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Abstract

The frequency of biaryl substructures in a database of approved oral drugs has been analyzed. This
led to designation of 20 prototypical biaryls plus 10 arylpyridinones for parameterization in the
OPLS all-atom force fields. Bond stretching, angle-bending, and torsional parameters were
developed to reproduce the MP2 geometries and torsional energy profiles. The transferability of
the new parameters was tested through their application to three additional biaryls. The torsional
energetics for the 33 biaryl molecules are analyzed and factors leading to preferences for planar
and non-planar geometries are identified. For liquid biphenyl, the computed density and heat of
vaporization at the boiling point (255 C) are also reported.

1. INTRODUCTION

Biaryls, compounds with two aryl rings connected via one single bond, are chemical
fragments that are often found in drugs and drug-like compounds. Many top selling drugs
contain biaryl fragments, including Lipitor, Crestor, Diovan, and Celebrex. Brameld et a/.
analyzed the Prous database and found that biphenyl and 5-phenyl-1H-tetrazole were the
third and seventh most frequently observed cores in compounds entering phase I clinical
trials.> Our laboratory has also had high interest in biaryls since they arise regularly in our
inhibitor design efforts, e.g., for fibroblast growth factor receptor 1 (FGFR1) kinase,? the
von Hippel-Lindau E3 ubiquitin ligase/HIF-1a interaction,3 and Plasmodium falciparum
macrophage migration inhibitory factor (MIF).# Biaryl cores also emerged in the
development of agonists of human MIF-CD74 binding.® The effectiveness of synthetic
methods to produce biaryls, such as the Suzuki® and Ullmann couplings,’ facilitates
inclusion of biaryl substructures in small molecule screening libraries, which over time can
be expected to lead to more biaryls being reported as core structures in biologically active
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The molecular geometry of the prototypical case, biphenyl, has been studied extensively,
both theoretically®® and via electron diffraction.1% Theory and experiment concur on the
location of the energy minimum; however, agreement on the torsional energy barriers has
been challenging.8 Geometries and rotational barriers for some substituted biphenyls have
also been studied through electron diffraction,11-14 NMR, 1> and computation.16 For biaryls
incorporating heterocycles, little experimental data on torsional energetics is available, while
there have been some computational studies, e.g., for 2,2"-bipyridine,1” 2-phenylpyridine,’
and 4,4"-bipyridine.® Though X-ray single crystal data can provide comparisons with
computed molecular geometries, crystal packing effects can be considerable.19 This causes
dihedral distributions of biaryls, such as substituted biphenyls, to be shifted towards planar
structures in comparison to the gas phase.

Accurate description of biaryl geometries and torsional energetics is important for molecular
modeling since it is frequently employed in the identification and optimization of
biologically active compounds.2® For calculations on biomolecular systems including
protein-ligand complexes, the modeling typically uses molecular mechanics force fields,
which require parameterization to reproduce observed structures and properties for both
isolated molecules and condensed-phase systems.2! Clearly the preferred planarity or non-
planarity of a biaryl system and the associated torsional barriers are of great importance in
gauging the binding affinity of a biaryl-containing ligand. The present study was undertaken
to improve the accuracy of the OPLS force fields?? for treating molecules containing such
substructures. The parameterization for the structures and torsional energetics has been
based on results of ab initio calculations for more than 30 biaryl systems. The results are
also of value as a quick reference for molecular designers and for the improvement of other
force fields.

2. COMPUTATIONAL DETAILS

Torsional energy profiles were calculated using Gaussian09.23 Geometries of the
compounds were optimized at different fixed aryl-aryl dihedral angles, using dihedral scans
at the MP2(full)/6-311G(d,p) level. Single point energies were subsequently calculated for
all geometries at the MP2(full)/aug-cc-pVTZ level. For the negatively charged tetrazole, the
dihedral scan was performed at the MP2(full)/6-311G++(d,p) level. Calculations at similar
levels have been found to yield highly accurate results for conformational energetics.?4

