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Preface

The alarming thalidomide tragedy of the 1960s has immediately led to a worldwide
revisit of enantiomers in the medicinal chemistry and pharmaceutical industries, as
the biological systems would recognize each enantiomer for either targeted activ-
ity or inactivity or severe side effect. Of all the synthetic strategies developed to
distinguish enantiomers in the intervening years, the catalytic process induced by
a chiral molecule, namely asymmetric catalysis, is undoubtedly the most efficient
approach to access enantiomerically pure compounds. In this context, enzymatic
transformations are the most natural way, albeit with limited tolerance of reaction
conditions; transition metal complexes are of stably increasing importance and pop-
ularity in both fundamental research and industrial applications; organocatalysis
employs purely small organic molecules as the catalysts to offer a convenient and
green solution to asymmetric synthesis.

In the pursuit of ideal synthesis, many have experienced the shortage of effective
chiral catalysts in regards to bond activation or stereochemical control. So, instead of
de novo design and synthesis of new chiral catalysts, why don’t try catalysts blending:
Combined Catalysis? Incompatibilities notwithstanding, there are vast opportunities
in combining distinct catalysts in a single operation for improving reaction efficiency
or offering a unique solution to challenging transformations. This book focuses on
the concept of Organo/Metal Combined Catalysis, the proof of concept, and thor-
oughgoing discussions of the reactions achieved, as the number of publications on
this field has been increasing exponentially during the last decades. Organo/Metal
Combined Catalysis dates back to the early 2000s when a chiral organocatalyst was
exploited to activate the nucleophiles, thus controlling the stereoselectivity of an
allylic alkylation with z-allyl palladium species, in the most desirable cooperative
manner. Interestingly, one catalyst of a compatible catalytic system may serve as a
relay shuttle for other catalytic cycles to enable orthogonal bond-forming reactions,
which has been named as relay catalysis (also known as cascade, domino, or tan-
dem catalysis). Once the incompatibility issue between catalysts has developed, the
Organo/Metal Combined Catalysis fells into a category of sequential catalysis, a com-
promise relay catalysis featuring stepwise catalysts addition.

This book covers the whole array of organo/metal combined catalytic systems
achieved to date, including 10 chapters: general introduction (Chapter 1);
phase-transfer-catalyst and metals (Chapter 2); enamine and metals (Chapter 3);
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iminium and metals (Chapter 4); Bronsted acid and transition metal cooperative
catalysis (Chapter 5); Bronsted acid and metal relay catalysis (Chapter 6); Lewis base
and Lewis acid cooperative catalysis (Chapter 7); Lewis base and transition metal
cooperative catalysis (Chapter 8); chiral organocatalyst and transition metal-based
photoredox catalyst (Chapter 9); applications in total synthesis (Chapter 10). All
knowledgeable authors, Dr. Zhi-Yong Han, Dr. Jie Yu, Dr. Chang Guo, Dr. Jin Song,
Dr. Dian-Feng Chen, and Dr. Pu-Sheng Wang, have significantly contributed to
the development of Organo/Metal Combined Catalysis, and can provide invaluable
perspectives.

This book could serve as an excellent textbook for graduate students and a
great handbook for researchers and other practitioners at all levels of asymmetric
synthesis.
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1

Why Is Organo/Metal Combined Catalysis Necessary?

1.1 Introduction

Molecular chirality has played an important role in a broad scope of fields, includ-
ing synthetic chemistry, drug discovery, biological system, and materials science and
will continue to exert a great impact on physical science. Such unparalleled signif-
icance of chirality leads to increasing demand for efficient asymmetric protocols to
build up chiral structures.

Chiral resolution is the oldest way to isolate optically pure chiral molecules
from the racemic form. Chiral pool- and auxiliary-induced asymmetric synthesis
has frequently been synthetic strategies of choice to create chiral elements in
organic synthesis [1]. Although chiral auxiliary-induced asymmetric synthesis
has been prevalently applied to the asymmetric synthesis of natural products and
pharmaceutically significant substances, and thus held the historical impact on
synthetic chemistry [2], the installation and removal of chiral auxiliary basically
require additional reaction steps to thereby attenuate the synthetic efficiency.

Asymmetric catalysis has globally been accepted as the most efficient concept to
stereoselectively build up molecular chirality. Since the advent of asymmetric cyclo-
propanation and hydrogenation catalyzed by chiral copper and rhodium complexes,
respectively [3, 4], asymmetric metal catalysis has continuously been the central
focus of asymmetric synthesis. The versatility and robustness of metals in the acti-
vation of a wide spectrum of chemical bonds, even those with high bond energy,
have rendered many families of asymmetric transformations to be accessed by either
Lewis acid or transition metal catalysis [5, 6].

The control of stereochemistry in asymmetric metal catalysis principally relies on
the chiral ligand and to a large degree on the ligand acceleration [7]. The stereochem-
ical control events involved in the transition metal catalysis might be one or some
of the typical elementary reactions including chiral ligand coordination, oxidative
addition, insertion, and reductive elimination. The oxidative addition occurs more
easily with an electronically richer and low-valent metal to increase the oxidation
state and coordination number of the metal center; therefore the ligand coordina-
tion facilitates this reaction. The global and long-standing interest in the design and
development of chiral ligands has culminated in the explosive appearance of priv-
ileged ligands [8], which actually propel the proliferation of elegant and practical

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.



2

https://lwww.twirpx.org n http://chemistry-chemists.com/

1 Why Is Organo/Metal Combined Catalysis Necessary?

X \
H ~
L H, / x// -mLr,  ~x-H
M) == ML*, = =~ |"L,—M . -
\ H \Vi-L*,
H 7 H
H
() Oxidative addition Reductive elimination
R R
L* N R—X N / R —M’ /
M ~ MLn Ln“M\ —_— *Ln_“l\/l\ _— R_R/
X R’
(b) Oxidative addition Reductive elimination

Figure 1.1 Transition metal-catalyzed reactions initiated with oxidative addition.
(a) Hydrogenation. (b) Cross coupling.

asymmetric processes commencing with the oxidative addition, for example, asym-
metric hydrogenation and cross-coupling reaction (Figure 1.1).

High-valent transition metals have also been found to enable a tremendous
number of organic reactions. In contrast to abundantly available chiral ligands
for asymmetric catalysis beginning with the oxidative addition, which undergoes
with low oxidation state metals, rather fewer chiral ligands are compatible with
high-valent metal catalysis and reactions undergoing under oxidation conditions to
pose a great challenge to the control of stereoselectivity. For example, although the
high-valent metal-catalyzed transformations commencing with nucleometallation
(Eqg. (1), Figure 1.2), aryl and allylic C-H activation (Egs. (2) and (3)), have been
well established, a very limited number of chiral ligands can enable highly enan-
tioselective variants, in particular, those using molecular oxygen as the terminal
oxidant [9]. So far, chiral Lewis acids are successful representatives among massive
asymmetric high-valent metal catalysis [10]. As such, a new concept to break the
conventional wisdom that relies on the chiral ligand to control the stereochemistry
of transition metal catalysis is greatly desirable.

Asymmetric organocatalysis represents an important tool, independent, and
conceptually distinct from metal catalysis, to build up molecular chirality [11, 12].
The typical principles in organocatalysis for the activation of chemical bonds cover
a broad scope of concepts, including amine catalysis by enamine raising highest
occupied molecular orbital (HOMO) and iminium lowering lowest unoccupied
molecular orbital (LUMO), Bransted acid catalysis by hydrogen-bonding interaction
or protonation, NHC catalysis via umpolung of aldehyde, Lewis base catalysis by
nucleophilic addition to either carboxylic acid derivatives or electron-deficient
carbon-carbon double bonds to form reactive enolate or acylammonium species,
and phase transfer catalysis by using ammonium and phosphonium to form ion
pairs with anionic nucleophiles [13]. Such versatile principles in the activation
of chemical bonds and structural diversity of organocatalysts have enabled the
explosive appearance of fundamentally novel asymmetric reactions and processes
featured by environmentally benign, atom, and step economies. Nevertheless, the
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Figure 1.2 Representatives of high-valent metal catalysis.

complete dependence upon the interactions between a highly active functionality
and the organocatalyst (Table 1.1) poses the organocatalysis essential constraints to
activate relatively inactive chemical bonds and unfunctionalized substrates.

1.2 Early Stage of Organo/Metal Combined Catalysis
and General Principles

The combination of asymmetric organocatalysis and metal catalysis integrates the
catalytic activity of metals and organocatalysts, hence allows the simultaneous or
sequential occurrence of multiply bond-breaking and forming events in stereochem-
ical control to provide much more diverse ranges of concepts or principles capable of
enabling unconventional enantioselective transformations that are toughly accessed
by the individual catalyst [14]. Very early reports on the asymmetric organo/metal
combined catalysis describe a Pd-catalyzed asymmetric allylic alkylation of an imino
ester, in concert with chiral phase transfer catalysis [15]. Gong and coworkers found
that the use of a cinchona alkaloid-derived ammonium bromide 4a that Corey devel-
oped [16] as the chiral phase transfer catalyst, in combination with an achiral palla-
dium complex of triphenylphosphine, is able to enable the reaction to deliver 59% ee
[15]. Takemoto identified that the electron density of the trivalent phosphorus ligand
exerts considerable impact on the reaction performance and the highest enantiose-
lectivity of 94% ee was obtained with 4b that Lygo introduced [17] in the presence of
triphenyl phosphite ligand. In both the cases, the respective and synergistic action of
the palladium complex and chiral PTC on the allylic ester 1 and nucleophile 2 ren-
ders the reaction to proceed more efficiently via a transition state TS-1 and allows
the stereochemical control to be accessed by chiral phase transfer catalyst, alone
(Figure 1.3). This strategy indicates that the stereoselection of metal-catalyzed reac-
tions can be controlled without chiral ligand, instead, by a co-organocatalyst, thus
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Table 1.1 Typical activation modes in organocatalysis (OC).

Concepts of OC

Active intermediates

Applicable substrates

Reaction types

Enamine catalysis

Iminium catalysis

Bronsted acid catalysis

NHC catalysis

Lewis base catalysis

Phase transfer catalysis

Enolizable aldehydes and
ketones

Enal and enones

Aldehydes, ketones, and
imines, enal, and enones

Aldehydes

Ketene, acylhalides,
anhydride, and other
analogues

Enals, enones, and
o,p-unsaturated esters

Acidic nucleophiles

Aldol reaction
Mannich reaction
Michael addition

Michael addition
Diels-Alder reaction
Friedel-Crafts reaction

Reduction
Friedel-Crafts reaction
Michael addition

Annulation
Benzoin reaction
Stetter reaction

[2+2] cyclization
[4+2] cyclization
Kinetic resolution

[342] cycloaddition
Baylis-Hillman reaction

Alkylation

Aldol reaction
Mannich reaction
Michael addition
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Figure 1.3 Pd and PTC cooperative catalysis.

o 0CO,Me o _
BuP (100 mol%)
R Z R
Pd(PPh,), (1 mol%)

t-BuOH, 60 °C
6

5

Figure 1.4 Pd and phosphine cooperative catalysis.

opens up a window to seek unconventional modes to address issues of the stereo-
chemical control encountered in the asymmetric metal catalysis.

The cooperative catalysis of transition metal and Lewis base was first showcased
by Krische and coworkers [18]. Tributylphosphine undergoes Rauhut-Currier
type addition [19] with the enone moiety of 5 to generate a transient enolate and
simultaneously, the palladium complex reacts with the allylic carbonate part to give
a w-allylpalladium species. A subsequent intramolecular substitution occurs via a
transition state TS-2, and followed by elimination of tributylphosphine, to yield the
final product 6 (Figure 1.4). The perfect integration of the Lewis base and palladium
catalysis offers a unique activation mode to make the reaction that is otherwise
unable to proceed possible.

The cooperative catalysis of Lewis base and Lewis acid to drive an asymmetric
[2+2] annulation of acetyl chloride 7 and imino esters 8 was reported by Lectka and
coworkers [20]. The chelation of indium triflate to the imino ester 8 enhances the
reactivity of the imine functionality. Thus, the nonmetal-coordinated zwitterionic
enolate Int-1 generated from the acetyl chloride 7 with BQ 10 and base 11 is able to
undergo an enantioselective Mannich-type reaction with an In(III) cocatalyst-bound
imino ester Int-2 to form an intermediate Int-3. Finally, an intramolecular amide
bond formation delivers p-lactams 9 and regenerates the catalyst (Figure 1.5).
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Figure 1.5 Lewis acid and Lewis base cooperative catalysis.
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Figure 1.6 Typical organo/metal combined catalysis in the early stage. Source: Modified
from Arndtsen and Gong [25].

In the same period, the enamine and palladium [21], Brensted acids and tran-
sition metals [22, 23], NHC and metal complexes [24], and some other combined
catalyst systems were successively reported, providing unusual fundamental bond
activation modes that turn out to be versatile platforms to allow for the proliferation

of unprecedented transformations (Figure 1.6) [25].

Most organocatalysts contain heteroatoms, which basically coordinate to metal
catalysts to change the catalytic activity and to result in the “self-quenching” in some
cases. As a consequence, the compatibility of metals and organocatalysts turns out
to be the key to success in the organo/metal combined catalysis. On the other hand,
the synergistic effect among the components of the combined systems is actually
most desirable. Based on the activation modes and reaction pathway, the asymmet-
ric organocatalysis combined with metal catalysis generally consists of cooperative
catalysis, relay catalysis (also known as cascade, demino, and tandem catalysis), and

sequential catalysis as well (Figure 1.7) [26].
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Figure 1.7 Categories of asymmetric organocatalysis combined with metal catalysis.
(a) Cooperative catalysis. (b) Relay catalysis. (c) Sequential catalysis. Source: Chen et al. [26].

1.3 Organo/Metal Cooperative Catalysis

1.3.1 Control of Stereochemistry

Cooperative catalysis refers to a catalytic process, which is initiated via the simulta-
neous and respective activation of two or more substrates, functionalities, or chemi-
cal bonds enabled by two or more individual metal and organocatalysts (Figure 1.7a).
The cooperative catalysis actually provides more possibilities to control the stereo-
chemistry of an asymmetric transformation by tuning the chirality of each individual
catalyst. For example, if the metal only works efficiently for breaking or assembling
the chemical bonds, but is unable to control the stereochemistry by varying chiral
ligands, the chiral organocatalysis concepts can be adapted to conquer the stereo-
chemical control issue (Figure 1.8a). In case no appropriate organocatalysts are able
to efficiently induce the stereoselectivity, chiral metal complexes would stand in for
addressing the stereochemical issue while the organocatalyst solely acts to activate

Metal (M) L (l)* i
eta |
AVY B —mMm— A - BYy|— ( C*
Organocat (O)*
(a) - -
i ik
M O
Metal (M)*
A+ @ “@ @) — @
Organocat (O)
(b) - -
Metal (M) w cl)* i
eta *
A)+ (& D-(B) — (@
Organocat (O)*

(©) - -

Figure 1.8 Strategies of stereochemical control in cooperative catalysis. (a) Combine
achiral metal complex with chiral organocatalyst. (b) Combine chiral metal complex with
achiral organocatalyst. (c) Combine chiral metal complex with chiral organocatalyst. Source:
Han et al. [27].
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24 Up to 94% ee 25 26
27

Figure 1.9 Chiral Lewis acid and achiral Lewis base cooperative catalysis. Source: Chen
et al. [28].

X Pd(0AC), (7 mol%) OHC |
OHC P 30 (14 mol%), 31 (50 mol%) ST MeO PPh, 3 O\
THF, 0°C MeO PPh, n-Me
12 76%, 98% ee 2 O !
28 29 %0 ! 31

Figure 1.10 Asymmetric allylation enabled by chiral palladium complex and achiral
amine. Source: Bihelovic et al. [29].

the substrates (Figure 1.8b). If neither of the concepts offers high stereoselectivity,
both chiral metal complex and chiral organocatalyst can be applied to synergistically
control the stereoselectivity (Figure 1.8c) [27].

The combination of achiral metal catalysts and chiral organocatalysts appeared
at the beginning of this field [15]. In the same period, one of the earliest examples
describing merging the chiral metal complex and achiral organocatalyst was intro-
duced by Feng and coworkers who identified that the combination of an aluminum
complex of chiral salen 26 and an N-oxide Lewis base 27 was able to afford a highly
efficient and enantioselective cyanosilylation of ketones 24 (Figure 1.9) [28].

Saicic and coworkers described the combined use of a chiral palladium complex
of (R)-Ph-MeOBiPHEP 30 and an achiral amine 31 to establish a highly enantiose-
lective intramolecular a-allylation of aldehydes 28 (Figure 1.10) [29].

A binary catalyst made up of a chiral phosphoric acid and an iridium complex 34
adorned with Noyori-diamine ligand allows a highly efficient asymmetric hydro-
genation of acyclic imines 32 to give chiral amine 33 in almost perfect levels of
enantioselectivity. In this case, the matched chirality between the chiral diamine
ligand of the iridium complex 34 and the chiral phosphoric acid (R)-19a offers high
stereoselectivity (Figure 1.11) [30].

i Ar
Ph>_\\Ph Pr OO
_Ar o) Q
AT (R)-19a (1 mol%) HN N N_S';Q/Pr WP

! 34 (1 mol%) A /LR LS g o
)\ 20 bar H L S (X
R Rs 2 33 Pr
32 Toluene, 20 °C Ar
Upt0 96%, 99% ee  34: H-X = (R)-19a 19a, Ar = 2,4,6-(Pr);CH,

Figure 1.11 Asymmetric hydrogenation enabled by chiral iridium complex and phosphoric
acid. Source: Modified from Li et al. [30].
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Figure 1.12 Stereodivergent cooperative catalysis. Source: Modified from Krautwald
et al. [31].

In the cases of combining chiral metal and chiral organocatalysts, if both of them
are robust enough to control the stereochemistry, the cooperative catalysis will be
able to establish the stereodivergent construction of chiral structures by simply vary-
ing the stereochemistry of each individual chiral catalyst. The proof of concept in
this field was demonstrated by Carriera who first reported a stereodivergent allylic
alkylation between a-enolizable aldehyde 35a and an allylic alcohol 36a based on
the asymmetric cooperative catalysis of iridium complex of chiral phosphoramidite
38 and chiral primary amine 39, allowing access to four stereomers by altering the
stereochemistry of the chiral ligand and chiral amine (Figure 1.12) [31]. Afterward,
the cooperative catalysis of chiral rhodium complex and chiral amine, chiral iridium
complex and chiral Lewis base, as well as the iridium complex and chiral NHC car-
bene was successively discovered by different research groups for the establishment
of stereodivergent processes [32].

1.3.2 Cooperative Activation of Chemical Bonds

Simultaneous action of both the metal and organocatalyst on the same substrate
actually provides a unique tool to activate a chemical bond and thereby makes the
reaction that may not work upon, being promoted by either of individual catalysts
probably occur. The feasibility and robustness of this strategy have been implicit in
the activation of relatively inactive chemical bonds. For instance, both the allylic
C—N bond of allyl amines 40 and C—O bond of allylic alcohols 41 can be activated
by protonation as shown in Int-4 and hydrogen-bonding interaction as shown
in Int-5 with the chiral phosphoric acid, respectively, to facilitate the oxidative
addition of the palladium complex to give the w-allylpalladium phosphate complex
intermediate, which smoothly undergoes the enantioselective substitution reaction
with the enamine Int-6 via a transition state TS-4 to give a-allylic aldehydes 42
(Figure 1.13) [33]. It is worthy to mention that neither the allyl amine nor the allylic

9
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Figure 1.13 Allylation of aldehydes by cooperative catalysis of Pd, chiral Brensted acid,
and amine. Source: Mukherjee et al. [33].
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Figure 1.14 Asymmetric allylic C-H functionalization by cooperative catalysis.

alcohol can undergo the oxidative addition without the assistance of the Bronsted
acid [34].

Even more remarkably, the Bronsted acid can facilitate the palladium-mediated
allylic C-H cleavage. Thus, the combination of the palladium complex, chiral
Bronsted acid, and primary amine allows an enantioselective oxidative a-allylation
of aldehydes 35 with a-olefins 43 [35]. The Pd-mediated allylic C-H oxidation gener-
ates the n-allylpalladium phosphate complex Int-7 that undergoes asymmetric ally-
lation with enamine Int-8 via the transition state TS-4’ similar to List’s model TS-4
to smoothly give the chiral aldehydes 42 in excellent enantioselectivity (Figure 1.14).

Adoption of visible light photocatalysis to combine with chiral organocatalysis
leads to another versatile concept for the development of asymmetric transforma-
tions that are unable to work based on traditional bond-activation and assembly
strategies [36]. MacMillan and coworker first described the integration of a photocat-
alyst 48 and a chiral amine catalyst 47a to establish an efficient a-alkylation of alde-
hydes 44 with a-bromocarbonyls 45 (Figure 1.15) [37]. Subsequently, merging the
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Figure 1.15 Asymmetric organocatalysis combined with photocatalysis. Source: Modified
from Nicewicz and MacMillan [37].

ruthenium(II) or iridium(III) visible photocatalysts and chiral Brensted acids [38],
NHC carbene [39], or other organocatalysts [40] were disclosed to promote asym-
metric transformations that proceed via transient radical intermediates in excellent
stereochemical control.

The organo/metal combined catalysts aforementioned are typical representatives
in the field of hybrid cooperative catalysis. Each of them consists of a large family
of chiral catalyst systems that provide plentiful synergistic activation of chemical
bonds and many possibilities to induce the stereoselectivity, allowing for the cre-
ation of new asymmetric transformations. A detailed description of this field will be
presented in Chapters 2-9.

1.4 Organo/Metal Relay and Sequential Catalysis

Relay catalysis is defined as a cascade process in which two or more sequential
bond-forming events are independently promoted by two or more catalysts in a cas-
cade manner. Based on the substrates, either the linear ligation (Figure 1.16a) or
annulation (Figure 1.16b) can be accessed by this catalytic strategy.

The sequential catalysis generally describes a one-pot reaction promoted by
different catalysts, which are chemically incompatible, and therefore parts of the
catalysts or, in some cases, reagents must be added after the previous catalytic
reaction is complete (Figure 1.7c) [26]. Both relay and sequential catalysis can
provide general platforms to design new protocols for the enantioselective con-
struction of molecular complexity from readily available starting materials, featured
by avoiding the additional workup of either isolable or transient intermediates to
thereby reduce labor, save time, and minimize waste. This book will be focusing
on discussion of cooperative and relay catalysis, both of which are chemically
compatible. Thus, sequential catalytic processes that proceed based on artificial
operation, will be excluded from this book except the very original ones that have
inspired the following developments.

Rovis coined the name of relay catalysis defining a cascade reaction constituted
of elementary steps promoted by the individual catalyst, respectively, and reported a
nucleophilic carbene and HOAt (53) relay catalysis for an amidation of a-reducible
aldehydes 49 and amines 50 to produce a-reduced amides 51 [41]. The aldehyde
49 undergoes a redox reaction with carbene to yield an acyl azolium Int-8, which
then condenses with 53 to give an even more reactive intermediate Int-9 capable of
participating in the subsequent amidation reaction (Figure 1.17).



https://lwww.twirpx.org n http://chemistry-chemists.com/

12 | 1 Why Is Organo/Metal Combined Catalysis Necessary?

@ + . @ Metal (M)

Organocat (O)

iM(orO) T
t

M (O)

o —a-2- 35

R~y FG 4 @ Metal (M) R-x FG
Organocat (O)

.

Figure 1.16 General principal of organo/metal relay catalysis. (a) Intermolecular relay
catalysis. (b) Relay catalysis for annulation. Source: Han et al. [27].
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Figure 1.17 Proof of concept of relay catalysis.

One of the earliest organo/metal relay catalysis describes cascade hydroformyla-
tion and asymmetric aldol reaction (Figure 1.18). The styrene derivatives 54 prefer
to undergo branch-selective hydroformylation catalyzed by rhodium complex of 57
to generate a-branched aldehydes, which then undergo a proline-catalyzed asym-
metric direct aldol reaction to give p-hydroxyketones 56. In contrast, a-alkenes 58
favorably undergo the linear-selective hydroformylation to give enolizable aldehy-
des, which then participate in the subsequent proline-catalyzed cross-aldol reaction

with another aldehyde 59 [42].
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Figure 1.18 Relay catalytic cascade hydroformylation and aldol reaction. (a) Eilbracht’s
work. (b) Breit’s work.
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Figure 1.19 Ru/Brensted relay catalysis. Source: Modified from Sorimachi and Terada [43].

Terada and coworker established a one-pot tandem isomerization/carbon-carbon
bond-forming sequence of allylamines 62 and 63 enabled by the relay catalysis of a
ruthenium complex and Brensted acid 65. The readily available allylamines 62 ini-
tially undergoes a double-bond migration catalyzed by ruthenium complex to give
an enamine 66, which then participates in a Brensted acid-catalyzed addition reac-
tion with 1,3,5-trimethoxybenzene (63) via the intermediate Int-10 to yield 64 and
regenerate phosphoric acid 65 (Figure 1.19) [43].

Soon after these events, hydroamination of alkynes and asymmetric transfer
hydrogenation cascade processes, enabling the direct transformation of a linear
functionality, the carbon-carbon triple bond, to a stereogenic center, were estab-
lished by relay catalysis of gold complex and chiral phosphoric acid [44]. Gong
and coworkers elaborated a gold complex/chiral phosphoric acid relay catalytic
transformation to directly convert the propargylic anilines 67 to a number of chiral
tetrahydroquinolines 69 in excellent yields and with high levels of enantioselectivity
(Figure 1.20a) [44]. Coincidently, Liu and Che also found a cascade intermolec-
ular hydroamination and transfer hydrogenation reaction of alkynes 71 and
anilines 72 rendered by gold and chiral phosphoric acid relay catalysis to furnish
chiral secondary amine products 73 in excellent yields and enantioselectivities
(Figure 1.20b) [44].
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Figure 1.20 Gold/chiral Brensted acid relay catalysis. Source: Modified from Liu and
Che [40].

Dixon combined a gold(I)-catalyzed intramolecular hydroalkoxylation of
3-butylnoic acids 74 to generate furan-2(3H)-one intermediates 77, a chiral phos-
phoric acid-mediated condensation with tryptamine 75 to form N-acyliminium
phosphate Int-13, and N-acyliminium cyclization, to accomplish a one-pot process
enabling the direct transformation of the 3-butylnoic acids 74 and the tryptamine
75 into chiral N-heterocyclic compounds 76 in great yields and stereoselectivities
(Figure 1.21) [45].

In the same year, You and coworkers reported a relay catalytic cascade
cross-metathesis and asymmetric Friedel-Crafts alkylation between indole deriva-
tives 78 and unsaturated carbonyls 79 [46]. The presence of the Grubbs catalyst is
sufficient to drive cascade reaction but in the racemic version [47]. The addition of
the chiral phosphoric acid 19a as co-catalyst allows the Friedel-Crafts alkylation to
proceed much faster and thus offers high stereoselectivity (Figure 1.22).

The earliest combination of iminium activation mode and transition metal for
sequential catalysis was described by MacMillan et al. The Grubbs II catalyst 81b,
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. A\ " \ Ar
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80°C24h H R Q 5
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\— Ar
oz o) Tk

Au(l)-catalyzed Ar = tr|phenyIS|Iy

loisomerization
cycloisomerizatiol Int-13

N-Acyliminium cyclization

Figure 1.21 Gold/chiral Brensted acid sequential catalysis. Source: Modified from Yang
et al. [45].
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Figure 1.22 Relay catalytic cascade metathesis and Friedel-Crafts reaction.
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Figure 1.23 Sequential metathesis/Michael addition/aldol reaction. Source: Modified from
Simmons et al. [48].

5-hexene-2-one 82, and crotonaldehyde 83 are combined at 40 °C to undergo the
metathesis to give a keto-enol 86. The subsequent asymmetric Michael addition of
trimethylsilyloxyfuran 84-86 catalyzed by imidazolidinone 47b proceeds at —50"C
to generate 85. Finally, the intramolecular aldol reaction of 85 catalyzed by L-proline
allows the production of 87 in overall 64% yield and with 5/1 dr and 95% ee. This
sequential one-pot process enabled by the triple catalysis provides the key interme-
diate 87 to access natural product (—)-aromadendranediol (Figure 1.23) [48].

As aforementioned and also implied in the working models of organocatalysis
(Table 1.1), it is basically hard for organocatalysis to activate relatively inert chemical
bonds. For example, hydrogen is highly inert for pure organocatalysts and unable to
participate in the organocatalytic process. However, the adoption of transition metal
catalysis in the relay catalytic process can allow asymmetric hydrogenation to occur
by using the chiral organocatalyst to control the stereochemistry. Zhou and cowork-
ers combined chiral ruthenium complex and chiral Brensted acid to establish highly
enantioselective hydrogenation of quinoxalines [49]. The Ru(II)-catalyzed hydro-
genation of quinoxaline 88 initially proceeds to generate dihydroquinoxaline 90,
which undergoes either a Ru(II)-catalyzed non-enantioselective hydrogenation or
a chiral phosphoric acid (S)-19a-catalyzed asymmetric disproportionation to give 89
(Figure 1.24). Since the chiral phosphoric acid-catalyzed self-transfer hydrogenation
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Figure 1.24 Relay catalytic hydrogenation.

is much faster than the Ru-catalyzed process, high levels of enantioselectivity are
achieved for the entire relay catalytic hydrogenation reaction.

The relay catalytic systems listed before are typical representatives and actually
provide the general reaction modes that are amenable to design new cascade pro-
cesses. Since these events, hybrid multi-catalyst relay catalysis has gradually been
blooming. Increasing attention has been paid to this field, leading to a large num-
ber of nonclassical asymmetric cascade transformations that will be highlighted and
discussed in detail in the next chapters, in particular in Chapters 3, 4, and 6.

1.5 Conclusion

Since the advent of asymmetric metal catalysis, the incorporation of chiral ligands
to the central metal has dominantly been the reliable strategy to address the stere-
oselective issue encountered in catalytic asymmetric reactions. The organo/metal
combined catalysis changes and even actually refutes such conventional wisdom.
The preponderance of activation modes and stereochemical options allocates unpar-
alleled capacity to the organo/metal cooperative catalysis for the creation of asym-
metric reactions. The sequential occurrence of multiply bond-breaking and forming
events in stereoselective manner featured in relay catalysis propels the emergence
of nonclassical cascade reactions. The last decades have indeed witnessed exciting
progress in asymmetric organocatalysis combined with metal catalysis. It is not to
overstate that the organo/metal combined catalysis is gradually altering the status
quo of asymmetric catalysis, to some degree, and will continue to exert an essential
impact on asymmetric catalysis.
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Metal/Phase-Transfer Catalyst Combined Catalysis

2.1 Introduction

Phase-transfer catalysis (PTC) has been recognized as one of the most useful
methodologies in both academia and industry, as it features mild reaction condi-
tions, simple procedures, low cost, environmentally benign reagents and solvents,
and the practicability for large-scale synthesis [1-4]. In general, PTC accelerates
a reaction by facilitating the migration of a reactant from one phase into another
where the reaction occurs. As a simple and classic example of PTC, the reaction of
1-chlorooctane and aqueous sodium cyanide is shown in Scheme 2.1 [3]. Although
heating the reaction mixture under reflux with vigorously stirring for one or two
days gives no apparent product, the addition of a catalytic amount of phosphonium
salt drastically accelerates the reaction to complete in several hours. In the catalytic
process, phosphonium cation not only transfers the cyanide anion into the organic
phase but also increases the nucleophilicity of the CN~ due to the large ionic radius
of Q*, which reduces the electrostatic interaction between the ion pair. Employing
chiral ammonium or phosphonium salts allows for enantioselective transfor-
mations, including the industrial synthesis of amino acids via the asymmetric
alkylation of glycine iminoesters with a chiral phase-transfer catalyst [5, 6].

Transition metal catalysts are crucial for modern chemistry considering their enor-
mous diversity in lowering the activation barrier for chemical reactions and the huge
number of reactions catalyzed by transition metal compounds. The combination of
transition metal catalysis and PTC offers more opportunities and advantages com-
pared to conventional catalytic strategies. In this chapter, we will briefly introduce
the early stage of transition metal/PTC combined catalysis and focus on the asym-
metric transformations enabled by the binary catalyst system.

2.1.1 Early Racemic Examples: PTC and Transition Metal Co-catalyzed
Reactions

One of the great challenges in catalysis is to integrate the advantages of
heterogeneous and homogeneous catalysis. The former features high efficiency,
easy separation of the catalyst from the product, but normally suffers from unsatis-
factory selectivity. The latter usually represents high selectivity and mild reaction

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 2.1 Example of phase-transfer catalysis. MTBE, methyl tert-butyl ether; DCM,
dichloromethane; TBAB, tetrabutylammonium bromide. Source: Modified from Starks [3].

conditions, but catalyst and product exist in the same phase and difficult to separate.
In principle, a two-phase system might allow for good separation and integrates
advantages of heterogeneous and homogeneous catalysis.

Initial attempts of applying PTC to transition metal-catalyzed reactions appeared
in the 1970s. Alper [7] and Cassar [8] independently reported the catalytic carbony-
lation of benzyl bromide performed in a liquid-liquid biphase system and cooper-
atively catalyzed by a cobalt carbonyl and benzyltriethylammonium chloride. The
reaction is believed to proceed following the sequence in Scheme 2.2. Cobalt tetracar-
bonyl anion Int-1 is generated from dicobalt octacarbonyl and sodium hydroxide
and transported into the organic phase by forming a lipophilic intermediate Int-2
with the phase-transfer catalyst [9]. The reaction of the anion Int-1 with benzyl bro-
mide 3 gives an intermediate Int-3, which undergoes a ligand migration to form the
acyl complex Int-4 and a subsequent clearage of the cobalt carbon bond would afford
the carboxylate anion 4 in the aqueous phase. The overall reaction features very
mild conditions and a convenient work-up procedure. Besides carbonylation reac-
tions, hydrogenation, coupling, and other reactions enabled by transition metal/PTC
cooperative catalysis have also been reported [10-13].

2.2 Asymmetric Metal/Phase-Transfer Catalyst
Combined Catalysis

The combination of PTC and transition metal catalysis offers more options and addi-
tional stereocontrol strategies in asymmetric catalysis considering that either or both
of them can be chiral to impart asymmetric induction individually or synergistically.
Depending on the type of phase-transfer catalyst employed, the PTC and metal com-
bined catalysis can be categorized into metal and cationic PTC cooperative catalysis,
metal and anionic PTC relay catalysis, PTC combined with reactive metallic anions,
and metal combined with onium ligands (Scheme 2.3). In the metal and cationic PTC
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Scheme 2.2 Cobalt/PTC co-catalyzed carbonylation of benzyl halides.

cooperative catalysis, the nucleophile can be transformed into the reactive ion pair
Nu~ Q" upon exposing to a PTC and a base, and then reacts with the other inter-
mediate, generated from a metal-catalyzed elementary reaction (Scheme 2.3a). In
the metal and anionic PTC relay catalysis, a chiral anion is typically employed to
transfer the insoluble substrate into the solution as a chiral ion pair, which then par-
ticipates in a metal-catalyzed process to form the final product (Scheme 2.3b). It is
feasible to harness either chiral transition metal catalyst or chiral PTC to control the
stereochemistry of these reactions. If two types of chiral catalysts are employed, the
additional stereocontrol element is provided for the reaction, and thus a matched or
mismatched effect should be observed. In the third model, the PTC catalyst is used to
transfer a reactive metallic anion, such as permanganate, generating a chiral ion-pair
complex (Scheme 2.3c). The last strategy applies chiral bifunctional ligands bearing
onium ion moieties for metal-catalyzed transformations (Scheme 2.3d). Besides chi-
ral skeletons, these bifunctional ligands could also utilize external chiral counter
anions to control stereochemistry. In nature, the validity of the last two combined
catalysis concepts relies on the chiral ion-paired complex to act as a real catalyst
(Scheme 2.3c,d). In this regard, these strategies could also be considered as sole cat-
alyst promotion. As such, these two concepts will be mentioned very briefly at the
end of this chapter.
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Scheme 2.3 Strategies of metal/PTC combined catalysis. (a) Metal/PTC combined catalysis.
(b) Metal/anionic PTC combined catalysis. (c) PTC and reactive metallic anions. (d) Metal
and onium ligand.

2.2.1 Combination of Cationic PTC and Transition Metal in Asymmetric
Catalysis

In 2001, the first examples of PTC/metal co-catalyzed asymmetric reaction was
established independently by Gong and Mi [14] and Takemoto’s group [15]. They
successively developed an enantioselective allylic alkylation of iminoesters 5 with
simple allyl esters 6 by the cooperative catalysis of chiral PTC and palladium
complex. Gong and Mi identified a cinchona alkaloid-derived ammonium bromide
PTC-1 as the chiral phase-transfer catalyst, in combination with an achiral palla-
dium complex of Ph,P, to enable the reaction delivering 59% ee (Scheme 2.4). Either
(S)- or (R)-2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) was investigated
in combination with PTC-1 to reveal if the synergistic effect existed on the stereo-
chemical control. The use of (S)-BINAP as the ligand with PTC-1 gave the product
with only 20% ee and with the (R)-enantiomer predominating. In contrast, the
combination of (R)-BINAP with PTC-1 allowed the reaction to give 60% ee, but the
(S)-enantiomer predominated, the similar yield and ee were also obtained from the
reaction with PTC 1 in the presence of PPh,. These results indicate that (S)-BINAP
and PTC-1 are mismatched but no synergistic stereochemical control occurs even if
the matched chiral ligand is used.

A significant improvement in the stereoselectivity of the Pd/chiral PTC cooper-
atively catalyzed allylic allylation of iminoesters was achieved by Takemoto and
coworkers (Scheme 2.5) [15]. The electron density of the trivalent phosphorus
ligand exerts a considerable impact on the reaction performance. Electronically
rich phosphine ligands, such as 1,2-bis(diphenylphosphino)ethane (DPPE) and
tributylphosphine, enable the reaction to give higher yield but lower enantiose-
lectivity than relatively electronically poor ones, such as triphenylphosphine and
triphenyl phosphite. In particular, the highest enantioselectivity was obtained in the
presence of triphenyl phosphite under identical conditions, albeit with the sacrifice
of the catalytic efficiency. Ultimately, the combination of the palladium complex
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Scheme 2.4 Pd/chiral PTC catalyzed asymmetric allylation of iminoesters.
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Scheme 2.5 Asymmetric allylic allylation of iminoesters catalyzed by chiral PTC and
palladium complex of triphenyl phosphite.
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of triphenyl phosphite and O-methyl chinconidinium PTC-2 appeared to be the
best catalyst system and delivered good yields and excellent enantioselectivities.
Employing 50% KOH in an aqueous solution to supercede KOH solid rendered the
reaction to offer higher enantioselectivity. In addition, the asymmetric allylation
reaction with racemic branched allyl ester 8 gave the same linear-selective product
with almost identical enantioselectivity (93% ee).

The palladium-catalyzed asymmetric allylic alkylation of racemic 8 was also inves-
tigated in presence of triphenyl phosphite and MOP, respectively, by using PTC-2 as
the co-catalyst (Scheme 2.6a) [16]. The palladium complex of triphenyl phosphite
favored the generation of linear product 7b but still gave considerable amounts of
branched selectivity. As Hayashi reported, the MeO-MOP was convinced to promote
an inner attack of nucleophiles to the z-allylpalladium(II) complex generated from
8, producing the terminal alkene 9 as the major product [17]. However, in contrast
to Hayashi’s observation, the use of MOP to replace triphenyl phosphite led to the
predominant generation of linear product 7b in 70% yield and with 90% ee, accom-
panying with small amounts of branched product 9 with 85% ee. From the mech-
anistic point of view, the n-allylpalladium(II) complex Int-5 couples with a chiral
ion pair formed from the iminoester 5 and PTC-2 to give product 7, stereoselectively

5
Pd,(dba),-CHCl,

~Ph Ph
ligand(L) Ph Ph T
OAc PTC-2 PN PN
A ————— P N7 CcoBu T PR N CO,Bu
7b 9

L = (PhO),P: (29%, 89% ee) (1%, >95% de, 85% ee)
L = (R)-MeO-MOP:  (71%, 90% ee)  (13%, 90% de, 85% e€) | (R)-MeO-MOP

Ph toluene, 0 °C

R
R~ OAc \(\
6 OAc 8
R |F +X R\/lf\ R\/‘/\ R
| — + g
Pd Pd_ _Pd_ Pd_
A +L X X" L X L
Cationic complex (Int-6)  Neutral complex (Int-5) Int-7 Int-8
(reactive) (reactive)
- + \\ _ o+ [ ~ t
|5 - metal ] \\\ [5‘ Q*] Slow 5 Q Fast
Achiral *\_ Chiral ion Chiral ion
enolate .. pair pair
X
RO
)7 S)-7 Nu Nu
Background X
rea%tion ent-9 9
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Scheme 2.6 Mechanism studies on the chiral PTC/Pd co-catalyzed asymmetric allylation
of iminoesters. Source: Modified from Nakoji et al. [16].
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(Scheme 2.6b). The cationic n-allylpalladium complex is more reactive than the neu-
tral complex Int-5 [18]. In the cases involving more o-donating ligands, such as
DPPE and n-Bu,P, more active complex Int-6 might be formed dominantly, which
would be able to react with the achiral enolate and to give the racemic product. In
contrast, when the more n-accepting ligand such as (PhO),P is used, complex A is
formed exclusively and the racemic background reaction can be significantly inhib-
ited. On the other hand, the branched allyl ester 8 undergoes oxidative addition with
Pd to initially generate n-allylpalladium complexes Int-7 and Int-8, respectively. The
stronger trans influence of (PhO),P and MOP principally enables the nucleophilic
attack to favorably occur on the carbon trans to the ligand, yielding branched prod-
uct. However, the nucleophilic attack is still a rather slow process due to the severe
steric hindrance, and the z-allylpalladium complexes Int-7 and Int-8 could isomer-
ize rapidly to complex Int-5 via exchange of the coordination site of L and X, leading
to the formation of the linear product as the major product. Regardless of either path-
way via that the allylic alkylation event proceeds, the chiral ion pair generated from
5 and the PTC-2 can effectively control the stereochemistry to give the product 7b
or 9 with high stereoselectivity.

Although palladium catalyst prefers the linear-selective allylic alkylation prod-
uct, other transition metals, including Ir [19-22], Mo [23, 24], and W [25, 26] as
well tend to drive the allylic alkylation to occur at the more substituted terminus of
the allylic substrate to give the branched product. In 2003, Takemoto and cowork-
ers reported their endeavors to investigate the iridium complex/PTC cooperatively
catalyzed asymmetric allylic alkylation of iminoesters [27]. The combination PTC-2
and iridium complex of triphenyl phosphite exclusively provided the branched prod-
ucts 9’ and 9 even if the linear cinnamyl alcohol derived allyl esters were employed
as the substrates. However, the yield and stereoselectivity of 9’ remained moderate
regardless of alternating the leaving group of allylic substrate. On the other hand,
the use of bidentate chiral ligand L1, without the addition of PTC, considerably
enhanced the enantioselectivity of the major product to up to 97% ee (Scheme 2.7).

Umpolung [28] addition of imines, in which imines serve as nucleophiles, offers
a unique approach to chiral amines [29-31]. In 2015, Deng’s group successfully
realized the first asymmetric umpolung addition of imines with various Michael
acceptors using chiral ammonium salt PTC [32]. Inspired by this work, Han and
coworkers established an Ir/PTC cooperatively catalyzed asymmetric umpolung
allylic substitution of simple a-iminoesters with allyl acetates, providing facile
access to chiral a-quaternary amino acid derivatives bearing two vicinal stereo-
centers (Scheme 2.8) [33]. 1,1’-bi-2-naphthol (BINOL)-based phosphite L1 with a
sulfur atom at the alkyl chain, developed by Takemoto’s group, proved to be the
optimal ligand for the reaction. The existence of a PTC as the co-catalyst was found
to be crucial for the reaction. Through a thorough screening of the PTC, including
a number of chiral PTCs such as PTC-4 and PTC-5, achiral tetrabutylammonium
bromide (PTC-3) was found to be the best option. Without the phase-transfer
catalyst, the yield of the reaction decreased severely, and diminished enantiose-
lectivity was observed. The reaction generally offers good yields, high diastereo-
and enantioselectivities employing aromatic allyl acetates. Alkyl allyl acetate,
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Scheme 2.7 Chiral PTC/achiral iridium co-catalyzed asymmetric allylation of iminoesters.
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Scheme 2.8 Ir/PTC cooperatively catalyzed asymmetric umpolung allylic substitution of
simple a-iminoesters with allyl acetates. Source: Modified from Su et al. [33].
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Scheme 2.9 Pd(ll)-mediated electrophilic vinylogous reaction.

(E)-pent-2-en-1-yl acetate, delivers the desired amino acid derivative with a 2 : 1 b:l
ratio and with high ee for the major product.

Stahl found that the enolizable ketone can undergo a Pd(II)-catalyzed dehydro-
genation to generate the corresponding a,p-enone by forming Pd(II)-enolate species
in the presence of a base and then undergoing the subsequent f-hydride elimination
[34]. Chen and coworkers proposed that a similar transmetalation between palla-
dium acetate and dienolate Int-11 generated from the deprotonation of allyl ketone
13 with a base gave an intermediate Int-12. The intermediate Int-12 then undergoes
1,3-Pd migration to form n!-allyl palladium Int-13, which then tautomerizes into a
n-allyl palladium intermediate Int-14. The allylic substitution of the intermediate
Int-14 with a nucleophile would occur in a direct vinylogous umpolung manner to
yield 14 (Scheme 2.9).

Based on this mechanistic hypothesis, Chen and coworkers established a
highly enantioselective oxidative coupling between oxindoles 15 and allyl ketones
13 enabled by the cooperative catalysis of palladium acetate and chiral PTC
(Scheme 2.10) [35]. Either r-amino-acid-derived phosphonium salt PTC-6 or
PTC-7 was identified as the best co-catalyst to offer the highest enantioselectiv-
ity. A broad range of 3-substituted oxindoles underwent the reaction smoothly,
generally giving the multifunctional products bearing an all-carbon quaternary
stereocenter with excellent enantioselectivities. 3-Indolinone-2-carboxylic and
2-cyclopentanonecarboxylic esters were also suitable for the reaction, leading to
the products 16c and 16d with moderate and high enantioselectivities offered by
PTC-6 and PTC-7, respectively. Dienol silyl ether 18, holding similar reactivity to
the dienolate, is also able to undergo oxidative allylic alkylation reaction in lieu of
the allyl ketone 13 to provide 19 with excellent enantioselectivity. The chiral anion
pair Int-15 generated from 15 and the phase-transfer catalyst is believed to undergo
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Scheme 2.10 Asymmetric vinylogous umpolung reaction. Source: Modified from Ran
et al. [35].

the enantioselective coupling with the z-allyl palladium intermediate Int-14 to

yield the chiral products 16.

Either ammonium or phosphonium salt PTC-catalyzed enantioselective transfor-
mations usually utilize enolizable pronucleophiles under basic conditions and con-
trol the stereochemistry via chiral ion pairs. Only a limited number of examples
describe nonenolizable, but still stabilized anionic carbon nucleophiles in asymmet-
ric phase-transfer catalysis [36-39]. Recently, Maruoka and coworkers developed an
enantioselective alkynylation of isatin derivatives using chiral ammonium bromide
PTC-8 and silver acetate binary catalyst system (Scheme 2.11) [40]. The complexa-
tion of AgOAc and the chiral quaternary ammonium salt PTC-8 generates a chiral
ion pair 23, which can form a chiral silver alkynylide 24 with alkyne 20 in the pres-
ence of a base. The chiral ion pair 24 then reacts with isatin 21 to give 25, which

finally undergoes protonation to yield product 22.
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Scheme 2.11 PTC/Ag(l) cooperatively catalyzed enantioselective alkynylation of isatin
derivatives.

2.2.2 Combination of Anionic PTC and Transition Metal in Asymmetric
Catalysis

In contrast to cationic PTC, anionic PTCs can transfer cations into the
reaction phase. As early as the 1980s, tetraphenylborate anion and its sderiva-
tives were identified to transfer cations in several reactions. For example,
tetrakis|3,5-bis(trifluoromethyl)phenyl] borate was reported to catalyze the
diazotization of anilines in a dichloromethane/aqueous sulfuric acid two-phase
system [41, 42]. The resulting diazonium group could further undergo one-pot
transformations, such as bromination and hydroxylation reactions. However,
the establishment of asymmetric anionic PTC did not have much success until
the 2010s [43]. In 2011, Toste reported an asymmetric electrophilic fluorination
reaction using an insoluble cationic electrophilic fluorination reagent (Selectfluor)
with BINOL-derived phosphate as the chiral anionic phase-transfer catalyst [44].
Since then, chiral anionic PTC has enabled a number of highly enantioselective
transformations [45-47].
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Scheme 2.12 Enantioselective 1,1-arylborylation of alkenes.

In 2015, Toste reported an enantioselective 1,1-arylborylation of alkenes rendered
by chiral anionic PTC and palladium cooperative catalysis (Scheme 2.12) [48]. By
employing chiral phosphoric acid (CPA)-1 to generate the anionic PTC and 28 as
a ligand for the palladium catalyst, a three-component reaction of aryl diazoniums
26, alkenes 27, and pinacol diborate provides chiral benzylic boronates 29 with high
to excellent enantioselectivities. In this reaction, the insoluble aryldiazonium salt
26 undergoes a metathesis reaction with sodium phosphate to provide soluble chi-
ral ion pair Int-16, which upon undergoing oxidative addition could generate Pd(II)
species Int-17 bearing a chiral counter anion. The complex Int-17 would undergo
alkene insertion to give a complex Int-18, which could be transformed into a com-
plex Int-19 through a f-H elimination/reinsertion sequence. After transmetalation
and reductive elimination, Int-19 could be converted into the chiral borons 29 and
release both catalysts.

Inspired by Toste’s work, Gong and coworkers developed a highly selective
multicomponent carbonyl allylation reaction of 1,3-butadienes, aryldiazonium
tetrafluoroborates, and aldehydes (Scheme 2.13) [49]. The Pd(II) complex Int-17,
generated from the oxidative addition of Pd(0) complex to the soluble chiral iron
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Scheme 2.13 Enantioselective multicomponent carbonyl allylation reaction of
1,3-butadienes, aryldiazonium tetrafluoroborates, and aldehydes.

pair Int-16, undergoes an insertion reaction with diene 30 to give a chiral z-allyl
Pd complex Int-20, which reacts with diboron 26 to give chiral allylboron Int-21.
Int-21 would undergo allylation reaction with aldehydes to give enantioenriched
homoallylic alcohol 33. A side product 34, probably generated from allylboron
Int-22, was also observed. The 1,1’-spirobiindane-7,7’-diol (SPINOL)-derived
phosphoric acid (CPA-2) offered the highest enantioselectivity and the use of bulky
diboron 32 was the key to inhibit the generation of 34 and provided almost perfect
Z[E selectivity [50].

By virtue of the similar strategy, the same group established an enantiose-
lective three-component carbonyl allylation reaction of 1,3-butadienes, alkynyl
bromides, and aldehydes to produce densely functionalized homoallylic alcohols
(Scheme 2.14) [51]. Chiral silver phosphate 37 was identified as the best anion PTC
and appeared to be slightly more effective for the stereocontrol than the corre-
sponding phosphoric acid. The combination of 37 and palladium acetate, together
with the presence of bulky diboron 32 allowed the multicomponent reaction to give
excellent Z/E- and enantioselectivity. In this process, the formation of the chiral
Pd(II) species Int-23 through a metathesis process driven by the precipitation of
AgBr is believed to be the key intermediate that is responsible for the stereocontrol
of the whole reaction. As such, the use of Ag,CO, is crucial for the reaction to
proceed and also for the regeneration of the anionic chiral PTC.

