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Since their discovery in 1997, iridium-catalysed asymmetric allylic substitutions have been developed
into a broadly applicable tool for the synthesis of chiral building blocks via C—C and C-heteroatom bond
formation. The remarkable generality of these reactions and the high levels of regio- and
enantioselectivity that are usually obtained in favour of the branched products have been made possible
by a thorough investigation of the catalyst system and its mode of action. Therefore, today the Ir-catalysed
asymmetric allylic substitution is a powerful reaction in the organic chemist’s repertoire and has been
used extensively for several applications. This article aims to provide an overview of the development of
iridium catalysts derived from an Ir salt and a chiral phosphoramidite and their application to the
enantioselective synthesis of natural products and biologically relevant compounds.

1. Introduction

Metal-catalysed asymmetric allylic substitutions (AAS) are an
important class of catalysed processes in organic chemistry, as
they provide a valuable tool for the sterecoselective formation of
C—C and C—X bonds (X = N, O and S). Although palladium
complexes have been used extensively for this chemistry over
the last 40 years,1 other metals including Mo, W, Co, Fe, Ru,
Rh, Ni, Pt,> Cu,* and Ir° have found interesting applications as
competent catalysts for allylic substitutions. In particular, some
iridium complexes display high levels of regioselectivity in
favour of the branched isomer that are complementary to linear
products usually observed with palladium when mono-substi-
tuted allylic systems are used as starting materials (eqn (1)). In
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fact, chiral iridium-based catalysts can afford highly enantiomeri-
cally enriched branched products (3) from a wide range of easily
accessible substrates 1 and 2, whilst Pd complexes tend to favour
linear products (4). Molecules of general formula 3 are of par-
ticular interest as chiral building blocks for the synthesis of
natural products and pharmaceuticals and as fine chemicals for
other industrial applications.

LG Nu
R/K% . R)\/
1 Nu 3
—_ (1)
or ML; +
RN RN
2 4

In this perspective article, we provide an overview of the use
of iridium complexes as catalysts for asymmetric allylic substi-
tutions. Other reviews dealing with the general scope and
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alkylation.

regio- Ir-catalysed allylic

mechanism of the reaction have been published recently,”“ we

focus on the recent applications of iridium catalysed AAS for the
synthesis of natural products, biologically relevant molecules
and unusual molecular scaffolds.

2. General reactivity, mechanistic investigations
and ligand effect

2.1. First results, isolation of a reactive chiral iridacycle species

The first examples of Ir-catalysed allylic substitution were
reported by Takeuchi and Kashio in 1997° who observed that
allylic acetates and carbonates undergo regioselective alkylation
at the more hindered position of the allylic system using sodium
malonate in the presence of [Ir(cod)Cl], and a phosphite ligand.
Shortly after, Janssen and Helmchen described the first Ir-cata-
lysed asymmetric allylic alkylation using a phosphine—oxazoline
ligand (Scheme 1).” Following these two seminal publications,
there has been a growing interest in the development of Ir-cata-
lysed AAS, mainly driven by the groups of Helmchen and
Hartwig with important contributions from Alexakis, Carreira,
Takeuchi and You inter alia.

After a series of studies by Helmchen and Takeuchi aimed at
unveiling the general reactivity of Ir-catalysts formed with differ-
ent chiral ligands,® "' a major breakthrough in the field was
reported by Ohmura and Hartwig who accomplished the first Ir-
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catalysed asymmetric allylic amination of linear allylic carbon-
ates using [Ir(cod)Cl], and a chiral Feringa—Alexakis-type phos-
phoramidite 9.'> The reaction was characterised by very
promising levels of regio- and enantioselectivity in favour of
branched products. This result was underpinned by another
coeval investigation by Helmchen, who attained interesting
results for the alkylation of linear allylic acetates using very
similar conditions to those published by Hartwig (Scheme 2).

On the basis of a thorough investigation on the active catalyst
system for the allylic amination reaction, Hartwig et al.
confirmed previous observations’ that square planar complexes
like 10 are not reactive towards allylic carbonates. The same
study also revealed that addition of a base promotes C—H inser-
tion of one methyl group of phosphoramidite 9, converting the
ligand from mono- to bidentate and therefore allowing the for-
mation of the trigonal bipyramidal iridacycle 11 (Scheme 3).
Reactions carried out with pre-formed 11 proceeded with higher
rate and without the induction period that was instead observed
with the metallacycle generated in situ by the nucleophile. Reac-
tions carried out with a 2 : 1 mixture of 11 and [Ir(cod)Cl], were
even faster, in accordance with the hypothesis that [Ir(cod)Cl],
plays a role in the catalytic cycle, liberating a binding site of 11
by sequestering monodentate 9.' A further advantage of
complex 11 (or its mixture with [Ir(cod)Cl],) is that it can be
generated with a base such as TBD,'* n-propylamine,'>'® or
DABCO'® and then used for asymmetric allylic substitutions
involving weakly basic nucleophiles that are not able to promote
cyclometallation (e.g. anilines, see Scheme 4).'°2° Despite
giving excellent initial results for amination and etherification,
iridacycle 11 displayed low catalytic activity for the alkylation of
linear allylic carbonates with malonates. Helmchen and co-
workers attributed the low catalytic activity of the iridacycle to
the saturated binding site on the metal and used additives to dis-
place 9 from 11 more efficiently.>® A combination of tetrahy-
drothiophene (THT) and Cul proved to be successful, generating
a highly reactive species for alkylations that were carried out at
room temperature, with low catalyst loading and were character-
ised by high regio- and enantioselectivity (Scheme 5). For amin-
ations, Pb(OAc), was used in place of Cul, given the tendency
of the latter to complex the nucleophile.***’

2.2. Origin of the enantioselectivity: chiral ligands

Iridium-phosphoramidite complexes like 11 are the most widely
used chiral systems for Ir-catalysed allylic substitution reactions.
The impact of phosphoramidite ligands on the enantioselectiv-
ity of the reaction has been revealed thanks to the fine tuning
of their chiral elements and substituents. These studies, con-
ducted by the groups of Alexakis,”® Hartwig'>2°>° and Helm-
chen®’?! were made possible by the nature of Feringa—
Alexakis-type phosphoramidites that are easily prepared in a
modular fashion using straightforward transformations.*>
It has been demonstrated that the origin of the enantioselec-
tivity in allylic substitutions catalysed by iridacycle complexes
like 11 can be ascribed mainly to the chiral centre in the B-pos-
ition to the metal. In fact, Hartwig et al. have shown that com-
parable results of linear allylic carbonates, can be achieved
even with ligands bearing only two or even one stereodefined
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Scheme 2

Ir-catalysed allylic amination and alkylation of linear substrates using the first generation catalyst system ([Ir(cod)Cl], and phosphorami-

dite 9 — no added base). The notation b/l indicates the ratio of branched (b) and linear (1) product.
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Scheme 3 Formation of the active iridacycle 11 and its derivative 12.
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Scheme 4 Anilines as nucleophiles for Ir-catalysed AAS.

element as in 13 and 14 (Fig. 1) respectively.”**® However, the
ease of access to enantiopure BINOL and the straightforward
assembly of phosphoramidites posed no limitation to the prep-
aration of more elaborate phosphoramidites. A vast library of
such ligands has been tested in a series of studies by Alexakis
et al.*® who identified phosphoramidites 15-17 as particularly
efficient (both in terms of reaction rate and selectivity) for the
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Scheme 5 Improved methodology for Ir-catalysed asymmetric allylic
alkylations.
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Fig. 1 Phosphoramidite ligands bearing only two or one stereodefined
elements.
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alkylation and amination of allylic carbonates in the presence of
[Ir(cod)Cl1], (Scheme 6). These findings paralleled independent
studies by Hartwig er al'®* and Helmchen et al?’>' and
further to these results, phosphoramidites 9, 16 and 17 are now
the most used chiral ligands for Ir-catalysed AAS. Although
steric effects have been hypothesised to be the reason for the
improved activity and selectivity of ligands 15-17,%7 this ration-
ale remains tentative.”” Modification of the biaryl moiety of the
phosphoramidite ligands as in 18, 19 and 20 was briefly investi-
gated, but proved deleterious.?’** Recently, Takeuchi et al. intro-
duced new phosphoramidites 21, containing an oxazolidine
moiety, as effective ligands for allylic alkylations. In this case,
no explicit pre-activation of the catalyst with a base was carried
out and the use of LiCl as an additive was found to be superflu-
ous. It is postulated that phosphoramidites such as 21 act as
bidentate ligands and the planarity of the amide group enhances
the rigid conformation about the metal, but further mechanistic
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Fig. 2 Structure of alternative ligands used for Ir-catalysed AAS.

studies are needed to clarify the improved performances of these
ligands.*®> Other ligands including diaminophosphine oxides
(DIAPHOX) 22,%° more complex phosphoramidite ligands 23,%’
phosphinooxazolines (PHOX) 24,778 bisoxazolinylpyridines
(PyBox) 25°° and [2.2.2]bicyclooctadiene 26*° (Fig. 2) have
been used for Ir-catalysed asymmetric substitutions, but to a
much more limited extent.

