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Copper is a very versatile transition metal that has been used as
a building material by human civilizations for over 6000 years.
Copper is also an essential element, responsible for important
biological processes. The title of this Thematic Series published
in the Beilstein Journal of Organic Chemistry is “Copper catal-
ysis in organic synthesis”. A web of science™ topic search of
“copper-catalyzed synthesis” indicated over 500 papers had
been published in 2014. In point of fact, there has been a steady
increase in publications on this topic since 1988. In the late
1980’s and early 1990’s, the topics centered on copper nitrene
reactivity (e.g., aziridination), copper carbene chemistry, conju-
gate additions and cross-coupling reactions. Some of the most
highly cited papers of all time on this topic are reviews on
conjugate addition, cross-coupling, and [3 + 2] “Click” reaction

applied to bioconjugation.

The growth in copper-catalyzed organic reactions may be
driven by a couple of factors. First, copper chemistry is incred-
ibly diverse. Depending on its oxidation state, this metal can
efficiently catalyze reactions involving both one and two-elec-
tron (radical and polar) mechanisms, or both. Copper coordi-

nates easily to heteroatoms and to m-bonds and is well-known to
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activate terminal alkynes. The Ullman and Goldberg C—C and
C-N cross-coupling reactions were discovered over a century
ago and their development has really blossomed over the past
twenty years. Second, copper is an earth-abundant metal,
making its use more cost effective and more sustainable than
precious transition metal catalysts.

Over 25 contributions from leaders in the field of copper-catal-
ysis from 7 countries make up this Thematic Series, “Copper
catalysis in organic synthesis”. Contributions include authorita-
tive reviews on the latest developments in copper-catalyzed
Click applications, C-N cross-coupling, C—H functionalization,
trifluoromethylations, asymmetric Ullmann and Goldberg
couplings, asymmetric acetylide additions to carbonyl groups,
radical alkylations and asymmetric conjugate additions as well
as original contributions in the area of copper-catalyzed C-C
cross-coupling, conjugate additions, allylic alkylations, alkene
difunctionalizations, heterocycle synthesis, amide bond forma-
tion and photochemical Click reaction development.

I am grateful to the contributors and the reviewers who partici-

pated in the production of this Thematic Series. It is clear from
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the impact copper catalysis has had on organic synthesis that
copper should be considered a first line catalyst for many
organic reactions. I anticipate further growth in the field in the
years to come.

Sherry R. Chemler

Buffalo, November 2015
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Propargylamines are popular substrates for triazole formation, but tetrasubstituted variants have required multistep syntheses

involving stoichiometric amounts of metal. A recent cyclohexanone—amine—silylacetylene coupling forms silyl-protected tetra-

substituted propargylamines in a single copper-catalyzed step. The development of the tandem silyl deprotection—triazole forma-

tion reported herein offers rapid access to alpha-tetrasubstituted triazoles. A streamlined two-step approach to this uncommon class

of hindered triazoles will accelerate exploration of their therapeutic potential. The superior activity of copper(Il) triflate in the for-

mation of triazoles from sensitive alkyne substrates extends to simple terminal alkynes.

Introduction

1,2,3-Triazoles demonstrate wide spread application in bio-
logical systems and drug development [1-12]. Copper-catalyzed
azide—alkyne cycloadditions (CuAAC) regioselectively intro-
duce a wide variety of substituents on 1,4-disubstituted 1,2,3-
triazoles from the organic azide or terminal alkyne starting ma-
terials [1,2]. These Huisgen reactions [13] facilitate rapid drug
screening by allowing for tracking in biological systems and the
exploration of structure-activity relationships [10,14-19].

Propargylamines are a popular choice for the terminal alkyne

component and form highly selective inhibitors (Figure 1) [2].

Due to the difficulty of forming tetrasubstituted propargyl-
amines, the incorporation of deprotectable variants into triazoles
is extremely rare. The Ellman group demonstrates the power of
their chiral sulfinylimine protocol to synthesize propargyl-
amine-derived alpha-tetrasubstituted triazoles (tetrasubstituted
carbon bearing amine highlighted in red, Figure 1). One such
triazole is a cruzain inhibitor with activity against parasite
Trypanosoma cruzi, which causes Chagas’ disease [6]. An
alpha-tetrasubstituted triazole that inhibits cathepsin S can
potentially treat ailments ranging from inflammation to autoim-

mune disorders [7,8].

1425


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:catharine.larsen@ucr.edu
http://dx.doi.org/10.3762%2Fbjoc.11.154

Beilstein J. Org. Chem. 2015, 11, 1425-1433.

N S\

O
NH

O COZMG
H 0
_N “
O ; e
N= =
N Me
Me N=N

MMP?7 inhibitor

cruzain inhibitor

F. M CN
e ) §
- /N/%]/\ § = ,N/\/\/
o O Me N=N Me

cathepsin S inhibitor

Figure 1: A sampling of propargylamine-derived triazoles with therapeutic effects includes alpha-tetrasubstituted triazoles as cruzain and cathepsin

inhibitors.

The core of the cathepsin S inhibitor is synthesized in six steps.
Synthesis and isolation of an N-sulfinyl ketimine is followed by
stoichiometric alkynylation with a trimethylsilyl-protected
alkynyllithium reagent. Removal of the silyl and sulfinyl
protecting groups allows for CuAAC with a resin-bound azide.
Acylation of the amine followed by dehydration yields the

active alpha-tetrasubstituted triazole [7].

The lengthy synthesis of tetrasubstituted propargylamine
precursors limits the exploration of such alpha-tetrasubstitued
triazoles. The vast majority of three-component couplings
produce trisubstituted propargylamines. Copper remains the
most popular catalyst for these multicomponent reactions,
abbreviated as A3 reactions to indicate the Aldehyde, Amine,
and Alkyne reaction partners [20,21]. Methods for the corres-
ponding KA2, Ketone—Amine—Alkyne, three-component
coupling reaction are rare due to the lower electrophilicity and
greater steric hindrance of ketones [22-26]. Due to the release
of torsional strain when the sp? center in the six-membered ring
is attacked, cyclohexanone represents a special case as this
cyclic ketone is nearly as reactive as an aldehyde [24].

The resultant tetrasubstituted (red) cyclohexylamine is found in
natural alkaloids such as (—)-lycodine (Figure 2), [27] and this
motif is also critical to the activity of drugs like ketamine and

phencyclidine (1-(1-phenylcyclohexyl)piperidine, PCP) [28].

Ph
Ph o) /

Q /
~>\”N H j’“ co,Me
trisubstituted N tetrasubstituted N

fentanyl carfentanil

Ph

Tetrasubstituted carbons bearing amines can provide much
higher levels of activity than the corresponding trisubstituted
center. For example, fentanyl is an anesthetic that is 100 times
as powerful as morphine (Figure 2) [29]. By creating a tetra-
substituted variant, the activity is increased two orders of
magnitude: carfentanil is over 10,000 times as active as

morphine.

Results and Discussion

Reaction optimization

The two-step/three-reaction sequence shown in Scheme 1
would streamline the synthesis of alpha-tetrasubstituted
triazoles 6. In the first step, our solvent-free copper-catalyzed
three-component coupling of cyclohexanone (1), amines 2, and
alkynes 3 provides high yields of silyl-protected propargylic
4 [24,25]. Trimethylsilyl (TMS) acetylene was not
stable in the presence of the copper(Il) chloride catalyst, and

amines

triethylsilylacetylene did not convert cleanly to product. Triiso-
propylsilyl (TIPS) acetylene was found to be superior to terz-
butyldimethylsilylacetylene as a source of silylated tetra-
substituted propargylic amines.

Although TMS-protected alkynes have been converted to
triazoles via a one-pot silyl deprotection CuAAC reaction [30-
33], TIPS-protected alkynes have not. As the triisopropylsilyl
protecting group is more difficult to remove than the less

% NHMe
—N
/ OLQ
—)-lycodine ketamlne phencyclidine

Figure 2: A tetrasubstituted carbon bearing an amine (red) can provide 100-fold increase in activity compared to the trisubstituted carbon bearing an

amine (blue).
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Scheme 1: KAZ coupling followed by tandem silyl deprotection and triazole formation.

hindered trimethylsilyl, conditions for TIPS deprotection
include 1.5 equiv of AgF or Cu(OAc), combined with syringe
pump addition of TBAF [34,35]. An additional difficulty is that
Ellman’s alpha-tetrasubstituted triazoles are synthesized by
CuAAC reaction with desilylated, purified tetrasubstituted
propargylic amines [6-8]. Therefore, the goal was to develop
the second portion of the sequence in Scheme 1: a tandem
deprotection—cycloaddition of tetrasubstituted TIPS-protected
propargylamines 4 that would allow them to react in situ with
various azides 5 to give hindered triazoles 6.

As a copper(]) catalyst is required for azide—alkyne cycloaddi-
tion, the development of a method for the one-pot deprotection/

Table 1: Optimization of silyl deprotection/cycloaddition.

CuAAC began with Cu(l) chloride and a survey of solvents
reported [2] for triazole formation (Table 1). TIPS-protected
propargylamine 4a and benzyl azide (5a) are heated in the pres-
ence of 1.5 equivalents of TBAF (tetrabutylammonium fluo-
ride), 5 mol % CuCl, and the solvent(s) indicated (Table 1,
entries 1-6). Aqueous solvent mixtures produce only trace
amounts of product at 1 h and 18 h, but methanol and fert-
butanol provide two-thirds conversion to triazole 6a after 18 h.

To increase the rate of reaction and to induce complete conver-
sion to 6a, copper(I) as well as copper(Il) sources with an equal
amount of sodium ascorbate as the reducing agent were tested
in MeOH (Table 1, entries 6-14). All combinations of

Me Me
5 mol % catalyst Kj
1.5 equiv TBAF
N3
N 29 N
solvent (1 M)
Si(iPr)3 1.2 equiv N=N
4a 5a 6a
Entry Solvent? CatalystP GCyield (%), 1 h GC yield (%), 18 h
1 t-BuOH/H,0 (1:1 v/v) CuCl 21 2
2 DMSO/H20 (2:1 viv) CuCl 0 0
3 DMF/H20 (1:2 viv) CuCl 0 0
4 THF/MeOH (1:1 v/v) CuCl 4 34
5 t-BuOH CuCl 6 62
6 MeOH CuCl 13 65
7 MeOH CuBr 62 63
8 MeOH Cu Powder 24 24
9 MeOH CuCl, 72 90
10 MeOH CuBrp 65 86
11 MeOH CuF,2H,0 69 88
12 MeOH CuS04-5H,0 49 79
13 MeOH Cu(OAc)'H0 46 82
14 MeOH Cu(OTf), 39 99

aEntries 7-14 were carried out under an atmosphere of argon. PEntries 9-14 with copper(ll) sources include 5 mol % of sodium ascorbate reductant.
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copper(Il) salts with reductant provide higher GC yields
(79-99%, Table 1, entries 9-14) than CuCl alone (65%,
Table 1, entry 6) at 18 h — corroborating reports that CuAACs
are often more efficient with copper(I) catalysts formed from
the in situ reduction of copper(Il) [2]. After 18 h, copper(Il)
chloride provides 90% GC yield (Table 1, entry 9), and
copper(Il) triflate unexpectedly results in quantitative GC yield
of 6a (Table 1, entry 14). Rare in CuAAC reactions, copper(Il)
triflate is known to form protic acid in solution, which could
cause proto-desilylation [36], but this is not observed.

A broader range of green alcohol solvents [37] were assessed in
the presence of the most active catalyst, in situ reduced
Cu(OTf),. Isopropanol was found to provide faster conversion
than methanol, ethanol, and fert-butanol at 1 h. A control reac-
tion in isopropanol with in situ reduced copper(Il) sources
confirms that the triflate is more active than the chloride at 6 h:
67% versus 26% GC yield. Spiking the copper(Il) chloride reac-
tion with TfOH provides a similar 30% GC yield. With
isopropanol as the solvent, the effect of ambient atmosphere

was compared to inert atmosphere. Argon is not necessary, and

Beilstein J. Org. Chem. 2015, 11, 1425-1433.

an atmosphere of nitrogen provides 24% higher GC yield than
air. Testing reaction concentration found no significant differ-
ence between 0.5 M to 1.0 M isopropanol but increasing the
molarity to 2.0 M nearly doubles the GC yield at 18 h from 49%
to 87%. Although a lower temperature of 40 °C results in
incomplete conversion at 18 h, evidence of product decomposi-
tion appears at a higher temperature of 80 °C. A temperature of
60 °C provides two-thirds conversion at 1 h and 85% GC yield
of triazole 6a at 18 h. Finally, when the copper loading is varied
from 2.5 mol % to 25 mol % copper(Il) triflate with an equiva-
lent loading of sodium ascorbate (NaAsc), GC yields range
from 53-63%. However, isolated yields are highest with
10 mol % Cu(OTf); plus 10 mol % NaAsc as the in situ reduc-

tant.

Substrate scope

With optimized conditions in hand, Table 2 shows the range of
triisopropylsilyl cyclohexyl propargylamines that are cleanly
converted to the corresponding triazole. Test substrate 6a is
isolated in 66% yield under standard conditions: 10 mol %
Cu(OTf),, 10 mol % NaAsc, and 1.5 equiv TBAF in

Table 2: Tetrasubstituted silylpropargylamines form hindered triazole products.

Me
10 mol % Cu(OT¥), @
10 mol % NaAsc
1 2
RL R NS Y] S 1.5 equiv TBAF N
=
iPrOH _
X 65°C, 6 h N
Si(iPr); N=N
1.0 equiv 1.2 equiv
4 5a 6

Propargylic amine 4

Me

fNj
(j\
Si(iPr)s
4a

\/\N/\/

Triazole product 6

Me

Q
(j\%\N—'\
N Ph

:N/
6a, 66%

@Y\N’\
N Ph

:N/
6b, 67%
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Table 2: Tetrasubstituted silylpropargylamines form hindered triazole products. (continued)

isopropanol (2.0 M) at 65 °C for 6 hours. The N,N-diallyl
variant 6b recrystallized in 67% yield is readily deprotectable
[38]. This would allow for further elaboration in a similar
fashion to the synthesis of cathepsin S inhibitor in Figure 1;
N-deprotection followed by acylation forms the triazole amide
product [6-8]. N-[4-(Trifluoromethyl)benzyl]triazole 6¢ and
morpholinyltriazole 6d are isolated in 76% and 72% yield, res-
pectively. Cyclopentylamine-derived 6e and N-methylpiper-
azine-derived 6f provide additional choices for amine
substituents.

Alternate organic azides were synthesized according to known
methods [39-41]. 4-Methylbenzyl azide forms triazole 6g in a
comparable yield to 6a, but electron-poor 4-(trifluoro-
methyl)benzyl azide forms triazole 6h in lower yield. Aryl and
alkyl azides display parallel reactivity in the formation of
triazoles 6i and 6j, and the HCI salt of lipophilic 6j is isolated
cleanly in 56% yield. As TIPS-protected propargylamine 4a is
utilized throughout Table 3, the lower yields observed in some
cases are attributed to the intrinsic efficiency of the azide partic-

ipant.

NH
F30/®/\

6c, 76%
)
N
O\K\N’\
N Ph

:N/
6d, 72%

0

HN

O\K\N'\
N Ph

:N/
6e, 65%

I\I/Ie
)
N
(jY\N/\
N Ph

:N/
6f, 73%

N—\

7 \i
Z,

Ph

Control reactions were carried out to assess whether conditions
developed for in situ silyl deprotection would otherwise affect
the azide when reacting with a simpler terminal alkyne
(Scheme 2). As the copper-catalyzed cycloaddition of fert-buty-
lacetylene and benzyl azide proceeds in 92% yield, decomposi-
tion of the benzyl azide or non-silyl alkyne appears unlikely.
Furthermore, this reaction (Scheme 2) proceeds in 92%
yield without TBAF. This indicates that the sensitivity
of the silyl propargylamine component causes a
lower yield of the propargylamine-derived product when
reacting with the same benzyl azide under the identical condi-
tions.

This two-step sequence converts commercially available
starting materials into alpha-tetrasubstituted amines via three
reactions. It is important to note that triazole 6a is formed in
65% overall yield (Scheme 3). The first step simply involves
heating 5 mol % CuCl, with equimolar amounts of three
starting materials, cyclohexanone (1), 4-methylpiperidine (2a),
and TIPS-acetylene (3). As there are no added ligands, solvents,
promoters, or excess starting materials, the sole byproduct in
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the formation of tetrasubstituted propargylamine 4a is one
equivalent of water [25]. The second step links silyl-deprotec-
tion with azide—alkyne cycloaddition, producing hindered

Table 3: Assorted azides for formation of alpha-tetrasubstituted triazoles.

Beilstein J. Org. Chem. 2015, 11, 1425-1433.

triazoles in 6 hours. This tandem reaction was optimal with a
copper(Il) triflate and sodium ascorbate (NaAsc) as a mild

reductant. The outcome that copper(Il) triflate provides the

Me Me
10 mol % Cu(OTf),
_R 10 mol % NaAsc
N N3 1.5 equiv TBAF N
iPrOH _
A 65°C,6h IN'R
Si(iPr)3 N=N
1.0 equiv 1.2 equiv

4a 5 6

Azide 5

N3/ \@
5a

UL
Me

NS/\©\
CF

3

N3

: OMe

Triazole product 6

Me

:
RERe

6a, 66%
Me

.

CF3
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Table 3: Assorted azides for formation of alpha-tetrasubstituted triazoles. (continued)

Me
Na o~~~ Me N~ -HCl
.n-Oct
= N n-Oc
N=N
6j, 56%
10 mol % Cu(OTf), Me
Me 10 mol % NaAsc Me
Me>\ N N3A© 1.5 equiv TBAF Me” NN
Me N =N
N iPrOH NN b
65°C,6h
1.0 equiv 1.2 equiv 92% vyield

Scheme 2: Silyl deprotection/click conditions applied to tert-butylacetylene. An identical yield is observed without TBAF.

highest yields for the one-pot deprotection/click reaction was
unexpected as it is not known as a catalyst for azide—alkyne
cycloaddition reactions [1,2].

Conclusion

A tandem copper-catalyzed silyl deprotection/azide cycloaddi-
tion was developed for TIPS-protected tetrasubstituted pro-
pargylamines. These substrates are synthesized by a copper-
catalyzed ketone—amine—alkyne (KAZ2) coupling that proceeds
efficiently with no additives such that an equivalent of water is
the sole byproduct. This two-step sequence allows for the
incorporation of tetrasubstituted carbons bearing amines at the
4-position of the 1,2,3-triazole core. The overall yield of this
three-reaction sequence is high and provides rapid access to
hindered triazoles in two steps from commercially available
starting materials. Both steps are copper-catalyzed and convert
inexpensive starting materials into high-value adducts. As the

catalyst combination of copper(Il) triflate and sodium ascorbate

allows for the inclusion of sensitive and hindered substrates,
this unprecedented method should be applicable to the robust
and less hindered substrates more common in triazole literature.
The power of copper catalysis will accelerate further explo-
ration of the therapeutic potential of alpha-tetrasubstituted

triazoles.

Supporting Information

The Supporting Information features experimental details,
compound characterization, and copies of 'H and '3C NMR
spectra of triazoles 6.

Supporting Information File 1
Experimental details.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-154-S1.pdf]

0 Me Me Me
0,
) S, S ) e oy
N 3 CuCly N N3 | 1.5 equiv TBAF N overall yield
H —_— _
110 °C iPrOH _
1.0 equiv each 18h A 1.2 equiv 65°C,6h N
Si(iPr)s N=N

1 2a 3 4a 5 6a

Scheme 3: High overall yield of 1,2,3-triazole fully-substituted at the 4-position.
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We report herein studies on copper-catalyzed aerobic radical C—C bond cleavage of N—H ketimines. Treatment of N—H ketimines

having an a-sp> hybridized carbon under Cu-catalyzed aerobic reaction conditions resulted in a radical fragmentation with C—C

bond cleavage to give the corresponding carbonitrile and carbon radical intermediate. This radical process has been applied for the

construction of oxaspirocyclohexadienones as well as in the electrophilic cyanation of Grignard reagents with pivalonitrile as a CN

source.

Introduction

Alkylideneaminyl radicals (iminyl radicals) have been utilized
for the synthesis of azaheterocycles through an intramolecular
N-C bond formation with the unsaturated systems [1-6]. As
precursors of iminyl radicals, readily available oximes and their
derivatives have commonly been utilized. The generation of
iminyl radicals involves the homolysis of the N-O bond with
radical initiators [7-15] (Scheme 1a) or using thermal [16-20] or
photoreaction conditions [21-27] (Scheme 1b). An alternative
route to iminyl radicals is the single-electron reduction of oxime

derivatives mediated by the appropriate lower valent transition

metals [28-32], electron-rich organic electron donors [33-38], or
sensitized photolysis [39-42] (Scheme 1c). Although the oxida-
tive generation of iminyl radicals has also been reported, only
iminooxyacetic acids have been used as the precursors when we
started our studies on the oxidative reactions of N-H ketimines
[43-49] (Scheme 1d).

The generation of iminyl radicals by single-electron oxidation

of N-H ketimines appears to be the most atom economical

method, since only protons (H*) are produced along with the
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Scheme 1: Generation of iminyl radicals from oxime derivatives.

iminyl radicals (Scheme 2). However, the instability of N-H

ketimines [50] limits their use as starting materials.

oximes

Recently, we have studied the chemical reactivity of N-H

ketimines towards copper-catalyzed aerobic reaction conditions

[51-53]. In these studies, we employed the nucleophilic addi-

tion of Grignard reagents to carbonitriles followed by protona-

N —e N

N-H ketimines iminyl radicals

tion as one of the methods for in situ generation of N-H
ketimines, which were directly subjected to Cu-catalyzed
aerobic reactions without further purification [54]. In this way,

biaryl N-H ketimines generated from biaryl-2-carbonitriles

were found to undergo copper-catalyzed aerobic aromatic C—H

Scheme 2: Oxidative generation of iminyl radicals from N-H
ketimines.

amination (Scheme 3a) [52] or 1,4-aminooxygenation (spirocy-

clization) (Scheme 3b) [51], affording phenanthridine deriva-

(a) Cu-catalyzed aerobic C—H amination of biaryl-N—H-ketimines

R-MgBr O NH
CN then R
MeOH

(b) Cu-catalyzed aerobic spirocyclization of biaryl-N—H-ketimines

R-MgBr

then
MeOH

Scheme 3: Copper-catalyzed aerobic reactions of in situ generated biaryl N-H ketimines.
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tives and azaspirocyclohexadienones, respectively, depending

on the helical sense of the biaryl axis.

Herein we report applications of the copper-catalyzed aerobic
C—C bond fission of iminyl radical species for the synthesis of
oxaspirocyclohexadienones as well as the electrophilic cyana-
tion of Grignard reagents using the readily available pivaloni-
trile as a CN source.

Results and Discussion

We further explored the reactivity of biaryl N-H ketimines
under copper-catalyzed aerobic reaction conditions, aiming at
the synthesis of 6-membered azaspirocycles such as 3a’ from
carbonitrile 1a having a quaternary sp>-hybridized carbon
center at its a-position. The reaction of p-tolylmagnesium bro-
mide (2a) to carbonitrile 1a proceeded smoothly in Et,O at
80 °C in a sealed tube, generating N—H ketimine laa after
protonation with MeOH. Subsequently, Cu(OAc), (20 mol %),
1,10-phen (20 mol %) and DMF (to 0.1 M final concentration)
were added and stirred at room temperature under an air atmos-
phere (Scheme 4). Interestingly, no formation of the desired
6-membered azaspirocycle 3a’ was observed, while oxaspirocy-
clohexadienone 3a, biaryl alkene 4a, and p-tolunitrile (5a) were
isolated in 29%, 32%, and 86% yields, respectively (Scheme 4).

Oxaspirocyclohexadienone 3a was formed through C—C bond
cleavage from N-H ketimine intermediate 1aa most likely via
the corresponding iminyl radical, that undergoes radical frag-
mentation to afford the corresponding C-radical and carboni-

p-Tol-MgBr (2a) B
O (1.3 equiv)
Me Me Et,0, 80 °C
Me in sealed tube
Me
CN then
MeOH
1a -
(0] 0
(o
N Me
Mé N Mé 0
O | T
Me © Me
3a' 0% 3a29%
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trile Sa [55]. Thus, it is deduced that oxaspirocyclohexadienone
3a was formed through oxygenation of the putative C-radical.
Moreover, in this transformation, the cyano group of carboni-
trile 1a is transferred to Grignard reagent 2a to afford p-toluni-
trile (5a). Considering the importance of carbonitriles in organic
synthesis [56], we postulated that the cyano group transfer from
simple carbonitriles onto Grignard reagents could be realized
using this strategy.

Based on these preliminary results (Scheme 4), we next started
to investigate the synthesis of oxaspirocylohexadienones as the
target product. Using carbonitrile 1a and p-tolylmagnesium
bromide (2a), an optimization of the reaction conditions was
conducted (Table 1). Increasing the amount of the additive
1,10-phenanthroline to 40 mol % slightly improved the yield,
giving 3a in 40% yield (Table 1, entry 1). The use of
2,2’-bipyridine (bpy) provided a comparable result (Table 1,
entry 2), while performing the reaction in the presence of
1,4-diazabicyclo[2.2.2]octane (DABCO) led to lower yields of
spirodienone 3a (Table 1, entry 3). We therefore decided to
proceed with 1,10-phenanthroline as the optimal ligand and
subsequently tested different Cu(Il) and Cu(l) salts (Table 1,
entries 4-7). The best results were obtained using 40 mol % Cul
which provided 3a in 46% isolated yield (Table 1, entry 7). A
reduction of the catalyst loading to 20 mol % slightly lowered
the yield of 3a (Table 1, entry 9) and a stoichiometric amount of
catalyst did not significantly improve the yield of 3a (Table 1,
entry 10). Performing the reaction under an O, atmosphere did
also not increase the yield of 3a (Table 1, entry 8).

Cu(OAc);, (20 mol %)

MeMe 1,10-phen (20 mol %)
p-Tol
DMF, rt,5h
NH under air (1 atm)
1aa N
C,, %
Me Me
+ Me +
C L

4a 32% 5a 86%

Scheme 4: Copper-catalyzed aerobic C—C bond cleavage reactions of N-H ketimines.
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Table 1: Optimization of reaction conditions: oxaspirocyclohexadienone synthesis.?

p-Tol-MgBr (2a)

(0]
O (1.3 equiv) O CN
Me Me ) Etz0, 80 °C cat. C_u_ salt O Me Me
Me in sealed tube additive Me Me
Me Mé O + +
CN then DMF Me
O MeOH conditions O Me
rt,4h Me
1a 3a 4a 5a
Entry Cu salt Additive Atmosphere Yield [%]°
[mol %] [mol %]

3a 4a 5a
1 Cu(OAc); [20] 1,10-phen [40] air 35 (40) 32 (31) 85 (86)

2 Cu(OAc); [20] bpy [40] air 32 36 80

3 Cu(OAc); [20] DABCO [40] air 10 21 87

4 CuCl, [20] 1,10-phen [40] air 27 22 78

5 CuCl [20] 1,10-phen [40] air 37 28 96
6 [20] 1,10-phen [40] air 40 (40)° 34 (27)° 95 (90)°
7 Cul [20] 1,10-phen [40] air 42 (46)° 34 (28)° 92 (78)°

8 Cul [20] 1,10-phen [40] 0Oy 43 37 99

9 Cul [10] 1,10-phen [20] air 37 34 95

10 Cul [100] 1,10-phen [100] air 46 30 93

aAll reactions were carried out using 0.5 mmol of biaryl carbonitrile 1a with 1.3 equiv of Grignard reagent 2a in Et,O (0.5 mL) at 80 °C (sealed tube)
for 4 h followed by the addition of MeOH (60 pL, 3.0 equiv), DMF (5 mL), Cu catalyst and additive and subsequent stirring for 4 h at rt:

1,10-phen = 1,10-phenanthroline; bpy = 2,2"-bipyridine; DABCO = 1,4-diazabicyclo[2.2.2]octane. PCrude yields determined by 'H NMR based on
1,1,2,2-tetrachloroethane as an internal standard. CIsolated yields are given in parentheses.

A proposed reaction mechanism for the formation of oxaspiro-
cyclohexadienone 3a, alkene 4a, and p-tolunitrile (5a) are
depicted in Scheme 5. Single-electron oxidation of N—-H
ketimine 1aa with higher valent Cu(Il) species generated under
the aerobic reaction conditions forms iminyl radical species A,
that undergoes f-carbon fragmentation to give p-tolunitrile (5a)
and biaryl-2-isopropyl radical B (Scheme 5a). The aerobic
oxygenation of C-radical B affords peroxy radical C, that is
presumably reduced by Cu(l) species through the Fenton-type
mechanism [57] to give alkoxy radical D [58]. Subsequent
spirocyclization of the alkoxy radical D onto the benzene ring
affords cyclohexadienyl radical F, oxygenation of which fol-
lowed by C=0 bond formation finally provides the oxaspiro-
cyclohexadienone product 3a. Whereas, the oxidation of the
benzylic radical B by the existing Cu(Il) species to carbocation
G and subsequent El-type elimination of a proton provides
biaryl alkene 4a (Scheme 5b). The presence of alkoxy radical D
in the reaction process could be further supported by the reac-
tion of biaryl hydroperoxide 6, which could be converted into
the alkoxy radical D under copper-catalyzed aerobic reaction
conditions [58]. Indeed treatment of hydroperoxide 6 under the
standard reaction conditions afforded 3a in 24% yield along
with biaryl alcohol 7 in 25% yield (Scheme 5c).

While formation of biaryl alkene 4a could not be avoided at this
moment, it is still appealing to probe the potential utility of the
current transformation toward the synthesis of oxaspirocyclo-
hexadienones 3. Therefore, the reactions of carbonitriles 1b—d
were examined under the current best reaction conditions
(Table 1, entry 8) using p-tolyl Grignard reagent 2a (Table 2).
Carbonitrile 1b, having methyl groups in ortho-positions on
both aryl rings of the biaryl moiety, underwent the C—C bond
fission process smoothly to afford oxaspirocyclized product 3b
and biaryl alkene 4b in 48% and 35% yields, respectively, along
with p-tolunitrile (5a) in 90% yield (Table 2, entry 1). The reac-
tions of N—H ketimines having cyclopentyl and tetrahydropy-
ranyl rings derived from nitriles 1¢ and 1d, respectively,
afforded tricyclic oxaspirocyclohexadienones 3¢ and 3d in
moderate yields along with the corresponding alkenes 4¢ and 4d
as well as p-tolunitrile (5a) (Table 2, entries 2 and 3).

On the other hand, the reaction starting from carbonitrile 1e
having a strained cyclobutane ring did not form the desired
oxaspirocyclohexadienone (Scheme 6). Instead, y-bromoketone
8e was isolated in 44% yield along with nitrile Sa in 80% yield.
The formation of y-bromoketone 8e is most likely caused by

radical ring opening from the transient cyclobutoxy radical I,
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O p-Tol-CN O
Me' Me 5a Me Me o-0
[Cu(In] Me .
1aa J) Mep-ToI —A> 0(\ Y% —_
- [Cu(h) O “ Jradal TMe oxygenation
—_H* N -
H A cleavage B
0-0
OV
Me Me A Me' Me
0% 1oun) O Me
. Me o
X Me | N e spiro- Me
| _ Me _ cyclization Me
Cc D
/O—[Cu(ll)]
O H
02, [Cu(l)] O Me
. M¢ 0 3a
oxygenation Me —[Cu(Il)]-OH
Q Me
F
(b) Formation of alkene 4a
+
[Cu(In] Me 4
—[Cu(l -H*
[Cul)] e H
(c) The reaction of hydroperoxide 6
o)
Cul (20 mol %) O
Me Me 1,10-phen (40 mol %) O Me Me
Me
MeMe Mé 0 + MeMe
| A OOH DMF, rt, 4 h Me OH
> under air (1 atm) Q Me
6 3a 24% 7 25%

Scheme 5: Proposed reaction mechanisms for the formation of 3a, 4a and 5a, and the reaction of hydroperoxide 6.

which is driven by releasing ring strain of the cyclobutyl ring.
The resulting y-keto radical J subsequently undergoes radical
bromination to form 8e [59]. This result unambiguously
supports the presence of the alkoxy radical intermediate during
oxaspirocyclohexadienone formation in our mechanistic
proposal.

Next, we turned our attention to apply the present copper-
catalyzed aerobic C—C bond fission process in the electrophilic

cyanation of Grignard reagents. As carbonitriles are omni-
present components in various natural products, dyes and
potent pharmaceutical drugs [60-62], new and versatile routes
towards this substance class are always desirable. Conventional
methods to install the cyano group on aryl rings such as the
Rosenmund—von Braun reaction [63] or the Sandmeyer reac-
tion [64] require the use of stoichiometric amounts of toxic
metal cyanides (such as CuCN) as the “CN” anion source [65].

Therefore, an employment of aliphatic carbonitriles which are
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Table 2: Substrate scope: oxaspirocyclohexadienone synthesis.?

p-Tol-MgBr (2a)

Beilstein J. Org. Chem. 2015, 11, 1933-1943.

(1.3 equiv) 0
Et,0, 80 °C Cul (20 mol %)
R2 Me in sealed tube 1,10-phen (20 mol %)
CN . Me +
1R2
RI_AANR then DMF, 1t, 5 h RE D
| RS MeOH under air Q
Z (1 atm) R3
1 3
Entry Substrate Products?

l I\'\/I/Ie
1 Me eMe
oh

1b
MeIM

Z®

Cc

Me

Me Me
CN
3
[ ©
=
1d

o

1c 3¢ 36%

3d 48%

2 O
R I\ég
C
4
CN
Me

5a 90%°
4b 35%
Me' Me
0 [
NG e
5a 76%°
4c 27%
M Me
Me © (o)
oh
Me
© 5a 90%°
4d 40%

aAll reactions were carried out using 0.5 mmol of biaryl carbonitrile 1 with 1.3 equiv of Grignard reagents 2a in Et,0 (0.5 mL) at 80 °C (sealed tube)
for 4 h followed by the addition of MeOH (60 pL , 3.0 equiv), DMF (5 mL), Cul (20 mol %) and 1,10-phen (40 mol %) under ambient air at rt:
1,10-phen = 1,10-phenanthroline. b|solated yields. ¢1H NMR crude yields based on 1,1,2,2-tetrachloroethane as an internal standard.

less toxic and easier to handle (such as acetonitrile [66-70],
benzyl cyanide [71-76], and malononitrile [77,78]) for the “CN”
surrogates has been developed more recently [79]. We envi-
sioned that the readily available pivalonitrile (1f) could be a
potential CN source for the electrophilic cyanation [80-86] of

Grignard reagents using the present protocol (Scheme 7).

Thus pivalonitrile (1f) was reacted with 2-naphthylmagnesium
bromide (2b) for formation of the corresponding N-H ketimine
1fb, which was subsequently treated with 10 mol % of
Cu(OAc), under an O, atmosphere (Scheme 8). As expected,
formation of 2-naphthonitrile (5b) was observed in 79% yield.
On the other hand, the reaction in the absence of O, (under an

Ar atmosphere) provided only 2-pivaloylnaphthalene (9b) in
83% yield formed through hydrolysis of unreacted N-H imine
1fb during the aqueous work-up. Therefore molecular oxygen is
indispensable to achieve the present cyanation through the C—C
bond cleavage of the N—H ketimine. It was found that use of
CuBr; as the catalyst resulted in formation of 5b in higher yield
(86%).

We next examined the substrate scope using different Grignard
reagents (Table 3). The electrophilic cyanation proceeded
smoothly even with sterically bulky Grignard reagents such as
1-naphthyl- and 2,4,6-trimethylphenyl Grignard reagents (for 5¢
and Sd) (Table 3, entries 1 and 2). Electron-rich aryl Grignard
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p-Tol-MgBr (2a)

(1.3 equiv)
M Me Et,0, 80 °C Cul (20 mol %) CN
e CN in sealed tube 1,10-phen (20 mol %)
+
X
| then DMF, 1t, 5 h
= MeOH under air Me
1e (1 atm) 5a 80%
l radical
l -5a bromination

O o L (L,
Me Me Me e
Me' [Cu(D)] Me 0 o
' H radical
O O ring opening
H |

Scheme 6: Formation of bromoketone 6e.

J

NH [Cu(ll)] <N

R-MgBr + tBuCN ———= _— > R-CN
1f R)* - fcu(] RJ&K i 5

Scheme 7: Electrophilic cyanation of Grignard reagents with pivalonitrile (1f).

NH
MgBr
Taaln I
. Et,0, 60 °C
2b 2h 1fb
(1 mmol) (1.3 equiv) then MeOH
copper salts o
(10 mol %) CN
+
o a0 CI
time 5b 9%
atmosphere
copper salts  atmosphere  time 5b 9b
Cu(OAc), Oz 8h 79% 0%
Cu(OAc), Ar 24 h 0% 83%
CuBr, 0, 6h 86% 0%

Scheme 8: Electrophilic cyanation with pivalonitrile (1e).
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Table 3: Scope of the reaction using different Grignard reagents.?

; CN CuBry

1f (1 mmol) (10 mol %)
R-MgBr R-CN
2 _ Et,0O, 60 °C DMF, 80 °C 5
(1.3 equiv) time x time y
then MeOH under O, (1 atm)
Entry R-MgBr (2) Time xly (h) Product 5P
MgBr CN
2c 5¢ 76%
Me Me
MgBr CN
2¢ 56/19
Me Me Me Me
2d 5d 81%
MgBr CN
3¢ ©: 50/18 @[
OMe OMe
2e 5e 67%
MgBr N CN
4 /©/ 22/10 |
MeO MeO™ 7
2f 5f 74%
O/MgBr | x CN
5 48/24
PhO PhO”
2g 59 81%
MgBr CN
Cl Cl
2h 5h 70%
S S
7 UMQBF 48/24 MCN
2i 5i 63%¢
MgBr CN
. ©N s @/\/
2j 5j 47%

aUnless otherwise noted, the reactions were carried out using 1 mmol of pivalonitrile (1f) with 1.3 equiv of Grignard reagents 2 in Et,O (1 mL) at 60 °C
(sealed tube) for the time x followed by the addition of MeOH (120 pL), DMF (10 mL), and CuBr; (10 mol %), and the mixture was stirred at 80 °C for
time y under an O, atmosphere. Plsolated yields. °The reaction was conducted using Cu(OAc), (10 mol %) as the catalyst. 9'H NMR yield.

reagents could also be used to give the corresponding benzoni-  carbonitrile (5i) was also prepared in 63% yield. The present
triles Se, 5f and Sg in good yields (Table 3, entries 3—5). The method could also be applied for the cyanation of the primary
reaction also proceeded with chlorinated substrates leaving the  alkyl Grignard reagent, phenethylmagnesium bromide (for 5j),
C—Cl bond intact (for Sh) (Table 3, entry 6). Thiophen-2- albeit the product yield was moderate.
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Conclusion

In summary, we have demonstrated a copper-catalyzed aerobic

generation of iminyl radicals from the corresponding N-H

ketimines and their radical C—C bond fission. These processes

could be applied for synthesis of oxaspirocyclohexadienones

through spirocylization of the transient alkoxy radicals gener-

ated by aerobic oxygenation of the resulting carbon radicals.

With the present protocol, the electrophilic cyanation of Grig-

nard reagents was also established using readily available pival-

onitrile as a simple CN source.

Supporting Information

Supporting Information File 1

Full experimental details and analytical data.
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supplementary/1860-5397-11-209-S1.pdf]
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Abstract

The search for copper catalysts able to perform effectively click reactions in water in the absence of sodium ascorbate is an active
area of current research with strong potential for applications in bioconjugation. The water-soluble and photoreducible
copper(Il)-EDA (EDA = ethylenediamine) complex 1, which has two 4-benzoylbenzoates acting as both counterion and photosen-
sitizer, has been synthesized and characterized by different techniques including single crystal X-ray diffraction. Highly efficient
photoreduction was demonstrated when solutions of 1 in hydrogen atom donating solvents, such as THF or MeOH, were exposed to
UVA radiation (350—400 nm) provided by a low pressure mercury lamp (type TLC = thin-layer chromatography, 365 nm), or by a
23 W fluorescent bulb, or by ambient/sunlight. In water, a much poorer hydrogen atom donating solvent, the photoreduction of 1
proved inefficient. Interestingly, EPR studies revealed that complex 1 could nonetheless be effectively photoreduced in water when
alkynes were present in solution. The catalytic activity of 1 for click reactions involving a range of water-soluble alkynes and
azides, in particular saccharides, was tested under various illumination conditions. Complex 1 was found to exhibit a photolatent
character, the photogenerated copper(I) being very reactive. On irradiating aqueous reaction mixtures containing 1 mol % of 1 at
365 nm (TLC lamp) for 1 h, click reactions were shown to proceed to full conversion.
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Introduction

Since the discovery in 2002 that copper(I) could catalyze the
Huisgen alkyne—azide [3 + 2] cycloaddition with high selec-
tivity for the 1,4-triazole [1,2], the so-called copper(I)-catalyzed
alkyne—azide cycloaddition (CuAAC) has become a privileged
reaction which is widely employed in all areas of the chemical/
biological/material sciences [3,4]. Numerous copper-based
catalytic systems have been developed and employed for the
CuAAC [5], the main prerequisite being the generation of a
copper(l) catalytic species from various homogeneous/heteroge-
neous precatalysts, whose oxidation states are 0, +1 or +2.
A major application of the CuAAC concerns bioconjugation
reactions, i.e., the covalent modification of biomolecules [6].
Such reactions typically imply water-soluble alkyne and azide
reactants and should thus be performed in an aqueous medium
using a water-soluble catalyst. Important limitations for such
transformations are: (i) high copper loading, often used in
excess with respect to the substrates, due to limited catalyst re-
activity and the fact that the substrates (proteins, oligonu-
cleotides or oligosaccharides) are typically used in dilute condi-
tions; (ii) contamination of the products by copper salts, which
should be avoided for in vivo applications and, when employed,
by sodium ascorbate and/or its byproducts; (iii) side-reactions
on the substrates due to the generation of reduced dioxygen-
active species and/or reactive oxidized byproducts of ascorbate.
In a seminal paper, Finn and coworkers addressed several of
these points; they proposed an optimized catalytic system
composed of CuSQy, an accelerating and water-soluble tris-tria-
zole THPTA (tris[(1-hydroxypropyl-1H-1,2,3-triazol-4-
yl)methyl]amine) ligand with a ligand/copper ratio equal to at
least 5 to effectively trap the reactive oxygenated species [7].

They also show that aminoguanidine could be added to the
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reaction mixture to effectively trap the reactive byproducts
derived from ascorbate oxidation. Using these protective addi-
tives (excess of ligand and guanidine) bioconjugation reactions
could be conducted from a Cu(Il) precatalyst even when the
reaction mixture is exposed to air. Optimized ligands leading to
faster kinetics were later developed [8,9], allowing for instance
to lower the copper loading, which is important to avoid
toxicity issues for applications with living cells [9]. An interest-
ing catalyst was reported by Gautier and coworkers based
on a water-soluble Cu(I)-NHC complex, which could be used
under ascorbate-free and open air conditions for the CuAAC
ligation of oxidation-sensitive peptides in buffered aqueous
media [10].

Recently, we developed the photoreducible copper(1l)
complexes 2 and 3 incorporating a tren (tren = tris(2-
aminoethyl)amine) ligand derivative [11,12] or the dmeda
(dmeda = N,N’-dimethylethylenediamine) ligand [13,14]
(Scheme 1). Irradiation at 365 nm of the benzophenone photo-
sensitizer (n—n* electronic transition), introduced through the
carboxylate counterion, mediated a highly efficient photoin-
duced electron transfer process leading to a fast Cu(II) to Cu(I)
reduction, the final electron source being the solvent. The
photoreduction process was extremely efficient, photoreduction
quantum yields (®yeq) ranging from 0.17 up to around 1 being
measured in good H-atom donating solvents such as MeOH or
THF [11-13]. Consequently, efficient reduction could be
achieved by simply exposing the solutions of the Cu(Il)
complexes to ambient light. Importantly, the photogenerated
Cu(I) species were shown to be extremely reactive for the

CuAAC reaction when conducting the reactions in organic

o} O 0 0
COO l N COO
|O =
coo O
2+ +
OH2
" Ao ]
N,,, ’ ..‘N H | N
( o e
l
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1 2 3
This study Previous studies

CuAAC in water

Scheme 1: Structures of photoactivable click catalysts 1-3.

CuAAC in organic solvents
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solvents, typically MeOH, THF or toluene. It should be noted
that within the last four years, other photoreducible copper(Il)-
based catalytic systems applied to click chemistry have been
reported [15-27], in particular for the preparation of polymers
[15-24].

We wish now to report on our preliminary studies dealing with
the water-soluble complex 1, the objective being to develop
photoactivable click copper(Il) precatalysts which could be
used in aqueous solution and ascorbate-free conditions. We
describe here the synthesis and characterization of 1, its
photoreduction properties in various solvents and illumination
conditions, and its catalytic properties which reveal that 1, when
illuminated, is an effective photolatent click catalyst in aqueous

medium.

Results and Discussion

The EDA (EDA = ethylenediamine) ligand in the copper(Il)
complex [Cull(EDA),(4-benzoylbenzoate)](4-benzoylbenzoate)
(1) was chosen to ensure high water solubility. Complex 1 was
synthesized in two steps by first preparing the copper(1I)-
carboxylate dimer [Cu,(4-benzoylbenzoate)4(THF),] 4 which
was obtained by reacting 2 equivalents of the sodium salt of the
4-benzoylbenzoic acid with Cu(OTf), in water, the precipitate
which formed being recrystallized by slow diffusion of Et,O in
a THF solution (Scheme 2). Then, 4 equivalents of EDA were
reacted with 4 in THF, the solution immediately turned deep
blue. Slow diffusion of diethyl ether vapour into the THF solu-
tion led to the crystallization of 1 as blue needles, which were
recovered by filtration (71% yield).

The proposed dinuclear and mononuclear structures of 4 and 1
were confirmed by single crystal X-ray diffraction (Figure 1).
The crystal structure of 4 displays the typical “paddle-wheel” of
copper(Il)—carboxylate complexes [28], a structure in which the

1) HoO, rt

RCOONa + Cu(OTf),
2) recrystallization

2 equiv 1 equiv :
in THF/Et,0O vapours
1) THF, rt
4 + EDA —
1 equiv 4equiv  2)slowdiffusion

of Et,O vapours

Scheme 2: Syntheses of complexes 1 and 4.
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two copper(Il) ions are bridged by four carboxylates in a
syn—syn configuration (dcy--cy 2.613 A), whilst two THF mole-

cules occupy axial coordination sites.

Complex 1 displays a monomeric structure with a distorted
square pyramidal geometry with the copper ion lying slightly
above the basal plane formed by 4 nitrogen atoms (average
dcy-n 2.019 A), while an oxygen atom of a carboxylate occu-
pies the axial site (dcy---0 2.294 A). The oxygen atom of the
C=0 bond is participating in one intramolecular (dco---gN
2.140 A) and one intermolecular (dco.--pN 2.212 A) hydrogen
bond with hydrogen atoms of EDA ligands. The second
carboxylate anion is not directly bound to the copper(Il) ion, but
participates in four intermolecular hydrogen bonds with
hydrogen atoms of EDA (average dco--pn 2.125 A) ligands of
two [Cu(EDA),(4-benzoylbenzoate)]* cations.

Aqueous and THF solutions of 1 were characterized by a shift
of the absorption band (d—d electronic transition) in the visible
spectral region from 550 nm in water to 606 nm in THF (spectra
at ¢+ = 0 min in Figure 2). This was ascribed to the ion-pair
dissociation state of the complex with water molecules being
most probably bound to the copper ions in aqueous solution,
while in THF, the carboxylates interact more tightly with the
copper ions. This is in agreement with the 'H NMR spectra of
1, which showed well resolved peaks for the benzophenone
protons in D,0, while in THF-dg broad resonances were
observed, as expected for a compound interacting more strongly
with paramagnetic copper(Il) ions. It should be noted that the
methylene protons of the EDA ligands are not observed.

Photoreduction studies of 1 were then conducted varying both
the solvent and illumination conditions. The first experiments

were carried out in quartz cuvettes to follow the disappearance
of the low-energy visible light absorption band (550-600 nm)

71%
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Figure 1: a) Molecular structure of 4 (a THF molecule present in the unit cell is not shown). Cu, green; C, grey; O, red; H, white; b) Molecular struc-
ture of 1 (asymmetric unit) showing the intermolecular (dashed red lines) and intramolecular (dashed blue line) H-bond interactions of the carboxylate
C=0 bonds with surrounding H-N bonds. Cu, green; N, blue; C, grey; O, red; H, white. CIF files for the determined structures are available as
Supporting Information File 2 and Supporting Information File 3 and are also available on request from the Cambridge Crystallographic Data Centre

as deposition CCDC 1414149 for 4, and CCDC 1410011 for 1.
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Figure 2: Evolution of the UV-vis spectra of deaerated (freeze-pump-thaw degassed, sealed quartz cuvettes) THF (left) or water (right) solutions
(3 mL) of complex 1 (2 mM) under irradiation at 365 nm using a TLC lamp placed at =1 cm from the cuvette.

ascribed to a d—d electronic transition, which is typical for Cull
complexes (d%). The reductions were typically conducted under
strictly anaerobic conditions, deaeration of the solutions being
achieved either by gentle Ar bubbling through a rubber cap or,
by freeze-pump-thaw cycles followed by sealing of the cell.
Irradiations were performed at wavelengths compatible with the
n—7* electronic transition of the benzophenone chromophore,
i.e., ®350-370 nm (UVA). Illumination of the samples at
365 nm using a TLC lamp thus represents a convenient source
of light. Previous studies revealed that a 2 mM solution of 2 in

THF (3 mL in a quartz cuvette with 1 cm path length) was fully
reduced in =15 min [14]. Interestingly, the photoreduction
process was found to be so effective, that the UVA photons
(350-400 nm) present in sunlight/ambient light were sufficient
to achieve the reduction with satisfactory rates, i.e., =30 min
and 60 min when the samples were exposed behind a window to
direct light of a sunny or a rainy day, respectively. It should also
be noted that over-reduction processes leading to the formation
of copper(0) nanoparticles occurred when prolonged irradiation
times were applied [12,13].
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When a deaerated solution of 1 in THF was irradiated at
365 nm, a very fast change of the solution aspect was observed,
the solution becoming colourless in =10 min as shown by
UV-vis spectroscopy (Figure 2). This rate is comparable to that
observed previously with the analogous complex 2, for which a
photoreduction quantum yield close to unity has been deter-
mined in THF [14]. Because of such a high efficiency, the
photoreduction proceeded well under direct sunlight illumina-
tion by placing the quartz cuvette behind a window of a sunny
day, =60% of 1 being reduced in 40 min illumination under
such conditions.

When irradiations were conducted on aqueous solutions of 1, no
reduction was observed, as revealed in Figure 2. This agrees
with the poor hydrogen atom donating character of H,O
(BDE = 119 kcal/mol) compared to THF (BDE = 92 kcal/mol),
the reactivity of the excited triplet of benzophenone being
particularly high toward the THF moiety [29].

At this stage, a reduction mechanism implying the fast genera-
tion of the ketyl radical in good hydrogen atom donating
solvents, which then can reduce the copper(Il) ion to generate
the copper(I) and regenerate the benzophenone chromophore,
could be proposed (Scheme 3). Further studies, which aim to
validate this proposal, are in progress.

Beilstein J. Org. Chem. 2015, 11, 1950-1959.

The poor reduction efficiency observed in water could repre-
sent a serious limitation for our goal to develop photolatent
click catalysts for reactions conducted in water with water-
soluble reactants. However, under catalytic conditions, i.e., in
the presence of a large excess of alkyne and azide (1 mol % of 1
will be used for catalytic reactions), the reactants could be used
as reducing agent. For instance, it has been previously shown
that the alkynes could favor the Cu(Il) to Cu(I) reduction, most
probably through the well-known Glaser-type oxidative
coupling [30,31]. We thus tested the reduction in the presence
of the water-soluble alkynes 5-7. In marked contrast with
experiments conducted in pure water, the aqueous solution irra-
diated in the presence of alkyne 5 (50 equiv with respect to
copper), rapidly evolved to become slightly cloudy. Such
changes, which could be ascribed to the formation of insoluble
polymeric copper(I) acetylides and/or the insoluble 3-benzoyl-
benzoic acid (Scheme 3), precluded the use of UV—vis spec-
troscopy to quantitatively analyze the reductive process. For
such an analysis, EPR spectroscopy was thus employed to

assess the extent of copper reduction.

In Figure 3, the EPR spectra of solutions of 1 (d%, § = 1/2)
recorded by irradiating the samples directly in the probe at room
temperature are presented. Control experiments conducted in
THF and aqueous solutions of 1 (Figure 3a and b, respectively),
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Scheme 3: Proposed mechanism for the photoreduction process.
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Figure 3: Evolution of the EPR spectra (X band, 298 K) of solutions of 1 under continuous irradiation (280—400 nm). A spectrum is recorded in the
dark (black), then the light is switched on and the spectra (scanning time = 15 s) recorded during irradiation at times 0 s (blue), 50 s (red), 100 s
(green), 150 s (orange) and 225 s (purple). a) THF solution of 1 (1 mM); b) Ho0O solution of 1 (1 mM); c) H,O solution of 1 (1 mM) and alkyne 5
(50 mM); d) H>O solution of 1 (1 mM) and alkyne 6 (50 mM); e) H>O solution of 1 (1 mM) and alkyne 7 (50 mM).

confirmed the results gathered by UV—vis spectroscopy, i.c.,
fast reduction in THF and essentially no reduction in water. In
water solution, the EPR spectra displays the four well-resolved
hyperfine lines, expected for Cu(Il) characterized by a nuclear
spin of 3/2. However, the shape of the EPR spectra are different
in both solvents in agreement with the UV—vis data, i.e., a water
molecule should replace the Cu-bound benzoylbenzoate in

aqueous solution.

When the water-soluble alkynes 5, 6 or 7 were added (50 equiv
with respect to Cu) and the aqueous solution irradiated, a
decrease of the intensity of the EPR signal was observed, in
agreement with a reduction process (Figure 3c—e). In the pres-
ence of propargyl alcohol 5§ or propargyl ether 6 the reductions
occurred very efficiently, i.e., =65% of the copper(Il) (esti-
mated by integration of the EPR signal) was reduced after 250 s
of irradiation. This is nonetheless slower than in THF, in which
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Figure 4: Reaction profiles for the formation of 9 under various illumination conditions: TLC lamp (365 nm) for 1 h, then ambient laboratory light (¢);
tube in the dark (X); tube exposed to ambient laboratory light (A ); tube exposed to 23 W fluorescent bulb (m).

~65% of 1 was reduced after only 40 s. With 2-alkynylpyridine
7, reduction was also observed albeit at a slower rate, ~35% of
1 being reduced after 250 s of irradiation. It is important to note
that no reduction was observed in the absence of light, showing
that the reduction is a photoinduced process. It also shows that
if light-independent reduction is occurring, most probably
through a Glaser-type oxidative coupling, it is a much slower
process. At this stage, we propose that the alkynes serve as the
hydrogen atom source to generate the ketyl radical of the
benzophenone (Figure 2).

The photolatent properties of 1 and the reactivity of the photo-
generated copper(l) species were then tested under various illu-
mination conditions (Figure 4). Reactions between the water-
soluble alkyne 6 and azide 8 were conducted in D,O in NMR
tubes, thereby allowing convenient monitoring of the reaction
progress. In a typical experiment, the NMR tube was charged
with 1 (1 mol %), D,O (0.5 mL), the reactants (0.15 mmol
each) and capped with a rubber septum. The whole tube was

protected from light by aluminum foil, the solution was

degassed by gentle Ar bubbling (20 min), and the tube was
tightly capped with parafilm to limit air entry. The reactions
were initiated by exposing the tubes to various light sources. In
a first experiment the solution was irradiated for 1 h at 365 nm
with a TLC lamp placed at =1 cm from the tube, and then left
under ambient laboratory light. In these conditions, the reaction
proceeded to full conversion in =2 h, 80-90% of the triazole
being formed after 1 h. The triazole 9 was then isolated in 91%
yield. Importantly and in marked contrast, when the tube was
protected from light, no reaction occurred within 2 h, high-
lighting the photolatent behavior of 1. However a slow reaction
was observed, ~10% conversion was obtained in 4 h, and 74%
in 8 h. This could be ascribed to the light-independent slow
generation of copper(I) through Glaser-type oxidative coupling.

The catalytic system was found to be very sensitive to light. By
simply leaving the tube exposed to ambient laboratory light
after degassing, 70% conversion was reached in 4 h, the full
conversion being attained in 7 h. Interestingly, from a practical

viewpoint, it is possible to simply illuminate the sample with a

1956



household fluorescent bulb (23 W) which produces a signifi-
cant amount of UVA photons. Using this light source, full
conversion was achieved in 3.5 h, which is faster than when
exposed to ambient light, but significantly slower than when
exposed to TLC lamp.

Having established the most efficient illumination conditions,
reactions were conducted on a range of water-soluble alkynes
and azides by irradiating the NMR tubes with the TLC lamp for
1 h and then leaving it under ambient light. As seen in
Scheme 4, a variety of triazoles 9-17 could be obtained in good
isolated yields with reaction times ranging from 30 min to 8 h.
Again, no or little reaction was observed when protecting the

tube from light, in agreement with photolatent catalysis.

1 (1 mol %)
! D,0, Ar, 20 °C

N3 R
R + 4

OH
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light: 30 min,100% (94%)
dark: 30 min, 0%
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Finally, two reactions were conducted in H,O on preparative
scales in round-bottom flasks (Scheme 5). The hydrogenated
triazoles 18 and 19 were obtained in 86% (0.450 g) and 82%
(0.644 g) isolated yields, respectively, showing that the proce-
dure is practical for laboratory-scale applications.

Conclusion

The copper(Il) precatalyst 1 incorporating a benzophenone
chromophore is easily prepared, soluble in polar solvents and
water, and can be stored indefinitely under ambient conditions.
It is efficiently photoreduced in THF using convenient light
sources producing UVA photons. While the Cu(II) to Cu(I)
reduction process in water proved inefficient we have shown, in

particular using EPR spectroscopy, that the alkynes can serve as

10 11
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Scheme 4: Structures, conversions and isolated yields for triazoles 9-17 conducted in D20 in NMR tubes.
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5 mmol 5 mmol 82% 19

Scheme 5: Preparative scale synthesis of 18 and 19.

effective and practical electron source to allow the reduction in
a light-dependent process photosensitized by the benzophenone.
Complex 1 proved to be an effective photolatent catalyst for
reactions conducted in water involving water-soluble alkynes
and azides. Combining 1 with light, thus prevents the use of
sodium ascorbate as reducing agent while a copper(II) complex
is employed as precatalyst. The reactions were conducted not
only under ascorbate-free conditions, but also under dioxygen-
free conditions, deoxygenation being conveniently performed
by Ar or N, bubbling. Copper(I)-catalyzed processes, in par-
ticular for application in click bioconjugations, should be
conducted under deaerated conditions in order to reduce copper
loading due to fast Cu(I) to Cu(II) oxidation process mediated
by O,, and also to limit addition of trapping agents to capture
reactive oxygen species generated through side reactions
between Cu(l) and O,.
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The promising performance of copper(Il) complexes was demonstrated for asymmetric boron conjugate addition to a,p-unsaturated

nitriles in water. The catalyst system, which consisted of Cu(OAc); and a chiral 2,2"-bipyridine ligand, enabled p-borylation and

chiral induction in water. Subsequent protonation, which was accelerated in aqueous medium, led to high activity of this asym-

metric catalysis. Both solid and liquid substrates were suitable despite being insoluble in water.

Introduction

In recent years, optically active organoboranes have attracted
considerable attraction as versatile synthons for the synthesis of
biologically interesting compounds and of other materials. In
particular, compounds with a nitrile group in the B-position with
respect to the boron moiety represent an important subset of
organoboron intermediates because these compounds contain
two functional groups. Their C-B linkage can be transformed
into C—O, C-N, as well as into C—C bonds, while retaining
stereogenic centers [1-4]. The nitrile group can be transformed
into a range of functional groups, such as amides [5], carboxylic
acids [6], aldehydes [7], esters [8], alcohols [9], and amines
[10]. Enantioselective boron conjugate addition to a,B-unsatu-

rated nitriles provides one of the most efficient routes to chiral

B-boryl nitriles. Several straightforward methods have been
developed that rely on chiral Cu(I) complexes with air-sensi-
tive phosphine ligands [11-15]. In contrast, Cu(Il)-based catal-
ysis, which has been reported recently for asymmetric boron
conjugate addition, is characterized by the effective and thermo-
dynamically stable catalysis in water. Furthermore, a broad
range of o,fB-unsaturated acceptors, including one example of an
ao,B-unsaturated nitrile, are applicable, and the reactions, which
exhibit extremely high TOF values, can be performed easily
without requiring the preparation of an array of chiral ligands
[1,16-19]. Rapid protonation in water subsequent to B-boryla-
tion would liberate the desired adducts almost instantaneously.

In addition to the synthetic utility of enantiomerically enriched
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B-boryl nitriles, Cu(Il)-based activation of o,B-unsaturated
nitriles in water is mechanistically curious. In previous reports,
homogeneous catalysts composed of Cu(OAc), were found to
be more effective than insoluble Cu(OH),-based catalysts
in the asymmetric B-borylation of a,p-unsaturated nitriles in
water [1,19]. Herein, we describe the Cu(II)-catalyzed asym-
metric boron conjugate addition of a,B-unsaturated nitriles in
water.

Results and Discussion

At the outset, an aqueous solution of a chiral Cu(II) complex
was formed by vigorous stirring of Cu(OAc), with chiral 2,2'-
bipyridine ligand L for 1 h. After successive addition of cinna-
monitrile (1a) and bis(pinacolato)diboron, the resulting mixture
was stirred at room temperature for 12 h. Subsequent oxidation
by treatment with NaBO3 was conducted to determine the
enantioselectivity. The desired p-hydroxynitrile 2a was
obtained in 84% yield with 81% ee (Scheme 1), which is
consistent with the outcome obtained when the reaction was
performed at 5 °C (86% yield, 82% ee [1]). The reactions
proceeded smoothly despite the fact that both solid substrates
were almost completely insoluble in water. Notably, the desired
B-borylated product was isolated as the B-hydroxynitrile after
subsequent oxidation, with complete retention of the expected
stereochemistry. B-Hydroxynitriles, which are conventionally
synthesized by asymmetric addition of acetonitrile to aldehydes
[6,20] or by lipase- or nitrilase-catalyzed kinetic resolution of
racemic -hydroxynitriles [21,22], are fascinating candidates for
the development of many synthetically feasible derivatives.

