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1. INTRODUCTION

Chirality plays a crucial role in life-sustaining processes, and for
this reason asymmetric synthesis has been a central research
theme in many research groups in the field of organic chemistry.
While earlier research mainly focused on central chirality (a
central atom that has different substituents), other motifs that
feature axial chirality, helical chirality, and planar chirality (Chart
1) have recently been investigated for their potential use in
synthesis, in asymmetric catalysis, and as chiral perturbers. Axially
chiral compounds, unlike molecules that feature central chirality
(point chirality), lack stereogenic center(s) yet exist as
enantiomers. Atropisomers belong to the class of axially chiral
compounds; however, in this case the enantiomers exist due to
the restricted rotation around a single bond.

While the atropisomers are usually defined by the chirality rule,
viz, R (or R,) and § (or S,) nomenclature using Cahn—Ingold—
Prelog rules, it is also often represented in terms of helicity rules,
viz., P (positive helix) and M (negative helix) nomenclature. For
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Chart 1. Exemplars Featuring Various Forms of Chiralities
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a detailed understating of these nomenclature and concepts, we
refer to an excellent review article published elsewhere.'

The phenomenon of restricted bond rotation was first
identified by Christie and Kenner in 1922 while investigating
biaryl 6,6'-dinitro-2,2'-diphenic acid.” The term “atropisomer”
was coined by Kuhn (derived from Greek, where a means “not”
and tropos means “turn”).” Oki proposed that the atropisomers
should be separable if they exhibit a half-life of at least 1000 s
(16.7 min).* Progress in this area saw a steep increase after the
advent of biaryl based atropisomeric catalysts® and discovery of
many natural products with atropisomeric skeleton(s).”” The
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use of atropisomeric compounds as ligands in metal mediated
catalysis has revolutionized the fields of organometallic chemistry
and asymmetric synthesis. Owing to the high demand and
importance of these chiral biaryl scaffolds, numerous synthetic
procedures, reviews, and concepts have been published in the
literature.”” "% Although similar investigations were carried out
on nonbiaryl atropisomers, most of them were restricted to
analysis of their physical characteristics such as the energy barrier
to rotation, racemization, and conformational analysis. It was not
until the seminal work of Curran and Clayden that many research
groups began to appreciate and investigate the potential of
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nonbiaryl atropisomers as an avenue to perform stereospecific/
stereoselective reactions and catalysis.'' Curran and co-workers
coined the term “atropselective” for reactions featuring
atropisomers with stereocontrol.

This review highlights those investigations that describe
nonbiaryl and heterobiaryl atropisomers as potential chiral
catalysts or substrates that can induce selectivity in chemical
transformations. For nonbiaryl atropisomers (i.e., nonbiphenyl
and nonbinaphthyl atropisomeric systems), we will focus on
stereogenic axis that arise due to restricted rotation about the
C(sp*)—Xbond (where X is a heteroatom N, O, and S) and C—C
bond (e.g., atropisomeric amides), and for heterobiaryl systems
we will restrict our scope to select examples that feature
atropisomerism around the C—Nj,,; bond (e.g,, atropisomeric
indoles, bis-indoles and pyridones). There are few review articles
available in the literature'”~"” that cover various aspects of
atropisomers, and this review will include the latest develop-
ments and improvements involving nonbiaryl atropisomers that
complement existing reports in this research area.

The review contains three main sections: (i) synthesis, (ii)
physical characteristics, and (iii) applications of nonbiaryl
atropisomers in synthetic transformations. In the Synthesis
section (Section 2), the preparation of various atropisomeric
functionalities is organized based on different methodologies that
feature (a) racemic, (b) chiral pool, (c) organometallic, and (d)
asymmetric (stoichiometric/catalytic) synthesis. The Physical
Characteristics section highlights parameters such as the rate
constant (k,.), half-life (7,/,), and energy barrier (AG*,,,) for
racemization. This section (Section 3) also features various
modes of racemization, differences between racemization and
slow rotation, as well as the influence of atropisomerism in drug
discovery. Finally, the Applications section (Section 4)
emphasizes the use of atropisomers for different reactions
including cycloadditions, radical reactions, nucleophilic and
electrophilic additions, catalysis, photoreactions, and the use of
atropisomers in molecular devices.

2. SYNTHESIS

Though the first observation on atropisomerism was docu-
mented in 1922, most of the atropisomeric compounds
synthesized later were not investigated in the context of
atropisomerism. This may be in part due to the lack of
appreciation of the importance of axial chirality in atropisomeric
compounds. After isolation of several atropisomeric natural
products, subsequent work led to a better understanding of the
importance of atropisomers/axial chirality leading to greater
scrutiny of atropisomeric compounds.”” These include axially
chiral amides, anilides, benzamides, ureas, N-aryl pyrroles, N-aryl
indoles, sulfones, sulfides, N-aryl carbamates, diaryl ethers, and
carbazoles. Each of these classes of compounds is discussed
below in some detail with an emphasis on stereocontrolled

synthesis.
2.1. Anilides

Anilides were one of the first systems employed for
“atropselective” reactions. Curran et al. documented the
synthesis of axially chiral anilides,"® and their early work focused
on synthesizing them as racemates. The racemic anilides were
screened for atropselective reactions. A prototypical racemic
atropisomeric anilide synthesis is shown in Scheme 1.

The atropselective chemistry of anilides led many researchers
to synthesize them in enantiopure form. For example, Simpkins
and co-workers attempted the synthesis of enantiopure anilide 4
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Scheme 1
(0]
NH 1. Benzotriazole, - o) \)J\N/
2 MeOH, 37% HCHO,
t-Bu 14 h, 25°C t-Bu CI)J\/ t-Bu
2.NaBH,4, 0°C, 3h Pyridine,
25°C,10 h

X 5°C, 10 X

1 2 3

through kinetic resolution of the corresponding racemate
(Scheme 2)." Treating racemic 4 with a substoichiometric

Scheme 2
o Ph Ph Q
\)J\ - 1 - N~
N NN
+-Bu Li Me t-Bu unreacted
2 Mol (-)-4 isomer
enantioenriched
4 5 (ee = 88 %)
(racemic)

amount of chiral lithium amide base followed by electrophilic
quenching with Mel resulted in the recovery of unreacted
starting material 4 with enantiomeric excess of 88%.

While the above attempt gave acceptable enantiopurity, it
opened up avenues to access anilides with high enantiomeric
purity. Taguchi succeeded in obtaining enantiomerically pure N-
acrzfloyl—N—allyl anilide 9 through a chiral pool approach (Scheme
3).”%*! Reaction of N-allyl-o-tert-butylaniline 7 with (S)-O-acetyl
lactic acid 6 resulted in carboxamides 8a and 8b, a separable
mixture of diastereomers in a ratio of 3:1.

Scheme 3
(0] (0]
HN/\/ \‘)LN/\/ \HLN/\/
. t-B .
\(COzH ©/t Bu EDC OAc LJBu OAc t-Bu
4 7 .
OAc DCM *
6 7 8a 8b
8a:8b = 3:1
Yield = 74%
(0} (e}
YLN/\/ \)J\N/\/
| 1. 1N NaOH -
OAc A BY 5 MsCl/EtN SHBU
3. PhSeNa
8a 4.Hz0 (+)-9
ee=97%

EDC = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

The crystal structures of 8a and 8b revealed that the amide and
the aryl functionalities were oriented at ~83°. The diastereo-
meric carboxamides 8a/8b were converted to the corresponding
anilide 9 with high enantiopurity (ee = 97%). Following a similar
protocol, Simpkins and co-workers reported reduction of a-
acetoxy anilides 11 using a combination of Sml, and LiCl to
furnish enantioenriched anilides 12 (Scheme 4).”** Apart from
the acetoxy group, this method also smoothly reduced OBn and
Br groups. The presence of LiCl was indispensable as it
accelerated the reaction resulting in higher product yields. These
optically pure amides were then subjected to alkylation with very
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Scheme 4
(0]
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Sac | vpu NeTHE
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o (0]
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OAc A tBu —— > tBu
LiCl (12 equiv)

THF, rt, 24 h
(-)-10 1 12
dr=1:1.6 ee ~93%
separable mixture Yield =73%
Yield = 65%

MEM = Methoxyethoxymethyl

high atropselectivity (>25:1). However, this method suffered
from long reaction times (>24 h) as well as the need to use
superstoichiometric amounts of Sml, (4 equiv) and LiCl (12
equiv).

Taguchi et al. reported yet another chiral pool approach for the
synthesis of enantiomerically pure atropisomeric anilides 17
through resolution of amide esters 14a and 14b derived from
pantolactone 13 (Scheme 5).** These amide esters were then

Scheme §
(0]
Ao 7@%0
i_fngBr OIO f OIO f
(0] O N O N

0 13 t-Bu
(cocly, ———> fBu
HN/W
t-Bu\©

14a 14b

(major, oil) (minor, solid)

Yield = 43% Yield = 35%

AR %ii
gr oot oT

17

a) LIOH/THF; b) SOCI,/MeOH; c) RMgBr, THF; d) NaBHy;
e) MsCl; f) PhSeNa; g) H,O,.

R = Me, Et, Ph, Bn.

converted to their corresponding a-ketoamides 16 and a,f-
unsaturated anilides 17 without loss of stereochemical integrity.
They also demonstrated the successful recovery and reuse of the
optical resolving agent pantolactone 13 and validated the
potential advantage of this methodology for large-scale
preparation.

The first asymmetric synthesis of atropisomeric anilides was
reported by Uemura and co-workers through enantioselective
lithiation of prochiral tricarbonyl(N-methyl-N-pivaloyl-2,6-
dimethylaniline)-chromium complex 18 with a chiral lithium
amide base 19 followed by quenching with an electrophile
(Scheme 6).2>*° The stereoselective deprotonation occurred
due to the conformational orientation of prochiral chromium
complex 20 in which the amido carbonyl oxygen was oriented
trans to the chromium complexed phenyl ring. Exposure of an
ethereal solution of chiral chromium complex 20 to sunlight
resulted in decomplexation to furnish optically pure anilides 21
without the loss of optical purity.

Scheme 6

t-B t-Bu
! 7N 4)—Ph t—Bu

O//I\N/ —N_N OJ\N/

1
“ hv, 02 “ CHE
B ———
O 2.E*XorE CHzE Ether

Cr(coy) Cr(COy) N

20 ee = 44-97%
Yield = 24-90%

18

E+X = Mel, PhCH,Br, CH,=CH-CH,Br, MeC=C-CH,Br,
PhC=C-CH,Br, PhCOCI.
E = Benzophenone, cyclohexanone.

Taguchi and Curran independently reported the first catalytic
asymmetric synthesis of atropisomeric anilides. The protocol
involved the emplo gfment of chiral z-allyl palladium intermedi-
ates (Scheme 7).%”

Scheme 7
it £
2 2
R NH 2.2 mol% (allylPdCl), R N B
\©\ 4.4 mol% (S)-tol-BINAP ~-Bu
(CH»=CHCH,0),C ;
THF, t, 15 h 523
ee = 32-44%
K\ Yield = 92-96%
/\

By B

t—Bu

R

R'=H, t-Bu; R2= CH,=CH, CO,Me, (E®MeCH=CH, (E/PhCH=CH;
PhCO, Me, Et, 2-furyl, Ph. « = Chiral

Though these two methods gave excellent chemical yields, the
stereoselectivities were rather low. The lower selectivity was
attributed to poor facial discrimination during the nucleophilic
attack on the z-allyl carbon by the soft anilide anion from the
opposite side of the coordinated Pd atom resulting in diminished
asymmetric induction. Nevertheless, this work provided initial
insights into the catalytic asymmetric synthesis of nonbiaryl
atropisomeric systems. Building on this precedence, Taguchi et
al. reported a successful catalytic asymmetric synthesis of
atropisomeric anilides 26 through intra- and intermolecular N-
arylation of achiral anilides 25 by a chiral Pd catalyst with very
high stereoselectivity (Scheme 8).”~>' Higher selectivity in
these experiments was attributed to the formation of C—N bond
near the chiral ligand of the Pd catalyst. Though excellent
selectivity and chemical yield was obtained in these experiments,
the coupling partner was limited to p-nitroiodobenzene 24. The
temperature (80 °C, 22 h) required for efficient conversion in the
above method was detrimental for accessing atropisomeric
anilides that have lower barriers for C—Nj,, restricted bond
rotation, as racemization of the product became unavoidable at
elevated temperatures.

Tanaka and co-workers reported rhodium catalyzed enantio-
selective intermolecular [2 + 2 + 2]-cycloaddition of
trimethylsilylynamides 28 with 1,6-diynes 27 to access
enantioenriched atropisomeric anilides 29 (Scheme 9).>* The
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Scheme 8
1 i
Pd(OAc), Ar
I R2" "NH (R)-DTBM-SEGPHOS RZ N
/©/ + t-Bu otBu
t-BuOK, toluene
ON 80 °C, 6-22 h
R? R
24 25 (5)-26
ee = 89-95%
Ar Yield = 40-84%
|
e |
t-Bu R«

R

R'=H, t-Bu; R2= Me, Et, PhCH,CH,, Cyclohexyl, PhCH=CH, MeCH=CH;

Ar = 4-nitrophenyl. « = Chiral
Scheme 9
0 i
3
R R2 ~R
R2 "N~ [Rh(cod),]BF, 1 y
/—=—R! | | (S)-xyFBINAP R SiMes
X —_— >
__— Rt DCM, rt, 15-42 h R?
SiMeg
X
27 28

29
ee = 79-98%
X = C(CO,Me),, O; R' =Me, Et; Yield = 15-69%

R2 =Ph, Me, OMe, R3 =Bn, n-Bu, i-Pr, Ph.

reaction proceeded smoothly at ambient conditions with very
high enantioselectivity and moderate chemical yields. The major
side reaction was the homo [2 + 2 + 2]-cycloaddition of 1,6-
diynes. Similarly, Hsung and co-workers reported Rh(I)
catalyzed asymmetric [2 + 2 + 2]-cycloaddition of ynamides
that facilitated the establishment of both C—C and C—N chirality
in one synthetic step.’

Maruoka and co-workers reported a highly efficient catalytic
asymmetric synthesis of o-iodoanilides 32 through an N-
alkylation reaction of 30 promoted by quaternary chiral
ammonium phase transfer catalyst 31 (Scheme 10).**”° Based
on the crystal structure of the catalysts they proposed a transition
state model for the observed enantioselectivity, where the
catalyst could recognize the steric difference at the ortho-position
of the anilide (X vs I; refer to Scheme 10). Their hypothesis was
bolstered by the dependence of enantioselectivity on the size of
the halide substituent at the ortho-position of the anilide 30

Scheme 10
Ar
1 OO B 1
R ® N,R R
3
HN” 0 Ar NS0
X : (S)sl']‘TC XAy
+ R3-Br
KOH, i-Pr,0, -20 °C
Y Y
30 32
ee= 34-95%

Yield = 61-99 %

Ar = 3,5(3,5-(+-Bu),CHal-CaHg R = n-Hex; X = Me, Et, OMe, F,
Cl, Br; Y =Me, H, Br, |; R =H, Me; R2 = Me, Ph; R3 =Bn, 4-Me-
CGH4'CH2, 4'CF3'CQH4'CH2, CH2=CH'CH2, n-Bu.
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(varying the X substituent from F, Cl, and Br varied the
enantioselectivity from 80, S8, and 31%, respectively).

Curran et al. reported a novel method based on crystallization-
induced asymmetric transformation of 36 to obtain optically
pure anilides 33 (Scheme 11).%° Upon crystallization, one of the

Scheme 11
€]

)O]\ j’\Mg oTf Meo. M@
> Lo A
@"B“ TfOMe tBU MeONa t-Bu

—_— —_—
MeOH
33 34 35
(racemic)
Dimethyl L-tartrate,
vacuum, 14 h
COOMe
MeOOC
0 ~ o

(0]
\fN/

f t-Bu

1. Selective crystallization
dr=20:1in 95% yield

2. (Sml/THF/(HOCH,),

(M) or (P)-33 or (NaOH/THF) 36
ee = 87-93% 1:1.1 mixture
crude yield = 68-99% Yield = 45%

diastereomers of 36 was isolated in a diastereomeric ratio (dr) of
20:1 even though trans-ketalization of o-anilide 35 afforded 36 in
a dr of 1:1.1. The enriched diastereomer of 36 underwent
samarium iodide reduction or base hydrolysis to furnish
enantiomerically enriched axially chiral anilides 33. The dr of
36 dictated the ee in 33 that suggested that the reduction/
hydrolysis occurred much faster than the C—N,,; bond rotation.
While this method employed stoichiometric amount of tartaric
acid for resolution, two important hypotheses were introduced in
order to obtain optically pure axially chiral anilides. First, the
asymmetric hydrolysis of o-anilide in the presence of a chiral
environment is difficult; viz., the rate of hydrolysis must be faster
than the rate of C—N,,, bond rotation of ketal-anilide, but
slower than the C—N,,, bond rotation of the keto anilide
product. Second, in the asymmetric acylation protocol, the ketal
formation step (tetrahedral intermediate) must be selective
rather than the hydrolysis step as the former determines the ee of
the final anilide product. This is because the rate of hydrolysis is
much faster than the rate of C—Nj,, bond rotation of the o-
anilide.

2.2. Amides

Aromatic amides with a general formula ArCONR, with
sufficiently bulky ortho substituents exist as atropisomers
(Scheme 12). The plane of the amide carbonyl is almost
perpendicular to the aromatic ring. Axially chiral amides have

Scheme 12
R? R?
U I
(0] N (o] N
- -
R' 1. sec-BuLl, F;
OO THF, -78 °C OO R
_ >
2. R2X
37 38

R! = Et, i-Pr; R2X = Mel, TMSCI
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been under intense scrutiny starting from 1966 and have been
well studied for their physical characteristics (interesting
landmarks will be discussed in section 2). Pioneering work by
Clayden and co-workers has highlighted the versatility of
atropisomeric amides in asymmetric synthesis. They reported
the first stereoselective synthesis of axially chiral amides 38
through ortho metalation of 37 followed by electrophilic
quenching (Scheme 12).%7%%

Following a similar protocol, Beak et al. achieved the first
enantioselective synthesis of axially chiral amides with the use of
(—)-sparteine 40 (Scheme 13).39%0 They rationalized the

Scheme 13
i N
R2 N H 2
| H Fu‘
. (0] 40 .N__O
R2 (-)-sparteine R2 )
OO sec-BulLi, -78 °C OO R
_ >
Et,0, R1-X
39 41
(ee = 0-63%)
Yield = 5-62%

R1-X = Mel, Etl, MeOTf, TMSCI, TMSOTf
R2= O'CGH"’ n'CeH13

observed enantioselectivity on the asymmetric deprotonation
of the naphthamides 39 using sec-BuLi/sparteine complex
followed by electrophilic quenching. Similarly, Clayden and co-
workers reported a method to access optically pure atropisomeric
amides involving desymmetrization of enantiotopic o-methyl
substituents using chiral lithium amide bases followed by
electrophilic quenching (Scheme 14).*' sec-BuLi complexed

with chiral diamine such as (—)-sparteine or chiral lithium amide
bases were both efficient in deprotonating 42 with the later
combination giving the product in appreciable enantioselectivity
and chemical yields.

Natsugari et al. reported a diastereoselective cyclization of 44
leading to potent NK, receptor antagonist 45 and carried out
extensive studies on its pharmacological properties (Scheme
15).%7* The newly formed eight-membered ring in the cyclized
product reached an equilibrium of 98:2 ((aR,9R)-45:(aS,9R)-
46) in solution in approximately 60 h at 37 °C. In a similar
manner, the enantiomer of 45 (aS,9S) was synthesized and tested
for its antagonistic activity. Structure—activity studies revealed
that the axial chirality had significant influence on the NK;
antagonistic activity. For example, the (aR,9R)-45 isomer had an
ICy, of 0.45 nM compared to its enantiomer (aS,95)-4S whose
IC,, value was 340 nM.

Uemura and co-workers succeeded in obtaining highly

enantioenriched axially chiral benzamides 48 using a ;planar
chiral arene chromium complex 47 (Scheme 16).* The
Scheme 16
: 3
t
Et~N- et-N 0
Me 1. +BuLi, TMEDA, Me
o THF, -78 °C, then EtI 2AEt
l,'Cr(CO)a 2. h’V, 02, Etzo, 0°C
47 48
ee =~94%
Yield: 32%

orientation of the amide NEt, substituent was anti, while the
amide carbonyl oxygen was syn to the aryl coordinated
chromiumtricarbonyl functionality. Such an orientation allowed
excellent stereoselectivity in the ortho-lithiation step followed by
stereoselective quenching by electrophiles. Additionally, several
other substituents were investigated at the ortho position for their
influence on the stability of the atropisomers. The same group
reported an enantiotopic lithiation of prochiral benzamide
derivatives 49 in the presence of a chiral lithium amide base 50 to
access optically pure atropisomeric benzamides 51 (Scheme
17).2 Among various chiral amines screened, only monoamines
gave respectable enantioselectivity. Further optimization to
obtain higher selectivity by varying the solvent and additives
such as LiCl were not fruitful.

