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Abstract

Chemistry has always had as a target the conversion of molecules into valuable materials. Nevertheless,
the aim of past synthesis has primarily focused on achieving a given transformation, regardless of the
environmental impact of the synthetic route. Given the current global situation, the demand for
sustainable alternatives has substantially increased. Our group focuses on developing selective chemical
transformations which benefit from mild conditions, improved atom economy, and that can make use of
renewable feedstocks as starting materials. This account summarizes our work over the past two decades
specifically regarding the selective removal, conversion, and addition of functional groups which can, later

on, be applied at a late stage for the modification of complex molecules.

Keywords:
Late-stage modification, selective conversion, functional group removal, A3-coupling, phenol coupling,
hydrogen  borrowing, amino acid modification, CDC reaction, trifluoromethylation,

difluoromethylthiolation, photochemistry, catalysis

Introduction

The ability to synthesize complex molecules from simple building blocks is an important
manifestation of modern chemistry, representing power and skills of organic synthesis.! As most modern
organic chemicals are based on petroleum as the ultimate feedstock, bearing no or little functional groups,
most classical reactions developed were focused on reactivity/conversion rather than functional group
selectivity.? Thus, generally highly reactive reagents, such as the Grignard reagents,® and forcing
conditions, such as refluxing, were often employed to ensure the completion of the specific reaction.
Considering the recent emphasis on synthetic efficiency and increased interest on sustainability and green
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chemistry,** the use of renewable biomass as a potential future chemical feedstocks, the selective direct
transformation of complex molecules becomes highly essential. Thus, mild and selective modifications of
biomolecules such as nucleotides, peptides, carbohydrates, and various natural products play an essential

role for chemical biology and synthetic biology, and can drastically speed up the drug discovery process.

However, unlike petroleum-based feedstock, biomass-based materials (carbohydrates, lignins,
amino acids, fatty acids) and natural products are generally over-functionalized. Unfortunately, these
functional groups are not compatible with the standard classical reactions.®” Consequently, in order to
utilize these renewable feedstocks or to make selective changes on such molecules, extensive functional
group protections and maskings are required to make these highly functionalized molecules petroleum-
like, in order to apply the classical reactions developed.? As a result, most total syntheses of biological
compounds and modification of bio-based molecules are very lengthy, which are not only man-power
intensive but also slow down the availability and increase the cost of target structures in drug discovery

and other applications.®

An alternative strategy to overcome such a fundamental scientific challenge is to develop new
reaction tools that can selectively and directly change a specific site in these complex structures, tolerating
existing functional groups with no need for protection, under mild conditions. Such kind of
transformations include three major types: a) selective removal of functional groups, b) selective
conversion of functional groups, and c) selective addition of functional groups. In this account, we will
describe selected examples exploring new reaction tools towards these three types of transformations

which have been developed in our laboratory over the past two decades.

Selective removal of functional groups
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Throughout the history of contemporary synthetic chemistry, the focus has been on how to
functionalize organic compounds.1%-1! Very little attention has been given to the opposite direction: how
to selectively defunctionalize a specific functional group without affecting others. The availability of such
methods would provide unprecedented tools for chemists to convert natural products readily into analogs
and to diversify lead compounds rapidly for various applications. In this respect, it is a great challenge to
selectively and efficiently remove a primary hydroxyl group in the presence of other hydroxyl groups and
amines widely present in complex natural products and lead compounds (i.e., steroids and alkaloids). All
previous methods require extensive functional group transformations, with the most well-known one
being the Barton-McCombie deoxygenation, due to its widespread synthetic applications (Scheme 1).1%14
Thus, the direct catalytic deoxygenation of alcohols that are highly selective and efficient, especially in the

presence of other functionalities, has been a long-standing scientific challenge.?>

To pursue such a direct alcohol deoxygenation protocol, we conceived a catalytic late-transition-
metal-catalyzed redox design, combining dehydrogenative oxidation!®1® with Wolff-Kishner (WK)
reduction, to simultaneously tackle the challenges regarding step economy and selectivity. The early
development of our hypothesis focuses on an iridium-catalyzed process efficient mainly with activated
alcohols, which dictates harsh reaction conditions and thus limits its synthetic utility.?° Later, a significant
advancement was made on aliphatic primary alcohol deoxygenation by employing a ruthenium complex,
with good functional group tolerance and exclusive selectivity under practical reaction conditions.?!
Synthetic utility using molecules with varying degrees of complexity and with a number of different
functional groups has been illustrated. Unprecedented highly chemoselective deoxygenation of
aminoalcohols and alkaloids, as well as regioselective monodeoxygenation of steroids with multiple
hydroxyl groups, has been achieved. Mechanistic insight of the reaction was also investigated. Overall,
our current method provides a practical redox-based approach to the direct sp® C-O defunctionalization

of aliphatic primary alcohols.
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Scheme 1. Overview of the late-stage chemical modification of alcohols
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Selective Conversion of Functional Groups

Grignard-type reactions in water

The Grignard reaction has been undoubtedly one of the most powerful and useful reactions for the
formation of C-C bonds since its discovery over 100 years ago.???* The intrinsically highly polarized C-Mg
bond present in the Grignard reagent is endowed with strong nucleophilicity towards nucleophilic
addition. However, this inherent attribute also limits its practical applications owing to the issues
associated with the stringent anhydrous conditions as well as functional group compatibility.?> To
overcome these limitations and improve synthetic efficiency, many Grignard-type reactions have been
successfully developed by using softer nucleophiles, which either directly utilize pre-formed

organometallic reagents such as organotin reagents or generated in situ with metals such as Zn and In.%¢

32

Environmental concerns and resource depletion have raised full attention in developing more
sustainable chemical syntheses,3* among which, the development of organic reactions using water as a
solvent has gained increased attention. There have been significant advances in the catalysis of
organometallic reactions in aqueous media, one of which has been the Grignard-type reaction.26-32
Previously, our group reported the successful allylation,3*3> allenylation,?® propargylation,3®
alkynylation,3” 38 phenylation3® and alkylation*® of carbonyl or imine compounds mediated by various
metals in water. Recently, as the last and most difficult challenge towards Grignard-type reactions in
aqueous media, we developed a direct arylation of aldehydes using unactivated aryl iodides in water!
(Scheme 2). This breakthrough has successfully achieved the transition from the conventional two-step
anhydrous conditions to a one-pot Rh-catalyzed reaction in water. The appropriate combination of a Rh
catalyst and an NHC ligand along with the fine-tuning of the electronic properties of the catalyst, are key

for this transformation. The reaction tolerates various functional groups, such as halogens, alkoxyl, ester,
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cyano and free alcohols (Scheme 3). Notably, the optimal conditions can be applied to both aromatic and
aliphatic aldehydes. Preliminary mechanistic analysis of this transformation was performed by conducting
several control experiments. The reaction could not proceed in the absence of either the rhodium
complex or metal zinc, demonstrating that each plays a crucial role in the catalytic cycle. Upon
understanding the synergy between the rhodium catalyst and the zinc, the reaction was able to proceed

smoothly without the need of a surfactant (Scheme 4).

Scheme 2. Reaction conditions for the arylation of aldehydes using unactivated aryl iodides in water

OH ) .
| 0 [Rh(acac)(CO),] Pro—/ Pr
* P IPrS /CsOPiv__ R? NN
R H R Zn dust o

LiBr R PrPr”
Brij@C10 (2%)/H,0 . ci

70 °C, argon R = aryl, alkyl IPrs

1 2 3
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Scheme 3. Scope for the arylation of aldehydes with unactivated aryl iodides in water
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Scheme 4. Reaction conditions for the arylation of aldehydes without surfactant

| 0 [Rh(acac)(CO),] o
©/ H IPrS /CSOPiv O O
+
Zn dust
LiBr
H,0
1a 2a 70 °C, argon 3a

Isolated yield: 37%

A3-coupling and amino acid modification

The catalytic conversion of classical functional groups, such as aldehydes, amines, and terminal
alkynes into valuable compounds is a relatively modern development in organic chemistry. From our
interest in maximizing atom economy, working under ambient atmosphere, using benign solvents, and
adhering to the principles of green chemistry, our group has discovered and developed the aldehyde-
amine-alkyne coupling (A3 coupling) (Scheme 5).%2 Over the years, this methodology has been used to
prepare propargylamines with an extremely high tolerance to functional groups and reaction conditions.
This reaction proceeds through a Mannich-type condensation to form an electrophilic imine or iminium
species, extruding water as the sole by-product of the reaction. Subsequently, a nucleophilic metal
acetylide intermediate is generated and adds to the C=N electrophilic partner, producing the

corresponding propargylamine.

Scheme 5. General equation for the synthesis of propargylamines through A3 coupling

R2 .RS
?  m.R _,_ caM N
I+ TN Rt=
“H T H HO RN
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Initially, our first discovery was made in early 2001 when the A3-coupling was performed in the
presence of a two-metal Ru/Cu catalyst system under aqueous or neat conditions (Scheme 6. Early

development of A3 coupling using (1) ruthenium/copper, (2) copper, and (3) gold catalysts

RUC|3 NHA
CuBr '

H,O or neat R

(1) RCHO + ANH, + R—

be

R
up to 96% vyield

Cu(OTf) / ligand NHAr

(2) RCHO + ArNH, + R—=
H,O or i
organic solvent R

up to 93% yield
up to 99% ee

2 2_
(/\

AuBr
(3) RCHO + (Nj + B—= 3

H H,O R

bs

R
up to 99% vyield

Eqg.1).%7 Investigating this reaction, we observed that copper could solely catalyze the reaction towards
the formation of the propargylamine in low yields. This observation oriented our interest to develop a

copper-catalyzed asymmetric A3-coupling.

