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Abstract: «-Functionalization of carbonyl compounds in organic synthesis has traditionally been
accomplished via classical enolate chemistry. As «-functionalized carbonyl moieties are ubiquitous in
biologically and pharmaceutically valuable molecules, catalytic x-alkylations have been extensively
studied, yielding a plethora of practical and efficient methodologies. Moreover, stereoselective
carbon—carbon bond formation at the -position of achiral carbonyl compounds has been achieved by
using various transition metal-chiral ligand complexes. This review describes recent advances—in
the last 20 years and especially focusing on the last 10 years—in transition metal-catalyzed
a-alkylations of carbonyl compounds, such as aldehydes, ketones, imines, esters, and amides
and in efficient carbon—carbon bond formations. Active catalytic species and ligand design are
discussed, and mechanistic insights are presented. In addition, recently developed photo-redox
catalytic systems for x-alkylations are described as a versatile synthetic tool for the synthesis of chiral
carbonyl-bearing molecules.

Keywords: x-alkylation; a-functionalization; carbonyl compounds; C—C bond formation

1. Introduction

To date, a myriad of studies on the effective a-functionalization of carbonyl compounds have
been reported [1-3]. Among them, transformations employing enolates or their analogs are classically
considered as major synthetic pathways applicable to diverse organic syntheses. The Tsuji-Trost
reaction made significant contributions to the C—C bond formation by palladium-catalyzed allylic
alkylation reactions [4,5]. Mechanistically, Pd(0) firstly coordinates the C-C double bond on allylic
substrate, then oxidative addition is followed to form a key intermediate, cationic 7-allyl-Pd complex.
The nucleophile adds to the m-allyl-Pd complex to provide an allylated product and regenerated
Pd(0) catalyst [6-8]. This strategy, however, has a number of drawbacks, such as limited enolate
formation selectivity and functional group compatibility. In particular, methodologies involving silyl
enol ethers often generate undesirable side products, such as silicate and lithium salts [9]. In light of
this, the development of efficient synthetic procedures for the a-functionalization of carbonyls can
be daunting.

Transition metals have their intrinsic disadvantages, such as high cost and toxicity [10]. In many
cases, the additional cost and labor are required for the preparation of noncommercial ligands.
Furthermore, transition metal catalysts could generally lose their selectivity by chelation with substrates

Catalysts 2020, 10, 861; doi:10.3390/catal10080861 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
https://orcid.org/0000-0002-8858-5204
https://orcid.org/0000-0002-1710-2682
https://orcid.org/0000-0002-4771-8656
http://www.mdpi.com/2073-4344/10/8/861?type=check_update&version=1
http://dx.doi.org/10.3390/catal10080861
http://www.mdpi.com/journal/catalysts

Catalysts 2020, 10, 861 2 of 26

(e.g., pyridine, pyridimine, quinoline, etc.), which have coordinating functional groups, such as amines
and pyridines. In pharmaceutical uses and applications, there are strict threshold values of metal
permissible in products [11]. In traditional transition metal-catalyzed «-alkylations of carbonyl
compounds, it is not free from the generations of toxic wastes. Not only the remaining metal in the
solution and products, but also halide waste is generated from the stoichiometric amount of alkyl
halide as an alkylation partner. Lastly, the stoichiometric amount of base is additionally required for
the generation of enolate-related nucleophile.

To overcome the possible disadvantages of the traditional reactions, such as the generations of toxic
waste as well as reaction selectivity, the x-alkylation of carbonyl compounds catalyzed by transition
metal complexes has received considerable attention as an alternative protocol for sustainable manners
in recent years (Scheme 1) [12]. Transition metal-catalyzed o-alkylation of carbonyls has several
advantages, such as mild reaction conditions and diverse scope of carbonyl derivatives. These desirable
modifications occur via the formation of metal-enolate intermediates, followed by further C—C coupling
via reductive elimination. In particular, palladium-based catalytic systems have been extensively
reported for such carbonyl «-alkylations and arylations to date [13]. In addition to these advancements,
the sustainable development and optimization of transition metal-catalyzed «-alkylation/x-arylations
of carbonyls are crucial for the facile formation of new C-C bonds and diversification of substrate
scopes (Scheme 1).

" Pd catalysis "
\g?\l)\ \g.J\l)\
~[or photo catalysis & etc] R
Substrate :
Aldehyde, ketone, R= alkyl, aryl, alkenyl, etc.

imine, amide, ester
Scheme 1. Transition metal- and photo-catalyzed «-alkylations of carbonyl compounds.

In this review, we focus on the recent developments (from 2000 to 2020, and mainly for the last
10 years) regarding transition metal-catalyzed o-alkylation of carbonyl compounds. Palladium catalysis
has thus far provided the most significant advances in terms of chemo-, regio-, and enantioselective
a-alkylation, expanding the utility of this synthetic transformation. Other transition metals and diverse
alkylating reagents have also been involved in the x-alkylation of carbonyl compounds in order
to overcome the limitations of traditional approaches. Visible-light-mediated photoredox catalysis,
a rapidly progressing strategy for C—-C bond formation, can be performed under very mild conditions
and be directed toward effective pathways in terms of expanding the carbonyl substrate scope.

2. Aldehydes

2.1. Palladium-Catalyzed a-Alkylation of Aldehydes

Carbon—carbon bond formation with carbonyl compounds is traditionally achieved via enolate,
silyl enol ether, and enamine chemistry, involving external bases. In the early 2000s, various transition
metal-catalyzed C—C bond formations, at the o-position of aldehydes and ketones, were successfully
developed. In 2001, the Tamura group reported efficient Pd-catalyzed x-alkylation via Lewis acid-based
complexes generated from the combination of palladium and BEt; [14]. This atom-economic reaction
could be performed under milder conditions than those required for previous w«-alkylations. In the
same year, the Nomura group disclosed Pd-catalyzed selective x-arylations under basic conditions.
This transformation is performed with palladium and bulky phosphine ligands to generate carbon—carbon
bonds between carbonyl compounds and aryl halides. Most surprisingly, aldol condensation, which can
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occur under basic conditions, was completely suppressed and x-arylation was achieved selectively with
the use bulky external ligands [15]. Competition reactions between carbonyl x-functionalization and aldol
condensation of aldehydes or ketones were intensively studied with various combinations of transition
metals and chelating ligands.

In 2007, Buchwald and coworkers proposed the palladium-catalyzed x-arylation of aldehydes
with bulky, electron-rich phosphine ligands (Scheme 2) [16]. Although the reaction conditions were also
favorable for aldol condensation, a trace amount of water promoted the equilibrium of the retro-aldol
reaction to regenerate the aldehyde from the self-aldol product. The bulky and electron-rich phosphine
ligand (L1) played a crucial role in aryl halide 2 activation by palladium in the 1st step of the catalytic
cycle, namely, oxidative addition. Products 3 bearing a quaternary carbon were successfully generated
via this method.

Pd(OAC), (2 mol%) 5 O
O L1 (3 mol%)
J\/Rz . /@Rs Cs,CO; (1.2 €q.) o RS - Fl’;(Cy)z
: R X dioxane, 80 °C H AW ' O
516 h !
1 , (5-16 h) ; |
(X =Cl, Br) 57-89% ; R

L1 (R = iPr or OMe, H)

Scheme 2. Palladium-catalyzed x-arylation of aldehydes with electron-rich phosphine ligands.