When studying these systems, it is important to understand how
the conformation of the substrate geometry correlates with its
reactivity and enantioselectivity in water. The conjugated
system tends to undergo Lewis acid assisted isomerization in
water [18]. With three mixtures of 1b with different £/Z ratios
in hand, their activity toward boron conjugate addition and the
sense of stereoselection were examined under the optimal

conditions (Table 1). After stirring the reaction mixture for 12 h

Beilstein J. Org. Chem. 2015, 11, 2007-2011.

and subsequent oxidation, B-hydroxynitrile 2b was obtained in
the same yield and with the same enantioselectivity, irrespec-
tive of substrate geometry. Notably, the £/Z geometry of a,f-
unsaturated nitrile 1b did not have an influence on the initial
reaction rate, nor was there a difference in the activity or the
enantiofacial differentiation between the E- and Z-isomers.

Table 1: Asymmetric B-borylation of 1b with different configurations.

~_-CN
)@M\ L (6 mol %) OH

1b Cu(OAc); (5 mol %)

H,0O, rt, 12 h
then

B2(PN2 NaBOs, H,O/THF, 4 h 2b

Entry E/Z ratio of 1b Yield (%)2 ee (%)P
1 4.3:1 66 78
2 5.7:1 65 76
3 >99:<1 68 76

a|solated yield. PDetermined by chiral HPLC analysis.

The scope of the reaction with respect to o,-unsaturated nitriles
bearing an aromatic ring was then investigated (Table 2). In
addition to 1b, electron-poor a,pB-unsaturated nitriles 1c¢ and 1d
also reacted with the diboron reagent to give the desired prod-
ucts in good to high yields with good to high enantio-
selectivities. No significant deterioration of chiral induction was
observed upon changing the electronic nature of the double
bonds. Meanwhile, heterocyclic substrate 1e, bearing a furan
ring, was also tolerated under the reaction conditions and this
compound underwent enantioselective B-borylation to afford
B-hydroxynitrile 2e in 87% yield with 87% ee. Remarkably,
when B,B-disubstituted a,p-unsaturated nitrile 1f was employed,
the desired B-hydroxynitrile 2f bearing a quaternary asym-
metric carbon center could be successfully produced in 75%
yield with 85% ee.

CN
Ej/\v + Ba(pin),

1a

7 N\ 9w
=N N
t-Bu ~t-Bu
OH HO
L (6 mol %) OH
Cu(OAc); (5 mol %) ~_-CN
H,O, rt, 12 h ©N
then NaBOj3, H,O/THF, 4 h
2a
84% yield
81% ee

Scheme 1: Standard reaction conditions.
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Table 2: Scope of the Cu(ll)-catalyzed asymmetric borylation with respect to aromatic a,B-unsaturated nitriles.

~_-CN L (6 mol %) OH
AN Cu(OAC); (5 mol %)
1 Ar/\/CN
. H,0, rt, 12 h
. then 2
Ba(pin)z NaBOs, H,O/THF, 4 h
Entry Substrate Product Yield (%)@ ee (%)°
N CN
1 84 81
1a
\/CN
2 66 78
1b
\/CN
3 92 90
F
1c
| N XN
4 75 81
N
1d
5 \ N\—CN 87 87
1e
x_CN
6 75 85
1f

alsolated yield. PDetermined by chiral HPLC analysis.

Finally, to examine the suitability of aliphatic a,f-unsaturated attempted (Scheme 2). The obtained p-hydroxynitrile 2g was
nitriles as substrates for the reaction, the asymmetric B-boryla- converted into the corresponding benzyl ether 3g in the pres-
tion and subsequent oxidation of crotonitrile (1g) were ence of AgyO [23], followed by hydrolysis with TiCly in AcOH

Me” SN L (6 mol %) OH Ag,0 (2.2 equiv) TiCly (2 equiv)
1g Cu(OAc); (5 mol %) /\/ CN BnBr (2 equiv) H20 (3 equiv)

_— e _— O

+ H,0, rt, 12 h 2 CH,Cl, AcOH
B,(pin) then NaBO3 g rt,4h Me/:a;/CN r, 24 h Me/\“)I\NHz
2 2 g
HzO/THF, 4 60% yield 85% yield
88% ee 86% ee

Scheme 2: Formation of aliphatic chiral B-hydroxy nitrile 2g and its subsequent conversion into 4g.
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[24] without loss of enantiopurity of 3g. The sense of enantiose-
lection of 3g was proved to be the same as that of the B-bory-
lated aromatic products shown in Table 2, according to the
reported chiral information of f-hydroxyamide 4g [25]. It is
noted that even an aliphatic o,3-unsaturated nitrile worked well
under the reaction conditions to afford the desired compound in
high yield with high enantioselectivity.

Conclusion

We have demonstrated that a chiral Cu(II) complex formed with
chiral 2,2'-bipyridine ligand L constitutes a green and efficient
catalyst for asymmetric boron conjugate addition of a,B-unsatu-
rated nitriles in water. Both aromatic and aliphatic a,B-unsatu-
rated nitriles were applicable, and both gave the corresponding
chiral B-hydroxynitriles after oxidation with high enantio-
selectivity. In contrast to well-documented Cu(I) catalytic
systems in organic solvents, Cu(Il) catalysis in water does not
require the use of air-sensitive phosphine ligands or strong
bases. Notably, neither the chemical nor physical properties of
the a,pB-unsaturated nitriles had any influence on either the re-
activity or the stereochemical outcome of the reaction; that is,
the reaction proceeded well irrespective of whether the sample
was solid or liquid, or whether the E- or Z-isomer was used.
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A new approach to ferrocenyl haloalkenes and bis-alkenes was elaborated. The key procedure involves copper catalyzed olefina-

tion of N-unsubstituted hydrazones, obtained from ferrocene-containing carbonyl compounds and hydrazine, with polyhaloalkanes.

The procedure is simple, cheap and could be applied for the utilization of environmentally harmful polyhalocarbons. The cyclic

voltammetry study of the representative examples of the synthesized ferrocenyl alkenes shows the strong dependence of the

cathodic behavior on the amount of vinyl groups: while for the monoalkene containing molecules no reduction is seen, the divinyl

products are reduced in several steps.

Introduction

The introduction of complex functional fragments into the spec-
ified place of the target molecule is of current interest in
modern synthetic chemistry [1]. From this point of view, the
development of ferrocene-based molecules as crucial fragments
of new materials and novel pharmacological entities is of great

importance. Indeed, since the discovery of ferrocene [2] and the

synthesis of the first polymer based on vinylferrocene [3], the
chemistry of ferrocene and its derivatives is developing very
rapidly. Ferrocene derivatives are widely applied in industry,
for example, diethylferrocene is a combustion accelerator used
as additive to gasoline [4]. There are many drugs containing a

ferrocene fragment in their structures (Scheme 1) [5]. The
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Scheme 1: Examples of ferrocene derived drugs and ligands.

ferrocene core is also a very popular scaffold for ligand design,

particularly, in asymmetric catalysis (Scheme 1).

Probably, the most challenging application of ferrocenes is the
production of ferrocene-containing polymers [6-8] (Scheme 2).
The polymers have a set of unique properties and are used in
various fields of science, technology and medicine (conducting
and semiconducting materials [9], drugs [10], biosensors [11-
13], liquid crystal materials [14,15], coordination polymers
[16], and more [10]).

Ethynylferrocenes are one of the most popular and extremely
effective starting compounds in the creation of ferrocenyl poly-
mers. They are widely used for making both polyferro-
cenylvinylenes (double bond linkers) [17-21] and polyethynyl-
ferrocenes (triple bond linkers) [22-25]. There are several
methods for the preparation of ethynylferrocenes [24-29]. In
most cases, the key reagents for the synthesis of ethynylfer-
rocene are the corresponding mono- and dihalogenvinylfer-
rocene derivatives. These compounds are generally prepared
using a variation of the Wittig reaction (the Corey—Fuchs reac-
tion) using a 2—4-fold molar excess of triphenylphosphine [27-
311

Fe Fe é’w"w"‘m
<& < Fe
<

Scheme 2: Structural types of ferrocene-based polymers.

ferroquine

Results and Discussion
Synthesis of halovinylferrocenes

A few years ago we discovered a new reaction for a double
carbon—carbon bond formation — the reaction of catalytic olefi-
nation. It was shown that the copper-catalyzed reaction of
unsubstituted hydrazones of aromatic (aliphatic) aldehydes and
ketones with a wide range of polyhalogenalkanes leads to the
corresponding substituted ethylenes with one or two geminal
halogen atoms [32-36]. In the present study, we investigated the
possibility of using a catalytic olefination reaction for the syn-
thesis of ferrocene derivatives. As a result, several well-known
and previously unknown ferrocene-containing alkene com-
pounds were obtained.

First, ferrocene carbaldehyde was investigated. It was found,
that under usual conditions of the reaction (equal amount of
N,H4-H,O, DMSO or EtOH as a solvent) the yields of the
desired alkenes were not good enough. Better results were
obtained in ethylene glycol with a 4-fold excess of NoHy-H,O
(novel media just reported for COR [37]). In this case, target
alkenes were isolated in up to 62% yield. Using C2-freons fluo-
rinated alkenes 3—5 were synthesized (Scheme 3). The reaction
proceeds stereoselectively to give a mixture of isomers in which

.

=

:
F@é

& <

n n

2073



H
©—§r0|
Fe 1 al

<=

CCly, 62%
CBrCls, 62%

Beilstein J. Org. Chem. 2015, 11, 2072-2078.

H
1) NoH4-H,0, ethylene glycol x
F

Fe H

<

o

CBry, 38%

Br

2) CXYHaly, HN(CH,),NH,

5% CuCly-2H,0

@—Qrsr (- \ CF,
F Fe

<&
CF3CFBry, 46%
ZIE 74:26

e

<

CF3CBF3, 42%
ZIE 75:25

CF3CBr3, 42%
ZI/E 75:25

Scheme 3: Synthesis of ferrocene-derived alkenes from ferrocene carbaldehyde.

the less hindered Z-isomer dominates. The assignment of the
isomers was easily performed by comparison of NMR spectral
data with those previously reported for the Z E-isomers of
similar alkenes [38-40]. The trifluoromethyl group of the
Z-isomers of compounds 3-5 resonates in higher field in
I9F NMR (3: —72.8 ppm, 4: —=67.1 ppm, 5: —69.0 ppm) than that
of the E-isomers (3: —67.9 ppm, 4: —60.2 ppm, 5: —62.4 ppm).
In the case of compound 3 an additional conformation can be
seen in the 'H NMR spectrum. It is well-known, that 2 Jur
coupling constants in alkenes with relative trans-configuration
of hydrogen and fluorine atoms are usually approximately twice
bigger than the corresponding coupling constants in alkenes
with cis-configuration. The values found in 3 are 36.5 Hz

=

(Z-isomer by systematic nomenclature, but frans-configuration
of H and F) and 16.2 Hz (E-isomer).

Acetylferrocene and 1,1’-diacetylferrocene were also involved
successfully into this transformation (Scheme 4). Our prelimi-
nary study of the catalytic olefination of acetylferrocene by
CF3CBr3 (alkene 8) and CBry4 (alkene 7) indicates, that in
contrast to ferrocene carbaldehyde, better results were achieved
in DMSO using previously prepared hydrazones [37]. A series
of ferrocene derivatives including fluorinated ones was
prepared in good yields. Unsymmetrical alkenes 8 and 9 were
obtained as a mixture of isomers in approximately equal
amounts. Identification of the structures of the E- and Z-isomers

CXYHal, N N-NH,
Fe NNz ™45 mol % cuc Fe X R = H.%
R~ DMSO-NH; (26) R—ct TN
%
<o < Spoh S o
Fe Fe Fe Fe
6 Cl 7 B 8 Br 9 Cl
= 4% cerci, < — <> 2iE -1
a5 CCle 50% CBr,  ZIE ~AT:5364%  22%
N\—Br
CFe \§/0| N D
A AR T e =2
Cl Br Br
CCl, 46% CBry, 74% CF3CBrs, 65%
CBrCls, 58% ZZZEEE
25:50:25

Scheme 4: Synthesis of ferrocene-derived alkenes from acetylferrocene and 1,1’-diacetylferrocene.
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of alkene 8 was accurately performed by an X-ray crystallo-
graphic study using crystals of 8 obtained from ethanol solution
(see Supporting Information File 1 and [41]). Due to the pres-
ence of two double bonds in alkene 12 the formation of three
isomers (Z,Z, Z,E and E,F) is possible. Similar to alkenes 8 and
9 no stereoselectivity is observed to give equal numbers of cis-
and trans-double bonds in the obtained molecules. As a result a
25:50:25 mixture of Z,Z, Z,E and E,E was formed. The higher
quantity of the Z E-isomer is a result of statistical doubling (in
fact, the reaction gives Z,F and E,Z-alkenes which are
identical).

Di- and tetrahalovinylferrocenes obtained in our work are of
interest for the synthesis of ethynylferrocenes, as monomers for
making ferrocene-containing polymers and as intermediates in
the synthesis of ferrocene analogs of tamoxifen and other medi-
cinally relevant molecules.

Electrochemical properties of halovinyl-

ferrocenes

The ferrocene unit possesses several exciting electrochemical
characteristics, such as fast electron-transfer rate, low oxidation
potential, and stability of two redox states. The combination of
a ferrocene and an alkene moiety in one molecule might be of
interest for the synthesis of functional devises that can be
exploited in electrocatalysis, electroanalysis, and biosensing
applications, since the alkene fragment could be used to graft
the molecule to the polymer support or to copolymerize it with
the appropriate monomers. Therefore, we have also examined
the electrochemical properties of the compounds obtained. It
was shown that the oxidation of the ferrocene unit proceeds in
accordance to the data found in literature, whereas the reduc-
tion was found only in the case of bis(halovinyl)ferrocenes. Our
results clearly indicate that the anodic and cathodic electro-
chemical processes proceed on different parts of the molecules.
While in the anodic region the changes are localized on the iron
atom, the electron transfer from the cathode occurs at a double
bond.

Three representative groups of halovinylferrocenes were studied
using cyclic voltammetry (Table 1). The first group was formed
from three omega-dichloro derivatives 1, 6, and 10. The second
one was made from three omega-dibromo products 2, 7, and 11,
and the last group consisted of bromotrifluoromethyl molecules
4, 8, and 12. Such selection allowed us to estimate the effect of
the nature of substituent on the electrochemical behavior of the

molecule.

All compounds are characterized by reversible oxidation waves
in the range of 0.64—0.84 V that corresponds to the Fe2*/Fe3™

redox transformation. The values of the respective oxidation

Beilstein J. Org. Chem. 2015, 11, 2072-2078.

potential depend mainly on the amount of the vinyl groups at-
tached to the ferrocene core. There is also the effect of the
halogen atom, though to a lesser extent compared to the effect
of the amount of vinyl groups. For example, all dichloro and
dibromo compounds (1, 2, 6, and 7, one vinyl fragment) are
oxidized at potentials of 0.64-0.65 V, whereas for the corres-
ponding tetrahalo compounds (10 and 11, two vinyl fragments)
these values are shifted to more anodic potentials, namely,
0.74 V. The same is true for trifluoromethyl ferrocenes 4, 8, and
12 (Figure 1).

00144 I, mA 11
0.012
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0.008 4
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Figure 1: Typical voltammogramms of vinylferrocenes 7 (blue), 11
(green), 12 (red), anodic region.

In the cathodic region, monovinylic compounds 1, 2, 4, and 6-8
show no reduction up to 1.80 V, whilst the corresponding
divinylic molecules 10—-12 exhibit pronounced reduction waves
in the range of 0.34-1.66 V (Figure 2).
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Figure 2: Typical voltammogramms of divinylferrocenes 10 (black), 11
(red), 12 (blue), cathodic region.
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Table 1: Cyclic voltammetry data for selected halovinylferrocenes. Pt electrode, DMF, Ag/AgCI/KCI (sat.), BusNBFy4.

Compound

(- <
Fe
C|j>/—© cl
Cl
10
Fe b
Br\?/_© Br
Br

ao%@ Br

Br
12

EpOx‘ Vv

0.646 (0.580)

0.651 (0.584)

0.735 (0.669)

0.655 (0.576)

0.641 (0.579)

0.726 (0.607)

0.741 (0.675)

0.740 (0.670)

0.836 (0.867)

—EpRed1, \Vi _EpRedZ‘ \Y; _EpRedS: \V;
0.371 IRP 0.983 (0.763) -
0.68 IR 1.022 IR 1.66 IR
0.343 IR 1.232 (0.71) -

a|n the case of a reversible peak the reverse potentials are shown in paranthesis. PIR means irreversible.

The processes behind the cathodic waves are not totally clear at

the moment, but we assume that the radical-ions formed after

the first electron transfer would enter the intramolecular

cyclization reaction involving the second adjacent double bond

with subsequent electropolymerization. The latter is confirmed
by a pronounced decrease in current values (3—4 times) as
compared to current values of oxidation at the iron atom. These
findings allow us to state that the synthesized molecules are
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promising starting materials for the electrochemical synthesis of

ferrocene-containing conjugated polymers.

Conclusion

In conclusion, a novel stereoselective route to ferrocenyl
haloalkenes and bis-alkenes was elaborated on the basis of a
catalytic olefination reaction of N-unsubstituted hydrazones
obtained from ferrocene-containing aldehydes and ketones.
Electrochemical properties of synthesized alkenes were investi-
gated and promising electrochemical characteristics were
demonstrated.

Supporting Information

Supporting Information File 1

Experimental details, analytical data and copies of NMR
spectra of all synthesized compounds, X-ray data of
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A Chan-Lam reaction has been used to prepare N-alkenyl-a,B-unsaturated nitrones, which undergo a subsequent thermal rearrange-

ment to the corresponding tri- and tetrasubstituted pyridines. The optimization and scope of these transformations is discussed.

Initial mechanistic experiments suggest a reaction pathway involving oxygen transfer followed by cyclization.

Introduction

While most applications of the Chan—-Lam reaction are focused
on the synthesis of aryl ethers and aryl amines, our group has
been interested in the use of the Chan—Lam reaction for the syn-
thesis of O-alkenyl oximes and hydroxylamines, as well as
N-alkenyl and N-arylnitrones [1-5]. We have discovered that
when this transformation is performed with oxime and hydrox-
amic acid substrates, these reactive intermediates can be
accessed and subsequently rearrange to a variety of challenging
organic fragments and heterocyclic products [6-13]. Specifi-
cally, we reported that N-arylnitrones 3 can be prepared by a
Chan—Lam coupling of 1 and 2 and that these compounds

undergo a copper-catalyzed rearrangement to o,f-epoxyimines
such as 4 [8]. Reduction of these products in the presence of a
Lewis acid gave tetrahydroquinolines such as 5 (Scheme 1A).
These studies encouraged us to consider if similar N-alkenyl-
nitrones 8 could be accessed by a Chan—Lam coupling and
transformed into the corresponding substituted pyridines 9
(Scheme 1B).

Pyridines are important heterocycles that are often found in bio-

logically active molecules [14-21]. Due to the high demand for
these compounds, there are many methods for preparing substi-
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Scheme 1: Use of a Chan—Lam reaction for the synthesis of tetrahy-
droquinolines and potential extension to pyridines [8].

tuted pyridines through condensation reactions [22-26],
cycloadditions [27-30], functionalization of parent pyridine
structures [31-38], fragment couplings [39-42], and transition
metal-catalyzed C—H bond functionalization of a,B-unsaturated
imines and oximes [43-50]. We were inspired by the copper-
catalyzed coupling of protected a,B-unsaturated oximes and
alkenylboronic acids developed by Liebeskind and coworkers
due to its modularity and control of regioselectivity and
wondered if a Chan—Lam route to N-alkenylnitrones would
allow us to prepare similar intermediates (Scheme 2A) [51].
Nakamura and coworkers have reported that N-allenylnitrones
can be accessed through rearrangements of O-propargylic
oximes and undergo similar electrocyclizations to form
pyridines (Scheme 2B) [52]. Herein, we show that N-alkenyl-
nitrones 8 can be prepared through a Chan-Lam coupling of
o,B-unsaturated oximes 6 and an alkenylboronic acids 7 and that
these compounds undergo a novel thermal rearrangement to the
corresponding tri- and tetrasubstituted pyridines 9 (Scheme 2C).
This use of a,B-unsaturated oxime reagents for the synthesis of
pyridines is unique from transition metal-catalyzed C—H bond

functionalization processes that require a regioselective migra-

Beilstein J. Org. Chem. 2015, 11, 2097-2104.

tory insertion. This route is appealing due to the modularity of
the Chan—-Lam coupling process, and proceeds through a
pathway that is distinct from the Liebeskind copper-catalyzed
C-N bond coupling and electrocyclization (Scheme 2).

A O.__Ar
n-Bu
Y (HO),B X~ Ph.__N_
N-C cat. Cu(OAc), |
> =
i n-Bu
o DMF, air
2hat50°C, Ph
Ar=C6F5 87%
B.
Ph___O. cat. CuBr(PPh
N cat. PI(:’hg oh Ny 1-Pr
l Hk/ g ELPh
DMSO, 120 °C Z
n-Pr 12 87% 14
n-Pr
o
O\@/&
N™ ~*—Ph
H)J\/
13
C. This work
~_R* e
el (HO),B ;R ﬁ,o
R1T N NR2 Cu(OAc), RIS g2
6 8
Rl _N_ _R3
heat - |
3 NS R4
R2
9

Scheme 2: Examples of pyridine synthesis from oxime precursors
[51,52].

Results and Discussion

A Chan-Lam coupling between chalcone oxime 6a and cyclo-
hexenylboronic acid (7a) was initially tested using reaction
conditions that we had previously identified as optimal for
analogous N-alkenylnitrone syntheses from fluorenone oxime
[7]. Nitrone 8aa was successfully isolated in 40% yield using
2 equiv of Cu(OAc); and the reaction conditions indicated in
Table 1, entry 1. Only the E-nitrone isomer was observed and
isolated. Decreasing the amount of copper reagent to 1 equiv
had little influence on the reaction and a screen of other
common copper salts only resulted in diminished yields
(Table 1, entries 2—7). Further reduction of the copper loading
to 10-30 mol % of Cu(OAc), was tolerated without a decrease
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Table 1: Optimization of Chan—Lam coupling for the synthesis of N-cyclohexenyl-a,B-unsaturated nitrones.?

O
N B(OH),, catalyst

©
®
P

PhMPh additive (1.2 equiv), pyridine (5 equiv) h)l\/\Ph
6a NaySO4, DCE, 25 °C 8aa

entry catalyst cat. conc additive yield (%)P
1 Cu(OAc), 2 equiv none 40
2 Cu(OAc), 1 equiv none 46
3 CuTC 1 equiv none 30
4 CuBr 1 equiv none dec
5 Cul 1 equiv none trace
6 CuOTf, 1 equiv none trace
7 Cu(TFA), 1 equiv none trace
8 Cu(OAc), 10 mol % none 45
9 Cu(OAc), 30 mol % none 45
10 Cu(OAc), 10 mol % COE 65
11 Cu(OAc), 10 mol % NBD 58
12 Cu(OAc)2 10 mol % CcoD 72
13 Cu(OAc), 10 mol % 1-octene 57
14 Cu(OAc), 10 mol % dba 51

aConditions: 6a (1 equiv), 7a (2 equiv), pyridine (5 equiv), Na,SO, (8-9 equiv), 0.1 M in DCE, 25 °C, air, 18 h. PDetermined by "H NMR spectroscopy

using CH,Br; as a reference.

in reaction efficiency (Table 1, entries 8 and 9). The key factor
in improving the yield of the transformation was identified as an
alkene additive. Alkene and alkyne additives have previously
been observed to improve similar copper-catalyzed coupling
reactions [53]. As shown in Table 1, entries 10—14, the addition
of 1.2 equiv of cyclooctadiene (COD), cyclooctene (COE),
norbornadiene (NBD), 1-octene, and dibenzylideneacetone
(dba) all improved the yield of the Chan—-Lam reaction, but
COD was most efficient.

Having identified optimal conditions for the synthesis of
N-cyclohexenylnitrone 8aa, the scope of the nitrone synthesis
was explored by varying the oxime and alkenylboronic acid
reagents. As shown in Table 2, chalcone oximes with both elec-
tron-rich and electron-poor aryl substituents, as well as
heteroaryl substituents, were tolerated for the transformation
with electron-donating substituents providing higher yields
(Table 2, entries 1-4). A significant increase in reaction effi-
ciency was also observed for dba oxime (Table 2, entry 5).
Evaluation of acyclic alkenylboronic acids further highlighted
the differences between dba oxime and chalcone oximes as
substrates for the Chan—Lam reaction. When dba oxime was
treated with but-2-en-2-ylboronic acid, nitrone 8eb was isolated
in good yield; in contrast, treatment of chalcone oxime with

but-2-en-2-ylboronic acid, resulted in the isolation of nitrone

8ab in only 15% yield (Table 2, entries 6 and 7). Phenyl-substi-
tuted alkenylboronic acid 7¢ and monosubstituted alkenyl-
boronic acids 7d and 7e, were more efficient reaction partners
with chalcone oxime and gave the corresponding nitrones in
good to excellent yield (Table 2, entries 8—10). Acyclic alkenyl-
boronic acids were also incompatible with the optimal condi-
tions determined for cyclohexenylboronic acid (7a) and
required the use of 1-2 equiv of Cu(OAc),. The use of both
copper-catalyzed and copper-mediated reaction conditions with
oximes 6 and alkenylboronic acids 7, allowed for the prepar-
ation of a variety of N-alkenyl-a,B-unsaturated nitrones to test
for further reactivity.

The preparation of the N-alkenyl-a,B-unsaturated nitrones
shown in Table 2, allowed for further study of their conversion
to tri- and tetrasubstituted pyridines. The preliminary evalua-
tion of this thermal transformation with 8aa indicated that
DMSO was a more efficient reaction medium than PhMe,
dioxane, or DMF (Scheme 3). As shown in Table 3, all of the
chalcone nitrones were readily converted to the corresponding
pyridines in good yield (Table 3, entries 1-4, 6, 8—10). In
contrast, the dba nitrones gave the corresponding pyridines in
attenuated yields (Table 3, entries 5 and 7). The high density of
substituents and regiospecificity of the transformation due to the

use of the Chan—Lam reaction for the synthesis of the nitrone
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Table 2: Scope of N-alkenyl-a,B-unsaturated nitrone synthesis.2

R3 7
R% R3
B(OH). ® -©
_OH N
T]\ Cu(OAc), (10 mol %)C or (1 equiv) l/\
= > =
RVSNZTOR? COD (1.2 equiv) R R?
6 pyridine, DCE, 25 °C 8
OH R'=R2=Ph, 6a R3 RIRA = BN 7
N~ R = 2= 3-pR4=
= p-CF 3(CgHa), R2 = Ph, 6b A R3=R*=Me, 7b
R1ﬂ\/\Rz R! = p-OMe(C¢H,), R? = Ph, 6¢ RQ\B(OH)2 R3 =Ph, R*=Et, 7c
R' = Ph, R2 = 2-furanyl, 6d R3=H,R*=n-Bu, 7d
R =3~py,, R2=Ph, 6e R3 = H, R* = p-F(CgH,), Te
entry 8 yield (%)P entry 8 yield (%)P

Me o
Me\/\(B/O
72¢ 6 )’L/\ 154
PhJ\/\Ph PR > phy

8aa 8ab
S
® Me
(l 0 S
N~ ®
Me\%N,O
™

c d
2 = Ph 41 7 W 68
Ph Ph
F3C

8eb

©
® Ph
o) S
- ®
N Bt NS

3 = 63¢ 8 57d
Ph
/©)J\/\ Ph)]\/\Ph
MeO

8ca

4 70¢ 9 759
= O
Ph% PhMPh
/ 8ad
8da

84¢ 10
Ph/\)l\/\ Ph PhMPh

8ea 8ae

83d

aConditions: 6 (1 equiv), 7 (2 equiv), pyridine (5 equiv), COD (1.2 equiv), Na;SO4 (8-9 equiv), 0.1 M in DCE, 25 °C, air, 18 h. PPercent isolated yield.
cCu(OAc); (10 mol %). 9Cu(OAc), (1-2 equiv), pyridine (10 equiv), no COD. ®Cu(OAc); (10 mol %), no COD.

precursor are noteworthy and provide advantages over pyridine  To better understand the conversion of N-alkenyl-a,p-unsatu-
syntheses that require regioselective insertion reactions or rated nitrones 8 to pyridines 9, two mechanistic experiments

nucleophilic additions. were evaluated (Scheme 4). The conversion of nitrone 8ae to
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pyridine 9ae was monitored by 'H and !3C NMR spectroscopy.

o Ph. N Surprisingly, after heating 8ae for 4 h at 140 °C in DMSO-dg, a

ﬁ/o solvent, 140 °C ~ | 1:1:1 mixture of isoxazoline 15ae, enaminoketone 16ae, and

)]\/\ 4AMS. 18 h > X pyridine 9ae was observed [54,55]. Further heating this mix-

Ph Ph Ph ture of intermediates for 4 h resulted in the sole formation of

8 solvent =(I;hMe, 312?0/ 0 pyridine 9ae. This experiment suggests that the conversion of

ioxane, aa ) o .

aa DMSO, 71 %o nitrone 8ae to pyridine 9ae proceeds by oxygen transfer to give

DMF, <10% 16ae and nucleophilic addition of the enamine to the ketone.

This pathway may explain the solvent dependence that was

Sch;me 3: Solvent effect on conversion of N-alkenylnitrones to observed for the transformation (Scheme 3). The lack of any
pyridines.

observation of dihydropyridine N-oxide intermediate 17ae

Table 3: Scope of conversion of N-alkenyl-a,B-unsaturated nitrones to pyridines.2

3
Re © RI_N__R®
R NEY DMSO, 140 °C \i;[
? . 4
N 4AMS, 6-8h R
RZ
8 9
entry 9 yield (%)P entry 9 yield (%)P
Ph_ N Ph. _N._ _Me
g g
1 X 71 6 @Me 50
Ph Ph
9aa 9ab
FsC
Ph -~ _N-_Me
. X
2 « 68 7 Me 36
Ph
Ph 9eb
9ba
MeO
Ph___N._Ph
2 | 1):
3 « 64 8 Et 87
Ph
Ph 9ac
9ca
Ph_ N
“ ) Ph_ N
’
X « |
4 76 9 n-Bu 71
ZNe} Ph
— 9ad
9da
Ph_ N
Ph._~ /N| A
N
5 X 43 10 65
Ph Ph E
9ea 9ae

aConditions: 8 (1 equiv), 4 A MS, 0.1 M in DMSO, 140 °C, 6-8 h. PPercent isolated yield.

2101



Beilstein J. Org. Chem. 2015, 11, 2097-2104.

A
A. N0
Ph
—
o o Ph
A 0 15ae Ph N
AN N DMSO-dg DMSO-dg O
- + - X
PO Npn 140°C.ah | A 140°C.8h "
~ZNH O Ph
8ae oo%
Ar = p-F(CaHa) Phi X Ph from 8ae 9ae
! 16ae
|
* +
€)
0 A Ph N
N |
N
Ph " ph "
Ph
9ae ]
17ae 1:1:1
not observed observed by 'H and '3C
NMR spectroscopy
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o Ar N Ph N
® =N 4
—_— A + X
P XN 140°C, 18 h
Ph Ar
32%
8fa 9fa 9fa’

Ar = p-OMe(C 5H4)

Scheme 4: Mechanistic experiments.

suggests that the reaction is not proceeding through an electro-
cyclization and elimination process. A second experiment tested
the electronic effect of this oxygen-transfer process. Unsymmet-
rically substituted dba nitrone 8fa was subjected to the cycliza-
tion conditions and a 1:1 mixture of 9fa:9fa' was observed. This
experiment indicated a lack of any significant electronic prefer-
ence for the oxygen-transfer process.

Conclusion

A new method for the preparation of tri- and tetrasubstituted
pyridines has been developed that hinges on the use of a
Chan-Lam coupling to construct N-alkenyl-a,B-unsaturated
nitrone precursors from the corresponding oximes and alkenyl-
boronic acids. This method is tolerant of a variety of chalcone-
and dba-derived oxime substrates as well as both mono- and
disubstituted alkenylboronic acids. Initial reaction monitoring
experiments suggest that the cyclization of the N-alkenyl-a,f-

1:1
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Carbon—halogen (C—X) bonds are amongst the most fundamental groups in organic synthesis, they are frequently and widely

employed in the synthesis of numerous organic products. The generation of a C—X bond, therefore, constitutes an issue of universal

interest. Herein, the research advances on the copper-catalyzed and mediated C—X (X = F, Cl, Br, I) bond formation via direct C—-H

bond transformation is reviewed.

Introduction

Organohalides are inarguably a class of most useful chemicals
owing to their prevalent application in the synthesis of organic
products. The versatile reactivity of C—X bonds allowed them to
be used as precursors in the construction of natural products,
medicinal, functional materials and agricultural chemicals [1-6].
Therefore, the research toward catalytic generation of C—X
bonds constitutes a significant issue in organic synthesis. Elec-
trophilic halogenation of electron-enriched arenes [7-9], diazoti-
zation/halogenations of anilines [10], and ortho-lithiation/halo-
genations sequence [11] among others are widely used as tradi-
tional strategies for creating C—X bonds. However, one or more

problems such as poor site-selectivity, reliance on toxic halogen

sources, harsh reaction conditions and/or restricted product
diversity remain as challenges for these methods.

The transition metal-catalyzed C—H functionalization has
recently gained considerable attention in the preparation of
numerous organic molecules [12-18]. In this context, signifi-
cant advances have also occurred in the C—H halogenation
catalyzed by different transition metals as Pd [19-23], Rh
[24,25], Ru [26], Au [27], Co [28], etc.

As a class of readily available and ubiquitously employed tran-

sition metal catalysts, copper catalysts have exhibited tremen-
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dous application in C—H bond functionalizations in recent years
owing to their distinct advantages such as low cost, high
stability and flexible forms of presence [29-31]. In the area of
C-H bond halogenation, the copper catalysis also constitutes a
major practical option. To show the power of copper catalysis
in modern organic synthesis, herein, we would like to highlight
the recent progress in the C—H bond halogenation with copper

catalysis or mediation.

Review

Copper-catalyzed/mediated halogenation of
the C(sp?)-H bond

Halogenation of the arene C(sp?)-H bond

In the synthesis of aryl halides employing the conventional
electrophilic halogenation of arenes, the site selectivity was a
main challenge and mixed haloarene products were frequently
obtained. In 2006, Yu and co-workers [32] first realized the
selective o-halogenation of pyridine-2-ylbenzenes 1 via C—-H
activation in a copper/O, system. As shown in Scheme 1, the
presence of the pyridine ring was crucial in controlling the site
selectivity by forming the copper complex 3 which enabled the
selective halogenation of the ortho C—H bond of the phenyl ring
to give products 2 via transition state 4 and 5. The 1,1,2,2-tetra-

SN CuCI2 or Cu(OAc); (20 mol %)
X,CHCHX5, 05,130 °C >
X =Cl, Br R!

Proposed mechanism:

&

=
o
N
X,Cul\l
5 X
“ “
SN OSET (\ SN
X

Ay Y\~ X 2

H+

Scheme 1: Copper-catalyzed C—H bond halogenation of 2-arylpyri-
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haloethane played the roles of both reaction medium and
halogen source. Notably, attempts in the chlorination of the
alkene C—H bond under identical atmosphere were not
successful. In the reaction process, a single electron transfer
(SET) from the aryl ring to the coordinated Cu(II) complex 3 to
the Cu(I) species 4 was the rate-limiting step.

In 2011, Cheng and co-workers discovered an alternative route
of a C—H chlorination protocol of 2-arylpyridines by employing
acyl chlorides 6 as chlorinating reagents [33]. A range of mono-
chlorinated 2-arylpridines 2 were obtained in the presence of
Cu(OAc), and LipCOj3 under O, atmosphere (Scheme 2).

In the same year, Shen and co-workers reported the
Cu-catalyzed sp? C—H chlorination of 2-arylpyridines by using
the salt LiCl as a new chlorine source in the presence of CrO3
and Ac,0 [34]. Due to the oxidizing potency of the CrO3, the
application scope of the method was not broad since low selec-
tivity between monochlorinated products 2 and dichlorinated
products 7 was suffered (Scheme 3).

Two years later, the same group developed a modified ap-
proach for this kind of C—H chlorination by employing lithium
halide (LiCl or LiBr) as the source of halogen to react with
2-arylpyridine, which allowed the synthesis of various 2-(o-
haloaryl)pyridines with improved selectivity towards mono-
halogenation in the presence of a copper catalyst [35]. As
outlined in Scheme 4, the presence of molecular oxygen as the
alternative oxidant enabled most entries providing monohalo-
genated products with a few examples giving mixed mono- and
dihalogenated products.

In all these known arene C—H halogenation protocols with pyri-
dine as directing group (DG), the chemo-selectivity remained as
a challenge since either mixed mono- and dihalogenated prod-
ucts or only one of the two potential products could be acquired.
In this regard, a synthetic approach allowing the tunable syn-
thesis of mono- and dihalogenated products was highly desir-
able. Recently, Han and co-workers [36] achieved successfully
this kind of tunable reaction via a CuX-mediated aryl C—H halo-
genation with the assistance of NXS (N-halosuccinimide,
X = Cl or Br). The application of different acids which partici-

dine.
R1 | i(\(j ©)J\

Scheme 2: ortho-Chlorination of 2-arylpridines with acyl chlorides.

RZ
u(OAc), (20 mol %) = |
LI2CO3 NS

> X N
toluene, O, R
145°C, 48 h 2

2, up to 99%
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+ LiCl

(4 equiv) 150 °C

9o o8 e ol

mono: 23%
di: 58%
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Scheme 3: Copper-catalyzed chlorination of 2-arylpyridines using LiCl.

mono: 32%
di: 30%

Cu(NO3),3H,0 20 mol %
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n

7

mono: 0% mono: 44%

di: 38% di: 0%

+ LiX
(3 equiv)

HOAc, Oy, 150 °C
X=Cl, Br

\N \N MeO \N \N | N \N
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di: 0%
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N
F F3C Br

mono: 44% mono: 7%

27% di: 51% di: 54%

Scheme 4: Copper-catalyzed C—H halogenation of 2-arylpyridines using LiX.

pated in the in situ formation of acyl hypohalites enabled the
selective generation of products 2 and 7 (Scheme 5). Notably,
the C—H iodinated product of type 2 was also observed as key
intermediate in the copper-catalyzed pyridinyl-functionalized
arene dimerization [37].

Besides the issue of selectivity, another major challenge in the
DG-assisted C—H activation lied in the removal of the DG,
which undermined the efficiency of the synthetic procedure. To
alternate the hardly removable DG of the pyridine ring,
Carretero and co-workers [38] devised a practical copper-
catalyzed halogenation of anilines 8 containing an easily remov-
able N-(2-pyridyl)sulfonyl auxiliary. In the presence of

mono: trace

Br
mono: 30% mono: 46%
di: 0% di: 0%
X
NXS/CuX (1 equiv) R
benzoic acid 7\ Py
DCE, 100 °C, N, —
R\' N\ 2 X
@Py NXS/CuX (1 equiv)
— AcOH or iBuOH SN
Py

MeCN, 100 °C, Ny —

T X

Scheme 5: Copper-mediated selective C—H halogenations of
2-arylpyridine.
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copper(Il) halide catalyst and NXS (X = CI or Br), a class of
o-chloro/bromoanilines 9 were efficiently provided under
aerobic atmosphere (Scheme 6). The N-(2-pyridyl)sulfonyl
could be easily removed by treatment with elemental Mg in
MeOH.

NHSO,Py NXS, 0,  CuX; NHSO,Py
©: _ (omol%)
MeCN 100 °C X
9

Typical products:
NHSO,PY  NHSO,Py NHSO,Py NHSO,Py

sy

X =Cl 89% X—CI78% X= CI61% X—CI86%

X=Br88% X=Br71% X=Br85% X =Br73%
F

X =Cl 78% X =Cl 52% X =CIl 58%

X = Br64% X =Br 52% X =Br 59%

Scheme 6: Copper-catalyzed C-H o-halogenation using removable
DG.

More recently, Shi and co-workers [39] reported the ortho-C—H
halogenation of aryl-2-carboxamides 10 using PIP (2-(pyridine-
2-yl)isopropylamine) as DG. As shown in Scheme 7, the copper
catalyst combined with NXS (X = Cl, Br, I) and a proper addi-
tive promoted smoothly the synthesis of various o-haloaryl-2-
carboxamides 11. This synthetic protocol tolerated not only
carbon aryls, but also various heteroaryls such as thiophene,

furan and pyridine in the amide component.

Interestingly, in an earlier example studying the copper-
catalyzed arene C—H methoxylation using the generally applic-

able quinolin-8-yl [40] as DG, Stahl et al. [41] discovered that

Beilstein J. Org. Chem. 2015, 11, 2132-2144.

using a CuCl/LiCl/O,/AcOH catalytic system resulted in the
formation of C-5 chlorinated quinoline, demonstrating the
pivotal role of the DG in inducing the reaction pathway. These
kinds of reactions were later systematically investigated by Xie
and co-workers [42]. By using Cu(OAc), as the catalyst and
CuCl, as the chlorine source in DCE, a broad array of 5-chloro-
8-acylaminoquinolines 13 were obtained via the selective
5-chlorination of 8-amidoquinolines 12 (Scheme 8). Control
experiments in the presence of TEMPO suggested that the reac-
tion might proceed via a C-centered free radical provided by
SET between the quinoline substrate and the cupric salt.

Cl
CUClz/CU(OAC)Q R2
R?2 2/2 equiv A
\_R1 ( quiv) jR1
N/) DCE, 90 °C, 24 h N7
NHCOR NHCOR

12 13, 23 examples

15-82% yield

Scheme 8: Copper-catalyzed quinoline C—H chlorination.

In recent years, the formation of C—F chemical bonds received
global research interest owing to the particular functions of
many fluorinated chemicals. Accordingly, C—H fluorination
reactions also become an issue of broad concern as such a trans-
formation offers a straightforward route for rapid synthesis of
diversity-enriched fluorinated products. On the basis of the
Pd-catalyzed oxidative C—H fluorination of functionalized
8-methylquinolinyl substrates reported by Sanford et al. [43],
Daugulis and co-worker [44] established in 2013 a copper-
catalyzed arene C—H o-fluorination of N-(quinolin-8-yl)benz-
amides 14. The mono- and/or difluorination took place in the
presence of Cul, N-methylmorpholine N-oxide (NMO) and
pyridine by using DMF as medium and AgF as fluorine source,
providing products 15 and 16, respectively. As happened in
most cases involving the activation of two identical C—H bonds,
the unsatisfactory chemo-selectivity in forming mixed products
in many entries remained as a problem to address (Scheme 9).

0
NP cux (20 mol %) PP PIP
R--Ar — s RA N [
= H NXS/Zn(OAc), = X /11 N
10 DCE, 120 °C y
N~
X = Cl, Br, | 30 examples =

Ar = benzene, thiophene, furan, pyridine

45-86% yields

Scheme 7: Copper-catalyzed C-H halogenations using PIP as DG.
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AgF/NMO
O NH Cul (10-30 mol %)
N Py,DMF
| P 50-125 °C
e

Scheme 9: Copper-catalyzed arene C—H fluorination of benzamides.

The catalytic iodination of electron deficient 1,3-azoles was
recently realized by Zhao et al. Under the catalytic conditions
consisting of LiOz-Bu, 1,10-phenanthroline and CuBry, a class
of different conventional azoles 17, including benzoxazoles,
benzothiazole, N-methylbenzimidazole, 5-phenyloxazole and
2-phenyl-1,3,4-oxadiazole were smoothly iodinated to provide
iodoheteroarenes 18 (Scheme 10) [45].

LiOt-Bu
,/N 1,10-phenanthroline //AN\
" Ar>—H A
~X I, CuBr; (10 mol %) X
17

15 examples
15-88% vyield

T C1)
Ly L9 50

Me
Scheme 10: Copper-catalyzed arene C-H iodination of 1,3-azoles.

Ph

As typical electron-enriched arenes, phenols and analogous
arenes tend to undergo a single-electron transfer process [46],
the property of these arenes also resulted in sound attention to
their C—H halogenations. In 2006, Gusevskaya and Menini
[47,48] reported a highly selective method for C—H chlorina-
tion and bromination of various phenols under aerobic, copper-
catalyzed conditions. As displayed in Scheme 11, the reaction
of phenols 19 with 2 equiv of LiCl in the prensence of O, and
12.5 mol % CuCl; in acetic acid at 80 °C resulted in 93%
conversion and 90% selectivity towards 4-chlorophenol 20, and
o-chlorinated product 21 was obtained when the para-site of the
phenol was occupied; analogously, employing LiBr as halogen
source led to the formation of equivalent brominated products
22 and 23 under modified catalytic conditions (Scheme 11).

However, it was found that the oxidative bromination of
phenols exhibited generally lower para regioselectivity than the

corresponding chlorination [49]. Mechanistic studies on these

Beilstein J. Org. Chem. 2015, 11, 2132-2144.

X
pZ
N

A
~
N
O~ __NH O~ __NH
and/or
Pz Z
R/ R/

14 15, 10 examples
54-80% yields

16, 10 examples
43-77% yields

A) phenol C-H chlorination

OH cucl, (12.5 mol %)
LiCI/AcOH, 02

R OH R

T T 60-100°C \ /

19 21 Cl
OH OH OH OH oH

OMe cl OMe
Me MeO

Cl cl cl o X

90% 97% 52% 99%  99%

Cu(OAc), (12.5 mol %) R

B) phenol C—H bromination

AN, _LiBriAcOH, 0, Q
R_

) ™ OOH
19

OH
OH OH OH OH OH
OMe Br OMe
Me MeO
Br Br Br Br XN
80% 96% 82%

95% 99%

Scheme 11: Copper-catalyzed C—H halogenations of phenols.

reactions indicated that the halogenation reactions proceeded
via a free radical process (Scheme 12). In the presence of a
Cu(II) catalyst, the one-electron oxidation to the phenol led to
the occurrence of phenoxy radical 25 via the formation of
phenoxyl copper(1l) salt 24. The isomeric free radical species
26 then rapidly captured the halogen atom from LiX to give the
target product via oxidation by Cu(Il) and release of Cu(I). The
presence of molecular oxygen regenerated the Cu(I) species to
the Cu(Il) catalyst via re-oxidation.

In their subsequent study, Gusevskaya et al. found that anilines

were also able to be halogenated via a similar operation.

However, the products were acquired as dibromoanilines via
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Scheme 12: Proposed mechanism for the C—H halogenation of
phenols.

double C—H bromination process. On the other hand, the chlori-
nation was found less effective due to the presence of the side

transformation and formation of N-acetylated byproducts [50].

In 2009, Stahl et al. [51] reported a Cu-catalyzed aerobic C—H
halogenation protocol of methoxybenzenes 27 and heteroaryls
28. The method also employed LiX as a halogen sources which
led to the production of para-halogenated aryls 29 and 3-haloin-
doles 32, respectively. Notably, the para-substiuted methoxy-
benzenes provided ortho-halogenated products 30, and employ-
ment of excessive LiX provided dihalogenated products 31
(Scheme 13). A preliminary mechanistic analysis suggested that
the bromination and chlorination reactions proceeded via
different pathways. According the color change in the reaction
vessel, the formation of molecular bromine was hypothesized
via aerobic oxidation, which suggested the copper-mediated
electrophilic bromination as the reaction pathway [52,53]. In
addition, the bromination experiment of cyclooctene 33 which
yielded trans-1,2-dibromocyclooctane 34 also supported the
fact that molecular bromine was generated under the catalytic

conditions. On the other hand, the chlorination of 33 was not

LiX, Oy, AcOH
40, 60, 80
100 or 110 °C

Q LiBr, CuBr,
0,, ACOH, 60 °C

33 (+)34, 75%

Scheme 13: Copper-catalyzed halogenation of electron enriched arenes.

X X
or or
Z o = S S
N\ CuX; (25 mol %) /" R ToMe R OMe OMe
27 2 20
/ N— N\
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observed under the corresponding chlorination conditions, prob-
ably because the decomposition of CuCl, into CuCl and Cl; is
much less favorable. The mechanism of the chlorination was
not yet clear, but presumably the reaction was initiated by elec-
tron transfer from the arenes to the copper-catalyst.

Later on, Li and co-workers [54] developed an effective method
of aerobic oxidative bromination of electron-rich arenes 35 by
making use of 1 mol % Cu(NO3), as catalyst and 1.1 equiv HBr
as additive. Brominated arenes 36 could be acquired with excel-
lent conversions and para-bromination selectivity by heating at
100 °C and air atmosphere in water. Simple arenes, including
toluene, anisole and cresole were all well tolerated in this trans-

foramtion (Scheme 14).

R
N HBI/H,0, O, N

P Cu(NOg), (1 mol %) | _Br + H:0
35 36

Scheme 14: Copper-catalyzed C—H bromination of arenes.

Besides the direct halogenation, a cascade reaction involving a
C-H halogenation represents another important approach in
preparing C—X containing compounds. Recently, Zhu and
co-workers reported a new approach for the synthesis of 2 or
4-iododibenzofurans based on Cul-mediated cascade reactions
wherein the C—H iodination and cycloetherification acted as key
transformations [S5]. As outlined in Scheme 15, in the presence
of 1.5 equiv of Cul and PivOH, the EWG-functionalized
o-arylphenols 37 underwent simultaneous C—H iodination and
intramolecular C—H o-arylation by heating in DMSO at 140 °C,

R
31

X totally 24 examples

and 45-100% yield

N—R
4

w X =Cl, Br
32 X=0, SorNTs

CuBr,
ro CuBr,

Ar—H + HBr + 1/2 0, —=—"— Ar-Br + H,0
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which led to the production of iodinated dibenzo[b,d]furans in
either the form of 38 or 39 depending on the position of the
EWG. The Cul was both the catalyst and the source of iodine in
the reactions. It was believed that the iodination took place via
in situ generated molecular I, via the oxidation by molecular
oxygen since the author successfully observed the presence of
I, during chromatography process.

R
— X
\_/
(0]
,_/R NO,
X Cul (1.5 equiv) - -
\ / PivOH (1 equiv) 38, X=H,Y=NO,
OH DMSO, air, 140 °C y _,/R
Y //
37 )
(6]

39, X = NO,, CHO, CN
Y=H

Scheme 15: Cul-mediated synthesis of iododibenzo[b,d]furans via
C—H functionalization.

In the same year, Vishwakarma et al. [56] developed a catalytic
approach for the halogenation of phenols and heteroarenes by
using reusable Cu-Mn spinel oxide as catalyst. By employing
NXS as halogen source, the Cu-Mu spinel oxide was able to
catalyze the halogenation of phenols 40 to give either para-
halogenated or ortho-halogenated phenols 41/42 in good to
excellent yield and regioselectivity. In addition, the C-3 chlori-

Beilstein J. Org. Chem. 2015, 11, 2132-2144.

nation of indoles 43 and C-4 chlorination of imidazole (45)
were also achieved under the standard reaction conditions to

provide products 44 and 46, respectively (Scheme 16).

Because of the attractive biological functions of halogenated
heteroarenes [57], the synthesis of haloheteroarenes via the
corresponding arene C—H halogenations also gained extensive
attention. In 2009, Pike and co-workers [58] reported the syn-
thesis of halogenated 1,3-thiazoles using copper(Il) halide as a
catalyst. As shown in Scheme 17, the catalysis of copper(Il)
halides allowed selective halogenation of 2-amino-1,3-thia-
zoles 47 to give 5-halo-2-amino-1,3-thiazoles 48, 2,5-dihalo-2-
amino-1,3-thiazoles 49 or 2-halo-1,3-thiazoles 50 according to

X
CuX; (1.5 equiv) S
MeCNrt  H,N— |
> N” R
48

n-butyl nitrite

-butyl nitrit
oyl nre CuX (1.5 equiv)

CuX; (1.5 equiv)

MeCN MeCN/60 °C
s rtor40 °C s X
w1 — e
N R N R
47
49

n-butyl nitrite
CuX (1.5 equiv)
or A|203-KCUX2 S

MeCN/B0 °C~ y _(_ j\
R

|
N
50

Scheme 17: Copper-catalyzed halogenations of 2-amino-1,3thiazoles.

X

i T
XOOH or \ OH
41 42
10 examples 7 examples
74-86% yield 80-90% yield

40 c!
R
A Cu-Mn spinel oxide N
N (10 wt % equiv) 44 H
N MeCN reflux 2 examples
43 82 and 86% yield
X=ClorBr Cl
N N
3 %
\ N
N H
i 46, 83 yield

Scheme 16: Cu-Mn spinel oxide-catalyzed phenol and heteroarene halogenation.
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the difference on reaction conditions such as temperature, cata-

lyst species etc.

As a class of structurally interesting fused heterocycles, the
indolizines received extensive research interest from the chem-
ical and biological community [59,60]. Owing to the internal re-
activity, the arene C—H bond in this arene moiety provided a
facile route for elaboration. In 2009, You and Xia [61] disclosed
that the Cu(II) halide was able to mediate the chlorination and
bromination of indolizines 51 to afford 3-haloindolizines 52
with excellent regioselectivity. The halogenated indolizines 52
were found as highly useful platform compounds for the syn-
thesis of 2-arylated indolizines 53 via Pd-catalyzed
Suzuki—-Miyaura reaction. The C—H bond activation process
was believed to be initiated by the oxidation effect of the Cu(Il)
catalyst to give intermediate 54 which was further oxidized to
provide cation intermediate 55. The deprotection of 55 gave
finally the halogenated products 52 (Scheme 18).

CuX, (1.5 equiv)
40°Corrt

R2 R
/\V/
K/ N \/8

S

\3 PhB(OH),
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Rather recently, Liu and co-workers [62] reported an alter-
native approach to the synthesis of 3-brominated indolizines via
copper-catalyzed three-component cascade reactions of
pyridines 56, a-bromoketones 57 and maleic anhydride (58).
The construction of the products involved in the three-compo-
nent annulation intermediate 60 which led to the formation of
indolizine 61 via oxidative decarboxylation. And the bro-
mination of 61 took place in situ to give products 59 via an

unprecedented dehydrogenative bromination (Scheme 19).

By making use of the copper-mediated arene C—H bond halo-
genation strategy, Wang and co-workers [63] developed
an efficient method for the halogenation of aza-
calix[1]arene[3]pyridines 62 for the synthesis of halogenated
products 63. The synthesis of the products was mediated
by the formation of Cu(Ill) complex 64, as observed in the
previous study [64], via the assembly of 62 and Cu(ClO4),
which enabled the halogenations by using simple alkali salts

Pd cat.
51 H X=ClorBr 52, 19 examples 53 Ph
38-96%yields
Z N CuCly N CuCl2 =
N Y _ + N
CuCl N~ —CuCI 7<>
51 54
_H+
Za—
N/
52 CI

Scheme 18: Copper-mediated chlorination and bromination of indolizines.

O_o CuCly (30 mol %)

N
R@\l + BrCH,COR +O\V\:74

0,
56 57 58
R Br
CUC|2 /\/ CUC|2, Br- NN =
OX|dat|ve &N Y deEydroge?atlve &N /
decarboxylation romination
Y 59 COR
33 examples

66-97% yields

Scheme 19: Copper-catalyzed three-component synthesis of bromoindolizines.
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- 2+
N N/ Ji%\ (CIO47)2 \N N/
_ - MX = x )=\
— H Cu(ClOy), (1 equiv) TN " N
NN \ / > N Cu CHZCN NN >\_//
CHCI3/MeOH (1:1) rt or reflux
_N_N 3 Oy 1t NN N
| N MX = KF, LiCl, LiBr |
_ L / or Kl =
X =F, Cl, Br, |
62 64 63,16 examples
57-99% vyields
Scheme 20: Copper-mediated C—H halogenation of azacalix[1]arene[3]pyridines.
such as KF, LiCl, LiBr, KI, etc. as the source of halogen CuX, (3 WYILIX
u equiv)/Li
(Scheme 20). O NHR? K2P04, DME Q X
= R3S \
RS SR'  go°C, Ar =

Besides in providing various halogenated arene products, the H H X = Ol Br N2 SR!
copper-catalyzed arene C—H halogenation had also displayed 65 R

important application in related C—H transformation by
providing key haloarene intermediates. For examples, in the
Cul-catalyzed cross arene dimerization reactions reported by
Daugulis et al., the in situ formation of iodoarene intermediate
was discovered as the indispensable step during the generation
of the biaryl products [65].

Halogenation of the alkene C(sp?)-H bond

Beside the arene C—H bond, the alkene C—H is another typical
C(sp?)-H bond. However, unlike the arene C—H bond, the
alkene C—H bond tends to undertake difunctionalization via the
cleavage of the m-bond in the presence of halogen source.
Therefore, the halogenation of alkenes via C—H cleavage is
much less known in literature. In 2014, Yu and co-workers [66]
reported the cascade synthesis of functionalized pyrrolones 66
via the dual C—H functionalization of a-alkenoylketene N,S-
acetals 65. The construction of the products involved the oxida-
tive alkene C—H amination and alkene C—H chlorination in the
presence of Cu(Il) halide by using LiX as the halogen source
(Scheme 21).

OMe

66, 30 examples
57-94% yields

Scheme 21: Copper-mediated cascade synthesis of halogenated
pyrrolones.

An earlier example of Cu-promoted alkene C—H halogenation
was reported by Jiang et al. [67]. In their investigation to the
transformation of a-thienylcarbinols, one of the products
spirothienooxindole 67 was found to be capable of undertaking
a formal alkene chlorination to provide chlorine-functionalized
product 68 as mixed Z/E isomers (Scheme 22).

Halogenation of the C(sp2)-H bond

Compared with the C(sp?)-H bond, the C(sp>)-H bond is the
less acidic one and is therefore known as the most challenging
chemical bond for direct activation. Consequently, the exam-
ples on copper-catalyzed halogenation of inactive C(sp?)-H
bond remained barely explored. In 2010, Ball and Kundu [68]
developed a protocol of remote C—H chlorination of alkyl

hydroperoxides by means of copper catalysis. As displayed in

MeO
MeQ, OMe
Ho - CuCl; (1 equiv)/LiCl Cl,__
s > S L NEt
NEt toluene, 110 °C Ph
Ph le}
(0]
67 68, 68%
ZIE =12

Scheme 22: Copper-mediated alkene C—H chlorination in spirothienooxindole.
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Scheme 23, the alkyl hydroperoxides 69 and proper chlorine
source (NH4Cl or iPr,NH-HCI) could couple each other in the
presence of Cul and N,N,N',N"",N""-pentamethyldiethylenetri-
amine (PMDTA) to provide y-chlorinated alcohols 70 via an
intramolecular redox process. To enable the transformation,
CuCl promoted the 1,5-H abstraction and atom transfer process
in the form of SET via free radical 71.

In 2012, Lectka and co-workers [69] reported an interesting
C—H fluorination method for alkynes 72 via a Cu-catalyzed ali-
phatic C(sp>)-H functionalization. Monofluorinated products 73
were obtained by employing a catalytic system consisting of
(BPMED)Cul (copper(I) bisimine complex), N-hydroxyphthal-
imide (NHPI), KB(C¢Fs)4 and KI. The protocol allowed the
selective fluorination of various substrates, including
cycloalkanes and benzylic compounds using commercially
available Selectfluor as fluorine source. According to the
obtained results, the presence of KB(CgF5s)4 as the phase-
transfer catalyst could accelerate the reaction rate and enhance
the yield of the products. On the other hand, the KI could
promote the formation of the active cuprate species
(BPMED)Cul,™, thus allowing less reactive substrates to
convert smoothly (Scheme 24).

Besides catalyzing the halogenation of inactive alkane
substrates via a typical C—H activation, copper catalysis also
exhibited important application in the electrophilic halogena-
tion of some active methylene substrates such as ketones or
esters. Although these active substrates were known to be
capable of undergoing a-C—H halogenations under simple
acidic or basic conditions, the problem of unsatisfactory selec-
tivity between mono- and multihalogenation or utilization of
operationally unfriendly halogenating reagents were confronted
frequently and thus prevented the practical application of these
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(BPMED)Cul (10 mol %)
KB(CgFs)4/KIINHPI/MeCN
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47% 52% 33% 63%
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Scheme 24: Copper-catalyzed C—H fluorination of alkanes.
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+ MeCN, 35°C, N, 7012 |
NH,CI or iPro,NH-HCI , 12 examples
41 OrIFT2 32-74% yield
Proposed mechanism:
Il
cu! [Cu"ICI OH
oon [V Ry R
RN #»
o) cl

H [CU"]
1,5- abstraction

[Cu]
atom transfer
functionalization

Scheme 23: Copper-catalyzed remote C—H chlorination of alkyl hydroperoxides.
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metal-free methods. The application of copper catalysts was
found as effective solution to some of these problems. For
example, Wu et al. [70] reported the efficient synthesis of
a-iodoketals 76 and 77 via CuO-mediated selective mono-iodi-
nation of diketones 74 and methylketones 75 in the presence of
molecular iodine, respectively. The tandem transformation of a
carbonyl acetalization and a iodination in sustainable ethylene
glycol under mild heating provided a practical approach in the
synthesis of useful protected a-haloketones (Scheme 25).
Recently, Kakiuchi and co-workers [71] successfully achieved
the selective mono-a-chlorination of B-keto esters/amides and
1,3-diketone 78 by employing an electrochemical synthesis via
a catalysis by means of Cu(OTf),. The synthesis of chlorinated
carbonyl products 79 were acquired in a divided cell using
aqueous HCI as chlorine source (Scheme 25). On the other
hand, Du and Jia [72] developed a route for the asymmetric
chlorination of similar carbonyl substrates 80 via copper-

Wu et al.
o 9 Q0. 0 |
R1H)\ - RJH)Q
R2 R2
74 CuO (1.5 equiv) 76,16 examples

lp 43-89% yield

ethylene glycol
60 °C

(0] /A
o__0O
X
o Lg
= \/
75

77, 8 examples
36-98% vyield

Kakiuchi et al.
anode cathode
Cu(OTf), [| HCI (2 M aq) O O
0O O MeCN ) M )
> R R
R1l]\/lLR2 divided cell (Pt)-(Pt) cl
—1
78 rt, 2.5 mA, 2.5 F mol 79, 13 examples
53-87% yield
Du and Jia
o o O O
M L-Cu(OAC)yH,0 (5 mol %) RJ%RZ
1 2 \ (¢]]
R R Ncs, pem, 0°c «_R3
~_R8

81, 13 examples
all in 99% yield
80 0-55% ee

of"‘
W ’J
Ph

Scheme 25: Copper-catalyzed or mediated C—H halogenations of
active C(sp®)-bonds.
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catalyzed asymmetrical a-chlorination in the presence of a
chiral ligand. The yield of all products 81 was excellent, and
the enantioselectivity, however, was generally moderate
(Scheme 25).