Toste and coworkers created an enantioselective 1,1-diarylation of acrylates
27 by means of Pd and anionic PTC cooperative catalysis (Scheme 2.15) [52].
The reaction proceeds through a pathway similar to the enantioselective alkene
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Scheme 2.14 Enantioselective three-component carbonyl allylation reaction of
1,3-butadienes, alkynyl bromides, and aldehydes.
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Scheme 2.15 Enantioselective 1,1-diarylation of acrylates. Source: Modified from
Yamamoto et al. [52].

1,1-arylborylation reaction described by the same group [48]. After the aryl palla-
dium phosphate Int-17 undergoes a Heck-type insertion reaction with the acrylate
and followed by the p-elimination and reinsertion sequential process to generate a
key intermediate Int-26 stabilized as a n-benzyl species. The intermediate Int-26
undergoes transmetalation with arylboronic acid and reductive elimination to
generate 39. CPA-3 appeared to be the superior catalyst and allows the reaction to
give excellent enantioselectivity. However, the enantioselectivity is highly sensitive
to the electronic and steric nature as well as the position of substituents on the
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benzyl acrylate substrate. The use of a multidimensional modeling technique to
investigate the effect of the chiral anionic phase-transfer (CAPT) catalyst and the
acrylate suggests that the attractive noncovalent interactions between the two
components are controlling elements in the enantiodetermining step.

The groups of Toste and Sunoj developed an asymmetric Heck-Matsuda reaction
of cyclic alkenes and aryl diazonium salts by taking advantage of palladium and
anionic PTC cooperative catalysis (Scheme 2.16) [53, 54]. The catalytic cycle includes
the formation of ion-pair Int-16 through the anion transfer process, oxidative addi-
tion with the Pd(0) catalyst to give aryl palladium species Int-17, migratory insertion
to the cyclic alkene followed by p-H elimination to afford the final product. For some
cyclic alkenes, a considerable amount of byproduct caused by double bond isomer-
ization of the substrate could be observed when CPA-4 was applied. BINAM-derived
phosphoric acids (BDPAs), such as CPA-5 and CPA-6, were found to be capable of
inhibiting the formation of the byproduct. This work represents the first example of
chiral counterion-controlled enantioselective Heck reactions and offers an alterna-
tive to those employing chiral ligands to control the stereochemistry. A comprehen-
sive density functional theory (DFT) study indicated that the critical step controlling
the enantioselectivity should be the migratory insertion of the Pd-aryl intermediate
bearing a chiral counter anion to the cyclic alkene [54]. A modified structure of the
intermediate Int-17’ was suggested based on the calculation results, in which the
chiral catalyst BDPA is dispositioned as a counterion bound to sodium bicarbonate,
rather than the palladium.

2.3 Conclusion

As highlighted in this chapter, the progress in the transition metal/PTC combined
catalysis, especially the asymmetric variants, has illustrated attractive characteristics
and potential of this concept. The incorporation of PTCs, either cationic or anionic,
into transition metal catalysis not only facilitates the transformations but also offers
a supplementary and reliable option for the stereocontrol. In addition, chiral Lewis
acid/onium bifunctional catalysts [55-60], chiral ammonium/phosphine hybrid lig-
ands [61-67], and the combination of PTC with metallic anions [68-72], which act
closely related to metal/PTC cooperative catalysis in terms of fundamental principle,
have emerged for the creation of the new transformations. Despite the remarkable
achievements made in the last two decades, when compared to other subfields of
metal/organo combined catalysis, the concept of asymmetric metal/PTC combined
catalysis, so far is still in its infancy stage. Formidable challenges, as well as oppor-
tunities on the other hand, remain in this area. First, metals in the binary system
for asymmetric catalysis are limited to palladium and iridium, and the combination
of PTC with other metals, such as rhodium and nickel, remains unexplored. Sec-
ond, the metal/PTC combined catalysis in the relay or sequential manner remains
undeveloped, although some effects have been made toward this field [73]. Finally,
besides simple cations and anions, PTCs are also known to transfer many other

33
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Scheme 2.16 Pd/anionic PTC cooperatively catalyzed asymmetric Heck—Matsuda reaction
of cyclic alkenes and aryl diazonium salts. Sources: Avila et al. [53], Reddi et al. [54].

species such as acids [74], formaldehyde [75], radical anions [76], and ammonia [77].
These features actually offer additional dimensions for the development of asymmet-
ric transformations by virtue of metal and PTC cooperative catalysis.
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3

Enamine-Metal Combined Catalysis

3.1 Introduction: Combined Enamine Activation
and Metal Catalysis

Enamine, formed from the condensation of an amine with an aldehyde or a ketone,
is a versatile nucleophile capable of undergoing a wide scope of bond-forming
transformations [1]. The dynamic interconversion between the enamine and the
starting materials allocates a large chemical space of amines to work as organocata-
lysts capable of enabling nucleophilic reactions of enolized aldehydes and ketones,
now known as enamine catalysis (Scheme 3.1). Since the seminal discovery of
proline-catalyzed direct aldol and Mannich reactions [2], asymmetric enamine
catalysis has been a general concept of high atom/step economy and sustainabil-
ity in asymmetric synthesis [3]. Over the past decades, a huge library of chiral
primary and secondary amines has been convinced to be efficient organocatalysts
featuring enamine activation to enable a tremendous number of asymmetric
transformations [4].

Upon enamine activation, the o-carbon of a carbonyl substrate becomes
highly nucleophilic that can be trapped by some transient organometallic elec-
trophiles, which are generated from elementary organometallic reactions or
Lewis acid-mediated transformations, in addition to typical organic electrophiles
(Scheme 3.2) [5]. As a consequence, the orthogonal combination of enamine
activation and transition metal catalysis can provide fundamentally new reactivity
capable of rejuvenating both strategies and accessing otherwise inaccessible
reaction pathways [6]. This chapter illustrates the general concept of integrating
the enamine activation and transition metal catalysis for the development of
asymmetric transformations.

3.2 Catalytic Asymmetric a-Allylation of Carbonyls

3.2.1 Oxidative Addition-Initiated Allylic Alkylation

Transition metal-catalyzed allylic alkylation is a fundamental cross-coupling
reaction with widespread applications in organic synthesis [7]. A transition metal

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 3.3 Catalytic asymmetric allylic alkylation of carbonyl compound. Source: Refs
[5, 7].

complex activates an allyl substrate through oxidative addition to generate a
n-allyl-metal complex that can be captured by a wide scope of nucleophiles. The
coupling event between the enamine and n-allyl-metal complex provides a general
concept for the development of asymmetric allylic alkylation reaction of aldehydes
and ketones by amine and transition metal combined catalysis (Scheme 3.3) [5, 7].
More importantly, because either the chiral ligand or amine catalyst can control
the stereoselectivity individually or in a concerted manner, the combined catalysis
would provide extra possibilities to induce the stereoselectivity [8].

Cordova and coworker first elaborated the cooperative catalysis of enamine and
palladium complex to drive a direct intermolecular a-allylation of aldehydes or
ketones with allyl acetates (Scheme 3.4) [9]. In this catalytic process, the nucle-
ophilic enamine 5, catalytically generated from the condensation of the carbonyl
compound 1 and the amine catalyst 4, undergoes the allylic alkylation with the
n-allyl-Pd(II) complex 6 generated via the oxidative addition of the allylic acetate
2 to the Pd(0) complex to forge the C—C bond, together with the regeneration
of Pd(0) catalyst. Subsequent hydrolysis of the iminium intermediate 7 leads to
the formation of final product 3 and releases the amine catalyst 4. The hallmark
of this process is that the chemical bond-breaking and forming events occur
simultaneously and in a concerted manner.
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Scheme 3.5 Enantioselective a-allylic alkylation of aldehydes.

The same group expanded the concept to an enantioselective a-allylation of alde-
hydes 8 by using chiral amine and achiral Pd(PPh,), as the combined catalyst [10].
A prolinol derivative 11 turns out to be a superior organocatalyst and enables the
reaction to give high yields and enantioselectivities. The chiral amine solely con-
trols the stereoselectivity by the enantioselective addition of the enamine 13 to the
n-allyl-Pd(II) species 12 (Scheme 3.5).

The use of chiral primary amino acid 17 as the co-catalyst enables a direct
a-allylation of a-branched aldehydes 14 with an allyl ester 15 synergistically
catalyzed by a palladium complex to give the a-allyl aldehydes with up to 87% ee
(Scheme 3.6a) [11a]. Moreover, an asymmetric a-allylation of a-branched aldehydes
with allyl alcohols 18 orchestrated by a similarly combined catalyst system proceeds
successfully to give various a-allylated aldehydes 19 with excellent control of
enantioselectivity (Scheme 3.6b) [11Db].

The synergistic catalysis of chiral palladium complex and achiral amine for the
asymmetric intramolecular a-allylic alkylation of aldehydes was first introduced
by Saicic and coworkers [12]. Surprisingly, chiral amine catalyst fails to efficiently
induce chirality to the intramolecular allylic alkylation of aldehydes 21. Instead, a
chiral palladium complex, in combination with an achiral amine, delivers notable
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Scheme 3.6 Direct a-allylation of a-branched aldehydes. (a) a-Allylation of a-branched
aldehyde with allyl ester. (b) a-Allylation of a-branched aldehyde with allyl alcohol. Source:
(a, b) Modified from Yoshida et al. [11].
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Scheme 3.7 Asymmetric intramolecular a-allylic alkylation of aldehydes.

stereoselectivity. In particular, the combination of N-methylcyclohexanamine (24)
and chiral palladium complex of (R)-Ph-MeOBiPHEP (23) allows the reaction to
afford cyclic products 22 with high enantioselectivities (Scheme 3.7).

Since both chiral metal complexes and chiral amine catalysts can impact the stere-
ochemistry during the bond-forming process, alternating the configuration of the
ligand 28 or amine catalyst 29 would be able to tune the stereochemistry of the prod-
ucts. Carreira and coworkers first initiated the concept of stereodivergent synthesis
of chiral molecules by using asymmetric a-allylation of branched aldehydes 25 as a
model reaction enabled by the cooperative catalysis of chiral iridium complex and
chiral amine (Scheme 3.8) [13]. Chiral primary amine catalysts derived from cin-
chona alkaloids and iridium complexes of the phosphine-olefin ligands are both able
to efficiently control the stereochemistry of the allylic alkylation alone; therefore,
the orthogonal combination of two diastereomeric amines 29A or 29B with iridium
complexes of either enantiomer of the chiral ligand 28 led to a fully stereodivergent
reaction in excellent levels of yields and stereoselectivity.

The Sunoj group performed a mechanistic study of the stereodivergent cooper-
ative catalysis by using density functional theory calculation [14]. Based on their
calculations, the stereochemically unique products were determined by altering the
Ir-(P, olefin) and enamine catalysts in the form of an enamine and an Ir-z-allyl
intermediate. The multipoint contact analysis of the stereocontrolling transforma-
tion revealed that the weak interactions in the transition state are responsible for
chiral induction. The geometric disposition of the quinolone ring of the cinchona
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Scheme 3.8 Stereodivergent synthesis by asymmetric cooperative catalysis. Source:
Modified from Krautwald et al. [13].
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Scheme 3.9 Mechanistic insights on the stereodivergent cooperative catalysis.

amine is noted as participating in a n-stacking interaction with the phenyl ring of
the Ir-n-allyl moiety to play a crucial role in relative stabilization of the stereo con-
trolling transition states (Scheme 3.9).

Such a stereodivergent cooperative catalysis is highly general and applicable
to similar protocols involving different substrates. Following the proof of con-
cept [13], asymmetric a-allylation reactions of linear aldehydes [15a], a-amido-
and -hydroxyacetaldehydes [15b] with allylic alcohols were all accomplished
in a stereodivergent manner by cooperative catalysis of iridium complexes and
prolinol derivatives (Scheme 3.10a). A fully stereodivergent total synthesis of
natural product A°-tetrahydrocannabinol 38 and all other stereomers have been
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Scheme 3.10 Stereodivergent dual catalytic a-allylation of linear aldehydes. (a)
Stereodivergent dual catalytic a-allylation of aldehydes. (b) Stereodivergent preparation of
all stereoisomers of A°-tetrahydrocannabinols. Source: Modified from Zhang et al. [16].

accomplished commencing with the stereodivergent a-allylation of aldehydes [15c]
(Scheme 3.10b).

A catalytic asymmetric [4+2] annulation of vinyl amino alcohols with aldehydes
was developed by iridium complex and amine cooperative catalysis (Scheme 3.11)
[16]. Two catalytic cycles act in concert to enable this cycloaddition. The iridium cat-
alyst reacts with vinyl amino alcohol 39 to form a n-allyliridium dipole intermediate
43, whereas the achiral amine catalyst 42 condenses with the aldehyde 40 to generate
enamine species 42. Then, the allylic alkylation between 42 and 43 gives aldehyde 44,
followed by condensation and pyrindium chlorochromate (PCC) oxidation, leading
to products 40 with high levels of enantioselectivity.
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Scheme 3.11 Asymmetric [4+2] annulation by iridium/amine cooperative catalysis.

The combination of dienamine activation with chiral transition metal catalysis
has also been successfully applied in y-allylic alkylation of a,B-unsaturated aldehy-
des. The enamine 50 generated from aldehydes 46 and prolinol trimethylsilyl either
11 undergoes the asymmetric y-allylation alkylation with allylic alcohols 47 or allyl
esters 52 co-catalyzed by chiral iridium or palladium complex and phosphoric acid
48 (Scheme 3.12). The iridium complex of Carreira ligand 28 combined with (R)-11
allows the reaction to give branched products 49 in excellent diastereo- and enan-
tioselectivities (Scheme 3.12a) whereas the palladium complex of achiral ligand 54,
in concert with (S)-11, affords linear products 53 with excellent stereoselectivities
(>20:1 dr, up to 99% ee) (Scheme 3.12b) [17].

The furfural 57 condenses with chiral amine 61 to generate a trienamine 62, which
can undergo Michael addition to nitroalkenes [18a]. The allylic alkylation of trien-
amine 62 with n-allylpalladium intermediate 63 generated from allylic alcohol 58
occurs at the benzylic position of the furfural 57. Because the reactive site of the
trienamine 62 locates remote to the chiral center, the combination of chiral amine
61 and achiral palladium catalyst is unable to offer high enantioselectivity. A chiral
phosphoramidite 60 derived from TADDOL was found to show a considerable syn-
ergistic effect with the chiral amine 61 on stereochemical control, leading to high
levels of enantioselectivity (Scheme 3.13) [18b].

By using synergistic catalysis of achiral amine and chiral palladium complex,
Zhang and coworkers created an asymmetric allylic alkylation reaction of allylic
amines 65 and enolizable ketones 64 (Scheme 3.14a). Stoichiometric amounts of
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Scheme 3.12 y-Allylation of cyclic a,f-unsaturated aldehydes. (a) y-Allylation to form
branched product. (b) y-Allylation to form linear product. Source: (b) Naesborg et al. [17].
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Scheme 3.13 Asymmetric benzylic allylation of furan derivatives enabled by
trienamine/Pd cooperative catalysis. Source: Modified from Su et al. [18].

pyrrolidine are required to ensure reaction efficiency. Besides, the protic solvent is
necessary to activate the C—N bond of the N-allylpyrrolidine by hydrogen bonding
interaction and thereby facilitates the oxidative addition for the generation of a
n-allyl-Pd(II) complex [19a]. The ferrocene-based phosphinooxazoline ligand 67
turns out to be optimal for the stereochemical control. The enamine concurrently
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Scheme 3.14 Asymmetric allylic alkylation of ketones enabled by chiral palladium
complex and enamine cooperative catalysis. (@) C—N bond cleavage. (b) C—0 bond
cleavage. (c) C—0 bond cleavage of allylic alkyl ether. Source: (b, c) Huo et al. [19b, 19c].

formed from the condensation of the ketone and the pyrrolidine then attacks the
chiral w-allyl-Pd(II) complex to give the enantioenriched product 66. A diverse
range of allylic amine electrophiles and ketone nucleophiles are accommodated.
In addition, asymmetric allylic alkylation reactions of simple ketones with allylic
alcohols 70 and an allyl isopropyl ether 74 driven by a similar binary catalyst system
both work well with excellent levels of enantioselectivity (Scheme 3.14b,c) [19b, c].

Chiral primary amine 79 in combination with the palladium complex can syn-
ergistically catalyze an asymmetric allylic alkylation of B-ketoesters 76 with allylic
alcohols 77 (Scheme 3.15) [20]. The chiral primary amine 79 is unique to activate
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Scheme 3.15 Asymmetric allylic alkylation of B-keto esters cooperatively catalyzed by
chiral primary amine and palladium complex. Source: Zhou et al. [20a].

B-ketoesters by rapidly and reversibly forming enamines 80, which are highly reac-
tive toward the zn-allyl-Pd(II) 82 to undergo the allylic alkylation reaction and yield
allylation products 78 in almost perfect stereochemical control.

3.2.2 Metal Hydride-Initiated Allylic Alkylation

The oxidative addition of low-valent transition metals to Bronsted acids transforms
protons into metal hydrides. The hydrometallation occurs between these metal
hydrides and allene, dienes, or propyne derivatives to directly access n-allylmetallic
complexes [21]. The resultant n-allyl-metal species are reactive electrophiles to
undergo substitution reactions with nucleophiles. Therefore, the combination of
low-valent transition metal complexes with Brensted acids and amine would be
able to catalyze transformations of alkynes, allenes, and dienes with enolizable
carbonyl compounds to build up structural complexity with high atom economy
(Scheme 3.16).

In 2012, Dixon reported a dual amine and palladium catalysis in an enantiose-
lective allene carbocyclization reaction [22]. Initially, a rapid condensation of sec-
ondary amine 86 with aldehyde 84 gives an iminium intermediate 87. Then, the
Pd(0) species removes the acidic a-proton of iminium ion via oxidative addition
and thereby gives an enamine and a hydrido palladium complex 89. A subsequent
hydropalladation of the allene moiety generates a reactive n-allyl complex 90, which
is then poised to undergo an intramolecular allylic alkylation with the enamine
moiety (Scheme 3.17).

Luo and coworkers disclosed a chiral primary amine/achiral palladium complex
cooperatively catalyzed enantioselective addition of p-ketocarbonyls 91 to allenes 92
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Scheme 3.17 Dual amine/palladium catalysis in enantioselective allene carbocyclization
reaction.

(Scheme 3.18) [23]. Mechanistic studies suggest that the hydrido palladium complex
undergoes a hydrocarbonation with allenes 92 to afford the key n-allyl-palladium
species 96, which then react with the enamine intermediates 95 to generate the ally-
lation intermediates 97, and followed by hydrolysis, leading to the allylation prod-
ucts 93. The synergistic nature of the dual catalysis has been revealed by control
experiments that the reaction does not work in the absence of either the chiral pri-
mary amine catalyst or palladium complex.

Cruz and Dong established a stereodivergent allylic alkylation reaction between
a-branched aldehydes and alkynes based on rhodium and enamine cooperative
catalysis [24]. The rhodium hydride 102 generated from the oxidative addition of
an Rh(I) complex to the Bronsted acid first undergoes an insertion reaction with
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Scheme 3.18 Enamine/palladium synergistically catalyzed-terminal addition to allenes.
Source: Modified from Zhou et al. [23].

acetylenes 99 to give a vinylrhodium intermediate 103, which then undergoes an
B-hydride elimination to generate an allene 104 and to regenerate the rhodium
hydride 102. The insertion of allene 104 to Rh-hydride gives an Rh-r-allyl species
105, which is captured by an in situ generated enamine 106 to give an allylation
product 100. The chiral amine 101 turns out to be the most efficient organocatalyst
and provides excellent stereoselectivities. The diastereoselectivity is switchable
and all of the possible diastereomeric products can be obtained with high regio-,
diastereo-, and enantioselectivities by a simply alternating combination of chiral
rhodium complexes and amine catalysts (Scheme 3.19).

3.2.3 Lewis Acid-Mediated Sy1 or Sy2 Reaction

In 2010, the Cozzi group described a stereoselective substitution reaction of
allylic alcohols 108 with aldehydes 8 cooperatively promoted by a Lewis acid and
the MacMillan catalyst 110 [25]. The stabilized carbocation generated from the
InBr;-mediated dehydroxylation process of allylic alcohols undergoes an Sy1-type
substitution with the enamine formed from imidazolidinone 110 and the aldehyde
8 to provide allylic alkylation products 109 in good yields and with excellent
stereoselectivity (Scheme 3.20).

Bandini group established an enantioselective intramolecular a-allylic alkylation
of aldehydes by gold/enamine cooperative catalysis [26]. The gold complex acts as a
n-Lewis acid that coordinates with the double bond of allylic alcohol moiety of 111 to
facilitate the nucleophilic addition of the enamine moiety simultaneously generated
from the aldehyde and amine catalyst 113. The subsequent p-hydroxy elimination
releases the Sy 2'-type product 112 and the gold catalyst (Scheme 3.21).
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Scheme 3.19 Asymmetric a-allylation of aldehyde with alkyne by Rh/enamine cooperative
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Scheme 3.20 Stereoselective substitution of allylic alcohols with aldehydes.

3.3 Catalytic Asymmetric Substitution

a-Alkylation of a carbonyl compound with alcohol derivatives represents a valuable
method to install an alkyl substituent at the a-position (Scheme 3.22). Lewis acid
catalysts can remove the hydroxyl or other groups from the substrates to generate a
carbocation intermediate [27], which is then trapped by the enamine intermediate
to give the substitution products.

Cozzi group reported an efficient enantioselective direct alkylation of aldehydes
with benzyl alcohols [28a]. Later, Xiao developed a cooperative catalytic system con-
sisting of diarylprolinol silyl ether and a Lewis acid for the highly enantioselective
intermolecular a-alkylation of aldehydes 8 with an alcohol 116 [28b]. Either InCl,
or CuCl appears to be an active Lewis acid catalyst, in concert with chiral amine 34,
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Scheme 3.21 Gold/enamine catalysis in the enantioselective a-allylic alkylation of
aldehydes.
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Scheme 3.23 Enantioselective direct alkylation of aldehydes with unfunctionalized
alcohols.

to undergo the enantioselective Sy1-type reaction with aldehydes. Products 117 are
obtained in high yields and with good diastereoselectivity and excellent enantiose-
lectivity (Scheme 3.23).

Nishibayashi and coworkers created an asymmetric propargylation of aldehydes
by Lewis acid/enamine cooperative catalysis [29]. In the presence of indium bro-
mide and a MacMillan catalyst 113, the asymmetric propargylation of aldehydes 8
with propargylic alcohols 118 proceeded smoothly, after reduction with NaBH,, to
give propargylic alkylated products 119 in high yields and high enantioselectivity,
but with low diastereoselectivity. In this reaction, the InBr; undergoes dihydroxyla-
tion with the propargylic alcohol to generate a highly reactive ion pair 121, which is
subsequently attacked by the enamine 120 concurrently generated from aldehydes 8
and amine 113 to give propargylic alkylated products 123, and followed by reduction,
leading to the chiral alcohols 119 (Scheme 3.24).

Rueping et al. established an asymmetric substitution of aldehydes 8 with
chromene acetals 124 enabled by ytterbium triflate and enamine cooperative
catalysis [30]. The ytterbium triflate is a highly efficient catalyst to promote the
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Scheme 3.24 Cooperative catalytic propargylic reaction of internal alkyne with aldehydes.
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Scheme 3.25 Alkylation of cyclic acetals with aldehydes.

deoxygenation of chromene acetal 124 to generate a transient oxocarbenium ion
126, which then undergoes an enantioselective addition reaction with the chiral
enamine 120 in situ formed from the aldehydes 8 and a chiral amine catalyst 113 to
give a variety of chiral 2H-chromenes 127, after reduction with NaBH,, leading to
125 with excellent enantioselectivities (Scheme 3.25).
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Scheme 3.26 Alkylation of cyclic N-acyl hemiaminals with aldehydes.

The cooperation of copper and amine catalysis allows an asymmetric formal allylic
substitution of aldehydes 8 with 2-ethoxy-1-methoxycarbonyl-1,2-dihydroquinoline
128 [31]. Cu(OTY), is the most efficient Lewis acid catalyst to promote the deoxy-
genation of the cyclic N-acyl hemiaminal substrate 128 into quinolinium ion 131.
The Mannich-type reaction between quinolinium ions 131 and the enamine 132
formed from the aldehyde 8 and a chiral imidazolidinone 130 proceeds well to yield
the desired products with excellent enantioselectivity (Scheme 3.26).

Pineschi and coworkers accomplished an enantioselective Sy2’-type reaction
between 2-phenylacetaldehyde 136 and 4-hydroxyl 1-benzyloxycarbonyl tetrahy-
dropyridine 135 enabled by the cooperative catalysis of Er(OTf), and the chiral
imidazolidinone 130 [32]. The Er(OTf); is considered to catalyze the dehydroxy-
lation of 135 to generate 2,3-dihydropyridinium 138. The dihydropyridinium 138
prefers to undergo an asymmetric Mannich-type reaction with the enamine 139
over Michael addition, leading to the formation of iminium 140, which undergoes
subsequent hydrolysis and followed by reduction with NaBH, to give 137 in 78%
yield and with excellent enantioselectivity of 93% ee (Scheme 3.27).
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ALy et (3 oy,
.
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- O (Y ©
Er(OTf), m 139 fBU \gBu 2 (U NaBH, _ 137
== Ph ; N™ ™" "H MeOH
Cb N\CbZ 130 Cbz Ph
Z
135 138 140 4

Scheme 3.27 Er(OTf);/enamine cooperatively catalyzed S 2’-type reaction of aldehydes
with quinolinium.
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Scheme 3.28 General strategy for asymmetric a-functionalization of carbonyls with
organometallics.

3.4 Catalytic Asymmetric a-Alkenylation, a-Arylation,
and a-Trifluoromethylation of Carbonyl Compounds

Enamines would principally react with transient organometallic electrophiles
through transmetalation of nucleophilic p-carbon or Heck-type insertion reaction
of the electron-rich C—C double bond. Reductive elimination of the generated
alkylmetallic intermediates enables new chemical bond formation. The combi-
nation of enamine activation and in situ generated organometallic species from a
diverse range of electrophiles might become a general strategy for the creation of
novel asymmetric transformations otherwise inaccessible (Scheme 3.28).

MacMillan and coworker reported an enantioselective a-arylation of aldehydes 8
with diaryliodonium salts 142 by synergistic catalysis of enamine and copper salt,
providing a unique entry to optically active a-aryl aldehydes 143 [33]. Mechanisti-
cally, the copper catalyst undergoes the oxidative addition to the C—I bond of the
diaryliodonium triflate 142 to generate an aryl-Cu(III) species 146. The condensa-
tion of chiral imidazolidinone catalyst 144 with the aldehyde 8 furnishes a transient
nucleophilic enamine 145. The transmetalation proceeding via the complexation
of the double bond of the enamine 145 with aryl-Cu(III) intermediate 146 leads
to nt-iminium organocopper species 147. The subsequent reductive elimination of
the n'-iminium organocopper intermediate 147 forges the carbon-carbon bond and
regenerates the Cu(I) catalyst (Scheme 3.29).

Later, MacMillan and coworker expanded such a combined catalyst to drive an
enantioselective a-vinylation of carbonyls with alkenyl phenyliodonium triflates
148, leading to optically active a-substituted-p,y-unsaturated aldehydes 149 [34].
The combination of CuBr and imidazolidinone salt 150 is optimal for the reaction
and gives the a-vinyl aldehyde adduct 149 in 97% yield and 97% ee (Scheme 3.30).

Catalytic introduction of a trifluoromethyl group to an organic molecule holds
great potential applications in the pharmaceutical industry and material science
[35]. The development of enantioselective trifluoromethylation turns out to be even
more important but remains challenging [36]. MacMillan and coworker established
a highly enantioselective a-trifluoromethylation of aldehydes 8 with Togni’s reagent
151 rendered by the cooperative catalysis of CuCl and chiral imidazolidinone 113
[37]. Initially, Togni’s reagent 113 undergoes a Lewis acid-catalyzed bond cleavage
to generate a highly electrophilic iodonium salt 153. Then, the chiral enamine
120 simultaneously formed from aldehyde 8 and amine 113 participates in an
enantioselective Sy1-type substitution reaction to give an A*-iodane intermediate
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Scheme 3.29 Copper and amine catalyzed a-arylation of aldehydes.
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Scheme 3.30 Asymmetric a-alkenylation of the aldehyde with alkenyl phenyliodonium
triflates.

154. The A\*-iodane species 154 rapidly undergoes a reductive elimination with the
alkyl transfer to forge the C—C bond, releasing the copper catalyst and byproduct
2-(2-iodophenyl)propan-2-ol. Subsequent hydrolysis affords the optically active
a-formyl CF, product 152. (Scheme 3.31).

The same group established an enantioselective oxidative a-alkenylation of
aldehydes 8 with vinylboronic acids 155 by the synergistic catalysis of Cu(II) salt
and chiral imidazolidinone 157 [38]. In this case, the transmetalation of copper
acetate with a vinylboronic acid 155 generates an alkenylcopper(II) species, which
is then oxidized to an alkenylcopper(III) intermediate 159. Another transmetalation
between the alkenylcopper(Ill) intermediate 159 and the enamine 158 occurs
to result in an n!-iminium alkenylcopper species 160, which then undergoes
reductive elimination to furnish a-alkenyl iminium and to release the copper(I) salt
(Scheme 3.31). Regeneration of Cu(II) catalyst and amine catalysts is accomplished
through hydrolysis of the iminium and single-electron oxidation of the copper(I)
salt with oxygen, accompanying with the generation of enantioenriched a-alkenyl
aldehyde products 156 (Scheme 3.32).
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Scheme 3.31 Enantioselective a-trifluoromethylation of aldehydes.
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Scheme 3.33 Palladium/enamine catalysis for a-arylation of ketones.

Trapping of arylpalldium(II) species by chiral enamine intermediates through
transmetalation or Heck-type insertion of n-system allows asymmetric a-arylation
of carbonyls. Jia and coworkers reported a highly enantioselective desymmetric
a-arylation of cyclohexanones by palladium and proline cooperative catalysis [39a].
The oxidative addition of aryl-bromide to the Pd(0) complex gives an arylpalladium
complex 164 [39b]. An intramolecular transmetalation or a Heck-type insertion then
occurs between the arylpalladium moiety and the enamine functionality concomi-
tantly formed from the ketone functionality of the substrate 161 and proline, leading
to an intermediate 165, which after reductive elimination and hydrolysis is trans-
formed into the final product 162. A variety of optically active morphan derivatives
are accessed in good yields and with excellent enantioselectivities (Scheme 3.33).

Lu and coworkers established an enantioselective intramolecular desymmetric
a-arylation of cyclobutanones by cooperative catalysis of a chiral palladium com-
plex and a chiral amino acid [40]. The reaction proceeds via a pathway similar to
Jia’s reaction [39a]. The matched combination of chiral bisphosphine ligand 168
and 2-indolinyl carboxylic acid 169 is required to induce excellent enantioselectiv-
ity for the intramolecular desymmetric arylation of O-tethered cyclobutanone 166.
Interestingly, enantioselective desymmetric a-arylation of N-tethered substrates 170
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Scheme 3.34 Palladium/amine catalyzed intramolecular a-arylation of cyclobutanones.

5 P

Benzylamine (30 mol%)
Pd,(dba); (5 mol%)

OD\X/\U' Ty 175 (11 mol%)
woo? Cs,COg, Toluene, 80 °C

R PPh, N —/
173 174 175 'Bu
X =Br, I, OTf Up to 98% yield

Up to 96% ee

Scheme 3.35 Pd/amine-co-catalyzed asymmetric desymmetrization. Source: Modified
from Wei et al. [41].

is achieved by achiral pyrrolidine and a chiral palladium complex in situ prepared
from Pd(OAc), and binol-derived phosphoramidite ligand 172 (Scheme 3.34).

Recently, Liu and coworkers developed an efficient desymmetrization of
y-quaternary carbon-containing cyclohexanones 173 via palladium/benzylamine
cooperative catalysis (Scheme 3.35) [41]. The palladium complex adorned with
phosphino-oxazoline ligand 175 enables the reaction to give high yields and
moderate to good enantioselectivities, whereas the addition of benzylamine can
substantially improve the stereoselectivity by enhancing the energetic difference
between the transition states.

3.5 Asymmetric Addition to Alkynes by Cooperative
Catalysis with t-Lewis Acids

n-Lewis acids, in particular soft Lewis acids, can activate unsaturated chemical
bonds toward nucleophilic addition by =-coordination. Enamines are highly
nucleophilic and are principally able to attack m-Lewis acid-activated alkenes
or alkynes, leading to the formation of organometallic intermediates. After the
subsequent protonation-demethylation and hydrolysis, the adducts would be
generated (Scheme 3.36). Such enamine/n-Lewis acid cooperative catalysis can
stereoselectively enable the direct coupling of alkenes or alkynes with the a-carbon
of carbonyls to give value-added products.
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Scheme 3.37 Asymmetric carbocyclizaiton reactions by cooperative catalysis of chiral
copper complex and amine.

In 2012, Ratovelomanana-Vidal and coworkers reported an intramolecular enan-
tioselective a-alkenylation of aldehyde [42]. The formyl-alkyne substrate 176 under-
goes an asymmetric carbocyclization reaction via an enantioselective addition of
the in situ formed enamine to the alkynyl residue activated by the chiral copper
complex adorned with bisphosphine 178, leading to enantioenriched cyclopentane
carbaldehydes 177 with moderate to excellent enantioselectivities (Scheme 3.37).

Dixon and coworkers described an enantioselective synthesis of 2-azabicyclo[3.3.1]
nonanes via an intramolecular desymmetric cyclization of 4-propargylamino cyclo-
hexanones 179 by cooperative catalysis of enamine and chiral silver complex
[43]. The chiral silver complex serves as a n-Lewis acid to activate the triple bond
of 179, which then undergoes an enantioselective 6-exo-dig cyclization reaction
with the enamine concomitantly formed with chiral amine 182 to give a bicyclic
intermediate 184. After hydrolysis, the intermediate 184 is transformed into
2-azabicyclo[3.3.1]nonanes 180 (Scheme 3.38). High levels of enantioselectivity
can be achieved by combining the chiral pyrrolidine catalyst 182 and a cinchona
alkaloid-derived aminophosphine ligand 181 for the silver co-catalyst, which
exhibits a significant matched effect on the stereochemical control. Later, Dixon
and coworkers expanded this enamine/n-Lewis acid cooperative catalysis to
enantioselective desymmetrization of allene-linked cyclohexanones. Specifically,
an L-prolinamide catalyst was used for the enamine activation while the CuOTf
activated the allene moiety toward intramolecular nucleophilic addition, providing
direct access to enantioenriched 4-vinyl-2-morphan and 4-vinyl-2-oxamorphan
derivatives in high yields and enantioselectivity [44].

Direct aldol reaction of ynals with either aldehydes or ketones remains to be
developed although it holds great synthetic potential. Chemoselectivity between
Michael addition and aldol reaction, together with electrophilicity of the formyl of
the ynal, might pose the challenge to access such an aldol reaction. The ynal-metal
n-complexation can enhance the reactivity of the formyl aldol accepter and increases
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Scheme 3.39 Cross aldol reaction of ynals and aliphatic aldehydes.

the bulkiness of the triple bond to thereby tune the chemo- and stereoselectivities.
Palomo established a highly stereoselective cross-aldol reaction between ynals 185
and enolizable aldehydes 8 by cooperative catalysis of copper and enamine [45].
The reversible complexation of copper and the carbon-carbon triple bond makes
the cross aldol reaction of ynal much cleaner and more diastereoselective than that
otherwise catalyzed by a chiral amine, individually. In particular, the combination of
a,a-dialkylprolinol silyl ether, benzoic acid, and Cul offers high levels of diastereo-
and enantioselectivity (anti/syn up to >20: 1, ee up to >99%) (Scheme 3.39).

Gong and coworkers developed a highly enantioselective addition of ketones 191
to inactivated alkenes 190 cooperatively catalyzed by chiral amine and Pd(IT). The
combination of palladium acetate and chiral amine 193 successfully empowers the
reaction to provide the y-addition products 192 with efficient stereochemical control
[46]. The Pd(OAc), enables the inactivated alkenes to be reactive enough toward the
chiral enamine 195 by coordinating with the double bond as shown in 194, wherein
the chiral amine controls the stereochemistry and offers high levels of stereochemi-
cal outcomes (Scheme 3.40).

3.6 Catalytic Asymmetric Propargylic Substitution
Reaction of Carbonyl Compounds

Metal-allenylidene complexes generated from propargylic esters or their structural
analogs are versatile intermediates capable of undergoing propargylic substitution

61
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Scheme 3.41 «-Propargylation of aldehydes enabled by Ru/enamine cooperative catalysis.

reactions with a wide scope of nucleophiles, such as enamines [47]. The combina-
tion of transition metal and chiral amine would principally enable the asymmetric
propargylic substitution of carbonyls.

Nishibayashi reported a ruthenium-catalyzed enantioselective propargylic alky-
lation of propargylic alcohols with aldehydes in concert with chiral amine catalysis
[48]. The synergistic combination of the a,a-diarylprolinol silyl ether 34 with a ruthe-
nium complex 199 efficiently promotes the enantioselective propargylic alkylation
via the nucleophilic attack of the chiral enamine 201 to the ruthenium-allenylidene
complex 200. The protocol tolerates a broad scope of reaction components and gives
the a-propargyl alcohols 198 in excellent yields and with high enantioselectivity after
reduction (Scheme 3.41).

Later, the same group established an enantioselective a-propargylation of
aldehydes 8 with propargylic esters 202 cooperatively catalyzed by a copper
complex and chiral amine 34 [49]. The y-carbon of a copper-allenylidene complex
204 formed from the reaction of a propargylic ester with a copper complex of
racemic BINAP is attacked by the chiral enamine 205, generated from aldehyde
and the o,a-diarylprolinol silyl ether 34, to result in the formation of propargylation
product 203 in the excellent stereochemical outcome (Scheme 3.42).

An enantioselective y-propargylation of o,p-unsaturated aldehydes with propar-
gylic alcohols has been realized by cooperative catalysis of the thiolate-bridged
diruthenium complex 199 and the chiral amine 34 [50]. The enamine 208,
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Scheme 3.42 Enantioselective a-propargylation of aldehydes with propargylic esters.
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Scheme 3.43 y-propargylation of enals enabled by Ru/enamine cooperative catalysis.

generated from the enal 206 and the chiral amine 34, undergoes the propargyla-
tion reaction with ruthenium-allenylidene complex 200 to preferentially furnish
y-propargyl enal 207 in high yields as the mixture of two diastereoisomers. The
use of 2-propanethiolate-bridged diruthenium complex [Cp*RuCl(p2-SiPr)], to
replace [Cp*RuCl(p2-SMe)], leads to dramatically diminished enantioselectivity
(Scheme 3.43).

3.7 Catalytic Asymmetric x-Oxidation of Aldehydes

Sibi group reported an asymmetric a-oxidation of aldehydes in the presence of the
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) under the cooperative cataly-
sis of MacMillan imidazolidinone 113 and FeCl, [51]. Comprehensive mechanistic
studies by MacMillan suggest that the nucleophilic addition of the transient enamine
120 to an electrophilic iron-TEMPO complex 212 leads to the enantioselective C—O
bond formation and releases the FeCl,, which is oxidized by TEMPO to generate
catalytically active FeCl, [52] (Scheme 3.44).

An even more efficient and enantioselective a-oxidation can be established by
cooperative catalysis of CuCl, and imidazolidinone 215 to give stable aldehyde prod-
ucts 210 (Scheme 3.45). The enantioselective C—O bond-forming event still occurs
via the nucleophilic addition of the enamine 217 to the electrophilic Cu-TEMPO
complex 216 [53].
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Scheme 3.45 Enantioselective a-oxidation of aldehydes via synergistic catalysis.

3.8 Relay Catalysis

3.8.1 Catalytic Asymmetric Cross Dehydrogenative Coupling

Cross dehydrogenative coupling (CDC) reaction is an efficient method to forge
sp3-chemical bonds from two C—H bonds. Dehydrogenation of a sp> C—H bond
adjacent to either nitrogen or oxygen atom, usually mediated with a transition
metal complex, produces a highly electrophilic iminium or oxonium intermediate.
Either type of electrophiles, presumably activated by complexation with the same
metal, are reactive toward the enamine. Thus, the combination of transition metal
and chiral amine would be able to initiate an asymmetric cross-dehydrogenative
coupling reaction (Scheme 3.46).

In 2009, Klussmann reported an oxidative coupling of cyclic tertiary amines
218 with acetone 71 enabled by vanadium and enamine combined catalysis [54].
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Scheme 3.46 Cross dehydrogenative coupling via cooperative catalysis.
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Scheme 3.47 Dehydrogenative coupling between amines and ketone by V(IV)/enamine
cooperative catalysis.

An iminium 220, formed from the oxidation of N-phenyl tetrahydroquinoline 218
catalyzed by vanadyl acetylacetonate, undergoes a Mannich-type reaction with the
transient enamine 221. Unfortunately, neither proline nor the prolinol derivative
can induce a decent level of enantiocontrol (Scheme 3.47).

Huang and coworker developed a cross-dehydrogenative coupling reaction of
amino esters 222 with acetone 71 by copper and enamine cooperative catalysis
[55]. As indicated by Li and others [56], the CuBr, initiates oxidation of the
amino ester 222 to an imino ester 226 that undergoes Mannich reaction with the
ketone catalyzed by proline ester. The enantioselective version was attempted by
using methyl L-prolinate as organocatalyst, however only resulted in moderate
enantioselectivity of 15% ee (Scheme 3.43).

The highly enantioselective cross-dehydrgogenative coupling reaction of tetrahy-
droquinolines 218 with propionaldehyde 228 was established by synergistically
merging the CuBr, and prolinol silyl ether catalysis 34 [57]. The use of 34 as the
organocatalyst offers excellent enantioselectivity, but moderate diastereoselectivity
(Scheme 3.49).

Luo reported an asymmetric oxidative a-amination of f-ketocarbonyls 230 with
hydroxycarbamates 231 under aerobic conditions driven by enamine and copper
cooperative catalysis [58]. The chiral primary amine tends to form an enamine
234 with p-ketocarbonyls stabilized by the intramolecular hydrogen-bonding
interaction (Scheme 3.50). Meanwhile, the copper-catalyzed aerobic oxidation of
benzyl hydroxycarbamate 231 proceeds to produce benzyl nitrosoformate 235 [59].
Then, the enantioselective nitroso aldol reaction of the enamine 234 and benzyl
nitrosoformate 235 occurs via transition state 236 in good yields and with excellent
enantioselectivities.
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Scheme 3.48 Cross-dehydrogenative coupling of amino esters and acetone.
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Scheme 3.49 Enantioselective dehydrogenative coupling of tetrahydroquinoline and
aldehydes.

Later, the same group created an enantioselective N,O-ketalization of p-ketoesters
237 by using a similar catalytic system (Scheme 3.51) [60]. The process starts
with the asymmetric hydroamination of p-ketoesters 237 enabled by enamine and
copper relay catalysis to generate intermediates 241. The presence of Brensted
acid facilitates the dehydration of the intermediate 241 to give diimine 242, which
subsequently undergoes an enantioselective addition reaction with benzyl hydrox-
ycarbamate 231 to deliver hemiaminal-type product 238 in high yield and excellent
enantioselectivity. Ketones are also reactive substrates and can participate in the
reaction in the same way, but with much-diminished enantioselectivity.
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Scheme 3.51 «,a-Bis-functionalization of p-ketocarbonyls. Source: Modified from Xu et al.
[60].
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Scheme 3.52 Metal/organo cooperative and relay catalysis for the asymmetric
dehydrogenative cycloaddition reaction. Source: Modified from Zhou et al. [61].

By merging catalytic activity of Pd(II) and chiral amine, Gong and coworkers
established a stereoselective functionalization of inactive C—H bonds of aliphatic
aldehydes 243, enabling an asymmetric dehydrogenative [4+2] cyclization reaction
with quinones to generate chiral bicyclic compounds 245 with excellent enantiose-
lectivities (Scheme 3.52) [61]. This transformation occurs starting with Saegusa-type
oxidation of enamine intermediate generated from chiral amine 11 and the aldehyde
243 to give an unsaturated iminium intermediate 249 [62], which then transforms
to a dienamine 251. Subsequently, an enantioselective [4+2] cycloaddition reaction
between 251 and quinone 244 proceeds via transition state 252 to furnish the final
adduct 245 after the elimination of the amine catalyst 11 from intermediate 253
[63]. Interestingly, the presence of the copper(II) triflate can enhance the reactivity
of the quinone derivatives 244 while maintains the enantioselectivity.

3.8.2 Transformation of Olefins

Olefins can undergo transition metal-catalyzed hydroformylation and are thus the
precursor of aldehydes. Based on this transformation, the groups of Eilbracht and
Breit designed cascade hydroformylation and asymmetric aldol reaction enabled by
relay catalysis of rhodium complex and proline, respectively. Eilbracht reported an
enantioselective cascade reaction of styrenes 254 or cyclic olefins with acetone and
syngas to assemble chiral -hydroxy ketones 255 (Scheme 3.53a) [64]. In this process,
a-branched aldehydes are initially produced from the hydroformylation of styrenes
catalyzed by the rhodium complex in situ prepared from [Rh(acac)(CO),] and triph-
enyl phosphinite, and then undergo proline-catalyzed asymmetric aldol reaction to
give the adducts 255 in high yields, but with low diastereoselectivity and moder-
ate enantioselectivity. Even greater diastereo- and enantioselectivities are obtained
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Scheme 3.53 Relay catalytic cascade hydroformylation and asymmetric aldol reaction.
(a) Eilbracht’s work. (b) Breit’s work. (c) Reaction pathway. Source: (a) Chercheja et al. [64].
(b) Modified from Abillard and Breit [65].

by using chiral phosphinite ligand 257 and proline-tetrazole 256 (Scheme 3.53a).
Breit and coworker investigated a similar cascade transformation of a-alkenes 258
with aldehydes 259 and syngas, leading to cross-aldol products 260 in excellent yield,
high diastereoselectivity, and almost perfect enantioselectivity (Scheme 3.53b) [65].
The rhodium complex of the phosphine ligand 261 enables the hydroformylation
of alkenes to give linear aldehydes that participate in the asymmetric cross aldol
reaction promoted by proline (Scheme 3.53c).

Based on a similar strategy, Eilbracht established sequential hydroformylation and
enantioselective Mannich reaction of aniline 267, cyclopentene 266, and acetone 71
under the atmosphere of syngas, giving rise to f-amino ketone 268 in moderate yield
and enantiomeric excess (Scheme 3.54) [66].

In 2012, Behr and coworkers reported a cascade hydroformylation/a-alkylation
of a-alkenes 258 with bis(4-(dimethylamino)phenyl)methanol 269 sequentially
catalyzed by a ternary metal/organo hybrid catalyst system [67]. The presence of
Ru(CsH;), can enhance the rhodium complex-catalyzed hydroformylation and
improve the conversion in the organocatalytic a-alkylation. The tandem sequence
was initially optimized toward a high yield by the variation of substrate ratio,
rhodium precursor, and ligands. High enantioselectivity can be realized by using
diarylprolinol silyl ether 11 as a co-organocatalyst (Scheme 3.55).

Under the transition metal catalysis, allylic alcohols can smoothly be trans-
formed into aldehydes by the double bond migration and thus, are used as the
precursors of aldehydes. Alexakis and coworkers reported a sequential isomer-
ization/enantioselective a-functionalization in the presence of a chiral iridium

69
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Scheme 3.54 Relay catalytic hydroformylation and Mannich reaction. Source: Modified
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Scheme 3.55 Relay catalytic hydroformylation/a-alkylation.
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Scheme 3.56 Relay isomerization/enantioselective a-functionalization.

complex and a chiral amine [68]. The chiral iridium complex 274 efficiently
catalyzes an enantioselective isomerization of 3,3-disubstituted primary allylic
alcohols 272 to give p-chiral aldehydes 273. Then, the chiral aldehydes participate
in a diastereoselective Michael addition with vinyl sulfone 275 to afford highly
a-functionalization of o,f-chiral aldehydes 276 with excellent diastereo- and
enantioselectivities (Scheme 3.56).

3.9 Conclusion

The a-functionalization of carbonyl compounds represents one of the most impor-
tant types of methods to assemble chemical bonds and holds widespread applica-
tions in synthetic chemistry. The combination of enamine activation and transition
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metal catalysis provides more opportunities to enable otherwise inaccessible reac-
tion pathways for the enantioselective a-functionalization and transformation of
aldehydes and ketones to construct complex chiral molecules. Indeed, such a con-
cept has driven a wide scope of asymmetric transformations, including asymmet-
ric alkylation, asymmetric arylation, asymmetric alkyne activation, and asymmetric
propargylic substitution reaction. The salient features of these cooperative catalytic
systems include the use of easily available commercial catalysts and substrates and
efficient entry to carbonyl scaffolds with excellent levels of stereoselectivity under
mild reaction conditions. However, most precedents of the combined enamine and
transition metal catalysis require preactivated electrophiles and direct coupling of
enamines with ubiquitous C—H bonds remains challenging. Besides, asymmetric
a-heteroatom (e.g. boron, silicon, and chalcogens) functionalization of aldehydes
or ketones via enamine and transition metal synergistic catalysis would be of great
synthetic values. In general, there is still room for further development of new coop-
eratively catalytic protocols for the asymmetric synthesis of biologically relevant
molecular structures.
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4

Iminium and Metal Combined Catalysis

4.1 Introduction: Iminium Activation and Metal
Combined Catalysis

The success of iminium activation of a,f-unsaturated aldehydes or ketones arises
from the reversible condensation reaction of the carbonyl functionality and chiral
amine catalysts. The in situ generated chiral iminium ions, often in equilibrium with
electron-rich enamines, have become a general concept to bring to fruition a tremen-
dous number of asymmetric transformations [1-3]. The LUMO (lowest unoccupied
molecular orbital)-lowering activation inherent to the iminium catalysis increases
the electrophilicity of p-carbon, facilitating the asymmetric p-functionalization of
a,p-unsaturated carbonyl compounds through enantioselective conjugate addition
reaction (left catalytic cycle, Scheme 4.1). The enamine intermediate, generated after
the amine-catalyzed conjugate addition reaction, can undergo nucleophilic substi-
tution, addition, or other related reactions to enable diverse a-functionalization with
excellent stereo- and enantiocontrol (right catalytic cycle, Scheme 4.1) [4].
Catalytic organometallic reactions of many metal complexes and appropriate
substrates provide versatile organometallic species (either nucleophilic or elec-
trophilic) for further transformations of complex mechanisms. Theoretically, the
organometallic nucleophiles can be trapped by o,f-unsaturated chiral iminium ions
while electrophilic organometallic species or Lewis acid-activated electrophiles
would react with the enamine intermediates [5]. Principally, the iminium activation
and metal catalysis can merge in two fashions: cooperative catalysis and hybrid
relay-cooperative catalysis. In cooperative catalysis, usually a transition metal
complex catalyst is employed to activate an inert chemical bond of a substrate,
affording a reactive nucleophilic organometallic intermediate to undergo addition
reaction to the carbon-carbon double bond of a,p-unsaturated chiral iminium ion
via a presumable intermediate I (Scheme 4.2). In hybrid relay-cooperative catal-
ysis, an enamine intermediate is formed upon the conjugate addition of organic
nucleophile (H-Nu) to the a,p-unsaturated chiral iminium ion. Then cooperative
enamine activation and metal catalysis (usually late transition metal) enable the
bond-forming event at a-position with corresponding organometallic electrophiles,
presumably via an intermediate II (Scheme 4.2). The chiral conformation of prod-
uct molecules can be induced by either chiral amines or chiral metal complexes.

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 4.2 General concepts in iminium and metal combined catalysis.

Excitingly, enantiodivergent synthesis may profit from the synergy of chiral imine
activation and asymmetric metal catalysis, in which fine-tuning of each chiral
element enables a high degree of stereo- and enantiocontrol. In this chapter, the
seminal discovery of the iminium and metal combined catalysis, as well as recent
applications of this unique catalytic system in asymmetric functionalization of
o,B-unsaturated carbonyls will mainly be discussed.