Scheme 6. Early development of A3 coupling using (1) ruthenium/copper, (2) copper, and (3) gold catalysts
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RUC|3
| s NHAr
(1) RCHO + ArNH, + R—=
H,O or neat R ™
R
up to 96% vyield

Cu(OTf) / ligand NHAr

(2) RCHO + ANH, + R—= L0 L o)
H2OOI' E S/’ N \\)

organic solvent

up to 93% yield
up to 99% ee

2

AuBr
(3) RCHO + (Nj + R—=— E

H H,O R

bs

R
up to 99% vyield

We found that when using Cu(OTf) and a chiral pyridine bis-oxazoline (pybox) ligand, alkynes
could be enantioselectively added to imines pre-generated or via three-component (Scheme 6, Eq.2).%> 4
The reaction was shown to give the best enantiomeric excess in chloroform (99.6% ee). Shortly after our
original discovery, we found that a gold(lll) catalyst was efficient for this transformation in the presence
of secondary amines. Under organic or aqueous conditions, the alkyl-iminium addition could be
performed by AuBr; achieving the desired transformation in quantitative yields (Scheme 6. Early

development of A3 coupling using (1) ruthenium/copper, (2) copper, and (3) gold catalysts
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RUC|3

CuBr NHAr
(1) RCHO + AmNH, + R—
H,0 or neat R ™
R
up to 96% vyield
Cu(OTf) / ligand NHAr
(2) RCHO + ArNH, + R—
H,0 or R \\ ,
organic solvent R

up to 93% vyield
up to 99% ee

0

AuBr
(3) RCHO + (Nj + R 3

H H,0 R

bs

R
up to 99% vyield
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ligand

e
L

Ph

Eqg.3).%® Similarly, we evaluated the efficiency of other catalysts and found that silver,%6-° iron,>° copper,>*

52 gold,>% >3 and ruthenium®* transition metal catalysts show significant activities. Subsequently, various

modifications to the original A3-coupling were reported by our group.>® >® We developed magnetic iron-

nanoparticles, a robust and magnetically recoverable catalyst as well as a chiral copper catalyst supported

on magnetic iron nanoparticles for the synthesis of enantioenriched propargylamines.>”- 58 Moreover, we

benefited from the propargylamine structure to explore novel cyclization reactions. Catalyzed by copper,

the tandem A3-coupling/carboxylative cyclization reaction with CO, occurs to generate the corresponding

oxazolidinones (Scheme 7, Eq.4).5°

Scheme 7. Modified A3-coupling with (4) copper and (5) gold

12

https://mc06.manuscriptcentral.com/cjc-pubs



Page 13 of 57

Canadian Journal of Chemistry

R’ 7
cul A
(4) RCHO + RNH, + R'— o
CO, R™ X\
R’!
up to 91% yield
RJ
: A
G rRCHO + M+ p-—= 9 NN
R NH, toluene R/‘\<\
R
up to 95% yield

More recently, our group has investigated the reaction with amides (Scheme 7, Eq. 5).°° We found
that cationic gold was the most efficient catalyst to perform both the A3-coupling and the cyclization
reaction simultaneously, leading to the formation of highly substituted oxazole compounds. We also
evaluated other deactivated amines, such as the reaction of t-butyl carbamates with aldehydes and

alkynes.®!

Methods for the selective modification of amino acids and peptidic structures are highly useful in
chemical biology and biochemistry. Selective post-synthetic addition of the alkyne functionality to peptide
derivatives represents an exciting route to these compounds. During our initial investigation, the reactivity
of primary amines was poor due to the low stability and reactivity towards water and carbon nucleophiles.
By using N-acyliminium ions, the reactivity of the C=N bond is radically increased. Indeed, we discovered
that copper bromide can catalyze the decarboxylative coupling of an alkyne with different amino acids

(Scheme 8, Eq.6).%2

Scheme 8. Amino acid modification employing A3-coupling
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R2 R3 CuBr R?
Rt ‘ TMEDA Rt
6 +
© J‘ COH l DTBP J‘ X o
Ph toluene, 110 °C Ph
up to 86% yield
R
R XR1
R2 CuCl )Y
o ® XR! NaHCO, =z N
(7) CI H3N + m + CH,0 R2 / (e}
o) H,0, 35°C i =
up to 99% yield

Using highly reactive imines, formed from formaldehyde and amines, amino acids and dipeptides
can be functionalized. Thus, copper(l) could catalyze the alkynylation of amino acid derivatives at their N-

terminus or at the lysine £-amino functionality under concentrated conditions (

Scheme 8, Eq.7).%3 Our reaction system serves as a proof of concept for the use of the A3-coupling
as an orthogonal tool for rapid modification of amino acids and biomolecules.®*%¢ Indeed, the A3-coupling

in water allows the selective modification of glyderaldehydes,*® sugars,®® and oligosaccharides.®’

Considered as a powerful chemical tool, the A3-coupling features a great tolerance to aqueous
media and air, possesses a high efficiency with excellent applicability towards enantioselective or tandem

reactions and has a broad and tunable substrate scope.

Phenol Coupling

Phenols comprise lignocellulosic biomass as one of the basic units and can be easily obtained from
the coal, as well as the pulp and paper industries. Therefore, phenols are considered as widely available,
economical, sustainable aromatic feedstocks. Based on this, phenols are ideal aromatic coupling partners

compared to the well-known aromatic halides.®®7° In the past decades, the research on the cross-coupling
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of phenols (C-O bond cleavage) has mainly focused on phenol derivatives, such as the corresponding

triflates, tosylates, mesylates, esters, ethers, etc., led by Shi,”*72 Chatani,”® Martin’* and others.”

However, utilizing the unprotected phenols for cross-coupling reactions had remained extremely
challenging, due to the highly reactive acidic hydroxyl group and the strong C—O bond with a high-
dissociation-energy due to p-1t conjugation. To explore the cross-coupling of unprotected phenols, our
group initially developed a catalytic oxidative-dehydrogenative aromatization process in 2012, to
synthesize aromatic ethers and amines from the cyclohexanones or cyclohexenones (the reduced form of
phenols) with alcohols or amines as nucleophiles, using copper or palladium as the catalyst (Scheme 9).7677

Other notable studies have also been reported by Lemaire, Deng, Yoshikai, and Stahl.78-82

Scheme 9. Oxidative catalytic dehydrogenative aromatization
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_R?
0
cat.[Cu], NHPI, O,
) R20OH R TR R
5 e HN
R’ ] R3 : :
HN’ : or :
4 cat.[Pd], O, L. :
R3NH, R’ via
6

Representative examples:
Aromatic ethers:

cat. [Cu]

% o) @OM/O o QOWQO\

5a, 64% 5b, 55% 5¢, 100%
O ﬁj ’
o) "0 ! \©
\©\/,O
S~ CL
H (0]
5d, 33% 5f, 61% 59, 67%
Representive examples:
Aromatic amines:
cat. [Pd]
$i Iy~ ‘NQ
0 N o
6a, 82% 6b, 66% 6¢c, 82% | 6d, 69%

In 2015, with the successful coupling results of the cyclohexanones and cyclohexenones with
amines under oxidative conditions, we proceeded to make use of the unique redox properties of phenols.

That is, through the redox-couple of phenol and cyclohexanones or cyclohexenones, using a ‘hydrogen-
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borrowing’ strategy via a catalytic reductive dearomatization-condensation-rearomatization sequence to
achieve the direct cross-coupling of phenol with amines (Scheme 10, A).2 This transformation proceeded
efficiently and tolerated a broad scope of phenols, catechols and naphthols with primary, secondary,
aliphatic and aromatic amines as nucleophiles. It is important to mention that by increasing the sodium
formate amount to 6 equivalents, phenols could be used as cyclohexyl synthons to couple with amines
and to generate cyclohexylamines in high yields (Scheme 10, B).%* In addition, this transformation can be

successfully performed in a flow reactor.

Scheme 10. Direct cross-coupling of phenols with amines
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A. Formally direct coupling of phenol with amines : OH ) E
: © Pd/C :
' R — " R! :
' cat.[H] |
OH Pd/C (10 mol%) RY AR 5 ; catH*| !
R? HCO,Na (1.5 equiv.) : ! R? '
+ i ' HN '
R AN, s TFA (0.5 equiv.) R ; v RV
0 ' :
7 8 Toluene, 140°C . R3\N’R2 RS R2!
' Pd/C '
1 B —————— :
Representative examples: R1© -H, R! :
""""""""" via
/H\ (ONQ dearomatization-condensation-
HN /©/ rearomatization strategy
> © s 5o SON
9a, 81% 9b, 63% 9¢c, 74% 9d, 68% 9e, 90%
N
H
i Q) N L
~ W
\ O )
o %/Q/ \O NH H
NHPh
9f, 84% 99, 40% 9h, 83% 9i, 75%

B. Phenols as cyclohexyl synthons to couple with amines

OH Pd/C (7 mol%) RE-R?
R? HCO,Na (6 equiv.)
1 +  HN,
R R3  Toluene, 100 - 120 °C R’
7 8 10

Representative examples:

0“@ o“@am G, QOO

10a, 92% 10b, 67% 10c, 57% 10d, 73%
10e 77% 10f, 69%
18

https://mc06.manuscriptcentral.com/cjc-pubs



Page 19 of 57 Canadian Journal of Chemistry

Inspired by the success of the direct coupling of phenols with amines, we developed in 2017 a
formal aromaticity-transfer reaction between phenols and pyrrolidines or indolines to afford the
corresponding N-cyclohexyl pyrrole/indole. In this case, the amine moiety (pyrrolidine or indoline)
rearomatized, as opposed to the phenol moiety (Scheme 11).8°> To improve the yield, a potent reducing
agent, in this case sodium borohydride, and TfOH were required. This transformation worked well with
various substituents, phenols and some protected bio-active phenols such as tyramine, tyrosine and

carvacrol.

Scheme 11. Formal aromaticity-transfer coupling of phenols with pyrrolidines/indolines

OH Pd/C (10 mol%)

H —_—
0,
. ij_ i NaBH4 (50 mol%) N/ \x
R /N TfOH (25 mol%) ©~/R \aas
; " S 1,4-dioxane, 150 °C

12

Representative examples:

@ w'@ F3C Q /O/Q
Oi o ~0 \O/ AcHN

12a, 72%, 12b, 90%, 12¢, 50%, 12d, 90%,
9 I
N/ OMe N
HO h@ @ NHAc O/
12e, 43%, 12f, 41%, 129, 34% 12h, 90%

Following this work, we developed in 2018 a novel method to cross-coupling diary ethers, which

is a key type of linkage found in lignin, with amines. This transformation involved two C-O bond cleavage
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processes and worked well with various diary ethers, generating the corresponding aromatic amines,
cyclohexylamines and aromatic transfer N-cyclohexylpyrrole products. Interestingly, to obtain high
conversions and yields, Pd(OH),/C, NaBH,, and a trace amount of water were necessary to effectively

promote this transformation (Scheme 12).86

Scheme 12. Cross-coupling of diaryl ethers with amines

o R' R'
+ R! R2 Pd(OH),/C N N
\N/ \RZ \Rz
+
H NaBH,
13 8 14 1

[3,]

© @OH cross-coupling
+

First C(Ar)-O Second C(Ar)-O
bond cleavage bond cleavage

Amino Acid Modification with Phenol

Amino acids are bio-renewable, C-chiral nitrogen sources with important applications in
chemistry®7-°° and biology.?*®® Our laboratory has developed novel methodologies through which these
building blocks can be arylated or cylohexylated by using 2-cyclohexen-1-one or phenol, respectively.®* By
using a phenolic compound as the N-alkylating reagent, we can circumvent the need of halogen
derivatives and protecting groups, while generating water as the sole by-product. In addition, phenol
represents a sustainable alternative to current alkylating reagents due to its wide availability as the main

constituent of lignin.%*
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As previously discussed, our laboratory had already achieved the amine coupling and re-
aromatization of cyclohexanone and 2-cyclohexen-1-one,* as well as in the activation of phenol through
hydrogen borrowing strategies.”> While these procedures proved successful for anilines,” 8 secondary
amines,”” 8> primary alkyl amines,® and hydrazine;®® it was not possible to perform the desired N-
modification on amino acids under these conditions. We presumed that this was due to the amino acid’s
inherent low nucleophilicity, pH sensitivity, and diverse functionalization at the a-position. Thus, the
primary challenge is to find a widely applicable one-pot method for activating the phenolic compound and

the amino acids’ N-terminal simultaneously.

