entropy
compensation was very recently observed for amide bond
rotations in 54 N,N-substituted arylamides bearing various aryl
and amide substituents, all recorded in deuterated chloroform.
While the free energy of rotation was 15.7 + 0.2 kcal/mol on
average, the range of activation enthalpies and entropies was
impressive considering the structural similarities of the
scaffolds (0.8 to 18.8 kcal/mol, and —46 to +15 cal/molK,
respectively);3° we suspect that solvation plays a major role in
the compensation, but like all authors so far, we cannot
rationalize these variations.

Accuracy, precision and limitations of the computational methods

We presented here computational data with the selection of
functionals, basis sets and approximations that returned the
torsional barriers closest to the experimental ones. Despite the
remarkable accuracy of our calculated torsional barriers, error
sources should still be discussed, as error compensation is a
common occurrence. We identify at least six possible error
sources: (1) the use of a limited number of ground and
transition state conformers in our evaluation, (2) the type of
functional and basis sets used in the gas phase optimization and
the frequency calculations, (3) the higher level functional and
basis sets used in single-point energy refinements, (4) the
scaling (or non-scaling) of vibrational frequencies, (5) the
possible refinement of the rigid rotor harmonic oscillator
approximation to calculate the entropy contribution of low
frequency vibrational normal modes, and (6) the
parametrization of the method used to calculate solvation
energies.

As far as error source (1) is concerned, barriers were also
calculated using a larger set of possible conformers (8 ground
states and 7 transition states), compared to just structures 1a —
1c, 175, 2a — 2c and 275. The error caused by using this smaller
set (which is much easier to describe) is below 0.2 kcal/mol.

A clear trend emerges for error sources (2) and (3). Functionals
tested in this study are presented in Table 3. Some were
corrected with the D3(BJ)*%*! dispersive term. Ahlrichs basis
sets def2-TZVP*2 were used in all cases. Optimization and single-
point energy refinement using functionals without a dispersive
component severely underestimate the torsional barrier of
biphenyl 1 (-2.4, —1.9 and -1.1 kcal/mol in TCE, PhNO, and
DMSO, respectively). This is likely due to an underestimation of
the strength of the intramolecular hydrogen bonds in the
ground state. To the contrary, when both functionals take into
account dispersive interactions, the barrier is overestimated in
TCE and PhNO, (+1.9 and +1.3 kcal/mol), and within 0.4
kcal/mol of experimental data in DMSO. This could suggest that
dispersive terms overestimate the strength of the hydrogen
bonds. The best combination in this case was to optimize
structures with functionals uncorrected for dispersion, and to
refine the energy with functionals that account for dispersion
(average errors +1.3, +0.4 and —0.6 kcal/mol in TCE, PhNO, and
DMSO, respectively). The B3LYP//M05-2X combination
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afforded the most accurate barriers, as the MO05-2X
parametrization does account for some mid-range, dispersion-
type interactions.*344 It has also been shown to perform well in
the calculation of barrier heights.?>%> Adding the explicitly
dispersion-related term D3 to the M05-2X functional adds 1.2
kcal/mol to the free energies of torsion, which are then
overestimated. This is likely due to some double counting of the
dispersive interactions**44 in the intramolecular hydrogen
bonds. The trends in biphenyl 2 are not as pronounced (errors
< 1.0 kcal/mol), but they are reversed. Also, we note that the
typically highly accurate** double hybrid functionals DSD-
PBEP86-D3(BJ) and DSD-BLYP-D3(BJ) do not improve the
accuracy of the torsional barriers over the M05-2X functional in
single point calculations.

Table 3. Functionals used for geometry optimization and single-point energy
calculations, both in the gas phase. Basis sets are def2-TZVP.

Optimization Single point calculations
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TPSS46-D3(BJ)*041
B3LYP*-D3(BJ)

MO05-2X?*; PW6B9547-D3(BJ); DSD-PBEP86*-D3(B)J)

B3LYP MO05-2X; M05-2X-D3(0)05; DSD-BLYP>2-D3(BJ)
PBEOQ%354 MO05-2X
BPS5-57 MO05-2X

A scaling factor of 0.985 was used for vibrational frequencies
computed with the B3LYP functional, while no scaling was
applied to all other functionals (error source 4). The impact of
scaling on the torsional barriers was insignificant (< 0.02
kcal/mol).

