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GENERAL INTRODUCTION

Nature is capable to build highly complex natural products in iterative manner and with
superlative efficiency and perfect stereochemical control, from very simple molecules. Chemists all
over the world have tried to mimic the extreme synthetic ability of nature for more than a century.
Nevertheless, the weakness and imperfection of classical synthetic procedures lie in the multistep
sequences using monofunctional reagents, which usually lead to a slight molecular structure
augmentation of the starting compounds, together with isolation and purification at each stage of the
synthesis, leading to feeble material improvement and to the contrary large amounts of organic waste.

Anyway, the pursuit of creating tools for the streamlined and selective construction of intricate
molecular structures with minimal chemical steps is a fundamental goal in organic synthesis, and it
offers promising prospects for addressing the synthetic inefficiencies mentioned above. In this context,
the application of specific synthetic linchpins, which are chemical species with multiple reactive sites,
facilitating a series of consecutive reactions without the need for isolation and purification at each
stage of the synthesis, stands out as one of the most potent strategies. In the specific, organo-multi-
metallic compounds capable of participating sequentially in multiple electrophilic substitution

reactions seem exceptionally well-suited for this purpose.

In this diversity-oriented synthesis, there has been a notable focus on geminated C(sp3)-
organodimetallic species. They are anticipated to serve as bis-nucleophilic components in various
reaction pathways, enabling the formation of densely 1,1-disubstituted carbon centers through
sequential interactions with two electrophilic partners. While this type of organobimetallic
compounds have been known for a long time, it is only in recent decades that their reactivity has gained
significant attention. Nowadays, the opportunity for them to participate in consecutive reactions with
electrophiles is well-established and has been reported for various di-nucleophilic reagents, such as
1,1-diborioalkanes and 1,1-dizincioalkanes, which have been particularly well-utilized. To a lesser
extent, mixed 1,1-borylzirconioalkane, and 1,1-borylzincioalkanes have also been well-explored.
Conversely, achieving these sequences in enantioselective fashion remains a major challenge. While
various examples of enantioselective bifunctionalization have been reported for the gem-bimetallic
compounds mentioned above, only one example has been reported for gem-dizinc reagents before this

work, and the enantiomeric excess (ee) of the final product is very low.

Within this framework, the specific aim of this project was to bridge this significant gap in the
literature and develop novel, highly efficient enantioselective sequential cross-coupling reactions using

prochiral gem-dizinc compounds.
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The initial segment of this manuscript is devoted to a thorough and inclusive literature review on
the chemistry of geminated C(sp3)-organobimetallic reagents in asymmetric organic synthesis, placing
special emphasis on their sequential bifunctionalization. It also explores the potential for post-
functionalization to create complex molecules of interest with biologically relevant applications, such
as pharmaceuticals and agrochemicals. In addition, a dedicated part on the configurational behaviour

of organozinc compounds is discussed.

The second part of the manuscript is divided into two distinct sections, both focusing on the
development of enantioselective sequential cross-coupling reactions using gem-dizinc reagents.

In the first section, we investigate two catalytic C-C bond-forming reactions employing prochiral
1,1-bis(iodozincio)alkanes in the same pot, utilizing two distinct palladium-based catalytic systems.
The first reaction, non-enantioselective, results in the formation of configurationally labile secondary
benzylzinc species from an achiral precursor, while the second reaction is enantioconvergent,
effectively achieving a highly efficient dynamic kinetic resolution (DKR) of racemic intermediates
(Scheme GI-1). This strategy, new in the area of asymmetric synthesis through two consecutive
electrophilic substitution reactions of geminated C(sp3)-organobimetallics, provides a valuable
methodology for producing complex molecules with high enantiomeric purity in a modular fashion,

serving as interesting building blocks.

15t Coupling 2"d Coupling
__________ E'-X E2-X
vozZn - E’ -
! )\ ' Pd/achiral ligand /l«q Pd/chiral ligand
1 R™ "Zn ' non-enantioselective R™ "Zn enantioselective
""""" racemic (DKR)

configurationally
labile

Scheme GI-1. Enantioselective sequential cross-coupling reaction of prochiral gem-dizincio alkanes in one pot through
two distinct palladium-based catalytic systems.

In the second section, a leap forward is introduced by using a hetero-substituted gem-dizincio
reagent. These hetero-substituted gem-dizinc reagents can be viewed as gem-trimetallic compounds,
opening up a fascinating avenue for achieving three sequential cross-coupling reactions in a single pot.
In this context, we investigated the development of enantioselective sequential cross-coupling
reactions with silyl-substituted gem-dizinc compounds, entailing an initial enantioselective step,

followed by a stereospecific copper-mediated cross-coupling (Scheme GI-2).
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15t Coupling 2"d Coupling
s . E’-X E2-X
0 Zn i N E' .
| ' TM/chiral ligand )\ CuCN-2LiCI
! 1 >
i Si Zn | enantioselective Si Zn stereospecific
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stable (?)

Scheme GI-2. Enantioselective sequential cross-coupling reaction of prochiral silyl-substituted gem-dizincio reagents (TM:
transition-metal).
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PART I: BIBLIOGRAPHIC OVERVIEW

1. C(sp?®)-Geminated Organobimetallics Overview

1.1. C(sp?®-Geminated Organobimetallics Introduction

Due to the overpopulation of the globe combined with persistent changes in environment and
medicine, over the years there has been an increasing need of developing new synthetic strategies to
produce agrochemical products and materials as well as pharmaceuticals for the humankind, in the
most environmentally friendly way possible. For instance, developing tools to achieve the efficient and
selective assembly of complex molecular structures with a minimum of chemical steps is a key
endeavour in organic synthesis. Organo-multi-metallic compounds capable to react sequentially in
multiple electrophilic substitution reactions, avoiding isolation and purification at each stage of the
synthesis, appear ideally suited for this purpose.

In this context, geminated C(sp3)-organobimetallics attract pursued interest. Although gem-
organobimetallic compounds have been known for a long time, it is only in recent decades that their
reactivity has garnered significant attention as powerful and versatile tools.[!l As doubly nucleophilic
species (formal geminal dianion), the opportunity to be engaged in consecutive reactions with two

different electrophiles and form a couple of new bonds is well established (Scheme I-1).

®

: . 1 1
M' = M2, gem-homobimetallic | )'V'\ ¢ E! )E\ E? i
M' # M?, gem-heterobimetallic : R M2 | R™ M2 R™VE2

___________

Scheme I-1. Consecutive reactions of C(sp3)-geminated organobimetallics with two electrophiles (M = metal; E = electrophile).

The field of geminated bimetallic organic compounds took its roots in the 1950’s with the
pioneering work of Wittig, West, and Ziegler in the first preparations of dilithiomethane,[2-4] although
it would take a few more decades for the full chemical behaviour of these compounds to truly develop.
Initially, a few examples of non-stabilized aliphatic geminal dilithium compounds, like
dilithiomethanels! and 7,7-dilithionorbornanel®l (1) were synthesized. These compounds were
prepared by subjecting the corresponding di-haloalkanes to lithium 4,4'-di-tert-butylbiphenylide
(LiDBB) at extremely low temperatures (-100 °C). However, these early geminal dilithium compounds
posed significant challenges due to their high instability. No sequential reactions with two distinct
electrophiles were reported, and only simple quenched with MeOD, CO; (followed by esterification
with diazomethane), dimethyl sulfate and trimethyltin chloride were performed (Scheme I-2).[5.6]
These reactions led to homo-bifunctionalization, limiting the synthetic versatility of these reagents.

Furthermore, when these gem-bimetallic species were heated, they underwent degradation, such as 1
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which underwent ring opening, resulting in the formation of lithio-(lithioethyl)cyclopentene (2), as

evidenced by the creation of the corresponding dideuterated ethylcyclopentene (3).

D D
MeOD L\B
85%
highly reactive ’
Br L | Me. Me : only 1

B E Li : : _hi Y B . :
r LiDBB (4.0 equiv) | : Me,SO,  homo-bifunctionalization ;
_ =, | —T
THF, 100 °C ! : 75%

: MeO,C. ,CO.Me
D Li 100G 1) CO, 2
D20 to rt 2) CHaN,
85%

3,50% O 2 U

Scheme I-2. Simple reactivity of non-stabilized aliphatic gem-dilithio compounds.

Due to the necessity of carrying out reactions at extremely low temperatures, combined with the
limited reactivity observed, interest in working with compounds began to wane. However, the
synthesis of gem-dilithio alkanes gained attention by metalating derivatives containing acidic
hydrogen atoms. In this approach, strongly electron-withdrawing groups like high-valent phosphorus
moieties, phenylsulfones and their derivatives, cyanide groups, etc., became essential, stabilizing the
corresponding gem-dilithio reagents. Here, an entire world opens up, as over the years, countless
examples and procedures in literature have documented this type of stabilized gem-dianions species
in organic synthesis.[’-%1 Nonetheless, the presence of these substituents in close proximity to the
geminal site restricts in some way the potential versatility of these reagents in organic synthesis.
Indeed, some reaction may not be possible due to the compatibility with the other reagents or the
conditions of the reaction, and if these groups are unwanted in the final product, after the desired
bifunctionalization they had to be converted or removed, leading to an increase in chemical step
number, materials, financial resources invested, and a higher ecological impact.

In light of these considerations, the bibliography of this manuscript will not focus on stabilized
gem-bimetallic reagents containing strongly electron-withdrawing groups, and thus completely
avoiding them. Instead, it will focus on non-stabilized or poorly-stabilized gem-bimetallics
characterized by the presence of simple hydrocarbon substituents such as alkyl, allylic, benzyl, etc. In
this scenario, the field of non-stabilized geminated bimetallic organic compounds started in the 1970’s
with the introduction of gem-dizinc reagents. Subsequently, a large range of 1,1-organobimetallic
species have been developed and successfully applied in various useful applications in synthetic
organic chemistry. It is well established that the different reactivity and selectivity of these reagents
strongly depends on the character of the metal-carbon bond providing many possibilities of organic

transformation sequences beyond our imagination.
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1.2. Enantioselective Sequential Reactions of Gem-Bimetallic
Reagents: An Underexplored World

Enantioselective reactions constitute a vibrant domain within modern organic chemistry, and
their importance cannot be emphasized enough. They play a pivotal role in the total synthesis of
natural products, pharmaceuticals, and agrochemicals, all of which frequently feature multiple
stereocenters.[10-12] However, the successfully achievement of enantioselective reactions can be
extremely complex, and harmonizing the precise construction of these stereocenters with the goal of
minimizing the number of chemical steps can present significant challenges.

Building upon the earlier discussion, gem-bimetallic compounds could be ideal candidates for serving
as building blocks in enantioselective synthesis. In fact, utilizing bifunctionalization reactions with
gem-bimetallic compounds may offer a promising avenue for generating enantiomerically enriched
products. Specifically, enantioselective tandem cross-coupling reactions with these reagents are highly
sought after, as they provide a straightforward method for creating stereogenic carbons in
stereocontrolled configurations. The main strategies developed so far for the development of
asymmetric double electrophilic substitution employing these reagents are depicted in Scheme I-3

and can be classified in two general groups.

LM
® Chiral non-racemic ® .R* M

E' -bimetallics 1
la gem E b
__________ \ Ef E /
® *

M

® :
g’ ' * 1
ek | Cat” RAM : R/é\M2 cEt* e \
boM / ; ‘\a Do
i R)\M : Achiral : Racemic : R/L"Mzi

gem-bimetallics gem-bimetallics

....................

Scheme I-3. General strategies for the asymmetric double electrophilic substitution of gem-bimetallic reagents.

A first group concerns the use of chiral non-racemic gem-bimetallic reagents; it includes derivatives
chiral at the carbon bearing the geminated carbon-metal bonds (Ia) or reagents with stereogenic
centers on the carbon backbone (Ib) that induce stereocontrol during electrophilic substitution
reactions of prochiral gem-bimetallic units. For this first group, the stereoselective preparation of the
requisite 1,1-bimetallic reagents has attracted most of the research efforts. The second group is the

realm of asymmetric catalysis and concerns the use of achiral (Ic) or racemic ((%)-Id) derivatives
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engaged in catalytic enantioselective desymmetrization or resolution reactions. These tactics rely
exclusively on catalyst-controlled transformations.

However, despite these potential advantages, the use of gem-bimetallic reagents in
enantioselective bifunctionalization reactions remains a notable challenge, with few documented
examples in the literature. In the following sections, we will list and discuss these examples,
categorized by the type of bimetallic compounds, with a particular focus on the potential synthetic

applications that these reagents could offer.

1.3. Gem-Diboryl Reagents

In the last decades gem-diborylalkanes have emerged as a distinct and promising class of
bifunctional reagents capable of being engaged in a broad spectrum of chemical processes, including
both transition-metal-catalyzed and transition-metal-free cross-coupling reactions, as well as other
functional-group transformations.*3-151 Their chemical stability and non-toxicity allows to operate
simple and safe manipulation and long-term storage.l'¢l However, it is worth mentioning that when
employing these gem-bimetallic reagents, most of the bifunctionalization reactions reported in the
literature are not sequential. After the first functionalization, the monometallic intermediate is isolated
and purified. This leads to greater consumption of solvents, materials, and financial resources,

ultimately increasing the ecological impact.

1.3.1. Chiral Non-Racemic Gem-Diboryl Reagents

Only a limited number of transformations involving enantiomerically enriched gem-diboryl
alkanes have been reported. This is due to the fact that is not so easy to prepare these bimetallics in
high enantiomeric purity. The first groundbreaking in this context was made by Hall, who
accomplished the first efficient synthesis of a highly optically enriched gem-bis(boronate) reagent
(Scheme I-4a).['7] This innovative reaction was possible through a Cu(I)-catalyzed enantioselective
conjugate borylation addition of fS-boronylacrylate 4 with bis(pinacolato)diboron, leading to the
formation of 1,1-diboronate species 5 bearing two different boronyl units and exhibiting an
outstanding 99% ee. With this enantiopure reagent in hands, the authors performed a chemical
transformation of the B(pin) moiety by a stereospecific and chemoselective Suzuki-Miyaura coupling
with aryl bromides leading to access to benzylic boronic esters 6 with inversion of configuration.
Subsequently, the benzylic boronates, after necessarily converting the carboxyester unit into amide
and the -B(dan) group into -BF3K, was engaged in a cross-coupling reaction with p-bromotoluene,

leading to an enantioenriched 1,1-diarylalkane 7 (fundamental pharmacophore or bioactive module
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in pesticides)[819] in good overall yield and excellent enantiopurity. However, in this case the

bifunctionalization is tedious as it requires several manipulations of the boron substitution.

a) Hall et al., 2011 1) KHF,, MeCN
B,(pin), (1.1 equiv) 2) Phl (1.0 equiv)
o CuCl (3 mol%) O Bpin Pd(OAc); (10 mol%) O Ph

(R)-(R)-Walphos (3 mol%) Xphos (20 mol%) R
MeoJ\/\ B(dan) MeOJ\/v\B(dan) . MeOJ\/\ B(dan)
NaOBu (3 mol%) K2COj3 (3.0 equiv)

4 5, 88%, 999 : 6, 92%, 999
MeOH (2.0 equiv) , 88%, 99% ee towe;gc-cl;z% (h10_1) ,92%, 99% ee
THF, rt, 12 h ‘
PPh2 Ar 1) H2804
O V) Ar p-MeCgH,4Br (1.0 equiv) pinacol, THF
— Pd(OAc), (10 mol%) 2) Pyrrolidine
F.e Me 0 Ph Xphos (20 mol%) J?\/Ei‘ 1,2,4-triazole, DBU
Ar = -3.5-(CFaCabla N -Tol K5,CO3 (3.0 equiv) N BF K toluene, 95 °C
R)-(R)-Waloh CPME/H,0 (7:1) 3) KHF,, MeCN
(R)-(R)-Walphos 7,74%,>95% e gs ¢ 20 h 62% (3 steps) 2
b) Chirik et al., 2020 /’\ ﬂi
. 1) KHF,, MeCN { ﬂ'Co’
[CO] 2) Phi (1.0 equiv) Pr. N [Co*
B(pin) (5 mol%) B(pin) Pd-G3 (10 mol%) Ph @/Pr
4 atm H, : PAd3 (20 mol%)
CgH1qq C5H11\/\ - s CgHy
77 "B(dan) penzene, rt B(dan) K2COg3 (3 equiv) B(dan) O Pd-G3
8 17h 9,98%, 96% ee  toluene/H;0 (2:1) 10, 93%, 84% ee NH,
80°C, 17 h Pldé
O Msb
2

Scheme I-4. a) Synthesis of the first optically pure gem-diborylalkane via enantioselective borylation addition, and subsequent
stereospecific di-arylation. b) Enantioselective hydrogenation of a 1,1-diborylalkene and subsequent stereospecific
monoarylation.

Recently, Chirik reported a versatile procedure for asymmetric hydrogenation of gem-
diborylalkenes 8 (Scheme I-4b).[20] Excellent yields and enantioselectivity of the corresponding gem-
diborylalkanes 9 were achieved utilizing the Ci-symmetric pyridine(diimine) cobalt complex [Co]*
along with low pressure of H,. After manipulation of the boron substitution, the authors performed a
first chemoselective arylation (with stereoinversion), albeit with a small loss of enantiomeric purity

(10). However, the authors never mentioned a second functionalization.

An alternative approach for creating chiral non-racemic gem-diboryl compounds involves the
generation of a stereogenic center in close proximity to the geminated prochiral pattern. By leveraging
this nearby stereogenic center, it becomes possible to selectively functionalize one of the two boryl
groups in a diastereoselective fashion. It is worth illustrating in particular two works where the
potential of the bifunctionalization of these gem-bimetallics was well demonstrated. The first one has
been developed by Morken, who enabled the production of enantioenriched 1,1,2-tris(boronates) 11
via Pt-catalyzed enantioselective diboration of alkenylboronic esters (Scheme I-5a).[211 A substrate-
controlled stereoselective intramolecular deborylative alkylation reaction was performed, resulting in

the formation of syn-diol 12 upon alkaline oxidation with very good diastereo- and enantioselectivity.
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However, following this strategy, only one new C-C bond was formed, and the second functionalization
was limited to a simple oxidation. The second work was reported by Meek who achieved the synthesis
of enantioenriched boronic esters 14 through the reaction of 13, with chiral non-racemic epoxides

(Scheme I-5b).[22]

a) Morken et al., 2014

Pt(dba); (3 mol%) Ar Aro
o, . t : o) )
Clugy - Blpin) 2202022 Cl ~_B(pin) _toluene, it 14h Q o'\ o
4 THF, 70 °C, 24 h Y then oH A pr
then pinacol B(pin) NaOH/H,0, Ar = 3,5-(Pr),CgHy
t, 14 h 0 .
r 11, 76%, 94:6 er 12, 70%, >20:1 dr L1
94:6 er
b) Meek et al., 2017 1) allyl bromide
o (2.0 equiv)
. . . CuCl (15 mol% .
B(pin) Ph/<] OLi B(pin) THF, éo C. 24°21 TBSO  B(pin)
——— =
Li” "B(pin) THF, rt |Ph B(pin) | 2) TBSCI (3.0 equiv) Ph =
13 15 min 14 imidazole (3.0 equiv) | 56% yield, 9:1 dr, >99% ee

DMF, rt, 24 h

H,NOMe Pd,(dba); (1 mol%) O

' ' Synlett 2008, ;

' HO MeN ' 2859-2863 TBSO NHCbz . (3_.0 equw)_ RuPhos (1 mol%) OH Y

, H [ )\/=\/\ BulLi (3.0 equiv) 2-Naph-Br, KOH :

' ' € m e m ot

 Ph 5 Ph X then Cbz,0 THF/toluene P oS
' (+)-allo-sedamine ! 85%, 16:1 dr (3.2 equiv) 70°C,12h 54%, >10:1 dr
------------------ >99% ee >99% ee

Scheme I-5. Synthesis of chiral nonracemic gem-bisboryl compounds via generation of a stereogenic center in close proximity to
the geminated prochiral pattern, followed by bifunctionalization.

The resulting enantiomerically enriched gem-bis(boronates) were not isolated and engaged in situ in
a copper-catalyzed allylation. Various subsequent functionalizations were documented, such as the
amination of the remaining boron motif in order to synthesize the piperidine alkaloid, such as (+)-allo-

sedamine, or Pd-catalyzed arylation coupling.

Within the realm of literature, alternative studies have employed this approach to achieve the
synthesis of geminated bis(boronates) with stereogenic center at the a-position, followed by
diastereoselective transformations.[23-25] Nonetheless, none of these studies fully harnessed the
potential of the bifunctionalization of these reagents, rendering their efforts in achieving difficult

enantioselective synthesis somewhat futile.
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1.3.2. Achiral Gem-Diboryl Reagents

So far, we have described all the enantioselective bifunctionalization reactions of
enantiomerically enriched gem-diboryl linchpins and illustrated their synthetic value with the possible
applications in synthesis. As we have seen, in some instances, the preparation of the starting material
has proven to be laborious due to the multiple manipulations required for the different boron
substituents. In this way the recognized benefit of this bimetallic species in asymmetric catalysis are
subject to intrinsic limitations. In this context, thanks to the ease preparation of prochiral geminal
bisboryl species from commercially available precursors such as methylenebis(boronates),[26-28] gem-
dihalides, 29301 alkynes,[31-38] alkenes,[39-411 carbonyls compounds,[#2l carbamates,[*3] esters,[*4] diazo
compounds,#5-48] alkyl halides,[2849] allylic ethers,[50] and boryl alkenes!51] the approach of developing
stereoselective reactions of these type of linchpins have steadily expanded over the past decade,
significantly broadening the scope of synthetic applications of this type of reagent. For this reason, we
will not focus on the synthesis of such reagents, but we will privilege their asymmetric
transformations. However, since the literature in this field is much more extensive, we will try to make
a selection based on the importance and synthetic impact of the applications reported up to the present

day.

In 2014, Morken presented the first enantioselective bifunctionalization of achiral gem-
bis(boronate) 15 (Scheme I-6a).[52 The initial step entailed an enantioselective Suzuki-Miyaura cross-
coupling with aryl halides utilizing a Pd(OAc)2 catalyst in conjunction with phosphoramidite ligand L2,
leading to the production of highly optically enriched (93:7 er) secondary benzylic boronates 16. Then,
a stereoretentive cross-coupling with 2-iodo-4-methylanisole was executed, albeit with a slight
decrease in enantiomeric purity (88:12 er). To enhance the versatility of this methodology, the
deprotection of 17 led to the formation of 18, a well-known precursor in the synthesis of (R)-
tolterodine, a medication employed for the management of urinary incontinence.[53l
Subsequently, in reference to the first step, Morken expanded the range of electrophiles to encompass
alkenyl bromides.[54] This was achieved by employing PdCl, precomplexed with L3 (Scheme I-6b).
This asymmetric cross-coupling resulted in the formation of enantiomerically enriched disubstituted
allylic boronic esters 19, which were readily converted into enantioenriched secondary and tertiary
alcohols (respectively 20 and 21). Furthermore, these boronates proved to be valuable in
stereospecific carbonyl allylations, facilitating the creation of stereogenic quaternary carbon centers

(22).
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a) Enantioselective di-arylation

Me
Phl (1.0 equiv) 2-iodo-4-methylanisole
B(pin) Pd(OAc), (5 mol%) B(pin) (1.0 equiv) OMe
L2 (10 mol%) /\/k Pd(PPhg), (8 mol%)
BnO B(pin) KOH (15 equiv) BnO Ph Ag,0 (1.5 equiv) BnO Ph
15 (1.1 equiv) H,O/dioxane, rt, 12 h 16, 74%, 93:7 er THF, 75°C, 16 h 17, 88%, 88:12 er
Ar AT T Me -~ : Me |
Me><o QP_NM . ! U.S. Patent5, 382, Pd/C (10 mol%)
Me™ - G €2 ! (R)-tolterodine OH! 600 A1, 1995 OMe H,,EtOH
%S L B N
Ar = 4-MeCgH, (Pr)oN Ph

.......................... 18, >99%, 88:12 er

b) Enantioselective alkenylation and
subequent functionalization g HO Me
ArP = NaOH/H,0, PPN
Me L3 < ——~= > Ph Hex
5 \)\ A aChon THF, rt, 2 h 20, 79%, 93:7 er
r= -
N A Hex 3614
B(pin) (1.0 equiv) (pin)B  Me PhNO (3.0 equiv) HO Me
/\)\ PdCl,-L3 (1 mol%) /\/‘\/\ NH,OH /\/\/(
i Ph He
Ph BN ""koH (15 equiv) PP Hex THF, i, 14 h 21, 63%, 93:7 o
(1.5 equiv) H,O/dioxane, rt, 18 h 19, 85%, 93:7 er
PhCHO OH
5.0 equiv Ph
(5.0 equiv) N ph
toluene, 60 °C Hex Me

24h 22, 78%, >99:1 dr, 92:8 er

Scheme I-6. First asymmetric bifunctionalization of prochiral gem-bis(boronates): a) enantioselective di-arylation, b)
enantioselective alkenylation and subsequent various functionalizations.

The success achieved in the field of asymmetric palladium catalysis prompted exploration of gem-
bis(boronates) reactivity with various other transition-metals. In this context, Meek and colleagues
developed a chiral copper complex-catalyzed syn-enantioselective 1,2-addition of 1,1-
bis(boryl)ethane 23 to aryl (i.e. 24a) and alkenyl aldehydes (i.e. 25), resulting in good yield and
excellent selectivity (Scheme I-7a).[55] When cinnamaldehydes non-substituted in a-position were
used, good enantioselectivity (94% ee, and 84% ee) but (basically) no diastereoselectivity (anti:syn,
54:46) were observed. Interestingly, by employing AgOAc as the catalyst source, Meek changed the
stereoselectivity of reaction, leading to the formation of anti-f-hydroxyboronates 24b.[5¢]
Subsequently, Meek broadened the range of electrophiles to encompass a-keto esters while achieving
consistent levels of yield and selectivity.[57l Examples of the second C-B bond stereoretentive
elaboration were accomplished by transformation into alcohols or amines or via homologation

reactions.
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' Me” “B(pin)! AT )
: N >sZ, (1.0 equiv o, 0
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Scheme I-7. Cu-catalyzed syn-enantioselective 1,2-addition of 1,1-bis(boryl)ethane to: a) aldehydes and a-keto esters, b)

ketimines and a-imino esters.

Advancements have been made also in coupling of gem-bis(boronates) with aldimines and

ketimines. Cho described the copper-catalyzed enantioselective 1,2-addition to cyclic aldimines,[5859

ketimines and a-imino esters, 991 enabling the synthesis of interesting products as building blocks for

asymmetric synthesis (Scheme I-7b). These reactions proceeded with outstanding yields and

selectivity, and the presence of ester groups facilitated the transformation of the products into various

chiral highly functionalized heterocycles like oxazolidinones 26 and aziridines 27, upon alkaline

oxidation of the boron moiety.

Allylic substitution reactions have also been well-documented. In 2016, Shi and Hoveyda

introduced a Cu-NHC-catalyzed enantioselective allylic substitution of allylic phosphates, although it

was limited to reactions with non-subtituted bis[(pinacolato)boryl]methane.[¢!] This method exhibited

remarkable regioselectivity (Sn2':Sn2, up to >98:2), leading to the formation of branched homoallylic

boronic esters that could subsequently be transformed into optically active alcohols (up to 98% ee). In
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the same year and using the same non-substituted gem-bis(boronate), Niu presented an alternative
approach for asymmetric allylation by utilizing a well-established iridium-catalyzed enantioselective
allylic substitution reaction allylic carbamates, achieving the same level of selectivity and efficiency.[¢2]

More recently, Cho and Baik developed a copper-catalyzed enantiotopic-group-selective
allylation reaction for prochiral gem-bis(boryl)alkanes 28 (Scheme I-8).[¢3] This method yielded
functionalized homoallylic boronic esters 29 in good yields (66%) and high enantiomeric purity (93:7
er). DFT calculations indicated that the initial formation of a cyclic Lewis acid-base pair intermediate
occurred between LiO*Bu and ‘BuO-Cu. This species plays a key role, promoting simultaneously the
C-B bond cleavage and C-Cu bond formation processes. Various second functionalizations were
showcased to enhance the versatility of this procedure. In particular, 29 were applied for the synthesis
of enantiomerically enriched piperidine derivatives like 30, which present a foundational structure
commonly found in numerous piperidine alkaloids,[®4l such as coniine, sedridine, sedamine and

ethylnorlobelol.[65]

allyl bromide

(1.0 equiv) .
B(nep) CuBr (5 mol%) B(nep) HoN-DABCO, KO'Bu NHNs
L5 (10 mol%) THF, 80°C, 1 h
B oTBS —— . > ~ =
(nep) , LiO'Bu (2 equiv) - OTBS 16 2-NO,-C4H,SO,CI . OTBS
28 (2.0 equiv) THF, rt, 30 h 29, 66%, 93:7 er Et;N, 0°Cto rt,1 h 85%, 93:7 er

....................................

OH o
B R = Me, (-)-sedidrine
R R =Et, (-)-ethylnorlobelol :

° L5 | B
30! 85% (2 steps) CHzclz, 50 C, 6h NMGZ (nep)
93:7 er

| Ph Me | 22252229 NS K2COg, MeCN ' O 0.0
\ (+)-sedamine (+)-coniine eSS | 50°C, 24 h A
; 5 OTBS  2) cat. Grubbs II, 0-p-0

Scheme I-8. Cu-catalyzed enantiotopic-group-selective allylation reaction of prochiral gem-bis(boryl)alkanes, and subsequent
functionalization of the resulting homoallylic boronic esters for the synthesis of enantiomerically enriched piperidine derivatives.

In 2020, Meek reported a successful copper-catalyzed allylboration reaction involving protected
imines 32 and y-disubstituted allyl gem-bis(boronates) 31 (Scheme 1-9a).[6¢] This reaction yielded
highly pure homoallylic amines 33 containing quaternary carbon centers in good yields (79%) and
outstanding diastereo- and enantiocontrol (dr >20:1, 99:1 er). A subsequent functionalization of the
resulting alkenyl boronic ester was performed, synthesizing in this way pyrrolidine derivatives such
as 34.

In the same year, Zanghi and Meek extended the application of the allylboration method to include
carbonyl electrophiles (Scheme I-9b).[67] The allyl addition of 31 to various sterically hindered
ketones was developed, generating tertiary alcohols 35 featuring neighbouring quaternary carbon

centers in excellent diastereo- and enantioselectivity (dr >20:1, 95% ee).
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a) Allylboration reaction of protected imines
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44%, 13:1 dr, 98% ee 95°C. 16 h Ar = 3,5/Pr-4-OMe-CeHs

Scheme I-9. Cu-catalyzed enantioselective allylboration reaction involving y-disubstituted allyl gem-bis(boronates) and: a)
PMB-protected imines; b) ketones; c) aldehydes.

The stereoselectivity was attributed to a proposed six-membered transition state, which minimized
steric interactions between the ligand and the ketone by placing the larger substituent on the ketone
in a pseudoequatorial position. The reaction displayed a wide range of compatible substrates, and the
resulting alkenyl boronates 35 were then transformed into highly substituted tetrahydrofuran 36 and
y-lactone 37. Meek and Liang also illustrated that ,f-unsaturated ketones could serve as valid
electrophiles for allylic gem-bis(boronates).l81 However, this conjugate addition was only
diastereoselective and not enantioselective. Finally, Meek also achieved allyl addition to aldehydes

(Scheme I-9c¢).[¢91 This process was effective for alkyl, alkenyl, and alkynyl aldehydes, leading to the
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production of homoallylic alcohols like 38 with high yields (86%) and enantioselectivity (98% ee), and
good diastereoselectivity (10:1 dr). In addition to being transformed into substituted tetrahydrofuran
and y-lactone compounds (similar to the reaction with ketones), 38 was engaged in further
functionalizations such as Suzuki cross-coupling with 3-bromopyridine.

Other allylboration reactions were reported with other TM-catalysts. For example, Murakami
documented a highly stereoselective allylboration of aldehydes by constructing an allylic gem-diboryl
species in situ through an alkene transposition reaction of 1,1-bis(boryl)alk-n-enes like 39 and 40
catalyzed by palladium or ruthenium, affording respectively alkenyl boronates 41 and anti-1,2-
oxaborinan-3-enes 42 (Scheme I-10a).[70-73]

Additionally, Chen synthesized a-disubstituted gem-diboryl 43 and successfully devised a range

of stereoselective crotylboration reactions without the use of any TM-catalyst (Scheme I-10b).[74]

a) Pd- and Ru-catalyzed stereoselective allylboration of aldehydes

PhCHO (2.0 equiv)
----------------- [Pd(u-Br)(P'Bus)] (2.5 mol%) OH
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' i 3 - X B(pin

: Z B(pin) | . Ph/\‘/\/ (p )
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| E R)-TRIP (10 mol% o RU/ i
EWB(pm) | ( ) ( 0) | MeCN N:(P’Prz
| 40 (1.5equiv) ! DCEftoluene, 4 A MS Ph" IB”’&N'Me
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b) TM-free stereoselective crotylboration reactions

OH
[ , PhCHO (1.0 equiv) é Me
' Me\/\ﬁB(pin): (R)-TRIP (5 mol%) o’ |
: B(pin) ' :
E Me (Pln)E toluene, L: AMS Ph 89%, 97% ee
43 (1.3equiv) ! -45°C Me EIZ > 20:1

Scheme I-10. Stereoselective allylboration of aldehydes with prochiral 1,1-bis(boryl)alk-n-enes: a) Pd- and Ru-catalyzed, b)
transition-metal free.
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1.4. Gem-Borylsilyl Reagents

Gem-borylsilyl alkanes represent a distinctive and unique class in the realm of geminated
bimetallic compounds. Thanks to their robust configurational stability and excellent orthogonal
reactivity, wherein the C-B bond selectively engages in electrophilic substitution reactions while
leaving intact the C-Si bond for subsequent transformations, this family of reagents has been
extensively utilized in the development of asymmetric reactions. However, in practice, the

implantation of the second functionalization step has rarely been documented.

1.4.1. Racemic Gem-Borylsilyl Reagents

Various strategies have been explored in the extensive investigation of chiral racemic a-borylsilyl
alkanes synthesis.[*875-78] However, to the best of our knowledge, there are no enantioselective

reactions reported in the literature so far that employ racemic 1,1-borylalkyl silanes.

1.4.2 Chiral Non-Racemic Gem-Borylsilyl Reagents

Over the years, numerous research groups all around the globe tried to accomplish the
preparation of enantiomerically enriched geminated silylboronates for stereospecific transformations
to achieve complex architectural products. In this context, different synthetic strategies and reactions
have been developed.

The first preparation of enantiomerically enriched of gem-borylsilyl alkanes has been described
in 1983 by Matteson and co-workers, using (+)-pinanediol-derived organoboronic esters with a
homologation reaction with [chloro(trimethylsilyl)methyl]lithium carbenoid,[’] albeit with a
mediocre enantioselectivity (46% ee). After nearly three decades, Aggarwal group reported the
silaboration of chiral non-racemic lithiated carbamates 44, previously generated through
enantioselective deprotonation with (-)-sparteine (Scheme I-11a). In this context, after the formation
of a boronate complex Int-1, a 1,2-metalate rearrangement provide gem-borylsilyl alkanes 45 in 69%
yields and excellent enantioselectivity (297:3 er).[8%1 Enantiomeric ratio was measured only after
conducting a Zweifel olefination step, yielding synthetic useful tertiary allylsilanes 46 with 97:3 er.
Additionally, the authors also developed a domino sequence beginning with the same enantioselective
deprotonation with (-)-sparteine, and then involving a silylation and a subsequent Matteson
homologation reaction, in order to provide enantiomerically enriched (>98:2 er) quaternary
allylsilanes 47, upon final Zweifel olefination. However, the functionalization of the optically active

organosilanes was not performed.
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a) Aggarwal et al., 2011
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Scheme I-11. a) Synthesis of enantioenriched gem-borylsilyl alkanes from the chiral non-racemic lithiated carbamates, and
subsequent stereospecific Zweifel olefination. b) Enantioselective synthesis of gem-borylsilyl alkanes starting from 48, and
stereoselective homologation reactions for the preparation of stereotetrads.

Interestingly, years after the same research group applied the same approach in the stereodivergent
preparation of stereotriads and streotetrads (respectively with three and four contiguous stereogenic
centers).[81]

Recently, again Aggarwal reported a novel protocol for the enantioselective preparation of a-
silylboronates using the chlorosilyl compound 48 (Scheme I-11b).[82] A high diastereoselective
control of the lithiation step was possible thanks to the chelating side arm of the proline derivative,
allowing to obtain the related lithiated o-silyl carbenoid 49 with excellent enantioselectivity.
Subsequently, 49 was allowed to react with boronates in a stereo-controlled homologation, affording
gem-borylalkyl silanes 50 in good to excellent yields and high degree of enantiopurity. The authors
demonstrate that the directing group is not a problem for synthetic purposes, and it can be easily
removed through an iridium-catalyzed photoredox cleavage. They thus performed iterative
homologation transformation with chiral non-racemic lithiated carbenoids to afford the
diastereoselective preparation of anti-polypropionate stereotetrads 51, which are more challenging
to synthesize since the classic aldol and crotylation methodologies are not stereoselectively
efficient.[83-87]

In 2013, Roush and Chen prepared enantiomerically enriched geminated borylsilyl alkanes 53 by

non-catalyzed hydroborylation strategy, involving (-)-diisopinocamphenylborane and racemic
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allenylsilane 52 (Scheme I-12a).[88] Once the hydroboration was done, they subsequently performed
in situ a crotylation of aldehydes. Using this strategy, (E)-6-silyl-anti-homoallylic alcohols 54 was
obtained in high yield (85%) and ee (95%). However, the second functionalization of the C-Si bond

was not reported.

a) Roush and Chen, 2013
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PhMe,Si toluene, 8 h (=)-lpc) Me Me (-)-(Ipc),BH
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b) Hoveyda et al., 2014 ofh  Ph
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Scheme I-12. a) Synthesis of enantiomerically enriched gem-borylsilyl alkane through non-catalyzed hydroborylation strategy.
b) Cu-NHC complex-catalyzed enantioselective proto-borylation of vinylsilanes for the synthesis of chiral non-racemic gem-
borylsilanes and the total synthesis of bruguierol A.

In the same year, Hoveyda described a novel efficient copper-NHC complex-catalyzed enantioselective
proto-borylation of vinylsilanes to obtain chiral non-racemic gem-borylsilanes 55 (Scheme I-12b).[8°]
The exquisite regio- and enantioselectivity (95% ee) is dictated from the aromatic substituent
stabilizing effect in synergy with the imidazolium scaffold of the ligand (L9). For this reason, in cases
of alkyl substituents on the alkenylsilane, the a-regioselectivity was completely inverted to the -
position. To probe the versatility of the transformation and explore synthetic valuable applications,
the authors showcased the total synthesis of bruguierol A, a pharmacologically active natural product
effective against Gram-positive and Gram-negative bacteria.l?0.91]

Among all the methodologies for the synthesis of enantioenriched gem-borylsilyl alkanes, the

hydrosilylation developed by Morken is the only one that employs catalytic amounts of transition-
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metal catalyst, achieving both high enantiomeric excess and yield without using S-aryl-substituted
alkenylboronates.[?21 Through the use of a platinum-phosphoramidite L11 complex, a wide variety of
differently functionalized vinylboronic esters were converted into chiral non-racemic gem-borylsilyl

alkanes like ent-45 with excellent yields and ee (Scheme 1-13).

H,0
Ph OH 2¥2
KOBu, H,NOMe
58,89%, 94:6 er SiMe,ph oM NaOH toluene, 80 °C, 16 h Ph NHBoc
then BOCzO 57’ 72% SlMeZPh
Pt(dba)s (3 mol%) t,1h 94:6 er
L11 (6 mol%) P RREEREEEEEEEEERES y
Ph._~x-B(pin) HSiMe,Ph (1.2 equiv) - Ph B(pin) i "BuLi, BrCH,CI B(pin)
MTBE, rt, 14h SiMe,Ph ! Nao]é Ph  SiMe,Ph
ont45,90% 945 ort 1O ERT 7,
Ar Ar
Me><o O'P—NCI KH, ‘BuOOH KO'Bu, H,NOMe
Me™ "o Iol Ph O NH KF, DMF NHBoc toluene, 80 °C, 16 h
Ar” Ar \\<o 60°C,2h  Ph  SiMe,Ph then Boc,0
Ar = 3,5-(0Pr),CqH3 56 749 77% . 1h
L1 93:7 er, 98% es (3 steps)

Scheme I-13. Preparation of enantiomerically enriched gem-borylsilyl alkane ent-73 via Pt-catalyzed enantioselective
hydrosilylation of alkenyl boronate 94, and successive various functionalizations.

The synthetic potential of these reagents was illustrated through two key demonstrations: the total
synthesis of oxazolidinone 56 in a telescope sequence with 98% es over 3 steps, and the
transformation of the boron unit into an amine and hydroxy group, forming respectively a-silyl amine
57 and a-silyl alcohol 58. In particular, these compounds have shown to have interesting application

as amino acid bioisosteres,[°3] and as chiral auxiliaries.[94]

Kinetic resolution was also employed as a synthetic route for enantiomerically enriched gem-
boryl silanes. This approach was developed by Cho, who elegantly exploited the kinetic resolution of
a-silyl-substituted allylboronate (+)-59 via a chiral phosphoric acid-catalyzed chemo-, diastereo-, and
enantioselective allylboration of various benzaldehyde to furnish 60 (Scheme 1-14).51 The key step
of the kinetic resolution relies on the chair-like transition state TS-1 through coordination with the
chiral phosphoric acid. In this context, the silyl unit occupies a pseudo-axial position to promote the
minimal steric repulsion between silyl and boryl groups. The significant difference of the two rate
constants facilitates an efficient kinetic resolution process. Various, albeit simple, functionalizations
have been performed with both enantiomerically enriched species leading to interesting optically

active compounds.
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OH
TBAF :
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= 70%, 98:2 er
PhCHO Ph/Y\
__________________ (1.0 equiv) Me SiMe,Ph
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THF/H20, rt SiMe2Ph
3h 87%, 98:2 er

Scheme I-14. Kinetic resolution for the preparation of enantiomerically enriched gem-boryl silanes.

Finally, a few years ago, Cho described an interesting way to prepare enantiomerically enriched
benzylic gem-silylboronates 62.1°1 They developed a highly efficient enantiotopic-group selective Pd-
catalyzed Suzuki-Miyaura cross-coupling of gem-bis(boryl)methylsilane 61 and aryl iodides (Scheme
I-15).

L12 Me PhBr (1.5 equiv) Ph
@/(PAr cat. Pd(OAc), :
Fle PCy, ICH,CI, "BulLi cat.(x)-BINAP SiMe,Ph
i @ THF NaOH Me0/©/\
Ar = 3,5-(CF3)2CeH3 _78°Ctort THF/H,0, 100°C

74%, 96% ee

p-(MeO)CgHyl (1.0 equiv) -------------=-- RGRRRE
B(pin ! .
B(pin) Pd(TFA); (5 mol%) 2{pin) ! NH,OMe, "BulLi NHBoc

Py L12 (5 mol%) 5 SiMe,Ph | THF, =78 to 60°C SiMe,Ph
(pin)B SiMe,Ph ; !
NaOMe (3 equiv) | MeO then Boc,O MeO

. Nal (1 equiv) 62, 98%, 96% ee !
61 (1.5 equiv) 14-dioxane, rt, 3h  Smmmmeemmeiemmeiemsmeosl 47%, 90% ee

OH

NaOH/H;0, /©/.\SiMezPh
MeO 91%, 96% ee

Scheme I-15. Enantiotopic-group selective Pd-catalyzed Suzuki-Miyaura cross-coupling of gem-bis(boryl)methylsilane for the
synthesis of optically active benzylic gem-silylboronate, and subsequent various functionalizations of the C-B bond.

The gem-bimetallic species obtained were converted into other synthetically valuable products such
via C-C and C-heteroatom bond-forming reactions, emphasizing the value of these building blocks in
asymmetric synthesis. However, in none of these transformations the functionalization of the C-Si

bond was performed.
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1.5. Gem-Silyl Grignard Reagents

The use of gem-silyl Grignard reagents in enantioselective transformations can enable the
synthesis of enantioenriched organosilanes, as intermediates after the first functionalization. These
species hold a distinct position in the repertoire of organic chemists, serving as versatile reagents for
the preparation of complex molecules, owing to the extensive range of transformations possible
through the C-Sibond, along with the exceptional functional group tolerance they display.[?7.98] Despite
these premises, the gem-silyl Grignard reagents have received very few attentions and no
enantioselective bifunctionalization reactions have been reported. However, it is worth mentioning
what has been done in this context briefly.

Kumada reported the first enantioselective transformation of racemic a-
(trialkylsilyl)benzylmagnesium bromide 63 involving a Pd(II)-catalyzed alkenylation, leading to
optically active allylsilanes 64 (Scheme I-16a).[°°]

a) Phenyl-substituted a-silyl Grignard reagent

R2
R'" R? yield (ee
R1J\/Br (1.0 equiv) ) | yield (ee) |
MgBr . R Ph H H  42% (95%)
. PdClz'L13 (0.5 mol%) 1J\/T\ ) Ph H 93% (95%)
Ph™ "SIMes Ei0,0t015°C, 2-5days SiMes | 'H Ph 95% (13%)
63 (4.0 equiv) 64 H Me 38% (24%)

b) Alkyl-substituted a-silyl Grignard reagent

RX-B" (1.0 equiv)
P PACIL13 (0.5 mol%)
Me™ “SIEL  Et0,-10100°C, 890 h
65 (3.0 equiv) R = Ph, 88%, 93% ee
R = Me, 36%, 85% ee

Me

MgBr M
RITNAsiE, 66

Scheme I-16. Enantioselective Pd-catalyzed alkenylation of: a) racemic a-(trialkylsilyl)benzyl magnesium bromides, b)
alkylmagnesium bromides.

However, it is worth noting that a significant amount of the a-silyl Grignard reagent (4.0 equiv) was
necessary to achieve good conversions, and allylsilanes 64 were obtained with high enantiomeric
excess only when simple ethylene bromide or (E)-substituted vinyl bromides were employed. The
authors did not perform any second functionalization. Unlike vinyl electrophiles, the use of the same
catalytic system for the cross-coupling of phenylbromoacetylene with 63 did not produce good results,
furnishing the corresponding propargylsilane with a very low enantiomeric excess (18% ee).[100]

A few years later, in 1986, the same authors expanded the protocol to racemic alkyl-substituted
a-silyl Grignard reagent 65,[101] although once again, no further functionalization of the optically active

organosilane 66 was performed (Scheme I-16b).
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1.6. Gem-Borylzirconio Reagents

The chemistry of C-B bond is well established, making the mono-organoboronates one of the main
useful synthetic tools in the armoury of organic chemists. The chemistry of organozirconium reagents
is also well-known and developed. Nevertheless, despite these premises, gem-borazirconocene
alkanes have received very few attentions and remain so far largely underexplored (as their analogue

gem-zincazirconocenes).

1.6.1. Racemic Gem-Borylzirconio Reagents

The addition of Cp2ZrHCI (also known as Schwartz’s reagent)[102-104] to B-alkenylborabicyclo-
[3.3.1] nonanes (B-alkenyl-9-BBN)) resulted in the successful formation of the expected gem-
bimetallic species. However, these compounds displayed significant instability and proved to be
difficult to characterize.[195] On the contrary, alkenyl boronates has been employed to synthesize a fair
variety of racemic gem-borylzirconocenes 67 , which proved to be considerably more stable than the
aforementioned ones.[100] In this context, Srebnik explored the general reactivity, primarily of the
zirconocene motif in the first functionalization, illustrating simple transformations such as

halogenation and amination (Scheme I-17a).[107]

O=N-0 Br
U nBu

a) Srebnik et al., 1994-1996 \)\B(pin) 98%
0
Me (o} .0

---------------- S;
! i O-NH,
; ZrCp,Cl | NHAc
"Bu\/\B( in) m n P2 P Me”T ™" "Me gy,
; | B(pin) B(pin)
CH,Cly, rt ; 67 (pln): then Ac,0 1o,
e
. o
"Bu "
CuBr-SMe ]
(10 mol%) B(pin) 68 94%,9:1dr
b) Qi et al., 2020
(1.0 equiv) .
B(pin) NiBr,-glyme (5 mol%) E(pm)
P L14 (7 mol%) Ve
Me™ “ZrCpoCl pye LEDs, THF, rt N
69 (2.0 equiv) 70, 71%, 56% ee

Scheme I-17. a) Synthesis of racemic gem-boryl zirconocene 117 and his general reactivity. b) Ni-photocatalyzed
enantioselective arylation of racemic gem-borylzirconocene 124.
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Moreover, Cu-catalyzed nucleophilic substitution and addition reactions were also examined. In
particular, under these conditions, the conjugate 1,4-addition to cyclic @,f-unsaturated enone was
observed to favor the anti-adduct 68 with good diastereoselectivity (9:1).[198] However, in all these
examples the second functionalization was limited only to a simple oxidation of the C-B bond.

If we examine enantioselective transformation employing racemic gem-borazirconocene alkanes,
only one have been reported in the literature so far, by Qi, who described a nickel-photocatalyzed,
cross-coupling reaction of 69 with aryl halides (Scheme I-17b).[1091 Nevertheless, while the protocol
is well developed in racemic fashion employing a nickel-bipyridine complex, its operation in an
enantioselective manner with the aid of a chiral bis(oxazoline) ligand L14 resulted in only moderate
enantiomeric purity (56% ee) of the product 70. Additionally, the second functionalization was not

performed.

1.6.2. Chiral Non-Racemic Gem-Borylzirconio Reagents

Only one method has been reported so far for the preparation of enantioenriched gem-
borylzirconocene alkanes (Scheme I-18). In this context, Srebnik developed a diastereoselective
hydrozirconation reaction of optically pure vinylboronic esters 71.11101 After quenching the resulting
a-boryl zirconocenes 72 with D;0 and oxidizing the boron unit, high yields (77-99%) and
enantioselectivity (80-93% ee) of the corresponding a-deuterated alcohols 73 were attained,

indicating the high optical purity of the bimetallic species.

R ZrCp,Cl
= P
~B \O>...ph CpziHcl R 50, o _ DO
N CHClh it /" then
2vl2, N R e L LT RN
71 g M 72 z NaOH/H,0, ' (Schwartz's reagent) |
Bu By C Cp,ZrHClI |
--------------- Selected examples =-==-==-=--=--msmmsmm oo @H '
. Zr. :
"Bu Clio Bu Phw : % “

90%, 80% ee 92%, 85% ee 78%, 82% ee 99%, 85% ee 89%, 93% ee

Scheme I-18. Diastereoselective hydrozirconation of optically pure vinylboronic esters for the preparation of enantioenriched
gem-borylzirconocene alkanes: synthesis of optically active deuterated terminal alcohols.

This approach facilitates the straightforward synthesis of optically active deuterated terminal alcohols
73, a category with limited representation in the literature,[111-113] thus significantly enhancing the
value of this protocol. Nevertheless, this sequential reaction is the only one reported by the authors,

which somewhat restricts the synthetic versatility of these bimetallic reagents.
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1.7. Gem-Borylzinc Reagents

In the last few years, regarding the domain of a-boryl organometallics, the popularity of a-boryl
zinc species as versatile reagents in asymmetric synthesis has increased considerably. In fact, given
that the organozinc reagents undergo transmetallation with transition metal salts more readily than
organoboranes, the C-Zn bond can participate in cross-coupling reactions with various electrophiles
with high functional group tolerance, leaving the C-B bond intact for another C-C or C-heteroatom
bond construction reactions. With this strategy, several chiral organoboron compounds can be
potentially obtained, and most important, the resulting alkylboronic esters which are chemically and
configurationally stable can be applied in a myriad of stereospecific transformations.[114-117]

The synthesis of racemic a-boryl zinc reagents have been successfully achieved following three
strategies (Scheme I-19). The initial two methods typically involve the transformation of a-boryl
halides, either via the oxidative addition of zinc metal to produce a-borylzinc halides 74 or through
halogen-zinc exchange with Et;Zn resulting in di(a-boryl)alkylzincs 75.[118-1201 The third strategy
instead entails a carbometallation reaction involving alkenylboronates and allylic zinc reagents to

furnish gem-borylzinc reagents 76.[121-123]

a) Starting from a-boryl halides

Et,Zn R’
T (>)2_ Zn Halogen-zinc exchange
..... e (RO)2B 75
: i
{(RO);B =
e ; . R!
(X =1, Br) ﬂ, >—ZnX Reductive metallation
’ THF (RO),B 74
Carbometallation

Scheme I-19. Strategies for the preparation of racemic gem-borylzinc reagents.

1.7.1. Racemic Gem-Borylzinc Reagents

The initial two approaches starting from a-borylzinc halides were pioneered by Knochel.[118-120]
With the synthesis of these unique building blocks in hands, in 1990 Knochel and co-workers achieved
the first stereoselective transformation (Scheme I-20).0118] They made a significant breakthrough by

discovering that the addition of stoichiometric quantities of CuCN-2LiCl to the resulting a-boryl
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alkylzinc halides 77 substantially enhanced the nucleophilicity of organozinc reagents, leading to the

creation of a-boryl zinc-cuprates 78.

o Ph O
Ph/\)LMe (p|n)B\‘/'\/[LMe
»
more nucleophiic._ (0.65 equiv) Hex
: : 80, 79%, >99:1 dr
ZnBr CuCN-2LiCI : Cu(CN)ZnBr E o
Hex” “B(pin) THF,0°C  : Hex” “B(pin) CO,Et o
77 : 78 : Ph.
""""""""" ! CO,Et  (pin)B CO,Et
(0.75 equiv) Hex CO,Et

79, 95%, >99:1 dr

0 0
81 i CO,Et
H,0, DMSO 2 NaOH/H,0
80%, >99:1 dr T O\ﬁ/ 22

R heat R
Hex\ Ph Hex\ Ph 86%. >99:1 dr

Scheme I-20. 1,4-addition of gem-borylzinc-cuprate reagents to 3-branched Michael acceptors and post-functionalizations.

These intermediates were then allowed to react with a range of electrophiles. Notably, the
transformations with f-phenyl-substituted Michael acceptors such as benzylidenemalonate and
benzylideneacetone, displayed remarkable diastereoselectivity, predominantly yielding the syn-y-
(dialkoxyboryl) 1,4-adducts (respectively 79 and 80 in good yields and outstanding diastereomic
ratios (syn:anti, >99:1). Moreover, alkylboronic esters derived from this procedure possess significant
synthetic versatility. For example, 79 was transformed by oxidation and subsequent decarboxylation
to the corresponding trans-lactone 81 (attractive building block for the synthesis of natural
products)[124l with complete stereoretention.

Years later, Miyaura and co-workers reported that the sequence of addition of the Knochel's
copper(I) a-borylzinc reagents 82 to benzaldehydes in the presence of BF3:OEt; takes place with good
levels of diastereoselectivity (Scheme I-21). Interestingly, subsequent oxidation of the boronic ester
group with alkaline hydrogen peroxide led to synthetically intriguing anti-diol 83.[1201 The erythro-
selectivity can be aptly elucidated through the transition state TS-2, wherein the boronic ester moiety
and the carbonyl oxygen are arranged in anti-positions to each other in order to minimize the steric

hindrance, analogous to the configuration of methyl and phenyl groups.
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Scheme I-21. Addition of the Knochel's copper(I) a-borylzinc reagents to benzaldehyde.

The first enantioselective reaction employing non enantioenriched gem-borylzinc halides was
reported only in 2021 employing the achiral B(pin)CH.ZnI (84) (Scheme I-22). Indeed, despite being
the simplest gem-borylzinc halide to be prepared,[*18]1 84 has been underexploited until recently.[125-
128] In this context, Zhan and Guo developed an iridium-catalyzed enantioconvergent cross-coupling of
84 with racemic branched allylic carbonates 85.[1291 Of course, using this gem-borylzinc reagent the
stereogenic information is introduced at the electrophilic carbon of the allylic carbonate, leading to the
formation of chiral homoallylic organoboronates 86. The authors performed various functionalization

of the boron moiety showcasing the synthetic utility of this procedure.

LiCH,CI ;/\OH

then NaBO3-4H,0 ph NF

84

B(pin)CH,Znl
(1.3equiv) ool 75%, >99% ee

[Ir(cod)Cl], (2 mol%) {86 _B(pin) ! CQ O
)Oi‘; L15 (8 mol%) | = : P 5 o I
Ph 1,4-dioxane, rt, 12 h L PR OO o
191%, >99% 6 ! O
85 (2170, >99% ee, /@ L15
~s

’1) Thiophene, "BuLi

then NBS -
Ph” " OH
2) 9-BBN

then NaOH/H,0, 75%, >99% ee

Scheme I-22. Ir-catalyzed enantioconvergent cross-coupling of B(pin)CHzZnl and branched allylic carbonates, and subsequent
C-B bond functionalization of the resulting enantioenriched homoallylic boronates.

In 2001, Nakamura and co-workers unveiled the versatile potential of alkenylboronic esters as
starting materials for carbozincation reactions.[*21] Within this framework, the addition of allylic zinc
reagents to vinyl boronic esters demonstrated complete regioselectivity and quantitative conversion,
yielding highly versatile geminated borylzinc compounds 87 (Scheme I-23). Subsequent electrophilic
trapping of these intermediates led to a diverse array of organoboronates 88, with good yields (83-
95%). Following this synthetic methodology, only one attempt has been made in enantioselective

fashion, involving the installation of a chiral bis-oxazoline motif in place of the butyl group on the
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organozinc reagent 89 (Scheme 1-23b). Unfortunately, the outcome displayed unsatisfactory

reactivity (21% yield), and a mere chiral induction (44% ee).[121]

a) Allylzincation of vinylboronates
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b) Asymmetric allylzincation of vinylboronates
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Scheme I-23. a) Regioselective carbometallation addition of allylic zinc reagents to alkenylboronic esters; b) asymmetric
carbometallation of 89 to vinyl boronates.

Nevertheless, the significant synthetic value of these sequential reactions in asymmetric synthesis
was established three years later by the same research group through the development of
carbozincation reactions involving alkenylboronic esters and zincated hydrazones 90 (Scheme I-
24).1122,123] In this elegant procedure, the anti (or syn) stereoselective 1,2-addition of 90 to respective
1,2-disubstituted E- (or Z-) alkenyl boronic esters was demonstrated to furnish three consecutive
stereogenic carbon centers located at positions «, , and y to the imine carbon (i.e., 91a or 91b). The
outstanding diastereoselectivity observed (up to >99%) is well rationalized by a six-membered boat-
like transition state TS-3. Additionally, it is possible to generate an extra stereogenic center after cross-
coupling of the a-borylzinc intermediate with a carbon electrophile, such as compound 92, thereby

resulting in the formation of a consecutive series of four stereogenic centers.
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Scheme I-24. Stereoselective anti (or syn) 1,2-addition of zincated hydrazones to respective 1,2-disubstituted E- (or Z-) alkenyl
boronic esters.

The same research group further highlighted the potential applications in asymmetric synthesis,
employing the optically active (S)-1-amino-2-methoxymethylpyrrolidine (SAMP) hydrazone 93
(Scheme 1-25).11231 The resulting chiral enantiomerically enriched zincated hydrazone 94 was then
subjected to reaction with the alkenyl boronates, and subsequently trapped with allyl bromide
furnishing the desired product 95 with satisfactory yields and excellent diastereoselectivity and
enantioselectivity (48% yield, >99% ds and >99% ee after recrystallization). Worth noting is the fact
that the absolute configuration of the a-carbon contrasts with that observed at the a-carbon of
analogous products generated through the alkylation reaction of lithiated SAMP hydrazones with alkyl

halides. This phenomenon underscores the promising utility of this synthetic sequence.

OMe OMe
Me __~ .

QJ 1. BuLi QJ ~Z 7 B(pin)

Me N 2.2ZnCl, Me.  N-ZnBu  1)hexane,rt, 72 h
—_—

>_& \ 2) CuCl, allyl bromide
Me Me Me Me Et,0,0°C, 4 h
93, >99% ee 94

95, 63%, 95% ds
(48%, >99% ds, >99% ee after recrystallization)

Scheme I-26. Enantioselective carbozincation reaction of (E)-alkenyl boronates with 94.
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1.7.2. Chiral Non-Racemic Gem-Borylzinc Reagents

Despite their well-established reactivity enabling a sequential two-step procedure for the
assembly of complex molecules in a straightforward manner, for the preparation of enantioenriched
gem-borylzinc reagents only one method has been reported so far (Scheme I-27). In this context,
Morken developed the synthesis of enantiomerically enriched, configurationally stable a-borylzinc
reagents like 96, via catalytic enantioselective carbozincation of vinylboronic esters.[130] This process
involved the use of a nickel-L16 complex with arylzinc chlorides at low temperature (-40 °C), and
stoichiometric amounts of methyl iodide. The latter one facilitates the oxidation of low-valent inactive
Ni(II) species into the highly unstable Ni(IlI) species which is quickly converted into the active Ni(I)
species. Subsequently these enantioenriched a-borylzinc species were engaged in Cu(I)-mediated
allylations and Pd(II)-catalyzed cross-coupling reactions in a stereospecific manner, affording
enantioenriched secondary boronic esters, which were directly converted in the corresponding

alcohols (i.e. 97 and 98) with good yields and enantioselectivity.

CuClI-2LiCl (1.0 equiv) OH

PhZnClI (2.0 equiv) allyl bromide (3.0 equiv) PhM
NiBr, glyme (20 mol%) then NaOH/H,0,
L16 (20 mol%) B(mac) 97, 59%, 89:11 er :“"P-h----l;t;-"\:
Mel (2.0 equiv) . N |
B Ph — - :
(mac) THF/DMSO/DMF \/anCI I\/\Ph (4.0 equiv) OH : MeHN|_16NHMe:
1. _ o 96 /'
(10:1:1), -40°C, 18 h PA(OAC), (Bmoi%) o X e
Ph

P(4-FCgHy)3 (10 mol%)
then NaOH/H202 98, 550/0, 86:14 er

Scheme I-27. Synthesis of enantioenriched gem-borylzinc compounds through Ni-catalyzed enantioselective carbozincation of
vinylboronic ester with arylzinc chlorides, and sequential stereospecific reactions.

The authors highlighted the significant synthetic potential of the enantioenriched homoallylic
boronates 99 and 100 obtained by this procedure, by applying it for the total synthesis of natural
products of biological relevance such as (-)-enterolactonel131.132] and (-)-aphanorphinel!33] (Scheme
I-28). Note that in the latter synthesis, the authors do not report the enantiomeric purity of the
obtained (-)-aphanorphine.
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Synthesis of (-)-enterolactone
1) OsO4 (5 mol%)

"BuLi (3.0 equiv) NMO (3.0 equiv)

B(mac) CH,BrClI (3.0 equiv) \/L/\ thHg%/E?SM(Zrto 15h ) 0} o
_78° en Na equiv
Ar\/'\/\ 78 °Ctort 4 Ar\/r\>:
then H,O,/NaOH ) PCC (/5.0 equiv)
Ar = 3-(MeO)C6H4 73% S|||Ca, rt, DCM, 2 h 76% (2 steps)

99, 56%, 88:12 er

1) LDA (1.2 equiv)

o] -78°C,1h
/@\/L/Eo then 3-MeOBNBr (2.0 equiv)
(-)-enterolactone / HMPA (1.0 equiv)
65%, 87:13er  HO z -50 °C, 2 h
HO 2) BBr3 (4.0 equiv)
DCM, 0 °C to -20 °C, 12 h

Synthesis of (—)-aphanorphine

H KO'Bu (1.3 equiv) 1) AICI5 (15.0 equiv)
Cl N. toluene/THF (10:1 MeOH (15.0 equiv)
B(mac) OMe 110 °C, 15 h ) DCM, 0 °Ctort, 3h
then K,CO3 (10.0 equw) 2) Pdy(dba)s (2.5 mol%)
100, 41%, 90:10 er CICOE (10.0 equiv) 55% ‘BuXPhos (10 mol%)
DCM/H,O KOH (3.0 equiv)
Me H,O/dioxane (1:1)
HO 100 °C, 24 h
(<)-aphanorphine LiAlH4 (4.0 equiv)
76% N-Me  THF, 60°C, 15h

51% (2 steps)

Scheme I-28. Valorization of the enantiomerically enriched homoallylic boronates 99 and 100: total synthesis of (-)-
enterolactone and (-)-aphanorphine.

1.8. Gem-Zincazirconio Reagents

Despite their potential synthetic application as attractive synthons, gem-zincazirconio reagents
have not received particularly attention, probably due to their high instability (decomposition after 10
minutes at room temperature).['34 For their preparation, as hydrozirconation of olefins has been
employed for the synthesis of organozirconium compounds,[135-137] so the addition of Cp2ZrHCI to
alkenylzinc halides has been applied to synthesize a large variety of this type of gem-bimetallics

(Scheme 1-29).[138]

ZnX

CpoZrHCI
R1
= 2 T
R CHCly, rt, 1 min

H

Cp,ZrHCI = v .H

z
(Schwartz's reagent) % Cl

Scheme I-29. Preparation of gem-zincazirconocene alkanes by addition of Cp2ZrHCl to alkenylzinc halides.
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Although gem-zincazirconocene alkanes exhibit high instability, they have been used
predominantly for the formation of functionalized alkenes (Scheme 1-30). In fact, if a carbonyl
compound is added immediately after the formation of the gem-bimetallic reagent, a stereoselective
olefination reaction takes place affording prevalently (E)-alkanes like with good yields and satisfactory
(E)-stereoselectivity.[135136.139] The mechanism appears to be very similar to the Wittig-type reaction
involving the formation of an ordered cyclic intermediate Int-2, which subsequently eliminates the

zirconium oxide moiety, and effectively explaining the (E)-stereoselectivity of the transformation.[*39]

e} it Mechanism ---------------

ZnCl S : ¢l :

H™ "R? R! ! Cpazr-~ CpoZr—O |

R1J\ZGCQCI \/\Rz LR P2 -0 ” A . :
CH,Cly, 1t, 14 h RL—§L = R H |

© H znCl N R2 —ZnCl; H R2

R'= Bn, R2= "CgHy, 89%,98:2 (E/2) o] Int-2 |

R'= C4HgCN, R?= "CgHy3, 55%, 94:6 (E/Z)

Scheme I-30. Olefination reaction of gem-zincazirconocene alkanes with aldehydes.

However, it is important to note that to the best of our knowledge, no applications of gem-zincazirconio

reagents in sequential reactions with two different electrophiles have been reported so far.

1.9. Gem-Dizinc Reagents

Since their discovery by Frankland in 1848,[140] organozinc compounds have proven to be highly
valuable reagents for transition metal catalyzed cross-couplings and nucleophilic addition
reactions.[141-144] Their ability to tolerate common electrophilic functional groups such as ketones,
esters, and nitriles, coupled with the inherent reactivity of the carbon-zinc bond, positions them
perfectly for synthesizing intricate functionalized products.[145-1471 And what could be better than one
organozinc functionality? Well, obviously the answer could be having two organozinc functionalities
on the same carbon, enabling a straightforward way to construct very complex molecules. Notably,
gem-dizinc compounds, which correspond to this characteristic, have exhibited remarkable efficacy in
organic synthesis that surpass our expectations. Since the mono organozinc intermediate cannot be
isolated after the first functionalization, it necessitates the execution and development of sequential
reactions. These sequential bi-functionalization reactions are more environmentally friendly, as they
require only one isolation and purification step, resulting in reduced consumption of solvents,
materials, and resources.

As this topic constitutes the primary focus of this Ph.D. research and manuscript, hereafter we will

comprehensively detail the synthesis and the reactivity of gem-dizinc compounds, including in a
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racemic manner, to truly grasp the synthetic potential and application of these intriguing building

blocks.

1.9.1. Synthesis of Gem-Dizinc Reagents

The synthesis of C(sp3)-geminated organodizinc compounds has been accomplished through
regioselective carbometallation of alkenylmetal compounds or metal insertion of gem-dihaloalkanes
(Scheme I-31). A unique instance, not depicted in Scheme I-31 but to be elucidated later, involves metal-
halogen exchange for the creation of a particular gem-dizinc carbenoid.

What the reader will discover is that, depending on the method of preparation, the nature of the gem-dizinc

reagents changes completely, resulting in significant variations in their reactivity.

