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Conspectus

Enantioselective allylic substitution reactions comprise some of the most versatile methods for
preparing enantiomerically enriched materials. These reactions form products that contain multiple
functionalities by creating carbon-nitrogen, carbon—oxygen, carbon—carbon, and carbon—sulfur
bonds. For many years, the development of catalysts for allylic substitution focused on palladium
complexes. However, studies of complexes of other metals have revealed selectivities that often
complement those of palladium systems. Most striking is the observation that reactions with
unsymmetrical allylic electrophiles that typically occur with palladium catalysts at the less
hindered site of an allylic electrophile occur at the more hindered site with catalysts based on other
metals. In this Account, we describe an iridium precursor and a phosphoramidite ligand that
catalyze reactions with a particularly broad scope of nucleophiles.

The active form of this iridium catalyst is not generated by the simple binding of the
phosphoramidite ligand to the metal precursor. Instead, the initial phosphoramidite and iridium
precursor react in the presence of base to form a metallacyclic species that is the active catalyst.
This species is generated either in situ or separately in isolated form by reactions with added base.
The identification of the structure of the active catalyst led to the development of simplified
catalysts as well as the most active form of the catalyst now available, which is stabilized by a
loosely bound ethylene. Most recently, this structure was used to prepare intermediates containing
allyl ligands, the structures of which provide a model for the enantioselectivities discussed here.

Initial studies from our laboratory on the scope of iridium-catalyzed allylic substitution showed
that reactions of primary and secondary amines, including alkylamines, benzylamines, and
allylamines, and reactions of phenoxides and alkoxides occurred in high yields, with high
branched-to-linear ratios and high enantioselectivities. Parallel mechanistic studies had revealed
the metallacyclic structure of the active catalyst, and subsequent experiments with the
purposefully formed metallacycle increased the reaction scope dramatically. Aromatic amines,
azoles, ammonia, and amides and carbamates as ammonia equivalents all reacted with high
selectivities and yields. Moreover, weakly basic enolates (such as silyl enol ethers) and enolate
equivalents (such as enamines) also reacted, and other research groups have used this catalyst to
conduct reactions of stabilized carbon nucleophiles in the absence of additional base.

One hallmark of the reactions catalyzed by this iridium system is the invariably high
enantioselectivity, which reflects a high stereoselectivity for formation of the allyl intermediate.
Enantioselectivity typically exceeds 95%, regioselectivity for formation of branched over linear
products is usually near 20:1, and yields generally exceed 75% and are often greater than 90%.
Thus, the development of iridium catalysts for enantioselective allylic substitution shows how
studies of reaction mechanism can lead to a particularly active and a remarkably general system
for an enantioselective process. In this case, a readily accessible catalyst effects allylic
substitution, with high enantioselectivity and regioselectivity complementary to that of the
venerable palladium systems.
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1. Introduction

Catalytic allylic substitution (eq 1) was one of the first examples of organometallic catalysts
applied to organic synthesis.1~3 For decades, the development of catalysts for these
reactions focused on palladium complexes.2~4 The scope of nucleophiles that have been
shown to undergo palladium-catalyzed allylic substitution is broad, and many ligands have
been identified that create catalysts for enantioselective allylic substitution with high
stereoselectivities. However, reactions catalyzed by complexes of other metals often occur
with selectivities that differ from those of palladium. For this reason allylic substitution
catalyzed by complexes of metals other than palladium has become a focus of recent

research.
R X R NU ypically formed by catalysts based on pallad
catalyst ypically formed by catalysts based on palladium
or = . or
R Nu® R
Y\ oF \‘/\ often formed by catalysts based on other metals
X Nu-H + base Nu

1

In particular, palladium catalysts usually form linear, achiral products from the reactions of
allylic electrophiles that are substituted at only one terminus, whereas catalysts based on
other metals typically form branched, chiral products from the reactions of such
electrophiles (eq 1). Although complexes of many metals, including certain palladium
systems,5 form products from substitution at the more hindered position of an allylic
electrophile, few such complexes are readily accessible, give the branched isomer from a
wide range of allylic electrophiles, and react with high enantioselectivities. The development
of this chemistry with complexes of molybdenum and tungsten6—8 had progressed the
furthest prior to the work described in this account, but reactions catalyzed by complexes of
these metals encompassed only certain classes of carbon nucleophiles and did not
encompass heteroatom nucleophiles.

Work from the laboratories of the authors, with contributions from Alexakis and Helmchen,
led to complexes generated from an iridium precursor and a phosphoramidite ligand that
catalyze allylic substitution of a broad range of carbon and heteroatom nucleophiles at the
more substituted position of unsymmetrical allylic electrophiles with high enantioselectivity.
Mechanistic studies of this process conducted in the authors’ laboratory revealed an unusual
structure of the active catalyst that is far from that of the species formed by simple
coordination of the phosphoramidite ligand to the iridium precursor. Identification of this
catalyst structure led to dramatic improvements in rate and scope. This account describes

Acc Chem Res. Author manuscript; available in PMC 2011 December 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hartwig and Stanley

Page 3

asymmetric allylic substitution catalyzed by these new iridium complexes and how
identification of the structure of the true catalyst was crucial to this development.