160

—|I’" P\\O

C_0-C” '
dbcot (27) = = Y
/ =

Ar Ar
HO
v = (S)-BINOL
HO

29
Air and moisture stable;
Scheme 7 Formation of iridacycle 29 containing dbcot diene ligand.

less prone to reversal
of C-H activation

Ar = 2-anisyl

2.3. Diene ligand

Although [Ir(cod)Cl], is the most popular pre-catalyst for Ir-cata-
lysed allylic substitutions, catalysts derived from this binuclear
species and a chiral phosphoramidite have to be prepared under
an inert atmosphere (typically under Ar or in a glovebox) and
using dry solvents, as the species present in the activating cyclo-
metallation step are oxygen and moisture sensitive. In 2008
Helmchen et al. demonstrated that the replacement of the stan-
dard cod ligand by dibenzo[a,e]cyclooctatriene (dbcot) (27) is
highly beneficial to the stability and the performances of the
resulting iridacycle 29 (Scheme 7). In fact, amination and alky-
lation of allylic carbonates in the presence of complex 29
showed higher regioselectivity than those carried out using its
parent complex prepared with [Ir(cod)Cl],. More importantly, 29
worked efficiently under air affording products with comparable
yield and selectivity to those obtained under a protective atmos-
phere, whilst reactions performed using the cod-containing irida-
cycle failed to react under air. Furthermore, iridacycle 29 proved
highly stable to reversal of the C—H activation that can occur for
complexes like 11 upon evaporation of the n-propylamine
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needed to drive their formation (presumably, the HCI required
for reverse C-H activation derives from the remaining
nPrNH;Cl). Indeed, the conversion of complex 29 into 28 is
only possible by deliberate addition of acetic acid (Scheme 7).*'
Our own work has also demonstrated that the iridacycle
derived from [Ir(dbcot)Cl], and ligand 9 can be formed and
used in polar aprotic solvents like DMSO, allowing reactions to
be run with highly polar substrates. The same reaction conditions
were not applicable to catalysts derived from [Ir(cod)Cl],.*?

2.4. Reaction Kinetics, catalyst resting state and (n-allyl)iridium
complexes

The first chiral (m-allyl)Ir complexes were isolated and character-
ised by Helmchen ef al. in 2004 employing a phosphine—oxazo-
line ligand.*® However, the mechanism of Ir-catalysed AAS that
employ this class of chiral ligands remained unclear.

It was only three years later that a mechanism for the Ir-cata-
lysed asymmetric amination of allylic carbonates was proposed
by Markovi¢ and Hartwig, who studied the allylation of aniline
in the presence of a mixture of [Ir(cod)Cl], and iridacycle 1.+
According to the catalytic cycle proposed by Markovi¢ and
Hartwig (Scheme 8), the reactive 16-electron species 30 reacts
reversibly with the allylic carbonate to form the (m-allyl)lr
system 31 that undergoes irreversible nucleophilic attack of
aniline to give iridacycle 32 and subsequent dissociation of the
allylic amine re-forms 30 to complete the catalytic cycle. The
iridacycle 32 has been isolated as the major iridium species in
the reaction mixture and identified as the resting state of the cata-
lyst; furthermore, 32 could be pre-formed and successfully used
as a catalyst for allylic aminations. Following these observations,
an ethylene analogue of 32 (complex 33 in eqn (2)) has been
prepared and used as a particularly stable and active catalyst for
allylic substitutions (see Section 4).*>

NHPh o
NN
N /_|r_,';/_;> Ph X" 000,Me
K/NW/
Ph  Ph
30
NHPh P\ |°
- \s\/\Ph (cod)lri O
S0 P—o
PR 0CO,Me
G 2
~R—o - N
N :
- Ph  Ph | 31
32 pn pPn
PhNH,

catalyst resting state

HO
=(S)-BINOL
HQ (S)

Scheme 8 Proposed catalytic cycle for asymmetric allylic amination.

,[lr(cod)Cll,  ethylene, nPrNH, gj /Oj
—Ir‘P\\O

+ R
NY

9 THF, r.t.
33  Ph Ph

(2)

As no reaction was observed between cinnamyl carbonate and
metallacycles 32 or 33, they were treated with more reactive allyl
chlorides in the presence of silver salts to allow isolation and
characterisation of (m-allyl)Ir complexes 34 (eqn (3)). X-ray
analysis showed that iridacycles 34 are highly distorted octa-
hedra with an Ir—C1 distance longer than Ir—C3 (in the case of
34b), moreover they react with a series of C, N, and O nucleo-
philes to give the desired branched allylic products in high yield,
regio- and enantioselectivity, proving that they are real intermedi-
ates in the catalytic cycle of Ir-catalysed asymmetric allylic sub-
stitutions. Importantly, it was noted that nucleophilic attack takes
place on the more distant carbon from the metal centre and anti
to the iridium.**

RMC| C ®
+ s
18 e, = e R|x
T 12 o P = NN L
—ir<pZ_ N 3 (3)
\T~0 Y H
N~ Ph Ph
Ph  Ph 2
(RR.aR)9 R =H (a) or Me (b)

was used in this study X = OTf or SbFg

Helmchen et al. have recently reported an alternative method
for the synthesis of (m-allyl)Ir complexes: in this case, allyl
iridium complexes 38 were obtained by mixing [Ir(cod)Cl],, a
chiral phosphoramidite ligand (L*), allylic carbonate and a silver
salt with a weakly coordinating anion (Scheme 9). Interestingly,
complexes 38 were found to be particularly stable to oxygen and
were even purified by column chromatography.*> According to
this study and previous observations,*" if the formation of metal-
lacycle 37 is promoted by a base such as n-propylamine or TBD,
the ammonium salt that is present in the reaction mixture is suffi-
cient to promote reversal of C—H activation and the consequent
formation of an inactive square planar complex 35 that, in this
case, constitutes the resting state of the catalyst. Scheme 10 gives
a summary of the proposed catalytic cycle for Ir-catalysed asym-
metric allylic substitutions using iridacycles derived from
[Ir(cod)C1], and a phosphoramidite ligand in the presence of a
base that induces C—H activation. It is important to note that the
catalyst resting state depends on the protocol used for the prep-
aration of the metallacycles and the use of pre-formed metalla-
cycles such as 32 or 33 is supposed to maximise the amount of
active catalyst species present in the reaction mixture.>* Surpris-
ingly, when the allylic alkylation of carbonates was carried out
using dimethyl malonate and complexes 38 as catalysts under
conditions that excluded the possibility of reversal of C—H acti-
vation, the resting state of the catalyst was found to be the
(m-allyl)Ir complex, in contrast to the observation of Hartwig
using complex 32 without a non-coordinating counterion.*
Therefore, some further investigations on the factors that affect
each single step of the catalytic cycle are probably still needed.

3. Reaction scope and applications to the total
synthesis of biologically relevant compounds

A full account of the whole scope of Ir-catalysed AAS goes
beyond the aim of this perspective article. We aim instead to

This journal is © The Royal Society of Chemistry 2012
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summarise important classes of C, N and O nucleophiles that
have been used hitherto to generate interesting chiral intermedi-
ates for the synthesis of biologically relevant products. In terms
of electrophiles, the general features observed for Ir-catalysed
AAS can be summarised as it follows:

* Allylic carbonates are generally more reactive than allylic
carboxylates

e |
- 5 X
o) 0
g—jn—P/\/% hox Q:/'?—',’/—CD
N —
|| _/ \/N

& — Y Age y
35 Ar 36 A Ar

L* AgX
.
T1,[ir(cod)Cl], -AgCl

cod

| S o
H—|r\|'3/_ o
NY -AgCl

35H Ar  Ar

o RX-"ocoMe f_ COs
F) = (S)-BINOL MeOH
HO R <}
X
* = chiral phosphoramidite @ _\\\“\
- R 0
R =H, Me, Ph (codIry_~
Ar = Ph, 2-anisyl R—o
X = ClO,, SbFg, CF3S0; N\‘/
38 ;\r Ar

Scheme 9 Direct preparation of (m-allyl)lr complexes using Helm-
chen’s protocol.

* The geometry of the double bond of the allylic substrates
plays an important role in the reactivity of the substrate and E-
configured systems are best suited for Ir-catalysed AAS*

» Aromatic allylic carbonates usually show higher reactivity
than aliphatic ones

* ortho-Subtituted aromatic allylic carbonates normally afford
products with reduced enantiopurity regardless of the nucleo-
phile employed.

The following subsections deal with the total synthesis of
selected natural products and pharmaceuticals featuring an Ir-
catalysed AAS as the key step of the synthetic sequence.

