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The rotational barriers in axially chiral quinolin-2-one and quinazolin-2-one possessing N-(ortho-tert-
butyl)phenyl group were found to significantly increase in comparison with those of corresponding dihy-
droquinolin-2-one and dihydroquinazolin-2-one. Analysis of transition state structure during N–Ar bond
rotation based on DFT calculation indicates that the increase in the rotational barrier is due to consider-
able distortion of the nitrogen-containing heterocyclic part.

� 2012 Elsevier Ltd. All rights reserved.
Recently, atropisomeric compounds with an N–C chiral axis
have received much attention as novel chiral molecules. Various
N–C axially chiral compounds such as I–VI owing to rotational
restriction around an N–Ar bond have been reported to date
(Fig. 1).1–8 Almost all the N–C axially chiral compounds have
ortho-substituted aniline skeletons as a common structure, and it
is well known that their stabilities (rotational barrier around a chi-
ral axis) strongly depend on the bulkiness of the ortho-substituent.
For example, although ortho-tert-butylanilides IA and N-(2-tert-
butylphenyl)imides IIA are stable atropisomeric compounds hav-
ing high rotational barriers (DG– = 28–30 kcal/mol),2 in their
ortho-methyl derivatives IB and IIB, the rotation around the N–Ar
bond easily occurs at RT (DG– = 19–20 kcal/mol).1g,m,2b,f On the
other hand, a considerable number of stable atropisomeric com-
pounds having an ortho-methyl group such as III–VI1b-d,11 have
been also known (DG– ’ 30 kcal/mol).3 However, there has been
no report on the origin of the remarkable difference of the rota-
tional barrier between IB–IIB and III–VI. In general, the relation-
ship between the structure and the atropisomerism in N–C
axially chiral compounds has not been investigated in detail to
date.4

The elucidation of the factor, which influences the rotational
barrier around an N–C chiral axis, is important from the viewpoint
of not only atropisomeric chemistry but also medicinal chemistry,
ll rights reserved.

: +81 3 5859 8101.
agawa).
because aromatic heterocycles possessing an N-(ortho-substi-
tuted)phenyl group such as III (methaqulone: a sedative-hypnotic
Figure 1. Various N–C axially chiral compounds.
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Scheme 2. The conversion to 3a and rotational barriers of 2a and 3a.

Scheme 3. The conversion to 3b and rotational barriers of 2b and 3b.
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drug) frequently have strong pharmacological activity, and the
activities differ significantly between enantiomers due to an axial
chirality.1c,k,5 In connection with our previous study on N–C axially
chiral chemistry,2c,6,7 we had an interest in elucidating the un-
known factor which brings about an increase in the rotational
barrier.

In this Letter, we report on the notable relationship between the
aromatic structure and the rotational barrier in N–C axially chiral
compounds. Namely, we found that the rotational barrier around
an N–C chiral axis significantly increases by the aromatization
(the conversion to the corresponding aromatic compounds). The
origin of increase in the rotational barrier based on DFT calculation
is also described.

After a detailed survey of the literature on N–C axially chiral
compounds, we noticed that most of the stable atropisomeric com-
pounds possessing a small substituent at the ortho-position are
nitrogen-containing aromatic heterocycles.3 That is, in stable
atropisomeric compounds III–VI, the nitrogen atom of the chiral
axis is contained in the aromatic skeleton such as quinazolinone,
pyrimidinone, thiazolone, and indole (the lone pair on nitrogen
of III–VI contributes to aromaticity), while the nitrogen of the achi-
ral IB and IIB exists in the non-aromatic part. These may indicate
that aromatic structure plays an important role on the atropisom-
erism in N–C axially chiral compounds.

Meanwhile, since the steric circumstances between IB–IIB and
III–VI are remarkably different, it would not be possible to deny
the contribution of the steric factor on the rotational barrier (steric
repulsion during N–Ar bond rotation). To clarify the contribution of
aromatic skeleton, a comparison of the rotational barriers of
aromatic and non-aromatic compounds having similar steric
circumstances is required.

