Reductive Functionalization of Carboxamides: A Recent Update”

Derek Yiren Ong, Jia-hua Chen and Shunsuke Chiba*!
Division of Chemistry and Biological Chemistry, School of Physical and Mathematical Sciences, Nanyang Technological University,
Singapore 637371, Singapore.

E-mail: shunsuke@ntu.edu.sg

Derek Yiren Ong completed his undergraduate studies at Nanyang Technological University (NTU) Singapore in 2013. After working as an
NMR technician at NTU for several years, he started his Ph.D. work in the laboratory of Shunsuke Chiba and earned his Ph.D. in 2020. He is
currently working on chemistry of main group metal hydrides as a postdoctoral fellow in the same laboratory.

Jia-hua Chen completed his undergraduate studies at Guangdong University of Technology in 2013 and master studies at Sun Yat-Sen
University in 2016. He embarked on his Ph.D. study at NTU Singapore in 2018 under the supervision of Prof. Tamio Hayashi and Shunsuke
Chiba. He is currently focussing on reductive functionalization of carboxamides using main group metal hydrides.

Shunsuke Chiba earned his Ph.D. in 2006 under supervision of Prof. Koichi Narasaka at the University of Tokyo. In 2007, he embarked on his
independent career as the faculty of Nanyang Technological University (NTU) Singapore, where he is currently Professor of Chemistry. His
research group focuses on methodology development in the area of synthetic chemistry and catalysis.

S. Chiba

Abstract

Carboxamides including lactams are readily available and
bench-stable chemical feedstock, and thus their use in chemical
synthesis for production of valuable compounds would be an
attractive choice in various synthetic endeavors. This review
highlights and discusses recent advances on deoxygenative
reductive functionalization of carboxamides for the synthesis of
a-branched amines, that is initiated by controlled single hydride
delivery to the amide carbonyl group and terminated by
downstream functionalization of the iminium intermediates.
The protocols are categorized based on the types of the reduction
processes including those with aluminum hydrides, the
Schwartz ~ reagent, transition metal-catalyzed/mediated
hydrosilylation, and sodium hydride-iodide composite.
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1. Introduction

a-Branched (cyclic) amines and their derivatives are found
as key structural and functional motifs in various pharmaceutical
compounds and biologically active natural products. Figure 1
illustrated selected examples of clinically used drugs and
biologically active natural products based on the a-branched
amine scaffolds. Therefore, development of practical and
user-friendly protocols that enable efficient construction of
a-branched (cyclic) amines from readily available chemicals has
been an important subject in the area of synthetic organic
chemistry, and various variants have hitherto been developed
and reported.'
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Figure 1. A. Selected a-branched amines of clinical use; B.
Selected natural products based on a-branched amine scaffolds.

Reductive amination of ketones or aldehydes® and the
related multicomponent approaches such as Mannich,? Petasis*
and Strecker’ reactions that engage respective carbon
nucleophiles are classical yet powerful protocols of choice
especially for the synthesis of acyclic o-branched amines
(Figure 2A). Leveraging of organic free radical strategies in the
multicomponent coupling of carbonyl compounds has recently
emerged, allowing for use of alkenes and alkyl halides as a
coupling partner and thus greatly widening the scope of the
a-functionalization of amines (Figure 2B).6
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« reductive amination

H- R Rs
— >—N\
0 Rs R' Rj R? Rs
R11LR2 + H—N\R T20> 2=N\+ |
3 R Rj3 Nu~ R le
> Nu N
» Mannich: Nu = enolates 2 Y
Rs

« Petasis: Nu = R-B(OH),
« Strecker: Nu="CN
B. Multi-component approaches with organic free radicals

— with alkyl halides
(Me3Si)3SiH (2 equiv)

Bn\N,Me /\)?\ . Me. _Me TBSOTf (1 equiv)
+
H Ph H | CH,Cly, MS 4A
(2 equiv) (3 equiv) blue LEDs (40 W)
Bn \N,Me B "
K "
Ph H ———
. = > Ph/\)\/ Me
P !
e
Me”™ "Me 80%
— with alkenes

(e}
Ir(ppy)s (1 mol%)
Ph/\)J\H EtCO,H (0.2 equiv)

Bn\N,Bn . (1.1 equiv) Hantzsch ester (1.5 equiv)
I
H CH,Cly, MS 4A, rt
P 2Ll )
7 "CO5Bu blue LEDs (40 W)
(1.1 equiv)
Bn., .B
n N n
Bn_*.Bn Bn.,  .Bn

81% COZBU

COZBU

Figure 2. Reductive amination and the related multi-component
approaches.

Cyclic amines are valued as the mainstream in small
molecule libraries for drug discovery programs.”® For the
synthesis of o-branched cyclic amines, leveraging of
deprotonative lithiation at the a-carbon of the nitrogen having
an unreactive Lewis basic directing group (such as
tert-butyloxycarbonyl; Boc) is one of the promising ways
starting from the readily available simpler cyclic amine
feedstock (Figure 3). Subsequent treatment of the resulting
carbanion intermediates with reactive carbon electrophiles (E*)
allows for installation of various functionalities, although this
protocol requires the use of strong organolithium reagents under
cryogenic reaction conditions for the initial deprotonation.®!?
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Figure 3. Synthesis of a-branched cyclic amines by lithiation
followed by treatment with electrophiles.
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Complementary to the deprotonation strategy for
o-functionalization of protected cyclic amines, Seidel recently
developed a-C-H functionalization of unprotected cyclic amines
that leverages hydride transfer from the lithium amide
intermediates to external ketones as a hydride acceptor.!' The
resulting electrophilic imines could be trapped by various
carbon nucleophiles, providing o-branched cyclic amines



(Figure 4A).'> Moreover, ensuing treatment of the resulting
cyclic imines with lithium diisopropylamide (LDA) can
generate endocyclic aza-allyl anions, which undergo
B-alkylation with alkyl halides to furnish -functionalized cyclic
imines (Figure 4B)."> Thus, subsequent addition of another
carbon-nucleophiles results in diastereoselective construction of
o,B-disubstituted cyclic amines .
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Figure 4. a-C-H functionalization of unprotected cyclic amines.

