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dearomatization (CADA) reactions. The CADA reactions discussed

herein include oxidative dearomatization reactions, dearomatization
by Diels—Alder and related reactions, the alkylative dearomatization of
electron-rich arenes, transition-metal-catalyzed dearomatization

reactions, cascade sequences involving asymmetric dearomatization as

the key step, and nucleophilic dearomatization reactions of pyridinium
derivatives. Asymmetric dearomatization reactions with chiral auxil-
iaries and catalytic asymmetric reactions of dearomatized substrates
are also briefly introduced. This Review intends to provide a concept

for catalytic asymmetric dearomatization.

1. Introduction

Aromatic compounds are widely distributed in nature and
serve as very important synthetic materials in both academia
and industry. Significant progress has been made towards the
development of highly efficient methods to introduce sub-
stituents onto a variety of aromatic rings. Dearomatization
reactions are also important transformations of aromatic
compounds as they lead directly to a variety of ring systems,
including heterocyclic skeletons. Heterocycles are frequently
occurring key moieties of natural products and pharmaceut-
icals. The possibility of forming quaternary carbon centers
through intramolecular dearomatization reactions enables
the construction of spiro or bridged compounds in an
extremely straightforward manner. In fact, owing to their
high efficiency in converting relatively simple molecules into
much more complicated structures, dearomatization reactions
have been applied extensively in the total synthesis of natural
products. Moreover, the fully developed methodologies for
aromatic substitution have provided versatile arenes that are
compatible with dearomatization reactions.

Although many dearomatization protocols have been
developed, either as new methods or during the synthesis of
functional molecules, known reactions are mainly limited to
racemic compounds. Enantioselective processes are rather
rare, especially those based on catalytic methods. Further-
more, the majority of enantioselective reactions rely on
a strategy of chiral-substrate control. Undoubtedly, the
sparsity of enantioselective processes is mainly due to the
high energy barrier encountered during the process of
dearomatization, which generally requires harsh reaction
conditions that make the control of regioselectivity and
stereoselectivity very challenging. However, recent progress
in both asymmetric dearomatization reactions with chiral
reagents and catalytic asymmetric dearomatization reactions
has shown the great potential of this area.

Recently, a comprehensive review by Roche and Porco
described the application of dearomatization strategies in the
total synthesis of natural products.! A previous review by
Quideau and co-workers summarized the oxidative dearoma-
tization of phenols in natural product synthesis.”! Several
other elegant reviews have also appeared and in most cases
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focused on a relatively specific topic, such as nucleophilic
dearomatization® or transition-metal-mediated dearomatiza-
tion reactions.! However, to our knowledge, there has not
been a review on the use of catalytic methods for asymmetric
dearomatization reactions. Thus, this Review concentrates on
the development of various catalytic asymmetric dearomati-
zation processes for the construction of chiral molecules.
Some closely related approaches, including chiral-reagent-
mediated and diastereoselective dearomatization reactions,
are also covered.

Notably, this Review does not discuss the asymmetric
hydrogenation of aromatic compounds,” a strategy which can
also be regarded as a very important branch of dearomatiza-
tion reactions. Furthermore, the dearomatization of 2-silyl-
oxy-substituted furans, pyrroles, indoles, and thiophenes!® will
not be covered, since compounds of this type are generally
synthesized from the corresponding lactones or lactams and
are highly reactive. Finally, we have not included enzymatic
asymmetric dearomatization reactions, which are particularly
effective for simple benzene derivatives.”
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2. Oxidative Dearomatization Reactions

The oxidation of electron-rich arenes or heteroarenes to
break their aromatic systems has been known for a long time
as an extremely useful concept in organic synthesis. Partic-
ularly in the realm of phenol and indole chemistry, many
elegant total syntheses of natural products have made use of
this powerful method as a key step.*1!

In the field of oxidative dearomatization reactions, hyper-
valent iodine compounds have frequently served as oxidants
because of their ready availability and straightforward han-
dling. The development of chiral iodanes paved the way for
the elaboration of enantiomerically enriched molecules
directly from achiral substrates during the oxidative dear-
omatization process. However, since these chiral hypervalent
iodine reagents are typically expensive and potentially
explosive, their use in catalytic amounts in conjunction with
cheaper and safer co-oxidants has become a practical solution
and attracted much attention from chemists.'!! Transition-
metal-catalyzed asymmetric oxidative dearomatization reac-
tions with stoichiometric achiral iodanes are definitely
another efficient solution. Recently, progress has also been
made in the development of oxidants other than iodanes for
these transformations. This section is devoted to the enantio-
selective oxidative dearomatization of electron-rich aromatic
compounds.

The elaboration of chiral molecules on the basis of
oxidative dearomatization reactions of phenols with a chiral
auxiliary has been widely applied in the total synthesis of
natural products, although this strategy for the construction of
complicated chiral compounds is relatively old. More desir-
able than chiral-substrate control in the asymmetric oxidative
dearomatization of phenols and related aromatic compounds
is the use of chiral hypervalent iodine compounds as reagents
or even catalysts. However, this strategy is very challenging,
and significant breakthroughs have been made only recently.
In 2008, Kita and co-workers reported the first enantioselec-
tive dearomatization reaction of phenols with a chiral hyper-
valent iodine compound.">"! A quantitative amount of the
chiral oxidant (R)-3 with a rigid spirobiindane backbone was
used to transform 1-naphthols 1 into ortho-spirolactones 2 in
satisfactory yields and enantioselectivity. When a catalytic
amount of (R)-4, the precursor of (R)-3, was used with
mCPBA as the co-oxidant, moderate yields and enantiose-
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CHCl5, -50 °C up to 86% yield, 86% ee
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(0.15 equiv) R
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MCPBA, ACOH, CH,Cl,, R=H 68% yield, 65% ee
0°C, 3h R = Br 70% yield, 69% e

Scheme 1. Enantioselective oxidative dearomatization and spirocycliza-
tion of 1-naphthols with a chiral iodoarene and mCPBA.['!

lectivity could be attained with selected substrates
(Scheme 1).

Soon afterwards, Boppisetti and Birman reported the first
chiral organoiodine(V) reagent 8 for an asymmetric trans-
formation of ortho-alkyl phenols into ortho-quinol Diels—
Alder dimers."" Although the enantioselectivity was only
moderate (for example, 7 was obtained in 65% yield with
63 % ee), this newly designed iodine(V) reagent with a chiral
oxazoline group still has great potential and the ability to
inspire further developments in this area (Scheme 2).

In 2009, Quideau et al. reported an asymmetric oxidative
dearomatization reaction of phenols by iodanes generated in

situ from chiral iodoarenes and mCPBA.™ The use of

OH A0, (8) o [2+4]
(1.1 equiv) cycloaddition

AcOH (1 equiv)

65% yield, 63% ee

ot

ArlO, (8)

Scheme 2. Enantioselective oxidative dearomatization and dimeriza-
tion of a phenol with a chiral hypervalent iodine reagent.!
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a stoichiometric amount of the chiral iodoarene and mCPBA
as the co-oxidant enabled the ortho-hydroxylative phenol
dearomatization with a moderate level of enantioselectivity
[Scheme 3, Eq. (1)]. When a catalytic amount of the chiral
iodoarene 12 was used with excess mCPBA, subsequent

o
Arl (12) OH a
mCPBA (1.0 equiv)

OH Ve CHxCl,, RT 10

| ' 83% yield, 50% ee

[with 2.0 equiv (R)-Ar*l (12)]
71% yield, 47% ee
9 [with 1.0 equiv (R)-Ar*l (12)]

cat. Al (12)
\. mCPBA (2.5 equiv) o
CH.Cly, RT Qﬁ,m @
<

COOH "
OO 90% yield, 29% ee

I [with 0.1 equiv (S)-Ar*l (12)]
T

Al (12)

Scheme 3. Enantioselective oxidative dearomatization of a 1-naphthol
with a chiral iodoarene and mCPBA I

epoxidation occurred with only modest enantioselectivity
[Scheme 3, Eq. (2)]. The authors also discussed plausible
mechanistic pathways for this reaction. Experimental obser-
vations strongly supported the generation of a chiral
iodine(V) species.

Later, Ishihara and co-workers designed a series of C,-
symmetric chiral iodoarenes, which were used as catalysts for
the asymmetric oxidative spirolactonization of naphthol
derivatives."®! With 10 mol% of the optimal iodoarene 15
and 1.2-1.5 equivalents of mCPBA as the oxidant, a broad
range of substrates 13 were converted into the corresponding
spirolactones 14 with high levels of enantioselectivity
[Scheme 4, Eq. (1)]. Interestingly, the authors believed that
the actual catalyst was an iodine(I1I) species generated in situ
through the oxidation of 15 by mCPBA. To support their
hypothesis, they synthesized and isolated the chiral iodosy-
larene diacetate 16 [Scheme 4, Eq. (2)]. Selected substrates
were tested with a stoichiometric amount of 16, and parallel
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OH (0]
15 (10 mol%),
5CO0H mCPBA (1.2-1.5 equiv) O "
X CHCl3 or CHCIy/CHaNOy, X
R -20 0r 0 °C R
13 14

up to 94% vyield, 92% ee

14a (R=H): 55% yield,
92% ee (-20 °C, 3 h)

/L e Y 14b (R = 4-Me): 59% yield,
MesHNOC (©) (©) CONHMes 84% ee (0 °C, 17 h)

| 15 14c (R = 6-OMe): 40% yield,
87% ee (0 °C, 18 h)

14d (R = 3-OMe): 3% yield,

88% ee (0 °C, 24 h)

Selectflyor
(5 equiv) ?Ac 16 (1 equiv)
8 pcorcnon ML @ L hpe——
c Ak 53h OAc CHClj (0.02 M)
5 16 -20°C,19h
90% yield 14a: 70% yield, 90% ee

14b: 85% yield, 89% ee
14c: 89% yield, 90% ee
14d: 87% yield, 95% ee

Scheme 4. Enantioselective oxidative dearomatization and spirocycliza-
tion of 1-naphthols with a chiral iodoarene and mCPBA.'

levels of enantioselectivity were observed, as experimental
evidence for their hypothesis [Scheme 4, Eq. (3)].

