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Atropisomerism, Biphenyls, and Fluorine: A
Comparison of Rotational Barriers and Twist

Angles
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1. Introduction

Axially chiral biaryl compounds are attracting more and more
attention. One reason is the growing number of known biolog-
ically active natural products that contain the biaryl motif!" (for
example, vancomycin, steganone, and michellamine™?). Fur-
thermore, the stereogenic axes provide rigid molecular frame-
works for highly efficient tools in asymmetric synthesis,”® such
as chiral ligands like BINAP® and Meo-BIPHEP" just to men-
tion two of the most prominent ones. The biaryl core is also
commonly encountered in the liquid-crystal field, where its de-
rivatives have found commercial application.” Moreover, the
biphenyl unit belongs to the group of six or seven privileged
structures,” reputated to be “safe bets” in pharmaceutical re-
search because they guarantee versatility and high hit rates.
The stretched and slim shape of this aromatic unit enables it
to intercalate in the empty space between transmembrane-re-
ceptor helices and to be recognized as an unnatural ligand.
For example, the biaryl unit is a key feature in the sartan
family of drugs for high blood pressure: losartan (Merck,
Sharpe and Dohme trademarks: Cozaar, Lorzaar), valsartan (No-
vartis trademark: Diovan), irbesartan (Bristol-Myers Squibb
trademark: Aprovel), or candesartan (Astra trademark: Ata-
cand).®

Similarly, the biaryl unit can dive into deep pockets or long
clefts of enzymes. In this way, 3'- and 4’-substituted biphenyl
derivatives were recognized as extremely potent 17a-hydroxy-
lase-C17,20-lyase (P-450,,) inhibitors.”! They could become
promising substances for the treatment of steroidal-hormone-
dependent cancers, in particular prostate cancer."”

In view of the increasing importance of axially chiral biaryls,
attention has to be paid to the stereoisomerism, called atropi-
somerism, that arises from the hindered rotation about the
sp’-sp” carbon-carbon single bond. In this article, the influ-
ence of fluorine, the only element capable of mimicking hydro-
gen by virtue of comparable size (“isosterism”),"" will mainly
be considered, in particlular how it alters the electronic and
geometric properties of the biaryl unit.

2. Rotational Barriers of Fluorinated and Non-
fluorinated Biphenyls

Christie and Kenner were the first to separate axially chiral bi-
phenyls in 1922.'% The separation of stereoisomers at room
temperature requires energy barriers of at least 22 kcalmol™.

644

The rotational barrier of biaryl derivatives depends on the
nature, position, and number of the substituents. The unsubsti-
tuted biphenyl has a rotational barrier of approximately 2 kcal-
mol™". Increasing bulkiness of substituents in the ortho posi-
tions causes increasing conformational stability as a result of
steric interactions in the coplanar transition state. The majority
of tetra-ortho-substituted biaryls have a rotational barrier suffi-
ciently high to prevent racemization of the atropisomers at
room temperature. Atropisomeric tri-ortho-substituted biaryls
frequently racemize above room temperature and di-ortho-
substituted biphenyl can only be resolved when both substitu-
ents are large."?

Grein calculated the rotational barrier of substituted biphen-
yls using the B3LYP6-3114-G* formalism."” In Table 1, the influ-
ence of halide substitution on the rotational barrier is illustrat-
ed for mono- and di-ortho-substituted biphenyls. As expected,
the rotational barrier increases from the smallest halogen to
the heaviest halogens. Since the van der Waals radius of the
fluorine atom is only 0.27 A larger than that of the hydrogen
atom! (see Table 2), one anticipates only a small increase in

Table 1. Calculated (B3LYP6-311+ G¥) rotational barriers (AE®") for biphen-
yl, 2-mono-, and 2,2'-disubstituted biphenyls."”
Compound AEY™® Compound AESS
[kcalmol™'] [kcalmol™"]
F
) ws
F
F
Cl
Cl
Cl
Br.
Br
Br
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Table 2. van der Waals radii (r) of hydrogen and first-period elements.!

Tyaw [A]

1.20
1.47
152
155
1.70
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the rotational barrier upon substitution with a fluorine atom.
This is true in the case of mono- and difluoro-substituted bi-
phenyls. The increase in rotational barrier is more pronounced
for the heavier halogens.