Nonetheless, leveraging of transition metal-catalyzed C-H
functionalization'*!® and free radical-based strategies'®!” to
install a desired functionality at the o-position of amine
compounds are state-of-the-art approaches for the synthesis of
o-branched amines. Recent development of visible-light
photoredox catalysis has expanded the scope of the o-C-H
functionalization of amines and offered milder reaction
conditions and practical protocols.'®!® Figure 5 exemplified
construction of a-branched amines by means of photoredox
catalysis in the combination with hydrogen atom transfer (HAT)
catalysis (Figure 5A) and HAT catalysis & Ni-catalyzed
cross-coupling (Figure 5B) as well as photocatalytic oxidation
of amines followed by interception of the resulting iminium ions
with a carbon nucleophile (Figure 5C).
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Figure 5. Synthesis of a-branched amines via photoredox
catalysis.

Another promising approach to access to the a-branched
amines is deoxygenative functionalization of readily available
and bench-stable carboxamides and lactams.??! In this context,
several protocols have been developed by taking advantage of
electron-rich and nucleophilic nature of tertiary and secondary
carboxamides. For example, their electrophilic activation by
triflic anhydride (Tf£,0)*>% allows for generation of imidoyl
triflate salts from tertiary carboxamides (Figure 6A) or nitrilium
ions from secondary ones (Figure 6B) and ensuing installation of
two folds of nucleophiles including a hydride to deliver
a-branched amines (Figure 6).

A. With tertiary carboxamides (lactams)

{ o

Tf,0 (1.2 equiv)
& DTBMP (1.2 equiv)
o —_—

N

! CH.Cl TO" Bn

Bn ~78°C, 45 min
EtMgBr (1 equiv)
-78°Ctort, 1h O<,,_Bu DTBMP =
S EEE— Et Me
then i N
n-BuMgBr (2 equiv) Bn |
rt,3h 75% t-Bu” N t-Bu

B. With secondary carboxamides

Tf,0 (1.1 equiv)

j\ /O 2-F-Pyr (1.2 equiv) TO- /O
.
Ph N

N CH,CI
2v12
H —7810 0 °C, 10 min Ph

n-BuLi/CeCls (3.0 equiv)

—78°C, 1h )n;Bu /O
PR N

then H
NaBH, (2.0 equiv)
MeOH, rt, 3 h 88%

Figure 6. Electrophilic activation of carboxamides with triflic
anhydride (Tf,0).



On the other hand, employment of controlled hydride
reduction (including transition metal-catalyzed hydrosilylation)
of carboxamides as the process initiation has enabled in situ
generation of iminium ions and their downstream
functionalization with prevention of undesired over-reduction,
creating a new dimension for the synthesis of o-branched
amines (Figure 7). This review highlights recent development
of reductive functionalization of carboxamides and lactams for
the synthesis of a-branched amines by categorizing them based
on the types of the controlled hydride reduction as the process
initiation. It should be noted that this review does not include
reductive functionalization of thioamides®® and imides.?
Readers can find the representative examples in the
corresponding references.
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Figure 7. Reductive functionalization of carboxamides via
controlled hydride reduction.

2. Aluminum hydrides

Aluminum hydrides have often been utilized for reduction
of carboxamides into the corresponding amines via sequential
delivery of two hydrides.”®  Controlled reduction of
carboxamides is sometimes possible with stoichiometric use of
aluminum hydrides under cryogenic reaction conditions to
prevent collapse of the resulting tetrahedral anionic carbinol
amine intermediates, and thus ensuing treatment with
nucleophiles (often with acid activators) leads to their
deoxygenative functionalization to afford o-branched amines
via the corresponding iminium ion intermediates. An earlier
example, dating back to 1999, could be found in the Suh’s
elegant total synthesis of fluvirucinine A; (Figure 8).2’
Reduction of 3-ethyl-2-piperidone 1 by LiAl(OEt);H (1.2 equiv)
in Et,O at 0 °C and subsequent treatment with vinylmagnesium
bromide afforded 2-vinylated piperidine 2 in 70% yield with
good trans-selectivity (frans:cis = 95:5). After conversion of 2
into amide 3, treatment of 3  with lithium
bis(trimethylsilyl)amide (LHMDS) in toluene under reflux
conditions induced stereo-controlled aza-Claisen rearrangement
of the resulting enolate, forming 10-membered ring lactam 4
having two stereogenic centers at C6 and C10 of fluvirucinine
A
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Figure 8. Synthesis of fluvirucinine A;

However, use of aluminum hydrides has rarely been
practiced for reductive functionalization of carboxamides and
lactams probably due to the risk of over-reduction of the amide
substrates. On the other hand, reduction of N-alkoxyamides by
aluminum hydrides can provide relatively stable five-membered
chelate intermediates.”® Their subsequent deoxygenative
functionalization with carbon-nucleophiles in the presence of
acid activators was demonstrated independently by Chida/Sato
(Figure 9A)* and Vincent/Kouklovsky (Figure 9B).3
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Figure 9. Reductive functionalization of N-alkoxyamides with
aluminum hydrides.

3. Schwartz’s reagent (Cp,ZrHCI)

The Schwartz’s reagent [Cp.Zr(H)CI] is capable of
controlling delivery of a single hydride to a whole range of
carboxamides (primary, secondary, and tertiary) for the
synthesis of the corresponding aldehydes under milder reaction
conditions. The protocol also exhibits much wider functional
group compatibility than those with aluminum hydrides do.3!*?
The superior reactivity of the Schwartz’s reagent was shown in
reductive allylation of bicyclic N-methoxylactam 5 in the effort
for the synthesis of gephyrotoxin by Sato/Chida (Figure 10).3
Namely, use of diisobutylaluminum hydride (DIBAL) for the
process initiation provided not only desired allylated
N-methoxyamines 6 but also aldehyde 7 through undesired
reduction of the #-butyl ester moiety (Figure 10A), whereas 6
was formed as a single product in the process with Cp,ZrHCI
(Figure 10B).
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Figure 10. DIBAL vs the Schwartz’s reagent.

Nonetheless, the Schwartz’s reagent could be utilized in
the reductive functionalization of secondary and tertiary
carboxamides. For example, an earlier work by Ganem in the
synthesis of a-kainic acid showed synthetic advantage in use of
the Schwartz’s reagent (Figure 11).3* The late stage cyanation
of lactam 7 was achieved to install a cyano group at C2 position
of 8, that was converted into o-kainic acid.
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Figure 11. Synthesis of a-kainic acid.

Sato/Chida revealed that a range of neutral carbon-based
nucleophiles in combination with acid activators are applicable
in reductive functionalization of carboxamides initiated by the
reduction using the Schwartz’s reagent as shown in Figure 12.3
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Figure 12. Use of neutral carbon-nucleophiles with the
Schwartz’ reagent.