Force fields use atom types to designate parameters. For OPLS, two letter codes are
employed such as CT, CA, and HA for a saturated carbon, aromatic carbon in a six-
membered ring, and a hydrogen attached to an aromatic carbon. Then, bond stretching, angle
bending, and torsion parameters are represented by pairs, triples, and quadruples of atom
types such as CA-CA, CA-CA-HA, and CA-CA-CT-CT. The relevant OPLS atom types
used here are illustrated by the ring templates in Figure 1; the atom types are assigned
automatically by the BOSS program,® which was used for all force field calculations. CM
and C= are the atom types for alkene carbons and C2 and C3 in 1,3-dienes, while C!
designates the ipso carbon for biphenyl-like junctions. New atom types are only introduced
when necessary to avoid errors in structures or conformational energetics. For example, if
CA were used for the ipso carbons in biphenyl, the inter-ring bond length (CA-CA) would
be the same as for a C-C bond in benzene; there also has to be a significant difference
between the CA-CA-CA-CA and CA-C!-C!-CA torsional parameters.

The OPLS-AA atom types and parameters for azines, azoles, oxazoles, and furan were
previously reported.28 The possible carbon symbols are CW, CS, CR, CU, and CV (Figure
1). When a 6-membered arene is attached to a 5-membered heterocycle, a special atom type
like C! is not needed at the junction for the 5-membered ring, e.g., occurrence of a C!-CW or
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C!-CS is unambiguous in referring to the inter-ring connection. Only two modifications to
the former atom types were introduced here. An unsubstituted pyrrole nitrogen remains an
NA, while one with an aryl or saturated substituent is now NX or NS, and C2 in thiophenes
is now a CP instead of the CW of a furan or pyrrole. Satisfactory structures and torsional
profiles could not be obtained without these additions. The new bond stretching and angle
bending constants typically only required small adjustments to previously reported values to
yield improved agreement with the MP2 results. The default Lennard-Jones parameters for
NX and NS (3.25A, 0.17 kcal/mol) and CP (3.55, 0.07) are unchanged from those for NA
and an aromatic carbon, e.g., CA, CS, CV, or CW. The focus was primarily on deriving
torsion parameters for the biaryl junctions. For the intra-ring torsional energetics, standard
OPLS-AA dihedral parameters are used to promote planarity.22:26

There are two OPLS all-atom force fields, OPLS-AA and OPLS/CM1A.220 The latter is the
general force field for arbitrary organic molecules in which the partial atomic charges are
taken from CM1A calculations.2” The CM1A charges are scaled by a factor of 1.14 for
neutral systems in order to maximize the agreement between computed and experimental
free energies of hydration for small molecules.?2? All other parameters (bonded and non-
bonded) are taken to be the same for OPLS-AA and OPLS/CM1A. Scaled CM1A charges
were used for the present molecules to be consistent with the normal practice for
representation of designed molecules in ligand optimization projects.20 The partial charges
are computed with a BOSS script, which executes several cycles of energy minimization and
CM1A calculations until the charges converge for the lowest-energy conformer. OPLS/
CM1A torsional energy profiles are computed with the “dihedral angle driving’ feature in
BOSS. The torsional energy consists of the Fourier series sum over all dihedral angles in eq
1. The present fitting focused on the Fourier coefficients for the inter-ring dihedral angles.
The target for them is to make up the difference between the computed MP2 energy profile
and the OPLS/CM1A one with these Fourier coefficients set to zero. The optimal choices
were determined by ordinary least-squares
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regression analyses. Resulting Fourier coefficients below ca. 0.05 kcal/mol in magnitude
were set to zero.