2. Prior studies on rhodium- and iridium-catalyzed allylic substitution

Prior to the work described in this account, the group of P. Andrew Evans had shown that
optically enriched, branched allylic carbonates underwent nucleophilic substitution with a
high degree of retention of configuration in the presence of rhodium catalysts (eq 2).9 In
addition, Takeuchi and coworkers had shown that iridium complexes catalyze allylic
alkylation and amination of linear allylic carbonates to generate branched substitution
products (for an example, see eq 3).10-12 However, these rhodium and iridium catalysts
were achiral. One early publication by Helmchen showed that iridium complexes of chiral
phosphine-oxazoline ligands catalyzed asymmetric allylic substitution of soft carbon
nucleophiles with excellent regioselectivity and high enantioselectivity (eq 4).13 Further
studies showed that a catalyst generated from [Ir(COD)CI], and a chiral phosphoramidite
ligand containing a dimethyl amino group14 was more active than that containing the
phosphine-oxazoline, but enantioselectivities of allylic alkylation reactions with this second
system varied from 4% to 86% ee (eq 5), and those of allylic aminations were 11-13% ee
(eq 6).14:15

R\‘/\ Rh(PPhs);Cl/P(OMes) RY\

X Nu@ or Nu
Nu-H + base

(2)

[I(COD)Cl], (4 mol %)

Ph” " 0CO,Me P(OPh); (16mal%) Rl .R?
1 —_— =
R EtOH P>
+ HN ’ 50 °C or reflux Ph
R branched-to-linear (b:l) ratio: 2:1 to 25:1

racemic

(3)

NaCH(CO,Me), (6 equiv)
g [ICOD)ClI], (4 mol %) MeO,C_ _CO.Me
Oy o tmdoman _
MeO THF, reflux, 24 h
MeO

98% yield

o O
Ligand = 99:1 bil
N PAr, 95% ee

Ar = 4-F4C-CgHy

(4)
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NaCH(CO,Me), (2 equiv)
LiCl (1 equiv) NaCH(CO,Me); (2 equiv)

one [ICOD)CI]; (2mol %) Me0,C._CO,Me [IMCOD)Cil, (2 mol %)

. P Ligand (4 mol %) P Ligand (4 mol %) R/\/\OAC
THF, 1t, 3h R THF, 1, 3h
R =Me, Ph, 78-99% yield 54-99% yield R =Ph or Ph(CHy),
Ph(CH,),, 94:6 to 99:1 bl 95:5 to 98:2 bl
MOMOCH,,  4-86% ee 37-43% ee
MOMO(CHy), Q
Ligand = P-NMe,
T’
(%)
/\}Oic/ LiN(CH,Ph)Ts (2 equiv)
Z Ir(COD)Cl]; (2 mol %
Ph [ I'( ) ]2 ( mol °) Ts CH,Ph
o Ligand (4 mol %) SN2
THF, rt ANNF
’ Ph
Ph™>""0Ac ,
47-97% yield
OO 85:15 t0 99:1 bl
-13%
A Q 11-13% ee
Ligand = /P—NMez
e
(6)

3. Discovery of a general catalyst for iridium-catalyzed enantioselective
allylic substitution

In contrast to this prior art, reactions between neutral amine nucleophiles and linear allylic
carbonates conducted by Toshimichi Ohmura in the author’s laboratory with an iridium
catalyst generated from the phosphoramidite L1 occurred in 58-95% yield, with high
branch-to-linear ratios (11:1 to >99:1), and 94-97% enantioselectivities (eq 7 and Chart 1)
in all but two cases.16 Moreover, these initial reactions occurred at room temperature with
only 2 mol % iridium. Allylic alkylation catalyzed by [Ir(COD)CI], and L1 was reported by
Helmchen at a similar time,17 and these reactions occurred in 56-98% yield with
regioselectivities between 1:1 and 10:1 and 82-94% ee (eq 8). The high selectivities and
yields observed for the asymmetric allylic amination, in particular, marked a clear path for
studies on the development of the scope of iridium-catalyzed allylic substitution, but the
mechanistic complexity of this system and the importance of subsequent mechanistic studies
were unanticipated. This complexity created several roadblocks and several resulting
experimental detours.

[I(COD)CIl, (1 mol %)
R™N-"0c0o,Me y

(R,R,R)-L1 (2 mol %) NR'R?
+ R'R2NH THF, n R
58-95% yield
OO Ph 86:14 10 >99:1 bl
0 e 76-97% ee
(RR,R)-L1 = P—N

(7)
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NaCH(CO,Me), (2 equiv)

LiCl (1 equiv)

[I(COD)Cl], (2 mol %)

(5,5,9)-L1 (4 mol %) MeO;C. - COMe

1
Losptdme |
THF, rt or 50 °C RNF

R = Me, i-Pr, Ph(CH,),, 56-98% yield
MOMO(CHj),, Ph ‘ o Ph> 55:45 to 91:9 b:l

85511 NN O ) 82-94% ee

P-N
SO

R/\/\OAC

(8)

The high enantioselectivity observed with a 1:1 ratio of iridium to phosphoramidite was
initially perplexing. A highly enantioselective catalyst containing a single monodentate
phosphorus ligand is rare; usually reactions of complexes of bidentate chiral ligands occur
with higher enantioselectivity because the second point of binding dramatically decreases
the number of degrees of freedom of the ligand.18 The origin of the observed
enantioselectivity will be discussed in the section describing our studies on catalysts with
edited stereochemistry.