In addition to carbon-based nucleophiles, diethyl
phosphite was found to function as a phosphorous-centered
nucleophile for the reductive functionalization of carboxamides
initiated by the Schwartz’s reagent (Figure 13).3¢
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Figure 13. Reductive phosphination of carboxamides.

4. Metal-catalyzed hydrosilylation

Hydrosilylation of carboxamides catalyzed/mediated by
transition-metal complexes is capable of single hydride delivery
to the carbonyl group in a controlled manner with superior
functional group compatibility to the conventional hydride
reduction methods. The resulting O-silylated hemiaminal
intermediates undergo deoxygenative functionalization under
various reaction conditions. Therefore, leveraging of
metal-catalyzed/mediated hydrosilylation has been utilized as
the most promising tool for the initiation of the reductive
functionalization of carboxamides.

4.1. Ir-catalyzed hydrosilylation. Nagashima reported
that hydrosilylation of tertiary carboxamides 9 with
1,1,3,3-tetramethyldisiloxane (TMDS) was efficiently catalyzed
by the Vaska’s complex, IrCl(CO)(PPhs), and its derivatives,
providing the corresponding enamines 10 (Figure 14).7 The
catalytic cycle is generally considered as follows: 1) oxidation
addition of the H-Si bond to the Ir(I) center to form H-Ir(III)-Si
species 11; ii) insertion of the amide carbonyl group to the



Ir(I11)-Si bond to afford the a-silyoxy organo-Ir(IIl) hydride 12;
iii) H-C reductive elimination to liberate O-silylated hemiaminal
intermediate 13 with regeneration of the Ir(I) catalyst. The
resulting O-silylated hemiaminal intermediate 13 undergoes
elimination of a siloxide to generate iminium ion 14, which is
further converted into the corresponding enamines via
a-deprotonation. Use of various nucleophiles in combination
with this Ir-catalyzed hydrosilylation of tertiary carboxamides
allows for interception of iminium intermediate 14, enabling
synthesis of a.-branched amines.
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Figure 14. [Ir-catalyzed hydrosilylation of tertiary
carboxamides.

Capturing the iminium ion by an intramolecular
nucleophile results in facile construction of complex
heterocyclic molecular scaffolds.  For example, Dixon
demonstrated the reductive intramolecular aza-Henry reaction of
N-nitroalkyl tethered lactam 15, where initially formed enamine
16 via the Ir-catalyzed hydrosilylation were protonated to
generate iminium ion 17 and subsequent basification promoted
cyclization to form aza-bicyclic product 18 (Figure 15).3
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Figure 15. Reductive intramolecular aza-Henry reaction

Formation of tetrahydro B-carbolines via intramolecular
Friedel Crafts type C-C bond formation of iminium ions 19
derived from tryptamine and carbonyl compounds is known as
the Pictet-Spengler reaction (Figure 16A). The mechanistic
studies implicated that the process involves both C3- and
C2-attack of the indole moiety to form spiro-indolenium ions 20
and pentahydro [-carbolinium ions 21, respectively as the
intermediates which are linked under equilibrium via C-C bond
migration.?® The pentahydro B-carbolinium ion intermediates
21 undergo deprotonative aromatization to form tetrahydro

B-carbolines, which is generally considered as a
rate-determining process. On the other hand, Dixon recently
reported an interrupted Pictet-Spengler process by taking
advantage of the Ir-catalyzed hydrosilylation of indole-tethered
tertiary lactams (Figure 16B).** For example, treatment of
lactam 22 under the Ir-catalyzed hydrosilylation reaction
conditions afforded azaspiro indoline 23 predominantly. In the
process, the spiro-indolenium intermediate 25 formed via
C3-attack in the iminium intermediate 24 could be efficiently
reduced under the present hydridic reaction conditions, thus
outcompeting the conventional deprotonative aromatization
observed in the Pictet-Spengler process.
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B. An interrupted Pictet-Spengler reaction
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Figure 16. The Pictet-Spengler reaction and its interrupted
process.

Dixon also demonstrated total syntheses of aspidosperma
alkaloids by taking advantage of formal [4+2]-cycloaddition of
the enamine intermediates, which were obtained in situ by the
Ir-catalyzed hydrosilylation of indole-tethered lactams.*! For
example, synthesis of vincadifformine was accomplished from
O-lactam 26 wunder Ir-catalyzed hydrosilylation reaction
conditions (Figure 17). Enamine 27 underwent intramolecular
1,4-addition to the a.,B-unsaturated ester moiety to form the 1
C-C bond and ensuing trapping of the resulting iminium cation
28 with the C3 carbon of the indole moiety to construct the 2™
C-C  bond in diastereoselective fashion, liberating
vincadifformine in one-pot fashion.
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Figure 17. Synthesis of vincadifformine. *The process was
commenced with N-Boc derivative of 26 with the deprotection
of the Boc group.

On the other hand, various external nucleophiles were
engaged in combination with the Ir-catalyzed hydrosilylation for
reductive functionalization of tertiary carboxamides. As for the
use of neutral carbon nucleophiles, Sato/Chida employed ketene
silyl acetals, 2-siloxyfuran, and allyl tributylstannane in the
presence of Breonsted or Lewis acid for reductive
functionalization of N-methoxy-N-benzylamides** and tertiary
carboxamides.** Figure 18 illustrated the reductive vinylogous
functionalization of stemonamide (29) for the synthesis of
stemonine. Use of 2-siloxyfuran in the presence of
2-nitrobenzoic acid in combination with the Ir-catalyzed
hydrosilylation gave 30 in excellent yield. It should be noted
that other controlled reduction protocols for the process
initiation were incompatible for the reductive functionalization
of stemonamide (29). For example, the Schwartz reagent
(section 3) resulted in undesired reduction of the lactam moiety
which is exceptionally highly reactive due to the strained
trans-fused 5/7 ring system.
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Figure 18. Reductive functionalization of stemonamide (29)

In addition, Dixon** and Sato/Chida*** independently
disclosed that employment of trimethylsilyl cyanide as a
nucleophile allows for reductive Strecker cyanation to prepare
o-amino nitriles (Figure 19A). Sato/Chida recently applied this
protocol as one of the key steps for the synthesis of fasicularin
(Figure 19B).*> On the other hand, it was reported by Dixon

that use of isocyanides in the presence of acetic acid enables
Ugi-type reductive coupling for the synthesis of a-amino amides
(Figure 19C).46
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oo T
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Figure 19. Reductive Strecker cyanation and Ugi-type

couplings.
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.
Ar/EN -

Use of organometallic nucleophiles has also been explored
for the downstream C-C bond formation. For example,
installation of alkynyl moieties was developed by Huang using
terminal alkynes and CuBr as a catalyst (Figure 20).4”

IrCI(CO)(PPh3), (1 mol%)
TMDS (2.0 equiv) BnO,,
PhMe, rt, 30 min

BnO,,,
(l Me™ “NT SN

Me' N (@] then Bn OBn
H—(-\: 10 10
OBn 64% (d.r. = 5:1)
(1.2 equiv)

CuBr (5 mol%)
70°C,6h

Figure 20. Reductive functionalization with terminal alkynes.

