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Atropisomerism in Diarylamines: Structural Requirements and
Mechanisms of Conformational Interconversion

Romain Costil, Alistair J. Sterling, Fernanda Duarte, and Jonathan Clayden*

Abstract: In common with other hindered structures contain-
ing two aromatic rings linked by a short tether, diarylamines
may exhibit atropisomerism (chirality due to restricted rota-
tion). Previous examples have principally been tertiary amines,
especially those with cyclic scaffolds. Little is known of the
structural requirement for atropisomerism in structurally
simpler secondary and acyclic diarylamines. In this paper we
describe a systematic study of a series of acyclic secondary
diarylamines, and we quantify the degree of steric hindrance in
the ortho positions that is required for atropisomerism to result.
Through a detailed experimental and computational analysis,
the role of each ortho-substituent on the mechanism and rate of
conformational interconversion is rationalised. We also present
a simple predictive model for the design of configurationally
stable secondary diarylamines.

Introduction

The most established classes of atropisomers, biphenyls
and binaphthyls, have found application as chiral ligands,"!
chiral auxiliaries,” and sensors.”! Yet beyond these arche-
typical structures, atropisomers whose chirality does not arise
from a C,,~C,, bond also play an increasing role in
chemistry.** This is especially the case in the field of
medicinal chemistry, where molecules frequently contain
multiply functionalised aromatic rings and hindered amide
groups, the very features that also give rise to atropisomer-
ism.l"

The range of methods for the construction of C—N bonds,
coupled with the ability of the nitrogen atom to adopt planar
geometry by delocalization of its lone pair, has made
atropisomerism about a C—N bond a fruitful area of inves-
tigation. C—N atropisomerism has also been noted in natural
products such as the biscarbazole murrastifoline F®! the
naphthylisoquinoline alkaloid ancisheynine,"”! and marino-
pyrrole A" (Figure 1).
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C—N atropisomers in which the nitrogen atom is not part
of a ring include the important families of anilides 2 and
ureas 3."1 However, examples of atropisomeric, acyclic N-
aryl anilines are scarce. Recently, we found that a remarkably
versatile conformationally-accelerated variant of the Smiles
rearrangement allows the synthesis of tertiary diarylamines
with sufficient steric hindrance around the two C—N bonds to
permit resolution by HPLC on a chiral stationary phase.¥
Kitagawa and co-workers studied the influence of electronic
factors on the kinetic of racemisation around one!™! or twol'®
C—N bonds in tertiary diarylamines.

Secondary diarylamines, in which steric hindrance is less
prominent than in their tertiary analogues, may also exhibit
atropisomerism. The Kawabata group reported a series of
sterically hindered diarylamines with a single, slowly rotating
C—N bond," and demonstrated the importance of an internal
hydrogen bond on its barrier to rotation.!'!”] This strategy of
stabilizing configuration through intramolecular hydrogen
bonding was elegantly used by Gustafson etal. for the
enantioselective synthesis of N-aryl quinoid derivatives.””!
However, no secondary diarylamine in which atropisomerism
arises solely from steric hindrance has so far been reported.

Diarylamines are closely related in architecture to the
conformationally stable diaryl ethers such as 4°“? and
sulfones such as 5% whose configurational stability was
found to derive rather subtly from both the steric hindrance
and symmetry of the substituted aryl rings. Given the
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Figure 1. a) Natural and synthetic C—N atropisomers. b) Diaryl ether
and diaryl sulfone atropisomers. Barriers to interconversion of enantio-
mers are shown, along with estimated half-lives for racemisation at
ambient temperature.
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potential utility of atropisomeric amines as chiral ligands,**>"!

and the importance of exerting fine control over the rate of
conformer interconversion in potentially atropisomeric drug
targets,”®! we have investigated in detail the factors that
determine the rates of C—N bond rotation, and hence the
structural requirements for atropisomerism, in this family of
hindered N-aryl anilines.