3.1. Carbon nucleophiles

Although much attention over the past decade has been focussed
on the use of malonates, several other C-nucleophiles including
malononitrile,”®** amino acid derivatives,*’” nitro compounds,18
enamines>! and ketone'” enolate, half-amides of malonic ester,*®
phenols,** pyrroles*”” and indoles?*>>>® have been successfully
employed. It is worth highlighting that in the case of C-nucleo-
philes several variants of the reaction conditions have been stu-
died®™ and often the use of additives such as THT, Cul (cf.
Scheme 5) and LiCl is found necessary to attain good results.
Nevertheless, Helmchen has demonstrated that the use of depro-
tonated nucleophiles (e.g. sodium malonate) and additives can
be circumvented in some cases and alkylations can be carried
out under salt-free conditions.'®2%%2

Half-amides of malonic ester have found application as
nucleophiles for Ir-catalysed allylic alkylations giving similar
results to those obtained with sodium malonates, but salt-free
conditions could not be successfully applied in this case.
Scheme 11 describes the general reaction conditions applied to
alkylations carried out with malonic half-amide 42. No diaster-
eoselectivity was observed in the formation of products 43 that
were generated in good yield and generally high regioselectivity

1/, [Ir(cod)ClL,
+
’l N 0CO,Me 0CO,Me
N €]
)
]y :
1 R~o / R/\\\\;

o]
1, [Ir(cod)Cl], Qj //O
. . —I‘r—P\
L*
a4
35 Ar

HO
j = (S)-BINOL
HO

35-H A Ar

- Nu
£
= —Ir——P—0
- N\‘/ Nu
39 A=\r Ar = N
\ /—!r' P °
—
BHCI A0

Scheme 10 Proposed catalytic cycle for Ir-catalysed allylic substitutions carried out with iridacycle generated in situ by reaction of [Ir(cod)Cl], and

chiral phosphoramidite in the presence of a base.
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THF, r.t, <1to 2 h

+ 43, 62-89%
. b/l 84:16 to >98:2
RT7N"N0c0,Me e 95-99%

R = Ph, Me, nCgHs7, CH,OTBDPS 1) NaOH, MeOH

then HCI
2) 180 °C

MgBr
THF, -78 to 0 °C

(]
(o]
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R2
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R’ 2Cly "
(¢]
Q N
MeO,C ) NH
EWERN HO < | //k
N7 SN NH
nCgHy7
TEI-9826 (44)

2'-Methylcarbovir (45)

Scheme 11 Use of malonic half-amide 42 for the synthesis of
TEI-9826 and 2'-methylcarbovir.

and excellent enantioselectivity. Sterically encumbered carbon-
ates (R' = CH,OTBDPS) gave lower regioselectivity and in
those cases the use of chiral ligand 9 was more effective than the
usually superior 16 (this behaviour of hindered carbonates has
been generally observed in other cases*’~***”"). Compounds 43
were elegantly employed as intermediates for the assembly of
chiral cyclopentenones via saponification followed by decarboxy-
lation, addition of vinyl Grignard reagents and subsequent ring
closing metathesis. The utility of the resulting cyclopentenones
has been demonstrated by the total synthesis of the prostaglandin
analogue TEI-9826 (44) (active against cisplatin-resistant
tumors) and the carbonucleoside 2'-methylcarbovir (45).*%

More recently, a similar approach has been devised for the
preparation of chiral cyclohexenones deploying the Ir-catalysed
allylic alkylation of carbonate 46 as the stereodetermining step
of the reaction sequence. This strategy allowed Helmchen and
co-workers to access the key intermediate cyclohexene 47 in
seven steps, which was then used for the total synthesis of
(+)-infectocaryone 48 and (+)-cryptocaryone 49 (Scheme 12).°
It should be noted that in this synthesis, the use of [Ir(dbcot)Cl],
as the pre-catalyst allowed the allylic alkylation to be performed
with high levels of both regio- and enantioselectivity in favour
of the desired branched product.

Alkylation of carbonate 46 with methyl cyanoacetate was also
reported by Forster and Hemchen under salt free conditions to
give a chiral building block (on a 40 mmol scale) for the syn-
thesis of cyclopentene 50, that was used in the synthesis of
various brefeldin analogues (Scheme 13).3

MeOZC\/CoztBu
lir(dbcot)Cl], (2 mol%)
16 (4 mol%) MeO,C,, _CO,tBu
OCPh, _ TBD@mol%) /\Z:C
NN
0CO,Me THF 50°C,2h PhaCO
46 85%, b/l 97:3, ee 97%
1) NaOH
2) DMF, 155 °C
CO,tBu 1) AcOH CO,tBu

/\/(/ _2)DMP_
= Z PhsCO

(0]
82% 82%

1) (Icp),B(Allyl), E4,0, -100°C
2) Grubbs 1%t gen. catalyst

CH,Cl, 40 °C
5 steps
OH OzMe

(+)-Infectocaryone (48)
CO,tBu

47, 81%, cis/trans 94:6
3 steps

Cryptocaryone (49)

Scheme 12 Overview of the total synthesis of (+)-infectocaryone and
(+)-cryptocaryone.

MeO,C.__CN 1) NaH, allyl-Br, 88%
[Ir(cod)Cll, (2 mol%) 2) Grubbs 15! gen. cat., 79%
9 (4 mol%) MeO,C CN 3) LiOH, r.t.
TBD (8 mol%) /\I/ then DMF, 150 °C, 73%
THF, 40, 60 h =
(40 mmol scale) PhsCO

70%, b/l 87:13, ee 97%

H
=S0CPh,
-—
-
cN
H
50

Brefeldin analogues
R, R R R®=H, OH
R%=H, OH, NH,

X =0, NH

Scheme 13  Synthesis of cyclopentene 50 by Ir-catalysed asymmetric
allylic alkylation and its use for the synthesis of a series of brefeldin
analogues.

The use of nucleophiles containing a prostereogenic centre
(e.g. methyl cyanoacetate) usually results in no diastereoselecti-
vity.'#20-28¢48 Rare exceptions to this observation have been
recently reported by You ef al. in the intramolecular allylation of
indoles®® and in the intramolecular dearomatisation of pyrroles
and phenols*® (see Scheme 14). To date, the only successful
example of diastereoselective intermolecular Ir-catalysed allylic
substitution employing a C-nucleophile bearing a prostereogenic
centre has been accomplished by Takemoto et al. who used
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_—
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24h
— 0OCO,Me
Me0O,C~ CO,Me
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h 52 53 (20 mol%)
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+
+
/\/\
LG Ar Ph. _N_J _COsiBu
o’
LG = OAc, OCO,Me, Ph
OCO,Ph, OBz, | A Ar
OP(O)(OEt), 55

Ar= Ph, 4-FCgH, 4-CF3CgHy, 1 Conditions (Ar = Ph, LG = OP(O)(OEt),): '

;‘ﬁ”:;iﬂ;l 3-CICeHs, i @) aq. 50% KOH (3 eq.), PhCH 0°C, 20 h
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54/55 82:18, ec(54) 97%, ee(55) 66%

 b) LIHMDS (1.5 eq.), THF, 0°C, 0.5 h
1 combined yield 85% 1
54/55 12:88, ee(55) 92%, ee(55) 56% |

OO (e} OO
\ QM
/P—N /P—O SEt
OO ) OO ’
(R.aR)-51 53

Scheme 14 Successful examples of diastercoselective Ir-catalysed
allylic alkylations using prostereogenic nucleophiles.

diphenyliminoglycinate 52 and found that different bases used
for the generation of the nucleophile affect the stereochemical
outcome of the reaction (Scheme 14).%”

Recently, the scope of C-nucleophiles has been further
expanded to include fluorobis(phenylsulphonyl)methane 54.
This nucleophile gave access to fluorinated products with high
regio- and enantioselectivity. Cs,CO; was found to be the

/\/\ [Ir(cod)Cl], (2 mol%)
R OCO,Me 9 (4 mol%)

F
+ CsCO; (25eq.)  PhO2S( | SO:Ph
_ Sl
PhozSYsozph CHoCly, r.t, 548 h o O
E 28-96%
54 b/l 84:16 to >99:1
4 steps ee 75-96%
R = Ph, 2-MeOCgHy, 3-MeOCgH,,

4-MeOCgHy4, 4-MeCgHy, 4-iBuCgHy,
3-CICgHy, 4-BrCgHy, 4-CF3CgHy,

(E)-1-Propenyl, Me, 2-Thienyl, FH,C._, CO,H FHC_ s CO-H
6-MeO-2-naphthyl
55 56

OMe

Scheme 15 Use of fluorobis(phenylsulphonyl)methane for the syn-
thesis of monofluorinated ibuprofen and naproxen.

optimal base in this case and large scale reactions were carried
out successfully (up to 1 g of allylic carbonate). The method has
been used for the synthesis of both enantiomers of fluorinated
ibuprofen (55) and naproxen (56) (Scheme 15).3*

Attempts to use hard C-nucleophiles (pK, of the conjugated
acid > 25) have been reported by Alexakis et al. who studied
reactions of arylzinc reagents. Although promising initial results
were observed for the asymmetric arylation of allylic carbonates
under standard conditions ([Ir(cod)Cl], and ligand 16), low
regioselectivities in favour of the desired branched products
(typically b/l ratios just above 50%) posed a limitation to further
developments. In addition, only allylic carbonates bearing an
aromatic ring at one allylic terminus were successful, whereas
linear aliphatic substituents gave products with very low enan-
tioselectivity. Nevertheless, the utility of this strategy was exem-
plified by the formal synthesis of the pharmaceutical
(+)-sertraline 57 (Scheme 16).%*

4. Nitrogen nucleophiles

The evolution of iridium-based catalysts for allylic substitution
has allowed the use of a remarkably broad range of amines and
other N-nucleophiles. An early example of the use of Ir-cata-
lysed asymmetric allylic amination for the synthesis of natural
products was reported in 2005 by Helmchen and co-workers
who prepared (S)-nicotine 58 in five steps as summarised in
Scheme 17.%°

A more elaborate example of the potential of Ir-catalysed
AAS has been reported by Helmchen ef al. who accomplished
the remarkable synthesis of a series of piperidine alkaloids by
intramolecular amination of carbonates.***>® Helmchen and co-
workers showed that the key 2,6-disubstituted piperidine cores
61-64 in Scheme 18 could be obtained in high yield and with
excellent catalyst-controlled diastereoselectivity. Substrates 59
and 60 were obtained by cross-metathesis and used as mixtures
of E and Z isomers with good results. The same reaction on pure
E-substrates was also examined and gave nearly perfect diaster-
eoselectivity, whereas pure Z-carbonates reacted slowly and gave
drastically reduced d.r. values. Access to the final natural
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Cl LiBr (1.5 eq.)
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0CO,Me
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1) 22 >CoMe
Grubbs-Hoveyda
2" gen. cat.