As shown in Chart 1, a broad range of primary benzylic, allylic and saturated aliphatic
amines, as well as cyclic and acyclic secondary amines, underwent iridium-catalyzed allylic
substitution in good yields with good branched-to-linear ratios and high enantioselectivities
(typically 94-97% ee) at room temperature to 50 °C. Reactions of primary amines occurred
with good selectivity for formation of the mono-allylation product (>98:2). As shown in
Chart 2, the reaction also occurred with a series of allylic carbonates.16:19 These allylic
substitutions even occurred with high enantioselectivities with purely straight-chain,
aliphatic carbonates, as shown by the last example in Chart 2, which occurred in 98% ee.

4. Initial scope of iridium-catalyzed allylic substitution

4.1. Reactions of oxygen nucleophiles

Allylic substitution to form the branched product also occurred with high yields and
selectivities with oxygen nucleophiles.20:21 Allylic substitutions with phenoxide
nucleophiles had been reported with rhodium22 and palladium catalysts,23:24 but
enantioselective reactions that formed products from substitution at the more hindered
position with high regioselectivity were rare. Toshimichi Ohmura and Fernando Lopez
showed that reactions of lithium and sodium phenoxides with allylic carbonates occurred in
good yield with moderate catalyst loadings and with good to excellent branch-to-linear
ratios and enantioselectivities (Chart 3).20 With the system developed at that time (vide
infra for improved catalysts), some of the reactions of the phenoxide nucleophiles occurred
with lower enantioselectivities than had been observed with nitrogen nucleophiles.
However, the enantioselectivities remained above 90% in most cases.

In contrast to reactions of phenoxide nucleophiles, there was little precedent for
intermolecular enantioselective reactions of aliphatic alkoxides with allylic electrophiles.
Evans had shown that achiral rhodium complexes catalyze stereoretentive allylic
substitution with copper alkoxides,25:26 but no complex of any metal catalyzed
intermolecular asymmetric allylic substitution of achiral allylic electrophiles with aliphatic
alkoxide nucleophiles with both high yield and enantioselectivity. Using the catalyst
generated from the phosphoramidite ligand L2 containing a bis(1-naphthylethyl)amino
group on phosphorus, Chutian Shu developed reactions of aliphatic alkoxides that occurred
in high yields and with enantioselectivities that were similar to those observed with nitrogen
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nucleophiles (Chart 4).21 Reactions of hindered and unhindered alkoxides occurred with
high selectivities with aromatic and aliphatic allylic carbonates. In some cases, these
reactions formed hindered ethers that are challenging to prepare by the Williamson ether
synthesis due to competing elimination. In addition, these reactions occurred with allylic or
homoallylic alcohols to form precursors to oxygen heterocycles with defined
stereochemistry alpha to oxygen by olefin metathesis. The catalyst also controlled the
diastereoselectivity of reactions of chiral alkoxides. The diastereoselectivities were nearly
identical to the enantioselectivities of reactions of achiral alcohols. This first set of studies
was conducted with copper alkoxides to temper the basicity of the nucleophile, but later
studies by Satoshi Ueno showed that these reactions occurred in a similar fashion with the
combination of alcohol and phosphate base.27 Related reactions of KOSiEtz with aromatic,
heteroaromatic, dienyl, and aliphatic allylic carbonates were shown by Carreira and co-
workers to occur with this catalyst to form protected allylic alcohols in high ee (eq 9).28

TESOK (2 equiv)
[Ir(COD)Cl], (1 mol %)

(5,5,5)-L1 (2 mol %) OH
R™N-""0C0,tBu P
CH,Cly, 1t R
R=aryl, heteroaryl €N ad- NaOHOr TBAF 5 gq0/ viclg
dienyl, alkyl 92-99% ee

9)

4.2. Reactions of carbon nucleophiles

This combination of phosphoramidite and iridium precursor also catalyzed reactions of
carbon nucleophiles with high selectivities. Work of other groups showed that this system
catalyzes the reactions of stabilized, anionic carbon nucleophiles typically used for allylic
substitution.29732 Helmchen33735 and You36 have subsequently shown that the this
iridium-phosphoramidite complex catalyzes reactions of allylic carbonates with a series
acidic carbon pronucleophiles under the salt-free conditions initially reported by Tsuji with
palladium catalysts.37 Our studies aimed to exploit this iridium catalyst for reactions of
nucleophiles that typically have been less amenable to allylic substitution processes.

Tim Graening showed that an unusual combination of two different metal fluorides activated
trimethylsilyl enol ethers toward iridium-catalyzed asymmetric allylic substitution (Chart 5).
38 Reactions of allylic carbonates with silyl enol ethers and cesium fluoride alone as
activator led to cleavage of the silyl enol ether to form the cesium enolate that reacted with
unremarkable regio-and enantioselectivities. The same reaction, but with zinc fluoride alone
as activator, occurred to low conversion. However, the reactions of allylic carbonates with
silyl enol ethers and a combination of these two metal fluorides occurred to form
homoallylic ketones containing a stereogenic center beta to the carbonyl group with high
regioselectivity and enantioselectivity. Reactions of aromatic ketones occurred in high yield;
reactions of aliphatic ketones occurred with high selectivities but in modest yields. Improved
reactions with alternative equivalents of aliphatic ketone enolates are described later in this
account.