Previous literature reports for N-arylation of a-amino acids describe modified versions of the
Ullman®” or the Buchwald-Hartwig®® coupling reactions. On the other hand, N-mono-alkylation of a-amino
acids has been achieved through reductive amination using boron or transition metal catalysts as the
reducing reagents.>1% Remarkably, some examples of hydrogen borrowing strategies for using aliphatic
alcohols as N-alkylating reagents have also emerged.'®192 While these methods provide versatile
methodologies for the desired transformations, the use of organic halides, protecting groups, and low

selectivity remained to be addressed.

Glycine ethyl ester hydrochloride was employed as the model substrate for the N-arylation with
2-cyclohexen-1-one, since using amino acids in their free carboxylic form led to decomposition through
decarboxylation.®® The transformation was found to work best using 10 mol% of palladium on charcoal (5
wt%) and 20 mol% of calcium carbonate in toluene at 140 °C under an oxygen atmosphere (Scheme 13).
The catalytic amount of base was necessary to buffer the reaction and promote amine condensation with
the ketone. Regarding scope, aliphatic amino acids proved effective under the reaction conditions, with
large a-substituents (Scheme 13). On the other hand, the phenolic scope was restricted to aliphatic
substituents at the meta-position. Bi-arylation of the amine was also achieved in 55% to 65% yield with

each 2-cyclohexen-1-one and cyclohexanone respectively, by modifying the reaction conditions. We
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propose that upon imine formation (A), the palladium catalyst inserts to an sp® C-H bond of the 2-
cyclohexen-1-one (C) which upon B-hydride elimination leads to the desired arylated (E) product and to
the formation of a palladium dihydride species (F). However, if the concentration of PdH, builds up the
ketone is reduced to its alcohol form and is ineffective as an alkylating reagent. We found that employing

an oxygen atmosphere, the release of H, from the catalyst and prevented reduction (Scheme 14).

Scheme 13. Reaction conditions and scope overview for the N-arylation of amino acids using 2-

cyclohexen-1-one

o Pd/C (5 wt%), 10 mol%

H
140°C,4 h, O, N.__CO5R
R+ HZNYCOQR . b 2
*HCI toluene (0.2 M) R,

R? 20 mol% CaCOj R

15 16 12 amino acids with an

2eq 1eq aliphatic Ry: 30 - 74% yield
R substitution: 18 - 66% yield
Representative examples:
H H CO,M H CO,M H COM
~N_-LO:Me ~N_-LOzNMe ~N_ALUaMe
pr N~ CO2R PR Ph™ Ph™
PN

17 R=Me 74% 17b 17c 17d

17a R= Bu 33%?! 50% (8 h), 52% ee 69%, 97% ee 68%, 100% ee

H
Ph” N \-/C02Me

17e
60% (15 h), 81% ee

17f
38% (8 h), 57% ee

H H H
Ph/N\_/COZMe Ph/N\%e\ ©/N\/COZM9

17g 17h
43%(b! 66%

Scheme 14. Proposed mechanism for the N-arylation of a-amino acids using cyclohexenone
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Due to the high energetic cost for re-aromatization, we reckoned that simple cyclohexylation
would require milder reaction conditions. Based on previous work from our group® and that of Vaccaro,*
we developed a reaction under bio-compatible conditions with phenol as the coupling partner. Upon a
brief screening, it was found that by employing 10 mol% of Pd/C (10 wt%), with HCO,Na as a hydride
source, it was possible to cyclohexylate amino acids at room temperature in water. Furthermore, it was
possible to recycle the catalyst up to three times while maintaining quantitative conversion. Except for
sulfur-containing amino acids and tryptophan, all natural amino acids were successful substrates, as were
di- tri- and tetra-peptides (Scheme 14). Regarding the phenolic scope, alkyl para-substituents were well
tolerated and meta-substituents less so. Exceptionally, the enantiomeric purity of the amino acids was

completely preserved under the reaction conditions (Scheme 15).

Scheme 15. Reaction conditions and scope overview for the N-cyclohexylation of amino acids using phenol
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Cross Dehydrogenative Coupling strategies on amino acid and peptide derivatives

Building molecular complexity through the formation of carbon-carbon bonds always has been a
prime concern amongst organic chemists. Classical ways to achieve the construction of new C-C bonds
include nucleophilic substitution or additions, as well as Friedel-Crafts type reactions. However, these

reactions all require a priori functionalizations of the substrates generating an additional series of
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protection and deprotection steps to control the regioselectivity. More recently, the development of
metal catalyzed cross-coupling reactions and metathesis techniques has proved to be an outstanding
solution to address these problems.1%5-197 Despite these unprecedented accomplishments, cross-coupling
reactions are still highly dependent on pre-functionalized coupling partners, such as halogenated
substrates, which increment the total number of steps in the synthesis and lead to the generation of
chemical waste. One way to circumvent this would be to construct C-C bonds directly from two C-H bonds
in the presence of an oxidant, leading to the formal loss of an H, molecule (Scheme 16). Our group has
formulated this concept and coined this general strategy as the “Cross-Dehydrogenative Coupling” (CDC)

reaction.108-109

Scheme 16. Overview of the Cross-Dehydrogenative Coupling (CDC) reaction

catalyst
CH + CH —— > C-C
[O]

Most of our work has focused on the cross-coupling between an sp?® C-H bond situated at the a
position to heteroatoms such in N,N-dimethylaniline derivatives,*'° tetrahydroisoquinolines!'*14 and
isochromans, 511 coupled to an sp, sp? or sp® hybridized C-H bond from pro-nucleophiles such as terminal
alkynes, malonates, nitroalkanes or dialkyl phosphites. In addition, we have also reported the direct cross-
coupling of cycloalkanes,'’” as well as asymetric variants of the CDC reaction.!'8 Noteworthy is the direct
modification of a-amino acids through a CDC type reaction. Currently, there is an increasing demand in
proteomics for modified amino acids.'*® The structure and biological activities of peptides can thus be
tuned according to the modifications incorporated and the discovery of new peptide-based drugs can be
pursued. Aryl glycines, like phenyl glycines and p-hydroxyphenyl glycines, are also common patterns found
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amidst popular B-lactam antibiotics such as in ampicillin or amoxicillin.1?? The traditional routes to access
a-modified amino acids include Claisen rearrangements,'?:122 radical-based functionalization (by UV
photolysis'?3 or by bromination with NBS!?4125), alkylations of a-carbanions pre-formed by the use of a
strong base,?%1?° or palladium catalyzed arylations.’3° However, a direct and selective a-modification of

glycine derivatives would be highly desirable.

Our group started investigating the addition of malonates to glycine derivatives through an
oxidative C-H/C-H coupling. Malonates have a relatively reactive sp? C-H bond that can readily react with
electrophiles. By employing diester alkylmalonates (20), we were able to modify glycine derivatives (19)
using Cu(OAc),, Cs,CO; and di(2-pyridyl) ketone (21) as a ligand at 150 °C in toluene!®! (Scheme 17). We
suspect that the copper salt acts as a stoichiometric oxidant to yield the imino intermediate, which is

subsequently attacked by the malonate in a copper (ll) catalyzed Mannich-type reaction.

Scheme 17. Reaction of glycine derivatives with dialkyl malonates via CDC

2.0 equiv. Cu(OAc), Q r3f
J?\ . 0O O 20 mol % Cs,CO3 R%0 OR*
RN R M * i
H/\[( RO T OR 20 mol % di(2-pyridyl) ketone 21 A OR2
(0] R toluene, 150°C, 8 h R N
o)
_ . 14 examples
yields: 60-94%
o)
21

By switching the protecting group at the N-terminus from an amide to a para-methoxyphenyl
(PMP) group, we discovered that a-alkynylation reactions were possible. Various alkynes were reacted

with p-methoxyphenyl glycine amides at room temperature using a combination of copper (I) bromide
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and tert-butyl hydroperoxide (TBHP) as a terminal oxidant at room temperature (Scheme 18). The PMP
protecting group decreases the oxidation potential of the substrate by stabilizing the imine intermediate,
making it possible for the reaction to proceed under milder conditions. It is also important to note that
the C-terminus must be an amide for the reaction to proceed, as replacing it by an OEt or a phenyl did not
yield the desired product. We hypothesize that the amide moiety also plays a role in reducing the
oxidation potential of the substrate and that the imino-amide intermediate tautomerizes to the iminol
form before the alkynylation occurs. This alkynylation strategy also provides a versatile way to access
homophenylalanine derivatives 27, which are important synthons for many angiotensin-converting

enzyme inhibitors (Scheme 19).132

Scheme 18. Direct alkynylation of glycine amides via CDC

MeO , 10 mol % CuBr ~ MeO l
\©\ i, RO\ __ _ 1-0equiv.TBHP \©\ H
YR - N

— Ar, CH,Cly, r.t. H
@) 12-16 h o)
23 24 25
9 examples

yields: 50-68%

Scheme 19. Synthesis of homophenylalanine derivatives

I

TCCA
Meo\©\ | | H Pd/C, 50 psiH,  MeO 2 equiv. HCI X
N. H At N
N Me  MeOH, rt. \©\ N. H,O/CHCN, rt. O HaN Me
H 9§ N Me

84% N 88% ©
25 26 27
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We found that it was also possible to use arylboronic acids as pro-nucleophiles for the a-arylation
of the PMP-protected glycine amides in 1,2-dichloroethane at 100 °C (Scheme 20). Heterocyclic boronic
acids and vinyl boronic acids were also successful substrates for the reaction. It noteworthy to mention

that the reaction is shut down when secondary amides are used.33

Scheme 20. Direct arylation/heteroarylation of glycine amides via CDC

Me0\©\ y 10 mol % CuBr MeO @
1.0 equiv. TBHP
N/\WN‘W * B(OH)2 g \©\ N
H DCE, 100°C N "R
o 12-16 h H 9
23 28 29
1.5 equiv. 11 examples

yields: 47-83%

After achieving the a-functionalization of glycine amides, we were motivated to pursue peptide
chains as substrates. To our delight, we found that our method could successfully achieve site-specific
modifications of di- and tri-peptides (Scheme 21). Furthermore, the reaction proceeded smoothly without

any racemization of the pre-existing stereocenters.