Conclusion

Due to the widespread application of halogenated chemicals in
organic chemistry, the synthesis of halogenated compounds via
direct halogenations of C—H bonds is amongst the most impor-
tant issue of modern organic synthesis. On the basis of the tradi-
tional electrophilic substitution reaction, the occurrence of
powerful new synthetic strategies such as transition metal-
catalyzed C—H activation brought new opportunities to the syn-
thesis of more diversely halogenated products by enabling the
halogenation of more challenging substrates by more selective
transformations. Based on the summarization in this review, it
can be found that magnificent advances were made in the
copper-catalyzed halogenation, allowing much more options
towards the synthesis of halogenated products. On the other
hand, it also should be noted that most known literatures on the
area focus on the conversion of arene C—H bonds. Although
elegant works on alkene C—H bond and C(sp>)-H bond halo-
genation were also available in literature, the rare overall avail-
ability and not universal scope of application, however, demon-
strated the remaining challenges in this research area. In addi-
tion, the unavailability of a practical copper-catalyzed halogena-
tion of alkyne C(sp)—H bonds is also an issue requiring urgent
attention.
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a,0-Difluoro-substituted organozinc reagents generated from conventional organozinc compounds and difluorocarbene couple with

1-bromoalkynes affording gem-difluorinated alkynes. The cross-coupling proceeds in the presence of catalytic amounts of copper

iodide in dimethylformamide under ligand-free conditions.

Introduction

gem-Difluorinated organic compounds have attracted increasing
attention nowadays due to their applicability in medicinal chem-
istry [1,2] and other fields. Indeed, unique stereoelectronic
properties of the CF,-unit may be exploited in conformational
analysis [3-5], carbohydrate and peptide research [6,7], and

reaction engineering [8,9].

Typically, the difluoromethylene fragment is created by deoxy-
fluorination, which requires harsh or hazardous conditions
[10,11]. Alternatively, functional group manipulations starting
from available CF,-containing building blocks can be consid-

ered, but multistep sequences render this approach laborious

[12-14]. Difluoro-substituted cyclopropanes and cyclopropenes
constitute a specific class of compounds accessible by difluoro-
carbene addition to multiple bonds [15].

Recently, we proposed a general method for assembling gem-
difluorinated structures from organozinc reagents 1, difluoro-
carbene, and a terminating electrophile [16-21] (Scheme 1).
(Bromodifluoromethyl)trimethylsilane [16-18] or potassium
bromodifluoroacetate [19] can be used as precursors of difluo-
rocarbene. In this process, the use of C-electrophiles is particu-
larly important since it allows for the formation of two C—C

bonds within one experimental run. Previously, as C-elec-
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R-ZnBr ———» X «
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Me;gSiCFzBr this work
FOF T or \ E= Br—=R
BrCF,CO,K

Scheme 1: Reaction of organozinc compounds.

trophiles in this methodology, only allylic substrates [17] and
nitrostryrenes (with the NO, serving as a leaving group) [20],
were employed. Herein, we report that 1-bromoalkynes, which
are known to be involved in reactions with various organo-
metallic compounds [22-27], can be used as suitable coupling
partners for difluorinated organozinc compounds 2. This reac-
tion provides straightforward access to a,a-difluorinated
alkynes [13,14,28-31]. Our method is based on facile zinc/
copper exchange allowing for versatile couplings described for
non-fluorinated organozinc compounds [32-37].

Results and Discussion

Organozinc compound 2a generated from benzylzinc bromide
was first evaluated in a reaction with haloalkynes derived from
phenylacetylene (Table 1). First, most reactive iodo-substituted
alkyne 3a-I (X = 1) was evaluated in the presence of copper
iodide (10 mol %). Expected product 4a was formed in 12%
yield, but its yield was tripled simply by adding 2 equiv of
DMF additive (Table 1, entries 1 and 2). However, in these
experiments, the reaction mixtures contained about 40% of (2,2-

Table 1: Optimization studies.

difluoro-2-iodoethyl)benzene (PhCH,CF,I) arising from zinc/
iodine exchange between 2a and the iodoalkyne. Chloroalkyne
3a-Cl was markedly less reactive, likely because of the strong
carbon—chlorine bond. Fortunately, bromoalkyne 3a-Br
provided the best results, with the optimal conditions involving
the use of DMF as a solvent and only 5 mol % of copper iodide
at 0 °C to room temperature, which afforded the coupling prod-
uct in 79% isolated yield (Table 1, entry 5). The addition of
various ligands, as well as the use of other copper salts, did not
had a beneficial effect.

Under the optimized conditions, a series of organozinc com-
pounds 2 were coupled with bromoalkynes 3 (Table 2). Good
yields of coupling products 4 were typically achieved. The reac-
tion tolerates ester groups or TBS-protected hydroxy groups.
Aromatic iodide also remains unaffected (Table 2, entry 2).

As for the mechanism, we believe that the reaction starts with
the zinc/copper exchange resulting in the formation of fluori-
nated organocopper species 5 (Scheme 2). Compound 5 inter-

ZnB cat. Cul _— Ph
nBr -
Ph/Y + — Ph > Ph/§/
FF solv, temp, additive F F

2a 3a-X 4a
Entry X 2a (equiv) Conditions Solvent Cul (equiv) Additive (equiv) Yield of 4a, %2
1 | 2 -50°C > rt;4hatrt MeCN 0.1 - 12
2 | 1.3 -50°C—>rt;4hatrt MeCN 0.1 DMF (2) 35
3 Cl 2 0°C—ort;16hatrt MeCN 0.1 DMF (2) 32
4 Br 1.5 0°C—ort;16hatrt MeCN 0.1 DMF (2) 60
5 Br 1.5 0°C—ort;16hatrt DMF 0.05 - 79P

aDetermined by 1°F NMR with internal standard. Plsolated yield.
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Table 2: Reaction of organozinc compounds 2 with bromoalkynes 3.

2 (1.5 equiv)

Entry 2

ZnBr
1 Ph™ X Br—=—( )—CO;Me
FF
3b

2a

2 2a
3 2a
4 2a
5 2a
6P 2a
7 2a
ZnBr
MeO,C
2b
Q
9 Eto—/P ZnBr
EtO FF
2e
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|
3c
Br%®7F
3d

Br————CO,Et

OTBS

3a-Br

Cul (5 %) R?
—R? > R17/
DMF,0°Ctort, 18 h
F F
3 4
3 4

4b

|
=
Ph
FF
4c
F
=
Ph
F F
4d

FF
4h
=
FF
ai
0 P
Eto-P 7
BO £ F
4

COQMG
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Ph/}/@
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Yield of 4, %2

84

82

70

84

67

80

75

80
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Table 2: Reaction of organozinc compounds 2 with bromoalkynes 3. (continued)

ZnB
10 B20” Br——_

F F 3a-Br
2c
ZnBr
BzO
110 /\/?(F Br———
2c 3g
ZnBr
120 Bzow Br—=
F F 3
g
2d

alsolated yield. ®The crude product was desilylated.

acts with bromoalkyne 3 either by oxidative addition gener-
ating copper(Ill) intermediate 6 or by triple bond carbometalla-
tion [38] generating copper(I) intermediate 7. Subsequent
reductive elimination (from 6) or B-elimination (from 7) leads
to the product and regenerates the copper(I) catalyst.

ZnBrX
R1><ZnBr R%C“
FF F F 5
2 BF;RZ
CuX
2 >¥

Br\
Cu

w

R
=z

1 Z 1
R/ R—ﬁF
A F' 6

or
Br, R2
R1~ZF_<CU

F
7

— R?

Scheme 2: Proposed mechanism.

Conclusion

In summary, a method for the copper-catalyzed coupling of
a,0-difluoro-substituted organozinc compounds with 1-bromo-
alkynes has been developed. The reaction is performed under
mild conditions affording gem-difluoro-substituted alkynes in

good yields.

BzO 72

oTBS = OH

BzO 71

4l
oTBS = OH
—/ BzO 62
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A copper-catalyzed oxidative direct formation of amides from nonactivated carboxylic acids and azoles with dioxygen as an acti-

vating reagent is reported. The azole amides were produced in good to excellent yields with a broad substrate scope. The mecha-

nistic studies reveal that oxygen plays an essential role in the success of the amidation reactions with copper peroxycarboxylate as

the key intermediate. Transamidation occurs smoothly between azole amide and a variety of amines.

Introduction

Amides are prevalent scaffolds in numerous compounds
ranging from biologically active natural products to pharma-
ceuticals [1]. As a result, numerous methods have been devel-
oped for the formation of amides [2-7]. Despite such advances
[8-21], the acylation of amines with free carboxylic acids is still
the most common method employed due to the availability of
the starting materials and its relatively clean process feature,
whereby water is the only byproduct in the transformation [22].
However, preactivation of the free carboxylic acids is always
required, and stoichiometric activating reagents or coupling
reagents are mandatory in the classic methods of amide forma-
tion (Scheme 1a) [23].

In some cases, corrosive byproducts (HCI) are unavoidable and

the activating reagent is difficult to remove from the system.

Given the growing demand for environmentally benign syn-
thesis [24], it is highly desirable to bring forth a green, sustain-
able and simple new protocol for the activation of carboxylic
acids. Molecular oxygen is an ideal oxidant owing to its negli-
gible cost, availability and sustainability [25,26]. Currently,
copper-catalyzed, aerobic, oxidative transformations with
dioxygen as the sole oxidant have emerged as a useful
and powerful strategy to construct carbon—carbon and
carbon—heteroatom bonds [27-29].

It is known that Cu(Il) superoxide species are usually reported
to be formed in the system, and very recently McDonald and
coworkers reported an unusual nucleophilic reactivity of a
special Cu(Il) superoxide complex, acting as a deformylating

reagent in spite of the prevailing electrophilic property common
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Scheme 1: Traditional activating mode and oxidative activation mode of free carboxylic acids in amide formation.

for such a metal-bound superoxide intermediate [30]. Therefore,
we envision that the newly discovered nucleophilic reactivity of
Cu(II) superoxide species might lead to a novel, free carboxylic
acid activation mode for amide formation: a Cu(Il) superoxide
species could attack the carbonyl group in an acid to afford a
copper peroxycarboxylate, which might then serve as the key
intermediate to make the subsequent amide formation feasible
(Scheme 1b). In our work, azoles have been chosen as the
amines due to their special bioactivity [31]. To the best of our
knowledge, Cu salt has not yet been used for catalyzed, oxida-
tive direct amide formation. We report the first amidation reac-
tion from carboxylic acids with peroxycarboxylate as the key
intermediate, which represents a novel activation mode with
molecular oxygen as the activating reagent. Most remarkably, in
sharp contrast to previous reports (which used complex
N-containing ligands to form copper superoxide), inexpensive
and readily available pyridine was employed as both the ligand
and base in our case.

Results and Discussion

Our initial exploration commenced with benzoic acid (1) and
benzimidazole (2) as the model substrates to investigate the
copper-catalyzed oxidative direct amidation reaction (Table 1).

The copper salts demonstrated good activity for this novel
transformation (Table 1, entries 1-5) and 85% of the desired
product was obtained using 10 mol % of CuBr with pyridine
(3 equiv) at 130 °C in p-xylene (1 mL) under O in a sealed
tube (Table 1, entry 4). Notably, CuBr; only gave 33% of the
desired product under similar conditions (Table 1, entry 5),
inferring that molecular oxygen was not just acting as an
oxidant to convert Cu(l) into Cu(II), but that it might be

involved in the reaction. Further screening of solvents and

ligands revealed that p-xylene and pyridine are the optimal
choices. The reaction cannot go to completion and part of the
carboxylic acid remains when the amount of benzimidazole is
not twice that of the carboxylic acid. The temperature affected
this reaction dramatically and when the temperature was
decreased to 120 °C, the yield of the desired product 3 was
reduced to 31% of the corresponding GC yield (Table 1, entry
14). Copper salt, pyridine and dioxygen were all found to be
pivotal to this transformation (Table 1, entries 19-21): without
CuBr, no desired product was detected; in the absence of pyri-
dine, the yield of the desired product was reduced to 46% with
some unknown compounds generated; when the reactions were
conducted under N, atmosphere or air, the desired products

were either not detected or reduced to 53%.

With the optimized conditions in hand, we studied the
scope and limitations of the Cu-catalyzed oxidative direct
amidation reaction. First, we surveyed different carboxylic
acids. To our delight, both aromatic and aliphatic carboxylic
acids were competent candidates in this transformation
(Scheme 2).

For aromatic carboxylic acids, various substituents on the
aromatic ring were tolerable under the standard conditions,
which suggests that the reaction has a broad substrate scope.
Electron-donating (4-9, 13, and 15-17) and electron-with-
drawing groups (10-12, 14, 18, and 19) are also compatible in
this reaction. Meanwhile, other aromatic acids such as
2-naphthylcarboxylic acid and pyrene-4-carboxylic acid also
worked well under the reaction conditions, providing the
desired products 20 and 21 in 59% and 88% yield, respectively.
Additionally, heterocyclic acids, such as thiophene- and furan-

3-carboxylic acid were well tolerated, providing the amides 22
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Table 1: Optimization of the reaction conditions.?
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conditions

1 2

entry catalyst (mol %) atmosphere ligand (equiv) temperature solvent yield (%)P
1 CuCl (10) (o)) pyridine (3) 130 °C p-xylene 33
2 Cul (10) (o)) pyridine (3) 130 °C p-xylene 79
3 Cu(OAc), (10) (o)} pyridine (3) 130 °C p-xylene 0
4 CuBr (10) O, pyridine (3) 130 °C p-xylene 97 (85)°
5 CuBr; (10) (o)) pyridine (3) 130 °C p-xylene 33
6 CuBr (10) (o)} pyridine (3) 130 °C o-xylene 48
7 CuBr (10) 02 pyridine (3) 130 °C DMSO no product
8 CuBr (10) Oy pyridine (3) 130 °C DMF no product
9 CuBr (10) (o)) pyridine (3) 130 °C toluene 4

10 CuBr (10) (o)) 1, 10-Phen (3) 130 °C p-xylene no product
11 CuBr (10) (o)} 2, 2'-bipy (3) 130 °C p-xylene no product

2-aminopyridine

12 CuBr (10) (o)} 3) 130 °C p-xylene no product
13 CuBr (10) (o)) Et3N (3) 130 °C p-xylene no product
14 CuBr (10) (o)) pyridine (3) 120 °C p-xylene 31

15 CuBr (10) 02 pyridine (0.5) 130 °C p-xylene 39

16 CuBr (10) (o)} pyridine (2) 130 °C p-xylene 77

17d CuBr (10) (o)} pyridine (3) 130 °C p-xylene 7

18 CuBr (10) N2 pyridine (3) 130 °C p-xylene no product
19 CuBr (10) air pyridine (3) 130 °C p-xylene 53

20 - (o)} pyridine (3) 130 °C p-xylene no product
21 CuBr (10) (o)} - 130 °C p-xylene 46

@Reaction conditions: all reactions were performed with a mixture of 1 (0.25 mmol), 2 (0.5 mmol), Cu salt (10 mol %), ligand, solvent (1 mL), 16 h,
temp., corresponding atmosphere. PGC yield. ®Isolated yield. 91 (0.25 mmol), 2 (0.30 mmol).

and 23 in acceptable yields. Gratifyingly, aliphatic carboxylic
acids, such as cyclohexanecarboxylic acid, hexanoic acid and
acetic acid were all proven to be good substrates in this trans-
formation and the desired products 24, 25 and 26 were obtained
in reasonable yields. Moreover, bis-substituted benzimidazole
also worked very well under the standard conditions to give the
desired product 27 in 89% yield.

The scope of amine was further investigated and it seems that
only benzimidazole and its derivatives were good candidates in
the above direct amide formation (see Scheme S1 in Supporting
Information File 1 for details). However, remarkably, when
2-aminopyridine (28) and benzimidazole (2) were mixed with
benzoic acid under the standard conditions, compound 29 was
obtained in 45% vyield instead of the predicted amide 3
(Scheme 3a). Compound 3 was not detected in the reaction.
Similarly, when 2-naphthoic acid (30) was used instead of
benzoic acid (1), compound 31 was afforded in 56% yield
without formation of compound 20 (Scheme 3b). However,

when a control experiment was conducted without benzimida-
zole (2) (Scheme 3c), compound 29 was not detected and the

reaction resulted in a complex mixture of undesired compounds.

In order to determine the possibility of transamidation between
compound 3 and 2-aminopyridine (28), azole amide 3 was
mixed with 2-aminopyridine (28) under the standard conditions.
Surprisingly, the azole amide 3 was transformed into 29 in
92% yield, which clearly demonstrated that transamidation
occurred in this process (Scheme 4).

Further exploration into a variety of amines suggested that
transamidation could be efficiently accomplished in the absence
of the copper catalyst, pyridine and the versatile amines,
including aromatic (29, 31-34, 36 and 37) and aliphatic (35,
38-40), primary (29, 31, 34, 37 and 40) and secondary (32, 33,
35, 36, 38 and 39). Even the amino group as a natural product
(methyl L-leucinate hydrochloride, 40) was compatible under
the conditions, affording corresponding amides in good to
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Scheme 2: Substrate scope for catalytic, direct amide formation from carboxylic acids and azoles. Reaction conditions: carboxylic acid (0.25 mmol),
azole derivative (0.5 mmol), CuBr (10 mol %), pyridine (0.75 mmol), p-xylene (1 mL), 130 °C, 20 h, under O, atmosphere in a sealed tube. Isolated

yield based on carboxylic acids.

excellent yield (Scheme 5), suggesting the potential utility in
complex molecule manipulation. In addition, for the carboxylic
acid part, both aromatic and aliphatic (37) compounds were
competent as well.

The amidation reaction could be easily scaled up without

significant decrease in the yield (Scheme 6).

Radical trapping experiments were performed in order to gain
further insight into the mechanism of the catalytic direct amide
formation from nonactivated carboxylic acids. The reactions
were totally inhibited by radical scavengers 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO) and BHT (2,6-di-tert-butyl-4-
methylphenol), suggesting that a radical pathway might be

involved in these transformations (Scheme 7).
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Scheme 4: Possible transamidation process.

A careful look at the literature reveals that Cu(Il) superoxide
species were reported to be formed under our standard condi-
tions and might act as a nucleophile to attack carbonyl groups in
certain cases [30], although it was always reported as an elec-
trophile [32]. Thus, a new intermediate, peroxycarboxylate, will
be formed in our case. In order to figure out whether peroxy-
carboxylate acts as our key intermediate, the readily available
m-CPBA (41) was used as substrate under the standard condi-
tions and the corresponding product 19 was obtained in 54%
yield (Scheme 8a).

Compared to the isolated yield from m-chlorophenylacetic acid
(Scheme 2, 19, 51%), we have reason to believe that the above
proposed mechanism is plausible. In addition, pyridine N-oxide
was applied to the benzoic acid standard conditions in the pres-
ence/absence of dioxygen. However, only a trace amount of the
desired product 3 was ever detected, thus it was ruled out as a

possible pathway (Scheme 8b).

Based on the above control experiments, we postulated a tenta-
tive mechanism (Scheme 9). The copper catalyst was postu-
lated to play dual roles in the initial activation of benzoic acid:
(1) it acts as a Lewis acid to activate benzoic acid (1), making it

vulnerable to nucleophilic attack and (2) it forms Cu(II) super-

oxide species [30,32-34] to attack activated benzoic acid A to
afford intermediate B. Under the standard conditions, inter-
mediate B was switched to intermediate C, once again, with the
nucleophilic attack from benzimidazole (2) and eventually
intermediate C was converted into the desired 3 via intermedi-
ate D along with the recycling of the Cu catalyst.

Conclusion

In conclusion, Cu-catalyzed oxidative direct amidation from
nonactivated carboxylic acid with benzimidazoles under
dioxygen atmosphere with molecular oxygen as an activating
reagent has been described. Azole amides were obtained in
good yield in an oxidative protocol with a very broad range of
substrates. Subsequent transamidation could be performed using
the prepared azole amides and a variety of amines. This reac-
tion has many advantages, in particular the use of an inexpen-
sive copper salt as the catalyst, the use of oxygen as both the
sole terminal oxidant and activating reagent, and inexpensive
and readily available starting materials. This is the first
Cu-catalyzed, direct, amide formation between nonactivated
carboxylic acids and benzimidazoles in coupling reagent, tradi-
tional activating, reagent-free conditions. A mechanistic study
demonstrated that a peroxycarboxylate was the key intermedi-

ate. This was the first reported example in such a simple system
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Scheme 5: Scope of the amine transamidation from benzimidazole amides. Reaction conditions: benzimidazole amide (0.25 mmol), amine
(0.375 mmol), p-xylene (1 mL), 130 °C, sealed tube. Isolated yields. @Methyl L-leucinate hydrochloride as the ammonia source and Et3N (1.5 equiv)
were added, the mixture was stirred at room temperature for 3 min, then the mixture was heated to 130 °C.
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Scheme 7: Radical scavenger reaction.
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Scheme 9: Proposed mechanism.

which could be employed in amide formation. Notably, the
transamidation occurred smoothly between the azole amide and
a variety of amines, thus providing versatile amides with our
new strategy. Therefore, this is a very general method for azole
amide formation from versatile carboxylic acids with potential
application in organic synthesis.
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Copper catalysis has been known as a powerful tool for its ubiquitous application in organic synthesis. One of the fundamental utili-

ties of copper catalysis is in the C—N bond formation by using carbon sources and nitrogen functional groups such as amides. In this

review, the recent progress in the amidation reactions employing copper-catalyzed C—H amidation is summarized.

Introduction

The amide functional group is a fundamental fragment in nature
and in both living systems and artificial chemicals. Owing to
their naturally relevance to biological processes, the amides
have attracted extensive research interest in numerous areas
such as chemical, pharmaceutical, biological and material
sciences [1-5]. For the sake of synthesizing functional amides,
tremendous efforts have been made by chemists who devel-
oped many distinct methodologies towards these compounds.
Typical examples on amide synthesis are the direct amidation of
acids/esters/acyl chloride/anhydrides [6-11], nitrile hydrolysis
[12-16], Goldberg C—N cross coupling reaction [17], aldehyde/
ketone amidation [18-23], the transamidation [24-29], and
oxime rearrangement [30-33], to name only a few. It is obvious
that the known strategies in amide synthesis are now abundant
to enable the preparation of amides as diverse as one can

imagine. In this context, developing alternative synthetic

approaches which are of enhanced sustainability has become a
main issue of present concern in the field of amide synthesis.

As an ideal model of modern organic synthesis, the direct func-
tionalization of inactivated C—H bonds has been proved to be a
promising tool to enable atom and step economical synthesis.
Inspired by the splendid advances that have taken place in the
chemistry of C—H activation, the synthesis of amides has
accordingly received significant progress by making use of the
coupling between amino group and inert C—H bonds [34,35].
Considering the notable advances that have happened in the
research of C—H amidation, it is desirable to provide a review
work on this issue. Although different transition metals are
known to be capable of catalyzing the C—H amidation reactions,
copper is particularly advantageous because of the low cost, low

toxicity and broad tolerance of copper catalysts. Therefore, the
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present review summarizes the advances on the copper-
catalyzed C—H activation-based amidation (including related
sulfonamidation and imidation) reactions under the categories
of C(sp®)-H bond amidation, C(sp?)~H bond amidation,
C(sp)-H bond amidation and cascade reactions initiated by C—H
amidation.

Review

C(sp3)-H bond amidation

Intermolecular amidation

The formation of N-alkylamides could be traditionally accessed
via nucleophilic N-alkylation of amides by using pre-functional-
ized electrophiles such as alkyl halides, alcohols or amines [36-
41]. An alternative tactic which employs raw C—H bond conver-
sion represents a revolutionary step in the synthesis of N-alky-
lamides. In 2007, Fu and co-workers [42] reported the copper-
catalyzed, tert-butyl hydroperoxide (TBHP)-assisted C—H
amidation of tertiary amines 1. By heating at 80 °C, the C-H
bond in dimethylaniline underwent direct amidation to provide
products 3 in the presence of amides 2. On the other hand, the
dephenylation transformation via C—C bond cleavage took place
as the main route when N-phenyl-N-methylaniline was
employed as the alternative reactant, which led to the produc-
tion of 3 as the main products, while corresponding products 4
via C—H bond amidation occurred as the minor ones. Notably,
this kind of C—H amidation strategy could be utilized for the
synthesis of cyclic product 5 via an intramolecular version
(Scheme 1).

On the basis of this successful amidation of the C—H bonds
adjacent to a nitrogen atom, the same group later on realized a
more generally applicable protocol on the amidation of benzylic
C-H bonds and C-H bonds adjacent to oxygen via an N-halo-
succinimide- (NCS or NBS)-assisted copper-catalyzed process.
As shown in Scheme 2, both cyclic and acyclic compounds 6
containing a benzylic C—H bond could be readily converted to

R1\/\ / N 2

1 )—R

+H CuBr, t-BuOOH
JO\ \ 80°C,6h
R
3N
RN R2=Ph
2 = R

Scheme 1: Copper-catalyzed C—H amidation of tertiary amines.

3, 12 examples

43-56% (major)
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N-alkylamides 8 or sulfonamides 9 via this much milder
catalytic method. In addition, this modified method was also
able to allow the amidation of N, N-dimethylanilines at room
temperature with higher efficiency. One of the key intermedi-
ates was proposed to be the N-haloamide 10, which was gener-
ated from the incorporation of amides and NBS/NCS. And the
subsequent transformation via intermediates 11, 12 and 13
enabled the final production of the N-alkylamides [43].

Also by means of copper catalysis, Powell et al. [44] reported
the synthesis of N-alkylsulfonamides 16 via the C—H amidation
of various sp>C—H bonds such as benzylic, allylic and tertiary
carbon ones (14) in the presence of primary or secondary
sulfonamides 15 with the assistance of 1,10-phenanthroline as a
ligand (Scheme 3). Notably, the asymmetric version of a similar
amidation had been previously achieved by Clark et al. via
copper catalysis in the presence of a chiral oxazoline ligand,
which allowed the synthesis of enantioenriched products of type
16 [45].

In a subsequent study, by modifying the conditions using
[MeCN]4Cu(I)PF¢ as copper catalyst and 1,3-indanedione as
the ligand, the sulfonamidation of primary benzylic C(sp>)-H
bonds in toluene were successfully performed at 23 °C in the
presence of 3-CF3C¢gH4CO3¢-Bu, which provides a practical ap-
proach to complement the above catalytic version on the
sulfonamidation of secondary and tertiary alkyl C—H bonds
(Scheme 4) [46].

As an early known tactic with broad application, the nitrene
insertion was frequently employed in the sulfonamidation of
saturated C—H bonds. However, previously prepared nitrene
precursors such as Ar[=NTs [47] or chloramine-T [48] were
required. To design a facile amidation method using this
strategy, Yu and co-worker [49] developed a new method for
the synthesis of tosyl-amidated esters 20 via C—H sulfonamida-

R4 |

1 N
- >_ 3

O

20-78% yield 5, 59% yield

R* K
— N, @NFN}_RS
QN\ R R ) ©

o Ph

3, 3 examples 4, 3 examples

17-28% (minor)
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O CuBr, NCS or NBS

6
7 EtOAG, rt or heating
H

O

2 3
— + —— Br/Cl
R—NH, NBS/NCS R—NI—I| 13 examples
R‘ CuBr 10 40-64% yield
"o
3,80r9 /Br/CI
R=N=CuBr R=N
H-- Cu
13 b 11
H R—N=CuBr
20r6
Scheme 2: Copper-catalyzed C-H amidation and sulfonamidation of tertiary amines.
| ) , SN H 77\ IMeCN,Cu(1)PFe ) 2
, N Cu(OTf), R20,S ! R20,S . 1.3-indanedione R?0,S !
PR R R20,S 1 _1,10-phenanthroline N-R® R1+ 2 "N-R3 > N-R?
| + ‘N’RS — > _ R1 H 3-CF3CgH4CO3t-Bu
N H t-BuOOAc, 4 AMS '/ 7 23 °C R1
" n 15 DCE, 60 °C NI, 17,R'=HorMe 15
n

16, 19 examples
47-86% yield

H H H
@E& B
=
14a 14b 14c
H H
R
H
14d 14e 14f

Scheme 3: Copper-catalyzed sulfonamidation of allylic C—H bonds.

tion of cyclic esters 19 under catalysis of copper(Il) trifluoro-
methanesulfonate. The notable advantage of this protocol was
that simple tosylamide had been directly used as amide nucleo-
phile. The key point enabling the sulfonamidation transforma-
tion was the in situ generation of PhI=NTs (21) by employing
PhI(OAc), in the reaction (Scheme 5).

18, 24 examples
33-75% yield

Scheme 4: Copper-catalyzed sulfonamidation of benzylic C—H bonds.

S0 PhI(OAC), S0
\ ,j\ + TsNH, — > ‘k
= H CU(CF3SO3°)2 = NHTs
19 CHxCl2, 40 °C 20, 11 examples
30-87% yield
i PhI=NTs !

Scheme 5: Copper-catalyzed sulfonamidation of C—H bonds adjacent
to oxygen.

While most known literature methods in the copper-catalyzed
alkane amidation focused on the transformation of either
benzylic, allylic C—H bonds or C—H bonds adjacent to nitrogen

or oxygen atoms, the amidation of unactivated C—H bonds in
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simple linear or cyclic alkanes remained as a challenge.
Recently, Hartwig and co-workers [50] successfully realized the
amidation, sulfonamidation and imidation reactions of purely
non-activated cyclic and linear alkanes via the catalysis of
copper(l) iodide by employing 4,7-dimethoxyphenanthroline
((OMe),Phen) as the ligand and ~-BuOO¢-Bu as an oxidant.
Heating the reaction at 100 °C allowed the synthesis of various
N-alkylamides, sulfonamides and imides with fair to excellent
yield, and the results also suggested that the catalytic method
tended to selectively enable the transformation of secondary or
primary C—H bonds, while the amidation of the tertiary alkyl
C-H bond was not favored. More notably, the exploration on
the reaction mechanism disclosed that the activation of the alkyl
C-H bond was initiated by the ferz-butoxy radical (Scheme 6).

Inspired by the alkane C—H activation, Yu and Cheng et al. [51]
discovered that directly heating amides in cyclohexane in the
presence of Cu(acac), and -BuOO#-Bu enabled the C—H amida-
tion for the synthesis of N-cyclohexyl amides without using a
ligand or an additional solvent. More interestingly, the catalytic
method was also efficiently applicable for the N-alkylation of
sulfoximines for the synthesis of various sulfoximine deriva-
tives (Scheme 7).

o}
N
2

H  R2HN
. +
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R
23, 9 examples
34-91% yield

-~

Cu(acac),, 115 °Q
t-BuOO ¢-Bu

- 1
Ol el RI-§-R?
AN+ RIER o
12 (@) 26, 11 examples
25 44-81% yield

Scheme 7: Copper-catalyzed amidation and sulfonamidation of inacti-
vated alkanes.

Intramolecular amidation

Comparing with the intermolecular amidation, the copper-
catalyzed intramolecular version of the sp>C—H amidation was
much less explored. In 2014, Kuninobu and Kanai et al. [52]
reported an unprecedented intramolecular C(sp3)-H bond
amidation for the synthesis of a lactam via chelating-group-
assisted copper catalysis. As outlined in Scheme 8§, the
N-quinolin-8-yl substituted amides 27 could be smoothly trans-

0 ,"j\
\ or
R'  Cul, (MeO),Phen \\lN)kw C AN SOR'

t-BuOO¢-Bu

R2 23 24 R2

-7 or benzene, 100 °C
22 RZHN-SO,R! 31 examples
7 20-84% yield

Some of the synthesized products:

H Cl Hj(©/5r y CF; ! '/©/Me
O/ @/OUNO UNO UN%

82% 7%
OMe =z
H oo
o o
(0]
78%0 84%

o)

5%° 46%

73% 71%

O’Hfg O/HT

47% 38%

O,N U'\[‘(;O U’L(;S 8@ L&NHCOPh
7

30% 65%
NHCOPh

MHCOPh ,NHCOPh : _NHCOPh

20% 69%

75% 80%

Scheme 6: Copper-catalyzed amidation and sulfonamidation of inactivated alkyl C—H bonds.
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b S

28, 16 examples
21-93% yield

28,9 examples
51-83%

or

28", 31%

Scheme 8: Copper-catalyzed intramolecular C—H amidation for lactam synthesis.

formed into lactams 28 and/or 28' via C—H amidation by using
Cu(OAc); as catalyst and Ag,COj3 as a base. In a specific case,
the C(sp?)-H bond could undertake the amidation to provide
indolinone product 28'". An important factor enabling the C—-H
bond transformation was the presence of the quinoline auxil-
iary which acted as a bidentate fragment to incorporate the
copper catalyst and facilitate the bond cleavage and formation

via intermediates A and B (Scheme 8).

Almost at the same time, Ge et al. [53] reported a similar
intramolecular C—H amidation for the synthesis of lactams
using CuCl as copper catalyst. When substrates possessing
more than one y-alkyl C—H bond were used, as the case
occurred in Kuninobu and Kanai’s work, the primary C—H was

preferably transformed over secondary C—H bonds (Scheme 9).

C(sp?)—H bond amidation

The direct transformation of C(sp2)-H bonds constitutes an
issue of extensive current interest. On the basis of the
pioneering work in transition-metal-catalyzed activation of the
C(Ar)-H bonds of electron deficient heteroaryls, Schreiber and

Cu(OAc),, Py
NayCOj3, toluene
R'-SO,NH

29
or
Foi= " N 120-140 °C
\_/ ,
30 R

+ or

,f\;\Y” rer’ O ,\i\y R or
\ ..

CuCl
duroquinone
PhCOONa
-xylene
160 °C
R3=H, Me or Ph

(Q .

28, major product
19 examples
59-94 yield%

(0] R?
N R
27 H R

Scheme 9: Copper-catalyzed intramolecular C—H amidation for lactam
synthesis.

Wang [54] attempted and achieved the Cu(OAc),-catalyzed
C-H amidation/sulfonamidation of azoles 29 and polyfluori-
nated arenes 30 under the assistance of pyridine (Py) as ligand
and base. Corresponding products 31, 32 and 33 were readily
acquired with fair to excellent yield depending on the prop-
erties of both aryl substrate and amide nucleophile (Scheme 10).
It is worth to mention that Pan and co-workers recently
disclosed N-fluorobenzene sulfonimides to be employed as the
source of sulfonamide to enable the synthesis of N-heteroaryl
sulfonimides via copper-catalyzed aryl C—H sulfonimidation
[55].

o. R o

N

R1
70

Fodl N\—N__
h RZ
_

31 32 33
L | |

26 examples, 33-97% yield

b

Scheme 10: Copper-catalyzed amidation/sulfonamidation of aryl C—H bonds.

2213



In contrast to the direct transformation of the weakly acidic
C—H bonds in these electron deficient arenens/heteroarenes, the
amidation of normal aryl C—H bonds usually relied on the pres-
ence of a directing group (DG). In 2010, Li et al. [56] reported
the o-amidation of 2-arylpyridines 34 via the catalysis with
CuBr and oxidation with tert-butyl peroxide. Besides the appli-
cation of N-substituted and unsubstituted amides in the syn-
thesis of 35, the sulfonamidation using TsNH, was also
successfully performed. In addition, this copper-catalyzed
amidation protocol was also found to be applicable for the syn-
thesis of 2-amino-1-methylindoles 37 via C—H amidation of
indoles 36 by employing benzene as the medium (Scheme 11).

While the authors proposed that the mechanism in the selective
C-2 amidation of N-methylindoles resulted from a classical
oxidative addition/reductive elimination Cu(II1)/Cu(I) process,
Himo and co-workers [57] provided a different Cu(II)/Cu(I)
mechanism to explain the selectivity of this C-2 amidation
transformation based on the study with DFT calculation. As
outlined in Scheme 12, the calculation results suggested that the
C-2 amidation of indole was possibly initiated by the Cu(II)-
based bidentated intermediate 38, which proceeded via a series
of different intermediate states 39—41 to provide products 37 in
the presence of fert-butyl peroxide.

By means of the assistance of molecular oxygen, Nicholas and
John [58] devised the copper-catalyzed 2-amidation and sulfon-
amidation of 2-arylpyridines via C—H activation. Besides the
peroxide-free advantage, the C—H amination using aniline was
found applicable to allow the synthesis of biarylamine. More
recently, based on the DG strategy, the Yu group [59] designed
the o-amidation of arylamides with copper catalysis under
aerobic conditions. Upon systematic screening, the 2-phenylox-
azole structure was found as an excellent DG to enable the
ortho-C—H functionalization of amide 42 to provide products
43. Under the assistance of this novel DG, this catalytic method
exhibited exceptionally broad tolerance to the C—H functional-

ization with nitrogen nucleophiles, including amides, sulfon-

Beilstein J. Org. Chem. 2015, 11, 2209-2222.

Co
Ot-Bu
Ot-Bu N\ @Ot B @3‘
Cul g CU”
/N

\
N 0 \ ) _0 -0
R4 2 R4 \( R4 \|/3
R3 R3 40 R
38 39
t-BuOOt-Bu t-BuQ
; Ot Bu >—R3
+-BUOH ; 0 Cu(Ot-Bu),
41 R4 Y

R3
recycle

Scheme 12: Mechanism of the Cu-catalyzed C2-amidation of indoles.

amides and primary arylamines. In addition, the oxazole-based
DG could be easily deprotected to provide the corresponding
benzoic acid 44 by heating in EtOH in the presence of KOH
(Scheme 13).

As another easily available N-containing aromatic heterocycle,
the pyrimidine ring was disclosed as useful DG in copper-
catalyzed C—H activation. As reported by Shen and co-workers
[60], the C—H bond in indoles 47 and benzenes 48 could be
effectively activated with copper in the presence of DGs such as
pyrimidin-2-yl, pyridine-2-yl or benzoyl to provide products 49
or 50 by incorporating phthalimide/saccharin 46. Under the
standard conditions, however, the reaction of benzamide
with 2-phenylpyridine provided product 51 with low yield
(Scheme 14).

As a special aromatic system, quinoline N-oxides were well
investigated in their reactivity for metal-catalyzed C—H acti-
vation. Based on the known results of quinoline N-oxide C—H
alkenylation [61], arylation [62] and alkylation [63] etc, Li and
co-workers [64] investigated and established the C—H amida-

tion of quinoline N-oxides 52 via copper catalysis. According

O
R3

CuBr, t-BuOOt- Bu ( \ /

H
—N —
e
134 R2
R R o
or g1 +
R R3JJ\N/ neat or benzene
@\g_ 120 °C
H
\
36

Scheme 11: C—H amidation of pyridinylbenzenes and indoles.

37,8 examples

35, 12 examples
36-70% yield

49-90% vyield
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Scheme 13: Copper-catalyzed, 2-phenyl oxazole-assisted C—H amidation of benzamides.

O AN
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X

A
a7 DG

CuOAc, 150 °C

KOH/EtOH
80 °C
43, 64 examples 44, 86% 45,93%

31-95% yield

O
X

Z N
DG O

49, 17 examples
27-86% yield

46 O or,,

PhCONH,

toluene/o dlchlorobenzene

QDG X = C or SO

B
_N
NHCOPhHh

51, 22%

@

40 5 o

/DG

50, 19 examples
28-97% yield

Scheme 14: DG-assisted amidation/imidation of indole and benzene C—H bonds.

their results, quinoline N-oxides 51 underwent C—H amidation
with lactams 52 to yield 2-aminoquinoline N-oxides 54 with
generally excellent yield. Notably, the catalytic system also
allowed a C—H bond amination by using secondary amines 53

X
o HN "X
N H \_(_/5n Cu(AcO),
RIS +\j/ + 52 _A9COs
N N/ or benzene
51 N 120 °C
{ NH
N4

for the synthesis of 2-aminoquinoline N-oxides 55. What’s
more, the N-oxides could be efficiently reduced to give the
corresponding quinoline derivatives 56 by simply treating 54
with PCl3 (Scheme 15).

A
55, 8 examples
52-86% yield

54, 17 examples
72-95% yield

PCls
toluene, 50 °C o

C[ ],NJ

56, up to 92% yield

Scheme 15: Copper-catalyzed C—H amination/amidation of quinoline N-oxides.
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As another kind of conventional unsaturated hydrocarbons, the
alkenes had been found to show similar reactivity with arenes in
many cross coupling reactions. However, in the C—H amidation
chemistry, the copper-catalyzed reactions of alkenes were rarely
available. An interesting point was that the C(sp?)—H bond at
the C=0 double bond had been known to possess the reactivity
toward amidation via copper catalysis. In 2008, Fu and
co-workers [65] reported the carbonyl C—H amidation of aryl
aldehydes via the catalysis of CuBr and NBS. By simply stir-
ring at rt, 75 or 90 °C, a variety of primary amides and lactams
incorporated aldehydes 57 to yield imides 58 with moderate to
excellent yield. In addition, the method also displayed sound
application in the synthesis of cyclic imides such as N-methyl-
phthalimide (60) via the intramolecular amidation of N-methyl-
o-formylbenzamide (59) (Scheme 16).

i i Pt
Ar)J\H+H2NJJ\FIa Ar H )

~ -

58, 18 examples
61-96% vyield

CuBr/NBS
MeCN/CCl,4

o rt, 75 or 90 °C 0
N-Me N-Me
HH
o)
o 60, 85% yield
59

Scheme 16: Copper-catalyzed aldehyde formyl C—H amidation.

More recently, Lan et al. [66] realized the C—H amidation of
N,N-dialkylformamides 61 using pyridine-2-yl-functionalized
amides 62 or 63. Under catalytic conditions consist of CuBr and

Beilstein J. Org. Chem. 2015, 11, 2209-2222.

TBHP, imides 64 and 65 were afforded, respectively. The imide
products 64 and 65 could both be efficiently hydrolyzed to
provide ureas 66 and 67. The presence of the pyridine ring in
substrates 62 and 63 was crucial for the conversion of the inert
carbonyl C—H bond in 61 by chelating the copper catalyst
(Scheme 17).

The C-H bond sulfonamidation of alkene substrates were
systematically investigated by Chemler and co-workers. For
example, they [67] developed the copper-catalyzed protocol for
the sulfonamidation reaction of alkenes 68 via direct C-H acti-
vation to provide N-vinylsufonamides 69 in the presence of an
oxazoline ligand. On the other hand, the reaction of allylic
substrates 70 gave N-allylsulfonamides 71. The catalytic ap-
proach was also well tolerable to the intramolecular version for
the synthesis of indoles 74 and cyclic sulfonamides 75 by using
72 and 73 as starting materials, respectively (Scheme 18). The
intramolecular version of the reaction in the synthesis of indoles
was later achieved by mean of ligand-free condition via the
co-catalysis of Cu(eh), (copper(Il) 2-ethylhexanoate) and
TEMPO under oxygen atmosphere [68].

C(sp)—-H bond amidation

The C(sp)-H bond in terminal alkynes is more acidic than
equivalent alkane and alkene C—H bonds, and the alkynylation
reactions by making use of direct transformations on the alkyne
C—H bonds such as Sonograshira, Glaser couplings were exten-
sively studied and utilized [69-72]. Under the inspiration of
these well-known reaction models, the amidation reaction based
on the activation of alkyne C—H bonds were also implemented.
In 2008, Stahl et al. [73] reported the first copper-catalyzed
alkyne amidation via the oxidation with molecular oxygen. The

synthetic protocol exhibited excellent tolerance to the C—H

2
RSNH
o) X O
I 1
N_ ~ ’R\NkN AN o)
62 ~ o 0 |
\__R'" RZ N — N)J\N/
0 64, 14 examples H
y : NaOH
,’RIN )J\H CuBrTBHP | Z N 52-87% yield Mook 66, 96%
\__R 80°C | 50 °C
~-R 61 j\H O O N o
63 57 g2 R‘N)LNJ\RZ O\ P

L
VR

. — N" N7 N
Z>N H |
| 67, 68%
NS

65, 12 examples
40-80% yield

Scheme 17: Copper-catalyzed formamide C—H amidation.
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Scheme 18: Copper-catalyzed sulfonamidation of vinyl C—H bonds.

functionalization by reacting not only with lactams, but also
with cyclic imides, carbamates, sulfonamides and indoles. On
the other hand, the successful amidation using different alkynes,
including aryl-, alkyl- and silyl-functionalized alkynes proved
the broad scope of application of this method (Scheme 19).

cyclic carbamates. The application of Cu(OH), as heteroge-
neous catalyst allowed the synthesis of ynamides 77 with
moderate to excellent yield under air (Scheme 20). A latest
work on this area from Truong et al. [75] showed that the
heterogenecous and recyclable Cuy(BDC),(BPY) catalyst
(BDC = benzene- 1,4-dicarboxylate; BPY = 4,4'-bipyridine)
could catalyze this kind of amidation reaction with excellent

2 2-
Rl-=—=—H + [ ‘R\NH CuCly/pyridine R1_— N/R Y selectivity to provide ynamides. Another point was that the C-H
7: “R3 Na;COj3, O, R bond could also get aminated by using secondary amines such
toluene, 70 °C . .
775'1?9;;’3;?558 as diphenylamine.
0
o 2
-R
(0] )k . 2 s N — 1
) i R
HN 7 HH HN O Rl + / NH Cu(OH), air \X\\<
2 $§ X K,CO3, mesitylene
R BA O 100 °C or 110 °C O
( NH = 2 77, 19 examples
RS R 56-93% yield
0 R
HNJLN/ O\\ Q @} Scheme 20: Cu(OH),-catalyzed amidation/sulfonamidation of alkynyl
S N C-H bonds.
/  R'WTo H
H

Scheme 19: CuCl,-catalyzed amidation/sulfonamidation of alkynyl
C—H bonds.

Following the design of this method, a heterogeneous catalytic
protocol was later developed by Mizuno et al. [74] for the

amidation of terminal alkynes using lactam, sulfonamide or

C-H bond amidation in cascade reactions

The success of these different kinds of C—H amidation reac-
tions, as aforementioned, enabled the facile synthesis of diverse
secondary or tertiary amides by installing a new chemical motif
to the nitrogen atom. On the other hand, designing cascade reac-
tions by employing the C—H amidation constituted another issue
of extensive interest since these reactions enabled the construc-
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tion of more complex and diverse products via the formation of
multiple chemical bonds in one step operation. Early in 2009,
Lin and Wang et al. [76] reported the cascade reactions between
N-tosylaziridines 78 and hydrazones 79 which led to the syn-
thesis of tetrahydrotriazines 80. The cascade aziridine ring
opening and copper-catalyzed intramolecular C—H sulfonamida-
tion via intermediate 81 characterizes the whole reaction
process (Scheme 21).

2 3
Ts H H Cu(OTf), R\l//N\N,R
N + 2 X, N 3 °
1/@ R2”°N” "R3 toluene, 80 °C Ts’N\/\R1
R 78 79 80, 20 examples
50-80% yield
- Cu-catalyzed
Ts.
aziridine S>NH sulfonamidation
ring opening T K/R1
RSy Negs

81

Scheme 21: Sulfonamidation-based cascade reaction for the syn-
thesis of tetrahydrotriazines.

During their efforts in developing cascade reactions for the syn-
thesis of heterocycles, Fu and co-workers [77] established a
method for the synthesis of quinazolinones 84 through the reac-
tions between o-halobenzamides 82 and benzylamines 83. The
formation of the target products were realized via a tandem
Ullmann-type C—N coupling of the Ar—X bond and the amino
group in 83 as well as the intramolecular amidation which was
believed to assist the oxidative formation of the imine C=N
bond (Scheme 22). By making use of this cascade synthetic
method, Nagarajan et al. [78] finished the synthesis of various
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polycyclic structured quinazolinones 86 via corresponding
starting materials 85 which were synthesized before by step-

wise preparation (Scheme 22).

Based on a similar strategy of combining an Ullmann C—N bond
formation and C—H amidation, Fu and Xu [79] also achieved
82 and

(benzo)imidazoles 87 for the one-pot synthesis of (benzo)imida-

the cascade reactions of o-halobenzamides

zoquinazolinones 88 under the catalysis of Cul and assistance
of L-proline. A subsequent oxidation using molecular oxygen
was required for the final formation of products. According to
the results, the mechanism of the cascade reactions was
proposed as shown in Scheme 23 wherein the intermediate 89
generated by Ullmann C-N coupling reaction, the bidentate
copper complex 90 and 91 were assumed as the key stages of
the cascade reaction. Recently, cascade reactions using analo-
gous o-halobenzenesulfonamide 92 were disclosed by Wang et
al. [80]. The synthesis using 92 and benzimidazoles 87 provided
benzimidazole-fused cyclic sulfonamides 93. The reaction
allowed the synthesis of various products with fair to high
yields with the assistance of L-proline as ligand. The expected
conversion took place also in the absence of a ligand, but with
evidently lower yield than the equivalent reaction with ligand
(Scheme 23).

Based on a novel cascade reaction, the synthesis of quinazoli-
nones was realized by employing o-aminobenzamides and
methylated electron-deficient heterocycles. As reported by Han
et al, the catalysis of CuCl enabled the cascade reactions
between o-aminobenzamides 94 and 2-methylheteroaryls 95
and led to the synthesis of quinazolinones 96 via the formation
of C=N and C-N bonds in the presence of Ph,PO,H and
oxygen. For the methylated component 95, the application

Fu et al. (0]
N N, Ho _Ar Cgarégz,gi?s R—:: /)Nj'
Py + NH, 110,1200r130°C 84 25 e')\(lamp'l’:rs

82 8 43-84% yield

Nagarajan et al.

R4 R4

R® 0 CuBr, K»COs5

O O NH, . 75 DMSO, air NH
N Br 12DoN<|€(,)éir N /)\Ar
Ri R Ri R2

85

86, 10 examples
51-78% yield

Scheme 22: Copper-catalyzed cascade reaction for the synthesis of quinazolinones.
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scope of the synthesis focused on the electron deficient reac-

tants such as 2-methylpyridine, 2-methylquinoline,

2-methylquinoxalines, 2-methylthiazole and 2-methylbenzothia-
zole, other methylated heterocycle such as 3-methylpyridine
was not tolerated (Scheme 24) [81].

Similar quinaxolinone products were also successfully synthe-

sized by the incorporation of o-aminobenzamides and a novel

Beilstein J. Org. Chem. 2015, 11, 2209-2222.

peroxide-based methyl donor. Wang and co-workers [82] found
that the reactions of 94 with dicumyl peroxide 97 could provide
2-unsubstituted quinazolinones 98 with broad diversity. In these
reactions, the dicumyl peroxide acted as the methyl donor to
provide a methyl radical as the precursor of the methyl cation
which was crucial for the subsequent annulation. The radical
process of the reaction was also supported by the EPR experi-
ment (Scheme 25).

Fu etal. (0]

R

H i) Cul or CuBr r2f = N

o 1 L-proline, DMSO T *\

1 z Cs,CO3, 120 °C, N, N™ SN

_R" N7 °NH \

I \—/ =~/
L~ oo ")120 °C, O, SN

82 87 (x=cl,Br,1] 88, 27 examples

53-98% yield

o
R
82 LCuX  Relt N N LCuX base
+ —_—
87 Ulimann Z N/\\

C-N coupling
89 90
base/O,/X- dk Cﬁk

HQO L 88 \\/

Wang et al. o, /
H Cul, CH;ONa  g2ff SR
0, PR L-proline, DMF N*\

z O,, 130 °C

@RS

93, 31 examples
11-97% yield

Scheme 23: Copper-catalyzed cascade reactions for the synthesis of fused quinazolinones.
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Scheme 24: Copper-catalyzed synthesis of quinazolinones via methyl C—H bond amidation.
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N R 0 ° CuOAc)H,0 e N
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94 97 98, 27 examples

35-82% yield

Scheme 25: Dicumyl peroxide-based cascade synthesis of quinazoli-
nones.

While most of the known C-H amidation-based cascade reac-
tions afforded six-membered or related ring-fused products, the
formation of other ring sized scaffolds such as five-membered
structure were much less. An interesting cascade reaction
between DG-functionalized benzamides 99 and malonates 100,
which enabled the synthesis of indolinones 101 via selective
C—C and C-N bond construction, was reported by Dai and Yu
et al. [83]. As outlined in Scheme 26, the presence of the
oxazole-based DG was found to be the main factor in tuning the
selective formation of 101. Related control experiments
suggested that the formation of intermediate 102 acquired from
the copper-catalyzed C(sp2)—C(sp?) bond formation was the key
transformation of the cascade process.

Conclusion

On the basis of the magnificent advances taking place in the
chemistry of the C—H activation, the synthesis and elaboration
of amides has won new opportunity via a more economical
and simple process. With the copper-catalyzed amidation of
C(sp3)fH, C(spz)fH, C(sp)—H bonds, a large variety of different
products have been successfully synthesized via either single
bond formation or cascade construction of more than one bond.

These successful examples convincingly demonstrated the

Beilstein J. Org. Chem. 2015, 11, 2209-2222.

application potential of the C—H amidation in organic synthesis.
On the other hand, it should also be noted that challenges still
remain in presently known results of C—H amidations. For
example, the copper-catalyzed amidation of olefinic C(sp?)-H
bonds is still hardly available, and the heating to high tempera-
tures for most of the C—H amidation-based transformation is
another point demanding urgent improvement. The significance
of the C—H amidation reactions, together with the unsolved
problems in the known investigations, discloses the huge chem-
ical space remained in the research field, and much more
interesting results are expected in future from the chemistry
related to the C—H amidation.
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Recently, a number of papers have emerged demonstrating copper-catalyzed alkylation reactions of electron-rich small molecules.

The processes are generally thought to be related to long established atom-transfer radical reactions. However, unlike classical reac-

tions, these new transformations lead to simple alkylation products. This short review will highlight recent advances in alkylations

of nitronate anions, alkenes and alkynes, as well as discuss current mechanistic understanding of these novel reactions.

Introduction

Atom transfer radical (ATR) reactions are extremely useful in
organic synthesis and polymer chemistry [1]. These reactions
have been used extensively in polymer chemistry because of the
ability of alkyl radicals to participate in chain reactions [2-4].
They have also been used extensively in small molecule syn-
thesis, particularly in an intramolecular cyclization setting [5-9].
However, while the ability of alkyl radicals to add to electron-
rich m-systems is well established [10-13], harnessing this mode
of reactivity to provide products of intermolecular alkylation
would be highly valuable in organic synthesis. Although
various metals have been shown to promote radical polymeriza-

tions, copper is by far the most common and effective [14].

Recently, several groups, including our own, have developed
copper-catalyzed alkylation reactions of molecules containing
electron-rich m-systems. These reactions all utilize alkyl halides
as the alkylating agent, and deliver reactivity that is not
observed in the non-catalyzed reactions. Mechanistically, it is
believed that these reactions all share features of classic ATR
reactions, but are distinct as they deliver simple alkylation prod-
ucts. These transformations represent a new paradigm in
copper-catalyzed radical reactions. This article will highlight
recent examples from this emergent area, including copper-
catalyzed alkylation reactions of nitroalkanes, alkenes and

alkynes.
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Results and Discussion

Additions to nitronate anions

The selective C-alkylation of nitroalkanes with alkyl halide
electrophiles is a long-standing challenge in organic synthesis
(Scheme 1). This is mainly because of the propensity of
nitronate anions to undergo alkylation at oxygen rather than
carbon, a process that has been known for more than 60 years
[15]. Recently, our group has developed a copper/diketimine
catalyst system to selectively C-alkylate nitroalkanes [16].
While nitronate anions are known to undergo alkylation
with alkyl radicals, these radicals are often accessed using
highly undesirable methods such as stoichiometric alkylmetal
reagents or highly complex alkylating agents [17]. Although
allylation [18-23] and arylation [24-26] of nitroalkanes
using palladium catalysis were known, prior to our work, no
general catalytic methods for the alkylation of nitroalkanes
existed.

Inherent reactivity: O-alkylation
040"
N

L

R3 Br

R?
Challenge: C-alkylation

-0+ 0

O\N,O

X

NN

R® “Br NO,

R" "R2

R2

Scheme 1: Reactivity of nitronate anions towards alkyl electrophiles.

@Am

R2? R"" "R2

R1JVR3
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We envisioned that the catalytic generation of an alkyl radical
under copper catalysis in the presence of a nitronate anion could
lead to C-alkylated products. In optimizing the cross coupling
of nitroalkanes and benzyl halides, it was clear that the nature of
the ligand had a profound effect on the reaction. Various multi-
dentate amine ligands, which are commonly used in ATR reac-
tions, were not effective in the reaction, affording low yields of
product and significant amounts of products resulting from
O-alkylation (Scheme 2). B-Diketimine (nacnac) ligands were
determined to be highly effective for the reaction, providing
high yields of C-alkylated products and only trace amounts of
O-alkylated products. These types of ligands have recently
found use in copper catalyzed C—H amination reactions, as
reported by Warren and co-workers [27,28].

Using this mild copper-catalyzed system, -arylnitroalkanes
were produced in excellent yields (Scheme 3) [16]. The scope

CuBr (20 mol %)
ligand (20 mol %)

.\ KOt-Bu (1.1 equiv) Me
02N/\/Me CeDg, 60 °C 1N02
ligands:
MeO OMe
PPhs 7\ \—/ N,{r\/R]B O,NHMe
=N N “NHMe
18% yield 2, 17% yield 3, R=NMe,, 8% yield 5, 45% yield

CO, o
sep

6, 6% yield

4, R = 2-Py, 10% yield

Me Me
e A e QIP HNKJ
Me Me
Me)\)\Me

7, 3% yield

8, 85% yield?

Scheme 2: Ligands tested in the alkylation of nitroalkanes with alkyl halides. 2NaOt-Bu as base, hexanes as solvent.
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R CuBr (20 mol %)
Zy ligand 8 (25 mol %)
NO, NaOt-Bu (1.2 equiv)
R2" O R3 hexanes, 60 °C
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R? Me Me
X R3
ol |
Me > Me
32 examples Me Me
47-87% yield

ligand 8

mZ cl NO2 Me

9, 84% 10, 77%

N
Et [N
Et
NO
2 NO,

13, 73%

Meo,c” 7~  NO2 ED/V

16, 70% 17, 73%

Scheme 3: Scope of the copper-catalyzed nitroalkane benzylation.

of this transformation is remarkably broad with respect to both
coupling partners. Electron-rich, electron-poor and heterocyclic
bromides were tolerated in very good yields. Primary and sec-
ondary nitroalkanes as well as nitromethane could be cross-
coupled in excellent yields, providing access to nitroalkanes
with diverse substitution patterns. Additionally, reduction of
these products provides phenethylamine derivatives, many of
which possess known biological activity. For instance, reduc-
tion of the fully substituted nitroalkane 19 provides phenter-
mine (20), a clinically prescribed appetite suppressant
(Scheme 4) [29,30].

While the precise mechanism of this transformation is not fully
understood, evidence suggests that radical intermediates are
involved in the bond forming step (Scheme 5). For instance,
bibenzyl byproducts were observed in the cross-coupling of
benzyl halides, suggesting a homodimerization of benzylic radi-
cals. The reaction does not proceed in the presence of radical

Br
Me
©/+\ (Cu] Me
NO,
NO,
19, 71%
Me’ Me

omz on NO,

14, 66%

t

11,67% 12, 70%
sh
15, 83%
(0]
Oz
MeO
€ OMe
Me N02
18, 53%

scavengers such as TEMPO. Radical clock experiments
provided ring-opened products, suggesting the presence of
intermediate radicals. We propose that this reaction proceeds
via a thermal redox process. We hypothesize that the alkyl

Me
NO,

©ﬂar

r
single-electron

Br f
transfer (I;u” atom transfer
Ar /N _Ar .
N N AN
Me MGMMG E)/
NIF
oMo ™~

MG\A"'N/O

o

Scheme 5: Possible mechanism of the thermal redox process.

Pd/C, H,

Me
| N Me
MeOH, 40 °C _ NH,

20, phentermine, 98%

Scheme 4: Application of the nitro-alkylation reaction to the synthesis of phentermine.
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radical is formed by transfer of a bromine atom from the alkyl
halide to the copper catalyst. The resultant stabilized alkyl
radical then undergoes coupling with a nitronate anion, forging
the C—C bond. Single electron transfer from the resultant radical
anion to the Cu(II) halide results in the observed product while
simultaneously reducing the metal center to regenerate the cata-
lyst.

In subsequent studies, a-bromocarbonyls were shown to be
effective coupling partners for nitronate anions under similar
conditions (Scheme 6) [31]. Remarkably, a-bromo esters,
ketones, amides and aldehydes all coupled efficiently with
nitroalkanes to provide p-nitrocarbonyls in excellent yields. The
steric threshold of this reaction is also highly notable in that
B-nitrocarbonyls bearing contiguous quaternary carbons could
be synthesized. Because of the ease of reduction of the nitro
group, this cross-coupling procedure provides facile access to
highly substituted f-amino acids (Scheme 7).

Beilstein J. Org. Chem. 2015, 11, 2278-2288.

Additions to alkenes and alkynes

One of the burgeoning areas of copper-catalyzed cross-coupling
chemistry is the alkenylation of alkyl halide substrates. This
transformation is achieved via formation of a transient radical,
addition to a m-system (an alkene or an alkyne), followed by
elimination or reincorporation of a halide atom. This general
scheme is outlined in Scheme 8.