---- Carbometallation ----

\ E Zn E X E
INM s A | K | == Rz
: | ' Zn : X :
i (M = Li or Mg) ' — i (X=Brorl)
. ; gem-dizinc LR !

Scheme I-31. Two distinct methods for the synthesis of gem-dizinc reagents: carbometallation coupling from alkenyl metal
compounds and allylzinc (left), and metal-insertion from corresponding gem-dihaloalkanes (right).

1.9.1.1. Synthesis via Gaudemar/Normant Carbometallation Coupling

In 1971, Gaudemar made an impactful discovery wherein allylzinc bromide in THF solution was

able to undergo carbometallation reactions with vinyl Grignard reagents (Scheme 1-32).[148]

_ /\/ZnBr =
ZnBr
Hex MgBr  THF 35°C Hex
1h MgBr

—

- Vi

via metalo-ene 7 M2
s

.......... 2 B O B
//_\M2

E /;— : via metalla-Claisen

=\M1 —= ¥ /
__________ // M2 (:I \MZ

—/0 —> ===
Om! Mm!

Scheme I-32. Gaudemar/Normant addition process to form gem-organobimetallic compounds.
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Since then, this reaction has undergone substantial development,[149.150] and Normant and
Knochel further developed it as a practical method for the preparation of geminated organobimetallic
compounds.[151-155] To the reader, this phenomenon may appear counterintuitive, as the involvement
of two nucleophiles yields a third nucleophile, albeit it is notably simpler than the allylzincation of
simple olefins.[1561571 DFT calculations have played a significant role in effectively elucidating the
favourable reaction between alkenyl metals and allylzinc halides, unveiling a mechanism that passes
through two possible pathways involving in both cases a six-membered ring transition state (Scheme
1-32).[158-160]

To this field, researchers such as Normant, Knochel, Marek, and Nakamura contributed the most.
Their studies revealed that while lithium and magnesium could be independently use as alkenyl metal
partner, zinc metal was essential as an allylic metal compound.[54] At the time, the true nature of
these bimetallic reagents remained elusive and were often considered heterobimetallic, such as Zn/Li
or Zn/Mg (see Scheme I-32). Consequently, in many of the cited papers on this subject, the bimetallic
nature was left unspecified, with only "metal” indicated at the geminal site. In this context, in 1999
Nakamura conducted a DFT study that revealed the actual structure should consist of an oligomeric

gem-dizinc species 101 (cyclic or linear) to gain the driving force of the reaction (Scheme I-33).[15%]

T (e S
\
/\/ZhCI spontaneously
=\ EE— ZnCl 7n / Zn_

Mgcl  THF MgCl 101 z
g M <:| 2H,0 "
n Mgtloreho (n=3-5) 101
AG(kcal/mol) =, simplified
| . Ing representation
L ="
2 M
n
Zn, 10.13
ci +,'—\CI —
Mg / \\\ ZnCl C4H7 Zn C4H7
/ T
i \, Int-3 MgClI Zn__\Zn
oo y z0 e 196 | n-2
- > N C4H7 4 n MgCl,-2H,0
' Ma *\_ca.-9~15/nt:3 (N=3-5)
L N R.C.

Scheme I-33. DFT (B3LYP/631A) energy diagram for the Gaudemar/Normant coupling (only the metalla-claisen pathway is
reported, since is the one with lowest energy) suggesting the formation of a gem-dizinc oligomer 101.

Considering both enthalpic and entropic factors, it is highly probable that trimer and tetramer
products are the most likely outcomes. Alongside with crystallographic structure of an analogue of
101,0161] the existence of such oligomers was confirmed. However, such bimetallic compounds have
never been crystallized, and their true nature remains unclear to date. For the sake of simplicity, from
now on, we will refer to these bimetallic compounds as gem-dizinc monomers (see simplification in

Scheme I-33).
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Subsequently Marek and Normant have conducted extensive research on the diastereoselective
formation of stereogenic centers in cases where both the alkenyl metal and the allylzinc halide are
substituted.[!] Typically, in terms of stereochemical control, consideration should be given to the
configurations of both reagents. Intriguingly, through the application of DFT calculations, a
comparison among four potential chair-like transition states has led to the determination that the
transition state TS-4 involving (Z)-crotylzinc bromide is the most favourable due to the proximate
effect (Scheme 1-34).['58] Consequently, considering the stereochemistry of crotylzinc bromide
becomes redundant, because its configuration changes through 1,3-transposition. Indeed,
stereochemically defined alkenyllithium 102 reacts with stereochemically undefined crotylzinc
bromide to furnish the desired product 104 with high yield and excellent anti-diastereoselectivity,
upon quench of 103 with H30+.[25¢] The crucial factor lies in the utilization of diethyl ether as a solvent,
owing to its lower Lewis basicity compared to THF. This characteristic facilitates the zinc coordination
with the electron-rich C-C bond. However, due to the inefficiency of zinc insertion into the allyl-halide
bond in diethyl ether, the preparation of allylzinc reagents requires transmetallation from the

corresponding allyl Grignards (synthesized in Et;0) with ZnBr-.

R?  Li
- R®  Li---B ' R? 77
X i-->Br n
RITXA"705r L, H——==/-Zn I ﬁzn/
R ===y R’

/ (E)-allylzinc R
JZiBr/ (disfavored)
=
R1

\ R; M 2 * 2
— 7
1,3-transposition R’ R Li---Br R® 74 _
H H/IQLZH H Zn
ZnBr [/\' —
1

(Z)-allylzinc R
TS-4 (favored)
C5H11 - Me
Zn
Me* 70, 70 H;0" /k/\
Cstlyy Li — CsHi™ 77N
s Et,0,-50°C,5h Me  104,87%
102 Me 103 (synfanti = 8:92)

Scheme I-34. Diastereoselective formation of gem-dizinc compounds via Gaudemar/Normant addition process.

Significantly, this transmetallation reaction generates MgBr;, which could potentially expedite both
the addition step and subsequent reactions of the gem-dimetallic compounds. Since then, based on this
information, various highly diastereoselective reactions involving both functionalized the vinyl
partner and the allylzinc reagent have been developed and well reported in literature.

Marek and Normant also documented a highly diastereoselective crotylzincation of (Z)-alkenyl
lithium 105 bearing a t-butoxy substituent, resulting in the formation of gem-organodizinc species like
106 with remarkable stereocontrol (Scheme I-35).[1561 When the allylic site of the vinylic partner is

heterosubstituted (with O, N, or S), the effective preference for a particular diastereoisomer can be
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attributed to the internal coordination that occurs during the Gaudemar/Normant addition
process.[162] This coordination specifically occurs on the anti-face in relation to the R group with
remarkable stereocontrol.[163] This scenario leads to the creation of three stereogenic centers, equating
to six possible diastereoisomers, but promoting the formation of (basically) only one. On the other
hand, since this coordination mechanism becomes possible only with (Z)-alkenyl lithium compounds
(like 105), when the y-alkoxy vinyl lithium presents an (E)-geometry, the lack of chelation occurs, and
the observed lower diastereoselectivity (76:24 dr)[64 is attributed to the allylic 1,3-strain effect

mentioned above.

Instead of a t-butoxy substituent, the utilization of a MOM (methoxy methyl ether) group ensures

better chelation, leading to enhanced diastereoselectivity (dr >98:2).[165]

ZnBr
CrotylMgBr 2
(in Et,0) ! )
Preparation allylzinc
Bu SN ! ¢
| ! /\/\ZHBF ' BuO Me
O. ! ; +
"PrAQ_;Li B [N gl L S
— Et,0, -50°C,5h = 106
105 2 Zn/\Zn
I I
,---- Mechanism
: R OR
| R R' ZnBr | R2 4. R?, OR R!
! O. H “Li - -
! RZ \\Li X > =~ ,,Zn_> Zn — R2
! — (r/ \) X Zn
. 1 Z

Scheme I-35. Diastereoselective crotylzincation of (Z)-alkenyl lithium bearing a t-butoxy substituent.

When (Z)-vinyl lithium compounds originate from homoallylic ethers, the chelating group

becomes more distantly positioned (5-position to the metal). Nonetheless, remarkable induction still

takes place, yielding the desired product as a sole diastereoisomer (Scheme I-36).[166]

Ph

y Q/\,O/
Met ¢ L|

106a, matched
diastereoisomer

106b, mismatched
diastereoisomer

Scheme I-36. Stereoselective allylzincation of a,f-substituted vinyl lithium compounds bearing a chelating group.

1) AllyIMgBr Me
2) ZnBr2 N - Ph
Et,0, -30 °C, 3 h
then Hy0* Me OMOM

107a, 60%, >95:5 dr
1) AllyIMgBr Me
2) ZnBry X Pr
Et,0, -30 °C, 3 h

Me OMOM

then H;0*
107b, 71%, >95:5 dr
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The presence of a substituent in the allylic position of the initial homoallylic ether results in the
carbometallation yielding either a "matched" (106a) or "mismatched” (106b) diastereoisomer. The
matched vinyl lithium 106a generates 107a with excellent diastereoselectivity (dr >95:5).
Unexpectedly, the authors were surprised to find that the mismatched diastereoisomer 106b also
exhibited a highly diastereoselective carbometallation reaction (dr >95:5), wherein the allyl group
added syn to the methyl group and anti to the Pr substituent. This puzzling result can be explained by
drawing parallels with addition to substituted cyclohexenes, with a chair-like conformation in the
transition state. Considering that the six-membered heterocycle formed through chelation behaves
similarly to a six-membered ring, the diastereoselectivity stems from a kinetically guided allylzinc
addition directed by chelation toward the oxygen atom. This addition takes place on the energetically
preferred conformation, which, in the case of anti-disubstituted homoallylic ethers 107a is (easily
comprehensible) represented by TS-5, while for syn-disubstituted homoallylic ethers 107b, is the
diaxial one (TS-6).1167]

This elegant approach to the preparation of gem-dizinc compounds stands as an efficient and direct
process of generating multiple stereocenters within a single operation. If an effective way can be found
to introduce asymmetry into this process, it could hold immense potential as a tactic for generating
asymmetrical vicinal carbon atoms in one-pot reactions.

To this regard, Marek, Normant and their collaborators employed chiral auxiliaries such as chiral
amines to induce the chirality transfer during the carbometallation reaction of allylzinc to alkenyl
metal.[168169] Nevertheless, when using the optically active (Z)-vinyl lithium 108a the resulting
product 109a exhibited a disappointing 1:1 diastereomeric mixture (Schem I-37, top).[168]

In scenarios where the allylic carbon of the (Z)-vinyl metal partner is primary, inducing face selection
becomes feasible by introducing an aromatic appendage to leverage m-cation interactions with the
metal. Consequently, incorporating a 1-phenylethyl substituent onto the nitrogen such as 108b
facilitate the desired facial preference, yielding improved diastereoselective outcome of 80:20. To
enhance the m-cation phenomenon, a chiral naphthylamine was employed (108c), leading to a
significant increase in the diastereomeric ratio up to 96:4. However, the use of N-methyl-1-
(naphthalen-1-yl)ethanamine as a chiral promoter is hindered by its significant cost,t which restricts
its applicability on a larger scale. To address this limitation, incorporating an alcohol group, as in
compound 110a, results into 111a with a favourable 88:12 dr, aided by chelation with the oxygen
atom (Scheme I-37, bottom).[16°1 Enhancing the bulkiness of the N-alkyl group, such as ‘Pr (110b),
further improves the outcome to a remarkable 98:2 dr. This improvement can be attributed to the
reduced accessibility of the Re face of the favoured conformation during the carbometallation of the

allylzinc partner.

t Price for Merck-Sigma Aldrich: (R)-N-Methyl-1-(naphthalen-1-yl)ethanamine (100 mg) - €82.55; (S)-N-Methyl-1-
(naphthalen-1-yl) not available (updated 19.08.2023).
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Scheme I-37. Stereoselective addition of allylzinc to optically active (Z)-vinyl lithium compounds.

Similarly, Marek, Normant and Alexakis also exploited this approach for enantioselective
synthesis by derivatization of the vinyl partner into an optically active C2-symmetry aminal.[17%] For
instance, (Z)-f-iodoacrolein was converted into the aminal, and the carbometallation of the
corresponding optically active vinyl lithium compound with crotylzinc bromide led to the formation
of a single isomer (70%, dr >95:5), which was readily hydrolysed back to aldehyde.[168]

Ultimately, allenyl metal compounds also serve as counterparts for carbometallation reactions
with allylzinc reagents. This coupling yields allylic gem-dizinc species that can undergo sequential
reactions with different electrophiles such as aldehydes and ketones, enabling the synthesis of
complex molecules through one-pot procedures.['71] However, an equimolar diastereomeric mixture
(1:1) was consistently observed.

If a heteroatom is present in the allylzinc reagent, the potential chelation does not interfere and
high diastereoselective ratios are observed.[156.172] [n this scenario, metalated allyl silanes also have
demonstrated interesting applications as precursors for the Gaudemar/Normant coupling, offering
avenues for further functionalization through silicon chemistry.[173] For example, when lithiated allyl
silane 113 is added to 112 in the presence of 2 equivalents of ZnBr; at rt, carbometallation occurs over
the course of 92 hours (Scheme I-38). In the resulting carbometallation adduct 114, the silicon motif
ends up positioned at the vinylic site, displaying moderate stereoselectivity (syn/anti, 73:27) alongside
a robust E/Z ratio (95:5). However, by utilizing 3 equivalents of ZnBr; and MgBr», the coupling is
expedited, and it can be carried out within 24 h at 0 °C. This modification yields excellent syn

diastereoselectivity (95:5), although with a slightly reduced E/Z ratio (87:13). This later issue can be
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addressed by allowing the reaction mixture to reach rt for an additional 24 hours after the initial
addition process conducted at 0 °C. This maneuver prompts Z-to-E isomerization, culminating in the

formation of a single syn-(E) isomer.

SiMe,
1) & Me Me
OMOM /\LT 13 1) HCI (trace), MeOH 1\/[

Et Li ME3Si = Et
— 2) ZnBr;, (3.0 equiv) 2) AcO,H, cat. H,SO, 0~ O 'Et
MgBr- 2(3 0 equiv) 114, 6-0% OMOM AcOH o
112 0 002t0 48 h syn/anti 95:5 36% (2 steps)
E/Z 95:5 92:8 dr
then H30*
Synth. Commun. 1988 E
. . 18,981-993 Synth. Commun. 1988
,(_i_)f_e_"_'??frf'_n _______ . EtMgBr 18, 981-993
| Me Me | then H,0 Me,, Me ;
e e T
| i i : then Mel
) OH | . FEttithenH,0 . 0~ 0" TEt
"""""""""" Tetrahedron Lett.1987
28, 651-654.

Scheme I-38. Metalated allyl silanes in Gaudemar/Normant coupling and potential synthetic applications: total synthesis of
serricornin.

Armed with this refined transformation, the authors effectively showcased the practical utility of these
substrates by orchestrating a novel total synthesis of serricornin, the female sex pheromone of
Lasioderma serricorne.[174] Finally, also allenylzinc reagent are able to give the Gaudemar/Normant
carbometallation with alkenyl metal to afford gem-bimetallic species that hold the potential for

engagement with various electrophiles.[162]

1.9.1.2. Synthesis via Metal Insertion of Gem-Dihalogen Compounds

1.9.1.2.1. Synthesis of Bis(iodozincio)methane

The synthesis of the simplest gem-dizinc compound, the bis(iodozincio)methane, has been
accomplished through the process of halogen-metal exchange involving gem-dihaloalkanes,
specifically by direct reduction of dihalomethane with zinc metal. It is noteworthy, however, that this
technique is also recognized in the literature as the classical way of preparing halomethylzinc,
famously referred to as the Simmons-Smith reagent.[175176] Indeed, the conventional approach for
generating the Simmons-Smith reagent involves treating diiodomethane with a zinc/copper couple in
diethyl ether as solvent. However, pivotal investigations by Fried[1771 and Miyano[178-180] jn the context
of their Wittig-type methylenation reaction revealed that when the same procedure is carried out
employing THF as the solvent, a certain extent of gem-dizinc species formation occurs, albeit without

delving further into its structural investigation.
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In 1975 Nysted patent revealed the formation of a gem-dimetallic species from dibromomethane
is possible when utilizing a zinc-lead combination.[181.182] The patent asserts that treating
dibromethane with a zinc/lead couple in THF at reflux results in the generation of a distinctive gem-
dizinc species. However, the available evidence at the time was limited to 'H NMR spectroscopic data,
which did not suffice for a comprehensive structural determination. In this context, the proposed
structure remained incompletely characterized and well-defined.# Nonetheless, this reagent has
shown effectiveness in the methylenation reaction of a large array of carbonyl compounds.[183-191]

Then, in 1978, Nozaki, Oshima, and Takai unveiled their findings, detailing the effectiveness of a
reagent derived from the combination of diiodomethane, zinc, and either titanium(IV) chloridel192.193]
or trimethyl aluminium[*92] in the methylenation of carbonyl compounds. Their protocol encompassed
the preparation of the reagent by adding diiodomethane to an excess of zinc dust and a sub-
stoichiometric quantity of TiCls (or MezAl) in THF, followed by stirring for half an hour at rt. The
emergence of Wittig-type olefins was attributed to the presence of the gem-bimetallic species, albeit
the exact roles of Me3Al and TiCl4 remain unclarified.

What was of utmost importance in these studies, is that the zinc powder employed was sourced from
pyrometallurgy zinc, containing trace amounts of lead(II) (~ 0.04-0.07%). This minuscule catalytic
quantity of lead played a pivotal role in facilitating the subsequent reduction of the Simmons-Smith

reagent into gem-dizinc species, as later elucidated by Takai and Utimoto (Scheme I-39).[194]

CH,ly — 2 H C/I

—
2le T o 2 -
s : PbX;
' Zn + PbX5 .
; ' fast fast
E L E ZnX,
E E /| 7 /an
1ZnXp + Py HC _ N L | HC
------------- PbX THF PbX

X=1,0l

fast

Scheme I-39. Proposed effect of lead(I1) in the synthesis of gem-dizincio compounds [exampled illustrated with
bis(iodozincio)methane].

The proposed mechanism entails a transmetallation process wherein the zinc carbenoid interacts with
lead(1I), resulting in the formation of a lead carbenoid. This lead carbenoid is subsequently promptly
reduced by zinc, leading to the creation of a geminal lead/zinc species. Ultimately, a further
transmetalation from lead to zinc, by zinc halide, results in the desired bis(iodozincio)methane (115).

Armed with these investigations, Utimoto and Matsubara accomplished a groundbreaking feat in 1998

¥ The THF suspension is commercially accessible from Merck (Sigma Aldrich) under the name "Nysted reagent.”

68 SORBONNE UNIVERSITE



PART I: BIBLIOGRAPHIC OVERVIEW

by presenting a general and reliable procedure for the synthesis of 115 as THF solution (Scheme I-
40).1195]

2 1Zn—CHy,—Znl IZnCH,ZNnCHyZnl + Znl,
2 1ZnCH,ZnCHZnl =—= IZn—(CHZZn CHyZnl + Znl,
3

Zn dust (2.5 equiv)
PbCl, (0.05 mol%)

CH,l, z 1Zn ™
THF, 0°Ctort,3 h

IZn—(CHZZn CHyZnl + nZnl,
n

(CH22n>n cyclic polymeric
+ Znly species

115
(50-60% yield)
0.5-0.6 M in THF

Scheme I-40. Matsubara and Utimoto’s procedure for the synthesis of bis(iodozincio)methane and its Schlenk equilibrium
towards oligomeric/polymeric species.

Determining the structure of this gem-bimetallic in THF solution is not straightforward due to the
potential involvement of Schlenk equilibriums that could results in the formation of
oligomeric/polymeric species. However, an in-depth structural analysis employing various X-ray
techniques, revealed that the gem-dizinc compound prepared in this manner predominantly adopts a
monomeric configuration.[196197] Notably, the conditions outlined by Utimoto and Matsubara do not
trigger the formation of polymethylene zinc via Schlenk equilibrium (Scheme 1-40), a white solid that
is generally insoluble in most solvents. Once prepared, a solution of 115 can remain unchanged for at

least a month within a sealed vessel and inert atmosphere.

1.9.1.2.2. Synthesis of Gem-Dizincioalkanes

By adhering to the procedure outlined above for the preparation of bis(iodozincio)methane, it is
possible to effectively synthesize other gem-dizincioalkanes. For instance, 1,1-bis(iodozincio)ethane
(117) can be successfully obtained with a yield of 50% by treating 1,1-diiodoethane (116) with zinc
powder (activated through sonication) and a catalytic amount of lead chloride in THF at 0-25 °C

(Scheme 1-41).1195]

--------- N Zn dust (4.0 equiv)

PbCl, (0.05 mol%) n

[
(40-50% vyield)
[

n| 0.4-0.5Min THF

b

4
Me—<
sonication 7 2

THF, 0°Ctort, 3 h "

Scheme 1-41. Preparation of 1,1-bis(iodozincio)ethane.

However, generating gem-dizincioalkanes from the corresponding 1,1-dihaloalkanes presents a

greater challenge compared to the synthesis of 115. This heightened complexity arises from the
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potential occurrence of f-hydride elimination during the reduction of gem-dihaloalkanes containing
B-hydrogens, leading to the creation of alkene by-products (Scheme 1-42).

Moreover, the stability of the carbenoid intermediate a-haloalkylzinc compound is contingent on the
substrate and is generally lower than that of a-halomethylzinc, rendering it more susceptible to a-

elimination reactions.[198199]

carbenoid
intermediate gem-bimetallic
X X M X
DN Metal DN Metal
RER" — > | RER'| — ™

E via i
i 2 via i
TR |
' (x: . M R )R |
| R1 k Rz/\R1 — Rz}% :
L 2 HH :
b I R% M :
Corve e (when R" = CH,R) '
i H 1
RZ% L~ geR :
' R H !
N (YD [ /

Scheme I-42. Potential side reactions during the reduction of gem-dihaloalkane into the gem-dizinc species.

However, the addition of TMEDA enables the successful preparation of various gem-dizinc reagents,
such as 119 from 118, with satisfactory yields, by suppressing these undesired reactions (Scheme I-
43).12001 Through this approach, it becomes feasible to synthesize gem-dizincioalkanes even when they

contain functional groups in the S-position, such as methoxy groups.

__________________

Zn/cat. PbCl,

: | | TMEDA Znl
L Me LU N Y

: Y ! THF, 40 °C, 1 h e/\zrm 1o 305
| : » 907

E Me Me

: Br : — ph ZnBr

+ Pnh i Znicat. PbCly ZnBr  40%
: Br | _ TMEDA |

L i THF, 70°C,1h ;

U ipy Br | Pr. ZnBr

: i —

E OR Br ' OR ZnBr

""""""""" R = Me or MOM, 40%

Scheme I-43. Procedure for the preparation of various gem-dizincioalkanes adding TMEDA as stabilizing agent to avoid
undesired parasite reactions during the formation.
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Nevertheless, the real structure of these bimetallic compounds in solution remains ambiguous
and unclear. While 1H NMR analyses reveal the creation of C(sp3)-geminated organodizinc species, it
is crucial not to overlook the possibility of Schlenk equilibriums. Indeed, Nakamura and colleagues
conducted computational investigations into the structure of 1,1-bis(iodozincio)ethane in solution

(solvated model), suggesting that their true structure in ethereal solvents could be oligomeric.[160]

1.9.1.2.3. Synthesis of Heteroatom-Substituted Gem-Dizincio Reagents

Matsubara and co-workers reported that when trialkylsilyldibromomethanes like 120 are
subjected to treatment with pyrometallurgical zinc (alternatively, with pure zinc, a catalytic amount of
PbCl; is required) in THF, the corresponding silyl-substituted gem-dizinc compounds 121 are obtained
with significant yields (Scheme 1-44).1201] The presence of the silyl group enhances the yield of the
reduction of the C-Br bonds due to the absence of f-hydrogens, contributing to the notable stability
observed in the resulting silyl-substituted gem-dizinc compounds. Although no investigations
regarding the detailed structure of these organobimetallics in solution are documented in the
literature, the possibility of its formation as oligomers cannot be ruled out.The only resemblance can
be found in the research conducted by Raston, who synthesized trimethylsilyl(2-
pyridyl)dizinciomethane and effectively isolated a tetrameric crystal structure that was identified

through X-ray analysis.[161]

...............

E Br , ZnBr
| siMe;—( ! SiMe;—( 121, 72%
E 120 Br : ZnBr
E Br ZnBr
E GeEt3—< ; Zn/cat. PbCl, GeEt3—< 122, 40%
' Br | THF, 60°C,6 h ZnBr
| Br | ZnBr
' B(pin— B(pin)— 123, 69%
| Br | ZnBr

Scheme I-44. Procedure for the preparation of silyl, germyl, and boryl substituted gem-dizincio reagents.

Similarly, Matsubara also achieved the successful preparation of gem-dizinc species featuring a boryl
(123),1202] and even a germyl group (122),[2031 showcasing the extensive range of possibilities for the

synthesis of these organobimetallic linchpins.
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1.9.1.3. Synthesis via Metal-Halogen Exchange

In 2004, Charette documented the synthesis of a gem-dizinc carbenoid 124,
bis(iodozincio)iodomethane, by metal-halogen exchange (Scheme I-45). This gem-dizinc reagent was
rapidly prepared (within 5 minutes) by reacting EtZnl (2.0 equiv) and CHI3 (1.0 equiv) at 0 °C.[204.205]
Noteworthy is the fact that this particular reagent displays characteristics belonging to both a

carbenoid and a gem-dizinc species, thereby serving as a zinciomethyl carbenoid.[204205]

fmmmmmmsommmee- Mechanism -------------------- \

CHl; (1.0 equiv Znl E |

EtzZnl (s (10 equv) | — - Etznl Etznl .
CH,Cly, 5 min 20l ! CHl3 ——— | IZnCHI, | ———— ICH(1Zn), !

(2.0 equiv) 0°C 124 ! :

Scheme I-45. Preparation of bis(iodozincio)iodomethane.

1.9.2. Reactivity of Gem-Dizinc Reagents

When considering C(sp3)-geminated organodizinc compounds, an increase in nucleophilicity is
expected in contrast to simple organomonozinc species. This arises from the substitution of carbon
with a pair of electropositive metal atoms. The distinct structure of these reagents leads to distinct

transformations, which can be schematically illustrated in Scheme I-46.

R3

R*

) Sequential Reaction
{Nucleophilic Cyclopropanation] . with Two Electrophiles
LG
R! >—<
R1\I‘(/R4 Sz/ni R®  R¢ 1_<an E'LG 1_<E1 E2G 1_<E1
- - R e R ———> R
s LG ZnX E?
R R®
(LG = leaving group) PhSOzCI E'LG, E2LG = electrophiles
2 RM -
R2 E. Rz\‘\
e ELo

ZnR?
{Sequenﬁal Spi - Electrophilic Substitution]

Scheme I-46. General reactivity of C(sp3)-geminated organodizinc reagent.

With different gem-dizinc alkanes in hands, a plethora of these synthetic transformations have been
developed. In this section, we bring together all the existing literature that has been reported to date

regarding the reactivity of these bimetallic species. Specifically, we will place a stronger emphasis and
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attention on examining the sequential reactions with two electrophiles, which constitute the core focus

of this PhD project.

1.9.2.1. Olefination Reaction

The olefination reaction of carbonyl compounds can be achieved through diverse methods, with
the Wittig reaction being the most renowned approach.[206207] Nonetheless, despite the valuable
attributes of the Wittig reaction, certain limitations are present. For instance, the ylide employed can
display a degree of basicity that triggers enolization in the initial carbonyl compound.208]
Concurrently, it often exhibits limited nucleophilicity and fail to react with specific substrates. These

factors have sparked renewed attention in the realm of gem-dizinc compounds for this purpose.

1.9.2.1.1. Methylenation

As previously mentioned, preliminary studies on the methylenation reaction of aldehydes and a-
alkoxyketones were carried out using a combination of a zinc-copper mixture and
dihalomethane.[177.1791 The Nysted reagent, in conjunction with stoichiometric quantities of
titanium(IV) chloride, also proved effective for achieving the same transformation, thereby broadening
the applicability of this reaction.83-1911 Subsequently, different research teams explored the
methylenation reaction involving dihalomethane and zinc in the presence of titanium salts. However,
the role of titanium salts remained unclear, and the reported procedures often suffered from issues of
experimental reproducibility on the preparation of the active species.[193.209] [n response, Utimoto and
Matsubara investigated the influence of titanium salts in the olefination reaction alongside with
bis(iodozincio)methane in THF solution. With these investigations, they established a well-defined

protocol for the methylenation reaction with satisfactory reproducible results (Scheme 1-47).[195] 3

--- Selective examples -------------------------

o  CHazn(10equv) : oH CHa M
I TiClz* (1.0 equiv) 1z z )|\ 2 !
R "R2 R"OR2 '
THF, 0°Ctort, 1h . Me” "CqoHzi Me |

! Mé Me |

(*= prepared from TiCl, and MegSiy) E 83% 59% 62%

Scheme I-47. Methylenation reaction of cyclic and acyclic ketones with bis(iodozincio)methane.

Simple ketones does not undergo methylenation process in the absence of titanium salts. To this
regard, a stoichiometric amount of active form of TiClz (according to Girolamis’s correction in 1998,
where the salt prepared from titanium(IV) chloride and hexamethyldisilane, was previously

mistakenly interpreted as TiCl;)[210] is necessary to yield favorable outcomes with numerous cyclic and
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acyclic ketones. Through this approach, even highly enolizable ketones like a-tetralone were
methylenated, albeit with modest yields, an outcome unattainable via Wittig reaction. However, it is
worth to note that aldehydes experience methylenation without the necessity of titanium salts.
Particularly noteworthy is the drastically enhanced nucleophilic attack of the bimetallic reagent on the
carbonyl group in the presence of a heteroatom at the a-position. Consequently, ketones containing an
oxygen or nitrogen atom at the a-position are transformed into methylenated products using
bis(iodozincio)methane as the sole reagent, free from any additional additives.[211]

Furthermore, Matsubara and co-workers demonstrated that the methylenation reaction can be
extended to esters to yield vinyl ethers (Scheme I-48).[2121 However, achieving the desired

methylenation requires the addition of an excess of TMEDA.

CHa(Znl), (2.0 equiv)
| TiClz* (4.0 equiv) |
R" "OR? TMEDA (8.0 equiv) R'
THF, rt, 4 h

@]
Py

N
>=O

(*= prepared from TiCl4 and MegSi,)

Scheme I-48. Methylenation reaction of various esters with bis(iodozincio)methane.

When dealing with simple ketones, one might consider an alternative approach. Instead of
introducing TiCls (as a Lewis acid activator) to promote the nucleophilic attack, a straightforward
heating process could potentially afford the desired transformation. However, what is actually
observed is that increasing the temperature does not lead to improved reactivity. This is likely
attributed to the structural change of the gem-dizinc compound into its polymeric form,[196.197] which
displays lower reactivity for this reaction. This alteration in structure can be counteracted through the
use of tetrahydrothiophene (THT)/THF as solvent mixture. Introducing THT, the reaction mixture was
heated up to 60 °C and the yields of the corresponding alkenes were drastically enhanced.
Nevertheless, the extremely pungent smell reminiscent of rotting eggs of this solvent makes the
practical execution of larger-scale experiments (basically) impossible.§ For this reason other solvents
were tested and ionic liquids were found to mirror the function of THT.[213]

Chemoselective methylenation of substrates bearing multiple carbonyl groups have also been
documented following Matsubara and Utimoto’s procedure (Scheme 1-49). For example, aldehydes
are selectively methylenated by bis(iodozincio)methane in the presence of simple ketones. However,
both aldehyde and ketone groups are subjected to methylenation when titanium(III) chloride is
added.'95] Similarly, a keto group positioned in a-position to a heteroatom experiences selective
methylation respect to a simple ketone group, with the reverse chemoselectivity noted in the presence

of TiCl3 [211]

§ THT presents an extremely low odour threshold at 1 ppb.
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: CH, O .
CH,(Znl); (2.0 equiv) MW o, LD Gt @oequy)
THF, rt, 0.5 h Me” ™5 H 5 s Me THF, 1t, 0.5 h
92% ! Me 739,
5 o 9
: BnO
! NMe
\ Me
‘ CHa(Znl), (1.0 equiv) CH, c:IH2 f 0 C|H2 CHo(Znl), (1.0 equiv)
TiClg* (1.0 equiv) . BnO TiCl3* (1.0 equiv
TH3F i, 0.5 h Me o Me o Me TSHF( t OC:Sh)
I 74% ! Me 679 e

(*= prepared from TiCl4 and MegSi,)

Scheme I-49. Chemoselective methylenation reactions of dicarbonyl compounds with bis(iodozincio)methane.

1.9.2.1.2. Alkylidenation with Gem-Dizinc Reagents Synthesized via Metal
Insertion of Gem-Dihalogen Compounds

Treating aldehydes and ketones with 1,1-bis(iodozincio)ethane in the presence of active TiCls
leads to the formation of the corresponding substituted alkenes with satisfactory yields.[195] However,

the resulting mixture comprises equal amounts of both E- and Z-isomers (Scheme I-50).

R’ R? yield (E/2) GeEt; Et3GeCH(ZnBr),  CH3CH,(Znl), CH, R’ R? yield (E/Z)
Bu H  43% (99:11) [ (1.0 equiv) (1.0 equiv) £ MCioHay H  63% (67:33)
BnCH, H  91% (82:18)| R" "R? TiClz* (1.0 equiv) ‘ TiCl3* (1.0 equiv) R17OR2 "CyoH21 Me 62% (50:50)
Ph Me 63% (65:35) THE it 1D THF, rt
o
S
R! R? vyield (E/Z) \RL_RE ; R R? yield (E/Z)
> B(Pin)  (pin)BCH(ZnBr),| | Me3SiCH(ZnBr), SiMes | Y -
BnCH, H  66% (85:15) (1.0 equiv) (1.0 equiv) [ CioHar H  92% (90:10)
"CioHpy Me  46% (54:46 "CioHpy Me 72% (53:47
1072 (40 RTOR2 Tric  (10equv)  TiCK' (10 equiv) R\ R? ki  (5%47)
THF, rt THF, rt (*= prepared from TiCl4 and MegSiy)

Scheme I-50. Olefination reactions with 1,1-bis(iodozincio)ethane and hetero-substituted gem-dizincio reagents with aldehydes
and ketones.

Gem-dizinc reagents bearing silyl, boryl, and germyl groups have also been tested for olefination
reactions.[195202203] [n cases where aldehydes are employed, the outcomes display high yields,
accompanied by good stereoselectivity towards the E-isomers. Conversely, when ketones are
subjected to the same treatment, the yields are comparatively lower, and the selectivity drops
drastically.

Significantly, esters can be transformed into alkylidene compounds by reacting them with a
mixture of pyrometallurgical zinc (otherwise a catalytic amount of PbCl; is required), 1,1-

dibromoalkanes, TiCls, and TMEDA. This process proceeds smoothly, yielding Z-isomers with
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commendable stereoselectivity.[2141 The methodology is also applicable for converting thioesters and

amides into alkylidene derivatives.[215]

1.9.2.1.3. Alkylidenation with Gem-Dizinc Reagents Synthesized Vvia
Carbometallation

So far, only one example has been reported in the literature on the olefination reaction with gem-
dizinc compounds prepared via Gaudemar/Normant carbometallation coupling (Scheme I-51).
In this context, in 1996, Marek and Normant conducted a diastereoselective synthesis of gem-dizinc
reagent 106,[163] and engaged it with benzaldehyde, resulting in the production of 125 in 68% yield
and high stereomeric purity (E/Z > 99:1, dr > 95:5). Notably, the corresponding olefination reaction

was achieved without the need for titanium(III) salts.

tBu """"""""
CI) :l/\/\anrl tBU/Q_\/M(/ tBUQ Me
~oo 0 M ! A PhCHO (1.0 equiv -
"Pr e = #), npr N =
— Et,0, -50 °C, 5 h _A__ 108 then H30* : 125
Zn Zn % 68%, >95:5 dr
[ (E/z > 99:1)

Scheme I-51. Olefination of benzaldehyde with gem-dizinc 106.

It is worth noting that although this reaction preceded before Matsubara's alkylidenation of gem-
dizincio compounds chronologically,[195] we included this example here to demonstrate to readers how

significantly the reactivity of these bimetallic reagents can vary with different preparations.

1.9.2.4. Nucleophilic Cyclopropanation

The cyclopropane skeleton is frequently encountered in a large array of natural products.[216-219]
Several of these naturally occurring compounds containing cyclopropane exhibit significant biological
activities and, on occasion, evolve into potential drugs or agrochemicals. Furthermore, the
cyclopropane framework serves as versatile synthetic intermediates in organic synthesis.[220.221] The
primary technique for synthesizing the cyclopropenyl motif involves the interaction between an
electrophilic carbenoid and an olefin, as commonly observed in the literature.[222-2271 However, C(sp3)-

gem-dizinc compounds have been employed for this purpose with excellent results.
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1.9.2.4.1. Nucleophilic Cyclopropanation with Gem-Dizinc Reagents Synthesized
via Carbometallation

If a heteroatom is present in the allylzinc reagent involved in the Gaudemar/Normant
carbometallation reaction with an alkenyl metal compound, the potential chelation does not interfere
and high diastereoselective ratios are observed.[156172] Nevertheless, when strong chelation is ensured
through the utilization of an OMOM group, and the product of carbometallation addition is allowed to
reach rt, it promptly undergoes y-elimination of the OMOM group resulting in cyclopropylzinc
derivative 126 (Scheme I-52, top) . A simple protonolysis indeed provides direct access to 127, which
features three stereodefined consecutive centers.[228] This procedure is of significant interest due to
the product pattern's resemblance to numerous metabolites with biological properties discovered in
marine invertebrates and algae, which have been the focus of multiple synthetic endeavors during the
past decades.[229-234] Notably, the same type of 1,3-Sni have been observed also when the strong
chelation with a OMOM group is present in the vinylic partner (Scheme I-52, bottom).[235.236] Hence,
presence of the OMOM allows the cyclopropanation reaction at rt, whatever it's present on the allylic

or vinylic partner.

OMOM group chelation on the allylic partner

=z H ’tBu B8y
t ~ t
By MOMO----ZnBr | "Pruy O, y %\ ey o'Bu
O-._ TMEDA (cat.) Zn~ H NH,CI npr
Privd L ————— n ———— — X
— Et,O, MgBr, H y-elimination H H,0
rt, 96 h (omom ZnX 126 127, 55%, 95:5 dr
OMOM group chelation on the vinylic partner
(X=RorBr) \
MOM MOM A .
" AN n
O 1) o~ MoBr N\ Zn~ -20°Ctort HoJPr I
"Prie L ——— / Zn” > ——
— 2) ZnBr, y-elimination 4 H I
ZnX 65%, >95:5 dr

Scheme I-52. Stereoselective cyclopropanation via OMOM group chelation-controlled Gaudemar/Normant carbometallation
and subsequent y-elimination process.

1.9.2.4.2. Nucleophilic Cyclopropanation with Bis(iodozincio)methane

C(sp3)-gem-dizinc species bear two nucleophilic sites on the same carbon atom, suggesting their
potential to engage in nucleophilic [2+1] reactions with 1,2-diketones. Indeed, Matsubara and co-
workers observed that the reaction between bis(iodozincio)methane and 1,2-diketones unveils a new
[2+1] cycloaddition process, leading to the selective formation of cis-cyclopropanediol derivatives

128, upon quench with various electrophiles (Scheme I-53).[237]
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[ 1

face-to-face complex

Scheme I-53. [2+1] Cycloaddition reaction of bis(iodozincio)methane with 1,2-diketones via face-to-face complex.

DFT calculations on the simple 2,3-diketobutane were used to map out the mechanism of the reaction.
According to them, it was explained that the first interaction in this process involves a face-to-face
complex, where the gem-dizinc plays a role as a bidentate Lewis acid.[238] Then, the gem-dizinc attacks
the 1,2-diketone which is in the specific s-cis conformation. The alteration caused by the non-flat
arrangement prevents the removal of a proton from the methyl group, which would have otherwise
resulted in the undesirable conversion of the diketone into its enol form. The sole observed cis-product
is likely attributed to chelation control originating from the mono-addition intermediate Int-4.
Interestingly, Matsubara, Nomura, and Oshima developed a similar reaction involving a-
ketoimine compounds to produce cis-a-aminocyclopropanol, exhibiting the same excellent
diastereoselectivity.[239240]1 Additionally, Matsubara and co-workers described the stereoselective
cyclopropanation of divinyl-1,2-diketones with bis(iodozincio)methane to produce cycloheptane-1,3-
diones via Oxy-Cope rearrangement of the zinc alkoxides of cis-divinylcyclopropane-1,2-diols.[241-243]
Matsubara and co-workers reported that also epoxyketones can serve as effective electrophiles
for cyclopropane ring formation exploiting the dual Lewis acid property of the gem-dizinc reagents

(Scheme I-54).[244]

Selected examples

o RS CHy(2Znl), OH Q OH OH OH OH OH OH
THF, rt, 0.5 h z 2 M 3 :
1”\({\ 4 — 1 Me C;H
i rR2 © R then HzO* R /D(\ 7 15/>(\
67% 95% 67%
-------------------------------------- Mechanism --------------------oo e
: CH, _CH | !
qu Znl 1Zn’ S7nl Zn '
' \ M /I /I S~o !
E o Me (O o re-face o) (I) |
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Scheme I-54. Reaction of a,3-epoxy ketones with bis(iodozincio)methane and proposed mechanism for stereoselective product
formation.
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The interaction between these substrates and bis(iodozincio)methane comprises a

diastereoselective attack on the ketone, succeeded by a stereospecific attack of the just formed
alkylzinc halide into the epoxide. Notably, when employing an optically active epoxy keton, the desired
product is obtained without loss of the enantiomeric purity.[244]
The preference for specific stereoisomer can be clarified by considering the diastereoselective
approach involving an attack on the re-face of the ketone substrate. This stands in contrast to certain
prior instances where diastereoselective metal-mediated nucleophilic attacks occurred on an a,8-
epoxy ketones trough a Cram-chelation model.[245246] The nucleophilic attack is well explained through
the presence of TS-7 via a face-to-face coordination. The absence of the alternative attack is likely
attributed to the increased energy associated with the eclipsed conformation of the epoxyketone,
resulting in a greater hindrance from the steric interactions between bis(iodozincio)methane and the
epoxide ring.

In 2007 the authors also extended the application of bis(iodozincio)methane's reactivity for the
diastereoselective preparation of basic cyclopropanols structures from o-tosylated ketones.[2471 This
process leads to trans-cyclopropanols with good diastereoselectivity, attributed to the same chelation
face-to-face of the bimetallic compound with the a-heteroatom and the oxygen of the carbonyl group
before initiating the nucleophilic attack on this latter one. A few years later, Walsh replicated the
synthesis of identical substrates, commencing with a-chloroaldehydes and bis(iodozincio)methane
(Scheme I-55).[248]

1) CHy(Znl), (02(.;0 equiv) o 11 examples
R THF, 0°C,1h R,, up to 89%
H then H30* ; up to >19:1 dr

CHy(Znl), (2.0 equiv)

@) —
THF, 0°C. 1 h stereospecific
) ) ” OH
Ph\/\HLH - Ph~ V transformation
then H3O
129 G 130
95% ee 95% ee

Scheme I-55. Cyclopropanation reaction with a -chloroaldehydes and bis(iodozincio)methane.

However, when employing optically active a-chloroaldehyde 129 in the reaction, it showcased
the full retention of enantiomeric purity. This approach emerged as significantly more intriguing since
it provides a reliable method for obtaining enantiomerically enriched cyclopropanols like 130. This is
particularly noteworthy considering that enantioenriched a-chloroaldehydes can be readily prepared
through organocatalytic electrophilic chlorination.[249.250]

Another noteworthy utilization of bis(iodozincio)methane in this context was also pioneered by

Matsubara, involving its application in the 1,4-addition of -acylcrotonates (Scheme I-56).[251]
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CHy(Znl), (1.2 equiv)

Me3SiCN (2.0 equiv) OSiMe;
Et;N (2.5 equiv
3N (2.5 equiv) o< OEt
THF, rt, 15 min

................... OSlMe3
131, 99% (1:1 dr)

------------ o CHa(Znl), (1.2 equiv) oSiMe; O R___yield (dn)
Me3SiCN (2.0 equiv) RCH=NTs - "Pr 92% (>99:1)

>
THF, 0-25 °C 80°C, 18 h thD/\CHz OEt | Cy 66% (>99:1)
TSHN' R a0 Ph  78% (>99:1)

Scheme I-56. 1,4-addition of bis(iodozincio)methane to B-acylcrotonates in the presence of trialkylsilyl cyanide, and subsequent
reaction with imines to afford -aminoalkanols.

These types of substrates undergo Michael-addition upon activation with trialkylsilyl chloride or
cyanides, leading to the formation of the corresponding homo-enolate. Sequential intramolecular
nucleophilic addition to the ester group, followed by quench with another equivalent of trialkyl silyl
cyanide (or chloride), yields O-silyl protected cyclopropanols 131 as a diastereomeric mixture.
Additionally, the cyclopropane ring within this product is susceptible to opening and reacting with an
imine, ultimately producing S-aminoalkanol derivatives 132 with remarkable diastereoselectivity.
When the silyl-based trapping reagent is excluded and substituted with an electrophilic group
within the substrate, an intramolecular reaction can take place between the substrate and the zinc
enolate that is formed in situ (Scheme I-57). To illustrate, compounds 133, which carry an acyloxy
group in the y-position to the enone, undergo a reaction with the zinc enolate generated in situ, yielding
diketones 134 with three fewer carbon atoms.[252] DFT calculations suggest a plausible mechanism
involving a tandem reaction comprising three sequential steps.[253] The distinctive aspect of this
reaction lies in the simultaneous elimination of three atoms. Consequently, this method finds
interesting application in producing cyclic 1,3-diketones with medium-sized rings, achieved through

the three-atom ring-contraction reaction of the corresponding lactones.[252]
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o 1 2 .
o ...cimination 4y ohyzni), (1.2 equiv) o o [ R R”_Yield
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Scheme I-57. 1,3-Diketone preparation by the reaction of y-acyloxy-a,f-unsaturated ketones with bis(iodozincio)methane and
proposed mechanism.

1.9.2.4.3. Nucleophilic Cyclopropanation with Bis(iodozincio)iodomethane

As mentioned earlier in the preparation section, Charette and colleagues successfully synthesized
bis(iodozincio)iodomethane (124) by combining diethylzinc and iodoform.[204] The readily prepared
reagent was employed in a reaction with 135 to generate a cyclopropylzinc intermediate 136, which
was subsequently engaged with various electrophiles (Scheme I-58). Notably, the resulting
cyclopropyl derivatives exhibited an all-cis configuration.

Furthermore, it was demonstrated that this reagent also reacts with other allylic ethers or alcohols,
and the stereochemical outcome is significantly influenced by the nature of the proximal directing
group,[204] and that the addition of 0.5 equivalents of Znl; into the reaction mixture was observed to
enhance both the yield and the efficiency of the transformation.[2051 While the exact role of Znl, remains

undisclosed, it is hypothesized to serve one of two functions: either stabilizing

bis(iodozincio)iodomethane by preventing its decomposition or reducing the transition state energy

of the zinco-cyclopropanation step.

----Synthesis - ----------- ‘ . (Electrophile E ___yield |
! CHI Et,Zn . D,O D 94%
7 CHyClp, 5 min, 0°C i (R=Etorl)  Electrophile |52r2 L s
,,,,,,,,,,,,,,,,,,,,,,,,, .
BnO OBn (PhSe), PhSe 64%
ZnR
[ — ZnR R
— 124 ZnR CuCN-2LiCl
BnO—/_\—OBn —_— A T
135 CH.,CI
2z BnO—4 V70BN | aiyliodide  BMO _—OBn
all-cis or PhCOCI R = allyl, 85%

R = C(O)Ph, 84%

Scheme I-58. Diastereoselective zinco-cyclopropanation with bis(iodozincio)iodomethane.
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1.9.2.3. Sequential Sni—Eletrophilic Substitution

Since the last century, it has been well-established that the reaction between diethyl zinc and
benzenesulfonyl chloride produces ethyl chloride and zinc phenylsulfinate.[2541 When gem-dizinc
reagents synthesized via the Gaudemar/Normant carbometallation method, are exposed to
benzenesulfonyl chloride, an intriguing series of reactions unfolds (Scheme I-59).255] When 137
encounter neat PhSO,Cl at a frigid temperature of -80 °C, they give rise to an a-chlorozinc carbenoid
138, which remains stable at temperatures below -50 °C in a diethyl ether solution or below -20 °C
when THF is added. Interestingly, at these temperatures, 138 does not react with I> but when it is
warmed to rt, it undergoes a rapid a-elimination process and subsequent 1,2-H-migration to form 139,
which demonstrate its distinct carbenoid nature. However, when 1 equivalent of n-Buli is added,
followed by quench with I, the expected di-halo compound 140 is obtained in a commendable 70%
yield. This outcome can be explained by recognizing that the organozinc sulfinate exhibits limited
nucleophilic character, rendering it unreactive with Iz without first undergoing a-elimination. The
addition of "BuLi transforms 138 into a diorganozinc more nucleophile, capable of reacting with iodine

even at low temperature.

1) 2 EtMgBr CO-Et
_~_MgBr 2) CuCN 2LiCl /\)\/\/
oot THF, ZnBr, then Hept
ethyl propiolate 143, 55%
(3 steps)
7

....................

Zn— PhSO,CI | </ :C' 138 |t /\)J\
| ' = Hept

Hept  zn— | —80°C Hept’'  ZnOSOPh 139, 70%
_ T _ "BuLi
<l B < <
Bu I u Ql/A Li® (2.0 equiv)| | "BuLi (1.0 equiv) cl
-~ -~ o
Hept | Hept ZnBu Hept ( Zn Bu then |, Hept
142, 60% 141 BU 140, 70%

Scheme I-59. Selective monoalkylation of gem-dizinc reagents via an intramolecular nucleophilic substitution.

More intriguingly, when 2 equivalents of n-BuLi are introduced, an a-chloro-triorganozincate 141 is
formed, which are well-documented for their propensity to engage Sni reactions.[256-260] Subsequently,
reaction with iodine leads to the formation of 142. Alkyl groups, both primary, secondary, and tertiary,
can all be engaged in the Sni reaction, as well as lithium or magnesium organometallics. Instead of
quenching with I, which has limited utility in synthetic applications, the authors directed 138 into a
copper-mediated conjugated addition with ethyl propiolate. This strategic maneuver resulted in the
formation of 143 with an overall yield of 55% over three consecutive steps. This stands as single

example where the gem-dizinc was not allowed to react with electrophiles only.
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1.9.2.2. Sequential Reactions with Two Electrophiles

1.9.2.2.1. Sequential Reactions of Gem-Dizinc Reagents Prepared Vvia
Carbometallation

Knochel and Normant pioneered the sequential reactivity of the gem-dizinc compounds with
distinct electrophiles.[151-155] The gem-dizinc reagents synthesized through the Gaudemar/Normant
carbometallation, were exposed to numerous electrophiles (Scheme I-60). As already stated before,
their studies revealed that the gem-dimetal species could be originated also from allylzinc and
alkenyllithium and not only with alkenyl magnesium compounds.[1541  All these reactions
demonstrated very good reactivity towards the electrophiles tested, and since then, the synthetic

potential of these organobimetallics could no longer be overlooked.

(M = Li) (M = MgBr)
__ :/\/ZnBr + /TN —
D O '-f ____________ I:i _______ M H
Ph >/:<
O (1.0 equiv)
Hex AN )j\/\ / Hex CN
Ph Ph Ph p-TosCN (1.0 equiv) 93%
63% -78t00°C,1h -78°Ctort,3h
then D30+ then H30+
~ s
= 7 Me3SnCl (1.0 equiv) - D
CuCN-2LiCl, -40 °C —25 to -5 °C, 45 min
Hex \ then allyl bromide then D;0* Hex SnMej
88% / 94%

CuCN-2LiCl, -40°C ! AcOH (1.0 equiv)

then Mel, 0 °C, 8 h

64% g (Me

Hex Me

-80 to —40 °C, 15 min

then |,
|
61%
Hex H

Scheme I-60. Various sequential reactions of gem-organodimetallic reagents prepared by the Gaudemar/Normant addition
process.

In most of these reactions only one new C-C bond was formed, with the subsequent step involving a
simple quench with Hz0 (or D20). However, the captivating characteristic of gem-dizinc compounds
lies in their unique ability to simultaneously establish two C-C bonds. Recognizing this, Knochel and
Normant converted the gem-dimetal compounds into the corresponding copper reagents and
subjected them to a variety of electrophiles.[1531 However, despite the good overall yields, the reactions
furnished identical couplings on the two metals, such as bis-allylation and bis-methylation, displaying

a limited interest in terms of synthetic applications.
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Despite the various stereoselective preparations discussed thus far, only a handful of instances

have been documented involving sequential functionalization (Scheme I-61).

CrotylMgBr __ZnBr, BuO Me
i Me3SnCl B R=H
(in £0) Preparation " RW 81%, 93:7 dr
allylzinc then H30 /E\
' Me;Sn” "H
R G
! LNz [ BUQ O Me BuQ  Me
R O\\\Li M ! RW "PrOH R R _—~ R= npr
STt - et _
= Et,0,-50°C, 5 h B3R then 1, : 56%, >95:5 dr
Zr|1 %n H/\I
BuO0  Me
TosCN A A~ R=H,
" R Y 84%, 93:7 dr
then H30 PR
NC” H

Scheme I-61. Sequential bifunctionalization of diastereomerically enriched gem-dizinc reagents.

However, it is worth noting that both the first and second reactions consistently involved simple
protonation, leading to a lack of true bifunctionalization. Furthermore, achieving stereoselectivity in

double functionalization has never been accomplished.

1.9.2.2.2. Sequential Reactions with Bis(iodozincio)methane

Bis(iodozincio)methane, featuring dual nucleophilic sites on a single carbon, offers the potential

for sequential reactions with two distinct electrophiles, acting as molecular linchpin. Matsubara for the
first time noticed that the reactivity of the first carbon-zinc bond significantly surpasses the resultant
methylzinc compound in reactions with D20.[200] In fact, the first deuteriation step occurs at -35 °C,
whereas the subsequent step requires raising the temperature up to 0 °C. These findings, for the first
time, implied the feasibility of employing these two C-Zn bonds independently in an orthogonal
manner.
To achieve this purpose, the application of transition-metal-catalyzed cross-coupling reactions has
paved the way. Matsubara, Utimoto, and their co-workers firstly developed the Pd-catalyzed coupling
between bis(iodozincio)methane and allyl chlorides along with electron-deficient phosphine
ligands.[261] Specifically, P[3,5-(CF3)3CsH3]3 (L17) phosphine and tris(2-furanyl)phosphine, showed
the best results. Rather than quenching with DCI-D;0, which is not synthetically interesting, the
organomonozinc intermediate could serve as nucleophile for reacting with different allyl halides,
propargyl bromide or acyl halides, leading to various functionalized scaffolds in one-pot.

In this particular context, Matsubara and co-workers expanded the range and variety of

electrophiles involved in this type of transformation several years later. For instance, utilizing the same
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catalytic system, not only allylic halides but also aryl iodides were employed, although a stoichiometric

amount of Cu(I) salts was necessary for the second step with allyl halides (Scheme I-62).261]

Phi (1.0 equiv) Ly
Pd,(dba); (2.5 mol%) (1.5 equiv)
Ph > znl | —————— Ph7 TN
L17 (10 mol%) CuCN-2LiCl 80%
THF, 1t, 0.5 h (1.0 equiv) ’
THF, -78 °C to rt
CHy(Znl), 1h T
115 :
Ph g, 'PrCHO OH L/Pr C
- i : | Ph<
(1.0 equiv) Ph_~_ Znl (1.5 equiv) ’Pr/Y\ : \Aﬂ
NiCly(dppp) 144 THF, rt,2h Ph s
(5 mol%) .
THE, rt. 20 min 145, 89%, 93:7 dr

Scheme I-62. Sequential cross-coupling reactions with bis(iodozincio)methane and various electrophiles.

They also illustrated the use of vinyl bromide as initial electrophile leading to a diverse array of
possible product combinations. However, in this case, the NiCl(dppp) catalyst proved to be much
more efficient than the palladium catalyst, affording the desired cinnamylzinc iodide 144. Then, 144
was allowed to react with isopropyl aldehyde as the second electrophile and the reaction yielded 145
with a good diastereoselective ratio (anty/syn = 93:7). This stereoselective outcome is attributed to a
cyclic mechanism, which involves preferential equatorial substitution in the six-membered ring
transition state TS-8.[262]

Several years later, the Matsubara group conducted further research on monoarylation as a first
cross-coupling (Scheme 1-63).02631 They managed to enhance the catalytic system's efficiency by
reducing the amount of Pdz(dba)s catalyst from 2.5% to 1.5%, and they significantly expanded the
range of substrates that could undergo the process. Regardless the electronic properties of the
substituents, those located in the para- and ortho-positions were successfully incorporated. This
resulted in zinciomethylation with favourable yields, which were determined by quenching the
reactions with NH4Cl/H20. Additionally, the group extended their investigation to include a diverse set
of iodopyridines as substrates for the cross-coupling reaction. Interestingly, when using Pd-catalyst in
these cases, it was unsuccessful. However, the utilization of a nickel-catalyst proved to be highly
efficient. For the second cross-coupling, they conducted a copper-mediated reaction with allyl and

propargyl bromides as well as benzoyl cyanide.
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Scheme I-63. Pd-catalyzed mono-arylation and Ni-catalyzed monoheteroarylation of bis(iodozincio)methane, and subsequent
Cu-mediated cross-coupling reactions.

Through this approach, they successfully synthesized complex products in a practical manner,
achieving outstanding yields (up to 97% over two reaction steps).
When propargyl bromides are used as electrophile for the first cross-coupling, the formation of a

conjugated dienyl zinc reagent 146 occurs smoothly (Scheme I-64).(264]

o) Os_Ph
Ph” > ClI ~_Me
43%
"CiHe  E1z=70:30
Me ..
- = , . N
n-CqHg——=— . znl L B
CHy(Znl), Br PN Me | Z , xMe
115 Pdy(dba)s (2.5 mol%) : : h
: . : C4H
L17 (10 mol%) oA . 4 E/Z69°g)2'8
THF, rt, 5 min =92:
OH
Ph S Me
nC,H
9 65%, 1:1 dr

Scheme I-64. Formation of a conjugated vinylzinc reagent from Pd-catalyzed cross-coupling of bis(iodozincio)methane and
propargyl bromides, and subsequent functionalization of the remaining C-Zn bond.

When this mono-organozinc species is allowed to react with allyl bromides or acyl chlorides, it
functions as a vinylzinc reagent leading to a practical and straightforward method for producing 1,3-
dienes.[264] Conversely, if this mono-organonometallic compound is exposed to aldehydes it acts as an
allenylzinc reagent.

Regarding the synthesis of 1,3-dienes, Matsubara introduced an innovative approach in crafting
1,3-dienes 148 bearing aryl substituents through the reaction of bis(iodozincio)methane and

propargyl ethers, bringing a major advancement in the valuable synthetic methodologies using the
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gem-dizinc reagent (Scheme 1-65).1265] The reaction was carried out using a nickel catalyst derived
from Ni(cod), and (2-furyl)sP mixing together bis(iodozincio)methane, 147 and the aryl iodide,
furnishing the desired product in very good yields. Treating 147 with bis(iodozincio)methane in the
presence of the nickel catalyst, excluding the aryl iodide, resulted in the complete recovery of the ether.
Based on this observation, the authors hypothesized that the initial step of the mechanism may involve
the carbonickelation of the arylnickel iodide species (formed earlier through oxidative addition of the
nickel catalyst to aryl halide), forming Int-5. Subsequently, the cross-coupling of this intermediate with
the gem-dizinc compound generates an allylzinc Int-6, which upon the elimination of the zinc alkoxide
is converted into the 1,3-diene product. This transformation proved to be versatile in scope, enabling
the employ of various aryl iodides with either electron-donating or electron-withdrawing substituents

with excellent outcomes (up to 99% yield).

Ar'l (1.2 equiv) A 1) BF3-2AcOH Ar
r o r
/OCHzPh CHy(Znl), (1.2 equiv) \> ; hexane 0°C
RMexSi™ 47 Ni(cod), (2 mol%) RMe,Si 2) Ar2I TBAF Ar?
P(2-furyl); (3 mol%) | 148 Pd,(dba)s Ar! = Ph, Ar? = p-Tol
THF, rt, 14 h Selected examples (5 mol%) 149, 40% yield
E OMe CF, 66% :
! 97% 96% 83% Ni/Ligand (4/6 mol%) E
E §_§:> Me38|m3IMe3 E
! (H,CPh)Me,Si Me;Si Me,Si |
1 ’
via i
S Ar-NiL1  TNiLn Ar CH2 (nl), H \j Ar
3 |T\ B >=§_
OR! R5Si OR1 R5Si OR1 \
Int-5 Znl, + NiL, Int-6 R'Oznl

Scheme I-65. 1,3-Diene synthesis using bis(iodozincio)methane.

The authors emphasized the potential value of the final product by conducting and additional aryl
functionalization through via Hiyama coupling on the silicon motif. This process provides versatile and

efficient route for the synthesis of unsymmetrical 2,3-diaryl-1,3-butadienes 149.

Since Matsubara and co-workers discovered that bis(iodozincio)methane readily responded to
different electrophiles under Pd-catalysis, they proceeded to investigate the consecutive reaction
involving it with two acyl groups. This investigation aimed to create a practical route for symmetric
and asymmetric 1,3-ketones. Reaction of benzoyl cyanide (2 equiv) with 115 afforded 150 in 44%
yield without the need for a Pd-catalyst (Scheme I-66).[26¢]

SORBONNE UNIVERSITE 87



C(sp3)-Geminated Organobimetallics Overview

0] N
P . o o AN,
Ph™ “CN (1.0 equiv) PN CHy(Znl), o ©
THF, rt, 2h Ph CH2 Pho| w0 g Ph)\/lkph
150, 90% vyield
0 A !
)k 0 0 ' R = Ph, without Pd-catalyst '
CHy(Znl), R™ ~CI (1.0 equiv) RJKCH)LR ; o} 151 |
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Scheme I-66. Reaction of bis(iodozincio)methane with acyl chlorides: synthesis of symmetric 1,3-diketones.

By modifying the molar ratio to 1:1, the yield was enhanced to 90%. This occurred because of the

deprotonation of the methylene within the 1,3-diketone product by the gem-dizinc reagent, leading to
the creation of the zinc-enolate and thus demanding excess quantity of the dizinc species. On the
contrary, the use of benzoyl chloride (instead of benzoyl cyanides) lead to a THF-ring opening with
acyl chloride, affording 151, since in these conditions acyl chlorides react faster with THF than
bis(iodozincio)methane. However, coupling reaction under Pdz(dba)s/P(CsHs-p-OMe)3 catalysis in a
mixture THF/DMI (1:1) proceeded smoothly, yielding symmetrical 1,3-diketones in high yields. (up to
89%).
To circumvent the need for Pd-catalysis, an alternative approach would involve identifying a suitable
solvent capable of activating the nucleophilic attack of bis(iodozincio)methane on the carbonyl group
of an acyl chloride. Among the solvents investigated by Matsubara, THT exhibited a good ability to
activate and stabilize the gem-dizinc compound. The *H NMR spectroscopic data acquired in THF-THT
solvent indicated a successful coordination of THT to the dizinc compound.[267] However, the
correlation between reactivity and structural changes remains unclear. Consequently, this
methodology enabled the preparation of symmetric 1,3-diketones all without necessitating the use of
any TM-catalyst.

In order to synthesize non-symmetric 1,3-diketones, Matsubara exploited a Fukuyama cross-
coupling[268.269] hetween bis(iodozincio)methane and thioesters as the initial step (Scheme I-
67).1270.271] This was employed to generate a Reformatsky-type enolate 153, capable of reacting with a

distinct electrophiles.
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Me3SiOTf OSiME3
(1.5 equiv) Ph .
THF. 25 °C 2 silylenol

156, >99% ethers

CHy(Znl), (1.2 equiv)

NO, Pdy(dba); (0.5 mol%)
0 O PPh, (2.1 mol%)
Ph
M&J\s THF, 0 °C, 5-20 min

152

P-keto-alcohols O OH 1,3-diketones

o o
R =H, 99% Phw

R = Me, 86% 155 Ph
154, 89%

Scheme I-67. Synthesis of non-simmetric 1,3-diketones, silylenol ethers and [3-keto alcohols.

In this procedure they employed differently alkyl substituted 4-nitrobenzenethiol esters 152
along with the Pdz(dba)z/PPhj3 catalytic system. The electronic properties of the substituent attached
to the aryl sulfide motif was crucial: only electron-withdrawing substituents promoted the complete
formation of the Kkinetic enolate. The corresponding zinc-enolate was subsequently applied as
nucleophile toward a wide range of acyl cyanides to furnish the desired 1,3-diketones 154 in excellent
yields (89%). Moreover, within this protocol, aldehydes and ketones could also serve as second
electrophiles to lead uniquely to the aldol product 155. Interestingly, the reaction conditions also
enabled the conversion of chiral thiol esters preserving the integrity of their chiral information. To
expand the applicability of this method, by adding silylation reagents to the zinc-enolate intermediates,
the researchers synthesized various silyl enol ethers like 156,[271.272] which are very valuable reagents

in organic synthesis, particularly for cycloadditions and cross-aldol reactions.[273-275]

As part of another utilization of the sequential reaction approach, Matsubara and Utimoto
explored the interaction between gem-dizinc reagents and a,f-unsaturated carbonyl compounds to
execute 1,4-addition reactions (Scheme I-68) .[27¢] In this context, the bis(iodozincio)methane reacted
with chalcones, leading to the corresponding y-zincio-enolate 157, upon trapping in situ by
chlorotrimethylsilane. This intermediate was then allowed to react with various organic halides.
However, when subjecting 2-cyclohexen-1-one to treatment with bis(iodozincio)methane and
chlorotrimethylsilane, the outcome did not lead to the desired enone compound, and no reaction
occurred. In this circumstance, the researchers developed a tactic involving the creation of an
organocopper species 158 using the gem-dizinc compound and a copper salt. The intention of this
method was to augment nucleophilicity, thereby streamlining the 1,4-addition reaction process.
Employing this strategy, the reaction with cyclohexanone proved successful, and subsequent reaction

with allyl bromide produced 159 in 78% yield.
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Scheme I-68. 1,4-Addition reactions of bis(iodozincio)methane with a,f-unsaturated ketones and successive functionalization of
the second C-Zn bond.

In a recent study, Shimada, Ikeda, and Matsubara introduced a novel three-component coupling
reaction involving a symmetrical 1,2-diaryl substituted alkyne, iodoarene, and bis(iodozincio)methane
(Scheme I-69).1277] In the presence of a nickel catalyst, this process yielded allylic zinc compounds 160
featuring a tetrasubstituted alkene moiety. Various combinations of NiCl; and triarylphosphine ligands
were explored, revealing that electron-deficient phosphines produced the most favorable yields.
Among these ligands, P[3,5-(CF3)2CsH3]3 demonstrated the highest efficacy, as already depicted above
(see Schemes I-63/64). According to the authors, the reaction takes place through the initial aryl
nickelation of the alkyne, followed by a subsequent cross-coupling with bis(iodozincio)methane. 160
was further utilized in conjunction with a diverse array of electrophiles, such as aldehydes and allyl

halides.