Scheme 21. Site-specific a-modification of peptides via CDC

28

https://mc06.manuscriptcentral.com/cjc-pubs



Page 29 of 57 Canadian Journal of Chemistry

10 mol % CuBr

MeO
e 0 ' MeO NU 0
H .\ 1.0 equiv. TBHP H\)J\
N j)J\OEt NuH N)\r( OEt
O

H . DCE, 70-100°C
0O R 4-12h
30 31 32
12 11 examples
R'=H, Me, yields: 61-94%

MeO 10 mol % CuBr MeO
\©\ H\)?\ Rz OEt + by 0EquY. TBHP \©\ Nu \, O R
N Et + Nu N OEt
N N)\ﬂ/ DCE, 25-100°C N)\”/ \)LN)\I(
: i H o H o

o) o) 1-36 h
33 3 34
R! = H, Me, CH,CH(CHa), 10 examples

yields: 47-84%

31 = aryl, heteroaryl or vinyl boronic acid, phenylacetylene, indole

o-Amino phosphonates show remarkable biological properties in medicinal chemistry.’3* Thus,
the prospect of directly phosphonylating amino acids via CDC became quite attractive. We therefore
developed a methodology using dialkyl phosphite in the presence of copper (1) iodide and TBHP, to directly
phosphonylate glycine amide derivatives (Scheme 22).13° The reaction proceeds at room temperature in

open air when using an excess of the dialkyl phosphite.

Scheme 22. Direct phosphonylation of glycine amides via CDC

MeO 10 mol % Cul OR?
\©\ H (||) 1.0 equiv. TBHP Meo\@\O\\FI)/ORZ
N. + R20-P-OR? H
N R’ Y DCE, rt. N)\WN~R1
o) 19 h H 3
23 35 36
3.0 equiv 21 examples

yields: 44-94%
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Light promoted innate trifluoromethylation

Introducing fluorine atoms to drug candidates can significantly alter their physical and metabolic
properties by increasing their lipophilicity and metabolic stability. Based on this, appending
trifluoromethyl (-CF;) groups onto (hetero)aromatic rings has attracted broad attention. Various
strategies which rely on different types of trifluoromethylation reagents have been previously established.
A well-recognized strategy is the use of CF; radicals generated by employing energy intensive peroxides,
to directly functionalize aromatic C-H bonds via radical addition. In this context, we envisioned a simple
and efficient protocol using a readily available CF; reagent, such as NaSO,CF;. Considering the similarities
between triplet ketone and an oxygen radical, we developed a light-induced trifluoromethylation reaction
using acetone as the promoter without any strong oxidants or photo-redox catalysts. Under light
irradiation (254 nm), acetone can be excited to the oxidative triplet state. Through a single electron
transfer process, NaSO,CF; is oxidized to trifluoromethylsulfinate radical, which further fragments to the
CF; radical. The generated CF; radical can subsequently add to the electron-rich (hetero)aromatic
compounds. This simple and efficient protocol can trifluoromethylate various (hetero)aromatic
compounds in modest to good yields (Scheme 23). Moreover, it was found that when diacetyl instead of
acetone was employed as the photo-sensitizer, more environmentally friendly visible light can drive this

trifluoromethylation, which bears a comparable scope to the acetone protocol (Scheme 24).136

Scheme 23. Acetone promoted photo-induced trifluoromethylation
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N
R:— + NaSO,CF, hv (254 nm), Ar R X
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37 38 39

Representative examples:

CF3 OH
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CFs
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75% 49% 72%
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>\J ‘__CF3 R——
R—1— &
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Scheme 24. Diacetyl promoted photo-induced trifluoromethylation
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Despite the simplicity and efficiency of the acetone/diacetyl-involved protocol, it still relies on an
external reagent to produce the CF; radical. This dependence on external photosensitizers carries some
limitations. For example, this methodology is not compatible with the presence of amine groups. To
circumvent this issue, we designed a brand-new CF; reagent which was expected to be photo-active in
the absence of any external promoter. Inspired by the Norrish type | reaction, we synthesized a series of
CF; reagents, among which 1-phenyl-2-((trifluoromethyl)sulfonyl)propan-1-one was the most reactive
(Scheme 25). This reagent was proposed to undergo a Norrish | process, which would undergo the alpha-

cleavage to produce the trifluoromethylsulfinate radical under the photo-activation. Subsequently, upon
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SO, extrusion, the desired CF; radical was generated, which reacts with the aromatic substrates to yield

the desired products (Scheme 26).%37

Scheme 25. Identification of reactive photo-active CF; reagents

OMe
hv (300 nm) CF3
+ n C:F3 n >
MeO OMe
40 41 42
CF3 sources:
0O
o O O O O
e @AO)L% P, DL
41a 41b 41c 41d
0% 0% 0% 0%
Gl o mpeoden ()
- Ph._N. CF3
B AU ©)Y
Ph O
41e 41f 41g
0% 0% 9%

O
©/\SOZCF3 SOCF3 SO,CF; ©)J\/SOZCF3
41h 41i 41j 41k
0% 10% 39% 20%
SO,CF 9

2v'3 SO,CF;
SOZCF3
411 41m 41n
52% 72% 96%

Scheme 26. Proposed mechanism for the trifluoromethylation
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Following the identification of the desired CF; reagent, the substrate scope was further evaluated, the
result of which suggests that various functional groups can be tolerated by using this newly designed CF;

reagent (Scheme 27).

Scheme 27. Scope of the aromatic compounds using the newly identified CF; reagent.

34

https://mc06.manuscriptcentral.com/cjc-pubs



Page 35 of 57

Canadian Journal of Chemistry

OMe OMe
hv (300 nm) CF3
+ "CFy" ——————
MeO OMe CH3CN, r.t. MeO OMe
40 41 42

Representative examples:

COOMe CF3 Me COOMe

Qe Iy CF CF
CF 3 3 N
3 N N—CcF, M—CcF,
MeO OMe MeO OMe H N N
OMe OMe

MeO OMe
91%
96% 76% 73% (78%, 1.35 g, 24 h) 75% 62%
OMe OMe Me 10) / o .
S T 1 SR
MeO OMe Me Me O~ N N H \
OMe I .
o] 48% 42% 56%
68% 70% 71% o
o)
OH o)
Me FC NH FsC
CFs @ o | /& |
N~ CF3 | HO o N0 ho N/&
y O
CF
: Me . OH OH
78% 61% 71% 50% 38% OH 46,

Photo-induced C;;,-H difluoromethylthiolation: synthesis of aromatic difluoromethylthioethers

Aryl difluoromethylthioethers have gained an increased interest in academic and industrial
settings due to their potential as a novel class of pharmaceuticals.’3¥%4! Given this interest, the
difluoromethylthio group (-SCF,H) has found its utility in new drug candidate design and discovery.142-145
This functionality is composed of two instrumental elements, sulfur and fluorine, which give it the
following key features: 1) -SCF,H is a lipophilicity mediator with an intermediate Hansch lipophilicity
parameter (g = 0.68);146-147 2) -SCF,H features a slightly acidic proton (pKa = 35.2), rendering it a weak
hydrogen bond donor (hydrogen bond acidity parameter A = 0.098) to tune the molecule’s binding
ability;13% 148149 3) jts electron-withdrawing nature could promote the metabolic stability of lead
compounds; and 4) the difluoromethylsulfides could be actively engaged in diversification, enriching bio-

activity of the host molecules (Figure 1).
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Figure 1. Physicochemical properties of aryl difluoromethylthioethers and representative HF,CS-

containing drug molecules.
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By virtue of these attractive properties, efficient synthetic methods to access
difluoromethylthioethers have become a rewarding target.'>® Classical and routinely used methods to
prepare difluoromethylthioethers employ appropriate thiolates and “CF,” species,**11>3 which is in most
cases difluorocarbene (Scheme 283, left).1>*1%6 These early methods suffer from a limited substrate scope
and low step economy due to the harsh conditions and stepwise assembly of the -SCF,H moiety. In light
of these issues, the Goofen group took a step forward to extend the scope by employing the Langlosis
type nucleophilic displacement of thiocyanates (-SCN) by TMSCF,H (Scheme 28a, right).1%® 167 However,

the step efficiency remained unsolved since it necessitated the pre-formation of the thiocyanates.

Scheme 28. Synthetic routes for difluoromethylthioethers and our reaction design
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On the other hand, the direct installation of -SCF,H on arenes represents a promising route to
access the aryl difluoromethylthioethers in an atom- and step-efficient manner. As a key contribution, the
Shen group disclosed the first nucleophilic difluoromethylthiolating reagent 43, [(SIPr)Ag(SCF,H)] and
achieved the direct difluoromethylthioether synthesis by coupling 43 and aryl (pseudo)halides via
transition metal catalysis (M = Pd or Cu) (Scheme 28b).1%81%° Following this pioneering work, several
reagents with complementary reactivity 44-47 were described independently by Shen,'7%172 Shibata,’3
Billard'’* and Besset!’> et al. Using these reagents under thermal conditions, electron-rich arenes can be
difluoromethylthiolated through a Friedel-Craft type reaction. Despite these promising strategies, the
preparation of the difluoromethylthioethers still relied on relatively high thermal energy (from 50 to 120