In 2003, Che and co-workers reported an enantioselective
aziridination of sulfonamides and carbamates under the
catalysis of a chiral Rh™" dimer."”! In the first asymmetric
oxidative dearomatization reaction of an indole through the
intramolecular aziridination of an indole carbamate, spiroin-
doline 18 was formed with moderate conversion and enantio-
selectivity (50 % conversion, 53 % ee; Scheme 5).

In 2008, Mulcahy and Du Bois proposed the synthesis of
(+)-gonyautoxin 3! with a rhodium-catalyzed oxidative
C—H amination as a key step."”) When 20 was used as the
substrate, the rhodium-catalyzed oxidative dearomatization
reaction based on the amination of the pyrrole nucleus by the
guanidine nitrenoid could occur through either an aziridine 21
or a dipolar species 22, both of which underwent subsequent
nucleophilic attack to yield the desired compound (Scheme
6a). This pathway was very efficient, and the key intermediate
23 for the synthesis of (+)-gonyautoxin 3 was obtained as

o, 19 (10 mol%) Y
CONH,  PhI(OAc), (1.5 equiv) s
N\
N Al;O3 (2.5 equiv) " OAc
SOzPh CeHs, 5°C, 8h gOgF’h
17 18
50% conversion, 53% ee
U

O%N CO.Me

| 1/

RE—Rh

[Rh2{(45)-MEOX]}4]
(19)

Scheme 5. Rhodium-catalyzed asymmetric oxidative dearomatization
of an indole through intramolecular aziridination.!'!
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a single isomer in 61 % yield. Subsequently, in 2009, Iwabuchi
and co-workers described a highly enantioselective oxidative
dearomatization reaction of 2-(N-Boc-2-alkylindol-3-yl)e-
thylcarbamates on the basis of rhodium-catalyzed nitrenoid

NTces TcesN

NH

N

0

01 G/'\ SosiBuPh,  or
\ N\n/NH

NCOCCl3 NCOCCl3
20 21

24 (5 mol%)

PhI(OAc) (1.5 equiv)

MgO (2.5 equiv)
CH,Cly, 42 °C

HoN

~r" " osiBuPh,
\_N__NH

TcesN + 0o

o A

HN
@)\ ~0SifBuPh,
N.__NH

AcO
NCOCCl; + NHq

23 (+)-gonyautoxin 3
61% yield, single isomer

W. Zhang, S.-L. You, and C.-X. Zhuo

For the total synthesis of azaphilones, Porco and co-
workers developed an approach involving the cycloisomeri-
zation of o-alkynyl benzaldehydes 35 to 2-benzopyrylium salts
36 and subsequent oxidation to 6 H-isochromene ring systems
37 (Scheme 8a).”® First, the oxidative
dearomatization step was successfully
carried out in a racemic manner by the
use of IBX as the oxidant. Several
azophilones 37 were obtained in good
yields from this oxidation reaction and
NCH,OCCls the subsequent reductive workup.

29 Interestingly, another frequently used
hypervalent iodine reagent, PIFA, pro-
moted the formation of 38. Unfortu-
nately, attempts to develop an enantio-
selective version of this oxidative dear-

““"08iBuPh,
NH

omatization sequence failed. However,
with the chiral complex derived from
[Cu(CH;CN),]PF, and (—)-sparteine,
an asymmetric oxidative dearomatiza-
tion reaction of 35 led to enantiomer-
ically enriched enols 39, the KH,PO,/
K,HPO,-mediated cycloisomerization

[Rhz(esp)z]

(24)

of which afforded azaphilones 37 in

D
D 0 28 (7 mol%)
OJ( Phi(OAc), (1.6 equiv)
NH, — >
A\ 2 MgO (3.0 equiv)
N CH,Cl, (0.01 M), reflux
Boc Boc
25 26

70% yield, 96% ee

chartelline A

OEt
(+)-AG-041R

Scheme 6. Rhodium-catalyzed stereoselective synthesis of (+)-gonyautoxin 3% and (+)-AG-
041R™ through the intermolecular oxidative dearomatization of a pyrrole and an indole,

respectively.

chemistry.”?®! The efficient conversion of 25 into 26 with
excellent enantioselectivity thus provided a reliable platform
for the enantiocontrolled synthesis of the spiro-f3-lactam core
27 of the chartellines (Scheme 6b). The same strategy was
later applied to the enantioselective synthesis of (+)-AG-
041R, a potent gastrin/CCK-B receptor antagonist.”"!

In 2000, Omura and co-workers established an asymmet-
ric epoxidation-ring-closure reaction of tryptophol (29).!]
The highly enantiomerically enriched 3a-hydroxyfuroindoline
30 was obtained in good yield under the conditions of the
Sharpless asymmetric epoxidation (Scheme 7). This enantio-
selective synthetic method was employed in the total syn-
thesis of (+)-madindoline A, (—)-madindoline B, and (—)-
physovenine as either the starting step or at a late stage.

12666 www.angewandte.org

good yields with excellent enantiose-

o lectivity (Scheme 8b).?*®! The copper
%NH complex 40 was believed to be the real
chiral oxidant. This methodology was
used as the key step for a series of
syntheses of (—)-mitorubrin and
related chiral azaphilone natural prod-

ucts, such as (—)-mitorubrinol, (—)-
mitorubrinal, and (—)-mitorubrinic
0 al  acid.?

The same strategy was further
applied to the synthesis of (+)-sclero-

o, 0, tiorin and (4)-8-O-methylsclerotiorin-

Rh—Rh . o
T amine by Porco, O’Brien, and co-work-
[Rhy{(S) TCPTTLL] ers.®l Only (—)-§parteine exists .in
(28) nature, and azaphilone products with

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

an R quaternary carbon center were
formed when 40 was used in the
oxidative dearomatization step. Thus,
only the enantiomers of naturally
occurring (+)-sclerotiorin and (+)-8-
O-methylsclerotiorinamine could be synthesized with this
complex. O’Brien and co-workers have devoted much effort
to the development of (+)-sparteine surrogates,”” which were
employed by Porco et al. for the enantioselective construction
of (+)-sclerotiorin and (+4)-8-O-methylsclerotiorinamine.
Various (+4)-sparteine surrogates were screened for the
reaction of 35a as the model substrate, and 41 was found to
be the optimal ligand for the oxidative dearomatization,
which proceeded with similar enantioselectivity to that
observed with (—)-sparteine [Scheme 9, Eq. (1)]. Thus, enan-
tiomerically pure (S)-37b was obtained under the optimized
conditions with the chiral Cu" oxidant derived from (+)-spar-
teine surrogate 41. Compound (5)-37b was further converted

Angew. Chem. Int. Ed. 2012, 51, 1266212686
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a)
Ti(OPr)4 (1.0 equiv) HO
\ OH (+)-DIPT (1.2 equiv)
N BuOOH (2.5 equiv) N (o]
H CH,Cl,, -20°C, 6 h H H
29 30
72% yield, >99% ee
Me-N
>//0 Me
— Oy
o]
N H
Me
(-)-physovenine
b)
MeOOC, Ti(OPr)4 (1.0 equiv)
TBSO.

(+)-DIPT (1.2 equiv)
BuOOH (2.5 equiv)
CHyCl,, 20 °C, 6 h

33 34

(+)-madindoline A
33/34 =2.2:1, 45% yield

(-)-madindoline B

Scheme 7. Oxidative dearomatization of tryptophols through a cascade
reaction involving Sharpless asymmetric epoxidation and ring clo-

21
sure.

into (+4)-sclerotiorin and (4)-8-O-methylsclerotiorinamine
through subsequent manipulations (Scheme 9).

Porco and co-workers also demonstrated that complex 40
derived from [Cu(CH;CN),]PF; and (—)-sparteine was an
efficient chiral oxidant in an enantioselective oxidative
dearomatization of phenols and subsequent [4+2] dimeriza-
tion.*>! A number of preformed ortho-methyl lithium
phenolates 42 underwent the oxidative hydroxylation and
homodimerization cascade to afford bicyclo[2.2.2]octenones
43 with high levels of enantioselectivity (Scheme 10). The
formation of biaryl by-products 44 was possible, and a stereo-
selective ketol rearrangement was observed for 2,4-disubsti-
tuted phenols.

In 2008, Movassaghi et al. reported an oxidative dear-
omatization reaction of 2-aryl tryptamines with a subsequent
rearrangement to afford oxindoles with a quaternary C3 atom
and a C3 aryl group.”” 2-Aryl 3-hydroxyindolenines 46 were
accessed conveniently through the oxidation of 45 with
Oxone, and the following Lewis acid catalyzed rearrangement
proceeded efficiently to yield the corresponding 3-aryl
oxindoles 47, which share a common substructure with
various natural alkaloids (Scheme 11a). In a preliminary
study towards a stereoselective transformation by this

Angew. Chem. Int. Ed. 2012, 51, 12662 —12686
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a) R
= HO. R
HO 4 CICH,CHoCITFA (10:1) \
_O*
Me CHO Au(OAc)s (5 mol%), RT ~ Me CF3C00
OH
OH
35 36
PIFA, RT; BN mol),

then NapS,03 then NayS,03

O ~ R
Me U0
HO
(e}

b) R
= [Cu(CH3CN)4]PF4 (2.2 equiv)
HO (-)-sparteine (2.4 equiv)
DIEA (1.6 equiv)
Me CHO DMAP (2.4 equiv)
OH O3, -10°C
35 39
H N KHoPO,/K,HPO,
| aq. buffer
N & CN4CN, RT
(-)-sparteine
o} ~R
Me= 0

2+ HO I
N o N
N,CuiO:Cu\/N N> | 2PFe 37
up to 84% yield, 98% ee
40

Scheme 8. Copper-mediated oxidative dearomatization of phenols with
(—)-sparteine as the chiral ligand.”?

method, the oxidation of the chiral substrate 49 afforded
diastereomers S50a and 50b in a 2:1 ratio. The oxidative
dearomatization of 45 with tBuOCI generated 3-chloroindo-
lenines 48, which were hydrolyzed to give a mixture of 46 and
47. An enantioselective protocol based on the use of aspartyl
peptide catalysts has since been developed by Movassaghi,
Miller, and co-workers.””! Structurally diverse 2-aryl 3-
hydroxyindolenines 52 were afforded with moderate to
good enantioselectivity under the oxidative conditions with
chiral peptide 54. Sc(OTf); promoted the transformation of
indolenines 52 into the corresponding 3-aryl oxindoles 53 with
complete retention of the enantiomeric purity.?*%")