Dixon disclosed that Grignard reagents can functionalize
the hydrosilylated intermediates generated in situ from tertiary



carboxamides, allowing for facile, rapid and scalable (up to 0.1
mol) access to a series of a-branched amines (Figure 21).4

IrCI(CO)(PPhg3), (0.05 mol%) Me
o TMDS (2 equiv)

CH.Cl,, 23°C, 1h

NMe, NMe,
then * HCI
EtMgBr (1.1 equiv)

(0.1 mol) —78°Ct023°C, 4 h 61%
then
4 M HCl in dioxane
Et,0, 0 °C

Figure 21. Reductive functionalization with Grignard reagents.

Despite wider functional group compatibility and milder
reaction conditions offered by the Vaska’s catalyst for the
hydrosilylation, it is limited to the transformations of tertiary
carboxamides or N-methoxy-N-benzylamides. To overcome
this drawback, Huang® and Sato/Chida®® independently
reported that the combination of [Ir(COE),Cl], and diethylsilane
(Et;SiH») that was originally reported by Brookhart,’! can be
utilized for reductive functionalization of secondary
carboxamides with various nucleophiles (Figure 22).

A. With organolithium reagents
[Ir(COE),Cl], (0.1 mol%)
Et,SiH, (2 equiv)

CH,Cly, t, 1 h SN

o}
H o~

’}l Ph then Ph N
H I
0., :
s L 66%
(2.5 equiv)
BF3+Et,0 (1.5 equiv)
0°Ctort,3h

Ph ~

Ph

B. With ketene silyl acetals

[Ir(COE),Cl]> (0.5 mol%)
o Et,SiH, (2 equiv)
)J\ toluene, rt, 15 min
P
Ph '}l R then Ph '}IAR
OSiMe,t-Bu H
65%

CO,Et

OEt (2 equiv)
Yb(OTf)3 (10 mol%)
MeCN, rt, 1 h

Figure 22. Reductive

carboxamides.

functionalization of secondary

4.2. Mo(CO)¢-catalyzed hydrosilylation.  Recently,
Adolfsson revealed that molybdenum hexacarbonyl is capable in
catalyzing controlled and chemoselective hydrosilylation of
tertiary carboxamides with TMDS to provide the corresponding
O-silylated hemiaminal intermediates, which are converted into
the aldehydes through aqueous workup.’> On the other hand,
ensuing treatment of the resulting O-silylated hemiaminal
intermediates with TMSCN allowed for reductive Strecker
cyanation to form o-amino nitriles (Figure 23).%

ArCHO
A aqueous
i work-up
Mo(CO)g (5 mol%) o~ [Si]
TMDS (4 equiv) )\
Ar N
EtOAC rt,4 h

then R = OMe: 93%

MegleN (2 equiv) /@)\ R =CHO: 93%
O R = CO,H: 90%
rt, 2 h R = CH=CHj,: 95%

Figure 23. Reductive Strecker cyanation in combination with
Mo(CO)s-catalyzed hydrosilylation of tertiary carboxamides.

4.3. Ti(Oi-Pr)s-medaited hydrosilylation. Buchwald
developed reduction of secondary and tertiary aliphatic
carboxamides into aldehydes by combined use of Ti(Oi-Pr)s and
diphenyl silane (Ph,SiH,) (Figure 24A).>* The methodology
exhibited robust functional group tolerance on the aliphatic
carbon chain on the carboxamides, while it needs a-enolizable
proton(s) and stoichiometric quantity of Ti(Oi-Pr)s.  The
reduction of o-quaternary carboxamides provided not only
aldehydes but also alcohols through hydrolysis of the iminium
intermediates and consecutive reduction of the resulting
aldehydes. On the other hand, Dixon demonstated that
reductive aza-Henry cyclization of spirocyclic o-quaternary
lactam 31 having a nitroalkane tether proceeded predominantly
through quick intramolecular interception of the iminium ions,
providing 32, a key intermediate toward the synthesis of
manzamine alkaloids (Figure 24B).>> Recently, Tokuyama
applied the protocol with a slight modification for reductive
allylation of spirocyclic  secondary lactams  using
allylmagnesium chloride and zinc chloride in the synthetic
studies of histrionicotoxins*® and lepadiformine.’” For example,
reductive allylation of lactam 33 resulted in stereoselective
installation of the allyl group to construct the
1-azaspiro[5,5]undecane core 34 of the histrionicotoxin family
(Figure 24C). Furthermore, Tokuyama revealed that reductive
crotylation of secondary lactam 35 proceeded stereospecifically
via rigid 6-membred ring pseudo-chair transition state 36
formed between the crotylzinc reagent and the half-chair cyclic
imines, affording branched adduct 37 as a single diastereomer.>
This was eventually converted to castoramine (Figure 24D).



