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Abstract

This thesis summarizes the development of general and efficient methods to synthesize enantiomerically enriched
cyclopropane compounds. The works reported herein exploit the opportunity presented by redox-active esters to explore
the orthogonality between asymmetric carbene-transfer and geminal radical generation. Together, these two processes
enable the enantioselective manipulation of a carbon atom with multiple leaving groups, allowing sequential and systematic
molecular assembly. This thesis discloses a unified approach to transform abundant alkene substrates into unrelated
cyclopropane products, circumventing the need of specific methods, catalysts and carbene precursors for each individual
case. The exploration of redox-active diazoacetate reagents in this strategy resulted in the discovery of the general
enantioselective cyclopropanation method presented in Chapter 2. This method engages olefins, even aliphatic, to produce
a variety of cyclopropane derivatives in high yields and selectivity. The late-stage diversification of the resulting products
enables facile access to useful chiral building blocks and biologically important scaffolds in a more practical and sustainable
way. The mechanism of this ruthenium-catalyzed cyclopropanation employing a novel redox-active carbene precursor
is investigated in Chapter 3, disclosing the origin of the selectivity and performance of the system. Several techniques
including gas evolution monitoring, benzhydrylium benchmarking, in situ high resolution mass spectroscopy and VINA
kinetic analysis are used to gain insight on this reaction. Chapter 4 describes the development of a key stereoselective
photo-decarboxylation of cyclopropyl redox-active esters to obtain chiral cis-arylcyclopropanes. These are commonly
used as conformationally restricted olefin isosteres in medicinal chemistry. The modular assembly of these challenging
compounds is explored, along with the photophysical and photochemical features of the new efficient method. Finally,
Chapter 5 describes the development of a robust protocol to transform cyclopropyl redox-active esters in versatile
cyclopropylboronates by a new photo-organocatalyzed method, which is mediated by new non-symmetric diboronic acid
monoesters. These findings originate from a detailed mechanistic investigation of a known borylation procedure by in situ
NMR spectroscopy. The new method facilitates the synthesis of chiral cyclopropylboronates in a more sustainable and
efficient way, and illustrates the opportunities bestowed by the new diboron species to enhance performance, robustness
and stereoselectivity.
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Abstract

This thesis summarizes the development of general and efficient methods to
synthesize enantiomerically enriched cyclopropane compounds. The works
reported herein exploit the opportunity presented by redox-active esters to explore
the orthogonality between asymmetric carbene-transfer and geminal radical
generation. Together, these two processes enable the enantioselective
manipulation of a carbon atom with multiple leaving groups, allowing sequential
and systematic molecular assembly. This thesis discloses a unified approach to
transform abundant alkene substrates into unrelated cyclopropane products,
circumventing the need of specific methods, catalysts and carbene precursors for
each individual case. The exploration of redox-active diazoacetate reagents in this
strategy resulted in the discovery of the general enantioselective cyclopropanation
method presented in Chapter 2. This method engages olefins, even aliphatic, to
produce a variety of cyclopropane derivatives in high yields and selectivity. The
late-stage diversification of the resulting products enables facile access to useful
chiral building blocks and biologically important scaffolds in a more practical and
sustainable way. The mechanism of this ruthenium-catalyzed cyclopropanation
employing a novel redox-active carbene precursor is investigated in Chapter 3,
disclosing the origin of the selectivity and performance of the system. Several
techniques including gas evolution monitoring, benzhydrylium benchmarking, in
situ high resolution mass spectroscopy and VTNA kinetic analysis are used to gain
insight on this reaction. Chapter 4 describes the development of a key
stereoselective photo-decarboxylation of cyclopropyl redox-active esters to obtain
chiral cis-arylcyclopropanes. These are commonly used as conformationally
restricted olefin isosteres in medicinal chemistry. The modular assembly of these
challenging compounds is explored, along with the photophysical and
photochemical features of the new efficient method. Finally, Chapter 5 describes
the development of a robust protocol to transform cyclopropyl redox-active esters
in versatile cyclopropylboronates by a new photo-organocatalyzed method, which
is mediated by new non-symmetric diboronic acid monoesters. These findings
originate from a detailed mechanistic investigation of a known borylation
procedure by in situ NMR spectroscopy. The new method facilitates the synthesis
of chiral cyclopropylboronates in a more sustainable and efficient way, and
illustrates the opportunities bestowed by the new diboron species to enhance
performance, robustness and stereoselectivity.



Populirvetenskaplig sammanfattning

Inom kemin studeras atomers och molekylers egenskaper och denna kunskap
nyttjas till att skapa foreningar och material som anvénds i vara dagliga liv, till
exempel lakemedel, firgdmnen, brénsle, gddningsmedel och textilier. Organisk
kemi fokuserar pd molekyler som har kolskelett med andra atomer, och syftar till
att utveckla strategier for syntes av dem fran hallbara kéllor. En viktig egenskap
hos organiska molekyler &r att de kan finnas i tvé néstintill identiska former, pa
samma sitt som ena handen &r spegelbilden av den andra. Denna egenskap kallas
kiralitet. I denna avhandling beskrivs nya strategier for att erhélla kirala molekyler
som &r medicinskt intressanta och &r baserade pa treatoméra skelett kallade
cyklopropaner. Dessa foreningar innehar sdrskilt intressanta farmaceutiska
egenskaper och finns i ménga aktiva substanser. Syntesen av kirala cyklopropaner
kriaver dock specifika metoder for varje onskad molekyl, dar svartillgingliga
reagens och material krdvs. Denna avhandling undersdker och studerar nya
metoder for att erhalla olika kategorier av kirala cyklopropaner och kretsar kring
anvéndandet av ett nytt och stabilt reagens kallat NHPI-DA, som kan generera en
mingd olika kirala cyklopropaner fran tillgdngliga och billiga material.
Cyklopropanprodukterna fran reaktionerna kan sedan transformeras vidare i andra
kemiska reaktioner. Denna avhandling utforskar nagra av dessa processer, sérskilt
de som kan aktiveras av blaa ljuskdllor med samma energieffektivitet som LED-
lampor i vanlig hushéllsbelysning. Aktiveringen av energikrdvande kemiska
reaktioner med hjélp av synligt ljus kan bade dka forstdelsen av kemin och erbjuda
stora mdjligheter for en héllbarare kemisk produktion.
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Abbreviations

Abbreviations are used in accordance with the standards of the subject.’ Non-standard
and unconventional abbreviations are listed below.

Bacat, Bis(catecholato)diboron

Bopin, Bis(pinacolato)diboron

BHT 2,6-Di-tert-butyl-4-methylphenol
BNAH N-benzyldihydronicotinamide

Box bis(oxazoline)

bpy 1,1’-bipyridine

dba Dibenzylideneacetone

DFT Density functional theory

DOSP N-(p-dodecylphenylsulfonyl)prolinate
DPPN Diphenyl phosphoryl azide

DTBC 3,5-Di-tert-butyl-catechol

EDA Electron donor-acceptor

Et-DA Ethyl diazoacetate

EDG Electron-donating group

EWG Electron-withdrawing group

FG Functional group

HAT Hydrogen atom transfer

LED Light-emitting diode

LG Leaving group

MEOX methyl-2-oxazolidinone-5-carboxylates
MEPY methyl-2-oxopyrrolidine-5-carboxylates
NHPI N-hydroxyphthalimide

NHPI-DA N-hydroxyphthalimidoyl diazoacetate
NTTL N-naphthaloyl-(S)-tert-leucinate

PET Photoinduced electron transfer

Pheox Phenyloxazoline

pin pinacolato

PTTL N-phthaloyl-(S)-tert-leucinate

PyBox 2,6-bis(oxazoline)pyridine

RPKA Reaction progress kinetic analysis

rt Room temperature

SET Single-electron transfer

TCE 2,2,2-Trichloroethyl

TCSPC Time-correlated single-photon counting
Teoc 2-(Trimethylsilyl)ethyloxycarbonyl
TFE 2,2,2-Trifluoroethyl

TPAP Tetrapropylammonium perruthenate
TPCP 1,2,2-triphenylcyclopropanecarboxylate
VTNA Variable-time normalization analysis

§ The ACS Style Guide, American Chemical Society, Oxford University Press, New York 2006.






1. Introduction

1.1 Cyclopropanes and their importance

The cyclopropane structure is a moiety commonly found in the backbone of natural
products and bioactive compounds, including pharmaceuticals and important
agrochemical compounds (Figure 1). Due to their unique bonding and high strain
energy, these molecules possess an alkene-like reactivity that allowed for the
development of a variety of reactions, including ring-openings, cycloadditions and
rearrangements among others.! Cyclopropanes are also very attractive for medicinal
chemistry, and are commonly employed as (bio)isosteres in drug development, due to
their rigidity, lower lipophilicity (compared to other aliphatics and aromatics), and

slower metabolic oxidative degragation.'®?
o F
HN® AEI
N)ﬁ:N\\N F
)I\ Z~N'
S N
K/Me ;j~“\OH

“oH
HO™ -0
ticagrelor
/Me
N= (o}
MeO
HO Meo OMe \ 7/ P4
d HN”
0 OMe ? 2
o o
H H JNH N NH
o s
t-Bu [¢]
combretastatin A analog grazoprevir

Figure 1: Examples of bioactive molecules containing the cyclopropane moiety.

These highly rigid molecules differ from other cycloalkanes for their decreased bond
lengths and bond strength, due to the uncommon bonding that happens in
cyclopropanes (Figure 2).'> 243 Another feature of this moiety is the high strain
energy of about 27.4 kcal/mol. This is only slightly higher than the one of cyclobutane
(26.5 kcal/mol), suggesting the presence of some stabilization energy of electronic
nature. Owing to their peculiar structure and reactivity, cyclopropanes have been
object of numerous theoretical and experimental studies.'® %23



H,
\\H
H H H7Z

H H H H HH

propane cyclopropane propene
* pKj value: 51 * pK, value: 46 * pK, value: 43
+ C-C bond lenght: 1.54 A + C-C bond lenght: 1.51 A + C-C bond lenght: 1.33 A
+ C-H bond lenght: 1.09 A + C-H bond lenght: 1.08 A + C-H bond lenght: 1.08 A

« Strain energy: 27.4 kcal/mol

Figure 2: Properties of cyclopropane and its related compounds propane and propene.'?

Several models were proposed to explain the peculiar reactivity and structure
observed in these molecules.!® The simplest one is based purely on the evaluation of
its strain elements. The geometry of cyclopropanes requires an internal bond angle of
60°, far from the theoretical bond angle value of 109.5° in sp*-hybridized molecules.
Moreover, the requirement of all the carbon atoms to be coplanar results in all the C—
H bonds being eclipsed. The sum of the angular and torsional strain was initially
proposed as the reason behind the reactivity of cyclopropanes. A more advanced
explanation was given by the Forster-Coulson-Moffit model (Figure 3).* This model
suggests that C—C bonds have a higher p-character compared to regular alkanes. This
results in the formation of bent bonds, with the electron density lying outside the
cyclopropane ring. Conversely, the C—H bonds increase in s-character, explaining the
higher acidity (see Figure 2).

+ C-C bent bonds
(22° out of plane)

+ C-C bonds sp®

+ C-H bonds sp?

Figure 3: Representation of the Forster-Coulson-Moffit model.

Even though the Forster-Coulson-Moffit model was able to rationalize the presence
of electron density outside the perimeter of the molecule, as evidenced by X-ray
diffraction spectroscopy, it failed at explaining why some electron density was also
observed in the center of the triangular structure. The Walsh theoretical model®
provides a more complete description of cyclopropanes. Walsh explained the change
in the hybridization of the carbon atoms towards an increasing p-character in the C—
C bonds while increasing the s-character of the C—H bonds using molecular orbitals
(Figure 4). The lowest energy molecular orbital is formed by three sp? orbitals
pointing towards the center, whereas the two HOMOs are originated from p-orbitals.
This model can rationalize the experimental electron density and the alkene-like
reactivity, as well as the different acidity and carbon-carbon bond length of
cyclopropane compared to propane. Moreover, the electronic distribution provided by
the Walsh model helps understanding the electronic factors contributing to the strain
energy of this compound.
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Figure 4: MO diagram of the Walsh model used to describe bonding in cyclopropanes.'?

The particular bonding features of cyclopropanes also affect the stereoelectronic
properties of cyclopropyl intermediates, among which cyclopropyl radicals are most
relevant in the context of this thesis. These intermediates are configurationally
unstable, pyramidal c-radicals.® The inversion of configuration for unconstrained
cyclopropyl radicals (Scheme 1) is very rapid at room temperature, with a reaction
rate constant of about 103-10° s™! and an associated energy barrier of ~1 kcal/mol.®
The inversion goes through a plane-symmetric n-radical transition state, which is the
most stable form of conventional alkyl radicals. On these intermediates, the planar
structure is favored to minimize steric hindrance among the substituents. This
structure would instead enhance further the ring strain of the cyclopropane ring,
leading to the aforementioned pyramidal configuration. It is evident how the
prominent s-character of the cyclopropyl radical renders this intermediate similar to
aryl radicals and differentiates them from the non-aromatic alkyl radicals, possessing
p-character. Additionally, stereoselective radical substitution reactions are difficult on
cyclopropane rings. Examples have been reported where the stereochemical stability
of these species can be improved by having electronegative substituents,” such as
halogens or alkoxy groups, in the a-position of the radical in order to increase the
energy barrier for the inversion.

& — b — &

o-radical m-radical o-radical
pyramidal planar pyramidal

Scheme 1: Inversion of configuration of cyclopropyl radicals.

1.1.1 Synthesis of cyclopropanes

Due to their unique chemical properties, cyclopropanes have been employed in
several fields of synthetic organic chemistry,? ® ranging from asymmetric catalysis®
to medicinal chemistry,?® or the total synthesis of natural products.® 3¢ Traditionally,
these molecules have been synthesized by three main methods: nucleophilic
displacement reactions, Simmons-Smith cyclopropanation, and carbene (free or



metal-bonded) cycloaddition. The first protocol involved an intramolecular Sx2
cyclization (Scheme 2) and was first reported by Perkin in 1884, where the
cyclopropanation of diethyl malonate using 1,2-dibromoethane in the presence of base
was described.” Since then, analogous reactions of carbanions have been reported,
most notably the addition of sulfoxonium ylides to enones, reported by Corey and
Chaykovsky (Scheme 2).!°

Nucleophilic displacement reaction: : Corey-Chaykovsky:

o)
d

Me” 1 ~CH," o}
e

o o)
™\ Sy2attack  EWG : M
Ewe” " L6 }> : o >
LG : sulfoxonium gt
: Ylide 1 ~Me
: Me

Scheme 2: Synthesis of cyclopropanes via intramolecular 3-exo-nucleophilic ring closure. Left:
General concept. Right: The Corey-Chaykovsky reaction.'®

The Simmons-Smith reaction,'! first published in 1958, is probably one of the most
synthetically useful cyclopropanation methods due to the wide scope and
stereospecificity of this process. This transformation operates through a zinc
carbenoid intermediate, commonly generated in situ by treatment of diiodomethane
with diethylzinc, and generally performs well with electron-rich substrates such as
styrenes or enol ethers. (Scheme 3, top). Additionally, the intermediacy of zinc in this
mechanism allows for Lewis basic substituents (alcohols, amines, etc.) to act as
directing groups, displaying high levels of regio- and stereoselectivity (Scheme 3,
bottom).%¢ 12

Simmons-Smith:

1Zn---| #
/\/RZ ML HZ\C\ o A' R or R? = Aryl, EDG
R ==\ . - Znl, R! “R2 or directing group
R' ‘R?

Directed cyclopropanation:

OH OH OH OH

i ZnEty CHyl, f ;H Me _~ ZnEty, CHyly Ve

—_— e
-Znl v - Znl
2 ,,H N Me 2 N Me
Me Me

Scheme 3: Synthesis of cyclopropanes with zinc carbenoids. Top: General depiction of the
Simmons-Smith cyclopropanation reaction.!" Bottom: Examples of substrate-directed
cyclopropanation.®* 12

By nature, carbenes are privileged intermediates in cyclopropane synthesis through
[2+1] cycloadditions with olefins. It is known since 1954 that free dichlorocarbene
(generated from chloroform in the presence of a strong base) react exothermally with
olefins to yield cyclopropanes (Scheme 4, top).'> Despite the high reactivity of free



carbene intermediates, this powerful protocol has found applications in complex
syntheses, such as that of (+)-ishwarane reported by Cory and McLaren. !4

Free carbene addition:

H
Cl Base ¢l a-elimination . _cCl O Sog

Gl —_— nCl —_— : —_—

H N -H* Cl -cr cl [2+1] %
H

chloroform free carbene Substrate-controlled

intermediate stereoselectivity

Metal-carbene addition:

Transition-metal R2 1
H\n/EWG catalyst H\n/EWG RV R\V/EWG
_— —_—
Nz -N; ] -M] )
catalyst turnover R
stabilized metal-carbene catalyst-controlled
diazocompound intermediate stereoselectivity

Scheme 4: Synthesis of cyclopropanes with free carbenes and metal-carbenes. Top: Addition
of dichlorocarbene to cyclohexene reported in 1954.'3 Bottom: General reaction scheme for the
transition-metal catalyzed cyclopropanation of olefins using diazocompounds.'?