An asymmetric version of the palladium-catalyzed x-arylation of aldehydes has been developed
(Scheme 3) [17]. Using chiral phosphanyloxazoline ligand L2, desired chiral quaternary aldehydes 5
could be obtained in high enantioselectivities and yields via an intramolecular pathway. This was the
first example of the metal-catalyzed asymmetric aldehyde o-arylation.

R2  Pd(OAc), (3 mol%) 5
o L2 (9 mol%) o E
Cs,CO; (1.2 eq.) J R2 ! PR
H . H™'7 9N
14 L {BUOH, 80 °C o LY R = @OMe
4 (15-24 h) 5 : Bu
27-88% 5 L2

up to 98% ee H
Scheme 3. Palladium-catalyzed intramolecular asymmetric x-arylations of aldehydes.

Cordova and coworkers conducted the x-allylation of aldehydes and ketones utilizing two different
catalytic systems, palladium catalysis, and organocatalysis (Scheme 4). Specifically, the carbonyl
reagents were converted to reactive enamine species by the addition of a secondary amine organocatalyst,
and allyl acetate was converted to a 7r-allyl-Pd species. These two catalytic activation processes were
successfully combined to enact x-allylic alkylations. Pyrrolidine A1 was used as the organocatalyst,
and only 10 mol% was required for the generation of reactive enamine 1a-I from the corresponding
aldehyde 1a (Scheme 4a). In the case of ketones, 30 mol% of pyrrolidine catalyst provided the desired
product in high yield [18]. Enantioselective wa-allylic alkylation was carried out by using chiral
pyrrolidine catalyst A2 (Scheme 4b) [19]. This was the first direct catalytic intermolecular regiospecific,
highly chemo- and enantioselective x-allylic alkylation of linear aldehydes, employing simple chiral
amines and palladium catalysts. (R)-3-Methyl-N-(2-phenethyl)-pyrrolidine and (S)-arundic acid were
synthesized by this enantioselective a-allylic alkylation as a key reaction.
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(a) ref 18: racemic version

Pd(PPh3)4 (5 mol%) ! O
Q A1 (10 mol%) 9 E N
HJ\ +  _~_OAc ! - i N
; DMSO, rt . | A1
R (15-90 h) R |
1a 5 6 -
. . . 65-95%
(b) ref 19: enantioselective version
o Pd(PPhj), (5 mol%) o Ph
J\ , o A2 (20 mol%) PNy Ph
+ R OAc W 21 H
o DMF/DMSO (1/1),-20°C 1 T R OTMS
R (40-48 h) R ; A2
1a 5a 6a '
56-85%

up to 96% ee

1a-l RO"

A1 or A2
R\\-<+> PO RO NR?
0 N 5
a
HWRZ

6a

Scheme 4. (a) Racemic version of palladium- and pyrrolidine-catalyzed «-allylic alkylations of
aldehydes, (b) enantioselective version of palladium- and pyrrolidine-catalyzed x-allylic alkylations of
aldehydes, and (c) proposed mechanism.

List and coworkers reported the palladium-catalyzed enantioselective Tsuji-Trost-type x-allylation
of aldehydes using chiral counter anion/anionic phosphoric acid ligands (Scheme 5) [20].
Although the traditional palladium system for the Tsuji-Trost allylation involved neutral
ligands, here, an enamonium phosphate salt was first generated by the reaction among
the secondary allylamine 7, aldehyde 1, and chiral phosphoric acid ligand (R)-L3 ((R)-TRIP,
TRIP = 3,3’-bis(2,4,6-triisopropylphenyl)-2,2’-binaphtholate). The cationic 7-allyl-Pd complex 1b-1I
was generated by palladium(0), followed by «-allylation to afford chiral iminium 1b-III in an
enantioselective manner. Finally, the desired chiral aldehyde 8 was obtained by hydrolysis, with
regeneration of chiral phosphoric acid (R)-L3 (Scheme 5b). Formal synthesis of (+)-cuparene was
demonstrated by this asymmetric x-allylation.

Allylic alcohols were used as allylic partners in the palladium-catalyzed asymmetric «-allylation
of aldehydes assisted by chiral phosphoric acid ligands (Scheme 6) [21]. Unlike the above-mentioned
case, the reaction required 40 mol% of a-aminodiphenylmethane A3 as a cocatalyst for the generation of
reactive enamine intermediate 1b-IV. Meanwhile, chiral phosphoric acid (S)-L3 readily activated allyl
alcohols 9 to produce the cationic chiral r-allyl-Pd complex 1b-VIII. Then, the enamine intermediate
1b-V, generated from bulky enamine 1b-IV and Pd complex 1b-VIII, directed the enantioselective
x-allylation to generate all-carbon quaternary stereogenic centers. Without the generation of an
enamine, enol substrates could not provide a sufficiently strong binding site for the chiral 7-allyl-Pd
complex 1b-VIII, thus the product was obtained in low e.r.
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(a) Palladium-catalyzed asymmetric a-allylation of aldehydes with allylic amines

(o) )Fil Pd(PPh3), (1.5 mol%) 9
RL (R)-L3 (3 mol%) HWRZ
2 .
Hkr + Ph N/Y\R e w A R

R R’ molecular sieves 5A s RR! |
MTBE, 40 °C, 12 h 1

1 7 8 .
45-89% :

up to 97% ee '

(b) Proposed mechanism ‘

Ph (R-TRIP T
(R)-L3
Ph)\N/\/
Ph
H
o +7 Ph)\NM (g
N~ o VOR
5 o
Ph Ph
1 o 1b-l
B
A\ QR
HO g
(R)}L3
Ph X
8, Ph
H Ph
Ph ALl
Ph” “NH, ph>\A\ o
1b-ll

Scheme 5. (a) Palladium-catalyzed asymmetric x-allylation of aldehydes with allylic amines and
(b) proposed mechanism.

(a) Palladium-catalyzed asymmetric a-allylation of aldehydes with allylic alcohols

Ph :
Ph””  NH, :
A3 (40 mol%) '
% Pd(PPhg)4 (1.5 mol%) Q i
| 9, :
H)S/RL + HO N R? (S)-L3 (3 mol%) HWRZ :
Rs R' molecular sieves 5A Re RUR!
1 9 toluene, 40 °C, 12 h 10 '
66-98% 3
up to 99.6% ee
‘ (S-L3
(b) Proposed mechanism
Ho/\/ R'C\)
! 0=R-OR’
PO
o L
P / low e.r.
. \\QR
HO L i ,
S)-L3 Pd . ;
)P\h ($) R0 OR
PR ONH T~ _P=0 ____.-~
X o H OH
Q H R'O_ OR’ PhaP-i% PPh, «
Ph -o-Py |
H)S/ bV O 70 ey W Ph
Ph pat H. L 1b-Vill
1 \Z N™ “Ph E-&Z-Enol
Ph \/\H A
Ph :
Ph” “NH, Py :
A3 E-Enamine 3
Intermediate o

=, CHO

Ph
Ph/\/\ ,Hf %Ph/ H

L. )S/
10 I/\ Ph
Ph X

high e.r.
1b-VI

Scheme 6. (a) Palladium-catalyzed asymmetric x-allylation of aldehydes with allylic alcohols and
(b) proposed mechanism.
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In 2014, Gong and coworkers proposed the enantioselective c-allylation of aldehydes with terminal
alkenes via palladium-catalyzed oxidative sp> C-H/ sp® C-H coupling with the assistance of a chiral
ligand (Scheme 7) [22]. In this system, the palladium complexes 1b-IX were generated through C-H
activation of olefin 11 with an external oxidant (i.e., 2,6-dimethylbenzoquinone), and chiral «-allylation
was performed with aldehydes 1. This methodology demonstrated the successful utilization of inert
C-H bonds for an enantioselective coupling reaction at the o-position of aldehydes.