2) Cu(OAC),*H,0
BINAP, PMHS
tBUOH, THF, r.t.

CO,Me

Cl (+)-Sertraline (57) 82% overall

Scheme 16 Ir-catalysed asymmetric allylic arylation and formal syn-
thesis of (+)-sertraline.

allylamine
[Ir(cod)Cl], (2 mol%) pZ
. 16 (4 mol%) HN N
| N OCOMe  TBD (8 mol%) _
—_—
AN
N" THF,rt, 4days ||
(25 mmol scale) N/
69%, b/l >99:1, ee 99%
1) CbzCl, K,CO;4
2) HCI, Et,0
3) Grubbs 2™ gen. cat.
AN 1) TSNHNH, NaOAc
N 96 °C (89%)
2) LiAlH,, THF (90%)
| AN -—
~
N N

(S)-Nicotine (58) 75% overall

Scheme 17 Enantioselective synthesis of (S)-nicotine via Ir-catalysed
asymmetric allylic amination.

products was made possible by elaboration of the resulting
olefin, mainly by cross-metathesis.***->®

Our own recent studies on a similar reaction sequence for the
amination of chiral allylic carbonates, paralleled Helmchen’s
results in showing predominant catalyst control over substrate
effects even in the intermolecular variant of the reaction. This
allowed for the synthesis of a pair of N,N-diprotected unnatural
branched o-amino acids bearing two contiguous stereocentres
(Scheme 19).%7

The use of more acidic protected amines has also been exam-
ined extensively. Helmchen was the first to report the use of
tosylamine salts and more acidic p-nosylamines as ammonia
equivalents for Ir-catalysed inter- and intramolecular allylic
amination with excellent results. The resulting protected allylic
amines were also successfully used for metathesis reactions.”®
Later on, the Helmchen group showed that a variety of ammonia
equivalents could be successfully employed under salt-free con-
ditions. In fact, it was found that the methoxide generated from

the allylic carbonate during the course of the reaction was a
sufficient base for the reaction to proceed and, therefore, addition
of anionic amide derivatives or external bases was often not
essential. This novel methodology allowed for the synthesis of
doubly-protected chiral primary amines that could be selectively
transformed into mono-protected equivalents or, upon cleavage
of both protecting groups, be used as nucleophiles for a second
allylic amination. A variety of protecting groups were employed
under salt-free conditions (Scheme 20).'%-5®

A variety of ammonia equivalents have been tested by
Hartwig et al.,”® Carreira et al.*® and Singh and Han®' but it was
in 2009 that Hartwig et al. reported on the direct use of
ammonia as a competent nucleophile for the synthesis of chiral
primary amines by Ir-catalysed AAS. In this case the use of the
ethylene complex 33 proved essential. In fact, in order to achieve
selectivity for the formation of primary amines over secondary
ones, high concentrations of ammonia were necessary and a
robust catalyst that could survive under these conditions was
required. The presence of primary amines at the end of the reac-
tion allowed for a second allylic substitution or formation of
amides upon ammonia evaporation (Scheme 21).%

Of course, Ir-catalysed AAS produces molecules bearing a
terminal alkene, therefore many applications of these products
rely on metathesis to generate key scaffolds and/or elaborate
intermediates for total synthesis. Recently though, more original
applications have been shown. For instance, Farwick and Helm-
chen reported on the use of propargylic amines as nucleophiles
for Ir-catalysed AAS. A subsequent Pauson—Khand reaction then
generated a key intermediate towards the total synthesis of
(—)-a-kainic acid 68 (Scheme 22).%

Recently, the group of You has applied N-tosyl propynyl-
amines as nucleophiles for Ir-catalysed AAS and deployed the
resulting products for the synthesis of exotic heterocyclic scaf-
folds via Pt-catalysed cycloisomerisation reactions. Different
architectures of the final products could be obtained depending
on the substituents on the C=C bond (Scheme 23).** The use of
1,6-enynes deriving from Ir-catalysed AAS has also been
reported by Helmchen et al. who exploited a Pt-catalysed
domino enyne isomerisation/Diels—Alder sequence for the syn-
thesis of complex heterocycles.®

An elegant strategy for the systematic synthesis of 2,5-disub-
stituted pyrrolidines has been developed by Helmchen and co-
workers. This methodologies relies on the Ir-catalysed asym-
metric allylic amination of carbonates with N,N-diacylamines
and the subsequent conversion of the resulting alkene functional-
ity into an alkylborane to be used for Suzuki—Miyaura couplings
with iodoacrylate 70. Access to pyrrolidines and subsequent syn-
thesis of a series of pyrrolidine, pyrrolizidine and indolizidine
alkaloids was accomplished by intramolecular aza-Michael
addition (Scheme 24).°° In earlier work, the same group had
shown that the synthesis of o,B-unsaturated esters 71 and cyclisa-
tion to afford B-proline derivatives can also be achieved via
domino hydroformylation/Wittig olefination of protected amines
deriving from Ir-catalysed AAS.®’

The sequence of hydroboration and subsequent Suzuki—
Miyaura coupling has also been exploited for products deriving
from the Ir-catalysed asymmetric allylic amination of carbonates
with o-haloanilines. Unfortunately, the reactions of these nucleo-
philes were characterised by lower yields than those typically
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Scheme 18 Diastereo- and enantioselective intramolecular allylic aminations and their application in the synthesis of a range of piperidine alkaloids.
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Scheme 19

Intermolecular diastereoselective allylic amination for the
synthesis of unnatural a-amino acids bearing two vicinal stereocentres.

=
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Scheme 20 General use of activated N-nucleophiles for Ir-catalysed

AAS.

observed for Ir-catalysed AAS. However, this method proved
useful for the synthesis of enantioenriched 2-substituted tetrahy-

droquinolines that are usually accessed via asymmetric hydro-
genation of quinolines. The synthetic utility of this strategy has
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Scheme 21 Ir-catalysed asymmetric allylation of ammonia.
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Scheme 22 Overview of the total synthesis of (—)-a-kainic acid via
Ir-catalysed AAS and Pauson—Khand reaction.

been demonstrated by Helmchen et al. with the synthesis of
(+)-angustureine 72 and (—)-cuspareine 73 (Scheme 25).%®

An important expansion of the scope of N-nucleophiles was
achieved by Hartwig et al. who used the ethylene complexes 74
and 75 to implement a method for the N-allylation of heteroaro-
matic substrates. The scope of heteroaromatic N-nucleophiles
encompasses indoles,*® imidazole, benzimidazole and purine
derivatives.” Performing the reaction on benzimidazoles, it was
observed that the presence of K;POy is required to suppress iso-
merisation of the product to the corresponding enamine.
Although the reactions could be carried out using a combination
of metallacycle 11 and [Ir(cod)Cl],, complexes 74 and 75 could
be used in lower loadings and also facilitate operational

R' = Ph, 4-Me-CgH,,

4-MeO-CgH,, 4-CF3-CgH,, [Ir(cod)Cl], (2 mol%)

4-Br-CgHy, 3-MeO-CgH,, 16 (4 mol%)
3-CI-CgHy, 2-thienyl, Me DABCO (0.5 eq.)
R2 = Me, nBu, Ph, TMS THF, rt., 3-24 h

1) PtCl, (10 mol%)

PtCl, (10 mol%) TSN/\ THF, reflux g
-—
THF, reflux R1/'\/ R® 2)TBAF (2eq) R™™N
N R' 23-34h THF, reflux Ts
Ts R? =Me, Ph 70-95% 4558 h

b/l 88:12 to 99:1 R=TMS 21-60%

24-71% ee 92 to >99% 999
06 93-99% o ee 90-99%

Scheme 23 Application of N-tosyl propynylamines to Ir-catalysed
AAS and subsequent Pt-catalysed cycloisomerisation.

procedures since they can be prepared as single components on
large scale, rather than being formed in situ using additives like
n-propylamine. Allylation of benzimidazole occurred with excel-
lent results as summarised in Scheme 26. Cinnamyl carbonates
with strong electron-withdrawing groups were more prone to
C=C isomerisation and in this case the use of an internal alkyne
additive prevented the undesired process. Importantly, after ally-
lation the resulting terminal olefin could be conveniently elabo-
rated to give useful building blocks.