More selective reactions can be achieved by the use of metal-carbene complexes (or
metal carbenoids).!® These powerful species are most commonly obtained by the
catalytic reaction of metal salts with diazocompounds, a reaction known since the
beginning of the 20% century'® and further discussed in the next section. Once
generated, these metal-bonded reagents can efficiently transfer in a stereospecific
manner the carbene fragment onto an olefin substrate (Scheme 4, bottom). It is
especially relevant in the context of this thesis to note that: /) diazocompounds lacking
stabilization from an electron-withdrawing group or bearing a leaving group are
highly unstable and therefore rarely employed in this transformation (see Chapter 2);
2) slow addition or large excess of one of the reaction partners needs to be used to
avoid dimerization of the diazoreagent (see Chapter 3); 3) C—H insertion can
outcompete cyclopropanation in specific cases.®> " Despite these limitations, this
method is widely popular for the inter- and intramolecular synthesis of cyclopropanes.

1.2 Carbenes and metal-carbene complexes
Ever since their first observation more than 160 years ago, carbenes have attracted the
attention of chemists for their unique structure and reactivity.'>® These compounds
possess a neutral divalent carbon atom with two unshared valence electrons, and can
be divided in two classes with distinct reactivities, singlet and triplet carbenes,
depending on their electronic configuration (Figure 5).
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singlet carbene triplet carbene
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Figure 5: Two classes of carbenes and their related metal-carbene classes.

With a few important exceptions, carbenes are rarely stable in their free state and are
often transient intermediates in chemical reactions. Notably, methylidene —the
simplest carbene— is a highly reactive, short-lived intermediate that is often generated
in situ from diazomethane or other precursors due to its instability. Despite the
potential usefulness of functionalized methylidene derivatives, the presence of
heteroatoms and other functional groups on this species greatly increases its instability
and limits their synthetic utility.!® Particularly, boro-,'® hydroxy-,'$* and
aminomethylidenes'®f are too unstable to engage productively in carbene-transfer
reactions, due to their known rapid oligomerization or decomposition via tunneling-
enhanced hydrogen shift at extremely low temperatures.

One way to stabilize free carbenes and control their reactivity is by bonding with a
metal center. The main types of coordinated carbenes are called Fischer and Schrock
carbenes, named after their discoverers (Figure 5).!5® ! Fischer-type carbenes are the
result of a combination of late transition, low oxidation state metals (typically Cr°,
WO Mo° or Fe) with m-acceptor ligands and m-donor substituents on the carbene
carbon, most commonly aromatic rings, alkoxy- or amino groups. Owing to the
predominance of the C—M donation, the carbon center is electrophilic in nature. On
the other hand, high oxidation state, early transition metals (Ti'V or TaV among the
most prominent examples) with strongly donating ligands are found in Schrock
carbenes. These carbenes, which often have alkyl substituents on the carbon atom,
behave as nucleophiles. Other types of metal-carbenes have properties that are in
between these two extreme categories, and have demonstrated over the years to be
most relevant for carbene-transfer catalysis.

1.2.1 Rhodium-carbenes

The metal-catalyzed extrusion of nitrogen from diazocompounds is one of the most
efficient ways of generating carbenes. Dirhodium tetracarboxylates have been found
to act as highly efficient catalysts for this reaction, opening the field to a variety of
stereoselective transformations, including cyclopropanation, C—H insertion and ylide
chemistry.'® Rhodium-carbenes are highly electrophilic reactive intermediates that
can be classified in three categories, based on their substitution pattern (Figure 6).
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Figure 6: Categories of rhodium carbenes.

Most of the advances in the field of rhodium-carbene chemistry involves
donor/acceptor ligands, due to the stability of their precursors and their easier to tame
reactivity. The presence of both an electron-withdrawing group and an electron-
donating group enables a number of highly selective intermolecular transformations
that are not possible with other rhodium-carbenes. An intermediate reactivity is
observed when using acceptor carbenes, whereas the presence of two electron-
withdrawing groups imparts an extreme electrophilicity to acceptor/acceptor
carbenes.'® Because of the high stabilization of a negative charge on the carbene
carbon offered by the presence of two electron-withdrawing groups, acceptor/acceptor
carbenes are more prone to react via ylide intermediates compared to members of
other categories.'*?

An important factor in the advance of this field was the development of highly
selective chiral dirhodium catalysts. Most notably, chiral carboxylate (ex. DOSP,
PTTL, TPCP) and carboxamidate (ex. MEPY, MEOX) ligands (Figure 7) displayed
high levels of enantioselectivity in cyclopropanation and C—H insertion reactions, due
to the highly symmetrical three-dimensional arrangement of their rhodium
complexes.?’
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Figure 7: Some highly selective chiral rhodium complexes.

1.2.2 Ruthenium carbenes

Differently from other metal carbenes, ruthenium carbenes display a high selectivity
towards C—C unsaturations and therefore a high tolerance to most organic functional
groups. This affinity for carbon-carbon double bonds over other Lewis-basic
functionalities is at the basis of the metathesis reaction, awarded with the Nobel prize
in 2005.'%* Ruthenium complexes have also been employed in recent times for
carbene-transfer reactions, in particular cyclopropanation reactions.?! Compared to



rhodium-carbenoids, ruthenium carbenes display significantly lower electrophilicity
which enables selective mild carbene transfer to nucleophilic olefin substrates. On the
other hand, choice of a proper ligand can affect the properties of these carbene
intermediates to a considerable extent. Ruthenium complexes with porphyrins,?
pyridinebis(oxazoline)® and phenyloxazoline** ligands (Figure 8) possess
remarkable activity in cyclopropanation reactions of activated olefins, and it is
possible to tune the coordination environment to achieve high stereoselectivity.
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Figure 8: Examples of chiral ruthenium catalysts.?>23

Due to the electronic nature of ruthenium complexes, the mechanism for the carbene
transfer reaction (shown in the context of cyclopropanation in Scheme 5) is not fully
understood.?® The reaction between the electrophilic ruthenium-carbene and the
nucleophilic olefin could either take place through a concerted mechanism (Scheme
5, top) or through an associative mechanism, with the intermediacy of a
ruthenacyclobutane reminiscent of the metathesis mechanism (Scheme 5, bottom).
The latter intermediate can collapse to give the cyclopropane product, or alternatively
give homologation or metathesis products.
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Scheme 5: Proposed mechanisms for the ruthenium-catalyzed cyclopropanation reaction.



1.3 Redox-active esters

1.3.1 History and development of redox-active NHPI esters

The use of activated esters has played a central role in chemical biology and medicinal
chemistry, especially in peptide synthesis.?” In this context, N-hydroxyphthalimidoyl
(NHPI) esters were first reported by Nefken and Tesser in 1961 as efficient peptide
coupling agents.”® Among the advantages of this acyl donor, the authors cited the
quick reaction times, high yields, ease of crystallization of the activated amino acids,
and the convenient removal of NHPI by means of mildly basic extraction. The radical
reductive decarboxylation of these esters under light irradiation was later
demonstrated for the first time by Okada and co-workers in 1988.2° This
transformation was classically accomplished using Barton esters,*® peracid
derivatives,’! or conversion to haloalkanes followed by dehalogenation.3? In his work,
Okada suggested that the radical decarboxylation of these redox-active esters occurs
via single-electron transfer (SET) to the electron-poor phthalimide moiety (Scheme
6). The resulting radical anion would then fragment to generate phthalimidate anion
and a carboxyl radical, which in turn extrudes carbon dioxide to yield a carbon-
centered radical.
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Scheme 6: Synthesis and reactivity of NHPI esters as acyl donors and radical precursors.?82?



1.3.2 Redox-active esters in decarboxylative reactions

The abundance of carboxylic acids renders NHPI esters useful precursors of C(sp?)
radicals, whose versatility and synthetic value is well established in organic synthesis.
After Okada’s seminal works,?” 3 redox-active esters found several applications in
radical cross-coupling reactions capable of addressing the limitations of more
traditional processes catalyzed by transition-metals. In particular, redox-active esters
proved to be exceptional sources of alkyl (or less often, aryl) radicals that readily
undergo reductive cross-coupling transformation, including challenging C—C or C—X
bond-forming reactions (X = O, N, B, etc.).* A selection of these processes, some
relevant for this thesis, are shown in Scheme 7. It is worth to mention that
cyclopropane substrates have been successfully used in only a fraction of these
reports, requiring almost always the stabilization of an ipso-aryl substituent on the
cyclopropyl ring. The scarcity of use of cyclopropyl NHPI-esters in the literature
clearly shows the challenge of taming cyclopropyl radicals (see Section 1.1) and
efficiently employing these reactive intermediates in important radical coupling
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Scheme 7: Selected applications of redox-active esters in radical cross-couplings.>*
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1.4 Objectives and aims

Despite the importance of functionalized cyclopropanes in various fields, state-of-the-
art asymmetric syntheses of these compounds are limited by specific substrates,
custom methods, and unstable precursors. The work presented in this thesis aims at
addressing the current limitations by developing a unified asymmetric approach
towards diverse cyclopropane products utilizing a stable carbene precursor with a
geminal radical functionalization handle. In particular, Chapter 2 presents the
enantioselective cyclopropanation of olefins using a novel redox-active
diazocompound reagent. The focus of this work is set in the preparation of useful
chiral building blocks and biologically important scaffolds from abundant materials
over two steps. The work presented in Chapter 3 aims at unraveling the origin of the
performance of the transition metal-catalyzed cyclopropanation of challenging
aliphatic olefins described in Chapter 2, through a joint experimental and
computational study. The goal of Chapter 4 is the highly stereoselective synthesis of
medicinally relevant cis-arylcyclopropanes. This is enabled by a novel photo-
decarboxylation reaction, whose mechanism is studied in detail. Finally, Chapter 5
reports a robust photo-organocatalytic protocol to obtain versatile cyclopropyl-
boronates with a superior degree of stereoselectivity from the chiral intermediates
described in Chapter 2.
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2. General Asymmetric Synthesis of Cyclopropanes with
a Single Redox-Active Diazocompound Reagent (NHPI-
DA) (Paper I)

2.1 Introduction: Asymmetric syntheses of cyclopropanes
Cyclopropanes are interesting molecules (see Section 1.1) that attracted the attention
of organic chemistry since the identification of this motif within the structure of the
natural product (+)-frans-chrysanthemic acid in 1924.3° Because of this interest,
different syntheses of enantiomerically enriched cyclopropanes have been
developed.’® Among these, the most versatile are shown in Scheme 8. First, the
asymmetric Simmons-Smith-type (Section 1.1.1) cyclopropanation of allylic alcohols
or ethers, developed by Charette and co-workers, represents an efficient way to access
highly substituted cyclopropanes using chiral dioxaborolane or phosphoric acid
ligands to induce enantioselectivity.>” Three major contributions by MacMillan and
Feringa were reported exploiting 3-exo-cyclizations (Section 1.1.1). The first employs
chiral organocatalysts to generate the desired products through Corey-Chaykovsky
reaction on iminium ions,*® while the second one generates the carbanion intermediate
by asymmetric cupration of allylic electrophiles.*® The last two methods shown in
Scheme 8 are the enantioselective hydrofunctionalization of cyclopropenes, mainly
developed by the groups of Marek® and Gevorgyan,*! and metal-carbene catalysis
employing chiral transition metal complexes (Section 1.1.1 and 1.2).*? Despite their
efficiency, these state-of-the-art methodologies towards functionalized cyclopropanes
rely on custom reagents and substrate-specific strategies.’’3% 404 416. 43 A desirable
alternative would be a unified strategy towards cyclopropanes with distinct
functionalities.

i p XZn L
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+
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Scheme 8: State-of-the-art methods to access enantioenriched cyclopropanes.
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The enantioselective cyclopropanation of olefins with diazocompounds is the route
that offers the most general and attractive retrosynthetic disconnection, given the
abundance of alkene materials and intermediates. However, this method suffers from
severe limitations when it comes to aliphatic olefins, which are poorly reactive due to
their lower nucleophilicity and are more -challenging for diastereo- and
enantioselectivity due to the flexibility and weak dispersive interactions of alkyl
substituents.*

The nucleophilicity of organic compounds can be described by Mayr’s N parameter,*
derived from the equation:

log(k) = sy(N + E) (M

In eq. 1, k is the reaction rate constant, sy the nucleophile-specific sensitivity
parameter, and N and E the nucleophilicity and electrophilicity parameters
respectively (for details, see Section 3.3.1). The value of the parameter N can be used
to rationalize the poor reactivity of non-nucleophilic alkenes, such as aliphatic ones,
in cyclopropanation reactions (Scheme 9). Olefins 2 with a high N-value (i.e. styrenes,
enol ethers, etc.), correlate to high nucleophilicity, can compete with diazocompounds
1 (4 < N < 10) for the electrophilic metal-carbene intermediate resulting in efficient
cyclopropanation catalysis. Instead, olefins with low nucleophilicity (N < 2 for
aliphatic olefins) lead to a decreased yield of the desired product 3 in favor of the
dimer side-product 4.

viaa H
O,
5 >—OR -M] CO,R
] [M]—w\a | olefin as 3
)\ o b I\ nucleophile
N7 “CO,R N, >\ "
1 S W viab RO,C
2
¥ w2 Co,R

-[M]

the metal-carbene diazocompound
as nucleophile

competition for 4

Scheme 9: Metal-catalyzed cyclopropanation: Cyclopropanation (pathway a) and the
diazocompound dimerization side-reaction (pathway b).

To overcome the challenge posed by aliphatic substrates, some elegant strategies have
recently been reported employing bulky cobalt-porphyrin or iridium-salen
complexes,*?* 42542 or artificial enzymes (Figure 9).4%4%-42 These methods displayed
high efficiency with unactived substrates, generating the desired cyclopropane
products in yields and enantioselectivities unachievable by other commonly used
catalysts. However, such systems require expensive ligands and/or transition-
metals,*?® 425 4%k or specific engineering of naturally occurring proteins*?h¥ 42! using
technologies generally not available to the average synthetic chemist. Despite these
advances in the field, a simple and general system for the asymmetric
cyclopropanation of aliphatic olefins is still unachieved.
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Figure 9: Selected efficient catalysts for the cyclopropanation of aliphatic olefins. #2542 42k

Notably, functionalized carbenes that would lead to important cyclopropane scaffolds,
such as alkyl-, hydroxy-, amino-, boryl-, selenyl-, heteroaryl- or alkenyl-methylidenes
among others, are not stable enough to be used effectively in cyclopropanation
reactions.!® Consequently, a simple and straightforward synthesis of functionalized
cyclopropanes is yet to be achieved. Moreover, only a few leaving group-
functionalized diazocompounds are present in the literature (Figure 10), and are
reported to be poorly reactive in cyclopropanation reactions. Also, the studies on these
carbene precursors have evidenced their tendency to undergo substitution prior to
carbene transfer reaction.*® Importantly, none of these compounds (or alternative
leaving group-functionalized carbenes) have been used in asymmetric catalysis.

LG Br )

Nz)\R NZ)\COZR Nz)\cozR
Leaving group LG =Br LG = ()
functionalized [unstable] [EWG necessary]
diazocompound [generated in situ] [iodane removed before transfer]
[Bonge-Hansen] [Suero]

Figure 10: Reported leaving group-functionalized diazocompound.#6® 46

2.2 Aim of the project

We envisioned the asymmetric formal transfer of the aforementioned unstable
methylidenes through the use of a novel diazocompound, decorated with a versatile
leaving group that would allow for late-stage diversification of the resulting
cyclopropane intermediates. The strategy presented herein would enable a unified
synthesis of enantioenriched functionalized cyclopropanes from feedstock
unfunctionalized olefins. To achieve this result, a diazocompound bearing an
appropriate leaving-group was required. We hypothesized the use of N-
hydroxyphthalimide ester (NHPI) as the leaving-group, owing to its versatility as acyl
donor?® and carbon-centered radical precursor’?® 34a-c. 34e-k, 34m-0, 344 (§cheme 10). A
reasonable concern in our approach was the orthogonality between the diazo moiety
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and NHPI ester moieties, considering the lability of the latter in the presence of several
transition metals, visible light or electron-rich organic molecules.
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Scheme 10: Unified approach towards functionalized enantioenriched cyclopropanes.

2.3 Results and discussion

2.3.1 Reagent synthesis and reaction optimization

The first step towards the formal transfer of functionalized carbenes was the synthesis
of the N-hydroxyphthalimidoyl diazoacetate (NHPI-DA) reagent 1a. This compound
had never been used in carbene transfer reactions.*’ Starting from cheap glyoxylic
acid monohydrate, a gram-scale synthesis of 1a was optimized to give the desired
reagent in moderate yield as a crystalline, bench-stable solid that does not require
solution storage unlike other diazoacetate reagents, allowing for easy handling
(Scheme 11). Differential scanning calorimetry studies also showed that, compared
to the benchmark ethyl diazoacetate, NHPI-DA is a more stable (safer) carbene
precursor.*8

1) SOCly, 1.5 equiv

0 2) N-hydroxyphthalimide, 2 equiv o)
2,6-utidine, 3 equiv (o}
TsHNN >
OH . N2 N
CH,Cl, 0°Ctort, 16 h, 55% O \
H [o]
a

H

glyoxalic acid 1
tosyl hydrazone [gram-scale synthesis]

Scheme 11: Synthesis of NHPI-DA 1a. Reaction conditions: SOClz (1.5 equiv), glyoxylic acid
tosyl hydrazone (1 equiv), dry CH2Cly, 1t, 16 h, then N-hydroxyphthalimide (2 equiv), 2,6-
lutidine (3 equiv), dry CH2Cl, rt, 4 h.