Ph Ph
— OH
4-B(pin)CgHyl (2.2 equiv)
CH,(Znl), (2.0 equiv) _ PhCHO oh
NiCl, (2 mol%) Ph i, 4 h 89%
L17 (3 mol%) Ph ) e
ZCHpznl —— Bpin (E/Z-mixture)
THF, rt, 8 h
160 allyl bromide Ph Ph
,‘Ig':]""_""P'h' N CuCN-2LiClI -
i — , -30°C,9h
"""" |"""’ B(pin) ;>>
4-MeCgHyl (2.2 equiv) Bpin (E/Z-mi)?ture)
CH,(Znl), (2.0 equiv)
Pd,(dba)s (1.5 mol%)
L17 (12 mol%) CoBr, (10 mol%) — -
THF, 40 °C, 0.5 h Ph—=——Ph P(4-MeOCgH,)s [ additive  yield (E/Z) |
. (20 mol%) Pho Ph o I'MeCN  75% (1:1.6)
> e — :
p-Tol—CH,Znl additive p-Tol-H,C  H A
2 THF, 60 °C, 24 h 2 LiCl 47% (>99:1)
then H;0" 161

Scheme I-69. TM-catalyzed three-component coupling between1,2-diaryl substituted alkyne, iodoarene, and
bis(iodozincio)methane.
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Conversely, when employing the same combination of reagents in the presence of a palladium and
cobalt catalyst, the outcome leads to the formation of tetrasubstituted alkenylzinc compounds. This
reaction is promoted by a two-step process: a palladium-catalyzed cross-coupling of iodoarene with
bis(iodozincio)methane as first, followed by a cobalt-catalyzed benzylzincation of the alkyne.
Interestingly the use of different additives comported different yield and regioselectively of the final
alkene product 161. For instance, among the additives, LiCl resulted in the lowest yield (47%), but
only the E-product was observed. Conversely, MeCN and EtCN yielded similar results (75% and 85%

respectively), but with contrasting diastereoselective ratios of E- and Z-alkene.

In 2014, an intriguing study by Haraguchi and Matsubara unveiled a novel series of sequential
reactions involving bis(iodozincio)methane. The gem-dizinc reagent, when treated with phenyl
isocyanate, generates a zinciomethylenated product 162, that functions as an amide-enoate
equivalent (Scheme 1-70).1278.279] This intermediate displayed limited reactivity with aldehydes in
Reformatsky-type reactions, likely attributed to the “absence” of the O-enolate form 162-C, and instead
exhibited characteristics more aligned with alkylzinc forms 162-A and 162-B.[280] However, upon
introduction of an aminoalcohol, the corresponding adducts 163 formed in noteworthy yields. This
activation played a pivotal role in achieving asymmetric induction. In fact, the utilization of catalytic
amounts of a chiral aminoalcohol L18 derived from L-proline, drove the process toward catalytic

asymmetric Aldol-type reactions, showcasing remarkable chiral induction (up to 93% ee).

Ph—N=C=0

(2.5 equiv) CH,Znl CHyZnl CH,
CHy(Znl); ———————» | Ph—N=C-0Znl == Ph—N-C=0 == Ph—N-C-0Zznl —_
115 toluene, 80 °C é | i |

, 0.5 h 162-A nl 162-B nl 162-c
(2.5 equiv)

N A'r""i RCHO

i Ar i

PN - [R yield (ee) | O OH (1.0 equiv)

1 Me OH Me 45% (76%)|  pp, )J\/\

! Ar=4-FCgH, | 2-thienyl 73% (94%) °N R L18 (30 mol%)

: L18 : 4-MeO-CgH, 65% (94%) H 163 -40°C,72h

Scheme I-70. Formation of a zinc enolate equivalent of amides by reaction of bis(iodozincio)methane and isocyanates:
aminoalcohol catalyzed enantioselective Reformatsky-type reaction.

Lastly, Matsubara detailed an effective method for allylating ketones through the umpolung
reactivity of m-allyl-palladium intermediates with bis(iodozincio)methane (Scheme I-71a). This
process involved generating an allylic zinc species via the reduction of the -allyl-palladium compound
using the gem-bimetallic, which acted as reducing agent. The allylic zinc species serves thus efficiently
as allylating reagent for the y-acyloxy-o,[3-unsaturated esters 164.[281]

However, extending this umpolung process to y-acyloxy a,f-unsaturated ketones like 165
resulted in a distinct reaction pathway (Scheme 1-71b).[282] Treating 165 with

bis(iodozincio)methane in the presence of a Pd(0)-catalyst produced the corresponding cyclohexene
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derivatives 166 in a diastereoselective manner. The authors proposed a mechanism wherein the
formation of the y-keto allylic zinc, facilitated by the gem-bimetallic through the m-allyl-palladium
species, underwent a 1,4-addition to the substrate. The emerging zinc enolate subsequently
underwent an intramolecular addition to the keto group, yielding selectively the thermodynamically

favoured isomer of the cyclohexene derivative.

(0]
R1JI\R2 (1.0 equiv)

O .
CHy(Znl), (2.4 equiv) J\/\/l< 2

R

BnoJ\/\/O\WMe Bno” R’

Pd(PPhs), (20 mol%)

164 (2.2 equiv) O THF, 40 °C,12 h
a) Umpolung reactivity with Selected examples
y-acyloxy-a, f-unsaturated esters
OH (0] HO ) HO
Me
BnOWPh BnOJ\%\)O BnOJ\/\)@
73% 78% 80%
Ph, OHO 466 HO Ph O
O ) - -
CHay(Znl), (1.0 equiv) Ph Ph
= O _Me +
Ph i Pd(PPh), (3 mol%) -.,,/OTMe m,/OWr Me
165 0] -
THF, t, 1.5-6 h 83%, 14:1 dr o
b) Umpolung reactivity with | :
y-acyloxy-ea, f-unsaturated Mechanism
ketones 1z o
n
2 i’ 0 CHa(2nl) o r\(@QFU
n
_~._ocor? ez '
R1JJ\/\/ —_—> R'IJI\//:\\ R1 = OCOR2
Pd°L L'Pld 1,4-addition
OCOR
H 1 0
OH OCOR? R 1
_Z J— R!
— — _-—————————
R ., _OCOR?2 Intramolecular
R thermodinamically v 1,2-addition
H favored

Scheme I-71. Umpolung reactivity of m-allyl-palladium intermediates with bis(iodozincio)methane employing a) y-acyloxy a,f3-
unsaturated esters, b) y-acyloxy a,f-unsaturated ketones.

1.9.2.2.3. Sequential Reactions with 1,1-Bis(iodozincio)ethane

The stereochemical aspects of the 1,4-addition of 1,1-bis(iodozincio)ethane (117) to «,(-
unsaturated ketones have been the focus of investigations (Scheme I-72). Matsubara observed that
the diastereoselective conjugate addition of 1,1-bis(iodozincio)ethane resulted in the formation of the
secondary organozinc reagent 167 with remarkable cis-diastereoselectivity.[283] It was suggested that

when the reaction proceeds via the s-cis conformation, the 1,4-addition likely occurs through a six-
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membered transition state TS-9, where the coordination of a zinc atom at the endo position of the
carbonyl oxygen is deemed essential for diastereoselective outcome.

The bulkiness of the substituent R? in compound plays a pivotal role in both the yield and
diastereoselectivity by promoting the displacement of the coordinated gem-dizinc to the terminal
position of the s-cis enone. Subsequently, the authors engaged the configurationally stable
monorganozinc compounds into a copper-mediated allylation, leading to the stereospecific formation

of 168 in good yields.

1) CuCN-2LiCl (1.0 mmol)

CH3CH(Znl), (1.0 equiv) R R2 R R2
RV\[]/RZ Me3SiCl (1.1 equiv) N 67 THF, -30 °C, 5 min
THF, 0°C,2h Osa 2) allyl bromide (1.2 equiv) 0
’ ' Me SiMe Y q
© Znl 3 30°Ctort, 0.5h Me 168
---------------------- Mechanism ------------------{ then H3O+ X
Me o1 TS-9 Me R

5 o= znl v : T R2

TS gl i : R' R? yield(dr) |
| IZn\_O/_) R2 \ Zn.._ R? | Ph  Ph  86% (98:2)
: [ l

Ph  Bu 75% (95:5)
Ph  Me 44% (71:29)

....................................................

Scheme I-72. cis-diastereoselective 1,4-addition of 1,1-bis(iodozincio)ethane to a,f-unsaturated ketones.

As mentioned before, the palladium-catalyzed Fukuyama reaction between thioesters and
bis(iodozincio)methane produce a-zincioketones, which isomerize to zinc enolates. Similarly, the
employ of 1,1-bis(iodozincio)ethane led to the corresponding zinc enolate with remarkably Z-
selectivity (Scheme 1-73).[272] After silylation trapping of the zinc intermediate with t-BuMe;SiOTf,

various silyl enol ethers 169 with Z-conformation were obtained in satisfactory yields.

1) CH3CH(Znl), (1.5 equiv)
Pd,(dba)z (1 mol%)

: R yield (ZIE) )
o P(2-furyl)s (4.2 mol%) . |
L THF, 0 °C, 15 min OS'M;f Bu  [Tnp, 58% (95:5)
N e 0, .
R™ “SAr 2) 'BuMe,SiOTf (1.5 equiv) R PhCH,CH, — 72% (93:7)

Et0,C(CHp)s 67% (93:7
(Ar = p-NO,-CgHy) THF, rt, 6 h 169 2C(CHz)s 67% (93:7)

Scheme I-73. Pd-catalyzed Fukuyama cross-coupling between 1,1-bis(iodozincio)ethane and alkyl thioesters.

The utilization of sequential cross-coupling reactions with gem-dizincioalkanes may offer a
promising route for generating optically active organozinc compounds. In general, chiral
enantioenriched organometallic species, are highly sought after they provide a straightforward
method for constructing asymmetric carbons in optically active configurations.[284-288] |n this context,
Matsubara and-coworkers embarked on the quest to synthesize a chiral mono-organozinc compound,
through a desymmetrization strategy after the initial cross-coupling reaction.[?891 Their approach

involved the reaction of 1,1-bis(iodozincio)ethane (117) with cinnamyl electrophiles in the presence
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of a Pd(0) catalyst alongside a chiral phosphine ligand (Scheme I-74). The resulting organomonozinc
intermediate 170, configurationally stable, was subsequently engaged in a stereospecific copper(I)-
mediated coupling reaction with propargyl bromide. However, it is noteworthy that the highest
observed level of asymmetric induction in this endeavor reached a mediocre 33% ee when using
cinnamyl carbonate as the electrophile and (R)-MOP as chiral ligand. To date, this stands as the sole

exemplar of an enantioselective transformation involving a prochiral gem-dizincioalkane.

Me  Ph.__~~_ 0OCO,Bu 170 Me 1) CuCN-2LiClI Me

THF, -30 °C, 5 min \/\/k/ i
Ph\/\/kznl — = Ph P _ |

1Zn™ "Znl pg,(dba)s (2.5 mol%) 2) allylbromide
116 (R)-MOP (10 mol%) configurationally -30°Ctort,2h 70%, 33% ee
THF, rt, 0.5 h stable

Scheme I-74. Synthesis of a chiral non-racemic mono-organozinc via desymmetrization of 1,1-bis(iodozincio)ethane, and
subsequent copper-mediated cross-coupling with propargyl bromide.

1.9.2.2.4. Sequential Reactions with a-Hetero-substituted Gem-Dizinc Reagents

The readily prepared silyl-, boryl-, and germyl-substituted gem-dizinc compounds can also
undergo sequential cross-coupling reactions with a wide range of electrophiles (Scheme I-75).[201-203]
However, while these sequential coupling reactions with gem-dizinc reagents offer the potential to
produce chiral a-functionalized organozinc compounds, stereoselective versions of these

transformations have not yet been developed.

: : ! siv .
' SiMe3 : Ph._~_ Br iMe3 CUCN-2LICI SiMe;
: : Ph ZnB Ph~ A
1 Brn™  “ZnBry pg,(dba), (2.5 mol%) "EC] then o~ Br :
121 PIBS-(CF)yCeHls 88%
(10 moi%)
THF, rt, 1 h
L GeEt, ? GeEt GeEt
L §eFe 1 PhA O ph. : cucN2Licl | =
! ! e, _
 Brzn” ,Z1BT ! Pdy(dba); (2.5 mol%) 208U then = /710/
SR . P[3,5-(CF3)2CeH3l3 Br -
(10 moi%)
THF, rt, 1 h
o B(pin) | PhI Bpin) CuCN-2LiCI H,0 o
1 1 . 2 2
:Ban ZnBr : o, Ph ZnBr )\/\ Ph)\/\
! 1 Pdy(dba); (2.5 mol%) then _~~_Br NaOH )
VA28 P[35-(CFa)CeHals 99%
(10 moi%)
THF, rt, 1 h

Scheme I-75. Sequential reactions of hetero-substituted gem-dizinc compounds with various electrophiles.
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2. Configurational Stability of Organozinc Compounds

First of all, it is crucial to remind the reader that the term "configurationally stable" lacks
specificity on its own. This concept becomes meaningful only when linked to both a specific
temperature and a specific timeframe. In this framework, the configurational behaviour is a crucial
aspect of asymmetric organic chemistry, and its understanding forms the bedrock of a solid theoretical
foundation for research in enantioselective reactions. In fact, configurational stability (or lability)
directly impacts the success of enantioselective transformations, and understanding how
configuration can be either preserved or altered during a reaction is a pivotal aspect for optimizing
experimental conditions to achieve maximum efficiency and selectivity.

As we discussed in the preceding section, the most employed gem-bimetallic compounds for the
development of enantioselective sequential reactions have been gem-bis(boronates).[2991 This
preference stems from the fact that, whether starting with enantiomerically enriched reagents or
racemic compounds, mono-organoboronates formed after the initial functionalization step, exhibit
robust configurational stability.[291-293] This exceptional stability has enabled the development of a
diverse array of bimetallic reagents and various subsequent sequential reactions, all without any loss
of enantiomeric excess, even under harsh conditions.[290]

In contrast, the situation is very different for organozinc compounds. Unlike their boron
counterparts, these organometallic reagents exhibit a configurational stability highly dependent on the
nature of the reagent itself, and generally it undergoes rapid changes as temperature increases.[294]
This characteristic sets organozinc compounds apart and has, until now, relegated them to the
periphery of enantioselective sequential reactions. In fact, their utilization in this context has been
largely disregarded. The only reported example of an enantioselective reaction with gem-dizinc
prochiral compounds, dating back to 2000 by Matsubara,[289] relied on the assumption that the mono-
organozinc intermediate after the first reaction was configurationally stable. Nevertheless, the
achieved enantiomeric excess in this instance was rather modest, standing at a mere 33% ee.
Therefore, if we aim to advance the development of new sequential reactions with gem-dizinc
compounds, it becomes of paramount importance to ascertain whether the mono-organozinc
intermediate will exhibit labile or stable configurational behaviour. For this reason, the analysis of the

configurational stability of organozinc compounds will be comprehensively discussed in this section.

2.1. General Dynamic Behaviour of Organozinc Compounds

Conceptually the dynamic behaviour of organozinc compounds in solution can be examined by
four distinct processes: exchange, inversion, aggregation, and coordinating-ligand exchange (Scheme

1-76).1294] All of these mechanisms theoretically involve varying degrees of changes in the C-Zn bonds.
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Nevertheless, while mechanisms such as coordinating-ligand exchange and aggregation primarily do
not induce significant alterations in the C-Zn bond, exchange and inversion result in notable
modifications to its structural integrity. As a result, among these mechanisms, only the dynamic of
exchange and inversion have been extensively investigated by numerous research teams, focusing on

their impact on the C-Zn bond.

LR R'
E Rg\-p-Zn--§ _— §--Zn-C\--,;R2 :
! RS R '

IV. Zn-L coordinating
exchange

......................

ﬂ

----------------- l. C-Zn exchange -------------------

§R1-Zn1-§ + R%-Zn%-3 =—= R2-2n1--§ + R1-Zn2-§

.....................................................

Scheme I-76. Dynamic behaviour of organozinc compounds.

The aim of the next paragraphs is to provide a concise yet thorough analysis of the configurational
stability of organozinc compounds in solution, examining all the factors which influence it. However,
since the C-Zn exchange occurs with retention of the configuration, and aggregation and coordinating-
ligand exchange do not affect (almost) at all the integrity of the C-Zn bond, only the inversion process

will be considered and discussed.

2.2. Inversion of Carbon-Zinc Bond

The inversion of configuration in C-Zn bonds involves breaking and reassembling of the bond
from the opposite side of the carbon atom, resulting in a complete modification of the bond's integrity.
The speed of the inversion process is strongly influenced by the characteristic of the carbon atom
bonded to zinc (substitution and hybridization). In this realm, comprehensive research and
confirmation have been achieved mainly within primary, allylic, and benzylic organozinc systems.
Secondary organozinc compounds, albeit to a minor proportion, also contribute to this body of
knowledge. However, the precise mechanisms implicated in this process have not been entirely

elucidated and continue to be uncertain.
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2.2.1 Primary Alkylzinc Compounds

In the realm of organic chemistry, within the array of different organometallic compounds,
organozincs hold a middle ground concerning the electronegativity of the metal. As a prevailing
tendency, it is commonly acknowledged that for organometallic reagents without bearing additional
functionalities, those with stronger covalent carbon-metal bond are prone to exhibit higher energetic
barriers for the inversion at the carbon center (also known as topomerization barriers).[295]
Conversely, the organometallic compounds with weaker covalent bond tend to dispaly the opposite
behaviour.

To study the configurational behaviour of primary organometallic reagents, in the specific case
neohexylmetallic compounds (neohexyl = 3,3-dimethylbutyl) in dilute ether solutions, a comparative

analysis of 1H NMR spectra was conducted (Table I-1).[29]

Table 1. 'H NMR spectra of different neohexylmetallic compounds in Etz0 under slow inversion conditions.

RM« RLi RoMg R2Zn R3Al R,Hg
Temperature (°C) -18 30 30 30 30
M Electronegativity (Pauling) 1.0 1.2 1.6 1.5 1.9
Conc. in Et20 (mol%) 5 5 1 1 15

Chemical shifts:? 84 (ppm) -1.08 -0.68 +0.15 -0.20 +1.01
O (ppm) 1.35 1.39 1.47 1.25 1.58

Couppling constants:? Jag (Hz) 3.5 4.0 4.7 3.9 5.1
Jap' (Hz) 15.5 14.2 13.3 14.2 11.8
Jaa (Hz) -12.1  -125 -124 -134 -125

Jee' (HZ) -13.05 -13.4 -13.6 -13.4 -13.6
a R = (CH3)3CCH2CH2. b (CH2CH2M)

At first sight, it was observed that the chemical shift of both methylene groups moves linearly
towards lower frequencies as the electronegativity of the metal decreases, suggesting that the
shielding effects primarily arise from the higher polarization of the C-M bond, while the influence of
anisotropic effects from the metal orbitals is negligible.

In theory, in cases where the inversion process is slow compared to the NMR time scale, the CH2CH;
group of neohexyl consistently exhibits an AA'BB' spin system, but if inversion at the a carbon occurs
at a rate which is rapid on the NMR time scale, then the spectra show a simple A;B; system (Scheme
I-77). The characteristic AA'BB' spin system is observed at room temperature for all organometallic
reagents reported in Table I-1, except for neohexylLi, which requires lower temperatures for analysis.
The values of the vicinal coupling constants indicate that the organometallic compound exist

predominantly in the anti-conformation.[2971 When the temperature of Et;0O solutions containing
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neohexylLi, (neohexyl);Mg, and (neohexyl),Zn is increased, the AA'BB' spectral pattern gradually
turns into the A;B; configuration for the CH,CH; group.[29¢] These changes occur due to the averaging
of the vicinal coupling constants, which is consistent only with the inversion of the configuration at the
a-carbon. In the case of (neohexyl)sAl and (neohexyl).Hg the AA'BB' spin system remains unchanged
up to 150-160 °C, proving that these compounds are configurationally stable in Et,0 (compared to the

NMR time scale) under the given experimental conditions.[296]

Spin system by NMR

C(CH3)s C(CH3); . E
Ha Ha' inversion Ha' Ha ' ‘ P :
Hg' Hg Hg' Hg : | \h P '
M : | o :

M = Li, MgR, ZnR, AIR,, HgR

............................................

Scheme I-77. NMR spin systems with slow and fast inversion of the C-Metal bond in neohexylmetallic compounds.

The inversion rates of zinc compounds exhibit relatively linear Arrhenius plots. These plots allow
for the determination of activation energy (E.) values. In particular, for the primary diorganozinc
compounds (neohexyl),Zn, activation parameters were assessed within the temperature range of 80-
145 °C.[298] Extrapolating from these measurements, a value of AG* = 21.1 kcal mol-! was obtained for
the inversion process at 25 °C, indicating a slow inversion rate, compared to the corresponding
organolithium and organomagnesium reagents, aligning with the anticipated effect of metal
electronegativity.

Despite extensive investigations on inversion barriers in lithium and magnesium compounds,
research on inversion barriers in organozinc reagents has remained limited. Nevertheless, an
experimental case involving a -(Boc)amino-substituted primary organozinc iodide was reported.[299]
In this case, methylenic protons a to the zinc were observed as the AB part of an ABC spin system,
suggesting sluggish inversion rates. Through calculations involving shifts and coupling constants
(which will not be discussed here), a lower limit of AG* = 15 kcal mol-1 at 25 °C was established.
However, the authors refrained from pursuing additional efforts to reach the coalescence temperature.

A conceivable mechanism has been postulated to explain the inversion of primary alkylzinc
compounds at higher temperatures (Scheme I-78).12941 This mechanism could involve a first-order
process like dissociation-recombination (or Sg1 mechanism). However, organozinc compounds might
engage in pathways with lower energy requirements for inversion through the formation of
aggregates. These aggregates could readily give rise to dimeric structures, which might even become
the more stable species (depending on substituent characteristics), thus playing a crucial role in the

exchange process. Consequently, an aggregate could provide opportunities for a carbanion to interact
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with a metal cation from one face, or with another cation from the opposite face, facilitating inversion

routes that are more accessible than Sg1 process.

via Sg1 mechanism

X ¥

N

Zn HH zn
¢ 3370

R A G

X o
L Zn Zn
2 RCH,ZnX ARV + inverted-A
: H"A"H ' ., /X\
: ! 'Zn Zn
""" A \ Y@ O /
(X = Halogen, RCH,) H H
oeH=Hseo
R R

RCH,*ZnX + RCH,ZnX

(*= inverted)

Scheme I-78. Postulated mechanism for the inversion of the C-Zn bond in primary organozinc reagents, involving aggregates via
two pathways: a) Se1 mechanism; b) ion-pairs formation.

In Scheme 1-78, a possible ionic mechanism for inversion is proposed, involving dimeric organozinc
reagents. Through heterolytic cleavage of the C-Zn bond, a fast-inverting carbanion is generated, and
its stability is ensured by ion-pair formation with a bimetallic cation displaying dispersed charge. The
inversion of one of the two organozinc molecules occurs after dimer dissociation, as the inverted

carbanion caves in conjunction with the back metal cation.

2.2.2. Secondary Alkylzinc Compounds

NMR spectroscopy is an immensely valuable analytical technique for investigating the dynamics
(e.g., internal rotation, conformational exchanges, isomerization) of organic molecules and various
systems with activation energies ranging approximately from 5 to 25 kcal/mol.[3%0] When
experimental conditions permit the identification of peak coalescence, the spectroscopic information
gained hold significant worth.[297.298] Nevertheless, challenges arise in instances where the dynamic
process occurs slowly on the NMR time scale, such as the inversion of a C-metal bond. In these cases,
a fundamental query arises regarding the preservation of the stereochemical integrity of the
organometallic compound over a macroscopic time scale, and an answer to this query remains
unsolved. This circumstance is particularly relevant to the majority of secondary organometallic
compounds, which are more attractive than primary counterparts due to their potential in synthetic
applications.

Various examples of the controlled manipulation of stereochemistry at the C-Zn center during the

preparation and reactions of organozinc compounds have been reported (Scheme I-79). In this field,
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diastereomeric cyclic secondary organozinc halides were synthesized in the form of isomeric mixtures,

exhibiting configurational stability under the specific experimental conditions of the reactions.[301]

Knochel et al., 1994

| I1Zn |
NHACc Zn NHAc NHAc
THF:DMSO (1:4) I2

2-3h,32°C THF, 25 °C
exo:endo = 98:2 exo:endo = 95:5

Knochel and Ostreich, 2000 Rl
. E . D

R Et,BH R iPryzn R ; D @6 !
=, - . :

40 °C, 4 days ., —10°Ctort by L 2991 dr 99:1 dr ;

BEt, Zn'Pr L )

0.0 R 4 examples
\—,2 ) 56-61%
THF, -78 °C “D upto>99:1dr

Me Me Me
N 1) EtBH,rt, 15h Me D,0 D
_— . _— 2
Me 2)'PryZn, 0°C, 3 h .Zn'Pr | THF, =78 °C Me 59%
OMe o OMe  anti:syn >99:1
Me
. Me
knochel et al., 2020 ArBr (3.0 equiv) B8 4 examples, 46-76%
Pd-PEPPSI-Pent R™ “Ar up to 93:7
(5 mol%)

1) 'BuLi (2.2 equiv) toluene, rt, 1 h

pentane/Et,0 (3:2)

/I\'/I\e -100 °C, 10 sec /I\'/I\e
R o~ R >z siM
2) Me3Si~~ > ZnBr-LiBr es
98:2 er (1.05 equiv) configurationally
-100 °C, 1 min stable at rt
then rt, 15 min
Morken, 2023 Pd-G3
[Pd-G3] (0.5 mol%) NH
1) BuLi (1.0 equiv) CPhos (2 mol%) A 2
. -78°Ctort LiCl (1.05 equiv) ) é
Zn(OA
5 é(pm) THF, 30 min Bn ?n( ©) ArBr (1.2 equiv) B ér O MsO
n ~ ————— Bn_~ 2
Me 2) Zn(OAc), (1.05 equiv) Me THF/toluene Me
96:4 er rtto 60 °C, 2 h 15 min  configurationally rt, 12 h Ar = 4-COMe-CgHy
stable 76%, 95:5 er

Scheme 1-79. Examples of diastereomerically and enantiomerically enriched secondary cyclic and acyclic organozinc
compounds.

Additionally, diverse cyclic and acyclic diastereomerically enriched mixed diorganozinc
compounds,[302-305] and in one instances even enantiomerically enriched,[3%] have been synthesized
and subsequent exploration of their stereochemistry occurred following their interaction with
electrophiles, where they showed a robust configurational stability. Additionally, Morken recently

developed an enantioenriched alkyzinc acetate that exhibited considerable configurational stability
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(Scheme I-79, bottom).[307] However, in all these cases a thorough investigation of the preservation
of the stereochemical integrity of the organometallic compound during the time was lacking.

In this context, Guijarro and Rieke[308] directly investigated the configurational behavior of
secondary alkyl organozinc halides directly using NMR spectroscopy along with chiral solvating
agents.[3991 This approach mirrors the methodology employed by Hoffman while investigating a-seleno
organolithium compounds.3191 The underlying concept of this method is that complexing the racemic
organometallic compound with an enantiomerically pure chiral ligand leads to the formation of
diastereoisomeric complexes. Among various chiral ligands, C2 symmetrically substituted
bis(oxazoline) ligands were identified as the optimal choice. Notably, (+)-2,2'-isopropylidene-bis[(R)-
4-phenyloxazoline] L19 displayed two sets of signals in a (surprisingly) very simple 1H NMR spectrum
of 2-butylzinc bromide (*)-171 at room temperature (Scheme I-80).1308] The presence of two distinct
signal sets in a 1:1 ratio, each representing one enantiomer of the organozinc reagent, means that the
inversion proceeds slow within the NMR time scale. However, a deeper investigation is required to

establish the extent of the stereochemical stability of the C-Zn bond in secondary alkylzinc bromides.

ZnB
;\” ' L19 (1.0 equiv)
Et Me

(#)-171

Scheme I-80. Equilibrium complexation of racemic 2-butylzinc bromide with L19.

If the organozinc species is in rapid equilibrium (within the NMR time scale), it will exhibit a single set
of signals, even if it forms two diastereoisomers with the enantiopure ligand. Indeed, using the
corresponding racemic ligand resulted in just one signal set, as expected.
Recording the same 'H NMR spectrum experiment at =50 °C the equilibrium can be frozen, leading to
the re-emergence of two signals sets like those observed with the use of the enantiopure ligand.
Nevertheless, these signal sets manifest in different proportions, aligning with the thermodynamic
equilibrium constant, which is influenced by the compared stabilities of the diastereomeric complexes.
In the specific case of (£)-171 at -50°C, integration reaches the sensitivity threshold, resulting in a
ratio of 1.01:1 due to the subtle steric hindrance discrepancy between the methyl and ethyl groups.[311-
314]

By replacing the ethyl group with the more sterically hindered benzyl group, significant

alterations are expected in the thermodynamic equilibrium composition, opening the possibility of
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accurately gauging the rate of inversion of the secondary C-Zn bond (Scheme I-81). In the presence
of one equivalent of L19, the spectrum of 1-phenyl-2-propylzinc bromide (*+)-172 revealed the
expected occurrence: two signal sets in a 1:1 ratio, indicating the racemic character of the organozinc
compound. However, given that this system does not represent a static state, the equilibrium

composition will dynamically evolve based on the inversion rate of the C-Zn bond.

Me

Ph
(R)}-172 ZnBr

ZnBr :
L19 (1.0 equiv) |
Ph\/é\Me |

(£)-172

Scheme I-81. Equilibrium complexation of racemic 1-phenyl-2-propylzinc bromide with L19.

This evolution continues until the system reaches its thermodynamic equilibrium configuration.
Therefore, the presence of the chiral ligand essentially induces a shift in the composition of the initial
racemic mixture of the organozinc compounds, leading to a different final outcome. This value aligns
with the new thermodynamic equilibrium in the chiral environment. By deriving the laws governing
the interconversion rate of both enantiomers, the equations that depicts the exponential progression
toward the ultimate equilibrium state can be readily deduced.[398] Over the course of 9 days, the
observation of a sample containing (#)-172 and L19 through 'H NMR revealed a gradual yet
discernible transformation of the diastereomeric ratio towards the projected one (approximately
2.7:1). Employing a logarithmic plot, the half-life of the C-Zn bond inversion was calculated, resulting
in t1, = 4 months, which corresponds to a free activation energy AG* = 27.2 kcal mol-! at rt.[308] It is
important to note that this data provides an approximation of the system's progression towards
equilibrium, since the initial assumption of a monomolecular transition state do not take in account
the aggregation processes, and, moreover, during the observation of the sample the presence of solids
hindered a complete tracking of the reaction’s progress. Worthy of note is also that the conclusion
about the configurational stability concerns only the studied system, with a zinc atom complexed to a
diamine ligand. However, this reliable strategy allows for the determination of the ee of organometallic
compounds, bypassing the use electrophiles which could potentially cause unintended

alterations.[315,316]
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2.2.3. Secondary Benzylzinc Compounds

The configurational stability of secondary benzylic organozinc halides have been well
investigated.[317:318] Organobenzyl zinc compounds with well-defined configurations can be readily
synthesized from their corresponding benzyl lithium counterparts. These reagents are known to
exhibit fluxional behaviour with low inversion barriers,[319320] which allows them to predominantly
exist as the thermodynamically most stable benzyl lithium epimer.[321.322] By exploiting this dynamic
behaviour and selecting an appropriate organic substitution pattern, this equilibrium can be nearly
completely shifted, resulting in practically a single diastereomer. This phenomenon is particularly
noticeable in intramolecularly-chelated benzyl lithium reagents 173, where the chelating amino group
at the y-position blocks the configuration of benzyl lithium, after thermodynamic equilibration,

through coordination (Scheme I-82).

"BuLi (T s
Ph, Bu  zny, C-—zn

Ph— TMEDA 3 E ! inversion 1 Ph. |
hexane / Et,O. —60 °C ' : y | / '

Li. 0, - Yz LoTeC) vz ;

; ! : E

Me,N *NMe, NMe,; time (h) NMe,
173 syn-174 Lant-174
(counter-thermodynamic (thermodynamic
Zincaddns T (°C) Time (h) syn:anti product) product)

none 20 0.5 8:92 DCl, DCl,

ZnBr,  -30 4 >99:1 -60°C —60°C

ZnBr, 0 1 50:50

ZnBr, 50 2 <1:99 Ph, JBu

ZnCl, -30to0°C 0.25 70:30 D

BuznBr  -30 0.5 30:70 Me,N

Ety,Zn 0 1 20:80

Scheme I-82. Investigation of the configurational behaviour of the benzylic organozinc reagent synthesized in
diastereomerically pure form (syn:anti >99:1).

The key point is that with these reagents the Li-Zn transmetallation occurs with total inversion of the
configuration at the benzyl carbon. Now, the resulting benzylic organozinc halides syn-174 exhibits
significantly higher inversion barriers compared to the corresponding benzyl lithium reagent, due to
the increased covalent nature of the C-Zn bond.[3231 However, since this species is thermodynamically
unfavorable (Ph group syn to Bu) the benzylic organozinc reagent slowly epimerizes and the
equilibrium between syn-174 and anti-174 will tend to re-equilibrate over time. This epimerization is
remarkably slow enough to observe it on a macroscopic timescale, depending on temperature and
time-before quenching. For the organozinc halide, at -30°C the inversion process for syn-174
essentially does not occur or is unnoticeable (syn:anti >99:1), whereas a 2 h period at 50 °C suffices for
the equilibrium to entirely shift towards the thermodynamically more stable anti-174 isomer (anti:syn

>99:1). Notably, if an alkylzinc halide or a dialkylzinc is added instead of ZnBr; or ZnCl, the lithium is
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replaced by an alkylzinc group or zincate, leading to a preference for the thermodynamic product even
at low temperatures. This indicates a significant difference in configurational stability between an
organozinc halide and a bisorganozinc or zincate reagent.

Noteworthy, the diastereoselectivity of the reaction was also influenced by the choice of solvent. For
instance, in the more polar solvent THF, the oxygen atom competes effectively with the nitrogen atom
of the amino group, resulting in minor diastereoselectivity (syn:anti = 40/60).[3171 On the other hand,
when the benzyl lithium reagent is prepared in hexane and quenched with DCI, no detrimental effects
are observed (anti:syn = 92:8).

Further studies have confirmed the configurational lability of secondary benzylic organozinc
halides.[324325] [n fact, a fluxional behaviour is imperative to explain the stereochemical results of
certain chirally-induced Pd-catalyzed cross-coupling reactions conducted at room temperature.
Starting from racemic benzylzinc halides, these reactions afforded the desired products with high

enantioselectivitiy and excellent yield (Scheme I-83).

a) Kumada et al., 1983

=
ZnBr A Br (1.0 equiv) B

Ph™ Me  picirL20 (0.5 moi%) PN Me

(3.0 equiv) THF, 10 °C, 70 h 51%, 86% ee

b) Maulide et al., 2016

o oj}o
Me . i >
ZnCl )k I\?/Ie Me>< . PN

R™ “SPh (1.0 equiv)

o~ _0
0 A
Ar Ar L21
A Me pg0Ac), (5 mol%) /\f A Ar
(1.5 equiv) L21 (12 mol%) Ar = 3,4-Bu-4-OMe-CeH,

17 examples
up to 95% yield
up to 96:4 er

ZnCl, (1.0 equiv)
THF/MTBE, rt, 3 h

Scheme I-83. Enantioselective Pd-catalyzed cross-coupling reactions involving racemic benzylzinc reagents.

Although the configurational lability of these organozinc compounds has been well-established,
the exact mechanism behind the stereochemical inversion is still unclear. However, a possible
mechanism involving dimers, like the one proposed for primary organozinc halides, is theoretically
possible (see Scheme I-78). Considering the stability of the benzyl carbanion, benzyl organozinc
compounds might experience swift racemization in solution due to dissociation through an ion pair
with a planar configuration (Scheme I-84), followed by subsequent rearrangement and resulting in

the loss of chiral information (as proposed for chiral benzyl alkali metal derivatives).[326]
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M
"Rz = R:/'@ —_— 2R1

R1 R1 M

Scheme I-84. Possible mechanism of inversion of configuration for benzyl organozinc compounds via ion pair.

2.2.4. C(sp?)-Zn Bond: Vinylzinc Compounds

Alkenylzinc reagents generally exhibit robust configurational stability, showing defined Z- or E-
configurations in their 1H NMR spectra. For instance, divinylzinc produces a well-defined ABC spin
system with distinct coupling constants.3271 According to the literature, alkenylzinc halides have been
observed to retain their stereochemical configuration during reactions with electrophiles.[328]
Moreover, strongly electron-poor polyfluorinated substituted vinylzinc halides, 3291 as well as Z- or E-
1,2-difluorovinylzinc halides,33% have displayed exceptional configuration stability over a significant
duration of time under laboratory conditions. However, to the best of our knowledge, the inversion

barriers of these compounds remain unknown.

2.2.5. Allyl- and Propargylzinc Compounds

Allylzinc compounds present a fluxional behaviour inevitable due to two processes: 1)
metallotropic shift (1,3-migration of the zinc atom), and 2) free rotation around the o C(sp%)-C(sp3)
bond, resulting in facile and thus rapid isomerization (Scheme I-85, top). To illustrate, even at -60 °C
in THF, the isomerization of diallylzinc exhibits a AG* value around 9.6 kcal mol-, leading to an
astonishingly brief half-life of ti, = 1073s.[3311 However, this fluxional behaviour does not affect the
stereogenic information of the C-Zn bond. To illustrate, if a substituent is present on the carbon where
the metal is attached, this fluxional behavior converts 175 to 176 (Scheme I-85, bottom). These two
species are not enantiomers but diastereoisomers and repeating this "1,3-migration - free rotation"
sequence reverts 176 back to 175. Considering this fact and knowing from the literature (as
mentioned before) that secondary alkylzinc compounds are not configurationally labile, it is
anticipated that secondary allylzinc reagents should exhibit configurational stability. Nevertheless, to
the best of our knowledge, to date there is no documented evidence of enantiomerically enriched

secondary allylzinc compounds, thus leaving this question unanswered.
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Primary allylzinc compounds free rotation

C(sp?)-C(sp%)
R 1,3-migration 1,3-migration 2
%\/@ — TR H ———— R~

1,3-migration R2 N Rr! 1,3-migration
fast 3 fast

R3 H

Scheme I-85. Fluxional behaviour of allylzinc compounds via 1,3-migration and free-rotation at the C(sp?)-C(sp3) bond.

Within the propargyl-allenyl organozinc system, the allenyl form prevents the free rotation step,
thus leading to significantly high inversion barriers, preventing racemization. It is widely recognized
that the propargylzinc-allenylzinc equilibrium strongly favors the allenic structure (Scheme I-86).
This deduction is based on the TH NMR and IR spectral data of diallenylzinc and allenylzinc halides,[332]

which exhibit distinct similarities with allenyllithium compounds.[333]

allenylzinc

|
I

Scheme I-86. Propargylzinc-allenylzinc equilibrium.

Furthermore, this conclusion is bolstered by DFT calculations on allenylzinc halides, confirming the
allenic nature of these organometallic reagents.[334] Consistently, various examples of chiral allenyl
zinc reagents have showcased considerable configurational stability, although the limits of
temperature and time are strongly influenced by the specific substituents incorporated.[335-339]

So far, no rates or kinetic reaction orders related to the potential mechanism of the propargyl-allenyl
organozinc rearrangement have been reported, despite its intriguing conceptual nature. However,
what can be affirmed is that eliminating a dissociative ionic pathway is possible as long as the
configuration of the propargyl-allenyl system remains unchanged. Within this context, the
metallotropic rearrangement could take place either antarafacially or suprafacially within the
propargyl-allenic subunit, but not both simultaneously. Otherwise, a different mechanism would

unavoidably result in racemization.
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3. Conclusion

Over the past decade, there has been a significant surge in advancing C(sp3)-geminated
organobimetallics for asymmetric synthesis. Through the stepwise double functionalization of each
carbon-metal bond, these compounds enable the straightforward and selective construction of
complex molecules with a minimal number of chemical steps, which stands as a fundamental goal in
the realm of modern synthetic chemistry. Diverse strategies, such as diastereoselective transformation
of enriched chiral reagents or enantioselective conversion of achiral/racemic derivatives, have been
employed. In most cases, desymmetrization systems aim for the initial electrophilic substitution to
yield an enantioenriched, configurationally stable mono-organometallic intermediate, ready for
subsequent stereospecific transformations.

So far, a-metalated organoboronates have dominated this domain, owing to the chemical and
stereochemical stability of both bimetallic and mono-organoboron derivatives, along with the
convenient access they offer to a broad array of linchpins. This chemistry has found extensive use in
various synthetic applications. However, limitations arise from the weak compatibility of secondary
organoboronates in cross-coupling reactions, constraining the scope of the second functionalization
step, which often occurs outside one-pot procedures.

Potential solutions lie in gem-dizinc compounds, showcasing a fundamental departure from a-
metalated organoboronates. Here, the consecutive functionalizations occur in a single pot, by-passing
the isolation of the mono-organometallic intermediate. Furthermore, an additional advantage of zinc
chemistry lies in the fact that cross-coupling reactions involving secondary organozinc reagents are
frequently easier, requiring less harsh conditions, and encompass a broader range compared to those
involving secondary organoboronates. Consequently, this widens the potential for double cross-
coupling, as evidenced by the multitude of (non-enantioselective) reactions that have been developed.
Yet, despite these advancements, the realm of enantioselective sequential electrophilic substitutions
with gem-dizincio linchpins remains unexplored. This uncharted territory served as the driving force

behind our interest in this Ph.D. project.
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PART II: RESULTS AND DISCUSSION

1. Enantioselective Sequential Catalytic Arylation-
Fukuyama Cross-coupling of 1,1-Biszincioalkanes

1.1. Purpose and Objective of the Project

As mentioned in the previous section of the literature review, geminated C(sp3)-organobimetallics
have proven to be invaluable tools for conducting consecutive reactions with two distinct electrophiles
in an enantioselective manner. However, the development of new reactions in this context remains a
challenging endeavor. Up to this point, the enantioselective sequential reactions we have outlined
primarily rely on two fundamental strategies (Scheme II-1, top). The first approach entails the
preparation of chiral enantiopure gem-bimetallic reagents, which are subsequently employed in two
consecutive stereospecific reactions. This methodology has been extensively explored with gem-
diborylalkanes, featuring two boron atoms differentiated by their substitution patterns, as well as with
gem-boryl silanes.[290] Additionally, it has found application with mixed 1,1-borylzirconioalkanes(110]

and 1,1-borylzincioalkanes.[130]

Previous approaches:

...........

: 1 : 1
M', M) = (zr, B), ! )M\ o BX (TMea)
(B", B?), (Zn, B), (B, Si) | R >\2 I stereospecific
enantiomerically E’ 2
enriched )\ E°X, (TMoat) .
R” M2  stereospecific R
gTmTmmy ) enantioenriched enantioenriched
) N VR E'X, TMgatr configurationally
M2 =B, Zn ol stable
'R M2 ' enantioselective
achiral
This work:
: i 1
Wezn | mz L EX TMea i E2X, TMcag:
CRTOM2 non- R” "M2  enantioselective
: : tioselecti .
S enantioselective racemic (DKR) enantioenriched
achiral configurationally
labile

Scheme II-1. Asymmetric synthesis through two consecutive electrophilic substitution reactions of geminated C(sp3)-
organobimetallics: previous approaches (top) and our work (bottom).

On the other hand, the second strategy involves the desymmetrization of achiral gem-bimetallic
reagents through catalytic enantiotopic group-selective cross-coupling reactions. Subsequently, a

chiral, enantioenriched mono-organometallic intermediate is obtained, which then undergoes
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stereospecific transformation. For instance, 1,1-bis(pinacolboronate) esters have been employed in
enantioselective palladium- or copper-catalyzed C-C bond-forming reactions, yielding
enantioenriched secondary organoboranes suitable for (enantiospecific) C-B bond elaboration.[290]
Additionally, 1,1-bis(iodozincio)ethane was used in a one-pot enantioselective Pd-catalyzed allylic
alkylation/stereoretentive Cu-mediated allenylation sequence, albeit with low enantiomeric
excess.[289] The key common feature in both strategies is the utilization of an enantioenriched
configurationally stable mono-organometallic intermediate. However, it is important to note that these
strategies may not be suitable for gem-bimetallics in which the corresponding monometallic
intermediate is not configurationally stable upon the first functionalization. In such cases, the
enantiomeric purity of the final product may decrease, or in the worst-case scenario, the stereogenic
information could be completely lost.

Alternatively, a different approach can be considered, utilizing a racemic configurationally labile
mono-organometallic intermediate for the second step and implementing an enantioconvergent
reaction to ensure dynamic kinetic resolution (DKR) (Scheme II-1, bottom). In this context, there is
no longer a need to achieve the enantioselective desymmetrization of the initial achiral gem-dimetallic
reagent. The inspiration for this novel approach comes from previous findings in stereoselective cross-
coupling reactions involving configurationally labile secondary organozinc reagents.[340-3451 To the
best of our knowledge, this approach is unprecedented and ideally suited for 1,1-dizincio bimetallics,
which in addition have proved so far poor substrates for enantioselective desymmetrization.[28% Qur
interest was piqued by reports of asymmetric Pd-catalyzed Fukuyama cross-coupling reactions
between (1-arylethyl)zinc reagents and thioesters (Scheme II-1).[344345] Specifically, under Maulide's
developed conditions,[3451 this reaction has the capability to yield a-disubstituted ketones with high
yields and remarkable enantiomeric purity, making them valuable synthetic intermediates for

asymmetric synthesis.

Reisman et al., 2014

Pd,(dba)s (1 mol%) Q Ph
M 2 3
0 )\e L22 (2 mol%) Me 0 )=Me
/\)kSPh P znel - /W\/Ar P-N
Ar n ZnCl, (1.0 equiv) Ph o] > Me
THF, 28 °C, 12 h 0 PH
Ar = 4-OMe-CgH, (1.4 equiv) 72%, 32% ee L22
Maulide et al., 2016
Ar,_ Ar
Pd(OAc), (5 mol%) O (o}
M M M .
i e L21 (12 mol%) L . MZ><O P-N_ )
+ v, -0
R™ "SPh Ar ZnCl ZnCl, (1.0 equiv) AFW Ar/ir L21
) MTBE, i, 3h © Ar = 3,5-Bu-4-OMe-Ph
(1.5 equiv) 17 examples
up to 95% vyield
up to 96:4 er

Scheme II-2. Enantioselective protocol for the Pd-catalyzed Fukuyama cross-coupling between (1-arylethyl)zinc chlorides and
thioesters.
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This process relies on the efficient DKR of (racemic) benzylic secondary organozinc nucleophiles. In
the documented procedures, the organozinc reagents are prepared through the reductive zincation of
the parent 1-(arylethyl)chlorides.[344345]

Expanding on Matsubara's research involving the selective (mono)arylation of 1,1-
bis(iodozincio)methane (Scheme II-3),[263] we reasoned that (1-arylethyl)zinc nucleophiles and other
(1-arylalkyl)zinc intermediates could likewise be accessed from 1,1-bis(iodozincio)ethane and

potentially other (yet unknown) 1,1-bis(iodozincio)alkanes through a Pd-catalyzed arylation process

using aryl iodides.

............

' CFa 1

| CH,(Znl), (1.0 equiv H40* ! 3'

| X 2(2nl)z (1.0 equiv) ‘ N - 3 ‘ XN H o ) :
I Pd,(dba)s (1.5 mol%) Y " 8 examples ) 3
R L17 (12 mol%) R R 73-99% L L7 CFy !

THF, 40°C,0.5h

Scheme II-3. Matsubara Pd-catalyzed (mono)arylation reaction of bis(iodozincio)methane with aryl iodides.

The development of such a two-step, one-pot sequence represents a significant advancement in
providing a more direct and modular approach to the same family of disubstituted ketones within a
broader scope (Scheme II-4). This innovative method opens up opportunities on two fronts. Firstly, it
allows for the incorporation of electron-rich aryl moieties, which were previously challenging to
introduce as the requisite 1-(arylethyl)zinc reagents (+)-II were problematic to access. Secondly, it

extends the applicability to ketones IV that feature an alkyl group R other than methyl.

Catalytic Arylation Fukuyama Coupling
A PhS (0]
I = m L
E )Z\”' Pd/achiral ligand n Pdlchiral ligand
tR” > znl ' non-enantioselective R™ " Znl enantioselective
S ()1 (DKR)

« Catalytic arylation viable for R#H ?

* Presence of achiral ligand deleterious for enantioselectivity ?
* Presence of Znl, deleterious for DKR ?

¢ Fukuyama coupling viable for R#= Me ?

Scheme II-4. Enantioselective Pd-catalyzed sequenced arylation-acylation of 1,1-bis(iodozincio)alkanes in one pot and
associated challenges.

Nevertheless, the sequential bidirectional coupling strategy faces however several challenges.
First of all, it required the identification of suitable conditions to achieve the initial coupling while
maintaining good selectivity for the mono-arylation product. This could be particularly challenging

due to the presence of the alkyl group, which could trigger competing $-hydride elimination pathways.
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Secondly, it demands a method to achieve stereodifferentiation during the second step, even in the
presence of an achiral ligand necessary for the first catalytic system. Besides this, the strategy must
efficiently accommodate DKR during the Fukuyama coupling, especially with benzylzinc iodides, which
may exhibit slower racemization compared to the benzylzinc chlorides used previously.[317] Lastly, it is
necessary to assess the effectiveness in terms of both yield and enantiomeric excess of the
enantioselective acylation step for benzylzinc intermediates that featured alkyl groups at the benzylic

position other than methyl.

1.2. Synthesis of 1,1-Bis(iodozincio)ethane

At the outset of our work, we chose to focus on 1,1-bis(iodozincio)ethane, a compound prepared
through a straightforward two-step synthesis. In the first step, 1,1-diiodoethane (116) was
conveniently synthesized using a modified literature procedure (Scheme II-5).34¢1 This was achieved
by the reaction of aluminum chloride with a mixture of ethylidene chloride and ethyl iodide. The
resulting crude product was easily purified via distillation at reduced pressure, yielding analytically
pure 116 with a 72% yield. Importantly, the scalability of this reaction is a significant advantage,
allowing for the efficient production and long-term storage of large quantities (36.0 grams, ~128
mmol) of the dihalide, since this compound has been demonstrated to be stable over time when stored

at -20 °C in the dark.

Zn dust (4.0 equiv)
P s | PbCl, (2 mol%)

Cl Etl (3.0 equiv) 5 )M\e © TMSCI (8 mol%) Me
Me —_— ! PN
ci ACl(10mol%) {7 1} THRO0°Ctort | 1207 Znl
80 to 100 °C, 5 h 116, 72% Sh 117, 45-55%

gram scale (36.0 g)
Scheme II-5. Gram scale preparation of 1,1-bis(iodozincio)ethane.

Subsequently, following a modified Matsubara's procedure, 2891 1,1-bis(iodozincio)ethane (117) was
prepared through direct metal insertion after activating zinc with trimethylsilyl chloride. To
accomplish this, 1,1-diiodoethane was treated with zinc powder (4 equiv) and a catalytic amount (2
mol%) of PbCl; in THF at 0 °C for 2 h, followed by an additional 3 h at rt (Scheme II-5). Excess zinc
was then removed by centrifugation, and the supernatant was transferred to another sealed flask. The
yield of the bimetallic reagent was determined by titration with I,[347] consistently resulting in
concentrations of 0.45-0.55 M (45-55% yield). The solution of 117 could be stored under a positive

pressure of argon at —20°C for at least 2 weeks with no noticeable loss of quality.
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1.3. Synthesis of Thioesters

Regarding the enantioconvergent Fukuyama cross-coupling process, thioesters 177a-m were
utilized as electrophiles. Given their non-availability as commercially supplied substrates, here we
outline the method for their preparation. In particular, they were successfully synthesized following a
procedure reported in literature,[348] through the nucleophilic addition/elimination reaction involving
acyl chlorides and thiol compounds, with the presence of stoichiometric amount of pyridine in

dichloromethane for 2 h (Scheme II-6).

R2SH (1.0 equiv)

(o) - . 177a-m
P 1.
R1JI\C| yridine (1.0 equiv) 15 examples
CH,Cl,, 0 °C tort, 77-99% yield
2h
NO
WO LI D
_Et
177a, 91% 177a(b), 91% 177a(c), 91% 177b, 93%

O D O A

177¢c, 94% 177d, 89% 177e, 86% 1771, 99%

93%

»JO . 0 2O @AL,@

e
1779, 93% 177h,77% 177i, 90%

tBU)J\S S BN S
\ O
177k, 91% 1771, 91% 177m, 96%

Scheme I1-6. Thioester synthesis procedure and comprehensive chart of all thioesters prepared.

A wide variety of substrates was efficiently synthesized (15 examples, 77-99% yield). These thioesters
had a broad spectrum of alkyl substituents, encompassing primary, secondary, and tertiary groups,

along with some (hetero)aryl substituents.
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1.4. Synthesis of Ligands

1.4.1. Synthesis of P[3,5-(CF3)2C6H3]3 (L17) for the Arylation
Reaction

The trifluoromethylated phosphine ligand P[3,5-(CF3)2C¢Hz]3 (L17) was synthesized through a
reaction involving a Grignard reagent and phosphorous trichloride (Scheme II-7).3491 The Grignard
reagent was prepared by reacting the corresponding trifluoromethylated bromo-aryl derivative with
magnesium turnings in diethyl ether. Subsequently, the Grignard reagent was allowed to react with a
solution of PCl3 in the same ethereal solvent at 0 °C for 1 h, resulting in the desired trifluoromethylated

triarylphosphine with an excellent 85% yield.

1) Mg (4.2 equiv)

FsC CFs  Et,0, reflux, 2 h
2) PCl3 (1.0 equiv)
Br 0 °C to reflux, 1 h

(3.0 equiv)
Scheme II-7. Synthesis of trifluoromethylated phosphine ligand P[3,5-(CF3)2CsHs]3 (L17).

L17,85% CF3

1.4.2. Synthesis of Enantiopure L21 for the Enantioconvergent
Fukuyama Cross-Coupling

The chiral ligand L21 used in the enantioconvergent Fukuyama cross-couplingl345] was

synthesized according to the procedure outlined in Scheme II-8.

: OH Mel (3.3 equiv) OMe ;
' Bu 'Bu  Ba(OH),8H,0 Bu Bu !
H (1.35 equiv) H
1 —_— 1
E DMF, 1t, 20 h 179
i Br Br 70%
. Ar. A
OH BF3 OE_tz co.gt ArBr (5.0 equiv) AVl
EtOZCﬁ/k (12 equiv) Me><o 250 Mg (5.3 equiv) Me><o OH
CO.Et acetone, Me™ 95—, THF, reflux, 20h ~ Me™ ‘5—-, _OH
OH 0°Ctort, 20 h CO,Et
178, 74% 180,94% Ar Ar
A Ar 1) PCI3 (1.1 equiv)
., N e Pk
159% overall yield ! > P-N : 0°C,
i 4 steps) ! Me™ ‘o, o
L (st ; <O 2y NH
L21 A" Ar 85% (10.0 equiv)
Ar = 3,5-Bu-4-OMe-Ph THF, 0°Ctort, 20 h

Scheme II-8. Synthetic sequence for the preparation of L21.
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The synthesis commences with (+)-diethyl L-tartrate, which is commercially available. This
compound is converted into the corresponding acetal 178 using acetone and BF3-0Et;, yielding a good
74%. Subsequently, the ester 178 is allowed to react with 5 equivalents of the Grignard reagent,
prepared from the bromo-aryl derivative 179, which is in turn obtained from a phenol derivative
through methylation with methyl iodide and barium hydroxide in DMF. This reaction leads efficiently
to the formation of the corresponding TADDOL derivative 180 in excellent yield (94%). The final step
in the synthesis involves the creation of a cyclic phosphoramidite. This process begins with the
formation of the (RO);P-Cl intermediate in the presence of Et3N to capture the generated HCI. Then, a
substantial excess of piperidine is added to produce the TADDOL-derived phosphoramidite ligand L21,

resulting in an 85% yield, and an overall satisfactory yield of 59%.

1.5. Preliminary Studies

The preliminary studies were undertaken with the primary objective of replicating Maulide’s
outcomes to assess the reproducibility of the enantioselective Fukuyama cross-coupling reaction with
secondary benzylzinc chlorides.3451 Within this context, benzyl chloride 181 was synthesized from the
corresponding alcohol through a simple Sy2 halogenation reaction with HCI conc., and then by direct
zinc insertion a solution of (1-phenylethyl)zinc chloride (()-182a-Cl) was prepared in ~1.1 M in THF
(Scheme I1-9).

LiCl (1.5 equiv)
OH Cl ZnCl

Zn dust (1.5 equiv)
0,
Me HCI conc. Me BrCH,CH,Br (5 mol%) Me
pentane, rt, 1 h TMSCI (5 mol%)
THF, 0°Ctort, 24 h

181, 80% (+)-182a-Cl, 86%
(1.1 M in THF)

Scheme II-9. Preparation of (1-phenylethyl)zinc chloride in THF solution.

We endeavored to replicate the Maulide’s benchmark reaction with the thioester 177a (Scheme II-
10).1345] Using Pd(OAc): as the palladium source, our reaction yielded the desired product 183aa with
a 63% yield and a 96:4 enantiomeric ratio, mirroring Maulide's reported conditions.345] However, we
were unable to attain the same high yield (90%) he reported, and we encountered reproducibility
issues, as some attempts yielded only 46%. In response, we explored Pd;(dba)s as an alternative
palladium source, which resulted in a 83% yield but with a slight decrease in enantioselectivity (94:6

er), as reported with this palladium source.[34]
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o

177a ! !

' Ar. Ar !

Me OASPh (1.0 equiv) Me : " O:lr)\o !

: | Me \ D :

ZnCl ZnCl, (1.0 equiv) o ' Me><o ., OP-N '
[Pd] (5 mol%) ; Al L21 :

L21 (12 mol%)
182a-Cl THF/MTBE, rt, 17 h 183aa —/ N LD L TTLLC ool

1.1 Min THF
( in THF) [Pd] = Pd(OAG),, 63%, 96:4 er
[Pd] = Pdy(dba)s, 83% 94:6 er

Scheme II-10. Replicating Maulide’s enantioconvergent Fukuyama cross-coupling reaction.

In our sequential reaction, following selective monoarylation, a secondary benzylzinc iodide is
generated. We aimed to investigate if the enantioconvergent Fukuyama cross-coupling reaction with
(1-phenylethyl)zinciodide ((+)-182a) would yield comparable results. To explore this, we synthesized
benzyl iodide 184 from the corresponding alcohol through the Appel reaction (Scheme II-11).350]
Subsequently, we prepared a solution of 182a via reductive zincation, albeit with a relatively low

concentration of ~0.2 M in THF.

Me I, (1.1 equiv) LiCl (1.5 equiv)

PPhs (1.05 equiv) Me Zn dust (1.5 equiv) Me
oH |midazole (2.0 equiv) | BrCH,CH,Br (5 mol%) Zn
CH,Clp, 0°Ctort, 3 h TMSCI (5 mol%)
THF, 0°Ctort, 4 h

184, 52% (£)-182a, 20%
(0.2 M in THF)

Scheme 1I-11. Preparation of (1-phenylethyl)zinc iodide in THF solution.

We performed the Fukuyama cross-coupling with Pd(OAc); and Pdz(dba)s; (Scheme II-12). In both
cases, we achieved approximately a 30-35% yield of the desired product. Remarkably, the
enantiomeric ratio matched the values obtained with benzylzinc chloride (+)-182a-Cl. These findings
suggest that the reaction is indeed viable with benzylzinc iodides, and more important, the
enantioselectivity is not affected by the counter anion of the organozinc. However, it appears that the
counter anion may have an impact on the efficiency of the reaction. Nevertheless, it is important to
take into consideration that the benzylzinc iodide (+)-182a was present in a notably low
concentration. While we aimed to maintain a consistent volume ratio of THF and MTBE, this approach
inadvertently led to a substantial dilution of the reaction mixture, which may also have contributed to

the observed lower yield.
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o]
177a :
Me SPh (1.0 equiv) l\?/le ; j)\ )
Znl ZnCl, (1.0 equiv) °
: ANETY
[Pd] (5 mol%) ; Ar Ar
|

L21 (12 mol%) Ar = 3,5-Bu-4-OMe-Ph
-182 1 g
(+)-182a THF/MTBE, tt, 17 h 83aa L/ LS
[Pd] = Pd(OAc),, 30%, 96:4 er
[Pd] = Pdy(dba)s, 35% 94:6 er

=2
\
o O
O_PO
)

(0.2 M in THF)

Scheme II-12. Enantioconvergent Fukuyama cross-coupling reaction with (1-phenylethyl)zinc iodide.

Following these initial results, we embarked on a series of preliminary experiments to delve into
the sequential bifunctionalization of 1,1-bis(iodozincio)ethane. We followed the specific conditions
outlined by Matsubara for the Pd-catalyzed monoselective arylation,[263] and Maulide for the Pd-
catalyzed enantioconvergent Fukuyama cross-coupling reaction.[345] In this exploration, we selected
simple iodobenzene as the aryl iodide for the initial step and thioester 177a for the subsequent one
(Table II-1).

Table II-1. Preliminary experiments on the enantioselective sequential arylation-Fukuyama cross-coupling
with 1,1-bis(iodozincio)ethane.

o)

R — ‘ ©/ ' Me Nsph

5 )'V'\e E (2.0 equiv) S| 1772 (1.0 equiv)

E IZn117 Znl 1 Pdy(dba)s (1.5 mol%) ZnCl, (1.0 equiv)

: L L7 (12 mol%) [Pd] (5 mol%)

1 (20equiv) | THF, 40°C, 0.5 h ®)-182a = o1 (12 mol%) 183aa

MTBE, rt, 17 h

Entry [Pd] Yield 183aald erlb]
1 Pd(0Ac)2 <10%!d n.d.
2ldl Pd(0Ac)2 <10%!d n.d.
3lel Pd:(dba)s 5004!0! 94:6

[a] Yield measured prior to purification by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b]
Measured by chiral-phase GC. The absolute configuration was determined by comparison with literature data. [c] TH NMR
yield only. [d] Second cross-coupling performed at 40 °C for 72 h. [e] Reaction performed without the addition of ZnCl,.

When utilizing Pd(OAc): as catalyst for the Fukuyama cross-coupling, the sequential reaction did
produce the desired compound, although with a very low yield, measuring less than 10% based on
NMR analysis (entry 1, Table II-1). This discouraging outcome persisted even when we allowed the
reaction to proceed over an entire weekend at 40 °C (entry 2, Table 1I-1). However, upon employing
Pd;(dba)s, we achieved a notable improvement, with a 50% isolated yield of the desired compound
(entry 3, Table II-1). Moreover, the enantiomeric ratio remained consistent at 94:6. This result
revealed that in this particular scenario, the utilization of an achiral ligand for the first coupling did not

negatively impact the enantioselectivity of the subsequent reaction. Nonetheless, it is worth noting
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that the use of 2 equivalents of 1,1-bis(iodozincio)ethane appeared excessive, especially when
considering that the yield based on this reagent is merely 25%. At this juncture, we were not aware of
the yield of the first step. Consequently, we decided to repeat the (mono)arylation under the same
conditions. After a half-hour reaction time at 40 °C, we quenched the benzylzinc intermediate (+)-182a

with I; (Scheme II-13), as reported by Knochel for alkylzinc compounds.[347]

|
(TTTTTomTTs g Me Me
! Me (1.3 equiv) I

. , zl| — = 5 [
v1Zn” “Znl Pd,(dba); (1.5 mol%) THF, 0°Cto rt
L1M7 1 L7 (12mol%) +)-182 5 min 184, 60°
"""""" THF, tt, 1.5 h (£)-182a , 60%
Scheme II-13. Pd-catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane and subsequent iodolysis of the benzylzinc
intermediate.

Our findings revealed that the yield of the initial step was a modest 60%. This prompted us to make
the following decision. We opted to commence the optimization process by focusing on the first cross-
coupling reaction. Our goal was to improve its efficiency and achieve a more satisfactory yield. Only

after successfully optimizing the first step could we then proceed to optimize the second step.

1.6. Optimization Pd-Catalyzed Arylation Reaction of 1,1-
Bis(iodozincio)ethane

As already mentioned before, at the outset of our work, the first reaction of 1,1-
bis(iodozincio)ethane and phenyl iodide in THF at 40 °C, in the presence of Pdzdbas (1.5 mol%) and
L17 (12 mol%), followed by iodolysis, delivered benzyl iodide 184 in 60% yield along with 10-20%
of styrene and 4-8% of ethylbenzene. This result demonstrated that substitution at the methylene
carbon of the gem-bisorganozinc partner was well tolerated. Furthermore, no di-arylation was
detected, substantiating exquisite chemoselectivity towards cross-coupling between the gem-dizinc
and mono-zinc nucleophiles. However, 10-20% of styrene is a significant amount of byproduct, which
could arise from the S-hydride elimination of an intermediate benzylic palladium complex (Scheme
I11-14).13511 Recalling the concept of S-hydride elimination, this reaction involves the transformation of
an alkyl group, which possesses a f-hydrogen atom o-bonded to a metal center, into two distinct
products: a metal-bound hydride and a m-bonded alkene.[3521 For this reaction to transpire, it is
essential that the alkyl group in question has hydrogen atoms on the S-carbon atom and the metal
complex must feature an vacant site, positioned in a cis orientation relative to the alkyl group.

Based on this, we decided to look first for suitable conditions to accomplish Pd-catalyzed

(mono)arylation and achieve a more satisfactory yield of the corresponding (+)-182a, given that such
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transformation had not been reported previously by Matsubara for 1,1-dizincio bimetallics having

alkyl substituents.[261.263]

E Znl |
Lo EMe_<z | E
I—Pd''-Ph N
Ph—I
transmetallation
oxidative Znl
F|)h|| addition 2
L,—Pd"-H Ph—H
/ L
AL 1Zn -n
U e Pd’L, J—pd'-Ph
B-hydride Me
eliminaiton w
elimination
o Ly
L,—Pd' I—Pd'-Ph Me
H /L“zm
Ph transmetallation

Scheme II-14. Possible simplified reaction course for the Pd-catalyzed cross-coupling of 1,1-bis(iodozincio)ethane with an
aryl iodide.

First of all, we discovered that the reaction could also be carried out effectively at room
temperature, yielding the same results, albeit requiring a longer time for completion (entry 1, Table

11-2).

Table II-2. Influence of catalyst amount for the Pd-catalyzed (mono)arylation of 1,1-
bis(iodozincio)ethane.

|
(e ©/ Me Me
: € (2.0 equiv) I
G Znl| — 2 . [
11Zn '

Znl}  Pd,(dba); (X mol%) THF, 0°Ctort
117 L17 (Y mol%) 5 min
__________ THE, rt, 1.5 1 (¢)-182a 184
Entry (Xmol%)/(Y mol%) Yield 184! Conversion 11714
1 1.5/12 mol% 61% >99%
2 4.5/36 mol% 35%!2] 91%
3 0.5/4 mol% 51% >99%

[a] Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b] Average calculated from 2
experiments.

Subsequently, we decided to test the impact of tripling the amount of palladium and ligand in the
reaction, with the aim of potentially improving the yield. Surprisingly, our endeavors led to an
unintended outcome. Under these reaction conditions, we only managed to obtain 35% of the desired
product as average of 2 experiments (respectively 27% and 43%), with nearly complete conversion of

the gem-dizinc reagent and a 6% formation of styrene (entry 2, Table II-2). In the crude reaction
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mixture, we observed no other byproducts, but an unexplained disappearance of material left us
puzzled. The significant increase in catalyst quantity, as it turned out, had a detrimental effect on the
arylation process. Recognizing this, we decided to revert to using a smaller amount of catalyst (entry
3, Table II-2). However, under these conditions the yield was slightly reduced to 51%. Considering
that 1.5 mol% of Pd;(dba)s is already a relatively small quantity, we opted to prioritize yield and
continued with this catalytic amount. It is important to mention that a consistent loss of around 20%
in recovery was observed in these reactions, and this trend continued throughout all the optimization
study.

Our subsequent effort involved a dropwise addition of the gem-dizinc reagent into the reaction
mixture (Scheme II-15). By adding the reagent gradually by the means of a syringe pump, we aimed
to optimize the reaction conditions to achieve better control over the reaction sequence and improve
the yield of the monozinc intermediate. Despite our effort, the outcome remained relatively modest,
yielding only 48% with an 84% of conversion. Consequently, the rate of addition did not appear to

exert a substantial influence on the results.

slow addition
(over 50 minutes) Me Me

|
|
©/ ¢ zl| — 2, |
Pd,(dba)s (1.5 mol%) THF, 0°Ctort

L17 (12 mol%) ~ 5 min o
THE. 1t 1.5 h (£)-182a 184, 48%

Scheme II-15. Dropwise addition of 1,1-bis(iodozincio)ethane for the Pd-catalyzed (mono)arylation.