Clayden and co-workers reported the asymmetric synthesis of
atropisomeric amides through dynamic thermodynamic reso-
lution with proline-derived diamine derivative 53 (Scheme 18).*
Coupling of optically pure resolving agent 53 with 52 resulted in
54 with high yield and diastereoselectivity. After thorough

Scheme 14
{-Pr {-Pr
o N\i-Pr 0 N\i-Pr
1. base SiMeg
_—
2.TMSCI
42 43
ee = 59-89%
Yield = 25-57%
Me Me Me ! Me J\
Ph NAPhE Ph/\l:l/\Ph EPh/\ry
Li ' Li ' Li
Various bases screened
Scheme 15
H
o (0]
(R)
NG~y
| 1. MsCl, EtgN, THF
AN O 0°C,0.5h
HNW 2.NaH, THF
Ar reflux, 1 h
44

(aR,9R)-45

(aS,9R)-46

Yield = 69%
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Scheme 17
N
H/\@
50
Et\N'Et Chiral amine
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investigations they concluded that the aminal was formed initially
as a mixture of diastereomers 54/55. Under the reaction
conditions 55 epimerized to more stable atropisomer 54 leading
to higher diastereoselectivity (dynamic kinetic resolution). The
diastereomerically enriched 54 was sequentially hydrolyzed and
reduced to obtain the optically pure amide 57 (as the aldehyde
derivative 56 featured a lower energy barrier for racemization).
This methodology was extended to benzamides; however, the
lower energy barrier for rotation in the product resulted in partial
racemization leading to poor enantioenrichment in the final
product. The same group also employed various chiral resolving
agents such as (—)-ephedrine, proline-derived imidazolines, and
ephedrine-derived oxazolidines to achieve hlgher enantloenrlch
ment in naphthamide and benzamide derivatives."”

In an elegant report, Clayden and co-workers employed
enantiomerically pure sulfoxide anti-59 as a temporary handle to
achieve excellent thermodynamic control over the stereo-
chemistry of amides 61 (Scheme 19).* Racemic amide 58 on
metalation followed by quenching with menthylsulfonate gave
syn-59 that underwent dynamic resolution under thermody-
namic control to yield anti-59 exclusively. This thermodynami-
cally stable sulfoxide anti-59 reacted with t-BuLi generating the
ortho-lithiated intermediate 60. As the axial chirality was
preserved at —78 °C, this intermediate 60 was trapped by
electrophilic quenching resulting in enantioenriched amides 61.
The conversion of enantiomerically pure atropisomeric amides
to amide free derivatives such as benzofuranones through
memory of chirality exemplified the versatility of this strategy.

Scheme 19
R! R! R!
U U \ _Rri
0 N~H1 O N‘R1 Oy :‘N R
R2 R2 Li R2 S,
-0 |t
— —
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1 1 R1
. 0N \R1 AR
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-
R3 o
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R = j-Pr; Et; —CMe,CH,OCMe,—

E*+ = Me, Et, Ph,CO, (CH,)CO, C,H,Br,, CoHyly, Etl; @) sec-BuLi, THF, -78 °C;
b) (1R,2S,5R,Ss)-(-)-menthyl-p-toluenesulfonate, -78 °C to 0 °C then NH,CI; c)
t-BuLi (3 equiv), THF, -78 °C, 5 min; d) E*

Walsh and co-workers reported a catalytic kinetic resolution
method to obtain optically pure atropisomeric amides 62 using
commercially available Sharpless asymmetric dihydroxylation
agent (AD) (Scheme 20).%° They anticipated that the presence
of a chiral axis will impact the relative rates of dihydroxylation of
the enantiomers. The analysis revealed that the relative rate (k,)
of dihydroxylation was as high as 32 with the use of AD-mix a.
The absolute stereochemistry of the resolved enantiomer 62 as
well as the diol 63 was not reported.

While benzamides were superior for kinetic resolution,
substituents at the ortho position and at the amide nitrogen of
benzamides had a significant influence on the k, of the reaction.
This is due to the epimerization of the atropisomers over time
that reduced the diastereoselectivity in the diol product 63.

Addition of pyridine to accelerate the dihydroxylation did not
affect the initial outcome of the diastereomeric excess (de) in the
diol product, thus allowing them to conclude that the kinetic
diastereoselectivity was substrate controlled rather than catalyst
controlled. Dai and co-workers also reported a similar type of
kinetic resolution to obtain enantioenriched atropisomeric
naphthamide derivatives containing oxygenated functionalities.’

Scheme 18
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Jorgensen and co-workers documented cinchona-alkaloid
based organocatalytic enantioselective synthesis of naphtha-
mides and carboxamides through asymmetric Friedel—Crafts
reaction (Scheme 21).”> The reaction proceeded through an
activated naphthoxide that in the presence of catalyst 65 formed a
chiral ion pair with azodicarboxylate complex, which further
reacted to form naphthamides 66 with excellent stereo- and
regiocontrol (if unsymmetrical azodicarboxylate was employed).
Interestingly, the catalyst itself underwent Friedel—Crafts
reaction under forcing conditions (under the asymmetric
reaction conditions, only 64 reacted preferentially compared to
the catalyst) resulting in new class of cinchona-alkaloid that
accelerated the reaction much more efficiently giving rise to
products with high optical purity and enabling access to both
enantiomers of the product.

Tanaka and co-workers reported the first catalytic enantiose-
lective synthesis of atropisomeric benzamides through cationic
rhodium catalyzed [2 + 2 + 2]-cycloaddition of 1,6-diynes 67
with N,N-dialkylalkynylamide 68 (Scheme 22).>* This method-
ology tolerated several substitutions and was also useful in the
synthesis of substrates featuring two axial chiral units, viz., aryl—
aryl and aryl—carbonyl axial chiralities with excellent control over
enantio- and diastereoselectivities. Employing this methodology,

Scheme 22
Oy NR? O:._NR2
— 5 mol% [Rh(cod),]BF,
Ve 21BFy
z “ | 5
= (S)-BINAP/(S)-SEGPHOS !
R! DCM, 1t, 1-5 h 2 R
67 69
ee =>99%
68 dr=>50:1

Yield = 81-99%
Z = C(COzBn),, O, NTs; R = CMe,OMe, t-Bu, i-Pr, n-CgH44; R2 = Me, Et, i-Pr,(CsH1o).
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the same group demonstrated the synthesis of axially chiral 2-
pyridones with reasonable enantiomeric excess (up to 87% ee).”*

Miller and co-workers reported an interesting catalytic
enantioselective method to synthesize axially chiral benzamides
through peptide catalyzed aromatic substitution reactions
involving bromination (Scheme 23).%° The tetrapeptide bearing

Scheme 23
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-$-N(i-Pr),, : °

DBDMH = dibromodimethylhydantoin.

a tertiary amine catalyst 71 acted as a Bronsted base in promoting
the reaction. The phenolic group in the substrate 70 coordinated
to the catalyst (likely through H-bonding) and directed the
bromination. The origin of enantioselectivity during this
multibromination reaction was evaluated by monitoring the
progress of reaction at an early stage. The results revealed that the
initial bromination occurred near the prochiral axis (ortho to
phenol and the amide carbonyl) dictating the stereochemistry in
the product. The advent of several catalytic enantioselective
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methods provided an easy access to the axially chiral amides that
can further be employed for atropselective reactions (vide infra).
Indometacin 74, a nonsteroidal anti-inflammatory drug, has
been the subject of extensive studies to understand its reactive
conformation and interactions with the cyclooxygenase (COX)
active site. For a long time indometacin was assumed to be a
planar molecule (atropisomerism was overlooked), which led to
several misconceptions. Natsugari and co-workers prepared and
analyzed derivatives of indometacin and showed that the axial
chirality great?f affects the recognition of COX isoforms
(Scheme 24).>° The ester derivatives of 74 were separated on
a chiral stationary phase using preparative HPLC and
subsequently hydrolyzed to get the target analyte.
Scheme 24

COOH COOH
MeO MeO
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Cl > 7' f
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| |
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Cl |

(trans, aR)-74

H C1'-C7' rotation C1'-C7' rotation H

OMe

(cis, aR)-74

While the interconversion of N—CO conformers that exist in a
ratio 1:1.6 was fast, the interconversion of C—CO atropisomer
was slow due to a higher energy barrier to rotation around the
C(sp2)—C(O) chiral axis (25.7 kcal'‘mol™"). Analysis of the
racemate and individual enantiomers revealed that only (cis,aR)-
74 showed potent activity against COX-1 (ICs, of 15.6 + 1.8
uM). Just like central/point chiral molecules, each isomer/
conformer of the atropisomeric compounds can have different
biological activity. For example, Porter and co-workers reported
the synthesis of atropisomeric 1,2,3,4-tetrahydroisoquinoline
amide 77 as Bcl-2 ligands for proteins that are well-known for
their anti- and pro-apoptotic activity (Scheme 25).”” Further
separation of rotamers and conformers allowed them to identify
the biologically active conformer (eutomer) cis-aR-76. The result
was further bolstered by Bcl-2 affinity analysis in which only cis-

aR-77 bound to the protein. Structure—activity relationship
(SAR) studies revealed that changing NPh, substituent to NBu,
in the pyrazole group resulted in improved potency against Bcl-2.

2.3. Imides

One of the features of N-aryl maleimides is the orthogonal
orientation of the amide and aryl functionalities. This has been
exploited for a wide variety of reactions.”® Based on this
precedence, axially chiral maleimides were reported by Curran et
al. through desymmetrization of the maleimide motif that
resulted in an N—C,,, chiral axis (Scheme 26)."% While the

Scheme 26

NH2 Ofﬁo
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78 X

1
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individual atropisomers of 79 were not resolved, the presence of
an o-tert-butyl group inhibited racemization at room temperature
providing the necessary control of facial selectivity during
chemical transformations.

Taguchi and co-workers reported a chiral pool approach to
access optically pure atropisomeric maleimides (Scheme 27).”!

Scheme 25
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The coupling reaction between o-tert-butylaniline 1 and (R)-
methyl succinic acid 80 promoted by EDC resulted in high
conversion at a high concentration (3 M) leading to a mixture of
diastereomeric imides 81a and 81b. The diastereomers were
easily separated by chromatography followed by recrystallization
to yield optically pure 81a, which was further converted to the
corresponding maleimide 82 without the loss of optical purity.
Shimizu and co-workers carried out resolution using the chiral
resolving agent (S)-1-phenyl decanol 86 under Mitsunobu
conditions to access enantiomerically pure N-aryl imide 87
(Scheme 28).°” The optically pure imide esters (formed from

Scheme 28
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ee = >95%

coupling of 85 and 86) obtained by chromatographic separation
were subjected to hydrogenolysis followed by recrystallization in
acetone to obtain optically pure N-aryl imide 87 that possessed a
high energy barrier for C,,,;—N bond rotation (>30 kcal'mol ™).
Following a similar protocol, the same group reported the
synthesis of enantiomerically pure axially chiral N-aryl imide
monodentate phosphine ligand that was emgloyed for Pd
catalyzed asymmetric allylic alkylation reaction.’

Hayashi and co-workers reported catalytic asymmetric syn-
thesis of N-aryl imides through rhodium catalyzed asymmetric
1,4-addition reaction (Scheme 29).°" Excellent enantio- and
diastereoselectivities were obtained through this methodology.
The observed selectivity was explained based on the approach of
the Rh complex from the side opposite to the bulky ¢-Bu
substituent, thus avoiding unfavorable steric interactions. The
succinimide 91 was oxidized using a DEAD/K,CO; mixture to

Scheme 29
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2-Me-Ph.

corresponding maleimides without loss of stereochemical
integrity (axial chirality).

Bencivenni and co-workers reported an enantioselective
desymmetrization approach involving aminocatalytic vinylogous
Michael addition to access optically pure imide derivatives 95
(Scheme 30).%* The reaction proceeded smoothly with excellent
control over the prochiral axis resulting in very high stereo-
selectivity in the product. The catalyst 94 was able to exert its
stereochemical influence at the prochiral axis of the maleimide
double bond resulting in desymmetrization (favoring the P-
isomer). Replacing the ortho substituent of the maleimide 93
from a bulky ¢-Bu group to a less bulky group such as iodo, SiEt;,
or Ph resulted in epimerization due to lower energy barrier for
N—Cy,y bond rotation. The same authors have also reported
highly atropselective Diels—Alder desymmetrization of N-
arylmaleimides catalyzed by the organocatalyst 94.°°

2.4. Indole Derivatives

In 2001, Bringmann and co-workers reported the first total
synthesis of murrastifoline-F 98, a heterobiarylic biscarbazole
alkaloid with an N—C, chiral axis, through oxidative non-
phenolic coupling of 97 (murrayafoline-A)®* promoted by
Pb(OAc), (Scheme 31).%° The authors were the first to explore
atropisomerism in 98 even though the natural product had prior
literature precedence. The liquid chromatography circular
dichroism (LC-CD) spectra of 98 in a stopped flow mode
confirmed the presence of enantiomers due to restricted N—C,,
bond rotation. The optically pure atropisomers were accessed
through derivatization of 98 with a chiral auxiliary (Mosher’s
acid) followed by chromatographic separation of the diaster-
eomers. The individual diastereomers were characterized, and
their absolute configurations were determined. Analysis of the
naturally occurring murrastifoline-F revealed that the M-isomer
was favored over the P-isomer in a ratio ranging from 55:4S to
58:42.

Uemura and co-workers reported diastereoselective synthesis
of axially chiral indoles through stereoselective nucleophilic
aromatic substitution of planar chiral chromiumtricarbonyl
complex 99 (Scheme 32).°%%7 Coordination of electron
withdrawing chromium complex activated the aryl ring toward
nucleophilic attack of the indole anion 100.

Interestingly, the product stereochemistry was dictated by the
substitution at the 2-position (R?) of indole 100. The chromium
functionality was oriented anti (101) to the indole benzene ring
in the case of unsubstituted and 3-methyl substituted indoles,
while it was oriented syn (102) in the case of 2-substituted
indoles. Theoretical calculation revealed that the rate-determin-
ing step was the elimination of fluoride ion that had the highest
energy barrier of all the steps. In addition, the most stable
conformation featured the methyl group of the indole orienting
away from the leaving group (F7).

Kitagawa and co-workers reported the first asymmetric
synthesis of axially chiral indole 104 through S-endo-hydro-
aminocyclization of 103 mediated by a Pd catalyst (Scheme
33).% Reaction with the aromatic alkyne 103 resulted in good
yields of the product. In contrast, the reaction was sluggish with
aliphatic and deactivated aromatic substituents (o-nitro deriva-
tives). Addition of AgOTS (S mol %) accelerated the reaction by
the formation of reactive cationic Pd species. One interesting
note was that if the R' group contained an ortho-substituted
phenyl group (e.g,, 2-Me-Ph), the product was obtained with
higher selectivity. The observed selectivity was attributed to the
generation of dynamic axial chirality around C,jyyny1—Cppeny that

DOI: 10.1021/acs.chemrev.5b00136
Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Scheme 30
7z
N
H NH, 2
MeO X
|
N R?
94
0 A Quinine organocatalyst
(20 mol%)
R2 toluene, 25 °C, 72-96 h
R2
COOH
2
° NHBoc
93 N-Boc-L-phenyl-glycine
(40 mol%) — 94 - 09
R1 =Me, Bn, n-Pr, allyl; R2 = H, Me Z,e= (?2367795%2/‘15
R3 =H, 4-Br, 4-Cl, 4-Ph, 4-OMe, 5-NHCbz, 5-NHTs, 5-t-Bu Yield = 36-80%
Scheme 31 Scheme 33

O O b(OAc),, BF getherate N OMe
CHCN, tt, 35 h Q O
N
97 OMe
Yield = 60%

efficiently translated the chiral information from (R)-SEGPHOS
to the newly forming C—N chiral axis.

2.5. Pyrrole and Pyrazole Derivatives

N-Arylpyrroles (e.g, 108), are one of the earliest nonbiaryl
atropisomeric compounds that were documented by Bock and
Adams in 1931 (Scheme 34).” This was followed by several
other reports, which were focused on understanding the
rotational barriers and racemization processes of the atro-
pisomers through HPLC separation on a chiral stationary phase
and analysis of their kinetic parameters.

Sarli and co-workers reported an improved procedure for the
total synthesis of marine alkaloid (+)-marinopyrrole-A 112
(Scheme 35).” The copper mediated arylation of 109 and 110
under microwave conditions was employed to access the 1,3'-
bipyrrole core 111. The synthesis was accomplished in six steps
with 22% overall yield compared to the previous report by Li and

R1

o
NH
o

5 mol% PdCl, \

7 mol% (R)-SEGPHOS
@t—BU

EtOH, 80 °C, 4-24 h

ee = 35-83%
Yield = 67-93%

)
ML*
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_> R1

R1
4-i-Pr-Ph, 2-NO,-Ph, 2-CI-Ph, 2-Br-Ph.

=Ph, n-CHg, 4-Me-Ph, 2-Me-Ph, 2-MOMO-CH,-Ph,

co-workers that involved nine steps with 30% overall yield.”"
Similarly, Fenical and co-workers reported access to marino-
pyrroles A—F through the cultivation of actinomycete strain
CNQ-418.”” These stable axially chiral natural products
possessed only (M)-configuration.

Sugane and co-workers reported a concise method and
resolution procedure to access enantiomerically pure triazole

Scheme 32
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derivative 114, which was an active GlyT1 inhibitor (Scheme
36).” The active (R)-enantiomer 114 was synthesized from (R)-

Scheme 36
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98%. (d) EDC.HCI, HOBt, NH,ClI, Et3N, DMF, rt, 86%; (e) POCl3, DMF, 0 °C, 81%.

113. The undesired (S)-113 enantiomer obtained after
resolution was converted back to a racemate by heating at 155
°C in N,N-dimethylacetamide (DMA). This process enabled
recovery and reuse of undesired (S)-113 isomer taking advantage
of thermal isomerization of axially chiral molecules.

2.6. Lactams

In the course of their continued interest in atropisomeric
compounds, Taguchi and co-workers devised a strategy to
synthesize optically active axially chiral lactams through amino-
cyclization of the mesylate derivative 116 (Scheme 37).”%” The
ring size of the lactam had considerable influence on the
stereochemical outcome of the diastereomeric products 117/
118. In four- and five-membered lactams, the o-tert-butyl
functionality was oriented trans (as in 117) with respect to C-4
or C-S substituent. On the other hand, in six- and seven-
membered ring lactams, the o-tert-butyl functionality was cis (as
in 118) with respect to C-4 or C-S substituent. After careful
analysis of the reaction, the authors concluded that the

11250

thermodynamic product dominated in the case of four- and
five-membered lactams where the initially formed cis product
118 (kinetic product) isomerized to thermodynamically stable
trans-117 through C,.,;—N bond rotation. This bond rotation
was facilitated by the reduced bond angle in the four- and five-
membered lactams. On the other hand, in the case of six- and
seven-membered ring lactams, the cis product 118 formed under
kinetic conditions did not convert to trans-117 due to the large
rotational barrier (as C—N—C bond angles are larger for six- and
seven-membered lactams). They also found that the N—Cayi
bond rotation is more facile in the four-membered ring system
(even with the ortho tert-butyl substitution in the N-Phenyl ring)
and as the ring size increases the barrier for rotation becomes
higher. Taguchi and co-workers also reported the synthesis of
optically pure atropisomeric lactams 120 through the catalytic
asymmetric N-arylation reaction of 119 promoted by Pd in the
presence of BINAP (Scheme 38).>” The resulting lactam was
subjected to atropselective reactions to furnish compounds that
were biologically active NET inhibitors.*"”®

Tan and co-workers reported an enantioselective synthesis of
axially chiral lactam 123 through tandem isomerization—aza-
Michael reaction of amide 121 in the presence of a chiral

guanidine catalyst 122 (Scheme 39).”” While the reaction
Scheme 38
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proceeded smoothly, the method was rather limited in scope due Scheme 41
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R2 125
Scheme 40 R2
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was essential that the racemate crystallize in a chiral space group E p
(as conglomerates). In the absence of seeding, when a melt as @(N Rg \Cf‘\N
crystal or a solution at high temperature (150—180 °C) was NN NG
slowly cooled, chiral symmetry breaking”® occurred favoring one | N. R | N
enantiomer over the other resulting in chirally enriched N-aryl- lc | NEt,
pyrimidinones (ee ranging from 13 to 66%). The authors report Z 7
unpredictability of the crystallized enantiomer as well as the 130 (+)-131 (CP-465,022)

inconsistency in getting the same optical purity. They overcame
this limitation by externally adding optically pure crystals to melt
that gave the same optical isomer of the seeded crystal with
consistent results. These enantioenriched crystals were further
subjected to simple crystallization to yield atropisomeric
compounds with high optical purity (>99%).

2.7. Quinazolinone Derivatives

Several of the axially chiral quinazolinone derivatives such as
methaqualone,” CP-465022,”' and benzomalvin A and D*
possess interesting biological and medicinal properties. These
compounds also possess high rotational energy barriers around
31 kcal'mol™" making them attractive chiral ligands for
asymmetric catalysis.

