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GENERAL OBJECTIVES

GENERAL OBIJECTIVES

The general objective of this thesis project is the development of new methodologies
through bimetallic catalysis that allow the synthesis of borylated dienes from simple and
abundant molecules, avoiding the generation of metal residues. Such methodologies will involve
the chemoselective activation of an hydrocarbon (alkynes or allenes), an alkenyl or allyl
substrate and bis(pinacolato)diboron by the cooperative action of two different transition metal
complexes to afford 1,3-, 1,4-, or 1,5-borylated dienes with complete control over the process
selectivity.

Classical methods to prepare these complex molecules via transition metal catalysis typically
require the use of stoichiometric amount of alkenyl-metal reagents. These methodologies are
limited to the availability and reactivity profiles of the alkenyl reagent. Additionally, the use of
this pre-functionalized reagents entails the stoichiometric formation of inorganic salts as side
reaction products. In order to avoid the use of stoichiometric amounts and previously
preparation of organometallic reagents, an alternative would be the formation of the C(sp?) or
C(sp®) nucleophile promoted by a transition metal catalyst. Particularly, the insertion of alkynes
and allenes to CuBpin complexes has become a powerful tool for the generation of nucleophilic
boryl alkenyl- or allylcopper complexes.

One of the main objectives of this thesis is to synthesize borylated 1,3-, 1,4-, and 1,5-
dienes under a synergistic catalysis regime, using simple alkynes and allenes as a transient
functionalized alkenyl- or allylcopper species in a stereo- and regioselective (and
enantioselective where appropriate) allylic substitution or alkenylboration. Furthermore, the
chemo-, regio- and stereoselectivity in these processes has to be controlled with both transition
metal catalysis in order to avoid the formation of isomeric mixtures.
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1. Bimetallic catalysis

Catalysis is one of the most efficient and powerful strategies for the discovery of new
chemical reactions. During the last decades, a wide range of catalytic reactions employing a
single transition metal catalyst allowed the discovery of new transformations. In these
strategies, a single metal catalyst activates a substrate to promote a particular transformation.
However, some transformations, such as multicomponent reactions, are still challenging due to
the impossibility of using a single catalyst.

In order to address these challenges, several types of multicatalytic systems have been
developed. These transformations include bifunctional, double activation, cascade or synergistic
catalysis.

A) Bifuntional B) Double activation
Catalyst (Cat. A j (Cat. B )
z = “, S

) @
~—

C) Cascade D) Synergistic
(cata) (catB) (cata) (catB)
P

SO ©  O_®

Figure 1. Classification of multicatalytic systems

- Bifunctional catalysis: The nucleophile and electrophile are activated separately on the
same catalyst (Fig. 1A)

- Double activation catalysis: Both catalysts activate only one of the reacting partners (Fig.
1B)

- Cascade catalysis: Both catalysts activate the same reacting partner in a sequential
maner (Fig. 1C)

- Synergistic catalysis: The nucleophile and electrophile are simultaneously activated by
two different catalysts (Fig. 1D)

This PhD dissertation deals with the development of new synthetic transformations based on
synergistic transition metal catalysis. Thus, an introduction to this concept and an overview of
the main transformation involving this type of catalysis will be given in the following.
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1.1.1 Synergistic catalysis

Synergistic catalysis is becoming popular for being a powerful tool to increase the variety of
transformations, to improve previously reported methods or to new reactions that are not
possible to achieve by single metal catalysis.!

This type of transformations involve a simultaneous activation of the electrophile (E) by one
catalyst (catl) and the activation of the nucleophile (Nu) by the other cocatalyst (cat2). This
activation creates species with a lower LUMO (Lowest Unoccupied Molecular Orbital) (A’) and
the other one with a higher HOMO (Highest Occupied Molecular Orbital) (B’) (Figure 2). These
activated species can couple in an easier manner thus allowing chemical reactions that are
impossible or inefficient using traditional single-catalyst methodologies to be carried out with
high efficiency.

Nu-cat2 E-cat1
( Synerglstlc catalysis
Nu
cat2 cat1
Nu-E
Product
A l A
LUMO  mm . A i LUMO . A
. E ..
E I DE
DE B'
: I
B B' : B .
HOMO ~ = — , HOMO  —
Activated spieces Activated spieces
Traditional catalysis Synergistic catalysis

Figure 2. Concept of dual synergistic catalysis

The use of synergistic catalysis, in which two different catalysts activate two different
substrates, presents several challenges, associated in most cases with the complexity of the
system. The main challenges are:

a) Compatibility: both active catalytic species must be compatible, as they can interact with
each other resulting in self-quenching, which renders both catalysts inactive.

b) Chemoselectivity control: each catalyst must react with the appropiate substrate in a
selective manner, avoiding side reactions.