Computational protocols, including molecular mechanics
(MM)P-2% and quantum mechanics (QM)[1%1620281 ap.
proaches, have been employed to quantify the stability of
various atropisomers, providing insights into the electronic
and steric factors determining their barriers to conforma-
tional interconversion. For example, in the case of aromatic
amides whose conformational interconversion involves a sin-
gle rotating bond, an inexpensive QM-based scan protocol
provided a good correlation (7* =0.8) between experimental
and calculated energy barriers.””*) For systems involving two
rotatable bonds, as is the case for diarylamines,">!*! diaryl
ethers 4% and sulfones 5, transition state structures have
also been postulated. However, mechanistic analysis of these
systems has been scarce, perhaps due to the more complex
free energy surface. Indeed, employing MM approaches, we
have previously shown that the inclusion of even small
substituents in diaryl ethers can substantially alter the
mechanism, and consequently the rates of racemisation.!]

Here we explore how different ortho-substituents affect
the conformational flexibility of secondary diarylamines and
the rate and mechanism by which their conformers inter-
convert. To do so, we employ classical molecular dynamics
(MD) in explicit solvent to allow the efficient exploration of
free energy surfaces (FESs), and QM techniques to character-
ise the transition states (TS) and calculate the barriers to
interconversion of the conformers or atropisomers.

Results and Discussion

An initial series of diarylamines carrying two or more
ortho-alkyl groups was synthesized by Buchwald-Hartwig
coupling of corresponding anilines and aryl bromides
(Scheme 1). These particularly hindered products could be
made using Shaughnessy’s trineopentylphosphine (PNp;)
ligand.™ While di- and tri-ortho-substituted compounds were
formed in good to excellent yields, the synthesis of tetra-ortho
substituted diarylamines, even with PNps;, was sluggish and
low-yielding.

Evidence that the diarylamines adopt a non-planar
ground state was provided by the appearance of signals of
inequivalent chemical shifts in the 'H NMR spectra at room
temperature for 6d, 6 f, 6g and at 10°C for 6 e (see Supporting
Information, Figures S1-6) due to the presence of diastereo-
topic groups in their ethyl or isopropyl groups. 2,2'-Di-ortho-
substituted diarylamines 6 a—c were insufficiently hindered for
slow rotation of the C—N bond to be detectable by 'H NMR.
Fast exchange was evident even at —40°C, suggesting that if
the ground state is chiral, the enantiomeric conformers
interconvert rapidly on the NMR timescale. A single tert-
butyl group at the ortho position is enough to impart
atropisomerism in anilides:'” the lack of conformational
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Scheme 1. Synthesis of sterically hindered secondary diarylamines.

restriction in 6b demonstrates how much more flexible
diarylamines are than the related anilides.

Information on the ground state conformers was also
obtained by X-ray crystallography. Crystals of diarylamines
6¢ and 6s were obtained by slow evaporation of a saturated
solution in CH,Cl,.*" The structure of 6s (Figure 2) shows an
apparently planar geometry at nitrogen, with a bond angle of
125° between the aromatic rings. The C—N—C plane is twisted
by 47.6° with respect to the phenyl ring, and by 45.4° with
respect to the naphthyl ring. The two rings are thus close to
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Figure 2. Crystal structure of 6s.

perpendicularity, with the orientation of the nitrogen’s lone
pair bisecting the dihedral angle between the two rings. The
C—N bond lengths of 1.40 and 1.41 A are similar to those of
aniline,*?! and comparable with those of atropisomeric diaryl
ethers.”?!!

Variable temperature '"H NMR was used with 2,2',6-tri-
substituted compounds 6d-h in order to determine the effect
of temperature on lineshape close to the coalescence temper-
ature (Table 1, Figures 3 and S1-7). The kinetic parameters
for bond rotation (and consequently, interconversion of
enantiomeric conformers) were then extracted by Eyring
analysis.

Unless one of these three ortho substituents is a tert-butyl
group, half-lives for racemisation of the enantiomeric con-
formers are typically of the order of milliseconds (Table 1).
Changes in the size of the substituents from methyl to ethyl to
isopropyl have a small but measurable effect on the barrier to
rotation. Replacement of an ethyl group by an isopropyl
group has little effect (6d vs. 6f, 6i vs. 6j), but replacing

Table 1: Barrier to rotation of the synthesised diarylamines.
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Figure 3. Variable-temperature '"H NMR spectra of 6g in [Dg]DMSO
and the corresponding lineshape analysis.

a methyl group by an isopropyl group results in a three-fold
increase in the half-life for racemisation (6e vs. 6 f).

