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In the past several years, applications of transition metal
complexes in tuning the reactivity of organocatalyst-pro-
moted transformations have attracted increasing attention in
the synthetic community. Efforts in this direction have led to
the discovery of unprecedented reactivities, which are not
accessible through the use of either of these two catalytic

systems separately. The concept continues to develop and of-
fers huge potential. This microreview describes and summa-
rizes recent progress in this field, focusing on discussion of
the enhancement and diversification of reactivity patterns in
organocatalysis through the deployment of transition metal
complexes.

1. Introduction

The last decade has witnessed explosive advances in or-
ganocatalysis, in which small organic molecules are used as
catalysts to facilitate chemical transformations.'l A highly
robust methodology, organocatalysis has become one of the
most popular and fundamental tools used to target enantio-
merically enriched compounds.?! Along with their newly
discovered patterns of reactivity, organocatalysts also have
advantages that are appealing from a practical point of
view, which have resulted in large numbers of scientific doc-
uments having been contributed from both academic and
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industrial researchers over the last 10 years.’] On the other
hand, organic synthesis has historically been dominated by
transition metal catalysis.! Through extensive efforts,
chemists have continued to make remarkable achievements
in relation to understanding of metal properties and the
applications of their versatile reactivity patterns in various
transformations, more of which are undoubtedly yet to be
discovered.!

During recent years, the hypothetical goal of combining
pairs of distinct catalytic systems in different permutations
has been examined in organic synthesis. Examples include
combining different transition metals in one catalysis,©!
combining biocatalysis or enzyme catalysis with metal ca-
talysisl’! and combining organocatalysis with transition
metal catalysis.®] The driving force behind these efforts is
to discover more efficient approaches for complex molecule
synthesis with good chemo- and stereoselectivity inaccess-
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ible through the use of single specific catalytic systems. The
development of organocatalysis has seen it increasing ap-
plied in combination with transition metal complexes in the
search for more valuable chemical transformations, taking
advantages of both forms of catalysis while maximizing
their compatibility. This concept, first introduced in 2003,
has demonstrated its vitality in chemists’ growing interests
in new catalytic systems. With increasing attention being
given to this new area, momentous chemical transforma-
tions, many of them cascade reactions, are being discovered.
This microreview summarizes recent advancements in this
field, focusing on how transition metal complexes can assist
in and adjust the reactivities of organocatalysts, demon-
strating the advantages of combinations of these two cata-
lytic systems.

2. Amine-Activated Carbonyl Compounds React
with Transition-Metal-Activated Substrates

Amine activations of carbonyl compounds are by far the
most intensely studied organocatalytic systems.['”] These
processes involve two common reaction modes: the forma-
tion either of enamine nucleophiles or of iminium electro-
philes (Figure 1).
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Figure 1. Two general activation modes of amine-activated car-
bonyl compounds.

The mechanism of enamine catalysis having been well
investigated,['!! studies directed towards combining en-
amine nucleophiles and transition-metal-activated sub-
strates have been carried out by several groups. These ef-
forts have led to significant successes, and known literature
reports can be categorized into three major themes as
shown below:

1. Addition of enamine nucleophiles to transition-metal-
activated electrophiles;

2. Enamine SOMO photoredox processes;

3. Multi-component cascade process involving enamine
and transition-metal-activated substrates.

Equally significantly, iminium catalysis offers the poten-
tial for LUMO-lowering activation of o,B-unsaturated alde-
hydes and ketones as improved electrophiles, allowing 1,4-
conjugate additions to be carried out with excellent
enantioselectivities.'?! No examples of direct combinations
of iminium catalysis and transition metal catalysis have so
far been reported, however, which might be due to the chal-
lenges involved in finding suitable metal-activated nucleo-
philes as partners.
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2.1 Enamine Addition to Transition-Metal-Activated
Electrophiles

Enamine-promoted intramolecular aldol reactions can
be traced back to the early 1970s,!'3] but the potential of
the underlying HOMO-raising activation mode for much
more versatile applicability was ignored until the new mil-
lennium. Pioneered by Barbas,['¥ List,['] MacMillan['®
and many others,!'”] enamine catalysis in organic synthesis
has been re-evaluated, particularly because it can allow ex-
cellent control of stereochemistry with chiral amines as cat-
alysts. Aliphatic aldehydes/ketones can readily be activated
in situ as nucleophiles to react with transition-metal-acti-
vated electrophiles. Combinations of such enamine nucleo-
philes and transition-metal-activated electrophiles represent
one of the most popular strategies involving both organoca-
talysts and transition metals in current catalysis research
(Figure 2).
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Figure 2. Combinations of enamine nucleophiles and transition
metal electrophiles.

2.1.1 Enamine Nucleophilic Addition to Palladium n-Allyl
Electrophiles

a-Alkylation of carbonyl compounds, as a fundamental
C—C bond formation reaction, had overwhelmingly been
carried out by pregeneration of enolates through metal acti-
vation."'81 The direct a-alkylation of aldehydes and ketones
suffered from unavoidable side reactions.!'”]

In early 2006, Cordova’s group!??! addressed this problem
and designed a new catalytic system that combined enamine
nucleophiles derived from aldehydes/ketones with Tsuji—
Trost palladium m-allyl electrophilesi?!! (Scheme 1). In the
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Pd(PPhy), 1, (5 mol-%)

O
o + J\/\/\
2 N R3
RZJH [ (10-30 mol-%) R 1 R
. N~ 2 DMSO, rt R
R H up to 95% yield
Gy Z
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R27X \J’\—/\Rs
enamine nucleophile R’ n-allyl electrophile

0 0
H A > ph
65% yield 90% yield

Scheme 1. a-Allylation of aldehydes and ketones.
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Scheme 2. Intramolecular additions of enamines to palladium rw-allyl electrophiles.

presence of pyrrolidine (10-30%) and Pd(PPhs), (5%), the
allylation of aldehydes/ketones in one-pot fashion was
achieved, giving a-allylated carbonyl products in good to
excellent yields (up to 95%). This reaction was suitable for
both primary and secondary aldehydes. In addition, a cyclic
ketone, though lower in reactivity, was also subjected to this
transformation, giving a moderate yield with a slightly
higher catalyst loading (30 mol-% of pyrrolidine). Notably,
this is the first direct intermolecular a-allylation of alde-
hydes involving catalytic enamine catalysis. Further efforts
were also put into asymmetric transformations in this re-
port, but no good enantioselectivity was obtained with de-
cent yields.

The intramolecular version of a-allylation was later re-
ported by Saicic and co-workers (Scheme 2).?2) Through
the use of similar combinations of enamine nucleophiles
and palladium m-allyl electrophiles, five- or six-membered
ring cyclic products were prepared. As a control, enolates
pregenerated with LDA or KHDMS were also tested, but
did not give the desired products in good yields. Addition
of enamines, as milder nucleophiles, to the palladium r-allyl
electrophiles gave much higher efficiency, resulting in good
yields and good diastereoselectivities. The reactions were
fast and smooth in THEF, going to completion in less than
an hour, although 40 mol-% of pyrrolidine was required as
catalyst for optimal performance.

Various starting materials were prepared with the goal of
targeting products with different ring sizes (three-, four-
and seven-membered rings), but these reactions failed to
proceed through enamine addition. The attempt to produce
the four-membered ring, interestingly, instead gave the al-
ternative oxygen addition product in modest yield
(Scheme 3).

Br

= (R)-(BINAP)Pd 3, (7 mol-%)

PA(PPh3)4 1, (5 mol-%) o= =
Br | pyrrolidine 2, (40 moI-%)A EtO,C
THF, r.t. CO,Et
o, ~ _| 2
Pd(PPh3)4 1, (5 mol- o_—
%) DBN, (1.0 equiv.) |

EtO,C COaE THF/DMSO, r.t, 1 h
EtO,C” CO,Et

54% yield

Scheme 3. Attempts to produce a four-membered ring gave the al-
ternative O-allylation product.

Asymmetric catalysis was also investigated. Various
chiral secondary amines including (S)-proline, (S)-2-di-
phenylprolinol, (S)-2-methoxymethylpyrrolidine and Mac-
Millan’s catalyst were examined. Unfortunately, all of these
tested chiral amine catalysts failed to provide good stereo-
selectivity. On the other hand, when chiral phosphorus li-
gands such as that shown in Scheme 4 was applied to adjust
the spatial environments of the metal-activated electro-
philes, moderate to excellent enantioselectivities (37—
91% ee) were obtained with moderate yields (40 %).