For symmetrical cases like biphenyl, only one dihedral parameter had to be fitted, e.g., CA-
CI-CI-CA. For unsymmetrical case like 3-phenylfuran, the two dihedrals CA-C!-CS-CS and
CA-CI-CS-CW were treated as equal and the same parameters were assigned for both. The
analogous CA-C!-CS-CP of thiophene was also assigned to be the same as CA-C!-CS-CS
and CA-C!-CS-CW. For 2-phenyl substituted furans, thiophenes, and pyrroles the CA-C!-
CW-CS parameters were also taken to be the same as CA-C!-CS-CS. In this way, only CA-
CI-CW-0S, CA-CI-CW:-S, and CA-C!-CW-NA had to be optimized. When such
equivalences were invoked, a compromise was sought that would yield a good fit for all
affected molecules. The biaryl torsions involving the imidazole C2-NH atoms (CR-NA) in
aryl-imidazoles were assigned the CW-NA parameter from the corresponding aryl-pyrrole.
For example, the parameters for the CA-C!-CW-NA were taken to be the same as for CA-
CI-CR-NA. Thus, only the torsions involving CR-NB had to be parameterized for aryl-
imidazoles. For pyridinone connected at C! to the 3-position of furan, individual parameters
had to be assigned to the NA-C!I-CS-CS and NA-C!-CS-CW dihedrals, while it was possible
to use the NA-C!-CS-CS parameter for the NA-C!-CW-CS torsion. Parameters for the
dihedrals involving the C=and C! atoms of pyridinone were assigned the same values as for
the corresponding phenyl fragments, i.e. the C=-C! string is treated to be equivalent to CA-
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C! for dihedral parameters. In this way, parameters for a maximum of two dihedral angles
had to be fitted for the substituted pyridinones.

3. RESULTS AND DISCUSSION

To assess the diversity of biaryl structures in pharmacologically relevant molecules, we
analyzed a database of oral drugs. Specifically, the database was assembled by adding the
ca. 200 FDA-approved entries for 1998-2012 to the compilation of ca. 1800 oral drugs for
1937-1997 from Proudfoot.28 The new entries came mostly from Annual Reports of
Medicinal Chemistry, which includes specifications on administration.2® Visual inspection
of the database and substructure search identified 100 drugs (5%) containing at least one
biaryl fragment. As summarized in Figure 2, the four most frequent biaryl fragments are
biphenyl, 5-phenyl-1H-tetrazole, 1-phenyl-1H-pyrazole, and 3-phenylisoxazole. In all, 64
unique biaryl fragments were found in the database. Biaryls consisting of two six-membered
rings (6:6) or one six-membered ring and one five-membered ring (6:5) were the most
frequent. 26 biaryls included fused bicyclic ring systems, though no specific one occurred
more than twice. Curiously, no 5:5 biaryls were found among the oral drugs, which may
reflect historical synthetic limitations. Notable exceptions are arotinolol, which is not FDA-
approved, and bleomycins, which are not oral drugs. They contain 4-(thiopen-2-yl)thiazole
and 2,4’ -bithiazole substructures.

Based on these observations, 20 well represented 6:6 and 6:5 biaryls were selected for
parameterization (1-20 in Figure 3). In addition, as part of an ongoing effort to develop
improved inhibitors of the von Hippel-Lindau E3 ubiquitin ligase/HIF-1a interaction, we
have been exploring 6-arylpyridinones as alternatives to previous biaryl cores.3
Arylpyrimidinone substructures have also been featured in some of our FGFR1 kinase
inhibitors.2 Furthermore, 6-aryl-pyridinones have been reported as orally active inhibitors of
the EP3 receptor,30 and as core structures of different non-peptidic inhibitors of human
leukocyte elastase3! and interleukin-1p converting enzyme.32 Thus, ten 6-aryl-pyridinones
were also selected for parameterization (21-30 in Figure 3).

As noted above, three new atom types were added for biaryls (Figure 1). Atom type NX was
specifically needed to distinguish between an internal pyridinone C!-NA bond (1.38 A) and
an inter-ring bond between a pyridinone C! atom and an NA atom of an N-substituted
heterocycle (1.44 A, Figure 4). Nitrogen atoms in rings with substituents other than a
hydrogen atom or an aromatic ring are assigned atom type NS. This provided beneficial
flexibility for torsional parameterization of the biaryls containing A-methylpyrrole or 1H-
pyrrole. Finally, atom type CP was needed to distinguish C2 and C5 of thiophenes from the
corresponding atoms in pyrroles and furans. This enabled the addition of new bond
stretching and angle bending parameters, specific for thiophenes, which significantly
reduced former high internal strain energies. Overall, the new bond stretching (Table S1)
and angle bending parameters (Table S2) were set to reproduce average values from the
MP2 optimized geometries of the relevant biaryl fragments (see Supporting Information). A
few existing parameters were also modified to reduce angle-bending strain, such as the NA-
CR-NB angle of imidazole and histidines. The effect on geometries is not large, e. g., the N-
C-N angle in imidazole is reduced from the former 113° to 110°.