°C) or involved precious metal catalysts and stoichiometric additives. In the case of the -SCF,FG group
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transfer, additional reduction steps were needed to furnish the desired thioether products. A more
sustainable synthetic protocol that featured milder conditions and an improved step economy became
highly desirable. Based on our group’s light-mediated redox-neutral aromatic trifluoromethylation, we
envisioned the so-called “dummy group strategy” which could be applicable and implemented as a new
technique to achieve radical difluoromethylthiolation (Scheme 28c).27® Upon light irradiation, S-
(difluoromethyl)benzenesulfonothioate, PhSO,SCF,H undergoes S-S homolysis, facilitated by the weak S-
S bond, to engender two radicals.’””178 The resonance stabilized sulfonyl radical (PhSO,-) has a
diminished reactivity, therefore causing less competition towards the achievement of the desired
reaction.'”® The twin difluoromethylthiyl (HF,CS - ) was expected to complete the difluoromethylthiolation
via a radical attack on arenes. Based on this concept, we developed a metal-free direct
difluoromethylthiolation method which was enabled by visible light at room temperature in the absence

of stoichiometric additives (Scheme 28d).180

After exploration of the optimal conditions, identified as arene (1.0 equiv), PhSO,SCF,H (2.0 equiv), TBAI
(20 mol%) in argon atmosphere at room temperature under compact fluorescent lamp (CFL) irradiation
for 16 hours, we examined the scope of this radical difluoromethylthiolation protocol (Scheme 29).
Initially, the functional group tolerance of different heteroarenes including indoles (48a to 60a, 77a),
pyrazole (61a), isoxazole (62a), chromone (63a), thiophene (64a), and pyrroles (65a to 70a) was
investigated. They all proved to be active substrates, resulting in good to excellent yields of product
formation. This radical difluoromethylthiolation protocol was also found versatile on some arenes as
anisole (71b), phenol (72b), resorcinol (73b), aniline (74b and 75b), thioether (76b) and their derivatives,

which were all difluoromethylthiolated smoothly under our optimal conditions.
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Scheme 29. Scope of arenes. Method A: Arene (0.10 mmol), PhSO,SCF,H (0.20 mmol), TBAI (0.020 mmol)
in 1.0 mL CH5;CN under argon for CFL irradiation at rt for 16 h. Method B: Arene (0.10 mmol), PhSO,SCF,H
(0.20 mmol) in 1.0 mL CH3;CN under argon for CFL irradiation at rt for 16 h. The yields in the parentheses
refer to the isolated ones unless otherwise specified. Volatility resulted in the low isolated yield of 69b
and 70b. 2Reaction performed in 0.40 mmol scale. The reactions were performed for 24 h. The reactions
were performed for 48 h. 94 equiv PhSO,SCF,H was used. ¢Yields are quantified by GC-MS due to the

volatility of target compounds. ?Reaction performed in 0.40 mmol scale.
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\ 0
O NH, \\/O
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(Method A: 70%)

! 59b°, Y = CO,Me

64b° °
(Method A: 40%)

NMe WOBOC
N N
E/)—SCFZH E/)—SCFZH
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(Method A: 65%) (Method A: 75%)

OH OMe
/@ESCFZH /@ESCFZH
Me OH Me,N OMe Me
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(Method A: 81%)

74b°
(Method A: 68%)

CF,H CF,H
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N S—ph
N N
H H
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CF,H
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SCF,H

59b'°, Y = CO,Me

NM
E/)—SCFZH

70b° ©

(Method A: 70%)

SMe
O OMe

76b°

(Method A: 73%)

To demonstrate the practicality of this method, the late-stage modification was performed to

furnish the corresponding difluoromethylsulfoxides (48b”’) and difluoromethylsulfones (48b’), which were

both identified as valuable entities in medicinal chemistry (Scheme 30a).181-182 Other thiolation moieties,

e.g., phenyl- (77b) and naphthylthiol (78b), proceed successfully, endowing this method with appreciable
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flexibility (Scheme 30b). Moreover, when subjected to a gram-scale experiment, moderate yields could

be obtained in the case of 80a (Scheme 30c).

Scheme 30. Application. a. Controlled oxidation of the thioether to the corresponding sulfoxides and

sulfones. b. Modified reagents to afford arylthiolation products. c. Scaled experiment.

a. Post-functionalization

(ON
CF2H CF2H O= CFzH
N\ mCPBA (1.0 equiv) N\ nrCPBA (3.0 equiv) N\
N CH,Cl, (0.10 M) N CH,ClI; (0.10 M) N
|\V|e 0.4h I\Vle rt, 24 h I\V|
e
48b” (70%) 48b' (90%)

b. Reagent modification

('s)'//O sX
h [Ar]
©/ PhSO,- /© Xg N

[Ar] = Trimethoxybenzene

77b (38%) 78b (59%) 79b (trace)

¢. Gram-scale experiment
I PhSO,-SCF,H (2 equiv) CF,H

AN TBAI (20%), CH3CN (0.20 M) N

N CFL (40*3 W), Ar, rt

- N\\
4-1-CeHy 4-1-CgH,
80a (2.0 mmol) 80b (0.64g, 60%)

With regards to the mechanistic insight, we performed trapping experiments which suggested a
radical process (Scheme 31). In the presence of radical-clock type reagent, the ring-closure product was
isolated (81b). Based on these preliminary results and previous literature,4> 183190 we proposed a radical
mechanism, in which the difluoromethylthiyl radical was generated from either the homolysis event of
PhSO,SCF,H or its single electron reduction by iodide. Subsequently, the difluoromethylthiolation was
operated via the radical substitution on arenes.
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Scheme 31. Mechanistic study. a. Termination of the desired reactivity in the presence of radical trappers;
b. Plausible mechanism.
a. Radlcal trapping experimenis
H PhSO,SCF,H (2 equiv) SCF,H
+ N hvs 16 h (eq. 8)
C‘), Ar = trimethoxybenzene

(1 equiv) (2 equiv) (Trace)

H

VY PhSO,SCF,H (2 equiv) CFoH ~SCF.H
@E\g N EtOQC><:< hv 48 h N\ . EtOZC>CI:/ 2
N EtO,C N N EtO,C SO,Ph

Me Me

48a (1 equiv) 81a (1 equiv) 48b (60% NMR yield) 81b, (30% NMR vyield)
Y PhSO,SCF,H (2 equiv) ~
EtOZC>C< b 48 h EtOZC>C[:i SCF,H .
EtO,C N EtO,C _SO,Ph
81a (1 equiv) 81b, 50% (iso.)

b. Proposed mechanism
Step I thiyl radical generation

\SCFZH hv, Homolysis - SCF,H hv, PET \SCFZH

PhSO,* PhSO, +1°

Step II: thiyl radical addition SCF,H
SCFZH s / @l
D)+ s — OO

Concluding Remarks

We have developed a series of novel strategies which bring us closer to more “benign-by-design” synthetic

routes. By being able to finely tune how to selectively remove, convert or add functional groups under
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mild conditions with improved atom economy, these reactions provide fundamental tools for the direct
late-stage functionalization of complex molecules, which are essential for efficient valorization of

biomasses, synthetic biology, and drug discoveries.

Acknowledgments

The authors acknowledge the Canada Research Chair Foundation (to C.J.L.), the CFI, FQRNT Center for

Green Chemistry and Catalysis, NSERC and McGill University for financial support.

References

1. Nicolaou, K. C., Proc. Math. Phys. Eng. Sci. 2014, 470 (2163), 20130690. doi:

10.1098/rspa.2013.0690.

2. Trost, B., Science 1991, 254 (5037), 1471. doi: 10.1126/science.1962206.

3. Richey, H. G. Grignard Reagents : New Developments. Wiley: Chichester; New York, 2000.

4, Anastas, P. T.; Warner, J. C. Green chemistry : Theory and Practice. 2000.

5. Horvath, I. T.; Anastas, P. T., Chem. Rev. 2007, 107 (6), 2169. doi: 10.1021/cr078380v.

6. Schlaf, M.; Zhang, Z. C., Reaction Pathways and Mechanisms in Thermocatalytic Biomass

Conversion |. Springer: Singapore, 2015. doi: 10.1007/978-981-287-769-7

7. Schlaf, M.; Zhang, Z. C., Reaction Pathways and Mechanisms in Thermocatalytic Biomass
Conversion Il. Springer: Singapore, 2016.

8. Isikgor, F. H.; Becer, C. R., Polym. Chem. 2015, 6 (25), 4497. doi: 10.1039/C5PY00263J.

9. Den, W.; Sharma, V. K.; Lee, M.; Nadadur, G.; Varma, R. S., Front. Chem. 2018, 6, 141. doi:

10.3389/fchem.2018.00141.

43

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry

10. Labinger, J. A.; Bercaw, J. E., Nature 2002, 417 (6888), 507-514. doi: 10.1038/417507a.

11. Godula, K.; Sames, D., Science 2006, 312 (5770), 67. doi: 10.1126/science.1114731.

12. Barton, D. H. R.; McCombie, S. W., J. Chem. Soc., Perkin Trans. 1 1975, (16), 1574. doi:
10.1039/P19750001574.

13. Hartwig, W., Tetrahedron 1983, 39 (16), 2609. doi: http://dx.doi.org/10.1016/S0040-
4020(01)91972-6.

14. Robins, M. J.; Wilson, J. S.; Hansske, F., J. Am. Chem. Soc. 1983, 105 (12), 4059. doi:
10.1021/ja00350a052.

15. Wender, P. A;; Verma, V. A.; Paxton, T. J.; Pillow, T. H., Acc. Chem. Res. 2008, 41 (1), 40. doi:
10.1021/ar700155p.

16. Ledger, A. E. W.; Slatford, P. A.; Lowe, J. P.; Mahon, M. F.; Whittlesey, M. K.; Williams, J. M. J.,
Dalton Trans. 2009, (4), 716. doi: 10.1039/B813543f.

17. Bower, J. F.; Kim, I. S.; Patman, R. L.; Krische, M. J., Angew. Chem. Int. Ed. 2009, 48 (1), 34. doi:
10.1002/anie.200802938.

18. Hamid, M. H. S. A,; Slatford, P. A.; Williams, J. M. J., Adv. Synth. Catal. 2007, 349 (10), 1555. doi:
10.1002/adsc.200600638.

19. Dobereiner, G. E.; Crabtree, R. H., Chem. Rev. 2010, 110 (2), 681. doi: 10.1021/cr900202j.

20. Huang, J.-L; Dai, X.-J.; Li, C.-J. Eur. J. Org. Chem. 2013, 6496—6500. doi: 10.1002/ejoc.201301293.
21. Dai, X.-J.; Li, C.-J. J. Am. Chem. Soc. 2016, 138, 5433-5440. doi: 10.1021/jacs.6b02344.

22. Kharasch, M. S.; Reinmuth, O. Grignard Reactions of Nonmetallic Substances. Prentice-Hall: New
York, 1954.

23. Negishi, E. Organometallics in Organic Synthesis. Vol. 1; Wiley: New York, 1980.

24. Wakefield, B. J. Comprehensive Organometallic Chemistry. Vol. 7, Chapter 44; Pergamon Press:

Oxford, 1982.

44

https://mc06.manuscriptcentral.com/cjc-pubs

Page 44 of 57


https://doi.org/10.1038/417507a

Page 45 of 57

25.

Canadian Journal of Chemistry

Wakefield, B. J. Organomagnesium Methods in Organic Synthesis, Best Synthetic Methods series.

Academic Press: San Diego, 1995.

26. Dixneuf, P. H.; Cadierno, V. Metal-Catalyzed Reactions in Water. Wiley, 2013.

27. Leseurre, L.; Genet, J.-P.; Michelet, V. in Handbook of Green Chemistry. (ed. Anastas, P. T. & Li, C.-
J.) Wiley, 2010.

28. Li, C.-)., Tetrahedron 1996, 52 (16), 5643. doi: 10.1016/0040-4020(95)01056-4.

29. Chan, T.-H.; Isaac, M. B., Pure Appl. Chem. 1996, 68 (4), 919-924.

30. Li, C.-J.; Chan, T.-H. Organic Reactions in Aqueous Media. John Wiely & Sons: New York, 1997.
31. Li, C. J., Chem. Rev. 1993, 93 (6), 2023. doi: 10.1021/cr00022a004.