5. Mechanistic studies

5.1. Identification of a catalytically active cyclometallated species

Although this iridium system catalyzed asymmetric allylation of many nitrogen, oxygen, and
carbon nucleophiles, several classes of such nucleophiles did not react in the presence of the
original catalyst. For example, weakly basic amines, such as aromatic amines, weakly basic
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carbon nucleophiles, such as enamines, and weakly basic heterocycles, such as imidazoles,
failed to react in the presence of the original catalyst. Thus, we sought to identify
intermediates in the allylic substitution process. These studies underscored how the active
catalyst in a system can be much different than planned. Through a series of mechanistic
studies, each leading to procedures that improved the reaction scope, we developed a
detailed picture of the structure of the active catalyst, the relative rates of the individual
steps of the catalytic cycle, and the origin of enantioselection.

A typical catalytic cycle for allylic substitution1:3 occurs by oxidative addition of an allylic
electrophile to a low-valent, transition-metal complex to generate an allyl-metal intermediate
(Scheme 1). This intermediate then reacts with the nucleophile, most commonly by backside
attack of the nucleophile on a cationic version of the allyl-metal intermediate. Dissociation
of the product from the metal center regenerates the active catalyst. The identity of the low-
valent metal complex and the allyl intermediate in our iridium-catalyzed process was
unclear.

(S,S,9)-L1 ||, nCl
172 [ICOD)CIl, = A=

(10

Initial studies by Christoph Kiener39 showed that [Ir(COD)CI], and L1 formed the square
planar complex in eq 10. However, this iridium(l) species did not react with the allylic
carbonate, indicating that this iridium(l) species was not a catalytic intermediate. The true
intermediate was elusive until Christoph identified the metallacyclic product 1 in Scheme 2
resulting from reaction of [Ir(COD)CI(L1)] with an alkylamine. Intramolecular C-H
activation of a ligand methyl group, followed by elimination of alkylamineeHCI, formed the
five-coordinate metallacycle 1 containing one cyclometallated «2-phosphoramidite and one
«l-phosphoramidite. Displacement of the «!-phosphoramidite by trimethylphosphine yielded
crystals suitable for X-ray diffraction and definitive identification of the structure of the
metallacyclic core.

The formation of this cyclometallated species does not require it to be relevant to the
catalytic cycle. Many palladacycles have been shown to be catalyst precursors, rather than
the active catalyst.40:41 The profile of reactions catalyzed by the initial system generated in
situ, the metallacyclic species generated prior to adding the reagents, and the isolated five-
coordinate complex with an additional equivalent of [Ir(COD)CI], in Figure 1 provides
information on the competence of the metallacycle to be an intermediate in the catalytic
process. Reactions in the presence of the pre-activated catalyst occurred faster than reactions
with the original system, and the appearance of product during the reactions of the original
catalyst occurred with a clear induction period. Thus, the cyclometallated core appeared to
be present in the active catalyst, and cyclometallation is likely occurring during the
induction period observed with the original system.

Based on this result, several procedures have been developed for the generation of the active
catalyst in situ. The reaction of [Ir(COD)CI], and ligand with propylamine, followed by
evaporation of the volatile materials, generates a solid consisting of the five-coordinate
species and remaining [Ir(COD)CI],. This solid was stored as a stable form of the
metallacyclic catalyst. Now, this protocol or related protocols31:42:43 for the generation of
the metallacyclic catalyst by addition of base to [Ir(COD)CI], and L1 or a variant of L1 are
common in reactions involving weakly basic nucleophiles.27:33735:38:43747

Acc Chem Res. Author manuscript; available in PMC 2011 December 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hartwig and Stanley

Page 8

5.2. Identification of the catalyst resting state and analysis of the reaction kinetics

Dean Markovic then sought to identify the species contained within the catalytic cycle.48
By monitoring the reaction of aniline with methyl cinnamyl carbonate in the presence of the
pre-activated iridium catalyst he showed that the major iridium complex in this system was
2 in eq 11 containing the coordinated allylic amine product. This complex was
independently synthesized from [Ir(COD)CI],, the phosphoramidite ligand, the allylic amine
and propylamine as base. A more stable analog (3a) containing ethylene in place of the
allylic amine was prepared by a similar method (eq 12). This ethylene complex has been
prepared on multi-gram scale in a single step from commercial precursors in yields above
909%.