We tested the performance of 1a in a model cyclopropanation reaction using styrene
2a (Table 1). To minimize the dimerization side reaction, the carbene precursor was
added over the course of 40 minutes to a solution of the olefin and catalyst. Extensive
screening indicated that common rhodium, copper and palladium catalysts were
ineffective and poorly selective in the cyclopropanation with NHPI-DA (1a) (Table
1, entries 1-3). A clear improvement in terms of diastereoselectivity was observed
when using Nishiyama’s ruthenium Pybox catalyst?®, albeit in moderate yield and
enantioselectivity (Table 1, entry 4). In contrast with these results, the electron-rich
ruthenium catalyst (S)-RuPheox developed by the group of Iwasa?*2* was found to be
highly efficient in this transformation (Table 1, entries 5,6).
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Zﬁ)\o i Me CH,Cly, [T] o
H N
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40 min o
o
1a 2a 3a
1.2 equiv 1 equiv
Entry Catalyst T(CC) 3a(%) d.r (trans:cis)  eewans (%)
1 Pd(OAc)2 rt 69 4.5:1 -
2 Rha(S-NTTL)4 rt 82 1:1 19
3 (S)-Cu-Box rt 49 4:1 88
4 (S)-RuCl>-PyBox rt 63 20:1 80
5 (S)-RuPheox rt 92 >20:1 94
6 (S)-RuPheox 0 98 >20:1 94

PFe

0 4 Cu 3/ \ /N\> ©:?<u
Q t-Bu Tio" -Bu “-Pr (NCCH

Rhy(S-NTTL), (S)-Cu-Box (S)-RuCl,-PyBox (S)-Ru-Pheox

Table 1: Summary of the optimization for the cyclopropanation of 2a reaction employing 1a.
Reactions were performed at 0 °C under inert atmosphere, by adding a 0.2 M solution 1a in dry
CH2Cl: to a solution of the indicated olefin and (S)-RuPheox in dry CH2Cl2 over 40 minutes
(final concentration: 0.1 M). Yields and diastereomeric ratio determined by 'H NMR using
1,1,2,2-tetrachlorethane as an internal standard. Enantiomeric ratio determined by chiral HPLC.

To further study the properties of NHPI-DA (1a) as a carbene-transfer reagent, we
compared the performance of different diazocompounds with distinct properties. In
these experiments, the diazocompound was treated with an equimolar amount of one
of three model olefins (2a-c) in the presence of the catalyst (S)-RuPheox (Table 2).
The diazoesters employed in this study were selected based on their ester residues,
ranging from aliphatic (1b-d), to bulky aromatic (1e) and electron-poor esters (1f,g).
To eliminate substrate-specific effects that would prevent a direct comparison, the
diazocompunds were added to the reaction mixture in one portion. The olefin
substrates were selected on the basis of their distinct nucleophilicity, tabulated by
Mayr and co-workers using the N parameter.*’ The test showed that 1a outperforms
the other diazo reagents 1b-g independently of the nature of the alkene substrate.
These results could be due to the strong electron-withdrawing nature of the NHPI
ester, which would decrease the nucleophilicity of compound 1a and disfavor the
formation of the dimer side-product (4a-c). This effect is studied in detail in Chapter
3 of this thesis.
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(S)-RuPheox R H

NZOCORT ¢ I ——— * szc“‘/\cozR1
CH,Cl, 0°C CO.R!
1 2 3 4
1 equiv 1 equiv
oS WS e
Me Me Me '\IAe
2a 2b 2c
N=+1.70 N=-277 N<-1.46
Entry Diazoester R'=  3a(%) 4(%) 3b(%) 4(%) 3c(%) 4(%)
1 1b t-Bu 26 68 5 89 <5 90
2 1c Et 36 61 8 87 <5 98
3 1d Bn 48 53 7 84 <5 92
4 le BHT 61 10 <10 10 <5 9
5 1f TFE 66 30 23 72 7 86
6 1g TCE 78 17 26 69 9 82
7 la NHPI 99 <5 72 22 41 >22

Table 2: Performance comparison of various diazocompounds 1a-g. Reactions were performed
at 0 °C under inert atmosphere, by adding in one portion a 0.2 M solution of the indicated
diazoester in dry CH2Cl2 to a solution of the indicated olefin and (S)-RuPheox (1 mol%) in dry
CH:CL> (final concentration: 0.1 M). Yields determined by 'H NMR using 1,1,2,2-
tetrachlorethane as an internal standard.

2.3.2 Substrate scope

With the optimized conditions in hand, we set out to explore the scope of the
cyclopropanation reaction. Styrenes are known to be efficient partners for carbene
transfer reactions, and indeed a variety of styrene substrates with various steric and
electronic properties gave very good results in terms of yield and selectivity (Scheme
12). Unlike other reported cyclopropanations (see Section 1.1.1), optimal
performance without slow addition was observed in several cases (3a,d-g). This way,
we could derivatize electron-rich (3e) and electron-poor styrenes (3d,g-i) with
excellent results. Also, 1,1-disubstituted substrates could be employed (3j,k), as well
as the 1,2-disubstituted cyclic indene (31).
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Scheme 12: Scope of the cyclopropanation of styrenes with 1a. Reactions were performed at
0 °C under inert atmosphere, by adding in one portion a 0.2 M solution of 1a (1.2 equiv) in dry
CH2Cl: to a solution of the indicated olefin 2 (1 equiv) and (S)-RuPheox (1 mol%) in dry
CH2Cl2 (final concentration: 0.1 M). Reported yields are isolated. Diastereomeric ratio
determined by '"H NMR of the crude mixture. Enantiomeric ratio determined by chiral HPLC.
2: 1a was slowly added over 40 min to the reaction mixture.

Different nucleophilic olefins such as enol ethers (3m,n), allyl silanes (30), enamines
(3p) or enamides (3q,r) were also used for this transformation, yielding a variety of
highly enriched donor-acceptor cyclopropane products, including the nucleoside
analog 3q (Scheme 13). It is worth to note that no O—H insertion was observed during
the synthesis of 3n. Different stereoelectronics features in the olefin substrates
normally require tuning of both the diazocompound and the transition-metal complex
(see Section 2.1). In this context, it is surprising the large structural diversity that can
be accommodated next to the reactive olefin, without adjusting the carbene precursor
nor the chiral catalyst.

18



EDG

o] EDG (S)-RuPheox (1 mol%) H
—_—
N2§)l\ R CH,Clp, 0 °C, 40 mi R
NHPI 1 2Clo, , £ min 1 CONHPI
slow addition
1a 2 3
1.2 equiv 1 equiv
— Nucleophilic olefi
Me;Si
R (\ R m H
o 5(
2 M
Me CONHPI H CONHPI © " CoNHPI
3m, 98% 3n, 99% 30, 99%
9:1dr, 97:3 er 7:1dr, 95:5er 1.2:1dr, 99:1 er
[no O-H insertion]
[0}
Bz
9 e 0
(0]
N H N H o) N H
CONHPI CONHPI CONHPI

3p, 79% 3q, 74% 3r, 96%

>20:1dr, 98:2 er

>20:1dr, 99:1 er

1.7:1dr, 99:1 er

Scheme 13: Scope of the cyclopropanation of nucleophilic olefins with 1a. Reactions were
performed at 0 °C under inert atmosphere, by adding a 0.2 M solution of 1a (1.2 equiv) in dry
CH2Cl: to a solution of the indicated olefin 2 (1 equiv) and (S)-RuPheox (1 mol%) in dry
CH:Cl: over the course of 40 min (final concentration: 0.1 M). Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC.

As mentioned before, aliphatic olefins have been reported to be poor substrates for
the asymmetric cyclopropanation reaction and highly desired given their abundance
in raw materials and synthetic intermediates. In stark contrast with the literature, our
system proved to be general and highly efficient for a wide range of unactivated
aliphatic alkenes (Scheme 14). Several functional groups were tolerated, including
Lewis basic ketone and Weinreb amides (3u,w), usually prone to carbonyl ylide side-
reactions, as well as chloride (3v), protected alcohol (3x), and carbazole substituent
(3p). No cyclopropene by-product was detected from alkyne (3y). When using
methylene cycloalkanes, enantiopure spiro(hetero)cycles were obtained in excellent
yields (3z-ab), showing that both linear and branched substrates can efficiently take
part in this transformation.
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o] Alk (S)-RuPheox (1 mol%) H

N2§)I\ ¥
NHPI Ry CH,Cl,, 0 °C, 40 min R4
g " CONHPI
slow addition
1a 2 3
1.2 equiv 1 equiv
— Alinhatic olefine-
H CONHPI PH H 0. H
Me H Me
CONHPI CONHPI CONHPI
3b, 97% 3s, 93%° 3t, 87% 3u, 96%
7:1dr, 97:3 er > 20:1 dr, 99:1 er 4:1dr, 96:4 er 7:1dr, 96:4 er
TIPS
H o H H == H
Cl _NMe OTIPS
CONHPI  MeO CONHPI CONHPI CONHPI
3v, 82% 3w, 86% 3x, 90% 3y, 89%
7:1dr, 96:4 er 9:1dr, 95:5er >15:1dr, 97:3 er 6:1dr, 97:3 er

[grazoprevir fragment]

H H BocN H

CONHPI CONHPI CONHPI
3z, 99% 3aa, 98% 3ab, 88%
99:1er 99:1er 98:2er

Scheme 14: Scope of the cyclopropanation of aliphatic olefins with 1a. Reactions were
performed at 0 °C under inert atmosphere, by adding a 0.2 M solution of 1a (1.2 equiv) in dry
CH2Cl: to a solution of the indicated olefin 2 (1 equiv) and (S)-RuPheox (1 mol%) in dry
CH:Cl: over the course of 40 min (final concentration: 0.1 M). Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC. : (R)-catalyst was used.

The surprising performance of this system in aliphatic olefins opened new possibilities
to explore their reactivity in more complex settings. We employed natural aliphatic
olefins as models for functionally-, structurally- and stereochemically-complex
substrates for the cyclopropanation reaction (Scheme 15). The combination of NHPI-
DA with the metallacylic RuPheox catalyst was able to discriminate olefins based on
their nucleophilicity, leading to the selective modification of carvone (3ac), nopadiene
(3ad), gibberellic acid (3af), as well as an acetylated androsterone derivative
(3ag,3ah) and the cholesterol-regulating drug simvastatin (3aj). Additionally, highly
congested olefins such as f-pinene (3ae) and rebaudioside A (3ai) could also be
cyclopropanated effectively using our methodology. Again, complete tolerance of
ketone (3ac) and ester moieties (3af-aj) was observed, as well as complete
regioselectivity with 1,3-dienes (3ad,aj) or other cyclic internal olefins (3ac,af-ah).
Notably, complete facial selectivity was achieved on the steroid substrate by simply
switching to a different enantiomer of the catalyst (3ag,ah).

20



o} S Rp (S)-RuPheox (1 mol%) 1", H
NZQ)L o /& . .
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[from gibberellic acid]
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e c
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6:1dr >20:1rm, >20:1dr
[from rebaudioside A] [from simvastatin]

Scheme 15: Scope of the cyclopropanation of complex olefins with 1a. Reactions were
performed at 0 °C under inert atmosphere, by adding a 0.2 M solution of 1a (1.2 equiv) in dry
CH2Cl: to a solution of the indicated olefin 2 (1 equiv) and (S)-RuPheox (1 mol%) in dry
CH:Cl: over the course of 40 min (final concentration: 0.1 M). Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC. ® (R)-catalyst was used. *: 1a added over 6 h, catalyst (2 mol%).
°: 1a (3 equiv) added over 16 h, catalyst (3 mol%), rt. % 1a (3 equiv) added over 24 h, catalyst
(5 mol%), rt.

For completion, we explored electron-deficient olefins such as acrylates derivatives
(3ak,al) and bulky vinylsilanes (3ac,am; — 0.26 < N < 1.03%). Although reported as
poorly nucleophilic olefins, these substrates readily underwent carbene transfer,
affording interesting substrates such as the cyclopropyl amino acid 3al in good yields
(Scheme 16), without detecting N—H insertion by-products.
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EWG

EWG  (S)-RuPheox (1 mol%) H
N2§)l\ * R /§ N . R
NHPI 1 CHCly, 0 C,v ftO min 1 CONHPI
slow addition
1a 2 3
1.2 equiv 1 equiv
— Electron-p lefi)
EtO,C H BocHN H MesSi " PhMe,Si "
Me T ConHPI MeOzC ™ LoNHPI CONHPI CONHPI
3ak, 97% 3al, 97%° 3¢, 87% 3am, 96%
7:14dr, 97:3 er 7:1dr, 97:3 er 4:1dr, 96:4 er 7:1dr, 96:4 er

Scheme 16: Scope of the cyclopropanation of electron-poor olefins with 1a. Reactions were
performed at 0 °C under inert atmosphere, by adding a 0.2 M solution of 1a (1.2 equiv) in dry
CH2Cl: to a solution of the indicated olefin 2 (1 equiv) and (S)-RuPheox (1 mol%) in dry
CH:Cl: over the course of 40 min (final concentration: 0.1 M). Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC. : 1a added over 6 h, catalyst (2 mol%).

2.3.3 Stereoselective diversification of the chiral redox-active

cyclopropane intermediates

The late-stage diversification of the cyclopropyl NHPI esters is key to use these
intermediates as general precursors in a unified synthesis of functionalized
cyclopropanes. Having established the scope of our methodology, we selected two
representative olefins from the aromatic and aliphatic series (2d,e) to explore this
concept (Scheme 17).

enantioselective
carbene transfer

R, H Ry H
——| —o—> R)*p*(
1

Ri™ Conmpi FG

2d 2e

decarboxylative
functionalization

Scheme 17: Divergent approach for the synthesis of enantioenriched functionalized
cyclopropanes.

Following a variation of Aggarwal’s decarboxylative borylation,3*¢ the two-step
enantioselective synthesis of cyclopropylboronates was achieved, obtaining 5a,b in
good yield and selectivity (Scheme 18). This procedure employs readily available
olefin starting materials, and is a valid alternative to the asymmetric hydroboration of
cyclopropenes*'® or the borocyclopropanation of allylic ethers.!®¢ The resulting
cyclopropylboronates were converted through a telescoped borylation/stereoretentive
oxidation using hydrogen peroxide to cyclopropanols 6a,b (Scheme 18). Overall, this
strategy allows the synthesis of chiral cylopropanols that are still challenging with
alternative methods like the Kulinkovich reaction, which is a powerful method to
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generate cyclopropanols from alkenes and esters.*’ Despite several advances in the
field, an asymmetric version to obtain enantiopure products is yet to be achieved.
Alternatively, heteroaryl substituents could be installed via palladium-catalyzed
cross-coupling of the intermediate cyclopropylboronates, affording products 7a-c.
This route represents a surrogate to the use of problematic heteroaryl methylidenes
(Scheme 18). On the other hand, direct decarboxylative arylation of the cyclopropyl
redox-active esters 3 was unsuccessful, probably due to the challenging reactivity of
cyclopropyl radical intermediates.
Pd-phosphine (5 mol%)
hetArBr (4 equiv) R,

aq. KOH (6 equiv) H
toluene, rt, 16 h

or —» hetar
hetArLi (1.2 equiv) 7
. NBS (1.2 equiv)
Bycat; (1.5 equiv), THF, -78°C, 2 h

blue LEDs

Ry Ry
H DMF, rt, 16 h H
fen' > o
Ry pinacol (4 equiv), R4 .
CONHPI Et;N (25 equiv) Bpin
3 DMF, rt, 1.5 h 5 _ Ra
H,0; (4 equiv)
aq. NaOH (2 equiv) R
' OH
THF, 0 °C, 30 min 6
—— Cyclopropylboronates: ———— — —  — —— Cyclopropanols:
F F
F F
H H
Bpin OH
5a, 80% 6a, 50%

> 20:1dr, 98:2 er

— Heteroaryl cycloprop

E H
| N
N
7a, 69% 7b, 58%2 7c, 55%"
>20:1dr, 98:2 er > 20:1dr, 98:2 er 9:1dr

Scheme 18: Synthesis of enantioenriched cyclopropylboronates. Reactions were performed
under inert atmosphere. Synthesis of borylcyclopropanes 5: 3 (1 equiv), Bzcatz (1.5 equiv) dry
DMF (0.1 M), blue LEDs (450 nm), rt, 16 h. Then, pinacol (4 equiv), EtsN (25 equiv) dry DMF
(0.1 M), rt, 1.5 h. Synthesis of cyclopropanols 6: 30% wt. aq. H202 (4 equiv), 3 M aq. NaOH (2
equiv), THF, 0 °C, 30 minutes. % Pd(dba)z (5 mol%), P(o-furyl); (0.1 equiv), ArBr (4 equiv), 3
M aq. KOH (6 equiv), toluene (0.05 M), rt, 16 h. ®: 2-thienyl-Li (1.2 equiv), then NBS (1.2
equiv), dry THF, -78 °C, 2 h. Reported yields are isolated. Diastereomeric ratio determined by
"H NMR of the crude mixture. Enantiomeric ratio determined by chiral HPLC.