(a) Palladium-catalyzed asymmetric a-allylation of aldehydes with terminal alkenes

Ph” “NH,
A4 (40 mol%)

o}
Pd(PPh3)s (3 mol%)

o H
=
RL A~ (R)-L3 (3 mol%) H)W\R
H)Kr + R RS R.
Rs
1

2,6-dimethylbenzoquinone
1 molecular sieves 5A 12

MTBE, 60 °C, 0.5 h
34-90%
up to 90% ee

(b) Proposed mechanism 0
A
R'O OR’ Ph
N/ 1
_ /P:O +
e o S
PhsP-_i*.PPhg Ph” “NH,
R! Pd
+ X
[O] \l!l/\ R1/‘V A4
11 1b-IX RO, OR"
-0
: LK
‘\OR", pg0 =~ 1, Pd" H.
HO L QR+ Pd R~/ N~ Ph
(R)-L3 Z>H
CHO Ph Ph
~__R' H 1b-X
+>L

PhM .
12 &1/
+ ~~ pnh xR

Scheme 7. (a) Palladium-catalyzed asymmetric «-allylation of aldehydes with terminal alkenes and (b)
proposed mechanism.

Recently, alkynes were employed as alkylating reagents for the palladium-catalyzed asymmetric
a-allylation of aldehydes (Scheme 8) [23]. A chiral hydridopalladium catalyst mediated the
isomerization of alkynes 13 to the corresponding allenes, which in turn were converted to chiral
m-allyl-Pd complexes via substantial hydropalladation. The reactive enamine intermediates, derived
from aldehydes 1 and amino catalyst A4a, underwent asymmetric allylic substitution to afford coupling
products 14 or 15.

SL

A NH,
Ada (80 mol%)

o Pd(PPhj3), (10 mol%) T o R
3)4 mol7 o
H)KVRL R (R)-L3 (10 mol%) HWN HWN

+ / RS R, or R SR,

Rs Ar toluene, 100 °C, 48 h .

R = vinyl
1 13 14 15
48-86% 70-90%

up to 95% ee

up to 93% ee

Scheme 8. Palladium-catalyzed asymmetric x-allylation of aldehydes with alkynes.
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2.2. Other Metal-Catalyzed a-Alkylations of Aldehydes

In 2013, Carreira and coworkers reported the efficient c-allylation of aldehydes employing iridium
species (Scheme 9) [24]. Both chiral amines (A5 and A6) and chiral ligands ((R)-L4 and (S)-L4) were
indispensable for the enantioselectivity of the reaction. The iridium—chiral ligand species controlled the
-center, while the enamine from aldehyde 1 and amine (A5 or A6) gave rise to the «-center. Therefore,
an outer sphere transition state was generated and the two stereocenters were perfectly simultaneously
controlled during o-allylation.

(0] '
[ircod)Cll, 2 Mol%) () 1 4 AB H R ' [ligand
o ligand (8 mol%) —— Ny
OH amine (10 mol%) RS R :
xS o0, ©
H)KR( R/K/ Cl3CCO,H g? ’ Rl_)|'1; ; O\PiN |
s DCE, 25 °C, 24 h (S)-L4, A5 8 | o’
o o
R R ! O
amine (cinchona-alkaloid-derived primary amine) (R,S)-18 1
O HR ! (R)-L4
RLeng I A~
Rs R_ :
(SR)-19 } O
(S)-L4, A6 I AR | o
Rdimaidong HW | PN
Rs R ‘ ©
A5 (R form) A6 (S form) (S,S)-20 ' O
42-86% i
up to >99% ee (S)-L4

Scheme 9. Iridium-catalyzed stereoselective x-allylation with chiral ligands and chiral amines.

Dong and coworkers reported the Rh-catalyzed enantioselective x-allylation of aldehydes with
alkynes (Scheme 10) [25]. In this system, the combination of rhodium and chiral phosphine (R)-L5
was employed as the principal catalyst, and chiral Jacobsen amines ((S,5)-A7 and (R,R)-A7) were
incorporated. Harnessing the dual role of the chiral Rh catalyst and chiral amines, y,5-unsaturated
aldehydes 22 and 23 were efficiently synthesized with high regio- and stereoselectivity.

O H Ar?
[Rh(cod)Cl], (4.5 mol%) (S,S)-A7 H)W

o (R)-L5 (9 mol%) Al } OO
y P amine (25 mol%) (S,5)-22 ‘ PR,

ClsCCOH !
Ar' DCE, 40°C.24n |(RRXAT_ O H A? | OO PRo
1c 21 N N
Ar!
R)-L
amine (R,S)-23 (R-LS
Ph O Ph O 63-96%
. up to >99% ee
Ph NH Ph NH
(S,S)-A7 (R.R)-A7

Scheme 10. Rhodium-catalyzed asymmetric x-allylation of aldehydes with internal alkynes.
2.3. Organocatalyst-Assisted Photoredox-Catalyzed a-Alkylation of Aldehydes

The MacMillan group reported a Ru-based photoredox approach with a chiral amine cocatalyst
for the asymmetric a-functionalization of aldehydes (Scheme 11). Based on the proposed reaction
mechanism (Scheme 12), aldehyde 1d was first converted to enamine 1d-I with a chiral amine cocatalyst



Catalysts 2020, 10, 861 8 of 26

(A8 or A9), which then reacted with a radical species from the photoredox cycle. Interestingly,
enamine steric effects resulted in the exclusive Si-face attack by the radical species, and the active
radical species 1d-II was converted to iminium 1d-III via a single-electron transfer (SET) process
with the photoredox catalyst. The photoredox catalyst M was activated by irradiation with visible
light and could be considered as either an oxidant or a reductant. The activated photo-catalyst could
donate an electron to generate the radical species, or it could abstract an electron to generate iminium
1d-III via SET. In the initial study by the MacMillan group, alkyl bromides were employed as the
coupling partners in the presence of a Ru(bpy);>" photoredox catalyst [26]. The reaction scope was
expanded with a-bromocyanoalkyl substrates for the a-cyanoalkylation of aldehydes [27]. Similarly,
the x-alkylation of aldehydes has been successfully demonstrated by using Ir-based photoredox
catalysts, trifluoromethyl iodide [28], and benzylic bromides [29]. Total synthesis of (-)-bursehernin
was demonstrated by o-cyanoalkylation of aldehydes as a key reaction, and a bioactive drug candidate,
angiogenesis inhibitor 12, was synthesized by enantioselective x-benzylation.

o photoredox catalyst (0.5 - 1 mol%) o
amine catalyst (20 mol%) 2
H)J\ + LG_R2 H)J\(R
2,6-lutidine
R . R
1d 24 fluorescent light 25
DMF or DMSO, rt, 5-24 h
photoredox catalyst(M) amine catalyst LG-R? yield, ee
63-93%,
(a) ref 26 Me O Br” FG up to 99°/: ee
—————1  Ru(bpy)sCh i‘ﬁ o
" N -917,
(b) ref 27 tBu™ >\~ 'Me Br™ "CN | ypto98% ee
H 62-89%,
(c) ref 28 Ir(ppy)2(dtb-bpy)PFg A8 I—CF3 up to 99% ee
Me (0]
o \Nf Br A 68-91%,
(d) ref 29 ac-Ir(ppy)s Me,QN BN up to 93% ee
H
A9
photoredox catalyst (M)
4
NS
N
=
= //II"'|| Ly
r
o NI
NS | e
Ru(bpy)sCl, Ir(ppy)2(dtb-bpy)PFg fac-Ir(ppy)s

Scheme 11. MacMillan’s photoredox catalysis for enantioselective c-alkylation of aldehydes.