7 11

N

(7-10mol %) Ph  Ph NHPh
[ICOD)CI], (14-20 mol %)
PhNH, + Ph™-"~0C0,Me N

major iridium species observed:
NHPh

(0/“‘\\/:\%
/J”L‘/P/\OF) 2
|

0

—

Ar Ar

(11)

+ ethylene 7N\
+ PrNH, ) ll,-* e
- PrNHCI rCFl’\o

S,5,5)-L1 + 1/2 [Ir(COD)CI
( ) [Ir( )Cll2 W’ N

Ph Ph

[Ir(COD)(x2-L1)(ethylene)]
((S,S,9)-3a)

(12)

NHPh

N Y 0CO,Me

7 \/'\Ph
s o’) PN ®
Y 2
—Ir‘F‘,/\O + Ph 0COMe —//—» (COD)(>L1)Ir ~__Ph

2 2
Ph Ph

(13)

Studies on the generation of allyliridium complexes led to some unexpected information on
the catalytic system. Treatment of the olefin adduct 2 with methyl cinnamyl carbonate led to
no observable change in the starting olefin adduct (eq 13).48 This result could imply that the
alkene adduct, and any allyl complex derived from it, are not relevant to the catalytic cycle.
Alternatively, the allyliridium species could lie uphill thermodynamically from the olefin
adduct and form reversibly. In the latter case, the reversible addition of the allylic carbonate
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would be followed by an irreversible reaction with the nucleophile (Scheme 3). This
catalytic cycle would be first order in catalyst, inverse-first order in the bound olefin, and
first order in both the electrophile and nucleophile. The experimental data matched this
prediction.48

With further support of the relevance of the observed complexes to the catalytic chemistry,
we resolved to isolate the allyliridium intermediates and succeeded by using more reactive
allylic electrophiles.49 Reaction of the ethylene complex 3a with allyl chloride or crotyl
chloride formed new iridium complexes that contain an allyl unit. Addition of a silver salt
containing a poorly coordinating anion allowed us to isolate the stable allyliridium and
crotyliridium species 4a and 4b (eq 14). Sherzod Madrahimov obtained single crystals of
several allyliridium species that were suitable for X-ray diffraction; the structure of the
crotyliridium intermediate 4b is shown in Figure 2.

N
I 0 @\
IrCP/\Q THE | flr‘p\O AgX —Ir‘p\o
| -

CoHy L/ ‘ AgCI
) N
o XYY \(
Ph Ph Ph Ph Ph Ph
TR 4a: R = H, X=0OTf
R = Hor CH, 4b: R = CHj5, X=PFg4

(14)

The metallacyclic core of the proposed activated catalyst is maintained in the crotyliridium
species 4b, and the cyclooctadiene ligand of the catalyst precursor remains bound. From this
structure, the origin of enantioselectivity can be deduced. Stoichiometric reactions of this
complex showed that the major diastereomer forms the major enantiomer of the product, and
ongoing studies imply that this reaction occurs by backside attack of the nucleophile onto
the allyl ligand. The nearly constant enantiomeric excess for a wide range of nucleophiles
implies that the stereoselectivity for formation of the allyl intermediates or the
thermodynamics of the resulting diastereomeric allyl complexes controls enantioselectivity.

The structure in Figure 2 shows why one face of the allyl ligand binds preferentially to the
iridium fragment. The central allyl carbon C38 lies nearest C21 of the metallacycle, and this
C21 contains a hydrogen atom on the side of the ring containing the allyl unit. The
substituent on the allyl unit (C40 of the crotyl ligand) is located on the exterior of the
complex, and a large group in this position would contact only solvent. Binding of the metal
to the opposite face of the allyl group, while maintaining the orientation of the substituted
and unsubstituted termini of the crotyl ligand, would lead to close contact of the C38 carbon
with the cyclooctadiene ligand. Binding of the metal to the opposite face of the allyl group
by exchanging the positions of the substituted and unsubstituted ends of the crotyl ligand
would cause the C40 carbon on the allyl group to contact the BINOLate substituent on
phosphorus. This analysis shows how the metallacyclic fragment, which lacks any degree of
symmetry, selectively binds one face of the allyl unit over the other.

Helmchen and coworkers recently reported an alternative more direct method to synthesize
allyliridium complexes.50:51 Crotyliridium and cinnamyliridium complexes were prepared
in high yields from [Ir(COD)CI],, phosphoramidite ligands L1 or L3, a silver salt containing
a weakly coordinating counterion, and either crotyl methyl carbonate or cinnamyl methyl
carbonate (eq 15). In addition, they found that the resting state of the catalyst depends on the
precursor and reaction conditions. When the reactions are conducted with the catalyst
generated in situ and an ammonium salt is present, most of the active catalyst reacts with the
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acid to open the metallacycle core and form the active species [Ir(COD)(L3)CI] as the major
iridium complex in solution (Scheme 4). These results underscore the value of conducting
the allylation reactions with the isolated metallacyclic species, such as ethylene complex 3a
or allyliridium complexes themselves, to maximize the amount of active catalyst. When
allylic alkylations with dimethyl mealonate were initiated with the allyliridium complex, the
allyl complex was observed as the resting state (Scheme 5). The observation of these species
contrasts with the observation of alkene complexes as the resting state when weakly
coordinating anions are absent (eq 11). Thus, the factors that control the relative rates for the
individual steps within the cycle have not yet been delineated.