A. Buchwald’s reduction by Ti(Oi-Pr),-Ph,SiH,
Ti(Oi-Pr),

.  Ph,SiH ., y
R\)l\ SRR R\AN;R — R\/\ITJ'R
R’ neat, rt ﬁ, R’

B. Reductive nitro-Mannich cyclization
toward the synthesis of manzamine A

[\ I\
o_ 0O o_ 0O

) NO, Ti(Oi-Pr)4 (3 equ?v)
N Ph,SiH, (10 equiv)
RN

B ————

: N hexane, 0 °C, 2 h N
\ \

31

(1= )

32 81% (d.r. = 83:17)

——>, manzamine A

C. Reductive allylation for synthesis of histrionicotoxins

Ti(Oi-Pr)4 (4.9 equiv)
Et,SiH, (39 equiv)
THF, reflux, 1.5 h

then
MgCl
BUPIST A1 0 9 equiv) £-BuPh,Si’
“BuFhoSl ZnCl, (0.23 equiv) 34719
33 —78°Ctort, 24 h o
=

n-BuyNF
—_— = NH OH

THF

reflux A

histrionicotoxin 235A
93%
D. Reductive crotylation for synthesis of castoramine

orsi] Ti(Oi—_Pr)4 5 equiy) H
| Ph,SiH, (0.5 equiv) H A/O[Si]
Ij THF, i, 5h N
—N=—
(o) N then \/—I
H Me
~_MgCl _
35 DI 6 equiv) H 36
(ISi] = SiPhyt-Bu)  ZnCl2 (3 equiv)
—78t00°C,2h
O[Si]

— 3 =

37 35% (52% brsm)

castoramine

Figure 24. Ti(Oi-Pr)s;-mediated reductive functionalization of
carboxamides.

5. NaH-Nal composite

In 2016, our group reported a controlled hydride reduction
of tertiary carboxamides into aldehydes using a combination of
NaH and Nal in THF (Figure 25A).>° The detailed mechanistic
study revealed that the anionic hemi-aminal intermediates 36
formed via single hydride delivery to the tertiary carboxamides
35 from the activated NaH are kept stable under the reaction
conditions (prior to aqueous work-up).2® Thus, subsequent
silylation of the anionic hemi-aminals with trimethylsilyl
chloride (TMSCI) followed by addition of carbon-based
nucleophiles allowed for overall production of o-branched
amines from tertiary carboxamides under a transition-metal free
manner.®’ In this context, a series of Grignard reagents were

found amenable to the downstream C-C bond formation (Figure
26B). In this process, MgBr, present in the Grignard reagents
(due to the Schlenk equilibrium) likely functions as a Lewis acid
to assist generation of the iminium ion. Moreover, the reaction
conditions were found compatible for reductive Strecker
reaction using tetrabutylammonium cyanide (Figure 26C).

A. Ccontrolled reduction of tertiary carboxamides by NaH-Nal ——

- Na*
0 NaH-Nal 0 o
B e | o L
R™ "NMe;  1ye R H NMe, | aqueous R” "H
35 36 work-up
lMe3SiCI
OSiMe;  nhucleophiles Nu
NG

—_—
R H NMe, R H NMe;

B. Downstream C-C bond formation with Grignard reagents

o NaH (3 equiv) MesSiCl (2.5 equiv) Me
Nal (1 equiv)  MeMgBr (2 equiv)
Ar NMe Ar NMe
2 THF 0t024°C,2h 2
60°C,5h 81%

(Ar = 2-naphthyl)
Me3SiCl (2.5 equiv)

o
NZ (2equiv)

NaH (3 equiv)

(l Nal (1 equiv)
R N SN
g [0} THF 0to24°C,2h Bn ||
" 40°C Z
72%
C. Reductive Strecker cyanation with n-BuyNCN
NaH (3 equiv)
o Nal (1 equiv) CN
NMe, THF, 40 °C NMe,
then
Me3SiCl (3.5 equiv) .
n-BusNCN (2 equiv) 1%
24°C,4h

Figure 25. NaH-mediated reductive functionalization of
carboxamides.

6. Conclusion

This review summarized recent development on reductive
functionalization of carboxamides for the synthesis of
a-branched amines. The controlled single hydride delivery to
an amide carbonyl group and subsequent addition of
nucleophiles enabled downstream deoxygenative
functionalization via interception of the iminium ion
intermediates generated in situ by the aid of acid activators or
Lewis acidity of the nucleophiles themselves. A wide array of
nucleophiles (both in organometallic ionic and covalent neutral
states) could be engaged, enhancing molecular complexity in the
a-branched amines scaffolds.  Nonetheless, there is no
all-around method that can be applicable to universal substrates,
and each of the reported protocols has merits and demerits. The
merits of demand in the protocol are varied in the opportunities
and purposes, as the targeted products, a-branched amines are
versatile in various fields such as target-oriented synthesis,
medicinal chemistry, and process manufacturing. Therefore, it
is our strong belief that the research for the development of new
protocols on the reductive functionalization of carboxamides
continues to flourish and thus further expands the choices for the
synthetic chemists.

Acknowledgement



This work was supported by funding from Nanyang

Technological University (NTU) and the Singapore Ministry of

Education (Academic Research Fund Tier 2:
MOE2017-T2-1-064 and MOE2019-T2-1-089).

References

# Dedicated to Professor Eiichi Nakamura on the occasion of his
70th birthday.

1. For selected recent reviews, see: a) A. Trowbridge, S. M.

10.

11.

12.

13.

14.

15.

Walton, M. J. Gaunt, Chem. Rev. 2020, 120, 2613; b) P.
Colonna, S. Bezzenine, R. Gil, J. Hannedouche, Adv.
Synth. Catal. 2020, 362, 1550; c) H. Jiang, A. Studer,
Chem. Soc. Rev. 2020, 49, 1790; d) A. Hager, N. Vrielink,
D. Hager, J. Lefranc, D. Trauner, Nat. Prod. Rep. 2016,
33,491.

a) X. Guo, Y. Okamoto, M. R. Schreier, T. R. Ward, O. S.
Wenger, Eur. J. Org. Chem. 2020, 1288; b) O. L
Afanasyev, E. Kuchuk, D. L. Usanov, D. Chusov, Chem.
Rev. 2019, 119, 11857; c¢) A. F. Abdel-Magid, S. J.
Mehrman, Org. Proc. Res. Dev. 2006, 10, 971.

a) S. Saranya, N. A. Harry, K. K. Krishnan, G. Anilkumar,
Asian J. Org. Chem. 2018, 7, 613; b) A. Noble, J. C.
Anderson, Chem. Rev. 2013, 113, 2887; ¢) V. Declerck, J.
Martinez, F. Lamaty, Chem. Rev. 2009, 109, 1.

N. R. Candeias, F. Montalbano, P. M. S. D. Cai, P. M. P.
Gois, Chem. Rev. 2010, 110, 6169.

a) J. Wang, X. Liu, X. Feng, Chem. Rev. 2011, 111, 6947,
b) D. Enders, J. P. Shilvock, Chem. Soc. Rev. 2000, 29,
359.

a) R. Kumar, N. J. Flodén, W. G. Whitehurst, M. J. Gaunt,
Nature 2020, 581, 415; b) N. J. Flodén, A. Trowbridge, D.
Willcox, S. M. Walton, Y. Kim, M. J. Gaunt, J. Am. Chem.
Soc. 2019, 141, 8426; c) A. Trowbridge, D. Reich, M. J.
Gaunt, Nature 2018, 561, 522.

a) E. Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem.
2014, 57, 10257; b) R. D. Taylor, M. MacCoss, A. D. G.
Lawson, J. Med. Chem. 2014, 57, 5845.

