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Here we report an electrophile-triggered, secondary amine-catalyzed, enantioselective dearomatisation
process that converts simple planar anisidine derivatives into complex tricyclic structures containing
a quaternary stereogenic centre embedded within a densely functionalised molecule.

Introduction and background

Many biologically active molecules exhibit quaternary stereo-
genic centres at the heart of their structures.! Accessing these
molecules in an asymmetric form is not trivial;? furthermore, the
synthesis of compounds with fully substituted stereocentres that
display valuable orthogonal functionality for further manipula-
tion often requires multiple chemical transformations. Accord-
ingly, the asymmetric synthesis of these demanding motifs has
inspired many research programs,® and the development of new
catalytic enantioselective strategies that rapidly install quater-
nary stereogenic centres within complex molecular architectures
remains a significant and important challenge to the continued
advancement of chemical synthesis (eqn 1).*

Oxidative dearomatisation provides a powerful method of
building complex molecules from simple starting materials;>®
particularly useful is oxidative dearomatisation of para-
substituted phenols in the presence of nucleophiles to form
symmetrical cyclohexadienones. Moreover, Feringa,” Rovis,”
You,” and our own group’ have identified that the dearomati-
sation event can be coupled with an intramolecular catalytic
enantioselective desymmetrisation step (Heck, organocatalytic®
Stetter, oxy-Michael and Hayashi’s” Michael addition, respec-
tively) to form functionalised decalin-type molecules which
display a quaternary stereogenic centre at the ring junction in
high enantiomeric excess.

Design strategy

As part of an overarching aim towards catalytic enantioselective
processes that rapidly generate products of high molecular
complexity, we questioned whether we could engineer a process
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that would begin with an intramolecular dearomatisation event,
forming a spiro-substituted cyclohexadienone, and then intercept
this reactive intermediate with a desymmetrisation reaction as
part of a two directional process that would ‘zip-up’ a simple
arene to a complex non-racemic product (eqn 2). Here, we report
that an electrophile-triggered catalytic enantioselective dear-
omatisation (ECED) transformation converts simple planar
anisidine derivatives into complex tricyclic structures containing
a quaternary stereogenic centre embedded within a densely
functionalised molecule (eqn 3). The products are isolated in
good yield and excellent enantiomeric excess, display intricate
architecture, contain remarkably versatile orthogonal function-
ality and can be accessed in just three chemical operations from
commercial materials. The rigid framework that surrounds the
quaternary stereogenic centre projects numerous functional
groups into highly defined orientations making them amenable
to applications in drug discovery. Moreover, the ECED products
display the complex architecture that defines a class of alkaloid
natural products called the cyclindricines (eqn 4), thereby
providing a potentially rapid entry into this class of molecules.’

Reaction optimisation

At the outset of our studies, a pivotal aspect of our design
focused on identifying an intramolecular dearomatisation event
triggered by an external reagent that would also install a further
usable functional group in the spirocyclic cyclohexadienone
product. With this in mind, we recognised that Larock’s ipso-
iodocyclisation of alkynyl arenes to iodine-substituted spi-
rocyclic cyclohexadienones would provide a suitable first step for
our ECED strategy.'® The electrophilic ICI activates the alkyne
towards a 5-endo-dig ipso-iodocyclisation, inducing the dear-
omatisation that is accompanied by loss of the phenolic methyl
ether group. We were able to synthesise a suitable test substrate
4a in just two steps from commercial para-iodoanisole, 4-ami-
nobutanal diethyl acetal and phenyl propiolic acid (eqn 3) via
a copper-catalyzed amination and an amide bond formation. To
initially assess the reaction we chose to remove the acetal pro-
tecting group prior to dearomatisation. Treatment of 1a with ICl
in anhydrous dichloromethane at —78 °C cleanly generated the
iodospiro-cyclohexadienone 2a, in line with Larock’s observa-
tions,'® and we immediately advanced this (without purification
of 2a) to the enantioselective desymmetrising part of the ECED
reaction via a secondary amine catalyzed intramolecular Michael
addition.