Radical alkylation with Michael acceptors®¥ led to enantioenriched alkyl-substituted
cyclopropanes 8a,b in moderate yields, avoiding the use of aliphatic diazocompounds
and problematic alkylidene intermediates (Scheme 19). This route gives access to
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aliphatic cyclopropanes that would require longer routes or flow-technology using
state-of-the-art cyclopropanations developed by Charette and co-workers. 1837

Zn dust (2 equiv), LiCl (3 equiv),

Re o Ni(ClO4)2(H20)s (20 mol%) Re y
+
IR A
1 CONHPI Me DMF, rt, 16 h R4 Yk
2 equiv
— Alkyl cyclopropanes:
F
F
H oo
Me

8a, 55%
>20:1dr, 98:2 er

Scheme 19: Synthesis of enantioenriched alkyl cyclopropanes. Reactions were performed
under inert atmosphere. 3 (1 equiv), methyl vinyl ketone (2 equiv), Zn dust (2 equiv), LiCl (3
equiv), Ni(ClO)4(H20)s (20 mol%), dry DMF (0.4 M), tt, 16 h. Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC.

The single-electron chemistry of NHPI esters could also be exploited to generate
selenylcyclopropanes 9a,b*" circumventing the wuse of the unavailable
selenylmethylidene, representing the  first asymmetric  synthesis of
selenylcyclopropanes to the best of our knowledge (Scheme 20).

R BNAH (1 equiv) R
2 H [Ru(bpy)s][PFelz (1 mol%) 2 H
+ Ph\S .Se Ph >
R4 CONHPI blue LEDs, DMF, 0 °C, 16 h R4 SePh
1 equiv
— Selenyl cycloprop
F
(o}
F.
| | NH,
H
L
SePh Ph
9a, 80% 9b, 55% BNAH
> 20:1dr, 98:2 er 7:1dr reductant

Scheme 20: Synthesis of enantioenriched selenylcyclopropanes. Reactions were performed
under inert atmosphere. 3 (1 equiv), PhSeSePh (1 equiv), N-benzyldihydronicotinamide (1
equiv), [Ru(bpy)s][PFs]2 (1 mol%), dry DMF (0.03 M), blue LEDs (450 nm), 0 °C, 16 h.
Reported yields are isolated. Diastereomeric ratio determined by 'H NMR of the crude mixture.
Enantiomeric ratio determined by chiral HPLC.

As stated before, NHPI esters have the dual advantage of being both radical precursors
and acyl donors,?3 33 34a-c, 34e-g, 34, 34k, 34m-0 Taking advantage of this feature, we treated
3h and 3ag with different Grignard reagents to cleanly afford ketones 10a-c. In all
these reactions, no epimerization was observed despite the strongly basic
environment, as shown in Scheme 21.
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R Ry

H H
/b( + R-MgBr
R o
1 CONHPI 1 equiv THF, -78 °Ctort,1h R R

[o}

— Cyclopropyl k

R R

Me VO

o o
10a, 46% 10b, 62% 10c, 46%°
> 20:1dr, 98:2 er > 20:1dr, 98:2 er >20:1dr

Scheme 21: Synthesis of enantioenriched cyclopropyl ketones. Reactions were performed
under inert atmosphere. 3 (1 equiv), RMgBr (1 equiv), dry THF (0.1 M), -78 °C to t, 1 h. For
10c: [H2N(OMe)Me]Cl (2.1 equiv), n-BuLi (4.1 equiv), then RMgBr (4 equiv).
-78 °C to 1t, 1 h. Reported yields are isolated. Diastereomeric ratio determined by "H NMR of
the crude mixture. Enantiomeric ratio determined by chiral HPLC. * C-3 acetate cleaved.

Finally, a direct Curtius protocol to achieve cyclopropylamines was developed by our
collaborators at AstraZeneca, and is included here for completeness. The optimization
of the azide addition is summarized in Table 3. As it is shown, extensive
experimentation revealed that either increasing the amount of azide source (entry 1)
or increasing the temperature (entry 3) was ineffective for this transformation,
yielding the desired product in small amounts. It was hypothesized that the reaction
was hindered by an unfavorable thermodynamic equilibrium, between the
azide/redox-active ester system and the acyl azide/N-hydroxyphthalimidate anion,
effectively regenerating the starting material. To test this hypothesis, TBSCI was used
as an additive in the attempt of trapping the NHPI anion (entry 6). As it can be seen
from Table 3, the approach was successful, yielding the product in 90% yield. A
similar experiment employing aqueous HCI gave comparable results (entry 7). We
reasoned that the silyl chloride was undergoing hydrolysis under the reaction
conditions, generating HCI in sifu and protonating the leaving group anion.
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Ph H Y-N; additive " H Phvo
e GRY o< SR
solvent T
CONHPI temperature N Y R © (F'),h
3an 11an DPPNg
Ent Y-N3 Additive Solvent T 11lan 3an
Y (equiv)  (equiv) O )
TMSN3 Excess RN3
1 ©) - EtOAc rt 36 60 ineffective
2 1)(1;111;13 EtN(2)  PhCH; 29 70
Increase
3 DPPNs EtsN (2) PhCH3 60 18 82 temperature
(1.1) . .
ineffective
DPPN;  Imidazole
4 PhCH rt 50 50
3) ) ?
5 N(a# - Acetone/H20 1t 29 66
6 Ng;h T]?zs)a Acetone/H:0 1t 90 8 Acidic
buffer
7 e 12, 15 (Gl Acetone rt 91 5 required

3) (2.5)

Table 3: Optimization of the azide addition to the NHPI ester. Yields determined by crude 'H
NMR using 1,3,5-trimethoxybenzene as an internal standard.

With the conditions optimized, the telescoped azide displacement/Curtius
rearrangement protocol was performed on substrates 3h and 3ag employing different
alcohol nucleophiles, yielding several protected cyclopropylamines including the
ticagrelor (see Figure 1) fragments 12a-e, as shown in Scheme 22.

1) NaNj3 (3 equiv), 1 M HCI (2.5 equiv), acetone, rt, 5 h

R, 2) toluene, 90 °C, 2 h R, H
H 3) ROH (3 equiv), toluene, 90 °C, 16 h
R
Rq CONHPI [telescoped protocol] 1 NHCO,R
— Cyclopropylamines:
F

R=Cbz, 12a,79%

F > 20:1dr, 98:2 er

for ticagrelor R =Teoc, 12b, 87%
drug fragment > 20:1dr, 98:2 er

H R=Boc, 12c, 87%
> 20:1dr, 98:2 er
NH R =Alloc,, 12d, 87%

RO\< > 20:1dr, 98:2 er
R =Fmoc, 12e, 87% 12f, 48%
° > 20:1 dr, 98:2 er > 20:1 dr

Scheme 22: Synthesis of enantioenriched cyclopropylamines. Step 1: 3 (1 equiv), NaN3 (3
equiv), 1 M aq. HCI (2.5 equiv), acetone (0.1 M), rt, 5 h. Step 2: dry toluene (0.1 m), 90 °C, 2
hours. Step 3: ROH (3 equiv), dry toluene (0.1 M), 90 °C, 16 h. Reported yields are isolated.
Diastereomeric ratio determined by 'H NMR of the crude mixture. Enantiomeric ratio
determined by chiral HPLC.
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It is important to note that the synthesis of the cyclopropyl derivatives shown in this
chapter did not require an individual synthesis of each carbene precursor, neither a
tailored catalytic system for each compound. These results clearly show the potential
of redox-active carbene precursor la in the context of a unified synthesis of
functionalized cyclopropanes.*2® 42\ 50

2.3.4 Application in synthesis

To further illustrate the strategic value of the enantioselective cyclopropanations with
NHPI-DA, we applied our methodology to the synthesis of two drug fragments
(6¢,12g), a chiral building block (5¢) and a natural product (13). As a first example,
commercially available 5-bromopentene 2f was transformed through a three-step
process into cyclopropanol 6¢, a fragment of the drug grazoprevir (see Figure 1),
through a telescoped borylation/oxidation reaction (Scheme 23). In contrast, six steps
from chiral pool were required in the original synthesis, employing a nucleophilic
displacement reaction to generate the cyclopropane ring, Baeyer-Villiger oxidation
for the alcohol moiety, and double elimination of a dibromoalkane with a tailored
amide base to generate the alkyne moiety.>!

TIPS-acetylene,

A BuLi, DMPU R 1a, (S)-RuPheox, 1 mol%
’ TIPS
B x

r THF, -78 °Ctort, 16 h

CH,Cl, 0°C
40 min, slow addition

2f 29, 74%
5-bromopentene

1) Bycaty, blue LEDs, DMF

" 2) pinacol, EtzN
for grazoprevir TIPS~ 3 TIPS
drli) fragment \/&H 3) Hy0,, ag. NaOH, THF \/&H
3 steps (6 before) [telescoped protocol]
2 OH CONHPI
6¢, 60% 3ao, 89%
9:1dr, 95:5 er 6:1dr, 97:3 er

[x-ray]

Scheme 23: Synthesis of fragment 6¢. Synthesis of 2g: Ethynyltriisopropylsilane (1.2 equiv),
n-BuLi (1.4 equiv), dry THF, -78 °C, 30 min, then DMPU (4 equiv), -78 °C, 15 min, then 2f (1
equiv), -78 °C to rt, 16 h (74% isolated yield). Synthesis of 3ao: 1a (1.2 equiv), (S)-RuPheox
(1 mol%), dry CH2Cly, 0 °C, slow addition over 40 min (89% isolated yield). Synthesis of 6c:
Bocatz (1.5 equiv), dry DMF, blue LEDs (450 nm), rt, 16 h, then pinacol (4 equiv), EtzN (25
equiv), rt, 1.5 h. d) 30% aq. H202 (4 equiv), 3 M NaOH (2 equiv), THF, 0 °C, 30 min (60%
isolated yield).

After protection, the amino acid L-allylglycine 2h was converted to the
cyclopropylamine 12g, fragment of the bioactive natural product (+)-belactosin A
(see Figure 1),°? via the intermediacy of cyclopropyl NHPI ester 3ap. Again, the
synthesis was performed in only three steps (Scheme 24) whereas the reported
procedures required 8-11 steps from nitromethane and tert-butyl 2,3-
dibromopropionate, including an non-diastercoeselective asymmetric alkylation using
a nickel complex as the chiral auxiliary.5?-
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1) Boc,0, EtzN
(\ 2) BnBr, Nal, EtzN N 1a, (R)-RuPheox, 5 mol%
\ _—

HoNY ~COLH CHaCly. t, 16 h BocHN'" ~CO,Bn CH,Cl 15 °C
24 h, slow addition

2h 2i, 70%
L-allylglycine
1) NaN3 aq. HCI
A 2) A, toluene
for (+)-belactosin A NHFmoc CONHPI
natural product BnOC 3) FmocOH BnO,C
3 steps (8-11 before) BocHN H [telescoped protocol]  BocHN H
12g, 65% 3ap, 98%
>6:1dr 8:11 ar

Scheme 24: Synthesis of fragment 12g. Synthesis of 2i: Boc20 (1.2 equiv), EtsN (1.2 equiv),
dry CHaCl, 1t, 8 h, then Nal (1 equiv), BnBr (2 equiv), EtsN (2.3 equiv), dry CH2Cl, rt, 16 h
(70% isolated yield). Synthesis of 3ap: 1a (3 equiv), (R)-RuPheox (5 mol%), dry CH2Cla, -15
°C, slow addition over 24 h (98% isolated yield). Synthesis of 12g: NaN3 (3 equiv), 1 M HCI
(1.1 equiv), acetone, rt, 16 h, then FmocOH (3 equiv), toluene, 90 °C, 16 h (65% isolated yield).

Cyclopropylboronate 5¢ was employed for the total synthesis of (—)-spongidepsin.>*
Our synthetic procedure allowed for the synthesis of Sc¢ via a two-step protocol
starting from propene gas (2j), the simplest prochiral olefin (Scheme 25). In contrast,
the same building block was previously made by Simmons-Smith cyclopropanation
of a chiral vinylboronate substrate.>*

1a, (R)-RuPheox, 0.5 mol% CONHPI
Me” X >
CH,Cly, 0 °C Me H
2 h, slow addition
2j 3aq, 97%
propene (1 atm) 6:1dr, 97:3 er
[gram-scale]

1) Bycaty, blue LEDs
DMF, rt

2) pi I, EtzN, rt
for (-)-spongidepsin ) pinacol, Ety

Bpin
building block ,c \/
Me'
2 steps (4 before) H
5¢c, 51%
6:1dr, 96:4 er

Scheme 25: Synthesis of building block S¢. Gram-scale synthesis of 3aq: 1a (1 equiv), (R)-
RuPheox (0.5 mol%), dry CH2Cly, 0 °C, slow addition over 2 h (97% isolated yield). Synthesis
of 5¢: Bacatz (1.5 equiv), dry DMF, blue LEDs (450 nm), rt, 16 h, then pinacol (4 equiv), Ets:N
(25 equiv), rt, 1.5 h (51% isolated yield).

As a last example, Scheme 26 shows the three-step enantioselective total synthesis of
(-)-dictyopterene A>® 12 starting from 2-heptenal (2k), followed by Wittig olefination
and cyclopropanation of the resulting 1,3-diene 21. The key step of the synthesis was
a telescoped decarboxylative borylation/vinylation following Zweifel’s protocol®® to
install the second vinyl group of the desired cyclopropane. The previously reported
synthesis of the same compound required several manipulations of a chiral
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cyclopropylboronate, including TPAP or Dess-Martin oxidation, Julia-Kociensky
olefination and Matteson homologation.’’

H

H
PhzPMeBr, t-BuOK 1a, (S)-RuPheox, 1 mol%
(¢} —_— X
| Et,0, rt, 16 h | CH,Cl, 0 °C

n-Bu n-Bu 40 min, slow addition
2k 21, 72%
2-heptenal
1) Bocaty, blue LEDs
(-)-dictyopterene A n-Bu 2) pinacol, Et3N n-Bu
seaweed fragrance = 9y 3) vinyIMgBr, I, NaOMe = 9,
B ——————
total synthesis [telescoped protocol]
3 steps (10-15 before) — CONHPI
13, 52% 3ar, 95%
>10:1dr, 95:5er >20:17rr, 7:1dr, 96:4 er

Scheme 26: Synthesis of natural product 13. Synthesis of 21: PhsPMeBr (2 equiv), --BuOK (2
equiv), dry Et20, rt, 16 h (72% isolated yield). Synthesis of 3ar: la (1.2 equiv), (S)-RuPheox
(1 mol%), dry CH2Clz, 0 °C, slow addition over 40 min (95% isolated yield). Synthesis of 13:
Bacatz (1.5 equiv), dry DMF, blue LEDs (450 nm), rt, 16 h, then pinacol (4 equiv), EtsN (25
equiv), 1t, 1.5 h, then vinylmagnesium bromide (1.5 equiv), 1:1 dry THF:DMSO, rt, 30 min,
then NaOMe (5 equiv), I2 (1.2 equiv), 0 °C, 30 min (52% isolated yield).

2.4 Conclusion and outlook

In summary, a practical synthesis of the redox-active ester NHPI-DA 1a was
developed and its reactivity in cyclopropanation reactions has been explored. To this
end, an asymmetric cyclopropanation reaction using the readily available catalyst
RuPheox was optimized. This reaction was demonstrated to provide good yields,
regio-, diastereo- and enantioselectivity on a broad range of substrates. Importantly, a
large variety of olefins, including challenging aliphatic and electron-poor olefins,
could be converted into enantiomerically enriched cyclopropanes equipped with a
redox-active leaving group. The dual nature of the NHPI ester function as acyl donor
and carbon-centered radical precursor enabled the diversification of these
intermediates into a variety of synthetically useful compounds. The efficacy of this
strategy was presented in the synthesis of biologically relevant molecules and natural
products in a reduced number of steps. Diazocompound 1a proved to be a versatile
and useful functionalized methylidene precursor, enabling the generation of distinct
cyclopropane families from a single intermediate without the need of custom reagents
and circumventing the use of unstable carbenes. The methodology that has been
reported herein simplifies the problem of functionalized methylidene transfer to
olefins, rendering unnecessary the use of custom substrates and reagents, and
represents an efficient unified synthesis of valuable enantioenriched cyclopropanes.
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3. Combined Experimental and Computational Study of
Ruthenium N-Hydroxyphthalimidoyl Carbenes in
Alkene Cyclopropanation Reactions (Paper II)

3.1 Introduction

The generality and high efficiency of NHPI-DA (1a) in the cyclopropanation of
olefins with RuPheox,”® whose C)-symmetry is relatively rare in this type of
transformation, sparked our interest in investigating the mechanism underlying this
process. It is generally accepted that metal-carbene cyclopropanation reactions can
operate through an inner-sphere or outer-sphere mechanism (see Section 1.2.2). The
first entails the intramolecular formation of a metallacyclobutane intermediate via a
[2+2] cycloaddition of the olefin ligand to the metal-carbene moiety, which then
collapses to generate the desired product.®® The outer-sphere mechanism, on the other
hand, invokes an intermolecular reaction of the metal-carbene with an olefin that is
not associated with the complex, either in a concerted or in a stepwise fashion.>’
Depending on the catalyst employed, both of these two possibilities have proved
operative.