The same reaction conditions were also successful for imida-
zoles, although only complex 74 was successful for these
nucleophiles, since reactions carried out in the presence of 75
furnished mixtures of the desired terminal olefins and the corre-
sponding enamine. Two examples of reactions of substituted imi-
dazoles were also reported and good regioselectivity was
observed for the Nl-allylated product (N1/N3 72:28 and
87 :13). The importance of N-allylated imidazoles was demon-
strated by the formal synthesis of a c-jun N-terminal kinase 3
inhibitor (76) (Scheme 27).7°

Purine nucleophiles also reacted at the N9 position under
these conditions although in some cases higher catalyst loadings
were required. Excellent selectivities were again attained and
even biologically important adenine was allylated. Again, pro-
ducts from all these reactions could be easily derivatised by stan-
dard oxidation of the final terminal olefin (Scheme 28).”°

Chiral Ir-ethylene complexes 74 and 75 were also successfully
used for the N-allylation of substituted indoles. In this case elec-
tron-withdrawing substituents at the C2 position, C3-substituents
or both were usually required to reduce the nucleophilicity of the
C3 position. Interestingly, even unsubstituted 7-azaindole was a
competent nucleophile, whilst simple indole or solely alkyl-sub-
stituted indoles underwent C3-allylation. For the reaction of
indoles, zert-butyl carbonates were the electrophiles of choice in
combination with catalytic Cs,CO3 and generally high yields
and exquisite enantioselectivities were achieved (Scheme 29).
Again, functionalisation of the resulting terminal olefins afforded
interesting building blocks.®’

Other less developed N-nucleophiles for Ir-catalysed allylic
substitutions include hydrazines (only used to produce racemic
products),”’ guanidines (multiple protection of the nucleophile
was needed and generally poor regiocontrol was observed)**®
and hydroxylamines.***"?
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R1MOCOZMe R! ) I/\/ Me 20 R CO,Me
7
74-96% [Pd(dppf)Cly] (5 mol%)
R' = Ph, nC7H15, CH;0CPh;, b/ 8832 10 95 PhsAs (10 mol%)
CH,OTBDPS, CH,OTBDMS, €6 90.510 98.5% Cs,CO; (1.8 6q.)
(CH2)20CPh; DMF/H,0 15:1, r.t., 16 h
R? = Boc, Cbz; R® = CHO, Boc
H H
CrHyg"™ CHy | =——
' N 715 H 49 |IQ2 COZMe
HoCa CsH; H15(:7 E H15C7
Indolizidine (+)-223AB R = C4Hg Indolizidine (+)-195B  (-)-Xenovenine (+)-Xenovenine (-)-225C

R = CgHy3 Indolizidine (+)-223R

Scheme 24 Overview of the assembly of 2,5-disubstituted pyrrolidines and related alkaloids via Ir-catalysed AAS, Suzuki—-Miyaura coupling and

intramolecular aza-Michael addition.

[Ir(cod)Cl], (2 mol%) X
(R,R,aR)-9, 16 or 69 (4 mol%)
TBD (8 mol%)

NH, THF, 50 °C, 3-6 h HN
+
N~ R/\/
R OCO,Me
45-68%
R = Me, Et, nPr, nCsH14 b/191:9 to >99:1
X=8Br, | ee 93-96%
9-BBN, THF
70 °C, 10 min
then
[Pd(dppf)Cl,] (5 mol%)
PhzAs (10 mol%)
Cs,CO;5 (2 eq.)
N G DMF/H,0 15:1, A or pW
(CH,0),/AcOH
Angustureme (72) (94%) NaBH3(CN)
OMe \leeN, rt, 16 h
H R

-)- Cusparelne (73) (89%) OO

(R.R,aR)-69

Scheme 25 Use of ortho-haloanilines as nucleophiles for Ir-catalysed
AAS and their use for the synthesis of (+)-angustureine and
(—)-cuspareine.

5. Oxygen nucleophiles

Oxygen nucleophiles have been successfully employed for
Ir-catalysed allylic substitution, although fewer examples of their
applications have been reported compared to C- or N-
nucleophiles.

Phenoxides have been reported by Hartwig et al. to act
efficiently as nucleophiles in Ir-catalysed asymmetric allylic
etherification of carbonates as illustrated in Scheme 30. Much

N
@ M—R®  740r75 (2 mol%) Q

N K4PO, (1

N _ KPOs(leq) W

+ THF, 50 °C, 3-8 h

\ 1/\/
R X-"oco,Me R

75-94%
b/l 89:11 to 99:1

o \ ee 80-97%
(0] HO
/_"Crp/ D R" = Ph, Cy, 4-MeOCgHy, 4-BrCgH,,

N © HO 3-MeCgH., 2-naphthyl, nPr, 2-furyl,
\/ (R}BINOL | 2MeOCeH,
At Ar R2=H, Ph, Me, Cl, CH,0H
(competitive O-allylation observed)
74 (Ar = 2-anisyl)
75 (Ar = Ph)

Scheme 26 Enantioselective N-allylation of benzimidazoles.

effort was required to establish suitable reaction conditions for
this transformation: Li and Na phenoxides were found to be
superior to their triethylammonium equivalents, which were
more prone to giving transesterification products. In some cases,
transesterification could be avoided or limited by changing the
methyl carbonate for less reactive ethyl analogues.

The reaction scope was quite broad as variously substituted
and even hindered phenoxides reacted successfully with aryl-
and alkyl-substituted allylic carbonates. Very electron-poor (and
hence non-nucleophilic) phenoxides bearing nitro or cyano
groups did not react. Interestingly, extended reaction times
resulted in decreased regio- and enantioselectivity, suggesting
that the transformation is reversible.”> For the intramolecular
example shown in Scheme 30, the active metallacycle was gener-
ated in situ, but better results in terms of yield, regio- and enan-
tioselectivity were observed later employing pre-activated
metallacycles' that also worked for intramolecular etherifica-
tions under salt-free conditions as demonstrated by Helmchen
and co-workers.”!

Phenol has also been used as a nucleophile by Carreira and
et al. for the Ir-catalysed kinetic resolution of racemic branched
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R3
N R3

I S—r2 74 (2 mol%)

4 N K3P04 (1 eq) I

R H )\RZ

THF, 50 °C, 3-8 h N
+ H P
R"X-"0co,Me R
R - P CHTEDRSO N1y 881 099
2 = N (o] N

R3 H.Ph o6 91-98%

R3 = H, Ph, 4-FCqH,

R*=H, Ph [Rh(coe),Cll, (5 mol%)
PCys (15 mol%)
MgBr; (5 mol%)
Toluene, 180 °C, 5.5 h

F F

N N
II\ ~ [N
|\ NP N

N\f N
NH/Pr OH OTBDPS
76 63%, ee 88% (from 91%)

Scheme 27 N-Allylation of imidazoles and formal synthesis of the
JNK3 inhibitor 76.

NN R?
Jl\ _ > 74 or 75 (2-4 mol%)
KsPO, (1 eq.
3PO4 (1eq.) R3/<\
THF, 50 °C, 2-8 h N
+ H
N =
R1/\/\OCOZMe R1/\/

R' = Ph, 4-MeOCgH,,
4-BrCgH,, 3-MeCgH,,
2-naphthyl, nC7Hys5, 2-MeOCgH,
R2 = Cl, SMe, NH,, N(Boc),

yield(N9) 63-91%

b/I(N9) 90:10 to 98:2

NO/N7 74:26 to 96:4
ee(N9) 78-98%

R3=H, NH,
Scheme 28 N-Allylation of purine heterocycles.
allylic carbonates employing a different chiral ligand

(Scheme 31).%

The direct use of aliphatic alcohols was more complicated due
to their poor nucleophilicity and the high basicity of the corre-
sponding alkoxides, that can induce elimination and transesterifi-
cation processes. Nevertheless, the application of alkoxides and
even alcohols in Ir-catalysed AAS has been achieved. The first
examples were reported by Shu and Hartwig who used Cu-alk-
oxides for the enantioselective etherification of allylic carbonates
(Scheme 32). The use of more hindered tert-butyl carbonates
was required to avoid transesterification. While Cu-alkoxides
gave the best results, Zn-alkoxides also proved efficient, but
alkali metal alkoxides did not form the desired products. In this
case ligand screening showed that ligand 17 was considerably
more efficient than the more commonly used 9, which gave low
yields. Branched ethers were formed in excellent regio- and
enantioselectivities using a variety of primary and secondary

R4
74 (2 mol%) R3
032003 (10 mol%)

THF, 50°c 2-8h R2

N
R1/\/\OBOC R1/I\/
R’ = Ph, 4-MeOCgH,, 4-BrCeHs, 54-91%
4-CF4CgHy, 3-MeOCqH,, 2-furyl, o1 77:23 10 691

(E)-CH=CHCHs, nPr, BnOCH,, Cy
R? = H, CO,Et, CHO, Ph

R3®=H, CO,Me, CHO, COMe, CN,
Me, Ph, (Rz,R3 =-(CHy)s-)

R*=H, OMe, F, Cl, NO,

Scheme 29 N-Allylation of indoles.

alkyl Cu-alkoxides with both aryl and alkyl-substituted allylic
carbonates. Tertiary alkoxides reacted in good yield and regio-
selectivity but reactions in this case were sluggish and poorly
enantioselective. Interestingly, the use of chiral secondary alkox-
ides proceeded with excellent diastereoselectivity with no
appreciable matched/mismatched effects allowing for the highly
selective synthesis of both cis- and trans-2,5-disubstituted dihy-
drofurans and 2,6-dihydropyrans upon use of alkoxides derived
from unsaturated alcohols followed by a ring-closing metathesis
reaction.*® This methodology has found application as the key
step in the total synthesis of natural product (—)-centrolobine
(77) carried out by Bohrsch and Blechert (Scheme 32).”* More
complex ligands of general structure 23 (vide supra) were also
tested by Kimura and Uozumi for the allylation of phenol, but
generally low enantioselectivity was observed.®’

An interesting class of O-nucleophiles useful for the synthesis
of chiral allylic alcohols was presented by Carreira and co-
workers in 2006. Potassium silanolates were efficiently used as
hydroxide equivalents in the presence of a chiral iridium catalyst
(Scheme 33). During the optimisation, fert-butyl carbonates
were found to be the most reactive and a strong solvent effect
was registered. While TMSOK displayed poor reactivity, good
results were obtained with TESOK (easily cleaved after the reac-
tion to give the free alcohol) and the more stable silanolates
TBDMSOK and TIPSOK (that can be carried through multistep
syntheses) gave very good results.””