(2.0 equiv)

Subsequently, we carried out a brief screening process to assess how different palladium sources
affected the reaction's efficiency. We sought to examine the performance of different Pd(II)-pre-
catalysts, as outlined in Table II-3. Among the precatalysts tested, PdCl>(PPhs), emerged as a viable
choice for facilitating the (mono)arylation process, resulting in a 59% yield of the corresponding mono-
organozinc intermediate, alongside a 10% formation of styrene (entry 1, Table II-3). Nevertheless, it
is worth noting that these findings did not exhibit any noticeable enhancement over the prior results.
In contrast, when we employed the [Pd(allyl)Cl]./L17 combination, the yield of the desired product
was only 38%, accompanied by just 6% styrene formation and 4% ethylbenzene (entry 2, Table II-3).
In the final stage of this screening, we extended our investigations to include the PEPPSI-Pr
precatalyst, which had previously demonstrated success in facilitating the second arylation of
bis(iodozincio)methane.[263] Surprisingly, our efforts yielded no product formation, and in this context,

we were also unable to achieve di-arylation (entry 3, Table II-3).
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Table II-3. Screening of Pd(1l) precatalyst for the Pd-catalyzed (mono)arylation of 1,1-
bis(iodozincio)ethane.

|
- TP : ©/ Me Me
. € ! 2.0 equiv |
E )\ | ( ) | — 2 I
1 1Zn Znl 1 [Pd/Ligand] (3 mol%) THF, 0 °C to rt

;""‘!1_'_!""’: THF, 40 °C, 0.5 h (+)-182a 5 min 184
Entry [Pd/Ligand] Yield 184l Conversion 1170
1 PdClz(PPhs)2 59% >99%
216) [Pd(allyl)Cl]2/L17 38% >99%
3 PEPPSI-Pr 0% 33%
[a] Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. (TTTTEIT o m )
[5] 12 mol% of P[3,5-(CF3)2CsHs]s. : S'Pf N N 5
E iPr \I/ pr i
, CI—PId-CI '
i _N '
: g 5
) Cl !
. PEPPSI-Pr |

...................

Given the substantial variations observed in our previous results, we made the decision to initiate a
comprehensive screening of various ligands, utilizing Pdz(dba)s as the palladium source. The outcomes
of this ligand screening are outlined in Table II-4. To begin, the use of the simple PPh3z ligand produced
results that closely mirrored those achieved with PdClz(PPhs)2, which was somewhat expected (entry
2, Table I1I-4). Subsequently, we investigated electron rich phosphine ligands such as P(4-MeC¢H4)3
and P(4-OMeCsH4)3, yielding similar results of 58% and 54% yield, respectively (entries 3 and 4, Table
II-4). However, it is essential to note that we encountered some issues with reproducibility, leading to
occasional significantly lower yields. With no improvement in the yield of the monozinc intermediate
observed, we explored the effectiveness of P(o-furyl)s, which exhibited efficient (mono)allylic
alkylation with 1,1-bis(iodozincio)ethane.[261] Nonetheless, in our conditions it demonstrated poor
results, achieving only a 26% yield (entry 5, Table II-4). Following this, we tested the bidentate
phosphine ligand Xantphos (L23), but it exhibited very low efficiency for (mono)arylation, practically
failing to form the benzylzinc intermediate (entry 6, Table II-4). Lastly, we evaluated L24 with alkyl
substituents, and L25 characterized by electron-deficient and electron-neutral aromatic substituents
(entries 7 and 8, Table II-4). The first one produced unsatisfactory result, while the other yielded

results similar to those achieved with PPhs and L17.
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Table II-4. Ligand screening for the Pd-catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane.

|
P R Me Me
! Me (2.0 equiv) I
. ] p——— |
11Zn” "Znli pdy(dba)s (1.5 mol%) THF, 0 °C to rt

{__M7 ! Ligand (12 mol%) (+)-182a 5 min 184
THF, rt, 1.5 h
Entry Ligand Yield 184! Conversion 1171
1 L17 60% >99%
2 PPhs 56% >99%
3 P(4-MeCsH4)3 58%!"! >99%
4 P(4-OMeCsHa4)3 54%!®] 98%
5 P(o-furyl)s 26% 63%
6 L23 <3% 47%
7 L24 11% 70%
8 L25 56% 97%

[a] Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard.
[b] Problems of reproducibility. [

F3C CF3
! Me Me \©/ !
' '
i ° o :
' PPh; PPh, '
i FsC 1
' L23 L24 '
' (XantPhos) (RuPhos) L25 '
I '

After the ligand screening, we decided to continue using L17 and to start a comprenshive screening of
solvent, which is summarized in Table II-5.

Initially, we began our investigation by utilizing the ethereal solvent MTBE, which is employed in the
enantioconvergent Fukuyama cross-coupling reaction.[345] However, our initial attempts resulted in a
mere 40% yield, accompanied by 9% styrene and 12% ethylbenzene formation (entry 2, Table II-5).
Subsequently, we explored the potential of polar solvents such as DMF and acetonitrile, but they
yielded similar results, each with less than 50% yield and 10% styrene formation (entries 3 and 10,
Table II-5). On the other hand, non-polar solvents like chloroform and 1,4-dioxane proved to be
ineffective, if not entirely unsuitable for the reaction. Surprisingly, THT, which had demonstrated
competence in activating and stabilizing bis(iodozincio)methane for synthesizing symmetrical
ketones, 2671 proved to be unsuitable under these circumstances (entry 11, Table II-5).

When we introduced halogenated solvents such as 1,2-dichloroethane and dichloromethane, the
reactivity of the bimetallic reagent underwent a significant transformation. In fact, the reaction
proceeded at a considerably slower rate, requiring significantly more time to reach completion. For
instance, with 1,2-DCE, after 7 h at 40 °C, the conversion plateaued, and the yield only reached 42%,

with a concurrent 4% styrene formation (entry 5, Table II-5). Degradation started occurring after this
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extended duration. Conversely, in CH2Cl,, the reaction displayed a faster kinetic profile and greater
efficiency, resulting in a satisfactory yield of 77% after just 4 h at 40 °C, with only 7% styrene detected.
Conducting the reaction in dichloromethane the limited presence of styrene compared to the yield

suggests that f-hydride elimination was not a competitive process.

Table II-5. Solvent screening for the Pd-catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane.

|
. I\;I """ ©/ Me Me
' e | 2.0 equiv I
H )\ ' ( ) | — 2 I
11Zn™ “Znl Pdy(dba)s (1.5 mol%) THF, 0 °C to rt

L Soll\-/1eZ|t(,1420n°18|,o/6).5 h (+)-182a o 184
Entry Solvent Yield 184! Conversion 11714
1 THF 60% >99%
2 MTBE 40% 98%
30 DMF 48% >99%
4l 1,2-DCE 20% 40%
5l 1,2-DCE 42% 65%
621 CH2Cl2 30% 50%
7le] CHzCl2 77% 95%
8 CHCIs 0% >99%
9 2-Me-THF 3% >99%
10[d MeCN 31% >99%
11 THT 4% 78%
12 1,4-dioxane 8% 98%

[a] Determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b] Reaction time: 1 h.
[c] Reaction time: 1.5 h. [d] Reaction time: 7 h. [e] Reaction time: 4 h.

At some point in our research, doubts emerged concerning the generation of styrene as an
unintended byproduct. Notably, especially in the screening solvent and employing the same palladium-
ligand complex, we consistently observed the formation of 10-15% styrene. As said before, this
undesired outcome could potentially arise from the -hydride elimination of an intermediate benzylic
palladium complex. However, it could also originate from benzyl iodide 184 through an elimination

process during the iodolysis step (Scheme II-16).
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Ph
L—Fl’dII L EZII H p-hydride
\V\ H / elimination
—_— \
H P —
H 1 styrene |
NI E)}_.: ©/\
__Zn/ ° : !
Znl | {! Elimination
H 2 A~ H process
pH pH

Scheme II-16. Possible causes of undesired styrene formation during our sequential arylation/iodolysis.

To shed light on this issue, we made the decision to conduct the reaction in THF, which routinely
resulted in a 60% yield, accompanied by 13-18% styrene. Subsequently, we subjected compound (%)-

182 to a copper-mediated allylation reaction (Scheme I1-17).

[
M [:::T/ Me CuCN-2LiCl (1.1 equiv)
© (1.3 equiv) -30 °C, 5 min
PS zZnl
1Zn™ "Znl pd,(dba)s (1.5 mol%) then

17 L17 (12 mol%) allyl bromide (2.0 equiv)
THF, 40 °C, 0.5 h -30 °C to rt, overnight

(+)-182a

Scheme II-17. Sequential Pd-catalyzed arylation/copper-mediated allylation of 1,1-bis(iodozincio)ethane in one pot.

For our pleasure, we isolated product 185 with a remarkable 75-80% yield and only detected
negligible traces of styrene (<3%). This outcome strongly suggests that the formation yield of (+)-182a
from compound 117 is, at the very least, 75-80%, and further implies that S-hydride elimination is not

a prominently competitive process under our specific reaction conditions.

1.7. Concluding Remarks on the Pd-Catalyzed Arylation
Reaction of 1,1-Bis(iodozincio)ethane

To sum up, this optimization study has led us to identify reaction conditions that yield consistent
results in the Pd-catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane. Specifically, utilizing
Pdz(dba)z (1.5 mol%) and L17 (12 mol%) in THF at 40 °C for 0.5 h (Matsubara’s conditions),[263] the
reaction between 1,1-bis(iodozincio)ethane and iodobenzene results in a selective (mono)arylation
product with a yield of (at least) 75-80% (Scheme II-18). On the other hand, CH2Cl; can also be
employed, yielding similar results of 77%, although the reaction time is significantly extended to 4 h

to achieve completion.
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Me
THF
———— Znl Matsubara's conditions
| 40°C,0.5h
E )M\e l ©/(1 .3 equiv) 75-80% ; CFs ;
V1zn” >2Znl ! Pdy(dba)s (1.5 mol%) P )3 |
oo mr L17 (12 mol%) Me ' L17  CFy !
CH,cl, | __ L |  tTmommmmome
L -2z ©/J“ Znl Our conditions
40°C,4 h
77%

Scheme II-18. Pd-catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane in THF and CH:Cl.

Under these specific conditions, we have effectively demonstrated the compatibility of the Pd-
catalyzed (mono)arylation process with gem-dizinc reagents that feature hydrogen atoms positioned
B to the metal center. This essential insight expands the practicality of the transformation, making it
readily applicable to 1,1-bis(iodozincio)alkanes like 1,1-bis(iodozincio)ethane, beyond its previous

scope limited to bis(iodozincio)methane.

1.8. Optimization of the Enantioselective Sequential
Arylation/Fukuyama Cross-Coupling Reaction of 1,1-
Bis(iodozincio)ethane

Next in line was the optimization of the entire sequence of the (mono)arylation reaction, leading
to the intermediate (+)-182a, followed by the subsequent Pd-catalyzed enantioselective cross-
coupling reaction with thioesters using the chiral enantiopure ligand L21. Initial experiments involved
the use of equimolar amounts of 117 and thioester 177a (Table II-6). The first cross-coupling took
place in THF at 40 °C, followed by the cross-coupling of (+)-182a and 177a, which occurred under the
conditions outlined in the preliminary study. This included the use of the catalytic system Pd(dba)s
(5 mol %)/L21 (12 mol %) at room temperature, with MTBE as the solvent. Product 183aa was
successfully obtained in 33% yield with a remarkable enantiomeric excess of 94:6 (entry 1, Table II-
6). This outcome aligns with our earlier observations in preliminary studies and underscores the fact
that the presence of the achiral ligand L17 in the reaction media does not preclude high enantiocontrol
during the second step of the process. Our initial attempt to improve the efficiency of the process
involved the use of THF as the sole solvent for the entire tandem reaction, but it proved to be somewhat
less effective in terms of both yield and er (entry 2, Table II-6). In response, we decided to explore

alternative solvent combinations (entries 3-5, Table II-6).
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Table II-6. Optimization for the enantioselective sequential arylation/Fukuyama cross-coupling reaction of 1,1-
bis(iodozincio)ethane

(0]

(e N ©/I Me QASPh We

)'V'\e (1.3 equiv) ©/L Lo | 1772 (1.0 equiv) A0

BT R T " ey

.......... " THF. 40 °C, 0.5 h (¥)-182a MTBE, rt, 20 h 183aa

Entry Variation 1st coupling Variation 2nd coupling Yield 183aald ertb]

1 none none 33% 94:6
2 none THF instead of MTBE 28% 93:7
3 CH2Clz (4 h) instead of THF (0.5 h) none 35% 92:8
4 CH2Clz (4 h) instead of THF (0.5 h) CHzClzinstead of MTBE <5% n.d.
5 CH2Clz (4 h) instead of THF (0.5 h) THF instead of MTBE 21% n.d.
6 none 2.0 equiv of thioester 32% 94:6
7 none Addition of LiCl (3.0 equiv) 17% n.d.
8 none Pdz(dba)s/L21(10/24mol%) 36% 94:6

[a] Yield measured prior to purification by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard.
[b] Measured by chiral-phase GC. The absolute configuration was determined by comparison with literature data.

For these variations, we initiated the reaction with CH2Cl; as the solvent for the first coupling.
However, despite our best efforts, none of the solvent combinations based on this approach proved to
be more efficient or capable of enhancing the enantioselectivity in the second step of the reaction.
Consequently, our initial strategy, employing THF for the acylation step, retained its position as the
most efficient approach. Consequently, we made the decision to persist in optimizing the tandem
reaction using this solvent. We also experimented with using a slight excess of thioester, but no notable
differences were observed (entry 6, Table II-6). Subsequently, we introduced LiCl into the second
coupling step (entry 7, Table II-6), a common additive in Negishi cross-couplings.[353.354] This additive
is used to boost the reactivity of organozinc halides toward the transmetallation by promoting the
formation of zincate complexes RZnX3 .[355.356] However, in our case, this addition turned out to have a
detrimental effect. Following that, we made an effort to double the amount of catalyst for the second
step, although this adjustment resulted in only a marginal increase in yield, if any at all (entry 8, Table
I1-6).

Based on these findings, we began to consider the possibility that, in the context of the Fukuyama
cross-coupling, benzylzinc iodide may be less efficient than benzylzinc chloride. In fact, it is worth
noting that with our tandem reaction, we achieved the same yield as when we used benzylzinc iodide
prepared through zincation from the corresponding benzyl iodide (Scheme II-19). This led us to
consider whether the choice of the organozinc halide's counter anion could influence the efficiency of

the reaction. Additionally, to corroborate this hypothesis, Maulide's work indicated that when the
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reaction was conducted with benzylzinc bromide, the product was obtained with identical levels of
enantioselectivity but a reduced yield of 56% (Scheme II-19). This prompted us to question whether
there might be a discernible trend with the counter anion of the benzyl zinc halide, with chloride being

the most effective and iodide the least effective.

__________ ! Ar, A
: )I\/I\e : (1.3 equiv) : Mexoj)\qp N | Trend 7
l i | Me N
H1Zn™ “Znl} Pdy(dba)s (1.5 mol%) ; 0 o Lot ! RZnCl > RZnBr > RZnl
LM77 (12 mol%) : Ar Ar ;
THF, 40°C,05h L Ar=35-Bu-d-OMe-Ph
(0] —— Efficiency ——

177a ) .
e Me Q/[(SPh (1.0 equiv) Me X= Cl, 83%
X Zn dust ZnX ZnCl, (1.0 equiv) 0
TR = 0,
THF Pd,(dba);z (5 mol%) X = Br, 56%

_ L21 (12 mol%)
(1.0 equiv) MTBE, rt, 20 h 183aa _ o
94:6 er X=1,33%

Scheme II-19. Potential impact of counter anion of the organozinc halide on Fukuyama cross-coupling efficiency.

Subsequently, our attempted approach involved introducing stoichiometric amount of a THF
solution of CuCN-2LiCl before the second step (Scheme II-20). This was done to create the mixed
organocopper-zinc reagent, recognized for its heightened nucleophilicity and increased
reactivity.[153.357.358] Unfortunately, no reaction took place, and the thioester remained completely

unreacted, resulting in its full recovery.

O

|
----------- CuCN-2LiCl Me 177a Ve
Me (1.3 equiv) (1.1 equiv) SPh (1.0 equiv) o

Cu(CN)znl
20" >Znl} Pdy(dba)s (15 mol%) THF, 30 °C M2 b dbay (5 mol%)
S L17 (12 mol%) 10 min increased L21 (12 mol%)
THF, 40°C,0.5h nucleophilicity MTBE, rt, 20 h 183aa, n.r.
Scheme II-20. Attempt to bolster the efficiency of the Fukuyama cross-coupling by forming the mixed organocopper-zinc
reagent.

At a certain point, we began to question the use of ZnCl; in our process. Previous research reports
have highlighted the advantages of incorporating a stoichiometric amount of ZnCl as an additive to
enhance the efficiency of the Fukuyama cross-coupling.[344345.359] This enhancement can be attributed
to several factors. First, alkylzinc halides are known to undergo a Schlenk equilibrium with their
dialkylzinc counterparts. The Fukuyama cross-coupling operates effectively with RZnX species but is
less efficient with R.Zn reagents.[1413591 Second, ZnCl, likely enhances conversion and yield by
facilitating the formation of zinc-ate complexes that are more amenable to transmetallation (Scheme

11-21).[354359]
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S\—R* . X\—sph
Pd°L,,

Reductive Oxidative
elimination addition

Ln
S\—Pcl”-R1 S\‘—bd"-SPh
R? R?
) R'znR" + ZnX,
Transmetallation
“ {Schlenk equilibrium
X\ ZnX,
X3Zn;SPh <R1Zn\ >Zn+x R'znx
X
(active transmetallating
species)

Scheme 1I-21. Catalytic cycle of Pd-catalyzed Fukuyama cross-coupling with zinc-ate complexes.

When we conducted the reaction using 1 or 2 equivalents of ZnCl;, no noticeable changes were
observed in terms of both yield and enantioselectivity (entries 1 and 2, Table II-7).

However, we discovered that the presence of ZnCl; significantly improved the efficiency of our
second coupling step, and consequently, the entire sequence, provided that at least 6.0 equivalents
were used in relation to the gem-dizincio reagent (entry 3, Table II-7). With this amount of zinc salt,
we managed to enhance the yield to a satisfactory 50%. Further increasing the quantity of ZnCl, did
not result in any additional improvements (entry 4, Table II-7). Additionally, ZnCl; is also believed to
accelerate the rate of racemization of the organometallic compounds with chiral secondary organozinc
reagents.304 In our system, this role seemed to be crucial because, on one hand, we observed no
significant difference in er for reactions performed with or without the ZnCl; additive. On the other
hand, a substantial disparity in yield was evident between reactions using racemic or enantiopure
ligands, when ZnCl, was absent. However, for a more in-depth analysis of these mechanisms, we refer
to paragraph <1.10. Mechanistic Studies: KR or DKR?>

While maintaining the very high levels of enantioselectivity, a synthetically valuable 75% yield in
product 183aa was achieved by increasing the amount of gem-dizincio reagent (117) to a slight excess
of up to 1.5 equiv respect to 177a (entry 6, Table I1-7), which aligns with the typical substrate /reagent
ratio employed in the Fukuyama cross-coupling. Further increasing the excess of bimetallic reagent
did not result in any additional improvements (entry 7, Table II-7). Interestingly, the nature of the
zinc counter-anion does not seem to have a decisive effect on the reaction outcome, given that quite
similar results were obtained using Znl; or ZnBr; as additives (entries 8 and 9, Table II-7). A series of
inorganic salts, including LiCl, MgCl, and AlICl3, were tested in the course of the optimization (entries
10-12, Table II-7). The outcomes revealed that the inclusion of one of these chloride-based salts had
an adverse influence on the reaction. The net result was a considerable drop in the yield of the desired

product, and there was also a noticeable reduction in the level of ee.
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Table II-7. Optimization for the enantioselective sequential arylation/Fukuyama cross-coupling reaction of 1,1-
bis(iodozincio)ethane

O

[
........... | w 1 (T
5 )M\e ; (1.3 equiv) S | 177 (1.0 equiv) ©
' . n _ >
H1Zn” “Znly pd,(dba), (1.5 mol%) Pd,(dba)s (5 mol%)
117 !

L17 (12 mol%) (£)-182a L21 (12 mol%) 183aa

. (1.0 equiv) i THF, 40 °C, 0.5 h MTBE, rt, 20 h
Entry  Variation 1st coupling Variation 2 coupling Yield 183aal erl?]
1 none + ZnCl2 (1.0 equiv) 33% 94:6
2 none + ZnCl2 (2.0 equiv) 35% 94:6
3 none +ZnClz (6.0 equiv) 50% 94:6
4 none +7ZnClz (10.0 equiv) 50% 94:6
5 1.25 equiv of 117[d + ZnClz (7.5 equiv) 63% 94:6
6 1.5 equivof 11714 + 7ZnClz (9.0 equiv)le 75% 94:6
7 2.0 equiv of 117 [ +ZnCl2 (12.0 equiv) 76% 94:6
8 1.5 equiv of 117 [ + ZnBr2 (9.0 equiv)le 67% 95:5
9 1.5 equivof 1174 +Znlz (9.0 equiv)!e 64% 94:6
10 1.5 equiv of 117 [ + LiCl (9.0 equiv)e 18% 55:45
11 1.5 equiv of 117 [ + MgClz (9.0 equiv)lel 24% 61:39
12 1.5 equiv of 11714 + AlCl3 (9.0 equiv)lel 10% 84:16
13 1.5 equiv of 117 [ +ZnClz2 (9.0 equiv) and SEt instead of 62% 95:5
SPh as leaving grouple!
14 1.5 equiv of 117 [ +ZnClz (9.0 equiv) and S(4-NO2-C¢Ha4) 18% n.d.
instead of SPh as leaving grouplel
15 1.5 equiv of 11714 + 7ZnClz (9.0 equiv)¥! 48% 94:6

[a] Yield measured prior to purification by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b] Measured by chiral-
phase GC. The absolute configuration was determined by comparison with literature data. [c] The amount of Phl and catalyst was adjusted
to keep the ratios indicated in the scheme. [d] Pdz(dba)s (6.5 mol%)/L21 (15 mol%). [e] Pdz(dba)s (7.5 mol%)/L21 (18 mol%). [f] Pdz(dba)s
(10 mol%)/L21 (24 mol%). [g] Pdz(dba)s (3.75 mol%)/L21 (9 mol%).

The thioester leaving group modulation was also explored within the scope of this protocol
(entries 13 and 14, Table II-7). When ethyl was used in place of pheny], a still respectable 62% yield
with a 95:5 er was achieved. Conversely, when 4-nitrophenyl was employed, there was minimal
reaction observed. This observation is especially intriguing since the oxidative addition was expected
to be promoted by this particular leaving group, suggesting it should expedite the reaction.[360]
Subsequently, an attempt was made to reduce the amount of palladium source (3.75 mol%) and L21
(9 mol%) during the second step in order to make the entire protocol more valuable (entry 15, Table
I1I-7). Unfortunately, this adjustment led to a moderate decrease in the yield to 48%, underscoring the

necessity of using higher amounts of catalyst for optimal performance.
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As further enhancements in the efficiency of the tandem reaction were not attainable, we opted for the
conditions outlined in entry 6 of Table II-7 and then commenced our exploration of the protocol's

scope.
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1.9. Scope of
Arylation/Fukuyama
Bis(iodozincio)ethane

the Enantioselective
Cross-Coupling  Reaction

Sequential
of 1,1-

1.9.1. Variation of (Hetero)Aryl lodide

With the best conditions identified in hand (entry 6, Table II-7), we then established the scope

of the tandem reaction. Regarding the aryl iodide partner, para- and meta-substituted derivatives

were well tolerated in the sequence, delivering ketones (183aa-183ga, and 183ia) in 57-86% yield

and with high er, regardless of the electronic character (electron-donating or electron-withdrawing)

of the substituents.

| X
=
Me R/ (1.95 equiv)
IZn™ "Znl pg,(dba); (2.25 mol%)
117 L17 (18 mol%)
(1.5equiv)  THF, 40 °C, 0.5 h

\

183aa, 74%
94:6 er

F3CO” :

183fa, 63%

183ba, 74%
92:8 er

MeO,C

183ga, 61%

86:14 er 91:9 er
: Me : OMe
183ka, 53% 183la,56%
93:7 er 72:28 er

CbzN

183qa, 25%
72:28 er

183pa, 81%
92:81 er

Variation of (hetero)aryl iodide

(o)
Me Q)(Sph 177a
1.0 equiv
| N 7 (1.0 equiv)
Y Pdy(dba); (7.5 mol%)
L21 (18 mol%)
(+)-182a-s ZnCl, (9.0 equiv)

MTBE, rt, 20 h

Q

MeO :

183ca, 75%
96:4 er

(Pin)5/©/

183ha, 35%
93:7 er

Me
Me i Me

183ma, <10%

Cl

183da, 78%
90:10 er

MeO\Q‘X

183ia, 86% OMe
919 er

183ea, 57%
86:14 er

Me0/©\/OM

183ja, 82%
68:32 er

e

J

183na, 71% 1830a, <10%

n.d. er 89:11 er n.d. er
T T ar '
y )y ' CF, oAr ’;) :
O NN S S e
S (T E 3 Me" o ";rO '
183ra, 34% I L17 CF A Ar 21

183sa, n.r. Ar = 3,5-Bu-4-OMe-Ph

90:10 er

Scheme 1I-22. Scope of (hetero)aryl iodides for the enantioselective sequential arylation/Fukuyama cross-coupling reaction of

1,1-bis(iodozincio)ethane.
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Remarkably, even a chloride substituent (183da) was compatible with the reaction conditions,
yielding product containing an aryl halide that could be further utilized in subsequent cross-coupling
reactions. Additionally, the B(pin) group (183ha), which provides opportunities for further
modifications as well, displayed excellent enantioselectivity (93:7 er), albeit with a modest reduction
in efficiency (35%). Substitution in the ortho position of the aryl ring, which notably was not disclosed
in the previous report,[345] was found to be possible (183ja, 183ka, 183la), albeit this led to a
moderate reduction in yield (~55%). However, in the particular case of 2-methoxy-substituted aryl
iodides (183ja, and 183la), a lower enantioselectivity was also observed. This notable reduction in
enantioselectivity observed may be attributed to a specific interaction occurring between the metal
and the methoxy group. This interaction results in the formation of chelate-stabilized zinc reagent
(Scheme II-23).1304] Through the formation of this chelate structure, the C-Zn bond may become more
stable, causing a decrease in the rate of C-Zn bond inversion. Consequently, this slower racemization
process leads to reduced efficiency in the dynamic kinetic resolution of the reaction, resulting in

diminished enantioselectivity for the overall transformation.

Chelated-stabilized ._-.( Less efficient DKR ] - lower enantiomeric ----.
zinc reagent ' ratio '
Me if C-Zn bond : Me slower Me

more stable i ~ racemization '

0 = 0 0 |

Me : Me Me ;

Scheme II-23. Potential methoxy group chelation-induced C-Zn bond stability.

In contrast, ortho-disubstituted aryl iodides proved to be ineffective (183ma), consistent with the
observed decrease in the efficiency of the Fukuyama cross-coupling reaction due to increased steric
hindrance. On the other hand, aryl iodides derived from more extended aromatic structures performed
exceptionally well, yielding 2-naphthyl (183na) or 2-fluorenyl (183pa) products with high yields and
enantioselectivity. However, the 9-anthracenyl product (1830a) was obtained in a very low yield,
aligning with the outcomes observed for ortho-disubstituted aryl iodides.

The method was tested also with heteroaromatic iodides. Although the efficiency was somewhat
reduced, the transformation remained viable, resulting in the formation of indolyl (183qa) or
thiophen-3-yl (183ra) products. Lastly, the less frequently used ferrocenyl iodide was tested.

Unfortunately, no product (183sa) was formed in this case.

134 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

1.9.2. Variation of Thioester

Variation of the thioester partner was also comprehensively explored (Scheme II-24). Thioesters

containing secondary alkyl groups consistently delivered high yields (60-80%) and enantioselectivity

(289:11 er), exemplified by the formation of products 183cb-ce and 183cg. Cyclopropyl- (183cf),

methyl- (183ci), and linear alkyl-substituted (183cj) ketones were produced with respectable yields

(76-79%) but displayed only moderate enantiomeric ratios (~75:25). In contrast, more sterically

hindered substrates, like tert-butyl ketone 183ck, were either produced in very low yields or not at

all. Interestingly, heteroaryl ketones like 183cm were found to be compatible with the process, albeit

with a modest enantioselectivity (74:26 er). Nonetheless, aromatic substrates, such as phenyl-ketone

183cl, exhibited minimal reactivity in our conditions, yielding only trace amounts of the expected

product. Lastly, the dichloro-substituent 183ch was found to be entirely unsuitable for the reaction,

resulting in the complete recovery of the substrate.

Variation of thioester

Me  mMeo

|
(0]
/©/ Me L 177a-m Me
) R™ “SPh (1.0 equiv)

.95 equiv

17
(1.5 equiv)

183ca, 75%
96:4 er

I 0

183cf, 76%
77:23 er

183ck, n.r.

Znl
IZn)\ZnI Pd,(dba); (2.25 mol%) @
L17 (18 mol%) MeO

THF, 40 °C, 0.5 h

Pd,(dba); (7.5 mol%)
L21 (18 mol%)
ZnCl, (9.0 equiv)

MTBE, rt, 20 h

N
Cbz
183cb, 75% 183cc, 60% 183cd, 63% 183ce, 76%
92:8 er 93:7 er 90:10 er 89:11 er
Me” “Me cl” cl Me
183cg, 80% 183ch, n.r. 183ci, 79% 183cj, 78%
94:6 er 74:26 er 80:20 er
: CFs OAr Aro 5
L p ) me>< j)\ PN )
, 3 € 0~ _0 |
L7 R, A'/Xr L1
183cl, <5% 183cm, 61% ! = 3 5.1RU-4-OMe-Ph '
n.d.er 74:26 er N . {\_r__:_s,_s_ Bu_ flOM_e F_h./'

Scheme II-24. Scope of thioesters for the enantioselective sequential arylation/Fukuyama cross-coupling reaction of 1,1-

bis(iodozincio)ethane.
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1.10. Mechanistic Studies: KR or DKR?

As previously mentioned, ZnCl; is believed to accelerate the rate of racemization in
organometallic compounds when combined with chiral secondary organozinc reagents.[394 In our
experimental system, the role of ZnCl, appeared to be of paramount importance. Significantly
divergent yields were observed between reactions involving racemic or enantiopure ligands when
ZnCl, was absent (entries 1 and 2, Table II-8). However, no discernible difference in yield was noted
in reactions employing racemic or enantiopure ligands when ZnCl; (6.0 equiv) was added (entries 3

and 4, Table II-8).

Table 1I-8. Sequential arylation/Fukuyama cross-coupling reaction of 1,1-bis(iodozincio)ethane in racemic
and enantioselective fashion with or without ZnCl>.

Me
“Znl match: fast
I 182a
ey , ©/ _ 177a ™,
; Me (1.3 equiv) ﬂ SPh (1.0 equiv)\,
HZn >znlt Pdsy(dba)s (1.5 mol%) sloworfast? | pdy(dba)s (5 mol%) |
LT 7 (12 moi%) ‘L W L21(12mol%)
L(1.0equV) | THE 40 °C. 0.5h “~.__ MTBE, tt, 20h _-*
__________ 3 . 0. Me
Me /‘—\
75-80% mismatch: slow ©
(estimated yield) Znl ‘
ent-182a ent-183aa
Entry ZnClz (equiv) Ligand 24 coupling Yield 183aal” erlb]
1 none L21 33% 94:6
2 none (¥)-L21 53% 50:50
3 6.0 L21 50% 94:6
4 6.0 (+)-L21 52% 50:50

[a] Yield measured prior to purification by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b] Measured
by chiral-phase GC. The absolute configuration of X was determined by comparison with literature data.

This led us to contemplate the possibility that the Fukuyama step might involve a kinetic resolution
(KR) rather than a dynamic one. It is worth noting that while secondary benzylzinc halides are known
to be configurationally labile according to existing literature,[3171 no prior investigations have delved
into the behavior of secondary benzylzinc iodides. The nature of the counteranion's size could
potentially influence the inversion rate of the C-Zn bond, rendering it significantly slower.

In our specific context, taking into consideration that the initial coupling yielded ~75-80% of racemic
benzylzinc iodide, theoretically, a maximum yield of ~40% for the desired enantioenriched product

could be achieved in the Fukuyama coupling. Interestingly, this theoretical value closely aligned with
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the yield obtained without the addition of ZnCl; (entry 1, Table II-8). Consequently, we postulated that
the primary role of ZnCl; in the reaction medium was to expedite the racemization rate of benzylzinc
iodide and facilitate an efficient DKR process (Scheme II-25), even though no significant disparity in
er was observed between reactions conducted with or without the ZnCl, additive. In simpler terms,

the addition of ZnCl; could have the power to switch from a KR to a DKR for the acylation step.

2%t coupling

E E i Znl |
o] Me Fukuyama reaction SPhE L ; Me—< |
I : n I i
Ph y 177a ! oxidative I—Pd"-Ph M7 2Znl
PdOL, * ! 0 addition
183aa S N e ;o ) 1%t coupling transmetallation
- oxidative i Ph-1
reductive Match additon = "7 Arylation Znl,
elimination couple
o  Ln* Pd’L,
o L _(Me fast Sl }—Pd" Ph
Pd"
Ph T gew TS reductive
] , elimination
transmetallation :W|thout ZnCly!
Me L /'
1ZnSPh Ph)l"znl -1 1ZnSPh
182a ent-182a %\
Mismatch
n couple Me
I Il
Pd SPh d j
Pr
,,,,,,,,,,,,, A o] Me
! O ! N
! O—{ 1 PdOL,* Ph
: SPh:
i 1r7a ™ e ‘ ent-183aa

Scheme II-25. Proposed catalytic cycle of the Pd-catalyzed enantioselective sequential arylation/Fukuyama cross-coupling with
1,1-bis(iodozincio)ethane.

For a better understanding, we performed the Kkinetic profile of the tandem reaction under the
following conditions: with enantiopure L21 and no addition of ZnCl; (Figure II-1, green line); with
enantiopure L21 and addition of ZnCl; (Figure II-1, blue line); and with (+)-L21 (Figure II-1, yellow
line).

Figure II-1 reveals an intriguing insight into the kinetic profiles of the three reactions during the initial
4 h of the Fukuyama cross-coupling process. During this period, the reactions exhibit a remarkable
harmony. Subsequently, a notable divergence emerges. In one reaction employing enantiopure L21
without the addition of ZnCly, it reaches a standstill at a 36% yield, forming a plateau (Figure II-1,
green line). In contrast, the other two reactions conclude with final yields of 53-56%, and their profiles
remain remarkably similar (Figure II-1, blue and yellow line). Furthermore, the enantioselective

reaction employing enantiopure L21 consistently maintains an enantiomeric ratio of 94:6. If our
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hypothesis of a kinetic resolution mechanism without the involvement of the zinc salt holds true, it

suggests that after the initial 4 h, the reaction essentially reaches completion.

L21 (12 mol%)
o] KR (?)

! o0
..... SEN ©/ Me SPh L21 (12 mol%)
)\e ' (1.3 equiv) - 177a (1.0 equiv) |ZnCl, (6.0 equiv)
i )

1Zn™  "Znl} Pd,(dba); (1.5 mol% Pdy(dba); (5 mol%) DKR

17 L17 (12 mol%) MTBE, rt
(1.0 equiv)!  THF, 40°C,0.5h . . ... Me
""""" : CFy Ar AT 5 o
; 0”0 :
P )3 mex j} P-N )
! ¢ o7 o !
' L17 CFs ATAr L2 (*)-183aa
Ar = 3,5-Bu-4-OMe-Ph !
Kinetic Study of the Sequential Arylation/Fukuyama Coupling
W 53
50
g a7
2 40 37/ 36 36
> 36/ ; O
30 /f35’0
22
20 13 21 —O— L21 without zinc chloride
10 11 10 —O0—L21 + zinc chloride
+)-121
0 ()
0
0 5 10 15 20 25

Reaction time (h)

Figure II-1. Kinetic profiles of the Pd-catalyzed sequential arylation/Fukuyama coupling under different conditions:
enantiopure L21 and no addition of ZnClz (green line), with enantiopure L21 and addition of ZnCl (blue line), and with (#)-L21
(vellow line).

In this scenario, the reaction mixture should contain our enantioenriched product 183aa (~33%, 94:6
er). Simultaneously, the mixture may contain the enantioenriched secondary benzylzinc iodides, with
an enantiomeric ratio expected to be similar to that of the product. Therefore, if we can effectively
engage the enantioenriched benzylzinc iodide in a stereospecific reaction, such as a copper-mediated
allylation with allyl bromide, we should be able to obtain a highly enantioenriched adduct.

This rationale led us to conduct our tandem reaction in the presence of enantiopure L21 and
without the addition of ZnCl; (Scheme II-26). According to our kinetic studies (Figure II-1), after 4 h,
the Fukuyama coupling is expected to reach the plateau at ~35%. Consequently, we initiated the
transmetallation of the benzylzinc intermediate with a THF solution of CuCN-2LiCl at low temperature
(-40 °C), followed by the addition of allyl bromide (2.0 equiv) after a few minutes. We successfully

obtained the desired product with a 44% yield, indicating that the unreacted benzylzinc was still

138 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

active. However, disappointingly, no enantiomeric excess was observed. We made another attempt at
a lower temperature (-78 °C), but even then, a totally racemic mixture was obtained.

This raised questions about whether the mixed organozinc-copper reagent might be configurationally
labile, potentially causing the complete loss of enantiomeric enrichment in the benzylzinc
intermediate. Consequently, we decided to intercept the remaining enantiopure benzylzinc iodide
through a reaction that does not involve other transition metals. To this end, we opted to perform
iodolysis at =78 °C (Scheme II-26). Once again, we achieved the desired product 184 with a

comparable yield (39%), but no enantiomeric excess was observed.

O

183aa Me
Me 177a Y 0
) SPh (1.0 equiv)

"“Znl
Pd,(dba); (5 mol%)
182a L21 (12 mol%)

|
___________ . | MTBE, rt, 4 h
Me (1.3 equiv)

Hzn™ “Znl Pdy(dba)s (1.5 mol%) slow

17 L17 (12 mol%) ) ! Confiqurationally lab e 2
; ] ' Configurationally labile 7 '
1 (1:0equv) i THE 40 °C, 0.5h B EEEEE
Me Me
©/k2nl CuCN-2LiCl (0.5 equiv) ©/kCu(CN)ZnI
THF, , 10 min
after 4 h present in % ent-182a
the reaction mixture?
/
I, (0.5 equiv) - Br
THF, —78 °C | Yield (er) | Me N

M 2.0 equi
4 _40°C  44% (50:50) N o F0equ)
! ~78°C 41% (50:50) THF,
39% (50:50) 3h

Scheme II-26. Alternative transformations to trap the remaining enantioenriched benzylzinc intermediate under the conditions
of kinetic resolution (no addition of ZnClz) of the Fukuyama cross-coupling.

With these results at our disposal, we have now verified that secondary benzylzinc iodides exhibit
configurational lability at room temperature, in accordance with the existing literature.i317] This
observation suggests thus the presence of a dynamic kinetic resolution within the Fukuyama process.
However, since the substantial disparity between the reactions involving enantiopure and racemic
ligands remains unclear, we made the decision to delve deeper into the matter (Table II-9).

To initiate this investigation, we conducted the tandem reaction with twice the amount of Pd/L21
(10/24 mol%) in two distinct approaches: once right from the start of the reaction (entry 1, Table II-
9), and the second time adding new catalyst after 4 h when the conversion rate reaches a plateau (entry
2, Table II-9). Intriguingly, the two results yielded different outcomes. Having double amount of
catalyst from the beginning produced no changing, resulting in 36% yield. On the contrary, when

introducing new Pdz(dba)3/L21 (5/12 mol%) after 4 h, the system appears to rejuvenate its efficiency,
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resulting in a final yield of 53% with 94:6 er (entry 2, Table II-9). In this case, it seems as though the
chiral catalyst experiences a form of "poisoning," and only by adding fresh catalyst after 4 h can we
attain the maximum yield. We were keen to investigate whether this type of poisoning was reversible.
To explore this, we conducted the reaction solely with Pdz(dba)z/L21 (5/12 mol%) and introduced
ZnCl; after 4 h (entry 3, Table II-9).

Table II-9. Investigation of the low conversion of the Pd-catalyzed enantioselective arylation/Fukuyama coupling
without ZnCl.

| 0

C Me | ©/(1 3 equiv) Me MSPh (1 .(1)7e7qauiv)

Hizn” 2ol | Pdy(dba)s (1.5 mol%) Znl Pd,(dba)s (5 mol%)

R A L17 (12 mol%) L21 (12 mol%)

1(1.0equiv) | THF, 40 °C, 0.5 h ()-182a MTBE, rt, 20h 183aa

Entry Difference from above (214 coupling) Yield 183aal? erl®]
1 Addition of Pdz(dba)s/L21 (10/24 mol%) 36% 94:6
2 Addition of new Pdz(dba)s/L21 (5/12 mol%) after 4 h 53% 94:6
3 Addition of ZnClz (6.0 equiv) after 4h 50% 95:5
4 Addition of 183na as additive (30 mol%) 37% 94:6

s

[a] Yield measured prior to purification by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal standard. [b] Measured by
chiral-phase GC. The absolute configuration of X was determined by comparison with literature data.

Surprisingly, the yield increased to 50%, demonstrating the ability of ZnCl; to restore the catalyst's
activity. Within this framework, we considered the possibility that the chiral product might be
responsible for poisoning the chiral catalyst. As a result, we added 183na (as similar product obtained
from the scope) as a “poisonous additive” in 30 mol% (entry 4, Table II-9). However, in this case,
without the addition of ZnCl,, the expected yield of 37% was achieved with the same er of 94:6.

At this point, since the preparation of the racemic ligand originated from a commercially available
starting material different from that used for the enantiopure ligand (tartaric acid instead of (L)-
diethyl tartrate), we entertained the idea that an invisible impurity, undetectable by NMR analysis,
might be present in both the enantiopure and racemic ligands. This impurity could potentially
influence the efficiency of the acylation step. Consequently, we synthesized the corresponding
enantiomer of L21 (ent-L21) using the same synthetic procedure used for the preparation of L21 (see
Scheme 11-8) but starting from (D)-diethyl tartrate. With ent-L21 in hand, we conducted the reaction
both with and without ZnCl; (Scheme II-27). In one case, when we introduced ZnCl; into the reaction

mixture, we achieved the expected outcome, yielding 54% of the ent-183aa with an er of 6:94 (Scheme
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I1-27). However, when we conducted the reaction without the addition of ZnCl, we obtained the same
er (6:94) but with a yield of 41%. While a slightly higher yield (41% instead of 35%) was achieved with
ent-L21, it remained lower than the yield obtained with the racemic version and the addition of zinc

salt.

O

|
e 177a Me
)M\e ©/(1 .3 equiv) e QASPh (1.0 equiv) o}

lzn11 Znl i Pdy(dba)s (1.5 mol%) ©/LGl Pd,(dba)s (5 mol%)
! 7 ' L17 (12 mol%) ent-L21 (12 mol%)

R THF, 40 °C, 0.5h ZnCl, (n equiv)

MTBE, rt, 20h
75-80% yield

(estimated yiedl|)

ent-183aa

[ znCL,  Yield (er) |

none 41% (6:94)
6.0 equiv  54% (6:94)

Scheme II-27. Pd-catalyzed enantioselective sequential arylation/Fukuyama coupling reaction using ent-L21 as ligand for the
acylation step and with/without ZnCl.

Finally, we conducted the tandem reaction using an authentic racemic (+)-L21 prepared from equal
amounts of L21 and ent-L21. However, there was no noticeable difference between the two
experiments, resulting in a 48% yield without ZnCl; and a 52% yield with its inclusion.At this stage,
despite our efforts to decipher the underlying reason for the discrepancy between eantiopure and
racemic ligand without addition of ZnCl;, we found ourselves at an impasse, unable to explain this
particular phenomenon. Consequently, we made the decision to conclude this specific investigation
and redirect our valuable time and resources toward the continuation of the project. However, it is

worth noting that other investigations are ongoing in our laboratories.

1.11. Potential Pharmaceutical Application: Naproxen
Synthesis

2-Arylpropionic acids, constitute a group of compounds (known as profen family) that have
emerged as a cornerstone in the realm of non-steroidal anti-inflammatory drugs (NSAIDs), with
ibuprofen and naproxen ranking among the most commonly used members. To put this into
perspective, in 2020 ibuprofen alone was valued at approximately 300 million US dollars™ and was
prescribed, just in the USA, over 16 million times.” The pharmacological effects of these compounds

stem from their ability to inhibit the binding of arachidonic acid to the cyclo-oxygenase subunit of

** Ibuprofen market research report 2020 (https://menafn.com/1099915665 /Ibuprofen-Market-Research-Report-
2020)
T The Top 300 of 2021 (https://clincalc.com/DrugStats/Top300Drugs.aspx).
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prostaglandin synthetase. This inhibition, in turn, prevents the formation of various prostaglandins,
consequently modulating the inflammatory response. Notably, only the (S)-profen enantiomer exhibits
anti-inflammatory activity. Despite this knowledge, profen drugs were initially often marketed as
racemic form, largely due to the presence of a 2-arylpropionyl-CoA epimerase in the human body,
facilitating the interconversion of enantiomers.[3611 Nonetheless, (R)-profen variants may give rise to
health risks, including the possibility of accumulating in adipose tissues with unknown
consequences.[362] These characteristics underscore the importance of developing efficient methods
for producing enantiopure profens. However, despite their relatively small molecular structures, the
asymmetric synthesis of (S)-profen derivatives remains a formidable challenge even if over the past
decade, several procedures have been firmly established.[363.364]

To underscore the synthetic possibilities offered by our sequential asymmetric reaction, we aimed
to identify potential applications for the straightforward synthesis of pharmaceutical compounds.
Specifically, by employing S-phenyl ethanethioate (177i) as the thioester in the Fukuyama cross-
coupling, we can obtain enantiomerically enriched a-aryl methyl ketones. With these substrates, 2-

arylpropionic acid derivatives could be synthesized through the haloform reaction (Scheme II-28).

X
Me pd 211(1)9(2 e2q5uiv)lo/) 17'\4_6(1 OSPh_ ) E Me 1 Stereospecific?
>(dba)z (2.25 mol% i (1.0 equiv ' . O
707 70 AN ——>
L17 (18 mol%) Pdy(dba)sz (7.5 mol%) CH , Haloform Reacti
117 THF, 40 °C, 0.5 h L21 (18 mol%) | 3 ; Haloform Reaction
(1.5 equiv) ZnCl, (9.0 equiv) 77T ;
MTBE, rt, 20 h
_____________________________________ Yo
o) 1) NaOH (excess) 0

A\H 2) mild acidic work-up )
Carboxylic
Methyl ketone acid

E Jy X, (excess) S
. (03¢

Pl
Pyl
o
I
+
(@]
I
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w

Scheme II-28. A synthetic way to achieve 2-arylpropionic acid derivatives from a-aryl methyl ketones using the haloform
reaction.

The haloform reaction is a rare example of ketone oxidation to carboxylic acids.3¢5]1 This very old
reaction involves the treatment of a methyl ketone with an excess of base and halogen. The mechanism
of this reaction involves a sequence of three consecutive cycles, involving deprotonation and
halogenation at the a-carbon, followed by the addition of a base to the carbonyl group and the
expulsion of CX3 as a leaving group.

In our case the presence of an enolizable proton in the a-position does not inherently ensure the
stereospecificity of the haloform transformation. However, it has been reported more recently that

this haloform reaction can be performed in a stereospecific manner on enantiopure substrates leading
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to optically active 2-aryl propanoic acids.36¢] Specifically, the author reported that the haloform
reaction of ketone 183ti, employing sodium hypochlorite in methanol at a temperature of 0-5°C,

yielded (S)-methyl naproxen (186) in 85% yield and 97% ee (Scheme II-29).

Stereospecific Haloform Reaction
(Brown, 1992)

Me Me
C T e, T
CH MeOH, 0-5 °C OM
MeO . s MeO €
183ti 186, 85%, 97% ee

Scheme 11-29. Stereospecific example of haloform reaction.

Therefore, we proceeded with our asymmetric sequential reaction to synthesize ketone 183ti, with
the intention of applying the stereospecific haloform reaction mentioned before,[*%l to synthesize in
straightforward manner the enantiomerically enriched (S)-Naproxen. Unfortunately, as anticipated,
the presence of primary alkyl substituents on the thioester led to a reduction in enantiomeric excess,
which was especially pronounced in this instance. When thioester 1771 was used, we achieved only a
mediocre 62:38 enantiomeric ratio (Scheme II-30). However, when employing thioester 177a, we
were able to restore a more satisfactory enantiomeric ratio of 88:12, although it is worth noting that

this product (183ta) is not compatible with the haloform reaction.

O
177|

e OO
: e | MeO mote 183ti, 77%, 62:38
: )\ | (1.95 equiv) sl L21 (18 mol%) , 17%, 62:38 er
'1Zn Znl,
.\ qq7 : Pda(dba)s (2.25 mol%) ZnCl, (9.0 equiv) o
{(1.5equiv)i  L17 (18 mol%) MTBE, rt, 20 h 177a
---------- THF, 40 °C, 0.5 h I I

(1 0 equiv) MeO

183ta, 57%, 88:12 er

Scheme II-30. Enantioselective synthesis of (S)-Naproxen analogs.

Given this outcome, we chose to persist exploring different thiocarbonyl electrophiles for the
subsequent step. Indeed, another way to prepare benzyl carboxylates could be via oxidation of the
corresponding aldehyde. In line with this, inspired from the work by Haraguchi and Fukuzawa, who
detailed the palladium-catalyzed formylation of alkenylzinc reagents with aryl thioformates,[3601 we
endeavored to assess phenyl thioformate 187 under our conditions (Scheme II-31). Regrettably,
despite complete consumption of phenyl thioformate, no product 188 was observed under our

experimental conditions. In this respect, additional studies are currently underway in our laboratories.
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| o
------------ . 187
Me ©/(1.95 equiv) Me Hksph (1.0 equiv)

: : X

1Zn” > Znl 1 Pdy(dba)g (2.25 mol%) 20l by (dba)s (7.5 mol%)

L1M7 L17 (18 mol%) L21 (18 mol%)

. o . 188, 0%
! (15equiv) | THF, 40°C, 0.5 h (¥)-182a ZnCl, (9.0 equiv) °

MTBE, rt, 72 h

Scheme I1-31. Unsuccessful attempt for the Pd-catalyzed enantioselective sequential arylation/formylation reaction using 1,1-
bis(iodozincio)ethane.

1.12. Enantioselective Sequential Arylation/Fukuyama Cross-
Coupling Reaction with Other 1,1-Biszincioalkanes

Reaching this stage, we decided to evaluate the potential as linchpins of 1,1-dizincio bimetallics
featuring different primary alkyl substituents at the methylene carbon. To achieve this objective, our
initial step was to create a new array of gem-diiodo compounds. We proceeded to synthesize the

following compounds based on the retrosynthetic plan outlined in Scheme II-32.

P M-CHl, | FGI OH
Me 192 disconnection Me Me

191 190

disconnection  Me

---- commercially available ------ \

! | : c—c S Fal
T e — S

' |

--- commercially available --

Me\/\l Me/\l

Me\?ﬂ/l Me:f?lj/l M-CHl,

71 118 | disconnection
m194

Scheme II-32. Retrosynthesis of selected 1,1-diiodo compounds for various 1,1-bis(iodozincio)alkanes.

To prepare compound 192, we initiated the synthesis with a simple Sonogashira reaction involving p-
iodotoluene and propargyl alcohol (Scheme 11-33). This step furnished the desired adduct 189 in
quantitative yield. Subsequently, we conducted a reduction with hydrogen over Pd/C in methanol at
room temperature for 24 hours, resulting in the corresponding alkene. To obtain the targeted alkane
190, we repeated the same reduction. Following this, we employed an iodination reaction to convert

efficiently (80% yield) the alcoholic group into an iodide (191).
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Finally, we achieved excellent yields of the gem-diiodoalkane 189 using a practical procedure

described by Charette for the alkylation of NaCHI; with alkyl iodides.[367]

=~ oH _~""OH

/©/' Cul (5 mol%) Z H,, Pd/C (15 mol%) OH
Pd(PPhs),Cl, MeOH, rt, 24 h
Me @5mol%) e 189, >99% (x2 times) Me 190, >99%
Et;N, rt, 24 h

; I NaHMDS, CH,l, | PPhs, Im, I,
5 /QM/ : THF/Et,0 (1:1) /©/\/\ DCM, 0°Ctort
' Me ! Me 3h

I
192, 92% —78°Ctort, 16 h 191, 80%

Scheme II-33. Preparation of gem-diiodo alkane 192.

A similar alkylation approach using LiCHI; and the corresponding alkyl bromide was effectively

applied to compound 194 (84% yield), as reported by Charette (Scheme II-34).1367]

LIHMDS (2.0 equiv)

Br CHsly (2.0 equiv) I
THF/EL,0 (1:1) I

-78°Ctort,16 h 194, 84%

Me ! NaHMDS (5.0 equiv)
(1.0equiv) 1 ch, 1, (5.0 equiv)

|
— ¢ purification not
Me .~ THF/Et,0 (1:1) MGW possible
! -78°Ctort, 16 h
(1.0 equiv) ’

85-90% NMR yield

Scheme I1-34. Application of Charette’s alkylation procedure for the preparation of gem-diiodo compounds 118, 193 and 194.

In contrast, for gem-diiodo compounds 118 and 193, the reaction produced excellent yields (~90-
95%). Nevertheless, to attain such high yields, a significant excess (5 equiv) of diiodomethane was
necessary. This presented a challenge due to the similar polarity and boiling points of 118 and 193
with the remaining diiodomethane, making the purification process quite arduous, and practically
impossible to obtain pure products without diiodomethane contamination. However, by reversing the
stoichiometry of the reaction, we still achieved a very satisfactory yield (Scheme II-35). This time,
exploiting the substantial volatility difference between gem-diiodo compounds (boiling point >180°C)
and alkyl iodides (69-73°C for 1-iodoethane and 101-102°C for 1-iodopropane), we successfully
obtained analytically pure 118 and 193.
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______________

! P , |

: Me™ "1 NaHMDS (1.0 equiv) Me” Y~ .
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Scheme II-35. Successful preparation of gem-diiodo compounds 118 and 193 using a modified version of Charette's alkylation
procedure with reverse stoichiometry.

With our array of 1,1-diiodo compounds in hand, we synthesized the corresponding 1,1-
bis(iodozincio)alkanes (119, and 195-197) in THF solutions (Scheme II-36) by treatment with zinc
dust in the presence of PbCl; (2 mol%). It is important to highlight that we obtained satisfactory yields
without requiring TMEDA, an additive that was previously necessary for achieving moderate yields in

the Matsubara’s procedure for gem-dizincio reagents other than 1,1-bis(iodozincio)ethane.[200]

Zn dust (4.0 equiv)
PbCl, (2 mol%)

TMSCI (8 mol%)
THF, 0 °C to rt, 5h

Me
Et npr f©/
PN PN

1Zn Znl 1Zn Znl 1Zn Znl 1Zn Znl
119, 40-50% 195, 50-60% 196, 40-50% 197, 60%
(0.4-0.5 M) (0.5-0.6 M) (0.4-0.5 M) (0.6 M)

Scheme 1I-36. Chart of 1,1-bis(iodozincio)alkanes prepared.

However, it should be mentioned that gem-dizinc reagents 196 and 197 exhibited a distinct deep red
coloration (Figure II-2, left), unlike the others, which appeared pale in colour, akin to 1,1-

bis(iodozincio)ethane (Figure II-2, right).

Figure II-2. THF solution of gem-dizincio 196 (left) and THF solution of 1,1-bis(iodozincio)ethane 117 (right).
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Due to the intensity of this coloration, the colorimetric titration with iodine proved to be less precise,
as the endpoint was not easily discernible. Consequently, we opted to quench the reaction with iodine
in the presence of an internal standard (1,3,5-trimethoxybenzene) and subsequently calculate the
NMR yield to determine the concentration of the solution (Figure II-3, top). However, it is important
to note that the product of the iodolysis corresponded to the starting material for the zinc insertion
process to form the gem-dizinc. To be sure of the complete consumption of the starting material in the
zincation process and that the 1H NMR signals used for yield calculations exclusively originated from
the titrated gem-dizincio 196, we also conducted hydrolysis of the bimetallic reagent. After the
hydrolysis, no 'H NMR signals were detected from the gem-diiodo compound, confirming that all of the
starting material had been consumed (Figure II-3, bottom). Consequently, only the set of signals
originating from the corresponding hydrocarbon were observed. The identical strategy was carried

out for gem-dizinc 197, furnishing the same result.
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Figure II-3. 1H NMR spectra of iodolysis (top) and hydrolysis (bottom) of gem-dizincio 196.
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We were pleased to discover that the experimental conditions originally designed for the Pd-
catalyzed (mono)arylation of 1,1-bis(iodozincio)ethane were not limited to that specific compound
but also applied effectively to 1,1-bis(iodozincio)alkanes 119, and 195-197 (Scheme II-37). When
these compounds underwent cross-coupling reactions with phenyl iodide, they produced organozinc
intermediates (*)-198a-201a. These intermediates were subsequently subjected to a copper-
mediated allylation reaction, resulting in the synthesis of products 202-205 with impressive yields
ranging from 70% to 87% (Scheme I1-37). These yields provide a reliable estimate, at the lower limit,

for the arylation reaction's efficiency.

[
R o . ©/ R CuCN-2LiCl (1.1 equiv) R
! ' 1.3 equiv -30° i
| )\ : ( ) 20 30 °C, 5 min X
1 1Zn” "Znl | Pdy(dba)s (1.5 mol%) then

L17 (12 mol%) 202-208

allyl bromide (2.0 equiv)
------------ THF, 40°C, 0.5 h (+)-198a-201a  _30 °C to rt, overnight

0 J
Et "Pr )
o O o o
202, 84% 203, 77% 204, 87% 205, 70%

Scheme 11-37. Sequential Pd-catalyzed arylation/Cu-mediated allylation of gem-bis(iodozincio)alkanes in one pot.

The protocol for enantioselective sequential arylation-acylation reaction was then applied to the
Et-substituted linchpin 119. In this procedure, we employed 4-methoxyiodobenzene and thioester
177a as the electrophilic reagents (Scheme II-38). The desired product 206 was successfully obtained
in high 89:11 er, but only a low 26% yield after 20 h of reaction time for the acylation step. Despite this
initial setback, we were able to significantly enhance the yield, achieving a more satisfactory level of
69%, by extending the reaction time of the Fukuyama step to 72 h (Scheme I1-38). This adjustment
allowed us to maximize the efficiency of the acylation process, resulting in a higher overall yield of

206.

H1Zn” "Znl} pdy(dba)s (2.25 mol%) Pda(dba)s (7.5 mol%)

i {
__________ Et
1 : Et 177a H
, Et . MeO (1.95 equiv) /@/Lz | NSPh (1.0 equiv) o)
H n
MeO

P19 L17 (18 mol%) L21 (18 mol%) MeO

'(1.5equiv)!  THF, 40°C, 0.5 h (¥)-198¢ ZnCl, (9.0 equiv) 206, 89:11 er

T THF/MTBE, rt, =20 h. 26%
72 h, 69%

Scheme I1-38. Enantioselective sequential Pd-catalyzed arylation-Fukuyama cross-coupling reaction of 119.
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The same reaction conditions were applied to 1,1-bis(iodozincio)alkanes 195-196, which feature
longer alkyl chains. This led to the formation of coupling products 207-208, which were obtained with
respectable enantiomeric ratios and yields, in spite of a gradual erosion with increasing length of the
alkyl substituents. In a contrast, when we performed the enantioselective sequential reaction with
gem-bis(iodozincio)alkane 197, we achieved the desired product 209 with a highly favorable
enantiomeric ratio of 90:10 (Scheme II-39). However, the yield was limited to 24%. This outcome may
be attributed to the presence of a proximal aromatic ring, which, despite the shorter alkyl chain,
introduced significant steric hindrance which could affect the efficiency of the acylation step.

[t is worth emphasizing that these findings hold great importance as they mark the initial instances of
enantioselective Fukuyama cross-coupling using organozinc reagents other than (1-arylethyl)zinc

derivatives.

Variation of gem-bis(iodozincio)alkane

I o
/©/ 177a
)R\ MeO (1.95 equiv) SPh (1.0 equiv) O
1Zn” "Znl Pdy(dba)s (2.25 mol%) Pda(dba)s (7.5 mol%)
L21 (18 mol%) MeO

119, 195-197 L17 (18 mol%)
(1.5 equiv) THF, 40 °C, 0.5 h (+ )-198¢c-201c ZnCl, (9.0 equiv) 206-209
THF/MTBE, rt, 72 h

"o

.....................

o S0 o o ! 5

| Ar_Ar CFs E

i 0 o i

MeO MeO MeO MeO . mixoj%op_,\( > :
| A :

206, 69% 207, 50% 208, 41% 209, 24% A L21
89:11 83:17 80:20 90:10 t
Ar = 3,5-'Bu-4-OMe-Ph

Scheme II-39. Enantioselective sequential Pd-catalyzed arylation-Fukuyama cross-coupling reaction of 1,1-
bis(iodozincio)alkanes 119, 195-197.

An attempt was made to carry out the second step of the tandem reaction at 40 °C for 72 h, using gem-
dizinc 196, with the aim of potentially improving the efficiency of the Fukuyama cross-coupling while
preserving enantiomeric control, or at most, causing a slight and tolerable decrease (Scheme I1-40).
However, after purification, we recovered only 39% of the product, accompanied by a marginal
decrease in enantiomeric ratio to 78:22. This outcome underscores that elevating the reaction
temperature does not enhance the acylation step but seems also not be detrimental for the

enantioselectivity.
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Scheme II-40. Effect of higher temperature in the Fukuyama cross-coupling step with gem-dizincio 196.

1.12.1. Enantioselective Sequential Arylation/Fukuyama Cross-
Coupling Reaction with Silyl-Substituted Gem-Dizincio Reagents

With our enantioselective sequential arylation/Fukuyama coupling procedure, we aimed to
broaden the versatility of our protocol. In this pursuit, we sought to explore the use of hetero-
substituted gem-dizinc reagents to have the possibility of another potential functionalization.
Specifically, we selected a silyl-substituted gem-dizincio, in the specific trimethylsilylbis-
(bromozincio)methane 121, whose preparation is detailed in “Part II: Chapter 2” for dedicated study.
The mono(arylation) process was executed, followed by a quench with iodine to approximate the yield
of the initial step (Scheme II-41). To our satisfaction, an 85% yield was obtained. Encouraged by this
outcome, we proceeded to attempt the entire enantioselective sequential arylation/acylation process
in a single pot. Unfortunately, no product 210 was observed, together with no conversion of the
thioester, leading to its complete recovery.

Although we had hoped for a different outcome, this result aligns with the inefficiency of the acylation
step observed previously due to increased steric hindrance of the substituents on the secondary
benzylzinc intermediate.

::Estimation yield 1t coupling | ___ SiMes

~a |2

THF, 0 °C, 5 min

______________ _ 85%
; SiMe; ©/(1.95equiv) SiMes

1Brzn” “ZnBr! Pdy(dba)s (2.25 mol%) ZnBr 0

5 121 ; L17 (18 mol%) 177a
. (1.5equiv) | THF, 40°C,05h SPh (1.0 equiv)
AV4

~

Pd,(dba); (7.5 mol%)
L21 (18 mol%)
ZnCl, (9.0 equiv) 210, 0%
MTBE, rt, 72 h

Scheme 1I-41. Unsuccessful attempt for the Pd-catalyzed enantioselective sequential arylation/Fukuyama cross-coupling
reaction using trimethylsilylbis(bromozincio)methane.
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1.13. Enantioselective Sequential Intramolecular
Arylation—Fukuyama Cross-Coupling Reaction

Having demonstrated our ability to synthesize gem-dizincio compounds with various alkyl
substituents, we decided to embark on the synthesis of a bimetallic compound, akin to V, but featuring
an iodide substituent in the ortho-positions of the aromatic ring (Scheme 1I-42). This modification
would potentially enable an intramolecular arylation. In this context, the arylation/Fukuyama
sequence, when performed intramolecularly, could evolve into a highly potent protocol for
diversifying compound development. Indeed, this tandem process holds the promise of facilitating the

straightforward construction of optically active complex cyclic structures VIIL.

Catalytic Intramolecular Fukuyama Coupling
Arylation PhS o

__________________ . 11l ,
;’ Znl R
' ' Pd/achiral ligand ) Pd/chiral ligand
| i _
! n 2Nt hon-enantioselective " | enantioselective
i v @)V Znl (DKR)

« Catalytic intramolecular arylation viable ? New array of optically

¢ Organozinc intermediate less configurationally labile ? active products

* Fukuyama coupling viable for cyclic benzylzinc iodides ?

Scheme I1-42. Enantioselective sequential Pd-catalyzed intramolecular Arylation/Fukuyama cross-coupling reaction.

Prior to initiating the synthesis of the selected gem-dizinc reagent for the intramolecular arylation, we
opted to explore if the enantioselective Fukuyama cross-coupling reaction was viable with cyclic
benzylzinc halides. The objective was to assess whether, with our optimized conditions for the
acylation step, we could achieve both high yields and precise enantiocontrol. To commence this
investigation, we initiated the synthesis of our organomonozinc reagent, starting with the readily
available 1,2,3,4-tetrahydronaphthalen-1-0l (Scheme 1I-43). After conducting halogenation with
trimethylsilyl chloride at room temperature for 24 hours in neat conditions, we obtained the

corresponding chloride 211-Cl compound in 90% yield.

Zn dust (1.5 equiv)

TMSCI LiCl (1.5 equiv) CTTTTTTTTTTI T '

(1.2 equiv) BrCH,CH,Br (5 mol%) | 1

- : 211-C1, 65% !

rt, 24 h TMSCI (5 mol%) ! (0.9 M in THF) !

THF, 0°Ctort, 24 h : 1

OH 210, 90% ClI or ' ZnCl '

Scheme I1-43. Synthesis of the organozinc reagent 211.
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Subsequently, we carried out the zinc insertion step, resulting in the successful generation of a THF
solution containing the organometallic reagent with a high concentration (determined via titration
with 13).1347]

With our organozinc compound readily available, we proceeded to execute the enantioconvergent
Fukuyama cross-coupling reaction, employing our optimized conditions (Scheme 11-44). It should be

noted that this experiment was conducted with ent-L21, as L21 was over.

o)
177a ——————————————— e .
SPh (1.0 equiv) : Ar Ar entL21
D e, 00 ;
Pdp(dba)s (7.5 mol%) 212,83%| X P-N )
700l ent-L21 (18 mol%) 91:9 er | 0 0 !
211'C|. n ZnCl, (9.0 equiv) [0) ! Ar Ar !
(1.5 equiv) THF/MTBE, rt, 48 h { Ar=35'Bu-4-OMe-Ph |

Scheme 11I-44. Enantioconvergent Pd-catalyzed Fukuyama cross-coupling reaction with cyclic organozinc chloride 211.

To our satisfaction, we obtained the intended product 212 with high yield (83%) and enantiomeric
ratio (91:9). This outcome highlights the feasibility of enantioselective acylation with cyclic secondary
benzylzinc halides. Consequently, we planified and performed to synthesize gem-dizinc 221 (Scheme
II-45), which serves as the precursor for the organomonozinc intermediate (211-Cl) via
intramolecular arylation.

We initiated the synthesis by starting with the commercially available 2-iodobenzoic acid. Its
carboxylic group was reduced to alcohol using NaBH4 in combination with BF3-OEt; in THF. The
resulting crude alcohol 213 was then treated with methanesulfonyl chloride in the presence of Et3N in
THF to obtain the corresponding mesylate 214. This mesylate was used in an Sn2 reaction with
deprotonated diethyl malonate to produce the desired compound 215. Subsequently, a
dealkoxycarbonylation was carried out by refluxing 215 in DMSO with the addition of water and NacCl,
resulting in the formation of 216. The crude ester was then reduced to alcohol using DIBAL-H in THF
atalow temperature overnight. Afterward, purification through column chromatography provided the
highly pure alcohol 217 with a 57% yield over the course of 5 steps. Then, the alcohol moiety was
transformed into a mesylate (218) using methanesulfonyl chloride, followed by a nucleophilic
substitution with sodium iodide to obtain the primary alkyl iodide 219. Subsequently, we achieved a
high yield of the gem-diiodoalkane 220 using the procedure (already mentioned) described by
Charette for the alkylation of NaCHI; with alkyl iodides. 671 Therefore, after a series of eight synthetic
steps, we obtained a significant quantity of 220 with an overall yield of 42%. Following this, we
proceeded to synthesize the corresponding 1,1-bis(iodozincio)alkane 221 in a THF solution, using the
same method involving zinc dust and PbCl, (2 mol%) that we had previously used to prepare other

gem-dizincio reagents.
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While the title of the bimetallic reagent did not yield exceptional results (0.32 M in THF), we
successfully achieved zinc insertion exclusively at the geminal iodides and not at the aromatic one.