To address error source 5, we refined the entropic contributions

of frequencies below 100 cm? with the free-rotor
approximation using Grimme’s method.® However, very
surprisingly,  this  refinement caused a  significant

underestimation across all tested functionals of the torsional
barrier of biphenyl 2 (-1.8 vs —0.4 kcal/mol on average). The
under- and overestimations of the biphenyl 1 barriers in the
absence or presence of dispersion corrections were also
The RRHO approximation, regardless of
frequency, was thus chosen to better match experimental
barriers. A controversial>®%° source of error could also be the
use of vibrational frequencies calculated in the gas phase and
not in solution (i.e. calculated in conjunction with a continuum
solvation model). The alteration of vibrational degrees of
freedom by the solvent and its impact on the entropic terms is
thus neglected; however, Klamt and coworkers show that this
effect is taken into account later when free energies of solvation
are calculated using the COSMOtherm program.31.5°

exacerbated.

As far as errors related to the solvation term are concerned
(error source 6), the quality of the solvation free energies relies
on the adequacy of the parametrization of the COSMOtherm
program to evaluate our intramolecularly hydrogen bonded
structures, a notoriously difficult task.**>¢ We suspect that this
uncertainty could be responsible for some of the unexpected
trends described above. Overall, it is possible that our most
accurate method (optimization and a strictly RRHO-based
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vibrational analysis with the B3LYP functional, followed by
single-point energy calculations with the M05-2X functional)
benefits from some error cancellation after addition of the
solvation term. In any case, for this pair of biphenyls, the
method is highly accurate (mean deviation for both biphenyls 1
and 2 in all three solvents is —0.08 kcal/mol), and also very
precise (root-mean-square deviation is 0.55 kcal/mol). We also
attempted to replicate the impact of DMSO concentration in
PhNO, on the torsional barrier of biphenyl 1, by calculating with
COSMOtherm the solvation energies of the lowest energy
ground and transition states (structures 1b and 1) in the 13
mixtures of PhNO, and DMSO presented in Figure 4.
Outstanding accuracy was observed throughout the series, with
errors consistently lower than 0.1 kcal/mol (see Table S1 in the
Sl section).

Conclusions

The fast and counterintuitive torsional isomerization of
biphenyl 1 (at least at first sight) illustrates the multiple hurdles
that hydrogen bonding interactions must face to provide extra
stability to small molecules, supramolecular assemblies and
larger entities such as proteins — and this even in non-aqueous
environments. While the strength of the pair of intramolecular
hydrogen bonds in conformer 1c amounts to approximately 8
kcal/mol, polar solvents like PhNO,, or polarizable ones like
both TCE and PhNO,, provide 5 — 6 kcal/mol of additional
stability to the separated hydrogen bond donors and acceptors
at the transition state by a combination of dipole-dipole and
dipole-induced dipole interactions between the solute and the
solvent. As (1) the ground state conformation of biphenyl 2
(conformer 2b) is less entropically penalizing than “wrapped”
conformations 1c and 2c (a net gain of 1.5 kcal/mol), and (2) TCE
and PhNO, solvate conformer 2b slightly better than its
transition state 2™ (by 1.1 — 1.4 kcal/mol), the torsional barrier
of biphenyl 1 is counterintuitively within 1 kcal/mol of that of
reference biphenyl 2. When the very strong hydrogen bond
acceptor DMSO is used as solvent, at least one intramolecular
hydrogen bond is disrupted in the ground state of biphenyl 1,
and the torsional barrier decreases further by approximately 3
kcal/mol compared to TCE. As a consequence, and again
counterintuitively, biphenyl 1, that is stabilized by one
intramolecular hydrogen bond (see conformer 1b in Figure 5)
rotates along its C,n-Caryi axis approximately 30 times faster
than reference biphenyl 2 (see Figure 6), despite both of them
being isosteric and ground state conformer 2b mimicking the
geometry of conformer 1b perfectly.
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