Symmetrical compounds 6g and 6h likewise exhibit
a similar difference. We previously observed that diaryl
ethers with a ring symmetrically substituted at the 2,6-position
racemise much more rapidly owing to geared rotation.*!l
However, this was not the case for secondary diarylamines.
In fact, regioisomers 6 e and 6g, as well as 6 f and 6h, undergo
a ten-fold decrease in their rate of interconversion upon
introduction of symmetry in one of the rings.

Cpd R! R? R? R* AH [k) mol™] AS* [Jmol' K™ AG*E k) mol ™| kel [s™) £,
6a 2-iPr H 2-Me H - - - - -

6b 2-tBu H 2-iPr H - - - - -

6¢C 2-iPr H 2-Me 6-Me - - - - -

6d 2-Et 6-Me  2-iPr H 58.3 -21.4 65.71 28.5 12 ms
6e 2-iPr 6-Me 2-Me H 65.0 7.5 62.8 62.2 5.6 ms
6f 2-iPr 6-Me  2-iPr H 49.6 —53.7 65.8! 19.2 18 ms
6g 2-iPr 2-iPr 2-Me H 51.0 —54.8 67.31 9.9 35ms
6h 2-iPr 2-iPr 2-iPr H 64.5 -21.0 70.7 2.5 140 ms
6i 2-Et 6-Me 2-tBu H 53.2 —-109.6 85.80 5.6x107° 1.0 min
6j 2-iPr 6-Me 2-tBu H 51.8 —121.5 88.0!1 23%x10°° 2.5 min
6k 2-iPr 2-iPr 2-tBu H - - - - -

6l 2,4-tBu H 2,3-benzotel 6-Me - - - - -

6m 2,4-tBu 6-Me  2-Me H 37.9 ~166.7 87.6!1 2.8x10°° 2.1 min
6n 2,4-tBu 6-Me  2-iPr H 40.8 —165.9 89.91 1.1x10° 5.3 min
60 2,4-tBu 6-Me 2-Ph H 45.0 —-151.6 90.211 9.8x107* 5.9 min
6p 2,4-tBu 6-Me  2,4-tBu H - - - - -

6q 2-Et 6-Me 2,3-benzolel 6-Me - - - - -

6r 2-iPr 6-Me 2,4-tBu 6-Me - - - - -

6s 2-iPr 6-Me  2.3-benzo®  6-Me n/a n/a 93.9M 2.1x10°* 27.3 min
6t 2,4-tBu 6-Me 2,3-benzol®! 6-Me n/a n/a 130.11 4.7x10°° 20.3 hfl

(122 yearst

[a] Values at 25°C unless stated otherwise. [b] Half-life for racemisation. [c] Calculated by lineshape analysis in [DgJtoluene. [d] Calculated by lineshape
analysis in [Dg]DMSO. [e] Calculated by VT-HPLC in hexane/ethyl acetate. [f] Calculated by VT-HPLC in hexane/iso-propanol. [g] 2,3-benzo=1-
naphthyl. [h] Calculated by decay of enantiomeric excess in toluene. [i] At 100°C. [j] At 25°C assuming AS™=0.
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A single fert-butyl substituent on a tri-ortho-substituted
compound dramatically increases the barrier to interconver-
sion of the conformers, allowing the two enantiomers to be at
least partially resolved at room temperature by HPLC on
a chiral stationary phase. These compounds (such as 6i, 6j,
and 6n) did not exhibit coalescence of NMR signals even at
elevated temperature (up to 100°C), so variable-temperature
HPLC (VT-HPLC) on a chiral stationary phase (CSP) was
used to provide plateaued traces characteristic of molecules
whose conformers interconvert on the timescale of elution
(Figures 4 and S8-12)."! The standard definition of an
atropisomer® requires a half-life for racemisation of 1000 s
(17 min) at a given temperature, so these compounds are not
quite atropisomers at room temperature, but become so at
around 0°C. The rate of interconversion of the enantiomeric
atropisomers was calculated using the Trapp equation at
various temperature and used in an Eyring analysis to obtain
barrier to enantiomerisation at room temperature.’!