Sternhell and co-workers determined the rotational barriers
of numerous ortho-substituted 6-aryl-1,1,5-trimethylindanes by
dynamic NMR spectroscopy." The results are summarized in
Table 3. The study by Sternhell’s group offers the possibility to

Table 3. Rotational barriers (AG*") of ortho-substituted 6-aryl-1,1,5-trime-
thylindanes."”
s
H,;C
R AGSs [kealmol™']
10.6
F 14.2
cl 18.8
Br 19.8
| 20.6
OCH, 16.0
CH, 19.3
CF, 21.9
CH(CH,), 222
CeHs 176

estimate the rotational barriers of 2,2"-disubstituted biphenyls
as the sum of additive contributions, designed as interference
values (see Table 4). These interference values have, in fact, a

Table 4. Interference values (I,1") of Sternhell and co-workers for the rota-
tional barriers of biphenyls.!""!

Interacting 5! Interacting 5!

group X [kcal mol~"] group X [kcal mol~"]
H 1.0 CH, 9.7

F 4.6 SCH; 9.9

CN 6.1 Br 10.2

OCH, 6.4 NHCH, 10.6

NO, 7.7 [ 10.9
N(CH), 7.8 Si(CH5), 13

CeHs 7.9 CF, 12.1
COOCH, 8.2 CH(CH,), 12,6

a 9.1 C(CHy), 183
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high predictive capacity, as Sternhell and co-workers showed
by comparing the predicted rotational barriers with experi-
mentally accessible values.

The apparent sizes of substituents roughly parallel the van
der Waals radii." It can be seen, whenever comparison can be
made with either the van der Waals radii derived from crystal-
lographic data or with effective sizes obtained by Charton,”
that fluorine (Table 3, 14.2 kcalmol™), although halfway be-
tween a hydrogen atom and a methyl group in size, falls closer
to the unsubstituted congener (Table 3, 10.6 kcalmol™) than
the methyl-substituted one (Table 3, 19.3 kcalmol™) in its rota-
tional barrier. The influence of a trifluoromethyl group on the
rotational barrier also becomes obvious from the values in
Table 3. Actually, the rotational barrier of the trifluoromethyl-
substituted derivative (21.9 kcalmol™) is slightly less than the
rotational barrier of the isopropyl-substituted congener
(22.2 kcalmol™). The trifluoromethyl group is often claimed to
be “at least as large as isopropyl”."® However, one must con-
sider, that a trifluoromethyl group is rotationally symmetrical
about its C—C bond axis, a fact that does not hold for an iso-
propyl group. In the planar biphenyl transition state, the iso-
propyl group may be oriented in a more favorable conforma-
tion, with the bulky methyl groups facing away from the ortho’
position. This means, in terms of “effective bulk”, that the ani-
sotropic isopropyl group appears to be only slightly larger
than the isotropic trifluoromethyl group, although the latter
occupies a smaller volume. The calculated van der Waals
volume of the trifluoromethyl group (V,qw=239.8 A® per sub-
stituent) is substantially smaller than that of the isopropyl
group (V,qy=56.2 A% per substituent) and lies almost exactly
halfway between an isopropyl and a methyl group (V,gw=
21.6 A3 per substituent). Thus, a trifluoromethyl group would
be comparable by volume, but not by shape, to an ethyl
group (V,qw=238.9 A* per substituent).

According to Table 4, the interference values for a methyl
group (9.7 kcalmol™) and a tert-butyl group (18.3 kcalmol™)
allow, with assumption of a linear response of the rotational
barrier with the “isotropic substituent volume”, the interpola-
tion of the rotational barriers for an ethyl group (12.6 kcal-
mol™") and an isopropyl group (15.4 kcalmol™'). However, due
to the rotational anisotropy, the “effective bulk” of the ethyl
and isopropyl groups should be smaller, a fact that is reflected
by the reduced rotational barrier for the isopropyl group
(Table 4, 12.6 kcalmol™ instead of 15.4 kcalmol™). It is interest-
ing to see that the reported value for the trifluoromethyl
group (Table 4, 12.1 kcalmol™") compares well with the interpo-
lated value for an “isotropic” ethyl group (12.6 kcalmol™). Of
course, the real anisotropic ethyl group would have a smaller
rotational barrier than the interpolated value.””