4.2 Iminium Activation and Palladium Catalysis

4.2.1 Enantioselective Conjugate Addition Reaction

Transmetalation of organic nucleophiles to cationic palladium(II) complexes
introduces conjugate addition reactivity to o,f-unsaturated carbonyl compounds
[6]. Other than chiral palladium(II) catalysis, Cérdova and coworkers disclosed
Pd(OAc), and a chiral prolinol derivative 4 co-catalyzed asymmetric p-arylation
of a,B-unsaturated aldehydes 1 with aryl boronic acids 2 [7]. In this process,
MeOH-accelerated transmetalation of 2 affords an aryl palladium acetate inter-
mediate 6, which can undergo nucleophilic addition to an in situ generated
o,p-unsaturated iminium ion 5 from enal 1 and chiral amine catalyst 4. The
following protonolysis of the resultant alkyl palladium(II) intermediate 8, yields
iminium ion 9 and regenerates the active palladium(II) species for transmetalation
[8]. Importantly, MeOH serves as the proton source to promote the cleavage of
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the palladium-carbon bond during protonolysis. The hydrolysis of 9, a typical
elementary step in iminium catalysis, occurs to give the product 3 and releases the
chiral amine catalyst 4 (Scheme 4.3).

Rios group reported a highly enantioselective cyclopropanation of enals 1 with
chloro-alkylbenzoxazoles 10 driven by cooperative catalysis of Pd(OAc), and chi-
ral amine 4 [9]. The nitrogen atom in benzoxazoles 10 coordinates to Lewis acidic
Pd(OAc), that promotes deprotonation of the chloromethyl group to give a Pd(II)
enolate intermediate 12. The stereoselective Michael addition of 12 to the chiral
iminium ions 5, followed by an intramolecular cyclization reaction and hydrolysis,
leads to the formation of cyclopropane products 11. The synergy of chiral iminium
and Pd(II) Lewis acid catalysis delivers good yields, excellent enantioselectivity, and
good diastereoselectivity (Scheme 4.4).

4.2.2 Asymmetric [3+2] Cycloaddition Via Ring-Opening Oxidative
Addition

Oxidative addition of low valent palladium complexes to vinylaziridines, vinyl
epoxides, and vinyl cyclopropanes generates palladium-stabilized 1,3-zwitterions,
which engage in sequential conjugate addition to o,f-unsaturated iminium ions and
intramolecular allylic alkylation reaction to furnish vinylcyclopentane derivatives
(Scheme 4.5).

An asymmetric [3+2] cycloaddition of donor-acceptor vinyl cyclopropanes 14 with
enals 1 driven by cooperative catalysis of Pd(0) and chiral amine was established by
Michelet and coworkers to afford a broad range of multi-substituted cyclopentanes
15 in high yields and with excellent enantioselectivities (Scheme 4.6a) [10]. The
palladium complex formed from Pd,(dba), and bis(1,2-diphenylphosphino)ethane
(DPPE) turns out to be the most efficient metal catalyst. The ring-opening oxidative
addition of vinyl cyclopropanes 14 to Pd(0) complex occurs to give a zwitterionic
intermediate 16, which then undergoes enantioselective conjugate addition to
a,p-unsaturated iminium ions 5 to from an intermediate 17, followed by an
intramolecular allylic alkylation to generate iminium intermediate 18. Subsequent
hydrolysis and decomplexation of 18 yields the final product 15 and release the
amine 4 and palladium catalyst (Scheme 4.6b). The Jorgensen group [11a] and Rios
group [11b] found that Pd(dba), and Pd,(dba), themselves could serve as excellent
catalysts, in combination with chiral amine 4, to promote highly enantioselective
[3+2] cycloaddition of enals and vinyl cyclopropanes (Scheme 4.6a).

Vinylcyclopropane azlactones 19 are also capable of participating in the [3+2]
cycloaddition with enals 1 enabled by the similar chiral amine/Pd(0) cooperative
catalytic system to build up spirobicyclic molecules with structural complexity
in excellent stereoselectivities (Scheme 4.7) [12]. Cordova and coworkers syn-
thesized allyl acetates with tethered carbon nucleophiles, as surrogates of vinyl
cyclopropanes, for chiral amine 4/Pd(OAc), co-catalyzed enantioselective dynamic
Michael addition and intramolecular allylic alkylation cascade with enals [13].

77



https://lwww.twirpx.org n http://chemistry-chemists.com/

Pd(OAC), (5 mol%)

Ar Ph
RXCHO &+ Ar—B(OH), 4 (20 mol%) A_cHo [ —*n

1 2 Cs,CO3 (25 mol%), 3 H OTMS
MeOH (5 equiv) 4
Ph Toluene, 22 °C Up to 81%, 89% ee
+
N P —a L
| OoTMS D\\J’h Ar-Pd-OAc
N Ph 6
| 5 AcQ ) OTMS
R Pd{ MeO—B(OH),
1 Ar” ‘ 7
R
Ph
H OTMS
4
N
\N
8 0\4 AcO” Pd OTMS AcOH MeOH
J) ij MeO—Pd— OAc Pd(OAc)2
MeOH

Scheme 4.3 Chiral amine/Pd(ll) cooperatively catalyzed enantioselective p-arylation of enals.



https://www.twirpx.org n http://chemistry-chemists.com/

N cl 4 (20 mol%) O,N N .
x.CHO /@[ S—/ Pd(OAc)2 (5 mol%) | Up to 18§%1y(|jeld
I o
R T oN o 2,6-Lutidine (1 equiv) 1? CHO 999, ce
1 10 MeCN, RT

S Oy
Pd OAc
[ 1 f
N -Pd N
o OTMS
(,, PP
Ph cl H Ph N C
oms /C[ S/
O,N o
10

Scheme 4.4 Asymmetric cyclopropanation of enals and benzoxazoles.




https://lwww.twirpx.org n http://chemistry-chemists.com/

80| 4 Iminium and Metal Combined Catalysis

+PdL,,
Pd X R
z PdL, F’d”Ln /\)\
N —~ / N

Scheme 4.5 A cooperative paradigm for asymmetric [3+2] cycloaddition.

OHC, —
. \/<’\ Conditions
F‘/\/CHO E - 15

E
1 14 E” “g

Michelet and Vitale:
4 (20 mol%), Pd,(dba)s-CHCI5 (5 mol%), dppe (10 mol%), pNBA (20 mol%), PhCF5, RT

OHC —
Ar\w&

NC CN

O Ar

88%, >99% ee

’ | ’ \
1 Jorgensen et al. OHC — | |
1 \ 1 |
1 1

I 4 (20 mol%) Y1420 mol%) |
! Pd(dba)z (3 mol%) Ar I ! Pd(dba), (5 mol%) !
I PhCO,H (10 mol%) NC” CN | I EtOAc, RT I
! MeCN, RT o I
l 88%,>99% e | | |

(a)
O\g:h TMSO\T/hPh ®
R : r \gd“] E
™ E NQ
" Z \/\)@\E
| A
1 R 5 [Pa] 16
17
Ph lPh 14
O%—Ph TMSOA/Ph
N oTMs 3
H 4 ®<:|
=N
E
R AN [Pd°)
E ‘Pd\_/
18 [Pd]
(b) 15 H0

Scheme 4.6 [3+2] Annulation of vinyl cyclopropanes and enals by iminium/Pd
cooperative catalysis. (a) [3+2] Cycloaddition of enals and vinyl cyclopropanes. (b) Proposed
mechanism. Source: (a) Modified from Laugeois [10].



https://lwww.twirpx.org n http://chemistry-chemists.com/

4.2 Iminium Activation and Palladium Catalysis | 81

] 0 R!
4 (20 mol%) : % vi
 oHo + O Pdo(dba)s (5mol%) O CHO  Upto 74% yield
R J < 99% ee
r” N EtOAc, RT r” N
1 19 /

Scheme 4.7 [3+2] Annulation of enals with different vinyl cyclopropanes. Source:
Modified from Kamlar et al. [12].

€]
~N , EN/

R’ R
XH | ’ O, ,
R/\)\R, ” AN M Mf:l,\ /‘R/ SR R
|| —_— | — | — M —
X7 TR X" R N R
X

Scheme 4.8 General concept of asymmetric Michael addition and carbocyclization.

4.2.3 Asymmetric Michael Addition and Carbocyclization Cascade

The asymmetric Michael addition of propargyl nucleophiles to chiral unsaturated
iminium ions generates alkynyl enamine intermediates, which subsequently
undergo an intramolecular enamine addition to the carbon-carbon triple bond
activated by a suitable transition metal n-Lewis acid catalyst. Privileged enantiose-
lective 5-exo-dig cyclization provides unique access to (hetero)cyclopentanes with
multiple substituents and an external or internal carbon-carbon double bond on
the ring (Scheme 4.8).

In 2010, Wang and coworkers reported a highly enantioselective formal [3+2]
cycloaddition consisting of asymmetric Michael addition and carbocyclization of
enals 1 and propargyl malonate 21 enabled by the cooperative catalysis of chiral
amine catalyst ent-4 and PdCl, [14a]. The in situ generated chiral o,p-unsaturated
iminium ions 23 are subjected to an asymmetric Michael addition to form an enam-
ine intermediate 25. n-Lewis acid activation of PdCl, toward the carbon-carbon
triple bond promotes subsequent intramolecular cyclization of enamine 25. Both
PdCl, and chiral amine ent-4 are essential for the success of this cascade reaction.
In the absence of PACl,, only Michael addition reaction occurred with low yield
(17%) and moderate enantioselectivity (67% ee); while no reactivity was observed
without ent-4 (Scheme 4.9). Cérdova and coworkers independently developed the
same type of cascade reaction by chiral amine/Pd(0) combined catalysis [14b].

Later, the Wang group expanded this chiral amine/PdCl, hybrid relay-cooperative
catalysis to asymmetric Michael addition and carbocyclization cascade of enals 1
and 3-propargyl oxindoles 26, affording spirocyclic oxindoles 27 in up to 95% yield,
with >20: 1 dr and >99% ee (Scheme 4.10) [15].

Coérdova and coworkers disclosed a dynamic kinetic asymmetric oxa-Michael/
carbocyclization by the combination of chiral amine and PdCl, catalysis [16a].
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Scheme 4.10 Synthesis of spirocyclic oxindoles through chiral amine/PdCl, combined
catalysis. Source: Modified from Sun et al. [15].

The equilibrium between starting materials (enals 1 and propargyl alcohol 28) and
oxa-Michael products during the chiral amine catalysis limits the transformation
efficacy. Chiral amine 29 and PdCl, co-catalyzed carbocyclization would push the
equilibrium toward the irreversible formation of final dihydrofuran products 30
(Scheme 4.11a). This cascade reaction with only chiral amine catalyst or PdCl,
did not proceed. Other metals, such as Cu(I), Ag(I), and Zn(II), are less effective
to drive the reaction (Scheme 4.11a). Later, Hong and coworkers developed an
enantioselective aza-Michael/carbocyclization reaction of enals 1 and N-tosyl
propargylamines 31 (Scheme 4.11b) [16b].
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Scheme 4.11 Dynamic kinetic asymmetric hetero-Michael addition/cyclization. (a)
Asymmetric oxa-Michael/cyclization. (b) Asymmetric aza-Michael/cyclization.

4.2.4 Asymmetric Oxidative Cascade Reaction

Wang and coworkers developed Saegusa-type oxidation of unmodified aldehydes
into enals using molecular oxygen as the sole oxidant by enamine/Pd(II) cooperative
catalysis [17]. Xu and coworkers merged Wang’s protocol and iminium-catalyzed
asymmetric Michael addition, affording enantiopure p-functionalized aldehydes
[18]. Transmetallation of enamines 36 in situ generated from the condensation
of aldehydes 33 and chiral amine 4 gives an alkyl Pd(II) species 38, which then
undergoes f-hydride elimination to furnish o,f-unsaturated iminium ions 39.
The asymmetric conjugate addition of malonates 34 to the iminium ions 39 leads
to the formation of chiral aldehydes 35 in moderate to good yields and with
excellent enantioselectivities (Scheme 4.12). Due to the concern about the storage
stability of aldehydes under ambient conditions, Cérdova and coworkers combined
Pd(IT)-catalyzed dehydrogenative oxidation of allylic alcohols into enals with chiral
amine/Pd(IT) co-catalyzed enantioselective Michael addition/carbocyclization in
the one-pot manner [19].

4.3 Iminium Activation and Coinage Metal Catalysis

Group 11 elements, known as the coinage metals, consisting of copper (Cu),
silver (Ag), and gold (Au), can serve as n-Lewis acid toward the activation of
carbon-carbon triple bonds. In 2010, the Jorgensen group independently reported
a chiral amine/coinage metal co-catalyzed enantioselective Michael addition and
carbocyclization cascade reaction of propargyl malononitrile or cyanoacetates with
enals [20a]. In this reaction, the CuOT{-PPh, complex serves as an excellent n-Lewis
acid catalyst to promote the enamine-alkyne cyclization. [Au(NTf, )(PPh,)] was also
found to be compatible with chiral amine 41, albeit with a slower reaction rate than
CuOT{-PPh,. Notably, compared to Wang’s work [14a], Jergensen’s chiral amine
41/CuOT{-PPh, catalytic system substantially improved the scope from cinnamic
aldehydes to p-alkyl-a,p-unsaturated aldehydes (Scheme 4.13a). Later, Jorgensen
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carbocyclization. (a) Michael addition/carbocyclization of enals. (b) Michael
addition/carbocyclization of enones. Source: (b) Modified from Zweifel et al. [20b].
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Scheme 4.14 Enantioselective p-silylation of enals by chiral amine/Cu(l) cooperative
catalysis.

and coworkers developed a one-pot two-step Michael addition and carbocyclization
reaction of enones and propargyl nucleophiles, in which the combination of a
cinchona alkaloid-derived primary amine 44 and Brensted acid 45 promotes the
first Michael addition reaction, while [Au(NTf,)(PPh,)] and para-toluenesulfonic
acid (pTSA) co-catalyze the cyclization reaction (Scheme 4.13b) [20b].

Cordova and coworkers developed an enantioselective f-silyl addition to enals 1
by virtue of iminium and copper cooperative catalysis [21]. The in situ generated
Cu(I) alkoxide from CuCl and KOtBu would react with PhMe,SiB(Pin) 48 to form a
Cu(I)-SiPhMe, species 50, which then adds to the f-carbon of unsaturated iminium
5 via a presumable transition state 51 to give an intermediate 52. The protonoly-
sis of the alkyl Cu(I) intermediate 52 and hydrolysis of the iminium moiety afford
p-silyl aldehydes in moderate yields and with moderate to high enantioselectivities
(Scheme 4.14).

In 2015, Quintard and Rodriguez demonstrated the utilization of keto diacid 53
as a 1,3-bis-nucleophile in an enantioselective cycloaddition reaction with enals 1
[22]. The addition of a co-catalyst such as a copper salt considerably increased both
yield and enantioselectivity. The key to success is a synergistic activation of keto
diacid 53 by copper catalysis and iminium activation of enals by amine catalyst 4,
providing direct access to valuable chiral cyclohexenones 54 through unprecedented
di-decarboxylative Michael/aldol/dehydration cascade reaction (Scheme 4.15).

4.4 Iminium Activation and Other Metal Catalysis

Versatile iminium activation is also compatible with other transition metal com-
plexes than palladium, copper, and gold. In 2016, Liu and coworkers developed
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Scheme 4.16 Chiral amine and iridium(l) co-catalyzed enantioselective three-component
reaction.

a chiral amine 4 and iridium(I) co-catalyzed enantioselective three-component
coupling reaction of aryldiazoacetates 55, indoles 56, and enals 1 [23]. The key
zwitterionic intermediates 59 is initially formed in situ from iridium carbenoids 58
and indole derivative 56. The carboxylic acid additive accelerates the condensation
reaction of enals 1 and chiral amine catalyst 4 to afford iminium ions 5, which
efficiently trap the zwitterionic intermediates 60 to produce enamine intermediates
61. The following hydrolysis under the Breonsted acidic condition regenerates chiral
amine catalyst 4 and yields indole derivatives 57 bearing aldehyde functionality and
two consecutive stereocenters in good yields, with moderate diastereoselectivity
and excellent enantioselectivity (Scheme 4.16). The matched reactivity of major
intermediates and the comparable kinetics in both of the two catalytic cycles are
believed to be critical for success.

Quintard et al. reported an enantioselective carbofunctionlization of allylic alco-
hols 62 by chiral amine and iron relay catalysis [24]. This cascade reaction makes
a feature of three precise catalytic cycles: firstly, CO decoordination from the iron
catalyst 64 with Me,;NO gives an active [Fe] species bearing a vacant site, which
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Scheme 4.17 (Cascade reaction involving iminium intermediate and transfer
hydrogenation.

can abstract hydrogen from allylic alcohols 62 to furnish enals 1 and a transient
iron-hydrogen complex [Fe]-H; secondly, enantioselective Michael addition of enals
1 with p-ketoesters 63 via iminium activation from chiral amine catalyst 4 produces
chiral aldehydes 67; finally, chemoselective reduction of the aldehyde functionality
of 67 by [Fe]-H delivers stable p-chiral alcohols 65 in moderate yields, with excellent
enantioselectivities, and regenerates the active iron complex [Fe] (Scheme 4.17).

4.5 Conclusion

Dual activation from organocatalysts and metal complexes toward distinct sub-
strates in a single operation have emerged as an enabling concept and powerful
tool for the rapid buildup of molecular complexity otherwise inaccessible, among
which the combination of iminium activation and diverse transition metal catalysis
(such as palladium, copper, gold) has been applied in a series of enantioselec-
tive cascade bond-forming transformations, e.g. conjugate addition/cyclization,
providing a conceptually new strategy to synthesize valuable heterocycles and
other bioactive compounds. Despite those advances discussed in this chapter,
the state-of-the-art reaction design through iminium and metal combined
catalysis is mostly limited to conjugate addition that the remote (e.g. y- and
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8-position) functionalization of o,f-unsaturated carbonyls remain undeveloped.
Moreover, merging iminium activation with the rich chemistry of the transition
metal-catalyzed single-electron-transfer process would be promising.
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5

Bronsted Acid and Transition Metal Cooperative Catalysis

5.1 Introduction

Brensted acid catalysis, an important subfield of organocatalysis, has long been
employed to catalyze the formation and cleavage of C—O bonds, such as hydrolysis,
esterification, and acetal synthesis [1]. Commonly used achiral Brensted acids range
from weak acids, such as phenol, to super strong acids like trifluoromethanesulfonic
acid. At the dawn of this century, chiral Brensted acids have been recognized as
powerful organocatalysts for a wide range of bond-forming reactions [2]. Chiral
Bronsted acids mainly encompass weak or neutral Bronsted acids, such as thioureas,
squaramides, o,a,o,o-tetraaryl-1,3-dioxolane-4,5-dimethanols (TADDOL), and
1,1’-Bi-2-naphthol (BINOL) derivatives (Scheme 5.1a) [3] and stronger Brensted
acids, exemplified by BINOL-derived phosphoric acids and phosphoramides
(Scheme 5.1b) [4].

The weak or neutral Bronsted acids are also classified as hydrogen-bonding cata-
lysts since the weak or neutral Bronsted acid-catalyzed reactions are usually driven
by hydrogen-bonding interactions (Scheme 5.2) [5]. Stronger Brensted acids, on the
other hand, could activate carbonyls, imines, alkenes, alkynes, and hydroxyl groups
through protonation to form oxonium, iminium salts, carbocations, and vinylic car-
bocations as well (Scheme 5.2) [6]. Up till now, chiral Brensted acid catalysis has
turned out to be a generally applicable platform for the development of asymmetric
transformations [6, 7].

A wide range of reactive transition metal intermediates, including metal
alkynylides, m-allyl-metals, metal hydrides, metal carbenes, metal allenylidenes,
metal alkenyls, and metal alkenes (Scheme 5.3) have shown good compatibility
with Brensted acids and sufficient reactivity toward Brensted acid-activated inter-
mediates to provide a diverse range of nonclassical avenues for the development
of asymmetric reactions. Over the past two decades, chiral Brensted acid and
transition metal cooperative catalysis [8] have indeed enabled the proliferation of a
tremendous number of asymmetric transformations that are difficult or inefficient
to be afforded by an individual catalyst. According to the role that chiral Brensted
acids and transition metal catalysts play, this chapter will summarize the proof of
concept and evolution of chiral Brensted acid/metal cooperative catalysis with the
emphasis on the transition metal intermediates.

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 5.1 Typical Brensted acids commonly used for asymmetric catalysis. Source: (@) Modified from Doyle and Jacobsen [3]. (b) Modified from Parmar
et al. [4].
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Scheme 5.2 Activation modes of chiral Brensted acid catalysis.
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Scheme 5.3 Representative examples of reactive transition metal intermediates.

5.2 Early Stage of Metal/Bronsted Acid Cooperative
Catalysis

The first example of transition metal/chiral phosphoric acid cooperative catalysis
was reported by Krische and coworker in 2006 [9]. They established a chiral ion
pair-mediated enantioselective reductive coupling of 1,3-enyne 5 to picolinaldehyde
4 (Scheme 5.4). The combination of an achiral rhodium catalyst and a chiral
phosphoric acid (R)-1a allows the reaction to give high levels of enantioselectivity.
The chiral phosphoric acid is supposed to protonate 2-pyridinecarboxaldehyde
4 to give an ion pair 7, which then undergoes the Rh(I)-mediated asymmetric
reductive coupling with a conjugated enyne 5 to form a metallacycle intermediate 8.
Subsequently, intermediate 8 undergoes hydrogenolysis to release chiral phosphoric
acid and to generate a cationic Rh(III) intermediate 9. Finally, the coupling product
6 is delivered through reductive elimination and with the regeneration of cationic
Rh(I) catalyst.

5.3 Metal Alkynylide-Mediated Transformations

The addition of alkynes to imines represents one of the most straightforward and
reliable methods to access propargylamines [10], which can work as versatile
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Scheme 5.5 General concept for chiral Brensted/metal cooperatively catalyzed
alkynylation of imines.

building blocks in organic synthesis [11]. Classical asymmetric addition of alkynes
to imines for the synthesis of chiral propargylic amines relies on the introduction of
chiral ligands to form chiral alkynyl-metal reagents, especially the use of chiral cop-
per catalysts [10, 12]. In these transformations, catalytically generated chiral metal
alkynylide serves as an active nucleophile to attack the imine functionality. In con-
trast to this traditional concept of using chiral ligands, chiral Brensted acid/metal
cooperative catalysis can simultaneously activate both imine by the chiral acid
and alkyne by transition metal catalyst to synergistically drive the asymmetric
addition event (Scheme 5.5), basically excluding the use of chiral ligand to control
the stereochemistry.

In 2007, Rueping et al. reported an asymmetric alkynylation of imines 10 synergis-
tically catalyzed by a chiral phosphoric acid and silver acetate (Scheme 5.6a) [13],
providing methyl 2-amino-3-butynoates 12 in good yields and with high levels of
enantioselectivity. The addition of an alkynyl silver intermediate to a chiral phospho-
ric acid activated imine (TS-1) turns out to be the enantiodetermining step. Inter-
estingly, such a concept is also viable to asymmetric alkynylation of cyclic imines
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13 to access optically active 11-substituted-10,11-dihydrodibenzo[b,f][1,4]oxazepine
derivatives 14 with excellent enantioselectivities (Scheme 5.6b) [14].

In addition to silver catalysts, cheaper copper complexes are also robust catalysts
to activate terminal alkynes [15], and the combination of chiral Brensted acids
with copper salts is also amenable to asymmetric alkynylation of imines [12].
For example, Arndtsen and coworkers found that a copper complex combined
with N-Boc proline was able to efficiently drive asymmetric addition of acety-
lene derivatives 11 to imines 15 (TS-2), allowing the rapid access to chiral
propargyl amines in high yields and with excellent levels of enantioselectivity
(Scheme 5.7) [16].

Afterward, Hashimoto and Maruoka reported a copper/chiral carboxylic acid
synergistically catalyzed asymmetric alkynylation of C,N-cyclic azomethine imines
17 and alkynes (Scheme 5.8) [17]. In this transformation, chiral Brensted acid 19 is
proposed to protonate azomethine imine and induces the stereoselectivity of nucle-
ophilic addition of copper acetylide (TS-3) to give chiral tetrahydroisoquinoline
derivatives 20.

Although these combined catalyst systems show notable catalytic perfor-
mance, they are principally not capable of controlling the stereochemistry of a
three-component variant of aldehydes 21, secondary amines 22, and acetylenes
11, as the resulting iminium intermediate 25 has no lone pair required for
hydrogen-bonding interaction, protonation, or metal coordination. In 2015, Seidel
and coworker found that chiral Brensted acid 23 bearing both a carboxylic acid
and a thiourea could serve as an effective chiral co-catalyst for a Cu(I)-catalyzed
enantioselective A reactions involving secondary amines (Scheme 5.9) [18]. In this
case, a neutral copper acetylide 26 presumably reacts with an iminium ion pair 25
in situ generated from the condensation of aldehyde 21, pyrrolidine 22, and chiral
Brensted acid 23.

5.4 mn-Allyl-Metal-Mediated Transformation

The transition metal-catalyzed asymmetric allylic substitution reaction represents
one of the most important transformations in organic synthesis [19], enabling rapid
access to alkene-bearing substances for building up molecular complexity with ver-
satile late-stage functionalizations [20]. The commonly used strategies to establish
asymmetric allylic substitution mainly rely on the use of chiral ligands to induce
chirality [21]. In contrast, chiral Brensted acid/metal cooperative catalysis provides
a fresh perspective to the control of enantioselection. Mechanistic analysis suggests
that in the presence of a chiral Bronsted acid, oxidative addition of a transition metal
to an allyl substrate would generate a n-allylmetal species bearing a chiral counterion
as an internal base, which is principally capable of controlling the stereochemistry
through a hydrogen-bonding interaction with soft nucleophiles (Scheme 5.10).
Murahashi et al. found that a Pd-catalyzed a-allylation of aldehydes with allyl
amines only proceeded in the presence of an achiral acid as cocatalyst [22]. Based on
this reaction, List and coworker first described the proof of concept of the Pd/chiral
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Scheme 5.6 Alkynylation of imines via chiral phosphoric acid and silver combined catalysis. Source: (a) Modified from Rueping et al. [13]. (b) Modified
from Ren et al. [14].
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Scheme 5.7 Asymmetric alkynylation of imines by chiral carboxylic acid and copper
cooperative catalysis. Source: Modified from Lu et al. [16].
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Scheme 5.8 Asymmetric alkynylation of C,N-cyclic azomethine imines by copper/chiral
Brensted acid cooperative catalysis. Source: Modified from Hashimoto et al. [17].
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Scheme 5.9 Asymmetric alkynylation of imines enabled by chiral thiourea/copper
cooperative catalysis. Source: Modified from Zhao et al. [18].

phosphoric acid cooperative catalysis for the development of asymmetric allylic sub-
stitution reactions [23]. A highly enantioselective Tsuji-Trost type a-allylation of
aldehydes 27 with allylamines 28 was established by a combined catalyst system
consisting of a chiral phosphoric acid (R)-1a and a Pd(PPh,), (Scheme 5.11). In this
case, the phosphoric acid plays a dual role: (i) protonating the allylic amine to acti-
vate the allylic C—N bond and facilitating the oxidative addition to generate the
n-allyl-Pd species; (ii) serving as a chiral counterion of the cationic n-allyl-Pd species
to activate the enamine by hydrogen-bonding interaction and to control stereoselec-
tivity of the C—C bond-forming step (TS-4). Afterward, the same group expanded
such a concept to asymmetric a-allylation of aldehydes 27 with allylic alcohols 30
[24]. In comparison with the former case, an external primary amine is required for
the formation of enamine intermediate. This ternary catalyst system allows allylic
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Scheme 5.11 «-Allylation of aldehydes by chiral phosphoric acid and palladium
cooperative catalysis.

alkylation to give high levels of enantioselectivity. Again, chiral phosphoric acid
assists the palladium to cleave the C—O bond of the allylic alcohols 30 and to control
the stereochemistry of the bond-forming step (TS-4) by hydrogen bonding interac-
tion (Scheme 5.11).

The direct use of readily accessible olefins as allylating reagents essentially
minimizes the preoxidation and functionality manipulation steps required for
the preparation of the substrates, as such the allylic C-H functionalization has
been considered an even more efficient alternative [25]. Inspired by List’s findings
[23, 24], Gong and coworkers found that a ternary catalyst system consisting
of a primary amine, a chiral phosphoric acid, and a palladium complex could
smoothly promote an enantioselective a-allylation of aldehydes 27 with allylarenes
32 (Scheme 5.12) [26]. Mechanistically, in the presence of Pd(PPh,),, 2,6-DMBQ
(dimethylbenzo-1,4-quinone) and chiral phosphoric acid (R)-1a, terminal olefin
32 undergoes an allylic C-H cleavage to generate a m-allyl palladium phosphate
intermediate 34, which then couples with an enamine 35 in situ generated from
a primary amine and an enolizable aldehyde via a similar transition state TS-5
proposed by List and coworkers [23, 24], leading to the formation of allylation
products 33 in high yields and with good to excellent levels of enantioselectivity.
Notably, diphenylmethanamine, previously used to activate aldehydes [24], can be
easily oxidized into an imine and subsequently decomposes to benzophenone under
oxidizing conditions. As a consequence, a more stable achiral primary amine, such
as cumylamine, is vital to ensure the success of this catalytic process. Recently, such
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Scheme 5.13 Palladium-catalyzed allylic substitution using alkynes as allylating reagents.

a strategy was successfully applied to the oxidative a-allylation of aldehydes with
1,4-dienes 36 (Scheme 5.12), providing even higher stereoselectivity for a broader
scope of substrates [27].

The oxidative addition of Pd(0) complex to a chiral Brensted acid basically gives
palladium hydride complex 38 that can undergo an insertion reaction with the triple
bond of an alkyne to give an intermediate 39. After sequential p-hydride elimination
and another insertion of the double bond, the intermediate 39 can be transformed
into a m—allylpalladium complex 41 bearing a chiral counterion, which can undergo
the allylic substitution with soft nucleophiles. Again, the chiral counterion can acti-
vate the nucleophiles by hydrogen-bonding interaction (TS-6) and to control the
stereochemistry (Scheme 5.13). In comparison with olefins as the allylating reagents,
the allylation with alkynes is relatively superior with a 100% atom economy [28].

Based on this general concept, Gong and coworkers accomplished an asymmet-
ric a-allylation of aldehydes 27 with alkynes 42 [29]. The combined catalyst system
consisting of an achiral palladium complex, an achiral primary amine, and a chiral
phosphoric acid turns out to be preeminent for this transformation (Scheme 5.14a).
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The chiral n-allylpalladium phosphate species of type 41, generated via the reac-
tion pathway shown in Scheme 5.13, undergoes an enantioselective substitution
with the enamine via transition state TS-7 to give the desired products 43. Interest-
ingly, skipped enynes 44 also undergo a similar process, as shown in Scheme 5.13,
to generate vinyl z-allylpalladium intermediates 47 and subsequently isomerizes to
intermediates 48, which then couple with the enamine via the transition state TS-8
to give allylic alkylation products 45 in excellent stereoselectivity (Scheme 5.14b).
In addition to the enamine, enol is also a reactive nucleophile to undergo
palladium-catalyzed allylic substitution reaction. In 2016, List and coworkers
reported an asymmetric Tsuji-Trost type a-allylation of branched cycloketones 49
with allyl methyl carbonate 50 under the cooperative catalysis of chiral phosphoric
acid and palladium complex (Scheme 5.15) [30]. In the presence of chiral phosphoric
acid (S)-2a, the oxidative addition of Pd(0) to allyl methyl carbonate 50 gives a n-allyl
palladium phosphate complex. The enol tautomerized from a cyclohexanone under-
goes the asymmetric allylic substitution with the =-allyl palladium phosphate com-
plex assisted by the hydrogen-bonding interaction between the phosphoryl oxygen
and enol hydroxyl as shown in the transition state TS-9. Interestingly, allylic alcohol
51 is also able to undergo a similar procedure under the CO, atmosphere. CO, acti-
vates the allylic alcohol by the in situ formation of a more reactive allyl carbonate 53,
which can react with the palladium(0) complex to give a n-allyl palladium phosphate
intermediate. Asymmetric allylic alkylation of the n-allyl palladium phosphate inter-
mediate with enol form of the cycloketone proceeds via the same transition state
TS-9 to generate 52. Notably, this protocol has been applied to a concise enantioselec-
tive formal total synthesis of (+)-crinane through a chiral building block 54 obtained
from this reaction. Recently, Trauner and coworkers adopted this protocol to prepare
a key chiral building block 55 for asymmetric total synthesis of stephadiamine [31].
Pyrazol-5-ones are an important class of heterocyclic nucleophiles capable
of participating in a wide range of asymmetric transformations [32]. In 2013,
Gong and coworkers established a highly efficient asymmetric allylic alkylation
of pyrazol-5-ones 57 with allylic alcohols 56 under the cooperative catalysis of a
chiral phosphoramidite-palladium complex and a chiral phosphoric acid, affording
various functionalized chiral pyrazol-5-ones 59 in high yields and with excellent
enantioselectivities (Scheme 5.16) [33]. By the hydrogen-bonding activation with
chiral phosphoric acid (R)-1c, the allylic alcohol 56 becomes reactive enough to
undergo oxidative addition with chiral phosphoramidite-palladium complex to give
a z-allylpalladium phosphate 61, which then undergoes asymmetric allylic substi-
tution with enol form of the pyrazol-5-one 57, wherein the counterion acts as a base
to activate the nucleophile by means of hydrogen-bonding interaction (TS-10) and
to control the stereochemistry in collaboration with chiral ligand 58 (Scheme 5.16).
As demonstrated previously [26], allylarenes can undergo allylic C-H cleavage
upon exposing to a mixture of the palladium complex, chiral phosphoric acid,
and a suitable oxidant to generate a m-allyl palladium phosphate intermediate,
which can principally undergo the similar asymmetric allylic substitution with
the pyrazol-5-ones [33]. Indeed, the combination of a chiral palladium complex
adorned with chiral phosphoramidite 63 and the chiral phosphoric acid (R)-2b
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Scheme 5.14 a-Allylation of aldehydes with internal alkynes.
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Scheme 5.16 Asymmetric allylic alkylation of pyrazol-5-ones with allylic alcohols.

allows the asymmetric allylic C-H alkylation of allylarenes with pyrazol-5-ones 57
to proceed successfully and to give the desired products 59 in excellent yields and
enantioselectivities by using 2,5-DMBQ as external oxidant (Scheme 5.16) [34].
Notably, inactivated terminal alkenes are also tolerable to provide the corresponding
alkylation products in good results by using chiral ligand 64 and chiral phosphoric
acid (R)-2c at a higher temperature (Scheme 5.17) [35].

Recently, Shi and coworkers reported a catalytic asymmetric a-arylation of
pyrazol-5-ones 57 with 2-indolylmethanols 65 as electrophilic arylation reagents
under the cooperative catalysis of chiral phosphoric acid and achiral palladium
complex (Scheme 5.18) [36]. The chiral phosphoric acid not only protonates the
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Scheme 5.17 Asymmetric allylic C-H alkylation of pyrazol-5-ones. Source: Modified from Fan et al. [35].
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Scheme 5.18 Asymmetric a-arylation of pyrazol-5-ones. Source: Modified from Zhu et al.
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Scheme 5.19 Asymmetric allylic amination of racemic allylic alcohols. Source: Modified
from Banerjee et al. [37].

2-indolylmethanols 65 to promote the formation of a =-allyl-Pd species, but also
facilitates the enantioselective nucleophilic substitution of the pyrazol-5-ones with
the m-allyl-Pd species via transition state TS-11.

In addition to the stereoselective carbon—carbon bond formation, chiral phos-
phoric acid and palladium cooperative catalysis is amenable to carbon-heteroatom
bond-forming reactions. In 2014, Beller et al. expanded the cooperative catalysis of
chiral phosphoric acid and chiral phosphoramidite-palladium complex [33] to an
enantioselective allylic amination of racemic allylic alcohols 67 (Scheme 5.19) [37].
The presence of chiral phosphoramidite 69 and phosphoric acid (S)-1d enables the
palladium-catalyzed allylic amination of both cyclic and acyclic allylic alcohols
with anilines to result in a variety of chiral allylic amines 70 in excellent yields and
with excellent enantioselectivities.

Chiral hydrogen-bonding organocatalysts can serve as neutral Breonsted acids
and are compatible with some transition metal catalysts [8g]. In 2016, Lu and Xiao
combined chiral bis thiourea-based hydrogen-bonding catalyst 73 and palladium
complex to catalyze an asymmetric allylic alkylation of 3-aryloxindoles 71, affording
3,3'-disubstituted oxindoles 74 in high yields and with excellent enantioselectivities
(Scheme 5.20) [38]. The oxidative addition of palladium complex to 72 gave a
n-allylpalladium species and tert-butoxide anion, which functions as a base to
deprotonate the 3-aryl oxindole 71. The resulting oxindole anion 75 is stabilized
by the thiourea 73 through the hydrogen bonding interaction and attacks the
n-allylpalladium species to afford the desired chiral products 74 (Scheme 5.20).

Zhang and coworkers established an asymmetric decarboxylative cycloaddition of
vinyl ethylene carbonates 76 with p-nitroolefins 77 enabled by cooperative catalysis
of palladium complex and chiral squaramide 79 to access the chiral multisubstituted
tetrahydrofurans (Scheme 5.21) [39]. By using a palladium complex generated in situ
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Scheme 5.21 Asymmetric cycloaddition of vinylethylene carbonates with B-nitroolefins. Source: Modified from Liu et al. [39].
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from Pd,(dba),-CHCI, and chiral phosphoramidite 78, a zwitterionic allylpalladium
intermediate 81 is generated from the oxidative addition with vinyl ethylene car-
bonates 76. Then, the r-allylpalladium species 81 attacks the activated unsaturated
electrophiles 82 in situ generated from f-nitroolefins 77 and chiral squaramide 79,
followed by cycloaddition to afford the desired products 80 in good to high yields
and with high enantio- and diastereoselectivities.

5.5 Asymmetric Hydrogenation of C—N Double Bond

Transition metal-catalyzed asymmetric hydrogenation is a scalable method for
the manufacture of chiral molecules [40]. The vast majority of this process relies
on the employment of chiral ligand to induce chirality [41]. The combination
of chiral Brensted acid and transition metal catalyst has been considered as an
important alternative to upgrading this process cooperatively. In 2008, Xiao and
coworkers reported that a binary catalyst made up of a chiral phosphoric acid and
an iridium complex 84 adorned with Noyori-diamine ligand could afford a highly
efficient asymmetric hydrogenation of acyclic imines 83 (Scheme 5.22) [42]. The
iridium complex 84 incorporating a chiral phosphate as the counteranion can
undergo hydrogenolysis to generate an iridium hydride complex and to release
chiral phosphoric acid, which then protonates the acyclic imines 83 to facilitate the
transfer hydrogenation with the iridium hydride complex via TS-14. The matched
chirality between the chiral diamine ligand of the iridium complex 84 and chiral
phosphoric acid (R)-1a is required to deliver high stereoselectivity. Although
iridium complex 84 can promote this hydrogenation reaction alone, the presence
of chiral phosphoric acid obviously enhances the catalytic reaction performance.
The extension of the hybrid catalyst system to asymmetric reductive amination of
ketones 85 with anilines 86 is also successful (Scheme 5.22) [43]. Experimental
and computational investigations suggest that the noncovalent interaction of
iridium complex and chiral phosphoric acid is responsible for catalytic activity and
stereoselectivity [44].

The combination of iridium complex 90 and chiral Brensted acid (S)-2d is also able
to render asymmetric hydrogenation of quinolones 89. Notably, even the racemic
iridium complex 90, in collaboration with chiral N-triflyl phosphoramide (S)-2d, still
enables the reaction to give good enantioselectivity (Scheme 5.23) [45].

In addition to asymmetric hydrogenation, chiral phosphoric acid and iridium
cooperative catalysis is amenable to borrow hydrogen methods. In 2014, Zhao
and coworkers reported an enantioselective amination of alcohols 92 synergisti-
cally catalyzed by a chiral iridium complex 93 and chiral phosphoric acid (R)-1a
(Scheme 5.24) [46]. The iridium complex 93 initially catalyzes the dehydrogenation
of the alcohol 92 to a ketone intermediate and itself becomes a reactive iridium
hydride complex. The imine in situ formed from the ketone and aniline is proto-
nated by the chiral phosphoric acid (R)-1a and then undergoes the asymmetric
transfer hydrogenation with the iridium hydride complex to furnish chiral amine
94. Afterward, the same group established a dynamic kinetic asymmetric amination

107
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Scheme 5.23 Asymmetric hydrogenation of quinolines. Source: Modified from Rueping
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Scheme 5.24 Asymmetric amination of alcohols by chiral phosphoric acid and iridium
cooperative catalysis. Source: Modified from Zhang et al. [46].

of alcohols 95 promoted by a similar combined catalyst system (Scheme 5.24) [47].
Racemic a-branched alcohols 95 are converted to highly enantioenriched chiral
amines 96 by a redox dynamic kinetic resolution process proceeding via sequential
dehydrogenation of alcohols 95 to ketones 97, dynamic imine 99 formation, and
asymmetric transfer hydrogenation. Density functional theory (DFT) calculations
suggest that the enantioselectivity is induced at the early stage of enantioselective
protonation before the diastereo-determining hydrogenation step [48]. Moreover,
this borrowing hydrogen concept is also applicable to an intramolecular variant for
the synthesis of chiral 2-substituted tetrahydroquinolines 102 (Scheme 5.24) [49].

Aside from late transition metals, nonprecious metals can also collaborate with
chiral phosphoric acids to catalyze asymmetric hydrogenation. Beller and coworkers
found that the combination of chiral phosphoric acid (S)-1a and the Knoélker iron
complex 103 allocated high enantioselectivity to the asymmetric hydrogenation of
imines [50] (Scheme 5.25). Soon after this event, a similar combined catalyst system
was applied to the asymmetric hydrogenation of quinoxalines 104 and benzoxazines
105 (Scheme 5.25) [51].

| 109
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Scheme 5.25 Asymmetric hydrogenation via chiral phosphoric acid and iron cooperative
catalysis. Source: Modified from Fleischer et al. [51].
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imines. Source: Modified from Hu et al. [54].

5.6 Metal Carbene-Mediated Transformations

Metal carbenes, generally in situ generated from diazo compounds, are highly
important and active synthetic intermediates capable of undergoing many valuable
transformations [52]. In particular, a-diazo carbonyl compounds have been suitable
substrates for the generation of highly reactive ylides or zwitterionic intermediates,
which can be trapped by appropriate electrophiles [53]. In 2008, Hu and Gong
reported a three-component coupling reaction of diazo-carbonyls 107, benzyl
alcohols 108, and imines 109 synergistically catalyzed by Rh,(OAc), and chiral
phosphoric acid (R)-1b, leading to a wide range of p-amino-a-hydroxyl acid deriva-
tives 110 with up to 98% yield, >99:1 dr and >99% ee (Scheme 5.26) [54]. In this
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Scheme 5.27 General paradigm for the creation of multicomponent reactions involving
diazo-carbonyls enabled by Rh/Brensted acid cooperative catalysis. Source: Modified from
Hu et al. [54].

reaction, the Rh,(OAc), mediates the decomposition of the diazo compound 107 to
generate a rhodium carbene 111, which undergoes the OH insertion reaction with
the alcohol 108 to form an oxonium ylide intermediate 112. Meanwhile, the bifunc-
tional phosphoric acid not only activates the imine 109 by protonation but also
interacts with the oxonium ylide intermediate 112 through a hydrogen bond (TS-16)
to enable a highly enantioselective Mannich-type reaction. Moreover, either diazo
cyclopropanes [55] or in situ generated imines from aldehydes and amines [56] are
well tolerated in this protocol, providing a diverse range of structural frameworks.

Since many nucleophiles can undergo carbene insertion to generate a wide spec-
trum of zwitterionic intermediates, which can be trapped by abundant electrophiles
activated by chiral Brensted acids via a proposed model (TS-17), a large number
of asymmetric multicomponent reactions can be created by following the general
concept implicit in this work (Scheme 5.27) [54].

Indeed, the binary catalyst systems of such type are able to orchestrate dozens
of asymmetric multicomponent reactions involving a wide scope of nucleophilic
reagents, including carbamates [57], amines [58], alcohols [59], water [60], and thi-
ols [61], and electrophiles, such as imines [57a, 60b], aldehydes [58b], ketones [61D]
and Michael acceptors [60c], affording a huge number of chiral molecules in struc-
tural and functional diversity (Scheme 5.28). By rational design of substrates and
reaction sequence, chiral cyclic compounds 116-127 have been accessed by using a
similar catalytic strategy [62].

Moreover, the rhodium/chiral phosphoric acid cooperative catalysis offers a good
avenue to access chiral benzoxazines 129 from imines 109 and 2-amidophenyl dia-
zoesters 128 (Scheme 5.29) [63]. The key zwitterionic intermediate 131 is generated
from the intramolecular oxygen addition of the amide functionality to the rhodium
carbene. Chiral phosphoric acid co-catalyst orchestrates the enantioselective trap-
ping process of the zwitterionic intermediate 131 with imines 109.

Electronically rich arenes are also reactive nucleophiles capable of undergoing
C-H insertion to metal carbenoids. Hu and coworkers have revealed that the
rhodium carbene formed from N-aryl diazoamide 132 can generate a reactive
zwitterionic intermediate 135 via intramolecular aryl C-H insertion, and chiral
phosphoric acid-activated imine is capable of tapping this intermediate to deliver
chiral oxindole 133 in high yields and with excellent levels of stereoselectivity
[64] (Scheme 5.30). In addition, intermolecular C-H insertion of indoles 137 to
rhodium carbenes formed from 136 and 141 smoothly occurs to give zwitterionic
intermediates 140 and 144, respectively. In the presence of chiral phosphoric acid
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Scheme 5.29 Asymmetric synthesis of chiral benzoxazines. Source: Modified from Jia et al.
[63].

(S)-1g, these intermediates readily undergo a Mannich-type reaction with either
imine 109 or in situ generated imine from aniline 86 and aldehyde 142 to furnish
chiral indoles derivatives 138 and 143 in excellent levels of enantioselectivity
(Scheme 5.30) [65].

Under the cooperative catalysis of rhodium acetate and chiral phosphoric acid,
a three-component reaction of N,N-disubstituted anilines 145, diazoesters 107, and
imines 109 provides a,a-diaryl B-amino esters 146 in extremely high enantioselectiv-
ities [66] (Scheme 5.31). Similar to the precedent reactions [64], this transformation
also proceeds from the aromatic C-H insertion to the rhodium carbene and gen-
erates a zwitterionic intermediate 147, which is stereoselectively trapped by chiral
phosphoric acid-activated imines 109. In addition, alkynyldiazoacetates 148 have
been convinced to be nice substrates to participate in the three-component reaction
with the imines 109 and a broad scope of nucleophiles, including alcohols, indoles,
and N,N-disubstituted anilines, to yield 149 (Scheme 5.31) [67].

The zwitterionic intermediates generated from the X—H bond insertion to the
transition metal carbene can be trapped either by electrophiles beyond imines [68]
or protonated via proton transfer [69]. The control of stereoselectivity of X—H
bond insertion reaction has been a longstanding challenge and very few chiral
transition metal complexes can offer synthetically useful stereochemical outcomes
[70]. In 2011, Zhu, Zhou and coworkers first introduced the metal/chiral Brensted
acid cooperative catalysis to enantioselective N-H insertion reaction of amide 150
to a-diazophenylacetates 113 (Scheme 5.32) [71]. Chiral spiro phosphoric acids
(SPAs) are identified as superior co-catalysts of the rhodium-catalyzed asymmetric
N-H insertion reaction, in which chiral SPAs actually act as chiral proton-transfer
shuttle (CPTS) catalysts, that is, providing a proton and accepting another proton
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Scheme 5.30 Asymmetric reactions based on aryl C-H insertion to metal carbenoid. Source: Modified from Jing et al. [65].
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Scheme 5.31 Three-component reaction of electron-rich arenes, diazoesters, and imines.
Source: Modified from Yu et al. [67].
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Scheme 5.32 Asymmetric N-H insertion reaction by chiral spiro phosphoric acid/rhodium
cooperative catalysis. Source: Modified from Xu et al. [71].
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Scheme 5.33 Asymmetric four-component reaction to assemble tetrahydroisoquinolines.

synchronously from a rhodium-enolate intermediate through a cyclic transition
state TS-18 (Scheme 5.32). Notably, such a concept, now known as CPTS, has been
a generally applicable strategy to address the stereoselection issue in asymmetric
N-H insertion reaction of diazocarbonyls [72, 73].

In addition to rhodium complexes, other transition metal complexes have also
been found compatible with chiral phosphoric acids to cooperatively catalyze
metal-carbene-involved reactions. In 2014, Hu and coworkers developed a cascade
Mannich/aza-Michael reaction enabled by chiral Brensted acid and ruthenium
complex combined catalysis to assemble densely functionalized tetrahydroisoquino-
lines 155 from four reaction components [74], including 2-formylphenylacrylates
152, amide , anilines 86, and diazoesters 107 (Scheme 5.33).

The combination of z-allylpalladium chloride complex with chiral phosphoric
acid has been identified as a proper binary catalyst system to render a highly stereos-
elective three-component reaction of diazo esters 107, pyrroles 156, and imines 109
(Scheme 5.34) [75]. Both syn- and anti-products can be accessed by simply varying
chiral Bronsted acid co-catalysts. The use of r-tartaric acid and (R)-1g favors the
generation of anti-products 157, while chiral phosphoric acid (R)-1a alone prefers to
afford syn-diastereoisomers 158. The palladium carbene phosphate 159 is believed
to undergo the C-H insertion reaction to form a zwitterionic intermediate 160 or
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Scheme 5.34 Three-component reaction enabled by Pd/Brensted acid cooperative
catalysis. Source: Modified from Zhang et al. [75].
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Scheme 5.35 Asymmetric aminomethylation enabled by chiral PCCP acid and Pd(ll)
cooperative catalysis. Source: Modified from Kang et al. [77].

161. Subsequently, asymmetric Mannich-type reaction proceeds via TS-19 assisted
by hydrogen-bonding interaction of the phosphoryl oxygen with pyrrole and the
protonated imine, respectively.

Chiral pentacarboxycyclopentadiene (PCCP) acid has emerged as another type
of promising chiral Brensted acid catalysts for asymmetric synthesis [76]. Recently,
Xu and Hu established an enantioselective aminomethylation reaction of diazo
compounds 107, alcohols 162, and a-aminomethyl ethers 163 enabled by the
combined catalysis of m-allylpalladium chloride complex and chiral PCCP acid
164 (Scheme 5.35) [77]. The PCCP acid initially reacts with a-aminomethyl ether
163 to give chiral methylene iminium ion pair, which subsequently undergoes an
asymmetric Mannich reaction with an enol intermediate 168 generated from the
diazoester 107 and alcohol 162 promoted by the palladium catalyst. The chiral
PCCP anion controls the enantioselectivity by the electrostatic and H-bonding
interactions with iminium ion and enol 168, as shown in TS-20.