Later on, the same group further studied the asymmetric
synthesis of five- or six-membered rings through combina-
tions of enamine catalysis and transition metal cataly-
sis.?324 The application of an allyl phosphate substrate and
(R)-(Ph-MeOBIPHOS) ligands (Scheme 5, a) greatly im-
proved the yield (76%) and the enantioselectivity (98 %).
In addition, allylation catalysed by an iridium complex[*]
(Scheme 5, b) was also tested, though poor diastereoselec-
tivity and enantioselectivity were observed even with appli-
cation of large amounts of phosphoramidite ligand. How-
ever, a quantitative yield was obtained.

PPh,

pyrrolidine 2, Et;N, THF
0°C, 2 h:40% yield, 37% ee
—20°C, 4 h:40% yield, 91% ee

EtO,C” CO,Et

:
:
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:
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:

:

:

(R)-BINAP

Et0,C” "CO,Et

Scheme 4. Asymmetric cyclization in the presence of chiral phosphorus ligands.
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EtO,C 'CO,Et
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Scheme 5. Extended investigation of asymmetric cyclization through combined catalysis systems.

In early 2009, Breit’s group reported another intermo-
lecular enamine addition to a palladium m-allyl complex
(Scheme 6).1% Instead of allyl bromide, allyl acetate or allyl
phosphate, the authors found that allyl alcohol could be
applied directly as an effective m-allyl precursor. A proline/
palladium/xantphos combination was identified as the best
catalytic system for this transformation. Although the reac-
tion mixture needed to be heated in DMSO for 20 h, the
chemical yields were good to excellent (up to 96%). It was
believed that the xantphos ligand provided the biggest bite
angle, tuning the geometry of the palladium n-allyl complex
for better reactivity.?”] This strategy was subjected to a wide
range of substrates, including o-branched aldehydes, which
resulted in attractive quaternary carbon formation.

In the proposed mechanism, the proline carboxylic
acid group helped the ionization of the palladium olefin
complex formed from the allylic alcohol through H-bond-
ing and protonation of the hydroxy leaving group. The in-
terpretation was that the dual functionalities of proline
might help the formation of a tight ion pair between en-
amine nucleophile and palladium =w-allyl electrophile, which
would lead to rapid allylation. No significant enantio-
selectivity was observed when a chiral amine catalyst was
used in the reaction. However, this strategy provided an
interesting example of dual action of organocatalyst
and metal catalyst, indicating the bifunctional property of
the organocatalyst, which is also discussed in later
sections.

3 P ——

HO._~ /\\R [(n3-allyl)Pd]Cl, 7, (2.5 mol-%) o : :
+ Xantphos (5.0 mol-%) JH/\/\/’ . O '

1 Z ' ]

o (DL)-proline 8, (30 mol-%) R R® o ,

1 DMSO, 70°C, 20 h R? ! PPh,  PPhy!

R R" = H, alkyl; R? = aklyl; upto96%yield ... Xenphes !

R3=H, Ph

tight ion pair

Scheme 6. Proline-assisted palladium w-allyl formation.
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2.1.2 Enamine Addition to n-Acid-Activated Alkynes

In recent years, cations of group IIB metals (Cu, Ag,
Au)i?81 have been discovered to act as powerful m-acids for
electrophilic activation of sp?>- and sp-hybridized carbon—
carbon multiple bonds. These metal cations, Ag and Au in
particular, undergo dynamic binding with amines,'*”! which
has allowed them to serve as orthogonal catalysts with
amine-based organocatalysis.

In 2007, Wu and co-workers reported combinations of
enamine catalysts and 7 acid catalysts through the use of
proline and AgOTf in one catalytic reaction system
(Scheme 7).P% In these cascade reactions, 1,2-dihydroiso-
quinoline derivatives were successfully synthesized through
condensations of 2-alkynalaldehydes, amines and ketones.
As the authors proposed, upon formation of the Schiff
bases from the aldehydes and the amines, intermolecular
Mannich reactions occurred with the enamines as the nu-

~o

A - o proline 8, (10 mol-%)
* R, HLRS AgOTF 9, (10 mol-%)
R?NH, R4 EtOH, 50-60 °C

o
—proline

Scheme 7. Multi-component reactions of 2-alkynylbenzaldehydes,
amines and ketones through proline/AgOTf combined catalysis.

R2
R’ [ 11, (20 mol- %

[(Ph3PAu)30]BF4 10, (10 mol-%)

European Journal
of Organic Chemistry

cleophiles. Sequential intramolecular hydroamination of the
Ag(I)-cation-activated alkynes gave the desired dihydroiso-
quinoline products in one-pot fashion. Notably, this was
the first example of the combining of enamine catalysts and
7 acidic transition metal catalysts and was to trigger the
expansion of effective incorporation of group 1B metal cat-
ions in suitable organocatalysis.

During recent decades, cationic gold complexes have
been extensively studied as effective catalysts for alkyne
electrophilic activation.®!! Whether enamine nucleophiles
could be suitable for gold-activated alkyne electrophiles has
attracted considerable attention. In early 2008, Kirsch and
co-workers demonstrated effective combinations of en-
amine catalysis and cationic gold(I) catalysis through suc-
cessful intramolecular cyclizations with terminal alkynes
(Scheme 8).132! The reactions resulted in 5-exo-dig cycliza-
tions. In cases of unbranched aldehydes, the cyclizations
were followed by double bond migrations, whereas in those
of a-substituted aldehydes no migration was observed.
Ketones were also subjected to this transformation, giving
decent yields. From the observed data, the authors pro-
posed a mechanism involving direct carbocyclization be-
tween enamine nucleophiles and cationic-gold-activated al-
kyne electrophiles. Interestingly, application of slightly dif-
ferent reaction conditions gave formal [3+2] reactions with
moderate yields and excellent diastereoselectivities
(Scheme 9).

Later, Dixon’s group further extended this strategy and
reported cascade reactions in which alkyne-modified nu-
cleophiles attacked amine-activated enones/enals to form
enamine-alkyne intermediates in situ (Scheme 10). Without
release of the organocatalysts, the intramolecular enamine

or

MeO,C~ CO,Me (Ph3PAU)3SbF4 12, (10 mol-%)MeO,C  CO,Me

R'=H, alkyl 13, (20 mol- %

\ rt—90°C //

R

MeO,C COzMe
RZ -
71-82% yields

T
N?fRZ | | FU T mmmmmmmmnnes ]
~-Au-L | :
RIS O\ i
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! H Ho
MeO,C~ 'CO,Me ] "o
Scheme 8. Intramolecular carbocyclizations of aldehydes with alkynes.
. (6] Me
iPrNH, 14, (20 mol-%)
o PhsPAUSbFg 12, (10 mol-%) 4% vield
I 48h, 90 °C, CDCl, oye
MeO,C CO,Me
MeO,C” "CO,Me (6-CeH11)(PTINH 11, (20 mol-%) e
(Ph3P)AUOTF 15, (10 mol-%) |/ -
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1 h, 150 °C, xylenes

dr> 955

Scheme 9. Unexpected formal [3+2] cyclizations.
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nucleophiles attacked the Cu'-activated alkynes and gave
the desired carboannulation products in good to excellent
yields.133!

0 R®
o EWG__EWG pyrrolidine 2, (20 mol-%)
” . ps-BEMP (10 mol-%) = R!
| N\ CuOT, 16, (5mol-%)  _,
R2 R3 PPh3 (20 mol-%)
MeOH, r.t. EwG EWG
1.0 equiv. 1.5 equiv. 63-94% yield

o] R®
{ )} R1
N
R2
Ewg EWG

a) protonolysis
H20  b) hydrolysis

c) isomerization
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R1
H
R2

@'

+

N
; ' NI [Cu]
R Cu
| ksl R’
RZ
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X
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RN || -[Cu]
EWG EWG R2
EWG EWG

Scheme 10. Combination of enamine catalysis and Cu' catalysis.

Although enantioselective chiral enamine additions to
various electrophiles have been extensively reported in the
literature, poor performances with regard to enantio-
selectivity have so far generally been observed with chiral
enamines and achiral metal-complex-activated electrophiles.
Chiral metal ligands have therefore usually been considered
more practical solutions for asymmetric transformations in
reactions of this type.

2.1.3 Enamine-Metal Lewis Acid Bifunctional Catalysis for
Asymmetric Direct Aldol Reactions

Asymmetric direct aldol condensations were believed to
be one of the first milestones in enamine catalysis.[*¥
Mechanisms of proline-catalysed aldol reactions have been
thoroughly studied and this has suggested a bifunctional
role for proline in the catalytic cycles.’>! The secondary

amine is believed to attack the carbonyl group to form the
corresponding enamine nucleophile, while the carboxylic
acid interacts with the second electrophilic carbonyl groups
through hydrogen bonding, indicating a combination of en-
amine and Brensted acid functions.