In 2013, Nishikata and co-workers reported that a copper/amine
catalyst system catalyzes the alkenylation of tertiary alkyl bro-
mides bearing an electron-withdrawing group [32]. As with
many ATR reactions, multi-dentate amines were critical for the
reaction. These types of ligands in conjunction with copper
catalysts are known to promote the formation of stabilized
carbon-centered radicals [14]. In this reaction, the putative
tertiary radical undergoes addition to a styrene derivative,
creating a stabilized benzylic radical. Akin to classic ATR
manifolds, the authors propose that this radical abstracts a

CuBr (20 mol %) O R3NO,
0 NO, ligand 8 (20 mol %) .
Br + J_ NaOSiMe; (1.2 equiv) R R
R R3 R4 R'R?
R! R? benzene, 40-80 °C 51 examples
33-93% yield
O NO, (0] l;lOz
M - OMe
EtO 2 Eto NO,  EtO
Me Me Me Me n-Pr (0]
21, 79% 22, 89% 23, 89% (61:39 dr)
o NO, o NO, f N2
: M Cl ~
EthJH/\( e MeO\,}l Et :@/\” ‘\‘/\Et
Me Me Me Me Me cl Et
24, 88% (62:38 dr) 25, 73% 26, 75% (54:46 dr)
O NO O NO,
Et\)J\(?\ i : P No: M i
Et
Et t_BUMEt H Et
Et Et Et
27, 77% (52:48 dr) 28, 90% (73:27 dr) 29, 51% 30, 51%
Scheme 6: Scope of the reaction of nitroalkanes with a-bromocarbonyls.
O Me NO, c O Me NH,
NM Pd y H2 NM
BHOM (=5 _ T HO €
Me Me o) MeOH/H,0 Me Me 0
31 32, p-amino acid, 98%

Scheme 7: Synthesis of highly congested 3-amino acids.
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bromine atom from copper, regenerating the copper(l) catalyst

. and forming a benzylic halide. Unlike classical ATR reactions,

EWG__Br/ll Culamine EwWG_, Z R the resultant alkyl halide then undergoes E; elimination,
R'R2 R'R? promoted by the included amine base, resulting in the observed

product (Scheme 9). While the reaction conditions are similar to

1TR2 H . . . . .
RR those utilized in atom transfer radical addition and polymeriza-
. 1R2
EWG™ ™~ R3\ RR . tion reactions, the use of excess amine was critical for a robust
EWG™ 7 "R3 alkenylation reaction and to avoid atom transfer and polymer-
R! R2 Br/l ization products.
EWG™ 7 "R

Various electron-withdrawing groups including esters, ketones

and nitro groups were tolerated in the alkyl bromide coupling

Scheme 8: Copper-catalyzed alkenylation reactions. partner (Scheme 10). In addition, the reaction shows excellent

R'R? 33 R'R2 Br
= R
EWGK/\AF ~33HBr EWG Ar EWG
33-cu!
R1 R?
atom transfer %)m transfer
Il

Me-N NM R1 R2 33:Cu'Br

€ \/\N/\/ €9 '

R1 R?

1
Me EW
amine 33
Scheme 9: Proposed mechanism of the copper-catalyzed alkenylation reaction.

EWG
Cul (10 mol %) R! R2

>(Br
R'R2 amine 33 (1 equiv)
+ BusNBr (50 mol %) EWG%
7Y D_ge t0l20h,25-60°C Z
P4

27 examples
49-93% vyield

N

Me Me 0 0

m ve0,c™ m%
OMe OMe

34, 84% 35, 93% 36, 79%
MeO,C_ CO,Me Me EtO,C_ CO,Et
N
37, 73% Bn 38, 71% 39, 71%

Scheme 10: Scope of the copper-catalyzed alkenylation of tertiary electrophiles.
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functional group compatibility with respect to the styrene
coupling partner, tolerating ethers, nitriles, chlorides and
amines. Notably, internal alkenes (such as 39) were not affected
during the reaction. Although the reaction proceeds via a
distinct mechanism, the authors refer to the transformation as a
formal Heck-type alkenylation of alkyl bromides.

As with the nitroalkane alkylation chemistry illustrated above,
this reaction is a rare example of a transition metal-catalyzed
cross coupling of tertiary alkyl halides. These types of reac-
tions are often very difficult because of the propensity of the
intermediate tertiary alkylmetal to undergo B-hydrogen elimina-
tion [33-35]. By developing a reaction that proceeds via tertiary
alkyl radicals, these strategies have elegantly circumvented this
problem and have expanded the scope of alkyl cross-coupling

reactions.

Nishikata has subsequently expanded the utility of this reaction
manifold by elegant tailoring of the radical donor and acceptor
[36]. If the styrene radical acceptor bears an alkyl group at the
a-position, elimination happens preferentially from this pos-
ition to provide exo-methylene styrenes (Scheme 11). In this
case, tris(2-pyridylmethyl)amine (TPMA) was utilized as the
ligand, along with excess amine base. Styrenes were produced
in high yield with excellent selectivity for the exo-methylene
products. The high levels of distal selectivity are proposed to
arise from steric contributions. The intermediate alkyl bromide
that results from the initial atom transfer possesses two possible

Beilstein J. Org. Chem. 2015, 11, 2278-2288.

sites of elimination. The authors propose that the distal
hydrogen is more accessible to the bulky amine base. Similar to
the aforementioned direct alkenylation, the reaction displays
excellent functional group tolerance. a-Bromo esters, ketones,
and nitroalkanes all coupled smoothly to form exo-methylene
compounds. Again, excess amine was crucial to promote the
desired transformation and supress polymerization.

A detachable ester group can be utilized in order to achieve
Z-selective alkene synthesis [37]. In this protocol, an ortho-
hydroxy substituted styrene undergoes esterification with a
labile a-bromo ester. This positions the reactive radical exclu-
sively on the face of the alkene leading to the Z product
(Scheme 12). After cross coupling, the ester can be hydrolyzed
to provide exclusively the Z-alkene product (Scheme 13). This
protocol is complementary to the initially reported alkenylation
of tertiary alkyl bromides, which resulted exclusively in
E-alkene products.

When the alkyl bromide coupling partner was changed to an
a-bromo keto ester, the radical addition is followed by a
tautomerization/cyclization event that provides dihydrofurans in
excellent yields [38]. The radical formation/addition events
proceed largely in the same manner as the aforementioned
alkenylation reactions. However, the product of addition of a
secondary bromo keto ester possesses an acidic a-proton. This
proton can be deprotonated by diisopropylamine, and the
resulting enolate cyclizes onto the newly formed benzylic halide

R'R2
X
EWG__Br Cul (10 mol %) EWG N'
R R2 ligand 40 (5 mol %) distal =
Bu3zBnNBr (50 mol %) R'R2 Me
ve EtsN (2 equiv) e o | XN
N N
N tol, 20 h, rt or 100 °C proximal Z | =
| R® 27 examples =
= 42-93% yield 40, TPMA
w Me Me 0™
EtO,C Me
3 O,N
Me
41, 74% yield Me
91:9 distal:proximal 42, 74% (>95:5) 49% (>95:5)

EtO,C_Me
EtO,C

44,70% (91:9)

Scheme 11: Scope of the exo-methylene styrene synthesis.

Et0,c_ ¢
EtO,C i

45, 75%
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R ) o) [Cu] (0] o ~OH HO Me Me
N OH
o RN Bri-me RN R
B Me Me - 0
r OAr Me Z-alkene
Me Me
Scheme 12: Phenol-directed synthesis of Z-alkenes.
Cu(OAc) (10 mol %)
OH ligand 40 (10 mol %)
HexsN (1.5 equiv)
1 Bu3BnNBr (2 19
R . u3zBnNBr (20 mol %) HO R2 R3
o tol, 120 °C RN OH
Br%l\ then hydrolysis
R2 R3 OAr Ar = -CgH4COMe 15 examples
75-91% yield
Me
Cl
HO Et Et
HO Me Me HO Me Me Mo X OH
Ph N OH Me NN OH 5
46,91% © 47,78%© ol 48, 83%
HO Et HO Me Me
M X OH Me™ X OH
fe} (0]
49, 81% 50, 78%
Scheme 13: Scope of the phenol-directed Z-alkene synthesis.
O O
R1M0Me MeO MeO
Br [Cu] O iPr,NH =0 COzMe
+ —_— e \ 1 —_— \ ]
PN Ar 0 Ar— /R Ar g7 R

Br R!

Scheme 14: Rationale for the formal [3 + 2] cycloaddition.

to form the dihydrofuran (Scheme 14). This method is formally
a [3 + 2] cycloaddition of styrenes and a-bromo keto esters.
Using this method, various substituted dihydrofurans were

produced in high yields (Scheme 15). Electron-rich and elec-

tron-poor styrenes as well as alkyl and aryl keto esters were
combined to provide diversely substituted dihydrofurans. The
dihydrofurans could be easily converted into furans using DDQ

in a one-pot process.
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o o
1 [Cu(H20)6](BF4)2 (10 mol %)
R MOMe ligand 40 (10 mol %) CO:Me
Br BusNNO, (20 mol %) \
+ iPr,NH (1.5 equiv) ol o R
1
= | \—RZ CH,Cl, 80 °C 21 examples
_ 42-99% yield
COoMe CO,Me CO,Me
- )
| A o -ad O o O o ~t-Bu
MeO™ MeO Br c
51,91% 52, 83% 53, 82%
CO,Me CO,Me
Me
3 S t-Bu
o° \ J o
MeO 54, 7% 55, 42%

Scheme 15: Scope of the formal [3 + 2] cycloaddition.

In addition to a-bromo esters and ketones, Lei and co-workers
have also recently shown that benzylic halides could undergo
radical alkenylation via copper catalysis [39]. By exploiting the
propensity of benzyl halides to form benzyl radicals under
copper catalysis, an alkenylation similar to that developed by
Nishikata was realized. Using a mixture of copper and 1,10-
phenanthroline, benzylic halides were directly alkenylated using
styrenes as coupling partners. Under these conditions, various
allylbenzene derivatives were synthesized in very good yields
(Scheme 16). Interestingly, the CuCl/phenanthroline catalyst
system was also capable of cross coupling styrenes with
o-bromocarbonyls and a-bromonitriles. EPR studies confirmed

the presence of radical intermediates.

R Br
+

Additions to alkynes

Recently, ATR type catalysts have also been used to catalyze
the addition of alkyl radicals to alkynes, with reincorporation of
the halide to form substituted vinyl halides. Hu and co-workers
reported that a copper/PyBox catalyst system could catalyze the
addition of phenacyl iodides, generated in situ from the corres-
ponding bromides and potassium iodide, across alkynes to
provide substituted vinyl iodides (Scheme 17) [40]. The process
selectively forms the Z-alkenes. Although the E/Z ratios are
often modest, the products are highly useful synthetic building
blocks that may be used in subsequent cross-coupling reactions.
The mechanism is proposed to proceed similarly to the alkeny-

lation reactions described above. The a-iodoketone is proposed

CuCl (20 mol %)
phen (40 mol %)
Na,COs (2 equiv)

DMF, 100 °C

g/\ﬁ

17 examples
22-97% yield

=
CN Me
®
MeO

56, 82%

X

57,

o
eO

58, 70%
Cl

67%

M /©/\/
MeO MeO Cl

95%

Scheme 16: Benzylation of styrenes using copper catalysis.

60, 97%
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to form an alkyl radical, which adds to the alkyne producing an
sp? centered radical which abstracts an iodine atom from

another a-iodoketone to restart the catalytic cycle.

In a complementary protocol, Zhu and co-workers have discov-
ered a selective trans-carbohalogenation of aryl alkynes [41]. A

Beilstein J. Org. Chem. 2015, 11, 2278-2288.

tridentate amine was used as a ligand for the copper catalyst.
Using these conditions, highly valuable vinyl bromides were
synthesized in excellent yields. Various functionalized tertiary
alkyl bromides participated in the reaction, including those
bearing esters, ketones, nitro and nitriles (Scheme 18). If the
reaction was run in the presence of sodium iodide, vinyl iodides

0 Cu(OTf), (5 mol %)
Me ligand 61 (6 mol %)
rfl Kl (2 equiv)
! _— Br C82C03 (60 mol %) R1 |
+
tol, 100 °C
/ 3
Rg// SN 28 examples
| 50-81% yield
O N/ (0]
I \J
N N~
ligand 61 “pr
o 0
o -CeH1s | N ~1-BU NPhth
Me | — Me |

62, 76% (3.9:1 ZE)

F O

X TIPS

Me |

65, 72% (>50:1)

63, 64% (>50:1) 64, 62% (3.1:1)

Q TIPS
N TIPS
Bn | 2 OAc

66, 50% (31:1) 67, 68% (>50:1)

Scheme 17: Copper-catalyzed carboiodination of alkynes.

EWG_ _Br CuBr (10 mol %)
R1R? amine 33 (30 mol %) EWGWBr
+ MeCN, reflux R'R? R3
oz 31 examples
R3// 55-85% yield
EtO,C N Br EtO,C N Br EtO,C N Br
Me Me Me Me Me Me
HO HoN
F
68, 81% 69, 77% 70, 79%
(¢}
Me X Br OoN N Br EtO,C N I
Me Me Me Me Me Me
CHO
71, 83% 72, 62% 73, 84%°

Scheme 18: Copper-catalyzed trans-carbohalogenation of alkynes. 2Nal (2 equiv) was added.
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were produced. This protocol is complementary to Hu’s work in
that it provides products of frans-carbohalogenation. In an
elegant one-pot procedure, enynes could be synthesized by
introducing a second alkyne and a palladium catalyst to perform
a tandem carbohalogenation/Sonagashira coupling.

Conclusion

Copper catalysis has recently emerged as a new means of
harnessing the potential of alkyl radicals in catalytic alkylation
chemistry. While the groundwork for this recent surge was laid
in the development of atom-transfer radical addition and poly-
merization chemistry, the realization of its potential in alkyl-
ation chemistry will greatly expand the use of copper catalysis
as a means for constructing complex molecular architectures.
The recent groundswell in copper-catalyzed radical additions is
likely to continue, with new and creative methods being devel-
oped to take advantage of the unique selectivity and reactivity
observed in this class of reaction.
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The Cu(I)-catalyzed N,N’-diarylation of natural diamines and polyamines such as putrescine, cadaverine, spermine, spermidine and

their homologues is described. Aryl iodides bearing electron-donating and electron-withdrawing groups have been employed in the

study. The Cul/2-(isobutyryl)cyclohexanone/DMF catalytic system has found to be more efficient in the diarylation of diamines and

spermine while the Cul/L-proline/EtCN system proved to be preferable for the diarylation of other tri- and tetraamines like spermi-

dine, norspermidine and norspermine.

Introduction

Natural diamines and polyamines like putrescine (butane-1,4-
diamine), spermidine (N'-(3-aminopropyl)butane-1,4-diamine)
and spermine (N!,N!'-(butane-1,4-diyl)dipropane-1,3-diamine)
are biologically active compounds which play crucial roles in
the processes of cell proliferation, apoptosis and adaptation to
stress impacts. The important biological processes occur also
with the participation of such diamines as propane-1,3-diamine
and cadaverine (pentane-1,5-diamine), and polyamines like
norspermidine (N'-(3-aminopropyl)propane-1,3-diamine) and
norspermine (N!,N!'-(propane-1,3-diyl)dipropane-1,3-diamine)
[1]. In the early 1970s cancer cells were found to possess an

excess of polyamines [2]. This fact initiated the studies of
polyamines in the frames of molecular biology and biochem-
istry. It has been firmly established that N-derivatives are
prospects for the creation of anticancer and antiviral medica-
ments. The majority of known di- and polyamine derivatives
possess alkyl or benzyl substituents at the nitrogen atoms [3-8],
however, the synthesis and investigation of N-aryl derivatives
of polyamines have been addressed only recently [9-11]. For
example, some N,N’-diphenyl-a,w-diaminoalkanes have been
found to possess respiratory stimulating effects [12], N-substi-

tuted putrescine and cadaverine have shown antiproliferative
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and cytotoxic activity [13,14], N-decyl and N-dodecyl deriva-
tives of putrescine, N-(p-tolyl) derivatives of cadaverine and
hexane-1,6-diamine have demonstrated affinity to NMDA
receptors and antileishmanial activity [15-17].

Up to date no general non-catalytic approach to N,N’-
diarylpolyamines has yet been described. Synthetic procedures
are multistep [17,18] though sometimes they can be performed
as one-pot syntheses [19]. Several catalytic approaches have
been described in the literature. One of them employs an
iridium-based catalyst with amidophosphonate as the ligand
which allows to convert aminoalcohols into N-monoaryl-substi-
tuted diamines by the reaction with arylamines [20]. Another
method uses a bimetallic catalyst (Pt—Sn/y-Al,03) in the reac-
tions of diols with amines, and a valuable N, N’-diphenylhexane-
1,6-diamine was obtained using this catalyst [21]. More tradi-
tional and convenient Pd(0)-catalyzed amination, proposed by
Buchwald and Hartwig [22,23], was successfully applied in the
synthesis of mono- and diaryl-substituted diamines and
polyamines in the group of Beletskaya [24-27]. It has been
shown that the secondary dialkylamino groups in linear
polyamines are practically inert and this allows a selective aryl-
ation of terminal primary amino groups. The exchange of
expensive palladium accompanied with toxic ligands for a much
cheaper copper catalyst is one of the main trends in modern
catalytic chemistry. However, in spite of numerous works
dealing with Cu(I)-catalyzed arylation of monoamines, there are
scarce examples of the synthesis of N-arylpolyamines using this
method. Han and coworkers for example showed the possibility
to synthesize N-aryldiamines using aryl iodides in the presence
of CuCl under neat conditions [28], N,N’-diarylation of the

simplest propane-1,3-diamine and butane-1,4-diamine was

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

carried out using a Cul-metformin catalyst [29], monoarylation
of mono- and diamines was studied using Cu,O and CuO

nanoparticles and CuO microparticles [30].

We initiated our studies in this field by the elaboration of Cu(I)-
catalyzed N-arylations and N,N’-diarylations of the model
triamine, tetraamine and oxadiamine with aryl iodides and
bromides [31] and elucidated some regularities of the catalytic
N-heteroarylation of polyamines [32]. However, it has been
found that to obtain a good result, the reaction conditions
(ligand, solvent, temperature) should be adjusted for a certain
aryl halide/polyamine pair. In the present study we decided to
undertake a thorough investigation of the Cu(I)-catalyzed N,N’-
diarylation of natural diamines and polyamines using aryl
iodides with electron-donating and electron-withdrawing
substituents in order to identify conditions for the synthesis of a
wide range of perspective derivatives of these di- and
polyamines.

Results and Discussion

N,N'-Diarylation of diamines

The investigated diamines 1-4, triamines 5, 6 and tetraamines 7
and 8 as well as aryl iodides are presented on Figure 1. Di- and
polyamines differ by the number of nitrogen atoms and meth-
ylene groups in the chain that dramatically influences their re-
activity, as shown in our previous investigations. Aryl iodides
differ by the electronic properties of the substituents and, in the
case of 4- and 2-fluoroiodobenzene, by the steric hindrance at
the reaction center. Also the choice of the substituents depends
on the potential usefulness of corresponding N,N’-diaryl deriva-
tives, for this purpose we referred to the data published in [30].

A special interest is paid to the compounds with fluorine and

PN
HoN NH> H N/\/\/NH2 HQN/\/\/\NHZ H2N/\/\/\/NH2
1 putrescine (2) cadaverine (3) 4
HZN/\/\H/\/\NH2 HzN/\/\H/\/\/NHQ

norspermidine (5)
HZN/\/\N/\/\N/\/\NHZ

norspermine (7)

08 & ¢

spermidine (6)

H
|_|2N/\/\N/\/\/N\/\/NH2
H

spermine (8)

CF; OCH,

P G

Figure 1: Diamines and polyamines studied in Cu(l)-catalyzed amination reactions.
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trifluoromethyl substituents as up to a quarter of pharmaceut-
icals contain fluorine in the aromatic or heteroaromatic ring. In
this study we did not test substituted bromobenzenes as they
were shown to be much less active than corresponding iodides
in the copper-catalyzed amination of di- and polyamines
providing mainly N-monoaryl derivatives [31].

On the basis of our recent investigations, in order to obtain
N,N’-diaryl derivatives, we employed the most suitable catalytic
systems, Cul/L-proline (L1) and Cul/2-(isobutyryl)cyclohexa-
none (L2), EtCN or DMF were used as solvents and cesium
carbonate (2.5 equiv) was taken as base (Scheme 1). The reac-
tions were run under argon for ca. 24 h using 2.5 equiv of the
aryl iodides with 0.5 M concentrations of polyamines. In the
case of EtCN the reactions were refluxed (ca 100 °C), in the
case of DMF they were run at 110 °C. Normal catalytic loading
was 5 mol % Cul and 10 mol % ligand per 1 amino group.

At first we conducted the cross-coupling reactions between the
simplest iodobenzene and diamines 1 and 2 to optimize the
reaction conditions (Scheme 1, Table 1). As the resulting com-
pounds 9—-12 are described in the literature [29,33-35], it was
possible to analyze the reaction mixtures by 'H and 13C NMR
spectroscopy and in some cases the products were isolated by
column chromatography on silica gel. For example, in the

oy
Cul/L1 or L2

D«COOH
N
H

HNT T NH,

]

N =
)
nu
N =

o0 O

Scheme 1: N,N-Diarylation of the diamines 1 and 2.

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

proton NMR spectrum of compound 9 two signals are observed
in the aliphatic part: quintet at 1.94 ppm (2H) and triplet at
3.25 ppm (4H), while the spectrum of compound 10 is charac-
terized by three signals: quintet at 1.76 ppm (2H), broad singlet
at 2.86 ppm (2H) and triplet at 3.19 ppm (2H). The signals of
two compounds do not overlap and can be easily integrated.

When the reaction of diamine 1 with iodobenzene was carried
out in the presence of the ligand L1, the yield of the target
diphenyl derivative 9 did not exceed 40-45% (Table 1, entries 1
and 2), and mainly N-phenyl-substituted diamine 10 was
formed. In the presence of the ligand L2 the yield of 9 increased
up to 75% (Table 1, entry 3). Diarylation of putrescine (2), on
contrary, was more successful in the presence of the Cul/L1/
EtCN catalytic system (Table 1, entry 4), and a similar result
was obtained when using L2 together with Ph3P (Table 1, entry
6), while employing L1 with triphenylphosphine led to a low
conversion into diphenyl derivative 11 (Table 1, entry 5). In
general, diamine 2 was found to be less reactive than propane-

1,3-diamine (1) in the coupling with iodobenzene.

According to these preliminary results, we carried out all other
reactions of diamines 1 and 2 with other aryl iodides using
Cul/L2/DMF (10/20 mol %) catalytic system (Scheme 2,
Table 2).

10:n =1
12:.n =2

Qwam@ * QW

9 n=
M:n=2

Table 1: Optimization of the reaction conditions for the N,N'-diarylation of diamines 1 and 2 with iodobenzene.

Entry Amine Catalytic system Cul/L, mol % t,°C Products and yields, %2
1 1 Cul/L1/DMF 10/20 110 9, 40; 10, 60

2 1 Cul/L1/EtCN 10/20 100 9, 45; 10, 55

3 1 Cul/L2/DMF 10/20 110 9, 75; 10, 25

4 2 Cul/L1/EtCN 10/20 100 11, 60 (43); 12, 40

5 2 Cul/L1/PhzP/EtCN 10/10/10 100 11, 30; 12, 55

6 2 Cul/L2/Ph3zP/DMF 10/10/10 110 11, 53 (41); 12, 47

3lsolated yields are given in brackets.
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n=1:13-17, 42-71%
n =2: 18-20, 22, 23, 27-69%

Monoaryl derivatives:

Cl MeO

H
21, 35%

Scheme 2: Arylation of the diamines 1 and 2.

Table 2: Arylation of the diamines 1 and 2.

Entry Amine R Catalytic system

1 1 Ph Cul/L2/DMF

2 1 Cl Cul/L2/DMF

3 1 F Cul/L2/DMF

4 1 CF3 Cul/L2/DMF

5 1 OMe Cul/L2/DMF

6 2 Me Cul/L2/Ph3P/DMF
7 2 Me Cul/L2/DMF

8 2 Ph Cul/L1/EtCN

9 2 Cl Cul/L2/DMF

10 2 Cl Cul/L2/Ph3P/DMF
11 2 Cl Cul/L2/Ph3P/DMF
12 2 F Cul/L2/PhzP/DMF
13 2 CF3 Cul/L2/PhzP/DMF
14 2 OMe Cul/L2/PhzP/DMF

aYields after chromatographic isolation. PYield in the reaction mixture.

The reactions with iodoarenes containing electron-withdrawing
substituents ran successfully and corresponding diarylated prod-
ucts 13—16 were isolated in moderate to good yields (Table 2,
entries 1-4). The difference in the preparative yields was due to
the conditions of chromatographic isolation in each case.
4-lodoanisole with a strong electron-donating substituent
provided 56% yield of the diarylated compound 17 (Table 2,
entry 5), while one could expect much lower reactivity of this
compound compared to aryl iodides bearing acceptors. Diaryla-
tion of putrescine (2) was found to be more difficult (Scheme 2,
Table 2). In the reactions with all aryl iodides we observed the
formation of di- and monoarylated products in the reaction
mixtures, however, only in two cases we managed to isolate the
latter compounds in individual state. At first we decided to

H

24, 56%
Cul/L, mol % Products and yields, %2
10/20 13, 56
10/20 14,71
10/20 15, 61
10/20 16, 42
10/20 17, 56
10/10/10 18, 30P
20/40 18, 60
10/20 19, 46
10/20 20, 14
10/10/10 20, 27; 21, 35
20/20/20 20, 69
20/20/20 22,52
10/10/10 23,58
10/10/10 24, 56

verify the efficiency of the catalytic system with L2 and Ph;P
and tried it in the reaction with 4-iodotoluene, but the conver-
sion of the diamine into the diarylated product 18 was low
(Table 2, entry 6). Only using 20/40 mol % Cul/L2 we
managed to obtain the desired compound in a good yield
(Table 2, entry 7). The same catalytic system with or without
triphenylphosphine was not efficient in the coupling with
4-iodobiphenyl, however, the use of L1 gave rise to the target
diaryl derivative 19 in a moderate yield (Table 2, entry 8). On
contrary, application of the ligand L2 was more successful for
aryl iodides with electron-withdrawing groups like Cl, F and
CF3, and the best results were obtained in the presence of Ph3P
(Table 2, entries 10—13), the yields of compounds 20, 22 and 23
ranged from 52 to 69%. The reaction with 4-iodoanisole
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catalyzed with Cul/L2/Ph3P provided 56% yield of the
monoaryl derivative 24 (Table 2, entry 14); we tried other
catalytic systems but they worked even worse providing low
conversion of starting compounds. It should be noted that in the
case of 4-chloro- and 4-fluoroiodobenzene the use of 20 mol %
catalyst provided higher conversion of the starting compounds
and better yields, but in the case of other aryl iodides 20 mol %
catalyst led to side processes diminishing the yields of the target

compounds.

Contrary to the diarylation of putrescine, the same processes
with cadaverine (3) and hexane-1,6-diamine (4) proceeded
without serious difficulties (Scheme 3, Table 3). The reactions
of the diamine 3 with iodobenzene and other para-disubstituted
benzenes gave the desired products in 43-53% yields in the
presence of the Cul/L2 catalytic system (Table 3, entries 1-4).

/\H\/\ R
HoN NH,
n Cul/L2/DMF
n=13
n=24

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

Only the application of 4-iodoanisole under stated conditions
gave diaryl derivative 29 in a rather poor yield (Table 3, entries
5 and 6), but the use of the ligand L1 improved the result
(Table 3, entry 7). In the case of diamine 4 the yields of the
corresponding products 30-32 and 34 were somewhat lower
(Table 3, entries 8—11), and with fluorinated compounds we
managed to isolate also monoarylated derivatives 33 and 35
(Table 3, entries 10 and 11). It is interesting that 20/40 mol %
Cul/L2 catalytic system provided a high yield (81%) of the
N,N’-diarylation product in the reaction with 4-iodoanisole
(Table 3, entry 12). It shows that in some cases an increase in
the catalyst loading can substantially enhance the yields in the
reactions even with less reactive aryl halides.

Cu(I)-catalyzed amination of ortho-disubstituted benzenes is a
challenging task as earlier we demonstrated very low reactivity

"Ly O

29, 43-53%
3

n=1: 25—
n =2: 30-32, 34, 36, 36-81%

Monoaryl derivatives:

F FsC
(j\ NH, [ l NH
N/\/\/\/ /\/\/\/ >
N N

33

Scheme 3: Arylation of the diamines 3 and 4.

Table 3: Arylation of the diamines 3 and 4.
Entry Amine R
1 3 H 10/20
2 3 Ph 10/20
3 3 F 10/20
4 3 CF3 10/20
5 3 OMe 10/20
6 3 OMe 20/40
7 3 OMe 20/40P
8 4 H 10/20
9 4 Ph 10/20
10 4 F 10/20
11 4 CF3 10/20
12 4 OMe 20/40

aYields after chromatographic isolation. PLigand L1 was used.

Cul/L2, mol %

H
35

Products and yields, %2

25,50
26, 43
27,53
28, 51
29, 22
29, 22
29, 52
30, 45
31, 36
32, 38; 33, 58
34, 34; 35,12
36, 81
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of 2-iodotoluene and 1,2-diiodobenzene [31]. Contrary to this,
Pd(0)-catalyzed amination of 2-bromotoluene derivatives was
quite successful [36]. In this study we tried the reaction of
2-fluoroiodobenzene with diamines 1, 3 and 4 using the Cul/L2
catalytic system (20/40 mol %) (Scheme 4). In the reaction with
propane-1,3-diamine (1) only monoaryl derivative 37 was
obtained in 58% yield, and with diamines 3 and 4 we managed
to isolate N,N’-diaryl derivatives 38 and 40, though their yields
were too small (10 and 18%, respectively), the main products
being N-(2-fluorophenyl) diamines 39 and 41.

N,N’-Diarylation of tri- and tetraamines
Arylation of two primary amino groups in polyamines under
Cu(I)-catalysis conditions is a more challenging task than N,N’-
diarylation of diamines because copper-catalyzed amination is
less selective than palladium-catalyzed coupling. In view of
carlier obtained data we used the Cul/L1/EtCN catalytic system
for the diarylation of the triamine 5 (Scheme 5, Table 4).

In all cases this catalytic system was efficient and corres-

ponding N,N’-diaryl derivatives 42, 45, 46 were obtained in
satisfactory yields (41-53%, Table 4, entries 1, 5 and 7) when

F
o
HNT N N,

n
n=11 Cul/L2/DMF
n=33 (20/40 mol %)
n=4:.4

Scheme 4: Arylation of the diamines 1, 3, 4 with 2-fluoroiodobenzene.

R

Scheme 5: Arylation of the triamines 5 and 6.

n
n

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

taking 10/20 mol % of catalyst, and in the reaction with
4-iodobiphenyl 20/40 mol % catalyst allowed to increase the
yield of compound 43 to 75% (Table 4, entry 4) and to obtain
the diarylation product 47 with 4-iodoanisole, though in a small
amount (Table 4, entry 8). The application of the Cul/L1 system
in DMF gave the same results, as the NMR spectra of the reac-
tion mixture revealed, thus the chromatographic isolation of the
combined reaction mixtures was carried out (Table 4, entries 1
and 2, 5 and 6). However, the Cul/L2/DMF system was not
efficient at all as it strongly diminished the selectivity of the

reactions.

Unsymmetrical spermidine (6) provided somewhat poorer
yields of the diarylated derivatives 49—52 (Table 4, entries
9-13), and to obtain the diarylation product with the
4-iodoanisole Cul/L2/DMF catalytic system had to be used
(Table 4, entries 14 and 15). The application of 20 mol % cata-
lyst instead of 10 mol % helped to increase the yields in some
cases (entries 11 and 15).

Easier arylation of the secondary amino groups in the
tetraamines 7 and 8 (Scheme 6, Table 5) led to a loss in the

+

=3: 38, 10% n=1:37,58%
=4, 40, 18% n=3:39, 38%
n=4:41,31%

n =1: 42, 43, 45-47, 21-75%
n =2: 49-53, 35-51%
H/\/\H/\/\NHZ
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Table 4: Arylation of the triamines 5 and 6.

Entry Amine R Cul/L1
1 5 H 10/20
2 5 H 10/20P
3 5 Ph 10/20
4 5 Ph 20/40
5 5 F 10/20
6 5 F 20/40
7 5 CF3 10/20
8 5 OMe 20/40
9 6 H 10/20
10 6 Ph 10/20
11 6 Ph 20/40
12 6 F 10/20
13 6 CF3 10/20
14 6 OMe 10/20¢
15 6 OMe 20/40¢

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

, mol % Products and yields, %2

42, 41b

43, 13; 44, 18
43,75

45, 50P

46, 53
47,21, 48, 35
49, 36
50, 24
50, 35
51,35
52, 51
53, 27
53, 46

aYields after chromatographic isolation. PDMF was used instead of EtCN, chromatography of combined reaction mixtures. Ligand L2 was used.

R
HZN/\/\N/\M/\N/\/\ Hp ——
H n H Cul/L/solvent
n=1.7
n=2:8

Monoaryl derivative:

F.

N N N
H H H

57,31%

Scheme 6: Arylation of the tetraamines 7 and 8.

selectivity of the process, made chromatographic isolation
more tedious and less efficient, and also diminished the
catalytic activity of copper due to better coordination of the
cation by four nitrogen atoms which removed it from the

catalytic cycle.

The N,N’-diarylation of the tetraamine 7 in some cases was
more successful in the presence of the Cul/L1/EtCN catalytic
system (Table 5, entries 1, 3 and 6) while Cul/L2/DMF gave
bad results due to low conversion of the starting compounds or

poor selectivity of the arylation. On contrary, the latter system

:: R
H H/Afvx:\H H

n =1: 54-56, 58, 59, 17-38%
n =2: 60-64, 23-69%

NH»

was found to be more appropriate in the case of 4-iodoanisole,
though the yield of the target product 59 was low even when
using 10 equiv of the arylating agent (Table 5, entry 9). In the
reaction with 4-fluoroiodobenzene the target compound 56
could be obtained only in the presence of the Cul/L2/Ph3P
system (Table 5, entry 5). The reactions with spermine (8)
which possesses tetramethylenediamine central fragment gave
better yields. In the majority of cases the system Cul/L2/DMF
was more efficient (Table 5, entries 10, 12 and 13), Cul/L1/
EtCN provided insufficient conversion of the starting com-

pounds, and only with 4-iodobiphenyl it was more helpful
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Table 5: Arylation of the tetraamines 7 and 8.

Entry Amine R Catalytic system
1 7 H Cul/L1/EtCN

2 7 H Cul/L2/DMF

3 7 Phb Cul/L1/EtCN

4 7 F Cul/L1/EtCN

5 7 F Cul/L2/Ph3P/DMF
6 7 CF3 Cul/L1/EtCN

7 7 CF3 Cul/L2/DMF

8 7 OMe Cul/L2/DMF

9 7 OMe® Cul/L2/DMF

10 8 H Cul/L2/DMF

11 8 Ph Cul/L1/EtCN

12 8 F Cul/L2/DMF

13 8 CF3 Cul/L2/DMF

14 8 OMe Cul/L2/DMF

Beilstein J. Org. Chem. 2015, 11, 2297-2305.

Cul/L, mol % Products and yields, %2
10/20 54, 37
10/20 54, 24
14/28 55, 32
10/20 56, 6; 57, 31
10/10/10 56, 37
10/20 58, 38
10/20 58, 8

20/40 59, 8

20/40 59, 17
10/20 60, 69
10/20 61, 36
10/20 62, 45
10/20 63, 41
20/40 64, 23

aYields after chromatographic isolation. 3.4 equiv 4-iodobiphenyl were used. ©10 equiv 4-iodoanisole were used.

(Table 5, entry 11). The reaction with 4-iodoanisole was the
most problematic and the yield of 64 even with 20 mol % of
catalyst did not exceed 23% (Table 5, entry 14).

Conclusion

To sum up, the following regularities can be ruled out from the
experiments: a) successful N,N’-diarylation of the diamines 1,
3, 4 and spermine (8) can be carried out in the presence of the
Cul/L2/DMF catalytic system, while triamines 5, 6 and norsper-
mine (7) prefer the Cul/L1/EtCN system; b) the most problem-
atic amines are putrescine (2) and norspermine (7) as they
demand a fine tuning of the catalytic system almost for each
aryl iodide; ¢) compounds with electron-withdrawing
substituents (Cl, F, CF3) generally produce N,N’-diarylated
derivatives in reasonable yields, while the reactivity of electron-
enriched 4-iodoanisole is lower in many cases and more cata-
lyst is needed to afford diarylation products.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization and spectral data
for synthesized compounds 11-64.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-250-S1.pdf]
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A series of functionalized benzimidazo[1,2-c]quinazoline derivatives was obtained in excellent yields under mild conditions

through a Cul-catalyzed Ullmann N-arylation starting from easily available starting materials.

Introduction

Nitrogen-containing heterocycles are ubiquitous backbones in
natural products, medicine and organic materials. In addition,
they are also important ligands for catalytic reactions. Recently,
the conjugation of different types of azaheterocycles in the
same molecule has received considerable attention since the
resulting ring-fused molecules often show unique organic opto-
electronic properties and bioactive activities [1,2]. Among
them, benzimidazo[1,2-c]quinazolines were intensively investi-
gated and promising biological activities were observed, such as
anticancer, antiviral, antimicrobial, anti-inflammatory and anti-
convulsant [3-5]. Indeed, some of them are already used as

antimicrobial agents and lipid peroxidation inhibitors [6].

Consequently, the development of an efficient way to prepare
various benzimidazo[1,2-c]quinazoline derivatives is highly
desired. Although some methods for the synthesis of benzimi-
dazo[1,2-c]quinazoline derivatives have been reported quite
recently [7-12], they often require complicated starting ma-
terials that are not readily available and need harsh conditions.
Herein we report a Cul-catalyzed concise and efficient method
for the synthesis of benzimidazo[1,2-c]quinazoline derivatives
through the intramolecular N-arylation reaction of bromo-
substituted quinazolin-4(3H)-imines that are easily prepared
from o-cyanoaniline (1) and diaryliodonium salts 2 based on

our previously published method [13,14] (Scheme 1).
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N Br Br

Z 20 mol % Cu(OTf),
1 N — + — DCE, 110 °C
RC AT\ /7 =A
NH, ~OTf
1 2

Beilstein J. Org. Chem. 2015, 11, 2365-2369.

RN
Cul 10 mol %, K,CO5 {___ /N
R DMSO, 50 min NN
HoN H,NTX IR
3 4

Scheme 1: Cul-catalyzed synthesis of benzimidazo[1,2-c]quinazolines 4 by intramolecular N-arylation of bromo-substituted quinazolin-4(3H)-imine

derivatives 3.

Results and Discussion

During the study of the synthesis of various carbocycles or
heterocycles with copper catalysts [13-17], we found an
interesting tandem reaction of o-cyanoanilines 1 and diaryliodo-
nium salts 2 to produce quinazolin-4(3H)-imine derivatives 3
with Cu(OTf), as the catalyst [13]. Encouraged by this finding,
we initially attempted the reaction of o-cyanoaniline (1a) with
di-(o-bromophenyl)iodonium salt 2. The reaction of 2 equiv of
o-cyanoaniline (1a) with 2 in DCE at 110 °C for 6 h in the pres-
ence of 20 mol % Cu(OTf), bromo-substituted quinazolin-
4(3H)-imine derivative 3a in 82% isolated yield. The subse-
quent treatment of 3a with Cul (0.1 equiv) and K,COj3 (1 equiv)
in DMSO at room temperature for 50 min led to benz-

imidazo[1,2-c]quinazoline derivative 4a in 37% yield (Table 1,
entry 1). To optimize the yield of the desired product 4a
different conditions were screened. When the reaction tempera-
ture was increased to 60 °C, compound 4a was formed in 98%
yield (96% isolated, Table 1, entry 3). On the other hand, the
replacement of DMSO by other solvents led to lower yields of
4a even at elevated temperatures (Table 1, entries 5-9). Other
copper salts such as Cu(OTf),, CuBr or CuCl were also able to
catalyze the reaction, but they were not as efficient as Cul
as the catalyst (Table 1, entries 5-9). It is worth mentioning
that the imino group (sp?) other than the amino group (sp?)
in 3a reacted through the Cu-catalyzed Ullmann reaction [18-
25].

Table 1: Optimization of reaction conditions for the synthesis of benzimidazo[1,2-c]quinazoline 4a from quinazolin-4(3H)-imine derivative 3a.

Br Br

— N —
N C/hw W
o /

NH,  20mol % Cu(OT), N

Br.
0

Cu salt 10 mol %
K5COg3, solvent,

DCE, 110 °C temperature, N
1a yield 82% H2N 50 min HoN
3a 4a
Entry Cu salt Temperature (°C) Solvent Yield (%)@
1 Cul rt DMSO 37
2 Cul 40 DMSO 72
3 Cul 60 DMSO 98 (96P)
4 Cul 110 DMSO 98
5 Cul 110 DCE 51
6 Cul 110 CH3CN 31
7 Cul 110 DCM 43
8 Cul 110 toluene 89
9 Cul 110 DCE 51
10 Cu(OTf), 60 DMSO 82
11 CuBr 60 DMSO 86
12 CuCl 60 DMSO 91

aEstimated crude yield by NMR with trichloroethylene as internal standard. Plsolated yield.
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Inspired by the successful cyclization of quinazolin-4(3H)-
imine 3a, further imines were prepared and subjected to the
cyclization conditions. Notably, in this protocol, after work-up,
the desired bromo-substituted quinazolin-4(3H)-imine deriva-

Beilstein J. Org. Chem. 2015, 11, 2365-2369.

tives 3 were directly employed in the next step reaction without
the need for chromatographic purification and the results are
summarized in Table 2. Quinazolin-4(3H)-imines 3 having
methyl, fluoro or chloro substituents all worked well in the

Table 2: Cul-catalyzed synthesis of benzimidazo[1,2-c]quinazolines 4 from bromo-substituted quinazolin-4(3H)-imines 3.

Entry Bromo-substituted quinazolin-4(3H)-imine 3
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reaction and provided the corresponding quinazolines 4 in high
yields (Table 2, entries 2, 3 and 6). In addition changing the
position of the fluoro substituent did not affect the yield of the
products (Table 2, entries 3-5).

To further expand the scope of the protocol, we attempted the
synthesis of imine 3g starting from two different nitriles. The
reaction of o-cyanoaniline (1a), benzonitrile (1g) and di-(o-
bromophenyl)iodonium salt 2 in the presence of Cu(OTf), gave
the desired imine 3g together with imine 3a. After isolation of
3g it was further treated with 10 mol % of Cul in DMSO for
50 min to give product 4g in quantitative yield (Scheme 2).

It is worth mentioning that during the course of our study, we
observed that products 4 were not stable to acid. For example,
treatment of 4¢ with aqueous HCl solution led to ring-opening
product 5 (Scheme 3). The structure of 5 was confirmed by
X-ray diffraction analysis (Figure 1), clearly showing the
cleavage of the quinazoline ring rather than the imidazole ring
[26].

Conclusion

We have demonstrated a Cul-catalyzed pathway to produce
functionalized benzimidazo[1,2-c]quinazoline derivatives from
bromo-substituted quinazolin-4(3H)-imines through a selective
intramolecular N-arylation reaction. The bromo-substituted
quinazolin-4(3H)-imines are easily synthesized from readily
available o-cyanoanilines and di-(o-bromophenyl)iodonium
salt. The extension of the reaction and the investigation of the
biological activity of the new products are currently under
progress in our laboratory.

N N
N
Ej\/ ) Ej/
NH, Z
1a 19

\ 20 mol % Cu(OTf),

I
2

0D

OTf

Beilstein J. Org. Chem. 2015, 11, 2365-2369.

{ F N
F/Q/(N el @a) NH o 2CF
N= 1d O NH3
HoN
F
4c 5 F

Scheme 3: Acid-promoted ring-opening reaction from quinazoline 4c
to 5.
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Figure 1: ORTEP drawing of 5, [CogH16F2N40]-2CI-H20 with 35%
probability ellipsoids, showing the atomic numbering scheme.

Br,

DCE, 110 °C
Br.
NH NHBr
N
N N N Cul 10 mol %, K,CO4 /
Pz _ . N
N N DMSO, 50 min _
99% N
3a HoN 3g 4g
13% yield 25% vyield

Scheme 2: Cu-catalyzed reaction of o-cyanoaniline (1a), benzonitrile (1g) and di-(o-bromophenyl)iodonium salt 2 producing imine 3g and its subse-

quent cyclization in the presence of Cul.
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We report a Cu-catalyzed coupling between triarylaluminum reagents and alkyl halides to form arylalkanes. The reaction proceeds

in the presence of N,N,N’,N -tetramethyl-o-phenylenediamine (NN-1) as a ligand in combination with Cul as a catalyst. This cata-

lyst system enables the coupling of primary alkyl iodides and bromides with electron-neutral and electron-rich triarylaluminum

reagents and affords the cross-coupled products in good to excellent yields.

Introduction

Cross-coupling reactions represent one of the most important
transformation for carbon—carbon (C—C) bond formation in
organic synthesis [1-9]. These reactions, typically catalyzed by
Pd and Ni, exploit a wide range of organometallic reagents of
Mg, Zr, Zn, Sn, Al, B, Si and In as sources of nucleophiles.
Among these metals/non-metals, Al offers a unique feature due
to its high chemoselectivity and Lewis acidity [10-12]. In addi-
tion, Al also has low toxicity and is an inexpensive and earth-
abundant metal. Organoaluminum reagents can be prepared
directly from metallic aluminum [13-15], which further high-
lights the potential scope of these reagents in organic synthesis.

However, despite extensive investigations and applications of

organometallic reagents of Si, B, Mg, Zn and Sn in cross-
coupling, the utility of organometallic complexes of Al are
limited [13,14,16-21]. In many cases, direct transmetalation of
organoalanes to Pd are sluggish and require ZnCl, or CdCl, to
facilitate reactions through sequential transmetalations [19]. In
some cases, intramolecular coordination to Al also enables the
couplings of alkylalanes with organo halides [21]. Knochel [15]
and Hoveyda [22] have also shown that organoaluminum
reagents are capable of transmetalating to Cu-salts. Inspired by
these literature reports and our recent investigations, we envi-
sioned that organoaluminum reagents could participate as

nucleophile sources in Cu-catalyzed cross-coupling reactions.
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In this artcle, we show that triarylaluminum reagents are excel-
lent coupling partners for Cu-catalyzed cross-coupling reac-
tions. The reaction proceeds for the coupling with primary alkyl
iodides and bromides in good to excellent yields.

Results and Discussion

Recently, we [23-27] and others [10,28-39] reported efficient
cross-couplings of oganometallic reagents of Si, B, In, Zr, Zn,
Mg and Sn with organo halides [40,41]. Under our reaction
conditions, a catalyst derived from the combination of Cul and
2-(diphenylphosphino)-N,N-dimethylaniline (PN-1) remains
highly effective for coupling many of these organometallic
reagents with aryl halides. In order to expand the scope of our
coupling reactions, we utilized the standard condtions for the
reaction of commercially available Ph3Al with 1-iodooctane
using 1 mol % each of Cul and PN-1. However, the product,
1-phenyloctane (3), was formed only in 34% yield (Table 1,
entry 1). Further optimization of the reaction conditions
revealed that the coupling proceeded in 66% GC yield when the
reaction was performed in NMP using 1 equivalent of Cs,COj3
as a base and 3 equivlents of LiCl as an additive in the absence
of a ligand (Table 1, entry 2). We then screened a variety of
ligands (Scheme 1) and found that N,N,N’,N -tetramethyl-o-
phenylenediamine (NN-1) was an efficient ligand for Cul that
enabled us to increase the product yield to 81% GC yields (76%
isolated, Table 1, entry 3) [10,35,42-44]. Reactions containing
other PN- and NN-based ligands that are analogous to PN-1 and
NN-1 (Scheme 1) afforded cross-coupled product 3 in lower

Table 1: Optimization of reaction conditions?@.

Beilstein J. Org. Chem. 2015, 11, 2400-2407.

yields than the reaction performed in the absence of NN-1.
Reactions containing the bisphosphine ligand, o-bis(diphenyl-
phosphine)benzene (PP) and anionic ligands such as 8-hydroxy-
quinoline (NO) and 2,2,6,6-tetramethyl-3,5-heptanedione (OO,
Scheme 1) also formed the product 3 in lower yields and the
reaction performed in the absence of NN-1. The reaction does
not proceed in the absence of Cul (Table 1, entry 4). The cross-
coupled product 3 is formed in 50% and 54% yield, respective-
ly, in the absence of LiCl and Cs,CO3 (Table 1, entries 5 and
6). The reacton with 2 and 4 equivalents of LiCl also afforded
product 3 in comparable yields (78% and 76%, respectively) to
that of the standard reaction (Table 1, entries 7 and 8).
However, excess of LiCl was found to be detrimental to the
reaction (Table 1, entry 9). The reaction could also be
performed at a temperature as low as 80 °C affording the
coupled product 3 only in slightly lower yields than that of the
standard reaction (Table 1, entries 10 and 11).

After establishing the combination of NN-1 and Cul as the best
catalyst, we began to explore the substrate scope of the reaction.
While the reaction proceeded in good yields with alkyl iodides
(Table 2, entries 1-3) by using 1 mol % of the catalyst, reac-
tions with alkyl bromides, which are more readily available and
less expensive than alkyl iodides, required 10 mol % of
NN-1/Cul (Table 2, entries 4—15). The reaction can be
performed with electron-neutral and electron-rich triarylalu-
minum reagents [45]. The reaction tolerates a variety of func-
tional groups on alkyl halides including highly sensitive esters

1 molo% Cul n-Hex
PhsAl  + |/\/n-Hex 1.m0| % Nl\.l-1 Ej/\/
LiCl (3 equiv) >
1 2 Cs,CO3 (1 equiv) 3
NMP, 120 °C, 12 h

Entry Variation from the standard conditions Yield (%)P
1 PN-1 instead of NN-1 in DMF, no Cs,CO3 34
2 No NN-1 66
3 none 81 (76)
4 without Cul 0
5 without LiCl 50
6 without Cs,CO3 54
7 2 equiv LiCl 78
8 4 equiv LiCl 76
9 6 equiv LiCl 35
10 100 °C 78
11 80 °C 75

aReactions were run in 0.5 mL DMF. Commercially available PhAl was used. PGC yields (average of at least two parallel runs) calibrated against
2-nitrobiphenyl as an internal standard. Value in parenthesis is the isolated yield (1.0 mmol).
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D $)
_ N

NMe; N/H N (c-Hex),P
Ph,P Ph,P php L0 Ph,P O
PN-1, 50% PN-2, 55% PN-3, 35% PN-4, 32% PN-5, 43%
DOWRe® O
N/)\N Ph3PNONPPh3
|
(c-Hex),P O PPh, Me;N  NMe; MeoN  NMe,
PN-6, 37% PN-7, 27% PN-8, 59% NN-1, 81% NN-2, 45%
Q |\ t-Bu t-Bu
~
Q Q Ph,P  PPh, oH
NN-3, 39% NN-4, 45% PP, 26% NO, 51% 00, 51%

Scheme 1: Ligands used for reaction optimization.

(Table 2, entries, 5, 9 and 11), nitriles (Table 2, entries 6 and 7)
and olefins (Table 2, entries 4, 8, 10, 13 and 15) [46]. With
10 mol % catalyst loading, the reaction can also be extended to
the coupling of triarylaluminum reagents with benzyl bromides
(Table 2, entries 12 and 14) [43].

Based on literature reports and our recent mechanistic work on
Cu-catalyzed cross-couplings [23-25], we propose a catalytic
cycle for the current reaction (Scheme 2). It is evident from the
optimization of reaction conditions that both NN-1 and LiCl
improve product yields for the current coupling of triarylalu-

Table 2: Coupling of triarylaluminum reagents with alkyl iodides and bromides?.

1 or 10 mol % Cul
1 or 10 mol % PN-1

ArsAl + Alkyl-l, Br Alkyl-Ar
[LiCI (3 equiv)], Cs,CO3 (1 equiv)
NMP, 120 °C, 12 h
Entry Arin ArzAl Alkyl-1,Br Alkyl-Ar yield (%)P
N gL‘[ n-Hex
1 | I/\/”-Hex (j/V 76
=
3
1{ n-Oct
3
2 ©/ I/\t/)%n-Oct ©/\W o1
Me Me 4
Me
ﬁz‘ Me Me
3 49
I/\)\Me
OMe

IS
2

OMe 5
' X 5N
P 60
6
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Table 2: Coupling of triarylaluminum reagents with alkyl iodides and bromides?. (continued)

. 0
- o}
X
5 | 3 “OEt 58
P Br 3 OEt
7
Me Me
s Me M
6 [ ~an S eN 7
_ Br 3 “CN _
8
2{ Me Me
. Me Me | N 3 CN 88
Br/\(")3><CN =
Me
Me 9
s | A X
8 Br O X = 53
Me Me 19
3 0
o 3 OEt
9 PN 59
Br 3 OEt
Me Me 1
"le, I X 3\
10 @ Br 5 X Ve 46
Me 12
0
s 0
O ~d S
Me Br 3 OEt Me
13
p A A
%IL Br | — | _—
12 53
OMe OMe14
57{ I X 5N
13 @ Br YR = 52
OMe OIV|e12
B A A
\‘z& Br | |
14 | N oMeF 68
=
OMe 16
X X
N E | 2
15 | Br o oM 47
= e
OMe 17

@Reactions were run in 5 mL DMF. Reactions for entries 1-3 were run with 1 mol % NN-1/Cul. Reactions for entries 4-15 were run with 10 mol %
NN-1/Cul. Triarylaluminum reagents, except the commercially available Ph3Al, were prepared from the reaction of 3 equivalents of ArLi reagents with
AlICI3 (99.99% purity) in THF at room temperature and were used without further purification. Each reaction contains 3 equivalents of LiCl, written in
parenthesis below the reaction arrow, which is generated during the preparation of triarylaluminum reagents. PYields are for products isolated by
column chromatography from a 1.0 mmol scale reaction.
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minum reagents with alkyl halides (Table 1). As such, we
believe that organoaluminate complexes such as 18, generated
from the binding of LiCl to three-coordinate triarylaluminum
reagents, are the actual species in solution that undergo trans-
metalation with NN-bound CuX (X = I, Br) to generate
(NN)CuAr complexes as the reaction intermediates. Catalyti-
cally competent Cul-complexes that contain nitrogen-based
ligands have previously been synthesized and fully character-
ized structurally [47-51]. Triorganoaluminum complexes are
also known to form triorganoaluminate species in the presence
of anions in solution [52-57]. In addition, organoaluminum
reagents have been demonstrated to undergo transmetalation
with Cu salts based on their participation in allylic and conju-
gate addition reactions [11,15,43]. Similar Cu-catalyzed
couplings of organometallic reagents with alkyl electrophiles
have previously been shown to proceed via an SN2 process
[34,35]. Therefore, we believe that a similar mechanistic
scenario can also be envisioned in the current Cu-catalyzed
cross-coupling of triarylaluminum reagents with primary alkyl

halides that involves (NN)CuAr as the reaction intermediates.

ArsAl + LiCl — [ArsAICI[LIT*  [ArpAl(CI)(X)]—[Li]*

(NN-1)Cu-X (NN-1)Cu-Ar
20 21
Sn2
X=1,Br Alkyl-Ar  Alkyl-X

Scheme 2: Proposed catalytic cycle.

Conclusion

In summary, we have developed a Cu-catalyzed coupling of
triarylaluminum reagents with primary alkyl iodides and
bromides. The reaction proceeds in the presence of NN-1/Cul as
an effective catalyst. Electron-neutral and electron-rich triaryla-
luminum reagents can be coupled with a variety of alkyl iodides
and bromides containing a range of sensitive functional groups
such as olefins, nitriles and esters, affording the alkylated
arenes in good to excellent yields.

Experimental

General information. All the reactions and handling of chemi-
cals were done inside a nitrogen-filled glovebox unless stated
otherwise. All glassware were dried in an oven before use. All
commercial reagents were used as received without further

purification. Anhydrous solvents and triphenylaluminum were

Beilstein J. Org. Chem. 2015, 11, 2400-2407.

purchased from Sigma-Aldrich. Pure triarylaluminum reagents
other than Ph3Al were synthesized following the reported
procedure [56]. Ligands PN-5, PN-6, NN-2, NN-3, PP, NO and
OO were purchased from commercial sources. Ligands PN-1,
PN-2, PN-3, PN-4, PN-7 [58], PN-8, NN-1 [59], and NN-4 [60]
were synthesized following the reported procedures [61]. 'H
and 13C NMR spectra were recorded on a Bruker instrument
(300 and 75 MHz, respectively) and internally referenced to the
residual solvent signals of CDCl; at 7.26 and at 77.16 ppm, res-
pectively.

General procedure for cross-coupling. To a suspension of
AICl3 (133.3 mg, 1.0 mmol) in THF (2 mL) was added drop-
wise a solution of aryllithium (3.0 mmol, generated from the
lithiation of aryl iodides with 1 equiv of n-BuLi in THF) at
room temperature. After 45 minutes, the solvent was removed
to obtain a triarylaluminum reagent containing 3 equivalents of
LiCl, which was then dissolved in NMP (5 mL). Alkyl halide
(1.0 mmol), Cul (1.9 mg, 0.010 mmol, for alkyl iodides;
19.0 mg, 0.10 mmol, for alkyl bromides) and NN-1 (1.6 mg,
0.010 mmol, for alkyl iodides; 16.4 mg, 0.10 mmol, for alkyl
bromides) were then added to the solution of the triarylalu-
minum reagent. The reaction mixture was then tightly capped,
taken out of the glovebox, placed in an oil bath pre-heated to
120 °C and vigorously stirred. After 12 h, the reaction mixture
was cooled to room temperature, diluted with ethyl acetate
(15 mL) and washed with H,O (5 mL x 3). The aqueous frac-
tion was extracted back with ethyl acetate (5 mL X 3) and
combined with the first ethyl acetate fraction. The combined
ethyl acetate fractions were dried over Na;SO4 and the solvent
was removed on a rotary evaporator. The product was purified
by silica gel column chromatography using 0—5% ethyl acetate

in hexanes.

n-Octylbenzene (3) [62]: The title compound 3 was obtained as
a colorless oil (144 mg, 76% yield) after purification by silica
gel column chromatography. 'H NMR (300 MHz, CDCl3) §
0.89 (t, J = 6.6 Hz, 3H), 1.29-1.32 (m, 10H), 1.58-1.68 (m,
2H), 2.62 (m, J = 8.1 Hz, 2H), 7.16-7.21 (m, 3H), 7.27-7.32
(m, 2H); 13C NMR (75 MHz, CDCl3) & 14.2, 22.8, 29.4, 29.5,
29.6,31.7,32.0,36.1, 125.7, 128.3, 128.5, 143.1; GC-MS (m/z)
190.1.

1-Dodecyl-3-methylbenzene (4): The title compound 4 was
obtained as yellow oil (159 mg, 61% yield) after purification by
silica gel column chromatography. '"H NMR (300 MHz, CDCl5)
8 0.90 (t, J= 6.3 Hz, 3H), 1.28-1.31 (m, 18H), 1.53-1.64 (m,
2H), 2.35 (s, 3H), 2.55-2.60 (m, 2H), 6.99-7.02 (m, 3H), 7.18
(t, J= 6.9 Hz, 1H); 13C NMR (75 MHz, CDCls) & 14.3, 21.6,
22.9,27.1,29.5, 29.6, 29.7, 29.8, 31.7, 32.1, 36.1, 45.3, 125.5,
126.4, 128.3, 129.4, 137.9, 143.1; GC-MS (m/z) 260.1.
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1-Isopentyl-3-methoxybenzene (5): The title compound S was
obtained as colorless oil (87 mg, 49% yield) after purification
by silica gel column chromatography. 'H NMR (300 MHz,
CDCl3) 6 0.93 (s, 6H), 1.46-1.64 (m, 3H), 2.6 (t, J = 7.8 Hz,
2H), 3.80 (s, 3H), 6.71-6.80 (m, 2H), 7.12-7.38 (m, 2H);
13C NMR (75 MHz, CDCl3) & 22.7, 27.8, 33.9, 40.8, 55.2,
110.9, 114.3, 120.9, 129.3, 144.9, 159.7; GC-MS (m/z) 178.1.

7-Octen-1-ylbenzene (6) [63]: The title compound 6 was
obtained as a colorless oil (113 mg, 60% yield) after purifica-
tion by silica gel column chromatography. 'H NMR (300 MHz,
CDCl3) 6 1.33-1.41 (m, 6H), 1.60-1.65 (m, 2H), 2.00-2.08 (m,
2H), 2.61 (t, J = 7.5 Hz, 2H), 4.91-5.03 (m, 2H), 5.75-5.88 (m,
1H), 7.17-7.20 (m, 3H), 7.25-7.31 (m, 2H); !3C NMR (75
MHz, CDCl3) 6 28.9, 29.1, 29.2, 31.5, 33.9, 36.0, 114.3, 125.6,
128.3, 128.5, 139.2, 142.9; GC-MS (m/z) 188.1.

Ethyl 5-phenylvalerate (7) [64]: The title compound 7 was
obtained as yellow oil (120 mg, 58% yield) after purification by
silica gel column chromatography. 'H NMR (300 MHz, CDCl3)
8 1.26 (t, J=9.0 Hz, 3H), 1.66—1.70 (m, 4H), 2.31-2.35 (m,
2H), 2.62-2.67 (m, 2H), 4.13 (q, J = 6.9 Hz, 2H), 7.17-7.22 (m,
3H), 7.26-7.32 (m, 2H); 13C NMR (75 MHz, CDCls) & 14.3,
24.7,33.5,34.2,35.6, 60.3, 125.8, 128.4, 128.4, 142.2, 173.7;
GC-MS (m/z) 206.1.

2,2-Dimethyl-6-phenylhexanenitrile (8) [65]: The title com-
pound 8 was obtained as yellow oil (143 mg, 71% yield) after
purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) & 1.34 (s, 6H), 1.54-1.58 (m, 4H),
1.62-1.72 (m, 2H), 2.63-2.68 (m, 2H), 7.17-7.23 (m, 3H),
7.26-7.33 (m, 2H); 13C NMR (75 MHz, CDCl3) § 25.0, 26.7,
31.5,32.4,35.7,40.9, 125.2, 125.8, 128.4, 142.2; GC-MS (m/z)
201.1.