This picture appears more complicated when taking into account the dimerization
side-reaction. This pathway already mentioned in Section 2.1 consumes the
diazocompound, generating a mixture of olefins and lowering the efficiency of the
cyclopropanation process (Figure 11). This competition is even more apparent when
using aliphatic or electron-poor olefins (low N values). Moreover, it has been shown
in the context of C—H activation that the stereoelectronics of the diazocompound can
affect the performance of carbene-transfer reactions.® Despite the obvious importance
of this process, there is limited information available on the mechanism of this
reaction, although similar cross-dimerization reactions using copper or rhodium
catalysts are known to occur through an outer-sphere pathway.°!

[ML,]
/\EWG EWG
EWG\)
[Ln Mlﬂ
cyclopropanation WG dimerization
cycle cycle
productive N EWG N> unproductive

Figure 11: Simplified mechanism of the transition metal-catalyzed cyclopropanation reaction
and the competitive dimerization side-reaction.

The experimental undertaking of studying the mechanism of the cyclopropanation
reaction has few precedents in the literature.%!-%2 The instability and fast reactivity of
the intermediates renders high-quality reaction profiling using common techniques
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difficult. Computationally, the task of understanding the varied reactivity of
ruthenium-carbene complexes is further complicated by the Ci-symmetry of the
Pheox ligand, originating four different carbene intermediates (Figure 12). The
scarcity of data on the mechanistic aspects of this transformation, and the surprising
performance of our previously disclosed system, led us to a conduct a collaborative
computational-experimental study with the Himo group, in order to gain better
understanding of the main features of the ruthenium-catalyzed cyclopropanation of
olefins using NHPI-DA (1a).

four possible intermediates
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Figure 12: The four possible carbene intermediates from NHPI-DA (1a) and (S)-RuPheox.

3.2 Aim of the project

This work aims at expanding the knowledge on ruthenium-catalyzed carbene transfer
reactions, including a detailed analysis of both the productive cyclopropanation
pathway as well as the dimerization side-reaction to understand their interplay. The
significant challenge of monitoring and analyzing these rapid transformations, with
sufficient data density for advanced kinetic analyses, will require the use of advanced
in situ techniques. The use of these methods could ultimately enable the identification
of fleeting reaction intermediates. This collaborative work provides valuable insights
on the complex mechanism of the reaction developed in Chapter 2, and may guide
the future development of other carbene precursors.

3.3 Results and discussion

3.3.1 Kinetics of the dimerization reaction

The reactivity of the NHPI-DA/RuPheox combination was studied by means of N
evolution measurements. The latter technique®?® allowed us to continuously monitor
the pressure inside a reaction vessel, which in turn enables to measure the conversion
of NHPI-DA (1a) over time with high accuracy and data density.
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Initially, we compared the kinetic profiles of the dimerization of NHPI-DA (1a) and
the benchmark ethyl diazoacetate (1¢; Et-DA) under identical catalytic conditions
(Figure 13), and confirmed that full conversion was achieved in both experiments by
'H NMR. It is evident from the kinetic traces that the dimerization of NHPI-DA (1a)
is unconventionally slow (more than 15 minutes to complete) when compared to that
of 1c, that is fully consumed in less than 2 minutes.
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Figure 13: Normalized nitrogen evolution profiles of the dimerization of NHPI-DA (1a; red
trace) and Et-DA (1c; blue trace) in the presence of (S)-RuPheox in CH2Cl2 at 0 °C.

The reaction was also studied by high-resolution mass spectrometry (HRMS) to detect
any intermediates formed during the reaction. Upon injection of a freshly mixed
solution of 1a and RuPheox in an electrospray ionization ESI-HRMS instrument, an
interesting peak at m/z 527 was observed (Figure 14). This clear peak could not be
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detected once the reaction was over, and showed an isotopic pattern consistent with
that of the ruthenium-carbene species shown in Figure 14, despite its short-lived
nature. However, any attempt of isolation and characterization of this species was not
successful.
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Figure 14: High resolution mass spectrum at m/z = 527, consistent with the formula
C2sH17N20sRu.

To assess the origin of the slower dimerization reaction in the case of NHPI-DA (1a),
the nucleophilicity parameter (N[1a]) was measured using the method reported by
Mayr** that allows to determine the intrinsic nucleophilicity of diazocompounds
towards a reference electrophile. This method has the advantage of being independent
from any catalyst. This procedure is based on the measurement of the consumption of
the colored benzhydrylium cation 14 (Amax = 569 nm) in the presence of the
diazocompound by means of UV-visible spectroscopy. From the decay plot obtained
with Et-DA (1¢) and NHPI-DA (1a) under identical conditions, shown in Figure 15,
the reaction constant (k;) was estimated for each diazocompound 1. This value was
then used to determine the value of N according to the equation described in Section
2.1 (eq. 1). It was calculated that NHPI-DA 1a is significantly less nucleophilic than
ethyl diazoacetate 1¢ (N[1a] = 3.66; N[1¢] = 4.96*°), a quality that can be attributed
to the electron-poor phthalimide moiety. The lower nucleophilicity of NHPI-DA
(Figure 13) may explain the slower kinetics observed in the dimerization reaction
(Figure 11), which is likely related to the enhanced performance of NHPI-DA in the
cyclopropanation of olefins.
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Figure 15: Measurement of the nucleophilicty parameter for NHPI-DA (1a) and Et-DA (1¢)
using benzhydrylium cation 14.

In recent years, several C—H activation reactions of aromatic substrates with
diazocompounds were reported, several of which employed ruthenium-based
catalysts.®® We realized that, when considering the intermediate metal-carbene species
formed during the initial steps of both dimerization and cyclopropanation, it becomes
evident that the migratory insertion of the carbene in the electron-rich Pheox ligand is
possible (Scheme 16). This scenario, although not unprecedented in the literature, has
not been shown to be involved in the catalytic activity of related complexes. Indeed it
was calculated that the barrier for this migratory insertion step is low (8.2 kcal/mol
relative to the carbene), even lower than that of the dimerization transition state (14.5
kcal/mol).%
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Scheme 16: Formation of the migratory insertion product 15 from the reaction of 1a and
RuPheox, and its catalytic activity in the dimerization reaction.

The low barrier for this process suggests that migratory insertion would take place
preferentially over dimerization, possibly resulting in an alternative metallacyclic
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complex (RuPheox-MI; 15) catalyst (Scheme 16). In the eventuality that this
migratory insertion would happen, the presence of 15 would also be consistent with
the species detected by HRMS, as described above in Figure 11.

3.3.2 Evaluation of migratory insertion complexes as active

catalysts

Calculations show that the barriers for the elementary steps of the catalysis with
RuPheox-MI 15 are similar in energy to those of RuPheox, and this plausible pathway
can have serious implications on the mechanism and selectivity of the NHPI-
DA/RuPheox cyclopropanation. We therefore set out to assess the feasibility of the
RuPheox-MI-mediated cyclopropanation reaction.

As stated previously, all attempts towards the isolation of the organometallic species
formed during the reaction proved unsuccessful. We realized that the incorporation of
the carbene structure into the ligand will have consequences on the stoichiometry and
selectivity of the cyclopropanation. Intriguingly, calculations shown that a single
diasteroisomer of the migratory insertion complex was preferentially formed from
various stereoisomers of the carbene intermediate. Specifically, diazocompund 1a
would be consumed by RuPheox to activate the catalyst before being able to produce
any product. This means that different ratios of NHPI-DA:RuPheox would result in
different yields (and potentially enantioselectivities) of the cyclopropane product 3a.
To investigate this hypothesis, a set of experiments with different loadings of
ruthenium catalyst from 1 mol% to 5 equivalents was performed (Table 4).
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Entry x (M) y (M) [cat]o/[diazo]o Yield (%) er

1 0.1 0.001 0.01 97 96:4
2 0.2 0.1 0.05 95 93:7
3 0.1 0.1 1 96 94:6
4 0.05 0.1 2 97 96:4
5 0.02 0.1 5 95 96:4

Table 4: Stoichiometry experiments on the cyclopropanation of p-methylstyrene 2a using
NHPI-DA 1a and (S)-RuPheox.
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No variation was observed on the yield or the selectivity of the transformation,
suggesting that the migratory insertion complex is not likely to be involved in the
activation of the catalysis of the process. However, it is still possible that a small
amount of RuPheox-MI could be more active in the cyclopropanation reaction than
the initial RuPheox complex and be responsible for the majority of the conversion. To
test this possibility, we synthesized a much bulkier diazocompound reagent (Phs-
NHPI-DA; 1c¢) and compared its selectivity and efficiency in carbene-transfer
(Scheme 27). The rationale of this experiment is that, upon migratory insertion, a
bulkier RuPheox-MI would be generated and this would be reflected on the
stereoselectivity of the reaction. To maximize the possibility of detecting changes in
the enantiomeric ratio of the product, we chose trans-p-methylstyrene 2m as a
substrate in this experiment for its modest performance in the NHPI-DA/RuPheox
cyclopropanation. As shown in Scheme 27, NHPI-DA reacts with olefin 2m to give
3as in 48% and 83:17 e.r. as a single diastereomer under standard conditions.
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Scheme 27: Control experiments aimed to observe the effect of potential catalysis by RuPheox-
MI 15. Reactions were performed under inert atmosphere. Top: Cyclopropanation of trans-3-
methylstyrene (2m) with NHPI-DA (1a) under standard conditions. Bottom: Cyclopropanation
experiment aimed at the observation of potential migratory insertion catalyst. Yields were
measured by '"H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

In a different experiment, RuPheox was pre-activated with Phs-NHPI-DA (1¢) and p-
methylstyrene (2a; a good substrate for the cyclopropanation reaction) in
substoichiometric amounts (Scheme 27, bottom). If migratory insertion would be
operational, this step would incorporate Phs-NHPI-DA (1¢) in the catalyst. This step
would generate the migratory insertion product. Then, trans-B-methylstyrene (2m)
followed by NHPI-DA (1a) were added to the mixture according to standard
procedure. Analysis of the product 3as revealed that the same yield and
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stereoselectivity was obtained as under standard conditions. Although these
experiments cannot rule out completely that the RuPheox-MI 15 is involved in the
cyclopropanation catalysis, it does not appear to play a major role in the catalysis of
the cyclopropanation reaction. Yet, this mechanistic possibility should be considered
in the future when using carbenes derived from metallacyclic catalysts.

3.3.3 Kinetics of the cyclopropanation reaction

Next, we investigated the kinetics of the cyclopropanation reaction. We decided to
employ two model olefins for our study, p-methylstyrene (2a) and 1-hexene (2b)
representative of both aromatic and aliphatic substrates. N»-evolution profiling
revealed that both cyclopropanation reactions were significantly faster than the
dimerization process (Figure 17), showing once more the slower kinetics of NHPI-
DA (1a) towards the electrophilic metal-carbene.
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Figure 17: N2 evolution profile of the cyclopropanation of p-methylstyrene (2a; red traces) and
1-hexene (2b; blue traces) using NHPI-DA (1a) and (S)-RuPheox (expansion on the right). For
comparison, the dimerization profile is plotted in gray.
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It is also evident that the rate of the reaction does not depend on the concentration of
the olefin (zero-order kinetics) when the substrate is a good nucleophile, as in the case
of styrene 2a (N = +1.70). In contrast, in the case of the less nucleophilic 1-hexene
(2b; N = -2.77) the rate was found to depend on the concentration of the olefin
substrate. In this case, the slower rate of cyclopropanation allowed us to sample the
reaction mixture at different conversions to evaluate the distribution of
cyclopropanation and dimerization products. It was observed that the same value for
the combined cyclopropane-dimer yield and conversion by nitrogen evolution was
obtained until at least 56% conversion, as well as a constant cyclopropane:dimer ratio
of 85:15 (Figure 18). In this regime, we could then calculate the nitrogen evolved
from the cyclopropanation cycle from that of the total nitrogen pressure. This
estimated data was used to determine the reaction order in 1-hexene using variable
time normalization analysis (VTNA),% a technique that exploits the normalization of
the time scale for the average concentration of each reaction component, effectively
removing the kinetic effect of those reagents. This normalization results in the overlay
of two or more reaction profiles, from which reaction orders and rate constants can be
extrapolated. This results in first order kinetics up until at least 56% conversion and
indicating that the substrate is probably involved in the rate-determining step (Figure
18). Moreover, the linearity of the resulting plot after the initial curvature revealed
that the reaction has zero-order kinetics for NHPI-DA (1a).
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Figure 18: Left: N2 evolution profile of the cyclopropanation of 1-hexene (2b) using NHPI-
DA (1a) and 1 mol% (S)-RuPheox in CH2Cl: at 0 °C, displaying a constant ratio of
cyclopropane and dimer products up to 56% conversion. Right: VITNA analysis of extrapolated
nitrogen pressure until 56% conversion, showing first order kinetics in 1-hexene (2b) and zero-
order kinetics in NHPI-DA (1a).

The kinetic data shown until now is in line with a fast reaction of the diazocompound
with the metal catalyst followed by a rate-determining cyclopropanation step. In the
case of styrene 2a, the cyclopropanation is no longer the RDS, consistent with a faster
reaction of the metal-carbene with the olefin. A thorough computational study of all
the possible stereoisomers of the metal-carbene and the evaluation of their relative
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competence in cyclopropanation, favored the outer-sphere mechanism with decreased
kinetic barriers (see Paper II for details).®*% These kinetic results are well in
agreement with the nucleophilicity of the olefins employed in the experiments (V[2a]
= 0.78; N[2b] = —2.77), where a higher N value results in zero-order kinetics with
respect to the olefin substrate. In this case, the RDS seems to be the formation of the
metal-carbene intermediate. In contrast, a less nucleophilic alkene correlates to first-
order kinetics, which suggest that it is involved in the rate-determining step or an
association equilibrium before it. This is consistent with the nucleophilicity of the
alkene determining the relative rate of cyclopropanation with respect to the
dimerization cycle. Additionally, in the slower reactions with 1-hexene (2b), it was
possible to detect by HRMS the same signal with m/z = 527 upon injection of the
alkene. This intermediate could not be detected when the reaction was completed, or
when p-methylstyrene (2a) was employed instead. The observation that this species
could only be observed during dimerization or rate-limiting cyclopropanation is
consistent with its accumulation in the catalytic cycle. Yet, we cannot completely rule
out the possibility that the signal belongs to the migratory insertion complex (Section
3.3.2).

3.4 Conclusions

Overall, the mechanism of the RuPheox-catalyzed cyclopropanation of olefins with
NHPI-DA (1a) appears to be a delicate equilibrium of multiple reaction pathways
(Figure 19). We have calculated that RuPheox can react with NHPI-DA (1a) through
a dissociative mechanism to give four possible metal-carbene intermediates.®* The
carbene formation step is rate-determining when nucleophilic styrene substrates are
used, as evidenced by the kinetic analysis of the cyclopropanation reaction in Figure
17. These intermediates can then react with an additional molecule of diazocompound.
The calculations support an inner-sphere mechanism for this process, where the
nucleophile coordinates to the ruthenium complex before the formation of the dimer
side-product. With kinetic profiling and nucleophilicity measurement, we have shown
that NHPI-DA (1a) increases the performance of this transformation due to its
intrinsically lower nucleophilicity, which results in slower dimerization kinetics
relative to cyclopropanation. Although the optimization of the diazoester structure has
been reported in various studies (Section 3.1),%° herein it is demonstrated the
importance of its overall nucleophilicity, giving a direction for further developments.
The metal-carbene intermediates can also originate a new migratory insertion
complex (RuPheox-MI, 15), potentially active in the catalysis of the reaction. With a
set of experiments, we can confidently rule out this possibility when using styrene
substrates, although they should be considered in future studies employing different
substrates or diazocompounds. Among various possibilities, DFT calculations
deemed the cyclopropanation in this system to operate through an outer-sphere
mechanism®, although the calculations could not definitively point to which of the
four possible carbenes is operational. VINA analysis of the cyclopropanation of
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1-hexene (Figure 18) revealed that this step is rate-determining when using poorly
nucleophilic substrates, like aliphatic olefins.
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Figure 19: Mechanistic model of the cyclopropanation (right) and dimerization (left) reaction
of NHPI-DA (1a) catalyzed by RuPheox.