5.7 m-Lewis Acid Mediated Transformations

A wide range of transition metals can serve as n-Lewis acids to activate unsaturated
carbon-carbon bonds, and in particular, palladium and gold can incorporate with
chiral Bronsted acids for asymmetric transformations of alkenes and alkynes
[8f, 78]. In 2012, Chai and Rainey reported an asymmetric migratory ring expansion
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Scheme 5.36 Asymmetric migratory ring expansion via chiral phosphoric acid/Pd(OAc),
combined catalysis. Source: Modified from Chai et al. [79].

of cyclobutanols 169 for the synthesis of chiral spiro-ketones 170 catalyzed by
a chiral phosphoric acid and palladium acetate (Scheme 5.36) [79]. This trans-
formation was initially proposed to proceed via an allylic C-H cleavage and
subsequent =-allylpalladium species-mediated semipinacol rearrangement of
spirocyclic alcohols (TS-21). However, the detailed DFT computations by Sunoj and
coworker suggest that a Wacker-type pathway [80], consisting of a Pd-bis-phosphate
species-mediated semipinacol ring expansion of the indenyl cyclobutanol via tran-
sition state TS-22 and reductive elimination of intermediate 172 (proton-coupled
electron transfer), is energetically preferred in comparison with the allylic C-H
cleavage pathway.

Using chiral phosphoric acid and palladium cooperative catalysis, Yao and
coworkers accomplished an asymmetric cascade annulation between 2-hydroxys-
tyrenes 175 and 2-alkynylbenaldehyes or 1-(2-alkynylphenyl)ketones 174, affording
variable bridged ring compounds 176 bearing multiple chiral centers (Scheme 5.37)
[81]. This reaction proceeds from a Pd(OAc),-mediated cycloisomerization of 174
to generate a Pd(I1)-isochromenylium intermediate 177. Then 177 undergoes anion
exchange with (S)-la and a subsequent asymmetric [4+2] cycloaddition with
2-hydroxystyrenes 175 via TS-23 to generate a carbocation intermediate 178, in
which the carbocation is captured by the internal phenol hydroxyl and followed by
protonation with HOAc to furnish the products and to regenerate Pd(OAc), and
chiral phosphoric acid, successively.

Recently, Liu and Engle described an enantioselective a-alkylation of azlactones
181 with terminal alkenes 180 based on the palladium and chiral phosphoric acid
cooperative catalysis (Scheme 5.38) [82]. DFT calculations suggest that the bidentate
directing group orientates the regioselectivity in the Wacker-type nucleopalladation
of intermediate 183 and stabilizes the resultant alkylpalladium(II) intermediate 184.
Simultaneously, the chiral phosphoric acid (R)-1j not only serves as a chiral ligand
to control the stereoselection and to activate the nucleophile by hydrogen-bonding
interaction in the nucleopalladation step but also a Brensted acid to undergo the sub-
sequent protodepalladation step via intermediate 184 for the regeneration of Pd(II)
catalyst after decomplexation of 185.
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Scheme 5.37 Asymmetric annulation of 2-hydroxystyrenes and
1-(2-alkynylphenyl)carbonyls. Source: Modified from Yu et al. [81].
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Scheme 5.38 Enantioselective a-alkylation of azlactones with terminal alkenes. Source:
Modified from Nimmagadda et al. [82].

The combination of chiral Pd(II) complex and chiral Brensted acid is also
amenable to the asymmetric functionalization of alkenes. In 2014, Gong and
coworkers reported an enantioselective oxidative cascade cyclization reaction of
N-(2,2-disubstituted hex5-en-1-yl)acrylamides 186 by using a combined catalyst
of a PA(II) complex of a chiral Bu-QUOX (quinoline-oxazoline) ligand 187 and a
chiral phosphoric acid (S)-1a (Scheme 5.39) [83]. Mechanistic results show that
chiral phosphoric acid (S)-1a and Pd(CF;COO), bearing chiral Bu-QUOX ligand
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Scheme 5.39 Enantioselective oxidative tandem cyclization reaction. Source: Modified
from He et al. [83].

187 are capable of undergoing anion exchange to generate a catalytically active
PA(IT) complex 189. Then a tandem Wacker-type oxidation/cyclization reaction of
186 proceeds via intermediates 190-192 under the catalysis of the Pd(II) complex
189 to enable the synthesis of chiral 6,5-bicyclic aza-heterocycles 188 in moderate
yields and with excellent levels of enantioselectivity. With alkene coordination to
Pd(IT) and a hydrogen-bonding interaction with phosphate, the bond-forming step
favors a Re-face transition state TS-24, highlighting the synergistic effect between
chiral ligand and chiral counterion in the palladium catalysis.

Gold complexes are typical n-Lewis acids and have widespread applications in
the transformation of alkynes [84]. The chiral phosphoric acid/gold binary cata-
lysts have enabled a broad scope of asymmetric reactions [85]. Recently, Xu and
coworkers accomplished an asymmetric cascade oxidative cyclization and Mannich
reaction of 3-butynol 193 and nitrones 194 catalyzed by a gold complex and chiral
phosphoric acid (Scheme 5.40) [86]. The protocol commences with gold-catalyzed
intermolecular alkyne oxidation of 193 with the nitrone 194 to deliver an a-oxo gold
carbene intermediate 196 and imines 109 [87]. The gold carbene intermediate 196 is
attacked by a tethered hydroxy group to form an intermediate 197 and then isomer-
izes to an enolate species 198, which undergoes an asymmetric Mannich-type reac-
tion with the protonated imine intermediate 199 to yield the corresponding products
195 with high levels of enantioselectivity.

5.8 Summary and Outlook

Chiral Brensted acid and transition metal cooperative catalysis has provided a wide
range of unprecedented activation modes and unique transformations of chemical
bonds by taking the advantage of the dual catalyst systems, in which the catalyst
evaluation procedure can be largely simplified by applying available modular chiral
pools of both transition-metal catalysts and chiral Brensted acids. Despite these
advances, this field is still in the primary stage. The catalyst compatibility and
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Scheme 5.40 Oxidative cyclization/Mannich reaction by chiral phosphoric acid/gold
cooperative catalysis. Source: Modified from Wei et al. [86].

interoperability between the kinetics of generating reactive intermediates for the
stereoselective bond formation remain big issues yet to be addressed in future
studies. Inspired by the functions of many enzymes in nature, the use of the hybrid
catalysts involving both transition-metal catalysts and chiral Brensted acids with
a linker might be a new solution to these challenges. Considering the outstanding
ability of metal catalysis to activate plenty of chemical bonds, the introduction of
versatile reactive transition metal intermediates in this cooperative catalysis will
continue to be highly desired for the future development of new chemistry. Another
orientation might be the stereodivergent construction of continuous stereogenic
centers through a simultaneously controllable activation of both nucleophiles
and electrophiles. Although cooperative catalysis is convenient and fruitful, more
mechanistic and theoretical insights are also required to fully understand the role of
each catalyst and the related active species. The growth of fundamental knowledge
in catalytic activation modes and the origin of cooperativity would greatly assist
chemists to design new transformations that could efficiently provide valuable
building blocks in previously unknown processes. With the rapid growth in the
development and understanding of reactions and catalytic systems, this field will
continue to grow and new chemistry beyond imagination can be anticipated.
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6

Metal-Bronsted Acid Relay Catalysis

6.1 Introduction

The extraordinary compatibility of Brensted acid catalysts with a broad scope of
metal complexes opens a novel window for dual catalysis to enable asymmetric
transformations synergistically or in a relay manner [1, 2]. Since the asymmetric
metal/Bronsted acid cooperative catalysis has been highlighted in Chapter 5, we
will in this chapter focus on asymmetric cascade transformations accessed by the
relay catalysis of metal complexes and chiral Brensted acids (Scheme 6.1). The
premier example of metal/chiral Brensted acid relay catalysis is the transition
metal-catalyzed in situ generation of reactive enamine (enol ether) intermediates,
chiral Bronsted acid-catalyzed enamine-iminium (oxonium) tautomerization, and
subsequent enantioselective trapping of either enamine (enol ether) or iminium
(oxonium) ions (Scheme 6.2a). In addition, metal hydride-mediated alkene iso-
merization, n-Lewis acid-catalyzed addition of alcohols or amines to alkynes, and
transition metal-catalyzed dehydrogenative oxidation of amines or ethers all toler-
ate chiral Brensted acid catalysis for relay catalytic enantioselective bond-forming
transformations (Scheme 6.2a). Moreover, the insertion to carbenoids is also able
to generate nucleophilic species that can be trapped by Brensted acid-activated
electrophiles, leading to new asymmetric processes (Scheme 6.2b).

6.2 mw-Lewis Acid-Chiral Bronsted Acid Relay Catalysis

n-Lewis acids are able to activate alkynes toward nucleophilic attack. The addi-
tion of oxygen- or nitrogen-containing nucleophiles to n-Lewis acid-activated
alkynes, under the relay catalysis of chiral Brensted acids, often introduces cascade
enol ether-oxonium or enamine-iminium reactivity to enable enantioselective
conversion of sp-hybridized carbon into sp*-carbon stereocenters (Scheme 6.3) [3].

Gold and platinum complexes are typical n-Lewis acid catalysts for diverse
transformations of C—C triple bonds, such as hydroamination, hydroxylation,

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 6.1 Representative chiral phosphoric acids, phosphoramides, and disulfonic acids.
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Scheme 6.2 General concepts of metal-chiral Brensted acid relay catalysis. (a) Catalytic
generation of reactive nucleophiles and electrophiles. (b) Carbene insertion to generate
nucleophiles.
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Scheme 6.3 General reaction scheme by n-Lewis acid/chiral Brensted acid relay catalysis.
Source: Chen et al. [3].

and enyne cycloisomerization [4-6]. In 2006, Krause and coworker reported a
gold/TsOH relay catalytic 5-endo-dig cyclization of homopropargylic alcohols 5 and
hydroalkoxylation cascade reaction to give tetrahydrofuran ethers 6 (Scheme 6.4a)
[7]. By combining Pt(II) and achiral Brensted acid (HBF,) catalysis, Barluenga
et al. developed a three-component cycloaddition reaction of alkynols 7, aldehydes
8, and aromatic amines 9 to access spiroquinoline derivatives 10 in good yields
(Scheme 6.4b) [8].
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Scheme 6.4 Examples of n-Lewis acid-achiral Brensted acid relay catalysis.
Source: (a) Modified from Belting and Kraus [7], (b) Modified from Barluenga et al. [8].

6.2.1 Hydroamination-Initiated Cascade Reaction

Based on the enamine synthesis by n-Lewis-catalyzed hydroamination of alkynes,
Gong and coworkers established a gold complex/chiral Brensted acid relay catalytic
transformation to directly convert the propargylic anilines 11 to a number of chiral
tetrahydroquinolines 13 in excellent yields and with high levels of enantioselectivity
(Scheme 6.5) [9]. This cascade reaction proceeds via an Au(I)-catalyzed intramolecu-
lar hydroamination of the C—C triple bond and the chiral phosphoric acid-catalyzed
enantioselective transfer hydrogenation [10, 11]. Control experiments indicate that
the in situ formed Au(I) phosphate from Ph,PAuMe and 1a is a much less effective
catalyst than 1a itself for the asymmetric transfer hydrogenation reaction. In the
presence of an achiral ligand, chiral gold phosphate can also efficiently catalyze the
cascade reaction at relatively elevated temperature [12]. Independently, Liu and Che
reported a cascade intermolecular hydroamination/transfer hydrogenation reaction
of alkynes 14 and anilines 9 to furnish chiral secondary amine products 15 in excel-
lent yields and enantioselectivities [13].

Later, Che and coworkers developed a gold(I)/chiral phosphoric acid sequential
catalysis for cascade hydroamination/quinoline formation and asymmetric trans-
fer hydrogenation reaction of 2-aminobenzaldehydes 16 or 2-aminophenones and
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Scheme 6.5 Au(l)/chiral Brensted acid relay catalytic cascade hydroamination and
asymmetric transfer hydrogenation. Source: Modified from Han et al. [9].

simple alkynes 17 (Scheme 6.6) [14]. This method features the efficient synthesis of
2-substituted tetrahydroquinolines Int-9 with excellent selectivity, allowing access
to 2,3- or 2,4-disubstituted tetrahydroquinolines 18 bearing continuous stereogenic
centers with high regio-, diastereo- and enantioselectivities.

Imines have proven to be excellent hydride acceptors. As depicted in Scheme 6.7, a
rational designed iminium ion Int-11, generated from the Au(I)-catalyzed hydroam-
ination of 1-(2-ethynylphenyl)pyrrolidine 20 with aniline 9a and chiral phosphoric
acid-catalyzed tautomerization, undergoes a 1,5-H shift and then a cyclic aminaliza-
tion reaction, furnishing a cyclic aminal 21 in a high yield [15]. The combination of
chiral phosphoric acid (R)-1b and the highly cationic triphenylphosphine-gold com-
plex leads to an optically active 21. However, an excess amount of (R)-1b is required
to deliver up to 99% ee (Scheme 6.7).

The condensation of aniline with enol ether generated from the gold-catalyzed
intramolecular hydroalkoxylation of homopropargylic alcohols enables the gener-
ation of imine, which is able to undergo the addition reaction with nucleophiles.
On the basis of this event, Patil and coworkers established a gold(I)/chiral phospho-
ric acid relay catalytic enantioselective hydroamination/hydroarylation reaction of



https://lwww.twirpx.org n http://chemistry-chemists.com/

6.2 m-Lewis Acid-Chiral Brensted Acid Relay Catalysis | 129

t-Bu
t-Bua T
P-Au—NCMe SbF;
1
R+
NH, ) 19 (2 mol%) N WR?
16 5 A MS, benzene, 60 °C, 5-36 h R P B2
+ NS
— @) HEH 12a (2.5 equiv) ﬁ |
& )= R (S)-1b (3 mol %), 60 °C Z
R2 \ 18
17
Ar
SO
P
via:

s
Ar
(S)-1b, Ar = 2,4,6-(i-Pr)3CeH,

Scheme 6.6 Au(l)/phosphoric acid sequentially catalyzed cascade reaction to access
tetrahydroquinolines. Source: Modified from Liu et al. [14].
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shift/cyclization reaction.
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Scheme 6.8 Au(l)/chiral phosphoric acid relay catalytic enantioselective hydroamination/
hydroarylation reaction of pyrrole-based aromatic amines and alkynols. Source: Modified
from Shinde et al. [16].

pyrrole-based aromatic amines 22 with alkynols 23 and 24 (Scheme 6.8) [16]. The
presence of tethered hydroxyl groups in 23 or 24 turns out to be essential to the stere-
ocontrol, and leads to much higher yield and enantioselectivity. In contrast, simple
alkynes furnish the desired products in low yield and enantioselectivity. Density
functional theory (DFT) studies suggest a transition state involving the H-bonding
interaction between the transient imino alcohol and the phosphoric acid. A com-
mercially available 2-methylenetetrahydrofuran 29 can also react with 22a to give
the desired product with excellent enantioselectivity under the catalysis of chiral
phosphoric acid 1c, suggesting that the gold-catalyzed intramolecular hydroalkoxy-
lation provides the enol ether intermediate to access imine by condensation with the
aniline 22.

Under Au(I) catalysis, intramolecular hydroamination of densely functionalized
molecules 30 gives indole intermediates Int-14, which then undergoes a chiral phos-
phoric acid-catalyzed asymmetric intramolecular Friedel-Crafts reaction via TS-1
to afford chiral tetrahydrocarbazoles 31 bearing two adjacent stereogenic centers in
excellent yields and with high enantioselectivities (Scheme 6.9) [17].

Amides are prevalent nucleophiles that undergo the gold-catalyzed hydroam-
ination of acetylenes. In 2013, Dixon designed a cascade hydroamination/
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Scheme 6.9 Enantioselective construction of functionalized tetrahydrocarbazoles by
asymmetric Au(l)/chiral phosphoric acid relay catalysis. Source: Modified from Zhao et al.
[17].

Pictet-Spengler type cyclization reaction consecutively catalyzed by a gold complex
and chiral phosphoric acid (R)-1b to afford polycyclic products 33 in good to high
yields and with high levels of enantioselectivity (Scheme 6.10). Interestingly, analo-
gous amide substrates are also amenable to this relay catalytic cascade cyclization
reaction. Mechanistic studies disclosed a Au(I)-catalyzed non-enantioselective
background reaction, which interfered with the chiral phosphoric acid-catalyzed
highly enantioselective N-sulfonyliminium cyclization. A judiciously selected
combination of the Au(I) complex and chiral phosphoric acid is crucial to achieving
high levels of stereocontrol [18].

Au(l) 19 (0.5-1 mol%)

R
q R)-1b (10 mol%
< Ko (R)-1b (10 moi%)
= ] A Toluene/CH,Cl,, 60 °C, 20 h
oN oo
N (%p20 ' 60 853:/3 ield
R.z -~ —85% yiel
7\ o © 81-95% ee
via: - ]

(0]
N<
” Me\‘ 7+ S//=O
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Scheme 6.10 Au(l)/chiral phosphoric acid relay catalytic cascade hydroamination/
N-sulfonyliminium cyclization reaction.
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2-(2-Propynyl)anilines 11 are able to undergo a Brensted acid-catalyzed
three-component Povarov reaction with aldehydes 8 and enamides 34, yielding
intermediates Int-16, which then undergo a subsequent hydroamination reaction
catalyzed by a gold complex, leading to polycyclic nitrogenous heterocycles.
The chiral phosphoric acid 1¢ and the in situ generated gold phosphate from
JohnPhosAuMe were identified to be the combined catalyst for this relay catalytic
cascade reaction and delivered excellent enantioselectivities (Scheme 6.11) [19].
Since products 35 are unstable for isolation, a one-pot reduction with NaBH(OAc),
was conducted to generate julolidine derivatives 36 in high yields and with high
enantioselectivities. Kinetic experiments indicate that the chiral phosphoric
acid not only catalyzes the asymmetric Povarov reaction but also facilitates the
gold-catalyzed hydroamination reaction.

Under Bronsted acid catalysis, an asymmetric aminalization between
2-alkynylbenzaldehydes 37 and 2-aminobenzamides 38 was reported to give
chiral aminals Int-18, in which the amine moiety can participate in an intramolec-
ular 6-endo-dig cyclohydroamination to give 1,2-dihydroisoquinolines 39 under
the gold catalysis (Scheme 6.12) [20]. The binary catalytic system consisted of
chiral phosphoric acid (R)-1b, and an in situ generated gold phosphate from
Ph,PAuMe enabled the relay catalytic cascade reaction to offer excellent yields and
stereoselectivity. Although the cationic gold complex is a highly active catalyst for
hydroamination, it can also catalyze the aminalization, leading to racemic products,
thus is excluded as the co-catalyst.

6.2.2 Hydroalkoxylation Mediated Relay Catalysis

The gold-catalyzed intramolecular hydroalkoxylation of 3-butylnoic acids 40
principally generates furan-2(3H)-one intermediates 41. In the presence of chi-
ral phosphoric acid, the condensation between 41 and tryptamine 42 affords
N-acyliminium phosphate Int-19, which then undergoes an enantioselective
N-acyliminium cyclization to generate 43 (Scheme 6.13). The combination of
triphenylphosphine gold triflate complex and chiral phosphoric acid 1d allows
access to optically active heterocycles 43 from readily available substrates in good
yield and high ee (Scheme 6.13) [21].

A 5-exo-dig cyclization of the alkynol 7 driven by an in situ generated gold phos-
phate from 45 and chiral phosphoric acid (S)-1b furnishes an enol ether Int-20.
The subsequent protonation of Int-20 with the chiral phosphoric acid (S)-1¢ forms
3,4-dihydro-1-furanium phosphate, which then undergoes an asymmetric aldol-type
reaction with the azlactones 44, allowing for the generation of conformationally
restricted amino acid precursors 46 bearing vicinal quaternary stereogenic centers
with high levels of enantioselectivity (Scheme 6.14) [22]. Mechanistic studies reveal
that both in situ generated cationic gold phosphate and the excess phosphoric acid
are able to catalyze the asymmetric aldol-type reaction of azlactones with the enol
ether intermediate, whereas the latter leads to significantly higher reaction rate and
slightly better stereocontrol.
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Scheme 6.11 Au(l)/chiral phosphoric acid relay catalytic three-component reaction of 2-(2-propynyl)anilines, aldehydes, and enamides. Source: Modified
from Wang et al. [19].
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Scheme 6.12 Cascade asymmetric aminalization/hydroamination of 2-alkynylbenz-
aldehydes with 2-aminobenzamides. Source: Modified from Patil et al. [20].
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.................................. 4 B O

Scheme 6.13 Cycloisomerization/enantioselective N-acyliminium cyclization reaction.
Source: Modified from Yang et al. [21].

Similarly, in the presence of a Au(I) complex, 2-ethynyl benzyl alcohols 47
can undergo a 5-exo-dig cyclization to form an enol ether Int-22 for subsequent
chiral Bronsted acid-catalyzed asymmetric Mannich-type reaction/acetalization
with in situ generated salicylaldehyde imines Int-22 to give chiral spiroacetals 49.
The use of (R)-1b in concert with in situ generated gold phosphate enables the
asymmetric three-component cascade reaction of 2-ethynyl benzyl alcohols 47,
salicylaldehydes 48, and anilines 9 to access enantioenriched spiroacetals 49 in
excellent yields and stereoselectivities (Scheme 6.15) [23].

A three-component reaction of alkynols 7, anilines 9, and glyoxylic acid 50 for
the enantioselective synthesis of spiroacetals 51 bearing an a-amino acid motif was
established by Fafianas and coworkers by virtue of the similar relay catalytic strategy
(Scheme 6.16) [24]. In contrast to the previous report using excess amounts of chiral



https://lwww.twirpx.org n http://chemistry-chemists.com/

6.2 m-Lewis Acid-Chiral Bransted Acid Relay Catalysis | 135

o

0o 45 (5 mol%)
(—OH + j: )—A (S)-1b (10 mol%) R _K#o
R_— H A~ "N Toluene, 0 °C I\O Ar N/J\Ar,
44 Up to 99% yield 46
7 Ar'=4567(0Me);CsH,  Upto87:13dr
______________________ Up to 95% ee
i t+Bu :
v t-Bua |
b PPYAB_AuMe 5
Au(l) | i-Pr '
! 1-Pr ' —~
e - a (0]
\P/\
O/ \ONs
(S [ 2] ;
h SPC ) | —— R
S e RL 0, o
Me | />—Ar
-
lnt-4 Int-20 Me A N
TS-3
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Scheme 6.15 Three-component reaction to access enantioenriched spiroacetals. Source:
Modified from Wu et al. [23].
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Scheme 6.16 Asymmetric three-component reaction of alkynols, anilines, and glyoxylic
acid. Source: Modified from Cala et al. [24].
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phosphoric acid to enhance the stereocontrol [23], stoichiometric JohnPhosAuMe
and chiral phosphoric acid (R)-1b are sufficient to promote this cascade reaction.
It is known that JohnPhosAuMe reacts easily with the chiral phosphoric acid to
generate a chiral gold phosphate [19], which is presumably the active catalyst in
this report.

The gold-catalyzed intramolecular hydroalkoxylation of homopropargyl alco-
hols 5 principally generates dihydrofuran derivatives Int-2, typical dienophiles
amenable to hetero-Diels-Alder reaction. Fafiands and coworkers found that such
dihydrofuran intermediates can be trapped by the N-arylaldimine generated in situ
from aldehydes and anilines to undergo chiral phosphoric acid-catalyzed Povarov
reaction (Scheme 6.17) [25]. Chiral phosphoric acid (R)-1b, combined with its
gold phosphate, efficiently drives the three-component reaction and delivers chiral
hexahydrofuro[3,2-c]quinolines 52 with up to 98% ee. DFT studies suggest that
the Povarov reaction proceeds more like a sequential Mannich/intramolecular
Friedel-Crafts process rather than a concerted [4+2] cycloaddition.

JohnPhosAuMe (10 mol%)
R? NH, (R)-1b (15 mol%)

CH,Cl,, 4A MS
It . JOL £ 0°C,72h
+_OH R¥H 2 Up to 93% vield
R! Up to 98% ee
5 8 9 Up to 20:1 dr

X
Q R
g 2 ©\*/\
Hydroalkoxylation | R’ \/>—R * _NTR® Povarov
condensation Int-2 B* H Int-26 reaction

Scheme 6.17 Cascade hydroalkoxylation/Povarov reaction of alkynols, aldehydes, and
anilines. Source: Modified from Calleja et al. [25].

Chiral gold(I) complexes can catalyze a cascade of intramolecular hydroalkoxy-
lation/asymmetric acetalization of alkynyl glycols to give optically active
benzannulated spiroacetals, but with moderate stereoselectivities [26]. By employ-
ing gold complex and chiral Brensted acid relay catalysis, a highly enantioselective
intramolecular cascade reaction of alkynyl glycols 53 was achieved to afford spiroac-
etals 54 in high yields and with excellent enantioselectivities (Scheme 6.18) [27].

6.2.3 Hydrosiloxylation Mediated Relay Catalysis

While the addition of water or alcohols to alkynes bond has long been estab-
lished by transition metal catalysis, the use of silanols as nucleophiles to produce
synthetically useful silyl enol ethers has been rarely described [28]. In 2012,
Gong and coworkers reported a Au(I)/chiral Bronsted acid relay catalytic cascade
intramolecular hydrosiloxylation/asymmetric Diels-Alder reaction (Scheme 6.19a)
[29]. The homocoupling of the silanols, leading to silicon ethers, was identified
to be the major side reaction competing with the hydrosiloxylation process. The
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Scheme 6.18 Synthesis of chiral spiroacetals from alkynyl glycols by Au(l)/chiral
Phosphoric acid relay catalysis. Source: Modified from Rexit and Mailikezati [27].
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Scheme 6.19 Relay catalytic cascade reactions initiated by alkyne hydrosiloxylation.
Source: (a) Modified from Han et al. [29], (b) Modified from Li et al. [30], (c) Modified from
Wang et al. [31].
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use of Au(I) complexes bearing bulky ligands, as well as aromatic solvents, could
suppress the homocoupling and facilitate the hydrosiloxylation process. BINOL
(1,1’-bi-2-naphthol)-derived phosphoramide 2a efficiently catalyzes the enantios-
elective Diels-Alder reaction of the 1,3-silyloxydiene intermediates Int-29 and
quinones [27, 32]. Notably, after a one-pot reduction with diisobutylaluminium
hydride, multicyclic diols bearing five adjacent stereocenters were obtained in good
yields with excellent diastereo- and enantioselectivities. Under the relay catalysis of
[IPrAu(MeCN)]SbF, and chiral phosphoramide 2b, an intramolecular hydrosiloxy-
lation/asymmetric hetero-Diels-Alder reaction also works well (Scheme 6.19b) [30].
Expanding this dual catalytic strategy to a cascade hydrosiloxylation/asymmetric
Mukaiyama aldol reaction turns out to be successful, where the siloxy group is not
only a precursor to form the enol silyl ether Int-30 but also an active functionality
that is able to undergo a variety of transformations for additional molecular
modification (Scheme 6.19¢) [31].

6.2.4 Relay Catalysis Involving the Addition of Nitrone or Nitro Group
to Alkynes

Besides the classic addition of alcohols or amines to alkynes, another important
activation mode in gold catalysis is intermolecular or intramolecular oxidation of
alkynes generating reactive a-oxo or a-imino gold carbenes, which serve as versa-
tile intermediates [33-35]. Zhang and coworker demonstrated that a-oxo gold car-
benes could participate in chiral Brensted acid-catalyzed transformations. Under
the Au(I)/chiral Bronsted acid relay catalysis, an enantioselective cascade reaction
was reported to convert tertiary propargylic alcohol 63 bearing a nitrone moiety
into spirocyclic diketones 64 (Scheme 6.20) [36], which was initially reported as a
racemic version by Shin and coworkers [37]. The cascade reaction involves the initial
formation of a-oxo gold carbene intermediate Int-31 from Au(I)-catalyzed internal

JohnPhosAuCl (5 mol%)
AgSbFg (5 mol%)

(R)-1b (10 mol%)
PhCF,, —28 °C 00
64
Up to 95% yield
Up to 98% ee

N G BH._ o
R o !
——| Y Ccor?
OH R A =
LAu R
Int-31 R R Int-32  OAuL

Scheme 6.20 Cascade a-oxo gold carbene formation/pinacol rearrangement/Mannich
reaction. Source: Modified from Qian and Zhang [36].
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Scheme 6.21 Redox annulation of nitroalkynes and enantioselective addition with
indoles.. Source: Modified from Liu et al. [38].

oxygen-transfer of 63, subsequent pinacol rearrangement to generate gold enolate
Int-32, and a chiral phosphoric acid-catalyzed asymmetric Mannich-type reaction.

Jia and coworkers established an enantioselective redox annulation of nitro-
alkynes 65 with indoles 66 enabled by the relay catalysis of AuCl; and chiral
phosphoric acid 1e, allowing for rapid synthesis of chiral indolin-3-ones 67 bearing
C2 quaternary stereocenters in high yields and with excellent enantioselectivities
(Scheme 6.21) [38]. This cascade reaction starts with a redox annulation between
65 and AuCl, to generate a gold carbene Int-33, which is captured by an internal
nitroso group to give an intermediate Int-34. Subsequent protonolysis of Int-34
by chiral phosphoric acid 1e furnishes a chiral ion pair Int-35 that undergoes an
enantioselective addition with indoles to give the final product.

6.2.5 Relay Catalysis Involving the Addition of Carbon Nucleophiles
to Alkynes

The asymmetric assembly of the structurally complex polycyclic skeleton from eas-
ily accessible 2-alkynyl indoles 69 and indolylmethanols 68 has readily been real-
ized by the multiple relay catalysis of Ph,PAuOTf and chiral phosphoric acid 1a
(Scheme 6.22) [39]. Initially, the chiral phosphoric acid-catalyzed asymmetric sub-
stitution reaction of indolymethanol 68 with indole 69 [40] furnishes an enantioen-
riched compound, which then undergoes a 6-endo-dig cyclization between the C3 of
one indole substituent and the alkyne moiety catalyzed by the gold complex, lead-
ing to spirocyclic intermediate Int-37. A subsequent 1,2-shift process [41] enables a
ring-expanding event to transform the intermediate Int-37 into Int-39, which after
protonolysis furnishes the product 70 and releases the gold catalyst.
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Scheme 6.22  Au(l)/chiral phosphoric acid relay catalytic enantioselective synthesis of polycyclic indole derivatives. Source: Modified from Inamdar
et al. [39].



https://lwww.twirpx.org n http://chemistry-chemists.com/

6.3 Metal/Bransted Acid Relay Catalysis Involving Alkene Metathesis

6.3 Metal/Bronsted Acid Relay Catalysis Involving
Alkene Metathesis

In 2009, Xiao and coworkers reported a Ru-catalyzed tandem cross-metathesis/
intramolecular Friedel-Crafts alkylation of indoles [42]. The asymmetric
variant of the cascade cross-metathesis/Friedel-Crafts alkylation was accessed
by the relay catalysis of a ruthenium complex and chiral Brensted acid
(Scheme 6.23a) [43]. In the presence of chiral phosphoric acid (S)-1a and Ru
catalyst 73, allyl ether or amide 71 and vinyl ketone 72 can smoothly undergo the
cross-metathesis/asymmetric intramolecular Friedel-Crafts-type Michael addition
cascade to give tetrahydropyrano[3,4-b]indoles (THPI) and tetrahydro-p-carbolines

v (S)-1a (5 mol%)
A 3 73 (5 mol%
iy S o Mot x
Z N o) Toluene, 60 °C RidL SN
hz 64-97% yield L
& 72 80-94% ee N,
X =0, NBoc 74 R
B B-H-Q | R ESSaGOOGRE I EEEE R ,
R ! [\ ;
N . MesN_ NMes !
' CII,R .
1 u= :
via: N X ; cl” : :
R1—'<)\/\>—/ 5 0 SOpNMe ;
N ] — :
R2 ! :
X =0, NBoc N e 7 3 ______________ ,
(a) — Int-40 -
Q
R2

(S)-1f (5 mol%)

1
Rﬂ\/xﬁ . /\H/RZ 73 (5 mol%)
E o)
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B_H\? | | 44-93% yield
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Scheme 6.23 Ruthenium/chiral phosphoric acid relay catalytic cascade cross-metathesis/
asymmetric Friedel-Crafts-type reaction. Source: (a) Modified from Cai et al. [43], (b)
Modified from Zhang et al. [44].
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Scheme 6.24 Enantioselective cascade RCM/isomerization/Pictet-Spengler reaction.
Source: Modified from Cai et al. [45].

(THBCs) in excellent yields and with excellent enantioselectivity. Extension of
this phosphoric acid (S)-1f and ruthenium complex 73 binary catalyst system to
pyrrole-based substrate 75 successfully provides 4,5,6,7-tetrahydroindoles 76 with
up to 93% ee (Scheme 6.23b) [44].

By relay catalysis of Hoveyda-Grubbs II catalyst 80 and phosphoric acid 1d, You
and coworkers developed a cascade ring-closing metathesis (RCM)/isomerization/
Pictet-Spengler reaction of readily available 77 to provide tetrahydro-p-carbolines
with up to 98% yield and 99% ee (Scheme 6.24) [45]. Treating pre-synthesized 78a
with 5mol% of phosphoric acid 1d in refluxing toluene leads to the desired prod-
uct in 95% yield and 87% ee, which is similar to those of the relay catalytic process.
Further control experiments suggest that the alkene isomerization and the N-acyl
iminium cyclization are dominantly catalyzed by the phosphoric acid 1f.

Expansion of the similar catalyst system to a cascade RCM/isomerization/
Mannich reaction allows efficient conversion of N-allyl-N-benzylacrylamide 83 and
2,3-substituted indoles 84 to N-alkyl indole products 85 (Scheme 6.25a) [46]. Inter-
estingly, the relay catalytic process provides a higher yield and enantioselectivity
than the stepwise procedure. Later, Patil and coworkers reported an intramolecular
variant of the cascade RCM/isomerization/Mannich-type reaction of 86, furnishing
pyrrole-embedded aza-heterocyclic scaffolds 87 in high yields [47]. Unfortunately,
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Scheme 6.25 Cascade RCM/isomerization/ Mannich-type reaction. Source: (a) Modified
from Shi et al. [46].

chiral phosphoric acids failed to provide excellent stereocontrol that only 18% ee
was achieved (Scheme 6.25b).

Chiral 2,3-dihydrobenzofurans and 3,4-dihydro-2H-1,4-benzoxazines are com-
mon structural motifs in numerous pharmaceuticals and biologically active
compounds. You and coworkers created a cascade cross-metathesis/asymmetric
intramolecular oxo-Michael reaction to access these structures enabled by
ruthenium/Brensted acid relay catalysis. The combination of a chiral phosphoric
acid (S)-1d and Hoveyda-Grubbs II 80 allows direct transformation of 88 and 89 to
2,3-dihydrobenzofurans 90 and 3,4-dihydro-2H-1,4-benzoxazines 91, respectively
(Scheme 6.26) [48].

The asymmetric allylboration of aldehydes 92 with allyl borates 93 catalyzed by a
chiral phosphoric acid gives chiral alcohol intermediates Int-49, which are able to
undergo the RCM to furnish six- and seven-membered benzo-fused cyclic homoal-
lylic alcohols 95. Thus, the combination of chiral phosphoric acid (R)-1b and the
Grubbs II catalyst 94 renders a one-pot cascade process to assemble 95 in high yields
and with excellent enantioselectivities (Scheme 6.27) [49]. The high enantioselec-
tivity of the allylboration is generally induced at —30°C, while the subsequent RCM
undergoes at room temperature. Notably, one of the products, 95a, is a key interme-
diate in Lautens’ synthesis of the antidepressant sertraline [50].
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Scheme 6.26 (ascade cross-metathesis/asymmetric intramolecular oxo-Michael reaction.
Source: Modified from Zhang et al. [48].

6.4 Metal/Bronsted Acid Relay Catalysis Involving
Alkene Isomerization

Remote C—C double bonds in many functionalized alkenes can undergo multi-
positional migration mediated with transition metal hydride [51], leading to more
reactive alkenes that could be trapped by a broad range of reagents. Principally, the
constant evolution of transition metal complex/chiral Brensted acid relay catalysis
would enable a cascade reaction consisting of olefin migration and enantioselective
trapping of the resulted reactive alkenes, which is termed remote C—C double bond
functionalization (Scheme 6.28).

The feasibility of relay catalytic cascade reaction based on metal hydride-mediated
double migration was first showcased by Terada and coworker [52]. A rapid double
bond migration of allylamine 97 catalyzed by a ruthenium hydride complex
proceeds to generate an enamine intermediate Int-50. A phosphoric acid-promoted
tautomerization of enamine Int-50 to iminium Int-51 facilitates subsequent
Friedel-Crafts reaction with an electronically rich arene 98 (Scheme 6.29) [52]. The
development of an enantioselective cascade alkene isomerization/Friedel-Crafts
reaction remains challenging. In 2013, the same group reported cascade C—C
double bond isomerizations and enantioselective Pictet-Spengler-type cyclization
of 101, using RuCIH(CO)(PPh,), and chiral phosphoric acid 1c as catalysts, to
afford tetrahydroisoquinoline derivatives in moderate to good yields and with
moderate enantioselectivities (Scheme 6.30a) [57]. Higher stereoselectivity was
observed in a similar cascade process of N-allyl tryptamine derivatives 103 to
furnish 1,2,3,4-tetrahydro-p-carbolines under the promotion of Hoveyda-Grubbs
IT catalyst and chiral spiro-phosphoric acid 4b (Scheme 6.30b) [54]. Interestingly,
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Scheme 6.27 Asymmetric one-pot allylboration/ring closing metathesis reaction. Source: Modified from Fustero et al. [49].
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Scheme 6.28 Metal/chiral Bransted acid relay catalysis for remote C—C double bond
functionalization.

the use of N-allyl tryptamine derivatives 105 as substrates that build up quaternary
stereogenic centers results in diminished enantioselectivity (Scheme 6.30c) [55, 56].

A cascade long-distance chain-walking/hemiaminalization reaction of 2-
hydroxy(alkyl) substituted N-alkenyl aniline, and benzylamine derivatives can
be accessed by Ru/chiral phosphoric acid relay catalysis. Commercially available
RuH,(CO)(PPh,), efficiently catalyzes the double-bond migration to give an
enamine intermediate 108. Both TsOH-H,O and chiral phosphoric acid enable the
subsequent hemiaminalization to furnish 1,3-oxazaheterocycles 109 in moderate to
excellent yields (Scheme 6.31) [58]. Especially, chiral phosphoric acid 1d allows the
production of 109 in 88% yield and with 62% ee.

Frauenrath and coworkers found that LiBHEt,-activated NidppbCl, turned out to
be a highly efficient catalyst for a Z-selective double-bond migration of acyclic allyl
acetals and allyl ethers [59]. Based on this process, Terada established a nickel/chiral
phosphoric acid sequentially catalyzed C—C double bond migration/asymmetric
aza-Petasis-Ferrier rearrangement reaction, furnishing anti-p-amino aldehydes
(Scheme 6.32) [53]. Upon activation from LiBHEt,, the Nil, complex with either
dppf or p-tolbiphep gave highly Z-selective enol ether intermediate 111. The chiral
phosphoric acid 1h efficiently catalyzes the asymmetric aza-Petasis-Ferrier rear-
rangement of 111 to give high yields and excellent enantioselectivities, presumably
through transition state TS-4. Interestingly, the racemic hemiaminal intermediate
111 could be efficiently be resolved by 1h in the aza-Petasis-Ferrier rearrangement
process.

The NiCl, complex of triphos activated by zinc can also enable the double bond
migration of N-allylcarbamates to give enamides, which can undergo the subse-
quent asymmetric addition reaction as anamphiphile [60]. Thus, the combination
of nickel complex with chiral phosphoric acid (R)-1b can enable the cascade
isomerization/Friedel-Crafts reaction to give a-indolyl carbamates 114 in good
yields and uniformly excellent enantioselectivities (Scheme 6.33a). Moreover,
the isomerization/enantioselective Povarov process of N-allylcarbamates 115 and
imines 116 has been accessed by Ni(II)/chiral phosphoric acid 1i relay catalysis.
Interestingly, the addition of solid NaHCO, after the completion of the isomeriza-
tion step is required to obtain the tetrahydroquinoline products 117 in high yields
and stereoselectivity (Scheme 6.33b) [60].

Cationic iridium(I) complexes of phosphine Ligands activated with hydrogen
have emerged as efficient catalysts for C—C double bond migration at room tem-
perature [61, 62]. Murakami and coworkers found that an iridium tetrafluoroborate
complex with tricyclohexylphosphine (PCy;), upon the activation with hydrogen,
was able to catalyze efficient olefin transposition of (E)-1-alkenylboronates 118
to generate (E)-2-alkenylboronate intermediate 93 [63], which then underwent a



https://lwww.twirpx.org n http://chemistry-chemists.com/

OMe NHR OMe
N [RUCIH(CO)(PPhg) (1 mol%)
AR Tt 99 (5 mol%), toluene, 40 °C
97 MeO OMe MeO OMe
98 100
OMe Up to 98% yield
Ru-H
| St
o
H B-H MeO OMe

|
Ay |t
Int-50 Int-51

Scheme 6.29 Relay catalytic cascade allylamine isomerization/Friedel-Crafts reaction. Source: Modified from Sorimachi and Terada [52].
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Scheme 6.31 Cascade double bond migration/enantioselective hemiaminalization
reaction. Modified from Rexit and Mailikezati [27].

chiral phosphoric acid-catalyzed asymmetric allylation of aldehydes [64, 65]. The
combination of the achiral cationic iridium complex and chiral phosphoric acid
(R)-1b enables the direct conversion of (E)-1-alkenylboronates and aldehydes into
chiral anti-homoallylic alcohols 119 in high yields and with high levels of diastereo-
and enantioselectivity (Scheme 6.34a) [63]. Control experiments suggest that the
generation of kinetically favored allylboron (E)-93 dominates in the olefin trans-
position process at low conversion. The E/Z ratio of the allylboronate approaches
c. 4:1 in a prolonged reaction. As such, the rapid trap of the allylboronate by an
aldehyde via a six-membered chair-like transition state is crucial for a successful
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Scheme 6.32  Ni(ll)/chiral phosphoric acid catalyzed sequential double bond isomerization/asymmetric aza-Petasis—Ferrier rearrangement reaction.
Source: Modified from Terada and Toda [53].
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Scheme 6.33 Isomerization and divergent functionalization of N-allylcarbamates. Source: (b) Modified from Richmond et al. [60].
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Scheme 6.34 Iridium complex/chiral phosphoric acid relay catalytic olefin migration/
asymmetric allylation reaction. Source: (a) Modified from Miura et al. [63].

relay catalytic process [65]. Notably, both 3- and 5-alkenylboronates 120 and 121
undergo the iridium(I)-catalyzed olefin migration, providing allylboronates for
subsequent asymmetric allylation (Scheme 6.34b).

The same group developed a Pd(I)/chiral phosphoric acid relay catalytic double
bond migration and asymmetric allylation cascade between 1,1-di(boryl)alk-3-
enes 122 and aldehydes, giving (E)-5-boryl-substituted anti-homoallylic alcohols
125 with high diastereo- and enantioselectivity (Scheme 6.35a) [66]. The cationic
Pd(I) complex exhibits high efficiency to catalyze the olefin transposition of
the 1,1-di(boryl)alk-3-enes 122 to 1,1-di(boryl)alk-2-enes 123 that participates
in a chiral phosphoric acid-catalyzed allylation with aldehydes via a chair-like
transition state TS-5 to give Z-selective products 124. Pd(I)-mediated geometrical
isomerization from Z- to E-isomer proceeds during the reaction, leading to the
(E)-anti-homoallylic alcohols 125. A cationic Ru(II) complex 126 can catalyze
C—C double bond migration as well but prevents the geometrical isomerization
process, allowing the production of cyclic 1,2-oxaborinan-3-enes 127 with high
enantioselectivities (Scheme 6.35b) [67].

6.5 Metal/Bronsted Acid Relay Catalysis Involving
Hydrogenation

Asymmetric hydrogenation represents an ideal atom-economic transformation to
manufacture chiral molecules and holds a historical impact on organic synthesis.
The stereochemical control in asymmetric hydrogenation basically relies on the
chiral ligand bonded to the transition metal that activates both hydrogen gas and
unsaturated chemical bonds [68]. On the other hand, organocatalytic asymmetric
transfer hydrogenation has been well established that excess highly reactive organic
hydride donors, such as Hantzsch esters and benzothiazolines [10, 69-72], are

| 151
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Scheme 6.35 Cationic Pd(l) or Ru(ll) complex/chiral phosphoric acid relay catalytic olefin
migration/asymmetric allylation reaction. Source: (a) Modified from Miura et al. [66],
(b) Modified from Miura et al. [67].

generally required for full conversion. The relay catalysis of transition metals and
chiral organocatalysts has allowed the use of hydrogen gas as the ultimate reduc-
tant, which is a principally new strategy from the classical chiral-ligand-controlled
asymmetric hydrogenation [73].

In 2011, Zhou and coworkers developed highly enantioselective hydrogenation
of quinoxalines 128 enabled by achiral ruthenium complex and chiral Brensted
acid relay catalysis (Scheme 6.36) [74]. This relay catalytic hydrogenation reaction
proceeds from the Ru(II)-catalyzed hydrogenation of quinoxaline 128, giving rise
to dihydroquinoxaline 129. Two pathways, Ru(II)-catalyzed non-enantioselective
hydrogenation and chiral phosphoric acid (S)-1c-catalyzed asymmetric dispro-
portionation through a self-transfer hydrogenation model TS-6, were proposed to
access tetrahydroquinoxaline 130 from 129. Control experiments reveal that the
chiral phosphoric acid-catalyzed self-transfer hydrogenation is much faster than
the Ru-catalyzed process, ensuring the high enantioselectivity of the entire relay
catalytic hydrogenation reaction.

Hantzsch esters 12 can be generated from Ru(II)-catalyzed hydrogenation of cor-
responding pyridines, allowing a practical Hantzsch ester shuttle catalysis for asym-
metric hydrogenation of heterocycles (Scheme 6.37). In 2011, Zhou and coworkers
disclosed a triple Ru(II)/chiral Brensted acid/Hantzsch ester catalysis to enable a
highly enantioselective relay catalytic hydrogenation of benzoxazinones 131 [75].

Dihydrophenanthridine (DHPD, 135) is an even more active hydrogen transfer
reagent that can be regenerated from transition metal-catalyzed hydrogenation
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Scheme 6.36 Ru(ll)/chiral phosphoric acid relay catalytic asymmetric hydrogenation of quinoxalines. Source: Modified from Chen et al. [74].
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Scheme 6.37 Asymmetric hydrogenation of benzoxazinones enabled by multiple hybrid
catalysts.

under milder conditions. In the presence of the catalytic amount of phenanthridine,
the combination of Ru(Il) and chiral Brensted acid facilitates highly enantiose-
lective hydrogenation of a wide scope of heterocycles, including benzoxazinones,
benzoxazines, quinoxalines, and quinolines (Scheme 6.38a) [76]. Notably, the
DHPD-mediated reduction features a 1,2-hydride transfer pathway other than
the common 1,4-hydride transfer of Hantzsch esters and other NAD(P)H mod-
els. Later, the same group demonstrated another tunable and regenerable
biomimetic hydrogen-transfer reagent, 4,5-dihydropyrrolo[1,2-a]quinoxalines 138,
for the Ru(Il)/chiral phosphoric acid relay catalytic asymmetric hydrogenation
of 3-aryl-2H-benzo[b][1,4]oxazines and 1-alkyl-3-aryl-quinoxalin-2(1H)-ones
(Scheme 6.38b) [77].

Beller and coworkers developed a Fe/chiral Bronsted acid relay catalytic asymmet-
ric hydrogenation of benzoxazinones using a catalytic amount of phenanthridine to
generate the hydrogen transfer reagent (Scheme 6.39) [78]. Advantageous to previ-
ous reports, the current method allows for the highly enantioselective reduction of
3-alkyl-substituted benzoxazinones with high yields [75, 76].

By using Pd(II)/Brensted acid relay catalysis, Zhou and coworkers developed
an asymmetric hydrogenation of 2-hydroxypyrimidines 139, enabling facile access
to chiral cyclic ureas 140 (Scheme 6.40) [79]. It is proposed that one of the two tau-
tomeric oxo forms of 2-hydroxypyrimidine 139, Int-56 and Int-57, undergoes partial
hydrogenation to give intermediate Int-59, which then tautomerizes to its imine
form Int-60 in the presence of the Bronsted acid, followed by the Pd-catalyzed asym-
metric hydrogenation of the imine. Notably, the hydrogenation of tri-substituted
2-hydroxypyrimidines provides partially hydrogenated 2-hydroxypyrimidines, and
the configuration of the chiral phosphoric acid does not affect the stereoselectivity
of the reaction.



https://lwww.twirpx.org n http://chemistry-chemists.com/

6.6 Palladium/Brensted Acid Relay Catalytic Asymmetric Allylation of Carbonyls | 155

[Ru(p-Cymene)l,]s
(0.5-1.0mol%)  rTTmmmomeooes

(S)-1j (1-4 mol%)
R3 or (S)-8H-1k (1-4 mol%)

N’ 135 (10 mol%) HN i :
A : :
R R2 H, (15-1000 psi) A ; N

133 Up to 99% ee 134

Substrate scope:

N 0._0 o
SOOI S SIS W
N Ar N Ar N Ar

(a) 128 131 136

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

[Ru(p-cymene)lsl, (0.5 mol%) e \
(S)-1k (2 mol%)

/©:Oj\ 138 (10 mol%) /@: j : N/
R NT Ar THF/benzene, H, pr @[ P
136 5

N
137 138

Upto92%ee 77T

O Ph :
| o-¢. OO o
: ~ “OH P !
’ SN e il
| Ph ;
; )-1j, Ar = 2- MeCGH4 (S)-8H-1k (S)-1k ;

Scheme 6.38 Relay catalytic asymmetric hydrogenation of heterocycles. Source:
(a) Modified from Chen et al. [76], (b) Modified from Chen et al. [77].

[Fes(CO)p+TMP] (4 mol%)  H g smmmmmmmmmeee e

N__Ar (S)-1b (4 mol%), Ar
R—:/C[ I 135 (20 mol%) C[ i ‘
C
131 5

50 bar H,, 65 °C

{TMP- P(4-MeOCgH,)5 ] Up t(::;(zi"/ PR SR

Scheme 6.39 Fe/chiral Brensted acid relay catalytic asymmetric reduction of
benzoxazinones. Source: Modified from Lu et al. [78].

6.6 Palladium/Brensted Acid Relay Catalytic
Asymmetric Allylation of Carbonyls

Allylborons are common and versatile synthons in organic synthesis. A mild and
practical approach to access allylborons involves the allylic reaction of allylic
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Scheme 6.40 Pd/Brensted acid relay catalytic hydrogenation of 2-hydroxypyrimidines.
Source: Modified from Feng et al. [79].
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Scheme 6.41 Asymmetric allylation of aldehydes with allylic alcohols and pinacodiborate.
Source: Modified from Zhang et al. [83].

alcohols and other z-allylpalladium precursors with boron-based pro-nucleophiles
[80-82]. Antilla and others found that chiral Brensted acids can efficiently cat-
alyze asymmetric allylboration reactions of aldehydes [63, 64, 80]. Based on
these concepts, Gong and coworkers developed a one-pot asymmetric carbonyl
allylation of aldehydes, where a Pd/chiral phosphoric acid co-catalyzed allylic
borylation of allylic alcohols proceeded at 50 °C, and a subsequent chiral phospho-
ric acid-catalyzed enantioselective allylation of aldehydes was performed at low
temperature (Scheme 6.41) [83].

Some of the a-alkenes can undergo allylic activation with Pd(II) complex to
give m-allylpalladium complexes, which are principally able to undergo allylic
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Scheme 6.42 Sequential Pd-catalyzed allylic C-H borylation and asymmetric
allylboration of aldehydes. Source: Modified from Li et al. [85].

borylation to give allylborates [80-82]. Szab6 and coworkers [82] and Gong and
coworkers [83-85] successively reported Pd-catalyzed allylic C-H borylation
reaction. Interestingly, the combination of chiral phosphoric acid with Pd(II)
complexes allows a relay catalytic asymmetric carbonyl allylation of aldehydes
using allylbenzene as the allylating reagent, leading to homoallylic alcohol with
excellent diastereoselectivity and moderate 67% ee (Scheme 6.42a). The use of chiral
bis(pinanediolato)diboron 144 and co-catalyst chiral Brensted acid (R)-1b enables
the Pd-catalyzed asymmetric carbonyl allylation of aldehydes with a significantly
improved level of stereocontrol (Scheme 6.42b) [85].