32. Grieco, P. A. Organic Synthesis in Water. Thomson Science: Glasgow, 1998.

33. Sheldon, R. A.; Arends, I. W. C. E.; Hanefeld, U. Green Chemistry and Catalysis. Wiley-VCH Verlag

GmbH & Co. KGaA2007.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Li, C.-).; Zhang, W.-C., J. Am. Chem. Soc. 1998, 120 (35), 9102. doi: 10.1021/ja981020s.

Zhang, W.-C,; Li, C.-J., J. Org. Chem. 1999, 64 (9), 3230. doi: 10.1021/j0982497p.

Yi, X.-H.; Meng, Y.; Li, C.-)., Chem. Commun. 1998, (4), 449. doi: 10.1039/a707881a.

Li, C.-).; Wei, C., Chem. Commun. 2002, (3), 268. doi: 10.1039/b108851n.

Wei, C.; Li, C.-J., Green. Chem. 2002, 4 (1), 39. doi: 10.1039/b110102c.

Li, C.-J.; Meng, Y., J. Am. Chem. Soc. 2000, 122 (39), 9538. doi: 10.1021/ja001699b.

Keh, C. C. K.; Wei, C.; Li, C.-)., J. Am. Chem. Soc. 2003, 125 (14), 4062. doi: 10.1021/ja029649p.
Zhou, F.; Li, C.-)., Nat. Commun. 2014, 5, 4254. doi: 10.1038/ncomms5254.

Li, C.-J. Acc. Chem. Res. 2010, 43, 581-590. doi: 10.1021/ar9002587.

Wei, C.; Mague, J. T.; Li, C.-J., Proc. Natl. Acad. Sci. U. S. A. 2004, 101 (16), 5749-5754. doi:

10.1073/pnas.0307150101.

45

https://mc06.manuscriptcentral.com/cjc-pubs


https://doi.org/10.1073/pnas.0307150101

Canadian Journal of Chemistry

44, Wei, C.; Li, C.-J. J. Am. Chem. Soc. 2002, 124, 5638-5639. Doi: 10.1021/ja026007+.

45. Wei, C.; Li, C.-J., J. Am. Chem. Soc. 2003, 125 (32), 9584. doi: 10.1021/ja0359299.

46. Wei, C.; Li, Z.; Li, C.-J., Org. Lett. 2003, 5 (23), 4473. doi: 10.1021/01035781y.

47. Li, Z.; Wei, C.; Chen, L.; Varma, R. S.; Li, C.-)., Tetrahedron Lett. 2004, 45 (11), 2443. doi:
https://doi.org/10.1016/j.tetlet.2004.01.044.

48. Yao, X.; Li, C.-J., Org. Lett. 2005, 7 (20), 4395. doi: 10.1021/0l051575+.

49.  Huang, B. Yao, X. L, C.-J, Adv. Synth. Catal. 2006, 348 (12-13), 1528. doi:
10.1002/adsc.200606118.

50. Chen, W.-W.; Nguyen, R. V.; Li, C.-).,, Tetrahedron Lett. 2009, 50 (24), 2895. doi:
https://doi.org/10.1016/j.tetlet.2009.03.182.

51. Shore, G.; Yoo, W.-J.; Li, C.-).; Organ Michael, G., Chem. Eur. J. 2009, 16 (1), 126. doi:
10.1002/chem.200902396.

52. Zhou, L.; Bohle, D. S.; Jiang, H.-F.; Li, C.-J., Synlett 2009, 2009 (06), 937. doi: 10.1055/s-0028-
1088194.

53. Huang, J. L.; Gray, D. G.; Li, C.-J., Beilstein J. Org. Chem. 2013, 9, 1388. doi: 10.3762/bjoc.9.155.
54. Bonfield, E. R.; Li, C.-J., Org. Biomol. Chem. 2007, 5 (3), 435. doi: 10.1039/B613596.

55. Li, C.-J.; Wei, C.; Li, Z., Synlett 2004, 2004 (9), 1472. doi: 10.1055/s-2004-829531.

56. Yoo, W. J.; Zhao, L.; Li, C.-)., Aldrichim. Acta 2011, 44 (2), 43-51.

57. Zeng, T.; Chen, W.-W.; Cirtiu, C. M.; Moores, A.; Song, G.; Li, C.-J., Green Chem. 2010, 12 (4), 570.
doi: 10.1039/B9200008.

58. Zeng, T.; Yang, L.; Hudson, R.; Song, G.; Moores, A. R.; Li, C.-J., Org. Lett. 2011, 13 (3), 442. doi:
10.1021/01102759w.

59. Yoo, W.-J.; Li, C.-J., Adv. Synth. Catal. 2008, 350 (10), 1503. doi: 10.1002/adsc.200800232.

60. Querard, P.; Girard, S. A.; Uhlig, N.; Li, C. J., Chem. Sci. 2015, 6 (12), 7332. doi: 10.1039/c5sc02933c.

46

https://mc06.manuscriptcentral.com/cjc-pubs

Page 46 of 57



Page 47 of 57

Canadian Journal of Chemistry

61. Dou, X.-Y.; Shuai, Q.; He, L.-N.; Li, C.-J., Adv. Synth. Catal. 2010, 352 (14-15), 2437. doi:
10.1002/adsc.201000379.

62. Bi, H.-P.; Zhao, L.; Liang, Y.-M.; Li, C.-).,, Angew. Chem. Int. Ed. 2009, 48 (4), 792. doi:
10.1002/anie.200805122.

63. Uhlig, N.; Li, C.-J., Org. Lett. 2012, 14 (12), 3000. doi: 10.1021/0l1301017q.

64. Shao, Z.; Pu, X.; Li, X.; Fan, B.; Chan, A. S. C., Tetrahedron: Asymmetry 2009, 20 (2), 225. doi:
https://doi.org/10.1016/j.tetasy.2009.01.006.

65. Chernyak, N.; Gevorgyan, V., Angew. Chem. Int. Ed. 2010, 49 (15), 2743. doi:
10.1002/anie.200907291.

66. Zhang, Q.; Cheng, M.; Hu, X.; Li, B.-G.; Ji, J.-X., J. Am. Chem. Soc. 2010, 132 (21), 7256. doi:
10.1021/ja101804p.

67. Kung, K. K.-Y.; Li, G.-L.; Zou, L.; Chong, H.-C.; Leung, Y.-C.; Wong, K.-H.; Lo, V. K.-Y.; Che, C.-M,;
Wong, M.-K., Org. Biomol. Chem. 2012, 10 (5), 925. doi: 10.1039/C10B06429K.

68. Upton, B. M.; Kasko, A. M., Chem Rev 2016, 116 (4), 2275. doi: 10.1021/acs.chemrev.5b00345.
69. Li, C.; Zhao, X.; Wang, A.; Huber, G. W.; Zhang, T., Chem. Rev. 2015, 115 (21), 11559. doi:
10.1021/acs.chemrev.5b00155.

70. Huber, G. W.; Corma, A., Angew. Chem. Int. Ed. 2007, 46 (38), 7184. doi: 10.1002/anie.200604504.
71. Su, B.; Cao, Z. C.; Shi, Z. J., Acc. Chem. Res. 2015, 48 (3), 886. doi: 10.1021/ar500345f.

72. Yu, D. G.; Li, B. J.; Shi, Z. J., Acc. Chem. Res. 2010, 43 (12), 1486. doi: 10.1021/ar100082d.

73. Tobisu, M.; Chatani, N., Acc. Chem. Res. 2015, 48 (6), 1717. doi: 10.1021/acs.accounts.5b00051.
74. Cornella, J.; Zarate, C.; Martin, R., Chem. Soc. Rev. 2014, 43 (23), 8081. doi: 10.1039/c4cs00206g.
75. Rosen, B. M.; Quasdorf, K. W.; Wilson, D. A.; Zhang, N.; Resmerita, A. M.; Garg, N. K.; Percec, V.,

Chem. Rev. 2011, 111 (3), 1346. doi: 10.1021/cr100259t.

47

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry

76. Girard, S. A.; Hu, X.; Knauber, T.; Zhou, F.; Simon, M.-0.; Deng, G.-J.; Li, C.-J., Org. Lett. 2012, 14
(21), 5606-5609. doi: 10.1021/013027279.

77. Simon, M. O.; Girard, S. A.; Li, C. J.,, Angew. Chem. Int. Ed. 2012, 51 (30), 7537. doi:
10.1002/anie.201200698.

78. Sutter, M.; Duclos, M. C.; Guicheret, B.; Raoul, Y.; Metay, E.; Lemaire, M., Sustain. Chem. Eng.
2013, 1 (11), 1463. doi: 10.1021/sc40021641.

79.  Xie, Y.; Liu, S.; Liu, Y.; Wen, Y.; Deng, G. J., Org. Lett. 2012, 14 (7), 1692. doi: 10.1021/013002442.

80. Hajra, A.; Wei, Y.; Yoshikai, N., Org. Lett. 2012, 14 (21), 5488. doi: 10.1021/0l302568b.

81. Izawa, Y.; Pun, D.; Stahl, S. S., Science 2011, 333 (6039), 209. doi: 10.1126/science.1204183.

82. Hong, W. P.; losub, A. V.; Stahl, S. S., J. Am. Chem. Soc. 2013, 135 (37), 13664. doi:
10.1021/ja4073172.

83. Chen, Z.; Zeng, H.; Girard, S. A.; Wang, F.; Chen, N.; Li, C. J., Angew. Chem. Int. Ed. 2015, 54 (48),
14487. doi: 10.1002/anie.201506751.

84. Chen, Z.; Zeng, H.; Gong, H.; Wang, H.; Li, C. J., Chem. Sci. 2015, 6 (7), 4174. doi:
10.1039/c5sc00941c.

85. Qiu, Z.; Li, J.-S.; Li, C.-J., Chem. Sci. 2017, 8 (10), 6954-6958. Doi : doi: 10.1039/c7sc02578e.

86. Zeng, H.; Cao, D.; Qiu, Z.; Li, C. J.,, Angew. Chem. Int. Ed. 2018, 57 (14), 3752. doi:
10.1002/anie.201712211.

87. Xie, H.; Hayes, T.; Gathergood, N. In Amino Acids, Peptides and Proteins in Organic Chemistry,
Wiley-VCH, 2009; p 281.

88. Xu, L.-W.; Lu, Y. In Comprehensive Enantioselective Organocatalysis: Catalysts, Reactions, and
Applications, Vol. 1. Wiley-VCH, 2013; p 51.