This success serves as evidence that the preparation of this specific class of functionalized gem-dizinc

compounds is indeed feasible.

NaBH, (2.0 equiv)
BF3-OEt, (2.0 equiv)

i

©\AIOH

MsCI (1.1 equiv)
Et3N (1.5 equiv)

THF, 0 °C, 0.5h

CO,Et

215

THF, 0 °C to rt, 2h
*Gommerdially 213
available)
CO,Et NaCl (2.1 equiv)
©i\/ H,0 (2.1 equiv)
| DMSO, reflux, 18h
216
DIBAL-H MsCI (1.2 equiv)
(3.5 equiv) OH Et3N (2.3 equiv)
—
THF, -40 °C | DCM, 0 °C, 1h
18h

217, 57% (5 steps)

Zn dust (4.0 equiv)
PbCl, (2 mol%)

TMSCI (8 mol%)
THF, 0 °C to rt, 5h

©i\ow|s
I

214

Et0,C”~ “CO,Et
(1.1 equiv)

NaH (1.1 equiv)
THF, 0 ° C to rt, 40 min

Nal
(5 equiv)

acetone
reflux, 2h

NaHMDS (5 equiv)

CHosl, (5 equiv)

220, 81%

THF/EL,O (1:1)
-78°C, 16h

™

219, 91% (2 steps)

221, 32%

Znl
ml (0.32 M in THF)
|

Scheme I1-46. Synthetic sequence for the preparation of gem-dizincio 221.

However, the preparation of this specific bimetallic species proved to be exceptionally challenging,
probably due to the highly unstable carbenoid species. This was evident from the 'H NMR analysis,
which showed the formation of an equimolar amount of the corresponding alkene via -hydride
elimination (Figure II-4). Despite our best efforts, we were unable to reduce the occurrence of the -
hydride elimination product, even when we increased the catalytic amount of PbCl; 4 mol% (twice the
typical amount used in our zincation process) and/or decreased the rate of addition of the gem-diiodo
compound. This by-product might pose a challenge in the context of the intramolecular arylation step,

as it consists of an aromatic iodide that could potentially lead to unintended intermolecular arylation.
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Figure II-4. 1H NMR spectra of the titration with iodine of gem-dizincio 221.

With 221 in hand, we proceeded with the Pd-catalyzed intramolecular reaction using Pd;(dba)s (1.5
mol%) and L17 (12 mol%) in THF at 40 °C for 0.5 hour (Scheme I1I-47). To determine whether the
intramolecular adduct had formed, we quenched the potential organomonozinc intermediate 211 with
Io.

intramolecular arylation

Znl } pd,(dba)s (1.5 mol%) I, (2.0 equiv)
1 —_—
I | L17 (12 mol%) THF, 0 °C, 5 min

______________________ + THF, 40°C,0.5h
211 Znl 222,0% |

Iterative intermolecular
arylation ?

Scheme II-47. Pd-catalyzed intramolecular arylation reaction with gem-dizinc 221.

Regrettably, no product was obtained. The 'H NMR analysis indicated the presence of a high and
disordered signals pattern, resembling some form of oligomer or polymer. Consequently, we
conducted a TLC-MS (thin layer chromatography - mass spectrometer) analysis on the prominent spot
visible on the TLC plate (Figure II-5). This analysis supported our hypothesis as it revealed an iterative
loss of ~72 atomic mass units (a.m.u.), a characteristic pattern for oligomers or polymers that shed

their monomeric units.
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Figure II-5. TLC-MS spectra of the intramolecular arylation crude.

This outcome could be expected, as gem-dizincio compound 221 has the potential to engage in
intermolecular arylation reactions with the aromatic iodide from another gem-dizincio molecule, and
this process can occur multiple times. Consequently, we attempted to introduce the gem-dizinc into
the THF solution of Pd;(dba)s/L17 very slowly, aiming to create a highly diluted mixture (Scheme II-
48), with the intention of favouring the intramolecular reaction exclusively. However, despite the slow
addition rate and the temperature, the final result remained identical to the previous attempt. This
indicates that under these reaction conditions, 221 displays excessive reactivity, and achieving

selective control over the intramolecular arylation is challenging.

f znl
. , Solvent Temp. Time  Yield
syringe pump ] | Znl 221 |

N . PO g THF 40 °C 1h 0%
’ slow addition THF nt 3h 0%
(Up to over 3 1) DCM  40°C  7h 0%
! Pd,(dba); (1.5 mol%) ! I, (2.0 equiv)
! L17 (12 mol%) H T ——
h . | THF, 0 °C, 5 min
| Solvent T time . 211 7nl 222 |

Scheme I1-48. Diluted conditions for the Pd-catalyzed intramolecular arylation.

As a result, we decided to switch to dichloromethane as the solvent, as the intermolecular
(mono)arylation with 1,1-bis(iodozincio)ethane was considerably slower (taking 4 h at 40 °C for
complete conversion). Unfortunately, even with this solvent there was no substantial change in the
final outcome, and no product was observed. In this particular case, it appears that achieving

intramolecular arylation is not feasible under our current reaction conditions and with this substrate.
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However, we are currently conducting additional experiments in our laboratories to try to address this

issue.

1.14. Partial Conclusion

In conclusion, we have developed a one-pot sequential enantioselective double cross-coupling
reaction of 1,1-bis(iodozincio)alkane reagents entailing arylation and acylation with two distinct Pd-
based catalytic systems (Scheme II-49).1368] Mechanistically, the approach relies on a first step
involving the (non-enantioselective) desymmetrization of an achiral geminated C(sp3)-dizinc reagent
that delivers a stereolabile monometallic intermediate that undergoes efficient DKR during the
subsequent second step. Our report represents the first example of implementation of such a strategy

for asymmetric synthesis.

e o
""" S Lo R RN i}

R2 (1.95 equiv)

5 5 SPh (1.0 equiv) Sy
N G | Al NP
v1Zn™ Znly pdy(dba)s (2.25 mol%) - Pd,(dba); (7.5 mol%) ‘/ J R
| (15equiv) | _L17 (18 mol%) R2 L21 (18 mol%) R
........... ' THF, 40°C, 0.5h configurationally ZnCl, (9.0 equiv) 30 examples
labile MTBE, rt, 20-72 h up to 86% yield
____________________________________ up to 96:4 e.r.
! : i Ar. Ar ,
' CF3 1 ' '
- . - 00 !
1 ' + Me B :
O, T, O
L L7 CR, AU A 11
: ; : 5

Ar = 3,5-Bu-4-OMe-Ph

...................................

Scheme II-49. Enantioselective sequential catalytic arylation-Fukuyama cross-coupling of 1,1-bis(iodozincio)alkanes.

Synthetically, we disclosed a modular access to important enantioenriched 1-arylethyl (and 1-arylalkyl
to a lesser extent) ketones, including products with electron-rich aryl units which had not been
accessed previously through direct Fukuyama cross-coupling reactions. As part of this work, we also
establish on the one hand that Matsubara's Pd-catalyzed (mono)arylation of gem-bisorganozinc
reagents tolerates the presence of H-atoms f to the metal and can thus be used conveniently with 1,1-
bis(iodozincio)alkanes other than 1,1-bis(iodozincio)methane, and on the other hand that asymmetric

Fukuyama cross-coupling reactions can be extended beyond (1-arylethyl) organozincs.
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2. Enantioselective Sequential Double Allylation of a-
Silyl-Substituted Gem-Dizinc Reagents

2.1. Asymmetric Allylation: Introduction

In the realm of organic chemistry, asymmetric allylation is prominently recognized as one of the
most powerful transformations currently accessible for achieving enantioselective C-C bond
formation.3691 This process has garnered extensive attention, and various metals, including Pd, Nij, Ir,
Rh, and Ru, have been explored for its application.[370-373] Palladium, in particular, has been commonly
employed, especially in the Tsuji-Trost reaction, using soft stabilized nucleophiles with notable
success.370] However, a significant hurdle in this domain has been the observed lack of regioselectivity
in non-symmetrical allylic substrates, limiting the versatility of this approach. In fact, central to the
intricacies of allylic substitution is the imperative aspect of regulating regiochemistry. This pivotal
process hinges on the displacement of an allylic leaving group via two distinct pathways. The first
pathway entails a direct attack on the carbon bearing the leaving group at the a-position, akin to an
Sn2 reaction. The second one, known as y-substitution or Sn2', involves the ejection of the leaving
group while simultaneously involving an allylic shift of the double bond (Scheme II-50). Consequently,
a substrate with distinct substituents at the a- and y-positions of the allylic moiety can yield two

different products, depending on the chosen pathway.

~ o-substitution —

NLl@ Nu
N

Sn2 R? o R?
E :{\)L\Ga ' Pd cat. I'G‘I?d Nu = nucleophile
| p1 2 l ] LG = CIl, OC(O)R,0CO4R, etc.
R R RITXA g2 ~ y-substitution — ©) 2
N ... ' g Nu

n-complex Nu® P
SN2 Ry R?

Scheme II-50. Proposed mechanism for Pd-catalyzed allylic substitution.

On the other hand, utilization of hard and non-stabilized nucleophiles, exemplified by
organometallic species like organolithium,[374375] Grignard,[37¢1 and organozinc reagents,[377-379 has
emerged as a highly advantageous alternative within this context, particularly through the application
of copper-catalysis. In this commonly accepted mechanism, the regiochemistry is established at

different levels of the reaction, which proceeds via a transient Cu(IIl) intermediate (Scheme II-51).[380]
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Scheme II-51. Proposed mechanism for the Cu-catalyzed allylic substitution.

The starting formation of the m-Cu(I) complex A leads to the anti and regiospecific oxidative
addition in y-position respect to the leaving group (LG), to furnish the o-allyl Cu(IlI) complex B. The
regiochemical outcome is contingent on the rate of the reductive elimination of B to give the y-adduct
and/or equilibration into the m-allyl Cu(Ill) complex C, later leading to the o-complex D. Electron-
withdrawing ligands Y, such as CN, Cl, etc., promote a fast reductive elimination of B. Conversely, when
Y is alkyl and thus forms a more electron-rich Cu(III) species the equilibration becomes competitive,
preferring the least sterically hindered carbon. It is important to note that Cu(Ill) complexes have been
analytically detected,[381-384] and even isolated,[385] proving strong evidences for this mechanism.
Moreover, the mechanism and the regioselectivity of the copper-catalyzed allylation has also been
confirmed through DFT calculations by Nakamura.[38¢]

[t is crucial to emphasize that the regioisomeric result of this transformation is intricately influenced
by a multitude of factors. These encompass the inherent structural and electronic properties of the
substrate, the characteristics of the leaving group, the choice of solvent, the temperature at which the
reaction takes place, and the nature of the organometallic reagent employed, among various other
variables.[3783791 Nevertheless, through meticulous adjustment and optimization of these conditions, it
becomes feasible to attain a high degree of precision in regulating regioselectivity according to the

specific requirements of the desired outcome.

2.2. Asymmetric Allylation of Organozinc Reagents

In the realm of enantioselective allylation of organozinc reagents, numerous instances have been
documented in the literature with copper catalysis. A significant milestone was achieved by Dubner
and Knochel in 1999 when they introduced a pioneering copper(I)-catalyzed allylic substitution
reaction involving allylic chlorides 223 and diorganozinc reagents, employing a ferrocenyl-based
chiral amine L26 (Scheme II-52a).[387] This method yielded remarkable ee levels (up to 87%) and

demonstrated excellent y-selectivities, although it was limited to highly sterically hindered
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dineopentylzinc reagents 224 and required very low temperatures (-90 °C). Subsequently, improved
conditions were developed for the same reaction by making modifications to the chiral ligand and
implementing a simultaneous addition of substrate and organozinc reagent, leading to a an impressive

98% ee at -30 °C in 3 h, and expanding the scope.[388]

a) Dubner and Knochel, 1999

CuBr-SMe;, (1 mol%) ‘Bu 3NHz
L26 (10 mol% Fe o,
Ar/\/\CI + (neo-pentyl),Zn ¢ ) /L% + A~BU 2 Z-naphthyl
THF, -90°C,18h A" AT = 126
223 224 : ’
Ar = 4-CF3-CgH, 72%, 97:3 yla, 87% ee

b) Feringa et al., 2004
CuOTf (1 mol%) R .O ><Me
L27 (2 mol% °
P X"p, + RyZn ( o) Ph/k/ R= Et, 74%, 93:7 v/o,, 86% ee P-N

THF, —60 °C, 18 h R='Pr, 94%, 97:3 y/a, 88% ee .O o >'Me

Scheme II-52. Copper-catalyzed enantioselective allylic y-substitution of cinnamyl halides with dialkylzinc reagents.

Nonetheless, achieving highly copper-catalyzed enantioselective allylic alkylation using linear
dialkylzinc compounds posed a significant obstacle. In this context, Feringa's works in the early 2000s
unveiled their discoveries when employing chiral phosphoramidite ligands (Scheme I1-52b).[389.390]
Following a comprehensive study of the intrinsic impacts of leaving groups, temperature variations,
ligands, and solvents, the optimal conditions outlined in Scheme II-52b promoted the allylic
substitution of cinnamyl bromide with dialkylzinc compounds, up to 88% ee.[390]

In 2001, Hoveyda documented the use of peptide-based ligand L28 to promote the copper-
catalyzed enantioselective y-substitution reaction of cinnamyl phosphates 225 with diethylzinc.[391]
The transformation demonstrated high ee up to 90% (Scheme II-53a). Notably, this reaction marked
the first instance of highly enantioselective substitution reaction involving y-disubstituted allylic
substrates, resulting in the formation of quaternary stereocenters. Furthermore, this represented the

initial application of allylic phosphates in an asymmetric context.

a) Hoveyda et al., 2001

Et,Zn (3.0 equiv) By o
R CuCN (10 mol%) Et R R=H, Ar = 2-NO,-CgH,4 « /V\H/H\)j\
)\/\ L28 (10 mol%) )\/ 85%, 87% ee (YN Y "NHBu
Ar OPO(OEt), —— — _—— = Ar R = Me, Ar = 4-OTs-CgH, | ~zN 0 Xpp
THF, ~78 °C 83%, 90% ee op L28
225 12-24 h 0, 90% r
b) Hoveyda and Murphy, 2003 Cy 0
R,Zn (3.0-6.0 equiv) O - /(,(H
o (CuOTf),CgHg(0.5-5 mol%) 0 O N j)LNHBu
129 (10 mol%) )H/\ on O "Bu g
PO(OE f A
tBUOMO OO i s0C. 12481 Buo .
R = Me, 80%, 90% ee
226 227,>2011y/Ja R = Et, 68%, 97% ee
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Scheme II-53. Peptide-based ligands promotion of Cu-catalyzed enantioselective Sn2'-substitution reaction with dialkylzinc
reagents of: a) cinnamyl phosphates, b) a-unsaturated esters bearing a phosphate group at the y-position.

Through minor structural modifications of the peptide-based ligand, and the use of the copper salt
(CuOTf)2-CeHe, Hoveyda and Murphy successfully extended the scope to a-unsaturated esters 226
featuring a phosphate group at the y-position (Scheme I1-53b).3921 This expansion resulted in the
production of 227 with excellent ee values up to 97%.

In 2003, Gennari introduced an innovative allylation reaction characterized by high levels of
regio-, diastereo- and enantioselectivity.[393] This protocol involved the desymmetrization of meso
cyclic allylic bisdiethylphosphates 228 using dialkylzinc reagents (Scheme II-54a). The catalytic
allylic substitution was facilitated by a copper(I) complex formed with the chiral Schiff base ligand
L30, resulting in the formation of the Sx2' product 229 through an anti-stereoselective mechanism. In
the same year, Gennari and Feringa, published further advancements in this area. They utilized chiral
phosphoramidite ligands, which induced outstanding enantioselectivities for the addition of
diethylzinc to the meso bisdiethylphosphates derivatives of cyclohexene and cycloheptene
(respectively 94%, and 98% ee).[394

Hoveyda revealed that NHC ligands can serve as highly efficient chiral promoters in the copper-
catalyzed allylation process (Scheme II-54b). This innovative catalyst system exhibited remarkable
effectiveness, enabling the achievement of highly enantioselective substitutions on cinnamyl

phosphates 225 with 2 mol% of chiral NHC catalyst loading.[395]

a) Gennari et al., 2003 >99:1 y—selectivity

RQZn -
o o (CuOTH), CaHg (10 mol%) Q . . E/%,o Ph
(Et0),PO, @,\OP(OEt)z L30 (10 mol%) Q-“OP(OE% |\©\/\N N"Ph
tolue;r;aet/THgo(Qog:S), - 229 I OH |30
228 —fetoH R = Me, 40%, 94% ee
R = Et, 98%, 88% ee
b) Hoveyda otal, 2004 (3.0 equiv 0 ~
»Zn (3.0 equiv =
R CuCI-2H,0 (2 mol%) R Et < SN
0 . : I
Ar)\/\og(OEt) L31-Ag (1 mol%) AN 982 y-selectivity g
2 THF, -15°C,3-4h Aéthes
225 =N ]
Ar=Ph, R = H, 68%, 86% ee N
Ar = 4-NO,-CgHy, R = Me, 62%, 98% ee L31-Ag (dimer) \

c) Hoveyda et al., 2007
Et,Zn (3.0 equiv)

R o (CuOTf)y CgHg (1-2.5 mol%) R Et > 98:2 y—selectivity
L31-Ag (1-2.5 mol%) < R =H, 72%. 98%
I = ; y ee
PhMeZSi)\/\OP(OEt)z Tr o 1o F’hMezSi)\/ R = Me, 75%, 91% ee
230 THF, =15 °C, 12-48 h 231 ’ ’

Scheme II-54. a) Desymmetrization of meso cyclic allylic bisdiethylphosphates using dialkylzinc reagents; b) NHC-catalyzed
enantioselective allylation reaction of diethylzinc with allyl phosphates; c) NHC-catalyzed enantioselective allylic substitution
reaction of vinyl silanes.
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To enhance both the efficiency and selectivity of this procedure, a dinuclear silver(I) complex of
the NHC ligand L31 was synthesized. During the reaction, this silver-based carbene complex
underwent a facile transmetallation with copper, resulting in the formation of the copper complex,
which displayed exceptional enantioselectivity, with quaternary stereocenter formation reaching up
to 98% ee. In 2007, Hoveyda also presented an innovative allylation reaction involving vinylsilanes
230 (Scheme I1-54¢).3%I] By adding Et,Zn to these functionalized olefins, optically active allylic silanes
231 were obtained with high ee, reaching up to 98%.

While the majority of documented Pd-catalyzed allylation reactions have primarily focused on
stabilized carbon nucleophiles, there has been few instances involving organozinc reagents that has
emerged.[3971 In this scenario, Maulide documented an interesting allylation through the adequate
choice of the TADDOL-based phosphoramidite L32 which enabled the achievement of highly
diastereoselective and enantioselective allylic substitution of racemic cyclic compounds such as 232

and 233 (Scheme II-55).398

R,Zn (2.4 equiv)

Ar AT ph
cl [Pd(allyl)Cl], (5 mol%) R Ve Oj}o‘ Me
L32 (15 mol%) > R = Et, 65%, 90:10 dr, 93:7 er 'V'e><o } ,P{M
CO,H THF, -78 °C, 16 h D\COZH R = Pr, 52%, 80:20 dr, 90:10 er 132 Ar//XrO P ©
232 Ar = 4-1Bu-CgH,
racemic

Et,Zn (2.4 equiv) Selected examples

[Pd(allyCl], (5 mol%) 5
jolli- Wil ol oW ¢!
AcO R Et™ R | Et Ph EtY Co,Me Et* Ph

THF, -20 °C, 18 h

233 i 89%, >95:5 dr 78%, 99:1 dr 75%, le)
racemic 98:2 er 94:6 er 99:1 dr
87:13 er

Scheme II-55. Pd-catalyzed asymmetric allylic substitution of cyclic compounds with dialkylzinc reagents.

Within the domain of TM-catalyzed allylation reactions, a notable example emerges regarding iridium-
catalyzed allylic substitution with organozinc reagents. This approach has been pioneered by Carreira,
who has introduced an iridium-ent-L15 complex as a catalyst (Scheme II-56).3991 The procedure
enabled the allylic substitution of branched racemic carbonates using a broad spectrum of
functionalized primary and secondary alkylzinc bromides, yielding remarkable regio- and

enantioselectivities in the formation of the Sy2-product.
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RZnBr (1.2 equiv) O
[Ir(cod)ClI], (1 mol%) Oe 0
@Boc ent-L15 (4 mol%) R P-N |
/J\\5§§ ¢4\\55; ii., o
R toluene, rt, 12 h R A O

ent-L15
-------------------------- Selected examples ----------------moaomioianon

T

CO,Et CO,Et

/(6/2 /\/(E/2 /CO I\

PN Me XN onaphthyl TN 2-naphthy|)i\/
A A A A

79%, >99% ee 73%, >99% ee 62%, >99% ee 60%, 97% ee

Scheme II-56. Ir-catalyzed enantioselective allylic substitution of branched carbonates with functionalized organozinc halides.

2.3. Enantionselective Allylation of Gem-Dizinc Reagents

Despite numerous examples of allylation involving mono-organozinc compounds, there has been
only one reported instance within the realm of gem-dizinc reagents. In this context, Matsubara
embarked on the quest to synthesize a chiral organomonozinc compound through a desymmetrization
strategy of a prochiral gem-dizinc compound.[289] Their approach involved a Pd-catalyzed
enantioselective allylation reaction of cinnamyl electrophiles with 1,1-bis(iodozincio)ethane (117),
resulting in a configurationally stable mono-organozinc intermediate. This intermediate was
subsequently employed in a stereospecific copper(I)-mediated allenylation reaction with propargyl
bromide (Scheme II-57). The best result was obtained by employing isobutyl cinnamate and the chiral
monophosphine ligand (R)-MOP. However, the observed level of asymmetric induction in this

endeavor reached only a modest 33% ee.[289]

! . ' 1) CuCN-2LiCl

o Me  Phao OCO.-Bu Y | THE 230 °C. 5 min e
11Zn” “Znl pg,(dba)s (2.5 mol%) Znkl o) e o e
b7 (R)-MOP (10 mol%) configurationally ' S 70%, 33% ee

E THF, rt, 0.5 h stable ' —30°Ctort,2h

Scheme II-57. Pd-catalyzed enantioselective allylation of 1,1-bis(iodozincio)ethane.

In addition to this, there have been other instances of allylic alkylation using hetero-substituted
gem-dizinc reagents; however these reactions were performed only in a racemic fashion. In these
particular cases, gem-dizinc compounds containing silyl or germyl substituents underwent Pd-
catalyzed allylic substitution with cinnamyl halides, (Scheme II-58).[201203] The resulting
organomonozinc intermediates were then subjected to a subsequent copper-mediated allylation or
allenylation with respectively allyl and propargyl bromides. Interestingly, when boryl-substituted
gem-dizinc compounds were employed in conjunction with cinnamyl chloride, the reaction yielded

only 17% of the desired adduct and was accompanied by the formation of the diene through a
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homocoupling reaction.[202] This diene was believed to be formed as a result of the generation of allyl

zinc from allyl palladium species and the gem-dizinc reagent.[400]

' i ' SiMe [
: SiMe, b Pha A Br oh s CuCN-2LiCl o JiMes
1 1 —_— >
1 BrZn” “ZnBri pg,(dba)s (2.5 mol%) ZnBr B ~ h
| i Pd, 3 (2. o then _~~_-br 9
L1200 L7 (10 mol%) 234 - 8%
THF, 1t, 1 h
______________ T CRs
| GeEty +  Ph ~_Cl P GeEty CucN-2Licl Ge%y P >3 5
: : — = i !
1 BrZn™ "ZnBr: pd,(dba)s (2.5 mol%) 2B then =— . L7 CRy
o L7 (10 mol%) Br o T
THF, 1t, 1 h
T B(pin B(pin Ph
| j‘\(p'“) P Ph A G Ph\/\)\(p ) CucN-2Licl o (Pin) Pho
. ' = ZnB 7 =
| Brzn™ ZnBri pdy(dba); (2.5 mol%) S| then -~ Br \/17\(%))) 329
(S > L7 (10 mol%) Z
THF, it, 1 h

Scheme II-58. Pd-catalyzed racemic allylation of hetero-substituted gem-dizinc reagents, and subsequent copper-mediated
cross-coupling with allyl and propargyl bromides.

2.4. Objectives and Purpose of the Project

As we have previously observed, the realm of gem-dizinc reagents has seen limited instances of
allylation, with the solitary example involving the use of 1,1-bis(iodozincio)ethane. However,
Matsubara's works has shed light on racemic allylic substitution with silyl- and germyl-substituted
gem-dizinc compounds. These hetero-substituted gem-dizincio reagents can be viewed as gem-
trimetallic compounds, presenting an intriguing avenue for three sequential cross-coupling for
achieving highly functionalized compounds in a straightforward manner. Motivated by Matsubara's
preliminary results, particularly those involving bis(bromozincio)trimethylsilylmethane 121, we
made a deliberate choice to concentrate our efforts on this compound. Our decision considered several
factors. Firstly, germane-based compounds are not only scarce but also expensive, and moreover, the
field of germanium chemistry remains relatively uncharted and underexplored.[401] In contrast, silicon-
based compounds are more affordable, and silicon chemistry has enjoyed extensive exploration over
recent decades. For instance, after bifunctionalizing the two C-Zn bonds in a silyl-substituted gem-
dizinc compound, a trialkylsilyl group offers the exciting potential for subsequent post-
functionalization reactions. These could encompass Hiyama cross-coupling reactions,[*02] or Tamao-

Fleming type oxidations,[#03] further expanding the versatility of the resulting compounds.
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In light of these considerations, this project aims to pioneer the development of an
enantioselective sequential double allylation reaction of a-silyl-substituted gem-dizinc compounds.
This entails an initial step of TM-catalyzed asymmetric allylation, followed by a subsequent copper-

mediated cross-coupling with allyl halides (Scheme II-59).

15t Asymmetric Allylation 2"d Allylation
1
. . R~ LG /\/Br
5 SiRs 1 TMichiral ligand . R CuCN-2LiCl 1 jiRs
; ' ————— > |R
1Brzn™ "ZnBr; enantioselective = ZnBr|  stereospecific = N
enantioenriched

Scheme II-59. Project objective: enantioselective sequential double allylation of a-silyl-substituted gem-dizinc reagents.

Our overarching goal is to unlock the full potential of these versatile reagents, possibly even
performing a third functionalization step (optional), and thereby leverage their unique properties for
the synthesis of valuable, highly functionalized, and optically active molecules in a straightforward

manner.

2.5. Synthesis of 1,1-Bis(bromozincio)trimethylsilylmethane

As a benchmark, our choice fell upon the utilization of bis(bromozincio)trimethylsilylmethane
121, which was prepared through an easy two-step process (Scheme II-60). In the initial step,
(dibromomethyl)trimethylsilane 120 was synthesized by deprotonating dibromomethane with LDA
(lithium diisopropylamide), followed by a nucleophilic substitution on trimethylsilyl chloride,
according to the procedure outlined by Yoon and Son.[*04] The resultant crude product was easily
purified through distillation at reduced pressure to afford analytically pure
(dibromomethyl)trimethylsilane in 62% yield. Notably, the advantage of this reaction lays in its
scalability, allowing for the efficient production and long-term storage of large quantities (22.8 grams,

~93 mmol) of the di-halide, since this compound have proven to be stable over time.

................... Zn dust (4.0 equiv)

CH,Br, (2.0 equiv) 1 SiMe, ' PbCl, (2 mol%) SiMe;
. LDA (1.0 equiv) © TMSCI (8 mol%)
Me;Si—Cl - Br Br | m BrzZn ZnBr
THF, *12081 Clort 420,629 ! b 121, 73-80%
| gram scale (22.8 g) 1 (0.7-0.8 M in THF)

Scheme II-60. Preparation of bis(bromozincio)trimethylsilylmethane.
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Subsequently, in accordance with a modified Matsubara's procedure,[2011 121 was prepared via direct
reductive zincation, after activating zinc with trimethylsilyl chloride. To achieve this,
(dibromomethyl)trimethylsilane was treated with zinc powder (4 equiv) and a catalytic amount (2
mol%) of PbCl; in THF at 60 °C for 6 hours (Scheme II-60). The presence of the silyl group not only
significantly expedited the yield of the reduction of the C-Br bonds but also prevented fS-hydride
eliminations as a side reaction since no -hydrogens were present. This contributed to the remarkable
stability observed in the resultant silyl-substituted gem-dizinc compound. Consequently, the bimetallic
species was obtained in 73-80% yield, representing a significant improvement compared to gem-
dizincio alkanes. In this context, the determination of the bimetallic reagent's yield was accomplished
by titration with I, and concentrations of 0.73-0.8 M were routinely obtained. The solution could be

stored under a positive pressure of argon at =20 °C for at least 3 weeks with no noticeable loss of title.

2.6. Preliminary Studies

The preliminary studies were undertaken with the primary objective of replicating Matsubara's
outcomes to assess the reproducibility of the sequential di-allylation reaction with
bis(bromozincio)trimethylsilylmethane (121).[201] Within this framework, a solution consisting of 121
in tetrahydrofuran was treated with cinnamyl chloride (commercially available) in the presence of a
Pd;(dba)sz catalyst and the achiral phosphine ligand P[3,5-(CF3)2CsHz]3 (L17). Subsequently, the
resultant solution containing homoallylzinc species 235 in THF was subjected to a copper-mediated
allylation process involving allyl bromide, to furnish the successful production of the desired coupling

adduct 236, in 81% yield (Scheme II-61, top).

FERRREEREEEEE v Pha~_Cl ol _
: $iMes 1 (1.05 equiv) iMes TH1F) C;ENCZ L5ICrr|1in SiMes
. : Ph\/\)\z B ’ ’ Ph = X
1 BrZzn™ "ZnBr pd,(dba)s (2.5 mol%) MBr 2)x ~n. (2.0 equiv R
; 235 Br ( quiv) 236, 81%
g 121 © L17 (10 mol%) _50°Ctort 3h e
............. THE. rt, 1 h , not‘anallzable
by chiral HPLC/GC
o . Phu~__Cl ol
| SiMe; ! D SiMe 1) CucN-2Lict MesSi  CO,Et
H I (1.05 equiv) THF, =30 °C, 5 min
: | Ph\%\)\z B Pho_~
1 Brzn Z”Br; Pd,(dba); (2.5 mol%) neri gy Br
: 121 ; L17 (10 mol%) 237 CO,Et (2.0 equiv) (¥)-238 analizable

"""""""" THF, rt, 1 h 79% by chiral HPLC

-50°Ctort,3h

Scheme II-61. Sequential racemic di-allylation of MesSiCH(ZnBr): with cinnamyl chloride and: allyl bromide (top); ethyl 2-
bromomethyl acrylate (bottom).

However, due to total apolar nature of the compound, it proved exceedingly challenging to identify

suitable separation conditions using any of the chiral-phase GC or HPLC columns available in our
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laboratories. Although the possibility of derivatizing the compound was considered, we aimed to
streamline the optimization phase, avoiding unnecessary protraction. Hence, we opted to change the
allyl bromide in the second step, replacing it with a more polar electrophile.

For this purpose, the commercially available ethyl 2-(bromomethyl)acrylate was selected (Scheme II-
61, bottom). Utilizing this particular allyl bromide, the sequential di-allylation in a racemic manner
resulted in a satisfactory 79% yield of the corresponding product (+)-238.

With this racemic sample, the ester motif displayed adequate polarity, facilitating the identification of
favorable separation conditions using a chiral-phase HPLC column. This enabled us to measure an

accurate enantiomeric excess for all reactions within the screening/optimization phase.

2.7. Screening of Chiral Ligands for the Pd-Catalyzed
Allylation of MesSiCH(ZnBr). with Cinnamyl Chloride

Based on the preliminary results obtained in racemic fashion, we initiated a screening of various
chiral ligands, as summarized in Table II-10. Naturally, we commenced with (R)-MOP, the chiral ligand
utilized by Matsubara et al., which had previously exhibited the best (albeit mediocre) enantiomeric
excess in the Pd-catalyzed enantioselective allylic alkylation of 1,1-bis(iodozincio)ethane with
cinnamy! electrophiles.[289] This initial attempt yielded 37% of the desired product, although with no
discernible ee (entry 1, Table II-10). In light of this result, an experiment was conducted using
cinnamyl benzoate as the primary electrophile, as Matsubara had reported one of the highest ee they
could achieve in their system with (R)-MOP.[28% Regrettably, this endeavor also led to a significantly
reduced product formation, and, disappointingly, there was still no enantiomeric excess observed
(entry 2, Table II-10). Subsequently, due to the extensive use of phosphoramidite ligands in
enantioselective allylic alkylation with organozinc reagents, 379 we decided to test one. Specifically, we
attempted the phosphoramidite ligand ent-L21 developed in the previous section for the
enantioconvergent Fukuyama cross-coupling with benzylzinc reagents, where very good
enantioselectivity have been achieved.[368]1 However, this catalytic system deviated from expectations,
failing to produce the expected product 238. Instead, a different outcome emerged: the formation of
the branched product 239. This compound resulted from a formal Sx2' process, as opposed to a formal
Sn2 reaction in the initial step, followed by the subsequent copper-mediated allylation. This process
introduced two stereocenters in the final product, resulting in the generation of two diastereoisomers.
Nonetheless, this conversion resulted in a diastereoselective ratio that was either minimal or close to
negligible (entry 3, Table II-10).

Moving forward, we explored various bidentate ligands from the ferrocene diphosphine family,
including L33, L34, and L35 (respectively, entries 4, 5, and 6, Table II-10), chosen for their

commercial availability and the wide range of electronic properties and bite angles they offered.

166 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

However, even with these diverse chiral ligands, only the branched product was observed, with neither
a satisfactory yield nor diastereoselectivity obtained. Interestingly, it is worth noting that the
nucleophilic attack of the allylic alkylation exhibited a complete switch depending on the ligand

employed, with the other pathway being entirely undetectable.

Table II-10. Screening of chiral ligands for the Pd-catalyzed enantioselective allylation of Me3SiCH(ZnBr)z with
cinnamyl chloride.

1) CuCN-2LiCl
Z-EHF‘ =50 °C, 5 min .- linear product -------+
Br i . !
SiMe; CO,Et (2.0 equiv) I Ph Me3Sl COZEtE
Ph~C Pth B -50°Ctort,3h E ~ 238 E
SiMes (1.05 equiv) " ‘ Serommn e e ’
Brzn ZnBr Pd,(dba); (2.5 mol%) SiMe 1) CUCN-2LiCI :r" branched pFQdUCt T
121 Ligand (10 mol%) A THF, -50 °C, 5min ! SiMes ;
THF, 1t, 1h Brzn Ny B 1EtO,C X
Ph r - 239 p :
CO,Et (20equiv) \______ T __.Fh_ )
-50°Ctort,3h
Entry Ligand 238:239 Yield 238l eeld] drld
1 (R)-MOP 1:0 37% 0% -
21d] (R)-MOP 1:0 13% 0% -
3 ent-L21 0:1 18% - 55:45
4 L33 0:1 29% - 60:40
5 L34 0:1 32% - 55:45
6 L35 0:1 21% - 55:45

OO e P
.~‘\ t

OMe l | z
A, N = @Me o Me

Ar = 3,5-(CF3)2CGH3
L33 L34 L35
ent-L.21 (R)-MOP (Taniaphos) (Josiphos) (Walphos)

Ar = 3,5- 'Bu)2—4 (OMe)CgH,

[a] Isolated yield. [b] The ee values were determined by chiral-phase HPLC analysis. [c] Diastereomeric ratio measured by 'H NMR
spectroscopy. [d] Cinnamyl benzoate was used instead of cinnamy]l chloride.

To place a greater focus on the initial cross-coupling reaction, where stereodifferentiation occurs, we
decided to change the electrophile used in the first step of our sequence, devising an easier approach
(Scheme I1-62). To begin with, we decided to deviate from our previous sequential reaction of using
copper-mediated allylation as second step. Instead, we adopted a strategy where the intermediate
from the first coupling reaction would be captured by iodine. This modification offers several
advantages, as it is not only a straightforward and rapid transformation but also exhibits quantitative

yield.[347]
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COzEt :" SN2 = SNZ' --------- .
SiMe Br (1.05equiv) ! MM% 5 , w%
Brzn”™ ~ZnBr [Pd/Ligand], THF ! |EtO,C zogr| | THR, 0°C . |E1O:C |
121 ; 240 ; 5 min 241

Scheme II-62. Simplified system for the study of the enantioselective allylic alkylation reaction with 121.

In addition, we opted to use ethyl 2-(bromomethyl)acrylate as the electrophile for the initial step.
Notably, in this way both the formal Sn2' and Sn2 reactions on this substrate yield the same product,
effectively bypassing the challenge of regioselectivity between linear and branched products. In
summary, these strategic adjustments will allow us to focus more intently on the crucial first cross-
coupling reaction, facilitating a more efficient and precise control of stereodifferentiation in our
synthesis.

To test this new system, we initiated with an assessment of the efficacy of our previously
established reaction conditions. Hence, we employed first Pdz(dba)s (2.5 mol%) in conjunction with
the achiral phosphine ligand P[3,5-(CF3)2C6H3]3 (10 mol%) in THF at room temperature. Following this
step, we subjected the resulting organomonozinc intermediate to iodolysis, which yielded an
impressive 89% of the desired product. Once again, with this racemic sample, we successfully
identified good separation conditions using a chiral-phase HPLC column, allowing for the successive
measurement of the enantiomeric excess for all reactions conducted within the screening and

optimization phase.

2.8. Screening of Chiral Ligands for the Pd-Catalyzed
Enantioselective Allylation of MesSiCH(ZnBr). with Ethyl 2-
(Bromomethyl)acrylate

In the context of our new simplified sequential reaction, we first performed an enantioselective
allylic alkylation of 121 with ethyl 2-(bromomethyl)acrylate. Next, the mono-organozinc intermediate
was quenched with iodine to assess the stereodifferentiation that occurred during the initial cross-
coupling. As a result, we conducted a thorough exploration of diverse chiral ligands. The outcomes
from this ligand screening process are presented in Table II-11. In our initial experiment, we utilized
ligand (R)-MOP, which had previously shown the highest yield among all the tested ligands. Under
these reaction conditions, we achieved a 49% yield of the product. However, this attempt did not result

in any ee (entry 1, Table II-11).

168 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

Table II-11. Screening of chiral ligands for the Pd-catalysed enantioselective allylation of Me3SiCH(ZnBr)z with
ethyl 2-(bromomethyl)acrylate.

CO,Et ;7 SN2= SN2 e |
SiMe3 Br (1.05 equiv) E MMG;; E I we3
Brzn ZnBr Pd,(dba); (2.5 mol%) EtO,C ZnBr E THF, 0 °C EtO,C I
121 Ligand (10 mol%) \ 240 H 5 min 241
THF, rt,1h Tt

Entry Ligand Yield 24 1[4 eel®]
1 (R)-MOP 49% 0%

2 ent-L21 traces -

3 L36 traces -

4 ent-L9 traces -

5 L34 traces -

6 L35 traces -
7 L37 42% 0%
8lel (R)-MOP 24% 0%

: P NMe,  Ph,R i—NH HN—-j PPh,
L36 ent-L4 L37
(PipPhos) (MonoPhos) (Trost Ligand)

[a] Isolated yield. [b] The ee values were determined by chiral-phase HPLC analysis. [c] Pd2Clz(allyl)2 was used instead of Pdz(dbas).

Having eliminated the issue of regioselectivity between the linear and branched organozinc
intermediates in the initial coupling, we decided to investigate ligands that had previously only given
Sn2' reactivity, forming exclusively the branched isomer. Our attention turned to phosphoramidite
ligands, specifically, ent-L21, and the commercially available ligands L36 and ent-L4 (entries 2, 3, and
4, Table II-11). Unfortunately, these ligands produced only trace amounts of the product,
underscoring their ineffectiveness for this particular system. Similarly, ferrocene diphosphine ligands
L34 and L35 also yielded disappointing results, with only minimal traces of the product observed
(entries 5 and 6, Table II-11). Within the biphosphine ligand family, we tested also L37 (known as the
Trost ligand), which has a strong track record in palladium-catalyzed enantioselective allylic
alkylations.[#05-407] Nevertheless, when we employed this ligand, we achieved a 42% product yield, yet
no ee was obtained.

Frustratingly, none of the ligands we tested yielded a product with a yield exceeding 50%, and more
importantly, none showed any ee. In an attempt to shed light on this issue, we explored a different
source of palladium. Until now, palladium had been introduced as Pd(0), specifically as Pdz(dba)s, with
its dibenzylideneacetone ligands, later exchanged in situ for the appropriate chiral ligand. Despite

some initial concerns about this exchange process, it became evident that the absence of ee was not
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solely attributed to it, as we observed different results with various ligands. To explore further, we
introduced Pd»Clz(allyl); as a palladium source alongside (R)-MOP. However, this combination yielded
only a 35% yield with no ee (entry 8, Table II-11).

Given the unsatisfactory results with palladium catalysis despite experimenting with a fair range of
different chiral ligands, we decided to explore an alternative transition-metal catalyst. In this context,
we opted for copper, as its use in enantioselective catalyzed allylic substitutions has been extensively

documented in the literature.[379.408]

2.9. Screening of Cu-Salts for the Enantioselective Allylation
of Me3SiCH(ZnBr)2 with Ethyl 2-(Bromomethyl)acrylate

Inspired by Feringa's paper,[38°1 we initiated the study on Cu-catalyzed enantioselective allylation
using the gem-dizincio reagent and ethyl 2-(bromomethyl)acrylate (Table II-12). We employed
copper(1) iodine, in conjunction with the commercially available phosphoramidite L36. The reaction
was performed in THF, for a duration of 2 h at room temperature. Subsequently, we conducted the
sequential iodination trapping of the organozinc intermediate, which resulted in a satisfactory 45%

product recovery (entry 1, Table II-12). Regrettably, there were no traces of ee.

Table 1I-12. Screening of copper salts for the Cu-catalyzed enantioselective allylic alkylation of MesSiCH(ZnBr)2
with ethyl 2-(bromomethyl)acrylate.

CO,Et
Br 0 SN2 =SN2irmoeos :
SiMes (105 equiv) ! u'\ﬂes 5 I w%
Brzn™ “ZnBr [Cu] (5 mol%) | |EtO,C ZnBr|i THF, 0°C  EtOC |
121 L36(10mol%) .- 240  ° ! 5min 241
THF, 1t, 2 h
Entry [Cu] Yield 24114 eel®]
1 Cul 45% 0%
2 CuTC <10%l -
3 Cu(OTf): 36% 0%
4 Cu(0Ac)2 20% 0%

[a] Isolated yield. [b] The ee values were determined by chiral-phase HPLC analysis. [c] Yield measured by 'H NMR analysis using 1,3,5-
trimethoxybenzene as internal standard.

Based on this outcome, we conducted a brief screening of copper sources while consistently using
L36 as the chiral ligand. We tested both copper (I) and copper (II) sources. Copper thiophene-2-
carboxylate (CuTC) proved to be highly ineffective for our system, yielding less than 10% (entry 2,
Table I1-12).

170 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

Copper (1I) salts, specifically copper triflate and copper acetate, were also evaluated, yielding 36%
and 20% respectively, but still, no enantiomeric excess was detected (entry 3 and 4, Table 1I-12). This
initial screening indicated that Cul was the most suitable copper source for our specific system.
Consequently, we proceeded to explore the reaction with different chiral ligands. To begin with, we
attempted other chiral phosphoramidites, considering that the best results had been achieved with a
ligand from this family. Phosphoramidite derivative ent-L4, yielded only 22% of the product with 0%
of ee (entry 2, Table II-13), proving to be inferior to the initially tested ligand L36. Similarly, the
TADDOL phosphoramidite derivative ent-L21 did not promote the reaction's progress (entry 3, Table

I1-13), yielding identical results to when palladium was employed as the transition-metal catalyst.

Table II-13. Screening of chiral ligands for the Cu-catalyzed enantioselective allylation of
MesSiCH(ZnBr)z with ethyl 2-(bromomethyl)acrylate.

CO,Et
Br (7 SN2 = SN2 )
BrZn” “ZnBr  cul(5mol%) | |EtO,C ZnBr|i THF, 0°C  EtOC !
121 Ligand (10 mol%) i ______ 240 - I 5 min 241
THF, t, 2 h
Entry Ligand Yield 24 1[4 eel®]

1 ent-L4 45% 0%
2 L36 <10%!d] -
3 ent-L21 traces -
4 L37 45% 0%
5 L38 24% 0%
6 L39 42% 0%

Me Me X

oj/k(o o _ o
A D
8 gy L39 -

f L3 .
Bu ipf ipr

[a] Isolated yield. [b] The ee values were determined by chiral-phase HPLC analysis. [c] Yield measured by 'H NMR analysis
using 1,3,5-trimethoxybenzene as internal standard.

Since none of the phosphine ligands tested yielded even a slight ee, we opted to explore nitrogen-
based ligands. In this context, inspired by the relatively good yield achieved using Trost Ligand L37 in
palladium-catalysis (entry 7, Table 1I-13), we decided to evaluate its performance, even though no
prior instances had been documented in the literature for copper-catalyzed allylic substitution. We
managed to achieve a reasonable 45% yield but still observed a 0% ee (entry 4, Table 1I-13).

Next, we turned our attention to bis(oxazoline) ligands. This class of highly regarded chiral ligands in

copper asymmetric catalysis, featuring two oxazoline rings and typically C2-symmetric.[409:410]
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They come in various forms, with structures based on CH; or pyridine linkers (often referred to as BOX
and PyBOX, respectively). The appeal of these ligands lies in their easy synthesis,[#09-412] allowing for
extensive structural modifications that can significantly impact stereodifferentiation. Within this
context, we tested L38 and L39. Unfortunately, although both provided the desired product 241 in
yields of 24% and 42%, respectively, complete racemates were obtained in both cases (entries 5 and
6, Table I1-13).

Even after exploring a variety of chiral ligand families, we were unable to attain any enantiomeric
excess. This suggests that the issue may potentially reside within the system itself, rather than our
inability to identify the correct chiral transition metal-ligand complex for the stereodifferentiation of

the initial step.

2.10. Investigation on the Complete Absence of Enantiomeric
Excess

The total absence of ee across all our experimental outcomes, despite employing various
transition-metal catalysts and a range of chiral ligands, has led us to consider three potential reasons:
1) the allylation reaction might be metal- and/or ligand-free and thus no stereoinduction can be
introduced in the catalytic cycle; 2) the level of stereospecificity in the iodolysis step involving our
organometallic intermediate; 3) the possible configurational instability of the mono-organozinc
intermediate under our reaction conditions. Hereafter, we will analyze and investigate both factors. It

is important to note that these three studies have been conducted concurrently.

2.10.1. Investigation of the Metal/Ligand-Free Nature of
Allylation Reaction of Me3SiCH(ZnBr)>

To begin with, it is conceivable that due to the high reactivity of the substrates themselves, the
transformation could proceed without the need for a transition metal catalyst. In such a scenario, the
catalyst would play a minimal or non-existent role in the mechanism, and the reaction would
autonomously proceed, resulting in racemic outcomes since no stereoinduction from the chiral
complex could occur. To examine this hypothesis, we exposed the gem-dizincio reagent to ethyl 2-
(bromomethyl)acrylate without any transition-metal catalyst (Scheme II-63). The outcome revealed
no conversion of the acrylate, conclusively demonstrating that the metal does indeed play a pivotal
role in the reaction mechanism. Consequently, it remains plausible that the chiral ligand is also integral

to the process.
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CO,Et
Br SN2 =Sy 1
SiMes (1.05 equiv) ! U'\/‘es 3 I, ues
BrZn” ZnBr THF, 1t, 2 h || EtO,C ZnBr|: THF 0°Cc EtOL '
121 : 240 ' 5min 241, 0%
o

Scheme I1-63. Allylation of ethyl 2-(bromomethyl)acrylate with 121 without any TM-catalyst.

Subsequently, we can rule out the possibility of the reaction being ligand-free. This conclusion is
drawn from the significant variation in yield observed when different ligands were employed,
sometimes even within the same ligand family. This variability indicates that the ligand is indeed
coordinated effectively to the transition metal catalyst. To further support this hypothesis, we
conducted the reaction with Cul in the absence of any ligands. This experimental approach resulted in
avery low conversion rate of 14%, which is notably distinct from the superior outcomes achieved with
ent-L4 or L37, yielding 45% (entries 1 and 4, Table 1I-13) of the racemic product. This effectively
refutes the notion of the ligand being excluded from the reaction mechanism. Consequently, it is

reasonable to expect at least some degree of chiral induction at some point in the reaction pathway.

2.10.2. Investigation on the Stereospecificity of lodination Reaction

Our study heavily relied on the iodination step being entirely stereospecific with no additional
difficulty. However, in the literature a pivotal work of Knochel reports that this is not always the case

(Scheme I1-64).[413]

Stereospecific

| 1Zn |
NHAc Zn NHAc NHAc
THF:DMSO (1:4) I2 (with retention
H > H > H of configuration)

2-3h,32°C THF, 25 °C
exo:endo = 98:2 242 exo:endo = 95:5

|
2 . IM<:><'BU Not stereospecific

THF, -78 °C

ke cis:trans = 35:65
|—<:><'Bu _ Rieke-zinc |Zn—<:><‘Bu —
THF

. . -78 to -50 °C D,O
cis:trans >99:1 243 L_~“2¥ _ D “Bu [ Stereospecific

THF, -75°C o .
(with inversion
of configuration)

cis:trans = 1:99

Scheme 11-64. Stereospecificity level of iodolysis reaction with different diastereoselectively pure organozinc reagents.
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In the case of organozinc compound 242, the iodolysis proceeds with a high degree of
stereoselectivity, preserving the original configuration. However, the same iodination quenching
method to the organozinc compound 243 at a temperature of =78 °C, it resulted in a mixture of cis and
trans isomers in a ratio of 35:65, indicating that the reaction was not stereospecific under those
conditions. On the other hand, when the quench of the organozinc reagent was performed with
deuterated water at -75 °C, it exhibited total stereospecificity, but with an inversion of configuration.
These findings suggest that both the nature of quenching reagent and the specific organometallic
compound employed have a significant impact on the stereoselectivity of the reaction. To determine
whether the iodolysis of our organozinc compound under our conditions was stereospecific or not, we
conducted a study (Scheme II-65). Initially, we performed the enantioselective step using Cul and L39
(which displayed one of the highest yields in the Cul-catalyzed allylic alkylation, see entry 6, Table II-
13) in THF at room temperature for 2 h. Then, instead of iodination quenching, we carried out a

copper-mediated allylation using simple allyl bromide, yielding the desired product in a 35% yield.

Br . . R
; / . \ 1) CuCN-2LiCl SiMej
j\"‘"ea (105 equiv) _ | u'\"es | THF, -50°C.5min _ _ CW
Brzn” “ZnBr Cul (5 mol%) EtO,C Znl i 2 Br 2
L39 ((10 molg/Z) L2 240 B 244, 35%
121 T o e ’ -50°Ctort,3h derivatization

THF, rt, 2 h
SiMe, I o w - DIBALH |
M X | THF, —20°Ctort
EtO,C

' THF, 0°C 245,99%, 10% ee 2h
241, 42%, 0% ee 5 min

Scheme II-65. Comparison of the ee obtaine with Cu-mediated allylation and iodolysis of 240.

We encountered substantial challenges in attempting to find suitable separation conditions for this
compound. None of the chiral-phase GC or HPLC columns available in our laboratories were able to
provide a satisfactory separation of the two enantiomers. Consequently, we adopted a derivatization
approach, converting the ester group (i.e. 244) into the corresponding alcohol (i.e. 245) through
reduction with DIBAL-H. With the resulting alcohol, we identified optimal separation conditions using
a chiral-phase HPLC column. Interestingly, the results revealed an enantiomeric excess of 10%,
confirming our suspicion that under our specific conditions, the iodolysis reaction is not stereospecific.

In our pursuit of understanding the potential influence of the nature of the organometallic
compound during the iodination step on the stereoselectivity of the reaction, we undertook an
alternative experimental example. We set out to conduct an enantioselective allylic alkylation using
1,1-bis(iodozincio)ethane (117), all the while maintaining the same reaction conditions (Scheme II-
66). Subsequently, we quenched the organozinc intermediate with iodine, which resulted in the

desired product 247 with a yield of 35% and 14% ee.

174 SORBONNE UNIVERSITE



PART II: RESULTS AND DISCUSSION

1) CuCN-2LiClI
THF, -50 °C volatile
5 min M*e
CO,Et -
)\/Br 2) /\/Br EtO,C X | stereospecific
Me (1.05 equiv) J\/Tf 50°Ctort, 3h 248, 10%, 34% ee
' | — —
t1Zn” “Znlt cul (5 mol%) | EtO,C Znl "
i 117 i L39 (10 mol%) 246 . *e
___________ THE rt. 2 h I, (2.0 equiv) not totallyl
Y EtO,C | stereospecific

THF, 0°C,5min 547 350 14% ee

Scheme I1I-66. Comparison of the ee obtained with Cu-mediated allylation and iodolysis of 246.

We thus replicated the same sequential reaction but replacing the iodolysis step with a copper-
mediated allylation with allyl bromide. This particular reaction exhibited an NMR yield of 40%, but the
isolated yield was a mere 10% due to the unexpected volatility of the product 248. Intriguingly, the
enantiomeric excess in this case measured at a modest but encouraging 34%. These findings
unequivocally demonstrate that, even when dealing with the alkylic organozinc intermediate 246, the
iodolysis step has a pronounced effect, leading to a notable reduction in enantiomeric excess,

amounting to a significant 20% decrease.

2.10.3. Investigation on the Configurational Stability of the a-Silyl
Organozinc Intermediate

2.10.3.1. Negative Hyperconjugation Effect

The absence of enantiomeric excess in our experimental outcomes has prompted us to consider a
potential explanation: the configurational instability of the mono-organozinc intermediate within the
confines of our specific reaction conditions (2 h at rt). While prior research has demonstrated that
secondary alkylzinc compounds exhibit commendable configurational stability at room
temperature,[294] our situation presents an intriguing departure from the norm. Indeed, in our case,
the carbon atom bearing the metal functionality is substituted with a silicon group. This introduces an
intriguing element, as third-period heteroatoms like silicon are known to stabilize adjacent carbanions
through a phenomenon known as negative hyperconjugation,[#14415]1 making emerge critical
considerations. The concept of silicon stabilising an anion can be understood by considering a

qualitative molecular orbital diagram as depicted in Scheme I1-67.
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energy

Scheme II-67. Qualitative stabilisation diagram of a carbanion by adjacent silicon group.

Electron donation from the carbanion's sp-type HOMO to the o*sir orbital, is viable due to
significant orbital overlap, matching energy levels, and symmetrical similarities between these
orbitals. The interaction between anionic lone-pair electrons and adjacent antibonding orbitals
becomes advantageous owing to the relatively low energy level compared to the elevated energy of the
anion.[*14415] This effect allows silicon to exert its stabilizing influence on carbanions positioned in the
a-position relative to it, thereby promoting the formation of these carbanions. Within our context, this
proposition presents an intriguing possibility: silicon may assume a pivotal role in stabilizing the
negative charge on the a-carbon, which arises from a C-Zn bond inversion, making our organozinc
intermediate 240 less configurationally stable under our reaction conditions, which are rt for a period

of 2 h.

2.10.3.2. Effect of a-Heteroatoms on Configurational Stability in
Organolithium and Organozinc Compounds

Before continuing it is crucial to remind the reader that the term "configurationally stable" lacks
specificity on its own. This concept becomes meaningful only when linked to both a specific
temperature and a specific timeframe. Typically, the lower the energy barrier for inversion in enantio-
or diastereomerically enriched organometallic reagents at a given temperature, the quicker the
inversion process occurs.

In the absence of general data concerning the stereochemical behaviour of zinc carbanions
bearing a heteroatom in a-position, it is interesting to overlook what is known concerning the
corresponding lithio carbanions: the presence of a heteroatom in a-position to a lithium-bearing
carbon atom can significantly affect and modify the stereochemical behaviour. Oxygen-[416417] and
amino-substituted[#18-421] lithium compounds maintain their configurational stability on a
macroscopic time scale over minutes at =30 °C, whereas sulfur-,[#22] selenium-,[423-425] tellurium-[426]
and silicon-substituted#26] alkyl lithium compounds exhibit configurational lability on the same
timescale and temperature, due to the stabilization of the respective carbanion by negative

hyperconjugation, resulting in similar enantiomerization barriers of ~11/12 kcal mol1 at -10 °C in
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THF-d8 (with negligible reported solvent influence).[*26] In contrast, secondary, unfunctionalized
chiral organolithiums, like 1-methylheptyl lithium[427] or s-BuLi,[#28] when in the presence of Et;0,
demonstrate racemization half-lives of only seconds at -70 °C. However, without reported
enantiomerization barriers, the quantification of the stabilization provided by the heteroatom like
silicon in the a-position remains undetermined.

Concerning zinc compounds, only one (but fundamental) example in literature of o-silicon

substituted alkylzinc compounds have been reported by Knochel (Scheme II-68).[30¢]

1) ‘BulLi (inv. add.)
(2.2 equiv), —100 °C

Pd,ly(PBus),

Yo e 10 seconds : Me Me - (5 mol%) Me  Me
Ph | ! Ph Zi TMS © T~ Ph “Hex
98:2 dr 2) TMs” znBrLicl | 249 LIS e 250
(1.05 equiv) T (3.0 equiv)
-100 °C, 1 min : -50°Cto-25°C,12h
\
Temperature (°C) Time (min)  Yield 250 dr (syn:anti)
-50 10 61% 97:3
-50 10 58% 97:3
-10 10 50% 97:3
25 60 51% 96:4
25 240 53% 89:11

Scheme 11-68. Study of the configurational stability of dialkylzinc 249.

The dialkylzinc compound 249 exhibited lower configurational stability at room temperature
compared to typical secondary alkylzinc compounds. Specifically, diastereomeric ratio of 250 changed
from 97:3 to 89:11 after exposing 249 to room temperature for 4 hours, before performing the Pd-
catalyzed cross-coupling with vinyl iodide. This example suggests to us that in our case silicon could
play an analogous role, rendering our silyl-substituted organozinc intermediate configurationally
labile at room temperature and thus losing some potential enantiomeric excess gained by the

enantioinduction of the catalyst during the reaction.

2.10.3.3. Preliminary Studies

Initially, to explore this hypothesis, we attempted to minimize the required reaction time for the
first step, ideally completing it within a few minutes before significant racemization occurs, by
increasing the catalyst loading to a stoichiometric level. For these experiments, we have opted to start
back with palladium catalysis. Hence, we selected (R)-MOP as chiral ligand, as it was the most efficient
one. Working at room temperature for 5 minutes resulted in a 49% yield, and during this period, a

minor ee of 6% was detected (Scheme II-69).
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This observation raises the possibility of racemization occurring in the monozinc intermediate
and a gradual loss of enantiomeric excess over time. However, these findings are not conclusive, as the
6% ee, while not negligible, remains relatively low and may potentially be attributed to the precision

limitations of HPLC integration.

r SiMe; T
COzEt < Jmm e m .
Br Et0,C ZnBr ; OO ;
SiMes (1.05 equiv) fast? I SiMes PPhy !
)\ —_— § ! OMe !
BrZn® ZnBr  pg,(dba), (0.5 equiv) SiMe, THF, 0°c  EtO.C Lo OO !
121 (R)-MOP (2.0 equiv) Ju 5 min 241 i e MOP|
THF, T (°C), 5 min | EtO,C ZnBr =-30°C,0%  -cctottomoees .

- = o [v) 0,
240: configurationally labile? T=22°C, 49%, 6% ee

Scheme 11-69. Initial investigation on the configurational stability of organozinc 240: reactions with stoichiometric amount of
chiral catalyst.

It is also conceivable that racemization could be occurring rapidly, and the 6% ee observed after 5
minutes at room temperature may represent the residual effect of a major stereodifferentiation. To
explore this further, we attempted to conduct the same reaction at a temperature of —30 °C to mitigate
racemization, assuming our hypothesis holds true. Unfortunately, this low temperature had a

detrimental impact on the overall reaction kinetics, resulting in no observable conversion.

2.10.3.4. Investigation Using NMR Spectroscopy and Chiral Solvating
Agents

To gain further insights into the configurational behavior of the silyl-substituted organozinc
intermediate, we opted to directly synthesize the racemic organometallic reagent and utilize NMR
spectroscopy in conjunction with chiral solvating agents. Our objective with this approach was to
replicate the methodology utilized by Guijarro and Rieke in their investigation of the configurational
stability of secondary alkylzinc compounds,[3%8] with a particular focus on estimating an approximate
racemization rate (see Part I: Bibliographic Overview, section 2.2.2).

As already mentioned, the fundamental principle behind this method is that when a racemic
organometallic compound is complexed with an enantiomerically pure chiral ligand,
diastereoisomeric complexes are formed, which are observable in NMR spectroscopy. Initially, the two
sets of signals should exhibit a roughly equal ratio of approximately 1:1, reflecting the racemic nature
of the organozinc compound (Scheme II-70). However, because this system is not static, the
composition at equilibrium dynamically changes based on the rate of inversion of the C-Zn bond. This

evolution continues until the system reaches its thermodynamic equilibrium configuration.
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Consequently, the presence of the chiral ligand induces a shift in the composition of the initial racemic

mixture of organozinc compounds, resulting in a different final outcome.

One set of signals Splitting?
fast
racemization low temperature
_——
(within NMR (e.g., 50 °C) J
time scale) ‘
frozen equilibrium?
SiMej; :' §iM83 C-Zn SiMe; SiMe;

R Znl

racemic ~ \L

=
<
)
7}
o
E

Pyl

N

35
-

N

Splitting (ratio 1:1) different ratio
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One set of signals r::,::r:ri‘z;ﬁ,\j; J —
time scale) | the time LJL

Scheme II-70. NMR spectra of a racemic secondary alkylic organozinc compound in the presence of chiral solvating agents with
fast or slow rates of C-Zn bond inversion (on the NMR timescale).

This value corresponds to the new thermodynamic equilibrium within the chiral environment. By
deriving the equations governing the interconversion rate of both enantiomers, one can deduce the
exponential progression towards the ultimate equilibrium state and approximate the racemization
rate of the organometallic reagent. Nonetheless, if the organozinc species is in rapid equilibrium
(within the NMR timescale), it will manifest a single set of signals, even when it forms two
diastereoisomers in combination with the enantiopure ligand. However, conducting the identical NMR
experiment at low temperature (e.g., —-50 °C) can potentially halt or significantly slow down the
equilibrium process, resulting in the appearance of two distinct signals. In such a scenario, it indicates
that the inversion of the C-Zn bond is indeed rapid at room temperature.

Therefore, we synthesized the racemic silyl-substituted organozinc intermediate (+)-240-I using the

procedure outlined in Scheme II-71.

CO,Et
Br Zndust (1.5 equiv) ;""" i

j\n\ne3 (1.05 oquiv) I u% BrCH,CH,Br (5 mol%) |
Brzn” “ZnBr py (dbay, (2.5 mol) THF, 0°C  Et02C l TMSCI (5 mol%)

121 L17 (10 mol%) 5 min 241, 84% THF-d8, 10 °C to rt
THF, 1t, 1 h 16h

___________________

Scheme II-71. Preparation of racemic organozinc (*)-240-I in THF-d8.
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The reaction of 241 with zinc dust was carried out in deuterated THF (THF-d8) to produce the
corresponding organozinc iodide (*)-240-I, which was titrated with iodine to determine its
concentration. We found it to be ~0.55 M, equating to a 58% yield of zinc insertion under our
conditions.

[t is worth noting that (+)-240-I differs from the actual intermediate 240 in terms of the counteranion
(iodide instead of bromide). However, this change is not expected to affect the configurational
behavior, as demonstrated by Marek and Normant in their investigation of configurational stability in
benzylzinc compounds (see Part I: Bibliographic Overview, section 2.2.3).[317.318]

Among the various chiral ligands, the C; symmetrically substituted bis(oxazoline) ligand L39 was
selected, and after introducing a stoichiometric amount of the chiral ligand (1 equiv) into the THF-d8
solution containing a racemic organozinc compound, we recorded the initial 1H NMR spectrum

approximately 20 minutes later (Figure II-6).

i EtO,C SiMes!
X ' H :
i, L % 5@:%%9:@_‘ _____ NS ~

= C-Zn ’ N |

i H 4N~
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|
L_f«M L 24 hatrt

6hatrt

20 min atrt

M L39 alone

T T
8.75 8.65 8.55 8.45 8.35 8.25 8.15 8.05 7.95 7.85 7.75 7.65
f1 (ppm)

Figure II-6. Evolution of the 1H NMR spectra over time for racemic organozinc (+)-240-I in the presence of L39.
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Our initial focus was on the disappearance of the signal set associated with both the organozinc
compound and the chiral Pybox ligand, along with the emergence of a new signal. This new signal
exhibited significant chemical shift changes compared to the previous two, confirming the successful
complexation of the chiral solvating agent. Subsequently, our attention was directed to the triplet of
L39 within the aromatic region, where we detected two signals in a 56:44 ratio (approximately 1:1).
This ratio, reflecting the nature of the racemic organozinc compound, likely resulted from the
formation of two different complexes. If those complexes are the diastereomeric one reported in
Figure II-6 (251 and 252), a slight deviation from the 1:1 ratio would indicate that some racemization
had occurred during the 20-minute interval. Continuing to monitor the ratio between these two signals
over time, we observed a change in the ratio, eventually stabilizing at 73:27 after 24 hours. This
observation could strongly support the occurrence of racemization within the NMR tube, leading to an
equilibrium shift toward the more thermodynamically stable diastereoisomer. In order to further
insight, we attempted to record the NMR spectrum at a temperature of -50 °C with the aim of detecting
any spectral changes. However, despite our effort, no discernible alterations manifested in the NMR
data.

Given the potential diastereomeric enrichment of the organozinc compound in the NMR tube, which
was estimated to be approximately 73:27, to validate our hypothesis it becomes necessary to utilize
this possible diastereoisomeric enrichment in a stereoselective reaction. This concept was initially
explored in a pioneering study involving a-methylbenzyllithium-sparteine complexes by Nozaki,[429]
and later extended to configurationally labile benzyl- and allyllithium compounds,[430-432] as well as a-
sulfur(#33] and a-selenol434435] organolithium compounds. However, being aware of our precedent
frustration with the lack of stereoselectivity through iodination reaction (see paragraph 2.10.2.), we

opted a copper-mediated allylation using allyl bromide (Scheme II-72).

THF, ~20 °C to rt
245, 99%, 0% ee 2h

5 | b ] h 1) CUCN-2LiCl w

. _ : oo , b

! 7ONTY 3 \ 7N J | THF, -50 Cérs LI, “

: §/N\_Zn___—N / §/N~--_Zn,__—N P2 244, 42%

D iy e g, pd HE %1 -50°Ctort3h

; SiMe; Me;Si ' -

5 ! w DIBAL-H

5 5 HO ~ |

Scheme II-72. Exploring the (hypothesized) diastereomeric enrichment from the use of chiral enantiopure L39 with racemic
organozinc (+)-240-1.

The results of the allylation reaction yielded 42% of the desired product 244. As already mentioned
before, due to the impossibility of finding suitable separation conditions we had to perform a
derivatization approach, transforming the ester group into the corresponding alcohol through

reduction with DIBAL-H. However, the resulting alcohol 245 revealed an ee of 0%. This outcome
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strongly contradicted our hypothesis and what we had observed in the spectra during the chiral ligand
complexation. Therefore, we conducted a repetition of the experiment by combining L39 with racemic
organozinc compound (+)-240-I. Interestingly, in this iteration, there were no observed fluctuations
in the signal ratio over time. Consequently, it is plausible that the variations noted in the NMR spectra

may have arisen from some artifact introduced during the data recording process.