Virgil and co-workers reported a racemic synthesis and
resolution of optically pure atropisomeric quinazolinone 127
(Scheme 41).% The resolution of racemic 127 was carried out
using (—)-(S)-128 (a conventional resolving agent for phosphine
ligands), leading to (S,R)-129 in 99% ee. They simplified their
approach by employing camphorsulfonic acid for large-scale
resolution without compromising the optical purity.

Chenard and co-workers synthesized derivatives of piriqu-
alone 130 and carried out detailed structure—activity relationship
(SAR) on the A, B, and C rings of the skeleton (Figure 1).
Compound (+)-131 (CP-465,022) had high affinity binding to

11251

Piriqualone derivatives

Figure 1.

a-amino-3-hydroxy-S-methyl-4-isoxazolepropionic acid
(AMPA) and showed potent anticonvulsant activity.*' The
optical purity had a dramatic effect on the activity of these
compounds.

Natsugari and co-workers documented two approaches for
diastereoselective synthesis of atropisomeric quinazolinone
derivatives 136/137 through dehydrative cyclization of carbamic
acid tert-butyl ester 133 that features a central chiral amino acid
substituent (Scheme 42).** The diastereoselectivity was depend-
ent on the type of substrate and reaction conditions with the best
result yielding diastereoselectivity as high as 9:1 (137:136).
Racemization kinetics data revealed that the aR-137 was more
stable (31.6 kcal-mol™) than aS-136 (30.9 kcal-mol™").

Kitagawa and co-workers reported a catalytic enantioselective
synthesis of axially chiral 2-aryl-quinolinones 139 through a
tandem amination of 138 by 2-tert-buylaniline 1 mediated by
(R)-MOP-Pd,(dba); (Scheme 43).** The t-Bu group at the ortho
position was critical for achieving high enantioselectivity in the
product. The reaction worked well in most cases, but suffered
from several drawbacks. The reaction failed in the case of
nonaromatic ethynyl ketones and gave lower yields when
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R.s..NHBoc
COOH “"NHBoc j) ‘NHBoc
R NH
H
C;r% C/* rj rj
[
@
é\ lc
N
4 N R
N
NHBoc NHBoc NHBoc

Nw)\s
B g W/\R -
N \\ (-piperidine) ]\/j
0 YK o v

aR-137 aS-136
Yield = 77%

aR:aS ratio = 29:1
Y =Cl, CO,Me; X =N, CH; R = Me, Bn; a) DCC, DCM, rt, 20 h. b) |5, PPhg, i-ProNEt.

DCM, rt, 0.5 h. c) piperidine, EtOAc, rt, 15 h. d) TMSCI, EtgN, CICH,CH.CI, 80 °C.
e) 1,3-Dioxane, 0.2M aq KHSOy, 1t, 12 h.

Scheme 43
WS @
/‘:() ©/ K2003 1,4-dioxane N Ar
T Reflux, 12h Hau@

Ar = 4-OMeCqH, 4-MeCgHy, 4-CICgHy, 4-NOCgHy, 2-0MeCeHy o _ o700,
Yield = 31-51%

electron-withdrawing groups such as Cl and NO, were present
on the aryl (Ar) substituent. The reaction required large steric
bulk to avoid thermal racemization of the products.

2.8. Ureas

Urea derivatives have been investigated extensively due to their
interesting conformational features. Except for NMR analysis,
studies to explore rotational barriers were not investigated in
detail.*® N,N’-Diarylureas preferentially exist in a conformation
that puts the two aryl rings cis to each other. Studies on these
motifs were initiated by Clayden and co-workers, who reported
several interesting structural features (Scheme 44).%” Mono-

Scheme 44
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alkylated ureas 142 have a higher rotational energy barrier over
their doubly alkylated counterparts 143 and 144 by approx-
imately 2.4 kcal-mol ™!, an effect attributed to decreased ground
state strain. Additionally, the size of the X group had little
influence on racemization in monoalkylated diaryl ureas.
Conformational and stereodynamic studies on ortho-disubsti-
tuted N,N’-diarylurea®® revealed that, among multiple cis
conformations of diarylureas (two phenyl rings cis to each
other), the one that places the ortho substituents anti on the
N(aryl) ring was preferred. However, if the substituents are
bulky, then the cis conformation of the phenyl ring collapses
where the two aryl rings may settle into an anti conformation.
These studies provided crucial information on design and
development of atropisomeric urea derivatives for synthesis and
catalysis.

Clayden and co-workers developed a method to access
enantioenriched atropisomeric ureas 145 (Scheme 45) by

Scheme 45
I
0 (N 0 0
\N/lkN,Ph HO I - /U\N Ph \N.‘\\U\N,Ph
H OH 14 H H
X SR X SR, SR
H,0, (1.2 equiv.) 6
VO(acac),
rac-145 145 anti-147
= 94% ti: =955
X = t-Bu, (Me4Si)CH; R = Me Yield = 30% amteyn

oxidative kinetic resolution using vanadium and (§)-tert-leucinol
derived imine ligand 146.* The resolution also led to sulfoxide
147 with an anti:syn ratio of 95:5. The reaction ceased to proceed
beyond 50% despite the presence of 1.2 equiv of H,0, oxidant.
The recovered 145 was enantioenriched (ee = 94%) with a
selectivity factor (s) as high as 300. Racemization studies on
optically pure sulfide 145 (X = t+-Bu) revealed a racemization
energy barrier of 31.6 kcal-mol . These sulfides were oxidized to
their corresponding sulfinyl derivatives whose thermodynamic
conformational selectivities were significantly poorer than those
previously reported for N,N'-dialkyl-N,N’-diarylureas.

2.9. Atropisomers Based on Restricted C—O Bond Rotation

Compounds containing imbedded C—O axial chirality are
present in several natural products and interlocked macrocyclic
ring systems such as vancornycin.go’91 In contrast, molecules
featuring isolated C—O chiral axes are less common. Highly
substituted biaryl ethers along with several other stringent
conditions exhibit atropisomerism. The idea of atropisomerism
in biaryl ethers itself was conceived around 1958 by Dahlgard and
Brewster.”” Spectroscopic and chromatographic observations in
the case of small molecules was documented around 1968 by
Kessler and others.”>~"° In 1998, Fuji and co-workers reported
the first resolution of atropisomeric biaryl ethers 152 (Scheme
46).° They introduced bulky groups (C(Ph),0OH) that were
necessary in order to obtain diaryl ethers with stable chiral axis.
The individual atropisomers were separated by preparative
chromatography and also by derivatization techniques such as
esterification with optically pure ester followed by resolution.
In 2006, based on extensive analysis of simple diaryl ethers,
Clayden and co-workers established empirical rules for biaryl
ethers to be atropisomeric.”” They synthesized a collection of
diaryl ether scaffolds using different synthetic techniques
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Scheme 46
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including nucleophilic aromatic substitution, metal catalyzed
coupling, and directed ortho metalation (Figure 2).”*~'°" The

R =Me, |, i-Pr, R“‘ HO>/|”
t-Bu,CMe,OH
R2=H, Mi) i-Pr >l R2 0 ll;{; R§=H, Me
R3=H, Me, Ph, Ho R¥=H, Me
CH,OMe
R4=H, Me

154

Figure 2. Atropisomers based on restricted C—O bond rotation.

racemization of minimally substituted or less bulky diaryl ethers
was followed by variable temperature NMR studies. These
studies provided insights into the activation parameters such as
the half-life of racemization and activation energy for
racemization. Diaryl ethers with ¢-Bu substituents were resistant
to racemization on the NMR time scale. These compounds were
separated by HPLC on a chiral stationary phase. The
racemization kinetics was followed by HPLC analysis at elevated
temperatures (40 and 70 °C). Based on kinetic analysis and
theoretical calculations (molecular mechanics), the atropisomer-
ism was rationalized to heavily rely on substitution pattern rather
than number of substituents. Diaryl ethers will not exhibit
atropisomerism if one of the aryl rings is symmetrically
substituted (R! = R*) due to concerted bond rotation of their
stereoisomers.”” Also, at least one of the substituents should be as
large as t-Bu in order for diaryl ethers to exhibit stable
atropisomerism. On a similar note, Kan and co-workers reported
a new class of atropisomeric biphenanthryl ether with a fluoro
substituent scaffold that displayed both axial and helical
chirality.'®” The helical structure in the solid state was organized
through a series of C—H:--F hydrogen bonding interactions.

In 2008, Clayden and co-workers reported the first
enantioselective synthesis of atropisomeric diaryl ethers (Scheme
47).'% The strategy involved the incorporation of a temporary
chiral group (sulfoxide) that can influence the adjacent C—O
chiral axis after which it was transformed into a bulky group
preserving the axial chirality.'* The authors term this process as
dynamic-thermodynamic resolution. While conformational
control in the initial sulfinylation was rather poor (157a,
157b), series of further alkylations biased the process toward the

Scheme 47
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major conformer (157b) with dr up to 98:2. The sulfinyl group
was converted to the corresponding sulfone, eliminating the
temporary chiral center and turning it to a bulky group that
locked the C—O chiral axis.

Clayden, Turner, and co-workers documented a biocatalytic
desymmetrization approach to access enantiomerically pure
atropisomeric diaryl ethers (Scheme 48).'> The reaction

Scheme 48
OaSe
‘\s/ow
ﬁ'
o) (+)-(P)-162 o)

161

oSt

GOase = Galactose oxidase

(-)-(M)-162  KREDs = Ketoreductases

proceeded through enantioselective oxidation of diol 161 by
galactose oxidase (GOase), resulting in monoaldehyde (P)-162
with 88% ee. Surprisingly, longer reaction times led to an increase
in enantiomeric purity in 162 (up to 94% ee). This
enantioenrichment was explained by the erosion of enantiomer
(M)-162 which was converted to achiral dialdehyde 163 (a
combination of enantioselective desymmetrization and kinetic
resolution process). The kinetic resolution was confirmed by
employing racemic 162 in the presence of GOase that resulted in
dialdehyde 163 after 24 h with 84% conversion. In addition,
analysis of the unreacted 162 revealed an optical purity in excess
of 99%. These observations led the authors to hypothesize that
the resolution process occurred slower than the desymmetriza-
tion step (selectivity factor, E = 4). They further extended their
studies in which they carried out the asymmetric reduction of
dialdehyde 163 to (P)-162 using ketoreductases (KREDs) with
very high enantiomeric excess (up to 99% ee). The authors
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further disclosed access to enantiomerically enriched bi-
sphosphine ligands that possessed diaryl ether skeletons by
lithiation and enantioselective deprotonation techniques of the
corresponding diaryl ether scaffolds.'**'%”

2.10. Atropisomers Based on Restricted C—S Bond Rotation

Studies on C—S axial chirality started at the time when C—O axial
chirality was systematically being probed.'”® Highly substituted
sulfides, sulfoxides, and sulfones exhibit atropisomerism (Figure

3). However, due to the bulk of the sulfur atom and a longer C—S

Conformational

Configurational g . o (axial)chirality

(point)chirality «__~ S -

R.x.0O

~ S’/ R. é | 0]

C-S(aryl) -

G‘ bond rotation 0‘

(P,R)-164 (M,R)-165
O é’ R O\\S*’ R

C-S(aryl) .

G‘ bond rotation :
(M,S)-164 (P,S)-165

R = Me, Et, i-Pr, t-Bu, Ph, p-Toluyl.
Chirality at R = (R) for Me, Et, i-Pr, t-Bu.
(S) for Ph and p-Toluyl.

Figure 3. Atropisomers based on restricted C—S bond rotation.

bond length, these molecules tend to have slightly lower energy
barriers for rotation than similarly substituted diaryl ethers.
Aromatic sulfoxides when placed around bulky substituents
display both configurational chirality (at the sulfur atom) and a
conformational chirality (restricted bond rotation). The stereo-
dynamics of these compounds, especially 2-naphthylsulfoxides
(164 and 165), have been explored as early as 1993 by Casarini
and others."”~""" Chirally enriched compound (at the central
chirality R) was obtained either by Sharpless asymmetric
epoxidation for alkyl substituents or by chiral auxiliary method
using Anderson’s reaction.'”” While the compounds were not
stable atropisomers at ambient conditions, some of the
conformers were separated through chiral HPLC at low
temperatures (R = t-Bu was separated at —35 °C) and the
barrier to interconversion was established to be 18—19 kcal-
mol ™%,

Based on 'H NMR studies, Jennings and co-workers
investigated 9-anthryl sulfoxides that do not feature bulky
substituents and observed restricted bond rotation around the
C-S bond at —50 °C.'"* Structural and conformational
preferences of C—S atropisomers have been studied in detail
by Baker, Mazzanti, and others.! 37113

Clayden and co-workers reported the first asymmetric
synthesis of diaryl sulfones by dynamic resolution under
thermodynamic control (Scheme 49)."'° This is a popular
strategy to access atropisomeric compounds where an optically
pure chiral auxiliary that was installed next to a developing axial
chiral center influenced the conformational equilibrium leading
to diastereo control in the product."'”~"" Unlike diaryl ethers,
the C—S chirality requires all four ortho positions S—C,,y
substituent (e.g, 169) to be substituted with considerable bulk
(t-Bu and i-Pr). Tetrasubstituted sulfides, in which one of the
substituents is a sulfinyl chiral auxiliary, led to separable

Scheme 49
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atropisomers that rapidly equilibrated under ambient conditions.
On the other hand, tetrasubstituted sulfones 166 were easily
synthesized and converted to sulfinyl sulfones 169 (sulfinyl is a
point central auxiliary and exerts conformational control) that
showed excellent diastereomeric control (dr > 20:1 in the case of
R = Me) depending on the R group (R = Me, p-toluyl). The
reason for such high selectivity was attributed to the dipole
interaction between sulfoxide sulfur and sulfone oxygen. The
sulfinyl chiral auxiliary in 169 was oxidized to bissulfones 171/
172 (eliminating central chirality) with moderate enantioselec-
tivity.

2.11. Other Systems

In 2006, Bringmann and co-workers reported the first total
synthesis of ancisheynine 178, an N—C,, atropisomeric alkaloid
(Scheme 50)."*° The convergent synthesis involved the

Scheme 50
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condensation of diketone 175 and naphthalene derivative 177
obtained through Pd catalyzed amination reaction. The counter-
anion played a critical role in stabilizing ancisheynine
(trifluoroacetate counteranion was found to be the best choice).
The presence of atropisomerism was established through LC-CD
studies that showed opposite Cotton signs for individual
atropisomers. This was further confirmed by theoretical
calculations involving PM3 methods and CD calculations using
the OM2 Hamiltonian.

In 2009, Kawabata and co-workers reported atropisomeric
biaryl amine analogues 182 as H-bonding biaryl surrogates
(Scheme 51)."*' The amines 182 were obtained through cross-
coupling reactions. The important prerequisite for maintaining
the axial chirality was the strong intramolecular H-bonding
between the N—H—N atoms in an s-cis conformation. To
increase the strength of the H-bond, strong electron-withdrawing
nitro groups were installed on the top pseudo naphthalene ring
and steric bulk (Me groups) was introduced on the lower

naphthalene ring to stabilize the chiral axis. The authors
hypothesized that the hydrogen of the N—H resides in a chiral
microenvironment presenting opportunities to employ these
newly synthesized scaffolds as chiral proton donors.

Avalos and co-workers published a series of papers on the
synthesis and structural characteristics of carbohydrate (a-p-
glucofurano derivatives) derived atropisomeric imidazolidine-2-
ones 183 and imidazolidine-2-thione 184 derivatives (Figure
4)."**7"** The individual atropisomers were isolated (184, X =
O; R' = NO,) as acetylated derivatives and the absolute
configurations were determined by single crystal X-ray analysis.
The examination revealed that the compound exists as a P-
atropisomer exclusively. Dynamic NMR studies along with
theoretical calculation revealed that these compounds possessed
a barrier of rotation in the vicinity of 20—22 kcal-mol™.

3. PHYSICAL CHARACTERISTICS

Unlike point chiral molecules (atoms connected to different
substituents/configurational isomers), the element of chirality in
atropisomers is instilled in a rotational axis (typically anchored by
a pivotal bond). For a large number of atropisomers the
interconversion of one isomer to the other by simple bond
rotation (other mechanisms of isomerization also exist that
include bond breaking) is a plausible process. The energy
required for such rotation is influenced by the steric hindrance,
electronics, solvents, and temperature. In addition to the slow
rotation of the stereogenic axis in atropisomers, restricted bond
rotations impart dynamic features in these systems leading to
chiral rotamers (e.g., E/Z rotamers in an atropisomeric anilide).
In recent years, these dynamic aspects have become quite
important for contemporary investigations. Detailed under-
standing of the conformational and configurational stability as
well as dynamics offer insights for designing molecular
architectures for various applications such as nanomachines,
nanomotors, molecular clefts, catalysis, and resolving agents, to
name a few. The stability of atropisomeric molecules is often
evaluated by kinetics measurements (enantiomerization/race-
mization) that include various physical terms such as rate, half-
life, and activation energy for the isomerization processes. Due to
the importance of conformational/configurational isomers and
their role in pharmacokinetics and drug administration, several
books and articles have been published that extensively cover
aspects such as dynamics, kinetics, etc.'”>~"** Wolf has detailed
the treatment of physical processes in his book, and readers are
strongly encouraged to refer to it for an in-depth analysis.'*” This
review will provide a basic introduction to these terms and
highlight some of the mechanistic details of the isomerization
processes in atropisomeric compounds.

Some of the terms that are often used in the isomerization
kinetics of these stereochemically labile compounds include
“racemization”, “enantiomerization”, “diastereomerization”, and
“epimerization”. Sometimes these terminologies have been used
interchangeably, so it becomes imperative to understand their
differences. Racemization is a macroscopic phenomenon where a
nonracemic mixture (optically active) undergoes irreversible
transformation to a racemic mixture (not optically active)."*”
This statistical process can also be extended to nonracemic
compounds such as interconversion of diastereomers (diaster-
eomerization). Racemization is a process that describes the
conversion of 50% of an enantiopure compound to its
corresponding enantiomer (where the process is complete)
and the corresponding half-life (7, ;) of the racemization process
is the time required for the reduction of optical purity to 50% of
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Figure 4. Carbohydrate derived atropisomeric imidazolidine-2-one and
imidazolidine-2-thione.

its initial value. In the absence of external chiral influence, the rate
of racemization for a pair of enantiomers is the same (as the
activation energy for racemization is identical for a given pair of
enantiomers) and can be monitored by several analytical
techniques such as chiral chromatography, circular dichroism
spectroscopy, and optical rotation measurements.

Enantiomerization is a microscopic process that is considered
reversible and treats the process at a molecular level."*° On the
other hand, racemization is a macroscopic process that is
considered irreversible. The rate constants for the two processes
are related by the equation k. = 2k, where k., is the rate
constant for enantiomerization and k,, is the rate constant for
racemization. The corresponding half-life of enantiomerization
represents the time required for the 50% interconversion of an
enantiopure compound (going from 100% ee to 0% ee). On the
other hand, the half-life of racemization represents the time
required for conversion of an enantiopure compound to 50%
enantiomeric excess.

Diastereomerization and epimerization are observed in
molecules having more than one stereogenic center (can be a
combination of configurational and conformational chirality)
that features a dynamic functionality that can be influenced by an
external perturbation (e.g, temperature). Diastereomerization
and epimerization can often be followed by NMR techniques if
the diastereomers/epimers involved have distinct resonances for
a given functionality. Mostly, thermodynamic equilibrium does

The rate constant for the racemization for a given pair of
enantiomers can be calculated from monitoring the change in
optical purity over time (through HPLC analysis, circular
dichroism, or optical rotation) using the following Eyring
equations:l ’

krac = K(

AG' = —RT ln(

kT

—AG*,_/RT
e
h

|

where k,,. = racemization rate constant, AG¥,. = energy barrier
for racemization, T = temperature, R = gas constant, h = Planck
constant, kg = Boltzmann constant, and x = kappa, transmission
coefficient (which is usually unity for this calculation).

The half-life of racemization, 7, ,, can be calculated using the

rate constant of racemization k. (assuming So=0att= 0).129

(1)

hkrac
KTky

e R R+S
| —9 | =1 —0 | = ln( + ) =2k, ¢
Xeg = X 2R - R, R-S
(©)
R
In 0 =kt
Ry —« )
where k., = 2k .00 Ry = initial concentration of (R)-enantiomer,

and x = Ry — R,S (concentration of the racemate at time t). Note
that Ry=R + S.