Simple olefins have been enrolled for the «-functionalization of aldehydes through photoredox
methodology (Scheme 13) [30]. In the proposed mechanism (Scheme 13b), the Ir photoredox
catalyst generates enaminyl radical 1d-V from chiral enamine 1d-IV via SET, and the ensuing
rapid enantioselective addition of terminal olefin 26 onto the radical 1d-V provides secondary alkyl
radical 1d-VI. The subsequent thiol-mediated hydrogen-atom transfer (HAT) and hydrolysis deliver
the desired a-alkylated aldehydes 27 in high ee.
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(0]

H)S
R1
1d
Me\NKO L Me, O
A !
BUT N Me By w9
o H

)H/RZ chiral amine, A8 H)%/\‘ Si-face
H

1 R )
R 1d-1 R?| Lo
25 Me, 0O ) %

Me, O NK
,EK tBu’(N "Me
Bu ,Q ’ é%,RZ
1 \_/mu
i

LG R2

Light \\/

Scheme 12. Proposed reaction mechanism of the photoredox catalysis process for enantioselective

a-alkylation of aldehydes.

(a) Photoredox catalysis for the enantioselective a-alkylations of aldehydes with simple olefins

photocatalyst (3 mol%)

[e] amine A10 (20 mol%) (0]
thiophenol (20 mol% 2
H)H + /\Rz P ( o) H R
R fluorescent light R! 50-94%
1d 26 DME, 10 °C, 24-48 h 27 up to 95 ee
photocatalyst

=

=

=
BuT N

Me™\
Ir(Fmppy)x(dtbbpy)PFg Ir(dmppy),(dtbbpy)PFg
(b) Proposed mechanism 0o
H)H
R1

‘f -
H)KR(\/ Bu" 4 ""Bn L Me, fluorescent light
” o
chiral amine, A10
Me, o>’ .

K(\/Rz R it \
1d-Iv
R! i
. 1d-Vil SET
Al S

S HAT Me, o I
'

N
Bu' kﬁ ‘Bn Si-face R!
WR“_/( 1d-v
R! ZOR2
1d-Vi 26

Scheme 13. (a) Photoredox catalysis for enantioselective x-alkylation of aldehydes with simple olefins

and (b) proposed mechanism.
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3. Ketones

3.1. Palladium-Catalyzed Asymmetric Allylic Alkylation of Ketones

The generation of all-carbon quaternary chiral centers is a challenging task in organic synthesis
due to the difficulty in forming sterically crowded C—C bonds. The palladium-catalyzed asymmetric
allylic alkylation of prochiral nucleophiles is one of the most straightforward strategies for the synthesis
of quaternary chiral centers. In 2002, Trost and coworkers developed a convenient synthetic method
for the assembly of chiral x-all-carbon quaternary centers via palladium-catalyzed asymmetric allylic
alkylation of x-aryl ketones (Scheme 14) [31]. «’-Unblocked enolates were prepared from x-aryl ketones
28 with a base, such as LDA (lithium diisopropylamide) or NaHMDS (sodium bis(trimethylsilyl)amide),
and the subsequent asymmetric palladium-catalyzed allylation formed the quaternary chiral centers
of cyclohexanones 29. A key feature of the reaction is the chiral 7r-allyl-Pd intermediate, which is
generated from the palladium—chiral ligand complex (Figure 1). Enolate nucleophiles can be added to
the chiral 7-allyl-Pd intermediate enantioselectively to give x-aryl cyclohexanones 29 in high ees.

o [Pd(n3-C3H5)Cll, (2.5 mol%) 0
Ar (S,5)-L6 (5 mol%) Ar
. /\/OAC NaHMDS (1.1 eq.)
)n )n
DME, 0°C, 1-5 h A
28 5 29
77-95%
O PPhy PhyP. O up to 92% ee
G
(S,S)-L6

Scheme 14. Pd-catalyzed asymmetric allylic alkylation of x-aryl ketones.

R‘\\pd /’ ~
::"o- 'U".K )

Figure 1. Illustration of chiral recognition during nucleophilic enolate addition. Reprinted with
permission from Reference [31].

In 2005, Hamada and coworkers conducted another palladium-catalyzed asymmetric allylic
alkylation, forming chiral all-carbon quaternary centers (Scheme 15) [32]. Cyclic -keto esters
30 were utilized as prochiral nucleophiles, and y-acetoxy-co;, 3-unsaturated carbonyls 31 generated
chiral 7-allyl-Pd intermediates with a palladium catalyst and chiral ligand (§,Rp)-L7. Although the
reaction scope was limited to cyclic 3-keto esters 30, this was the first account of quaternary carbon
center assembly using y-acetoxy-a,3-unsaturated carbonyl compounds 31 in the palladium-catalyzed
asymmetric allylic alkylation.
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[Pd(n3-C5Hs)Cl]; (2 mol%) :
(S,Rp)-LT (4 mol%) o :
0O O o Zn(OAc); (10 mol%) COOR2 o ¢ HN N, H
BSA (4.0 eq. SN : L\[ ZP
ORZ AcO\/\)J\ ] ( a) : N N o
) R toluene, rt, 24 h In 0 |

32 !
30 31 ;
74-99% ;

BSA = N,O-bis(trimethylsilyl)acetamide 68:32t0 95:5er O

(SR)yL7

Scheme 15. Pd-catalyzed asymmetric allylic alkylation of 3-keto esters.
3.2. Palladium-Catalyzed Allylic Alkylation of Ketones with Unactived Allyl Sources

Palladium-catalyzed allylic alkylation is an effective synthetic tool in organic synthesis due to
the versatility of substrates and products that can be generated. Generally, allyl acetates and allyl
carbonates are used as allyl donors, generating the allylating species via cleavage of the C-O bond.
Recently, the Zhang group has utilized common allylic substrates, allylic amines and allylic ethers,
to form m-allyl-Pd intermediates via hydrogen bond activation, for the palladium-catalyzed allylic
alkylation of carbonyl compounds.

Initially, the hydrogen-bond-promoted cleavage of the C-N bond of allylic amines was suggested
(Scheme 16) [33]. The proposed reaction mechanism is described in Scheme 17. It was found that protic
solvents, such as methanol, could promote a C-N bond cleavage by forming hydrogen bonds between
the N of amine 34 and the H of methanol. In the presence of a palladium catalyst, the m-allyl-Pd
intermediate 34-I is then generated. According to the mechanism (Scheme 17), pyrrolidine A1 is
generated from the C-N bond cleavage of N-allylpyrrolidine 34; however, a stoichiometric amount of
pyrrolidine was required to improve reaction efficiency and to provide reactive enamines 33-I from
carbonyl compounds 33.

Allylic alkyl ethers were also applied for the generation of Pd-allyl intermediates in protic solvents
(Scheme 18) [34]. The hydrogen-bond-activated palladium-catalyzed allylic alkylation via allylic alkyl
ethers 37 with carbonyl compounds 36 provides highly linear regioselective x-allylated products 38
under mild conditions.

Moreover, an asymmetric version of the reaction was successfully performed with chiral ligand L9
to give highly optically pure products 41 and 43 in excellent yields (Scheme 19). This asymmetric allylic
alkylation successfully demonstrated the formal synthesis of the selective antimuscarinic agent 7.

o [Pd(1®-C3Hs)Cll (2.5 mol%) o | PPh,

. O L8 (6.0 mol%) M ;
\HLR?’ N pyrrolidine A1 (1.0 eq) = R® | Fe

2 R2 !

23 " CH4OH, 20°C, 3-18 h ; PPh,
35 !