Later on, Ueno and Hartwig reported a more elaborate set of
conditions for the direct use of alcohols in Ir-catalysed allylic
substitutions. The use of a substoichiometric amount of an
internal alkyne additive was essential to avoid the otherwise
complete isomerisation of the final products to the corresponding
enol ethers under the reaction conditions stated in Scheme 34. A
screen of bases revealed that enantioselectivity was drastically
diminished using triethylamine and after some experimentation
potassium phosphate was found to give the best results. In con-
trast with previous examples of etherification and allylic substi-
tution in general, acetates proved to be superior to carbonates,
which were found unstable under these conditions. Excellent
results were obtained with primary and secondary alcohols to
give branched ethers with good yield, regio- and enantio- or dia-
stereoselectivity. Interestingly, fert-butyldimethylsilanol was suc-
cessfully employed so that the pre-formation of the potassium
silanolates as presented by Carreira could be avoided.

This journal is © The Royal Society of Chemistry 2012
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Hartwig”®
A om [Ir(cod)Cl]; (1 mol%)
(R.R,aR)-9 (2 mol%) OAr
+ = /
. THF, r.t. or 50 °C R1/\/
R'7 " 000,R, 8-22h
Ar = H, 2-MeCgH,4, 4-MeCgHy, 56-92%

4—MeOC5H4,3—MeOCGH4, 3-PhC5H4,
2-PhCgHy, 3-Me,NCgH., 3,4-(OCH,0)CHs,
2,4-Me,CgHs, 2,4,6-Me;CgHa, 4-BrCeHy,
4-C|CGH4, 4-B|’-3-M6C6H3, 4-CF3CBH4,

R = Ph, 2-MeOCgHy, 4-MeOCgH,, Me, nPr
RZ = Me, Et; M = Li, Na

ee 75-97%

b/l 87:13 to 99:1

Helmchen®?
[Ir(cod)Cl], (4 mol%)
16 (8 mol%)
TBD (8 mol%)
OH
THF, rt, 1h o

0OCO,Me
60%, ee 95%

Scheme 30 First examples of use of phenoxides and phenol for Ir-catalysed allylic etherifications.

PhOH (0.5 eq.)
[Ir(coe)Cl]z (1.5 mol%)

OCO,Me 26 (3.6 mol%) OCOMe OPh
H +
R NF CHCl rt,24h g~ F =
R = Ph, 2-naphthyl, 1-naphthyl, yield 28-46% yield 40-50%
3-MeOCgHy, 4-BrCgH,, 4-CICgH,, ce 80 to >08%  ee 45-87%

4-FCgH,, 4-CF3CgH,, 3-BrCqH,
4-NO,CgHy, 4-CO,MeCgH,,
3-MeCgHa, 4-MeCgH,, Cy, BhOCH,

Scheme 31 Kinetic resolution of racemic branched allylic carbonates

via Ir-catalysed etherification.

R! (2eq) [Ir(cod)Cl], (1 mol%)

~
oM (RR.aR)-17 (2 mol%) OR!
bt e z
+ ,
“ THF, rt, 12160 g2”
R27N-""0Boc
56-90%
R" =Bn, iPr,CH, Cy, N-Boc-4-pyperidinyl, b/l 94:6 to 99:1
(S)-1-(2-Np)-1-ethyl ee or de 86-97%
2 = -
R2 = Ph, Me, nPr, 4-MeOCgHg, when R" = tBu

4-NO,CeHj, (E)-MeCH=CH

0, . 0,
M=Cu 80%, b/l 96:4, ee 63%

nBuLi, Cul
@OH then [Ir(cod)Cl], (1 mol%)
(S,S,aS)-17 (2 mol%)

+ _— () —_

THF, rt.,50 h
e o )\/
OBoc Ar
87%, ee >98%
MeO

1) Grubbs 2™ gen. cat.
(2 x 5 mol%)
benzene-ethylene

2) NaBH,
=
=
HO O OH
-

Grubbs-Hoveyda (@]

O 2" gen. cat. (10 mol%) P
MeO toluene, r.t. Ar
then Pd/C, H; (1 atm) 55%

(-)-Centrolobine (77), 50%

Scheme 32 Ir-catalysed allylic etherification with aliphatic alkoxides

and total synthesis of (—)-centrolobine.

1) TESOK (2 eq.)
[Ir(cod)Cl, (3 mol%)
9 (6 mol%)

CH,Cly, r.t., 12-24 h OH
RM OBoc )\/
2) TBAF or R
30% NaOH in MeOH
R = Ph, nPr, 4-MeOCgHy, 62-88%
4-CICgH,, 4-CF4CgH,, b/l >99:1
3-FCgHg, 3,4-(OCH,0)CgHs, ee 92-99%

3-(CH(OEt);)CgHa,
2- or 3-thienyl, 2- or 3-furyl,
(E)-PhCH=CH

Scheme 33 Use of potassium silanolates for the synthesis of chiral
allylic alcohols.

R?0OH (3 eq.)
[Ir(cod)Cll, (5 mol%)
(R,R,aR)-9 (10 mol%)
K3PO4 (3 eq) RZ
S Ph——— (20 mol%) ~o
RTN"ore — t,20-80 h ;
oluene, r.t., 20- R1/\/
R' = Ph, nPr, 4-MeOCgH,, 40-85%
2-furyl, Cy b/l 82:18 to 99:1
R? = Bn, Cy, TBDMS, ee or de 88-98%
N-Boc-4-piperidinyl, >
-1-ohenyl-1-ethvl when R = CMe,Ph
(Sy-1-phenyl-1-ethy (5 eq. of RyOH, 40 °C, 40 h)
yield 56%, ee 97%
[Ir(cod)Cl], (10 mol%)
(R,R,aR)-9 (20 mol%)
0 K3PO4 (3 eq.) A~
Ph——— (20mol%) Ph~ O
AN Y
Ph” 07 O :
S toluene, r.t., 40 h PhM
Ph

48%, ee 84%

Scheme 34 Ir-catalysed allylic etherification with alkyl alcohols.

Remarkably, even tertiary alcohols reacted efficiently giving the
desired ethers in relatively good yield as single regioisomers and
with excellent enantioselectivity, although in this case higher
temperature, long reaction time and a considerable excess of
nucleophile were needed. One example of intramolecular decar-
boxylative etherification was also reported with interesting
results.**
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78 or 79 (1 mol%)
KHCO3 (1.7 eq.) OH

-

R = Ph, Ph(CH,),, nC;H47, Cy, Me, 74-92%
R b/l 96:4 to 99:1
ee 85-96%

NS
R™ X" 0CH,0,Me
DMF/H,0 10:1
rt, 1.5-19.5 h

NN~

/7
N
\N/)\ _(CHz)4

S

oTf

(0]
HO
LA
H
: \( (S}BINOL
A Ar

78 (Ar = Ph)
79 (Ar = 2-MeOCgH,)

Scheme 35 Direct regio- and enantioselective Ir-catalysed allylic
hydroxylation.

More recently Helmchen and co-workers used potassium
bicarbonate and catalyst 78 derived from [Ir(dbcot)Cl], for the
direct hydroxylation of allylic carbonates under mild conditions.
In this case complexes 78 and 79 (prepared in one step) were
found to be extremely robust, allowing reactions to be run in
water as solvent or co-solvent and under air, whereas their
equivalents derived from [Ir(cod)Cl], failed to give any reaction.
High regio- and enantioselectivities were found for a variety of
substrates using chiral phosphoramidites 9 or 16 (Scheme 35).
Other inorganic bicarbonates could also be wused as
pronucleophiles.”®

6. Conclusions

Iridium catalysed asymmetric allylic substitution has become a
broadly applicable reaction for the synthesis of chiral molecules
with an impressive scope and generality, providing access to
highly enantioenriched, functionalised building blocks that can
be deployed for the synthesis of natural products and pharmaceu-
ticals. The understanding of the mechanism of this reaction and
the improvement in the catalyst and ligand design have allowed
an exceptional widening in the scope of the nucleophile that one
could use in combination with monosubstituted linear allylic car-
bonates. Catalyst development has also proved successful in sim-
plifying operational procedures, as in some case reactions can
now be run with no recourse to the glovebox and using highly
coordinating and even aqueous solvents. Moreover, reactions are
generally highly regioselective, affording branched products
characterised by enantiomeric excesses that usually exceed 90%.
Another feature of allylic substitutions catalysed by iridium-
phosphoramidite complexes is that the sense of the asymmetric
induction and the resulting absolute configuration of the final
compounds seems to be predictable on the basis of an empirical
rule proposed by Helmchen er al.'* Like any other synthetic

CO,Et
EtO,C s
NaCH(CO,Et), P N
[Ir(cod)Cl], (5 mol%)
J\/\ 21a or 21b (10 mol%) 80
A - > +
Ph OCOEt  THF, reflux, 48 h

mza
NS
Ph CO,Et

81

30-62%
80/81 59:41 to 78:22
ee(80) 10-12%

Nu

no examples in the literature

Scheme 36 Problematic trisubstituted allylic electrophiles.

methodology though, there are still some limitations to the use
of Ir-catalysed AAS. For example, the use of trisubstituted
allylic carbonates has only been reported once® with poor
results and therefore the generation of quaternary stereocentres
via Ir-catalysed AAS is not possible to date (Scheme 36). In
addition, the use of prochiral nucleophiles usually results in poor
diastereoselectivity, as mentioned earlier. Future developments
addressing these and other issues can be anticipated to have a
similarly significant impact as the methods discussed in the
current review.