89. Zhang, F.-L.; Hong, K,; Li, T.-J.; Park, H.; Yu, J.-Q., Science 2016, 351 (6270), 252.

48

https://mc06.manuscriptcentral.com/cjc-pubs

Page 48 of 57


https://dx.doi.org/10.1021/ol3027279

Page 49 of 57

Canadian Journal of Chemistry

90. Drauz, K.; Grayson, l.; Kleemann, A.; Krimmer, H.-P.; Leuchtenberger, W.; Weckbecker, C. In
Ullmann's Fine Chemicals, Vol. 1. Wiley-VCH, 2014; pp 165.

91. Mendez-Samperio, P., Infect. Drug Resist. 2014, 7, 229.

92. Coligan, J. E. In Current protocols in protein science, Wiley-VCH, 1996.

93. Dominguez-Huerta, A.; Perepichka, I.; Li, C.-J., CommsChem 2018, 1 (1), 45. doi: 10.1038/s42004-
018-0042-y.

94. Zeng, H.; Qiu, Z.; Dominguez-Huerta, A.; Hearne, Z.; Chen, Z.; Li, C.-J., ACS Catalysis 2017, 7 (1),
510. doi: 10.1021/acscatal.6b02964.

95. Girard, S. A.; Huang, H.; Zhou, F.; Deng, G.-).; Li, C.-)., Org. Chem. Front. 2015, 2 (3), 279. doi:
10.1039/C4Q000358F.

96. Li, J.-S.; Qiu, Z,; Li, C.-J., Adv. Synth. Catal. 2017, 359 (20), 3648.

97. Sharma, K. K.; Sharma, S.; Kudwal, A.; Jain, R., Org. Biomol. Chem. 2015, 13 (16), 4637.

98. King, S. M.; Buchwald, S. L., Org. Lett. 2016, 18 (16), 4128.

99. Baxter, E. W.; Reitz, A. B. In Organic Reactions, Wiley, 2004.

100. Song, Y.; Sercel, A. D.; Johnson, D. R.; Colbry, N. L.; Sun, K.-L.; Roth, B. D., Tetrahedron Lett. 2000,
41 (43), 8225.

101. Xu, C.-P.; Xiao, Z.-H.; Zhuo, B.-Q.; Wang, Y.-H.; Huang, P.-Q., Chem. Comm. 2010, 46 (41), 7834.
102. Yan, T, Feringa, B. L.; Barta, K., Science Adv. 2017, 3 (12).

103. Chen, Z.; Zeng, H.; Gong, H.; Wang, H.; Li, C.-)., Chem. Sci. 2015, 6 (7), 4174.

104. Vaccaro, L.; Ferlin, F.; Santoro, S.; Luciani, L.; Ackermann, L., Green Chem. 2017. doi:
10.1039/C7GC00067G.

105. Crabtree, R. H. The organometallic chemistry of the transition metals. Sixth edition ed.; Wiley:

Hoboken, New Jersey, 2014; p 504.

49

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry

106.  McQuillin, F. J.; Parker, D. G.; Stephenson, G. R. Transition metal organometallics for organic
synthesis. Cambridge University Press: Cambridge ; New York, 1991; p 594.

107.  Tsuji, J. Transition metal reagents and catalysts: innovations in organic synthesis. Wiley:
Chichester ; New York, 2000; p 477.

108. Girard, S. A.; Knauber, T. Li, C.-J., Angew. Chem. Int. Ed. 2014, 53 (1), 74. doi:
10.1002/anie.201304268.

109. Li, C.-J . From C-H to C-C bonds: cross-dehydrogenative-coupling. Royal Society of Chemistry:
Cambridge; UK, 2015.

110. L, Z.;Li, C.-J., J. Am. Chem. Soc. 2004, 126 (38), 11810. doi: 10.1021/ja0460763.

111. Baslé, O, Li, C.-)., Green Chem. 2007, 9 (10), 1047. doi: 10.1039/b707745a.

112.  Baslé, O,; Li, C.-J., Chem. Comm. 2009, (27), 4124. doi: 10.1039/b905275e.

113. L, Z.; Bohle, D. S.; L, C. J, Proc. Natl. Acad. Sci. 2006, 103 (24), 8928. doi:
10.1073/pnas.0601687103.

114. Li, Z; Li, C.-)., J. Am. Chem. Soc. 2005, 127 (19), 6968. doi: 10.1021/ja0516054.

115.  Li, C.-J.; A. Correia, C., Heterocycles 2010, 82 (1), 555. doi: 10.3987/COM-10-S(E)26.

116.  Zhang, Y.; Li, C.-J., Angew. Chem. Int. Ed. 2006, 45 (12), 1949. doi: 10.1002/anie.200503255.

117.  Zhang, Y.; Li, C.-J., Eur. J. Org. Chem. 2007, 2007 (28), 4654. doi: 10.1002/ejoc.200700686.

118.  Wei, C; Li, C.-)., J. Am. Chem. Soc. 2002, 124 (20), 5638. doi: 10.1021/ja026007t.

119. Twyman, R. M. Principles of proteomics. BIOS Scientific Publishers: New York, 2004; p 241.

120.  Elander, R. P., Appl. Microbiol. Biotechnol. 2003, 61 (5-6), 385. doi: 10.1007/s00253-003-1274-y.

121. Ireland, R. E.; Mueller, R. H.; Willard, A. K., J. Am. Chem. Soc. 1976, 98 (10), 2868. doi:
10.1021/ja00426a033.

122.  Kiibel, B.; Hofle, G.; Steglich, W., Angew. Chem. Int. Ed. 1975, 14 (1), 58. doi:

10.1002/anie.197500581.

50

https://mc06.manuscriptcentral.com/cjc-pubs

Page 50 of 57



Page 51 of 57

Canadian Journal of Chemistry

123.  Knowles, H.S.; Hunt, K.; Parsons, A. F., Tetrahedron Lett. 2000, 41 (36), 7121. doi: 10.1016/50040-
4039(00)01175-8.

124.  Easton, C. J.; Hutton, C. A.; Rositano, G.; Tan, E. W., J. Org. Chem. 1991, 56 (19), 5614. doi:
10.1021/jo000192a029.

125. Easton, C. J.; Scharfbillig, 1. M.; Wui Tan, E., Tetrahedron Lett. 1988, 29 (13), 1565. doi:
10.1016/S0040-4039(00)80353-6.

126. Beak, P.; Zajdel, W. J.; Reitz, D. B., Chem. Rev. 1984, 84 (5), 471. doi: 10.1021/cr00063a003.

127. Hashimoto, T.; Maruoka, K., Chem. Rev. 2007, 107 (12), 5656. doi: 10.1021/cr068368n.

128. Maruoka, K.; Ooi, T., Chem. Rev. 2003, 103 (8), 3013. doi: 10.1021/cr020020e.

129.  Meyers, A., Aldrichimica Acta 1985, 18 (3), 59.

130.  Liu, X.; Hartwig, J. F., J. Am. Chem. Soc. 2004, 126 (16), 5182. doi: 10.1021/ja031544e.

131.  Zhao, L,; Li, C.-J., Angew. Chem. Int. Ed. 2008, 47 (37), 7075. doi: 10.1002/anie.200801367.

132.  Wyvratt, M. J,, Clinical Phys. Biochem. 1988, (6), 217.

133. Zhao, L.; Basle, O.; Li, C. J.,, Proc. Natl. Acad. Sci. 2009, 106 (11), 4106. doi:
10.1073/pnas.0809052106.

134. Mucha, A.; Kafarski, P.; Berlicki, t., J. Med. Chem. 2011, 54 (17), 5955. doi: 10.1021/jm200587f.
135.  zhi, H.; Ung, S. P.-M.; Liu, Y.; Zhao, L.; Li, C.-J., Adv. Synth. Catal. 2016, 358 (15), 2553. doi:
10.1002/adsc.201600539.

136. Li, L;; Mu, X.; Liu, W.; Wang, Y.; Mi, Z.; Li, C.-J., J. Am. Chem. Soc. 2016, 138 (18), 5809. doi:
10.1021/jacs.6b02782.

137.  Liu, P.; Liu, W.; Li, C.-)., J. Am. Chem. Soc. 2017, 139 (40), 14315. doi: 10.1021/jacs.7b08685.

138.  Leroux, F.; Jeschke, P.; Schlosser, M., Chem. Rev. 2005, 105 (3), 827. doi: 10.1021/cr040075b.
139. Manteau, B.; Pazenok, S.; Vors, J.-P.; Leroux, F. R., J. Fluor. Chem. 2010, 131 (2), 140. doi:

10.1016/j.jfluchem.2009.09.009.

51

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry Page 52 of 57

140.  Ni, C; Hu, M.; Hu, J., Chem. Rev. 2014, 115 (2), 765. doi: 10.1021/cr5002386.

141.  Xu, X.-H.; Matsuzaki, K.; Shibata, N., Chem. Rev. 2014, 115 (2), 731. doi: 10.1021/cr500193b.
142.  Okui, S.; Kyomura, N.; Fukuchi, T.; Okano, K.; He, L.; Miyauchi, A. Pyrazole derivatives as pest
control agents and process for producing the same. 7371768, May 13, 2008.

143. Morita, K.; Ide, K.; Hayase, Y.; Takahashi, T.; Hayashi, Y., Agric. Biol. Chem. 1987, 51 (5), 1339. doi:
10.1080/00021369.1987.10868224.

144.  Yagupolskii, L. M.; Maletina, I. I.; Petko, K. I.; Fedyuk, D. V.; Handrock, R.; Shavaran, S. S.; Klebanov,
B. M.; Herzig, S., J. Fluor. Chem. 2001, 109 (1), 87. doi: 10.1016/50022-1139(01)00382-7.

145. Huang, Z.; Matsubara, O.; Jia, S.; Tokunaga, E.; Shibata, N., Org. Lett. 2017, 19 (4), 934. doi:
10.1021/acs.orglett.7b00113.

146.  Fujita, T.; lwasa, J.; Hansch, C., . Am. Chem. Soc. 1964, 86 (23), 5175. doi: 10.1021/ja01077a028.
147.  Rico, |.; Wakselhan, C., Tetrahedron Lett. 1981, 22 (4), 323. doi: 10.1016/0040-4020(81)85013-2.
148.  Bayarmagnai, B.; Matheis, C.; Jouvin, K.; Goossen, L. J., Angew. Chem. Int. Ed. 2015, 54 (19), 5753.
doi: 10.1002/anie.201500899.

149.  Zafrani, Y.; Yeffet, D.; Sod-Moriah, G.; Berliner, A.; Amir, D.; Marciano, D.; Gershonov, E.; Saphier,
S., J. Med. Chem. 2017, 60 (2), 797. doi: 10.1021/acs.jmedchem.6b01691.