For a comprehensive review, see: a) A. Trowbridge, S. M.
Walton, M. J. Gaunt, Chem. Rev. 2020, 120, 2613; b)
C.-V.T. Vo, J. W. Bode, J. Org. Chem. 2014, 79, 2809; c)
K. R. Campos, Chem. Soc. Rev. 2007, 36, 1069.

a) E. A. Mitchell, A. Peschiulli, N. Lefevre, L. Meerpoel,
B. U. W. Maes, Chem. Eur. J. 2012, 18, 10092; b) D.
Hoppe, T. Hense, Angew. Chem. Int. Ed. 1997, 36, 2282;
c¢) P. Beak, A. Basu, D. J. Gallagher, Y. S. Park, S.
Thayumanavan, Acc. Chem. Res. 1996, 29, 552.

For a combination with transition metal-catalyzed cross
couplings, see: a) S. Seel, T. Thaler, K. Takasu, C Zhang,
H. Zipse, B. F. Straub, P. Mayer, P. Knochel, J. Am. Chem.
Soc. 2011, 133, 4774; b) 1. Coldham, D. Leonori, Org.
Lett. 2008, 10, 3923; c) K. R. Campos, A. Klapars, J. H.
Waldman, P. G. Dormer, C.-y. Chen, J. Am. Chem. Soc.
2006, 128, 3538.

M. Majewski, D. M. Gleave, J. Organomet. Chem. 1994,
470, 1.

a) A. Paul, D. Seidel, J. Am. Chem. Soc. 2019, 141, 8778;
b) W. Chen, L. Ma, A. Paul, D. Seidel, Nat. Chem. 2018,
10, 165.

W. Chen, A. Paul, K. A. Abboud, D. Secidel, Nat. Chem.
doi: 10.1038/s41557-020-0438-z.

For selected reviews, see: a) D. Antermite, J. A. Bull,
Synthesis 2019, 51, 3171; b) S. A. Girard, T. Knauber,
C.-J. Li, Angew. Chem. Int. Ed. 2014, 53, 74; c) O.
Baudoin, Chem. Soc. Rev. 2011, 40, 4902.

For selected leading articles, see: a) H.-J. Jiang, X.-M.

16.

17.

18.

19.

20.

21.

Zhong, J. Yu, Y. Zhang, X. Zhang, Y.-D. Wu, L.-Z. Gong,
Angew. Chem. Int. Ed. 2019, 58, 1803; b) S. Grepies, F. J.
R. Klauck, J. H. Kim, C. G. Daniliuc, F. Glorius, Angew.
Chem. Int. Ed. 2018, 57, 9950; c) P. Jain, P. Verma, G.
Xia, J.-Q. Yu, Nat. Chem. 2017, 9, 140; d) A. Peschiulli,
V. Smout, T. E. Storr, E. A. Mitchell, Z. Elias, W.
Herrebout, D. Berthelot, L. Meerpoel, B. U. W. Maes,
Chem. Eur J. 2013, 19, 10378; e) S. J. Pastine, D. V.
Gribkov, D. Sames. J. Am. Chem. Soc. 2006, 128, 14220;
f) H. M. L. Davies, T. Hansen, D. W. Hopper, S. A.
Panaro, J. Am. Chem. Soc. 1999, 121, 6509.

For selected leading articles, see: a) V. Snieckus, J. C.
Cuevas, C. P. Sloan, H. Liu, D. P. Curran, J. Am. Chem.
Soc. 1990, 112, 896; b) S. Bertrand, N. Hoffmann, J.-P.
Pete, Eur. J. Org. Chem. 2000, 2227, c¢) T. Yoshimitsu, Y.
Arano, H, Nagaoka, J. Am. Chem. Soc. 2005, 127, 11610;
d) N. Yoshikai, A. Mieczkowski, A. Matsumoto, L. Ilies,
E. Nakamura, J. Am. Chem. Soc. 2010, 132, 5568.

For the synthesis of o-functionalized saturated
N-heterorycles from N-fused bicyclo
o-hydroxy-p-lactams, that can be prepared via a
light-induced Norrish-Yang reaction of phenyl keto
amdies, see: J. B. Roque, Y. Kuroda, J. Jurczyk, L.-P. Xu,
J. S. Ham, L. T. Géttemann, C. A. Roberts, D. Adpressa, J.
Sauri, L. A. Joyce, D. G. Musaev, C, S, Yeung, R.
Sarpong, ACS Catal. 2020, 10, 2929.

For selected reviews, see: a) M. H. Shaw, J. Twilton, D.
W. C. MacMillan, J. Org. Chem. 2016, 81, 6898; b) J. W.
Beatty, C. R. J. Stephenson, Acc. Chem. Res. 2015, 48,
1474; c) D. M. Schultz, T. P. Yoon, Science 2014, 343,
1239176.

For selected examples, see: a) M. M. Walker, B.
Koronkiewicz, S. Chen, K. N. Houk, J. M. Mayer, J. A.
Ellman, J. Am. Chem. Soc. 2020, 142, 8194; b) A. S. H.
Ryder, W. B. Cunningham, G. Ballantyne, T, Mules, A. G.
Kinsella, J. Turner-Dore, C. M. Alder, L. J. Edwards, B. S.
J. McKay, M. N. Grayson, A. J. Cresswell, Angew. Chem.
Int. Ed. doi: 10.1002/anie.202005294; ¢) J. Ye, L. Kalvet,
F. Schoenebeck, T. Rovis, Nat. Chem. 2018, 10, 1037, d)
L. B. Perry, T. F. Brewer, P. J. Sarver, D. M. Schultz, D. A.
DiRocco, D. W. C. MacMillan, Nature 2018, 560, 70; e)
C. Le, Y. Liang, R. W. Evans, X. Li, D. W. C. MacMillan,
Nature 2017, 547, 79; 1) J. Xie, M. Rudolph, F. Rominger,
A. S. K. Hashmi, Angew. Chem. Int. Ed. 2017, 56, 7266;
g) M. H. Shaw, V. W. Shurtleff, J. A. Terrett, J. D.
Cuthbertson, D. W. C. MacMillan, Science 2016, 352,
1304; h) D. T. Ahneman, A. G. Doyle, Chem. Sci. 2016, 7.
7002; i) C. K. Prier, D. W. C. MacMillan, Chem. Sci.
2014, 5, 4173; j) G. Bergonzini, C. S. Schindler, C.-J.
Wallentin, E. N. Jacobsen, C. R. J. Stephenson, Chem. Sci.
2014, 5, 112; k) A. McNally, C. K. Prier, D. W. C.
MacMillan, Science 2011, 334, 1114.