L For a review see: (a) Allen, A.; MacMillan, D. Chem. Sci. 2012, 3, 633-658. (b) Pye, D. R.; Mankad, N. P.
Chem. Sci. 2017, 8, 1705-1718. (c) Gandeepan, P.; Ackermann, L. Chem 2018, 4, 199-222. (d) Kim, U B.;
Jung, D. J.; Jeon, H. J.; Rathwell, K.; Lee, S.-g. Chem. Rev. 2020, 120, 13382-13433. (e) Wu, Y.; Huo, X.;
Zhang, W. Chem. Eur. J. 2020, 26, 4895-4916.
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c) Kinetics: both catalysts should have compatible activation rates to make the two
catalytic cycles kinetically compatible.

An overview of the reactions reported using synergistic dual transition metal catalysis,
indicate that palladium (which is usually used to activate the electrophilic coupling partner)
show a broad range of catalyst compatibility with a wide number of transition metal catalyst
such as Cu, Au, Ru, Rh, Ni, V and Ag.d

Additionally, copper (usually used to activates the nucleophilic counterpart) can also be
compatible with Fe, Ru, Mn, Ni, Rh, Re.! There are other reported combinations of transition
metal catalysts such as Rh/Ag, Ru/Ti, Au/Fe or Ti/Ni. However, is important to highlight that the
most outstanding combination is between palladium and copper.

1.1.2 Sonogashira cross coupling

The first example of Cu/Pd cooperative catalysis was reported in 1975 by Sonogashira and
co-workers. In this work, they reported the cross-coupling of acetylene gas with (hetero)aryl
iodides or vinyl bromides (Scheme 1).2 In this transformation catalytic amounts of copper iodide
and Pd(PPhs),Cl, were used. The addition of a catalytic amount of the copper salt allowed the
use of conditions milder than reported in previous methodologies, which also implies a better
group tolerance. This transformation consists in the in-situ generation of the nucleophilic copper
acetylide under the presence of a weak base. The active Pd(0) complex is involved in the
oxidative addition step with the halide. Then transmetalation between the resulting R2-Pd(ll)
intermediate and the copper acetylide followed by reductive elimination, provides the coupled
product.

2 Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467-4470.
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1 mol% Pd(PPh3),
H 0.5 mol% Cul R2

Z + xR =

1
R Et,NH R

R'=H, Ph, CH,OH

X= Br, I; R%= aryl, alkenyl, pyridy!

Oxidative
addition

Reductive
elimination

L
T
L F]’d R Transmetallation /R
R’
[Et,NH,IX
CuX
Et,NH + R'-=——H

Scheme 1. First example of Sonogashira coupling

After this pioneering work by Sonogashira and coworkers, several research groups
focused into the Cu/Pd dual catalytic system which has a wide potential to improve or create
new chemical transformations. Some of these strategies are shown below.

1.1.3  Decarboxylative cross-coupling

Decarboxylative cross-coupling between haloarenes and aromatic carboxylic acids has been
used as an alternative to traditional methods for the synthesis of biaryl structures. This strategy
allows to avoid the use of stoichiometric amounts of organometallic reagents as well as the
generation of stoichiometric amount of metal salts as a side product. In this type of
transformations, the palladium is used as the cross-coupling catalyst and copper or silver as the
decarboxylative catalyst.

In this contest, in 2006, the group of GooBen? reported the use of a copper catalyst to
facilitate the decarboxylative cupration of 2-nitrobenzoic acids to form a nucleophilic aryl copper
complex which can undergo a coupling reaction with an aryl palladium(ll) complex. In this
transformation, the arylcopper intermediate (l), which is generated in situ, transmetalates with
arylpalladium intermediate (ll) to give a diaryl palladium complex (lll), which after a reductive
elimination gives rise to the corresponding coupled product and regenerate the active Pd(0)

3 GooBen, L. J.; Deng, G.; Levy, L. M. Science 2006, 313, 662-664.
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spieces (Scheme 2). Both, electron rich and electron poor electrophiles can be used to give rise
to different products with different steric demand and functional groups.

Pd(acac), (1 mol%)
Cul (3 mol%)

1, 10-phenanthroline (5 mol%
Ar'-COOH + Ar2-Br P ( ‘) Ar'-Ar2

K2COj3 (1.2 equiv) 28-99%
NMP, 160 °C, 24 h

Mechanism

0

Decarboxylation

Oxidative
addition

(0)
Transmetalation LoPd

Reductive
elimination

Anion
exchange

[Cul*X
©)’LO_

Scheme 2. Cu/Pd-catalyzed decarboxylative cross coupling.