6.7 Metal/Bronsted Acid Relay Catalysis Involving
Hydroformylation

Metal-catalyzed hydroformylation of alkenes is one of the most practical homo-
geneous chemical processes in the world [87-89]. Hydroformylation could also
integrate with other transformations, such as reduction, nucleophilic addition,

157
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or aldol condensation, in tandem or domino reactions [90-93]. In 2015, Xiao
and coworker demonstrated a Rh/chiral Brensted acid relay catalytic asymmetric
hydroaminomethylation of styrenes with Hantzsch ester and syngas (Scheme 6.43a)
[86]. The cascade reaction involves Rh-catalyzed hydroformylation, imine forma-
tion, and subsequent chiral phosphoric acid-catalyzed dynamic kinetic transfer
hydrogenation with the Hantzsch ester to give chiral amine products. Han and
coworkers refined this process, which features milder conditions (1 bar of syngas,
room temperature in most cases), broader substrate scope, higher yields (up to
99%), and high enantioselectivities (up to >99 ee) [95]. Notably, acrylamides are
also well tolerated, furnishing the desired chiral amines with high yields and
enantioselectivities (Scheme 6.43b). Aliphatic alkenes and vinyl esters are also
applicable, albeit lower yields and enantioselectivities are obtained.

The Rh-catalyzed hydroformylation of styrenes generates a-branched aldehyde
Int-63’. Under the cooperative catalysis of chiral phosphoric acid, primary amine,
and palladium complex, the a-branched aldehyde Int-63’ undergoes the asymmetric
a-allylation with allylic alcohols, as indicated by List and coworker [96]. Thus, a mul-
tiple relay catalytic cascade hydroformylation/asymmetric allylation was developed
(Scheme 6.44) [94].

The combination of rhodium complex of biphosphine, Pd(PPh,),, chiral phos-
phoric acid (R)-1b, and primary amine 152 efficiently drives the cascade reaction
to directly transform styrenes, allylic alcohols, and syngas to a-quaternary chiral
aldehydes with up to 97% yield and with up to 99% ee. As reported by List [96]
and Gong [98], the enamine intermediate Int-65 generated from amine 152 and
the a-branched aldehyde Int-63’ after the hydroformylation process reacts with the
n-allyl Pd(II) complex Int-66 or Int-67, which is generated from the allyl alcohol
in the presence of palladium and Brensted acid, giving products 153 or 154 and
regenerating the achiral amine 152. Since carbon monoxide could deactivate the
palladium catalyst via coordination to slow down the allylation process, it is cru-
cial to use low-pressure syngas. Furthermore, the bidentate phosphine ligand for
the rhodium catalyst also inhibits the palladium-catalyzed allylation process that a
higher loading of Rh catalyst (2/2.4 mol% Rh precursor and ligand) results in a much
slower reaction.

The chiral homoallylic alcohols Int-68 generated from the chiral phosphoric
acid-catalyzed asymmetric allylation of aldehydes 8 with allylboronates 93 can
participate in the rhodium-catalyzed hydroformylation to give linear-selective
chiral aldehydes Int-69, which then undergo hemiacetalization to give highly enan-
tioenriched tetrahydropyran intermediates 155 (Scheme 6.45) [97]. The hemiacetal
intermediates 155 are isolatable and can be oxidized to tetrahydropyranones 156 or
reduced to tetrahydropyrans 157. The method is amenable to the concise synthesis
of key chiral intermediates to access natural products herboxidiene (Scheme 6.46a)
[99] and leucascandrolide A (Scheme 6.46b) [100].
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Scheme 6.45 Rh(l)/chiral Brensted acid relay catalytic asymmetric carbonyl allylation/
hydroformylation. Source: Modified from Li et al. [97]

6.8 Metal/Bronsted Acid Relay Catalysis Involving Metal
Carbene Formation

6.8.1 Cascade Metal Carbene Formation and Asymmetric Protonation

Chiral Brensted acid-catalyzed asymmetric protonation of prochiral enol deriva-
tives has been recognized as a straightforward approach to access enantioenriched
a-carbonyl compounds [101-103]. Combined with transition metal catalysts, chiral
phosphoric acids could work efficiently as chiral proton-transfer shuttle catalysts
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Scheme 6.46 Formal synthesis of (+)-herboxidiene and leucascandrolide A. Source:
(a) Modified from Ghosh and Li [99], (b) Modified from Wipf and Reeves [100].

in carbene insertion reactions [104-106]. As shown in Scheme 6.47, this type of
reactions initially proceed through the formation of a highly electrophilic metal
carbene intermediate Int-70, which can be attacked by the lone-pair electrons
of a heteroatom to generate a metal-associated ylide Int-71 or enolate Int-72.
These intermediates can undergo enantioselective proton transfer to give chiral
products 161 (path a). However, the metal dissociation from these intermediates
often occurs to form a metal-free intermediate, either ylide Int-73 or enol Int-74,
which then undergoes non-enantioselective proton transfer (path b). The proton
transfer process of either the metal-associated or metal-free ylides and enols can be
accelerated by a chiral Brensted acid shuttle catalysis. The former case falls into
the category of metal/Brensted acid cooperative catalysis (Chapter 5), as the metal
catalyst could affect the enantioselectivity-determining proton transfer process
[106, 110]. In the latter case, the enantioselective proton-transfer process is solely
controlled by the chiral Brensted acid catalyst, wherein the proton transfer occurs
synchronously between chiral phosphoric acid and the ylide or enol through a
cyclic transition state TS-7 (path d). Generally, chiral metal complexes have little
effect on the enantioselectivity that metal/Brensted acid relay catalysis is likely
dominating the asymmetric carbene insertion reaction.
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Scheme 6.47 Asymmetric carbene insertion into the X—H bonds via transition metal
catalysis (path a and path b [non-enantioselective]), metal/Brensted acid cooperative
catalysis (path c), and metal/Brensted acid relay catalysis (path d).

Zhou, Zhu and coworkers developed an enantioselective N-H insertion of
a-diazoketones with BocNH, by the combined catalysis of Rh,(TFA), and chiral
phosphoric acid 4b (Scheme 6.48a) [107]. However, the use of chiral rhodium(II)
complexes, [Rh,(R-DOSP),], [Rh,(S-PTAD),], or a chiral copper complex with
a spiro bis(oxazoline) ligand is unable to induce enantioselectivity. There-
fore, the rhodium complex dissociates from the metal-bonded ylide, and the
chirality-determining proton transfer catalyzed by the chiral phosphoric acid 4b
is believed to proceed via a transition state TS-8 involving metal-free ylide or enol
intermediate, which has been verified by DFT calculations [90]. Moreover, the
binary catalytic system of Rh,(TPA), [tetrakis(triphenylacetato)dirhodium(II)] and
chiral phosphoric enables S—H and O—H bonds insertion to deliver high levels of
enantioselectivity (Scheme 6.48b,c) [108, 109].

Other types of chiral Brensted acid catalysts, such as ureas and protonated guani-
dines, are also compatible with transition metal catalysts in relay catalysis. Liu and
coworkers developed an enantioselective N-H insertion of a-diazoesters employing
a multi-catalyst system consisting of an achiral dirhodium(II) acetate, chiral sul-
fonamide urea, and an achiral sulfonic acid (Scheme 6.49) [111]. As Jacobsen and
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Scheme 6.48 Asymmetric carbene insertion into the X—H bonds by Rh(ll)/chiral Brensted
acid relay catalysis. Source: (a) Modified from Xu et al. [107], (b) Modified from Xu et al.
[108], (c) Modified from Zhang et al. [109].

coworkers have disclosed, the noncovalent interactions between chiral sulfonamide
urea 163 and a sulfonic acid 164 would lead to an assembled chiral Brensted acid
[113], which turns out to be a chiral proton shuttle assisting the asymmetric proton
transfer process through TS-9.

The relatively strong basicity and coordinating ability of aliphatic amines pose
additional constraints on the development of highly enantioselective insertion
of metal carbenes into the N—H bonds of alkyl amines, which represents a
long-standing challenge in traditional chiral transition metal catalysis. Very
recently, Zhou and coworkers identified that the orthogonal combination of an
achiral copper complex (Tp*Cu) [114] and a chiral amino-thiourea [115] rendered a
highly enantioselective carbene insertion into N—H bonds of aliphatic amines 165
(Scheme 6.50) [112]. Tp*Cu shows high catalytic activity for the carbene insertion
into aliphatic amines. A copper(I)/thiourea complex (Tp*Cu'166) actually promotes
the enantioselective proton transfer process of the free enol intermediate Int-77
through a transition state TS-10.

In addition to typical Brensted acids, guanidines are also compatible with various
transition metal catalysts. The combination of Rh,(OAc), and chiral guanidine G1
can successfully drive a highly enantioselective insertion reaction of a-diazoesters
and a-diazoketones into the O—H bonds of carboxylic acids (Scheme 6.51) [116].
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Scheme 6.51 Enantioselective O-H insertion by Rh(ll) and chiral guanidine relay
catalysis. Source: Modified from Tan et al. [116].

In situ generated guanidinium salt from carboxylic acids and the guanidine catalyst
actually act as chiral proton-transfer catalyst for the enantioselective protonation of
either metal-free ylide or enol intermediate.

The insertion of rhodium carbene into aniline C—H bonds generates a zwitte-
rion with or without the rhodium, as shown in Int-79 or Int-80, which undergoes
an asymmetric 1,2-proton shift mediated with chiral phosphoric acid via TS-12 to
give chiral arylation products 169. Zhu and Zhou found that the combination of
Rh,(TFA), and chiral phosphoric acid (R)-4d allows the relay catalytic arylation
reaction to give 169 with excellent enantioselectivity (Scheme 6.52) [117].

The gold-catalyzed decomposition of diazoesters 160 generates a gold car-
bene complex Int-81 with the major cation resonance of type Int-82, which is
highly carbophilic toward the nucleophilic addition of enamide 170 to generate
an intermediate Int-83. DFT calculation suggests that the intermediate Int-83
undergoes a proton transfer to generate a more thermodynamically stable enol
species Int-85 via gold enolate species Int-84. Chiral phosphoric acid-catalyzed
asymmetric protonation of Int-85 via TS-13 furnishes the chiral imine product.
Ten mole percentage of XPhos-gold(I) complex, in combination with 0.1 mol% of
chiral phosphoric acid 11, enables this aza-ene-type reaction of diazo esters 160
with enamides 170 to deliver y-keto esters 171 in up to 99% yield and with 97% ee
(Scheme 6.53) [118].

6.8.2 Multiple Cascade Reaction Initiated with Metal Carbene

Terada and coworker accomplished a dirhodium(II) tetracarboxylate/chiral phos-
phoric acid relay catalytic cascade carbonyl ylide formation/enantioselective
reduction reaction (Scheme 6.54) [119]. The decomposition of a-diazocarbonyl
compounds 172 by dirhodium(II) tetracarboxylate generates the rhodium carbene
complex Int-86. The subsequent intramolecular cyclization of the rhodium carbene
complex Int-86 affords a carbonyl ylide Int-87 or oxidopyrylium Int-87' via
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tautomerization, which then undergoes protonation with chiral phosphoric acid 1a
to form an isobenzopyrylium ion pair Int-88. The enantioselective transfer hydro-
genation of the isobenzopyrylium ion Int-88 with Hantzsch ester occurs to give 173,
after being treated with benzoyl chloride, to afford the benzoyloxy isochromene
derivative 174 [119]. Chiral rhodium complex barely induces enantioselectivity in
this reaction, indicating that the rhodium-free intermediate Int-88 plays a crucial
role in the enantioselective transfer hydrogenation step.

6.9 Lewis Acid/Chiral Brensted Acid Relay Catalysis

Friedldinder condensation is an operative method to access quinolones [121].
A catalytic amount of either Lewis acids or Brensted acids is able to promote the
formation of quinolones. On the other hand, chiral phosphoric acids are able to
efficiently catalyze the enantioselective transfer hydrogenation of quinolones. The
relay catalysis by a Lewis acid and a chiral phosphoric acid would principally
enable the enantioselective conversion of anilines 175 and p-keto esters to optically
active tetrahydroquinolines. A cascade Friedlinder condensation and transfer
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transfer hydrogenation. Source: Modified from Ren et al. [120].

hydrogenation reaction proceeds efficiently under the relay catalysis of Mg(OTf),
and chiral phosphoric acid 1b to furnish highly substituted tetrahydroquinoline
derivatives 177 in high yield and with excellent levels of diastereo- and enantios-
electivity (Scheme 6.55) [120]. Despite both Mg(OTf), and the chiral phosphoric
acid are effective in accelerating the condensation process, the combined catalysis
considerably improves the conversion, indicating the synergistic effect of Mg(OTf),
and chiral phosphoric acid. In contrast, the asymmetric transfer hydrogenation is
solely catalyzed by the chiral phosphoric acid as indicated by the kinetic studies.

Zhou and coworkers established an enantioselective Nazarov cyclization of
indolyl enones 178 enabled by ZnCl,/chiral phosphoric acid relay catalysis
(Scheme 6.56) [122]. The cyclization of the dienone 178 is catalyzed by cooperative
Lewis acid and the phosphoric acid catalysis, while the enantioselectivity of the
subsequent asymmetric proton transfer of the enol intermediate is controlled by the
chiral Bronsted acid (R)-4d via transition state TS-14.

6.10 Miscellaneous

The development of highly enantioelective radical-based reactions has long been
a formidable challenge in organic synthesis. New concepts and catalyst systems
are highly demanded to address the issues associated with stereochemical control.
Liu and coworkers successfully established an enantioselective formal C—H bond
alkoxylation, triggered by radical trifluoromethylation of alkenes by copper cyanide
and chiral phosphoric acid relay catalysis (Scheme 6.57) [123]. The single-electron
reduction of the Togni reagent by Cu(I) generates Cu(II) species and a triflu-
oromethyl radical, which then adds to terminal carbon-carbon double bonds,
leading to a transient radical Int-92. Thermodynamically favorable 1,5-hydrogen
atom transfer of the intermediate Int-92 proceeds to form a radical species Int-93,
which is then oxidized by Cu(II) to give an imine intermediate. Chiral phosphoric

169
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Scheme 6.57 Enantioselective formal C—H bond functionalization triggered by radical
trifluoromethylation of inactivated alkene. Source: Modified from Yu et al. [123].

acid-catalyzed addition of alcohols to imines yields chiral N,O-hemiaminal 182 via
transition state TS-15.

A single electron transfer (SET) reaction between a polyfluoroalkyl sulfuric chlo-
ride 184 and Cul generates a Cu(II) species and an oxidative radical that undergoes
addition to the 1,1-diarylalkene 183 and gives a transient alkyl radical Int-94. The
subsequent single-electron oxidation of radical Int-94 by Cu(II) leads to a benzylic
carbocation Int-95, which undergoes a chiral phosphoric acid-catalyzed asymmetric
substitution reaction with indole via transition state TS-16. The combination of Cul
and chiral phosphoric acid 4e allows this relay catalytic three-component reaction to
proceed with high conversion and excellent enantioselectivity (Scheme 6.58) [124].
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phenol-indole [3+2] coupling. Source: Modified from Yu et al. [125].

Oxidation of phenols mediated with redox active transition-metal salts provides
electrophilic quinones or quinone monoimines capable of undergoing coupling
reaction with nucleophiles. Wu and coworkers developed a Mn(III) complex/chiral
phosphoric acid relay catalytic direct oxidative phenol indole [3+2] annulation
reaction. The combination of Mn(III) complex 187 and the chiral phosphoric acid
(R)-1b enabled the direct conversion of readily available p-aminophenol derivatives
186 and indoles 84 into a structurally diverse range of chiral benzofuroindolines
188 proceeding through asymmetric Michael addition via TS-17 and cyclization via
intermediate Int-97 (Scheme 6.59) [125].

6.11 Summary and Outlook

Metal and chiral Bronsted acid relay catalysis has gone through its proof-of-concept
stage and has been recognized as a versatile strategy for the development of
non-classical cascade reactions. Nevertheless, vast space still remains for the
future development of this area. As highlighted in this chapter, most examples
of metal/Bronsted acid asymmetric relay catalysis employed BINOL-derived
chiral phosphoric acids, while other structurally distinct chiral Brensted acids,
such as chiral dicarboxylic acids, chiral disulfonic acids, and chiral sulfonimides,
remain undeveloped in the relay catalysis. Moreover, the utilization of metal/chiral
Bronsted acid relay catalysis in cost-efficient synthetic chemistry, i.e. asymmet-
ric photocatalysis and electrochemical transformations, represents a promising
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research field. In conclusion, along with the development of transition-metal
catalysis and chiral Brensted acid catalysis, the combination of both in asymmetric
relay catalysis will undoubtedly be creative and of high efficiency in pursuit of novel
and unique cascade reactivity.
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7

Lewis Base-Lewis Acid Cooperative Catalysis

7.1 Introduction: Combined Lewis Base and Lewis Acid
Activations

Lewis base (LB) is defined as a compound or ionic species, which can donate an
electron pair to an acceptor compound [1]. Lewis base catalysis represents the
process of accelerating a reaction by interacting an electron-pair donor of the Lewis
base catalyst with an acceptor atom in one of the reagents or substrates [2]. The
interaction between the nonbonding electron pair of a Lewis base catalyst and the
anti-bonding = orbitals (z*) of an acceptor presented in carbonyls, electronically
deficient olefins, alkynes, and many other unsaturated functional groups, represent
the most commonly recognized form of Lewis base catalysis (Scheme 7.1) [2, 3].
This n-n* interaction can generate reactive intermediates with either enhanced
nucleophilicity by raising the HOMO (the highest occupied molecular orbital)
(Scheme 7.1a), or electrophilicity by lowering LUMO (the lowest occupied molec-
ular orbital) (Scheme 7.1b) to allow catalyzing synthetic transformations. The
Lewis base catalysis via the n—-n* interaction concept dates back to the discovery
of the accelerating effect of pyridine on the acylation of alcohols one hundred
years ago [4], and the first chiral Lewis base catalyzed asymmetric acylation was
reported by Wegler in 1932 [5]. Since then, the rich chemistry that occurs with both
nucleophiles and electrophiles covalently bonding to the chiral Lewis bases opens
up a new field of asymmetric organocatalysis.

Chiral nucleophilic amines [6] and N-heterocyclic carbenes (NHCs) [ 7] are among
the most common Lewis base catalysts frequently applied to drive asymmetric reac-
tions (Figure 7.1a). The earliest example of nucleophilic chiral amine catalysis was
demonstrated by Pracejus and coworkers in the 1960s [8a, b]. Since then, cinchona
alkaloids have gradually been the versatile concept in asymmetric catalysis and, in
particular, found widespread applications for the creation of new transformations
in recent years [8]. The “planar-chiral” 4-dimethylaminopyridine (DMAP) Lewis
bases introduced by Fu and coworkers have enabled a diverse array of enantiose-
lective processes [9]. Chiral isothioureas (ITUs), another important family of Lewis
base organocatalysts, have become visible since the seminal work by Birman and
coworkers in 2006 [10a], providing efficient access to a wide array of heterocycles and

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 7.1 Representative examples of substrates activation via n-n* interaction.

(a) Activation of nucleophiles by n—=* interaction. (b) activation of electrophiles by n—x*
interaction. EWG, electron withdrawing group. Sources: Based on Denmark and Beutner
[2a]; List [2b]; Vedejs and Denmark [2c]; Candish et al. [3].

molecules [10]. Several types of active intermediates are currently described in the
chiral tertiary amine nucleophilic catalysis [11], including acylammonium species,
ammonium enolates, and «,f-unsaturated acylammonium intermediates, that are
capable of undergoing a wide range of transformations owing to their ready acces-
sibility and divergent reactivity (Figure 7.1b). In the field of NHC-catalysis, the pio-
neering work was introduced by Ukai [12a] and Breslow [12b] on the benzoin reac-
tion. Since these seminal findings, NHCs have been gradually recognized as one of
the most powerful and effective types of Lewis base catalysts. The principally diverse
activation intermediates [13], such as Breslow intermediates, homoenolate inter-
mediates, azolium enolates, azolium dienolates, acyl azoliums, and o,f-unsaturated
acylazoliums, catalytically generated from n—r* interaction of NHCs with carbonyl
functionalities, open a large space to create new reactions (Figure 7.1b).
Notwithstanding the great success being achieved in the field of asymmetric Lewis
base catalysis, in some cases, the use of Lewis base catalyst alone is insufficient to
drive a reaction or to control the selectivity. Thus, the introduction of an additional
activation mode seems necessary to address these unsolved issues in the Lewis base
catalysis. Lewis acids (LAs), which act as electron pair-acceptors, are capable of
enhancing the electrophilicity of substrates, stabilizing the nucleophilic intermedi-
ates, and providing coordinative organization of the transition state (Scheme 7.2a)
[14]. Over the past decades, synergistic activation of electrophiles (E) and nucle-
ophiles (Nu) via the combined use of Lewis base (LB) and Lewis acid (LA) has
become a versatile strategy in the area of asymmetric catalysis (Scheme 7.2b) [15]. In
this cooperative catalysis, Lewis acid catalysts are able to activate the electrophiles
by lowering LUMO (I, V, and VI Scheme 7.2c), stabilize the nucleophilic interme-
diates formed in the catalytic cycles (II, Scheme 7.2c), or participate in the simul-
taneous operation of both alternatives and organize the transition state (III and
VI, Scheme 7.2c). The Lewis base-Lewis acid cooperative catalysis has gradually
become a robust strategy to enhance the reactivity, to improve the stereoselectivity,
and even to change the reaction pathway. The synergistic activation of nucleophiles
and electrophiles allows for a more diverse range of bond-breaking and forming
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Scheme 7.2 Lewis base-Lewis acid cooperative catalysis. (a) Lewis acid activation modes.
Source: Based on Yamamoto [14]. (b) Lewis base-Lewis acid cooperative catalysis.
(c) Representative activation modes. Sources: Based on Paull et al. [15a]; Cohen and Scheidt

[15b]; Stegbauer et al. [15c]; Wang and Scheidt [15d]; Jia et al. [15e]; Nagao and
Ohmiya [15f].

LA+ —_— LA (1)
)
hard-LA  + soft <= LA (LB) @)

(b) LA ++@:’ LA®+(3)

Scheme 7.3 Catalyst “self-quenching” interactions and solutions. (a) Catalyst
“self-quenching”. Source: Based on Paull et al. [15a]. (b) solutions.

(a

events and thereby leads to larger space for the creation of a broader scope of enan-
tioselective reactions.

Theoretically, due to the nature of the Lewis base and Lewis acid catalysts, the
catalyst self-quenching is the most concerned and inevitable problem in the Lewis
base-Lewis acid cooperative catalytic systems [15a]. The Lewis base-Lewis acid
interaction usually attenuates the nucleophilicity of the Lewis base and the elec-
trophilicity of the Lewis acid, or even leads to the formation of a Lewis base-Lewis
acid complex (LA(LB),) (Eq. (1), Scheme 7.3a), accompanying deceleration or
even inhabitation of reactions. Over the past decades, continuous efforts have been
directed toward the creation of alternative solutions via fine-tuning of reaction
conditions and evaluating compatible Lewis acid and base catalyst pairs based on
fundamental theory [16], such as the use of a hard metal ion with a suitable soft
base (Eq. (2), Scheme 7.3b), or the addition of ligands (L,) to refrain the catalysts
from or weaken their “self-quenching” (Eq. (3), Scheme 7.3b).
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7.1 Introduction: Combined Lewis Base and Lewis Acid Activations

7.1.1 Early Examples in Lewis Base-Lewis Acid Cooperative Catalysis

An early example in the Lewis base-Lewis acid cooperative catalysis was introduced
by Aggarwal et al. in 1996. Aggarwal devoted his effort to improve the efficiency of
1,4-diaza[2.2.2]bicyclooctane (DABCO)-catalyzed Baylis-Hillman reaction by using
Lewis acid as co-catalyst (Scheme 7.4) [17]. The “hard Lewis acids,” lanthanides,
and group IIT metal triflates, were all proven to be eligible co-catalysts combined
with DABCO for the reaction acceleration (Eq. (1), Scheme 7.4). The Lewis acid
catalyst is generally believed to increase the reaction rate by either activating elec-
tronically deficient reaction partners to facilitate the nucleophilic addition of tertiary
amine catalysts or stabilizing the generated enolate intermediates, or both (see tran-
sition state [TS-1] in Scheme 7.4) [17b]. No reaction occurs in the presence of 5 mol%
La(OTf), until 10 mol% of DABCO is added, possibly because all the DABCO asso-
ciates with the Lewis acid to give metal complexes (Eq. (2), Scheme 7.4). Further
reaction rate acceleration can be obtained upon the addition of diol ligands (such as
binol) to displace the DABCO ligand (Eq. (3), Scheme 7.4).

N N
o /" (100 mol%)
+ A ¢ M(OTf)3 (5 mol%) _ "
R)J\H COZ Bu R 002 Bu (1)
1

2 [M]: Sc, Sm, Eu, Gd, Yb, La

OH

CO,'B
2
3
— O_
R OtBU )/\Jr
N

N N Ay,
N_J RDS j’ [ol
(e} R \‘J/\OtBu
PR ON
R™ 'H ~
1 N\/’
____________________________________________________________ TS
/A \ /o \
W p)

La(OTf); == La(OTf),(DABCO) =—> La(OTf),(DABCO), (2

La(OTf),(DABCO), @» La(OTf),(binol),  (3)

Scheme 7.4 Lewis acid-accelerated catalysis of the Baylis—Hillman reaction.
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Barrett et al. found that the addition of a stoichiometric amount of a Lewis acid
co-catalyst was able to improve the stereoselectivity of the chiral pyrrolizidine
base-catalyzed asymmetric Baylis-Hillman reactions [18]. Lectka and coworkers
reported the first cinchona alkaloid/Lewis acid cooperatively catalyzed enantios-
elective Staudinger-type [2+2] cycloaddition to access f-lactams. The presence of
10 mol% indium(III) triflate significantly enhances the chemical yields [19]. Shi and
coworker also indicated that the addition of catalytic amounts of lithium salt was
also able to speed up the cinchona alkaloid derivative-catalyzed Baylis-Hillman
reaction [20]. The success of these early studies provides the possibility and
feasibility to integrate Lewis bases and Lewis acids in cooperative catalysis.

7.2 Asymmetric Reactions Driven by Tertiary
Amine-Mediated Ammonium Enolates

C1- and C3-ammonium enolates (Int-1 and Int-2), catalytically generated from
reactions with electrophiles such as ketenes or activated carboxylates (Eq. (1),
Scheme 7.5a) and o,B-unsaturated carbonyl compounds, respectively (Eq. (2),
Scheme 7.5a), have found widespread applications in asymmetric reactions via the
HOMO-raising activation [11a, c, e]. In the field of Lewis base-Lewis acid coopera-
tive catalysis involving C1 and C3 ammonium enolates, the Lewis acid catalyst can
enhance the electrophilicity of electrophiles (I), or stabilize ammonium enolates
(II), or both through a metal-organized transition-state (III) (Scheme 7.5b). It is
worth mentioning that the integration of hard metal ions with tertiary amine cata-
lysts (Eq. (2), Scheme 7.3b), or addition of competitive ligands (Eq. (3), Scheme 7.3b)
is principally able to address the catalyst self-quenching issue (Eq. (1), Scheme 7.3a)
[15a]. The combination of tertiary amine Lewis basic catalysts (including cinchona
alkaloids, pyridine-derived nucleophiles, and ITUs) with different Lewis acid
catalysts, including lithium, copper, indium, and scandium salts, will be described
in this section.

7.2.1 Asymmetric Baylis-Hillman Reactions

Barrett et al. developed a chiral pyrrolizidine-base catalyzed asymmetric
Baylis—-Hillman reaction of ethyl vinyl ketone and electron-deficient aromatic
aldehydes (Scheme 7.6) [18]. The addition of stoichiometric amounts of alkali
metal salts, in particular, sodium tetrafluoroborate, remarkably improves the
enantioselectivity. The Baylis-Hillman products 6 were obtained in moderate to
good yield (up to 93%) and with moderate enantioselectivity (up to 72% ee). The
transition state (TS-2) proposed by Barrett has documented the key role that the
sodium ion plays in the substrate activation process by coordination with hydroxy
of the organocatalyst 5 and the aldehyde 1.

Shi and coworker described a lithium-assisted asymmetric Baylis—Hillman reac-
tion catalyzed by quinidine-derived chiral amines (Scheme 7.7) [20]. The addition
of a lithium salt to some degree exerts an impact on the chiral induction rather than
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Scheme 7.5 Lewis base-Lewis acid cooperative catalysis involving ammonium enolates.
(a) Generation of C1- and C3-ammonium enolates. (b) Representative activation modes.
Source: Based on Aggarwal et al. [17b].
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Scheme 7.6 Sodium-assisted asymmetric Baylis—Hillman reactions. Source: Based on
Barrett et al. [18].

the reaction rate. In the reaction with p-bromobenzaldehyde 1a, the enantioselectiv-
ity of 9 can be enhanced to 49% ee by the addition of 20 mol% lithium perchlorate.
The Lit acts as a Lewis acid to bridge the carbonyl group of the aldehyde and the
phenolic hydroxy group of the catalyst as shown in the TS-3, or stabilizes the eno-
late intermediate formed in the final Baylis-Hillman reaction step as shown in the
TS-3’. It is believed that the lithium cation renders a more rigid transition state for
the chiral induction and thus enhances the enantioselectivity.

In 2009, Connell and coworker reported a Mgl, and DMAP cooperatively cat-
alyzed Baylis—Hillman reaction [21a]. One year later, the same group utilized Fu’s
“planar-chiral” DMAP catalyst 11 in concert with Mgl, to catalyze an enantiose-
lective Baylis—Hillman reaction of cyclopentenone 10 with aromatic and aliphatic
aldehydes 1 [21b] (Scheme 7.8). The Morita-Baylis-Hillman (MBH) product 12 was

185
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Scheme 7.7 Lithium-assisted asymmetric Baylis—Hillman reactions. Source: Based on Shi
and Jiang [20].
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Scheme 7.8 Magnesium-assisted asymmetric Baylis—Hillman reactions.

obtained in good to excellent yields (up to 96%) and with moderate to excellent enan-
tioslectivities (up to 98% ee). The use of Mgl, as the Lewis acid co-catalyst leads to
a significant increase in the reaction rate. Under the standard reaction conditions,
no reaction was observed between trans-cinnamaldehyde and cyclopentenone in
the absence of Mgl,. Variation of the amounts of Mgl, from 5 to 50 mol% dramati-
cally elevates both the yield (from 21% to 96%) and the enantioselectivity (from 80
to 94% ee).

7.2.2 Asymmetric [2+2] Reactions

In 2002, Lectka and coworkers investigated a cinchona alkaloid/In(OTf), collabo-
ratively catalyzed enantioselective [2+2] cycloaddition between substituted acetyl
chlorides 13 and imino esters 14 for the synthesis of p-lactams (Scheme 7.9) [19].
The evaluation of the co-catalysts reveals that other metals, including Rh(PPh,),OTf
and Cu(PPh,),ClO,, are able to vary the reaction performance, mainly due to the
coordination between the metal center and the bridgehead nitrogen atom of quinu-
clidine core in benzoylquinine (BQ, 15) (proven by ultraviolet-visible [UV-vis] spec-
troscopy) [22], and this “self-quenching” interaction deactivates the catalytic activity
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Scheme 7.9  Cinchona alkaloid/In(OTf), catalyzed asymmetric [2+2] cycloaddition. Source:
France et al. [19].

of the nucleophilic organocatalyst. In sharp contrast, the use of the harder, less aza-
philic Lewis acid (In(OTf);) can minimize the catalyst quenching. The yield of the
annulation product 16 was greatly improved by a maximum 98% by using In(OTf),as
the Lewis acid co-catalyst. Mechanistic studies suggest that the metal chelation to
the imino ester 14 is the most probable scenario for the enhancement of reactiv-
ity. The nonmetal-coordinated zwitterionic enolate Int-1a generated from the acetyl
chloride 13 with BQ and base undergoes Mannich-type reaction with the In(III)
bound imino ester Int-3 to yield an intermediate Int-4. Finally, an intramolecular
amide bond formation then delivers p-lactams 16 and regenerates the catalyst.

The cinchona alkaloid-catalyzed [2+2] cycloaddition of aldehydes with ketenes,
first reported by Wynberg, represents one of the most efficient methods to access
B-lactones [23a]. However, only highly electron-deficient aldehydes (chloral)
are amenable. In 2004, Nelson and coworkers found that in the presence of a
lithium salt, the Lewis base catalyst O-trimethylsilylquinine (TMSQ, 17) allows the
enantioselective [2+2] cycloaddition reaction to tolerate an even broader scope of
substrates, leading to a wide range of cis-B-lactones 18 in good yields and with high
levels of stereoselectivity (Scheme 7.10) [23b]. However, excess amounts of LiClO,
(up to 300 mol%) are required for enabling a smooth reaction involving less reactive
and bulky aldehydes. In terms of mechanism, the lithium-stabilized ammonium
enolate Int-5 is the key intermediate and undergoes the asymmetric aldol reaction
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via a metal-constrained Zimmerman-Traxler transition state (TS-4), wherein the
aldehyde is activated by the coordination with the lithium cation, providing both
enthalpic and entropic activation to the ensuring enolate-aldehyde addition event.

Lanthanide Lewis acid/quinidine cooperatively catalyzed asymmetric [2+2]
cycloaddition reactions were subsequently reported (Scheme 7.11) [24]. The
Lewis acid shows an obvious synergistic effect on the catalytic process with the
chiral Lewis base. The presence of the Lewis acid is able to significantly change
the reaction performance. The O-trimethylsilylquinidine (TMSQD, 20) itself
affords a sluggish [2+2] cycloaddion of a-phenoxyacetyl chloride with highly
reactive 4-nitrobenzaldehyde with poor diastereoselectivity (51:49 dr), whereas
the addition of Er(OTf), dramatically elevates the conversion to preferentially give
cis-p-lactone in improved diastereoselectivity (92:8 dr) (Scheme 7.11a) [24a]. Sig-
nificantly, a broader scope of aromatic aldehydes 1 can participate in the reaction to
result in excellent enantioselectivities of up to >99% ee. In this case, two molecules
of Er(OTf), are presumably bonded to the aldehyde and the ammonium enolate,
respectively, and the aldol-type reaction occurs via a gauche and open transition
state TS-5, leading to cis-B-lactone 21. Aliphatic acid chlorides are even less reactive
and are unable to undergo the cycloaddition catalyzed by the Lewis base 20,
alone. In contrast, in collaboration with 15mol% of Sc(OTf),, the asymmetric
cycloaddition proceeds cleanly to favorably give trans-p-lectones 22 in high yields
and excellent stereoselectivity (Scheme 7.11b) [24a]. The trans-selectivity probably
arises from the aldol reaction occurring via an open transition-state TS-6, in which
two molecules of Sc(OTf), also bond to the aldehyde and the ammonium enolate.
Under the combined catalysis of a silyl cinchona alkaloid 20 and Yb(N(TMS),),,
the asymmetric Staudinger-type [2+2] cycloaddition of phenoxyacetyl chloride 19a
and aryl imines 23 undergoes smoothly to afford a-phenoxy-p-aryl-p-lactams 24 in
excellent stereoselectivity (Scheme 7.11c) [24b]. Different from the dual activation
proposed in the precedents [24a], in this case, the Lewis acid catalyst does not
coordinate to the imine functionality but works as a counter cation to stabilize the
ammonium enolate (TS-7).

In the presence of a base, the sulfonyl chloride 25 undergoes an elimination to
generate a sulfene, which can be captured by a chiral Lewis base (NR;*) to give a
zwitterionic intermediate Int-6 (Scheme 7.12a). Principally, this intermediate Int-6
has similar reactivity to the ketene and probably undergoes the [2+2] cycloaddition
with either aldehydes or imines. The first attempt by Borrmann and Wegler to
establish the tertiary amine catalyzed [2+2] cycloaddition of the sulfonyl chloride
with highly electron-deficient aldehydes (chloral) indicated that the reaction is
indeed workable catalyzed by a Lewis base [26]. In 2007, Peters and coworker
described the first application of sulfene intermediates in asymmetric catalysis
(Scheme 7.12b) [27]. However, the use of a sterically hindered cinchona alkaloid as
the catalyst leads to much diminished conversion. Notably, the addition of a proper
Lewis acid as a co-catalyst significantly speeds up the reaction and is beneficial to
the stereochemical control. Based on the cooperative catalysis of a chiral nucle-
ophilic tertiary amine (DHQ),PYR (diydroquinine 2,5-diphenyl-4,6-pyrimidinediyl
diether, 26) and In(OTf), or Bi(OTf),, Peters and coworkers developed a highly
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Scheme 7.11 Asymmetric [2+2] cycloaddition reactions cooperatively catalyzed by
cinchona alkaloid and lanthanide Lewis acid. (a) Er(OTf),/TMSQD cooperative catalysis.
(b) Sc(OTf);/TMSQD cooperative catalysis. Source: Based on Calter et al. [24a].

() Yb(N(TMS),); cooperative catalysis. Source: Huang and Calter [24b].

enantioselective [2+2] cycloaddition of alkyl sulfonyl chlorides and aldehydes,
providing 3,4-disubstituted p-sultones 27 in high yields (up to 87%) and with
excellent stereoselectivities (up to >100:1 dr and >99% ee). Deuteration experi-
ments suggest that the Lewis acid co-catalyst does not influence the generation of
sulfene intermediates. Presumably, the activation of the aldehyde by coordination
of the metal triflate co-catalyst with the carbonyl group and/or stabilization of
the sensitive sulfene-amine adduct leads to a well-defined transition state TS-8,
thereby providing the enhanced enantioselectivity.

The asymmetric [2+2] cycloaddition of imines and alkyl sulfonyl chlorides for
the synthesis of enantioenriched f-sultams smoothly occurs under the catalysis of
the quinine derivatives, but the substrate scope is limited to the highly electrophilic
imines, such as chloral derived N-tosyl imine and N-tosyl imino ester [28]. The
Lewis acid and chiral Lewis base cooperative catalysis enable the asymmetric
[2+2] cycloaddition of 2-pyridylsulfonyl imines 28 with sulfonyl chlorides 25
to accommodate a broader scope of substrates (Scheme 7.13). Principally, the
2-pyridylsulfonyl group offers the additional activation by bidentate coordination
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to a Lewis acid co-catalyst. Thus, the presence of Yb(OTf), allows the cinchona
alkaloid-catalyzed [2+2] cycloaddition to tolerate a broad scope of 2-pyridylsulfonyl
arylaldimines 28. Deuteration experiments indicate that a zwitterionic aminal Int-7
turns out to be a key intermediate, and no sulfene formation is involved at the
reaction temperature (—80 °C). In the proposed transition state TS-9, the Lewis acid
co-catalyst activates the zwitterionic aminal Int-7 through a five-membered chelate
ring. The coordination of the sulfonyl moiety in 25 with the ytterbium(III) is likely
and would facilitate the N-sulfonylation step.

The chiral ITU and its structural analogues, have recently been recognized as ver-
satile Lewis base organocatalysts that hold a unique capacity for the development
of asymmetric transformations [10, 11]. The cooperative catalysis of chiral ITU and
Lewis acid was first introduced by Romo and coworkers in 2010 [29]. The chiral ITU
and LiCl cooperatively catalyzed enantioselective intramolecular aldol lactoniza-
tion of keto acids 31 provides bi- and tricyclic p-lactones 33 in good to high yields
(up to 93%) and with high enantioselectivities (up to 98% ee, single diastereomer)
(Scheme 7.14a). The addition of stoichiomeric amounts of LiCl enables the desired
products 33 to be furnished in higher yields than those without LiCl, while in some
cases with slightly dropped enantiopurity. The control reaction in the absence of
ITU catalyst confirms that the LiCl promotes a non-stereoselective pathway to yield
a racemic product. Moreover, as shown in the proposed transition state TS-11, the
addition of LiCl inhibits the n, — 6*-_g non-bonding interaction [31] between the
enolate and the ITU sulfur atom (TS-10) and thus is able to affect the stereocon-
trol. The expansion of the ITU and LiCl cooperative catalysis to an intramolecular
[2+2] cycloaddition of 34 successfully gives rise to a p-lactone 35 in a much higher
yield and enantioselectivity than the protocol without LiCl under otherwise identical
conditions (Scheme 7.14b) [30].

7.2.3 Asymmetric [4+2] Reactions

The cinchona alkaloid/Lewis acid catalysis has been intensively applied to drive
asymmetric hetero-Diels-Alder (HDA) reactions [32]. The asymmetric [4+2]
cycloaddition of o-benzoquinone diimides 36 and acid chlorides 13 proceeds
cleanly under the cooperative catalysis of Zn(OTf), and benzoylquinidine, to
generate quinoxalinones 38 in almost perfect enantioselectivity (Scheme 7.15a)
[32a]. The Lewis acid Zn(OTf), coordinates to the quinone diimide 36 to form a
more electrophilic complex Int-8, importantly, does not show detriment to the
activity of the nucleophilic catalyst or the nucleophilic enolate Int-1 that normally
happens with self-quenching, thereby speeds up the reaction and enhances the
chemical yield. A similar catalytic concept successfully enables a [4+2] cycloaddi-
tion of o-benzoquinone imides 40 and acid chlorides 13 to produce optically active
1,4-benzoxazinones 41 (Scheme 7.15b) [32b]. The addition of Sc(OTf), obviously
improves the catalytic efficiency by activating the quinone imide 40 and thus
elevates the chemical yields while preserving the remarkable enantioselectivity.
trans-(Ph,P),PdCl, was revealed to improve the performance of O-
benzoylquinidine-catalyzed hetero Diels-Alder reaction of o-chloranil 43 and
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acyl chlorides 13, leading to o-oxygenated products in excellent yields and
enantioselectivity (Scheme 7.16) [33]. Both computational and experimental
studies indicate that the palladium(II) complex leverages the reaction performance
by forming an ammonium palladium enolate as shown in Int-9 to increase its
relative concentration and provides enhanced chemoselectivity toward the quinone
43 (Scheme 7.16), rather than by the classical Lewis acid-activation of the quinone
as observed in precedent HDA reactions of o-quinone derivatives (as shown in
Int-8, Scheme 7.15a) [32].

Nelson and coworker created an asymmetric [4+2] cycloaddition of acyl chlo-
rides and N-thioacyl imines by using lithium(I) and alkaloid combined catalysis
(Scheme 7.17) [34]. The exposure of a-amido sulfone 46 and acid chlorides 13 to
diisopropylethylamine simultaneously generates N-thioacyl imine and ketenes,
which then undergo the enantioselective [4+2] cycloaddition catalyzed by O-TMSQ
(17) in concert with LiClO, to deliver cis-disubstituted thiazinones 47 with
almost perfect enantioselectivity. The high diastereoselectivity is attributed to the
enolate-imine addition proceeding through either an open transition state TS-12 or
lithium coordinated and confined transition states TS-13.

A [4+2] cycloaddition reaction between trichloromethylacetaldehyde 1b and
vinylketene, in situ generated from o,p-unsaturated acid chloride 48 proceeds
under the catalysis of cinchona alkaloid, but generates d-lactones 49 in a low yield
(Scheme 7.18a) [35a, c]. The addition of a Lewis acid, such as Er(OTf),, Nd(OTf);,
and Sn(OTf),, is able to dramatically increase the yield, whereas in all cases, no
change happens in the enantioselectivity (R! = ‘Pr). In the catalytic cycle shown
in Scheme 7.18a, the Lewis acid catalyst is not involved in the cycloaddition step
but exerts an impact on the reaction by simply facilitating the dehydrochlorination
of 48. The vinylketene is trapped by the chiral tertiary amine catalyst 20 to form a
zwitterionic dienolate Int-10. The cis-Int-10 is supposed to undergo [4+2] cycload-
ditions with aldehydes by either a stepwise or a concerted mechanism. However, the
combination of TMSQD 20 with the Lewis acid is still limited to the electron-poor
aldehyde (chloral, 1b). However, the scope of aldehydes becomes even more general
by using norephedrine/Er(OTf);combined catalyst system (Scheme 7.18b) [35b, c].
A wide range of aromatic and heteroaromatic aldehydes 1 are accommodated,
leading to the &-lactones 49 with excellent enantioselectivities (up to 98% ee). Pre-
sumably, the ligand and substrates all bind to the same metal center as shown in a
proposed transition state TS-14, as implied by the absence of a nonlinear effect [35c].

7.2.4 Asymmetric a-Functionalization of Carbonyl Compounds

Lectka and coworkers found that the ammonium enolate generated from O-benzoyl
quinidine (BQD, 37) and acetyl chloride can undergo asymmetric fluorination with
N-fluorodibenzenesulfonimide (NFSI) (Scheme 7.19) [36]. Notably, the presence
of either trans-(Ph,P),PdCl, or (dppp)NiCl, renders a much cleaner reaction
of aryl acetyl chlorides 13 and NFSI 51 to deliver a-fluorinated carboxylic acid
derivatives in high yields (up to 91%) and excellent enantioselectivities (up to 99%
ee) (Scheme 7.19a) [36a]. The metal-bound zwitterionic ketene enolate Int-11
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Scheme 7.16 Cinchona alkaloid/palladium catalyzed HDA reaction. Source: Abraham et al. [33].
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Scheme 7.17 Cinchona alkaloid/LiClO, catalyzed asymmetric [442] cycloadditions.
Source: Xu et al. [34].

has been identified as the key intermediate that shows high reactivity toward the
fluorinating reagent NFSI to give a chiral a-fluoro amide 52, which then couples
with nucleophiles to afford a variety of carboxylic acid derivatives 53, such as
a-fluorocarboxylic acids, amides, esters, and even peptides. However, aliphatic acid
chlorides are seemingly less reactive; thus, one additional Lewis acid, LiClO,, is
required to activate both electro- and nucleophiles with chiral Lewis base 37 and the
trans-(Ph,P),PdCl, (Scheme 7.19b) [36b]. Mechanistic studies by kinetics, isotopic
labeling, spectroscopic measurements, and theoretical calculations suggest that the
lithium salt specifically coordinates with the NFSI as shown in TS-15 and thereby
enhances its electrophilicity toward the aliphatic ammonium enolates to make the
enantioselective a-fluorination faster and cleaner. Each individual catalyst activates
the substrates independently, but all catalysts propel the reaction in an interactive
manner.

7.3 Asymmetric Reactions Driven by NHC-Mediated
Homoenolates

The homoenolate intermediates (Int-12), catalytically generated from the reaction
of NHCs with a,pf-unsaturated aldehydes, have found widespread applications in
asymmetric synthesis via HOMO elevation (Scheme 7.20a) [13a, d]. In the field of
Lewis base/Lewis acid cooperative catalysis [15b, d-f] involving NHC-mediated gen-
eration of homoenolate intermediates, the Lewis acid catalyst is principally able to
enhance the electrophilicity of electrophile (I), or leverages both the nucleophile
and electrophile through the metal-organized transition-state (IIT) (Scheme 7.20b).
However, NHCs routinely act as strongly c-donating ligands of late transition met-
als and have been prevalently applied to homogeneous catalysis [37]. The strong
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Scheme 7.18 Chiral tertiary amine/Lewis acid catalyzed asymmetric [4+2] cycloadditions
of vinylketenes. Sources: Based on Tiseni and Peters [35a]; Tiseni and Peters [35c].

coordination of NHCs to transition metals actually poses constraints on the devel-
opment of NHC and metal cooperative catalysis due to unavoidable self-quenching
events (Scheme 7.20c, right-hand side). The NHCs tend to be soft Lewis bases and
thus are compatible with hard Lewis acids. The weak and reversible coordination
between the NHC and hard Lewis acid essentially minimizes the self-quenching to
principally make their cooperative catalysis workable for the creation of asymmetric
transformations (Scheme 7.20c, left-hand side).
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Scheme 7.20 NHC-Lewis acid cooperative catalysis. (a) NHC-mediated generation of
homoenolate intermediates. (b) Activation modes in NHC-Lewis acid cooperative catalysis.
(c) Interactions between NHCs and metals. Sources: Based on Nair et al. [13a]; Menon

et al. [13d].

7.3.1 Asymmetric Annulation Reactions

The proof of concept in the NHC-Lewis acid cooperative catalysis was described by
Scheidt and coworkers in 2010 [38]. They elaborated an asymmetric annulation of
enals by NHC/Lewis acid cooperative catalysis (Scheme 7.21). In this case, the hard
Lewis acids appear to be the choice of co-catalysts for NHCs. Other Lewis acids sur-
veyed, including lanthanide, zinc, copper, and nickel salts, inhibit the reaction, pos-
sibly due to the strong and irreversible coordination of NHCs to these metals. The use
of Lewis acids with more donating ligands (e.g. metal alkoxides) might attenuate this
potentially strong binding interaction of the NHC to the metal center, and thus, the
titanium(IV) tetraisopropoxide (Ti(O'Pr),) was proven to be the optimal co-catalyst.
Under the promotion of the combined catalyst of Ti(O'Pr), and NHC precursor 56,
the annulation occurs very smoothly to deliver substituted cis-cyclopentenes 57 with
excellent stereoselectivity. More importantly, the use of Ti(O'-Pr), results in a rever-
sal of diastereoselectivity, in comparison with the results obtained in the absence of
a Lewis acid co-catalyst (see control experiments). From the mechanistic viewpoint,
the titanium(IV) Lewis acid activates both the a,p-unsaturated aldehyde 54 and the
enone 55, and holds the homoenolate in close proximity to the p-carbon of the enone
55 as shown in TS-16, aligning it for cis-stereoselective C—C bond formation. Com-
putational studies by Domingo et al. support the hypothesis that the Ti(IV) catalyst
gets involved in the key bond-forming event [39].
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Scheme 7.22 NHC/Mg-catalyzed annulation reactions. Source: Based on Raup et al. [40].

Almost at the same time, the same group established an asymmetric annulation
reaction of o,f-unsaturated aldehydes 54 with hydrazones 58 by chiral NHC and
Lewis acid cooperative catalysis (Scheme 7.22) [40]. The hard Lewis acid Mg(O'Bu),
was identified as a proper co-catalyst that nicely collaborated with chiral NHC 56 to
enable the annulation delivering highly substituted y-lactams 59 in moderate to good
yields (up to 85%) and with high levels of diastereo- and enantioselectivity (up to
20:1dr, 98% ee). The a,p-unsaturated aldehydes 54 condense with NHCs to generate
transient NHC-bound homoenolates Int-12, raising the HOMO. Simultaneously, the
hydrazone substrate 58 chelates to the magnesium ion with the carbonyl oxygen and
imine nitrogen to form Int-14, lowering the LUMO. Such dual activation greatly
enhances the reactivity of both the nucleophile and electrophile and facilitates the
whole process.

The NHC-catalyzed asymmetric dimerization of enals via a 1,2-addition of
homoenolates was reported by Bode and coworkers in 2004 [41]. Scheidt and
coworkers shifted the reactivity from the 1,2- to a 1,4-addition by exploiting
NHC/Lewis acid cooperative catalysis (Scheme 7.23) [42]. The combined use of
a chiral azolium salt 60 and metal alkoxides, such as Mg(O‘Bu),, Ba(O'Pr),, and
Sr(O'Pr),, leads to the 1,2-addition products 62 or to the decomposition of the
starting material. In contrast, the oxophilic titanium(IV) isopropoxide is able to
greatly enhance the electrophilicity of C—C double bond of the enal 54 by coordi-
nation and makes the titanium-bonded homoenolate intermediate, generated from
the condensation of NHC and another molecule of enal, preferentially undergo
1,4-addition via TS-17. In addition to switching the reaction mode, the presence of
Ti(O'Pr), is necessary for the reactivity because no desired product 61 is detected
without this co-catalyst.
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The NHC/Ti(O'Pr), cooperative catalysis is workable for the 1,4-addition of
homoenolate equivalents to o,p-unsaturated a-ketoesters 63 (Scheme 7.24) [43].
The Lewis acid-activated a-ketoesters 63 prefer to undergo the 1,4-addition with
the NHC-bonded homoenolates via the transition state TS-18, delivering the
cyclopentanol products 64 in up to 85% yield with up to 20:1 dr and 99% ee. The
reaction does not work in the absence of the Lewis acid. Although 20 mol% of NHC
organocatalyst is sufficient, large excess amounts of Ti(O'Pr), are required to ensure
a clean reaction, presumably owing to the strong coordination affinity with the keto
ester substrate to inhibit the Lewis acid turnover.