We previously reported on the highly enantioselective
synthesis of atropisomeric 1-(2,5-di-tert-buthyphenyl)dihydro-
quinolin-2-one 2a (98%ee) and 1-(2,5-di-tert-buthyphenyl)-3-ben-
zyl-dihydroquinazolin-2-one 2b-Bn (95%ee) through (R)-BINAP-
Pd(OAc)2 catalyzed intramolecular Buchwald-Hartwig amination
(Scheme 1).7 Firstly, we investigated the conversion of 2a and
2b-Bn to the aromatic versions 3a and 3b. Quinolin-2-one 3a
(98%ee) and quinazolin-2-one 3b (95%ee) were prepared without
racemization through the conversion shown in Schemes 2 and 3,
respectively. It was expected that the contribution of aromatic
structure on the rotational barrier should be clarified by the com-
parison of the rotational barriers between 2a and 3a (2b and 3b)
because the steric circumstances of 3a (3b) are very similar to that
of 2a (2b).

Thermal isomerization with 2a (98%ee) having a non-aromatic
lactam part and aromatic quinolin-2-one 3a (98%ee) was per-
formed under toluene reflux conditions (Scheme 2). After 48 h,
the ee of 2a was reduced by 71%ee, and the rotational barrier of
2a was estimated to be 33.1 kcal/mol (at 110 �C) by Eyring plot
(t1/2 = 98 h at 110 �C).9 Under the same conditions, with 3a, a
detectable change of the ee was not observed. Since the rotational
barrier of 3a was difficult to estimate by a thermal isomerization
Scheme 1. Highly enantioselective synthesis of atropisomeric compounds 2a and
2b-Bn.
experiment (further heating resulted in the decomposition of 3a),
the estimation based on DFT calculation was investigated.10 The
DG– values of 2a and 3a, which were calculated at the B3LYP/6-
31G(d) level, were 33.2 and 43.5 kcal/mol (at 110 �C), respectively.
The calculated DG– value (33.2 kcal/mol) of 2a was almost the
same as the experimental DG– value (33.1 kcal/mol), and this indi-
cates the high reliability of the present DFT method. In addition, it
should be noted that the DG– value of 3a dramatically increases in
comparison with that of 2a (more than 10 kcal/mol).

Similar results were also obtained in the case of dihydroquinaz-
olin-2-one 2b and quinazolin-2-one 3b. That is, after heating for
14 h at 90 �C in toluene, the ee of 2b was reduced by 60% from
95%, while the ee of 3b was not changed even after 24 h under tol-
uene reflux conditions (Scheme 3). The DG– value of 2a based on
Eyring plot was 30.7 kcal/mol (at 110 �C, t1/2 = 4.3 h at 110 �C).11

The DFT calculations of 2b and 3b were subsequently performed,
and these DG– values were calculated to be 30.8 and 37.5 kcal/
mol (at 110 �C), respectively.10 Similar to the case of 2a and 3a,
the DG– value of 3b remarkably increased in comparison with that
of 2b (6.8 kcal/mol).

Thus, it was found that the rotational barrier of N–C axially chi-
ral compounds significantly increased by the conversion to the cor-
responding aromatic compounds. To elucidate the origin of the
increase in the rotational barrier by the aromatization, X-ray crys-
tallography of dihydroquinolinone 2a and quinolinone 3a was
investigated. Unfortunately, since a good single crystal of 2a was
not obtained, the crystal structure of the a-methylated derivative
2a-Me,12 which has a similar rotational barrier to 2a, was com-
pared with that of 3a (Fig. 2).13

In both compounds 3a and 2a-Me, the 2,5-di-tert-butylphenyl
group is perpendicular toward the quinolinone ring (<C2-N1-C10-
C20 = �95.8� and �95.9�), and understandably, each amide part
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Figure 2. X-ray crystal structures of 3a and 2a-Me.
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has almost a planar structure (<O-C2-N1-C10 = 3.1� and �4.5�). On
the bond lengths of the carbonyl group (C–O) and the chiral axis
(N-C10), the sp2 character of the nitrogen atom, and the three bond
angles around the nitrogen atom (<C8a-N1-C10, <C2-N1-C10, <C2-
N1-C8a), significant difference between 3a and 2a-Me was not ob-
served. Although it was found that the amide C–N bond (C2-N1) of
3a is slightly longer (0.023 Å) than that of 2a-Me and the N1-C8a
bond distance of 3a is shorter (0.025 Å) in comparison with that
of 2a-Me, the high rotational barrier of 3a cannot be rationalized
on the basis of the differences of these bond lengths.

On the other hand, in the crystal structure of 2a-Me, a slight dis-
tortion of the amide part from the benzene plane was found (<C10-
N1-C8a-C8 = 24.6�), while in aromatic 3a, the benzene and lactam
rings are almost on the co-planar (<C10-N1-C8a-C8 = 3.9�). The
distorted structure of 2a-Me may alleviate the steric repulsion be-
tween ortho-substituent (C20-H or ortho-tBu group) and C8-hydro-
gen during the N–Ar bond rotation to lead to a decrease in the
rotational barrier in comparison with planar compounds 3a.