On the other hand, the combination of a enamine and a
metal Lewis acid for the asymmetric direct aldol reaction
was not reported until 2009, when Wang and co-workers[3¢!
successfully developed a tridentate-ligand-tethered second-
ary amine as a bifunctional catalyst to maximize the com-
patibility of a Lewis basic secondary amine and a Lewis
acidic transition metal for the direct aldol reaction
(Scheme 11). Cu(SbFg), was found to be the optimal metal
choice for the best reactivity and stercoselectivity. Its wide
substrate scope and excellent yields and enantioselectivities
indicated a promising future for this bifunctional system for
similar catalytic transformation.

2.2 Enamine Catalysis with SOMO Photoredox Catalysis

As a landmark in organocatalysis, enamine chemistry has
been extensively studied and has given rise to many new
transformations and unique catalytic systems.*” One par-
ticularly inspiring new direction has been the recently devel-
oped enamine SOMO (single-electron occupied molecular
orbital) catalysis pioneered by MacMillan’s group
(Scheme 12).1381

In this SOMO activation strategy, single-electron oxi-
dation of a transient chiral enamine intermediate was
achieved on treatment of enamines with suitable metal oxi-
dants (such as CAN), resulting in the formation of three-rn-
electron radical species. Conceptually, the enamine nucleo-
philes were transformed into radical cationic electrophiles.
With addition by suitable nucleophiles, new covalent bonds
would be formed, giving the a-functionalized carbonyl-con-
taining products in an enantioselective fashion. Different
nucleophiles (including allylic silanes, enolsilanes, vinyl tri-
fluoroborates, styrenes, silyl nitronates, electron-rich aro-
matic rings and even chlorides) have been used with good
to excellent yields and excellent enantioselectivities.*”!

The authors then made an impressive move to combine
this concept further with a photoredox process by generat-
ing the cationic radicals with the aid of photoactive cata-

O
Cu(SbFg), 17, (20 mol-%) : = :
18, (20 mol-%) O OH o < :
R2 RS up to 96% yield ! HN™ N7 "NH i
+ <SR! upto99:1dr ! o o),,_ :
Z 0, ' :
RICHO  7hF rt,24-72n R R UPI098%Ee L Nrgoc HNO:
. 18 i
= N
HN N NH HN N NH
X CU i, X CU s,
g A o o7 g/ o ~o”
NHBoc J[ » = N i NHBoc || ,— N
R’ "
Re face attack R Si face attack
favored disfavored

Scheme 11. Enamine-metal Lewis acid bifunctional catalysis for asymmetric direct aldol reactions between ketones and aldehydes.
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Scheme 12. Enantioselective enamine SOMO catalysis.

lysts. However, when Ru(bpy);Cl, (bpy stands for 2,2’-by-
pyridine) was applied, the reaction reverted to the category
of chiral enamine nucleophilic additions to the electron-de-
ficient radical electrophiles (Scheme 13).149 In other efforts,
in 2008 MacMillan and co-workers successfully developed
asymmetric a-alkylations of aldehydes through combining
enamine catalysis and transition-metal-initiated photoredox
catalysis (Scheme 14).141]

R
Br)\FG fluorescent light o R
+ aminocatalyst 20 up to 92% yield
o) H FG upto99% ee
Ru(bpy)3Cly 21 Y
H)H 2,6-lutidine, DMF, r.t.
enantioenriched
Y a-alkylated aldehyde

Scheme 13. a-Alkylation of aldehydes: combination of organocata-

lysis and photoredox catalysis.
o, Me
L
Me N)""tBu
‘JQ:/\F

r ) "By organocatalytic

cycle

S %
g,FG ! "

l‘ 3 o
f

H)J\l/\FG

R

(o}

R,

Y

Me
i;ﬁ-

“tBu reductant

It was proposed that the Ru(bpy);>* complex could
readily absorb a visible light photon to generate the
*Ru(bpy)s>* species, through metal-to-ligand charge trans-
fer (MLCT) excitation. An electron was then removed
through a single-electron transfer (SET) process from a sac-
rificial quantity of enamine intermediate to produce the rel-
atively electron-rich Ru(bpy);*, which then went through
another SET to populate the electron-deficient alkyl radical
with reversion of the ruthenium complex to the ground
state for another catalytic cycle. Concurrently, in the organo-
catalysis cycle, the “SOMOphilic” enamine was prepared
and was ready to attack the electron-withdrawing alkyl rad-
ical to generate the relatively electron-rich a-amino radical
species. At this point the organocatalysis cycle and the pho-
toredox cycle intersected with each other and guaranteed a
SET to form the iminium species, which then released the
products and the electron-rich Ru(bpy);* species to gener-
ate the alkyl radical (Scheme 14).

photon source

*Ru(bpy)s*
oxidant

Ru(bpy)sz* ). :
SET phtoredox catalytic photoredox . >N,N2:N-/ 7 |
cycle

(s N.Rq .
catalyst B NN
21 ] U
' v 21
r

Ru(bpy)s*

“—=SET

R

FG -
FG._Br g e

alkyl halide electron-deficient
radical

Scheme 14. Mechanism of combined organocatalysis and photoredox catalysis cycles.
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!
!
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Scheme 15. a-Trifluoromethylation of aldehydes through a combination of organocatalysis and photoredox catalysis.

Later, the same group reported a further example of
combined enamine and photoredox catalysis in an investi-
gation of a-trifluoromethylation of aldehydes.[*” This time,
the Ir(ppy),(dtb-bpy)PF¢ complex was used as the photon
radical initiator and only visible household light was needed
as the photon source for the photoredox transformation
(Scheme 15). A large variety of a-trifluoromethylated alde-
hydes were prepared with good yields and excellent enantio-
selectivities and were then readily converted into several
valuable organofluorine synthons.

2.3 Cascade Metal- and Enamine-Catalysis — Rhodium-
Catalysed Hydroformylation

As an important means for furnishing olefins, hydrofor-
mylation has been extensively studied, especially in tandem
reactions.[*3] Interest in this unique transformation, gen-
erally catalysed by rhodium complexes, is strong both in
academic and in industrial research. This clean and eco-
nomical catalysis has also been widely applied in cascade
reaction strategies.

In 2007, Breit’s group*¥ and Eilbracht’s group®! inde-
pendently reported two tandem hydroformylation/enantio-
selective aldol reactions. In both reports hydroformylation
proceeded in situ to produce the aldehydes for the following
cross-aldol reaction. In Breit’s report aldehydes were used
as the aldol reaction acceptors (Scheme 16, a). Extensive

discussion focused on the influence of the organocatalyst
(proline) on the hydroformylation step. In addition, the ef-
fects of different pressures, combinations of CO and H,
gases and different rhodium ligands were also investigated.
In Eilbracht’s report, ketones, which were considered to be
more challenging substrates, were applied as the aldol ac-
ceptors (Scheme 16, b). Different organocatalysts were
studied and good to excellent yields and stereoselectivities
were obtained.

Eilbracht and co-workers have recently extended this
strategy, reporting sequential hyroformylation and
enantioselective multi-component Mannich reactions
(Scheme 17).161 Only moderate yields and enantioselectivit-
ies were observed, even when high CO/H, pressures were
applied.

[Rh(CO),acac] 23/ ligand, H,/CO
L-proline 8

o)
+ ArNHy +
@ 2% L “DCMiacetone, 70°C, 72 h
\Rh(l)] (cat)H/CO up to 72% ee
0o N—Ar @‘COOH JT
P — O
\/\)\

Scheme 17. Combinations of rhodium catalysis and enamine catal-
ysis for cascade hydroformylation/enantioselective Mannich reac-
tions.