In 2007, Scheidt and coworkers reported an NHC-catalyzed intramolecular
Michael addition and lactonization cascade reaction of 2-aroylvinylcinnamaldehydes
65 (Scheme 7.25a) [44a]. Interestingly, Cheng and coworkers found that the addition
of Ti(O'Pr), as a Lewis acid co-catalyst switched the reaction pathway from the
intramolecular cyclization to an intermolecular dimerization, preferentially giving
rise to indeno[1,2-c]furan-1-one derivatives 69 in good yields (up to 88%) and with
excellent diastereo- and enantioselectivities (up to 22: 1 dr, >99% ee) (Scheme 7.25b)
[44b]. The titanium(IV) catalyst is believed to activate the formyl functionality of 65
and to make the NHC-bound homoenolate preferentially undergo the intermolec-
ular aldol reaction with another molecule of the substrate (via TS-19), rather than
the intramolecular Michael addition.

Catalyst-controlled divergent annulation of enals 54 with heterocyclic enones
70 was developed by Zhao and coworkers (Scheme 7.26) [45]. The backbone of
azolium catalysts has a dramatic effect on the chemo-selectivity of the annulation.
In this case, heterocyclic enones 70 prefer to undergo a [4+3] cyclization reaction
with enals 54 to generate e-lactones 71 catalyzed by the NHC 66. The presence of
10mol% of Ti(O'Pr), greatly enhances the reaction efficiency, but with sacrificed
chemo-selectivity (see control experiments). A completely different reaction path-
way was observed under the catalysis of NHC 73, which yielded spirocycle 72 as the
major product instead of 71.

The impact that alkali metal salt exerts on carbene-catalyzed reactions has been
observed by Scheidt and coworkers [46a]. In 2012, the same group explored the
potential of lithium salts in the context of NHC/Lewis acid asymmetric catalysis.
The asymmetric annulation of NHC-bonded homoenolate with isatins proceeds
readily under the promotion of excess amounts of lithium chloride (Scheme 7.27)
[46b]. Similarly, the addition of LiCl greatly improves the reaction performance.
Control experiments reveal that the NHC 56 shows high catalytic activity for the
asymmetric annulation of the cinnamaldehyde 54a and N-methyl isatin 74a, but
with poor diastereoselectivity and modest enantioselectivity (1.1:1 dr, 34% ee).
The addition of two equivalents of LiCl leads to a significant improvement in
stereochemical outcome (2.5:1 dr, 90% ee). The presence of a large excess of [12]
crown-4 completely inhibits the coordination of LiCl with the substrates, and thus
the lithium cation is sequestrated from the reaction mixture to result in similar
results to those observed in the reaction without LiCl. As shown in TS-20, the
lithium chloride activates both substrates through the coordinating interactions
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Scheme 7.25 Intramolecular Michael addition and lactonization cascade reactions.
(a) Scheidt’s work: NHC catalysis. Source: Based on Phillips et al. [44a]. (b) Cheng’s work:
NHC-Lewis acid cooperative catalysis. Source: Wang et al. [44b].

with the enol oxygen of the NHC-bonded homoenolate and the 1,2-dicarbonyl of
the isatin 74, respectively, to synergistically drive the reaction.

Scheidt and coworkers introduced a ternary catalyst system combining chiral
NHCs with achiral Lewis acid and hydrogen-bond donor catalyst to the enan-
tioselective annulation reaction of unsaturated aldehydes 54 with a-ketoesters
76 (Scheme 7.28) [25]. Only if the three individual catalysts are all presented,
the reaction proceeds cleanly to give the desired product 79 in high yields and
enantioselectivity. As shown in the transition state TS-21, density functional theory
(DFT) computations and nuclear magnetic resonance (NMR) studies suggest that
the Ca?* ion chelates to the carbonyl groups of the a-ketoester electrophile 76
and the oxygen atom of the anionic homoenolate nucleophile. The methoxide
counterion, which forms H-bonding interaction with the thiourea N-H groups to
stabilize its negative charge, binds with Ca** to form a distorted tetrahedral metal
center. In addition, the thiourea phenyl group engages in a C-H-= interaction. Such
multiple non-covalent interactions allow the thiourea to act as a relay auxiliary,

7.3 Asymmetric Reactions Driven by NHC-Mediated Homoenolates
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Scheme 7.26  NHC/Ti(IV)cooperatively catalyzed [3+4] annulation reaction. Source: Wang et al. [45].
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with the phenyl groups transferring the chiral information of the catalyst to the
distal reactive center.

Under the promotion of LiCl, NHC undergoes a nucleophilic addition to the potas-
sium 2-oxo-3-enoate 80 and followed by a decarboxylation to generate a transient
NHC-bonded homoenolate Int-12 (Scheme 7.29a) [47]. Based on this transforma-
tion, Fu, Huang, and coworkers developed an NHC/LiCl cooperatively catalyzed
asymmetric [3+2] annulation reaction between potassium 2-oxo-3-enoates 80 and
enones 55 or isatins 74, affording cyclopentenes 57 or spirooxindole lactones 75 in
high yields and with excellent levels of stereoselectivity (Scheme 7.29b) [47].

She and coworkers established a [3+2] annulation reaction between alkynals 82
and unsaturated keto esters 63’ on the basis of the NHC/LiCl cooperative catalysis
to efficiently assemble butenolide 84 (Scheme 7.30) [48]. The NHC-bounded “al-
lenolate equivalent” Int-15 undergoes 1,2-addition rather than 1,4-addition with the
Lewis acid (LiCl) coordinated intermediate Int-16 (via TS-22). The addition of LiCl
would dramatically enhance the reaction rate, and the annulation process would
complete in a few minutes, whereas in the absence of the Lewis acid, a trace amount
of the target product was obtained. An asymmetric version by using chiral NHC
catalyst 85 provides the corresponding butenolide 84aa in 36% yield and 53% ee.

As reported by Scheidt and coworker, an even more highly enantioselective [3+2]
annulation reaction of alkynals and a-ketoesters can be accessed via cooperative
catalysis of chiral NHC and chiral lithium phosphate (Scheme 7.31) [49]. No reac-
tion was observed in the absence of chiral phosphoric acid. The 3'P NMR study
suggests that the chiral phosphoric acid 87 is initially deprotonated under basic con-
ditions, and the phosphate acts as a counterion of the lithium salt. The lithium
phosphate turns out to be the Lewis acid catalyst to activate the keto ester sub-
strate 76’. The chiral NHC, generated from the deprotonation of azolium salt 86 with
lithium tert-butoxide, mediates the formation of enolate Int-17. The enantioselec-
tive 1,2-addition between the two intermediates via transition state TS-23 generates
butenolides 88. However, the configuration of phosphoric acid 87 seems to have lit-
tle impact on the enantioselectivity, as indicated by the control experiments with
racemate and its enantiomer.

7.3.2 Asymmetric B-Protonation Reactions

The enantioselective B-protonation of enals is highly challenging because the chiral
auxiliary locates far from the reaction site, and the protons are small in size. Huang
and coworkers proposed to use a Lewis acid to bridge the chirality transfer from an
NHC to the distal p-carbon (Scheme 7.32) [ 50], wherein the enol functionality serves
as a directing group by coordinating to the Lewis acid (TS-24, Scheme 7.32a), which
is beneficial to the stereochemical control of the protonation event. The Cu(OTf),
turns out to be the optimal Lewis acid catalyst, which in collaboration with chi-
ral NHC ent-66 enables the B-protonation of p-aryl and vinyl enals 89 with thiol
90 to deliver chiral thioesters 91 in up to 99% yield and 99% ee (Scheme 7.32b)
[50a]. On the contrary, the use of NHC only provides even much diminished yield
and enantioselectivity. Alternatively, the copper would be possible to facilitate the
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Scheme 7.32 Asymmetric B-protonation of homoenolate intermediates. Source: Chen et al.
[50a]; Wang et al. [50b].

generation of a quinuclidinium ion Int-20, a more effective and selective proton
source, from quinuclidine and thiol, which participates in the highly stereoselec-
tive protonation of homoenolates via an organocatalytic proton-shuttling strategy
(TS-25, Scheme 7.32b). The extension of the Lewis acid assisted concept to create
an enantioselective hydroesterification of p-alkyl cinnamaldehydes 89 with alcohols
92 is also successful (Scheme 7.32c) [50b]. In this case, the addition of MgCl, as
Lewis acid co-catalyst significantly elevates both yield and enantioselectivity of the
NHC-catalyzed process.

7.3.3 Asymmetric Kinetic Resolutions

Gong, Song, and coworkers established an NHC/copper cooperatively catalyzed
highly efficient kinetic resolution (KR) and dynamic kinetic asymmetric trans-
formation (DyKAT) of racemic N-tosylaziridines 95 by [3+3] annulation with
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isatin-derived enals 94 [51] (Scheme 7.33). A large library of enantioenriched
N-tosylaziridine derivatives (R)-95 (up to >99% ee) and spirooxindole derivatives
96 were obtained with high structural diversity and stereoselectivity (up to >95:5
dr, >99% ee). The chemoselection between KR and DyKAT that probably occur can
be switched by tuning the dose of the chiral NHC 98 (KR, Cu': 97:98 =1: 2 : 2,
Scheme 7.33a; DyKAT, Cu': 97:98 = 1: 2: 0.5, Scheme 7.33b), therefore regulating
the catalytic activity of the copper complex, and the absence or presence of the Cu
complex of diphosphine [Cul(97)] governs the reaction pathway. Based on mech-
anistic studies, a plausible catalytic cycle was proposed for the KR of aziridines
(Scheme 7.33a). The copper catalyst [Cul(97)(98)] is formed from the coordination
reaction of Cu(CH,CN),PF,, diphosphine 97, and NHC precatalyst 98 under basic
conditions. The addition of NHC 98 to isatin-based enal 94a generates Breslow
intermediate Int-21, which represents azolium homoenolate species Int-22 in
mesomeric form, and transiently releases some catalytically active [Cu!(97)] species
via the sequestration of NHC 98 from the [Cu!(97)(98)] complex. The aziridine 95
coordinates with the metal center of the active [Cu'(97)] species to deliver elec-
trophilic Int-23 and Int-23'. Thereafter, Int-23 undergoes a much faster Sy2 type
substitution with NHC-bound nucleophile Int-22 than its diastereomeric complex
Int-23’, and further delivers final product 96 with the recovered aziridine (R)-95.
In the DyKAT of electron-rich aryl-substituted aziridines, the use of excess amount
of cooperative catalyst to guarantee the existence of the active [Cul(97)] species,
which is responsible for the rapid racemization of aziridines, is the key to success
(Scheme 7.33b). On the other hand, in the KR of electron-rich aryl-substituted
aziridines, mechanistic studies reveal that the transient [Cu'(97)] species cannot be
detected in the reaction system, thereby enabling KR (Scheme 7.33a).

7.4 Asymmetric Reactions Driven by NHC-Mediated
Azolium Enolates

Azolium enolates Int-24 and dienolates Int-25, commonly generated through
the reaction of NHCs with carboxylic acid (or aldehyde) derivatives or with
a,p-unsaturated carboxylic acid (or aldehyde) derivatives, respectively, have
been versatile intermediates generally applicable to the creation of asymmetric
transformation to allow efficient a- or y-functionalization of carbonyl molecules
(Scheme 7.34) [13Db, c, f].

The Lewis acid/NHC cooperatively catalyzed asymmetric reaction driven by
NHC-mediated azolium enolates was initially reported by Chi and coworkers who
attempted to develop an oxidative y-functionalization of enals 99 by trapping the
azolium dienolates with aryltrifluoroacetones 100 (Scheme 7.35) [52]. However, an
unsatisfactory reaction that generates an unsaturated 5-lactone 102a (R! = R? = Ph)
in a moderate yield (67%) and low enantioselectivity (16% ee) was observed with
chiral NHC 66. Remarkable improvement in both reaction conversion and stere-
ochemical control was accessed by introducing either Mg(OTf), or Sc(OTf), as
a co-catalyst. In particular, the hybrid heterometallic combination of Mg(OTf),
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and Sc(OTf), with NHC 66 turns out to be the best for the oxidative y-addition of
enals 99 to trifluoromethyl ketones 100, giving rise to the unsaturated §-lactones
102 in high yields (up to 82%) and excellent enantioselectivities (up to 94% ee). In
the stereogenic step, the NHC-bound homoenlate intermediate Int-19, generated
from the nucleophilic addition of NHC catalyst to enal 99, undergoes the oxidation
process to deliver unsaturated acyl azolium Int-26, which later transforms into a
vinyl enolate intermediate Int-25 through y-deprotonation. The Lewis acid likely
gets involved in multisite coordination to make the NHC-bound acyl azolium
dienolate Int-25 close enough to undergo nucleophilic addition to the ketones 100
(via TS-26), and followed by an intramolecular lactonization to afford unsaturated
d-lactones 102.

A similar Lewis acid/NHC cooperative catalysis was adopted to create
the y-addition of a,p-unsaturated aldehydes to isatins for the synthesis of
spirooxindole-dihydropyranone scaffolds [53]. Yao and coworkers established an
asymmetric oxidative annulation of 3-methylbut-2-enal 99a and 1-methylindoline-
2,3-dione 74a under the NHC/Yb(OTf), cooperative catalysis to provide a chiral
spirooxindole-dihydropyranone 104aa in 85% yield, but with moderate enantiose-
lectivity (33% ee) (Eq. (1), Scheme 7.36) [53a]. Much more stereoselective synthesis
of spirooxindole-dihydropyranone derivatives has been accessed by the asymmetric
annulation of 2-bromoenals 105 and isatins 74 by cooperative activation of NHC
106 and La(OTf), (Eq. (2), Scheme 7.36) [53b]. La(OTf), is proposed to act as a
Lewis acid and may have a good affinity for carbonyl oxygen and carboxylates
in multisite coordination to bring the electrophile into close proximity with the
acyl azolium dienolate, as shown in TS-27. An asymmetric [4+2] annulation of
4-((methoxycarbonyl)oxy) butenal 107 with isatins 74 proceeds cleanly under
the cooperative catalysis of NHC 66 and Mg(O'Bu), to generate spirocyclic oxin-
dolodihydropyranones 104’ in up to 76% yield and 78% ee (Eq. (3), Scheme 7.36)
[53c]. In this case, the azolium dienolate Int-25, generated from the elimination
of vinyl Breslow intermediate Int-27, undergoes an asymmetric y-addition to the
isatin activated by Mg(O'Bu),, presumably via a transition state similar to those in
precedents; otherwise, the Lewis acid is different. o,p-Unsaturated carboxylic acid
108 activated by forming an anhydride 111 with pivaloyl chloride couples with the
NHC, in situ generated from 103, to give a vinyl Breslow intermediate Int-25 that
participates in La(OTf), co-catalyzed [4+2] annulation reaction with isatin derived
imines 109 (Eq. (4), Scheme 7.36) [53d].

A dynamic kinetic resolution of a-ketoesters 112 by trapping the azolium dieno-
lates catalytically generated from enals 99 with NHC ent-56 in the presence of the
oxidant 101 delivers enantioenriched &-lactones 113 in good to high yields (up to
88%) and with excellent enantio- and diastereocontrol (up to 96% ee, >20:1 dr)
(Scheme 7.37) [54]. Sc(OTf), turns out to be an optimal co-catalyst and can con-
siderably enhance the enantioselectivity (see control experiments, from 79 to 94%
ee). The Lewis acid Sc(OTf), is proposed to get involved in multisite coordination
to bring the ketone electrophile 112 into close proximity with the azolium dienolate
intermediate to enable the highly enantioselective nucleophilic addition via TS-28.

219



https://lwww.twirpx.org n http://chemistry-chemists.com/

220 | 7 Lewis Base-Lewis Acid Cooperative Catalysis

[0}
)\Ao + CE%:O
N
99a Me
74a

103 (15 mol%), Yb(OTf), (20 mol%)
101 (1.0 equiv)

Cs,CO;4 (115 mol%), THF, 0 °C, 24 h

85% yield, 33% ee

R® 7
X
R o, \@E/g:o
Br N

106 (20 mol%), La(OT), (20 mol%)

K,COj4 (120 mol%), THF, 0 °C, 30 h

o—>:N

N \ o+
=N<
= CeFs

104
Up to 92% yield, 99% ee

105 492
R'= Me, aryl 7
R3
,Lai*' (¢}
0 O N
R! I
LR A
2 O Cef
R 6 5
TS-27
o

X
OHC._~_OCOMe + R‘_:Cflg:o
N

107 k2
74

107

66 (20 mol%), Mg(O'Bu), (40 mol%)

DMAP (2.0 equiv.), THF, =10 °C

N
0/\1// /\I\I—Mes

104’
Up to 76% yield, 78% ee

NHC-bound

0
O ~»:N N
=N g
NG,  "Mes —»
Mes DMAP L\ 3
BF, HO B -

Int-27  OCO,Me

nonsunstituted dienolate
Int-25

(¢]
PivCI

o
| OH
R'

108

iPr,NE

— O)J\tBu 1—03>
A Cs,CO, =
R

1) PivClI (2.5 equiv)
iPr,NEt (3.0 equiv), THF, rt

2) 103 (20 mol%), La(OTf)5 (20 mol%)
Cs,CO;, (4.0 equiv), THF, 0 °C

% O/\l//N\I\T—Ar

11

Int-25
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The NHC/LiCl cooperatively catalyzed enantioselective aldol lactonization of
acyclic keto acids 114 via a dynamic kinetic resolution furnishes cyclopentane-fused
pB-lactones 115 with three contiguous stereogenic centers in good yields and high
stereocontrol (Scheme 7.38) [55]. The more reactive intermediate Int-28 in
situ formed from the keto acids 114 and hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU) 116 reacts with a chiral NHC generated from 68 to
furnish two diastereomers Int-29a and Int-29b that quickly interconvert, leading
to the subsequent enantioselective aldol reaction to give a favored diastereomeric
intermediate Int-30, which undergoes the lactonization to give final product 115.

7.5 Asymmetric Reactions Driven by Ammonium Salts

Ammonium salts Int-31, generated under the catalysis of tertiary amines with
MBH carbonates, bear an internal alkene activated by an electron withdrawing
group (COR!) as well as a formally positively charged, allylic leaving group, and
represent the most important electrophilic intermediates in chiral tertiary amine
catalysis (Scheme 7.39a) [56]. o,f-Unsaturated acylammonium salts Int-32, gener-
ated from o,p-unsaturated acyl chlorides, carboxylic acids, anhydrides, and esters
with chiral tertiary amines, basically lower the energetic potential of the lowest
unoccupied molecular orbital (LUMO) of the electrophiles [11d]. In the realm of
Lewis base-Lewis acid cooperative catalysis involving ammonium salts, the Lewis
acid catalyst can chelate with the nucleophiles to favor a closed conformation (IV)
or orchestrate both substrates in the transition state through coordinating with both
the nucleophile and acylammonium carbonyl group (V), and thereby enhances the
electrophilicity of a,f-unsaturated acylammoniums (Scheme 7.39b).

A highly enantioselective allylic monofluoromethylation of Morita-Baylis—
Hillman carbonates with fluorobis(phenylsulfonyl)methane (FBSM, 118) proceeds
readily under the combined catalysis of bis(cinchona alkaloid) ((DHQD),AQN, 120)
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Scheme 7.39 Lewis base-Lewis acid cooperative catalysis involving ammonium salts.
(a) Generation of ammonium salts. Source: Based on Liu et al. [56]. (b) Activation modes in
Lewis base-Lewis acid cooperative catalysis.

and a Lewis acid (Scheme 7.40) [57]. The evaluation of different Lewis acids,
including FeCl,, FeBr,, Ti(O'Pr),, AICl,, and Y(OTf),, reveal that both FeCl, and
Ti(O'Pr), are efficient co-catalysts in the cooperative catalysis with (DHQD),AQN
for this transformation. The additional use of Lewis acid catalyst would improve
the yield and the enantioselectivity. The allylic monofluoromethylation product
121 was obtained in good to excellent yields (up to 99%) and with excellent enan-
tioslectivities (up to 97% ee). The asymmetric allylic methylation reaction was also
achieved using bis(phenylsulfonyl)methane (BSM, 119) instead of FBSM 118 under
otherwise identical conditions. The ee value for product 122a was improved from 92
to 96% ee by using FeCl, as the Lewis acid co-catalyst. It is believed that the biden-
tate chelation of FBSM with the Lewis acid catalyst locks the FBSM conformation
and leads to a more rigid transition state (TS-29) for the chiral induction.

In 2013, Romo and coworkers reported an asymmetric [3+3] annulation of an
a,p-unsaturated acyl chloride 123a and enamine 124 enabled by cooperative cataly-
sis of O-TMSQD (20) and LiCl, leading to dihydropyridinones 125 in 78% yield and
with 92% ee (Scheme 7.41) [58].

Later, the same group presented a Michael addition/proton transfer/lactamization
cascade process proceeding through the intermediacy of the chiral a,f-unsaturated
acylammonium salt, providing feasible access to medium-sized lactams 127 in high
yields and with excellent levels of enantioselectivity (Scheme 7.42) [59]. The addi-
tion of stoichiometric amounts of LiCl dramatically improves yield and enantiose-
lectivity. The lithium cation assists the chiral Lewis base (TMSQ, 17) to accelerate

223
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Scheme 7.40 Cinchona alkaloid/Lewis acid co-catalyzedenantioselective methylation ofMorita-Baylis-Hillman carbonates. Source: Furukawa et al. [57].
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Scheme 7.41 TMSQD/LiCl catalyzed cascade reactions via chiral a,p-unsaturated
acylammonium salts. Source: Vellalath et al. [58].

the reaction and control the stereoselectivity by multiple coordinating interactions
with the enolate and acylammonium carbonyl group to bring both substrates close
enough and thereby to provide a more ordered transition state TS-30.

7.6 Asymmetric Reactions Driven by NHC-Mediated
o,B-Unsaturated Acyl Azoliums

a,p-Unsaturated acyl azoliums Int-33, catalytically generated from o,p-unsaturated
acyl chlorides, carboxylic acids, anhydrides, and esters with NHCs, have exten-
sively been employed in asymmetric catalysis via LUMO-lowering activation
strategy (Scheme 7.43a) [13e, g]. In Lewis acid/NHC cooperative catalysis involving
a,p-unsaturated acyl azoliums, the Lewis acid can activate the Michael acceptor
Int-30 (V), or bring both substrates to form a more confined transition state, as
shown in VI (Scheme 7.43b).

7.6.1 Asymmetric [3+3] Reactions

You and coworkers reported an NHC-catalyzed enantioselective oxidative
Michael addition reaction of dicarbonyl compounds to a,p-unsaturated alde-
hydes (Scheme 7.44a) [60a]. The homoenolate Int-12 can be readily oxidized by
an external organic oxidant 101 to o,p-unsaturated acyl azolium Int-33, which can
undergo Michael addition with dicarbonyl compounds 128 to deliver substituted
dihydropyranones 130 in up to 95% yield and 96% ee. Control experiments, con-
ducted between cinnamaldehyde 54a (R! = Ph) and 1,3-diphenylpropane-1,3-dione
128a (R? = R*® = Ph), revealed that the addition of catalytic amounts of NaBF,
was essential to achieving enhanced yield and stereocontrol. In contrast, the
use of other metal salts, such as LiBF, and KBF,, led to diminished results.
In 2013, Chi and coworkers established a similar asymmetric [3+3] annula-
tion reaction of saturated aldehydes 131 with dicarbonyl compounds 128 using
excess amounts of an oxidant via oxidative NHC catalysis (Scheme 7.44b) [60b].
In this case, LiCl turns out to be the optimal co-catalyst and allows the enan-
tioselectivity to be considerably improved (from 70% to 90% ee). Zheng and
coworkers reported an asymmetric synthesis of 4-aryl-dihydropyran-4-carbonitrile
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Scheme 7.42  TMSQ/LiCl catalyzed enantioselectivesynthesis of medium-sized lactams. Source: Kang et al. [59].
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Scheme 7.43 Lewis base-Lewis acid cooperative catalysis involving a,p-unsaturated acyl
azolium. (a) Generation of a,B-unsaturated acyl azoliums. Sources: Based on Nair et al.
[13a]; Douglas et al. [13b]; Mahatthananchai and Bode [13c]; Menon et al. [13d]; Zhang

et al. [13e]; Chen et al. [13f]; Mondal et al. [13g]. (b) Activation modes in Lewis base-Lewis
acid cooperative catalysis.

134 through the NHC-catalyzed oxidative cyclization reaction of p-keto esters
133 to P-cyano-substituted o,f-unsaturated aldehydes 132. Again, the LiCl
co-catalyst significantly improves both the reaction efficiency and stereoselectiv-
ity (Scheme 7.44c) [60c]. Huang and coworkers developed a similar NHC/LiCl
catalyzed [3+3] annulation reaction using potassium 2-oxo-3-enoates 80 as the
precursor of a,p-unsaturated acyl azoliums (Scheme 7.44d) [47].

NHC/Li catalyzed [3+3] annulation reaction of 1,3-carbonyl compounds 128
with o,f-unsaturated acyl azoliums generated from aromatic 3-bromoenals 136 and
a,pf-unsaturated carboxylic acids 137 was investigated by Ma and Yao groups, respec-
tively (Scheme 7.45a,b) [61]. In both cases, the addition of LiCl is able to improve
the yield and stereochemical control. A highly chemoselective and enantioselective
synthesis of 3,4-2H-pyrindin-2-ones 140 was achieved by an NHC-Catalyzed
[3+3] cyclization (Scheme 7.45c) [61c]. The NHC catalyst undergoes a nucle-
ophilic addition to the y-chloroenals 138 followed by C—CI bond cleavage to
generate a transient NHC-bonded dienolate Int-25, which participates in a [4+2]
cycloaddition reaction with an imine to afford a 5,6-2H-pyrindin-2-one derivative
141 as a minor product. The dienolate Int-25" can rearrange via a 1,5-H shift to
generate a,f-unsaturated acyl azolium Int-26, which subsequently undergoes a
[3+3] cycloaddition reaction with the imine 139 to afford a 5,6-2H-pyrindin-2-one
derivative 140 as the major product. The LiCl Lewis acid promotes the formation of
the enamine 139’ and accelerates the [3+3] cyclization.

Wang and coworkers reported an enantioselective atroposelective [3+3] annula-
tion of ynals 142 with cyclic 1,3-diones 143 cooperatively catalyzed by NHC and
Mg(OTf), (Scheme 7.46) [62]. The axially chiral a-pyrone-aryls 145 were obtained in
moderate to good yields (up to 76%) and with high enantioselectivities (up to 94% ee).
The addition of Mg(OTf), makes the reaction cleaner by inhibiting the side reaction
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Scheme 7.44 NHC/Lewis acid catalyzed oxidative [3+3] annulation reactions. (a) You’s
work. Source: Rong et al. [60a]. (b) Chi’s work. Source: Mo et al. [60b]. (c) Zheng’s work.
Source: Wu et al. [60c]. (d) Huang’s work. Source: Gao et al. [47].

to generate byproduct 146. In the cooperative catalytic cycle, the NHC-bonded Bres-
low intermediate Int-34, generated through the nucleophilic addition of the NHC to
ynal 142, is oxidized to deliver alkynyl acyl azolium Int-35, which then undergoes
the Michael addition with cyclic 1,3-diones 143 via transition state TS-31 to form
the allenolate intermediate Int-36. The Lewis acid Mg(OTf), actually inhibits “O”
attack of the ketoenolate via the transition state TS-31 but instead promotes the “C”
attack via transition state TS-32. The subsequent proton transfer and intramolecular
lactonization deliver the axially chiral product 145 and regenerate the NHC catalyst.

Chi and coworkers reported an NHC-catalyzed [3+3] annulation reaction between
a-bromoenals 147 and thioamides 148 assisted by Cu(OTf), (Scheme 7.47) [63]. Both
the yield and ee value dropped without the addition of Cu(OTf), under otherwise
identical reaction conditions. The formation of Cu-NHC complex, as indicated by
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Scheme 7.45 NHC/Li-catalyzed [3+3] annulation reactions. (a) Ma’s work. Source: Wang
et al. [61a]. (b) Yao’s work. Source: Que et al. [61b]. (c) Zhong and Zeng’s work. Source: Yan
et al. [61c].

high-resolution mass spectrometry analysis of the reaction mixture, consumes part
of the active NHC catalyst, and thus the presence of more than 5mol% of Cu(OTf),
slows down the reaction.

7.6.2 Asymmetric Cascade Reactions

Studer and coworkers established an oxidative asymmetric Michael addition/[2+2]
cyclization reaction of p-keto malonates (151) with enals cooperatively catalyzed
by NHC and LiCl, allowing for the enantioselective synthesis of highly substituted
B-lactones 152 in up to 97% yield and with 99% ee (Scheme 7.48) [64]. The coordi-
nation of Li with the O-atom of the a,f-unsaturated acyl azolium, generated from
the oxidation of vinyl-Breslow intermediate Int-12, makes this Michael acceptor
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reaction. Source: Zhao et al. [62].
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Scheme 7.47 NHC/Cu-mediated [3+3] annulation reaction. Source: Liu et al. [63].

even more reactive toward the nucleophile, leading to an intermediate Int-37. The
intramolecular formal [2+2] aldol lactonization of Int-37 affords B-lactones 152.
The similar catalyst system was extended to an asymmetric Michael addition/[4+2]
cyclization reaction of enals 54 and e-oxo-y,5-malonates 153, providing an efficient
entry to cylcopentane- or cyclohexane-fused &-lactones 154 (Scheme 7.49) [65].
Three contiguous stereogenic centers in 154 are simultaneously built up in great
yields and with excellent levels of stereoselectivity. As introduced by Studer and
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Scheme 7.48 NHC/Li-catalyzed Michael addition/[2+2] annulation reaction. Source: Bera
et al. [64].

coworkers, the presence of LiCl Lewis acid greatly enhances the reaction efficiency
as only a trace amount of desired product was obtained with NHC catalysis alone
(Scheme 7.49a) [65a]. In addition, dropping the loading of LiCl results in much
diminished yield and stereoselectivity. The multiple coordination interaction of
LiCl with both the a,p-unsaturated acyl azolium intermediate and malonate as
shown in TS-33 accounts for the highly enantioselective Michael addition event
to give an intermediate Int-38. The sequential cascade diastereoselective Michael
addition and lactonization gives the bicyclic products 154 (shown in Scheme 7.49a).
Ye and coworkers reported a similar work and found the Lewis acid co-catalyst
actually assists both the reaction yield and stereocontrol (Scheme 7.49b) [65b].

A domino Michael/aldol/lactonization/dehydration reaction of enals 54 with
four folds of malonates 155 occurs smoothly under the cooperative catalysis of NHC
and LiCl to furnish functionalized tricyclic coumarin derivatives 157 in excellent
yields and enantioselectivity (Scheme 7.50) [66]. The enolate Int-39, generated
from the malonate 155 in the presence of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU)
and LiCl, undergoes asymmetric Michael addition to a,p-unsaturated acyl azolium
intermediate Int-33 to give the azolium enolate Int-40. The subsequent cascade
intramolecular aldol reaction and proton shift processes give rise to Int-41. The
following d-lactonization and dehydration form the final product 157.

7.6.3 Asymmetric Kinetic Resolutions

A Kkinetic resolution of 3-hydroxy-3-substituted oxindoles 158 with cinnamalde-
hyde 54a was successfully accessed by NHC/Lewis acid cooperative catalysis
(Scheme 7.51) [67]. The general concept for the kinetic resolution basically relies
on the enantioselective acylation of the alcohol 158 with «,f-unsaturated acyl
azolium intermediate Int-33a. The presence of Mg(OTf), and NaBF, is able to
tremendously enhance the resolution efficiency. The Mg(OTf), is believed to
coordinate with carbonyls of the oxindole and acyl azolium intermediate Int-33a
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Scheme 7.49 NHC/Li-catalyzed cascade reactions. (a) Studer’s work, Source: Bera et al. [65a]. (b) Ye’s work. Source: Liang et al. [65b].
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References

(via TS-34) to facilitate the acylation; however, the role of NaBF, is yet to be
understood.

7.7 Conclusion

Lewis base/Lewis acid cooperative catalysis has emerged as a general and productive
concept for the development of a wide scope of asymmetric transformations, includ-
ing Morita-Baylis-Hillman reactions, annulation reactions, cascade reactions,
kinetic resolutions, and others. Among the cooperative catalysis of this type, the
Lewis acids basically enhance the reactivity of either of reaction components or
both by coordinating interactions, and in most cases, improve the stereochemical
control. Cinchona alkaloid-based tertiary amines turn out to be compatible with
hard Lewis acids, for example, alkali and alkaline earth metal salts. In contrast,
NHCs are soft Lewis bases and can survive well with a broad scope of Lewis
acids with minimization of “self-quenching,” and therefore, the combination of
Lewis acids with NHC provides more activation mode for the establishment of
new asymmetric transformations. However, the potential of this concept has far
less been demonstrated by the known achievements described in this chapter.
The future development of enantioselective reactions by Lewis acid/Lewis base
cooperative catalysis is still more than anticipated.
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Lewis Base-Transition Metal Cooperative Catalysis

8.1 Introduction

As summarized in Chapter 7, ternary amines, phosphines and related trivalent
phosphorus, and N-heterocyclic carbenes (NHCs) are among the most impor-
tant Lewis base catalysts [1-4]. Both phosphines and NHCs are typical and are
among the most popular dative ligands in organotransition metal chemistry and
homogeneous catalysis [5, 6]. The coordination of these Lewis bases and transition
metals principally attenuates the nucleophilicity, or at least the amounts of the
catalytically active Lewis base. The unavoidable and disliked “self-quenching”
event also happens widely in the Lewis base-Lewis acid combined catalysis (see
Chapter 7). However, the presence of either phosphines or NHCs in some cases
improves the catalytic activity of transition metal complexes. In this context, by
elaborately tuning the ratio of the Lewis bases and transition metals the optimal
combined catalyst systems in most cases can be achieved [7]. Because the C—N
bond is shorter than the C—P bond and the C—N—C bond angle is larger than the
C—P—C bond, transition metal complexes of tertiary amines are more sterically
congested than those of tertiary phosphines. The structural difference between
amines and phosphines, together with the hard-soft mismatch with most of
the transition metals, makes ternary amines coordinate with transition metals
more weakly than phosphines and NHC. In this regard, the ternary amines are
more compatible with transition metals to offer much easier access to the Lewis
base-transition metal combined catalysis [8]. Similar to the principle demonstrated
in the proof of concept, the Lewis base basically activates nucleophiles by covalent
interactions while the transition metal activates the other reaction partner by
undergoing elementary organometallic reactions, respectively.

In 2003, Krische and coworkers first demonstrated the robustness of cooperative
catalysis of transition metal complexes and Lewis base catalysts in the cre-
ation of unusual reactions showcased by an enone cycloallylation of mono-enone
mono-allylic acetate 1 (Scheme 8.1) [9]. The enolate generated from the nucleophilic
addition of tributyl phosphine to the enone moiety of 1 undergoes Tsuji-Trost reac-
tion with concomitantly formed electrophilic n-allyl palladium species and followed
by the elimination of tributyl phosphine to give cyclopentenyl methanone deriva-
tives 2. The binary catalyst system nicely integrates the nucleophilicity of the

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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0
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Scheme 8.1 The first combination of Lewis base catalysis and transition metal catalysis.
Source: Modified from Jellerichs et al. [9].

Morita-Baylis-Hillman reaction and the electrophilicity of the Trost-Tsuji reaction
to allow a unique transformation that is otherwise unable to be accessed. This work
initiates the field of combining transition metal and Lewis base catalysis and puts
forward the concept of Lewis base and transition metal cooperative catalysis for the
first time.

Since this seminal event, the phosphines, tertiary amines, and NHCs, in concert
with transition metal complexes, provide a diverse range of catalytic activity and
have been frequently applied for the development of asymmetric transformations
[7, 8]. The coupling of Lewis base-bonded nucleophiles, including enolate zwitterion
[10], and NHC-mediated nucleophilic intermediates [11] (Scheme 8.2a), with the
transition metal-mediated electrophilic intermediates, including n-(allyl)palladium,
n-(allyl)iridium, alkynyl-copper, alkynyl-gold, copper-allenylidene, copper-amide,
and acyl-palladium as well (Scheme 8.2b), turns out to be the key event in the Lewis

RO N-N o s OH
- Tl D NN
| 0] TsN N R Z N R X N\N
+ R\/\EB | 3 JJN\/% .r"N Y
LB H R
C3-enolate C1-enolate Azolium enamide Enolate intermediate Homoenolate intermediate
intermediate intermediate intermediate
(a)
[TM] (T
) i [T™]
| N ; /[TM] R jl\
' —
RN R—=E R NI R (™)
R
T-Allyl-TM n-Benzyl-TM Alkynyl-TM TM-allenylidene TM-amide Acyl-TM
intermediate intermediate intermediate intermediate intermediate intermediate
(b) [TM] = [Pd], [Ir], [Cu], [Au]

Scheme 8.2 Lewis base-transition metal cooperative catalysis. (a) Lewis base (LB)-bonded
nucleophilic intermediates. (b) Transition metal activated electrophilic intermediates.
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8.2 Phosphine and Transition Metal Cooperative Catalysis

base and transition metal cooperatively catalyzed reactions. This chapter focuses
on summarizing the asymmetric transition metal/Lewis base combined catalysis
that integrates the reactivity of these intermediates.

8.2 Phosphine and Transition Metal Cooperative
Catalysis

Nucleophilicity-featured chiral phosphines [3] have been receiving increasing
attention in asymmetric organocatalysis arising from pioneering contributions by
Rauhut, Currier, Lu, and others [12]. In phosphine and transition metal combined
catalyst systems recently developed, the phosphine catalyst not only acts as a Lewis
base organocatalyst which is compatible with the metal catalyst, on some occasions
but also acts as a ligand toward the metal center.

Gong and coworkers reported a highly efficient sequential C-H functionalization/
asymmetric allylation or Michael addition reaction of indoles 3 and 3-diazooxindoles
4 with an allenoate 6 or vinyl ketones 9 to afford 3,3-indolyloxindole derivatives
7 or 10 enabled by Rh(II)/chiral phosphine combined catalysis (Scheme 8.3) [13].
The one-pot reaction principally encompasses two catalytic cycles. Mechanistically,
the 3-diazooxindole 4a reacts with the rhodium catalyst to afford rhodium carbene
species, and the following C-H insertion reaction of indole 3 generates a nucle-
ophilic intermediate Int-1. In the sequential C-H functionalization/allylation reac-
tion, lithium-stabilized phosphonium enolate Int-2 is the key intermediate and acts
as a stronger base to facilitate the enolization of Int-1. The ternary system syner-
gistically integrates the Lewis acid, hydrogen bonding, and Lewis base activations,
as shown in the transition state TS-I. The oxindole lithium enolate interacts with
a chiral thiourea—chloride complex through Li—Cl coordination to deliver relatively
higher levels of stereochemical control than in the absence of LiCl.

A cascade annulation of Morita-Baylis-Hillman (MBH) carbonates prepared
from isatins 11 and allylic carbonates 12 enabled by phosphine/palladium cooper-
ative catalysis proceeds efficiently to assemble spirooxindoles 13 incorporating a
4-methylene-2-cyclopentene motif (Scheme 8.4) [14]. The enantioselective version
of this reaction by using chiral phosphine catalyst 14 provides the corresponding
spirooxindole 13aa in 86% yield and with 65% ee (Eq. (2), Scheme 8.4). In the
stereogenic step, the E-configured allylic [P*]-ylide species Int-3, generated from
nucleophilic addition of chiral phosphine catalyst 14 to 11a, undergoes the allylic
alkylation to deliver Int-5. The subsequent oxidative addition of olefin-coordinated
Pd(0) to carbon-phosphonium bond in Int-5 (Pd-decomplexation cation was
detected by high-resolution mass spectrometry [HRMS] analysis), turns out to be
the key step to deliver Int-6. Finally, the automatic tandem intramolecular Heck
coupling of Int-6 occurs to afford the spirooxindole 13aa.

An asymmetric [5+4] annulation of ortho-quinone methides 15 and vinylethylene
carbonates (VECs) 16 cooperatively catalyzed by 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl (BINAP) and palladium complex yields optically active nine-membered
benzo-heterocycles 18 (Scheme 8.5) [15]. BINAP 17 undergoes a nucleophilic attack
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Scheme 8.3 Rh(ll)/chiral phosphine combined catalysis. Source: Modified from Chen et al.
[13].

to ortho-quinone methides 15 to form a zwitterionic phosphonium Int-8, which
may exist in equilibrium with a five-membered ring phosphorane Int-8’. Simul-
taneously, Pd(0) reacts with 16 to form a =n-allyl palladium complex Int-9 through
decarboxylation. The following O-allylation and intramolecular annulation deliver
the nine-membered ring product 18 and regenerate the chiral phosphine catalyst
17. BINAP acts as an organocatalyst in this reaction, as indicated by the fact that
the BINAP-palladium complex Pd(17)(PPh,), prepared in situ could not control the
stereoselectivity.

8.3 N-Heterocyclic Carbene and Transition Metal
Cooperative Catalysis

NHCs are very strong ligands of transition metals, in particular, late transition
metals, owing to their electron-rich c-donor nature [4, 6, 16]. The coordination
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Scheme 8.4 Asymmetric annulation of MBH carbonates and allylic carbonates enabled by
Pd(0)/chiral phosphine catalysis. Source: Modified from Chen et al. [14].

interaction between transition metals and NHCs varies and commonly enhances the
catalytic activity of transition metals. Therefore, the transition metal complexes of
chiral NHCs have been frequently applied to asymmetric catalysis [6]. However, in
the combined catalysis of transition metal and NHC [7], such a coordination event
unavoidably consumes some amounts of NHC and thereby to some degree quenches
the nucleophilicity of NHC to slow down the nucleophilic Lewis base catalysis.
Accordingly, the solutions to this issue can be deliberating appropriate catalyst com-
binations based on fundamental coordination chemistry, such as introducing extra
ligands and by means of dynamic and tunable dissociation events. Either of these
ways would be able to provide enough active metal complexes and NHC organic cata-
lysts to enable them work together synergistically on driving a reaction (Scheme 8.6).

8.3.1 m-Allyl Metal Mediated Transformations

n-Allyl metal intermediates, generated from the oxidative addition of transition
metal complexes to allylic substrates equipped with a leaving group such as allylic
halides, esters, and carbonates, are commonly electrophiles capable of undergoing
substitution reaction with a broad scope of nucleophiles to form chemical bonds [17]
(Scheme 8.7). Palladium, iridium, and many others have been widely investigated
for catalyzing regio-, stereo-, and enantioselective allylic substitution reactions.
The combination of NHC and transition metal catalysis was initially attempted to
enable a cascade processes that proceed via n-allyl metal intermediates [18]. Harada
first developed a cascade allylic substitution and Stetter reaction sequentially cat-
alyzed by a palladium complex and an NHC in situ generated from thiazolium salt
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Scheme 8.5 Pd(0)/BINAP cooperatively catalyzed [5+4] annulation. Source: Modified from
Xia et al. [15].

[18a]. Glorius [18b] and She [18c] successively reported a cascade benzoin reaction
and allylic substitution enabled by sequential catalysis of NHC and palladium com-
plex. In these cases, the NHC catalyzes a transformation to generate a nucleophilic
product, rather than an NHC-bonded nucleophile to couple with z-allyl palladium
species.

The first example describing the coupling of the NHC-mediated nucleophile and
n-allyl-palladium intermediate was reported by Liu and coworkers who found an
unusual coupling reaction of picolinaldehyde 19 with allyl acetate 20 occurring
under the NHC and palladium cooperative catalysis (Scheme 8.8) [19]. The allylic
substitution between Breslow intermediate Int-11 formed from the picolinalde-
hyde 19 with NHC 21’ and r-allyl-palladium intermediate Int-12 proceeds via
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Scheme 8.9 Pd(0)/NHC cooperatively catalyzed C-glycosylation. Source: Modified from Bai
et al. [20].

transition state TS-2 to generate an intermediate Int-13, wherein the coordination
of palladium(II) with the pyridinyl nitrogen holds the two intermediates and makes
the reaction approximate enough to undergo the substitution. This hypothesis is
proven by the fact that other aldehydes only gave the typical NHC-catalyzed ben-
zoin products. Elimination event happens in the intermediate Int-13 regenerates
NHC 21’ and gives f,y-unsaturated ketones 23, which then undergoes a proton
transfer under the basic reaction conditions to generate a,pf-unsaturated ketone 24.
A classical NHC-catalyzed Stetter reaction between 24 and the picolinaldehydes 19
gives final products 22.

Afterward, they established a coupling reaction of glycals 25 with picolinaldehyde
19 by using a similar combined catalyst system, leading to C-glycosylation products
26 (Scheme 8.9) [20]. DtBPF turns out to be the optimal ligand and allows the palla-
dium to form a highly reactive z-allyl-palladium intermediate, which preferentially
undergoes the allylic substitution at the O-bonded terminus (via TS-3). In the pres-
ence of a base, double bond migration of Int-14 occurs to give final product 26.

Scheidt and coworkers reported a palladium-catalyzed allylation of NHC-activated
2-O-alloc cinnamaldehydes (Scheme 8.10) [21]. The oxidative addition of palladium
to the 2-O-alloc cinnamaldehyde 27, followed by subsequent decarboxylation,
generates an aldehyde Int-15 or an intermediate Int-16, either of which then
undergoes the addition reaction with NHC 28’ to give an extended Breslow
intermediate Int-17 or Int-18. Subsequently, the NHC-bound homoenolate Int-17
undergoes a p-protonation to generate catalytic enol intermediate Int-19, which can
alternatively be generated from the concurrent events of p-protonation and palla-
dium insertion of Int-18. The allylation between the NHC-enol and cationic z-allyl
palladium species generates acyl azolium Int-20 and releases the palladium catalyst.
Finally, a lactonization of the acyl azolium Int-20 proceeds to furnish the desired
product 30 and regenerates the NHC catalyst 28’. The bidentate phosphine ligands
are very important for the success of this cooperative catalysis because they can
strongly coordinate to the palladium and minimize the undesired Pd-NHC ligation.
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Scheme 8.10 NHC/palladium cooperatively catalyzed allylation reaction. Source: Modified
from Liu et al. [21].

The addition of the phenolic allyl carbonate 29 can increase the concentration of
the allyl electrophile and improves the yield of the desired product 30.

The NHC/transition metal cooperatively catalyzed asymmetric reaction was first
reported by Glorius and coworkers [22]. The efficient coupling of allyl-palladium
complex and NHC-bound homoenolate allows an enantioselective umpolung
annulation of vinyl benzoxazinanones 31 and enals 32 to deliver a diverse set of
benzazepine derivatives 34 in good yields (up to 98%) and with excellent stereose-
lectivities (up to 20:1 dr, 99% ee) (Scheme 8.11) [22a]. Mechanistic studies reveal
that the NHC 33’ not only acts as a Lewis base catalyst but also as a chiral ligand
to coordinate with palladium [22b]. Initially, the hybrid palladium complex bound
with NHC and PPh, sequentially undergoes oxidative addition and decarboxylation
with vinyl benzoxazinanones 31a to generate a hybrid n-allyl-Pd/NHC/phosphine
intermediate Int-21. Simultaneously, the condensation of the enal 32a and the NHC
33’ gives a chiral NHC-bound homoenolate Int-22. Afterward, the nucleophilic
substitution of the allylpalladium species Int-21 with the NHC-bound homoenolate
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Scheme 8.11 NHC/palladium cooperatively catalyzed asymmetric [4+3] annulation.
Source: Modified from Guo et al. [22a].

Int-22 occurs to form an intermediate Int-23, which then undergoes a lactamization
to furnish enantioenriched benzazepines 34aa. Although NHC plays a key role
in the stereochemical control, the presence of the achiral triphenylphosphine
can tune the catalytic efficiency of the palladium complex and thus dramatically
enhances the performance of the process.

Shortly after this event, the same group extended this concept to develop an
enantioselective [5+2] annulation of VECs 16 with enals 32 (Scheme 8.12) [23].
High levels of stereochemical control are enabled by the synergistic action of
chiral ligand and NHC. As indicated by control experiments, the (R)-tol-BINAP
35 matches the chirality of the NHC 36 and their combination allows the reaction
to give the highest enantioselectivity. Interestingly, the combination of NHC 36
and racemic BINAP also gives excellent enantioselectivity, but with a diminished
yield. The (R)-tol-BINAP 35 in concert with an achiral NHC 38 also offers an
excellent enantiomeric excess, but with a low yield, indicating that the bidentate
phosphine ligand, (R)-tol-BINAP, strongly bonds to the palladium and can control
the stereoselectivity efficiently. Unlike the case of Pd(PPh,), and NHC combined
catalysis wherein a hybrid palladium complex of NHC and PPh, turns out to be the
true catalyst [22], in this case, the bidentate phosphine strongly coordinates with
the palladium to form a highly catalytically active metal complex whereas the NHC
does not coordinate to the palladium and completely acts as Lewis base catalyst.
Mechanistically, a chiral n-allyl-palladium intermediate Int-9, generated from the
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Scheme 8.12 NHC/palladium cooperatively catalyzed asymmetric [5+2] annulations.
Source: Modified from Singha et al. [23].

decarboxylation of a VEC 16 with (R)-tol-BINAP-Pd complex, couples with the
NHC-bound enolate Int-24, concurrently formed from the facile p-protonation of
Int-22’, and further leads to an intermediate Int-25 via a transition state TS-4.
Finally, the intramolecular lactonization gives the seven-membered lactone 37 and
regenerates the free NHC and Pd catalyst. As can be seen in TS-4, both the chiral
ligand and NHC exert an impact on the chiral induction of allylic alkylation event.
An enantioselective coupling of a =-allyl-iridium intermediate with NHC-
homoenolate was reported by Glorius and coworkers in 2020 (Scheme 8.13) [24].
The iridium complex of chiral phosphoramidite 40 works compatibly with chiral
NHC to enable a stereoselective [3+2] annulation reaction of VEC 16a with enals
32 or a-chloro aldehyde 39 (Scheme 8.9a). Again, a hybrid z-allyliridium complex
Ir(40)(42’)Cl bound with NHC 42’ and phosphoramidite 40 appears to be an active
catalyst (detected by HRMS). The Ir-z-allyl intermediate Int-26 generated from
the Ir-mediated decarboxylation of VEC 16a was also identified by the electrospray
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ionization and mass spectrometry analysis of the crude reaction mixture. The
NHC-enolate Int-27, generated from umpolung-type reaction of NHC 42’ with
an o,f-unsaturated aldehyde 32 or a-chloro aldehyde 39, attacks the Ir-m-allyl
intermediate Int-26 via an open transition state TS-5, preferring branched to the
linear substitution [25], and subsequently undergoes cyclization to produce the
five-membered lactone 43. The successful coupling between the chiral enolate and
n-allyl-iridium intermediate allows stereodivergent dual catalysis, wherein two
distinct and highly face-selective catalytic cycles are merged (Scheme 8.13b) [26].
As such, the full array of stereoisomers of o,p-disubstituted y-butyrolactones 43a
are obtained in good yields (78%-84%) and superb enantioselectivity (all >99%
ee) and high diastereoselectivity (76:24 to 90:10 dr) from the same set of starting
materials 16a and 32a by an orthogonal combination of different enantiomers of
phosphoramidite ligand and NHC-precatalyst. Such a dual NHC/Ir catalyst system
is also amenable to the [4+2] annulation of N-benzoyl-vinyl benzoxazinanones 44
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with a-chloro aldehyde 39a, leading to cis-8-lactams 45 in good yields and with high

levels

8.3.2

of stereoselectivity (Scheme 8.13c).