This experimental and computational study proves that weakly nucleophilic
diazocompounds are a viable option to increase the selectivity of cyclopropanation vs
dimerization in problematic systems. In a broader sense, this study demonstrates the
combination of experimental (nucleophilicity measurement, N> evolution monitoring,
in situ HRMS analysis, VINA) and computational (DFT) techniques to gain
understanding in fast carbene-transfer reactions.
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4. Modular Enantioselective Synthesis of cis-
Cyclopropanes through Self-Sensitized Stereoselective
Photo-Decarboxylation with Benzothiazolines (Paper I1I)

4.1 Introduction

A common strategy in the development of medicinal candidates is to restrict the
flexibility of the ligand in its binding conformation.®” In this process, it is essential
that properties like size, shape and molecular weight of the analog are similar to those
of the parent compound. Alkyl linkages, ubiquitous in medicinal candidates, require
rigid analogs to improve the biological properties of lead compounds. One way to
lock the conformation of a fragment is to replace the flexible aliphatic residues with
alkene linkers. These moieties, however, are prone to metabolic oxidation, resulting
in sub-optimal potency in vivo. To overcome these intrinsic issues of olefins,
cyclopropanes have been widely used in the pharmaceutical industry to optimize the
properties of drug candidates as rigid and metabolically stable alkyl chain analogs
(Figure 20).2 268

imizati R
R, R, lead optimization 1 H Ry Ry
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H H H H
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Figure 20: Cyclopropanes act as rigid conformationally restricted of alkyl chains.

Although several procedures towards trans-cyclopropanes have been developed
throughout the years,* protocols to obtain their cis-diastereoisomer remained largely
unexplored and the existing methods lead mostly to racemic products, resulting in
additional steps of resolution.®” In recent times, a number of enantioselective
syntheses of cis-cyclopropyl esters by means of carbene transfer have emerged,
requiring tailored transition-metal catalysts*?® 42£ 4242150 o1 engineered proteins*?™ 42
421 to access the disfavored cis-diastereomer. Nevertheless, these methods have had
limited impact due to the unavailability of the advanced catalysts used. In particular,
the direct asymmetric synthesis of cis-(di)arylcyclopropanes from olefins leads to
interesting products but requires the enantioselective transfer of benzylidenes (Figure
21). The few existing methods still remain problematic, requiring allylic alcohols or
enantiopure Z-vinylboronates starting materials, or stoichiometric iron-benzylidene
complexes.”® All these methodologies, however, suffer from the requirement of
preformed substrates and often lack sufficient generality.
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A diastereoselective approach from the chiral pool was reported by Shuto and co-
workers in a single example, where the authors performed a stereoselective

decarboxylative reduction of a cyclopropyl Barton ester as the key step (Scheme 28,

top).7%
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Scheme 28: Relevant background for the work in this thesis. Top: Shuto’s decarboxylation of
a cyclopropyl Barton ester.”% Bottom: Synthesis of congested cyclopropanes using redox-
active aryldiazoacetates 16 by Mendoza and co-workers.”!
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However, to yield the desired product in high yields and selectivity Shuto’s protocol
required a large excess of expensive tris(trimethylsilyl)silane as hydrogen atom donor,
required to efficiently trap the cis-radical intermediate.’®® For this reason, and for the
long synthetic sequence necessary to obtain chiral cyclopropyl Barton esters, this
approach has not yet found further applications. Nevertheless, this result demonstrated
that hydrogen atom transfer (HAT) in cyclopropyl radical intermediates could be used
to obtain contra-thermodynamic sterecoisomers of cyclopropanes. Such radical
intermediates could be also generated from more accessible cyclopropyl redox-active
esters 17, readily synthesized through a protocol recently published by our group
(Scheme 28, bottom).”! This procedure utilizes aryldiazocompound reagents 16, in
turn obtained from the palladium-catalyzed reaction of commercially available aryl
iodides and NHPI-DA (1a).

4.2 Aim of the project

We aimed to convert olefins into cis-arylcyclopropanes by means of sequential
asymmetric cyclopropanation with redox-active aryldiazoacetates and stercoselective
decarboxylative reduction. In our previous project, we have shown how feedstock
olefins can be transformed in valuable frans-cyclopropane building blocks using the
single-carbon reagent NHPI-DA (1a).*® Exploiting the single-electron chemistry of
redox-active esters, this project aims at developing a highly selective, one-pot protocol
towards the asymmetric synthesis of cis-arylcyclopropanes 18 from unfunctionalized
olefins (Scheme 29). Conscious of the selectivity problem that arise from the
decarboxylative reduction, this methodology would require the design of a reductant
with the right steric and electronic properties that would allow for efficient hydrogen
atom transfer (HAT) to the cyclopropyl radical. This method would simplify the
synthesis of relevant cyclopropane material, avoiding the necessity of preformed
chiral reagents.

Synthesis of radical precursor Stereoselective decarboxylation
2 2
Ao _connpl Arl AT _CONHPI R R™ ar —H RZ A
e e My e
H H
N2 N2 CONHPI H
1a 16 17 18
NHPI-DA benzylidene modular cis-cyclopropane
equivalent intermediate [one-pot protocol]

Scheme 29: One-pot synthesis of enantioenriched cis-arylcyclopropanes from olefins and aryl
iodides.

4.3 Results and discussion

4.3.1 Optimization of the photo-decarboxylation reaction

The cyclopropyl radical is known to exist as a pyramidal ¢-hybridized radical, with a
very fast stereoinversion equilibrium (kiny ~108-10° s7') between the two cis- and trans-
isomers,® resulting in a mixture of products.® 7> Consequently, our initial idea was
contingent on the design of a hydrogen atom transfer (HAT) reagent capable of
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kinetically steering the selectivity of the decarboxylation reaction towards the
thermodynamically disfavored cis-product (Scheme 30). The challenge posed by this
transformation in terms of efficiency and stereoselectivity is further complicated by
the high reactivity of cyclopropyl radicals that makes them particularly prone to
alternative side-reactions.

radical stereoinversion
cis-radical Ph )/ Ph equilibrium Ph trans-radical
sterically bé —_—— sterically
disfavored [substrate specific] favored

Ph

barrier? barrier?
HAT energy barrier \/

[reagent controlled]

—H
/_\ tunable
low energy HAT reagent high energy

Ph Ph
kinetic Ph H thermodynamic
product product

desired H Ph undesired

Scheme 30: Proposed model for the cis-selectivity of the decarboxylation reaction.

Redox-active ester 17a was chosen as a model substrate for the screening of hydrogen
atom donors, summarized in Table 5. We started by exploring known decarboxylation
conditions. The nickel-catalyzed protocol using PhSiH; reported by Baran®¥ afforded
the desired cyclopropane cis-18a in low yields, although with good stercoselectivity
(entry 1). Chloroform has been used as a safer alternative to tin reagents in
decarboxylation of redox-active esters.”> However, its use failed to achieve high yields
and diastereomeric ratio (entry 2). We then moved onto the recent photochemical
reductions employing dihydropyridines. Diethyl-substituted Hantzsch ester 1927 in
dichloromethane displayed low reactivity albeit good selectivity (entry 3), however
no further improvement could be obtained by tuning the structure and electronics of
the reductant (19b-f; entries 4-8). A clear improvement in terms of yield was observed
when the solvent was replaced with DMSO (entry 9). The use of a related N-
substituted nicotinamide 19g” recently developed by our group was encouraging
(entries 10), although only moderate yields of product 18a were obtained. These
results prompted us to search for a different reductant possessing a transferable
hydrogen atom in a more sterically hindered position. Benzothiazolines 20, in
particular when substituted in the 2-position, have been employed as reductants in
transfer hydrogenation reactions as a substitute to Hantzsch esters, often displaying
better results compared to its bio-inspired counterpart.”® More recently, these
compounds have been reported to serve as acyl radical sources or hydrogen atom
donors in photocatalytic reactions under visible light irradiation.”” Although their
ability to function as self-sensitized photoreductants or their reactivity in
decarboxylative reductions was still unexplored, the fact that benzothiazolines like
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dihydropyridines result in pro-aromatic radicals after HAT encouraged further
study.”’®

Ph Ph HAT reagent, x equiv Ph Ph Ph H
b<CONHP| solvent b<H ' Hh
blue LEDs, rt, 16 h
17a cis-18a trans-18a
HAT . Yield dr
Entry reagent X (equiv) Solvent (%) (cis:trans)
120 PhSiH3 1.5 THF:DMF:iPrOH 30 90:10
3¢ CHCIs3 solvent CHCIls 43 77:23
3 19a 1.2 CH:Cl2 41 88:12
4 19b 1.2 CH:Cl2 n.d. -
5 19¢ 1.2 CH:Cl2 n.d. -
6 19d 1.2 CH:Cl2 n.d. -
7 19e 1.2 CH:Cl2 22 88:12
8 19f 1.2 CH:Cl2 40 86:14
9 19a 1.2 DMSO 76 90:10
10 19¢g 1.2 DMSO 60 94:6
11 20a 1.2 DMSO 88 95:5
12 20b 1.2 DMSO 81 95:5
13 20c¢ 1.2 DMSO n.d. -
14 20d 1.2 DMSO 92 89:11
15 20e 1.2 DMSO 54 88:12
16 20f 1.2 DMSO 44 90:10
172 20g 1.2 DMSO <10 97:3
182 20a 1.2 DMSO n.d. -
19aR'=Et,R2=H 20aR = Ph
RI0,C R2 19b R: f Et, sz Ph H 20b R = +Bu
Me-—ﬁ/jl_HcozR1 ::z ; _ E;R;[:E,_t' > LEoNH, R—‘f:y\TQ 200 2;1_,22::,:';:
H Me 19e R'=Bn,R2=H nBu H H gg: I;Z%;,G-M%-Ph

19f R'=Ph,R?=H 19g

Table 5: Optimization of the decarboxylative reduction of 17a. Reactions were performed
under inert atmosphere by stirring 17a and the indicated reductant in the specified solvent under
blue LEDs irradiation (450 nm) with fan cooling. Yields are measured by 'H NMR using
1,1,2,2-tetrachloroethane as an internal standard. The diasterecomeric ratio between cis-18a and
trans-18a is measured by GC-MS after filtration of the crude through a plug of silica. * No
light irradiation. °: Reaction conditions: PhSiH3 (1.5 equiv), Zn (0.5 equiv), NiCl(H20)s (10
mol%), 4,4’-di-#-Bu-2,2’-bipyridyl (20 mol%), THF:DMF:i/PrOH 10:2:1, 40 °C. ©: Reaction
conditions: Et3N (2 equiv), 4CzIPN (2 mol%), CHCls.

Several 2-substituted benzothiazolines were screened without additional
photocatalysts (entries 11-16), giving promising results. Phenyl- and fert-butyl-
benzothiazoline (20a,b), conveniently prepared and stored in multi-gram amounts,
displayed remarkable results in terms of both yield and diastereoselectivity (entries
11,12), while other electron deficient (20c¢,d), bulky (20e) or aliphatic (20f)
substituents lead to lower efficiency and/or selectivity (entries 13-16). Two control
reactions in the absence of light resulted in low conversion, preliminarily indicating
that light was required for this transformation to take place (entries 17,18).
Importantly, the simplicity of these conditions only requiring the irradiation of the
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substrate 17 and benzothiazoline 20 in DMSO enabled integration with the
enantioselective cyclopropanation previously developed in the group, as shown below
(Section 4.3.2).

4.3.2 Substrate scope

The scope of the one-pot cyclopropanation/reduction was explored using
benzothiazoline 20a and stoichiometric amounts of olefin 2 and diazocompound 16.
As shown in Scheme 31, both electron-poor (18d,g,h) and electron-rich styrenes
(18c¢,e) could be converted in enantioenriched cis-diarylcyclopropanes 18b-1, showing
good overall yields and stereoselectivities. Naphthyl- and indole-substituted olefins
were tolerated in this transformation yielding products 18i,j, as well as the cyclic
indene substrate (18Kk), albeit with slightly less stereoselectivity. This could be due to
either a slower stereoinversion process, or the instability of the cis-radical
intermediate. Pleasingly, we observed that divinyl benzene can take part in this
transformation to generate the C:-symmetric product 18l as a single enantiomer
through a one-pot double cyclopropanation/double decarboxylation. Importantly,
negligible loss of stereochemical information from the intermediate cyclopropyl
esters’! was observed in all cases, demonstrating that the epimerization of the
neighbouring stereogenic center does not occur during the photochemical reduction
step.

Our modular approach enabled the enantioselective transfer of several aromatic
fragments from aryl redox-active esters 16. This way, p-methylstyrene (2a) can be
transformed in several cis-cyclopropane products with different embedded
functionalities (18m-u). Alkyne (18p), nitrile (18r), and ketone (18t) moieties were
all tolerated in this transformation. Remarkably, this method allowed to turn
commercially available 4-iodophenylalanine in a cis-cyclopropane-modified amino
acid (18u) in two steps.
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Ar Rhy(S-TPCP),, 0.5 mol% 20a, 1.2 equiv R ar S,@
+ RN then > b( Ph=—L—p
Ny CONHPI EtOAc DMSO, blue LEDs H 5 H
,5h i, 16 h H
16 2 [one-pot protocol] 18 20a
1 equiv. 1 equiv.
— Alkene scope
Ar = Phenyl
Me OMe Cl Ph
Br
Ph Ph Ph Ph Me' Ph Ph
H H H H H H
18b, 69% 18c, 56% 18d, 69% 18e, 66% 18f, 60% 189, 36%
96:4 dr, 97:3 er 96:4 dr, 96:4 er 96:4 dr, 97:3 er 96:4 dr, 98:2 er 93:7 dr, 98:2 er 95:5dr, 97:3 er
F 1 NBoc
F
H
o G
Ph Ph Ph Ph Ph
> H
H H H H
18h, 73% 18i, 59% 18], 50% 18k, 31% 181, 43%
88:12 dr, 97:3 er 94:6 dr, 96:4 er 94:6 dr, 95:5 er 89:11 dr, 94:6 er 93:7 dr, > 99:1 er
— Diazoscope scope
R = 4-Me-phenyl ™S
Ph Br OCF, //
OMe
R R R R R
H H H H H
18m, 42% 18n, 65% 180, 61% 18p, 66% 18q, 29%
98:2 dr, 98:2 er 97:3dr, 94:6 er 96:4 dr, 96:4 er 97:3dr, 96:4 er 94:6 dr, 97:3 er
o CO,Me
CN Me 0
CF; HN‘< Me
o—(,
R R R R —(’Me
Me
H H H H
18r, 50% 18s, 48% 18t, 47% 18u, 25%
95:5dr, 93:7 er 96:4 dr, 92:8 er 98:2dr, 93:7 er 93:7 dr overall

Scheme 31: Substrate scope for the enantioselective synthesis of cis-cyclopropanes 18.
Reactions were performed under inert atmosphere. Reactions conditions: 16 (1 equiv), 2 (1
equiv), Rh2(S-TPCP)4 (0.5 mol%), dry EtOAc (0.05 m), tt, 5 h, then 20a (1.2 equiv), dry DMSO
(0.1 m), blue LEDs (450 nm), rt (fan cooling), 16 h. Reported yields are isolated. Diastereomeric
ratio determined by chiral HPLC.

For aliphatic substrates, the reaction proved to be more challenging in terms of
selectivity. When the reduction was carried out on NHPI cyclopropyl ester 17v, poor
diastercoselectivity was observed (Table 6). Fortunately, the use of bulkier
benzothiazoline 20b gave almost a two-fold increase in selectivity for the cis-product.
Lowering the temperature had no effect on the selectivity, although the rate of the
reaction decreased considerably.
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R=—N
Ph H Ph
20
Ph 1.2 equiv \\B{h
_—
b ONHP] blue era%, EMSO 4
17v 18v
Reductant T (°C) Conversion (%) 18v (%) d.r. (cis:trans)

20a-R=Ph rt >95 75 67:33
20b - R =¢-Bu rt 90 82 82:18
20a - R =Ph —40 50 28 70:30
20b — R =¢-Bu —40 20 10 75:25

Table 6: Optimization for the reduction of aliphatic substrate 17v. Reactions were performed
unedr inert atmosphere. Reactions conditions: 17v (1 equiv), 20 (1.2 equiv), dry DMSO (0.1
M), blue LEDs (450 nm), 16 h. Reported yields are isolated. Yields and diastereomeric ratio are
measured by '"H NMR using 1,1,2,2-tetrachloroethane as an internal standard.

To further prove the synthetic value of this methodology, we explored the
enantioselective synthesis of the bioactive combretastatin A4 analog 18w (Scheme
32). This molecule features extremely electron-rich aryl substituents, whose
compatibility with highly electrophilic and reducible NHPI esters was unknown. To
our delight, isovanillin (21) was converted in the TBS-protected olefin 2n in 78%
yield. The desired product was then obtained using a telescoped sequence of
cyclopropanation/photo-decarboxylation/deprotection using diazocompound 16w, in
39% overall yield from commercially available material. To put these results in
perspective, twice as many steps and a resolution were previously required to obtain

the same product in < 10% overall yield from comparable materials.”®
1) TBSCI, 1.2 equiv

DBU, 1.6 equiv

CHyCly 1t, 16 h

2) PhzPCHjyl, 1.2 equiv

tBuOK, 1.2 equiv

THF 1,16 h A
78"/
° MeO condit ) MeO
OTBS onditions as in
Scheme 31, HO. Meo JMe
2n then TBAF om
Pd(OAc),, 5 mol% ’ ©
P(2-furyl); 10 mol% [one-pot]
AgoCO3, 0.5 equiv CONHPI \ >
Et3N, 1.5 equiv H H
MeO | NHPI-DA 1a, 1 equiv MeO N,
E— 18w, 50%
MeO EtOAc, rt, 4h MeO 98:2 dr, 96:4 er
78%
OMe ; OMe combretastatin A4 analog
3 steps from isovanillin
6 steps previously required
22 16w psp vred
1.5 equiv.