Tri-ortho-substituted diarylamines with a tert-butyl group
on their most functionalized ring were hardly affected by the
substitution pattern of their second ring. The relatively
constant rate of interconversion of compounds 6m, 6n and
60 suggests that the fert-butyl group is the main influence on
the half-life of the compounds. Indeed, replacing a methyl by
an isopropyl group changes the half-life for racemisation (6 m
vs. 6m) only by a factor of two, and no significant change in the
rate of interconversion is observed with a planar (hence less
bulky) phenyl ring substituent in compound 6o.

Introducing the most sterically hindered group on the less
substituted ring makes the barrier to enantiomerisation more
sensitive to substituent modification: an alteration as small as
replacing an ethyl group for an isopropyl group, for example,
doubles the half-life for racemisation (compounds 61i vs. 6j).
More importantly, a measurable difference in conformational
stability between regioisomers 6j and 6n shows the impor-
tance of the relative position of the substituents in the design
of atropisomeric diarylamines. CSP-HPLC indicated that
tetra-ortho-substituted diarylamines exist as stable, atropiso-

30°C
—25°C
20°C
15°C
—10°C
——OR

[k
MO

. ; . ; .
4 6 8 10 12
time (min)

Figure 4. VT-HPLC of 6m. OR = Optical rotation (at 10°C).
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meric enantiomers that interconverted too slowly for analysis
by VI-HPLC. Instead, small samples of resolved and config-
urationally stable enantiomers were obtained by semi-prep-
arative CSP-HPLC. The decay of their enantiomeric excess
was followed over time (Figures5 and S13,14) at a given
temperature. While enantiomers of compounds 61 and 6q
could not be separated, compounds 6r and 6p, with a fert-
butyl group on each ring, were well resolved, even at 40°C.
However, their poor solubility in the eluent mixture, as well as
the reduced peak separation of their enantiomers, made
isolation of an enantioenriched sample impossible. The
absence of a plateaued chromatograph at 40°C, though,
suggests that the barriers to conformational interconversion
in these compounds are high enough for compounds 6r and
6p to be conformationally stable at room temperature, and
hence constitute atropisomers. These results indicate that
a single fert-butyl group is sufficient to allow a tetra-ortho-
substituted diarylamine to exhibit atropisomerism, and that
even tri-ortho-substituted diarylamines can exist as configura-
tionally stable enantiomers (“near-atropisomers”®) if each
ring possesses an ortho tert-butyl group.

Enantiomers of compounds 6s and 6t were resolved, and
their barrier to rotation is high enough to observe atropiso-
merism at room temperature. While the barrier to intercon-
version of 6s was just high enough for it to be atropiso-
meric,?¥ it racemised within hours at room temperature.
Compound 6t, however, was configurationally stable indef-
initely at room temperature. Its racemisation was followed at
100°C in toluene (Figure 5), at which it still displayed a half-
life for racemisation of around 20 hours.

The combination of a sterically hindered tert-butyl group,
together with the rigid ortho-methyl-1-naphthalene, leads to
a dramatic increase of the barrier to rotation, demonstrating
that secondary diarylamines can be atropisomers even with-
out using intramolecular non-covalent bonding interactions
to slow bond rotation.

Comparison with the barriers to rotation of the analogous
diaryl ethers®! suggests that a similar substitution pattern

t,+19h
t,+14h
t,+7h

—1

0

T
10 15 20
time (min)

Figure 5. Decay of the enantiomeric ratio of 6t at 100°C in toluene.
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incurs a higher barrier to rotation in an ether than it does in an
amine, with the degree of difference depending significantly
on the location of the steric bulk (see Supporting Informa-
tion).

To gain further insight into the mechanism of racemisa-
tion, and the detailed influence of steric demand on the
barriers to conformational interconversion, we turned to
computation, using a combination of classical MD metady-
namics, density-functional theory (DFT), and coupled cluster
calculations (see the Supporting Information for details). Free
energy surfaces (FESs) in explicit toluene solvent were
generated for three diarylamines with two, three or four
ortho-substituents (6a, 6, and 6t, respectively). The torsional
angles  (atoms 1, 2, 3 and 5) and ¢ (atoms 2, 3, 5 and 14),
defining the chiral axis, were selected as collective variables
(CVs, Figure 6a).”! Subsequently, different isomerization
paths identified in the FES were further analysed, and the
minima and transition states (TSs) calculated at the DLPNO-
CCSD(T)/def2-TZVPP//M06-2X/6-31 + G* level of theory in
implicit toluene solvent.’** A full characterisation of
competing pathways is shown in the Supporting Information
(Figure S17-S20). The delocalisation energy of the nitrogen
lone pair was calculated using second-order perturbation
analysis (AE®) of the Fock matrix obtained using NBO.