Han and Movassaghi successfully applied the strategy of
the enantioselective oxidative dearomatization of trypta-
mines to the total synthesis of (—)-trigonoliimines A, B, and
C.”! Exposure of the bistryptamine 55 to the Davis oxazir-
idine 57 afforded a mixture of 56a and 56b with moderate
regioselectivity and excellent enantioselectivity (Scheme 12).
The liberation of two amino groups in the mixture of S6a and
56b spontaneously afforded a mixture of 58a and S8b in
excellent yield with retention of the enantiomeric purity.
Compounds 58a and 58b served as precursors to (—)-
trigonoliimine A and (—)-trigonoliimine B, respectively.
Additionally, heating of the mixture of 56a and 56b in
trifluoroethanol efficiently yielded a mixture of 59a and 59b,
and further manipulations of 59a finally provided (—)-
trigonoliimine C.

www.angewandte.org
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1) [Cu(CH3CN),]PFg (2.2 equiv)
chiral ligand (2.4 equiv)
> (CH2)6CHs  p)EA (1.6 equiv)
DMAP (2.4 equiv), Oy, -78—-10 °C

CHO 2) KH2S04/ KsHPO, aq. buffer (pH 7.2)
CH3CN, RT (]
(R)-37a (R = Me, R' = OH)
with (-)-sparteine
Me™ >N H 84% yield, 98% ee
N (8)-37a (R = OH, R' = Me)
with ligand 41
il 70% yield, 95% ee
1) [Cu(CH3CN)4]PFs (2.2 equiv)
Me 41 (2.4 equiv)
= NN~“g; DIEA (1.6 equiv)
DMAP (2.4 equiv), Oy, -78 —-10 °C
CHO 2) KH2SO4/ KoHPO4 aq. buffer (pH 7.2)

CH4CN, RT

OMe

(+)-8-O-methylsclerotiorinamine

(+)-sclertiorin

as the chiral ligand for the total synthesis of azaphilones.”’!
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R
OLi [Cu(CH3CN)4]PF4 (2.2 equiv) —|
N (-)-sparteine (2.3 equiv) HO g\&o

n &, OH

R P 3A MS, solvent, O,, -78 °C =

O0=7—=R
42 [4+2)

dimerization
,, OH
il
+
A |
oHO
44 43
up to 82% yield, 99% ee
OLi o
OH a-ketol
[ 0] rearrangement
42a R =Me
42b R = tBu
R
R B
o : ,OH o
|

R OO O OH HR

43a 25% yield, 99% ee
43b not observed

43a' 7% yield, 99% ee
43b' 51% yield, 99% ee

Scheme 10. Copper-mediated enantioselective oxidative dearomatiza-
tion of phenols with complex 40 derived from [Cu(CH;CN),]PF, and
(—)-sparteine and subsequent [4+2] dimerization.*!
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3. Dearomatization by Diels—Alder and
Related Reactions

Diels—Alder reactions of vinyl indoles were
first described by Noland and co-workers in
1959.2%1 Such transformations form the basis of
a very useful strategy for the dearomatization of
indoles to construct carbazole frameworks. For
a long time, progress in this area was limited to
non-enantioselective reactions.”>*” In 2008,
Bernardi, Ricci, and co-workers developed the
first catalytic asymmetric Diels—Alder reaction
of 3-vinyl indoles.”!¥ Use of the bifunctional
organocatalyst 64 enabled the dearomatization
of 3-vinyl indoles 60 through a Diels—Alder
pathway with various dienophiles, such as 61
and 62, to provide enantiomerically enriched
carbazole derivatives 63  (Scheme 13a).
Recently, Barbas and co-workers reported
a highly efficient bisthiourea-catalyzed asym-
metric Diels—Alder reaction of 3-vinyl indoles
60 with methyleneindolinones 65.5"°! Carbazo-
lespirooxindole derivatives 66 containing multi-
ple contiguous stereogenic centers were
afforded in almost quantitative yield with
excellent stereoselectivity through dearomati-
zation of the vinyl indoles (Scheme 13b).

Diels—Alder reactions involving furans are
also an important pathway for the construction
of various oxygen-containing heterocyclic compounds by
taking advantage of the dearomatization strategy. Very
recently, Shibatomi et al. reported a highly enantioselective
Diels—Alder reaction of f-fluoromethylacrylates 68 with
furans 69 (Scheme 14).%%) This dearomatization process of
furans was carried out in the presence of a Lewis acid
activated chiral oxazaborolidine catalyst 71, which was
developed by Futatsugi and Yamamoto and demonstrated
high efficiency in asymmetric Diels—Alder reactions.” The
resulting tri-, di-, and monofluoromethylated cyclohexenes 70
were obtained as nearly pure enantiomers.

Great progress has also been made in other dearomatiza-
tion reactions by cycloaddition processes. In 2003, Harmata
et al. reported an asymmetric organocatalytic [4+3] cyclo-
addition reaction involving the dearomatization of furans.*
In the presence of the MacMillan catalyst 75, silyloxypenta-
dienals 72 reacted with furans 73 to provide compounds 74
with excellent enantioselectivity (Scheme 15a). Recently, this
highly efficient dearomatization protocol was applied by Sun,
Lin, and co-workers to build the core of englerin A (Sche-
me 15b).55

Hsung and co-workers have developed a range of
stereoselective [4+3] cycloaddition reactions of nitrogen-
stabilized oxyallyl cations; various ring systems, such as furans
and pyrroles, can serve as the diene. These typically Lewis
acid promoted dearomatization reactions have great synthetic
potential. In 2005, Huang and Hsung reported a highly
enantioselective [4+3] cycloaddition of nitrogen-stabilized
oxyallyl cations derived from allenamides. The reaction was
catalyzed by a chiral Cu" complex.””! As outlined in
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53b, Ar = 1-An, 35% yield, 98% ee

Scheme 11. Enantioselective oxidative dearomatization of aryl-substi-
tuted tryptamines.?%?!

Scheme 16, the asymmetric dearomatization of substituted
furans 69 proceeded smoothly to give exclusively the corre-
sponding endo products in satisfactory yield and enantiose-
lectivity.

In 2007, Reddy and Davies reported a rhodium-catalyzed
asymmetric dearomatization of pyrroles through a [4+43]
cycloaddition reaction to construct enantiomerically enriched
tropane derivatives.”® In an earlier study, an asymmetric
variant of this transformation was developed by using a chiral
auxiliary on the vinyl carbenoid 84, and the desired product
85 was formed with good diastereoselectivity (Sche-
me 17a).5*] However, with a chiral Rh" prolinate catalyst,
85 could be obtained with only moderate enantioselectivity
(up to 51 % ee). Later, with [Rh,(S-PTAD),] as the catalyst,
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cl 56a/56b = 2.2:1, 95% yield
L
3,0 =57 NH,NH,H,0
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58a, R = H, R'= OMe
58b, R=0Me, R'=H

59a, R = H, R' = OMe, 96% ee
59b, R = OMe, R'=H, 96% ee

59a/59b = 2.2:1, 93% yield

58a/58b = 2.2:1, 99% yield

R=H, R'=0Me (-)-trigonoliimine A
R =0OMe, R'=H (-)-trigonoliimine B

(-)-trigonoliimine C

Scheme 12. Oxidative dearomatization of tryptamines for the total
synthesis of (—)-trigonoliimines A, B, and C.2

tropane derivatives 88 were formed with excellent enantio-
selectivity and in good yields through the asymmetric
dearomatization of protected pyrroles 86 (Scheme 17b).

Recently, Hashimoto and co-workers reported an enan-
tioselective dearomatization reaction of indoles through an
intermolecular cycloaddition with diazodiketoester-derived
carbonyl ylides.®” With the chiral dirhodium carboxylate
catalyst 28, fused indolines 92 with either a six-membered or
a seven-membered ring were obtained with excellent enan-
tioselectivity and diastereoselectivity (Scheme 18).

In 2010, Reisman and co-workers developed an enantio-
selective dearomatization of 3-substituted indoles to con-
struct pyrroloindolines through a formal [342] cycloaddition
reaction.*”) An earlier study by Piersanti and co-workers
demonstrated that Lewis acids were highly efficient in
promoting the conjugate addition of 3-nonsubstituted indoles
93 (R*=H) with 2-amidoacrylates 94, which were believed
previously to be poor electrophiles (Scheme 19, path-
way a).!l On the basis of this finding, Reisman and co-
workers proposed that 3-substituted indoles 93 (R*#H)
could participate in the conjugation reaction with 94 to
generate iminium ions 96, which could be trapped by the
intramolecular amide moiety to form pyrroloindolines 95.
Under the optimal conditions for this dearomatization
sequence, with (R)-binol as the chiral catalyst in the presence
of a stoichiometric amount of SnCl,, functionalized pyrro-
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Scheme 13. Organocatalytic enantioselective dearomatization of 3-vinyl
indoles by Diels—Alder reactions.?"!

il (O T1(10-50 mot%) ‘ ~COOR!
\l -y CHsClp, -78°C . BT D
COOR! R
68 69 70
Rf = CF3, CHF, CHoF up to d.r. 99:1
AF/CERp SR 99% ee for all
Ph diastereomers
iPr.
Ph
CI4Sn 3 ,O
i
1-Np Ph
7

Scheme 14. Enantioselective dearomatization of furans through
a Diels—Alder reaction in the presence of a Lewis acid activated chiral
oxazaborolidine catalyst.??

loindolines 95 were generated with excellent enantioselectiv-
ity.