2,2-Dimethyl-6-(3-methylphenyl)hexanenitrile (9): The title
compound 9 was obtained as yellow oil (189 mg, 88% yield)
after purification by silica gel column chromatography.
TH NMR (300 MHz, CDCl3) § 1.35 (s, 6H), 1.55-1.59 (m, 4H),
1.63-1.72 (m, 2H), 2.36 (s, 3H), 2.61-2.67 (m, 2H), 6.99-7.02
(m, 3H), 7.19 (t, J = 3.9 Hz, 1H); 13C NMR (75 MHz, CDCl5) &
21.4, 25.0, 26.6, 31.5, 32.3, 35.6, 41.3, 125.2, 125.3, 126.5,
128.2, 129.2, 137.8, 142.1; GC-MS (m/z) 215.1.

1-(6-Hepten-1-yl)-3-methylbenzene (10): The title compound
10 was obtained as colorless oil (100 mg, 53% yield) after
purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) 8 1.34-1.45 (m, 4H), 1.59-1.66 (m, 2H),
2.02-2.09 (m, 2H), 2.33 (s, 3H), 2.57 (t, J = 7.8 Hz, 2H),
4.92-5.03 (m, 2H), 5.75-5.88 (m, 1H), 6.97-7.00 (m, 3H), 7.17
(t, J=3.9 Hz, 1H); 13C NMR (75 MHz, CDCl3) & 28.8, 29.7,
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31.4,33.7,35.6,114.2,125.4,126.3, 128.1, 129.2, 137.7, 139.1,
142.8; GC-MS (m/z) 188.2.

Ethyl 5-(3-methylphenyl)valerate (11) [66]: The title com-
pound 11 was obtained as a yellow oil (130 mg, 59% yield)
after purification by silica gel column chromatography.
'H NMR (300 MHz, CDCl3) & 1.28 (t, J = 7.2 Hz, 3H),
1.66-1.72 (m, 4H), 2.33-2.37 (m, 5H), 2.60-2.65 (m, 2H), 4.15
(q,J = 7.2 Hz, 2H), 6.98-7.04 (m, 3H), 7.18 (t, J = 7.5 Hz, 1H);
13C NMR (75 MHz, CDCl3) & 14.3, 21.5, 24.7, 31.0, 34.3, 35.6,
60.2, 125.4, 126.5, 128.3, 129.3, 137.9, 142.2, 173.7; GC-MS
(m/z) 220.2.

1-(5-Hexen-1-yl)-2-methylbenzene (12) [67]: The title com-
pound 12 was obtained as colorless oil (80 mg, 46% yield) after
purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) 6 1.48-1.67 (m, 4H), 2.09-2.16 (m, 2H),
2.33 (s, 3H), 2.59-2.65 (m, 2H), 4.98-5.07 (m, 2H), 5.77-5.91
(m, 1H), 7.11=7.15 (m, 4H); 13C NMR (75 MHz, CDCl3) §
19.4, 29.1, 29.9, 33.3, 33.8, 114.6, 125.9, 125.9, 128.9, 130.2,
135.9, 139.0, 141.0; GC-MS (m/z) 174.1.

Ethyl 5-(2-methylphenyl)valerate (13) [68]: The title com-
pound 13 was obtained as yellow oil (203 mg, 92% yield) after
purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) 6 1.26 (t, J = 7.2 Hz, 3H), 1.58-1.76 (m,
4H), 2.31-2.37 (m, 5H), 2.6-2.65 (m, 2H), 4.13 (q, J= 7.2 Hz,
2H), 7.11-7.12 (m, 4H); '3C NMR (75 MHz, CDCls) & 14.4,
19.4, 25.1, 29.8, 33.1, 34.4, 60.4, 126.0, 128.9, 130.3, 135.9,
140.5, 173.8; GC-MS (m/z) 220.2.

1-Benzyl-3-methoxybenzene (14) [69]: The title compound 14
was obtained as a light yellow oil (105 mg, 53% yield) after
purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) & 2.82 (s, 3H), 3.8 (s, 2H), 6.77-6.84 (m,
2H), 6.91 (t, J = 9.0 Hz, 1H), 7.20-7.34 (m, 6H); 13C NMR (75
MHz, CDCl3) 6 42.0, 55.2, 111.4, 114.9, 121.4, 126.2, 128.3,
128.5, 129.5, 140.9, 142.7, 159.8; GC-MS (m/z) 198.1.

1-Methoxy-3-(oct-7-en-1-yl)benzene (15): The title com-
pound 15 was obtained as colorless oil (113 mg, 52% yield)
after purification by silica gel column chromatography.
TH NMR (300 MHz, CDCl3) § 1.27-1.42 (m, 4H), 1.55-1.65
(m, 4H), 2.01-2.05 (m, 2H), 2.59 (t, J = 7.5 Hz, 2H), 3.81 (s,
3H), 4.92-5.02 (m, 2H), 5.75-5.88 (m, 1H), 6.72-7.36 (m, 4H);
13C NMR (75 MHz, CDCl3) § 29.1, 29.3, 29.6, 31.4, 33.9, 35.8,
55.2,110.9, 114.3, 121.0, 129.3, 129.8, 139.3, 144.7; GC-MS
(m/z) 218.2.

1-Benzyl-2-methoxybenzene (16) [70]: The title compound 16
was obtained as light yellow oil (135 mg, 68% yield) after
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purification by silica gel column chromatography. 'H NMR
(300 MHz, CDCl3) 6 3.86 (s, 3H), 4.04 (s, 2H), 6.90-6.96 (m,
2H), 7.11-7.14 (m, 1H), 7.21-7.36 (m, 6H); 13C NMR (75
MHz, CDCl3) § 35.9, 55.4, 110.5, 120.6, 125.8, 127.5, 128.3,
129.0, 129.7, 130.4, 141.1, 157.4; GC-MS (m/z) 198.2.

1-Methoxy-2-(pent-4-en-1-yl)benzene (17) [71]: The title
compound 17 was obtained as yellow oil (83 mg, 47% yield)
after purification by silica gel column chromatography.
TH NMR (300 MHz, CDCl3) § 1.64—1.74 (m, 2H), 2.08-2.15
(m, 2H), 2.61-2.66 (m, 2H), 3.83 (s, 3H), 5.01-5.08 (m, 2H),
5.80-5.94 (m, 1H), 6.84-6.92 (m, 3H), 7.15 (t, J=7.5 Hz, 1H);
13C NMR (75 MHz,CDCl3) 8 29.2, 33.8, 41.5, 55.4, 110.4,
114.5, 117.9, 120.4, 127.0, 139.1, 145.3, 157.2; GC-MS (m/z)
176.1.
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The copper-catalyzed asymmetric conjugate addition (ACA) of nucleophiles onto polyenic Michael acceptors represents an attrac-

tive and powerful methodology for the synthesis of relevant chiral molecules, as it enables in a straightforward manner the sequen-

tial generation of two or more stereogenic centers. In the last decade, various chiral copper-based catalysts were evaluated in

combination with different nucleophiles and Michael acceptors, and have unambiguously demonstrated their usefulness in the

control of the regio- and enantioselectivity of the addition. The aim of this review is to report recent breakthroughs achieved in this

challenging field.

Introduction

Amongst the variety of synthetic methods available for the for-
mation of C—C or C-heteroatom bonds, the asymmetric conju-
gate addition (ACA) of nucleophiles to electron-deficient
alkenes is one of the most relevant and versatile for the syn-
thesis of complex chiral molecules [1]. Notably, the design and
study of novel families of chiral enantiopure ligands has
enabled a fine control of the regio- and enantioselectivity of the

reaction, using a variety of nucleophilic and electrophilic sub-

strate associations, with remarkable applications in total

syntheses [2].

Polyenic electron-deficient alkenes are Michael acceptors of
high synthetic interest. Indeed, they can undergo successive
nucleophilic additions and therefore enable the generation of
several new chiral centers [3]. On the other hand, the main chal-

lenge associated with polyenic Michael acceptors lies within the
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regiocontrol of the nucleophilic attack, which can occur at three
different positions, at least. The regioselectivity outcome of the
ACA reaction depends on many parameters, notably the metal/
chiral ligand combination, the structure of the electrophile and
the nature of the nucleophile. Figure 1 depicts the various
scenarios that can be expected with an o,f,y,0-unsaturated
Michael acceptor.

Amongst the variety of transition-metal-based catalytic systems
that have been evaluated in ACA reactions on extended Michael
acceptors [1,3], copper-based systems have been the subject of
tremendous interest, which provided dramatic breakthroughs
during the last two decades. This review aims to describe the
early examples and recent advances in copper-catalyzed asym-
metric conjugate additions of organometallic reagents to
extended Michael acceptors. First, seminal reports dealing with
the reactivity of extended Michael acceptors with regards to
copper-based nucleophiles in stoichiometric reactions will be
presented. Based on these results, research groups gained better
understanding of the origin of the regioselectivity in such
processes, and started to develop modern enantioselective
catalytic systems. These works will be classified according to
the selectivity of the addition (1,6, 1,4 then 1,8 and 1,10), while
taking into account the nature of the nucleophile (dialkylzinc,
Grignard or trialkylaluminium reagents).

Beilstein J. Org. Chem. 2015, 11, 2418-2434.

Review

Background — first studies

The first example of achiral addition of a copper-based com-
pound to an extended Michael acceptor was reported indepen-
dently as early as 1972, by the Naf [4] and Corey [5] groups,
who studied the reactivity of pentadienyl methyl ester (1,
Figure 2). In both cases, the 1,6-conjugate addition of a stoi-
chiometric amount of a Gilman reagent proceeded in a selec-
tive manner, affording compounds 2 and 3. In the early 1980s,
Yamamoto and co-workers also studied the reactivity of
extended Michael acceptors with regard to the nature of the
cuprate reagent; methyl sorbate (4) was chosen as a model sub-
strate [6]. This work evidenced that a control of the regioselec-
tivity of the reaction could be achieved with a careful choice of
the copper-based nucleophile. Indeed, Yamamoto’s cuprate
(n-BuCu'BF3) led to the 1,4-addition product 5a, while the 1,6-
adduct 5b was selectively obtained upon reaction with a Gilman
reagent. Inspired by these seminal studies, the addition of
cuprates was investigated onto different Michael acceptors [7].
The reaction of dienones such as 6 (Miginiac) [8], enynones of
the type 8 (Hulce) [9] or polarized enynes 10 (Krause) [10]
consistently proceeded with a 1,6-selectivity, as compounds 7, 9
and 11 were respectively identified as the major reaction prod-
uct. The selective 1,6-addition of cuprates onto extended
Michael acceptors featuring a terminal C—C triple bond

Metal-N
1,2-adduct
rTT T Tt T T T T T T I
2
\/Z 1,2-addition R2 H ! RZ |
- . |
R 0O R1WNU : R1’\/\/¥Nu !
A\ oM : OH |
Nu-—Metal o !
1,6-addition 1,4-addition
1,4-adduct
Nu R2 Nu R2 H* Nu R2
R1WOM R1WOM - R1/NO
H+
Metal-Nu
\ sequential 1,6/1,4-adduct
Nu R? reconjugation Ti/\/ﬁ 1,4-addition Nu Nu R?
R1WO R1 AN O T’ R1WO
1,6-adduct

Figure 1: Possible reaction pathways in conjugate additions of nucleophiles on extended Michael acceptors.
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P nCHyy 1) [(MeO)sPICul

N&f et al. (1972) [4] P
Li 3) H* OMe
2 1,6-adduct (55% yield)
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1) (CH,=CH),CuLi
Corey et al. (1972) [5] N Rl .
OMe 5 MeOH OMe
1 3 1,6-adduct
o] nBu O n-Bu 9]
1) n-Bu-Metal )\/\/U\
+ =
Yamamoto et al. (1982) [6] /WI\OMe 2 H PN OMe OMe
4 5a 1,4-adduct 5b 1,6-adduct
n-Bu—Metal:n-BuCu-BF 3 1,4/1,6 (93/7) 44% yield
n-BuCuli  1,4/1,6 (1/99) 82% yield
o)
U4 1) RyCuli R Q
Miginiac et al. (1983) [8] "X - )\/\/K R = n-alkyl, CH,CH=CHR', CH=CHR'
6 7 1,6-adduct (30-65% yield)
le) (0]
1) RoCu(CN)Li
Hulce (1988) [9] 1 RCu(CNILiz R = Me, t-Bu, Ph
2) H* =~
4 R
8 9 1,6-adduct (88-93% yield)
o 1) Me,Culi O
Krause (1990) [10] N or R%CU(CN)Li R3, /-Nkoa R' = alkyl, alkenyl, aryl, SiMes
1 = OEt 2) H* - R2 = alkyl, aryl
R R1
10 (rac)-11 1,6-adduct (52—-85% yield)

Figure 2: Early reports of conjugate addition of copper-based reagents to extended Michael acceptors.

prompted research groups to investigate thoroughly the mecha-
nism of this reaction [11-13].

Notably, the 1,6-conjugate additions onto Michael acceptors
involving copper reagents were employed in total synthesis
strategies (Figure 3). Wieland and Anner took advantage of the
reaction selectivity in the synthesis of steroids as early as 1967
[14]. For instance, the product (rac)-13 was obtained in 43%
yield by reacting a methylmagnesium bromide with the steroid
derivative 12 in the presence of a substoichiometric amount of
copper chloride. Ten years later, Alexakis and Posner described

the addition of a vinyl Grignard reagent to the conjugated

dienone 14, affording product 15 in 66% yield, ultimately
leading to pseudoguaiane [15].

The initial results regarding stoichiometric reactions of copper-
based nucleophiles onto extended Michael acceptors gave the
scientific community a glimpse of the great potential of such
methodologies. It appeared that the regioselectivity of the reac-
tion could be tuned by varying the nature of the copper reagent
[6]. Additionally, the applications in total synthesis demon-
strated that the nucleophilic copper compound could be gener-
ated in situ [14,15]. The design of efficient catalytic protocols
could therefore be envisioned, enabling fine-tuning of the regio-
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(rac)-13 1,6-adduct (43% yield)

o

CuBr-SMe; (5 mol %)

14

Figure 3: First applications of copper catalyzed 1,6-ACA in total synthesis.

and the enantioselectivity of the reaction. In order to tackle this
challenge, many research groups extensively investigated the
effect of various copper precursors, nucleophiles and Michael
acceptors in catalysis, in combination with new families of
chiral ligands. The results will be presented according to the
selectivity of the conjugate addition; the first section will be
dealing with enantioselective 1,6-additions, followed by the
description of systems affording preferentially the 1,4-adduct,
and a final paragraph will focus on the reactions conditions
leading to 1,8- or 1,10-addition products.

Enantioselective 1,6-addition to extended
Michael acceptors

With dialkylzinc reagents

Alexakis and co-workers discovered in 2001 the first example

of copper-catalyzed enantioselective 1,6-conjugate addition
[16]. Using phosphoramidite ligand (S,R,R)-L1 and Cu(OTf),

(S,R,R)-L1 (1 mol %)
Cu(OTf), (0.5 mol %)

Et22n
toluene, 0 °C, 12 h
16

Y-

15 1,6-adduct (66% yield) pseudoguaiane

as the copper source, diethylzinc was added to dienone 16 with
a full 1,6-regioselectivity, and an ee of 35% (Scheme 1).

In 2006, Fillion and co-workers studied the reactivity of
Meldrum’s acid derivatives of the type 18 with regards to ACA
reactions, using dialkylzinc as nucleophiles [17]. Employing the
same catalytic system as Alexakis, namely Cu(OTf),/(S,R,R)-
L1, the reaction was also fully 1,6-selective, and its versatility
was studied on a substrate scope. As shown in Scheme 2,
tertiary and quaternary stereogenic centers could be generated
using this methodology leading to products 19 in moderate to

good yields and ees.

In 2008, Alexakis and Mauduit evaluated a series of different
chiral ligands in ACA reactions involving polyenic Michael
acceptors and various nucleophiles [18]. In this study, the addi-

tion of diethylzinc was notably investigated on cyclic dienone

=

*

17

single isomer
35% ee

Scheme 1: First example of enantioselective copper-catalyzed ACA on an extended Michael acceptor.
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R iPr O (S,R,R}-L1(10mol %)  alkyl, R Pr O 5

Ph)\)jf‘ko Cu(OTf), (5 mol %) PN N N0 |

lkyl,Zn :

o oﬁ/ axy o o/f/ :

18 DME, —40 °Ctort, 24 h 19 |
R=H alkyl = Et, Me, n-Bu, iPr: up to 65% yield, 1,6/1,4 (100/0), up to 83% ee : (S,R,R)-L1

R = Me alkyl = Et: 14% conv., 1,6/1,4 (100/0), 65% ee

Scheme 2: Meldrum’s acid derivatives as substrates in enantioselective ACA.

20 (Scheme 3). As regards the 1,6-conjugate addition, the
highest enantioselectivity was achieved with the bulky phos-
phoramidite (S,R,R)-L2, to afford 21 in 66% yield and 89% ee.

Shortly after, Alexakis and Mauduit demonstrated the effi-
ciency of the carboxylate-phosphino Schiff-base ligand
DiPPAM (L3) in copper-catalyzed 1,6-ACA with cyclic
dienones [19]. Interestingly, the reaction remained fully 1,6-
regioselective, while the enantioselectivity was significantly im-
proved. Indeed, a wide variety of substrates of the type 22 were
reacted with several dialkylzinc reagents, affording the 1,6-
adducts 23 with ees ranging from 93 to 99% (Scheme 4). More-
over, the reactivity of bicyclic dienone 24 was studied in these
conditions, but a substantially lower enantioselectivity was
recorded (25 formed in a 40% ee). An additional study dealing
with the Cu/DiPPAM-based system in the 1,6-addition demon-
strated remarkable nonlinear effects (NLE) [20], which could
also be observed in 1,4-ACA on both cyclic and acyclic enones.

The efficiency of this copper-based catalytic system featuring
DiPPAM was further tested in the reaction of linear aryl-
dienones 26, which are known to be significantly less reactive
than their cyclic counterparts [21]. The recorded performances
were also excellent, as regioselectivities up to 98/2 and enantio-
selectivities ranging from 88 to 98% ee were reported. In order
to fully demonstrate the synthetic significance of such a

methodology, compounds 27 were reconjugated in the presence

o) L2 (4 mol %)
Cu(OTf), (2 mol %)
+ Etzzn
= Me Et,0, -30 °C
20 HCI then DBU

of DBU and subsequently reacted in the 1,4-ACA (Scheme 5).
The optimized conditions for the conversion of 28 to 29
involved copper(I) thiophene-2-carboxylate (CuTC) and
(R)-Binap L4, which afforded the desired final products bearing
two stereogenic centers with excellent diastereoselectivies
(93-97%).

N-Heterocyclic carbenes (NHCs) have emerged, in these last
two decades, as a powerful and versatile class of ligands, and
appeared to be potent in many catalytic applications [22,23].
Amongst the myriad of available NHC ligands, chiral unsym-
metrical NHC ligands appeared as particularly potent in asym-
metric catalysis, and were investigated in copper-catalyzed
conjugate additions [24]. Recently, a multicomponent synthesis
enabled the facile access to a wide variety of unsymmetrical
NHC precursors [25]. With this new methodology in hand,
Mauduit and co-workers synthesized several bidentate chiral
NHC precursors, using amino acids and amino alcohols as
starting materials, and tested them in copper-catalyzed ACA
[26]. Leucine-based LS displayed the best performance in terms
of enantioselectivity, and was used in combination with
Cu(OTf); in the 1,6-ACA of cyclic dienones of the type 30
(Scheme 6). NHC ligands also enabled a total regioselectivity
and ees ranging from 58 to 91%.

Given the efficiency of (R)-Binap L4 in Cu-catalyzed 1,4-ACA
on a,B-unsaturated ketones [21], the potency of other atropoiso-

o) OO 2-Naph
() > "
£t P—N
*“Me
21

1,6/1,4 (100/0)
66% yield, 89% ee

O.
»
Z
Q
'OT
0

Scheme 3: Reactivity of a cyclic dienone in Cu-catalyzed ACA of diethylzinc.
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0 L3 (10 mol %)
Cu(OTf), (5 mol %)
2
R 7 gt alkyl,Zn
Re *'n MeTHF, rt, 14 h
22 NH,CI then DBU

withn =1 R' = Me or n-Bu
R2=H or Me
Alkyl = Et, Me, n-Bu, iPr
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alkyl |
R2 PPhyN

R2 TR

n

23
1,6/1,4 (100/0)

COgNa
L3 (DIPPAM)

63-79% yield, 95-97% ee

with n =0 R' = Me, n-Bu, (CH»),CH(Me),,
(CH,),OTBDMS
RZ2=H or Me
Alkyl = Et, Me, n-Bu, iPr, (CH 2),0Ac

o} L3 (10 mol %)
Cu(OTf), (5 mol %)
EtZZn
MeTHF, rt, 14 h
24 NH4Cl then DBU

28-84% yield, 93-99% ee

1,6/1,4 (100/0)
48% yield, 40% ee

25

Scheme 4: Efficiency of DiPPAM ligand in 1,6-ACA of dialkylzinc to cyclic dienones.

L3 (10 mol %)

0 Cu(OTf), (5 mol %)

L4

o~ alkyl,Zn alkyl

RUSNTN Ar MeTHF/cyclohexane R
2 -10°Ctort,2-16 h

Ar = Ph, 4-OMeCgH,, 4-CICgH,, 4-NO,CgHa, 16014

2-naphthyl, 44-80%

R'=n-C;H4s, Me

So il

PPh, ! R'=n-C

LT | e

Scheme 5: Sequential 1,6/1,4-ACA reactions involving linear aryldienone

meric diphosphines was also studied in 1,4 and 1,6-conjugate
additions with cyclic and linear substrates [27]. (S)-Synphos L6
and (R)-Fluorophos L7 were used in combination with CuTC
and compared to L4 (Scheme 7). Notably, the reaction of cyclic
dienone 32 with diethylzinc proceeded at a typical catalyst
loading of 5 mol %, and afforded the 1,6-adduct. Among the

0 DBU 0
Z A 1
T CH.Cly, rt, 24 h R "Ar
27 28
(87/13 to 98/2) R' = n-C7Hys; Ar = Ph, 55% yield

yield, 88-98% ee R' = Me; Ar = 4-CICgHa, 52% yield

L4 (3 mol %)
Et,Z
CuTC (5 mol %) |~ 25"
—40°C, 15h
MeTHF/cyclohexane
His; Ar = Ph, 55% yield, 97% de m
Ar = 4-CICgHy, 81% yield, 93% de g1~y Ar

29

S.

ligand series, L4 proved to form the most efficient system,
affording product 33 in 60% yield and 82% ee.

With Grignard reagents

Linear dienoates are another class of highly challenging

extended Michael acceptors, which were the focus of a work
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L5 (3 mol %)
Cu(OTf), (2 mol %)
| . alkyl,Zn n-BuLi (8 mol %)
2

R THF, rt, 2-14 h
NH,CI
30 then DBU, CH,Cl, 5 h

R = Me or n-Bu
alkyl = Et, Ph, n-Bu, iPr
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o) : _
: PFg
alkyl ! /?\
i Nx—N
Ao cs

1,6/1,4 (100/0)

44-76% vyield, 58-91% ee

Scheme 6: Unsymmetrical hydroxyalkyl NHC ligands in 1,6-ACA of cyclic dienones.

L4 or L6 or L7 (5 mol %)
CuTC (5 mol %)
+ Etzzn
By THF, rt, 5-14 h
NH,4CI
32 then DBU, CH,Cl,, 5 h

S
] l PPh,

L4

Et
n-Bu

33

With L4: 1,6/1,4 (>98/2), 60% yield, 82% ee
With L6: 1,6/1,4 (>98/2), 54% yield, 82% ee
With L7: 1,6/1,4 (>98/2), 14% yield, 74% ee

CI
0 PPh,

[o PPh, L©
0 g

F O

F O O PPh,
FXO PPh;
F O O

L7

Scheme 7: Performance of atropoisomeric diphosphines in 1,6-ACA of EtoZn on cyclic dienones.

reported by Feringa and co-workers in 2008 [28]. In this study,
the efficiency of ferrocene-based ligands was investigated for
the addition of Grignard reagents onto ethyl sorbate, using
CuBr-SMe, as the copper source. Reversed Josiphos L8 was
selected as the most efficient ligand for this transformation, as a
1,6- vs 1,4-selectivity up to 99:1 could be achieved. The versa-
tility of the catalytic system was assessed with a wide substrate
scope featuring aliphatic, aromatic and functionalized dienoates
34 and various Grignard reagents. The reported products 35
were obtained in good yields (57-88%) and excellent ees
(72-97%). The applicability of the method was demonstrated
with the synthesis of a naturally occurring sulfated alkene, orig-
inally isolated from the echinus Temnopleureus hardwickii
(Scheme 8).

To be noted, the latter protocol proved unsuccessful in intro-
ducing a methyl group in extended Michael acceptors through

the addition of MeMgBr. A follow-up study then aimed
to tackle this challenge and demonstrated that o,f,y,0-unsatu-
rated thioesters 36 were the substrates of choice in order
to conduct this valuable transformation (Scheme 9) [29]. A
variety of a,B,y,0-unsaturated thioesters produced from a
Horner—Wadsworth—-Emmons reagent were submitted to a 1,6-
ACA catalyzed by the L8/CuBr-SMe, system, followed by a
reconjugation reaction in the presence of DBU to selectively
afford 37 (ratio between 1,6 and 1,4-ACA products ranged from
85/15 to 99/1) in high yields (78-88%) and enantioselectivities
(82—-89%). The obtained a,B-unsaturated thioesters 37 were
subsequently reacted in a 1,4 copper-catalyzed ACA, using this
time L9 (Josiphos)/CuBr-SMe,. This approach enabled the syn-
thesis of anti (38) or syn (39) 1,3-deoxypropionate units
depending on the Josiphos enantiomer used, in both cases with
good enantioselectivities (85-92% ee). Subsequent chain elon-

gation followed by a 1,4-ACA reaction was described and
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= PPh;
Fe “pcy,

L8
(reversed Josiphos)

1,6/1,4 (96/4 to 99/1)
57-88% yield, 72-97% ee

isolated from
Echinus Temnopleureus hardwickii

Scheme 8: Selective 1,6-ACA of Grignard reagents to acyclic dienoates, application in total synthesis.

L8 (5.25 mol %)
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CH,Clp, 70 °C, 16 h
36 then DBU, 40 °C, 16 h

R = n-Bu, iBu, (CH2),Ph, (CH,);0Bn,
CHy((R)-CHMe)(CH 5);0Bn

| |
| I
| |
| |
| PCy2 |
i Fe “pph, |
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| l
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(=)-L9 (Josiphos)

1,6/1,4 (up to 99/1)
78-88% yield, 82-89% ee

Me Me O
L9 (-)Josiphos 2 Ne
~ n-Bu SEt
U CuBr-SMe, 38 (85% ee)
N SEt MeMgBr
37 Me I\g/le (0]

— n-Bu

L9 (+)-Josiphos

SEt
39 (92% ee)

‘ \ iteration

SEt

Scheme 9: Reactivity of polyenic linear thioesters towards sequential 1,6-ACA/reconjugation/1,4-ACA and production of 1,3-deoxypropionate units.

enabled the enantioselective insertion of an additional methyl
group.

With trialkylaluminium reagents

Only a few systems are known to perform efficiently 1,6-ACA
reactions using trialkylaluminium reagents as nucleophiles. In
2008, Alexakis, Mauduit and co-workers described the copper-
catalyzed 1,6-ACA of triethylaluminium on cyclic a,p,y,5-
unsaturated ketones using the phosphoramidite (S,R,R)-L2
ligand [18]. The reaction of the cyclic dienone 20 selectively
afforded the 1,6-adduct 21 in 53% yield and 68% ece

(Scheme 10). Displaying a similar reactivity, bicyclic Michael
acceptor 40 led to compound 41 in 45% yield and 69% ee.

In 2010, the Alexakis group explored the reactivity of a,p,y,0-
unsaturated nitroolefins and nitroenynes in Cu-catalyzed ACA
reactions with trialkylaluminium [30]. Several substrates were
investigated affording the 1,4-adducts in most cases. However,
high 1,6-selectivity with respect to the nitro group could only be
observed in the reaction of nitrodienoates 42 with trimethylalu-
minium (Scheme 11). The most efficient catalytic system, a

combination of Josiphos L9 as chiral ligand and copper thio-
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0 L2 (4 mol %)
Cu(OTf), (2 mol %)
| +  EtAl
e Et,0, —30 °C
2 HCI then DBU

L2 (10 mol %)
Cu(OTf), (2 mol %)
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0 5
ol \ 2-Naph
Et | = Q e
e ; /P—N>——
: o
. Togyt-
1,6/1,4 (100/0) i (S.R.R)-L2

53% yield, 68% ee

o)

o)

40

Et,0,-30°C, 12 h
NH,4CI then DBU

Scheme 10: 1,6-Conjugate addition of trialkylaluminium with regards to cyclic dienones.

(=)-L9 (5.25 mol %)

CuTC (5 mol %)

OMNOg + Me3AI

OR THF, -78 °C, 17 h

42

R=1t-Bu 1,4/1,6 (5/95), 91% ee

X 1,6/1,4 (100/0)
45% yield, 69% ee
41
Me | pC
1 Y2
OW\/Noz Fe “PPh,
OR 5
43 E
R=Me 14/1,6(7/93),90% ee ! (-)-L9

Scheme 11: Copper-catalyzed conjugate addition of trimethylaluminium onto nitro dienoates.

phene 2-carboxylate (CuTC) afforded the desired 1,6-adducts
43 with very good regioselectivity (up to 5/95) and enantio-
selectivities (up to 91% ee).

Enantioselective 1,4-addition to extended

Michael acceptors

With dialkylzinc reagents

Dialkylzinc reagents are without a doubt highly potent nucleo-
philes in copper-catalyzed ACA often leading to 1,6-adducts
onto polyconjugated electron-deficient substrates. However,
examples of their use for 1,4-additions can also be found in the
literature. In 2004, Hoveyda and co-workers described the total
synthesis of the antimicobacterial agent erogorgiaene
(Scheme 12) [31]. One of the key steps of this synthesis
involved the conversion of the bicyclic extended Michael
acceptor 44 to 45 through a 1,4-selective copper-catalyzed
ACA. Copper(]) triflate and chiral phosphine ligand L10
enabled this transformation to proceed with a yield of 50% and

an excellent diastereoselectivity (de 94%).

The Hoveyda group was also interested in developing efficient
methods for the generation of quaternary stereogenic centers
from Michael acceptors via copper-catalyzed 1,4-ACA of
diethylzinc onto cyclic Michael acceptors [32]. When the
catalytic system was formed in situ from chiral NHC-based L11
and (CuOTY), CgHg, a large library of substrates was tested, and
good yields and ees were consistently observed. Among the
Michael acceptors that were submitted to the reaction condi-
tions, cyclic enynone 46 selectively led to the 1,4-adduct 47,
and the ethyl moiety was inserted with 74% enantiomeric
excess in 78% yield (Scheme 13).

Very recently, a new study dealing with the reactivity of unsatu-
rated acyl-N-methylimidazole substrates in copper-catalyzed
ACA was released by Mauduit, Campagne and co-workers [33].
Unsymmetrical bidentate hydroxyalkyl precursor L12 led to the
most efficient system in the insertion of methyl groups in such
architectures, being highly versatile synthetic platforms [34,35].
A wide variety of a,B-unsaturated acyl-N-methylimidazoles
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L10 (10 mol %)
(CuOTf),CeHs

‘ XS0 (5 mol %) ‘ @ . H
MesZn
toluene,
—4°C,24h
L10 erogorgiaene

44

-U

> Z

N

(@)

P4
T
]
us]
c

45

1,6/1,4 (1/9)
50% yield, 94% de

Scheme 12: Copper-catalyzed selective 1,4-ACA in total synthesis of erogorgiaene.

[ Ph P
o L11 (2.5 mol %) ; Y
(CuOTf)yCgHg (2.5 mol %) / : Ny_N
+ Et,Zn 5 T
Et,0, 15 °C, 24 h ; A
X oh : i o
46 47 : -
: — “n

1,6/1,4 (0/100)
78% yield, 74% ee

Scheme 13: 1,4-selective addition of diethylzinc onto a cyclic enynone catalyzed by a chiral NHC-based system.

could thus be reacted in high yields and enantioselectivities.
Notably, the reactivity of polyenic species 48 was also investi-
gated (Scheme 14). Interestingly, the 1,4-adduct was here
formed in high regioselectivity (95%), good yield (68%) and
stereoselectivity (ee 92%). Interestingly, the usefulness of the
products of 1,4-ACA was demonstrated as the latter were
converted into the corresponding aldehydes and subsequently

(@] |I\/|e
Ot /\/\)\\VN Cu(OTM; (2 mol %)
48 NJ L12 (3 mol %)
+ n-BuLi (8 mol %)
THF,0°Ctort, 16 h
MeyZn
PFs
\?N
HO
L12

7H15/\)\)J\(\> ‘_"_ . C7H15

used in an iterative process, leading to highly desirable 1,3-
deoxypropionate units.

With Grignard reagents

In 2008, Alexakis, Mauduit and coworkers extensively studied
the influence of the parameters controlling the regioselectivity
outcome of the ACA reaction with o,3,0,y-unsaturated ketones

Me iteration Me Me O

Me
i
v

49

1,6/1,4 (5/95)
68% yield, 92% ee

Scheme 14: Cu-NHC-catalyzed 1,6-ACA of dimethylzinc onto an a,B,y,5-unsaturated acyl-N-methylimidazole.
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[18]. Using a Grignard reagent as the nucleophile, it appeared
that catalytic systems based on phosphoramidite ligands favored
the formation of the 1,6-adduct. However, the use of catalytic
systems based on an hydroxyalkyl NHC ligand (Cu(OTf),/L13)
resulted in a surprising inversion of the regioselectivity. Indeed,
the addition of ethylmagnesium bromide onto cyclic dienones
occurred at the 1,4-position, affording compounds featuring an
all-carbon quaternary center. The authors suggested that the
chelating hydroxyalkyl chain was at the origin of this particular
reactivity. The addition of other linear Grignard reagents on the
substrates of the type 50 showed a near-perfect 1,4-regioselec-
tivity, while the amount of 1,4-adduct dropped when branched
nucleophiles were used. Despite this decrease in regioselec-
tivity, the reaction remained highly enantioselective, with ees
ranging from 88 to 99% for compounds 51. Notably, attempts to
add a methyl moiety through the addition of MeMgBr to the

L13

2
R +  alkylMgBr

L13 (9 mol %)
Cu(OTf), (6 mol %)

Beilstein J. Org. Chem. 2015, 11, 2418-2434.

cyclic dienone featuring a disubstituted terminal double bond
(R! = Me, R% = H) only resulted in an achiral 1,6-addition prod-
uct. Subsequent transformations of the y,d-unsaturated 1,4-
adducts were successfully performed: an oxidative cleavage
afforded for example ketoester 52 (Scheme 15). Moreover, the
in situ trapping of the addition product with acetic anhydride led
to the regeneration of the lithium enolate, which was allylated
and submitted to ring closing metathesis to afford the bicyclic
product 53. Finally, the RCM of the 1,4-adduct resulting from
the addition of 3-butenylmagnesium bromide yielded the spiro
compound 54. Interestingly, the conversion of bicyclic com-
pound 40 catalyzed by the same system also occurred selec-
tively in the 4-position (55 was formed in 73% yield, 96% ee).

The scope of the reaction was extended to many new substrates
in 2012, evidencing that the 1,4-selectivity of the transforma-

A R CH,Cly, —10 °C,

50

With R' = Me; R? = H; alkyl = Et, n-Bu, iPr, but-3-enyl: 1,6/1
With R' = Me; R? = H; alkyl = Me: 1,6/1,4 (100/0), 0% ee

1h

4 (44/54 to 1/99), 25-67% yield, 86-99% ee

With R' = Me, n-Bu, Cy, Ph; R2=H or Me; alkyl = Me: 1,6/1,4 (10/90 to 1/99), 44—71% yield, 88-94% ee

L13 (9 mol %)

/
0 Cu(OTf) (6 mol % o)
+ EtMgBr (0T ( °) 1,6/1,4 (2/98)
CH,Cly, —10°C, 1 73% yield, 96% ee
40 55
o L13 (9 mol %)
R2 Cu(OT); (6 mol %)
+ EtMgBr
Y CH,Cly, =10 °C, 1h
56 57
1,6/1,4 (1/99)
with R' = R2 = Me: 70% vyield, 91% ee
with R" = Ph; R2 = H: 71% yield, 95% ee

Scheme 15: 1,4-Selectivity in conjugate addition on extended systems with the concomitant use of a chelating chiral hydroxyalkyl NHC and of a Grig-

nard reagent.
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tion remained with trienones 56, as the polyunsaturated prod-
ucts 57 were obtained with good yield and excellent enantio-
selectivities (up to 95%) [36].

To demonstrate the high synthetic significance of a selective
1,4-ACA performed on extended systems, its implementation in
the total synthesis of ent-riccardiphenol B was attempted using
the L13/Cu(OTY), system (Scheme 16) [36]. The conditions for
the addition of methylmagnesium bromide were varied in order
to maximize the conversion of trienone 58 towards 59. A mix-
ture of the three addition products was however consistently
observed, and despite an ee of 85%, the conversion towards the
desired product did not exceed 37%.

Cyclic enynones 60, which are substrates of high interest for the
synthetic chemist, were regioselectively converted in good
yields to the 1,4-ACA products 61 with good to excellent
enantioselectivity (79 to 96% ee) using the L13/Cu(OTf),
catalytic system [36,37]. It is important to note that the regiose-
lectivity outcome for the addition of methyl Grignard reagent
appeared to be more substrate-dependent [36]. In fact, the best
1,4-selectivities were observed with bulky R groups, as a 100/0
1,4/1,6 ratio was observed with R = TIPS while substrate 60
with R = n-Bu afforded a 23/77 1,4/1,6 ratio. Moreover, the
obtained products 61 could be subsequently converted to the
spiro compounds 62 and 63 (Scheme 17).

The same protocol was later applied to conjugated enynones
featuring additional unsaturated units and a total regioselec-
tivity towards the 1,4-adducts was recorded under the standard
conditions (Scheme 17) [36]. The chiral polyconjugated prod-
ucts (64-66) were isolated in good yields (60 to 80% yields)
with good to excellent enantioselectivity (77 to 93% ee).

In 2013, Xie, Zhang and co-workers investigated the reactivity
of extended unsaturated linear ketones in the presence of Grig-
nard reagents, with the aim of selectively forming the 1,4-ACA
adducts [38]. Various ligands were tested and the best catalytic
performance was achieved using bidentate ferrocene-based
ligand L14 in combination with tetrakis(acetonitrile)copper(l)

o) L13 (9 mol %)

Cu(OTf), (6 mol %)
+ MeMgBr

CH,Clp, 10 °C, 1 h

58

Beilstein J. Org. Chem. 2015, 11, 2418-2434.

perchlorate as the copper source. The conversion of aromatic
linear dienones 67 was reported with a complete regioselec-
tivity towards the 1,4-adducts 68. Moreover, the variation of the
steric and electronic parameters of both aromatic moieties of 67
confirmed the robustness of the method, with good yields and
ees obtained in most cases (Scheme 18).

With trialkylaluminium reagents

The Hoveyda group disclosed the first example of copper-
catalyzed selective 1,4-ACA of low-cost trialkylaluminium
reagents on extended Michael acceptors in 2008 [39]. The
reported catalytic system, featuring Cu(OTf), and sulfonated
NHC-based silver complex L1S as the ligand source, appeared
as the most potent system in the conversion of cyclic enones.
Enynone 69 was reacted to assess the versatility of the reaction,
and a full 1,4-regioselectivity was recorded, leading to com-
pound 70 in 71% yield and 91% ee (Scheme 19).

Another example of trialkylaluminium addition onto a cyclic
extended Michael acceptor was reported in 2013, using a
combination of copper(Il) naphthenate (CuNaph) and Simple-
Phos L16 as the catalytic system [40]. The reported method-
ology involved a regioselective 1,4 ACA of trimethylalu-
minium followed by the trapping of the aluminium enolate
intermediate with (n-butoxymethyl)diethylamine. An oxi-
dation—elimination sequence and a conjugate addition of a Grig-
nard reagent to the newly formed exocyclic double bound were
subsequently performed. Overall, this four-step process
afforded the sterically congested cyclohexanone 72 in a 30%
overall yield, with a dr of 2:1 and 96% ee (Scheme 20).

In 2012, Alexakis and Gremaud studied the reactivity of various
B,y-unsaturated a-ketoesters, which remain to date the only
report dealing with such substrates in Cu-catalyzed ACA of
trialkylaluminium [41]. Using the (R)-Binap-based system L4/
CuTC, an excellent 1,4-selectivity was achieved with mono-
unsaturated substrates. Dienic ketoester 73 was also tested with
this catalytic system, and 1,4-adduct 74 was formed with a
perfect regioselectivity, in high 92% yield and with a remark-
able enantioselectivity of 98% (Scheme 21).

59

1,6/1,4/1,2 (24/37/29)

90% conv.. 85% ee (ent)-riccardiphenol B

Scheme 16: Cu-NHC catalyzed 1,4-ACA as the key step in the total synthesis of ent-riccardiphenol B.
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o}
Cl __>> Lt
+
ea
62
HO 91% ee
L13
O L13 (9 mol %)
Cu(OTf), (6 mol %)
+ alkylMgBr
CH,Clp, =10 °C, 1 h
N 2Clp, =10 °C,
R
60
n=1or2
R=n-Bu, Ph, t-Bu, TMS, TIPS, (CH,),0THP| 16/1:4 (0/100)
h=1  alkyl=Et Cy,iPr, iBu, but3-enyl 57-87% yield, 79-96% ee
2
- R O 1,6/1,4 (0/100)
R= S A Nri 1= 2=
R R'= Me, n-Bu R<=H or Me
salkyl o5 alkyl = Et, Cy, iPr, but-3-enyl
alkylMgBr X 60-80% yield, 77-93% ee
64

R =E\/\/\Me
1,6/1,4 (0/100)
73% yield, 87% ee

EtMgBr

1,6/1,4 (0/100)
68% yield, 77% ee

Scheme 17: Cu-NHC-catalyzed 1,4-selective ACA reactions with enynones.

L14 (3 mol %)

/\/\)(l Cu(MeCN),CIO, (3 mol %) Me O
AT A2t MeMgBr 1/\A\)J\ 2
CH,Cl, Ar Ar
67 ~70°C, 24 h 68
Ar' = Ph

1,6/1,4 (0/100)
Ar2 = Ph, 2-MeC6H4, 3-M9C6H4, 4_MeCGH4, 4_CIC6H4, 4-CF3CGH4Y 2-

naphthyl, 2-thienyl, 2-furyl

Ar' = Ph, 2-MeCgHy, 3-MeCgHa, 4-MeCgHy, 4-CICqH,, 4-OMeCeHa, 1.6/1,4 (0/100)

COgMe

CO,Me

63
91% ee

69-92% yield, 62-97% ee

82-90% yield, 76-97% ee

Ar2=Ph

Kdr= 1:1

Scheme 18: Linear dienones as substrates in 1,4-asymmetric conjugate addition reactions of Grignard reagents catalyzed by a copper-based system.
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Cu(OTf),+(10 mol %)
+ MesAl
THF, =78 °C, 24 h
N\
69 n-Hep
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n-Hep

70
1,6/1,4 (0/100)
71% yield, 91% ee

Scheme 19: 1,4-ACA of trimethylaluminium to a cyclic enynone catalyzed by a copper-NHC system.

o) 1) i) L16 (6 mol %), CuNaph (5 mol %)
1.2 equiv AlMe3, Et,0,-10°C, 3 h

ii) 1.25 equiv n-BuOCH ,NEt,, 25 °C, 6 h

TIPS 2y 1.5 equivmCPBA, 25 °C, 0.5 h
3) 1.5 equiv PhMgBr, 10 mol % Cul
n THF, -78°C, 1 h

30% yield, dr = 2:1, 96% ee

L16

O Ph i
190AR0e
NTps | P
2 | 7;:(

Scheme 20: Generation of a sterically encumbered chiral cyclohexanone from a polyunsaturated cyclic Michael acceptor.

O
CuTC (5 mol %)

(R)-BINAP L4 (5 mol %)

A \)J\H/OEH MesAl
(6]

73

THF, -78 °C, 17 h

wo I
N OEt ! PPh,
i PPh
OO
74 5

1,6/1,4 (0/100)
92% yield, 98% ee

Scheme 21: Selective conversion of B,y-unsaturated a-ketoesters in copper-catalyzed asymmetric conjugate addition.

In their report looking into the reactivity of a,f,y,6-unsaturated
nitroolefins [30], Alexakis and co-workers could also attain a
perfect 1,4-regioselectivity in the addition of trialkylaluminium
reagents. Many nitroenynes such as 75 could then be converted
to a wide variety of enantioenriched products 76 (83 to 95% ee)
using copper thiophenecarboxylate (CuTC) as the copper source
and Josiphos L9 as chiral ligand (Scheme 22).

Additionally, a collection of nitrodienes 77 was reacted using
this same methodology, and a reactivity similar to the one of
nitroenynes was observed: 1,4-adducts 78 were obtained with
good to very good enantioselectivity (77 to 90% ee) and perfect
regioselectivity (Scheme 23).

Enantioselective 1,10- and 1,8-addition to

extended Michael acceptors

Recently, Feringa and co-workers released an extensive work
dealing with the influence of various parameters in copper-
catalyzed ACA of Grignard reagents on extended Michael
acceptors [42]. Using “reversed Josiphos” L8, a well estab-
lished ligand for enantio- and regioselective 1,6-additions onto
dienoates [28], a wide variety of polyconjugated substrates were
tested in order to gain a better insight into the reaction mecha-
nism. Amongst the investigated electrophiles, substrates 79
(n =1 or 2) could potentially undergo 1,8- or 1,10-conjugated
addition, respectively. As shown in Scheme 24, the addition of

the Grignard reagent occurred preferentially at the most remote
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R = n-pent, Ph, Cy, t-Bu, p-BrCgH,4, p-OMeCgHy, p-CF 3CgHyg,

1,6/1,4 (0/100)

Y 0 :
(-)-L9 (5.25 mol %) alkyl :
CuTC (5 mol %) i
~-NO2 ~_NO, . PCy>
/\ + alkylzAl // : Fe “PPh,
R Et,0, 10 °C, 1 h R !
75 76

SiMe3, CH,0BnN, 0-iPrCgHy4
alkyl = n-Pr, Et, n-Bu

52-74% yield, 83-95% ee

Scheme 22: Addition of trialkylaluminium compounds to nitroenynes catalyzed by L9/CuTC.

(=)-L9 (5.25 mol %)
CuTC (5 mol %)

Me

NO
alkyl/\)*\/ 2

@chm

R/\/\/NOZ +  MesAl i Fe "PpPh,
Et,0,-10°C, 1 h i
77 78 5
. 1,6/1,4 (0/100) E (-)-L9
R =iPr, Cy, Ph, p-CIC¢H,4, p-OMeCgH4 . I
55-70% vyield, 77-90% ee '
Scheme 23: Addition of trialkylaluminium compounds to nitrodienes catalyzed by L9/CuTC.
PPh,
Fe PCy2
L8
(reversed Josiphos)
L8 (5.25 mol %)
(0]
« CuBr-SMe (5 mol %) alkyl Q
XX x + alkylMgBr A A X
n CH,CI,/Et,0, —70 °C, 18 h n

79

80

n=1 ‘ X =OEt; alkyl =Et  1,8/1,6/1,4 (63/8/29); 47% overall yield; 7% ee of 1,8 product

X = SEt; alkyl = Me  1,8/1,6/1,4 (86/0/1

4); 63% overall yield; 72% ee of 1,8 product

n=2 ‘ X =OEt; alkyl =Et  1,10/(1,8 + 1,6)/1,4 (49/8/43); 22% overall yield; 12% ee of 1,10 product
X = SEt; alkyl = Me 1,10/(1,8 + 1,6)/1,4 (59/0/41); 44% overall yield; 45% ee of 1,10 product

Scheme 24: Copper catalyzed 1,8- and 1,10-ACA reactions.

olefin. To be noted, polyenic esters gave a slight regioselec-
tivity towards the 1,8- and 1,10-products and low enantio-
selectivities. Remarkably, only a small portion (<10%) of

“intermediate” addition products (1,6-adducts when n = 1 and

1,6- and 1,8-adducts when n = 2) was detected in all cases. The
nature of the substrate seemed to also have an influence since
better results were obtained when the thioester was used as a
starting material, in both 1,8- (63% yield, 72% ee) and 1,10-
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ACA (44% yield, 45% ee). As a trend, the regio- and stereose-
lectivity decreased when the reacting olefin is further from the
electron-withdrawing functionality. Additional studies would
enable to determine the factors allowing for an improvement of
the reaction outcome, as an efficient protocol allowing 3 to 4
sequential ACA reactions would be highly desirable for syn-
thetic chemists.

Conclusion

This review attempts to give the reader an overview of the
methodologies available to perform regio- and enantioselective
copper-catalyzed asymmetric conjugate additions (ACA) on
electron-deficient extended unsaturated systems. Since the
initial discoveries looking into the conjugate addition of
cuprates to extended Michael acceptors, substantial research has
been undertaken to develop efficient methodologies enabling
such reactions in a regio- and enantioselective manner, with
significant breakthroughs. Nowadays, a number of ACA pro-
cedures with a various electron-deficient polyenic substrates
(linear and cyclic dienones, dienoates, conjugated thioesters,
nitroolefins and nitroenynes, enynones, unsaturated acyl-N-
methylimidazoles and conjugated ketoesters) and nucleophiles
(dialkylzinc, Grignard or trialkylaluminium reagents) are avail-
able. These protocols have shown to be highly dependent on
both substrates and reaction conditions. Therefore, a variety of
efficient chiral ligands is now available for the chemist willing
to design synthetic routes leading to complex chiral molecules.
Nonetheless, a number of potential Michael acceptors and
catalytic systems have yet to be explored in order to further
expand this useful toolbox.
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Asymmetric allylic alkylation is a powerful reaction that allows the enantioselective formation of C—C bonds. Here we describe the

asymmetric alkylation of alkylzirconium species to racemic 3,6-dihydro-2H-pyrans. Two systems were examined: 3-chloro-3,6-

dihydro-2H-pyran using linear optimization (45-93% ee, up to 33% yield, 5 examples) and 3,6-dihydro-2 H-pyran-3-yl diethyl

phosphate with the assistance of a design of experiments statistical approach (83% ee, 12% yield). "H NMR spectroscopy was used

to gain insight into the reaction mechanisms.

Introduction

Asymmetry is found in many natural products and biologically
active molecules. Using racemic starting materials to synthe-
size enantiomerically enriched products is a powerful and
underdeveloped strategy [1-4]. In some cases transition metal-
catalysed asymmetric allylic alkylation (AAA) reactions [5-7]
can be used in dynamic kinetic asymmetric transformations
(DYKAT) [8-15] to provide single enantiomer products from
racemic starting materials. Mechanistically some of these have
been shown to occur by direct enantio-convergent transforma-
tions [16-18]. We have developed Cu-catalysed asymmetric
conjugate additions of alkylzirconium reagents generated in situ

by hydrometallation of terminal alkenes [19-25], and recently

demonstrated that zirconium nucleophiles may undergo highly
enantioselective copper-catalysed AAAs to racemic cyclic allyl
halides, such as 1 (Scheme 1a) [26,27].

Tetrahydropyrans are a common motif in natural products and
pharmaceuticals and are useful synthetic intermediates.
However, the direct asymmetric derivatization of pyrans is rare
[28] and enantiomerically enriched tetrahydropyrans are often
obtained by ring-closing methods [29,30]. To extend our previ-
ously reported DYKATSs beyond all-carbon electrophiles we
decided to examine 3-chloro-3,6-dihydro-2H-pyran (2a,
Scheme 1b). This was envisaged to be a challenging substrate.
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Scheme 1: Previously reported Cu-AAA of alkylzirconium reagents to
racemic allyl chlorides [26] and this work.

The presence of oxygen in the ring would modify the elec-
tronics, and likely the reactivity, of the starting material. The
oxygen lone pairs on 2a could potentially interact with the

copper-catalyst or alkyl metal nucleophiles.

Results and Discussion

We first examined the in situ hydrometallation/AAA of
4-phenyl-1-butene (4) to racemic 3-chloro-3,6-dihydro-2H-
pyran (2a, Table 1). Interestingly, no product was formed using
our previously reported conditions for AAA to racemic carbo-
cyclic substrates (Cul, ligand A, CHCl3, Table 1, entry 1) [26]
and only unreacted starting material was recovered. Different
Cu salts were examined (Table 1, entries 2—7) and more
strongly electron withdrawing counterions were found to
provide the desired product, with CuClOy4 giving the best ee
(70% ee, Table 1, entry 3). A solvent screen lead us to the
conclusion that chlorinated solvents are best (CH,Cl, (70% ee)
and CHCIl3 (67% ee), Table 1, entries 7 and 10, respectively).
Extensive examination of phosphoramidite ligands (for
example, Table 1, entries 2 and 11-13) did not improve the ee.
We then tested many different additives (TMSCI, AgOTf{,
borates, ZrCly, Si(OEt)4, etc, for example Table 1, entries
14-18). Using B(OiPr)3, which presumably acts as a Lewis
acid, improved the ee to 80% (Table 1, entry 18) and so we
re-examined different ligands using CuClO4 in CH,Cl, with
B(OiPr);3 (Table 1, entries 19-21). Derivatives of ligand B were
tested and ligand F gave 83% ee (Table 1, entry 21), while elec-
tronically similar E was much less selective (47% ee, Table 1,
entry 20). The effects of concentration, temperature and cata-
lyst loading were also investigated (not shown) with no

improvement on the enantioselectivity.

After extensive optimization, the highest enantiomeric excess
obtained was only 83% ee and so we decided to examine other

leaving groups (Table 2). Like allyl chloride 2a, allyl bromide

Beilstein J. Org. Chem. 2015, 11, 2435-2443.

2b gave no desired product when using our previously reported
conditions [26] (Table 2, entry 2). The use of 2b also only gave
low ee when using the conditions optimized above (38% ee,
Table 2, entry 1). Allyl acetate 2¢ did not give the desired pro-
duct under any conditions examined, however, allyl phosphate
2d was found to provide 5 with good selectivity (77% ee,
Table 2, entry 5). 3,6-Dihydro-2H-pyran-3-yl diethyl phosphate
(2d) was also the only substrate to react using our previously
reported AAA conditions (Cul, ligand A, CHCl3) [26], albeit
with poor enantioselectivity (29% ee, Table 2, entry 6).

Design of experiments (DoE) [31-37] is a powerful tool for effi-
cient screening and is commonly used in industry, since tradi-
tional one-factor-at-a-time optimization poorly covers the avail-
able parameter space and may not locate the most optimal
conditions. As DoE rapidly explores the response space effi-
ciently and can reveal interdependence of factors at no extra
experimental cost, we decided to briefly examine DoE in this
complex asymmetric transformation. We note that there are
important limits to this investigation. Understanding what inter-
actions give rise to asymmetric induction (particularly in trans-
formations where mechanisms are not understood) is extremely
challenging, and it is not obvious how to parameterize the
multiple variables present in key factors such as ligand struc-
ture [38].

Nevertheless, a Principal Component Analysis using JMP®
12.1.0 (SAS) in 3 waves was carried out using 2d as the starting
material. In each experiment, the most promising variables were
chosen based on results from previously published methods, the
procedure optimised for 2a (above), and the results of previous
waves. The first wave was as a third factorial design with
3 categories: Ligand (A, B, C, F and G), counter-ion (C104, I”
and OTf") and solvent (CH,Cl,, Et,O and TBME, Table 1,
entries 1-17; e Figure 1, for more details see Supplorting Infor-
mation File 1).

This first DoE study suggested that neither Cul nor TBME were
good fits for the reaction (both consistently giving low ee). The
combination of CuOTf in CH,Cl, gave the best enantio-
selectivity (up to 83% ee, Table S1 entry 3, Supporting Infor-
mation File 1) with ligand G. Unlike with 2a, CuClO4 did not
give high ee with 2d; the highest value obtained was 43% ee
(Table S1, entry 14). Interestingly Et,O gave mixed results with
some low (e.g., 1% ee, Table S1, entry 1) and moderate (e.g.,
56% ee, Table S1, entry 6) ee values obtained.

Based on those results, a second wave of DoE was designed as
a 6'0 factorial design with 4 factors: Ligand (G, H, I, J),
counter-ion (OTf and NTf,), solvent (CH,Cl,, Et,O and
CHCl3) and TMSCI equivalent (0, 1 and 5) (Table S1, entries
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Table 1: Asymmetric alkylation to 3-chloro-3,6-dihydro-2H-pyran (2a)2.

Entry

1
2
3
4
5
6
7
8

21

aConditions: 4-phenyl-1-butene (2.5 equiv), CpoZrHCI (2.0 equiv), 2a (1.0 equiv), CuL* as specified (0.1 equiv), additive as specified (1.0 equiv), in

°

(0)
2a

Copper

Cul
CuClOy4
CuClOy4

CuOTf
CuNTf,
CuTC
CuSbFg
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4
CuClOy4

=

4
Cp,ZrHCI, CH,Cl,

CuX', L*, solvent, additive

MeO
— OMe
oe . COE
OMe
8:P—N>7 zjg:PN)i\ /
E F

MmO WWWOWWMmMOOWOWOwOowOowOowowow>»>»>

M

0]

Solvent

CHCl3
CHCly
CH,Cly
CHyCl,
CHyCl,
CHyCl,
CH,Cly
Et,0
Me-THF
CHCl3
CHyCl,
CHyCl,
CH,Cly
CHCly
CHCly
CHyCl,
CHyCl,
CHCly
CHCly
CH,Cly
CH,Cl,

Beilstein J. Org. Chem. 2015, 11, 2435-2443.

Additive

TMSCI
Si(OEt),
Ti(OiPr)4
AICl3
B(OiPr)3
B(OiPr)3
B(OiPr)3
B(OiPr)3

eeb

NP
68%
70%
64%
52%
12%

NP
55%
38%
67%
53%
36%
12%
73%
63%
25%
15%
80%
78%
47%
83%

specified solvent (2.0 mL), room temperature. Pee determined by HPLC. NP = no product. For more information on procedures see Supporting Infor-

mation File 1.
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Table 2: Effect of leaving groups.2

aAs

Beilstein J. Org. Chem. 2015, 11, 2435-2443.

X
@ Cp,ZrHCI, DCM =
(0] CuX', L*, solvent, additive (0] 5
2b Br
2c OAc
2d OPO(OE),

Entry X Copper L* Solvent Additive eeP
1 Br CuCIO, F CH,Cly B(OiPr)s 38%
2 Br Cul A CHCl3 NP
3 OAc CuCIO, F CH,Cl, B(OiPr)3 NP
4 OAc Cul A CHCl3 NP
5 OPO(OEt), CuClo, F CH,Cly B(OiPr)3 77%
6 OPO(OEt), cul A CHCl3 29%

aConditions: 4-phenyl-1-butene (2.5 equiv), CpoZrHCI (2.0 equiv), 2 (1.0 equiv), CuL*(0.1 equiv), additive (1.0 equiv), in solvent (2.0 mL), room
temperature. Pee determined by HPLC. NP = no product. For more information on procedures see Supporting Information File 1.

18-30, #). As mixed results were obtained with Et,O, we
decided to investigate it more thoroughly. This second study
emphasizes the intrinsic challenge of finding optimum condi-
tions in complex asymmetric reactions. Whereas CuOTf seems
to work best with CH,Cl, as a solvent, CuNTf, gave better
enantioselectivity in EtpO. CHClj consistently provided lower
enantioselectivity than CH,Cl,. In the small selection of ligands
examined, G generally gave better results.

We designed a final study to investigate the role of various
equivalents of additive (TMSCI and B(OiPr)3) with CuOTf and
CuNTHf; in their respective favoured solvents (CH,Cl, and
Et,0) (Table S1, entries 31-38, V). B(OiPr); significantly
lowered the ee (44% ee, Table S1, entry 33). The influence of
TMSCI on the reaction was highly dependent on the other reac-
tion parameters; CuNTf, in Et;0O with no additive gave 67% ee
(Table S1, entry 34), while adding 1 equiv of TMSCI gave a
slight improvement (73% ee, Table S1, entry 35) but no further
improvement was observed by adding more TMSCI (5 equiv,
74% ee, Table S1, entry 36). On the other hand, using 1 equiv
of TMSCI with CuOTf in CH,Cl; did not modify the ee (81%
ee, Table S1, entry 32), while adding 5 equiv of TMSCI was
detrimental to enantioselectivity (60% ee, Table S1, entry 31).

Despite our efforts to optimise this second system, the highest
enantioselectivity obtained was 83% ee, which is the same as
for allyl chloride 2a. It became clear that when using alkylzir-
conocene nucleophiles and Cu catalysis, derivatised 3,6-

dihydro-2H-pyrans are difficult to obtain in high enantiomeric

excess. Moreover, both optimised systems gave poor yield; 25%
yield with 100% conversion from allyl chloride 2a and 17%
yield with 31% conversion from allyl phosphate 2d.

Various alkenes were examined using the allyl chloride 2a
system (Scheme 2). The reaction showed tolerance in func-
tional groups such as CF3 (6, 75% ee) C1 (7, 77% ece), and
cyclohexane (8, 88% ee). Electron rich allyl silane could also be
used to introduce a TMS group (9, 93% ee), but all the yields

WeEre poor.

To investigate why we obtained such poor yields, and possibly
shed light onto the reaction mechanism, we decided to follow
both reactions in time using in situ NMR spectroscopy (Figure 2
and Figure 3). Reactions were carried out as normal, but in
deuterated solvents and mixed in an NMR tube (see Supporting
Information File 1). Ethylene was used as the alkylzirconium
precursor as it greatly simplifies the NMR spectra. Spectra were
recorded at regular intervals over time where relative concentra-
tions are based on integration of the best resolved 'H signal for
each species and calibrated accordingly.