While the barrier to enantiomerisation was found to
depend on the steric requirements set by the substituents (see
below), the mechanism through which this process occurs can
be explained by a general FES, as shown in Figure 6a for

(@) Model FES

360 T T T T T T T

i .R! 3
, W (1,235) E’ N E
_H 3151+ N N 9
R2 N3 ¢ (2,35,14) <B’ \
R4 &, R® 270 N -
@ T 2251 b
A/B ()
o 180 + o
QI’ i
. —— _XTS’
R' =73 ‘ A -\ / conrotation |
R W’G/‘H 1,5-strain 90 - - \\P\u}afA;; b = ag b
. N B
1,5-strain R4 ¢ A R3 45 + \/ \ \\\ =1
disrotation ™\
@ e I B S
Ts 45 90 135 180 225 270 315 360
v (1,2,3,5)
(b) Model TS Structures
Coplanar Bent Perpendicular
R! e R3
R2a R4 n—n* ‘\iNi‘i‘ ‘/N\
=== = p
H R R1 RB
R? R*
R', R3 = large R, R? R® = large R, R?, R3, R* = large
R2?, R* = small R* = small

TS front view

Figure 6. a) Model free energy surface (FES) as a function of the
dihedral angles ¥ and ¢. Red arrows show decoupled rotation (A or
A¢ =0), blue arrows show conrotatory motion (3 < ¢), and green
arrows show disrotatory motion (1 < —¢) of the two aryl groups.

b) Three transition state models in operation depending on the size of
the ortho-substituents on each aryl group.
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a representative simplified diarylamine (for a detailed dis-
cussion of the general isomerisation model using FES, see
Figure S16). In this model, the pale blue and red bands
represent “valleys” in the FES associated with the enantio-
mers E and E’, with the local minima A and B being
conformers of enantiomer E, and local minima A’ and B’
conformers of enantiomer E'. The paired enantiomers A/A’,
B/B’ and TS/TS’ are related by inversion through the point i.
Interconversion of the enantiomers requires that the two aryl
groups move past one another at the TS, accompanied by
inversion of configuration at the nitrogen centre. This can be
achieved either through an achiral (at the point 7; y =180°,
¢ =180°) or a chiral TS (solid and dashed black line). The
trajectory taken to and from the TS can be further classified
depending on the concertedness of the rotation of the two aryl
rings: conrotatory rotation (A oc Ag, blue arrows), disrota-
tory rotation (Ayp o —A¢, green arrows); or decoupled
rotation of a single aryl group (Ay or A¢ =0, red arrows).
It is worth noting that disrotatory rotation, representing
geared motion of the two aromatic rings, cannot alone lead to
interconversion of enantiomers (for more details see Fig-
ure S16).7

The preference for a given mechanism is determined by
five key interactions at the TS (Figure 6a): two destabilising
pseudo-syn-pentane interactions (1,5-strain) between pairs R*
and R*, and R and R?; two 1,3-allylic strain interactions (A'~)
between R' and N—H, and R® and N—H; and finally,
a favourable electronic effect arising from delocalisation of
nitrogen lone pair into the two aryl groups (n—ut*). Bulkier
substituents are expected to increase the barrier to rotation
due to increase in strain and reduction of the nitrogen lone
pair delocalisation.

With these elements in hand, three different scenarios can
be postulated (Figure 6b). When R? and R* are small, the
preferred mechanism is that going through a coplanar achiral
TS (Figure 6b, left), with R* and R* placed in proximity to
minimise 1,5-steric repulsion while maximising n —n* deloc-
alisation into both aryl rings. Increasing the size of R?
increases 1,5-steric repulsion between R? and R* forcing
a reduction in the distance between R!, R® and N—H, which
increases 1,5-steric repulsion and A'? strain. Relief of these
interactions can occur by bending the two aryl rings out of the
plane of the N—H bond. In this bent TS (Figure 6b, centre),
the extent of the bending is a balance between minimisation
of steric repulsion and the loss of n—m* delocalisation. When
all four aryl groups are large, a perpendicular TS is favoured,
in which a combination of significant 1,5-steric clashing
between both the R'/R? and R¥R* pairs of ortho-substituents
and 2 x A'? interactions require the aryl rings to be rotated
such that they are both perpendicular to the N—H bond,
forfeiting n—a* delocalisation (Figure 6b, right). The smaller
pair of ortho-substituents pass one another more closely.