In 2008, Linton and Kozlowski reported an interesting
dearomatization pathway of indoles through a catalytic
enantioselective Meerwein—Eschenmoser Claisen rearrange-
ment.*?! Indole-containing 2-amino allyl vinyl ethers 100
were designed, and various hydrogen-bonding catalysts as
well as Lewis acids were demonstrated to be effective in
promoting the desired [3,3'] sigmatropic rearrangement. The
chiral complexes derived from Pd(SbFy), and a bisphosphane
ligand (binap or difluorophos) or a phosphanyloxazoline
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L 77% ee 88% ee
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(@] Cu(OTf)2 (25 mol%)
82 (32 mol%)

Scheme 15. Organocatalytic enantioselective dearomatization of furans
DMDO (2 -5 equiv)
4A MS, AgSbFg

through a [4+3] cycloaddition reaction.P**!
CHoCly/acetone, -78 °C

80 69 81a 81b

Phue <j><r Ph

Ph

endo only
up to 91% yield
up to 99% ee

82

Scheme 16. Asymmetric dearomatization of furans by [4+43] cycloaddi-
tion reactions involving nitrogen-stabilized oxyallyl cations.?”

ligand (rBuphox) were revealed to be optimal Lewis acid
catalysts for the highly enantioselective construction of
synthetically useful oxindoles 101 with a quaternary stereo-
genic center (Scheme 20a). In a deuterium labeling experi-
ment, the absence of 103 as a product excluded the possibility
of a mechanism involving the formation and addition of Pd"-
m-allyl cation species. Recently, Kozlowski and co-workers
extended this dearomatization approach to a catalytic enan-
tioselective Saucy-Marbet Claisen rearrangement.l**! Thus,
propargyl-substituted indoles 105 were converted into allenyl
products 106 in high yield with high enantioselectivity
(Scheme 20b).
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Scheme 17. Asymmetric dearomatization of pyrroles by a rhodium-
catalyzed [4+3] cycloaddition.?®!
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Scheme 18. Enantioselective dearomatization of indoles with a chiral
dirhodium carboxylate catalyst.”

4. Alkylative Dearomatization Reactions

As electron-rich aromatic rings, ortho-substituted phenols
and naphthols readily undergo alkylation reactions with
electrophiles to provide synthetically useful substituted cyclo-
hexadienones and naphthalenones, respectively. This dearo-
matization process has been fully developed and broadly
applied in synthesis with racemic substrates. In 2006, Fréter
and co-workers reported a stereoselective alkylative dearo-
matization of phenols and naphthols in the presence of
a chiral base.*”! Phenol 107 as well as naphthols 109 and 111
underwent C-alkylation in the presence of nBuLi and a chiral
ligand (Scheme 21). Although the chiral reagents derived
from (—)-sparteine (or a-isosparteine (113)) and nBuLi only
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Scheme 19. Enantioselective dearomatization of indoles by a formal
[3+2] cycloaddition in the presence of a chiral Lewis acid.!***"
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Scheme 20. Palladium-catalyzed enantioselective dearomatization of
indoles through a Meerwein—-Eschenmoser Claisen rearrangement./”
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Scheme 21. Stereoselective alkylative dearomatization of
phenols and naphthols in the presence of a chiral base.!*”

promoted the reaction with low to medium
enantioselectivity, this strategy undoubtedly
inspired further developments.

During the course of their studies towards the
total synthesis of polyprenylated acyl phlorogluci-
nols, Porco and co-workers developed elegant
alkylative dearomatization—annulation processes
to construct these polycyclic natural products.*!
This research group recently used a chiral phase-
transfer catalyst derived from the cinchona alka-
loids to carry out their previously reported domino
Michael addition—elimination—-Michael addition—
aldol reaction sequence (Scheme 22a)l* in an
enantioselective manner (Scheme 22b).! With
the chiral phase-transfer catalyst 121 and 5 equiv-
alents of the base, the alkylative dearomatization
reaction and subsequent intramolecular transfor-
mations occurred smoothly. In this way, the
adamantane 116 was synthesized in a very concise
and efficient manner (71 % yield, 90 % ee). Ada-
mantane 116 was further manipulated to complete
the total synthesis of (—)-hyperibone K.

5. Transition-Metal-Catalyzed Dearomati-
zation Reactions

In 2005, Tamaru and co-workers reported the
highly selective C3-allylation of indoles with
various allylic alcohols in the presence of Et;B
under palladium catalysis."**) When 3-methylin-
dole (122) was treated with allyl alcohol in the
presence of Et;B, C3-allylation occurred to give
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the corresponding dearomatization product 124 with a qua-
ternary carbon center [Scheme 23a, Eq. (1)]. An efficient
asymmetric synthesis based on the use of a chiral auxiliary
was developed for the allylation of L-tryptophan methyl ester
(125). The product 126 was obtained as a single endo
diastereomer in 73-76% yield through a cascade reaction
involving dearomative allylation and alkylative amination
[Scheme 23a, Eq. (2)]. Shortly afterwards, a catalytic enan-
tioselective version of this dearomative C3-allylation of 3-
substituted indoles was investigated by Trost and Quan-
card.® Since this palladium-catalyzed transformation was
believed to proceed via a m-allyl palladium intermediate, the
authors used the chiral anthracene-derived ligand 1291 with
B-n-hexyl-9-BBN for the enantioselective construction of
a quaternary center at the 3-position of indoles. Chiral 3,3-
disubstituted indolenines 128 were synthesized with up to
90 % ee from typical electron-rich indoles 127. A protocol for
the oxidation of indolenine 130 to the oxindole 131 was also
developed and led to a formal synthesis of (—)-esermethole
(Scheme 23b). Furthermore, indole substrates bearing a pend-
ant nucleophile underwent cyclization by addition to the

OH AcO
O O -~

115 (1.5 equiv)

| KHMDS (3.0 equiv)
THF,0°C, 4 h

114
clusiaphenone B

OH O \(V)JJ\O
CHO
HO OH
121 (25 mol%)
4A MS, CsOH"H20 (5 equiv)
CHoCly, -50 °C
114 116

clusiaphenone B 71% yield, 90% ee

121

(-)-hyperibone K

Scheme 22. Organocatalytic enantioselective dearomatization of phenols through
an alkylative dearomatization—annulation sequence (b) based on a previously
reported racemic process (a).!

442, 45]
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Scheme 23. Dearomative C3-allylation of 3-substituted indoles."*

imine to yield the corresponding indolines 132 a—f in excellent
yields. The resulting cis-5,5- and cis-5,6-fused heterocyclic
rings are frequently found in natural products.

Inspired by these pioneering studies,*”*** You and co-
workers reported an intramolecular asymmetric dearomati-
zation reaction of indoles through iridium-catalyzed allylic
alkylation in 2010.5'*>?l With the phosphoramidite ligand 135,
the iridium-catalyzed intramolecular allylic C3-alkylation of
indoles 133 afforded highly enantiomerically enriched spi-
roindolenine derivatives 134. This reaction features facile
access to chiral spiro compounds from readily available
substrates and the construction of two contiguous stereogenic
centers (Scheme 24a). Later, an iridium-catalyzed intramo-
lecular asymmetric allylic dearomatization reaction of phe-
nols was developed.”™ Thus, para-substituted phenols 136
were converted into various five- or six-membered spirocy-
clohexadienone derivatives 137 in excellent yields and

Angew. Chem. Int. Ed. 2012, 51, 12662 —12686

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

enantioselectivity (Scheme 24b). Very recently, You and co-
workers found that the iridium-catalyzed allylic dearomati-
zation protocol was also applicable to pyrroles.”' Although
the allylic alkylation of pyrroles was more challenging than
the equivalent reaction of indoles in terms of regioselectivity
and enantioselectivity, the allylic dearomatization of pyrroles
139 with the catalyst derived from [{Ir(cod)Cl},] and ligand
135 provided bicyclic spiro-2H-pyrroles 140 in excellent
yields, diastereoselectivity, and enantioselectivity (Sche-
me 24¢). They also developed an enantioselective synthesis
of spirocyclopentane-1,3"-indoles 143 through an iridium-
catalyzed allylic dearomatization reaction and in situ reduc-
tion with NaBH;CN. They found that intermediates 142
underwent a stereospecific migration upon the addition of
TsOH to yield the corresponding 2,3.,4,9-tetrahydro-1H-
carbazoles 144 and proposed a nonclassical carbocation
transition state for this process (Scheme 24 d).*'4

In 2010, Hamada and co-workers reported an intra-
molecular dearomatization of phenols through a palladium-
catalyzed allylic alkylation reaction.®® This study success-
fully applied the well-developed palladium-catalyzed allylic
substitution reaction to a dearomatization event in a phenol
system, and the process provided spirocyclohexadienones in
good yields and diastereoselectivity. The authors also pre-
sented one successful asymmetric example in the presence of
the chiral ligand (R,R)-129 (Scheme 25). Recently, the
authors also applied this protocol to the enantioselective
dearomatization of naphthol derivatives.”*!

In 2009, Buchwald and co-workers reported an intra-
molecular enantioselective palladium-catalyzed dearomatiza-
tion reaction of naphthalene derivatives.”**>! The authors
expected that the deprotonation of anilines 148 would
increase the electron density in the naphthalene moiety,
which would then participate in an intramolecular nucleo-
philic attack on the aromatic Pd" species 151 to generate
compounds 149 (Scheme 26a). This approach was very
successful with the chiral phosphine ligand (R)-150: the
benzocarbazole products 149 were formed in excellent yields
and enantioselectivity. Recently, Buchwald and co-workers
developed a palladium-catalyzed arylative dearomatization
of phenols to yield spirocyclohexadienone products in good to
excellent yields.’*! Preliminary studies on the control of
enantioselectivity in this transformation demonstrated that
the products 153 with a spirocyclic all-carbon quaternary
center could be formed with high enantioselectivity (up to
91 % ee; Scheme 26b).

6. Cascade Asymmetric Dearomatization Sequences

In this section, we discuss cascade sequences involving
asymmetric dearomatization as the key step. In their elegant
total synthesis of (—)-flustramine B, MacMillan and co-work-
ers successfully established a strategy involving the dearoma-
tization of tryptamine and trapping of the resulting indolenine
intermediate with an amine."**"! As outlined in Scheme 27,
a cascade dearomatization—cyclization sequence was initiated
by Michael addition of the protected tryptamine 156 to
acrolein activated by the chiral imidazolidinone 75. The
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Scheme 24. Iridium-catalyzed asymmetric allylic dearomatization of indoles, phenols, and
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(R,R)-129

140

up to 90% yield
up to d.r.>99:1
up to 96% ee

TsOH
(30 mol%)

up to 92% yield
up to 97% ee

fBUO,C
BUOQC

147
80% yield, d.r. 9.2:1, 89% ee

Scheme 25. Palladium-catalyzed enantioselective dearomatization of

a phenol by an ipso-Friedel-Crafts allylic alkylation.!
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up to 98% ee

clic carbazole framework from propynal and
a tryptamine derivative (Scheme 28a).5%*%)
Dearomatization of the 2-vinyl tryptamine 159
occurred by an asymmetric endo-selective [442]
reaction with propynal to afford the tricyclic
enamine 161, which underwent spontaneous
isomerization to the corresponding iminium ion
162 in preparation for a further cyclization
reaction through attack of the pendant amine.