Notes added in proof

During the preparation of this manuscript and its review by the
referees, two important studies were published by the group of
You. In one case an alternative synthesis of (—)-angustureine
ent-72 has been accomplished in the context of an investigation
into the use of a-amino styrenes as nucleophiles for Ir-catalysed
asymmetric allylic substitutions.”” In a second report, You et al.
expanded the scope of the intramolecular Ir-catalysed dearomati-
sation of indoles for the synthesis of five-membered spiroindole-
nines. These products were then successfully converted into five-
membered spiroindolines by reduction with NaBH;CN, or into
enantioenriched 2,3,4,9-tetrahydro-1H-carbazoles via an acid
catalysed stereospecific migration.”®

Abbreviations

9-BBN  9-borabicyclo[3.3.1]nonane
b/l branched to linear ratio
BINOL  1,1'-bi-2-naphthol

cod cycloocta-1,5-diene

coe cyclooctene

Cy cyclohexyl

de diastereoisomeric excess

dr. diastereoisomeric ratio
DABCO 1,4-diazabicyclo[2.2.2]octane
dppf 1,1'-bis(diphenylphosphino)ferrocene
ee enantiomeric excess
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LG leaving group

MOM methoxymethyl

Nu nucleophile

PG protecting group

PMHS polymethylhydrosiloxane

TBD 1,5,7-triazabicyclo[4.4.0]dec-1-ene

TBDMS tert-butyldimethylsilyl

TBDPS  tert-butyldiphenylsilyl

TES triethylsilyl

TIPS triisopropylsilyl

THT tetrahydrothiophene

™S trimethylsilyl

Acknowledgements

We thank the EPSRC and GlaxoSmithKline for support (EP/

E020712/1) and Amanda Campbell and Dr David House
(GlaxoSmithKline) for their assistance in the project.

Notes and references

1

w

W

[ BEN | [=)}

el

10

12

13

Selected recent reviews on Pd-catalysed AAS: (a) G. Poli, G. Prestat,
F. Liron and C. Kammerer-Pentier, Top. Organomet. Chem., 2012, 38, 1—
64; (b) J. Kleimark and P.-O. Norrby, Top. Organomet. Chem., 2012, 38,
65-94; (¢) L. Milhau and P. J. Guiry, Top. Organomet. Chem., 2012, 38,
95-154; (d) B. M. Trost, T. Zhang and J. D. Sieber, Chem. Sci., 2010, 1,
427-440; (e) B. M. Trost, J. Org. Chem., 2004, 69, 5813-5837; (f) B.
M. Trost and M. L. Crawley, Chem. Rev., 2003, 103, 2921-2943.
Selected recent reviews: (@) C. Moberg, Top. Organomet. Chem., 2012,
38, 209-234; (b) S. W. Krska, D. L. Hughes, R. A. Reamer, D. J. Mathre,
M. Palucki, N. Yasuda, Y. Sun and B. M. Trost, Pure Appl. Chem., 2004,
76, 625-633; (c) O. Belda and C. Moberg, Acc. Chem. Res., 2004, 37,
159-167.

For a recent overview of asymmetric allylic substitutions catalysed by Fe,
Co, Ru, Rh, Ni and Pt see: J.-M. Begouin, J. E. M. N. Klein,
D. Weickmann and B. Plietker, Top. Organomet. Chem., 2012, 38, 269—
320 and references therein.

Selected recent reviews: (a) J.-P. Langlois and A. Alexakis, Top. Organo-
met. Chem., 2012, 38, 235-268; (b) S. R. Harutyunyan, T. den Hartog,
K. Geurts, A. J. Minnaard and B. L. Feringa, Chem. Rev., 2008, 108,
2824-2852; (¢) K. Geurts, S. P. Fletcher, A. W. van Zijl, A. J. Minnaard
and B. L. Feringa, Pure Appl. Chem., 2008, 80, 1025-1037; (d) C.
A. Falciola and A. Alexakis, Eur. J. Org. Chem., 2008, 3765-3780;
(e) A. Alexakis, J.-E. Backvall, N. Krause, O. Pamies and M. Diéguez,
Chem. Rev., 2008, 108, 2796-2823; (f) A. Alexakis, C. Malan, L. Lea,
K. Tissot-Croset, D. Polet and C. A. Falciola, Chimia, 2006, 60, 124—
130; (g) H. Yorimitsu and K. Oshima, Angew. Chem., Int. Ed., 2005, 44,
4435-4439,

Selected recent reviews: (a) W.-B. Liu, J.-B. Xia and S.-L. You, 7op.
Organomet. Chem., 2012, 38, 155-208; (b) J. F. Hartwig and M. J. Pouy,
Top. Organomet. Chem., 2011, 34, 169-208; (c) J. F. Hartwig and L.
M. Stanley, Acc. Chem. Res., 2010, 43, 1461-1475; (d) G. Helmchen, In
Iridium Complexes in Organic Synthesis, L. A. Oro and C. Claver (Eds.),
Wiley-VCH, Weinheim, Germany, 2009, pp. 211-250; (e) G. Helmchen,
A. Dahnz, P. Diibon, M. Schelwies and R. Weihofen, Chem. Commun.,
2007, 675-691; (f) R. Takeuchi and S. Kezuka, Synthesis, 2006, 3349—
3366; (g) R. Takeuchi, Synlett, 2002, 1954—1965.

R. Takeuchi and M. Kashio, Angew. Chem., Int. Ed. Engl., 1997, 36,
263-265.

J. P. Janssen and G. Helmchen, Tetrahedron Lett., 1997, 38, 8025-8026.
B. Bartels, C. Garcia-Yebra and G. Helmchen, Eur: J. Org. Chem., 2003,
1097-1103.

B. Bartels, C. Garcia-Yebra, F. Rominger and G. Helmchen, Eur. J. Inorg.
Chem., 2002, 2569-2586.

B. Bartels and G. Helmchen, Chem. Commun., 1999, 741-742.

R. Takeuchi and M. Kashio, J. Am. Chem. Soc., 1998, 120, 8647—-8655.
T. Ohmura and J. F. Hartwig, J. Am. Chem. Soc., 2002, 124, 15164—
15165.

C. A. Kiener, C. Shu, C. Incarvito and J. F. Hartwig, J. Am. Chem. Soc.,
2003, 125, 14272-14273.

14

15
16

24

25
26

27

28

29

30

3

—_

32

33

35

36

37

39

40

4

uiy

42

43

44

45

46

47

C. Welter, O. Koch, G. Lipowsky and G. Helmchen, Chem. Commun.,
2004, 896-897.

A. Leitner, C. Shu and J. F. Hartwig, Org. Lett., 2005, 7, 1093—-1096.

C. Shu, A. Leitner and J. F. Hartwig, Angew. Chem., Int. Ed., 2004, 43,
4797-4800.

T. Graening and J. F. Hartwig, J. Am. Chem. Soc., 2005, 127, 17192—
17193.

A. Dahnz and G. Helmchen, Synlett, 2006, 697—700.

R. Weihofen, O. Tverskoy and G. Helmchen, Angew. Chem., Int. Ed.,
2006, 45, 5546-5549.

C. Gnamm, S. Forster, N. Miller, K. Brodner and G. Helmchen, Synl/ett,
2007, 790-794.

D. J. Weix and J. F. Hartwig, J. Am. Chem. Soc., 2007, 129, 7720-7721.
S. Forster, O. Tverskoy and G. Helmchen, Synlett, 2008, 2803-2806.
W.-B. Liu, H. He, L.-X. Dai and S.-L. You, Org. Lett., 2008, 10, 1815—
1818.

S. Ueno and J. F. Hartwig, Angew. Chem., Int. Ed., 2008, 47, 1928—
1931.

W.-B. Liu, H. He, L.-X. Dai and S.-L. You, Synthesis, 2009, 2076-2082.
G. Lipowsky, N. Miller and G. Helmchen, Angew. Chem., Int. Ed., 2004,
43, 4595-4597.

S. Streiff, C. Welter, M. Schelwies, G. Lipowsky, N. Miller and
G. Helmchen, Chem. Commun., 2005, 2957-2959.

(a) K. Tissot-Croset, D. Polet and A. Alexakis, Angew. Chem., Int. Ed.,
2004, 43, 2426-2428; (b) D. Polet and A. Alexakis, Org. Lett., 2005, 7,
1621-1624; (c) D. Polet, A. Alexakis, K. Tissot-Croset, C. Corminboeuf
and K. Ditrich, Chem.—FEur: J., 2006, 12, 3596-3609.

A. Leitner, C. Shu and J. F. Hartwig, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 5830-5833.

A. Leitner, S. Shekhar, M. J. Pouy and J. F. Hartwig, J. Am. Chem. Soc.,
2005, 127, 15506—-15514.

C. Welter, A. Dahnz, B. Brunner, S. Streiff, P. Diibon and G. Helmchen,
Org. Lett., 2005, 7, 1239-1242.

J. E. Teichert and B. L. Feringa, Angew. Chem., Int. Ed., 2010, 49, 2486—
2528.

C. Shu and J. F. Hartwig, Angew. Chem., Int. Ed., 2004, 43, 4794-4797.
(a) H. He, X.-J. Zheng, Y. Li, L.-X. Dai and S.-L. You, Org. Lett., 2007,
9, 4339-4341; (b) W.-B. Liu, S.-C. Zheng, H. He, X.-M. Zhao, L.-X. Dai
and S.-L. You, Chem. Commun., 2009, 6604-6606; (c) H. He, W.-B. Liu,
L.-X. Dai and S.-L. You, Angew. Chem., Int. Ed., 2010, 49, 1496-1499.
G. Onodera, K. Watabe, M. Matsubara, K. Oda, S. Kezuka and
R. Takeuchi, Adv. Synth. Catal., 2008, 350, 2725-2732.