Scheme 32: Enantioselective synthesis of combretastatin A4 analog 18w. Reactions were
performed under inert atmosphere. Reaction conditions as in Scheme 31, then TBAF-3H,0 (1.5
equiv), 2 h. Reported yields are isolated. Diastereomeric ratio determined by chiral HPLC.
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4.3.3 Photochemical characterization and mechanistic studies

The decarboxylation of redox-active esters by benzothiazolines required light
irradiation (Table 5), without any additional photocatalyst. Therefore, we set out to
investigate the mechanism of the photo-decarboxylation reaction and in particular the
role of visible light in the process. Initial studies on the photochemical properties of
this system were done by means of UV-visible spectrometry, shown in Figure 22.
The analysis revealed an increased absorbance in the visible range when the redox-
active ester and benzothiazoline 20a were mixed in DMSO, suggesting the formation
of an electron donor-acceptor (EDA) complex’® between the two reagents. The
variation of this absorption feature with the relative concentration of the two species
was studied with the continuous variation method.” Representation of the variation
of absorbance with the molar fraction of the redox-active ester 17a (Job plot) revealed
a shallow maximum at y17a = 0.5 (Figure 22). These data suggest that a 1:1 complex
is formed between the electron-deficient NHPI ester 17a and the electron-rich
benzothiazoline 20a. The light curvature around the maximum can be likely the result
of a low binding constant for the complex, or alternatively indicate the formation of
other complexes.
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Figure 22: Initial spectroscopic investigation of the photo-decarboxylation reaction. Left: UV-
visible spectra of benzothiazoline 20a (gray dotted line), NHPI ester 17a (blue dotted line) and
the mixture of the two (red line). It is visible the increased absorbance in the 400-550 nm range.
Right: Job plot of the mixture of 17a and 20a in DMSO, measured at 450 nm (ctot = 0.1 M).

The EDA complex was further studied by fluorescence spectroscopy, showing clear
new excitation and emission features when redox-active ester 17a was mixed with
benzothiazoline 20a (Amax = 435 nm; Aem = 490 nm) as shown in Figure 23.
Fluorescence lifetime measurements by time-correlated single photon counting
(TCSPC) demonstrated the presence of a new species with a distinct fluorescence
lifetime (T = 1.4 ns) compared to that of the initial benzothiazoline (1o = 1.7 ns). Stern-
Volmer quenching experiments are commonly used to measure the kinetic features of
photochemical transformations.®® Two possible scenarios can be formulated between
an excited-state species and a ground-state quencher (Q).
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Figure 23: Fluorescence spectroscopy and Stern-Volmer experiments on the photo-
decarboxylation reaction. Top left: Normalized excitation and emission spectra of
benzothiazoline 20a (c = 0.02 M) and its EDA complex (¢ = 0.1 M) with redox-active ester 17a
in DMSO. Top right: Stern-Volmer lifetime plot of benzothiazoline 20a (c = 0.01 M, ©0 = 1.7
ns) with redox-active ester 17a (tepa = 1.4 ns) in DMSO. Bottom left: Emission profile of 17a
and 20a in DMSO at increasing amounts of 17a. The feature at A= 422 nm is an artifact
originated by subtraction of the blank (dotted gray) from the emission spectra. Bottom right:
Steady-state Stern-Volmer quenching of 20a with 17a in DMSO.

The first one, the dynamic quenching, represents a situation in which an excited-state
species is quenched by a collisional interaction with the quencher molecule Q. The
second case, called static quenching, involves the formation of a complex between
the fluorophore and the quencher Q with different luminescence properties. These

scenarios are described by the Stern-Volmer relationships,*® shown in equation 2 and
3:

I

= 1+ kyrolQ] @

I

= (1 + K [QD( + kg 70[QD) 3)

In this equation, Ip and I are the fluorescence intensity in the absence and in the
presence of a quencher, respectively, kq is the collisional quenching rate, K, is the
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association equilibrium constant, 7 is the lifetime of the excited species without the
quencher, and [Q] is the concentration of the quencher. In the case of dynamic
quenching, plotting Io/I (or 7o/7) vs [Q] will result in a linear plot with a positive slope
equal to the product kqto. In the case of static quenching, Io/I could instead show as a
quadratic curve, differently from zo/z. Typically, the latter ratio will keep constant with
[Q] if association is strong and/or the complex is either the dominant emissive species
or not emissive at all. With increasing concentrations of the redox-active ester 17a
(which does not absorb in the visible region), the excited-state lifetime was found to
be constant, further supporting the formation of a new species in the ground state
(Figure 23). Although unusual, this observation indicates that the EDA complex is
more emissive than the starting benzothiazoline, and discards any dynamic process
from the excited state of the free benzothiazoline (20a*).

The nuclear Overhauser effect is a powerful tool that allows for the detection of
supramolecular aggregates by NMR spectroscopy, including EDA complexes.?!
Indeed, the association between 17a and 20a was further corroborated by a series 'H
NMR 1D-NOE experiments that clearly evidenced the spatial proximity of the two
species when mixed in equimolar amounts in DMSO (Figure 24,25).

=

17a - 20a
J W w W ¥

L S e e e e e e T I S s e L B e e e e e PR
180 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 33 32 31 30 29 28 27 26 25 24 23 22 21 2
1 (ppm)

Figure 24: '"H NMR 1D-NOE experiment of a 1:1 mixture of 17a and 20a in DMSO-ds.
Irradiation at 2.21 ppm, mixing time 750 ms.
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Figure 25: '"H NMR 1D-NOE experiment of a 1:1 mixture of 17a and 20a in DMSO-ds.
Irradiation at 6.44 ppm, mixing time 750 ms.

Lastly, the quantum yield of the reaction was measured. The quantum yield (@) is
defined as the ratio of moles of product to the number of photons absorbed, measured
in einstein. We calculated the quantum yield using eq. 4 (t = irradiation time; f =
fraction of light absorbed by the mixture at 450 nm):

__ molesof 4a
- photon fluxxtxf

4
The parameter f'can be estimated from the absorbance value as follows (eq. 5):
f=1-10"4 %)

In our case, this parameter was calculated to be /= 0.3920. The photon flux of the
spectrofluorometer light source, instead, was measured by standard ferrioxalate
actinometry®? (eq. 6). In this system, O refers to the quantum yield for the potassium
ferrioxalate actinometer (® = 1.01), and f'is the light fraction absorbed at 450 nm by
the actinometer (0.99833).%2

moles of Fe?*

photon flux = v (6)

The photon flux was determined after triplicate experiments to equal 3.68 + 0.22.

Using these values, the quantum yield of the photo-decarboxylation reaction was
measured in three separate experiments, summarized in Table 7 below.
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Ph Ph

Ph benzothiazoline 20a, 1.2 equiv \ Ph

CONHPI DMSO, 450 nm, rt H
17a 18a
Entry t(s) 18a (mol-10-5) 0] AD
1 57600 5.95 0.072 0.06
2 72000 7.65 0.074 0.05
3 86400 13.51 0.108 0.04

Table 7: Determination of the quantum yield of the photodecarboxylative reduction reaction of
17a (1 mol-10). Moles of product 18a measured by no-D "H NMR using 1,2,4,5-tetrachloro-
3-nitrobenzene as an internal standard.

The quantum yield of the photochemical process was measured to be @ =0.09 + 0.03,
suggesting that a radical-chain mechanism is unlikely operational, opposite to related
dihydropyridine systems.”

After characterizing the chromophore of this transformation, we additionally
performed a set of experiments to obtain a complete mechanistic picture. The high
levels of diastereoselectivity can be explained by two possibilities: a kinetically
controlled HAT process (our initial hypothesis), or rapid a stereoretentive HAT before
epimerization of the cyclopropyl radical. To discern which alternative is operational,
the diastercomer diast-17a of our model substrate was synthesized by Z-selective
desilylation of a silyl cyclopropane carboxylate precursor,®® and subjected to the
photodecarboxylative reduction conditions. We observed similar yield and
stereoselectivity for cis-18a, indicating that the epimerization of the cyclopropyl
radical happens at a faster rate than hydrogen atom transfer (Scheme 33).

via:

Ph i Ph Ph

Ph CONHPI 20a (1.2 equiv) Ph : Ph
H [
= = H _— Dé
blue LEDs : b@ epimerization
Ph DMSO, tt, 16 h H : faster Ph
h than HAT
diast-17a cis-18a : cis-radical trans-radical

83%, 97:3d.r.

Scheme 33: Stereoinversion experiment of diast-17a. The reaction was performed under inert
atmosphere. Reaction conditions: diast-17a (1 equiv), 20a (1.2 equiv), dry DMSO (0.1 M), blue
LEDs (450 nm), 16 h. Yield is measured by '"H NMR using 1,1,2,2-tetrachloroethane as an
internal standard. Diastereomeric ratio determined by GC-MS.

Finally, we questioned which hydrogen atom in the benzothiazoline 20a is transferred
to the product. Benzothiazoline radical cations possess two hydrogen atoms that can
be transferred during the HAT process, one at the benzylic position and the one
bonded to nitrogen. To evaluate their relative contribution, we carried out a number
of deuterium labeling experiments (Table 8). Firstly, the reaction of benzothiazoline
20a-d; bearing one deuterium atom at the benzylic position afforded the product in
56% yield and 70% deuterium incorporation (entry 1). On the other hand, the use of
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the analog deuterated at nitrogen 20a-d;’ resulted in negligible labeling and higher
yield (77%, entry 2). Consistent with the previous observations, performing the
reduction with doubly deuterated benzothiazoline 20a-d: yielded an almost fully
deuterated cyclopropane product 20a-d: (entry 3). Finally, we ruled out any major
involvement of the solvent in this transformation by employing DMSO-ds (entry 4).
These results altogether suggest that the main hydrogen atom donor is the benzylic
C—H bond, while the N-H moiety plays a minor role, possibly through the imine
tautomer.34

1-Naphth Ph 20a (1.2 equiv) 1-Naphth Ph 1-Naphth Ph
CONHPL  _jjiemt . 16 b H
17i 18i-d; 18i
Entry Reductant Solvent Yield (%) d.r. 18i-d,1:18i
1 20a-d, DMSO 56 88:12 70:30
2 20a-dy’ DMSO 77 92:8 <5:95
3 20a-d, DMSO 52 88:12 >90:10
4 20a DMSO-ds 84 92:8 <5:95
s” ; s” ; s” ;
D 5 N\H H-Aé——N\D D-A——N\D
Ph Ph Ph
20a-d, 20a-d, 20a-d,

Table 8: Deuteration experiments. Reactions were performed under inert atmosphere. Reaction
conditions: 17i (1 equiv), 20a (1.2 equiv), dry DMSO (0.1 M), blue LEDs (450 nm), 16 hours.
Yields and diastereomeric ratios are measured by '"H NMR using 1,1,2,2-tetrachloroethane as
an internal standard.

4.3.4 Proposed mechanism

With this data in hand, the following mechanism can be proposed (Scheme 34).
Redox-active esters 17 and benzothiazolines 20 associate in solution to form the EDA
complex A, where electron-rich 20 acts as the donor and 17 acts as the acceptor. The
formation of the EDA complex is validated by the photochemical studies described
before (Section 4.3.3), as well as by the direct observation by 'H NMR 1D-NOE
experiments in DMSO (Section 4.3.3). Under visible light irradiation, photo-induced
electron transfer (PET) occurs between the two species, generating ion pair B. After
fragmentation of the NHPI moiety, with loss of CO; and phthalimidate anion, the
resulting cyclopropyl radical can abstract a hydrogen atom from the benzothiazoline
radical cation (C), mainly from the benzylic C—H bond. This kinetically controlled
HAT process selectively yields the cis-cyclopropane product 18, together with a
stoichiometric amount of benzothiazole by-product after loss of a proton. The
alternative possibility of the cyclopropyl radical abstracting a hydrogen atom directly
from benzothiazoline 20 would lead to a radical-chain mechanism that seems unlikely
in this case based on the quantum yield measurements. It is worth noting that the
benzothiazoline 20 plays a triple role as self-sensitized photoreductant (A = B),
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highly stereoselective HAT reagent (C - 18), and Bronsted acid to neutralize the
basic phthalimidate by-product (D’ = D).

R1

R association
TRy equilibrium
H N O _—
—N
CONHPI H™= \ Studied by

R3 UV-vis and N
fluorescence H)—_
450 nm)
17 20 A
oxidant reductant EDA complex
[Confirmed by NOE]

« Rs Ri g radical
R Hag M 2 f tati
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}Y—NH ~ Y—N
R4 R3
18 D' D

Scheme 34: Mechanistic model for the photodecarboxylative reduction.

4.4 Conclusions and outlook

A general and highly selective methodology towards enantioenriched cis-
diarylcyclopropanes was developed. This modular protocol allows for quick access to
highly strained compounds starting from unfunctionalized olefins, ultimately
facilitating the synthesis of rigid ligands and conformationally restricted medicinal
candidates. These advances were enabled by the discovery of an EDA complex
between benzothiazolines and NHPI esters, leading to a highly efficient and
stereoselective photo-decarboxylation of cyclopropyl NHPI-esters. The mechanism
underlying this transformation was thoroughly studied, revealing that, unlike
dihydropyridines, benzothiazolines can act as self-sensitized photoreductants, highly
stereoselective HAT reagent, and Brensted acid. Aside from enantiomerically
enriched cis-cyclopropanes, this work introduced benzothiazolines as a new platform
to develop engineered HAT reagents for self-sensitized reactions.
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5. Photo-organocatalytic Decarboxylative Borylation
Mediated by a Transient Non-Symmetrical Diboronic
Acid Monoester

5.1 Introduction

The direct conversion of simple available starting materials into valuable building
blocks is central to the development of organic chemistry. Among such
transformations, the conversion of carboxylic acids to boronic acid derivatives
through redox-active esters (Table 9) has attracted significant attention in recent
years,34e 348, 340. 34 Thig reaction involves the generation of a radical intermediate
upon reduction of a redox-active ester and its subsequent borylation using a variety of
diboron reagents, leading to boronic ester derivatives. For these transformations it is
often required the use of transition-metal catalysts,* 34344 and/or the use Bacat, or
B;pin, as the boron source.3# 34¢ 34344 In particular, Bacat, has demonstrated to be an
efficient borylating agent,®> and has been adopted in the reductive borylation of
several substrates including halides,® alcohols®’ and Katritzky’s salts.®® Despite the
evident advantages of cheap and stable diboronic acid B,(OH)s as the borylating
agent, its use is generally uncommon and has been utilized only once in the context
of decarboxylative borylation requiring an expensive iridium catalyst.>*h

We have recently demonstrated the enantioselective synthesis of cyclopropyl-
boronates in a two-step protocol based on the transfer of a redox-active carbene and
decarboxylative borylation (see Chapter 2).*® This approach enabled the synthesis of
pharmaceutically and synthetically relevant borylated cyclopropanes with high
stereoselectivity. We observed that among the various methods reported, the
photochemical protocol reported by Aggarwal and co-workers**¢ was the one that
performed best with the highly reactive cyclopropyl radical intermediates. However,
we found that yield and reaction time were dependent on the different batches of
solvent and Bocat, used in the reaction.
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Table 9: State-of-the-art in the decarboxylative borylation of redox-active esters. CFL: compact
fluorescent lightbulb. dMeO-bpy: 4,4’-dimethoxy-2,2'-bipyridine.