R [ Amazingly, the whole sequence was catalyzed

NaBH,CN " by the single chiral secondary amine 163 in

R . e association with TBA, and the designed tetra-

K 7 N cyclic pyrroloindoline 160 was obtained with
143 excellent enantioselectivity and in good yield

et oae (87% yield, 96 % ee). This elegant transforma-

tion served as the efficient key step in an
enantioselective total synthesis of (+)-minfien-
sine. Recently, in the collective synthesis of six
well-known alkaloid natural products, the orga-
nocatalytic dearomatization cascade sequence
again showed its great potential as a key
step.”® As shown in Scheme 28b, the 2-(vinyl-
1-selenomethyl)tryptamines 164 were con-
verted into 165 and 166 in good yields and
enantioselectivity through a cascade sequence
involving a Diels—Alder cycloaddition, (3-elim-
ination of methyl selenide, and conjugate addi-
tion of the amine with the corresponding enantiomer of
catalyst 163. Further manipulations of 165 and 166 furnished
a series of alkaloid natural products.

Recently, You and co-workers reported an organocata-
lytic enantioselective dearomatization of indoles through
a Michael/Mannich cyclization cascade.®! With the quinine-
derived primary amine 170 as the catalyst, a series of
enantiomerically enriched tetracyclic compounds 168 con-
taining three contiguous stereogenic centers were obtained in
satisfactory yields and diastereoselectivity (Scheme 29a).
This protocol demonstrates the efficiency of the cascade
strategy for enantioselective dearomatization reactions as
well as the potential for building complex molecules. For
example, 169, the core structure of (+4)-kreysiginine, was
synthesized in a short sequence from one of the products 168.
Later, they established a formal [4+2] cycloaddition of 2,3-
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a)

. Br R?
R1_"(/\L O
=
N
H

[Pd(dba),] (3 mol%)
(R)-150 (4.5 mol%)

LiOfBu (1.2 equiv)
THF, 70100 °C, 15 h

L0

148 149
i up to 96% yield
L \PaBr up to 93% ee

(R)-150
b)
OH Pd(OACc)2 (4 mol%) fo)
(S)-150 or (S,5)-154 (12 mol%)
i H,0 (16 mol%) ;
Ry Ry |
=
KoCOj3 (1.5 equiv)
dioxane (0.2 M)
Br 80°C, 16 h
152 153
up to 99% vyield

up to 91% ee

155

] ! NMe,

(5,51-154

Scheme 26. Palladium-catalyzed enantioselective arylative dearomatiza-
tion of naphthalenes and phenols.

disubstituted indoles 171 with methyl vinyl ketone in the
presence of a catalytic amount of the quinine-derived primary
amine 170 and pentafluorobenzoic acid (PFBA; Sche-
me 29b).°®! This intermolecular Michael/Mannich cycliza-
tion cascade takes advantage of the dearomatization of
indoles to provide bridged indoline scaffolds 172 containing
two quaternary carbon centers in excellent yields and
enantioselectivity.

An organocatalytic enantioselective dearomatization
reaction of indoles through a fluorocyclization cascade was
recently developed by Gouverneur and co-workers.”'? With
(DHQ),PHAL as the catalyst, indoles 173a and 173b with
a pendant heteronucleophile tethered at the C3 or N1
position were smoothly converted into the corresponding
dearomatized polycyclic products with moderate to good
enantioselectivity (Scheme 30). As the first asymmetric
organocatalytic fluorocyclization, this protocol paved the
way for the synthesis of highly enantiomerically enriched
fluorosubstituted polycyclic compounds through a dearoma-
tive approach. It should be noted that very recently, the
enantioselective organocatalytic dearomatization reaction of
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addition cyclization
OH
NHBoc MO
1) 75-TsOH (20 mol%)
N
2) NaBH4 MeOH *Boc
Br N\ Br N H
prenyl \prenyl
156 157

78% yield, 90% ee

| J
o i c

Me

N

~
75 Br N\ H
prenyl

(-)-flustramine B

Scheme 27. Organocatalytic enantioselective dearomatization of a trypt-
amine through a cascade dearomatization—cyclization sequence.”

thiophene by either a fluorocyclization or a bromocyclization
cascade was realized by Toste and co-workers.[*>¢]

In 2012, Bandini and co-workers reported a unique
enantioselective dearomatization cascade of indoles with
chiral gold catalysts that has great potential for the con-
struction of stereodefined polycyclic indoline alkaloids./*”
Either tetracyclic fused furoindolines 176 or dihydropyrany-
lindolines 177 could be formed with satisfactory stereoselec-
tivity through the gold-catalyzed cascade sequence involving
intramolecular hydroindolination of the propargylic alcohol
moiety of 175 and subsequent trapping of the iminium
intermediate (Scheme 31).

Very recently, Zhu and MacMillan described an enantio-
selective arylation—cyclization process based on copper
bisoxazoline catalysis and the use of diaryl iodonium
salts.®®! Various pyrroloindolines 179 bearing a C3 aryl
group could be prepared in excellent yields and enantiose-
lectivity through the copper(I)-catalyzed cascade involving
arylative dearomatization and amine—iminium cyclization
(Scheme 32). This mild and highly efficient catalytic protocol
provides a new strategy for the construction of enantiomer-
ically enriched pyrroloindolines, which are important struc-
tural motifs of many biologically active alkaloids.

7. Nucleophilic Dearomatization Reactions of
Electron-Deficient Aromatic Rings
The activation of pyridines (or other nitrogen-containing

aromatic rings) by acylation or alkylation, followed by
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noline derivatives.”® Good to excellent yields
and enantioselectivity were observed for the
formation of dearomatization products 185 and
186 in the presence of the Lewis acid-Lewis base
bifunctional catalyst 187 (Scheme 34a). Shortly
afterwards, the same research group reported the
use of the bifunctional catalyst 190 for the
unprecedented catalytic enantioselective con-
struction of a quaternary stereocenter in a Reis-
sert-type reaction (Scheme 34b).1! In 2004, Shi-

basaki and co-workers successfully applied their
chiral bifunctional catalyst 193 to the Reissert
reaction of more challenging pyridine derivatives
(Scheme 34c¢).[®

Enantioselective Reissert reactions catalyzed

a) NHBoc
_//O
= (3 equiv)
N / SMe
N 163-TBA (15 mol%)
5 -40 °C, Et,0
MB NaBH,, CeCls, MeOH
159 160
87% yield, 96% ee (+)-minfiensine
fﬂ_‘;‘]’ cat* ‘ cyclization
Me_ O Q
N
H* Me
-— Me%//\ N
Me H
HNR; = cat*
163
161 162
b)
NHBoc 5 Eoc CHO
—
N /—SeMe - Q (-)-strychnine
p— and
N ent-163-TBA (20 mol%) O N (-)-akuammicine
\ 40 °C —» \
PG 40 °C — RT, toluene PMB
164 165 (from 164a)
164a. PG = PMB 82% yield, 97% ee
164b, PG = Bn

Boc

CHO

163-TBA (20 mol%)
-40 °C — RT, toluene

Bn
166 (from 164b)
83% yield, 97% ee

Scheme 28. Enantioselective dearomatization of tryptamines through a Diels—
Alder/amine-cyclization sequence.”®

cleavage of the pyridine ring through the attack of a nucleo-
phile, is a very useful dearomatization strategy./*!

The Reissert reaction is a dearomatization approach
involving the activation of nitrogen-containing aromatic rings
by the formation of a covalent bond between the nitrogen
atom and an acyl group. This reaction, first reported as the
addition of KCN to quinoline in the presence of benzoyl
chloride,”® has been developed further with other nucleo-
philes, such as Grignard reagents and TMSCN.*! In early
enantioselective Reissert-type reactions, either chiral nucle-
ophiles or chiral acylating reagents were used. In 2001,
a highly regio- and stereoselective process for the dearoma-
tization of pyridines was reported by Comins et al.l! With the
aid of the chiral acylating reagent 181, the dearomatization
product 182 was formed with excellent diastereoselectivity.
Further manipulations of 182 led to the total synthesis of
(4)-allopumiliotoxin 267A (Scheme 33).1°”!

Reissert-type reactions are promoted by Lewis acids.
Enantioselective Reissert reactions catalyzed by chiral Lewis
acids are more attractive strategies for asymmetric dearoma-
tization than asymmetric Reissert reactions in which a stoi-
chiometric amount of a chiral reagent is used. In 2000,
Shibasaki and co-workers documented the first catalytic
asymmetric Reissert-type reactions of quinoline and isoqui-

[68]
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by chiral organocatalysts have also been well
developed.™ In 2005, Jacobsen and co-workers
described an asymmetric dearomatization of iso-
quinolines by an acyl-Mannich process catalyzed
by chiral thiourea derivatives.”) With 10 mol % of
the optimal organocatalyst 195, isoquinolines 183
were activated by acylating reagents and then
subjected to nucleophilic attack by the silyl ketene
acetal 196. This reaction provided access to the
useful enantiomerically enriched dihydroisoqui-
noline building blocks 194 (Scheme 35).