2.10.3.5. Racemisation Rate

Due to our observation of stereodifferentiation in the enantioselective allylation with Cul/L39
illustrated before we sought to reexamine the configurational behaviour of the a-silyl substituted
organozinc intermediate 240. In our prior experiment under Pd-catalysis, we were unable to
conclusively confirm its configurational stability. To address this, we conducted the enantioselective
allylation using a stoichiometric amount of the Cul/L39 catalyst complex (Table II-14). This approach
aimed to minimize the reaction time, allowing it to reach completion within a few minutes. Our
objective was to determine if racemization occurred and, if so, to estimate its rate. Consequently, we
carried out the reaction under stoichiometric conditions at room temperature for a duration of 10
minutes (entry 1, Table II-14). Subsequently, we performed the transmetallation at -50 °C with
CuCN-2LiCl and proceeded with the second stereospecific allylation. The desired product 244 was
obtained with a yield of 39%. After derivatization into the corresponding allylic alcohol 245, we
measured an ee of 18%. Based on these results, we can confidently assert that the organozinc
intermediate lacks configurational stability and racemizes at room temperature. Notably, the
racemization process does not occur at a rapid rate. This observation stems from the fact that our
previous findings with 2 h duration (to be exact, 2 h and 20 min), the ee dropped to 10% (entry 3,
Table II-14). This implies that over the course of approximately 2 h, there was an ~8% reduction in
ee. Subsequently, we conducted a repetition of the experiment using stoichiometric quantities.
However, in this iteration, we introduced varying time intervals before proceeding with the second
cross-coupling step, as outlined in Table II-14. After 2 h reaction time, the ee was observed to be 14%,
and after 6 h, it had reduced to just 4% (entries 2 and 4, Table 1I-14). Utilizing this dataset, we can
construct a graphical representation of the racemization kinetic of our compound, which aligns quite
neatly with a linear plot (Figure II-7). It is worth noting that the slight discrepancy observed in the
experiment with 10% ee (entry 3, Table II-14) could potentially be attributed to minor fluctuations in
room temperature (23-25 °C) and/or the inherent precision limitations associated with HPLC

integration.
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Table II-14. Racemization kinetic experiment for organozinc intermediate 240.

CO,Et
Br 1) CUCN-2LiClI
SiMe . - THF, =50 °C, 5 min SiMe
3 (1.05 equiv) J\/EM% 2) allyl bromide HO\)]\/&*\/S\
BrZzn™ "ZnBr  cul (1.0 equiv) |EtO,C ZnBr 50°Ctor,3h =
121 L39 (2.0 equiv) 240 then DIBAL-H 245
THF, rt, time
Entry Time Yield 245! eelb]
1 10 min 39% 18%
2 2h 50% 14%
3ld 2 h 20 min 35% 10%
4 6h 47% 4%

[a] Isolated yield over 2 steps, with quantitative yield of the derivatization step. [b] The ee values were determined by chiral-phase
HPLC analysis. [c] Cul/L39 (5/10 mol%).

After 2 h reaction time, the ee was observed to be 14%, and after 6 h, it had reduced to just 4% (entries
2 and 4, Table II-14). Utilizing this dataset, we can construct a graphical representation of the
racemization kinetic of our compound, which aligns quite neatly with a linear plot (Figure II-7). It is
worth noting that the slight discrepancy observed in the experiment with 10% ee (entry 3, Table II-
14) could potentially be attributed to minor fluctuations in room temperature (23-25 °C) and/or the
inherent precision limitations associated with HPLC integration.

This racemization that we have detected, is in line (in timeframe and temperature) with the one
reported by Knochel for his a-silicon-substituted dialkylzinc species 249.1306] Indeed, Knochel
reported a loss of 16% diastereomeric excess (de) when the zinc species was exposed to 25 °C for 4 h,
while we report a loss of 14% ee when we waited almost 6 h atrt (23-25 °C) before performing the 2nd

coupling.
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Figure II-7. Racemization of the secondary silyl-substituted alkylzinc 240 during time.
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2.11. Partial Conclusion

In summary, based on the extensive experimentation presented in this study, we can now
confidently assert that our initial assumption regarding the configurational stability of the secondary
silyl-substituted alkylzinc intermediate 240 was incorrect. Contrary to our expectations, this a-silyl
organozinc intermediate exhibit racemization at rt. In this context, this study expanded our
understanding of the configurational behavior of a -silyl-substituted alkylzinc compounds, previously
unexplored in the literature. Additionally, our investigations have revealed that the iodination quench
method is not an ideal approach for capturing organozinc intermediates to evaluate its ee. Indeed,
building upon Knochel's findings,[#13] we have reaffirmed that the stereospecificity of this quenching
is contingent on the nature of the organometallic reagent.

Nonetheless, there are several valuable takeaways and exciting experimental prospects stemming
from this research. First and foremost, it is worth exploring strategies to mitigate racemization on this
substrate. Lowering the reaction temperature could potentially slow down or even halt the
racemization process. Of course, finding the right balance between preventing racemization without
unduly delaying the allylic substitution reaction itself is a crucial consideration. Furthermore,
numerous variables should be considered to optimize the enantioselectivity of the allylic substitution.
For instance, different solvents and families of chiral ligands could be explored. Notably, chiral NHC
carbenes were not investigated in this study, presenting a possible starting point for further research.

It is worth highlighting that we achieved a 34% ee in the allylation reaction using 1,1-
bis(iodozincio)ethane. Importantly, this result was attained without any optimization of solvent,
temperature, or the choice of a chiral catalyst. We just utilized L39 as the chiral ligand, but the Pybox
ligand family offers a wide array of structural possibilities. Significant modifications can be attempted
given the relative ease of preparing these chiral ligands. This suggests the potential for achieving
significantly higher enantiomeric excess than our current results. Furthermore, it is important to note
that, to the best of our knowledge, PyBox ligands have not been previously reported for use in
enantioselective allylic substitution reactions with organozinc reagents. This introduces a novel
approach to this type of asymmetric transformation, potentially leading to improved yields and

enantiomeric excesses compared to existing methods.
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GENERAL CONCLUSION AND PERSPECTIVES

The objective of this doctoral thesis was to develop novel, highly efficient enantioselective
sequential cross-coupling reactions using prochiral gem-dizinc compounds.

In the first part, we investigated two catalytic C-C bond-forming reactions employing prochiral
1,1-bis(iodozincio)alkanes, utilizing two distinct palladium-based catalytic systems. During these
investigations, we successfully developed a new one-pot sequential enantioselective double cross-
coupling reaction of 1,1-bis(iodozincio)alkane reagents entailing arylation and acylation (Scheme GC-
1).13681 Mechanistically, the approach relies on a first step involving the (non-enantioselective)
desymmetrization of a prochiral geminated C(sp3)-dizinc reagent that delivers a stereolabile
benzylzinc intermediate that undergoes efficient DKR during the subsequent second step. Our report

represents the first example of implementation of such a strategy for asymmetric synthesis.

R1
R? = EDG :,’%O R3 = secondary alkyl
R2=EWG MeO R R3 = primary alkyl
17 examples (R = Me) 10 examples (R = Me)
25-86% yield, 36-92% ee 60-80% yield, 48-92% ee
variation variation
aryl iodide thioester

\
7 N\ R
)Fi RzQI SPh

s N Znl
1Zn Znl Pd,(dba)s/L17 % Pd,(dba)s/L21
THF, 40°C,0.5h R? ZnCl,
configurationally MTBE. rt. 20-72 h
labile T

variation R : CF, OA.- Ar .
em-dizinc H ! M ) \
J (0] 5 examples TP )3 MZ>< P-N > !
\ 24-75% yield ! o |

MeO 60-92% ee ¢ L7 CFs ACAr 21

; Pho

Scheme GC-1. Enantioselective sequential catalytic arylation-Fukuyama cross-coupling of 1,1-bis(iodozincio)alkanes.

Through this protocol, we have disclosed a modular access to synthesize important enantioenriched
1-arylethyl (and 1-arylalkyl to a lesser extent) ketones, including products with electron-deficient and
electron-rich aryl units. Specifically, the latter ones had not been accessed previously through direct
Fukuyama cross-coupling reactions. Within this work, we also established that Matsubara's Pd-
catalyzed (mono)arylation of gem-bisorganozinc reagents tolerates the presence of H-atoms S to the
metal and can thus be used conveniently with 1,1-bis(iodozincio)alkanes other than 1,1-
bis(iodozincio)methane, and additionally that asymmetric Fukuyama cross-coupling reactions can be

extended beyond (1-arylethyl) organozincs.
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In the second section, we explored the desymmetrization of a prochiral a-silyl-substituted gem-
dizincio reagent through enantioselective allylic substitution. This aimed to create a configurationally
stable mono-organozinc intermediate intended for use in a subsequent cross-coupling reaction. Based
on the extensive investigation and experimentation presented in this study, we can conclude that our
initial assumption regarding the configurational stability of the secondary silyl-substituted alkylzinc
intermediate was incorrect. Contrary to our expectations, our a-silyl organozinc intermediate exhibits
racemization at rt. Nevertheless, this study significantly broadened our comprehension of the
configurational behavior of a-silyl-substituted alkylzinc compounds, which were previously
underexplored in the literature, with only one documented example.3061 After the comprehensive
screening of chiral catalyst, the enantioselective sequential double allylation of 1,1-
bis(bromozincio)trimethylsilylmethane resulted in the desired adduct, yielding 35% with only 10%

ee upon derivatization of the ester moiety (Scheme GC-2).

a-Silyl-substituted gem-dizincio

1) CUCN-2LiCl
. en =~ -
)S\IMeg, /l'\/Br MMeS _50°Ctort. 3h SiMe;
e 3 : HO\J\)"\/\
BrZn™ “ZnBr  Cul/L39 EtO,C ZnBr| ) DIBAL-H X
THF, 11, 2h configurationally 10% ee
labile atrt .
L ' | | '
1,1-Biszincioalkane | N N\_) :
[ L39 = !
CO,Et Promising result ' 'Pr ipr!
1) CuCN-2LiCl ~———————————————— T
) e J I | mmsee JE
- . g P
IZn™ ~Znl Cul/L39 EtO,C Znl|  2)_~~_Br EtO,C X
THF, rt, 2 h configurationally _50°Ctort 3 h 34% ee
stable at rt ’

Scheme GC-2. Enantioselective sequential double allylation using 1,1-bis(bromozincio)trimethylsilylmethane or 1,1-
bis(iodozincio)ethane.

However, performing this protocol under the same reaction conditions, we achieved a 34% ee when
utilizing 1,1-bis(iodozincio)ethane as the gem-dizinc reagent (Scheme GC-2). This promising outcome
was obtained without optimizing the solvent, temperature, nor the chiral catalyst, suggesting

substantial potential for enhancing enantioselectivity.
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In the framework of this project, there are still several edges to explore. Firstly, the feasibility of
performing enantioselective sequential cross-coupling reactions with prochiral 1,1-
bis(iodozincio)alkanes through a desymmetrization strategy can be envisioned. In the course of our
investigation into o-silyl-substituted gem-dizincio reagents, we serendipitously uncovered novel
conditions for the Cu-catalyzed asymmetric allylation of ethyl 2-(bromomethyl)acrylate using 1,1-
bis(iodozincio)ethane. This led to a configurationally stable mono-organozinc intermediate that was
enantiomerically enriched. Subsequent stereospecific copper-mediated cross-coupling with allyl
bromide yielded a 40% yield of the desired product with 34% ee (Scheme FP-1). Notably, this initial
outcome was obtained without optimizing solvent, temperature, or the chiral ligand. Regarding the
latter one, only Pybox L39 was tested. Considering the structural versatility within the Pybox ligand
family, significant modifications can be explored, given the relative ease of preparing these chiral

ligands. This suggests the potential for achieving a more general procedure with significantly higher

enantiocontrol.
e Preliminary result ------------------------------------- ,
| CO,Et ;
L Me /I\/E_’r Me 1) CuCN-2LiCl Me 5
S (1.05 equiv) J\/& THF, -60°C.5min _ _ CJ\/M :
1 1Zn” "Znl cul (5 mol%) | EtO,C Znl| 2) _~_Br 2 !
: 9 = 40%, 34% ee :
' L39 (10 mol%) _50°Ctort 3 h .
| THF, rt, 2 h ’ ;
L ,
optimization and
development possible ?
15t Asymmetric Allylation 2"d Allylation

2
R R Br
Br/\”/ W

R2

| Culchiral ligand u CuCN-2LiCl
1 —_—_—
' R! Znl

L
; IZn™ "Znl enantioselective stereospecific

...........

configurationally
stable

Scheme FP-1. Enantioselective sequential double allylation with prochiral 1,1-bis(iodozincio)alkanes via
desymmetrization strategy with copper-catalysis.

Secondly, an enantioselective sequential catalytic di-arylation can be explored. 1,1-Diarylalkanes
represent crucial organic components found in various naturally occurring compounds, displaying a
large spectrum of bioactivities that encompass antiviral, anticancer, antidepressant, antifungal
properties, and beyond.[18436] Consequently, developing efficient methods to obtain enantiomerically
enriched diaryl structural motifs plays a pivotal role in both academic research and industrial

applications. However, the creation of novel and straightforward synthetic approaches to access these
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molecules remains challenging and highly sought after. Therefore, the pursuit of an enantioselective
sequential di-arylation utilizing 1,1-bis(iodozincio)alkanes emerges as a promising and valuable

process (Scheme FP-2).

15t Arylation 2"d Arylation
__________ Ar'—l Ar?—|
5 D 1
: )Z\”' ! Pd/achiral ligand /’t: Pd/chiral ligand )Ai
' ' _—
1 R™ "Znl non-enantioselective R™ " Znl enantioselective R” ~Ar?
[ ; () (DKR)

« Presence of achiral ligand deleterious for enantioselectivity ?
o 2nd catalytic arylation viable for R = Si, B, Ge ?

Scheme FP-2. Pd-catalyzed enantioselective sequential di-arylation reaction and associated challenges.

Drawing from initial findings in our laboratories, we are highly optimistic about formulating a novel
strategy for a streamlined synthesis of gem-diaryl compounds. Specifically, our discovery reveals that
utilizing after the (mono)arylation process with a first aryl iodide (1 equiv) catalyzed by Pd;(dba)s
and L17 in THF at 40 °C for 0.5 h, the addition of a second different aryl iodide along with ZnCl, (6
equiv) leads to the formation of about 57-64% of the desired diarylated product within 20 hours at

room temperature (Scheme FP-3).

| |
— v 1 T e
' )M\e R/©/(1 .0 equiv) oo | R (1.5 equiv)
1 ' n
E 1Zn Znl ' sz(dba)g (15 mol%) R ZnCI2 (60 eqUiV O O
1 R

)
i (1.0 equiv) L17 (12 mol%) THF, rt, 20 h R
"""""" THF, 40 °C, 0.5 h

Me Me Me
CF3 MeOCF3 CF3
62%

64% 57%

Scheme FP-3. Pd-catalyzed sequential di-arylation reaction with 1,1-bis(iodozincio)ethane.

Building upon these initial racemic investigations, the next phase entails introducing a chiral ligand
(or a chiral catalyst) for the second arylation step and aiming to leverage an efficient DKR to establish

a highly enantioselective sequential diarylation protocol.
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PART IIl: EXPERIMENTAL SECTION

3.1. General Information

All reactions were carried out with magnetic stirring under argon atmosphere using oven-dried
glassware and using standard Schlenk techniques. Unless otherwise stated, reagents and solvents were

purchased from commercial sources and generally used without purification.

Ethereal solvents such as THF and methyl tert-butyl ether (MTBE) were distilled over sodium and
benzophenone under argon atmosphere. MeCN, Et;0 and CH:Cl, were dried using a solvent

purification system (SPS) MBRAUN MB SPS-800.

Syringes which were used to transfer reagents and solvents were purged with argon prior to use and

slow automatic additions were performed using a syringe pump.

NMR spectra (1H, 13C, 19F, 31P) were recorded on a Bruker AM 300 MHz or a Bruker AVANCE 400 MHz
spectrometer at room temperature. Chemical shifts are given in parts per million (ppm) using the
CDClI3 residual non-deuterated signals as reference (8§ 'H = 7.26 ppm; § 13C = 77.16 ppm). For the
characterization of the observed signal multiplicities the following abbreviations were used: s
(singlet), d (doublet), t (triplet), q (quartet), p (quintet), hept (heptaplet), m (multiplet) as well as br

(broad) when the peak is broad, and the correct multiplicity cannot be assigned unambiguously.

IR spectra were recorded with a Tensor 27 (ATR diamond) Bruker spectrometer and reported as

characteristic bands (cm1).

High-resolution mass spectra (ESI-MS, APCI-MS) were acquired using an LTQ-Orbitrap XL from
Thermo Scientific (Thermo Fisher Scientific, Courtaboeuf, France) operated in positive ionisation
mode. Where ESI-MS and APCI-MS were not suitable, mass spectrometric chromatograms were

acquired using a Shimadzu GCMS-QP2010 SE gas chromatograph mass spectrometer.

Thin layer chromatography (TLC) was performed on Merck 60 F-254 silica gel and the chromatograms
were examined under UV light (A = 254 nm) and/or by staining of the TLC plate with a specific colour
reagent (KMnOs and p-anisaldehyde) followed by heating with a heat gun. Flash column

chromatography was performed using the indicated solvents on silica gel Merck Geduran SI 60 (40-63

pum).

Melting points (m.p.) were determined with Stuart Scientific SMP3 melting point apparatus and have

not been corrected.

Specific optical rotations [a]p values reported in 101 (°.cm?2-g-1) were measured on JASCO P-2000
polarimeter at 20 °C in a 10 cm cell using the sodium D line (A = 589 nm); the concentration c in CHCl3

is given as g/100 mL.
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Enantiomeric ratios were determined by chiral gas chromatography (GC) measurement on an Agilent
GC 7890A (Injector: 220°c, split ratio 20, FID detector: 300°C, Hz as vector gas), and by chiral high-
performance liquid chromatography (HPLC) measurement on a Shimadzu SIL-20AHT instrument
(with n-heptane/i-PrOH mixture as mobile phase) in comparison with authentic racemic materials.
The absolute configuration was determined by comparison with known compounds and for the new

products it was assigned by analogy.

Finally, all new compounds were named using the program Chemdraw by Cambridgesoft. In addition,

the references of this chapter have been included as footnotes for the sake of simplicity.

3.2. Preparation of Inorganic Salts in THF Solution

Preparation of ZnCl; solution:
ZnCl; solution (1.5 M in THF) was prepared by drying ZnCl; (1.362 g, 10 mmol) in a Schlenk tube
under high vacuum at 450 °C for 15 min. After cooling, dry THF (6.65 mL) was added and stirring was

continued until all salts were dissolved.

Preparation of LiCl solution:
LiCl solution (0.5 M in THF) was prepared by drying LiCl (212 mg, 5 mmol) in a Schlenk tube
under high vacuum at 450 °C for 10 min. After cooling, dry THF (10 mL) was added and stirring was

continued until all salts were dissolved.

Preparation of CuCN-2LiCl solution:

CuCN-2LiCl solution (1.0 M in THF) was prepared by drying LiCl (254 mg, 6 mmol) in a Schlenk
tube under high vacuum at 450 °C for 10 min. After cooling, was added CuCN (269 mg, 3 mmol) and
the mixture was dried under high vacuum at 140 °C for 10 min. After cooling, dry THF (3 mL) was

added and stirring was continued until all salts were dissolved.
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3.3. Preparation of 1,1-diiodo alkanes

Me)l\l Et)l\l "Pr)l\l ©\/LI

116, p. 197 118, p. 197 193, p. 200 194, p. 201
M |
e\©\/\/L ©[/\/L
| I
192, p. 198 220, p. 201

Chart of 1,1-diiodo alkanes prepared.

1,1-diiodoethane (116):

I According to a literature procedure,! 1,1-dichloroethane (15 mL, 177 mmol, 1.0

Me—<

CaHal, atmosphere to a dry round-bottomed flask equipped with a stirring bar and reflux
MW: 281.8629

| equiv) and iodoethane (43 mL, 531 mmol, 3.0 equiv) were added under argon

condenser. To this was added anhydrous AlCl3 (2.3 g, 17 mmol, 0.1 equiv), and the
resulting mixture was refluxed heated at 80 °C for 30 min and then refluxed at 100 °C for 5 h. After that
the mixture was cooled down to 0 °C and ~100 mL Et;0 were added, and the resulting mixture was
washed with an aqueous satd. soln of Na;S,03. The biphasic mixture was separated, and the aqueous
phase was extracted with diethyl ether (3x20 mL). The combined organic extracts were washed with
brine, dried over MgS0y, filtered, and concentrated under reduced pressure. Purification of the crude
product by fractional distillation (75 °C at 25 mm Hg) afforded analytically pure 116 (36,0 g, 72%
yield) as a pale-yellow liquid that rapidly turns red when exposed to light and/or heated.

1H NMR (400 MHz, CDCl3) 6 5.2 (q,] = 6.7 Hz, 1H), 2.9 (d, ] = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) &
39.0, -38.5. Spectroscopic and physical properties are in good agreement with those previously

reported.?

1,1-diiodopropane (118):

According to a modified literature procedure,3 a THF (4 mL) solution of CHzlI; (1.2
mL, 15 mmol, 1.0 equiv) was added dropwise to NaHMDS (8 mL, ~ 1.9 M in THF, 15

C3Hglz mmol, 1.0 equiv) in Et,0 (12 mL) at -78 °C. After stirring 20 min at -78 °C, a THF (10
MW: 295.8899

1R. L. Letsinger, C. W. Kammeyer, J. Am. Chem. Soc. 1951, 73, 4476.
2].]. Mousseau, C. ]. Morten, T. F. Jamison, Chem. - Eur. J. 2013, 19, 10004-10016.
3]. A. Bull, A. B. Charette, J. Org. Chem. 2008, 73, 8097-8100.
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mL) solution of iodoethane (6 mL, 75 mmol, 5.0 equiv) was added dropwise. The reaction mixture was
allowed to warm slowly to rt over 16h in the dark. Water (80 mL) was added, and the mixture was
extracted with CH2Cl; (3x40 mL). The combined organic layers were washed with aqueous sat. Na2S,03
solution, dried over MgSO0,, filtered, and concentrated under reduced pressure. The residue was
filtered through a plug of silica gel (pentane) and the filtrate reduced under reduced pressure to afford

analytically pure 118 (3.6 g, 81% yield) as a pale-yellow liquid.

1H NMR (300 MHz, CDCls) 8 5.14 (t, ] = 6.0 Hz, 1H), 2.36 (qd, ] = 7.1, 6.0 Hz, 2H), 0.96 (t, ] = 7.1 Hz, 3H).
13C NMR (75 MHz, CDCls) § 41.68, 16.65, -21.87. IR (ATR) 2967, 1451, 1377, 1327, 1262, 1200, 1095,
793,621 cm-L. MS (EI, 70 eV) m/z: 296 (M*, 27%), 169 (100%), 127 (22%).

Synthesis of 1-(4,4-diiodobutyl)-4-methylbenzene (192)

The following synthetic sequence was used:

| = o =" oH
/@/ Cul (5 mol%) H,, Pd/C (15 mol%) OH
Pd(PPh;),Cl, MeOH, rt, 24 h
Me 25mol%) ~ Me 189 (x2 times) Me 190
EtsN, rt, 24 h

NaHMDS, CH,l, | PPhs, Im, I,
/©/\/Y THF/Et,0 (1:1) /©/\/\ e
Me 191

-78°Ctort, 16 h 3h

3-(p-tolyl)prop-2-yn-1-ol (189):

_"oH According to a literature procedure,* to a suspension of 4-iodotoluene (4.36

7
/@/\ g, 20 mmol, 1.0 equiv), Pd(PPhs).Cl; (351 mg, 0.5 mmol, 0.025 equiv), Cul
Me (190 mg, 1 mmol, 0.05 equiv) in distilled EtsN (100 mL) was added dropwise

C10H100
MW: 146.1890

propargyl alcohol (1.4 mL, 24 mmol, 1.2 equiv) under argon atmosphere and

the reaction mixture was stirred 24 h at rt. Then to the reaction mixture was
added aqueous sat. NH4Cl solution (30 mL) and extracted with CH2Cl; (3x30 mL). The combined
organic layer was dried over MgSQy, filtered, and concentrated under reduced pressure. Purification
of the crude material by flash column chromatography on silica gel (cyclohexane/EtOAc, 8:2) afforded

analytically pure 189 (2.91 g, >99% yield) as yellow oil.

4 N. Cabrera-Lobera, P. Rodriguez-Salamanca, ]. C. Nieto-Carmona, E. Bufiuel, D. ]. Cardenas, Chem. Eur. J. 2018, 24,
784-788.
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1H NMR (300 MHz, CDCl3) 6 7.33 (d,/ = 8.2 Hz, 2H), 7.12 (d,J = 7.9 Hz, 2H), 4.49 (d, ] = 6.1 Hz, 2H), 2.35
(s, 3H), 1.67 (t,/ = 6.1 Hz, 1H). 13C NMR (CDCI3, 75 MHz) ¢ ppm 138.9, 131.9, 129.3, 119.7, 86.8, 86.1,
51.9, 21.7. The spectroscopic data are in good agreement with those reported previously in the

literature.>

3-(p-tolyl)propan-1-ol (190):

on According to a modified literature procedure,® a solution of 189 (2.915 g, 20
Me/©/\/\ mmol, 1.0 equiv) and Pd/C (320 mg, 3 mmol 10 wt.% loading, 0.15 equiv) in

. HLO methanol (100 mL) was stirred under a hydrogen atmosphere at rt for 24 h.
107114

MW: 150.2210 Then the reaction mixture was filtered through celite and concentrated under

reduced pressure. A mixture of the corresponding alkane and alkene was obtained. For this reason, the
same reaction and work-up was repeated another time to afford analytically pure 3 (3.0 g, >99% yield)

as brownish oil.

1H NMR (300 MHz, CDCl3) § 7.10 (s, 4H), 3.68 (t, ] = 6.4 Hz, 2H), 2.74 - 2.62 (m, 2H), 2.33 (s, 3H), 1.96
- 1.82 (m, 2H), 1.41 (bs, 1H). 13C NMR (75 MHz, CDCl3): § 138.6, 135.1, 128.9, 128.2, 61.9, 34.2, 31.5,

20.3. The spectroscopic data are in good agreement with those reported previously in the literature.”

1-(3-iodopropyl)-4-methylbenzene (191):

| According to a literature procedure,? to a solution of 190 (3.0 g, 20 mmol, 1.0
Me/©/\/\ equiv) in dichloromethane (80 mL) at 0 °C, were added in this order PPhs (5.5
CioHyal g, 21 mmol, 1.05 equiv), imidazole (2.7 g, 40 mmol, 2.0 equiv) and finally I

MW: 260.1185

(5.6 g, 22 mmol, 1.1 equiv). After 5 min at 0 °C, the mixture was stirred at rt

for 3 h. The reaction was quenched by addition of an aqueous sat. Na;S;03 solution until loss of colour.
Then the reaction mixture was extracted with CH2Cl, (3x30 mL), the combined organic phases were
dried over MgSO0y, filtered, and concentrated to 10 mL under reduced pressure. After addition of 100
mL of pentane the mixture was filtered through a plug silica gel, washed with pentane, and
concentrated under reduced pressure to recover analytically pure 191 (4.16 g, 80% yield) as a

colourless oil.

5 C. B. Kelly, K. M. Lambert, M. A. Mercadante, ]. M. Ovian, W. F. Bailey, N. E. Leadbeater, Angew. Chem. Int. Ed. 2015, 54,
4241-4245.

6 D. ]. Baek, N. MacRitchie, N. G. Anthony, S. P. Mackay, S. Pyne, N. Pyne, R. Bittman, J. Med. Chem. 2013, 56, 9310-9327.
7 H. Takakura, R. Kojima, M. Kamiya, E. Kobayashi, T. Komatsu, T. Ueno, T. Terai, K. Hanaoka, T. Nagano, Y. Urano, J. Am.
Chem. Soc. 2015, 137,4010-4013.

8 B. R. Brutiu, W. A. Bubeneck, O. Cvetkovic, |. Li, N. Maulide, Monatshefte Fiir Chemie 2019, 150, 3-10.
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1H NMR (300 MHz, CDCls) § 7.14 - 7.06 (m, 4H), 3.18 (t, ] = 6.8 Hz, 2H), 2.70 (t, ] = 7.3 Hz, 2H), 2.33 (s,
3H), 2.12 (p, ] = 7.0 Hz, 2H). 13C NMR (75 MHz, CDCls): § 137.5, 135.8, 129.3, 128.6, 35.9, 35.2, 21.2,

6.6. The spectroscopic data are in good agreement with those reported previously in the literature.>

1-(4,4-diiodobutyl)-4-methylbenzene (192):

According to a modified literature procedure,3 a THF (10 mL) solution of

|
" m CHzI> (4 mL, 50 mmol, 5.0 equiv) was added dropwise to NaHMDS (26 mL, ~
e

CiiHialy 1.9 M in THF, 50 mmo], 5.0 equiv) in THF (54 mL) and ether (80 mL) at -78
MW: 400.0419 °C. After stirring 20 min at -78 °C, a THF (20 mL) solution of 191 (2.6 g, 10

mmol, 1.0 equiv) was added dropwise. The reaction mixture was allowed to warm slowly to rt over 16
h in the dark. Water (100 mL) was added, and the mixture was extracted with CH2Cl; (3x50 mL). The
combined organic layers were washed with brine, dried over MgSOQy, filtered, and concentrated under
reduced pressure. Purification of the crude product by flash column chromatography on silica gel

(pentane) afforded analytically pure 192 (3.68 g, 92% yield) as a pale-orange solid.

1H NMR (300 MHz, CDCl3) § 7.16 - 7.03 (m, 4H), 5.11 (t, ] = 6.5 Hz, 1H), 2.64 (t, ] = 7.6 Hz, 2H), 2.44 -
2.30 (m, 5H), 1.84 - 1.68 (m, 2H). 13C NMR (75 MHz, CDCls) § 138.1, 135.5, 129.2, 128.3, 47.6, 33.6,
33.4,21.2, -25.3. IR (ATR) 2983, 2939, 2920, 1514, 1455, 1420, 1328, 1144, 1109, 1089, 947, 838,
800, 752, 741 cm-1. MS (EI, 70 eV) m/z: 400 (M*, 1%), 145 (51%), 105 (100%), 77 (19%).

1,1-diiodobutane (193):

I According to a modified literature procedure,3 a THF (4 mL) solution of CHzI> (1.2
P
r_<| mL, 15 mmol, 1.0 equiv) was added dropwise to NaHMDS (8 mL, ~ 1.9 M in THF, 15

C4Hglz mmol, 1.0 equiv) in Et20 (12 mL) at -78 °C. After stirring 20 min at -78 °C, a THF (5
MW: 309.9169

mL) solution of 1-iodopropane (4.4 mL, 45 mmol, 3.0 equiv) was added dropwise.
The reaction mixture was allowed to warm slowly to r.t. over 16h in the dark. Water (80 mL) was
added, and the mixture was extracted with CH;Cl; (3x40 mL). The combined organic layers were
washed with aqueous sat. Na;S;03 solution, dried over MgSQO,, filtered, and concentrated under
reduced pressure. The residue was filtered through a plug of silica gel (pentane) and the filtrate
reduced under reduced pressure to afford 3.7 analytically pure 193 (3.7 g, 80% yield) as a yellow
liquid.

1H NMR (300 MHz, CDCl3) 8 5.12 (t, ] = 6.5 Hz, 1H), 2.39 - 2.29 (m, 2H), 1.44 (h, ] = 7.4 Hz, 2H), 0.95 (t,
] = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) § 50.3, 25.3, 12.2, -25.1. IR (ATR) 2957, 1460, 1248, 1190,
1102, 1072, 745, 616 cm-L. MS (EI, 70 eV) m/z: 310 (M*, 8%), 183 (27%), 127 (7%), 55 (100%).
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(2,2-diiodoethyl)benzene (194):

According to a literature procedure,3 a THF (10 mL) solution of CHzI> (1.7 mL, 21
mmol, 2.05 equiv) was added dropwise to LIHMDS (20 mL, ~ 1.0 M in THF, 20 mmo],
2.0 equiv) in diethyl ether (20 mL) at -78 °C. After stirring 20 min at -78 °C, a THF

(10 mL) solution of benzyl bromide (1.2 mL, 10 mmol, 1.0 equiv) was added
dropwise. The reaction mixture was allowed to warm slowly to r.t. over 16 h in the dark. Water (70
mL) was added, and the mixture was extracted with CH,CI, (3x50 mL). The combined organic layers
were washed with brine, dried over MgS0y, filtered, and concentrated under reduced pressure.
Purification of the crude product by flash column chromatography on silica gel (pentane) afforded
analytically pure 194 (3.02 g, 84% yield) as yellow viscous solid, which rapidly turns orange and then
red when exposed to light and/or heated.

1H NMR (400 MHz, CDCl3) § 7.47 - 7.39 (m, 3H), 7.33 - 7.27 (m, 2H), 5.15 (t, ] = 7.4 Hz, 1H), 3.83 (d, ]
= 7.4 Hz, 2H). 13C NMR (101 MHz, CDCls) § 139.7, 128.9, 128.7, 127.6, 54.1, -25.6. The spectroscopic

data are in good agreement with those reported previously in the literature.3

Synthesis of 1-(4,4-diiodobutyl)-2-iodobenzene (220)

The following synthetic sequence was used:

CO,Et
OH OMs
NaH CO,Et
NaBH,4, BF3-OEt; | MsCl, Et;N I diethyl malonate |
- . Sy elonare,
THF, ’IO °Ctort THF, 0°C, 0.5 h THF, 0°Ctort
213 40 min
COzEt
MsCI, EtzN DIBAL H NaCl, H,O
DCM,0°C,1h THF -40 °C DMSO, reflux
18 h 20 h
|
Nal I NaHMDS, CHyl,
acetone, reflux, 3 h 19 THF/Et,0 (1:1) 220

-78 °C to rt, 16h
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(2-iodophenyl)methanol (213):

OH According to a modified literature procedure,® to a solution of 2-iodobenzoic acid
[ (7.440 g, 30 mmol, 1.0 equiv) in THF (40 mL) was added in one portion NaBH4
(2.270 g, 60 mmol, 2.0 equiv) at 10 °C and after was added slowly at the same

C;H;I0 temperature BF3-OEt; (7.4 mL, 60 mmol, 2.0 equiv). The mixture was vigorously
MW: 234.0365

stirred at 10 °C for 1 h and then 2 h at rt. Then the reaction mixture was cooled to
0 °C and MeOH (20 mL) was added slowly, followed by 1 M HCI (20 mL), and the aqueous layer was
separated and extracted with EtOAc (3x30 mL). The combined organic extracts were washed with
brine (20 mL), dried over MgSQs, filtered, and concentrated under reduced pressure to give a white

solid as crude product, which was used directly in the next step without any further purification.

1H NMR (300 MHz, CDCl3) 6 7.82 (d, /= 7.9 Hz, 1H), 7.46 (d,/ = 7.6 Hz, 1H), 7.36 (t, ]/ = 7.5 Hz, 1H), 7.00
(t,]=7.6 Hz, 1H), 4.67 (s, 2H), 2.18 (s, 1H). The spectroscopic data are in good agreement with those

reported previously in the literature.10

2-iodobenzyl methanesulfonate (214):

OMs According to a literature procedure,! methanesulfonyl chloride (2.4 mL, 31 mmol)
| was added slowly at 0 °C to a solution of the above crude 213 (6.55 g, 28 mmol)
and triethylamine (5.9 mL, 42 mmol) in THF (45 mL). After stirring for 30 min, the

CgHglO3S reaction was quenched with water (20 mL), the aqueous phase was separated and
MW: 312.1215

extracted with DCM (3x30 mL). The combined organic layers were washed dried

over MgS0,, filtered, and concentrated under reduced pressure to give a yellow oil as crude product.

1H NMR (300 MHz, CDCl3) 6 7.92 - 7.83 (m, 1H), 7.52 - 7.43 (m, 1H), 7.44 - 7.33 (m, 1H), 7.13 - 7.02
(m, 1H), 5.26 (s, 2H), 3.02 (s, 3H). The spectroscopic data are in good agreement with those reported
previously in the literature.1! The crude product was used directly in the next step without any further

purification.

9 ]. Bello-Garcia, D. Padin, ]. A. Varela, C. Sa3, Org. Lett. 2021, 23, 5539-5544.
10 T. V. Q. Nguyen, W.-]. Yoo, S. Kobayashi, Adv. Synth. Catal. 2016, 358, 452-458.
11 H. Kim, K. Inoue, ].-I. Yoshida, Angew. Chem. Int. Ed. 2017, 56, 7863-7866.

202 SORBONNE UNIVERSITE



PART IIl: EXPERIMENTAL SECTION

Diethyl 2-(2-iodobenzyl)malonate (215):

CO,Et According to a literature procedure,!! to a solution of NaH 60% dispersion in

CO,Et mineral oil (7.440 g, 31 mmol) in THF (55 mL) at 0 °C was added slowly diethyl

I malonate (4.965 g, 31 mmol). After 5 min stirring, the above crude 2-iodobenzyl

methanesulfonate was added slowly at the same temperature and then the reaction
C14H47104
MW: 376.1905 mixture was stirred 40 min at room temperature. Then the reaction mixture was

quenched with saturated NH4Cl aqueous solution (30 mL) and water (30 mL). The
aqueous layer was separated and extracted with EtOAc (3x30 mL). The combined organic extracts
were dried over MgS0y, filtered, and concentrated under reduced pressure to give a yellow oil as crude

product.

1H NMR (400 MHz, CDCl3) § 7.85 - 7.79 (m, 1H), 7.28 - 7.22 (m, 2H), 6.96 - 6.87 (m, 1H), 4.25 - 4.13
(m, 4H), 3.83 (t, /= 7.8 Hz, 1H), 3.33 (d, / = 7.8 Hz, 2H), 1.22 (t, / = 7.1 Hz, 6H). The spectroscopic data
are in good agreement with those reported previously in the literature.1! The crude product was used

directly in the next step without any further purification.

Ethyl 3-(2-iodophenyl)propanoate (216):

CO,Et According to a literature procedure,!! to a solution of the above crude 215 and
' NaCl (1.440 g, 59 mmol) was added water (1.1 mL, 59 mmol) and DMSO (36 mL)

and the mixture was refluxed at 190 °C for 20 h. Then the reaction was cooled down

C11H13102
MW: 304.1275

to room temperature and was quenched with 1 M HCI (20 mL) and water (30 mL).
The aqueous layer was separated and extracted with EtOAc (3x30 mL), and the
combined organic extracts were dried over MgSQy, filtered, and concentrated under reduced pressure

to give an orange oil as crude product.

1H NMR (300 MHz, CDCl3) 6 7.84 - 7.78 (m, 1H), 7.28 - 7.21 (m, 2H), 6.92 - 6.84 (m, 1H), 4.13 (q,/ =
7.1 Hz, 2H), 3.07 - 3.01 (m, 2H), 2.64 - 2.58 (m, 2H), 1.24 (t, / = 7.1 Hz, 3H). The spectroscopic data are
in good agreement with those reported previously in the literature.ll The crude product was used

directly in the next step without any further purification.
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3-(2-iodophenyl)propan-1-ol (217):

OH According to a literature procedure,!! to a solution of the above crude ethyl 3-(2-
[ iodophenyl)propanoate in THF (35 mL) was added slowly DIBAL-H (85 mL, 1.0 M in
toluene, 85 mmol) at -40 °C and the reaction mixture was stirred at the same

CgH1110 temperature for 18 h. Then the reaction was quenched with cold 1 M HCI (30 mL),
MW: 262.0905

the aqueous layer was separated and extracted with EtOAc (3x20 mL), and the
combined organic extracts were dried over MgS0y, filtered, and concentrated under reduced pressure.
Purification of the crude product by flash column chromatography (pentane/EtOAc, 7:3) afforded
analitically pure 217 (4.2 g, 53% yield over 5 steps) as a colourless oil.

1H NMR (400 MHz, CDCl3) 6 7.82 - 7.78 (m, 1H), 7.29 - 7.19 (m, 2H), 6.91 - 6.82 (m, 1H), 3.70 (t, ] =
6.4 Hz, 2H), 2.84 - 2.76 (m, 2H), 2.06 (bs, 1H), 1.91 - 1.82 (m, 2H). 13C NMR (101 MHz, CDCI3) 6 144.4,
139.6,129.5,128.4, 127.9,100.7, 62.1, 37.1, 33.1. The spectroscopic data are in good agreement with

those reported previously in the literature.!2

3-(2-iodophenyl)propyl methanesulfonate (218):

oms | According to aliterature procedure,'® methanesulfonyl chloride (1.4 mL, 18 mmol)
| was added slowly at 0 °C to a solution of 217 (3.95 g, 15 mmol) and triethylamine
(4.8 mL, 34.5 mmol) in dichloromethane (15 mL). After stirring for 30 min, the

C1oH13105S reaction was quenched with water (30 mL), the aqueous phase was separated and
MW: 340.1755

extracted with DCM (3x30 mL). The combined organic layers were washed dried

over MgS0y, filtered, and concentrated under reduced pressure to give a yellow oil as crude product.

1H NMR (300 MHz, CDCl3) 7.84 - 7.77 (m, 1H), 7.32 - 7.17 (m, 2H), 6.95 - 6.84 (m, 1H), 4.26 (t,/ = 6.3
Hz, 2H), 3.01 (s, 3H), 2.89 - 2.80 (m, 2H), 2.11 - 1.99 (m, 4H). The spectroscopic data are in good
agreement with those reported previously in the literature.1# The crude product was used directly in

the next step without any further purification.

12 ], Tummatorn, G. B. Dudley, Org. Lett. 2011, 13, 1572-1575.
13 A. Minatti, S. L. Buchwald, Org. Lett. 2008, 10, 2721-2724.
14 R. Willand-Charnley, B. W. Puffer, P. H. Dussault, J. Am. Chem. Soc. 2014, 136, 5821-5823.
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1l-iodo-2-(3-iodopropyl)benzene (219):

| According to a modified literature procedure,4 to a solution of the above crude ethyl
I 218 in acetone (60 mL) was added Nal (11.24 g, 75 mmol) and the mixture was
stirred at reflux for 3 h. Then the reaction mixture was cooled down to room

CoH1ola temperature and was added water (30 mL). The aqueous layer was separated and
MW: 371.9879

extracted with EtOAc (3x20 mL), and the combined organic extracts were dried over
MgSO,, filtered, and concentrated under reduced pressure and the crude material was purified by
filtration through a plug silica gel (pentane) recovering analytically pure 219 (5.1 g, 91% yield over 2

steps) as a colourless oil.

1H NMR (300 MHz, CDCl3) 7.86 - 7.78 (m, 1H), 7.33 - 7.21 (m, 2H), 6.97 - 6.86 (m, 1H), 3.23 (t, /= 6.8
Hz, 2H), 2.89 - 2.80 (m, 2H), 2.13 (p, J = 7.0 Hz, 2H). 13C NMR (75 MHz, CDCl3) 6 143.2, 139.8, 129.8,
128.5,128.2,100.7,41.4, 33.7, 6.0. The spectroscopic data are in good agreement with those reported

previously in the literature.!>

1-(4,4-diiodobutyl)-2-iodobenzene (220):

| According to a modified procedure,? A solution of CHzI; (5.2 mmol, 65 mmol) in
| THF (15 mL) was added dropwise to a solution of NaHMDS (34.2 mL, ~ 1.9 M in
THF, 65 mmol) in Et;0 (60mL) at =78 °C. After 20 min at =78 °C, a solution of 219
(4.85 g, 13 mmol) in THF (20 mL) was added dropwise at the same temperature.

CioHy4l
MW- 5119114 After complete addition the reaction mixture was allowed to warm slowly to room

temperature over 16 h in the dark. Water (100 mL) was added, and the mixture
was extracted with dichloromethane (3x50 mL). The combined organic layers were washed with
saturated Na;S;03 aqueous solution (30 mL), dried over MgSOs, filtered, and concentrated under
reduced pressure. Purification of the crude product by flash column chromatography (pentane)

afforded analitically pure 220 (5.4 g, 81% yield) as a yellow-orange solid.

1H NMR (400 MHz, CDCls) & 7.86 - 7.80 (m, 1H), 7.33 - 7.27 (m, 1H), 7.24 - 7.19 (m, 1H), 6.95 - 6.88
(m, 1H), 5.15 (t, ] = 6.4 Hz, 1H), 2.82 - 2.75 (m, 2H), 2.50 - 2.43 (m, 2H), 1.82 - 1.71 (m, 2H). 13C NMR
(101 MHz, CDCls) & 143.94, 139.72, 129.47, 128.58, 128.16, 100.70, 47.68, 38.81, 32.45, -26.22. IR
(ATR) 2984, 2945, 1464, 1453, 1434, 1330, 1255, 1150, 1115, 1080, 1030, 1010 cm-L. MS (EI, 70 V)
m/z: 512 (M*, 0.2%), 386 (0.2%), 217 (15%), 131 (100%), 91 (39%), 51 (17%).

15 L. Ripa, L., A. Hallberg, J. Org. Chem. 1996, 61, 7147-7155.
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3.4. Preparation of 1,1-Bis(iodozincio)alkanes

3.4.1. General Procedure for the preparation of 1,1-Bis(iodozincio)
Alkanes (GP1)

Zn dust (4.0 equiv)
| PbCl, (2 mol%)

= n
TMSCI (8 mol%) Znl R = Me (117), Et (119), "Pr (195),
BN R™Znl (CH,)3(4-Tol) (196), Bn (197),
THF, 0°Ctort,5h (CH,)3(2-1CgH,) (221)

To a THF (1 mL) suspension of Zn dust (1.3 g, 20 mmol, 4 equiv) and PbCl; (28 mg, 0.1 mmol, 0.02
equiv) under argon atmosphere, was added trimethylsilyl chloride (0.05 mL, 0.4 mmol), and the
mixture was stirred for 10 minutes at rt. The mixture was cooled down to 0 °C and was added dropwise
a THF (4 mL) solution of 1,1-diiodoalkane (5 mmol) over 2 h. After complete addition, the resulting
mixture was stirred for 3 h at rt. The excess of zinc was removed by centrifugation and the supernatant
was transferred in an oven-dried flask and stored under a positive pressure of argon at -20 °C. The

reagent was titrated with I; to determine the corresponding title.16

znl Znl znl ©\/ka
Me)\ZnI Et)\ZnI ”Pr)\ZnI Znl

117, p. 206 119, p. 207 195, p. 207 197, p. 207
M |
Znl Znl
196, p. 207 221, p. 207

Chart of 1,1-(diiodozincio)alkanes synthesized via GP1.

1,1-(diiodozincio)ethane (117):

20l Prepared according to GP1, from 1,1-diiodoethane 116 (1.409 g, 5 mmol, 1.0 equiv)

Me” 2 as a pale-grey THF solution. Concentration of ~0.4 - 0.5 M was routinely obtained.

C2H4I22n2
MW: 412.6229

16 A. Krasovskiy,P. Knochel, Synthesis 2006, 2006, 890-891.
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1,1-(diiodozincio)propane (119):

2l Prepared according to GP1, from 1,1-diiodopropane 118 (1.479 g, 5 mmol, 1.0

equiv) as a pale-grey THF solution. Concentration of ~0.4 - 0.5 M was routinely

Et Znl

CaHehZn, obtained.

MW: 426.6499

1,1-(diiodozincio)butane (195):

Prepared according to GP1, from 1,1-diiodobutane 193 (1.549 g, 5 mmol, 1.0 equiv)

oy as a pale yellow-grey THF solution. Concentration of ~0.5 - 0.6 M was routinely

obtained.

C4H8|22n2
MW: 440.6769

1,1-(diiodozincio)-4-(4-methyl-phenyl)butane (196):

Prepared according to GP1, from 192 (2.0 g, 5 mmol, 1.0 equiv) as a orange-

Me znl
\©\M/L red THF solution. Concentration of ~0.4 - 0.5 M was routinely obtained.
5 Znl

CoH10l2Zn;
MW: 502.7479

1,1-(diiodozincio)-2-phenylethane (1):

Prepared according to GP1, from (2,2-diiodoethyl)benzene (1.790 g, 5 mmol, 1.0

Znl
©\/L equiv) as an orange THF solution. Concentration of ~0.6 M was obtained.
Znl

C8H8|22n2
MW: 488.7209

1,1-(diiodozincio)-4-(2-iodophenyl)butane (221):

Prepared according to GP1, from 220 (1.790 g, 5 mmol, 1.0 equiv) as a

! znl
©1/sz | orange-red THF solution. Concentration of ~ 0.32 M was obtained.
n

CioH1113Zn;
MW: 642.6714
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3.5. Synthesis of Ligands

Tris(3,5-bis(trifluoromethyl)phenyl)phosphane (L17):

CF, According to a literature procedure,’” a solution of 1-bromo-3,5-

P@) bis(trifluoromethyl)benzene (3.620 mL, 21.0 mmol, 3.0 equiv) in anhydrous Et,0
3

(15 mL) was added dropwise to a suspension of magnesium turnings (730 mg, 30.0

CyaHoF 1P mmol, 4.3 equiv) in anhydrous Et,0 (10 mL) and some grains of I,. The reaction
MW: 670.2810

mixture was then refluxed for 2 h before cooling down to 0 °C. To the dark orange
solution containing the Grignard reagent was carefully added dropwise a solution of phosphorus
trichloride (0.610 mL, 7.0 mmol, 1.0 equiv) in anhydrous diethyl ether (10 mL). After complete
addition, the mixture was refluxed for 1 h. Then the orange suspension obtained was cooled down to
0°Cand 10% aqueous HCl (30 mL) was added slowly. The aqueous phase was separated and extracted
with Et;0 (3x15 mL). The organic fractions were combined and dried over anhydrous MgSQOy, filtered
and concentrated under reduced pressure. Purification of the crude product by flash column
chromatography on silica gel (pentane) afforded analytically pure L17 (3.99 g, 85% yield) as a white

solid.

1H NMR (400 MHz, CDCl3) 6 7.98 (s, 3H), 7.75 (d, ] = 7.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) 6 137.6 (d,
] =17.5 Hz), 133.4 (bd, ] = 22.0 Hz), 133.1 (qd, ] = 33.9, 6.8 Hz), 124.7-124.5 (m), 122.9 (q, ] = 273.2
Hz). 19F NMR (376 MHz, CDCI3) 6 -63.3.31P NMR (162 MHz, CDCI3) 6 -4.1. Physical and spectroscopic

data were in good agreement with those previously reported.”

17 D. Herrera, D. Peral, M. Corddn, ]. C. Bayén, Eur. J. Inorg. Chem. 2021, 354-363.
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Synthesis of enantiopure ligand L21

The following synthetic sequence was used:

| OH ) OMe
' By By Mel (3.3 equiv) By By -
' Ba(OH),'8H,0 (1.35 equiv) '
E DMF, rt, 20 h :
: Br 179 g !
OH BF3-OEt, COLE ArBr (5 equiv) Ary AT
) o HEt ! 0
EtO Cﬁ)\ (1.2 equiv) >< j/ Mg (5.3 equiv) >< OH
2 v
COEt acetone, o, THF, reflux, 20 h o—-, OH
OH 0°Ctort,20h COAEt
178 180 Ar Ar
Ar Ar 1) PCl5 (1.1 equiv)
0 Q Et3N (3.5 equiv)
> PN ) THF, 0°C, 1h
o~ _0o
L21 A 2) O\IH
10. i
Ar = 3,5-Bu-4-OMe-Ph (10.0 equiv)

THF, 0°Ctort, 20 h

Diethyl (4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (178):

COLE According to a literature procedure,’® an oven-dried round-bottom flask was

O
M
e>< charged with (+)-diethyl L-tartrate (4.124 g, 20.0 mmol, 1.0 equiv, ee >99%) and
Me™ 0o,
? 30 mL of acetone under argon atmosphere. A solution 46.5% of BF3-Et,0 (6.4 mL,
C11H4150
MW:1 124168_2290 24.0 mmol, 1.2 equiv) was added dropwise at 0 °C, and after complete addition

the mixture was stirred at rt overnight. The reaction was quenched with 150 mL

of sat. aqueous NaHCOs3, and the aqueous layer was extracted with EtOAc (3x40 mL). The combined

organic fractions were washed with water, dried over anhydrous MgSQj,, filtered, and concentrated

under reduced pressure. Purification of the crude product by flash column chromatography on silica

gel (

cyclohexane/EtOAc, 85:15) afforded analytically pure 178 (3.659 g, 74% yield) as a yellow oil.

1H NMR (400 MHz, CDCI3) 6 4.75 (s, 2H), 4.27 (q,] = 7.1 Hz, 4H), 1.49 (s, 6H), 1.30 (t, ] = 7.1 Hz, 6H).
13C NMR (101 MHz, CDCl3) & 169.8, 113.9, 77.3, 62.0, 26.5, 14.2. The spectral data was in good

agre

ement with that previously reported.1?

18 Y.-X. Wang, S.-L. Qi, Y.-X. Luan, X.-W. Han, S. Wang, H. Chen, M. Ye, ]. Am. Chem. Soc. 2018, 140, 5360-5364.
19 R. A. Fernandes, Eur. J. Org. Chem. 2007, 5064-5070.
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5-Bromo-1,3-di-tert-butyl-2-methoxybenzene (179):

According to a literature procedure,?? an oven-dried flask equipped with stirring

OMe
Bu Bu bar was charged with barium hydroxide octahydrate (4.26 g, 13.5 mmol, 1.35
equiv) and 4-bromo-2,6-di-tert-butylphenol (2.85 g, 10.0 mmol, 1.0 equiv) under
Br argon atmosphere. Then was added DMF (35 mL) and the mixture was stirred at
C15H23Br0 . . .
MW: 299 2520 rt for 3 minutes. After that, iodomethane (2.05 mL, 33.0 mmol, 3.3 equiv) was

added and the reaction was stirred at rt for 20 h. Then the insoluble salts were
filtered off and washed with Et;0. The filtrate was washed with water, ag. NaOH 1 M (30 mL), brine,
dried over MgS0y, filtered, and concentrated under reduced pressure. Purification of the crude product
by flash column chromatography (pentane) afforded analytically pure 179 (2.09 g, 70% yield) as a

colourless oil, which solidifies at rt.

1H NMR (400 MHz, CDCl3) 8 7.33 (s, 2H), 3.68 (s, 3H), 1.41 (s, 18H). 13C NMR (101 MHz, CDCl3) & 158.9,
146.2, 129.7, 116.5, 64.5, 36.1, 32.0. The spectral data was in good agreement with that previously

reported.20

((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)-bis-(bis  (3,5-di-tert-butyl-4 methoxyphenyl)
methanol) (180):

'Bu'BU According to a literature procedure,?! An oven-dried two-neck round bottom

MeO OMe
O Q flask equipped with a magnetic stirring bar and a reflux condenser was
1 4
Bu Bu charged with activated magnesium turnings (139 mg, 5.3 mmol), one grain of
o]
Me OH

Me>< oH I> and anhydrous THF (2 mL). A solution of the aryl bromide 179 (1.496 g, 5
o~ ",
Bu O O Bu mmol, 5.0 equiv) in anhydrous THF (5 mL) was added dropwise to initiate the
Ve om reaction (may need a warm of an oil bath or heat gun). When the colour of the
e e

|1 1
Bu'Bu solution disappeared, the remaining solution was added slowly, and the
Ce7H10208

MW-: 1035.5450 reaction mixture was refluxed for 2 h. After that the reaction mixture was

cooled down to rt, and a solution of isopropylidene-protected diethyl tartrate
178 (246 mg, 1 mmol, 1.0 equiv) in anhydrous THF (4 mL) was added slowly. After complete addition,
the reaction mixture was refluxed 20 h and then cooled down to rt. The reaction mixture was carefully
quenched with sat. NH4ClI solution (4 mL), HCI (1 M, 1 mL) and water (5 mL). The aqueous layer was
separated and extracted with diethyl ether (3x10 mL). The combined organic extracts were washed

with brine, dried over MgSOj, filtered, and concentrated under reduced pressure. Purification of the

20 N. Ukwitegetse, ]J. R. Sommer, P. ]. G. Saris, R. Haiges, P. I. Djurovich, M. E. Thompson, Chem. Eur. J. 2019, 25,
1472-1475.
21Y.-X. Wang, S.-L. Qj, Y.-X. Luan, X.-W. Han, S. Wang, H. Chen, M. Ye, . Am. Chem. Soc. 2018, 140, 5360-5364.
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crude product by flash column chromatography in silica gel (cyclohexane/EtOAc, 98:2) afforde the
corresponding TADDOL (970 mg, 94% yield) as yellow/orange solid.

1H NMR (300 MHz, CDCl3) 6 7.36 (s, 4H), 7.21 (s, 4H), 4.72 (s, 2H), 3.65 (s, 6H), 3.62 (s, 6H), 3.26 (bs,
2H), 1.41 (s, 36H), 1.31 (s, 36H), 0.93 (s, 6H). 13C NMR (75 MHz, CDCl3) 6 158.6, 158.56, 158.52, 158.1,
157.9, 142.5, 142.3, 141.8, 141.7, 141.6, 141.3, 141.0, 140.9, 140.0, 137.0, 136.88, 136.85,
136.21,136.20, 127.7, 127.2, 126.3, 125.9, 125.8, 109.9, 109.0, 83.5, 83.4, 83.3, 83.1, 82.1, 82.0, 81.7,
81.28, 81.26, 78.5, 77.4, 64.4, 64.24, 64.20, 64.1, 45.3, 45.0, 36.1, 35.98, 35.95, 35.89, 35.86, 32.44,
32.37,32.32, 32.30, 32.22, 32.15, 27.9, 27.6, 27.5, 27.1, 25.5, 24.4. IR (ATR) 2960, 1448, 1416, 1214,
1117, 1015, 892, 789, 683 cm-1. HRMS (ESI) m/z: [M+Na]* calcd for Ce7H1020sNa 1057.7467, found
1057.7507.

1-((3aR,8aR)-4,4,8,8-tetrakis(3,5-di-tert-butyl-4-methoxyphenyl)-2,2-dimethyl
tetrahydro-[1,3]dioxolo[4,5-€][1,3,2]dioxaphosphepin-6-yl)piperidine (L21):

According to a literature procedure,?? an oven-dried round bottom flask
equipped with a magnetic stirring bar was charged with the TADDOL 180
(932 mg, 0.9 mmol, 1.0 equiv) and anhydrous THF (5 mL) under argon
atmosphere. EtsN (0.440 mL, 3.15 mmol, 3.5 equiv) was added at rt, and
the reaction mixture was cooled to 0 °C before dropwise addition of
phosphorous trichloride (0.090 mL, 1 mmol, 1.1 equiv). The mixture was

stirred for 1 h at 0 °C, after which piperidine (0.890 mL, 9.0 mmol, 10.0

Cr72H11oNOgP
MW: 1148.6448

equiv) was added dropwise at 0 °C. Then the reaction was stirred

overnight at rt, diluted with Et;0, and filtered. The filtrate was
concentrated under reduced pressure and the resulting crude material was purified by flash column
chromatography in silica gel (cyclohexane/EtOAc, 98:2) to afford the desired phosphoramidite L21
analitically pure (880 mg, 85% yield) as a slightly yellow solid.

1H NMR (400 MHz, CDCl3) § 7.65 (s, 2H), 7.58 (s, 2H), 7.31 (s, 2H), 7.20 (s, 2H), 5.22 (dd, ] = 8.7, 2.5 Hz,
1H), 4.65 (d, ] = 8.7 Hz, 1H), 3.68 (s, 3H), 3.67 (s, 3H), 3.65 (s, 3H), 3.60 (s, 3H), 3.44 - 3.25 (m, 4H),
1.72 - 1.58 (m, 6H), 1.46 (s, 3H), 1.44 (s, 18H), 1.41 (s, 18H), 1.39 (s, 18H), 1.38 (s, 18H), 0.23 (s, 3H).
13C NMR (101 MHz, CDCls) § 158.7, 158.5, 158.2, 157.9, 142.3, 141.7, 141.6, 141.3, 141.0, 136.89,
136.87, 136.23, 136.22, 127.8, 126.0, 125.8, 109.9, 83.5, 83.4, 83.3, 83.1, 82.1, 82.0, 81.3, 81.3, 64.2,
64.1,45.3,45.1, 36.1, 36.0, 35.91, 35.88, 32.5, 32.34, 32.32, 32.2, 27.9, 27.6, 27.5, 27.1, 25.6, 24.4. 31P

22 D. M. Dalton, K. M. Oberg, R. T. Yu, E. E. Lee, S. Perreault, M. E. Oinen, M. L. Pease, G. Malik, T. Rovis, J. Am.
Chem. Soc. 2009, 131,15717-15728.
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NMR (162 MHz, CDCI3) 6 136.5 (s). The spectroscopies properties are in good agreement with that

previously reported.23

NOTE: 1-((3aS,8aS)-4,4,8,8-tetrakis(3,5-di-tert-butyl-4-methoxyphenyl)-2,2-dimethyltetrahydro-
[1,3]-dioxolo[4,5-€][1,3,2]dioxaphosphepin-6-yl)piperidine (ent-L21) was prepared from (-)-diethyl
D-tartrate (ee >99%) in comparable yield using the same synthetic sequence. Racemic (+)-L21 was
obtained either by applying the same synthetic sequence to racemic (#)-diethyl tartrate or by mixing

equimolar amounts of L21 and ent-L21.

3.6. Preparation of secondary Benzylzinc Halides via
Reductive Zincation

Synthesis of (1-phenylethyl)zinc chloride ((x)-182a-Cl):

The following synthetic sequence was used:

LiCl (1.5 equiv)
Zn dust (1.5 equiv) -
OH Cl BrCH,CH,Br (5 mol%) ZnCI-LiCl

HCI (2.0 equiv) TMSCI (1 mol%)
_ >
pentane, rt, 1 h 181 THF, 0°Ctort, 24 h

(1-iodoethyl)benzene (181):

(+)-182a-Cl

Cl To a solution of 1-phenylethan-1-o0l (1.833 g, 15 mmol, 1.0 equiv) in pentane (7 mL),
©)\ was added HCI 12 M (2.5 mL, 30 mmol, 2.0 equiv), and the reaction mixture was
stirred atrt for 1 h. The reaction was quenched by addition of a solution KOH 1 M until

CgHoCl
MW: 140.6100

neutrality of the mixture. Then mixture was extracted with pentane (3x10 mL), and

the combined organic phases were washed with brine, dried over MgSOy,, filtered, and
concentrated under reduced pressure. The crude material was filtered through a plug of silica gel,
washed with pentane and concentrated under reduced pressure to recover analytically pure 181 (1.68

g, 80% yield) as colourless oil.

1H NMR (300 MHz, CDCI3) 6 7.49 - 7.29 (m, 5H), 5.13 (q, / = 6.8 Hz, 1H), 1.89 (d, J = 6.9 Hz, 3H). 13C
NMR (101 MHz, CDCl3) & 142.8, 128.6, 128.2, 126.5, 58.7, 26.5. The spectral data was in good

agreement with that previously reported.z4

23 R. Oost, A. Misale, N. Maulide, Angew. Chem. 2016, 128, 4663-4666.
24 P._ H. Huy, S. Motsch, S. M. Kappler, Angew. Chem. Int. Ed. 2016, 55, 10145-10149.
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(1-phenylethyl)zinc chloride ((£)-182a-Cl):

oo An oven dried flask was charged with anhydrous LiCl (318 mg, 7.5 mmol, 1.5
nCl-L1

equiv) and it was dried under high vacuum at 450 °C for 10 min. After cooling, Zn

dust was added (490 mg, 7.5 mmol, 1.5 equiv) and the flask was heated again for

CgHgClzLiZn
MW: 248.3800

10 minutes under high vacuum. Then, after cooling was added dry THF (1.2 mL)

and the zinc was activated adding 1,2-dibromoethane (22 pL, 0.25 mmol, 0.05
equiv) and heating the reaction mixture until ebullition occurred. After cooling to 25 °C, trimethylsilyl
chloride (10 pL, 0.05 mmol, 0.01 equiv) was added and the mixture was heated again until ebullition
occurred. Then the mixture was cooled down to rt and a solution of 181 (703 mg, 5.0 mmol, 1.0 equiv)
in THF (1.2 mL) was added dropwise over 1 h. After complete addition, the reaction mixture was
stirred at rt for 23 h. The excess of zinc was removed by centrifugation and the liquid supernatant was
transferred to another oven-dried flask under a positive pressure of argon and stored at -20 °C. The
yield of the resulting benzylic zinc chloride was determined by titration with 1.16 Concentration of

~1.1 M was obtained.

Synthesis of (1-phenylethyl)zinc iodide ((x)-182a)

The following synthetic sequence was used:

. LiCl (1.5 equiv)
Iz (1.1 equiv) Zn dust (1.5 equiv) -
OH PPhj3 (1.05 equiv) | BrCH,CH,Br (5 mol%) Znl-LiCl

Imidazole (2.0 equiv) ©)\ TMSCI (1 mol%) ©)\
X THF, 0°Ctort, 4 h
CH,Cly, 0°Ctort, 3h 184 or (£)-182a

(1-iodoethyl)benzene (184):

To a solution of 1-phenylethan-1-o0l (1.833 g, 15 mmol, 1.0 equiv) in dichloromethane
|

(40 mL) at 0 °C, were added in this order PPhs (4.196 g, 16 mmol, 1.05 equiv),
imidazole (2.042 g, 30 mmol, 2.0 equiv) and finally I, (4.188 g, 16.5 mmol, 1.1 equiv).

CgHel After 5 min at 0 °C, the mixture was stirred at rt for 3 h. The reaction was quenched
MW: 232.0645

by addition of an aqueous sat. Na;S203 solution until loss of colour. Then the reaction
mixture was extracted with CH2Cl; (3x30 mL), the combined organic phases were dried over MgS04,
filtered, and concentrated to 10 mL under reduced pressure. After addition of 70 mL of pentane the
mixture was filtered through a plug silica gel, washed with pentane and concentrated under reduced
pressure to recover analytically pure 184 (1.82 g, 52% yield) as yellow oil, which turns quickly to

orange and then red if exposed to heat or light.
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1H NMR (400 MHz, CDCl3) 6 7.43 - 7.38 (m, 2H), 7.28 - 7.17 (m, 3H), 5.36 (q,] = 7.1 Hz, 1H), 2.18 (d, ]
= 7.1 Hz, 3H). 13C NMR (75 MHz, CDCI3) 6 145.5, 128.9, 128.1, 126.8, 29.2, 26.6. The spectral data was

in good agreement with that previously reported.2s

(1-phenylethyl)zinc iodide ((x)-182a):

An oven dried flask was charged with anhydrous LiCl (191 mg, 4.5 mmo], 1.5 equiv)

Znl'LiCl

and it was dried under high vacuum at 450 °C for 10 min. After cooling, Zn dust was
added (294 mg, 4.5 mmol, 1.5 equiv) and the flask was heated again for 10 minutes

CgHgClILiZn under high vacuum. Then, after cooling was added dry THF (2 mL) and the zinc was
MW: 339.8345

activated adding 1,2-dibromoethane (15 pL, 0.15 mmol, 0.05 equiv) and heating the
reaction mixture until ebullition occurred. After cooling to 25 °C, trimethylsilyl chloride (5 pL, 0.03
mmol, 0.01 equiv) was added and the mixture was heated again until ebullition occurred. Then the
mixture was cooled down to 0 °C and a solution of 184 (696 mg, 3.0 mmo], 1.0 equiv) in THF (1 mL)
was added slowly over 1 h. After complete addition, the reaction mixture was stirred at rt for 3 h. The
excess of zinc was removed by centrifugation and the liquid supernatant was transferred to another
oven-dried flask under a positive pressure of argon and stored at —20 °C. The yield of the resulting

benzylic zinc iodide was determined by titration with 1;.16 Concentration of ~0.2 M was obtained.