R

L%
COL, 2
Q) N + AgX g) | )
1/2 [ICOD)CI], + P-N + RN"N000Me Tage —|E,T\O
o N
S M
Ar Ar

(5,5,5)-L1: Ar = Ph R=MeorPh  X=ClO,, SbFy
(5,5,5)-L3: Ar = 2-MeO-CqH, or F4CSOy

(15)

on catalysts having edited stereochemistry

Based on the structure of the active catalyst, Andreas Leitner developed sterochemically
edited complexes that are nearly equivalent in activity and selectivity as the original system.
52:53 The phenethyl substituent attached the metallacyclic core of the structures in Scheme
2 and Figure 2 is distal from the metal center, and, we proposed that this substituent could be
replaced by a group lacking any stereocenter (Figure 3). Thus, Andreas prepared a series of
unsymmetrical phosphoramidite ligands containing a substituent on nitrogen derived from a
symmetric ketone. The three ligands shown in Chart 6 show that the size of this substituent
is important and that the second phenethyl group lacks an intimate role in controlling
enantioselectivity.

The ligand containing a large cyclododecyl substituent (large cyclic ketones come from C4
precursors) generated a catalyst that reacted with essentially identical enantioselectivity to
that of the original system containing the phosphoramidite bearing two phenethyl
substituents on nitrogen. The enantioselectivities of reactions catalyzed by complexes of this
ligand ranged from 95-98%, the branched-to-linear ratios ranged from roughly 20:1 to
100:1, and the yields remained high.

To determine whether the binaphtholate substituent on phosphorus or the phenethyl
substituent remaining on the nitrogen was responsible for the absolute stereochemistry, we
conducted two sets of experiments. First, we conducted the reaction with a mixture of
diastereomeric catalysts derived from racemic binaphthol ((S,,S)-L4 and (R;,,S)-L4).52 The
allylic amine product formed with nearly the same enantiomeric excess as that of the
original system (eq 16), implying that one diastereomer is much more reactive than the
other. Further studies showed that faster cyclometallation of the (S,,S)-diastereomer, relative
to cyclometallation of the (R,,S) diastereomer, accounts for the stereochemistry of the
product from these experiments. Thus, these experiments do not reflect the relative rates of
the two diastereomeric catalysts within the catalytic cycle.
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[Ir(COD)CI], (1 mol %)
P N-"N0coMe  (racRNLA 2mol %) HNT

=
+1.05 equiv H2N/\/ THF, 1t Ph
90% ee

C12Hog mixture of
P—N (R4, S)-L4 and

O‘ o >_ (S,,5-L4
Ph

(16)

This conclusion led to studies of catalysts containing ligand L7, which bears a biphenolate
group.52 The catalyst containing this ligand readily accesses both diastereomers of the
active catalyst. Reactions catalyzed by the complex of (R)-L7 containing one phenethyl
substituent as the only resolved stereochemical element occurred with enantioselectivities
that were nearly as high as those of the original system, and the absolute stereochemistry of
the product was the same as that derived from the original (R,R)-diastereomer of the
phosphoramidite ligand (eq 17). This result implies that the R,R configurations of the ligands
L4 and L7 are the most reactive within the catalytic cycle.

[Ir(COD)Cl], (1 mol %)

Ph™ " 0co,Me (R)-L7 (2 mol %) HN"Ph
%
+1.05 equiv HoN"ph 1P 1 Ph™
94% ee

\O\ Ci2Has
N

(17)

7. Further advances in ligand design

Although the combinations of [Ir(COD)CI], with phosphoramidite ligands containing only
one fixed stereochemical element, such as L7, form catalysts that generate highly
enantioenriched allylic substitution products, catalysts prepared from the phosphoramidite
ligand L1 and derivatives of this ligand containing ortho substitution on the aryl group of the
amine moiety are used most commonly. Alexakis and co-workers showed that combinations
of [Ir(COD)CI], and phosphoramidite ligands L2, L3, and L8 containing 1-naphthyl, o-
anisyl, and o-tolyl substitution on the amine moiety formed catalysts for allylic alkylation
and amination reactions that are more active and enantioselective than those generated from
[Ir(COD)CI], and L1.29:32:54:55 A change in the steric environment near the allyl ligand is
proposed to account for the improved enantioselectivity, but the origin of the increased
activity of catalysts prepared from L2, L3, and L8 remains unclear. The phosphoramidite
ligand L3 is now used as widely as the parent ligand L1 for iridium-catalyzed allylic
substitution.

In addition, Helmchen and co-workers demonstrated that the identity of the diene ligand
impacts the stability of metallacyclic core of the catalyst. The metallacycle [Ir(DBCOT)(i?-
L3)(L3)] formed from [Ir(DBCOT)CI, (DBCOT = dibenzo[a,e]cyclooctatetraene) and
ligand L3 in the presence of an amine base (eq 18) is more stable to protonolysis by an
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amine hydrochloride, such as nPrNH,'HCI, than is the analogous complex prepared from
[Ir(COD)CI],.56 Furthermore, reactions catalyzed by the metallacyclic iridium complex
containing DBCOT can be conducted under air, provided that the metallacycle is formed
initially under an inert atmosphere.