At the same time, Jgrgensen and co-workers
reported an organocatalytic enantioselective dear-
omatization reaction of alkylated isoquinolines."”
With the chiral pyrrolidine derivative 200 as the
catalyst, activated isoquinolinium ions 197 were

| NH, H o
Ny X
RL N
i \ 170 20 mol%
= R
N X NNH
2-NBA, 40 mol% =
X =CHj, NTs
167 168
up to 94% yield
up to d.r. >95:5
up to 99% ee
169
b)
) 20 mol% 170 o
(LS oy e
N O  40mol% PFBA NY
H dioxane, RT I‘R
n=0or1 3 equiv R = CH,CH>,COCHj3 or H
171 172
up to 98% yield

up to 98% ee

Scheme 29. Organocatalytic enantioselective dearomatization of
indoles through a Michael/Mannich cyclization cascade.
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conditions A:
Selectfluor (1.2 equiv),

g F
R! XH  (DHQ),PHAL (1.2 equiv), R!
A NaHCOj3 (1.2 equiv), acetone, -78 °C \@fg(
N N H
R

2 or conditions B: R2
NFSI (1.2 equiv), to 90% vield
X =0, IS NBoc,  (DHQ)PHAL (0.2 equiv), dr.o20d C
or NCOMe KoCOj3 (6 equiv), acetone, -78 °C up to 92% ee
173a 174a
FF
N OH (0]
/ N
173b 173b

conditions A:
50% yield, 68% ee
conditions B:
50% yield, 60% ee

Scheme 30. Organocatalytic enantioselective dearomatization of
indoles through a fluorocyclization cascade.®'!

[(S)-DTBM-segphos(AuOTf),] ( nx [(R)-xylyl-binap(AuBF )]
(5 mol%) R (5 mol%)
R N \\ =
benzene, RT Z~N
H OH
175
COOR!
R'OOC™"
d.r. > 50:1 d.r. > 50:1
up to 85% ee up to 87% ee
H
177

Scheme 31. Enantioselective dearomatization cascade of indoles in the
presence of chiral gold catalysts.*?

Me.__Me
N.. .N
(o] S/ C|u 4
Ph Ph
NHPG “ASF OTft "eat. Rl=\ ar
N\ + 757810 0r 20 mol% \
R AN T _ o
N NaHCOj, CH,Cl,, -20 °C NN
R rR H PG
178 179
up to 98% yield

up to >99% ee

Scheme 32. Enantioselective dearomatization cascade of tryptamines
in the presence of a chiral copper catalyst.*

OMe  1ROCOCI(EY o
TIPSﬁ/ 2) Li—==—CO,Et Y
_ 3) HyO* N7 s
N X
éOgR"\C02Me
180 182
R* = (+)-trans-2-(a-cumyl)-
cyclohexyl
70% yield, d.r. >96%

(+)-allopumiliotoxin 267A

Scheme 33. Dearomatization of a pyridine derivative with the aid of
a chiral auxiliary.®”
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a) XX
Rl
RUC TS Z>NTeN
T A
N RZ&O
183 187 (9 mol%) 185
TMSCN / R2COC up to 99% yield, up to 91% ee
AN
POPh, >
& OO Ny
184 Oa-ci CN O
2 186
99% vyield, 71% ee
POPh,
187
b~ NN
Rl =S 190 (2.5 mol%) R
N "~ N_ O~
TMSCN R %CN\H/
R’ (0]
CH,=CHOCOCI
188 189
Br. POPh,
up to 98% yield,
up to 95% ee
O-ar-oti
Br i ! POPh,
190
o
R O
RZ O Et,AICI (5 or 10 mol%)
193 (10 mol%) Z R!
X R! B |
| o TMSCN (2 equiv) NC" °N
N R3OCOCI (1.4 equiv) o)\ow
191 CHCly, -60°C
192
up to 98% yield,

up to 96% ee

Scheme 34. Enantioselective dearomatization of quinolines, isoquino-
lines, and pyridines by Reissert reactions catalyzed by chiral Lewis
acids.[*

RS
N

1. TrocClI (1.1 equiv)
Et,0, 0—23°C

XX
R I_
Z NTroc

2. OTBS
(2.0 equiv) _\
O/Pr 196 CO,iPr
183 194 2
195 (10 mol%) .
Et,0, -78—-70 °C up to 86% yield

up to 92% ee

{Bu gBuS

"BU/N\([)]/\HJ\H\\V(NP
\UPh

195

Scheme 35. Organocatalytic enantioselective dearomatization of isoqui-
nolines by an acyl-Mannich reaction.”"

converted into 198 through an intramolecular annulation
(Scheme 36). Further manipulations of 198 provided stable
1,2-dihydroisoquinolines 199 with good to excellent enantio-
selectivity and diastereoselectivity. Chiral 1,2-dihydrophala-
zine derivatives can also be synthesized by this approach.
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In 2007, Takemoto and co-workers ingeniously designed OMe TMS—= (10 equiv) OMe
a new thiourea catalyst 203, which activated organoboronic SR) CuBr (5 mol%) AN
. .. Jo . . Br quinap (5.5 mol%)
acids sufficiently to facilitate the enantioselective dearoma- - _N T EGN(equy)  MeO « N

tization of quinolines even at low temperature.[” Excellent
enantioselectivity was observed in the reaction of various

Al XYY 1© ﬂ
L AN 200 (10 mol%)
H EtsN (1.0 equiv)
5 CH;Cly, -40 °C
197 198

up to 100% conversion

Os_CF3

1) TFAA (1.5 equiv)
EtsN (3.0 equiv)
DMAP (0.15 equiv)
-20 °C, 45 min

2) NaBHj, (0.5 equiv)
EtOH, 0 °C, 20 min

up to 41% yield
199 uptod.r. 36:1
up to 93% ee

Scheme 36. Organocatalytic enantioselective dearomatization of
alkylated isoquinolines.’

quinolines 183 and organoboronic acids 201

Br CH20|2, -20 °C | | Br

O A SiMes
204 N 205
PPhs, 67% yield, 83% ee

quinap

Scheme 38. Enantioselective addition of a terminal alkyne to an
isoquinolinium ion in the presence of a copper catalyst.”"

group adjacent to the alkyne moiety in 207 was essential for
the enantioselective addition. This method was used for the
concise synthesis of indolizidines 167B and 223AB
(Scheme 39).

Soon afterwards, Arndtsen and co-workers reported
a similar copper(I)-catalyzed asymmetric dearomatization
of pyridines, quinolines, and isoquinolines with terminal
alkynes as the nucleophiles to yield propargyl carbamates
213.7°! With ligand 214, a broader range of alkynes 212 could
be used than in the reaction reported by Ma and co-workers™’
(Scheme 40).

Cul (10 mol%)
in the presence of a combination of H,O Y . = 209 (10 mol%) @ when R = CO(CHz)3CHg . iy
and NaHCO; as additives (Scheme 37). o N7 PraN(IP), CHaCl N 6 steps NN
. | & ! A
In 2006, Taylor and Schreiber reported COxMe e CO:Me 'R \/\
. . ~ ’
the . .copper(I)-cat.alyzed enantlose.lectlv.e 205 R= Coég i, 208 indolizidine 223AB
addition of a terminal alkyne to the isoqui- or up to 81% yield

up to 99% ee

nolinium ion 204 to give the dearomatiza-
tion product 205 (Scheme 38).1 Although
described, this study inspired further devel-
opments.

H
when R = COzEt
. . {i\l(\fo e, TN %
only one substrate for the reaction was N N 6 steps
ij 209

indolizidine 167B

In 2007, Ma and co-workers reported

a Cu'/bisoxazoline-catalyzed addition of  Scheme 39. Cu'/bisoxazoline-catalyzed addition of propiolates and terminal alkynes to a

propiolates and terminal alkynes 207 to  1-acyl pyridinium sal
the 1-acyl pyridinium salt 206 to afford

highly functionalized dihydropyridines 208 in good yields and
excellent enantioselectivity.” It was found that the carbonyl

PhOCOCI (2 equiv)

LS A \BOH: F‘@\/jw
A N7 203 (10 mol%) 7 Ar

X
NN
H,0, NaHCOs, CH,Cly A "

-78 or -65°C EhO
183 202
CFs up to 97% ee
jo B
F4C N~ N
H H N
Ho/\/ Me

203

Scheme 37. Enantioselective dearomatization of quinolines by a thio-
urea-catalyzed Petasis-type reaction.””!
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In 2009, Feringa and co-workers reported a successful
copper(Il)-catalyzed asymmetric dearomatization of pyri-
dines in a direct alkylative Reissert-type process.””! With
a catalyst derived from Cu(OTf), and the chiral phosphor-
amidite ligand 218, the corresponding products 217 were
formed with excellent enantioselectivity (Scheme 41).
Although excess amounts of BnOCOCI and the zinc reagent
were needed, this synthetically useful dearomatization pro-
tocol has great potential owing to the good tolerance of a wide
range of alkyl groups on the organozinc reagent.

Recently, Nadeau et al. developed a catalytic enantiose-
lective addition of boronic acids to N-benzylnicotinate
salts.”® With a catalyst generated from [Rh(cod),]BF, and
ligand 222, a variety of 6-substituted dihydropyridines 221
were formed from 219 in good yields with excellent enantio-
selectivity (Scheme 42). These products can be readily trans-
formed into synthetically useful piperidines.

KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1266212686
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X
CuCl (5 mol%) R@

R'—/\| + j\ R 214 (5.5 mol%) N\ﬂ/O\R1
0 = _cItoomors)
N R0 ProNEt Il o
CHoClo/CHyCN
210 211 212 78 °C R2
H 213
H up to 92% yield

Ph" N
up to 84% ee
B
N
HaCO ! l PPh,

214

Scheme 40. Copper(l)-catalyzed enantioselective dearomatization of
pyridines with terminal alkynes.’®

1) BnOCOCI (4 equiv), THF, 0 °C OMe
2) Cu(OTf), (5 mol%), 218 (10 mol%)

OMe
R RL@\
Loz N

7 RyZn 216 (2.5 equiv), -78 °C
N 3) 1M HCI, RT N R

O~ "OBn

215 SPh 217
0 up to 95% ee

Scheme 41. Copper(ll)-catalyzed asymmetric dearomatization of pyri-
dines through a direct alkylative Reissert reaction.””!

(0} (o}

[Rh(cod),]BF 4 (5 mol%)
| Y ©OMe 2225 moi%) 7 OMe
+ 2
N -

RB(OH), 220, Na,CO; RN

k Br
Ph dioxane, water, 60 °C k Ph
219 QMe 221
N up to 99% ee

|
MeO” > “PPh,
MeO PPh,

OMe
222

=
Ny

Scheme 42. Rhodium-catalyzed asymmetric dearomatization of N-ben-
zylnicotinate salts through the addition of boronic acids.”