Through these kinetic studies, it is clear that the allyl chloride
2a system fails because the starting material dimerises to give
11 as the major reaction product (60% isolated yield —
30 mol % by NMR) (Figure 2). This is consistent with the
observed =100% conversion but low product yields. Presum-
ably 11 arises from the homocoupling of allyl chloride 2a,
possibly through a m-allyl-Cu intermediate [39-43]. Although
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Figure 1: DoE from 3,6-dihydro-2H-pyran-3-yl diethyl phosphate (2d). Conditions: 4-phenyl-1-butene (2.5 equiv), Cp2ZrHCI (2.0 equiv), 2d
(1.0 equiv), CuL* as specified (0.1 equiv), additive as specified (1.0 equiv or 5.0 equiv), in specified solvent (2.0 mL), room temperature. ee deter-
mined by HPLC. For more information on the procedures see Supporting Information File 1. e (wave 1, entries 1-17), ¢ (wave 2, entries 18-30),

V (wave 3, entries 31-38).
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(10 mol %), D (10 mol %), AgCIO4 (10 mol %), B(OiPr)3 (1.0 equiv), in CH,Cl> (2.0 mL), room temperature. Isolated yield. ee determined by HPLC or

GC. For more information see Supporting Information File 1.
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Figure 2: Reaction kinetics as monitored by in situ 'H NMR spectroscopy from 3-chloro-3,6-dihydro-2H-pyran (2a).

both the conditions and leaving groups differ in the two reac-
tions it is not clear why 2a, but not 2d, dimerizes. 11 can exists
as 3 isomers, a meso compound and two enantiomers. Upon
comparison to literature data [44], we concluded that we form a

mixture of all three, as a 1:1 mixture of the meso and racemic
material. Our samples did not rotate plane polarized light,
emphasizing the racemic nature of the sample and suggesting

that 11 is formed in a completely non-selective pathway.
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Figure 3: Reaction kinetics as monitored by in situ TH NMR spectroscopy from 3,6-dihydro-2H-pyran-3-yl diethyl phosphate (2d).

In the case of allyl phosphate 2d, the system appears to lack re-  To obtain further mechanistic information we followed the ee of
activity and the reaction quickly dies, so that 10 (Figure 3) is  these reactions in time (Figure 4 and Figure 5). In the system
formed with poor conversion, and we speculate that the phos-  using chloride 2a, the ee of product 5 remains constant through-
phate leaving group inhibits the catalyst which would explain  out the reaction (~75% ee, Figure 4). Starting chloride 2a was
why only ~10% of product is formed. found to be quite robust so that we could also determine its

W\@
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Figure 4: Kinetic ee analysis using 2a. ee of reaction with 3-chloro-3,6-dihydro-2H-pyran (2a) as measured by removing aliquots in time.
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Figure 5: Kinetic ee analysis using 2d. ee of reaction with 3,6-dihydro-2H-pyran-3-yl diethyl phosphate (2d) as measured by removing aliquots in

time.

enantiomeric excess during the course of the reaction. Initially
2a is racemic but it becomes scalemic to slowly reach 34% ee
when the reaction is complete (~12 hours). From these observa-
tions and our experimental demonstration that 2a is much more
stable than all-carbocyclic 1, it appears that 2a undergoes
kinetic resolution. However, this system is clearly complicated
by the fact that the majority of 2a is consumed during

byproduct 11's formation.

In the phosphate system based on 2d, the ee of product 5 was
found to increase during the course of the reaction (Figure 5) so
that 5 was ~26% ee after a few minutes, and increased to
~82% ee after 5 hours. Unfortunately, analytical conditions to
separate the enantiomers of 2d, so we could measure the enan-
tiomeric excess of this starting material, could not be found. At
this stage it is not possible to provide a full mechanistic ratio-
nalization of these reactions. It is also not immediately obvious
how to improve yields and enantiomeric excesses. The kinetic
studies suggest that the two reactions work through very
different mechanisms and it strikes us as remarkable how both
systems give roughly the same enantioselectivity and poor
yield, yet have significantly different pathways.

Conclusion
The Cu-catalyzed AAA of alkylzirconium reagents to racemic
heterocyclic electrophiles was explored. After extensive exami-

nation, two different methods for obtaining 3,6-dihydro-2H-

pyran derivatives with respectable levels of ee (=<83% ee) were
developed. Unfortunately, the yields were poor in both cases.
Kinetic studies were performed to help to understand the diffi-
culties associated with these reactions. While we were not able
to resolve the issues of yield in these studies, this work reveals
remarkable mechanistic diversity in Cu-catalysed asymmetric
alkylation reactions to racemic starting materials.
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A copper-catalyzed conjugate addition of alkylboron compounds (alkyl-9-BBN, prepared by hydroboration of alkenes with

9-BBN-H) to alkynoates to form f-disubstituted acrylates is reported. The addition occurred in a formal syn-hydroalkylation mode.

The syn stereoselectivity was excellent regardless of the substrate structure. A variety of functional groups were compatible with

the conjugate addition.

Introduction

Copper-mediated conjugate additions of organometallic
reagents to alkynoates are powerful tools for the synthesis
of multisubstituted alkenes [1-8]. Because of their broad
availability and their compatibility with a multitude of
functional groups, organoboron compounds are especially
popular organometallic reagents. Recently, Yamamoto and
co-workers developed copper-catalyzed conjugate additions of
aryl- and allylboron compounds to alkynoates [9,10], but
alkylboron compounds have not been used for these methods

[11].

As related studies we reported earlier the copper-catalyzed

conjugate addition of alkylboranes (alkyl-9-BBN) to imidazole-

2-yl a,B-unsaturated ketones [12-14] and the copper-catalyzed
three-component coupling with alkylboranes, alkynoates, and
tributyltin methoxide to form trisubstituted alkenylstannanes
[15]. The latter reaction pathway involved Sn-trapping of an
alkenylcopper intermediate that was formed through syn-
carbocupration of an alkylcopper(I) species across the C—-C
triple bond of the alkynoate. We envisioned that 1,2-hydro-
alkylation of the alkynoates might be possible through proton-
trapping of an alkenylcopper intermediate.

Herein, we report a copper-catalyzed conjugate addition of

alkylboranes to alkynoates, providing a versatile approach to
B-disubstituted acrylates [16-19]. The addition occurred in a
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formal syn-hydroalkylation mode. The syn stereoselectivity was
excellent regardless of the substrate structure, and a variety of
functional groups were tolerated in both the alkylborane and the
alkynoate.

Results and Discussion

Alkylborane 2a (0.275 mmol), which was obtained via hydro-
boration of styrene (1a) with the 9-borabicyclo[3.3.1]nonane
(9-BBN-H) dimer, and ethyl 3-phenylpropiolate (3a,
0.25 mmol) were treated with CuOAc (5 mol %), -BuOK
(5 mol %), P(OPh)3 (10 mol %), and ~-BuOH (0.25 mmol) in
1,4-dioxane (1.2 mL) at 40 °C for 12 h. The reaction afforded a
formal hydroalkylation product, B-disubstituted acrylate 4aa in
99% isolated yield with >99% syn selectivity (Scheme 1).

The results of ligand screening for the reaction between 2a and
3a are summarized in Table 1. P(OPh)3 was the most effective
ligand in terms of product yield and syn selectivity (Table 1,

Beilstein J. Org. Chem. 2015, 11, 2444-2450.

entry 1). The use of other monophosphine ligands such as PPhj
and PCyj; or the DPPE bisphopshine was also effective in
promotion of the reaction, but resulted in a reduced stereo-
selectivity (Table 1, entries 2—4). No reaction occurred with
N-heterocyclic carbenes (NHC) such as IMes or IPr (Table 1,
entries 5 and 6). The reaction with (IMes)CuCl or (IPr)CuCl
complex delivered no reaction product (data not shown). The
reaction without a ligand resulted in a significantly decreased
product yield while the syn selectivity was fairly high (Table 1,
entry 7).

The use of less expensive CuCl as a copper salt was also effec-
tive to produce 4aa in 90% yield with 99% syn selectivity. The
reaction using MeOH as a proton source instead of ~-BuOH
caused a drastic reduction in the product yield with the syn
selectivity slightly decreased (38%, syn/anti 97:3). The reduc-
tion of the yield might be due to the protonation of an alkyl-
copper species by the more acidic MeOH (vide infra). There

(9-BBN-H),
P (0.55 equiv) B
Ph™ ™S dioxane PR >
1a 60°C,1h 2a
(1.2 equiv) (1.1 equiv)
CuOAc (5 mol %)
t-BuOK (5 mol %) Ph CO,Et
2a P(OPh)3 (10 mol %)
. Ph—= E
(1.1 equiv) COEt t-BuOH (1 equiv) H
3a dioxane Ph 4aa
(0.25 mmol) 40°C, 12 h 99% vyield

Scheme 1: Conjugate addition of alkylborane 2a to alkynoate 3a.

Table 1: Ligand effects.

syn/anti >99:1

CuOAc (5 mol %)

t-BuOK (5 mol %)

5 <€ ligand (10 mol %) Ph_ COqEt Ph H
Ph N + Ph—=—CO,Et +
2a 3a t-BUOH (1 equiv) H CO,Et
; dioxane .
(1.1 equiv) (0.25 mmol) 40°C. 12 h syn-4aa anti-4aa
Entry Ligand?@ Yield [%]° synlanti©
1 P(OPh)3 99 >99:1
2 PPh3 99 67:33
3 PCy; 56 64:36
4 DPPE 99 83:17
5 IMes 0 -
6 IPr 0 —
7 none 37 97:3

aMes: 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene, IPr: 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene. bYield determined by TH NMR.

Determined by "H NMR or GC analysis of the crude product.

2445



was no reaction in the absence of a proton sourse. No hydro-
alkylation product at all could be found when alkyl-9-BBN 2a
was replaced by (2-phenylethyl)boronic acid pinacolate ester;
the substrates hardly reacted at all.

Beilstein J. Org. Chem. 2015, 11, 2444-2450.

A variety of B-disubstituted acrylates were accessible through
the hydroboration—conjugate addition one-pot protocol with
excellent syn stereoselectivities (Table 2). This protocol toler-
ated functional groups such as methoxy, ester, phthalimide,

Table 2: Copper-catalyzed conjugate addition of alkylboranes 2 to alkynoates 3.2

3b

P

RI™Y
1
(9-BBN-H),
| Sener g8, 1 cuonz s ol
-Bu mol %
R? CO,Et
P(OPh); (10 mol %) /_/E< 2
B + R2—=—CO,Et
RN t-BUOH (1 equiv) / H
2 3 dioxane R 4
(1.1 equiv) (0.25 mmol) 40°C,9h
Entry Alkene Alkynoate Product Yield [%]°  syn/anti®
Ph  CO,Et
MeO
H
1 D\/\ 3a MeO 94 99:1
MeO X
1b MeO
4ba
Ph  CO,Et
MGOW H
2 o) 3a 99 >99:1
1c MeO
O
4ca
Ph  CO,Et
2 0
N H
3 I 3a N-+)5 87 99:1
1a 0
4da
Ph  CO,Et
4 Ph/g 3a >—):<H 86 >99:1
1e Ph
4ea
Ph  CO,Et
5 @ 3a <:§:< H 0 -
1f
4fa
F
5 1a F@%cozEt CO,Et 9% 98:2
H
h
4ab

2446



Beilstein J. Org. Chem. 2015, 11, 2444-2450.

Table 2: Copper-catalyzed conjugate addition of alkylboranes 2 to alkynoates 3.2 (continued)

10

1"

12

13

14

1a

1a

1a

1a

1a

1a

1a

1a

MeO

MeO—@%COQEt CO5Et
3c H
Ph
4ac
NC
NC@%COzEt CO,Et
3d H
Ph
4ad
OHC OHC—\
——CO,Et
33 2 H
3e Ph
4ae
~ s

S _
\E/)%coza COEt
3f

4af
MeO

.

—=—COsEt
39
Ph
4ag
Me COzEt
Me—==—CO,Et /_):<H
3h Ph
4ah
Et  CO,Et
Et—==—CO,Et /_):<H
3i Ph

dai

3

X

43j

CO,Et

CO,Et

91

88

93

95

90

94

98

93

99:1

99:1

99:1

94:6

>99:1

>99:1

>99:1

>99:1

8The reaction was carried out with 3 (0.25 mmol), 2 (0.275 mmol), CuOAc (5 mol %), -BuOK (5 mol %), P(OPh)3 (10 mol %) and t-BuOH (0.25 mmol)
in dioxane (1.2 mL) at 40 °C for 12 h. Alkylborane 2 was prepared in advance by hydroboration of 1 with the 9-BBN-H dimer at 60 °C for 1 h and used

without purification. PYield of isolated product. “Determined by "H NMR or GC analysis of the crude product. 9Diasteremeric ratio (1:1).
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fluoro, cyano and aldehyde moieties in the alkylboranes and
alkynoates (Table 2, entries 1-3, 6-9 and 11).

The data in Table 2 show the variety of functional groups at-
tached to alkylboranes 2 that are tolerated in the reaction. The
rather crowded alkylborane 2¢, which was prepared from
tertiary alkyl substituted terminal alkene 1e, reacted nicely
(Table 2, entry 2). f-Branched alkylborane 2e, prepared from
o-methylstyrene (1e), provided 4ea in good yield (Table 2,
entry 4). Unfortunately, however, the reaction of secondary
alkylboranes made from internal alkenes, did not work (Table 2,
entry 5).

The variety of alkynoates used is also shown in Table 2. The
fluoro atom and the methoxy, cyano and aldehyde groups were
acceptable as para or meta-substituents on the aromatic ring at
the B-positions (Table 2, entries 6-9). The alkynoate 3f bearing
a 2-thienyl group at the B-position is also compatible with the
conjugate addition and gave 94% syn selectivity (Table 2, entry
10). The 1,3-enyne derivative 3g reacted regioselectively to
afford a conjugated 2,4-dienoate 4ag in 90% yield with excel-
lent syn selectivity (Table 2, entry 11).

Alkyl groups were also acceptable as B-substituent of the
alkynoates (Table 2, entries 12—14). Alkynoate 3h with a
methyl group at the B-position reacted with an excellent stereo-
selectivity (Table 2, entry 12). The alkynoates with an ethyl (3i)

Beilstein J. Org. Chem. 2015, 11, 2444-2450.

or cyclohexyl group (3j) were also suitable substrates (Table 2,
entries 13 and 14).

Alkene hydroboration of 1k followed by copper-catalyzed
intramolecular conjugate addition enabled the formation of the
corresponding five-membered carbocycle 4k in 94% yield with
complete syn selectivity (Scheme 2).

To gain insight into the mechanism of the copper-catalyzed
conjugate addition, the reaction between 2a and 3a with
t-BuOD under the optimum conditions was conducted
(Scheme 3). The reaction afforded 4aa-D, which is deuterated
at the a-position of the carbonyl group (93% D). The syn selec-
tivity was slightly decreased due to the deuterium isotope
effect: Slower D-trap caused isomerization of organocopper
intermediates (vide infra). This experimental result indicates
that --BuOH acts as a proton source.

A possible mechanism for the present copper catalysis is
proposed in Figure 1. An alkoxycopper complex (A) is initially
formed by the reaction of CuOAc, -BuOK and P(OPh);.
Boron-to-cupper transmetalation between A and the alkyl-
borane 2 occurs to form an alkylcopper(I) species (B) and a
t-butoxyborane (9-BBN-O¢-Bu) [12-15,20-25]. Subsequently,
the alkylcopper species B forms a m-complex (C) with
alkynoate 3. Then, syn-carbocupration across the C—C triple

bond of C with the assistance of Lewis acidic activation with

CuOAc (5 mol %)
t-BuOK (5 mol %)

(9-BBN-H), P(OPh)s (10 mol %)

=—CO,Et (0.5 equiv)  t-BuOH (1 equiv) CO,Et
— dioxane dioxane H
1K 60°C,1h 40°C,12h 4k
(0.25 mmol) 94% vyield
syn/anti >99:1
Scheme 2: Synthesis of five membered carbocycle.
CuOAc (5 mol %)
t-BuOK (5 mol %)
. <€ P(OPh)s (10 mol %) Ph Ok
-~ + Ph———CO,Et
Ph t-BuOD D
2a 3a (99% D, 1 equiv) Ph  4aa-D
(1.1 equiv) (0.25 mmol) dioxane 95% vield
40°C,12h syn/anti 92:8
93% D

Scheme 3: Deuterium-labeling experiment.
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the fert-butoxyborane gave an alkenylcopper intermediate (D).
Finally, protonolysis by ~-BuOH produces syn-4, regenerating
the alkoxycopper complex A.

CuOAc/t BuOK/L L =P(OPh)s

R2 CO Et
—KOAc
R'-B
syn L, CuOt Bu @
protonation 2
t-BuOH transmetalation
,B Ot-Bu

R'-CuL, + 9-BBN-Ot-Bu

4 A

The minor occurrence of anti-addition is likely due to the

(0]
R;:?»oa
\ t-BuO- B
carbocupration

Figure 1: Possible mechanism.

geometrical isomerization of the alkenylcopper species (D/D")
through a copper(l) allenoate complex (E, Figure 2) [15,26].
The resulting allenoate E can undergo protonolysis to form
either syn-4 or anti-4 depending on the substituent effects of R!
and R2, while the isomerized alkenylcopper(I) D' should prefer-
entially yield anti-4. The reduction of syn selectivity in the reac-
tion with PPh3, PCy3 and DPPE may also be due to this isomer-
ization (Table 1, entries 2—4).

RZ  CO,Et R2 OCuL, RZ2  cul,
>:< — >:-:< —
R' CuL, R? OEt R!' CO.Et
D (- 9-BBN-Ot-Bu) — 9-BBN-Ot-Bu)
t-BUOH / \ t-BUOH
R2  CO,Et H
+ L,CuOt-Bu L,CuOt-Bu +
R' H A A R!'  CO,Et
syn-4 anti-4

Figure 2: Isomerization of the alkenylcopper intermediates.

Conclusion

In summary, a copper-catalyzed conjugate addition of alkyl-
boranes (alkyl-9-BBN) to alkynoates to form B-disubstituted
acrylates is reported. The addition occurred in a formal syn-
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hydroalkylation mode. The stereoselectivity was excellent
regardless of the substrate structure. The availability of alkyl-
boranes through in situ alkene hydroboration is an attractive
feature of this protocol and various functional groups are toler-
ated in both the alkylborane and alkynoate substrates.

Experimental

The reaction shown in Scheme 1 was conducted in a similar
manner as described before [15]. Styrene (1a, 33 pL,
0.289 mmol) and (9-BBN-H), (33.6 mg, 0.138 mmol) were
placed in a vial containing a magnetic stirring bar. The vial was
sealed with a Teflon®-coated silicon rubber septum, and the vial
was evacuated and filled with argon. 1,4-Dioxane (0.4 mL) was
added to the vial, and the mixture was stirred at 60 °C for 1 h to
prepare an alkylborane 2a. Meanwhile, CuOAc (1.5 mg,
0.0125 mmol), P(OPh); (6.9 pL, 0.025 mmol) and -BuOK
(1.4 mg, 0.0125 mmol) were placed in another vial. The vial
was sealed with a Teflon®-coated silicon rubber septum, evacu-
ated, and then filled with argon. After 1,4-dioxane (0.6 mL) was
added to the vial, the mixture was stirred at 25 °C for 1 h. Next,
the alkylborane solution was transferred to the vial containing
the Cu(I) complex, followed by the addition of alkynoate 3a
(41.3 puL, 0.25 mmol) and ~-BuOH (24 pL, 0.25 mmol). After
12 h stirring at 40 °C, diethyl ether was added to the mixture.
The mixture was filtered through a short plug of silica gel,
which was then washed with diethyl ether. After the solvent
was removed under reduced pressure, flash chromatography on
silica gel (0-5% EtOAc/hexane) provided 4aa (69.4 mg,
0.248 mmol) in 99% yield with >99:1 syn/anti selectivity.
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The Cu(I)-catalyzed azide-alkyne cycloaddition reaction, also known as click chemistry, has become a useful tool for the facile for-

mation of 1,2,3-triazoles. Specifically, the utility of this reaction has been demonstrated by the synthesis of structurally diverse bi-

and bis-1,2,3-triazoles. The present review focuses on the synthesis of such bi- and bistriazoles and the importance of using copper-

promoted click chemistry (CuAAC) for such transformations. In addition, the application of bitriazoles and the related CuAAAC

reaction in different fields, including medicinal chemistry, coordination chemistry, biochemistry, and supramolecular chemistry,

have been highlighted.

Introduction

Since its discovery by Huigsen and co-workers fifty years ago
[1-4], the Huisgen cycloaddition of azides to alkynes has gained
much attention due to its potential to yield a wide variety of
triazoles with structurally diverse and functionalized groups,
especially with respect to biological activity [5-8]. Originally,
this transformation was typically carried out at high tempera-

ture and resulted in a mixture of the 1,4 and 1,5 regioisomers

(Scheme 1). Fortunately, representing a milestone in this field,
the application of Cu(I) as the catalyst was reported by Sharp-
less and Meldal in 2002 [9,10]. In this work, the Huisgen reac-
tion worked well under mild conditions, giving the desired tria-
zoles with high yield, good regioselectivity, and quite high
functional-group tolerances (Scheme 1). Since then, the

so-called field of “click chemistry” has been extensively
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Scheme 1: The synthesis of triazoles through the Huisgen cycloaddition of azides to alkynes.

investigated and recognized as an epoch-making progress in
organic synthesis and green chemistry [11-15].

After many years of research, it was proven that the Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC reaction) could
be performed under various conditions according to the need of
click chemistry using the catalysis of various copper salts that
generate Cu(I) sources in situ [16]. As a brief summary, the
copper(l)-promoted click chemistry has the following features:
(1) The most preferred methods for the formation of Cu(I)
involve the use of CuSO4 and a reducing agent in an aqueous
solution. Most commonly, a large excess of sodium ascorbate
with respect to the copper catalyst is the favored reducing agent,
and a water/alcohol mixture is the favored solvent. This cata-
lyst system combines the advantage of not requiring inert gas to
prevent the Cu(l) from oxidation to Cu(Il) during the reaction,
and not requiring the tedious work-up and purification steps.
(2) Other frequently used Cu(I) sources are Cul or CuBr. In
general, Cul has been used in organic solvents such as CH3CN,
THF or toluene, and the active Cu(I) species was further stabi-
lized by the addition of excess base. In addition, many other
Cu(I) salts are used in CuAAC reactions owing to improved
solubility or increased rate as compared to the CuSOy4/sodium
ascorbate or Cul catalytic system. (3) The third type of Cu(I)
source is generated by the oxidation of Cu metal. The Cu(0)
species (found in forms such as turnings, wire, powder or
nanoparticles) in the presence or absence of Cu(ll) in aqueous
media also provides the key active Cu(I) in some CuAAC reac-

tions.

As an important supplement to the classic Huisgen cycloaddi-
tion promoted by copper catalysis, this review will deal with the
copper-catalyzed syntheses of bi- and bistriazoles or their
analogues by click chemistry, such as those linked directly or
by spacers. The synthetic approaches for the preparation of bi-
and bistriazoles are discussed in detail and their application is
discussed briefly in each section. Accordingly, the following
three types of bi- and bistriazoles will be primarily presented:
(1) The 4,4'-linked symmetric or unsymmetrical bitriazoles. (2)
The 5,5'-linked symmetric bitriazoles. (3) The bistriazoles
formed through spacers from the dialkyne or diazide substrates.

Review

The synthesis of 4,4'-bitriazoles

The 4,4'-bitriazoles can be realized from a double CuAAC reac-
tion between various sources of 1,3-butadiynes with the substi-
tuted azides. In general, two different methods have been devel-
oped for the construction of the 4,4'-bitriazoles: (1) The one-pot
double CuAAC reaction of 1,3-butadiyne with azides. (2) Two
successive CuAAC reactions with different or same azides that
require the deprotection of the second reactive site to liberate

another alkyne moiety.

In 2007, Monkowius et al. reported that the 4,4'-bitriazoles 3
could be synthesized by the two-fold click reaction between
1,3-butadiyne and substituted organic azides [17], and the reac-
tion was catalyzed by a catalytic amount of Cul in acetonitrile
in the presence of 2,4-lutidine. The desired, symmetrical 4.4-
bitriazoles 3 were obtained in good yield (76-82%, Scheme 2).
However, the substrate 1,3-butadiyne (1) is difficult to handle
because of its high reactivity and instability.

MeCN

2,4-\utidine (2.2 equiv) R R
If Cul (10 mol %) \NV'T‘
rt, 20 h N=p| =N

N

3
76-82% vyield

Scheme 2: The synthesis of symmetrically substituted 4,4'-bitriazoles.

Later in 2009, Fiandanese et al. proposed that unsymmetrically
substituted 4,4'-bi-1,2,3-triazoles can be prepared in an easy
manner [18]: starting from 1-trimethylsilyl-1,3-butadiyne (4)
the 4-(silylalkynyl)-1,2,3-triazoles 5 can be obtained after reac-
tion with substituted azides catalyzed by Cu(OAc);-H,0
(0.2 equiv). After the in situ deprotection with TBAF, followed
by the Cul-catalyzed click reaction with another azide in THF
in the presence of 1.2 equiv of 1,1,4,7,7-pentamethyldiethylene-
triamine, the unsymmetrically 4,4'-bitriazoles 6 are obtained in
good yield (52-86%, Scheme 3).
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Scheme 3: The synthesis of unsymmetrically substituted 4,4'-bitriazoles.

Simpson et al. also developed this three-step procedure
(CuAAC—deprotection—-CuAAC) into a one-pot fashion with
moderate overall yield (34-49%) [19]. Similar to Fiandanese’s
strategy, Aizpurua et al. developed another synthetic method
[20]: Starting with the CuAAC reaction of propargyl alcohol (7)
with different azides, followed by the sequential Swern oxi-
dation and Ohira—Bestmann homologation provided the
ethynyltriazole intermediate 9, finally another CuAAC resulted
in the formation of unsymmetrical 4,4'-bi(1,2,3-triazole)s 10
(Scheme 4).

The synthesis of 5,5'-bitriazoles

Originally, in the research of the CuAAC reaction, the 5,5'-bitri-
azoles were usually considered as an undesired side product or
impurity in the Huisgen cycloaddition. In general, they are the
oxidative coupling product of the triazole-copper species. The
5,5'-bitriazoles were usually formed as the major product by the
facilitation of the reaction conditions or controlled by the
starting substrate.

In 2007, Burgess and Angell successfully developed an oxida-
tive coupling method for the preparation of 5,5’-bitriazole [21].
In this work, they were able to perform this reaction of azides
and terminal alkynes with moderate to high yield by using a 1:1
mixture of MeCN/2 M aqueous Na,CO3 solution at 25 °C for
18 h in the presence of a catalytic amount of CuSO4 (10 mol %)
and one equivalent of Cu powder (Scheme 5). Obviously, this

CuSOy (20 mol %), _,

Beilstein J. Org. Chem. 2015, 11, 2557-2576.

SiMeg

. R< R
A I
o N:N NﬁN
Cul (1 equiv), TBAF,
amine, (1.2 equiv) 6
THF, rt 52-86% yields
Cu (1 equiv)/ R! R‘2
CuSO, (10mol %) A N-y
MeCN/2 M Na,CO ! u
R= + Ny R? 2 Ny )N
air, 25 °C, 18 h R? R
1
@/NOZ 23-87% yields
N=N © B

Bn Bn
Br N
i O N=N
O2N 11a
87% yield

Scheme 5: The synthesis of 5,5"-bitriazoles.

method suffered from the drawback that a stoichiometric
amount of Cu powder is required to achieve the highest activity.

In 2010, Nandurdikar et al. linked the two (or four) molecules
of NO donor prodrugs together through the triazole spacers
[22], which has potential application as NO-releasing materials.
They first prepared the benzylidene-protected 2,2-di(azido-
methyl)propane-1,3-diol containing the conformational strain.

1) DMSO, (COCl),, TEA

)
R'N3 sodium ascorbate “N CH,Cl,, 55 °C
+ (0.4-1 equiv) N\
— _ =N OH  2) MeCOC(N,)P(0)(OMe),
OH  t-BUOH/H 20 1:1 K2CO3, MeOH
7
R R2N3 R‘1 ,R2
NN _—  cusos@omoiw), NN /N
N=p sodium ascorbate N=y N=N
(0.4-1 equiv)

9 t-BuOH/H,0 1:1 10

Scheme 4: The stepwise preparation of unsymmetrical 4,4'-bitriazoles.
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They also investigated the click reactions with various alkynes
under different conditions (Scheme 6), and found that: (1) when
catalyzed with CuSOy4/Na ascorbate in THF/H,O, the reaction
provided the normal bistriazoles 13 with moderate to good yield
(60-75%). (2) By using Cul and DIPEA in acetonitrile to
perform the reaction, the sequential, CuAAC oxidative coupling
gave the cyclic 5,5’-bitriazoles 14 as the major product
(44-74%). They demonstrated that both the reaction conditions

CuS0y4 (40 mol %),
Na ascorbate (0.8 equiv)

Beilstein J. Org. Chem. 2015, 11, 2557-2576.

and the conformational effect are beneficial for the formation of
the 5,5'-bitriazoles.

Similarly, Urbano and co-workers performed the CuAAC reac-
tion of 1,1’-diazidoferrocene with ethynyl [5]-helicenequinone
[23], and found the open chain bistriazolylphenyl-
helicenequinone 17 could be obtained in good yield when
CuSOy4/sodium ascorbate was used in THF/H,O (Scheme 7).

N=N

R AN 0
X

Ph
H,O/THF, rt < /\frlxl o>_
N3 o) R/\ N=N
X >—pPh ——— 13 (60-75% yield)
N3 o N:N
Cul (2 equiv), _ R S l‘\l o
12 DIPEA ( 2 equiv) > < >—Ph
CH3CN, rt R 7 N o
N=N

14 (44-74% yield)

Scheme 6: The synthesis of bistriazoles and cyclic 5,5 -bitriazoles under different catalytic systems.

51% yield

17
40% yield

Scheme 7: The double CUAAC reaction between helicenequinone and 1,1-diazidoferrocene.
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However, the cyclic 5,5'-bitriazole 18 was achieved as the
major product when Cul/Et3N was used in CH3CN.

In 2011, Cuevas-Yaifiez and co-workers demonstrated that
temperature was the key factor for the formation of 5,5’-bitria-
zole [24]. In that work, it was found that the desired bitriazoles
could be obtained in low to moderate yield when the CuAAC
reaction was performed at low temperature (=35 °C) and high
NaOH concentration. Subsequently, Jeon and co-workers
reported a synthetic method for the construction of 5,5’-bitria-
zoles by using Cul together with 2 equiv of DIPEA [25]. The
authors further demonstrated that the use of a base was also an
important factor for the appropriate bitriazole yield. However,
Jeon’s method worked well only when the alkynes contained
propargylic ethers and acetylenic amides (Scheme 8). General-
ly speaking, most of the above-mentioned oxidative coupling-
click dimerizations merely provided the desired 5,5’-bitriazole
in low yield when the alkynes or azides were linked directly
with a hindered group or an aromatic moiety.

In 2012, Xu and co-workers disclosed that both the secondary
and primary amine-functionalized polysiloxanes were good
ligands for the copper-catalyzed Huisgen reaction of organic
azides and alkynes [26]. This applied especially when the reac-
tion was catalyzed by CuCl and mediated by the secondary
amine-functionalized polysiloxanes at 0 °C in CH,Cl,, where
the symmetrically 5,5’-coupled bitriazole was obtained as the
major product (Scheme 9). All the alkynes directly linked with
the aromatic moiety provided the desired bitriazoles in
moderate to good yield. We believe that the key copper mono-
triazole intermediate formed after the first CUAAC reaction was
stabilized by the secondary amine-functionalized polysiloxane,
which further led to the formation of the bitriazole 22. The
chiral D-glucopyranosyl azide and phenylacetylene reacted
under Cul and the secondary amine-functionalized poly-
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siloxane catalytic system, where the desired chiral bitriazole 23
was obtained with good diastereoselectivity (85:15). Subse-
quently, the authors used this method to construct the novel,
cyclic 5,5’-bitriazole 24 from binaphthol [27] (Scheme 10).
Notably, this type of compound showed high selectivity over
the recognition of I, possibly due to the formation of a charge-
transfer complex between the I and the electron-deficient tria-

zole ring.

Bistriazoles formed through spacers

Bistriazole synthesis with dialkyne spacers

In the past years, bistriazoles with dialkyne spacers have gained
significant attention for their potential application in supra-
molecular chemistry, pharmaceutical chemistry, biological
chemistry and organometallic chemistry. The construction of
bistriazoles from dialkynes is now well-developed, and three
main methods are reported: (1) the one-pot CuAAC reactions of
the terminal dialkynes with two equiv of the organic azides,
providing the corresponding bistriazoles, which is the most
popular method for the synthesis of bistriazoles with
dialkyne spacers. (2) The second protocol is the sequential
CuAAC—deprotection—CuAAC reaction for the construction of
the bistriazoles. In general, the trialkylsilyl group was used as a
temporary masking group for one of two alkyne moieties. Thus,
this method provides the possibility of one molecule bearing
two alkynes reacted with two different organic azides. (3) The
third method involves the utilization of the substrate bearing
two alkyne moieties with different reactivity in the successive
Huisgen cycloaddition reactions: Huigsen reaction of the acti-
vated alkyne with the first azide and the CuAAC reaction of the
nonactivated alkyne with another azide, leading to the corres-

ponding bistriazoles.

In 2006, Aucagne and Leigh reported the synthesis of the TMS-
alkyne and terminal-alkyne bis-functionalized tripeptide [28].

CuS0O; (10 mol %), o

1
Na ascorbate (0.25 equiv) R "}‘MN,Rz
N ~

=N
H,O/t-BuOH, rt R®
0 20
—! 0 i
/J\N/RZ . RN 94-96% yields
= és
Cul (10 mol %),
19 DIPEA (2 equiv)

DMF, rt

21
34-72% yields

Scheme 8: The synthesis of 1,2,3-triazoles and 5,5-bitriazoles from acetylenic amide.
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N=N
;= Cu(l) (5 mol %)
N
// \)\ -
R Ar .
polysiloxane |
(10 mol %)

23, yield: 79-99%

HoN

HN

v, )
e ol ] s
Me ™ “Me"

23, 32% yield; 85:15dr
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Ar R
Cu(l) (5 mol %) o
— > N N,

i N
polysiloxane Il // N
(10 mol %) R Ar

22

48-80% yields

I\I/Ie
TM?[»SIiﬂ—OfSIi}—TMS
Me ™ “me”

polysiloxane I: 0.21 mmol N amount/g  polysiloxane Il: 0.55 mmol N amount/g

M,, =ca. 1900

M,, =ca. 1900

Scheme 9: The amine-functionalized polysiloxane-mediated divergent synthesis of trizaoles and bitriazoles.

L
\
o N\/R
OO o] / ’I\‘/\R
N=N
2

4

Scheme 10: The cyclic BINOL-based 5,5'-bitriazoles.

Here they used the CuAAC reaction of the terminal-alkyne-
containing tripeptide 25 with the azide-containing dipeptide 26
in +-BuOH/H,0, catalyzed by CuSOy4/sodium ascorbate,
providing the first triazole-bearing intermediate (Scheme 11).
They then performed the Ag(I)-catalyzed deprotection of the
TMS-protected alkyne moiety, followed by another CuAAC
reaction of the unmasked terminal alkyne with the second azide,
giving the desired bistriazole-linked pseudononapeptides 28 in
good yield (88-93%) .

In 2009, Perumal and co-workers developed a one-pot method-
ology [29] for the multicomponent cycloaddition of sodium
azide, benzyl bromides and various N-propargylated
bis(indolyl)arylmethanes 30 catalyzed by Cul. It was proved
that this multicomponent CuAAC reaction proceeded well in

PEG-400 among various solvents, mainly due to the hydrophilic
and hydrophobic character of the PEG-400. As shown in
Scheme 12, the CuAAC gave the desired bistriazoles 31 in good
to excellent yield when electron-withdrawing groups were
present in the benzyl bromides. Notably, the authors deter-
mined that all the compounds obtained showed potential bio-

logical activity.

Later, in 2011, Girard et al. demonstrated that the dialkynes
with functional groups could react smoothly with various
organic azides without the protection—deprotection step [30].
Initially, they first chose N-propargylpropiolamide 32 as the
substrate and found the alkyne group with neighboring electron-
withdrawing amide carbonyl was reacting exclusively with the
organic azide under catalyst-free reaction conditions (with or
without a solvent at room temperature) to give the mono-tria-
zole intermediate 33 in good yield. Then the nonactivated
terminal alkyne reacts with another azide, catalyzed by an
Amberlyst A-21/Cul system in CH,Cl, to form the second tria-
zole ring with high yield (Scheme 13). In this work, the authors
further extended this method to the propiolamide, which was
derived from meta- and para-ethynylaniline, where both of the
substrates worked well and the desired bistriazoles 34 could be
obtained by a simple trituration and filtration procedure in good

yield.
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Q 0
W TN
H e
It 26 OMe 27
0) CuSOy4 (0.1 equiv), sodium CuS0Oy4 (0.1 equiv),. sodium

PN ascorbate (0.2 equiv), ascorbate (0.2 equiv),

O~ "PheGlyGly-O t-BUOH/H ,0, 35 °C, 18 h AgPFg (0.2 equiv)
AN t-BuOH/H,0, 35 °C, 18 h
25 Ph

S\/(o
j\N H\)(lN/\[(O\/K/ }NH o

H o H o

N’N\/MX,OMe

28
X = Leu, Pro, Lys(Boc), 88-93% yield

Scheme 11: The one-pot click—click reactions for the synthesis of bistriazoles.

Br
R1
Cul (10 mol %), R2 R?2
NaN3 (2.4 equiv)
— N P —
7 N
R4 PEG-400, rt N-N NN
29
27-90% yield
R4 31 R*

Scheme 12: The synthesis of bis(indolyl)methane-derivatized 1,2,3-bistriazoles.

O (6] =
g R'Ng REN O
N \ / | \
H \\ acetone, 65 °C
32 33 61-87% yield

R2N3
~Nyk Q

A-21 Cul (8 mol %) N ,N\Rz
CH,Cl, N

34 91-99% yield

Scheme 13: The sequential, chemoselective preparation of bistriazoles.
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The strain-promoted azide-alkyne cycloaddition (SPAAC) reac-
tion could be well-performed without a Cu(l) catalyst. Such
reactions are ideal for bioconjugation where no additional metal
is required [31]. In 2012, Beal and co-workers incorporated the
terminal alkyne and the activated cyclooctyne with two amide
formation reactions [32], and then the SPAAC reaction was
performed between the cyclooctyne 35 and the azides under
mild conditions without the Cu(I). Notably, the CuAAC reac-
tion between the terminal alkyne of 36 and various azides
provided the desired bistriazoles 37 in good yield (Scheme 14).

F =
o AQ._NH
j/ DMSO
S
Ao
35

R'I

|
R2N3 (2 equiv) N~

\

CuS04-5H,0 (5 equiv),
sodium ascorbate (7 equiv)

R'N3 (1.1 equiv)

Beilstein J. Org. Chem. 2015, 11, 2557-2576.

Bistriazoles have potential application in the synthesis of
surfactants after introducing the carbohydrate moiety. In 2012,
Mohammed and co-workers selected the commercially avail-
able D-mannitol 38 as the starting material [33] in this reaction.
After protection and introduction of the two alkyne groups to
give dialkyne 39, the copper-catalyzed cycloaddition occurred
smoothly with the different long chain alkyl azides under the
optimized reaction conditions. This provided the desired bistria-
zoles 40 in good yield (Scheme 15). It should be noted that the
deprotection of bistriazoles 40 gives the gemini surfactants 41

Fo oj/rim
S
R2 /go
N- N 36
R[N

37 quantative

Scheme 14: The sequential SPAAC and CuAAC reaction for the preparation of bistriazoles.

Amberlite IR, 120 H*

RN3 (2.5 equiv),
CuS0O4-5H,0 (0.01 equiv),
sodium ascorbate (0.2 equiv)

DMSO, 50 °C, 36 h

Scheme 15: The synthesis of D-mannitol-based bistriazoles.

EtOH, reflux, 30 h

41 80-99% yield
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(with two hydrophobic arms and two hydrophilic heads) in high
yield.

In 2012, Kaushik and co-workers prepared a series of ester-
linked dialkynes from the acid dichloride and propargyl alcohol
in the presence of DMAP [34]. Here, the CuAAC reaction
between the dialkynes 42 and the azides provided the desired
bistriazoles 43 in good yield (70-92%, Scheme 16). Interest-
ingly, the antimicrobial activity studies revealed that compound
44 showed the highest activity against B. subtilis and E. coli due
to the presence of a rigid pyridine nucleus. The authors further
prepared various amide-linked bistriazoles by a three-compo-
nent one-pot reaction of the amide-linked dialkynes, benzyl bro-
mides and sodium azide catalyzed by CuSO4 5H,0 and sodium

Beilstein J. Org. Chem. 2015, 11, 2557-2576.

ascorbate in DMF [35,36]. All the obtained compounds were
evaluated for in vitro cytotoxicity against a panel of five human
cancer cell lines, where compounds 45 and 46 displayed the
highest and broadest spectrum activity against all five cancer
cell lines under study (Scheme 16).

The formation of triazole functional groups can work as a
powerful auxochrome. In 2010, Bunz and co-workers used the
TMS-protected diethynylbenzothiadiazoles 48 and 50 as the
source of dialkynes. The CuAAC reaction was carried out with
ethylene-glycol-functionalized azide 47 in the presence of
CuSOy, and sodium ascorbate, providing the benzo-thiadiazole-
based bistriazole (49 and 51, Scheme 17) [37]. With the aid of
the hydrophilic character of the ethylene glycol group, both of

Ho
H, C
C (0] o]
Oﬁ/e \)\fo n
n R-Ns 0 o)
o % ]W
Cul, DIPEA, CH3CN , rt
! ’ ! 74
|n m or CuSO4-5H,0, sodium Nt NN \N
42 ascorbate, THF/H,O, rt R R
n=123,4 n=1,23,4 43 70-92%, yield
A | N
| | _
o 0 NH HN
N_ 1 \\ 7N N_ —_
44 45 46

Scheme 16: The synthesis of ester-linked and amide-linked bistriazoles.

0 N NN
B '
— /N — —
<5 ° gy R \ / — R
\N/

KF, CuSOy4 (2.5 equiv),
sodium ascorbate (2.5 equiv)

R =TMS, H, 55% yield
49

Scheme 17: The synthesis of acenothiadiazole-based bistriazoles.

/ N N
o

2 R
O

Og 50 \/O
.

KF, CuSOy4 (2.5 equiv),
sodium ascorbate (2.5 equiv)

3
R =TES, H, 60% yield

47 51
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the bistriazoles can be endowed with water solubility, and can
effectively bind Cu(Il) and Ni(II) in water.

The thiacalix[4]arenes are sulfur-bridged analogs of
calix[4]arenes, which have potential application in the molec-
ular recognition of cationic, anionic or neutral molecules. In this
regard, Yamato et al. incorporated two urea moieties possessing
various aryl groups and two pyrene-appended triazole rings at
the opposite side of the thiacalix[4]arene cavity [38]. The
authors found that receptor 52 (Scheme 18) could selectively
bind CI” through hydrogen bonding interaction with the urea
NH protons, and 52 can also bind with Ag* through complexa-
tion with the pyrene-appended bistriazole.

Scheme 18: The pyrene-appended thiacalix[4]arene-based bistriazole.

In homogeneous catalysis, functional ligands often play a key
role in transition metal catalysis. Accordingly, the bistriazole
derivatives could provide promising alternatives to bipyridine
ligands because of their powerful nitrogen-centered coordina-
tion. In this context, Hao and co-workers have reported bistria-

~v / N\
N ”/ K,CO3; N N
53 R
i THF, 10°C ||
Br

Scheme 19: The synthesis of triazole-based tetradentate ligands.

-

h
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zole-based N4 tetradentate ligands that were prepared by two
CuAAC reactions in a one-pot procedure [39]. As shown in
Scheme 19, these ligands exhibited good coordination prop-
erties to various metals, and the corresponding Mn(II)
complexes showed good catalytic activity for the epoxidation of
various aliphatic terminal olefins.

Very recently, Ulven and co-workers reported the synthesis of
triazole-linked phenanthroline ligands. They were obtained by
the following steps: (1) 1,10-phenanthroline-2,9-dicarbalde-
hyde (56) was treated with the Ohira—Bestmann reagent to
provide the corresponding dialkyne 57; (2) Dialkyne 57 was
reacted with different azides catalyzed by the Cu(Il)-TBTA
complex and sodium ascorbate in a bi-phasic system of CH,Cly/
H;0 as the solvent, giving the desired bistriazoles 59 in good
yield; (3) Deprotection of the N-Boc group with TFA, and the
obtained primary amines was transformed to the corresponding
primary guanidine or diisopropylguanidine analogs (60 and 61,
Scheme 20) [40], which could be used as potential G4 DNA
ligands with high selectivity over duplexed DNA.

Similar to the above strategies or methods, a number of
researchers have developed various dialkyne substrates with
varied spacers. As shown in Table 1, the reaction conditions are
summarized for comparison, including the catalysts, the

solvents, and the application of the bistriazoles.

Bistriazole synthesis with diazide spacers

The spacer-linked bistriazoles could also be prepared by the
CuAAC reaction of the in situ generated diazides with
substitued alkynes. There are mainly two types of methods for
the construction of bistriazoles from diazides: (1) Starting from
the substrate-containing good-leaving groups, the diazides
could be generated in situ by nucleophilic addition with NaNj3,
and then the double CuAAC reactions could give the desired
bistriazoles. (2) Starting from a substrate containing one azide
functionality and another suitable functional group, the CuAAC
reaction was performed with a terminal alkyne to provide the
monotriazole compound. Subsequently, the suitable functional
group was transformed into the corresponding azide for the next
CuAAC reaction to give the desired bistriazoles.

\N‘ ‘N/
Ar—Njs(1.5 equiv)
Cul(05equiv), ¢ N N7
THF/Et;N N-N N-N_
Ar’ Ar

55 57-71% yield
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Cu2*—TBTA (2 mol %)

dimethyl-1-diazo-2-oxo- sodium ascorbate
propylphosphonate, .
K,COs, MeOH, 3 h CH,CI,/H,0, azide,
24, rt
=0
56 BocHN/m
NHBoc BocHN
57% yield n=1,23
58 71-79% yield
1H-pyrazole-1-carboxamidine
hydrochloride, Et3;N, EtOH
R = C(NH)NH,
TFA, CH,Cl,, o ; . .
Y 2ﬁ 2 120 °C (microwave), 30 min 60, 57-72% yield

N, N'-diisopropylcarbodiimide,
Et3N, EtOH

R = C(N-iPr)NH-iPr

59 quantitative 120 °C (microwave), 30 min
61, 64—70% yield

R=H

Scheme 20: The synthesis of phenanthroline-2,9-bistriazoles.

Table 1: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers.

Cu source Solvent Spacer Azide Application
CUSO4'5H20,
sodium / < > N
— N—T —
ascorbate DMSO/H,0 Ts N\ / s BnNj
[41] N VA
Vs
bioClick = Ny "R
conditions - \ /N Complexation
[42] R = OH or Me

CuSO45H,0,
sodium 6
ascorbate CHaClo/H20 azidosugars -
[43]
y N\
HN _
A-21-Cul cHCl o R—N3, R = Bn,CH,CO,Et, ~
[44] 2Cl 7: (CH2)30Ac, (CH2)30H
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Table 1: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers. (continued)
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Table 1: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers. (continued)

Cul
[52]

CUSO4'5H20,
sodium
ascorbate
[53]

CUSO4'5H20,
sodium
ascorbate
[54]

CUSO4'5H20,
sodium
ascorbate
[55]

CUSO4'5H20,
sodium
ascorbate
[56]

CuS04-5H,0/Cu

[57]

CuSOQy,
sodium
ascorbate
[58]
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N
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X
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Table 1: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers. (continued)

. O N3
CuS04 51120, I Il Antioxidant,
H,0/t-BuOH 4 N antifungal
ascorbate | e activity
[60] o o /\R
R2
CuSOy,
sodium CHyCly/t-Bu 1 . .
ascorbate OH // \\ R'N3 Anion bonding
[61]
11 examples
t-Bu
N3
Z A
R R
Cul O R R O Chemical
[62] CHsCN O O sensors
R=0Me,n=1,2,4
OR
N3
Cu(PPh3)3Br Chemical
[63] THF OR sensors
o
Rz - 0 "N

X=0,S, Se

In 2007, Wang and co-workers demonstrated that the one-pot
three-component reaction of ortho- and meta-bis(chloro-
methyl)benzene (62), sodium azide, and terminal alkynes,
catalyzed by CuX in water could provide the corresponding 1,4-
disubstitued bistriazoles 63 in excellent yield [64] (Scheme 21).
They found that the bistriazole could be formed during the
Huisgen reaction, in which the reaction was efficiently

promoted by the catalytic amount of the Cu(I) salts. For

example, the three-component reaction could reach completion

in the presence of only 0.2 mol % of Cu(I).

In 2010, Shreeve et al. reported that the diazides 65 could be
generated in situ by the nucleophilic substitution of SF5 and
OTs groups wtih 3 equiv of NaN3, followed by the CuAAC
reaction with aliphatic alkynes, providing the desired bistria-
zoles 66 in moderate yield (Scheme 22) [65]. However, when

| X
NaN3 _
=——Ar
N N
cl Cl CuX (0.1-1 mol %), I N N,
H,0 AN N" A
62 63 87-93% yield

Scheme 21: The three-component reaction for the synthesis of bistriazoles.
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NaNj3 (3 equiv)
N3._~_-N3

Fss//J

64

DMSO, 80 °C

65

Scheme 22: The one-pot synthesis of bistriazoles.

they choose the substrate SFs-ethylbromide, only trace amounts
of the triazole-containing compound was obtained even after
18 h at 60 °C due to the poor leaving ability of the Br~
compared to the OTs group.

In 2011, Bundle et al. reported the double-click method for the
formation of disymmetric bistriazoles [66]. The authors
introduced the azide group (69) by the coupling of the
protected amine functionality to the polymer substrate
for the first CuAAC reaction (Scheme 23). Then, the treatment
of the amine-containing mono-triazole intermediate 71
with the diazo transfer agent (imidazole-1-sulfonyl azide)
was performed to convert the amine group into the corres-

Beilstein J. Org. Chem. 2015, 11, 2557-2576.

R-C=CH

CuSOy4 (10 mol %)
sodium ascorbate

DMSO, 80 °C 66
R = CF3or n-Bu

10% and 60% yield

ponding azide group, which provided a polymeric substrate for
the second CuAAC reaction to give the desired bistriazoles
(Scheme 23).

In 2009, Zhu and co-workers found that copper(Il) acetate
(Cu(OAc),) could catalyze the Huisgen alkyne-azide cycloaddi-
tion reactions without the addition of the reducing agents and
could be produced in high yield when the substrate contains the
chelating azide group [67]. Then they synthesized the bifunc-
tional compounds with chelating azide groups and nonchelating
azide groups (compounds 75-78, Scheme 24) [68], by adding
the Cu(OAc),. This promoted the Huisgen cycloaddition of the
chelating azide with the terminal alkyne, providing the mono-

O5N OYO
CONH H
oy
NHBoc 0
O~ NH: 68 N{\E
to link NHBoc
67 69
H,NOC CONHLONHz e -
N HN" S0
7/ oH H R N0 ?
OH O\/\O/\/NYO AN
OH 70 H
’/N\N/ O cu(l) O\/\O/\/N O
cuh N Y
= R the second CuAAC /N\N o)
the first CUAAC N’ N
0 — N/ \\N
0 R =NHBoc 71 —
OH (6]
R =NH 72
oH OH 2

N

Scheme 23: The synthesis of polymer-bearing 1,2,3-bistriazole.

R=N3
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: /_/_/ N N3
X | N, 4 | X
N
| N/ O KI:'\]’ =N _N
N3 N3 N3 N3
75 76 77 78
N=N

NE
79
X
7ZN
NcN N~
80

Scheme 24: The synthesis of bistriazoles via a sequential one-pot reaction.

triazole intermediates. Then, the introduction of the second
alkyne, together with sodium ascorbate as the reducing agent,
gave the desired bistriazoles in high yield. By mixing the two
alkynes with different reactivities with the diazide, they devel-
oped a sequential one-pot method for the construction of the
bistriazoles (79, 80, etc.).

Notably, although there are many examples of the formation of
spacer-linked bistriazoles from the diazide substrates, these
bistriazole products were obtained with almost the same
strategy as previously reported. These works are listed in
Table 2 together with the reaction conditions and the applica-
tions of the corresponding bistriazoles.

Table 2: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers.

Cu source Solvent Spacer
/_(\NHz
Cu(OAc)y, N3 N3
sodium
ascorbate H0/t-BuCH NH;
o N
N3 N3
N\gv@\/N3
Cul n-
[70.71] THF/H,0

n=3,4,5,6

Alkyne Application

Vi
Complexation
t-BuO,C” N >CO,t-Bu

-~
(o]

Chemical sensor
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Table 2: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers. (continued)

CuS0O4-5H,0,
sodium
ascorbate
[72]

CUSO4'5H20,
sodium
ascorbate
[73]

[74]

CUSO4'5H20,
sodium
ascorbate
[75]

CUSO4'5H20,
sodium
ascorbate
[76]
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sodium
ascorbate
[77]

CUSO4'5H20,
sodium
ascorbate
[78]

Cu(OAc),/Cu
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DMF

CHCl3

THF/H,0

H,0/t-BuOH

THF/H,0

DMF/H,0
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N3
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| X
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N
Na/\/3
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brightening agents
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Table 2: Previous reports on the copper-catalyzed Huisgen cycloaddition to bistriazoles with spacers. (continued)

N3

CuSOy4/Cu

[80] EtOH

Cul

1] CH,Cly/MeOH

Cu(OAc),
sodium
ascorbate
[82]

t-BuOH

Conclusion

During the past 15 years, the CuAAC reaction has become a
powerful tool for the synthesis of a large number of 1,4-disub-
stituted 1,2,3-triazoles and has led to applications in almost
every field of chemistry and biochemistry. In this review, we
summarized the recent progress of the CuAAC reaction,
together with various popular related reactions, which have
unexpected potential to yield the 4,4'-, 5,5'-bitriazoles or spacer-
linked bistriazoles. Nevertheless, as compared to the classic
spacer-linked bistriazoles, the chemistry of 4,4'-, and 5,5'-bitria-
zoles (both their preparation and application) are still in their
infancy. Although we restricted this review to describe only
those having a bistriazole backbone, one can easily obtain a
glimpse into the huge potential of bistriazoles in the broad sense
when added to all other substitution possibilities. This topic,
although already widely studied in the past years, is still contin-
uously evolving and regularly brings new possibilities in click
chemistry. We feel that this compilation will be beneficial to
design practical approaches and better routes to improve the

existing routes for the synthesis of synthetically useful bi- and

COzMe

Chemical sensor
(oo

PN

Electroactive

:, receptor

NBoc

NHBoG Biological activity

bistriazoles, and we expect that the pace of discovery of the
application of bi- and bistriazoles in many fields will continue

to increase for some time.
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Copper-catalyzed (or -mediated) asymmetric coupling reactions have received significant attention over the past few years.

Especially the coupling reactions of aryl or alkyl halides with nucleophiles became a very powerful tool for the formation of

C-C, C-N, C-0 and other carbon-heteroatom bonds as well as for the construction of heteroatom-containing ring systems. This

review summarizes the recent progress in copper-catalyzed asymmetric coupling reactions for the formation of C—C and

carbon—heteroatom bonds.

Introduction

Copper-mediated coupling reactions, including the Ullmann [1],
Ullmann—Goldberg [2,3], Ullmann diaryl ether formation [4]
and Ullmann—Hurtley condensation [5], have been reported
several decades before Pd and Ni-catalyzed reactions. However,
the application of these methods was limited due to their disad-
vantages such as the requirement of stoichiometric amounts of
copper and harsh reaction conditions (high temperatures). The
turn of the millennium brought about the revival of the research

in this field that was initiated by the use of soluble copper salts

and ligand-coordinated Cu complexes as catalysts. This allowed
the reactions to be carried out under much milder conditions. In
the meantime these reactions have become one of the most
classic, efficient and powerful methods for the formation of
C-C, C-N, C-O and other carbon—heteroatom bonds. Exten-
sive applications have been developed in both academia and
industry [6-13]. Despite the progress in recent years, the
research on asymmetric coupling reactions is still relatively

rare. In this review, we highlight the developments in copper-

2600


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:fengtaozhou@126.com
mailto:cai_qian@gibh.ac.cn
http://dx.doi.org/10.3762%2Fbjoc.11.280

catalyzed asymmetric coupling reactions, including the asym-
metric coupling of aryl halides with nucleophiles for the forma-
tion of carbon—carbon and carbon—heteroatom bonds as well as
the asymmetric allylic substitution with a wide range of
nucleophiles for the formation of C—C and carbon—heteroatom
bonds.

Review
Copper-catalyzed coupling of aryl halides

with nucleophiles

Chiral auxiliary-induced aryl C—C coupling

The biaryl motif is a key subunit in many natural products and
axially chiral ligands. The classical Ullmann coupling is one of
the most important methods for the practical synthesis of biaryls
[14]. However, only few reports of an asymmetric version of
the Ullmann coupling have been documented. The first attempt
of an intermolecular asymmetric Ullmann coupling for the for-
mation of biaryls was reported by Miyano and co-workers in
1980. The authors used a chiral ester group as auxiliary but only

Beilstein J. Org. Chem. 2015, 11, 2600-2615.

poor diastereoselectivity (13% de) was obtained [15]. A few
years later, the same group took advantage of a chiral (R)-
BINOL-bridge to link the two aromatic acids and obtained the
coupling product with excellent stereocontrol (up to 100% de)
(Scheme 1) [16-19].

In 1998, Martin et al. [20] applied this strategy to the
asymmetric intramolecular biaryl coupling of sugar derivatives
carrying 2-iodo-3,4,5-trimethoxybenzoyl substituents
(Scheme 2).

In 2006, Keay et al. [21] successfully developed an intramolec-
ular asymmetric Ullmann coupling for the preparation of
3,3’-disubsituted MeO-BIPHEP derivatives using a chiral ester
auxiliary that was easily prepared from (R)-2-hydroxy-3,3-
dimethylbutyrate. In this reaction, only one diastereoisomer was
formed during the Ullmann coupling and the auxiliary is easily
prepared and removed by hydrolysis after the coupling reaction
(Scheme 3).

O ?
Z COOR* R*=

Br O Cu, DMF
| N o reflux, 5 h COOR
=
93%, 13% de
(0] ~ R
3 $
(0] X Cu
(0] X
Crddse e Q0
/ X=1,Br
33-80% yield
85-100% de
Scheme 1: Copper-catalyzed asymmetric preparation of biaryl diacids by Ullmann coupling.
MeO
M
0 eO
MeO MeO Q 0
o]
MeO™ MeO O L/io
MeO | e} —0 Cu MeO o
e 0 DMF, reflux O 0
MeO 5 o— MeO ] o—
MeO
MeO

90%, dr=73:27

Scheme 2: Intramolecular biaryl coupling of bis(iodotrimethoxybenzoyl)hexopyranose derivatives.
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t-Bu
t-Bu DMF, 115 °C
ow// o \POPh;
| —R
0o Pz

R = H, OMe, Ph, O-tolyl, mesityl

Scheme 3: Preparation of 3,3’-disubstituted MeO-BIPHEP derivatives.

In 2007, Breit et al. [22] employed a chiral tether to link two
aryl halides for the enantioselective synthesis of trans-4,5,9,10-
tetrahydroxy-9,10-dihydrophenanthrene at room temperature
(Scheme 4).

In 1994, Meyers and Nelson [23,24] developed a copper-medi-
ated asymmetric biaryl coupling with oxazoline as the chiral
auxiliary to afford the biaryl-coupling products in high dia-
stereomeric purity (dr = 93:7, Scheme 5).

Meyers et al. also successfully applied the aforementioned
strategy to the asymmetrical synthesis of many natural products
[25-27] such as O-permethyl-tellimagrandin I (Scheme 6),
(+)-gossypol (Scheme 7), (—)-mastigophorene A (Scheme 8).

CuTC

NMP, rt, 24 h
then 6 N aq HCI

5
7
CyN

0 =
L
o) oj)Lo R 0
POPh2 Cu
|
|

e} & tn,
0 —_—
0 ©

95% vyield, dr > 98:2
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o)
OW)LO N-"poph O
2 M
-Bu °0 POPh,
£'BU —_—
o, POPh, MeO POPh,
Wf »
0 R

66-91% yield
up to >99% de

Based on this strategy, Lin and Zhong [28] developed an effi-
cient method for the synthesis of Isokotanin A (Scheme 9) and
Tanaka et al. [29] also used this method for the synthesis
of dimethylthiaheterohelicenes, which are highly hindered
C,-symmetrical biaryls (Scheme 10).

In 1994, an impressive progress was made by Lipshutz [30] in
the intramolecular oxidative biaryl-coupling through the forma-
tion of higher-order cyanocuprates. The authors realized an
asymmetrical intramolecular reaction by means of inexpensive
optically active auxiliary bridges. The most efficient chiral
auxiliary was found to be a Cr-symmetrical bridge bearing two
stereogenic centers, derived from tartaric acid, giving the prod-

uct as a single isomer in good yield (Scheme 11).

BnO

>99% ee

Scheme 4: Enantioselective synthesis of trans-4,5,9,10-tetrahydroxy-9,10-dihydrophenanthrene.

OMe
MeO

N
e Br O/J“

Cu, DMF
heat, 40 h

X

Scheme 5: Copper-catalyzed coupling of oxazoline-substituted aromatics to afford biaryl products with high diastereomeric purity.
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HO

HO. OMe
O MeO
0.0
L
OMe Q OMe MeO
MeO. OMe o ®
e 0 MeO
O MeO OMe o o
MeO COH OMe OMe MeO NV (5 o
MeO OMe
OMe
O CO,H 0 OMe
MeO DCC, 4-DMAP, rt, 17.5 h, 38% o OMe
OMe MeO OMe
OMe OMe
S
(S) OMe
O-permethyl-tellimagrandin |
Scheme 6: Total synthesis of O-permethyl-tellimagrandin I.
OMe
iPr OMe
OMe 0 OMe
MeO iPr t—Bu'----(\
Cu/DMF N=
MeO N —_—
reflux, 1 h |~
t-Bu
/i\l>4t_Bu —</O
Br O OMe
OMe
OMe
(Sa.S,S)

S)-(+)-gossypol
80% yield, dr = 17:1 (S)-(+)-gossyp

Scheme 7: Total synthesis of (+)-gossypol.