We assessed a range of catalysts (3a—c) and solvents at 0 °C
and allowed reactions to reach complete consumption of starting
material (Table 1); we found that derivatives of the Hayashi—
Jorgensen pyrrolidine catalyst (3b—c)'! led to superior enantio-
selectivities when the reaction was run in dichloromethane.
Further improvement to the selectivity was observed upon the
addition of a benzoic acid co-catalyst, resulting in the isolation of
(+)-4a in 89% yield, 92% ee, and a >20 : 1 dr over the two steps
from aldehyde 1a (entries 8, 9). Lactam (+)-4a (absolute
configuration assigned by X-ray crystallography)'? is a tricyclic
structure supporting three contiguous chiral centres, comprising
an embedded quaternary stereogenic centre and two tertiary
chiral carbon atoms; it also displays aldehyde, enone and vinyl
iodide functionality, all versatile reactive groups that can be

Table 1 Optimisation of the ECED transformation
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Entry (mol%)  Solvent (mol%) °C Time, h ee 4a, %
1 3a(20) MeOH — 0-rt 84 7
2 3b(20) MeOH — 0 15 55
3 3¢(20) MeOH — 0 24 22
4 3b(20) MeCN — 0 12 71
5 3¢(20) MeCN — 0 12 80
6 3b(20) CH,Cl, — 0 5 84
7 3¢(20) CH,Cl, — 0 20 71
8 3b(20) CH,Cl, BzOH(20) 0 14 92
9 3b(15) CH,Cl, BzOH(15) 0 36 90

QCOZH [N)'KDTMS (N)'-KOTMS

H 3a HPh Ph  (+)-3b HNp Np  (+)-3¢

orthogonally transformed to increase the structural complexity
of the ECED products.

Reaction scope

The capacity of the new transformation was next investigated by
examining the scope of the alkyne substituent (Table 2); our
preliminary investigations showed that aryl, heteroaryl, alkyl,
cyclopropyl, and protected oxygen substituents were all accom-
modated by the ECED process and gave excellent yields of the
tricyclic products in >90% ee and >20 : 1 dr using the optimised
conditions 4b—f.

Although the ECED process also works on substrates that
contain a shorter linking unit between the aldehyde and amide
function to form the five-membered ring, the ee of the reaction
was low in comparison to the longer chain homologue (27% ee,
4g)."* An electron rich thiophene group is not affected by the
iodocyclization conditions,' and gives the desired product (-)-4f
in excellent yield and ee. We were also pleased to find that the
ECED process can also be performed directly on the acetal
precursors, precluding the extra step to reveal the aldehyde
motif, and without compromising the yield and enantiomeric
excess of the reaction (see 4f).

The ECED transformations shown in Table 2 display the
electrophile and nucleophile in separate anisidine side chains,
leading to a two directional closure to the tricyclic structure.
Accordingly, the scope of the reaction was further extended
through the successful demonstration that the aldehyde motif
and electrophilic alkyne can be incorporated into the same chain
5, leading to a ‘linear’ ECED process (Scheme 1). In this system
the ECED transformation forms a similar, but constitutionally
different tricyclic ring system (+)-6a in excellent yield and
enantiomeric excess.