Torsional Energetics

The results for biphenyl (1) are given in Figure 3 and Table 1. The optimal dihedral angle
from the MP2 calculations is 43.4°, which agrees well with the experimental value and
results from other high-level calculations.8 The present results yield a slightly higher energy
barrier at 90° (2.2 kcal/mol) than at 0° (2.1 kcal/mol) in accord with the observed pattern.
There has been some controversy on this point, though the highest level results indicate
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barriers at 0 K of 1.9 and 2.0 kcal/mol, respectively.® Regression fitting of the Fourier
coefficients in eq 1 gave Vo = 1.97 for CA-C!-C!-CA (Table S3) and an essentially perfect
fit between the MP2 and OPLS/CM1A energy profiles (Figure 3). Zero-point energy
corrections have not been made for the present energy profiles. For biphenyl, the corrections
are in the range of 0.1 kcal/mol.®

Ultimately, 30 new OPLS dihedral parameters were developed for the 30 biaryls (Table S3)
yielding the energy curves illustrated in red for 1-30 in Figure 3. The occurrence of small
coefficients was minimized, especially for V4 terms. Such coefficients were nullified if there
was little or no effect on the torsional profiles. For instance, a perfect fit between the OPLS/
CM1A relative energies and the MP2 results could be obtained for 25 with a small V4 term
for NA-C!I-CW-0S; however, the fit in Figure 3 with no V4 component was judged to be
more than adequate. For most of the cases, it was only necessary to introduce V; terms. A
few of the biaryls with more complicated torsional energy surfaces and non-planar minima,
such as for 8 and 12, required a V4 term. However, many of the aryl-pyridinones (21-30) are
comparatively asymmetric and yielded complex torsional energy profiles that often required
V1, V5, and V3 terms, e.g., for 24, 26, and 28. The complexity is such that it is clear that
force fields are not going to represent such systems well in the absence of detailed
parameterization.

A literature search was also done for single molecule X-ray data of molecules containing
any of the fragments 1-30 that were unsubstituted in the ortho positions. The observed
biaryl torsion angles are compared with the results of energy minimizations using the force
field parameters in Tables S1-S4. There is good agreement between the computed and
crystallographic results, especially since the gas and solid phases are being compared. Three
systems (2, 9, 11) prefer to be nearly planar, while the other three (10, 12, 21) are twisted by
about 30°. Though patterns are discussed more below, it can be noted that the twisted ones
have either the full complement of four ortho hydrogens or, for 12, clear electrostatic
repulsion in the planar form.

Testing for Additional Cases

There are many biaryl fragments in the oral drugs database that were not explicitly
parameterized. The transferability of some of the parameters was tested by calculating
OPLS/CM1A torsional profiles for three additional biaryls, 31-33, in Figure 5. 5-
Phenyl-1H-tetrazole (33) is the second most frequent biaryl fragment with seven
occurrences in the database of oral drugs (Figure 2). 2-Phenylpyridine (31) was found twice
and there was one appearance of 6-phenyl-1,2,4-triazine (32). The requisite torsions for 2-
phenylpyridine (31) and 6-phenyl-1,2,4-triazine (32) have the CA-C!-C!-CA and CA-C!-C!-
NC patterns derived for biaryls 1 and 2, while 5-phenyltetrazole (33) uses the CA-C!-CR-
NB parameters derived from biaryl 9. 5-Phenyl-1H-tetrazole has a pK; of about 4.5 and can
be expected to be deprotonated under physiological conditions,*! so the deprotonated
tetrazole 33 was of prime interest. MP2 torsional energy profiles were computed in the same
manner as above for 31-33. As shown in Figure 5, there is good accord between the MP2
and OPLS/CM1A results for the positions of the energy minima and barriers and for the
shapes of the barriers. The barrier heights are underestimated with OPLS/CM1A by ca. 0.5 -
0.8 kcal/mol. Thus, no qualitative errors are apparent, though the transitions between
conformers would be somewhat accelerated in these cases.