Ar\NH o

up to 53% yield

[Rh(CO),acac] 23/ ligand cl) OH 99%vield
(0] ) up to obyiel
J + L —Lproline8 ~SR2 upto19:1 dr @)
R R2 H2/CO, solvent G up to 99% ee (anti)
R
O
[Rh(l)/] Cg(c)at) o QH\(
Ha e
—_— _{_o
R1 R2 H
R4 o [Rh(CO),acac] 23/ ligand R* OH O o
; up to 89% vyield
L-proline 8 .
R t R3 up to 99% ee (ant) (b)
e R R7 H»/CO, solvent & &6 w7 upto 95% ee (syn)

Scheme 16. Combinations of rhodium catalysis and enamine catalysis for tandem hydroformylation/enantioselective aldol reactions.
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3. Chiral Organic Brensted-Acid/Base-
Controlled Stereoselective Reactions with Metal-
Activated Substrates

Chiral organic Brensted acids and their conjugated bases
(counter anions) have been demonstrated to represent a
powerful strategy in facilitating stereoselectivity in
organocatalysis.[*” This field was initiated by the introduc-
tion of chiral BINOL-derived phosphoric acids in 2004 by
Akiyamal*®! and Terada.[*” Shortly after, it had became one
of the most active research areas in enantioselective organo-
catalysis. During the last five years, List,°”] Ruepingl®!! and
Antillal? have presented significant contributions with the
discoveries of various well-designed transformations. In
combination with transition metal catalysis, the chiral
Bronsted acid/base catalysts have usually involved three ap-
proaches: H-bonded counter anion, chiral acid and chiral
base (Figure 3). The general rationale is the production of
H-bond activation in the transition state, while specific
Bronsted acid catalysis (also referred to as proton catalysis)
effects a more or less complete proton transfer from the
catalyst to the substrate. This then further branched out a
new concept: asymmetric counter-anion-directed catalysis
(ACDC).B334

3.1 Metal Catalysis Directed by Chiral Brensted Acid
Counter Anions

Pioneered by Toste,> Hashmi,P9 Nolan®’! and
Zhang,® homogeneous gold catalysis has in recent years

European Journal
of Organic Chemistry

emerged as a hot area in transition metal catalysis. Al-
though the Au cation displayed superior reactivity with re-
gard to electrophilic activation of alkynes and allenes, ste-
reoinduction based on gold catalysis has been considered
an extremely challenging task. The linear coordination ge-
ometry of Au(I) represented an unconventional obstacle to
delivery of the chiral environment from the remote ligands
to the reaction site, which resulted in only limited asymmet-
ric gold catalysis based on chiral phosphorus ligands.>”!

On the other hand, however, because the Au(I) cation
always requires a counter anion, the possibility of ensuring
enantioselectivity with the aid of a suitable chiral counter
anion during the catalysis has received considerable interest.
Toste and co-workers reported the first example of an
asymmetric counter anion for enantioselective gold cataly-
sis (Scheme 18).10]

Taking advantage of asymmetric counter-anion-directed
catalysis (ACDC), PhMe,PAuCl and dppm(AuCl), were
used for the hydroamination and hydroalkoxylation, respec-
tively, of allenes in the presence of (R)-TIRP [3,3'-bis-
(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-2,2'-diyl hydro-
gen phosphate] as the counter anion. Excellent yields and
enantioselectivities were observed as the consequence of the
combination of the cationic Au-allene intermediate and the
(R)-TRIP anion.

Another good example of the use of the ACDC strategy
to control the stereochemistry in metal-mediated catalysis
is the chiral Brensted-acid-mediated asymmetric counter-
anion-directed Tsuji-Trost allylation of branched aldehydes,
reported by List and co-workers (Scheme 19).01 With a

(A) (B) ©)
*RO_ OR* i HoTF aN t
/P\ X/ X* s \\H
o=0 Py E
[M]...éJ' |?| Rj H v Nu
N Nu IM]*Nu M]-+E

Asymmetric Counter Anion
Directed Catalysis (ACDC)

Figure 3. Chiral Brensted acid/base catalysis.

Chiral Bronsted Acid
Activation

Chiral Brognsted Base
Induced Nucleophilies

R3 R* PhMe,OAuC! 24 (5 mol-%) H SOMes
Ag/(R)}-TRIP 25 (5 mol-%) R'—/
2
NHSO2MeS  pnp, 230, a8h R R
R2
R'=R2 = alkyl, up to 97% yield

R3=R4=H, alkyl

up to 98% ee

R3 R* PhMe,OAUCI 24 (5 mol-%) H o R
OH  Ag/R)-TRIP 25 (5 mol-%) R6
n 4
5 6 R! ( 4
R R PhH, 23 °C, 48h Rz baR
2
1-p2 -
R TR Zaliol up to 91% yield
Rs = Rs =H, Me up to 99% ee
RS =R®=H, Me

Scheme 18. Asymmetric Au(I)-catalysed heteroatom cyclization reactions directed by organic counter anions.
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R® (R)-TRIP 25, (1.5 mol-%) R3
i o~ Pd(PPha); 1, (3.0 mol-%)
N A 5A MS, MTBE, 40 °C, 8-24 h . up 1o 90% yield
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RZ">CHO  Ph N then. 2N HCI, E,O N up to 97% ee
r.t., 30 min R2” “CHO
)Ri RoyF o S\ CHO .
> 2
oHc” >Rz H *RO’F,’\QH R? R!
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x| NA— !
RO OR? by R 0
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R
R2
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o-™o
R. .H Pd*
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Scheme 19. Asymmetric Tsuji-Trost allylation of branched aldehydes through ACDC.

o
Me

Scheme 20. Application in a synthesis of (+)-cuperane.

30%

combination of the chiral phosphoric acid and palladium
catalysis, challenging all-carbon quaternary stereogenic
centres were obtained. A short synthesis of (+)-cuperane
through Rh-catalysed intramolecular hydroacylation of a
tertiary aldehyde substrate was also described (Scheme 20).

As described by the authors, the mechanism started with
enamine formation from the aldehyde and the allylic amine.
Sequential protonation led to the enammonium phosphate
salt, which was attacked by palladium to give the corre-
sponding Pd r-allyl complex. A complex of cationic palla-
dium tethered with the chiral phosphate anion, leading to
the stereoselective enamine addition, was proposed. The a-
allylated iminium salt was then hydrolysed to yield the alde-
hyde product. The authors were not completely certain of
an exclusively chiral counter anion strategy, because the
mechanism suggested that the phosphoric acid might also
serve as an anionic ligand for palladium to provide the criti-
cal spatial arrangement in the nucleophilic n-allyl addition.

Most recently, List’s group reported enantioselective
epoxidations of alkenes by application of manganese(III)
salen and phosphate complexes as a further attractive ex-
tension of the ACDC strategy in transition-metal catalysis
(Scheme 21).1621

Initiated by Kochi,[®] Jacobsen!®¥ and Katsukil®! have
extensively studied catalytic asymmetric epoxidations of un-
functionalized alkenes in the presence of chiral Mn'""-salen
3008
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(+)-cuperane

27, (5 mol-%) PhIO (1.2 equiv.)

CeHg, rt., 2-12h

up to 98% yield
up to 96% ee

achiral counteranion
Jacobsen epoxidation catalyst

V.S.

tBu

chiral counteranion

Scheme 21. ACDC-mediated Mn'""-salen epoxidation.

catalysts. Enantioselectivity was delivered with aid of chiral
salens of different sizes and with different substituents, to-
gether with the appropriate counter anions.[®
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List and co-workers postulated the possibility of intro-
ducing stereoselectivity from chiral counter anions. lon-pair
catalysts were simply prepared by treating mixtures of the
appropriate phosphoric acid and Mn-salen chloride com-
plex with aqueous NaOH. A large variety of alkenes were
subjected to the reported chiral counter-anion-mediated
Mn-salen epoxidation with PhIO as the oxidant, resulting
in good to excellent yields and enantioselectivities. Exten-
sive screening of chiral phosphoric acid and Mn-salen com-
plexes produced the optimized combination. The unique
properties of the chiral counter anion in stabilizing the cat-
ionic catalyst promises exciting contributions in transition-
metal catalysis, expected in the near future.

3.2 Reactions between Metal-Mediated Nucleophiles and
Organic Bronsted-Acid-Activated Electrophiles

Unlike the amine-carbonyl activation strategy, effective
metal-activated nucleophile additions to Brensted-acid-me-
diated electrophiles have been successfully achieved. Transi-
tion-metal-mediated nucleophiles, including sp-hybridized
carbon nucleophiles,” carbene-type nucleophilesi®® and
enolate nucleophiles,[® have demonstrated their versatility
towards various electrophiles (Figure 4). Combinations of
these modes of reaction of metals with organocatalyst-me-
diated electrophiles have attracted increasing attention in
the synthetic community recently.

3.2.1 Transition-Metal-Mediated sp-Carbon Nucleophiles
and Chiral Bronsted-Acid-Directed Electrophiles

In 2005, Chan and co-workers reported the first asym-
metric synthesis of B,y-aliphatic alkynyl a-amino acid deriv-
atives, with ee values of up to 91%, by direct addition of
terminal aliphatic alkynes to a-imino esters in the presence
of chiral copper(I) complexes (Scheme 22, a). When a sim-
ilar strategy was applied to aromatic alkynes, however, the
reactivities and enantioselectivities were slightly diminished
(Scheme 22, b).7%

In 2007, Rueping and co-workerst’! reported the utility
of the combinations of catalysts obtained by joint use of
chiral Bronsted acids and transition metals in the synthesis
of o-alkynylated amino esters (Scheme 23). A chiral bi-
naphthol-derived phosphoric acid and a silver salt were
used in this combined catalytic reaction. The optimized re-
action conditions offered a greater scope of substrates with
better yields and improved enantioselectivities than the pre-
vious work done by Chan and co-workers.