Nevertheless, electronic contributions of the ortho substitu-
ents are not negligible. This becomes apparent in the case of
fluoro-substituted biphenyls. As mentioned above, in most
cases, fluorine appears to be a small substituent with rotational
barriers that fall closer to the unsubstituted derivative.”” The
same was observed for the rotational barriers of ortho,ortho’-
disubstituted cumenes® and 4,5-disubstituted 9,10-dihydro-
phenanthrenes.” However, controversial results can be found
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in the literature dealing with the question of whether ortho,or-
tho'-tetrafluoro-substituted biphenyls are resolvable or not. “A
nonresolvable, tetra-ortho-substituted biphenyl is shown in...”
This statement from Adams and Yuan referring to the impossi-
ble resolution of 2,2,6,6"-tetrafluoro-5,5'-dichloro-1,1"-biphenyl-
3,3"-dicarboxylic acid®? can be found in a modern textbook of
organic stereochemistry."® In agreement with this, Csizmadia
and co-workers calculated (using the AM1 formalism) the rota-
tional barrier of 2,2',6,6'-tetrafluorobiphenyl to be 16 kcal-
mol~"»! A more recent study from Grein indicates a rotational
barrier for perfluorobiphenyl of 24.5 kcal mol~"." This value is
in good agreement with the experimentally determined rota-
tional barrier of 26 kcal mol .2 Similarly, 6,6'-difluoro-2,2’-bis(-
diphenylphosphino)biphenyl has a surprisingly high rotational
barrier (>35 kcalmol™)?” in comparison to its unsubstituted
congener 2,2'-bis(diphenylphosphino)biphenyl (22 kcal -
mol~").”8¥ Unfavorable electrostatic interactions between the
polar subunits significantly increase the rotational barrier of
these compounds.

The influence of substituents in the meta and para positions
of the biphenyl unit on the rotational barriers is smaller than
the influence of ortho substituents. For 3,3'-dihalide-substitut-
ed biphenyls, all rotational barriers are virtually the same.'”
Apparently the two halogen atoms interact little with each
other. However, it is known that additional meta substituents
exert a stabilizing “buttressing effect” by preventing the out-
ward bending of an ortho substituent."™ The influence of sub-
stituents in the para position depends mainly on electronic ef-
fects. Resonance effects that stabilize the planar transition
state by increasing conjugation are expected when electron-
donating groups on one phenyl ring are combined with elec-
tron-accepting groups on the other. Electron-donating sub-
stituents increase the electron density at the carbon atoms in
the pivot bond and in this way facilitate out-of-plain bending
in the transition state. Both effects decrease the rotational bar-
rier.??

3. Twist Angles of Fluorinated and Nonfluori-
nated Biphenyls

The unsubstituted biphenyl is twisted in the gas phase with a
twist angle of 45°. In the crystalline state, biphenyl appears to
be planar. (A search in the Cambridge Structural Database re-
vealed an average twist angle for the unsubstituted biphenyl
of 1°.) However, this is a statistically centered arrangement.
When the temperature is lowered, the two phenyl rings
become slightly twisted (10° at 40 K).'” The twist angles of bi-
phenyl and of mono-halide-substituted biphenyls are shown in
Table 5. As expected, the twist angle increases when replacing
an ortho hydrogen atom with a halogen atom, from the calcu-
lated angle of 42.5° for biphenyl to 45.1° for 2-fluorobiphenyl,
59.5° for 2-chlorobiphenyl, and 63.6° for 2-bromobiphenyl. Un-
fortunately, X-ray crystal structure analyses can only be found
in the literature for 2-fluorobiphenyl; none were found for the
higher homologues. Therefore, the average twist angles for
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Table 5. Twist angles (®) of biphenyl and 2-halide-substituted biphenyls.
Compound (pcalcd[a] d)eray
100
F
47°1
59.9°0014 53°1d
Cl
Br
[a] Calculated by using the B3LYP6-311+G* formalism. [b] Average twist
angle of biphenyl from X-ray crystal structures available in the Cambridge
Structural Database. [c] Average twist angles of molecules with a 2-halo-
biphenyl unit as a substructure (from X-ray crystal structures available in
the Cambridge Structural Database).

molecules with a 2-halobiphenyl substructure that were availa-
ble in the Cambridge Structural Database are shown in Table 5.