At 50% ee, the equation becomes

11256 DOI: 10.1021/acs.chemrev.5b00136

Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Table 1. Half Life (7,,,), Racemization Rate Constant (k,), and Energy Barrier (AG*,,.) to Racemization for Nonbiaryl

Atropisomeric Compounds®

. o Physical parameters
Ent. Compound Substituents Solvent 1(°C) oS | tim (days) | AGg(keal/mol) Ref
X
L
R NTTO R', X =Me 3.4x107 24 29.9
1 X R'=Me:; X =OH MeOH 65 6.8x10° 2.8 26.3 133
R'=Ph; X =0H 7.1x10™ 0.3" 24.7
185
0
M
3 OMe R'=CLR’=H Diglyme 66 1.1x10°¢ 64° 26.2
N R'=Me; R*=H Diglyme 7 1.0x10° 58¢ 26.6
2 ) , R'=CN;R*=H EtOH/H,0 25 3.6x107 | 21° 223 134
R R R'=OMe; R*=H Diglyme 25 6.1x107 | 35° 2.6
R'=Cl; R*=Me Diglyme 157 2.1x107 | >12° >32.0
186
L
N o 1 2, -7
3 A! R R' = Me; R?= allyl IPA 75 8.2x10 9.8 30.2 135
R'=t-Bu;R>=H CHCl; 60 - 21" 26.9 136
187
L X
[Nigo) B
4 tBu X =CH, Toluene 110 - 4.1[7 33.1 137
X =NH Toluene 110 - 43 30.7
t-Bu
188
Meov"@l
N O
t-Bu n=1 - 14 -
3 @ n=2 - 27 ; 602 283 7
189
1
o) Rf
oﬁ)LN o] 1 6
R'=Me 1.3x10" 6.4 27.7
6 P @/"B“ R'=Et MeCN 00 1 a3a00 | 35 273 138
190
0
Oﬁ)LN,FU
1 _ -7
7 Ph +Bu R!=Me IPA 75 49<107 8.2 30.5 139
R' = Cyclohexyl Oct./IPA 110 9.8x10 0.4 31.3
191
0
NN R'= Me; R?= “MeCH=CH 2-butanol 106 ; 35¢ 28.9 140
g +Bu R'=CsH;j; R*="MeCH=CH - 60° 29.3
R'=Me; R?= C,H;s - 83¢ 29.6
+Bu R'= C,Hs; R*= 4-NO,Ph Toluene 80 55 29.4 -
192
o)
H1JJ\N/ .
9 R? R'=OTMS; R*= “PhCH=CH 2-butanol 23 - 42 254 140
R'= OTIPS; R?= “PhCH=CH 2-butanol 23 - 141° 26.1
193
R'=Me; R?= CH=CH, X = Me
J?\ , R'=-CH=CH-CMe,; R*= p-Br-Ph; | IPA/hex. 110 2.0x10° - 30.8 141
re NP X=Me - - 29.7
X | R'=allyl; R*=Ph; X = Me
10 R'=allyl; R*= C,H4-Ph; X =Me | IPA/hex. 140 - - 30.7 142
R'= CHMePh; R?= CH=CH,; - - 32.7
X=H Hex 23 - - 22.6 143
194 R'= Me; R? = CMe=CMeH; X= | Hex 25 43x107 | 4.7 26.0 144
Me
11257 DOI: 10.1021/acs.chemrev.5b00136
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Table 1. continued

. o Physical parameters
Ent. Compound Substituents Solvent 1(°C) oS | tim (days) | AG(keal/mol) Ref
o)
\)J\N,FF
R2 R3 R'=Me; R”>=;R*=TMS, R*=H | Hex 100 - - 30.8 145
11 R'=Me; RZ—I R’=TMS, R*= H - - 28.2
R'—allyl R’=7-Bu; R, R' = H - 80 - 330 - 20
R4
195
[e)
AL AL COMe
| R'=allyl 4.8x10° 1.7 324
12 R'=t-Bu IPA/hex. 115 6.2x10°¢ 13 322 146
R'= CH,Ph 6.1x10°° 1.4 32.1
196
o
PMB\NJK/X
R! ~_COxtBu | X=LR'=Me; R’=Me IPA/hex. 140 5.7x10°¢ 1.4 343
13 X =1;R'=Br; R>= Me IPA/hex. 143 9.8x10°¢ 0.8 34.2 147
X=I;R'=0Me; R*=H IPA/hex. 55 2.1x10° 0.4 26.3
H2
197
o
P
N
" Rl ! R'=H,R’=H EA/Hex 36 52x10% | 0.4 2.8 148
R'=Me, R*=Me EA/Hex 153 3.1x10°¢ 2.6 36.0
R2
198
| R'=rBuy R R*R*=H; X=0
XN R'=-Bu; RLRY, R =H; X =§ EtOH 13 - - 20.8
Re Rt R', R*= OMe; R' = Br; R* = H; X Diglyme 90 - - 30.2
15 =0 Dioxane 31 - - 22.6 149
Ao R',R*=OMe; R*=Br; R*=H; X | Diglyme 90 - - 29.9
R4 = Dioxane 61 - - 24.8
R' R%L R R'=Me; X=0 Diglyme 159 - - 329
199 R',Rz, R3, R'=Me; X=§
[
XN
16 R R'=Me; X=0 Dioxane 55 24.0 149
OO R'=Me: X =S Diglyme 159 332
200
R2
U
O N‘ 2 1 2 _ e d
R R' R?=Et DMSO 35 - 0.002 14.2
17 R R'=i-Pr, R*= Et - - - 0.02¢ 15.6 150
R'=CHO; R*=i-Pr CDCl; -10° 36 5x107* 13.5
201
{-Pr
O _N_. R'=CMe,OH; R*= Et Dioxane 93 1.0x107 308 29.9 151
, "f’ R' =Me; R?= Et Dioxane 50 2.8x10° 102 25.7
18 R R = Ph,PO; R?*= Et Dioxane 50 7.7x10° 3¢ 25.0
R' Ph,P; R*= Et Dioxane 55 1.9x10™ 28 249
R'=OMe; R?= -CH=CH, Et,0 4 1.1x10°® 7.5 23.8 50
202
R1
U
O, N‘ 1 1 2 va
R R'=Et;R’=H DMSO 36° 140 0.01 15.1 150
19 R? R'=iPr;R’=H DMSO 73¢ 35 1 17.9
OO R'=CH,Ph; R>=H MeOH 40¢ 64 0.03 15.8"
203
R'=Et; R%, R’=/-Pr EtOH/Hex 47 4.4x10° 867/ 25.1 150
Re R' Me; R%, R® = i-Pr IPA/Hex 44 3.5x10° 75 25.0
OxNoge = OMe; R, R*= i-Pr EtOH/Hex 48 2.0x10* | 197 24.3
20 Rt = SiMe; RZ, R’=i-Pr EtOH/Hex - - <0.2% <215
OO R'=Me; R%, R*=Me IPA/Hex 25 - 30" 245
R'=OEt; R?, R*= (CH,)s IPA/Hex 45 - 0.7%/ 223
204 R' Me; R, R3 Cyclohexyl EtOH/Hex 42 L5x10" | 12%/ 24.0
= CH=CH-*CO,Et; R**=i-Pr | Et,0 25 1.6x10° 12° 24.0 50
11258 DOI: 10.1021/acs.chemrev.5b00136

Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Table 1. continued

. Physical parameters
0,
Ent. Compound Substituents Solvent 1 (°C) oS | tim (days) | AG(keal/mol) Ref
n
o N@ R'=0OMe;n=2 THF 15 1.6x107* | 11.8% 21.2 152
21 Rt R'=0Me;n=1 THF 15 3.6x10™ 16.2° 212 153
R'=n-Bu;n=1 n-nonane 40 - 93¢ 24.4
R'=rBu;n=2 n-nonane 100 - 53¢ 28.8
205
i-Pr\
N—i—Pr
o)
N R R'=OH; R*=Me; R*°=H Dioxane 62 1.4x10™ 15.8" 25.9
208 R2 R'=Me; R?=SiMe; R*=H EtOH/Hex 45 4.5x10°° 5.8 25.0 150
OO R3 R'=OH; R*=Et; R’*= Me Dioxane 55 <1.0x10°| >4.6" >28.7
syn-206
Ph O
L L R R'=H:X=1 - - 16.2
_ NN R'=H; X =Me - - 15.4
23 X R'=H; X =r-Bu DMSO - - - 16.7 87
R'=Me; X =1 - - 13.6
R'=Me; X = +-Bu - - 19.1
207
[6)
Ri R'=1 Toluene 15¢ - 0.02% 15
24 R'=t-Bu Toluene 110° - >5.8% >20.1 88
R'=OCF; Toluene -90° - 6x10* 4 9.4
208
HN,Ph
\N’J*o X R'=Me; R*=i-Pr, X=0 Toluene 65 - - 27.2¢
25 R2 s, R'=Me; R*=1-Bu, X =- Toluene 110 - 500" 315 89
R R'=Me; R?= CH(SiMe;),; X=- | Toluene 110 - 56 26.8
209
[¢] 1 p2_
26 | Meo 0 R, R?=Me DCM/Hex 40 - 5.6 272 103
S, @i | RLRI=(CH)s DCM/Hex 40 - 10.8 26.7
0 g2
210
R6
R1
1 pd_ . p2 Rl RS po—
R; Zo R KPP R REMe R R preipa 63 R% 27.0 106
27 R » R = Me: R® = -Bu: R = CHLOH: | Heptane 90 1.6x10 5 >31.1 105
R'=CHO:; R>,R°=H
Rs
211
%-52
Ho R' € R'=-Bu; R*= H; R®, R*= Me ; Spbeh 232
28 R3 CHO | R'=jpr; R”>=H; R’ R*=Me DMSO 25 - 3deh 18.8 97
R4 R'=r-Bu; R; R*=Me; R*=H - 6x10> -
212
%z
o]
Ho R’ R'=r-Bu; R®= H; R®, R*= Me \
3 g NN S SSe v IPA/Hex 70 - 50 27.1
29 R OH |R'=CMe,OH; R% R*=H; R DMSO 25 i 208" 551 97
R4 Me
213
t-Bu
t-Bu
R1
! 2
s-R R'=R?=- IPA/Hex 40 - 1454 24.1
30 tBu R'=0;R*=- IPA/Hex 17 - 704 20.6 116
R,R*=0 IPA/Hex 50 - 6" 255
t-Bu
214
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Table 1. continued

. Physical parameters
0,
Ent. Compound Substituents Solvent t(°C) Tome (s'l) tin(days) | 4G ae(keal/mol) Ref
' Ar
L 5
NH L
F‘h)‘ oS I 7 ; 350 29.4
31 @ ;3 AR 154
N N ‘
M ; —EE» 152 - 4.1° 34.0
0o 0 D _
215 ! : O f
byt
0™ 0 R'=COOH; R’=H;R’=H B 60 17 28.0 59
‘;5 N
32 R1 NS
R'R?= ANF (RP=H - 106 79 33.2
R2 R'=PPhy; R®= H; R3=Me Toluene 110 - - >40.0 60
R3
216
Ph
gt
0 ™\S0 ;
33 Hoh - Xylene 130 9.9x10 - 31.7 155
o]
217
2 O P DMSO
34 z O P 218 25 1.0x10° - 252 156
O O o o
y I
0= "0 _
35 COOH - Neat 100 6.5%10° 14" 29.6 157
219
@F
N R, R?=-CiHs;n=1 3.9x10° 102 27.6
36 R1 PPh, R'=0OMe; R*=H;n=1 Toluene 25 6.8x10° 0.6 245 158
R'=Me; R>=H;n=1 8.6x10” 467 28.5
R2
220
SN
PN R'=Me; R, RP=H; X =0 - 46° 27.9 78,159
N™ "X R'=Me; R2>=H; R*=C; X=0 | Xylene 9 - 31¢ 27.6
37 R? R,R*=CLR*=H;X=0 - 24° 27.4
R, R*=-(C,Hy)-; X =0 Xylene 90 27° 27.5 160
R? R!, R*=-(C,Hy)-; X =8 Xylene 50 4 23.1
RB
221
N
Ao
38 o- N R : aR to aS epimerization £ i 31.6 84
al N = = - - .
Cl | X NHBoc
N~
222
S
ey Ay R'=Me; R2=H; X = Diglyme 100 - - >32.0
N R'=Me; R>=H; X=0 Diglyme 86 - - 29.2
39 R R'=CLR*=H;X=0 Diglyme 87 - - 30.3 161
R, R*=Me; X=0 Diglyme 87 - - 31.3
R2 R'=Me; R>=CL; X =0 Diglyme 87 - - 30.7
223
L\
X%\N (¢} | pd = -5
RI-R*=-(CHy-; X =0 EtOH/Hex 50 5.0x10 - 253 162
40 R! R-R*=-(CoHy)-; X =8 EtOH/Hex 78 2.0x10™ - 26.6
R'=Me; R>=H; X =§ EtOH, - - 26.1 163
HZ
224
11260 DOI: 10.1021/acs.chemrev.5b00136

Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Table 1. continued

. o Physical parameters
Ent. Compound Substituents Solvent 1 (°C) oS | tim (days) | AG(keal/mol) Ref
R'=CL R*=Me; X=0 EtOH 70 5.0x10° - 26.9
R' F; R2= Me; X=§ EtOH 7 1.0x10™ - 21.5
41 C],RZ Me; X =S EtOH 75 2.5x10° - 27.8 164
R'—I R’=Me; X = Toluene 105 3.0x10° - 30.6
R'=LR*=H:X=S§ Toluene 110 2.0x10° - 30.8
R',R>=Me Toluene 110 - 29.3
42 R'=H; R*=Me Toluene 37 - 23.4 165
R'=H;R*=i-Pr DMF 150 - 32.7
R' Me; R*=H - - 20.6°
43 =0OMe; R*=H NO,-benzene - - - 19.6° 166
R' Me; R*=Cl - - 23.0°
R'=Me CD,Cl, -35¢ 5.2x10° - 10.9
a4 = CH,Ph CD,Cl, 15¢ 2.6x10 - 13.7 11
R'=i-Pr CD,Cl, 28° 4.8x10° - 14.0
R'=Bu TCE 98¢ 61 - 18.9
45 R'= C(Ph),OH Toluene 111 - 3.8 30.2 96
R'=t-Bu Benzene 25 - <30° -
R'=i-Pr Benzene 40 1.2x10° - 26.8
46 R'=Et Benzene 49 3.1x107 - 28.5 167,168
R'=Ph Benzene 40 2.7%10° - 263
R'=NMe, 9.1x10°® - 25.4%
R'=0OMe 4.3x10° - 25.9F
(o] R'=Me 2.9x10° - 26.2F
1_ -6 k
47 )J\N o R'=H Benzene 40 2.7%10 - 26.2 169
+Bu R'=F 2.2x10° - 26.3*
=Cl 1.8x10° - 26.6"
R'=CF; 1.3x10° - 26.8"
231
R
\N R2 1_ 2_ 1
NH R'=Me; R®= p-OMe-Ph - 24 24.9
R1 R'=NO,; R*= p-OMe-Ph - 130/ 272
48 Rl= NOz,R CHPh, Benzene 80 ] 180" 274 121
R'=NO,; R*=i-Pr - 365 282
232

ke (571); 71/ (days); AGE, (kcal mol ™). ©

deuterio-1,1,2,2-tetrachloroethane. Oct., octanol.

7)), in hours. “7)/, in minutes.
SEpimerization of atropisomers. he, 1, reported for 25 °C. 7)), in years. /Barrier to enantiomerization. EAGE . at 27 °C. 'AGH

I 1, in seconds. “Results from VT- NMR. /7, 1, reported for 20 °C.
at 22 °C; TCE,

rac

In2
2k

Tl /2rac =

)

enant

The course of racemization or isomerization can be followed
by various spectroscopic and analytical techniques. Depending
on the time regime of the physical processes, one can choose the
right tool. For example, ultrafast processes can be followed by
flash photolysis, electron spin resonance spectroscopy (EPR), or
nuclear magnetic resonance spectroscopy (NMR). Molecules
whose energy barriers for isomerization are low (typically in the
range 5—24 kcal'mol™") could be followed through variable

11261

temperature NMR studies (VT-NMR). On the other hand, if the
racemization barrier is greater than 24 kcal'mol™), then the
individual isomers can be isolated and the isomerization
processes can be followed through analytical techniques such
as chiral chromatography and optical monitoring methods such
as circular dichroism, optical rotatory dispersion, and polar-
imetry. Detailed experimental studies and concepts on these
topics have already been discussed in various re-
ports,'*¥12¢12813L132 Tahle 1 provides the physical parameters
of the racemization for some of the commonly occurring
atropisomeric scaffolds. It should be noted that some of the
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compounds listed in Table 1 are not atropisomeric, as they do
not have high energy barriers to separation. However, these
values are based on VT-NMR studies (refer to footnotes of Table
1) and are provided as additional information on these systems.

3.2. Various Mechanisms of Racemization

The major pathway for the racemization of axially chiral
molecules is through the rotation of the chiral axis that is
governed by several factors such as steric hindrance around the
chiral axis, substituents, electronic factors, solvent, and temper-
ature. However, other mechanisms were also proposed to
substantiate the observed racemization process in atropisomeric
systems. Mechanistic investigation on the racemization process
of atropisomeric pyrimidine-2-thione 233 and thiazoline-2-
thione 234 derivatives serves as an exemplar where more than
one mechanism was put forward.

One of the important features that dictate the racemization
barrier is the nature of the heteroatom that participates in the
restricted bond rotations (vide infra). Depending on the type of
C—X heteroatom involved (X =N, O or X = S, Si, P), the steric
compression that is related to the bond length comes into
prominence and impacts the barrier. One such example is
atropisomeric pyrimidinethiones that are known to have lower
racemization energy barriers compared to their oxygen
analogues, pyrimidinones.'®” However, this seems contrary due
to the nature of C=0 and C==S bonds. The usual bond length
of C=0 is 1.22 A, while the C=S bond length is 1.71 A.
Similarly, the van der Waals radius for oxygen is 1.52 A and that
of sulfur is 1.85 A."*” Several hypotheses were put forward to
substantiate the observed lower energy barrier. Kashima and co-
workers proposed a bending mechanism for the racemization
process (Scheme 52). The C=S bond has more single bond

Scheme 52
N btleni!slng r f g;%‘lﬁ;
" 6+ ,l\ + O+
0" xe0_ Ay xes_
K greater Tless . ®
energy barrier energy barrier

233 234

character'”" that allows the functionality to bend resulting in

decreased repulsive interaction (decreased activation energy
barrier toward racemization) between the sulfur atom and the
ortho substituent of the aryl ring.

An alternative explanation was proposed by Roussel and co-
workers, who invoked breaking and forming of the N—C=S§
bond through 3,3-electrocyclic reaction (Scheme S53). tol
Support for such a process came from the insensitivity of the
energy barrier to the bulk of the substituent at the ortho position
(0-Me and o-Et had similar energy barriers). A recent mechanism
for the racemization process in pyridinones 237 was proposed by

Scheme 53

3 N ZA
PR A
N~ =S Racemization through N

0

235 236

/A
= =>4

(7]

3,3-electrocyclic reaction

Schirok and co-workers that involves the deformation of
pyridinone ring (Scheme 54)."”° Experimental and computa-
tional analysis allowed them to propose that in the transition
state the pyridinone loses its planarity significantly causing the
phenyl ring to bend out of the plane accompanied by the
coplanarity of the 1,3-amino carbonyl group in the opposite
direction. Such a geared twisting reduces the energy barrier of
N—C,,, bond rotation resulting in the facile racemization.
Clayden and co-workers carried out a comparative study
between sulfide 238, sulfoxide 239, and sulfone 240 to estimate
the energy barriers toward racemization (Figure 5).“6 Their
investigations revealed that the sulfoxide had a lower energy
barrier to rotation (at least 3 orders of magnitude). The reason
for this smaller barrier was attributed to longer C—S bond length
and reduced steric hindrance. However, in sulfones, increased
steric hindrance contributed toward higher energy barriers.