European Journal
of Organic Chemistry

CuOTf0.5 CgHg/ PMP.

_PMP NH
NN BUomd%) @
H™ ~CO.Et Ph DCM, 10 h =~ “COsEt
Ph
up to 92% yield
up to 91% ee
PMP CuOTf+0.5 CgHg/ PMP. .,
’ _ 29 (10 mol-%) :
I + — _—— (b)
H” >CO,Et DCM, r.t. /\COZEt

Ar
up to 86% yield
up to 74% ee

Scheme 22. Asymmetric alkynylation of a-imino esters catalysed by
copper(I) PyBOX complexes.

The authors first postulated a pathway in which the chi-
ral Bronsted acid activated the a-imino ester through the
formation of the intermediate ion pair to lock the stereoar-
rangement of the imine, followed by the enantioselective nu-
cleophilic attack of the silver-activated terminal alkyne, giv-
ing the desired products. On second thoughts, though, one
cannot exclude the possibility of exchange of the metal
counter anion leading to the formation of a chiral silver
complex.

More recently, Arndtsen and co-workerst’?l have re-
ported another interesting example, involving the use of the
N-protected amino acid as the Brensted acid catalyst in
combination with a copper(I) catalyst, in their investigation
of asymmetric propargylamine synthesis (Scheme 24). Sim-
ple and inexpensive chiral amino acid derivatives were
tested for enantioselectivity, which revealed N-Boc proline
to be the optimal choice of catalyst. Cu! ligand effects were
also discussed. A wide substrate scope with good to excel-
lent yields and enantioselectivities was achieved.

As the authors reported, hydrogen bonding involving
both the chiral amino acid catalyst and the iminium con-
tributes to the formation of the chiral environment, fol-
lowed by the Cu'-activated terminal alkyne nucleophilic ad-
dition. Because proline derivatives have been found to be
suitable to coordinate with transition metals, especially cop-
per,[3! the authors carried out a series of NMR studies to
support this proposed mechanism.

(A) (B) (©)
t t MI<
{ ey [JML]/\ . 0
R E 1 > N
R R N E
\/‘
M= Ag or Cu M = Rh or Ru M=La

transition metal mediated sp
carbon Nucleophile

Figure 4. Transition-metal-mediated nucleophiles.
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Scheme 23. Asymmetric alkynylation of an a-imino ester through Brensted acid and silver catalysis.

CuPFg 31, (2.5 mol-%)/L (5 mol-%) _,
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RZ"H DCM, 0°C, 72 h
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up to 92% yield
up to 99% ee
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Scheme 24. Asymmetric propargylamine synthesis through a com-
bination of N-protected amino acid and copper catalysis.

3.2.2 Rhodium-Mediated Carbene Nucleophiles with
Bronsted-Acid-Mediated Electrophiles

Hydrogenation-mediated carbon—carbon bond forma-
tion, in which a sp?- or sp-hybridized carbon-carbon mul-
tiple bond is activated by a rhodium hydride complex to
allow nucleophilic addition to a suitable electrophile (Fig-
ure 5), has been cited as a unique strategy in organic syn-
thesis.["4

Y RhLn (cat.) HoYH
R1 - R2 + R3JJ\R4 R‘IJ\\H\R‘i
Ho (1 atm) R2R3

versatile substrate
combinations

general Ho-mediated C-C
coupling

Figure 5. Rhodium-catalysed hydrogenative C—C coupling.

In 2005, Krische and co-workers!””! reported rhodium-
catalysed enantioselective hydrogenative C—C couplings be-
tween enynes and pyruvate esters (Scheme 25). Interest-
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ingly, the addition of a Brensted acid was found to be cru-
cial for optimal performance. As a result, ketone electro-
philes — usually considered challenging substrates, due to
their poor reactivities — could also give excellent yields and
enantioselectivities with a variety of substrates. A deuteron
exchange study was performed and indicated selective deu-
teration at the vinylic position shown, which strongly sup-
ported the proposed mechanism.

Heteroaromatic aldehydes/ketones with structures iso-
electronic to pyruvate esters were also examined, giving
good to excellent enantioselectivities (Scheme 26).761 No-
tably, no chiral ligands to coordinate with Rh cations were
applied in this transformation; the resulting enantio-
selectivity came only from the chiral Breonsted acid. This
strongly suggested that the Bronsted acid co-catalyst pro-
tonated and/or provided considerable hydrogen bonding to
the heteroatom aromatic aldehyde when the stereogenic C—
C was formed. The LUMO lowering effect could also be
invoked to account for the observed good enantioselectivity.

As well as hydrogenative C—C coupling and the ubiqui-
tous hydroformylation, another well known property of
rhodium complexes is their unique reactivity towards diazo
compounds, introducing carbenoid nucleophiles.’’l In
2008, Gong, Hu and co-workers!”®! reported enantioselec-
tive three-component reactions of diazo compounds,
alcohols and imines, in the presence both of chiral Brensted
acids and of Rh,(OAc), as catalysts (Scheme 27). These re-
actions provided efficient access to enantiomerically en-
riched B-amino-a-hydroxy acid derivatives containing qua-
ternary carbon stereogenic centres.

In the proposed mechanism (Scheme 27), addition of the
alcohol to the Rh carbene gives an oxonium ylide as the
effective nucleophile. Concurrently, the chiral phosphoric
acid protonates the imine (or a counter ion strategy may be
used) to provide the needed spatial arrangement around the
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Scheme 26. Possible mechanisms in combined chiral Bronsted acid/achiral Rh! complex catalysis.

electrophile. A Mannich-type condensation to yield the op-
tically active products thus occurs. The optimized condi-
tions were suitable for various substrates with good to excel-
lent yields and stereoselectivities.

Hu and co-workers!”! later reported similar four-compo-
nent reactions with aryl diazoacetates, alcohols, aldehydes
and amines, in which imines were generated in situ. Good
yields and excellent enantioselectivities were obtained
(Scheme 28).

3.2.3 Dienolate Nucleophiles Mediated by Transition Metal
Lewis Acids and Tuned by Bronsted Acids

The lanthanides, or other rare earth metal cations, are
well known as oxophilic catalysts for activation of ketones
or conjugated ketones and formation of the corresponding
enolate nucleophiles.®®! In 2008, Matsunage, Shibasaki and
co-workers!®! reported asymmetric Mannich-type reactions
between y-butenolides and N-diphenylphosphinoyl imines,

Eur. J. Org. Chem. 2010, 2999-3025
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through Bronsted-acid-assisted La™-imine activation

(Scheme 29). In the presence of catalytic amounts of TfOH
and La"-Py-Box complex, enantioselective additions of
imines were achieved. From NMR studies of the reactions,
the authors concluded that the catalytic amounts of TFOH
(in addition to activating the imine) helped the coordination
of the metal cation with the chiral Py-Box ligand, which
not only improved the yields (up to >99%), but also in-
creased the stereoselectivities (up to >97:3 dr, antilsyn and
84% ee).

3.3 Bronsted Base and Transition Metal Lewis Acid
Catalysis

Transition metal cations are commonly used for acti-
vation of electrophiles. The equally well studied chiral
Bronsted-base-mediated nucleophiles also represent an at-
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Scheme 27. Asymmetric three-component reactions of diazo compounds, alcohols and imines.
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Scheme 28. Asymmetric four-component reactions of diazo compounds, alcohols, aldehydes and amines.
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Scheme 29. TfOH-tuned Mannich-type reaction catalysed by La'''-Py-Box complex and the formation of the La-dienolate nucleophile.
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Scheme 31. Bronsted base/Lewis acid cooperative catalysis of Conia-ene reactions and related mechanistic studies.

tractive strategy for enantioselective synthesis. In 2005, sis in the asymmetric aza-Henry reaction (Scheme 30).182!
Jorgensen and co-workers successfully applied the concept  Detailed investigations were performed to elucidate the best
of Brensted base and metal complex Lewis acid dual cataly- match of catalyst pairs. A combination of quinine as the
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Scheme 32. Pd-DBU combined catalysis of decarboxylative allylation of sulfonylimidates.
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chiral Bronsted base and (R)-Ph-BOX-Cu(OTY), as chiral
Lewis acid gave good to excellent yields and excellent
stereoselectivities.

In 2009, other examples of combinations of organic
bases and metal Lewis acids were reported by Dixon and
co-workers (Scheme 31).33 With the application of cin-
chona-derived urea and CuOTf catalysts, enantioselective
Conia-ene reactions were developed with excellent yields
and enantioselectivities.