Taking advantage of the orthogonal functionality displayed by
these complex quaternary centre containing molecules, we
showed that the aldehyde motif in (+)-4a undergoes selective
reductive amination to (+)-7a or Wittig olefination to (+)-7b, and
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Table 2 Scope of the ECED transformationa

step 1: 1-Cl, CH,Cly, —78°C
step 2: 20 mol% (+)-3b*BzOH

CHClp, temp
( ) OTMS
N o)
Hpn ph (+)-3b
4
0°C, 24h 0°C, 24h
80% yield 97% yield

91% ee, >20:1 dr 96% ee, >20:1 dr

0°C, 24h
90% yield
90% ee, >20:1 dr

—20°C, 24h
86% yield
97% ee, >20:1 dr

0°C, 24h
80% yield
89% ee, >20:1 dr

0°C, 24h
80% yield
27% ee, >20:1 dr
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Scheme 1 Linear ECED process.

the vinyl iodide is ideal for Pd(0)-catalyzed cross coupling
(Scheme 2). We were pleased to find that selective Suzuki cross
coupling with 3-pyridine boronic acid (77%, (+)-8a) and Buch-
wald-Hartwig amination with morpholine (86%, (+)-8b)
provided representative examples to demonstrate this function-
alisation idea.'* Taken together, these simple transformations
provide branching points along numerous vectors that will
enable the chemist to probe the chemical space around this rigid
complex small molecule scaffold. Furthermore, each of these
processes occur in excellent yields, do not affect the structural
framework of the molecule and would be compatible with library
synthesis.

While our complexity generating transformation provides
numerous opportunities to exploit the potential of post-ECED
orthogonal functionalisation, we are restricted by the nature of
the alkyne substituent that we need to install as part of our
starting materials. To address this limitation, we speculated that
a bromo-substituted alkyne motif may also be compatible with
the ECED process and would accordingly result in a versatile

(a) Aldehyde derivatisations
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Scheme 2 Orthogonal manipulation of functionality (a) cat. Pd,dbas,
XPhos, 3-pyridine boronic acid, K3PO,, n-BuOH, 100 C, (b) cat.
Pd,dba;, BINAP, morpholine, Cs,CO;3, PhMe, 120 C.

(a) ECED process for the construction of versatile small molecule building blocks

r
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(b) Iterative cross coupling strategy
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Scheme 3 Towards the synthesis of novel complex scaffolds with
selectively manipulated functionality (a) cat. PdCl,(OAc),, Cul, phenyl-
acetylene, Et;N, PhH, 60°C; (b) cat. Pd(OAc),, PPh3, phenylboronic acid,
K,CO3, PhH-H,0, 60 C.

handle for further functionalisation. Moreover, using selective
cross coupling techniques it should be possible to discriminate
the C-I motif and the C-Br bond, introducing different groups at
each position, thereby dramatically increasing the efficacy of the
ECED process (eqn 4).

Accordingly, bromo-acetal 9 was assembled in two steps from
4-iodoanisole and was successfully subjected to the ECED
transformation to form the desired tricyclic structure (+)-10 in
a pleasing 89% yield, >20: 1 dr and 92% ee but importantly
displaying the vicinal C-I and C-Br bonds (Scheme 3a). We
tested the selective functionalisation strategy using iterative Pd-
catalyzed cross-coupling and showed that Sonogashira coupling
with phenylacetylene proceeded selectively at the C-I group in
85%" yield to (+)-12, and the C-Br bond could subsequently be
reacted through Suzuki coupling with phenyl boronic acid in
90% yield to give (+)-13, demonstrating proof of concept for the
highly versatile ECED strategy (Scheme 3b).

Conclusions

In summary, we have developed an electrophile-triggered cata-
lytic enantioselective dearomatisation (ECED) transformation

This journal is © The Royal Society of Chemistry 2011
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that converts simple anisidine derivatives into complex tricyclic
structures containing a quaternary stereogenic centre embedded
in a densely functionalised molecule. The efficacy of this process
is reflected by the ease of which novel, highly composite and
enantioenriched scaffolds can be assembled from commercial
materials. Furthermore, the architecturally complex molecules
display multiple stereochemical features and orthogonal func-
tional groups that can be utilised in downstream diversification.
The ECED transformation should be broadly applicable in
natural product synthesis (such as the cyclindricines) and in the
synthesis of novel molecules of therapeutic interest; current
investigations are focused on these applications and will be
reported in due course.
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