3.3. Racemization vs E—Z Isomerization vs Slow Rotation

As already mentioned, the physical analysis on atropisomers was
initiated long before by Mannschreck, Ackerman, Pirkle, and
others (atro Splsomers were not screened for atropselective
reactions).' > P71 1 depth  investigations by them
and others revealed several important insights into the activation
energy for restricted bond rotation and the factors that impact
the racemization process. Table 1 lists the physical parameters of
some of the widely investigated systems in the literature.
However, some of the terms and definitions that are involved in
these physical processes are often misunderstood or used
interchangeably, such as slow rotation, E/Z isomerization (Sg;
/S..ans iSOmerization), and racemization. E—Z isomerization that
occurs in certain atropisomeric molecules such as anilides does
not racemize the molecule but can influence reactivity during
chemical transformations. Our treatment in Scheme S5 is a
simplified model, and not all amides and anilides fit into the
generalization. Anilides prefer to be in E-rotamer form that is in
contrast to an amide, which prefers to exist as a Z-rotamer
(Scheme 55)."*° Curran explained such a preference toward
minimization of electron—electron repulsion between the lone
pair of oxygen and the electron cloud in the aromatic ring. The
ratio of E vs Z rotamers is influenced by temperature and the
solvent employed, while the magnitude of the preference
depends on the nature of substituents on the anilide system.
Similarly in amides, the role of the geminal substituents on the
nltro&elnwaznd its impact on rotamers was debated for a long
tim NMR studies led to clear understanding of the
dlastereotoplc nature of the geminal substituents. The studies
revealed two types of dynamic processes as centered around
Cary—CO and C—N bond rotation that can be concerted in these
systems (Scheme 56). The C,,,;—CO bond rotations in amides
(ArCONR,) is responsible for the racemization of atropisomers
(changes the configuration of P isomer to the M isomer), while
the C—N bond rotation exchanges the substituents on the
nitrogen with respect to the individual atropisomers and does not
affect the configuration (P or M isomer). Depending on the steric
bulk of the substituents on the nitrogen, the energy barrier for
C—N rotation can be comparable to that of the energy barrier for
the C,,;—CO bond rotation. Clayden and co-workers have
contributed to a large extent to our understanding of the
dynamics involved in atropisomeric amide derivatives such as 2-
methyl-1-naphthamides (Scheme 57).'”> Kinetic analysis carried
out on optically pure samples obtained through HPLC
separations revealed the rate constants and activation energy
(AG?*) for individual bond rotations. Due to steric demands, the
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Scheme 54
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Scheme 56
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‘R2 ) ‘R2 “R?
R® C,-CO rotation R® C-N rotation R
) enantiomerization amide
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1%R2
241 RT=R ent-241 241a
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rac
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1?1/2rac (25°C) 14h 70s 6 days O\ N y O\ N
C-S bond ) C-N rotation
longth [om] 1794 182.0 180.8 OO OO
Figure S. Comparison of racemization parameters between sulfide,
sulfoxide, and sulfone. (S)-exo-242
C,-CO rotation “
concerted rotations (C,—CO rotation coupled with C—N
rotation or vice versa) occurred at a higher rate than the
unconcerted individual C,,—CO or C—N bond rotations. The O. _N

differences in the rates of concerted bond rotations (k,4, Vs k.,,)
were explained based on the differential steric barriers that had to
be overcome for the isomerization process. The well-understood
mechanism of bond rotations provides an avenue to employ
them as molecular gears or storage devices that work based on
the “gated” output.

3.4. Importance of Physical Processes in Atropisomerism in
Drug Discovery

Chirality plays an important role in drug development and as
such impacts the pharmaceutical industry. Tremendous effort
goes into introducing a single enantiomer as a therapeutic to the
market (Figure 6). This process requires a good understanding of
the differential biological activities, toxicities, and pharmacoki-
netics of individual enantiomers due to diastereomeric
interaction in the biological environment. While classical
compounds with central chirality were under intense scrutiny,
atropisomers were overlooked for a long time. Just like central
chiral molecules, atropisomeric compounds also interact differ-
ently in the biological milieu. In this regard, understanding the
dynamics of atropisomers in rational drug design has become
important.

C-N rotation

(R)-exo0-242 (R)-endo-242
Ko.n: 3.9+0.8 x10°5 s71; AG#: 24.1 kcal.mol-1
kc.co: 0.1x0.05 x 105 s°1; AG# 26.3 kcal.mol!
Kexo 1.0£0.1 x10- s71; AG#: 24.9 kcal.mol-!
Kendo 2.9+0.6 x10-5 s°1; AG#: 24.3 kcal.mol-1

The analysis of kinetic parameters in axially chiral compounds
provided some important information about time dependent
chirality. Detailed information and techniques for analyzing and
evaluating atropisomeric drug candidates have been re-
ported.*'’*'”” LaPlante, Clayden, and co-workers have written
an excellent research article, perspective, and review on this
subject, and readers are encouraged to refer to them for an in-
depth understanding.*'’*'”” For example, neuropeptide tachy-
kinin 243, a well-known NK; receptor antagonist used in the
treatment of depression (Scheme 58), features restricted bond

Scheme 55
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Figure 6. Data represents the percentage of new chemical entities
(NCE) that were approved in recent years released by regulatory
agencies. Red, blue, and green bars represent the percentage of
racemates, single enantiomers, and achiral compounds, respectively.
Reprinted from ref 176. Copyright 2011 American Chemical Society.

rotation around C,,—CO and N—CO."”*7"*° This led to the
presence of multiple diastereomers that were observed in
analytical methods causing complications during drug design
and optimization.

This necessitated redesign of the NK, receptor antagonist to
eliminate the complication that arose due to restricted bond
rotations. Analysis of the individual rotamers (atropisomers had
half-lives in days at 37 °C) allowed them to identify the
atropisomer that had the best potency. Modifying the primary
structure to eliminate such labile chiralities resulted in compound
244 that retained its biological potency both in vitro and in vivo.
In another approach, Palani and co-workers used a symmetriza-
tion strategy to avoid atropisomers (Scheme 59)."*"'** They
were interested in the exploration of small molecule targets
toward the treatment of HIV by inhibiting the viral entry (CCRS
antagonists). They screened 245, Sch-351125, a candidate that
possessed axial chirality resulting in four diastereomers that
differed in their antiviral activities (15-fold difference in some
cases between stereoisomers). They overcame this bottleneck
through symmetrization of the compound (as in 246)
eliminating the issue of axial chirality.

Just like central chiral compounds, scrutinizing the biologically
active conformer in a particular atropisomeric substrate had to be
carried out at early stages of drug design. To tackle the problem
of conformers four main strategies are employed:'””

(a) symmetrization to eliminate the labile chirality

(b) reduction of the barrier to rotation to allow facile rotation
along the chiral axis (making them rapidly interconverting
conformers)

(c) increasing the energy barrier to rotation thus making the
interconversion between the conformers less likely

(d) introducing chirality (central chirality) to bias the
population of conformers to a desired conformation/
diastereomer

4. APPLICATIONS

4.1. Atropselective Reactions

Biaryl atropisomers gained importance as ligands for a wide
variety of metal catalysts that mediate important organic
transformations.'® In contrast, nonbiaryl atropisomers were
viewed as chiral auxiliaries that can be employed as a
stoichiometric chiral handle to stereodifferentiate a particular
chemical transformation. Curran proposed a hybrid approach
called “prochiral auxiliary approach” that possesses the advantage
of a chiral catalyst and a chiral auxiliary (Scheme 60)."*

This approach utilizes two achiral molecules that on union
results in an enantioenriched chiral adduct in the presence of a
chiral catalyst or as separable enantiomers/atropisomers. This
chiral framework can undergo atropselective reactions (not
enantioselective) providing access to chirally enriched and
synthetically useful building blocks (in principle the auxiliary can
be removed and reused). In most cases, nonbiaryl atropisomers
can be expected if the ortho substituents are bulky (e.g, tert-butyl
substituent). However, the stability of atropisomers toward
racemization depends on the size of the steric bulk and several
other factors. Compounds possessing higher energy barrier for
restricted bond rotations are desired for atropselective trans-
formations as they provide multiple advantages. The first one is
the ability to maintain the absolute configuration/axial chirality
leading to an efficient axial to central chiral transformation. The
second is the ease of operation/practicality in terms of separation
and long-term storage without the erosion of its optical purity.

4.1.1. Cyclization Reactions. Right around the time when
radical reactions of several axially twisted o-haloanilides were
extensively investigated (to understand the origin of regiose-
lectivity that gave rise to cyclization vs H-abstraction
products),'**'*> reports of atropisomeric anilides began to
appear in the literature. Insights gained from o-haloanilides
allowed scientists to take advantage of the inherent bias of amides
and imides that possess noncoplanarity (to avoid steric
congestion between ortho substituents of the phenyl group and
carbonyl substituent on nitrogen) for atropselective trans-
formations. Curran and co-workers documented the first report

Scheme 58
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of a series of atropselective reactions on nonbiaryl systems such
as axially chiral imides and anilides."**

4.1.2. [4 + 2]-Cycloaddition. Axially twisted maleimides
247 underwent highly diastereoselective Diels—Alder reaction at
ambient temperature to furnish the cycloadduct 249 (Scheme
61). The diene 248 attacked the maleimide 247 in an endo mode

Scheme 61
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BT
t-Bu o
248 By’
247 t-Bu
endo-249

=H, Me; X=- (248 = butadiene),
X= CH, (248 = cyclopentadiene)

endo:exo = 97:03

from the face opposite to the t-Bu group. The t-Bu group
provided an excellent facial bias by forcing the diene to approach
from the face away from the t-Bu group. Cycloaddition of
dimethylbutadiene was sluggish at room temperature, but upon
increasing the temperature to 80 °C the reaction accelerated with
an endo:exo ratio of 93:7. A point to note is that the imides are not
axially chiral as there is a plane of symmetry along the imide axis.
Taguchi reported the chiral version of Diels—Alder reaction of
optically pure maleimides accelerated by a Lewis acid, Et,AlC],
with similar endo selectivity.”' The same group reported
cycloaddition of enantioenriched axially chiral anilides 250
mediated by iodine (Scheme 62).”>*" In contrast to traditional
chiral auxiliary substituted N-allylic enamides where the endo/exo
ratio was 3—35, the axially chiral anilides 250 showed very high
facial selectivity with endo:exo ratio >50:1. The selectivity was
rationalized with the same facial differentiation argument where
the diene attacked the cyclic imidate 250a from a face opposite to
the t-Bu group. The relative and absolute configurations of the

(o}

1. 15, AcOEt Q
t-Bu 7
2. Diene, then TBAF d N  #+Bu
Diene: Cyclopentadiene, \
Cyclohexadiene (CHD) endo-251 (14:1)

Isoprene endo:exo = >50:1
Yield = 84-92%

(+)-250

AcOEt

250a 250b 250c

products were verified by conversion of the adducts to known
alcohols and performing Mosher’s analysis.

Nakazaki reported highly diastereoselective [4 + 2]-cyclo-
addition of axially chiral oxindole derivative 252 with 2,3-
dimethyl-1,3-butadiene 253 (16 equiv) using Sc(OTf); as a
Lewis acid (Scheme 63).'% The reaction proceeded smoothly at

Scheme 63
MeOOC
/
I Sc( OTf)3 N
OBn
E) -252 syn-254 anti-254

Yield = 91%
syn:anti = 88:12

room temperature furnishing the Diels—Alder adduct 254 in
excellent yield and selectivity (syn:anti of 88:12). Furthermore,
the axial chirality was removed using PhI(OCOF;), to access a
synthetically useful building block.

4.1.3. [3 + 2]-Cycloaddition. The first report of a series of
reactions on atropisomers included [3 + 2]-cycloaddition of
maleimides 247 with nitrile oxides (Scheme 64)."% The
diastereoselectivity of the product 255 was highly dependent
on the temperature at which the reaction was carried out. For
example when R = #-Bu, the dr values at 60 and —78 °C were
62:38 and 92:8, respectively.

The [3 + 2]-cycloaddition reactions with acyclic amides are
also highly stereoselective. For example, anilides such as 256 that
feature a geometrical orientation dissimilar to cyclic imides
undergo selective cycloaddition (Scheme 65). In cyclic imides,
the alkene is s-trans to the carbonyl group, while the carbonyl
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group and the N-phenyl substituents are in a Z configuration.
However, the reverse is true in acyclic amides.'** The

cycloaddition of 256 proceeded with high stereoselectivity at
25°C (dr=89:11). Upon decreasing the temperature to —78 °C,
the dr increased to 97:3 albeit with an increase in reaction time.
When the product mixture was heated to 100 °C overnight,
equilibration occurred resulting in a dr of 2:1. In addition, the
major product had N—CO rotamers with E/Z ratios of 13:1 (R'
= t-Bu) and 10:1 (R> = H).

Nakazaki reported [3 + 2]-cycloaddition of axially chiral
oxindole derivatives with azomethine ylide (Scheme 66).'*
While the reaction proceeded smoothly, the diastereoselectivity
was rather disappointing. In situ generation of ylide and steric
size of the R-group in the ylide to increase selectivity in the
reaction were unsuccessful.

4.1.4. Radical Cyclizations. Control of stereochemistry in
radical reactions has remained a long-standing challenge. To
address this issue, several strategies were attempted among which
transfer of chirality proved to be very effective. Curran and co-
workers took advantage of axial chirality in nonbiaryl systems and
showcased several examples of radical reactions that proceeded
smoothly with efficient chirality transfer. o-Haloacrylanilides 261
underwent S-exo radical cyclization in the presence of radical
chain reagent Bu;SnH to yield enantioenriched oxindole

=Y
BusSnH, R3
X EtsB/O, -
e —
benzene,
25°C
L (R)-262

(M)-261 (ee = 49-94%)
1}1 00 °C
R2 O M R2 o
_R? BusSnH, «
X Et,8/0, RSJ\/U\N, R2
X benzene,’ . >
25°C R3
L (5)-262

(P)-261 (ee = 50-92%)
X=1, Br; R'= Me, Et. R2=H, Me; R3=Me, Ph

“Reprinted from ref 141. Copyright 1999 American Chemical Society.

the radical intermediate generated possessed a much lower
energy barrier toward racemization. However, as the rate of
radical cyclization was faster than the rate of C—N,, bond
rotation, it allowed for efficient axial to central chirality transfer
yielding product 262 with high enantiomeric excess. In some
cases, the selectivity in the product diminished either due to facile
C—N,, bond rotation (racemization competing with cycliza-
tion) or due to unfavorable geometry of the alkene toward
cyclization. If the N-substituent is an allyl group and a
noncyclizable amide unit, then the cyclization occurred on the
allyl substituent that resulted in 2,3-dihydroindole derivatives

Scheme 66
Me0OC MeOOC, ~\N-R MeOOC-., R
Y/ o ,
o TMS o
CF3COOH N
+ N-R .
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with very high axial chiral transfer."*>'*>'*’ The approach of the
aryl radical toward the alkene center and acryloyl center was quite
different (N-acryloyl vs N-allyl, Scheme 68). In the case of N-allyl

Scheme 68

Preferred approach of alkenes towards radical cyclization

Twisting of alkene away from aryl radical in N-allyl cyclization
o) e}
ri-l
R‘JLNW N

B —— ttn

o
R1)LN;>_/__(°:H2

263 264

Twisting of alkene towards aryl radical in N-acryloyl cyclization

i 1 CH 0o
o2 \
\N = \N
- . @ SR
265 266

derivatives, the alkene swings away from the aryl radical exposing
the internal carbon of the alkene. On the other hand, in substrate
with N-acryloyl group, the alkene swings toward the aryl radical
leading to the cyclized product. For substrates that contained
both N-acryloyl and N-allyl groups (as in 267), competitive
radical cyclization was observed and the chemoselectivity was
dictated by the R' substituent at the ortho position (Scheme
69)."*> When the R' was hydrogen, cyclization occurred

Scheme 69
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exclusively on the N-acryloyl group leading to 268b."”® However,
if the R' substituent was a methyl group, cyclization occurred
predominantly on the N-allyl substituent yielding 268a. Detailed
kinetic study on the substrate that had o-methyl group revealed
that the inherently fast N-acryloyl cyclization was retarded at
least by 2 orders of magnitude. This retardation was due to
unfavorable approach of the aryl radical toward the alkene of the

acryloyl group that in turn promoted the less favored cyclization
on the N-allyl group.

When the methyl group at the ortho position was replaced by a
radical precursor, double cyclization occurred (Scheme 70).'*
In a sequential reaction, the aryl iodide bond in (M)-269 reacted
preferentially through a S-exo radical cyclization to form indoline
intermediate that subsequently underwent a 6-endo radical
cyclization initiated through the homolytic cleavage of aryl
bromide bond resulting in tricyclic product 270. This sequential
double radical cyclization had a huge significance on the
enantiopurity of the final product as the first cyclization occurred
with efficient chirality transfer. The use of cleavable/modifiable
substituents such as TMS and Br were explored that provided an
avenue for traceless directing group or handle for further
synthetic manipulation.

Curran and co-workers documented a novel way to access
enantiomerically pure dihydroindoles through radical cyclization
of acrylanilides containing an N-chiral substituent, viz., substrate
with both axial and central chirality (Scheme 71)."* Homolytic
cleavage of aryl iodide bond in 271 resulted in a transient
atropisomeric phenyl radical that cyclized to form the product
274. Interestingly, the stereoselectivity of the radical cyclization
was temperature dependent (dr ratio at 20 and —78 °C were
78:22 and 84:16, respectively) and was higher than the rotamer
ratio of the starting material ((M,S)-271/(P,S)-271 ratio was
68:32 at room temperature) leading to resolution. This was
attributed to the different rates of interconversion of the transient
atropisomeric radicals ((M,S)-272-f and (P,S)-272-a) through
C—N bond rotation. At low temperature, interconversion (k, vs
k.; Scheme 71) competed with cyclization. For example, (M,S)-
272-f cyclized with high stereochemical integrity to give (R,S)-
274. On the other hand, (P,S)-272-a cyclized with minor
stereochemical leakage resulting in (R,S)-274 (minor) and (S,S)-
274 (major).

Taking advantage of such a fast radical trapping, Curran and
co-workers showed that the aryl radical generated from
atropisomeric o-haloanilides can be trapped externally without
the loss of stereochemical integrity (Scheme 72)."*” For example,
they employed phosphonylation of an aryl radical that occurred
with very high rate constants (~9 X 10° M™" s™"). Competitive
radical reactions can occur for substrates featuring an intra-
molecular radical cyclization unit (e.g., as in 275a) and
intermolecular radical trap (phosphonylation, 275b). The
relative rates of the intra- and intermolecular radical reactions
in substrates such as anilides were dictated by the position of the
cyclization partner on the nitrogen substituent. For example,
while radical generation occurred at similar rates for both 275a
and 275b, radical cyclization was much faster than the radical trap
by phosphonylation in 275a and the radical trap phosphonyla-
tion pathway dominated in the case of 275b. The reason for such

Scheme 70
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an observation was bolstered by the fact that the high-energy S-
exo pathway for 275b was shut down leading to a chemo-
divergent process.

When an o-methyl substituent in 275 was replaced by an iodo
substituent (as in 278), regardless of the sequence of the steps
(cyclization followed by reduction or reduction followed by
cyclization), it led to 279 (Scheme 73).'** The initial
chemodivergent radical process underwent diastereotopic
group selective transformation to yield a single product. Detailed
kinetic and mechanistic analysis showed that the abstraction of
iodine atom occurred in a nonselective fashion leading to
isomeric intermediates. These intermediates underwent further
transformation via nonintersecting pathways to yield a single

Scheme 73
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product 279. The stereoselectivity of the divergent process was
explained based on conformational preference in the product, X-
ray analysis, and theoretical (DFT) calculations.

Dai and co-workers documented highly atropselective
reductive cyclization of aldehydes 281 mediated by Sml, leading
to highly enantioenriched cis-y-butyrolactones 282 (Scheme
74)."" The optically pure atropisomeric 8-methoxy naphtha-
mides 281 obtained through chemical resolution served as a
chiral auxiliary and provided excellent remote chirality transfer to
the crotyl derivative in reductive cyclization process. The authors
proposed a chelation model via an eight-membered transition
state for the observed selectivity. The ketyl radical generated
coordinated with the Sm(III) cation from the same face of the
amide unit. Molecular modeling studies suggested s-cis
conformation was energetically more favored over s-trans
conformation. They also demonstrated that the reaction
proceeded with the same level of axial to central chiral transfer
in the solid phase reactions when the atropisomeric crotyl
derivative was linked to Rink amide resin.

4.1.5. Heck Cyclization. Curran and co-workers reported
highly efficient axial to central chiral Heck cyclization of axially
chiral o-iodoacrylanilides 283 (Scheme 75)."** The reaction was
performed at room temperature to avoid racemization of axial
chirality (a likely process at elevated temperatures) where
oxidative addition of Pd to Cj,—iodine bond served as the
stereocontrolling step. The CO—C(alkene) bond (existing as
low energy conformers) rotated to form a complex with Pd[L,]
followed by Pd insertion. The final product (R)-284 was
obtained through S-hydride elimination.

As a comparison between radical and Heck cyclization,
reaction with a compound containing both axial chirality and an
additional stereogenic center such as N-(cyclohex-2-enyl)-N-(2-
iodophenyl)acetamide 285, the product outcome was contrast-
ing and was dependent on the configuration of the substrates
(Scheme 76)."*® Under radical conditions, the syn-285
preferentially underwent cyclization to give the product 286
whereas the anti-285 (not shown) underwent reduction to yield
noncyclized product 288 with retention of chirality. However, in
the Heck cyclization, only the anti-287 isomer underwent
cyclization. The observed pattern was explained based on
transition state geometries. For radical reaction, only two atoms
are involved in the bond forming process (aryl radical and alkene
carbon that is attacked). However, in the Heck cyclization, four
atoms have to come together for which syn geometry is not
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suitable as it places the Pd atom right under the cyclohexene ring
rather than near the alkene. In addition, in the Heck cyclization of
allylic acetates, f-hydride elimination occurred if acetate was
trans to palladium, whereas -acetoxy elimination occurred if the
acetate was cis to palladium. These results are in sharp contrast to
the established trans relationship between the acetoxy group and
palladium for f-elimination reaction (for compounds that do not
have axial chirality). These results highlight the impact of axial
chirality on the course of the reaction as well as the product
outcomes that are different from established norms of
mechanism and selectivity with achiral/nonatropisomeric
substrates.