In the proposed mechanism, the cinchona-derived urea
catalyst deprotonates the B-keto ester and generates the
enolate nucleophile. After 5-exo-dig cyclization, the prod-
ucts were obtained with excellent yields and enantio-
selectivities. Different metal complexes were also investi-
gated and CuOTf1/2C¢Hy was identified as the optimal
choice of metal Lewis acid for alkyne activation. As men-
tioned by the authors, the urea functional groups and the
tertiary amine, which might provide Brensted/Lewis base
and hydrogen-bonding donor functionalities, were crucial
for this transformation. A deuterated alkyne was also used
to help understanding of the mechanism and gave the corre-
sponding isotope-labelled product.

Other examples of Bronsted base and metal Lewis acid
dual catalysis were recently reported by Kobayashi and co-
workers (Scheme 32).341 A simple tertiary amine (DBU)
was used as the Breonsted base to mediate the nucleophile
and the Tsuji-Trost palladium w-allyl was applied as the
electrophile for the allylation of the imines. Excellent yields
with a wide substrate scope were observed. No enantio-
selectivity was observed in this transformation, but further
enantioselective investigation was promised by the authors.

0CO,Me

CO,_
CH30

N
O LnPd"
cD)
R
+
BU3P

BusP 44, (100 mol-%) R
Pd(PPh3)4 1, (1 mol-%)

tBuOH, 60 °C

4. Organic Lewis-Base-Initiated Nucleophiles
and Transition-Metal-Mediated Electrophiles

In an important class of synthetic reactions, Lewis bases
are used to activate electron-deficient alkenes, producing
nucleophiles in situ. Lewis base catalysts based on tertiary
phosphanes and tertiary amines have been extensively
studied.!®3] Most recently, secondary amines such as proline
analogues have also been used as Lewis bases to activate
nitroalkenes as nucleophiles through neutral adducts (Fig-
ure 6).180] From the point of view of combinations with
transition metal catalysis, however, the compatibilities of
Lewis base and metal cation are causes for considerable
concern, due to the potential for interactions between these
two catalyst types.

EWG
T - j Er[M]

LB = PR or NR,

Figure 6. Lewis-base-activated electron-deficient alkenes as nucleo-
philes.

The first representative combination of Lewis base catal-
ysis and transition metal catalysis was developed by Krische
and co-workers in 2003,”] when the concept of combining
organocatalysis and transition metal catalysis was men-
tioned for the first time. An effective dual catalytic process
was achieved with a starting enone-tethered terminal allyl
carbonate, through the use both of tributylphosphane as
the Lewis base and of the palladium-activated Tsuji-Trost

2\

up to 92 % yield

BU3P
LnPd°
CH30H
W PdOLn
B CHs0~
BU3P

Scheme 33. Combinations of Lewis-base-activated nucleophiles and transition-metal-activated electrophiles.

0CO,Me
o Me;P 45, (80 mol-%) O

|| Pd(PPh3)4 1, (5 mol-%)
Me™ ™ FAmOH, 25°C M€
NTs
0 =
Me —
NTs

OMe

Z" Cul, MeLi, DIBAL o &
THE-HMPA. —78°G
71%, >201 dr _ Me
NTs NTs
o

R =H, quinine
R = OH, 7-hydroxyquinine

Scheme 34. Synthesis of quinine and 7-hydroxyquinine through a combination of the Morita—Baylis-Hillman reaction and Tsuji-Trost

cyclization.
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70°C

Scheme 35. Combination of Lewis base catalysis and AgOTf catalysis.

n-allyl as the electrophile (Scheme 33). The desired allylated
cyclic enone products were obtained in excellent yields. No
investigation of enantioselectivity was performed in this
work.

This strategy was later further extended to the total syn-
thesis of quinine and its derivatives (Scheme 34).187]

Most recently, Wu and co-workers reported other exam-
ples of transformations of this type as an extension of their
previously reported works.[®8 Three-component reactions
of 2-alkynylbenzaldehydes, amines and a,B3-unsaturated
ketones were developed and functionalized 1,2-dihydroiso-
quinolines were synthesized in good yields (Scheme 35).

In the investigation, AgOTf was found to be the most
effective catalyst for triple bond activation and PPh; was
employed as the Lewis base to provide the Morita—Baylis—
Hillman nucleophile. The imines were formed in situ, fol-
lowed by 6-endo-dig cyclization. After consecutive pro-
tonolysis and elimination of phosphane catalyst, the prod-
ucts were then obtained in good yields.

5. Nucleophiles Mediated by Phase-Transfer
Catalysts and Electrophiles Mediated by
Transition Metals

Phase-transfer catalysis has been well developed and
studied as an important form of asymmetric organocata-

R x  [Pd(C3Hs)Cll 47, (1 mol-%)
D PPhs (5 mol-%)
ph T
s 48 (10 mol-%) Ph
PR N CO,tBuU CsOH, MS,
R=H, Ph toluene

X = OAc, OBoc, OCO,Et

[Pd(C3H5)Cl] 47, (2.5 mol-%)

Ara _~_OAc (PhO)3P (5 mol-%)
Ph *
ph)\\N/\CO B 49 (10 mol-%) Ph
25U KOH (50%aq),
toluene

Lo

up to 95% yield
up to 61% ee

lysis®1 and has also been combined with transition metal
catalysis for further applications. In 2001, Gong, Mi and
co-workers®” reported, for the first time, the allylic alky-
lation of glycine imino ester, through the use of a combina-
tion of phase-transfer catalysis (PTC) in the presence of a
chiral iminium salt with palladium =-allyl catalysis
(Scheme 36, a). The effects of molecular sieves, chiral phos-
phane ligands and the substituent groups on the allyl start-
ing materials with regard to enantioselectivity were dis-
cussed. Good yields and moderate ee values were observed.
Soon after, Takemoto and co-workers®!! followed up and
greatly improved the enantioselectivity without sacrificing
the reactivity by a similar strategy (Scheme 36, b). Notably,
no chiral phosphane ligand was applied in this case.

6. Consecutive Reactions with Combinations of
Organocatalysis and Transition Metal Catalysis

Stimulated by the tremendous developments in tandem
reactions (or domino reactions) both in organocatalysis!®?!
and in transition metal catalysis,[®’! the idea of combining
two totally different chemical transformations catalysed by
organocatalysts and transition metal catalysts has been
tested with growing success.

Ph

NS

N~ CO,tBu!

L7 .

RI 1

> ' \—Ar |
N"CO,tBu} N ~owe 49 | )

up to 89% yield o

up to 96% ee . d

Scheme 36. Combinations of chiral PTC and transition metal catalysis.
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6.1 Palladium-Based Hydrogenative Decarboxylation
Followed by Chiral Amino-Alcohol-Mediated Protonation

Hénin and co-workerst®# reported syntheses of asymmet-
ric linear ketones based on heterogeneous palladium-car-
bon hydrogenative decarboxylation of B-keto esters in the
presence of catalytic amounts of chiral protic sources. Ex-
cellent yields and moderate enantioselectivities were ob-
tained. The amino alcohol functionalities in the catalysts
were found to be effective for kinetic resolution of the de-
carboxylated enolates (Scheme 37).

o o o ; N :
PdIC 50, Hsy LRI o N
Ph O Ph H st sovent T | NT
Me R , solven Me ; N |
R = CH,Ph, Ph quant. yield ! 5
- + 1%ee ‘- T ______!
}\ o HAH
Pd/C, H, /‘ .
Ph)\r Me AH
PhCH3 R
+
co,

Scheme 37. Palladium hydrogenative decarboxylation in combina-
tion with quinine-mediated protonation.

2-Fluoro-1-tetralonel®
derivatives®®  were
(Scheme 38).1°7]

and  3-methyl-4-chromanone
synthesized by this strategy

6.2 n-Acidic Metal Catalysis Followed by Brensted Acid
Catalysis

In 2006, Krause and co-workers reported gold-catalysed
tandem cycloisomerization/hydroalkoxylations of homo-
propargylic alcohols (Scheme 39).°%1 Different tetrohydro-
furan ethers were synthesized in good yields. The Au' cata-
lyst initiated the reaction by coordinating with the triple
bonds, followed by 5-endo-dig cyclization to form vinyl-gold
intermediates. Upon protonolysis these provided the dihy-

Pd/C 50, H,
A*H 52, solvent

Pd/C 50, H2
A*H 53, solvent

S
st

drofuran intermediates. TsOH, as the protic acid, catalysed
subsequent hydroalkoxylation in the alcohols used as sol-
vents.

R? PhsPAUCI/AgBF, 54, (2mol-%) R?

P R® p-TsOH 55, (10 mol-%), R*OH R 74—&
= 3
R? OH rt. Rég © R

H/ R*OH

Scheme 39. Combination of Au'-catalysed cyclization and acid-cat-
alysed hydroalkoxylation.