Synthesis of (1,2,3,4-tetrahydronaphthalen-1-yl)zinc chloride (211-Cl):
The following synthetic sequence was used:

LiCl (1.5 equiv)
Zn dust (1.5 equiv)
BrCH,CH,Br (5 mol%)

TMSCI (1.2 equiv) TMSCI (1 mol%)
rt, 24 h THF, 0°Ctort, 24 h

OH 210 CI 211-Cl ZnCI-LiCl

1-Chloro-1,2,3,4-tetrahydronaphthalene (210):

.

According to a literature procedure,2¢ an oven-dried flask equipped with stirring bar
was charged with 1,2,3,4-tetrahydronaphthalen-1-ol (2.964 g, 20 mmol, 1.0 equiv)

Cl and trimethylsilyl chloride (3 mL, 24 mmol, 1.2 equiv) and the mixture was stirred

vigorously at rt for 24 h. Upon completion of the reaction, the mixture was filtered
MW: 166.6480

25A. K. Jha, S. Kishor, N. Jain, RSC Adv. 2015,5, 55218-55226.
26 N. Ajvazi, S. Stavber, Tetrahedron Lett. 2016, 57, 2430-2433.
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through a plug of silica gel, washed with pentane and concentrated under reduced pressure to recover

analytically pure 210 (3.0 g, 90% yield) as colourless oil.

1H NMR (300 MHz, CDCl3) 6 7.49 - 7.40 (m, 1H), 7.28 - 7.12 (m, 3H), 5.38 (t,/ = 3.5 Hz, 1H), 3.02 - 2.76
(m, 2H), 2.43 - 2.20 (m, 3H), 1.99 - 1.87 (m, 1H). 13C NMR (75 MHz, CDCl3) 6 136.7,136.4, 130.4, 129.3,
128.3, 126.3, 58.7, 33.1, 28.9, 18.4. The spectral data was in good agreement with that previously

reported.2é

(1,2,3,4-tetrahydronaphthalen-1-yl)zinc chloride (211-Cl):

An oven dried flask was charged with anhydrous LiCl (318 mg, 7.5 mmol, 1.5 equiv)
and it was dried under high vacuum at 450 °C for 10 min. After cooling, Zn dust was
ZnCILICI | added (490 mg, 7.5 mmol, 1.5 equiv) and the flask was heated again for 10 minutes

C1oH11CloLiZ
M:,(\J,: 12174_24;88 under high vacuum. Then, after cooling was added dry THF (1.5 mL) and the zinc

was activated adding 1,2-dibromoethane (22 pL, 0.25 mmol, 0.05 equiv) and
heating the reaction mixture until ebullition occurred. After cooling to 25 °C, trimethylsilyl chloride
(10 pL, 0.05 mmol, 0.01 equiv) was added and the mixture was heated again until ebullition occurred.
Then the mixture was cooled down to 0 °C and a solution of 210 (830 mg, 5.0 mmo], 1.0 equiv) in THF
(1.5 mL) was added dropwise over 1 h. After complete addition, the reaction mixture was stirred at rt
for 23 h. The excess of zinc was removed by centrifugation and the liquid supernatant was transferred
to another oven-dried flask under a positive pressure of argon and stored at —-20 °C. The yield of the
resulting benzylic zinc chloride was determined by titration with 1,.16 Concentration of ~0.9 M was

obtained.
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3.7. Preparation of Thioesters

3.7.1. General Procedure for the Preparation of Thioesters (GP2)

R2SH (1.0 equiv)

0 Pyridine (1.0 equiv) L e
RVl r174s R
CH,Cly, 0 °C to rt, ’
2h

According to a literature procedure,?” an oven-dried round-bottomed flask equipped with stirring
bar was charged with methylene chloride (7 mL), thiol (5 mmol, 1 equiv) and pyridine (0.4 mL, 5 mmol],
1 equiv) under argon atmosphere. The mixture was cooled to 0 °C in ice bath and the corresponding
acyl chloride (5 mmol, 1 equiv) was added dropwise. The resulting suspension of white solid was
stirred for an additional 5 min at 0 °C and at room temperature for 2 h. After that was added cold water
(15 mL), the aqueous phase was separated and extracted with methylene chloride (3x10 mL), and the
combined organic phases were dried over MgSQ,, filtered, and concentrated under reduced pressure.

The crude product was purified by flash chromatography in silica gel to afford the desired thioester.

O e AT RO

177a, p. 217 177a(b), p. 217 177a(c), p. 217 177b, p. 218
? O ? ) 2 ) 2 )
: . s s
(@] CbzN
177c, p.218 177d, p. 218 177e, p. 219 1771, p. 219

WSO O 2D @Ais@

1779, p. 220 177h, p. 220 177, p. 220 177, p. 221

? O 2 1) 2 )
fBu)J\S S oS S
@ @A

177k, p. 221 1771, p. 221 177m, p. 222

Chart of thioesters synthesized via GP2.

27 C. L. Compton, K. R. Schmitz, R. T. Sauer, J. K. Sello, ACS Chem. Biol. 2013, 8, 2669-2677.
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S-phenyl cyclopentanecarbothioate (177a):

Prepared according to GP2 from commercially available cyclopentanecarbonyl

O
I /© chloride (0.610 mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv).
S

Purification of the crude product by flash column chromatography

C12H1408 . s o
MW- 206 3030 (pentane/EtOAc, 98:2) afforded analitically pure 177a (939 mg, 91% yield) as a

colourless oil.

1H NMR (300 MHz, CDCls) § 7.47 - 7.35 (m, 5H), 3.10 (p, / = 7.8 Hz, 1H), 2.04 - 1.84 (m, 4H), 1.82 - 1.55
(m, 4H). 13C NMR (75 MHz, CDCls) § 201.0, 134.7, 129.3, 129.2, 128.3, 53.1, 30.8, 26.1. Spectroscopic

and physical properties match with those described in the literature.23

S-ethyl cyclopentanecarbothioate (177a(b)):

5 Prepared according to GP2, from commercially available cyclopentanecarbonyl

O)J\S/Et chloride (0.610 mL, 5 mmol, 1 equiv) and ethanethiol (0.37 mL, 5 mmol, 1 equiv).
Purification of the crude product by flash column chromatography (pentane/EtOAc,

CgH140S
MW: 158.2590

98:2) afforded analitically pure 177a(b) (695 mg, 91% yield) as yellow oil.

1H NMR (400 MHz, CDCl3) & 2.95 (p, ] = 7.9 Hz, 1H), 2.85 (q, ] = 7.4 Hz, 2H), 1.94 - 1.52 (m, 8H), 1.23 (t,
] = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) & 203.3, 53.4, 30.7, 26.0, 23.3, 14.9. IR (ATR) 2962, 2870,
1666, 1451, 1266, 1155, 1055, 1000, 867, 816 cm-L. HRMS (APCI) m/z: [M+H]* calcd for CgH140SH
159.0838, found 159.0844.

S-(4-nitrophenyl) cyclopentanecarbothioate (177a(c)):

S NO, Prepared according to GP2, from commercially available
/©/ cyclopentanecarbonyl chloride (0.610 mL, 5 mmol, 1 equiv) and
G)\S commercially available 4-nitrobenzenethiol (780 mg, 5 mmol, 1 equiv).
C12H13NO3S Purification of the crude product by flash column chromatography

MW: 251.3000
(pentane/EtOAc, 97:3) afforded analitically pure 177a(c) (1.14 g, 91% yield)

as a yellow oil.

1H NMR (400 MHz, CDCl3) § 8.25 - 8.21 (m, 2H), 7.62 - 7.57 (m, 2H), 3.11 (p,/ = 8.1 Hz, 1H), 2.05 - 1.85
(m, 4H), 1.81 - 1.59 (m, 4H). 13C NMR (101 MHz, CDCI3) § 198.8, 148.1, 137.0, 134.8, 124.0, 53.6, 30.7,
26.0. IR (ATR) 2980, 2971, 2882, 1716, 1708, 1598, 1577, 1514, 1346, 1310, 1174, 1109, 1077, 1008,
953, 850, 835, 775, 744, 731, 686 cm'l. HRMS (APCI) m/z: [M+H]* calcd for C12H13NO3SH 252.0689,
found 252.0684.
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S-phenyl cyclohexanecarbothioate (177b):

o Prepared according to GP2, from commercially available cyclohexanecarbonyl
O)\S/Q chloride (0.67 mL, 5 mmol, 1 equiv) and and thiophenol (0.5 mL, 5 mmol, 1
equiv). Purification of the crude product by flash column chromatography

C13H160S . it 0% vi
MW 220.3300 (pentane/EtOAc, 98:2) afforded analitically pure 177b (1.020 g, 93% yield) as

pale-yellow oil.

1H NMR (300 MHz, CDCl3) 6 7.40 (s, 5H), 2.62 (tt, ] = 11.4, 3.5 Hz, 1H), 2.06-1.97 (m, 2H), 1.89-1.77
(m, 2H), 1.72-1.64 (m, 1H), 1.62-1.46 (m, 2H), 1.42-1.23 (m, 3H). 13C NMR (75 MHz, CDCl3) 6 200.9,
134.7,129.3,129.2, 128.1, 52.6, 29.7, 25.7, 25.6. The spectroscopic properties are in good agreement

with those previously reported.23

S-phenyl tetrahydro-2H-pyran-4-carbothioate (177¢):

5 Prepared according to GP2, from commercially available tetrahydro-2H-pyran-
O)‘\S@ 4-carbonyl chloride (740 mg, 5 mmol, 1 equiv) and and thiophenol (0.5 mL, 5
o] mmol, 1 equiv). Purification of the crude product by flash column
C12H14028 chromatography (pentane/EtOAc, 9:1) afforded analitically pure 177c¢ (1.045 g,
e 94% yield) as white solid (m.p. 69-71 °C).

1H NMR (400 MHz, CDCl3) § 7.43 - 7.39 (m, 5H), 4.02 (ddd, J = 11.9, 4.1, 3.3 Hz, 2H), 3.53 - 3.38 (m,
2H), 2.85 (tdd, J = 10.2, 6.6, 5.2 Hz, 1H), 1.94 - 1.83 (m, 4H). 13C NMR (101 MHz, CDCls) § 199.3, 134.7,
129.5,129.3,127.4, 67.1,49.2, 29.2. IR (ATR) 2961, 2860, 2847, 1701, 1478, 1446, 1385, 1277, 1257,
1237,1122,1084, 1051, 1013, 972,797, 755, 690 cm-L. HRMS (ESI) m/z: [M+H]* calcd for C1,H1402SH
223.0787, found 223.0785.

Benzyl 4-((phenylthio)carbonyl)piperidine-1-carboxylate (177d):

Prepared according to a modified procedure in literature,?3 from the
o]
/© corresponding 1-((benzyloxy)carbonyl)piperidine-4-carboxylic acid (1.315
S
CbzN g, 5 mmol, 1 equiv). This one was dissolved in DCM (5 mL) and after oxalyl

CyoHa1NO5S chloride (0.51 mL, 6 mmol, 1.2 equiv) and 2 drops of anhydrous DMF were
MW: 355.4520

added at rt. The reaction was stirred 3 h at room temperature. After that, the

reaction mixture was concentrated under reduced pressure and redissolved in DCM (7 mL). Then the
thiophenol (0.5 mL, 5 mmol, 1 equiv) and pyridine (0.4 mL, 5 mmol, 1 equiv) were added slowly at 0
°C, and the reaction was stirred for 2 hours at room temperature. After this time, the solution was

quenched with cold water (15 mL), the aqueous phase was separated and extracted with methylene
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chloride (3x10 mL), and the combined organic phases were dried over MgSQO,, filtered, and
concentrated under reduced pressure. Purification of the crude product by flash column
chromatography (pentane/EtOAc, from 10:1 to 8:2) afforded analitically pure 177d (1.590 g, 89%
yield) as a white solid (m.p. 89-91 °C).

1H NMR (400 MHz, CDCls) § 7.48 - 7.30 (m, 10H), 5.17 (s, 2H), 2.92 (t, ] = 12.2 Hz, 2H), 2.77 (tt, ] = 11.0,
3.8 Hz, 1H), 1.97 (d, ] = 13.2 Hz, 2H), 1.76 (qd, ] = 11.7, 4.1 Hz, 2H). 13C NMR (101 MHz, CDCls) § 198.9,
154.9,136.6,134.4,129.3,129.1,128.4, 127.9,127.8,127.1, 67.0, 49.7, 43.0, 28.3. IR (ATR) 2947, 1688,
1470, 1430, 1308, 1277, 1225, 1130, 1070, 1004, 969, 800, 748 cm-L. HRMS (ESI) m/z: [M+Na]* calcd
for C20H21NO3SNa 378.1134, found 378.1132.

S-phenyl 2-methylpropanethioate (177¢€):

Prepared according to GP2, from commercially available cyclobutanecarbonyl
chloride (0.57 mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv).
Purification of the crude product by flash column chromatography

(pentane/EtOAc, 98:2) afforded analytically pure 177e (830 mg, 86% yield) as a

C11 H1208
MW: 192.2760

colourless oil.

1H NMR (400 MHz, CDCl3) § 7.48-7.39 (m, 5H), 3.50 (p, ] = 8.5 Hz, 1H), 2.50- 2.37 (m, 2H), 2.35-2.22
(m, 2H), 2.09-1.89 (m, 2H). 13C NMR (101 MHz, CDCl3) § 199.4, 134.7, 129.3, 129.2, 128.0, 46.7, 26.2,

18.1. Spectroscopic and physical properties match with those described in the literature.z8

S-phenyl cyclopropanecarbothioate (177f):

Prepared according to GP2, from commercially available cyclopropanecarbonyl

O
%SQ chloride (0.45 mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv).

Purification of the crude product by flash column chromatography

C1oH100S
MW1:°1 71§_2490 (pentane/EtOAc, 98:2) afforded analitically pure 177f (884 mg, 99% yield) as a

white solid.

1H NMR (400 MHz, CDCl3) & 7.49 - 7.36 (m, 5H), 2.11 (tt, ] = 7.9, 4.5 Hz, 1H), 1.26 - 1.17 (m, 2H), 1.01
(dg, ] = 7.5, 4.3, 3.8 Hz, 2H). 13C NMR (101 MHz, CDCls) & 197.6, 134.7, 129.4, 129.3, 128.0, 22.3, 11.3.

Spectroscopic and physical properties match with those described in the literature.?

28 K.S. Jeong, H.K. Oh, Bull. Kor. Chem. Soc. 2007, 28, 2535-2538.
29 H. Keun Oh, J. Yun Lee, H. Whang Lee, 1. Lee New J. Chem., 2002, 26, 473-476.
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S-phenyl 2-methylpropanethioate (177g):

Prepared according to GP2, from commercially available isobutyryl chloride
o]

Mej)j\s/© (0.52 mL, 5 mmol, 1 equiv) and and thiophenol (0.5 mL, 5 mmol, 1 equiv).

Me Purification of the crude product by flash column chromatography

C10H1208 . .. o s
MW 180.2650 (pentane/EtOAc, 98:2) afforded analitically pure 177g (840 mg, 93% yield) as

colourless oil.

1H NMR (400 MHz, CDCI3) 6 7.46-7.37 (m, 5H), 2.88 (hept, ] = 6.9 Hz, 1H), 1.28 (d, ] = 6.9 Hz, 6H). 13C
NMR (101 MHz, CDCl3) 6 201.9, 134.7,129.3,129.2, 128.0,43.1, 19.5. The spectroscopic properties are

in good agreement with those previously reported.3°

S-phenyl 2,2-dichloroethanethioate (177h):

Prepared according to GP2, from commercially available 2,2-dichloroacetyl

O
cl /© chloride (0.48 mL, 5 mmol, 1 equiv) and and thiophenol (0.5 mL, 5 mmol, 1 equiv).
S

Cl Purification of the crude product by flash column chromatography
CgHgCl,0S (pentane/EtOAc, 98:2) afforded analitically pure 177h (850 mg, 77% yield) as
MW: 221.0950

pale-yellow oil.

1H NMR (400 MHz, CDCl3) 6 7.52 - 7.45 (m, 5H), 6.11 (s, 1H). 13CNMR (101 MHz, CDCl3) § 189.8,134.7,
130.4, 129.7, 125.7, 69.6. The spectroscopic properties are in good agreement with those previously

reported.3!

S-phenyl ethanethioate (177i):

Prepared according to GP2, from commercially available acetyl chloride (0.360
mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv). Purification of the

crude product by flash column chromatography (pentane/EtOAc, 98:2) afforded

CeHgOS
MW: 152.2110 analitically pure 177i (686 mg, 90% yield) as a colourless oil.

1H NMR (400 MHz, CDCl3) 6 7.45 - 7.40 (m, 5H), 2.43 (s, 3H). 13CNMR (101 MHz, CDCl3) 6 194.1, 134.6,
129.5, 129.3, 128.1, 30.3. Spectroscopic and physical properties match with those described in the

literature.32

30 T. Bottcher, S. A. Sieber, Angew. Chem. Int. Ed. 2008, 47, 4600-4603.

31 G. Tabarellj, E. E. Albert, A. M. Deobald, G. Marin, O. E. D. Rodrigues, L. Dornelles, A. L. Braga, Tetrahedron Lett. 2010,
51,5728-5731.

32 S. T. Kadam, S. S. Kim, Synthesis 2008, 2008, 3307-3313.
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S-phenyl 3-phenylpropanethioate (177j):

Prepared according to GP2, from commercially available 3-
i /@ phenylpropanoyl chloride (0.74 mL, 5 mmol, 1 equiv) and thiophenol (0.5
©/\)‘\S mL, 5 mmol, 1 equiv). Purification of the crude product by flash column
C1sH140S chromatography (pentane/EtOAc, 98:2) afforded analitically pure 177j
MW: 242.3360 (1.06 g, 93% yield) as white crystals (m.p. 51-53 °C).

1H NMR (300 MHz, CDCl5) & 7.44 - 7.35 (m, 5H), 7.38 - 7.25 (m, 2H), 7.29 - 7.17 (m, 3H), 3.10 - 2.91
(m, 1H). 13C NMR (101 MHz, CDCl5) § 196.8, 140.1, 134.6, 129.5,129.3, 128.7, 128.5, 127.8, 126.5, 45.3,

31.5. Spectroscopic properties match with those described in the literature.33

S-phenyl 2,2-dimethylpropanethioate (177k):

Prepared according to GP2, from commercially available pivaloyl chloride (0.62
o}

)J\S/© mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv). Purification of the
crude product by flash column chromatography (pentane/EtOAc, 98:2) afforded

t-Bu

C11H1408
MW-: 194.2920 analitically pure 177K (880 mg, 91% yield) as a colourless oil.

1H NMR (300 MHz, CDCl3) § 7.44 - 7.37 (m, 5H), 1.33 (s, 9H). 13C NMR (75 MHz, CDCl3) 6 204.7, 135.1,
129.2,129.2,128.3,47.1, 27.6. Spectroscopic properties match with those described in the literature.34

S-phenyl benzothioate (1771):

o Prepared according to GP2, from commercially available benzoyl chloride (0.58
©)LS/© mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv). Purification of
the crude product by flash column chromatography (pentane/EtOAc, 98:2)

C13H100S - 0/ v - i
MW1:3211£.2820 afforded analitically pure 1771 (970 mg, 91% yield) as white crystals (m.p. 53-55
°Q).

1H NMR (300 MHz, CDCl3) § 8.09 - 8.02 (m, 2H), 7.67 - 7.44 (m, 8H). 13C NMR (75 MHz, CDCl3) 6 190.2,
136.8, 135.2, 133.8, 129.6, 129.4, 128.9, 127.6, 127.5. Spectroscopic properties match with those

described in the literature.35

33 L. Sancineto, C. Tidei, L. Bagnoli, F. Marini, V. Lippolis, M. Arca, E.J. Lenardao, C. Santi, Eur. J. Org. Chem., 2016, 2016,
2999-3005.

34]. B. Azeredo, M. Godoi,R. S. Schwab, G. V. Botteselle, A. L. Braga, Eur. J. Org. Chem. 2013, 5188-5194.

35 X. Pan, D. Curran, Org. Lett. 2014, 16,2728-2731.
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S-phenyl furan-2-carbothioate (177m):

o /@ Prepared according to GP2, from commercially available 2-furoyl chloride (0.49
@)J\S mL, 5 mmol, 1 equiv) and thiophenol (0.5 mL, 5 mmol, 1 equiv). Purification of
\ O

the crude product by flash column chromatography (pentane/EtOAc, 95:5)
C41HgO,S

MW: 204.9430 afforded analitically pure 177m (980 mg, 96% yield) as a white solid.

1H NMR (400 MHz, CDCl3) § 7.64 - 7.62 (m, 1H), 7.54 - 7.49 (m, 3H), 7.47 - 7.43 (m, 2H), 7.28 - 7.25
(m, 1H), 6.58 (dd, J = 3.6, 1.7 Hz, 1H). 13C NMR (101 MHz, CDCI3) § 178.8, 150.5, 146.6, 135.3, 129.8,
129.4,126.3,116.4, 112.6. Spectroscopic properties match with those described in the literature.3¢

3.8. Preparation of Aryl lodides

Most aryl iodides were purchased from commercial suppliers, the following were prepared.

9-iodoanthracene (A1):

| According to a literature procedure,3” an oven-dried tube equipped with stirring

O‘O bar was charged with Cul (76 mg, 0.4 mmol, 0.1 equiv), Nal (1.139 g, 7.6 mmol,

1.9 equiv), and 9-bromoranthracene (1.029 g, 4 mmol, 1.0 equiv), under argon

Cy4Hgl atmosphere. Then was added anhydrous 1,4-dioxane (4 mL) and N,N’-
MW: 304.1305

dimethylethylene diamine (43 pL, 0.4 mmol, 0.1 equiv), the tube was sealed, and
the reaction was stirred at 160 °C for 20 hours. The reaction mixture was then quenched with aqueous
soln. of NH4OH, and the aqueous layer was extracted with ethyl acetate (3x15 mL). The combined
organic phase was washed with water, brine, dried over MgS04, and concentrated under reduced

pressure to afford analytically pure A1 (1.10 g, 90%) as a yellow solid.

1H NMR (400 MHz, CDCl3) 6 8.47 (d,J = 8.8 Hz, 2H), 8.42 (s, 1H), 7.94 (d, ] = 8.4 Hz, 2H), 7.62 - 7.45 (m,
4H). 13C NMR (101 MHz, CDCl3) & 133.9, 133.3, 132.1, 128.9, 128.7, 127.8, 125.7, 104.9. The

spectroscopic properties are in good agreement with those previously reported.3!

36 X. Zhu, Y. Shi, H. Mao, Y. Cheng, C. Zhu, Adv. Synth. Catal. 2013, 355, 3558-3562.
37 A.]. McGrath, G. E. Garrett, L. Valgimigli, D. A. Pratt, J. Am. Chem. Soc. 2010, 132,16759-16761.
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Benzyl 3-iodo-1H-indole-1-carboxylate (A2):

| According to a literature procedure,38 an oven-dried flask equipped with stirring bar

@ was charged with 1H-indole (586 mg, 5 mmol, 1.0 equiv) and KOH (700 mg, 12.5
(N:bz mmol, 2.5 equiv) and DMF (5 mL) under argon atmosphere. A solution of [; (1.330 g,
C1gH12INO, 5.25 mmo], 1.05 equiv), in DMF (5 mL) was added at rt and the mixture was stirred

MW 377.1815 at the same temperature for 2 h. After that the reaction mixture was poured into cold

water (50 mL) containing 10% NazS;03 and 0.5% ammonia. The aqueous layer was separated
extracted with Et;0 (3x15 mL) and the combined organic layers were washed with brine, dried over
MgSO,, filtered, and concentrated under reduced pressure.

The residue was dissolved in DMF (8 mL) and was added NaH (60% in oil dispersion, 220 mg, 5.5
mmol, 1.1 equiv) at 0 °C. After being stirred for 2 h at 0 °C, the reaction mixture was quenched with a
sat. soln of NaHCOs. The aqueous phase was separated and extracted with Et,0 (3x15 mL). The
combined organic layers were washed with brine, dried over MgSO0y, filtered, and concentrated under
reduced pressure. Purification of the crude product by flash column chromatography in silica gel

(pentane/EtOAc, 97:3) afforded the desired A2 (1.360 g, 72% yield over 2 steps) as a white solid.

1H NMR (400 MHz, CDCl3) 6§ 8.18 (d, ] = 8.1 Hz, 1H), 7.78 (s, 1H), 7.53 - 7.31 (m, 8H), 5.46 (s, 2H). 13C
NMR (101 MHz, CDCI3) 6 150.0, 135.0, 134.9, 132.2, 129.7, 129.0, 129.0, 128.7, 125.8, 123.8, 121.7,
115.2,69.2, 66.8. The spectral data was in good agreement with that previously reported.38

lodoferrocene (A3):

According to a literature procedure,3? an oven-dried flask equipped with stirring bar
was charged with ferroceneboronic acid (690 mg, 3.0 mmol, 1.0 equiv) and N-
iodosuccinimide (810 mg, 3.6 mmol) under argon atmosphere. Then was added

anhydrous acetonitrile, and the mixture was stirred 20 h at rt. The mixture was

MW: 311.9315

extracted with pentane (3x80 mL). The combined extract was washed with aqueous
soln of Na;S;05 (3x15 mL), water and brine, dried over MgSO4, and finally concentrated under reduced
pressure. Purification of the crude product by flash chromatography on silica gel (pentane) afforded

analytically pure A3 (299 mg, 32% yield) as an orange solid.

1H NMR (400 MHz, CDCl3) 6 4.44 - 4.41 (m, 2H), 4.21 (s, 5H), 4.18 - 4.15 (m, 2H). 13C NMR (101 MHz,
CDCl3) 6 74.6, 71.2, 68.9, 39.9. The spectroscopic properties are in good agreement with those

previously reported.*0

38 T, Yokosaka, T. Nemoto, Y. Hamada, Chem. Commun. 2012, 48, 5431-5433.
39 Q.Shu, L. Birlenbach, M. Schmittel, Inorg. Chem. 2012, 51, 13123-13127.
40 M. Roemer, C. A. Nijhuis, Dalton Trans. 2014, 43, 11815- 11818.
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2-iodo-6-methoxynaphthalene (A4):

| According to a literature procedure,*! an oven-dried flask equipped with
Meo stirring bar was charged with 2-bromo-6-methoxynaphthalene (1.185 g, 5

mmol, 1.0 equiv) and THF (11 mL) under argon atmosphere. ¢t-BuLi (1.7 M in

MW: 284.0965 pentane, 12 mL, 20 mmol, 4.0 equiv) was added dropwise at -78 °C and the

mixture was stirred 1 h at the same temperature. Then, a solution of I; (6.345 g, 25 mmol, 5.0 equiv)
in THF (20 mL) was added slowly at -78 °C and the mixture was then stirred at rt for 72 h. The reaction
mixture was quenched with a sat. soln of Na;S,03 (30 mL), the aqueous layer was separated and
extracted with dichloromethane (3x20 mL). The combined organic layers were dried over MgSOa,
filtered, and concentrated under reduced pressure. Purification of the crude product by
recrystallization (dichloromethane/methanol, 1:1) afforded the desired A4 (1.05 g, 74% yield) as pale-

yellow plates.

1H NMR (400 MHz, CDCl3) 6 8.14 (m, 1H), 7.68 - 7.59 (m, 2H), 7.47 (d, ] = 8.7 Hz, 1H), 7.14 (dd, ] = 8.9,
2.5Hz,1H),7.08 (d,] = 2.5 Hz, 1H), 3.91 (s, 3H). 13CNMR (101 MHz, CDCl3) § 158.2,136.4, 134.9, 133.5,
130.8, 128.53, 128.49, 119.7, 105.9, 88.2, 55.5. The spectroscopic properties are in good agreement

with those previously reported.*2

3.9. Racemic Sequential Catalytic Arylation—Electrophilic
Substitution of 1,1-Bis(iodozincio)alkanes

3.9.1 Catalytic Arylation—lodolysis of 1,1-Bis(iodozincio)ethane

|
Me M
Me ©/(2.0 equiv) I, (4.0 equiv) e
)\ Znl - I
IZn Znl Pd,(dba); (1.5 mol%) THF, 0 °C, 5 min
17 L17 (12 mol%) (+)-182a 184

THF, 40 °C,0.5h

An oven-dried flask under argon was charged with Pd;(dba)sz (2.7 mg, 0.003 mmol, 0.015) and
L17 (16.1 mg, 0.024 mmol, 0.12 equiv). A solution of iodobenzene (82 mg, 0.4 mmol, 2.0 equiv) in THF
(0.5 mL) was added. The mixture was stirred for 5 min at rt before a solution of 117 (0.440 mL, ~0.45
M in THF, 0.2 mmol, 1.0 equiv) was added slowly. The resulting mixture was stirred for 0.5 h at 40 °C.

Then the reaction mixture was cooled down to rt and was added slowly at 0 °C to a solution of I> (203

41], M. Brown, S. J. Cook, R. Khan, Tetrahedron 1986, 42, 5105-5109.
42 W. B. Smiith, J. Org. Chem. 1985, 50, 3649-3651.
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mg, 0.8 mmol, 4 equiv) in THF (0.5 mL) under argon. The mixture was stirred at 0 °C for 5 minutes and
2 minutes at rt, after which was added a sat. soln of Na,S;03 until complete loss of colour. The reaction
mixture was extracted with Et;0 (3x5 mL), and the combined organic layers were dried over MgSOa,
filtered, and concentrated under reduced pressure. Purification by flash column chromatography on

silica gel (pentane) afforded 184 as a yellow oil (28 mg, 60% yield).

1H NMR (400 MHz, CDCl3) § 7.43-7.38 (m, 2H), 7.28-7.17 (m, 3H), 5.36 (q,] = 7.1 Hz, 1H), 2.18 (d, ] =
7.1 Hz, 3H). 13C NMR (75 MHz, CsDs) 6 145.8, 128.8, 128.0, 126.8, 29.0, 25.9. The spectral data was in

good agreement with that previously reported.*3

3.9.2. Catalytic Arylation—Cu-Mediated Allylation

3.9.2.1. General Procedure for the Sequential Pd-Catalyzed Arylation—Cu-
Mediated Allylation of 1,1- Bis(iodozincio)alkanes (GP3)

1Zn™ 20l py,(dba)s (1.5 mol%

|
R ©/ ] R 1) CuCN-2LiCl (1.1 equiv)
)\ (1.3 equiv) THF, -30 °C, 5 min
Znl
) 2)

Br . (2.0 equiv)
L17 (12 mol%) ) .
THF, 40 °C, 0.5 h -30 °C to rt, overnight

An oven-dried flask under argon was charged with Pd;(dba)s (2.7 mg, 0.003 mmol, 0.015) and
L17 (16.1 mg, 0.024 mmol, 0.12 equiv). A solution of iodoarene (0.26 mmol) in THF (0.5 mL) was
added. The mixture was stirred for 5 min at rt. before a solution of 1,1-diiodozincioalkane in THF (0.2
mmol) was added slowly. The resulting mixture was stirred for 0.5 h at 40 °C. Then the reaction
mixture was cooled down to -30 °C, a solution of CuCN-2LiCl (0.22 mL, 1.0 M in THF, 0.22 mmol, 1.1
equiv) was added dropwise and the resulting mixture was stirred at the same temperature for 20
minutes. After that, a THF (0.3 mL) solution of allyl bromide (48 mg, 0.40 mmol) was added dropwise
at -30 °C and the reaction mixture was stirred overnight letting it return to rt slowly. The reaction was
quenched with sat. soln of NH4Cl and extracted with Et20 (3x10 mL). The combined organic layers
were dried over MgSO,, filtered, and concentrated under reduced pressure. The product was purified

by flash column chromatography on silica gel.

43 P. Wyatt, H. Eley, ]. Charmant, B. ]. Daniel, A. Kantacha, Eur. J. Org. Chem. 2003, 2003, 4216-4226.
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Me Et Pr
X X X

185, p. 226 202, p. 226 203, p. 227

0 g
)
o U

204, p. 227 205, p. 227

Chart of products synthesized via GP3.

Pent-4-en-2-ylbenzene (185):

Prepared according to GP3, from 117 (0.44 mL, ~0.45 M in THF, 0.2 mmol, 1.0
equiv) and iodobenzene (53 mg, 0.26 mmol, 1.3 equiv). Purification of the crude

product by flash column chromatography (pentane) afforded analitically pure 185

C11H14
MW: 146.2330

(22 mg, 75% yield) as a colourless oil.

1H NMR (400 MHz, CDCl3) § 7.38 - 7.20 (m, 5H), 5.84 - 5.68 (m, 1H), 5.08 - 4.98 (m, 2H), 2.83 (h,] =
7.1 Hz, 1H), 2.49 - 2.28 (m, 2H), 1.30 (d, ] = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) § 147.2, 137.3,
128.4, 127.1, 126.1, 116.0, 42.8, 39.9, 21.6. The spectral data was in good agreement with that

previously reported.*

Hex-5-en-3-ylbenzene (202):

= Prepared according to GP3, from 119 (0.40 mL, ~0.50 M in THF, 0.2 mmo], 1.0

©)\/\ equiv) and iodobenzene (53 mg, 0.26 mmol, 1.3 equiv). Purification of the crude
product by flash column chromatography (pentane) afforded analitically pure 202
CioH1s (27 mg, 84% yield) as colourless oil.
MW: 160.2600

1H NMR (300 MHz, CDCl3) 6 7.34 - 7.24 (m, 2H), 7.23 - 7.12 (m, 3H), 5.68 (ddt, ] =
17.0,10.1, 6.9 Hz, 1H), 5.03 - 4.87 (m, 2H), 2.59 - 2.44 (m, 1H), 2.43 - 2.30 (m, 2H), 1.81 - 1.66 (m, 1H),
1.65-1.47 (m, 1H),0.78 (t,] = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCl3) § 145.4,137.4,128.3,127.9,126.1,
115.8,47.8,41.1, 28.9, 12.2. The spectroscopic data are in good agreement with those reported.*

44 D. Zhu, L. Lv, C.-C. Li, S. Ung, ]. Gao, C.-]. Li, Angew. Chem. Int. Ed. 2018, 57, 16520-16524.
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Hept-6-en-4-ylbenzene (203):

Prepared according to GP3, from 195 (0.30 mL, ~0.60 M in THF, 0.2 mmol, 1.0
equiv) and iodobenzene (53 mg, 0.26 mmol, 1.3 equiv). Purification of the crude

product by flash column chromatography (pentane) afforded analitically pure 203

Ci3Hqs
MW: 174.2870

(28 mg, 77% yield) as a colourless oil.

1H NMR (300 MHz, CDCl3) 6 7.35 - 7.27 (m, 2H), 7.24 - 7.14 (m, 3H), 5.70 (ddt, ] = 17.1, 10.1, 7.0 Hz,
1H), 5.03 - 4.91 (m, 2H), 2.70 - 2.58 (m, 1H), 2.44 - 2.32 (m, 2H), 1.75 - 1.50 (m, 2H), 1.27 - 1.13 (m,
2H), 0.88 (t,] = 7.3 Hz, 3H). 13C NMR (75 MHz, CDCI3) 6 145.6, 137.4,128.3,127.8,126.1, 115.8, 45.8,
41.5, 38.4,20.7, 14.2. The spectroscopic data are in good agreement with those reported.**

1-methyl-4-(4-phenylhept-6-en-1-yl)benzene (204):

o Prepared according to GP3, from 196 (0.41 mL, ~ 0.49 M in THF, 0.2 mmol],

‘ 1.0 equiv) and iodobenzene (53 mg, 0.26 mmol, 1.3 equiv). Purification of the
crude product by flash column chromatography (pentane/Et;0) afforded
analitically pure 204 (46 mg, 87% yield) as a colourless oil.

X
O 1H NMR (300 MHz, CDCls) & 7.38 - 7.30 (m, 2H), 7.28 - 7.02 (m, 7H), 5.72
MW:C;%'HZO (ddt, ] = 17.1,10.1, 7.0 Hz, 1H), 5.07 - 4.93 (m, 2H), 2.75 - 2.50 (m, 3H), 2.46
- 2.34 (m, 5H), 1.87 -1.45 (m, 4H). 13C NMR (75 MHz, CDCls) & 145.3, 139.7,
137.2, 135.1, 129.0, 128.37, 128.35, 127.8, 126.1, 115.9, 46.0, 41.5, 35.8, 35.6, 29.5, 21.1. IR (ATR)
2923, 1516, 1452, 910, 805, 761, 734, 700 cm-1. MS (EI, 70 eV) m/z: 264 (M*, 2%), 145 (79%), 131
(83%), 105 (100%), 91 (59%).

Pent-4-ene-1,2-diyldibenzene (205):

Prepared according to GP3, from 197 (0.45 mL, ~0.45 M in THF, 0.2 mmol, 1.0

O equiv) and iodobenzene (53 mg, 0.26 mmol, 1.3 equiv). Purification of the crude
N product by flash column chromatography (pentane) afforded analitically pure 205
O (31 mg, 70% yield) as a colourless oil.
Cq7H
MW: 2223310 | H NMR (300 MHz, CDCls) § 7.35 - 7.02 (m, 10H), 5.70 (ddt, ] = 17.1, 10.2, 7.0 Hz,

1H), 5.12 - 4.92 (m, 2H), 3.06 - 2.88 (m, 3H), 2.52 - 2.40 (m, 2H). 13C NMR (75
MHz, CDCls) & 144.6, 140.6, 136.9, 129.3, 128.3, 128.2, 128.0, 126.3, 126.0, 116.3, 47.9, 42.9, 40.0. IR
(ATR) 2977, 1714, 1657, 1448, 1369, 1255, 1157, 759, 697 cm-1. MS (EI, 70 V) m/z: 222 (M*, 5%),
181 (88%), 131 (100%), 91 (74%).
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3.9.3. Synthesis of Enantioenriched a-Disubstituted ketones

3.9.3.1. General Procedure for the Pd-Catalyzed Enantioselective Sequential
Arylation—Fukuyama Cross-Coupling of 1,1-Bis(iodozincio)alkanes (GP4)

|
N
o
)
R Q/ R A

)\ R (1.95 equiv) R3” TSPh (1.0 equiv)

IZn” >zl e
Pd,(dba); (2.25 mol%) L Pd,(dba); (7.5 mol%)
(1.5 equiv) L17 (18 mol%) R2 L21 (18 mol%)
THF, 40 °C,0.5h ZnCl, (9.0 equiv)

MTBE, rt, 20-72 h

An oven-dried flask under argon was charged with Pdz(dba)s (4.1 mg, 0.0045 mmol, 0.0225 equiv)
and L17 (24.1 mg, 0.036 mmol, 0.18 equiv) under argon atmosphere. A solution of aryl iodide (0.39
mmol, 1.95 equiv) in THF (0.5 mL) was added. The mixture was stirred for 5 min at rt before a solution
of 1,1-diiodozincioalkane (0.4-0.6 M in THF, 0.3 mmol, 1.5 equiv) was added slowly. The resulting
mixture was stirred for 0.5 h at 40 °C. Then the reaction mixture was cooled down to rt and was added
ZnClz (1.2 mL, 1.5 M in THF, 1.8 mmol, 9 equiv) and the mixture was stirred for 30 minutes. After that,
another oven-dried flask under argon was charged with Pd(dba)sz (13.7 mg, 0.015 mmol, 0.075 equiv)
and L21 (41.4 mg, 0.036 mmol, 0.18) and MTBE (1.8 mL). The solution was stirred for 10 minutes at
rt after which was added a solution of the appropriate thioester (0.2 mmol, 1 equiv) in THF (0.4 mL),
and the reaction mixture from the first cross-coupling via cannula. The reaction was stirred at rt for
20-72 h, after which it was quenched with HCI (4 mL, 1.0 M) and extracted with EtOAc (3x10 mL). The
combined organic layers were washed with NaOH (1.0 M) and brine, dried over MgS0y, filtered, and
concentrated under reduced pressure. The product was purified by flash column chromatography on

silica gel.

NOTE: All the target ketones were also obtained in racemic form for GC or HPLC analytic purposes by
applying the same protocol using racemic (#)-L21 as ligand for the second cross-coupling. No
significant difference in yield was noted for these racemic reactions in comparison with the

enantiopure reactions reported hereafter.
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-|I§

.ng

.ng
k<
(0]

183aa, p. 231

-|I§

183ba, p. 232

-|I§

LY

183ea, p. 235 183fa, p. 236

OMe Me

ISP

183ia, p. 239 183ja, p. 240

.||§

-|I§

SERQNLeEps

183na, p. 243

nlg

183pa, p. 244

.ng

L O

183cbh, p. 247

183cc, p. 248

183ca, p. 233 183da, p. 234

.||§

MeOZCJ@/é (pim)e /Q/é

183ga, p. 237 183ha, p. 238
[f%éTJ%SIi% [f?é;i$§}i;
183ka, p. 241 183la, p. 242

Me
7 : ©
I
S
183qa, p. 245 183ra, p. 246
M
183cd, p. 249 183ce, p. 250

Chart of the enantioenriched a-disubstituted ketones synthesized via GP4.
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Chart of the enantioenriched a-disubstituted ketones synthesized via GP4 (continue).
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-phenylpropan-1-one (183aa):

Me

>

C14H180
MW: 202.2970

pale-yellow oil.

Purification of the
(pentane/EtOAc, 50:1) afforded analitically pure 183aa (30 mg, 74% yield) as a

crude product by flash

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmo], 1.5 equiv),
commercially available iodobenzene (80 mg, 0.39 mmol, 1.95 equiv) and thioester

177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time of 20 h for the second step.

column chromatography

1H NMR (400 MHz, CDCl3) 6 7.36-7.28 (m, 2H), 7.27-7.18 (m, 3H), 3.86 (q, ] = 6.9 Hz, 1H), 2.89 (p,] =
7.6 Hz, 1H), 1.88-1.78 (m, 1H), 1.76-1.56 (m, 4H), 1.56-1.41 (m, 3H), 1.39 (d, ] = 7.0 Hz, 3H). 13C NMR
(101 MHz, CDCl3) 6 213.7,141.0, 129.0, 128.2, 127.1, 52.6, 50.1, 30.6, 29.2, 26.2, 18.1. IR (ATR) 2959,
2869,1709, 1493, 1452, 1068, 1020, 986, 739, 700 cmL. HRMS (ESI) m/z: [M+H]* calcd for C14H130H
203.1430, found 203.1425. Enantiomeric ratio 94:6 was determined by chiral GC analysis with a

Cyclosil-B column (isotherm at 105 °C, flow rate 1.4 mL/min, retention times (min): 79.49 (minor) and

80.64 (major)). [a]3?= +148.2 (c = 0.90 in CHCI3). Spectroscopic properties match with those

described in the literature.23

oA . . g {#o;a
36 M | e
| |
« | @ |
| | (1
| o] l
|
: [ | I
N . |
[ 1] \
|| |
. '
.y i‘w‘ |
e = - \_
P P P & s P 3 z
Peak RetTime Type Width Area Height Area Peak RetTime Type Width Area Height Area
#  [min] [min]  [pA*s] [pA] * # [min] [min]  [pA*s] [pA] %
ol o |=meemeeee |=mmoooeeee |=oeeee- | R B R O | -=mmmeee- | -emmmee \
1 80.688 MM  ©.5681 1225.70117  35.96008 49.93021 1 79.491 MM 6.5179 157.98618  5.88367 5.73541
2 81.986 MM 0.5934 1274.1886@  35.78614 50.96979 > 80.638 MM ©.6001 2596.48926  72.18913 9426459
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(p-tolyl)propan-1-one (183ba):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
O equiv), commercially available 1-iodo-4-methylbenzene (85 mg, 0.39 mmo],
Me/©/é 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time
C15HaoO of 20 h for the second step. Purification of the crude product by flash column

MW: 216.3240

chromatography (pentane/Et;0, 50:1) afforded analitically pure 183ba (32 mg,
74% yield) as a pale-yellow oil.

1H NMR (400 MHz, Chloroform-d) § 7.16 - 7.07 (m, 4H), 3.82 (q,/ = 6.9 Hz, 1H), 2.89 (p, /= 7.4 Hz, 1H),
2.33 (s, 3H), 1.87 - 1.79 (m, 1H), 1.75 - 1.58 (m, 4H), 1.57 - 1.39 (m, 3H), 1.37 (d, J = 7.0 Hz, 3H). 13C
NMR (101 MHz, CDCl3) 6 213.8, 138.0, 136.7, 129.6, 128.0, 52.2, 50.0, 30.7, 29.2, 26.2, 21.2, 18.2. IR
(ATR) 2956, 2868,1708, 1513, 1450, 1372, 1359, 1314, 1128, 1110, 1064, 1020, 891, 820 cm-1. HRMS
(ESI) m/z: [M+H]* calcd for Ci5H200H 217.1587, found 217.1588. Enantiomeric ratio 92:8 was
determined by chiral HPLC analysis with a Daicel Chiralcel OD-H column (0.2% isopropanol in n-
heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times (min): 12.26 (major), 14.26 (minor)).

[a]3® = +173.9 (c = 1.23 in CHCls). Spectroscopic properties match with those described in the

literature.?3

mAL Det.A Chl mAU - Det A Chl
q - S
2000+ - 1 o
N ] 2000 n
A M N
\ [ N
1500 f | \ 1500 | '\‘
[ [ | \
1000 ' | ‘ “, 1000 \\
| [ | \
[ | \
s00- | \ \\ 500- ‘ \
o ) |
yi N\ / . J S~
T T T T T T - -
10 1 12 3 14 15 16 17 min 9 10 1 12 14 1 16 1 18
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 12.254 45159770 1983009 48.701 1 12.264 66417278 1999960 92.124
2 14.148 47568187 1819430 51.299 2 14.264 5678316 198922 1.876
Tota 92727957 3802438 100.000 Total 72095594 2198882 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(4-methoxyphenyl)propan-1-one (183ca):

Me

0
Me0/©/g

C15H2002
MW: 232.3230

mg, 75% yield) as a pale-yellow oil.

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmo],
1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time
of 20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/EtOAc, 33:1) afforded analitically pure 183ca (35

1H NMR (400 MHz, CDCl3) § 7.13 (d, ] = 8.6 Hz, 2H), 6.85 (d, / = 8.7 Hz, 2H), 3.83 - 3.73 (s, 4H), 2.88 (p,
J=7.7 Hz, 1H), 1.86 - 1.77 (m, 1H), 1.72 - 1.56 (m, 4H), 1.55 - 1.41 (m, 3H), 1.35 (d, ] = 6.9 Hz, 3H). 13C
NMR (101 MHz, CDCl3) 6§ 214.0, 158.7, 133.0, 129.1, 114.3, 55.3, 51.7, 49.9, 30.6, 29.2, 26.2, 18.2. IR
(ATR) 2957,2917,2849,1707,1610, 1511, 1455,1373,1253,1178,1103, 1036, 833,806 cm'l. HRMS
(ESI) m/z: [M+H]* calcd for CisH200:H 233.1536, found 233.1536. Enantiomeric ratio 96:4 was

determined by chiral HPLC analysis with a Daicel Chiralcel OJ-column (0.5% isopropanol in n-heptane,

20 _

0.5 mL/min, 25 °C, detection at 230 nm, retention times (min): 24.54 (major), 26.90 (minor)). [a]py =

+173.5 (c = 1.1 in CHCl3).

Det.A Chl|

Det.A Chll

Detector A Chl 230nm

Detector A Chl 230nm

300 25 50
min

Peak# Ret. Time Area Height Area % Peald# Ret. Time Area Height Area %
1 25.180 35507073 588376 50.145 1 24.537 69533724 1041067 95,9635
2 27.828 35301782 474981 49.855 2 26.899 2023799 64547 4.035
Tota 70808854 1063357 100.000 Tota 72457523 1105614 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-2-(4-chlorophenyl)-1-cyclopentylpropan-1-one (183da):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

O equiv), commercially available 1-iodo-4-chlorobenzene (93 mg, 0.39 mmol, 1.95

Cl equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time of

C14H17CIO 20 h for the second step. Purification of the crude product by flash column
MW: 236.7390

chromatography (pentane/EtOAc, 50:1) afforded analitically pure 183da (37 mg,
78% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) & 7.29 (d, ] = 8.4 Hz, 2H), 7.15 (d, ] = 8.4 Hz, 2H), 3.84 (q,] = 6.9 Hz, 1H), 2.85
(q,J = 7.5 Hz, 1H), 1.88 - 1.75 (m, 1H), 1.72 - 1.57 (m, 4H), 1.57 - 1.43 (m, 3H), 1.37 (d, ] = 7.0 Hz, 3H).
13CNMR (101 MHz, CDCl3) § 214.0,139.4, 133.0, 129.5,129.1, 51.9, 50.2, 30.5, 29.3, 26.19, 26.18, 18.2.
IR (ATR) 2958, 2931, 2869, 1709, 1649, 1492, 1451, 1409, 1282, 1125, 1093, 1015, 891, 832 cm'™.
HRMS (APCI) m/z: [M+H]* calcd for C14H17CIOH 237.1041, found 237.1041. Enantiomeric ratio 90:10
was determined by chiral HPLC analysis with a Daicel Chiralcel OJ-H column (0.3% isopropanol in n-
heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times (min): 17.36 (minor), 20.31 (major)).
120

[a]p” = +129.1 (c = 1.1 in CHCI3). All the spectroscopic properties are in agreement with those

described in the literature.[23]

DA Chl DetA Chl
g 1506
1000 -’\: % |
A E |‘,
H N \
750 f ‘ f \ 1000 |
\ \ |
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| \| ; \ 500+ I\‘
250 [ | \ \
AR } \
£ I, AN
100 i 150 115 200 s o min 100 125 140 17s 200 25 0 7s
Detector A Chl 220nm Detector A Chl 220nm
Peaks# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 16.167 49844202 1032364 49.890 1 17.359 6101324 160428 9.786
2 19.138 50064210 842086 50110 2 20.314 56247176 1374128 90.214
Tota 09008412 1874450 100.000 Tota 62348500 1534556 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-4-(1-cyclopentyl-1-oxopropan-2-yl)benzonitrile (183ea):

0}

C45H47NO
MW: 227.3070

mg, 57% yield) as a pale-orange oil.

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 4-iodobenzonitrile (89 mg, 0.39 mmol, 1.95
equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time of
20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/EtOAc, 50:3) afforded analitically pure 183ea (26

1H NMR (400 MHz, CDCl3) 6 7.60 (d,J = 8.3 Hz, 2H), 7.34 (d, /] = 8.2 Hz, 2H), 3.93 (q,/ = 6.9 Hz, 1H), 2.85
(p,/=8.1Hz, 1H), 1.87 - 1.77 (m, 1H), 1.71 - 1.56 (m, 4H), 1.56 - 1.45 (m, 3H), 1.39 (d, / = 7.0 Hz, 3H).
13CNMR (101 MHz, CDCl3) 6 212.2, 146.2,132.7,128.9,118.8, 111.1, 52.4, 50.6, 30.1, 29.2, 26.1, 18.2.
IR (ATR) 2955, 2923, 2869, 2852, 2229, 1710, 1606, 1503, 1452, 1416, 1374, 1360, 1109, 1064, 1020,
890, 845 cm'l. HRMS (ESI) m/z: [M+Na]+ calcd for CisHi7NONa 250.1202, found 250.1203.

Enantiomeric ratio 86:14 was determined by chiral GC analysis with a CP-Chirasil Dex CB column

(initial temperature 70°C - temperature gradient 1°C/min - final temperature 200°C, retention times

(min): 56.78 min (minor), 57.05 min (major)). [a]3? = +104.3 (c = 0.95 in CHCI5).
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1 56.782 MM 0.8916 346.08246  62.97855 14.21769
2 57.854 MM 09.1186 2088.08545 293.54520 85.78231
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(4-(trifluoromethoxy)phenyl)propan-1-one (183fa):

Me

e
F3CO/©/é

C15H17F30,
MW: 286.2942

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-4-(trifluoromethoxy)benzene (112 mg,
0.39 mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a
reaction time of 20 h for the second step. Purification of the crude product by

flash column chromatography (pentane/EtOAc, 50:1) afforded analitically

pure 183fa (36 mg, 63% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) § 7.29 - 7.22 (m, 2H), 7.20 - 7.13 (m, 2H), 3.89 (q,/ = 7.0 Hz, 1H), 2.88 (p, ]
=7.8,1H),1.91-1.78 (m, 1H), 1.72 - 1.58 (m, 4H), 1.57 - 1.46 (m, 3H), 1.39 (d,/ = 7.0 Hz, 3H). 13C NMR
(101 MHz, CDCl3) 6 213.2,148.4 (q,]J = 1.6 Hz), 139.6, 129.4, 121.4, 120.6 (q, / = 257.0 Hz), 51.7, 50.3,
30.4,29.2,26.2,18.3.19F NMR (376 MHz, CDCl3) § -57.9. 1R (ATR) 2934, 2871,1711, 1509, 1453, 1259,
1221, 1164, 1019, 891, 853 cm'L. HRMS (APCI) m/z: [M+H]* calcd for C1sH17F302H 287.1253, found
287.1253. Enantiomeric ratio 86:14 was determined by chiral HPLC analysis with a Daicel Chiralcel

0J-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times

(min): 11.65 (minor), 13.12 (major)). [a]3° = +90.8 (c = 1.11 in CHCI5).

mAU e

Det A Chl Det.A Chl
1500]
1500 ,f\‘ E
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‘ \ " \ 500 | \
500 | [ \ ’ \
| \ | S \
— ,/ \ / o —_— —//\- i A
9 0 i |‘: 14 1 16 1 9 10 1n [ 14 ! 1 min
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peaks# Ret. Time Area Height Area %
1 12.036 45140959 1609599 48.116 1 11.648 5039037 218651 14.031
2 13.862 48676026 1064412 51.884 2 13.116 30873457 1213595 85.969
Total| 93816984 2674011 100.000 Tota 35912495 1432246 100.000
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PART IIl: EXPERIMENTAL SECTION

Methyl (S)-4-(1-cyclopentyl-1-oxopropan-2-yl)benzoate (183ga):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

© equiv), commercially available methyl 4-iodobenzoate (102 mg, 0.39 mmol,
Me020/©/§ 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction
CHagOs time of 20 h for the second step. Purification of the crude product by flash

MW.: 260.3330 column chromatography (pentane/EtOAc, 20:1) afforded analitically pure

183ga (32 mg, 61% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) 6 7.98 (d, J = 8.0 Hz, 2H), 7.29 (d, ] = 8.0 Hz, 2H), 3.97 - 3.88 (m, 4H), 2.85
(p,/=7.6 Hz, 1H), 1.87 - 1.76 (m, 1H), 1.70 - 1.55 (m, 4H), 1.56 - 1.40 (m, 3H), 1.39 (d, / = 6.9 Hz, 3H).
13C NMR (101 MHz, CDCl3) 6 212.9,167.0, 146.1, 130.2, 129.1, 128.2, 52.6, 52.2, 50.4, 30.4, 29.3, 26.2,
18.1. IR (ATR) 2953, 2980, 1723, 1610, 1436, 1359, 1280, 1181, 1112, 1019, 833, 705 cm-1. HRMS
(ESI) m/z: [M+NH4]* calcd for C16H2003NH4 278.1751, found 278.1750. Enantiomeric ratio 91:9 was
determined by chiral HPLC analysis with a Daicel Chiralpak AD-H column (0.7% isopropanol in n-
heptane, 0.5 mL/min, 25 °C, detection at 230 nm, retention times (min): 31.92 (major), 37.48 (minor)).
[a]30 = +89.4 (c = 1.05 in CHCl3).

mAU
Det.A Chll Dct.A Chl|

Detector A Chl 230nm Detector A Chl 230nm

Peals# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 32.184 37268608 338992 50.067 1 31917 34196087 295793 91159
2 36.054 37169463 267065 49.933 2 37478 3316344 28512 8.841
Total 74438071 606057 100.000 Tota 37512430 324304 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)propan-1-one

(183hay):

Me

~ (0]

C14H470
MW: 201.2890

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 2-(4-iodophenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (129 mg, 0.39 mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2

mmol, 1.0 equiv) with a reaction time of 20 h for the second step. Purification

of the crude product by flash column chromatography (pentane/acetone,

50:1) afforded analitically pure 183haa (23 mg, 35% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCls): § 7.76 (d, ] = 8.0 Hz, 2H), 7.22 (d, ] = 8.1 Hz, 2H), 3.86 (q, ] = 6.9 Hz, 1H),
2.85 (p,J = 7.8 Hz, 1H), 1.88 - 1.76 (m, 1H), 1.72 - 1.55 (m, 4H), 1.55 - 1.40 (m, 3H), 1.38 (d,] = 6.9 Hz,
3H), 1.33 (s, 12H). 13C NMR (101 MHz, CDCls): § 213.5, 144.2, 135.5, 127.6, 83.9, 52.9, 50.2, 30.7, 29.2,
26.2,25.01,24.99, 18.0. IR (ATR) 2975, 2869, 1709, 1610, 1450, 1399, 1361, 1324, 1275, 1144, 1092,
1020, 963, 859, 659 cm-L. HRMS (ESI) m/z: [M+Na]* calcd for C20H20BOsNa 351.2102, found 351.2104.

Enantiomeric ratio 93:7 was determined by chiral HPLC analysis with a Daicel Chiralcel OJ-H column

(0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times: 12.63 min

(major), 18.56 min (minor)). [a]3? = +115.2 (c = 0.95 in CHCl3).

Det.A Chl

| N
04— — —=
T T T T
100 125 150 200
Detector A Chl 220nm
Peak# Ret. Time Area Height Area %
1 13.127 7641531 139589 49.966
2 18.204 7651807 73532 50.034
Totall 15293338 213121 100.000

mAU

300+

Det. A Chll

T
100

Detector A Chl 220nm

Peak# Ret. Time Area Height o
1 12.628 21140203 410344 92.933
2 18.558 1607572 16909 7.067
Total 22747775 427253 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(3,5-dimethoxyphenyl)propan-1-one (183ia):

Me

MeO\Q/EO
OMe

C16H2203
MW: 262.3490

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-3,5-dimethoxybenzene (103 mg, 0.39
mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a

reaction time of 20 h for the second step. Purification of the crude product by

flash column chromatography (pentane/EtOAc, 20:1) afforded analitically
pure 183ia (45 mg, 86% yield) as a yellow amorphous solid.

1H NMR (400 MHz, CDCls) & 6.35 (s, 3H), 3.80 - 3.73 (m, 7H), 2.90 (p, ] = 7.6 Hz, 1H), 1.88 - 1.79 (m,
1H), 1.76 - 1.57 (m, 4H), 1.55 - 1.42 (m, 3H), 1.36 (d, ] = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCls) § 213.5,
161.2,143.3,106.2,99.0,55.4, 52.8,49.9, 30.8,29.3, 26.2, 17.9. IR (ATR) 2955, 2869, 1707, 1595, 1458,
1429, 1346, 1322, 1293, 1205, 1154, 1051, 1022, 928, 844, 696 cm-. HRMS (ESI) m/z: [M+H]* calcd

for C16H2203H 263.1642, found 263.1642. Enantiomeric ratio 91:9 was determined by chiral HPLC

analysis with a Daicel Chiralcel OJ-H column (1.0% isopropanol in n-heptane, 0.5 mL/min, 25 °C,

detection at 220 nm, retention times (min): 21.68 (major), 26.25 (minor)). [a]3? = +125.7 (c = 0.94 in
CHCl3).

500+

2504

DetAChl]  mAU

Det. A Chll
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J N\ o AN _
175 200 15 20 275 300 315 350 150 175 200 s ) 7 00 25
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 22.793 24416907 480995 48.265 1 21.684 125360432 2049889 90.930
2 27.544 26172248 401275 51.735 2 26.252 12504861 198744 9.070
Tota 50589155 882269 100.000 Total 137865293 2248633 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(2,4-dimethoxyphenyl)propan-1-one (183ja):

OMe Me
- (o)

MeO

C16H2203
MW: 262.3490

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-2,4-dimethoxybenzene (103 mg, 0.39
mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a
reaction time of 20 h for the second step. Purification of the crude product by

flash column chromatography (pentane/EtOAc, 20:1) afforded analitically pure

183ja (43 mg, 82% yield) as a pale-yellow amorphous solid.

1H NMR (400 MHz, CDCl3) 6 6.99 (d, ] = 9.0 Hz, 1H), 6.48 - 6.41 (m, 2H), 4.12 (q, ] = 7.0 Hz, 1H), 3.80
(d,] = 2.2 Hz, 3H), 2.84 (p, ] = 8.3 Hz, 1H), 1.84 - 1.68 (m, 2H), 1.67 - 1.54 (m, 3H), 1.53 - 1.40 (m, 3H),
1.30 (d, ] = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCls) § 214.9, 159.9, 157.8, 129.1, 122.2, 104.5, 98.8, 55.5,

55.4, 49.5, 44.9, 30.9,

29.3, 26.24, 26.21, 16.6. IR (ATR) 2955, 2868, 2837, 1706, 1612, 1587, 1506,

1454, 1419, 1293, 1263, 1209, 1158, 1136, 1037, 835, 608 cm-1. HRMS (ESI) m/z: [M+H]* calcd for

C16H2203H 263.1642,

found 263.1641. Enantiomeric ratio 68:32 was determined by chiral HPLC

analysis with a Daicel Chiralcel OJ-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C,

detection at 220 nm, retention times (min): 29.79 (major), 35.99 (minor)). [a]3? = +63.3 (c = 1.05 in

CHCl3).
! Daach] MAU Det A Chl
nAU £
2000 "
00 Z f \
3 \
i § 1500 | 's
200+ {I ‘H n‘” ‘ |
! \I f '\‘ 1000 ’ s" 2
[ \ Jl‘ \\ 5004 / \\ {
| \ \ [
/ \ |
L ! | / \
o T T - T o J —
o = 0 - 0 = 0 min 20 % 0 35 a0 5 min
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 32.631 19505122 258861 49.971 1 29.793 190603150 2041365 68.020
2 39.602 19527718 208362 50.029 2 35985 89611134 770699 31.980
Total 39032841 467223 100.000 Total 280214284 2812064 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(o-tolyl)propan-1-one (183ka):

Me Me
~ O

C15H200
MW: 216.3240

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 1-iodo-2-methylbenzene (85 mg, 0.39 mmo],

1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash

column chromatography (pentane/Et;0, 33:1) afforded analitically pure 183ka

(23 mg, 53% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) § 7.23 - 7.11 (m, 3H), 7.07 - 6.99 (m, 1H), 4.05 (d, ] = 6.9 Hz, 1H), 2.77 (p,]
= 8.0 Hz, 1H), 2.39 (s, 3H), 1.83 - 1.70 (m, 2H), 1.68 - 1.55 (m, 3H), 1.52 - 1.39 (m, 3H), 1.34 (d, ] = 6.8
Hz, 3H). 13C NMR (101 MHz, CDCl3) 6 214.2, 139.4, 135.8, 130.9, 127.4, 127.0, 126.7, 50.0, 48.6, 31.2,
29.3,26.24, 26.20, 19.9, 17.3. IR (ATR) 2925, 2854, 1738, 1709, 1491, 1464, 1452, 1372, 1243, 1134,
1067, 1020, 756, 728 cml. HRMS (ESI) m/z: [M+NH4]* calcd for CisH20ONH. 234.1852, found
234.1853. Enantiomeric ratio 93:7 was determined by chiral HPLC analysis with a Daicel Chiralcel

OD-H column (0.1% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times

(min): 10.91 (major), 12.79 (minor)). [a]3® = +152.9 (c = 0.9 in CHCl5).

mAU

500

250

Det.A Chll

1500

Det.A Chll

I\
{ R| fl \ 1000-| ‘{ \
[ [ [
’ \ [ ] [
\ ‘ \ 500 | \
\
| [ [\ g
o / | o _ |\ S
1 13 M 1 6 I s I 8 5 0 i 1 13 2 5 min
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 14.016 11441765 513342 50.040 1 10.914 34233268 1425033 93.015
2 16.223 11423492 448070 49.960 2 12.790 2570604 96423 6.985
Tota 20865256 061412 100.000 Tota 36803872 1521455 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(2-methoxyphenyl)propan-1-one (183la):

OMe Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

0 equiv), commercially available 1-iodo-2-methoxybenzene (91 mg, 0.39 mmol,
1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1 equiv) with a reaction time

of 20 h for the second step. Purification of the crude product by flash column

C15H200;
MW: 232.3230 chromatography (pentane/EtOAc, 33:1) afforded analitically pure 183la (26

mg, 56% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) 6 7.23 (td, J = 7.8, 1.8 Hz, 1H), 7.10 (dd, J = 7.6, 1.8 Hz, 1H), 6.98 - 6.85 (m,
2H), 4.21 (q, ] = 6.9 Hz, 1H), 3.83 (s, 3H), 2.85 (p, / = 7.8 Hz, 1H), 1.84 - 1.70 (m, 2H), 1.69 - 1.55 (m,
3H),1.54-1.41 (m, 3H), 1.33 (d,/ = 7.0 Hz, 3H). 13CNMR (101 MHz, CDCl3) § 214.6,156.9,129.8,128.7,
128.1,121.0,110.7,55.5,49.6,45.5,30.9, 29.3, 26.3, 26.2,16.5. IR (ATR) 2919, 2850, 1709, 1597, 1493,
1439, 1415, 1246, 1030, 873, 754 cm1. HRMS (ESI) m/z: [M+H]* calcd for C15H2002H 233.1536, found
233.1542. Enantiomeric ratio 72:28 was determined by chiral HPLC analysis with a Daicel Chiralcel

0] column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times

(min): 15.90 (major), 17.70 (minor)). [a]? = +79.7 (c = 1.03 in CHCl5).

E Det A Chl “';A;D'_ DeLA Chl
mAU 7
n _ N
300 H 2 500 M
. \
A A
" A f‘ \
250+ \ - =
\ \ [\ N
| [ I\
Vool A
\J \ | \ f \\ / \
o - J | (s J
100 125 150 175 200 25 min 123 130 175 200 225 min
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 15.443 17451459 540246 49.933 1 15.901 23876975 607406 71.930
2 17.061 17498423 430906 50.067 2 17.703 9317540 237359 28.070
Tota 34949883 971153 100.000 Tota 33194514 844763 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(naphthalen-2-yl)propan-1-one (183na):

C1gH200
MW: 252.3570

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 2-iodonaphthalene (99 mg, 0.39 mmol, 1.95
equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time of
20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/EtOAc, 50:1) afforded analitically pure 183na (36

mg, 71% yield) as a pale-yellow viscous oil.

1H NMR (400 MHz, CDCl3) § 7.85 - 7.79 (m, 3H), 7.69 (d, ] = 1.7 Hz, 1H), 7.52 - 7.43 (m, 2H), 7.34 (dd,
J=8.5, 1.8 Hz, 1H), 4.04 (q,/ = 6.9 Hz, 1H), 2.92 (q,/ = 8.2 Hz, 1H), 1.91 - 1.82 (m, 1H), 1.77 - 1.56 (m,
4H), 1.55-1.38 (m, 6H). 13CNMR (101 MHz, CDCl3) 6 213.7,138.5,133.8, 132.6, 128.7,127.82,127.80,
126.9,126.4,126.2,126.0,52.7,50.2,30.7, 29.21, 26.20, 18.2. IR (ATR) 3056, 2956, 2868, 1707, 1600,
1507, 1450, 1375, 1262, 1127, 1064, 1021, 949, 897, 857, 820, 746 cm-1. HRMS (ESI) m/z: [M+NH.]*
calcd for C18H200NH4 270.1852, found 270.1852. Enantiomeric ratio 89:11 was determined by chiral

HPLC analysis with a Daicel Chiralpak AD-H column (0.3% isopropanol in n-heptane, 0.5 mL/min, 25

°C, detection at 220 nm, retention times (min): 14.67 (major), 18.67 (minor)). [a]3? = +153.2 (c = 0.95
in CHCls).
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100 125 150 175 00 15 50 275 min 100 115 150 175 200 15 30y
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 16.171 96811571 1692202 49.750 1 14.674 42155285 487238 §8.751
2 20.173 97783387 1533688 30.250 2 18.671 5343307 50907 11.249
Total 194594858 3225890 100.000 Tota 47498592 538144 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(9H-fluoren-2-yl)propan-1-one (183pa):

C21H20
MW: 290.4060

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 2-iodo-9H-fluorene (114 mg, 0.39 mmol, 1.95

(47 mg, 81% yield) as a pale-orange solid (m.p. 113-115 °C).

equiv) and thioester 177a (41 mg, 0.2 mmo]l, 1.0 equiv) with a reaction time
of 20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/EtOAc, 50:1) afforded analitically pure 183pa

1H NMR (400 MHz, CDCl3) § 7.80 - 7.70 (m, 2H), 7.54 (d, ] = 7.4 Hz, 1H), 7.43 - 7.22 (m, 4H), 3.94 (q,]
= 6.9 Hz, 1H), 3.89 (s, 2H), 2.95 (p, ] = 7.9 Hz, 1H), 1.94 - 1.81 (m, 1H), 1.78 - 1.58 (m, 4H), 1.57 - 1.40
(m, 6H). 13C NMR (101 MHz, CDCl3) § 213.8, 144.0, 143.4, 141.5, 140.8, 139.5, 126.93, 126.89, 126.8,
125.1, 124.7, 120.2, 119.9, 52.7, 50.1, 37.0, 30.7, 29.3, 26.2, 18.3. IR (ATR) 2957, 2870, 1705, 1455,
1370,1313,1119, 1065, 1025, 866, 835, 766, 737 cm't. HRMS (APCI) m/z: [M+H]* calcd for C21H22,0H
291.1743, found 291.1744. Enantiomeric ratio 92:8 was determined by chiral HPLC analysis with a

Daicel Chiralcel OD-H column (1.0% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 254 nm,
retention times (min): 12.06 (minor), 14.08 (major)). [a]3? = +118.5 (c = 0.95 in CHCI3).
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PART IIl: EXPERIMENTAL SECTION

Benzyl (S)-3-(1-cyclopentyl-1-oxopropan-2-yl)-1H-indole-1-carboxylate (183qa):

C24H25NO3
MW: 375.4680

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), A2 (147 mg, 0.39 mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2

mmol, 1.0 equiv) with a reaction time of 20 h for the second step. Purification of

the crude product by flash column chromatography (pentane/Et;0, 10:1)

afforded analitically pure 183qa (19 mg, 25% yield) as a colourless oil.