Cu, DMF

heating

75% yield, dr = 7.2:1 (—)-mastigophorene A

Scheme 8: Total synthesis of (-)-mastigophorene A.
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OMe
Ph
OMe
O o ~
1) Cu, DMF, heat, 72 h MeO (0] NHAc
MeO = 2)TFA H,0, THE, it MeO Q NHAc T~
Br N Ac,0, pyridine, rt e} —.
Ph
Ph
OMe
51% yield, 83% de
isokotanin A
Scheme 9: Total synthesis of isokotanin.
Cu

DMF, 100 °C, 1 h

99% yield, dr=2:1

Scheme 10: Synthesis of dimethyl[7]thiaheterohelicenes.

L,

Scheme 11: Intramolecular coupling with chiral ortho-substituents.

Sugimura et al. [31] expanded this method by introducing chiral
1,3-diol-derived tethers into the substrates, delivering the
corresponding coupling products in excellent diastereoselectiv-
ity (Scheme 12).

Schreiber et al. [32] reported an efficient preparation of axially
chiral unsymmetrical biaryl compounds in good to excellent
diastereoselectivities by coupling through the formation of
higher-order cuprates (Scheme 13).

The utility of this strategy was also demonstrated by the
atroposelective synthesis of many very useful axially chiral

1) t-BuLi

2) CuCN “*~0Bn

3) 02 Oj\/an
THF, -78 °C CO

78%, single isomer

ligands and biologically important natural products. Some
representative examples of these compounds are collected in
Scheme 14. In 1997, Andrus et al. [33] used this method for the
synthesis of enantiomerically pure bisoxazoline. Lin and Zhong
[34] synthesized the natural product kotanin. Coleman and
Grant [35] described an efficient synthesis of calphostin A, a
potent protein kinase C inhibitor. In 2002, Marinetti et al.
[36,37] employed this approach to prepare biaryl diphosphines.
In 2004, Chan et al. [38] also developed a diastereoselective
synthesis of chiral biphenyl diphosphine ligands by means of an
intramolecular Ullmann coupling with the introduction of chiral
bridged ethers.
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_ 2) CuCN
o 3)0
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Br o
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54.2%, de > 99%

O

Scheme 12: Chiral 1,3-diol-derived tethers in the diastereoselective synthesis of biaryl compounds.

o)
V@ 1) t-BuLi, 2-MeTHF o] O
! 2) CuCN /E
3) 1,3-dinitrob. N
) initrobenzene Ne O

OMe OMe
OMe

OMe

94% vyield, 94% de

Scheme 13: Synthesis of chiral unsymmetrically substituted biaryl compounds.

OMe

MeO l I O
MeO 0 7R
e r
O‘ ~_ oy
X
OMe

X

kotanin 0—r calphostin A
(Lin and Zhong) chiral linker - R (Coleman and Grant)
2

@ o C
Ph,P clv O Phi %
PPh,

Ph,P. . —0 Phu [N\
sl e

0 PPh,
ligand O .
(Marinetti et al.) ligand

ligand (Andrus et al.)
(Chan et al.)

Scheme 14: Atroposelective synthesis of biaryl ligands and natural products by using a chiral diether linker.

2605



Catalytic asymmetric C—C coupling

In 1929, Hurtley reported the first example of a C-arylation
reaction of malonic esters with 2-bromobenzoic acid using a
catalytic amount of copper-bronze or copper acetate [5]. Later
on, great progress has been made in this reaction, allowing it to
be carried out under practically useful and mild conditions
[9-11]. However, an enantioselective version of this type of
reaction remained challenging. Up to 2006 the report by Ma et
al. [39] has been the only example of this type of catalytic
asymmetric coupling reaction. They reacted 2-halotrifluoroacet-
anilides with 2-methylacetoacetates under the catalysis of Cul/
trans-4-hydroxy-L-proline and obtained the arylated products in
good yields and enantioselectivities. In this reaction, the tri-
fluoroacetamido moiety present in the ortho position of the aryl

halides plays an important role in enantiocontrol (Scheme 15).

Copper-catalyzed asymmetric aryl C—N coupling
through desymmetrization and kinetic resolution
strategies

In the past, the asymmetric version of aryl C—N/O/S coupling
reactions has not attracted the attention from the organic chem-
istry community. This may have been due to the fact that these
reactions do not allow for the direct creation of new stereo-
chemical centers. Only a few examples were reported for asym-
metric N-arylation reactions using a Pd catalytic system through
an “indirect” way, either by asymmetric desymmetrization
or kinetic resolution [40-44]. In most cases, the enantio-
selectivities were not satisfactory. Recently, a copper catalytic

Cul (20 mol %)
ligand (40 mol %)

Beilstein J. Org. Chem. 2015, 11, 2600-2615.

system became another option toward asymmetric N-arylation

reactions in term of improving enantioselectivity and efficiency.

In 2012, Cai et al. [45] developed the first copper-catalyzed
asymmetric intramolecular Ullmann C-N coupling reaction
through a desymmetrization strategy. The reaction lead to the
enantioselective formation of indolines and tetrahydroquino-
lines in high yields and up to >99% ee (Scheme 16).

In 2014, Cai et al. [46] applied the desymmetrization strategy to
construct chiral cyano-bearing all-carbon quaternary stereocen-
ters, affording 1,2,3,4-tetrahydroquinoline analogues in good
yields and excellent enantioselectivities (Scheme 17).

The same group also observed that achiral additives such as
4-(N,N-dimethylamino)pyridine caused an unexpected inver-
sion of enantioselectivity in the Cu-catalyzed asymmetric
desymmetrization of o,a-bis(2-iodobenzyl)glycines when
(28,3a8,7aS)-octahydro-1H-indole-2-carboxylic acid was used
as chiral ligand [47] (Scheme 18).

In 2015, Cai et al. reported another type of desymmetrization
process, which allowed for the discrimination between two
symmetric nucleophilic amine-type groups. Enantiocontrol
using such substrates is more difficult in the asymmetric desym-
metric aryl C—N coupling reaction because the two nucleo-
philic groups may serve as good chelating ligands and thus
compete with the chiral ligand for binding with the copper salts.

- NHCOCF3 o O
110
R Q; ' )J\HJ\ORZ

Scheme 15: Enantioselective arylation reactions of 2-methylacetoacetates.

NaOH, DMF/H,0
—45°C to-20 °C

Cul (10 mol % or 20 mol %)
ligand (20 mol % or 40 mol %)

COOH

«~O
IZQ

R20,C

up to 82% yield
up to 93% ee

ligand

(\ O Ar
Z OH

rt, 10 h

Cs,CO3, 1,4-dioxane

OH

I,

Ar = 9-anthracenyl
or 3,5-(CF3)205H3

up to 96% yield
up to >99% ee

Scheme 16: Asymmetric aryl C—N coupling reactions following a desymmetrization strategy.
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85-120 °C
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Ar
L.
>

Ar

L*: Ar = 9-anthracenyl

up to 98% yield
up to 94% ee

Scheme 17: Construction of cyano-bearing all-carbon quaternary stereocenters.

Cul (15 mol %)
ligand (30 mol %)

KsPOj (2.0 equiv), DMSO

rt,2—4 h

Cul (15 mol %)
ligand (30 mol %)
DMAP (1.0 equiv)
K3POy4 (1.0 equiv)

R1|_
Z H CO,R2

up to 98% vyield
up to 84% ee

H
mCOOH

N

H H

ligand

DMSO/DMF (1:1)
0°C,20-24 h

H
up to 73% yield
up to 69% ee

Scheme 18: An unexpected inversion of the enantioselectivity in the asymmetric C—N coupling reactions using chiral octahydro-1H-indole-2-

carboxylic acid as the ligand.

Therefore the authors used a mono-aryl halide-substituted
malonamide in the presence of a chiral Cul/1,2-diamine cata-
lyst system and obtained the desired products in good yields and
moderate enantioselectivities [48] (Scheme 19).

This method was further applied to a double N-arylation reac-
tion for the enantioselective formation of spirobilactams by Cai
et al. [49]. Through the combination of the copper-catalyzed
double N-arylation and a simple in situ solid—solution phase
separation, the spirobilatams were formed in good yields and
with excellent enantioselectivities (Scheme 20).

Oy NH: Cul (10 mol %)
2 ligand (15 mol %
R NH gand ( 0)
R1;— K3PO4, CH3CN, 24 h
 © rt or 60 °C

Scheme 19: Differentiation of two nucleophilic amide groups.

Kinetic resolution is another strategy for asymmetric aryl C—N
coupling reactions. Cai et al. [S0] developed a copper-catalyzed
asymmetric intramolecular N-arylation of rac-2-amino-3-(2-
iodoaryl)propionates and rac-2-amino-4-(2-iodoaryl)butanoates
with Cul/BINOL-derived ligands in 2013, affording the chiral
coupling products and recovered starting material with high
enantioselectivity (Scheme 21).

Recently, the aforementioned kinetic resolution strategy was

applied to another type of substrates [51], leading to the forma-
tion of cyano-substituted quaternary stereocenters (Scheme 22).

HN™ O
L |C
Z SN0 AN
H
up to 98% yield

ligand
up to 80% ee
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CSQCO3, CH3CN
70°C, 24 h

up to 96% yield
up to >99% ee

Scheme 20: Synthesis of spirobilactams through a double N-arylation reaction.

Cul (5-10 mol %)
ligand (6-12 mol %)
082003
1,4-dioxane, rt
s factors up to 245

CO,R3
R1|_\ n R2
% | NH,
racemic

n=1,2

Scheme 21: Asymmetric N-arylation through kinetic resolution.

Cul (10 mol %)

ON:,

R, CN
i1 X ligand (15 mol %) . CE\?[CN R1@(}R2
e Rl + '
AN SNH, C82C0;, 14-dioxane AN NNH Z N OH
T IS ee
racemic recovered products Ar
40-60% yield 33-55% yield L: Ar = 9-anthracenyl
40-85% ee 58-83% ee

Ar
O;R3 R2 OO
n "'IIRQ + R1{i@>’nwco R3 OH
. 2
T 99u
Ar

recovered
46-53% vyield
up to 98% ee

products
45-52% vyield
up to 97% ee

ligand Ar = 9-anthracenyl
or Ar = 3,5-(CF3),CgH3

(N

AN O Ar
Z OH

Scheme 22: Formation of cyano-substituted quaternary stereocenters through kinetic resolution.

Asymmetric C—O coupling

Numerous methods have been developed during the last two
decades for the formation of aryl C—O bonds but asymmetric
aryl C-O coupling is still a challenge [6-10]. In 2013, Beaudry
and Quamar Salih reported the first copper-catalyzed asym-
metric diaryl ether formation in the synthesis of (—)-myricato-
mentogenin, (—)-jugcathanin, (+)-galeon and (+)-pterocarine
[52]. However, the enantioselectivity was poor in most cases. In
2013, Cai and co-workers [53] reported the first Pd-catalyzed
highly enantioselective intermolecular aryl C—O coupling reac-
tion for the construction of chiral (3,4-dihydro-2H-chromen-3-
yl)methanols in good yields and high enantioselectivity by
means of a desymmetrization strategy. A modified palladium
catalytic system with a SDP(O) ligand was developed in 2015
for the asymmetric desymmetrization of 2-(2-halophenoxyl)-
1,3-diols by the same group [54]. However, the palladium
catalytic systems suffered from limited substrate scope and poor

efficiency and enantioselectivity for the formation of quater-
nary stereocenters. Recently, Cai et al. carried out such
couplings using a Cul/cyclized diamine catalytic system for the
formation of 2,3-dihydrobenzofurans and analogs [55]. The
copper catalytic system proved very efficient and compatible
with a wide range of substrates under mild conditions. It over-
came the shortcomings of the palladium catalytic system for the
formation of quaternary stereocenters (Scheme 23).

Copper-catalyzed couplings of allylic halides

with nucleophiles

Transition metal-catalyzed allylic substitutions are the most
important process for carbon—carbon and carbon-heteroatom
bond formation in organic synthesis [56-58]. Allylic substi-
tution of the substrate with nucleophiles can afford two
different products: the Sy2-product or the Sy2’-product
(Scheme 24).
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Z 0

up to 95% vyield
up to 94% ee

Scheme 23: Copper-catalyzed intramolecular desymmetric aryl C—-O coupling.

MX
R/\/\ LG n

Nu®
LG = Br, CI, PO(OR),

Scheme 24: Transition metal-catalyzed allylic substitutions.

Usually, SN2’ regioselective allylic substitutions, which create a
new stereogenic center, are more valuable. Methods that allow
the SN2’ regioselective C—C bond formation have been exten-
sively studied over the past years. In contrast to other metals
(Pd, Mo, and Ir), copper-catalyzed allylic substitution reactions
allow the use of nonstabilized nucleophiles including organo-
magnesium, organoaluminum, organozinc and organoborane
reagents. Moreover, copper-catalyzed allylic substitution reac-
tions usually proceed with high SN2’ regioselectivity, creating a
new stereogenic center [59,60].

In 1995, Béckvall et al. reported the first example of an asym-
metric allylic substitution reaction catalyzed by a chiral copper
complex, giving a moderate enantioselectivity (42% ee) in
Grignard reactions with allylic acetates. The enantiomeric
excess was later improved to 64% by using a new chiral ferro-
cenyl ligand [61,62]. Subsequently, great progress has been
made in the development of copper-catalyzed asymmetric
allylic substitution reactions. These considerable progresses
have been reviewed by Hoveyda [56], Oshima [57], Alexakis
[58], Feringa [59] and Diéguez [60]. In this review, we focus on
the developments since 2008.

Cu-catalyzed enantioselective allylic substitutions
with aryl-, alkenyl-, and allenylboronates, alkylboron
compounds

Organoboron compounds have found extensive application in
coupling reactions for the construction of C—C bonds [63].
Recently, the copper-catalyzed enantioselective allylic substitu-
tions with organoboron compounds have seen impressive
progress. In 2011, Hayashi et al. [64] developed a new efficient
method for the highly regioselective and enantioselective

construction of tertiary carbon stereocenters by the copper/

Y o Nu
R/\/\Nu + R)Y\/

SN2 (a-product) Sn2' (y-product)

NHC-catalyzed asymmetric allylic substitution of allyl phos-
phates with arylboronates. Furthermore, they applied the
method to the construction of quaternary carbon stereocenters
with good enantioselectivity (up to 90% ee) with disubstituted
allyl phosphates. The enantioselectivity was later improved to
92% ee with a new chiral catalyst (Scheme 25) [65].

In 2012, Hoveyda and Jung reported a copper/NHC-catalyzed
asymmetric allylic substitution of allyl phosphates with allenyl-
boronates [66], leading to chiral allenes bearing a tertiary or
quaternary carbon sterecogenic center in high yields and with
excellent enantioselectivity (Scheme 26).

The copper/NHC catalyst system was also applied to the allylic
substitution of allyl phosphates with commercially available or
easily accessible vinylboron reagents, leading to chiral alkenes
bearing a quaternary carbon sterecocenter. The utility of this
protocol was demonstrated by the concise enantioselective
syntheses of the Pummerer ketone (Scheme 27) [67].

In 2012, Sawamura et al. reported a Cu(I)-DTBM-SEGPHOS-
catalyzed enantioselective allylic substitution reaction with
alkylboron compounds [68]. In this report, alkyl-9-BBN
reagents for the first time served as nucleophiles reacting with
primary allylic chlorides with excellent y-selectivity and with
high enantioselectivity (Scheme 28).

This catalytic system is however restricted to the construction
of tertiary carbon stereocenters. An improved catalytic system
[69,70] allowed disubstituted primary allyl chlorides to react
with alkylborane (alkyl-9-BBN) for the generation of a quater-
nary carbon stereogenic center bearing three sp3-alkyl groups

and a vinyl group with an ee up to 90% (Scheme 29).
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Scheme 25: Copper-catalyzed asymmetric allylic substitution of allyl phosphates.
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Scheme 26: Allylic substitution of allyl phosphates with allenylboronates.
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Scheme 27: Allylic substitution of allyl phosphates with vinylboron.
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Scheme 28: Allylic substitution of allyl phosphates with vinylboron.
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Scheme 29: Construction of quaternary stereogenic carbon centers through enantioselective allylic cross-coupling.

Cu-catalyzed enantioselective allylic substitutions
with Grignard reagents

Transition metal-catalyzed allyl-allyl cross-coupling of allyl-
metal species with allylic electrophiles represents one of the
powerful methods to establish 1,5-dienes. These compounds are
abundant in natural terpenes as well as highly versatile inter-
mediates in organic synthesis [71-73]. However, highly enantio-
selective allyl-allyl cross-coupling was only achieved by
employing a Pd-catalyst system [74]. Copper-catalyzed asym-
metric allylic alkylation (Cu-AAA) with allylmetal is still a
great challenge. In 2013, Feringa et al. [75] reported the first
copper-catalyzed highly enantioselective allyl-allyl cross-

coupling of allyl Grignard reagents with allyl bromides, leading

CU(OTf)Q'CsHs (5 mol %)
ligand (6 mol %)

RIX"x + \/\MgBr
DCM, -80 °C, 2 h

Scheme 30: Cu-catalyzed enantioselective allyl-allyl cross-coupling.

to chiral 1,5-dienes in good yield and with high enantio-
selectivity (Scheme 30).

Cu-catalyzed enantioselective allylic substitutions
with silylboronates

Enantioenriched allylsilanes are very useful building blocks in
synthetic organic chemistry [76]. Oestreich et al. [77] reported
the first example of an enantio- and regioselective allylic substi-
tution of linear allylic chlorides and phosphates catalyzed by a
Cu/NHC chiral ligand (Scheme 31).

Hayashi et al. [78] described a Cu/NHC-catalyzed asymmetric
allylic substitution of allyl phosphates with silylboronates that

C
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Scheme 31: Cu-catalyzed enantioselective allylic substitutions with silylboronates.

provides a straightforward access to chiral allylsilanes with high
regio- and enantioselectivity (Scheme 32).

Cu-catalyzed enantioselective allylic substitutions
with diboronates

Chiral allylboronates are useful reagents, which could be
manipulated in a number of useful ways to give functionalized
chiral building blocks such as allylic alcohols, amines etc. [79].
Sawamura et al. [80] developed a highly enantioselective
copper-catalyzed asymmetric allylic substitution with diboro-
nates to afford chiral allylboronates (Scheme 33).

McQuade et al. [81] reported a copper/NHC-catalyzed allylic
substitution of aryl ether substrates with diboron or a-substi-
tuted allylboronates in good yield and with high enantio-
selectivity. The reactions exhibited a wide functional-group
tolerance with pure £ or Z isomers or E/Z alkene mixtures
(Scheme 34).

CuCl (5.0 mol %)
ligand (5.5 mol %)
Me,PhSipin (1.5 equiv)

R;:fop(oxon:r)2

= NaOH (1.5 equiv)

THF,-15°C,12h

up to 97% yield
up to >99:1 regioselectivity
up to 95% ee

Cu-catalyzed enantioselective allylic substitutions
with terminal alkynes

The catalytic enantioselective allylic alkylation of alkynyl
nucleophiles is a powerful tool for the preparation of 1,4-
enynes, which are versatile synthetic intermediates in asym-
metric organic synthesis [82]. In 2014, Sawamura et al. [83]
successfully developed a highly enantioselective allylic alkyl-
ation of terminal alkynes with primary allylic phosphates
through a copper/NHC chiral catalyst system. The authors
obtained chiral enynes with a tertiary stereocenter at the allylic
propargylic position in good yield and with excellent enantio-
selectivity (Scheme 35).

Conclusion

Copper-catalyzed or -mediated enantioselective carbon—carbon
or carbon-heteroatom coupling reactions have been one of the
most challenging areas in asymmetric catalysis in recent years.

The asymmetric copper-catalyzed C(ary1)-C(ary1) bond forma-

0

. I\
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RITNF PFs

0 HO'

ligand

Scheme 32: Asymmetric allylic substitution of allyl phosphates with silylboronates.
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Ba(pin), (2.0 equiv)
THF,0°C, 48 h

Scheme 33: Stereoconvergent synthesis of chiral allylboronates.
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catalyst (1.0 mol %)

NO,
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Bopin, (1.1 equiv) . N
NaOt-Bu (30 mol %) I?pln I N\)—Ph
MeOH (2.0 equiv) Ph

Scheme 34: Enantioselective allylic substitutions with diboronates.

R™-""0oPO(OEt), *

Scheme 35: Enantioselective allylic alkylations of terminal alkynes.

tion through the incorporation of a chiral ester group as auxil-
iary into the substrates, has emerged as a powerful tool for
constructing natural products and useful ligands with axial
chirality. Based on asymmetric desymmetrization and kinetic
resolution strategies, a series of efficient copper-catalyzed
systems have been developed for the formation of C—C, C—N,
C-0 bonds and the construction of nitrogen- and oxygen-
containing ring systems. Despite the substantial progress that
has been made in copper-catalyzed or -mediated enantioselect-
ive carbon—carbon and carbon—heteroatom coupling reactions,
limitations in terms of substrate scope and catalyst efficiency
still exist. In the future, the design of new ligands and impro-
ved catalyst systems are required that allow for transformations
of more challenging substrates.
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This short review highlights the copper-mediated fluoroalkylation using perfluoroalkylated carboxylic acid derivatives.

Carbon—carbon bond cleavage of perfluoroalkylated carboxylic acid derivatives takes place in fluoroalkylation reactions at high

temperature (150200 °C) or under basic conditions to generate fluoroalkyl anion sources for the formation of fluoroalkylcopper

species. The fluoroalkylation reactions, which proceed through decarboxylation or tetrahedral intermediates, are useful protocols

for the synthesis of fluoroalkylated aromatics.

Introduction

Organofluorine compounds attract attention because of their ap-
plicability in various fields, such as medicine, agrochemical and
material science. It has been widely reported that nearly 15% of
pharmaceuticals and 20% of agrochemicals on the market
contain fluorine atoms, including several of the top drugs. Of
particular interest are compounds containing the structural motif
of a (trifluoromethyl)aryl group (Ar—CF3) [1-7]. The character-
istic size, strong electron-withdrawing ability, and the high

lipophilicity of the trifluoromethyl group are key properties of

biologically active CF3-containing molecules [8]. Perfluoro-
alkylcopper compounds (C,F»,+,Cu), which are soft and rela-
tively stable perfluoroalkyl organometallic reagents (C,Fy,+1M)
with high reactivity, act as prominent cross-coupling partici-
pants in aromatic perfluoroalkylation reactions [9-32]. In order
to prepare C,F,,41Cu species, several representative protocols
have been reported. Among these protocols, each method has
individual merit. Particularly, Ruppert—Prakash reagents

(C,F2,+1SiR3) have been used as the source of perfluoroalkyl

2661


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:amii@gunma-u.ac.jp
mailto:mikami.k.ab@m.titech.ac.jp
http://dx.doi.org/10.3762%2Fbjoc.11.286

anions (C,Fy,4+17) for the generation of C,F,,+;Cu. However,
perfluoroalkylsilane sources are costly for large-scale operation.
On the other hand, economical and useful perfluoroalkylated
carboxylic acid derivatives, such as perfluoroalkylated carboxy-
lates (C,F5,+1COyNa or C,F,,+1CO;,K), halodifluoroacetates
(XCF,CO3R), perfluoroalkyl carboxylates (C,F;,+1CO3R),
perfluoroalkyl ketones (C,F;,+1COR), and hemiaminals
derived from fluoral (CF3;C(OSiMe3)NR,), can generate
C,)F2,+1Cu via carbon—carbon bond cleavage. Herein we focus
on Cu-mediated perfluoroalkylation reactions through which
carbon dioxide, the esters, or the N-formylamines are elimi-
nated from the perfluoroalkyl reagents.

Review

Decarboxylation of perfluoroalkylacetates

Trifluoroacetate salts are one of the most readily available tri-
fluoromethylating agents compared to ozone-depleting CF5Br,
and expensive CF3l. Sodium trifluoroacetate (CF3CO;Na) is a
stable compound at room temperature. Under heating condi-
tions (150-200 °C), CF3CO,Na plays the role of the CF3~
source and [CF3Cu] species with Cul are generated in situ. In
the presence of Cul, CF3CO,Na undergoes trifluoromethyla-
tion with aryl halides via decarboxylation [33,34] (Scheme 1).

A pentafluoroethyl group (C,Fs) was fixed at the arene with
sodium pentafluoropropionate [35] (Scheme 2). The reaction
mechanism is similar to that of the trifluromethylation using
CF3CO;,Na [33,34]. Upon heating, the mixture of CF3CO,Na
and Cul in NMP, 3-chloroiodobenzene underwent cross-
coupling to provide the pentafluoroethylated compound in 80%
yield. The pentafluoroethylated aromatic product was applied to
the synthesis of 2,2-difluorostyrenes through Mg(0)-promoted
defluorinative silylation followed by fluorine-ion-catalyzed 1,2-
desilylative defluorination.

Buchwald et al. demonstrated aromatic trifluoromethylation
using potassium trifluoroacetate (CF3CO,K), Cul and pyridine

under flow conditions. Increasing the reaction temperature from

Beilstein J. Org. Chem. 2015, 11, 2661-2670.

o Cul
CF3CO,Na CF; CF4Cu
-Co,
CF3CO,Na (2 equiv)
I Cul (2 equiv) CF;
[:::]// NMP, 160 °C, 4 h [:::]/
1 equiv (= CO2) 72%

N CF4CO,Na (4 equiv) N
| Cul (2 equiv) /(j\
~ o
NMP, 160 °C, 4 h CI” 'N” "CFy

1 equiv (- COy) 85%

Scheme 1: Trifluoromethylation using trifluoroacetate.

160 °C to 200 °C accelerated the decarboxylation of CF3CO,K
[36] (Scheme 3). The trifluoromethylation using a microreactor
resulted in a good yield within a short reaction time by virtue of
the thermal stability of CF3Cu and control of mixing. Taking
advantage of the flow microreactor, a new protocol for scalable

aromatic trifluoromethylation was developed.

From a mechanistic aspect, Vicic and co-workers explored the
direct generation of CF3Cu from CF3CO,Cu. The use of
(N-heterocyclic carbene)copper-trifluoroacetates prepared from
trifluoroacetic acid (TFA) was investigated in the decarboxy-
lative trifluoromethylation of aryl halides [37] (Scheme 4). Not
only iodobenzene but also 4-bromotoluene was trifluoro-
methylated by the [(NHC)Cu(TFA)] complex.

The perfluoroalkylation reactions mentioned above require a
stoichiometric amount of copper reagent, whereas it was found
that the addition of silver salts is effective for the copper-medi-
ated trifluoromethylation of aryl iodides [38] (Scheme 5). The
amount of copper used in the reaction was reduced to 30 or
40 mol % by adding a small amount of Ag,O. As a related de-

carboxylative transformation, silver-mediated aromatic tri-

CF3CF,CO,Na (1.4 equiv)

Cl | N | Cul (1 equiv)
Z NMP, 170 °C, 3 h
1 equiv
Mg/Me3SiCl
DMPU

92%

Scheme 2: Decarboxylative pentafluoroethylation and its application.

CI\©/CFZCF3

80%
X

cl CF(SiMe3)CF, Cl o ANF
19 O

X=F, Cl, Br, SiMe3
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200 psi
EtOAc Ar—CFs
24 examples
Ar—I  in NMP ((m) C — _
(ors N )om )
CF3COXK i NmP 200-210 °C 3
Cul, pyridine 16 min (:N) BnN_/ CFs

Scheme 3: Trifluoromethyation with trifluoroacetate in a flow system.

hg
@I + [N)>—Cu-0>/7CF
)\ o)

hy
OBr + [N)>—Cu-o>/_CF
)\ o

Scheme 4: Trifluoromethylation of 4-bromotoluene by [(NHC)Cu(TFA)].

3

fluoromethylation was recently developed. Zhang et al. reported
the direct aryl C—H trifluoromethylation in which TFA works as
a trifluoromethylation reagent [39] (Scheme 6). In this reaction,
TFA releases a CF3 radical via decarboxylation, which reacts
with the arenes to yield trifluoromethyl-substituted products.
This report suggests that TFA can act as a trifluoromethyl
source in the reaction with inactivated aromatic compounds,
while the control of regioselectivity is difficult.

CF3COzNa (4 equiv)

@/' Cu (30 mol %), Ag,0 (30 mol %) Q/C'%
o DMF, 130 °C, 15 h o

(-CO2)

90%:2
CF3CO,Na (4 equiv)
I Cu (40 mol %), Ag,0 (40 mol %) CFs
DMF, 130 °C, 15 h
(=COy) 90%b

Scheme 5: Trifluoromethylation of aryl iodides with small amounts of
Cu and Ag,0. @The yield was determined by GC analysis. PThe yield
was determined by '9F NMR analysis using CF3CH,OH as an internal
standard.

0
91% 91% 83%
160 °C, 24 h
- C0; 64%
—( )—CFs
160 °C, 24 h
- CO; 64%

Trifluoromethylation with difluorocarbene and

fluoride ions

The reaction system with CICF,CO,Me/KF/Cul also generates
CF3Cu in situ [40,41] (Scheme 7). The demethylation of
CICF,CO,Me proceeds by iodide, followed by decarboxylation
of the resulting chlorodifluoroacetate to provide difluorocar-
bene (:CF), trapped by fluoride to give the CF3™ species. This
reacts with Cul leading to CF;Cu.

The method described above for the trifluoromethylation of aryl
iodides with CICF,CO,;Me and fluoride can be utilized for
clinical studies. Herein, we introduce one example of decar-
boxylative [!8F]trifluoromethylation for positron emission
tomography (PET) studies. A synthetic methodology for
['8F]labelled-CF5 arenes is desired for the application of PET
imaging. The reason is that the [18F] isotope has a longer half-
life (110 min) than '3N (10 min) or 130 (2 min); however, the
incorporation of ['8F] must be rapid and the use of the products
containing ['8F] must be immediate. Many of the reported
strategies have a limited scope of starting materials or require
expensive reagents and a multistep synthesis. The [!8F]tri-
fluoromethylation performed with commercially available

reagents by using [!8F]fluoride demands no complex such as
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Ag,COj (40 mol %)

o K5S,03 (2.0 equiv) _
@ *F C/U\OH NesB0: (25 eauly @CF3 *F 6QCF3
3 _ H,S04 (0.2 equiv) s
6.1 equiv CH,Clp, 120 °C, 10 h 69% 10%
Ag,CO3 (40 mol %)
. CN
N o K,S,03 (2.0 equiv) CN
J\ Na,CO3 (1.5 equiv) CF
3+
* o FsC OH H,S0 (0.2 equiv)
3.6 equiv CH,Cly, 120°C,10h  ClI Cl  CFg
cl 27% 21%
Scheme 6: C-H trifluoromethylation of arenes using trifluoroacetic acid.
Cul
ClCFQCOzMe :CFZ F3C_CU
— Mel, - CO, F~ source

Scheme 7: CF3Cu generated from chlorofluoroacetate and Cul.

['8F]CF,Cu, and thus the method should contribute to efficient
PET imaging [42] (Scheme 8).

Synthesis of perfluoroalkylcopper from

perfluoroalkyl ketones or esters

Langlois et al. reported that trifluoromethylation with methyl
trifluoroacetate was successfully carried out in DMF or
sulfolane at 180 °C [43] (Scheme 9). Methyl trifluoroacetate,
which is more readily available than methyl chlorodifluoro-
acetate, acts as a trifluoromethylating agent. In this synthesis,
the methyl trifluoroacetate/CsF/Cul system would form the
tetrahedral intermediates to generate CF3Cu species in situ.

Ar—I CICFQCOZMg (1.5 equiv) Ar—CF,'8F
Cul (1.5 equiv)
or - or
Het—I TMEDA (1.5 eguw) Het—CF,'6F
['8F]KF/kryptofix
DMF, 150 °C, 20 min
CICF,CO,Me :CF, ————— "8FF,C-Cu

- Mel, - CO, ['8F]~

Mikami and co-workers accomplished the synthesis of CF3Cu
at room temperature with perfluoroalkyl ketone derivatives and
appropriate nucleophiles. It is indicated that the CF3Cu reagent
is directly formed from tetrahedral intermediate A [44]
(Scheme 10). The CF3Cu reagent was applied to aromatic tri-
fluoromethylation with aryl iodides, which have electron-with-
drawing or electron-donating functional groups, in good to high
yields (Scheme 11).

The preparation of the C,F5Cu reagent was investigated as well
[45]. Pentafluoropropionate was reacted with CuCl salt in the
presence of KO#-Bu to afford C,F5Cu. A variety of aryl bro-

18
N CF,'8F
o )\W\@

N X © NO,
55% + 3% (n = 3)2

I
Flutamide (Eulexin)

Me
X=Boc, 37% £4% (n =3)*  Oncology (prostate cancer)

TFA

——~ - X=H-TFA

150 °C, 5 min

>95% (n =3) Fluxetin (Prozac)
antidepressant

Scheme 8: ['8F]Trifluoromethyation with difluorocarbenes for PET. @Radiochemical yield determined by HPLC.
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Ar—| + CF3CO,Me + CsF + Cul Ar—CF3
. . . . DMF or sulfolane
1 equiv 5 equiv 2.5equiv 1 equiv 180 °C, 8 h 41-79%
i CsF 0® Cul Ar—I
F1C~ “OMe Fgc/J:OMe FsC-Cu Al
Scheme 9: Trifluoromethylation with trifluoroacetate and copper iodide.
(@]
F3sC" "Ph ®
(1 equiv) OCu CF3Cu o K| hx CF4Cu
[(+-BuO) ,CulK . C{ | ¢ T o N

DMF 3 Ot-Bu I

rt, 30 min Ph o t-BuOK Ot-Bu ‘ t-BUOH

tetrahedral )J\ KX
intermediate A t_. 3,0 “Ph

Scheme 10: Preparation of trifluoromethylcopper from trifluoromethyl ketone.

I phen (2 equiv) CF;
R_Ej/ +  CFsCu RE
P4

. DMF in Ar atmosphere =
2 equiv i, 12 h
O/CF3 CF3 OCFB o CF3
O | | _
O=N FoC” N7 N
Me
96%2b 80%:2 91% 85%
/©/CF3 CF3 <\ CF3 CF3
O L X
MeO t-Bu gy CO,Et
65%33¢ 71%3° 93%2°¢ 87%2
CFs OYNG
|
MeN
OO ¢ CF3
(6]
91%2¢ 78%3:¢

Scheme 11: Trifluoromethylation of aryl iodides. 2lsolated yield. P1 equivalent each of CF3Cu reagent and 1,10-phenanthroline were used. “Reaction
temperature was 50 °C.

mides were reacted with C,FsCu under the optimized condi- The copper-mediated oxidative trifluoromethylation of aryl-
tions, providing pentafluoroethylated aryl products in moderate  boronic acids are important reactions in organic chemistry

to high yield (Scheme 12). because arylboronic acids are widely used. Oxidative, aromatic
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CF3CF,CO5Et
CuCl (1 equiv)
t-BuOK (2 equiv)

Br CFZCF3
RE T 4+ CRCRCu R—;Q/
= . DMF in Ar =
2 equiv atmosphere
TSA0 o Al > el v o)
O2N FsC OHC CO,Et
92%3 85%2 92%2 99%3ab
(80 °C, 24 h) (80 °C, 48 h) (80 °C, 48 h) (80 °C, 24 h)
CF,CF CF,CF
O/ 2 3 CFZCF3 2 3 O CF2CF3
M /©/ l
€0 t-Bu OH
OH
77%2 81%?2 60%?2 OO
90 °C, 72 h 90 °C, 72 h 90 °C, 72 h
( ) ( ) ( ) —
61%20:°
O o Me (90 °C, 72 h)
O ~CF:CFs MT |
o ©|\/j e CF,CF4
CF,CF4 N o)
98%2 86%2 85%3ab
(80 °C, 48 h) (90 °C, 48 h) (90 °C, 72 h)

Scheme 12: Pentafluoroethylation of aryl bromides. 2Yield was determined by 19F NMR analysis using benzotrifluoride (BTF) or
(trifluoromethoxy)benzene as an internal standard. Plsolated yield. °4 equivalents of CF3CFoCu reagent were used.

perfluoroalkylation reactions with arylboronic acid derivatives
have been studied by several groups. Qing et al. and Buchwald
et al. used the Ruppert—Prakash reagent (CF;—SiMejs) directly
as a CF3~ source [46,47]. From CF;—SiMes, Hartwig et al.
developed a new combination of Ir-catalyzed C—H borylation
and oxidative cross-coupling using [(phen)CF3;Cu] [48].
Grushin et al. utilized fluoroform for the preparation of CF3Cu,
which participated in cross-coupling reactions with ArB(OH);
in air [49]. Starting from CF3CO,Et or C,FsCO;Et, Mikami et
al. obtained CF3Cu [44] or C,F5Cu [45]. The substrate scope of
trifluoromethylation and pentafluoroethylation suggests that
CF3Cu and C,F5Cu reagents are useful C,F,,+; sources for
perfluoroalkylation reactions. Furthermore, CF3Cu and C,F5Cu
were utilized for oxidative perfluoroalkylation reactions of aryl-
boronic acids [44,45] (Scheme 13).

Copper-catalyzed group transfer from fluoral
derivatives

Catalytic systems in organic synthesis are desirable from an

environmentally benign point of view. With regard to aromatic

trifluoromethylation, the effort is devoted to reduce the copper
reagents employed in the reactions. Copper-catalyzed aromatic
trifluoromethylation with CF3SiMes; was developed using phen
as a ligand [50]. On the other hand, Billard and Langlois et al.
described silylated hemiaminals of fluoral (trifluoroacetalde-
hyde) that act as a nucleophilic trifluoromethyl source for elec-
trophiles such as aldehydes and ketones [51,52] (Scheme 14).

Amii and co-workers reported a copper-catalyzed aromatic tri-
fluoromethylation from silylated hemiaminals of fluoral [53]
(Scheme 15). Hemiaminal derivative 1 is readily prepared from
commercially available CF;CH(OH)(OEt), which is a fluoral

equivalent, and morpholine [52].

The substrate scope of the catalytic trifluoromethylation is
shown in Scheme 16. Nitro, cyano, and ester groups in
iodoarenes were tolerable under the reaction conditions of
copper-catalyzed nucleophilic trifluoromethylation. Electron-
rich iodoarenes underwent the nucleophilic trifluoromethyla-

tion to afford the corresponding trifluoromethylated benzenes.
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A B(OH)2 N CnFn+
R+ R
L + CuFpeCu T

toluene in air

2 equiv . 3h
CF3 O/CFs C CF3
©/ R R = OMe; 95% Q
R =F; 90%
96% ’
° R = CF3; 99% 90%2
CF, R =t-Bu; 88%

)
7
OMe e}
CF CF
OMe E j/ s O :
~
99 ' )

CF3 o/ b o/a
85%2b. 80% 94%

57%324

~ CF,CF; CF2CFs
R ~ R =0Me; 95% R =t-Bu; 93%

R = CF3; 97%¢ R =CHO; 89%
R =NOy; 81% R=Br,91% 83%

CF,CF;
o)
CF2CF3 CF,CF
X 2 3
" ot
o 94%
85% ° CF,CF,
92%°

Scheme 13: Perfluoroalkylation reactions of arylboronic acids. 2lsolated yield. PDMF was used instead of toluene as a solvent. ¢4 equivalents of
C,Fn+1Cu reagent were used. 9Pinacolboronate ester (Bpin) was used instead of boronic acid. ¢Yield was determined by '°F NMR analysis using
BTF as an internal standard.

OH i
oH SUPN P
+ FsC~ °N
HN  © 3 FoC N
FoC T OMe  N\__/" Gu.Cl rt, 48 h L_O0  THRr4n \\/})
- H,0 ImSiMe3
OSiMes i
. 0 CsF (10 mol %) OSiMes
FsC~ N " alvme 80 °G
3 \o Ph/u\Ph glyme, 80 °C F5;C PhF’h
2 equiv 80%

Scheme 14: Trifluoromethylation with silylated hemiaminal of fluoral.
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Scheme 15: Catalytic trifluoromethylation with a fluoral derivative.
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©
CF3 source

OSiMes
Fac*N/\ ~— CF3CHO
\\/O fluoral
1
Ar—CF; | phen=

Ar—l Fsc/kN/\
1 S0

diglyme, 80 °C, 24 h

CF,
O,N CF,
O.N

77% 90%

NO,

NC@CFg
CF, CF,

EtO,C

93% 60%

Cl
Br CF Ph CF Bu CF EtO CF
CI@CFg 4< >* 3 ‘< >* 3 ‘< >* 3 ‘< >* 3

53% 53%

97%

HO
;< >—CF3

44%

97%

40% 57%

s
MeUCF3

75%

95%

Scheme 16: The scope of Cu-catalyzed aromatic trifluoromethylation. The yield was determined by '°F NMR analysis using

(trifluoromethoxy)benzene as an internal standard.

Furthermore, the trifluoromethyl group was introduced into
naphthalenes and thiophene with hemiaminal 1.

A catalytic amount of copper was enough to complete the reac-
tions. In the synthesis of trifluoromethylarenes (Ar—CF3), the
cross-coupling proceeded via the pathway shown in Scheme 17
[53]. First, the fluoride-ion-induced reaction of hemiaminal 1
with Cul-diamine complex 2 gave copper alkoxide 3. Then the
trifluoromethyl group in 3 migrates to generate the trifluoro-
methylcopper(I) complex 5 with the elimination of N-formyl-
morpholine (4) [54]. Finally, Ar—CFj3 is formed by the coupling
of CF3Cu complex 5 with Ar-I, and Cul-diamine complex 2 is
regenerated.

Conclusion

Fluorine has greatly contributed to the advancement of human
life and the global demand for organofluorine compounds will
continue to increase. Therefore, the introduction of fluorine-
containing functional groups into organic molecules is recog-
nized as a general strategy for the design of drugs and func-
tional materials. In fact, the research activity on selective fluo-
rination and trifluoromethylation has reached a mature state.
The progress in fluoroalkylation of organic compounds could be
accelerated by the use of fluoroalkylating reagents, which are
inexpensive and easy to handle. Perfluoroalkyl carboxylic acid
derivatives, such as perfluoroalkyl acetates, trifluoroacetic acid,

chlorodifluoroacetates, trifluoromethyl ketones and hemiami-
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Scheme 17: Plausible mechanism of Cu-catalyzed aromatic trifluoromethylation [53].

nals of trifluoroacetaldehyde, are attractive perfluoroalkyl anion
sources for aromatic perfluoroalkylation reactions. The genera-
tion of perfluoroalkylcopper from perfluoroalkyl carboxylic
acid derivatives via carbon—carbon bond cleavage demands a
high reaction temperature or basic conditions. Nevertheless, the
simplicity of the operation and the reliability of higher yields
would help the synthesis of fluorinated compounds in various
fields.
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The development of enantioselective, copper-catalyzed alkynylations of cyclic iminium and oxocarbenium ions is reviewed. The

use of chiral copper-based catalysts has enabled high yields and enantioselectivites in the formation of nitrogen- and oxygen-

containing heterocycles with a-stereogenic centers. This review highlights both the accomplishments and the future work needed in

this important area.

Introduction

Nitrogen and oxygen heterocycles with a-stereogenic centers
represent important classes of biologicially active compounds
[1-7]. Enantioselective addition of chiral nucleophiles to imines,
iminium ions, carbonyls, or oxocarbenium ions provides effi-
cient access to these scaffolds. In particular, exceptional
progress has been made in the addition of chiral metal
acetylides. Historically, these reactions required stoichiometric
amounts of both metal and chiral ligand [8], but catalytic vari-
ants are now available with a variety of metal-based catalysts
[9-15]. Among these, chiral copper catalysts have been used
with remarkable success in the alkynylation of cyclic iminium
ion and oxocarbenium ion intermediates. This review will focus

on the development of these enantioselective, copper-catalyzed

alkynylations, highlighting both the accomplishments and the
future work needed in this important area.

Throughout the discussion below, it is clear that there are privi-
leged ligand architectures of these copper-catalyzed alkynyla-
tions. High enantioselectivities have been achieved with pyri-
dine bis(oxazoline) (Pybox), bis(oxazoline) (Box), and Quinap-
type ligands (Figure 1).

Review
Additions to iminium ions

Although this review will focus on enantioselective additions to

cyclic electrophiles, it is worth noting that the first enantiose-
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Figure 1: Chiral ligands utilized in copper-catalyzed alkynylations of
cyclic iminium and oxocarbenium ions.

lective additions of chiral copper acetylides to imines or
iminium ions utilized acyclic imine substrates. In 2002, Li and
co-workers reported enantioselective alkynylations of N-aryl
aldimines formed in situ from benzaldehydes and anilines
(Scheme 1) [16,17]. This reaction employs a CuOT{/Ph-Pybox
catalyst system to achieve generally high yields and ee’s of
propargylic amines 2. Notably, this reaction can be carried out
in H,O, as well as PhMe. Nearly simultaneously, Knochel’s

Beilstein J. Org. Chem. 2015, 11, 2696-2706.

group reported an enantioselective CuBr/Quinap-catalyzed
alkynylation to deliver propargylic amines with alkyl substitu-
tion at the stereocenter (Scheme 2) [18-20]. In this reaction,
proton transfer from the terminal alkyne to the enamine simulta-
neously generates the copper acetylide and iminium ion, which
are proposed to both bind to the chiral copper catalyst (see 4). A
broad scope in the acetylene was observed, with arylalkynes
resulting in the highest ee’s. To our knowledge, these were the
first enantioselective, metal-catalyzed additions of terminal
alkynes to imines or iminium ions, and set the stage for subse-
quent development of enantioselective alkynylations of cyclic
iminium ion substrates [21]. As discussed below, the catalyst
systems identified in these reactions have largely informed
those used for enantioselective alkynylations of cyclic elec-

trophiles.

The first enantioselective, copper-catalyzed alkynylation of a
cyclic iminium ion was reported by Li’s research group in 2004
[22]. Building on their development of a cross-dehydrogenative
coupling (CDC) reaction between benzylic amines and alkynes
to deliver racemic products [23], the Li group developed a
CuOT{/Ph-Pybox catalyst system that enables alkynylation of
tetrahydroisoquinolines in moderate to good yields and enan-
tioselectivies (Scheme 3). A particularly powerful aspect of this
chemistry is that a stable tetrahydroisoquinoline 6 can be
utilized as the substrate. Oxidation of the tetrahydroisoquino-
line then results in formation of iminium ion 7 in situ. As in
Knochel’s reaction above, the highest yields and ee’s were
observed with arylacetylenes.

In subsequent studies of this reaction, Li investigated the inter-
mediacy of isoquinolinium ion 9, and found that improved
yields and ee’s can be achieved using this substrate and a CuBr/
Quinap catalyst, despite the fact that Quinap had proven infe-
rior to Ph-Pybox in the CDC reaction (Scheme 4) [24]. With
this new catalyst and electrophile, the catalyst loading, reaction
temperature, and reaction time could be reduced. Addition of
alkynes with aryl, alkyl and trimethylsilyl substituents were
successful, with the highest enantioselectivity observed when
(trimethylsilyl)acetylene was used (94% ee).

= Ph
10 mol % Cu(OTf) A2
o) H,NAr2 A 10 mol % (R,R)-Ph-Pybox NH
l 1
Ar1J 60 °C J H,0 or PhMe Ar )\
Ar 35 °C, 2-4 days Ph
1 2
48-93%
78-96% ee

Scheme 1: Li’'s alkynylation of acyclic N-arylimines.
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24-96 h R? RS
3 R? 5
1 2 =
R', R = Alk, H 4 R5 = Ar, Alk, SiMe;
R3, R*=Bn, allyl 50-99%
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Scheme 2: Knochel’s alkynylation of acyclic N-alkylenamines.
=R
10 mol % CuOTf
10 mol % (S, S)-Ph-Pybox
NAr t-BuOOH AT NAr
6 50 °C, 2d 7
fl
R
8
R = Ar, Alk, SiMe3
11-72%
5-74% ee
Scheme 3: Li's CDC of tetrahydroisoquinolines and alkynes.
=R
e) 5 mol % CuBr N.
©© Br 7.5 mol % (S)-Quinap Ph
®
= N\Ph EtsN | |
THF or CH,CI,
9 rt, 24 h R
10
R = Ar, Alk, SiMe3
12-83%
73-94% ee

Scheme 4: Li’'s alkynylation of N-aryldihydroisoquinolinium ions.

Just before Li’s report of the alkynlation of N-arylisoquino-
linium ions, Taylor and Schreiber reported a CuBr/Quinap-
catalyzed alkynylation of N-alkylisoquinolinium ions
(Scheme 5) [25]. Similar to Li’s alkynylation of N-arylisoquino-
linium ions, alkynes with various substituents can be used
successfully, and the highest ee’s were observed when
(trimethylsilyl)acetylene was used (99% ee). Most of the
iminium ion substrates were dihydroisoquinolinium ions, but
alkynylation of the aromatic isoquinolinium ion was also
achieved in 67% yield and 83% ee at a higher reaction tempera-

ture (—20 °C). The authors elegantly showed the potential of

this reaction in two examples. First, they reduced alkyne 13 to
deliver (S)-homolaudanosine, a natural product from an alka-
loid family with neurologic activity, in high yield and enantio-
purity. They also demonstrated that this alkynylation is
amenable to solid phase synthesis; alkyne 14 was prepared by
alkynylation of an isoquinolinium ion linked to a polystyrene
bead through the C7 hydroxy group.

In 2007, Ma and co-workers reported the first enantioselective,

copper-catalyzed alkynylation of a pyridinium ion (Scheme 6)

[26]. This reaction employs an N-acylpyridinium ion generated
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Scheme 5: Schreiber’s alkynylation of N-alkylisoquinolinium ions.
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O Ph
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MeO
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solid phase synthesis
84% overall yield
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Scheme 6: Ma’s alkynylation of pyridium ions.

in situ and a Cul/Indabox catalyst. Ma found that the identity of
base and solvent also affect the enantioselectivity, with
iPrpN(n-Pr) and CH;Cl, proving best. Notably, only 1,2-addi-
tion was observed. With respect to the alkyne, activated
terminal acetylenes, such as ynones and propriolates, are best

iProN(n-Pr) N
CH,Cly, ~78 °C o 2Me\\]¢0
R
16
65-81%
77-99% ee
] H
n-Pr*" °N

n-Bu’

indolizidine 223AB

for this reaction. Unactivated alkynes give products in reason-
able yields (63—77%), but poor enantioselectivities (1-11% ee).
However, the use of activated acetylenes provides a functional
group handle for elaboration, which the authors demonstrate in

the preparation of indolizidine 223 AB.
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Building on their initial discovery of a non-asymmetric, copper-
catalyzed, three-component coupling of pyridine, benzoyl chlo-
ride and phenylacetylene [27], the Arndtsen group tackled the
challenge of developing a catalyst for the alkynylation of cyclic
N-acyliminium ions with unactivated alkynes [28]. Using the
reaction of N-acylquinoline and phenylacetylene as their model,
they observed lower ee’s with Pybox and Box ligands, and only
49% ee with Quinap. However, investigation of novel Pinap
ligands led to notably higher ee’s (Scheme 7) [29]. These reac-
tion conditions enable alkynylation of quinoline (20), isoquino-
line (21), and pyridine (22) substrates, albeit in lower yields
with pyridines.

In 2011, Maruoka and co-workers investigated the use of
isoquinolinium ions protected as azomethine imines [30]. The
use of a CuOAc/Ph-Pybox catalyst enables the addition of a
wide variety of alkynes to form isoquinolines with tertiary
stereocenters in high yields and ee’s (Scheme 8A). Although
lower ee’s were observed with o-tolylacetylene (43% ee) and
1-heptyne (75% ee), all other alkynes resulted in >85% ee. Even
more impressive, the authors discovered conditions for a highly
enantioselective alkynylation to form tetrasubstituted stereocen-
ters. With 1-alkylisoquinolinium ions, high ee’s could not be
achieved using only a CuOAc/Ph-Pybox catalyst. Postulating
that the acetate of CuOAc may facilitate proton transfer from
the alkyne to the azomethine imine, a necessary step to form
both the cationic iminium and the copper acetylide, Maruoka
investigated the use of a chiral acid co-catalyst. With the addi-
tion of chiral Bransted acid co-catalyst 27, high yields and good
to excellent levels of enantioselectivity were achieved in the ad-
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dition of both aryl and aliphatic alkynes (Scheme 8B). The
azomethine amine products 24 and 26 can be deprotected using
Sml,. To our knowledge, this report is the first and only
example to date of alkynylation of an imine or iminium ion to

form a chiral tetrasubstituted center with high ee.

Enantioselective, copper-catalyzed alkynylations have also been
accomplished under solvent-free conditions. In 2013, Su and
co-workers established that the CDC reaction of N-aryltetra-
hydroisoquinolines and alkynes can be accomplished under
high-speed ball-milling conditions with copper balls (Scheme 9)
[31]. Under these solvent-free reaction conditions, isoquino-
lines 28 were formed more quickly than the in-solvent reac-

tions previously reported, but the ee’s are lower.

Recently, a new entry to isoquinolinium ions has been estab-
lished. In their studies of the three-component coupling of alde-
hydes, amines, and alkynes (A3 reaction), the Ma group
serendipitiously discovered that isomerization of exocyclic
iminium ion 30 results in the formation of endocyclic iminium
ion 31 (Scheme 10) [32]. Subsequent alkynylation was accom-
plished using a Cul/N-Pinap catalyst to give N-benzylisoquino-
lines in exceptional yields and enantioselectivities. Notably,
catalytic benzoic acid is necessary to achieve high yields. The
authors hypothesize that this acid additive facilitates the
iminium ion isomerization.

This year, several examples of improved conditions for CDC
reactions have been reported. With the emergence of
photoredox catalysis as a powerful technique for organic syn-

0 = R?
J]\ 5 mol % CuCl
X EtO" Cl AN 5.5 mol % Pinap-1 X
R1—; R o) R1T|\
L7 W2 © iPrNEt N7
N ® AN
PN CH,Clo/CH3CN P R2
O~ "OEt _78°C, 14 h O~ "OEt
18 19
R2 = Ar, SiMes,
CO,Et, CH,CI
33-92%
Cl AN 62-84% ee
N\
N CO,Et ( =
¢l VN Il VN
CO,Et Ph CO,Et SiMe3
CO,Et
20, 84% 21, 82% 22, 33%
80% ee 78% ee 80% ee

Scheme 7: Arndtsen’s alkynylation of cyclic iminium ions.
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A. Tertiary stereocenters
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=—R? R N
A 5 mol % CuOAc = N.
10 ;
RT _J__ne@ 5.5 mol % (R,R)-Ph-Pybox { NHBZ
@ NBz | |
CH,CI,
0°C,12h 2
23 R
24
R2 = Ar, Alk, SiMes,
82—>99%
43-96% ee
B. Tetrasubstituted stereocenters
5 mol % CuOAc
_N.© 5.5 mol % (R,R)-Ph-Pybox N
@ NBz e NHBz
CH,CI AN
1 A%
R 0°C,48h N
25 R

SiMe,Ph
OO 26
1 =
COLH R'=Me, Et, Bu

R2 = Ar, Alk
CO,H T
| D O ’ 84—>99%
79-95% ee
7 SiMe,Ph °
(R)-27, 6 mol %
Scheme 8: Maruoka'’s alkynylation of azomethine imines.
10 mol % (S,S)-Ph-Pybox N
@\/5 copper balls Ar
Naar DDQ, Si0, If
ball milling, 30 Hz
6 30-90 min R
no solvent 28, R = Ar, Alk, CO,Me
60-77%
10-79% ee

Scheme 9: Su’s CDC of tetrahydroisoquinolines and alkynes under ball milling conditions.

thesis, Li’s research group has discovered improved conditions
for the CDC reaction of N-aryltetrahydroisoquinolines with
alkynes (Scheme 11) [33].

photoredox catalyst in combination with benzoyl peroxide,

By using an iridium-based

iminium ion 7 is formed in situ. This strategy enables reduction
of the reaction temperature, ultimately enabling higher enantio-
selectivities. With respect to the scope of alkynes, high ee’s
were observed with both aryl- and alkylacetylenes, but lower
yields were seen with alkylacetylenes. In addition,
(trimethylsilyl)acetylene can be used but in lower yield and ee
(40%, 60% ee).

Also in 2015, Liu and co-workers have discovered conditions
that enable the use of N-carbamoyltetrahydroisoquinolines in
CDC reactions with alkynes (Scheme 12) [34]. These reactions
utilize a CuBr/iPr-Pybox catalyst with 2,2,6,6-tetramethyl-
piperidine N-oxide as the oxidant. Liu’s mechanistic experi-
ments indicate that the reaction likely proceeds via hemiaminal
35, formed via oxidation to an iminium ion and subsequent
trapping by either EtOH or H,O. With respect to the substrate
scope, addition of arylalkynes proceeds in high yields and ee’s,
including those with some heteroaryl groups (37). Enynes can

also be added, but result in lower yields and ee’s, as do octyne
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ArCHO
=R2
1 mol % Cul
2.2 mol % (R,R)-N-Pinap
=z 5 mol % PhCO,H =z
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X 4 AMS, PhMe X S AT
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=
R1_\ | N Ar
_ & ~
- o R1_ | 2
N /(g\/Ar | |
31 R2
32, R2 = Ar, Alk
80-98%
91-98% ee
Scheme 10: Ma’s A3-coupling.
— R obtained in the alkynylation of these challenging aromatic

10 mol % CuBr
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9@

“Ar (BzO), “Ar
THF/CH3CN
6 —20°C,2d 33
visible light
OBz N\Ar
%; : ® D
& N\Ar | |
8
R = Ar, Alk, SiMe3
20-90%
60-94% ee

Scheme 11: Li’s CDC reaction using photoredox catalysis.

and methyl propriolate. A variety of substituents are tolerated
on the isoquinoline, including halides, which provides a handle
for further manipulation. Furthermore, the Cbz group can be
easily removed via hydrogenation, as demonstrated in Liu’s

efficient synthesis of homoprotoberberine.

Very recently, Aponick’s group reported the use of a new P,N
ligand, StackPhos, for enantioselective alkynylations of quino-
linium ions [35]. They hypothesized that their imidazole-based
P.N ligand would provide a different bite angle than Quinap or
Pinap ligands and thus enable higher ee’s than previously

iminium ions [28]. Indeed, the CuBr/StackPhos catalyst
provides generally high yields and exceptional levels of
enantioselectivity in the alkynylation of N-carbamoylquino-
linium ions 40 (Scheme 13). A broad scope was observed with
the alkyne partner; additions of alkynes with aryl, heteroaryl,
alkyl, and trimethylsilyl substituents result in 90-98% ee. The
synthetic utility of these products, as well as their absolute con-
figuration, was demonstrated by their reduction to the natural
products (+)-galipinine, (+)-cuspareine, and (—)-angustureine.

Additions to oxocarbenium ions

Similar to the development of enantioselective, metal-catalyzed
alkynylations of iminium ions, enantioselective alkynylations of
cyclic oxocarbenium ions were preceded by enantioselective
alkynylations of acyclic aldehyde and ketone substrates [36-54].
In particular, seminal reports by the Carreira lab demonstrated
that the use of stoichiometric metal acetylides was not required
to achieve addition to aldehydes; catalytic Zn(OTf), and
N-methylephedrine in combination with Et3N enabled in situ
formation of chiral zinc acetylides, which underwent addition to
aldehydes in good yields and high enantioselectivities
(Scheme 14) [38]. Since this report, a variety of metal catalysts,
including copper-based catalysts [36,37,50-52], have been
employed in enantioselective alkynylations of aldehydes and
ketones [36-54]. However, in contrast to the efforts made in
enantioselective, metal-catalyzed additions to cyclic iminium
ions, much less attention has been focused on analogous reac-
tions of cyclic oxocarbenium ions. Given the precedent in

alkynylations of aldehydes and ketones, as well as the alkynyla-
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CH,Cl,/PhMe R'=H or Et
rt, 48 h
=
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X NCbz NCbz ol NCbz
Ar g Ph
36 —
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homoprotoberberine
90% ee

Scheme 12: Liu's CDC reaction of N-carbamoyltetrahydroisoquinolines. T*BF4~ = 2,2,6,6-tetramethylpiperidine N-oxide tetrafluoroborate.
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Scheme 13: Aponick’s alkynylation of N-carbomoylquinolinium ions using StackPhos as ligand.

2703



tions of iminium ions discussed above, we have pursued the
development of enantioselective, metal-catalyzed alkynylation
of cyclic oxocarbenium ion intermediates. In the course of these
studies, we have found that copper-based catalysts are uniquely
effective in promoting these alkynylations in good yields and

ee’s.
o) 20 mol % Zn(OTf),
Al” “H EtsN, PhMe, 60 °C A'k/'\R
Ph  Me .
R = Ar, Ak, SiEts
45-94%
HO  NMe;, 89-98% ee
(22 mol %)

Scheme 14: Carreira’s enantioselective, catalytic alkynylation of alde-
hydes.

In 2011, we reported the first example of enantioselective
alkynylation of a cyclic oxocarbenium ion intermediate
(Scheme 15) [55]. Isochroman oxocarbenium ion 41 was
formed in situ via Lewis acid-mediated ionization of a racemic
acetal precursor. By using a Cu(MeCN)4PF4/BnBox catalyst,
moderate to high yields and enantioselectivities were achieved
in the addition of arylalkynes. Both yields and ee’s drop with
vinyl- or alkylalkynes.

Recently, we have demonstrated that enantioselective, copper-
catalyzed alkynylations of oxocarbenium ions derived from

Beilstein J. Org. Chem. 2015, 11, 2696-2706.

chromene acetals 43 can also be achieved in high yields and
ee’s (Scheme 16) [56]. In this case, the reaction concentration
has a significant impact on the enantioselectivity. We also
observed that the alkynylation of chromene acetals with elec-
tron-donating substituents proceeds in higher ee’s than less
electron-rich substrates, suggesting that more stable oxocarbe-
nium ions result in more selective reactions, potentially because

they lead to later enantiodetermining transition states.

We have also discovered a CuSPh/Ph-Pybox catalyst that
enables the formation of diaryl, tetrasubstituted stereocenters
via an enantioselective alkynylation reaction (Scheme 17) [S7].

= R?
10 mol % CuSPh R_/ |
N 12 mol % (R,R)-Ph-Pybox ~ _L__o®
x | o)

BF5-OEty, MTBD
Ar” "OMe CHCl, 4 °C, 48 h
45

46

R2 = Ar, Ak, SiPhMe,
26-97%
36-97% ee

Scheme 17: Watson’s alkynylation to set diaryl tetrasubstituted stereo-
centers.