Alkynyl-metal Mediated Transformations

Recently, transition metal-catalyzed electrophilic activation of alkynes through
n-alkyne complex formation has been studied extensively [27], and has proven
compatible with the Lewis base mediated nucleophilic addition process. In

2014,
three-

Chi and coworkers disclosed a copper/NHC relay catalytic asymmetric
component annulation reaction of alkynes, TsN; and imines (Scheme 8.14)

[28]. As shown in Scheme 8.14a, the ketenimine Int-28, generated from the
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copper-catalyzed 1,3-dipolar cycloaddition of an alkyne 46 with TsN,, undergoes
the subsequent denitrogenation with NHC 49’ to form a highly nucleophilic
azolium enamide Int-29, which then undergoes an [2+2] annulation reaction with
isatin-imines 48 to afford the desired products 50. Three examples of enantioen-
riched spirocyclic lactam products were obtained in good yields and moderate
ee (up to 88% yield, 70% ee). Careful investigation of the compatibility between
Cul and NHC catalyst 51 reveals that strong bases, such as NaH, KO'Bu, and
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), allow the formation of NHC-Cu com-
plex 52, while the use of weak bases (such as iPrZNEt, NEt,, and K,CO,) is essential
to modulate the formation of free carbene catalyst and NHC-Cu complex 52 with a
meaningful level of concentration (Scheme 8.14b). In addition, using the preformed
NHC-Cu complex 52 alone in the three-component reaction diminishes the yield
significantly (Scheme 8.14c). Instead, the combination of 20 mol% of NHC 51 and
10 mol% of Cul allows the reaction to proceed completely under otherwise identical
conditions. These facts suggest that the Cu(I) catalyst and triazolium NHC organic
catalyst work independently to accomplish their mission without quenching each
other, in particular, under conditions with weak bases.

Based on gold and NHC relay catalysis, Chi and coworkers developed a cascade
cycloisomerization/asymmetric cycloaddition of ynamides and enals (Scheme 8.15)
[29]. The gold-catalyzed intramolecular annulation of ynamide 55 generates an
Int-30 and then isomerizes into an azadiene intermediate Int-31. Concurrently, the
azolium homoenolate Int-32 generated from the coupling reaction of the enal 56
and NHC 57’ undergoes a proton transfer to give an enolate Int-33. The asymmetric
[4+2] annulation of ketenimine Int-31 and azolium enolate Int-33 occurs to afford
a bicyclic lactam product 58. NHC is principally a dative ligand capable of strongly
coordinating with gold(I), and hence its catalytic activity would be weakened by
the coordination interaction with the metal. Control experiments reveal that the
combination of 10 mol% gold(I) and 20 mol% NHC 57 is highly efficient to drive the
desired relay catalytic cascade reaction. The presence of NHC/Au catalyst in a ratio
of 1/1 (10mol% each) enables the conversion of ynamide to the a,f-unsaturated
imine 59 via the protodemetallation of Int-31, but the organocatalytic reaction
pathway is not involved. As a consequence, the variation of the molar ratio of
NHC/gold(I) from 1/1 to 2/1 or the addition of a competing ligand, such PPh,,
renders the carbene organic catalyst 57’ to coexist at a reasonable concentration
enough to activate the enal 56, and hence allows the reaction to efficiently generate
the product 59. In addition, the combination of a preformed chiral gold-catalyst
[Au(57")C1] 60 and an achiral NHC precatalyst 61 still provides moderate stereocon-
trol (58a, 43% ee), indicating that the chiral gold complex participates in catalyzing
the [4+2] cycloaddition event. In terms of the facts, the process is a combination of
gold/carbene relay and cooperative catalysis.

8.3.3 Metal-allenylidene Mediated Transformations

Over the past decades, great advances have been made on the transition
metal-catalyzed propargylic substitution of propargylic alcohol derivatives 62
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Scheme 8.15 Gold and NHC cooperatively catalyzed [4+2]-annulation. Source: Modified
from Zhou et al. [29].

with various nucleophiles, wherein electrophilic metal-allenylidene complexes
Int-34 served as key intermediates (Scheme 8.16a) [30]. The enantioselective
catalytic processes have been achieved by using chiral metal complexes, for
example, chiral thiolate bridged diruthenium complexes and chiral Cu-pybox com-
plexes. On the other hand, Lewis base-bound enolates are typical nucleophiles and
are principally able to participate in a nucleophilic addition to metal-allenylidene
complexes Int-34 (Scheme 8.16b). As such, the combination of transition metal
catalysis and chiral Lewis base catalysis would be a complementary concept for the
development of asymmetric propargylation reactions.

Ethynylethylene carbonates (EECs) 63, first introduced by Zhang and coworkers
[31a], undergoes decarboxylation to deliver nucleophile/copper-allenylidene
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Scheme 8.16 General concept in transition metal-catalyzed propargylic substitution.

(a) Chiral transition metal catalysis. Sources: Miyake et al. [30a]; Ljungdahl and Kann [30b];
Detz et al. [30c]; Ding and Hou [30d]; Nishibayashi [30e]; Zhang and Hu [30f]; Hu et al.
[30g]. (b) Transition metal/chiral Lewis base cooperative catalysis.

bifunctional intermediates under cooper catalysis, which can undergo asymmetric
reactions to produce functionalized propargylic products [31]. A [3+3] annulation
reaction between EECs 63 and isatin-derived enals 64 was developed by cooperative
catalysis of copper complex and chiral NHC 65 to generate spirooxindole 3-lactones
66 in up to 77% yield, >95:5 dr, and 99% ee (Scheme 8.17). As reported by Chi
and coworkers [28], the NHC acts as a strong o-donor ligand and can form a
stable complex with copper(I). In this case, the nonlinear effects and (electrospray
ionization) ESI-MS studies suggest that the chiral copper complex of NHC 65’
forms and turns out to be an active species to undergo decarboxylation with 63
to afford the key dipolar intermediates Int-35 or Int-36 (Scheme 8.17, left cycle).
Chiral homoenolates Int-37, concurrently generated from the addition of NHC 65’
to the enals 64 (Scheme 8.17, right cycle), then undergo nucleophilic addition to
the transient copper-allenylidene intermediates (Int-35 or Int-36) and followed by
lactonization to access enantioenriched spirooxindoles 66 [32].

Ethynyl benzoxazinanones 67, first introduced by Lu and Xiao [33a], undergo
decarboxylation upon exposure to copper(I) complex to generate 1,4-dipoles
containing an electrophilic Cu-allenylidene and a nucleophilic sulfonamide.
Such intermediates are also highly reactive toward a broad scope of nucleophiles,
culminating in a number of transition-metal-catalyzed cyclization reactions [33].
The extension of the NHC and copper cooperative catalysis to the asymmetric [3+4]
annulation of isatin-derived enals 64 with ethynyl benzoxazinanones 67 is also
successful (Scheme 8.18) [32]. In this case, the copper allenylidene intermediates
Int-38 formed from the decarboxylation of ethynyl benzoxazinanones 67 with
copper(I) complex couple with the chiral homoenolates Int-37, and followed by the
lactamization to yield the final products. The combination of NHC 68 and Cu(OTf),
enables the [3+4] annulation reaction to deliver chiral spirobenzazepinones 69 in
up to 99% yield and with >94: 6 dr, and 97% ee.
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8.4 Tertiary Amine and Transition Metal Cooperative
Catalysis

8.4.1 m-Allyl Metal Mediated Transformations

Cl-ammonium enolates can be accessed via the nucleophilic attack of a tertiary
amine catalyst on ketenes either preformed or in situ generated from acid deriva-
tives [10] and have emerged as versatile nucleophiles capable of participating in
a broad scope of asymmetric reaction by capturing different electrophiles. The
possibility of integrating the reactivity of the n-allyl-metal electrophiles with chiral
Cl-ammonium enolates in a synergistic fashion was first introduced by Snaddon
and coworkers in 2016 (Scheme 8.19) [34]. An asymmetric a-allylation of aryl
acetates 70 with either allyl methylsulfonates or cinnamyl tert-butylcarbonates 71
proceeds cleanly under the chiral isothiourea/palladium cooperative catalysis to
produce a variety of highly enantioenriched a-branched esters 73 in excellent yields
and enantioselectivity. In this reaction, the C1-ammonium enolate Int-39 is formed
from a sequential N-acylation and deprotonation process of the perfluorophenyl
2-arylacetate 70 with the chiral benzotetramisole catalyst (BTM, 72) and adopts an
extended s-cis conformation with a stabilized syn-coplanar electrostatic 1,5-S- - -O
interaction (n, to 6*._g) between the acylammonium oxygen and the sulfur atom of
72 [35]. The enantioselective allylic allylation of the C1-ammonium enolate Int-39
with a m-allyl-palladium complex Int-40 (40’) formed from allylic ester 71 occurs,
wherein the Si-face of the enolate double bond is blocked by the pendant phenyl
group of the nucleophilic catalyst and thus the =m-allyl-palladium electrophile is
pushed to the Re-face distal to the phenyl, furnishing the (R)-configured acyl

Ph,P

o XantphosPd G3 (4 mol%) o NH2
72 (20 mol% —p
Ar\)l\oc E + B X % RWI\OCGFs Pd
65 7 'Pr,NEt, THF, 23 °C, 12 h Ar OMS
70 X = OMs 73

XantphosPd G3
or OCO4Bu Up to 95% yield, 98% ee P

N Ph
73 =N
o s )—N Cels > Pd(OL, R X

6" s 72 (NR,") [6) 7
70 A
Base R F!3
X H
* | i+ \/
n—o'cs B CPd(O)L,
. OC.F,
electrostatic 65 R
stabilization Int-41 )
-0 - X +
$--Q_ Ar o) / \ “Pdi Pd(IIL,
- Sy (L, n
NANH Ar\/\,:ma* Ao =R
= Int-39 Int-40 Int-40°
C1-ammonium enolate n-Allyl-palladium
electrophiles

Scheme 8.19 Chiral ITU/palladium cooperatively catalyzed asymmetric allylic alkylation.
Source: Modified from Schwarz et al. [34].
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Scheme 8.20 Stereodivergent allylic alkylation enabled by chiral ITU/iridium cooperative
catalysis. Source: Modified from Jiang et al. [36].

ammonium ions Int-41. Finally, the decomplexation and phenolate (C;F;07)
rebound processes simultaneously proceed in the acyl ammonium intermediate
Int-41 to afford the final product 73 and regenerate the BTM 72 and the palladium
catalyst.

The branch-selective allylic alkylation of aryl acetates with either allyl or cinnamyl
tert-butylcarbonates 71 has been accessed by the cooperative catalysis of chiral isoth-
iourea Lewis base and chiral iridium complex, leading to a-allyl pentafluorophenyl
ester products 75 in high yields and excellent stereoselectivities (Scheme 8.20) [36].
Both the iridium complex 74 and chiral isothiourea catalyst ent-72 can govern the
stereochemistry of two stereogenic centers of the product arising from enantiose-
lective coupling of electrophile Int-42 and nucleophile Int-39 happening via TS-6;
therefore, a stereodivergent reaction can be realized through simple permutations of
the enantiomers [26] of the iridium complex and the isothiourea catalyst, allowing
all four isomers of 75a to be obtained from the same set of starting materials 70a and
71ain excellent yields and with excellent levels of diastereo- and enantioselectivities
(Scheme 8.20Db).

Smith and coworkers found that the allylic ammonium salt in situ formed from the
Pd-catalyzed allylic amination between allylic phosphate 71 and N,N-dialkylglycine
esters 76 smoothly undergoes an enantioselective [2,3]-rearrangement reaction
catalyzed by the chiral isothiourea 72 (Scheme 8.21) [38]. In this case, a bench-stable
succinimide-based palladium complex 77 stands out among the palladium pre-
catalysts tested and enables the allylic phosphate 71 to undergo allylic amination
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j\/ﬂw Pd catalyst 77 (5 mol%) o R ;\Fo
| 72 (20 mol%) 8
N< N,
RNy 4 ppo R’ p PNPOJW o T sP(2-Fun,
7 el Pr,NH, MeCN, RT, 16 h Ry Pd
1 A
X=POIOE, oy 47510 CH . B pFun,
R = (Heteo)aryl 2764 78 Pd catalyst
alkenyl Up to 89% yield 77
i’PerH >95: 5 dr, 98% ee
PdL
n o '31
N<
PNPOJ\/ R? t
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“PdL, R (NR" R +
o Sy
N Allylic amination N r*-N
Int-40 RR’z R2, -
-Allyl- X~ X
palladium Int-43 [2,3]-Rearrangement
electrophiles (ref. [38])

Scheme 8.21 Chiral ITU/palladium relay catalytic system. Source: Modified from Spoehrle
et al. [38].

with 76’ to give an ammonium salt Int-43. The subsequent chiral isothiourea
(ITU)-catalyzed stereoselective [2,3]-sigmatropic rearrangement of Int-43, a similar
process reported by the same group [37], affords syn-a-amino acid derivatives 78
with high diastereo- and enantioselectivities (up to >95:5 dr, 98% ee). A variety
of substituted allylic ethyl phosphates 71 and N,N-dialkylglycine esters 76 are
all tolerant in this reaction, leading to a diverse range of highly enantioenriched
B,p-disubstituted amino esters 78.

Snaddon and coworkers developed an enantioselective o-allylation of aryl
acetates 70 with 2-substituted allyl methylsulfonates 79 based on the chiral isoth-
iourea/palladium cooperative catalysis (Scheme 8.22) [39]. The electronic and steric
features of phosphine ligands have a significant impact on the reaction. The com-
bination of the palladium-Xantphos and chiral isothiourea, which has successively

o
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7 “OC,F
R! \J\ ent-72 (20 mol%) % 6 5
\)LOCSFS +  MsO B2 H
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'Pr,NEt, 1,4-dioxane, RT

R2
1 .
R'= Aryl, vinyl R? = Alkyl, vinyl, acetylene 80
halide, and aryl Up to 98% yield, 99% ee

ThPL + PTh,

Pd .
SN s

o ] s
Mé Ph\\%;N’QN\Q

ThSP\’P*rd/ PTh,

g \O- S
Me_(&f’tg/\ﬁ}“‘
)

;
1

1

1
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i
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Scheme 8.22 Chiral isothiourea/palladium-catalyzed allylic alkylation of 2-substituted
allyl electrophiles. Source: Modified from Schwarz et al. [39].
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enabled asymmetric allylic alkylation of allyl methylsulfonates by the same group
[34]; however, fails to drive this reaction, presumably due to the adverse nonbonding
interactions between the 2-substituent of 79 and a pseudo-axially-positioned ben-
zene ring of the Xantphos ligand (Int-44). None of the other bidentate phosphines
tested are able to enable the palladium-catalyzed reaction. In partnership with
chiral isothiourea catalyst ent-72, the palladium adorned with 2-thienylphosphine
ligands turns out to be a particularly effective catalyst for this transformation, which
would relieve the adverse nonbonding interactions and reengage the cooperative
process, probably arising from the low steric demand and significant n-accepting
character of these ligands (Int-45). A wide range of 2-substituted allyl electrophiles
79, including alkyl, vinyl, acetylene, halide, and aryl moieties, can be tolerated.
Variation of the substituent and substitution pattern of the benzene ring of 70 is also
allowed, illustrating the insensitivity of the nucleophile. Significantly, a-vinyl acetic
acid esters are also competent nucleophiles. The density functional theory (DFT)
calculations reveal that the zn-(allyl)Pd complex attacks the less hindered face of
the Cl-ammonium enolate. The outer-sphere pathway (TS-8) features a relatively
lower barrier in comparison with the inner-sphere pathway (TS-9), which is free of
steric repulsion between the Cl-ammonium enolate and the palladium ligands.
The chiral isothiourea/palladium cooperative catalysis is generally amenable
to the asymmetric allylic alkylation with different kinds of functionalized allylic
substrates (Scheme 8.23). For instance, an asymmetric a-allylation of pentafluo-
rophenyl acetic esters 70 with Si-substituted allyl methylsulfonates 81 catalyzed
by the palladium complex of tri(2-furanyl)phosphine and BTM furnishes the
corresponding allylation products 82 in up to 95% yield and 88% ee (Scheme 8.23a)
[40]. The presence of silyl group provides additional space for molecular mod-
ulation through simple chemical transformations. The expansion of a similar
catalyst system to an allylic alkylation between electron-deficient electrophiles
and pentafluorophenyl acetic esters 70 works well, but aldehyde, ketone, ester,
and amide substituents of 83 greatly affects the reaction efficiency and the E/Z
selectivity, especially in the case of amides (Scheme 8.23b) [41a]. The E/Z selectivity
in palladium-catalyzed allylic alkylation originates from the relative stability and
reactivity of (syn or anti) n-allylPd(IT) intermediates, which can be directed by elec-
tronic and steric effects dispatched by both the substrate and the supporting ligand
[41b]. Tris[tri(2-thienyl)phosphine]Pd(0) complex is a generally effective catalyst
for all substrates, and the alkylation products 84 are obtained exclusively as the
linear regiomer, with high levels of E-selectivity (or exclusively E) and enantiocon-
trol. An enantioselective a-allylation of the esters 70 with B(pin)-substituted allyl
methylsulfonates 85 also undergoes under the promotion of palladium complex
and isothiourea Lewis base (Scheme 8.23c) [42]. The chiral BTM ent-72 dominantly
controls the enantioselectivity, whereas the phosphine ligand of Pd catalyst exerts
considerable impact on the alkene geometry of the allylation products and BINAP
offers the highest E/Z selectivity. The use of (S)-BINAP to replace racemic BINAP,
in concert with (S)-BTM (ent-72), slightly elevates the enantioselectivity from
94% ee to 96% ee. In contrast, the employment of (R)-BINAP results in diminished
enantioselectivity under otherwise identical conditions, indicating the existence

261
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Scheme 8.23 Chiral isothiourea/palladium-catalyzed allylic alkylation reactions. (a)
Enantioselective a-allylation with silicon-substituted electrophiles. (b) Enantioselective
a-allylation with EWG-substituted electrophiles. (c) Enantioselective a-allylation with
B(pin)-substituted electrophiles.

of the stereochemically matched effect between these two chiral catalysts. The
combination of the achiral Lewis base DHPB 87 and (R)-BINAP gave the desired
product in only 6% ee. These facts demonstrate that the BTM catalyst controls the
absolute stereochemistry of the bond-forming event, while the phosphine ligand
exerts little impact on the stereochemical control.

A chiral isothiourea/Pd cooperatively catalyzed enantioselective a-allylation of
2-pyrrolylacetates 88 provides highly enantioenriched products 89 with excellent
generality for both coupling partners (Scheme 8.24) [43]. The a-alkylated pyrroles
89 have been readily elaborated in a manner, which points towards potential appli-
cations in target-directed synthesis.

Snaddon and coworkers introduced a sequential one-pot chiral isothiourea/
transition-metal catalyzed allylic alkylation/Hofmann rearrangement reaction
(Scheme 8.25) [44]. The treatment of chiral homoallylic esters generated from the
asymmetric allylic alkylation with ammonia yields chiral amides Int-46, which
then undergo a stereospecific Hofmann rearrangement reaction by exposing to an
oxidant PIFA ([bis(trifluoroacetoxy)iodo]benzene). The final alcoholysis reaction of
Int-47 gives a range of linear homoallylic amines 90 in almost perfect optical purity.

Similarly, branched homoallylic amines 91 can be synthesized from the sequential
branch-selective allylic alkylation enabled by chiral isothiourea/iridium cooperative
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Scheme 8.24 Chiral isothiourea/palladium-catalyzed allylic alkylation of
2-pyrrolylacetates. Source: Modified from Scaggs et al. [43].
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Scheme 8.25 Linear-selective allylic alkylation/Hofmann rearrangement process. Source:
Modified from Pearson et al. [44].

catalysis [36] and Hofmann rearrangement process (Scheme 8.26) [44]. In addition,
all four stereomers of branched homoallylic amine 91 have been accessed by a sim-
ilar procedure based on the stereodivergent asymmetric allylic allylation of 70 and
71 enabled by the cooperative catalysis of isothiourea with iridium catalysts and fol-
lowed by Hofmann rearrangement.

8.4.2 m-Benzyl-metal Mediated Transformations

Since the first report of palladium complex-catalyzed benzylic substitution reaction
by Fiaud and Legros in 1992 [45], the n-benzyl palladium species (Int-48) has
been used as a versatile intermediate in catalytic benzylation reactions for the
assembly of carbon-carbon and carbon-heteroatom bond (Scheme 8.27) [46]. In
comparison with the formation of n-allyl-palladium complexes, the generation of
n-benzyl-palladium electrophiles requires relatively higher energy for the dearoma-
tization of the aryl system to bring extraordinary challenges. Two possible pathways
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Scheme 8.26 Branch-selective allylic alkylation/Hofmann rearrangement process. Source:
Modified from Pearson et al. [44].
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Scheme 8.27 Generation of cationic n-benzyl-palladium intermediates. Sources: Kuwano
[46a]; Trost and Czabaniuk [46b]; Le Bras and Muzart [46c]; Trost and Czabaniuk [47].

are outlined in the generation of cationic n-benzyl-palladium (n3-benzyl-palladium)
complexes, including coordination of Pd(0) to the aromatic nucleus of 92 followed
by ionization (Scheme 8.27, path a, analogous to that of allylic alkylation), and an
Sy2 displacement of the leaving group of 92 by Pd(0) followed by isomerization
(Scheme 8.27, path b) [47]. Either of the pathways principally depends on the nature
of the leaving and aryl groups.

An asymmetric benzylation reaction of a-aryl acetates enabled by the cooperative
catalysis of chiral isothiourea and palladium complex was reported by Snaddon
and coworkers (Scheme 8.28) [48]. 2-Naphthalenylmethyl diphenyl phosphate 93,
because the barrier of its dearomatization is lower than that of the monocyclic
benzyl counterparts [47], is easier to generate a relatively more stable cationic
n-benzyl-Pd(II) Int-48, which then reacts with a stereodefined Cl-ammonium
enolate Int-39, leading to the products 94. A variety of pentafluorophenyl
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Scheme 8.28 Chiral isothiourea/palladium-catalyzed benzylic alkylation. Source: Modified
from Schwarz et al. [48].

2-arylacetates participate in the reaction to provide benzylation products 94a-94i
in excellent enantioselectivity of up to 98% ee. 3,3’-Diaryl butenoic acid pentaflu-
orophenyl esters perform well as nucleophiles, as exemplified by 94j. In addition
to 2-naphthalenylmethyl diphenyl phosphates, 3-benzothiophenylmethyl and
2-benzofuranylmethyl diphenyl phosphates are also excellent electrophiles to
undergo the benzylic alkylation, as shown by the cases to give 94k and 94l.
However, the extension to simple monocyclic benzylic phosphates or esters failed,
presumably due to the high energy required for dearomatization to generate reactive
n-benzyl-Pd(IT) intermediate.

Notably, this method is highly valuable in organic synthesis and has successfully
been applied to the concise synthesis of optically pure thrombin inhibitor DX-9065A
(Scheme 8.29) [48].

8.4.3 Metal-allenylidene Mediated Transformations

The asymmetric addition of chiral isothiourea-bound enolates to electrophilic
Cu-allenylidenes was first described by Gong and coworkers [49]. Based on this
elementary event, they established an asymmetric decarboxylative [4+2] annulation
of ethynyl benzoxazinanones 67 and carboxylic acids 95 enabled by the cooperative
catalysis of the copper complex and chiral isothiourea Lewis base (Scheme 8.30).
The copper-allenylidene complex Int-38’, generated from the decarboxylation of 67
with the copper catalyst, smoothly couples with the transient chiral C1-ammonium
enolate Int-39 generated from chiral isothiourea Lewis base 72 and carboxylic
acids 95 that is activated by the formation of 2-arylacetic tosyl anhydrides, after
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Scheme 8.29 Asymmetric synthesis of DX-9065A. Source: Modified from Schwarz
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Scheme 8.30 Chiral isothiourea/copper cooperatively catalyzed [4+2] annulation.
(a) [4+2] Annulation and the reaction pathway. (b) Identifying the key elements to control
stereochemistry.
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Scheme 8.31 Quinine/copper-catalyzed asymmetric oxidative aza-Morita-Baylis-Hillman
reaction. Source: Modified from Zhang et al. [51a].

lactamization, leading to 3,4-dihydroquinolin-2-one derivatives 97 in high yield
(up to 86%) and with excellent levels of stereoselectivity (up to 95:5 dr, 99% ee). In
contrast, the ent-72 enables the reaction to give the enantiomer of 97aa with con-
siderably lower diastereo- and enantioselectivities (Scheme 8.30b). Only switching
the configuration of the chiral ligand does not change the stereochemistry of the
product, but slightly varies the diastereoselectivity. Even the achiral ligand 98, in
concert with chiral ITU 72, still offers excellent enantioselectivity. These results lead
to a conclusion that the chiral ITU catalyst controls the absolute stereochemistry
of the bond-forming event, and the matched chirality of pybox ligand 96 and
isothiourea catalyst 72 is mainly beneficial to controlling diastereoselectivity rather
than enantioselectivity. As shown in the proposed transition state TS-10, one copper
center might serve as an activator of the copper-allenylidene complex Int-38’,
and the other acts as a counterion to the Cl-ammonium (Z)-enolate Int-39. The
propargylation step favors the Si-face of the copper-allenylidene complex to give the
experimentally observed product as the major isomer. Coincidently, Cao and Wu
group independently reported a similar reaction at nearly the same time, wherein
the pivaloyl chloride was the activator for carboxylic acids [50].

8.4.4 Other Transition Metal Mediated Transformations

In 2012, Wang and coworkers explored a quinine/copper-catalyzed asymmetric
oxidative aza-Morita-Baylis-Hillman reaction of N-aryl tetrahydroisoquinolines
and electron-deficient olefins (Scheme 8.31) [51a]. The evaluation of metals
salts, such as AgOTf, Pd(OAc),, and Cu(OTf), shows that cooper salt is the best
co-catalyst with quinine 101. The copper-catalyzed dehydrogenative process
gives an imine-type intermediate (Int-51), which reacts with the chiral tertiary
amine-activated ammonium intermediates Int-52 to afford Cl-alkene tetrahy-
droisoquinoline derivatives 102 in satisfactory yields (up to 81%) and excellent
enantioselectivities (up to 99% ee).

In 2012, Fu group reported a dynamic kinetic resolution (DKR) of aryl alkyl
carbinols 103 via relay catalysis of a planar-chiral 4-dimethylaminopyridine (DMAP)
derivative and a ruthenium complex (Scheme 8.32) [52]. (C;Ph5)Ru(CO),(O'Bu)

267



268

https://lwww.twirpx.org n http://chemistry-chemists.com/

8 Lewis Base-Transition Metal Cooperative Catalysis

(o) NMe,
105 (1.0 mol%) OJLMe D
OH o O 106 (5.2 mol%)/KOBu (4.4 mol%) ’q T N
Ko+ JC SRR Ph_Fe Ph
R" R Me~ ~O~ “OPr t-Amyl alcohol/toluene (1: 1), 10 °C 107
103 104 Up t0 96% yield | Ph
o 93% ee Ph
J\ 105
O "Me Bh Ph oh
N 105 (NR,*) ~o
107 o 0 P _F!u\Ph
Kinetic Me)J\OJ\o’pr OCOCI cl
resolution 104 106
OH
54 RuOtBu /O‘\H 0 o
R” R = R R2 MJ\RJR* -CO, - OPr
103a 103a’ € s =T 7 M& "NRg
izati OCO,'Pr
racemization of alcohols Int-53 2 Int-54

Scheme 8.32 Chiral DMAP/ruthenium-catalyzed DKR of secondary alcohols. Source:
Modified from Lee et al. [52].

(Ru®Y), generated in situ from (C4Phs)Ru(CO),Cl (RuCl) 106 and KO'Bu, is a
highly efficient catalyst for the racemization of aryl alkyl carbinols 103 at room
temperature [53], while the planar-chiral DMAP derivative 105 serves as an effective
catalyst for the kinetic resolution (KR) of carbinols. The racemization and KR pro-
cesses operate independently and compatibly, and thus the DKR tolerates a broad
scope of aryl alkyl carbinols to result in high yields and great enantioselectivity (up
to 96% yield and 93% ee). Mechanistic studies reveal that the use of less electrophilic
acyl carbonates 104 is essential for preventing the deactivation of the metal catalyst,
and the acyl transfer process from ion pair Int-53, rather than Int-54, to the alcohol,
is likely the rate-determining step of the DKR.

In 2008, Shi and coworkers established a copper-catalyzed a-amination of esters,
a state to art method to access hydantoins that are frequently encountered as core
structural elements in natural products and pharmaceuticals [54]. However, the
enantioselective version has not been reported until Gong described an enantiose-
lective a-amination of esters enabled by the chiral isothiourea/copper cooperative
catalysis (Scheme 8.33) [55]. Although the copper complex of tributylphosphine
can catalyze the non-stereoselective a-amination, the use of chiral ITU 109 as
the co-catalyst still offers a highly enantioselective version tolerant of a broad
scope of the perfluorophenyl acetates 70. The mechanistic studies by the electron
paramagnetic resonance (EPR) spectroscopy reveal that the cleavage of the N—N
bond of N,N-diaziridinone 108 by the Cu complex generates a Cu(Il) radical
species Int-55. Then, the chiral Cl-ammonium enolate Int-39, concurrently
generated from the perfluorophenyl acetates 70 and chiral ITU 109, couples with
the copper-bound nitrogen radical intermediate Int-55 via transition state TS-11.
Probably, the isopropyl group of the chiral ITU catalyst effectively shields the Si face
of the Cl-ammonium (Z)-enolate Int-39 to permit the Re face open for the nitrogen
radical intermediate Int-55 to undergo the enantioselective radical addition, and
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then followed by the subsequent lactamization to give experimentally observed
product 110 (up to 75% yield, 98% ee).

The palladium-catalyzed carboxylation of an organohalide 111 with carbon
monoxide (CO) generates an acylpalladium intermediate bearing an o-proton
that can be transformed to a ketene. The addition of a Lewis base to the ketene
furnishes a Lewis base-bound enolate, which is a versatile intermediate capable of
participating in various types of reactions (Scheme 8.34).

In 2019, Gong, Han, and coworkers reported asymmetric formal [1+1+4] and
[1+1+2] annulation reactions of benzyl bromides 111, CO, and N-tosylimines
(112 or 116) to respectively give chiral dihydropyridones 115 and p-lactams 117 in
high yields and with excellent enantio- and diastereoselectivities (Scheme 8.35)
[56]. Mechanistically, the oxidative addition of the palladium complex to benzyl
bromide 111a generates an intermediate Int-56, which can undergo an insertion
reaction with CO to afford acyl-palladium Int-57. f-Hydride elimination from the
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Scheme 8.35 Palladium and chiral ITU relay catalytic system. Source: Modified from Li
et al. [56].

acyl-palladium intermediate Int-57 affords ketene Int-58 (path a), which then
reacts with the chiral Lewis base 114 to form the key Cl-ammonium enolate
intermediate Int-39a. A series of kinetic studies reveal that the C-H cleavage is
likely involved in the rate-limiting step. Alternatively, the reaction pathway b,
leading to the generation of Int-59 from acylpalladium Int-57, is also possible [57].
Due to the slow generation and in situ capture of the unstable ketene intermediate,
side and racemic background reactions are essentially evaded. Once formed, the
Cl-ammonium enolate intermediate Int-39a undergoes a stereoselective Michael
addition with ketimine 112 via a proposed transition state TS-12 [58], followed
by the intramolecular cyclization, to generate the corresponding dihydropyridine
115a. For the formal [1+1+2] reaction, the intermediate Int-39a and imine 116
undergo a similar cascade Mannich-type reaction/intramolecular cyclization
process (Staudinger [2+2] reaction) to give p-lactam 117.
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8.5 Conclusions

Although the unavoidable coordination interaction commonly happened between
the Lewis base and transition metal causes the “self-quenching” to weaken or even
kill the catalytic activity of either or both of them, the combined catalysis of these
principally distinct catalysts has gradually become more and more visible in the
asymmetric synthetic chemistry since the proof concept and recent breakthroughs
appeared. The Lewis base/transition metal cooperative catalysis has shown remark-
able compatibility, outstanding catalytic activity, and excellent stereocontrol ability,
leading to different types of enantioselective catalytic transformations, including
C-C and C-heteroatom bond-forming reactions. Despite the “self-quenching”
occasionally encountered in some transition metal and Lewis base combined catal-
ysis, this issue has been partially figured out by strategies based on fundamental
coordination chemistry, such as the addition of external competing ligands, the
presence of more amounts of Lewis base relative to the transition metal to allow
the organocatalyst coexisting at a catalytically active concentration. However, some
limitations remain in the cooperative catalysis of this type, including: (i) the Lewis
base catalysts are restricted to NHCs and chiral isothioureas, and the activation
modes are also limited to the Lewis base-mediated nucleophilic species. In sharp
contrast, Lewis base-mediated electrophilic intermediates are yet underdeveloped;
(ii) the transition metal catalysts are restricted to palladium, iridium, copper, and
gold. Many other transition-metal catalysts widely used in the creation of new
reactions, such as rhodium, platinum, ruthenium, etc., and related activation modes
are yet to be combined with chiral Lewis bases for the cooperative catalysis; (iii)
the readily available protocols are mainly constituted of allylation, propargylation,
and annulation reactions, while a more diverse range of synthetically useful
reactions needs to be explored; (iv) the potential of combining catalysis events
with subsequent value-added transformations in stereoselective chemical synthesis
should be further developed.
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9

Chiral Organocatalyst Combined with Transition Metal
Based Photoredox Catalyst

9.1 Introduction

For billions of years, nature has been directed by the sunlight through converting
solar energy into chemical energy, namely photosynthesis [1], which inspires
the flourishment of light-driven synthetic organic chemistry [2]. In the past two
decades, photocatalysis utilizing a visible-light absorbing molecule, i.e. photo-
catalyst (PC), particularly transition metal-based ruthenium(II) and iridium(III)
polypyridyl complexes (Figure 9.1) [3], has become a unique and programmable
strategy to forge remarkable chemical bonds otherwise inaccessible [4]. Although
most ground-state PCs are indolent in performing single-electron transfer (SET),
photoirradiation of these complexes leads to the excitation of the highest occupied
molecular orbital (HOMO) electron, which can rapidly undergo intersystem cross-
ing to give long-lived excited states. These exciplexes often result in donating one
electron to a substrate or taking another electron from somewhere, namely oxidative
quenching or reductive quenching. In general, the SET induced by an excited-state
PC affords active radical intermediates for further transformations [5]. Alterna-
tively, the excited-state PC may undergo energy transfer (EnT) with an appropriate
substrate to afford the excited-state substrate possessing partial di-radical character,
which is highly reactive toward radical functionalization [6]. Although a variety
of impressive advances in synthetic transformations through visible-light-driven
SET or EnT mechanisms have been achieved [7], the enantioselective variants have
still met with limited success presumably because the high reactivity of radicals
generally brings about uncontrollable background reactions [8].

In the past several decades, the use of an organic small molecule as the chiral
catalyst, namely organocatalysis, has been extensively developed and kept abreast
of traditional metal catalysis and enzymatic catalysis toward offering powerful
solutions for asymmetric catalysis [9]. Chiral organocatalysts, which are usually
low-cost, readily accessible, as well as moisture- and oxygen-tolerated, can perform
either covalent or noncovalent activation on the substrates (Figure 9.2). In terms of
covalent bonding activation modes [10], organocatalysts selectively and reversibly
react with specific functionalities of the substrate to generate reactive intermediates,
enabling the transformation by lowering the energy barrier. The premier examples
of covalent activation include: (i) chiral amine catalysts activate aldehydes and

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 9.1 Representative transition metal-based photocatalysts.
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Figure 9.2 Representative activation modes of chiral organocatalysis. (a) Covalent-based
activation modes. (b) Non-covalent-based activation modes.

ketones via the formation of chiral enamine and iminium intermediates [11];
(ii) nitrogen-heterocyclic carbene (NHC) catalysts activate aldehydes through
the formation of Breslow intermediate [12]; (iii) Lewis base catalysts undergo
1,4-addition to electron-deficient olefin substrates, affording zwitterionic interme-
diates [13] (Figure 9.2a). On the other hand, the noncovalent bonding activation
modes, such as hydrogen-bonding activation and anion-binding activation
(Figure 9.2b) [14], rely on the weaker and less directional interactions between the
catalyst and specific functionalities of the substrates. By virtue of the unique ability
in stereocontrol, chiral organocatalysis, combined with transition metal-based
photoredox catalysis, has achieved impressive advances in enantioselective radical
transformations, illustrating the great potential of the integration of both types of
catalysis to harvest challenging photochemical processes [8c]. In this chapter, we
will outline the initiation and development of the combined catalysis of transition
metal-based photoredox catalysts and chiral organocatalysts. All of these combined
catalyzes will be discussed in activation modes of organocatalysts. In particular,
the landmark discoveries in this rapidly growing field will be highlighted to inspire
further novel transformations.
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9.2 Covalent-Based Organocatalytic Activation in
Combination with Transition Metal-Based Photoredox
Catalyst

9.2.1 Chiral Amine/Photoredox Combined Catalysis

Chiral amine catalysts have been widely applied to the enantioselective
a-functionalization of carbonyl compounds through enamine activation, as
exemplified by organocatalytic asymmetric Aldol, Mannich, and Michael reactions
[15]. However, the direct a-alkylation of carbonyl compounds with alkyl halides
via enamine catalysis has proven to be challenging [16]. The cooperation of chiral
amine and photoredox catalysts offers a radical approach to this anionic chemistry.
In 2008, MacMillan and coworker established an enantioselective a-alkylation
of aldehydes with a-bromocarbonyls by merging Ru(bpy),Cl, and chiral amine
catalyst 3 [17], in which a-bromocarbonyls were used as electrophilic radical
precursors to overcome the intrinsic high energy barrier in traditional Sy2 pathway
(Scheme 9.1). The authors proposed that electron-deficient alkyl radical 5 was
generated from a-bromocarbonyl 2 via SET with Ru(bpy),*, whereas electron-rich
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o] (0] [Ru(bpy);]Cl, (0.5 mol%) N
1+ B JH/YO o
HJ\/R r\)kR 2,6-Lutidine, DMF, hv HT Me N) Bu

R' R H
1 2 4 3
2 O Me H,0 4
Ru(bpy)s" ﬁ
Me IN+"’Bu
2 Me

Ry o
R R' g j: '\?--"Bu

Me H

Ru(bpy)s* Photoredox catalysis Amine catalysis
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R Y .2‘07 Me N)"'Bu
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R
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Scheme 9.1 Asymmetric a-alkylation of aldehydes via merging photoredox catalysis with
chiral amine catalysis.
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chiral enamine 6 was formed through the condensation of aldehyde 1 and chiral
amine catalyst 3. Then electron-deficient radical 5 rapidly added to enamine 6,
affording intermediate 7, which underwent sequential single-electron oxidation
and hydrolysis to release the alkylation product 4 and regenerate chiral amine 3
for further catalytic cycles. A broad range of electron-deficient a-bromo carbonyls,
such as diethyl bromomalonate, a-bromoacetophenone, a-bromo ester, and tertiary
diethyl methylbromomalonate, are nicely tolerated to afford the corresponding
alkylation products (9-12) in excellent yields and enantioselectivities. Notably, later
mechanistic investigations involving quantum yield and luminescence quenching
experiments [18] suggested that a radical chain propagation, which consisted of a
SET process of a-bromocarbonyl 2 and a-amino radical 7, might dominate in the
formation of products.

Given a similar mechanism with other alkylating agents, the combination of tran-
sition metal-based photoredox catalysts and chiral amine catalysts were also viable
to accomplish enantioselective a-alkylation reaction of aldehydes (Scheme 9.2),
including trifluoromethylation [19], benzylation [20], and cyanoalkylation [21].
With regard to alkyl halides, such as trifluoromethyl iodide 16, benzylic bromide
18, and bromoacetonitrile 20, electrophilic radicals were smoothly generated via
single-electron reduction by either low-oxidation-state or excited PCs, in which
spin-center shift (SCS) [20b] may be involved to generate the active electrophilic
radical (e.g. the conversion of protonated heterobenzylic alcohol 22 into radical 24).

Moreover, in terms of photoredox catalysts, the replacement of precious ruthe-
nium(II) and iridium(IIT) complexes with relatively cheap inorganic semiconductors
[22] or iron-based polypyridyl complex [23], is also able to achieve the enantiose-
lective a-alkylation of aldehydes with a-bromocarbonyls (Scheme 9.3), albeit with
slightly decreased enantioselectivities when heterogeneous semiconductor photo-
catalysts are used.

Although chiral amine and photoredox combined catalyst systems have proven
to be successful with aldehydes, the similar functionalization of ketone substrates
remains challenging. With the use of photoredox/chiral primary amine combined
catalysis, in 2014, Luo and coworkers reported an enantioselective a-alkylation of
B-ketocarbonyls to generate all-carbon quaternary stereocenters (Scheme 9.4) [24].
Based on the experimental observations, the authors believed that this reaction

o .@ Q
~
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@ \\F
I—CF, ? F_&F A B ———— 8_Ar NG Br —»8—CN @
17 18 SET 19 20 S 21 0. Me
N
H.+ H. NZ
N7 L N — SCS—> | of >Q
| [ x N
x OH SET N OH _H.O0 H hx
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Scheme 9.2 Asymmetric a-functionalization of aldehydes via photoredox/chiral amine
combined catalysis.
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Scheme 9.3 The combination of chiral amine with earth-abundant metal-based
photoredox catalysts.
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Scheme 9.4 Asymmetric a-alkylation of p-ketocarbonyls. Source: Modified from Zhu
et al. [24].

mainly proceeded with a photoredox complex-mediated pathway, and an electron
donor-acceptor (EDA) pathway [25] was also possible but should be minor. In
the key C-C forming transition state TS-1, the addition of phenacyl radical to the
chiral enamine was directed by a hydrogen-bonding interaction. Both acyclic and
cyclic p-ketoesters can deliver the alkylation products (32-33) with high yields and
excellent enantioselectivities, while a p-ketoamide substrate with a free N—H bond
can afford spiro-y-lactam 34 through a late-stage intramolecular ketalization.
Chiral amine catalyst can also perform iminium activation toward asymmetric
radical conjugate addition to a,f-unsaturated carbonyls. In 2016, Fagnoni and
Melchiorre designed a chiral primary amine catalyst 37, containing a redox-active
carbazole moiety, enabling visible-light-promoted enantioselective radical conjugate
additions to B,B-disubstituted cyclic enones 35 (Scheme 9.5) [26]. The nucleophilic
carbon-centered radicals are generated from bench-stable precursors 42 and 44 via
tetrabutylammonium decatungstate (TBADT)-mediated hydrogen atom transfer
(HAT) and Ir'™-mediated single-electron oxidation, respectively. Radical addition
to the cationic iminium ion 39 generates an unstable a-iminyl radical cation 40,
which is subsequently converted to a more stable enamine intermediate 41 through
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Scheme 9.5 Enantioselective trapping of carbon-centered radicals via the dual
photoredox/organo catalysis. Source: Modified from Murphy et al. [25d].
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Scheme 9.6 Enantioselective trapping of acyl radicals via the dual photoredox/
organocatalysis. Source: Modified from Yang et al. [28].

an electron-relay mechanism. Then 41 undergoes single-electron reduction and
hydrolysis to release the amine catalyst 37 and the corresponding product 38.

In 2019, Yu and coworkers described an enantioselective radical hydroacylation of
enals 46 with a-ketoacids 47 in the presence of photoredox/amine dual catalysis [27],
providing an efficient way to access chiral 1,4-dicarbonyl compounds (Scheme 9.6).
Acyl radical 50 is generated from a-keto acid through single-electron oxidation and
subsequent fragmentation. With the assistance of proton, chiral iminium ion 51 is
generated from enal 46 and chiral amine catalyst 48, and then trapped by the acyl
radical 50 to deliver the corresponding adduct 52. 52 is reduced by Ru(I) complex,
then undergoes tautomerization and hydrolysis to generate the final product 49.

In addition, to involve the radical species in the stereoselective bond-forming
events, chiral amine/photoredox combined catalysis can also function in a relay
or sequential process, taking the advantage of photoredox catalysis in generating
ion-type electrophiles from easily accessible raw materials and chiral amine cataly-
sis in stereoselective bond formation. In 2017, Luo and Wu reported an asymmetric
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Scheme 9.7 Asymmetric cross-dehydrogenative coupling of tertiary amines with cyclic
ketones. Source: Modified from Hou et al. [29].

cross-dehydrogenative coupling (CDC) reaction between tetrahydroisoquinoline
53 and cyclic ketone 54 using a multiple catalyst system, consisting of a chiral
primary amine catalyst, Ru(ppy),;Cl,-H,0 and Co-based hydrogen transfer cata-
lyst (Scheme 9.7) [28]. Upon visible-light irradiation of Ru/Co combined catalysis,
tetrahydroisoquinoline 53 is oxidized to an iminium cation intermediate 57 by using
m-NO,C,H,COOH as an ultimate hydrogen acceptor. Then the chiral enamine
intermediate 58 couples with the iminium cation 57 through transition state TS-2
to generate the imine intermediate 59, which undergoes the hydrolysis to provide
the desired product 56 and regenerate the chiral amine catalyst 55.

Later in 2018, Rueping and coworkers described a similar asymmetric a-alkylation
of tetrahydroisoquinolines (THIQ) 53 with cyclic ketones 54 using oxygen as an
external oxidant (Scheme 9.8) [29]. In comparison with the one-pot reaction,
a sequential process for this protocol resulted in better enantioselectivity and
diastereoselectivity. Chiral amino acid 60 derived enamine intermediate might
also function as the chiral anion of iminium ion intermediate to enhance the
enantioinduction of bond-forming process in TS-3. Interestingly, in a previous work
of the same group, the CDC reaction between 53 and acetone by using L-proline and
Ru(bpy),(PF,), only provided 8% ee [30].

R @G Ir(ppy),(bpy)PF (3 mol%) X
Moar 0Oy, DCM, hv 60 (20 mol%)

53 PhYCOQH

NH,
60

2

Scheme 9.8 Asymmetric cross-dehydrogenative coupling of tetrahydroisoquinolines and
cyclic ketones. Source: Modified from Hou et al. [29].
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Scheme 9.9 Asymmetric cross-dehydrogenative coupling of aldehydes with xanthenes.
Source: Modified from Larionov et al. [31].
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Scheme 9.10 Asymmetric oxidative dearomatization of 2-arylindoles. Source: Modified
from Dong et al. [32].

Nonfunctionalized C(sp?>)—H bonds can also participate in asymmetric photore-
dox CDC reactions. In 2017, Pericas and coworkers reported an asymmetric coupling
between diaryl substituted methylene unit of 62 and aldehydes 63 enabled by the
combination of enamine and photoredox catalysis (Scheme 9.9) [31]. Mechanistic
studies by experimental and computational methods suggest that this reaction pro-
ceeds in an ionic manner. Using BrCCl, as external oxidant, diarylmethane 62 is
photocatalytically oxidized to the corresponding cation, which is then trapped by
an enamine intermediate 68 generated in situ from aldehyde 63 and chiral amine
catalyst 64.

An alternative type of asymmetric photoredox CDC reaction, direct asym-
metric oxidative dearomatization of 2-arylindoles 70 to access C2-quaternary
indolin-3-ones 72, was recently reported by He and Guan (Scheme 9.10) [32]. In this
reaction, 2-substituted indoles 70 first undergoes a photocatalyzed aerobic oxidative
dearomatization to provide intermediate 74. Then a proline-catalyzed asymmetric
Mannich reaction between 74 and ketones or aldehydes 71 proceeds to afford chiral
indolin-3-ones 72.

9.3 Photoredox-Mediated SOMO Catalysis

Singly occupied molecular orbital (SOMO) organocatalysis [33], in which transient
chiral enamine intermediate is converted to a highly reactive radical species via
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Scheme 9.11 TiO,-induced enantioselective a-oxyamination of aldehydes with chiral
amine. Source: Modified from Ho et al. [37].

chemical single-electron oxidation, has been independently presented by MacMil-
lan [34] and Sibi [35] in 2007. SOMO activation has demonstrated great potential to
render a range of asymmetric transformations that are otherwise inaccessible [36].
In 2011, Jang and coworkers established an enantioselective a-oxidation of aldehy-
des with moderate enantioselectivity by using the combination of heterogeneous
TiO, photocatalyst and chiral amine catalyst 77 (Scheme 9.11) [37], avoiding the
requirement for stoichiometric strong oxidant in previous SOMO catalysis. Based
on control experiments, the authors proposed that TiO,-mediated SET oxidation of
enamine intermediate 79 was the major pathway to generate a-iminyl radical cation
80. Subsequently, radical-radical coupling of 80 with 76, and followed by hydroly-
sis, afforded a-oxyaminated aldehyde 78. Notably, 2,2,6,6-tetramethylpiperidinooxy
(TEMPO) 78 not only acted as a coupling partner but also an electron acceptor to
regenerate the TiO, photocatalyst.

Later in 2012, Jang and coworkers reported an asymmetric difunctionalization of
a,B-unsaturated aldehydes 83 under Ru(II)@TiO,/chiral amine combined catalysis
(Scheme 9.12) [38]. This protocol was proposed to proceed through a tandem
Michael addition/a-oxyamination of aldehyde process. Iminium intermediate 88,
in situ generated from the secondary amine 77 and 83, undergoes an asymmetric
1,4-addition with malonate 84 to provide the enamine intermediate 89, which
then couples with TEMPO 76 via the Ru(II)-mediated SOMO activation. Notably,
TiO,-supported Ru(Il) dye, though in lower catalyst loading, still exhibits much
better catalytic activity than that of sole Ru(II) or TiO, photoredox catalyst.

MacMillan and coworkers established an enantioselective a-aldehyde alkylation
reaction using simple olefins as coupling partners through the combination of
chiral enamine catalysis, photoredox-mediated SOMO catalysis, and HAT catalysis
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Scheme 9.12 Difunctionalization of o,f-unsaturated aldehyde with Ru(ll)@TiO,/chiral
amine combined catalysis. Source: Modified from Yoon et al. [38].
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Scheme 9.13 Direct a-alkylation of aldehydes using simple olefins. Source: Modified from
Capacci et al. [39].

(Scheme 9.13) [39]. Chiral prolinol 94, aldehyde 1, iridium(III) photoredox catalyst
93, and visible light are merged to deliver an electrophilic a-iminyl radical cation
101, which rapidly undergoes an enantioselective addition to olefin 92, generating
nucleophilic radical 102. Then 102 participates in a HAT event with thiophenol
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Scheme 9.14 Enantioselective decarboxylative a-alkynylation of 3-ketocarbonyls. Source:
Modified from Wang et al. [40].

95 to give imine 103. Finally, the hydrolysis of 103 affords chiral aldehyde deriva-
tives 96 and regenerates 94. A similar multiple catalytic system also enables an
intramolecular a-coupling of aldehydes and olefin to construct cyclic products 99.

Ketones can also undergo photoredox-mediated SOMO activation in the presence
of chiral primary amine catalyst. Luo and coworkers reported an asymmetric
a-alkylation and o-alkynylation of f-ketocarbonyls by using combined chiral
primary amine catalysis and visible-light photoredox catalysis (Scheme 9.14)
[40]. For major a-alkynylation product 106, the carbon-carbon bond formation
proceeds via radical a-addition to 109 through a transition state TS-4, in which
hydrogen bonding between protonated N-H and propiolate carbonyl accounts for
the observed (R)-selectivity. The hydroxylation of phenyl propiolic acid 105 with
1-hydroxy-1,2-benziodoxole-3-one (BI-OH) is unavoidable and generates an inter-
mediate 108 after a CO, extrusion event. The formation of minor a-alkynylation
product 107 is attributed to the radical addition of imino radical to 108 through a
transition state TS-5.