L,Pd

1.1.4 Cross-coupling via C-H activation

Aryl-substituted heterocycles are present in a wide range of pharmaceuticals and natural
products. Due to this fact, several synthetic methodologies to achieve this kind of compounds,
such as the direct arylation of heteroarenes, have been reported. However, most of them are
associated with the use of high catalyst loadings, harsh reaction conditions or even selectivity
problems.? To solve these issues, the group of Miura, found in 1998, that the use of Cul promotes
the Pd-catalyzed arylation of thiazoles and thiophene derivatives.’

In 2010, the group of Huang reported a highly efficient method for the direct arylation of
heteroarenes using a Cu/Pd catalytic system (Scheme 3).® They found that the combination of
an air-stable Pd dichloride (PXPd) complex with Cu(XantPhos) iodide forms an excellent dual
catalyst system. For this transformation, a mechanism in which the copper catalyst takes partin
the critical transmetalation step, being responsible for the high reactivity, is proposed. This
process involves the formation of intermediate Il and its subsequent
deprotonation/rearrangement afford Ill. Then, transmetalation of the resulting benzothiazole-

4a) Dyker, G. Angew. Chem. Int. Ed. 1999, 38, 1698-1712; b) Jia, C.; Kitamura, T.; Fujiwara, Y. Acc. Chem.
Res. 2001, 34, 633—639.

% pivsa-Art, S.; Satoh, T.; Kawamura, Y.; Miura, M.; Nomura, M. Bull. Chem. Soc. Jpn. 1998, 71, 467-473.
5Huang, J.; Chan, J.; Chen, Y.; Borths, C. J.; Baucom, K. D.; Larsen, R. D.; Faul, M. M. J. Am. Chem. Soc.
2010, 132, 3674-3675.
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copper species (lll) to the aryl-Pd(ll) intermediate, followed by reductive elimination gives rise
to the desired product and releases both catalysts.

Bu cl Bu
I
o] Fl’d o]
PXPd (0.25 mol%) Bu cl By
N Cu(XantPhos)! (1 mol%) x—N PXPd
R—(;[ DH + A—X R— S—Ar
>z Cs,CO0; (2.5 equiv) >z
Tol, 100 °C
Z=0, S, NMe X=Cl, Br, I, OTf 6-99% ‘ 5 O
PPh, PPh,
XantPhos
Mehcanism
L
| N +y\/-
—Pg- BH*X
Ar-Pd-X @[ \>_C(JP>
ArX L S [=3
1]
P B
|

L,Pd(0) N ,C) Ix
L2
S B

N
N S—PdL X-C/P> N
©[8\>_Ar C[S ,!Ar 2 qP @E \>

L= £Bu,PCl; X= |, Br, Cl, OTf; B=CO5%
Scheme 3. Pd/Cu co-catalyst system for direct arylation of heteroarenes

In 2015, using a similar strategy, the group of Cazin reported the use of a dual Cu/Pd system
involving [Pd(Cl)(cin)(NHC)] and [Cu(CI)(NHC) to perform the direct arylation of C-H bonds
without the presence of a directing group.” The mechanistic studies that they carried out,
indicate that the copper species performs an acid-base activation to generate the reactive
(hetero)arylcopper intermediate (Scheme 4).

7 Lesieur, M.; Lazreg, F.; Cazin, C. S. J. Chem. Commun. 2014, 50, 8927-8929.

29



CHAPTER |

PdCI(cin)(SIPr) (1-2 mol%)
CuCI(I'Bu) (1-3 mol%)

Ar'/Het—H + Ar?-X Ar'/Het—Ar2
CsOH (1.3 equiv)
Tol, 110 °C, 15h 27-98%
iPr
ipr
N,/\N _
M .
Pd . tBu/N\(N"Bu
) TN 'Pr
pc! % CuCl
Ph CuCI(I'Bu)
PdCl(cin)(SIPr)

Scheme 4. Direct C-H bond arylation using Cu/Pd synergistic catalysis.