In developing the OPLS force fields, testing has included performance in simulations of
pure organic liquids including benzene and monocyclic heterocycles.?2:26 The present biaryl
molecules are all solids at room temperature, and there is a dearth of experimental data on
their liquids. For biphenyl, the melting point is 71 C, the boiling point is 255 C, and the heat
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of vaporization at the boiling point was reported in 1929 as 11.47 + 0.05 kcal/mol.*2 We did
run Monte Carlo simulations of liquid biphenyl at 255 C and 1 atm using standard
protocols,?? including a periodic cube with 267 monomers and 12-A non-bonded cutoffs.
The resultant heat of vaporization with the OPLS-AA force field is 11.53 + 0.07 kcal/mol
and the computed density is 0.8081 + 0.0022 g cm~3. With OPLS/CM1A the corresponding
values are 12.91 + 0.09 kcal/mol and 0.8389 + 0.0022 g cm~3. The only difference between
OPLS-AA and OPLS/CM1A is the partial atomic charges. For the CH units in biphenyl the
charges are £0.115 e with OPLS-AA and ca. £0.15 e with OPLS/CM1A, which is consistent
with the pattern in the computed heats of vaporization and densities.

The importance of twist

Detailed knowledge of molecular geometry is essential for medicinal chemists. During the
course of a lead identification or lead optimization campaign a chemist might be considering
the effect of replacing one aryl ring in a biaryl fragment with another. In addition to changes
in molecular properties, change in the biaryl core can affect the molecular geometry with
concomitant effects on intermolecular interactions. For instance, an N-phenylpyrrole core
(10), which has an optimal dihedral angle of 40°, can convert to favor planar structures upon
replacement of the pyrrole with an imidazole (9) or pyrazole (11) ring. For less symmetric
cases such as pyridinones substituted with an asymmetric aryl such as 2-furanyl, it is also
important to have knowledge of the pseudo £ 2 preference. This is apparent for 25 in Figure
3, where the preference is seen to be reversed for the 2-pyrrolyl analog 27. Below, biaryl
fragments are classified into planar or non-planar categories and the preferences are
rationalized. Key factors determining the preference for planarity or non-planarity of biaryls
are steric clashes between substituents attached to ortho atoms and electrostatic interactions
between the ortho groups.

Non-planar biaryls

All biaryls investigated (1 — 33) with two hydrogen or other atoms attached to the ortho
positions on both rings are non-planar. This can be attributed to steric clashes between the
ortho groups that are relieved upon rotation to non-planar geometries. The preference is
stronger for 6:6 systems (1, 21) than for 6:5 ones owing to the increased bond angles to the
5-membered ring. The barrier at 0° is very small for most 6:5 cases with four ortho hydrogen
atoms, i.e., 3,4, 7, 23, 24, 27. Of course, the energy barrier at 0° can be much increased by
adding bulkier substituents to the ortho positions, as in 8 vs. 7 and 28 vs. 27.

Non-planarity is also induced when there is significant electrostatic repulsion between
heteroatoms in the 2- and 2”-positions. 2,2”-bipyrimidine (12) is an example that lacks ortho
steric clashes, but prefers to be twisted to diminish the N-N electrostatic repulsions. Related
6:5 systems with the 2-2 electrostatic interactions all repulsive are also expected to favor
non-planar geometries, e.g., 2-(pyrimidin-2-yl)oxazole. Electrostatic effects are also overlaid
on the steric preference for a non-planar geometry for 27; the pseudo- £ conformation with
the two NH groups anti is preferred by ca. 1.5 kcal/mol over pseudo-Z.