For selected reviews on functionalization of
carboxamides, see: a) D. Kaiser, A. Bauer, M. Lemmerer,
N. Maulide, Chem. Soc. Rev. 2018, 47, 7899; b) A.
Chardon, E. Morisset, J. Rouden, J. Blanchet, Synthesis
2018, 50, 984; c) T. Sato, M. Yoritate, H. Tajima, N.
Chida, Org. Biomol. Chem. 2018, 16, 3864; d) A. Volkov,
F. Tinnis, T. Slagbrand, P. Trillo, H. Adolfsson, Chem.
Soc. Rev. 2016, 45, 6685; e) D. Kaiser, N, Maulide, J.
Org. Chem. 2016, 81, 4421; f) S. A. Ruider, N. Maulide,
Angew. Chem. Int. Ed. 2015, 54, 13856; g) V. Pace, W.
Holzer, B. Olofsson, Adv. Synth. Catal. 2014, 356, 3697,
h) D. Seebach, Angew. Chem. Int. Ed. 2011, 50, 96.

For a review on amide bond formation: E. Massolo, M.
Pirola, M. Benaglia, Eur J Org. Chem. doi:



22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

10.1002/¢joc.202000080.

a) P.-Q. Huang, Y.-H. Huang, K.-J. Xiao, Y. Wang, X.-E.
Xia, J. Org. Chem. 2015, 80, 2861; b) K.-J. Xiao, A.-E.
Wang, P.-Q. Huang, Angew. Chem. Int. Ed. 2012, 51,
8314; c¢) K.-J. Xiao, J.-M. Luo, K.-Y. Ye, Y. Wang, P.-Q.
Huang, Angew. Chem. Int. Ed. 2010, 49, 3037; d) K.-J.
Xiao, Y. Wang, K.-Y. Ye, P-Q. Huang, Chem. Eur J.
2010, /6, 12792.

For a review on the Bischler-Napieralski reaction using
phosphoryl chloride (POCls), see: M. M. Heravi, N.
Nazari, Curr: Org. Chem. 2015, 19, 2358.

a) T. Murai, N. Mutoh, J. Org. Chem. 2016, 81, 8131; b)
F. Hermant, E Urbanska, S. Seizilles de Mazancourt, T.
Maubert, E. Nicolas, Y. Six, Organometallics 2014, 33,
5643; c) J. Wei, L. Liu, M. Zhan, L. Xu, W.-X. Zhang, Z.
Xi, Angew. Chem. Int. Ed. 2014, 53, 5634; d) E.
Augustowska, A. Boiron, J. Deffit, Y. Six, Chem.
Commun. 2012, 48, 5031; e) T. Murai, Y. Mutoh, Chem.
Lett. 2012, 41, 2; f) T. Murai, Pure Appl. Chem. 2010, 82,
541; g) A. Agosti, S. Britto, P. Renaud, Org. Lett. 2008,
10, 1417; h) T. Murai, F. Asai, J. Am. Chem. Soc. 2007,
129, 780; 1) T. Murai, Y. Mutoh, Y. Ohta, M. Murakami, J.
Am. Chem. Soc. 2004, 126, 5968; j) Y. Tominaga, S.
Kohra, A. Hosomi, Tetrahedron Lett. 1987, 28, 1529; k) Y.
Tamaru, T. Harada, S. Nishi, Z. Yoshida, Tetrahedron Lett.
1982, 23, 2383.

For selected examples, see: a) W.-1. Lee, J.-W. Jung, J.
Jang, H. Yun, Y.-G. Suh, Tetrahedron Lett. 2013, 54,
5167; b) Y. Inamoto, Y. Kaga, Y. Nishimoto, M. Yasuda,
A. Baba, Org. Lett. 2013, 15, 3452; ¢) X.-K. Liu, X.
Zheng, Y.-P. Ruan, J. Ma, P.-Q. Huang, Org. Biomol.
Chem. 2012, 10, 1275; d) R. Delgado, S. B. Blakey, Eur:
J. Org. Chem. 2009, 1506; e) C. Kuhakarn, N.
Panyachariwat, S. Ruchirawat, Tetrahedron Lett. 2007, 48,
8182; f) J.-W. Jung, D.-Y. Shin, S.-Y. Seo, S.-H. Kim,
S.-M. Paek, J.-K. Jung, Y.-G. Suh, Tetrahedron Lett. 2005,
46, 573; g) Y.-G. Suh, D.-Y. Shin, J.-K. Jung, S.-H. Kim,
Chem. Commun. 2002, 1064; h) Y.-G. Suh, S.-H. Kim,
J.-K. Jung, D.-Y. Shin, Tetrahedron Lett. 2002, 43, 3165;
i) M. P. DeNinno, C. Eller, J. B. Etienne, J. Org. Chem.
2001, 66, 6988; j) M. P. DeNinno, C. Eller, Tetrahedron
Lett. 1997, 38, 6545.

For mechanistic studies on the reduction of tertiary
carboxamides to amines by DIBAL, see: D. Y. Ong, K.
Watanabe, R. Takita, S, Chiba, Helv. Chim. Acta 2019,
102, ¢1900166.

Y.-G. Suh, S.-A. Kim, J.-K. Jung, D.-Y. Shin, K.-H. Min,
B.-A. Koo, H.-S. Kim, Angew. Chem. Int. Ed. 1999, 38,
3545.

a) S. Balasubramaniam, I. S. Aidhen, Synthesis 2008,
3707; b) M. P. Sibi, Org. Prep. Proced. Int. 1993, 25, 15;
¢) S. Nahm, S. M. Weinreb, Tetrahedron Lett. 1981, 22,
3815.