- L8

73-97%

Scheme 16. Pd-catalyzed allylic alkylation with allylic amines.
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0
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N D +  MeOH
35a PdL, '
A1 34

()
H A1 D +  MeO
+ N
-HZO PdL, H
334

Scheme 17. Plausible mechanism of Pd-catalyzed allylic alkylation with allylic amines via hydrogen
bond activation.

[Pd(n3-allyl)Cl], (2.5 mol%)

0 L8 (6.0 mol%) o)
X OEt  Ppyrrolidine A1 (1.0 eq.) AN
v R/©/\/\ CH{OH,20°C, 12h
37 38
92-94%

Scheme 18. Pd-catalyzed asymmetric allylic alkylation with allylic ethers.

[Pd(n3-C3Hs)Cl], (2.5 mol%) 0 :
L9 (6.0 mol%) !
0 [ > pyrrolidine A1 (1.0 eq.) '
¥ 1 PP
X CH30H, rt, 12-36 h !
Ph/\)\Ph * 4 ; B
39 40 93% : @Pph‘z
98% ee 1
: WPPh,
[Pd(n3-allyl)Cl], (2.5 mol%) Ph ; @\(/N
L9 (6.0 mol%) o | 5 t-Bu
0 OEt pyrrolidine A1 (1.0 eq.) | Lo
+ :
N P N-"Spn  CHiOH, 1t, 1236h I s Me
39 42 78% l
99% ee

Scheme 19. Pd-catalyzed asymmetric allylic alkylation from unactivated allyl sources.
3.3. Metal-Catalyzed a-Alkylation of Ketones with Primary Alcohols

The o-alkylation of ketones is one of the most fundamental C—-C bond formation reactions in organic
chemistry. Achieving this transformation via substitution of alkyl halides requires stoichiometric
amounts of base, hence generating stoichiometric amounts of waste. With the introduction of catalytic
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methodology, the corresponding alcohol equivalents emerged as alternative alkylation reagents,
as they are more accessible and environmentally benign than alkyl halides. A metal-catalyzed
hydrogen-borrowing strategy, hydrogen autotransfer, offers a greener pathway for the x-alkylation of
ketones. The reaction pathway is described in Scheme 20. The alcohol 44 releases H; gas to generate
aldehyde 44-I; this is followed by in situ condensation to form «,-unsaturated ketones 44-II. Finally,
the generated unsaturated C—C bond is reduced by H; to form the new C—C single bond of 44-III.

H M HoH®
R" “OH R1>S%J\R2
44 H H

444
M] "
H, M]
[MH] H
[MH]
’ o]
H O
R1& )J\Rz X
© H,0 R R?
H, !
44 441

Scheme 20. Metal-catalyzed «-alkylation of ketones with alcohols.

In 2015, Darcel and coworkers successfully demonstrated the iron-catalyzed «-alkylation of
ketones with primary alcohols with the use of a catalytic amount of Cs,CO3 (Scheme 21a) [35]. A stable
and convenient Knolker-type complex facilitated the iron-catalyzed hydrogen autotransfer reaction to
provide corresponding alkylated products 47.

9 HO@ conditions 0
+ R
45 46 47
(a) ref 35 (b) ref 36
TMS PiPr
Fe catalyst (2 mol%) I ZCO Mn-PNP catalyst (2 mol%)
o PPh3 (2 mol%) s Cs,CO3 (5 mol%)
: Cs,CO3 (10 mol%) HN——Mn—CO .
Fo TMS Br tAmOH, 140°C, 22 h
toluene, 140°C, 24-48 h . o
oc” | “co 47-92% PPr2 50-92%
oc s
(c) ref 37 (d) ref 38
+ +
PCy2 _‘ Co-PNP catalyst (2 mol%) HN—TPiPr, _‘ Mn-PN3P catalyst (3 mol%)
KOtBu (5 mol%) — | «co NaOfBu (50 mol%)
HoN=Co—CHzSIMes  yoiuene, 120°C, 24 h \ /NO—CJ‘””—CO toluene, 120, 20 h
PGy, BAF, 42-98% HN—PiPr, B 45-95%

Scheme 21. (a) Fe-catalyzed o-alkylation of ketones with primary alcohols, (b) Mn- catalyzed
a-alkylation of ketones with primary alcohols, (c) Co- catalyzed c-alkylation of ketones with primary
alcohols, and (d) Mn-PN3P-catalyzed «-alkylation of ketones with primary alcohols

Following the remarkable iron-catalyzed a-alkylation of ketones with primary alcohols, several
metal-pincer complexes were introduced for the process. Stable manganese-PNP (Scheme 21b) [36]
and cobalt-PNP complexes (Scheme 21c) [37] provide o-alkylated ketones with the use of
benzylic alcohol derivatives. Recently, Sortais and coworkers demonstrated the metal-catalyzed



Catalysts 2020, 10, 861 14 of 26

hydrogen-borrowing «-alkylation of ketones with methanol in the presence of their manganese-PN3P
complex (Scheme 21d) [38].

3.4. Rhodium-Catalyzed Regioselective a-Alkylation of Ketones with Olefins

Common «-alkylations of carbonyl compounds, involving enolate generation followed by
addition or substitution of alkylating reagents, have certain limitations, such as a lack of regioselectivity,
overalkylation, and the stoichiometric use of strong bases and expensive alkyl halides. In 2014,
Dong and coworkers developed a novel method for the regioselective mono-«-alkylation of ketones
with terminal olefins as alkyl donors via a directing group-assisted rhodium-catalyzed reaction
(Scheme 22) [39].

[Rh(coe),Cl], (2.5 mol%) :
0 L10 (5 mol%) (0] : Me

—\ Me
TsOH-H,0 (10 mol%) } N. N
! N
* H,C=CH, CH; -
R toluene, 130 °C, 48 h ] | Me Me Me Me
49 1
* \ b 52 Z:w | L10
= 0
Z~y (25mol%) upto 2.3:1dr
so N

Scheme 22. Rh-catalyzed regioselective a-alkylation of unsymmetrical ketones with olefins.

With the use of a secondary amine directing group, such as 2,3-dihydro-7-azaindole 50, ketone
starting material 48a is converted to an active enamine. The catalyst then binds the enamine and
approaches its sp*> C-H bond, as represented by 52-II (Scheme 23). The metal-hydride 52-III is
generated by oxidative addition, and subsequent migratory insertion of hydride into the coordinated
olefin and reductive elimination provide the x-alkylated ketones 51a regioselectively, completing the
directing group-assisted rhodium-catalyzed pathway.

(o}
RM R
R2 R1 H (0]
R'\ /‘\

51a G

NH, D ﬁ)K(
l R?2 R
RhL. 48a
H,0 n
2 52-1 H20
R N\
N IIiG
3
RS — RrhL, - 7\
RZ R' )R N Df

H R3S M
52.V ----RhL,
2 1
R® R s
R~
49
R N\
N DG - /\
RE i >N DG
RhLy o R ¢ R
ROR O\ RQLr[
2 1
52-IV H R® R H
52-1ll

Scheme 23. Proposed mechanism of Rh-catalyzed regioselective x-alkylation of unsymmetrical ketones
with olefins.
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3.5. Photoredox-Catalyzed a-Trifluoromethylation of Ketones

The incorporation of fluorinated alkyl groups into organic frameworks is an important objective,
especially in pharmaceutical chemistry, as they often impart favorable biological characteristics, such
as metabolic stability, bioavailability, and lipophilicity. Due to the high electronegativity of fluorine,
the negative polarization of the trifluoromethyl moiety discourages substitution reactions toward
trifluoromethylation by common alkylation methods. In 2011, MacMillan and coworkers conducted
the photoredox catalytic a-trifluoromethylation of ketones (Scheme 24) [40]. The reaction occurred in
the presence of Ru(bpy)sCl, catalyst under a 26 W household fluorescent lamp.