5.2 Aim of the project

The fluctuations in the performance of the decarboxylative borylation of redox-active
cyclopropyl esters indicate that an unknown parameter, critical for this reaction, has
remained unnoticed. Although kinetic studies are particularly primed to find new
directions for reaction development, 8 the acquisition of high-density time profiles
in photochemical reactions are particularly difficult. We recognized that the recent
implementation of NMR monitoring in visible-light photochemical reactions using
optic fibers by Gschwind and co-workers,” while not commonly employed, would
allow us to gather relevant information on this system. Thus, we set out to unravel the
mechanistic details that were responsible for the variable performance of our
decarboxylative borylations. We were aware that these findings could have a broader
impact beyond our case-study, given the increasing number of radical borylation
methods using B,cat;.36%8 Additionally, given the importance of chiral cyclopropyl-
boronates products 5 in medicinal chemistry and asymmetric synthesis, we aimed at
developing an improved borylation system. Ideally, it would be able to efficiently turn
redox-active esters, including the highly reactive cyclopropyl esters 3, in boronate
derivatives in the absence of any transition-metal catalyst or external photocatalyst.
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5.3 Results and discussion
5.3.1 NMR study of the decarboxylative borylation

We began our investigation monitoring the reaction profile by in situ 'H NMR
spectroscopy, which has the advantage of being a non-destructive and high-resolution
technique. The decarboxylative borylation reactions, unlike other reactions with
highly absorbing photo-catalysts, are essentially transparent reactions that require
powerful light input to perform. This posed the challenge of accurately reproducing
the photochemical conditions required for this reaction within an NMR spectrometer.
As a solution, we utilized three optic fibers®® to guide blue light from the same LED
emitters that we used in preparative experiments to the sample under analysis. Given
the known ability of amide solvents to be involved in radical chain mechanisms,’! we
opted for the use non-deuterated solvents in the NMR experiments to allow the
detection of any solvent-derived species, as well as to avoid affecting the reaction rate
due to possible kinetic isotope effects. Preliminary experiments showed similar results
when using DMF instead of DMA as the reaction solvents, in agreement with
Aggarwal’s findings,>*¢ and we therefore decided to employ DMF to study the system
to facilitate NMR monitoring. It was observed that under rigorously dried and
anhydrous conditions, the reaction of NHPI ester 23 displays two different regimes:
after an initial fast conversion, the reaction adopts a slower, steady zero-order regime
(Figure 26). Based on this observation, and the different performances from different
solvent sources, we hypothesized that water content in the solvent and starting
materials could be a source of irreproducibility and we therefore decided to test its
effect in the reaction. As shown in Figure 26, as little as 12.5 mol% of water in the
mixture resulted in increased initial rate, followed by a zero-order regime with the
same slope as the reaction run under anhydrous conditions. This rate-enhancing effect
is amplified by the presence of additional water (25-75 mol%), where the zero-order
regime is no longer observed, and the reaction is complete within 90 minutes. Thanks
to the in situ reaction monitoring, we could also witness the decomposition of the
catechol boronate product 24 at high conversion. Moreover, the onset of this process
was dominant earlier with higher water concentration, even though it occurred with
identical rate. From these experiments, it is clear that the water content of the solvent
plays a critical role in defining the overall performance of the decarboxylative
borylation.
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Figure 26: Kinetic profiles of the decarboxylative borylation reaction mediated by Bacat, in
the presence of water.

A careful speciation of these reactions revealed that Bocat, was present in the reaction
media only in the absence of moisture, whereas a new species became dominant in
the presence of water. The abundance of this species correlates with the longer fast
initial regimes, suggesting that it is a more competent reagent than Bcat, for this
transformation. This species was identified as the non-symmetrical diboron reagent
(cat)BB(OH); and confirmed by independent synthesis. NMR titration of B,cat, with
H,O (Figure 27, left) or Bo(OH)s with catechol 25a (Figure 27, right) demonstrated
that the mixed boron species (cat)BB(OH); is the thermodynamically favored species
under the reaction conditions. Importantly, the formation of Bxcat, from B,(OH)4 and
catechol 25a, even with superstoichiometric amounts was never observed (Figure 27,
right). This is probably due to the water formed in the condensation towards
(cat)BB(OH)..
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Figure 27: NMR titrations of diboron species involved in the decarboxylative borylation
reaction. Left: NMR titration of Bacat; with water in DMF. [Bzcatz2]o = 0.1 M. Right: NMR
titration of B2(OH)4 with catechol 25a in DMF. [B2(OH)4]o = 0.1 M.

5.3.2 Optimization of the decarboxylative borylation

Our initial observations suggested that the yield of this transformation can suffer from
product decomposition. In contrast to catecholboronates, free boronic acids display a
much higher stability towards degradation. We hypothesized that a stoichiometric
amount of B>(OH)s in combination with a catalytic catechol 25 would allow to
generate the highly efficient (cat)BB(OH), reagent, while keeping the concentration
of water high enough to hydrolyze any catechol boronate product to the boronic acid.
It was already reported by Aggarwal that the stoichiometric combination of catechol
25a and tetrahydroxydiboron B,(OH)s (believed to generate Bcat, in situ) was
effective although less efficient than Bacat, in the decarboxylative borylation.>*s We
were aware that in order to obtain catalysis with substoichiometric amounts of
catechol, the latter would necessarily have a higher affinity towards B>(OH)4 than the
boronic acid product.
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By(OH)y4, 2 equiv

o additive 25, x equiv
o .
blue LEDs, DMF, rt, 16 h Bpin
N _—
~
do O\ then pinacol, 6 equiv

EtN, t, 1.5 h
23 26
Entry Additive X (equiv) Yield (%)
1 - - 25
2 25a 0.2 78
3 25b 0.2 41
4 25¢ 0.2 97
5 25¢ 0.1 80
6 25d 0.2 64
7 25e 0.2 14
8 25f 0.2 15
9 25g 0.2 46
R on o OH  H,N,, _COH
’ sevaltelTy
RZQOH on S OH OH
OH
25aR'=R2=H 25d 25¢ 25¢ 259

25b R' = H; R? = OMe
25¢ R' R? = di-tBu

Table 10: Additive screening for the decarboxylative borylation reaction. Reactions were
performed under inert atmosphere. Reaction conditions: Redox-active ester 23 (1 equiv),
B2(OH)4 (2 equiv), additive 25 (x equiv), dry DMF, blue LEDs (450 nm), rt, 16 h, then pinacol
(6 equiv), EtsN (60 equiv), rt, 1.5 h. Yields are measured by '"H NMR using 1,1,2,2-
tetrachloroethane as an internal standard.

Indeed, the use of 20 mol% catechol 25a could generate the desired boronic acid
product at a faster rate compared to the reaction with B>cat, (Table 10, entry 2). Using
these conditions, we were able to screen different dihydroxybenzene catalysts without
preparing the corresponding diboronic esters (Table 8). While poor reactivity was
observed with m-methoxycatechol 25b (entry 3), the electron-rich and sterically
hindered 3,5-di-tert-butylcatechol (DTBC, 25c¢) appeared to be the fastest and higher
yielding catalyst for this transformation, displaying good performance in the
borylation reaction using loadings as low as 10 mol% (entries 4,5). Only moderate
yields were obtained using 2,3-dihydroxynaphthalene (25d; entry 6). In contrast,
thioxanthone 25e, 1,4-dihydroxynaphthalene (25f) and L-DOPA derivative 25g
displayed poor efficiency (entries 7-9) During the progress of the reaction, it was
possible to detect a steady concentration of a DTBC containing species, while no free
DTBC was observed. We confirmed by independent synthesis that the reaction does
not proceed through the intermediacy of B>(DTBC),, analogous to Aggarwal’s
system. Instead, we were able to determine by HRMS and NMR titration experiments
that the non-symmetrical (DTBC)BB(OH), species was dominant in the equilibrium
and B,(DTBC), was poorly soluble in DMF at the reaction concentration. The fact
that there were no precipitate in preparative experiments and B>(DTBC), was not
detected by 'H NMR of the reaction mixture, strengthens the notion that
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(DTBC)BB(OH); is the active diboron species in the system. Currently, our group is
gathering additional kinetic data to further corroborate this hypothesis.

5.3.3 Scope of the borocyclopropanation of olefins

The simplicity of this photo-organocatalytic system enabled a telescoped
cyclopropanation/decarboxylative borylation protocol using NHPI-DA 1a, resulting
in a formal enantioselective borocyclopropanation of unactivated olefins (Scheme
35).

B,(OH)y4 2 equiv
25c, 20 mol%

H (S)-RuPheox, 1 mol% blue LEDs,DMF, it Ry t-Bu t-Bu
)\ + R/\ - then - _: b( o
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40 min, slow addition Et3N, rt, 1.5 h Bpin OH
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— Styrene scop:
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Me H \\\Bpin
H H H H H H
H
. . . . . Me .
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6:1dr, 98:2 er 6:1 dr, 90:10 er 6:1dr, 91:9 er 15:1 dr, 99:1 er 5:1 dr [Bacats]

Scheme 35: Scope of telescoped cyclopropanation/borylation reaction. Reactions were
performed under inert atmosphere. Reaction conditions: 1a (1 equiv), (S)-RuPheox (1 mol%),
dry CH2Clz, 0 °C, slow addition over 40 minutes. Then, B2(OH)4 (2 equiv), 3,5-di-tert-
butylcatechol 25¢ (0.2 equiv), dry DMF, blue LEDs (450 nm), rt, 5 h, then pinacol (6 equiv),
EtsN (60 equiv), rt, 1.5 h. Reported yields are isolated. Diastereomeric ratios determined by 'H
NMR. Enantiomeric ratios determined by chiral HPLC or chiral GC-MS. ?: Enantiomeric ratio
determined after oxidation-benzoylation of the pinacolboronate. : Reaction performed with
Bacatz (1.25 equiv) instead of B2(OH)4 and 3,5-di-tert-butylcatechol, and dry DMA instead of
dry DMF as the solvent.

Initially, we evaluated the performance of nucleophilic styrenes (5d-j), including
ortho-substituted (5h), 1,1’-disubstituted (5i) and cyclic 1,2-disubstituted olefins (5j),
with good results and enantioselectivities. The presence of electron-donating (5e,g)
and electron-withdrawing (5f) groups was tolerated in this transformation. Aliphatic
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olefins are known to be challenging not only for their poor reactivity, but for their
intrinsic low stereoselectivities due to their flexible side chains. To our delight, we
observed good results in terms of diastereoselectivity and yields with unactivated
substrates (5k-0), including branched (5k) and linear (51,m) aliphatic olefins, as well
as the complex steroid derivative So. Additionally, these reaction conditions were
compatible with the presence of silylated moieties, both linked to oxygen (5m) or
directly to the cyclopropane ring (5n). For comparison, we have also run the same
borylations with Bscat,, observing consistently lower diastereoselectivities and yields.
While the difference in yield may be a consequence of the higher water content and
substoichiometric catechol catalyst, the difference in diastereoselectivity suggests that
the cyclopropyl radical is captured by a more selective diboron species. Given the
enhanced steric bulk around the boronic ester unit in (DTBC)BB(OH),, we logically
expect this to be the source of the differential stereoselectivity observed.

5.3.4 Proposed mechanism

Based on the mechanism generally accepted in decarboxylative borylations with
Bscaty,3#% 862 we propose the mechanism shown in Figure 28. Bo(OH)4 reacts with one
molecule of DTBC 25c¢ to give the non-symmetric diboron species (DTBC)BB(OH),.
Further esterification to yield the symmetric Bo(DTBC), has not been detected. Lewis
acidic (DTBC)BB(OH); can coordinate one molecule of redox-active ester 3 and one
of DMF solvent (intermediate A), or alternatively the solvent alone (intermediate B).
Upon irradiation, radical fragmentation of aggregate A occurs, generating the
cyclopropyl radical intermediate C and initiating the radical chain. The DMF adduct
B can react with radical C to yield the final cyclopropyl boronate 5 via intermediate
D. In principle, the DMF adduct of B2(OH)4 could also be responsible for the radical
capture, but we deem this possibility unlikely based on the higher sterecoselectivities
observed. In turn, the generation of 5 produces the reductant E,3% that can propagate
the radical chain by single electron transfer to the substrate 3, ultimately generating
boronic acid derivative F.
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Figure 28: Mechanistic proposal for the photo-organocatalytic borylation reaction.
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5.4 Conclusions and outlook

In summary, the decarboxylative borylation was investigated by means of NMR
spectroscopy and kinetic analysis. The insights gathered from this study allowed to
identify the origin of the irreproducibility of this transformation and recognized for
the first time non-symmetrical diboronic acid monoesters as the reaction mediators.
Importantly, we were able to utilize this information to develop a new catalytic and
robust protocol towards boronic acid derivatives, which was implemented in a
telescoped cyclopropanation/borylation reaction. In particular, this methodology
provided superior diastereoselectivity compared to existing methods. Overall, this
approach enables the synthesis of valuable borylated building blocks in a
straightforward and highly efficient manner. More results in terms of scope and
mechanistic investigation are ongoing in our laboratories and will provide a
comprehensive understanding of the processes operating in this photo-organocatalytic
system.
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6. Concluding remarks

The thesis presented herein describes different approaches towards the enantio- and
diastereoselective synthesis of functionalized cyclopropanes exploiting the chemistry
of redox-active carbene precursors. In Chapter 2, a unified asymmetric synthesis of
cyclopropanes decorated with different functionalities is reported. These important
molecules previously required long synthetic sequences due to the instability of the
functionalized methylidenes that would be required. To overcome these difficulties, a
redox-active diazocompound reagent (NHPI-DA) was developed and its use in
asymmetric cyclopropanation reactions was explored. It was found that with the
metallacyclic ruthenium catalyst RuPheox this transformation could be carried out on
an unprecedented wide-range of olefin substrates, including challenging aliphatic and
electron-deficient ones. The use of RuPheox and NHPI-DA in this transformation
allowed for the synthesis of unrelated cyclopropane families (i.e. cyclopropyl-
boronates, cyclopropylamines, cyclopropanols, etc.) from a single precursor,
exploiting the diverse chemistry of redox-active esters. The synthesis of the same
classes of compounds was previously achieved using tailored methodologies that
required specific starting materials (such as allylic alcohols, cyclopropenes and
Michael acceptors), customized catalysts for each substrate class (transition-metal
complexes or artificial enzymes) and tailored carbene precursors. The utility of the
methodology reported herein was illustrated with the synthesis of chiral cyclopropane
fragments of drug and bioactive compounds (Ticagrelor, Grazoprevir and belactosin
A), a building block towards (—)-spongidepsin, and the total synthesis of the natural
product (—)-dictyopterene. These compounds were previously obtained by much
longer synthetic routes involving expensive reagents or pre-formed starting materials,
and can now be assembled with a single carbene precursor and catalyst combination
through a unified synthetic strategy. In Chapter 3, the performance of the NHPI-
DA/RuPheox system was investigated in a combined experimental and computational
work, in collaboration with the Himo group (Stockholm University). This study
required the use of experimental techniques (nucleophilic benchmarking, nitrogen
evolution monitoring, in situ HRMS analysis and variable-time normalization
analysis) in combination with DFT calculations to gain insight on this rapid carbene-
transfer reaction. This work demonstrated how the unparalleled performance of
NHPI-DA in the cyclopropanation of unactivated olefins stems from the intrinsically
low nucleophilicity of the diazocompound, minimizing the dimerization side-reaction.
Diazocompound nucleophilicity was previously not recognized as a focus area in the
development of carbene-transfer reactions. Moreover, the possibility of a migratory
insertion of the carbene in the cyclometallated ligand was deemed favorable by DFT
calculations, and although a set of control experiments demonstrated that this species
does not play a major role in carbene-transfer to styrene substrates, it should be
considered in future studies of related reactions. In Chapter 4, the enantioselective
synthesis of cis-diarylcyclopropanes from styrenes is described. These highly strained
molecules previously required allylic alcohol substrates, enantiopure boronate
intermediates or stoichiometric chiral benzylidene complexes with a limited scope. In
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contrast, the alternative synthesis of these compounds reported herein takes advantage
of dirhodium(II)-catalyzed asymmetric cyclopropanation using the redox-active
aryldiazoacetates recently developed in our group. The intermediate cyclopropyl
redox-active esters were converted in situ into cis-diarylcyclopropanes through a new
efficient and stercoselective reaction mediated by 2-substituted benzothiazolines
(BTAs). These reagents were not known to act as self-sensitized photoreductants, and
their features have been thoroughly investigated by means of excited-state lifetime
measurements, fluorescence and NMR spectroscopy. This study revealed that
benzothiazolines operate through an electron donor-acceptor complex with the redox-
active ester substrate. Unlike related photo-decarboxylations mediated by
dihydropyridines (such as Hantzsch esters and nicotinamides), benzothiazolines did
not operate via a radical-chain mechanism. In Chapter 5, the development of a new
decarboxylative borylation reaction and preliminary applications are reported. These
findings are a consequence of a mechanistic study aimed at determining the origin of
fluctuations in the performance of the known photochemical decarboxylative
borylation employing bis(catecholato)diboron. It became apparent that the water
content of the solvent plays accelerates the rate of this transformation, and the
alkylboronate product was unstable in the reaction conditions. It was possible to
identify a new species, the non-symmetrical diboronic acid monoester (cat)BB(OH)»,
as the dominant species during the faster reactions. This led to the development of a
photo-organocatalytic decarboxylative borylation reaction employing catalytic
amounts of 3,5-di-tert-butylcatechol, and the cheaper and more stable diboronic acid
as stoichiometric boron source. This reaction was implemented in a telescoped
cyclopropanation/borylation  protocol towards enantioenriched cyclopropyl
boronates, with excellent results. Importantly, when using conformationally flexible
olefin substrates, we observed a significant increase in the diastereoselectivity of the
reaction compared to the original process using bis(catecholato)diboron by Aggarwal
and co-workers. These observations support the different reactivity of non-
symmetrical diboronic acid monoesters in the borylation of alkyl radicals. Further
mechanistic experiments and scope investigations are currently ongoing in our group.
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Appendix C — Experimental Data for Chapter 2-4

Full experimental data and supporting information for Chapter 2 can be found at:
https://onlinelibrary.wiley.com/doi/10.1002/anie.201814123

Raw NMR, HPLC and HRMS data for Chapter 2 can be downloaded at:
https://doi.org/10.5281/zenodo.2542646

Raw crystallographic data for Chapter 2 can be downloaded at:
https://doi.org/10.5281/zenodo.2542759

Full experimental data and supporting information for Chapter 3 can be found at:
https://pubs.acs.org/doi/10.1021/acscatal.1c02540?ref=PDF

Full experimental data and supporting information for Chapter 4 can be found at:
https://chemrxiv.org/engage/chemrxiv/article-details/60ccaea5926ad04a6301eb05
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