=—Ar
10 mol % Cu(MeCN)4PF¢
O 0 -
7\ 12 mol % (S,S)-BnBox /N
==~/ OMe TMSOTH, iPr,NEt =|=
R Et,0, -22 °C, 12 h a1
Ar
42, 50-89%
61-94% ee
Scheme 15: Watson’s alkynylation of isochroman oxocarbenium ions.
=—Ar?
Ar' 1
10 mol % Cul A
R = | X 12 mol % (R,R)-BnBox = | N
I~ rRZ
N-"S0"NOMe  BFyOEt, Cy,NMe N0 N
PhMe, 22 °C, 24 h N,
43 44, 65-90%
80-95% ee

Scheme 16: Watson’s alkynylation of chromene oxocarbenium ions.
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Remarkably, by tethering one aryl group to the oxygen atom,
the two faces of oxocarbenium ion 46 can be distinguished by
the catalyst. In general, excellent yields and enantioselectivities
were observed, although lower yields and ee’s are seen with
certain aliphatic alkynes. The addition of (dimethylphenyl-
silyl)acetylene proceeds in 53% yield and 81% ee, providing a
silylalkyne that can be readily deprotected in quantitative yield
for further elaboration. Notably, comparison of the ee of ligand
vs ee of product revealed a significant positive nonlinear effect,
indicting that catalyst aggregation occurs under these reaction
conditions [58]. It is unclear at this point, whether these cata-
lyst aggregates are on or off the catalytic cycle.

Conclusion

As described above, highly enantioselective, copper-catalyzed
alkynylations of cyclic iminium and oxocarbenium ion inter-
mediates have been achieved. a-Chiral piperidines, quinolines,
isoquinolines, and benzopyrans are accessible via these reac-
tions. The utility of these alkyne-substituted products has been
demonstrated via elaboration to biologically active natural prod-
ucts. As evidenced by the most recent reports, particularly for
iminium ions, progress is on-going to determine stable precur-
sors to the requisite iminium ion intermediates and to identify

readily removed protecting groups.

Given the potential of enantioselective, copper-catalyzed
alkynylations to deliver important scaffolds, significant effort is
still required to develop this class of reactions. In particular, all
cyclic iminium and oxocarbenium ions utilized to date have
been limited to those that form stabilized cationic intermediates
(benzylic or aromatic). With few exceptions, the vast majority
lack B-hydrogens, so competitive elimination reactions are not
possible. Conditions to enable the use of non-stabilized iminium
and oxocarbenium ions with B-hydrogens would represent an
exceptional advance in this field and allow access to a wide
variety of useful compounds.

In addition, little is understood about how these chiral
copper catalysts provide high levels of enantioselectivity. This
lack is likely due to the multiple possibilities for copper
acetylide structures (monomer, dimer, dicopper acetylide, etc.)
[18,59-65]. Careful mechanistic studies to elucidate the struc-
tures of chiral copper acetylides and to provide stereochemical
rationale for the enantioselectivities of these reactions is needed
to enable further development of catalysts in this important

area.
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A copper-catalyzed aminooxygenation reaction of styrenes with N-fluorobenzenesulfonimide and N-hydroxyphthalimide deriva-

tives has been developed. The aminooxygenation product could be converted into the corresponding alcohol or free amine through
the cleavage of the N-O or C—N bond of the N-hydroxyphthalimide moiety.

Findings

Direct aminooxygenation of alkenes provides a straightforward
and powerful approach to construct the 1,2-aminoalcohol
skeleton [1], which is ubiquitous in bioactive compounds (such
as the drugs bestatin (1) and tamiflu (2), the natural products
Al-77-B (3) and hapolosin (4); Figure 1) [2] and has also been
widely used as chiral ligands and auxiliaries in asymmetric syn-
thesis [3]. Therefore, the development of a new aminooxygena-
tion reaction is still highly attractive [4]. Most of the existing
aminooxygenation reactions involve an intramolecular cycliza-
tion step [5-33] to provide various valuable cyclic compounds.
Comparatively, methods for an intermolecular three-compo-
nent aminooxygenation reaction are considerably less estab-
lished. In 2006, Stahl and co-workers reported a Pd-catalyzed
aminooxygenation reaction of alkenes with phthalimide and

(diacetoxyiodo)benzene through cis-aminopalladation and Sn2
C-0 bond formation [34]. In 2013, Zhu and co-workers
described an n-BuyNI-catalyzed aminooxygenation of inactive
alkenes with benzotriazole and water which underwent a
nitrogen-centred radical addition and a nucleophilic oxygen
attack [35]. Very recently, Studer and co-workers presented an
aminooxygenation of alkenes with N-fluorobenzenesulfon-
imide (NFSI) and sodium 2,2,6,6-tetramethylpiperidine-1-olate
(TEMPONa) via nitrogen-centred radical addition to the alkene
followed by trapping of 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) [36].

NFSI is a very interesting reagent. Besides classic electrophilic

fluorination reagent [37], it has been used not only as fluoride-
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Figure 1: Bioactive compounds containing 1,2-aminoalcohol motif.

atom transfer reagent [38-40] but also as nucleophilic/radical
amination reagent [41]. We are highly interested in the multiple
reaction modes of NFSI [37-41], especially as a nitrogen-
centred radical. In this context, we have realized copper-
catalyzed benzylic sp> C—H amination [42], aminative multiple
functionalization of alkynes [43], diamination, aminocyanation
[44] and aminofluorination of alkenes [45], as well as amina-
tion of allenes [46]. Encouraged by these results, we try to
develop copper-catalyzed aminooxygenation of alkenes by
using NFSI. Herein, we report a simple and efficient copper-
catalyzed three-component aminooxygenation reaction of
styrenes with NFSI and N-hydroxyphthalimide (NHPI) deriva-
tives (Scheme 1).

Initially, we conducted the three-component amnooxygenation
of styrene 1a with NFSI and NHPI (2a). After the reaction of 1a
(0.3 mmol), NFSI (0.3 mmol, 1.0 equiv) and 2a (0.45 mmol,
1.5 equiv) was performed in the presence of Cu(OTf),
(10 mol %) in dichloromethane (DCM, 2 mL) under nitrogen
atmosphere at 70 °C for 10.0 h, the desired aminooxygenation
product 3a was obtained in 39% yield (Table 1, entry 1). A
variety of copper salts such as CuCl, CuBr, Cul,
[(CH3CN)4Cu]PFg, CuCN, Cu(acac);, Cu(OAc),, CuBr; and
CuCl, were examined (Table 1, entries 2—10). We found that
CuCl, was the most effective catalyst, affording 3a in 55%
yield (Table 1, entry 10). No reaction was observed in the
absence of copper salts (Table 1, entry 11). Next, the reaction
solvents were scanned. 1,2-Dichloroethane (DCE) and CH3CN
were not efficient solvents, providing 3a in 9% and 20% yields,

Beilstein J. Org. Chem. 2015, 11, 2721-2726.

Al-77-B (3)
gastroprotective activity

hapalosin (4)
inhibit multidrug resistance

respectively (Table 1, entries 12 and 13). Using CHClj as the
solvent, only a trace amount of 3a was observed (Table 1, entry
14). No reaction occurred in the solvents DMF, DMSO and
THF (Table 1, entries 15-17). A relatively lower temperature
(45 °C) only afforded a trace amount of 3a (Table 1, entry 18).
Increasing the temperature to 90 °C or 110 °C, 3a was obtained
in 45% and 40% yields, respectively (Table 1, entries 19 and
20). The ratio of substrates distinctly influenced the reaction
(Table 1, entries 21-23). Changing the ratio from 1:1:1.5
(1a:NFSI:2a) to 1:2:2 or 1:2:3 (2a:NFSI:1a) led to much better
yields (Table 1, entries 21 and 22). To our delight, when the
ratio was 1:4:3 (2a:NFSI:1a), 3a was obtained in 76% yield
(Table 1, entry 23).

With the optimized reaction conditions in hand (Table 1, entry
23), the scope of this copper-catalyzed aminooxygenation reac-
tion was examined (Figure 2). Styrenes with electron-with-
drawing (1a—f) or electron-donating (1h and 1i) groups were
viable, providing the corresponding 1,2-aminoalcohol deriva-
tives in good yields. It is worth noting that functionalities such
as F, Cl, Br, CN, and NO, groups, which could easily undergo
further transformations, were intact after the reaction (3a—e).
The structure of 3e was confirmed by X-ray crystallographic
analysis [47]. The substituent at the ortho (3j and 3K) or meta
(31) position of the aromatic ring did not hinder the reaction
(41-55% yields). Similarly, for disubstituted (1m) and trisubsti-
tuted (1n) substrates, the aminooxygenation underwent
smoothly, providing the corresponding products 3m (51%) and
3n (53%). The trans-B-methylstyrene (10) afforded the desired

o
Cu catalyst R./— O-N
RL TN 4 NFSI + NHPI Y 3
" \ 7/
(PhO,S),N

Scheme 1: Copper-catalyzed radical aminooxygenation reaction of styrenes.
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Table 1: The optimization of reaction conditions?@.

Beilstein J. Org. Chem. 2015, 11, 2721-2726.

o]
/©/\ conditions O-N
+ NFSI + NHPI Cl
Cl fe}
(PhO,S),N
1a 2a 3a
Entry? Catalyst Solvent Temp (°C) Yield® (%)
1 Cu(OTf), DCM 70 39
2 CuCl DCM 70 48
3 CuBr DCM 70 43
4 Cul DCM 70 30
5 [(CH3CN)4Cu]PFg DCM 70 50
6 CuCN DCM 70 16
7 Cu(acac), DCM 70 48
8 Cu(OAc); DCM 70 51
9 CuBry DCM 70 54
10 CuCl, DCM 70 55
11 none DCM 70 NR®
12 CuCl, DCE 70 9
13 CuCl, CH3CN 70 20
14 CuCly CHCl3 70 trace
15 CuCl, DMF 70 NR®
16 CuCl, DMSO 70 NRC
17 CuCl, THF 70 NRC
18 CuCl, DCM 45 trace
19 CuCly DCM 90 45
20 CuCl, DCM 110 40
21d CuCl, DCM 70 70
22¢ CuCl, DCM 70 73
23f CuCl, DCM 70 76

@Reaction conditions: 1a (0.3 mmol), NFSI (0.3 mmol, 1.0 equiv), 2a (0.45 mmol, 1.5 equiv), catalyst (10 mol %), solvent (2.0 mL), N2, 10.0 h.
bisolated yields. °NR: no reaction. 91a:NFSI:2a = 2.0:2.0:1.0 ¢1a:NFSI:2a = 3.0:2.0:1.0. 1a:NFSI:2a = 3.0:4.0:1.0.

product 3o in a low yield (15%). In addition, NHPI derivatives
2b and 2¢ were suitable nitrogen sources and the desired 3p and
3q were obtained in 56% and 64%, respectively. For

4-methoxystyrene (1r), no aminooxygenation reaction occurred.

Based on these experimental results and our previous investi-
gations [42-46,48], a plausible mechanism for the copper-
catalyzed three-component aminooxygenation of styrenes with
NFSI an NHPI is shown in Scheme 2. Initially, the oxidation of
Cu(I) with NFSI provided F~Cu(III)-N complex I, which could
transform into a copper(ll)-stabilized benzenesulfonimide
radical II through a redox isomerization equilibrium. Next, the
intermolecular radical addition of II to styrene 1g took place,
producing benzylic radical III and Cu(II)-F species IV. The
combination of the intermediates III and IV gave the Cu(Ill)
species V having a C—Cu bond, which reacted with 2a to

generate Cu(III)-O species VI, along with the loss of HF.
Finally, the reductive elimination of VI afforded aminooxy-

genation product 3g.

Finally, we tried to investigate the synthetic value of our new
aminooxygenation method. Then, the selective reduction of 3g
was conducted (Scheme 3). The cleavage of the N-O bond in
3g readily occurred with Mo(CO)¢/Et3N at 80 °C to give
alcohol 4 [36] in 67% yield. Treatment of 3g with
NH;NH, H,O under mild conditions (25 °C) in CHCl3/MeOH
gave free amine 5 in 70% yield.

In summary, we have developed a novel copper-catalyzed
three-component aminooxygenation reaction of styrenes with
NFSI and NHPI derivatives. Furthermore, the aminooxygena-

tion product could be easily converted into the corresponding
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Figure 2: The copper-catalyzed three-component aminooxygenation of styrenes with NFSI and NHPI derivatives. Reaction conditions: 1 (0.9 mmol,
3.0 equiv), NFSI (1.2 mmol, 4.0 equiv), 2 (0.3 mmol, 1.0 equiv), CuCl, (10 mol %), DCM (2.0 mL), Np, 70 °C, 10.0 h. Isolated yields.
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Scheme 2: The plausible mechanism.
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Scheme 3: Selective reduction of the aminooxygenation product.

alcohol or free amine through the cleavage of the N-O or C-N 2. Shimojima, Y.; Hayashi, H. J. Med. Chem. 1983, 26, 1370-1374.
doi:10.1021/jm00364a007
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bond of the NHPI moiety. Further studies are underway in our
lab.
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This paper reports a novel approach for the direct and facile synthesis of 1,2-oxyamino moieties via an intermolecular copper-

catalyzed oxyamination of olefins. This strategy utilizes O-benzoylhydroxylamines as an electrophilic amine source and carboxylic

acids as a nucleophilic oxygen source to achieve a modular difunctionalization of olefins. The reaction proceeded in a regioselec-

tive manner with moderate to good yields, exhibiting a broad scope of carboxylic acid, amine, and olefin substrates.

Introduction

The 1,2-oxyamino motif is highly valuable and found in a vast
range of biologically active natural products, pharmaceuticals,
and agrochemicals (Figure 1) [1,2]. Representative examples
include salmeterol (Advair®), a B,-adrenergic receptor agonist
[3]; lumefantrine, an antimalarial drug [4]; ifenprodil, an
N-methyl-D-aspartate (NMDA) antagonist [5]; and tebucona-

zole, a commercial fungicide [6].

With the importance of 1,2-oxyamino motifs as privileged phar-
macophores, the development of facile and efficient access to
this class of molecules is highly valued. Toward this end, inter-
molecular olefin oxyamination allows for direct and modular

installation of both oxygen and amino groups to readily avail-

able olefins in a single step, representing a powerful and
appealing approach over multistep sequences [7-9]. Sharpless
reported the first examples of this strategy using osmium
tetroxide and amines to generate imido osmium intermediates
(Scheme 1A) [10-12]. Although this transformation has
received extensive application, the development of less toxic
olefin oxyamination methods is greatly desired. In 2006, Stahl
and Liu reported a palladium-catalyzed introduction of phthal-
imide (HNPhth) and acetate functionalities to terminal allylic
and homoallylic ethers in the presence of an iodine oxidant
(Scheme 1B) [13]. The Yoon lab also developed copper- and
iron-catalyzed olefin difunctionalization reactions with oxaziri-

dine derivatives to create 1,3-oxazolidines, which were readily
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Figure 1: Examples of valuable 1,2-oxyamino-containing molecules.

converted to the 1,2-oxyamino functionality (Scheme 1C)
[14,15]. Recently, the Xu lab developed another iron-catalyzed
intermolecular olefin-oxyamination reaction with O-alkyl-
hydroxylamides to construct either 1,2-oxyamino or 2-oxazo-
lidinone motifs (Scheme 1D) [16]. Metal-free intermolecular
oxyamination reactions have also been accomplished; exam-
ples were reported by the Zhu lab with the use of peroxides [17]

Previous work:

Beilstein J. Org. Chem. 2016, 12, 22-28.

and by the Studer lab with the use of hypervalent iodo-azide
reagents [18]. Furthermore, the intramolecular oxyamination of
olefins with a tethered amino or oxygen functionality has been
achieved for the construction of a variety of 1,2-oxyamino prod-
ucts, using palladium [19,20], platinum [21], gold [22], copper
[23-26], free-radical initiators [27-29], hypervalent iodine [30],
and electrochemical oxidation [31-33], as well as an analogous
intramolecular electrophilic amino lactonization from our group
[34].

Despite these important achievements, current intermolecular
olefin oxyamination reactions are often restricted by the use of
specific amino and oxygen precursors, limiting the structural
diversity of 1,2-oxyamino products. For example, most oxyami-
nation methods are limited to the installation of amide or
sulfonamide derivatives. The direct installation of electron-rich
amino groups, especially tertiary cyclic amines, remains an
unsolved problem. Furthermore, most methods employ inflex-
ible oxygen sources, such as TEMPO and acetate. Herein, we
envisioned that a copper-catalyzed intermolecular olefin
oxyamination could be achieved using O-acylhydroxylamines
as an electrophilic amino precursor [35-39] and carboxylic acids
as a nucleophilic oxygen source (Scheme 1E). The proposed
transformation, integrating an electrophilic amination with a
nucleophilic oxygenation, builds upon our recent development

3
, 0504, NH,R3 AR
A)  grawR R R
OH
~ PhI(OAc),, HNPhth NPhth
(B) R
Pd(ll) RIN-OAC
SVl Ph
© RN Ph” H o—(
Cu(ll) or Fe(ll), ligand R1J\/NBS
o)
3 (0]
: O\N)kora4 HNJ( NHCO,R*
(D) xR A o 1 OR?
RESS Fe(ll), ligand RVK( R
R2 R?
This work: o Bz 1)
CNL
(E) X R1JJ\OH, BzO" "R3 RALO R?
\ 1
~-7 Cu catalyst ,)\/N‘R?’

Scheme 1: Strategies for intermolecular olefin oxyamination.
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in copper-catalyzed olefin difunctionalization, such as copper-
catalyzed diamination [40] and amino lactonization [34]. This
strategy overcomes common issues of chemo- and regioselec-
tivity associated with adding two different nucleophiles and
simultaneously eliminates the need for an external oxidant.
Particularly advantageous is the direct addition of electron-rich
amino groups, especially tertiary amines, which are difficult to
access by other known methods. Furthermore, O-acylhydroxyl-
amines are synthetically straightforward and benchtop stable,
serving as attractive amine precursors [41,42]. Overall, the
development of such a three-component transformation offers
an appealing oxyamination strategy complementary to existing
methods.

Results and Discussion

Our investigation began with the use of pentafluorobenzoic acid
(1a) as the oxygen source and 4-benzoyloxymorpholine (3a) as
the nitrogen source in the proposed intermolecular oxyamina-
tion of styrene (2a, Table 1). Copper was found to be effective
and critical to promote the formation of oxyamination product
4a with excellent regioselectivity, as 4a was not observed in the
absence of a catalyst (Table 1, entry 1). Among a variety of
copper salts (Table 1, entries 2—7), Cu(OAc), proved superior
as a catalyst (Table 1, entry 2). When the stoichiometry of each

Table 1: Optimization of copper-catalyzed intermolecular oxyamination.?

Cu catalyst (20 mol %)

Beilstein J. Org. Chem. 2016, 12, 22-28.

reactant was examined for this three-component transformation,
decreasing the amount of 1a resulted in lower yields (Table 1,
entry 2 vs 8), while decreasing the amount of 3a had no effect
(Table 1, entry 2 vs 9). Increasing the amount of 2a led to a
noticeable improvement (Table 1, entry 9 vs 12). Finally, the
optimal conditions were established with three equivalents of
both 1a and 2a, providing 4a in a clean 78% isolation yield
(Table 1, entry 13) [43].

With established oxyamination conditions in hand, the scope of
carboxylic acids in this transformation was examined using
olefin 2a and O-benzoylhydroxylamine 3a (Scheme 2). Both
aryl and alkyl carboxylic acid derivatives proved to be viable
substrates, smoothly providing 1,2-oxyamino products 4a—g.
Carboxylic acids containing a nitro group (4b), a halide group
(4d), or an allyl group (4f) were tolerated, demonstrating the
broad functional group compatibility of the reaction conditions.
It is notable that higher efficiencies were observed in the reac-
tions with more acidic benzoic acids, indicating a correlation of
their reactivity to their acidity which remains to be further clari-
fied [44]. Furthermore, when trifluoroacetic acid was employed
as an oxygen source, the free 1,2-amino alcohol 4g was
isolated, possibly due to the labile hydrolysis of the trifluoro-
acetate group.

o)

o 0
TS e 5
FsC¢~ "OH BzO”
1a 2a 3a
Entry Reactants (equiv)
1a 2a 3a
1 2 1 2
2 2 1 2
3 2 1 2
4 2 1 2
5 2 1 2
6 2 1 2
7 2 1 2
8 1 1 2
9 2 1 1
10 3 1 1
11 1 2 2
12 2 2 1
13 3 3 1

F5CG)J\O 0
2

DCE, 80 °C, Time Ph
4a

Catalyst TimeP 4a (%)°
- 24 h 0
Cu(OAc), 15 min 63
Cu(OTf), 15 min 45
CuCly 15 min 60
Cu(TFA), 15 min 47
Cu(OAc) 15 min 59

Cul 60 min 52
Cu(OAc), 15 min 48
Cu(OAc), 15 min 63
Cu(OAc), 15 min 71
Cu(OAc), 15 min 77
Cu(OAc), 15 min 85
Cu(OAc); 15 min 99 (78)d

aReaction conditions: 1a, 2a, 3a, catalyst (20 mol %), DCE (1.0 mL), 80 °C. PTime required for consumption of 2a. Only the indicated isomer was
observed. Yields determined by TH NMR spectroscopy with CH,Br, as a quantitative internal standard. disolated yield. OAc = acetate, OTf = trifluo-

romethanesulfonate, TFA = trifluoroacetate.
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Cu(OAc); (20 mol %)
o}

S A

4

DCE, 80 °C, 15 min

R “OH
1 2a 3a
0 0
4a,R = 2,3,4,5,6-F, 78% JJ\
R—/ | 0 O 4b,R=3,5-NO,, 77% R
N Ph/K/N 4c, R =H, 40% o

Using TFA (R = CF3):

OH'U

4g, 55%

4d, R = CH,Cl, 40%
O 4e,R=Me, 32%

\) 4f, R = allyl, 34% Ph

Scheme 2: Examples of carboxylic acids in the olefin oxyamination reaction. Reaction conditions: 1 (1.2 mmol, 3.0 equiv), 2a (3.0 equiv), 3a
(1.0 equiv), Cu(OAc), (20 mol %), DCE (2.0 mL), 80 °C, 15 min. Isolated yields.

Next, the scope of O-benzoylhydroxylamines was examined
with carboxylic acid 1a and olefin 2a (Scheme 3). In the reac-
tions with cyclic O-benzoylhydroxylamines, Sa—c were readily
formed in good yields, while acyclic amine products 5d and 5e
were formed less effectively. Likely, the electronic and steric
nature of the acyclic O-benzoylhydroxylamines may affect the
stability of the corresponding amino intermediates, and result in
facile breakdown of the amine precursors to the corresponding
free amine. It should be noted that the benzyl group on the
amine 5e can be readily cleaved for the construction of a sec-

ondary amine.

Finally, the scope of olefins for the transformation was exam-
ined including both aryl and alkyl olefins (Table 2). First,
styrene derivatives bearing a variety of substitutions on the aryl
ring, including both electron-donating and electron-with-
drawing groups, were all effective in providing the 1,2-oxyami-
nated products with exclusive regioselectivity (Table 2, entries
1-6). Interestingly, the products derived from electron-rich
styrene substrates (i.e., 6a, 6b, 6e) were formed in higher yields

than those from electron-deficient ones (i.e., 6¢ and 6f). The
reactions with simple olefins also provided desired products, yet
in poor yields (Table 2, entries 7 and 8). These results indicate
that olefin substrates capable of stabilizing a possible electron-
deficient intermediate (carbon cation or radical) are likely
favored in this transformation. Furthermore, 1,2-disubstituted
2, entries 9—11).
Particularly exciting is the formation of 6j and 6k in excellent

olefins were also viable substrates (Table

diastereoselectivity. In contrast, acyclic 1,2-oxyamino product
6i was formed as a 1:1 mixture of two diastereomers. These
results suggest a contribution of the structural conformation to
the diastereoselective outcome of the reaction. Yet, 1,1-disubsti-
tuted olefins were not effective, likely due to the increased
steric hindrance in the oxygenation step (Table 2, entry 12).

Currently, the mechanistic details of this copper-catalyzed
oxyamination reaction remain unclear. In the control experi-
ment with the absence of O-benzoylhydroxylamine, both
carboxylic acid and olefin substrates were fully recovered,
suggesting the critical role of O-benzoylhydroxylamine in the

o)
0 32 Cu(OAc);, (20 mol %) FSCG)J\O BZ
G N N N.
FsCg~ "OH BzO” "R3 DCE, 80 °C, 15 min Ph R®
1a 2a 3 5
o o) 0 0 o)
F506 NBoc F5C6)J\O CO-Et Fg,Cs)]\O F5C6)J\O Et F5CG)J\O Me
JA JA ; !
Ph Ph Ph Ph “Et Ph “Bn

5a, 73% 5b, 68%

5¢c, 49% 5d, 22% 5e, 23%

Scheme 3: Examples of O-benzoylhydroxylamines in the olefin oxyamination reaction. Reaction conditions: 1a (1.2 mmol, 3.0 equiv), 2a (3.0 equiv),
3 (1.0 equiv), Cu(OAc), (20 mol %), DCE (2.0 mL), 80 °C, 15 min. Isolated yields.
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Table 2: Examples of olefins in intermolecular oxyamination reaction.?
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o}
o) Cu(OAc); (20 mol %) )J\
PR N(;O FsCe™ O @
FsC¢~ OH ) BzO" DCE, 80 °C, 15 min ,
\\ ) /’
1a 2 3a 6
Entry Olefin Product Yield (%)P
1 o 6a, R = 2-OMe 83
2 PS 6b, R = 3-OMe 71
3 Sy FsCs” 0 (70 6c, R=3-F 57
4 g _ N 6d, R = 4-Me 81
5 RL 6e, R = 4-OMe 69
6 N 6f, R = 4-Cl 70
o)
i N relto o mETowms
)\/N\) ’
R
i
FsC¢~ O o)
9 P X Me 56 @ 6i 69 (1:1 dr)®
Ph
Me
x
FsCg™ O 0
10 I ,\(; 6 89 (7:1 dr)e
X
11 @ FsCs™ "0 (o 6k 35 (>20:1 dr)°
O
X
Me
12 A FsC§” O [0 6l <15%
Ph X Me N

Ph

aReaction conditions: 1a (1.2 mmol, 3.0 equiv), 2 (3.0 equiv), 3a (1.0 equiv), Cu(OAc), (20 mol %), DCE (2.0 mL), 80 °C, 15 min. Plsolated yields.
cdr = diastereomeric ratio, determined by "H NMR of the crude reaction mixture. Major diastereomer shown. Relative stereochemistry of 6j deter-

mined by X-ray analysis. 9Product containing minor inseparable impurities.

activation of copper catalyst for the initiation of this reaction.
Further investigations are underway for a better understanding
of the reaction pathway.

Conclusion
In summary, we have developed a copper-catalyzed three-

component intermolecular oxyamination of olefins using

carboxylic acids and O-benzoylhydroxylamines. This reaction
allows for rapid access to a variety of 1,2-oxyamino products in
a modular manner with excellent regioselectivity. It offers an
appealing oxyamination method, especially for the construction
of electron-rich tertiary amines. Future efforts will be under-
taken for a better understanding of the reaction mechanism and

for the development of an asymmetric version.
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A facile and modular synthesis of triarylmethanes was achieved in good yield via a two-step sequence in which the final step is the

copper(Il)-catalyzed arylation of diarylmethanols with arylboronic acids. By using this protocol a variety of symmetrical and un-

symmetrical triarylmethanes were synthesized. As an application of the newly developed methodology, we demonstrate a high-

yielding synthesis of the triarylmethane intermediate towards an anti-breast-cancer drug candidate.

Introduction

The triarylmethanes form an exclusive group of organic mole-
cules wherein three aryl groups are attached to the central sp3-
hybridized carbon atom bearing a hydrogen atom [1-4]. Al-
though the group can be restricted to such molecules, many
closely related derivatives that have a triarylmethane motif (like
those having a heteroatom attached to the central carbon atom
or the central carbon is sp? hybridized) have been included in
this class [5]. Molecules with a triarylmethane motif are ubiqui-
tous and found mainly in technologically and medicinally rele-
vant molecules like dyes [6-9], pH indicators [10-12], fluores-
cent probes [13-18] and antibacterial drugs [19]. For example,
malachite green (1) is a dye, cresol red (2) is a pH indicator and

turbomycin (3) is an antibacterial medicinal drug (Figure 1).

Genuine triarylmethane 4, having three different aryl groups on
the central CH, is a proven anti-breast-cancer agent [20]. In ad-
dition to 4, several other triarylmethanes exhibit interesting bio-
logical activity, including oestrogen receptor binding affinity
[21], inhibition of hepatic cholesterol [22], inhibition of aldose
reductase [23], antiproliferative [24], antiviral, cytotoxic [25],
antifungal [26], anti-HIV [27-29] and antibacterial activity [30].
Although rare, there are a few natural products, for example,
melanervin (5), a flavanoid bearing the triarylmethane motif
[31,32].

Triarylmethanes are typically synthesized by a Friedel-Crafts-
type substitution of the three alkoxy groups in a trialkyl ortho-
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1 (malachite green)

MezN(HQC)zo O

OMe
4 (anticancer agent)

Figure 1: Representative examples of triarylmethanes.

formate (Scheme 1A, method 1) [33-35] or by sequential two-
step addition of electron-rich aromatic nucleophiles to activated
arene aldehydes followed by substitution of the resulting
hydroxy group with another electron-rich aromatic compound
(Scheme 1A, method 2) [36-39]. Both of the approaches are
limited in scope and suffer from drawbacks such as (a) electron-
rich aromatic systems that are required as nucleophiles and
therefore, not amenable for the synthesis of triarylmethanes
with electron-withdrawing groups, (b) the regioselectivity in the
substitution at the aromatic ring that depends on the ortho- or
para-directing nature of the substituent and also by the steric
hindrance offered by the substitution, (c¢) the methods are rarely
modular and not suitable for the preparation of triarylmethanes
with three different aryl groups, and finaly, (d) Lewis [40,41] or
protic acids [42] are required to catalyze the reactions. To over-

come the above-mentioned difficulties, many efforts have

Existing methods
electron-rich

A) EtO_ _OEt arene nucleophile
OFEt Ar' = ArZ = Ard
6 (method 1)
Proposed method
Ar2M
B) Ar'CHO

Ar'

Beilstein J. Org. Chem. 2016, 12, 496-504.

CHj
5 (melanervin)

recently been directed towards transition metal-catalyzed cross-
couplings [43-48] or CH arylation followed by an arylative
desulfonation [49,50]. The coupling reactions provide an oppor-
tunity to install an unactivated aryl group on a carbon bearing
two more aryl groups to synthesize the triarylmethane motif.
Recently, we reported a copper-catalyzed C—C bond formation
by substitution of the labile C(4)SMe group in 4H-chromenes or
C(3)-OH in isoindolinones with aryl/alkenyl groups by employ-
ing the corresponding boronic acids [51,52]. Continuing these
efforts, we designed a copper-catalyzed synthesis of a variety of
triarylmethanes through substitution of C(sp?)~OH in diaryl-
methanols with arylboronic acids (Scheme 1B). We reasoned
that since diarylmethanols with two different aromatic rings can
be made by a wide variety of methods [53,54] (e.g., addition of
an aryl carbanion to an aryl aldehyde and a further step with a

variety of aryl boronic acids), it should be possible to provide a

electron-rich
arene nucleophile

Al Ar? Ar'CHO
AP Ar! £ Ar2 = A3 8
7 (method 2)
ArB(OH
OH 1(0 )2 Ard
a2 coppercatayst Al A
7

Scheme 1: General methods and proposed method for the synthesis of triarylmethanes.
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unique opportunity for the modular synthesis of unsymmetrical
triarylmethanes. If successful, the method could provide an op-
portunity for the synthesis of a combinatorial library of the
coveted molecules. Herein, we report a copper(Il) triflate-cata-
lyzed modular synthesis of triarylmethanes by employing
diarylmethanols 9 and arylboronic acids 10. It is advantageous
to employ a base metal catalyst such as copper(1l) triflate
instead of palladium [55,56] or nickel (Ni) [57] catalysts and to
avoid the use of phosphine ligands as it is less expensive and
more readily facilitates purification.

Results and Discussion

We selected the copper-mediated cross-coupling reaction of
diphenylmethanol (9a) with phenylboronic acid (10a) for the
synthesis of triphenylmethane (11a) to optimize the reaction
conditions and catalyst loading. Based on our accrued experi-
ence [52], in a first attempt, we employed Cu(OTf), (10 mol %)
in refluxing 1,2-dichlorethane (DCE) to effect C—C coupling,
but the reaction provided (phenoxymethylene)dibenzene (12)
as the only product formed through the C—O coupling
(Chan-Lam—Evans coupling product) [58-60] in 64% yield.

To obtain the desired triphenylmethane (11a) as the sole prod-
uct, we screened various alternative solvents (Scheme 2). Of the
solvents investigated, toluene gave a mixture of triphenyl-
methane (11a) and the toluene-incorporated product (p-tolyl-
methylene)dibenzene (14) in 36% and 52% yield, respectively
(Scheme 2). Solvents like acetonitrile (polar, aprotic) and
dioxane (oxygenated, aprotic) did not provide the triphenyl-
methane (11a). On the other hand, the higher-boiling, nonpolar

Foo

(52%) 11a (36%)

Cu(OTf),
(10 mol %)

toluene reflux,
N, atmosphere,
12h

Cu(OTf), (10 mol %)
chlorobenzene
reflux

02 atmosphere
12h

2o 12

spele
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chlorobenzene (Scheme 2) at 80 °C provided the coupled prod-
uct triphenylmethane (11a) in 64% yield. When the reaction
was conducted under oxygen atmosphere, the yield of 11a fell
to 46%. Under these aerobic conditions, we isolated biphenyl
(13) generated through homocoupling of phenylboronic acid.
Attempts to improve the yield by the use of bases such as
NayCO3 (10 mol %) and K»,CO3 (10 mol %) were not success-
ful. The yield of triphenylmethane (11a) was further reduced in
these cases. The base was employed to trap the boric acid,
which is likely to be the side product of the reaction. From the
above experiments, we concluded that chlorobenzene was the
most suitable solvent for the synthesis of triphenylmethane
(11a).

Next, we turned our attention to evaluate different copper salts
to optimize the yield of triphenylmethane (11a); these efforts
have been summarized in Table 1. We screened various Cu(II)
catalysts such as Cu(OAc), (64%, Table 1, entry 1),
Cu(CF3C00), (46%, Table 1, entry 2) Cu(acac), (36%,
Table 1, entry 3), CuSO4-5H,0 (36%, Table 1, entry 4), CuBr,
(14%, Table 1, entry 5), CuCl,-2H,0 (24%, Table 1, entry 6)
and CuO (no reaction, Table 1, entry 8), which did not provide
the desired triphenylmethane (11a) in better yield. However,
20 mol % of Cu(OTY), (Table 1, entry 17) delivered the desired
triphenylmethane (11a) in good yield (78%) after chromato-
graphic purification. We screened other borderline Lewis acids
such as Sc(OTf)3, Yb(OTf)3, Zn(OTf), and Fe(OTf)3, but the
reaction did not afford triphenylmethane (11a) at all, which in-
dicated that Cu(Il) and not TfOH is responsible for the transfor-
mation. Thus, the optimal conditions for the copper-mediated

S

2 (64%)

B(OH),

Cu OTf), (10 mol %) AN
1,2-dichloroethane, E/
reflux, N, atmosphere,
12h

Cu(OTf), (10 mol %)
MeCN or 1,4-dioxane
reflux, N, atmosphere,
14 h

no reaction

Cu(OTf), (10 mol %)
chlorobenzene reflux
N, atmosphere, 22 h

(42%) 11a (46%)

11a (64%)

Scheme 2: Role of solvent and reaction conditions in the Cu(OTf),-mediated coupling of diphenylmethanol (9a) with phenylboronic acid (10a) for the

preparation of triphenylmethane (11a).
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Table 1: Screening of metal catalysts for the arylation reaction.

Beilstein J. Org. Chem. 2016, 12, 496-504.

HO._,OH O
OH B
catalyst (mol %)
O O + chlorobenzene N
80 °C, time (h) O |
9a 10a 11a 7
Entry Catalyst Time (h) Catalyst (mol %) Yield (%)2
1 Cu(OAc)H20 21 10 64
2 Cu(OOCCF3), 18 10 46
3 Cu(acac), 21 10 36
4 CuS04-5H,0 19 10 36
5 CuBrp 16 10 14
6 CuCly-H0 16 10 24
7 Cu(OTf), 21 10 68
8 CuO 12 10 n.r.
9 Cul 21 10 42
10 CuBr 21 10 14
11 CuCl 19 10 28
12 Cuy0 12 10 n.r.
13 Cu(l)BrSMe, 12 10 n.r.
14 Cu(PPh3)2Br 12 10 n.r.
15 CuMeSal 21 10 42
16 CuTc 21 10 27
17 Cu(OTf), 18 20 78
18 Sc(OTf)3 12 10 n.r.
19 Fe(OTf)3 12 10 n.r.
20 Zn(OTf), 12 10 n.r.
21 Yb(OTf)3 12 10 n.r.

an.r. = no reaction.

coupling involve heating equimolar amounts of diphenyl-
methanol (9a) and phenylboronic acid (10a) in chlorobenzene at
80 °C in the presence of 20 mol % of Cu(OTf), under a blanket
of oxygen-free nitrogen.

Based on the above observations, we propose a mechanism for
the copper-mediated coupling of phenylboronic acid with
diphenylmethanol, leading to triphenylmethane and boric acid
(Scheme 3). At the start of the cascade, the first step is the
transmetallation of the copper(Il) into phenylboronic acid to
form reactive PhCu(OTY) (15) and B(OH),(OTf) [61]. The
intermediate 15 then reacts with diphenylmethanol 9 to provide
the intermediate 16. Formation of the intermediate 16 can
be attributed to Lewis acidic characteristics of 15 and Lewis
basic characteristics of diphenylmethanol (9a). The crucial C—C
bond formation with simultaneous C—O bond cleavage subse-
quently occurs in 16 to give the triarylmethane 11 and
copper(OH)(OTY) (17). The reaction of 17 with arylboronic acid
10 regenerates 15 and results in the formation of stable boric

acid. The driving force for the triarylmethane formation is the

OH)s ArCul(OTF)

B(OH) o PN
15 T/H
ArCu1”éOTf) / \<' 92
ArB(OH),
T Ph
/—'~>—Ph

Cu'(OH)OTf
Cu(oTh), wHo)
4
+ Ph Ar\Cu““O\
ArB(OH), Ph—( ore M
10 Ar 16
11

Scheme 3: A plausible mechanism for the formation of triaryl-
methanes 11.

generation of a stable C—C bond in 11, a Cu—O bond in 17, and
boric acid at the cost of weak Ar—Cu and C—OH bonds in 16
and 9, respectively [52].

With the optimized reaction conditions in hand, we examined

the scope of the cross-coupling reaction for the synthesis of a

499



variety of triarylmethanes from diphenylmethanol (9a). Ten
more arylboronic acids were employed in the coupling reaction
and good yields (77-92%) of the corresponding triaryl-
methanes 11b—k were realized (Table 2). The arylboronic acids
10b—k were selected considering their structural diversity and
electron density in the aryl ring. Efficient cross-coupling could
be noted irrespective of the presence of strongly electron-with-
drawing (10b,c to 11b,c; Table 2, entries 1 and 2), mildly elec-
tron-withdrawing (10d,e to 11d,e; Table 2, entries 3 and 4),
strongly electron-donating (10f to 11f; Table 2, entry 5) or
mildly electron-donating (10g to 11g; Table 2, entry 6) groups
at the C(4) position of the phenyl ring. The robust nature of the
protocol was demonstrated by reacting ortho-methoxyphenyl-
boronic acid (10h) to efficiently generate the desired triaryl-
methane 11h (Table 2, entry 7). The transformation showed that
apart from the insensitivity towards electronic effects, the
copper-mediated cross-coupling reaction is not very sensitive to
steric crowding in the neighborhood of the reaction center.
Next, we employed heteroaromatic boronic acids, such as furan-
2-ylboronic acid (10i; Table 2, entry 8), thiophen-2-ylboronic
acid (10j; Table 2, entry 9) and benzo[b]thiophen-2-ylboronic
acid (10k; Table 2, entry 10) in the coupling reaction and the
reactions furnished the corresponding triarylmethanes 11a—k in
excellent yield. The transformations showed that heteroaro-
matic groups, including those bearing a sulfur atom, react effi-

ciently to provide triarylmethanes.

However, when we employed 2,6-dimethoxyphenylboronic acid
101, surprisingly, we isolated the triarylmethane 111, in which
the C—C bond formation took place on the C(3) carbon of the

Table 2: Scope of the Cu-catalyzed arylation with various arylboronic acids.

B(OH),

Cu(OTf), (20 mol %)

Beilstein J. Org. Chem. 2016, 12, 496-504.

2,6-dimethoxyphenylboronic acid instead of the C(1) carbon, as
illustrated in 11m (Scheme 4). Structure of 111 was readily con-
firmed on the basis of 13C NMR and DEPT-135 spectra. We
surmise that the initially formed, transmetallated product 18 re-
arranged to the more stable 18a before it could react with
diphenylmethanol (9a, Scheme 4).

The scope of the copper-catalyzed coupling reaction of diaryl-
methanols 9b—d with phenylboronic acid (10a) was explored by
changing one or both of the aryl rings in the diarylmethanol
(Table 3) [62]. The copper-catalyzed reaction of phenyl(pyren-
1-yl)methanol (9b) with phenylboronic acid (10a) was very
facile and the product triarylmethane 11n was obtained in 72%
yield (Table 3, entry 1). Similarly, the reaction of anthracen-9-
yl(phenyl)methanol (9¢) with phenylboronic acid (10a) provi-
ded the corresponding triarylmethane 110 in 82% yield
(Table 3, entry 2). The last example in the genre is interesting,
as one of the aryl rings is ferrocene in 11p. The reaction of
ferrocene-1-yl(phenyl)methanol (9d) with phenyboronic acid
(10a) was facile and it provided diphenylmethylferrocene (11p)
without any difficulty in 71% yield.

Modular synthesis of triarylmethanes

The synthetic method that we developed, through which three
different aromatic rings on the central carbon can be assembled
in a two-step protocol, is modular in nature. The first step is the
synthesis of diarylmethanol and the second step is the replace-
ment of the hydroxy group in the resulting diarylmethanol by a
third aryl group by employing arylboronic acid under copper
catalysis. As a proof of principle, we present the synthesis of

()

OH
:
9a

Ar in arylboronic acid

10b-k

m
=}
=
=
<

10b: 4-CF3CgH4

10c: 4-FCGH4

10d: 4-CICgH4

10e: 4-BrCgHg4

10f: 4-MeOCgHy

10g: 4-MeCgHg4

10h: 2,5-(0Me)206H3
10i: 2-furyl

10j: 2-thiophenyl

10k: 2-benzothiophenyl

© 00N O hA WDN -~

-
o

chlorobenzene, 80 °C
4-10 h, 77-92%

11b-k
Triarylmethane Time (h) Yield (%)
11b 4 92
11c 10 77
11d 6 79
11e 4 91
11f 5 81
11g 6 81
11h 6 88
11i 8 85
11j 8 89
11k 10 86
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OMe
OH B(OH), Cu(OTf), O OMe MeO O OMe CuOTf
| N . MeO OMe (20 mol %) N MeO OMe
= chlorobenzene O O E/ O
9a 101 80 °C, 18 h, 72%
111 (formed) 11m (expected) 18
|
MeO i :OMe
CuOTf
18a
Scheme 4: Copper-catalyzed C—C bond formation synthesis of triarylmethane 10l.
Table 3: Scope of diarylmethanol 9b—d in the copper-catalyzed coupling reaction.
Entry Diarylmethanol Arylboronic acid Triarylmethane?
B(OH),

10a “

11n (14 h, 72%)

9c
(>N OH B(OH),
|

od 10a
OH
| N B(OH),
=
4 (1)
| OMe
= 10f

11q (16 h, 68%)
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Table 3: Scope of diarylmethanol 9b—d in the copper-catalyzed coupling reaction. (continued)

B(OH),
ZNS =
(0 &
10k ‘
11r (12 h, 72%)
s
B(OH), = L
N 1
\ Fe

s =)

11s (4 h, 64%)

aTime required for completion of the reaction and yield of the isolated and purified triaryimethanes are given in the parenthesis.

three examples of triarylmethanes 11q—s that bear three differ-
ent aromatic rings (Table 3). The copper-catalyzed coupling
reaction of phenyl(pyren-1-yl)methanol (9b) with 4-methoxy-
phenylboronic acid (10f) and benzo[b]thiophen-2-ylboronic
acid (10k) provided the respective pyrene-containing unsym-
metrical triarylmethanes 11q-r in good yields (Table 3). Next,
the coupling reaction of phenyl(ferrocenyl)methanol (9d) with
thiophen-3-ylboronic acid (10m) provided triarylmethane 11s,
which has ferrocene, thiophene and phenyl rings installed on the
central carbon. The triarylmethane 11s was found to be unstable

n-BuLi (1.2 equiv)
THF,-78°C, 1 h

4-MeOCgH4CHO (1 equiv)
-78°Ctort,4h, 78%

hv (370 nm)

CH3CN/H,0 (1:1)
3 h, 86%
OMe

21

Scheme 5: Synthesis of anti-breast-cancer agent intermediate 22.

when kept as a solution in hexane. However, the compound was
stable as a solid for at least two months when refrigerated
(+5 °C).

To demonstrate an application of our newly developed
Cu(OTf),-catalyzed C—C coupling reaction for the synthesis of
triarylmethanes, we designed a synthesis of the precursor 22
(Scheme 5) for the anti-breast-cancer agent 4 (Figure 1). Any
method for the synthesis of 4 needs to take into account that it
has two phenyl rings with different alkoxy groups at the respec-

OH |
O NBO™ 7
10n

Cu(OTf), (20 mol %)
chlorobenzene, 80 °C,
20 22 h, 76%

NB: o-nitrobenzyl

O(CH2)2NM62

22 4 (anticancer agent)
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tive C(4) position. We reasoned that one of the aryl groups
could be a part of diarylmethanol and the other of the aryl-
boronic acid. We designed the protection of the C(4) hydroxy
group in the arylboronic aicd with the photolabile 2-nitrobenzyl
(NB) group, so that it can be removed without affecting the rest
of the molecule. The synthesis of triarylmethane 22 began with
the preparation of the starting diarylmethanol 20, which was
accomplished by the addition the anion from 9-bromophenan-
threne [63] 19 to 4-methoxybenzaldehdye. The resulting diaryl-
methanol 20 was treated with bis(pinacolato)diboron [64] 10n,
which has an 2-nitrobenzyl protecting group on the phenolic
hydroxy group [52]. The reaction was conducted in the pres-
ence of 20 mol % Cu(OTf), under optimized conditions, pro-
viding triarylmethane 21 in 76% yield. Deprotection of the
phenolic hydroxy group in 21 was facile under photocatalytic
conditions by using UV LED lamps in wet acetonitrile. The
reaction furnished the synthetic intermediate 22 in 86% yield
[52]. Since the intermediate 22 has been previously converted
into the drug candidate 4 [49], our efforts constitute a formal,

alternate synthesis.

Conclusion

In conclusion, we have demonstrated a facile Cu(OTf),-cata-
lyzed synthesis of a variety of triarylmethanes from readily
available diarylmethanols and arylboronic acids. This method is
a novel synthetic approach for the preparation of multisubsti-
tuted triarylmethanes starting from easily preparable diaryl-
methanols and commercially available arylboronic acids. Struc-
turally diverse, unsymmetrical triarylmethanes were prepared
by employing this methodology. As an application to the newly
developed methodology, we achieved a facile synthesis of the
penultimate intermediate of an anti-breast-cancer agent. Hope-
fully the work described here will stimulate further work for the
synthesis of a wide variety of triarylmethanes with tailor-made
properties.
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The preparation of peptide fragments containing dehydrovaline and dehydroisoleucine moieties present in the antibiotic myxo-

valargin is reported. Peptide formation is based on a copper-mediated C—N cross-coupling protocol between an acyl amide and a

peptidic vinyl iodide. The presence of a neighboring arginine in the vinyl iodide posed a challenge with respect to the choice of the

protecting group and the reaction conditions. It was found that ornithine — a suitable precursor — is better suited than arginine for

achieving good yields for the C—N cross-coupling reaction. The optimized conditions were utilized for the synthesis of peptides 32,

33, 39 and 40 containing a neighboring ornithine as well as for the tripeptide 44 containing dehydroisoleucine with the correct

stereochemistry.

Introduction

Dehydroamino acids [1] are rare amino acids that are
constituents of many oligopeptides from microbial sources.
Typical examples are myxovalargin (1), argyrin (2) and nisin
(3, Scheme 1).

Dehydroamino acids and peptides are characterized by the pres-
ence of an olefinic double bond conjugated with the carboxyl or
peptidic carbonyl group. Besides being a,B-unsaturated acids or
amides, respectively, they can also be regarded as enamines.
Due to the lack of reactivity of the amino group as well as the

carboxylate, dehydroamino acids have hardly employed as
building blocks in peptide synthesis. Therefore, the olefinic
double bond is commonly introduced after the peptide back-
bone is assembled and typically this is achieved by elimination
when a leaving group occupies the B-position [2]. Especially
peptides containing dehydroalanine as found in argyrin (2) can
be prepared from a precursor that contains a selenide substitu-
ent in the B-position [3]. Peptides that bear the doubly branched
dehydroamino acids dehydrovaline or dehydroisoleucine, e.g.,

found in myxovalargin (1), are much more challenging to
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Scheme 1: Selected examples of oligopeptides bearing dehydroamino acid moieties: myxovalargin (1), argyrin A (2) and nisin (3) (in myxovalargin

dehydroamino acids and neighboring amino acids are numbered).

prepare due to steric hindrance in the B-position and the issue of
regiocontrol during elimination [4,5], as B-elimination of a
tertiary alcohol group often leads to the terminal instead of the
conjugated alkene.

Principally, enamides can also be prepared by the copper-medi-
ated C—N coupling between a vinyl halide 6 and an amide 5 as
reported by Ogawa and co-workers in 1991 [6]. Later, the group
of Porco showed that copper(I) thiophencarboxylate is a suit-

4
Buchwald 6
cross coupling

able catalyst to promote this reaction in the presence of cesium
carbonate as base and N-methylpyrrolidone (NMP) as solvent
[7,8]. Buchwald et al. [9] simplified the conditions by demon-
strating that copper(I) iodide, potassium carbonate and the
ligand N,N-dimethylethylenediamine can be used instead.
Finally, Ma and co-workers [10] further modified the condi-
tions using copper(l) iodide, cesium carbonate and N,N-
dimethylglycine in 1,4-dioxane. Recently, Inoue applied this
cross-coupling protocol to the synthesis of peptides (Scheme 2)

Scheme 2: The Buchwald cross-coupling reaction in the preparation of peptides containing dehydroamino acids 4.
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[11,12] as demonstrated in the total synthesis of Yaku'amide A
[13].

As part of our study on the total synthesis of myxovalargin (1),
a secondary metabolite from Myxococcus fulvus with antibacte-
rial activity [14,15], we report on copper-mediated cross-cou-
pling chemistry to create peptide fragments bearing dehydrova-
line and dehydroisoleucine. We faced difficulties to use the re-
ported conditions for the C—N cross coupling in the preparation
of myxovalargin peptide fragments mainly because of the steric
hindrance of B,B’-disubstituted dehydroamino acids created.
Additionally, the neighboring amino acid, especially arginine or
ornithine, a precursor for preparing arginine (amino acid num-
ber 9 in 1), can be made responsible. Thus, this report covers
our efforts to optimize the copper-mediated cross-coupling
reaction in the preparation of dehydroamino acid containing
peptide fragments present in myxovalargin (peptides contain-
ing amino acids 3-methylbutyric acid 1, 2, 7-9 and 11-13).

Results and Discussion

First vinyl iodide 10, representing dehydrovaline, was prepared
by an established sequence starting from alkynyl ester 8. Under
similar conditions vinyl iodide 11 which resembles dehy-
droisoleucine was obtained as a single diastereoisomer starting
from alkynyl ester 9 (Scheme 3). The stereochemistry of the
ethyl ester of 11 was determined NMR spectroscopically in-
cluding nOe experiments (see Supporting Information File 1).
Next, vinyl iodide 10 was subjected to amidation with L-alanine
methylate (resembling position 2 in myxovalargin) using the
reagent system PyAOP, HOAt, DIPEA to yield amide 12
(Table 1). Now, the stage was set to optimize the C—N coupling
conditions using amide 13 as coupling partner, the 3-methyl-

butyric acid located at the terminus of myxovalargin (1).

Under the published conditions [13] (vinyl iodide (1.5 equiv),
amide (1.0 equiv), Cul (0.6 equiv), Cs,CO3 (2.0 equiv), N,N-
dimethylethylenediamine 16 (4.05 equiv), 1,4-dioxane, 90 °C)
we did not encounter the formation of enamide 14 but instead

only the hydrolysis product 15 was isolated which might have

Beilstein J. Org. Chem. 2016, 12, 564-570.

resulted from the presence of oxygen in the solvent. Therefore,
we decreased the temperature and only degassed 1,4-dioxane
was used in order to avoid oxidation and formation of
copper(Il) which can act as a Lewis acid. These changes provi-
ded peptide 14 (Table 1, entry 1) but this result turned out not to
be reproducible. Instead, when the reaction time was extended,
only the formation of the a-ketoamide 15 was encountered
(Table 1, entry 2). Change of the solvent to THF or toluene as
well as the use of palladium catalysts [16] or the use of addi-
tives such as HMPA mainly led to substantial decomposition of
vinyl iodide 12. At room temperature only small amounts of
product were formed but the vinyl iodide was stable (Table 1,
entry 3). The presence of the ligand was essential and the choice
of other amines such as tetramethylethylendiamine (TMEDA)
(Table 1, entry 4) or piperidine-2-carboxylate did not lead to
product formation (Table 1, entry 5).

However, (rac)-trans-N,N-dimethyl-1,2-cyclohexanediamine
(17) [9] in combination with cesium carbonate or potassium
carbonate, the latter being superior to the former base, in 1,4-
dioxane provided conditions that allowed us to prepare the cou-
pling product 14 at room temperature. When raising the temper-
ature to 50 °C the desired coupling product was isolated in 35%
yield along with a substantial amount of starting vinyl iodide
(Table 1, entry 6). When N,N-dimethylethylenediamine (16)
was employed under these conditions instead, the coupling
product formed only in traces. When potassium carbonate was
exchanged by sodium carbonate the yield dropped to 25% under
the optimized conditions (Table 1, entry 8).

Next, we tested these reaction conditions for the preparation of
the other dehydrovaline bearing peptide fragment of myxo-
valargin 1 (amino acids 7-9). First, dipeptides 18-21 and
methyl esters 22 and 23 were N-acylated with vinyl iodide 10 to
yield peptidic vinyl iodides 24-29 in commonly good yields
(Scheme 4). The coupling partners 18-23 (synthesis see Sup-
porting Information File 1) all contain arginine or the precursor
amino acid ornithine and they differ in the choice of the

protecting group. These variations are important for gaining

a. Cul, MeLi (1.6 M in Et,0),
THF, 0 or =10 °C, 30 min, then

alkyne in THF, —78 °C, 2.5-3 h, R
o then I, in THF, —78 °C, 15-30 min;
b. LiOH, H,0, EtOH, 60 °C, 3.5-22 h, | OH
// OEt |
o}
R 8(R=H) 10 (R = H) 86%
9 (R = Me) 11 (R = Me) 86%

Scheme 3: Syntheses of vinyl iodides 10 and 11.
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Table 1: Formation of amide 12 and optimization of C—N cross coupling reaction.

10
L-Ala-methyl ester *HCI,
PyAOP, HOAt, DIPEA,
DMF,0°Ctort,23 h
o

| H
| N\)kOMe

© 1,4-dioxane (degassed),
12 (86%) Cul (0.6 equiv), ligand (4.05 equiv),

+
A
NH

13 (1.00 equiv)

2

entry conditions 12 (equiv)
1 16, Cs,CO3, 16 h, 50 °C 1.5
2 16, Cs,CO3, 26 h, 50 °C 1.5
3 16, CsyCO3, 24 h, 1t 1.5
43 TMEDA, Cs2COg3, 20 h, rt 1.5
52 piperidine-2-carboxylate, 1.5
K2CO3, 20 h, rt
6 17, K»CO3, 22 h, 50 °C 2.0
7 17, KoCO3, 20 h, 70 °C 20
8 17, NayCO3, 20 h, 70 °C 2.0

aCul (1.0 equiv) was used instead of 0.6 equiv of Cul.

MeHN  NHMe
MeHN  NHMe

16 rac-17

: . (0] O (0]
base (2.0 equiv), temp., time M | H H
N +
o ¢ o ¢

14 15

12 (% reisolated) 14 (% yield) 15 (% yield)

- 31 -
- 0 nd
60 ~15 0
no reaction
no reaction
43 35 0
57 35 0
66 25 0
o ~_

PyAOP, HOAt, DIPEA, | H H

10 +

R'HN

18 R' = Cbz

19 R2= R3= Alloc
= /§ 20 R2=R3=Boc
R?HN" NR® 24 R2= ppf, R = H

s

1

o) H o

HzN OMe  DUF,07C t, 22-23 h OMe
Y oe.n | Y

24 R' = Cbz (90%)
25 R2= R3 = Alloc (90%)
RT= /g 26 R2= R3=Boc (60%)

R?HN” SNR® 27 R2 = Pbf, R3=H (80%)
(0] | H o
HoN
2 OMe Bﬁfg;‘;%“r’t Dz'zpﬁA’ I OMe 28R = Cbz (66%)
10 + ’ ’ o) 29 R = Boc (86%)
22R=Cbz
RHN™ 23R =Boc RHN

Scheme 4: Preparation of vinyl iodides 24-29 (Cbz = benzyloxycarbonyl, Alloc = allyloxycarbonyl, Boc = tert-butyloxycarbonyl, Pbf = 2,2,4,6,7-

pentamethyldihydrobenzofurane-5-sulfonyl).

flexibility towards the end of the total synthesis when the guani-
dine group has either to be liberated by the removal of the
protecting groups or used for the introduction to the correspond-

ing ornithine residue.

These results demonstrate that the copper-mediated cross-cou-
pling reaction depends on the functional groups present in the
peptide containing the vinyl iodide moiety and on the chosen

protecting groups. Vinyl iodides bearing an arginine moiety
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gave a significantly reduced yield of the desired cross-coupling

product compared to the corresponding ornithine derivatives.
Furthermore, it turned out that the Alloc and Pbf protecting

groups are not compatible for this enamide forming protocol.
The best results were obtained by using the Boc-protected

(0]
BocHN\)J\NH
i 2

Beilstein J. Org. Chem. 2016, 12, 564-570.

amide 30 and ornithine-containing vinyl iodides 24 and 28
(Scheme 5).

It needs to be noted that the presence of a Cbz protecting group
in dehydrooligopeptides is problematic, because it cannot be
cleaved without simultaneously reducing the acyl enamide. We

/\ 30 Cul, K,CO3, 17,
1,4-dioxane (degassed),
70°C, 22 h H
/\[(OMe BocHN\)I\ N AOMe
0,
N 31 (13%)
25
AllocHN™ ~NAlloc AllocHN NAIIoc
Cul, K,CO3, 17,
1,4-dioxane (degassed), o o
| H 70°C, 22 h | H
0+ N « |3ocHN\_)kH N «
o) AL o)
CbzHN™ 24 X = D-Val-OMe CbzHN
28 X = OMe
32 X = D-Val-OMe (50%)
o} 33 X = OMe (50%)
AllocHN
oc \:)kNHz
H Cul, KQCOg, 17, (0] H O
N 1,4-dioxane (degassed), AIIocHN\)I\ | N
34+ 70°C, 22 h N X
PN O
O
| X BocHN
| X
) 36 X = OMe (11%)
29 X = OMe 37 X =D-Val-OMe (13%)
35 X = D-Val-OMe
BocHN
(0] | H O
o + Cul, K;CO3, 17, TeocHN\)k N
1,4-dioxane (degassed), 7 N X
TeocHN H H
7 NH, 70°C, 22 h PN %
PN
38 BocHN
39 X = OMe (33%)
40 X = D-Val-OMe (47%)
CUl, KQCO3, 17, H
N/\[(OMe 1,4-dioxane (degassed), BOCHN\)J\ N OMe
70°C,22h
41 (2.5%)
PbfHN NH PbfHN NH

Scheme 5: Copper-mediated C—N cross-coupling of dehydropeptides 31-33, 36, 37,

and 39-41.
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found that the Teoc protecting group is better suited to be re-
moved from oligoamides 39 and 40, respectively, which were
formed from amide 38 and vinyl iodides 29 and 35 (Scheme 5)
[17]. Facile removal of the Teoc group was achieved within
24 h at room temperature in quantitative yield using a 1 M solu-
tion in TBAF in THF.

With these results in hand we next coupled amide 42 with Boc-
protected valine-derived amide 43. To our delight, the coupling
proceeded in an improved yield of 48% without scrambling of
the stereochemistry of the olefinic double bond (Scheme 6). We
based the stereochemical assignment on NMR spectroscopy
which included nOe experiments.

Conclusion

In conclusion, we report on the synthesis of dehydrovaline and
dehydroisoleucine-containing oligopeptides as found in the
peptide antibiotic myxovalargin using a C-N cross-coupling ap-
proach. Substantial optimization of the reaction conditions and
the choice of the protecting group became necessary when the
dehydrovaline-containing oligopeptide based on ornithine was
synthesized. For the copper-mediated Buchwald C-N coupling
reaction, (rac)-trans-N,N-dimethyl-1,2-cyclohexandiamine was
the ligand of choice in combination with potassium carbonate as
base. In our case, the usage of Boc and Teoc protection groups
in the cross-coupling reaction gave the best results. By using the
optimized reaction conditions the dehydroisoleucine peptide
was synthesized without scrambling of stereochemistry. In
summary, we showed that the C—N coupling reaction is a pow-

D-Ala-methyl ester *HCI,
PyAOP, HOAt, DIPEA,
DMF,0°Ctort,22 h

Beilstein J. Org. Chem. 2016, 12, 564-570.

erful tool to straight forwardly build-up of sterically hindered

dehydroamino acid-containing peptide fragments.

Supporting Information

Supporting Information File 1

Syntheses and analytical descriptions of reagents and
peptides and copies of 'H and 13C NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-12-55-S1.pdf]
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