1.1.5 Synergistic Cu/Pd-catalyzed enantioselective a-allylation of carbonyl compounds

In 2017, the group of Shibasaki reported the enantioselective a-allylation of a-CF; amide
with allylic carbonates through synergistic Cu/Pd catalysis to afford y,6-unsaturated amides
bearing a CFs unit at the stereogenic center (Scheme 5a).®

This strategy is based on the enolization of a-CF; amide with a chiral Cu(l) complex in the
presence of a base to generate a chelated Cu enolate Il. Then, this intermediate reacts with the
mt-allylPd(Il) complex IV which was generated from the oxidative addition of the allylic carbonate
to de Pd(0), to afford the a-allylated product. The sterocontrol of the transformation is due to
the presence of (R,Re)-Walphos chiral ligand on copper catalyst, giving rise to high levels of
asymmetric induction. In the transformation, the Cu-enolate act as soft nucleophile to attack
the m-allylPd(ll) intermediate IV from the opposite side of Pd(Il). In this step, the chiral
environment of Cu(l) complex is crucial for the steocontrol of the reaction.

Several cinnamyl carbonate derivatives with different substitution patterns and
functional groups afforded the desired a-allylated amides in good vyields and
enantioselectivities. However, for the use of less reactive aliphatic allyl carbonates, the increase
of the catalytic loading was necessary.

The use of diastereomerically pure syn allyl carbonates afforded the selective formation of
syn products in a stereospecific manner. This fact suggests that this transformation may proceed
via a net stereoretentive outer-sphere mechanism involving a stereoinvertive oxidative addition
and followed by stereoinvertive nucleophilic addition (Scheme 5b).

8 Saito, A.; Kumagai, N.; Shibasaki, M. Angew. Chem., Int. Ed. 2017, 56, 5551—5555.
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Scheme 5. Asymmetric a-allylation of an a-CF; amide via Cu/Pd dual catalysis.

In 2017 Zhang and co-workers reported an enantioselective Pd-catalyzed asymmetric
allylation of aldimine Schiff base using synergistic Cu/Pd catalysis (Scheme 6).° This catalytic
system was applied for the asymmetric synthesis of non-natural a,a-dialkyl a-AAs and to the
stereoselective access to N-terminal a-allylation of small peptides. In this transformation, the
aldimine Schiff base could be transformed into a five-membered N,O-bidentate metalated
azomethine ylide in a simple manner under the presence of a copper catalyst and a weak base.
The rigid structure of this five-membered ylide | facilitates the asymmetric induction from the

°Huo, X.; He, R.; Fu, J.; Zhang, J.; Yang, G.; Zhang, W. J. Am. Chem. Soc. 2017, 139, 9819—9822.
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chiral ligand. Furthermore, the use of two chiral reactive species such as I and allyl-palladium
intermediate lll, proved to be essential to achieve high stereoinduction since the use of achiral
ligand in either the copper or palladium complex gave rise to racemic mixtures of desired
product. The transformation tolerates a wide range of allylic acetates with arenes bearing EDG
or EWD to afford the products in good yields and enantioselectivities.

Almost simultaneously, Wang and co-workers reported a similar transformation through
the use of chiral Cu(l) complex derived from an aldimine Schiff base and an achiral Pd(0) complex
derived from an allylic carbonate to afford enantiopure allylation products (Scheme 6b).%°

0 Wei, L.; Xu, S.-M.; Zhu, Q.; Che, C.; Wang, C.-J. Angew. Chem., Int. Ed. 2017, 56, 12312—12316.
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Scheme 6. Synergistic Cu/Pd-catalyzed enantioselective a-allylic alkylation of aldimine esters.

1.1.6  Synergistic CuH/Pd catalysis

Until the synthesis of “Striker’s reagent in 1988,%! CuH chemistry remained underdeveloped.
However, the use of this phosphine-stabilized copper hexamer, [(PhsP)CuH]s allowed the
development of highly regioselective reductions of different carbonyl compounds under mild

11 Deutsch, C.; Krause, N.; Lipshutz, B. H. Chem. Rev. 2008, 108, 2916-2927.
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conditions and good functional group tolerance. Despite the several difficulties associated with
the catalytic generation of copper (1) hydrides, this metodology (catalytic in copper and based
on dihydrogen or mild hydrilic sylanes as stoichiometric reducing agents) represents a powerful
tool for the developing of enantioselective C-H bond forming reactions in a catalytic manner. In
this section several recent advances in this area will be presented.

a) a-Allylation of carbonyl compounds

In 2013, Riant and co-workers successfully reported an asymmetric tandem 1,4-
reduction/allylation of a,B-unsaturated ketones using CuH/Pd synergistic catalysis for the
synthesis of optically active allylated ketones (Scheme 7).12