4.1.6. Anionic Cyclization. Clayden and co-workers
reported an unusual anionic cyclization of axially chiral amide
289 to form tricyclic adducts 290/291 (Scheme 77)."”° The use
of t-BuLi as a base resulted in a mixture of a- and o-lithiated
species. These anions in the presence of HMPA, a stabilizing
ligand, underwent cyclization leading to an enolate that was
trapped by various electrophiles (RX) furnishing a mixture of

underwent smooth aldol reaction, where the attack on the
aldehyde took place from the less hindered face of the enolate.

Curran and co-workers reported an anionic cyclization of
axially chiral carbamate derivatives 292 (Scheme 78)."*° The

Scheme 78
o]
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reaction proceeded with excellent chirality transfer and the
carbamate group in the resultant products could be easily
removed after the reaction furnishing highly enantioenriched
dihydroindole derivatives (S)-293.

4.1.7. lodolactonization. Taguchi and co-workers demon-
strated the utility of atropisomeric acetanilide as a chiral auxiliary
in a diastereoselective iodolactonization of diallylhydroxyaceta-

Scheme 76
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nilide 294 (Scheme 79).”* The origin of enantioselectivity was
explained based on the favorable transition state that avoided the

J
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possible transition states leading to enantioselectivity

steric interaction of the allyl group with the t-Bu group. It is
interesting to note that the chiral auxiliary was cleaved during the
cyclization process resulting in lactone 295/296 in high ee and
moderate dr (295:296 was 2:1).

4.2. Addition of Nucleophiles

Atropselective nucleophilic addition in an atropisomeric system
was reported a long time ago. For example, the stereochemistry
of hydride transfer in NAD(P)/NAD(P)* model systems was
under intense scrutiny.'”' When NADH or NADPH is reduced
by alcohol dehydrogenase, depending on the type of coenzyme,
the enantiotopic face (pro-R or pro-S) is differentiated by the
coenzymes. Even model systems that have distant chirality show
preferential hydride transfer pathways.'”’ Such interesting
observations led to a series of investigations to understand the
mechanism of hydride transfer reactions.””'”>~"*” One of the
earliest reports on these systems was documented by Ohno and
co-workers, who mimicked the stereoselective, reversible hydride
transfer, in NAD*/NADH (nicotinamide adenine dinucleotide)
coenzyme systems (Scheme 80)."”" The methyl iodide salt 297
with dr of 97:3 (due to axial and central chirality) was reduced by
neutral PNAH 298 (1-propyl-1,4-dihydronicotinamide) to
furnish dihydroquinoline 300. The product 300 showed a
diastereomeric ratio of 94:6 at the newly formed 4S chiral center.
The reverse reaction, oxidation of the dihydroquinoline 300 by

methyl benzoylformate 301 in the presence of Mg(ClO,),, gave
the starting quinoline salt 297 with similar dr values at the axial
chiral center and enantioenriched methyl mandelate 302 (ee ~
86%). While the absolute configuration of atropisomeric 297 was
not determined, the chirality of 300 and methyl mandelate 302
reversed with equal magnitude if the other axially chiral
diastereomer of 297 was employed. Thus, the axial chirality
influenced both the oxidation and reduction reactions.
Kishikawa and co-workers reported conjugate amine addition
to maleimides 303 (Scheme 81).""® In this reaction, both the R

Scheme 81
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Yield =9-68%

X = Bn, CH(CHg)Ph

group and the amine impacted the selectivity. A combination of
bulky ¢t-Bu and phenethylamine gave optimal results with dr up to
99:1. Rotational barrier studies in product 304 revealed a fairly
high energy barrier for rotation (~28 kcal'mol™"). The aminated
maleimides 304 were further subjected to methylation (that
occurred at the CH, position of the succinimide) in which the
newly formed methyl group was oriented anti to the +-Bu (cis to
amine substituent) group.

Clayden and co-workers have made several interesting
observations on nucleophilic (hydride, organometallic reagents)
addition to axially chiral naphthamides.””*°° During hydride
addition, use of a more bulky reducing agent such as LiBHEt;
increased the anti selectivity (97:3) in comparison to reaction
with sodium borohydride (86:14) as shown in Scheme 82. The
observed selectivity was rationalized based on nucleophilic attack
from the less hindered face of the ketone 306 (anti to N(R'),
substituents). This was bolstered by an increase in selectivity
when more bulky amide substituent was employed. The
selectivity in the reduction further increased when more bulky
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PNAH
HH O (o}
T N O)LNHZ
N N 299
Pr . | Pr
iastereoselective -
Q= reduction by PNAH HQ =
X7 “N"Ph 7N Ph
o, | Diastereoselective | |
oN oxidation by N
1= methylbenzoylformate |
297, 97:3 0

(dr of axial chirality) OH

©)*\002Me

302
methyl mandelate
ee ~ 86%

Mg(CIO,),

300
o 4S:4R =946

©/”\002Me

301

methyl benzoylformate

DOI: 10.1021/acs.chemrev.5b00136
Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Scheme 82
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reducing agent was employed or when the temperature was
lowered.

Interestingly, for atropisomeric naphthamides 309 when
subjected to nucleophilic attack by organometallic reagents,
depending on the type of metal, a reversal in selectivity was
observed (Scheme 83). For example, when organolithium

Scheme 83
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reagents were employed, anti-310 was obtained as the major
product. However, if Grignard reagents were employed, syn-311
was the dominant product. This reversal in selectivity was
attributed to the differential ability of the metal to coordinate an
aldehyde. Alkyllithium coordinates only to aldehyde carbonyl
leading to “non chelation controlled” transition state. However,
more Lewis acidic magnesium coordinates simultaneously to
both the amide and aldehyde carbonyl groups with reaction
occurring through a “chelation controlled” transition state. This
hypothesis was further supported by the addition of HMPA to
the Grignard reaction resulting in syn selective product (syn:anti
= 62:38) due to disruption of chelation.

When atropisomeric naphthimine 312 was subjected to
nucleophilic attack by alkyllithiums, syn product 313 dominated
(Scheme 84).*°%*°" This unexpected syn selectivity was
explained by the twisting of CH=NMe away from the N(i-

Scheme 84
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Pr), group either by coordination of N and O to Lewis acid or to
avoid steric crowding. The major reason provided for the high
level of thermodynamic syn preference was hydrogen bonding
between secondary N—H and amide carbonyl in the product
rather than steric crowding.

In contrast to naphthamides, 1-sulfinyl-2-naphthaldehyde 314
underwent nucleophilic addition with RMgX and RLi reagents
from a nonchelated transition state (Scheme 85).% Although

Scheme 85
Rt, 20 R1, 20 R, 20
e %" OH r OH
QU seaC = J"
-78 °C, 30 min
314 anti-315 syn-315

R' = t-Bu, Tol, Mes, Tip.
R2M = PhMgBr, PhLi, MeMgBr,
t-BuMgBr, AllylMgBr

Yield = 78-942%
anti:syn = 61:39 to 98:2

314 is not an atropisomer, room temperature NMR studies
showed the presence of restricted rotation about the C,,,—S
bond and the ratio of the conformers dictated the anti:syn ratio in
the product 315. When the reaction was carried out in the
presence of a chelating Lewis acid such as Yb(OTf),, reversal in
product selectivity was observed (anti:syn = 30:70). This was
explained based on the chelated transition state between the
sulfinyl oxygen and formyl oxygen. The steric bulk of the
nucleophile and the R’ substituent dictated the dr in the product.

Taguchi and co-workers documented a highly diastereose-
lective addition of alkyllithiums to an atropisomeric a-oxoamide
316 without the addition of any external Lewis acid (Scheme
86).”* X-ray structure of the a-oxoamide revealed that the si-face
was more open to attack by the organolithium RLi whereas the
re-face was hindered by the sterics from t-Bu group.

Uemura and co-workers demonstrated diastereoselective
nucleophilic addition of organometallic reagents to atropiso-
meric chromium complexed benzamides 318/319 (Scheme
87).> In all cases, the nucleophile attacked from the side
opposite to the bulky chromium tricarbonyl functionality.
However, depending on the conformation of the aldehyde

Scheme 86
RLi
|0
o @/LNM 0
Ph%N/\/ ey Ph>)LN/\/
o [jt-Bu AL R OH [jt-Bu
RLi, Et,0
316 _ 317
ee = 98% R =Me, n-Bu Yield = 95-08%
de = 86-96%

DOI: 10.1021/acs.chemrev.5b00136
Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Scheme 87

Et Et Et Et

0 o)

et-"~© N Fon eNon o e NP

. kcHo BM_— @l ;o . L cor

’ ’ R i SR !

‘Cr(CO)3 'Cr(CO)3 'Cr(CO)3 "Cr(CO)3
318 (R)-320 (5)-320 319
R (R):(S) ratio R =M, Et
MeMgBr 982 937  NaBH,

MeLi+LiCl 29:71 i 91:9 LiAIH,
EtCeCl, 48:52 i 10:90 DIBAL-H

Et Et Et
ST ST ST
R=€ : }-N-Et O=( : }-N-Et 0={ : \-N-Et
0Cr(5O)s R-gY)s /o RYgs

M|

syn-(CO:CONEt,) anti-(CO:CONEty)

carbonyl with respect to the amide carbonyl, the stereochemical
outcome in the product was different. Addition of Lewis acid also
impacted the stereoselectivity of the product. Generally, the
nucleophiles (regardless of the carbanions) attacked the carbonyl
group of the chromium complexes in an anti conformation as
observed in the case of o-alkoxy and o-methylbenzaldehyde
chromium complexes.””* However, in the chromium complex
318—319, the mode of nucleophile attack depended on its ability
to coordinate with the aldehyde (318) or ketone (319).
Noncoordinating nucleophiles such as alkyllithium species
preferred to attack the chromium complex in a syn conformation
giving rise to (8)-320 product. However, for a coordinating
nucleophile such as MeMgBr, the metal coordinating step
happens rapidly leading to equilibrium between a coordinated
anti conformer and noncoordinated syn conformer (Lewis acid
coordination in a syn conformation would be sterically
demanding). Here the rate-determining step was the addition
of nucleophile where the addition to coordinated anti conformer
was preferred resulting in (R)-320.

Simpkins and co-workers demonstrated the nucleophilic
trapping of an atropisomeric N—ac?rliminium intermediate with
high stereocontrol (Scheme 88).°***® The enantiomerically

Scheme 88
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enriched starting material 321 was obtained by attaching
optically pure L-menthol (chiral auxiliary approach) and
separating the resulting diastereomers by chromatography.
While reactions proceeded smoothly, the resulting product 322
did not possess a configurationally stable C—N chiral axis. This
necessitated a post reaction modification for analytical purposes.

The analysis revealed very high stereoinduction (>99%). The
attempted removal of chiral auxiliary (when R = OMe) using
ceric ammonium nitrate (CAN) was successful albeit with
modest chemical yield.

Sakamoto and co-workers have reported an enantiospecific
asymmetric SyAr reaction of naphthamide derivatives (Scheme
89).">® These chiral naphthamides 323 generated through

Scheme 89
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amplification by spontaneous crystallization by seeding with
desired enantiomer had very low energy barriers to rotation (7,
of 26 min at 10 °C) at room temperature, but were sufficiently
stable at lower temperature for asymmetric reactions. The energy
barrier of the resulting product 324 depended on the bulkiness of
the R group and the ring size (n = 1, 2). Though the reaction
proceeded with very high selectivity, the ee of the product eroded
over time at ambient temperatures due to racemization
(observed in the case of R = n-Bu substrate). However, product
with a bulky ¢-Bu group was stable and did not racemize at room
temperature. The same authors have also reported highly
enantioselective nucleophilic addition reactions of axially chiral
amides that were generated through spontaneous crystalliza-
tion.”*®

Tan and co-workers reported an enantioselective tandem
conjugate addition—protonation of axially chiral itaconicimide
3285 with thiols 326 in the presence of a chiral bicyclic guanidine
based organocatalyst 327 (Scheme 90).>”” The reaction
proceeded with high enantioselectivity to yield 328; however,
there was no diastereocontrol in the reaction resulting in 1:1
diastereomeric mixture.

Scheme 90
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4.3. Reactions with Electrophiles

4.3.1. Enolate Chemistry. Anionic reactive intermediates
derived from atropisomeric substrates react with electrophiles
with good control over atropselectivity. Most of the reactions
involve the generation of a transient enolate, which then reacts
with a variety of electrophiles to produce products with new
chiral center(s).

Fuji showcased atropselective alkylation of an optically active
ketone 329 (Scheme 91). Deprotonation of the a-hydrogen to
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the carbonyl group in 329 using potassium hydride as a base
furnished an enolate that had transient axial chirality. During
electrophilic quenching of the enolate, the axial chirality was
effectively transferred to product 330 with high specificity. The
formation of a transient enolate with retention of chirality was
further substantiated based on the isolated intermediate as an
enol ether derivative and with a half-life of ~60 min at room
temperature.

Stoodley and co-workers put forward a similar explanation to
account for the observed stereoselectivity in the intramolecular
cyclization reaction of thiazolidine derivative 331 that proceeded

with retention of configuration (Scheme 92).>% The ester
Scheme 92
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enolate generated during the course of the reaction had transient
axial chirality and was trapped by the internal electrophile. In this
process, electrophile quenching was much faster than
racemization resulting in retention of configuration in the
cyclized product 332. A racemic product would be furnished
from a planar enolate in the absence of axial chirality.

Since these early investigations, several examples of memory of
chirality have been reported in the literature. Excellent review
and research articles on this topic have appeared in the literature,
and readers are encouraged to refer to them for an in-depth
analysis.”””~*'" However, the extension of this concept to
enolates derived from nonbiaryl isomers was slow.

Simpkins and co-workers documented highly diastereoselec-
tive alkylation and aldol reactions of atropisomeric amide
derivatives 333 (Scheme 93).'”** In this work, the N—X
substituent had a huge impact on the diastereoselectivity of the
product. A noncoordinating X group allows for a facile rotation of
the C—N bond resulting in a poor dr value (2.4:1) for the
product 334. However, if the X group was a coordinating group
such as MEM (methoxyethoxymethyl), the axial chirality was
stabilized and the reaction proceeded with excellent dr (>25:1).
The major product 334 was assumed to have the R group away
from the bulky #-Bu group and the minor diastereomer was
confirmed by thermal atropisomerization. The (Z)-enolates
generated from 333 also underwent smooth aldol reaction with
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various aldehydes and furnished the syn adduct 335 with very
high diastereoselectivity. Simpkins and co-workers also attemp-
ted nonoptimized kinetic resolution of these amides by
treatment with chiral lithium amide bases followed by quenching
with Mel. This process gave enantiomerically enriched amides
with an ee value of 88%.

Clayden and co-workers reported the highly diastereoselective
aldol reaction of atropisomeric amide derivative 336 (Scheme
94).*'? The reaction proceeded under kinetic control giving rise
to syn-337 as the major diastereomer in a 94:6 ratio. Thermal
equilibration (2 weeks) of syn-337 (major diastereomer)
occurred at ambient conditions resulting in anti-337 (minor
diastereomer) with a dr of 83:17.

Kitagawa and co-workers documented the synthesis of
optically pure lactam 338 and its atro3pselective reactions with
various electrophiles (Scheme 95).”**'” The reaction proceeded
with modest to high diastereoselectivity. The choice of the base
and the substituent at the C-S position of the lactam 338 was
critical for a successful outcome. Lithium tetramethylpiperidide
(Li-TMP) was the optimal base and gave the products in modest
to good selectivity. The approach of the electrophile was from
the face opposite to the t-Bu group resulting in cis-339 product.
Bases such as LDA, n-BuLi, and NaHMDS gave low dr for the
product. This was attributed to the inability of these bases to
prevent N—C,,; bond rotation. If the substituent at the C-5
position was replaced by an OBn group (instead of OMe), the
cis:trans ratio dropped to 3:1 from 10:1.

Simpkins and co-workers reported diastereoselective alkyla-
tion reactions of cyclic enamide derivatives 187 (Scheme 96)."*
While the atropselective reaction proceeded with modest dr
(antizsyn = 6:1), the low energy barrier around the N—C,; chiral
axis (27.0 keal'mol™ at 65 °C in CHCl,) led to equilibration of
the product 340. They also attempted kinetic resolution of the
enamide 187 using a chiral lithium amide base and partial
alkylation of the enolate species. At 53—74% conversion, they
were able to recover the unreacted (M)-187 isomer with 62—
74% ee and the alkylated product (P,3R)-341 (alkylated product
of P-187).

The same group extended the asymmetric deprotonation
method to desymmetrize pro-atropisomeric maleimide 342 and
synthesize natural product (+)-hinokinin 345 (Scheme 97).*"*
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Initial reaction optimization with a chiral bis-lithium amide base
resulted in homodialkylated product where two groups were anti
to each other (monoalkylated product dictated the second
alkylation rather than the t-Bu group) resulting in a meso product.
In contrast, the use of monolithiated amide base gave the
monoalkylated compound 343 as the major product along with a
trace of the dialkylated product. Using the monoalkylated
maleimide 343, the synthesis of (+)-hinokinin 345 was
accomplished in three steps in moderate overall yields.
Kawabata and co-workers reported a highly enantioselective
cyclization of alkyl aryl ethers 346 by generating a short-lived
axially chiral enolate at the C—O axis (Scheme 98)."° In this
transformation, the substituent R played a critical role in effective
asymmetric induction as it dictated the stability of the C—O
chiral axis (the half-life of racemization at —78 °C was estimated
to be ~1 s). After several optimization studies involving various
bases and solvents, a combination of NaHMDS and THF gave
the best yield and selectivity for product 347. Several control
studies revealed that the five-membered cyclization proceeded
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with retention of configuration. The extension of this condition
to access six-membered rings met with a new set of challenges
(Scheme 99). One of the major problems was that the rate of
cyclization for the formation of the six-membered ring was
slower than in the case of five-membered ring leading to poor
selectivity (as a consequence of racemization). To stabilize the
axial chirality, two bulky substituents were introduced (R' and
R?) in 348 that slowed down the rate of racemization and allowed
for stereoselective cyclization resulting in 349 with enhanced ee
values (e.g,, when R' and R* were t-Bu and Me an ee of 91% was
observed). Use of nonbulky bases such as NaHMDS resulted in
styrene-type products due to S-elimination of hydrogen iodide.
This was circumvented by the use of a bulky base such as TMS(¢-
Bu)NL.

4.3.2. Ortho and Lateral Lithiation. Reactions of ortho
lithiated amide and carbamate derivatives (DoM = Directed
ortho Metalation) with various electrophiles serves as a powerful
methodology to synthesize ortho functionalized aromatic rings in
a highly regioselective fashion.”'°™*'® Conformational prefer-
ences present in amides and carbamates have been exploited in
the synthesis of axially chiral compounds® and have been
employed in atropselective reactions.

Clayden and co-workers were the first to exploit the
conformational features of tertiary aromatic amide for stereo-
selective reactions. For example, reactions of naphthamides 350
with various electrophiles proceeded with moderate to high
diastereoselectivity (Scheme 100).>”*® While 350 itself is not
atropisomeric at room temperature, the products are separable
diastereomers that equilibrate at room temperature on standing
for a long time. The observed selectivity was rationalized based
on the approach of the aldehyde R* substituent away from the
N(R'), substituent in the transition state resulting in syn-351 as
the major product.

Clayden and co-workers also demonstrated that atropisomeric
tertiary amides 352 exert higher influence over lateral lithiation
followed by electrophilic quenching resulting in high dr values
>98:2 in the resulting product 353 (Scheme 101).219220

To understand if the lithiation or electrophilic quenching step
was the stereodetermining step, reactions with a “stereochemical
marker” were carried out with substrate 355 (Scheme 102).
Reaction of atropisomeric stannane derivatives 35S revealed that
the tin—lithium exchange was nonstereospecific, which is
contrary to the usual stereospecific tin—lithium exchange.”*"**'
Also, the electrophilic quench was not selective (product 357),
which made interpretation of stereochemical outcome a
challenging task. The same group also reported the addition of
laterally lithiated 2-alkylnaphthamides and 2,6-benzamide to
imine electrophiles resultin§ in amine derivatives with very high
1,5-asymmetric induction.” ***

Clayden and co-workers demonstrated that an (—)-ephedrine
derived atropisomeric ketoamide 359 showed high diastereose-
lectivity during nucleophilic addition using Grignard reagents
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(Scheme 103).”** The remote oxazolidine auxiliary in 359
dictated the conformation of the amide axis that is otherwise
achiral. This amide orientation translated the chiral influence
from the oxazolidine motif during the nucleophilic addition of
Grignard reagents (1,5-stereocontrol) with excellent diaster-
eoselectivity in the product 360.

Metzner and co-workers documented the first atropselective
reactions of metalated thiobenzamides 361 (Scheme 104).***
They also compared the diastereoselectivity in the addition of the
laterally metalated species to carbonyls in the amide and
thioamide series. The results revealed that both metalated
benzamides and naphthamides reacted efficiently with aldehydes
leading to high selectivity in the product. In the case of
thioamides, the reaction with aldehydes resulted in poor
selectivity while the reaction with ketone resulted in higher
selectivity.