1TH NMR (300 MHz, CDCl3) 6 8.18 (d, ] = 9.6 Hz, 1H), 7.56 - 7.19 (m, 9H), 5.45 (s, 2H), 4.05 (q,] = 7.0 Hz,
1H), 2.98 (p, ] = 7.9 Hz, 1H), 1.87 - 1.43 (m, 11H). 13C NMR (101 MHz, CDCI3) 6 213.6, 150.9, 135.2,
129.7,128.9,128.8,125.1,123.2,123.1,121.2,119.4, 115.6, 68.9, 49.3, 43.6, 30.8, 29.6, 26.3,16.9 (2 C
signals are not visible). IR (ATR) 2969, 2918, 2869, 2037, 1935, 1738, 1712, 1455, 1397, 1354, 1236,
1219, 1118, 1097, 909, 763, 746, 733, 698 cm1. HRMS (ESI) m/z: [M+NH4]* calcd for C24H2sNO3NH4
393.2173, found 393.2172. Enantiomeric ratio 72:28 was determined by chiral HPLC analysis with a

Daicel Chiralcel OD-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm,

retention times (min): 48.27 (major), 53.97 (minor)). [a]3° = +23.7 (c = 0.56 in CHCl5).

mAU
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40.0 425 45.0 415 50.0 55.0 575 60.0 nin 415 500 5.0 575 min
Detector A Chl 220nm Detector A Chl 220nm
Peaks# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 47.341 7804373 86990 49.820 1 48.274 11433034 117125 71.895
2 52.959 7860753 66290 50.180 2 53.969 4469335 38843 28.105
Total 15665126 153280 100.000 Tota 15902370 155969 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(thiophen-3-yl)propan-1-one (183ra):

C12H1GOS
MW: 208.3190

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 3-iodothiophene (82 mg, 0.39 mmol, 1.95 equiv)

and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv) with a reaction time of 20 h for

the second step. Purification of the crude product by flash column

chromatography (pentane/EtOAc, 50:2) afforded analitically pure 183ra (14 mg,
34% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCls) § 7.29 - 7.26 (m, 1H), 7.07 (dd, ] = 3.1, 1.3 Hz, 1H), 6.96 (dd, ] = 5.0, 1.3 Hz,
1H), 3.99 (q, ] = 6.9 Hz, 1H), 2.99 - 2.90 (m, 1H), 1.85 - 1.75 (m, 1H), 1.74 - 1.58 (m, 4H), 1.57 - 1.46
(m, 3H), 1.39 (d, ] = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCls) § 213.5, 141.2, 127.3, 126.1, 121.6, 49.7,
47.8,30.4,29.3, 26.2, 17.8. IR (neat) 2953, 2918, 2850, 1709, 1452, 1372, 1260, 1104, 1022, 919, 861,
791, 764, 656 cm-L. HRMS (APCI) m/z: [M+H]* calcd for Ci;H1s0SH 209.0995, found 209.0995.

Enantiomeric ratio 90:10 was determined by chiral HPLC analysis with a Daicel Chiralcel OJ-H

column (0.3% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times

(min): 22.75 (major), 27.12 (minor)). [a]3? = +110.4 (c = 0.55 in CHCI5).
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Peaki# Ret. Time Area Height Area % Peakit Ret. Time Area Height Area %
1 24.505 30147335 595446 50.152 1 22.746 74195637 1272337 89.793
2 28.439 29904284 424330 49.848 2 27.120 8434139 142840 10.207
Total 60111620 1019775 100.000 Total 82629776 1415177 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclohexyl-2-(4-methoxyphenyl)propan-1-one (183cb):
Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

MeO

C16H2202
MW: 246.3500

Me

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol],

1.95 equiv) and thioester 177b (44 mg, 0.2 mmol, 1 equiv) with a reaction time
of 20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/Et;0, 25:1) afforded analitically pure 183cb (37

mg, 75% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCls) § 7.12 (d, ] = 8.7 Hz, 2H), 6.84 (d, ] = 8.7 Hz, 2H), 3.84 (q,] = 6.9 Hz, 1H), 3.78
(s, 3H), 2.40 (tt, ] = 11.3, 3.6 Hz, 1H), 1.87 - 1.56 (m, 4H), 1.50 - 1.03 (m, 9H). 13C NMR (101 MHz, CDCls)
§214.2,158.7, 132.9, 129.1, 114.3, 55.3, 50.4, 49.4, 29.6, 28.5, 26.0, 25.9, 25.4, 18.3. IR (ATR) 2930,
2854,1707,1610, 1511, 1449, 1372, 1247, 1178, 1145, 1036, 835 cm-L. HRMS (ESI) m/z: [M+H]* calcd

for C16H2202H 247.1693, found 247.1690. Enantiomeric ratio 92:8 was determined by chiral HPLC

analysis with a Daicel Chiralcel OJ-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C,

detection at 220 nm, retention times: 30.11 min (major), 34.63 min (minor)). [a]3? = +144.3 (c = 1.0

in CHCls).

DetA Chll

Det.A Chl] mAL

mAU

400

200+

100+

7504

\‘ ;
'ﬂ \ ff\ 500+ [\
ﬂ [\ f \\
|\ [\
| \ / | \
[ [\ 2s0] [
# A 'f \ |f z
| | z
J \ f‘ K | 04 J \ T
250 s 30 325 330 400 min 50 175 300 ‘ <0 7 i
Detector A Chl 220nm Detector A Chl 220nm
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1 30.291 28750331 387466 50.007 1 30.113 56930681 689354 92.105
2 34.182 28742498 314431 49.993 2 34.634 4879812 61855 7.895
Total 57492828 701897 100.000 Total 61810494 751208 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-2-(4-methoxyphenyl)-1-(tetrahydro-2H-pyran-4-yl)propan-1-one (183cc):

Me

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

o equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmo],

MeO

1.95 equiv) and thioester 177¢ (44 mg, 0.2 mmol, 1.0 equiv) with a reaction

0 time of 20 h for the second step. Purification of the crude product by flash

C15H2003
MW: 248.3220

column chromatography (pentane/EtOAc, 8:2) afforded analitically pure
183cc (30 mg, 60% yield) as a yellow oil.

1H NMR (400 MHz, CDCls) § 7.11 (d, ] = 8.7 Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H), 3.99 - 3.76 (m, 6H), 3.34
(td,] = 11.5, 2.8 Hz, 1H), 3.25 (td, ] = 11.8, 2.4 Hz, 1H), 2.61 (tt, ] = 11.3, 4.0 Hz, 1H), 1.76 - 1.57 (m, 3H),
1.35 - 1.29 (m, 4H). 13C NMR (101 MHz, CDCls) § 212.2, 158.9, 132.4, 129.1, 114.5, 67.4, 67.2, 55.4,
50.2, 46.1, 29.2, 28.3, 18.3. IR (ATR) 2951, 2929, 2839, 1706, 1609, 1511, 1444, 1365, 1281, 1249,
1179, 1124, 1033, 1019, 835 cm-L. HRMS (ESI) m/z: [M+H]* calcd for C1sH2003H 249.1485, found

249.1485. Enantiomeric ratio 93:7 was determined by chiral HPLC analysis with a Daicel Chiralcel

0J-H column (10% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times:

33.49 min (major), 38.39 min (minor)). [a]3? = +126.1 (c = 1.0 in CHCI3).
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1 33.107 24245769 304054 50.110 1 33.493 19519525 819337 93.026
2 37.064 24139383 237463 49.890 2 38.393 5961699 65497 6.974
Total 48385151 541517 100.000 Total| 85481223 884834 100.000
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PART IIl: EXPERIMENTAL SECTION

Benzyl (S)-4-(2-(4-methoxyphenyl)propanoyl)piperidine-1-carboxylate (183cd):

MeO

Me

()

Cbz

Co3H27NO4
MW: 381.4720

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

1.95 equiv) and thioester 177d (71 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash

column chromatography (pentane/Et;0, 1:1) afforded analitically pure 183cd

(48 mg, 63% yield) as yellow oil.

1H NMR (400 MHz, CDCl3) & 7.40 - 7.28 (m, 5H), 7.11 (d, ] = 8.7 Hz, 2H), 6.86 (d, ] = 8.7 Hz, 2H), 5.10
(s, 2H), 4.23 - 3.99 (m, 2H), 3.84 (q,] = 6.9 Hz, 1H), 3.79 (s, 3H), 2.86 - 2.62 (m, 2H), 2.55 (tt,] =11.3,
3.8 Hz, 1H), 1.78 (bs, 1H), 1.54 (dtd, ] = 16.8, 13.1, 7.7 Hz, 2H), 1.44 - 1.37 (m, 1H), 1.34 (d, ] = 6.9 Hz,
3H). 13C NMR (101 MHz, CDCl3) § 212.2, 158.9, 155.2, 136.9, 132.3, 129.0, 128.6, 128.1, 128.0, 114.5,
67.2,55.4,50.6,46.9,43.6, 43.3, 28.4, 27.6, 18.2. IR (ATR) 2930, 2858, 1698, 1609, 1511, 1467, 1445,
1430, 1365,1279, 1251, 1224, 1179, 1133, 1020, 976, 911, 834, 764, 733, 699 cm'1. HRMS (ESI) m/z:
[M+Na]* calcd for C23H27NO4Na 404.1832, found 404.1819. Enantiomericratio 90:10 was determined

by chiral HPLC analysis with a Daicel Chiralpak AD-H column (10% isopropanol in n-heptane, 0.5

mL/min, 25 °C, detection at 220 nm, retention times: 48.20 min (major), 56.91 min (minor)). [a]

+95.1 (c = 1.0 in CHCl5).
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1 47.816 78112079 694323 50.066 1 48.196 64790713 560438 89.648

2 56.402 77906785 586044 49.934 2 36910 7481671 57504 10.352

Totall 156018864 1280368 100.000 Totall 72272384 617962 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclobutyl-2-(4-methoxyphenyl)propan-1-one (183ce):

Me

~ (0]
Me0/©/$

C14H1802
MW: 218.2960

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmo],
1.95 equiv) and thioester 177e (39 mg, 0.2 mmol, 1.0 equiv) with a reaction time
of 20 h for the second step. Purification of the crude product by flash column

chromatography (pentane/Et,0, 25:1) afforded analitically pure 183ce (33 mg,

76% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCl3) § 7.09 (d, ] = 8.7 Hz, 2H), 6.84 (d, ] = 8.7 Hz, 2H), 3.78 (s, 3H), 3.68 (q,] = 7.0
Hz, 1H), 3.27 (p, ] = 8.3 Hz, 1H), 2.21 - 1.99 (m, 3H), 1.91 - 1.67 (m, 3H), 1.35 (d, ] = 7.0 Hz, 3H). 13C
NMR (101 MHz, CDCl3) § 212.0, 158.7,132.9, 129.0, 114.3, 55.3,50.0, 44.2, 25.4, 24.6, 17.84, 17.79. IR
(ATR) 2962,1704,1610,1511,1258,1178,1132,1097, 1034, 833,800 cm-1. HRMS (ESI) m/z: [M+H]*
caled for C14H1802H 219.1380, found 219.138. Enantiomeric ratio 89:11 was determined by chiral

HPLC analysis with a Daicel Chiralcel OJ-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C,

detection at 220 nm, retention times: 38.13 min (major), 43.76 min (minor)). [a]3? = +142.7 (c = 1.1

in CHCls).

mAU

500

2504

DetA Chi] MAU Det A Chl

750+

0 i \
/ o
o
T T T T T T T T T T T T T
325 350 315 40.0 425 450 415 fin 350 315 400 425 450 475 5040 min
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peaki#t Ret. Time Area Height Area %
1 38.060 41647525 487445 50.025 1 38.128 74366818 710082 89.016
2 42232 41605452 376889 49.975 2 43.764 91760035 95751 10.984
Totall 83252977 864334 100.000 Total 83542823 805833 100.000

250

SORBONNE UNIVERSITE



PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopropyl-2-(4-methoxyphenyl)propan-1-one (183cf):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

/©/\£O equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,
MeO 1.95 equiv) and thioester 177f (36 mg, 0.2 mmol, 1.0 equiv) with a reaction

C13H1605 time of 20 h for the second step. Purification of the crude product by flash
MW: 204.2690

column chromatography (pentane/Et;0, 25:1) afforded analitically pure 183cf

(31 mg, 76% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCls) § 7.15 (d, ] = 8.7 Hz, 2H), 6.87 (d, ] = 8.7 Hz, 2H), 3.85 (q,] = 7.0 Hz, 1H), 3.80
(s,3H),1.85 (tt,] =7.8,4.6 Hz, 1H), 1.38 (d,] = 7.0 Hz, 3H), 0.96 (tddd, ] = 16.0, 9.6, 4.6, 2.9 Hz, 2H), 0.78
(dddd,J=10.2,8.1, 6.1, 2.6 Hz, 1H), 0.70 (dddd, ] = 9.4, 7.9, 6.3, 2.6 Hz, 1H). 13C NMR (101 MHz, CDCl3)
§211.2,158.3,133.1,129.2,114.4, 55.4,53.0, 19.7,17.8, 11.4, 11.3. IR (ATR) 3007, 2966, 2932, 2836,
1698, 1611, 1582, 1511, 1444, 1380, 1302, 1250, 1179, 1132, 1036, 881, 765 cm'.. HRMS (ESI) m/z:
[M+Na]* calcd for C13H1602Na 227.1043, found 227.1048. Enantiomeric ratio 77:23 was determined
by chiral HPLC analysis with a Daicel Chiralcel O]-H column (0.5% isopropanol in n-heptane, 0.5
mL/min, 25 °C, detection at 220 nm, retention times: 49.20 min (major), 56.33 min (minor)). [a]3° =

+129.1 (c = 1.08 in CHCls).

AU y
m DetA Chl]  MAL Det A Chl
500+

4004

300 / 5 :
f\ : ‘Jf \

T T T T T T T T T T
400 425 45.0 475 50.0 525 550 425 450 415 500 525 550 575 60.0 62.5

Detector A Chl 220nm Detector A Chl 220nm

Peaks# Ret. Time Area Height Area % Peaks# Ret. Time Area Height Area %
1 44.068 35394693 345003 49.864 1 49.199 25036270 227512 76.500
2 49.891 35587178 269622 50.136 2 56.334 7691087 63573 23.500
Total 70981871 614624 100.000 Tota 32727357 291084 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-2-(4-methoxyphenyl)-4-methylpentan-3-one (183cg):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
A0 equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

Meo/©;;[me 1.95 equiv) and thioester 177g (36 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash

C13H150;
column chromatography (pentane/Et;0, 25:1) afforded analitically pure

MW: 206.2850

183cg (33 mg, 80% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCl3) 6 7.13 (d, ] = 8.7 Hz, 2H), 6.85 (d, ] = 8.7 Hz, 2H), 3.86 (q,] = 6.9 Hz, 1H), 3.78
(s, 3H), 2.68 (p, ] = 6.9 Hz, 1H), 1.34 (d, ] = 6.9 Hz, 3H), 1.06 (d, ] = 7.1 Hz, 3H), 0.91 (d, ] = 6.7 Hz, 3H).
13C NMR (101 MHz, CDCl3) § 215.0, 158.8, 132.9, 129.1, 114.3, 55.34, 50.36, 39.1, 19.4, 18.4, 18.3. IR
(ATR) 2969, 2932,1710,1611, 1511, 1465, 1445,1252,1179,1035,1017, 834 cm-1. HRMS (ESI) m/z:
[M+H]* calcd for C13H1802H 207.1380, found 207.1379. Enantiomeric ratio 94:6 was determined by
chiral HPLC analysis with a Daicel Chiralcel OJ-H column (0.5% isopropanol in n-heptane, 0.5 mL/min,

25 °C, detection at 220 nm, retention times: 29.99 min (major), 35.65 min (minor)). [a]3? = +252.6 (c

= 0.9 in CHCls).

Det. A Chl

DetA Chll gt
1250+

T ) T T T
315 400 min 250 275 300

St
5
250+ I \
| 250
| / \ | \
- o] J —~_
T T T T T T
50 32 354 325 375 0.0

Detector A Ch1 220nm Detector A Chl 220nm
Peald# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %

1 28.886 53166529 786776 49.937 1 29.991 80831378 1072136 93.922

2 33.682 53301585 638744 50.063 2 35.654 3230477 73232 6.078

Total 106468115 1425519 100.000 Total| 86061855 1145368 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-3-(4-methoxyphenyl)butan-2-one (183ci):

M
MeO ©

C11H1402
MW: 178.2310

Me

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

1.95 equiv) and thioester 177i (30 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash

column chromatography (pentane/acetone, 25:1) afforded analitically pure

183ci (28 mg, 79% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCl3): 6 7.13 (d, ] = 8.6 Hz, 2H), 6.87 (d, ] = 8.8 Hz, 2H), 3.79 (s, 3H), 3.69 (q,] = 7.0
Hz, 1H), 2.03 (s, 3H), 1.36 (d, ] = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCI3) § 209.3, 158.9, 132.8, 128.9,
114.5, 55.4, 53.0, 28.3, 17.4. IR (ATR) 2932, 2838, 1713, 1611, 1511, 1457, 1355, 1303, 1248, 1178,
1166, 1067, 1037, 834, 811 cml. HRMS (ESI) m/z: [M+Na]* calcd for C11H1402Na 201.0886, found

201.0891. Enantiomeric ratio 74:26 was determined by chiral HPLC analysis with a Daicel Chiralcel

OD-H column (0.1% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times:

39.07 min (major), 52.54 min (minor)). [a]3? = +108.3 (c = 1.05 in CHCI3).

mAU

Det A Chl Det.A Chl
A 150
50+ :
|ﬂ‘ 100+ /
500 ‘ %I #f
\ 9 50 | E]
\ # ﬂ ]
250 '\ If |
AN | J
H— J \— -JI 50 T T -
35 JIU -I‘S 5'0 I“ &IO E!I5 ]:! ’\Iﬁ 4:[7 J!‘ ﬁlf] ﬁlﬁ l:ﬂ 65
Detector A Chl 220nm Detector A Chl 220nm
Peal#t Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 47.416 42750420 698537 49.656 1 39.065 53899864 153741 74.468
2 52.082 43343097 293783 50.344 2 52.542 18480375 56140 25.532
Totall 86093517 992320 100.000 Totall 72380239 209881 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-4-(4-methoxyphenyl)-1-phenylpentan-3-one (183cj):

C1gH2002
MW: 268.3560

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol], 1.5

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

1.95 equiv) and thioester 177j (49 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash

column chromatography (pentane/EtOAc, 50:3) afforded analitically pure

183cj (42 mg, 78% yield) as a pale-yellow amorphous solid.

1H NMR (400 MHz, CDCl3): § 7.29 - 7.14 (m, 3H), 7.12 - 7.09 (m, 4H), 6.87 (d, ] = 8.7 Hz, 2H), 3.82 (s,
3H), 3.69 (q,] = 6.9 Hz, 1H), 2.93 - 2.62 (m, 4H), 1.38 (d, ] = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): &
210.3,158.8,141.2,132.6,129.0,128.5,128.4,126.1,114.4,55.4,52.4,42.5,30.1, 17.5. IR (ATR) 3028,
2930, 2837, 1712, 1609, 1510, 1454, 1360, 1302, 1249, 1179, 1126, 1034, 833, 750, 700 cm-1. HRMS
(ESI) m/z: [M+Na]* calcd for C1gH2002Na 291.1356, found 291.1363. Enantiomeric ratio 80:20 was

determined by chiral HPLC analysis with a Daicel Chiralcel OJ-H column (4% isopropanol in n-heptane,

0.5 mL/min, 25 °C, detection at 220 nm, retention times: 62.40 min (minor), 70.50 min (major)). [a]

= +78.1 (c = 1.05 in CHCl3).

20
D

2504

Daacn] AU

300

200

100+

DetA Chlj

Detector A Chl 220nm

T T
60 65

Detector A Chl 220nm

Peaki# Ret. Time Area Height Area % Peakit Ret. Time Area Height Area %
1 58.196 62059084 418181 50.032 1 62.401 11706521 82310 19.917
2 66.585 61979165 351497 49.968 2 70.504 47069156 240398 80.083
Total 124038249 769678 100.000 Total 58775677 322908 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-(furan-2-yl)-2-(4-methoxyphenyl)propan-1-one (183cm):

C14H1403
MW: 230.2630

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

1.95 equiv) and thioester 177m (41 mg, 0.2 mmol, 1.0 equiv) with a reaction

time of 20 h for the second step. Purification of the crude product by flash
column chromatography (pentane/EtOAc, 50:3) afforded analitically pure

183cm (28 mg, 61% yield) as a colourless amorphous solid.

1H NMR (400 MHz, CDCl3): 6§ 7.52 (d, ] = 1.6 Hz, 1H), 7.25 (d, ] = 8.8 Hz, 2H), 7.13 (d, ] = 3.6 Hz, 1H),
6.84 (d,] =8.7 Hz, 2H), 6.45 (dd, ] = 3.6, 1.7 Hz, 1H), 4.45 (d, ] = 7.0 Hz, 1H), 3.76 (s, 3H), 1.50 (d,] = 7.0
Hz, 3H).13CNMR (101 MHz, CDCl3) 6 189.8,158.8,152.3, 146.4,133.0,129.0,117.9,114.3,112.3, 55.3,
47.2,18.4. IR (ATR) 3141, 3126, 3113, 2958, 1705, 1665, 1611, 1511, 1467, 1393, 1303, 1255, 1179,
1163,1031, 1005, 958, 905, 881, 839, 815, 795, 780, 749, 702 cm't. HRMS (ESI) m/z: [M+H]* calcd for
C14H1403H 231.1016, found 231.1023. Enantiomeric ratio 74:26 was determined by chiral HPLC

analysis with a Daicel Chiralcel O] column (10% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection

at 220 nm, retention times: 45.81 min (major), 62.29 min (minor)). [a]3° = +28.8 (c = 1.15 in CHCI5).

mAU DetAChll mAU | Det.A Chll
500 ] H
E 3001 £l
fa
N\ . N\
[\ A
\ ™\ h \
250 / \\ /‘ { \
’I \ f‘ 100 |‘ \\ i
| \ / [\ aN
N J ol ) -
4 4?'1‘ 0 47} F[; 0 52' 5 SSI 0 "w'-" 5 b{‘m 625 40 4‘:‘\ i:) Sli 60 ﬁ"'\ 7‘(]
Detector A Chl 220nm Detector A Chl 220nm
Peaks# Ret. Time Area Height Area % Peakit Ret. Time Area Height Area %
1 43.501 54224730 449759 50.206 1 45.806 36272662 295851 73.812
2 58.039 53780604 321112 49.794 2 62.289 12869484 81832 26.188
Tota 108005335 770871 100.000 Total 49142146 377683 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-3-(6-methoxynaphthalen-2-yl)butan-2-one (183ti):

Me Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol], 1.5
OO ~° equiv), A4 (111 mg, 0.39 mmol, 1.95 equiv) and thioester 177i (30 mg, 0.2
MeO Me mmol, 1.0 equiv) with a reaction time of 20 h for the second step.
C15H1602 Purification of the crude product by flash column chromatography
MW: 228.2910

pentane/EtOAc, 20:1) afforded analitically pure 183ti (35 mg, 77% yield
y 8 y

as a pale-orange solid.

1H NMR (400 MHz, CDCl3) § 7.71 (dd, ] = 8.7, 4.6 Hz, 2H), 7.61 (s, 1H), 7.29 (dd, / = 8.5, 1.9 Hz, 1H), 7.19
-7.12 (m, 2H), 3.92 (s, 3H), 3.87 (q,/ = 7.0 Hz, 1H), 2.07 (s, 3H), 1.47 (d, ] = 7.0 Hz, 3H). 13C NMR (101
MHz, CDCl3) 6 209.1, 157.8, 135.8, 133.8, 129.3, 129.2, 127.7, 126.5, 126.4, 119.3, 105.7, 55.4, 53.8,
28.5,17.3. IR (ATR) 2980, 2959, 2937, 2907, 1715, 1705, 1604, 1505, 1485, 1455, 1392, 1371, 1354,
1314,1268,1227,1196,1172,913, 891, 856, 837,818,767, 739, 673 cm-1. HRMS (ESI) m/z: [M+Na]*
calcd for C1sH1602Na 251.1043, found 251.1049. Enantiomeric ratio 62:38 was determined by chiral
HPLC analysis with a Daicel Chiralpak AD-H column (0.5% isopropanol in n-heptane, 0.5 mL/min, 25
°C, detection at 220 nm, retention times: 34.94 min (major), 41.29 min (minor)). [a]4’ = +62.0 (c = 1.0

in CHCls).

mAU DeACH] mAU DetA Chl
400 1250+

1000+

7504

5
100
250
0 s

T T T T T T T T T T L T T T T T T
275 30.0 325 35.0 375 40.0 425 450 475 min 300 3235 350 375 40.0 425 450 415

Detector A Chl 220nm Detector A Chl 220nm

Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 33.647 28027342 261814 49.962 1 34.940 98011442 954180 62.206
2 40.213 28069663 223263 50.038 2 41.290 59547065 485928 37.794
Total 56097005 485077 100.000 Total 157558507 1440107 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(6-methoxynaphthalen-2-yl)propan-1-one (183ta):

C19H2202
MW: 282.3830

as a pale-orange oil.

Prepared according to GP4, from 117 (0.7 mL, 0.43 M in THF, 0.3 mmol, 1.5
equiv), A4 (111 mg, 0.39 mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2
mmol, 1.0 equiv) with a reaction time of 20 h for the second step.
Purification of the crude product by flash column chromatography

pentane/Et;0, 25:1) afforded analitically pure 183ta (32 mg, 57% yield
y 8 y

1H NMR (400 MHz, CDCl3) & 7.70 (d, J = 8.6 Hz, 2H), 7.61 (d, ] = 1.8 Hz, 1H), 7.30 (dd, J = 8.4, 1.9 Hz,
1H), 7.20 - 7.08 (m, 2H), 3.99 (q, / = 6.9 Hz, 1H), 3.92 (s, 3H), 2.93 (p,J = 7.8 Hz, 1H), 1.90 - 1.80 (m,
1H), 1.76 - 1.56 (m, 4H), 1.53 - 1.38 (m, 6H). 13C NMR (101 MHz, CDCl3) § 213.9, 157.8, 136.1, 133.7,
129.3,129.2, 127.5, 126.73, 126.71, 119.2, 105.8, 55.45, 52.54, 50.1, 30.7, 29.2, 26.2, 18.2. IR (ATR)
2957, 2868, 1706, 1605, 1505, 1484, 1391, 1266, 1229, 1174, 1032, 926, 892, 853, 812 cm'l. HRMS
(ESI) m/z: [M+Na]* calcd for C19H2202Na 305.1512, found 305.1513. Enantiomeric ratio 88:12 was
determined by chiral HPLC analysis with a Daicel Chiralpak AD-H column (0.5% isopropanol in n-

heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times: 33.74 min (major), 40.91 min

(minor)). [a]3° = +124.4 (c = 1.1 in CHCI5).

mAU

2500+

2000

15004
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500+

Det.A Chl mAU

Det.A Chlj
2000

1500
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5004

T
30.0 325

Detector A Chl 220nm

T
350

: T T T T T -
00 ‘min 275 300 325 400 425 0 min

Detector A Chl 220nm

Peak# Ret. Time Area Height Area % Peak# Ret. Time Arca Height Area %
1 32.362 116740538 2020083 49.758 1 33.744 187725524 1623824 87.889
2 36.975 117877973 1818459 50.242 2 40913 25868880 220917 12,111
Totall 234618511 3838542 100.000 Total 213594404 1853741 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(4-methoxyphenyl)butan-1-one (206):

Et

- O
Me0/©/é

C16H2202
MW: 246.3500

Prepared according to GP4, from 119 (0.6 mL, 0.54 M in THF, 0.3 mmo], 1.5
equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,
1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv), with a reaction
time of 72 h for the second step. Purification of the crude product by flash
column chromatography (pentane/Et;0, 25:1) afforded analitically pure 206

(34 mg, 69% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCl3) 6 7.15 - 7.08 (m, 2H), 6.88 - 6.80 (m, 2H), 3.78 (s, 3H), 3.56 (t,] = 7.4 Hz,
1H), 2.86 (p,] = 8.0 Hz, 1H), 2.02 (dt, ] = 13.6, 7.2 Hz, 1H), 1.87 - 1.76 (m, 1H), 1.73 - 1.40 (m, 8H), 0.81
(t,] = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) 6 213.4, S25 158.8, 131.4, 129.5, 114.2, 59.6, 55.4, 50.6,
30.2,28.8,26.2,26.1,25.9,12.3. IR (ATR) 2944, 1516, 1454, 1422, 1329, 1259, 1146, 1110, 1088, 949,
809, 755 cm'1. HRMS (ESI) m/z: [M+H]* calcd for C16H2202H 247.1693, found 247.1693. Enantiomeric

ratio 89:11 was determined by chiral HPLC analysis with a Daicel Chiralcel OD-H column (0.1%

isopropanol in n-heptane for 30 min, then gradient from 0.1% to 1% isopropanol in 5 min, and

continue with 1% isopropanol, 0.5 mL/min, 25 °C, detection at 220 nm, retention times (min): 47.12

(major), 58.88 (minor)). [a]3® = +147.1 (c = 1.1 in CHCl3).

0

m
el P Det AChll
Det A Chll 150 " LA Ch

100+ ‘

50+

\
J

a5 430 415
Detector A Chl 220nm

= T T T T T T T T T T
50.0 525 550 575 min 450 475 500 525 550 515 600 625
Detector A Chl 220nm

Peak# Ret. Time Area Height Area % Pealks# Ret. Time Area Height Area %
1 46.209 TR10970 58899 50.145 1 47.116 19380363 136092 89.182
2 52,143 7765683 46327 49.855 2 58.879 2350934 17131 10.818
Totall 15576653 105226 100.000 Totall 21731297 153223 100.000
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PART IIl: EXPERIMENTAL SECTION

(S)-1-cyclopentyl-2-(4-methoxyphenyl)pentan-1-one (207):

"Pr

~ 0
Meo/©/$

C17H2402
MW: 260.3770

Prepared according to GP4, from 195 (0.5 mL, 0.6 M in THF, 0.3 mmol, 1.5

equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol,

1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1 equiv), with a reaction time

of 72 h for the second step. Purification of the crude product by flash column

chromatography (pentane/Et;0, 50:1) afforded analitically pure 207 (26 mg,

50% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCls) § 7.16 - 7.08 (m, 2H), 6.86 - 6.82 (m, 2H), 3.78 (s, 3H), 3.67 (t, ] = 7.4 Hz,
1H), 2.91 - 2.82 (m, 1H), 1.96 (dddd, ] = 13.4, 9.6, 7.2, 6.2 Hz, 1H), 1.86 - 1.77 (m, 1H), 1.74 - 1.41 (m,
8H), 1.26 - 1.11 (m, 2H), 0.88 (t,] = 7.3 Hz, 3H). 13C NMR (101 MHz, CDCls) § 213.5, 158.7, 131.6, 129.5,
114.2,57.5, 55.4, 50.6, 35.0, 30.3, 28.9, 26.2, 26.1, 20.9, 14.2. IR (ATR) 2956, 2871, 1706, 1609, 1510,
1463, 1302, 1250, 1178, 1036, 831, 733 cm-L. HRMS (ESI) m/z: [M+H]* calcd for C17H240,H 261.1849,

found 261.1849. Enantiomeric ratio 83:17 was determined by chiral HPLC analysis with a Daicel

Chiralcel O] column (0.1% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention

times (min): 18.02 (major), 22.08 (minor)). [a]3? = +83.7 (c = 0.95 in CHCI3).

mALU

300+

200 '/\-

Det AChl| mAU
300+

Det.A Chll

/ \ [\ f{\
[\ [\ 100] \
| / / \
™ 'f / /I \
/ / /
J NS o N
o L —e— —
T T T T T T T
125 150 175 200 150 17.5 200 250 75
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 16.301 13054011 224069 50.532 1 18013 17659545 178334 83.215
2 18.518 12778894 203713 49.468 2 22.083 3562115 22067 16.785
Total 25832905 427782 100.000 Total 21221660 200401 100.000
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(S)-1-cyclopentyl-2-(4-methoxyphenyl)-5-(p-tolyl)pentan-1-one (208):

C24H3002
MW: 350.5020

pure 208 (29 mg, 41% yield) as a pale-yellow oil.

Prepared according to GP4, from 196 (0.6 mL, 0.49 M in THF, 0.3 mmol, 1.5
equiv), commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39
mmol, 1.95 equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv), with a
reaction time of 72 h for the second step. Purification of the crude product by

flash column chromatography (pentane/acetone, 100:3) afforded analitically

1H NMR (400 MHz, CDCl3) & 7.15 - 6.99 (m, 6H), 6.88 - 6.80 (m, 2H), 3.79 (s,

3H), 3.66 (t,] = 7.4 Hz, 1H), 2.85 (p, ] = 7.6 Hz, 1H), 2.64 - 2.46 (m, 2H), 2.31 (s, 3H), 2.11 - 1.97 (m,
1H), 1.86 - 1.77 (m, 1H), 1.75 - 1.38 (m, 10H). 133C NMR (101 MHz, CDCl3) § 213.3,158.8,139.3, 135.2,
131.4,129.5,129.1,128.4,114.3,57.7,55.4, 50.6, 35.6, 32.5, 30.3, 29.7, 28.9, 26.2, 26.1, 21.1. IR (ATR)
2943,1705,1514, 1456, 1250,1146,1111,1086,1037,909, 809, 733, 643, 632, 624 cm't. HRMS (ESI)
m/z: [M+H]* caled for Cz4H300:H 351.2319, found 351.2319. Enantiomeric ratio 80:20 was

determined by chiral HPLC analysis with a Daicel Chiralcel O] column (1% isopropanol in n-heptane

for 30 min, then gradient from 1% to 5% isopropanol in 5 min, and continue with 5% isopropanol, 0.5

mL/min, 25 °C, detection at 230 nm, retention times (min): 49.04 (major), 55.88 (minor)). [a]3? =

+85.1 (c = 1.0 in CHCl5).

Det.A Chll

[\ [\
100+ f \ ;
Y
/
50+ ! \ ’,/
/ S~ T
o} — .
T T T T T T T T T
425 450 475 50.0 525 55.0 515 60.0 625 650 min
Detector A Chl 230nm
Peak# Ret. Time Area Height Area %
1 49.178 27194053 190292 48.597
2 55.425 28764645 195078 51.403
Total 55958698 385370 100.000

100+

Det.A Chll

EERNEAN
/
T T T T T T T T
425 45.0 415 50.0 525 5.0 5 60.0 625
Detector A Chl 230nm
Peakdt Ret. Time Area Height Area %
1 49.035 39570750 265727 80.482
2 55.878 9596183 72034 19518
Total 49166933 337761 100.000
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(S)-1-cyclopentyl-2-(4-methoxyphenyl)-3-phenylpropan-1-one (209):

QL

(0]
Me0/©/g

C21H2407
MW: 308.4210

Prepared according to GP4, 197 (0.5 mL, 0.6 M in THF, 0.3 mmol, 1.5 equiv),

commercially available 1-iodo-4-methoxybenzene (91 mg, 0.39 mmol, 1.95

equiv) and thioester 177a (41 mg, 0.2 mmol, 1.0 equiv), with a reaction time of

72 h for the second step. Purification of the crude product by flash column

chromatography (pentane/Et,0, 100:3) afforded analitically pure 209 (15 mg,

24% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCl3) § 7.23 - 7.03 (m, 7H), 6.86 - 6.80 (m, 2H), 3.95 (dd, ] = 8.0, 6.8 Hz, 1H), 3.79
(s, 3H),3.38 (dd, ] = 13.6, 8.0 Hz, 1H), 2.86 (dd, ] = 13.6, 6.8 Hz, 1H), 2.78 (p, ] = 7.8 Hz, 1H), 1.72 - 1.32
(m, 8H). 13C NMR (101 MHz, CDCl5) 6 212.4, 158.9, 140.2, 130.9, 129.6, 129.2, 128.3, 126.2, 114.3,59.8,
55.4,51.0,39.4,29.8, 28.5, 26.1, 26.0. IR (ATR) 2952, 1705, 1608, 1510, 1454, 1251, 1178, 1109, 1035,
910, 832, 733, 700 cm-1. HRMS (ESI) m/z: [M+Na]* calcd for C21H240,Na 331.1669, found 331.1666.

Enantiomeric ratio 90:10 was determined by chiral HPLC analysis with a Daicel Chiralcel OJ-column

(0.5% isopropanol in n-heptane, 0.5 mL/min, 25 °C, detection at 220 nm, retention times (min): 37.36

(major), 44.43 (minor)). [a]4° = +127.1 (c = 0.45 in CHCI5).

Det. A Chll

mAU Det A Chi] mAU
200H
é 400+ :
1504 ff\ ’fi
[ R 200] ﬂl \
[ < [IERY
100 \ ¢ / \
N/ "] |\
S0H \" \ 100-] j \\
{ / | \ =
/ / | 3
o] — o] /' — B
w0 s 40 45 50 0.0 3 350 w15 00 4 430 s Sa0 525
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 34.837 25336261 166817 49.537 1 37.355 46316558 366296 90.286
2 42.194 25810103 100639 50.463 2 44.431 4983497 28768 9.714
Total 51146363 267455 100.000 Totall 51300054 395064 100.000
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(R)-cyclopentyl(1,2,3,4-tetrahydronaphthalen-1-yl)methanone (212):

C16H200
MW: 228.3350

stirred at rt for 48 h, after which it was quenched with HCl (4 mL, 1.0 M) and
extracted with EtOAc (3x10 mL). The combined organic layers were washed with NaOH (1.0 M) and
brine, dried over MgS0y, filtered, and concentrated under reduced pressure. Purification of the crude

product by flash column chromatography (pentane/Et,0, 100:3) afforded analitically pure 212 (38

mg, 83% yield) as a pale-orange oil.

1H NMR (400 MHz, CDCl3) & 7.19 - 7.09 (m, 3H), 6.97 - 6.90 (m, 1H), 3.95 (t, ] = 6.8 Hz, 1H), 3.01 (p, ]
= 7.9 Hz, 1H), 2.88 - 2.73 (m, 2H), 2.10 - 1.51 (m, 12H). 13C NMR (101 MHz, CDCl3) § 215.9, 137.8,
134.1, 129.6, 129.4, 126.8, 125.9, 53.0, 49.3, 31.2, 30.4, 29.4, 26.3, 26.3, 21.0. IR (ATR) 2943, 2867,
1703, 1494, 1450, 1358, 744 cm-1. HRMS (ESI) m/z: [M+H]* calcd for Ci6H200H 229.1587, found
229.1585. Enantiomeric ratio 91:9 was determined by chiral GC analysis with a Cyclosil-B column

(initial temperature 70°C - temperature gradient 1 °C/min - final temperature 200 °C, retention times

(min): 97.35 min (major), 97.73 min (minor)). [a]4? = +44.3 (c = 0.95 in CHCl5).

LA
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %
R B R s | --mmmeee | emmmeee [ -mmees \
1 97.279 MM 0.1594 761.21423  79.56689 49.77455
2 97.747 MM ©.1589 768.18992 80.56012 50.22545

Prepared according to a modified literature procedure,?3 an oven-dried flask under
argon was charged with Pdz(dba)s (13.7 mg, 0.015 mmol, 0.075 equiv) and ent-L21
(41.4 mg, 0.036 mmol, 0.18) and MTBE (1.8 mL). The solution was stirred for 10
minutes at rt after which was added ZnCl; (1.2 mL, 1.5 M in THF, 1.8 mmol, 9 equiv)
and a solution of 177a (0.2 mmol, 1 equiv) in THF (0.4 mL). The reaction was

o 4 g «é“;
i 7
160 I
w0 |
120 ‘
. |
. |
0 ‘|‘
| |
| e
a0 | 5 &
B
u X
ot S
5 = P @ Py 58 % 100
Peak RetTime Type Width Area Height Area
# [min] [min] [pA*s] [pA] %

ceefmnnnes e B oo oo J--eeee-
©.1678 1780.91003 176.93320 90.81162

1 97.358 MM
2 97.731 MM

9.1464 180.19362

20.51020 9.18838
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3.10. Synthesis of Bis(bromozincio)trimethylsilylmethane

Zn dust (4.0 equiv)

CH5Br, (2.0 equiv) . PbCl; (2 mol%)
LDA (1.0 equiv) SiMes TMSCI (8 mol%)
Me;Si—Cl ——08¥ > _
THF, -100 °Ctort ~ Br~ 'Br THF, rt to 60 °C
2h 120 6 h

(Dibromomethyl)trimethylsilane (120):

o According to a literature procedure,*> in a 500-mL round-bottomed flask,
1vies

B By diisopropylamine (21.1 mL, 150 mmol, 1.0 equiv) and anhydrous THF (100 mL) were

added under argon atmosphere. Then the mixture was cooled down to 0 °C, and "BuLi

C4H1oBI'23i
MW: 246.0170

(61 mL, 2.5 M in hexane, 150 mmol, 1.0 equiv) was added dropwise. After complete
addition, the reaction mixture was stirred for 10 minutes at 0 °C, and then it was transferred slowly
via cannula to another 500 mL round-bottomed flask loaded with trimethylsilyl chloride (19 mL, 150
mmol, 1.0 equiv), dibromomethane (21 mL, 300 mmo], 2.0 equiv) and anhydrous THF (20 mL) at -100
°C (the temperature was maintained for the whole duration of the transfer). After complete addition
the mixture was allowed to return slowly to rt and then it was stirred 1 h. After this time, the reaction
mixture was poured into a cold solution of saturated soln of NH4Cl. The aqueous phase was extracted
with diethyl ether, and the combined organic layers were washed with brine, dried over MgSO4, and
concentrated under reduced pressure. Purification of the crude product by distillation under reduced

pressure (20 mmHg, 58 °C) afforded analytically pure 120 (22.8 g, 62% yield) as a colorless liquid.

1H NMR (300 MHz, CDCl3) & 5.15 (s, 1H), 0.25 (s, 9H) 13C NMR (75 MHz, CDCl3) & 37.0, -3.1. IR (ATR)
1252, 842, 616 cm-1. MS (EI, 70 eV) m/z: 246 (M+, 1%), 203 (13%), 73 (100%)).

Bis(bromozincio)trimethylsilylmethane (121):

According to a modified literature procedure,%¢ to a THF (1 mL) suspension of Zn

SiMe3

Bz -~ dust (1.3 g, 20 mmol, 4 equiv) and PbCl; (28 mg, 0.1 mmol, 0.02 equiv) under argon
r£n nor

atmosphere, was added trimethylsilyl chloride (0.05 mL, 0.4 mmol), and the

C4H1oBr28iZn2
MW: 376.7770

mixture was stirred for 10 minutes at rt. After that, a THF (4 mL) solution of 120
(1.23 g, 5 mmol, 1.0 equiv) was added dropwise over 2 h. After complete addition, the resulting mixture
was stirred for 4.5 h at 60 °C. Then the excess of zinc was removed by centrifugation and the
supernatant was transferred in an oven-dried flask and stored under a positive pressure of argon at -

20 °C. The reagent was titrated with I to determine the corresponding title.16

45 K. Yoon, D. Y. Son, J. Organomet. Chem. 1997, 545-546, 185-189.
46 S. Matsubara, Y. Otake, T. Morikawa, K. Utimoto, Synlett 1998, 1998, 1315-1316
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3.11. General Procedure for the Enantioselective Sequential
Allylation—lodolysis (GP5)

J_ s
Et0,C '

j‘\ (1.05 equiv) J\/‘E\* I, (3.0 equiv) J\/E
_ > _— >
Brzn ZnBr Cul (5 mol%) EtO,C ZnBr THF, 0 °C, 5 min EtO,C I
Ligand* (10 mol%) R = Me (247)
R =Me (117) THF, rt, 1-2 h i
Sittes (121) . SiMe; (241)

An oven-dried flask under argon was charged with Cul (3.8 mg, 0.02 mmo]l, 0.05 equiv) and chiral
ligand (0.01 mmol, 0.1 equiv). A solution of ethyl 2-(bromomethyl)acrylate (81 mg, 0.42 mmol, 1.05
equiv) in THF (1.1 mL) was added. The mixture was stirred for 5 min at rt, before a solution of gem-
dizincio (0.4 mmol, 1.0 equiv) was added slowly. The resulting mixture was stirred for 2 h at rt. Then
the reaction mixture was added to a solution of I> (305 mg, 1.2 mmol, 3.0 equiv) in THF (0.5 mL) at 0
°C under argon. The mixture was stirred at 0 °C for 5 minutes and 3 minutes at rt, after which was
added a sat. soln of Na,S;03 until complete loss of colour. The reaction mixture was extracted with Et,0
(3x5 mL), and the combined organic layers were dried over MgSQ,, filtered, and concentrated under

reduced pressure. The product was purified by flash column chromatography on silica gel.

Ethyl 4-iodo-2-methylene-4-(trimethylsilyl)butanoate (241):

siMe, | Prepared according to GP5, with L39 (12 mg, 0.04 mmol, 0.1 equiv), and 121 (0.5
Etozcj\/Kl mL, ~0.8 M in THF, 0.4 mmol, 1.0 equiv). Purification by flash column

C1oH19lO,Si chromatography on silica gel (pentane/EtOAc, 100:3) afforded analytically pure
MW: 326.2495

241 (55 mg, 89% yield) as a pale-yellow oil.

1H NMR (400 MHz, CDCls) § 6.31 (s, 1H), 5.61 (s, 1H); 4.20 (qd, ] = 7.2, 2.2 Hz, 2H), 3.31 (dd, ] = 12.4,
2.8 Hz, 1H), 2.88 (d, br., ] = 15.1 Hz, 1H), 2.45 (dd, ] = 15.1, 12.4 Hz, 1H), 1.30 (t,] = 7.1 Hz, 3H), 0.19 (s,
9H). 13C NMR (101 MHz, CDCls) & 166.6, 139.1, 127.1, 60.9, 36.9, 20.7, 14.3, -2.0. IR (ATR) 1712, 1250,
1187, 1126, 855, 837, 741, 692 cm-L. HRMS (ESI) m/z: [M+H]* calcd for C1oH16102SiH 327.0272, found
327.0286.
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Ethyl 4-iodo-2-methylenepentanoate (247), (enantioenriched):

Me Prepared according to GP5, with Cul (2.9 mg, 0.015 mmo], 0.05 equiv), L39 (9 mg,
EtOZCMI 0.03 mmol, 0.1 equiv), from ethyl 2-(bromomethyl)acrylate (60.8 mg, 0.3 mmol,

CgH1310; 1.0 equiv) and 117 (0.9 mL, ~0.45 M in THF, 0.4 mmol, 1.33 equiv). Purification of
MW: 268.0945

the crude product by flash column chromatography (pentane/EtOAc, 33:1)
afforded analitically pure 247 (28 mg, 35% yield) as a pale-yellow oil.

1H NMR (300 MHz, CDCl3) 6 6.31 (d,J = 1.3 Hz, 1H), 5.66 (d, ] = 1.2 Hz, 1H), 4.43 - 4.30 (m, 1H), 4.22
(q,] = 7.1 Hz, 2H), 2.88 (ddd, J = 14.5, 8.4, 1.0 Hz, 1H), 2.75 (ddd, J = 14.5, 6.0, 1.2 Hz, 1H), 1.94 (d, ] =
6.8 Hz, 3H), 1.31 (t, / = 7.1 Hz, 3H). 13C NMR (75 MHz, CDCl3) 6 166.6, 138.6, 128.0, 61.0, 45.9, 28.7,
26.8,14.3. IR (ATR) 2924, 2855, 1715, 1403, 1216, 1180, 1099, 759 cm-1. HRMS (APCI) m/z: [M+H]*
calcd for CsH13102H 269.0033, found 269.0034. Enantiomeric ratio 57:43 was determined by chiral
HPLC analysis with a Daicel Chiralcel OJ-column (0.1% isopropanol in n-heptane, 0.5 mL/min, 25 °C,

detection at 220 nm, retention times (min): 11.94 (minor), 12.64 (major)). [a]2? = [pending]

mAL mAU

Det. A Chl 2000 f: Det. A Chl
300 § b
150
400 |
300 100
200
50
100
O
L — — - - —
110 15 120 125 130 135 140 145 150 105 110 s 120 125 130 135
Detector A Chl 220nm Detector A Chl 220nm
Peak# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 12.428 9373585 396247 49.726 1 11.936 4088812 180206 42.663
2 13.322 9477017 353944 50.274 2 12.639 5495096 212236 57.337
Total 18850602 750191 100.000 Total 9583908 392442 100.000
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3.12. General Procedure for the Enantioselective Sequential
Double Allylation (GP6)

RSNTX 1) CUCN-2LiCI (1.1 equiv)

1 1 3
R R (1.05 equiv) , TR THF, -50 °C, 10 min ROROR
Brz )\z B R\%\/kz B RM
ren ner TM/Ligand* ner1 2y R3
R = Me (117) THF, rt, 1-2h Bry\ (2.0 equiv)
SiMe3 (121) THF, -50 °Ctort, 3 h

An oven-dried flask under argon was charged with TM/Ligand catalyst. A solution of allyl
halide (0.42 mmol, 1.05 equiv) in THF (1.1 mL) was added. The mixture was stirred for 5 min at rt,
before a solution of gem-dizincio (0.4 mmol, 1.0 equiv) was added slowly. The resulting mixture was
stirred for 1-2 h at rt. Then the reaction mixture was cooled down to -50 °C, a solution of CuCN-2LiCl
(0.44 mL, 1.0 M in THF, 0.44 mmol, 1.1 equiv) was added dropwise and the resulting mixture was
stirred at the same temperature for 10 minutes. After that, a THF (0.5 mL) solution of the allyl bromide
(0.8 mmol, 2.0 equiv) was added dropwise at -50 °C and the reaction mixture was stirred 3 h letting it
return to rt slowly. The reaction was quenched with sat. soln of NH4Cl and extracted with Et,0 (3x10
mL). The combined organic layers were dried over MgSQy, filtered, and concentrated under reduced

pressure. The product was purified by flash column chromatography on silica gel.

Ethyl (E)-2-methylene-7-phenyl-4-(trimethylsilyl)hept-6-enoate ((x-238):

MesSi  CO,Et Prepared according to GP6, using Pd2(dba)s (9.2 mg, 0.01 mmol, 0.025 equiv)
Ph

= and L17 (26.8 mg, 0.04 mmol, 0.1 equiv) as catalytic system, from
C19H250,Si commercially available cinnamyl chloride (64 mg, 0.42 mmol, 1.05 equiv) and
MW: 316.5160

ethyl 2-(bromomethyl)acrylate (154 mg, 0.8 mmol, 2.0 equiv) respectively as
first and second allyl halides, and from 121 (0.5 mL, ~0.8 M in THF, 0.4 mmol, 1.0 equiv) as gem-
dizincio, with a reaction time of 1 h for the first step. Purification of the crude product by flash column
chromatography (pentane/Et;0, 50:1) afforded analitically pure (+)-238 (100 mg, 79% yield) as a

colourless oil.

1H NMR (400 MHz, CDCl3) & 7.32-7.24 (m, 4H), 7.18 (ddt, ] = 8.6, 7.3, 1.9 Hz, 1H), 6.33 (d, ] = 16.0 Hz,
1H), 6.20-6.11 (m, 2H), 5.52 (d, ] = 1.3 Hz, 1H), 4.18 (qd, ] = 7.1, 1.9 Hz, 2H), 2.56 (dd, ] = 14.5, 3.0 Hz,
1H), 2.30 (q, ] = 6.5 Hz, 2H), 2.20 (dd, ] = 14.3, 10.6 Hz, 1H), 1.27 (t,] = 7.1 Hz, 3H), 1.08 (dtd, ] = 10.5,
6.2, 4.2 Hz, 1H), 0.06 (s, 9H). 13C NMR (101 MHz, CDCl3) 6 167.4, 140.9, 137.9, 130.9, 130.6, 128.6,
126.9,126.0, 125.5, 60.7, 33.0, 32.3, 25.0, 14.3, -2.1. IR (ATR) 1716, 1248, 1185, 1128, 853, 834, 742,
692 cm-1. HRMS (ESI) m/z: [M+H]* calcd for C19H280,SiH 317.1931, found 317.1931.
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Ethyl 2-methylene-5-phenyl-4-(trimethylsilyl)hept-6-enoate (239):

SiMe; Prepared according to GP6, using Pdz(dba)z (9.2 mg, 0.01 mmol, 0.025 equiv)
EtOZCW

and L33 (27.5 mg, 0.04 mmol, 0.1 equiv) as catalytic system, from commercially

Ph
available cinnamyl chloride (64 mg, 0.42 mmol, 1.05 equiv) and ethyl 2-
C1gH2g0,Si
MV\1/:93§86.521 60 (bromomethyl)acrylate (154 mg, 0.8 mmol, 2.0 equiv) respectively as first and

second allyl halides, and from 121 (0.5 mL, ~0.8 M in THF, 0.4 mmol, 1.0 equiv)
as gem-dizincio, with a reaction time of 1 h for the first step. Purification of the crude product by flash
column chromatography (pentane/Et;0, 50:1) afforded 239 (37 mg, 29% yield) as a mixture of two

diastereoisomer (60:40 dr) as a colourless oil.

Minor diastereoisomer:

1H NMR: (400 MHz, CDCl3) & 7.33-7.15 (m, 5H), 6.14 (m, 1H), 6.13-6.04 (m, 1H), 5.52 (d, ] = 1.4 Hz,
1H), 5.22-5.07 (m, 2H), 4.18 (qd, ] = 7.1, 1.8 Hz, 2H), 3.54 (t, ] = 5.4 Hz, 1H), 2.59 (dd, J = 14.2, 3.9 Hz,
1H), 2.49 (t, ] = 8.0 Hz, 1H), 1.68-1.55 (m, 1H,), 1.34 (t, ] = 7.2 Hz, 3H), -0.07 (s, 9H). 13C NMR (101
MHz, CDCl3) 6 167.4, 145.0, 141.7, 140.7, 128.4, 128.1, 126.2, 125.2, 115.7, 60.6, 51.2, 30.9, 29.9, 14.4,
-1.1 (3C).

Major diastereoisomer:

1H NMR: (400 MHz, CDCl3) & 7.33-7.15 (m, 5H), 6.19 (d, ] = 1.6 Hz, 1H), 6.13-6.04 (m, 1H), 5.52 (d, ] =
1.4 Hz, 1H), 5.22-5.07 (m, 2H), 4.25 (qd, ] = 7.1, 1.8 Hz, 2H), 3.57 (t, ] = 5.4 Hz, 1H), 2.49 (t,] = 8.0 Hz,
1H), 2.31 (dd, ] = 14.3, 9.0 Hz, 1H), 1.68-1.55 (m, 1H), 1.29 (t, ] = 7.2 Hz, 3H), -0.06 (s, 9H). 13C NMR
(100 MHz, CDCl3) 6 167.4, 144.9, 141.0, 140.5, 128.2, 127.9, 126.0, 125.7, 116.8, 60.7, 50.2, 31.6, 30.8,
14.4,-0.5 (3C).

IR (ATR) 1716, 1249, 1186, 1129, 853, 835, 755, 700 cm-1. HRMS (ESI) m/z: [M+H]* calcd for
C19H2802SiH 317.1931, found 317.1931.

Ethyl 2-methylene-4-(trimethylsilyl)hept-6-enoate (244), (enantioenriched):

SiMes Prepared according to GP6, using Cul (57 mg, 0.3 mmol, 1.0 equiv) and L39
EtOZCJ\/K/\ (181 mg, 0.6 mmol, 2.0 equiv) as catalytic system, from commercially available

C13H40,Si ethyl 2-(bromomethyl)acrylate (81 mg, 0.315 mmol, 1.05 equiv) and allyl
MW: 240.4180

bromide (97 mg, 0.6 mmol, 2.0 equiv) respectively as first and second allyl
halides, and from 121 (0.38 mL, ~0.8 M in THF, 0.3 mmol, 1.0 equiv) as gem-dizincio, with a reaction
time of 10 min for the first step. Purification of the crude product by flash column chromatography

(pentane/EtOAc, 100:3) afforded analitically pure 244 (28 mg, 39% yield) as a colourless oil.
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1H NMR (400 MHz, CDCl3) 6 6.16 (d,J= 1.7 Hz, 1H), 5.75 (ddt,J=17.1,10.1, 7.1 Hz, 1H), 5.51 - 5.47 (m,
1H), 5.02 - 4.90 (m, 2H), 4.19 (qd,J = 7.1, 1.6 Hz, 2H), 2.48 (ddd, J = 14.3, 4.5, 1.4 Hz, 1H), 2.20 - 2.04
(m, 3H), 1.29 (t,J = 7.1 Hz, 3H), 0.96 (dtd, J = 10.5, 6.0, 4.5 Hz, 1H), 0.02 (s, 9H). 13C NMR (101 MHz,
CDCl3) 6 167.4,140.7,138.7,125.3, 115.4, 60.6, 33.7, 32.0, 24.3, 14.3, -2.1 (3C). IR (ATR) 2979, 2905,
1718, 1299, 1249, 1180, 1132, 1115, 852, 834 cm'l. HRMS (ESI) m/z: [M+H]* calcd for C13H240,SiH
241.1618, found 241.1619.

[Note: difficulty encountered in establishing effective separation conditions for the two enantiomers
using chiral-phase GC/HPLC. Refer to the derivatization procedure to compound 245 (reported below)

for the enantiomeric ratio]

2-Methylene-4-(trimethylsilyl)hept-6-en-1-ol (245), (enantioenriched):

SiMe, To a stirred solution of 244 (28 mg, 0.116 mmol, 1.0 equiv) in THF (1.0 mL)
HO\)J\/K/\ was slowly added DIBAL-H (1.2 M in toluene, 0.48 mL, 0.58 mmo]l, 5.0 equiv) at

C11Ho0Si -20 °C. The resulting mixture was stirred at -20 °C for 10 min and then rt for 3
MW: 198.3810

h. The reaction mixture was quenched with HCl 1 M (2.0 mL) at 0 °C, and the
aqueous phase was extracted with EtOAc (3x5 mL). Th combined organic layers were washed with
brine, dried over MgS04, and then filtered on a plug of silica gel (pentane/EtOAc, 1:1) to afford
analytically pure 245 (27 mg, 97% yield).

1H NMR (300 MHz, CDCl3) § 5.76 (ddt,/J=17.1,10.1, 7.1 Hz, 1H), 5.09 - 4.86 (m, 4H), 4.04 (s, 2H), 2.23
-1.94 (m, 4H), 1.77 (br's, 1H), 0.90 (dtd, J= 10.0, 6.2, 5.0 Hz, 1H), 0.00 (s, 9H). 13C NMR (75 MHz, CDCls)
6148.5,138.9,115.4,110.5, 65.6, 34.1, 33.1, 23.2, -2.1. IR (ATR) 3330, 3076, 2953, 2901, 1638, 1442,
1249,1031, 906, 834, 752, 688 cm-1. HRMS (APCI) m/z: [M+H]* calcd for C11H220SiH 199.1513, found
199.1513. Enantiomeric ratio 59:41 was determined by chiral HPLC analysis with a Daicel Chiralpak
IA column (0.5% isopropanol in n-heptane until 8 min, then gradient up to 1% isopropanol in 1 min,
and mantain at 1% isopropanol, 1.0 mL/min, 25 °C, detection at 210 nm, retention times: 18.69 min
(major), 19.61 min (minor)). [a]3? = [pending].

200 Det.A Chl o Det.AChl

100 -50

0 100

175 180 185 19.0 19.5 200 205 210 175 18.0 18.5 19.0 19.5 200 205 210
mi

Detector A Chl 210nm ) Detector A Chl 210nm
Peakd# Ret. Time Area Height Area % Peak# Ret. Time Area Height Area %
1 18.756 4722563 185507 50.491 1 18.686 2385100 96658 58.873
2 19.634 4630634 164787 49.509 2 19.612 1666197 65239 | 41.127
| Tota | 9353197 350294 100.000 | Total 4051297 161897 100.000
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Ethyl 4-methyl-2-methylenehept-6-enoate (248), (enantioenriched):

Me Prepared according to GP6, with Cul (2.9 mg, 0.015 mmol, 0.05 equiv) and the
Etoch\/&\/\ L39 (9 mg, 0.03 mmol, 0.1 equiv), from commercially available ethyl 2-

C11H102 bromomethyl)acrylate (60.8 mg, 0.3 mmol, 1.0 equiv) and allyl bromide (97
e ( yDacrylate ( g quiv) y (

mg, 0.8 mmol, 2.0 equiv) respectively as first and second allyl halides, and 117
(0.9 mL, ~0.45 M in THF, 0.4 mmol, 1.33 equiv) as gem-dizincio, with a reaction time of 2 h for the first
step. Purification of the crude product by flash column chromatography (pentane/EtOAc, 33:1)

afforded analitically pure 248 (5 mg, 9% yield) as a colourless oil (volatile compound)

1H NMR (400 MHz, CDCl3) 6 6.17 (d,]/ = 1.7 Hz, 1H), 5.79 (ddt, /= 16.3,10.8, 7.0 Hz, 1H), 5.52 - 5.46 (m,
1H), 5.06 - 4.97 (m, 2H), 4.26 - 4.14 (m, 2H), 2.39 (ddd, / = 13.8, 5.9, 1.3 Hz, 1H), 2.15 - 2.01 (m, 2H),
1.97 - 1.85 (m, 1H), 1.76 (dt, = 12.8, 6.8 Hz, 1H), 1.30 (t, / = 7.1 Hz, 3H), 0.86 (d, / = 6.7 Hz, 3H). 13C
NMR (101 MHz, CDCl3) § 167.6, 139.9, 137.3, 125.9, 116.1, 60.7, 41.2, 39.3, 32.0, 19.2, 14.4. IR (ATR)
2979,1718,1630,1280,1160,912, 735 cm'L. HRMS (APCI) m/z: [M+H]* calcd for C11H1302H 183.1380,
found 183.1380. Enantiomeric ratio 67:33 was determined by chiral HPLC analysis with a Daicel
Chiralcel OJ-H column (0.5% isopropanol in n-heptane until 8 min, then gradient up to 1% isopropanol
in 1 min, and mantain at 1% isopropanol, 0.5 mL/min, 25 °C, detection at 220 nm, retention times: 9.15

min (minor), 9.74 min (major)). [a]3° = [pending].

mAl mAU
L‘(”J Det. A Chl " Det.A Chl

850 875 9,00 925 9.50 975 1000 10.25 1050 85 9.0 95 10.0 10.5 1o
min

Detector A Chl 220nm Detector A Chl 220nm )
Peak# Ret. Time Area Height Area % Peaki# Ret. Time Area Height Area %
1 9.032 14031015 690563 49.183 | 1 9.153 3726283 | 202528 32869
2 9.699 14497021 640933 S50.817 2 9.735 7610565 275166 67.131
Tota 28528035 1331497 100,000 | Total 11336848 | 477695 100.000
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3.13. Preparation of a-Silyl Organozinc (z)-240-1 in THF-d8

Zn dust (1.5 equiv)

uea BrCH,CH,Br (5 mol%) U'\"ea

TMSCI (5 mol%)
241 THF-d8, 10 °C to rt (+)-240-1
16 h (in THF-d8)

An oven dried flask was charged Zn dust (294 mg, 4.5 mmol, 1.5 equiv) and THF-d8 (0.7 mL) and
the zinc was activated adding 1,2-dibromoethane (13 pL, 0.15 mmol, 0.05 equiv) and heating the
reaction mixture until ebullition occurred. After cooling to rt, trimethylsilyl chloride (19 pL, 0.15 mmo],
0.05 equiv) was added and the mixture was heated again until ebullition occurred. Then the mixture
was cooled down to rt and a solution of 241 (703 mg, 5.0 mmol, 1.0 equiv) [prepared according to GP5
with Pdz(dba)s;/L17] in THF-d8 (2.1 mL) was added dropwise over 1 h at 10 °C. After complete
addition, the reaction mixture was stirred at rt for 16 h. The excess of zinc was removed by
centrifugation and the liquid supernatant was transferred to another oven-dried flask under a positive
pressure of argon and stored at —-20 °C. The title was determined by titration with ;.16 Concentration

of ~0.55 M was obtained.
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Asymmetric Sequential Cross-Coupling Reactions with Prochiral Zinc-Based C(sp3)-Gem-Bimetallic
Reagents

This thesis presents the development of asymmetric sequential cross-coupling reactions
using prochiral C(sp3)-gem-dizincio reagents. While enantioselective consecutive cross-coupling
reactions have been explored for various gem-bimetallics, a significant gap exists in the literature
for 1,1-dizincio reagents. The motivation behind this work is the establishment of novel
enantioselective sequential cross-coupling reactions employing these reagents to synthesize
complex, optically active molecules in a modular fashion. The first part introduces a highly
enantioselective palladium-catalyzed sequenced arylation/acylation of prochiral 1,1-
bis(iodozincio)alkanes achieving a-disubstituted ketones bearing enolizable tertiary
stereocenters in excellent yields and enantiomeric ratios. In the second part, a significant
advancement was attempted using silyl-substituted gem-dizincio reagents, potentially enabling

three consecutive reactions in a single pot.

Keywords: Gem-Bimetallics, Cross-Coupling, Enantioselectivity, Sequential Reactions, Zinc

Réactions de Couplage Croisé Séquentiel Asymétrique avec des Réactifs C(sp3)-Gem-
Bimétalliques Prochiraux a Base de Zinc

Cette these présente le développement de réactions asymétriques de couplages croisés
séquentiels a partir des réactifs prochiraux C(sp3)-gem-dizinc. Alors que la realisation de deux
couplages croisés consécutifs en version énantiosélective a été explorée pour divers composés
gem-bimétalliques, dans la literature, un manque significatif de travaux existe pour les réactifs
1,1-dizinc. Ce travail consiste ainsi en I'établissement de nouvelles réactions asymétriques de
couplages croisés séquentiels en utilisant ces réactifs pour synthétiser des molécules complexes
et optiquement actives de maniére modulaire. La premiére partie présente une seéqguence
arylation/acetylation pallado-catalysée hautement énantiosélective de 1,1-bis(iodozincio)alcanes
prochiraux, conduisent a des cétones a-disubstituées portant des centres stéréogenes tertiaires
énolisables avec d’excellents rendements et rapports énantiomériques. Dans la deuxiéme partie,
une avancée significative a été tentée en utilisant des réactifs gem-dizinc silyl-substitués,

permettant potentiellement trois réactions consécutives en une seule étape.

Mots-clés: Gem-Bimétalliques, Couplage Croisé, Enantiosélectivité, Réactions Séquentielles, Zinc