Ru(bpy)sCl, (0.5 mol%)

0 RsSi-X OSiR; 0
base ] CF3l CF
R*lj\ — = R R! ’
) THF 2 26 W fluorescent light R2
R® _78°Ctort, 1h R + 2024 h
53 54 ) &£V 55
67-92%

Scheme 24. o-Trifluoromethylation of ketones via photoredox catalysis.

The proposed reaction mechanism is described in Scheme 25. The reaction is initiated by the
formation of enolsilane 54 from ketone 53, promoted by trialkylsilyl chloride and an amine base.
The electrophilic trifluoromethyl radical, generated in the photocatalytic cycle, combines with enolsilane
54 to provide c-silyloxy radical 54-I. In the photoredox cycle, the [Ru(bpy)3]** photocatalyst is excited by
light to generate the excited photocatalyst *[Ru(bpy)s;]**. The excited photocatalyst is rapidly reduced
to [Ru(bpy)s]* by single-electron reduction, and the a-silyloxy radical 54-1 is simultaneously oxidized
to silyl oxocarbenium 54-1I, which is easily hydrolyzed to the desired a-trifluoromethylated ketone 55.
The reduced photocatalyst [Ru(bpy);]* reacts with CF3l to generate the trifluoromethyl radical via SET,
and the [Ru(bpy);]** photocatalyst is regenerated. The utility of this one-pot a-trifluoromethylation
protocol was well-demonstrated with a broad range of carbonyl derivatives, such as amides and esters.

[Ru(bpy)s]**
photocatalyst
fluorescent light

[Ru(bpy)s]* “[Ru(bpy)s]**
reductant oxidant

o os.r«’3 . o
R1ﬂ\ R3Si-X R1 A CF CF +H0 1 CF;
2 —> _— N 3 1 3 — R
R R? R - R3SiOH
R2 RZ 3 R2
53 54 54-1 5411 55

Scheme 25. Proposed mechanism for a-trifluoromethylation of ketones.

4. Imines

4.1. Chemo- and Regioselective Palladium-Catalyzed Allylic Alkylation of Imines

Since the development of the Tsuji-Trost reaction, palladium-catalyzed allylic alkylation reactions
have become one of the most intensely-studied and useful reactions in organic synthesis. In the
majority of cases entailing carbon nucleophiles, the reactions provide thermodynamically stable linear
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products. The development of synthetic pathways for branched allylic products is challenging, and
only a few examples have been reported. In 2011, Wu and coworkers devised the palladium-catalyzed
allylic alkylation of a-carbanions derived from imines (Scheme 26) [41], and this is a unique example
of the generation of the branched allylic product. The ratio of branched and linear products could
be excellently controlled by the choice of reaction conditions; branched products were dominant in
the presence of P(p-MeOC¢Hy)3 ligand and KOtBu, while linear product selectivity occurred in the
presence of PPhj ligand and LDA.

0O R® 0]

R2¥NmOMe N R3/\/\LG conditons R1J]\/|\/ . R1WR3
R’ éz R2
56 57 58 43-90% 59
Pd catalyst (2.5 mol%) ligand (12 mol%) base solvent (temp.)| 58 : 59
Condition A [Pd(n®-C3Hs)Cll, P(p-MeOCgHy4); | KOtBu (1.5 eq.) THF (rt) >98 : 2
Condition B [Pd(n3-C3H5)Cl], PPh3 LDA (1.2 eq.) | toluene (0 °C) 8:92

Scheme 26. Chemo- and regioselective palladium-catalyzed allylic alkylation of imines.

With the use of LDA, the imine substrate 60 produces a Li*-captured enamide anion intermediate
and the ensuing well-known C-alkylation-delivered linear product 62 (Scheme 27a). With a softer base,
such as KOtBu, on the other hand, N-alkylation affords the N-alkyl-N-allyl enamine 64 to produce the
branched product 65 via [3,3’]-rearrangement (Scheme 27b).

Ry . o
C-alkylation [ hydrolysis _
— = —— a
VISt Ph Ph (a)
R. R.
N conditonAorB N M 62 63
R= CH,CH,OM
é CH,CH,OMe @ . R‘N/\/\Ph ; L3,3'r]07e:irsrangement O Ph
60 61 N-alkylation - hydroly . P ®)
) M=K z
transmetalation l
6 65

R [3,3]-reductive R.

4
R 1
/ P N Ph
N Q/N\ elimination
Q “pg PP —— pg-PPhs T ~ ©
N /§/ H
Ph

Ph
66 67 68

Scheme 27. Plausible mechanism and mechanism predicted by DFT (Density-Functional Theory)
calculation for branched product formation; (a) C-alkylation and hydrolysis, (b) N-alkylation,
[3,3']-rearrangement, and hydrolysis, and (c) transmetalation and [3,3']-reductive elimination.

To validate the [3,3']-rearrangement pathway hypothesis (Scheme 27b), the authors attempted
to generate branched product 70 from N-alkyl-N-allyl enamine 69. However, the desired
[3,3']-rearrangement product was not observed (Scheme 28). On the basis of DFT (Density-Functional
Theory) calculations, the soft acid K*-bonded enamide anion readily generates intermediate 66 by
transmetalation with the m-allyl-Pd complex. [3,3’]-Reductive elimination followed to give the
branched product 68 (Scheme 27c).
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1. [Pd(n3-C3Hs)Cll (2.5 mol%)
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X
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69 2. NaOAc/HOAC 70
not observed

Scheme 28. Examination of the [3,3’]-rearrangement path for the branched product.

4.2. Stereoselective Palladium-Catalyzed Allylic Alkylation of Imines

The development of stereoselective C—C bond formation methods is a fundamental objective in
organic synthesis. Numerous methodologies for the synthesis of a-chiral ketones essentially require
expensive chiral ligands to introduce chirality. Chiral auxiliaries are relatively cheap and recyclable,
however, only a small number are available for the assembly of x-chiral ketones from ketones. In 2016,
Yang and coworkers reported the first diastereoselective palladium-catalyzed x-allylation of chiral
sulfinimines (Scheme 29) [42]. Chiral sulfinimines 71 are commonly used in the synthesis of chiral
amines as essential precursors with synthetic advantages, such as being air- and moisture-stable.
Allyl carbonates 72 were used as the allyl source, and a Pd;(dba); catalyst/ P(nBu); ligand system
provided highly diastereoselective C-alkylated products 73 in the presence of DBU or DIPEA. The chiral
ketone 74 is obtained via simple hydrolysis of the chiral x-allylated imine 73 without racemization.
The same group extended their strategy to include various allyl carbonate precursors, and the linear
mono-allylated products were obtainable from a range of cyclic chiral sulfinimines [43].

&, 9
~O~ nou)s mol™ ~9O~ AcOH, H,0

Bum N, \OJ\O/\%RZ base (2.0 eq.) fBu |N \ L T2y SN R2

R’ U R? n R

5 THF, 80 °C, 12-36 h . R
71 72 73 74

up to 100 % yield quantitative yield

upto25:1dr 99% ee

Scheme 29. Palladium-catalyzed diastereoselective c-allylation of sulfinimines.