In this process, a copper hydride is generated from reaction between a Cu(l) chloride and a
hydrosilane. The regioselective conjugate hydride addition to a cyclic a,B-unsaturated ketone
affords a Cu(l) enolate, which can react with a m-allylPd(Il) complex, generated from oxidative
addition of an allyl carbonate into a Pd(0) complex. Formation of the O-allylation product can
take place at room temperature. However, the a-allylated product is selectively formed at
slightly higher temperatures. It was shown that the silyl enolate does not react with mt-allylPd(l1)
without the presence of a copper co-catalyst thus demonstrating that copper enolate A is
essential for this transformation. With this methodology several enantioenriched ketones
bearing a quaternary center could be easily formed in moderate to good vyields and high
enantioselectivities. Additionally, this dual catalytic system also was reported for the a-allylation
of a,B-unsaturated malonates and coumarins.®

2'Nahra, F.; Macé, Y.; Lambin, D.; Riant, O. Angew. Chem. Int. Ed. 2013, 52, 3208-3212.
13 Nahra, F.; Macé, Y.; Boreux, A.; Billard, F.; Riant, O. Chem. - Eur. J. 2014, 20, 10970-10981.
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Scheme 7. Synergistic Cu/Pd-catalyzed enantioselective a-allylation of unsaturated ketones

b) Enantioselective hydroarylation of vinylarenes

An asymmetric synthesis of 1,1-diarylalkanes, important intermediates of pharmaceutical
drug agents and natural products, was reported in 2016 by Buchwald using synergistic Cu/Pd
catalysis (Scheme 8).2* The proposed mechanism for this transformation is shown in Scheme 8.
First, in the copper catalytic cycle, the formation of active CuH catalyst | would occur through
the use of Cu(l) or Cu(ll) in combination with a metal alkoxide base, a chiral ligand and a
hydrosilane. Then, a regio- and enantioselective hydro-cupration of the corresponding olefin
forms stereodefined Cu(l) benzylic intermediate Ill. The palladium catalytic cycle starts with the
oxidative addition of aryl bromide to Pd(0) to afford complex VI. Then, the both catalytic cycles
converge via a stereospecific transmetalation of organocopper intermediate Ill with VI to afford
chiral alkyl-aryl Pd(Il) intermediate V. Finally, a stereoretentive reductive elimination affords the
enantioenriched diarylalkane and regenerates both catalysts.

14 Friis, S. D.; Pirnot, M. T.; Buchwald, S. L., J. Am. Chem. Soc. 2016, 138, 8372-8375.
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It was found that the best conditions involved a chiral Cu/(R)-DTBM-SEGPHOS complex in
combination with a Pd/BrettPhos co-catalyst. Under this synergistic catalysis regime, different
aryl bromides afforded the correspondingl,1-diarylalkanes in good vyields and excellent
enantioselectivities. Moreover, a wide range of vinylarenes, such as ortho- and B-substituted
styrenes were shown to be efficient for the transformation.

[Pd(cinnamyl)(Cl)], (2 mol%)
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BrettPhos (4.4 mol%) R
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Scheme 8. Enantioselective Pd/Cu-catalyzed hydroarylation of styrenes for the synthesis of
1,1-diarylalkanes.
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1.1.7 Synergistic Cu-Si and Pd catalysis

Silylcupration of unsaturated compounds is a simple methodology for the catalytically
generation of active silyl organocopper intermediates.’® This strategy can be used in
combination with Pd-catalyzed cross-coupling transformations. In 2014, Riant and co-workers
reported the use of silylcopper(l) species, generated by silylcupration of propynoates, combined
with a Pd-catalyzed allylic alkylation to afford highly substituted and functionalized vinylsilanes
(Scheme 9a).1® The synthetic strategy entailed the Cu-mediated syn silyl-cupration across the
alkyne followed by a Pd-catalyzed allylation. The reaction afforded (Z) isomer when PPh; was
used. However, when PPhs was not used, isomer (E) was obtained. The selectivity of the process
is associated with the reactivity between the m-allylPd(ll) species formed under the two
diverging conditions. As is shown in scheme 9, when no phosphine was used, dimeric mt-allylPd(ll)
intermediate is formed by oxidative addition of Pd(0) in the allyl carbonate. This intermediate
directly undergoes transmetalation with alkenyl copper to afford the Z isomer. In other way,
when PPhs was used, m-allylPd(II)[PPh3], complex is formed. Moreover, the presence of the
phosphine ligand inhibits the direct transmetalation pathway, giving rise to isomerization of
alkenyl copper into allenoate, which then reacts from the less hindered side with the allyl-
palladium intermediate to afford the (E) isomer.