L3
S
n-PrNH; (DBCOT)Ir—=P"—(

. e — N
[T IS Oy

Ar Ar
<H - OOO (I(DBCOT)(x2-L3)(L3)]
H Ar = o-anisyl

DBCOT

(roBCOT)CH, =22 (

(18)

8. Increases in reaction scope with pre-activated cyclometallated catalysts

Synthesis of the catalyst in the absence of the nucleophile facilitated the development of
enantioselective allylations of a series of reagents that are not sufficiently basic to generate
the active catalyst. For example, reactions of enamines derived from ketones occurred in
good yield with the metallacyclic catalyst generated independently to form, after hydrolysis,
products from the a-allylation of a ketone.47 As shown in Chart 7, the scope of this process
encompasses reactions of enamines from acetophenones and purely aliphatic ketones. This
reaction occurs selectively at the methyl group of the enamine derived from a methyl alkyl
ketone, due to selective reaction with one of two equilibrating enamines. Even reactions of
enamines from aliphatic ketones with aliphatic allylic carbonates, although slow, formed the
substitution product with substantial enantioselectivity.

Independent generation of the metallacycle also enabled enantioselective allylation of
aromatic amines.43 One can now appreciate that the allylation of aromatic amines did not
occur with the original catalyst system because arylamines are not sufficiently basic to
generate the active metallacycle. However, the reaction of a series of aromatic amines with a
series of aromatic and aliphatic allylic carbonates occurred with high enantioselectivities,
regioselectivities, and yields when catalyzed by a metallacycle generated independently by
addition of an alkylamine (Chart 8). Aromatic amines are now among the most reactive
nucleophiles for this iridium-catalyzed allylic substitution.

Use of the single-component, ethylene-ligated, metallacyclic catalyst 3a further improved
the reaction scope. The reaction of ammonia to form primary allylamines57 requires a large
excess of ammonia, and such reactions did not occur in high yield with the catalyst
generated in situ because ammonia consumes the [Ir(COD)CI]5 that is added to accept the
«l-phosphoramidite ligand. In contrast, reaction of ammonia with aliphatic and aromatic
allylic carbonates in the presence of the isolated ethylene complex occurs in acceptable to
good yields with exceptional enantioselectivities (Chart 9). Quenching of the initial primary
allylic amine product with an acid chloride or anhydride generates the corresponding N-
allylamide. Reactions of N,N-diacylamines, ortho-nosylamide, carbamates and
trifluoroacetamide as ammonia equivalents have also been reported in the presence of the
catalyst generated in situ or the an isolated ethylene complex.46:58760

Finally, the experimental work of one of the authors showed that the ethylene adduct of the
metallacyclic iridium complex catalyzed the unusual allylation of azole nucleophiles with
high enantioselectivity and broad scope.61:62 Reactions of allylic carbonates with
benzimidazole in the presence of the set of catalysts shown in Chart 10 occurred with the
single-component ethylene adduct as catalyst in high yield, with high enantioselectivity and
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high branched-to-linear regioselectivity with low loading of catalyst.61 Reactions of a series
of unsubstituted or 2-substituted benzimidazoles with aromatic, heteroaromatic, or aliphatic
allylic carbonates and potassium phosphate as base occurred with the kinds of branched-to-
linear selectivities and enantioselectivities that were observed with amine nucleophiles.61
Reactions of benzimidazoles containing a substituent at the 4-position were selective,
although not exclusive, for allylation of the less hindered nitrogen.

The substitution products were converted to benzimidazoles containing hydroxyalkyl and
carboxyalkyl substituents with complete retention of the stereocenter by oxidative cleavage
of the C=C bond, hydroboration of the C=C bond, oxidation of the resulting alkylborane,
and oxidation of the resulting alcohols with TEMPO and iodosobenzene diacetate.

The N-allylation of azoles also occurred with imidazoles, including 4-phenylimidazole, 2,4-
and 4,5-diphenylimidazoles. The allylation of 4-arylimidazoles created a short formal
synthesis of the JNK-3 inhibitor in Scheme 6. The N-allylimidazole intermediate reported in
a prior synthesis of this inhibitor63 was prepared by iridium-catalyzed reaction of 4-(4-
fluorophenyl)-1H-imidazole with an allylic carbonate derived from trans-1,4-butenediol.

The allylation of azoles also encompassed the N-allylation of purines (Chart 12).61
Reactions of 6-chloropurine with a series of aromatic and aliphatic allylic carbonates
occurred preferentially at N9 with >90% ee. Reactions with purines substituted in the 6-
position with chloro-, thiomethyl-, amino-, or BOC-protected amino groups occurred with
similar yields and enantioselectivities.

The enantioselective allylation of azoles was also extended to the N-allylation of indoles
(Chart 13).62 Although the asymmetric N-allylation of indole itself has not yet been
achieved, the asymmetric allylation of slightly more electron-deficient indoles occurs with
high yields and enantioselectivities. 2- or 3-Alkyoxycarbonyl-substituted indoles and 3-
cyanoindole reacted with aromatic and aliphatic allylic carbonates in 99% ee with branched-
to-linear ratios that typically ranged from 10:1 to 20:1. The less electron-poor 2-phenyl-3-
methylindole, carbazole and 7-azaindole also underwent N-allylation with high yield and
selectivities.