(a) T. Nemoto, T. Sakamoto, T. Matsumoto and Y. Hamada, Tetrahedron
Lett., 2006, 47, 8737-8740; (b) T. Nemoto, Chem. Pharm. Bull., 2008,
56, 1213-1228.

M. Kimura and Y. Uozumi, J. Org. Chem., 2007, 72, 707-714.

C. Garcia-Yebra, J. P. Janssen, F. Rominger and G. Helmchen, Organo-
metallics, 2004, 23, 5459-5470.

(a) H. Miyabe, A. Matsumura, K. Moriyama and Y. Takemoto, Org. Lett.,
2004, 6, 4631-4634; (b) H. Miyabe, K. Yoshida, M. Yamauchi and
Y. Takemoto, J. Org. Chem., 2005, 70, 2148-2153; (¢) V. K. Reddy,
H. Miyabe, M. Yamauchi and Y. Takemoto, Tetrahedron, 2008, 64,
1040-1048; (d) H. Miyabe, A. Matsumura, K. Yoshida and Y. Takemoto,
Tetrahedron, 2009, 65, 4464-4470; (e¢) H. Miyabe, K. Yoshida, V.
K. Reddy and Y. Takemoto, J. Org. Chem., 2009, 74, 305-311.

C. Fischer, C. Defieber, T. Suzuki and E. M. Carreira, J. Am. Chem. Soc.,
2004, 126, 1628-1629.

S. Spiess, C. Welter, G. Franck, J.-P. Taquet and G. Helmchen, Angew.
Chem., Int. Ed., 2008, 47, 7652-7655.

P. Tosatti, J. Horn, A. J. Campbell, D. House, A. Nelson and S.
P. Marsden, Adv. Synth. Catal., 2010, 352, 3153-3157.

D. Markovi¢ and J. F. Hartwig, J. Am. Chem. Soc., 2007, 129, 11680—
11681.

S. T. Madrahimov, D. Markovi¢ and J. F. Hartwig, J. Am. Chem. Soc.,
2009, 131, 7228-7229.

(a) S. Spiess, J. A. Raskatov, C. Gnamm, K. Brodner and G. Helmchen,
Chem.—Eur. J., 2009, 15, 11087-11090; (b) J. A. Raskatov, S. Spiess,
C. Gnamm, K. Brodner, F. Rominger and G. Helmchen, Chem.—Eur. J.,
2010, 16, 6601-6615.

(a) C. Gnamm, K. Brodner, C. M. Krauter and G. Helmchen, Chem.—Eur:
J., 2009, 15, 10514-10532; (b) R. Takeuchi and N. Shiga, Org. Lett.,
1999, 1, 265-267; (c¢) R. Takeuchi and M. Kashio, J. Am. Chem. Soc.,
1998, 120, 8647-8655.

(a) T. Kanayama, K. Yoshida, H. Miyabe and Y. Takemoto, Angew.
Chem., Int. Ed., 2003, 42, 2054-2056; (b) T. Kanayama, K. Yoshida,

3162 | Org. Biomol. Chem., 2012, 10, 3147-3163

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ob07086c

Downloaded by State University of New York at Albany on 31 March 2012
Published on 15 February 2012 on http://pubs.rsc.org | doi:10.1039/C20B07086C

View Online

48

49

50

5

—

52

53

54

55

56

57

58

59

60

H. Miyabe, T. Kimachi and Y. Takemoto, J. Org. Chem., 2003, 68, 6197—
6201.

(a) M. Schelwies, P. Diibon and G. Helmchen, Angew. Chem., Int. Ed.,
2006, 45, 2466-2469; (b) P. Diibon, M. Schelwies and G. Helmchen,
Chem.—Eur. J., 2008, 14, 6722—6733.

For phenols: (@) Q.-F. Wu, W.-B. Liu, C.-X. Zhuo, Z.-Q. Rong, K.-Y. Ye
and S.-L. You, Angew. Chem., Int. Ed., 2011, 50, 4455-4458; for pyr-
roles: (b) C.-X. Zhuo, W.-B. Liu, Q.-F. Wu and S.-L. You, Chem. Sci.,
2012, 3, 205-208.

Q.-F. Wu, H. He, W.-B. Liu and S.-L. You, J. Am. Chem. Soc., 2010,
132, 11418-11419.

C. Gnamm, G. Franck, N. Miller, T. Stork, K. Brodner and G. Helmchen,
Synthesis, 2008, 3331-3350.

G. Franck, K. Brodner and G. Helmchen, Org. Lett., 2010, 12, 3886~
3889.

(a) C. Forster and G. Helmchen, Synlett, 2008, 831-836; (b) S. Forster,
E. Persch, O. Tverskoy, F. Rominger, G. Helmchen, C. Klein, B. Gonen
and B. Briigger, Eur. J. Org. Chem., 2011, 878-891.

(a) A. Alexakis, S. E. Hajjaji, D. Polet and X. Rathgeb, Org. Lett., 2007,
9, 3393-3395; (b) D. Polet, X. Rathgeb, C. A. Falciola, J.-B. Langlois, S.
E. Hajjaji and A. Alexakis, Chem.—Eur. J., 2009, 15, 1205-1216.

C. Welter, R. M. Moreno, S. Streiff and G. Helmchen, Org. Biomol.
Chem., 2005, 3, 3266-3268.

C. Gnamm, C. M. Krauter, K. Brodner and G. Helmchen, Chem.—Eur. J.,
2009, 15, 2050-2054.

P. Tosatti, A. J. Campbell, D. House, A. Nelson and S. P. Marsden, J.
Org. Chem., 2011, 76, 5495-5501.

(a) R. Weihofen, A. Dahnz, O. Tverskoy and G. Helmchen, Chem.
Commun., 2005, 3541-3543; (b) S. Spiess, C. Berthold, R. Weihofen and
G. Helmchen, Org. Biomol. Chem., 2007, 5, 2357-2360.

(a) M. J. Pouy, A. Leitner, D. J. Weix, S. Ueno and J. F. Hartwig, Org.
Lett., 2007, 9, 3949-3952; (b) D. J. Weix, D. Markovi¢, M. Ueda and J.
F. Hartwig, Org. Lett., 2009, 11, 2944-2947.

C. Defieber, M. A. Ariger, P. Moriel and E. M. Carreira, Angew. Chem.,
Int. Ed., 2007, 46, 3139-3143.

61
62

63

64

65

66

67

68

69

70

71
72

73

74
75

76

77

78

O. V. Singh and H. Han, Tetrahedron Lett., 2007, 48, 7094-7098.

M. J. Pouy, L. M. Stanley and J. F. Hartwig, J. A4m. Chem. Soc., 2009,
131, 11312-11313.

(a) A. Farwick and G. Helmchen, Org. Lett., 2010, 12, 1108-1111;
(b) A. Farwick, J. U. Engelhart, O. Tverskoy, C. Welter, Q. A. Umlauf,
F. Rominger, W. J. Kerr and G. Helmchen, Adv. Synth. Catal., 2011, 353,
349-370.

J.-B. Xia, W.-B. Liu, T.-M. Wang and S.-L. You, Chem.—Eur. J., 2010,
16, 6442-6446.

M. Schelwies, A. Farwick, F. Rominger and G. Helmchen, J. Org.
Chem., 2010, 75, 7917-7919.

M. Girtner, R. Weihofen and G. Helmchen, Chem.—Eur. J., 2011, 17,
7605-7622.

A. Farwick and G. Helmchen, Adv. Synth. Catal., 2010, 352, 1023—
1032.

G. Satyanarayana, D. Pfldsterer and G. Helmchen, Eur. J. Org. Chem.,
2011, 6877-6886.

L. M. Stanley and J. F. Hartwig, Angew. Chem., Int. Ed., 2009, 48, 7841—
7844.

L. M. Stanley and J. F. Hartwig, J. Am. Chem. Soc., 2009, 131, 8971—
8983.

R. Matuans, A. J. Lai and C. Lee, Tetrahedron, 2005, 61, 6298-6308.

H. Miyabe, K. Yoshida, A. Matsumura, M. Yamauchi and Y. Takemoto,
Synlett, 2003, 567-569.

F. Lopez, T. Ohmura and J. E. Hartwig, J. Am. Chem. Soc., 2003, 125,
3426-3427.

V. Bohrsch and S. Blechert, Chem. Commun., 2006, 1968—1970.

1. Lyothier, C. Defieber and E. M. Carreira, Angew. Chem., Int. Ed., 2006,
45, 6204-6207.

M. Girtner, S. Mader, K. Seehafer and G. Helmchen, J. Am. Chem. Soc.,
2011, 133, 2072-2075.

K.-Y. Ye, H. He, W.-B. Liu, L.-X. Dai, G. Helmchen and S.-L. You, J.
Am. Chem. Soc., 2011, 133, 19006-19014.

Q.-E. Wu, C. Zheng and S.-L. You, Angew. Chem., Int. Ed., 2012, 51,
1680-1683.

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 3147-3163 | 3163


http://dx.doi.org/10.1039/c2ob07086c