The construction of chiral quaternary carbons at the a-position of chiral sulfinimines was
proposed by Yang and coworkers in 2018 (Scheme 30) [44]. In the initial step, chiral sulfinimines
71 and allyl chloroformate give 3-amino enoates 75 in the presence of NaHMDS. Facilitated by the
electron-withdrawing effects of the ester, 3-amino enoates 75 undergo NaHMDS-promoted alkylation
at the o-position of chiral sulfinimines 71 in a diastereoselective manner.

The ester moiety plays a dual role, guiding of the regioselectivity of the alkylation to form the
quaternary carbon center, as well as being the directing group (DG) for the diastereoselective outcome.
The detailed mechanism is shown in Scheme 31. NaHMDS deprotonates the N-H and the sodium
cation then coordinates to the N and O of sulfinyl amide 75. The stereoselectivity of the reaction arises
from the steric repulsion between the tert-butyl group and the approaching alkyl halide, and the major
product 75-II is obtained via transition state 75-I. Because the allyloxycarbonyl (Alloc) group is readily
removable in the presence of a catalytic amount of Pd(PPhj)4, the chiral mono-«-alkylated sulfinimines
77 were obtained by Pd-catalyzed decarboxylation without epmiermization from sulfinimines 76.
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Scheme 30. Construction of chiral quaternary centers from chiral sulfinimines and palladium-catalyzed

diastereoselective decarboxylation toward chiral x-alkylated sulfinimines.
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Scheme 31. Proposed mechanism of NaHMDS-promoted asymmetric alkylation generating quaternary

carbon centers.

4.3. Photoredox-Catalyzed a-Alkylation of Imines

In recent years, photoredox chemistry has taken center stage in organic synthesis; this versatile
activation approach includes catalytic carbon—carbon bond formations. «-Halocarbonyl compounds 80
provide excellent coupling partners for the x-alkylation of carbonyl derivatives, such as aldehydes and
ketones, under light irradiation in the presence of a photoredox catalyst. In 2017, Dixon and coworkers
reported the «-alkylation of ketimines 79 via photoredox catalysis under visible light (Scheme 32) [45].
The reactions were performed under 1 W blue LED light with [Ru(bpy)3]Cl,-6H,O photoredox catalyst
and NiCl,(PPhs), cocatalyst, to give y-imino esters 81 in moderate yields.

The proposed reaction mechanism is shown in Scheme 33. Enamine 79-I is generated from
imine 79 via tautomerization, and the ensuing addition of the electron-poor «-carbonyl radical
80-I to electron-rich enamine 79-1 generates «-amino radical 79-1I. In the photoredox catalytic cycle,
[Ru(bpy)3]>* is excited by blue LED light to provide the excited photocatalyst *[Ru(bpy);]**. The excited
photocatalyst oxidizes x-amino radical 79-II to iminium 79-III via SET (Single Electron Transfer),
and the alkylated product 81 is subsequently obtained by deprotonation. The reduced ruthenium



Catalysts 2020, 10, 861 19 of 26

catalyst [Ru(bpy)s]™ assists the generation of the x-carbonyl radical 80-I from x-bromo carbonyl 80 via
SET to regenerate the [Ru(bpy)3]>* photocatalyst.

[Ru(bpy)3]Cl>+6H,0 (5 mol%)

NP(O)Ph, o NiC'%(:SZh(sz)zo(qu)O'%) NP(O)Ph,
0eq. 2
Ar e I, Ar R
1 R 1 W blue LEDs
R R'" O
DMF, 30 °C, 20 h
79 80 81
18-45%
[Ru(bpy)3]Cl>+6H,0 [NiClx(PPhg),]
2+
S

Scheme 32. Photoredox-catalyzed «-alkylation of ketimine with Ru and Ni.

OEt
O [Ru(bpy)3]%* / blue light
80
OEt *[RU(bpy)e,]2+
[Ru(bpy)s]*
80
NHP(O)Ph, NHP(O)PhZOEt H NP
Ph/& Ph )J\/\”/
79-1 7911 © 7911l
+
NEtiPr, T +NEtPry | -HNEt/Pr,
NP(O)Ph, )J\@:Z( OFt
Ph)J\

79
Scheme 33. Proposed mechanism for the photoredox-catalyzed «-alkylation.
5. Other Carbonyl Derivatives

5.1. Palladium-Catalyzed a-Alkylation of Amides

Asymmetric allylic alkylation is an effective synthetic tool for the assembly of chiral quaternary
carbon centers and allows the structural tunability of organic molecules. Although a plethora
of transition metal-catalyzed asymmetric allylic alkylations have been reported (see the allylation
references in Table 1), controlling the stereoselectivity of the generated quaternary center is challenging,
and the substrate scope is largely limited to the amide moiety. In 2007, a chiral aryl allyl glutarimide
was synthesized by the direct alkylation of glutarimide enolates (Scheme 34) [46]. The chemo-,
regio-, and stereoselective reaction employed a catalytic amount of nHex;NBr and a highly reactive
C-nucleophile to deliver the chiral quaternary carbon center with no N-allylation being observed. As a
result, product 83 was isolated in 95% yield and 80% ee with the use of chiral Trost-ligand (S,S)-L6
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in the palladium-catalyzed allylation. 3-Aryl-2-piperidinones were also successfully utilized in this
method to provide all-carbon-substituted chiral quaternary stereocenters [47].

Table 1. Various catalytic systems for the x-alkylation of carbonyl compounds.

Catalytic System Substrates Reaction Types References
Pd catalyst and monodentate phosphine ligand Aldehydes 1:1:;/11::2: [ 1[51_41]7]
Imines Allylation [41-43]
Pd catalyst and DPPF ligand Ketones Allylation [33,34]
Pd catalyst and diphenylbisphosphine ligand Ketones Allylation (311
Amides Allylation [46,47]
Pd catalyst and dialkylbisphosphine ligand Amides Arylation [48]
Pd catalyst and pyrrolidine organocatalyst Aldehydes Allylation [18,19]
Pd catalyst and phosphoric acid Aldehydes Allylation [20-23]
Pd catalyst and DIAPHOX ligand Ketones Allylation [32]
Ru catalyst and PNN ligand Amides Alkylation [49]
Rh catalyst and BINAP ligand Aldehyde Allylation [25]
Ir catalyst and P-olefin & amine Aldehydes Allylation [24]
Ir catalyst and monodentate phosphine ligand Esters Alkylation [50]
Ni catalyst and Mandyphos ligand Amides Acylation [51]
Co catalyst and PNP ligand Ketones Alkylation [37]
Co catalyst and PN5P ligand Amides Esters Alkylation [52]
Mn catalyst and PN, P ligand Ketones Alkylation [36,38]
Ni catalyst and NNN ligand Amides Esters Alkylation [53]
Rh catalyst and NHC ligand Ketones Alkylation [39]
Aldehydes Alkylation [26,27,30]
Ru(bpy)s photocatalyst Ketones Alkylation [40]
Imines Alkylation [45]
Ir photocatalyst Aldehydes Alkylation [28,29]

0
[Pd(n3-C3H5)Cl], (0.5 mol%)
NH (S,5)-L6 (1.01 mol%) o o
nHex4NBr (10 mol% -
O , _~_OAc aNBr ( ) NH  HN O
NaH, THF
5 78°C 0 0°C, 4 h P2 PhaP O
cl ’
cl | (S,S)-L6
82 83 i
95%
80 % ee

Scheme 34. Palladium-catalyzed asymmetric allylic alkylation of amides to generate a quaternary
carbon center.