The pathways found for 6a, 6j and 6t represent arche-
typical examples of these three scenarios. For 6a, possessing
only two ortho-substituents, the lowest energy conformer has
one aryl group fully conjugated with the nitrogen lone pair,
while the other is slightly twisted out of the plane. Isomer-
isation takes place through a coplanar TS with the two aryl
groups and the N—H bond lying in the same plane (Figure 7,
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Figure 7. Classical FES with the preferred reaction pathway (solid white lines) for the isomerisation of diarylamines 6a, 6j and 6t. Optimised
minima and TSs (coordinates on FES in parentheses), nitrogen pyramidalization (AN,) and activation free energies (in k| mol™) at the
SMD (toluene)-DLPNO-CCSD(T)/def2-TZVPP//SMD (toluene)-M06-2X/6-31+ G* level of theory.

6a). The motion of each aryl group is decoupled (Ay =2°,
A¢ =53°), such that only the C—N bond of the less conjugated
ortho-isopropyl aryl group rotates in this process. The mild
steric penalty of bringing the two ortho-hydrogen atoms
together is compensated by an increase in N lone pair
delocalisation at the TS (AE® =+ 152 kJmol " relative to the
ground state and nitrogen pyramidalization AN,=+0.1°),
leading to facile isomerisation.

Adding a third ortho-substituent, such as in 6 (a fert-butyl
group) leads to a significant increase in the barrier to
isomerisation. This arises from the increased steric repulsion
between the new ortho-substituent and the remaining ortho-
hydrogen, which disfavours a coplanar TS. Instead, isomer-
isation takes place through a bent TS, where the two aryl
groups move in a disrotatory manner (Ay = 162°, A¢p = —63°),
with the two aryl rings facing each other while increasing the
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nitrogen pyramidalization (AN,) by 5.5° to minimise the loss
of nitrogen lone pair delocalisation (AE® = —45kImol ).
Only after the TS does inversion of configuration occur at the
nitrogen centre. The increased steric demand and reduction of
electronic stabilisation at the TS lead to a barrier of
84.8 kJmol ™, in good agreement with the experimental value
(Table 1).

Introduction of a fourth ortho-substituent, as in 6t,
increases the barrier to isomerisation further. In the ground
state, and similar to the arrangement observed in the crystal
structure of 6s, the two rings are approximately perpendicular
to one another, with the nitrogen lone pair almost exclusively
delocalised into the naphthyl group (Figures 2 and 7, 6t, and
Figure S19). To achieve isomerisation, the two aryl groups
must first undergo concerted conrotation (Ay =39°, A¢p =
58°), sacrificing nitrogen lone pair delocalisation in the
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process (AE® = —150 kJmol ™', AN, =+27.3°). This leads to
a perpendicular TS, in which both aryl groups lie in planes
perpendicular to the C—N—C plane. To move past each other,
and minimise 1,5-steric repulsion between the two pairs of
ortho-substituents, both aryl groups are distorted, further
increasing the TS energy. Finally (and similarly to 6j)
inversion of configuration at nitrogen occurs after the TS,
accompanied by disrotatory motion of the two aryl rings to
return the naphthyl group to its original position.

It is interesting to note that while adding a fourth ortho-
substituent increases the barrier, the consequence is less
pronounced than adding a third ortho-substituent to a di-
ortho-substituted diarylamine, suggesting that the size of the
fourth substituent has a smaller influence on the barrier to
isomerisation than the other three. This result is supported by
a linear free energy relationship (LFER) between the barrier
to isomerisation and the Charton steric parameters for the
four ortho-substituents (Figure 8, Table S2), where R is the
largest substituent overall, and R? is the largest substituent on
the second ring.l***! A strong correlation (adjusted R?>=0.93)
suggests that the barrier is almost entirely dominated by steric
effects, and that the three TS models lie on a continuum
where coplanar, bent and perpendicular geometries are
archetypal representations. This empirical model confirms
that the fourth substituent has a smaller influence on the
barrier compared to the others, and provides a simple
approach to the prediction of configurational stability in
novel diarylamines.