Planar biaryls

Biaryls favor planar geometries when there is one or more unsubstituted heteroatom in the 2
or 2’ positions and there is at least one favorable electrostatic interaction. For the 6:6
systems, 2-phenylpyrimidine (2) is strongly planar, while any barrier at 0° for 2-
phenylpyridine (31) or the triazene 32 is miniscule. 6:5 biaryls that lack one or more
hydrogens at ortho positions are normally planar and those with four ortho hydrogens have
very small barriers to planarity. Thus, 2-phenylfuran (5), 2-phenylimidazole (9), 1-
phenylpyrazole (11), 13- 17, 19, 20, 25, 29, and 33 are all favor planar geometries. The
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non-planarity of 26 is a bit surprising; it appears that sulfur is more dominated by steric
effects than possible electrostatic ones. For 29, the planar conformer with the NH groups
anti is also expected to be strongly favored to optimize the 2-2” electrostatic interactions.
The greatest preferences for planarity and largest rotational barriers, ca. 10 kcal/mol, occur
when there is a lack of ortho hydrogen clashes and strong electrostatic reinforcement for
planar structures, e.g., for 17, 20, and 22.

4. CONCLUSIONS

Biaryl substructures are found in many drugs and drug-like compounds. In our analysis, 100
oral drugs out of ca. 2000 were found to contain at least one of 64 unique biaryl fragments.
The torsional energetics of 20 prototypical biaryls and 10 additional arylpyridinones were
designated for investigation with MP2 calculations to provide a basis for parameterization of
the OPLS all-atom force fields. The torsional parameters developed from this set are
representative of the majority of the biaryls in the oral drugs database. In addition to the
optimization of the torsional parameters, new bond stretching and angle bending parameters
were also created to reproduce the MP2-optimized geometries. Using the new parameters,
the torsional energy profiles from OPLS/CM1A force field calculations are in close
agreement with the MP2 profiles (Figure 3). It was also shown that the new parameters were
capable of reproducing well the MP2 torsional energy profiles for three additional biaryls
that were not in the original set of 30. General observations on the structural features that
lead to preferences for planar and non-planar geometries of biaryls were also identified. This
information should be of value to the molecular design community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
OPLS atom types for prototypical aryl rings.
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The 64 biaryl fragments found in the database of oral drugs. The number of occurrences of
each fragment is given below the structure. Each fragment got a maximum of one count per
drug.
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Structures and torsional energy profiles for the indicated dihedral angles of biaryls 1-30.
Blue dots represent the MP2 single point energies and the red solid lines are the OPLS/
CM1A energy profiles obtained using the new parameters. The four starred atoms indicate
the dihedral angle for which the relative energies are plotted.
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Atom type NX was added to allow a longer bond between pyridinones and aryls (1.44 A),
while keeping a shorter bond for the internal pyridinone C!-NA bond (1.38 A).
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Transferability of some of the dihedral parameters was evaluated by comparing computed
OPLS/CM1A energies (red line) with MP2 results (blue circles) for three additional biaryl
fragments found in the oral drugs database.
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Table 1
Experimental and Calculated Optimal Dihedral Angle and Rotational Barriers (kcal/mol) for Biphenyl.

Method opt. ¢ AE(p=0) AE(p=90)

MP2(full)/aug-cc-pvTza 434 2.09 2.21

experimental® 444+12 14%05 16405

aMPZ(fuII)/aug—cc—pVTZ energies, using geometries optimized at the MP2(full)/6-311G(d,p) level.

bRef. 10, 14.
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X-Ray Data for Biaryl Dihedral Angles in Small Molecules Containing any of the Fragments 1-30%

Table 2

Fragment ID  PoPLSCMIA  PX-ray Ref.
2 0.0° 12.5° 33

9 0.0° 0.0° 34

10 44.6° 31.0° 35

11 155° 48°-10.1°  36-38

12 32.7° 36.3° 39

21 375° 26.8°—29.5° 40
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