Beak and co-workers reported stereoretentive reactions of
atropisomeric silyl derivative 363 with various carbonyl and allyl
halide electrophiles to form products 364 and 365 respectively
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poor dr in the products. The enantiomeric ratio of the 1,4 chiral
center (red) was slightly higher than the 1,5 chiral center (green)
and the temperature had very little influence on the
enantioinduction but had considerable influence on the rate of
the reaction (room temperature reaction proceeds with higher
conversion).

Taking advantage of well probed and understood conforma-
tional preference of tertiary amides, Clayden and co-workers
demonstrated several reactions that relay stereochemical
information propagated from the amide chiral axis. In one of
the earliest examples, they were able to show that the silyl
substituent in 366 controlled the conformation of the amide that
in turn influenced the new chiral center that is being formed in
the product 368 resulting in excellent 1,5 diastereoselectivity
(Scheme 106)."*"**° With additional work on these systems,
Clayden and co-workers were able to show that the axial chirality
can influence the conformations of more than one chiral
axis.”'>**”**® When a laterally lithiated 369 was added to
atropisomeric imine 370, two diastereomers (syn- and anti-371)
were formed with no kinetic preference leading to a 1:1 mixture.
However, due to unequal energies of these isomers, they
equilibrate to thermodynamically stable anti-371 diastereomer as
the only product.

The chiral axis A (Scheme 107) influenced the chiral axis B
that propagated through the central chiral stereogenic center. A
similar observation of conformational influence was also
observed in other systems such as xanthene derivatives that
resulted in C,-symmetric products (with respect to the two
amide chiral axes).””” In addition, studies on biphenyl-1,1'-
dicarboxamide scaffolds™*”**" showed that C,-symmetric prod-
uct (kinetic product) was preferred over achiral S,-symmetric
scaffold (thermodynamic product) extending 1,10-stereocontrol
in such systems.

Clayden and co-workers documented regioselective alkylation
of unsymmetrical diarylureas 372 at the more substituted
sterically crowded nitrogen atom, which further underwent
selective functionalization through ortho metalation and electro-
philic quenching sequence (Scheme 108).*****® Several
important conformational requirements for the origin of the
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E =D, Me, Et, SiMe3, PhMe,Si, CMe,OH.

Me, Et, SiMej,

regioselectivity were put forward. The presence of an X-
substituent twisted the N—Ar bond and inhibited the
delocalization of the anion making it more nucleophilic, which
overpowered the steric congestion of the X-substituent itself.
Subjection of the N-alkylated 373 to ortho lithiation followed
by electrophilic quenching resulted in diarylureas 374 (Scheme
109) that are regioselectively functionalized at the ring that held

the alkylated nitrogen. Several control studies revealed that the
N-alkylation was the governing factor that directed the ortho
lithiation. They proposed two factors, namely “complex-induced
proximity” by an electron rich center that placed alkyllithium
next to a C—H bond and acidification of 0-hydrogen by inductive
electron withdrawal by electronegative atoms. The o-aromatic
hydrogen on the unsubstituted nitrogen was deactivated through
higher electron density and failed to undergo deprotonation.
These new classes of diarylureas displayed high diastereoselec-
tivity toward synthetic manipulations.”*”

4.4. Rearrangements

Clayden and co-workers reported one of the first uses of
atropisomeric amides as a chiral auxiliary for [3,3]-sigmatropic
rearrangement (Scheme 110).**** Diastereomerically pure
ketene acetal 376 obtained from peri-substituted 2-formyl
naphthamides underwent atropselective Johnson—Claisen re-
arrangement to result in ester 377 as a single diastereomer.
Similarly, the dimethylacetamide dimethoxy acetal 378 under-

Scheme 102
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went smooth Eschenmoser—Claisen rearrangement but gave a
mixture of 1:1 epimeric products 379. The higher reaction
temperature likely caused the equilibration of the epimers
resulting in lower selectivity.

The product 379 was subjected to ozonolysis to provide an
alcohol that had (R)-configuration based on Mosher ester
analysis confirming the atropselectivity of the [3,3]-sigmatropic
rearrangement. Unfortunately, the chiral auxiliary could not be
recovered due to the oxidation of electron rich naphthalene ring
during ozonolysis.
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Metzner and co-workers documented asymmetric thio-
Claisen rearran§ement of substituted S-allylketene thioacetals
(Scheme 111).%°° The atropisomeric thioanilides 380 preferred
the E-geometry along the N—C,,,; bond as observed by NMR
spectroscopy. Treatment of thioanilides with LDA followed by
quenching with allyl halides resulted in thioacetals that
underwent smooth Claisen rearrangement to yield y-substituted
thioanilides 381 and 382 in good yields and dr values. Based on
the stereochemistry of the product, they proposed a pseudochair
transition state model for the observed selectivity, where the S-
allyl group approached the enolate from the backside that avoids
the steric hindrance from the t-Bu group.

4.5. Catalysis

During the period when nonbiaryl atropisomeric systems were
being investigated as a chiral scaffold to induce or transfer of
chirality in a desired reaction, their use as a chiral catalyst was also
progressing on a parallel platform. This progress was due to the
success of biaryl systems in chiral catalysis.'® The initial attempt
was reported by Virgil and Clayden simultaneously, who
employed different nonbiaryl scaffolds for the asymmetric allylic
alkylation (AAA) reaction.">"**”*** So far, palladium catalyzed
AAA has remained as the yardstick to rigorously evaluate
nonbiaryl systems as chiral catalysts/ligands (Chart 2).
Compilations of these results are provided in Table 2. Other
than dimethyl malonate, few other nucleophiles were also
examined and they also gave very high stereoselectivities in the
product.

Wang and co-workers used palladium-derived nonbiaryl
complex 400 for the asymmetric allylic arylation of racemic
399 to yield resolved Morita—Baylis—Hillman adducts 401 and
chirally enriched 399 (Scheme 112).>*° The reaction proceeded
under kinetic control yielding 99% ee in the arylated product 401
and up to 92% ee in the recovered alcohol 399. The reaction
proceeded smoothly below room temperature to yield (E)-
product with k., as high as 42 in some cases. They proposed that
the new stereogenic center formed was of R-configuration that
was controlled by the axially chiral catalyst via 1,4-addition
followed by the destruction of the initial chiral center through
Pd—OH elimination pathway. In another report, Mino and co-
workers employed indole as a nucleophile in AAA reaction that
resulted in very high enantioselectivity.”*” The same group also
successfully demonstrated a resolution technique in an
asymmetric allylic alkylation reaction using atropisomeric ligand
394.

4.5.1. Desymmetrization. Dai and co-workers reported
desymmetrization of cyclic meso-anhydrides 403 using an
atropisomeric naphthamide ligand 402 under basic conditions
(Scheme 113).** Nonbulky bases such as KH and NaH gave
high yields of the product (n-BuLi as a base deprotonates the
acidic hydrogen resulting in enolates). The observed high syn
selectivity (syn-404) was supported by the formation of a
chelation complex assisted by metal ions (Na* and K*) with the
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Scheme 107
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Scheme 108 dependent on the nature of the X substituent on the catalyst
X X 407. For example, the reaction proceeded at a faster rate if X =
©: j’\ /@ NaH, RX @: JOL /@ oxygen (e.g, OBn) than if X = nitrogen (pyrrolidinyl). This
N~ N N~ N difference in reaction rate was attributed to the strong
H H -0 R H coordination of nitrogen to the palladium metal, affecting the
372 ’W's‘e"\’l/ NH P N%Nt'tjmd Vield 1_577% 94 catalysis. However, changing the N skeleton to piperidinyl (n =
X=tBu, i-Pr,Me, | X I X - ° 2), the reaction rate improved due to diminished coordination of
R =%tr’1"|\?é’ CLF nitrogen to Pd. The reaction was tolerant to several substituents
less delocalized  more delocalized except electron donating groups at the para position (substrate
more reactive anion less reactive anion with a p—OMe gave no reaction).

4.5.3. Asymmetric Heck Reaction. Dai and co-workers
Scheme 109 demonstrated asymmetric Heck reaction of dihydrofuran 409
1. sec-Buli (2.5 equiv) with a variety of aryltriflates 410 using atropisomeric amide-
0 THF, -78 °C derived P,O ligands 411 (Scheme 115).”*° The reaction resulted
JU 5 E+ -78 to -40 °C in two regioisomeric products 412 and 413 with moderate ee.
- T H 3.NH,CI I8 However, the reaction failed in the case of electron deficient

-Bu u .
373 activatod TR e aryltriflates (p-Cl, p-Br, p-CN, p-Ph, and p-COOMe). The
E —Mel BrCH.CH.Br T Yield = 81 -95% distribution of the regioisomeric products differed significantly
I, Me,Sy, Me SZSidI, RZ ] *’W@\RZ and presented a complementary reaction to that of P,P and P,N

X

Me,NCHO, PHCHO

origin of regloselectivity

amide carbonyl. The axial chirality at the amide underwent
epimerization at elevated temperatures resulting in the formation
of anti product.

4.5.2. Grignard Coupling. Kondo and co-workers reported
asymmetric cross coupling of f-bromostyrene 405 with Grignard
reagents (Scheme 114).>* The rate of the reaction was

ligands.

4.5.4. Suzuki—Miyaura Cross Coupling. Dai and co-
workers documented highly efficient Suzuki—Miyaura cross
coupling of aryl halides 414 and aryl boronic acids 418 catalyzed
by atropisomeric amide derived P,O ligands, APhos 416
(Scheme 116).”>" They synthesized a library of APhos ligands
through the self-assisted molecular editing (SAME) approach
where both the substrate and product catalyzed the product
formation. They screened these ligands for cross coupling with a
variety of substrates under both microwave and thermal

Scheme 110
PR PT ORt

a
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(c)
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Claisen
B 377, Yield = 84%
(single diastereomer)
[ i-Pr ]
(@) NPT CONM
e
13,3] ~o O 2
Eschenmoser- X R
Claisen OO

379, Yield = 89%
(1:1 mixture of epimers)

a) MeC(OEt),, cat. EECOOH, toluene, reflux. b) MeC(OMe),NMe,, cat. EtCOOH, xylene, reflux.

¢) 110 °C, 12 h. d) Xylene, 130 °C, 20 h

11278

DOI: 10.1021/acs.chemrev.5b00136
Chem. Rev. 2015, 115, 11239-11300


http://dx.doi.org/10.1021/acs.chemrev.5b00136

Chemical Reviews

Scheme 111
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Chart 2. Nonbiaryl Atropisomeric Ligands for Asymmetric Allylic Alkylation Reactions
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structure of BSA
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PPh2 Ph,P

MeO PPh, FoC \©/PPh2

392 393

conditions. The reaction was tolerant to bulky and highly
substituted aryl halides and arylboronic acids. The reaction
proceeded smoothly with APhos:Pd ratio as high as 25:1 at 80—
100 °C.

4.5.5. Benzoin and Stetter Reaction. Bach and co-workers
reported a new class of atropisomeric catalysts based on
imidazolium and thiazolium that were eficient in promoting
Stetter and benzoin reaction with moderate enantioselectivity
(Scheme 117).>%? Screening experiments revealed that the
thiazolium salts 419 were superior for the intramolecular Stetter
reaction of a,f-unsaturated ester 421 and benzoin condensation
of benzaldehyde 418. While the reaction proceeded smoothly,
the chiral induction suffered. The authors suggested that the
intermediate carbene that was generated suffers from racemiza-
tion. This was evident from a decrease in diastereomeric purity of
the catalyst analyzed after the reaction. They substantiated this
observation by independently performing racemization/isomer-

11279

ization of diastereomerically pure catalyst 419 in the presence of
Et;N in THF or NaHCO; leading to four new diastereomers in a
ratio 60:20:15:S.

Jorgenson and co-workers documented a-fluorination of a-
substituted aldehydes 423 using atropisomeric 8-amino-2-
naphthol 425 as an organocatalyst (Scheme 118).”>’ The
reaction proceeded smoothly in all the solvents screened except
for methanol. Also, the reaction had significant limitation to the
substrates employed. Substantial reduction in the ee was
observed for aliphatic substituents (R', R* = alkyl), while linear
aldehydes and ketones such as cyclohexanone/acetone failed to
react. The origin of enantioselectivity was attributed to
preferential shielding of one of the faces of the enamine
intermediate by the organocatalyst 425. Aliphatic enamines
suffered from E/Z isomerization leading to erosion in the
enantioselectivities of the product.
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Table 2. Nonbiaryl Atropisomeric Systems in Asymmetric Scheme 114
Allylic Allylation Reaction
n
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4.5.6. Michael Addition. Jorgenson and co-workers also R2 R4 >
reported an enantioselective Michael addition reaction of ethyl- 414 415 R?2
2-oxocycloalken9ne carboyfylate 427 to acrolein'and m.ethyl vinyl R R2 RS R = Me, OMe Vield :1278-99%
ketone 428 mediated by cmchone}-based'atljop{somerlc organo- X = Cl. Br, Cy = cyclohexyl
catalyst 429 (Scheme 119). Reaction optimization revealed that
iodobenzene was an excellent solvent for the reaction and the
reaction proceeded smoothly to furnish the Michael addition
Scheme 113
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product 430 in excellent yield and enantioselectivity. Interest-
ingly, on lowering the temperature from 25 to 0 °C, the sense of
stereoinduction was reversed (ee at 25 °C was —90% and at 0 °C
was 89%). In general, cyclopentanone derivatives yielded
products with higher ee than their six-membered analogues
(cyclohexanones).

4.5.7. [3 + 2]-Cycloaddition. Xu, Xia, and co-workers
reported a highly efficient and selective catalytic asymmetric
cycloaddition reaction using atropisomeric P,O ligands.”** The
atropisomeric aromatic amide syn-(R,Rs)-433 serves as the ligand
in silver catalyzed [3 + 2]-cycloaddition of aldiminoesters with
nitroalkenes leading to nitrosubstituted pyrrolidines 434 in
excellent ee (>99:1) and dr (95—99%). While the ligand 433
suffered racemization at the axial chirality at room temperature,
under their reaction condition (—20 °C) it was stable enough to
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promote the reaction efficiently. Interestingly, without the
addition of ligand the cycloaddition yielded endo-selective
product, but in the presence of the ligand complete reversal in
the selectivity was observed leading to ex0-434 (Scheme 120).
The single crystal X-ray analysis of Ag-ligand complex revealed
that the two oxygen atoms (amide carbonyl and S=0) with the
phosphine atom coordinate to provide the chiral environment,
which also explains the dependence of ee on the epimerization of
the axial chirality.

Recently, Faigl, Matravolgyi, and co-workers reported an
efficient amino alcohol derived atropisomeric pyrrole as a chiral
ligand to promote for the enantioselective addition of diethylzinc
to aldehydes.”>> The ligand 436 is an improvement to their
previously reported atropisomeric pyrrole ligand.”**"** The
reaction proceeded smoothly to result in alcohol 437 (Scheme
121) with excellent yield and enantioselectivity. The substitution
on the aromatic ring of the aldehyde had little influence on the
outcome of the yield or ee. The reaction was hypothesized to
occur via a nine-membered cyclic adduct in which the
coordinated diethylzinc attacks the Si-face of the aldehyde
leading to enantioenriched alcohol. The axial chirality on the
atropisomeric pyrrole and the substituents (phenyl and
pyrrolidine) ensures proper orientation of the organometallic
species and aldehyde and provides necessary facial discrim-
ination.

4.6. Atropselective Photoreactions

For a long time, investigations on the use of nonbiaryl
atropisomers in stereoselective/atropselective reactions focused
mostly on reactions under thermal conditions. In contrast, very
few of these reactions explored alternate activation methods,
especially photochemical activation. Bach and co-workers carried
out early attempts on photoreactions in which they employed
atropisomeric enamides 438 as ground state reactive partners to
an excited aldehyde (Scheme 122).”°° The diastereoselectivity in
the oxetane products 439 and 440 was only modest, but provided
a strong indication that face shielding dictated by axial chirality
was feasible.”’

Nevertheless, this did not lure the photochemical community
to adopt atropisomers to perform atropselective phototransfor-
mations. A probable reason might have been concern over
controlling the short-lived excited state species to provide
meaningful chiral induction. While photochemistry of com-
pounds obtained by spontaneous crystallization was slowly
developing, photoreaction in solution remained dormant for
almost a decade, until research from Sivaguru and co-workers
revealed the importance of axial chirality in atropisomers for
imparting chiral induction in several photochemical trans-
formations. They showed that photoexcited atropisomers are
excellent scaffolds for controlling excited state reactivity and
demonstrated this by employing them for various photochemical
transformations. They also demonstrated that the photochemical
and photophysical properties of atropisomers are different from
their achiral counterparts (vide infra).

4.6.1. 6z-Photocyclization. Sivaguru and co-workers
reported photochemical reactions involving excited atropiso-
meric acrylanilides 441 that underwent enantioselective 67-
photocyclization leading to 3,4—dihydro—%uinoline—Z—one photo-
products 442/443 (Scheme 123).*°*7>°* They observed the
regiochemistry of photocyclization was dependent on the
substitution on the anilide nitrogen. If the nitrogen was
unsubstituted (NH), photocyclization occurred at the unsub-
stituted o-carbon of the acrylanilide. On the other hand, if the
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importance of the substitution on the acrylanilides. The
atropisomers do not interconvert at ambient temperature even
in the excited state (obeying the NEER principle),”*>™>%” and the
presence of a f3-substituent on the alkene (R') was crucial in
order to obtain high atropselectivity in the photoreaction that
occurred from the singlet excited state (direct irradiation). Under
direct irradiation conditions, the conrotatory ring closure
proceeded via a singlet excited state leading to a zwitterionic
intermediate. For substrates possessing f-substituents, the axial
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Scheme 124
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product). The mechanistic rationale was further bolstered by the
reaction of a-substituted atropisomeric acrylanilides that gave
racemic products due to the nonstereospecific second step. To
improve the enantioselectivity in the photoproduct from a-
substituted atropisomeric acrylanilides, triplet sensitized irradi-
ations were carried out in acetone serving as a solvent and
sensitizer. Triplet sensitized reaction of a-substituted atropiso-
meric acrylanilides 444 gave photoproduct 445 with high
enantiomeric excess (direct irradiation in trifluoroethanol
resulted in racemic photoproducts; Scheme 124).*°° Under
sensitized condition, the reaction proceeded via a diradical
pathway (rather than a zwitterionic pathway that was observed
during direct irradiation) leading to a 1,4-diradical. The 1,4-
diradical abstracted a hydrogen atom from the t-Bu group via a
six-membered transition state leading to highly enantioenriched
photoproduct 445.

Similar levels of enantioenrichment were also observed when
acrylanilides lacking S-substitution were subjected to direct
irradiation in a crystalline matrix (optically pure crystal of
acrylanilide)*® and in the presence of heavy alkali metal ions
(Cs*).””° High selectivity was observed in the crystalline media
due to molecular confinement that enabled atropselective
migration of tert-butyl hydrogen followed by elimination of 2-
methylpropene. In the presence of heavy cations, the enhanced
intersystem crossing from the singlet excited state enabled the
reaction to proceed from the triplet manifold in spite of direct
irradiation of the substrate leading to higher enantioselectivity in
the photoproduct (via a diradical intermediate; similar to the one
proposed for sensitized reaction in Scheme 124).

4.6.2. 4n-Photocyclization. 2-Pyridones are one of the
well-studied chromophores that undergo either intramolecular
4n-ring closure or intermolecular [4 + 4]-photocycloaddition
depending on the concentration employed.””' ™" Axial to
central chiral strategy on 4z-ring closure of 2-pyridones revealed
the effectiveness of steric biasing in achievin% high enantiose-
lectivity in the photoproduct (Scheme 125)."> 4z-Ring closure
occurs through disrotatory ring closure on either face of the ring
(inward face or outward face) leading to racemic photoproducts.
Sivaguru and co-workers reported atropselective 47-ring closure
of atropisomeric 2-pyridones 446.">* The presence of a bulky
group at the ortho-position shielded one of the enantiotopic faces
forcing the ring closure to occur away from the steric bulk leading
to enantioenriched f-lactam photoproducts 447. Depending on
the type of facial shielding (viz.,, compounds with pure sterics (t-
Bu) or compounds having a blend of sterics and H-bonding unit)
and the solvent employed, the enantiomeric excess varied
significantly in the photoproduct 447. The enantiomeric excess
in the photoproduct showed greater temperature and solvent
dependency for pyridones with the ability to form intra- and
intermolecular H-bonding (R, X = Me, OH or Ph, OH), whereas
compounds lacking them (R, X = Me) showed only minimal

Scheme 125
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temperature and solvent dependencies. Analysis of Eyring
parameters and deciphering the mechanistic pathway through
absolute crystal structure of reactants and their photoproducts
enabled determination of the mode of photocyclization for a
given atropisomer. The result aligned well with the hypothesis
that the steric bias indeed operates very effectively. If
atropisomerism is due to pure sterics such as an ortho tert-butyl
group, the differential activation entropic contribution (AAS*)
was less significant than the differential activation enthalpic
contributions (AAH?). On the other hand, for the atropisomeric
compounds that are influenced by H-bonding, both (AAS*) and
(AAH?) played a significant role contributing to the observed
temperature and solvent dependency during 47-ring closure.
4.6.3. [2 + 2]-Photocycloaddition. Four-membered ring
forming reactions via a photochemical process is one of the
widely utilized strategies in organic synthesis.””*">’® But only
recently the [2 + 2]-photocycloaddition reactions involving
atropisomers were documented by Sivaguru and co-workers
using atropisomeric dihydropyridones (Scheme 126)."** Photo-
cycloaddition of dihydropyridones 448 proceeded well under
sensitized irradiation with very high enantioselectivity. The
diastereomeric ratio of the products depended on the
substituents on the alkenyl tether. Dihydropyridones 448 with
unsubstituted terminal carbon (R' = H) gave very high dr values
(>98:2), whereas the dihydropyridones with disubstituted
alkenyl tether (R' = Me) gave poor dr values (2.8:1 in acetone
and 4.3:1 in MeOH). Mechanistically, the reaction proceeded via
a triplet pathway leading to a 1,4-biradical (t-BR1) at the carbon
bearing R' substituent. If R' = H, the resulting short-lived
primary radical center rapidly intersystem crossed and cyclized to
product with good ee and dr values. However, if R' = Me the
resultant 3° radical (+-BR2) lived long enough for the f}-carbon of
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Scheme 126
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the lactam ring to undergo pyramidal inversion leading to poor dr
in the photoproduct.