Pd(OAc), (1 mol%) R’
PPh; (23 mol%) RN CO,R®
CuCl (5 mol%) |
= R2 “SiMe,Ph
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46 - 85% yiel
R PhMe,SiBpin X . 6 - 85% yield
/ _ KO'Bu (10 mol%) 84:16 to 97:3 Z.E
R30,C 1.5 equiv CH,Cl,, 45°C
R 0OCO,Me . R
RN Pd(OAc), (5 mol%) R7OC | Z >R
[(IMes)Cu(DBM)]CuClI Al
(5 mol%) R SIMeZPh
Method B 60 - 72% yield

92:8 t0 4:96 Z:E
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M= LCu" or BR,
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MICOZRs b R ochM
PhMe,Si” "R? PhMeZSi)J\Rz PhMe,Si~ "R?
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éd(ll) Method B + pg(h Method A
Q// \\l//
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Scheme 9. Cu/Pd catalyzed allylsililation of alkynes.

15 Qestreich, M.; Hartmann, E.; Mewald, M. Chem. Rev. 2013, 113, 402— 441.
1 Vercruysse, S.; Cornelissen, L.; Nahra, F.; Collard, L.; Riant, O. Chem. Eur. J. 2014, 20, 1834-1838.
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The Cu/Pd-catalyzed arylsylilation of alkynes through a three component reaction has been
reported by Nozaki and co-workers. By employing an alkyne silylcupration strategy, the authors
developed a methodology in which the silylilate alkenylcopper interemdiate that results from
the alkyne silylcupration is efficiently cross-coupled with an aryl?-Pd(ll) complex. This
transformation gives access to 1,2-disubstituted 2-arylethenylsilanes (Scheme 10).Y’

Pd(OAc), (4 mol%)

PCy3 (23.5mo|%) PhMeZSi R2
R3 Cul (20 mol%) I
, ~Z  , ArBr +  PhMe,SiBpin RS
R NaO'Bu (1.8 equiv)
THF, 40 °C, 6h 26-82% yield

Scheme 10. Cu/Pd-catalyzed arylsilylation of alkynes

Besides transformations involving silylcupration of unsaturated hydrocarbons, another
interesting synthetic methodology to access silylated structures is the used of catalytically
generated alkoxyalkyl copper(l) species generated from aldehydes. In this regard, Ohmiya
reported the use of a-alkoxyalkyl copper(l) species in Pd-catalyzed cross coupling reactions.® In
this transformation the a-alkoxyalkyl copper(l) is generated in situ from aldehydes via the
addition of silylcopper(l) species followed by a 1,2-Brook rearrangement. Then, the resulting
organocopper intermediate is trapped by the catalytic Pd(Il) complex (Scheme 11a). By using a
chiral fluorinated NHC/Cu complex they could render this reaction enantioselective (Scheme
11b).2°

17 Shintani, R.; Kurata, H.; Nozaki, K. J. Org. Chem. 2016, 81, 3065-3069.
8 Takeda, M.; Yabushita, K.; Yasuda, S.; Ohmiya, H. Chem. Commun. 2018, 54, 6776—6779.
% Yabushita, K.; Yuasa, A.; Nagao, K.; Ohmiya, H. J. Am. Chem. Soc. 2019, 141, 113-117.
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Scheme 11. Cu/Pd-catalyzed coupling of aldehydes, aryl bromides, and Suginome reagent.

The chiral induction arises from the stereoselective addition of chiral silylcopper species to the
aldehydes. Then, the chiral addition product undergoes a stereoinvertive 1,2-Brook
rearrangement to afford a stereodefined a-silyloxybenzyl copper species IV. This species
undergoes stereoretentive transmetalation with the arylpalladium intermediate to afford

palladium complex VI. Finally, reductive elimination affords the enantioenriched product
(Scheme 11c).
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1.1.8 Synergistic Cu/Pd bimetallic catalysis for carboboration of unsaturated hydrocarbons

In the recent years, Cu-catalyzed carboboration of unsaturated hydrocarbons such as
alkynes, alkenes or allenes has become a powerful tool for their conversion into versatile
alkenylboronates.?° The use of this organic pro-nucleophiles represents an alternative to the use
of stoichiometric reagents in cross-coupling reactions, as well as the need to preform and isolate
the nucleophile. In scheme 12 is shown the mechanism for Cu-catalyzed carboboration of
alkynes. This transformation entails the catalytic formation of a nucleophilic B-boryl substituted
alkenylcopper intermediate lll and subsequent electrophilic trapping. The process starts with
the insertion of the alkyne into a borylcopper complex Il, which is previously generated by o-
bond metathesis reaction between a copper alkoxide and a diboron reagent.?! These boryl-
substituted organocopper complexes can directly couple with different carbon electrophiles.