Among the substituents studied in this work, a single terz-
butyl group was found to have a critical effect on the
interconversion barrier. This effect can be better understood
by comparing the lowest energy TS for the isomerisation of
6d and 6j (Figure 9), where the ethyl/isopropyl groups in 6d
are replaced by isopropyl/tert-butyl groups in 6j. In the
former, steric clashes are minimised by positioning the
hydrogen atom of the isopropyl group towards the ortho-
substituent. However, in 6j, this is not possible, so the fert-
butyl group must rotate to avoid pointing a methyl group

140
AG#, 64 = 60.7 vy + 55.8 vy + 53.2 v,
120 +26.6 vp, —49.0 *
Qﬂ‘
T
S |2 SNH +
E Rr‘R R 8
— 80 ++
2
~
B 60 Ry, Ry = large
s Ry, Ry = small
++
S 40 Adi. R? = 0.93
< Standard Error = + 6.7 kJ mol™!
20
0

0O 20 40 60 80 100 120 140
AGH* ey / kd mol™
Figure 8. Linear free energy relationship between the predicted and

experimental barriers to isomerisation using Charton steric parameters
(Vgi» i=1-4) for each ortho-substituent.

© 2020 The Authors. Published by Wiley-VCH GmbH

Front view Top view

6d Gt (TS1)= 635 kI molt e penalty

f(H++CHz) = 2.37 A Ve

ACp=0.0°

steric penalty

6j _ -
) AGHcuc (TS1) =84.8 kJ mol-t HHwChlo) = 256 A

bo

AC,=0.1°

AC, : pyramidalisation of C atom

Figure 9. Comparison of lowest energy TS1 structures for 6d and 6j
calculated at the SMD (toluene)-DLPNO-CCSD(T)/def2-TZVPP//SMD-
(toluene)-M06-2X/6-31 + G* level of theory.

directly towards the opposite ortho-substituent. This in-
creased fert-butyl/isopropyl 1,5-steric clash also causes these
two ortho-substituents to move apart, forcing an increase in
the 1,5-steric clash between the second pair of ortho-
substituents (H and CHj;), where r(H--CH;) is reduced by
0.13 A in 6j relative to 6d. To alleviate some of the resultant
1,5-steric repulsion, the substituents distort out of the plane of
the aryl ring, leading to greater pyramidalization of the ortho-
carbon atoms (AC,) in 6 than 6d. The combination of these
factors results in a significantly increased barrier to inter-
conversion in 6j over 6d, despite the small difference in
structure.

The basic amino group of 6a—u has the potential to be
involved in hydrogen bonding, suggesting that the rate of
conformational interconversion might be solvent-dependent.
The barrier of rotation of 6d was calculated in a variety of
solvents by line-shape analysis of VT 'H NMR spectra. We
chose non-polar [Dg]toluene, polar protic [Dg]ethanol, and
polar aprotic [Ds]acetonitrile (Table 2, Figures S1-3). In all
solvents, the barrier to rotation is comparable, with an error of
+0.7 kJmol™', indicating that polarity has little to no effect on
the barrier to rotation.

Sutherland and co-workers,* in their seminal work on
the conformational restriction of anilides, showed that the
planarity of the nitrogen and conjugation of its lone pair with
a delocalized m-system is necessary for high conformational
stability. Kitagawa et al. also observed acceleration of the rate
of interconversion in protonated N-aryl tetrahydroquino-
lines.1*¥!

To explore this feature in diarylamines, solutions of 6d in
different deuterated solvents were treated with a strong acid.
Because of the low basicity of diarylamines (pK,~1 for
diphenylamine), triflic acid was used. "H NMR spectra of
the resulting solutions were recorded in [Dsacetonitrile,
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Table 2: Solvent effects on the barrier to interconversion of 6d.

Solvent AH* [Kmol™]  AS* [Jmol 'Kl AG* [k)mol™]
[Dgltoluene®  41.5 —80.0 64.7
[Dgltoluene!? 583 —21.4 65.7

C,D,0DY 31.7 —114.0 65.7

C,Ds0D" 35.8 -96.0 64.4

CD,CNP! 31.9 —-112.1 65.3

CD,CNIed - - -

[a] At 25°C. [b] Calculated using the CH(CHj3), signal. [c] Calculated
using the CH,CHj signal. [d] Not determined due to peak overlap.