150. Xiong, H. Y.; Pannecoucke, X.; Besset, T., Chem. Eur. J. 2016, 22 (47), 16734. doi:
10.1002/chem.201603438.

151. Zhang, W.; Zhu, J. M.; Hu, J. B., Tetrahedron Lett. 2008, 49 (34), 5006. doi:
10.1016/j.tetlet.2008.06.064.

152.  Prakash, G.K.S.; Zhang, Z.; Wang, F.; Ni, C. F.; Olah, G. A., J. Fluor. Chem. 2011, 132 (10), 792. doi:
10.1016/j.jfluchem.2011.04.023.

153.  Fujiwara, Y.; Dixon, J. A.; Rodriguez, R. A.; Baxter, R. D.; Dixon, D. D.; Collins, M. R.; Blackmond, D.

G.; Baran, P. S., J. Am. Chem. Soc. 2012, 134 (3), 1494. doi: 10.1021/ja211422g.

52

https://mc06.manuscriptcentral.com/cjc-pubs



Page 53 of 57

Canadian Journal of Chemistry

154.  Llanglois, B. R., J. Fluor. Chem. 1988, 41 (2), 247. doi: 10.1016/5S0022-1139(00)81548-1.

155.  Chen, Q.-Y.; Wu, S.-W., J. Fluor. Chem. 1989, 44 (3), 433. doi: 10.1016/s0022-1139(00)82808-0.
156.  Deprez, P.; Vevert, J. P., J. Fluor. Chem. 1996, 80 (2), 159. doi: 10.1016/50022-1139(96)03497-5.
157.  Zhang, W.; Wang, F.; Hu, J., Org. Lett. 2009, 11 (10), 2109. doi: 10.1021/0l1900567c.

158.  Zafrani, Y.; Sod-Moriah, G.; Segall, Y., Tetrahedron 2009, 65 (27), 5278. doi:
10.1016/j.tet.2009.04.082.

159.  Wang, F.; Huang, W.; Hu, J., Chin. J. Chem. 2011, 29 (12), 2717. doi: 10.1002/cjoc.201100325.
160. Li, L.; Wang, F.; Ni, C.; Hu, J., Angew. Chem. 2013, 125 (47), 12616. doi: 10.1002/ange.201306703
161. Fier, P. S.; Hartwig, J. F., Angew. Chem. 2013, 52 (7), 2092. doi: 10.1002/anie.201209250.

162. Thomoson, C. S.; Dolbier, W. R, Jr., J. Org. Chem. 2013, 78 (17), 8904. doi: 10.1021/jo401392f.
163.  Fuchibe, K.; Bando, M.; Takayama, R.; Ichikawa, J., J. Fluor. Chem. 2015, 171, 133. doi:
10.1016/j.jfluchem.2014.08.013.

164. VYu, J,; Lin, J. H; Xiao, J. C, Angew. Chem. Int. Ed. 2017, 56 (52), 16669. doi:
10.1002/anie.201710186.

165. Mehta, V. P.; Greaney, M. F., Org. Lett. 2013, 15 (19), 5036. doi: 10.1021/0l402370f.

166. Ding, T.; Jiang, L.; Yi, W., Org. Lett. 2018, 20 (1), 170. doi: 10.1021/acs.orglett.7b03538.

167. Jouvin, K.; Matheis, C.; Goossen, L. J.,, Chem. Eur. J. 2015, 21 (41), 14324. doi:
10.1002/chem.201502914.

168. Wu, J.; Gu, Y.; Leng, X.; Shen, Q., Angew. Chem. Int. Ed. 2015, 54 (26), 7648. doi:
10.1002/anie.201502113.

169. Wu, J,; Liu, Y. F.; Lu, C. H.; Shen, Q. L., Chem. Sci. 2016, 7 (6), 3757. doi: 10.1039/c6s5c00082g.
170. Zhu, D.; Gu, Y.; Lu, L.; Shen, Q., J. Am. Chem. Soc. 2015, 137 (33), 10547. doi:

10.1021/jacs.5b03170.

53

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry

171.  Zhu, D. H.; Hong, X.; Li, D. Z.; Lu, L.; Shen, Q. L., Org. Process Res. Dev. 2017, 21 (9), 1383. doi:
10.1021/acs.oprd.7b00203.

172.  Shen, F.; Zhang, P.; Lu, L.; Shen, Q., Org. Lett. 2017, 19 (5), 1032. doi: 10.1021/acs.orglett.7b00010.
173.  Arimori, S.; Matsubara, O.; Takada, M.; Shiro, M.; Shibata, N., R. Soc. Open Sci. 2016, 3 (5), 160102.
doi: 10.1098/rs0s.160102.

174. Ismalaj, E.; Le Bars, D.; Billard, T., Angew. Chem. Int. Ed. 2016, 55 (15), 4790. doi:
10.1002/anie.201601280.

175. Xiong, H. Y.; Bayle, A.; Pannecoucke, X.; Besset, T., Angew. Chem. Int. Ed. 2016, 55 (43), 13490.
doi: 10.1002/anie.201607231.

176.  Liu, P.; Liu, W.; Li, C. J., J. Am. Chem. Soc. 2017, 139 (40), 14315. doi: 10.1021/jacs.7b08685.

177.  Lyons, W. E., Nature 1948, 162 (4130), 1004. doi: 10.1038/1621004b0.

178.  Curcuruto, O.; Winders, J.; Franchi, D.; Hamdan, M., Rapid Commun. Mass Spectrom. 1993, 7 (7),
670. doi: 10.1002/rcm.1290070724.

179.  Freeman, F.; Angeletakis, C. N., J. Am. Chem. Soc. 1983, 105 (12), 4039. doi: 10.1021/ja00350a049.
180. Li, J.; Zhu, D.; Lv, L.; Li, C.-J., Chem. Sci. 2018. doi: 10.1039/c8sc01669k.

181. Rosinger, C.; Shirakura, S.; Hacker, E.; Sato, Y.; Heibges, S.; Nakamura, S., Julius-Kiihn-Archiv 2012,
2 (434), 544. doi: 10.5073/jka.2012.434.069.

182.  Yoshimura, T.; Ikeuchi, T.; Ohno, S.; Asakura, S.; Hamada, Y., J. Pestic. Sci. 2013, 38 (3-4), 171. doi:
10.1584/jpestics.J13-05.

183.  Stirling, C. J. M. In The chemistry of sulphinic acids, esters and their derivatives; Patai, S., Ed. John
Wiley & Sons: Chichester, New York; 1990.

184.  Zhu, D.; Shao, X.; Hong, X.; Lu, L.; Shen, Q., Angew. Chem. Int. Ed. 2016, 55 (51), 15807. doi:
10.1002/anie.201609468.

185.  Xu, B.; Wang, D.; Hu, Y.; Shen, Q., Org. Chem. Front. 2018, 5 (9), 1462. doi: 10.1039/c8q000115d.

54

https://mc06.manuscriptcentral.com/cjc-pubs

Page 54 of 57



Page 55 of 57

Canadian Journal of Chemistry

186. Xu, B.; Li, D.; Lu, L; Wang, D.-C.; Hu, Y.; Shen, Q., Org. Chem. Front. 2018. doi:
10.1039/C8Q000327K

187. Guo, S. H.; Zhang, X. L.; Pan, G. F.; Zhu, X. Q.; Gao, Y. R.; Wang, Y. Q., Angew. Chem. Int. Ed. 2018,
57 (6), 1663. doi: 10.1002/anie.201710731.

188. Guo,S.H.; Wang, M.Y.; Pan, G. F.; Zhu, X. Q.; Gao, Y. R.; Wang, Y. Q., Adv. Synth. Catal. 2018, 360
(9), 1861. doi: 10.1002/adsc.201800136.

189. Zhao, X.; Wei, A. Q,; Li, T. J.; Su, Z. Y.; Chen, J.; Lu, K., Org. Chem. Front. 2017, 4 (2), 232. doi:
10.1039/c6qo00581k.

190. Yan, Q,; Jiang, L. Q.; Yi, W. B.; Liu, Q. R.; Zhang, W., Adv. Synth. Catal. 2017, 359 (14), 2471. doi:

10.1002/adsc.201700270.

55

https://mc06.manuscriptcentral.com/cjc-pubs



Canadian Journal of Chemistry Page 56 of 57

Tables and figures captions

Scheme 1. Overview of the late-stage chemical modification of alcohols.

Scheme 2. Reaction conditions for the arylation of aldehydes using unactivated aryl iodides in water

Scheme 3. Scope for the arylation of aldehydes with unactivated aryl iodides in water

Scheme 4. Reaction conditions for the arylation of aldehydes without surfactant

Scheme 5. General equation for the synthesis of propargylamines through A3-coupling

Scheme 6. Early development of A3-coupling using (1) ruthenium/copper, (2) copper, and (3) gold

catalysts

Scheme 7. Modified A3-coupling with (4) copper and (5) gold

Scheme 8. Amino acid modification employing A3-coupling

Scheme 9. Oxidative catalytic dehydrogenative aromatization

Scheme 10. Direct cross-coupling of phenols with amines

Scheme 11. Formal aromaticity-transfer coupling of phenols with pyrrolidines/indolines

Scheme 12. Cross-coupling of diaryl ethers with amines

Scheme 13. Reaction conditions and scope overview for the N-arylation of amino acids using 2-

cyclohexen-1-one

Scheme 14. Proposed mechanism for the N-arylation of a-amino acids using cyclohexenone

Scheme 15. Reaction conditions and scope overview for the N-cyclohexylation of amino acids using phenol

56

https://mc06.manuscriptcentral.com/cjc-pubs



Page 57 of 57 Canadian Journal of Chemistry

Scheme 16. Overview of the cross dehydrogenative coupling (CDC) reaction

Scheme 17. Reaction of glycine derivatives with dialkyl malonates via CDC

Scheme 18. Direct alkynylation of glycine amides via CDC

Scheme 19. Synthesis of homophenylalanine derivatives

Scheme 20. Direct arylation/heteroarylation of glycine amides via CDC

Scheme 21. Site-specific a-modification of peptides via CDC

Scheme 22. Direct phosphonylation of glycine amides via CDC

Scheme 23. Acetone promoted photo-induced trifluoromethylation

Scheme 24. Diacetyl promoted photo-induced trifluoromethylation

Scheme 25. Identification of reactive photo-active CF; reagents

Scheme 26. Proposed mechanism for the trifluoromethylation

Scheme 27. Scope of the aromatic compounds using the newly identified CF; reagent.

Scheme 28. Synthetic routes for difluoromethylthioethers and our reaction design

Scheme 29. Scope of arenes

Scheme 30. Application

Scheme 31. Mechanistic study

Figure 1. Physicochemical properties of aryl difluoromethylthioethers and representative HF,CS-

containing drug molecules.
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