Table 6 reveals the calculated (B3LYP6-311+4G*) and meas-
ured twist angles of 2,2’-dihalide-substituted biphenyls as well

Table 6. Twist angles (®) of biphenyl and 2,2'-dihalide-substituted biphen-
yls.
Compound pealcdal Prry
1o
F
57.9°04 57.6°5
F
56° [a
Cl
gt .
Cl
64° [a
Br.
Br
gold
|
|
[a] Calculated by using the B3LYP6-311+G* formalism. [b] Average twist
angle of biphenyl from X-ray crystal structures available in the Cambridge
Structural Database. [c] Average twist angles of molecules with a 2,2"-di-
halobiphenyl unit as a substructure (from X-ray crystal structures available
in the Cambridge Structural Database).
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as the average twist angles for molecules with a 2,2’-dihalobi-
phenyl substructure. Compared with the twist angle of 42.5°
for biphenyl, the increased repulsion between the fluorine
atoms in 2,2'-difluorobiphenyl causes a shift of 15.4° towards a
perpendicular orientation of the two phenyl rings. The calculat-
ed values for the heavier halogens are close to 90°. The calcu-
lated twist angle for 2,2'-difluorobiphenyl is very close to the
value obtained by X-ray diffraction studies. However, the twist
angles obtained by this method for the heavier halogens are
quite a bit below the calculated ones.

The introduction of fluorine atoms into the meta position of
the phenyl ring should change neither the form nor the shape
of the molecules relative to the nonfluorinated analogues. This
prediction was supported by single-crystal X-ray diffraction
studies. The biphenyl core in meta-difluoro-substituted biphen-
yls (Table 7) is only slightly twisted around the central C—C
axis.®¥

Table 7. Twist angles (®) of biphenyl and meta-substituted biphenyls.

Compound (p(alcd[a] ¢measured
-Ic[c]

F F

42.9°04 26°1

Cl Cl

Br Br

[a] Calculated by using the B3LYP6-311+G* formalism. [b] X-ray crystal

structure data. [c] Average twist angle of biphenyl from X-ray crystal

structures available in the Cambridge Structural Database. [d] Average

twist angle of molecules with a 3,3'-dichlorobiphenyl unit as a substruc-

ture (from X-ray crystal structures available in the Cambridge Structural

Database). [e] Measured gas-phase twist angle.

By relocating the fluorine atoms from the meta to the ortho
positions, the two aryl rings of the bipheny! unit are forced to
occupy distinctly separated planes. Single-crystal X-ray diffrac-
tion studies revealed twist angles of 59.5°*®" and 64.1°% for
2,2',6,6'-tetrafluoro-substituted biphenyls. This was anticipated
from the twist angle of 59.7° for perfluorobiphenyl®” in com-
parison with the calculated value of 55.0°.1"

4. Biological Study of Fluorinated versus Non-
fluorinated Biphenyls

Fluorine substitution can have profound effects on the biologi-
cal activity of small molecules. Fluorine is often introduced
into molecules to mimic hydrogen with respect to steric re-
quirements at binding sites on receptors and enzymes. In addi-
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Table 8. Inhibition of CYP 17 and CYP 19 by fluorinated biphenylmethylimi-
dazoles in comparison to the nonfluorinated parent compounds.*”

Compound % Inhibition % Inhibition
of CYP 17 of CYP 19
(|C50 [}LM])

>80 (0.96) 66

IF
z

_n

-
N
z

>80 (0.37) 57

)

)

g
i

F F
7 "N
F F
/
N—
F F
4 N 36 51
7 "N
F F
!
N_J
F F
2\
F F
1
N,J
F F
7 N 43 62
7 "N
F, F
1,
NJ
F F
FF 7N

48

o}
o
Q
(@)
P4
L=
IS

-n
-n

N
L

>80 (0.31) 31

I
I
(@]

z

-n

m
N
=z

>80 (0.38) 29

.

)

g
i

_n
-
-
-
N
z

75 68

.