Allylic alkylation and enantioselective a-acylation of y-butyrolactams has been investigated
for syntheses requiring 5-membered N-heterocyclic building blocks. The value of this approach
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is that y-butyrolactam, a cyclic amide moiety, is a key framework of various pharmaceutically
and agrochemically active molecules. In earlier studies, this methodology was only applicable to
a-unsubstituted piperidinones, which necessitate basicity-controlled zinc-enolate formation, and to
oxindole derivatives, which do not require strong bases or high temperature conditions. In 2019,
the transition metal-catalyzed enantioselective x-arylation of y-lactams was reported by the Stoltz
group (Scheme 35) [48]. Interestingly, the ligand of choice, dialkyl bisphosphine L11, formed a highly
stable palladium-ligand complex, capable of withstanding high reaction temperatures and basic
conditions. This crucial chiral palladium species allowed the enantioselective x-arylation of y-lactam
84 with aryl halides 2.

R3
0 Pd,(pmdba)sz (2.5 mol%) 0 @
L11 (7.5 mol% \
R1‘N\5/R2 . @RS ( mo 0) R1~ \b{
X base (1.5 eq.) R?

(4
8

84 2 dioxane, 100 °C, <20 h 85 R Y
(X=Cl, Br) up to 91% R=Et, Me R
base = LIHMDS, NaHMDS 97% ee L1

Scheme 35. Palladium-catalyzed asymmetric x-arylation of y-lactam derivatives.
5.2. Other Metal-Catalyzed a-Alkylations of Amides and Esters

The ruthenium-PNN pincer-type ligand complexes (Ru-PNN) have also been utilized to direct
the o-alkylation of unactivated amides (Scheme 36) [49]. Interestingly, alcohol reagent 86 was
adopted as an alkylation reagent in conjunction with Ru-PNN catalyst under dehydrative conditions.
These dehydrogenation—condensation—hydrogenation processes were achieved with the employ of
a tridentate pincer ligand with a high turnover number (TON). This ruthenium-based reaction was
successful for indolinone-type substrates, as well as acyclic fert-amides. This method could be applied
to the synthesis of C3-alkylated 3-hydroxyindolin-2-ones via «-alkylation.

mo )OLN/

HO H |
R 0
Ru-PNN (0.166 mol%) Ru-PNN (0.1 mol%)
@fgo R OH R/\)J\N/
N KOfBu KOtBu |
H toluene, 140 °C, 16 h 86 140 °C, 16 h 58
87 Bk -H0 36-70%

48-77%

Scheme 36. Ru-PNN-catalyzed «-alkylations of amides with primary alcohols.

Although the ester group is generally less stable than amide, esters can be prepared through
simple Williamson esterification and represent a versatile functionality in organic synthesis, industrial
chemistry, polymer synthesis, etc. ~Generally, «-alkylation of esters can be achieved via a
Lewis-acid-catalyzed reaction between silyl ketene acetals and alkyl halides. However, this traditional
approach generates more than one equivalent of lithium salt byproducts. The Ishii group reported the
first example of an iridium-catalyzed «-alkylation using primary alcohols 86 and tert-butyl acetate
89 (Scheme 37) [50]. This method provides a highly efficient means for the preparation of various
alkyl tert-butyl esters 90 on a large scale. Moreover, all catalysts and reagents required for the
iridium-catalyzed reaction are commercially available from numerous suppliers. Therefore, this
methodology was successfully applied to the preparation of ethylene brassylate, an industrial musk
odor chemical utilized in perfume production.
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Scheme 37. Ir-catalyzed «-alkylations of esters with primary alcohols.

Stoltz and coworkers conducted the nickel-catalyzed enantioselective x-acylation of y-lactams
(Scheme 38) [51]. The reaction entails a three-component coupling of lactam enolates, benzonitriles,
and aryl halides to provide a-quaternary-substituted lactams. The nickel/ Mandyphos-type ligand L12
complex induces enantioselectivity during ligand substitution and the insertion of benzonitrile 91 in
the reaction with lactam enolate, derived from the corresponding lactam 84.

First-low transition metals have also been studied for the efficient x-alkylation of amides and esters.
A metal-catalyzed hydrogen-borrowing strategy, the hydrogen autotransfer strategy, is described
in Scheme 20, and this approach has also been applied to aldehydes, as well as amides and esters.
The cobalt-catalyzed o-alkylation of unactivated amides and esters with alcohols was reported by
Kempe and coworkers in 2016 (Scheme 39a) [52]. The x-position of the acetyl group in amides and
esters 93 was successfully activated by a Co-PN5P-type catalyst and KtBuO. Primary alcohols 86
were employed as coupling partners for x-alkylation, and this methodology was performed under
milder conditions, compared to those of previous transition metal-catalyzed o-functionalizations
of unactivated amides or esters, and it exhibited good functional group tolerance. In addition,
Ni-catalyzed «-alkylation of unactivated amides and esters 93 has been proposed (Scheme 39b) [53].
Tridentate NNN-pincer-type ligands displayed optimal catalytic activities with Ni in this transformation,
and water was produced as the only byproduct of the reaction.

Ni(cod), (10 mol%)

L12 (12 mol%) o 3 Ph
o] LiIHMDS (1.2 eq.) 9] 3 R,P
] 2 s ABr(20eq) 1 3 R e Fe
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Scheme 38. Nickel-catalyzed asymmetric x-acylation of y-lactam derivatives.
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Scheme 39. (a) Co -catalyzed «-alkylations of amides and esters with primary alcohols, (b) Ni-catalyzed
a-alkylations of amides and esters with primary alcohols.
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6. Conclusions and Outlooks

This review summarizes recent transition metal-catalyzed x-alkylation reactions of various
carbonyl derivatives. Since the Tsuji-Trost reaction, palladium-catalyzed allylic alkylation reactions
have been extensively studied, and various regio- and stereo-controlled reactions have been conducted
for selective synthesis. Green and economical reactions have been invented to circumvent drawbacks
of traditional alkylation methods, such as the stoichiometric use of strong bases for the generation
of reactive enolates, toxic and expensive alkyl halides, the need for novel metal catalysts, and the
generation of halide waste.

Consequently, various catalytic systems have been successfully utilized in x-alkylation of carbonyl
derivatives, and Pd, Ir, Co, Mn, Ni, Ru, and Rh were employed with chelating ligands. A broad range of
substrate scopes, such as aldehydes, amides, esters, imines, and ketones were efficiently functionalized
with this transition metal catalysis. Not only the carbonyl derivatives, but also the «-functionalization
of amine compounds and peptide-based molecules have been intensively studied under the same
concepts—green and economical processes with transition metal catalysts for greater efficiency [54,55].

In spite of the considerable breakthroughs in recent «-alkylation of carbonyl derivatives,
this field still requires significant improvements, such as increasing selectivity for branched or linear
allylation, use of cheap metal catalysts for stereo-controlled alkylations, and environment-friendly
reaction conditions. Several metal-free o-alkylation of carbonyl derivatives were investigated
with this context [56], and a transient directing group (TDG) strategy could be considered for
expanding the substrate scopes to relative unstable functionalities [57,58]. Especially, advances in
stereo-controlled reactions of imines may expand synthetic utilities toward synthesis of biologically
active amine-containing products with combinations of well-known diastereo-selective reactions.
We hope that this review will inspire the development of novel x-alkylations of carbonyl derivatives
and other related methodologies, as well as the discovery of applications in diverse organic syntheses.
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