Krause, Alexasis and co-workers reported combinations
of gold-catalysed tandem acetylization/cyclization and en-
amine catalysis based on this strategy (Scheme 40).1°’! Sim-
ple aldehydes and conjugated nitro enynes were used as
starting materials, and nitro-substituted tetrahydrofuran
ethers were successfully synthesized in good yields and with
excellent diastereoselectivities and enantioselectivities. In
their report, the enamine conjugate additions and the sub-
sequent gold-catalysed tandem reactions were evaluated in-
dependently. The authors believed that Au' might also serve
as an oxophilic Lewis acid to activate the aldehyde directly
after the enamine catalysis. Another alcohol could come in
and form the hemiacetal gold salt, which could then rapidly
undergo cyclization with the Au'-activated triple bond. Af-
ter protonolysis the product would be released and the cata-
lyst would go onto the next cycle.

As well as Au cations, it was also known from the litera-
ture that platinum(II) could also be applied as a m-acid in
the activation of triple bonds.['%] The combination of plati-
num catalysis and Brensted acid catalysis had also been
successfully developed by Barluenga and co-workers.['°] In
their report, syntheses of spiroquinoline derivatives in good
yields were accomplished through three-component reac-
tions between alkynols, aldehydes and aromatic amines
(Scheme 41). However, when an unsubstituted alkynol
(pent-4-yn-1-ol) was applied with benzaldehyde and aniline,

o H \):
* F E | HO, N i (a)
Eo ) i

99% yield | N

65% ee

99% yield
73% ee

Scheme 38. Syntheses of 2-fluoro-1-tetralone and 3-methyl-4-chromanone.
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R N CHCly, —10°C NOy|  p-TsOH (25 mol-%) R o up to >99% ee
NO, 4, CHCl5, ~10°C, 3h 2
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[PPh;Au]CI + AgBF4

R2
i\ AgCl
o

| o | | [PPhsAu]* BF 4~ R’
L~ l o,
§
R
oS R' NO \
RZ
¥

HBF,
H,O
[Au] R2
R2 o) I
enamine gold
N Ph catalysis Z 5 | catalysis [Au]
OTMS Ph% . B
= TMSO R' NO,
R!
R'" NO,
[Au] ’|, A
— n-TIAU
RZT\\_ R%OH
NO.
z HBF, R0 NO,
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Scheme 40. Combinations of enamine catalysis with gold-catalysed tandem acetylization/cyclization.

— R3
R3  [PtMey(cod)] 57, (5 mol-%)
s HBF, 58, (1 equiv.) \
OH 1) | o]
R1_I/'V/ S R N R'-=
= R2
NH,
R

up to 89% yleld

1=R%= H R%=Ph
87% yield, 1:1 dr

— acid

platium N A catalysis 3
catalysis R2-/ \_/
R0 Py
iR "-q E\/\ T
\ R l
~— T 1
& |
+
[Pt]** = [Pt(cod)]** 2 BF,~ o (o Me /== R®
A\ /L
E/ Mo —= s
R’I
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Scheme 41. Three-component syntheses of spiroquinolines with combined Pt/Brensted acid catalysis.

an interesting alternative product, a furo[3,2-c|quinoline, would occur to give the highly reactive oxonium intermedi-
was obtained in good yield. ates, which would undergo intramolecular nucleophilic ad-

The authors postulated that the reaction began with the ditions from the adjacent aromatic ring to yield the prod-
Pt!'-catalysed 5-endo-dig cyclization of the alkynol, giving ucts. The unexpected furo[3,2-cJquinoline product might be
an enol ether intermediate. In the presence of preformed expected from isomerization of the enol ether intermediate
acid-activated iminium cations, Mannich-type reactions and its subsequent transformation.
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N N F2C CO2Et phpAUMe 59, (5 mol-%) X
| A 29, (15 mol-%) |
Y% R' S 1
R2 NH, I

Au(l)l

Au(l)
S hydroamlnatlon
NH R

; Ar= O ,
: g OH 2 1
: Ar B-H 29 '

2
toluene 25°C, 16 h R H

B-H catalyzed T HEH

asymmetric reduction

BH
//+/

*BH

up to 99% yield
up to 99% ee

Scheme 42. Combination of intramolecular hydroamination (Au') and stereocontrolled HEH (Brensted acid catalyst).

R'-NH,

EtOQC/\(ICOZEt
|
N R

H HN”
+
2 (a)
R—== (tBu)p(o-dipheny)PAUOTF 60, (1-2 mol-%) ~ R°  Me
. 25, (5-10 mol-%) up to 98% yield
R =aryl 5 A MS, benzene, 40-60 °C up to 96% ee

RZ = aryl, alkyl, alkenyl

EtO,C CO,Et
XX
N

OMe
JQN H
b
HoN™ =7 "OMe (1Bu),(o-diphenyl)PAUCI 61, (2 mol-%) HN (b)
__ 62, (5 mol-%)
Ph—= 5A MS, benzene, 40 °C, 72 h Ph/LMe
80% yield
92% ee

Scheme 43. Combinations of Au'-catalysed intermolecular hydroamination and transfer hydrogenation stereocontrolled by Brensted acid

catalysts.

Other recent examples of cascade processes of this type
were reported by Gong and co-workers,['°?l who combined
Au'-catalysed  intramolecular ~ hydroamination  and
Hantzsch ester transfer hydrogenation catalysed by a chiral
Bronsted acid (Scheme 42). Tetrahydroquinoline derivatives
were successfully synthesized with excellent yields and
enantioselectivities. The silver salt of the Bronsted acid was
also prepared and tested, but gave poor reactivity (35%
yield, 90% ee, 80 h). The authors therefore concluded that
the stercoselectivity was predominantly controlled by the
phosphoric acid, rather than by the counter ion pair mecha-
nism.

In the same year an intermolecular tandem reaction, pro-
viding chiral secondary amine products with excellent yields
and enantioselectivities (Scheme 43, a), had also been
studied by Che and co-workers.['%3! For better understand-
ing of the mechanism a control experiment was also carried
out (Scheme 43, b). Upon treatment of the gold catalyst
with the chiral silver phosphate, similar reactivity and enan-
tiomeric control were observed. This, according to the au-
3018
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thors, indicated the possibility of exchange of the metal
counter anion, leading to the formation of a gold! complex
cation/chiral counter anion ion pair to carry out the subse-
quent reaction.

6.3 Combinations of Brensted Acid/Iridium(III) Catalysis in
Reductive Amination

As well as Hantszch ester hydrogenation (HEH),
Cp*M"-diamine-catalysed hydrogenation (M = Rh, Ir)
had been demonstrated to be a powerful approach for re-
duction of imines, with elemental hydrogen as a clean and
economic source.['%4

Xiao and co-workers!!%! recently reported a metal-
Bronsted acid cooperative catalysis process for direct asym-
metric reductive amination (DARD) of ketones and amines,
based on their previous study of asymmetric iridium hydro-
genation of acyclic imines (Scheme 44).1'%! Different Cp*-
diamine ligands for iridium(III) were screened and the
(S,S)-Cp*Ir-H-diamine was found to offer the best match
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Scheme 44. Combinations of hydroamination catalysed by Ir'" and transfer hydrogenation stereocontrolled by a Brensted acid catalyst.

for the R-configured phosphoric acid. Notably, a low yield
(45% conversion) and low enantioselectivity (15% ee) were
observed when an achiral Brensted acid (HBF,) was ap-
plied, which suggested a possible transition state resembling
a counter ion pair in the hydride transfer step.

The influence of the Bronsted acid in terms of reactivity
and enantioselectivity was also studied, and indicated accel-
eration of imine formation by the acid. Use of a slight ex-
cess of Brensted acid greatly improved the yields and
enantioselectivities of the aromatic ketones, but for ali-
phatic ketones the reactivity was totally abolished. Lower-
ing the loading of the Bronsted acid gave the best results.

6.4 Ru/Bronsted-Acid-Catalysed Isomerization/Carbon—
Carbon Bond-Forming Tandem Reactions

Ruthenium hydride complexes are good catalysts for in-
ducing allylamide isomerization. In 2008, Terada and co-
workerst!%7 successfully developed tandem isomerization/

R? RuCIH(CO)(PPhg3); 64, (1mol-%
Bransted Acid 65, (5 mol-%)

Friedel-Crafts transformations using a combination of a
ruthenium hydride complex and a Brensted acid
(Scheme 45). The tandem reactions were executed in the
presence of RuCIH(CO)(PPh;); (1%) and phosphoric acid
(5%).