2
/R LCu cat. GuL . Electrophile E .
= _— 17X Bpin | ——— > _ /X Bpin
R’ B.oi R R
2pINn;
R? R?

b-borylalkenylcopper

R'-———R? T
T R1 \ CuL
m RrR? Electrophile
LCu- Bpm
Il
ROBpm
Leux Bp'“
B2(p'”)2 M= Li, Na K

Scheme 12. Copper-catalyzed carboboration of alkynes.

In some cases, due to the reduced nucleophilicity of the organocopper regent, the use of a
co-catalyst is necessary to activate the electrophile and facilitate the trapping. Moreover, the
presence of a second catalyst also offers an alternative selectivity to copper in the cross-coupling
step (e.g. Sn2’ vs Sn2 regioselectivity in allylic substitution transformation). In this context,
synergistic Cu/Pd bimetallic catalysis has become a powerful tool for the selective carboboration
of unsaturated substrates, such as alkynes, alkenes, or dienes.

A general mechanism for this type of transformation is shown in Scheme 13. In the
copper cycle, the first step is the formation of the active boryl-copper species (I) which then
undergoes borocupration of the unsaturated hydrocarbon to provide beta-boryl substituted
organocopper intermediate Il. In the second catalytic cycle, the first step is the oxidative addition

20.3) K. Semba, K.; Fujihara, T.; Terao, J.; Tsuji, Y. Tetrahedron, 2015, 71, 2183-2197; b) Yoshida, H. ACS
Catal. 2016, 6, 1799-1811; c) Neeve, E. C.; Geier, S. J.; Mkhalid, I. A.: Westcott, S. A.; Marder, T. B. Chem.
Rev. 2016, 116,9091-9161; d) Whyte, A.; Torelli, A.; Mirabi, B.; Zhang, A.; Lautens, M. ACS Catal. 2020, 10,
11578-11622.

L 1to, H.; Yamanaka, H.; Tateiwa, J.; Hosomi, A. Tetrahedron Lett. 2000, 41, 6821-6825.
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of the corresponding electrophile to Pd(0) to generate Pd(Il) complex lll. Then, transmetallation
between intermediates Il and Il gives rise to intermediate IV. Finally, a reductive elimination
releases the corresponding product and both transition metal catalysts are regenerated.
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1_-—-- 2 /
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Ba(pin)y n
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Scheme 13. General mechanism for the Cu/Pd catalyzed carboboration of unsaturated
substrates.

These borylative couplings require the control of several issues: 1) competitive
borylation of the electrophile, that can be catalyzed by both catalysts. This process must be
suppressed with the efficient formation of LCu-Bpin catalyst and its chemoselective reaction
with the unsaturated hydrocarbon; 2) Ligand exchange must be suppressed; and 3) Kinetics of
both catalytic cycles must be compatible to avoid formation of undesired products.

Using this synergistic catalysis regime, several carboboration reactions of unsaturated
compounds have been reported and they are outlined below.?

1.1.8.1 Cu/Pd catalyzed carboboration of alkenes

a) Arylboration of alkenes

Semba/Nakao®® and Brown?', reported independently in 2014, the use of transient B-
borylalkylcopper intermediates in coupling reactions of styrene derivatives with aromatic
bromides and B,pin, using synergistic Cu/Pd catalysis. This transformation led to the formation
of 2-boryl-1,1-diarylethanes in good yields, chemo- and regioselectivities (Scheme 14). The
mechanism for this transformation consists in two individual cycles involving Cu and Pd catalysis.
The palladium cycle is initiated by the oxidative addition of the corresponding aryl halide to Pd(0)
to afford intermediate VI. In other hand, the copper catalytic cycle starts with the formation of
borylcopper intermediate Ill which is generated by the reaction of copper alkoxide Il with B,pin;.
Then, the addition of the borylcopper across the alkene afforded the intermediate IV, that after
a transmetalation step with VI and reductive elimination afforded the corresponding product
and regenerate both catalytic cycles.