K. Shirokane, Y. Kurosaki, T. Sato, N. Chida, Angew.
Chem. Int. Ed. 2010, 49, 6369.

G. Vincent, R. Guillot, C. Kouklovsky, Angew. Chem. Int.
Ed. 2011, 50, 1350.

a) J. T. Spletstoser, J. M. White, A. R. Tunoori, G. L
Georg, J. Am. Chem. Soc. 2007, 129, 3408; b) J. M.
White, A. R. Tunoori, G. I. Georg, J. Am. Chem. Soc.
2000, 722, 11995; c) Y. Zhao, V. Snieckus, Org. Lett.
2014, /6, 390.

For a review, see: M. W. Wigctaw, S. Stecko, Eur. J. Org.
Chem. 2018, 6601.

a) K. Shirokane, Y. Tanaka, M. Yoritate, N. Takayama, T.
Sato, and N. Chida, Bull. Chem. Soc. Jpn. 2015, 88, 522;

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

b) K. Shirokane, T. Wada, M. Yoritate, R. Minamikawa,
N. Takayama, T. Sato, N. Chida, Angew. Chem. Int. Ed.
2014, 53, 512.

Q. Xia, B. Ganem, Org. Lett. 2001, 3, 485.

a) M. Nakajima, Y. Oda, T. Wada, R. Minamikawa, K.
Shirokane, T. Sato, N. Chida, Chem. Eur. J. 2014, 20,
17565; b) T. Sato, N. Chida, Org. Biomol. Chem. 2014,
12, 3147; ¢) Y. Oda, T. Sato, N. Chida, Org. Lett. 2012,
14. 950.

Y. Gao, Z. Huang, R. Zhuang, J. Xu, P. Zhang, G. Tang, Y.
Zhao, Org. Lett. 2013, 15,4214.

a) Y. Une, A. Tahara, Y. Miyamoto, Y. Sunada, H.
Nagashima, Organometallics 2019, 38, 852; b) A. Tahara,
Y, Miyamoto, R. Aoto, K. Shigeta, Y. Une, Y, Sunada, Y,
Motoyama, H, Nagashima, Organometallics 2015, 34,
4895; ¢) Y. Motoyama, M. Aoki, N. Takaoka, R. Aoto, H.
Nagashima, Chem. Commun. 2009, 1574.

A. W. Gregory, A. Chambers, A. Hawkins, P. Jakubec, D.
J. Dixon, Chem. Eur. J. 2015, 21, 111.

a) C. Zheng, Z.-L. Xia, S.-L. You, Chem 2018, 4, 1952;
b) R. S. Klausen, C. R. Kennedy, A. M. Hyde, E. N.
Jacobsen, J. Am. Chem. Soc. 2017, 139, 12299.

P. Gabriel, A. W. Gregory, D. J. Dixon, Org. Lett. 2019,
21, 6658.

P. W. Tan, J. Seayad, D. J. Dixon, Angew. Chem. Int. Ed.
2016, 55, 13436.

M. Nakajima, T. Sato, N. Chida, Org. Lett. 2015, 17,
1696.

a) Y. Takahashi, T. Sato, N. Chida, Chem. Lett. 2019, 48,
1138; b) M. Yoritate, Y. Takahashi, H. Tajima, C. Ogihara,
T. Yokoyama, Y. Soda, T, Oishi, T. Sato, N. Chida, J. Am.
Chem. Soc. 2017, 139, 18386.

A. L. Fuentes de Arriba, E. Lenci, M. Sonawane, O.
Formery, D. J. Dixon, Angew. Chem. Int. Ed. 2017, 56,
3655.

S. Yamamoto, Y. Komiya, A. Kobayashi, R. Minamikawa,
T. Oishi, T. Sato, N. Chida, Org. Lett. 2019, 21, 1868.
L.-G. Xie, D. J. Dixon, Nat. Commun. 2018, 9, 2841.

a) W. Ou, G.-S. Lu, D. An, F. Han, P.-Q. Huang, Eur. J.
Org. Chem. 2020, 52; b) P.-Q. Huang, W. Ou, F. Han,
Chem. Commun. 2016, 52, 11967.

a) P. Gabriel, L.-G. Xie, D. J. Dixon, Org. Synth. 2019, 96,
511; b) L.-G. Xie, D. J. Dixon, Chem. Sci. 2017, 8, 7492.
W. Ou, F. Han, X.-N. Hu, H. Chen, P.-Q. Huang, Angew.
Chem. Int. Ed. 2018, 57, 11354.

Y. Takahashi, R. Yoshii, T. Sato, N. Chida, Org. Lett.
2018, 20, 5705.

C. Cheng, M. Brookhart, J. Am. Chem. Soc. 2012, 134,
11304.

F. Tinnis, A. Volkov, T, Slagbrand, H, Adolfsson, Angew.
Chem. Int. Ed. 2016, 55, 4562.

P. Trillo, T. Slagbrand, H. Adolfsson, Angew. Chem. Int.
Ed. 2018, 57, 12347.

S. Bower, K. A. Kreutzer, S. L. Buchwald, Angew. Chem.
Int. Ed. 1996, 35, 1515.

P. Jakubec, A. Hawkins, W. Felzmann, D. J. Dixon, J. Am.
Chem. Soc. 2012, 134, 17482.

M. Sato, H. Azuma, A. Daigaku, S. Sato, K. Takasu, K.
Okano, H. Tokuyama, Angew. Chem. Int. Ed. 2017, 56,
1087.

M. Shimomura, M. Sato, H. Azuma, J. Sakata, H.
Tokuyama, Org. Lett. 2020, 22, 3313.

S. Itabashi, M. Shimomura, M. Sato, H. Azuma, K.
Okano, J. Sakata, H. Tokuyama, Synlett 2018, 29, 1786.
a) G. H. Chan, D. Y. Ong, Z. Yen, S. Chiba, Helv. Chim.
Acta. 2018, 101, €1800049; b) Y. Huang, G. H. Chan, S.



60.

Chiba, Angew. Chem. Int. Ed. 2017, 56, 6544; c) Z. Hong,
D. Y. Ong, S. K. Muduli, P. C. Too, G. H. Chan, Y. L.
Tnay, S. Chiba, Y. Nishiyama, H. Hirao, H. S. Soo, Chem.
Eur. J. 2016, 22, 7108; d) P. C. Too, G. H. Chan, Y. L.
Tnay, H. Hirao, S. Chiba, Angew. Chem. Int. Ed. 2016, 55,
3719.

D. Y. Ong, D. Fan, D. J. Dixon, S. Chiba, Angew. Chem.
Int. Ed. doi: 10.1002/anie.202004272.