8. Stepwise Strategy: Dearomatization/Asymmetric
Catalysis

Many stereoselective oxidative dearomatization processes
still rely on a diastereoselective strategy controlled by chiral
substrates. The direct oxidative dearomatization of phenols,
indoles, and pyrroles for the construction of optically pure
molecules is undoubtedly desirable; however, highly efficient
enantioselective catalytic protocols are still limited in this
regard. Therefore, an alternative stepwise strategy has been
developed that combines dearomatization and asymmetric

Angew. Chem. Int. Ed. 2012, 51, 12662 —12686
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catalysis. For example, the para-oxidative dearomatization
product of phenol is a meso molecule with an a,f-unsaturated
ketone moiety. This unsaturated ketone can be subjected to
various catalytic asymmetric transformations. Several
research groups have used this strategy involving oxidative
dearomatization followed by catalytic enantioselective
desymmetrization to develop elegant methods for the con-
struction of highly enantiomerically enriched molecules. An
early study was reported in 2001 by Breuning and Corey, who
were aiming to develop an efficient enantioselective Diels—
Alder reaction of quinones.” In using 1,4-quinone mono-
ketals 224 instead of the corresponding quinines, they not
only took advantage of the stronger Lewis basicity of 224 in
this chiral Lewis acid catalyzed process, but also applied the
oxidative dearomatization of phenols as a convenient way to
synthesize 224. This highly efficient two-step sequence was
used with a chiral Ti"V catalyst to convert various substituted
phenols 223 into the synthetically useful compounds 225 in
satisfactory  yields with excellent enantioselectivity
(Scheme 43).

(0] diene
(8)-binol-Ti"V (5 mol%)

OH
R PhI(OAC) Rjﬁj
Rsz HO  oH R¥ <y 4AMS, CHCly, RT, 16h
\_J

asymmetric
Diels—Alder reaction 225

223 224
45-90% yield

>99:1 endo/exo
up to 97% yield
up to 99% ee

(S)-binol

Scheme 43. Dearomatization of phenols and further desymmetrization
through an asymmetric Diels—Alder reaction.”

In 2002, Feringa and co-workers reported an enantiose-
lective intramolecular Heck reaction of cyclohexadienone 227
in the presence of Pd(OAc), and the taddol-derived ligand
229 (Scheme 44). The oxidative dearomatization of phenol
226 provided the symmetrical compound 227 in 83 % yield.
Desymmetrization of 227 then yielded 228 with full con-
version and excellent enantioselectivity.

Liu and Rovis coupled the oxidative dearomatization of
phenols with an asymmetric intramolecular Stetter reaction
catalyzed by an N-heterocyclic carbene (NHC;
Scheme 45).8 Symmetrical cyclohexadienones 231 bearing
an aldehyde moiety were conveniently obtained from their
phenol precursors, and the subsequent enantioselective
Stetter reaction in the presence of the chiral triazolium salt
233 afforded products 232 in excellent yields, enantioselec-
tivity, and diastereoselectivity.

In 2008, Gaunt and co-workers reported a one-pot
protocol combining an oxidative dearomatization process
with a subsequent asymmetric intramolecular Michael reac-
tion catalyzed by pyrrolidine 237.%% This elegant process
directly converted various para-substituted phenols 234 into
the polycyclic molecules 236 with three contiguous stereo-

www.angewandte.org
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Pd(OAc), (6 mol%)
229 (12 mol%) 0
PIDA CyoMeN (4 equiv)
o MeOH MeOl "G | CHCls, reflux O
| Me© O
asymmetric %
Heck reaction
226 227 Ph_ _Ph 228
83% yield ><O O.,_.7 | 100% conv.
w0 PN | 96% ee
Ph Ph
229

Scheme 44. Dearomatization of a phenol and enantioselective intra-
molecular Heck reaction of the resulting cyclohexadienone.®’l

0 o}
1) Phi(OAc), 233 (10 mol%)
Xy ethylene glycol KHMDS (10 mol%)
o o i
o 2) DMP R | toluene, 23 °C R H
(0] g fo)
R O/\¢ R
H i )
asymmetric
230 231 Stetter reaction 232
up to 94% yield
up to 99% ee
d.r. >95:5

& VN‘%@

Scheme 45. NHC-catalyzed asymmetric intramolecular Stetter reaction
of cyclohexadienones resulting from the oxidative dearomatization of
phenols with ethylene glycol.®"

genic centers (Scheme 46). The intermediate 235 resulting
from oxidative dearomatization of the corresponding phenol
could be isolated, and the highly efficient one-pot procedure
provided products 236 without any decrease in enantioselec-
tivity or diastereoselectivity with respect to the stepwise

procedure.
OH
o 237 (10 mol%)
H PhI(OAc), (1 equiv)
Xy, MeOH, 0°C
234 236
{ 5 ,,,,, §0TMS X=C, O, NTs;
Ar n=0,1,2
up to 84% yield
237 up to 99% ee
Ar = 2-naphthyl up to d.r. >20:1

(0]
(0]
H
L | MeO
oxidative asymmetric
dearomatization 235 Michael reaction

Scheme 46. Oxidative dearomatization and subsequent asymmetric
intramolecular Michael addition of the pendant aldehyde to the cyclo-
hexadienone ring.®*”
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Owing to the success of this one-pot strategy, Gaunt and
co-workers continued to explore this approach with different
intramolecular dearomatization processes.’ Thus, a Larock
ipso iodocylization of alkynyl arenes 238 in the presence of
ICl to give iodine-substituted spirocyclic cyclohexadienones
240 was followed by an asymmetric Michael addition
catalyzed by pyrrolidine 241. The resulting highly function-
alized tricyclic molecules 239 with a quaternary stereogenic
center were formed in good yields with satisfactory enantio-
selectivity and excellent diastereoselectivity (Scheme 47).
However, the enantioselectivity of this process was poor for
the generation of a five-membered ring in the asymmetric
Michael addition step; thus, compound 242 was afforded in
good yield but with just 27 % ee.

) ICI, CHoCly, -78 °C

iﬂ

2) (+)-241-BzOH (20 mol%)
CHyCl,, 0 or -20 °C

O
238

up to 97% yield
up to 97% ee
d.r. >20:1

R 0}

N H

o
Larock ICI (0] asymmetric
dearomatization 240 Michael reaction

242 80% yield, 27% ee
d.r. >20:1

Scheme 47. Dearomatization of N-(4-methoxyphenyl)amides and fur-
ther desymmetrization through an asymmetric Michael reaction.”™

Inspired by the studies of Liu and Rovis as well as Gaunt
and co-workers,®"*3 Jia and You examined an enantioselec-
tive desymmetrization of cyclohexadienones by an NHC-
catalyzed intramolecular Stetter reaction.’ With 10 mol %
of the p-camphor-derived triazolium salt 246 as the precata-
lyst, the dearomatized products 244 (synthesized from 243 by
the Larock ipso-iodocylization reaction) were converted into
tricyclic products 245 in moderate to good yields with
excellent enantioselectivity (Scheme 48).

Recently, You and co-workers reported a series of
oxidative dearomatization reactions of phenols followed by
asymmetric Michael reactions catalyzed by chiral organo-
catalysts (Scheme 49).) An intramolecular oxo-Michael
reaction catalyzed by the chiral phosphoric acid 250 afforded
enantiomerically enriched 1,4-dioxanes 249 from the prod-
ucts 248 of oxidative dearomatization. A concise synthetic
sequence, which started with the oxidative dearomatization of
a phenol 247 (R=CH,CH,0OH) and a subsequent highly
enantioselective oxo-Michael reaction, was then applied as
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N
Kéo
/O
243 244
O
BF4
ANéCst
(¢} ////
246 (10 mol%) 2
DIEA (10 mol%)
o-xylene

up to 85% yield
up to 94% ee

245

Scheme 48. Dearomatization of N-(4-methoxyphenyl)amides by the
Larock ipso-iodocylization reaction and enantioselective desymmetriza-
tion of the resulting cyclohexadienones through an NHC-catalyzed
intramolecular Stetter reaction.!
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the key step to the asymmetric total synthesis of cleroindi-
cins D, F, and C (Scheme 49a). These concise total syntheses
highlight the potential of the oxidative dearomatization—
catalytic enantioselective desymmetrization strategy for the
construction of complex chiral molecules from relatively
simple phenols. Later, They extended this strategy to
a thiourea-catalyzed asymmetric aza-Michael reaction for
the synthesis of pyrrolidine derivatives 255 and morpholine
derivatives 259 in excellent yield and enantioselectivity
(Scheme 49b). Very recently, You and co-workers also
developed a urea-catalyzed Michael addition. In this case,
strong electron-withdrawing groups, such as bisphenyl sul-
fones, were needed in the substrate for the reaction to
proceed efficiently with good enantioselectivity (Sche-
me 49c¢).