Another unconventional coupling reaction has also been achieved through the
combination of chiral primary amine catalysis and visible-light photoredox cataly-
sis. In 2013, MacMillan and coworkers established a direct p-functionalization of
aldehydes and ketones by means of this dual-catalysis. The use of cinchona-derived
chiral amine catalyst 111 smoothly affords the p-arylation product 112 with
moderate enantioselectivity (Scheme 9.15) [41]. Mechanistic studies suggest that
nitrogen-centered radical cation 114 could undergo deprotonation at the allylic
position in the presence of an appropriate base, generating a 5z-electron p-enaminyl
radical 115. Then 115 undergoes a radical coupling with radical anion 116, gen-
erated from 1,4-dicyanobenzene 110 through SET reduction mediated with the
iridium(III) photoredox catalyst. The resulting cyclohexadienyl anion 117 then
undergoes a rapid p,5-elimination of a cyanide, and hydrolysis to deliver the final
product 112.
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Scheme 9.15 Direct B-arylation of ketone enabled by merging photoredox catalysis with
chiral amine catalysis. Source: Modified from Pirnot et al. [41].

9.4 Nucleophilic Organocatalyst in Combination
with Photoredox Catalyst

Chiral nucleophilic organocatalysts, such as NHCs and ternary amines, are an
important class of organocatalysts to promote versatile umpolung transformations
of aldehydes and electron-withdrawing olefins. However, the combination of
nucleophilic organocatalysts with photoredox catalysts has rarely been reported. In
2012, Rovis and coworker reported the first examples of chiral NHC/photoredox
combined catalysis, enabling an asymmetric a-acylation of tertiary amines 53 with
aldehydes 118 (Scheme 9.16) [42]. This approach proceeds through the in situ
generation of iminium 57 from photoredox-mediated oxidation of tertiary amine
53. Then the aza-benzoin-type reaction of iminium ion 57 and the chiral Breslow
intermediate 121 gives intermediate 122, which undergoes a 1,2-elimination to
afford a-amino ketone 120.

Asymmetric a-alkylation of THIQ can also be realized by the combination of
photoredox catalysts with other nucleophilic organocatalysts. In 2014, Xiao and
Lu reported a direct sp*> C-H acroleination of N-aryl-THIQ by the combination
of photoredox catalysis and chiral nucleophilic organocatalysis (Scheme 9.17a)
[43]. In the catalytic asymmetric variant, THIQ was initially converted to the
iminium 57 through photoredox catalysis. Then chiral ternary amine 124-catalyzed
aza-Baylis-Hillman-type reaction of iminium 57 with the zwitterionic intermediate
126 affords the product 125 with moderate enantioselectivity. Similarly, Smith and
coworkers found that ammonium enolate derived from an activated aryl ester
128 and chiral isothiourea catalyst 129 was also able to react with the photoredox
generated iminium 57 (Scheme 9.17b) [44], leading to the synthesis of substituted
chiral tetrahydroisoquinolines in high yield and excellent enantioselectivity.

Recently, Gao and Ye described a direct alkylation reaction of y-oxidized enals
with alkylhalides for the synthesis y-multisubstituted o,f-unsaturated esters
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Scheme 9.16 «a-Acylation of tertiary amines enabled by N-heterocyclic carbene and
photoredox combined catalysis. Source: Modified from DiRocco and Rovis [42].
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Scheme 9.17 Asymmetric a-alkylation of tetrahydroisoquinolines enabled by
photoredox/ternary amine combined catalysis. Source: Modified from Feng et al. [43] and
modified from Arokianathar et al. [44].

driven by photoredox/NHC combined catalysis (Scheme 9.18) [45]. The dienolate
intermediate 136 generated from the condensation and fragmentation of y-oxidized
enal 131 and chiral NHC catalyst 133 couples with alkyl radical 21 photocatalytically
generated from alkyl halide 132 to give a homoenolate radical 137. Single-electron
oxidation of 137 affords acyl azolium intermediate 138, which is trapped by
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Scheme 9.18 Asymmetric y-alkylation of enals by merging photoredox catalysis and NHC
catalysis. Source: Modified from Dai et al. [45].

methanol to give the final product 134. Unfortunately, only 29% enantioselectivity
is observed upon using chiral NHC precursor 133 as the catalyst.

9.5 Noncovalent-Based Organocatalytic Activation in
Combination with Transition Metal-Based Photoredox
Catalyst

9.5.1 Chiral Phosphate/Photoredox Combined Catalysis

In the seminal works by Terada [46] and Akiyama [47], chiral phosphoric acids and
derivatives have been established as a powerful Brensted acid tool box in asymmetric
catalysis, enabling a wide range of enantioselective reactions [14]. The versatility and
good compatibility of chiral phosphoric acid with other catalysts make it suitable for
engaging in multi-catalyst systems [14d]. In recent years, the combination of pho-
toredox and chiral phosphoric acids or derivatives has attracted considerable atten-
tion to achieve novel asymmetric transformations. In 2013, Knowles and cowork-
ers reported an intramolecular enantioselective reductive coupling of ketones and
hydrazones enabled by the combination of a chiral phosphoric acid and an irid-
ium(IIT) photoredox catalyst (Scheme 9.19) [48]. The reaction proceeds through the
formation of the ketyl radical 145 via a concerted proton-coupled electron transfer
(PCET) pathway jointly mediated by chiral phosphoric acid 141 and a strongly reduc-
ing iridium(II) species. The hydrogen-bonding interaction between the neutral ketyl
radical and chiral phosphate anion is critical to the enantioselective carbon-carbon
bond-forming process. The resulting hydrazyl intermediate 146 then undergoes HAT
from Hantzsch dihydropyridine (hantzsch 1,4-dihydropyridine [HEH], 140) to fur-
nish the syn-1,2-amino alcohol derivatives 142 with high enantioselectivity. Lastly,
the iridium(II) species is recycled from the reduction of photoexcited state of the
Ir'™ catalyst with neutral HEH radical 147, and the resulting acidic pyridinium ion
is deprotonated by the phosphate anion to regenerate chiral phosphoric acid 141.
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Scheme 9.19 Asymmetric aza-pinacol cyclization by chiral phosphoric acid/photoredox
combined catalysis. Source: Modified from Rono et al. [48].
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Scheme 9.20 Conjugate addition of photochemically generated a-amino radical to
alkenylpyridine. Source: Modified from Hepburn and Melchiorre [50].

This study demonstrates that the great potential of concerted PCET activation to gen-
erate radicals can maintain weak interactions inherent to noncovalent organocata-
lysts, enabling enantioselective radical-based bond-forming transformations [49].

The combination of chiral phosphate and photoredox catalysis can also func-
tionally cooperate in asymmetric radical additions to alkenes and heteroarenes.
In 2016, Melchiorre and coworker accomplished a radical conjugate addition to
B-substituted alkenylpyridine 148 by merging a chiral phosphoric acid and an
iridium-based photoredox catalyst (Scheme 9.20) [50]. The protonated alkenylpyri-
dine is convinced to be a highly reactive and electrophilic pseudo-iminium ion
intermediate, which undergoes radical conjugate addition with a nucleophilic
amino radical (TS-7), in situ generated from dimethylaniline 149 via sequential
single-electron oxidation and deprotonation. The resulting radical intermediate 152
then undergoes single-electron reduction and protonation to furnish the product
151. However, the use of chiral phosphoric acid 150 only results in 35% ee. A
similar visible-light-induced radical-addition to electron-withdrawing olefins is also
feasible in the presence of an equivalent amount of chiral hydrogen-bonding tem-
plate and catalytic amount of photoredox catalyst [51], albeit with only moderate
enantioselectivity.

Phipps and coworkers reported a Minisci-type addition of radical nucleophiles to
pyridines and quinolines with excellent control of enantioselectivity (Scheme 9.21a)
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Source: Modified from Proctor et al. [52] and modified from Zheng and Studer. [53].

[52]. The prochiral N-acyl a-aminoalkyl radical 158 is generated from the frag-
mentation of amino acid-derived redox-active esters (RAEs, 154) through a
photoredox-mediated single-electron reduction. Chiral phosphate acts as a bifunc-
tional counter anion, engaging in hydrogen bonding interactions with radical
nucleophile 158 as well as protonated quinoline. In this manner, stereoselective
carbon—carbon bond formation through transition state TS-8 furnishes the iminium
ion intermediate 159, which then undergoes photoredox-mediated single-electron
oxidation and following deprotonation to restore the heteroarene. However, the
extension of this protocol to other classes of heteroarenes is still very challenging.
Recently, the authors designed a rigorous analysis of the reaction landscape and
facilitated reaction data set through multivariate linear regression (MLR) analysis,
predicting pyrimidines to be amenable to this enantioselective Minisci reaction
[53]. Through in situ generating nucleophilic radical 163 from enamide and
electrophilic radical, an enantioselective three-component reaction of quinolines or
pyridines 153 with enamides 160 and a-bromo carbonyl compounds 161 can also
be accomplished to yield 162 by dual photoredox and chiral Brensted acid catalysis
(Scheme 9.21b) [54].

The photoredox/chiral phosphate dual catalysis is also compatible with chiral
hydrogen-bonding interaction to facilitate stereoselective radical transformations.
In 2018, Knowles and coworkers reported an asymmetric coupling of tryptamine
164 and TEMPO 76 to afford chiral pyrroloindolines 167 (Scheme 9.15) [55]. The
reaction is triggered by the single-electron oxidation of hydrogen-bonded adduct
168 with iridium(IV) species to generate the indole radical cation 169, which
then reacts with TEMPO 76 to form an iminium adduct 170. Intramolecular
capture of iminium ion by the nucleophilic carbamate moiety furnishes the desired
pyrroloindoline product 167. The high level of enantioinduction is attributed to the
tight hydrogen-bonding interaction of indole radical cation-chiral phosphate ion
pair during the carbon-oxygen bond-forming step. TEMPO 76 is not only a reactant
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Scheme 9.23 Enantioselective hydroamination of alkenes. Source: Modified from Roos
etal. [57].

but also acts as stoichiometric oxidant to regenerate the iridium(IV) species. Inter-
estingly, this reaction also proceeds well with the metal-free visible-light-excited
TEMPO-promoted single-electron oxidation [56] (Scheme 9.22).

Recently, Knowles and coworkers found that transient hydrogen-bonding inter-
actions could also enforce stereoselectivity in the intramolecular hydroamination of
alkenes with sulfonamides (Scheme 9.23) [57]. This protocol was proposed to pro-
ceed via a key sulfonamidyl radical intermediate 176 formed by PCET activation
of sulfonamide N—H bonds of 171 with an excited state Ir(III) oxidant and chiral
phosphate base 172. Then the H-bonding interaction between the chiral phosphoric
acid and the neutral sulfonamidyl radical, as ahown in 176, serves as the basis for
asymmetric induction in a subsequent C—N bond-forming step. The resulting alkyl
radical participates in a HAT event with thiophenol 173 to give 174.

Moreover, a ternary catalyst system consists of an Ir(III)-based photoredox cata-
lyst, a chiral phosphate base, and a cysteine-containing peptide thiol was recently
established by Miller and coworkers to realize the light-driven deracemization of
cyclic ureas (Scheme 9.24) [58]. Initiated by an excited-state Ir photocatalyst, the
racemic urea substrates 177 is reversibly oxidized to form a mixture of arene rad-
ical cations (R)-181 and (S)-181. Then kinetically controlled deprotonation of 181
with chiral phosphate base 178 resulted in the preferred conversion of fast-reacting
(S)-181 to neutral a-amino radicals 182, and unreacted (R)-181 was able to convert
back to the cyclic ureas (R)-177 by charge recombination with the reduced Ir(II).
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Scheme 9.24 Light-driven deracemization of cyclic ureas. Source: Modified from Shin
et al. [58].

Meanwhile, a-amino radicals 182 participates in an enantioselective HAT event with
chiral thiol 179 to give (R)-177. These two independent stereoselective steps allow the
optically enriched products (R)-177 to be formed from the racemic starting material
177 in a kinetically controlled manner.

Dual catalysis of photoredox and chiral phosphoric acids can also be applied to cre-
ating asymmetric transformations from easily accessible starting materials. In 2014,
Lu and Xiao reported a cascade aerobic oxidation and semipinacol rearrangement
reaction, allowing efficient access to 2,2-disubstituted indolin-3-ones (Scheme 9.25)
[59], the indole substrate 183 is first oxidized to a superoxide intermediate 186 with
molecular oxygen in the presence of Ru(bbp);Cl,-6H,0 catalyst. Then 186 under-
goes an O-0 cleavage with another indole 183 to afford a tertiary alcohol 187, which
finally undergoes a chiral phosphoric acid-catalyzed semipinacol rearrangement to
furnish indolin-3-one 185 in moderate enantioselectivity.

Wang and coworkers established an asymmetric Friedel-Crafts reaction of indoles
with a-amino acid-derived RAEs 154 using visible-light photoredox and chiral phos-
phate relay catalysis (Scheme 9.26) [60]. The RAEs 154 can serve as N-acyl imine
equivalents through a light-induced single-electron reduction, fragmentation, and
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Scheme 9.25 Photocatalytic aerobic oxidation/semipinacol rearrangement cascade
reaction. Source: Modified from Ding et al. [59].
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Scheme 9.26 Asymmetric Friedel-Crafts reaction of indoles and a«-amino acids derived
redox-active esters. Source: Modified from Shen et al. [60].

single-electron oxidation consecutive process. The subsequent trapping of in situ
generated N-acyl imines 192 with indoles through transition state TS-9 furnishes
the corresponding Friedel-Crafts alkylation products 191. Notably, the use of chiral
alkali phosphate 190 significantly improves the enantioselectivity than the corre-
sponding chiral phosphoric acid.

Asymmetric functionalization of inert C—H bonds can also be established with
photoredox and chiral phosphoric acid relay catalysis. Recently, Wang and cowork-
ers developed a light-mediated asymmetric C-H functionalization of alkanes with
exocyclic enones [61] by using TBADT as HAT catalyst and chiral phosphoric acid
195 as chiral proton-transfer shuttle [62] (Scheme 9.27). This reaction represents
a cascade process consisting of a HAT, radical addition, hydrogen abstraction, and
enantioselective protonation. A wide range of hydrocarbons, including cycloalka-
nes, benzylic and allylic hydrocarbons are nicely tolerated to provide chiral ketones
196 with excellent enantioselectivities.

9.6 Asymmetric lon-Pair/Photoredox Combined
Catalysis

In 2014, Jacobsen and coworkers described a sequential amine oxidation and
imine addition reaction through the merger of photoredox and asymmetric
anion-binding catalysis (Scheme 9.28) [63], providing an efficient approach to

295
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Scheme 9.28 Enantioselective synthesis of f-amino esters. Source: Modified from
Bergonzini et al. [63].

=

access enantiopure f-amino esters. The iminium ion precursor 200 is generated
from N-aryltetrahydroisoquinoline 53 via photocatalytic oxidation using CCl, as
the oxidant and chlorinating reagent. The presence of a chiral thiourea catalyst 202
accelerates the extrusion of Cl~ to form a chiral complexed anion-binded iminium,
which then engages in stereoselective addition (TS-10) with silyl ketene acetal 201
to afford products 203.

Ooi and coworkers reported a highly enantioselective radical coupling reaction
between N-sulfonyl aldimines 204 and N-arylaminomethanes 205 by using the com-
bination of photoredox and ionic Brensted acid catalysis (Scheme 9.29) [64]. In this
case, the Ir(IT)-mediated single-electron reduction of N-sulfonyl aldimine 204 gen-
erates an anion-radical, which can undergo ion exchange with P-spiro aminophos-
phonium 206 to afford chiral ion pair 208. Then 208 couples with an aminomethyl
radical 209 in situ generated from amine 205 via SET oxidation and deprotonation
to yield 1,2-diamine derivative 207 with excellent enantioselectivity. A similar pro-
cess using a-silyl amines 210 as alkyl radical precursors in the presence of Ir(ppy),
as photoredox catalyst also proceeds, smoothly [65].
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9.7 Summary and Outlook

Over the past decade, numerous exciting processes toward the control of stere-
oselectivity in radical transformations have been achieved by the combination of
photoredox catalysis and chiral organocatalysis. By exploiting the intrinsic merits
of radical reactivity, these advances offer opportunities for asymmetric transfor-
mations that are otherwise challenging to access via conventional two-electron
chemistry. Although the concept of this combined catalysis in radical transforma-
tions has proven to be successful, this research field is still in its infancy and will
continue to grow. Given the great potential of photoredox-catalyzed C-H function-
alization, such as PCET and HAT processes, the combined catalysis is expected
to glow insights in asymmetric functionalization of inert C—H bonds. Compared
to photoredox single-electron transfer process, the energy transfer mechanism is
unique to generate highly reactive excited-state molecules, capable of enabling
novel stereoselective bond formation in the presence of chiral organocatalysts.
Moreover, advances in photochemical radical-mediated cascade reactions are also
highly desired to access divergent synthesis of molecular complexity. Lastly, the
discovery of earth-abundant metal-based photoredox catalysts and easy-recyclable
heterogeneous photocatalysts with applications spacing from laboratory to the
industry would be another exciting advancement in this area.
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10

Applications in Organic Synthesis

10.1 Introduction

Due to the increasing demand for natural products or drugs and their related core
structures, especially chiral molecules, and when these products or drugs have
found a wide scope of applications in pharmaceutical development and production,
the efficient synthetic methods steadily gain in more and more concern [1]. The
chiral metal-complex catalysis, which can activate a wide range of chemical bonds,
has received great attention for half a century because of the prosperous appearance
of chiral ligands. Organocatalysis has also been recognized as one of the most
powerful strategies to produce chiral molecules with high levels of stereoselec-
tivity during the past decade [2]. Although the synthesis of structurally complex
molecules, particularly the total synthesis of natural products, has reached a
remarkable level that almost every discovered natural molecule can be synthesized,
the rapid construction and the control of stereochemistry of these structurally
diverse compounds still need efficient synthetic methods. Recently, the integration
of asymmetric organocatalysis and metal catalysis has enabled an amazing cre-
ation of unprecedented asymmetric transformations by means of cooperative and
sequential activation of chemical bonds, exceeding the performance of either most
organocatalysts or some highly active transition-metal catalysts [3]. In some cases,
the binary catalyst systems, which can facilitate the step-economical synthesis of
key building blocks for building up natural products and drugs with perfect control
of stereoselectivity, have shown great potential in organic synthesis.

In this chapter, some representative examples of the applications of asymmetric
protocols enabled by organocatalyst and metal combined catalysis to the synthesis
of natural products or pharmaceutically significant molecules will be described.

10.2 Applications of Chiral Phosphoric Acid-Metal
Cooperative Catalysis

(+)-Cuparene, which possesses adjacent quaternary centers in a cyclopentane
skeleton, was first isolated by Enzell and Erdtman [4]. Although some impressive
advances on asymmetric synthesis of (+)-Cuparene were achieved [5], List reported

Asymmetric Organo-Metal Catalysis: Concepts, Principles, and Applications, First Edition. Liu-Zhu Gong.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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89%, 94% ee Me Cuparenone Me (4)-Cuparene

Scheme 10.1 Formal synthesis of (+)-Cuparene. Source: Modified from Mukherjee and
List [6].

a more concise approach to this molecule starting with a highly enantioselective
a-alkylation of a-branched aldehyde 1a and allylamine 2a, synergistically catalyzed
by a chiral phosphoric acid [(R)-3a] and a palladium(0) complex to furnish a chiral
aldehyde 14 in 89% yield with 94% ee (Scheme 10.1) [6]. As shown in transition
state TS-I, phosphoric acid 3a not only acts as the proton source but functions as a
chiral counteranion of the cationic n-allyl-Pd-intermediate to induce the chirality.
The formal synthesis of (+)-Cuparene was then accomplished via an Rh-catalyzed
hydroacylation of aldehyde 4 in 30% yield, and followed by Reetz dimethylation of
Cuparenone [7].

Hu et al. have established a three-component reaction of aryl-/alkyl-diazoacetates,
alcohols, and aldimines enabled by cooperative catalysis of a rhodium complex and
chiral phosphoric acid 3b, affording a wide range of chiral f-amino-a-hydroxy ester
derivatives with good diastereo- and enantioselectivities [8]. Products 8, which are
generated from asymmetric Mannich-type reaction of diazoacetate 5a, alcohol 6,
and imine 7, are important chiral pools in asymmetric synthesis (Scheme 10.2).
The taxol side chain and (—)-epi-cytoxazone have been prepared in good yields
from the syn-p-amino-a-hydroxy esters 8a and 8b, respectively, through routine
manipulations (Scheme 10.2) [9].

Subsequently, Hu and coworkers expanded the concept to a four-component
reaction of diazoketone, water, ethyl glyoxylate (1b), and anilines in the presence
of Rh,(OAc), and chiral phosphoric acid 3¢ to produce p-hydroxyl-a-amino ester
derivatives in good yields and with high levels of stereoselectivity [10]. The reaction
of the linear alkyl vinyl diazoketone 5b with aniline 9b can offer the corresponding
product 10 in 72% yield (anti:syn = 70:30) with 90% ee, which turns out to be
a key intermediate for the synthesis of p-lyxo-Phytosphingosine and its analogs
(Scheme 10.3).

Zhu and Zhou reported a highly enantioselective N-H insertion reaction
of a-diazoketones cooperatively catalyzed by a rhodium complex and chiral
spiro-phosphoric acid 3d [11]. The reaction between a-diazoketone 5¢ and BocNH,,
gives a ketone 11a with 79% yield and 94% ee in one minute. The removal of
the N-protecting group of 11a with concentrated HCI affords the key intermedi-
ate with maintained enantioselectivity for the synthesis of monoamine oxidase
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Scheme 10.2 Synthesis of the Taxol side chain and (—)-epi-Cytoxazone Source: Modified
from Qian et al. [9].
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Scheme 10.3 Synthesis of D-lyxo-Phytosphingosine.

(MAO) inhibitor (Scheme 10.4) [12]. (L)-(-)-733,061, a selective antagonist for
the neurokinin-1 (NK-1) receptor, can be synthesized from chiral a-aminoketone
11b prepared from the asymmetric N-H insertion reaction of 5d with BocNH, by
following a known procedure [13].

(S)-Eflucimibe (F12511), a new Acyl-CoA cholesterol acyltransferase (ACAT)
inhibitor, which is not only able to reduce the plasma cholesterol levels but also
has antiatherosclerotic actions in animals’ models, has been used as a medicine
for the treatment of lipoprotein disorders and atherosclerosis [14]. By means of a
similar binary catalyst system [11], Zhou and coworkers developed an asymmetric
S—H bond insertion reaction of a-diazo esters. The combination of Rh,(TPA), and
chiral spiro-phosphoric acid 3e allows the reaction of a-phenyl-a-diazoacetate 5e
and n-dodecylmercaptan 12 to deliver a chiral a-mercaptoester 11c in 86% yield
and 93% ee [15]. Hydrolysis of the a-mercaptoester 11c and followed by amidation
provides (S)-Eflucimibe in 78% yield and with almost maintained optical purity
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Scheme 10.4 Formal synthesis of MAO inhibitor and (L)-(-)-733,061. Source: Modified
from Santo et al. [12].
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Scheme 10.5 The synthesis of (S)-Eflucimibe.

(from 93% to 90% ee). The optical purity of (S)-Eflucimibe can be enhanced to 97%
ee after a single recrystallization (Scheme 10.5).

(+)-Stephadiamine, which features a norhasubanan skeleton and contains two
adjacent a-tertiary amines, was isolated from the snake vine Stephania japonica
by Taga in 1984 [16]. In 2018, the first total synthesis of racemic Stephadiamine
was accomplished by Trauner and coworkers based on the construction of the
azapropellane core [17], starting with the key alkylation [18]/decarboxylative Tsuji
allylation [19] of tetralone 15 (Scheme 10.6). An asymmetric approach to access
chiral tetralone 16 with the benzylic quaternary stereocenter was also investigated.
A regio- and enantioselective allylation of unsymmetrical ketone 17 rendered by the
cooperative catalysis of palladium complex formed from Pd,(dba), and t-BuXPhos
and (R)-H8-TRIP (3,3/-bis(2,4,6-triisopropylphenyl)-1,1’-binaphthyl-2,2’-diyl hydro-
genphosphate) (3f) [20] gives (S)-16 in 63% yield and 93% ee, a key intermediate
for the asymmetric synthesis of (+)-Stephadiamine. Moreover, (R)-16 can also
be prepared in 81% yield and with 90% ee by switching the configuration of the
chiral phosphoric acid. Both the enantiomers of 16 serve as building blocks for the
synthesis of Morphine and Hasubanan alkaloids.
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Scheme 10.6 Total synthesis of Stephadiamine and formal asymmetric synthesis of
Morphine and Hasubanan alkaloids.

10.3 Application of Transition Metal Catalysis Combined
with Secondary Amine Catalysis

In 2009, MacMillan and coworkers established a cascade cross-metathesis/
Mukaiyama-Michael addition/intramolecular aldol reaction of crotonaldehyde
1c, hexene-2-one 18, and trimethylsilyloxyfuran 20 sequentially catalyzed by
Grubbs-II catalyst, chiral secondary amine 19a, and r-proline 2la. By the
triple-cycle-sequential catalysis, the butenolide 22 was obtained in 64% yield,
5:1dr, and 95% ee through a dicarbonyl intermediate Int-I [21]. The hydrogenation
catalyzed by palladium/carbon of 22 and followed by reduction with LiAlH, yields
a tetraol 23. The protection of tetraol 23 with triethylsilyltriflate generates 24. The
Swern oxidation of 24 and followed by Wittig reaction furnishes diene 25. A reaction
sequence of Grubbs metathesis, cyclopropanation with carbene in situ generated
from CHBr, and ¢-BuOK, methylation with Me,CuLi and deprotection leads to
(-)-Aromadendranediol (Scheme 10.7).

The bisabolene sesquiterpenes such as (S)-(+)-Tumerone, (S)-(+)-Curcumene
and (S)-(+)-Dehydrocurcumene, which exhibit antimicrobial as well as anti-cancer
activities and are used as additives in cosmetics, flavors, and perfumes, have
been valuable target molecules for the synthetic community [22]. In 2011, a
facile strategy for the total synthesis of these sesquiterpenes was developed by
Coérdova and coworkers, based on the enantioselective conjugate addition enabled
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Scheme 10.7 Total synthesis of (—)-Aromadendranediol.

by cooperative catalysis of a chiral amine and copper triflate (Scheme 10.8) [23].
The combination of copper triflate and chiral amine 26a allows the asymmetric
conjugate addition of ZnMe, to enal 1d to afford f-methyl aldehyde 27 in 65%
yield and with 94% ee. In this case, the activation of the enal by forming transient
iminium species with 26a facilitates the enantioselective addition toward the in situ
formed L-Cu'"-Me complex via transition state TS-II. The f-methyl aldehyde 27 is
a key chiral building block for the expeditious total synthesis of (S)-(+)-Tumerone
(51% total yield over two steps), (S)-(+)-Curcumene (37% total yield over four steps)
and (S)-(+)-Dehydrocurcumene (44% yield over two steps).

The biologically active natural (R)-(-)-Arundic acid, which has shown efficacy in
preventing expansion of cerebral infarction by improving astrocyte function, can be
used for the treatment of acute ischemic stroke, as well as clinical development in
other neurodegenerative diseases including Alzheimer’s disease and Parkinson’s dis-
ease [24]. Cordova and coworkers reported an intermolecular asymmetric a-allylic
alkylation of linear aldehydes, cooperatively catalyzed by an achiral Pd(0) complex
and chiral amine 26a [25]. This method paves a way to the concise and enantiose-
lective total synthesis of Arundic acid (Scheme 10.9). The regiospecific allylic alky-
lation reaction of allyl acetate 30 and octanal 1e gives the corresponding alcohol
with 93% ee after a one-pot reduction. The total synthesis of (S)-(+)-Arundic acid is
accomplished by the sequential hydrogenation over Pd/C and oxidation. Moreover,
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Scheme 10.8 Total synthesis of (S)-Tumerone, Curcumene, and Dehydrocurcumene.
Source: Modified from Afewerki et al. [23].
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* then NaBH,, MeOH A-CeHhrs M >
\/\OAC 46%, 93% ce Arundic acid

98%
30

Scheme 10.9 Total synthesis of Arundic acid.

changing chiral secondary amine to ent-26a as a cocatalyst for the allylation step
provides an access to (R)-(-)-Arundic acid.

(-)-Paroxetine, an antidepressant agent, is usually used in the treatment of
depression, panic disorders, and obsessive-compulsive disorders. Carreira and
coworkers established a stereodivergent a-allylation of linear aldehydes and allylic
alcohols, which proceeds via the activation of the racemic allylic alcohols by the
[Ir(cod)Cl], complex leading to the allylic alkylation of n-allyl-iridium intermedi-
ates with enamines in situ generated [26]. In the presence of trichloroacetic acid,
the enantioselective allylation of aldehyde 1f and 4-fluorophenyl vinyl carbinol 31a
cooperatively catalyzed by iridium complex formed from [Ir(cod)Cl], and ligand
(S)-32, and chiral amine (S)-26b, affords an y,5-unsaturated aldehyde (S, R)-33 in
64% yield, 6:1 dr, and >99% ee in gram scale (Scheme 10.10). After the reduction,
Mitsunobu reaction, and hydroboration/oxidation, the corresponding alcohol 34
is obtained. A further deprotection and cyclization of 34 accomplish the concise
synthesis of (-)-Paroxetine in 20% total yield over five steps. It is worthy to mention

| 307
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(S)-26b THF/toluene (6/1), reflux
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O
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(5) PPhg, DIAD, 0 °C to RT

20% over five steps
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O\ |

(—)-Paroxetine

Scheme 10.10 Concise synthesis of (—)-Paroxetine.

that the stereoisomer (R, R)-33 can also be prepared in optical pure form with the
Ir[(S)-32]/(R)-26b dual catalytic system.

Similarly, all four stereoisomers of (-)-A°-tetrahydrocannabinol, which was iso-
lated from flowering tops of female plants of several Cannabis sativa L. varieties
[27], were synthesized in an expeditious fashion using the same stereodivergent
Ir/amine catalytic strategy reported by the same group [28]. The catalytic a-allylation
of 5-methylhex-5-enal 1g and allylic alcohol 31b by using [Ir(cod)Cl],, ligand (R)- or
(S)-32 and chiral amine (R)- or (S)-26b as the catalytic system, provides all possible
stereoisomers of y,5-unsaturated aldehyde 35 in moderate yields (54-62%) and with
excellent stereoselectivities (15:1-20:1 dr, >99:1 er) with the assistance of 5mol%
Zn(OTf), (Scheme 10.11).

OMe OH
= Y\/\fo O
+
Me H OO
CsHii™ "5y OMe 19 83P—N |
(S)-26b (1.0 equiv) (3.0 equiv)
Ar = 3,5-(CF,),-
[Ir(cod)CIl5 (3 mol%)
32 (12 mol%) (S)-32

26b (15 mol%)
Zn(OTf), (5 mol%)
DCE (0.5 M), 25 °C, 20 h

(5)-32
(S)-26b (S)-26b
OMe #
/'q (‘.?) CHO
CsHy OM?\ CsHy CsHy
Me
(R, R)-35 (S, R)-35 (R, 5)-35 (S, 5)-35

62%, >99:1 er, 15: 1 dr 54%, >99:1 er, 20 : 1 dr 55%, >99:1 er, 20 : 1 dr 60%, >99:1 er, 15: 1 dr

Scheme 10.11 Preparation of all stereoisomers of y,5-unsaturated aldehyde 35.
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uniform synthetic sequence of steps for all stereoisomers
Me
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R OMe
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CHCly, 25 °C

85% for (R, R)-36,

(R, S)-35

(S, R)-35 87% for (R, S)-36 CeHg/MeOH, 0 °C
90% for (S, R)-36, 65% for (R, R)-37, 37
(S, 5)-35 92% for (S, S)-36 60% for (R, S)-37, R=CgHy4
61% for (S, R)-37,
66% for (S, S)-37
MeMgl, Et,0, 0-160°C,
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workup in CH,Cly, 25 °C
l Me l Me l Me
“H “H H
CsHyi O MeMe CsHy1 O MeMe CsHyi o MeMe CsHyi
(R, R)-38, 65% (R, S)-38, 41% (S, R)-38, 45% (S, S)-38, 57%
(-)-2%-trans-tetrahydrocannabinol (—)-A°-cis-tetrahydrocannabinol

Scheme 10.12 Stereodivergent total synthesis of A°-tetrahydrocannabinols.

As shown in Scheme 10.12, ring-closing metathesis of y,5-unsaturated aldehyde
35 using the second-generation Grubbs catalyst, followed by a Pinnick oxidation
and methylation with Me;SiCHN,, gives the methyl ester 37 in 52-61% yield
over three steps without noticeable erosion of the diastereoselectivity. Finally,
A°-tetrahydrocannabinol (38, all four stereoisomers) have been synthesized
in 41-65% yield through the formation of tertiary alcohol and double methyl
ether deprotection from ester 37 and followed by a subsequent intramolecular
etherification.

Actinophyllic acid, isolated from the leaves of the Australian tree Alstonia
actinophylla by Carroll et al. [29], is promising for the treatment of cardiovascular
diseases. Distinct from the previous impressive strategy in the total synthesis of
Actinophyllic acid [30], Yang and coworkers disclosed a catalytic asymmetric total
synthesis of (-)-Actinophyllic acid [31]. Their synthesis begins with a catalytic
allylation of 2-indolyl vinyl carbinol 31c and aldehyde 1h to give the corresponding
enantiopure aldehyde 39 in 82% yield with 12:1 dr and >99% ee, in the pres-
ence of dimethyl hydrogen phosphate as the promoter along with (S)-26b and
[Ir/(R)-32] as cooperative catalysts. Then the installation of the four contiguous
chiral centers (C16, C15, C20, and C19) is completed through the aldol reaction
of the chiral aldehyde 39 with N-Boc-protected 2-pyrrolidinone, providing 40 in
76% yield and with high diastereoselectivity (dr>10:1). Subsequent protection
and inversion of the configuration of C(19) deliver a tert-butyldimethylsilyl (TBS)
silyl ether 41 in 64% yield over two steps. Followed by Lemieux-Johnson oxidation,
Lindgren oxidation, and methylation, the tricyclic intermediate 42 is obtained
in 60% yield, which is converted into the key tetracycle 43 through a selective
Friedel-Crafts-like cyclization, with 77% overall yield and 6.5:1 dr. The following
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Scheme 10.13 Total synthesis of (-)-Actinophyllic acid.

conversions, including hydrogenolysis, mesylation, deprotection, and intramolec-
ular substitution, transform the 43 into a pentacyclic building block 44, which
contains a 1-azabicyclo[4.2.1]nonane ring. Then, TBS deprotection of 44 followed
by Dess-Martin oxidation gives ketone 45 in 75% yield, which can be transformed
to (-)-Actinophyllic acid hydrochloride by three more steps (Scheme 10.13).

10.4 Application of Photocatalysis Combined
with Organocatalysis

In 2010, MacMillan reported an enantioselective a-benzylation of aldehydes with
electron-deficient aryl and heteroaryl methylene bromides under the irradiation of a
26 W compact fluorescent lamp, by employing the combined catalysis of chiral sec-
ondary amine 19b and a commercially available iridium photoredox catalyst [32].
An enantioenriched a-heteroaryl methyl aldehyde 47, derived from a-benzylation
of aldehyde 1i with 4-(bromomethyl)pyridine 46a, is obtained in 93% ee. After sub-
sequent three-step reaction sequence, including classical reductive amination and
condensation with 48, Angiogenesis inhibitor 49, which has been used as a drug
candidate for the treatment of diseases such as tumor proliferation and diabetic
retinopathy [33], is accessed in 34% overall yield with maintained enantioselectivity
(Scheme 10.14).
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Scheme 10.14 Synthesis of Angiogenesis inhibitor.
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Scheme 10.15 Synthesis of the key pyrroloindoline intermediate.

Cyclotryptamine alkaloids, such as (-)-Calycanthidine and (-)-Chimonanthine,
constitute a large family of natural products that show fascinating biological activ-
ities [34]. The construction of the key building block - bispyrrolidinoindoline has
been the focus of sustainable synthetic interest for decades [35]. Recently, Knowles
established an enantioselective synthesis of alkoxyamine-substituted pyrroloindo-
lines with the stable nitroxyl radical 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO),
enabled by the combined catalysis of chiral phosphate anions (3g) and an iridium
photoredox catalyst [36]. The tryptamine substrate 50 is converted to substituted
pyrroloindoline 52 in 91% yield and 93% ee on 10 mmol scale under blue LED irradia-
tion (Scheme 10.15). The treatment of 52 with Mel and sodium hexamethyldisilazide
(NaHMDS) in tetrahydrofuran (THF) can also afford N-Me pyrroloindoline 53 in
93% yield.

As shown in Scheme 10.16, single-electron oxidation of the unprotected
pyrroloindoline 52 with the iridium photoredox catalyst (54) generates a carbo-
cation intermediate that can be captured by tryptamine 50 to form an adduct,
which is subsequently reduced with Red-Al to provide the C,-symmetrical dimer
(-)-Chimonanthine with 24% overall yield and 93% ee in four steps from tryptamine
50. Similarly, a sequential process involving the mesolytic cleavage, a Larock
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Scheme 10.16 Total synthesis of (-)-Chimonanthine, (-)-Psychotriasine, and
(-)-Calycanthidine.

annulation and reduction, (-)-Psychotriasine is prepared in 38% yield over four
steps from tryptamine 50 with maintained enantioselectivity. The reaction of N-Me
pyrroloindoline 53 and tryptamine 50 under the mesolytic cleavage conditions
followed by reduction provides the unsymmetrical dimer (-)-Calycanthidine in 43%
yield over four steps with 93% ee and >13:1 dr.

10.5 Application of Lewis Base-Lewis Acid Cooperative
Catalysis

Nelson and coworkers developed an enantioselective ketene-aldehyde cycloaddi-
tion of acid chlorides and aldehydes, enabled by cooperative catalysis of cinchona
alkaloids (58) and Lewis acids, delivering 3,4-cis-disubstituted p-lactones with
near-perfect stereoselectivity (>99% ee, >96% de) [37]. This efficient method
was applied for the catalytic asymmetric total synthesis of (-)-Pironetin [38].
As shown in Scheme 10.17, the combination of LiClO, and O-trimethylsilyl
quinidine 58a allows the asymmetric cycloaddition of propionyl chloride 57 and
3-(p-methoxybenzyloxy)propionaldehyde 1j to give p-lactone 59 in 70% yield
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Scheme 10.17 Total synthesis of (-)-Pironetin.

and with 99% ee and 89:11 dr. In this case, the formation of a metal-stabilized
ammonium enolate with lithium Lewis acid cocatalyst enables the enantioselective
cycloaddition of enolate toward aldehyde via transition state TS-III. Following the
three-step conversion, the syn aldehyde 60 is obtained in 93% overall yield. Then the
aldehyde 60 is subjected to the O-trimethylsilyl quinine 58b catalyzed cycloaddition
reaction with the assistance of Lil, providing the syn,anti,syn p-lactone 61 in 91%
yield with >95% de. After subsequent reduction, selective tosylation, and installa-
tion of C9 methyl ether, the protected tetraol 62 is accessed in 67% overall yield. The
protected tetraol 62 could undergo the Cu(I)-mediated allyl Grignard substitution,
followed by the Ir(I)-catalyzed olefin isomerization, furnishing the key synthon
63 in 83% yield. A sequential procedure including alcohol deprotection, oxidation,
Lewis acid (64)-catalyzed cycloaddition, and ring-opening reaction, -keto ester 65
can be prepared in 30% yield over four steps. Finally, the reduction with NaBH,
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Scheme 10.18 Total synthesis of (-)-Curcumanolide A and (-)-Curcumalactone.

and the treatment of the resulting diol with TsOH leads to the cleavage of tert-butyl
ester, lactonization, dehydration and the silyl ether removal, giving the desired
(-)-Pironetin in 56% yield over two steps.

Romo and coworkers accomplished an asymmetric divergent synthesis
of (-)-Curcumanolide A and (-)-Curcumalactone [39] based on the Lewis
base-catalyzed aldol-lactonization of dione ketoacids [40]. The dione 67 undergoes
the desymmetrization process under the cooperative catalysis of homobenzote-
tramisole 66a and the mild Lewis acid LiCl to provide the tricycle p-lactone
68 with excellent enantioselectivity in gram scale (Scheme 10.18). Subsequent
Baeyer-Villiger oxidation of 68 leads to the ring-expanded d-lactone 69 in a moder-
ate yield. The dyotropic rearrangement of 69 in the presence of substoichiometric
TMSOTS produces the desired spiro-y-lactone 70 in 73% yield with maintained
enantioselectivity. A sequential procedure involving the aldol condensation with
acetone and the methanolysis, the hydroxy ester 71 is given in 51% yield. The
dehydration of the secondary alcohol of 71 with Burgess’ reagent (72) and followed
by selective hydrogenation over PtO, and a selective addition with CeCl,/LiCl,
delivers the tertiary alcohol 73. The final dehydration toward (-)-Curcumanolide
A is completed by employing Burgess’ reagent (72) once again. Moreover, the
synthesis of (-)-Curcumalactone can be accomplished via the diastereoselective
reduction of 73 and followed by the dehydration with Burgess’ reagent (72).
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Scheme 10.19 Total synthesis of 3-Deshydroxy-secu’amamine A.

The Securinega alkaloids, which is considered as one class of the most important
collections of secondary metabolites from plants of the Euphorbiaceae family,
contain a unique bridged, tetracyclic substructure bearing an a,f,y,0-unsaturated
lactone motif [41]. In 2013, Snyder and coworkers accomplished an efficient
approach to access the bridged and tricyclic unsaturated lactone in racemic
form by N-heterocyclic carbene (NHC)/Lewis acid cooperative catalysis [42].
The enynal 75, derived from the Boc- and ketal-protected piperidone 74, can
undergo the cyclization under the cooperative catalysis of an NHC 76 and
Ti(O'Pr), to furnish the desired tricyclic compound 77 in a 47% yield. Then the
3-Deshydroxy-secu’amamine A is accessed in 66% yield through a chemoselective
hydroboration/oxidation of 77 and followed by a one-pot methanesulfonate ester
formation/N-Boc deprotection/cyclization sequence (Scheme 10.19).

The NHC/Lewis acid cooperative catalysis has also been applied to the creation
of synthetic methods to access bridging butenolide core within [3.2.1]-bicycle. The
enynal 78, prepared from the 4-hydroxy-L-proline 21b, can undergo [3+2] cycliza-
tion enabled by the synergistic activation of Ti(O'Pr), and the carbene 76 to deliver
the desired [3.2.1]-bicyclic compound 79 in 31% yield, which has been found as
privileged structure motifs in various Securinega alkaloids such as Securinine and
Norsecurinine (Scheme 10.20).

(

TMSCHN,, THF/MeOH (10 : 1) 76 (40 mol%),

)
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. (3) DIBAL-H, THF, 98% | | slow addition over 4 h,
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QOC (5) NaHMDS, ICH ,PPhyl, THF/HMPA (10 : 1), 50% N~ NS
(6) Cul, PdCI5(NCPh),, propargyl alcohol, 78% Boc
21b (7) TBAF, 94% 78
(8) DMP, CH,Cl,, > 95% 5 5
o o]
N
O% > .
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Scheme 10.20 The synthesis of the key [3.2.1]-bicyclic core.
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Pd(dba), (10 mol%)
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MeO
1 bar Me 7

46b c MeOQ” 80, 68%
95% ee, >20 : 1 dr

—Z

(1) Sml,, THF OMe I OMe
(2) Pd(dba),, Xantphos, 81,
CsCOg, dioxane, 120°C  \jeO OMe OMe
MeO OMe
82, Antiproliferative agent 81

54% over two steps,
96% ee, >20 : 1 dr

Scheme 10.21 Synthesis of antiproliferative agent.

10.6 Application of Lewis Base-Transition Metal Relay
Catalysis

In 2019, Gong and coworkers established asymmetric formal [1+1+4] and [1+1+2]
annulations using readily available halides and carbon monoxide as reaction com-
ponents via relay catalysis of a palladium(0) complex and chiral Lewis base to afford
chiral dihydropyridones and p-lactams, respectively [43]. The enantioselective
[1+1+2] reaction of benzyl bromide 46b, carbon monoxide, and N-tosylimine 7¢
using the benzotetramisole (BTM, 66b) as cocatalyst, provides the p-lactam 80 in
68% yield and with 95% ee and >20: 1 dr (Scheme 10.21). Thus, the antiproliferative
agent 82 [44] can be synthesized in good yield and excellent enantioselectivity from
80 by the sequential deprotection and Buchwald-Hartwig cross-coupling reaction
with an iodobenzene derivative 81.

10.7 Application of Metal-Bronsted Acid Relay Catalysis

Folicanthine, one of the Cyclotryptamine alkaloids, has been found to exhibit
important biological activities [45]. Gong and coworkers [46], after finishing their
study in the first catalytic enantioselective synthesis of (+)-Folicanthine, developed
a more concise entry to (-)-Folicanthine based on the asymmetric three-component
reaction of indole, diazooxindole 5f and nitroethylene enabled by relay catalysis
of Rh,(OAc), and chiral bifunctional squaramide 83 (Scheme 10.22) [47]. The
resultant chiral oxindole derivative 84 featuring a 3,3’-bisindole skeleton in 88%
ee is oxidized and followed by a subsequent Michael addition to nitroethylene
catalyzed by Mn(OAc), to afford the Kanai-Matsunaga intermediate 85 in 53% yield
over three steps [48]. Finally, the synthesis of (-)-Folicanthine is finished in 14.5%
overall yield according to the literature’s procedures [48, 49].

Eupomatilone-6 and its analogs were isolated from the Australian shrubs
Eupomatia bennettii by Carroll and Taylor in 1991 [50]. A relay catalytic
intramolecular hydrosiloxylation of arylacetylenes/Mukaiyama aldol reactions
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Scheme 10.22 Total synthesis of (-)-Folicanthine. Source: Modified from Chen et al. [47].
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(4) 2Ag, Etj OMe mMe 2, AgO,CCF3 3
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o ONHTE AT <o

OO L: Ar2 = 2,6-(Pr) ,.CgHyg %
Arl

3h
Ar! = 2,4,6-(Pr) ;CeH,

Scheme 10.23 Total synthesis of (-)-5-epi-Eupomatilone-6. Source: Modified from Wu
etal. [51].

of 2,3,4-trimethoxy-6-(phenylethynyl)phenyl dimethylsilanol 86 with fluorenyl-
glyoxylate yields a chiral building block for the enantioselective synthesis of
(-)-5-epi-Eupomatilone-6 (Scheme 10.23) [51]. The cascade reaction that is con-
ducted in a 5 g scale in the presence of a gold complex (LAuMe) and chiral Brensted
acid 3h delivers the intermediate 87 in 74% yield and with 89% ee and 10:1 dr.
The Baeyer-Villiger oxidation of 87, and followed by hydrogenolysis, formation of
a-diazoketone, and Arndt-FEistert reaction, affords the ester 88 in 47% yield over
four steps with 6:1 dr. A sequential process involving methanolysis, lactonization
accompanying with the removal of silyl group, elimination, conjugate addition
with dimethyl copper lithium, and iodination provides the aryl iodide 89 in 56%
overall yield. The following Suzuki-Miyaura coupling and alkylation steps deliver
(-)-5-epi-Eupomatilone-6 with 87% ee.

In 2017, Gong and coworkers described a highly diastereo- and enantioselective
synthesis of both ent-Calyxolane A and Calyxolane B, the diastereomers of marine
natural products (Scheme 10.24) [52]. An enantioselective aza-ene-type reaction of
enamide 91 and a-diazoester 5e enabled by the relay catalysis of a gold complex and
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(1) XphosAuNTf, (10 mol%),

N, 3i (0.1 mol%), 4 AMS, Ph O
MTBE, Ny, 10 °C
oy e 210 St o0
o Ph”” “NHAc (2) 6 NHCI, 10°C, 8 h MeO,C Ph ¢
5e 91 92 o ©OH
> 99%, 96% ee O
Ph Ph R

(1) BHg THF, THF 3i
(2) BF3-OEt,, CH,Cly, RT ; > + R = tBuPh,Si
o 'Ph o ~Ph

ent-Calyxolane A Calyxolane B
35%, 96% ee 46%, 95% ee

Scheme 10.24 Total synthesis of ent-Calyxolane A and Calyxolane B. Source: Modified
from Zhao et al. [52].

OHC/\OBn CO/H, (4 bar, 1:1), CO,Me
1K Rh(acac)(CO)3 (2 mol%), (1) Phgp=/ , toluene
+ 94 (2.4 mol%), (2) KHMDS, THF, 0 °C
S)-3a (10 mol%), BnO__ . (3) KH, THF, 0°C
P ( \ s s
Me”™ X BPin toluene, 48 h 07 "OH (4) Pd/C, Hy

93 95a

HO \.(j’ COZMe Ghosh and Li [54]
~Na 1y [ N

O b4
33% ove?(fiive steps COH Me Me Me Me OH
>20:1d.r., 85% ee OCH; OCHs (+)-Herboxidiene/GEX1A
tBu I l tBu
O~p\/o O\IP—O
SOIRS S
O w
Biphephos

Scheme 10.25 Formal synthesis of (+)-Herboxidiene/GEX1A. Source: Modified from
Afewerki et al. [23].

chiral phosphoric acid 3i gives a y-keto ester 92 in 96% ee. After the reduction of
92 with borane, followed by a cyclization promoted by boron trifluoride, the natural
products ent-Calyxolane A and Calyxolane B are obtained in 35% yield and 46% yield,
respectively, without the erosion of enantioselectivity.

By means of Rh!/chiral phosphoric acid (3a) relay catalysis, an efficient cascade
reaction involving an asymmetric allylboration of aldehyde (1k) with allylboronate
(93) and hydroformylation with syngas and hemiacetalization provides a chiral
hemiacetal 95a, which is converted to the tetrahydropyran 96 in 33% yield over
five steps through a Wittig reaction, intramolecular hetero-Michael addition and
deprotection sequence (Scheme 10.25) [53]. The key intermediate 96 can be applied
for the formal synthesis of (+)-Herboxidiene/GEX1A [54].

The key tetrahydropyran core 97, which has been used for the synthesis of Leucas-
candrolide A [55], can be facilely prepared via the enantioselective cascade reaction
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OHC._OTBS CO/H, (4 bar, 1:1),

1 Rh(acac)(CO)» (2 mol%), BF3-Et,0, DCM, allyltrimethylsilane
N 94 (2.4 mol%), \(\/L then saturated aqueous CaF,
(S)-3a (10 mol%), TBSO . o~ "OH
Me”X""BPin toluene, 48 h 950
93

\(\/l\/\ Wipf and Reeves [55]

TBSO_ o N
97

56% over two steps
>20:1dr, 81% ee

Me  Leucascandrolide A

Scheme 10.26 Formal synthesis of Leucascandrolide A.

of aldehyde 11 with allylboronate (93), followed by a diastereoselective allylation
(Scheme 10.26).

10.8 Conclusion

Asymmetric organocatalysis combined with metal catalysis provides robust strate-
gies to enable highly enantioselective processes, some of which have been applied
to the stereoselective and efficient synthesis of natural products, pharmaceuticals,
and related structurally diverse molecules. However, the repertoire of organo/metal
combined catalysis methods for the asymmetric total synthesis has much less been
displayed. The growth of asymmetric organo-metal combined catalysis will inspire
the design of new synthetic routes to access natural products and biologically active
molecules. In turn, the continuing fascination with the enantioselective synthesis of
natural products and chiral core structures steadily serves as a driving force for the
exploration of new efficient organo/metal combined catalysis.
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