Similarly, Sivaguru and co-workers also investigated UV/
visible light mediated [2 + 2]-photocycloaddition of atropiso-
meric maleimides that led to several interesting observations
(Scheme 127).7° N-Alkyl maleimides are known to undergo

Scheme 127
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both [2 + 2]- and [S + 2]-photocycloaddition reactions
depending on the irradiation conditions (direct irradiation
favoring [S + 2] and sensitized irradiation favoring [2 + 2]
products).”*>**' On the other hand, in case of atropisomeric N-
arylmaleimides 451, the chemoselectivity ([2 + 2] vs [5 + 2])
depended on the chain length of the alkenyl tether. For example,
maleimide with allyl tether gave the [S + 2] product exclusively,
whereas the butenyl counterpart gave the [2 + 2] product.279

The ee value in the [2 + 2]-photocycloaddition was very high
(>98%), while the dr depended on the type of R (R'-R>)
substituent. The substituent at the maleimide double bond
exerted greater influence than the substituent on the alkenyl
tether. Detailed photophysical and mechanistic studies revealed
that the triplet lifetime of the maleimide was short-lived.
However, energy transfer from external sensitizers such as
xanthone and thioxanthone occurred at a diffusion controlled
rate to promote the photoreaction.

A variation in the [2 + 2]-photocycloaddition between an
alkene and an excited carbonyl compound termed as Paterno—
Biichi is a synthetically useful strateg to access oxetane
photoproducts (see Scheme 122).”***** Sivaguru and co-
workers reported atropselective intramolecular Paterno—Biichi
reaction of a-oxoamides 454 resulting in oxetane product with
excellent ee and dr (Scheme 128)."** The photoreaction of
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atropisomeric oxoamides 454 proceeded effectively than the
achiral analogues, where the axial chirality exerted conforma-
tional control in the solution and forced reaction partners to be in
the vicinity to undergo desired photocycloaddition in a facile
manner. The diastereomeric ratio in the cross cycloaddition
product (455:456) was higher ranging from 78:22 to 95:S
depending on the R' substituent. Interestingly, when optically
pure crystal of a-oxoamide 454 (for substrate R' = Et) was
subjected to photolysis in the solid state, a reversal in the dr was
observed 455:456 (15:85). The reversal in the product
selectivity suggested that conformational preference of a-
oxoamides 454 was different in solution and in the solid state.
Similarly, photochemistry of atropisomeric acrylimides (as in
457) was quite different when compared to nonatropisomeric
acrylimides.”®* The acrylimide 457 underwent highly regiose-
lective [2 + 2]-photocycloaddition to furnish cross cycloadduct
458 with excellent ee and de (Scheme 129). On the contrary, the
nonatropisomeric analogue (lacking #-Bu group at the ortho
position) yielded a mixture of straight and cross addition product
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(458:459 was 80:20). This clearly indicates the impact of axial
chirality in influencing the conformations of chromophores thus
affecting the selectivity in a given photoreaction.

4.6.4. Hydrogen Abstraction. One of the well-known
reactions of the excited state carbonyl compounds is H-
abstraction reaction termed as Norrish/Yang type-II reaction.
Sivaguru and co-workers reported an atropselective Norrish/
Yang type-II reaction of atropisomeric a-oxoamides 460 in
solution (Scheme 130).”*° The reaction proceeded from an nz*

Scheme 130
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excited state of the carbonyl compound that initiated y-hydrogen
abstraction from the N—Me substituent resulting in a 1,4
diradical. This diradical subsequently cyclized leading to chirally
enriched f-lactam photoproduct 461. Since the 1,4-diradical was
free to rotate in solution, competition between bond rotation and
cyclization played a crucial role in determining the enantiomeric
excess in the photoproduct. This manifested as temperature
dependent axial central chiral transfer in which lower temper-
ature resulted in higher selectivity in the f-lactam photoproduct
(ee at 40 and —40 °C was 48 and 80% respectively). A slight
change in the reaction conditions (replacing chloroform with
MeOH:1 N HCI) changed the chemoselectivity of the reaction
leading to enantioenriched oxazolidinone products 463/464
(Scheme 131)."*" The reaction proceeded through a zwitterionic
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intermediate (both diradical or zwitterionic pathways are
feasible) that cyclized to form cis-463 and trans-464 products
in a 65:35 ratio. The absolute configuration of the axial chirality
was preserved during the reaction resulting in the same
configuration being observed in the product. Subjection of
trans-464 to higher temperature (120 °C for S h) led to
isomerization resulting in thermodynamic equilibrium (65:35 cis-

463:trans-464) without compromising the optical purity of the
stereogenic center providing an avenue for resolution of the
photoproducts.

4.6.5. Photochemistry of Chiral Crystals. Photochemistry
of homochiral crystals of achiral molecules obtained through
spontaneous crystallization or chiral crystallization is well-
studied and holds a basis for absolute asymmetric syn-
thesis.”*~** In addition, memory of chirality in photoreactions
have been explored."”””* Sakamoto and co-workers reported
asymmetric photocycloaddition of axially chiral naphthamides
with 9-CN anthracene in solution (Scheme 132)."** The

Scheme 132
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optically pure naphthamides 465 were acquired through
spontaneous crystallization of the melt. Large-scale enantiomeri-
cally pure crystals were obtained by seeding the melt with the
desired enantiomer of the naphthamide. The C—CO rotation
barrier of naphthamides 465 in solution was low at room
temperature and slightly increased at lower temperatures (half-
life of enantiomerization ~2 h in 1:1 MeOH:THF mixture at 15
°C). Similarly, L-proline derived naphthamides were crystallized
as a single diastereomer using the melt approach even though
multiple diastereomers existed in solution due to axial chirality
and E,Z-isomerization. The optically pure crystals of 465 were
dissolved in THF, and diastereoselective photocycloaddition
with 9-CN anthracene 466 was performed at low temperature
yielding stereoselective photocycloadducts.””’ The same group
also reported highly stereoselective reactions of several
homochiral photosubstrates that were acquired through a
spontaneous crystallization technique that includes intra-
molecular Paterno Biichi reactions of tetrahydronaphthyl
imide derivatives,”®” intramolecular [2 + 2] photocycloaddltlon
of N,N-diallyl-2-quinolone-3-carboxamides,””” and intermolecu-
lar [2 + 2]-photocycloaddition of naphthamides with dienes.*”*

In further investigation along this vein, Sakamoto and co-
workers reported an unique photosensitized asymmetric reaction
involving a homochiral molecule 468 that was generated by
spontaneous crystallization (Scheme 133).””> A methanolic
solution of optically pure N,N-diethyl carboxamide 468
underwent [2 + 2]-photocycloaddition with alkenes 469
resulting in cyclobutane photoproducts 470. The reaction
proceeded from both the singlet and the triplet excited states.
However, the singlet state reaction was slow and it competed
with racemization of atropisomers, thus leading to poor
selectivity in the photoproducts. On the other hand, if the
reaction was carried out under benzophenone sensitized
conditions, the reaction proceeded smoothly at low temperature
where racemization occurred much more slowly compared to the
photoreaction yielding endo-470 and ex0-470 cyclobutane
adduct in very high selectivity.

4.6.6. Photochemistry of Atropisomeric Compounds
under Elevated Pressures. The atropisomeric compounds
with stable chiral axes are observed to undergo photoreaction
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under ambient conditions with excellent stereocontrol. On the
other hand, if the compounds have labile chiral axes (compounds
with low energy barriers for racemization), the photoreaction
suffers from poor stereocontrol due to loss of absolute
configuration in the atropisomers. Lowering reaction temper-
ature can be used to control racemization. However, this
approach fails when one requires higher temperatures for
successful outcome of a reaction. To address this bottleneck,
Sivaguru and co-workers evaluated pressure as a remedy to arrest
racemlzatlon and increase the stereoselectivity in photo-
reactions.””® Atropisomeric acrylanilide 441, 2-pyridone 446,
and a-oxoamide 460 were evaluated for their racemization
kinetics under elevated pressures. By a slight increase in pressure,
the rate of racemization was significantly reduced increasing the
half-life of racemization (even at higher temperatures). The
enantioselective phototransformations carried out on 2-
pyridones 446 and a-oxoamides 460 at high temperature
(acetonitrile, 70 °C) and pressure (0.1, 20, and 100 MPa)
revealed a discernible increase in the enantiomeric excess in the
resulting products. For example, the enantioselectivity in the
photoproduct during photoreaction of 2-pyridones 446 at 70 °C
was 4, 18, and 27% at 0.1, 20, and 100 MPa, respectively. This is
the result of an increased racemization barrier where the
atropisomeric molecules were able to maintain their absolute
configuration for an efficient axial to central chiral transfer. This
investigation provided a simple proof of principle that can be
extended to other asymmetric reactions involving atropisomeric
compounds.

4.7. Molecular Machines and Gears

Axially chiral moieties with sufficient bulk around the chiral axis
and high energy barriers for racemization provide molecular cleft
like structures that are rigid. These molecular clefts are appealing
in terms of their potential application in molecular recognition, as
chiral catalysts for host—guest chemistry (molecular clefts acting
as a host) and as molecular machines that can perform an action
for a given stimulus.”””?® In 1984, Rebek and co-workers
introduced Kemp’s triacid based molecular cleft like structures
that showed preferential epoxidation of cis-alkenes over trans-
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alkenes and made clefts more attractive and promising for
selective reactions.””” Ease of synthesis and structural diversity
that can lead to molecules of various sizes and shapes were also
appealing.

Rebek and co-workers reported a new family of molecular
clefts that showed restricted rotation around the N, —imide
bond 471 (C-clefts) and 471 (S- clefts) with energy barriers for
racemization higher than 28 kcal'mol™ (Figure 7). 300301 Thege
molecules are highly preorganized, where the R groups are held
firmly (restricted rotation) by H-bonding from the internal
hydrogens. Thermodynamic binding analysis with various guest
molecules such as quinoxalinedione showed strong 1:1 complex-
ation demonstrating the affinity of these binding pockets. The
same group also demonstrated the formation of metal complexes
(Pd(11), Ag(1), and Au(I)) with C-shaped clefts with exclusive
trans conformation and highly controlled coordination geometry
and stoichiometry.>”

In 2000, Shimizu and co-workers documented similar
atropisomeric diacids (e.g., 472) based on a N,,;—imide bond
that are stable atropisomers with a racemization barrier of 29.4
keal'mol™ (z,, = 35 h at 77 °C).">* Further work along these
lines in Shimizu’s group involving N-aryl atropisomers led to the
development of several molecular/nanodevices such as molec-
ular switches and rotors that had chiral memory and shape
persistency (Scheme 134).”"* By employing suitable templating
agents, they achieved controllable and programmable three-
dimensional shapes at the molecular level. These shapes can be
preserved or erased by providing suitable stimuli (such as
temperature) even after the removal of the templating agents.

Axially chiral moieties were the perfect choice for molecular
receptors that have read and write capability, as the chiral center
rested on the single bond (chiral axis) was dynamic and can be
controlled by temperature and sterics. Shimizu and co-workers
demonstrated the recognition properties of these molecular
clefts including the “write—save—erase” combination in the
diacid derivative (e.g, 472) involving guest molecule ethyl
adenine-9-acetate (purple) as a templating agent (Figure 8).*"
The diacid preferentially formed a 1:1 syn complex 472 (K, =
1100 M™"). Similarly, chelation ability of bis(pyridine) appended
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of Chemistry.

cleft (green, 473) toward metals such as Pd was also
demonstrated by Shimizu and co-workers.*’® The cleft could
chelate with Pd in a trans-spinning geometry resulting in syn-473
quantitatively (syn:anti ratio = 100:0); this demonstrated the
“writing” ability of the system. On removing the templating agent
Pd (by the addition of TMEDA ligand), they could retain the
geometry of the host (save), and upon increasing the
temperature, the host system reached equilibrium state
demonstrating the “erasing” ability. The reversible switching
behavior can also be utilized as an ON and OFF recognition
process.””” This process can be repeated several times through
multiple cycles without appreciable reduction in the amplitude of
switching. One of the distinguishing advantages of employing
atropisomers for molecular switches was its ability to retain the
switching mode (ON vs OFF) even after the removal of external

stimuli, whereas other supramolecular switches need the
constant presence of their stimuli (guest molecules) to maintain
their switching modes.”””

Shimizu and co-workers also reported a method based on
high-throughput screening of guest molecules with the aid of
receptors 474 (Scheme 135).’” The process involved heating a
1:1 mixture of syn:anti receptor 474 in the presence of various
guests (basic guest ranging from nucleoside, mono- and
diamines) and analyzing the syn/anti ratio in the host—guest
complex. The ratio reflected the affinity of the guest for a given
atropisomeric receptor 474 (binding affinity was separately
calculated by "H NMR titration studies). The advantage of this
method was that the shape of the receptor was maintained even
after the removal of the guest due to the presence of stable axial
chirality. The same group further improved the versatility of their
molecular clefts by introducing a resolution technique by
employing a chiral guest molecule (chiral alkaloid), thus opening
up new avenues for chiral switches."’

The equilibrium ratio of syn-476 vs anti-476 (that are typically
1:1 at the equilibrium) can be affected by connecting the two
ortho substituents by a linker attributing a “molecular spring” like
behavior (Scheme 136).>'*"" While the energetically preferable
syn-476 is achiral, the chiral anti-476 that has the strained
architecture (twisted spring) can be separated and preserved
without erosion of the conformation due to the stabilization from
axial chirality.

The studies on guest-induced conformational change of
molecular receptors or molecular clefts have mostly been limited
to atropisomeric imide derivatives. However, this principle can
be applied to other systems that feature dynamic chirality.
Clayden and co-workers demonstrated this concept by employ-
ing a new class of molecular receptors involving atropisomeric
aromatic amide derivatives.*'> The N-substituted xanthene-1,8-
dicarboxamide 477 has a thermodynamic preference for anti
conformer that is dictated by dipole repulsion. However, in the
presence of a strong coordinating or chelating guest such as a
Lewis acid (TiCl, or SnCl,), this preference is switched to result
in syn-477 conformer. However, in these systems the barrier to
rotation is not high enough to retain the syn-477 conformation
upon the removal of chelating metal. This issue was solved in a
related system such as biphenyl-2,2’-dicarboxamide 478
(Scheme 137), where the energy barrier to rotation was
significantly higher (26.2 kcal'mol™"). The biphenyl dicarbox-
amide derivative 478 has only a weak preference to anti
conformation and can be affected by the solvent (nonpolar
solvent favoring anti conformation). anti-478 in toluene treated

Figure 8. Molecular receptors.
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with 2 equiv of Lewis acid at higher temperature resulted in
exclusive formation of syn-478. Upon decomplexation of the
Lewis acid by aqueous NH,CI workup, the syn conformation is
preserved due to the presence of stable chiral axis.

The energy barrier to racemization of an axially chiral molecule
can be influenced by external stimuli. While most application
involves the use of steric bulk and/or the complexation of guest
to receptors to slow/arrest racemization, stimuli that accelerate
the racemization process are not common.’'” The challenge of
finding suitable stimuli that accelerate the racemization process
was critical and has been addressed albeit at a slow pace
compared to arresting racemization through stimuli. Shimizu and
co-workers designed a novel atropisomeric molecular rotor 479
that rotated 107 times faster on protonation (Scheme 138).*"
The protonated form had a rotational barrier of 9.3 kcal-mol ™/,
while the unprotonated form had a rotational barrier of ~20.2
kcal'mol ™. Analysis of the crystal structures of the protonated

forms, respectively). This led the authors to conclude that the
transition state was dramatically affected upon protonation that
was responsible for the decreased rotational barrier. A similar
system was also reported based on a guest accelerated molecular
rotor by the same group where the complexation of the guest
molecule (acetate ion) reduced the energy barrier to rotation by
2—4 keal'mol ™."%

Shimizu and co-workers also reported an atropisomeric
substrate 480 that acted as a “molecular balance” for measuring
face—face and arene—arene interaction both in solid state and in
solution state (Scheme 139).*'%%'® The design was cleverly
planned to avoid other modes of interactions, viz., slipped face—
face and edge—arene interaction. Small model systems were
chosen (compared to protein or peptides) to avoid other
noncovalent interactions. The systems with larger arene surfaces
preferred anti-480 orientation (e.g. anti:syn ratios of 47:53 and
80:20 were observed for phenyl and pyrene derivatives in
DMSO, respectively), and the ratio was solvent dependent. The
results revealed a strong nonlinear free-energy trend, where
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larger arene surfaces (pyrene and biphenyl) had a better arene—
arene interaction than the smaller arene surfaces (phenyl and
naphthyl) due to their greater polarizability. The observed
nonlinear trend was attributed to conformational constraints and
electrostatic impact of the acyl tether. Isotopic study carried out
on similar systems to evaluate the CH—7z vs CD—x interaction
revealed that the interaction was not affected by the presence of

deuterium.’"” The experimental observation was bolstered by
computational studies that also revealed the absence of isotopic
effect in the CH—x interaction.

4.8. Stereochemical Relay through Conformation Control

Traditional methods to carry out asymmetric reactions involve
the use of a chiral information source such as chiral catalysts or
receptors to exert a certain influence over the substrate that
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primarily targets the reaction site. This requirement of direct
communication of the chiral source to the reaction site puts
severe limitations on the stereochemical relay that might happen
several bonds or distance away. To overcome this bottleneck, a
completely new strategy was envisioned such that the stereo-
chemical relay can be initiated at a remote place and transferred
to the reaction without the loss of stereochemical information.
One such system was elegantly designed by Clayden and co-
workers taking advantage of the atropisomeric amide system
(Scheme 140).>*”**%*'¥ In this system, three main interactions
were reliably designed and controlled, viz, (a) interaction
between the chiral perturber (ephedrine derived chiral
oxazolidine unit) and the flexible unit (xanthene derived
aromatic amide), (b) interaction between the flexible unit that
communicated the information, and (c) flexible unit influencing
the reaction site, e.g.,, nucleophilic addition to an aldehyde to
yield diastereomerically enriched alcohol. Employing this system,
they were able to achieve stereocontrol at the reaction site that
was more than 20 bond lengths away corresponding to a linear
distance of about 2.5 nm (dr > 95:5% in syn-482). The limitation
to further extend this concept to control stereochemistry over
longer distances was only hindered by the synthetic challenges
involved in obtaining these substrates rather than the efficiency
of information relay through the flexible units. This study clearly
showed the potential of flexible chirality (especially in the
atropisomeric aromatic amides) that can be tuned to design
molecular devices and architectures that can relay and process
information.

5. CONCLUSION AND OUTLOOK

Nonbiaryl atropisomeric systems have received significant
attention in recent times due to their importance in the
atropselective transformations and their applications in molec-
ular devices. The presence of axial chirality in atropisomers
imparts some unique reactivity that is not generally observed in
central chiral molecules. The high level of enantio- and
diastereoselectivity observed in both thermal and photochemical
reactions of atropisomeric compounds makes them an attractive
choice to access enantioenriched building blocks. Although some
of the nonbiaryl atropisomeric compounds discussed in this
review are not used as frequently as biaryl scaffolds for
asymmetric synthesis and catalysis, their presence and perform-
ance were realized in some of the well-tested reactions, e.g,
asymmetric allylic alkylation reactions. Further, the presence of
axial chirality in natural products has made a strong impact on
drug discovery and design strategy that necessitates careful
attention to this dynamic chirality.

The emerging importance of these molecules as molecular
recognition motifs, nanomachines, molecular clefts, etc. high-
lights the versatility of these nonbiaryl atropisomeric compounds
in several other applications. While the current investigations are
steered toward evaluating these compounds in the area where
biaryl compounds dominate (as ligands in metal catalyzed
reactions), more efforts are needed to extend the scope of these
compounds in other areas of chemistry as well. The ability to
switch the chirality by simple bond isomerization in these
molecules provides an enticing opportunity and a challenge to
employ them for novel applications in chemical systems.
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