Brown further demonstrated that his methodology can be applied to the use of cyclic styrene
derivatives to obtain the trans-diastereomer as the major product. This selectivity is due to the
fact that although the insertion of the alkene into the boryl copper complex occurs with syn
selectivity (intermediate IV), it was proposed that the formation of trans-diastereomer results

22 For a review, see: Rivera-Chao, E.; Fra, L.; Fafiands-Mastral, M. Synthesis 2018, 50, 3825-3832.
'Semba, K.; Nakao, Y. J. Am. Chem. Soc. 2014, 136, 7567-7570.
24 Smith, K. B.; Logan, K. M.; You, W.; Brown, M. K. Chem. Eur. J. 2014, 20, 12032-12036.
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from a Cu-Pd transmetallation which proceeds with inversion of configuration, followed by a
stereoretentive reductive elimination (Scheme 14b).

a) Semba / Nakao, 2014
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Scheme 14. Cu/Pd-catalyzed arylboration of styrene derivatives.

Later, the group of Brown reported a modified method for the arylboration of acyclic styrene
derivatives, which provides selective access to both syn and anti-diastereomers (Scheme 15). %
The use of RuPhos as ligand in the palladium catalyst and SIMes-CuCl in THF (conditions A)
afforded the syn product in modereate to good yields and high diastereoselectivities. However,
when P'Bu was used instead of RuPhos, and base and solvent were changed to NaO‘Amyl and
toluene (conditions B), the anti- diastereomer was obtained selectively. Thus, control over the
diastereoselectivity is due to the effect of solvent and ligand in the palladium complex. In order
to better understand this transformation they carried out the reaction in a stepwise manner
(Scheme 14b). After the formation of C (sp3)-Cu complex | they submitted to reaction conditions
A to afford selectively the syn product. They proposed that the stereoretentive transmetalation
step proceed through transition state Il. On the other hand, when they submitted the copper
complex A to reaction conditions B to afford the anti- product, they proposed the formation of

% Logan, K. M.; Smith, K. B.; Brown, M. K. Angew. Chem. Int. Ed. 2015, 54, 5228-5231.
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the putative transition state Ill for the stereoinvertive transmetalation. A requirement of this
model is the coordination of the copper atom with an external nucleophile to facilitate
transmetalation.
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Scheme 15. Diastereoselective Cu/Pd-catalyed arylboration of styrene derivatives

The enantioselective arylboration of styrenes combining the use of a chiral copper catalyst
with an achiral palladium co-catalyst was also described. In this context, Logan and Brown?
reported the enantioselective arylboration of alkenylarenes using chiral Cu-NHC complex C1.
The reaction works well for a variety of alkenylarenes, providing access to biologically active
molecules from simple starting materials (Scheme 16a). A similar strategy was used by Liao and
co-workers.?” They reported a three component enantioselective Cu/Pd-catalyzed borylative
coupling of styrene derivatives with aryl or alkenyl iodides. For this transformation they used a
copper catalyst bearing a chiral phosphine-sulfoxide ligand (R)-SOP-1 in combination with an
achiral Pd(dppf)Cl, co-catalyst (Scheme 16b).

% Logan, K.; Brown, K. Angew.Chem.Int. Ed. 2017, 56, 851-855.
27 Chen, B.; Cao, P.; Yin, X.; Liao, Y.; Jiang, L.; Ye, J.; Wang, M.; Liao, J. ACS Catal. 2017, 7, 2425-2429.
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a) Brown / Logan, 2017
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Scheme 16. Asymmetric Cu/Pd catalyzed arylboration of styrene derivatives.

b) Allylboration of alkenes

The group of Liao reported a similar strategy for the allylboration of styrenes also using a chiral
Cu/SOP complex (Scheme 17).%2 In this case, the chiral organocopper intermediate generated by
the enantioselective borylcupration of styrene undergoes a transmetalation reaction with a -
allylpalladium complex, generated through oxidative addition of the allylic carbonate into the
Pd(0) catalyst in to a stereochemically retentive manner. This method represents the first
example of asymmetric intermolecular 1,2-carboboration of alkenes in which the desired
products were obtained in good levels of yield and enantioselectivities. Moreover, a broad

functional group tolerance was observed.
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Scheme 17. Enantioselective Cu/Pd-catalyzed allylboration of styrenes.

28 )ia, T.; Cao, P.; Wang, B.; Lou, Y.; Yin, X.; Wang, M.; Liao, J. J. Am. Chem. Soc. 2015, 137, 13760-13763.
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1.1.8.2 Cu/Pd catalyzed carboboration of alkynes

a) Arylboration of alkynes

The groups of Semba/Nakao? and Cazin®® independently reported the regio- and
stereoselective synthesis of tetrasubstituted alkenyl boronates using a Cu/Pd-catalyzed
arylboration of alkynes. In this transformation alkynes were used as C(sp?) pro-nucleophilesin a
Pd-catalyzed cross-coupling with an aryl halide (Scheme 18a). The method reported by Cazin is