()

g
i

m
m

tion, due to flourine’s electron-withdrawing power, fluorine
substitution may cause stereoelectronic discrimination, may
confer metabolic stability to natural and xenobiotic materials,
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may enhance the lipophilicity of these materials, and, as a cor-
ollary, may facilitate cell-membrane permeation."®
17a-hydroxylase-C17,20-lyase  (P-450,,, CYP 17, androgen
synthase), a cytochrome P450 monooxygenase, is the key
enzyme of androgen biosynthesis. It produces androstene-
dione and dehydroepiandrosterone from progesterone and
pregnenolone. As androgens are implicated in the de-
velopment of prostate cancer, a promising alternative

40

to treatment with antiandrogens would be to develop 100 4
selective inhibitors of this enzyme. N-Imidazolylmeth-
yl-substituted biphenyls are highly potent inhibitors

of CYP17 and CYP 19 (aromatase).”) Unfortunately,

the very encouraging in vitro results are contrasted

by a lack of in vivo activity due to rapid degradation

of the compounds by metabolic oxidation. The major §
metabolites were isolated and identified by means of §
biomimetic methods. They were found to be products %
formed by mono- and dihydroxylation at the ortho e

and meta positions of the biphenyl unit.®¥ Sequential
introduction of fluorine atoms increases the oxidation

potential of an aromatic system and should increase

the metabolic stability. Therefore, the metabolically

sensitive positions of N-(4-biphenylmethyl)imidazoles 0

were blocked by fluorine atoms. These compounds
were tested for their inhibitory activity towards
CYP 17 and CYP 19 and were compared with the non-
fluorinated parent compounds. When the inhibitory
activities exceeded 80%, the ICs, values were deter-
mined (see Table 8).*?

The fluorinated biphenyl derivatives exhibit poor to
moderate inhibitory activity towards CYP 19. However,
3,3,5,5-tetrafluoro-substituted biphenylmethylimidazoles are
potent inhibitors of CYP 17. Their inhibitory activity generally
equalled or surpassed the inhibitory activity of the unfluorinat-
ed parent compounds. The 4’-unsubstituted compound
(entry 2, Table 8) showed an almost threefold higher activity
towards CYP 17 (ICs, value of 0.37 pum) than the nonfluorinated
analogue (entry 1, Table 8, IC,, value of 0.96 um). In contrast,
2,2',6,6'-tetrafluoro-substituted congeners generally did not
match the activity of the halogen-free derivatives.

The different biological activity can be explained with the
different torsion angles in both cases. The strongly twisted
ortho-fluoro-substituted biphenyls (see Section 3, Table 6) seem
to be too “bulky” to interact well with the active site of the
target enzyme. In addition, the rotational barrier for planariza-
tion of the biphenyl unit is too high (26 kcalmol™, see Sec-
tion 2) to be surmounted in the enzyme pocket. In contrast,
the meta-fluoro-substituted congeners are only slightly twisted
(see Section 3, Table 7) and adopt a conformation comparable
to the nonfluorinated parent compounds. Thus, one benefits
from the metabolism-retarding ability of the fluorine atoms
without modifying the conformation of the biphenyl unit.

In an additional study, the effect of fluorine substitution on
the metabolic stability of the biphenylmethylimidazoles was in-
vestigated. The two fluorinated hydroxy isomers with the high-
est inhibitory activity towards CYP 17 (entries 11 and 12 in
Table 8) were tested for their metabolic stability in an in vitro
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study. Phenol and the unsubstituted analogues were used as
reference compounds (Figure 1). The ortho-tetrafluoro-substi-
tuted compound was metabolized faster than the unfluorinat-
ed parent compound, whereas the meta-tetrafluoro-substitut-
ed derivative showed a reduced in vitro metabolism relative to
its nonfluorinated congener (see Figure 1).

Gﬁ*&qg < <1 <]
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Figure 1. In vitro biodegradation of 3,3',5,5'-tetrafluoro-4'-(1H-imidazole-1-ylmethyl)-1,1'-bi-
phenyl-4-ol (meta-fluoro-substituted) and 2,2',6,6'-tetrafluoro-4'-(1H-imidazole-1-ylmethyl)-

1,1"-biphenyl-4-ol (ortho-fluoro-substituted) compared with the unfluorinated parent com-

pound and phenol.*”
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