9. Summary

The allylation of a series of carbon, nitrogen, and oxygen nucleophiles at the more
substituted position of the allylic carbonate occurs in high yields, with high branched-to-
linear regioselectivities, and high enantioselectivities with remarkably broad scope.
Although the initial identification of the catalyst built upon analogies to key prior work, the
factors that lead to high enantioselectivity were unanticipated. The identification of the
structure of the active catalyst enabled a series of rational simplifications of the ligand,
changes to reaction conditions and changes to catalyst precursors that created a system to
effect allylic substitutions in a practical fashion with reagents that are less basic and
nucleophilic than the aliphatic amines of our first experiments.

Such observations have opened the door for a large number of other research groups to
investigate the capabilities of this iridium catalyst. For example, the author’s group has
reported intermolecular reactions of sulfur nucleophiles,64 and You’s group has reported
decarboxylative reaction of sulfur nucleophiles.65 Alexakis has reported iridium-catalyzed
allylic arylation, although with modest regioselectivities.66:67 In addition, Han and You
have shown that the iridium catalyst is suitable for decarboxylative reactions to generate
carbamate68 and enolate69 nucleophiles. Moreover, recent studies of You have shown that
indoles undergo allylation at carbon to form 3-allyl indole products in the presence of
Cs,COg3 as base.44:45 Thus, an exploration of the scope of this reaction will certainly
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continue, and we hope that further generations of the catalyst will allow us to develop
reactions of a series of nucleophiles and electrophiles that have not yet undergone the
allylation process. Studies on these classes of iridium-catalyzed allylic substitutions are
being pursued in the authors’ laboratory.
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Figure 1.

Profile for the reaction of benzylamine with methyl cinnamyl carbonate catalyzed by the
species generated in situ from [Ir(COD)CI],L1, and H,NPr (blue, #), the combination of
isolated metallacyclic complex 1 and [Ir(COD)CI], (red, &), or the original system
generated by combining [Ir(COD)CI], and L1 (black, e).
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Figure 2.
ORTEP diagram of crotyl complex 4b
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Figure 3.
Strategy for elimination of one stereochemical element in the active catalyst
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Figure 4.
Phosphoramidite ligands that generate active and selective iridium-phosphoramidite
catalysts
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) R, ° N
Ph" "\ 0C0Me +1.2-1.3 HN -
R2 THF, rtor 50 °C ph” N
amine nucleophiles:
NH NH;
©/\ 2 /\/\/\NHZ \/\NH2
MeO
rt 50 °C rt rt
99:1 bl 99:1 bl 98:2 bl
84% yield 80% vyield 88% vyield 76% yield
95% ee 94% ee 96% ee 97% ee
CNH ( NH 0] NH NH
\__/ _/
rt rt rt 50 °C
98:2 bl 97:3 bl 99:1 bl 98:2 b:l
75% yield 91% yield 92% yield 83% vyield
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Chart 1.
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RX-"0co,Me + Ph” O NH,

THF, 1t
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99:1 b |
84% yield
95% ee
/©/v OCO,Me
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O2N 9822 bl
82% yield
96% ee
Chart 2.

[I(COD)Cl], (1 mol %)
~ (RR.R)-L2 (2 mol %)
y R/\/

/©/\AOCOQMG
R,R,R)-L1

RRR L1 R =Ph
(RRR) L2: R = 1-naphthyl

WOCOQMe

(R,R,R)-L1
99:1 b1l 98: 2
88% yield 58% yield
96% ee 97% ee
/\/\/\
N-"N0co,Me
(R,R,R)-L2
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67% vyield
98% ee
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? q THF, 1t - g NS
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BORESE Q

Ph N7 o ph N
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O 0 0 D
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®
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OMe
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NH-CI
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R/\/\OCOZEt + NH3 » /\/
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UH2°HC| [:]H2°HC| r;ng'HCl Ele’HC'
73% yield 58% yield /©57% yield /©51% yield
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MeO N C7H15/\/ A F TrO _~~
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Chart 9.
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Ph" " 0C0,Me * V + N
N  KzPO, (1.0 equiv)
H  THF, 50 °C Ph/\/ ph)ﬁ
b e
Catalyst Precursors =
Ir(COD)(k2-L1)(L1) [I(COD)Cl],, L1  Ir(COD)(x?-L1)(ethylene)  Ir(COD)(x?-L7)(ethylene)
[Ir(COD)Cl]» propylamine (3a) (3b)
4 mol % 2 mol % 2mol % 2 mol % 2 mol %
98:2 bl 55:45 b1l 99:1 b:l 99:1 bl 99:1 b:1
99:1 (b+):e  33:67 (b+l):e 86:14 (b+l):e >99:1 (b+):e >99:1 (b+l):e
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¥ Y7
L1 X\ Ar
SR S 2. I, ™
0 —0 03 R)-BINOL P-N
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Ph  Ph A Ar Ar
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R3
R3
§ N 0 N
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N KsPO, (1.0 equiv) N
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@N @NQN @N

991b| 982b| 991b| 964b| 982b|
92% yield 90% yield 90% yield 84% yield 92% yield
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93% yield 90% yield 90% yield 90% vyield 94% vyield
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P P P 3b
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Cl Cl \ C Cl
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Chart 12.
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46% yield N9 b
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N —
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2 2 CO,Et CO,Et
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F’h/\/ Ph/\/
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CO,Me CN Me _
s s Ot Ps
N N N~ PR N N

ph NF ph N\F ph NF ph” N\F ph” \F
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