On the basis of a dearomatization reaction of symmetrical
phenols 263 and a subsequent organocatalytic Rauhut—
Currier reaction, Enders, Sasai, and co-workers recently

developed an efficient approach to a-
alkylidene-y-butyrolactone core

a) a & R/ structures 265 as single diastereomers
- 55350 ol OO & with high levels of enantioselectiv-
C, = mo . .
2 e Y \P,p ity.®! The chiral organocatalyst 266,
lycol, CHxCl . . .
e, CHECl OH  4AMS, CHCl, RT OO J OH which contains both Lewis base and
° BETIEIE . Brgnsted acid moieties, was used for
247 248 oxo-Michael reaction 249 (5250 the desymmetrization of 264
up to 93% yield
Ub 10 94% w6 R! = 2,6-Pry-4-1BuCgHy, (Scheme 50).
In 2011, Harned and co-workers
OH o (5250 0 0 developed an efficient sequential
ol 4AMS asymmetric approach to the con-
CH,Cly, RT : ""’o e A struction of bicyclic (and even tricy-
OH HOO™ [ on HOO": HO": ,/° HOT: clic) compounds by taking advantage
251 252 of the oxidative dearomatization of
80% ee 80% ee 81% ee phenols and an enantioselective
cleroindicin D cleroindicin F  cleroindicin C Michael reaction catalyzed by
PO s '''''''''''''''''''''''''''''''''''''''''''''''' a phase-transfer catalyst.®”] With
- g oxidattjver 10 mol% of the cinchona-alkaloid-
learomatization 0
T _256(5 or 10 mol%) H based phase-transfer catalyst 272,
HE CHzCl, RT RO :__Z;I;NPQ prochiral cyclohexadienones 269 con-
NHPg NHPg taining a tethered activated methyl-
g y
253 254 255 = N ene group were desymmetrized to the
asymmetric up to 94% yield : :
aza-Michael reaction ug o975 e HN | X corresponding products 270 with
- o HN/QX ~N good regioselectivity and enantiose-
oxidative Vi i i
e R lectivity (Scheme 51). Tr1cychc cyclo-
R — T H FsC 256: X=5 propanes 271 were obtained when
7] NHTs  CH2Cl g7 NTs CFy 257:X=0|  prominated substrates 269 (R*=Br)
R N were used.
247 20 259 A Lewis acid promoted intramo-
t0 97% yield . .
ﬂg o 9802 e lecular ene reaction of indoles
""""""" reported by Chen and co-workers
2 proved to be a unique stepwise
_ Phi(OAc), _ 257 (10 mol%) - procedure for the dearomatization
S0,Ph "~ MeoH SOPh CH:Cl RT \i/\SZOZPh of indoles.®™ As shown in Scheme 52,
SO,Ph chiral indole derivatives 275 were
SO2Ph 2 asymmetric

Michael reaction

97% yield, 90% ee

Scheme 49. Dearomatization of phenols and further desymmetrization through organocatalytic
intramolecular asymmetric Michael reactions involving oxygen, nitrogen, and carbon nucleo-

85]

philes.
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synthesized with good diastereose-
lectivity and with excellent enantio-
selectivity with respect to the major
diastereomer. Upon exposure to
a stoichiometric amount of AlCI,,
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R o\n) Rauhut-Currier
o reaction
263 \ 265
up to 98% ee
oh P/ \NHTs single diastereomer
2
266

Scheme 50. Oxidative dearomatization of phenols with propenoyl
chloride and subsequent organocatalytic Rauhut—Currier reaction.l

R ge 1 PhIOAc) oy R4 10 mol% 272
CH4CN, Hz0 Ewg _ Cs2COs
R2 2) 0 R27S 4A MS
(o]
Re o J_ewe R® SO CF3CgHs, 0°C
(0]
267 268 269
(o]
R! H
H
R EWG
3
" (0]
271 0
when R* = Br
up to 100% regioselectivity

upto919eur.

Scheme 51. Dearomatization of phenols with carboxylic acids and
further desymmetrization through an intramolecular asymmetric
Michael reaction.®”

up to 85% yield
276 up to 96% ee
d.r. >99:1

ACl5
ene reaction
4
H2 R R2 ;CHZOHG
M g~ cro 274 et
R! A R! A
N 278 (5 mol%) X R4
4 AcOH (10 mol%) i
then NaBHs up to 76% yield
273 275 up tod.r. 85:15
i( up to 98% ee
Ph R2  CHOH
Ph /
R1
N omms { R*
278 N 3
B R

277

Scheme 52. Dearomatization of indoles through an ene reaction.®
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compounds 275 underwent deromatization with complete
diastereocontrol to give the ene products 276 without loss of
enantiomeric purity. Interestingly, the originally proposed
Friedel-Crafts products 277 could not be obtained from 275
under these conditions with a Lewis acid. Although chiral
substrates were responsible for the high enantioselectivity of
the dearomatization, the overall reaction was highly concise
and has great potential for synthetic applications.

Recently, Feringa and co-workers developed a highly
efficient sequential asymmetric approach to the construction
of spirocyclic compounds that takes advantage of a cop-
per(Il)-mediated oxidative dearomatization process.[**"
Naphthols 279 with a pendant o,f-unsaturated ester could
undergo a copper(I)-catalyzed asymmetric conjugate addition
followed by a copper(Il)-mediated intramolecular oxidative
dearomatization to afford benzofused spirocyclic cyclohex-
enones 280 with excellent diastereoselectivity and good
enantioselectivity (Scheme 53). This one-pot strategy results
in two new carbon—carbon bonds and three contiguous
stereogenic centers, and the products are characterized by
a high degree of functionality as well as molecular complexity.
Investigation of the first step led to the isolation of 281 with
88% ee, which matched the enantiomeric purity of 280a
obtained under the one-pot conditions.”"

R! R2MgBr (2.5 equiv)
| Cul (5 mol%)
Z OH (R)-binap (7.5 mol%)
; CHaCly, -40 °C, 12 h

n
A
279 CO,Et

then Copper!) 2-ethylhexanoate
(2.5 equiv) R?
CHoCly, -40 °C—> RT, 16 h

280
R2MgBr
cat. Cul/(R)-binap

asymmetric
conjugate addition

up to 84% yield
up to d.r.>20:1
up to 94% ee

L,
s

R1
SN

oxidative

_— dearomatization
OMgBr
)n 280a
R2S from279a (R'=H, n=1)
| and EtMgBr
EtO”~ "OMgBr
(rac)-binap: 59% yield,
work up d.r. >20:1

(R)-binap: 69% vyield,
88% ee, d.r. >20:1

I I OH

CO,Et
281 84% yield, 88% ee
from 279a (R! = H, n= 1) and EtMgBr

Scheme 53. Dearomatization of naphthols through a sequence involv-
ing a copper(l)-catalyzed asymmetric conjugate addition and subse-
quent copper(ll)-mediated oxidative dearomatization.?
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9. Summary

As seen from this Review, catalytic asymmetric dearoma-
tization (CADA) reactions are the most efficient methods for
the conversion of electron-rich aromatic compounds from
a “two-dimensional world” into enantiomerically pure
diverse ring systems belonging to a “three-dimensional
kingdom”. Significant progress has been made in this field,
and CADA reactions have been shown to have great potential
as a practical synthetic strategy. Pioneering studies with chiral
hypervalent iodine catalysts have provided the basis for the
catalytic asymmetric dearomatization of phenols and related
electron-rich arenes. However, the practicality of these
catalysts and the catalytic efficiency of these reactions still
need further improvement. Diels—Alder and related reactions
as well as alkylation reactions provide an efficient approach
to the dearomatization of electron-rich arenes, in general
without oxidants. The introduction of transition-metal-cata-
lyzed reactions for asymmetric dearomatization has already
been fruitful and will remain highly promising owing to the
many transformation possibilities offered by organometallic
chemistry. The availability of versatile chiral ligands will also
ensure the success of this approach. Not only can cascade
processes involving dearomatization reactions provide the
driving force for the dearomative transformation but they can
also lead to complex molecular structures in an enantiomer-
ically pure form. In the case of electron-deficient aromatic
compounds, such as pyridine derivatives, nucleophilic reac-
tions following activation by carbonylation or alkylation of
the nitrogen atom could proceed well in the presence of either
chiral metal complexes or organocatalysts.

Despite the great potential of catalytic asymmetric
dearomatization reactions, the development of this field is
still in its infancy. There remain enormous challenges:

1) Owing to the diverse properties of arenes, it is impossible
to have a general activation mode for all substrates.

2) The reactions are so far mainly limited to electron-rich
arene substrates. There is great demand for the improve-
ment of catalytic efficiency, intermolecular reactions, and
chemoselectivity when multiple reactive sites exist in the
arene, and for versatile reaction types suitable for
dearomatization.

3) In general, the activation of pyridine derivatives by
carbonylation or alkylation is necessary, and an undesired
protecting group remains on the nitrogen atom of the
products in many cases. CADA reactions without pre-
activation are highly desirable.

4) There are limited methods available for the enantioselec-
tive dearomatization of simple benzene derivatives.

Given these formidable challenges, diastereoselective
dearomatization reactions or stepwise strategies involving
dearomatization and asymmetric catalysis will serve as
complementary methods in the foreseeable future. Overall,
in light of the fast-paced development of organic chemistry,
we have good reason to believe that catalytic asymmetric
dearomatization reactions will receive much more attention
in future and play a more important role in organic synthesis.
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Abbreviations

Ac acyl

An anthracyl

9-BBN 9-borabicyclo[3.3.1]nonane

binol 1,1’-binaphthalene-2,2'-diol

Bn benzyl

Boc tert-butoxycarbonyl

Bz benzoyl

cod cyclooctadiene

CSA camphorsulfonic acid

Cy cyclohexyl

dba trans,trans-dibenzylideneacetone

(DHQD),PHAL bis(dihydroquinidine)phthalazine

DIC diisopropylcarbodiimide
DIEA diisopropylethylamine
DIPT diisopropyl tartrate
DMAP 4-dimethylaminopyridine
22-DMB 2,2-dimethylbutane
DMDO dimethyldioxirane

DMP Dess—Martin periodinane

DTBM-segphos 5,5'-bis(di(3,5-di-tert-butyl-4-methoxyphe-

nyl)phosphanyl)-4,4'-bi-1,3-benzodioxole

EWG electron-withdrawing group
HMDS 1,1,1,3,3,3-hexamethyldisilazane
IBX 2-iodoxybenzoic acid

mCPBA meta-chloroperbenzoic acid
Mes mesityl

MS molecular sieves

2-NBA 2-nitrobenzoic acid

NCS N-chlorosuccinimide

NFSI N-fluorobenzenesulfonimide

Np naphthyl

PFBA pentafluorobenzoic acid

PG protecting group

Phth phthaloyl

PIDA phenyliodonium diacetate

PIFA phenyliodonium bis(trifluoroacetate)

PMB p-methoxybenzyl

Rh,(OOct), rhodium(II) octanoate dimer

taddol 1,1,4,4-tetraphenyl-2,3-O-isopropylidene-
L-threitol

TBA tribromoacetic acid

TBS tert-butyldimethylsilyl

Tces 2,2 2-trichloroethoxysulfonyl

TES triethylsilyl

Tf trifluoromethanesulfonyl

TFA trifluoroacetic acid

TFAA trifluoroacetic anhydride

TFE 2,2 2-trifluoroethanol

TIPS triisopropylsilyl

™S trimethylsilyl

TrocCl 2,2 2-trichloroethyl chloroformate

Ts p-tosyl, p-toluenesulfonyl

xylyl-binap 2,2"-bis(di(3,5-xylyl)phosphanyl)-1,1"-
binaphthyl
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