The authors proposed that the ruthenium hydride com-
plex initiated the isomerization of the allylamide to an en-
amide, which was followed by the Brensted-acid-catalysed
second isomerization, giving the imine intermediate. The
Friedel-Crafts reaction took place in the presence of the
Bronsted acid and a new C—C bond was formed. This strat-
egy produced an imine, generated in situ, as electrophile,
indicating strong potential for future development.

Notably, the Friedel-Crafts reaction did not proceed well
when an enamide, rather than an allylamide, was treated
directly with a Bronsted acid catalyst (Scheme 46, a).

Moreover, 1,3-dicarbonyl compounds could also serve as
nucleophiles under the standard reaction conditions
(Scheme 46, b).

|
A~NH * ArH

toluene, 40 °C

) /\rH‘R‘I
Ar

up to 98% yield :

[ON
o
I

[Ru-H] first C-C bond acid
complex| isomerization second formation ‘ 65
H . N . T
P isomerization /VN‘R1
R acid
Scheme 45. Isomerization/carbon—carbon bond-forming tandem reactions.
N
"Bz
H . 65, (5 mol-%)
AN N
- neat, 40 °C, 6h OO (@)
OMe
OMe
14% yield
RuCIH(CO)(PPhs); 64, (1mol-%) H
H 0 Bransted Acid 65, (5 mol-%) N.
Nt o )
= Boc OMe toluene, 40 °C OMe
o O
60% yield

Scheme 46. Extended study of the Ru/Breonsted-acid-catalysed tandem reaction.
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6.5 Combinations of Ruthenium-Catalysed Olefin
Metathesis and Chiral Brensted-Acid-Catalysed Friedel-
Crafts Alkylation

As the most powerful olefin cross-metathesis catalysts,
ruthenium complexes have also been combined with organ-
ocatalysis for exploration of new types of carbon-carbon
bond formation.['%! One recent example was the synthesis
of polycyclic indoles through a combination of Ru-cata-
lysed olefin cross-metathesis and Brensted-acid-catalysed
Friedel-Crafts alkylation, reported by You and co-workers
(Scheme 47).119%

The mechanism of this tandem reaction involved two dis-
tinct catalysis cycles. The reactions began with the olefin
cross-metathesis of the enones and alkenes, catalysed by the
Hoveyda—Grubbs catalyst, to produce the intermediate
indolyl enones. The Friedel-Crafts reactions were then cata-
lysed by the chiral phosphoric acid to afford the polycyclic
indole products with excellent enantioselectivities. The ee

o)
AA% W

| 66, (5 mol -%) A
v N foluene |

R1 \ &%
R? R

........................................

=RuL, O
)/ l/ = f:
R! o
¥ o) R
O
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RU Metathesis X
Ly | A\
S N
R! '\_‘,2
o
\
[ R
RuL, | SN 7
/N
R I\:QZ

values were slightly decreased, however, when the two cata-
lytic transformations were performed in a one-pot fashion;
according to the authors this might be due to background
Ru-catalysed Friedel-Crafts alkylation.

6.6 Combinations of NHC Catalysis and Palladium r-Allyl
Catalysis

N-Heterocyclic carbene (NHCs) are the subject of
rapidly growing interest in the synthetic community.[!!%
These compounds are also well-known ligands for transi-
tion metals.''"'! The compatibility between NHCs as
organocatalysts and transition metal cations was an ap-
preciable challenge because of potential self-quenching of
these two catalysts.

The first successful example of a combination of NHC
carbene catalysis and transition metal catalysis was re-
ported by Hamada and co-workers in their synthesis of 3-

o
X 29, (5 mol-%) "
T N
N PN
R R2

up to 97% yield
up to 94% ee

Ar= O E R
NS

=H, Me, OMe, Hal.
' R2 = Me, Bn
ZH2e = aryl
"""""""" X =0, NBoc

‘ ’/

X oOH

S

G
o O‘H

4 Friedel-
O o Crafts
Alkylation

Scheme 47. Combination of Ru-catalysed olefin cross-metathesis and Bronsted-acid-mediated Friedel-Crafts alkylation.

=0
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67, (20 mol-%), Pd(OAc), 68, (5 mol-%)
PPh3 (12 mol-%), iProNEt (5 equiv.)

tBuOH, 50 °C

EWG = CO,Et, CO,tBu, CN

=4

up to 99% yield

Scheme 48. Pd-catalysed N-allylation in combination with NHC-catalysed intramolecular Stetter reactions.
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substituted 2,3-dihydroquinolin-4-ones (Scheme 48).1'121 N-
Allylation occurred in the presence of a Pd catalyst and a
NHC catalyst, followed by NHC-catalysed intramolecular
Stetter reactions. Through kinetic studies the authors found
that the presence of the Pd(OAc), and AcOH/iPr,NEt
greatly helped NHC catalysis.

Glorius and co-workers!! 3! recently reported three-com-
ponent reactions based on a combination of NHC-cata-
lysed benzoin synthesis and palladium-catalysed allylation
(Scheme 49). This reactions gave good regio- and chemose-
lectivities.

i 0] |

Ar ! ,

Q condition A or B Ar \N s

AI’)J\ HO : PPh, //'

t-AmylOH, 20-24 h e i

' (S)-Pr-PHOX !

up to 89% yield PSP |

AN ' |

NHC cat. 0 By Q

Ar)g/ Ar /QJ“VS

OH i cos

conditon A condition B R | S
allyl acetate 1.0 equiv. 1.0 equiv.
[Pd(ally)CI], 69 0.5 mol-% 2.5 mol-%
PHOX ligand 1.25 mol-% 7.0 mol-%
NHC cat. 70 5.0 mol-% 10 mol-%
DBU 1.0 equiv. 1.0 equiv.

temperature r.t. 55°C

Scheme 49. NHC-catalysed benzoin reactions in combination with
Pd-catalysed allylations.

Enantioselective synthesis was briefly discussed, with the
focus on the chiral ligands of the palladium complexes. Low
enantioselectivities (26%) were observed with /Pr-PHOX li-
gand, BINAP, bisoxazolines and Trost’s ligand.

7. Bifunctional Organocatalysts in Cooperation
with Transition Metals

In the broad concept of combinations of organocatalysis
and transition metal catalysis, another reaction path was
the application of catalytically active organic molecules as
ligands (Scheme 50). Some representative works were ac-
complished by Jun and co-workers.''* 2-Aminopyridine
derivatives were applied as effective dual function species to
interact both with organic substrates and with transition
metal catalysts.

As one typical example, in the presence of a rhodium
complex and 2-amino-3-picoline, hydroacylation of alkenes
with arylaldehydes proceeded smoothly and provided
ketones as products in good to excellent yields (Scheme 51).

In the proposed mechanism, the arylaldehyde first under-
went reversible condensation with the organic catalyst 2-
amino-3-picoline, and the pyridine then coordinated with
the Rh! complex, which induced C-H cleavage and hydro-
metallation to form the Rh'! hydride complex. The alkene
then came in to substitute one of the ligands, followed by
reductive elimination to yield the ketimine, which was then
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Scheme 50. Transition metal catalysis in cooperation with organo-
catalyst.
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Scheme 51. Metal-organic cooperative hydroacylation of aldehydes.

hydrolysed to give the final product. Interestingly, addition
of benzoic acid and aniline improved the yields to almost
quantitative, which were interpreted in terms of imine
ketone transformation acceleration.!!!”!

Some other related reactions, in which the role of the
organic catalyst was believed to be essential, have also been
well developed. Various transformations, including hydro-
acylation of alkenes!'!® or alkynes!!'”! with aldehydes, hy-
droacylation of alkenes with alcohol!!'®! or amines,!''! and
ketone exchange reactions,'>’l have been intensely studied
(Scheme 52).
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Scheme 52. Other representative reactions.

The previously discussed direct aldol reaction reported
by Wang and co-workers*®! can also be considered within
this category with application of a tridentate-ligand-
tethered secondary amine as bifunctional catalyst.

Summary and Outlook

As illustrated and summarized in this microreview, the
combination of organocatalysis and transition metal cataly-
sis has successfully grown from its infancy into adolescence.
With more and more unprecedented and valuable chemical
transformations being found both in organocatalysis and
in transition-metal catalysis, different combinations of these
two are being examined. Interest is less in “newer” reactivi-
ties, but rather in upgraded understanding of the compati-
bility and complexity of the fused catalytic systems as one.
More revolutionary discoveries combining organocatalysis
and transition metal catalysis may be expected to amaze
and further enlighten the organic synthesis community.

In nature, chemical catalysis represents a fascinating and
complex set of systems in which different factors all pre-
cisely perform distinct but essential functions. With the as-
tonishing advances in the combination of organocatalysis
and transition metal catalysis, the boundaries delineating
the emergent new horizon of catalytic chemical reactions
are getting vague.
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