However, it is still unclear that such a slight distortion in the
ground state is the primary factor for the remarkable difference
of the rotational barrier between 2a and 3a. Therefore, we consid-
ered the structure of the transition state during the N–Ar bond
rotation by DFT method.10 The structures of the ground state and
transition state of 2a, which was estimated by DFT, are shown in
Figure 3. The calculated ground state structure is similar to the
crystal structure of 2a-Me.

As the transition state structures during the N–Ar bond rotation
in 2a, TS-2a or TS-2A through the rotation of the ortho-tert-butyl
group toward the carbonyl group or benzene C8 sides, should be
possible. DFT calculation indicates that the rotation proceeds via
TS-2a but not TS-2A because TS-2A has an extremely high activa-
tion energy in comparison with TS-2a (the steric repulsion be-
tween the C8-hydrogen and the ortho-tert-butyl group in TS-2A
may be stronger than that between the carbonyl oxygen and the
ortho-tert-butyl group in TS-2a).

In TS-2a having almost a parallel 2,5-di-tert-butylphenyl group
toward the dihydroquinolinone ring (<C2-N1-C10-C20 = �1.3�), con-
siderable changes on bond distances and angles around the nitro-
gen atom were found. Namely, the C2-N1 and the N1-C8a bonds
are elongated (0.034 Å and 0.027 Å), and the <C2-N1-C10 increase
by 14.6� while <C2-N1-C8a decrease by 15.2� from the ground
state conformer [the bond length of chiral axis (N1-C10) and
<C8a-N1-C10 hardly change]. In addition, it should be noteworthy
that remarkable distortion from planarity of amide part was found
(<O-C2-N1-C10 = �41.9�, sp2 character of amide nitrogen is main-
tained in the transition state).14 These structural changes may lead
to alleviation of the steric repulsion between the carbonyl oxygen
and the bulky ortho-tert-butyl group.

Such changes were also observed in the case of quinolinone 3a
(Fig. 4). The transition state structure TS-3a estimated by DFT
method indicates the considerable distortion of the amide part,
increase in the bond lengths (C2-N1, N1-C8a) and bond angle
(<C2-N1-C10), and decrease in <C2-N1-C8a in comparison with
the ground state structure. Furthermore, in TS-3a, the benzene
and lactam rings were found to be not on the co-planar (<C5-
C4a-C4-C3 = 159.3�).

We especially focused on the remarkable distortion of the
unsaturated lactam part in TS-3a (the twisting of the amide bond
and the distortion of the lactam ring from the benzene). Such dis-
tortion in rigid aromatic lactam 3a would bring about the larger
strain energy in comparison with that in flexible non-aromatic lac-
tam 2a as well as the decrease in the aromatic stabilization energy.
Hence, the rotational barrier of 3a may significantly increase more
than that of 2a.

The transition state structures TS-2b and TS-3b during N–Ar
bond rotation of dihydroquinazolin-2-one 2b and quinazolin-2-
one 3b by DFT method are shown in Figure 5. Similar to TS-2a
and TS-3a, in TS-2b and TS-3b, a remarkable distortion of the
amide part is caused (<O-C2-N1-C10: TS-2b; 50.9�, TS-3b;
�50.7�). Furthermore, in TS-3b, the distortion of the pyrimidinone
ring from the benzene plane was also found (<C5-C4a-C4-
N3 = 159.2�). Since TS-3b may bring about more significant
destabilization than TS-2b by an increase in the strain energy
and a decrease in the aromatic stabilization energy, the rotational
barrier of 3b considerably increases in comparison with that of 2b.

In conclusion, we found that aromatic structure brings about a
remarkable increase in the rotational barrier of N–C axially chiral
compounds. Furthermore, through the analysis of the transition
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state structure during the N–Ar bond rotation based on DFT calcu-
lation, the origin of increase in the rotational barrier of aromatic
compounds was strongly suggested to be due to the significant
twisting of the nitrogen-containing heterocyclic part. This result
indicates that in aromatic heterocycles possessing an ortho-substi-
tuted phenyl group on the nitrogen atom, there is a high possibility
of having stable axial chirality. In addition, this knowledge is
important from the viewpoint of not only N–C axially chiral chem-
istry but also medicinal chemistry, because aromatic heterocycles
possessing an N-(ortho-substituted)phenyl group frequently have
strong pharmacological activity.
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