[D¢lethanol, and [Dgltoluene. Excessive line broadening of
the samples (probably due to precipitation) precluded line-
shape analysis of protonated 6d at low temperature. How-
ever, in all three solvents, the isopropyl CH(CH;), signals
centred around 1.22 ppm in [Dg]toluene and 1.32 ppm in
[D;]acetonitrile and [Dg]ethanol became significantly sharper
upon protonation, implying an acceleration of the rate of
enantiomerisation (Figure 10).

X 6 ‘{ .

o A (U
_ J/’M’M\_ I [ _ q\w__dlv‘L_

|

LA -J . JUL M
s I T

JW | I

“\ N\ n‘x
SUNN | W ‘ J L M
,_,,//“AM\, S ,J’k ,’l\_ b - JU\ l[ R

18 17 16 1S 14 13 12 11 10 08 ¢
1 (ppm)

Figure 10. Line sharpening upon protonation of 6d. Top to bottom:
[Dg]toluene + TfOH; [Dg]toluene; C,DsOD + TfOH; C,D;OD; CD,CN
-+ TfOH; CD;CN.

Previous examples of atropisomerism in diarylamines
relied either on a hydrogen bond between one of the rings and
the secondary nitrogen atom,'?! or on the steric effect of N-
alkylation.*] We also aimed to explore the conformational
effect of alkylating the amine nitrogen in these simple
diarylamines. Compound 6¢g could be methylated by treat-
ment with sodium hydride and methyl iodide, and this N-CHj,
substituent increased the half-life for racemisation of the
product 6g' more than tenfold (Table3). The increased
enthalpy of activation, together with the low and negative
entropy of activation, suggest that the transition state is
destabilized by the strain caused by the methyl substituent in
the vicinity of the aryl ring. 6g was unreactive towards any
other electrophile, and attempted N-methylation of the other
diarylamines with an excess of base and alkylating agent in
refluxing THF yielded no product, showing that the nitrogen
atom is buried within the sterically demanding groups at the
ortho-positions.
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Table 3: Effect of N-methylation on the barrier to interconversion of 6g.

H NaH (2.0 eq.) |
N\@ Mel (2.0 eq.) N
DMF (0.1 M)
mt, 18 h
50%
6g 6g’
Cpd  AH* AS* AGHH k 1
[kjmol™] [mol K™ [k) mol™] [s7] [s]

6g 53.4 —47.7 67.6 8.9 0.039
6g’ 7.7 ~7.80 74.0 067 052
[a] At 25°C.
Conclusion

Sterically hindered, secondary diarylamines may display
atropisomerism. While 2,2'-di-ortho-substituted diarylamines
interconvert too rapidly for individual conformers to be
detected by 'HNMR at low temperature, introduction of
a third sterically demanding substituent decreases the rates of
interconversion enough for the barriers to enantiomerisation
to be calculated by NMR lineshape analysis. A single tert-
butyl group can have a critical effect on the rate of
enantiomerisation, as tri-ortho-substituted diarylamines in
which one of the substituents is fert-butyl may be separated by
HPLC on chiral stationary phase. However, racemisation at
room temperature precludes their isolation in enantiopure
form. Finally, four ortho substituents lead to conformational
stability at room temperature, particularly when one of them
is a tert-butyl group. Diarylamine 6t was the most congested
compound prepared, displaying a barrier to rotation of up to
130.1 kJmol ! and a half-life of racemisation of 20 hours at
100°C, or approximately 122 years at room temperature.

Computation was used to probe the mechanism of
isomerisation. A simple model based on the steric require-
ments imposed by substituents allows the prediction of the
pathways by which interconversion takes place, where
coplanar, bent and perpendicular TS geometries were found
to be archetypal scenarios experimentally illustrated by 6a,
6j, and 6t, respectively. A simple LFER based on Charton
parameters was found to accurately predict the configura-
tional stability of novel diarylamines. We expect this infor-
mation will be of value in the design of chiral atropisomeric
ligands and of potential medicinal chemistry targets.
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